
T Cell Receptor Gene Trans-Rearrangements: TCR V-region oligonucleotide and a 3' 6- 

Chimeric y-6 Genes in Normal Lymphoid Tissues TCR J-region oligonucleotide. The V, 
primer anneals to a 21-bp conserved se- 
quence in the 5' leader segment of each of 

BENJAMIN TYCKO,* JAMES D. PALMER, JEFFREY SKLAR* the eight V regions of the V,-subgroup I 
duster (5) and directs synthesis downstream 
from this site. The J6 primer anneals to a 20- 

Joining of V-, D-, and J-region gene segments during DNA rearrangements within all bp sequence at the extreme 3' end of the 761 

antigen receptor genes involves recognition of the same highly conserved heptamer- segment (6) and directs synthesis upstream 
nonamer sequences flanking each segment. In order to investigate the possibility that from this site. After 30 to 60 cycles of 
recognition of these conserved sequences may sometimes permit intergenic joining of amplification, reaction products were ana- 
segments among different antigen receptor genes, DNA of normal human lymphoid lyzed by DNA blot hybridization with a 
tissues was d e d  by polymerase chain reaction amplification for the presence of 32~-labeled V,I DNA probe. The resulting 
chimeric y-6 T cell receptor gene rearrangements. These studies detected V7-@6)-J6 autoradiogram showed a broad band corre- 
and V6-(D6)-J7 rearrangements in thymus, peripheral blood, and tonsil. Analysis of sponding to DNA fragments of about 480 
thymus RNA indicated that many of these rearrangements are expressed as V7-(4)- to 510 bp in the thymus reaction (Fig. lA), 
J6-C6 and V6-pa)-J7-C, transcripts. Most transcripts (19 of 20 complementary DNA whereas no corresponding band was seen in 
clones studied) are appropriately spliced and show correct open translational reading the germline control reaction. In this size 
h e s  across the V-@)-J junctions. Thus, chimeric antigen receptor genes are range, the PCR product was extracted h m  
generated in a subset of normal lymphoid cells, probably as a result of chromosomal a preparative agarose gel of amplified thy- 
translocatiom, and such genes may possibly contribute to increased diversity within mus DNA and ligated into DNA of the 
the antigen receptor repertoire. M13 phage sequencing vector. The phage 

library produced from this ligation was 
NTIGEN RECEPTOR GENE REAR- TO detect possible interchromosomal re- screened by hybridization with the V,I 

has generally been con- arrangements between different antigen re- probe, and the DNA inserts from the posi- 
idered to occur during normal lym- ceptor genes in normal lymphoid tissues, we tive plaques were sequenced. 

phocyte development exclusively as a cis focused initially on y- and 6-TCR genes for All M13 clones contained inserts with the 
process, possibly through scanning of the two reasons. First, both genes have relative- same basic structure consisting of a bona 
lymphocyte recombinase along antigen re- ly simple structures, facilitating the molecu- fide V, sequence joined to a variable junc- 
ceptor DNA in search of individual V-, D-, lar analysis of potential interchromosomal tional sequence, often containiig one or 
and J-region gene segments accessible for rearrangement, and second, these genes are two recognizable D6 motifi, which in turn 
recombination (1). Nevertheless, several believed to undergo rearrangement at about was joined to 761 sequence (Table 1). Of the 
lines of evidence suggest that intergenic or the same stage of thymocyte development, eight possible V,I gene segments, four 
trans-rearrangement, involving two separate often in the same cell (4). Polymerase chain (V,2, V,3, V,4, and V,8) are represented 
antigen receptor genes, might also normally reaction (PCR) was used in parallel on in this limited series of clones. The absence 
occur. For example, each of the different samples of DNA from normal human juve- of clones containing V,1 and V,6 gene 
immunoglobulin and T cell receptor (TCR) nile thymus and human germline (sperm), segments is consistent with the fact that 
genes is thought to rearrange by a shared with a PCR primer pair consisting of a 5' y- these V rrgiorts are flanked by altered re- 
mechanism in which the recombinase recog- 
nizes highly conserved heptamer-nonamer 
nudeotide sequences flanking all known re- ~ i g .  1. Analysis of v,-(D~)-J~ trans-mge- F N 

arranging gene segments (1). Also, studies ments by blot hybridization of PCR products. (A) g ti c r D l r ~  

of DNA surrounding the breakpoints of PCR Was ~ r f o m e d  On 2 I% of h g h  I - I I ~ ~ ~  A s g g d b -  
weight DNA from normal juvenile thymus glands ~n VI E , A c c B  chromosomal rearrangements in of two individuals (obtained during cardiac sur- r ~ z ? z ~ = , , ~ ~  g 

lymphoid tumors have led to speculation gery), normal tonsil, peripheral blood mononu- 
~ g ; ; ; u + a n r n m +  kb 

that recombination between antigen recep- clear cells of two normal volunteers (PBL), total - 0.8 
tor loci and putative oncogenic loci may bone marrow from two normal donors 

- 0.6 
sometimes proceed by of genu- human sperm (GL), or the human T cell leukemia 

cell line PEER with the V,J8 primer pair as he~tamer-nonamer sequences adjacent described in Table 1, but for only 30 q&s. The - 0.3 
to antigen receptor loci and ectopic hep- readon (15 pl) was then separated by 
tamer-like sequences near the oncogenic loci electrophoresis through a 1.2% a p s e  gel, trans- 
(2). Furthermore, h m O S O m a l  rearrange- ferred to nylon membranes, and hybridized with a 

mixture of three "P end-labeled oligonudeotides B m 
J 
U merits with breakpoints in chromosomal complementary to the V ~ Z ,  vY3, and ~ , 4  gene a 

bands receptor loci have segments at positions 254 to 273 of the described o o o o E o o o o o o  ; ; ~ ; ~ V ~ ; ; ~ ; W  u 
occasionally been observed in cytogenetic sequences. Hybridization was performed at 54°C 

a 
L. 

kb 
studies of phytohemagglutinin-stimulated in 6x saline sodium citrate (SSC) containing 5 x 
lymphocytes from normal human peripheral Denhanit's 1 d i u m  pyrophos- 

- 0.6 

blood (3). phate, and denatured salmon sperm DNA (50 pg/ 
ml) for 3 hours. The membranes were washed in - 

- 0.3 
6x SSC at room temperature for 15 rnin and then 
again at 5 4 X  for 15 min; they were then autora- 

Laboratory of Experimental Oncol De anmat of diographed on K& XAR5 film without intensification for 12 to 24 hours. &rial 1: 5 dilutions of 
p a h 1 ~ 7  smfkd u ~ v e s i ~ 3  ssh 94305. thymus DNA were made in human sperm DNA to a total of 2 pg of DNA. (B) Dilutions of thymus 
*Present ad* Department of Pathol DNA were made with human sperm DNA to a total of 2 pg of DNA. The 1: 20 dilution therdbre 
rnd H- i& rnd ~~~d M X & ~ E ~  corresponds to 0.1 ~g of thymus DNA or -LO4 cell equivalents. PCR products were generated and 
Baston, MA 0211; analyzed as in (A). 
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combination signals and are therefore prob- 
ably incapable of rearrangement (5). 

Because of the manner in which the PCR 
products were cloned in the M13 vector, the 
portion of V, regions present in each of the 
V,-(D8)-Js clones extends downstream from 
a common Kpn I site to include nucleotides 
284 to 480 of the previously described V, 
sequences (5). ~ i & i n  this region there are 
few deviations from the known V, se- 
quences. Ten of the thymus-derived clones 
exactly match the known sequences, whereas 
four show from one to four base changes. 
Whether these few changes represent somat- 
ic mutations, inherited polymorphisms, or 
errors introduced during the PCR amplifi- 
cation cannot be determined. The clones 
also contain from 10 to 27 nucleotides of 
Jsl sequence extending upstream of the J8 
primer. In each case, the DNA in this region 
exactly matches the described Jgl sequence 
(6). . , 

The general structure of the junctional 
regions between the V, and Js segments in 
the series of thvmus-derived clones is similar 
to that obseked in standard intragenic 6- 
TCR gene rearrangements (6). The clones 
show small deletions of varying lengths 
(ranging from 0 to 12 bp) at the 3' end of 
the V, segments. These are followed by so- 
called N-insertions, consisting of variably 
sized stretches of apparently r i d o m  nucleo- 
tides, which display a bias toward increased 
G+C content. As mentioned above, most of 
the clones show one or two recognizable D8 
motifs (6) interspersed between N-inser- 
tions. At the 5' end of Jsl, there are again 
small deletions (ranging from 0 to 17  bp). 

Comparison of previously described V, 
sequences (5) to that of the PEER Vg 
sequence (6, 7) indicates limited sequence 
homology near the 3' end of these gene 
segments. We therefore considered the re- 
mote possibility that heteroduplex forma- 
tion might occur between single strands of 
incomplete V, and full-length Vs-(Ds)-Js 
products during annealing steps in early 
PCR cycles, with subsequent "filling-in" and 
amplification to yield spurious V,-(Ds)-Js 
products. Although the absence of identiii- 
able 3' V8 sequence from any of the chirner- 
ic products would argue against this expla- 
nation for the observations, a control experi- 
ment was carried out by performing PCR 
with the V,,Js primer pair on DNA emact- 
ed from the PEER cell line, which contains 
standard y- and 6-TCR gene rearrange- 
ments (6-8). If the chimeric products gener- 
ated from thymus DNA were actually a 
PCR artifact resulting from homology be- 
tween V, and Vg sequences, then PCR on 
PEER DNA might be expected to yield 
spurious products. However, no V,-(DB)-J8 
product could be detected by PCR on 
PEER DNA (Fig. 1B). 

As a second control to exclude a possible 
artifactual origin for V,-(Ds)-Js trans-rear- 
rangements, the PCR with the V,J8 primer 
pair was carried out on fragments of thymus 
DNA, 6.6 to 9.4 kb in s k ,  prepared by 
digestion with Hind I11 restriction enzyme 
and size-selection in agarose gels. On the 
basis of the known positions of Hind I11 
cleavage sites flanking V, (5) and J8 (9) 
sequences in germlime DNA, fragments in 
this s k  range would be expected to contain 

Fig. 2. Analysis of V8-(D8)-J, trans-rearrange- 
ments by blot hybridization of PCR products. 
PCR was performed on 2 pg of DNA from the 
indicated tissues with a 5' V81 primer and a 3' J, 
primer, for 30 cycles, according to the conditions 
described in Table 2. The PCR product was 
detected with an internal V81 oligonucleotide 
probe, GTATGAAACAAG'ITGGTGG. The 
band at -400 bp corresponds to the predicted 
product from V 8  J, trans-rearrangements. (A 
band at about 875 kb has not yet been charamr- 
ized.) The serial dilutions of thymus DNA were 
made as in Fig. 1. 

V,-(D8)-Jg trans-rearrangements, but to lack 
&rearranged V, segmints or rearranged 
V,-J, segments, all of which lie within Hind 
I11 fragments of less than 4.5 kb (5, 10). 
The M 13 library constructed from the prod- 
ucts of the PCR on the 6.6- to 9.4-kb DNA 
fragments was found to be highly enriched 
in V,-(D6)-J6 clones (a 20-fold excess of 
positive plaques derived from a single PCR 
reaction compared to the number of positive 
plaques derived from unfractionated thymus 
DNA). These results are again consistent 
with trans-rearrangement clones represent- 
ing true in vivo recombination products 

Table 1. Junctional regions of V,-(D8)-J8 trans-rearrangements. PCR amplification was performed in a reaction buffer consisting of 50 mM KCI, 35 mM nis 
(pH 8.3), 2.5 mM MgC12, bovine serum albumin (100 pglml), each dcoxyribonucleotide (dNTP) at 0.2 mM 2 pg of normal human thymus DNA or tonsil 
DNA, 300 ng of two oligonucleotide primers, and 1 to 2 U of Tag DNA polymerase, in a total volume of 100 3. The VII primer, representing the conserved 
5' leader sequence of the V,I family, has the sequence GAAGCTTCTAGCTITCCTGTCTC. The J8 primer, hybidiwng to the extreme 3' end of the J81 
segment, has the sequence CGAAIITCCACACACGGGITC and includes an Eco RI resniction site at its 5' end. The reactions were d e d  out for 30 cycles of de- 
naturation (1 min at 940C), primer annealing (2.5 min at 54T), and primer extension (1.5 min at 7 K ,  with a final artension period of 6 min on the last cycle), in 
a Perkin-Elmer Cctus automated thermal cycler. A portion (15 4) of the reaction mixnue was then diluted into 100 pl of fresh reagents and subjected to an addi- 
tional 30 cycles of amplitication. The PCR products were separated by electrophoresis through a 1.2% agarose gel, and DNA in the size range of 350 to 500 bp was 
eluted. The DNA was chgested with Kpn I and Eco RI and ligated into DNA of phage M13mp19. Phage libraries were screened with a full-kngth V,I DNA probe 
generated by PCR of thymus DNA with VJJ, primers (see below), and positive clones were sequenced by dideoxy chain termination (15). The specific V, 
segment in each clone is indicated by the first number in the clone designation. Clones designated gd2.1, 2.2, 3.1, 3.2, 4.1, 4.2, and 8.1 are derived from 
mhctionated thymus DNA. 
Clones designated gd2.3, 3.3,4.3, 
4.4, 4.5, 4.6, and 4.7 are derived 
by PCR on 6.6- to 9.4kb frag- Clone "Y N + Dg 
mena of thymus DNA prepared 

J* 
by digestion with H i d  111 resaic- @.I ~ G C C A C C ~ ( ; G G M X ; G G  -GACCGT ACACCGATAAACTCATCTTTGGMMG 
tion enzyme and gel e lmphore-  061.2 ACTGTGCCACCTGGGA --m CACCGATAAACTCATC~GGA~UAG 
sis. The clone designated gd2.4 is -3 ACTGTGCCAC~ACGGG A - A C T G G G U X T ~  ACACCGATAAACTCATCTTTGGMAAG 
derived from tonsil DNA. There @.4 ACT mWXGGaal'GGAGACTGGG TTTGGAAAAG 
were no deviations from described Od3.l AC?OKXCACCK;GGM: G T A - G A - w  GATAMCTCATCTTTGGAAMG 

m . 2  A-m V, sequences in clones gd2.3, 3.2, m.3 AC?GKKXACmCM; 
TCCm--GGY'GM-Il"mA CGATAAACTCATCTTTGGAAAAG 

A T M A C T A G A ~ A f C G G ~ C T  CCGATAAACTCATCTTTGGMMG 
4.1,4.2,4.3,4.4,4.5,4.6,4.7,and AmGTmCM; ACCCC TTTGGAAAAG 
8.1. The remaining clones showed gd4.2 ACTGT~AC-~; P ~ T A -  CMXGATAAACTCATCT~GGMMG 
from one to four base changes in w . 3  A C T G T G C C A C ~ T G G G  ~X~XGTACCGGA- TCTTTGGAAMG 
various locations. All clones ~~44.4 ACTGTGCCAC - A C m  MXGATMACTCATCTTTGGAAMG 
showed J81 sequence exactly W . 5  ACTGTGCCACCTGGGATGG M A C  ATMACTCAKTTTGGAMAG 
matching the descnbed sequence @.6 AmGTGCcACCTGGGAn; MGA-A-TACACGT TAAACTCATCTTKGMMG 

(7). Apparent D8 sequences are W . 7  ACTGTGCCACCTGGGATCCG ~ A C T T A ~ T T A n X r  XACCGATAAACTCATCTTTGGMAAG 

underhned. m . 1  ACTGTGCC @zTlCATCGMCGC ACACCGATAMCTCATCTTTGGMMG 
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rather than PCR artifacts. 
The possibility that Vs-(DS)-J, trans-rear- 

rangements, the reciprocal of those products 
described above, might be generated in de- 
veloping thymocytes by a similar (and con- 
ceivably coupled) mechanism of intergenic 
recombination was investigated by repeat- 
ing the PCR amplification procedure with a 
Vsl,J, primer pair (Fig. 2). Amplification of 
normal human thymus DNA yielded a reac- 
tion product of the predicted size (-400 
bp), which was detected by blot hybridiza- 
tion with an internal Vsl oligonucleotide 
probe. This product was absent when PCR 
was carried out on germline DNA and on 
DNAs of PEER and MOLT 13  cell lines, 
both of which contain standard y- and 6- 
TCR gene rearrangements (6-8). The 400- 
bp product from thymus DNA was cloned 
in M13 phage, and the DNA inserts from 

multiple phage isolates were sequenced. 
Each of nine M13 clones analyzed contain a 
bona fide Vsl segment exactly matching the 
previously described sequence (6, 7), joined 
to J, (Table 2). In a given clone there are 
from 11 to 26 nucleotides of J, sequence 
that exactly match the described sequence 
(5)  extending upstream from the J, primer. 
As in the series of Vy-(Ds)-Js clones, fea- 
tures of the junctional regions of the Vs- 
(Ds)-J, clones are entirely analogous to 
those seen in standard gene rearrangements, 
with variable 3' deletions of Vgl and 5' 
deletions of J,, random G+Gr ich  N-inser- 
tions of variable sizes, and, in two clones, 
recognizable Dg motifs. 

The presence of Ds sequences in both the 
V,-(Ds)-Js and the reciprocal Vg-(Dg)-J, 
clones is consistent mechanistically with pre- 
vious observations of both Vs-Ds and Dg-JS 

partial gene rearrangements in lymphoid 
cells (11). A Vs-Ds-J, trans-rearrangement 
could result from recombination between a 
previously formed Vs-Ds partial gene rear- 
rangement and a J, gene segment, while a 
Vy-(Ds)-J6 trans-rearrangment could result 
from recombination between a V, gene . - 

segment and a partial DS-JG gene rearrange- 
ment. Lack of recognizable Dg sequence 
from some of the V,-(Ds)-Js and Vs-(Ds)-J, 
clones is also consistent with the absence of 
apparent Dg sequences from some standard 
6-TCR rearrangements (6). 

The frequency of cells bearing y-6 trans- 
rearrangements in normal juvenile human 
thymus was estimated by performing PCR 
with V,I,Jsl or Vsl,J, qrimer pairs on 
samples of thymus DNA serially diluted into 
germline DNA, and the specific PCR prod- 
ucts were detected by blot hybridization 

Table 2. Junctional regions of V8-(DS)-J, trans-rearrangements. PCR amplification was performed on normal thymus DNA accordng to the above 
conditions with a 5' Vsl primer, GCTGCAGTCATCAGTATCCATGCC, corresponding to nucleotide positions (+)21 to 40 of the described V,l sequence 
(6) and including a Pst I restriction site at its 3' end, and a 3' J, primer, CGTCGACAACAAGTG'ITGTTCCAC, corresponding to the extreme 3' end of the 
J,1 and J,2 sequences (5) and including a Sal I 
restriction site at its 5' end. The PCR product was 
in the size range of 350 to 450 bp, was digested clone "8' N + Ds with Pst I and Sal I restriction enzymes, and J~ 

cloned in phage M13d18.  The resulting phage dg 1 TTTTGTGCTCTTGGGGA ATG TTATAAGAAACTCTTTGGC 
library was screened with an internal Vsl oligo- TTTTGTGCTCTTGGGGA ACTACTCGCGCACCT ATTATAAGAAACTCTTTGGC 
nucleotide probe, GTATGAAACAAGTTGGTG- dg 3 TTTTGTGCTCTTGGGGA ACGACCTACCCCTACTGACCG CTTTGGC 
G (positions 65 to 83 of the described sequence) dg 4 TTTTGTGCTCTTGGGGAA GGGTATGCACCTCCTGGGGGATACCGCTGGTAT TTATAAGAAACTCTTTGGC 
and positive clones were sequenced. In every dg5 TTTTGTGCTCTTGGGGAA AGGG TATAAGAAACTCTTTGGC 
clone. the comolete V1l seauence matched the dg6 TTTTGTGCTCTTGGGGAA GAGGC ATTATAAGAAACTCTTTGGC 

published sequ;nce, as"did the J, sequence up- dg7 TTTTGTGCTCTTGGGGAACT TGTCGTA AAGAAACTCTTTGGC 

stream of the primer site. Sequences identifiable TTTTGTGCTCTTGGGGAAC MCCCTTCCTCTGGGGGATACGACT GAATTATAAGAAACTCTTTGGC 

as Ds motifs are underlined. dg 9 TTTTGTGCTCTTGGGGAACT ATGCTGT AAGAAACTCTTTGGC 

Table 3. Junctional regions of V,-(D8)-Js-Cs cDNA clones. Total RNA was prepared from normal human thymus by the guanidinidhot phenol method 
(16). Reverse transcription was performed on 10 kg of RNA with a C, oligonucleotide primer,CAAGCTTGACAGCA?TGTAC [positions +543 to 558 of 
the described C, sequence (6)], in PCR reaction buffer containing dNTPs (Table l ) ,  100 ng of primer and 200 U of murine leukemia virus reverse 
transcriptase, in a total volume of 50 pl at 42°C for 45 min. Ten microliters of the reaction mixture was then diluted to 100 PI final volume in PCR buffer 
containing dNTPs, 300 ng of both V,I and Cs primers, and 2.5 U of Taq polymerase. PCR was performed under standard conditions (Table 1) for 30 cycles. 
PCR product (90 ng of 350- to 550-bp product) size-selected by gel electrophoresis was subjected to an additional 30 cycles of PCR with a primer pair con- 
sisting of either (i) the original Cg oligonucleotide and an internal V,I oligonucleotide with the sequence C(TIG)(TIG)CTACATCCACTGGTACCT, 
corresponding to positions 270 to 290 of the described sequences or (ii) the original 5' V,I primer and the Js primer. The resulting products were digested 
with either (i) Kpn I and Hind I11 or (ii) Hind I11 and Sal I and cloned in phage M13mp19. Phage libraries were screened with either (i) J, or (ii) V,I internal 
oligonucleotide probes, and positive clones were selected for sequence analysis. The clones designated gdcDNA 2.8, 2.9, and 2.10 were obtained with the 
V,I,Js primer pair in the second round of PCR and therefore include the V,I leader sequence and splice junction, while the remaining clones were obtained 
using the V,I(internal),C, primer pair in the second round of PCR and therefore include the portion of V, sequence extending downstream from position 
270, the Js segment, the Js-Cs splice junction, and the Cs first and second exons and their splice junction. Within these regions, clones gdcDNA 2.1,2.4,2.7, 
and 4.1 showed no deviations from the described sequences. The remaining clones showed from one to two base changes per clone, located at various 
positions. Clone gdcDNA 2.6 shows an apparent insertion of nine nucleotides at the 3' end of the V, segment, possibly representing a PCR artifact. 
However, none of the other clones showed such insertions. The first number in the clone designations corresponds to the specific V, segment represented in 
each clone. Each of the clone contains the J81 segment with the exception of clone gdcDNA 2.6, which utilizes Js2. The cDNA sequences surrounding and in- 
cluding the junctional regions are illustrated as triplet codons to show the preservation of the correct open reading frames in all clones except gdcDNA 2.8. 
Apparent D, sequences are underlined. 

Clone "Y N + D& J, 
gdcDNA 2.1 
QdcDNA 2.2 
*DNA 2.3 
gdcDNA 2.4 
QdcDNA 2.5 
QdcDNA 2.6 
gdcDNA2.7 
g~kDNA2.8 
gdcDNA 2.9 
QdcDNA2.10 
gdcDNA4.1 

TAC TGT K C  
TAC TGT GCC ACC TGG GAC 
TAC TGT GCC ACC TGG GAC GGG 
TAC TGT K C  ACC 
TAC TGT GCC ACC TGG GAC GGG 
TAC TGT [GGG CAG GGTICCA CCT GGG ACG 
TAC TGT GCC ACC TGG GAC 
TAC TGT GCC ACC TGG 
TAC TGT GCC ACC TGG GAC GGG 
TAC TGT GCC ACC TGG GAC GGG 
TAC TGT GCC 

ACG 
GAG GGA CAC CGG GGG ATA CGC TTG TAC 

CTA TGT TCC TAC GGG AGA CCC 
CCC M C  ACG AGT AAC GAG GCC CTA TTT AAC 
GGG CCT GAG AAA GTC CGG GGC CAG AAA TAC 

GCA AGA AAT GAG 
GAG 

CAA CTT CGG TCC CTA CTG GGG GAT AGG ATG G 
GGG 

CGT CGC 
ACG AAT CAA CGC CGG CTC CCG ATC 

ACC GAT AAA CTC ATC 
ACC GAT AAA CTC ATC 
ACC GAT AAA CTC ATC 

AAA CTC ATC 
ACC GAT AAA CTC ATC 

GAC ACC CGA CAG ATG TTT 
ACC GAT AAA CTC ATC 

GAC ACC GAT AAA CTC ATC 
AAA CTC ATC 

ACC GAT AAA CTC ATC 
ACC GAT AAA CTC ATC 
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Tabk 4. Junctional regions of Vs-(D,)-J,-C, cDNA clones. RNA-PCR was performed as described above, except with different oligonucleotide primers. 
The primer for reverse transcription was a C, oligonucleotide with the sequence GGAGCI'CITCIl'lTClTGCcA, corresponding to the extreme 3' end of 
the C, coding sequence (17) and including a Sac I restriction site at its 5' end, and the primer pair for the 6rst PCR step was Vsl,C,. The second PCR 
step was d e d  out either with the original Vel,C, primer pair (generating the M13 phagc library from which clones dgcDNA 1 and 2 were derived) 
or with a V81 (internal),& primer pair (generating the library from which the remaining clones were derived). Sequences of the two V61 primers are in the 
legend to Table 2. PCR products were cloned in phage M13mp19 after digestion with the appropriate restriction enzymes and positive phage were isolated 
by screening of the resulting libraries with the J, oligonucleotide probe. Each of the dories showed V81,J, and C, sequences identical to those previously de- 
scribed. The C, sequence 
was in every case' the *-y~-y" 
isotype (17). The EDNA se- 'lone "8' N + D8 J~ 

quences surrounding and in- 
cluding the junctional re- 
gion are illustrated as triplet 
codons to show preserva- 
tion of the correct open 
reading frame in each clone. 
An apparent D, motif is un- 
derlined. 

dpmw I TTT TGT GCT CTT GGG G M T T C G C G A C G  M T  TAT TAT M G  AM CTC 
d g c ~ 2  rn TGT GCT CTT GGG G M  TCG C M  CCA CCT CGA ATA CTG GGG GAT Affi GGG TAT TAT M G  AM C K  
d g c D N A 3  ~ T G T G C T C T T G G G  G M  M G  GGG M T  TAT TAT M G  AM CTC 

T l  TGT GCT CTT GGG GAC GGG r r T  c c ~  TAT AM3 AM C X  
d p c M 5  Tl'? TGT GCT CTT GGG GAC CGG GGT TAT MG M A  C K  
d g c M 6  T r r  TGT GCT CTT GGG GCA AT? ' K C  CCA M G  lGG ACC ACG M G  M T  TAT TAT M G  AM CTC 
dgcW'I ~ ~ G T G C T C ~ ~ G G G  G M  CTA GAG ICT CAG AM C K  
d m 8  ??? TG? KT CTT GGG TAT TAT M G  AM CTC 
d g c ~ g  m TGT GCT n? GGG GAC ACT CCG M T  TAT TAT M G  CTC 

with appropriate internal V-region oligonu- 
cleotide probes. Both types of trans-rear- 
rangement were detected at dilutions of 1 :5 
but were not detected at a dilution of 1: 125 
(Figs. 1B and 2), while at intermediate 
dilutions of 1:20 or 1:25, the specific PCR 
product was sometimes present. These re- 
sults indicate that the single-cell limit, yield- 
ing a Poisson distribution of PCR product, 
is reached for both V,I-(Ds)-Jsl and Vsl- 
(Ds)-J, trans-rearrangements in the range of 
1:20 to 1:25 dilution. Since all reactions 
contained 2 pg, or 2 x 16 genome equiva- 
lents of DNA, the frequency of both types 
of trans-rearrangements among normal thy- 
mocytes can be estimated as 1 x a 
frequency that coincides with the five to 
nine different clones obtained in revre- 
sentative but not exhaustive screenings of 
M13 libraries derived from 2 pg of thymus 
DNA. The estimated frequency of 
however, necessarily represents a lower limit 
on the number of thymocytes bearing 7-6 
trans-rearrangements, since we have only 
carried out PCR with a restricted set of V- 
and J-region primers. 

The detection of 7-6 trans-rearrangements 
in thymus DNA raises the ques%on of 
whether cells containing these rearrange- 
ments are developmentally end-stage and 
destined to die in the thymus or are capable 
of emigration to peripheral lymphoid or- 
gans. To examine this issue, PCR was per- 
formed on DNA from normal human tonsil. 
peripheral blood mononuclear cells, and 
bone marrow, with the V,,Js and VsJ, 
primer pairs. Specific PCR products corre- 
sponding to both types of trans-rearrange- 
ments were detected in the DNA of normal 
tonsil and in the peripheral blood mononu- 
clear cells from two different individuals 
(Fig. 1A and Fig. 2). The identity of the 
PCR signal seen in peripheral lymphoid 
tissues was confirmed by sequencing the 
tonsil-derived product (Table 1, clone gd 
2.4). Vs-(Ds)-J, rearrangements were also 

detected in normal bone marrow, whereas 
V,-(Ds)-Js rearrangements were not detect- 
ed. However, this finding may not represent 
a real difference in tissue distribution of the 
two types of trans-rearrangements since 
products were present in these peripheral 
tissues at frequencies near the Poisson limit. 

As in standard gene rearrangements, the 
random addition and deletion of nucleotides 
at the junctional regions of y-6 trans-rear- 
rangements should, on average, lead to pres- 
ervation of open translational reading 
frames in about one-third of cases. In fact, 
potential open reading frames are main- 
tained in 4 of 14 V,I-(Ds)-J81 and 5 of 9 
Vsl-(DF,)- J, thymus-derived clones. To ex- 
plore the possibility that such in-frame 
trans-rearrangements might give rise to 
translatable mRNA transcripts, we carried 
out a two-stage RNA-PCR procedure in 
which reverse transcription of thymus RNA, 
initiated from a Cs (or q )  oligonucleotide 
primer, was followed by PCR amplification 
of the resulting cDNA with a V,,G (or 
V6,q)  primer pair. When 10 pg of total 
RNA from normal human thymus was re- 
verse-transcribed from the Cs oligonucleo- 
tide and amplified with the use of V,,Cs 
primer pairs, a specific PCR product of the 
predicted size was detected by blot hybrid- 
ization with a Js oligonucleotide probe (Fig. 
3A). In contrast, parallel PCR on control 
RNA samples from PEER, SUP-T3, and 
FL18 cell lines failed to yield a detectable 
product. Analogous results were obtained in 
the reciprocal experiment, in which PCR 
was carried out by reverse transcription of 
RNA from a C, oligonucleotide, followed 
by amplification with V s , q  primers and 
detection of the product with a J, oligonu- 
cleotide probe (Fig. 3B). PCR products 
obtained with thymus RNA were eluted 
from pieparative gels and cloned in M13 
phage. Phage libraries were screened with 
the appropriate J-region or internal V-re- 
gion oligonucleotide probes, and positive 

Fig. 3. Analysis of chimeric V,-(D8)-J8-C and 
VS-(Dd-J,-C, mRNA transcripts by blot hybrid- 
ization of RNA-PCR products. (A) Reverse tran- 
scription was performed on 10 ) ~ g  of total RNA 
from the C primer, followed by 30 cycles of PCR 
with the V$,C primer pair, size selection of 
product, and an additional 30 cycles of PCR with 
the V$ (intern;?)& primer pair, as described in 
Table 3. Reactlon products were analyzed by 
electrophoresis through a 1.1 % agarose gel, blot- 
ting, and hybridization with the J, oligonucleo- 
tide probe. Cell line controls are PEER(6-8); 
SUP-TI, a T cell leukemia line (18) expressing a- 
and p-TCR transcripts; and FL18, a B cell lym- 
phoma line (19). (B) Reverse transcription was 
performed as in (A) from the C, primer, followed 
by 30 cycles of PCR with the V,l,C, primer pair, 
s k  selection of product, and an additional 30 
cycles of PCR with the Vsl(internal).C, primer ,, , . 
pkr, as described in ~ a b 1 ~ 4 :  Reaction products 
were analvzed as in IA) excevt that hvbridization 
was perfdrmed with ;hi J, o~gonucl&tide probe. 

clones were selected for sequence analysis. 
The cDNA clones resulting from V,,G 

PCR on thymus RNA were found to show 
the general structure V,-(D8)-Js-C8 (Table 
3). All exon splice junctions included in the 
cloned PCR products were found to be 
correctly formed. These include the 5' V, 
leader and J6-C6 splices and the splice be- 
tween the first and second Cs exons. Two 
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different V, segments (V,2 and V,4) and 
two different J8 segments (Jsl and Js2) are 
represented in t h e  series. Deviations from 
the reported V, ( 5 ) ,  Js, and Cs (6, 7) 
sequences were minimal, with most clones 
exactly matching sequences described (Table 
3). Analogously, the clones resulting from 
V&C, PCR on thymus RNA showed the 
general structure Vs- (Ds) - J,-C,, again with 
proper splice junctions (Table 4). In this 
series of clones there were no deviations 
from the previously described sequences of 
Vsl (6, 71, J, (5) ,  or c, (11). 

In both groups of cDNA clones, single 
nonexhaustive screenings of M13 libraries 
derived from 10 pg of total thymus RNA 
yielded up to seven different clones in each 
case. Since duplicate clones were not ob- 
served, the total number of different y-6 
trans-rearrangement transcripts contained in 
this amount of RNA, which corresponds to 
approximately lo6 thymocytes, must be 
considerably higher. Therefore, it is possible 
that a significant portion of all trans-rear- 
rangements are actually transcribed. 

A striking feature of both groups of 
cDNA clones is the overwhelming prepon- 
derance of clones showing open translation- 
al reading frames. In 10 of the 11 V,-(Ds)- 
Js-Cs clones and in all 9 Vs-(Ds)-J,-C, 
clones, an open reading frame is maintained 
across the junctional regions. These results 
imply that 7-6 trans-rearrangements which 
preserve the correct open translational read- 
ing frame are preferentially expressed over 
the more numerous trans-rearrangements 
that lack continuous open reading frames. 

Two issues raised by our findings concern 
the molecular mechanism of trans-rear- 
rangement and the possible functional role 
of the chimeric rearrangement products. By 
itself, the PCR procedure used to detect 
these rearrangements does not reveal the 
mechanism by which trans-rearrangements 
are created. However, for several reasons, it 
seems most likely that TCR trans-rearrange- 
ments are the result of chromosomal translo- 
cations. For example, balanced t(7;14) 
(p13;qll)  chromos6mal translocations have 
been observed at frequencies of to 

in phytohemagglutinin-stimulated 
lymphocytes from normal human peripheral 
blood (3). The breakpoints at 7p13 and 
14q11 correspond to general chromosomal 
locations of the y- and 6-TCR genes, respec- 
tively, suggesting that such translocations 
might represent the physical correlates of 
human 7-6 (and possibly y-a) trans-rear- 
rangements. ~urthermore, at the molecular 
level, lymphocyte recombinase has been cir- 
cumstantially implicated in the generation of 
chromosomal translocations in lymphoid 
malignancies (2). In fact, recombination in 
one example of another type of chromo- 

somal aberration, an inv(14)(qll;q32) 
found in the SUP-T1 human T cell leukemia 
line, has been shown to involve two differ- 
ent antigen receptor genes, joining an 
immunoglobulin heavy chain V-region to a 
J-region of the a-TCR locus (12). 

The presence of correct, uninterrupted 
translational reading frames in transcripts of 
chimeric gene rearrangements suggests that 
these rearrangements may direct the synthe- 
sis of functional TCR proteins. This inter- 
pretation is strengthened by the strong bias 
detected toward open rather than nontrans- 
latable reading frames among the transcripts 
analyzed-a particularly significant finding 
in view of the general principle of allelic 
exclusion and preferential expression of the 
productive rearrangement observed in stan- 
dard antigen receptor gene rearrangements 
(1, 13). If y-6 trans-rearrangements are actu- 
ally functional, chimeric V,-Cs and Vs-C, 
TCR polypeptide chains produced by them 
would be predicted to be qualitatively dis- 
tinct, especially with respect to the local 
protein structure surrounding the hybrid 
junctional regions. In this way, y-6 trans- 
rearrangements might contribute an addi- 
tional component to the T cell receptor 
repertoire. 
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Activation of Bacterial Porin Gene Expression by a 
Chimeric Signal Transducer in Response to Aspartate 

The Tar chemoreceptor of Escherichia coli is a membrane-bound sensory protein that 
facilitates bacterial chemotaxis in response to aspartate. The EnvZ molecule has a 
membrane topology similar to Tar and is a putative osmosensor that is required for 
osmoregulation of the genes for the major outer membrane porin proteins, OmpP and 
OmpC. The cytoplasmic signaling domain of Tar was replaced with the carboxyl 
portion of EnvZ, and the resulting chimeric receptor activated transcription of the 
ompC gene in response to aspartate. The activation of ompC by the chimeric receptor 
was absolutely dependent on OmpR, a transcriptional activator for ompF and ompC. 

A D A ~ A T I O N  TO ENVIRONMENTAL of various chemoeffectors and respond to 
changes is essential for the survival these changes by altering the swimming 
of free-living bacteria. Escherichia coli 

contains receptors in the cytoplasmic mem- Department of Biochemistty, University of Medicine 
and Dentisuy of New Jersey, Robert Wood Johnson 

brane for the detection of a variety of envi- ~ ~ d i ~ a l  school, piscatawav, 08854. R. utsumi and 
ronmental signals (1). Methyl-accepting A. Rampersaud contributed equally to this manuscript. 
chemOtaxis proteins (MCPs) are *Present address: ERATO, Tsukuba, Ibaraki 300-26, 
transducers that monitor temporal changes Japan. 

SCIENCE, VOL. 245 




