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Similarities Between Initiation of V(D)J 
Recombination and Retroviral Integration 

Dik C. van Gent, Kiyoshi Mizuuchi, Martin Gellert* 

In the first step of V(D)J recombination, the RAGl and RAG2 proteins cleave DNA between 
a signal sequence and the adjacent coding sequence, generating a blunt signal end and 
a coding end with a closed hairpin structure. These hairpins are intermediates leading to 
the formation of assembled antigen receptor genes. It is shown here that the hairpins are 
formed by a chemical mechanism of direct trans-esterification, very similar to the early 
steps of transpositional recombination and retroviral integration. A minor variation in the 
reaction is sufficient to divert the process from transposition to hairpin formation. 

Funct ional  im~nunoglobulin and T cell re- 
ceptor genes are assembled during verte- 
brate lymphoid development from separate 
gene segments. This D N A  rearrangement, 
called V(D)J  recombmation, takes place a t  
recombination signal sequences (RSSs) 
that specify the  border of the  coding seg- 
ments (1 ) .  Double strand breaks (DSBs) a t  
the  RSS border depend o n  expression of the  
RAGl and RAG2 genes (2)  and are proba- 
bly intermediates in this recombination re- 
action (3, 4). After DSB formation, a pair 
of signal ends or coding ends is coupled to  
form a signal joint or coding joint, respec- 
tively. These joining reactions require sev- 
eral genes that are also involved in general 
DSB repair (4). 

W e  recently developed a cell-free assay 
in  which specific cleavage a t  RSSs requires 
only the  R A G l  and R A G 2  proteins (5, 6) .  
A n  oligonucleotide containing one RSS 
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serves as a substrate and is cut efficiently. A 
D N A  species containing a nick in the top 
strand (as drawn in Fig. 1 )  a t  the  border of 
the  RSS and the  flanking ("coding") se- 
quence was found to be the  precursor to a 
DSB. T h e  products of the  cleavage reaction 
are a blunt, 5'-phosphorylated signal end 
and a coding end with a hairpin structure. 
These are the  same species detected in re- 
combinationallv active cells. 

Formation i f  the  new phosphodiester 
bond at the  tip of the  hairpin requires en- 
ergy. Because no  adenosine triphosphate 
( A T P )  or other high-energy cofactor is 
present in the  cleavage reaction, the  energy 
is likely to be derived from one of the  
broken phosphodiester bonds. T h e  energy 
of the bond broken in  the  initial nicking 
reaction does not appear to  be conserved: 
D N A  substrates with a preexisting nick a t  
this position are efficiently converted into 
hairpins (6).  Thus, the  energy of the  phos- 
phodiester bond in the  bottom strand op- 
posite the  nlck must be conserved, either 
through a covalent protein-DNA interme- 
diate or by direct trans-esterification. A 
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reaction of the first tvDe would involve a , . 
nucleophilic attack by the recombinase pro- 
tein on the ~hos~hodiester bond. for exam- . . 
ple through a serine or tyrosine residue, 
followed by a nucleophilic attack on the 
phosphoprotein linkage by the 3' hydroxyl 
produced in the initial nicking event. Ex- 
amples of such (topoisomerase-like) reac- 
tions are bacteriophage lambda integration 
and reactions catalvzed bv bacterial re- 
solvase and invertase proteins (7). The oth- 
er possibility is a direct attack on the phos- 
phodiester bond by the 3' hydroxyl group 
formed in the nicking reaction (Fig. 1B). 
Such direct trans-esterification reactions 
have been demonstrated in bacteriophage 
Mu transposition (8) and retroviral integra- 
tion (9). 

A stereochemical experiment can distin- 
guish between these two possibilities (10). 
A nucleophilic attack on a chiral phosphate 
by an in-line S,2 mechanism will invert its 
chirality. Direct trans-esterification in- 
volves one nucleophilic attack and would 
therefore result in inversion of chirality, 
whereas a reaction through a covalent pro- 
tein-DNA intermediate would involve two 
nucleophilic attacks, resulting in overall re- 
tention of chirality. As a normal phos- 
phodiester bond is not chiral, a modified 
linkage has to be made. A phosphorothio- 
ate group (in which one of the nonbridging 
oxygen atoms of the phosphodiester is sub- 
stituted by a sulfur) is commonly used as a 
chiral linkage. Such a phosphorothioate 
linkage was built into an oligonucleotide 
substrate at the position of the bond to be 
attacked for hairpin formation (Fig. 1A). 
The hairpin product will then contain a 
phosphorothioate linkage between the A in 
the top strand and the T in the bottom 
strand. 

Two different substrates were construct- 
ed, with the phosphorothioate linkage in 
either of the two stereochemical configura- 
tions, R, or S, (1 1 ). Hairpins were formed 
by the RAGl and RAG2 proteins only on 
molecules in the S, configuration. These 
hairpins were isolated from a denaturing 
gel, and their stereochemical configuration 
was analvzed. Two nucleases were used for 
this analysis: snake venom phosphodiester- 
ase (PDE), which digests the R, but not the 
S, form (12), and nuclease PI, which has 
the opposite specificity (1 3). P1 will thus 
leave a labeled dinucleotide from the R, 
isomer, whereas PDE will leave a labeled 
dinucleotide from the S, isomer. As shown 
in Fig. 1B (lanes 1 and 2), the unreacted 
substrate was fully digested to mononucle- 
otides by nuclease P1 but not by PDE, 
which demonstrates that it is indeed in the 
S, configuration. The hairpin product, 
however, was fully digested by PDE, but 
nuclease P1 left a labeled dinucleotide (Fig. 
lB, lanes 4 and 5). Thus, the hairpin for- 

mation reaction resulted in inversion of 
chirality, which is indicative of direct trans- 
esterification. 

Similar trans-esterification reactions 
have been described previously only for 
bacteriophage Mu transposition and retro- 
viral integration. In these systems, the re- 

A 
5 ' P M  ACAGTG 
3 ' T q  TGTCAC 

5 

1 2 3 4 5  M M '  

Fig. 1. (A) Possible mechanisms of DNA hairpin 
formation. The oligonucleotide substrate used for 
stereochemical analysis of the hairpin formation 
reaction is shown here, with the heptamer and 
nonamer represented by open and hatched box- 
es, respectively. The position of the 32P label is 
depicted by an asterisk, and the phosphorothio- 
ate group by an "s." (6) Inversion of chirality in 
hairpin formation. The substrate shown was incu- 
bated with RAG1 and RAG2, and hairpin products 
were purified from a 12.5% TBE-urea gel. This 
DNA was digested with snake venom PDE (lane 4) 
or nuclease P1 (lane 5), and products were sepa- 
rated on a 22.5% TBE-urea gel. Lane 3 shows the 
undigested hairpin product. Lanes 1 and 2 show 
an unreacted substrate digested with snake ven- 
om PDE and nuclease PI, respectively. In this 
case, the 32P label was inserted in the bottom 
strand, 5' of the G at the border of the heptamer 
for detection of the products of nuclease diges- 
tion. Lanes M and M* contain DNA dinucleotide 
markers dAdT and dTdG (which migrates close to 
dGdT), respectively. A mononucleotide is left after 
digestion of the hairpin by PDE, but a dinucleotide 
is left after digestion by PI, whereas the reverse is 
true of the substrate DNA. This demonstrates the 
inversion of chirality at the phosphorothioate. The 
dinucleotide derived from the hairpin product has 
a slightly slower mobility than the dAdT marker, 
because it contains a phosphorothioate linkage 
instead of a phosphodiester bond. 
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combinase [MuA or integrase (IN), respec- 
tively] first nicks the donor DNA, and the 
resulting 3' hydroxyl is then used as the 
nucleophile to attack a phosphodiester 
bond in the target DNA (Fig. 2). The hair- 
pin formation reaction mediated by RAGl 
and RAG2 differs in that it involves strand 
transfer to the opposite strand of the same 
DNA, instead of to an external DNA. 
However, even this difference may only be 
apparent; MuA and IN have both been 
shown to produce DNA hairpins under cer- 
tain circumstances (14). 

We have also found other similarities. 
The initial nicking reaction carried out by 
IN is normally a hydrolysis that releases a 
dinucleotide with a 5' phosphate and a 3' 
hydroxyl from the end of the viral DNA. 
However, under certain reaction condi- 
tions, this nucleophilic attack can be car- 
ried out by the 3' hydroxyl of the viral 
DNA molecule rather than by water, result- 
ing in a circular dinucleotide (9). Alterna- 
tively, some alcohols such as glycerol or 
1,2-ethanediol release a dinucleotide with a 
covalently attached alcohol, in a reaction 
termed alcoholysis ( 15). 

We investigated whether the nicking re- 
action carried out by RAGl and RAG2 
could also use an alcohol as the nucleo- 
phile. The standard oligonucleotide sub- 
strate is not convenient for this test, be- 
cause it is technically difficult to separate a 
34-nucleotide product from its alcohol ad- 
duct. Thus, an oligonucleotide substrate 
was constructed with a nick two base pairs 
inside the heptamer of the RSS. A 32P label 
was introduced at the border of the hep- 
tamer and adjacent coding sequence to al- 
low detection of the predicted dinucleotide 
resulting from nicking at the signal-coding 
border (Fig. 3A) (1 6). Cleavage by RAGl 
and RAG2 generated the expected dinucle- 
otide (Fig. 3B, lane 2), but when 1,2- 
ethanediol was present in the reaction, an 
additional product with slower mobility was 

V(D)J cleavage HIV integration 

) lntegrase 

- %  
3' Host DNA 

Fig. 2. Comparison of the V(D)J cleavage reaction 
and HIV integration. The RSS is depicted as a 
triangle and the HIV recognition sequence as a 
box. The host DNA (into which HIV DNA integrates) 
is represented by a hatched bar. The reactions are 
shown for only one recognition sequence. 
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also formed (Fig. 3B, lane 3). A similar 

product, but w i t h  a different mobi l i ty ,  was 

obtained by  t he  add i t ion  o f  glycerol. T h e  

Mono 

M M '  1 2 3  

Fig. 3. RAG1 and RAG2 mediate alcoholysis. (A) 
Schematic representation of the alcoholysis sub- 
strate. The heptamer and nonamer elements are 
represented by an open and a closed box, re- 
spectively. Note that a nick is present in the top 
strand 3' of the second nucleotide within the hep- 
tamer. Hydrolysis is expected to  produce a dinu- 
cleotide with a 5' phosphate and a 3' hydroxyl. In 
the presence of 1,2-ethanediol, a dinucleotide 
product with an ethanediol group coupled to the 
5' phosphate may be expected. For convenient 
analysis of the products, a 32P label (depicted by 
an asterisk) was incorporated between the last 
two nucleotides of the coding flank in the top 
strand (1 1) (see Fig. 1A). (B) Analysis of cleavage 
products on a 22.5% TBE-urea gel without (lane 
1) or with RAG1 and RAG2 (lanes 2 and 3, re- 
spectively). Cleavage reactions were done with- 
out (lane 2) or with (lane 3) 20% (v/v) 1,2- 
ethanediol added. dAdT and dTdG were includ- 
ed as dinucleotide markers (shown on the left). 
Mono, mononucleotides; di, dinucleotides; Ed- 
CA, 1,2-ethanediol adduct. Lanes M and M* are 
as in Fig. 1 B. 

ident i ty  o f  th is lat ter  product as t he  alcohol  

adduct was conf i rmed by i ts resistance t o  

cal f  intest ine alkaline phosphatase and  b y  

t he  generation o f  a slow-moving species 

(presumably a glyceryl-mononucleotide) af- 

ter  nuclease P1 digestion. T h e  alcohol  ad- 

ducts formed by HIV-IN (human immuno-  

deficiency virus-IN) behave very similarly 

under these condi t ions (15). Thus, RAGl 
and  RAG2 can  also mediate alcoholysis. 

A s  most nucleases d o  n o t  permi t  t he  

substitution o f  alcohols fo r  water in the i r  

reactions, these results establish a fur ther 

resemblance between the  catalytic proper- 

ties o f  RAGl and RAG2 and  those o f  HIV- 
IN. There is conv inc ing evidence tha t  the  

same act ive site o f  MuA o r  IN mediates 

b o t h  n i ck ing  and strand transfer (1 7); mu- 
ta t iona l  analysis o f  t he  MuA and IN pro- 

teins was unable t o  separate the  t w o  reac- 

tions, and the  chemistry o f  t he  n i ck ing  

react ion is very similar t o  t he  strand transfer 

reaction. A s  the properties o f  the  RAG- 
catalyzed reactions are so similar t o  those o f  

these reactions, it seems l i ke ly  t ha t  there 

w i l l  b e  one act ive site fo r  b o t h  n i ck ing  and  

ha i rp in  formation. T h i s  putat ive active site 

could b e  contained w i t h i n  ei ther RAGl o r  

RAGZ, o r  it could be shared between both.  

At present, t he  locat ion  o f  t he  act ive site is 

unknown, as b o t h  proteins are required for  

a l l  activities. 

These f ind ings prov ide support f o r  t h e  

speculat ion t h a t  t h e  ant igen receptor 

genes, a n d  the  RAGl and  RAG2 proteins 

t h a t  mediate t he i r  rearrangement, may 

have  evo lved f r o m  a n  ancestral transposon 

(18). T h e  presence o f  RSSs facing in op- 

posi te direct ions ( t he  most  usual arrange- 

m e n t  in t h e  ant igen receptor loc i )  is sim- 

i la r  t o  t h e  inver ted repeat archi tecture o f  

many  transposon ends, a n d  t h e  RAG pro-  

teins cou ld  have  developed f r o m  genes 

encoded by t h e  former  transposon. A f t e r  

t h e  i n i t i a l  invasion, such a transposon 

must  have  lost  i t s  ab i l i t y  t o  reintegrate 

after excision. W e  n o t e  a s igni f icant dif- 
ference between t h e  chemistry o f  t h e  re- 

ac t i on  mediated b y  RAG1 a n d  RAG2 a n d  

t h a t  o f  t h e  MuA-IN fami ly  o f  transposons. 

In t h e  reactions mediated by MuA a n d  IN, 
t h e  i n i t i a l  n i c k  leaves a 3'  hyd roxy l  o n  t h e  

transposon end, so t h a t  transfer o f  th is  

group t o  a second DNA leads t o  integra- 

t i o n  o f  t h e  transposon a t  a n e w  site (Fig. 

2). In V(D)J cleavage, t h e  strand po lar i ty  

is reversed, so t h a t  t he  3' hyd roxy l  a t  t h e  

n i c k  is n o t  in t h e  recogn i t ion  element 

( t he  RSS) but in t h e  cod ing  f lank,  thereby 

prec lud ing transposi t ion by a mechan ism 

simi lar  t o  Mu o r  re t rov i ra l  integrat ion.  

N i c k i n g  o f  t h i s  strand resembles t he  cut-  

t i n g  react ion  o f  t h e  nontransferred strand 

o f  Tn7 o r  TnlO (1 9). T h e  strand transfer 

react ion  may have been redirected t o  for-  

m a t i o n  o f  ha i rp ins  a t  t he  cod ing  ends. 
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