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SUMMARY
The IscB proteins, as the ancestors of Cas9 endonuclease, hold great promise due to their small size and po-
tential for diverse genome editing. However, their activity in mammalian cells is unsatisfactory. By intro-
ducing three residual substitutions in IscB, we observed an average 7.5-fold increase in activity. Through
fusing a sequence-non-specific DNA-binding protein domain, the eIscB-D variant achieved higher editing ef-
ficiency, with a maximum of 91.3%. Moreover, engineered uRNA was generated with a 20% reduction in
length and slightly increased efficiency. The engineered eIscB-D/euRNA system showed an average 20.2-
fold increase in activity compared with the original IscB. Furthermore, we successfully adapted eIscB-D
for highly efficient cytosine and adenine base editing. Notably, eIscB-D is highly active in mouse cell lines
and embryos, enabling the efficient generation of disease models through mRNA/uRNA injection. Our study
suggests that these miniature genome-editing tools have great potential for diverse applications.
Q9
INTRODUCTION

The clustered regularly interspaced short palindromic repeats

and CRISPR-associated proteins (CRISPR/Cas) system is

discovered in prokaryotic organisms for adaptive immunity,

which has been repurposed for gene editing in various applica-

tions, including gene therapy.1–5 Among the identified CRISPR

systems, type II Cas96–8 and type V Cas129,10 systems, which

contain a set of guide RNA and single Cas effector protein, are

the most commonly used tools for genome editing in eukaryotic

cells. Cas12, which contains a single RuvC nuclease domain and

mainly functions through dimerization,11 Cas9 has a more

complicated nuclease architecture, a RuvC-like domain split

into three conserved catalytic motifs (RuvC-I-III), and an HNH

endonuclease domain inserted within it.12 Compared with

Cas12 proteins, the additional HNH domain enables Cas9 to

be more efficient and versatile for genome engineering. For

instance, Cas9 nickase facilitates highly effective base editing

with the fusion of DNA deaminase or prime editing through the

recruitment of an engineered reverse transcriptase.13,14 These

Cas9-derived editors expand the scope of genome engineering
All rights are reserved, including those
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and significantly broaden the application scenarios.15 However,

the fusion of additional domains also increased the molecular

weight, which poses a challenge for efficient delivery, especially

for AAV-mediated in vivo gene therapy.16

With the tremendous efforts, several miniCas effectors have

been identified, including small Cas12 proteins (Cas12j,17

Cas12f,18 and Cas12n19 ranging from 400 to 800 amino acids

[aa]), their ancestral protein TnpB,20,21 and the eukaryotic homo-

log named Fanzor.22,23 As mentioned above, the Cas12 system

presents challenges when applied to base editors (BEs) and

prime editors (PEs). The identification of the insertion sequences

Cas9-like OrfB (IscB) family, consisting of �400 residues and

considered as the ancestor of Cas9 from IS200/IS605 transpo-

sons,24,25 inspires the field to develop highly efficient small-sized

editors. The IscB protein is an RNA-guided nuclease in the obli-

gate mobile element-guided activity (OMEGA) system.24 It asso-

ciates with a cognate 222-ntuRNA to be guided to the target loci

and subsequently cleaves double-stranded DNA targets through

the HNH and the RuvC-like nuclease domains, which cleave the

target strand (TS, paired with guide RNA) and non-target strand

(NTS), respectively.26,27 Unfortunately, the activity of IscB in
Molecular Cell 84, 1–13, August 22, 2024 ª 2024 Elsevier Inc. 1
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mammalian cells is very limited, as a previous study has demon-

strated that OgeuIscB induces indels of less than 5% in

HEK293FT cells.24 A recent study has shown that the introduc-

tion of mutations in OgeuIscB (named IscB*) and fusion of T5

exonuclease could dramatically increase its activity in mamma-

lian cells.28 However, the fusion of T5 exonuclease could not

be adapted to BE systems. Thus, a miniature ABE was devel-

oped through fusion of two TadA-8e domains to efficiently

generate A-to-G conversions but showed a wide editing window

(between target position 2 and 12).28

In this study, we developed an evolved version of IscB (eIscB)

that exhibits significantly increased activity through multiple

rounds of structure-guided engineering. The editing efficiency

was further boosted to as high as 91.3% in mammalian cells

by fusing an HMG-D DNA-binding domain with eIscB. Addition-

ally, by fusion of TadA-8e or hAPOBEC3A (hA3A) with the

evolved IscB nickase, we created compact eiABE and eiCBE

capable of efficiently inducing A-to-G and C-to-T conversions

guided by an engineered 165-nt euRNA, respectively. Further-

more, we demonstrated that this engineered IscB system is

highly active in mouse cells and embryos, making it suitable for

generating animal models of human genetic disorders. Overall,

our study presents an IscB variant and small-sized BEs that offer

highly efficient genome editing, highlighting their potential for a

wide range of applications.

RESULTS

Engineering the IscB protein to enhance its activity in
mammalian cells
Previous studies have indicated that substitutions of amino acids

with arginine or lysine could enhance the interaction between the

Cas protein and negatively charged sgRNA/target DNA.29,30 To

enhance the activity of the IscB protein, we hypothesized that

introducing positively charged amino acids, such as arginine

(R) at critical positions could improve the editing activity. Based

on our recently published structure of OgeuIscB in the complex

with the cognate uRNA and target DNA (Protein Data Bank

[PDB] accession number: 8CSZ),27 280 residues were selected

and individually substituted with arginine (R) (Figure 1A). These

residues were chosen based on their accessibility and proximity

to the binding interfaces with the cognateuRNA and target DNA,

as revealed by the cryoelectron microscopy (cryo-EM) structure

(PDB: 8CSZ). Residues that are buried within the protein core or
Figure 1. Engineering the IscB protein to enhance its activity in mamm

(A) The overall structure of the IscB-uRNA-target DNA ternary complex (PDB: 8CS

strand is in orange. Amino acid residues crucial for interaction with DNA substra

(B) Indel frequency and relative indel frequency (wild-type IscB is used for stand

DNMT1-sg2. Each circle represents indel for single variant (n = 3). Red circle de

(C) Incorporation of IscB-v1 with additional arginine substitution at DNMT1-sg2 in

Data are means ± SD (n = 3).

(D) Frequency of indel in the third round of optimization through the synergistic i

HEK293T cells. The best variant (D96R-E84R-V159R) is named IscB-v3 as indica

(E) The cleavage efficiency of wild-type IscB, IscB*, IscB-v2, IscB-v3 at 12 endo

(F) Comparison of average indel efficiency induced bywild-type IscB, IscB*, IscB-

indel frequency at each target site calculated from three independent experimen

determined by paired two-sided Wilcoxon rank-sum test.

See also Figure S1.
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not proximal to the binding interfaces were excluded from this

substitution analysis to focus on regions most likely to affect

binding dynamics. When testing an endogenous target site

(DNMT1-sg2) in HEK293T cells, we observed that some candi-

dates showed improved cleavage activity among which several

variants (E84R, D96R, M102R, A401R, S456R, C111R, H368R,

and S386R) significantly enhanced the editing efficiency (>1.5-

fold compared with wild-type [WT] IscB) (Figures 1B and S1A).

Among these variants, the D96R mutant was the most efficient,

showing a 7.3-fold elevation compared with WT IscB (WT-

IscB). We termed this compact protein variant IscB-v1 (Fig-

ure 1B). In the second round of optimization, the D96R variant

was individually combined with 15 other mutants that demon-

strated elevated activity in the first round. Among these double

mutants, the D96R/E84R and D96R/H368R variants were more

efficient, and the D96R/E84R mutant exhibited a 1.5- and 8.2-

fold increase compared with IscB-v1 and the wt-IscB, respec-

tively (Figure 1C). This mutant was named IscB-v2. Next, another

14 variants were generated based on IscB-v2 with one additional

mutation, and most of the triple mutations exhibited increased

activity compared with IscB-v2 (Figure 1D). The D96R/E84R/

V159R variant exhibited the best performance, with a 12.7-fold

increase in efficiency compared with the wt-IscB, and named

IscB-v3 (Figures 1D and S1B).

Subsequently, 12 endogenous targets were employed to eval-

uate IscB-v3 activity in comparison to wt-IscB or IscB*, which

was developed through the introduction of E85R, H369R,

S387R, and S457R substitutions as reported.28 The activity of

wt-IscB was low, ranging from 1.6% to 32.3%, while the activity

of IscB-v2 was comparable or slightly higher than that of IscB*

(efficiency ranging from 25.8%–80.9% and 23.0%–67.9%,

respectively) (Figure 1E). The activity of IscB-v3 was significantly

enhanced, showing a maximum improvement of 22.4-fold at the

DNMT1-sg16 site and an average increase of 7.5-fold compared

with wt-IscB (Figures 1E and 1F). In comparison to IscB*, IscB-v3

demonstrated higher efficiency at 11 out of 12 target sites with

an average 1.2-fold increase (Figure 1E).

To further improve the cleavage activity, we aimed to enhance

the binding affinity of IscB to the target DNA by fusing non-

sequence specific DNA-binding domains, as our previous study

showed that using this strategy successfully increased the activ-

ity of Cas9.31 The HMG-D domain (112 aa), deriving from the

high-mobility group family of chromosomal proteins, was

selected due to its superior effectiveness comparing to other
alian cells

Z). IscB is in light blue,uRNA is in gray, target strand is in green, and non-target

tes and uRNA have been labeled in pink within the diagram.

ardization) of 280 arginine-substitution variants evaluated in HEK293T cells at

notes D96R (IscB-v1).

HEK293T cells. The best variant (D96R-E84R) is named IscB-v2 as indicated.

ncorporation of IscB-v2 with additional arginine substitution at DNMT1-sg2 in

ted. Data are means ± SD (n = 3).

genous genomic loci in HEK293T cells. Data are means ± SD (n = 3).

v2, IscB-v3 at 12 endogenous loci in (E). Each data point represents the average

ts. Error bars and p value are derived from these 12 data points. p value was
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Figure 2. Optimization of IscB architecture by fusing HMG-D protein and adding extra nuclear localization signals

(A) Schematic of the HMG-D fused to N or C terminus of IscB-v3 (left). The light-blue box indicates nuclear localization signals of simian virus 40 (SV40) large T

antigen (SV40 NLS) at N termini, the blue box indicates nuclear localization signal from nucleoplasmin (NLP NLS), the yellow box indicates the 32-amino-acid

linkers, the gray box indicates wild-type IscB or IscB-v3 protein, and the mutation sites of IscB-v3 are labeled with crimson lines. The orange box indicates

HMG-D domain. The cleavage efficiency of different fusion strategies at 3 endogenous genomic loci in HEK293T cells (right). Data are means ± SD (n = 3).

(B) Schematic of IscB-v3 and IscB-Dwith extra nuclear localization signal (upper). The gray box indicates SV40 NLS, the blue box indicates IscB-v3, the dark blue

box indicates NLP NLS, the yellow box indicates 32-amino-acid linkers, and the orange box indicates HMG-D domain. Comparison of indel frequency for

constructs of different nuclear localization signals at three endogenous targets in HEK293T cells (lower). c-Myc NLS, nuclear localization signal of human c-Myc;

bpNLS, bipartite nuclear localization signal. Data are means ± SD (n = 3).
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tested domains in our prior investigation.31 The HMG-D domain

was fused to either the N terminus or C terminus of the IscB-v3

variant. The HMG-D-IscB-v3 outperformed IscB-v3-HMG-D

showing up to 85.2% indel efficiency across three tested sites,

demonstrating an average improvement of 1.5-fold over IscB-

v3 (Figure 2A). The HMG-D-IscB-v3 was designated as IscB-D.

Previous studies have indicated the crucial importance of nu-

clear localization signals (NLSs) fusion for genome editing in the

mammalian system.32 Given that the IscB construct mentioned

above included SV40 NLS at the N terminus and nucleoplasmin

NLS (NLP NLS) at the C terminus, we thought to further optimize

the NLS. Initially, attemptsweremade to utilize different NLS var-

iants, but these were unsuccessful when substituted with bipar-

tite NLS (bpNLS) or c-Myc NLS (Figure 2B). The addition of an

extra SV40 NLS at the C terminus of IscB-v3 showed a 1.3- to

1.5-fold (mean 1.4-fold) and 4.7- to 8.2-fold (mean 5.9-fold)

improvement compared with IscB-v3 and wt-IscB, respectively.

Likewise, the cleavage activity of the IscB-D was slightly

enhanced upon fusion with one more SV40 NLS, showing a

1.1-fold increase (Figure 2B). The SV40 NLS-IscB-v3-SV40-
MOLCEL 924
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NLP NLS was subsequently designated as eIscB, while the

IscB-D with extra NLS was denoted as eIscB-D (Figure 2B).

The data indicate that the enhancement of nuclear localization

of IscB is highly significant for its editing activity.

Optimization of uRNA scaffold to reduce its size and
increase activity
As indicated by previous study, the sgRNA sequence plays a

crucial role in the editing efficiency of both Cas933 and miniature

Cas1234 systems. This is likely due to its impact on expression

and stability, which may vary between eukaryotes and prokary-

otes. The structural analysis reveals that the uRNA is composed

of pairing structures including P1, J1, J2, P2, P3, P4, P5, and a

terminal hairpin (Figure 3A).27 The P1 stem-loop displays similar-

ity to the crRNA repeat-tracrRNA anti-repeat duplex of Cas9.26 A

previous study has identified Qalterations to the duplex structure

to improve the efficiency of Cas9.35 Based on this knowledge,

we first modified the P1 stem loop by incorporating truncation

and replacing the linker sequence with TGCA. It showed that

the P1 stem loop with 15-nt deletion (P1-del15) exhibited a
8
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Figure 3. Optimization of uRNA scaffold to reduce its size and increase activity

(A) Schematic diagram of different stem loopmodifications and base pair substitutions. The red letter with white circle denotes base substitutions. Each stem loop

is labeled in different color. The top panel is the original sequence of the uRNA.

(B) The cleavage efficiency of eIscB with modified uRNA variants at EMX1-sg1 site in HEK293T cells. The dotted line represents the indel of eIscB-WT-uRNA.

Data are means ± SD (n = 3).

(C) Indel frequencies of combinations with different modified uRNA variants based on eIscB at EMX1-sg1 site in HEK293T cells. The dotted line represents the

indel of eIscB-P1-del15 variant. Data are means ± SD (n = 3).
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1.3-fold increase compared with WT uRNA, while two more ba-

ses deletion (P1-del17) reduced the efficiency, consistent with

previous study (Figure 3B).28 Subsequently, attempts were

made to shorten other stem loops of varying lengths to enhance

the activity and decrease the length (Figure 3A). It indicated that

P2 stem loop with 2/4-nt truncation marginally diminished the ef-

ficiency (Figures 3A and 3B). When we truncated the P3 stem

loop with 12–22 nt, editing efficiency was drastically reduced,
MOLCE
probably due to the disruption of the pseudoknot between

CCCC and the subsequent GGGG (155–158), crucial for stabiliz-

ing the overall uRNA structure (Figures 3A and 3B).24,27 The

deletion of several nucleotides in the P4 stem loop significantly

compromised editing efficiency (Figures 3A and 3B). The P5

stem loop with the 4-nt deletion (P5-del4) showed a 1.1-fold

improvement of the cleavage activity (Figures 3A and 3B).

Further enhancements were involved with strategic substitution
L 9248
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of unpaired bases, such as replacing C with A at position 103 to

form A-U pairing (P3-C-A), leading to a 1.2-fold improvement

compared with the WT uRNA (Figures 3A and 3B). We also

tested replacing A-U pairing with G-C pairing at position 11

(P1-A-G), which resulted in comparable editing efficiency to

that of the WT uRNA (Figures 3A and 3B). It has been previously

documented that the incorporation of 30-poly (uridinylation) en-

hances the cleavage efficiency of Cas12a36 and Cas12f.34 How-

ever, this strategy did not work when we introduced a polyU

sequence at the 30 terminus (Figure 3B). A previous study has

shown that truncating the guide RNA region with poorly resolved

cryo-EM density did not affect the cleavage efficiency,37 as this

region might indirectly interact with the protein and exhibit its

flexibility. Indeed, truncation of the terminal hairpin enhanced

the activities and reduced overall length of uRNA (Figures 3A

and 3B).

Subsequently, we combined variations to further enhance ed-

iting efficiency. The combination of several designs, including

the P1 stem loop with deletion of 15 nucleotides, P2 stem loop

with deletion of 4 nucleotides, P5 stem loopwith deletion of 4 nu-

cleotides, terminal hairpin truncation, P1-A-G, and P3-C-A,

yielded a 1.2-fold increase compared with WT uRNA

(Figures 3C and S2A). Simultaneously, the length was reduced

to 165 nt, which represented only 80% of the original length.

We named this engineered uRNA as euRNA.

The editing efficiency of uRNA and euRNA was further

compared within distinct IscB variants across 12 endogenous

targets. In the eIscB group, euRNA enhanced editing efficiency

at all targets with an average of 1.26-fold increase compared

with uRNA. In the eIscB-D group, all targets exhibited improved

cleavage efficiency, resulting in 1.22-fold increase and up to

91.3% indel rates (averaging 81.7%) (Figures 4A and 4B).

Notably, eIscB/euRNA and eIscB-D/euRNA displayed average

increase of 13.2- and 20.2-fold (up to 60.9-fold) compared with

IscB/uRNA, respectively (Figures 4A and 4B). The patterns of in-

dels formed by eIscB and eIscB-D were similar to Cas9, mainly

caused small deletions of 1–2 base pairs (Figure S2B). With the

substantial increase of the activity and reduction of the length,

eIscB-D/euRNA will be very important for various applications,

especially for both in vivo and in vitro gene therapy.

To compare eIscB-D with other compact highly efficient

CRISPR nucleases, Cas12Pro was selected as it shared partial

PAM sequence to IscB, although the guide RNA sequences

were oriented opposite to PAM/TAM (Figure S2C).19 After evalu-

ation of 8 endogenous targets with Cas12Pro preferred PAM

(AAG/AAA), Cas12Pro exhibited 6.6%–98.4% (averaging
Figure 4. Characterization of eIscB-D-euRNA in mammalian cells

(A) The cleavage efficiency of wild-type IscB, IscB*, eIscB, and eIscB-D with euR

are means ± SD (n = 3).

(B) Comparison of average indel rates induced bywild-type IscB, IscB*, eIscB, and

data point represents the average indel frequency at each target site calculated

these 12 data points. p value was determined by paired two-sided Wilcoxon ran

(C) The cleavage efficiency induced by Cas12pro or eIscB-D-euRNA at 8 endog

(D) Comparison of the average indel frequency induced by Cas12Pro or eIscB-D

frequency at each target site calculated from three independent experiments. Erro

by paired two-sided Wilcoxon rank-sum test.

(E) Analysis of IscB-dependent DNA on- and off-target at 3 targets (VEGFA-s

compared with the corresponding on-target sequences, and TAM is labeled in b

MOLCE
49.3%) indel rates, while eIscB-D showed higher editing effi-

ciency ranging from 70.9% to 90.6% (averaging 85.8%)

(Figures 4C and 4D), demonstrating eIscB-D was a highly effi-

cient compact programable nuclease.

To investigate the accuracy of eIscB-D induced editing, 43

potential off-target sites of 3 guide uRNAs identified by Cas-

OFFinder prediction were examined (Figure 4E). High-

throughput sequencing (HTS) data suggested that eIscB and

eIscB-D showed some off-target activity (4.3% and 6.9% on

average, respectively), and the targets with single mismatch

adjacent to TAM could also be targeted (Figure 4E). Next,

GUIDE-seq assay was performed targeting the VEGFA-sg1

site. eIscB and eIscB-D induced off-target editing at 22 and 23

sites whose reads were over 1% of total sequencing reads (Fig-

ure S2D). These data suggest that eIscB variants induce obvious

off-target edits, but the fusion of the HMG-D domain did not

severely increase off-target sites. Further studies are required

to understand the underlying mechanisms in order to engineer

highly efficient and accurate IscB variants.

Generation of IscB nickase for efficient base editing
To develop a highly efficient BE, we first assessed some muta-

tions to produce IscB nickase, which plays a crucial role in

creating a nick on the TS for base editing. Our structural study

demonstrated that the RuvC domain of IscBwas the counterpart

of Cas9 to nick the NTS, and several residues (D60, E192, H339,

and D342) were critical for the catalytic activity.27 The H246 res-

idue of IscB represented the position analogous to H840 in the

HNH nuclease domain of Cas9 to nick the TS.12 To test which

mutation could generate the most efficient nickase, a double-

nicking strategy was employed. As shown in Figure S3A, the

eIscB with the H339A mutation induced the highest indel rates,

suggesting it might be an efficient nickase to catalyze the TS

DNA. Subsequently, a minisized ABE was engineered through

fusion of the eIscBH339A nickase to the TadA-8e deaminase,

and it induced the highest 16.2% A-to-G conversion at the

VEGFA-sg11 target site with minimal indels (1.1%) compared

with other potential nickases (Figures S3B and S3C). Catalyti-

cally dead IscB with additional H246A mutation fused with

deaminase resulted in very limited base conversion (3.1%), sug-

gesting nickase was critical for base editing. These data sug-

gested that eIscBH339A nickase was suitable for base editing,

and we named it eIscBn.

To further enhance the efficiency of the BE, TadA-8ewas com-

bined with eIscBn to either the N or C terminus using different

lengths of linkers (Figure S3D). The results showed that the
NA or wild-type uRNA at 12 endogenous genomic loci in HEK293T cells. Data

eIscB-DwithWT-uRNA or euRNA at 12 endogenous genomic loci in (A). Each

from three independent experiments. Error bars and p value are derived from

k-sum test.

enous genomic loci in HEK293T cells. Data are means ± SD (n = 3).

- euRNA at 8 genomic loci in (C). Each data point represents the average indel

r bars and p value are derived from these 8 data points. p value was determined

g11, ALDH1A3-sg1, EMX1-sg1). The mismatched bases are labeled in red

lue with underline.
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Figure 5. Generation of IscB nickase for efficient base editing

(A) Schematics of the constructs with HMG-D domain fused to TadA-8e-eIscBn.

(B) The A-to-G editing efficiency of different HMG-D domain fusion strategies at VEGFA-sg11 site in HEK293T cells. Data are means ± SD (n = 3).

(legend continued on next page)
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fusion of TadA-8e at the N terminus was superior to the C termi-

nus. Additionally, the length of the linker was found to be crucial,

with the 32-aa linker resulting in an average of 10.8%A-G editing

at the VEGFA-sg11 site (Figure S3D). As eIscB-D was more effi-

cient, we tried to fuse HMG-D domain to increase ABE activity.

After evaluation of three constructions (Figure 5A), we found

that fusion of HMG-D dramatically increased A-to-G activity.

When the HMG-D domain was inserted between TadA-8e and

eIscBn, it showed the highest efficiency up to 58.3% with mini-

mal indel frequency (Figures 5B and S3E). The highly efficient

miniature ABE construct was referred as eiABE.

Next, we assessed the efficacy of eiABE at 15 endogenous

targets with other ABE variants, including the construct with

two TadA-8e domains flanking the eIscB nickase, which demon-

strated the best performance in the previous study (Figure 5C).28

We found that ABEs without additional DNA-binding or deami-

nase domain showed very limited activity, while the efficiency

of eiABE ranging from 22.2% to 73.6% (averaging 50%) with a

5-nt major editing window (A3-A7) and low indel rates across all

15 targets (Figures 5C, 5D, and S3F). ABE with two TadA-8e do-

mains, which was reported in a previous study,28 also exhibited

substantial activity (up to 75.8%) at some targets, but statisti-

cally, it had a broader editing window (A3-A12) and lower peak

or average activity compared with eiABE (Figures 5C, 5D, and

S3G). After that, we compared eiABE with reported IscB* on

five endogenous targets. Consistent with the data in

Figures 5C and 5D, eiABE exhibited higher A-to-G editing effi-

ciency and narrow editing window across all five targets with

similar rate of indels (Figures S4A and S4B).

Moreover, IscB-basedCBEswere generated through fusion of

two copies of uracil glycosylate inhibitor (UGI) and hA3A* variant,

which contained three mutations to reduce their off-target activ-

ity (Figure 5E).38We found that hA3A*-eIscBnwas highly efficient

with editing frequency ranging from 35.7% to 79.2% (averaging

61.9%) and induced low indels (Figures 5F and S4C). However,

in contrast to IscB-based ABE, additional fusion of HMG-D

domain did not further increase the activity of C-to-T activity

(Figures 5E and 5F). Therefore, we named the highly efficient

hA3A*-eIscBn construct as eiCBE.

Efficient generation of disease model with eIscB-D
through embryo microinjection
As no published data demonstratedwhether IscBwas efficient in

animal models, we thought to generate a disease model in mice

through embryonic injection of the eIscB-D/euRNA system. We

first tested the activity of IscB variants in the mouse N2a cell line

and found that both eIscB and eIscB-D generated indels at the

proprotein convertase subtilisin/kexin type 9 (Pcsk9) gene loci,

and eIscB-D induced 58.0% mutation rate, suggesting IscB

also functions in mouse cells (Figure 6A). To generate a disease
(C) Comparison of A-to-G conversion frequency of TadA-8e-IscBn, TadA-8e-eIsc

HEK293T cells. Data are means ± SD (n = 3).

(D) Average A-to-G editing efficiency of TadA-8e-eIscBn-TadA-8e and eiABE at e

are means ± SD (n = 3).

(E) Schematics of designs for eIscBn-CBE.

(F) Comparison of C-to-T conversion frequency of hA3A*-IscBn, eiCBE, and hA3A

SD (n = 3).

MOLCE
model in mice, the Tyrosinase gene was selected as the target

since its mutation caused albinism in humans and the efficiency

could be estimated by fur color.39 After testing three target sites

within exon 1, Tyr-sg21 exhibited the highest efficiency in N2a

cells (Figure 6B).We also analyzed the patterns of indels induced

by eIscB-D/euRNA in N2a cells and found similar results in

HEK293T cells in Figure S2B (Figure S5). Thus, uRNA was

in vitro translated and coinjected with either IscB or eIscB-D

mRNA into C57BL/6J mouse one-cell embryos. 9 of 12 (75%)

F0 pups injected with eIscB-D contained mutations with the ef-

ficiency ranging from 34.4% to 99% (averaging 58.8%), but

IscB failed to generate any mutant pups (Figures 6C–6F and

S6). The albino phenotype was obviously observed when the

founders grew up, and 5 of the pups showed nearly 100%muta-

tion (Figures 6D and 6E). The data reveal that eIscB-D not only

demonstrates efficacy in mammalian cell lines but also pos-

sesses the ability to efficiently generate disease models through

microinjection of embryos.

DISCUSSION

IscB is a promising RNA-guided endonuclease since it is about

400 aa and has two nuclease domains to generate nickase for

versatile genome editing tools. In this study, we engineered high-

ly efficient eIscB-D through introducing three residual substitu-

tions and fusing with HMG-D DNA-binding domain. eIscB-D

could be adapted tominiature BEs, and the engineered nuclease

was very efficient to generate mouse model, suggesting its po-

tential for a wide range of applications.

Through three rounds of engineering, we found that intro-

ducing arginine substitutions on three residues (D96, E84, and

V159) of IscB significantly improved cleavage activity. According

to the complex structure, the D96 locates in the bridge helix re-

gion of IscB that sits below the editing region of both NTS and TS

and extends into the core of theuRNA (Figure S1B).27 Therefore,

the remarkable enhancement in efficacy observed in the D96R

mutant can be ascribed to its heightened interaction with the

backbones of both DNA strands. This enhanced interaction

may play a pivotal role in opening the double-stranded DNA

more swiftly compared with the WT. The increased efficacy of

E84R might because it assists the entering of TS into the enzy-

matic center for editing by forming hydrophilic interaction with

the backbone of TS since it locates at the halfway between the

editing region and enzymatic center (Figure S1B). Although sin-

gle V159R mutation does not dramatically improve the activity

(Figure 1B), it can further enhance the binding affinity with

uRNA in addition with the other two mutations which might

change the conformation and put V159R in an optimal position

to interact with nucleic acids. Additionally, the incorporation of

an HMG-D DNA-binding domain further increased IscB activity,
Bn, TadA-8e-eIscBn-TadA-8e, and eiABE on euRNA at 15 endogenous loci in

ach position within the protospacer at 15 endogenous target sites in (C). Data

*-eIscBn-D on euRNA at 5 endogenous loci in HEK293T cells. Data aremeans ±
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indicating that augmenting the binding affinity of IscB with DNA

is a critical direction for performance enhancement. However,

enhanced DNA-binding capacity may also elevate off-target ef-

fects, as evidenced by observations of off-target effects through

GUIDE-seq or HTS at predicted off-target sites. Consistent with

our previous study,31 the fusion of the HMG-D domain did not

markedly increase the off-targeting risks, as eIscB-D did not

dramatically increase the number of off-target sites identified

via GUIDE-seq (Figure S2D). It is possible to further increase

its activity with additional DNA-binding domains, but that will in-

crease both the molecular weight and off-target potentials.

Hence, it will be imperative to further optimize the evolved IscB

variants to enhance their fidelity through variant molecular evolu-

tion strategies, such as continuous and non-continuous evolu-

tion, as well as machine learning-assisted directed protein

evolution.40,41

A previous study showed that fusing TadA-8e deaminase in

each terminus of IscB could dramatically increase the editing ac-

tivity,28 which was confirmed in this study. However, we found

that two TadA-8e domains leading tomuchwider editing window

(from target position 3 to 12) compared with our eiABE, whose

major window was from target position 3 to 7 (Figure 5D). In

eiABE, we fused single TadA-8e domain at the N terminus with

an HMG-D domain inserted between eIscB-D and the deami-

nase domain. This construction is similar to our previous hyCBE,

which shows that fusion of single-stranded DNA-binding domain

dramatically increases CBE activity.42 It suggests that DNA-

binding affinity is very critical for base editing as HMG-D seems

performed better (the efficiency and condensed editing window)

than the additional deaminase domain. Moreover, eiABE is only

837 aa in length since the HMG-D domain is about 112 aa, which

is 54 aa less than the additional TadA-8e used in miABE.28 In

contrast to eiABE, fusion of HMG-D domain does not increase

the activity of cytosine conversions of eiCBE, probably due to

high deamination activity of hA3A. Compared with the 191-nt

uRNA*,28 the 165-nt euRNA further reduces the total molecular

weight of the IscB-based miniature ABE and CBE system,

showing the advantage of in vivo delivery by AAV system for

gene therapy. Since engineering of nuclease domain of

Nme2Cas9 could significantly increase its ABE activity,43 this

strategy might help to develop IscB variants for minisized ABE

or CBE with higher editing efficiency.

Limitations of the study
In this study, we have engineered hyperactive IscB variants and

adapted them into highly efficient miniature BEs. However, we
Figure 6. Efficient generation of disease model with eIscB-D through

(A) Schematic representation of the PCSK9 locus. The target sequence and TAM

sites in N2a cells (lower). Data are means ± SD (n = 3).

(B) Schematic representation of the Tyr locus and different target sites. The target

Screening and validation of uRNA sites targeting Tyr locus in N2a cells (lower). D

(C) Indel rate in F0 mice microinjected with IscB mRNA (n = 16) and eIscB-D mR

(D) Genotyping of representative F0 generation pups microinjected with eIscB-

underlined. TAM sequence is labeled in red. Mismatched bases are labeled in bro

Allele reads <0.1% were omitted.

(E) Phenotypic outcomes of F0 pups after microinjecting eIscB-D-mRNA and eu

(F) Summary of the injection parameters used to generate albino mice.

See also Figure S6.

MOLCE
also discovered that IscB induced substantial, though not se-

vere, off-target editing. It will be imperative to further evolve

eIscB/eIscB-D to enhance their fidelity. The TAM of IscB

(NWRRNA) is slightly complicated and may limit the targeting

range. It would be important to identify new IscB counterparts

or engineer eIscB variants with more relaxed TAMs to broaden

the targeting scope. Since eiABE and eiCBE are highly efficient

miniature BEs, evaluating their performance in disease animal

models through AAV vectors holds considerable promise for

gene therapy applications.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

DH5a Competent Cells Sangon Biotech Cat# B528413-0010

Chemicals, peptides, and recombinant proteins

Ampicillin Sangon Biotech Cat# A610028

DNA Marker Thermo Cat# A100193

DMEM Thermo-Gibco� Cat# 10567014

Fetal Bovine Serum Thermo-Gibco� Cat# 10099141

Fast Digest Enzyme Thermo N/A

Gel-Red HyCyte Cat# 20210712004

Kanamycin sulfate Sangon Biotech Cat# A600286

KOD-Plus-Neo polymerase TOYOBO Cat# KOD-401

Penicillin and streptomycin Thermo-Gibco� Cat# 15140122

Polyethylenimine 78BIO Cat# 49553-93-7

PrimeSTAR� Max DNA Polymerase TaKaRa Cat# R045A

QuickExtract� DNA Extraction Solution Lucigen Cat# QE0905T

Trelief� solution A&B Tsingke Cat# TSP001

T4 DNA Ligase Beyotime Cat# D7008

6x Loading Buffer Tsingke Cat# TSJ010

20x PBS Buffer Sangon Biotech Cat# B548117-0500

Critical commercial assays

One step Mouse genotyping kit Vazyme Cat# PD101

Clone Express II Multis One Step Cloning Kit Vazyme Cat# C113-02

HiPure DNA Clean Up Maxi Kit Magen Cat# D2111-03

mMESSAGE mMACHINE T7 Ultra Kit Invitrogen Cat# AM1345

MEGAshortscript Kit Invitrogen Cat# AM1354

MEGAclear� Kit Invitrogen Cat# AM1908

TIANPrep Mini Plasmid kit TIANGEN Cat# DP103-03

Deposited data

All raw FASTQ files for NGS This paper SRA: PRJNA1061449 PRJNA1113560

PRJNA1113943; PRJNA1116803

Structure of the IscB-uRNA-target

DNA ternary complex

This study PDB: 8CSZ

Experimental models: Cell lines

Human HEK293T cells ATCC Cat# CRL-3216

Neuro-2a cells ATCC Cat# CCL-131

Experimental models: Organisms/strains

Mouse: C57BL/6J wild type Li et al.45 N/A

Oligonucleotides

Target sites, see Table S1 This paper N/A

Primers for PCR and high-throughput

sequencing, see Tables S2 and S3

This paper N/A

Recombinant DNA

pcDNA-3.1(+) eGFP Addgene #78583

pUC19-U6-EF1a-GFP Chen et al.51 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

ABE8e Addgene #138489

OgeuIscB Altae-Tran et al.24 N/A

uRNA scaffold Altae-Tran et al.24 N/A

HMG-D domain Yin et al.31 N/A

Cas12Pro Addgene #203811

Plasmids generated in this study,

see Tables S5, S6, S7, S8, and S9

This paper N/A

Software and algorithms

NCBI N/A https://www.ncbi.nlm.nih.gov/

Primer-Blast N/A https://www.ncbi.nlm.nih.gov/tools/

primer-blast/index.cgi?LINK_LOC=BlastHome

SnapGene N/A SnapGene7.0.2

Prism GraphPad GraphPad Prism10.1.2

Cas-Analyzer Park et al.47 http://www.rgenome.net/cas-analyzer/#!

BE-Analyzer Hwang et al.48 http://www.rgenome.net/be-analyzer/#!

GUIDE-seq Github https://github.com/aryeelab/guideseq

Code for IscB data analysis This paper https://zenodo.org/records/10462705

https://zenodo.org/records/10462794
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RESOURCE AVAILABILITY

Lead contact
Further Information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dali Li

(dlli@bio.ecnu.edu.cn).

Materials availability
Key constructs and plasmids are available on Addgene.

Data and code availability
d The raw high-throughput sequencing data generated in this study have been deposited in the NCBI Sequence Read Archive

database under accession codes PRJNA1061449, PRJNA1113943, PRJNA1116803. GUIDE-seq data have been deposited in

the NCBI Sequence Read Archive database under accession codes PRJNA1113560. The structure of the IscB-uRNA-target

DNA ternary complex has been deposited under PDB: 8CSZ. These data are publicly available as the data of publication.

d All original code has been deposited at Zenodo and is publicly available. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
Human HEK293T cells (ATCC) and Neuro-2a cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (Gibco) supple-

mented with 10% (v/v) fetal bovine serum (Gibco) and 1% (v/v) penicillin and streptomycin. All cell types were cultured at 37�C
with 5% CO2 and passaged every 2 or 3 days.

METHOD DETAILS

Plasmid vector construction
The plasmid DNA sequences and PCR primers used in this study are listed in Tables S1 and S2. Human codon-optimized OgeuIscB

and uRNA scaffold were synthesized by GenScript. Co. Ltd and then cloned into pcDNA-3.1(+) eGFP and pUC19-U6-EF1a-GFP,

respectively. Plasmids of Cas12Pro were the gift from Quanjiang Ji (Addgene plasmid no. 203811). For human genome editing,

the AcCas12n and sgRNA-v6 were cloned into two plasmids, respectively. The CMV-driven AcCas12n cassette was constructed

into the pcDNA-3.1(+) eGFP plasmid, and the sgRNA-v6 driven by U6 promoter was cloned in pUC19-U6-EF1a-GFP plasmid. For

IscB plasmid constructions, PrimeSTAR� MAX DNA Polymerase (TaKaRa) or KOD-Plus-Neo DNA Polymerase (TOYOBO) was
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used for PCR and the Clone Express Multis One Step Cloning Kit (Vazyme) was used for fragment assembly. The construction of

uRNA expression plasmids was consistent with the sgRNA of Cas9.44 Briefly, a pair of oligonucleotides were annealed from 95�C
down to room temperature slowly and then ligated into BpiI-linearized pUC19-U6-uRNA-scaffold-EF1a-GFP. The uRNA target ol-

igonucleotides were synthesized by BioSune Biotechnology (Shanghai) Co. Ltd and the sequences were listed in Table S1.

Cell transfection and genomic DNA extraction
To measure cleavage and editing efficiency in mammalian cells, HEK293T cells were seeded into 24-well plates (Corning) until they

reached nearly 80% density prior to transfection. Next, plasmids (750 ng IscBs and 250 ng uRNA) were transfected into cells simul-

taneously using polyethyleneimine (PEI, Polysciences) with the ratio of 3ml PEI for every 1mg plasmids. After 72 h, transfected cells

were digested with 0.25% trypsin (Gibco) for fluorescence-activated cell sorting (FACS), and the top 20% GFP positive cells were

collected for genome extraction (Figure S7). About 20,000 cells were collected, and the genomic DNA was extracted by

QuickExtract DNA Extraction Solution (Lucigen) following the manufacturer’s recommended protocol. The extraction solution was

incubated at 65�C for 6 min and then at 98�C for 2 min. To assess the efficiency of gene editing, genome loci of interest were amplified

using KOD-Plus-Neo DNA polymerase (TOYOBO). To determine the genotype of modified mice, genomic DNA for PCR was ex-

tracted from the toes of newborn mice using the One Step Mouse Genotyping Kit (Vazyme) according to the manufacturer’s instruc-

tions. The extraction solutionwas incubated at 55�C for 30min and then at 95�C for 5 min, and using theOne StepMouseGenotyping

Kit (Vazyme) to amplify the genomic of interest as above. All PCR primers used in this experiment are listed in Tables S2 and S3.

In vitro transcription of eIscB-D mRNA and uRNA
For the transcription of eIscB-D mRNA, mMESSAGE mMACHINE T7 Ultra Kit (Invitrogen) was utilized following the manufacturer’s

instructions. The uRNA template was transcribed with MEGAshortscript Kit (Invitrogen) following the manufacturer’s instructions.

Both uRNA and mRNA were purified with MEGAclear� Kit (Invitrogen) and then eluted in nuclease-free water with storing at -80�C.

Microinjection of murine zygotes
The manipulation of rodent embryos was previously described.45 Murine zygotes were obtained by superovulating female mice and

mating them with males of the same genetic background. Before microinjection, the murine zygotes were cultured in KSOM embryo

culture medium. Solutions containing eIscB-D mRNA (100 ng/ml) and uRNA (200 ng/ml) were injected into the cytoplasm of one-cell

stage embryos after being diluted in nuclease-free water. Eppendorf TransferMan NK2micromanipulator was used to administer the

injection. Zygotes injected into the complex were promptly transferred into pseudo-pregnant female mice. All mice were cultured in a

pathogen-free environment with a 12 h light/dark cycle and constant access to food and water at all times. All animal experiments

were conducted following the guidelines established by the Association for Assessment and Accreditation of Laboratory Animal Care

in Shanghai and were approved by the East China Normal University Center for Animal Research.

Next-generation sequencing and data analysis
The genomic DNA was amplified from 100-150 ng using high-throughput sequencing primer pairs specified in Tables S2 and S3 to

target the regions of interest in the genome. All PCR primers containing an adapter sequence at the 50-end (forward 50-GGAGTGAG-

TACGGTGTGC-30; backward 50-GAGTTGGATGCTGGATGG-30) were prepared for high-throughput sequencing (HTS) libraries.

Next, the amplified product underwent a second-round of PCR using primers with different barcodes. The resulting HTS libraries

were pooled and purified by electrophoresis using the HiPure Gel Pure DNA Mini Kit (Magen) with a 1.5% agarose gel. The elution

was donewith 50 ml of nuclease-free water, and then sequencedwith 150-bp paired-end reads on an Illumina HiSeq platform. For the

batch analysis of FASTQ files, the reference sequenceswere set to full-length and analyzed as previously described.46 Any readswith

mismatches to both sides of the given reference sequence and a frequency below 1 was discarded. The alleles containing insertions

or deletions (indels) were quantified by counting the number of reads that were shorter (deletions) or longer (insertions) than the refer-

ence sequence. This was done by dividing by the total number of reads in the sample, using a custom script based on the Cas-

analyzer pipeline.47 Conversions (A-to-G/C-to-T editing) were quantified by counting the number of reads where the expected

A/C position was called as a G/T and dividing by the total number of reads in the sample. This was done using a custom script based

on the BE-Analyzer pipeline.48 It should be noted separately that there is a ploy A near the VEGFA-sg7 target, and during HTS, there is

a tendency for the number of A to change, leading to the natural generation of indels. We filtered this for analysis, focusing only on the

presence of indel products within the target and its 5-bp range.

Analysis of off-target sites predicted by Cas-OFFinder
To evaluate the safety and specificity of eIscB and eIscB-D, the Cas-OFFinder (http://www.rgenome.net/cas-offinder/) was used to

predict potential off-target sites. Firstly, the target sequence and TAM should be determined on the Cas-OFFinder website. We

entered 22nt sequence of interest into the box including 16nt-target sequence and 6nt-TAM (‘‘NWRRNA’’) since no choice for the

TAM of IscB protein. The mismatch was then restricted up to two nucleotides and the PAM sequence was set to ‘‘NNN’’. Among

the sequences output from the website, we persisted the sequence of TAM as ‘‘NWRRNA’’ and then selected the mismatched

sequence. The primers for PCR were provided in Table S3.
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Guide seq assay
GUIDE-seq assay were performed as previously described.49 Briefly, target plasmids and double-stranded oligodeoxynucleotide

(dsODN) were electroporated into 1 million HEK293T cells, which were then cultured for 72 hours before genomic DNA isolation.

The purified genomic DNAwas subjected to fragmentation, end-repair, A-tailing, adapter ligation, and dsODN-specific amplification.

The libraries were sequenced on an MGI-seq 2000 sequencer (BGI company) using a pair-end mode. Data were analyzed and visu-

alized using open-source guide-seq software with an NWRRNA TAM, and allowing up to six mismatches before downstream data

processing.50 Output sequence data were analyzed using the GUIDE pipeline (https://github.com/aryeelab/guideseq). All off-target

sites identified by GUIDE-seq was provided in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were repeated at least three times on different days (normally n = 3). These replicates were subsequently used

to calculate means and standard deviations (SD). Prism 10.1.2 (GraphPad) was used for statistical analysis. P values were calculated

using GraphPad Prism 10.1.2 to assess the significance of the differences between two groups with a paired two-sided Wilcoxon

rank-sum test. P < 0.05 was considered significant.
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