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Rejoining of DNA by the 
RAG1 and RAG2 Proteins 

Meni Melek, Martin Gellert,* Dik C. van Gent 

Assembly of immunoglobulin and T cell receptor genes from separate gene segments 
[V(D)J recombination] begins with DNA double-strand breakage by the RAGl and RAG2 
proteins, acting at a pair of recombination signal sequences (RSSs). Here, the RAG 
proteins are shown to reverse the cleavage reaction by joining an RSS to a broken coding 
sequence end. These "hybrid joints" have also been found in lymphoid cells, even when 
the normal pathway of DNA double-strand break repair is inactive, and can now be 
explained by this activity of the RAG proteins. 

A n  essential step in the  'development of 
lv ln~ho id  cells is the recombinational ioin- , 
ing of gene segments to  form the  functional 
immunoglobulin and T cell receptor genes 
(1,  2 ) .  This V(D)J reco~nbination process is 
initiated by the  R A G l  and R A G 2  proteins 
(3,  4), which act together to cleave D N A  
between the  RSSs and the  adjoining coding 
segments (5) .  T h e  resulting double-strand 
breaks (DSBs) have blunt-cut RSS ends 
(signal ends) and coding ends that are 
covalently sealed into D N A  hairpins. 
Cleavage is stimulated by the  small, DNA-  
bending high-mobility group proteins 
HMG1 or H M G 2  (6) but does not require a 
high-energy cofactor such as adenosine 
triphosphate. 

Subsequently, pairs of RSS ends (signal 
ends) and coding ends are counled to  form - 
signal joints and coding joints (Fig. 1) .  
These joining reactions require the  pres- 
ence of several ubiquitous DSB repair fac- 
tors, such as XRCC4 protein and the  DNA-  
dependent protein kinase, composed of the  
catalytic subunit (DNA-PK,,) and the het- 
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erodimeric Ku protein (7). Signal joints 
usuallv have a precise head-to-head linkage 
of t h i  RSSs, Lwhereas coding joints fri-  
quently have lost several nucleotides or 
have acquired additional nontemplated ( N )  
nucleotides inserted by terminal deoxynu- 
cleotidvl transferase 12). Added nucleotides ~, 

complementary to the end of the  coding 
seauence i P  nucleotides) are also observed 
and are readily explained as resulting from 
asymmetric opening of the  hairpin structure 
formed in  the  first step (1) .  

However, there is a n  alternative out- 
come of V(D)J  recombination: A signal end 
can become joined to the coding end that 
originally flanked the  other RSS, forming a 
"hybrid joint" (Fig. 1 ) .  Hybrid joints can 
account for as many as one-fifth of the  total 
recombinants in  nlasmid substrates 18) and ~, 

have been detected at lower frequencies in  
the  antigen receptor loci (9). Rejoining of 
the  original pair of signal and coding ends, 
to form a n  "open-and-shut joint," has also 
been observed (8, 10).  

Surprisingly high numbers of hybrid 
ioints have been found in cells that are 
defective in DSB joining, because of muta- 
tions in the Kt186 or DNA-PKCls genes (1 1,  
12). These results imply either that the  RAG . 

proteins themselves are able to catalyze hy- 
brid joint formation, as has been proposed 
(1 1, 12),  or that a different DSB repair path- 
Lvay is involved in this joining reaction. 

Biol. 8, 2237 11988)l. After extensive washes, the 
bound materlal was released by boling wlth SDS- 
polyacrylam~de gel electrophoresis (PAGE] oadlng 
buffer and loaded on lo?' denat~lrlng proten gels. 
After eectrophoress, the gels were flxed, dried. and 
subjected to autoradography. 
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Using a sensitive polymerase chain reac- 
t ion (PCR)  assay, we showed that the  R A G  
proteins generated hybrid joints in  the  ab- 
sence of other joining factors. After incu- 
bation of a plasmid substrate (Fig. 2A)  with 
the  RAG1,  RAG2,  and H M G l  proteins in  
the  presence of MgZ+,  we amplified the  
products by PCR, using various sets of prim- 
ers to identify signal joints, coding joints, 
and hybrid joints. 

Although we did not detect any signal or 
coding joints (13),  PCR products consistent 
with hybrid joint formation were readily de- 
tected (Fig. 2). W e  assayed for a product 
containing the 12-RSS joined to the region 
that originally flanked the 23-RSS and am- 
plified the predicted product of about 241 
base pairs (bp). T h e  D N A  contained a Bam 
HI site but not a Sal I or Sca I site (Fig. 2B), 
as expected for this hybrid joint. Similarly, 
the reciprocal product (a  junction of the 
23-RSS to the coding flank originally at- 
tached to the 12-RSS) was observed with 
the appropriate PCR primers. This 205-bp 
product contained sites for Sal I and Sca I 
but not for Barn HI (Fig. 2C) ,  in  keeping 
with its expected structure. W e  also obtained 
hybrid joint products using several other 
D N A  substrates containing different se- 
quences flanking the RSSs or with the 12- 
RSS in the opposite orientation (13), indi- 
cating that the reaction does not depend o n  
one particular configuration around the 
RSSs. This joining reaction, like RAG-me- 
diated cleavage (5), did not  require an  exog- 
enous energy source, suggesting that the  en- 
ergy of a phosphodiester bond is used to 
generate the  new bond at the  RSS border. 
Quantitative PCR (by dilution of rearranged 
substrate into the reaction mixture) revealed 
that the R A G  proteins converted about 
0.5% of the input D N A  to hybrid joints. 

T h e  structure of the hybrid joints linking 
the 23-RSS to the 12-coding flank was an- 
alyzed in more detail by cloning and se- 
quencing (see legend to Fig. 2). Most joints 
resulted from exact joining of the 23-RSS to 
the  region originally flanking the 12-RSS, 
Lvithout addition or loss of nucleotides. How- 

ww~v.sciencemag.org * SCIENCE * VOL. 26L' * 10 APRIL 1996 301 



ever, about one-third of the joints had ac- 
quired one or two additional nucleotides, 
which can be identified as P nucleotides, 
indicating that a hairpin in the coding flank 
of the 12-RSS was an intermediate in this 
reaction. Because the attacking group would 
have to be the 3'-OH from the 23-RSS, a 
DSB at this signal must also have been 
present. 

If the hvbrid iunctions detected in the 
PCR reaction arise by reversal of hairpin 
formation, they would only be joined on 
one strand (connecting the 3'-OH of the 
broken RSS to the 5 ' 3  of the coding 
strand). This prediction was confirmed by 
primer extension of one strand followed by 
a second round of primer extension of the 
other strand (Fig. 3A). A hybrid joint was 
only detected when a primer complementa- 
ry to the expected continuous strand was 
used in the first primer extension reaction 
(Fig. 3B, compare lanes 3 and 4). 
. The ex~eriments described above show 
that the RAG proteins can generate hybrid 
joints in a reaction that appears to be a 
chemical reversal of hairpin formation. A 
more precise reversal of cleavage would re- 
join the flanking sequence to the same 
RSS, resulting in the formation of an,open- 

-- 
Coding Joint Hybrid Joint 

+ or * 
Open &Shut 

u Joint 
Signal Joint 

Fig. 1. Products of V(D)J recombination. Cleavage 
by the FAG proteins at 12- and 23-spacer RSS 
(white and black triangles, respectively) results in 
the formation of hairpins at the ends of coding 
sequence (boxes) and blunt ends at the signal se- 
quence. The normal products of recombination are 
coding joints and signal joints (left). Sometimes 
junctions are formed with the coding segment of 
one element joined to the signal sequence of an- 
other (hybrid joint, right). Alternatively, the same 
pair of coding and signal sequences can be re- 
joined after cleavage (open-and-shut joint). Nucle- 
otide addition or deletion can be observed in cod- 
ing joints, hybrid joints, or open-and-shut joints 
(hatched area) but not usually in signal joints. 

and-shut joint. Such a reaction can only be 
easily observed if the sequence at the junc- 
tion is changed in the process, that is, if 
nucleotides are added or deleted. We de- 
signed a substrate with a Hae 111 restriction 
site at the 23-RSS border that can be used 
for selection against the unmodified sub- 
strate. whereas addition of one or more P 
nucleotides would result in a new Hha I 
restriction site (Fig. 4A). Open-and-shut 
joints were detected in a PCR assay after 
digestion with Hae 111 to remove unaltered 
substrate (14). About 50% of all products 
had acquired a Hha I site, indicative of P 
nucleotide insertion (Fig. 4B, lane 2). Thus, 
the RAG proteins are also capable of form- 
ing open-and-shut joints. 

Formation of open-and-shut joints in 
vivo does not require the presence of two 
canonical RSSs (10). This was also true in 
the reaction with purified proteins. Reac- 
tion of a substrate lacking the 12-RSS pro- 
duced a similar amount of open-and-shut 
joints at the 23-RSS (Fig. 4B, lane 4). 
Additionally, removal of most of the plas- 
mid sequence did not decrease the yield of 
open-and-shut joints (Fig. 4B, lane 6 ) .  

At least two lines of evidence have sug- 
gested that the RAG proteins have functions 
after the initial cleavage reaction. First, in a 
staged in vitro cleavage and joining reaction, 
the RAG proteins must be present during 
the joining step for coding joint formation 
(15). Second, a "postcleavage complex" has 

DARS DG88 v" - ,, / *$'*G+3*+0 

-Mu 
Fig. 2. Hybrid joint formation by RAG1 and RAG2. 
(A) Plasrnid substrate used to generate hybr~d 
jo~nts (20). (B) Reactions were carried out with 
RAGI, RAG2, and HMGl proteins as described 

w 
(6). Hybrid joints connecting the 12-RSS and 23- 
coding sequences were amplified with primers 
DAR4 and DG89 (15). Products were digested as C 
indicated, resolved on 6% polyacrylam~de gels, 

Lr) 
blotted, and probed with an oiigonucleotide com- 
plementary to the 12-RSS spacer sequence. (C) 
Hybrid joints connecting the 23-RSS and 12-cod- 
ing sequences were amplified as above, except 
that primers DARS and DG88 (75) were used. React~on products were probed with an oligonucleotide 
complementary to the 23-RSS spacer sequence. Reactions without HMGl still produced hybrid joints, 
but in somewhat lower amounts. After amplification, hybrid joints were cloned and sequenced. The 
sequence of the hybrid junctions was --CGAC (gt) CACA--, where the lowercase letters represent P 
nucleotides added in some junctions. Of 31 junctions sequenced, seven had one P nucleotide (g) and 
three had acquired two (gt). 

1st primer: y )( y  )( X  

3' 
+ + + + +  

2nd primer: )( y X Y Y  
v 

1 Hybrid strar 

Fig. 3. Formation of one continuous strand in hybrid joints. (A) Schematic representation of primer 
extension assay on hybrid joints. The heavy and light lines distinguish the two strands of the substrate 
DNA. (8) Hybrid strand connecting the 23-RSS and 12-coding sequences. Plasmid pMS326 (27) was 
reacted with RAG1 and FAG2 proteins as described in Fig. 2. Primer extension (15 cycles) of the 
FAG-reacted DNA with a complement to one strand of the hybrid joint was first performed with either 
primer X [DARS of (7511 or Y (22) or both, as indicated in (B). The second primer (when used) was then 
added and extended (10 cycles). Products were resolved on a 6% TBE aclylamide gel and transferred to 
a nylon membrane. Blots were probed with an oligonucleotide spanning the predicted hybrid joint strand. 
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- 
pDVG85 DG88 DARS 

+ A  4- 
RSS 12+23 23 23* --- 
RAGS - + - + - + 

.. -.... .-.... uncut, - - 0 - -  
Fig. 4. Open-and-shut "' ~ae111"' cut, Z r 
joint formation by the TGTG GCCA 
RAG proteins. (A) Sche- ACAC CGGT 
matic representation of 2 3 4 5 6  
recombination substrate 
pDVG85. Only the se- 4 
quence around the cleav- 5' TGTGCGCCA 
age site is shown for the ACACGCGGT 
substrate and for the prod- - 
uct after incubation with 

H ha1 

the RAG proteins. Hae Ill digestion, and PCR ampl~f~cat~on. upon r nucleotlae lnsertlon (outllnea letters), 
a Hha I restriction site is created at the RSS border (independent of the number of P nucleotides). (6) 
Southern (DNA) blot analysis of Hha I-digested PCR products from reactions containing pDVG85 (lanes 
1 and 2), pDVG86 (which has only the 23-RSS) (lanes 3 and 4), or pDVG85 digested with Pvu I1 and Bst 
XI to separate the 23-RSS from the bulk of the DNA (lanes 5 and 6, marked 23'). RAG1 and RAG2 
proteins were present in lanes 2,4, and 6. Hha I-sensitive DNAappearsonly upon reaction with the RAG 
proteins. [Hha I-resistant DNA in these lanes may be due to junctions where the coding flank has been 
shortened, by attack on the other side of the hairpin, rather than extended. A small proportion of PCR 
products insensitive to Hha I in the negative control (lane 1) is probably due to incomplete digestion with 
Hae Ill or misincorporation in the PCR reaction (or both).] 

been identified, in which the RAG proteins 
probably hold together the cleaved DNA 
signal ends (1 6). Up to this point, it has been 
unclear whether the RAG proteins may 
have a catalytic function in a joining reac- 
tion, in addition to their architectural role in 
a postcleavage complex. Our experiments 
show that they can at least play a catalytic 
role in the formation of nonstandard V(D)J 
joints. These reactions are similar to the 
"disintegration" reaction carried out by ret- 
roviral integrases: In both cases, the same 
proteins can carry out a transesterification 
reaction in either the forward or backward 
direction (17). In addition to the analogies 
observed previously in the nicking and trans- 
esterification reactions (18), this provides 
further evidence for an evolutionary link 
between V(D)J recombination and transpo- 
sition or retroviral integration. 

Although some hybrid joints found in 
vivo have undergone base loss or addition 
(8) and thus cannot be fully explained by 
a reversal of the RAG-mediated cleavage 

reaction, the hybrid and open-and-shut 
joints described here are very similar to 
those found in RAG-transfected fibro- 
blasts: The junctions are either precise or 
contain one or a few P nucleotides (12). 
Even mutations in the Ku86 or DNA- 
PK,, genes did not alter the structures (or 
frequency) of hybrid joints in these cells, 
which argues that these joints are formed 
independently of DNA-PK. The results 
described here suggest that they are made 
by the RAG proteins. Hybrid joints with 
precise junctions or a few P nucleotides 
have also been detected in lymphoid cells 
from Ku86-I- mice ( 1 1 ). 

Within cells, most RAG-mediated cleav- 
age occurs at pairs of RSSs, but the few 
percent of cleavages at a single RSS (19) 
would leave an unrepaired DSB in the chro- 
mosome. The open-and-shut joints made by 
the RAG proteins could initiate reclosure of 
isolated DSBs and help prevent chromosom- 
al rearrangements, thereby contributing to 
genome stability. This reaction may explain 

why disruption of the Ku86 gene does not 
result in increased chromosomal instability 
and carcinogenesis in B and T cell precursors. 
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