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SUMMARY

To initiate V(D)J recombination for generating the
adaptive immune response of vertebrates, RAG1/2
recombinase cleaves DNA at a pair of recombination
signal sequences, the 12- and 23-RSS. We have
determined crystal and cryo-EM structures of
RAG1/2 with DNA in the pre-reaction and hairpin-
forming complexes up to 2.75 A resolution. Both pro-
tein and DNA exhibit structural plasticity and un-
dergo dramatic conformational changes. Coding-
flank DNAs extensively rotate, shift, and deform for
nicking and hairpin formation. Two intertwined
RAG1 subunits crisscross four times between the
asymmetric pair of severely bent 12/23-RSS DNAs.
Location-sensitive bending of 60° and 150° in 12-
and 23-RSS spacers, respectively, must occur for
RAG1/2 to capture the nonamers and pair the hep-
tamers for symmetric double-strand breakage. DNA
pairing is thus sequence-context dependent and
structure specific, which partly explains the “beyond
12/23” restriction. Finally, catalysis in crystallo re-
veals the process of DNA hairpin formation and its
stabilization by interleaved base stacking.

INTRODUCTION

The RAG1/2 recombinase initiates V(D)J recombination as an
essential step in generating the adaptive immune systems of ver-
tebrates (Gellert, 2002; Sakano et al., 1979). The antigen-binding
surface of immunoglobulins or T cell receptors (TCRs) is formed
by a pair of variable domains encoded by V, D, and J gene seg-
ments of heavy and light chains. Combinatorial assembly from
4-200 variations of each gene segment, imprecise rejoining of
cleaved DNA, and stochastic pairing of heavy and light chains
result in the capability of the adaptive immunity system to recog-
nize up to billions of different antigens (Schatz and Swanson,
2011). V, D, and J segments are bordered by bipartite recombi-
nation signal sequences (RSS), which consist of conserved 7 and
9 bp sequences (heptamer and nonamer) separated by a rela-
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tively non-conserved spacer of 12 or 23 bp, thus known as 12-
or 23-RSS (Akira et al., 1987; Ramsden et al., 1994). V(D)J
recombination operates between pairs of sites with one 12-
RSS and one 23-RSS (the 12/23 rule), thus joining V and J
gene segments of light chains and D and J or V and D of heavy
chains. The 12/23 rule is strictly controlled by the RAG1/2 recom-
binase, which is necessary and sufficient for pairing one RSS
DNA of each type and double-strand cleavage of both (Lap-
kouski et al., 2015; Ramsden et al., 1997). However, in the
TCR B and 3 loci joining of V and J gene segments bordered
by the 23- and 12-RSS, respectively, do not occur, and an inter-
vening D segment has to be joined to J before V can be joined to
DJ (Banerjee and Schatz, 2014; Bassing et al., 2000; Jung et al.,
2003). This is described as the “beyond 12/23” restriction, for
which the mechanism is unclear.

Of the 1040 and 527 residues of mouse RAG1 and RAG2, an
essential catalytic core encompasses residues 384-1008 of
RAG1 and 1-387 of RAG2 (Sadofsky et al., 1993, 1994; Silver
et al., 1993). The remaining N- and C-terminal regions serve reg-
ulatory roles and ensure that the potentially detrimental double-
strand breaks occur only as programmed (Bellon et al., 1997;
Grundy et al., 2010; Matthews et al., 2007; Ramoén-Maiques
et al.,, 2007; Schatz and Swanson, 2011; Singh and Gellert,
2015). With either the intact proteins or catalytic cores, RAG1/2
first hydrolyzes one strand to generate a nick with a 5'-phos-
phate on the RSS DNA and 3'-OH on the coding flank and
cleaves the second strand by strand transfer using the 3'-OH
product of the first reaction as the nucleophile, thus producing
a hairpin end on the coding flank and a blunt end on the RSS
DNA (McBlane et al., 1995). These two reactions catalyzed by
RAG1/2 occur consecutively in a single active site. After
cleavage, RAG1/2 releases the coding segments for processing
and ligation by non-homologous end joining (Boboila et al., 2012;
Deriano and Roth, 2013).

The crystal structure of mouse core RAG1/2 revealed a
Y-shaped dimer of RAG1/2 (Kim et al., 2015). Core RAG1 is
structurally modular. From the N to C terminus, it is made up of
the NBD (nonamer binding domain), which is a domain-swapped
dimer forming the stem of the Y, DDBD (dimerization and DNA
binding domain), pre-RNH, RNH (ribonuclease H-like), the Zn-
binding ZnC2 and ZnH2 domains, and the C-terminal domain
(CTD), which folds back to interact with the DDBD at the branch
point of the “Y.” The catalytic residues, D600, D708, and E962
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(Fugmann et al., 2000; Kim et al., 1999; Landree et al., 1999),
reside in the RNH domain. The core of RAG2 is composed of a
six-bladed B-propeller (Callebaut and Mornon, 1998), which
sits at the top of each “Y” arm formed by the pre-RNH, RNH,
and Zn-binding domains of RAG1 (Grundy et al., 2009). Although
the bulk of the RAG1/2 dimer follows a 2-fold symmetry, the
NBDs (aa 384-457) have a different dyad axis and are tilted to-
ward one arm of the “Y” (Kim et al., 2015). Asymmetry of the
RAG1/2 dimer with its off-centered NBDs is necessary to
accommodate the 12- and 23-RSS pair of DNAs (Lapkouski
et al., 2015).

Shortly after the crystal structure was determined, cryoelec-
tron microscopy (cryo-EM) structures of zebrafish RAG1/2 com-
plexed with nicked or fully cleaved RSS DNAs were reported,
reaching 3.4 A resolution for symmetrized RAG1/2 dimer and
12/23-RSS DNAs that excluded the NBDs and the nonamers
of the DNAs. These cryo-EM structures revealed a large closing
motion of the two RAG1/2 arms upon DNA binding and severely
distorted nicked RSS DNAs (Ru et al., 2015). However, the NBDs
and nonamer DNAs were poorly defined in the non-symmetrized
cryo-EM structures, due to 7 A resolution, and this region was
modeled based on an earlier crystal structure of the NBD-non-
amer complex, in which a crystallographic dyad axis symme-
trizes the two halves of each nonamer segment (Yin et al,
2009). Consequently, the mechanism underlying the 12/23 rule
that governs DNA pairing and cleavage in V(D)J recombination
remained unresolved.

Here, we report crystal structures up to 2.75 A resolution of
mouse core RAG1/2 in complex with both 12- and 23-RSS
DNAs, either intact or with one or both DNAs nicked at the cod-
ing-heptamer border. These structures reveal the tracing of a
complete RAG1/2 dimer and asymmetric recognition of 12- and
23-RSS DNAs. Dramatic DNA movement and three-part confor-
mational changes of RAG1/2 occur from the apo form and from
initial RSS-DNA binding to forming the hairpin products. Surpris-
ingly, RAG1/2 uses the same protein surface to bind the major or
minor groove of DNA equally well. We find that the conservation of
the heptamer is largely determined by DNA deformability rather
than hydrogen bonds with RAG1/2. Localized DNA kinks in the
DNA spacers influence 12- and 23-RSS pairing and cleavage
and thus form a structural basis for the “beyond 12/23” restric-
tions. By cleaving DNA in crystallo (Nakamura et al., 2012; Samara
etal., 2017), we have observed the process of DNA hairpin forma-
tion and also the hairpin structure with interleaved base stacking.
Finally, we also have determined the cryo-EM structure of mouse
RAG1/2 complexed with nicked 12- and 23-RSS DNAs at 3.17 A,
validating the asymmetric crystal structure and showing that the
150° bend of the 23-RSS spacer is facilitated by the connected
A and B boxes of the accessory protein HMGB1, known to stim-
ulate RAG cleavage (van Gent et al., 1997).

RESULTS

Crystal and EM Structures of Mouse RAG1/2 Complexed
with 12/23-RSS DNAs

Our initial crystals of mouse RAG1/2 complexed with fully
cleaved 12- and 23-RSS DNAs excluded the DNA due to lattice
contacts formed by the proteins (Kim et al., 2015). By including

the accessory DNA-binding protein HMGB1 and by varying
DNA coding flank lengths on the 12- and 23-RSS DNAs, we ob-
tained crystals of mouse RAG1/2 in complex with 12/23-RSS
DNAs, either with both RSSs intact or with one or both nicked
at the coding-heptamer border. These intact/intact, intact/
nicked, and nicked/nicked forms with different crystal lattices
diffract X-rays to 4.2 A, 3.15 A, and 2.75 A resolution, respec-
tively (Table S1). The structures were determined by molecular
replacement using the 3.2 A apo-RAG1/2 structure (PDB:
AWWX) (Kim et al., 2015) (Figure 1).

The resultant electron density map of the nicked/nicked
DNA complex allowed unequivocal tracing of 28 and 39 bp of
the 12- and 23-RSSs and 9-15 bp of each coding flank
DNA and structure refinement of two RAG1 (aa 385-1007 and
391-1008), two RAG2 (aa 1-350), and one HMGB1 chain in
each asymmetric unit to R and Rygee of 20.0 and 23.4%
(Table S1). We have also determined the equivalent cryo-EM
structure at 3.17 A (see Figure S1; Table S2; the STAR Methods).
Compared to the EM structure, the crystal structure is slightly
more compact as if dehydrated, and NBDs and DNA ends are
better defined in the crystal structure due to reduced mobility
(Figure S2A). In both the crystal and EM structure, the nicked
RSS DNAs are poised in the active sites for the second strand
cleavage and hairpin formation. Therefore, these structures are
referred to as the “hairpin-forming complex” (HFC) from here
on. Compared to the structure of zebrafish RAG1/2-RSS com-
plexes (Ru et al., 2015), both NBDs and nonamers are finally
resolved at 2.75 A resolution and the curvatures of the spacer
DNAs are unequivocally defined. In addition, details of DNA local
structures and protein-DNA interactions deviate from the cryo-
EM structure of the corresponding zebrafish complex, probably
because of the improved resolution (Figure S3).

The crystal structure of an intact/intact RAG1/2-RSS complex
was obtained with 10- and 14-bp coding flanks on 12- and 23-
RSS DNA, respectively. Although this structure is resolved only
to4.2 A (Table S1), it is clear that the RAG1/2 protein, particularly
the ZnH2 domain, is much more expanded from the core than in
the HFC (Figure 1). But the scissile phosphates for hydrolysis are
~20 A away from the catalytic centers, and severe distortions of
DNA will be necessary to engage them for the cleavage reactions.
Therefore, this structure represents DNA captured before chem-
ical reaction and is hereafter referred to as a “pre-reaction com-
plex” (PRC). Even when a nick was introduced to either 12- or
23-RSS DNA (forming a nicked/intact or intact/nicked pair,
respectively), the resulting complexes have essentially the same
structures as the intact/intact DNA complex, although with better
diffracting crystals and improved resolution extending to 3.15 A
(Figure S4; Table S1). Moreover, when the complexes of
RAG1/2 with intact/intact 12/23 RSS DNA were examined using
cryo-EM, the majority of particles belonged to this pre-reaction
state (data not shown), which must be prevalent and stable. The
highest-resolution PRC structure contains intact/nicked 12/23-
RSS DNAs and is used for structural analysis hereafter.

Overall Structures of Pre-reaction and Hairpin-Forming
Complexes

In both the PRC and the HFC structures, the RAG1/2 dimer re-
tains the overall Y shape of the apo protein (Figure 1). Binding
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Pre-reaction complex (PRC)

RAG1 (apo)
RAG1 (PRC)

RAG2 (PRC)
RAG2 (apo)

ZnH2

Figure 1. Structures of RAG1/2 PRC and HFC with 12/23-RSS DNAs
(A and B) The front (A) and top (B) views of pre-reaction complex (PRC).

Hairpin-forming complex (HFC)

RAG1 (apo)
RAG1 (HFC)

RAG2 (HFC)
RAG2 (apo)

(C and D) The front (C) and top (D) views of a hairpin-forming complex (HFC) are shown after superposition of their DDBD domains. Protein and DNA are color-
coded. Zn2* ions are shown as gray spheres, and the catalytic carboxylates are shown as red sticks. Both the PRC and the HFC are compared to the apo structure
(shown in light and semi-transparent colors) in (B) and (D), after superposition of DDBD domains. Movement of RAG2 and the ZnH2 domains relative to the
apo form is indicated by color-coded arrows. Compared to the PRC, the coding flank DNAs in the HFC also move as indicated by yellow (12-RSS) and orange

(23-RSS) arrows.

of RSS DNA induces the RAG1/2 arms of the Y to pivot, and the
NBDs at the stem of the Y to tilt significantly toward one arm (Fig-
ure 2A). Moreover, each RAG1/2 arm is hinged into two parts, as
the ZnH2 domain (aa 794-927 of RAG1) in each arm swings out
in the pre-reaction state and then swings back in the hairpin-
forming complex (Figures 1B, 1D, and 2). Compared to the
“open” apo-protein structure, where the two RAG1/2 arms are
separated by a gap, the gap appears even wider in the PRC,
and disappears in the HFC, with the two RAG1/2 arms hugging
each other (Videos S1, S2, S3, and S4).

The 28 and 39 bp of the recombination signal regions of the
12- and 23-RSS DNA substrates are nearly superimposable in
the PRC and the HFC, except for the flipping out of the first C
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and an increased kink between the last two nucleotides (TG) of
the heptamers in the HFC (Figure 3). These 12- and 23-RSS
DNAs bind to a RAG1 dimer on the outside of the stem and lower
one-third of the Y arms similarly, except that the extra 11 bp of
the 23-RSS spacer are bulged out (Figures 1A and 1C). RAG1
acts like a zipper and crisscrosses between the two RSS
DNAs, so that each RSS is bound by both RAG1 subunits (Fig-
ures 4A and 4B). The two nonamers bound by the NBDs are
almost anti-parallel, but the heptamers bound near the RAG1
active sites are nearly parallel (with a mere ~30° crossing angle)
(Figure 3). The DNA directional change is accomplished by the
90° bend in the middle of the 23-RSS spacer that is aided by
the HMGB1 protein (see below), and ~60° bending in each
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Figure 2. Structural Rearrangement of RAG1/2

RAG2 (HFC)

" *@f = ZnH2’

RAG2 (HFC)

ZnH2 RAG2 (PRC)
H FC)

RAG1 (HFC)

RAG1 (PRC)
NBD

(A) Superposition of the Y-shaped RAG1/2 dimer in apo (light colors) and HFC (darker colors) by their DDBD domains shows the large rotational movement of NBD

domains at the stem and also movement in both arms.

(B) Structure comparison of a single RAG1/2 heterodimer (A and B subunits as an example) between the apo form and HFC. After superposition of RAG2 (B
subunit), the pre-RNH, RNH, ZnC2 domains of RAG1 are also superimposable, but ZnH2 rotates by 9° and shifts by 2.6 A, and the NBD rotates by ~40° and shifts

by 10 A.

(C) Large movement of ZnH2 between HRC and HFC. The RAG1/2 (C and D subunits as an example) is shown after superimposing RAG2. Movement of helix D

with E962 (marked by a pink arrow) of RNH is obvious.

RSS spacer adjacent to the nonamer. The dyad axis relating
the NBDs is at a ~60° angle to the dyad relating the two
RAG1/2 arms.

The coding flank DNAs occupy the upper two-thirds of the Y
arms and are surrounded by both RAG1 and RAG2 (Figure 1).
In transforming from the pre-reaction to the hairpin forming com-
plex, each coding flank DNA moves dramatically, rotating ~180°
and translating ~8 A upward around the helical axis, with the ba-
ses adjacent to the heptamers now poised to form a hairpin loop
(Figure 3). As a result of this DNA transformation, the same
RAG1/2 surface contacts the major groove in one complex but
the minor groove in the other.

Structural Changes in RAG1/2

Three parts of the RAG1/2 dimer are mobile. Relative to the
DDBD domains, which form the pivot point in the center of the
Y, the main part of each Y arm consists of the catalytic regions
of RAG1 (pre-RNH, RNH, and ZnC2) together with the entire
RAG?2 rotates en bloc by 5° to 11° in different directions in the
two DNA complexes compared to the apo form (Figures 1B
and 1D). In addition, the NBDs at the stem of the “Y” rotate
~40° between the apo and DNA-bound forms with the centroid
shifting by over 10 A. The NBDs become much more tilted in both
DNA complexes (Figure 2A). Although only six residues in length
(aa 457-462), the linker between NBD and DDBD can span 6.5 A
to 15.6 A when bound to 12- or 23-RSS DNA, respectively, to
accommodate the asymmetry of RAG1/2-RSS complexes.
These flexible linkers also result in slightly different tilt of the Y
stem among different RAG1/2-DNA structures.

NBDs and nonamer regions easily become blurred or even
“disappear” in the EM structures (Ru et al., 2015) due to their
concerted flexibility. However, nonamer recognition by the
NBD is absolutely necessary for RAG1/2 function (Figure S5).

We found that when the NBD (aa 383-458) is deleted from the
RAG1 core, the truncated RAG1/2 (tRAG1/2) binds to 12/23-
RSS DNAs with an affinity similar to the core RAG1/2, but fails
to cleave the DNAs at the heptamer and coding flank junction
in the presence of Mg?* (Figures 4C and 4D). Even with an addi-
tion of Mn?*, nicking and hairpin formation by tRAG1/2 is barely
detectable (Figure S5C).

In addition to the en bloc movements, each helical ZnH2
domain, which binds the coding flank and heptamer surrounding
the DNA cleavage sites, opens by a 25° rotation and 13 A
centroid movement within the Y arm (Figures 1B and 1D) to allow
initial binding of undistorted RSS DNAs, and then closes
by rotating ~16° to bring the pair of nicked coding flank
DNAs closer, with significant DNA rotation, translation, and
deformation in the hairpin-forming complex (Figure 3). Even
between the apo form and the HFC, each ZnH2 domain rotates
by 9°-10° outward witha 2.6 t0 2.9 A shift of the centroid relative
to the main part of each Y arm to accommodate the DNAs
(Figures 2B and 2C). These ZnH2 movements, which are neces-
sary for binding and orienting the DNA substrates for the cleav-
age reactions, were not noted in the previous zebrafish RAG1/2
structures (Ru et al., 2015).

Structure of the 12/23-RSS DNAs and HMGB1 Protein

The 12- and 23-RSS DNAs are generally in B-form with local dis-
tortions around the nicked cleavage sites and a ~60° kink in the
12-RSS and a total of ~150° curvature in the 23-RSS DNA (Fig-
ure 3). DNA bending is necessary because RAG1/2 binding
shortens the end-to-end distance by 15 A and 55 A on the 12-
RSS (28 bp) and 23-RSS (39 bp), respectively. In all RAG1/2-
DNA complexes, the 23-RSS is bent nearly 90° toward the major
groove at 10-13 bp from the heptamer border (in the middle of
the spacer) and stabilized by the B box of HMGB1 protein, which
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approaches the RAG1/2 complex from outside (Figures 1A and
1C). In the HFC, the A box of HMGB1 binds the 23-RSS DNA
one helical turn away at the border with the nonamer, where
the DNA is bent an additional ~60°. In the PRC, the A-box is
shifted by 4 A along the DNA minor groove due to crystal lattice
contacts with a neighboring RAG1, but the sharp bend 1 bp into
the spacer from the nonamer border remains unchanged (Fig-
ure 3). A similar 60° bend is also observed in the 12-RSS DNA
1 bp into the spacer (Figure 3). Adjacent to the bent 12-RSS,
weak electron density for a low-occupancy second HMGB1 is
also observed, but it is insufficient to build a reliable model.
The 12- and 23-RSS DNAs are superimposable from the begin-
ning of the nonamer to 5 bp into the spacer regions (Figure S6).
The 60° bend in the 12-RSS is mainly stabilized by the contig-
uous protein-DNA interaction made by the NBDs, DDBDs, and
RNHs (Figure 4F) and probably occurs without the aid of
HMGB1 in solution (Grundy et al., 2009; van Gent et al., 1997).
To determine the roles of the A and B boxes of HMGB1 on the
23-RSS, we assayed hairpin formation catalyzed by RAG1/2 with
each DNA-binding box of HMGB1 alone or two linked boxes at
the molar ratio of 1:1 for a 12/23-RSS pair of DNAs (Figure S2C).
The presence of an A or B box alone barely affects RAG1/2 catal-
ysis, but the two linked boxes of HMGB1 stimulate hairpin forma-
tion. This is likely due to the increased avidity of joined the A and
B boxes and the necessity for the B box to stabilize the 90° bend
in 23-RSS, which has no contact with RAG1/2. The ~50 A dis-
tance between the end of the A box (K76) and the beginning of
the B box (R97) can be readily spanned by the 20-residue linker
between them. Although electron density resulting from X-ray
diffraction for the linker is weak, in the cryo-EM map at 3.9 Ares-
olution, the linker threads through the inside of the DNA bulge,
between RAG1 and the 23-RSS (Figure S2B), which is reminis-
cent of the binding of TFAM (an HMGB homolog) to the promoter
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23RSS(HFC)

Figure 3. The Overall Curvature of 12/23-
RSS DNAs

(A and B) Stick representation of the RSS DNAs in
the PRC with 12-RSS (yellow) in the front (A) and
the HFC with 23-RSS (orange) in the front (B). The
borders separating the coding flank (CF), heptamer
(Hr1 to Hr7), spacer (Sp), and nonamer regions (Nr1
to Nr9) are marked by dashed lines. The DNA he-
lical axes calculated by Curves5 (Lavery et al.,
2009) are also shown. Angles of sharp bends are
marked, and locations of kinks are labeled (Hr7,
Sp11 on 12-RSS, and Sp10-13 and Sp21 on 23-
RSS). The conventional 5 to 3’ directions of the
heptamers (nearly parallel) and nonamers (nearly
antiparallel) are marked by yellow and orange
arrowheads, respectively.

DNA in the mitochondrial transcription
initiation complex (Hillen et al., 2017).

RAG1 Dimer Crisscrosses between
12/23-RSS DNAs

Each RSS DNA is bound by both RAG1
subunits, and each RAG1 crosses be-
tween the DNA pair four times. DNA
recognition and cleavage occur in trans, as a RAG1 subunit pre-
dominantly binds one RSS but cleaves the other (Figures 4A and
4B). The conserved heptamer and nonamer regions of the 12-
and 23-RSS have the same interactions with RAG1, and even
the 12-RSS spacer interacts with RAG1 similarly to the first 7
and last 5 bp of the 23-RSS spacer (Figures 4E, 4F, and S6).
Thus, the interactions between RAG1/2 and 12-RSS that are
detailed below are also applicable to the 23-RSS. The interac-
tions with the nonamer and spacers are also conserved in the
pre-reaction and hairpin-forming complexes.

Nonamer recognition starts from tight minor groove binding by
the N-terminal extended peptide of NBD-C (aa 383-393, C
subunit of RAG1 as labeled in Figure 1) (Figure 4F). The bases
5'-AAC-3' at the end of the nonamer are recognized by the
main-chain polar atoms of K388, G389, G390, and R391. The
entire sidechain of R391 is buried deeply in the characteristically
narrow minor groove of the five consecutive A/T pairs in the mid-
dle of the nonamer. After tracking the phosphosugar backbone
of the Ts strand from R393 to T400, the NBD adopts a long
and kinked helical structure (aa 400-424), which recognizes
the A/T and C/G pairs at the beginning of the nonamer in the ma-
jor groove. R402 forms the typical bifurcated hydrogen bonds
with the guanine base, and the sidechain of H406 forms van
der Waals contacts with the thymine adjacent to the guanine.
The major groove between the nonamer and the spacer is com-
pressed where R407 contacts the backbone of the Ts strand,
and R401, K405, and K412 interact with three consecutive phos-
phate groups of the spacer on the other side.

The 12-RSS spacer from nonamer to heptamer contacts
NBD-C (detailed above), NBD-A (A subunit), and DDBD-C in
the major, minor, and major groove, respectively (Figure 4F).
The minor groove of the spacer region is bound by the
domain-swapped NBD-A (aa 426-457) and N443 on the turn
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(A and B) 23-RSS is dominantly bound by NBD, DDBD, and RNH of RAG1-A (green) (A), but cleaved by RAG1-C (blue) (B), whereas 12-RSS is dominantly bound
by RAG1-C (blue) and cleaved by RAG1-A (green). The ZnH2 domain is shown in semi-transparency. The flipped-out C (H1) and T (CF-1) are labeled.
(C) DNA binding by tRAG1/2 is similar to cRAG1/2 and unaffected by removing the NBD domain. Pre-nicked 12- or 23-RSS DNAs were fluorescently labeled

(6-FAM).

(D) Hairpin formation by tRAG1/2 that lacks the NBD is abolished, and an addition of 2 mM Mn?* cannot rescue the tRAG1/2 recombinase activity.
(E and F) Recognition of 23-RSS (orange) (E) and 12-RSS (yellow) (F). RAG1 domains are color-coded by subunits A (green) and C (blue). Heptamers and
nonamers are shown with sugar and base rings, whereas the spacer DNAs are shown as ladders only.

(G) A close-up view of the 12-RSS heptamer recognition.

between two a helices interacts with a DNA base. Next to it, the
three-helix bundle of DDBD-C (aa 463-517) interacts with the
major groove framed by the spacer and heptamer. The third
a-helix of DDBD roughly parallel to the DNA bases in the major
groove is anchored by H501 and R504, which interact with the
surrounding phosphate backbones. The preceding a-helix
pushes the heptamer backbone with S477 and S479 on one
end and reaches to the spacer backbone on the other side
with H485, K489, and Q495 (Figures 4E and 4F). Two intertwined

RAG1 subunits are sandwiched between 12- and 23-RSS DNAs
(Figures 4A and 4B). The NBD and DDBD bound to 12-RSS con-
tact each other, but not those bound to 23-RSS (Figures 4E and
4F). Although not sequence specific, the extended interactions
with DNA backbones lead to expanded minor grooves and a
compressed major groove, forming the 60° bend in the 12-RSS
spacer immediately next to the nonamer.

Each heptamer is contacted by both RAG1 subunits mostly in
the minor groove (Figure 4G) and undergoes a slight rotation
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(A and B) Coding flanks in the PRC (A) and HFC (B) are bound by RAG1-C (blue) and RAG2 (pink) in the same Y arm. The coding flank in the HFC is rotated by
~180° and translocated by ~8 A compared to the PRC, driven by the movement of ZnH2 and RAG2. 23-RSS DNA, RAG1-C, and RAG2-D are shown after
superimposing RAG2-Ds. R848 is buried in the minor groove in the PRC (A), but extensively interacts with the beginning of the hairpin forming coding flank (CF-1)
nucleotides in the major groove in the HFC. (B). Both CF-1 and one CF-9 are shown as sticks for reference.

(C) Superimposed structures of the PRC and the HFC reveal that the same protein surface contacts the major groove in the HFC (orange) and the widened minor

groove in the PRC (yellow-orange).

(D) Fluorescence anisotropy-based DNA-binding analysis of RAG1/2. RAG1/2 binds intact and nicked 12- and 23-RSS DNAs equally well, but binds about 20-fold

weaker to the hairpin product.

between the PRC and the HFC, concurrent with the ZnH2 move-
ment (Figures 1 and 2). The 4 bp of the heptamer adjacent to the
12-RSS spacer region (AGTG) are contacted across the minor
groove by S477 and S479 of the DDBD (see above) and two
loops coming from the trans subunit, K973-S979 (after the cata-
lytic residue E962) and K608-S611 (after D600). R977, supported
by salt bridges with D986 and w-cation stacking with Y982, is
buried deep in the minor groove of the sixth and seventh base
pairs of the heptamer (TG consensus) and causes a large roll
angle between them and a 15° and 35° bend in the PRC and
the HFC, respectively (Figures 3 and 4E-4G).

The first 3 bp of the heptamer (CAC) adjacent to the coding
flank interact with only the cis RAG1 subunit that cleaves it,
and have very different interactions in the two RAG1/2 com-
plexes. In the PRC, the CAC nucleotides are continuous with
the coding flank without noticeable helical distortion, and all
interactions with RAG1, including the R848-R855 loop of
ZnH2 and the catalytic residue E962 and N965 on helix D (aa
958-975), occur in the minor groove with little base contact
(Figure 5A). In the HFC, both CACs are severely distorted; the
first C is unpaired with the base completely flipped out of
the helix (Figure 4G). The RAG1 cleavage subunit straddles the
nicked heptamer. The ZnH2 domain presents G851-R855 for
major groove interactions with the CAC. The mainchain of
G851 and side chains of R855, E959, and S963 interact with
the unpaired first G, and N852 makes bifurcated hydrogen
bonds with the next two base pairs (AC) across the duplex (Fig-
ure 4G). RAG1 also contacts the minor groove with E962, S963,
K966, R969, and R970 along helix D and the loop of K645 to
E649. The flipped-out C is stabilized by the loop of K890 to C902.

In summary, the heptamer structure is markedly distorted in
the hairpin-forming complex, with under winding, reduced
base stacking, large roll angles, and close contact between adja-
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cent base pairs in the major groove (Figures 3 and 4). With limited
protein-DNA base interactions, the strong sequence conserva-
tion in the heptamer appears to be due to the ability of CA and
TG dinucleotides to maintain the distorted duplex structures.

Dramatically Different Coding Flank Interactions
Coding-flank DNAs bind the inside of the Y-shaped RAG1/2. The
first 5 bp nearest the heptamer are bound by RAG1 only, and the
rest contact RAG2 (Figure 5). In the PRC, the ZnH2 domain on
each Y arm twists open to accommodate the coding-flank
DNA (Figure 1B; Videos S1 and S2), while the rest of the
RAG1/2 arm remains similar to the apo structure. The non-
sequence-specific interactions between the DNA and RAG1/2
leave the DNA in a relaxed B-form. In contrast, in the HFC,
concurrently with the Y arm’s en bloc rotation and the closing
movement of ZnH2 subdomains, each coding flank is rotated
~180° in the unwinding direction and translocated 8A away
from the heptamer (Figures 5A and 5B; Videos S3 and S4). The
dramatic conformational changes of DNA together with flipping
out the first base in the coding flank, which is attached to the
scissile phosphate, provides the space for the 3'-OH of the
nicked strand to bend toward the scissile phosphate for hairpin
formation in the active site (Figure 5B). The requirement of sepa-
rating the first base pair in the coding flank for hairpin formation
favors T (thymine) for flipping out with little protein contact, and
the unpaired A for strong base stacking with the rest of the cod-
ing flank. The distal end of the coding flank leans on RAG2 (N116
to K119) (Figure 5C), while RAG2 is supported by ZnH2 on the
other Y arm as the two Y arms close the gap between them
(Figure 1D).

As a result, if a single patch of RAG1/2 surface contacts the
major groove of coding-flank DNA in the PRC (or the HFC), it in-
teracts with the minor groove in the HFC (or the PRC), and vice



Figure 6. The Active Site and Hairpin Formation

RNH (apo)

(A and B) Formation of the active catalytic centers in the HFC (darker green and blue RNH domains) depends on coupling of two RAG1 subunits, the correct DNA
conformation, and metal ions (Mn?* or Mg?*). Orthogonal views of the dimeric interface are shown with the dyad in plane (A) and perpendicular to the view plane
(B). RAG1 structural changes (highlighted in purple and black arrows) occur after D600 (L12), D708 (G717 helix) and E962 (Lpg). For comparison, one subunit of the

apo form is shown in light green.

(C) A zoom-in view of the two-Mn2*-bound active site in the HFC (green protein, red carboxylates, and purple Mn?*) superimposed with the apo form structure
(lighter green and pink). The first nucleotide in the heptamer (H1), the scissile phosphorus (orange, on the flipped-out T [CF-1]), and the 3'-OH (red) are shown as a

ball-and-sticks model.

(D) The active site after hairpin formation. The four nucleotides forming the loop of the hairpin are highlighted in orange (backbone), yellow (carbon), blue (ni-

trogen), and red (oxygen) and sequentially labeled as HP1 to HP4.

(E) A close-up view of the base stacking in the hairpin loop, HP1 with HP3 and HP2 with HP4.

versa (Figures 5A-5C). In the HFC, R848 approaches DNA in
the major groove by forming mt-cation stacking with the base of
the attacking nucleophile (3'-OH) and charge-charge interac-
tions with the scissile phosphate opposite the two divalent
cations in the active site (Figure 5B), thus playing a crucial role
in orienting the substrate for catalysis. In the PRC, R848 adopts
two alternative conformations and instead is inserted deeply in
the minor groove (Figure 5A). At the same time, two RAG1 loops
(aa 720-726 and 927-933) bind the first 5 bp of the coding flank
in the major groove (in the PRC) or the minor groove (in the HFC)
(Figure 5C).

Beyond the first 5 bp, RAG2 dominates the coding flank bind-
ing. Whether it is the major groove in the HFC or the slightly
widened minor groove in the PRC, R39 together with K38 and
S40 in a 34q helical turn contacts the DNA backbone 6-8 bp
from the heptamer, and H10 and H54 to K58 contact the other
DNA backbone at 8-10 bp from the heptamer (Figure 5C). The
role of R39 in supporting the conformational changes of the
coding flank explains why the R39G mutation and the nearby
C41W lead to human SCID (Piirila et al., 2006).

Despite the dramatically different protein-DNA interactions in
the PRC and the HFC, the binding constants of core RAG1/2
for the intact and pairwise-nicked RSS DNAs are both in the
25 nM range (Figure 5D). This is probably because in the severely
distorted nicked form, the coding flank more extensively inter-
acts with RAG1/2, involving more than 12 bps.

Hairpin Forming and Strand Transfer Reaction

Not only do the NBD domains and Y arms of RAG1/2 rearrange
upon binding DNA but also the three catalytic residues undergo
significant conformational changes (Figures 6 and S7). In the
PRC, without the scissile phosphate captured in the active
site, the catalytic residue E962 is dislocated as in the apo form
(E962Q mutant was used in the PRC) (Video S2), whereas
D600 and D708 adopt the reaction-ready rotamer conformations
like in the HFC. To become cleavage competent after pairing
nicked 12/23-RSS DNAs asymmetrically, E962 undergoes a
random loop to helix conformational change and shifts by >2 A
(Figures 2B and 2C). The helix (D), to which E962 belongs, ex-
tends from one active site to binding the heptamer in the other
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catalytic site with K973, R977 and Q978 on the loop Lpg (Figures
4G, 6A, and 6B). In addition, loop L4, (K608-S611) after D600,
which is disordered in the apo form and the PRC, becomes or-
dered in the HFC and forms trans-interactions with the heptamer
of the other RSS. These crosstalks between the two catalytic
centers orchestrate the two active sites into coupled action.
The ability of one active site to catalyze two different reactions
using either a water molecule or a 3'-OH as the nucleophile prob-
ably entails the flexibility of the catalytic residues and a require-
ment of substrate-assisted catalytic center formation.

The HFCs can be formed with an E962Q mutant or 3'-dideoxy
nucleotides at the nicked ends to prevent reaction. Wild-type
(WT) RAG1/2 protein can also be crystallized with nicked DNA
substrate with 3'-OH ends if the catalytic Mg?* is replaced with
Ca?*, which has been shown to support protein-DNA complex
formation but not catalysis (Grundy et al., 2009; Nowotny et al.,
2007). We find that RAG1/2 can catalyze hairpin formation in
crystallo when the WT crystals are transferred and soaked in
2-5 mM Mn?* stabilization buffer for 30 s to 10 min. Surprisingly,
with WT protein, native DNA, and Ca2*, the active sites are not
fully formed and devoid of the second metal ion (Figure S7). It re-
quires soaking in 2 mM Mn?* for the metal ions to occupy the cat-
alytic site and coordinate the scissile phosphate and the 3'-OH
for the reaction to occur (Figure 6C). At 5 mM Mn?*, reaction
was nearly complete in 2 min at 4°C (Figure 6D). The electron
density of the hairpin DNA became weaker during the reaction
process, indicating the release of the hairpin DNA product. Solu-
tion analysis showed that RAG1/2 binds the hairpin product
~20-fold more weakly than the intact or nicked RSS DNAs
(Figure 5D).

The in crystallo reaction also afforded a glimpse of the hairpin
structures of the coding flank DNA, which are fully base paired in
the PRC. The 2 bp that form the hairpin loop are completely un-
paired to allow the phosphosugar backbone to be connected,
and the loop structure is stabilized in two alternate conforma-
tions, each with two pairs of base stackings. The major confor-
mation is formed by interleaving base stacking, 1-3 and 2-4 (Fig-
ures 6D and 6E), and the minor one has 1-2 and 3-4 stacking
with the third and fourth bases solvent exposed. In both cases,
the first base in the loop is more stacked with the duplex portion
of the hairpin.

DISCUSSION

DNA Sequence Context That Governs 12/23-RSS Pairing

The heptamer sequence in 12- and 23-RSS is highly conserved
(Ramsden et al., 1996). However, both the PRC and the HFC
have few protein-base-specific hydrogen bonds; those they do
have are limited to the first 3 bp. This is unexpected and different
from the usual sequence-specific protein-DNA associations.
With the consensus heptamer sequence, backbone distortion
and DNA kinking are pronounced between the sixth and seventh
base pairs (Figures 3 and 4G). The 2.75 A resolution crystal struc-
ture of the HFC suggests that the particular heptamer se-
quences, rich in CA and TG dinucleotides, are chosen for the
high deformability of the DNA in unwinding, reduced base stack-
ing, and increased base rolling and tilting (thus resulting in a bent
helix), so that each heptamer can form cis and trans interactions
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with both RAG1 subunits and allow communication across two
catalytic centers (Figure 6).

Coupled recognition of a pair of 12/23-RSS DNAs is essen-
tial for the catalytic center formation. In the well-defined HFC
structure, DNA kinks between the 10" and 11", 12" and 13™,
and 22"¥ and 23" bp of the 23-RSS spacer and between 11"
and 12" bp of the 12-RSS spacer (Figure 3). Although HMGB1
can facilitate DNA bending, the location of kinks is determined
not by HMGB1 but by the local DNA sequence context and
macromolecular assembly. When DNA is kinked as in the
RSS spacers, adjacent base pairs contact each other closely
in the major groove, and TG and CA dinucleotides favor
such contacts (Figure 4G). A polypurine tract, particularly an
A run, as in the center of the conserved nonamer, makes the
DNA duplex rather stiff and straight, but it accentuates DNA
kinks in its vicinity (Rice et al., 1996). The 23-RSS spacer
needs to bend ~150° to bind RAG1/2. Exact locations of kinks
in the 12- and 23-RSS may vary, but they have to be matched
so that the heptamers and nonamers can be bound by NBDs
and RNHs for productive DNA cleavage (see discussion
below). Therefore, the sequence context of the spacers,
instead of conservation of individual nucleotides, is important
for pairing 12- and 23-RSS DNAs.

A survey of the human and mouse germline TCR and Ig (immu-
noglobulin) sequences reveals that (1) the consensus TG dinu-
cleotide in positions 6 and 7 of the heptamer is often absent in
TCR V and J segments (Glusman et al., 2001; Ramsden et al.,
1994), (2) CA dinucleotides often occur between the 10™ and
13" positions of the 23-RSS spacer on Ig gene segments, (3)
CA or TG is often found at the end of the spacer bordering the
nonamers of both 12- and 23-RSS DNAs, (4) polypurine tracts
are prevalent in spacer sequences and placed uniquely in
different RSS DNAs, and (5) consecutive CA and TG dinucleo-
tides are found in other spacer regions. Collectively, these
distinct features influence the locations of straight and bent por-
tions in each RSS as well as favored and disfavored pairing of
certain 12- and 23-RSS DNAs.

A particular RSS sequence can result in enhanced RAG1/2-
DNA complex formation and can also dramatically bias V(D)J
joining. For example, a single C to T change at the tenth base
pair of the 23-RSS bordering the human TCR V3, thus making
a TG dinucleotide, increases the V(D)J recombination product
by 8-fold (Posnett et al., 1994). In another example, the 23-
RSS bordering the D segment of the TCR B locus, which has
the consensus heptamer and nonamer sequence and pro-
bending sequence TATG at the 10" to 13" bp of the spacer, pro-
motes D to J joining, and even allows V to be joined with J when
placed at the border of the V segment (Wu et al., 2003). In
contrast, the native 23-RSS bordering the V segment has non-
consensus heptamer and nonamer and the anti-bending
GGGC at the 10" to 13" bp of the spacer. A 23-RSS as good
as the one bordering TCR DB1 can even pair with off-target
DNA within a chromatin domain, as long as CAC (the first three
nucleotides of the heptamer) is present to mark the cleavage
site (Hu et al., 2015). The “beyond 12/23” restriction can thus
be explained in part by the requirement of location-sensitive
DNA kinks and bends for productive RSS pairing and cleavage
by RAG1/2.
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Figure 7. Cartoon Diagrams of the Reaction Process of RAG1/2 from the Apo Form to the PRC and the HFC

Sequence context of DNA coding flanks also plays a critical
role in V(D)J recombination (Gerstein and Lieber, 1993). Because
base flipping out at the heptamer-coding flank junction is neces-
sary for the hairpin formation (Figure 6), an A/T pair is favored
immediately adjacent to the heptamer, and unpaired pyrimidines
(T and C) are preferentially flipped out and their partners (A and
G) are stabilized by base stacking with adjacent duplexes.
Because the DNA hairpin product depends on base pairing to
maintain a duplex structure beyond the hairpin loop, GCs are
preferred in the coding flank after the first 2 bp (Gerstein and
Lieber, 1993).

HMGB1 and Its Preference for AC/TG Dinucleotides
Since the discovery of HMG proteins in 1970s, no structure of the
two-box HMGB-DNA complex has been reported before its
participation in the PRC and the HFC, where its complex with
RAG1/2 establishes 60° and 90° bends in the 23-RSS spacer (Fig-
ure 1). In contrast, structures of TFAM, which also contains two
HMG boxes, have been determined in complex with a transcrip-
tion initiation site, where the DNA is bent 90° by each of the two
HMG boxes in phase, making a 180° U-turn (Hillen et al., 2017;
Rubio-Cosials et al., 2011). We notice that wherever TFAM bends
the DNA, there is a CA or TG dinucleotide. It is likely that strategi-
cally located pro-bending CA/TG dinucleotides in the PRC and
the HFC would stabilize otherwise unstable HMGB1-bent DNA
complexes as they influence V(D)J recombination efficiency and
partner choice (Posnett et al., 1994; Wu et al., 2003). If a DNA
kink is shifted by 1 bp, the direction of DNA curvature would be
changed by ~36°. Given the flexible linker between the two
HMG boxes, HMGB1 can bend DNA into different directions ac-
cording to the functional requirement of particular macromolec-
ular complexes. The threading of HMGB1 under 23-RSS also pre-
sents a topological puzzle, as whether HMGB1 wraps around the
DNA prior to RAG1/2 binding or a RAG1/2-DNA complex partially
dissociates for HMGB1 to bind fully.

Synchronized DNA Pairing by NBD and RNH Domains
Formation of each active site in the RNH domain critically de-
pends on its precise contact with the other heptamer in trans
(Figures 4G, 6, and 7), and the proper communication between
RNH domains depends on the NBD domains binding to non-
amers. Acquisition of the NBD domain by RAG1 differentiates
the chordates that carry out V(D)J recombination from those
that do not (Huang et al., 2016). It may be surprising that the trun-
cated RAG1/2 without NBD binds RSS DNAs and core RAG1/2
but fails to cleave them (Figures 4C, 4D, and S5C). The
sequence-specific DNA binding by NBDs apparently is not uti-
lized to increase RSS affinity, but to increase the diversity and
selectivity of DNA substrates. To coordinate binding of a pair
of antiparallel nonamers by the intertwined NBDs and a pair of
nearly parallel heptamers by the RNH domains requires the
asymmetric 12- and 23-RSS spacer DNAs to bend differently
but synchronously (Figure 7). The requirement of communication
between the NBD and RNH domains and structural synchrony
between 12- and 23-RSS DNAs makes RAG1/2 recombinase
far more versatile and tunable and substrate selection more
stringent than any other DNA transposases.

RAG2 and ZnH2 May Provide Another Layer of 12/23-
RSS Selection

Comparison of the apo, the PRC, and the HFC structures reveals
the previously unappreciated large domain movement of ZnH2.
ZnH2 is tethered to the RAG1/2 arm by the Zn?* coordination be-
tween H937 and H942 of ZnH2 and C727 and C730 of ZnC2,
which form extensive interactions with RAG2 to make each
RAG1/2 arm move as one unit. The mobility of the helix carrying
H937 and H942 and the hinge region (aa 928-933) allows the
bulk of ZnH2 (aa 794-927) to undergo an opening and closing
movement from apo to the PRC and from the PRC to the HFC
(Figure 7). The deformation of the coding flank at the heptamer
junction in the HFC is accompanied by the dramatic domain
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rotation of ZnH2 supported by the smaller movement of the re-
maining RAG1/2 arm. The ZnH2 domain, particularly the loop
containing R848-N852, which undergoes minimal structural
changes, needs to hop over the DNA backbone and change
from contacting the minor groove in the PRC to reading the
nicked heptamer in the major groove in the HFC (Figure 7).

RAG2, which works with ZnH2 to embrace coding flank DNAs,
is unique in RAG1/2 and absent in other DNA transposases,
which undergo a similar two-step DNA double-strand cleavage
(Hickman et al., 2014). The role of RAG2 appears to be to
equalize DNA binding in the PRC and the HFC and support this
dramatic DNA transformation. Our observation of singly nicked
RSS DNA reverting to the pre-reaction state rather than commit-
ting to the nick-forming state may indicate that asynchronous
nicking of one DNA, e.g., as a result of incorrect pairing of
non-complementary 12/23-RSS DNAs, could contribute to the
“beyond 12/23” restriction by reversing the process and DNA
release (Drejer-Teel et al., 2007).

X-Ray Crystallography versus Cryo-EM Approaches
To the best of our knowledge, the mouse and zebrafish HFC
represent the first example of a macromolecular structure deter-
mined first by cryo-EM and then by X-ray crystallography at near
atomic resolutions. The differences in these structures reveal
interesting aspects of the pros and cons of each method. The
obvious advantage of cryo-EM not needing crystals is well es-
tablished, but the precise alignment of trillions of molecules in
crystals alleviates the intrinsic errors of aligning individual mole-
cules picked from noisy micrographs produced by cryo-EM. The
outcome is that crystal structure is more precise in determining
the hydrogen bonding patterns. For molecules such as RAG1/
2-DNA complexes, which have discrete functional states, crys-
tallography remains a powerful tool for high-precision analysis.
Moreover, Brownian motion in solution introduces heterogene-
ity into structurally and functionally identical molecules, with the
result that structure variations in cryoEM images are expected,
even from the same conformational species. For example, the
NBD domains and nonamer regions are blurry and of relatively
low resolution in all cryo-EM maps, particularly when those
maps are viewed after B-value sharpening. Lattice contacts in
crystals, however, selectively stabilize a certain macromolecular
conformation and allow precise model building of otherwise
intractable structures. Unambiguous characterization of the
DNA deformations and locations of DNA kinks revealed in the
crystal structure of HFC provide a structural basis for understand-
ing the 12/23 rule and the “beyond 12/23” restriction.

Concluding Remarks

By now, many structures of the RAG1/2 recombinase have been
determined, including the apo protein, the PRC and the HFC, the
hairpin-product complex, and a cleaved complex variant (Ru
et al., 2015). These structures illuminate the asymmetric 12/23-
RSS DNA and RAG1/2 protein configurations involved in
achieving the sophisticated site-specific DNA manipulations
required to form our highly diverse immune system. The atomic
details explain why many naturally occurring mutations in RAG1
or RAG2 cause human SCID or Omenn syndrome and shed light
on restricted pairing of 12/23-RSS DNAs. However, how RAG1/2
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makes the first nick in each RSS DNA, how RAG1/2 recombinase
activity is regulated by modifications of histones and the
RAG proteins themselves, and whether we can use the molecu-
lar understanding to improve functions of genetically defective
RAG1/2 and fight cancers remain to be addressed.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

BL21(DE3) ThermoFisher C600003

Chemicals, Peptides, and Recombinant Proteins

Mouse cRAG1/2 This paper 384-1008 /1-359

Mouse tRAG1/2 This paper 459-1008 /1-359

Mouse RAG1/2 This paper 265-1040 / 1-520

Human HMGB1 This paper 1-163

Human HMGB1-A box This paper 1-78

Human HMGB1-B box This paper 88-163

Deposited Data

PRC complex (intact/intact), X-ray This paper PDB: 6CIL

PRC complex (intact/nicked), X-ray This paper PDB: 6CIK

PRC complex (nicked/intact), X-ray This paper PDB: 6CIM

HFC complex (CaZ*), X-ray This paper PDB: 5ZDZ

HFC complex (dideoxy, Mg?*), X-ray This paper PDB: 5ZEO

HFC complex (Mn?*, substrate), X-ray This paper PDB: 5ZE1

HFC complex (Mn?*, hairpin product), X-ray This paper PDB: 5ZE2

HFC complex (E962Q, Ca?*), cryo-EM (3.17 Z\) This paper PDB: 6CGO; EMDB: 7470

HFC complex (E962Q, Ca®*), cryo-EM (3.90 A) This paper PDB: 6CIJ; EMDB: 7480

Experimental Models: Cell Lines

HEK293T cells ATCC CRL-3216

Oligonucleotides

See Table S3 This paper N/A

Recombinant DNA

pLEXm plasmid with RAG1/2 Aricescu et al., 2006 N/A

Software and Algorithms

PyMol Schrodinger https://pymol.org/2/

Prism-7 GraphPad Software https://www.graphpad.com/

CCP4 CCP4 http://www.ccp4.ac.uk

PHENIX Adams et al., 2010 https://www.phenix-online.org

COoOoT Emsley et al., 2010 https://www2.mrc-Imb.cam.ac.uk/personal/

pemsley/coot/

RELION Scheres, 2012; Fernandez-Leiro https://www2.mrc-Imb.cam.ac.uk/relion
and Scheres, 2017

cryoSPARC Punjani et al., 2017 https://www2.mrc-Imb.cam.ac.uk/relion

Leginon Suloway et al., 2005 http://emg.nysbc.org/redmine/projects/

leginon/wiki/Leginon_Homepage

CONTACT FOR REAGENT AND RESOURCE SHARING

Email contact for further information and reagent and resource sharing: weiy@niddk.nih.gov.
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METHOD DETAILS

Protein and DNA preparation

The mouse core RAG1/2 (wild-type or E962Q mutant RAG1 aa 384-1008 and RAG2 aa 1-359, tRAG1/2 (RAG1 aa 459-1008) and
extended RAG1/2 (RAG1 aa 265-1040 and RAG2 aa 1-520 with a T490A mutation) proteins were expressed as N-terminal Hisg-
MBP fusions in HEK293T cells and purified as previously described (Kim et al., 2015), except that one extra step of Mono Q anion
exchange chromatography was added after amylose affinity purification to improve protein purity and eliminate a trace amount
of random DNA. The salt concentration in the protein eluted from amylose column was lowered before purification on a Mono Q
10/100 GL anion exchange column (GE Healthcare). Mono Q was pre-equilibrated with 50 mM HEPES (pH 7.3), 100 mM KCI, 5%
glycerol,2 mM DTT, 0.1 mM EDTA. RAG1/2 protein was eluted by a linear gradient of 100-500 mM KCI. The purified RAG1/2 protein
was buffer exchanged into a storage buffer containing 25 mM HEPES (pH 7.3), 500 mM KClI, 20% glycerol, 0.1 mM EDTA, 2 mM DTT,
concentrated to 4-6 mg/ml, and stored at —80°C.

Human HMGB1 (1-163 amino acids) was prepared as reported previously (Grundy et al., 2009). The coding sequences of Human
HMGB1-A box (aa 1-78) and HMGB1-B box (aa 88-163) were PCR amplified and subcloned into the pET15 vector with an N-terminal
MBP-tag. Proteins were expressed in BL21(DE3) cells by IPTG induction. After harvesting, cells were lysed by sonication in lysis
buffer (20 mM TRIS (pH 8.0), 0.5 M KCI, 1 mM TCEP (pH7.0), 1 mM EDTA and protease inhibitor cocktail (Roche)). All purification
steps were carried out at 4°C. The lysate was cleared by centrifugation at 35,000 rpm for 1 h and loaded onto amylose resin
(NEB). After washing with 100X column volumes of lysis buffer, protein was eluted with lysis buffer supplemented with 40 mM
maltose. Eluted protein was treated with PreScission protease to cleave off the Hisg-MBP-tag at 4°C overnight. Further purification
included HiTrap Heparin, HiTrap SP, and a HiLoad 16/60 Superdex 75 column (GE Healthcare) in the final buffer containing 20 mM
Tris (pH 8.0), 0.1 M KCI, and 1 mM TCEP. After adding glycerol to 20% final concentration, the protein was stored at —80°C
before use.

12- and 23-RSS DNAs used for structural analyses and binding and cleavage assays (Table S3) were synthesized as ssDNA
(Integrated DNA Technologies). Long oligonucleotides (> 36 nucleotides) were purified by 8%-15% TBE-Urea PAGE in a small
gel cassette (Life Technologies). Gel purified oligonucleotides were then loaded onto a Glen Gel-Pak column (Glen Research) and
eluted in TE buffer. dsDNA was annealed in a Thermocycler in annealing buffer containing 20 mM Tris-HCI, pH 8.0, 0.5 mM
EDTA, 50 mM NaCl.

To generate 3'-dideoxy oligos, 14 or 15 nucleotides of coding DNA were annealed with a complementary oligo with a 5’ overhang of
10 nucleotides (to create length difference) and incubated with ddATP, Klenow polymerase (NEB) in Klenow reaction buffer at 37°C
for 2 hours. The reaction was stopped by addition of 2X volume of stop solution (90% v/v formamide, 0.025% SDS, and 50 mM
EDTA). After heat denaturation, the 3'-dideoxy oligo was purified by TBE-urea PAGE.

The procedure for assembly and purification of the PRC and HFC was similar to that of the SEC complex described previously (Kim
et al., 2015). Pure wild-type or E962Q-RAG1/2 tetramer, intact or pre-nicked 12RSS, intact or pre-nicked 23RSS, and HMGB1 (aa 1-
163) were mixed at 1:1.2:1.2:2 molar ratio in buffer containing 25 mM HEPES (pH 7.3), 100 mM KCl, 5 uM ZnCl,, 1 mM TCEP and
5 mM divalent cation (Ca2* for WT enzyme-substrate complex or Mg?* for 3'-dideoxy pre-nicked 12/23-RSS DNAs or E962Q mutant
RAG1/2) and incubated at 37°C for 20 min. To remove the Hisg-MBP fusion tags from the PRC and HFC complexes, PreScission
protease was added at a 1:100 mass ratio (protease to RAG1/2) and incubated overnight at 4°C. The non-tagged RAG1/
2:12RSS:23RSS:HMGB1 complex (1:1:1:1 ratio) was separated from free-MBP, PreScission protease, excess DNA and HMGB1
by size exclusion chromatography on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) in buffer containing 25 mM HEPES
(pH 7.3), 100 mM KCI, 5% glycerol, 0.1 mM EDTA, 1 mM TCEP, 5 mM divalent cation.

Crystallization and diffraction data collection

Crystals were grown by hanging drop vapor diffusion at 4°C. The HFC crystals were produced by mixing equal volumes of the com-
plex (at ~5 mg/ml protein) and reservoir solution containing 100 mM MES (pH 6.8), 10%-15% PEG 3350 and 200 mM potassium
formate in each droplet. Crystals appeared in 3 days and reached a maximum size in 3 to 6 weeks. Crystals were cryo-protected
in reservoir solution supplemented with 25% ethylene glycol and flash cooled in liquid nitrogen. HFC crystallized in the P2, space
group with one RAG1/2 heterotetramer, one 12RSS, one 23RSS, and one HMGB1 in each asymmetric unit.

Intact/intact, intact/nicked, and nicked/intact PRC complexes were grown in similar crystallization conditions containing
12%-18% PEG3350, 200 mM NaNO3; or KNO3, or NaCl, and 50-100 mM HEPES (pH 6.9) or MES (pH 7.0). Crystals of intact/intact,
intact/nicked, and nicked/intact PRC complexes, which initially diffracted X-rays to 7A resolution, were dehydrated at 4°C in the crys-
tallization droplets against well solutions of crystallization buffer with 4% stepwise increments of PEG3350 up to 35% (v/v), for 30 min
at each step. Mn?* (5mM) was included at a final step of dehydration of the inactivated mutant (E962Q) RAG1/2 and incubated over-
night. The harvested crystals were cryo-protected in the final dehydration solution supplemented with 5%, 10% and 15% (v/v) glyc-
erol stepwise and then flash cooled in liquid nitrogen. All X-ray diffraction data were collected at 100K on beamline 221D (SER-CAT) of
the Advanced Photon Source at Argonne National Laboratory. All data were processed and scaled by XDS (Kabsch, 2010) or
HKL2000 (Otwinowski and Minor, 1997).
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Crystal structure determination and refinement

Both HFC and PRC structures were determined by molecular replacement using Phaser-MR in PHENIX (Adams et al., 2010) with the
apo RAG1/2 structure (PDB: 4WWX) as a search model. The initial model derived from Phaser-MR consisted of one RAG1/2 hetero-
tetramer per asymmetric unit (chains A-D). Electron density for the 12- and 23-RSS DNAs was obvious in the HFC, but in the PRC the
end of the coding flank of 23RSS and some base pairs at and beyond the nonamer ends on both RSSs were not as well defined. The
DNAs, HMGB1, and flexible regions in RAG1/2 were manually built iteratively in COOT (Emsley et al., 2010), and all structures were
refined using PHENIX. Highly flexible regions of protein and DNA with ambiguous density were not included in the model. The intact/
nicked structure was used as a template to determine structures of intact/intact and nicked/intact complexes.

Secondary structure restraints and non-crystallographic two-fold symmetry averaging restraints were used throughout the refine-
ment. The final HFC model contains amino acids 385-1008 of RAG1 and amino acids 1-351 of RAG2, and one Zn?* ion in each RAG1
subunit. The N-terminal residues 384-390 are disordered in one RAG1 subunit. Due to poor electron densities, residues 82-87 and
336-340 of RAG2 were not included in the final model. The final refinement statistics are shown in Table S1. Restraints on base pairs
and base stacking of DNA were also applied. The Ramachandran plot and model quality were calculated with MolProbity. All struc-
tural figures were prepared with PyMOL (https://pymol.org/2/).

CryoEM sample preparation and data collection

To obtain cryoEM images of the HFC, an extended form of RAG1/2 with RING finger and PHD domains included was used rather than
core RAG1/2. With core RAG1/2, a severe problem of preferential orientation was always encountered, regardless of what kind of
RSS DNAs were used, and only a biased map could be obtained. By using extended RAG1/2, we overcame the preferential orien-
tation problem. HFC containing extended RAG1/2 (0.2 mg/ml) was loaded on C-flat CF-1.2/1.3-4C holey carbon grids (3ul each),
blotted for 4 s, and flash-frozen in liquid ethane in a Vitrobot at 100% humidity. The frozen grids were stored in liquid nitrogen
and loaded into a Titan Krios electron microscope operated at 300 kV for automated image acquisition with Leginon (Suloway
et al., 2005). Videos were recorded on a Gatan K2 Summit direct electron detector, using the super-resolution mode at 130K nominal
magnification (calibrated pixel size of 1.07A on the sample level, corresponding to 0.535A in super-resolution mode) and defocus
values ranging from —1.4 to —3.0 um. The dose rate at the detector was set to about 5.5 electrons per physical pixel per second.
The total exposure time for each video was 12 s, which was fractionated into 60 frames of sub-images, with 0.2 s per frame. The first
and last two frames were removed during motion correction, and the remaining frames were aligned and summed to generate a
dose-weighted micrograph using Motioncorr2 (Zheng et al., 2017). Micrographs without dose weighting were also generated and
used for defocus determination and particle picking. The micrographs with dose weighting were phase-flipped using Bsoft (Hey-
mann, 2001). Out of 2300 dose-weighted micrographs obtained in a continuous session, 1688 micrographs were selected by manual
screening, and 693,167 particles were initially picked from these selected micrographs using Gautomatch (developed by Dr. K.
Zhang; https://www.mrc-Imb.cam.ac.uk/kzhang/Gautomatch/) and extracted in RELION-2.1 (Fernandez-Leiro and Scheres,
2017). Using the extracted particles, an initial map at ~3.5 A resolution was obtained with cryoSPARC (Punjani et al., 2017) and
served as the reference for 3D structure classification with RELION (Scheres, 2012). A low-pass (15 A) fitered map generated
from the coordinates of our crystal structure of HFC using EMAN2 (Ludtke, 2016) worked equally well as the reference for 3D clas-
sification with RELION. Two cycles of 3D classification were performed to classify the extracted particles. In the first cycle, three clas-
ses were assigned, and one of them showed good structural features and was thus selected for the second cycle of classification. In
the second cycle, four classes were assigned, three of which showed a clear NBD domain and the fourth contained partial structural
features. One of the three good classes showed the partial linker between the A and B boxes of HMGB1 bound to the 23RSS. 139,781
particles belonging to the 3 classes and 49,624 in the class with the partial linker were then selected to refine the models and generate
the 3.17 Aand 3.90 A maps in C1 symmetry using 3D auto-refine in RELION, and the maps were sharpened using post-processing
also in RELION. All reported resolutions are based on the “gold standard” refinement procedures and the 0.143 Fourier Shell Cor-
relation (FSC) criterion (Swint-Kruse and Brown, 2005). Local resolution was estimated using Resmap (Kucukelbir et al., 2014). For
model building, we first fit our 2.75A HFC crystal structure into the cryoEM map using Chimera, and then manually adjusted and re-
built the model according to the cryoEM density in COOT (Emsley et al., 2010). Phenix real-space refinement was used to refine the
model. MolProbity and EMRinger (Barad et al., 2015) were used to validate the final model. The refinement statistics are shown in
Table S2.

HMGB1 requirement in the hairpin formation reaction

For hairpin formation, 55 nM pre-nicked 12- and 23- RSS DNAs, of which 12RSS was 5'- labeled with 6-FAM on the 16-bp coding
flank (Table S3) were incubated with 100 nM RAG1/2 in the reaction buffer (20 mM HEPES (pH 7.3), 80 mM KCI, 1 mM CaCl,, 1 uM
ZnCl,, and 0.1 mg/ml BSA) in the presence of 50 nM to 100 nM HMGB1, or a single A- or B-box, at 22°C for 5 min. Reaction was
initiated by addition of 5 mM MgCl, and terminated at the indicated time points by mixing with 2X volume of stop solution (90%
v/v formamide, 0.025% SDS, and 50 mM EDTA). After heat denaturation, reaction products were resolve on 15% polyacrylamide
TBE-urea gels, visualized on a Typhoon Phosphorlmager, and quantified using ImageQuant software.
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Fluorescence-based substrate, intermediate, and product DNA binding assays

The fluorescence-based DNA binding assays were performed in a binding buffer containing 20 mM HEPES (pH 7.5), 100 mM KCl,
2 mM DTT, 0.1 mg/ml BSA, 1 mM MgCl,, 0.1 mM EDTA, and 1% glycerol. For binding of intact or nicked RSS DNA substrates
with 16 bp coding ends, 20 nM 5'-Cy5-labeled 12- or 23-RSS and an equal amount of unlabeled 23- or 12-RSS were incubated
with 40 nM HMGB1 and mouse cRAG1/2 E962Q tetrameric protein at concentrations from 2 to 1024 nM at 25°C for 5 min. For binding
of 16 bp hairpin products, 40 nM cleaved 12RSS and 40 nM 23RSS without coding flank, and 80 nM 5’-Cy5-labeled hairpin coding-
flank products were incubated with HMGB1 and cRAG1/2 as described above. Fluorescence polarization values were measured on a
CLARIOstar instrument, and the binding curves and K, values were plotted and calculated with Graphpad Prism software (version
7.0). Plots of biochemical data are shown with the mean + SD from three independent experiments.

Comparison of DNA binding and cleavage by tRAG1/2 and cRAG1/2

DNA binding assays were carried out in a binding buffer containing 25 mM HEPES (pH 7.5), 60 mM KCI, 1 mM DTT, 0.1 mg/ml BSA,
1 mM CaCl, and 0.1 mM EDTA, with either wild-type cRAG1/2 or tRAG1/2. Either pre-nicked 12- or 23-RSS DNA (each 20 nM) was
FAM-labeled on the 5’-coding flank and incubated with WT tRAG1/2 at concentrations from 2 to 400 nM at 25°C for 5 min. DNA bind-
ing by WT cRAG1/2 to pre-nicked 12/23-RSS DNA with the FAM-labeled 12RSS was also measured in the presence of 20 nM
HMGB1 as a reference. The K, values were generated in the same way as described above.

Cleavage assays were performed in the reaction buffer containing 25 mM HEPES (pH 7.5), 60 mM KCI, 1 mM DTT, 0.1 mg/ml| BSA,
and 5 mM MgCl, or 5 mM MgCl, plus 2 mM MnCl,. Pre-nicked 12- and 23-RSS DNA each with a 16 bp coding flank and both FAM-
labeled at 60 nM were incubated with 50 nM (based on the heterotetrameric MW) WT cRAG1/2 or tRAG1/2 and 120 nM HMGB1 at
37°C for 0-80 min. Reactions were stopped by adding an equal volume of the formamide buffer (95% (v/v) formamide and 12 mM
EDTA and 0.3% bromophenol blue) and heating at 95°C for 10 min. Cleavage products were separated by 15% TBE-urea PAGE,
visualized and quantified using a Typhoon Phosphorlmager (GE Healthcare).

DATA AND SOFTWARE AVAILABILITY
The accession codes for the crystal structures of the HFC and PRC reported in this paper are PDB: 5ZDZ, 5ZE0-2, and 6CIK-M

(Table S1). The cryoEM density maps and the atomic models derived from these maps are deposited in the EMDB: EMDB-7470
and 7480 and PDB: 6CGO and 6CIJ, respectively (Table S2).
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