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Summary

V(D)J recombination in the vertebrate immune system generates a highly diverse population of
immunoglobulins and T cell receptors by combinatorial joining of segments of coding DNA. The
RAG1-RAG?2 protein complex (RAG1/2) initiates this site-specific recombination by cutting DNA
at specific sites flanking the coding segments. We report here the crystal structure of the RAG1/2
complex at 3.2A resolution. The 230 kDa RAG1/2 heterotetramer is Y-shaped, with the N-
terminal domains of the two RAG1 chains forming an intertwined stalk. Each RAG1/2
heterodimer composes one arm of the “Y” with the active site in the center and RAG2 at its tip.
The RAGL/2 structure rationalizes more than 60 mutations identified in immunodeficient patients,
as well as a large body of genetic and biochemical data. The architectural similarity between
RAG1 and the hairpin-forming transposases Hermes and Tn5 suggests the evolutionary
conservation of these DNA rearrangements.

Introduction

To combat the great range of possible infectious agents, the vertebrate immune system
deploys a highly diverse population of immunoglobulins and T cell receptors. In many
species this diversity is generated by V(D)J recombination 1. By combinatorial joining of
segments of coding sequence, V(D)J recombination is capable of assembling millions of
different functional immunoglobulin and T cell receptor genes 12, This recombination is
initiated by DNA double strand breaks produced by the RAG1-RAG2 recombinase, at sites
flanked by specific recombination signal sequences (RSS). The RSSs are of two types, with
either 12 or 23 non-conserved nucleotides between conserved heptamer and nonamer
modules; one RSS of each type is strictly required for recombination 2. The two RSS
varieties are partitioned so as to focus recombination on V to J, or V to D to J, joining.
RAG1 and RAG?2 are the only lymphoid-specific factors involved in V(D)J

recombination 34, while the resulting hairpinned coding ends are processed by general
repair factors of the non-homologous end-joining pathway 8
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Since the identification of the RAG1 and RAG2 genes 78, RSS-dependent DNA cleavage by
purified RAG1/2 has been reconstituted . RAG1 and RAG2, of 1040 and 527 residues,
cooperate in all their known activities. The catalytic core, regulatory regions, active site
residues, DNA-binding domains, two zinc-binding motifs, and some aspects of the interface
of RAG1 and RAG2 have been characterized 34. It was also found that RAG1/2 can
function in vitro as a transposase 1911, inserting RSS-terminated DNA into a second DNA
molecule. Moreover a large number of human mutations in both RAG proteins that cause
severe combined immunodeficiency (SCID) or a milder form known as Omenn syndrome
have been identified 12:13,

Biochemical and functional studies have shown that portions of RAG1 and RAG2 can be
deleted, and the “core” proteins, residues 384-1008 of RAG1 and 1-387 of RAG2, retain
targeted cleavage activity in vitro and recombination activity (though not fully regulated) in
cells?4-17_ An earlier low-resolution electron microscopic study of the core complex,
containing two subunits each of RAG1 and RAG2 bound to a 12 and 23RSS DNA pair,
revealed the overall shape and localization of RAG proteins 18. Here we report the 3.2A
crystal structure of the RAG1/2 heterotetramer and its implications for V(D)J
recombination.

SEC complex and structure determination

The catalytic cores of mouse RAG1 (384-1008aa) and RAG2 (1-387aa) with maltose
binding protein (MBP) fused to their N-termini were expressed in HEK293T cells and
readily purified (Methods). RAG1/2 was assembled with pre-cleaved 12RSS and 23RSS
DNA:s in the presence of HMGB1 to form a signal-end complex (SEC) 19, and the purified
SEC after removal of the cleaved MBP tags and HMGB1 (Fig. 1la—b) was homogeneous and
active in strand transfer (Extended Data Figure 1).

Crystals were grown over a period of 2—4 weeks (Methods). For phase determination,
methionines in the RAG1/2 proteins were substituted by selenomethionine to a level of 40%
(Methods). Single-wavelength anomalous diffraction (SAD) datasets of high redundancy
were collected at the Se absorption peak from six crystals. Fifty-four of 58 selenium sites
were located, together with two Zn2* atoms (one in each RAG1). The electron density map
using all SAD data, nominally at 3.7A, was superior to that calculated using only the two
best sets according to anomalous correlation coefficient 20 (Fig. 1c—d, Extended Data Fig.
1a). The heterotetramer of RAG1/2 recombinase was readily traceable (Extended Data Fig.
1b). Although 12RSS and 23RSS DNAs were included in the SEC complex and were also
present in dissolved crystals (Extended Data Fig. 1c—d), DNA was not found in the electron
density map. Only the four protein chains, with residues 391 to 1008 of RAG1 and 2-350 of
RAG2, were modeled and refined to 3.2A (Extended Data Table 1). The C-terminal 37
residues of RAG2 are disordered. In fact, RAG2 (1-351) forms active heterotetramers with
RAGL1 for RSS DNA cleavage in vitro (Extended Data Fig. 2), and supports V(D)J
recombination in cells L.
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Architecture of RAG1/2

The RAGL/2 crystal structure is remarkably similar to the low-resolution model generated
from two-dimensional averaging of negatively-stained EM images 18. It is Y-shaped
(125Ax150Ax90A) with the RAG1 dimer forming the bulk and RAG2 situated at the tip of
each arm (Fig. 2). There is an oval-shaped gap (40Ax60A) separating the two RAG1/2
heterodimers (Fig. 2). RAG1 is elongated (100A) and composed of seven structural modules
(Fig. 3a). The N-terminal nonamer-binding domain (NBD), which superimposes well with
the structure determined previously 22, forms a domain-swapped and intertwined dimer. The
following dimerization and DNA binding domain (DDBD) is connected to the NBD by a
flexible linker, and the last helix of the three-helix C-terminal domain (CTD) folds back to
complete the DDBD (Fig. 3b), which may be why previous domain dissections failed to
isolate this structural entity. Three conserved carboxylates in RAG1 (D600, D708 and E962)
have been identified as essential for catalysis 23-2°, but it was not clear how the catalytic
domain would fold owing to their large separation in the amino-acid sequence. Our structure
shows that RAG1 adopts an RNase H fold with an elongated central four-stranded p-sheet,
similar to other DDE transposases (named after the three catalytic carboxylates, which are
all within the same RAG1 subunit) (Fig. 3) 26-28, Following the DDBD, the extended pre-
RNase H (preR) and catalytic RNase H (RNH) domains further lengthen RAG1 to ~100A.
Each active site is located in the middle of a Y arm, and the two are about 45A apart (Fig.
2). Two domains intervene between D708 and E962, ZnC2, which protrudes towards RAG2,
and the highly helical ZnH2, which increases the third dimension of RAG1 from 25A to
65A and eventually brings E962 back to the catalytic center (Fig. 3a—c). Two regions for
Zn2* binding were previously identified 2930, The first (C727, C730) and second (H937 and
H942), despite being far apart in the sequence, form one zinc-binding site (Fig. 3c—d) that
juxtaposes the catalytic center, interface with RAG2 (ZnC2), and DNA binding (DDBD and
ZnH2) domains.

RAG2 is folded into a six-bladed B-propeller, or Kelch-repeat structure, as predicted 31:32
(Extended Data Fig. 3). The first N-terminal B-strand belongs to the sixth 4-stranded B-blade
and ties the first and last Kelch repeats together. Compared with other 3-propeller structures,
the six blades of the doughnut-shaped RAG?2 are more distorted in planarity and spacing
between blades (Extended Data Fig. 3). These distortions are most notable at the interface
with RAG1 (Fig. 4a). As usual for 3 propeller proteins, one face of RAG2 has extended
loops. Many loops, particularly those connecting adjacent blades or the middle two strands
of each blade, are involved in interacting with the preR, RNH and ZnC2 domains of RAG1
(Fig. 4b—c). The interface between RAG1 and RAG?2 is highly conserved from fish to
humans, encompassing both polar and hydrophobic interactions and dovetailed with ridges
and canyons (Fig. 4). Interestingly, RAG2 contacts RAG1 near the active site33, including
E607 and V615 (connected by a disordered loop) and E719 to V724 contacted by the long
RAG2 loop 335-339 and residue R39, respectively (Fig. 2, 4c). It is likely that in the
presence of DNA substrate, RAG2 assists in formation of the catalytic site and DNA
cleavage.
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SCID and Omenn syndrome mutations

Over 60 missense mutations leading to SCID or Omenn syndrome (OS), a milder type of
immunodeficiency, due to defective DNA processing in V(D)J recombination, have been
mapped to the catalytic cores of RAG1 and RAG2 12.13, The disease-involved residues are
identical between human and mouse RAG proteins, except for M435 in human RAGL1 being
replaced by L432 in mouse. Residue numbers in mouse and human RAGL1 differ by three
(Extended Data Table 2). For consistency, all residues are numbered here according to the
mouse protein that we are studying. The SCID and OS mutations fall into four classes. The
first class of mutations clearly destabilizes the tertiary structure of RAG1/2. For example,
mutations of the zinc-binding site, C727E and the adjacent L729F (Fig. 3d), would perturb
the structure of the ZnC2, ZnH2 and adjoining domains. Three immunodeficiency
mutations, W893R, Y909C and 1953R, probably destabilize the hydrophobic core next to the
zinc-binding site (Fig. 3d), reflecting the importance of this region in the overall structure of
RAG1/2. A number of laboratory-generated mutations with loss of function also are likely to
destabilize the structure of certain domains in RAGL1, for example W893A.

The second class includes polar residues exposed to solvent and concentrated in two areas
likely for DNA binding. Seven out of nine immunodeficiency mutations found in the DDBD
and CTD domains are at a cluster of polar residues (Arg, Lys, Ser or GIn) (Fig. 3e).
Systematic mutation of positively charged residues in RAG1 34 also showed that K966,
R969, R977 and H990 in CTD contribute to DNA binding and cleavage. In parallel, twelve
SCID/OS mutations in the NBD domain (Fig. 3b, Extended Data Fig. 4), which overlap with
many highly conserved non-polar and polar residues, are involved in structural integrity and
sequence-specific binding to the nonamer DNA 22,

The third class of mutations is clustered around the active site (Fig. 3f). Some may alter the
structure of the catalytic center (S598P, C599W, A619P, R696Q/W, G706D), and others
may change its DNA-binding properties (E666G, R621C/H, R713W). It is not surprising
that engineered mutations of conserved polar residues surrounding the active site (E597,
E709, D792, H795 and E959) lead to defects in DNA cleavage 2534,

The last class of SCID/OS mutations is located at the interface of RAG1 and RAG2. Four of
six disease mutations in the RAG2 core are concentrated at the subunit interface (Fig. 4).
G35V, R39G, and C41W are at the interface with the ZnC2 and RNH domains of RAGL.
R229 forms salt bridges with D546 (preR) of RAG1, which has been accurately mapped to
the interface with RAG2 3. G95R is at the base of a long loop that reaches to the RNH
domain and sandwiches E666 (which itself is mutated in SCID patients) with G35 (Fig. 4a).
The importance of the subunit interface is also evident in the disease mutations located on
the RAG1 side (R556S, R558C/H, E666G and R773Q), and additional mutations identified
in laboratories (E719Q and R773A) 2534 (Extended Data Table 3)

A model of the RAG1/2—RSS DNA complex

Structures of five DDE transposases complexed with DNA have been reported36-40, They
can be segregated into two groups based on the drastically different DNA orientations
relative to the catalytic dimer (Extended Data Fig. 5, 6). Hermes (a member of the hAT
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transposase family) and Tn5, both of which generate a hairpin intermediate during DNA
processing, belong to the same group, and both contain an a-helix extending from one
catalytic center (by contributing the last catalytic residue Glu) to contact the DNA bound to
the other subunit (Extended Data Fig. 5). Very similar architectural features are found in the
RAGL1 dimer. After superimposition of the RNH domain of RAG1 and Hermes (Fig. 5a), not
only does the 16bp DNA co-crystallized with Hermes fit into the active site of RAGL, but
the second DNA of Hermes is close to the other RAGL1 catalytic center (Fig. 5b).
Remarkably, the two DNAs modeled in RAGL1 are connected by the a-helix (964-975aa)
that immediately follows E962 in the CTD, just as is found in Hermes and Tn5. The first 7
bp of the DNA may mimic the heptamer of each RSS (Fig. 5b). None of the aromatic
residues previously suggested as functioning in DNA hairpin formation 4142 is situated near
the active site. G851 and N852 in the ZnH2 domain of RAG1 appear to replace W319 in the
equivalent helical insertion domain of Hermes that stacks on the 3’-end DNA base (Fig. 5b).
In corroboration of this model, mutations of N852 or residues 970-978 in the CTD are
implicated in Omenn syndrome (Fig. 3e, 5b).

The rest of the RSS DNA can also be modeled based on the published crystal structure of an
isolated NBD bound to a 12bp nonamer DNA 22 (Extended Data Fig. 4). From DDBD to
CTD, the two halves of the RAG1/2 tetramer are rather symmetric (Fig. 5¢), but the NBD
domains are not related by the same dyad. Although perfectly symmetric internally, the
intertwined NBDs are tilted relative to the rest of the protein. As a result, the two nonamer
DNAs bound to the NBDs would be oriented differently to the two catalytic centers. One is
very close to the 16 bp DNA modeled into the RNase H domain (Fig. 5¢). Notably, the sum
of the two DNA segments is about 28 bp, the total length of 12RSS DNA. In contrast, the
other pair of DNA segments is separated by ~30A, which may mimic the 23RSS with its
additional 11 bp connecting the nonamer and heptamer (S video). In this model, the
nonamer and heptamer ends of each RSS interact with different RAG1 subunits in a trans
configuration, as mutational study has suggested 27. A sharp kink is unavoidable in each
RSS DNA as modeled (Fig. 5¢), and HMGBL1 could stabilize such kinks to facilitate the
gene rearrangement 4344,

The surface of RAG1/2 traversed by the modeled DNAs is both highly positively charged
and highly conserved (Extended Data Fig. 7). The only exception is the NBD, which is not
as highly charged as the DDBD and ZnH2 regions. This may correlate with the sequence-
specific recognition of the nonamer. Beyond the regions that are modeled to bind RSS
DNAs, extensive surface areas along the rim of the Y arms from RAG2 to ZnH2 are
positively charged and partially conserved (Sl video). These areas could bind up to 20 bp of
coding DNA flanking the RSS. Although 6 bp coding flanks can be slowly cleaved by
RAG1/2, efficient cleavage requires more than 15 bp of flanking DNA 4°. Interactions of the
coding flanks with the top of the RAG1/2 complex may explain why many mutations in the
RAG1 and RAG?2 interface impact DNA cleavage33.

Concluding remarks

The structure of RAG1/2 reveals the architecture of the complex and the composition of its
functional sites. It rationalizes the effects of many mutations associated with human immune
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deficiencies. Evolutionarily, eukaryotic hAT transposases and RAG1/2 recombinase, which
cleave DNA duplex in two steps and leave a hairpin on the flanking DNA, are thought to be
rather different from the bacterial transposases that cleave DNA in three steps and form a
hairpin intermediate on the recognition DNA (Fig. 5d). The similar enzyme-substrate
association found in Hermes and Tn5 and their structural relationship with RAG1 has led us
to propose that the two DNA recombination processes are identical in mechanism and
configuration, differing only in the nucleophiles used at each step, a water molecule versus a
3/-OH.

Protein expression and purification

Mouse core RAG1 (384-1008aa) and RAG?2 (1-387aa) were cloned into the pLEXm-

based 46 mammalian expression vector, modified with an N-terminal Hisg tag followed by
MBP tag and a Prescission cleavage site (LEVLFQ/GP) (with “/” indicating the cleavage
site). The N-terminal Met of RAG2 was mutated to VVal (M1V) during cloning. To express
the RAG1/2 complex in HEK293T cells, 500 ug of each of the RAG1 and RAG2 expression
plasmids were mixed with 4 mg of polyethylenimine (Polysciences) in 35 mL of Hybridoma
medium (Invitrogen) to transfect 1 L of HEK293T cells grown in suspension culture in
Freestyle 293 medium (Invitrogen), supplemented with 1 % FBS when the cell density
reached 1.5 million per milliliter. Four days after transfection, cells were harvested and
stored at —80 °C. Cell paste (~8 g from 1L culture) was resuspended in 50 mL of lysis buffer
containing 20 mM HEPES (pH 7.3), 1 M KCI, 1 mM Tris (2-carboxyethyl) phosphine
(TCEP) (pH 7.0), 1 mM EDTA and protease inhibitor cocktail (Roche), and lysed by
sonication. After centrifuging at 35,000 rpm for 1 hr, the clarified lysate was mixed with 5
mL of amylose resin (NEB), which was pre-equilibrated with the lysis buffer and incubated
with rotation for 1 h. After pouring the resin into a column and washing thoroughly with 200
resin volumes of the lysis buffer, the RAG1/2 protein was eluted by an amylose elution
buffer containing 20 mM HEPES (pH 7.3), 500 mM KCI, 40 mM maltose and 1 mM TCEP.
The eluted protein, which consisted mainly of RAG1/2 heterotetramer#’ was concentrated
and stored at —80 °C after adding glycerol to 20 % final concentration. In contrast to RAG1
and RAG2 core proteins expressed in insect cells, which required activity-based purification
for structural studies 18, RAG1/2 expressed in human cells is highly active. Human HMGB1
(1-163aa) was prepared as reported previously 1819,

To make the SEC complex, purified RAG1, RAG2, 12RSS and 23RSS DNAs were mixed at
2:2:1:1 molar ratio in the presence of HMGB1 with the buffer of 20 mM HEPES (pH 7.3),
150 mM KCI, 5 mM CaCl,, 1 mM TCEP and HMGB1 and incubated for 1 hr at 37 °C.
After removing the MBP tag by addition of PreScission protease (1:100 ratio of protease to
substrate) overnight at 4 °C, further purification was performed using gel filtration
(Superdex 200, GE Healthcare) in 20 mM HEPES (pH 7.3), 500 mM KCI, 5 mM CaCl, and
1 mM TCEP, which removed HMGB.1 along with free DNA, the MBP tag, and PreScission
protease. All purification steps were performed at 4 °C. HMGB1 could be retained with
RAG1/2 and RSS DNA if KCI concentration was reduced to below 100 mM (Extended Data
Figure 2), but we were unable to crystallize SEC completed with HMGB1. To prepare
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selenomethionine (SeMet)-labeled RAG1/2 complex, HEK293T cells were transferred after
transfection to methionine-free Freestyle 293 medium (Invitrogen) supplemented with 25
mg/L L-SeMet (Acros Organics) and 1% dialyzed FBS (Invitrogen). 3 days later, cells were
collected and protein was purified in the same way as native protein. Mass spectrometry
analysis of trypsin digested SeMet-labeled RAG1/2 peptides was performed at the Taplin
Mass Spectrometry Facility (taplin.med.harvard.edu). It showed that about 40% of
methionines were substituted by SeMet.

Crystallization and data collection

Crystals of the RAG1/2-DNA complexes were grown by the hanging-drop vapor diffusion
method at 4°C over 3 weeks. Equal volumes of protein (~5 mg/ml) and reservoir solution
containing 100 mM MES (pH 7.1), 10-15% PEG 3350, 200 mM tribasic ammonium citrate
(pH 7.0) and 100 mM KCI were mixed in each droplet. Crystals were cryo-protected in
reservoir solution supplemented with 25 % ethylene glycol and flash frozen in liquid
nitrogen. We were able to crystallize tetrameric RAG1/2 alone as well as RAG1/2 with a
single 12RSS or 23RSS, but these crystals were small, and none of them diffracted X-rays as
well as the SEC complex. Crystals of SeMet-labeled RAG1/2 complex were grown under
similar conditions. Native and SeMet-labeled complex both crystallized in the C222; space
group with two RAG1 and two RAG2 (one RAG1/2 heterotetramer) in each asymmetric
unit. Data were collected at 100°K for native and SeMet derivative crystals at beam lines
221D and 23ID of the Advanced Photon Source (APS) at Argonne National Laboratory. All
data were indexed, integrated, and scaled with the XDS package 48 (Extended Data Tables
1).

Structure determination and refinement

Phases were determined by the single-wavelength anomalous diffraction (SAD) method and
multi-crystal averaging 20. SAD data were collected from six SeMet substituted crystals
with the best resolution of 3.7A (Extended Data Table 1). Data were processed according to
the published procedure 29 (Extended Data Fig. 1a). Selenium sites were identified using
SHELXD 49 and refined with PHASER 0. Out of the 58 highest anomalous peaks, 54
corresponded to selenium sites, and 2 were Zn2* jons. Phases were improved by density
modification using RESOLVE °1 and the overall figure-of-merit was 0.79. The RAG1/2
model was built manually in COOT 2. Although the experimental electron density map
contained breaks in the main chains, and side-chain definition was not perfect, the register of
the polypeptide chains was readily determined based on the SeMet sites. This initial model
was refined in Phenix 53 and manually improved using COOT. Secondary structure
restraints and non-crystallographic two-fold symmetry averaging restraints were used
throughout the refinement. The RAG1/2 structure was refined to 3.2A with Ryork and Reree
of 20.6 % and 25.9 %, respectively (Extended Data Table 1). The quality of the structure
was validated with MolProbity 54. 90.7 % of residues are in the favored regions of the
Ramachandran plot, 9.3 % in additional allowed regions, and no residue in the disallowed
region. The final model contains amino acids 391-1008 of RAG1 and amino acids 2—-350 of
RAG?2, and one Zn?* ion in each RAG1. The N-terminal residues (391-404) are ordered in
one RAG1 subunit. Due to poor electron densities, residues 608-616 of RAG1 and 82-88,
242-244, 254-255 and 334-337 of RAG2 were not included in the final model. Crystal
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packing of two neighboring RAG1/2 tetramers appears to occlude one nonamer-binding site
in each RAG1/2 complex (Extended Data Fig. 1e). No water molecules were added. All
structure figures were prepared with PyMOL (www,pymol.org), and sequence conservation
analysis was performed using ClustalW 5.

Extended Data
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Extended Data Figure 1. Structure determination
(a) The plot of correlation coefficient (CC) of anomalous signal versus resolution. The red

line indicates the cutoff of CC=0.3. Merging data from the two best crystals produced a
better CC than merging data from all six crystals. The data processing procedure is outlined
above the plot 20, (b) The SAD experimental map contoured at 1.30 showed the content of
an asymmetric unit. The anomalous peaks of selenium atoms are shown in red. (c) A typical
crystal of RAG1/2. (d) The content of crystals was examined by protein and DNA
denaturing gels after a thorough wash of the crystals and stained by Coomassie Blue and
SYBR-Green. To confirm the 1:1 molar ratio of 12 and 23RSS DNA, 32P-labeled input RSS
DNAs and those in SEC complexes before and after crystallization are shown beneath the
SYBR-Green stained DNA gel. (e) Transposition assay of the purified SEC
(RAG1/2-12/23RSS DNA complex) used for crystallization. Supercoiled pUC19 (sc, with a
small amount of open circle, oc) was the target; it was linearized by Hindlll as a control.
The SEC (0.25, 0.5 and 1.0 uM) was active in concerted transposition and thus linearizing
pUC19. In contrast, RAG1/2 or HMGBL1 (0..5uM) each alone was not active. (f) Crystal
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packing of neighboring RAG1/2 complexes (shown in dark and light colors) occludes one
nonamer-binding site in each heterotetramer of RAG1/2.

a 320 350 367 387

M.musculus SNMGNGTIFLGIPGDNKQAMSEA-FYFYTLRCSEEDLSEDQKIVSNSQTSTEDPGDSTPFEDSEEFCFS.
H.sapiens SNMGNGTVFLGIPGDNKQVVSEG-FYFYMLKCAEDDTNEEQ TTFTNSQTSTEDPGDSTPFEDSEEFCFS.
R.norvegicus SNMGNGTVFLGIPGDNKQAMSEA-FYFYMLRCSEDNSSEEQKIVSNSQTSTEDAGDSTPFEDSEEFCFS
X.tropicalis ADMGKGAVLFGIPVDNKHQSTDCSFFFYVLNFGDSD----PVVQTCSQGSTEEQEDSMPLEDSEEFTFN
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Extended Data Figure 2. RAG2 core fragment (1-351aa) is active
(a) Sequence alignment of RAG2 from mouse (320-387aa), human, rat and Xenopus with

predicted secondary structures shown above. (b) Core RAG2 (1-387) and two further
truncated RAG2 variants (1-351 and 1-367) were constructed with a non-cleavable N-
terminal MBP tag and co-expressed with the tag-less core RAG1. The Coomassie Blue
R-250 stained SDS gel shows the purified RAG1/RAG2 complexes. (c) Purified RAG1/2
complexes with truncated RAG2 variants are equally active in cleaving a 32P-labeled 12RSS
DNA (in the presence of a 23RSS and Mg?*, as examined by TBE-Urea gel). (d) Elution
profiles of RAG1/RAG2 (both long and short forms) complexed with DNA from
Superdex-200 (S200) in a low salt buffer (50mM HEPES 7.0, 60 mM KCI, 1mM maltose
and 2 mM DTT). Regardless of the length of RAG2, the major S200 eluant peak came out at
the same time point and contained RAG1, RAG2 (1-351 or 1-387) and HMGBL proteins, as
shown in the SDS gel (right insert), as well as 12 and 23RSS oligonucleotides, as confirmed
by a TBE-Urea gel stained by SYBR-Green (left insert).
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KLHL2 GyrACTD

Extended Data Figure 3. Comparison of RAG2 with B-propeller and B-pinwheel structures
KLHL2 (PDB: 4CHB) %6 is selected to represent the p-propeller proteins, and the C-terminal

domain (CTD) of GyrA (PDB: 1SUU) °7 is selected to represent the p-pinwheel structures.
After superposition, RAG2, KLHL2 and GyrA are shown side-by-side individually in two
orthogonal views. Each structure is colored from N- to C-terminus in blue to red rainbow
colors. The loops in RAG2 that interact with RAG1 are labeled. The six  blades are named
by Roman numerals, | to VI from N to C terminus; four § strands in each blade are named
by Arabic numerals, 1 to 4.
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Extended Data Figure 4. Comparison of RAG1 and NBD-DNA complex
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(a) The NBD in the RAG1/2 core complex (blue and green) superimposes well with the
published structure of the NBD-DNA complex (PDB: 3GNA, protein colored yellow) 22. (b)
The twelve SCID/OS mutations in the NBD domain are mapped onto the crystal structure of
the NBD-DNA complex. Six SCID/OS (R391 to R407) mutations are located on a positively
charged surface patch that interacts with the nonamer; five remaining SCID/OS mutations
(L408 to A441) appear to affect the structural integrity of the NBD, and R446 may interact
with the spacer DNA in each RSS.

Extended Data Figure 5. Transposases that form a hairpin intermediate
(a) Hermes (PDB: 4D1Q)%7, (b) bacterial Tn5 (PDB: 1IMUS)*?, and (c) RAG1 dimers are

shown as ribbon diagrams in two orthogonal views, with the dyad perpendicular to the
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viewing plane (left) or in the plane (right). Each dimer consists of a cyan and a green
subunit. The catalytic RNH domains are highlighted in pink, and the conserved catalytic
residues are shown as red ball-and-sticks. The catalytic divalent metal ions are shown as
green spheres if present. The DNAs, colored in yellow (cleaved by the cyan subunit) and
orange (cleaved by the green subunit), have similar orientations in the Hermes and Tn5
complexes (as indicated by the arrows). Arrows with dashed outlines indicate that the DNAs
are in the back of the viewing plane. Notably, the pair of RNH domains is oriented similarly
in all three cases. The predicted orientations of DNAs bound to RAG1 are indicated by the
yellow and orange arrows, and the a-helices connected to the third catalytic carboxylates
(shown in light purple) probably bridge two DNAs in RAG1 recombinase as in Hermes and
Tn5.

a : \g Pfv Integrase

s R IR ~ 5574
kn»’ V-
- vl C
\»‘ f\“?é 3
= é‘w \- Iy By
of P <V,

~ a7 g
sl
N
’/I
c Mos1 Mariner

Extended Data Figure 6. Transposases that do not form a hairpin intermediate
(a) Retroviral integrase from Prototype foamy virus (Pfv, PDB: 3050)38, (b) bacterial MuA

transposase (PDB: 4FCY)38, and (c) eukaryotic Mos1 mariner transposase (PDB: 3HOT)3?
are shown in comparable views and same representations as Hermes, Tn5 and RAG1/2 in
Extended Data Figure 5. Each catalytic dimer consists of a cyan and a green subunit. Two
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accessory subunits in Pfv are shown in light blue and green, and two accessory subunits of
the MUA structure are omitted for clarity. The catalytic RNH domains are highlighted in
pink. The DNAs, colored in yellow (cleaved by the cyan subunit) and orange (cleaved by the
green subunit), have similar orientations (within 30°) as indicated by the arrowheads, but
each differs more than 90° from the corresponding DNA in Hermes or Tn5 transposase. The
gray DNA in the MuA complex represents the target of transposition. Among these three
recombinases, the a-helix that follows the third catalytic carboxylate (colored in light
purple) does not cross over to interact with a second DNA.

Extended Data Figure 7. Surface potential and conservation of RAG1/2 complex
(a) Orthogonal views of the electrostatic potential surface of the RAG1/2 structure. Blue

indicates positive charges, and red negative. (b) Orthogonal views of the molecular surface

of RAG1/2 with absolutely conserved residues highlighted in deep purple. The NBD is well
conserved. The views with dyad in the plane here are related to the image shown in Fig. 5¢

by ~50° rotation around the dyad.

Extended Data Table 1

Statistics of native and SeMet SAD data collection and structure refinement.
Asterisk (*) indicates that Data in the highest resolution shell is shown in parenthesis.

Native Crystal #1 Crystal #2 Crystal #3 Crystal #4

Crystal #5

Space group C222, C222, C222, C222, C222,
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Native Crystal #1 Crystal #2 Crystal #3 Crystal #4 Crystal #5

Cell dimensions

a b c(A) 168.8,180.1,200.2 168.7,179.0,199.3 168.5,179.2,200.3 169.1, 180.1,200.8 168.7,180.3,202.3 169.4,179.3,1

a, py(°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Absorption (Se) Peak Peak Peak Peak Peak
Wavelength (A) 1.0000 0.97918 0.97918 0.97918 0.97918 0.97913
Resolution * (&) 50-3.2 (3.31-3.2)  50.0-3.8(3.94-3.8)  50.0-3.7 (3.83-3.7)  50.0-4.0 (4.14-4.0)  50.0-3.9 (4.04-3.9)  50.0-3.8 (3.94-
Rmerge™ 0.105 (0.58) 0.151 (0.778) 0.149 (0.831) 0.199 (0.859) 0.194 (0.796) 0.174 (0.873)
l/ol* 12.75 (2.23) 17.7 (4.6) 17.5 (3.9) 14.4 (4.1) 14.2 (4.5) 16.8 (4.5)
Completeness * (%)  98.82 (99.9) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)
Redundancy * 7.1(3.9) 15.0 (15.3) 15.0 (15.3) 14.8 (15.2) 14.9 (15.3) 15.0 (15.3)
Refinement
Resolution (A) 50-3.2
No. reflections 49907
Ruorks Riree 0.206 / 0.259
No. atoms

Protein 14976

Ligand/ion (Zn?*) 2

Water 0
B-factors

Protein 106.4

Ligand/ion 85.0

Water -

R.m.s deviations
Bond lengths (A)  0.007
Bond angles (°) 1.114

Extended Data Table 2

Missense mutations of RAG1 and RAG2 identified in human SCID/OS patients.

All SCID/OS mutations here are listed in reference #12 and #13 except for three, for which
references are given in the table (#58-60). Red residues are the mutations made in

mouse 434,

Human mutation

Mouse residue

Predicted Structural Effects

RAG1
R394W/Q

R396L/H/C

S401P
T403P
RA04AW/AIQ

R391A

R393A

S398
T400
R401A

nonamer binding

nonamer binding

nonamer binding
nonamer binding

nonamer binding
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Human mutation

Mouse residue

Predicted Structural Effects

R410Q/W

L411P
D429G
V433M
M435V
Ad44V
R449K
L454Q
R474SIHIC

S480G 58
L506F
R507W
G516A
ws22C
D539V
R559S
R561H/C
A565D
S601P
C602W
H612R

A622P
R624C/H

E669G
R699Q/W
G709D
R716W

G720C
E722K

C730E/F
L732F/P
R737H

H753L

R764P
E770K
R776Q

R407A

L408
D426
V430
L432
Ad41
R446
L451

R471A

S477
L503
R504
G513
W519
D536
R556
R558
A562
S598
C599
H609L

A619
R621A

E666
R696
G706

R713A
G717
E719K

Cc727
L729
R734A

H750A

R761
E767

R773A

nonamer binding

Structural integrity of NBD
Structural integrity of NBD
Structural integrity of NBD
Structural integrity of NBD
Structural integrity of NBD
Probably DNA binding (spacer)
Structural integrity of RAG1 dimer
Structure & DNA binding in DDBD

Structure & DNA binding in DDBD
Structural integrity of DDBD
Solvent exposed, DNA binding?
Structural integrity of RAG1
Structural integrity of preR
Exposed, near RAG1/2 interface
At the edge of RAG1/2 interface
RAG1/2 interface (T169 of RAG2)
Structural integrity of preR
Structural integrity of active site
Structural integrity of active site

Disordered, near RAG2

Structural integrity of RNH
Active site, adjacent to D600

RAG1/2 interface
Structural stability of RNH
Structural integrity, active site

Structural integrity of RAG12

RAG1/2 interface
RAG1/2 interface

Structural integrity of ZnC2
Structural integrity of ZnC2
Possibly DNA binding (coding end)

Structural integrity of RAG1/2

At the edge of RAG1/2 interface
RAG1/2 interface
RAG1/2 interface
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Human mutation

Mouse residue  Predicted Structural Effects

R778QIGIW

P786L
1794T 60
R84IW/Q
N855|
L885R
WB896R

Y912C
1956T
R973H/C
Fo74L
R975W/Q
QI81R/P
K992E/R
M1006V
RAG2
G35V
R39G

caw
G95R
R229E/Q/W
M285R

R775A Structural integrity of RAG1/2

p783 RAG1/2 interface

1791 Structural integrity of ZnH2
R838 DNA binding (near heptamer)
N852 Interacts with 3’ end of RSS
L882 Structural integrity of ZnH2

W893 A Structural integrity of ZnH2

Y909 Structural integrity of ZnH2

1953R Structural integrity of ZnH2

R970 Heptamer binding (intra-subunit)

Fo71 Structural integrity of CTD

R972 Structural integrity of CTD

Q978 Heptamer binding (inter-subunit)

K989 Probable DNA binding

M1003 Domain interface of CTD-DDBD

G35 RAG1/2 interface (E666 of RAG1)
R39A RAG1/2 interface (E719, R773)

C41 Structure, and RAG1/2 interface

G95 Structure integrity of RAG2

R229 RAG1/2 interface (D546 of RAG1)

M285 Partially exposed, maybe structure

Extended Data Table 3

Mouse RAG1/2 mutations presented in reference #4.
Mutations that correspond to (SCID/OS mutations in human are highlighted in grey. R795A
listed in reference #4 (highlighted in red) should be H795A.

Mutations

Location and potential functional roles

RAG1 mutations: RAG2 binding +, all other -

K405A/H406A/

R407A

R748A/HT50A

R773A/R775A

H937A/K938A
H942A

Nonamer binding

R748 is near ZnC2 and ZnH2 and structurally important. H750 may stabilize the ZnC2
structure.

R773 is at RAG1/2 interface between E719 (RAG1) and R39 (RAG2). R775 is exposed to
solvent.
H937 coordinates the zinc, and K938 forms a salt-bridge with E709 next to the catalytic D708.

Zinc coordination
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Mutations Location and potential functional roles

R969A/RITOA Next to CTD in the positive groove for DNA binding

RAG1 mutations: RSS binding +, Nicking and Hairpinning -

K596A H-bond to the carbonyl of A957 and A955, stabilizes the W956 conformation in the apo-
structure

R621A/H Next to D600 in the active site

R713A H-bond to “O” of E719, Y725 and 1726 (near RAG1/2 interface)

E719K RAG1/2 interface

R734A Solvent exposed, but could bind coding-end DNA

WT760A RAG1/2 interface

H795A In the active site, next to D708

W956A W56 is near E962 but facing exterior and separate from the active site by the protein backbone.

RAG1 mutations: Nicking +, Hairpinning -

K608A Disordered

HG09L Disordered

R855A/K856A K856 is oriented toward the CTD/DDBD, R855 is solvent exposed
R890A Near D797 carboxylate, structure integrity, near R855

W893A Structural integrity of ZnH2

K980A On the CTD charged surface, potential for heptamer binding

RAG1 mutations: Joining negative or defective

R401A/RA02A Probable nonamer binding

E423Q Forming a salt bridge with R407 that probably binds nonamer
R440A Probable nonamer binding

E547Q RAGL1/2 interface

S723A/C Adjacent to E719 (OS) and close to R39 of RAG2

RAG1 mutations: Gain-of-function (12RSS processing)
E649A Solvent exposed and adjacent to N961 and S963 near E962.

RAG2 mutations: RAG1 binding+, all other -
K119A Solvent exposed and part of the positive top rim of the “Y”” shaped RAG1/2 complex
K283A/R Near M285R (OS), stabilizing the loop of 306-315

RAG2 mutations: RSS binding+. Nicking and Hairpinning -
K38A/R39A RAG1/2 interface, possible coding-end binding

RAG2 mutations: Joining negative or defective

K34A Near OS mutation G35V, RAG1/2 interface (adjacent to R73 and K97)
K56A/K58A Solvent exposed, may interact with coding DNA flank

R73A RAG1/2 interface (adjacent to K34 and K97)

H94A H94 is a part of the RAG2 structural core and important for the correct folding
K97A Near OS mutation G95R at RAG1/2 interface (K34 and R73)
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Mutations Location and potential functional roles

K119R Exposed to solvent and adjacent to K56 and K58

R167A Near RAGL1 interface (N525 of RAG1), forming positive-p stack with W172 (near P674 of
RAG1)

361 frame shift without PHD and regulatory domains
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Structure determination of RAG1/2 recombinase. (a) Procedure of assembling SEC from
purified RAG1/2, RSS DNAs and HMGBL1. The MBP tags were cleaved off by PreScission
protease after SEC formation. (b) The RAG1/2 — DNA complex was purified away from
MBP tags, free DNA, and HMGB1 on a Superdex-200 column. The eluted peak contains
RAG1/2 protein and RSS DNAs, as shown in the protein and DNA denaturing gels stained
by Coomassie Blue and SYBR-Green, respectively. (¢, d) The experimental electron density
map calculated from merging (c) two best SAD datasets or (d) all six SAD datasets.
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Fig. 2.
Crgystal structure of RAG1/2. (a) The front and (b) top view of the RAG1/2 heterotetramer.
The two RAGL1 chains are shown in blue and green ribbon diagrams, and both RAG2
subunits are shown in magenta. The active sites are highlighted by the three carboxylates
shown as red sticks. The zinc ions are shown as dark red spheres. The distance between the
two active sites is ~45A (marked by the red double arrowheads). The disordered loop of
residues 608-614 in RAG1 near the RAG1/2 interface is marked by a dotted line and grey
arrowhead.
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Fig. 3.
The RAGL structure. (a) A diagram of RAG1 domains with boundaries indicated by residue

numbers. (b) Cartoons of RAG1 dimer. One subunit is color-coded as in (a), and the other in
silver except for the preR and ZnC2 domains. (c) An orthogonal view of (b). (d) The Zn2*
coordination by two Cys (of ZnC2) and two His residues (of ZnH2). () The DDBD and
CTD domains. (f) The RNH and a portion of preR domain with the catalytic carboxylates
shown in red sticks. In panels b, d e, f, SCID/OS mutations are shown as colored sticks with
black labels.
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Fig. 4.

Ti?e interface between RAG1 and RAG2. (a) One side of the doughnut-shaped RAG2
interacts with the preR, RNH and ZnC2 domains of RAG1 (color-coded as in Fig. 3). The
SCID/OS mutations in RAG2 are shown and labeled in black. (b) An orthogonal view of the
RAG1/2 interface. The Kelch repeats of RAG2 are labeled | to VI. (c) Based on (b), the
interface of RAG1 and RAG?2 is shown as an open book. The regions at the interface are
indicated according to the color code, and SCID/OS mutations are labeled in black. The
mirrored arrowheads and boxes indicate matching surfaces.
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Fig. 5.
A RAG1/2-DNA model. (a) Superposition of the RNH domains of RAG1 (red active site)

and Hermes (PDB: 4D1Q 37). (b) The superposition places the 16bp DNA of the Hermes-
DNA complex in the RAGL1 active site. The DNA is colored yellow (the first 7 bp) and gold.
The second DNA is shown without additional manipulation. The a-helices bridging the two
DNAs are colored lilac. (c) The RAG1/2-RSS DNA model resulting from superposition with
the Hermes and the NBD-DNA complex (12bp, PDB: 3GNA) 22, (d) DNA cleavage by
hairpin-forming bacterial and eukaryotic transposases. The recognition sequences are
represented by orange triangles.
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