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ABSTRACT 

Enzymatic de novo DNA synthesis has gained increasing attention over the past decades, having emerged as a hotspot in synthetic 
biology. However, current research remains largely focused on animal-derived X-family DNA polymerases (PolXs), such as the 
extensively studied terminal deoxynucleotidyl transferases (TdTs) from vertebrates and the recently identified RvPolX from the 
invertebrate Ramazzottius varieornatus . In contrast, microbial PolXs have largely been overlooked, despite their potential in 
catalytic diversity and industrial applicability. Here, we report the discovery and rational engineering of FvPolX, a PolX enzyme 
derived from Faustovirus . Through protein engineering, we developed the FvPolXR184L/T186G/N267S variant, which demonstrates a 
dramatic enhancement in catalytic activity toward both canonical dNTPs and noncanonical 3 ′ -ONH2 -dNTPs—transforming the 
enzyme from nearly inactive to highly efficient. Its template-independent DNA synthesis efficiency surpassed that of wild-type 
TdTs and is comparable to that of engineered TdT variants for adding 3 ′ -ONH2 -dNTPs. Additionally, we constructed a truncated 
version of FvPolX (s149FvPolXR184L/N267S ) containing only the palm and thumb subdomains. This minimal double mutant retained 
high catalytic activity in template-independent DNA synthesis and efficiently incorporated both canonical dNTPs and 3 ′ -ONH2 - 
dNTPs. Together, these f indings expand the enzymatic toolbox for de novo DNA synthesis by diversifying polymerase sources and 
exploring structural minimization. 
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 Introduction 

nzymatic DNA synthesis has garnered significant attention and
chieved remarkable breakthroughs in the past decades [ 1–11 ].
his important enabling technology holds tremendous potential
or a broad range of applications across diverse fields, including
ene/genome synthesis [ 12–15 ], DNA-based data storage [ 16–21 ],
NA origami [ 22–25 ], medical diagnostics [ 26–32 ], and environ-
ental monitoring [ 33–36 ]. To date, the research on enzymatic
NA synthesis has been focused on terminal deoxynucleotidyl
ransferases (TdTs), the primary enzyme used for template-
ndependent nucleotide polymerization. Recent studies on TdTs
ainly include enhancement of catalytic activities toward natural
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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and unnatural substrates [ 6, 10, 37–42 ], improvement of thermal
stability [ 9, 43 ], and optimization of protein expression levels [ 44 ].

TdT belongs to the X-family DNA polymerases (PolXs). How-
ever, enzymatic DNA synthesis involving other PolX family
members remains largely unexplored. PolXs are widely dis-
tributed across the biosphere, including eukaryotic, bacterial,
archaeal, and viral organisms [ 45–49 ]. These enzymes mainly
participate in DNA-repairing processes through both template-
dependent and template-independent mechanisms. Mammalian
PolXs—including TdT, Pol λ, Pol µ, and Pol β—play central
roles in base excision repair (BER) [ 50–52 ], non-homologous
end joining (NHEJ) [ 53–56 ], V(D)J recombination [ 55, 57 ], and
its use, distribution and reproduction in any medium, provided the original work is properly 
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ouble-strand break repair [ 58, 59 ]. Recently, a PolX enzyme
rom the extremotolerant invertebrate Ramazzottius varieorna-
us (RvPolX) was biochemically characterized by Law et al.
 8 ]. Through saturation mutagenesis of 12 residues within its
NTP-binding pocket, followed by high-throughput screening, a
ouble-mutant (G513A/R522I) was constructed with significantly
nhanced activity toward all four natural dNTPs—most notably,
howing a ∼ 35-fold improvement in dATP incorporation over the
ild-type enzyme [ 8 ]. 

n contrast, bacterial and archaeal PolX enzymes remain under-
xplored, despite their great diversity. Bacterial PolXs include
anonical (e.g., Thermus thermophilus , Bacillus subtilis ) and
oncanonical variants (e.g., Deinococcus spp). These enzymes
re often involved in the NHEJ pathway and may function in
he double-strand break repairing process or BER [ 60–63 ]. Non-
anonical bacterial PolXs usually lack DNA polymerase activity
ue to divergence in the catalytic triad (typically composed of
hree conserved acidic residues) [ 63 ]. Nevertheless, they display
trong 3’→5’ exonuclease activity (probably also with proofread-
ng function) via their highly conserved C-terminal exonuclease-
olymerase and histidinol phosphatase (PHP) domains, which is
nique to prokaryotic PolXs [ 64–68 ]. PolX enzymes of archaeal
rigin have yet to be comprehensively characterized. 

mong viral PolXs, the African swine fever virus PolX (AsfvPolX)
epresents the most studied one to date [ 69–73 ]. With a minimal
olecular mass of approximately 20 kDa, it is the smallest known
NA polymerase, which has no proofreading 3’→5’ exonucle-
se activity [ 74–76 ]. Unlike intact PolX core domains (PolXc),
sfvPolX lacks both the 8 kDa and fingers subdomains, retaining
nly the palm and thumb subdomains responsible for cataly-
is and substrate binding. The 8 kDa and thumb subdomains
ypically interact with DNA substrate via helix-hairpin-helix
HhH) motifs (GhG/Axxxx) [ 49, 64, 77 ]. And the 8 kDa sub-
omain contains the residues responsible for the 5’-deoxyribose
hosphate (dRP)-lyase activity potentially important for their
unctions in BER [ 78 ]. The amino acids necessary for dRP lyase
ctivity are not conserved in eukaryotic PolXs, and Pol μ and TdT
ossess an inactive 8 kDa domain. Two conserved dNTP-binding
otifs are located within the palm and thumb subdomains
residues 179 GSFRR183 and 271 YFTGSDIFN279 in human Pol β),
ediating interactions with dNTPs via hydrogen bonds and van
er Waals forces [ 63 ]. AsfvPolX functions in coordination with
ther viral DNA repair enzymes, including apurinic/apyrimidinic
AP) endonuclease and DNA ligase (AsfvDNAL) [ 79 ]. 

xpanding the phylogenetic diversity of polymerase sources is a
romising strategy for biocatalyst engineering. While significant
fforts have been devoted to TdT optimization for practical
ene synthesis, the de novo DNA synthesis potential of non-
nimal PolX orthologs—particularly from microbial sources—
emains largely untapped. In our previous work, semi-rational
ngineering of Bos taurus TdT (BtTdT) yielded a variant (BtM5:
t15AAR336L/K338G/L397M/E456S/D395G ) that achieved complete sub-
trate conversion and over 30-fold catalytic enhancement [ 80 ].
iven the high structural conservation of the PolX core domain
PolXc) among TdTs and related PolX enzymes, we hypothesized
hat the five mutated residues in BtM5 might represent evolution-
rily conserved hotspots for engineering other PolXs in order to
nhance the activity toward both natural and unnatural dNTPs. 
of 12
In this study, guided by structural and sequence analysis of PolX
enzymes, we selected a Faustovirus -derived polymerase (FvPolX)
for enzyme engineering [ 81, 82 ]. Unlike AsfvPolX, FvPolX retains
the full PolXc scaffold—including the 8 kDa, fingers, palm, and
thumb subdomains. As a member of the NT_Pol β-like superfam-
ily, FvPolX shares greater sequence homology with Pol β than
with other DNA polymerases. Through targeted mutagenesis
of three key residues, we generated the FvPolXR184L/T186G/N267S 

variant, which exhibited markedly improved catalytic efficiency
toward both canonical and noncanonical 3 ′ -ONH2 -dNTPs. This
variant enabled a functional transition from narrow to broad
substrate recognition and from low to high catalytic activ-
ity. Further sequence truncation and site-directed mutagene-
sis produced a truncated double mutant (s149FvPolXR184L/N267S )
with enhanced catalytic activity. The retaining of only the
palm and thumb subdomains suggested essential structural
requirements for PolX functionality. Compared to wild-type
FvPolX, the s149FvPolXR184L/N267S mutant demonstrated substan-
tially enhanced catalytic activity toward all four natural dNTPs
and 3 ′ -ONH2 -dNTPs, while completely eliminating the formation
of − 1 nt byproducts—similar to the full-length triple mutant.
Notably, the truncated variant showed superior incorporation
efficiency for dTTP and dGTP relative to FvPolXR184L/T186G/N267S .
This rational engineering approach for de novo enzymatic DNA
synthesis by leveraging a previously unexplored viral PolX not
only expands the enzyme toolkit with a non-animal-derived
polymerase exhibiting novel catalytic traits, but also provides
mechanistic insights into PolX-mediated catalysis. 

2 Results 

2.1 Structural and Sequence Analysis of PolXs 

Although PolXs are widely distributed in Animalia, Plantae,
Fungi, Bacteria, Archaea, and Viruses, to the best of our
knowledge, there has been no engineering work on any PolX
from non-animal sources for de novo DNA synthesis so far. In
this study, thus, we sought to explore viral PolXs as a new
resource for enzymatic DNA synthesis. To profile viral PolXs,
we conducted a comprehensive bioinformatics analysis of diverse
PolXs from the NCBI and UniProt databases (Tables S1 and S2 ).
Sequence alignment showed that the highest identity/similarity
to the reference BtTdT in animal-derived Pol µ is 41.0%/61.0%,
consistent with the established evolutionary origin of TdT as
a specialized descendant of Pol µ [ 55 ], and followed by plant-
derived EsPolX (identity/similarity: 24.2%/39.2%) (Figure S1 ;
Figure 1a ). Viral PolXs containing an intact catalytic core domain
(PolXc) exhibit approximately 30% similarity, whereas bacterial
homologs show the lowest conservation ( < 20% similarity) with
BtTdT. Phylogenetically related PolX enzymes from the same
taxonomic origin exhibit pronounced sequence conservation,
forming discrete evolutionary clusters. Bacterial representatives
(e.g., Thermus thermophilus TtPolX, Deinococcus radiodurans
DrPolX, and Bacillus subtilis BsuPolX) demonstrate intra-group
sequence identities exceeding 30% and similarities above 49%.
In contrast, most viral representatives exhibit identities above
26% and similarities over 42% (with the exception of AsfvPolX).
Phylogenetic analysis indicates that viral PolXs are evolutionarily
closer to BtTdT than their bacterial counterparts, offering a
promising template for enzyme engineering. 
Advanced Science, 2026
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FIGURE 1 Structural and sequence analysis of FvPolX. (a) Phylogenetics analysis of PolX orthologs. Protein pairwise similarity matrix was 
generated using the TBtools-II bioinformatics toolkit [ 84 ]. (b) Structural domain analysis of FvPolX. Superposition of the FvPolX structure (green, 
UniProt: A0A6M6DHZ3) and a modeled structure of BtM5 (i.e., Bt15AAR336L/K338G/L397M/E456S/D395G ), an engineered variant of Bos taurus TdT (magenta, 
UniProt: P06526). Loop1 in BtM5 is shown in blue. (c) Predicted linear arrangement of the subdomains of FvPolX as predicted by AlphaFold3. The 8 kDa, 
fingers, palm, and thumb subdomains are colored in yellow, green, magenta, and blue, respectively. (d) Sequence alignment of the palm (magenta) and 
thumb (blue) domains in various PolX homologs. Catalytic triad residues (aspartate or glutamate) are marked with green circles; five key amino acid 
positions and the Loop1 region from the reference mutant BtM5 are indicated with red stars and a light blue background, respectively; two conserved 
motifs within the palm and thumb subdomains involved in dNTP binding are highlighted with light green lines; residues with a similarity score > 

0.7 (based on the non-redundant PolX dataset) are shown in bold, and absolutely conserved residues are represented in a red background. Species 
abbreviations: Tt, Thermus thermophilus (UniProt: Q5SJ64); Dr, Deinococcus radiodurans (UniProt: Q9RX48); pol β, pol µ and pol λ, human pol β
(UniProt: P06746), pol µ (UniProt: Q9NP87) and pol λ (UniProt: Q9UGP5); Fv, Faustovirus (UniProt: A0A6M6DHZ3); Asfv, African swine fever virus 
(UniProt: P42494); Mv, Mimivirus (UniProt: A0A0G2Y8D8); Pv, Pithovirus (UniProt: A0A481Z4U2); Bsu, Bacillus subtilis (UniProt: P94544); Es, Eutrema 
salsugineum (NCBI: XP_024008683.1); Bt, Bos taurus (UniProt: P06526). Sequence alignments of PolXs were performed by Molecular Evolutionary 
Genetics Analysis using MEGA12 [ 85 ] software and visualized with the web server ESPript 3.0 [ 86 ]. 
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o further refine candidate selection, structural similarity was
valuated using RMSD as the primary evaluation metric to
ssess the core catalytic PolXc domain alignment. Structural
omparisons identified Pol µ and Pol λ as the closest structural
omologs to BtTdT (backbone RMSD < 1.50 Å), followed by viral-
erived FvPolX (RMSD 1.64 Å) and AsfvPolX (RMSD 1.76 Å)
Figure S2 ). In contrast, bacterial PolXs show significantly lower
tructural similarity, with consensus RMSD values exceeding
dvanced Science, 2026

 C
8 Å (Figure S2 ). Among viral candidates, FvPolX displays the
highest structural resemblance to the PolXc structure of BtTdT
and was therefore selected for further engineering. Conserved
domain analysis using NCBI Conserved Domain Database con-
firmed that FvPolX belongs to the NT_PolXc and NT_Pol β-like
superfamilies and retains essential catalytic motifs, including the
metal-binding triad, nucleotide-binding sites, active site residues,
and primer-binding motifs [ 83 ] (Figure S3 ). 
3 of 12
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e further analyzed subdomain-level structural differences
etween FvPolX and the PolXc structure of BtTdT. It was found
hat FvPolX retains the complete conserved PolXc catalytic core
rchitecture, comprising the 8 kDa, fingers, palm, and thumb
ubdomains (Figure 1c ). Among these, the palm and thumb
ubdomains—primarily involved in catalysis and DNA binding—
xhibit high structural conservation with BtTdT (RMSD = 0.79 Å).
n contrast, the 8 kDa and fingers subdomains—responsible for
NA and nucleotide substrate binding—show greater divergence
RMSD = 2.14 Å) (Figure 1b,c ). A notable structural distinction
as observed in the palm subdomain: BtTdT contains a longer
oop1 (21 residues, Figure 1b ), whereas FvPolX displays a deletion
f Loop1 with a distinct backbone topology (Figure 1b,d ). Given
he high structural similarity between FvPolX and BtTdT, along
ith the rationally modified BtTdT mutant BtM5 with five
oint mutations that significantly enhanced catalytic activity, we
peculated that these five residues might also be critical amino
cids in FvPolX. Corresponding modifications at these sites in
vPolX were expected to improve its catalytic activity toward
ononucleotide substrates. Therefore, we proceeded to generate
utations at the corresponding five sites in FvPolX. Due to
he absence of a canonical Loop1 in FvPolX, two corresponding
mino acid residues present in the variant BtM5 are missing,
imiting the number of reference positions available for mutation
o three: R184, T186, and N267. Of note, FvPolX is classified as
 canonical PolX enzyme, characterized by a conserved catalytic
riad of three acidic residues that coordinate catalytically essential
etal ions, likely conferring intrinsic DNA polymerase activity
Figure 1d ). 

.2 Catalytic Profiling and Active-Site 
emodeling of FvPolX by Rational Mutagenesis 

ild-type FvPolX ( N -terminally fused to a hexa-histidine tag,
is6 , for protein purification) was heterologously expressed
nd purified from Escherichia coli JM109 (DE3) using nickel-
ffinity chromatography. Prior to engineering, we evaluated the
ingle-stranded DNA extension activity of FvPolX using a panel
f 16 initiator DNA (iDNA) substrates with varying terminal
inucleotide pairs, in combination with either natural dNTPs or
nnatural 3 ′ -ONH2 -dNTPs (Figure 2a,b ). The 3 ′ -ONH2 -dNTPs
ontain a reversible ONH2 blocking group that can be chemically
emoved by nitrous acid to regenerate the native 3 ′ -OH group,
nd have been successfully employed in de novo DNA synthesis
or both research and industrial applications [ 7, 9, 14, 87–89 ]. For
eactions using 3 ′ -ONH2 -dNTPs, all 64 substrate combinations
roduced − 1 frameshift products (i.e., − 1 nt byproducts). Gel
lectrophoresis results were quantitatively analyzed using ImageJ
oftware by calculating standardized densitometry values of the
orresponding bands across all gels [ 90 ]. Among the tested
ombinations, the GA + T ∼ substrate gave the highest conversion
fficiency ( ≈ 70%), while no detectable + 1 nt extension products
ere observed for CC + A ∼ , CC + G ∼ , and CT + A ∼ . In contrast,
or natural dNTPs substrates, FvPolX displayed narrow substrate
cope, catalyzing only 17 out of 64 substrate combinations
nder the tested conditions (TT/GT + dATP, AG/TA/TG/CG +
TTP, GA/GT/GC/GG + dCTP, and TA/TC/CC/GA/GT/GC/GG
 dGTP). Among these, only three combinations achieved > 90%
onversion efficiency (TT/GT + dATP, and GT + dGTP). The
 1 frameshift products in the case of iDNA substrates extended
of 12
by FvPolX might arise from its dismutase activity, similar to
that of TdT [ 91 ], meaning that FvPolX is able to cleave a base
off from the 3 ′ -end of one iDNA substrate. Overall, wild-type
FvPolX exhibited significantly lower catalytic efficiency toward
both natural and non-natural dNTPs substrates when compared
to previously reported wild-type TdTs [ 4, 6, 25 ], suggesting that
engineering a high-activity variant of FvPolX poses a greater
challenge than for previously optimized polymerases such as
BtTdT. In addition to cobalt (II) ions, PolXs were reportedly able
to utilize other metal ions for catalysis [ 8, 50, 63 ]. Thus, we tested
the effects of different metal ions (monovalent and divalent ions)
on its enzymatic activity. As a result, FvPolX showed varying
activities with Co2 + , Cu2 + , Fe2 + , Mg2 + , Mn2 + , or Zn2 + as the metal
cofactor, exhibiting the highest elongation activity in the presence
of Co2 + or Zn2 + (Figure S4 ). 

Building on our previous rational redesign of BtM5, which
eliminated single-nucleotide deletion byproducts and achieved
over 30-fold catalytic enhancement by targeting five critical
residues, we investigated whether similar modifications could
also enhance FvPolX activity, particularly toward non-natural
3 ′ -ONH2 -dNTPs substrates. Despite moderate sequence iden-
tity (27.3%, Figure 1a ), FvPolX and BtTdT share high struc-
tural conservation within the PolXc domain (RMSD = 1.64 Å;
Figure 1b ), enabling identification of equivalent positions for
mutagenesis. Notably, FvPolX lacks two residues corresponding
to BtTdT’s Loop1 region, leaving only three accessible sites
(R184, T186, and N267) for targeted mutagenesis. Guided by
mechanistic insights gained from BtM5 polymerases, we pre-
pared three single mutants (R184L, T186G, and N267S), three
double mutants (R184L/T186G, R184L/N267S, and T186G/N267S),
and one triple mutant (R184L/T186G/N267S) (Figure 2c ). All
mutant variants were expressed as soluble proteins, with each
yielding approximately 10 mg of each purified target protein
per liter of LB culture following affinity purification. Catalytic
activities of these mutants were then quantitatively assessed
using both canonical dATP and the 3 ́-amino-blocked analog
3 ′ -ONH2 -dATP (Figure 2d ). Among the single-point mutants,
only FvPolXT186G retained activity comparable to the wild type
enzyme, while FvPolXR184L and FvPolXN267S displayed decreased
catalytic efficiency—particularly FvPolXR184L , which lost all activ-
ity toward dATP. Most notably, the triple mutant achieved
suppression of − 1 nt frameshift errors and substantially enhanced
incorporation of 3 ′ -ONH2 -dATP, achieving 100% conversion
for the GT + 3 ′ -ONH2 -dATP substrate, compared to < 50%
conversion for the wild-type enzyme (Figure 2d ). Collectively,
mutational engineering at these three sites modulates FvPolX’s
catalytic activity across three distinct facets: 1) suppression of
− 1 nt byproduct formation; 2) reprogramming substrate selectiv-
ity in favor of 3 ′ -modified dATP analogues, and 3) exhibition of
the TA + dATP activity (visible as the top band in the TT + dATP
lane). 

2.3 Catalytic Profiling of FvPolXT186G and 

FvPolXR184L/T186G/N267S 

The FvPolXT186G mutant enabled controllable single-nucleotide
extension at TT/GT termini using dATP, yielding exclusively + 1 nt
products. Even after prolonged incubation following complete
conversion to the + 1 nt species, no detectable + 2 nt products were
Advanced Science, 2026
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FIGURE 2 Analysis of the catalytic activities of FvPolX and its mutants. (a) Extension of four types of unnatural substrates 3 ′ -ONH2 -dNTPs across 
16 iDNA substrates with varied terminal dinucleotide sequences by wild-type FvPolX. (b) Extension of natural substrates dNTPs across 16 iDNA substrates 
by wild-type FvPolX. (c) SDS-PAGE analysis of purified recombinant FvPolX mutants. (d) Extension activities of FvPolX single, double, and triple mutants 
using either dATP or 3 ′ -ONH2 -dATP as substrates. Reaction conditions: 1 mg/mL FvPolX or its mutants, 1 µM iDNA, 30◦C, 3 min for dATP and 25 min 
for 3 ′ -ONH2 -dATP. “A ∼ ”, “T ∼ ”, “C ∼ ”, and “G ∼ ” stand for 3 ′ -ONH2 -dATP, 3 ′ -ONH2 -dTTP, 3 ′ -ONH2 -dCTP, and 3 ′ -ONH2 -dGTP, respectively. 
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bserved (Figure 3a ). The dGTP, dCTP, or dTTP incorporation
ctivities of the FvPolXT186G protein were also tested (Figure
5 ). We found that FvPolXT186G was unable to catalyze the
olymerization of P1-TT + dT/C/GTP and of P1-GT + dTTP. 

uilding on the preliminary results showing that the triple
utant FvPolXR184L/T186G/N267S enhanced the catalytic efficiency
oward both TT/GT + 3 ′ -ONH2 -dATP and TT/GT + dATP
ubstrates, we systematically profiled its activity across all 16
DNAs (differing in terminal dinucleotides), with each extended
y four types of 3 ′ -ONH2 -dATP (Figure 3b ) and four types of
atural dATP (Figure 3c ) combinations. Notably, this mutant
xhibited broad and robust activities toward 3 ′ -ONH2 -dNTPs:
omplete conversions were observed for 16 iDNAs and 3 ′ -ONH2 -
C/GTP combinations, in sharp contrast to the wild-type FvPolX,
hich showed < 50% yield and a − 1 nt byproduct (Figure 2a ).
educed efficiency was selectively observed when incorporat-
ng 3 ′ -ONH2 -dATP at TT/TC/TG termini or 3 ′ -ONH2 -dTTP at
A/TT/TG termini (unconverted substrate < 6%, Figure 3b ),
uggesting that steric hindrance impedes elongation at iDNAs
ontaining a penultimate T. The FvPolXR184L/T186G/N267S mutant
lso demonstrated broadly enhanced activities toward natu-
al dNTPs, catalyzing processive extension products of + 1 to
 4 nt across most iDNA-dNTPs combinations. However, dTTP
ncorporation efficiency remained comparable to that of the wild-
ype enzyme, indicating steric constraints persist at thymidine
nsertion sites. Interestingly, this mutant displayed attenuated
dvanced Science, 2026
activity in four substrate combinations compared to the wild-
type enzyme, including GT + dA/C/GTP and CG + dTTP, with
complete loss of activity observed specifically for CG + dTTP
incorporation. 

Leveraging the improved catalytic performance toward dNTPs,
we assessed the temperature optimum of FvPolXR184L/T186G/N267S 

using the AA + dATP substrate pair. Activity profiling revealed
the peak performance at 45◦C. And FvPolXR184L/T186G/N267S expe-
rienced a sharp decline in activity at temperatures ≥ 50◦C, with
over 70% reduction in product yield (Figure 3d ). Additionally, we
compared the catalytic activity of FvPolXR184L/T186G/N267S toward
3 ′ -ONH2 -dNTPs with two previously reported wild-type TdTs
(BtTdT and ZaTdT) and a select number of mutants (ZaTdT-
R335L-K337G, ZaTdT-R335L-A193T-G337H-H478G, BtM5, and
M7 − 8/LG) at reaction temperatures of 30◦C and 45◦C (Figure
S6 and Table S2 ) [ 6, 9, 40 ]. Under the 45◦C reaction condi-
tions, the activities of these tested enzymes in P1-CC extending
with 3 ′ -ONH2 -dATP increased in the following order: BtTdT
< ZaTdT < ZaTdT-R335L-K337G < ZaTdT-R335L-A193T-G337H-
H478G < FvPolXR184L/T186G/N267S 

≈ BtM5 < M7 − 8/LG. Under
the 30◦C reaction conditions, ZaTdT-R335L-A193T-G337H-H478G
and FvPolXR184L/T186G/N267S exhibited a similar activity level, and
their conversion rates were higher than those observed at
45◦C. Comparatively, FvPolXR184L/T186G/N267S demonstrated better
thermal stability than ZaTdT-R335L-A193T-G337H-H478G. To
better demonstrate FvPolXR184L/T186G/N267S ’s potential, especially
5 of 12
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FIGURE 3 Analysis of the catalytic activities of FvPolX mutants. (a) Elongation of dATP by the FvPolXT186G single mutant and time-course analysis 
for iDNA P1-TT. (b) Elongation of four types of unnatural 3 ′ -ONH2 -dNTPs with 16 iDNA substrates bearing varied terminal dinucleotide sequences by 
FvPolXR184L/T186G/N267S . (c) Elongation of four types of natural substrates dNTPs with 16 iDNA substrates by FvPolXR184L/T186G/N267S . (d) Optimal reaction 
temperature of FvPolXR184L/T186G/N267S . Reaction conditions: 1 mg/mL FvPolX mutants, 1 µM iDNA, 30◦C for 3 min with natural dNTPs and 25 min 
with 3 ′ -ONH2 -dNTPs. “A ∼ ”, “T ∼ ”, “C ∼ ”, and “G ∼ ” stand for 3 ′ -ONH2 -dATP, 3 ′ -ONH2 -dTTP, 3 ′ -ONH2 -dCTP, and 3 ′ -ONH2 -dGTP, respectively. For the 
optimal-temperature assay, 0.45 mg/mL FvPolXR184L/T186G/N267S was used with 1 µM of P1-AA (Table S3 ) primer for 10 min. 
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n de novo DNA synthesis, we attempted to synthesize 4-nt
NA (ATCG) by FvPolXR184L/T186G/N267S using 5 ′ -biotin modified
DNA P1-AA (biotin-P1-AA), which was preimmobilized onto
treptavidin modified magnetic beads via biotin-streptavidin
hemistry, and the products were purified via magnetic sepa-
ation at each step. To our delight, we successfully synthesized
he 4-nt final product (Figure S7 ). However, the yield was low,
ndicating that the synthetic process needs to be optimized in the
uture. 

.4 Truncation of FvPolX Mutants 

nspired by AsfvPolX—a minimal PolX-family polymerase that
etains physiological activity with only the catalytic palm and
NTP/DNA-binding thumb subdomains—we engineered a num-
er of N -terminally truncated FvPolX variants preserving solely
hese two domains (Figure 4a,b ). These subdomains alone were
ufficient to catalyze template-independent DNA polymerization
ithout the accessory domains present in the full-length enzyme.
he catalytic triad residues (D191, D193, D244) are proposed
o coordinate a cobalt (II) ion, which facilitates nucleotide
inding and positioning for efficient phosphodiester bond for-
ation (Figure 4b ). Subsequently, we examined the activities
f truncated variants and assessed whether substitutions at the
hree key residues also conferred catalytic improvement in these
onstructs. As a result, two truncated constructs, s120FvPolX
of 12

t

(residues 120–320, Table S2 ) and s149FvPolX (residues 149–
320), displayed weak activity for TT + 3 ′ -ONH2 -dATP ( < 9%
yield) and markedly reduced activity for TT + dATP ( < 6%
yield) when compared with the wild-type enzyme ( ∼ 100% yield)
(Figure 4c,d ). 

The truncated variant s149FvPolX ( ∼ 19.8 kDa) represents the
smallest functional polymerase scaffold. We therefore imple-
mented structure-guided mutagenesis to enhance its catalytic
efficiency. Combinatorial point mutations (single/double/triple)
were subsequently introduced into the s149FvPolX truncation
backbone. These engineered variants exhibited improved soluble
expression, yielding ∼ 13 mg of each purified protein per liter of LB
culture following affinity chromatography (Figure 4a ). Catalytic
activities against both 3 ′ -ONH2 -dATP and dATP were then eval-
uated using TT-terminated iDNA. Among the truncated mutants
screened, only 149FvPolXR184L/N267S showed substantial enhance-
ment ( > 6-fold relative to s149FvPolX-WT) with the TT/dATP
substrate pair, producing + 1/ + 2 nt extension products (Figure 4c ).
Other single and double mutants only exhibited a negligible
activity. Notably, s149FvPolXR184L/N267S also showed markedly
improved activity with the TT/A ∼ substrate pair ( ∼ 84.3% yield)
when compared with s149FvPolX-WT and s120FvPolX-WT ( > 10-
fold increase) and full-length WT ( > 35-fold increase), eliminating
− 1 nt aberrant products. The FvPolXR184L/N267S variant exhibited
undetectable catalytic activity toward TT + A ∼ . In contrast, the
full-length triple mutant FvPolXR184L/T186G/N267S exhibited strong
Advanced Science, 2026
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FIGURE 4 Analysis of the catalytic activities of truncated FvPolX mutants. (a) SDS-PAGE analysis of purified truncation mutants of FvPolX. (b) 
Structural comparison of three mutant amino acid residues in truncated FvPolX (green) and BtM5 (magenta), with the incoming dATP shown in stick 
representation. The catalytic triad residues (aspartates) in s149FvPolX are depicted as red sticks. (c) Elongation activities of truncated FvPolX mutants 
with dATP and 3 ′ -ONH2 -dATP. (d) Elongation activities of truncated s149FvPolX and s149FvPolXR184L/T186G/N267S for dATP and 3 ′ -ONH2 -dATP. Reaction 
conditions: 1 mg/mL truncated FvPolX mutants, 1 µM iDNA, 30◦C, 25 min for both dATP and 3 ′ -ONH2 -dATP. “A ∼ ” stands for 3 ′ -ONH2 -dATP. The 
controls in (c,d) refer to P1-TT and P1-AA, respectively. 
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nhancement toward most substrate pairs, whereas the trun-
ated triple mutant s149FvPolXR184L/T186G/N267S showed negligible
atalytic activity (Figure 4d ). 

iven the enhanced activity of s149FvPolXR184L/N267S with TT
 3 ′ -ONH2 -dATP relative to both full-length and truncated
ontrols (s120FvPolX and s149FvPolX) (Figures 2a and 4c,d ),
e further examined its catalytic performance with natural
NTPs and 3 ′ -ONH2 -dNTPs analogs across 16 iDNA substrates
Figure 5a,b ). Unlike FvPolXR184L/T186G/N267S —which improved
he activity for only three natural dNTPs (excluding dTTP)—
149FvPolXR184L/N267S exhibited pronounced enhancement across
ll four natural dNTPs, with the most dramatic effect for dGTP.
n particular, while wild-type FvPolX showed no detectable
ctivity toward AA/AT + dGTP, both FvPolXR184L/T186G/N267S and
149FvPolXR184L/N267S restored measurable activity, with the lat-
er outperforming the former by 2.7/3.4-fold under the testing
onditions (Figures 2b , 3c , and 5a ). s149FvPolXR184L/N267S gen-
rated discrete extension products ranging from + 1 to + 9 nt,
dvanced Science, 2026
whereas FvPolXR184L/T186G/N267S yielded + 1 to + 4 nt products.
Consistent with FvPolXR184L/T186G/N267S , s149FvPolXR184L/N267S dis-
played predominantly processive polymerization during dNTPs
incorporation. Furthermore, s149FvPolXR184L/N267S showed strong
enhancement toward all four 3 ′ -ONH2 -dNTPs, with concomi-
tant elimination of − 1 nt deletion byproducts (Figure 5b ). The
truncation mutant s149FvPolXR184L/N267S achieved near-complete
conversion with 3 ′ -ONH2 -dC/GTP substrates, while maintain-
ing partial conversion ( > 50%) for 3 ′ -ONH2 -dA/TTP substrates.
Substrates such as TC/CC + 3 ′ -ONH2 -dATP and CC + 3 ′ -ONH2 -
dTTP showed the lowest efficiencies, with conversion ratios of
69.5%, 50.6%, and 64.9%, respectively. Truncation mutagenesis
of FvPolX polymerase revealed that retention of merely two
core structural subdomains (palm and thumb) suffices for pro-
ficient template-independent DNA polymerase activity. While
s149FvPolXR184L/N267S did not represent the optimal variant, its
catalytic efficiency could be enhanced through further protein
engineering to meet practical application requirements, which is
ongoing in this laboratory. 
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FIGURE 5 Analysis of the catalytic activities of the truncation 
mutant s149FvPolXR184L/N267S . (a) Elongation activity with natural dNTPs 
substrates for 16 iDNAs. (b) Elongation activity with 3 ′ -ONH2 -dNTPs sub- 
strates for 16 iDNAs. Reaction conditions: 1 mg/mL s149FvPolXR184L/N267S , 
1 µM iDNA, 30◦C, 3 min for dATP and 25 min for 3 ′ -ONH2 -dATP. 
“A ∼ ”, “T ∼ ”, “C ∼ ”, and “G ∼ ” stand for 3 ′ -ONH2 -dATP, 3 ′ -ONH2 -dTTP, 
3 ′ -ONH2 -dCTP, and 3 ′ -ONH2 -dGTP, respectively. 
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 Conclusions 

iven the broad distribution of PolX family enzymes across
hylogenetic lineages and their conserved structure-function
rchitecture, we sought to expanding research beyond animal-
erived homologs. Leveraging our previous engineering of BtTdT
 80 ], we demonstrate that key amino acid residues possess trans-
erable functional roles in PolX enzyme engineering. Structurally,
vPolX lacks the longer Loop1 domain present in BtTdT, which
eads to the absence of two catalytically critical residues in the
oop1 domain of BtTdT. Introducing the remaining three BtM5
esidues into full-length or truncated FvPolX variants broadened
he substrate scope to include both dNTPs and 3 ′ -NH2 -dNTPs,
hile markedly enhancing catalytic activity and eliminating
 1 nt byproduct formation. The s149FvPolXR184L/N267S truncation
utant (residues 149–320) exhibited substantially enhanced cat-
lytic activity compared with full-length and truncated FvPolX.
his variant also outperformed the FvPolXR184L/T186G/N267S triple
utant in dT/GTP incorporation. The mechanistic basis for these
mprovements remains unclear; future structural and kinetic
nalyses will clarify the underlying principles and guide the
ational engineering of next-generation variants. Given that the
149FvPolXR184L/N267S mutant retains only about half the protein
equence of full-length FvPolX, this minimized scaffold facilitates
ore efficient screening and rational design. 

n summary, our engineering of FvPolX for enzymatic de novo
NA synthesis expands both the species diversity and scaf-
of 12
fold landscape of DNA polymerases, providing new biocatalytic
tools for this rapidly progressing field. We further demonstrate
the conserved regulatory role of three catalytic triad residues
(R184, T186, N267) across the PolX family, providing a broadly
applicable framework for polymerase optimization. Engineered
FvPolX mutants and other non-TdT PolX variants can serve
as strategic alternatives to TdT in specialized applications,
thereby broadening the enzymatic toolbox for tailored DNA
synthesis. 

4 Experimental Section/Methods 

4.1 Strains, Media, and Chemicals 

E. coli DH5 α (Shanghai Weidi Biotechnology, China) was used
for plasmid construction and cloning, while E. coli JM109 (DE3)
(Shanghai Weidi Biotechnology, China) was used for enzyme
expression. Luria-Bertani (LB) medium (0.5% yeast extract, 1%
tryptone, and 1% NaCl) was used to cultivate E. coli strains for
plasmid amplification and extraction, seed preparation, and pro-
tein expression and purification. Ampicillin (60 mg/L) was added
to the medium to maintain plasmids, and 1 m m isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to induce target protein
expression. SYBR Gold nucleic acid gel stain was purchased
from Thermo Fisher Scientific (USA) and 3 ′ -ONH2 -dNTPs from
Firebird Biomolecular Sciences (Florida, USA). 

4.2 Construction of Plasmids and Strains 

All FvPolX wild-type and mutant enzymes (Table S2 ) were codon-
optimized for E. coli expression and synthesized by BGI Tech
Solutions (Beijing Liuhe) (Beijing, China). The primers used in
this study are listed in Table S3 . The FvPolX genes were amplified
by PCR using PrimeSTAR Max DNA Polymerase (Takara Biomed-
ical Technology (Beijing, China)). Plasmids were constructed
via homologous recombination using the ClonExpress Ultra
One Step Cloning Kit purchased from Nanjing Vazyme Biotech
(Nanjing, China). FvPolX genes were inserted into the pETDuet-
1 plasmid to express proteins carrying an N -terminal His6 -tag.
Vector pETDuet-1 was digested with restriction enzymes Bam HI
and Not I. The recombinant plasmids were first transformed
into cloning strains, and single colonies were picked and sent
to Sangon Biotech (Qingdao, China) for DNA sequencing. The
verified recombinant plasmids were then transformed into E. coli
JM109 (DE3) for protein expression and purification. Details of
the corresponding processes are provided in Table S3 . 

4.3 Protein Expression and Purification 

E. coli JM109 (DE3) harboring the relevant recombinant vector
was grown overnight in 10 mL LB medium containing 100 µg/mL
ampicillin at 37◦C with shaking at 200 rpm. The cultures were
used as seeds to inoculate 1 L LB medium containing the same
antibiotic and grown at 37◦C and 200 rpm. When the culture
optical density (OD600 ) reached approximately 0.7, the culture
temperature was lowered to 20◦C, and IPTG was added to a final
concentration of 0.8 m m to induce protein expression at 200 rpm
for 20 h. Cells were harvested by centrifugation (6000 ×g , 7 min,
Advanced Science, 2026
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◦C), and cell pellets were resuspended in 60 mL precooled lysis
uffer (50 m m Tris-HCl, glycerol 10%, pH 7.5). All purification
teps were performed at 4◦C. First, an Ultrasonic Homogenizer
JY92-IIDN) (Ningbo Scientz Biotechnology, China) was used
or ultrasonication-based cell lysis (2 s on, 4 s off, and 25 min
or total working time). After centrifugation at 9000 ×g for
0 min to remove cell debris, the supernatant was loaded onto
 Ni-NTA agarose column (Qiagen, Germany). The column was
ashed eight times with 10 mL lysis buffer containing 50 m m
midazole, and the target proteins were eluted with protein
lution buffer (50 m m Tris-HCl, glycerol 10%, 250 m m imidazole,
H 7.5). An Amicon Ultra centrifugal filter with a 30 KDa cutoff
Merck KGaA, Germany) was used to concentrate the eluted
roteins at 5000 ×g for 25 min, and the elution buffer was
xchanged three times with desalting buffer (100 m m Tris-HCl,
0% glycerol, pH 7.5). Protein concentrations were determined by
 NanoDrop OneC spectrophotometer (Thermo Fisher Scientific,
SA). Finally, protein aliquots (50 µL per tube) were snap-frozen
n liquid nitrogen and stored at − 80◦C until use. 

.4 Accurate Activity Measurement Based on 

luorescent Dye and Gray Value Calculations 

he FvPolX enzymatic reaction system for natural dNTPs/3 ′ -
NH2 -dNTPs contained 1 mg/mL purified FvPolX, 1 µM iDNAs
Table S3 ), 1 m m each of the four kinds of dNTPs or 3 ′ -ONH2 -
NTPs, 1 m m CoCl2 , and DNA synthesis buffer (15% ( v / v ) DMSO,
0 m m O -benzylhydroxylamine ⋅HCl, 10% ( v / v ) glycerol, 0.05%
 v / v ) Tween 20, 2.5 m m tris-HCl, 40 m m NaCl, 0.5 m m Hepes,
.5 m cacodylic acid, and a final pH of 7.0 (measured in the
bsence of DMSO)). Reactions incubated at 30◦C for 3 min
dNTPs) or 25 min (3 ′ -ONH2 -dNTPs) and then heated to 75◦C for
 min to quench the reaction. The DNA products were analyzed
n a 20% polyacrylamide gel with 8 m Urea electrophoresis
DNA Urea PAGE), using a DNA Urea PAGE Electrophoresis
it purchased from Real-Times (Beijing) Biotechnology (Beijing,
hina). Gels were stained with SYBR Gold nucleic acid gel dye
nd imaged with a Tanon 1600 Gel Image System (Tanon, China),
nd the ( + n) products were quantified using ImageJ [ 90 ] software
ased on gray value calculations. 

.5 Determination of the Optimal Enzyme 
eaction Temperature of FvPolXR184L/T186G/N267S 

he standard reaction system consisted of 0.45 mg/mL purified
vPolXR184L/T186G/N267S , 1 µm iDNAs (P1-AA; Table S3 ), 1 m m dATP,
 m m CoCl2 , and 100 m m Tris-HCl buffer (pH 7.0). Samples
ere incubated at different temperatures from 4◦C to 60◦C for
0 min and then heated to 75◦C for 6 min to quench the reaction.
or optimal temperature determination, reaction mixtures were
liquoted into separate tubes and incubated at respective reaction
emperatures for 10 min. 

uthor Contributions 

.L., L.D., and C.Z. designed the study and analyzed the data. C.Z.
erformed the experiments. C.Z., L.D., and S.L. wrote the manuscript. 
dvanced Science, 2026
Acknowledgements 

The authors thank Guannan Lin and Jing Zhu from the Core Facilities
for Life and Environmental Sciences, State Key Laboratory of Microbial
Technology at Shandong University for their assistance in HPLC and
PAGE analysis. 

Funding 

This work was supported by the National Key Research and Development
Program of China (2025YFA1700183, 2025YFD1700400), the National Nat-
ural Science Foundation of China (32370032), the Shandong Provincial
Natural Science Foundation (ZR2020ZD23), the Taishan Young Scholars
(tsqn202312032), and The Fundamental Research Funds of Shandong
University (2023QNTD001). 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

All data are available in the main text or the supplementary materials. 

References 

1 . S. M. Minhaz Ud-Dean, “A Theoretical Model for Template-free
Synthesis of Long DNA Sequence,” Systems and Synthetic Biology 2 (2008):
67–73, https://doi.org/10.1007/s11693- 009- 9023- x. 

2 . S. Palluk, D. H. Arlow, T. de Rond, et al., “De Novo DNA Synthe-
sis Using Polymerase-nucleotide Conjugates,” Nature Biotechnology 36
(2018): 645–650, https://doi.org/10.1038/nbt.4173 . 

3 . M. A. Jensen and R. W. Davis, “Template-Independent Enzymatic
Oligonucleotide Synthesis (TiEOS): Its History, Prospects, and Chal-
lenges,” Biochemistry 57 (2018): 1821–1832, https://doi.org/10.1021/acs.
biochem.7b00937 . 

4 . I. Sarac and M. Hollenstein, “Terminal Deoxynucleotidyl Transferase
in the Synthesis and Modification of Nucleic Acids,” Chembiochem 20
(2019): 860–871, https://doi.org/10.1002/cbic.201800658 . 

5 . M. Eisenstein, “Enzymatic DNA Synthesis Enters New Phase,” Nature
Biotechnology 38 (2020): 1113–1115, https://doi.org/10.1038/s41587-020- 
0695-9 . 

6 . X. Lu, J. Li, C. Li, et al., “Enzymatic DNA Synthesis by Engineering
Terminal Deoxynucleotidyl Transferase,” ACS Catalysis 12 (2022): 2988–
2997, https://doi.org/10.1021/acscatal.1c04879 . 

7 . D. Verardo, B. Adelizzi, D. A. Rodriguez-Pinzon, et al., “Multiplex
Enzymatic Synthesis of DNA with Single-base Resolution,” Science
Advances 9 (2023): adi0263, https://doi.org/10.1126/sciadv.adi0263 . 

8 . Y. S. Law, N. A. Muthaliff, Y. Wei, F. Lin, H. Zhao, and E. L.
Ang, “Biochemical Investigation and Engineering of a Tardigrade X
family DNA Polymerase for Template-independent DNA Synthesis,”ACS
Catalysis 14 (2024): 12318–12330, https://doi.org/10.1021/acscatal.4c00756 .

9 . Y. Niu, B. Chen, H. Zhang, et al., “Computational Design of a
Thermostable and Highly Active Terminal Deoxynucleotidyl Transferase
for Synthesis of Long De Novo DNA Molecules,” ACS Catalysis 15 (2025):
7201–7216, https://doi.org/10.1021/acscatal.5c01571 . 

10 . S. M. Forget, M. J. Krawczyk, A. M. Knight, et al., “Evolving a
Terminal Deoxynucleotidyl Transferase for Commercial Enzymatic DNA
Synthesis,” Nucleic Acids Research 53 (2025): gkaf115, https://doi.org/10.
1093/nar/gkaf115 . 

11 . C. Zhang, H. Subthain, F. Guo, et al., “Terminal Deoxynucleotidyl
Transferase: Properties and Applications,” Engineering Microbiology 5
(2025): 100179, https://doi.org/10.1016/j.engmic.2024.100179 . 

12 . C. Liu, W. Zhuang, L. Liu, et al., “Research Progress in High-
throughput DNA Synthesis and Its Applications,” Journal of Materials
Chemistry B 13 (2025): 7973–8004, https://doi.org/10.1039/d5tb00869g . 
9 of 12

ive C
om

m
ons L

icense

https://doi.org/10.1007/s11693-009-9023-x
https://doi.org/10.1038/nbt.4173
https://doi.org/10.1021/acs.biochem.7b00937
https://doi.org/10.1002/cbic.201800658
https://doi.org/10.1038/s41587-020-0695-9
https://doi.org/10.1021/acscatal.1c04879
https://doi.org/10.1126/sciadv.adi0263
https://doi.org/10.1021/acscatal.4c00756
https://doi.org/10.1021/acscatal.5c01571
https://doi.org/10.1093/nar/gkaf115
https://doi.org/10.1016/j.engmic.2024.100179
https://doi.org/10.1039/d5tb00869g


1  

c  

o  

i

1  

S  

A  

1

1  

B  

m  

S

1  

I  

1

1  

“  

D  

h

1  

O  

S  

1

1  

“  

R  

0

2  

S  

1

2  

P  

a  

0

2  

N
A  

5

2  

M  

2  

D  

a

2  

P  

6

2  

“  

c  

D  

h

2  

m  

A  

9

2  

C  

n  

B

2  

V  

i  

(

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75017 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [31/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
3 . L. Di, M. Chen, Y. Han, et al., “Rational Design of Terminal Deoxynu-
leotidyl Transferase for RNA Primer Elongation,” International Journal
f Biological Macromolecules 309 (2025): 142712, https://doi.org/10.1016/j.
jbiomac.2025.142712 . 

4 . N. Gao, A. Yu, and W. Yang, “Enzymatic De Novo Oligonucleotide
ynthesis: Emerging Techniques and Advancements,” Biotechnology
dvances 82 (2025): 108604, https://doi.org/10.1016/j.biotechadv.2025.
08604 . 

5 . L. A. Schneider, B. Sauter, K. Dagher, and D. Gillingham, “Recording
inding Information Directly into DNA-Encoded Libraries Using Ter-
inal Deoxynucleotidyl Transferase,” Journal of the American Chemical
ociety 145 (2023): 20874–20882, https://doi.org/10.1021/jacs.3c05961 . 

6 . G. M. Church, Y. Gao, and S. Kosuri, “Next-generation Digital
nformation Storage in DNA,” Science 337 (2012): 1628, https://doi.org/10.
126/science.1226355 . 

7 . H. H. Lee, R. Kalhor, N. Goela, J. Bolot, and G. M. Church,
Terminator-free Template-independent Enzymatic DNA Synthesis for
igital Information Storage,” Nature Communications 10 (2019): 2383,
ttps://doi.org/10.1038/s41467- 019- 10258- 1 . 

8 . M. H. Raza, S. Desai, S. Aravamudhan, and R. Zadegan, “An
utlook on the Current Challenges and Opportunities in DNA Data
torage,” Biotechnology Advances 66 (2023): 108155, https://doi.org/10.
016/j.biotechadv.2023.108155 . 

9 . A. Hoose, R. Vellacott, M. Storch, P. S. Freemont, and M. G. Ryadnov,
DNA Synthesis Technologies to Close the Gene Writing Gap,” Nature
eviews Chemistry 7 (2023): 144–161, https://doi.org/10.1038/s41570-022-
0456-9 . 

0 . M. Yu, X. Tang, Z. Li, et al., “High-throughput DNA Synthesis for Data
torage,” Chemical Society Reviews 53 (2024): 4463–4489, https://doi.org/
0.1039/D3CS00469D . 

1 . D. Baek, S.-Y. Joe, H. Shin, C. Park, S. Jo, and H. Chun, “Recent
rogress in High-Throughput Enzymatic DNA Synthesis for Data Stor-
ge,” BioChip Journal 18 (2024): 357–372, https://doi.org/10.1007/s13206-
24- 00146- 2 . 

2 . L. H. M. Souza, I. R. Dias, C. von Zuben de Valega Negrão, et al., “Gold
anoparticle-DNA Conjugates: an Enzymatic DNA Synthesis Platform,”
CS Omega 10 (2025): 20452–20464, https://doi.org/10.1021/acsomega.
c00645 . 

3 . S. Dey, C. Fan, K. V. Gothelf, et al., “DNA Origami,” Nature Reviews
ethods Primers 1 (2021): 13, https://doi.org/10.1038/s43586-020-00009-8 .

4 . S. Wang, X. Mao, F. Wang, X. Zuo, and C. Fan, “Data Storage Using
NA,” Advanced Materials 36 (2024): 2307499, https://doi.org/10.1002/
dma.202307499 . 

5 . B. Qin, Q. Wang, Y. Wang, et al., “Enzymatic Synthesis of TNA
rotects DNA Nanostructures,”Angewandte Chemie International Edition
3 (2024): 202317334, https://doi.org/10.1002/anie.202317334 . 

6 . P. Ghosh, A. A. Phadte, B. Bhojappa, S. Palani, and S. G. Srivatsan,
Template-independent Enzymatic Functionalization of DNA Oligonu-
leotides with Environment-sensitive Nucleotide Probes Using Terminal
eoxynucleotidyl Transferase,”Nucleic Acids Research 53 (2025): gkaf108,
ttps://doi.org/10.1093/nar/gkaf108 . 

7 . P. Jiang, Z. Zhan, Y. Peng, et al., “Steric Hindrance-Mediated Enzy-
atic Reaction Enable Homogeneous Dual Fluorescence Indicators
ptasensing of Hepatocellular Carcinoma CTCs,” Analytical Chemistry
6 (2024): 10705–10713, https://doi.org/10.1021/acs.analchem.4c01624 . 

8 . S. He, Y. Chen, H. Lian, X. Cao, B. Liu, and X. Wei, “Photocatalytic
olorimetry and Fluorescence Dual-signal Biosensor for Instant Determi-
ation of Terminal Deoxynucleotidyl Transferase,” Sensors and Actuators
: Chemical 414 (2024): 135957, https://doi.org/10.1016/j.snb.2024.135957 . 

9 . W. Dong, C. Cheng, J. Chen, et al., “Portable Dual-mode Detection and
isual Quantification of Terminal Deoxynucleotidyl Transferase Activity
n Cells Using Smartphone,” Sensors and Actuators B: Chemical 427
2025): 137180, https://doi.org/10.1016/j.snb.2024.137180 . 
 

0 of 12
30 . J. Xu, H. Yang, Z. Sui, X. Yuan, L. Jia, and L. Guo, “One-pot Isothermal
Amplification Permits Recycled Activation of CRISPR/Cas12a for Sensing
Terminal Deoxynucleotidyl Transferase Activity,” Chemical Communica-
tions 60 (2024): 4683–4686, https://doi.org/10.1039/D4CC00825A . 

31 . A. Wang, Z. Qi, M. Tian, J. Huang, J. Yang, and L. Yang, “In-line
RNA-based Microreactor Direct Mass Spectrometry for Ultrasensitive and
Rapid Assay of Terminal Deoxynucleotidyl Transferase Activity,” Talanta
279 (2024): 126631, https://doi.org/10.1016/j.talanta.2024.126631 . 

32 . Y. Qi, Y. Chen, Y. Huang, et al., “Construction of an Efficient
microRNA Sensing Platform Based on Terminal Deoxynucleotidyl
Transferase-mediated Synthesis of Copper Nanoclusters,” Sensors and
Actuators B: Chemical 424 (2025): 136892, https://doi.org/10.1016/j.snb.
2024.136892 . 

33 . X. Dong, H. Chen, P. Zhang, et al., “Terminal Deoxynucleotidyl
Transferase-mediated CRISPR Sensing Platform for Simple and Point-of-
care Detection of Cobalt Pollution,” Talanta 282 (2025): 126999, https://
doi.org/10.1016/j.talanta.2024.126999 . 

34 . X. Li, Z. Du, S. Lin, J. Tian, H. Tian, and W. Xu, “ExoIII and TdT
Dependent Isothermal Amplification (ETDA) Colorimetric Biosensor for
Ultra-sensitive Detection of Hg2 + ,” Food Chemistry 316 (2020): 126303,
https://doi.org/10.1016/j.foodchem.2020.126303 . 

35 . S. Liu, W. Wei, X. Sun, and L. Wang, “Ultrasensitive Electrochemical
DNAzyme Sensor for Lead Ion Based on Cleavage-induced Template-
independent Polymerization and Alkaline Phosphatase Amplification,”
Biosensors and Bioelectronics 83 (2016): 33–38, https://doi.org/10.1016/j.
bios.2016.04.026 . 

36 . Y. Yu, K. Chen, Z. Du, et al., “Magnetic Aptamer Copper Nanoclusters
Fluorescent Biosensor for the Visual Detection of Zearalenone Based on
Docking-aided Rational Tailoring,” Food Chemistry 448 (2024): 139127,
https://doi.org/10.1016/j.foodchem.2024.139127 . 

37 . M. Milisavljevic, T. R. Rodriguez, C. K. Carlson, C. C. Liu, and K.
E. J. Tyo, “Engineering the Activity of a Template-Independent DNA
Polymerase,” ACS Synthetic Biology 13 (2024): 2492–2504, https://doi.org/
10.1021/acssynbio.4c00255 . 

38 . M. Milisavljevic, T. R. Rodriguez, and K. E. J. Tyo, “Elucidat-
ing Sequence-Function Relationships in a Template-Independent Poly-
merase to Enable Novel DNA Recording Applications,” Biotechnology
and Bioengineering 121 (2024): 3808–3821, https://doi.org/10.1002/bit.
28838 . 

39 . C. K. Carlson, T. B. Loveless, M. Milisavljevic, et al., “A Massively
Parallel in Vivo Assay of TdT Mutants Yields Variants with Altered
Nucleotide Insertion Biases,” ACS Synthetic Biology 13 (2024): 3326–3343,
https://doi.org/10.1021/acssynbio.4c00414 . 

40 . L. Hu, Z. Zhang, C. Li, et al., “High-Throughput Screening for
Oligonucleotide Detection by ADE-OPI-MS,” Analytical Chemistry 96
(2024): 12040–12048, https://doi.org/10.1021/acs.analchem.4c02110 . 

41 . E. O. Ukladov, T. E. Tyugashev, and N. A. Kuznetsov, “Computational
Modeling Study of the Molecular Basis of dNTP Selectivity in Human Ter-
minal Deoxynucleotidyltransferase,” Biomolecules 14 (2024): 961, https://
doi.org/10.3390/biom14080961 . 

42 . S. Barthel, S. Palluk, N. J. Hillson, J. D. Keasling, and D. H.
Arlow, “Enhancing Terminal Deoxynucleotidyl Transferase Activity on
Substrates with 3 ′ Terminal Structures for Enzymatic De Novo DNA
Synthesis,” Genes 11 (2020): 102, https://doi.org/10.3390/genes11010102 . 

43 . J. P. S. Chua, M. K. Go, T. Osothprarop, et al., “Evolving a Ther-
mostable Terminal Deoxynucleotidyl Transferase,” ACS Synthetic Biology
9 (2020): 1725–1735, https://doi.org/10.1021/acssynbio.0c00078 . 

44 . A.-N. Li, K. Shi, B.-B. Zeng, J.-H. Xu, and H.-L. Yu, “Enhancing the
Expression of Terminal Deoxynucleotidyl Transferases by N-Terminal
Truncation,” Biotechnology Journal 19 (2024): 2400226, https://doi.org/10.
1002/biot.202400226 . 

45 . B. Verron, O. Arnaiz, C. Zangarelli, N. Mathy, M. Bétermier, and
J. Bischerour, “The Linker Region of a Development-specific DNA
Polymerase X Ensures Efficient Repair of Programmed DNA Double-
Advanced Science, 2026

tive C
om

m
ons L

icense

https://doi.org/10.1016/j.ijbiomac.2025.142712
https://doi.org/10.1016/j.biotechadv.2025.108604
https://doi.org/10.1021/jacs.3c05961
https://doi.org/10.1126/science.1226355
https://doi.org/10.1038/s41467-019-10258-1
https://doi.org/10.1016/j.biotechadv.2023.108155
https://doi.org/10.1038/s41570-022-00456-9
https://doi.org/10.1039/D3CS00469D
https://doi.org/10.1007/s13206-024-00146-2
https://doi.org/10.1021/acsomega.5c00645
https://doi.org/10.1038/s43586-020-00009-8
https://doi.org/10.1002/adma.202307499
https://doi.org/10.1002/anie.202317334
https://doi.org/10.1093/nar/gkaf108
https://doi.org/10.1021/acs.analchem.4c01624
https://doi.org/10.1016/j.snb.2024.135957
https://doi.org/10.1016/j.snb.2024.137180
https://doi.org/10.1039/D4CC00825A
https://doi.org/10.1016/j.talanta.2024.126631
https://doi.org/10.1016/j.snb.2024.136892
https://doi.org/10.1016/j.talanta.2024.126999
https://doi.org/10.1016/j.foodchem.2020.126303
https://doi.org/10.1016/j.bios.2016.04.026
https://doi.org/10.1016/j.foodchem.2024.139127
https://doi.org/10.1021/acssynbio.4c00255
https://doi.org/10.1002/bit.28838
https://doi.org/10.1021/acssynbio.4c00414
https://doi.org/10.1021/acs.analchem.4c02110
https://doi.org/10.3390/biom14080961
https://doi.org/10.3390/genes11010102
https://doi.org/10.1021/acssynbio.0c00078
https://doi.org/10.1002/biot.202400226


s  

(

4  

a
D  

0

4  

X  

B

4  

o  

P  

1

4  

a
I  

o

5  

G
N  

0

5  

P  

b

5  

S
P  

b

5  

i  

N  

s

5  

B
N  

g

5  

“  

i  

h

5  

G  

D
N  

g

5  

T  

t  

1

5  

P  

h

5  

S
D  

0

6  

“  

f
J  

j

6  

a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75017 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [31/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
trand Breaks in Paramecium Tetraurelia ,” Nucleic Acids Research 53
2025): gkaf286, https://doi.org/10.1093/nar/gkaf286 . 

6 . R. J. Bienstock, W. A. Beard, and S. H. Wilson, “Phylogenetic Analysis
nd Evolutionary Origins of DNA Polymerase X-family Members,”
NA Repair 22 (2014): 77–88, https://doi.org/10.1016/j.dnarep.2014.07.
03 . 

7 . K. Ramadan, I. Shevelev, and U. Hübscher, “The DNA-polymerase-
 family: Controllers of DNA Quality?,” Nature Reviews Molecular Cell
iology 5 (2004): 1038–1043, https://doi.org/10.1038/nrm1530 . 

8 . S. Gonzalez-Barrera, A. Sanchez, J. F. Ruiz, et al., “Characterization
f SpPol4, a Unique X-family DNA Polymerase in Schizosaccharomyces
ombe ,” Nucleic Acids Research 33 (2005): 4762–4774, https://doi.org/10.
093/nar/gki780 . 

9 . A. A. Kuznetsova, O. S. Fedorova, and N. A. Kuznetsov, “Structural
nd Molecular Kinetic Features of Activities of DNA Polymerases,”
nternational Journal of Molecular Sciences 23 (2022): 6373, https://doi.
rg/10.3390/ijms23126373 . 

0 . T. M. Weaver, B. J. Ryan, S. H. Thompson, et al., “Structural Basis of
ap-filling DNA Synthesis in the Nucleosome by DNA Polymerase β,”
ature Communications 16 (2025): 2607, https://doi.org/10.1038/s41467-
25- 57915- 2 . 

1 . W. A. Beard and S. H. Wilson, “Structure and Mechanism of DNA
olymerase β,” Biochemistry 53 (2014): 2768–2780, https://doi.org/10.1021/
i500139h . 

2 . J. Yamtich and J. B. Sweasy, “DNA Polymerase family X: Function,
tructure, and Cellular Roles,” Biochimica et Biophysica Acta (BBA)—
roteins and Proteomics 1804 (2010): 1136–1150, https://doi.org/10.1016/j.
bapap.2009.07.008 . 

3 . P. Frit, H. Amin, S. Zahid, et al., “Structural and Functional Insights
nto the Interaction between Ku70/80 and Pol X family Polymerases in
HEJ,” Nature Communications 16 (2025): 4208, https://doi.org/10.1038/
41467- 025- 59133- 2 . 

4 . S. Ray, G. Breuer, M. DeVeaux, D. Zelterman, R. Bindra, and J.
. Sweasy, “DNA Polymerase Beta Participates in DNA End-joining,”
ucleic Acids Research 46 (2018): 242–255, https://doi.org/10.1093/nar/
kx1147 . 

5 . J. Gouge, S. Rosario, F. Romain, F. Poitevin, P. Béguin, and M. Delarue,
Structural Basis for a Novel Mechanism of DNA Bridging and Alignment
n Eukaryotic DSB DNA Repair,” The EMBO Journal 34 (2015): 1126–1142,
ttps://doi.org/10.15252/embj.201489643 . 

6 . M. J. Martin, M. V. Garcia-Ortiz, A. Gomez-Bedoya, V. Esteban, S.
uerra, and L. Blanco, “A Specific N-terminal Extension of the 8 kDa
omain Is Required for DNA End-bridging by human Pol µ and Pol λ,”
ucleic Acids Research 41 (2013): 9105–9116, https://doi.org/10.1093/nar/
kt681 . 

7 . J. Loc’h, S. Rosario, and M. Delarue, “Structural Basis for a New
emplated Activity by Terminal Deoxynucleotidyl Transferase: Implica-
ions for V(D)J Recombination,” Structure (London, England) 24 (2016):
452–1463, https://doi.org/10.1016/j.str.2016.06.014 . 

8 . D. Ghosh and S. C. Raghavan, “20 years of DNA Polymerase Μ, the
olymerase That Still Surprises,” The FEBS Journal 288 (2021): 7230–7242,
ttps://doi.org/10.1111/febs.15852 . 

9 . A. F. Moon, M. Garcia-Diaz, V. K. Batra, et al., “The X family Portrait:
tructural Insights into Biological Functions of X family Polymerases,”
NA Repair 6 (2007): 1709–1725, https://doi.org/10.1016/j.dnarep.2007.05.
09 . 

0 . S. Nakane, H. Ishikawa, N. Nakagawa, S. Kuramitsu, and R. Masui,
The Structural Basis of the Kinetic Mechanism of a Gap-filling X-
amily DNA Polymerase That Binds Mg2 + -dNTP before Binding to DNA,”
ournal of Molecular Biology 417 (2012): 179–196, https://doi.org/10.1016/j.
mb.2012.01.025 . 

1 . B. Baños, L. Villar, M. Salas, and M. de Vega, “DNA Stabilization
t the Bacillus Subtilis PolX Core —A Binding Model to Coordinate
dvanced Science, 2026
Polymerase, AP-endonuclease and 3 ′ -5 ′ Exonuclease Activities,” Nucleic
Acids Research 40 (2012): 9750–9762, https://doi.org/10.1093/nar/gks702 . 

62 . M. Blasius, I. Shevelev, E. Jolivet, S. Sommer, and U. Hübscher, “DNA
Polymerase X from Deinococcus Radiodurans Possesses a Structure-
Modulated 3 ′→5 ′ Exonuclease Activity Involved in Radioresistance,”
Molecular Microbiology 60 (2006): 165–176, https://doi.org/10.1111/j.1365- 
2958.2006.05077.x. 

63 . M. Prostova, E. Shilkin, A. A. Kulikova, A. Makarova, S. Ryazansky,
and A. Kulbachinskiy, “Noncanonical Prokaryotic X family DNA Poly-
merases Lack Polymerase Activity and Act as Exonucleases,” Nucleic
Acids Research 50 (2022): 6398–6413, https://doi.org/10.1093/nar/gkac461 .

64 . S. Nagpal and D. T. Nair, “The PHP Domain of PolX from Staphylo-
coccus aureus Aids High Fidelity DNA Synthesis through the Removal of
Misincorporated Deoxyribo-, Ribo- and Oxidized Nucleotides,” Scientific
Reports 11 (2021): 4178, https://doi.org/10.1038/s41598- 021- 83498- 1 . 

65 . G. Rodríguez, M. T. Martín, and M. de Vega, “An Array of Basic
Residues Is Essential for the Nucleolytic Activity of the PHP Domain of
Bacterial/Archaeal PolX DNA Polymerases,” Scientific Reports 9 (2019):
9947, https://doi.org/10.1038/s41598- 019- 46349- 8 . 

66 . B. Banos, J. M. Lazaro, L. Villar, M. Salas, and M. de Vega, “Editing of
Misaligned 3’-termini by an Intrinsic 3’-5’ exonuclease Activity Residing
in the PHP Domain of a family X DNA Polymerase,” Nucleic Acids
Research 36 (2008): 5736–5749, https://doi.org/10.1093/nar/gkn526 . 

67 . S. Nakane, N. Nakagawa, S. Kuramitsu, and R. Masui, “The Role
of the PHP Domain Associated with DNA Polymerase X from Thermus
Thermophilus HB8 in Base Excision Repair,” DNA Repair 11 (2012):
906–914, https://doi.org/10.1016/j.dnarep.2012.09.001 . 

68 . S. Nakane, N. Nakagawa, S. Kuramitsu, and R. Masui, “Characteri-
zation of DNA Polymerase X from Thermus Thermophilus HB8 Reveals
the POLXc and PHP Domains Are Both Required for 3 ′ –5 ′ Exonuclease
Activity,” Nucleic Acids Research 37 (2009): 2037–2052, https://doi.org/10.
1093/nar/gkp064 . 

69 . Y. Chen, J. Zhang, H. Liu, et al., “Unique 5 ′ -P Recognition and Basis for
dG:DGTP Misincorporation of ASFV DNA Polymerase X,” PLoS Biology
15 (2017): 1002599, https://doi.org/10.1371/journal.pbio.1002599 . 

70 . W.-J. Wu, M.-I. Su, J.-L. Wu, et al., “How a Low-Fidelity DNA Poly-
merase Chooses Non-Watson–Crick from Watson–Crick Incorporation,”
Journal of the American Chemical Society 136 (2014): 4927–4937, https://
doi.org/10.1021/ja4102375 . 

71 . B. Sampoli Benítez, Z. R. Barbati, K. Arora, J. Bogdanovic, and T.
Schlick, “How DNA Polymerase X Preferentially Accommodates Incom-
ing dATP Opposite 8-oxoguanine on the Template,” Biophysical Journal
105 (2013): 2559–2568, https://doi.org/10.1016/j.bpj.2013.10.014 . 

72 . M. J. Jezewska, M. R. Szymanski, and W. Bujalowski, “Kinetic Mecha-
nism of the ssDNA Recognition by the Polymerase X from African Swine
Fever Virus. Dynamics and Energetics of Intermediate Formations,”
Biophysical Chemistry 158 (2011): 9–20, https://doi.org/10.1016/j.bpc.2011.
04.010 . 

73 . M. J. Jezewska, P. J. Bujalowski, and W. Bujalowski, “Interactions of
the DNA Polymerase X from African Swine Fever Virus with Gapped DNA
Substrates. Quantitative Analysis of Functional Structures of the Formed
Complexes,”Biochemistry 46 (2007): 12909–12924, https://doi.org/10.1021/
bi700677j . 

74 . R. García-Escudero, M. García-Díaz, M. A. L. Salas, L. Blanco, and
J. Salas, “DNA Polymerase X of African Swine Fever Virus: Insertion
Fidelity on Gapped DNA Substrates and AP Lyase Activity Support a Role
in Base Excision Repair of Viral DNA,” Journal of Molecular Biology 326
(2003): 1403–1412, https://doi.org/10.1016/s0022-2836(03)00019-6 . 

75 . M. Oliveros, R. J. Yáñez, M. A. L. Salas, J. Salas, E. Viñuela, and L.
Blanco, “Characterization of an African Swine Fever Virus 20-kDa DNA
Polymerase Involved in DNA Repair,” Journal of Biological Chemistry 272
(1997): 30899–30910, https://doi.org/10.1074/jbc.272.49.30899 . 

76 . A. K. Showalter, I.-J. L. Byeon, M.-I. Su, and M.-D. Tsai, “Solution
Structure of a Viral DNA Polymerase X and Evidence for a Mutagenic
11 of 12

tive C
om

m
ons L

icense

https://doi.org/10.1093/nar/gkaf286
https://doi.org/10.1016/j.dnarep.2014.07.003
https://doi.org/10.1038/nrm1530
https://doi.org/10.1093/nar/gki780
https://doi.org/10.3390/ijms23126373
https://doi.org/10.1038/s41467-025-57915-2
https://doi.org/10.1021/bi500139h
https://doi.org/10.1016/j.bbapap.2009.07.008
https://doi.org/10.1038/s41467-025-59133-2
https://doi.org/10.1093/nar/gkx1147
https://doi.org/10.15252/embj.201489643
https://doi.org/10.1093/nar/gkt681
https://doi.org/10.1016/j.str.2016.06.014
https://doi.org/10.1111/febs.15852
https://doi.org/10.1016/j.dnarep.2007.05.009
https://doi.org/10.1016/j.jmb.2012.01.025
https://doi.org/10.1093/nar/gks702
https://doi.org/10.1111/j.1365-2958.2006.05077.x
https://doi.org/10.1093/nar/gkac461
https://doi.org/10.1038/s41598-021-83498-1
https://doi.org/10.1038/s41598-019-46349-8
https://doi.org/10.1093/nar/gkn526
https://doi.org/10.1016/j.dnarep.2012.09.001
https://doi.org/10.1093/nar/gkp064
https://doi.org/10.1371/journal.pbio.1002599
https://doi.org/10.1021/ja4102375
https://doi.org/10.1016/j.bpj.2013.10.014
https://doi.org/10.1016/j.bpc.2011.04.010
https://doi.org/10.1021/bi700677j
https://doi.org/10.1016/s0022-2836(03)00019-6
https://doi.org/10.1074/jbc.272.49.30899


F  

1

7  

8  

(

7  

o  

B  

a

7  

D  

S  

1

8  

D  

D  

h

8  

A
J  

1

8  

S  

M  

f

8  

D  

d

8
B  

1

8  

T  

f  

(

8  

S  

(

8  

p  

N  

1

8  

t  

C

8  

f  

S

9  

I  

h

9  

D  

t  

1

S

A  

I
S

1

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75017 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [31/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the appli
unction,” Nature Structural Biology 8 (2001): 942–946, https://doi.org/
0.1038/nsb1101-942 . 

7 . M. J. Jezewska, S. Rajendran, and W. Bujalowski, “Interactions of the
-kDa Domain of Rat DNA Polymerase β with DNA,” Biochemistry 40
2001): 3295–3307, https://doi.org/10.1021/bi002749s . 

8 . S. M. Daskalova, X. Bai, and S. M. Hecht, “Study of the Lyase Activity
f Human DNA Polymerase βUsing Analogues of the Intermediate Schiff
ase Complex,” Biochemistry 57 (2018): 2711–2722, https://doi.org/10.1021/
cs.biochem.8b00308 . 

9 . Y. Chen, H. Liu, C. Yang, et al., “Structure of the Error-prone
NA Ligase of African Swine Fever Virus Identifies Critical Active
ite Residues,” Nature Communications 10 (2019): 387, https://doi.org/10.
038/s41467- 019- 08296- w. 

0 . C. Zhang, Z. He, and Gao, “Semi-rational Engineering of Terminal
eoxynucleotidyl Transferase for High-efficiency Enzymatic de novo
NA synthesis,” Synthetic and Systems Biotechnology 13 (2026): 519–530,
ttps://doi.org/10.1016/j.synbio.2026.03.009 . 

1 . D. G. Reteno, S. Benamar, J. B. Khalil, et al., “Faustovirus, an
sfarvirus-Related New Lineage of Giant Viruses Infecting Amoebae,”
ournal of Virology 89 (2015): 6585–6594, https://doi.org/10.1128/jvi.00115-
5 . 

2 . S. Benamar, D. G. I. Reteno, V. Bandaly, N. Labas, D. Raoult, and B. La
cola, “Faustoviruses: Comparative Genomics of New Megavirales Family
embers,” Frontiers in Microbiology 7 (2016): 3, https://doi.org/10.3389/
micb.2016.00003 . 

3 . J. Wang, F. Chitsaz, M. K. Derbyshire, et al., “The Conserved Domain
atabase in 2023,” Nucleic Acids Research 51 (2023): D384–D388, https://
oi.org/10.1093/nar/gkac1096 . 

4 . C. Chen, Y. Wu, J. Li, et al., “TBtools-II: a “One for All, All for One”
ioinformatics Platform for Biological Big-data Mining,”Molecular Plant
6 (2023): 1733–1742, https://doi.org/10.1016/j.molp.2023.09.010 . 

5 . S. Kumar, G. Stecher, M. Suleski, M. Sanderford, S. Sharma, and K.
amura, “MEGA12: Molecular Evolutionary Genetic Analysis Version 12
or Adaptive and Green Computing,”Molecular Biology and Evolution 41
2024): msae263, https://doi.org/10.1093/molbev/msae263 . 

6 . X. Robert and P. Gouet, “Deciphering Key Features in Protein
tructures with the New ENDscript Server,” Nucleic Acids Research 42
2014): W320–W324, https://doi.org/10.1093/nar/gku316 . 

7 . D. Hutter, M.-J. Kim, N. Karalkar, et al., “Labeled Nucleoside Triphos-
hates with Reversibly Terminating Aminoalkoxyl Groups,” Nucleosides,
ucleotides & Nucleic Acids 29 (2010): 879–895, https://doi.org/10.1080/
5257770.2010.536191 . 

8 . N. D. Fessner, “Enzymatic Strategies for Next-Generation DNA Syn-
hesis: Boosting Efficiency and Overcoming Secondary Structures,” ACS
atalysis 15 (2025): 16106–16114, https://doi.org/10.1021/acscatal.5c05189 . 

9 . K. Li, D. Tang, X. Lu, et al., “Highly Ordered DNA Framework Inter-
ace Enables Efficient Enzymatic Oligonucleotide Synthesis,” Advanced
cience 12 (2025): 05868, https://doi.org/10.1002/advs.202505868 . 

0 . C. A. Schneider, W. S. Rasband, and K. W. Eliceiri, “NIH Image to
mageJ: 25 Years of Image Analysis,” Nature Methods 9 (2012): 671–675,
ttps://doi.org/10.1038/nmeth.2089 . 

1 . R. S. Anderson, F. J. Bollum, and K. L. Beattie, “Pyrophosphorolytic
ismutation of Oligodeoxy-nucleotides by Terminal Deoxynucleotidyl-
ransferase,” Nucleic Acids Research 27 (1999): 3190–3196, https://doi.org/
0.1093/nar/27.15.3190 . 

upporting Information 

dditional supporting information can be found online in the Supporting
nformation section. 
upporting File: advs75017-sup-0001-SuppMat.pdf. 
2 of 12 Advanced Science, 2026

cable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nsb1101-942
https://doi.org/10.1021/bi002749s
https://doi.org/10.1021/acs.biochem.8b00308
https://doi.org/10.1038/s41467-019-08296-w
https://doi.org/10.1016/j.synbio.2026.03.009
https://doi.org/10.1128/jvi.00115-15
https://doi.org/10.3389/fmicb.2016.00003
https://doi.org/10.1093/nar/gkac1096
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1080/15257770.2010.536191
https://doi.org/10.1021/acscatal.5c05189
https://doi.org/10.1002/advs.202505868
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1093/nar/27.15.3190

	Engineering a Virus-Derived X Family DNA Polymerase FvPolX for de novo DNA Synthesis
	1 | Introduction
	2 | Results
	2.1 | Structural and Sequence Analysis of PolXs
	2.2 | Catalytic Profiling and Active-Site Remodeling of FvPolX by Rational Mutagenesis
	2.3 | Catalytic Profiling of FvPolXT186G and FvPolXR184L/T186G/N267S
	2.4 | Truncation of FvPolX Mutants

	3 | Conclusions
	4 | Experimental Section/Methods
	4.1 | Strains, Media, and Chemicals
	4.2 | Construction of Plasmids and Strains
	4.3 | Protein Expression and Purification
	4.4 | Accurate Activity Measurement Based on Fluorescent Dye and Gray Value Calculations
	4.5 | Determination of the Optimal Enzyme Reaction Temperature of FvPolXR184L/T186G/N267S

	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


