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Abstract

RAG1/2 (RAG) is an RNH-type DNA recombinase specially evolved to initiate V(D)J gene
rearrangement for generating the adaptive immune response in jawed vertebrates. After decades
of frustration with little mechanistic understanding of RAG, the crystal structure of mouse RAG
recombinase opened the flood gates in early 2015. Structures of three different chordate RAG
recombinases including protoRAG, and the evolutionarily preceding Transib transposase have
been determined in complex with various DNA substrates. Biochemical studies along with the
abundant structural data have shed light on how RAG has evolved from an ordinary transposase
to a specialized recombinase in initiating gene rearrangement. RAG has also become one of the
best characterized RNH-type recombinases, illustrating how a single active site can cleave the two
antiparallel DNA strands of a double helix.
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From transposition to V(D)J recombination

RAG1/2 recombinase (RAG), which initiates the V(D)J gene rearrangement during
development of the adaptive immune system in jawed vertebrates, is a member of the
RNH-transposase family [1]. The RNH-type transposases that are characterized by their
RNase H-like catalytic center include bacterial Tn10 (conferring antibiotic tetracycline
resistance), bacteriophage Mu, HIV integrase, Drosophila P element, Tc1/mariner, Hermes
and piggyBac [2,3,4*,5*]. Each RNH-type transposase can bind a pair of terminal

inverted repeat sequences (TIRs) and catalyze transposition by the simple “cut-and-paste”
mechanism [6,7] (Fig. 1a). RAG also recognizes a pair of recombination signal sequences
(RSS, equivalent to TIRs) and makes double-strand cleavage at the borders of RSS and
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a flanking sequence, which can be more or less random. Unlike DNA transposases, the
principal function of RAG is not transposition but this cleavage, which enables the flanking
V, D or J gene segments to be selected from large arrays and joined imprecisely by non-
homologous end-joing (NHEJ) to form the repertoire of diverse antibodies and antigen
receptors [1] (Fig. 1b). Transposition by RAG is observed /n vitro[8,9], but rare in vivo
[10,11].

Successful VV(D)J gene rearrangement requires pairing and joining of two different kinds
of gene segments, V and J, V and D or D and J. Selection of gene segments is achieved
by the stringent pairing of two kinds of RSS [12]. Each RSS contains a 7 bp (heptamer)
and 9 bp (nonamer) conserved sequence, but with a 12 or 23 bp spacer in between, hence
known as 12- and 23-RSS [13] (Fig. 1c). The two gene segments to be joined are always
flanked by RSS DNAs with different spacers, and RAG adheres to this 12/23 rule [14].

In contrast, many transposons have slightly different left and right TIRs, which allow
modulations of the transposition event, but transposases in most cases can cleave a pair of
identical TIRs [2,3,5%,15,16]. Furthermore, different from stochastic events of transposition,
V(D)J recombination is highly regulated and cell-type and development-stage specific.
For regulatory purposes, beyond the essential catalytic core domains [17], RAG1 contains
the RING domain and can be auto-ubiquitylated, and RAG2 contains a PHD domain for
its recruitment to the histone H3K4Me3 sites, as well as a phosphorylation site for its
degradation [1].

All transposases and recombinases are molecular acrobats; each enzyme must be capable of
catalyzing two or more different reactions consecutively and undergoing conformational
changes in the process. For example, an RNH-type transposase needs to hydrolyze a
phosphodiester bond in one DNA strand and use the resulting 3"-OH as a nucleophile to
either cleave the second strand by forming a hairpin, or integrate the transposon end into

a target DNA [17,18] (Fig. 1a, d). RAG recombinase provides the first example of how

a single active site is configured to accommodate DNA strands of different polarities and
catalyze reactions of different chemical natures.

Features of RAG that insure asymmetric DNA pairing

RAG is composed of two RAG1 subunits, each containing the RNH-like catalytic

center characterized by three acidic residues (DDE), and two RAG2 subunits with the
B-propeller fold [1]. Based on the protein sequences and reaction chemistry, Hermes
transposases are identified as homologs, and Transib the precursor, of RAG1 [19], but
these transposases lack a RAG2-like partner. In 2015, RAG2 homologs (RAG2L) were
finally found, forming protoRAG with RAGI1L in sea urchin, oyster, starfish and lancelet,
but these organisms lack V(D)J recombination [20,21]. Recently reported structures of
Transib, protoRAG, zebrafish and mouse RAG and their complexes with substrate DNA
[22%*,23%* 24** 25%* 26%* 27* 28** 29** 30*] (Table 1) shed a great deal of light on the
evolution and reaction chemistry of these fascinating DNA enzymes.

Despite 400 million years of evolutionary separation, zebrafish and mouse both have
adaptive immune systems, and their RAG proteins and RAG-DNA complexes are nearly
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identical (Fig. 2). The catalytic core of RAG1 contains the nonamer-binding domain (NBD),
DNA-binding and dimerization domain (DDBD), pre-RNH (preR), RNH, Zn-binding
modules (ZnC2 and ZnH2 or ZnB) inserted in the RNH domain, and the C-terminal

domain (CTD) after RNH (Fig. 3). Two RAG1 subunits form a Y-shaped dimer via domain
swapping between NBDs and dimerization of DDBD in the stem. The catalytic centers

are located in the middle of the Y arms, and RAG2 caps each arm (Fig. 3a—c). RAG is

thus a dimer of RAG1/2 heterodimers, and the two halves bind 12- and 23-RSS DNAs
asymmetrically. The RSS DNAs bind the lower 2/3 of the Y-shaped RAG (below the active
site), while the flanking DNA (V, D or J) segment binds the upper 1/3 and is clamped by
RAG2 and ZnH2 (Fig. 3e).

The NBD domains and RAG2, which occupy the extremities of the Y-shaped structure, are
absent in the ancestral transposases and Transib, and their appearance is associated with
V(D)J recombination. RAG2L in protoRAG is rather different from RAG2 in sequence and
structure and is also devoid of the C-terminal 180 residues of regulatory functions [21] (Fig.
2b). Several long loops in RAG1 and RAG2 form an extended interface (Fig. 2, 3), which
makes the two an integral entity. RAG2 appears to have the following three roles: binding
the flanking gene segment in either the minor or major groove [22*], bridging protein
interactions across the two Y-arms [24**], and regulating RAG activity and degradation
[31-33].

NBD forms a domain-swapped dimer, and each NBD chain links two nonamers of an RSS
pair like a shoelace threading back and forth (Fig. 3d). Adjacent to it, DDBD, which is
conserved from Transib to RAG, binds the heptamer adjacent to the 12/23 spacer. NBD and
DDBD are connected by a 6-aa linker spanning less than 20 A. The constraints of binding
the nonamer (by NBD) and heptamer (by DDBD) on the same side of each RSS DNA,
which requires their separation by integral helical turns (12 and 23 bp or ~35 and 70 A),
and of binding two RSS DNAS, result in asymmetric tilting of the NBD dimer and the need
for one short and one long DNA spacer. To accommodate the 6-aa linker between NBD and
DDBD, hoth the 12- and 23-RSS are bent, 60° and 150° respectively. HMGB (1 or 2) is
found to stabilize the severe DNA bending [22*,34].

Deletion of either NBD from RAG1 or the nonamers from RSS DNAs has little impact on
RAG-DNA complex formation, but inactivates DNA cleavage completely [22*]. Structures
of RAG at different stages of DNA cleavage indicate that the association of NBD and
nonamer anchors the protein-DNA complex and enables the large conformational changes.
In the absence of NBD, such as in protoRAG and Transib, a C-terminal tail (CTT) appended
to CTD wraps around the DNA and thus stabilizes DNA for cleavage [28**] (Fig. 3d).

But without NBD, protoRAG and Transib pair and cleave symmetric TIRs [28**,29**].
Although sequence differences in the shared RNH domain may contribute to the asymmetric
RSS DNA cleavage [28**], the NBD domain and its association with the nonamer dictate
the 12/23-rule in VV(D)J recombination.
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Conformational changes and reaction chemistry of RAG recombination

RAG undergoes a series of conformational changes in the process of binding a pair of

RSS DNAs (pre-reaction complex, PRC), then first strand cleavage (nick-forming complex,
NFC), and finally second strand cleavage (hairpin-forming complex, HFC) (Fig. 1d).
Structures of mouse RAG, having the best resolutions and being in agreement with results
from zebrafish, protoRAG and Transib, are used here to illustrate atomic details.

Compared to the apo-protein form, RAG opens two arms by swinging out its ZnH2 domains
and tilting NBD domains to bind 12- and 23-RSS DNAs. But in PRC, the “wrong” strand

is near the catalytic center, and the active site is incomplete (Fig. 4a) [22*]. The third
catalytic carboxylate (E962 or its equivalent) is 10A away from the other two (D600 and
D708). To bring the “right” strand into the catalytic center, each DNA has to unwind by
nearly 180°, while forming a “DNA zipper”, in which the two antiparallel strands are

in a plane and joined by interdigitating base stacking [24**] (Fig. 4b). Unwinding also
effectively “lengthens” the DNA, thus placing the scissile phosphate in the active site, which
in turn promotes repositioning of E962 and capture of two Mg2* in the fully formed active
site [24**]. DNA unwinding and zipper formation occur at the 2"d and 3'd bp of the the
totally conserved CAC heptamer sequence. Alternating purine and pyrimidine (AC, AT or
GT) predispose DNA to distortion and unwinding [24**,35*]. Accompanying the DNA
transformation from PRC to NFC, the NBD and nonamers tilt toward the 23RSS side by

5°, and the ZnH2 domain undergoes a ~5A movement in the direction opposite the DNA
unwinding. The joint movements stabilize the DNA zipper in NFC.

To place the second DNA strand in the active site for cleavage and hairpin formation
(HFC), the two arms of RAG undergo a scissor-like 12-14° closing motion, pivoting
around the NBD-DDBD domains[24**]. Accompanying the large movement, the 6-residue
linker between the NBD and DDBD on the 23RSS side stretches by >2A. Meanwhile, the
nucleophile 3’-OH generated in the hydrolysis reaction remains in the active site (Fig. 4c).
The second strand to be cleaved, whose polarity is opposite the first one, is bent 90° at the
scissile phosphate to fit in the active site (Fig. 4c). Accompanying the large protein and
DNA movement, E962 is reconfigured by a change of rotamer conformation in HFC to
accommodate the different DNA substrate. In HFC, heptamer recognition is again mainly
based on the deformed structure of AC and TG dinucleotides with only two to three specific
hydrogen bonds between protein and DNA [22*].

With mouse and zebrafish RAG, formation of the unusual DNA zipper appears to be

a bottleneck in the cleavage process [24**,27*]. NFC is a weakly populated state even
when one of the two RSS DNAs is nicked; pairs of intact and singly nicked RSS DNAs
predominantly assume the PRC state [22*,24**]. NFC structures can be “isolated” only
during image processing by the cryoEM technique. HFC, however, readily forms if both
RSS DNAs are nicked. For instance, crystal structures of mouse HFC were determined up
to 2.75A resolution, and the hairpin-forming process was recorded in crystallo [22*]. In the
absence of RAG2 and RAG2L, the structure of Transib’s NFC is still unresolved, and HFC
appears unstable. Even in the presence of two nicked DNAs, Transib predominantly forms
PRC [29**].
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RAG2 and ZnH2 may prevent transposition

In accordance with the rarity of transposition events in vivo, mouse RAG efficiently
catalyzes the disintegration reaction, which is the reversal of transposition (integration)
[25**]. In contrast, transposases are usually inefficient at disintegration [16,36]. The
structure of the strand-transfer complex (STC), in which two RSS ends are inserted into

a target DNA 5 bp apart and RAG is poised to disintegrate them, is superimposable with the
HFC structure [25**,30*]. The severely distorted structure of the target DNA suggests why
RAG may be a poor transposase. The 5 bp target DNA is bent 85° twice 1 bp away from
each target-RSS junction, and thus assuming a “U” shape. The central 5 bp between RSS
insertions has a dramatically expanded major groove and extremely narrow minor groove
[25**,30*]. The interactions between the flanking DNA and RAG2 lead to addition “arm”
twists of the sharply bent target DNA (Fig. 3e). In STC complexes of most transposases,
target DNAs are often bent and have expanded major groove for transposition to take
place, but the severe bending often occurs right at the integration site (target-TIR junction)
preventing disintegration, and not 1 bp away [25**].

RAG2, which binds the distal ends of a target DNA and contacts both RAG1 subunits in

the same (cis) and the other Y arm (trans), determines the overall shape of the target DNA.
In addition, ZnH2 (particularly R848) and Lgr3 of RAG2 contact and stabilize the sharply
kinked DNA near the integration sites (Fig. 3e). Deletion of 4 residues at the tip of Lgyes
indeed increases transposition by 2-3 fold while having no effect on DNA cleavage by
mouse RAG [30*]. The results confirm that the severely bent and twisted target DNA is a
barrier to transposition. Unexpectedly, mutation of R848 at the DNA kink to Ala accelerates
all reactions catalyzed by mouse RAG [25**], but disintegration is enhanced less than the
forward reaction. We suspect that R848 serves as a molecular brake, with the result of
reduced transposition. Biochemical data from the Schatz group point to further inhibition of
transposition by the C-terminal regulatory region of RAG2 beyond the catalytic core [28**].

Interestingly, Transib’s STC is superimposable with mouse STC in the RSS (TIR) regions
and the 5-bp between two integration sites. But Transib’s flanking DNAs are wider apart,
and the target DNA appears more smoothly bent with no additional twists (Fig. 3e). In

the absence of RAG2, the flanking DNA and associated ZnB of Transib are more flexible
than the DNAs bound to RAG, and Transib releases the flanking DNA readily after hairpin
formation [29**]. In protoRAG, RAG2L is loosely attached to RAGLL in cis with a small
interface and doesn’t contact RAGLL in trans. As a result, the two flanking DNAs are further
apart than those bound to mouse RAG [28**] (Fig. 3e). RAG2L also has a much shorter
Lropso loop (Fig. 2) and is unlikely to reach to the integration sites to stabilize the severely
distorted target DNA. We suspect that the structural rigidity imposed by RAG2 may further
inhibit transposition.

Conclusion

The detailed structural and biochemical studies of the RAG recombinase and its
predecessors provide an elegant case study of evolutionary processes. Stage by stage,
alterations have repurposed a biological process to a completely different function, while
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maintaining the same basic chemistry throughout. It is also striking that a standard RNH
catalytic site is used to cut the strand of DNA opposite to that first bound by forcing the
DNA to unwind, and that a second DNA motion is required to allow the hairpinning reaction
in the same site. Further adaptations will undoubtedly become apparent when the regulatory
domains are incorporated in the overall structure.
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Diagram of VV(D)J recombination versus DNA transposition. (a) Transposition and
transposons (cut-and-paste). Transposase (Tnp) recognizes TIRs (triangles) and transposes
transposon DNA to a new location (green target). (b) V(D)J recombination. x chain is used
as an example to illustrate the cleavage of a pair of V and J segments (V, bordered by
23RSS and J, bordered by 12RSS) by RAG. The hairpin products are processed and joined

by the NHEJ pathway.

(c) Sequence of 12- and 23-RSS. (d) DNA double-strand cleavage reactions catalyzed by

RAG.
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hRAGL ELRLOVKAFADKEEGGDVRSVCMTLFLLALRARNEHROADELEAIMOGKGSGLOPAVCLAIRVNTFL
ZRAGL DLENOVKTFAEKEEGGDVRSVCLTLFLLALRAGNE HKOADELEAMMOGRGFGLEPAVCLAIRUNTFL
BbRAGIL P12 RB DR CHERDRERGDVLE FLLRSALY DT REKALG KN
HzTransib LONPEAAAKI APSTIFSP
DDBD—> <« PreR
mEAGH E Q b B e . 22| . .
mRAGL RTVEAITGROIFOPLHEAL --YHPFEWQPPLKNVSSRTDVGIIDGLSGLAS-SVDEYPVDTI
hRAGL RTVEKAITGROIFOPLHEAL --YHEFEWQPPLKNVSSSTDVGIIDGLSGLSS-SVDDYPVDTI
zRAGL TSGROIFOPLETL --FHQFEWQPALKNVSTSWDVGIIDGLSGWTV-SVDDVPADTI
BbRAGIL NILEER-GFSTLCPPROLDAIEKTLMPGTARYS IEGMDYSERYFHSPVKMIGDLEVESGETLEPDSVTMDFEEYVEDFPCENTK
HzTransib LRETTIREGSKEIYPSYYRVQRARLOCYPP--mmmmmmmmmmmmmmmmmmmmmmmmmmm e RAFVAV— oo mmmmcmmmemm o D
PreR - <« RNH
mRAG1 = " G H ; 1 2
mRAGL 554 ARRFRYDSALVSALMDMEEDILEGMRSQDLDDY- z.u--anmvvvuscﬂm a G-PA--VPERAVRFSFTUMRIT-IE-HGS
hRAGL 557 ARRFRYDSALVSALMDMEEDILEGMRSODLDDY-LN--GPFTVVVKESC] e G-PA--VPERAVRFSFTIMKIT-IA-ESS
ZRAGL 573 SRRFRYDVALVSALKDLEEDI --SGFTVVVRESC] MONGBER - vorfavREETRIME TS - TRLEGE
BbRAGIL 654 GUVRFPY 1v NDPTLVIHT SFCVLRCSVME-KD-
ib 85 SAKIA VNRIFETIRS--==-- PDAI-QN--KQLILI No nxgnx- IFMTSLVPLKLT-AD
RNH > |«2ZnC2
EAGL 331 = — g 8= M2 c— s
mRAGL 636 ©-NVRVFEEPKPNSEELCCKPLCLMLADESDHETLTAILSPLIAEREAMKSSELTL-EMGGIPRTFRFIF KLVREVEGLEASG
hRAGL 639 ©-NVKVFEEAKP ILSPLIAEREAMKSSELML-ELGGILRTFKFIF REVEGLEASG|
ZRAGL 657 DDGITIFQEQRPNSELSC ILGPVVA II-SVGGLLRSFRFFF
BLRAGIL 738 T-EVIIYEDPNPNSVRSNRPVLECIGDENDDGTVAVCVGRIECORLLMKDKINRVAMSDGTORAHYLIFF g
HzTransib 160 --GDTVWVNPKPCSPMYCRPVOFSFVKET-KDVVI IEAL--V. ©----GHEISHKL DloxIcTYLSEARSNA-
ZnC2 |« ZnH2
mRAGL L K, . Lo .M . . N a
mRAGL 724 ICTLCDTTRLEASONLV-FHSI EVWRSNPYHE -KGVSAKPFIET-VPSIDALHCDIGNAAEFYKIFQL
hRAGL 727 ICTLCDATRLEASQNLV-FHSITRSHAENLERYEVWRSNPYHESVEELRDRV-KGVSARPFIET-VPSIDALECDIGNAAEFYKIFQOL
ZRAGL 746 ICTLCDSTRAEASONMV-LESI EIWRKNPF -KGVSARPFMET-QPTLDALHCDIGNATEFYKIFQOD
BLRAGIL 827 KYLCTLCEAVRD-EALE---KAGSYKI-TRTLKKIEVTASKMKYES--QEKDTFGVKGYPLLTTEPWERGIDATHTDINMGNYFKSLIVR
BzTransib 239 --ACYLCLAKPTEMSKLDVIASKTISSG VYEFGLSTLEARINVMECLLEIAYR
Zn Zn
mRac1 n o Eoe R
mRAGL 811 EIGEVYRH-PNA- EERKRWOATLDKHLRKRMNLKPI -TQETVDAVCELIPSEEREEALRELMDLY
hRAGL 814 EIGEVYRN-PNA- EERKRWOATLDKELRKKMNLRPI -TRETVDAVCELIPSEEREEALRELMDLY
ZRAGL 833 EIGEVYQK-PNP---5-REERRRWRSTLDKOLRKKMKLKPV. - LM--TREAVEAVCELVPSEERREALLKLMDLY
BbRAGIL 910 EMAQVH-S-WAKTANV-KKQIVDAESKLDKELKESLGLNPT -KAEHADRLVALVDKPDRKSALVEVLAKF
HzTransib 290 L-DFKKWSARGE---GHQELLESRKKLIQDRF IDIVKQ N LDEDLIRRF
mRAG1 s i3 v X 5
mRAGL 887 LRMEBVWESECPA cr:sncqxsrnsgnrn:u.smxrxy yg-: FHKTLAHVPEIIER- r
hRAGL 890 LKMEBVWRSECPAKECPESLCOYSFNSORFAELLSTKFKY yzu: FHKTLA! KLFRRF
ZRAGL 909 LOMEBVWRSECPSRBCPDOLCOYSYNSOOFADLLSSMFKYRYDG r
BbRAGIL 988 RQL MSDEVROYKAKAVEMANDLKTHFPYAP LHRVI IEHPSGVG L
HzTransib 366 SVILOAIMSGEII----- DVPRTKEYARTTAEKYVELYDHY - - TMSTVAKLL IHGODI TAR - -NAIVPIGSL ARNKDFREF
RNH - < CTD+CTT Zn  2Zn CTD+CTT—>
mRAGI Y z n
mRAG1 972 RK -SKCYEMEDVLEHHWLYTSKYLO-KFMNAHN- - -ALKSSGF GDPLGIEDSLESQ 1040
hRAGL 975 RK -SKCYEMEDVLEEEWLYTSKYLO-KFMNAHN- - - ALETSGFINNPOASLGDPLGIEDSLESQDSHEF 1043
zRAGL 994 RK -SKTFELEDILEERWLYTSKYLO-KFMEAHK 1057
BbRAGIL 1073 RLi GNTYNGLRDVLCTHWLYTSKTLR-DKAAVTERSLCCGRCGGVGANVRTCTADIESDSN 1136
HzTransib 445 REHHSRKKSROASNEDILNMLIISSDPLISFTRPKLDAEKROTYFKETVEL: DOEAPTEFLEVISIIEPDSEVDSDDGEL 527
C terminal tail (CTT)
b Lraat La2a3
mRAG2 Fa 3 JA1 A2 | -
mRAG2 1 MSLOMVTVG-------HNIALIQBGFSLMNFD~ GOV -FFGORGHPRESCBTGVFRFDIK- N L-frarshoe
hRAG2 1 MSLOMVTVS-------NNIALIOPGFSLMNFD- GOVF-FFGOKGWPKRSCPTGVFHLDVK-EN PTIFSKDS
zRAG2 1 MSLOPLTAV ---NCGSLVQPGFSLLDLE- GDVY-LFGOKGWPKRSCPTGIFGVRIK-KG AISFSHNE
BbRAG2L 4 GPIFSSLVTDSSRSSRKKSDSALG.TEFTVVCDRVPLRDPSPTVORFLCFVFDNGS-nmm -~ GANSTLPIDVGGEGTELEDHREVE.
mRAGZ . Bl | . B2 . B3 . B4 e
mRAG2 67 CYLPPLRYPATCSYKGSI----DSDKHOYIIHGGKTPN-NELSDKI¥IMSVACKN- TFRCTEK---DLVGDVPEPREGHSIDVVYS
hRAG2 €1 cLPPLETPATCTFRGSL----ESEREOTIINGGRTRR-NRVEDKIEVMSIvCRN - JEVIFRCTK ---DLVGDVIEARRGHSINVVIS
zRAG2 67 SYLPPLRCPAIAHFEAQ VDSRGC] -ELVGDVPSAR¥GHTLSVINS
BbRAG2L 83 AMPHIAS- acznvwcrn.nxrcxnrxgvxnwccnxnchcsnnnmgvnu IT-P zrnxvsun\pxgnc VPSPRTGHTLVAI--~
mRAG2 c2 c2 Cc3 c3 Cc4 D1 D2
mRAG2 148 GGRSY ADCLPHVFLIDFEFGCATSYILPELODGLSFHVSIARN--DTVYILGGHSLA-SNIRPA-NL
hRAG2 148 RGKSMGVLFGGRSYMPSTHRTTEKWNSVADCLPCVFLVDFEFGCATSYILPELODGLSFHVSIAKN--DTIYILGGHSLA-NNIRPA-NL
zRAG2 148 RGKTACVLFGGRSYMPPTERTTONWNSVVDCPPQVYLIDLEFGCCTARTLPELTDGOSFHVALARQ--DCVYFLGGHILS-SDCRPS-RL
BbRAG2L 167 -SSLOAILFGGLELASREARL-GTCAQSC-KDGYFYLLDMTTLRWNKLPLP-PLVPRAYHSSTWVPASSTMVIVGGITYSGHCPSERLSV
LEaF1
mRAG2 D3 D4 E1 E2 E2> E3 E3 E4
mRAG2 234 YRIRVDLPLGTPAVNCTVLPGG-----ISVSSAILTOTNNDEFVIVGG¥Q-LENQ-----KRMVCSLVSLGDNTIEISEMETPDWTSDIK
hRAG2 234 YRIRVDLPLGSPAVNCTVLPGG-----ISVSSAILTOTNNDEFVIVGGYQ-LENQ-----KRMICNIISLEDNKIEIREMETPDWTPDIK
zRAG2 234 IRLEVELLLGSPVLTCTILEEG-----LTITSAIASPIGYHEYIIFGG¥Q-SETQ-----KRMECTYVGLDDVGVEMESREPPOWTSEIS
BbRAG2L 253 SDVVCLKISDTSQYTLTEIHMEGVRDSYVSSSSASALCD-DRFVLYGGYHHDKSGLHPPEPSRDLYVMNLOTKKAVVEEAPTRMAS----
mRAG2 F1 F2 Lr2r3 F3 Hydrophobic core [ catalytic site
. B i M RSS interactions Zn-binding sites
mRAG2 313 HSKIWFGSNMGN----GTIFLGIPGDNKQAMSEAFYFYTLRCS351-// - 527 i i i
hRAG2 313 HSKIWFGSNMGN- - GTVFLGIPGDNKQAVSEGFYFYMLECA3S1.//-- 527 MFlanking DNA interactions
ZRAG2 313 HSRTWFGGSLGK -GTALVAIPSEGNPTPPEAYHFYQVSFQ351-//-- 530 RAG1-RAGH1 trans interactions
BbRAG2L 338 --AGHTCLRLIDNSVVMIGGTCRK--==mmmmmnn SUNCCTNL 366 W RAG1-RAG2 cis interaction

Fig. 2.

RAG1-RAG2 trans interactions

Structure-based sequence alignment of RAG, protoRAG and Transib. (a) mouse and

zebrafish RAGL, lancelet (Bb) RAG1L, and Transib alignment. (b) RAG2 and RAG2L

alignment.
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Binding of 12- and 23-RSS Strand Transfer Complex (STC)

Fig. 3.
RAG and RAG-DNA complex structures. (a) The HFC structure is an example of the fully

functional RAG complex (PDB: 5ZEQ). The three catalytic carboxylates are shown as red
sticks. The heptamer and nonamer sequences are shown with sugars and bases, while the
rest of DNAs are shown as tube-and-ladder. (b) Structure of one RAG1 subunit with each
domain color-coded and labeled. The interface with RAG2 in cis is marked by the partial
structure of RAG2 (semi transparent), and the interface with RAG2 in trans is outlined by

a magenta oval. (c) RAG2 is shown in grey with the three interfaces (DNA, cis and trans
RAG1) highlighted in blue, magenta and pink, respectively. The protoRAG2L, which is
superimposed (pale teal), differs from RAG2 in the B propeller structure, particularly in
blades F and A, where interactions with RAGL1 (in trans) and DNA occur. (d)A zoom-in
view of the asymmetric RSS DNA-binding by the NBD and DDBD domains. The nonamers
and 12-bp and 23-bp spacers (yellow and orange) sandwich the RAG1 dimer (blue and
green) (PDB: 5ZE0). Two pairs of small red arrows mark equivalent regions in the dimeric
RAG1. The CTT of protoRAG1L (PDB: 6B40, pink and superimposed onto the RAG
structure) wraps around each DNA. (e) The RAG STC structure (PDB: 60ES). The flanking
DNA of the integration target (orange) is superimposable with the coding flanks in HFC.
The extra twists imposed by RAG2 are indicated by the orange arrows. R838 (RAG1) and
Lrors (RAG2) next to the integration sites are shown in sticks and labeled. In the absence
of RAG2, the target DNA in the Transib STC (PDB:6PR5, shown in semi-transparent grey
and highlighted in grey circles) has no extra twist and is wider apart in the flanks. As the
two sides of the target DNA are of different lengths, one is more obvious than the other. The

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 December 01.
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highly distorted central 3 bp between two integration sites (in the center of this view) are
well superimposed between RAG and Transib.
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4 ‘T 2%
D600 D600 T E962
D708 D708

PRC (pre-reaction) NFC (DNA zipper) HFC (hairpin-forming)

Fig. 4.
Double-strand DNA cleavage by RAG. (a) One RAG arm bound to the heptamer and

flanking DNA in the PRC (PDB: 50EM). RAG2 mainly interacts with the DNA minor
groove. The wrong DNA strand (yellow color) is near the active site, and the active site is
incompletely formed with E962 far away. A zoom-in view of the active site is shown below.
The heptamer is labeled according to the sequence, and the flanking DNA is labeled as “F”.
For both, base positions are labeled in subscript. (b) The same region in the NFC structure
(PDB: 60ER). The DNA is unwound by 180°, so RAG2 interacts mainly with the major
groove. The 2" and 3" base pairs in the heptamer form a zipper (ourlined in a pink box).
The strand (olive color) to be nicked is placed in the fully formed active site. In the zoom-in
view below, the superimposed PRC structure is semi-transparent. (¢) The same region in
the HFC (PDB: 6CGO0 and 5ZE1) is shown after a 90° rotation. The hydrolysis product of
the first (olive) strand, 3"-OH (shown as a pink ball), is poised to cleave the second strand
(yellow). The three catalytic carboxylates are shown as red sticks, and green spheres are
Ca%* or Mn2* ions. In the zoom-in view of the active site, the superimposed NFC structure is
semi-transparent.
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Structures of the RAG recombinase, protoRAG and Transib®

Table 1.

Page 14

apo PRC NFC HFC SECI/TEC/TCC STC
Mouse RAG AWWX
(3.2A) 6CIK (3.15 é) 60ER (3.3 A)/20033 | 5ZE0 (2.75A}X) 57E2 (33 A)° BXNY (2.9 A)/
60EM (3.6 A)/ b | 5ZE1(3.0A) : 22273
20030 60EP (3.7 A)20034” | 6060 (3.17 A)7470 GXNZf-B ) 60ES (3.1 A)/
22274 20036
Zebrafish 6DBT (4.3 A)/ 6DBI (3.4 A)/7843 e
RAG 7849 6DBL (5.0 A)/7845 3IBX (34 A)/648T
6DBR (4.0 A)/784Sb
protoRAG 7043 (5.3 &)Y 6B40 (4.3 A)/7046
. 6PQN (3.0 | 6PQU (3.3 A)/ 6PQX (4.6 A)/ 6PQY (4.2 A)/ 6PRS (3.3 A)/
Transib 1A) 20453 20455 20457

20456

a . . .
PDB accession codes of crystal structures are colored in orange; PDB and EMDB accession codes of cryoEM structures are colored blue.

bThe model consists of a half of PRC and a half of NFC.

c . -
SEC (signal end complex) structure before the hairpin products are release.

dTCC (target capture complex) with hairpin product replaced by target DNA for transposition.

61SEC with the hairpins products replaced by blunt-end DNAs.

f . . -
TEC (transposon end complex) structure, equivalent to SEC and with hairpin products released.

g.

The structure coordinates are not available, and cryoEM map is deposited in EMDB.
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