Mutations of acidic residues
in RAG1 define the active site
of the V(D)J recombinase

Deok Ryong Kim,'®* Yan Dai,' Cynthia L. Mundy,' Wei Yang,> and Marjorie A. Oettinger'*

!Molecular Biology Department, Massachusetts General Hospital, Boston, Massachusetts 02114 USA; 2Laboratory of
Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health (NIH),

Bethesda, Maryland 20892-0540 USA

The RAG1 and RAG2 proteins collaborate to initiate V(D)J recombination by binding recombination signal
sequences (RSSs) and making a double-strand break between the RSS and adjacent coding DNA. Like the
reactions of their biochemical cousins, the bacterial transposases and retroviral integrases, cleavage by the
RAG proteins requires a divalent metal ion but does not involve a covalent protein/DNA intermediate. In the
transposase/integrase family, a triplet of acidic residues, commonly called a DDE motif, is often found to
coordinate the metal ion used for catalysis. We show here that mutations in each of three acidic residues in
RAGI result in mutant derivatives that can bind the RSS but whose ability to catalyze either of the two
chemical steps of V(D)J cleavage (nicking and hairpin formation) is severely impaired. Because both chemical
steps are affected by the same mutations, a single active site appears responsible for both reactions. Two
independent lines of evidence demonstrate that at least two of these acidic residues are directly involved in
coordinating a divalent metal ion: The substitution of Cys for Asp allows rescue of some catalytic function,
whereas an alanine substitution is no longer subject to iron-induced hydroxyl radical cleavage. Our results
support a model in which the RAG1 protein contains the active site of the V(D)J recombinase and are
interpreted in light of predictions about the structure of RAG1.
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A series of site-specific somatic DNA rearrangements is
required for the assembly of the immunoglobulin and
T-cell receptor (TCR) genes of the vertebrate immune
system (for reviews, see Lewis 1994; Gellert 1997; Oet-
tinger 1999). These V(D)] recombination events are ini-
tiated by the combined action of two lymphoid-specific
proteins, RAG1 and RAG2. Together, these proteins rec-
ognize recombination signal sequences (RSSs) that flank
immunoglobulin and TCR gene segments and introduce
a double-strand break (DSB) at the border of the coding
gene segment and the RSS. The RSS is comprised of con-
served heptamer and nonamer elements separated by a
spacer region of conserved length (12 or 23 bp) but vari-
able sequence. The DSB is generated in two steps (Mc-
Blane et al. 1995). In the first step, a nick is introduced at
the 5’ end of the heptamer at the signal/coding bound-
ary. In the second step, the newly liberated hydroxyl on
the coding DNA attacks the phosphodiester bond of the
opposing strand to form a hairpinned coding end and a
blunt signal end. Subsequent processing and rejoining of
the cleaved ends to form the mature coding segment and
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a signal junction requires the action of a number of pro-
teins, including several involved in the repair of X-ray-
induced damage (Jeggo 1998).

The reactions carried out by the RAG proteins are
chemically similar to those carried out by the trans-
posase proteins of bacterial transposons such as Mu or
Tn10 or by the integrase proteins of retroviruses such as
HIV (Plasterk 1998; Roth and Craig 1998). In addition to
carrying out the two steps of V(D)J cleavage, the RAG
proteins can mediate transpositional recombination in
vitro, joining the 3’ OH of a cleaved signal end to an
unrelated target sequence (Agrawal et al. 1998; Hiom et
al. 1998). A shared feature of the strand transfer reactions
of these mobile elements and the RAG recombinase is
that they occur in the absence of an external energy
source via a one-step transesterification reaction with no
protein-DNA intermediate (van Gent et al. 1996). One
distinction between the RAG proteins and other recom-
binases is the reversal of the initial cleavage site relative
to the DNA recognition sequence. Specifically, RAG
proteins nick the top strand (the 5’ end of the heptamer
at the signal/coding boundary), whereas MuA and Tn10
transposases, for example, nick the bottom strand (the 3’
end of the mobile element).

A large number of enzymes that catalyze phosphoryl-
transfer reactions, including all members of the trans-
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posase/integrase family, the type II restriction enzymes,
DNA polymerases, and the RAG proteins, are metal de-
pendent (McBlane et al. 1995; Rice et al. 1996; Pingoud
and Jeltsch 1997; Steitz 1999). Extensive mutational, bio-
chemical, and structural studies of these enzymes have
established several sequence motifs, all of which have a
common requirement for conserved carboxylates to che-
late metal ions for catalysis. The metal ions are not only
required for the phosphoryl-transfer reaction, they also
play a role in substrate binding. Often metal ions are
utilized as a means to bridge close and specific contacts
between protein and nucleic acid (Beese and Steitz 1991;
Roberts and Halford 1993; Cao 1999). By identifying
metal-chelating carboxylates, the catalytic sites can es-
sentially be defined.

Members of the bacterial transposase/retroviral inte-
grase family share a common folding topology in addi-
tion to a conserved carboxylate triad, the so-called DDE
motif (Kulkosky and Skalka 1994; Polard and Chandler
1995; Rice et al. 1996). Substitution of Ala, Asn, or Gln
for residues of the catalytic triad substantially reduces
the activity of these proteins, often to undetectable lev-
els. In some cases, when cysteine is substituted for one
of the acidic residues, an alteration in the metal binding
preference from Mg>* to Mn?>* is observed, supporting
the conclusion that the residue is involved in chelating a
metal ion (Sarnovsky et al. 1996; Allingham et al. 1999;
T.A. Baker, pers. comm.). This use of cysteine substitu-
tions for defining metal ion binding sites within a pro-
tein is based on the observation that although oxygen
binds well to both Mg>* and Mn?*, a sulfur group serves
well as a ligand only for Mn** (Pecoraro et al. 1984).
Recent high-resolution structural studies of ASV and
HIV1 integrase proteins in the presence of Mg>* have
allowed direct detection of the interaction between the
acidic residues in the active site with the metal ion (Bu-
jacz et al. 1996; Goldgur et al. 1998; Maignan et al. 1998).
The similarity in reaction mechanism of the trans-
posase/integrase family with that of the RAG proteins
suggests that the RAG proteins might share this phylo-
genetically conserved catalytic triad and that the cata-
lytic mechanism of the two systems may be similar.

In addition to mutational analysis as a means to iden-
tify residues involved in metal binding and catalysis, the
location of a metal binding site can be physically mapped
by taking advantage of iron-induced hydroxyl radical
protein cleavage. The highly reactive hydroxyl radicals
generated by chelated Fe** can cause localized cleavage
of nearby sites. This method, often used for DNA foot-
printing, can also be applied to proteins, in which the
hydroxyl radicals cleave peptide bonds in the immediate
vicinity of the chelated iron. Fe>* cleavage has been used
successfully as a tool to map the metal binding sites in
several proteins (Wei et al. 1994; Ettner et al. 1995; Zay-
chikov et al. 1996; Lykke-Andersen et al. 1997).

Here, we report the results of applying a combination
of these methods to the identification and characteriza-
tion of residues in RAG1 that are involved in catalysis.
We have identified two acidic residues that appear to
have direct roles in metal binding based on iron cleavage
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and cysteine substitution criteria. A third acidic residue
is identified that also appears to have a critical role in
catalysis. These results argue strongly that RAGI con-
tains most, if not all, of the active site of the RAG1/
RAG2 recombinase.

Results

Purification of active RAGI1 protein
from Escherichia coli

Although previous biochemical analysis of RAG1 was
carried out with protein produced from recombinant
baculoviral expression in insect cells or from GST fu-
sions expressed in mammalian cells, the work presented
here was greatly facilitated by our development of ex-
pression vectors and purification conditions that allow
functional RAGI protein to be purified from Escherichia
coli. Two bacterial expression constructs were gener-
ated. The first, pDRK534, contains a truncated form of
the RAG1 gene encoding amino acids 352-1040 fused
in-frame with a carboxy-terminal epitope tag of 8 histi-
dines, under the control of the PA1 promoter (see Mate-
rials and Methods). The second derivative (pDRK573)
contains the maltose binding protein (MBP) fused to the
amino terminus of RAG1 (amino acids 352-1040) and a
carboxy-terminal 8 histidine epitope tag (see Fig. 1A).
Proteins were purified to near homogeneity using Ni-
chelating chromatography. Using comparable amounts
of protein, as determined by Coomassie blue staining,
the proteins purified from E. coli were consistently 8- to
10-fold more active in an oligonucleotide cleavage assay
than our standard protein purified from insect cells (data
not shown). [Successful purification of E. coli RAG1 has
also been reported recently by others (Rodgers et al.
1999]]. The pDRK534 expression plasmid formed the ba-
sis for the mutational studies described below, whereas
pDRK537, generating the MBP:RAG1 fusion protein,
was used for Fe**-induced cleavage assays.
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Figure 1. Iron-induced hydroxyl radical cleavage of RAGI1. (A)
Diagram of the MBP-RAG] fusion protein used for this analy-
sis, with positions of the MBP and 8 histidine tag indicated. (B)
Western blot with anti-MBP antibody reveals a [70-kD iron-
dependent cleavage product. (C) Western blot with anti-His tag
antibody reveals a (M7-kD carboxy-terminal cleavage product.
The position of the cleaved products is indicated by an arrow;
the presence (+) or absence (-) of Fe>* in the reaction is indicated.
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Fe?*-induced cleavage of RAGI protein

Previous mutational studies of the RAG proteins re-
vealed that all residues essential for V(D)J cleavage lie
between amino acids 384 and 1008 of RAGI and 1 and
383 of RAG2, indicating that any crucial metal binding
site must lie within these regions (Sadofsky et al. 1993;
Silver et al. 1993; Cuomo and Oettinger 1994; Sadofsky
et al. 1994; Kirch et al. 1996). To further narrow down
the region responsible for metal ion binding and to de-
velop a physical basis for assigning the residues involved
in metal binding, we sought to make use of iron-induced
hydroxyl radical protein cleavage. Both the nicking and
hairpinning steps of DNA cleavage by RAG1/2 protein
can occur with Fe>* as a cofactor (data not shown), sug-
gesting that Fe?* can bind to the same active site without
significantly distorting the structure. Thus, the RAG
proteins appeared to be good candidates for Fe**-medi-
ated protein cleavage.

Purified RAGI protein alone or in combination with
RAG2 protein was incubated with an oligonucleotide
substrate containing a 12 RSS in the presence of Fe**,
ascorbic acid, and hydrogen peroxide. Reaction products
were analyzed by Western blot following SDS-PAGE.
RAGI cleavage products were visualized with antibodies
directed against MBP (Fig. 1B) or a RAGI1 epitope (RAG1
amino acids 511-530; data not shown). Both antibodies
revealed the presence of a novel species of [70 kD fol-
lowing incubation. Maximum formation of this product
required both hydrogen peroxide and ferrous ion (al-
though low levels of cleavage products were occasionally
observed when Ca”* was substituted for iron; Figs. 1B
and 6A, below; data not shown). The same 70-kD prod-
uct was observed either in the presence or absence of
RAG2 protein (data not shown). Given that MBP con-
tributes 40 kD to the observed product, the approximate
location of the Fe**-induced cleavage was 30 kD in from
the amino terminus of truncated RAGI, around amino
acid 630. Using antibodies to the carboxy-terminal his-
tidine tag, a doublet of (47 kD was observed (Fig. 1C). A
species of this size would be expected for the reciprocal
cleavage product, suggesting that there is only one region
in the protein in which Fe>*-induced cleavage occurs. (In
some gels, a smaller carboxy-terminal fragment of [B5
kD was observed, corresponding to a cleavage near
amino acid 720.)

Single alanine substitutions at each
of three acidic residues yields mutant proteins
that are catalytically impaired

Having observed one or two Fe**-induced cleavage sites
in the vicinity of amino acids 630-720, we made a series
of alanine substitutions of the acidic residues between
amino acids 530-780. If the three-dimensional structure
of the metal binding pocket brought a more distant resi-
due into close proximity, additional cleaved species
might have been expected. We further limited our initial
selection of mutations as follows. First, we focused on
aspartate and glutamate residues that are evolutionarily
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conserved in the RAG genes of humans, mouse, rabbit,
chicken, Xenopus, and salmon. Second, mutations
shown previously to support at least 25% of the wild-
type level of recombination in vivo were not analyzed
further. Third, we included two additional residues out-
side of this region, E811 and E962, that supported little
or no V(D)] cleavage in vivo when changed to glutamine
(M.A. Landree and D. Roth, pers. comm.). Residues mu-
tated for this study are indicated in Figure 7 (below) and
all mutant derivatives listed in Materials and Methods.

By analogy with active site mutants in the trans-
posase/integrase family, RAG mutants defective in the
binding of a metal ion at the active site might be ex-
pected to be catalytically impaired while retaining their
DNA-binding activity (though as discussed above, the
metal ion may also play a role in DNA binding). As an
initial screen, all mutant proteins were tested for their
ability to cleave a 12-RSS in a standard oligonucleotide-
based cleavage assay (Fig. 2; Table 1; data not shown) and
for their ability to bind to DNA (see below). Equivalent
amounts of protein, as determined by Coomassie blue
staining following SDS-PAGE, were used for each assay.
Reactions were carried out in Mn>* to permit both nick
and hairpin formation and also in Mg>* in which, on a
single RSS, only nicking occurs with wild-type RAG pro-
teins. (Hairpin formation in Mg?* requires a synapsed
12/23 signal pair, in which coupled cleavage can occur at
both RSSs).

Seven mutants exhibited <20% of the wild-type level
of cleavage activity (D546A, D560A, D600A, D708A,
E709A, E811A, E962A). No cleavage was detected with
D600A, D708A, or E962A, whereas D546A and D560A
showed residual activity at [5%-10% of wild type (Fig.
2, lanes 3,5,11; Table 1; data not shown). E709A pro-
duced a normal level of nicked product, but was severely
defective in hairpin formation (Fig. 2, lane 7). However,
an increase in Mn>* concentration from the standard

T

1 2 3 4 5 6 7 8 9 10 11 12

Figure 2. RAGI mutant proteins D600A, D708A, and E962A
are defective in V(D)] cleavage. Single site cleavage of a 32P-
labeled 12-RSS oligonucleotide substrate (see Materials and
Methods) is shown. Lane I contains no RAG protein; all other
lanes contain the indicated RAG1 protein in addition to RAG2.
Reactions were carried out in 0.1 mm Mn?** for 30 min. The
positions of the substrate (S) and nicked (N) and hairpin (HP)
cleavage products are marked.
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Table 1. The effects of mutations in RAGI on DNA binding and cleavage

RAG 1/2 HP with Coupled
Mutant binding?® Nicking® HP* prenick? cleavage® Tn!
D546A + + + N.T. + N.T.
DG600A +++ - - - - +
D600C +++ - - +/- - +
D708A +++ - - - - -
D708C e+t —(+/-) ~(+) ++ +/-= ++
E709A 4+ 4+ + {444} + {444} e+ N.T.
E709C o+t ot + {+++) + {+++) o+t N.T.
R713A +++ + - N.T. +i- N.T.
R713C +++ ++ - N.T. - N.T.
ES11A + + + N.T. N.T.
E962A o+t - - +/- - +/-
E962C e+t - - +/- - +/-
K966A +++ +++ +++ N.T. N.T. N.T.
DG600A/D708A o+ - - - - N.T.
D600C/D708C et - - - - N.T.
D708A/E709A et - - - - N.T.
D708C/E709A +++ —(+/-) —(+) ++ - N.T.
E962A/D708C ot - - - - N.T.
E962A/D708A e+ - - - - N.T.
E962A/D600A - - - - - N.T.

(N.T.) Not tested.

*DNA-binding levels indicated. Results listed reflect a summary of single and paired complex formation; these were similar in all

cases.

PThe levels of nicking on a 12-RSS substrate relative to wild type are shown for standard reaction conditions; results from a longer

incubation (2-4 hr) are shown in parentheses.

“The levels of hairpinning observed following cleavage of an intact 12-RSS substrate are shown. Results from longer incubation (2-4)
are shown in parentheses; brackets indicate results at higher Mn2* concentration (1 mm).

dThe levels of hairpin formation on a prenicked 12-RSS substrate was shown. Brackets are as in c.

°The levels of coupled cleavage in Mn>* and Mg?* are indicated relative to wild type. Only one level is indicated when the results were
the same in both metal ions. Where the results differ, those in Mn>* are shown before the colon; Mg>* after the colon.

fThe levels of transposition with precleaved donor DNA is shown (see also Fig. 5).

All results are shown relative to wild-type RAGI protein (+++).

used here of 0.1 to 1 mm restored the level of hairpin
formation for E709A to wild-type levels (Table 1). In-
creases in Mn>* concentration (up to 10 mm) had no ef-
fect on the cleavage activity of the other mutants (data
not shown). E811A, a poorly expressed and unstable de-
rivative, appeared to have a decreased level of cleavage
activity, but the levels were normal when normalized for
the amount of protein present that could bind DNA (data
not shown; see below).

It was necessary to distinguish catalytically impaired
mutants from those defective in DNA binding. RAGI1
can bind to a single RSS on its own or in conjunction
with RAG2. When RAG1 and RAG2 bind together to a
single RSS, two complexes (SC1 andSC2) are formed that
differ in the amount of RAG2 present (C. Mundy and M.
Oettinger, in prep.). When a pair of RSSs (one with a 12-
and one with a 23-bp spacer) is available, a third (paired)
complex containing RAG1 and RAG2 and the two sig-
nals is formed (Hiom and Gellert 1998). All three com-
plexes can be distinguished by their differing mobilities
in a gel retardation assay. The ability of the seven mu-
tants described above to form these individual com-
plexes was assessed. D546A and D560A were found to be
defective in DNA binding and were therefore not con-
sidered further (Table 1; data not shown). E§11A formed

the expected complexes, but in very low abundance,
making a detailed assessment of this protein’s activity
impractical (data not shown). D600A, D708A, E709A,
and E962A formed all of the expected complexes at nor-
mal levels (Fig. 3, A, lanes 4, 6, 8, and 10, and B, lanes 5,
6,9, 10, 17, 18), indicating that the defect in these mu-
tants was not an obvious failure to make appropriate
protein—protein contacts or a failure to complex with
DNA. These mutations were thus suspected to involve
the active site.

The catalytic properties of RAG1 derivatives carrying
mutations at D600, D708, E709, and E962 were explored
in greater detail to determine if their phenotypes were
consistent with those expected of an active site mutant.
(E709 was included in these analyses because hairpin
formation with the E709A derivative showed an unusual
response to metal ion concentration). The ability to carry
out coupled cleavage with a 12/23 RSS pair was mea-
sured to exclude mutations that could be rescued by as-
sembly into a synaptic complex (Fig. 4A). Coupled cleav-
age was assessed using an oligonucleotide substrate with
duplex 12 and 23 RSS elements held together by a single-
stranded tether, as described previously (Kim and Oet-
tinger 1998). Although all four mutants could form a
paired complex as determined by gel shift analysis, only
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Figure 3. DNA binding and synaptic complex formation. (A)
Bandshift assays in the presence of a labeled 12 RSS are shown
for the indicated RAG1 derivatives. The presence (+) or absence
(-) of RAG1 and RAG?2 in the reactions is indicated. (B) Band-
shifts assays were carried out as in A with the addition of
HMGI1 and an unlabeled 23-RSS oligonucleotide (see Materials
and Methods; Hiom and Gellert 1998). The presence (+) or ab-
sence (-) of the 23 RSS is noted. Lanes 3-20 contain RAG2
protein. The positions of the RAG1 alone (R1), single complex
(SC1 and SC2), and paired complex (PC) bands, as well as the
position of the labeled substrate (S), are indicated.

E709A could support coupled cleavage, allowing both
nick and hairpin formation in either Mn?* or Mg>* (see
Fig. 4A, lanes 7 and 18). No nick or hairpin formation
was observed for the other three.

A mutation in the metal binding site might have a
differential effect on the two steps of V(D) cleavage.
Therefore, the ability of the mutant proteins to catalyze
hairpin formation independently of the nicking step was
assessed. A radioactively labeled oligonucleotide con-
taining a 12RSS with a preformed nick at the 5’ end of
the heptamer was subjected to cleavage with each of the
mutants. No hairpin product was observed following in-
cubation with D600A, D708A, or E962A (Table 1; Fig.
4B). Following a prolonged incubation of 2 hr instead of
30 min, E962A exhibited a very low but detectable level
of hairpinning activity (Fig. 4B, lanes 24,25). E709A again
showed a sensitivity to Mn>* concentration, supporting

3074 GENES & DEVELOPMENT

some hairpinning at low Mn** concentration and nearly
normal levels at higher Mn>* concentrations (data not
shown).

Cysteine substitution can rescue cleavage in Mn®*

To assess the roles of the acidic residues identified above
in metal binding, we tested whether the substitution of
cysteine for aspartate or glutamate could rescue activity.
Mutants with individual cysteine substitutions at D600,
D708, E709, and E962 were expressed and purified from
E. coli, as were double mutants combining alanine and
cysteine substitutions (see Table 1). Mutants with cys-
teine substitutions were subjected to the same series of
experiments described above and the behavior of these
mutants compared to their alanine counterparts. All the
individual cysteine mutants as well as the double mu-
tants (including D600A/D708A, Fig. 3A, lane 12) bound
to RSS substrates and formed the expected complexes
(see Table 1; Fig. 3).

Under standard reaction conditions, no rescue of
cleavage (defined as increased activity when compared to
the corresponding alanine substitution) was seen for any
of the mutants on a single RSS over a range of Mn>*
concentration from 0.01 to 20 mmm (Fig. 2 shows results
for 0.1 mm Mn?*). However, after prolonged incubation

A Mnz2+ Mgz«
gégogg 0<0§U§<0<0 go(u
E §
csggBEEEEEag EEEEaER RS
z;gannmmEn:mun;nnnnmmu:n:wu

23H12H —
23H12N —
S —
1 23 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
B Wild Type D600A D&00C D708A D708C E962A Eg62C

Mnb-/|/|/|/|/‘/]/|

1234567 8 9101112131415 1617 1819 20 2122 23 242526272829

Figure 4. Effects of RAGI mutations on coupled cleavage and
hairpin formation. (A) Coupled cleavage of a tethered substrate
by the indicated RAG1 derivatives in reaction buffer containing
Mn?* or Mg2* is shown. The substrate (S) is labeled at the 23 RSS
and the positions of cleavage products with a hairpin only at the
23 RSS (23H), a hairpin at the 23 RSS, and a nick at the 12 RSS
(23H12N) or a hairpin at both signals (23H12H) are marked. (B)
Hairpin formation on a prenicked substrate following a 2-hr
incubation is shown for either the wild-type RAGI protein or
the indicated mutant derivatives. The presence of increasing
concentrations of Mn2* (0.05, 0.2, 2, 10 mm) is indicated by an
open wedge.



(2-4 hr), some rescue of nicking activity was detectable
for D708C at 2 mm Mn?**, suggesting that this mutant
protein was catalytically active but only weakly (data
not shown). A far more striking rescue was observed
when D708C was incubated with a prenicked substrate
(Fig. 4B). In this case, hairpin activity was restored to
near normal levels. A range of Mn>* concentrations was
tested and maximal activity was observed at a concen-
tration of 2 mm for D708C (see Fig. 4B, lanes 18-21).
Hairpin formation on a prenicked substrate was also de-
tected for D600C, though at much lower levels (Fig. 4B,
lanes 10-13), and for E962C at levels comparable to those
seen with E962A (Fig. 4B, cf. lanes 23-25 and lanes 26—
29). No cleavage was observed for the double mutants
D600CD708C, D600CE962C, or D708CE962C (Table 1;
data not shown).

When wild-type RAG proteins are incubated with RSS
substrates in the presence of Mg>*, the formation of a
synaptic complex containing an RSS pair is required to
permit cleavage at either signal. We asked whether the
catalytic activity of proteins carrying Cys substitutions
might be affected under conditions in which the pres-
ence of a second signal would permit paired complex
formation. Twelve and 23 RSSs were presented in cis on
a tethered substrate or in trans on separate oligonucleo-
tides, and cleavage by the mutant proteins assayed over
a range of Mg>* and Mn?* concentrations (Fig. 4A; data
not shown). Of the Cys substitution mutants, only
E709C supported coupled cleavage, as expected from the
results with a single RSS.

Because cysteine substitution affected the two steps of
V(D)] cleavage differentially, we asked what effect this
substitution would have on another RAG-mediated ac-
tivity, transposition. To test the target DNA capture and
strand transfer steps of transposition without the need to
cleave the RSS, radioactively labeled precleaved 12 and
23 signals were incubated with a plasmid target in the
presence of RAG2 and either wild-type RAG1 or the ala-
nine or cysteine substitution mutants for D600, D708,
and E962 (see Materials and Methods). Single ended
transposition results in the formation of a labeled plas-
mid migrating as a nicked circle, whereas double-ended
events yield a linear molecule (see Hiom et al. 1998;
Materials and Methods). Results of transposition reac-
tions carried out with Ca%*, Mn?*, or Mg>* as the cofac-
tor are shown (Fig. 5). Both E962A and E962C supported
a very low level of transposition in Mn?*, reminiscent of
the low level of hairpin formation observed on a pren-

- WT  D600A DeooC D708A D708C

1 11 11 11 1
Ca Ca Ca Mg Mn Ca Mg Mn Ca Mg Mn Ca Mg Mn

1 2 3 4 5 6 7 8 ¢ 10 11 12 13

14 15 16 17 18 19 20

The V(D)J recombinase active site

icked substrate (Fig. 5, lanes 17,20). However, in keeping
with the observed differential effect on first strand nick-
ing versus strand transfer, D708C supported substantial
levels of transposition, but only in Mn?* (Fig. 5, lane 13).
In addition, D600C, which showed minimal hairpin ac-
tivity on a prenicked substrate, carried out transposition
at levels only slightly lower than D708C. Interestingly,
D600A could also mediate some transposition.

The double mutant D600A/D708A is resistant
to Fe?*-induced hydroxyl radical cleavage

The observation of catalytic activity following substitu-
tion of Cys but not Ala at D600 and D708 strongly sug-
gested that these residues are directly involved in metal
binding and catalysis. The Fe>*-induced cleavage assay
provides a second, independent criterion to assess the
roles of these residues. Single alanine substitutions and
double mutations were tested for their ability to undergo
Fe?*-induced cleavage, and the pattern of cleavage prod-
ucts was compared to wild-type RAGI protein. Follow-
ing Western blot analysis with antibodies directed to the
amino-terminal MBP moiety, the 70-kD product, comi-
grating with the hydrogen peroxide-dependent cleavage
product seen with the wild-type protein, was observed
for D600A, D708A, and E962A (Fig. 6A, lanes 5,8; data
not shown). However, in a mutant where both D600 and
D708 were simultaneously substituted with Ala, no
cleavage was seen (Fig. 6A, lane 11). This observation
strongly suggests that Fe** could no longer be bound by
this derivative and suggests that D600 and D708 are di-
rectly involved in binding to the same divalent metal
ion. As expected, the reciprocal carboxy-terminal frag-
ments generated by iron cleavage were not observed for
the D600A/D708A double mutant (Fig. 6B, lane 8). The
other double mutant derivatives tested, E962A /D600A
and E962A/D708A, continued to be subject to iron-in-
duced cleavage (Fig. 6B, lanes 4,6), suggesting that E962A
is not responsible for binding the same metal ion as
D600 and D708 or is not accessible to iron-induced
cleavage.

Discussion

Identification of active site residues in RAG1

V(D)] cleavage requires the combined action of the
RAGI1 and RAG2 proteins. Prior to this work, no infor-

WT E962A E962C

11
Ca_CaHgMnClllgMn

Figure 5. Effects of RAG] mutation on transposi-
tion. Transposition of 3>P-labeled precleaved 12/23
RSS donors into a target plasmid is shown for wild-
type (WT) and mutant RAGI proteins in the pres-
ence of the indicated divalent metal ion. Arrows in-
dicate the position of linearized and nicked target
DNA. Lanes 14-20 come from the same exposure of
the same gel, spliced to remove intervening lanes.
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Figure 6. The D600A/D708A double mutant is not subject to
iron-induced cleavage. (A) Cleavage products were visualized
with anti-MBP antibodies. Cleavage reactions were carried out
in the absence of metal (-) or in the presence of iron (Fe**) or
calcium (Ca**). (B) Carboxy-terminal cleavage products of
RAGI derivatives were visualized with anti-histidine tag anti-
body. The presence (+) or absence (-) of Fe?* is indicated. (WT)
Wild-type RAGI.

mation has been available about the nature of the active
site of the V(D)] recombinase or even in which protein
this activity resides. The active sites of other metal-de-
pendent proteins that catalyze phosphoryl-transfer reac-
tions have been identified by defining the metal-chelat-
ing carboxylates. Here we show that amino acid residues
that coordinate a metal ion (as discussed below) lie
within RAG1. Moreover, we show that mutations in
these two acidic residues (and one additional Glu) result
in RAG proteins that bind to DNA and assemble into a
synaptic complex but that are catalytically impaired at
both steps of V(D) cleavage and in the strand transfer
step of transposition. In addition, mutational analysis of
RAG2 has revealed that no acidic residues in RAG2 are
required for catalysis (Landree et al. 1999; M.A. Landree
and D. Roth, pers. comm.). Taken together, these results
strongly suggest that RAG1 contains most, if not all, of
the active site for V(D)] cleavage.

Amino acid residues D600 and D708 coordinate
a metal ion

Several lines of evidence support the conclusion that
residues D600 and D708 coordinate a metal ion at the
active site of RAGI. First, substitution of either residue
with alanine completely abrogates cleavage in vitro,
while leaving DNA binding, RAGI-RAG2 interaction
and synaptic complex formation intact. Second, substi-
tution with cysteine allows the restoration of some cata-
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lytic activity, permitting the strand transfer reactions of
hairpin formation and transposition to proceed. This
strongly argues that the sulfur group of cysteine is per-
mitting metal ion coordination where the alanine mu-
tant cannot. The rescue of activity with Cys substitution
suggests that the coordinations of this metal ion by these
residues are rather flexible. Third, iron-induced hydroxyl
radical cleavage of RAGI] is inhibited when alanine sub-
stitutions are present at both residues indicating that the
iron molecule can no longer be bound or is no longer
present in a fashion that permits peptide bond cleavage.
Fourth, the unusual behavior of the neighboring residue,
E709, with respect to hairpin formation and sensitivity
to metal ion concentration, while not supporting a direct
role for this residue in metal binding, suggests that it lies
near the active site.

The precise role of E962 in RAG] function is less clear.
E962 is required for catalytic activity, because substitu-
tion of either alanine or cysteine for this residue reduces
both cleavage steps to barely detectable levels. The fail-
ure to support catalysis cannot simply be the result of
some gross alteration in protein conformation, as DNA
binding and synapsis are unaffected. In addition, an
E962Q mutant of RAGI is inactive in vivo and in vitro
(M.A. Landree and D. Roth, pers. comm.), suggesting
that the carboxylate oxygen must be the functional
group of E962. Thus, although we do not have direct
evidence for metal binding, such a role remains likely. It
is possible that the location of E962 renders it insuscep-
tible to iron cleavage or that a cleavage product from this
site went undetected. In addition, a strict requirement
for ligand coordination could prevent rescue of a Cys
substitution in Mn** (in some metal binding sites even a
D cannot substitute for an E) (Kanaya et al. 1990).

We cannot formally rule out a role for D546, D560, and
E811 in metal binding or catalysis due to the abnormal
DNA-binding properties of D546 and D560 and the ex-
pression and purification problems observed with E811.
Experiments in vivo suggest that proteins carrying mu-
tations at these three residues can support at least some
level of V(D)J] recombination, in contrast to derivatives
carrying D600N, D708N, or E962Q, which cannot (M.A.
Landree and D. Roth, pers. comm.).

A single active site

Mutations of D600, D708, and E962 all affect both steps
of chemical cleavage (nick and hairpin), as well as inhib-
iting transposition. An additional residue (R713) that
may also be involved in catalysis (see below) also abro-
gates both steps of cleavage. These results strongly argue
that a single active site is involved in all of these steps,
though each chemical step may require distinct addi-
tional residues or rely on different protomers. In the case
of other well-characterized transposases/integrases, a
single active site is also used repeatedly to carry out the
distinct chemical steps of transposition/integration (Mi-
zuuchi 1997).

Although mutations of D600 and D708 affect both
steps of V(D)] cleavage, we observe differential effects of



cysteine substitutions. Cysteine substitution at D600 or
D708 provides little or no rescue of the nicking step un-
der the conditions of our assay. In contrast, the strand
transfer reactions required for hairpin formation and for
transposition are partially restored (most notably for
D708C). The nick and strand transfer reactions differ in
a number of ways, including the use of an activated wa-
ter molecule as the nucleophile for the first strand nick
compared to the use of the 3’ hydroxyl on the nicked
DNA strand for the hairpin step. Differential effects of
mutations on the sequential chemical steps of transpo-
sition have been seen for bacterial transposons and ret-
roviral integrases (e.g., Leavitt et al. 1993; Kennedy and
Haniford 1996).

A mechanism involving at least two metal ions at a
single active site has been proposed to explain how a
single active site can catalyze two phosphoryl transfer
steps (for discussion, see Steitz and Steitz 1993). Accord-
ing to the proposed model, metal ion A forms a metal
OH"™ ion for nucleophilic attack of the scissile bond,
whereas metal ion B stabilizes the pentacovalent cleav-
age intermediate and acts as a Lewis acid to facilitate the
leaving of the 3’ oxyanion. Although our results do not
permit a determination of the number of metal ions in-
volved, the distinct behaviors of the mutant derivatives
of E962 in comparison to those of D600 and D708 are
compatible with the two-metal ion model. D600 and
D708 most likely chelate the same metal, as evidenced
by their similar response to Cys substitution, the cata-
lytic inactivity of the D600C/D708C double mutant,
and the inhibition of Fe*>*-induced cleavage for the
double but not single alanine substitution mutants. As-
suming that E962 is also involved in chelation, the lack
of an effect of E962A mutants on iron cleavage and the
lack of Cys rescue suggests interaction with a different
metal ion.

Is RAGI a three-carboxylate motif protein?

There are two well-characterized families of endonucle-
ases that require metal ions for catalysis. The first family
includes the bacterial transposase/retroviral integrases
RNase H and RuvC recombinase (Rice et al. 1996). De-
spite a lack of sequence similarity, all of these nucleo-
tidyltransferases exhibit striking structural similarities
within their active site domains and in the relative po-
sitioning of the catalytic triad of acidic residues (the so-
called DDE motif). The second family includes the type
II restriction enzymes and structurally homologous en-
donucleases. All of the restriction enzymes character-
ized contain a conserved structural domain and two car-
boxylates in a largely conserved sequence motif, DEK
(Ban and Yang 1998).

A comparison of the structures of members of the
DDE superfamily shows that the two aspartates are lo-
cated on two adjacent B-strands and that one of these
two is usually at the end of a strand (Yang and Steitz
1995). The third carboxylate, usually glutamate, is most
often located at the amino terminus of an « helix, which
may be disordered in the absence of substrate or metal
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ion. In some cases, the Glu residue is situated between
the two aspartate residues in the primary structure (as in
E. coli RNase H), whereas in others it is carboxy-termi-
nal to the Ds (as in transposases and integrases) (Yang
and Steitz 1995). In the tertiary structures, the two Asp
residues along with the B strands superimpose well
among members of the DDE motif family, whereas the
Glu residue is present on opposite sides of the B strands
in RNase H compared to the integrase/transposases. Fi-
nally, despite the motif name, the D and E residues are
sometimes interchanged, as family members with DED
motifs have been identified (Yang and Steitz 1995).

In the absence of structural information, the data pre-
sented in this paper are not sufficient to distinguish be-
tween these models and to determine into what struc-
tural family RAG1 might fall. However, considering the
postulated evolutionary relationship of RAG proteins to
transposable elements and the closely related stereo-
chemical reaction catalyzed by RAG proteins and trans-
posases, it is worth considering how closely our data, in
conjunction with computer-generated predictions of
RAGI1 structure, would fit to the DDE model.

We used the PSIpred program to predict the secondary
structure of RAGI (Fig. 7) (Jones 1999). This program was
first tested for its ability to predict the secondary struc-
ture of several nucleotidyl transferases of known struc-
ture (including Tn5 transposase and HIV integrase) and
succeeded in accurately predicting these structures (W.
Yang, unpubl.). According to the predicted structure,
D600 is at the end of a B strand, D708 at the amino
terminus of an « helix, and E962 lies within an unstruc-
tured coil between two « helices. Given the characteris-

Pred: HHHHHHheeec ¢ chHHRHHHHHHNC chhhhe CCCCCCCCCCCC cCCCCCc eeeerecccC
481 YHKHYRTUKﬁlTGRQIFQPLHﬂLRNHEKULLPGYHpFEUqPPLKNUSserUGIIEGLSG

Pred: ¢ ccc CCCCCHHHHHHHHHRhHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCEEEEEECCCC
541 LasSuDEYPUDTIaKRFRYASALUSALMOMEEDILEGHMRSqdLODYLngpF TUUUKESCD
*s o L] ¢ o * §o ‘

Pred: CCCCccccCCCCCCCCCCCEEEEEEEEEEEEECCCCCEEEEECCCCCCCCChhRhhhhCC
601 GHGQUSEKHGSGPRUPEKHURFSFTUHrItIehgsankUF%EpKPNSELCCKPLCLHLﬁ

Pred: CCCCHHHHHHHHHRHHHAKC c c c¢ c cchhhhhhhhheeEEEEECCCCCHHAHHHNc CecC
661 DESDHETLTaILsPLIAEReAMKsSEL tLEmGGIpR tFKF i FRGTGYDEKLUREVEGLER
* o P.Q..

Pred: CCCEEEEEECCchhhhheccceaeeehhhhCCCCaeaeec CCCCCCCHHHHHRHHCCCC
721 SGSUYICTLCEtTRLEﬁsDNLUfHSITRSHaENLqRYEUURSNPYHESUEE}RDkUKGUS

Pred: CCCceec CCCc ek eeCCCCCHHHHRHHHRRRHHHHCCCCCCHHHHRHHHHHHHHHHHHH
781 ﬁKPFIETUPSIDHLHCDIGNH&EFYKIFQlEIGEnghpnaSKEeRKquatLDkHLRKR

Pred: CCCCc eeeeCCCHHHHHHHHHHHHHMHHHCCCHHHHHHHHHHHHAHHHNheeeec CCCCC
841 MNLKPIMRMNGNFArKLMtqE tUDAVCEL IpSeerheAlrelMdL YLk Mk PullrsscPak

Pred: CHHHHHHRNCCCCHHHHHMHHHHC ¢ ¢ ¢ c ¢ chhhHHHHHHHNRRRHHHRNCCCecccce CC
961 ECPesLCqYSfNSArFAELLsTKFKyrYEGKITNYFHKTLAHUPET i ERDGSIGAWASEG

Pred: Cc ¢ c HHHHHHHHHCCCCCC Ce ¢ ¢ HHHHHHHhhhhHHHHHHHHHHHHHhRRhc CCe ¢ CCCC
961 NsSGNﬁLFRRFRKHNﬁRﬂSKCYEHEdULKHHULVTSKgLQKFHnﬂHnalkssgffmnske

Figure 7. Predicted structure of the core domain of RAG1. The
structure predicted by the PSIpred program for RAGI amino
acids 481-1020 is shown above the murine RAG1 sequence. (H)
Helix; (C) coil; (E) sheet. Structural predictions with a high con-
fidence level (7-10) are indicated with uppercase letters; lower
confidence levels are shown in lowercase. RAGI sequences con-
served between humans, mouse, chicken, Xenopus, and salmon
are shown in uppercase letters; nonconserved residues in low-
ercase. Positions where either a D or E is observed are under-
lined. The positions of all residues mutagenized for this study
are indicated with a black diamond; arrows and boldface type
indicate the position of D600, D708, and E962.

GENES & DEVELOPMENT 3077



Kim et al.

tic proximity of a basic residue to the carboxylate in the
helical conformation of the triad (Jenkins et al. 1997), we
made RAG1 mutants carrying alanine or cysteine sub-
stitutions at R713 and K966 and tested them in the bind-
ing and cleavage assays described above. No defect was
seen for K966A (Table 1; data not shown). In contrast,
R713A and R713C were severely defective: Less than
one-tenth of the normal level of nicking and barely de-
tectable levels of hairpin formation on a single RSS were
observed, although DNA binding appeared normal (see
Figs. 2, lanes 9 and 10, and 3B, lanes 13-16). Some activ-
ity was restored, primarily for R713C, when cleavage
was carried out on a tethered substrate in Mn?*, but no
cleavage was observed for either mutant in Mg>* (Fig. 4,
lanes 9,10,20,21). These results suggest that R713 may
have a role in catalysis.

The evident ability of D708 to bind metal, its pre-
dicted position on an « helix, and the existence of the
neighboring basic residue, R713, that is important for
catalytic activity suggests that D708 could be analogous
to the E of the DDE motif. D600 would then be equiva-
lent to one of the two Ds in the DDE motif. Where would
the third carboxylate come from? One obvious choice is
E962. The order of these three acidic residues in the pri-
mary sequence would be unusual, but such positioning
is possible, as evidenced by the structure of RNase H (see
above). The distance of E962 from D600 and D708 is also
unusual, with classical DDE and DEK domains usually
contained within 200 residues. However, E962 could fold
back to be adjacent to D600 and D708 in the tertiary
structure.

Other candidates for the third residue remain formally
possible. A role for D546, D600, or E811 in metal binding
has not been ruled out (see above). Other residues in
RAGI1 or RAG2 that were not tested here could have a
role, but mutagenesis of all evolutionarily conserved
acidic residues in RAG1 and RAG2 has failed to identify
any additional candidates (Landree et al. 1999; M. A. Lan-
dree and D.B. Roth, pers. comm.). Finally, RAG1 might
not contain a DDE or DEK motif, thereby relying on
some alternative method of metal binding. Given the
reversal of cleavage evidenced by the RAG recombinase
as compared to other transposases (initial nicking of the
top rather than bottom strand), some deviation from the
classical DDE motif might be expected. Resolution of
these issues awaits structural information.

Materials and methods

Plasmid construction and site-directed mutagenesis

DNA manipulations were carried out according to standard pro-
tocols. To generate pDRK534, a RAG1 fragment containing a 5
Shine-Dalgarno site, RAG1 nucleotides encoding amino acids
352-1040, and a carboxy-terminal 8 histidine tag was generated
by Pfu PCR from LG6 (Cuomo et al. 1994), subcloned into
pDRK-N(M) (Kim and McHenry 1996), and the fidelity of the
PCR confirmed by DNA sequencing. For pDRK573, a fragment
containing a PA1 promoter was introduced upstream of the
MBP gene in pMal-c2x (NEB) and the resulting Ndel-Kpnl frag-
ment carrying the PAI promoter and MBP was subcloned in-
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frame into pDRK534 with an adaptor oligonucleotide. A com-
plete sequence of plasmids is available on request.

All RAG1 mutants are derived from pDRK534 using Quick-
Change site-directed mutagenesis kit (Stratagene) following the
manufacturer’s protocols. Plasmids were transformed in E. coli
DH5a and the resulting mutants screened by sequencing. Con-
structs encoding MBP fusion proteins carrying these same mu-
tations were generated by subcloning the RAG1 mutant deriva-
tive from the pDRK534 backbone into pDRK573. A complete
list of mutants tested follows: D536A, D546A, D546C, E547A,
E547C, D551A, D560A, D569A, D572A/E573A, D582A,
D584A/D585A, E643A, DG600A, DG00C, D604A, DG6LA,
D664A, D708A, D708C, E709A, E709C, DGOOA/D708A,
D600C/D708C, D708A/E709A, D708C/E709C, K710A,
R713A, R713C, E716A, E716K, E719A, E719C, D731A, E736A,
E811A, E811C, E962A, E962C, E962A/D708C, E962A/D708A,
E962A/D600A, K966A, K966C.

Proteins

HMGI1 protein was a generous gift from T. Paull (NIH). Recom-
binant RAG2 from vaccinia infection of HeLa cells was pro-
duced as described previously. Recombinant RAGI1 was gener-
ated as follows. Overnight cultures of E. coli DH5a containing
the appropriate RAG1 expression plasmid were diluted 40-fold
into 1 liter of LB supplemented with 100 pg/ml Amp. Cells
were grown at 37°C to an ODg, of 0.7-0.8, induced with IPTG
(1 mm final concentration), and incubated at room temperature
for 3 hr with the addition of 50 pg/ml amp. Cells were harvested
at 4200 rpm for 15 min, resuspended in 20 ml of Ni-binding
buffer (20 mm Tris at pH 7.9, 0.5 M NaCl, 10% glycerol, 2 mm
B-mercaptoethanol, and 1 mm PMSF) containing 5 mM imidaz-
ole, and frozen in liquid nitrogen. Frozen cells were thawed and
brought to a final volume of 35 ml with Ni-binding buffer con-
taining 5 mM imidazole. Cells were lysed by sonication (four to
six times at 80% power, Fisher Scientific) in the presence of 0.2
mg/ml lysozyme, subject to centrifugation in a Beckman SW28
rotor, at 25,000 rpm for 30 min at 4°C, and the resulting super-
natant added to 0.5 ml of pre-equilibrated Ni-Sepharose resin
(Pharmacia) and incubated at 4°C for 1 hr with gentle shaking.
Purification by Ni-affinity (elution at (200 mm imidazaole) was
as described (Kim and Oettinger 1998).

Fe-induced RAG1 cleavage

MBP RAGI1 (from pDRK573, 16 pmoles) with or without RAG2
protein (16 pmoles) was mixed with 12 RSS substrate (28
pmoles, VDJ100/101, Fe(NH4)SO4 (final concentration 0.02
mM), and ascorbic acid (final concentration 20 mm), and incu-
bated at room temperature for 30 min. Hydrogen peroxide (final
0.2%) was added to the reaction for 10 sec, and the reaction was
stopped by adding SDS gel-loading solution. Proteins were sepa-
rated by 7.5% SDS-PAGE and transferred to nitrocellulose
membrane. RAGI fragments were identified by Western blot
using anti-MBP (NEB), anti-RAG1 (Santa Cruz Biotech) or anti-
His (Santa Cruz Biotech) antibodies. All data shown are from
experiments without RAG2 protein but were indistinguishable
from those containing RAG2 protein.

Cleavage and binding assays

Cleavage reactions were performed as described previously (Cu-
omo et al. 1996; Kim and Oettinger 1998) except as noted.
Cleavage reactions were carried out in 0.1 mm Mn?** at 30°C for
30 min, except where indicated. Binding reactions to detect
single RSS complexes (SC1 and SC2), were carried out in 1 mm



CaCl,, 25 mm K-MOPS (pH 7.0), 50 mm K-Glu, 2 mm DTT, and
100 pg/ml BSA. Each 10-pl reaction contained 20 fmoles of
radiolabeled V(D)J 100/101, 100 ng of RAGI protein, 50 ng of
RAG?2 protein, and 2 pmoles of cold, single-stranded, nonspe-
cific competitor DNA. Paired complex formation was carried
out after the method described in Hiom and Gellert (1998), ex-
cept that 200 fmoles of unlabeled V(D)J 132/133 (Cuomo et al.
1996) and 50 ng of HMG-1 were added to each reaction. All
binding reactions took place at 37°C for 30 min and were
stopped by adding 2 ul of 50% glycerol loading dye. Reactions
were analyzed without cross-linking in either a 4%-20% pre-
cast TBE gel (NOVEX) or in a 4% TBE gel.

Transposition

Transposition reactions were carried out after the method de-
scribed in Hiom et al. (1998). Precleaved donor DNAs were
constructed by annealing VDJ106 (5'-CACAGTGCTACAGAC-
TGGAACAAAAACCCAGGTCTC) and VDJ104 (5'-TGAGA-
CCTGGTTTTTGTTCCAGTCTGTAGCACTGTG) for the 12
RSS and VDJ134 (5'-CACAGTGGTAGTACTCCACTGtCTG-
GCTGTACAAAAACCCAGGT) and YD24 (5-TACCTGGG-
TTTTTGTACAGCCAGACAGTGGAGTACTACCACTGTG)
for the 23 RSS in 25 mm MOPS (pH 7.0). pUC19 DNA was used
as the target sequence. Donor DNAs were 3'end-labeled on the
top strand (nonamer 5-ACAAAAACC-3') with 32P-labeled
cordycepin (NEN) using recombinant terminal deoxynucleo-
tidyl transferase.

Transposition assays were initiated by the addition of RAG1
(80 ng), RAG2 (40 ng), and HMG] (B0 ng) proteins to a 10-ul
reaction mixture containing 0.02 pmole of 32P-labeled, pre-
cleaved donor DNA in 25 mm KMOPS (pH 7.0), 5 mm CaCl,, 75
mM potassium acetate, | mm DTT, and 100 ng/ml BSA. After a
30-min incubation at 37°C, pUCI19 target DNA (200 ng) was
added along with PEG 8000 (10% final concentration) and, for
Figure 5, either 5 mm MgCl, or 2 mmM MnCl, was added (a range
of concentrations from 0.1 to 50 mm was tested, and the optimal
conditions are presented). Following a 1-hr incubation at 37°C,
reactions were treated with SDS and proteinase K, and reaction
products visualized by autoradiography of samples separated by
electrophoresis through a 1.2% agarose gel.
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