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The rearrangement of antigen receptor genes is initiated by double-
strand breaks catalyzed by the RAG1/2 complex at the junctions of
recombination signal sequences and coding segments. As with some
‘‘cut-and-paste’’ transposases, such as Tn5 and Hermes, a DNA hairpin
is formed at one end of the break via a nicked intermediate. By using
abasic DNA substrates, we show that different base positions are
important for the two steps of cleavage. Removal of one base in the
coding flank enhances hairpin formation, bypassing a requirement
for a paired complex of two signal sequences. Rescue by abasic
substrates is consistent with a base-flip mechanism seen in the crystal
structure of the Tn5 postcleavage complex and may mimic the DNA
changes on paired complex formation. We have searched for a
tryptophan residue in RAG1 that would be the functional equivalent
of W298 in Tn5, which stabilizes the DNA interaction by stacking the
flipped base on the indole ring. A W956A mutation in RAG1 had an
inhibitory effect on both nicking and hairpin stages that could be
rescued by abasic substrates. W956 is therefore a likely candidate for
interacting with this base during hairpin formation.

immunoglobulin gene � recombination � transposase

In many vertebrates, the vast antigen-binding repertoire of
immunoglobulins and T cell receptors is created by combina-

torial V(D)J recombination using an array of variable (V),
diversity (D), and joining (J) gene segments in B and T cell
genomic DNA (1). A complex of the RAG1 and RAG2 gene
products is responsible for initiating DNA cleavage and probably
for mediating the recruitment of nonhomologous end-joining
factors to process and join the broken V, (D), and J segments.

The sites of DNA cleavage are directed by recombination
signal sequences (RSSs) that flank each coding segment. The
two types of RSSs (denoted 12RSS and 23RSS) consist of
conserved heptamer and nonamer motifs separated by a spacer
of 12 or 23 nonconserved base pairs. Normally, DNA cleavage
occurs when the RAG complex recognizes and pairs a 12RSS
and a 23RSS, thus ensuring the correct recombination of a V to
a J or of a V to a D and of a D to a J segment (termed the ‘‘12/23
rule’’) (2). Ordered assembly usually begins with RAG1/2 bind-
ing to the 12RSS, followed by capture of free 23RSS (3, 4).
Changes in the sensitivity of a 12RSS to chemical modification
occur upon RAG1/2 binding, consistent with some unwinding at
the heptamer-coding border (5, 6).

Double-strand breaks at the coding–RSS border are produced by
a nick 5� of the heptamer; nucleophilic attack on the opposing
strand by the 3� hydroxyl group at the nick then creates a hairpin
by a transesterification reaction (7). The resulting double-strand
break consists of a hairpin on the coding flank and a blunt-ended
signal sequence. In the presence of Mg2�, the complete reaction
takes place only in the presence of an RSS pair (coupled cleavage)
(8, 9). The mechanism of DNA cleavage has been characterized in
vitro, mainly with truncated RAG proteins that retain activity but
are more soluble than the full-length proteins, and with oligonu-
cleotides containing RSSs. HMGB1 or -2 protein is also included
in in vitro studies, because it aids the formation of 12/23 paired
complexes, probably through DNA bending (10, 11). With a single
RSS and Mg2�, the RAG proteins can only catalyze the nicking
step. In Mn2�, hairpin formation is also allowed even with a single
RSS (7) (Fig. 1a).

After DNA cleavage in vitro, RAG1/2 is capable of transposing
the signal end into a target DNA (12, 13). Evidence suggests that
V(D)J recombination has evolved from an ancestral transposon
(see e.g., ref. 2 for a review). Although no structural information
exists for the core RAG regions, biochemical data has identified
the binding site in RAG1 for the catalytic metal ions coordinated
by three acidic residues (D600, D708, and E962) (14–16). These
sites are likely to be held in an RNaseH-like fold also possessed
by transposases (17). Much may be learned from RAG1’s
transposase relatives that also operate via a hairpin intermedi-
ate, e.g., Tn5, Tn10, and the eukaryotic hAT transposases (18).
The structure of the Tn5 transposase complexed with two
transposon ends in a postcleavage complex shows how the DNA
interacts near the active site (19). In Tn5, the hairpin forms on
the transposon end, and in the crystal, a flipped-out base is seen
stabilized by a tryptophan (W298). Mutagenesis studies show
that this interaction is important for efficient hairpin formation
(20). Similar findings were made with mutagenesis of equivalent
residues in Tn10 (W265) (21) and Hermes (W319) transposases
(22). Thus, parallel mechanisms may operate in transposases in
which the hairpin is on the transposon end (Tn5 and Tn10), and
those in which the hairpin is on the flanking DNA (Hermes and
RAG1/2) (18, 23). In this work, we used abasic substrates to
investigate the role of bases around the coding–RSS border
during the two steps of DNA cleavage. A critical base whose
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Fig. 1. Schematic diagram of the outcomes of in vitro cleavage assays and
notation of base positions. (a) (i) RAG1/2 catalyzes nicking 5� of the heptamer
in the presence of Mg2�. (ii) Mn2� allows RAG1/2 to convert nicks to hairpin
products at the coding flank by transesterification. (iii) Mg2� is only able to
catalyze hairpin formation when 12RSS and 23RSS are present in the RAG1/2
complex (coupled cleavage). (b) Positions of abasic nucleotides incorporated
into the oligonucleotide substrates at the border (1) and penultimate (2)
positions of the coding flank (C) or signal (S) on top (t) or bottom (b) strands.
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removal from the helix stimulates transesterification was iden-
tified, suggesting which DNA conformation changes are pro-
duced on synaptic complex formation to initiate coupled cleav-
age. By mutagenesis we identified Trp residues that affect the
reaction, with and without alterations of DNA binding, one of
which is likely to interact with the critical base.

Results
Abasic Substrates Form Normal Complexes with RAG1/2. Single aba-
sic nucleotides were incorporated into a 12RSS substrate at
positions bordering the cleavage site (Fig. 1b). When the binding
of RAG1/2 to the modified substrates was analyzed by EMSA,
the amount of single complex (SC) formed on the abasic 12RSS
substrates or of paired complexes with normal 23RSS was not
significantly different from the normal 12RSS, within the range
of variation [see supporting information (SI) Fig. 5].

Base Positions in the Coding Flank That Are Critical for Nicking. The
contribution of base–protein interactions and base pairing was
assessed for both the nicking and hairpinning steps of cleavage.
Nicking of the top strand (5� of the heptamer) was analyzed by
in vitro cleavage of the abasic substrates by core RAG1 and
full-length RAG2. Several conditions were tested: Mg2� or
Mn2� ion on a 12RSS substrate and coupled cleavage with added
23RSS in Mg2� (Fig. 1a).

In Mg2�, abasic substitutions at bordering (1) and penultimate
(2) nucleotides of the top (t) strands of the coding flank (C1t and
C2t; see Fig. 1b legend for full notation) resulted in a marked
inhibition of nicking (Fig. 2a). A decrease in nicking was also
observed for substrates modified at C2b and S1t, albeit to a lesser
extent. The inhibitory effects of the C1t and C2t abasic nucleotides
were not overcome when 23RSS was present (coupled cleavage,
Fig. 2b). Enhanced nicking was observed with abasic C1b under all
conditions as deduced from the sum of hairpin and nick.

In Mn2�, the effects of abasic substitutions were different; abasic
C1t and C2t were less inhibitory to the nicking step (Fig. 2c), and
additional nicks inside the coding flank were more evident with all
abasic substrates. Furthermore abasic C2b, which was poorly nicked
in Mg2�, appeared to enhance nicking similarly to C1b. These data
demonstrate a relaxed specificity for the nick site in Mn2�.

Removal of a Specific Base in the Coding Flank Potentiates Hairpin
Formation. With a single RSS, Mg2� normally allows cleavage to
proceed no further than nicking and only trace amounts of hairpin
can be detected in the absence of partner DNA (Fig. 1a). Remark-
ably, abasic 12RSS(C1b) supported robust hairpin formation with-
out a partner RSS (64% of substrate was converted to hairpin) (Fig.
2a). Similarly, a 23RSS with an abasic substitution at C1b forms
hairpins in the absence of 12RSS (data not shown). Even in the
presence of a 23RSS, an increase in hairpinning was observed with
abasic 12RSS(C1b) compared with normal substrate (87% vs. 30%
of nicks converted to hairpin on abasic and normal substrates,
respectively; Fig. 3b). Abasic 12RSS(C1b) was also more efficient
at hairpinning than normal 12RSS in Mn2� (97% nicks converted
to hairpin compared with 71%; Fig. 2c). When the neighboring base
(C2b) was removed instead, an increase in transesterification was
also seen in Mn2� (from 71% to 87% of nicks converted).

Mg2� could also support hairpinning on a single prenicked
12RSS abasic at C1b (Fig. 2d). Hairpin formation by prenicked
abasic 12RSS(C1b) in Mn2� showed little enhancement over nor-
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Fig. 2. RSS cleavage assays with abasic substrate. Assays were performed with intact (a–c) or prenicked (d–f ) 12RSS that was abasic at various positions (see
Fig. 1b for notation). Cleavage products obtained from incubation with MR1 and full-length RAG2 were separated on a acrylamide/urea gel. Nick (N) and hairpin
(HP) products are indicated and quantified for each condition: Mg2� (a and d); 23RSS and Mg2� (b and e); Mn2� (c and f ). N(tot), total nick, the percentage of
nick plus hairpin in each lane; %conv, percentage HP/N(tot).
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Fig. 3. Coupled cleavage with abasic substrates. (a) Cleavage assays with
radiolabeled 23RSS (5� top strand) and unlabeled 12RSS abasic at the indicated
position were performed in the presence of MR1/MR2 and Mg2�. Nick (N) and
hairpin (HP) products were separated on an acrylamide/urea gel and quanti-
fied as a percentage of total signal in each lane. (b) Coupled-cleavage assay
with prenicked 12RSS and prenicked 23RSS substrates.
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mal prenicked substrate (13% vs. 10%, respectively; Fig. 2f). The
stimulatory effect of abasic C1b therefore is most evident on intact
substrate, which may be due to preferred processing after nicking.

The stimulation of transesterification by abasic (C1b) did not
require HMGB1, although hairpin formation was further en-
hanced by HMGB1 (data not shown). Furthermore, hairpinning
in Mg2� occurs with all substrates abasic at C1b regardless of
coding flank sequence, including ‘‘bad flank’’ sequences (read-
ing TTT or TTC 5� to 3� adjoining the RSS) that are rarely found
at RSS flanks in antigen receptor coding sequences (24) and are
poor at transesterification in Mn2� (refs. 25 and 26 and data not
shown). The enhancement of transesterification by abasic C1b in
Mg2� was greater than that with a mismatched base (C1t/C1b)
in the coding flank, which only led to minimal amounts of
transesterification (ref. 27 and data not shown).

Bases in the RSS That Are Essential for Hairpinning. Although the
base at C1b appears to be involved in controlling transesterifi-
cation, other bases around the cleavage site also have an effect
on this step. Removal of RSS bases on the bottom strand (S1b
or S2b) severely inhibited hairpinning in Mg2�-supported cou-
pled cleavage or in cleavage of a single RSS in Mn2�, despite
normal or elevated amounts of nicked product (Fig. 2 b and c).
A partial inhibition of hairpin formation was observed with
abasic S2t. Hairpin formation was also analyzed by using
prenicked substrates, thus bypassing the nicking step (Fig. 2 e
and f ). The bases of the RSS bottom strand were still critical to
this step, but abasic C2t (which inhibited the nicking step)
produced near normal hairpin levels. In Mn2�, this substrate
yielded at least two different hairpin products (�32 nt) derived
from different nick sites within the coding flank. A prenicked
substrate still allowed inaccurate nicking at other sites, leading
to the formation of a number of hairpin products (Fig. 2f ).

Abasic Substrates That Block Cleavage Do Not Inhibit Hairpin Forma-
tion on Partner DNA. The abasic substrates poor at nicking (C2t) and
transesterification (S2b) were used to ask at which stage hairpin
formation is stimulated by the second RSS: binding, nicking, or
transesterification. Although synaptic complex formation with a
23RSS could not overcome the defects in nicking and hairpinning
on abasic C2t or S2b 12RSS (Fig. 2b), cleavage of the 23RSS partner
was not inhibited by these abasic substrates. Only small decreases
in transesterification on the 23RSS were observed by blocking
nicking and hairpinning of the 12RSS (Fig. 3a).

Similarly, we tested whether the enhanced cleavage in Mg2� of
abasic 12RSS(C1b) could be stimulated further by the addition
of abasic 23RSS(C1b). A small increase in hairpin formation at
the 12RSS was seen with a normal 23RSS partner, but no further
stimulation was evident with abasic 23RSS(C1b) (Fig. 3b). Thus,
hyper-transesterification at one site does not increase the
amount of hairpin formed at the other. In all cases, simply
binding to the partner site is able to induce changes at the other
site to initiate transesterification. Communication between the
12RSS and 23RSS sites with abasic substrates is apparently
transduced before nicking and hairpin formation.

Mutagenesis of Tryptophan Residues in RAG1. We have shown that
cleavage at an RSS can be induced by binding of a second RSS,
presumably by inducing a conformational change in the DNA
and/or protein. This requirement is bypassed by the removal of the
base at C1b, which permits Mg2�-mediated transesterification to
proceed even in the absence of a second RSS. Such a mechanism
may be consistent with a base-flip event as seen with certain DDE
transposases that form DNA hairpins. We explored the possibility
that the C1b base may be stabilized in an extrahelical position by
contacts similar to those seen in the crystal structure of the Tn5
postcleavage complex, in which the penultimate T of the Tn5
transposon ‘‘signal’’ sequence is stacked against the indole ring of

tryptophan W298 (19). A second Trp in Tn5 transposase appears
to intercalate between the strands of DNA. Because two Trp
residues are also seen at the active site of the Hermes transposase
(22), we mutated all six of the tryptophans found in murine core
RAG1 to alanine to test whether a similar Trp–base interaction
occurs in RAG-mediated cleavage.

Mutations of Conserved RAG1 Trp Residues Decrease in Vivo Recom-
bination. Standard in vivo recombination assays were used to
determine whether RAG1-W519A, W760A, W829A, W893A,
W956A, and W992A mutants affected formation of signal and
coding joints. RAG1 mutants were introduced into the full-length
RAG1 coding expression vector pJH548 and cotransfected with
full-length RAG2 and the substrate plasmid (see Materials and
Methods). Signal joints were reduced �10-fold in all but the W829A
mutant compared with WT RAG1 (Table 1). Recombination of
W893A was reduced 100-fold compared with WT, and W760A,
W956A, and W992A were even more defective.

RAG–DNA Complexes of Trp Mutants. WT and mutant RAG1 vari-
eties were coexpressed with RAG2 and batch purified in parallel for
optimal comparison and best activity for potentially unstable mu-
tants. All mutants were able to bind RSS substrate to some extent
as shown by EMSA (Fig. 4a). The main point of interest was that
the complex formed by W760A appeared to have increased mo-
bility compared with the other species. This complex, probably the
same as stable complex 1 described in refs. 28 and 29, is believed to
contain fewer RAG2 monomers than stable complex 2, which is
observed for WT and the other mutants. In partial confirmation, an
interaction assay using FLAG-tagged RAG2 showed that W760A
had reduced affinity for RAG2 compared with WT (and W829A,
W893A, and W956A, not shown) when copurified on anti-FLAG
resin (SI Fig. 6).

W760A and W956A Are Defective at Nicking. Any reduction in
hairpin formation would lower the amount of cleaved substrate
available for subsequent recombination events. The RAG1 Trp
mutants were tested for in vitro cleavage, to identify any changes
in catalytic function. Under coupled cleavage conditions (in-
cluding 23RSS and Mg2�), nicking was decreased by the W760A
and W956A mutations (Fig. 4b). These mutants were further
characterized with the abasic substrates. For both W760A and
W956A, substrates abasic at C1b, S1b, and S2b greatly stimulated
the nicking (data not shown). Nicking by W760A and W956A
was also improved in Mn2� (Fig. 4b). These results do not
necessarily imply direct interactions of tryptophans with DNA
bases during nicking. The active site of the mutated proteins may
be distorted so that it can catalyze the nicking only in the
presence of permissive substrates or metal ion.

Table 1. Recombination frequencies (R) of RAG1
tryptophan mutants

RAG1 RAG2 No. screened SJ R, %

WT WT 440,000 0.39
W519A WT 240,000 0.01
W760A WT 490,000 �0.0002
W829A WT 145,000 0.22
W893A WT 410,000 0.004
W956A WT 36,000 �0.003
W992A WT 36,000 �0.003
WT — 50,000 �0.003
— WT 77,000 �0.002

Data in the “No. screened” column indicate the approximate number of
plasmids recovered from transfected NIH 3T3 cells that were screened for
recombination. The recombination frequency (R) of recombined signal joints
(SJ) was confirmed by hybridization.
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W519A and W992A were analyzed separately and, despite
poorer solubility, did not have severely reduced nicking or
transesterification activities (SI Fig. 7).

Transesterification by RAG1 W956A Is Defective but Rescued by Abasic
Substrates. By using Mn2� to catalyze transesterification, W956A
was unable to efficiently convert nick to hairpin (Fig. 4b). With
prenicked substrates, the ability of W956A to form hairpins in
Mn2� was still reduced (Fig. 4c), but the other mutants did not
appear to have major defects in transesterification. Under
coupled cleavage conditions, hairpinning was reduced by W760A
for reasons of poor paired-complex formation (Fig. 4a). Mn2�-
catalyzed transesterification on a single substrate was normal
with this mutant.

Because W893 has been suggested to be the equivalent Trp to
W298 of Tn5 (18, 30), we examined the effect of the W893A
mutation on hairpin formation more closely. In Mn2�, only a
minor decrease in conversion of nicks to hairpins was seen with
normal substrates (a reduction of one-third). Under coupled
cleavage conditions, the difference between W893A and WT was
not significant. A major defect in hairpinning by W893A was only
seen when using a ‘‘bad flank’’ substrate (ending TTC; Fig. 4c),
which also decreased transesterification by WT RAG1/2, se-
verely inhibited hairpin formation by W760A, and reduced
transesterification W956A even further.

It has been shown in the Tn5 system that rescue of hairpin
formation by a Trp mutant involved in base flipping can be
achieved by using the appropriate abasic DNA substrate, be-
cause there is no base needing to be stabilized (20). We therefore
tested for the rescue of transesterification by W760A, W893A,
and W956A on both types of flanks in Mn2�. By using the
optimal flank, hairpinning by WT, W760A, or W893A was not

appreciably effected by removing C1b (Fig. 4d). However, abasic
12RSS(C1b) produced a five-fold stimulation in hairpinning by
W956A. Furthermore 12RSS(C1b) was the only prenicked aba-
sic substrate to have a major effect (data not shown). Removing
the base at C1b in bad flank substrates overcame the inhibitory
effect in all cases. Transesterification on good and bad flanks by
W956A could also be rescued to WT levels by the addition of
23RSS (coupled cleavage) (Fig. 4e).

Transposition by Trp Mutants. In Tn5, mutation of W298 affected
strand transfer during transposition (20). However, mutation of
W314 in the Hermes system, in which, as with RAG1/2, the hairpin
is formed on the flank, had no effect on strand transfer (22). For
analogy, the soluble RAG1 Trp mutants were tested for their ability
to transpose RSS into donor plasmid DNA. Intact substrate was
used because the concentration of mutant proteins was too low for
transposition assays with precleaved substrate. Although transpo-
sition then depended on coupled cleavage in Mg2� as well as on
strand transfer, transposition products were detected for all mu-
tants except W760A (which failed to form a paired complex
efficiently). For the other mutants, transposition was somewhat
decreased, corresponding to lower levels of cleavage (Fig. 4f), but
in no case was there a specific defect in transposition.

Discussion
Hairpin formation is the most challenging step to understand in
the reactions of RAG1/2 and the related transposases because of
the large DNA distortion that is required. For Tn5, the crystal
structure of the protein–DNA complex provides a satisfactory
explanation by showing that a base is f lipped out of the double
helix and stabilized by a tryptophan, allowing the DNA chain to
rotate. Lacking comparable structural information for RAG1/2,

a

47 4 34 20 11 %dsb

W
T

W
76

0A

W
82

9A

W
89

3A

W
95

6A

*

tnp

f

b

HP

N

23RSS/Mg2+ Mn
2+

*

W
T

W
7
6
0
A

W
8
2
9
A

W
8
9
3
A

W
9
5
6
A

W
T

W
7
6
0
A

W
8
2
9
A

W
8
9
3
A

W
9
5
6
A

d

dsb
*

P
N

12

P
N

12
+

23

P
N

12
(C

1b
)

1 27 40 dsb%

W
T

W
76

0A

W
82

9A

W
89

3A

W
95

6A

W
T

W
76

0A

W
82

9A

W
89

3A

W
95

6A

GOOD BAD

25 29 45 20 6 14 6 19 4 2

dsb

*

dsb(%)

c

e

0

10

20

30

40

50

60

WT W760A W893A W956A

GOOD

GOOD-C1b

BAD

BAD-C1b

m
ea

n 
H

P
(%

 +
S

D
)

W
T

W
5

1
9

A

W
7

6
0

A

W
8

2
9

A

W
8

9
3

A

W
9

5
6

A

W
9
9
2
A

PC
SC

*

e

Fig. 4. In vitro characterization of Trp mutations. (a) Complex formation was analyzed by EMSA, with approximately equal amounts of purified, coexpressed
mutant MR1 and MR2 with labeled 12RSS and 23RSS substrates. Normal stable complexes (SC) with single substrate and paired complexes (PC) are formed with
all mutants except W760A, which forms a faster species SC only. (b) Nick (N) and hairpin (HP) products from coupled and Mn2� catalyzed cleavage reactions were
analyzed on a 90 mM Tris, 90 mM boric acid, and 2 mM EDTA (pH 8.3) (TBE)-urea gel. (c) Good (TTA)- and bad (TTC)-flanked, prenicked 12RSS substrates were
used in reactions containing 30 ng/�l copurified mutants and 1 mM Mn2�. The percentage of hairpin product was quantified on a TBE-urea gel. (d) Similar
experiments with and without an abasic site at Clb. The bar chart displays the average from three or four experiments in which the error bars represent the SD.
(e) Comparison of the rescue of hairpinning by W956A in Mn2� by addition of prenicked 23RSS and by using an abasic substrate at C1b. Bad flank substrate (TTC)
was used in this cleavage assay. ( f) Intact substrate was used in transposition reactions analyzed on a 1% agarose gel. Transposition (tnp) of the bottom strand
of the RSS into pBR322 after Mg2�-catalyzed cleavage can be compared with the amount of double-strand breaks (dsb) quantified in a parallel reaction (without
plasmid DNA).
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we have used biochemical tests to study whether a similar
mechanism is used in this system. The abasic substrate studies
described here provided relevant information about this ques-
tion and other features of DNA cleavage.

Changes in Base Contacts and Complex Conformation During Cleav-
age. In each step of cleavage, the two bases 5� of the cleavage site
are shown to be essential. Bases in the top strand coding flank
are more critical for nicking, whereas bases in the bottom strand
RSS are required for efficient hairpin formation. Contacts with
these bases may be responsible for positioning the correct
phosphodiester bond for attack but also for controlling the
hydroxyl nucleophile of the coding flank that is released after
strand cleavage for use in subsequent transesterification. The
differences between reactions containing Mg2� or Mn2� are very
apparent with abasic substrates. The relaxed requirement for
coding flank bases and the variable position of nicking in Mn2�

suggest a greater flexibility of the enzyme–substrate complex
in this condition. The contacts with RSS bases in both Mg2�

and Mn2� remain stringent and result in an accurate site of
transesterification.

The base on the other side (3�) of the site of transesterification
(C1b) has, if anything, a negative influence on that reaction,
because its removal enhances hairpin formation on a single RSS;
this effect is most apparent in Mg2�. It would be reasonable to
suppose that, with a normal 12RSS, the presence of 23RSS
triggers a conformational change at the active sites such that a
contortion in the coding flank DNA allows transesterification to
occur only in the context of the 12/23 complex.

We found that only the binding of the partner RSS, rather than
any later stage in the process, was necessary to stimulate hairpin
formation. In one report, poor nicking at one RSS due to coding
flank-sequence effects appeared to limit the transesterification
at the other (31), but this effect did not appear in our studies with
abasic substrates. An abasic 12RSS deficient at nicking had only
minimal effects on the cleavage of the partner RSS. Our findings
using hairpinning-deficient abasic substrates are consistent with
those on phosphorothioate substrates (also unable to form
hairpins) that do not block hairpinning at the partner site (32).

Evidence for Base-Flipping in RAG-Mediated Cleavage. Our obser-
vations define the base at C1b as a critical obstacle to the
transesterification reaction. Mismatched coding flanks stimulate
transesterification on a single substrate in Mg2� to a much lesser
extent. In normal substrates, unpairing of the coding flank bases
is likely to be required, but the C1b base may also have to move
out of the helix by breaking base stacking interactions. Bases in
the resulting hairpin cannot form base pairs because of contor-
tion of the DNA backbone. Protein contacts with coding flank
bases would presumably aid transesterification by stabilizing the
product and/or positioning the scissile bond for attack. Base
flipping is common to several enzymes that act on DNA (33),
e.g., DNA-modifying enzymes (methyltransferases), DNA-
repair enzymes, and hairpin-binding proteins (e.g., TnpA of an
IS605 transposon) (34). These enzymes use a variety of hydro-
phobic, aromatic, and charged amino acids to recognize and
stabilize the extrahelical base. The most relevant example is the
Tn5 transposase, in which a Trp interacts with a base in the
hairpin (the penultimate thymine, T2) at the transposon end by
stacking of two planar rings.

C1b, like T2 of the Tn5 transposon, lies on the strand opposite
the nick site and within the sequence that forms the hairpin, but
unlike in Tn5, C1b is one of the bases in the tip of the hairpin.
Nevertheless, C2b (the positional equivalent to T2) does show
similar characteristics to C1b in Mn2� and may adopt an
extrahelical position as well. With RAG1/2, the flipped-out base
is in the coding flank of the V, (D), or J segment and, by its
variable nature, must be stabilized by nonsequence-specific

contacts. Base stacking by Trp and backbone interactions by Tyr
are sequence-independent methods for doing so. In the case of
Tn5, T2 appears to have no base specific contacts either, so that
abasic T2 also aids hairpin formation (19, 20). Removing the
base from C1b has a similar effect on hairpin formation regard-
less of whether a purine or pyrimidine is present at C1t. Thus, the
type of base at C1t has no influence on transesterification. Yet
a purine at C1b is not as easily tolerated by RAG1/2 (25, 26) and
particularly by the mutants studied here and elsewhere (27).

RAG1/2 was found to preferentially bind to substrates with a
cis-glycol modified C1b base (6). Such oxidized bases tend to be
displaced from the helix. Furthermore, cross-linking experi-
ments using iodopyrimidine-modified bases across the coding–
heptamer region identified C1b (and S2b) as forming crosslinks
to RAG1 (35). Although specific amino acid–base contacts were
not identified with these methods, it appears that coding flank
interactions (at C2t) are occurring in the C-terminal domain
between amino acids 889 and 974 (36). These biochemical
experiments support the notion that C1b lies extrahelically
during cleavage and interacts with RAG1 and that contacts with
C2t and S2b are also occurring, as suggested by our abasic screen.

Evidence for a Hairpin-Binding Domain in RAG1. It had been proposed
that certain cut-and-paste transposases and the resolvase ResT
(that can either make or open a DNA hairpin) possess a common
motif for binding the hairpin intermediate (PXW-linker-YXXK)
where Pro and Trp form a hydrophobic pocket and ring-stacking
interaction, and Tyr and Lys or Arg make contacts with the
phosphate backbone of the flipped-out base (30). Although W319
of Hermes has been implicated in hairpin formation (22) and
appears to follow the first part of the motif, other members of the
hAT transposase family do not conform to either part of this motif
(37) (SI Fig. 8).

Even so, the functional Trp is conserved in practically all
Tn5/Tn10 transposases and hAT family members, with the
exception of Tag-1, in which a different aromatic residue, Phe,
is present (38). The region around RAG1 W893 has been
suggested to share the Tn5/Tn10/ResT hairpin-binding motif (18,
30); indeed, mutations in surrounding residues are deficient in
hairpinning (39).

Our mutational studies show W893 to be functionally impor-
tant for in vivo recombination; however, in vitro assays did not
show a severe defect in cleavage when an optimal coding flank
sequence (TTA) was used. In earlier work, some coding flank
sequences directly adjoining the RSS were found to decrease
V(D)J recombination when combined with a particular RAG1
mutation (40). A subclass of these bad flanks (e.g., TTT) even
decreased recombination with WT RAG1/2 (24). Bad flank
substrates also decreased hairpin formation by purified WT
RAG1/2 proteins (25, 26). In our present work, the W893A or
W956A mutations display an even greater in vitro defect with bad
flank substrates. A comparable defect of W893A in the context
of bad flank substrates has recently been reported (41). How-
ever, with substrates containing a good coding flank, RAG1
W893A has only a minimal defect in hairpinning. The RSSs in
the in vivo substrate are also flanked by the preferred pyrim-
idine–purine alternation (CTG) (40); thus, the mutation at
W893 may have affected a stage following cleavage in the
recombination process.

In contrast, W956A is still defective in cleavage even with a
good coding flank. W956 appears to be the strongest candidate
among Trp residues for a role in interacting with C1b, consistent
with a role in stabilizing an extrahelical base. Alternatively,
W956 (which is near the catalytic glutamate E962 in the primary
sequence) could act equivalently to the second Trp at the Tn5
active site (W323) that lies between the bases of the transposon
end (19). A second Trp (W182) is also present at the Hermes
active site (22), and because the equivalent Trp is conserved
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among the hAT transposases, it may represent another feature
of hairpinning transposases.

Materials and Methods
DNA Substrates. Previously described oligonucleotides were syn-
thesized and gel purified to construct intact 12RSS and 23RSS
(DAR39/40 and DAR61/62) or prenicked 12RSS and 23RSS
(DAR42/DG10/DAR40; DAR42/DG4/DAR61) (7). Prenicked
bad flank oligonucleotides ending TTC and TTT (5� to 3�)
differed from DAR42 and DAR40 only at the three coding-flank
positions nearest the RSS. Oligonucleotides containing dSpacer
substitutions (Integrated DNA Technologies, Coralville, IA) in
positions �2, �1, �1, and �2 from the coding signal border on
top and bottom strands were used to produce the abasic sub-
strates (Fig. 2a). Oligonucleotides were radiolabeled with
polynucleotide kinase or terminal transferase before annealing.

Proteins. The plasmids pFB-MR1 and pFB-MR2 encode the
maltose binding protein fusions of RAG1 and RAG2 and MR1
and MR2 for expression with baculovirus (7). Singly or coex-
pressed, RAG1 and RAG2 were purified by polyhistidine and
maltose-binding protein affinity tags as described in ref. 7.
Vaccinia viruses containing T7 RNA polymerase and FLAG-
tagged full-length RAG2 were kind gifts from M. Oettinger
(Massachusetts General Hospital, Boston, MA) (42). Purifica-
tion of RAG2 expressed in HeLa S3 cells by using anti-FLAG
M2-agarose (Sigma, St. Louis, MO) has been described in ref. 7.
A truncated form of HMGB1 (1–163) was provided by Mary H.
O’Dea (National Institute of Diabetes and Digestive and Kidney
Diseases). Site-specific mutations of the tryptophan residues in
murine core RAG1 were produced by using a QuikChange kit
(Stratagene, La Jolla, CA) within the baculovirus expression
vector pFB-MR1. Mutations were checked by DNA sequencing,
and for W893A the amino acid substitution was confirmed by
mass spectrometry.

Sf9 insect cells in serum-free medium were coinfected with
MR1 mutant and MR2 baculovirus. Batch purifications were
performed in parallel to WT protein for comparison of activities.

Cells were lysed in 10 ml of purification buffer [20 mM Tris�HCl
(pH 8)/500 mM NaCl/10% glycerol/1 mM DTT] plus 1 mM
PMSF, 0.1% Triton X-100. One milliliter of amylose resin
(washed with purification buffer) was added to the supernatants
and mixed for 90 min at 4°C. The resin was transferred to 10-ml
columns, washed with 30 ml of purification buffer, then eluted
with buffer containing 10 mM maltose. Proteins were dialyzed
into 20 mM Tris�HCl (pH 8), 150 mM KCl, 10% glycerol, and 1
mM DTT and stored at �80°C.

Cleavage Assay and EMSA. Reactions containing 2 nM 12RSS, 20
ng/�l RAG1/2, and 2 ng/�l HMGB1 protein (with or without 12.5
nM 23RSS) were catalyzed by 4 mM MgCl2 or 1 mM MnCl2 for 60
min at 37°C as described in ref. 4. Alternatively, 2 nM labeled 23RSS
and then 2 nM unlabeled 12RSS was used for certain coupled-
cleavage reactions. Cleavage products were separated on 15%
TBE/urea-polyacrylamide gels, quantified by using a Molecular
Dynamics PhosphorImager (Piscataway, NJ), and expressed as a
percentage of the total signal in each lane by using ImageQuant
software. Complexes analyzed by EMSA were formed and loaded
onto a native 6% acrylamide gel (80:1 acrylamide:bisacrylamide) as
in earlier reports (4).

In Vivo Recombination Assays. Tryptophan to alanine (or phenylal-
anine) mutations were introduced into pJH548 (encoding RAG1)
by site-directed mutagenesis. These constructs were transfected
into NIH 3T3 cells together with pJH549 (encoding RAG2) and the
recombination substrate pJH200, as described in ref. 43.

Transposition Assays. Intact substrates were used for transposi-
tion into 100 ng of pBR322 by using 5 mM MgCl2 to catalyze
the reaction (44).
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