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Research Article

RAG-1 and RAG-2, Adjacent Genes That
Synergistically Activate V(D)] Recombination

MARJORIE A. OETTINGER, DAVID G. ScHATZ, CAROLYN GORKA, DAVID BALTIMORE

The vast repertoire of immunoglobulins and T cell recep-
tors is generated, in part, by V(D)] recombination, a
series of genomic rearrangements that occur specifically
in developing lymphaocytes. The recombination activating
gene, RAG-1, which is a gene expressed exclusively in
maturing lymphoid cells, was previously isolated. RAG-1
inefficiently induced V(D)J recombinase activity when
transfected into fibroblasts, but cotransfection with an
adjacent gene, RAG-2, has resulted in at least a 1000-fold
increase in the frequency of recombination. The 2.1-
kilobase RAG-2 complementary DNA encodes a putative
protein of 527 amino acids whose sequence is unrelated
to that of RAG-1. Like RAG-1, RAG-2 is conserved
between specices that carry out V(D)J recombination, and
its expression pattern correlates precisely with that of
V(D)J recombinase activity. In addition to being located
just 8 kilobases apart, these convergently transcribed
genes are unusual in that mose, if not all, of their coding
and 3’ untranslated sequences are contained in single
exons. RAG-1 and RAG-2 might activate the expression
of the V(I))] recombinase but, maore likely, they directly
participate in the recombination reaction.

by which developing lymphocytes begin to generate their

enormous range of binding specificities from a limited
amount of generic information. Variable {V), joining (]}, and
sometimes diversity (D} gene segments at seven differenc loci {a, B,
v, and & for T cell receptors, |, , and A for the immunoglobulin
genes of B cells) are joined by dhis site-specific recombination
reaction (1, 2}. The assembly process is ughtly regulated, occurring
in a preferred temporal order (Dy joins to Jy before Vi joins to
Dyly; @ segments rearrange before k) (3-7) and in a lineage-
specific manner (for example, T cell receptor loci are never fully
rearranged in B cells) (7, 2). Rearrangements are mediated by
recombination signal sequences (RSS') that flank all recombina-
tionally competent V, D, and | gene segments. RSS8’s, necessary and
sufficient to direct recombination, consist of a dyad-symmetric
heptamer, an AT-rich nonamer, and an intervening spacer region of
either 12 or 23 bp (8, 9). These signals are conserved among the
different loci and species that carry our V(D)] recombination (10—

‘ 7 (I))] RECOMBINATION IS THE COMBINATORIAL PROCESS
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13) and are functionally interchangeable (14-17), suggesung that
the joining reaction is catalyzed by a single, evolutionarily con-
served, V(D] recombinase.

The recombination machinery used by developing lymphocytes is
not yet understood. A number of events must occur during the
joining reaction; these include the recognition of RS8S%, endonu-
cleolytic cleavage at or near the signal border, base trimming and
addidion {the joints of coding sequences are imprecise), and ligation
of the cleaved ends. Some of these activities may be carried out by
proteins found in many cell types, but others are likely to be specific
to recombinationally active lymphocytes. It is this latrer class of pre-
B cell- and pre-T cell-specific factors that we refer to as the V(D)]
recombinase.

We previously reported that transfection of genomic DNA into
NIH 3T3 cells, a fibrablastoid line that lacks V(D)}] joining activity,
could stably induce the expression of the V(ID)] recombinase (18).
Detecrion of recombipase activity after genomic wansfection relied
on the use of an integrated recombination substrate (DGR}, which
on rearrangement mediated by recombination signal sequences,
conferred resistance to the drug mycophenolic acid (MPA). The
frequency with which we obtained fibrablasts that had carried out a
correct rearrangement event suggested that a single genetic locus
was responsible for the induction of recombinase activity. Tagging
the genomic DNA with an oligonucleotide allowed us to follow this
locus theough several rounds of transfection and to identify a tagged
DNA fragment that cosegregated with recombinase activity (19).
This fragment served as the starting point for a chromosomal walk
that ended with the identification of the recombination activating
gene (RAG-1), a lymphoid-specific gene whose expression corre-
lates precisely with recombinase activity.

Transfection of fibroblasts with cloned DNA capable of express-
ing RAG-1 demonstrated that ths gene could induce V(D)J
recombination (19). However, we were puzzled by the fact that four
independent RAG-1 ¢cDNA’s and an 18-kb genomic clone induced
recombination ar the same frequency as total genomic DNA (20).
We had expected thae a purified gene would raise the transfection
efficiency abour 100- to 1000-fold aver that seen with the genomic
DNA.

The inefficiency of the cloned genomic DNA, phage 12C.2, could
be explained by its lack of a promoter and the absence of the
nucleotides encoding the NHj-terminal 36 amino acids (19), a
tegion well conserved between humans and mice. There was,
however, no obvious explanation for the inefficiency of the four
independent cDNA’s. Because all four cDNA’s behaved equivalently
in our assay, their poor function was unlikely the result of mutation.

In an attempt to explain the inefficiency with which cloned RAG-1
sequences induced V(D] recombination, we compared the struc-
tures of the cDNA and genomic clones. Surprisingly, this structural
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Fig. 1. Schemaric diagram of the RAG locus. A o

partial restriction map of the RAG-L (M) and .~
RAG-2 (MR2-1) <DNA clones and the genomic ]

done {12C.2) is indicated along with the relative
positions of RAG-1 and RAG-2 sequences with
tespect to each other and to genomic DNA. Ar-
rows indicate the direction of transcription. The
RAG-1 <DNA is approximately 6.6 kb {corrected
from the previous report (19)]. The RAG-2

o2 (ZZH ]
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<DNA is 2.1 kb excluding the poly{A) tail, and T
was obrained from. a library prepared from the G G
mouse pre-B cell line 22D6 (1%). The genomic
clone, 12C.2, is approximately 18 kb and repre-
sents the genoruc configuradon ac the RAG
locus. The locations of probes F, G, H, ], and K

are indicated. Probes F and G, used in the chro- I(- -----

mosomal walk o RAG-1, have been described
{19). Probes H, T, and K are 5.1-kb Bgl IT, 4.5-kb
Bgl II-8al I, and 2.0-kb Sal I fragments, respective-
ly, and are derived from phage 12C.2. Harched
areas indicate coding sequences. Shaded areas ar
the 5 and 3' ends of the RAG-1 and RAG-2
main exons indicate regions that are outside of the diagnostic restriction
enzyme sites and may not be coneained in those exons. The 5' uncranslated
region may be encoded by more than one exon and is shown as a single exon
for convenience only. The fiest 700 nucleotides of 12C.2, probe G, are
colinear with the RAG-1 ¢<DNA (19). All restriction fragment lengths from
nudeotide 201 of the RAG-1 ¢DNA to the indicated Dra II site in RAG-1
and from the first Pst I site to the Eco RV site in RAG-2 were shown to be

2 kh

mapping (Fig. 1) indicated that a single exon encoded most, if not
all, of che RAG-1 structural gene and 3' untranslated region and
that the RAG-1 sequences were confined to che leftmost 6.6 kb of
the genomic clone. Thus, genomic clone 12C.2 contained 12 kb of
sequence whose funciion, if any, was unknown.

Identification of RAG-2. The unusual genomic structure of
RAG-1, in conjunction with the genetic evidence regarding the
inefficiency with which the RAG-1 ¢<DNA and genomic clones
mnduced recombination, prompted us ta consider the passibility that
the activation and stable expression of recombinase activity was
dependent on two closely linked genes, RAG-1 and RAG-2, both
largely contained in genomic clone 12C.2. By this model, the cloned
RAG-1 cDNA would be expected to activate recombination poorly
because it does not provide RAG-2 funcrion. Similarly, the genomic
clone, containing only one intact gene, RAG-2, would induce
recombination inefficiently. Finally, the tight linkage of RAG-1 and
RAG-2 would have resulted in the two genes behaving as a single
genetic locus when toral genomic DNA was originally transfected
(18).

We tested the two-gene hypothesis by asking if cotransfection of
the 12C.2 genomic clone and the RAG-1 cDNA cloned in an
expression construct would increase the frequency with which
transfected fibroblasts carried out rearrangement. Therefore, ATGR
fibroblasts, NIH 3T3 cells containing two copies of the DGR
recombinartion substrate, were transfected either with the RAG-1
<DNA alone, the genomic clone alone, or the genomic and <DNA
clones together. Two selection protacols were followed. In one case,
cells were tested for rearrangement 4 days after transfection without
prior selection for the uptake of DNA. Strikingly, six independent
cotransfections of the genomic and RAG-1 <DNA clones each
yielded 20 to 25 MPA-resistant colonies, whereas no resistane cells
were observed after wansfection with either the genomic or cDNA
clones individually, or with total genomic DNA. Tn the alternative
protacol, cells transfected with a co-selectable marker were selecred
for DNA uptake for 6 to 9 days before being tested with MPA.
Under these conditions, approximately 500 colonies were obtained
after the fibroblasts were transfected with the combination of cDNA
and genomic clones, while transfecrion with either clone alone
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indistinguishable from those in the genomic clone by standard eechniques.
Hybridization with appropriate fragments of cDNA demonstrated that all
sequences upstream from the Dra IT site of the RAG-1 ¢cDNA clone (110 bp
upstream from the end of the clone) were confined to the first 6.6 kb of the
genomic clone (to che left of the Bgl IT site). A subset of the following
restriction enzyme sites are indicated: A, Rsal; B, Bam HI; D, Dra IT; E, Eco
RV: G, BglIl; H, Hind IIT: L, Cla I; P, Pst I; R, Eco RI; §, Sal [, X, Xba L.

yielded no colonies (21). By comparison, transfection with genomic
DNA gave from 5 to 30 colonies. The enormous increase in the
number of fibroblasts that carried out rearrangements after transfec-
tion of the cDNA and genomic clones together scrongly supported
the hypothesis that the RAG-1 ¢<DNA could be complemented by a
second gene in genomic clone 12C.2. However, an alternative
explanation was that recombination between the two transfected
DNA’s had generared a fully funcrional RAG-1 locus. Isolation of
the purtarive second gene, as described below, ruled out this later
possibility.

We screened for a second gene in the genomic clone by hybridiza-
tion of probes spanning the remaining sequences of 12C.2 (probes
H, ], and K in Fig. 1) to filters containing poly(A)* RNA from
recombinase positive (rec”) and recombinase negative (rec”) cell
lines. While probes H and K failed to give detectable hybridization
to any of the RNA samples, probe | hybridized to a predominant
2.0- to 2.2-kb mBRNA present in a rec” pre-B cell (38B9) and the
rec” genomic transfectant TRX-1 but not in a rec” macure B cell
(WEHI-231) or in the recipient fibroblast, 3TGR (representative
results of hybridization to poly(A)* RNA with cloned sequences
corresponding to the 2.2-kb mRNA are shown in Fig. 4). These
results indicared the presence of a second gene, RAG-2, in the
genomic clone. Furthermore, the mRNA size and expression pat-
tern indicated that it was likely to be distinet from RBP-2, the only
other previously cloned gene suggested as a component of the
V({D)] recombinarion machinery (22}.

Probe ] was used to screen a mouse pre-B cell cDNA library. We
obtained 40 positives from this size-selected library out of 10°
recombinants, The insert sizes of ten phage were determined and
one clone with a 2.2-kb insert (referred to below as the RAG-2
cDNA. clone) was chosen for further scudy.

Sequence of RAG-2. We determined the nucleotide sequence of
the RAG-2 <DNA clone (Fig. 2). The sequence, 2062 bp followed
by a poly(A) tail, contains a single long open reading frame capable
of encoding a polypeptide of 527 amino acids with 2 molecular size
of 58 kD. The putative ATG instiator codon is the first found in the
sequence and lies downstream of an in-frame stop codon. The open
reading frame is flainked on the 5’ and 3’ sides by untranslaced
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regions of 156 and 262 nucleotides, respectively.

No similarity was found between the deduced amino acid se-
quence of RAG-2 and thar of RAG-1 or of any sequence con-
tained in the National Biomedical Research Foundation protein
database. Comparison of nucleotide sequences of the two RAG
cDNA’s did not reveal any shared sequences nor did a comparison of
RAG-2 with the GenBank database. RAG-2 conrains a lengthy
acidic region; of 60 amino acids, 25 are acidic (Fig. 2, underlined
region).

Synergy of RAG-1 and RAG-2. To demonstrate the biological

only after V()] rearrangement or other nonspecific recombination
events. Cam-resistant colonies, representing correct V{D)] rear-
rangement, were identified by hybridization with an oligonucleatide
probe. This probe is complementary to the back-to-back heptamer
sequence formed by fusion of the two RSS’s after deletional V(D)]
recombination of pJH200 (Fig. 3). Thus, recombination frequency
is measured as the number of colonies resistant to both Amp
(ampicillin) and Cam that hybridize to the oligonucleotide divided
by the total number of Amp-resistant colonies.

When pJH200 was introduced inro our standard recipient fibro-

blast, 3TGR, cither alone or with cither one of the RAG <DNA’s
cloned in a mammalian expression vector, no Cam" colonies that
hybridized to the oligonucleotide were observed. In contrast,
hundreds of rearranged plasmids were recovered from fibroblases
transfected with both RAG-1 and RAG-2. This represented a
recombination frequency of approximately 1.0 percent and at least a

activity of the RAG-2 ¢DNA clone, we used an assay for recombi-
nase activity in which the extrachromosomal recombination sub-
strate pJH200 (17, 23) was transiently wransfected into mammalian
cells, recovered after 48 hours, and then introduced into bacteria.
This substrate contains the bacterial ampicillin and chloramphenicol
resistance genes but confers resistance to chloramphenicol (Cam)

1 GCCGAGTTTA ATTCCTCGCT TGGCCGAARG GATTCAGAGA GGGATAAGCA GULCCTCTGG COTTCAGTGS CAAARTAAGA AAGAGTATTT CACATCCACA AGCAGGAARGT 110
111 ACACTTCATA CCTCTOTAAG ATAAAAGACC TATTCACAAT CAAAA
186 ATG TCC CTE CAG ATG GTA ACA GTG GGT CAT AAC ATA GCC TTA ATT CAA CCA GSC TTC TCA CTT ATG AAT TTT GAT &GC CAR GTT TTC TTC 245
1 M 5 L L+ M v T v G H ) I A L I Q B = F 5 L M ¥ F n = Q v 2 F L
246 TTT GGC CAG ARA GGC TGG CCT ARG AGR TCC TG CCT ACT GGA GTC TTT CAT TTT GAT ATA AAA CAA RAT CAT CTC AAR CTG AAG CCT GCA 335
al F G Q K G W E K B ] c P T [ W F H P 8] I K 4] ) H L K L .4 P A [ 14]
336 ATC TTC TCT ARA GAT TCC TGC TAC OTC CCA CCT CTT CGT TAT CCA GCT ACT TGO TCA TAC AAR GGC AGC ATA GAC TCT GAC ARG CAT CAA 425
61 I 3 ) K D ) < ¥ L E P L R Y E L T < 5 ¥ K G 5 I u] 5 o K H o3 940
426 TAT ATC ATT CAC GCA GGG AAR ACA CCA ARC AAT GAG CTT TCC GAT AAG ATT TAT ATC ATG TCT GTC GCT TGC ARG AAT ARC AAA ARA GTT 515
9l ¥ I I H G [ K T B N ) E L 5 O K I b4 T M 5 W A C K N ) K K v 120
Bl6 ACT TTC CGT TGC ACA GAG RAA GAC TTA GTA GGA GAT GTC CCT GAA CCC AGA TAC GGC CAT TCC ATT GAC GTG GTG TAT AGT CGA GGG RAR 605
121 T F R C T E K a] L v G o v P £ E R ¥ G H 5 I a] v W ¥ 5 E G B 150
60& RAGC ATG GGT GTT CTC TTT GGA GGA CGT TCA TAC ATS CCT TCT ACC CAG AGAR ACC ACA GAR ARA TGG AAT AGT GTA GCT GAC TGS CTA CoC 695
151 5 M G v L F G G R 5 b 4 M E ] T 4] R T T E K L N 5 v A 8] c L e 1840
696 CAT GTT TTC TTG ATA CGAT TTT GAA TIT GGG TST GOT ACA TCA TAT ATT CTC CCA GAA CTT CAG GAT GGG CTG TCT TTT CAT STT TCT ATT 185
181 H v E L I o] 3 E F G C A T k4 ¥ I L 4 E L L+ u} G L 5 F H v 5 I 210
T8é GCC AGA AAC GAT ACC GTT TAT ATT TTG GGA GGA CAC TCA CTT GCC RGT AAT ATA CGC CCT GCT AAC TTG TAT AGR ATA AGA GTG GAC CTT 8173
211 A R N o] T v Y I L G G H 5 L R 5 N I 23 F A N L ¥ R I B v o] L 2410
876 CCC CTG GGT ACC CCA GCA GTG AAT TGC ACA GTC TTG CCA GGA GGA ATC TCT GTC TCC AGT GCA ATC CTC ACT CAA ACA AAC AAT GAT GRA 4965
241 F L G T F A W N C T v L E G G T 5 W 5 5 A I L T 4] T ) N D E 210
966 TTT GTT ATT TG GGT GGT TAT CAG CTG GAR AAT CAG AAR AGG ATG GTC TGC AGL CTT GTC TCT CTA GGG GAC AAC ACG ATT GAA ATC AGT 14355
271 F v I iy [ G ¥ 4] L E ) 4] .4 R M v C 5 L W 5 L G hs] N T I B I 5 aag
1056 GAG ATG GAG ACT CCT GAC TGG ACC TCR GAT ATT AAG CAT AGC ARA ATA TGG TTT GGA AGC AAC ATG GGA AAC GGG ACT ATT TTC CTT GGC 1145
3ol E M E T B o] W T 5 D I K H 5 K I W F 4 5 ) o G ] G T I F L G 320
1146 ATA CCA GGA GAC AAT AAG CAG GCT ATG TCR GAA GCA TTC TAT TTC TAT ACT TTG AGh TGC TCT GRA GAG GAT TTG AGT GAA GAT CAS ARAR 1235
331 I E G hs] N K 4] A M 5 E A B b4 F ¥ T L R C 5 E E 0 L b} E (3] o E 360
1236 ATT GTC TCC AAC AGT CAG ACA TCA ACA GAAR GAT CCT GGG GAC TCC ACT CCOC TTT GAA GAC TCA GAG GAA TTT TGT TTC AGT GCT GAR GCA 1325
141 I ¥ 5 N S Q T S T E 4] E L] o] S T B P E D .5 E_E T Lo b S A E A 399
1326 acC AST TTT GAT GGT GAC GAT GAA TTT GAC ACC TAC AAT GAA GAT GAT GAA GAT GAC GAG TCT GTA ACC GGC TAC TGG ATA ACR TGT TaC 1415
39] b 5 E Ju] [e3 4] 4] E E o] T b4 N E 0 ] E 8] D E 5 v T G Y " I T < c 420
1416 CCT ACT TGT GAT GTT GAC ATC AAT ACC TGG GTT CCOG TTC TAT TCA ACG GAG CTC AAT AAA CCC GOC ATG ATC TAT TGT TCT CAT GGG GAT 1505
421 F T C 8] v D I N T L W E F ¥ ) T E L N K B A M I ¥ C 5 H G 8] 450
1506 GGE CAC TGG GTA CAT GCC CAG TCG ATG GAT TTG GAA GAM CGC ACA CTC ATC CAC TTG TCA GAA GGA AGC AAC AAG TAT TAT TGC AAT GAA 1595
451 G H W v H B o s M D L E E R T L I H L 5 £ G s N K ¥ Y C N E 4840
1596 CAT CTA CAG ATR GCA AGA GCA TTG CAA ACT CCC BAA AGA AAC CCOC CCC TTA CAA AMA CCT CCR RTGC ARR TCC CTC CAC AAA AAA GGC TCT 1685
481 H v Q I A R A L 2 T P K R N E 4 L Q B e B M K 5 L H K B G 5 510
1686 GGG AAR GTC TTG ACT CCT GCC AAG ARA TCC TTC CTT AGR AGA CTG TTT GAT TAA 1739
5L1 G K v L T E A K K 5 3 L B R L F o * 527
1140 TTTAGCAARR GCCCCTCAGA CTCAGGTATA TTGCTCTCTE AATCTACTTT CAATCATAARA CATTATTTTG ATTTTTGTTA CTGAAATCTC TATGTTATGT TTTAGTTATG 1849
1850 TGAATTAAGT GCTGTTGTGA TTTATTGTTA AGTATAACTA TTCTAATGTS TGTTTTTTAA CATCTTATCC AGGAATETCT TARATGACGAA ATGTTATACA STTTTCCATT 1959
1960 AAGGATATCA GTGATAAAGT ATAGAACTCT TACATTATTT TGTAACAATC TACATATTGA ATAGTAACTA AATACCAATA AATAAACTAA TGCACAAARAR GTT 2062

nucleotides of 5" and 3’ untranslated sequences, respectively. The deduced
amine acid sequence from nucleotides 156 ro 1584 is also indicated, with the
acidic region underlined.

Fig. 2. Nucleatide sequence of the mouse RAG-2 ¢<DNA and predicted
amino acid sequence of the RAG-2 protein. The nucleatide sequence of the
entire RAG-2 ¢DNA clone MR2-1 is shown including 155 and 440
RESEARCH ARTICLE
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[acasssaca [+ GTGACADGTGTCACCAT - TGTTTTTGE |
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Fig. 3. The extrachromosomal recombination substrate pJH200 (17). Two
recombination signal sequences (RSS8%, indicated as tn } fank a
prokaryotic transcriptional terminator (labeled “stop™). The BSSs are
flanked on one side by a bacterial pramaoter (P) and on the other, by the zat
gene. Before V(DY recombination, cat expression is prevented by che
terminator. After the cerminator is deleted and the gene is
transcribed. Thus, Escherichia coli containing a re plasmid will be
Cam". The sequence complementary to che indicated oligonucleotide probe
is formed only after correct V(D)) rearrangement.

1000-fold increase in recombinase activity over that induced by
cither BAG cDNA alone (Table 1). Sequencing confirmed that the
plasmid recovered from colonics that hybridized to the oligonucleo-
tide had indeed undergone normal V{D)J recombination. We thus
concluded that the RAG-2 ¢DNA clone is biologically active and
that RAG-1 and RAG-2 act synergistically to activace V(D))
recombination.

Because RAG-1 is highly conserved between mouse and human,
we asked if 2 human RAG-1 <DNA clone could synergistically
activate recombination together with the murine RAG-2 clone. The
level of recombinase activity after transfection of NIH 3T3 fibro-
blasts with human RAG-1 and mouse RAG-2 expression constructs
was approximately the same as that induced by the combination of
murine RAG's 1 and 2 in the same cell line (Table 1). We had pre-
viously shown that transfection of human genomic DNA into mouse
fibroblasts activates V(D)J recombination with the same efficiency

Fig. 4. RAG-2, like RAG-1, is expressed only in pre-B and pre-T cclls and
mansfecred Bbroblasts (Northemn blot analysis). A fileer containing 16 g of
once-selected poly(A)* BRNA or 8 pg of twice-selected poly(A)* RNA
(22D6) was prepared by standard techniques. The cells surveyed include
3TGR fibroblasts; the ic eransfectant TXHS; the pro-B cell line LyD9
(24), which shows the ion for i heavy
and light chain penes; pre-B cells: HAFTL, 22D6 and 38R9, 702/3 cells,

and 70Z/3 cells previously selecred for V(D)] recombinase activity; mature B
cell lines: WEHI-231, $194, and MPC-11; a pre-T line, 2052C, and the
mature T cell lines RLM11 and EL-4. The filter was sequentially hybridized
with probes specific for the entire RAG-2 <DNA [probe MR2-T, from the
fiest nucleotide of the RAG-2 <DNA o the end of the poly(A) cil], the
sorucrural gene -of RAG-1 (probe MR1-C, nucleotides 1 to 3380 of the
RAG-1 ¢DNA) and y-actin (32). Probe MR2-T idized ta an approxi-
mately 2.1-kb mRNA indicated as RAG-2, along with several other bands of
lesser intepsity. Probe MR1-C hybridized to 2 6.6-kb band indicated as
RAG-1. Since the blot was stripped berween probings and hybridization
conditions and gmes are not identical, che relative abundance of
RAG-1 and RAG-2 mRNA’s cannot be inferred from these data, Exposure
times: RAG-2, 19 hours; RAG-1, 5 days; and actin, 10 hours. Narthern
transfer and hybridizations were carried out as described (19). The cell lines
have been described previously (3, 18, 33, 34).
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as murine genomic DNA (18), while human RAG-1 ¢<DNA cones
induce rearrangement as inefficiently as their murine counterparts
(19). Taken together, these results suggest thac there must be a
human RAG-2 homolag which is closely linked to human RAG-1.
While we were unable to detecr recombinase acrvity in fibroblasts
transiently cransfected with cither RAG-1 or RAG-2 alone, we had
shown that RAG-1 could induce recombination on its own, albeit at
a low frequency. We wanted co know if RAG-2 could also activate
V{(D}] recombination at a detectable frequency. To detect such rare
events, we mransfected fibroblasts (3TGR) containing DGR with the
RAG-2 ¢DNA cloned in an expression vector, selected sequentially
for uptake of DNA and reatrangement, and obtained a single MPA-
resistant clone. Because this assay has no measurable background
(19), this clone was likely to represent an authentic V(D)} recombi-
nation event. Indeed, we confirmed that the recombination sub-
strate in this clone had undergone a normal V(D)] recombination
event, with Southern (DNA) blot analysis to distinguish between
the rearranged and unrearranged configuraton of DGR. This
finding suggested that the rearrangements seen after transfection
with the 12C.2 genomic clone—a clone containing all of the RAG-2
coding sequences, bur only a portion of RAG-1 (as shown below)—
were probably a resule of RAG-2 expression from 12C.2 and not a
consequence of RAG-1 expression, as we had initially believed.
We next investigated whether expression of the RAG-1 and
RAG-2 ¢DNA’s was sufficient for the continued expression of
recombinase activity, We measured the recombination frequency in
cells stably expressing one or both RAG mRNA’s by eransiently
transfecting these cells with the pJH200 recombination substrate.
Stable expression of RAG-1 and RAG-2 mRNA was confirmed by
Northern blot hybridization. Ongoing rearrangement was observed
in fibroblasts stably wansfecred with both cDNA’s, in transfectants
containing the combination of the RAG-1 <DNA and the genomic
clone, and in previously derived genomic transfectants (19} contain-
ing the entire RAG genomic locus (Table 2). The recombination
frequencies varied from transfectant to transfectane, but were within
the range normally seen in developing lymphocytes (17). In con-
trast, no recombinase activity was detected in cells expressing only
one RAG mRNA (Table 2). Of particular interesc was the absence
of detecrable recombinase activity in cell line MRH-1, a pool of
fibroblases transfected with just the RAG-1 ¢DNA clone, in which a
normal rearrangement of the integrared recombination substrate
had occurred. The absence of activity in chese cells suggested chac
the rare fibroblasts that carry out a rearrangement after transfection

LA
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Table t. Transient expression of recombinase activity. Transient expression
of recombinase activity was assayed by a modification of the recombination
assay described previously (17, 23). Approximately 2 x 108 fibroblasts of the
cell line indicated were cransfected with 10 pg of the recombination
substrate pJH200 (Fig. 3) and § pg of RAG-1 or 4.8 pg of RAG-2 <DNA
expression constructs. The mouse RAG-1 expression construct has been
described (19). The human RAG-1 and mouse RAG-2 constructs are the
H36 (19) and the MBR2-1 cDNA inserts, respectively, which were excised
with Not T and subcloned into the mammalian expression veccor CDM3
with BstXI adaptors (35). The numbers of transformants {Amp™ or oli-
go” Amp"Cam') has been corrected for a plating dilution factor. Because the
CDMS8 expression vector does not carry an Amp” marker, the number of
Amp" transformants represents only the number of p/H200 plasmids
recavered. The percentage of recombination, R, is cakulated as the percent-
age of 'Cam! colonies that hybridize to the oligonucleotide {oliga™),
divided by the total number of Amp® colonies. DNA’s were introduced into
fibrablasts by calcium phosphare eransfection (19). Plasmid was recavered 48
haours later by a rapid alkaline lysis procedure. The recovered plasmid DNA
was digested with Dpn [, unless otherwise indicated, to eliminate plasmids
that had nor replicated and therefore may not have entered the cell and been
available for recombination, The plasmid DNA was then introdieed into E.

with a single cDNA do not arise from the selection of fibrablasts
that have stably activated expression of the ather RAG mRNA.
Rather, these clones may reflect rearrangement induced by the
transient transcription of one RAG mRNA in a transfected fibro-
blast expressing the other RAG ¢DNA, or they may indicate that
both RAG-1 and RAG-2 can induce rearrangement by themselves,
bur with low efficiency.

Concordant expression of RAG-1 and RAG-2. In our initial
characterization of RAG-1 we found that its pattern of expression as
determined by Northern blot analysis correlated precisely with the
known pattern of expression of V(D)] recombinase activity (19).
Using the RAG-2 ¢<DNA as a probe, we found an identical
expression profile: RAG-2 mRNA was detectable only in pre-B and
pre-T cell lines bur not in cells eaclier in the B lineage [LyD9 (24)] or
in mature B and T cells (Fig. 4). RAG-2 mRINA was also detected in
RNA from adule chymus {data not shown). The tight correlation
between RAG-2 expression and recombinase activity is further
supported by analysis of the late pre-B cell line 70Z/3. We reported
previously thar although the majority of 70Z/3 cells do not have
detectable recombinase activity, rare rect cells could be selected
following infection with a recombination substrate (18). RAG-1
mBRNA is detectable in these subclones, though not in the bulk
culture (19). The same holds true for RAG-2 and indeed, the relative
increase in expression of RAG-2 in rec® 70Z/3 cells is greater than it
is for RAG-1 (Fig. 4). Other cell lines and tissues were surveyed
with a sepsitive PCR. assay for RAG-2 expression. The RAG-2
signal was detectable in RNA from fetal liver and the pre-T line
2017 (25). In contrast, no RAG-2 was detected in RNA from a
fibroblastoid line, LTK ™, from a macrophage line, P388D1 (26), or
from an erythroid line, MEL. In addition, we have found no cell line
or tissue that expresses only one of the two RAG mRINA’s,

The RAG locus. The unusual genomic structure of RAG-1 and
the close proximity of the two recombination activating genes made
the genomic organization of RAG-2 of particular interest. Compari-
son of the restriction map of the cloned RAG-2 ¢cDNA with
genomic sequences indicated that the RAG-2 structaral gene is
contained encirely within che genomic clone (Fig. 1), as was
predicted by the functional studies. The orientation of the two genes
15 such that chey are convergently transcribed. Fragment lengths
between the Pst I site four nucleotides 3' to the ATG and the Eco
RV sice 97 nucleotides 5’ to the poly(A) rail in the cDNA are
indistinguishable from those observed with genomic sequences,
suggesting that all sequences berween these two sites are present on
a single exon. At least one intron must be present in the region 5' to
the Pst L site, because the distances beeween Rsa 1 sites (see Fig. 1)
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cali strain MC1 061 by ¢lectroshock (36), and then selected for Amp" or Amp”
and Cam’ combined. Doubly resistant (Amp"Cam") bacteria were transferred
to nitracellulose membranes for colony—filter hybridization with a 32P-
labeled oliganucleotide probe. The sequence of the oligonucleotide, which
carresponds to a portion of the sequence of the fused signal joints (Fig. 3)
after recombination is 5'-CTGTGCACAGTGGTA-3. Hybridizations were
carried our at room temperature in 6% $8C (standard saline citrace) and 10x
Denhardt's and washed in 6x 88C at 45°C for 2 hours.

Cell Oligo*

e DNA N*  Amp Camtamp R
3TGR 0 2 184,000 0 0
3TGR RAG-1 3 60,400 0 0
3TGR RAG-2 3 50,000 0 0
3TGR RAG] + RAG-2 2 70,600 490 0.7
NIH 3T3 RAG1+RAG2 3 193,600 2,166 1.1
NIH 3T3 HumanRAG1+ 1 73,200 372 0.5

mouse RAG-2

*Total nurnber of independent transfections.

are not conserved between the ¢cDMNA and genomic clones. Thus the
two genes at the RAG locus lie approximately 8 kb apart, in inverted
orientarion, but with similar exon-intron configurations.

The requirement for both RAG-1 and RAG-2 o efficiently acti-
vate V{D)J] recombination and the known conservation of RAG-1
sequences between species carrying out V()] recombination led us
to test whether RAG-2 was also conserved. Using the entire RAG-2
cDNA as a probe, we detected one or more bands in DNA from
hamster, cow, dog, rabbit, opossum, and turtle (Fig. 5). Hybridiza-
tion to human DNA and chicken DNA was also detected.

Moiecular implications of two recombination activating
genes. We previously suggested that RAG-1 either directly encodes
a lymphoid-specific component of the recombination machinery or
serves as a regularor of a pathway leading to the expression of the
V{D)] recombinase (19). We favored the first hypothesis because (i)
the RAG-1 expression pattern correlated precisely with recambinase
activity, (ify RAG-1 appeared to actvate V(D)J recambination in
transfected fibroblasts without inducing any other lymphoid-specif-

Tahble 2. Scable expression of recombinase activity. The level of recombinase
activity in cell lines stably transfected with the indicated RAG cDNA's, the
genomic clone {12C.2), or total genomic DNA was measured. The various
cell lines were transienty transfected with pJH200 and the recombination
frequencies were determined as outlined in Table 1. Cell line L-4, a single
clone resulting from selection for V(D)J recombination afrer transfection
with total genomic DNA has been described (29). Cell line MRI1-H is a
populacion of cells transfected with the RAG-1 cDNA char have rearranged
their endogenous recombination substrate, DGR, The cell line indicared as
51P represents three independent populations of cells expressing RAG-2;
each populacian was transiently transfecred once and the results were
combined. The remaining cell lines are all pools of clones derived from
independent transfections with the DNA indicated. Cell line 51D was grown
only ia the presence of histidinol to select for the uptake of DNA. All other
cell lines were grown in MPA (in addition to histidinal) ta select for che
uptake of DNA and rearrangement. Drug selections were carried out as
previously described (18).

Cell r Oliga™

line DNA N Amp CamAmp* R
MRI-H RAG-1 2 228.000% 0 a

51P RAG-2 3 390,000 0 (

3lAp RAG-1 + 12C2 1 260,000 2,200 0.85

34Ap RAG-] + 12C2 1 68,000 310 0.45

34Bp RAG-1 + 12C2 1 90,000 240 0.26

52Cp RAG-1 + RAG-2 1 446,000 4 0.008
52CHp RAG-1 + RAG-2 1 30,000 126 0.42

54Ap RAG-1 + RAG-2 1 240,000 78 0.03

L-4 Total genomic 1 220,000% 112 0.05
*Not Dpn I-digested.
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ic properties, (iil) it was conserved through evolution in other
species carrying out recombination, and (iv) RAG-1 shared no
significant sequence similarity with any known cranscription factor.
These arguments are strengthened by the finding of a second gene
with similar properties.

Models for the mechanism by which the RAG locus induces
V(D) recombination {19) must be modified to reflect the existence
of RAG-2. The two genes RAG-1 and RAG-2 could encode
funcrionally distincr subunits of a single lymphoid-specific V(D)
recombinase complex, or they could encode two separate factors
carrying out different steps of the recombination reaction. Qther
site-specific recombination systems have requirements for reaction-
specific facrors that provide catalytic and specificity determinanes
(27). In addition, nonspecific factors are usually recruited to com-
plete the ceaction. Although the reaction-specific activities are often
encoded by a single gene, recombination systems requiring two
specific genes are also known—as with the A Int and Xis proteins
(28) and the bacteriophage Mu proteins, Mu A and Mu B (29).
Thus, the requirement for two specific factors, RAG-1 and RAG-2,
for efficient V({D)] recombination would not be unprecedented.
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Fig. 5. The RAG-2 gene is conserved chrough evolution. DNA(Su.g)ﬁ'om
the indicared species was digested with Eco RIL subjected to
dlroughaﬂaperoemagaroscgeLmdm&ﬂedmaZcmbmdmnbmnc
The two lanes for cach species {except hamster) are from male and female
animals, respecrively. Hybridization with the RAG-2 cDNA probe MR2-T
(soclcgcndnoFLg 4) was carried out in 30 formamide ac 42°C. Final
conditions were 2x 88C, 0.1 percent SDS, 55°C. Marker sizes arc
shawnmhlobm,cxposure,&days
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If the RAG proteins play 2 regulacory rather chan a catalytic role,
they could do so by forming a heteromeric transcription factor—as
with FosTun (30) or HAPZ!HAP?. (31) complexes where both
proteins are iinportant for activity. Alternacively, each RAG product
could be an independent transcription factor dhat acts on distinet
sets of genes in the recombinase pathway or synergistically activates
manscription of recombinase genes. More indirect or complex
regulatory mechanisms cannot be excluded.

Evolutionary considerations. The structure of the RAG locus is
unusual for the genome of a higher eukaryote. First, for each gene,
most (if not all) of the structural sequences and 3° untranslated
regions are encoded by a single exon, separated by at least one intron
from the 5' untranslared region. While there are certainly examples
of mammalian genes devoid of introns, they are rare. More striking
is the compact organization of RAG-1 and RAG-2 on the chromo-
some; such organization is more commonly seen in genomes of
prokaryotic and viral origin. In mammalian cells, adjacent genes
with related or identical function usually reflect the occurrence of
gene duplication events (for example, the major histocomparibility
complex, immunoglobutin, and globin genes). The absence of
sequence similarity between RAG-1 and RAG-2 suggests that this is
not the case here.

RAG-1 and RAG-2 are adjacent in the mouse genome and, by
inference, in the human genome as well. Because both of these genes
are required for recombinase expression and show comparable
evolutionary conservation, it is reasonable to assume that chey may
also be linked in more distantly related ocganisms that carry out
V(D) recombination. One possibitity for the origin of the RAG
locus mighe be that it initially evolved as part of a viral or fungal
recombination system. At some point, the virus or fungal genome
could have been introduced into vertebrates or perhaps protochor-
dates where the recombination system evolved to play its current
role in V(D)] recombination.
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Radar Images of Asteroid 1989 PB

STEVEN J. OSTRO, JOHN F. CHANDLER, ALICE A. HINE, KEITH D. ROSEMA,
Irwin I. SHAPIRO, DONALD K. YEOMANS

Radar observations of the near-Earth asteroid 1989 PB,
made shortly after its optical discovery, yield a sequence
of delay-Doppler images that reveal it to consist of two
distinct lobes that appear to be in contact. It seems likely
that the two lobes once were separate and that they
collided to produce the current “contact-binary” config-
uration,

vide two-dimensional images of a kilometer-sized asteroid

and, quite unexpectedly, reveal it to have an extremely
bifurcated, “double-lobed” shape. The existence of such an object
has important implicarions for theories of the origin and evolution
of asteroids and meteorite parent bodies as well as for our under-
standing of the cratering record of the terrestrial planets and the
moon.

The imaged object, 1989 PB, is one of some 140 known near-
Earth asteroids (NEAs). The NEA population is thought to include
extinet cometary nuclei as well as fragments of mainbelt asteroids,
and many NEAs might share (or be) the parent bodies of some
meteorites (1). The known NEAs have sizes that range from ~50 m
to ~50 km; the eatire population probably contains ~10* abjects
with dimensions =1 km. Typical NEA lifetimes against collision
with an inner planct or gravitational ejection from the solar system
ate only 107 to 10 years, but the lunar cratering record indicates
that the flux of impacting projectiles has not changed very dramati-
cally during the past 3 billion years, implying a balance between
average rates of NEA depletion and replenishment (2). NEAs are
among the most accessible abjects for spacecraft rendezvous mis-
sions, but they are very difficult to study with ground-based optical
telescopes and their physical characteristics are poorly known (3).

Radar observations can resolve NEAs spadally if the echoes are
serong enough, On 9 August 1989, Helin (4) discovered a rapidly
maoving object on photographic plates taken ac Palomar Observa-
tory. Two days later, orbiral calculations showed that the asteroid,

Tms ARTICLE PRESENTS RADAR OBSERVATIONS THAT PRQ-

5. J. Ostro, K. D). Raserna, and D, K. Yeomans are at the Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA 91109 T, F. Chandler and I. L
Shapiro are ar the Harvard-Smithsonian Ceneer for Astrophysics, 60 Garden Street,
Cambridge, MA 02138. A_ A, Hine is ar the National Astronomy and Ionosphere
Cenrer, Box 995, Arecibo, PR 00613,
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designared 1989 PR by the Minor Planet Center (5}, was approach-
ing Earth and would pass through the Arecibo Observatory’s
declination window during 19-22 August ar distances likely to
provide echoes much stronger than in previous asteroid radar
investigations (6). The asteroid would make its closest approach to
Earth (0.027 AU, or 11 lunar distances} on 25.2 August UTC,
while the Voyager 2 spacecraft was making its closest approach to
Neptune. The Goldstone 70-m anrenna was occupied with Voyager
communications throughour the Neptune encounter and it was
unavailable for use as a radar telescope until 30 August. We
observed 1989 PB at Arecibo on 19-22 August and at Goldstone
on 30 August (Tabie 1), and here we report our principal resuits.

Orbit refinement. Radar observations place stringent demands
on the accuracy of predictions of echo time delay and Doppler
frequency as well as poiating coordinates (7). However, ctrors in
prediction ephemerides for freshly discovered NEAs grow rapidly,
since orbits must be estimated from optical astrometric dara that
span short arcs. Uncertainties in a 19 August ephemeris based on
optical observations obtained through 11 August (including “pre-
discovery” measurements found on photographic plates dating back
to L August) would have compromised the radar abservations and
may even have prevented detection of echoes altogether. Optical
measurements of the position of 1989 PB during 12-18 August
were hampered by the nearby, nearly full moon. Fortunately, R.
McNaught made critical astrometric measurements during 12-18
August at Siding Spring Observatory, Australia. In addition, two
observers in Great Britain {J. D. Shankln at Cambridge and B.
Manning at Stakenbridge) made usefu] measurements during the 17
August toral lunar eclipse.

On 19 August, using an ephemetris based on optical data from 1 to

Table 1. Geocentric distance, right ascension (RA), and declination {DEC)
for radar observations of 1989 PB at epochs of the asteroid’s Arecibo cransic
on 19-22 August and the midpoint of Goldstone observations on 30

August.

Date (Eifr“é} Dis  RA DEC  Obser l‘::f;;
{1989 (hh:mm) (AU {h) {deg) vatory (em)
19 Aug  06:33  0.060 2393 7.0  Arecibo 13
20 Aug  06:3¢  0.052 001 113  Arecbo 13
21 Aug  06:36 0044 013 172  Arecibo 13
22 Aug 06:43 0.037 0.30 25.4 Arecibo 13
30 Aug 19:35 0.057 1078 450  Goldstone 3.5
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