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Antigen receptor genes are assembled through a mechanism known as V(D)J recombination, which involves
two different joining reactions: signal and coding joining. Formation of these joints is essential for antigen
receptor assembly as well as maintaining chromosomal integrity. Here we report on a cell-free system for
coding joint formation using deletion and inversion recombination substrates. In vitro coding joint formation
requires RAG1, RAG2, and heat-labile factors present in the nuclear extract of nonlymphoid cells. Both
inversion- and deletion-mediated coding joint reactions produce diverse coding joints, with deletions and P
nucleotide addition. We also show that deletion-mediated coding joint formation follows the 12/23 rule and
requires the catalytic subunit of DNA-dependent protein kinase.

B and T lymphocytes produce diverse antigen receptors uti-
lizing the V(D)J recombination reaction. The DNA sequence
requirements for V(D)J recombination consist of highly con-
served heptamer and nonamer DNA motifs (recombination
signal sequences [RSSs]) separated by a spacer of 12 or 23 bp
(12 RSS and 23 RSS), which flank recombining regions of both
the immunoglobulin and T-cell receptor loci. Efficient recom-
bination occurs almost exclusively between RSSs with different
spacer lengths. This restriction, known as the 12/23 rule (25,
49), has been shown to be regulated during the cleavage step of
V(D)J recombination (7, 46, 52). Orientation of the RSSs that
are to be recombined (head-to-head or head-to-tail orienta-
tion) determines whether rearrangement follows a deletional
or inversional mechanism (25).

The first step of the V(D)J recombination reaction involves
specific recognition and cleavage at the RSSs by RAG1 and
RAG?2 (15, 28, 50). Competition assays have suggested that the
nonamer motif may play a fundamental role in sequence-spe-
cific recognition (4, 34), and direct binding of RAGI to the
nonamer motif has been demonstrated (5, 44). Interestingly,
this binding activity was mapped to a domain which shows
significant homology to the DNA binding domain of the Hin
family of bacterial invertases (5, 44). A stable complex of
RAG1 and RAG2 with a RSS has recently been isolated,
suggesting that RAG1 and RAG2 may function as a complex
during V(D)J recombination. This conclusion is supported by
immunoprecipitation studies (23, 45).

Cleavage occurs at the heptamer/coding border in a charac-
teristic manner. First, RAG1 and/or RAG?2 introduce a nick at
the heptamer/coding border, followed by a nucleophilic attack
by the free hydroxyl group on the bottom strand of DNA,
resulting in the generation of a double-strand break at the
signal end and a hairpin at the coding end (28). These two
types of ends are generated through a one-step transesterifi-
cation reaction similar to that used by both Mu transposase
and human immunodeficiency virus integrase (51). The hairpin
coding ends produced are joined imprecisely to form a coding
joint, and the blunt 5’ phosphorylated signal ends are also
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joined (in a precise manner) to form signal joints. The impre-
cision with which coding ends are processed and joined serves
to add further to antigen receptor diversity.

Several proteins that mediate V(D)J recombination in vivo
have been identified. The lymphoid-specific components of the
recombination machinery are RAG1, RAG2, and terminal de-
oxynucleotidyltransferase (TdT) (11, 20, 21, 31, 43). The non-
lymphoid-restricted components have not all been identified
but include a number of proteins that are involved in DNA
double-strand break repair. Tissue culture cell lines deficient in
Ku 80, the XRCC4 protein, or the catalytic subunit of the
DNA-dependent protein kinase (DNA-PK.) are unable to
repair DNA double-strand breaks and fail to mediate V(D)J
recombination in transfection assays (16, 18, 26, 33, 36, 38, 47,
48). Furthermore, mice defective in DNA-PK_ or deficient in
the p80 subunit of Ku possess a severely immunodeficient
phenotype (12, 19, 30, 55). All of these non-lymphoid-specific
components are likely to participate in the joining step of the
reaction, but their specific architectural and catalytic roles re-
main unclear.

Despite rapid progress in understanding the recognition and
cleavage steps of the V(D)J recombination reaction, the mo-
lecular mechanisms that govern joining of the ends remain
largely obscure. In addition to the genetically defined non-
lymphoid-specific factors, several other activities, including
hairpin opening, polymerase, 3'-5’ exonuclease, and ligase
activities, are predicted to be necessary to complete the
recombination reaction. Identification of all of the compo-
nents required for V(D)J recombination and a complete un-
derstanding of the V(D)J joining mechanism will require in
vitro reconstitution of the reaction. As an important step to-
ward reaching this goal, we have developed a cell-free system
that mediates coding joint formation in both deletion and
inversion substrates.

MATERIALS AND METHODS

Purification of truncated GST-RAG1 and GST-RAG2 fusion proteins. Trun-
cated versions of RAG1 (amino acids 330 to 1040) and RAG2 (amino acids 1 to
383) were expressed as glutathione S-transferase (GST) fusion proteins under
the transcriptional control of the elongation factor 1a promoter (29). 293T cells
(293 cells expressing the simian virus 40 large T antigen) were transiently trans-
fected with both RAG constructs by calcium phosphate precipitation (32). Two
days after transfection, the cells were harvested and the proteins were purified as
described previously (40). RAG1 and RAG2 proteins were expressed at levels
corresponding to approximately 1 to 2 pg of RAG1 and RAG2 from one
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100-mm-tissue culture dish. Although RAG1 and RAG2 were highly purified (as
determined by Coomassie blue staining [data not shown]), we cannot rule out the
possibility that our preparations contained additional factors that contributed to
the biochemical activities described.

HeLa cell nuclear extract preparation and fractionation. Nuclear extracts
were prepared by the Dignam protocol (6). Fifty milliliters of nuclear extract was
loaded onto a P11 ion-exchange column, and step elutions with 0.1, 0.3, 0.5, and
0.85 M KClI were performed. Fractions containing the peak protein content were
subsequently pooled and dialyzed against low-salt buffer C containing 100 mM
KCl as described previously (10).

In vitro recombination. Fifty nanograms of pJH200 or pJH299 was incubated
with 1 ul of copurified RAG proteins (approximately 50 ng of RAG1 and 100 ng
of RAG2 per pl) and 1 pl of HeLa cell nuclear extracts from P11 fractions (0.85
M fraction = 0.68 wg/ul) in the presence of 25 mM HEPES (pH 7.5), 12.5 mM
Tris-HCI (pH 8.0), 150 mM sodium acetate, 25 mM NaCl, 10 mM magnesium
acetate, 1 mM EGTA, 10% glycerol, and 1 mM dithiothreitol. The total reaction
volume equaled 20 wl. After a 5-h incubation at 37°C, the samples were digested
with proteinase K for 1 h at 55°C and then extracted with phenol-chloroform.
The DNA was recovered by ethanol precipitation, using 3 pg of poly(dI-dC)
(Boehringer Mannheim) as the carrier, and resuspended in 20 pl of 0.1X Tris-
EDTA. Five percent of the recovered DNA was used as the template in the
following PCR detection assay.

PCR analysis. pJH200 recombined DNA was amplified on a Perkin-Elmer
9600 apparatus, using 30 cycles of 94°C for 5 s, 60°C for 15 s, and 72°C for 15 s.
The 20-p] PCR mixture contained 5 mM Tris-HCI (pH 9.0), 25 mM KCl, 2.5 mM
MgCl,, 5 ng of each primer (O2 [GGC AAC CGA GCG TTC TGA AC] and R3
[GAG AAT CGC AGC AAC TTG TCG]), 10 uM deoxynucleoside triphos-
phates (ANTPs), 0.5 wCi of [a-*?P]dTTP (3,000 Ci/mmol; Amersham), and 0.5 U
of Tag DNA polymerase (Boehringer Mannheim). Recombined pJH299 was
amplified with primers R3 and RA2 (GGA ATT GTG AGC GGA TAA CAA
TTT CAC AC) under similar reaction conditions, using 30 cycles of 94°C for 5 s,
60°C for 15 s, and 72°C for 15 s. 3?P-labeled products were analyzed by electro-
phoresis in 6% denaturing polyacrylamide—1X Tris-borate-EDTA (TBE) gels.
As a loading control, a 247-bp fragment from the chloramphenicol acetyltrans-
ferase (CAT) gene (present both in pJH200 and pJH299) was amplified by using
primers RA1 (TCA CTG GAT ATA CCA CCG TTG ATA TAT CC) and RA6
(CTA TCC CAT ATC ACC AGC TCA CCG) in a two-step PCR (30 cycles of
94°C for 10 s and 72°C for 30 s). Reaction conditions were as described above.
The template DNA was first titrated, and 1 to 10 pg of template was found to be
in the linear range for amplification; therefore, 5 pg of DNA was used as the
template for amplification in each control reaction. The 247-bp 3?P-labeled
fragment was resolved by electrophoresis in an 8% polyacrylamide-1X TBE gel.

In vivo recombination. 293T cells (a transformed human embryonic kidney cell
line) were transiently transfected at 2 million cells/plate with 2 pg of the recom-
bination substrate, either alone or together with GST-truncated RAG1 and
GST-truncated RAG2 constructs (2 pg of each), by calcium phosphate precip-
itation (32). Plasmid DNA was recovered from the cells 2 days later by a standard
alkaline lysis protocol.

Subcloning and sequencing of coding joints. In vitro and in vivo recombined
pJH200 12/23 constructs were individually amplified on a Perkin-Elmer 9600
apparatus, using 35 cycles of 94°C for 5 s, 65°C for 10 s, and 72°C for 20 s. Each
100-p1 PCR mixture contained 3 wl of the sample, 10 mM Tris-HCI (pH 9.0), 50
mM KCl, 5 mM MgCl,, 20 uM dNTPs, 100 ng of each primer (O2NEcoRI [CCG
GAA TTC CGT TCT GAA CAA ATC CAG ATG G] and R3NXhol [CCG
CTC GAG CGC CAA TCG AGC CAT GTC GJ), and 3.75 U of Tag DNA
polymerase (Boehringer Mannheim). Following amplification, the DNA was
purified, digested for 2 h with EcoRI and Xhol, and resolved on a 2% agarose gel.
PCR fragments were gel purified with the Qiaquik kit (Qiagen), ligated into
pBluescript (Stratagene), transformed, and miniprepped by using the Qiaprep
Spin Miniprep kit (Qiagen); 5 pl of each miniprep was prepared for sequencing
with a Dye Terminator Cycle Sequencing kit (PE Applied Biosystems). The
sequencing reactions were run and analyzed on a Perkin-Elmer/Applied Biosys-
tems 310 Genetic Analyzer. In vitro recombined pJH299 (27) was amplified with
primers RA2 and R3NXhol, using identical reaction conditions and 30 cycles of
94°C for 5 s, 60°C for 10 s, and 72°C for 20 s. The PCR-amplified products were
gel purified and subcloned by using Topo TA cloning (Invitrogen). DNA prep-
aration and sequencing were as indicated for pJH200.

RESULTS AND DISCUSSION

To measure coding joint formation, we used the deletion
substrate pJH200 (13) and detected recombination with a sen-
sitive PCR assay (37). Upon V(D)J recombination, two un-
equal products are generated: a large plasmid which contains
the signal joint, and a small DNA circle carrying the coding
joint (Fig. 1A). Primers R3 and O2 were used to amplify
fragments of approximately 190 bp containing the coding
joints. In the nonrecombined substrate, these primers are too
far apart to allow any product to be amplified. As a control for
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FIG. 1. In vitro coding joint formation by deletion requires RAG1, RAG2,
and a single fraction from HeLa nuclear extract. (A) Schematic representation of
the exogenous deletion substrate pJH200 12/23 (13). The products generated
upon V(D)J recombination and the primers (R3 and O2) used to PCR amplify
the coding joint are shown. (B) pJH200 12/23 was incubated with the indicated
combinations of copurified RAG1 and RAG2 (R1/2), HeLa cell nuclear extract
(NE), or various salt elutions (0.1 M to 0.85 M) of HeLa cell nuclear extract
eluted from a P11 column. DNA was purified and amplified in the presence of
[**P]dTTP, and the *?P-labeled PCR products were then resolved on a 6%
denaturing polyacrylamide gel. The right panel shows the 3?P-labeled products
amplified in an identical manner from in vivo recombined pJH200 12/23; the
bottom panel shows a loading control in which primers RA1 and RA6 were used
to amplify a 247-bp fragment from the CAT gene present in pJH200.

coding joint formation, pJH200 was transiently transfected into
293T cells alone or along with RAG1 and RAG2. A fragment
of the CAT gene present in all the recombination substrates
was amplified and used as a DNA loading control.

Neither RAG1 nor RAG2, alone or in combination, was
sufficient to allow recombination of pJH200 in vitro (Fig. 1B
and data not shown). To determine whether non-lymphoid-
restricted factors present in nuclear extracts could complement
the purified RAG proteins, we added HeLa nuclear extract to
the reaction mixture. Unfractionated HeLa nuclear extract was
unable to complement the RAGs in generating coding joints
(Fig. 1B). Since inhibitory factors present in crude extracts are
known to mask other complex in vitro reactions, we assayed
HeLa nuclear extract that had been fractionated by chroma-
tography on phosphocellulose. Complementation of RAGs
with different phosphocellulose fractions from HeLa nuclear
extract resulted in coding joint formation being observed only
when the 0.85 M KCl fraction was present (Fig. 1B). When
different fractions were combined and used to complement
RAGs, none of the combinations exhibited a level of activity
higher than that of the 0.85 M fraction alone (data not shown).
Furthermore, addition of the 0.1 M flowthrough to the 0.85 M
fraction dramatically inhibited the reaction (data not shown),
demonstrating the existence of factors that are capable of
blocking coding joint formation. In similar complementation
and fractionation experiments performed with 293T nuclear
extract, the levels of coding joint formation activity were lower
than those observed with fractionated HeLa extract (data not
shown). Based on these initial experiments, only the 0.85 M
phosphocellulose fraction was used for further experimenta-
tion. Interestingly, low levels of coding joint formation were
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In vivo coding joints

Coding seg{l2 RSS 23 RSS|Coding seg

CCTGCTGAACCTG|CACAGTG. o v v v v v v e e CACTGTG|CAGGTCTCCAGTA
55 CCTGCTGAACCTG .+ vttt i et cinnaeensoonas CAGGTCTCCAGTA
02 CCTGCTGAACCTG]....vevun.n NCN...vovveen. .. .GTCTCCAGTA
01 CCTGCTGAACCTG].. . vc v rrevrnsnocanonenfeeens CTCCAGTA
02 CCTGCTGAACCTGIC.....ctvuues TC. e i i e CAGGTCTCCAGTA
03 CCTGCTGAACCTGIC. . v v e vnnnrecareasvnonesafeannenann AGTA
01 CCTGCTGAACCTGICA. . . it i i i, Al13
0l CCTGCTGAACC T . ittt teear i st st aananss . .GGTCTCCAGTA
01 CCTGCTGAACCT . et it it ii i nnsccananannas .. .GTCTCCAGTA
02 CCTGCTGAACC . . .ttt it i i it iann v .AGGTCTCCAGTA
03 CCTGCTGAACC. .. vriinieeenrnannnsonreafeaanns TCCAGTA
01 CCTGCTGAACC. ... v inrreenneoennnnonanadenaees CAGTA
01 CCTGCTGAAC. ... ittt CAGGTCTCCAGTA
05 CCTGCTGAAC. .o it it it it i ii e nans .AGGTCTCCAGTA
01 CCTGCTGAAC. . . de ittt tiit i eeitaennaannsn . .GGTCTCCAGTA
01 CCTGCTGAAC...J......... GTGCNC.......... .. .GTCTCCAGTA
03 CCTGCTGAAC. .. J.. it ivnneeeennnonananesduaenn CTCCAGTA
01 CCTGCTGAA. ¢ v it i et iince e naaan . .GGTCTCCAGTA
0l CCTGCTGA. .. v ittt ietttnvesnnan G|CAGGTCTCCAGTA
02 CCTGCTGA. s v v s et i i ittt v it iaieaannan . .GGTCTCCAGTA
0l CCTGCT. i en vt e e it ittt cnnnaeenss G)CAGGTCTCCAGTA
02 CCTGC. .. et e e e TG|CAGGTCTCCAGTA
01 R 6 1 L Y G|CAGGTCTCCAGTA
01 C.oiniivnnnendenieinnnn AC.. v . .GGTCTCCAGTA
01 A15..........0 oo oo A27
93 Total clones

In vitro coding joints

Coding seqg|l2 RSS 23 RSS|Coding seq

CCTGCTGAACCTG|CACAGTG. « v v v v v e v v CACTGTG| CAGGTCTCCAGTA
29 CCTGCTGAACCTG] .. it i ittt it v e aaaaans CAGGTCTCCAGTA
01 CCTGCTGAACCTG). .t vv ittt ieiinneaan G} CAGGTCTCCAGTA
01 CCTGCTGAACCTG] ... evvivenannnennnn ACCTG| CAGGTCTCCAGTA
01 CCTGCTGAACCTG]..vv e rinenannn. GAGACCTG | CAGGTCTCCAGTA
01 CCTGCTGAACCTG|C. . v v i ii i iiviinaneaaahaaas CTCCAGTA
09 CCTGCTGAACCTG CA. .ttt i it iiireinnaannans CAGGTCTCCAGTA
01 CCTGCTGAACCTG|CA.....cvv.v.n Toi i ieeen .. .GTCTCCAGTA
01 CCTGCTGRACCTG|CAC. « ittt it it i eiinaann . .GGTCTCCAGTA
01 CCTGCTGAACCTG|CACAG. .t vvviinninnns TGl CAGGTCTCCAGTA
01 CCTGCTGAACCTG|CACAGTG. .o vvvvvnennennnn G} CAGGTCTCCAGTA
01 CCTCCTGAACCTG|CACAGTG+3. i vi e innnnnnnn G} CAGGTCTCCAGTA
01 CCTGCTGAACCTG|CACAGTG+4. . v vieieninann. G} CAGGTCTCCAGTA
01 CCTGCTGAACCTG|CACAGTG+9......... CACTGTG} CAGGTCTCCAGTA
01 CCTGCTGAACCTG|CACAGTG+15.GRA......... TG CAGGTCTCCAGTA
01 CCTGCTGAACCTG}CACAGTG+15..G.uvevvnnnnn G} CAGGTCTCCAGTA
01 CCTGCTGAACCTG] .. v v iiiiiiini i iinine oo, CAGTA
01 CCTGCTGAACCT.{.....ccun.nn Covvnnnnnnnnn CAGGTCTCCAGTA
02 CCTGCTGAACCT. .ttt it iiteiiinsanaanan . .GGTCTCCAGTA
01 CCTGCTGAACC..J..vvvvennnnn Gevine i G| CAGGTCTCCAGTA
01 CCTGCTGAACC. . et irn ittt ane s G} CAGGTCTCCAGTA
03 CCTGCTGAACC. . fi v it iii it ittt e i .AGGTCTCCAGTA
01 CCTGCTGAACC. .| .v v, CAGTA
01 CCTGCTGAAC...J .......oveun. Avciiin, TG CAGGTCTCCAGTA
03 CCTGCTGAAC. . e i it ivnnerinneennannnann .AGGTCTCCAGTA
01 CCTGCTGAAC. ... i eaes TCCAGTA
01 CCTGCTGAA. ... ..o CTCCAGTA
01l CCTGCTG. v it i inannn ....TCTCCAGTA
01 Al6....vvnee)iniiiia, +1CACTGTG| CAGGTCTCCAGTA
01 A22. ..l CTCCAGTA
02 A26.... .00, e . AGGTCTCCAGTA
03 A27.. v CAGGTCTCCAGTA
01 A36.....couv e GTG| CAGGTCTCCAGTA
01 A58. ... ...GTCTCCAGTA
04 A81..........01... ..o i il +46CACTGTG| CAGGTCTCCAGTA
81 Total clones
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observed with some preparations of copurified RAG proteins
(Fig. 1B). Since RAG proteins were purified from 293T cells,
it is possible that cellular factors important for V(D)J recom-
bination can be copurified with RAGs.

To verify that the 190-bp PCR product amplified from the in
vivo and in vitro reactions represented authentic coding joints,
we subcloned the PCR fragments and sequenced the putative
coding junctions. Coding joint products from five independent
in vivo and five independent in vitro reactions were analyzed
(Fig. 2). Coding joints produced in vivo and in vitro were
classified into five partially overlapping categories as follows:
(i) precise, (ii) deletions, (iii) P elements, (iv) N nucleotides,
and (v) anomalous. Due to the sequence at the coding ends in
pJH200, the number of precise joints may be overestimated
because the presence of a P element of 1 to 5 bp could be
masked by a deletion of equal length at the opposite coding
end. In addition, proper cleavage at the heptamer border fol-
lowed by resolution of the hairpin into a P element of 1 or 2 bp
would result in a sequence identical to aberrant cleavage
within the heptamer. Thus, some of the joints scored as precise
may in fact represent P elements, and some of the joints scored
as 1- to 2-bp P elements may be due to aberrant cleavage.

When in vivo joining reaction products were amplified,
cloned, and sequenced (Fig. 2A), we found that 59% of the
joints from transfected cells were precise, 39% showed dele-
tions, 12% contained P elements, and 6% had N nucleotides
(Table 1). The level of precise joints seen in our transfection
system is high but not inconsistent with previous reports. The
level of coding joint diversity reported by other groups using
different cell lines varies from 1% of precise joints up to 41%
(8, 17). This high degree of variation may in part be accounted
for by intrinsic differences between the cell lines used. Finally,
the fact that 6% of the coding junctions produced in our
transfected cells contained N nucleotides is also in agreement
with published in vivo studies (42, 48). However, these N nu-
cleotides must have been incorporated by a TdT-independent
mechanism, since 293T cells do not express this enzyme (8).

Coding joints produced in the in vitro reaction resemble the
in vivo controls in that 36% were precise, 40% exhibited de-
letions, 28% had P elements, and 7% possessed one to two N
nucleotides (Fig. 2B and Table 1). In addition to these stan-
dard features, another element was observed. Seventeen per-
cent of the coding joints were anomalous and represent the
joining of products presumably cleaved at various positions
inside the 12 or 23 RSS. These anomalous joints were not
present in the transfected controls but have been found in a
different cell-free V(D)J recombination system using a similar
deletion substrate (41). In conclusion, the sequences found at
the coding junctions produced by our in vitro reactions were
very similar to those produced in tissue culture lines trans-
fected with RAG1 and RAG2.

In vivo and in vitro experiments have shown that the 12/23

FIG. 2. In vitro and in vivo recombined coding joints are diverse. Coding
joints generated in vivo (A) and in vitro (B) were PCR amplified, subcloned, and
sequenced as described in Materials and Methods. P elements are underlined,
nucleotides from the 12 or 23 RSS that have been retained are represented in
italics, and N nucleotides are placed in the center of each line. The number
following or preceding the partial RSS sequence indicates the number of addi-
tional template nucleotides present in the coding joint that are not included here.
The top line of sequence shows some of the relevant bases from the unrecom-
bined substrate. The number of times that every coding joint was found is
indicated to the left of the sequence. Sequences for the in vitro recombined
coding joints were obtained from five samples and three different experiments,
while those for the junctions generated in vivo represent five samples from two
independent experiments.
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TABLE 1. Summary of coding joints

pTH200
. pJH299,
Type of joint % % % % in vitro
In vivo In vitro In vitro + TdT
Precise 59 36 17 35
Deletions 39 40 45 44
P elements 12 28 36 29
N nucleotides
Total 6 7 24 12
=1 0 6 2
>1 6 1 21
Aberrant cleavage 0 17 29 0

rule is established at the level of cleavage and is mediated by
RAGI1, RAG2, and additional unidentified cellular activities
(7, 40, 46, 52). To determine the extent to which the in vitro
V(D)J joining reaction obeys the 12/23 rule, a mutant pJH200
deletion plasmid containing two 12 RSSs was assayed. As ob-
served in Fig. 3, the level of coding joint formation in the 12/23
substrate was remarkably higher than the activity observed
with a 12/12 substrate. The low levels of recombination found
with the 12/12 substrate is consistent with published transfec-
tion experiments (14, 24).

To further characterize the in vitro reaction, we analyzed the
energy and metal ion requirements (Fig. 4A). In vitro 12/23-
regulated coding joint formation was dependent on the addi-
tion of the divalent cation Mg?", as in the presence of Mn**,
coding joints were observed both with a 12/23 and a 12/12
substrate (Fig. 4 and data not shown). Coding joint formation
was not dependent on any exogenous source of ATP, and the
use of nonhydrolyzable ATP analogs had no effect on the
reaction, suggesting that ATP is not required. Incubation of
the 0.85 M KCI fraction at 65°C for 15 min abolished all
activity, suggesting that some of the factors may have a protein
component. These components could be the Ku p70/p80 het-
erodimer or the DNA-PK_,, since both of these proteins are

CS?

12/23 1212
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FIG. 3. In vitro recombination adheres to the 12/23 rule. pJH200 12/23 and
pJH200 12/12 were individually incubated with the indicated combinations of
copurified RAG1 and RAG2 (R1/2) and the 0.85 M nuclear extract fraction. An
autoradiograph of the 3?P-labeled PCR products amplified from one such ex-
periment and resolved on a 6% denaturing polyacrylamide gel is presented. The
two lanes on the right show the 3?P-labeled products amplified in an identical
manner from DNA isolated from in vivo recombined pJH200 12/23. The bottom
panel is a DNA loading control as described in the legend to Fig. 1.
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FIG. 4. Characteristics of in vitro coding joint formation. (A) Requirements
of in vitro coding joint formation. The “complete” in vitro recombination reac-
tion mixtures containing pJH200 12/23, copurified RAG1/RAG2, the 0.85 M
fraction, and buffer system were incubated and processed as described in Mate-
rials and Methods. The PCR products were resolved on an 8% polyacrylamide—
1X TBE gel and detected by autoradiography. “DNA alone” reaction lanes lack
RAGs and fractionated extract. The “—Mg*? + EDTA” reaction mixture lacked
magnesium and contained 1 mM EDTA. The next five lanes contained the
complete reaction mixture plus 0.5 mM ATPyS (Boehringer Mannheim), 0.5
mM adenylyl-imidodiphosphate (Boehringer Mannheim), 0.5 mM ATP (Boehr-
inger Mannheim), and/or 50 M dNTPs (Bochringer Mannheim), as indicated.
In the “Heat inact. ext.” lane, the 0.85 M fraction was heated to 65°C for 15 min
prior to addition to the reaction mixture. The “—Mg*? +Mn*?” lane shows
coding joints amplified from a reaction mixture in which magnesium was substi-
tuted with 10 mM Mn2"*. As a positive control, in vivo recombined substrate was
analyzed in parallel. (B) Time course analysis of the in vitro recombination
reaction. Here the “complete” in vitro recombination reaction was stopped and
processed at the indicated times. The lane marked “No DNA” represents a
sample that contained all components except for the pJH200 deletion substrate.
The bottom portions of panels A and B are DNA loading controls.

present in the 0.85 M KCI fraction (data not shown) and are
necessary for V(D)J recombination in vivo. A ligase activity
was also present in the 0.85 M KCl fraction (data not shown).
This ligase activity could be important for joining of the coding
ends. Other, as yet unidentified components important for
coding joint formation may be present in this fraction. Studies
to further characterize the 0.85 M KCl fraction are in progress.

A time course of the reaction showed that coding joint
formation was relatively slow and detectable only after 4 h at
37°C (Fig. 4B). Although the time course of coding joint for-
mation in vivo has not been directly measured, processing of
the coding ends in vivo is thought to be rapid since the hairpin
intermediate is difficult to detect (35, 39, 55). It is possible that
some of the components required for joining in vivo are in
limiting concentrations in this in vitro system.

In vivo, TdT is responsible for the incorporation of N nu-
cleotides (25). To examine the role of TdT in vitro, we com-
plemented our cell-free reaction with purified enzyme. The
addition of TdT did not significantly modify the level of V(D)J
joining activity (Fig. 5A). However, a significant increase in N
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CCTGCTGAACCTG|CACAGTG. . v v vt v v unn CACTGTG | CAGGTCTCCAGTA
09 CCTGCTGAACCTG]. .+ vvennenenennsnennnnns CAGGTCTCCAGTA
01 CCTGCTGAACCTG{...evuevunnn GACC........ TG|CAGGTCTCCAGTA
01 CCTGCTGAACCTGYC.:.:evvuenn TCA% o wrerei s s s s G|CAGGTCTCCAGTA
01 CCTGCTGAACCTGYC...vvcuenun. BT s wpava & & 3 e .AGGTCTCCAGTA
08 CCTGCTGAACCTGYCA.:« v tererannntenncnnns CAGGTCTCCAGTA
01 CCTGCTGAACCTGYCA...:v:uc.n. BAis & wisiae o § 5 o .. .GTCTCCAGTA
01 CCTGCTGAACCTGYCA...+v:v.. TCTR: o s & 6 & sjmillal & 5 § Siasma & & A26
02 CCTGCTGAACCTGYCAC. s ittt e rtarnenssesannns .AGGTCTCCAGTA
01 CCTGCTGAACCTG|CAC......... T v 4 wroviersi 6 6 azeme . .GGTCTCCAGTA
01 CCTCCTGAACCTGYCAC v s s smwiesswmasssvsnellessss CTCCAGTA
01 CCTGCTGAACCTGYCAC. .. .vuu.. Gl cowssasis TIG|CAGGTCTCCAGTA
01 CCTGCTGAACCTGYCACA. ..ttt rennnannns TG|CAGGTCTCCAGTA
01 CCTGCTGAACCTGYCACA. ...t vvenusnnnnns GTG|CAGGTCTCCAGTA
01 CCTGCTGAACCTGYCACAG. ...t vuvenenns TGTG|CAGGTCTCCAGTA
01 CCTGCTGAACCTG{CACAGT. ..+ vt vnnenensnnns . .GGTCTCCAGTA
01 CCTCETGAACCT . d: s s« wmuws s wnwvans a s & waces o & 459 .. .GTCTCCAGTA
01 CCTGCTGAACCcfsessimemsssi CCCA: i sjowia s s 4@ .. .GTCTCCAGTA
02 CCTGCTGAAC ..ciefsn o minmessmimonsnsssoea TGTG|CAGGTCTCCAGTA
01 CCTGETCAR. civcarfle o nswin s s s oiaisisasswreenssss .AGGTCTCCAGTA
01 ALBuisiwissesowslsss omiess i 5 e sss seeEsssss CAGGTCTCCAGTA
01 Albiassissnmedsssailiianc:s s i amess e s CAGGTCTCCAGTA
00.  A2Die.cieirie o 2 wcanend o o o wiosene NGNA+5TGTA. . ...... CAGGTCTCCAGTA
01 A2 wins s vsimad s oo sorene v v s wiwmig e s +2CACGTG|CAGGTCTCCAGTA
02 A22huwwissnnmleisnEiesssneniesssaeyeiss . .GGTCTCCAGTA

FIG. 5. Addition of N nucleotides by TdT in vitro. (A) pJH200 12/23 was
subjected to in vitro recombination, coding joints were amplified by PCR, and
the products were resolved on an 8% polyacrylamide—1X TBE gel. Each reaction
mixture contained the indicated components: copurified RAG1 and RAG2 (R1/
2), 0.85 M fraction of the HeLa nuclear extract, 50 pM dNTPs, and 25 U of TdT
(Promega). (B) Coding joints from in vitro reaction performed in the presence of
TdT were PCR amplified, subcloned, and sequenced as described in Materials
and Methods. Every coding joint identified is presented with the number of times
it was found listed to the left of the sequence. P elements are underlined,
nucleotides from the 12 or 23 RSS that have been retained are represented in
italics, and N nucleotides are placed in the center of each line. The number
following or preceding the partial RSS sequence indicates the number of addi-
tional template nucleotides present in the coding joint that are not included here.
The top line of sequence shows some of the relevant bases from the unrecom-
bined substrate. These sequences were obtained from duplicate samples pro-
cessed in one experiment.

nucleotide addition was observed. The frequency of N nucle-
otides was increased from 7% in the absence of TdT to 24%
when TdT was included in the reaction mixture (Fig. 5B and
Table 1). More importantly, in the presence of TdT, most of
the N nucleotide additions were more than one nucleotide in
length, as opposed to just one nucleotide added in the absence
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of TdT. We conclude that TdT mediates N nucleotide addition
in our in vitro coding joint reaction.

Genetic experiments have demonstrated that factors other
than RAG1 and RAG?2 are required for efficient V(D)J re-
combination in vivo (2, 12, 18, 19, 22, 26, 33, 36, 38, 47, 48).
One of the factors implicated is the DNA-PK_,. To determine
whether in vitro coding joint formation mimics in vivo recom-
bination in this respect, antibodies against DNA-PK_, were
added to the in vitro system in an attempt to block the reaction.
Coding joint formation was specifically inhibited by an anti-
DNA-PK_, monoclonal antibody and not by an isotype-
matched control (Fig. 6). Thus, the in vitro reaction resembles
V(D)J joining in vivo in that it requires the catalytic compo-
nent of the DNA-PK_,. However, immunodepletion experi-
ments with a monoclonal antibody that recognizes the Ku
p70/p86 heterodimer shows only 50% inhibition (data not
shown). The reasons for this incomplete inhibition are still
unclear to us and are under study.

Inversion reactions are characteristic of authentic V(D)J
recombination. To determine whether inversion-mediated
coding joint formation occurs in our in vitro reactions, we used
a PCR-based assay similar to that described above. The prim-
ers R3 and RA2 were designed to amplify a product of 125 bp
from the pJH299 substrate only after a coding joint has been
generated. As shown in Fig. 7, both RAGs and the 0.85 M
HeLa phosphocellulose fraction were required for inversion-
mediated coding joint formation. During inversion- and dele-
tion-mediated coding joint formation in vitro, 1 to 5% of the
input substrate undergoes coding joint formation, as deter-
mined by a semiquantitative PCR analysis (data not shown).

Inversion-mediated coding joint products were character-
ized by sequence analysis. As shown in Fig. 7B, 34 coding joints
were sequenced, and their distribution was as follows: 35%
precise, 44% deletions, 29% P elements, and 12% N nucleo-
tides (summarized in Table 1). In contrast to the pJH200
deletion substrate, no aberrant coding joints were observed.
Among the deletions, we found three coding joints which pos-

anti DNA-PK  IgG mix 19G,

I° 1T o 1T 8 1 in vivo

Sl R=4lp=~ e A r

e TG T R R T Ry o
190 p—- | - o - - - L

247 bp—-| () ) ) D b D D - -

FIG. 6. A monoclonal antibody raised against DNA-PK inhibits in vitro cod-
ing joint formation. Copurified RAGs (1 pl) and 0.85 M extract fraction (1 ul)
were preincubated for 15 min at room temperature with 1, 1/10, or 1/100 ul of
either DNA-dependent protein kinase Ab-1 (clone 18-2; 20 ng/ul; NeoMarkers),
a mixture of immunoglobulin G (IgG) isotypes (20 ng/l; Sigma Immuno Chem-
icals), or an isotype-matched monoclonal antibody (20 ng/pl; Neomarkers) in the
presence of 25 mM Tris-HCI (pH 8.0), 50 mM NaCl, 20% glycerol, and 2 mM
dithiothreitol. After addition of pJH200 12/23 and the rest of the buffer system
(see Materials and Methods), the samples were incubated at 37°C for 5 h, and the
DNA was purified and analyzed by PCR. An autoradiograph of the 3*P-labeled
PCR products amplified from one such experiment resolved on an 8% polyacryl-
amide gel-1X TBE is presented. The two right lanes show the 3?P-labeled
products amplified in an identical manner from in vivo recombined pJH200
12/23. The bottom panel shows the loading control.
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TGC AGG TCG AC |CACAGTC....... CACTGTG |GGA TCC TCT CAT
12 TGC AGE TCC AC|cimsninsassssmwnssssss GGA TCC TCT CAT
03 TGC AGG TCG AC|[|«cinwsssiisoncomonnnes .GA TCC TCT CAT
01 TGC AGG TCG AC|...ccnn.. T wisoinioson s s ns .GA TCC TCT CAT
01 TGC AGG TCG AC|..ceesuan B wivesarasaia o 8 5 e .GA TCC TCT CAT

02 TGC AGG TCG A.
02 TGC AGG TCG ..

..................... .GA TCC TCT CAT
.................... C|GGA TCC TCT CAT

01 TGC AGG TCG ..|......... (O e oo .GA TCC TCT CAT
06 TGC AGG TCG AC|G.cvveeveenownoannens GGA TCC TCT CAT
01 TGC AGG TCE. AC G wiei s s o5 swiwinis s v 5o a .GA TCC TCT CAT
01 TEC AGG TCE AC|GTais:evssiss v s sxsioisisssss ..A TCC TCT CAT
01 TGC AGG TCG AC|......... Chlsosiarsiis v 955 GGA TCC TCT CAT
03 TCC ACE Puw ws|swwwmmusssssmumusssss fammsssssane A30

34 Total clones

FIG. 7. In vitro coding joint formation by inversion requires RAGs and a
single fraction from HeLa nuclear extract. (A) pJH299 12/23 was incubated with
the indicated combinations of copurified RAG1 and RAG2 (R1/2) and the 0.85
M nuclear extract fraction as indicated. DNA was purified and analyzed by PCR,
and the 3?P-labeled PCR products were then resolved on a 6% denaturing
polyacrylamide gel. The arrow in the top panel indicates the 125-bp fragment
which is amplified only from the recombined DNA (primers RA2 and CR3Xhol
point in the same direction in the unrecombined DNA). The arrow in the bottom
panel represents the DNA loading control. (B) Inversion-mediated coding joint
formation in vitro generates diverse coding joints. Coding joints generated in
vitro were PCR amplified, subcloned, and sequenced as described in Materials
and Methods. Every coding joint identified is presented here with the number of
times it was found listed to the left of the sequence. P elements are shown in
italics and underlined, and N nucleotides are placed in the center of each line.
The top line of sequence shows some of the relevant bases from the unrecom-
bined substrate. Sequences were obtained from four samples and two different
experiments.
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sessed a deletion of 30 nucleotides at the coding end closer to
the 23 RSS. This large deletion correlates with the presence of
a 24-bp palindromic sequence at this position in the pJH299
substrate. The difference between the structures of the coding
joints produced from the recombination substrate pJH200 and
pJH299 may be the consequence of the difference in any or all
of the following: sequences present next to the RSS, the dis-
tance between the RSS, or the mechanism of coding joint
formation (deletion versus inversion). In pJH299, there is only
one nucleotide of ambiguity at the ends, which can represent a
precise joint or a deletion of one nucleotide combined with the
addition of a P element of one nucleotide. Even with this
ambiguity, it seems that our in vitro coding joint formation
system, which uses RAGs and nuclear extract from nonlym-
phoid cells, produces a large number of precise coding joints.
It will be interesting to investigate whether reconstitution of
this reaction using lymphoid extracts will give a different de-
gree of diversity.

Signal joint formation was not detected with either the de-
letion or the inversion substrate in this in vitro system (data not
shown). One possible explanation for this finding comes from
a recent study by Agrawal and Schatz (1). They showed that a
stable complex of RAG1, RAG2, and HMG-1 persists at the
signal ends after cleavage, protecting the ends from degrada-
tion possibly inhibiting their religation. Since our reaction con-
ditions are similar to those described in their study, the signal
ends may not be available for religation. We have published a
cell-free system that does mediate the generation of precise
signal joints in a Ku-dependent but not 12/23-regulated man-
ner (3). One important difference between the coding reaction
and the signal joint reaction is that in vitro signal joint forma-
tion occurs in Mn** and not in Mg®". Studies directed at
obtaining an in vitro system capable of efficiently generating
coding and signal joints in a 12/23-dependent manner are in
progress.

In summary, copurified RAG1 and RAG2 in combination
with fractionated HeLa nuclear extract recapitulate four es-
sential aspects of deletion-mediated coding joint formation: (i)
the 12/23 rule; (ii) diverse coding joints, containing P elements
and deletions; (iii) TdT-dependent N nucleotide addition; and
(iv) a requirement for DNA-PK_ in the reaction. This in vitro
assay for coding joint formation provides the means to study
the role of the known components of the reaction, to identify
new factors, and to investigate the molecular mechanism of
deletion- and inversion-mediated coding joint formation.
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