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How mouse RAG recombinase avoids DNA
transposition

Xuemin Chen®?, Yanxiang Cui®2, Huaibin Wang', Z. Hong Zhou?3, Martin Gellert ©®'* and Wei Yang ®™

The RAG1-RAG2 recombinase (RAG) cleaves DNA to initiate V(D)J recombination, but RAG also belongs to the RNH-type
transposase family. To learn how RAG-catalyzed transposition is inhibited in developing lymphocytes, we determined the struc-
ture of a DNA-strand transfer complex of mouse RAG at 3.1-A resolution. The target DNA is a T form (T for transpositional
target), which contains two >80° kinks towards the minor groove, only 3bp apart. RAG2, a late evolutionary addition in V(D)
J recombination, appears to enforce the sharp kinks and additional inter-segment twisting in target DNA and thus attenuates
unwanted transposition. In contrast to strand transfer complexes of genuine transposases, where severe kinks occur at the
integration sites of target DNA and thus prevent the reverse reaction, the sharp kink with RAG is 1bp away from the integration

site. As a result, RAG efficiently catalyzes the disintegration reaction that restores the RSS (donor) and target DNA.

RNase H-like (RNH) catalytic core with many bacterial and

eukaryotic transposases'~. The biological role of RAG is to
cleave DNA in the immunoglobulin and T-cell receptor loci and
initiate the process of V(D)] recombination that generates immune-
system diversification in jawed vertebrates. Like DNA transposases,
RAG cleaves both DNA strands at the end of the recombination
signal sequences (RSS, equivalent to terminal inverted repeats of
transposable elements, TIRs)"“. After double-strand cleavage by
RAG, the V, D and ] coding segments with hairpin ends (Fig. 1)
are processed and joined by the non-homologous end-joining path-
way”“. In resemblance to the way DNA transposases excise mobile
elements and insert them into new targets, RAG can integrate DNA
with RSS ends into new loci, with duplication of target sequence,
in vitro or ex vivo®. However, bona fide transposition by RAG,
which would disrupt genome integrity, is very rare in cells and
estimated to be 1 in 50,000 V(D)] recombination events in pre-B
cell lines™"’. Instead the RSS ends of DNA are joined and rendered
harmless under normal circumstances®''. Given the structural and
functional similarities between RAG and genuine transposases, it
is unclear what prevents RAG from transposing cleaved RSS DNA
to new targets in the genome. Specific regions in mouse RAGI
(mRAGI1) and mRAG2 have recently been identified to coopera-
tively inhibit transposition 100-fold'?. Interestingly, these regions
are over 50 A away from one another, and how they work together
to inhibit transposition is unknown. Possible mechanisms of inhibi-
tion at the target capture or integration step'” or by activating disin-
tegration (reverse of integration) (Fig. 1) are to be resolved.

RAG specifically binds two different RSSs, each composed of a
conserved heptamer and nonamer but separated by a 12 or 23bp
non-conserved spacer and thus known as 12RSS and 23RSS"'¢, and
cleaves at the borders of the 12/23RSS DNAs (Extended Data Fig.
1)'. After resisting structural study for two decades, RAG proteins
from mouse (MRAG) and zebrafish (zZRAG) have finally yielded
crystal and cryo-EM structures of the entire DNA cleavage pro-
cess, including apo RAG, pre-reaction RAG-DNA complex and
two DNA cleavage (nicking and hairpin formation) complexes™'”'*

| he RAGI1-RAG2 recombinase (RAG hereafter) shares its

(Extended Data Fig. 1a). These structures reveal how a Y-shaped
dimer of RAG1-RAG2 heterodimers pairs 12 and 23RSS DNA
asymmetrically and undergoes large rearrangements of protein and
DNA during reaction. In addition, our recent analysis of DNA nick-
ing by mRAG has revealed that the active site undergoes reconfigu-
ration for sequential cleavage of two antiparallel DNA strands™.

RNH-type transposases, including bacterial Tn5 and MuA and
eukaryotic Mosl, retroviral integrase, and Hermes of the hAT fam-
ily, have been extensively characterized®>*!. Transposition occurs
when the 3’-OHs at transposon ends are inserted into a target site
of 2-10bp, forming the transposition intermediate called the strand
transfer complex (STC; Fig. 1). STCs are often more stable than
transposase-DNA substrate complexes, as disintegration is disfa-
vored by all known transposases*>”. Structural analyses of STCs
of the transposases and integrases~* reveal similar binding of the
RNase H-like catalytic core to the transposable DNA ends, with the
target DNA usually kinked by 20-70° at the integration sites.

To find out what may prevent DNA transposition by RAG, we
determined a 3.1-A resolution cryo-EM structure of mRAG com-
plexed with RSS DNAs inserted into a new DNA target (STC). The
STC can be further processed to full transposition with target dupli-
cation”, or reversed to separate DNAs by disintegration (Fig. 1).
In the mouse STC structure, the 5bp target of DNA integration is
forced by mRAG protein to make two sharp >80° kinks 3 bp apart
towards the minor groove. The requirement of severe deformation
of the target DNA with stretched, flattened and inside-out major
groove may present barriers to both target capture and the strand
transfer reaction. Moreover, the product of strand transfer is prone
to disintegration catalyzed by RAG, leading to a low probability of
complete transposition.

Results

Structure of the RAG STC. A preferred target site for transposi-
tion by mRAG is 5bp of GC-rich sequence”®. We designed a
35bp target DNA with a CGGCG sequence in the center (5'-cgccg-
3" in the complementary strand) and synthetically linked it with
the 12/23RSS DNA to mimic a DNA transposition intermediate
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Fig. 1| Similarity of hairpin formation and disintegration catalyzed by RAG. The 12 and 23RSS DNAs are shown in yellow and orange, respectively, and
the target DNA is drawn in purple. After hairpin formation, the coding ends are released from RAG. To be captured by RAG for transposition, target DNA
has to undergo kinking and twisting (becoming T-form DNA). The strand-transfer complex (STC) can be reversed to target DNA and RSS (donor) DNAs
by disintegration, the reverse of the strand transfer (or integration) reaction. Each RAG active site is marked by two divalent cations (green spheres). Open
lilac circles indicate the scissile phosphates in target DNA. HFC, hairpin-forming RAG-DNA complex; SEC, signal-end complex.

(Fig. 1 and Extended Data Table 1). An extended version of mRAG1
(amino acids (aa) 265-1040) and near full-length RAG2 (aa 1-520)
were used in this study. To stop the disintegration reaction, we used
an inactive mutant E962Q (in the DDE motif) for structural char-
acterization. Using cryo-EM single-particle analysis, we initially
determined the complete STC structure at 3.4-A resolution. After
excluding the asymmetric Y-stem portion, which contained the dis-
similar RSS spacers, nonamer DNA and nonamer-binding domain
of RAG1 (NBD), refinement without applying symmetry to the two
Y arms, so as to preserve the unique target (CGGCG),led to a 3.1-A
resolution core STC structure of mRAG (Table 1, Extended Data
Fig. 2 and Methods).

The RAG STC structure is superimposable with the hairpin-
forming RAG-DNA complex except for the integration sites, where
the RSSs are covalently linked to target DNA (Fig. 2a). Between
these two structures, the r.m.s. deviation (r.m.s.d.) of RAG over
1,437 pairs of Cot atoms is 0.6 A. The similarity may appear surpris-
ing at first. In HFC, RSS DNAs are covalently linked to the coding
flank DNA, which is replaced by flanks of the target DNA in STC
(Extended Data Fig. 3). Transposition of the RSS DNAs would occur
after normal DNA cleavage and rapid release of the hairpin-end
coding-flank DNAs'”*"*, and requires the RAG-RSS complex to
capture a target DNA (Fig. 1). However, the chemical nature of dis-
integration (reverse reaction of strand transfer) is the same type of
transesterification as hairpin formation, both using a 3-OH' on the
flanking DNA to attack a scissile phosphate and replace one phos-
phodiester bond with another (Extended Data Fig. 3a,b). The main
difference between the two is the linkage of the scissile phosphate,
one belonging to the coding flank and the other to the target DNA.
In both STC and HFC, each RAG2 subunit interacts with 12bp of
flanking DNA, while RAG1 mainly interacts with the 12/23RSS
DNAs (Fig. 2b,c). The target site CGGCG, which is unique in STC,
interacts with an extended long loop of RAG2, Ly, which became
traceable in HFC and STC.

The T-form target DNA of mouse STC. The 5bp target CGGCG
retains Watson-Crick base pairing but undergoes dramatic con-
formational changes, departing drastically from the B form. Two
>80° kinks toward the minor groove between the first and second
and between the fourth and fifth base pairs give the target DNA a
U-shaped appearance (Fig. 2a). Base stacking at each kink site is
completely lost, while surrounding each integration site (where the
DNA strand is discontinuous) base stacking is intact (Fig. 3a-c).
The target DNA is segmented into three sections, two flanks and
3bp between the two kink sites (C/GGC/G; Fig. 2b). The cen-

tral 3bp are tilted ~45° relative to the helical axis and assume an
inside-out structure with the major groove greatly expanded and
exposed to solvent (Fig. 3a,b). At each kink site, the flanking DNA
helix is further twisted relative to the central 3bp to open the major
groove more widely (thus closing the minor groove; Fig. 2b and
Supplementary Video 1). Accompanying the kinking and twist-
ing, the Gs on opposite strands that frame each sharp kink form
inter-strand cation-n (N2 of Gua to Gua base) interactions perpen-
dicularly (Fig. 3b,c). With the two sharp kinks 3 bp apart, the DNA
backbone of 2nt before and 2nt into the 5bp target on the con-
tinuous strand (complementary to the DNA insertion site) forms
two zigzag turns reminiscent of a B- to Z-form DNA junction. The
result is a triangular rather than circular appearance of the DNA
when looking down the helical axis (Fig. 4a). The major groove of
the 5bp target site is expanded to 30 A to receive the 12 and 23RSS
DNA ends for insertion (Figs. 2a and 3a,b). Meanwhile, the oppo-
site minor groove is narrowed from 10 A in B-DNA to 6 A (ribose
C4' to C4").

A U-shaped DNA was first reported in an integration host factor
(IHF)-DNA complex™ and later with topoisomerases II and IV***,
but in those cases the two severe bends are towards the major groove
and more than 10bp apart, and thus the circular helical nature
remains unaltered (Fig. 4b,c). Two consecutive kinks towards the
minor groove within 5bp and additional inter-segment DNA twist-
ing make the target DNA in this RAG complex the most severely
distorted among transposase-DNA complexes. This sharply kinked
DNA form, with its greatly expanded major groove, shares the gen-
eral feature of bending towards the minor groove among target
DNAs for transposition, but it differs from others in the severity
and location of kinking, that is, 1 bp inside of rather than at the inte-
gration site. Because it is a target in DNA transposition and bent
toward the minor groove, we named it T-form DNA.

RAG performs efficient disintegration. The uniquely deformed
T-form DNA is stabilized by RAG-DNA interactions, sparse at the
DNA kinks per se and more abundant along the target flanks. At
each sharp kink site, side chains of R848 and M847 (belonging to
the ZnH2 domain of RAG1) wedge between the two nearly per-
pendicular CG base pairs (Figs. 2c and 3c). Each target flank is sur-
rounded by the ZnH2 domain of RAG1 adjacent to the integration
site and by RAG2 over a stretch of 12bp (Fig. 2b,c). In particular,
the long loop, Ly, of RAG2 (aa 333-342) contacts the zigzag DNA
backbone in the T-form target, where the minor groove is narrowest
(Fig. 2). All other interactions between RAG and RSS and flanking
DNA remain the same as in HFC.
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Table 1| Cryo-EM data collection, refinement and validation
statistics

STC (EMD-20037, STCANBD (EMD-
PDB 60ET) 20036, PDB 60ES)
Data collection and processing
Magnification 130,000 130,000
Voltage (kV) 300 300
Electron exposure (e/A%) 45 45
Defocus range (pm) -14to0-3.0 -14to0-3.0
Pixel size (A) 1.07 1.07
Symmetry imposed Cl Cl
Initial particle images (no.) 1,148,863 1,148,863
Final particle images (no.) 68,085 283,634
Map resolution (A) 34 31
FSC threshold 0.143 0.143
Map resolution range (A) 2.5-10 2.5-4.5
Refinement
Initial model used (PDB 5ZEO0 5ZEO0
code)
Model resolution (A) 35 31
FSC threshold 0.5 0.5
Map sharpening B factor —-60 -92
(A
Model composition
Nonhydrogen atoms 19,612 16,832
Protein residues 1926 1,784
Ligands 4 4
B factors (A2)
Protein 77.35 4498
Ligand 67.95 43.27
r.m.s. deviations
Bond lengths (A) 0.010 0.005
Bond angles (°) 0.917 0.751
Validation
MolProbity score 215 1.80
Clashscore 6.08 4.34
Poor rotamers (%) 3.44 2.87
Ramachandran plot
Favored (%) 93.82 96.39
Allowed (%) 6.18 3.33
Disallowed (%) 0 0.28

Ly,p; of RAG2 is flexible in the apo, pre-reaction (PRC) and nick-
forming (NFC) complexes, but it is involved in linking two Y arms
in HFC and STC by contacting RAG1 of the other RAGI-RAG2
heterodimer (Fig. 2d)>'”'®*. During hairpin formation, by link-
ing the two coding flanks, Lp,;; complements NBD domains that
bind the nonamer regions at the Y stem and probably secures the
asymmetric pairing of 12 and 23RSS and their concerted cleavage.
During transposition, by associating two Y arms and interacting
with the narrowed minor groove of a target site, Ly, aids target
DNA binding and contributes to the severe T-form DNA distor-
tion. For a long time, RAG2 was thought to exist only in jawed
vertebrates, where V(D)J recombination occurs. Very recently a
RAG2-like protein (RAG2L) has been found in the invertebrate

RAG1

(trans)
3

Fig. 2 | mRAG-DNA interactions in the STC. a, Superimposition of the HFC
and STC structures. STC is shown in multiple colors, with 12 and 23RSSs in
yellow and target DNA in purple. The RSS DNAs in HFC (PDB 6CGO) are
shown in semi-transparent gray. The 85° bending angles are indicated. The
region in d is outlined in a dashed cyan box. b, Protein-DNA interactions in
STC. The T-form DNA undergoes segment-to-segment twist in addition to
the sharp kink. The gray cylinder shows the target DNA without the twist,
and the actual target DNA is shown in purple. Loop Le,;; on RAG2 is marked
and shown as a thick red tube. ¢, A rotated view of b. The target site is in

a triangular shape when looking down the helical axis. R848 (RAG1) and
C350 (RAG2) are 50 A apart. d, Ly,; of MRAG2 interacts with the target
site DNA and also with aO (aa 823-841) of the RAGT on the other Y arm
(trans). Molecular surfaces are shown for L;,; and the RAGT in trans.

lancelet and forms a complex with RAG1”, but the biological func-
tion of this RAG1-RAG2L, whether it performs DNA transposition
or generates genome diversity as in V(D)J recombination, is unclear.
Interestingly, Ly, is absent in the invertebrate RAG2L, which leads
to diminished interactions with the flanking DNA and between two
Y arms in lancelet HFC (Supplementary Fig. 1). These differences
may underlie the non-concerted DNA cleavage and increased trans-
position by lancelet RAGL".

The catalytic RNH domain interacts with the scissile phosphate
for hairpin formation in HFC and for disintegration in STC (rever-
sal of strand transfer), and the two reactions are superimposable
(Fig. 3d and Extended Data Fig. 3a,b). The freed 3'-OH nucleophile
on the target flank and the scissile phosphate of the disintegration
reaction are juxtaposed in STC, which suggests that disintegration
(reversal of the strand transfer reaction) is imminent. Indeed, the
disintegration reaction catalyzed by RAG is more efficient than
hairpin formation under comparable reaction conditions (Fig. 3e).
The highly efficient disintegration by RAG is in stark contrast to
genuine transposases, in which strand transfer is overwhelmingly
dominant®*,
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Fig. 3 | The T-form DNA in STC. a,b, Orthogonal views of the central 7 bp of target DNA and the very 3’ end of RSS (donor) DNA in RAG STC. The CGGCG
target site is shown in magenta/purple, the flanking two base pairs on each side are in light pink, and the RSS DNA is in yellow. ¢, The adjacent base

pairs that frame the 85° kink form inter-strand cation-r interactions, as indicated by a red dashed line. d, Superimposition of the catalytic center in STC
(multicolor) and HFC (semi-transparent sand color; PDB 6CGO). The red dashed circle marks the 3'-OH, and the arrow shows the direction of nucleophilic
attack. e, Activities of WT and R848A mutant mRAG in hairpin formation and disintegration reactions. f, The R848A mutant RAG is more active than

WT in both strand transfer (integration) and disintegration reactions. However, the integration reaction is enhanced more than the disintegration, and the
R848A mutant favors transposition more than the WT does. In e and f, mean values and s.d. were calculated from three independent samples.

a Target DNA in RAG STC b DNA complexed with IHF ¢ DNA complexed with Top IIA

k—5bp— f——11 bp—— f——14bp—

Fig. 4 | Comparison of three different U-shaped DNAs. a-c, Two orthogonal views each are shown for DNA complexed with the RAG STC (a), IHF (b) and
topoisomerase (Top) Il1A (c), with the protein structure omitted. The profile of the DNA helix and the number of base pairs between two kink sites in each
complex are marked.

Interestingly, R848A mutant RAGI is twice as active in disinte-  for the reversal of transposition. Mutations of R848 to Met or Ala
gration as the wild-type (WT) protein (Fig. 3e,f), indicating that the ~ have recently been shown to increase transposition'?, which appears
interaction of R848 with the T-form DNA kink site is not required  to be in discord with the observation that R848A mutant mRAG
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Fig. 5 | Distorted target DNA in transposition. a, STC DNAs complexed with MuA, PFV, Mos1 and mRAG. The donor (TIR or RSS) and target DNA (T-
DNA) joints are indicated by black (left) and gray (right) arrows. The major groove and kinks on target DNAs are marked. b, A view down the helical axis
of one half of target DNA (right side in @) with one transposon end and integration site aligned (circled in dotted red), which reveals different orientations
of the second transposon end (yellow) and target DNA (magenta) in RAG from other STC structures (marked by colored arrows). ¢,d, Diagrams of the
DNA connection in the STCs of MuA, PFV and Mos1 (c) versus RAG (d) which explain the different orientation in b and the additional inter-segment twist

in target DNA with RAG.

stimulates disintegration and thus reduces transposition. Because
transposition is the sum of integration (strand transfer) and disin-
tegration (reverse reaction) (Fig. 1), we checked the effect of R848A
mutation on integration of RSS DNAs into a supercoiled target
DNA (see Methods) and found that it stimulated the strand trans-
fer reaction (threefold) slightly more than disintegration (twofold)
(Fig. 3f). Therefore, our results support the finding that R848 inhib-
its transposition by mRAG.

Discussion

Comparison of target DNA distortion by transposases and by
Casl-Cas2. Before the STC of mRAG, structures of STCs were
reported for four retroviral integrases (prototype foamy virus, Rous
sarcoma virus, HIV and Maedi-visna lentivirus), the eukaryotic
mariner family member Mosl and the bacteriophage transposase
MuA>%%-4 (Fig. 5a,b). The integration target varies from 2bp
(Mosl) to 4 (PFV), 5 (MuA, HIV and RAG) or 6bp (RSV). With
Mosl, the 2bp target becomes completely unpaired, and one base
is flipped out in the STC structure®. For MuA transposition, the
5bp target is severely kinked at each integration site (or transposon-
target junction), resulting in a total bending of 150°, while for ret-
roviral integration the overall DNA bending is milder, with a single
kink of ~40° in the center of the 4 to 6bp target site and two gentle
bends at the transposon-target junctions. In all cases, the target
DNA is kinked toward the minor groove, and the transposon DNA
ends always approach the expanded major groove of a target DNA
(Fig. 5). Distinct from the STC of RAG, in which the severe DNA
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kinks occur within the 5bp target and 1bp inside each integration
site, kinks and distortions of T-form DNA with the genuine trans-
posases occur at the integration sites and thus are likely to prevent
the reverse reaction of transposition (Extended Data Fig. 3c-e). In
accord with the biological role of these transposases, disintegration
is rare*>*,

The reason for target DNA bending towards the minor groove is
that the two DNA ends (3'-OHs) for transposition or integration are
no closer than 25 A in all known STC structures, while target inte-
gration sites separated by 4-6bp are only 16-20 A apart in B-form
DNA. Therefore, a target DNA has to be distorted into the T-form
with the major groove expanded to greater than 25A between
two insertion sites. The different degree of kinking in target DNA
reflects the nature of the interaction of each transposase with flank-
ing DNA. To compensate for the more severely kinked target DNA
as observed in transposition by MuA and RAG, the protein-DNA
interface is much more extensive than for the moderately kinked
target found in retroviral integration. A pre-existing flexible and
deformed site, such as a mismatched base pair or an insertion-dele-
tion loop, helps transposition by MuA as well as RAG**.

One may wonder why targets of DNA transposition and inte-
gration are often 4-6bp instead of 10bp or longer, which would
avoid the need for severe target DNA distortion. DNA targets lon-
ger than 20bp do exist and are routinely found in DNA acquisi-
tion by CRISPR***. Foreign DNAs of 21-72bp in length (known
as spacers in CRISPR and equivalent to transposon DNA) are
acquired and inserted into a CRISPR locus in the host genome
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Fig. 6 | RAG2 enforces the target DNA distortion. a, Structure superimposition of RAG STC and the hAT family transposase Hermes HFC (PDB 6DWW)
on one RNH domain (left) reveals that the two TIR and flank DNAs complexed with Hermes (colored green) are at a wider angle with respect to each
other than 12/23RSS DNAs (orange) and target DNA (purple) with RAG. The curved arrows indicate the narrowed crossing angle of DNA in the RAG
STC. b, The RNH catalytic domain and the active site of RAG and Hermes are superimposable. ¢, With the RNH domains superimposed, the flank DNA in

Hermes would clash with RAG2 (hot pink).

between ‘repeats’ of 23-55bp (equivalent to duplicated target
sites). Indeed, the DNA spacer and repeat complexed with bac-
terial CRISPR Cas1-Cas2 are bent gently and smoothly in the
equivalent STC* (Extended Data Fig. 4). Interestingly, the spacer
DNA (transposon) ends still approach the major groove of the
target site. With a long and smooth target in CRISPR, integration
of two spacer ends, however, is uncoupled, and single-end inte-
gration frequently occurs®™. This sequential integration has been
suggested to be necessary to correct mistakes by disintegration
and thus enable the sequence- and location-specificity of DNA
acquisition in CRISPR*. In contrast, successful DNA transposi-
tion requires concerted two-end integration into a non-specific
target site, during which each transposase subunit often forms cis
and trans interactions with both DNA ends to keep them together.
Distorted T-form target DNA may be a necessity born out of con-
certed integration.

RAG2 enforces T-form DNA distortion. The STC of RAG is
unusual in the severity and location of the kinks of target DNA
(Figs. 2 and 3). Although a structure of target DNA captured by
RAG before strand transfer is unavailable, the highly similar RAG
STC and HFC structures, and nearly superimposable structures
of target DNA before and after integration in a retroviral integra-
tion complex™, lead us to expect that a target DNA has to adopt the
sharply kinked T-form conformation to bind RAG for the strand
transfer reaction to occur (Figs. 1 and 2b). Barriers to forming the
kinked T-form conformation potentially make DNA transposition
less likely, as an unwanted side reaction to V(D)] recombination. In
addition, with the kinks in T-form DNA 1bp away from the donor
insertion sites in the STC of RAG, such distortion is no longer a bar-
rier to the disintegration reaction.

The part of RAG that most extensively interacts with the T-form
target DNA is RAG2 (Fig. 2). Although RAG2L has recently been

found in the invertebrate lancelet and shares the six-bladed Kelch
fold with mouse and zebrafish RAG2'>, four out of six blades
including the loop Ly,;, which are involved in binding DNA flanks
and linking two Y arms, are dissimilar between RAG2 and RAG2L
in sequence and structure (Supplementary Fig. 1). Interestingly,
although essential for DNA cleavage in V(D)] recombination, RAG2
does not contribute to active site formation nor sequence-specific
binding of the RSS DNAs. The ‘acidic patch’ of mRAG2 (aa 351-
383), which is not essential for V(D)] recombination and disordered
in all structures of mRAG determined so far, was found recently to
inhibit transposition in the context of an R848M or R848A muta-
tion in RAG1, but not with WT RAG1". Structurally, R848 of RAG1
and residue 350 of RAG2 are over 50 A apart (Fig. 2b,c) in all RAG
structures. It must be the six-bladed Kelch structure of RAG2 that
links the two together to inhibit transposition.

Comparing the known STC structures, the directions of trans-
poson DNA ends approaching the integration target DNA in RAG
STC are opposite to all others (Fig. 5b-d). This may be due to
the fact that RAG cleaves the RSS DNA differently and makes a
DNA hairpin on the coding flank DNA (Extended Data Fig. 1).
Hermes transposase in the hAT family is closely related to RAG
and cleaves DNA by forming hairpins on flanking DNAs rather
than transposon ends. Although a Hermes STC structure is not
yet available, comparison of Hermes HFC structures* with the
HFC and STC of RAG by superimposition of the RNH catalytic
domains shows that their active sites are well aligned (Fig. 6a,b),
and the layouts of the DNA substrates are similar. However, the
relative orientations of the coding or target flank DNAs differ
between Hermes and RAG (Fig. 6a). The two DNA arms are much
more ‘parallel’ and thus the kinks in T-form DNA are more acute
with RAG than with Hermes, which lacks a RAG2 equivalent, The
relaxed coding flank DNA in Hermes would clash with RAG2, if
present (Fig. 6¢).
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Conclusions

Our analysis of DNA transposition by RAG has uncovered the spe-
cial T-form DNA, which greatly deviates from the standard A or B
forms and is more severely distorted than target DNA structures
in active DNA transposases. The sharp kinks in the T-form DNA
probably act as a barrier to strand transfer by RAG, and by being
1bp away from the integration sites they also allow disintegration to
occur readily (Fig. 3e). We suspect that the two consecutive sharp
kinks and additional segmental twisting necessary for RAG trans-
position may be a result of evolutionary acquisition of the RAG2
subunits for V(D)] recombination”’. Our finding of the target DNA
distortion imposed by the core of RAG2 (aa 1-350) provides a link
between R848 of RAG1 at the kink site of target DNA and the acidic
hinge of RAG2 50 A away. We suggest that the acquisition of RAG2
may have been primarily to interfere with unwanted transposition.
The roles of RAG2 in enhancement of V(D)] recombination and in
DNA binding to coding flanks are means to that end.
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Methods

Cell lines. HEK293T cells were obtained from Thermo Fisher Scientific and
then maintained as Yang laboratory stock. None of the cell lines used were
authenticated.

Protein and DNA preparation. The WT and mutant mRAG proteins, which
comprised WT, E962Q or R848A RAG1 (aa 265-1040) and T490A RAG2 (aa
1-520), were expressed as N-terminal His6-maltose-binding protein (MBP)
fusions (on both RAG1 and RAG2) in HEK293T cells and purified as previously
described>". In addition to amylose affinity purification, a step of Mono Q anion
exchange chromatography improved the protein purity and eliminated a trace
amount of DNA contamination. The buffer used in amylose affinity purification
was 20 mM HEPES (pH 7.4), 500 mM KCl, 5% glycerol, 2mM DTT, 0.5mM EDTA.
The salt concentration of protein samples coming off the amylose column was
lowered to 100 mM before loading onto a Mono Q column (GE Healthcare), which
was pre-equilibrated with 20 mM HEPES (pH 7.4), 100 mM KCl, 5% glycerol,
2mM DTT, 0.5mM EDTA. mRAG protein was eluted by a linear gradient of
100-500 mM KCI. The purified mRAG protein was buffer-exchanged into a storage
buffer containing 20 mM HEPES (pH 7.4), 500 mM KCl, 20% glycerol, 0.1 mM
EDTA, 2mM DT, then concentrated to 6-8 mgml~" and stored at —80°C. Human
HMGBI (aa 1-163) was prepared as reported previously™.

Strand transfer DNAs of 12 and 23RSS used for structural analyses and
biochemical assays (Supplementary Table 1) were synthesized as ssDNA
(Integrated DNA Technologies). Oligonucleotides longer than 20 nucleotides were
purified by 8-15% Tris borate EDTA (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 deionized H,O. DNA was annealed in
a Thermocycler in annealing buffer containing 20 mM Tris-HCI, pH 8.0, 0.5 mM
EDTA and 50 mM NaClL

DNA cleavage, disintegration and strand transfer assays. The hairpin formation
and disintegration assays were performed in reaction buffer containing 25 mM
HEPES (pH 7.4), 100 mM KCI, 1mM DTT, 0.1 mgml~' BSA and 5mM MgCL,.
50nM each of Cy5- or FAM-labeled 12 and 23RSS DNAs covalently linked to

the 20 bp coding flank (hairpin-forming) or 35bp target DNA (disintegration)
(Supplementary Table 1) were incubated with 50 nM of heterotetrameric WT

or mutant (R848A) mRAG (tetramer), 100nM HMGBI and 200 nM H3K4Me3
peptide (Epicypher) at 37 °C for 0-40 min. Reactions were stopped by adding an
equal volume of formamide buffer (95% (vol/vol) formamide, 12mM EDTA and
0.3% bromophenol blue) and heating at 95°C for 10 min. Cleavage products were
separated by 15% TBE-urea PAGE, then visualized and quantified using a Typhoon
PhosphorImager (GE Healthcare). Plots of biochemical data show the mean +s.d.
from three independent experiments using Prism software (version 8.0).

The strand transfer (Integration) assay was carried out as previously reported’.
Briefly, signal end complex (SEC) was first assembled by mixing WT or R848A
mutant RAG, 12 and 23RSS signal ends without coding flank and HMGBI1 at a
1:1:1:2 molar ratio in a pre-reaction buffer (25 mM HEPES (pH7.4), 100 mM KCl,
5uM ZnCl,, 1mM DTT and 0.2 mM CaCl,) at 37°C for 10 min. The strand transfer
reaction was carried out by mixing 300 ng supercoiled pUC19 plasmid, 100 nM
SEC with 20 uM H3K4Me3 peptide in reaction buffer (25 mM HEPES (pH7.4),
100mM KCI, 1 mM DTT, 0.1 mgml~' BSA and 5mM MgCl,) and incubating at
37°C for 1h. The reaction was stopped by adding 25 mM EDTA, and proteins
were removed by treating with 0.4 mgml~' proteinase K for 30 min at 37°C. DNA
products were resuspended in 40 pl loading buffer after ethanol precipitation
and separated on a 1.5% agarose gel by electrophoresis. DNA bands were stained
with ethidium bromide and quantified using a Typhoon PhosphorImager (GE
Healthcare). Data from three independent experiments were averaged and shown
with standard deviations using Prism software.

Cryo-electron microscopy sample preparation and data collection. To prevent
reactions, we used the catalysis-deficient E962Q mutant mRAG. The purified E962Q
mutant mRAG contained MBP tags on both RAG1 and RAG2 subunits. MBP-
mRAG protein and target DNA-linked 12 and 23RSSs (Supplementary Table 1),
HMGBI (aa 1-163) and H3K4Me3 peptide were mixed in a 1:1.2:2.4:4 molar ratio
in buffer containing 20 mM HEPES (pH7.4), 100 mM KCl, 5uM ZnCl,, 1 mM
DTT, 5% glycerol and 5mM CaCl, and incubated at 37 °C for 15min. The mixture
was further purified at 4 °C by size exclusion chromatography on a Superdex 200
Increase 10/300 GL column (GE Healthcare) in buffer containing 20 mM HEPES
(pH?7.3), 100 mM KCl, 1% glycerol, 1 mM DTT and 5mM CaCl,. The elution peak
fractions were pooled and used for cryo-EM grid preparation. A 3 ul volume of the
purified STC (0.2 mgml~") was spotted on freshly glow-discharged QUANTIFOIL
R 1.2/1.3 (Cu, 300 mesh) grids at 22°C and blotted for 5s. The frozen grids were
stored in liquid nitrogen before use.

For structure determination, the frozen grids were loaded into a Titan Krios
electron microscope operated at 300kV for automated image acquisition with
Leginon 3.1*. Videos were recorded on a Gatan K2 Summit direct electron
detector using the super-resolution mode at 130k nominal magnification
(calibrated pixel size of 1.07 A at the sample level, corresponding to 0.535 A in
super-resolution mode) and defocus values ranging from —1.4 to —3.0 um. During

data collection, the total dose was 45e7/A?2 Detailed collection statistics are shown
in Table 1.

Structure analysis and model refinement. All frames in each collected video
were aligned and summed to generate both dose-weighted and dose-unweighted
micrographs using Motioncorr2™. The latter were only used for defocus
determination. Particles on dose-weighted micrographs were picked using
Gautomatch (developed by K. Zhang; https://www.mrc-lmb.cam.ac.uk/kzhang/
Gautomatch/) and extracted in RELION-2.1 using a box size of 280 x 280 pixels™.
Using the extracted particles, initial maps were obtained with cryoSPARC™, and
then served as the reference for template-based particle picking in Gautomatch
and three-dimensional (3D) classification in RELION™. Two-dimensional and
3D classification were used to remove contamination and screen for the most
homogeneous particles used for in-depth 3D structural analyses. The complete
STC structure of mRAG was determined at 3.4-A resolution and a 3.1-A core
STC structure was obtained by using a soft mask excluding the NBD-nanomer
region (Extended Data Fig. 2). When calculating the STCANBD map, we used
auto-sharpening in RELION_postprocess and obtained a B factor of 92. When
making the STC map, we manually lowered the B factor generated by RELION
to better show densities of the flexible NBD domain and the nonamer region.
The anisotropy of the 3.1 A STCANBD map was evaluated using 3D FSC** with a
cutoff of 0.143.

All reported resolutions are based on the ‘gold standard’ refinement
procedure and the 0.143 Fourier shell correlation (FSC) criterion™. Local
resolution was estimated using Resmap™. For model building, we used the
2.75-A resolution HFC crystal structure as an initial model to fit into the
cryo-EM STC map using Chimera™, and then manually adjusted and rebuilt
the model according to the cryo-EM density in Coot*. Phenix real-space
refinement was used to refine the model. MolProbity and EMRinger*’ were
used to validate the final model. The refinement statistics are shown in Table
1. The detailed classifications and map qualities of mRAG STC are shown in
Extended Data Fig. 2.

Reporting Summary. Further information on design of the research is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The cryo-EM structures of STC are available from the Protein Data Bank under
accession codes 60ES and 60ET, and the associated density maps are available

under codes EMD-20036 and EMD-20037 from the Electron Microscopy Data

Bank (Table 1).
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Extended Data Fig. 1| Two types of DNA cleavage mechanism used by RNase H-like transposases. a, RAG and members of eukaryotic hAT transposase
family, e.g. Hermes, cleave the top strand and generate a 5’ phosphate on the transposon end (terminal inverted repeat, TIR), or recombination signal
sequence (RSS for RAG) first. Cleavage of the bottom strand occurs by hairpin formation on DNA flanking the TIR or RSS. The filled and open red

circles indicate the scissile phosphates of the top and bottom strand, respectively. b, All bacterial and many eukaryotic transposases including retroviral
integrases cleave the bottom strand first and generate a 3’-OH on the transposon end for transposition. The pink arrow before the hairpin formation step
and the dashed grey box indicate that only a subset of transposases in this class undergo hairpin formation. The site of first nick is marked by a red scissor
in aand b, and the transposition competent complexes are shaded. ¢, Target capture and strand transfer reaction. The target site in T-DNA, which is
duplicated after transposition, is shown as a base pair ladder, and nucleophilic attack is indicated by red arrows.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Structure determination of RAG STC by cryo-EM. a, Flow chart for the cryo-EM data processing. The maps with red bold letters
are used for final model building of an intact STC and focused refinement without NBD and nonamer regions (STCANBD). b,¢, A representative cryo-EM
micrograph (b) and 2D classes of different views (c). d, A surface presentation of the 3.06 A STCANBD map (C1symmetry). Colors are according to
the local resolution estimated by ResMap, and the color scale bar is shown on its right. e, Angular distributions of all particles used for the final three-
dimensional reconstruction shown in b. f, The FSC curves of STC map (C1). The “gold standard” FSC between two independent halves of the map (black
line) indicates a resolution of 3.06 A, and the blue line is the FSC between the final refined model and the final map. g, Directional FSC plots> of the
cryo-EM reconstruction of STCANBD. h-k, Representative regions of the 3.06 A STCANBD map (transparent grey surface). The maps of aX helix

(h) heptamer plus one Ca?* (i) L;, in RNH domain (j) and target DNA (k) are shown with the final structural models (cartoon or stick) superimposed.
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Extended Data Fig. 3 | Disintegration reaction is inhibited in RNH-type transposases. a,b. Similarity between the hairpin formation in HFC (a) and
disintegration in STC (b) catalyzed by RAG. The DNAs are colored in yellow (RSS), orange (the coding flank in HFC), and pink (the flank) and purple (the
5 bp target) of T-form DNA in STC. The RAG active site is marked by two divalent cations, shown as green spheres. The nucleophilic reaction is indicated
by a red arrow. c-e, The reaction center for disintegration in RAG, PFV (PDB: 4BAC) and MuA (PDB: 4FCY). In the RAG STC (¢) the 3’-OH nucleophile (in
a dashed circle) is aligned for disintegration, but in the PFV STC (d) the entire nucleotide at the 3’-end is misaligned relative to the scissile phosphate. The
direction of nucleophilic attack is marked by the dotted red arrow. In the MuA STC (e) the 75° kink at the integration site renders the 3" end 15.1 A away

from the scissile phosphate.
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Cas1/2-DNA

Extended Data Fig. 4 | Mild DNA distortion in complex with Cas1-Cas2. The spacer is equivalent to the transposon DNA in transposition (TIR or RSS) and
is colored in yellow. The repeat is equivalent to the target DNA in transposition and colored green. Because the target site is more than 20 bp, the repeat
DNA is bent gently in the middle and far from the DNA integration sites.
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