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SUMMARY

V(D)J recombination, which joins V, D, and J genes across immunoglobulin loci, is essential for antibody di

versity. To unlock the inherent constraints of V(D)J recombination, we systematically designed, assembled, 

and shuffled a synthetic human immunoglobulin heavy chain locus (SynIgh). SynIgh was designed de novo, 

incorporating 60 VH, 31 D, and 13 JH from global populations, along with 63 synthetic rearrangement sites, 

endowing it with modularity, extensibility, and dynamicity. We then synthesized the repetitive SynIgh 

sequence with a stabilizer. Using this construct, we generated a SynIgh mouse model capable of undergoing 

V(D)J recombination. Moreover, we demonstrated that a dual-rearrangement strategy, combining synthetic 

rearrangement with natural V(D)J recombination, enables shuffling of the SynIgh locus in mice. This strategy 

expands the diversity of V(D)J recombination outcomes, thereby reconfiguring the process of antibody diver

sity generation. SynIgh establishes a generalizable framework for the design, building, testing, and learning 

of mammalian genome architecture and function.

INTRODUCTION

Variable (V), diversity (D), and joining (J) genes (V(D)J) recombi

nation within the immunoglobulin (IG) locus is the fundamental 

process that initiates the generation of diverse antibodies, 

enabling the immune system to combat a wide range of patho

gens.1,2 During this process, the recombinase RAG (encoded 

by Recombination-activating gene 1 and 2) scans the immuno

globulin gene locus, selecting discrete V, D, and J gene seg

ments to form V(D)J recombination products.2–7 In recent years, 

substantial progress has been made in the sequencing of Ig loci 

and elucidation of the mechanisms of V(D)J recombination. Ad

vances in sequencing technology have facilitated the resolution 

of immunoglobulin heavy chain locus (IGH) genetic variation 

across different populations,8–14 including the identification of 

numerous V, D, and J genes and alleles, which present distinct 

antigen-binding epitopes and alter humoral immune responses 

to pathogens15,16 and vaccine priming17 in different popula

tions. More importantly, IGH is highly enriched for large struc

tural variants (SVs), recent haplotype-resolved sequencing 

has revealed that the IGH locus is driven by extensive SVs, 

particularly large-scale deletions spanning hundreds of kilo

bases that result in widespread gene copy number variations 

and the homozygous loss of functional genes.14 Paired 

sequencing of Ig loci and the antibody repertoire has shown 

that these genetic variations influence the presence and fre

quency of genes in V(D)J recombination products, shaping 

the antibody repertoire.14,18 To elucidate the mechanisms of 

V(D)J recombination, researchers have utilized mouse models 

with genetic modifications targeting the Igh locus to identify 

and clarify the functions of the intronic enhancer (Eμ),19 the in

tergenic control region 1 (IGCR1),6 and 3′ CTCF-binding ele

ments (3′CBE).20 These discoveries revealed chromatin loop 

extrusion during physiological V(D)J recombination at the Igh 

locus.2–6,21 In this process, RAG binds to a J gene segment of 

heavy chain (JH) recombination signal sequence (RSS) within 

the recombination center (RC) and then linearly scans upstream 

D- and VH (V heavy gene segment)-containing chromatin via co

hesin-mediated loop extrusion. Directional scanning leads RAG 

to selectively utilize RSS flanking D segments (D-RSSs) that are 

convergently oriented with RSS flanking JH segments (JH- 

RSSs) to generate DJH recombination products and subse

quently promotes the orientational rearrangement of VH genes 

during the VH-to-DJH recombination step to generate V(D)J 

recombination products. While the gene composition and posi

tioning of gene segments in the natural IG loci shape the pat

terns of V(D)J recombination, their finite number and predeter

mined locations present inherent constraints to the potential 

diversity of V(D)J recombination products.5,14,21,22 The system

atic de novo design and synthesis of IG loci leveraging concepts 

and approaches of synthetic genomics could offer a promising 

solution for systematic study of the IGH locus and enhancing 

V(D)J recombination diversity by altering gene composition 

and positioning.
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Here, we have de novo design, assembly, and shuffling of the 

synthetic IGH locus (SynIgh). Compared with the natural IGH lo

cus, SynIgh (1) features a fully modular, bottom-up hierarchical 

design based on studies of natural loci; (2) incorporates V, D, 

and J genes from diverse global human populations; and (3) in

cludes an inducible synthetic genomic rearrangement system. 

Together, these characteristics endow the SynIgh locus with 

modularity, extensibility, and dynamic flexibility. To synthesize 

and assemble the highly repetitive sequences of SynIgh, we 

developed a ‘‘stabilizer’’ fusion protein that binds to frequently 

occurring DNA motifs within the repetitive regions in the assem

bly host. We then generated a SynIgh mouse model via pronu

clear injection of repetitive DNA and tested its functions in 

V(D)J recombination. We further investigated the capacity of 

synthetic rearrangement to shuffle the SynIgh locus in vivo and 

assessed its impact on V(D)J recombination.

RESULTS

Design of the human SynIgh locus

Recent advances in identifying genetic variation within Ig loci and 

uncovering their recombination mechanisms provided the basis 

for the systematic de novo design of the SynIgh locus. Here, we 

designed the SynIgh with the following aims: (1) validating the 

current knowledge of these regulatory elements while deepening 

and systematizing the study of the Igh locus and (2) exploring the 

potential to overcome the limitations of gene composition and 

positioning in the natural locus, enhancing V(D)J diversity by 

broadening the gene content and altering the bias in inherent 

recombination patterns.

To achieve these two objectives, we propose three principles 

for designing SynIgh. (1) Modularity: the SynIgh locus is de

signed using well-defined modular elements, allowing flexibility 

in manipulating individual elements and making it effective to 

validate the existing regulatory function. (2) Extensibility: incor

poration of a wider variety of V, D, and J genes from diverse hu

man populations allows more possible combinations of V, D, and 

J segments, thereby expanding the set of possible V(D)J recom

bination products. (3) Flexibility: to decouple the inherent 

constraint on V(D)J recombination patterns shaped by the fixed 

structure of the natural locus, we introduced a dynamic genomic 

rearrangement system called mSCRaMbLE (mammalian syn

thetic chromosome rearrangement and modification by 

LoxP-mediated evolution). By integrating multiple site-specific 

recombination sites between each module in SynIgh, this system 

enables the generation of structural variants within the SynIgh lo

cus, creating a large library of structural configurations for sub

sequent V(D)J recombination (Figure 1).

Under the guidance of the above design principle of modu

larity, SynIgh was designed with a hierarchical structure 

comprising two types of regions, namely, gene regions and reg

ulatory regions. The gene regions include the V, D, J, and C (con

stant region) gene clusters of individual units. Each V gene unit, 

from 5′ to 3′, includes the 5′ untranslated region upstream of 

each V gene segment (the V-5′ UTR), signal peptide (L-I-L), cod

ing sequence (CDS) of V gene, and the 3′ untranslated region 

downstream of each V gene segment (V-3′ UTR) containing the 

RSS (Figures S1A–S1C). Similarly, each D gene unit is composed 

of the D-5′ UTR, CDS of D gene, and D-3′ UTR. Each J gene unit 

consists of the J-5′ UTR, CDS of J gene, and J-3′ UTR (contain

ing splicing sites). The C gene region is composed of the full- 

length sequences of exons and introns that serve as the constant 

region. The regulatory regions, which are fundamental for main

taining the proper functionality of the IGH locus, include the nat

ural mouse IGCR1,6 Eμ,19 and Adam6a/b23 modules, as well as 

the synthetic 3′CBE module,20,21 which consists of 20 tandem 

CBE motifs to simplify the long natural 3′CBE sequence 

(Figure S1D). Overall, SynIgh is arranged as follows: VH gene re

gion, Adam6a/b, IGCR1, D gene region, JH gene region, Eμ, C 

gene region, Syn 3′CBE. Following the expansion principle, the 

CDSs of the V, D, and J genes were selected from the intersec

tion of the 1000 Genomes Project (1kGP)9,13,24 and IMGT (the in

ternational ImMunoGeneTics information system) databases.25

We selected 60 VH, 31 D, and 13 JH genes that are frequently pre

sented across global populations for SynIgh (Table S1).

For flexibility design principle, we drew inspiration from the 

yeast SCRaMbLE system, which introduces numerous symmet

ric loxP (loxPsym) sites into the synthetic genome, permitting 

genomic rearrangements between loxPsym sites in the presence 

of Cre recombinase.26–30 We developed a mSCRaMbLE system 

for SynIgh, in which each V gene unit is separated by a loxPsym 

site, with a total of 61 loxPsym sites across the V gene region. 

Thus, site-specific recombination can occur between these lox

Psym sites, inducing inversions and deletions, shuffling the V re

gion, and leading to the random loss of V units and changes in 

their linear positions. In addition, to enhance the inclusion of 

rare but valuable inverted D (Inv-D) gene products in V(D)J 

recombination,3,31 we incorporated 2 loxP sites in opposite ori

entations flanking the D gene region. These loxP sites, orthog

onal to loxPsym,32 enable the inversion of the entire D region in 

the presence of Cre recombinase, allowing Inv-D gene to partic

ipate in loop extrusion-mediated recombination, further expand

ing the diversity of V(D)J recombination outcomes.

In summary, guided by the principles of modularity, extensi

bility, and flexibility design, we have de novo designed a syn

thetic human immunoglobulin heavy chain locus, SynIgh. 

Compared with the 1.2 megabase (Mb) natural human IGH locus 

(Figure S1E), the 174 kilobase (kb) SynIgh has simplified inter

genic regions, pseudogenes, and noncoding RNAs. SynIgh in

corporates 60 VH, 31 D, and 13 JH genes from diverse global 

populations. SynIgh features 61 loxPsym sites and 2 loxP sites, 

enabling synthetic rearrangement in the presence of Cre recom

binase to generate diverse structural variations.

Synthesis of highly repetitive SynIgh with a stabilizer

The highly modular structure of SynIgh involves the inclusion of 

numerous repetitive sequences, particularly in the V gene region. 

The most widely used methods for DNA assembly are Gibson33

and yeast assembly.34 However, the assembly and maintaining 

of large repetitive sequence is still a grand challenge because 

of its high instability.35–37 The V gene region contains 60 modular 

V gene units, each featuring highly similar CDSs as well as UTRs 

(V-5′ UTR and V-3′ UTR). The pairwise similarity in the CDSs 

ranges from 51.55% to 99.67% and the average similarity for 

the UTR modules is 39.46% (Figure 2A). We employed an itera

tive assembly strategy (Figure 2B), starting with level-1 
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Figure 1. Design of the human SynIgh locus 

(A) The three design principles (modularity, extensibility, and flexibility). 

(B) Schematic of the synthetic immunoglobulin heavy chain locus (SynIgh). 

(C) The design of V, D, and J units. 

See also Figure S1.
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Figure 2. Synthesis of SynIgh with a stabilizer 

(A) Homology analysis of V region in the SynIgh. 

(B) Iterative assembly strategy for the SynIgh locus. 

(C) Assembly process of SynIgh locus. 

(D) Stabilizer and its binding sites in the SynIgh V region. 

(E) Schematic illustration of the stabilizer-based assembly strategy in E. coli. 

(legend continued on next page) 
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fragments of 6–8 kb, each containing 3–4 highly similar V gene 

CDSs. However, our attempts to use standard Gibson and yeast 

assembly methods expectedly failed to produce correct repeti

tive constructs larger than 100 kb.

In nature, the genetic stability of large-scale repetitive DNA 

sequences, such as centromeres, is typically supported by 

specialized chromatin architectures, primarily by sterically 

excluding bulky recombination machineries.38–40 Inspired by 

these natural paradigms, we designed a synthetic ‘‘stabilizer’’ 

to maintain the integrity of assembled large repetitive SynIgh 

sequences. This stabilizer is comprised of several DNA-bind

ing proteins, which target multiple sites within the repetitive 

array, and an effector heterochromatin protein 1 alpha 

(HP1α) capable of driving DNA compaction (Figure 2C). 

HP1α functions as an autonomous compaction module that 

utilizes its intrinsically disordered regions to drive multivalent 

DNA interactions.41,42 SynIgh contains 61 loxPsym sites, 129 

highly similar OCT (Octamer-binding transcription factor) mo

tifs (motif scores >10), and 94 highly similar CBE motifs (motif 

scores >10). Therefore, we utilized the corresponding binding 

proteins dCre (dead/inactive Cre) for loxpSym,43 POU5F1 

(POU class 5 homeobox 1) for OCT,44 and CTCF for 

CBE,45,46 fused with the effector HP1α47 to design a stabilizer 

for SynIgh (Figure 2D).

To test the ability of the designed stabilizer for the construc

tion of large repetitive sequence in E. coli, we assembled the 

174 kb SynIgh from three ∼60 kb fragments via Gibson assem

bly in vitro and then transformed the products into recombinant 

strains which harbored the stabilizer expression plasmid 

(Figure 2E). In earlier experiments, we failed to obtain correct 

clones (individual E. coli transformant colonies that were 

PCRTag positive at all expected assembly junctions) when 

we transformed these assembly products into E. coli in the 

absence of the stabilizer. In contrast, using the stabilizer, we 

screened 32 clones in a single pilot experiment and identified 

one clone with all correct junctions (18 PCRTags). Further anal

ysis with pulsed-field gel electrophoresis (PFGE) confirmed that 

the construct size was approximately 174 kb. Next-generation 

sequencing (NGS) revealed uniform coverage compared with 

the reference sequence, with no significant deletions observed 

(Figure 2F). To further verify the ability of the stabilizer to main

tain the long-term stability of large-scale repetitive DNA con

structs, we passaged the clone containing SynIgh for 7 days 

either with or without the stabilizer expression. After 7 days, un

der the stabilizer selection condition, NGS revealed uniform 

coverage across the SynIgh region, similar to that of the start

ing clone (Figure 2F). In contrast, in the condition without the 

stabilizer selection, NGS sequencing revealed no reads 

covering the SynIgh region. We then sequenced the plasmid 

using high-depth (∼1,000× coverage) Oxford Nanopore 

sequencing. No evidence of large-scale rearrangements was 

observed relative to the reference structure, with 12 single- 

nucleotide variants (SNVs) and 14 indels identified (Figures 

S2A–S2E; Tables S2 and S3). These results show that the sta

bilizer-based assembly strategy can be used to assemble large 

repetitive sequences (>100 kb, SynIgh) and maintain their long- 

term genetic stability.

Next, to test the universality of the stabilizer, we transformed 

the stabilizer plasmid, which is based on the pRS42H48 shuttle 

vector that replicates in both E. coli and S. cerevisiae and uses 

universal promoters49 to drive stabilizer protein expression, 

into the yeast strain BY4742 (Figure 2G). Then, we transformed 

the Gibson assembly products into the stabilizer-carrying yeast 

strain, with the wild-type BY4742 serving as the control. In the 

control group, we failed to obtain any correct clones among a to

tal of ∼1,000 clones screened. In contrast, in the stabilizer group, 

approximately 10% of the clones were correct (Figure 2H). 

Furthermore, we passaged a yeast clone containing the 174 kb 

SynIgh for 30 days. In the culture without a stabilizer, PFGE anal

ysis revealed the SynIgh size reductions, and NGS revealed 

several deletions compared with the initial clone. In contrast, in 

the stabilizer group, the expected SynIgh size on PFGE was 

maintained with no significant variations, and NGS confirmed 

uniform coverage across the SynIgh region consistent with that 

of the starting clone (Figure 2I). In summary, the introduction of 

a stabilizer that binds to frequent DNA motifs within repetitive se

quences enabled the successful assembly and maintaining of 

174 kb SynIgh in E. coli and S. cerevisiae, a process that is chal

lenging using conventional methods.

SynIgh mice undergo V(D)J recombination

To evaluate the functionality of the SynIgh locus, we generated a 

mouse model via pronuclear injection of the assembled SynIgh 

(174 kb) plasmid with piggyBac transposase mRNA into fertilized 

C57BL/6J eggs (Figure 3A). We identified SynIgh+ F0 generation 

mice by PCR and nanopore sequencing. ITR (PiggyBac Inverted 

Terminal Repeats)-containing reads mapped to a single insertion 

locus and reads across SynIgh were consistent with the ex

pected structure. (Figures 3B and S3A–S3C).

To test whether the SynIgh locus in mice can undergo V(D)J 

recombination, we isolated bone marrow cells from SynIgh+ 

mice and extracted DNA for VDJ-seq analysis with human JH 

gene baits.50 We detected 7,971 unique VDJ recombination 

products utilizing all 60 VH genes, 31 D genes, and 13 JH genes 

in the SynIgh locus (Figures 3C and 3D). Moreover, the V gene 

usage in V(D)J recombination products were highly similar 

among individual mice (n = 4, PCC [Pearson Correlation Coeffi

cient] = 0.9 ± 0.04) (Figures 3E and 3F). These results indicate 

that the SynIgh locus can undergo V(D)J recombination utilizing 

all of the designed VH, D, and JH genes to produce V(D)J recom

bination products, and that V(D)J recombination at the SynIgh lo

cus display conserved recombination pattern.

(F) PFGE size validation (left) and NGS coverage validation of the generational stability of SynIgh (right) in E. coli. 

(G) Schematic illustration of the stabilizer-based assembly strategy in S. cerevisiae. 

(H) Assembly fidelity of >100 kb constructs generated by S. cerevisiae (WT, n = 10 biological replicates; stabilizer, n = 4 biological replicates). Data are presented 

as the means ± SEM. 

(I) PFGE size validation (left) and NGS validation coverage of SynIgh generational stability (right) in S. cerevisiae. 

See also Figure S2.
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Synthetic rearrangement shuffling the SynIgh in 

somatic cells

The mSCRaMbLE system of SynIgh featuring 61 loxPsym sites 

and 2 loxP sites was designed to induce synthetic rearrange

ments within the SynIgh locus in the presence of Cre recombi

nase. To independently assess its function, SynIgh mice were 

bred with Rag2− /− mice to generate SynIgh+Rag2− /− mice, in 

which deficiency of Rag2 prevents V(D)J recombination in 

pro-B cells51 (Figure S4A). Previous work on yeast SCRaMbLE 

indicates that strict spatiotemporal control is essential to mini

mize deletion bias and preserve structural diversity.52 To make 

mSCRaMbLE tightly controllable and restricted before the 

V-DJ stage, we placed an abscisic acid (ABA)-inducible split- 

Cre system (CreN-ABI and PYL-CreC)53 under the B-cell- 

specific Cd79a promoter (PCd79a). The Cre cassette was inserted 

between the D and J segments so that productive D-J joining ex

cises the cassette, thereby self-terminating Cre activity before 

V-DJ recombination. To activate mSCRaMbLE, SynIgh+Rag2− /−

mice were intraperitoneally injected with ABA for five consecu

tive days to induce split-Cre dimerization in B cells (Figures 4A 

and 4B).

Two weeks later, pro-B cells (B220+) were sorted from the 

bone marrow, and genomic DNA was extracted for targeted 

sequencing of the SynIgh region. We first examined the 

mSCRaMbLE-mediated inversion of the SynIgh-D region. Using 

linear amplification-mediated high-throughput genome-wide 

Figure 3. SynIgh mice undergo V(D)J recombination 

(A) Schematic of the SynIgh mouse model. 

(B) Validation of SynIgh integrity in the mouse genome. PCR validation of 10 junctions in SynIgh (top), nanopore sequencing coverage of SynIgh (bottom). 

(C and D) VDJ-seq analysis of SynIgh+ mice bone marrow cells. VDJ recombination products (C) and V, D, and J distributions of VDJ recombination products (D). 

(E) VDJ-seq analysis of SynIgh bone marrow cells. Gene usage is presented as a percentage of all VDJ recombination products. 

(F) Correlation of V gene usage in the VDJ recombination product between mouse (n = 4, PCC = 0.9 ± 0.04). The data are presented as the means ± SEM. n = 4 

SynIgh mice. 

See also Figure S3.
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Figure 4. Synthetic rearrangement shuffling the SynIgh in somatic cells 

(A) Schematic of the mSCRaMbLE system. Induction of synthetic rearrangement in SynIgh+Rag2− /− mice via intraperitoneal injection of ABA (left). Structure of the 

SynIgh locus in bone marrow pro-B cells before and after mSCRaMbLE (right). 

(B) PCD79a-Cre (split) expression cassette (top). The cassette is positioned between the D and J gene clusters and is excised following D-J recombination (down). 

(C) Proportion of IGHD reads in the bone marrow pro-B cells of SynIgh+Rag2− /− mice. 

(D) LAM-HTGTS-seq detection of IGCR1 region and IGHD region junctions in the bone marrow pro-B cells of SynIgh+Rag2− /− mice. Reads detected using F-IGHD 

end bait primers (black) were aligned with the IGCR1-(inv-IGHD) locus (top). Comparison of the nucleotide sequence and base quality in the region flanking the 

loxP site of E100034412L (blue triangle) with the reference sequence after inversion (bottom). 

(legend continued on next page) 
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translocation sequencing (LAM-HTGTS) with VH gene-specific 

primers serving as bait,54 we detected new DNA junctions result

ing from the inversion (Figures 4C and 4D). Since Syn

Igh+Rag2− /− mice have only a single allele of SynIgh, the effi

ciency of SynIgh-D inversion in pro-B cells can be determined 

by calculating the ratio of the number of reads containing in

verted junctions to the total number of D gene reads. In ABA-in

jected mice, 17.1% of the reads presented inversion of 

SynIgh-D, whereas no inversions were detected in the untreated 

control (Figure 4C).

Next, we assessed mSCRaMbLE-mediated shuffling of the 

SynIgh-V gene region. Due to the high similarity between the 

units, we adapted LAM-HTGTS for long-read sequencing to 

achieve sufficient coverage to identify the new junctions of V 

gene units. As in our previous work analyzing synthetic genome 

rearrangement in yeast,29 reads containing loxPsym sites were 

extracted from the sequencing data, and then the flanking se

quences of loxPsym were identified on the basis of alignment 

and the unique sequences of each V gene unit. By analysis of 

genomic DNA from pro-B-cell in SynIgh+Rag2− /− +mSCRaMbLE 

mice, we detected 446,758 sequencing reads representing new 

DNA junctions of V-unit combinations mediated by loxPsym sites 

that differ from the SynIgh reference sequence (Figures 4E, 4F, 

and S4B–S4D). These results indicated that mSCRaMbLE trig

gered synthetic rearrangements in the IGHD region and between 

V units, shuffling the SynIgh locus and generating a diverse li

brary of structural variants prior to V(D)J recombination.

Synthetic rearrangement transforms the V(D)J 

recombination pattern

We then tested the influence of mSCRaMbLE-induced shuffling 

of the SynIgh on V(D)J recombination patterns. After adminis

tering ABA to SynIgh+ mice for five consecutive days to induce 

mSCRaMbLE, we isolated bone marrow cells from these mice 

(SynIgh++mSCRaMbLE) and extracted their DNA for VDJ-seq 

analysis (Figures 5A and 5B). We detected 9,353 unique VDJ 

recombination products utilizing all 60 VH genes, 31 D genes, 

and 13 JH genes from the SynIgh locus. To assess the impact 

of the inversion of the SynIgh-D region, we analyzed D gene uti

lization within VDJ recombination products. We found that, in 

addition to the expected forward-oriented D genes, all inverted 

D genes (Inv-D) were also present in the products, contributing 

to 41% (3,826 out of 9,353) of the recombination products 

(Figure 5C). Next, to evaluate the effect of the shuffling in the V 

region, we analyzed the V gene utilization in VDJ recombination 

products across different SynIgh++mSCRaMbLE mice. Earlier, 

we observed that the V gene utilization of SynIgh+ mice was high

ly similar across individuals (PCC = 0.9 ± 0.04). Therefore, using 

this as a control, we evaluated V gene utilization in SynIgh++m

SCRaMbLE mice. We observed that in VDJ recombination prod

ucts some V genes that were highly utilized in the SynIgh+ con

trols showed decreased usage, whereas less utilized V genes 

exhibited increased usage, in the SynIgh++mSCRaMbLE mice. 

Specifically, genes such as V12 and V52, which were utilized 

at only 0.5% in SynIgh+, presented more than a 10-fold increase 

in utilization in SynIgh++mSCRaMbLE (mouse #1, #2), whereas 

frequently used genes such as V7 and V40 presented more 

than a 10-fold decrease. Furthermore, we performed a correla

tion analysis of V gene utilization rates across different individ

uals. Among the SynIgh++mSCRaMbLE and SynIgh+ mice, the 

V gene utilization rates were weakly correlated (PCC = 0.24 ± 

0.2, n = 7). Among SynIgh++mSCRaMbLE mice, gene utilization 

correlation values ranged widely, from 0.09 to 0.74 (n = 7) 

(Figure 5D). Moreover, to visualize the V(D)J recombination pat

terns, we performed PCA (principal component analysis) on the 

types and frequencies of the VDJ recombination products. The 4 

SynIgh+ mice clustered closely in PCA space, indicating 

their similar VDJ product compositions. In contrast, the VDJ 

recombination products of the 7 SynIgh++mSCRaMbLE mice 

were widely dispersed in PCA space, and their positions varied 

from those of the SynIgh+ cluster and among themselves 

(Figure 5E). These results indicate that V gene usage in VDJ 

recombination products from SynIgh++mSCRaMbLE mice dif

fers not only from that in SynIgh+ mice but also among the indi

vidual mice. Overall, synthetic rearrangement extensively shuf

fled the SynIgh locus, leading to the transformation of the 

V(D)J recombination pattern and the enrichment of V(D)J recom

bination diversity.

DISCUSSION

While somatic DNA recombination is generally constrained to 

preserve genomic integrity, V(D)J recombination stands as an 

evolutionarily conserved exception in vertebrate lymphocytes. 

Here, by introducing the mSCRaMbLE system into the SynIgh lo

cus, we developed a synthetic and programmable version of so

matic DNA recombination. Compared to recent efforts that ran

domized the human genome via engineered DNA recombination 

in cultured cells,55,56 our study establishes the instance of syn

thetic somatic DNA recombination in living somatic cells. Admit

tedly, loxPsym-mediated recombination inevitably favors dele

tions due to continuous rearrangement, potentially constraining 

the structural diversity compared to theoretical schematics; 

however, future integration of eukaryotic multiplexed site-spe

cific inversion systems, such as RCI(Recombinase Rci)51-5/ 

multi-sfxal01,57,58 will further mitigate this bias by favoring invert

ible rearrangements. Coupling synthetic mSCRaMbLE with nat

ural V(D)J recombination releases compositional and positional 

constraints within the IGH locus, allowing inversion of the D re

gion and rearrangement of V genes prior to recombination. 

This facilitates the inclusion of rare inverted D genes and reposi

tions V genes, effectively transforming the one-to-many V(D)J 

recombination process into a many-to-many framework that en

hances recombination diversity. In addition to enhancing V(D)J 

(E) Circos plots showing new junctions between 60 VH units in the SynIgh locus V region in the bone marrow pro-B cells of SynIgh+Rag2− /− mice. V units (gray) are 

arranged clockwise, matching the orientation of the SynIgh locus. The connections between units represent new junctions detected by sequencing (gray line). 

(F) ONT reads aligned with the V34-V12 locus (top) and (inverted-V34)-V28 (bottom), with nucleotide comparison and base quality at the flanking loxPsym sites. 

Purified pro-B cells from 4 mice were pooled together for mSCRaMbLE-seq experiment (C–E). See also Figure S4.
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Figure 5. Synthetic rearrangement transforms the V(D)J recombination pattern 

(A) Schematic illustration of the DJ recombination product generated by recombination between D-RSS-DN and JH-RSS in SynIgh. Synthetic rearrangement 

induces Cre-loxP-mediated inversion in IGHD, followed by recombination between D-RSS-UP and JH-RSS to generate (Inv-D)J recombination products. 

(B) Schematic illustration of synthetic rearrangement to shuffle the SynIgh structure prior to V(D)J recombination, affecting the subsequent V(D)J recombination 

pattern. 

(C) VDJ-seq analysis of the VDJ recombination products in bone marrow cells from SynIgh+ (left) and SynIgh++mSCRaMbLE (right) mice. 

(legend continued on next page) 
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recombination diversity, mSCRaMbLE in SynIgh provides a sys

tematic approach to dissect how genetic variation shapes this 

process. Specifically, compared to genomic diversification 

driven by natural evolution, this synthetic approach provides a 

more efficient route for the generation of diverse genomic archi

tectures.14 Unlike conventional methods that rely on multiple 

genetically modified models, a single induction event generates 

a vast library of structural variants. Coupled with tools such as 

in vitro differentiation and VDJ-seq,4,5 this system facilitates 

functional dissection of modular elements and higher-order reg

ulatory interactions within the IGH locus, offering new avenues 

for understanding the regulatory architecture of the IGH locus 

and how genetic variants drive immune diversity.

Mammalian synthetic genomics works, such as synthetic 

Hox,59 Sox2,60 α-globin,61 and ACE262 loci, have demonstrated 

their advanced capability to elucidate the principles of regulatory 

mechanisms and to construct disease models. However, while 

systematic design and rewriting of genetic loci to expand natural 

functions has been achieved in microorganisms,27,63,64 such ef

forts have not yet been realized in mammals. Our synthetic re

configuration and shuffling leverage de novo modular design 

and multiplex genomic locus manipulation, establishing a sys

tematic genome rewriting paradigm characterized by modu

larity, extensibility, and flexibility. In summary, the design, syn

thesis, and shuffling of SynIgh enhance V(D)J recombination, 

reconfiguring the process of antibody diversity generation and 

offering a scalable framework for the rewriting of larger and 

more intricate mammalian loci.

Limitations of the study

SynIgh was designed as a simplified synthetic version of the 

human IGH locus. Although this design supports V(D)J recom

bination in mice, additional intergenic sequences, regulatory 

elements, and structural variation not included in SynIgh may 

influence recombination efficiency and subsequent B cell 

development. In addition, the mSCRaMbLE-seq analysis was 

performed on pooled pro-B cells using targeted long-read 

sequencing. This approach captures rearrangement patterns 

in the population, but it does not directly resolve shuffled 

SynIgh structures in individual cells or fully link a given struc

ture to its downstream V(D)J recombination product. Finally, 

the findings of this study are based mainly on sequence and 

recombination outputs, and the downstream biological conse

quences of SynIgh rewriting, such as antibody repertoire di

versity and B cell functional maturation, were not exam

ined here.
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Raw FASTQs, SynIgh_NGS_E.coli_Clone1_Day7_stabilizer- This paper GSA: SAMC4170445

Raw FASTQs, SynIgh_WGS_S.C_Clone1_Day30_stabilizer- This paper GSA: SAMC4170444

Raw FASTQs, SynIgh_WGS_S.C_Clone1_Day30_stabilizer+ This paper GSA: SAMC4170443

Raw FASTQs, SynIgh_plasmid_ONT This paper GSA: SAMC6857405

Raw FASTQs, SynIgh_WGS_S.C_Clone1_Day0 This paper GSA: SAMC4170442

Raw FASTQs, SynIgh_mus_ONT_WGS This paper GSA: SAMC4170788
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Raw FASTQs, SynIgh _BMcell_VDJseq_4 This paper GSA: SAMC4170792

Raw FASTQs, SynIgh _BMcell_VDJseq_3 This paper GSA: SAMC4170791

Raw FASTQs, SynIgh _BMcell_VDJseq_2 This paper GSA: SAMC4170790

Raw FASTQs, SynIgh _BMcell_VDJseq_1 This paper GSA: SAMC4170789

Raw FASTQs, SynIgh+Rag2− /− _pro-B_D This paper GSA: SAMC4170799

Raw FASTQs, SynIgh+Rag2− /− _pro-B _D_scramble This paper GSA: SAMC4170798

Raw FASTQs, SynIgh+Rag2− /− _pro-B _V_scramble This paper GSA: SAMC4170797

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_7 This paper GSA: SAMC4170806

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_6 This paper GSA: SAMC4170805

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_5 This paper GSA: SAMC4170804

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_4 This paper GSA: SAMC4170803

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_3 This paper GSA: SAMC4170802

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_2 This paper GSA: SAMC4170801

Raw FASTQs, SynIgh_BM _Scramble_VDJseq_1 This paper GSA: SAMC4170800

Experimental models: Organisms/strains

Mouse: Rag2− /− Jiangsu Cyagen Biosciences Cat# C001324

Mouse: SynIgh+ This paper N/A

Mouse: SynIgh+ Rag2− /− This paper N/A

Yeast: S. cerevisiae strain BY4742 ATCC Cat#4040004

Yeast: SynIgh assembly strain This paper N/A

E. coli: Stbl4 Invitrogen Cat# 11635018

E. coli: SynIgh assembly strain This paper N/A

Oligonucleotides

Biotin-labelled JH-specific primers This paper Table S4

Nested JH-specific primers This paper Table S4

mSCRaMbLE-seq primers This paper Table S5

Recombinant DNA

SynIgh This paper Table S2

Software and algorithms

Python v3.12.5 Python Software Foundation https://www.python.org/RRID: SCR_008394

R v4.4.1 R Core Team https://www.r-project.org/RRID: SCR_001905

MiXCR v4.7.0 Bolotin et al.65 https://mixcr.com/RRID: SCR_004797

fastp v0.23. 4 Chen et al.66 https://github.com/OpenGene/fastp

minimap2 v2.28 Li67 https://github.com/lh3/minimap2

RRID: SCR_018550

SAMtools v1.20 Danecek et al.68 https://www.htslib.org/RRID: SCR_002105

UMAP v0.5.6 McInnes et al.69 https://github.com/lmcinnes/umap

RRID: SCR_018217

NumPy v2.0.0 Harris et al.70 https://numpy.org/

RRID: SCR_008633

pandas v2.2.2 pandas development team https://pandas.pydata.org/

RRID: SCR_018214

scikit-learn v1.5.0 Pedregosa et al.71 https://scikit-learn.org/

RRID: SCR_002577

SciPy v1.14.0 Virtanen et al.72 https://scipy.org/

RRID: SCR_008058

seaborn v0.13.2 Waskom73 https://seaborn.pydata.org/

RRID: SCR_018132

matplotlib v3.9.1 Hunter74 https://matplotlib.org/

RRID: SCR_008624
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All mice were maintained on a C57BL/6 background under specific pathogen-free (SPF) conditions in the animal facility of Tianjin 

University. Rag2− /− (Rag2-KO, Cat. No. C001324) mice were purchased from Jiangsu Cyagen Biosciences. SynIgh+ and Syn

Igh+Rag2− /− mice were generated as described below. Mice were housed under a 12 h light/dark cycle at 22 ± 2◦C and 50% ± 

5% relative humidity and were provided standard chow and water ad libitum. Equal numbers of male and female mice were used 

where applicable. Mice used in this study were experimentally naive before the procedures described here and were not subjected 

to previous procedures. All animal experiments were approved by the Institutional Animal Care Committee of Tianjin University 

(TJUE-2024-390).

Yeast strains

Saccharomyces cerevisiae strain BY4742 was used for SynIgh assembly experiments. SynIgh assembly strains were generated by 

transformation of the stabilizer plasmid and/or SynIgh assembly products as described in method details. Yeast was cultured under 

standard growth conditions at 30◦C.

Bacterial strains

Escherichia coli Stbl4 was used for cloning and maintenance of SynIgh constructs. SynIgh assembly strains were generated by trans

formation of assembly products into Stbl4 cells and were cultured under standard conditions at 30◦C with the appropriate antibiotics 

as described below.

METHOD DETAILS

Design and synthesis of SynIgh

The germline V, D, and J gene sequences used for SynIgh construction were selected based on population-matched allelic variants 

derived from the 1000 Genomes Project (May 2013 release).13 Gene nomenclature and sequence mapping were performed using 

IMGT/GENE-DB Version 3.1.34. We confirmed that the sequences and nomenclature for the selected 60 V, 31 D, and 13 J genes 

remain consistent across these versions. The explicit correspondence between SynIgh gene names, IMGT identifiers, and their 

nucleotide sequences is provided in Table S1. The SynIgh sequence is provided in Table S2.

The DNA fragments used for assembly were synthesized by Synbio Technologies (Tianjin). The Gibson method was used for DNA 

assembly. The assembled product was treated with Exonuclease V (NEB, M0345L) according to the manufacturer’s instructions to 

remove unassembled linearized fragments. The product was then mixed with 1 μL of 1 μg/μL yeast tRNA (Sigma‒Aldrich, R8508). 

Subsequently, ethanol precipitation was performed by adding 2–2.5 volumes of 100% ethanol and a 1/10 volume of 3 M sodium ac

etate (pH 4.8). After incubation at − 20◦C for 15 min, the sample was centrifuged at 14,000 × g for 10 min at 4◦C. The resulting pellet 

was washed once with 100 μL of 70% ethanol, air-dried, and resuspended in 5 μL of ultrapure water. The assembly products were 

then introduced into Stbl4 E. coli by electroporation via a MicroPulser Electroporator (Bio-Rad) according to the manufacturer’s in

structions. Plasmids were purified from bacterial cultures grown in Luria broth (LB) supplemented with the appropriate antibiotics 

(12.5 μg/mL chloramphenicol, 25 μg/mL kanamycin, 50 μg/mL carbenicillin, or 500 μg/mL hygromycin B).

Continued
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All yeast experiments were conducted with the BY4742 strain under standard media and growth conditions, whereas all E. coli 

experiments utilized the Stbl4 strain under standard media and growth conditions. Both yeast and bacteria were cultured at 

30◦C. Yeast transformations were performed using the lithium acetate method. For yeast colony PCR, a single Saccharomyces cer

evisiae colony was gently picked with a toothpick and transferred into 30 μL of 20 mM NaOH. The mixture was gently agitated to fully 

resuspend the colonies. This suspension was then lysed by boiling in a PCR machine at 99◦C for 5 min, followed by cooling to 4◦C for 

1 min, repeated three times. The resulting lysate was used directly as the template for PCR. PCR was performed using Vazyme 

2×Rapid Taq Master Mix (Vazyme, P222) according to the manufacturer’s instructions. The PCR products were separated on a 

1% agarose gel containing ethidium bromide, with a 2 kb Plus II DNA Ladder (Transgen-biotech, BM121-01) used as a molecular 

weight standard.

Pulsed-field gel electrophoresis

SynIgh assembly constructs were verified by digesting approximately 250–500 ng of plasmid DNA purified by alkaline lysis from 

small-scale (5–10 mL) saturated bacterial cultures with NotI-HF (New England Biolabs, R0189L). The digestion reactions were con

ducted at 37◦C for 1–2 h. The entire reaction mixture was then separated using the CHEF-DR system (Bio-Rad, 1703670) on a 1% 

Megabase Agarose gel (Bio-Rad, 1613108) in 0.5X TBE buffer. Electrophoresis was performed at 6 V/cm with ramped pulse times 

ranging from 1 to 25 s for 24 h at 14◦C. The MidRange PFG Marker (NEB, N0342S) was used as a molecular weight standard. After 

separation, the gels were stained in a 0.5 μg/mL ethidium bromide solution for 20–30 min, followed by destaining in water for 

20–30 min before imaging.

DNA-seq

For validation of the SynIgh assembly, constructs were extracted from yeast and E. coli using the QIAGEN Large-Construct Kit 

(QIAGEN, 12462) according to the manufacturer’s instructions. Approximately 100 ng of DNA was used for library construction 

with the NEBNext Ultra II FS DNA Library Prep Kit (E7805). DNA purification was performed using AMPure XP beads (Beckman 

Coulter, A63881) on a magnetic stand. Paired-end 150-bp sequencing was conducted on a NovaSeq 6000 (Illumina) sequencing 

platform.

Raw reads were processed using fastp (v0.23.4) for adapter trimming and quality filtering. Specifically, adapter trimming was 

enabled for paired-end reads, and reads were filtered using a Q30 criterion (Phred quality ≥30 for qualified bases; reads failing 

the Q30 filter after trimming were removed). Post-QC reads were aligned to the expected SynIgh reference sequence using minimap2 

(v2.28) in short-read mode (-ax sr). Alignments were coordinate-sorted and indexed, and per-base coverage profiles were computed 

using SAMtools (v1.20) (e.g., samtools sort/index followed by samtools depth; summary statistics such as mean/median depth were 

calculated from the depth output). These short-read alignments and coverage metrics were used to confirm sequence concordance 

and uniformity across the construct.

For nanopore long-read sequencing, assembly, and variant characterization. Construct DNA was extracted as above and 1 μg 

input DNA was used for Nanopore library preparation. High-molecular-weight DNA was mechanically fragmented by needle shearing 

prior to library construction with the Ligation Sequencing Kit V14 (Oxford Nanopore Technologies, SQK-LSK114). Sequencing was 

performed on a MinION device using an R10.4.1 flow cell, achieving approximately ∼1000× depth of coverage across the construct. 

Basecalling was performed using Dorado (v1.3.0) with the dna_r10.4.1_e8.2_400bps_sup@v5.2.0 model. Reads were filtered to 

retain Qscore ≥10 for downstream analyses. Long reads were assembled de novo using Flye (v1.3.1), and internal polishing was per

formed using three iterative polishing rounds (–iterations 3) to refine consensus contigs. Assembled contigs were aligned to the ex

pected reference using minimap2 in assembly-to-reference mode (-cx asm5 –cs) to obtain base-level difference strings. Sequence 

differences (substitutions/insertions/deletions and larger discrepancies) were parsed from the alignment output using custom scripts 

(see data and code availability) to generate the final set of construct variants and to verify overall sequence concordance (Table S3).

To identify piggyBac insertion junctions, Nanopore reads were scanned for internal terminal repeat (ITR) motifs using seqkit grep 

with strand-aware matching and mismatch tolerance (seqkit grep -j 32 -s -i -m 2 -f), using ITR-specific sequences: ITR5: ccctagaaa

gatagtctgcgtaaaattgacgcatg; ITR3-1: catgcgtcaattttacgcatgattatctttaacgtacgtcacaatatgattatctttctaggg; ITR3-2: cctcgatataca

gaccgataaaacac. Reads containing ITR sequence were extracted, and the internal ITR portion was trimmed to retain flanking 

genomic/construct sequence adjacent to the ITR boundary. The resulting flanks were mapped by BLAST against the appropriate 

reference sequence to determine the insertion locus and orientation, and integration sites were summarized across all supporting 

reads.

Generation of the SynIgh mouse model

SynIgh (174 kb) DNA was co-injected with PBase mRNA into C57/B6 zygotes. Founders were identified via PCR, and those verified to 

have all 30 correct PCR junctions were selected for WGS. For mouse whole-genome sequencing, high-molecular-weight DNA was 

extracted from mouse tail samples using the MagAttract HMW DNA Kit (QIAGEN, 67563). Libraries were prepared using the Ligation 

Sequencing Kit V14 (Nanopore, SQK-LSK114). Sequencing was performed on a PromethION system (Nanopore) using a 

PromethION Flow Cell R10.4.1, achieving ∼30x coverage per mouse. Mice with confirmed sequencing results were then mated 
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with wild-type (WT) mice to establish lines bearing single-copy transgenes. To construct SynIgh+Rag2− /− mice, SynIgh+ mice were 

bred with Rag2− /− mice to produce SynIgh+Rag2+/− offspring, which were then bred with Rag2− /− mice to produce homozygotes 

(SynIgh+Rag2− /− ).

Induction of mSCRaMbLE

Abscisic acid (ABA, MCE, HY-100560) was dissolved at a concentration of 40 mg/mL in a carrier solution containing 16.7% propane

diol (Sigma‒Aldrich, 82280), 22.5% PEG-400 (PEG-400, Sigma‒Aldrich, 91893), and 1.25% Tween 80 (Sigma‒Aldrich, P8074), 

which was then diluted in physiological saline. The solution was sonicated in a water bath to ensure complete dissolution. The 

drug was administered via intraperitoneal injection at a dosage of 200 mg/kg ABA. For mice aged 10–14 days (P10–14), 100 μL of 

the ABA solution was injected intraperitoneally once daily for five consecutive days. After the injections, the mice were maintained 

for an additional two weeks, after which their bone marrow were harvested for further analysis.

Bone marrow cell purification

For bone marrow VDJ-seq, single-cell suspensions were derived from the bone marrow of 4–6-week-old SynIgh+ mice and incubated 

in Red Blood Cell Lysing Buffer (Invitrogen, 00-4333-57) to deplete erythrocytes. For the detection of synthetic rearrangement in bone 

marrow pro-B cells, B220+ bone marrow pro-B cells were purified via FACS sorting (FACSAria III, BD Biosciences) from 4–6-week- 

old SynIgh+Rag2− /− mice using anti-B220–APC (1:1,000 dilution; eBioscience, 17-0452-83).

VDJ-seq

VDJ-seq analysis of the SynIgh locus was conducted as previously described50 with the following modifications. (1) genomic DNA 

was extracted from approximately 10 6̂ bone marrow cells using the Qiagen DNeasy Blood & Tissue Kit (QIAGEN, Cat. No. 69504), 

incorporating an RNase A treatment step to ensure purity. DNA quality was verified (A260/A280 ≈ 1.8) prior to library preparation. (2) 

Custom adapters (Table S4) were ligated to the fragmented DNA to enable absolute molecular counting and PCR error correction. 

Instead of physical shearing, DNA was enzymatically fragmented, end-repaired, and adapter-ligated in a single workflow using the 

NEBNext Ultra II FS DNA Library Prep Kit (NEB, E7805). Post-ligation purification was performed using 1X AMPure XP beads (Beck

man Coulter, A63881) to efficiently remove unligated adapters and small fragments. (3) Single-cycle primer extension using J-specific 

biotinylated primers. Adapter-ligated DNA was split into multiple 50-μL reactions (≤1 μg DNA per reaction). Primer extension was 

performed using a pooled set of outer JH reverse biotinylated primers and an exonuclease-deficient DNA polymerase. Extension 

was carried out with a single extension cycle using the following thermal program: 95◦C for 4 min; 59◦C for 5 min, 72◦C for 

15 min. Reactions were pooled and purified using a PCR purification column kit, and DNA was eluted in EB buffer. (4) Streptavidin 

capture and on-bead PCR amplification. Biotinylated primer-extension products were captured using Dynabeads MyOne Strepta

vidin T1 beads (Thermo Fisher Scientific, 65601). Beads were washed three times in 1× B&W buffer, resuspended in 2× B&W buffer, 

and incubated with the primer-extended DNA overnight at room temperature with rotation. Beads were then magnetically separated, 

and the bound products were washed twice with 1× B&W buffer and once with EB buffer before resuspension in EB buffer. PCR was 

performed directly on the beads using nested JH-specific primers and an adapter-targeting primer; Illumina flow-cell binding se

quences and multiplex indices were incorporated using Illumina indexing primers in the final PCR step (15 cycles). After amplification, 

libraries were purified and size-selected using AMPure XP beads to remove residual primer-dimers and to retain fragments >400 bp 

(bead-based size selection). (5) Libraries were quantified using a Qubit fluorometer, and fragment size distribution was assessed on 

an Agilent 2100 Bioanalyzer. Libraries showed a predominant size range of 200–1,000 bp with no prominent primer-dimer peak. 

Paired-end 250-bp sequencing was performed on an Illumina NovaSeq 6000 platform.

Raw sequencing data were demultiplexed, adapter-trimmed, and quality-filtered (>Q30). Alignment and clone assembly were per

formed using MiXCR (v4.7.0) against a custom reference library containing all SynIgh V, D, and J genes. The analysis utilized the 

generic-amplicon preset with the following parameters: –library custom.json –species humouse –dna –floating-left-alignment- 

boundary –floating-right-alignment-boundary J. Clonotypes were assembled based on the region spanning CDR1 to CDR3 using 

the parameter -OassemblingFeatures = ’’[CDR1+FR2+CDR2+FR3+CDR3]’’, with a minimum sequence length cutoff of 200 bp (-Omi

nimalClonalSequenceLength = 200). Final clonotype data, including gene hits (vHit, dHit, jHit), family usage, and productivity status 

(isProductive, isOOF, hasStops), were exported for downstream analysis. The utilization of each gene along with the dimensionality 

reduction of VDJ products was analyzed using a custom pipeline (see data and code availability statement).

mSCRaMbLE-seq

Purified pro-B cells from 4 SynIgh+Rag2− /− mice were pooled together for mSCRaMbLE-seq experiment. To achieve higher 

coverage and unbiased identification of mSCRaMbLE rearrangement types, we modified the LAM-HTGTS-seq54 method and adapt

ed it for Nanopore long-read sequencing. The steps were as follows: (1) Genomic DNA was extracted from pooled pro-B cells using 

the MagAttract HMW DNA Kit (QIAGEN, Cat. No. 67563) following the manufacturer’s high-molecular-weight protocol. (2) Linear 

amplification. Junction-containing DNA sequences were enriched via a single cycle of Linear Amplification-Mediated PCR (LAM- 

PCR). A 5′-biotinylated primer targeting the SynIgh V-region and carrying Adapter 1 at the 5′ end was utilized (Table S5). The reaction 

was performed using KOD One PCR Master Mix (Toyobo, Cat. No. KMM-101) with the following thermal profile: denaturation at 98◦C 

for 10 min, followed by a long annealing and extension step at 68◦C for 10 min. Post-reaction, the products were purified using 0.5X 
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AMPure XP beads (Beckman Coulter) to remove excess primers and small fragments. The purified DNA was then heat-denatured at 

95◦C for 5 min and immediately snap-cooled on ice to generate single-stranded DNA (ssDNA) for capture. (3) Streptavidin bead cap

ture. Biotinylated LAM-PCR products were captured using Dynabeads MyOne Streptavidin C1 (Life Technologies) according to the 

manufacturer’s recommendations. DNA–bead complexes were washed extensively with 1× Binding & Washing (B&W) buffer (1 M 

NaCl, 5 mM Tris-HCl, 0.5 mM EDTA) to remove unbound DNA and residual reagents. (4) On-Bead Ligation: While bound to beads, 

Adapter 2 was ligated to the captured DNA using T4 DNA Ligase under standard ligation conditions. Beads were washed following 

ligation to remove free adapters and enzymes. (5) The adapter-ligated templates were amplified using primers targeting Adapter 1 

and Adapter 2 for 20 PCR cycles. Subsequently, the amplicons were size-selected to enrich for fragments larger than 2 kb.

High–molecular weight genomic DNA was prepared using the Ligation Sequencing Kit V14 (Oxford Nanopore Technologies; SQK- 

LSK114) according to the manufacturer’s instructions. Sequencing was performed on a PromethION 2 Solo instrument using 

PromethION R10.4.1 flow cells. Basecalled FASTQ reads with a mean quality score >10 were retained for downstream analyses.

A custom computational pipeline was used to reconstruct and classify mSCRaMbLE-seq data (see data and code availability). The 

workflow consisted of four key steps: (1) Anchor scanning and subsequence extraction. Reads were scanned for a anchor motif 

(loxPsym, ATAACTTCGTATAATGTACATTATACGAAGTTAT) using sliding-window matching allowing up to six mismatches. Inter-an

chor subsequences were extracted (anchors excluded) with base qualities retained, and labeled by parent read ID and start/end co

ordinates. (2) Mapping to a block reference. SynIgh V units were split into individual blocks to build block60.fasta. Subsequences 

were mapped to block60.fasta using minimap2 (-ax map-ont), and SAM files were generated for downstream parsing. (3) Trajectory 

reconstruction and filtering. The primary alignment per subsequence was retained. Subsequences were aggregated to parent reads, 

ordered by subsequence start coordinate, and concatenated into signed block trajectories (±block index). Reads with unmapped 

segments were removed, and only trajectories spanning ≥2 V units per read were kept. (4) Junction classification. Signed segments 

were parsed and analyzed as adjacent pairs (window size 2). Pairs were classified as unchanged (same sign, adjacent indices), Del 

(same sign, non-adjacent indices), or Inv (opposite signs, different indices).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise indicated, data are presented as mean ± s.e.m. The exact n, the definition of n, and the statistical details for each 

experiment are provided in the figure legends and below. Biological replicates refer to independent mice or independently analyzed 

colonies, as specified. No statistical methods were used to predetermine sample size. Data collection and analysis were not per

formed blind to the conditions of the experiments.

For yeast assembly fidelity assays (Figure 2H), data are represented as means ± s.e.m. (n = 10 biological replicates for wild-type; 

n = 4 biological replicates for stabilizer constructs). Figure 3: VDJ-seq analysis was performed on bone marrow cells from n = 4 in

dependent SynIgh mice. Figure 4: For mSCRaMbLE-seq analysis, purified pro-B cells from n = 4 SynIgh+Rag2− /− mice were pooled 

to generate a representative library. Figure 5: VDJ repertoire analysis compared SynIgh+ mice (n = 4) and SynIgh++mSCRaMbLE 

mice (n = 7).

The Pearson correlation coefficient (PCC) was calculated using the scipy.stats.pearsonr71 function to quantify the similarity of V 

gene utilization between individual mice or groups (Figures 3F and 5D). Principal Component Analysis (PCA) was performed using 

the sklearn.decomposition.PCA72 module to visualize the divergence of VDJ recombination product repertoires based on gene us

age type and frequency (Figure 5E). UMAP analysis was performed using the umap-learn package69 (v0.5.6) for dimensionality reduc

tion of VDJ products.
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