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Adenine base editors (ABEs) are powerful tools for gene therapy. However,
efficient version of ABEs (e.g. ABE8e) always induce excessive bystander and
off-target editing events and are large in size, hindering their potential in
clinical disease treatment. Here, we develop a pre-trained Protein-Nucleic Acid
Constrained Language Model to design ABESe with high activity, reduced
editing window and decreased size. By further engineering, the smallest
ABE8e- PNLM-pcABE- with a 27% size reduction, exhibits high activity, precise
3-nt editing window, and reduced off-target events near background level in
HEK293T cells. Compared to ABES8e, PNLM-pcABE has up to 133.5-fold preci-
sion improvement in pathogenic mutation correction. By PNLM-pcABE, the
albino mouse model carrying desired base mutation is nearly 100% obtained
via zygotes microinjection and the expression of PCSK9 substantially decrea-
ses in mice receiving in vivo delivery with lipid nanoparticle (LNP), indicating

their great potential in gene therapy and disease modeling.

Fifty-eight percent of genetic diseases are caused by single-nucleotide
variation and treatment of those heritable diseases requires safe,
effective genome editing tools'. Traditional CRISPR/Cas9-mediated
homologous recombination to repair pathogenic point mutations is
inefficient’. The new generation of gene editing tools, particularly base
editors such as ABEs, which can potentially target 47% of genetic dis-
eases caused by single C-G-to-T-A base conversion, attract growing
attention as promising tools for future genetic disease treatment*’.
In recent years, research groups from the world have made series
of improvements on ABEs to achieve high editing efficiency, desired
editing windows, and reduced off-target effects. For example, direct
evolution of TadA resulted in ABEs with high activity®~; fusion of cir-
cularly permuted Cas9n and adenine deaminase shifted the editing
window of ABE; introduction of single-stranded DNA binding proteins
into ABE expanded its editing window’; replacing SpCas9 in ABE with

SaCas9 or SpCas9 variants expanded its target scope of PAM
recognition®®; engineering TadA reduced or eliminated ABE’s RNA off-
target event®™. In addition, recent studies reported ABE has inherent
cytosine deaminase activities®". By evolving TadA-8e, ABE can be
transformed into base editors with only adenine or cytosine deaminase
activity, or both”'¢, However, efficient ABEs usually have a wide edit-
ing window, potentially leading to increased bystander and off-target
editing, which is the main safety concern of their application in genetic
disease treatment. We previously developed ABE9 with 1-2nt editing
window and no off-target editing through rational TadA-8e design.
However, this didn’t shorten its size, making it difficult to deliver in
vivo for gene therapy'.

Al-assisted discovery of functional enzymes has been applied
in gene editing research. For example, structural prediction
methods have been used to explore and develop novel
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deaminases'"®, and protein language models (PLMs) have shown

promises in predicting amino acid mutation effects on enzyme
properties'®?°. Conventional gene editing-related enzyme evolu-
tion have relied on methods such as directed evolution and
rational design, which are time-consuming and labor-intensive. In
contrast, Al-assisted strategies could avoid meaningless muta-
tions and reduce experimental workload. Although PLMs have
been used in antibody engineering to induce affinity maturation
for designing protein interactions”, most currently existing PLMs
solely focus on the properties and the evolution of monomers,
which could limit their application in more complexed interactive
systems. Recent studies suggested that incorporating antigen
information can induce antibody evolution more accurately®,
therefore, an efficient PLM should consider not only the protein
of design, but also the substrate it binds to. This theory is parti-
cularly applicable to the field of gene editing, as gene editing
systems, such as CRISPR/Cas9, rely on the interaction between
Cas proteins and nucleic acids to function. These proteins can be
potentially fused with deaminases to form a new generation of
gene editing tools-base editors that mainly includes adenine base
editors (ABEs) and cytosine base editors (CBEs). Especially for
ABEs, editing precision remains the crucial challenge for their
clinical applications. There is an urgent need to develop more
rigorous PLMs that integrate nucleic acid substrate specificity to
enhance editing accuracy in therapeutic protein design.

Here, we developed a protein-nucleic acid constrained language
model (PNLM) to design adenine deaminase variants for creating
precise and compact ABEs. PNLM incorporates substrate information-
nucleotide content, marking the first time to our knowledge that
editing nucleotide position information is being incorporated into
generative models to constrain the protein design. This approach
enhances precision and enables the generation of protein sequences
with insertions and deletions, facilitating the identification of smaller,
functional proteins. There is an urgent need for an efficient ABE with
high precision and compactness. Therefore, we selected classic ABE-
ABES8e- as an example to generate a subset of TadA-8e variants using
this model and experimentally validated their performance in
HEK293T cells. Among all TadA-8e variants, the truncated 147-152 aa
has a narrow (3nt) editing window while maintaining editing efficiency
comparable to ABE8e. To further optimize the ABE, we combine
truncated variants and linker deletion to obtain the smallest-size TadA-
8e (45aa reduction, 27% size decrease excluding the SpCas9n), named
PNLM-pcABE. It has high activity, a precise editing window (3nt), and
reduced off-target events (including DNA or RNA off-targets) near
background levels. We also demonstrate that PNLM-pcABE can pre-
cisely correct pathogenic point mutations with minimal bystander
mutations.

Finally, we test PNLM-pcABE’s application in vivo. Via micro-
injecting PNLM-pcABE into mouse zygotes targeting the Tyrosinase
gene, we achieve nearly 100% pups carrying the desired base mutation.
In addition, by delivering PNLM-pcABE in mice with lipid nanoparticle
(LNP), we precisely target the splice site of the Pcsk9 gene and sub-
stantially decrease its expression along with LDL-C level in mice. These
two applications of PNLM-pcABE demonstrate that it has promising
potential in both gene therapy and disease models.

Results

Establishment and characteristics of protein-nucleic acid con-
strained language model for adenosine deaminase generation
Generative protein language models are typically trained on diverse
natural proteins whose sequences encode valuable information about
evolutionary history and biological structure functionality, with
sequence variances reflecting constraints and selection pressures™**,
With the growth of protein sequence databases, while the majority of
which remain unlabeled in terms of structure or function,

unsupervised training on large-scale sequences has become a practical
approach and can be effectively applied for sequence generation.
More specifically, our focus is on ABEs, where the precision of
base editor is governed by their distinct preferences for specific
nucleic acid sequence contexts, reflecting intricate biophysical inter-
actions that dictate their editing accuracy. To generate precise and
efficient ABEs, we incorporated target information of ABE and devel-
oped a nucleic acid information-constrained protein generation
model. We adopted a transfer learning approach by extracting
embeddings from the pre-trained protein language model ESM-2 and
aligned them with our model (Fig. 1a and Supplementary Fig. 1a).
Correspondingly, we additionally extracted embeddings from nucleic
acids and annotated editing positions of ABE in representation as
constraints for fine-tuning (Fig. 1b). By doing so, we injected the editing
target constraint information into the generative model and infer the
generated sequences retain original adenine deaminase preferences.
Additionally, we made further modifications to address issues
overlooked by existing protein language models. During protein
translation, amino acid substitutions, deletions, duplications, and
insertions offer diverse selection templates for evolution. We adopted
amasked autoregressive approach to predict and generate each amino
acid (Fig. 1c and Supplementary Fig. 1b). During the fine-tuning stage,
we introduced a few mask tokens to replace original amino acid
tokens, treating them as true labels and excluding them from loss
calculations. This encourages the model to simulate the sequence
deletions observed in natural evolution, enabling the generation of
variable-length sequences that mimic natural variations.

Screening of precise and compact ABEs via PNLM

Using our constructed PNLM model, we explored using PNLM for
further engineering TadA-8e proteins. We fine-tuned the PNLM with
our curated TadA-8e variant dataset. We utilized the PNLM to generate
150 TadA-8e-like sequences, including 73 mutations, 39 insertions, and
38 truncated variants (Fig. 2a and Supplementary Data 1). During the
fine-tuning process, we observed that incorporating nucleic acid and
editing position information, compared to only using protein
sequences, led to a reduction in the model’s fine-tuning loss (Fig. 2b).
We used ESM-1v* to predict the transformed log-likelihood of all
generated sequences and PNLM has higher conservation degree of the
catalytic domain (Fig. 2c). Existing machine learning scoring methods
demonstrated diverse evaluation techniques. Using the sequence-
based evaluation method, ESM-1v* reported 21 of the generated
sequences outperformed the wild-type (Supplementary Fig. 2c and
Supplementary Data 1). We further combined ESM-1v®, MIF-ST%,
Rosetta”” and AlphaFold2? to screen and characterize the generated
truncated sequences(Fig. 2a and Supplementary Fig. 2).

Based on the principles above, the top 20 ABE8e variants with
size-truncated were selected for construction and a positive endo-
genous target containing multiple As and editable Cs (ABE site27)
was used for testing their performance in HEK293T cells (Supple-
mentary Fig. 3). High-throughput sequencing (HTS) showed that 3
out of 20 ABES8e variants- ABES8e A2-8, A158-167, and A147-152 had
editing activity comparable to ABE8e by analyzing the most edited
adenine at ABE site 27 (Fig. 2d). Notably, ABES8e A147-152 had
reduced A-to-G bystander editing and narrowed major A-to-G editing
window (Ag) compared to ABE8e (Ag-Ag) (Fig. 2d). Notably, the C
bystander editing (Cs) activity decreased near background (Fig. 2d).
Compared to ABE9, a high-precision version of ABE, the editing
activity of ABE8e A147-152 was higher and the major editing window
was similar (Fig. 2d). The remaining variants exhibited far lower or no
activity (Fig. 2d). To further optimize the precision and size of ABESe
A147-152, we combined these ABESe variants and deleted the linker
between TadA-8e and Cas9n to narrow the editing window. The
results show that ABE8e A2-8-NL also maintain comparable editing
activity and its major editing window were not changed (Fig. 2e).

Nature Communications | (2025)16:11207


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-65311-z

a Protein atlas Pre-training language model
( )
ESM-2 —
B o\ e
p \ Loss
tRNA-specific PNLM X
adenosine —_—>
L Encoder ) EEH

deaminase protein

f

b Fine-tuning language model

Protein language model

sequence
M

—
% l * input
TadA-like protein EEHEI

Encoder layer
Nucleic acid
sequence
[
>3
@
)
- A
D
3 | y |
output
c Model feature Model output
Auto regression Mutations | |
Deletions
wpu AZAN ... CREDWO ek
; Insertions
mput [ JINCICIEE ... OB HE
Allow mask block output
Mask block Mask Sequence Output
) ;
Mask block remove and generation
Output —
mO ENCON ) [] Mutations HInsertions HDeletions(indels)
predict next token
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ABE8e A2-8+147-152-NL and ABE8e 147-152-NL exhibited similar  that 147-152aa truncated in TadA-8e may be the main factor for these
base editing activity, reduced bystander editing and narrowed major  two ABEs to maintain high efficiency and precision (Fig. 2e). There-
editing window compared to ABESe (Fig. 2e). Moreover, ABES8e fore, we selected ABES8e A2-8+147-152-NL with more compact
A2-8+147-152-NL and ABE8e 147-152-NL have high editing effi- structure (45aa reduced) for further investigation, and named it
ciency and consistent editing window compared to ABE9, indicating PNLM-pcABE.
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Fig. 2 | Screening processes of efficient, precise and compact ABE variants.

a Schematic of applying PNLM to engineer ABE variants with precise against ade-
nine. Following sequence generation using the PNLM model, truncated variants
were selected based on protein sequence alignment. The candidate proteins were
then screened using computational methods. Ultimately, the top 20 ranked
sequences were chosen for experimental validation. b The validation loss during
fine-tuning. Incorporating nucleic acid embeddings during fine-tuning improved
the model’s performance by reducing the loss. ¢ In the sequence-based evaluation
methods ESM-1v, the 1+ log-likelihood estimation distribution of PNLM-generated
sequences is compared to the 1+ log-likelihood estimation of ProGen2-generated
sequences and ProtGPT2-generated sequences. Each method generated 50

sequences. The violin plots on the right represent probability density, with internal
boxplots showing the median and interquartile range. The scatter plots on the left
display the raw data points (n = 50 independent experiments). d The efficiency of
A-to-G and C-to-A/T/G of the top 20 ABES8e truncated variants were examined at an
endogenous genomic site (ABE site27) containing multiple adenosines and cyti-
dines within the editing window in HEK293T cells, with ABE8e and ABE9 serving as
controls. Data are mean +s.d. (n =3 independent experiments). e The efficiency of
the combinations of truncated variants without XTEN linker, with ABE8e and
ABE9 serving as controls, was examined at ABE site27 in HEK293T cells. Data are
mean *s.d. (n =3 independent experiments). Source data are provided as a Source
data file.

Characterization of PNLM-pcABE

To further profile the characteristics of PNLM-pcABE, 21 endogenous
targets (9 targets contain multiple As, 9 targets contain editable Cs,
and 3 targets contain editable As and Cs) were tested in
HEK293T cells with ABE8e and ABE9 as controls. HTS data showed
the A-to-G editing efficiency of PNLM-pcABE was 43.8-78.6%, which
were higher than that of ABE9 (6.2-84.0%) and slightly lower than
that of ABE8e (59.9-92.2%) (Fig. 3a). The major editing window
(efficiency >30%) of PNLM-pcABE (As-A,) was parallel to ABE9 (As-A¢)
and narrower than that of ABE8e (As-Ag) (Fig. 3a, b and Supplemen-
tary Fig. 4). Notably, at position A and A;, the A-to-G editing effi-
ciency of PNLM-pcABE was significantly higher than that of ABE9
(Fig. 3a, b and Supplementary Fig. 4). On the contrary, PNLM-pcABE
had lower editing efficiency at position As than that of ABE9 (Fig. 3b
and Supplementary Fig. 4). We further analyzed the precision using
the most edited A/the second-most edited A. Compared to ABESe, we
observed a 0.1-224-fold precision increase for ABE9 and a 0.2-126-
fold precision increase for PNLM-pcABE (Fig. 3a, c¢). By further ana-
lyzing motif preference, we found that PNLM-pcABE had no obvious
motif preference but had low efficiency at RA (R=A or G) motif,
similarly to ABES8e and ABE9 (Fig. 3a and Supplementary Fig. 5).
Moreover, like ABE9, the bystander Cs editing activity was nearly
eliminated in PNLM-pcABE by analyzing 12 targets containing edi-
table Cs (Fig. 3d). In addition, the indels of PNLM-pcABE were also
significantly lower than that of ABE8e and ABE9 (Fig. 3e). These data
suggested PNLM-pcABE was an efficient base editing tool with high
precision and compactness in size.

Off-target evaluation of PNLM-pcABE

Next, we performed DNA off-target assessment of PNLM-pcABE in
three ways: sgRNA-dependent DNA off-target, sgRNA-independent
DNA off-target and the whole-transcriptomic RNA off-target. First, for
sgRNA-dependent DNA off-target, 63 off-targets in total were selected
for evaluation-50 of which were in silico predicted off-target sites from
PD-1-sg4, PCSK9-sgl, PCSK9-sgA, HAAVR-sg4, VEGFA-sg3 and TTR-sg6
using Cas-OFFinder®, and 13 were from previously known Cas9 off-
target sites (HEK site 2 and HEK site 4) identified by GUIDE-seq or ChIP-
seq®. Our results showed that 8 off-target sites were observed for
ABES8e and none for PNLM-pcABE and ABE9 (Fig. 4a and Supplemen-
tary Fig. 6). Second, for sgRNA-independent DNA off-target, Modified
R-loop assay® was applied for evaluation. HTS data showed that PNLM-
pcABE induced no sgRNA-independent DNA off-target, even a perfor-
mance far superior than that of ABE8e (Fig. 4b and Supplementary
Fig. 7). Third, to comprehensively assess the whole-transcriptomic RNA
off-target, we co-transfected HEK293T cells with plasmids encoding
ABES8e, ABE9, or PNLM-pcABE and on-target sgRNA (HEK site2) (Fig. 4c¢
and Supplementary Fig. 8). Seventy-two hours after transfection and
the total mRNA of the cells were harvested for RNA-Seq. the RNA-seq
results show that ABE8e exhibited some RNA off-target events (Fig. 4c).
However, PNLM-pcABE, similar to ABE9, induced minimal off-target
events close to background level (Fig. 4c). In a summary, PNLM-pcABE
was a highly efficient base editing tool with minimal off-target events.

Precise correction of pathogenic mutations using PNLM-pcABE
To further validate PNLM-pcABE’s potential for gene therapy with high
precision and efficiency, stable HEK293T cell lines were generated with
2 pathogenic mutations (GALT c.413 C > T, variation ID: 25174, Trans-
ferase Deficiency Galactosemia®’; OTC ¢.533 C > T, variation ID: 97237,
Ornithine transcarbamylase deficiency®) adjacent to bystander muta-
tions that are potentially deleterious in the ClinVar database. The
results showed that PNLM-pcABE exhibited higher desired base editing
efficiency than ABE9 at Ag in GALT (74.6%) and A¢ in OTC (82.0%),
though slightly lower than ABE8e at corresponding sites (Fig. 5a, b).
However, ABE8e also induced deleterious no-desired base mutation
with high efficiency, such as A; in GALT and A; in OTC, which bring the
possibility of additional disease*, while PNLM-pcABE had far lower or
no editing efficiency at these sites (Fig. 5a, b). We further compared the
precision between ABES8e and PNLM-pcABE by analyzing the most
edited adenines/the second-most edited adenines. The results showed
PNLM-pcABE had 133.5- and 10.3-fold precision improvement than that
of ABE8e, which has better performance than ABE9 at those two tar-
gets (Fig. 5a, ¢).

Among the 47% pathogenic point mutations can be potentially
corrected by ABEs in the ClinVar database. We further counted the
pathogenic mutations targeted by ABE8e that could cause a risk of
disease from bystander editing. In all pathogenic point mutations,
5413, 1841 and 3282 were suitable for correction without introducing
risk mutations using ABE8e, ABE9, and PNLM-pcABE, respectively
(Fig. 5d and Supplementary Data 4). When PAM was further expanded
from NGG to NG, the number of precise disease-treatment events
increased to 14,472 for ABE8e, 6033 for ABE9 and 10,354 for PNLM-
pcABE, respectively (Fig. 5d and Supplementary Data 4). These data
suggested that PNLM-pcABE has great potential in precise targeting
specific base for future clinical gene therapy.

Generation of albinism mouse models with high precision using
PNLM-pcABE

Accurate production of mouse disease models is essential for basic
research and clinical treatment. The reported mouse disease models
produced using efficient base editors often induce bystander editing in
addition to targeted base editing, which potentially perturbs the ana-
lysis of the relationship between the disease phenotype and base
mutations. We utilized PNLM-pcABE to target the Tyrosinase gene,
disrupting the normal expression of the Tyr gene by destroying the
splice site, leading to albinism®. Here, PNLM-pcABE mRNA and pre-
viously used sgRNA targeting the splicing acceptor site of the Tyr-
osinase gene were co-injected into mouse zygotes” (Fig. 6a, b). The
results showed that PNLM-pcABE efficiently and precisely induced
desired base editing (Ag) with minimal bystander editing (Ao) in 12/13
born pups (Fig. 6¢, f), similar to that of ABE9 but not for ABESe™. In all
FO mice carrying single A-to-G mutation, the allele base editing effi-
ciency of PNLM-pcABE was significantly higher than that of ABESe,
suggesting the high precision of PNLM-pcABE (Fig. 6f). These edited
mice also exhibited albino phenotype in the eyes and fur color of the
founders (Fig. 6d, e). Furthermore, the analysis of 9 off-targets from in
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silico prediction off-targets in all mice revealed that PNLM-pcABE
produced no additional off-target editing (Fig. 6g). These data sug-
gested that PNLM-pcABE is an efficient and precise base editing tool to
be used for mouse or other mammalian embryo to generate desired

disease models.

In vivo adenine base editing Pcsk9 in mice using PNLM-pcABE

Next, we tested PNLM-pcABE as a tool for in vivo gene therapy. We
chose Pcsk9, a gene that has been extensively investigated in its rela-
tionship with hypercholesterolemia®, to verify PNLM-pcABE’s ability as

a gene editing tool in vivo for treating hypercholesterolemia. After
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Fig. 3 | Characterization of PNLM-pcABE. a The A-to-G base editing efficiency of
ABE8e, ABE9 and PNLM-pcABE weas examined at 12 endogenous genomic loci
containing multiple As in HEK293T cells. Heatmap reflects averaged data from
three biological replicates. b The average A-to-G base editing efficiency of ABESe,
ABE9 and PNLM-pcABE at 12 endogenous genomic loci containing multiple As in
Fig. 3a. Data are mean = s.d. (n = 3 independent experiments) and p values were
determined by a two-sided paired Wilcoxon rank-sum test. (ABE9 vs PNLM-pcABE:
p=0.0002 at As, p=0.0044 at A, p=0.0005 at A;) ¢ The normalized ratio of
highest/sub-optimal A-to-G base editing efficiency for ABES8e and PNLM-pcABE at

the 12 target sites in Fig. 3a. Data are mean £s.d. (n = 3 independent experiments).
d The C-to-D (T/G/A) editing efficiency of ABE8e, ABE9 and PNLM-pcABE was
examined at 12 endogenous genomic loci containing one C or multiple Cs in
HEK293T cells. Heatmap reflects averaged data from three biological replicates.

e The indel frequency formation of ABESe, ABE9 and PNLM-pcABE at 21 endo-
genous genomic loci in Fig. 3a, d. Data are mean +s.d. (n = 3 independent
experiments) and p values were determined by a two-sided paired Wilcoxon rank-
sum test (ABE8e vs ABE9: p = 0.0078; ABE8e vs PNLM-pcABE: p <0.0001; ABE9 vs
PNLM-pcABE: p = 0.0012). Source data are provided as a Source data file.

three weeks of delivery of ABES8e or PNLM-pcABE mRNA and a previous
reported sgRNA targeting splice donor site of Pcsk9 packaged in LNP
(Fig. 7a). We collected the genomic DNA for base editing efficiency
measurement using HTS and blood samples for the quantification of
PCSK9 and LDL-C level using ELISA in mice. The results showed that
both ABE8e and PNLM-pcABE effectively induced base editing at the
splicing site of Pcsk9. PNLM-pcABE precisely edited the desired base
(A¢) with minimal bystander editing (A,), whereas ABE8e induced both
desired base mutation (A¢) and bystander base mutation (A4) (Fig. 7b).
By calculating the ratio of the targeted base editing efficiency (A¢)/the
bystander base editing efficiency (A,), the editing precision of PNLM-
pPcABE was 2.2-fold times than that of ABE8e (Fig. 7c). Furthermore, a
substantial decrease in the expression levels of PCSK9 and LDL-C was
observed in both ABE8e- and PNLM-pcABE- treated groups, although
ABES8e had better performance (Fig. 7d, e). In conclusion, these data
indicated that PNLM-pcABE provided an alternative platform for
in vivo gene therapy of hypercholesterolemia and other genetic dis-
orders by precisely targeting the desired base.

Discussion
In this study, we introduce a protein-nucleic acid constrained Lan-
guage Model, a pre-trained model to generate TadA-8e-like proteins.
Additional analyses suggest that our model has learned domain-
specific information, allowing it to generate functional proteins in a
nucleic acid-constrained manner. However, due to the scarcity of
structural on base editors and nucleic acid complexes, we find it
challenging to construct multi-feature models. In the future, as deep
learning methods mature, we can consider exploring more sophisti-
cated network architectures and incorporating multi-feature infor-
mation into language models, such as incorporating molecular surface
fingerprints, interacting residues, and three-dimensional structural
information to enhance their robustness and performance.
PNLM-pcABE, generated by a pre-trained Protein-Nucleic Acid
constrained Language Model, exhibits high efficiency, a condensed
editing window, and a shortened size. Truncation of 147-152 amino
acids is the primary reason for PNLM-pcABE’s superior performance.
The TadA-8e introduces 6 mutations at a5° splitting o5 into two
separate helices that undergo a sharp 180° turn at P152. The R152P
mutation has been shown to be critical for ABES8e deamination
activity®®. Through comparing the structure of PNLM-pcABE (AF3
predicted) and TadA-8e (PDB: 6VPC), deletion from D147 to P152 for
PNLM-pcABE abolishes the sharp turn. Aligning the predicted struc-
ture of PNLM-pcABE to TadA-8e in 6VPC and compared the surface
(electrostatic surface calculated in ChimeraX) of their terminal helices
both with non-target stranded DNA (NTS) in 6VPC. The PNLM-pcABE
complex appears to present a larger interface, which stables the U-turn
conformation of NTS, facilitating for site-specific deamination. Thus,
the deletion from D147 to P152 reform the C-terminal o-helix (a5),
enabling additional interactions with NTS which may contribute to the
reduction of bystander mutations (Supplementary Fig. 9). The 147-152
amino acids in TadA-8e can affect the editing activity and editing
window of ABES8e, consistent with previous reports that the F148A in
TadA narrowed ABE7.10’s editing window® and YI149F mutation

Compared to ABE8e, PNLM-pcABE exhibited slightly decreased
editing activity and a narrowed editing window from original 3-8 to
5-7. However, PNLM-pcABE’s editing window is similar to ABE9.
ABES8e’s average editing efficiency at As was lower than ABE9, while
ABES8e’s efficiencies at A, and A; were higher than ABE9", indicating
PNLM-pcABE and ABE9 are complementary precision base editing
tools. The 45aa reduction in PNLM-pcABE versus ABE8e and ABE9
suggests PNLM-pcABE or optimal TadA-8e truncations fused with
SaCas9 or small-size nuclease are conducive to AAV packaging for
in vivo delivery in gene therapy.

In summary, we developed the ABE-PNLM-pcABE via Al-assisted
design. PNLM-pcABE is an elegant base editing tool with precision,
high efficiency, and small size, holding great application prospects in
gene therapy and beyond.

Methods
Training nucleic acid conditioned protein language model
A total 34,255 sequences were collected by searching for tRNA-specific
adenosine deaminase in UniPortkB* and applying filters on Enzyme
Classification 3.5.4.33. Additionally, variants sequences of TadA-8e were
obtained from published data®>, resulting in a total of 27 sequences.
Such constrained language model was implemented by designing
a Nucleic Acid conditioned language model. During pre-training,
where only protein information was used to capture the general
sequence patterns of tRNA-specific adenosine deaminases, the reverse
of each sequence was added to the training set as a data augmentation
strategy to enhance sequential learning. The PNLM aims to match the
model output to the embeddings generated by ESM-2%, Given a pro-
tein sequence, the overall loss function for pre-training is:

1Y 1¥ L2
Lpretrain: —NZIOgP(X,-,LX,;l) + 2Z<|‘Exi _Exin) (1)
i=1 i=1

where x; denotes the ith amino acid of sequence, N is the length of the
protein sequence, £,; is the representation of x; and £ is the predic-
tion of representation. The model was optimized using Adam (81=0.9,
B2=0.999)* with a learning rate of 1e-06. For the decoder, loss was
computed as the cross-entropy between predicted logits and sequence
labels. The best model checkpoint was selected according to
validation loss.

In the fine-tuning process, single-stranded DNA editing data is
used to achieve single-base resolution annotation of sequences and
provide information about the enzyme’s substrate and editing sites.
The embeddings of a batch of ssDNA sequences are represented as a
tensor E gy, € RO Lsova where batch corresponds to the batch
size for the input and L, is the length of the nucleic acid sequence.
The editing position is encoded by another encoder and represented
as a tensor E,qion € RPatch*Lsons The conditional embeddings were
then concatenated with Egpy, and £ g0, forming a unified tensor
that serves as the input £ ,,qirionea fOr the language model. The loss
function in the fine-tuning stage is:

N
enhanced selectivity for adenine editing and reduced cytosine editing Lfine_tuning = — %Z log P(x;1x;_1, E conditioned) )
activity™. i=1
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Fig. 4 | Off-target evaluation of PNLM-pcABE. a Cas9-dependent DNA on and off-
target analysis at the indicated targets (HEK site2, PD-1-sg4, PCSK9-sgl and HAAVR-
sg4) of ABE8e, ABE9 and PNLM-pcABE in HEK293T cells. Data are mean+s.d. (n = 3
independent experiments) and p values were determined by a two-tailed Student’s ¢-
test (ABE8e vs PNLM-pcABE: for HEK site2, p <0.0001 at GUIDE-seq-OT1, p=0.0002
at CHIP-seq-OT1, p=0.0002 at CHIP-seq-OT3, p <0.0001 at CHIP-seq-OTS5; for PD-I-
sg4, p=0.0023 at OTS, p=0.0021 at OT7, p=0.4904 at OT10). b Cas9-independent

DNA off-target analysis of the modified orthogonal R-loop by ABE8e, ABE9 and PNLM-
pcABE. Data are mean +s.d. (n = 3 independent experiments) and p values were
determined by a two-tailed Student’s ¢-test (ABES8e vs PNLM-pcABE: p <0.0001 at R-
loopl, p <0.0001 at R-loop2, p=0.0002 at R-loop3, p < 0.0001 at R-loop4, p =0.0010
at R-loop5, p=0.0019 at R-loop6). ¢ RNA off-target editing activity by ABESe, ABE9,
PNLM-pcABE using RNA-seq, GFP is a negative control. Each biological replicate is
listed on the bottom. Source data are provided as a Source data file.
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where x; denotes the i-th animo acid of sequence. The model was
allowed to produce mask tokens in place of amino acids and to con-
tinue predictions based on the masked context. Consecutive masks
shorter than five tokens were treated as true labels, thereby encoura-
ging truncated sequence generation during inference.

Sequence generation and screening

A total of 150 TadA-8e-like protein sequences were generated, with a
sampling initiation temperature of T=1 and top_p=0.9. In this con-
text, top_p refers to the cumulative probability used during the gen-
eration process when dynamically selecting the next token. After
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Fig. 5 | Precise correction of pathogenic mutations using PNLM-pcABE.

a Comparison of correction efficiencies for pathogenic mutations mediated by
ABE8e and PNLM-pcABE in two stable HEK293T cell lines, including GALT c.413
C>Tand OTCc.533 C > T. The heat map represents editing efficiency of A-to-G. The
efficiency of ABE8e and PNLM-pcABE were determined by HTS. Heatmap reflects
averaged data from three biological replicates. b The target sequences of the two
gene pathogenicity locus in Fig. 5a. Above the sequences are the corresponding
amino acids. The green sequence area represents the main editing window of
ABES8e. The disease locus A is in bold red and labeled A. The potential patho-
genicity locus is in bold blue and labeledx. The PAM sequence is in purple. Specific
locus information and Variation IDs are listed. Below are alleles and frequencies of
the pathogenic mutations corrected by ABES8e, ABE9 and PNLM-pcABE. The wild-
type allele frequencies were omitted. ¢ The normalized ratio of A-to-G base editing

efficiency of ABE8e, ABE9 and PNLM-pcABE in the two previously mentioned stable
HEK293T cell lines. Data are mean + s.d. (n = 3 independent experiments) d The pie
chart on the top left shows distribution ratio of pathogenetic point mutations that
could potentially be corrected by base editors in the ClinVar database (accessed 16
July 2024). On the top right is a schematic diagram of pathogenic point mutations
correctable by ABEs. Venn diagrams on the bottom show the pathogenic mutations
that can be suitably corrected by ABE8e, ABE9 and PNLM-pcABE in NGG and NG
PAM contexts without introducing bystander editing (ABE8e: Corrects pathogenic
A in the 3-9 editing window without additional As; ABE9: Corrects pathogenic A at
position 5, other As allowed in positions 3-9 except position 6; PNLM-pcABE:
Corrects pathogenic A at position 6 or 7, other As allowed in positions 3-9 except
position 5). Source data are provided as a Source data file.

removing sequences containing insertions and mutations, 38 trun-
cated proteins were retained to prioritize smaller candidates. These
proteins were screened through a sequential sequence- and structure-
based filtering pipeline. AlphaFold2 (ColabFold v1.5.5*’) was used to
predict protein structures, and sequences with pLDDT <84 were
excluded. ESM-IF was then applied to score the predicted structures
according to log-likelihood. Rosetta energy evaluation was subse-
quently performed to assess structural stability and charge, retaining
sequences with total scores within 100 units of the wild type and
charge differences within 50 units. Finally, 20 candidates were selected
for experimental validation.

Evaluation script

The scores derived from the ESM-1v*® models represent the mean of
the logarithmic probabilities assigned to each amino acid at various
positions within a sequence. MIF-ST scores are the average log-
likelihood of query residues in predicted structures using alphafold2.
Rosetta-based analyses were conducted using the Rosetta software
suite, which is available through Rosetta Commons under a specific
academic license (https://www.rosettacommons.org).

Plasmid construction

The plasmid DNA sequences employed in this research are listed in the
Supplementary Data 5. The ABE8e (#138489) and lentiCRISPR v2
(#52961) plasmids were obtained from Addgene. To amplify the target
fragment, polymerase chain reaction (PCR) was conducted using KOD-
Plus-Neo DNA Polymerase (TOYOBO, Code: KOD-401). The plasmids in
this study were generated using the ClonExpress MultiS One Step
Cloning Kit (Vazyme), with ABE8e or lentiCRISPR v2 serving as the
backbone vectors for molecular cloning. The construction of sgRNA
expression plasmids was performed in accordance with the metho-
dology previously described®. In brief, the oligonucleotides from
Supplementary Data 2 were annealed at 95 °C for 5 min, then cooled to
room temperature and ligated into Bbsl-linearized vectors for sgRNA
(Thermo Fisher Scientific).

Human cell culture and cell transfection

The HEK293T (ATCC; CRL-3216) cell lines were maintained in Dulbec-
co’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin
(Gibco) antibiotic. All cell lines were maintained under standard con-
ditions at 37 °C with 5% CO, in the incubator. For both the on-target
and off-target base editing experiments utilizing DNA, HEK293T cells
were seeded into 24-well plates and transfected at approximately 80%
confluency. Subsequently, 100 pl serum-free medium, comprising 3 pl
of polyethyleneimine (PEI, Polysciences), 750 ng of the ABEs expres-
sion plasmid and 250 ng of the sgRNA expression plasmid (1pg of
plasmid DNA in total), was added to the cells. Three days following
transfection, genomic DNA was extracted using the QuickExtract™
DNA Extraction Solution (QE09050, Epicenter), in accordance with the
manufacturer’s instructions.

Stable cell line generation

To construct the HEK293T stable cell line, a 220-bp fragment con-
taining disease-associated mutation flanked by -100 bp was cloned
into the lentiviral vector with puromycin-resistant gene expression
maker. For lentiviral production, a total of 12 pg of the lentiviral spe-
cified transfer plasmid (Lenti-GALT-sgl and Lenti-OTC-sgl), alongside
6 ug of pMD2.G (#12259) and 9 g of psPAX2 (#12260) were co-
transfected into HEK293T cells in a 10 cm dish at approximately 85%
confluence. The virus-containing supernatant was harvested at 72 h
post-transfection. The supernatant was subjected to centrifugation at
1699 x g for 10 min at 4 °C, with the objective of precipitating cell
debris. Following this, the supernatant was filtered through a 0.45 um
low protein-binding membrane (Millipore). And then serially diluted to
add into a 24-well plate, cultured with 5x10* HEK293T cells per well.
After 24 h, transduced cells were replated in 2 pg/mL puromycin-
containing medium for selection. Following 7 days of the puromycin
selection, the pools cells were spread into a 96-well plate, and single
clone cells were harvested and expand for cell transfection.

High-throughput DNA sequencing (HTS) and data analysis

On- and off-target genomic regions were amplified by PCR using pri-
mers detailed in Supplementary Data 2. HTS amplification libraries were
prepared by PCR using KOD-Plus-Neo DNA Polymerase and, site-specific
primers containing an adapter sequence (Forward 5-ggagtgag-
tacggtgtgc-3’; Backward 5-gagttggatgctggatgg-3') at their 5’ ends. The
resulting products underwent a second PCR using primers containing
different barcode sequences. Subsequently, PCR products with differ-
ent tags were pooled together for deep sequencing on Illumina HiSeq
platform. The reference sequence between the positive direction pri-
mers was selected for sequencing analysis. The base editing or indel
efficiencies were quantified using BE-Analyzer*® or CRISPRess02*.

Enhanced orthogonal R-loop assay

In this study, the augmented orthogonal R-loop assay was employed
for Cas9-independent DNA off-target analysis, substituting the
dSaCas9-sgRNA plasmid with the nSaCas9-sgRNA plasmid at each
R-loop site. In the transfection process, 100 pl serum-free medium,
comprising 3l of polyethyleneimine (PEI, Polysciences), 375ng
nSaCas9-sgRNA plasmid, 375 ng base editor plasmid and 250 ng sgRNA
plasmid (1 pg of plasmid DNA in total), was added to the cells. Fol-
lowing a three-day period following transfection, the cells were
digested using 0.25% trypsin (Gibco) for sorting. Subsequently, geno-
mic DNA was extracted with the utmost care using the QuickExtract™
DNA Extraction Solution (QE09050, Epicenter), in accordance with the
manufacturer’s instructions.

Preparation of mRNAs and sgRNAs and microinjection in mice
Chemically modified sgRNAs with 2’-O-methyl and phosphorothioate
modifications at the first three 5 and 3’ terminal RNA residue was
synthesized by GenScript (Nanjing, China) (Supplementary Data 5).
mRNA preparation was performed as following. The T7 promoter was
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a mRNA+sgRNA \V\v
} . ;
mouse tail
Zygote T
l Embryo Transfer

Genome extraction
and PCR(~200bp)

ICR C57BL/6J FO mice High-throughput sequencing
Pseudo-pregnant female mouse
b Tyr
e ==
TCTGTAGTATTTTTGAACAATGG
AGACATCATAAAAACTTGTTACC
C rBEse d
WT "TCTGTAGTATTTTTGAACAATGG Frequency(%) #6 WT
#B01 ¢ TCTGTGGTATTTTTGAACAATGG 2416
CTCTGTGGTGTTTTTGAACAATGG!( 77.43
#B02 & JCTCTGTGGTGTTTTTGAACAATGG 93.29
#B03 & TCTGTGGTATTTTTGAACAATGGC 6.64
CTCTGTGGTGTTTTTGAACAATGGCT 87.31
#B04 © CTCTGTGGTGTTTTTGAACAATGG 93.94
PNLM-pcABE
WT TCTGTAGTATTTTTGAACAATGG Frequency(%)
#A01 @ TCTGTGGTATTTTTGAACAATGG 66.7
#A02 & TTCCCTCTGTGGTATTTTTGAACAATGGC 81.23
#A03 @ "TCTGTGGTATTTTTGAACAATGG 93.03 e
#A04 & TCTGTGGTATTTTTGAACAATGG 93.82 #2 H3 #1 #6 #7
#A05 & TCTGTGGTATTTTTGAACAATGG 93.71
#A06 ¢ TCTGTGGTATTTTTGAACAATGG 94.75
#A07 & TI _TCTGTGGTATTTTTGAACAATGG 50.47
#A08 & TCTGTGGTATTTTTGAACAATGG 10.76 <
#A09 ¢ CTCTGTGGTATTTTTGAACAATGG 69.22 L b
CTCTGTGGTGTTTTTGAACAATGG 4.78
#A10 & TCTGTGGTATTTTTGAACAATGG 93.8
#A11 3 TCTGTGGTATTTTTGAACAATGGC 66.25
#A12 4 TCTGTGGTATTTTTGAACAATGG 54.96
#A13 & TCTGTGGTATTTTTGAACAATGG 71.31
f p=0.0017 g s B ABESe PNLM-pcABE WT
g 100 e 1
2z o S
<,': = 60 ('?
© .8 o
25 © 2 o
D g 20 ’

I

1 T
ABES8e PNLM-pcABE oT2

introduced into PNLM-pcABE template by PCR using the primers T7-
mRNA-F/R (Supplementary Data 2). The base editor mRNA was tran-
scribed in vitro using MMESSAGE mMACHINE T7 Kit (Invitrogen) and
purified using a MEGAclear Kit (Invitrogen)*°.

Six to eight weeks old C57BL/6] and ICR mice, sourced from the
Institutional Animal Care and Use Commiittees (IACUCs) at the Suzhou

0.0 %‘“"

LA LS LA TP

oT4 oT5 oT17 oT8 oT9 oT14 oT16 oT17

Institute of Systems Medicine and housed under a specific pathogen-
free (SPF) condition in a controlled environment (12-h light/dark cycle,
20-22 °C, 40-60% humidity) with ad libitum access to food and water,
were used as embryo donors and foster mothers, respectively. The
methods of microinjection in mice are as follows: A 2 nl mixture of
PNLM-pcABE mRNA (200 ng/pl) and sgRNA (100 ng/pl) was co-
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Fig. 6 | Generation of albinism mouse models with high precision using PNLM-
pcABE. a Schematic diagram of mouse embryo injection. b The splice acceptor
sequence of intron 3 of the mouse Tyr gene was targeted by PNLM-pcABE. The
splice acceptor site “AG” is shown in red, and the neighboring adenine is in green.
The sgRNA sequence is underlined, and the PAM sequence is in blue. ¢ Genotyping
of all FO generation pups treated with ABE8e (n =4) and PNLM-pcABE (n=13). The
alleles and frequencies were analyzed by CRISPResso2. The percentage values on
the right represent the frequencies of the indicated mutant alleles. The frequency
of the wild-type allele was omitted. d, e Phenotypes of FO mice generated by
microinjection of sgRNA and ABEs. In the left photo, the mice were 3 days old,

showing the albino phenotype in eye. In the right photo, the mice were 14 days old,
exhibiting the albino phenotype in their fur color. f Single A-to-G editing at the
indicated Tyr site by ABE8e (n=4) and PNLM-pcABE (n=13) in FO pups. Data are
mean *s.d. (n =4 independent FO mice for ABESe and n = 13 independent FO mice
for PNLM-pcABE), and p values were determined by a two-sided unpaired Wilcoxon
rank-sum test (p = 0.0017). g DNA off-target effects at the indicated Tyr site
mediated by ABE8e (n=4) and PNLM-pcABE (n=13) in FO pups. Data are mean +
s.d. (n =4 independent FO mice for ABE8e and n = 13 independent FO mice for
PNLM-pcABE). Source data are provided as a Source data file.
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Fig. 7 | Base editing mice Pcsk9 in vivo using PNLM-pcABE. a Schematic diagram
of delivering LNPs for in vivo editing of Pcsk9 in mice. The splice donor sequence of
exon 1 of the mouse Pcsk9 gene was targeted by PNLM-pcABE. The blue sequence
area represents the Exonl of Pcsk9, and the yellow represents the Exon2. The splice
donor site “GT” is shown in red, and the neighboring adenine is in green. Blood was
collected on the 2nd day before injection and on the 7th, 14th, and 21st days after
injection, respectively. b The A-to-G editing efficiency of Pcsk9 in mice 3-weeks after
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the delivery of LNPs packaged with ABE8e / PNLM-pcABE and sgRNA. Data are
mean +s.d. (n =3 different mice) ¢ The normalized ratio of A¢ / A4 A-to-G base
editing efficiency of ABE8e and PNLM-pcABE at the Pcsk9 site in Fig. 7b. Data are
mean +s.d. (n = 3 different mice). d, e The expression of PCSK9 and LDL-C in
plasma of adult mice before and after the delivery of LNPs packaged with ABESe/
PNLM-pcABE and sgRNA. Data are mean + s.d. (n = 3 different mice). Source data are
provided as a Source data file.

injected into one-cell stage wild-type embryos. About 20 days after
transplantation, the mice were born, and genomic DNA from the tail of
these born pups was isolated using the QuickExtract™ DNA Extraction
Solution (QE09050, Epicenter) according to the manufacturer’s
instructions.

LNP treatment and serum analysis

All mice cohorts were maintained at SPF facilities in Suzhou Institute of
Systems Medicine and approved by Institutional Animal Care and Use
Committee. Feeding conditions were as described above. A total

200 pl mix of LNP (2 mg/kg) packaged PNLM-pcABE mRNA and an
sgRNA targeting the Pcsk9 at a 2:1 ratio (Starna Therapeutics Co., Ltd.,
Suzhou) was delivered to 6-8 weeks old C57BL/6 ) mice intravenously
via tail vein injection. A control group received an equivalent volume of
normal saline. To track the serum levels of PCSK9 and low-density
lipoprotein cholesterol (LDL-C), mice were fasted overnight for 12 h
prior to blood collection via tail tip sampling. To minimize batch
effects, serum samples from all the time points were collected and
analyzed concurrently. Blood samples were allowed to clot at room
temperature, after which serum was separated by centrifugation.
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PCSK9 levels were measured using an ELISA kit (Proteintech,
#KE10050), while LDL-C levels were assessed using assay kits from
Solarbio (#BC5335). All procedures were conducted in strict adherence
to the manufacturers’ instructions. For terminal procedures, mice were
euthanized using carbon dioxide inhalation. The median lobe of the
liver was excised for DNA extraction to evaluate on-target editing
efficiency.

Structure analysis based on Alphafold3

PNLM-pcABE and PNLM-pcABE-ssDNA binary structures were pre-
dicted using the AlphaFold3 web server and imported into ChimeraX
(version 1.8), along with the structure of ABE8e (PDB: 6VPC). Upon
inspection, the predicted binary complex did not position the sSDNA
precisely within the ABE pocket. To resolve this, PNLM-pcABE was
structurally aligned to TadA-8e using the “matchmaker” command,
and the TadA-8e protein was hidden to visualize the composite
structure of PNLM-pcABE bound to ssDNA. Electrostatic surface
potentials were calculated using the “coulombic” command. The
ssDNA chain from TadA-8e was colored in gray, and its base atoms
were displayed to highlight potential interactions with the protein.

Statistics and reproducibility

All statistical analyses were performed on a minimum of three biologi-
cally independent experiments using a two-tailed Student’ s ¢-test, a two-
sided paired Wilcoxon rank-sum test or a two-sided unpaired Wilcoxon
rank-sum test via Prism software, version 10.6.1(GraphPad). A p-value of
less than 0.05 was considered statistically significant, with the specific p-
values indicated in the figure legend. No statistical method was used to
predetermine sample size. No data were excluded from the analyses. The
experiments were not randomized. The Investigators were not blinded to
allocation during experiments and outcome assessment.

Ethical statement

The research strictly followed all applicable ethical standards and
guidelines. All procedures involving mice were meticulously designed
according to institutional and national standards and have received
approval from the Institutional Animal Care and Use Committees
(IACUCs) at the Suzhou Institute of Systems Medicine, Chinese Academy
of Medical Sciences & Peking Union Medical College, Suzhou, China.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Targeted amplicon sequencing data and RNA-seq data used in this
study have been deposited in the NCBI Sequence Read Archive Data-
base under Accession Code PRJNA1291838. Plasmids encoding PNLM-
pPcABE are available from Addgene (#237618). The data generated in
this study are provided in the Source Data file. Source data are pro-
vided with this paper.

Code availability

The code for generating sequences and scoring for TadA-8e variants is
available under the Apache 2.0 license at our GitHub repositor-
y(https://github.com/yao-jiawei/PNLM). The code for calculating
pathogenic point mutations suitable for PNLM-pcABE in the Clinvar
database has been deposited in Code Ocean (https://codeocean.com/
capsule/2242462/tree) without any access restrictions or usage
limitations.
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