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Summary

Nucleotide sequences of a large number of V-{D)-J
junctions of T cell receptor (TCR) v and & genes show
that most fetal thymocytes express on their surface
one of just two +& TCRs known to be expressed by
epidermal v5 T cells (s-IEL) or intraepithelial v& T cells
associated with female reproductive organs (r-IEL). In
contrast, v& TCRs expressed on adult thymocytes are
highly diverse as a result of multiple combinations of
gene segments as well as junctional deletions and in-
sertions, indicating that developmental time- and cell
lineage—dependent mechanisms exist that control the
extent of v& TCR diversity. In addition, this study re-
vealed a new type of junctional insertion (P nucleo-
tides), which led to a new model of V-(D)-J joining gen-
erally applicable to immunoglobulin and TCR genes.

Introduction

T cell receptors (TCRs) play a pivotal role in the immune
system by recognizing and distinguishing diverse anti-
gens. Until recently all TCRs were thought to be made up
with a heterodimer composed of o and B subunits {Allison
etal., 1982; Haskins et al., 1983; Meuer et al., 1983). How-
ever, during the search for the genes encoding these TCR
subunits, a third gene called v, which shares a number of
characteristics with the TCR a and B genes, was discov-
ered (Saito et al., 1984, Kranz et al., 1985; Hayday et al,,
1985). Subsequent studies established that this gene en-
codes one polypeptide chain of the second TCR, which is
composed of the heterodimer v& (Brenner et al., 1986;
Bank et al., 1986; Weiss et al., 1986). Mouse and human
& TCRs are expressed on a relatively small fraction (less
than 5%) of thymocytes and T cells of peripheral lymphoid
organs (spleen, lymph nodes, etc.; Bluestone et al., 1987;
Borst et al., 1987, Bottino et al., 1988, ltohara et al., 1989).
In contrast, T cells bearing the v5 TCR are relatively abun-
dant in a variety of organs containing epithelial cells, such
as skin (Koning et al., 1987; Kuziel et al., 1987), small intes-
tine (Goodman and Lefrancois, 1988; Bonneville &t al.,
1988}, and reproductive organs (uterus, vagina, etc.; lto-
hara et al., submitted). These v& T cells are mostly in con-
tact with epithelial cells, and we recently proposed to
designate these T cells as s-1EL, i-IEL, r-IEL, and t-IEL for
these intraepithelial lymphocytes in skin, intesting, repro-
ductive argans, and tongue, respectively (lohara et al.,
submitted). The function of v& T cells is currently un-

known, but it is strongly suspected that they play a role in
the protection of epithelia (Janeway et al., 1988; Bon-
neville et al., 1988).

Both y and & genes, like immunoglobulin and TCR a and
[ genas (Tonegawa, 1983; Davis and Bjorkman, 1988), are
transmitted genetically as gens segments referred to as
V. J,and CorV D, J, and C, which must be assembled
by somatic rearrangement (V-J or V-D-J joining) (Saito et
al., 1984; Hayday et al., 1985; Chien et al., 1987a) that
generates structural diversity in their products. Three
types of diversity were recognized that are attributed to
the somatic rearrangement: combinatorial diversity gen-
erated by the combination of different gene segments,
junctional site diversity generated by the action of a DNA
exonuclease that nibbles the terminals of the recombining
gene segments, and junctional insertion diversity gener-
ated by a terminal transferase-like enzyme that adds
template-independent nuclectides, called M, to these ter-
minals (Tonegawa, 1983).

The v& TCRs expressed on adult thymocytes are di-
verse (Korman et al., 1988; Takagaki et al., 1989a). How-
ever, the y chains of i-IEL v& TCR largely lack combinato-
rial diversity since they are primarily encoded by the
V+J,Cy v gene (Bonneville et al., 1988; see Heilig and
Tonegawa, 1987, for the nomenclature of mouse v gene
segments), although i-IEL v& TCR as a whole is diverse
as a result of the high degree of variability in the 3 subunit
(Takagaki et al., 1989b). In contrast to these v8 T subpopu-
lations with diverse y& TCRs, ¥v5 TCRs borne by the s-1EL
and r-lEL are remarkably homogeneous, as they are en-
coded by the Vsd,C, v and V,DzJ:C & genes (Asarnow et
al., 1988; see Elliott et al., 1988, for the nomenclature of
& gene segments) and by the Ved C, v and ViDao C &
genes, respectively (Itohara et al., submitted), none of
which exhibit junctional diversity. Another & T cell sub-
population with TCRs of limited structural diversity is com-
posed of fetal thymocytes, which appear in two distinct
waves in the developing mouse thymus. The first thymo-
cyte wave peaks around the 15th day of gestation, sub-
sides by the 17th day, and carries TCR encoded by the
Vi Gy v and V;DJaC & genes (Havran and Allison, 1988;
lto et al., 1988), the same combination of ¥ and & genes
utilized by s-IEL (Asarnow et al., 1988). The second +&
thymocyte wave, which starts around the 17th day, peaks
at birth, and declines thereafter, carries TCR encoded by
the V5d,Cy v and V,DJ,C & genes (Ito &t al., 1989), the
genes that also encode the v& TCR of r-IEL (Itohara et al.,
submitted). Whether or not junctional diversity occurs in
these fetal v and & genes is an interesting, unresolved is-
sue relevant to the possible developmental relationship
between the fetal thymocyte populations and s-IEL or
r-IEL.

In this study we used the polymerase chain reaction
(PCR) method (Salki et al., 1988) to determine the nucleo-
tide sequences of a large number of V-J v and V-D-J &
junctions present in both fetal and adult thymocyte popu-
lations. The results indicated that the rearranged v and &
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Figure 1. Mucleotide Seguences of V c-J,y Junctions from Fetal, Newborn, and Adult Thymocyles

Fetal thymocytes were from day 145, day 16, and day 175 For the thymocyte populations, the sequences were generated from genomic DMA,
whereas for the hybridomas they were generated from cDNA. The hybridomas were prepared from thymocytes of CS7TBLS embryos of day 155
of 175 of gestation, Asterisks indicate the sequences present in the s-IEL clones characterized by Asarnow et al. (1988). See text for definition of
P nucleotides. In Figures 1-5, a few nucleotides that can be assigned to either recombining gene segment were arbitrarily placed under one of
the two gene segments. The frequency with which a particular sequence was found among DNA clones is listed in the last column

genes present in fetal thymocytes, in contrast to those in
adult thymocytes, have very limited junctional diversity,
and that the early and late waves of fetal v& thymocytes
are most probably precursors of s-IEL and r-IEL, respec-
tively. This study provided evidence for the occurrence of
a hitherto undescribed type of intermediate of V-J and
W-D-J joining that explains the origin of the recurrent, non-
germline-coded nuclectides observed in the V-J or V-D-J
junctions of some TCR and immunoglobulin genes (Hay-
day et al., 1985; Wysocki et al., 1986; Milner et al., 1985;
Traunecker et al., 1986; McCormack et al., 1989).

Results

Fetal VsJ,Cy v Genes Have Highly Homogeneous
Junctions and Code for s-IEL y Chains

W extracted DNA from mouse fetal and newborn CSTBLG
thymocytes, amplified the VsJ, ¥ junctional sequences by
the PCR method, cloned the amplified DMA, and deter-
mined their nuclectide sequences. The nucleotide se-
guences in Figure 1a are classified—as in all subsequent
figures—according to whether the junctional sequence
permits the J segment to be translated in the required
frame (in-frame junction) or not (out-of-frame junction).
The extra junctional nucleotides (heretofore called N) are

labeled N and P in all figures for reasons explained below.
The Vs, ¥ junctional sequences are very homogeneous:
26 out of 27 in-frame junctions are identical to the s-IEL
canognical seguence (Asarnow et al., 1988). This same se-
quence is also expressed on both of the VsJ, v—express-
ing T hybridomas derived from fetal thymocytes (Figure
1a). The data strongly suggest that the VsJ; v gene-ex-
pressing fetal thymocytes are the precursors of s-IEL.

The sequence variability among the out-offrame junc-
tions is also limited, but not to the same extent as the
in-frame junctions. The lack of junctional sequence vari-
ability among this population of thymocytes is in sharp
contrast to the extensive diversity observed among the ¥
genes expressed on the v& T hybridomas derived from
adult thymocytes, which preferentially utilize VaJy and
V7, (Takagaki et al., 1989a; Korman et al., 1988).

Fetal and Newborn VgJ,C; v Genes Have Highly
Homogeneous Junctions and Code for

r-lEL v Chains

We carried out a similar analysis for the second major type
of ¥ genes expressed on fetal thymocytes, Ve, Cy. v genes
of this segmental composition have recently been shown
to encode the majority of the ¥ chains expressed on r-lEL
(Itohara et al., submitted). As shown in Figure 2a, the junc-
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Figure 2. Mucleatide Sequences of Vig-J,, Junctions from Fetal, Newborn, and Adult Thymocyles

Fatal thymocyles were from day 175 Ten DNA clones all from a newborn thymocyte population were derived from cONA, while the rest of DA
clones from thymocyte populations were fram genomic DNA. All DNA clanes from hybridomas wers from cONA. The hybridomas were obtained
fram newborn thymocytes (A) or from the thymocytes of S-week-old BALBI: mice (B). Asterisks indicale the sequsnces prasent in the rIEL clones

(tohara et al., submitied). See the legend 1o Figura 1 for further detail

tional sequences of the fetal and newborn Vg, ¥ genes
and their cONA were also highly homogeneous: 23 out of
25 in-frame junctions produced the canonical Vel, se-
quence expressed on r-lEL. This same sequence Is also
expressed on 15 out of 18 V), y—expressing T hybrid-
omag derived from fetal thymocytes. The data strongly
suggest that the fetal Ved, y-exprassing thymocyles are
precursors for r-lEL.

The out-of-frame VgJ; junctions are also rather homo-
genecus: 12 cut of 14 are canonical out-of-frame se-
guances with minimal (1 bp at the V or J end) exgnucleo-
Iytic nibbling and no N nuclectide insertion.

The Major Fetal & Genes, V,DJ;C, are Highly
Homogeneous and Encode Both s-IEL and

r-lEL & Chains

Because the V,DJ;C & chain is the major & gene ex-
pressed on the surface of fetal thymocytes (o et al.,
1989), we investigated the junctional sequences of this &
gene by the PCR-DNA sequencing method (Figure 3a).
Both for the genomic DMA clones isolated from thyme-
cytes and for the cDMA clones derived from T hybridomas,
the pattern of sequence variation of the V,DJ; junctions
was highly restricted (Figure 3a), a finding in stark contrast
to the highly diverse VzDJ, &, VgDJ, & and V;DJ, & junc-
tions contained in the & genes expressed on the adult

thymocytes or i-IEL (Figure 3b) (Takagaki et al., 1989a,
1989b; Korman et al., 1988). Again, in-frame junctions are
more homogeneous than out-of-frame junctions. Unlike
the & genes of adult thymocytes or IEL, most of which use
both Dy & and Do & gene segments (Elliott et al., 1988,
Takagaki et al., 1989a, 1988b), only the D; & segment is
used by most fetal thymocytes. The canonical in-frame
ViDxlp & junctional sequence observed in fetal thymo-
cytes (Figure 3a) is identical to the sequence of the & gene
expressed on s-IEL (Asarnow et al., 1988) and r-IEL (lto-
hara et al., submitted), as expected if intragpithelial v& T
cells are derived from fetal or newborn thymocytes.

Developmental Time-Dependent Alterations in the
Diversity of the V-J ¥ and V-D-J & Junctions

We asked whether the striking difference in diversity of the
fetal vs. adult junctional sequences is due o the differ-
ence in the developmental state of the thymus per se and
is independent of the type of v and & genes expressed. For
this purpose we amplified the junctional sequences of the
rare Vedy v and Vgdy ¥ genes present in adult thymocytes
and those of the equally rare V4. v genes present in fetal
thymocytes and determined their nuclectide sequences.
For comparison we also amplified the junctional sequences
of the V.J, v genes present in adult thymocytes. As shown
in Figures 1, 2, and 4, both the exonuclealytic nibbling and
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Figure 3. Nuclectide Sequences of Vz-D-Jsp Junctions from Fetal, Newbomn, and Adult Thymocyles

Fetal thymocytes were from day 17.5. For the thymocyte populations all clones were from genomic DNA, and for the hybridomas all clones were
from cONA. The hybridomas were prepared from thymocytes of BALBIc embryos of day 155 or 17.5 of gestation or of newborn mice (A), or from
thymocytes of S-week-old BALB/K mice (B). Asterisks indicate the sequences present in $-|EL (Asarnow et al., 1988) and r-IEL (tohara e1 al., submit-
ted) clones. See the legend to Figure 1 for further detall,

GERHLINE SEQUEMCES |V,,.: TGT TS TAC 04C B CACHPTHc i canananrnananana
T4
|7

$1! eececssssssseieess Eactgty AT AGD TOA BET TTT
Seq. |
clans | L P S P Tea Fraquency
|
a) FETAL NND WEWRGRE
CELL POPULATICHA
IN FRAME | WV, . /l: T6T TOC TAC GGC TA | T asc vea saT TTT 12
Wegd2:  TOT TOD TAC OG0 TAA T MBI TCA 20T TIT 718
Vel TAT TOD TAL OG0 TA T AT AGC TCA GET TTT A LR
Vegld: TGT TOD TAC GO0 T T AT MG TEA G4T TIT /1
oUT aF Veaf5: TET TOD TAL OGC TAA A T MIC TCR G8T TIT S
FRAKE Vel Bz TAT TOD TAC OG0 TRA AD o TCA S8T TIT /1
Vg 7! TAT TOC TAC GGC TAA T AT MIC TCR G4T TIT /0
VegfB: TOT TOD TAC QOC TAA AS AGC TCA GGT TTT /a8
Weg/®: TOT TOC TAC GGC AT AT MBI TCA 24T TIT asay
HYBRIDORAS
IN FRAHE | Wegfls TOT TOC TRC 0G0 TA | T AGC TCA GGT TTT 1z
Veglili TAT TOS TAC € AT AGC TCA SOT TIT 171
b) acor
CELL POPULATIONS
WegdlO: TOT TOC TAC 04 AT AT AGD TCA 24T TIT 204
TH FRRHE Vel TOT TOD TR 4OC TA T AGC TCA @07 TIT 174
Weglll: TGT TRD TAC 0G0 T | c AT AT AEI TCA 20T TIT 154
TGT TOD TAC 040 TAR T AES TCA SOT TIT 5/15
¢ TST TOC TAC GGC TAA A T MEZ TCh @67 TIT L8
TIT TOO TAD 0G0 TA (= T AGC TCh SCT TIT /123
TET TOC TAC GG A AT MG TCA 0T TIT R
oUT aF TIT TOO TAS OG0 TAA A TERS AGC TCA GGT TIT 1713
FRARE TGT TOC TAC 4G CTC AT AT MED TCA SOT TIT /1%
TET TOD TAL OGO TA c T AEC TCh 0T TIT /1%
TAT TOC TAC 08¢ TAR A T T A2d TCA S6T TIT 1/1%
TAT TOC TAC OGC TAA A | c AT AT AGC TCA GOT TTT /1%
¢ TET TOC TAC GGC T or AT AT MEC TCA 20T TIT /13

Figura 4. Nucleotide Segquences of V.4-J, Junctions from Fetal, Newborn, and Adult Thymocytes

Fetal thymocyles were from days 14.5 and 17.5. For the thymocyte populations all clones were fram genomic DNA, and for the hybridomas all clones
were from cOMA. The hybridomas were prepared from thymocytes of C57BLE embryos of day 17.5 of gestation. Underlined in the germline V.,
sequence is the indrame stop codon. See the legend to Figure 1 for further detail.
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Figure 5 Nucleotide Sequences of V;,-D-J;; Junctions from Fetal, Newborn, angd Adult Thymocytes

Fatal thymocyles were from day 17.5. For the thymocyte pooulations all clones were from genomic DNA, and for the hybricomas all clones were
from cOMNA&, The hybridomas were obtained from newborn CS5TBL/G thymocytes (A) or from the thymocytes of S-week-0ld BALE/C mice (B). See the

legend to Figure 1 for further detail.

M nucleotide insertions are more extensive in the adult
Wiy, Viedy and Vs, junctions than in their fetal counter-
parts.

Contrary to this high degree of diversity, the rare fetal
Vady ¥ junctions exhibit very limited sequence variability
{less expnucleclytic nibbling at the V' terminals and no N
insertions). Taken together, these results strongly suggest
that the two major diversifiers of V-J junctional sequences,
namely exonucleolytic nibbling and N nucleotide inser-
tional activities, are low in fetal thymocytes and high in
adult thymocytes regardless of the V., gene segments
employed to construct the ¥ genes,

Rearrangements involving the J; § gene segment are
reported to be abundant in fetal thymocytes (Chien et al.,
1987b), although analysis of v& T cell hybridomas indi-
cates that & genes containing the J; & gene segment are
expressed on the surface of only & minor population of fe-
tal thymocytes (Ito et al., 1989). In contrast, J, is the heav-
ily preferred J gene segment in the & genes expressed on
adult thymocytes. To determine whether such develop-
mental stage—dependent alteration in the extent of junc-
tional diversity also occurs in & genes, we compared the
diversity of V,0J, & junctions in fetal thymocytes with that
in adults. As shown in Figure 5, both terminal diversity and
N nucleatide insertion diversity are much more pro-
nounced in adult junctions than in fetal junctions. This
difference of terminal diversity is particularly evident in
the 3-terminal of the D; gene segment and in the 5-ter-
minal of the J, gene segment of out-offrame DyJ, junc-
tions.

A Fetal v4 Thymocyte Lineage Persists
in Adult Thymus
While the developmental stage-dependent and WV, gene

segment-independent alteration of the VJ, v junctional
sequence diversity is evident, a close examination of the
sequences of the adult VsJ, ¥ and Vgl ¥ junctions re-
vaals an interesting additional feature. Among the rare
junctions with no N nucleotides, nearly all consist of the
canonical sequeance that dominates the corresponding fe-
tal junctions (Figures 1b and 2b). Thus, five out of six
M-less in-frame adult VsJ, junctions contain the fetal ca-
nonical sequences, and all of the N-less Vel, junctions
(four out-of-frame, three in-frame) contain the correspond-
ing fetal canonical sequence. The in-frame canonical se-
quences could be the consequence of cellular selection
in the adult thymus, as they seem to be in the fetal thymus
(see above). However, the occurrence of the out-of-frame
Vedi canonical sequence in multiple DNA clones sug-
gests the persistence of the fetal v& T cell lineage with low
exonuclechytic nibbling and N nucleotide insertion in the
adult thymocyte population.

Strong support for this hypothesis comes from the se-
guences of the rare V;DJ: & junctions present in the adult
thymus. As shown in Figure 3b, the sequences of these
adult junctions are as homogeneous as those of the corre-
sponding fetal junctions. Moraover, the occurrence of the
Dy segment is very rare. This last feature is unigue
among fetal thymoeytes, for it was previously shown that
most of the § genes expressed on adult thymocytes use
both Dgy and Dy gene segments (Elliott et al., 1988;
Takagaki et al., 1989a).

The Reciprocal Recombination Products of Fetal

V-J v and D-J & Are Head-to-Head, Flush-Joined
Signal Heptamer Sequences

As seen above, coding by a given gene segment (ie., V,
D, ar J) ends or starts at one of only a few alternative
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nuclectide positions in the V-J or V-D-J junctions of fatal
thymocytes. The “terminal homogeneity" in the in-frame
junctions could be attributed to a strong selective pres-
sure operating at the cell level, but this cannot explain the
homogeneity observed in out-of-frame junctions. The pos-
sibility that a particular out-of-frame Junction is passively
selected by being present in the same cell that contains
the actively selected in-frame junction is ruled out, as the
DMA clones analyzed are derived from several embryos.
Thus, in addition to cellular selection, there must be a
mechanistic cause for the observed terminal homogeneity,

Two mechanisms can be envisaged. The first possibility
is that the initial double-stranded DMA cleavage always
occurs at the exact border of the signal heptamer, and that
the coding but not the heptamer terminal generated is nib-
bled by the putative exonuclease to a very limited extent.
The second possibility is that in fetal thymocytes the
cleavage of the phosphodiester backbones occurs at one
of a few discrete alternative sites concentrated around the
heptamer border, and that both the coding and the hep-
tamer terminals are rejoined with the respective partner
without any modification. The two possible mechanisms
may be distinguished by determining the sequence of the
reciprocal product of the recombination composed of two
signal sequences joined head fo head. We call the junc-
tion contained in the reciprocal recombinant the “signal
joint" and the junction composed of two coding gene seg-
ments the "coding joint” (Lieber et al., 1988a). For this pur-
pose we cloned, from embryos on days 14.5 and 175 of
gestation, DNA containing the signal joints of Vsd, v, Ved,
v, and Dalz & joinings and determined their nuclectide
sequences. If the terminal homogeneity is brought about
by the single site cleavage combined with limited nibbling,
all signal joints should be composed of two intact hep-
tamers joined in flush. On the other hand, if the multiple
ipreferred) cleavage site model is correct, the signal joints
should be heterogeneous and contain insertions or dele-
tions whose sequences are precisely predicted from the
sequence of the reciprocal coding joint, Indeed, there are
a few precedents in the TCR  and immunoglobulin « light
chain gene rearrangements in which the signal joints con-
tained short insertions apparently composed of the germ-
line nucleotides derived from the recombining gene sag-
ments (Malissen et al., 1988; Okazaki et al., 1987: Deav et

CARACCCCATASSEACCTOTIDARIGRET (19/18)

al,, 1967), However, as shown in Figure &, all of the signal
joints studied are composed of two perfect heptamers
flush-joined, indicating that in most if not all cases, the
processes of Vs v, Vedy v, and DaJz & joinings in fetal
thymocyles occur with a cleavage at the exact boundary
between the heptamer and the gene segment. The limited
variability in the V-, J-, or D-derived terminal nuclectide in
the coding joints must then be due to a limited action of
the exonucleass,

Recurrence of a Specific Mono- and Dinucleotide

in the Coding Joints

The N nuclectides are supposed to be generated by
template-independent additions of nucleotides at the ter-
minal of combining gene segments by the action of the ter-
minal transferase or a terminal transferase-like enzyme
{Alt and Baltimore, 1982; Desiderio et al,, 1384). Reflect-
ing the substrate preference of this enzyme, N nuclectides
tend to contain GC or CG pairs more often than expected
from the random frequency, but otherwise they are highly
variable, However, when we surveyed the nucleotide se-
quences of a large number of y and & coding joints, we no-
ticed that specific mononucleotides and dinuclectides re-
cur at an unusually high frequency in the region where N
nuclectides normally appear. These nucleotides are desig-
nated as P in Figures 1-5 because, as we shall sse below,
they have entirely different origing from N nucleotides.

Discussion

Homogeneous v and 5 Coding Joints

in Fetal Thymocytes

In this study we determined the nuclectide sequences of
alarge number of DNA clones containing the V-(D)-J junc-
tions of TCH v and & genes present in the fetal and adult
mouse thymocytes. In agreement with earlier analyses of
t and & genes expressed on the surface of T hybridomas
derived from adult thymocytes (Takagaki et al., 1989a; Kor-
man et al., 1988), coding joints present in adult thymo-
cyles are highly variable; most reveal extensive exonu-
cleglytic nibbling and N nuclectide insertion. In contrast,
both types of diversity are highly limited in the coding
joints of v and & genes present in fetal or newborn thymo-
cyte populations. The drastic shift in the extent of junc-
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tional diversity in fetal vs. adult thymocytes is not simply
due to the difference in cellular selection, because the
shift is also evident among the out-of-frame coding joints.
Thus, these results strongly suggest that the activity of
both terminal transferase-like enzyme [(Rothenberg and
Triglia, 1983; Elliott et al., 1988) and exonucleass is lower
in fetal v& thymocytes than in adult v& thymocytes.

The effect of the highly preferential usage of a limited
set of gene segments (Havran and Allison, 1988, Ito et al.,
19889; Itohara &t al., 1989) and the restricted junctional
diversity is that just two primary structures form the major-
ity of v& TCR expressed on fetal and newborn thymocytes.

Fetal v& Thymocytes Are Probably Precursors

of & s-lIEL and & r-IEL

Since the overwhelming majority of early fetal v& thymo-
cytes and v5 s-IEL share a unigue TCR, it is very likely that
the former is the precursor of the latter. By the analogous
reason, v& r-lEL seems to be derived from late fetal v&
thymocytes. While the thymocyles containing these y and
& genes continue to be present in the adult thymus, they
form a very minor subpopulation. Thus, whatever the rea-
son the ¥& TCRs of s-IEL and r-|EL need to be homoge-
neous, the fetal thymus seems to be designed to be the
major supplier of these homogensous & TCRs.

Although the v and & coding joints present in fetal
thymocytes are remarkably homogeneous, the in-frame
coding joints are distinctly more homogeneous than the
out-of-frame coding joints. This strongly suggests that the
fetal thymus has a mechanism for selecting cells express-
ing the cancnical ¥ and & genes on their surface. Thus,
the fetal thymus seems to be designed at bath the genetic
and cellular levels to produce effectively the v& thymo-
cytes carrying the s-IEL and r-lEL TCRs.

It is of interest to note that the two major kinds of v&
TCRs expressed on fetal thymocytes, namely the s-IEL
and r-lIEL v& TCRs share identical amino acid sequences
in both the V-J v and V-D-J & junctional regions. These
subregions of TCR subunits, thought to be equivalent to
the CDR3 (complementarity determining region, number
3) of immunoglabulin light and heavy chains (Novotny et
al., 1986), have been suggested to be primarily responsi-
ble for the determination of the (antigen-derived) peptide
binding specificity of the TCR (Davis and Bjorkman, 1988).
If this is indeed the case, sharing of the identical y and &
CDR3 regions suggests that the ligand for s-IEL and r-IEL
4 TCRs may include a comman peptide.

In addition o the aforementioned relationships between
fetal thymocytes and s-1IEL or r-IEL, both the pattern of the
use of V, D, and J gene segments and the pattern of junc-
tional diversity suggest that v& T cells in peripheral lym-
phoid organs (spleen, lymph node, etc.) and i-IEL are de-
rived from two major subpopulations of adult thymocytes.
In Figure ¥ we summarize the relationships of various
C-expressing v& T cell subpopulations.

P Nucleotides—A New Type of Insert

in y and & Coding Joints

The present study revealed that some y and & coding
joints contain recurrent mono- or dinucleotides (called P
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Figure 7. Development of Various v& T Cell Subsets

The arrows indicate the proposed pathways fallowed by +5 T lympho-
cyles expressing the G,y region in fetal and adult mice.

nucleotides for palindrome, see below) as an insert: the
dinucleotide AT or mononuclectide T, and the dinucleg-
tide AG and mononucleotide G appear at a remarkably
high frequency as the sole insert or at the 3" end of the
insert in the Vi, y coding joints and DaJs & coding joints,
respectively. Furthermore, this study indicated that all
coding joints with a P nuclectide(s) utilize the full coding
capacity of the J gene segment invalved. In fact, a few
previous reports, including one from our laboratory, noted
this unusual property of inserts in Vady ¥ and Valdz v cod-
ing joints (Hayday et al., 1985; Traunecker et al., 1986).

Anticipating that this characteristic of inserts may actu-
ally be a general rule, we examined the nuclectide se-
quences of the other coding joints determined in this
study as well as the published sequences of W y, VD &,
and DJ & coding joints. This search revealed several addi-
tional di- and mononucleotides that are recurrent in the &'
or 3' end of the inserts. These are AT or T at the 3 end
of the inserts in Wy, coding joints, AG or G at the 3" end
of the inserts in DJy & coding joints, and CT or C at the
5" end of the inserts in DzJy & and DaJs & coding joints
(see legend to Table 1 for references).

Combining the data on recurrent nucleotides obtained
in this study with those in the literature, we could extract
the following as the general rules. First, the nucleotides
that recur are specific 1o the terminal of the neighboring
gene segment: AT or T for the 5“terminals of J, v and J;
+, AG or G for the 5-terminals of J; & and J; &, and CT or
C for the 3“terminal of Dy &. Second, the recurring mong-
nucleotide assigned to a given terminal of a gene seg-
ment is always the same as the terminal-proximal mono-
nucleotide of the recurring dinucleotide assigned 1o the
zame terminal. Third, as already noted above, whenever
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the nucleotide(s) occurs in the inserts, the corresponding
neighboring gene segment appears in its full sequence in
the coding joint. Finally, the recurrent dinuclectide and the
immediately adjacent dinuclectide, which belong to the
corresponding gene segment, form a tetranuclectide pal-
indrome. For instance, both J, v and Jz ¥ gene segments
start with an AT and the tetranucleotide ATAT formed by
this AT, and the recurrent AT present just upstream is a
palindrome. Similarly, the D; § gene segment ends with
an AG and the tetranucleotide AGCT formed by this AG,
and the recurrent CT present just downstream is a palin-
drome.

A New Model of V-(D)-J Joining

We wish to propose a new model of V-(D)-J joining that
would explain the origin of the recurrent P nucleotides
(Figure 8). According to this model, a recombining gene
segment is first cleaved precisely at the gene segment—
proximal border of the signal heptamer (Alt and Baltimore,
1882). While the resulting heptamer terminal is rejoined to
its counterpart to form a signal joint, the coding terminal
is obligatorily modified before being ligated to its counter-
part. The first modification is cleavage of the terminal
dinucleatide (P dinuclectide) from the 5’ end of one strand,
followed by its flipping and joining to the 3' end of the
other. This modification will generate a single-stranded
tail composed of a tetranuclectide palindrome (interme-
diate A),

The single-stranded tail may then be converted to a
duplex by the action of a DNA polymerase. If a pair of ter-
minals thus generated is ligated, the resulting coding joint
will have a tetranucleotide insert composed of the P di-

nuclectides of the two joining gene segments. This type
of coding joint, however, is rare—only 1 (clone Js2/22 in
Figure 3b) out of 396 coding joint sequenced in this study
was of this type. In an overwhelming majority of cases at
least one of the two coding terminals is further modified
by exonucleclytic nibbling. If the nibbling is restricted to
the very terminal mononuclectide, then the P nucleotide
will be retained in the coding joint, but if the nibbling pro-
ceeds beyond the terminal dinucleatide on the intermedi-
ate A, then no P nucleotide will make its way through to
the coding joint. Another modification that frequently oc-
curs before ligation is an addition of N nuclectides by ter-
minal transferase or a similar enzyme (Alt and Baltimore,
1982; Desiderio et al., 1984; Landau et al., 1987).

Thus, according to the model, the origin of the recurrent
nucleotides (P nucleotides) observed in coding joints is
the terminal dinuclectide from the 5 end of one strand of
the recombining gene segment, and P nuclectides are not
the substrate nucleotides of a terminal transferase. Be-
cause of this origin, P nuclectides are in fact germline-
derived and specific to the joining end of the recombining
gene segment. They are not necessarily G-rich, as are N
nuclectides. Furthermore, the model explains why P nu-
cleotides are always preceeded or followed in the coding
joints by the corresponding gene segment in its full coding
capacity. When and only when no exonucleolytic nibbling
occurs on the intermediate A will the P dinucleotide re-
main in the final recombination product; when and only
when the exonuclease nibbles away only 1 nucleotide
from the intermediate A will the P mononuclectide appear
in the recombinant. In either case the recombining gene
segment itself cannot be nibbled by the exonuclease.

The Model |s Generally Applicable to TCR and
Immuneoglobulin Genes

In addition to the cases already described above, there
are numerous cases of P nucleotide insertion in the pub-
lished sequences of vy and & genes (Table 1). Indeed,
among the terminals of all known mouse y and & gene
segments only two, namely the 3" ends of Ve and Vgp, did
not provide any evidence that their P nucleotides were ac-
tually present in the junctions, However, in these cases se-
quenced junctions are rare, and sequenced junctions
utilizing the full coding capacity of the gene segments are
even rarer. Furthermore, the data in the literature show
that the P nucleotide insertion model applies to human y
and & genes (Table 1).

As summarized in Table 1, there is clearly evidence of
P nuclectides in the junctions of TCR, both a and B, and
immunoglobulin genes. For instance, Roth et al. (1988) de-
termined the sequences of four V,zsJ.42 coding joints in
which the V.3 gene segment is fully retained. Among
these four coding joints, two have the P dinuclectide TG,
and the third has the P mononucleatide T following CA,
the terminal dinucleotide of V,z5. Similarly, in one of the
three D-Jo5 TCR B coding joints in which the full Jgas
gene segment is utilized, the P dinuclectide TT precedes
the starting J dinuclectide AA, and in the other two cases
the P mononucleotide T is found in the same position
(Barth et al., 1985; Behlke et al., 1985).
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Table 1. Summary of P Mucleotides in the Coding Joints of TCR o, B, v, &, and Immunoglobulin Genes

Gene Segment P Dinuclectide  Palindromic Outcome P in Joints  Motes References
Mouse TCR /5 Genes

i AT ATIAT AGCT . + ¥, 28
Wz AT AT/AT AGCT . . + + 4,56
Jrq AG AGICT ACCG . . + = Low proportion 7

Jgz AG AGICT CCTG . . + + 1,8

5 of Dg, AG AGIGT GGCA . . + o+ T.8

5 of Dz AT ATI/AT CGGA .. + + 1,23 7.8
3 of Dgo CcT .. TACG AG/CT + + 1,847, 8
Ve cT L CTAA AGICT c Only 2 cases analyzed 1

Ve AG .. GEAT CTIAG c Only & cases analyzed 1

Ve TA . BEGA TAITA - Canonical out-of-frame is C 1

Vor cc .. GGCT GG/CC + + 23
Vi AT . AGAT AT/AT c 1

Vaa CcG .. GEAG CGICG + 4+ 3.8
Vs AT .. GEGT AT/AT Cc 4 cases analyzed [

Wi AG . GGEAA CT/AG - & cases analyzed ar
Var cec CTAT GGICC - 2 cases analyzed 3
Human TCR w6 Genes

Jo1or2 TC TC/GA ATTA . . + 1 case analyzed ]

J P2 AT AT/AT AGTA .. * 8

JEi GT GT/AC ACCG . . + + 10, 11
5 of Dy, TC TCIGA BATA .. & 4 11

5 of Dy GG GG/CC TTCC . . + 4+ 10

5 of Dgsy GT GT/AC TGGG . . 4+ 11

¥ of Dy AC .. AATA GT/AC c 2 cases analyzed 10

3 of Dy GT . TCCT ACIGT + 3 cases anakyzed 10

3 of Dg oG . GATA CGI/CG + 10, 11
V.2 oo .. GACG GG/CC + 2

V.3 cc . GACA GGICC - 1 case analyzed ]

W4 o .. GATG GG/CC + 1 case analyzed -]

v.a CA . GAGE TGICA + 3 cases analyzed 8

Vi AG .. GGAA CT/AG = 1 case analyzed 10
Vaa GG . BACA CCIGGE - - 1
Mouse TCR «/ Genes

dpaz Al AAITT CTGG | + 2 cases analyzed 12

Jpz s CT CT/AG TGCA . . + + 13
dpzs TT TTIAA CCAA | . ++ 14

5" af Dg, cc CCIGG GACA _ . + + 15, 16
5 af Dps 4 cc CLiGE GACT . + 2 cases analyzed 16, 17
" of Dy 4 GC .. BEGEG GC/GC + + 18

3 of Dyz 4 GG .. GGGG GCIGC + 4+ 18
Voan TG .. TGAG CAITG ++ 20
Wna.1 CA .. GTGA TGICA - 1 case analyzed 14
Visz CA . GTGA TG/CA + + 21
Immuneglabulin Genes

Jia AT ATI/AT TCAC . . + o+ 22

5 DieLie s AR AAITT TATT .. + 23

5 DpLigz AR AMTT TATT ., + + 24

¥ of Dgge GT .. TEGGE AC/GT + + 25

¥ of DeLig GT .. AGGCT ACIGT - 3 cases analyzed 23

¥ of Dess GT .. AACT ACIGT + * 25
Yyl Den TC . GCAA GASTC ++ 27
Videe 2 TC . GCAA GAITC + Anti-NP hybrid use Tyr position 98 28

Only those gene segment terminals that appear in thair full coding capacity are included in this analysis. In cases where the P dinucleotide was
not found in the inserts of coding joints, the number of gene segment terminals that appear in their full coding capacity is indicated in the Nates column.
+ +, P dinuciectide observed as insert,

+, Only P monenucleatide observed as insert.

C. Juncticnal sequences are compatible with the presence of P dinucleotide but could also be accounted for by the germling sequences.

c. Junctional sequences are compatible with the presence of P mononucleotide but could also be accounted for by the germline sequeances.
—. No real or potential case of P nucleotides found as inserts,

References: (1) This work; (2) Takagaki et al.. 19889a; (3) Takagaki et al., 1988b; (4) Kranz et al., 1985; (5) Hayday &t al., 1985; (8} Traunecker
et al., 1986; (7) Elliott a1 al., 1988; (8) Lacy et al,, 1989; (9) Huck et al., 1988; (10} Loh et al., 1988; (11) Loh et al., 1989; {12) Hedrick et al., 1984;
(13) Behlke et al., 1986; (14) Barth et al., 1985, (15} Behlke et al, 1985; (16) Blackman =t al., 1886; (17} Goverman et al., 1985; (18) Saito et al.,
1884; {189) Patten et al., 1984, (20) Roth et al,, 1288, (21} Urban et al., 1988, (22) Lewis &t al., 1985; (23) Kurosawa and Tonegawa, 1982; (24)
Clarke at al., 1285; (25) Alt et al., 1982; (28) Aocca-Serra et al., 1983; (27) Wysocki et al., 1986, and (28) Boersch-Supan et al,, 1985,
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An interesting example of a P dinucleotide in immuna-
globulin heavy chain genes is seen in the V-D junctions
of several independently derived arsonate binding hybrid-
omas (Wysocki et al., 1986; Milner et al., 1988). It was pre-
viously observed that these heavy chain genes utilize the
same, complete Vy gene segment that ends with the
dinuclectide GA. While the inserts of these heavy chain
genes are diverse, they all start with an identical dinuclec-
tide, TC, that immediately follows the Vy segment-de-
rived GA. Because the TC in these gene comprises the
first two nucleotides of a Ser codon, and because Ser
codens are highly redundant, it is unlikely that the recur-
rence of the Ser codon containing the TC dinucleotide is
attributed to cellular selection. This then seems fo be a
perfect example of a P dinuclectide.

Mo insertion has been reported in the coding joints of
immuneglobulin light chain genes except for one case. In-
terestingly, the insertion of this exceptional joint, the
dinuclectide AT, seems to be the P dinuclectide of the full
J..4 gene segment that immediately follows the insertion
with an AT dinuclectide (Lewis et al., 1985).

P nuclectides are also evident in the recombinants pro-
duced by transfection of immature B cell lines with plas-
mids containing artificial recombination substrates in which
no immuneglobulin or TCR gene sequence (called “cod-
ing flank”) was linked to the heptamer-nonomer signal se-
guence (Lieber et al., 1988a).

Finally, a model that explains the recurrence of a non-
germline coded, specific mononucleatide (C or A) in the
junction of chicken immunoglobulin light chain genes was
proposed (McCormack et al., 1989). According to this
madel the recombinase complex contains a C or A nucleo-
tide and exchanges the C nuclectide for the signal se-
quence 3 of the V' segment and the A nuclectide for the
signal sequence 5' of the J_ segment. This model, how-
ever, does not specify the source of the recombinase-
bound C and A nucleotides and is not generally applicable
to other numerous recurrent nuclectides described in this
paper. Since the chicken V| gene segment ends with TG,
and the J, segment starts with TG, the expected P dinu-
cleotides are both CA. Thus, the recurrent C, A, or CA can
be explained within the framework of our madel.

A Possible Function of the P Nucleotides

As shown in Figure 6 and indicated in the model [Figure
8), the signal joints are almost always composed of flush-
joined signal heptamers, and no P nuclectides are ob-
served. The latter seems to be the case even in those rare
signal joints that do contain inserts (Lieber &t al., 1988a).
The presence of P nucleotides in the coding joints and its
absence in the signal joints are most dramatically demon-
strated in the "hybrid joints” produced by the combination
of a coding flank with a signal sequence belonging to an-
other coding flank. In the hybrid joints analyzed by Lewis
et al. (1988), seven had intact coding flanks, and three of
these seven joints had dinuclectides that can be inter-
preted as the P nucleotides derived from the respective
coding flank. In contrast, although nearly all of the hybrid
joints (19 cases) contained an intact heptamer, none had
a dinucleotide attributed 1o its P nuclectides.

The complete lack of signal heptamer-derived P nu-
cleotides in both the signal and hybrid joints strongly sug-
gests that the P nucleotide addition step occurs only at
coding terminals as indicated in Figure 8. While the func-
tion of this specific biochemical step is far from obvious,
the role of the resulting terminal with a single-stranded tall
may be to promote the initiation of the exonuclealytic
attack, which in turn contributes to the diversification of
coding joints. For instance, the exonuclease invalved, al-
though capable of nibbling double-stranded DNA, may
require a single-stranded tail for efficient binding. This
hypothesis implies that the P nuclectide addition is a pre-
requisite for the exonucleolytic nibbling.

Finally, if the P nucleotide addition is indeed an obliga-
tory event for the generation of coding jeints, but not for
the generation of signal joints, it may be the step at which
the immuncglobulin and TCR gene rearrangement is de-
fective in the SCID mice (Lieber et al., 1988b; Okazaki et
al., 1988; Malynn et al., 1988).

Experimental Procedures

T Cell Hybridomas

Hybridomas were prepared by fusing BWS147 thymoma cells with
CD4-CDE™ thymocytes of various stages of developrment as described
previously {lta e al.. 1988). All hybridomas express v5§ TCR as as-
sessed by immunoprecipitation of 13| surface-labeled cells with anti-
CD3 and anti-y antibodies (see Ito et al., 1982, for details),

Thymocytes

CSTELS mice (Jackson Laboralory) were mated at night, and females
were examined the next morming. Day 0 of embryonic development
was considered to be the day a vaginal plug was found,

Thymi of several mice were removed by dissection and homog-
enized, Thymocytes were then washed onoe with phosahate buffered
saline. One fetal thymus typically gave § = 10 (day 145), 3 = 105
{day 18), or 3 = 10F (day 17.5) celis.

Nucleic Acids
Total cellular DMA was exiracted by the SDSiproteinase Kiphenol
method according to Maki et al. (1981), and totzl RMNA was prepared
uging the guanidinium thiocyanate/CsCl method (Chirgwin &t al., 1979).
cDMNA was synthesized with 10 ug of total RNA from the hybridomas
or thymocytes, using 100 prmol of the C, or J,, primer, 40 L) of human
placental ribonucleass inhibitor (Amersham), and 20 U of Reverse
Transcriptase (Amersham). Half of the product of the cONA synthesis
was heated at 65°C for 15 min and used directly for the PCR

PCR

The reaction was performed using T. aquaticus polymerase (Saiki ot
al., 1988) and & Perkin-Elmar-Catus thermal cycler. Each cycle con-
sists of incubations at 84°C for 1 min, followed by 55%C for 2 min and
72°C for 3 min. Before the first cycle, a 2 min 84°C cenaturation step
was included, and after the 25th cycle the extension at 72°C was
pralenged for ¥ min, Reactions with genomic DNA from tatal thymmo-
Cyles included 2 pg of EcoRl-digested DMA, 50 prmol of sach phos-
phorylated primer, 0.2 mM each dNTP 50 mM KCI, 10 mM Tris=HCI {pH
£3), 1.5 mM MgClz, 0.01% gelatin, and 25 U of Tag polymerass.

PCR Primers

For coding joints

i STP.10D: 5-CAGAGGGAATTACTATEAGS-S

Vi S5TP.OT3: S-TGTCCTTGCAACCCCTACCC-3

Wosi STP.Osd: 5 TGTGLACTGGTACCAACTAEA-3'

Wag: STP.0T; S5-GGAATTCAAAAGAAAACATTGTCT-3
Cg: [for cDMA) STR.OT4: 5-GTCATTTTCAGGTTCTRGTAG-3
Vit STP.OBE: B-GAATGGAACTAATGCTCTGT-5

Jag STP.101: S-TTGGTTCCACAGTCACTTGG-Y

g STF.097: S-CCAACTTACGGGGCTCCAC-3
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For signal joints:

dyr: STJL.02ZT: 5-BCCTETTTCTCAGGACATAAATA.Z'
Vs STJL.O2S: S5-AGGACTAGGGCACCAAGGGGATAS
W STIL.028: S-AGCCTAGGTGETCTGTECAGGTGA-D
ez STJL.OIN: S-CAGGCCCAGGGECTGETCCCAG-3
Dzt STJL.O3D: 5~AGGCCTRAGAGACGTTCTTCA.Y
DNA Sequencing

Ten percent of the PCR products were fractionated by electrophoresis
in 5.5% polyacrylamide gel, and the appropriate fragments were ex-
tracted from the gel in 0.5 M NH AcH mM EDTA. The fragments were
then ligated in the Smal site of the vector M13mp12 (Morrander el al,,
1883) and sequenced using the dideoxynucleotide chain termination
methed (Sanger et al.. 1977) with Sequenase (US Biochemicals), fol-
lowing the manufaciurer's insiructions.
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