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Abstract

The recombination-activating gene (RAG) complex initiates adaptive immunity by catalyzing V(D)J recombination to
generate diverse antigen receptors. While the catalytic function of the RAG core is well defined, its regulatory
interactions and physiological roles remain poorly understood due to limited knowledge of RAG-associated proteins.
The RAG complex forms a heterotetramer of two RAG1 and RAG2 subunits, yet the individual contributions of each
subunit remain unclear. Here, we use TurbolD-mediated proximity labelling to map the human RAG interactome. By
fusing TurbolD to RAG1 or RAG2, we identify 88 RAG1- and 146 RAG2-associated proteins, with only 23 shared
proteins, indicating distinct sets of proximal proteins. Although RAG1 and RAG2 are thought to exert their physio-
logical functions by forming a complex, they display distinct potential interaction networks, suggesting subunit-
specific functions and revealing their spatial proximity to each subunit. These findings uncover distinct RAG1 and

RAG2 interaction landscapes and establish a framework for exploring broader RAG functions in immunity.
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Introduction

The recombination-activating gene (RAG) complex is a core
component of the adaptive immune system, playing a pivotal role
in generating antigen receptor diversity [1-3]. RAG specifically
recognizes recombination signal sequences (RSS) that flank
variable (V), diversity (D), and joining (J) gene segments in
immunoglobulin (Ig) and T-cell receptor (TCR) loci [2-4]. It
catalyzes site-specific DNA cleavage at RSS-coding sequence
junctions, producing double-strand breaks (DSBs) that initiate V
(D)J recombination and enable the assembly of a diverse antigen
receptor repertoire [3,5] (Supplementary Figure S1). Evolutionary
and biochemical analyses suggest that RAG originates from a
transposon-encoded transposase capable of cut-and-paste transpo-
sition of mobile genetic elements [6-12]. In jawed vertebrates, this
function became increasingly specialized: while RAG lost its
transposase activity, it retained DNA endonuclease activity—a shift
likely reflecting co-evolution with the host genome and the
emergence of a more tightly-regulated immune repertoire
[11,13,14]. Despite decades of investigation into the enzymatic

and structural properties of RAG, its regulation within the complex
cellular environment remains poorly understood [15,16]. This gap
limits our understanding of RAG’s broader biological roles,
especially in humans, including how its activity is modulated in
different contexts and whether it may participate in functions
beyond V(D)J recombination.

Beyond its catalytic activity, RAG interacts with various host
factors to coordinate its function with subsequent DNA repair. For
instance, RAG binds to modified histones, influencing chromatin
accessibility during V(D)J recombination [17-20]. The RING
domain of RAG1 also functions as an E3 ubiquitin ligase, thereby
mediating histone ubiquitination and modulating chromatin dy-
namics [21-24]. Additionally, RAG1 interacts with Vpr-binding
protein (VprBP; also known as DCAF1, DDB1- and CUL4-associated
factor 1), which targets RAG1 for ubiquitin-mediated degradation,
thereby controlling the levels of V(D)J recombination activity under
physiological conditions [25,26]. RAG has also been reported to
associate with Ku70, a key factor in the non-homologous end
joining (NHEJ) DNA repair pathway, to promote efficient DSB
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repair during V(D)J recombination [27]. While these studies have
identified individual RAG-associated factors, the full extent of the
RAG interaction network remains elusive. This is likely due to the
transient and dynamic nature of many RAG interactions that are
hard to capture with conventional biochemical approaches. As a
result, comprehensive mapping of the RAG interactome is still
lacking.

Proximity labelling techniques such as BioID (proximity-depen-
dent biotin identification) have emerged as powerful tools for
investigating intracellular protein-protein interactions, particularly
those that are transient or difficult to capture by conventional
methods [28,29]. Ryan et al. [30] used a biotin ligase (BirM) fused to
the N-terminus of murine RAG1 to map RAG-associated proteins,
uncovering a complex and dynamic interaction network. However,
such work focused on mouse RAG, and the relatively low catalytic
efficiency of BirM constrained its ability to label low-affinity or
short-lived interactions, thus limiting the completeness of the
resulting interactome. To overcome these limitations, we utilized
TurbolD (highly active, engineered biotin ligase) that enables rapid
and efficient protein labelling in living cells [31,32].

Structural studies have shown that the RAG complex assembles
as a heterotetramer, with RAG2 positioned atop the catalytic RAG1
dimer, which forms the central scaffold of the complex [33]. Given
this spatial arrangement, fusing a biotin ligase exclusively to RAG1
may fail to label interactors associated with more distal regions—
particularly those in proximity to RAG2. In addition, a fraction of
RAG2 exists in a free state in vivo, and interactors associated with
this free pool would also absolutely escape detection by a RAG1-
fusion BioID approach [34,35]. To achieve a more comprehensive
interactome map, we independently fused TurbolD to the N-termini
of human RAGI and RAG2. This strategy allowed efficient
biotinylation of proximal proteins and revealed striking differences
in the interaction networks of RAG1 versus RAG2.

Previous studies of the RAG interactome have primarily focused
on mouse models, and information on human RAG-interacting
proteins remains sparse. Here, we employed human RAG proteins
and a human cell line to more accurately define the human RAG
interactome. This human-specific approach provides valuable
insights into RAG interactions in our species and will facilitate
comparisons between human and mouse RAG proteins in the
future.

Functional enrichment analysis of the identified interactors
suggests that RAG1 and RAG2 may play distinct regulatory roles.
Together, these findings uncover subunit-specific interaction
profiles for human RAG1 and RAG2, highlighting previously
underappreciated regulatory dimensions of the RAG complex and
providing a conceptual framework for dissecting its multifaceted
roles in adaptive immunity.

Materials and Methods

Plasmids and constructs

All plasmids used in this study are summarized in Supplementary
Table S1. Human RAG1 and RAG2 coding sequences were amplified
by PCR from the cDNA pool derived from HEK293T cells. For biotin-
based proximity labelling experiments, the TurboID gene obtained
from Addgene (Watertown, USA) was cloned at the N-terminus of
either RAG1 or RAG2. Each TurboID-fused construct was co-
expressed with its complementary RAG subunit in the mammalian
expression vector pTTS (a gift from Schatz Lab) with the two genes
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separated by an internal ribosome entry site (IRES), thereby
allowing for coordinated bicistronic expression. To facilitate
detection, an HA epitope tag was appended to the C-terminus of
the TurboID-RAGI fusion protein for western blot analysis. For GST
or MBP pull-down assays, coding sequences of candidate RAG-
interacting proteins—including KPNA3 (Karyopherin Subunit Al-
pha 3), NUP37 (Nucleoporin 37), and NUP133—were amplified
from the HEK293T cDNA pool and cloned and inserted into the
pTT5 vector with an N-terminal GST tag. The cDNA encoding
human VprBP was cloned and inserted into the pEBB vector with an
N-terminal HA tag. Full-length RAG1 and RAG2 were also cloned
and inserted into pTTS, each fused with an N-terminal maltose-
binding protein (MBP) tag to enable affinity purification and
subsequent protein-protein interaction assays.

Western blot analysis

Forty-eight hours after transfection with the expression vectors,
HEK293T cells were harvested and lysed on ice in buffer containing
50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% NP-40, and a protease
inhibitor cocktail. To ensure thorough disruption, the lysates were
subjected to brief sonication and then centrifuged at high speed to
remove insoluble debris. The resulting supernatants were mixed
with SDS loading buffer, boiled, and separated by SDS-PAGE.
Proteins were transferred onto PVDF membranes (IPVH00010;
Merck Millipore, Darmstadt, Germany) and probed with the
indicated primary antibodies, including anti-HA (3724S; Cell
Signaling Technology, Danvers, USA), anti-RAG2 (a gift from
Schatz Lab), anti-GST (66001-2-1g; Proteintech, Wuhan, China),
anti-MBP (M20051; Abmart, Shanghai, China), and anti-B-actin
(P30002; Abmart). For protein level detection, HRP-conjugated
secondary antibodies, goat anti-rabbit IgG (21002; Sangon Biotech,
Shanghai, China) and goat anti-mouse IgG (M21001; Abmart), were
used. Streptavidin-HRP conjugate (B110053; Sangon Biotech) was
employed to detect biotinylated proteins. Chemiluminescent signals
were visualized using standard ECL reagents (36208ES; Yeasen,
Shanghai, China). All antibodies utilized are detailed in Supple-
mentary Table S2.

In vivo GST pull-down assays
For in vivo GST pull-down assays, HEK293T cells (a gift from Hu
Lab) were co-transfected with expression plasmids encoding MBP-
tagged RAG1/2 and GST-tagged target proteins according to the
experimental design. After 48 h, the cells were harvested and lysed
on ice for 30 min in lysis buffer containing 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1% NP-40, and a protease inhibitor cocktail. Lysates
were clarified by centrifugation at 16,500 g for 20 min at 4°C to
remove insoluble debris. The resulting supernatants were incubated
with glutathione agarose beads (SA008025; Smart-lifesciences,
Changzhou, China) at 4°C for 2 h with gentle rotation to capture
GST-tagged proteins and their interacting partners. After incuba-
tion, the beads were washed three times with lysis buffer to
eliminate non-specific binding. Bound proteins were eluted by
boiling the beads in SDS loading buffer for 5 min. Eluted samples
were analyzed by SDS-PAGE and western blot analysis to evaluate
interactions between RAG proteins and the candidate binding
partners.

For MBP pull-down assays, an identical procedure was followed,
except that dextrin beads (SA077025; Smart-lifesciences) were used
to enrich MBP-tagged proteins and their interacting partners.
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Cell culture and transfection

HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, 10027CV; Corning, New York, USA) supplemen-
ted with 15% fetal bovine serum (FSS500; ExCell Bio, Shanghai,
China) and 1% penicillin-streptomycin-glutamine (10378016;
Thermo Fisher Scientific, Waltham, USA) at 37°C in a humidified
atmosphere containing 5% CO,. Plasmid transfection was per-
formed using PEI-MAX transfection reagent (24765; Polysciences,
Warrington, USA) at a plasmid to polyethylenimine (PEI) ratio of
1:3 (w/w). Six hours after transfection, the culture medium was
replaced by fresh medium. Expi293F cells (A14527; Thermo Fisher
Scientific) were cultured in serum-free medium (P82019; OPM
Biosciences, Pleasanton, USA) at 37°C in a humidified incubator
with 8% CO, and constantly rotated at 120 rpm. For transfection,
PEI-MAX was used at a plasmid-to-PEI ratio of 1:3, with 1-2 pg of
plasmid DNA added per milliliter of culture volume.

In vivo recombination assay

RAG1 and RAG2 co-expression plasmid (2 pug each) or MBP-control
plasmid (2 pg) were co-transfected with 2 pg of the p290GFP (a gift
from Schatz Lab) reporter plasmid into HEK293T cells using PEI-
MAX. Six hours after transfection, the culture medium was replaced
by fresh medium. Cells were collected 48 h post-transfection,
washed twice with PBS containing 1% FBS, and stained with 4',6-
diamidino-2-phenylindole (DAPI) at room temperature for 20 min.
The percentage of GFP-positive cells was measured on a CytoFLEX S
flow cytometer (Beckman Coulter, Brea, USA) using the FITC
channel, and data were analyzed with FlowJo v10.8.1 (Supplemen-
tary Figure S2).

Biotin ligation assay

For biotin-based proximity labelling, HEK293T cells were trans-
fected with one of the following plasmids: pTT5-TurboID-hRAG1-
HA-IRES-hRAG2, pTTS5-hRAG1-HA-IRES-TurboIlD-hRAG2, or
pTT5-TurboID-HA. Thirty-six hours post-transfection, the culture
medium was replaced by fresh medium containing 50 uM D-biotin
(A100340; Sangon Biotech), and the cells were incubated at 37°C
for 15 min to allow biotin labelling. The labelling reaction was
terminated by placing the cells on ice, followed by two washes with
pre-chilled PBS.

Cells were lysed in 4.5 mL of cold lysis buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 8 M urea, 1% Triton X-100, and protease
inhibitor cocktail) on ice for 20 min. Lysates were further disrupted
by three cycles of sonication (5 s per cycle) and then centrifuged at
16,500 g for 15 min at 4°C. The supernatant was collected, and the
residual lysate was incubated with 200 uL of gelatin beads
(SA054005; Smart-lifesciences) at 4°C for 2 h to remove potential
fibronectin interference. After centrifugation, the supernatant was
collected for downstream enrichment.

Cleared lysates were incubated with streptavidin magarose beads
(SM007005; Smart-lifesciences) at 4°C for 2 h with gentle rotation to
capture biotin-labelled proteins. The beads were washed three
times at room temperature with lysis buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, and 8 M urea) under gentle shaking to remove
non-specifically bound proteins. On-bead trypsin (20233; Thermo
Fisher Scientific) digestion was performed to release bound
proteins. The resulting peptides were desalted and purified using
Pierce C18 Spin Tips (84850; Thermo Fisher Scientific) and then
reconstituted in 0.1% formic acid prior to analysis. Western blot

analysis was used to validate the biotinylation efficiency.

Mass spectrometry and protein identification

Peptides from the on-beads trypsin digestion were analyzed using
an Easy-nLC 1200 system coupled to a Q Exactive Plus Orbitrap
mass spectrometer (Thermo Fisher Scientific). Prior to analysis,
peptides were separated on a C18 reversed-phase analytical column
(75 pm x 20 cm, 3 um particle size) using a linear gradient at a flow
rate of 300 nL/min. Mobile phase A consisted of 99.9% H,0 with
0.1% formic acid, and mobile phase B consisted of 80% acetonitrile
with 0.1% formic acid. The elution gradient was performed as
follows: 0-3 min, 2%-6% B; 3-92 min, 6%-20% B; 92%-107 min,
20%-32% B; 107-108 min, 32%-100% B; and 108-120 min, 100%
B. The mass spectrometer was operated in positive electrospray
ionization (ESI+) mode using a data-dependent acquisition (DDA)
strategy. Full MS scans were acquired in the Orbitrap with a
resolution of 70,000 over an m/z range of 350-1800 (AGC target:
3e6). The top 20 most intense precursor ions (charge state = +1)
were selected for higher-energy collisional dissociation (HCD)
fragmentation with a normalized collision energy (NCE) of 28.0.
MS/MS scans were acquired in the Orbitrap at a resolution of 17,500
(AGC target: 1e5). The maximum injection times were set to 50 ms
for MS1 scans and 45 ms for MS2 scans. Dynamic exclusion was
enabled with a duration of 30s. The capillary temperature was
275°C, and the spray voltage was set to 1800 V.

Raw data were processed using Proteome Discoverer software
(version 3.0; Thermo Fisher Scientific). Spectra were searched
against the human UniProt database using the following para-
meters: precursor mass tolerance of 10 ppm, fragment mass
tolerance of 0.020 Da, and trypsin as the digestion enzyme with
up to two missed cleavages allowed. Carbamidomethylation of
cysteine was set as a fixed modification, while variable modifica-
tions included methionine oxidation, asparagine/glutamine deami-
dation, N-terminal acetylation (+42.011 Da), methionine loss
(-131.040 Da), and methionine loss with N-terminal acetylation
(-89.030 Da). Both peptide- and protein-level false discovery rates
(FDRs) were controlled at < 1%. For label-free quantification, the
Top3 approach was used based on the intensity of the top three
unique peptides for each protein. Protein abundances were
normalized using a protein abundance-based normalization meth-
od. Statistical analysis of quantitative differences was performed
using ANOVA at the individual protein level.

Heat-map generation

To visualize the expression patterns of RAG-interacting genes
across various human and murine immune cell types, we performed
the following analyses using R (version 4.4) with Bioconductor
packages celldex, SummarizedExperiment, and ComplexHeatmap.
Two publicly available reference transcriptome datasets were
retrieved from the celldex package: HumanPrimaryCellAtlasData
(HPCA, representing 37 human primary cell types, including
immune and non-immune cells) and ImmGenData (representing
murine immune cell populations from the Immunological Genome
Project).

The log-normalized expression matrices (logcounts) were ex-
tracted from both datasets, with genes as rows and samples as
columns. Cell type annotations were accessed via the “label.fine”
metadata field.

For the HPCA dataset, we selected the following immune cell
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subtypes: progenitor B cells, immature B cells, naive B cells, plasma
B cells, natural killer cells, dendritic cells and monocytes. For the
ImmGen dataset, we selected T-cell subsets spanning early thymic
development and peripheral differentiation, including double-
negative T cells (T.DN1-T.DN4), double-positive T cells (T.DP),
regulatory T cells (T.Tregs), effector T cells (T.EFF), and memory T
cells (T.MEM).

For each selected subtype, the average gene expression value was
calculated across all samples within that subtype using the
rowMeans() function, resulting in a summarized expression profile
per subtype. To normalize gene expression values across different
cell types, Z score transformation was applied on a per-row basis. Z-
score-normalized matrices were visualized using the Complex-
Heatmap package. A diverging color gradient (blue-white-red) was
used to represent low-to-high relative expression levels of each
gene.

Data analysis

Proteins identified in the TurboID proximity labelling experiments
were quantified, and fold change (FC) values were calculated
relative to the corresponding control groups. For downstream
enrichment analyses, proteins with a fold change greater than 4
(FC > 4) and P value < 0.05 were considered significantly enriched.
In addition, proteins detected exclusively in the experimental groups
—defined as being present in at least two out of three biological
replicates but absent in controls—were included as specifically
enriched interactors.

The total set of RAG1- and RAG2-enriched proteins (211) was
compared with the transcription profiles of bone marrow-derived
human pro-B cells (GSE115655) to confirm that the interactome
proteins are present under the physiological conditions in which
RAG1 and RAG2 are expressed. Additionally, to assess expression in
T cells, we utilized single-cell RNA-seq data from human thymic T-
cell development obtained from ArrayExpress (accession number:
E-MTAB-8581), specifically examining expression at the double-
positive (DP) thymocyte stage.

STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins) analysis and UniProt keyword enrichment analysis were
conducted using the built-in enrichment analysis tool available on
STRING (v12.0) at https://string-db.org, with the STRING database
used as the reference background.

Gene Ontology (GO) enrichment analyses for RAG1- and RAG2-
associated proteins were independently performed using the
clusterProfiler R package (v4.12) [36,37]. In the enrichment
analysis, false discovery rate (FDR) values were calculated using
the Benjamini-Hochberg correction method to adjust for multiple
hypothesis testing. GO terms with a P value < 0.05 and an FDR < 0.2
were considered statistically significant in this study. Visualization
of the enrichment results was carried out using the ggplot2 R
package [38] in R 4.4.

Results

Structural analysis of the RAG complex and the biotin
ligase fusion design

The RAG complex forms an ~ 357 kDa heterotetramer composed of
two RAG1 and two RAG2 subunits, each containing multiple
functional domains connected by flexible peptide linkers (Figure
1A). RAGI residues 384-1008 and RAG2 residues 1-352 constitute
the tightly associated catalytic core, which adopts an approximately
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110 x 85 x 140 A structure as resolved by previous studies (Figure
1B). In this architecture, the RAG1 subunits form a central
homodimer that serves as the scaffold, while the two RAG2
subunits occupy the “upper surface” of the complex. The N-termini
of RAG1 face downwards, and substantial portions of both proteins
—outside the catalytic core—occupy the “lower surface” of the
complex [3,33,39,40] (Figure 1B).

Given BiolD’s effective labelling radius of ~10-20 nm [41,42],
fusion of biotin ligase only on the RAG1 or RAG2 N-termini likely
restricted labelling to a subset of nearby proteins and under-
represented interactors associated with distal RAG2 or distal regions
of RAG1 (Figure 1C). Compounding this spatial limitation, BirM’s
relatively low enzymatic activity required extended labelling time
(~ 24 h), reducing its capacity to tag weak or transient interactors
[43]. These structural and enzymatic constraints together highlight
the need for a more effective proximity labelling strategy to achieve
comprehensive mapping of RAG-associated proteins, covering both
the “upper region” and “lower region”.

Subunit-resolved proximity labelling reveals differential
biotinylation patterns

TurboID is a highly efficient engineered biotin ligase with
significantly enhanced catalytic activity, at least an order of
magnitude higher than that of BirM. It enables rapid and efficient
proximity-dependent biotinylation of nearby proteins in living cells
[31]. To achieve broader and more representative coverage of the
RAG interactome, we constructed expression vectors encoding full-
length human RAG1 or RAG2 with TurbolD fused at their N-termini
(Figure 2A).

HEK293T cells were transiently transfected with either TurbolID-
RAG1 (co-expressing untagged RAG2) or TurboID-RAG2 (co-
expressing untagged RAG1) to allow independent profiling of
RAGI1- and RAG2-proximal interactors in the RAG complex (Figure
2B). Western blot analysis confirmed stable expression of both
fusion proteins, and in vivo recombination assays demonstrated
that TurboID fusion retained the catalytic activity of the RAG
complex (Figure 2C,D and Supplementary Figure S2). Remarkably,
a brief 15-min biotin pulse was sufficient to achieve robust labelling
of RAG-associated proteins from whole-cell lysates, underscoring
the superior enzymatic efficiency of TurboID (Figure 2E). Moreover,
distinct banding patterns observed in streptavidin blotting sug-
gested divergent interaction profiles between the two subunits
(Figure 2E). These observations highlight the impact of tag
positioning and subunit context on proximity labelling outcomes
of RAG1 vs RAG2 and reinforce the value of a spatially differentiated
fusion strategy for dissecting subunit-specific interactomes within
multiprotein complexes.

Identification of RAG1- and RAG2-associated proteins

Biotinylated proteins were enriched using streptavidin magnetic
beads, extensively washed, and digested on-bead with trypsin as
described previously [42]. The resulting peptides were analyzed by
LC-MS/MS (Figure 3A). From three independent biological repli-
cates, we identified 29 significantly enriched proteins in the
TurboID-RAG1 samples and 82 in the TurboID-RAG2 samples
(Figure 3B). An additional 59 proteins in the RAG1 group and 66 in
the RAG2 group were detected exclusively in TurboID-tagged RAG
samples but not in controls (Figure 3C). Given that RAG is typically
expressed in B and T lymphocytes, we compared the RAG1- and
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primarily labels the lower region of the RAG complex, whereas TurbolD-RAG2 shows labelling coverage predominantly in the upper region.
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RAG2-enriched interactomes with transcriptome profiles of both
human B and T cells [44]. All identified interactome proteins were
expressed in B cells, suggesting that the interactome is relevant in a
physiological context. To further assess their significance in T cells,
we examined a published single-cell RNA-seq atlas of human
thymic T-cell development [45], focusing on the double-positive
(DP) thymocyte stage, which is characterized by peak RAG
expression. Notably, all 88 RAG1-associated proteins and 146 of
148 RAG2-associated proteins were confirmed to be expressed in
the relevant primary lymphocyte populations (Figure 3D,E). In both
progenitor (pro) B cells and double-positive (DP) T cells, the
expression levels of proteins identified in the RAG1 or RAG2
interactomes were significantly higher than the average transcrip-
tional level across all thymocyte-expressed genes. We further

analyzed the expression levels of these identified interacting
proteins in RAG-expressing immune cells, namely, pro-B cells and
DN/DP-T cells, relative to other B and T lineage populations and
selected native immune cell types. The results revealed a
pronounced stronger enrichment of RAG interactors in pro-B and
DN/DP-T cells (Supplementary Figures S3 and S4). This finding
reinforces the biological relevance of the identified interactomes
across both major RAG-expressing lymphocyte lineages.
Comparison of RAG1 and RAG2 interactomes revealed that only
23 proteins were common to both datasets—representing ~ 26.1%
of the RAGI interactome and ~15.8% of the RAG2 interactome
(Figure 4A). This limited overlap indicates that RAG1 and RAG2
engage in largely distinct sets of protein partners, underscoring the
formation of subunit-specific regulatory clusters and reinforcing the
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Figure 3. Identification of RAG1- and RAG2-interacting proteins

(A) Schematic overview of the experimental workflow for the identification of

RAG1/2 interactomes. Constructs expressing TurbolD alone or TurbolD fused to either RAG1 or RAG2 in complex with their respective binding
partner were transfected into HEK293T cells. Following biotin incubation, cells were lysed, and biotinylated proteins were enriched using
streptavidin beads. The captured proteins were subjected to on-bead digestion, followed by label-free quantitative proteomics using LC-MS/MS to
identify proximity-labelled proteins. (B) Volcano plots showing biotinylated proteins enriched in TurbolD-RAG1&RAG2 (left) and RAG1&TurbolD-
RAG2 (right) samples. Each protein is plotted based on its fold change (RAG/TurbolD) and the two-tailed t test P value. Proteins with a fold change
>4 and Pvalue < 0.05 are considered significantly enriched (highlighted in pink). Proteins selected for pull-down validation are marked with black
circles; these and their interacting partners were analyzed using the STRING database, with those interactors also detected by mass spectrometry
highlighted in yellow circles. RAG1 and RAG2 were enriched in 29 and 82 significantly differentially expressed proteins, respectively. (C) RAG-
specific interacting proteins. Fifty-nine proteins were exclusively identified in RAG1 samples and 66 in RAG2 samples, with no detection in the
TurbolD control, highlighting their specific association with RAG1 or RAG2. KPNA3 and VPRBP are the proteins in the RAG1 interactome that were
further investigated in this study. (D) Left: Venn diagram showing the intersection of proteins identified from RAG1 and RAG2 interactomes in this
study with published pro-B-cell RNA-seq data. Right: Comparative expression analysis of RAG1 and RAG2 interactome proteins in pro-B-cell RNA-
seq data. Proteins identified by TbID in HEK293 cells show significantly higher expression than the transcriptome-wide average in B cells. (E) Same
analysis as in panel (D), performed using single-cell T-cell RNA-seq datasets. Proteins from the RAG1 and RAG2 interactomes show higher
expression relative to the transcriptome-wide baseline in T cells.
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view that RAG1 and RAG2 play spatially and functionally distinct
roles within the RAG complex.

To further characterize the RAG1 and RAG2 interactomes, we
performed STRING network analysis using all significantly enriched
proteins—88 for RAG1 and 146 for RAG2 (Figure 4B,C and
Supplementary Table S3). Both RAG1 and RAG2 showed distinct
interaction profiles, with substantial subsets of their associated
proteins clustering into functionally related groups. This suggests
that the identified interactors are not randomly distributed but are
instead enriched in a series of related biological pathways. Indeed,
this pattern was further underscored by the results of UniProt
keyword enrichment analyses (Supplementary Figure S5). Consis-
tent with previous reports, we found that RAG is closely associated
with ubiquitination-related functions, which aligns with prior
findings that RAG interacts with VprBP (an E3 ubiquitin ligase
receptor) [26,46]. Notably, VprBP-related proteins were also
identified among the RAG1-interacting proteins in our study (Figure
4D). In addition, earlier reports demonstrated that KPNA1 can serve
as a substrate for RAG1’s E3 ligase activity and undergo
ubiquitination [47]. Although the absence of KPNA1 and KPNA2
—importins previously shown to mediate RAG nuclear import [48]
—our analysis identified KPNA3, a close homologue, along with
several of its associated proteins (Figure 4E). Moreover, in vivo GST
pull-down assays demonstrated robust interactions between the
hRAG proteins and both VprBP and KPNA3 (Figure 4D,E). To
further validate the specificity of RAG1- and RAG2-associated
interactors, we selected KPNA3 and NAA40 as representative
candidates and examined their interactions with RAG1 and RAG2
using in vivo pull-down assays. In the proteomic analysis, KPNA3
was specifically enriched in the RAG1 interactome, whereas NAA40
was specifically enriched in the RAG2 interactome, and both
proteins exhibited clear subunit selectivity. In the in vivo GST pull-
down assays, GST-KPNA3 specifically co-precipitated MBP-RAG1
but not MBP-RAG2; conversely, GST-NAA40 co-precipitated MBP-
RAG2 but not MBP-RAG1. These results demonstrate the strong
selectivity of the identified interactors for their respective subunits,
providing experimental evidence that RAG1 and RAG2 engage
distinct and at least partial non-overlapping interaction networks in
cells (Supplementary Figure S6).

Functional divergence of RAG1 and RAG2 interactomes
To delineate the functional differences in detail between RAG1 and
RAG?2 interactomes, we performed Gene Ontology (GO) enrichment
analyses across cellular component (CC), biological process (BP),
and molecular function (MF) categories. In CC, RAG1- and RAG2-
associated proteins shared only one top term—“transcription
regulator complex”—indicating the potential involvement of both
subunits in transcriptional regulation (Figure 5A,B). RAG1 inter-
actors were enriched for transcriptional regulators and membrane
trafficking components (e.g., histone methyltransferase complex,
RNA polymerase II complex, COPI vesicle coat), whereas RAG2
interactors were linked predominantly to chromatin structure,
transcriptional machinery, and nuclear functions (e.g., condensed
chromosome, DNA polymerase complex) (Figure 5A,B). Relaxing
the threshold (P.adjust < 0.2) modestly increased overlap (to ~40%
for RAG1 and ~30% for RAG2) (Figure 5C and Supplementary
Table S4). However, many terms remained unique, highlighting
distinct spatial and functional specialization.

For biological process (BP) terms, RAGl-associated proteins

showed enrichment for rRNA-related processes and G1/S cell cycle
regulators (e.g., POLA1, TFDPI1, and RB1), consistent with the
restriction of RAG activity to the G1 phase (Figure 5D). In contrast,
RAG2 interactors were enriched for processes related to DNA
recombination and repair, nucleocytoplasmic transport, and his-
tone modification (Figure 5E). Even at relaxed thresholds, overlap
remained very limited (to ~33% for RAG1 and ~11% for RAG2),
underscoring their functional divergence (Figure 5F and Supple-
mentary Table S4).

For Molecular Function (MF), both interactomes included
histone-binding proteins but with distinct profiles: RAG1 interactors
were enriched for activities such as lysine N-methyltransferase
activity and modification-dependent protein binding, implicating
histone methylation and broader post-translational regulation
(Figure 5G). RAG2 showed enrichment for demethylase activity
and promoter-specific chromatin binding, suggesting a role in
chromatin remodeling and transcriptional specificity (Figure 5H).
Once again, the overlap in MF terms was low (only ~20%-30%
shared) even after relaxing the threshold (Figure 5I and Supple-
mentary Table S4).

Together, these findings reveal that although both RAG1 and
RAG2 are involved in chromatin and epigenetic regulation, RAG1 is
more strongly connected to cell cycle control and protein modifica-
tion pathways, whereas RAG2 preferentially associates with
chromatin dynamics, transcriptional specificity, and nuclear traf-
ficking. This divergence indicates distinct regulatory functions
beyond their shared catalytic role in V(D)J recombination.

Interaction of nuclear transporter protein and nuclear
pore complex with RAG

Nuclear import and export are critical for the physiological
functions of RAG [49]. Both RAG1 and RAG2 contain nuclear
localization signals (NLSs) that mediate their nucleocytoplasmic
trafficking via karyopherin nuclear transport factors [50-52]. In our
study, we identified KPNA3 as a new RAG-interacting factor.
Notably, the interaction between KPNA3 and RAG1 was markedly
reduced when the RAG1 NLS was deleted (in the RAG1A1-261
mutant) (Figure 6A), supporting the notion that KPNA3 recognizes
RAGI through its N-terminal NLS sequences. Additionally, our
proteomic data also revealed several Y-complex subunits of the
nuclear pore complex (NPC) (Figure 3B), including NUP37 and
NUP133, among the RAG2 interactors (Supplementary Table S3).
However, structural studies indicate that these proteins localize to
the outer regions of the NPC cytoplasmic ring (CR) and nucleo-
plasmic ring (NR) instead of on the side of the nuclear pore channel
[53-56] (Figure 6B), ruling out non-specific labelling due to RAG
passage through the pore. In vivo pull-down assays confirmed
robust interactions between NUP37 and RAG2, a weaker but
detectable interaction between NUP133 and RAG2 (Figure 6C,D).
Furthermore, RAG2 lacking its putative NLS (RAG2 1-387) still
interacted with NUP37 (Figure 6E), suggesting that RAG2 engages
the NPC through a previously unrecognized binding mode and may
play yet-to-be-discovered roles in RAG nuclear transport.

Discussion

In this study, we employed TurboID-based proximity labelling to
systematically map the interaction networks of human RAG1 and
RAG2, enabling spatially resolved characterization of the protein
environments surrounding each subunit. Although the experiments
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Figure 4. RAG1 and RAG2 exhibit distinct protein enrichment profiles

(A) Venn diagram showing the overlap of proteins enriched by RAG1 and

RAG2. Only 23 proteins (< 30%) are shared between the two subunits, highlighting their largely distinct interaction profiles. (B,C) STRING network
analysis of proteins identified for RAG1 (B) and RAG2 (C). Red nodes represent proteins with interconnections, while blue nodes indicate proteins
that lack functional associations with other identified proteins in the STRING database. Black lines indicate protein-protein associations that
include experimentally validated and curated (known) interactions, computationally predicted interactions, and associations inferred from protein
homology and co-expression patterns. (D) Left: GST pull-down assay in HEK293T cells verifying the interaction between MBP-fused RAG1/2 and
HA-tagged VprBP. Right: STRING network analysis of VprBP. Red nodes represent VprBP, blue-violet nodes indicate proteins exhibiting significant
expression differences compared to the control (mass spectrometry data), light blue nodes denote proteins without significant differences, and
gray nodes represent proteins not detected. (E) Left: GST pull-down assay in HEK293T cells verifying the interaction between MBP-fused RAG1/2
and GST-tagged KPNAS3. Right: the same STRING network analysis of KPNA3 as in (D).
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Figure 5. GO analysis of proteins identified in RAG1 and RAG2 proximity labelling

(A,B) Cellular component (CC) analysis and comparison of

RAG1- and RAG2-enriched proteins. The top 10 enriched terms are displayed. Terms specifically enriched by RAG1 and RAG2 are shown in orange
and blue, respectively, while shared terms are shown in purple. (C) Comparison of significantly enriched CC terms between RAG1 and RAG2. GO
terms with FDR-adjusted P values < 0.2 in either dataset were analyzed and categorized into two groups: Distinct, terms enriched exclusively by
either RAG1 or RAG2; Shared, terms enriched in both datasets. (D,E) Biological process (BP) analysis and comparison of RAG1- and RAG2-enriched
proteins. (F) Comparison of RAG1- and RAG2-enriched biological process (BP) terms, grouped into distinct and shared categories as defined in (C).
(G,H) Molecular function (MF) analysis and comparison of RAG1- and RAG2-enriched proteins. (I) Comparison of RAG1- and RAG2-enriched
molecular function (MF) terms, following the same classification criteria as in (C). In (D), only five terms had P.adjust < 0.05; therefore, five

additional terms with P.adjust values below 0.2 were included in the list.

were conducted in 293T cells rather than immune cells, we found
that the proteins enriched in our study were expressed at higher
levels in RAG-expressing immune populations (pro-B cells and DP-
T cells) than in other immune cell types. This observation
strengthens the physiological relevance of our findings and suggests
that the identified interaction networks likely reflect the processes
occurring in immune cells under physiological conditions. Accord-
ingly, we declare that this work provides, for the first time at least in
part, a reliable interactome map of human RAG proteins. Together,
these data establish a robust framework for understanding the
spatial organization of RAG1 and RAG?2 interactions and substan-
tially advance current knowledge of the human RAG protein
interactome.

Despite forming a stable heterotetramer, RAG1 and RAG2 exhibit
highly divergent interactomes. This divergence supports the idea
that the two subunits engage in distinct cellular functions either
independent of or parallel to their shared role in V(D)J recombina-
tion. Differences in spatial localization and evolutionary origin may
underlie this division of function: RAG1 is known to have evolved
from a Transib transposase, probably retaining both nuclease
activity and putative regulatory capabilities [7,10,57]. In contrast,
RAG2 lacks a clearly defined evolutionary precursor, with
hypotheses suggesting that it may have arisen independently as a
regulatory factor that later co-evolved with RAG1. The striking
asymmetry in their interactomes may thus reflect evolutionary
specialization, positioning RAG1 and RAG2 as non-redundant
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Figure 6. Interaction between RAG and nuclear transporter proteins and NPC

Input Pull-down

(A) GST pull-down assay in HEK293T cells verifying the

interaction between MBP-fused full-length RAG1/RAG2 or RAG1 261-1040/RAG2 and GST-tagged KPNA3. Deletion of RAG1 1-261 significantly
reduced the association between RAG and KPNA3. (B) Schematic of the nuclear pore complex (NPC) and structure of the Y complex. Left: Top and
side views of the NPC, with the background showing the cryo-ET structure (EMDB: EMD-12814); a single 2x Y complex is displayed as a surface
model (PDB: [7PEQ]). Right: Enlarged top and side views of the 2xY complex shown as a ribbon model. NUP37 and NUP133 are highlighted in red
and yellow, respectively. (C,D) GST pull-down assay in HEK293T cells verifying the interaction between MBP-fused RAG1/RAG2 and GST-tagged
NUP37 (C) or NUP133 (D). (E) GST pull-down assay in HEK293T cells to identify the minimal region of the RAG1/2 complex required for interaction
with NUP37. The results show that the RAG2 core (residues 1-387) is sufficient for robust interaction with NUP37.

functional modules within a broader regulatory framework.

One of the most striking findings was the enrichment of nuclear
transport factors binding to the RAG2 core. It remains unclear
whether the RAG complex translocates as a pre-assembled unit or
whether RAG1 and RAG2 can enter or exit the nucleus indepen-
dently. At present, it is also unclear whether RAG2’s interaction
with NUP37 affects its nuclear trafficking. Resolving these dynamics
will deepen our understanding of the subcellular regulation of RAG
function and may also uncover extranuclear roles for RAG2. In
contrast, RAGIl-associated proteins were enriched in factors
involved in cell cycle regulation. The restriction of RAG activity to
the G1 phase is a critical mechanism for preserving genome
integrity, and the identification of multiple G1/S checkpoint
regulators in the RAGI1 interactome suggests that RAGl may
interface directly with the machinery controlling this restriction.

In addition to the proteins consistently enriched in our datasets,
we also examined factors previously implicated in RAG function,
such as HMGBI1. Although HMGBI is widely regarded as a RAG
cofactor, in our study, it displayed only modest enrichment (1.78-
fold) and did not reach statistical significance. This outcome is
consistent with structural studies demonstrating that HMGB1 does
not directly interact with RAG but instead binds to the substrate RSS
DNA to facilitate RAG/RSS complex formation [58]. Moreover, given

Hong et al. Acta Biochim Biophys Sin 2026

that immunoglobulin and TCR loci are not fully accessible in 293T
cells, the frequency of RAG binding to its substrate DNA—and
consequently the probability of forming indirect complexes with
HMGB1—is likely reduced. These observations support the inter-
pretation that the majority of proteins identified in the RAG1/2
interactomes represent direct physical interactors rather than
indirect cofactors.

By mapping the RAG complex interactome at the subunit level, we
provide new evidence that human RAG1 and RAG2 may play
specialized physiological roles beyond their canonical biochemical
function in V(D)J recombination. However, it remains unknown
whether the two subunit-specific interaction networks operate
cooperatively, redundantly, or interdependently or how they influence
lymphocyte development and immune homeostasis. Furthermore,
although RAG1 and RAG2 typically function together as tetrameric
complexes, some studies suggest that free (unbound) forms of RAG1
or RAG2 may also exist in cells [34,35]. Whether such forms possess
independent biological activity or act as regulatory reserves is an open
question that warrants direct experimental investigation.

Supplementary Data
Supplementary data are available at Acta Biochimica et Biophysica
Sinica online.
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Data Availability

All raw mass spectrometry data and the corresponding results have
been deposited in the National Genomics Data Center (NGDC)
under accession number OMIX010854 (https://ngdc.cncb.ac.cn/
omix/release/OMIX010854).
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