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Abstract

Development of the adaptive immune system is dependent on V(D)J recombination, which forms 

functional antigen receptor genes through rearrangement of component gene segments. The V(D)J 

recombinase, consisting of recombination-activating proteins RAG1 and RAG2, guides the initial 

DNA cleavage events to the recombination signal sequence (RSS), which flanks each gene 

segment. Although the enzymatic steps for RAG-mediated endonucleolytic activity was 

established over two decades ago, only recently have high resolution structural studies of the 

catalytically active core regions of the RAG proteins shed light on conformational requirements 

for the reaction. While outstanding questions remain, we have a clearer picture for how RAG 

proteins function in generating the diverse repertoires of antigen receptors, the underlying 

foundation of the adaptive immune system.
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The basis of the V(D)J Recombination reaction

Our adaptive immune system is a critical line of defense against the onslaught of pathogenic 

organisms and viruses that our bodies are exposed to on a daily basis. B and T cell 

populations expressing diverse antigen receptors, which have the collective ability to 

recognize a vast array of foreign antigens, mediate the immune response. The diverse 

receptors are formed during lymphocyte development through shuffling of individual gene 

segments in the antigen receptor loci in a process known as V(D)J recombination (reviewed 

in (1)). Antigen receptor gene segments are termed V (variable), D (diversity), and J 

(joining) and are marked for potential recombination events by a flanking recombination 

signal sequence (RSS). The RSS consists of a conserved heptamer and nonamer sequence 

separated by 12 or 23 base pairs (Figure 1A). Recombination preferentially occurs between 

two segments flanked by RSSs with differing spacer lengths, a restriction referred to as the 
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12/23 rule. The 12/23 rule maintains the correct ordered assembly of the gene segments to 

yield joined V-D-J gene segments, or V-J in antigen receptor loci lacking D segments. Thus, 

based on the arrangement of the gene segments and the type of flanking RSS (12-RSS or 23-

RSS), the 12/23 rule serves to prevent joining of the same class of gene segment (i.e. V-V) 

or incorrect combinations (i.e. V-J in gene loci containing D segments). In certain cases an 

additional restriction termed the ‘Beyond 12/23 rule’ exists, which applies additional 

constraints on the recombination reaction, as reviewed by Schatz and Swanson (1).

The recombination activating gene proteins, RAG1 and RAG2, initiate V(D)J recombination 

by generating DNA double strand breaks (DSBs) at the border of the gene segment and 

flanking RSS through a two step nicking and hairpin formation mechanism (1). RAG-

mediated DNA DSBs occur in the context of a paired complex (PC), with the RAG proteins 

simultaneously bound to a 12-RSS and a 23-RSS with the intervening DNA looped out 

(Figure 1B). Both RAG proteins are required for DNA cleavage activity, with RAG1 

containing the active site residues, as well as the RSS specific binding sites (1,2). The role 

for RAG2 is less clear, but may function to activate RAG1 for sequence-specific binding and 

cleavage (3,4), and also provide additional DNA binding capability (5). Following RAG-

mediated DNA cleavage the appropriate DNA ends are joined by the action of ubiquitous 

DNA repair factors that function in nonhomologous DNA end-joining (NHEJ) (see 

Glossary) (reviewed in (6–8)). Erroneous RAG-mediated DNA cleavage, either at RSS-like 

sites or non-B form structures, as well as mistakes in DNA repair, are known to result in 

chromosomal translocations with increased risk for development of certain leukemias and 

lymphomas (reviewed in (9,10)).

The pathway towards assembly of the PC has been the subject of intensive research 

(reviewed in (1)). These collective studies show that the RAG1 and RAG2 proteins form a 

complex in the absence of DNA, and bind the RSSs as a single heterotetrameric complex 

that consists of two subunits each of RAG1 and RAG2, referred to as the RAG12RAG22 

complex (Figure 1B). The RAG proteins bound to a single RSS (either 12-RSS or 23-RSS) 

is referred to as an SC (Single RSS Complex). The second RSS is subsequently recruited to 

the SC to form the PC. Formation of the full complement of RAG proteins and RSSs also 

requires the presence of the high mobility group proteins, HMGB1 or HMGB2 (1). Nicking 

may occur in either the SC or PC, although the extent of nicking in the SC is impeded for 

less canonical RSSs (11). In contrast, hairpin formation occurs only in the context of the PC 

containing both a 12-and 23-RSS (1). Thus, completion of DNA DSBs in V(D)J 

recombination is constrained to the PC, ensuring coupled cleavage at both RSSs. Subsequent 

to DNA cleavage, the interaction of the RAG proteins with the coding ends in the cleaved 

signal complex (CSC; Figure 1B) properly channels the DNA ends to classical NHEJ DNA 

repair factors (reviewed in (12)).

Origin of RAG proteins

Both RAG proteins are large multi-domain proteins that consist of core regions (Box 1) and 

non-core regions (Box 2, Figure 2A&B), where the enzymatically ‘dispensable’ non-core 

regulates the activity of the catalytically-essential core regions during V(D)J recombination 

(13,14). It has long been proposed that the introduction of RAG genes into jawed vertebrates 
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(gnathostomes), and the resulting split antigen receptor genes, occurred through the insertion 

of a RAG-like transposon into an ancient antigen receptor gene (15). Specifically, it is 

posited that the RAG-like transposon was flanked on each side by a 12-RSS and 23-RSS, 

encoded RAG-like proteins, and its insertion into the receptor-like gene eventually led to the 

current germline configuration of the antigen receptor loci with multiple gene segments 

bordered by 12- or 23-RSSs. This proposal is bolstered by the close juxtaposition of intron-

less RAG1 and RAG2 genes, as well as previous findings that purified core RAG proteins 

can indeed complete the transposition reaction by catalyzing strand transfer of RSS signal 

ends into target DNA (15). Moreover, the recent discovery of a transposon, termed 

protoRAG, in lancelets fits the necessary criteria of an expected RAG-like transposon (16). 

Together, the overwhelming evidence indicates that the emergence of our current adaptive 

immune system resulted from the domestication and repurposing of a RAG-like transposon 

up to 600 million years ago.

Box 1

Features of the core RAG proteins

Previous biochemical studies indicated that core RAG1 contained three topologically 

independent domains, including the nonamer binding domain (NBD), the central domain, 

and the C-terminal domain (Figure 2A). Each of these domains recognizes the RSS 

and/or recapitulated endonucleolytic activity of intact core RAG1 on certain DNA 

substrates (2,61). In the core RAG12RAG22 crystal structure, core RAG1 was denoted as 

containing seven separate structural modules (17), with modules 3–5 (PreR, RNH, and 

ZnC2) and modules 6–7 (ZnH2 and CTD) roughly corresponding to the central and C-

terminal domains, respectively (Figure 2A).

It was previously shown that core RAG1 coordinated Zn2+ and Mg2+ ions (1,2). In 

accordance, the cryo-EM structures revealed that the DNA cleavage active site in RAG1 

(referred to as a DDE motif) coordinates two Mg2+ ions. The two metal ions are ligated 

by residues D620, E684, D730, and E984 in zebrafish RAG1, corresponding to D600, 

E662, D708, and E962, respectively, in murine RAG1 (Figure 2A). The DDE motif active 

site is a shared feature amongst a large family of transposases and integrase enzymes 

(62). Additionally, the core RAG12RAG22 crystal structure reveals a single zinc binding 

site in core RAG1 coordinated by two pairs of ligands, a Cys pair (C727 and C730) and a 

His pair (H937 and H942) (17). It was previously shown that an active one zinc (1-Zn) 

form of the protein could be formed by dialysis in EDTA (63), indicating that the 

catalytically essential zinc ion is tightly coordinated.

As expected from previous computer modeling studies (1), high resolution structures 

show that this region of the protein is a six-bladed propeller structure (Figure 2B). 

Interfacial contacts in the core RAG12RAG22 complex are contributed by extended loops 

from each protein (17). The interfacial loop regions of RAG1, residues 537-553 and 

750-782, were shown in biochemical studies to be important in complex formation with 

core RAG2 (64–66). In the crystal structure, the three N-terminal beta-propeller blades of 

core RAG2 mediate the majority of interactions with RAG1 (Figure 3). A major portion 

of the interface is constructed by a loop between the two middle beta strands of blade 3 
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that form extensive interactions with the first interfacial loop in RAG1 (residues 

537-553). The first blade and the intervening loop between blades 1 and 2 in the RAG2 

propeller structure contact the second interfacial loop region in RAG1 (residues 

750-782).

Box 2

Zinc rich non-core domains in RAG1 and RAG2

A prominent feature in the N-terminal non-core region of RAG1 is the zinc binding 

dimerization domain (ZDD) (Figure 2A). Point mutations within this domain, particularly 

at zinc coordinating residues, lead to decreased V(D)J recombination activity (13). 

Subdomains within the ZDD includes a RING finger and a C2H2 zinc finger motif, 

referred to as ZFA (zinc finger A) (59). The RING finger in the ZDD functions as an E3 

ubiquitin ligase mediating autoubiquitination and/or ubiquitination of Histone H3 

(30,31,37,67–70). Additionally, RAG1 may act with other E3 ubiquitin ligases as part of 

a larger multisubunit complex (71).

An additional zinc-binding domain in non-core RAG1 is the central non-core domain 

(CND) (35), which is N-terminal to the ZDD (Figure 2A). The positioning of the CND to 

the ZDD in non-core RAG1 is conserved in all vertebrate RAG1 sequences and in some, 

but not all, invertebrate RAG1-like sequences (72–74). An homologous sequence to the 

CND, termed the Chapa domain, is present in Chapaev transposases, which have a 

similar domain architecture as RAG1 (72). It was determined previously that the CND 

was a structurally independent domain capable of tightly coordinating up to two zinc ions 

(35), and mutation of putative zinc-coordinating Cys residues resulted in severe defects in 

V(D)J recombination activity (75). The CND is highly positively charged and binds 

double-stranded DNA nonspecifically, placing it in position to serve as an accessory 

DNA interacting module to RSS-flanking DNA (35).

Non-core RAG2 also contains a zinc-binding domain, termed the plant homology domain 

(PHD), which coordinates two zinc ions and is located between residues 414-487 (Figure 

2B). This domain specifically binds histone H3 trimethylated on Lysine 4 (47,48), with 

the binding affinity modestly increased if Arginine residue 2 is also symmetrically 

dimethylated (47). High resolution structures of the RAG2 PHD have been determined in 

the unbound state, as well as bound to N-terminal histone H3 peptides methylated on 

either K4 alone, or on both R2 and K4 (47,48,76). In the bound complexes, methylated 

K4 binds within a hydrophobic ‘channel’ on the surface of the RAG2 PHD structure, 

which is lined with residues Y415, M443, and W453 (47). Mutation of these residues 

leads to severe defects in in vivo V(D)J recombination activity (48,77).
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Core regions of RAG1 and RAG2: Domain architecture, complex interface, 

metal binding, and RSS interactions

Core RAG1-RAG2 Crystal Structure

Recent high-resolution structures of RAG1 and RAG2 core regions obtained from 

crystallography and cryo-electron microscopy (cryo-EM) studies have provided much 

anticipated views into the catalytically active V(D)J recombinase complex (17,18). The 

crystal structure showed that the overall shape of the core RAG12RAG22 complex resembles 

a ‘Y-shaped’ structure (17) (Figures 1C & 2C). Although the crystals used to determine the 

structure of the murine core RAG proteins contained 12/23 RSS substrates, electron 

densities for the DNA fragments were not visible (17).

The core RAG1 structure revealed seven separate structural modules ((17), shown 

schematically in Figure 2A). The stalk of the ‘Y’ consists of two core RAG1 DNA binding 

and dimerization domains (NBD and DDBD) that provide the RAG1 homodimerization 

interface (Figure 2C). Each branch of the ‘Y’ consists of the remaining modules of core 

RAG1 (PreR, RNH, ZnC2, ZnH2, and CTD), and contains the active site for DNA cleavage 

(see Box 1). The PreR provides a spacer region between the DDBD and the RNH, where the 

RNH contains the majority of the active site. The ZnC2 and ZnH2 modules contribute 

ligands to a catalytically-essential zinc-binding site, and the CTD provides additional 

residues to the active site, as well as residues that contribute to RAG1 dimerization.

Core RAG2 is positioned at the tip of each branch of the ‘Y’ and assumes a six-bladed beta-

propeller structure (17) (Figure 3). The majority of RAG2 point mutations defective in DNA 

cleavage activity, previously identified from immunodeficient patients or from biochemical 

studies (5,19,20), are located at the RAG1-RAG2 interface or within the interior of core 

RAG2. However, several lysine and arginine residues that were deficient in either DNA 

cleavage or joining (5,20) are solvent exposed in the core RAG12RAG22 crystal structure, 

and as discussed below, directly contribute to DNA binding interactions.

Structures of Core RAG-RSS complexes

While electron densities for the RSSs were not apparent in the core RAG12RAG22 

crystallography studies, cryo-EM structural models containing both the 12-RSS and 23-RSS 

were recently determined using zebrafish RAG1 and RAG2 (18). These include 

symmetrized and non-symmetrized PC models consisting of core RAG regions bound to 

nicked 12 and 23 RSSs. In addition, a signal end complex (SEC) containing the core RAG 

proteins bound to 12 and 23-RSS substrates blunt ended at the 5′ end of the heptamer 

(signal ends) was determined. Zebrafish and mouse core RAG1 and core RAG2 regions are 

highly conserved, with 78% and 53% identity, respectively. Notably, the residue numbering 

in RAG1 is offset between the zebrafish and mouse sequences due to deletions/insertions in 

the N-terminal non-core regions. Thus, for clarity in the discussion below, residue numbers 

refer to the murine sequence of the RAG proteins unless otherwise specified.

The ‘non-symmetrized’ PC is of particular interest, as this model includes the entire core 

RAG regions and all nucleotides in the nicked 12/23 RSS substrates. The NBD intertwined 
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dimer bound to the 12/23 RSS nonamers aligns well with a previous crystal structure of the 

isolated NBD complexed with RSS nonamers (17,18,21). Interestingly, the NBD dimer does 

not share the same two-fold axis of symmetry as the remainder of the complex, and is 

preferentially oriented toward the 12-RSS (18). This asymmetry provides a plausible 

explanation for the 12/23 rule, since the tilting of the NBD toward the 12-RSS nonamer in 

the PC would preclude symmetrical binding of two identical DNA substrates.

The overall shape of the PC and SEC cryo-EM structures (18) differs from the core 

RAG12RAG22 crystal structure (17) in that the branches of the ‘Y’ are in closer proximity. 

Notably, the crystal structure resembles in overall shape a DNA-free form of a low-

resolution cryo-EM core RAG12RAG22 structure (18). Thus, binding the 12- and 23-RSSs is 

proposed to lead to a large conformational change from an ‘open’ to a ‘closed’ form (shown 

schematically in Figure 1C), which decreases the distance between the tips of the ‘Y’ by >25 

Å (18). In the 12/23-RSS-bound closed conformation of the cryo-EM structures, additional 

contacts are formed between the RAG proteins (18). Specifically, an alpha helix in the 

RAG1 C-terminal domain that includes residues 827-835 in mouse RAG1 interacts with the 

RAG2 subunit from the opposite ‘Y’ branch by forming contacts with residues 308-314 

(located on the intervening loop between propeller blades 5 and 6). Additional interactions 

in the closed conformation are contributed from loops in RAG1 and RAG2 that were 

unresolved in the crystal structure, and include RAG1 residues 608-615 and RAG2 residues 

333-338 in propeller blade 6.

In the non-symmetrized PC, both RSSs assume bent conformations (18), with the 12-RSS 

and 23-RSS bent by ~60° and ~120°, respectively. These results are consistent with previous 

studies that RSS substrates complexed to the RAG proteins are strongly bent, as determined 

using fluorescence resonance energy transfer (FRET) experiments that obtained distances 

between fluorophores incorporated into RSS substrates, and an atomic force microscopy 

(AFM) study that directly visualized the contours of RSS-containing substrates bound to 

RAG proteins (22–24). Furthermore, the resolutions of the cryo-EM structures are sufficient 

to show distortions in the RSSs, including a widening of the minor grooves in the heptamers 

of each RSS and base unpairing at the RSS/coding junction. Significantly, two separate 

DNA bases are completely flipped out of the DNA helix, including the 5′ C of the heptamer 

(heptamer base 1 in Figure 1A) and the base opposite the 3′OH of the coding end. As 

previously predicted, this latter base flipping would facilitate nucleophilic attack of the 

3′OH to the opposing phosphate group to yield hairpin formation (25,26). The flipped bases 

are mainly stabilized by van der Waals interactions with the sidechains of M847 and R848 

from RAG1. As a consequence of this interaction, the 3′-OH group is positioned to attack 

the opposing phosphate group on the complementary strand to yield hairpin formation and 

complete the reaction for DNA DSB formation.

RAG-DNA contacts

With the cryo-EM SEC and PC structures (18), as well as the crystal structure of the isolated 

NBD bound to RSS nonamer (21), a more complete picture of the RAG-DNA contacts 

formed in the 12/23 complexes can now be appreciated. The majority of sequence-

specificity to the RSS nonamer is contributed by the NBD, a helical rich domain containing 
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an AT-hook motif at its N-terminal end (reviewed in (15)). Mutations in the NBD lead to 

severe combined immunodeficiency (T−B−SCID) as a result of the complete absence of 

V(D)J recombination activity (27). In the NBD-RSS nonamer structure (21), residues 

389-393 constitute the AT-hook that binds the minor groove of the nonamer and forms 

sequence specific contacts with nonamer bases 5–7 (numbering as in Figure 1A). Notably, 

each NBD subunit contacts both RSS nonamer molecules in the complex, strongly 

indicating that the bridging of two RSS nonamers by the NBD dimer contributes to PC 

formation (21). Interactions with the RSS spacer are mediated by residues in the NBD and 

DDBD that primarily form non-sequence-specific contacts with the phosphate backbone, 

consistent with the poor conservation of the RSS spacer (18).

The cryoEM SEC and PC structures reveal sequence-specific interactions of RAG1 with the 

RSS heptamer. Consistent with the finding that the isolated central domain binds specifically 

to the heptamer (2,28), the corresponding region in core RAG1 (RNH) forms several 

contacts with the heptamer, with base-specific interactions between E649 and heptamer base 

C3. The C-terminal domain also forms extensive contacts with the heptamer, which are 

primarily mediated by residues C-terminal to the E962 active site residue. Each core RAG1 

subunit bridges across the RSS heptamers in the PC and SEC complexes, with residues from 

the central and C-terminal domains forming contacts with both RSS heptamers.

RAG1 residues 977-979 appear to widen the RSS heptamer’s minor groove resulting in a 

distortion of the B-form DNA helix. Additionally, residues 891, 895, and 901 in the C-

terminal domain contact the 5′ C that is flipped outward from the DNA helix. RAG2 does 

not directly contact the heptamer, although its presence has previously been shown to 

increase the specific interaction of RAG1 for the heptamer (3). This may occur via RAG2 

affecting the conformation of RAG1 (3) and/or suppressing its nonspecific DNA binding 

ability (4).

The coding DNA forms contacts with both the central and C-terminal domains of RAG1. 

Residues flanking RAG1 active site residues in the central domain are positioned to interact 

with the phosphate backbone near the coding end. Residues in the C-terminal domain, in 

particular M847, stabilize the opposing base from the nicked site that is flipped out of the 

DNA helix. Lastly, basic and polar residues within the first two beta-propeller blades in core 

RAG2 directly contact the phosphate backbone of the coding DNA, including a single 

stranded region at the coding-heptamer junction. Previous studies supported the role for 

basic residues in RAG2 forming DNA contacts in the PC (5,20).

Overall, the asymmetric PC cryo-EM structure provides a plausible basis for how hairpin 

formation, and thus coupled cleavage, requires PC formation (18). This necessitates 

extensive bridging interactions between each RAG1 subunit and both the nonamer and 

heptamer of the two RSSs. In addition, the nicked 12-RSS and 23-RSS substrates in the 

‘closed’ conformation of the asymmetric PC contain significant structural distortions and 

single stranded regions at the heptamer-coding border. With these conformational properties, 

the asymmetric PC appears primed to carry out the final hairpin formation step at each RSS 

in a coupled manner.
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Non-core domains in the RAG proteins

Zinc-binding domains constitute the N-terminal RAG1 non-core region

Non-core RAG1 consists of the N-terminal 385 residues, which is composed of multiple 

zinc-binding motifs (Figure 2A). In addition, residues 1009-1040 at the C-terminal end of 

the protein comprise a smaller non-core region. Non-core RAG1 is dispensable for DNA 

cleavage activity, although its presence increases the efficiency and fidelity of V(D)J 

recombination, as well as regulating RAG DNA cleavage activity (reviewed in (13,29)). 

Regions within non-core RAG1 have been implicated in interacting with proteins linked to 

the V(D)J recombination process and DNA repair, including Histone H3 (30,31), Ku (32), 

and MDC1 (33), as well as proteins that are not clearly correlated with RAG1 function, 

including the RNA splicing protein SF3A2 (34).

Two major domains in the N-terminal region of non-core RAG1 include the zinc 

dimerization domain (ZDD) and the central non-core domain (CND) (Figure 2A and Box 2). 

The CND and ZDD are separated by a spacer of 47 residues that is predicted to be in a 

disordered conformation (35), and which includes two regions of consecutively positively 

charged residues termed BII and BIII from residues 221-224 and 243-249, respectively (36). 

Although the specific role of this spacer toward RAG1 function is not known, the high 

density of positively charged residues in this spacer region would lend itself to DNA 

binding. Further this region includes K233, which is targeted for ubiquitylation by the RAG1 

RING finger, a modification that has been shown to increase RAG-mediated DNA cleavage 

activity (37).

The localization and stability of RAG2 is regulated by its non-core region

Non-core RAG2 consists of approximately one third of the full length protein, and includes 

residues 352-527 (Figure 2B). The presence of the non-core region of RAG2 facilitates long 

range recombination reactions (38–42), as well as mediates its nuclear localization and 

association with specific histone-modified chromatin (43–46).

Non-core RAG2 contains a plant homology domain (PHD) (Box 2) that binds histone H3 

trimethylated on Lysine 4 (H3K4me3) (47,48). The interaction of RAG2 and H3K4me3 

increases V(D)J recombination activity (49) via multiple proposed mechanisms including 

providing a chromatin-docking site for RAG2 (50,51), activating RAG-mediated DNA 

cleavage (52,53), stabilizing the post-cleavage complex (54), and suppressing the RAG2 

non-core region’s ability to autoinhibit DNA cleavage activity (55).

Besides the PHD, non-core RAG2 contains an acidic hinge region (residues 352-410) that 

has been shown to facilitate interaction with Histone H3 and to stabilize the PC complex 

(40,56). Additional features in non-core RAG2 include the conserved, phosphorylatable 

T490 residue (57), as well as a nuclear localization signal (NLS) at the C-terminal end of the 

full length protein (43,45). Phosphorylation of T490 by CDK2 leads to degradation of 

RAG2 at the G1/S border of the cell cycle, thereby helping to restrict V(D)J recombination 

events to G1 (57). In addition, cells expressing the RAG2 T490A mutant demonstrate a 

block in the nuclear export of full length RAG2 in cells untreated (44,46) and treated with 

genotoxic stressors (46).
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Molecular modeling RAG1 domains

High resolution structures of the core RAG proteins have shown for the first time the overall 

fold of the proteins, as well as interfacial regions between macromolecular components of 

the V(D)J recombinase complexes. A major challenge going forward will be to determine 

the structural and functional relationships of the non-core to the core regions in the 

RAG12RAG22 complex. Obtaining the spatial orientation of the non-core domains would 

provide important clues as to their relative contributions to the activity and regulation of the 

RAG proteins. For example, such information would help in determining how non-sequence-

specific DNA-binding abilities of the CND, autoinhibitory mechanisms of non-core RAG2, 

and E3 ubiquitin ligase activities of the RING finger contribute to V(D)J recombination.

We can also build on the current structures to predict the overall topology of these large 

multi-domain proteins. For example, as the ZDD borders the N-terminal side of the NBD in 

the RAG1 sequence, a fairly simple structural model for the ZDD plus NBD can be built 

using the available high resolution structural data of the ZDD (58) and NBD:RSS nonamer 

(21) (Figure 4). Docking of the two structures is aided by the fact that the ZDD and the 

isolated NBD form homodimeric domains, as expected from solution studies (21,59). In the 

ZDD dimer, the C-termini of the subunits are separated by ~80 Å, and the N-termini of the 

NBD dimeric subunits are separated by ~60 Å. A simple model in which the respective ends 

are joined is not possible, since eight intervening residues (residues 381-388) between the 

ZDD and NBD are not included in either crystal structure. As a result, numerous 

orientations between the ZDD and NBD are possible, which differ in the angle of rotation of 

each domain relative to the other about a shared two-fold axis. However, the presence of the 

bound DNA in the NBD:RSS nonamer structure leads to a preferred biologically-relevant 

model for the orientation between the ZDD and NBD, based largely on the position of the 

zinc finger A (ZFA) modules in the combined structure (Figure 4C&D). In this orientation, 

the alpha-helices of each ZFA insert into the major grooves of each RSS nonamer with the 

sidechains of conserved charged and polar residues in the ZFA alpha-helix positioned 

closely to nucleotides at the 5′ end of the RSS nonamer (bases 2–4 in the nonamer as 

numbered in Figure 1A). The juxtaposition of ZFA with the 5′ end of the nonamer in the 

docked model is consistent with previous DNA footprinting studies on RAG-RSS binding 

interactions, which showed that full length versus core RAG1 induced increased structural 

distortion at the 5′ end of the nonamer in the PC (60). In this model, the eight intervening 

residues between the ZDD and NBD connect the two domains by looping over the DNA 

strands (connecting the green and purple spheres in Figure 4C), with the combined domains 

forming a pincer clamp around each RSS nonamer. This orientation could function to 

increase the stability of the RAG-RSS interaction, particularly in the 12/23 PC, and may 

account in part for previous findings that core RAG1 forms less stable 12/23 PCs as 

compared to full length RAG1 (60).

Simple docking models of the ZDD-NBD regions provides a testable hypothesis for how a 

non-core region of RAG1 could function in concert with the DNA cleavage active core 

regions to maintain fidelity of the V(D)J recombination reaction. Specifically, the ZFA 

subdomains may form additional contacts with the 5′ end of the RSS nonamer, and increase 

the stability of the RAG-RSS paired complex. Furthermore, the interaction of the ZFA 
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modules with the RSS nonamer (in the context of the PC) may induce conformational 

changes in the RING finger subdomains, given that the RING and ZFA subdomains form a 

solvent excluded interface in the ZDD structure (58). Formation of the PC would then be 

translated to the RING finger subdomains in the non-core region of RAG1, thereby affecting 

E3 ubiquitin ligase activity.

Concluding Remarks

Recent high resolution structure have brought the core regions of the RAG proteins into 

focus including their overall folds and the macromolecular interfaces in the V(D)J 

recombinase complexes. Further, these structures have provided insight for the first time into 

the basis for coupled hairpin formation and conformational restrictions behind the 12/23 

rule. Building on the core structures to determine the structures of the individual RAG 

proteins, as well as the single RSS complex, will provide a deeper understanding of the 

progression of conformations necessary for RAG-mediated endonucleolytic activity (see 

Outstanding Questions).

Outstanding Questions

• What are the structures of each RAG protein in the absence of the 

other? Along those lines, what is the effect of core RAG2 on the 

conformation of core RAG1, and do these structural changes activate 

RAG1 for DNA cleavage activity?

• Do the RAG proteins induce structural changes in the RSS in the single 

RSS complex, and if so, do these changes promote nicking activity?

• How do non-core RAG regions promote stability of the PC and the 

CSC complexes?

• What proteins are targeted for ubiquitination by non-core RAG1, and 

how does this activity affect V(D)J recombination?

• How does the interaction of RAG2 PHD with H3K4me3 promote long-

range recombination, and suppress autoinhibition?

• What is the molecular basis for the coordination of RAG-mediated 

DNA cleavage with DNA repair through the NHEJ pathway?

• How do RAG proteins fit in with the interplay of processes that 

regulate the cellular and chromatin environment necessary for V(D)J 

recombination? Specifically, how do RAG proteins coordinate with 

factors that prepare for and respond to RAG activity during V(D)J 

recombination?

• How are RAG protein activity, stability, and localization properties 

regulated during the DNA damage response?

• What are the mechanistic differences between RAG-mediated 

canonical versus aberrant V(D)J recombination reactions?
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As the functions of the non-core regions of the RAG proteins are crucial to regulated and 

canonical activity of the RAG proteins in developing lymphocytes, it will be important to 

further elucidate the structure and function of these regions in the context of the full length 

proteins. Along those lines, many questions remain regarding the interplay of the RAG 

proteins with the assembly of cellular factors that prepare for and respond to RAG activity 

during V(D)J recombination, and how defects in these processes lead to aberrant 

recombination events (see Outstanding Questions). Continued structural studies, along with 

a wide range of investigational avenues currently being pursued, will be crucial to 

understanding these intriguing proteins that play such an essential role in our immune 

system.
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Glossary

C2H2 zinc finger The C2H2 zinc finger is a common zinc-binding motif of 

approximately 30 residues in length. Folding of this motif 

is dependent on coordination of a single zinc ion by two 

cysteine and two histidine residues. The structure of 

classical C2H2 zinc fingers consists of a two-stranded beta 

sheet followed by an alpha helix.

CDK2 Cyclin dependent kinase 2 is activated during the G1/S 

phase of the cell cycle upon binding specific cyclins 

(Cyclin A or Cyclin E), and its activity is important for cell 

cycle progression.

Cryo-EM Cryo-electron microscopy is a method in which three 

dimensional structures of macromolecules, which are 

embedded in vitreous ice, are determined. It is an alternate 

approach to x-ray crystallography in which moderate to 

high resolution structures of large macromolecules can be 

solved.

H3K4me3 Histone H3 trimethylated on Lysine 4 is a posttranslational 

modification that is formed at the transcription start sites of 

active genes in eukaryotic cells. This modification serves as 

a docking site for proteins containing domains that 

specifically binds with the trimethylated K4 residue of 

histone H3.

NHEJ Nonhomologous DNA end-joining is a ubiquitous DNA 

repair pathway that joins DNA ends without the 

requirement for an homologous copy of undamaged DNA. 
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NHEJ is particularly important for repair of DNA double 

strand breaks that form during the G1 phase of the cell 

cycle.

PHD Plant homology domain is a two-zinc coordinating domain 

that typically functions to recognize methylated lysine 

residues. Many chromatin-interacting proteins contain a 

PHD motif that specifically recognizes certain methylated 

histone proteins, such as H3K4me3 or H3K9me3.

RING finger The RING finger is a two-zinc binding domain, in which 

the polypeptide interleaves between the coordinated zinc 

ions to result in a cross-braced structure. RING fingers 

generally function as E3 ubiquitin ligases by recruiting 

substrate proteins to an E2 ubiquitin-conjugating enzyme 

to be mono- or poly-ubiquitylated.
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Trends

• The mechanistic basis for RAG-mediated endonucleolytic activity in 

V(D)J recombination has been illuminated by high resolution structures 

of the catalytically essential core regions of each RAG protein. 

Together, the structures indicate that a series of conformational changes 

in the RAG proteins and the bound RSSs facilitate coupled cleavage of 

a paired 12- and 23-RSS.

• The non-core regions of RAG1 and RAG2 regulate V(D)J 

recombination by affecting cell cycle-dependent degradation, cellular 

localization, and the stability of RSS-RSS complexes during the course 

of the reaction.

• It is increasingly apparent that legitimate V(D)J recombination events 

in developing lymphocytes are driven by RAG protein interactions with 

modified histones, as well as proper coordination with certain DNA 

repair factors.
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Figure 1. RAG-RSS complexes formed during V(D)J recombination
(A) Consensus heptamer and nonamer sequences in the RSS. Only the DNA strand initially 

nicked by the RAG proteins is shown. Nicking occurs 5′ to the heptamer at the position 

indicated. (B) RAG complexes formed in the V(D)J recombination reaction. R1 and R2 refer 

to RAG1 and RAG2, respectively. Circles labeled H (in the PC, CSC, and SEC) refer to 

HMGB1 or HMGB2. (C) Cartoons representing structural models of R12R22 complexes. 

The DNA-free ‘apo’ and 12/23-RSS-bound R12R22 complexes are proposed to be in “open” 

and “closed” conformations, respectively (18).
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Figure 2. Schematics of domains and subdomains in the RAG proteins
Core and non-core regions are denoted above the bar diagram of each RAG protein. (A) Full 

length murine RAG1. Non-core regions in RAG1 include an N-terminal region (residues 

1-388) and a short C-terminal region (residues 1009-1040). Topologically-independent 

domains are shown as blue boxes. In non-core RAG1 these include the central non-core 

domain (CND) and zinc dimerization domain (ZDD). A crystal structure of the ZDD showed 

two sub-domains, the RING finger and zinc finger A (ZFA). Domains in core RAG1 include 

the nonamer binding domain (NBD), the Central domain, and the C-terminal domain. The 

core region contains multiple modules, as labeled in the lower bar. The three DDE active site 

residues (D600, D708, and E962), a putative fourth active site residue (E662), and zinc-

coordinating ligands (C727, C730, H937, and H942) are labeled in the RAG1 bar diagrams. 

(B) Full length murine RAG2. The core region is a 6-bladed propeller domain. Non-core 

RAG2 contains an acidic region, labeled as D/E rich, as well as a plant homology domain 

(PHD) that specifically binds the trimethylated lysine residue of histone H3K4me3. 

Positions of residue T490 and the C-terminal nuclear localization signal (NLS) are indicated. 

(C) Cartoon depicting the core RAG12RAG22 complex. RAG1 (R1) subunits are in light and 

dark blue, and RAG2 (R2) subunits are in pink. The domains (NBD and DDBD) that form 

the RAG1 dimer interface are labeled. The remaining subdomains (PreR to CTD) compose 

the catalytically active region of core RAG1.
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Figure 3. Core RAG2 topology and interface with RAG1
(A) Murine core RAG2 sequence. Arrows are shown above residues that constitute the beta 

strands in the beta-propeller structure. The first number in each arrow corresponds to the 

blade number (1 to 6). The second number refers to the strand (1 to 4) in each blade, where 

strand 1 and 4 are at the interior and exterior sides of the blade, respectively, according to the 

orientation of the structure shown in panel B. Residues in green are positioned at the 

interface with RAG1 in the crystal structure of RAG12RAG22. (B) Ribbon diagram of 

murine core RAG2 (from PDB ID: 4WWX). The N- and C-termini are shown as white and 

red spheres, respectively. Each propeller blade is color coded according to the arrows in 

panel A, where blades 1 to 6 are in light green, orange, yellow, light blue, dark blue, and 

pink, respectively. (C) The core RAG2 structure rotated by 90° relative to panel B. Residues 

in the interface with RAG1 are shown in green, and correspond to the residues in green in 

panel A. The murine core RAG1 loops (residues 537-553 and 750-782) that form the 

majority of the interface with core RAG2 are shown as magenta ribbons.
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Figure 4. Models of the combined RAG1 domains ZDD and NBD bound to RSS nonamers
(A) Ribbon diagram of the ZDD structure in two orientations, generated using PDB ID: 

1RMD. The ZDD subunits are in blue with the ZFA regions in purple. The zinc ions are light 

yellow spheres. (B) Ribbon diagram of the structure consisting of an NBD dimer bound to 2 

RSS nonamers is shown in two orientations, generated using PDB ID: 3GNA. The NBD 

subunits and RSS nonamers are in green and orange, respectively. (C) Docked model of the 

structures in panels A and B are shown. The N-termini of NBD and C-termini of ZDD are 

shown as green and purple spheres, respectively. (D) Model of the ZDD (PDB ID: 1RMD) 

docked to the non-symmetrized PC complex (PDB ID: 3JBW), in which the relative 

orientation of the ZDD to the RSS nonamers is the same as in panel C. Core RAG2 subunits 

are in purple, core RAG1 subunits are in light and dark green, and non-core RAG1 ZDD 

subunits are in cyan and light blue. The positions of core RAG2, non-core RAG1 ZDD, core 

RAG1 NBD, and the region containing the remaining core RAG1 modules (DDBD-CTD) 

are as indicated. The 12-RSS and 23-RSS are pink and orange, respectively. The two-fold 

axis of symmetry in the ZDD was modeled to coincide with the two-fold axis for the NBD 

dimer. Ribbon diagrams were produced using The PyMOL Molecular Graphics System, 

Version 1.6.9, Schrödinger, LLC.
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