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Molecular analysis of the heterodimeric T-cell antigen receptor of insulin-specific class 11-restricted T-cell
hybridomas (THys) derived from C57BL/6 (B6) wild-type and B6.C-H-2bml2 (bml2) mutant mice revealed that
such T cells use a diverse V gene repertoire. Analysis of three THys that use related V genes, however, showed
a number of novel features. (i) Two THys that share major histocompatibility complex restriction use Va genes
that are 98.6% homologous. (ii) Two THys sharing the same antigen fine specificity use a particular germ line
V,DJ combination. (iii) A 21-base-pair deletion in the 5' segment of the Jp gene occurs in one THy,
suggesting a novel mechanism for generating diversity in T-cell antigen receptor I genes. (iv) The first amino
acid encoded by N sequences at the V-D junction is conserved in a pair of T cells which recognize identical
antigenic epitopes. The implications of these findings for the structural mechanisms underlying major
histocompatibility complex-restricted antigen-specific T-celi recognition are discussed.

In contrast to the B-cell antigen receptor, immunoglob-
ulin, the T-cell receptor (Tcr) does not react with soluble
antigen, but recognizes an as yet undefined cell surface
molecular complex. This complex is apparently formed by
the association of an antigen fragment with major histocom-
patibility complex (MHC) class I or class II proteins. The
Tcr is thought to interact with a specific site on the MHC
molecule, the histotope, while another site of the Tcr is
believed to interact with the antigen epitope (for a review,
see reference 53). A rigorous test of this hypothesis has
awaited the identification of the Tcr proteins and the genes
which encode them. Initial biochemical analysis of the Tcr
was made possible by the production of monoclonal anti-
idiotypic antibodies which allowed for the isolation of the
Tcr protein. This protein was shown to be a disulfide-linked
heterodimer made up of an acidic a chain and a more basic
,3 chain each with an apparent molecular mass of 40 to 50
kilodaltons (1-3, 16, 23, 24, 37, 38, 42, 46, 47). The identifi-
cation of the genes encoding the Pi chain (12, 19, 26-28, 39,
40, 49, 51, 55, 56, 60), and the a chain (11, 50) has shown a
striking organizational and structural similarity to the immu-
noglobulin genes (33); both consist of variable- and con-
stant-region segments. Three gene segments, variable (V),
diversity (D), and joining (J), make up the V segment of
immunoglobulin heavy chain and Tcr ,3, while the immuno-
globulin light-chain and Tcr a segments consist of V and J
elements only. All V genes are rearranged in somatic cells
that transcribe the genes. Despite these recent biochemical
and genetic analyses, the mechanism by which the Tcr gene
products mediate MHC-restricted antigen recognition re-
mains unclear. Transfection experiments by Steinmetz and
his collaborators (15) have clearly demonstrated that the a
and I genes are sufficient to encode for MHC-restricted
T-cell antigen recognition.
To study the mechanism(s) of T-cell recognition, we

developed a cellular system in which both the antigenic
specificity and the MHC restriction can be precisely defined.

* Corresponding author.

We compared the Tcr structure of insulin-specific helper T
cells that were derived from C57BL/6 (B6) wild-type (lab)
and mutant B6.C-H-2bml2 (bm12) (Iabml2) mice. Insulin is a
chemically well-defined peptide hormone (molecular weight,

- 5,000), which consists of an A and a B chain that are
linked by two disulfide bridges; an intrachain disulfide bond
creates a loop in the A chain which contains the amino acids
at positions A7, A8, A9, and A10. Using the various species
of insulin which differ at single amino acids, we were able to
determine the fine specificity of our T cells (30, 31, 34).
To define the MHC restriction of our insulin-reactive T

helper hybridoma (THy) lines precisely, we made use of the
class II mutant bml2 mouse and the B6 wild type. The I-Ap
gene of the bml2 mouse differs from that of the wild type at
three nucleotide positions, which give rise to three amino
acid changes clustered within the first extracellular domain
of the Ap molecule (43). Both structural and functional
analyses suggest that this mutation is the product of a gene
conversion-like event in which a segment of 14 to 42 nucle-
otides was exchanged between I-Ab , and I-Eb (30, 32, 44,
45, 58). This mutation creates a strong histocompatibility
barrier such that the majority of B6-derived helper T cells,
regardless of their antigen specificity, are restricted to rec-
ognize antigen solely in the context of lab, but not Iabml2, and
vice versa (31, 36). In this paper we report the results of our
initial analysis of the structural mechanism of MHC-
restricted, antigen-specific T-cell recognition using 12 B6-
derived THys (2 insulin A-chain specific, 9 insulin B-chain
specific, and 1 autoreactive) and 9 bml2-derived THys (2
insulin A-chain specific, 5 insulin B-chain specific, 1
autoreactive, and 1 reactive to an Ia determinant shared
between B6 and bml2).

MATERIALS AND METHODS
THy production and specificity testing. THys were pro-

duced as described previously (31). Briefly, 7 to 10 days after
in vivo priming with beef insulin (Sigma Chemical Co., St.
Louis, Mo.) (one injection of a B6 mouse for 52H10F11, one
injection of a bml2 mouse for 42H11, and two injections of
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a bm12 mouse for 5.3.18), popliteal, inguinal, and periaortic
lymph node cells were fused at a ratio of 1:1 to the hypo-
xanthine-aminopterin-thymidine-sensitive AKR thymoma
BW5147, using 50% polyethylene glycol 1540 (J. T. Baker
Chemical Co., Phillipsburg, N.J.) for 8 min. Then 2 x 105
cells were plated in hypoxanthine-aminopterin-thymidine
medium in 96-well plates containing 2 x 103 thymocyte
feeder cells. Fourteen days after fusion, hybrids were trans-
ferred to 24-well plates, expanded, and tested for their ability
to produce interleukin-2 (IL-2) when challenged with the
species variants of insulin (100 ,ug/ml) in the presence of
antigen-presenting cells (spleen cells) syngeneic to the orig-
inal T-cell donor. Antigen-specific hybrids were cloned at
0.25 cell per well.
cDNA cloning. Cytoplasmic poly(A)+ RNA was prepared

by the method of Maniatis et al. (41) from 108 THys that had
been tested for function at the time of lysis. cDNA plasmid
libraries of about 5 x 105 independent colonies were con-
structed by the method of Okayama and Berg (48), using the
commerically prepared dT-tailed vector (pSV7186) and dG-
tailed linker piece (pSV1932) (PL Biochemicals, Inc., Mil-
waukee, Wis.). The 52H10F11 cDNA library was con-
structed in the pSV7186 vector, but instead of a linker piece,
double-stranded cDNA was blunt-end ligated to the vector
by the method of C. Gerald, G. Freeman, and H. Cantor
(personal communication). cDNAs specific for the a and ,1
chains of the Tcr were selected by subtracting the Va- and
Va-positive clones specific for the fusion partner BW5147
from all the clones that were positive with constant-region
Ca and Cp probes. Vp BW5147 was kindly provided by S.
Hedrick. The proportions of V, BW5147/Vc. T cell- and Vp
BW5147/Vp T cell-positive clones varied significantly from
THy to THy. It is therefore difficult to estimate the exact
frequency of T-cell a- and 13-chain gene message, but it is
approximately 0.01%.
DNA sequencing. A novel procedure for rapidly sequenc-

ing Tcr a-chain and p-chain cDNA clones was developed,
based on the procedure of Church and Gilbert (13), as
modified by R. Tizard and H. Nick (unpublished data).
Plasmid DNA was cut to completion (a chain cut with NcoI,
p chain cut with StuI) and subjected to base-specific chem-
ical cleavage reactions, and the fragments were resolved on
a sequencing gel. After transfer to a nylon membrane, the
filter was probed with a 32P-labeled oligonucleotide probe
(24mer that hybridizes to the a-chain C region just upstream
of the NcoI site, at base pair [bp] 545 in Fig. 3; 24mer that
hybridizes to the p-chain C region upstream of the StuI site,
at bp 640 in Fig. 4A). The filter was washed by the method of
Church and Gilbert (13), except that the sodium ion concen-
tration was increased by 1 M for the hybridization and 0.2 M
for the washes by adding sodium chloride. The hybridization
and washes were performed at 50°C. All sequences were
determined from sense and antisense strands.
Genomic Southern analysis. DNA was prepared from AKR

liver, B6 liver, and different THys by the method of Maniatis
et al. (41), digested with EcoRI, electrophoresed in agarose
gels, blotted onto a nylon membrane (Biotrans; ICN
Biomedicals, Inc., Irvine, Calif.), and UV irradiated (13).
Filters hybridized with the nick-translated probe were
washed in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate at 65°C. Hy-
bridization of the nylon filters with oligonucleotide probes
was performed at 45°C in plaque screen buffer (50 mM Tris
hydrochloride [pH 7.5], 1 M NaCl, 0.2% polyvinylpyr-
rolidone, 0.2% Ficoll-400, 0.2% bovine serum albumin, 0.1%
sodium pyrophosphate, 1% sodium dodecyl sulfate) contain-

TABLE 1. Reactivity profile of insulin- and
autoreactive THy lines

T-cell line Ia restriction Reactivity

BW5147
42G8 bml2 B6-auto
42F7 bml2 bml2-auto
10.10.58 bml2 B chain
5.3.18 bml2 B chain
41C8 bml2 A chain
21.2-B8 bml2 B chain
42H11 bml2 A chain
84E1G12 B6 A chain
52H1OF11 B6 A chain
83H1OF7 B6 B6-auto
84C6H5 B6 B chain
51A4C10 B6 B chain
84C6G10 B6 B chain
82B8E8 B6 B chain
84E1G11 B6 B chain
88E3 bml2 B chain
84E1A3 B6 B chain
82B8F5 B6 B chain
88G11 bml2 B chain
84E7G3 B6 B chain
84C6A7 B6 B chain

ing 100 ,ug of tRNA per ml. The filters were washed three
times with plaque screen buffer at 45°C and then twice with
3.2 M tetramethylammonium chloride (59) and 1% sodium
dodecyl sulfate at 58°C.

RESULTS

Analysis of Iab- and Iabmla2restricted THys. The 21 THy
clones used in this analysis were produced in six indepen-
dent fusions of BW5147 cells with lymph node T cells from
insulin-primed B6 and bml2 mice (Table 1). Of the 12
B6-derived clones, 2 were specific for the insulin A chain, 9
were specific for the insulin B chain, and 1 was autoreactive
as assessed in IL-2 production assays and B-cell prolifera-
tion and differentiation assays (30, 31). Of the nine bml2-
derived clones, five were insulin B-chain reactive, two were
insulin A-chain reactive, one was autoreactive, and one
recognized an Ia determinant shared by B6 and bml2 mice.
Of these 21 hybridomas, 3 were utilized for extensive
analysis of their Tcr genes. The fine specificities of these
clones, 52H10F11, 5.3.18, and 42H11, for the different
insulins are shown in Table 2. The B6-derived hybridoma
52H10F11 is restricted to recognize insulin in the context of
lab, while 5.3.18 and 42H11 recognize insulin presented only
by Iabml2 (31). 52H1OF11 and 42H11 recognize an A-chain
insulin determinant shared by beef and sheep, but not pork,
insulin. 5.3.18 is a B-chain-reactive hybridoma capable of
recognizing beef, sheep, and pork insulin (which have iden-
tical B chains distinct from mouse insulin B chain) as well as
the isolated oxidized B chain of pork insulin. In addition to
recognizing insulin A chain in the context of Iabml2, 42H11 is
also alloreactive, recognizing both lab (31) and Iad (7; M.
Kelliher and B. Huber, unpublished observations). The
structure of the Tcr genes isolated from these three THys
and the published sequence of the Tcr p gene of the LB2 cell
line, which is an Iab-restricted, chicken erythrocyte-specific
clone (49), are analyzed (for summary see Fig. 1).
Comparison of related Tcr V. gene segments. Our analysis

began with the isolation and sequencing of the a-chain
cDNA from the 42H11 THy clone. To address the question
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TABLE 2. Profile of reactivities of THys used in these studies

Proliferation of CTLL-2 cellsa
Antigen-
presenting Insulin B6 hybridoma bml2 hybridomas

cells 52H10F11 42H11 5.3.18

- None 2,304 813 1,514
+ None 1,939 1,590 1,703
+ Beef 39,277 5,184 5,665
+ Sheep 17,095 11,930 9,502
+ Pork 2,194 1,570 5,588
+ B chain 1,503 1,516 2,488

a Counts per minute of tritiated thymidine incorporated by CTLL-2 cells.
Mixtures of 5 x 104 THys, 5 X105 irradiated syngeneic antigen-presenting
spleen cells, and 100 tLg of insulin per ml were cultured for 24 to 48 h in 96-well
microtiter plates. Then 75 p. of supernatant was harvested from each well and
individually assayed for IL-2 content by measuring the ability to support the
growth of IL-2-dependent CTLL-2 cells in 24-h cultures.

of whether this same V,,, segment is shared by other THy
clones of similar specificities, we used a 460-bp BglII-HincII
fragment derived from the 42H11 V,a segment to probe
Northern blots (data not shown). The results of these blots
showed that a second THy, 5.3.18, uses a similar Valt gene
segment as suggested by its strong cross-hybridization to the
42H11 probe. Southern analysis of genomic DNA with the
42H11 V,,, probe showed that this gene family consists of five
members (Fig. 2A, lane 5). From the intensity of the bands,
it is likely that three of these members are closely related,
while the remaining two members are less homologous. In
the DNA from the fusion partner BW5147 and its parental
AKR mouse liver DNA, only a single strongly cross-
hybridizing member existed, along with two weakly cross-
hybridizing species (Fig. 2A, lanes 1 and 2). Unique rear-
rangements were seen in both 42H11 and 5.3.18, suggesting

that different Va1 or Ja segments or both are used to construct
the functional a-chain gene.

Isolation and sequencing of full-length cDNA clones from
the 5.3.18 THy reveal that this Va, differs by only 4 bp from
42H11 VaX, which results in two amino acid substitutions.
The sequence comparison shows a double-nucleotide change
at bp 336 to 337 (Fig. 3), resulting in a Val-to-Glu difference
between 42H11 and 5.3.18 at position 60. This difference is
particularly significant because it lies in one of the classically
defined hypervariable regions, previously identified for VH
(5), Vp (49), and V01 (4, 25). An additional Val-to-Met change
between 42H11 and 5.3.18 at amino acid position 13 in the 5'
end of the V0, region does not appear to fall into a previously
defined hypervariable region. The fourth base pair change is
at position 394 and is silent.
The 42H11 Ja. segment is virtually identical to the previ-

ously described TA37 Ja. gene (4). However, there is an
additional base pair (G, bp 445) in the 42H11 V01Ja0 junction
which could be derived from the 42H11 V01 segment or from
the insertion of an N-region nucleotide during the
combinatorial process. The 5.3.18 Ja. segment has also been
previously described (TA31 J01 [4]), but it differs in length
from that gene by 13 bp at the 5' end. There are three fewer
base pairs (one codon) in the 5.3.18 V01J0, junction when
aligned with the 42H11 V01J0, junction (Fig. 3). To determine
the origin of the heterogeneity between the related Ja. se-
quences it will be necessary to compare them with the germ
line sequence. This will also be necessary for the heretofore
undescribed Va 42H11 and Va 5.3.18 gene segments to
determine whether or not these germ line segments have the
same length.
The high degree of homology between the 42H11 and

5.3.18 a-chain leader and 5' untranslated region gene seg-
ments is noteworthy. Both leader sequences are identical at
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FIG. 1. Correlation of Tcr gene expression and THy phenotype. (Left panel) Summary of receptor genes expressed by insulin-reactive
T-cell clones 52H1OF11, 42H11, and 5.3.18 and the chicken erythrocyte-reactive cell line LB2 (49). Tcr a-gene segments are named according
to the THy of their origin and are distinguished by their patterns. The 42H11 V01 differs from the 5.3.18 Va by two amino acids (Fig. 3). Tcr
V, gene segments are named according to Barth et al. (5), and J} segments are named according to Gascoigne et al. (19), and they are
distinguished by their patterns. An asterisk denotes the identical amino acid at the VNDjunction in 52H1OF11 and 42H11, and the four amino
acids making up each of these regions are shown. A closed circle denotes the identical amino acid at the VND junction in 5.3.18 and LB2.
(Right panel) Summary of functional reactivity for the insulin-reactive THys profiled in Table 2 and the chicken erythrocyte-reactive clone
LB2 (49). Ag refers to the antigen recognized.
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FIG. 2. Southern blot analysis of genomic DNA from 42H11 and 5.3.18 THys. DNA from the 42H11 and 5.3.18 THys and control DNA
from AKR liver, B6 liver, and the tumor cell parent of the hybridomas, BW5147, was digested with EcoRI, electrophoresed, and blotted onto
a nylon filter. (A) The blot was probed with the entire nick-translated 42H11 Va, gene segment. Arrows denote rearranged gene fragments in
42H11 and 5.3.18; arrowheads denote B6 liver Va, germ line genes. Note that the -4.0-kilobase B6 liver V,, gene fragment is absent in 42H11
and presumably has been deleted during somatic rearrangement. Size standards are given in kilobases at the left side of the blot. (B and C)
DNA from the sources listed from panel A was digested with EcoRI, electrophoresed, and blotted onto a nylon filter. Blot 1B was probed
with the 42H11 V,. oligonucleotide probe that spans bp 330 to 350 in the 42H11 gene. Blot 1C was probed with the 5.3.18 Va oligonucleotide
probe that spans bp 330 to 350 in the 5.3.18 gene. Arrows denote the rearranged gene fragment in 42H11 and 5.3.18; arrowheads denote B6
liver germ line genes. Size standards are given in kilobases.

the amino acid level except for an additional Ala residue in
the 42H11 leader sequence. These expressed VOa genes
might, therefore, have been derived from two closely related
germ line V0, gene segments or a single Va subjected to
somatic mutation to give rise to both of the Va region genes.
To resolve this issue we synthesized oligonucleotides span-
ning the double-nucleotide substitution between bp 330 and
350 in 42H11 and 5.3.18 and used these to probe Southern
blots of genomic DNA. The results showed that an oligonu-
cleotide probe to 42H11 Va hybridizes to two of the three
strongly cross-hybridizing bands originally seen with the
42H11 Va-region probe in B6 liver (compare Fig. 2A, lane 5,
and B, lane 5). This probe hybridized to a rearranged
fragment found only in DNA from THy 42H11 (Fig. 2B, lane
3). Similarly, in the blot with the 5.3.18 Va-specific oligonu-
cleotide probe (Fig. 2C, lane 5), a single band was observed
in the B6 liver lane, corresponding to the third strongly
cross-hybridizing band seen in Fig. 2A, lane 5. Again, a
single rearranged band was observed in the 5.3.18 DNA with
the 5.3.18-specific oligonucleotide probe (Fig. 2C, lane 4).
These results confirm that both Va: 42H11 and Va 5.3.18 are
distinct members of this B6 germ line Va gene family.
Comparison of Tcr 3-chain genes from functionally related

THys. Our Tcr 13-chain analysis began with the cloning and
sequencing of a complete 42H11 p-chain cDNA. Northern
blot analysis of a group of insulin-reactive B6- and bml2-
restricted and autoreactive THys with a 429-bp XhoII-XhoII
fragment derived from the 42H11 Vp region as a probe
revealed a homologous Tcr mRNA from the 52H10F11 THy
(data not shown). Both the 42H11 and 52H10F11 THys
reacted specifically with the A chain of sheep and beef
insulin. However, 42H11 is bml2 restricted, whereas the
52H10F11 clone is B6 restricted. Sequence analysis of
full-length P-chain cDNA clones from 52H10F11 showed
that they are derived from the same germ line Vp, D , and Jp
gene segments as the 42H11 p-chain clone. Comparison of
the nucleotide sequence and predicted amino acid sequence

at the VpDpJp junction revealed a number of interesting
features of the combinatorial process between these two
clones. This comparison (Fig. 4A) also showed an unprece-
dented mechanism for generating diversity in Tcr p-chain
genes; namely, a deletion of almost half of the 5' end of the
Jp7' (19) gene segment in the 52H10F11 Tcr p-chain gene.
A particularly striking feature of the 42H11 and 52H10F11

13-chain clones is the conserved use of N-region nucleotides
at the VpJp junction (Fig. 5A). The 42H11 gene contains four
N-region nucleotides (GATA), whereas the 52H10F11 gene
contans two (GA). This results in the introduction of an Asp
at the VND junction of both P-chain genes. The Dp segments
in both 42H11 and 52H10F11 (DpN) introduce three contig-
uous amino acids that differ significantly in both clones. The
Asn-to-Gly and the Trp-to-Asp substitutions involve
changes in hydrophobicity and charge. The third substitution
involves a Gly-to-Thr change which could also contribute to
conformational changes in the formation of a Tcr-binding
site. Of interest is the deletion of seven codons (21 bp; Fig.
4A) at the 5' end of the Jp segment in the 52H10F11 gene.
This deletion was observed in four independently isolated
p-chain cDNA clones from 52H10F11, and an open reading
frame was maintained despite this unusual event.
Comparison of 1-chain genes from bml2- and B6-restricted

THys with unrelated antigen specificities. We studied another
pair of THys that utilize the identical Vp, Dp, and Jp germ
line segments to construct a functional Tcr p-chain polypep-
tide. The 1-chain cDNA from 5.3.18 was cloned and se-
quenced. Comparison with previously published Tcr p-chain
sequences revealed an extremely close homology to the p
chain of the B6-restricted, chicken erythrocyte-reactive cell
line, LB2 (49). As observed in the previously discussed
homologous p-chain pair (see above), we again see an
example of the combinatorial process giving rise to an
identical amino acid by insertion of N-region nucleotides.
These nucleotide insertions result in an Ile codon at the
VND junction in both 5.3.18 and LB2 (Fig. 4B). Though the

0. .11

r

L....

MOL. CELL. BIOL.

ZI: .1 -'-O-I.-
Mi.

..4

.1 '. .F..Ifi:



INSULIN-REACTIVE T-CELL RECEPTOR ANALYSIS 1869
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FIG. 3. Sequence comparison of the Tcr a-chain from insulin-reactive, bml2-restricted THy lines 42Hll and 5.3.18. Nucleotide sequence
of 42H11 (top line) and 5.3.18 (bottom line). Shaded areas represent regions of diversity between the two clones. The leader peptide and V,
J, and C regions are marked with arrowed lines. Amino acid position 1 in the V", region has been assigned to the Gln (Q) residue at the
leader-Va,, junction. A potential site for N-linked glycosylation in both sequences is at amino acid positions 57 to 59 (see bp 326 to 334).
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5.3.18 p 1T1TCTCTGTGCCAGCAGTATCTGGGGAACTAGTGCAGAAACGCTGTAATITTGGCcAGGAACCAGACTATGTTCTCGAGGATCTGAAAATGT
LB2 p TTTTCTCTGTGCCMCAGTATAAGACTGGCGAGTGCAGAAACGCTGTATTTTGGCTCAGGAACCAGACTGCTGTTC.................
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FIG. 4. (A) Sequence comparison of the Tcr , chain from insulin-reactive THy lines 42H11 and 52H1OF11. Nucleotide sequence of 42H11
(top line) and 52H1OF11 (bottom line). The V, J, and C regions are marked with arrowed lines. N-region nucleotides and the D segment in
each gene are shown in brackets. The 21-bp deletion is noted in the 52H1OF11 Jp segment. (B) Sequence comparison of the Tcr I chain from
insulin-reactive THy 5.3.18 and chicken erythrocyte-reactive clone LB2. Nucleotide sequence of 5.3.18 (top line) and LB2 (bottom line). The
V, J, and C regions are marked with arrowed lines. N-region nucleotides and the D-region gene segment are shown in brackets. The four
amino acids making up the NDN region are shown in both genes.
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A.

42H11
52H10F11

TB3
B.

5.3.18
LB2

3F961
V'B1

~VB4 N DB2.1 N

AGC CIATAI ACTGGGIr I

AGC CM GA TGGGG ACAC
AGC CAA GTC

VB6 N DB2.1 N

AGC AG-~rTI IC'G AACTZ
AGC AGT ATM GACTGG CG
AGC AGC CTA
ACC GG ACAGGGGGC GG

i
- -

CGG

ACC

'AGT
AGT
AAC
ACA

FIG. 5. Comparison of VNDNJ-region nucleotides of Tcr ,B-
chain genes. (A) N-region nucleotides used in insulin-reactive THy
42H11 and 52H10F11 and from a B6 thymocyte-derived P-chain
gene, TB3 (5). The 42H11 N-region GATA encodes an Asp (D)
residue as does the recombination between N-region nucleotides
GA and D segment TGGGG (GAT GGGG) in 52H10F11. TB3
N-region nucleotides encode a Val residue. (B) N-region nucleotides
used in insulin-reactive THy 5.3.18 and chicken erythrocyte-
reactive clone LB2. 5.3.18 N-region nucleotides AT combine with D
segment CTGGGG (ATC TGGGG) to encode an Ile (I) residue. LB2
N-region nucleotides ATAA also encode an Ile residue. 3F9P1 (17)
encodes a Leu at this position, contains no D-region gene segment,
and uses the JT1 gene (11). Vp1 has no N-region nucleotides at the
VD junction and uses the D1.1 (55) and JT1 gene segments.

possibility exists that these nucleotides are derived from the
Vp6 (5) germ line, this does not appear to be the case based
on consensus Vp endpoints from numerous cDNA se-
quences (5, 6) (Fig. SB). Additionally, despite the numerous
combinatorial processes which occur to generate the
VNDNJ junction, an identical number of amino acids are

present in the entire NDN region. However, only the first
amino acid in this region is shared between the two genes.
Northern blot analysis with a 467-bp HhaI-XhoII probe

derived from the 5.3.18 Vp region showed strong cross-
reactivity with the bml2-autoreactive clone, 42F7 (data not
shown). This result revealed that the Tcr ,B chains from these
two THys are derived from the same Vp germ line gene.
Since the specificity of the 42F7 autoreactive clone could not
be precisely defined, however, no further analysis was
performed.

DISCUSSION

We compared the Tcr structure of insulin-reactive THys
that have clearly defined MHC restrictions. Special consid-
eration was taken to analyze only THys that were derived
from individual mice and were generated in separate fusions
to avoid studying sublines of a given original T-helper line.
In total, we analyzed 12 B6-derived THys (2 insulin A-chain
specific, 9 insulin B-chain specific, and 1 autoreactive) and 9
bml2-derived THys (2 insulin A-chain specific, 5 insulin
B-chain specific, 1 autoreactive, and 1 B6 and bml2 reac-
tive).
Our analysis showed that insulin-specific T cells in B6 and

bml2 mice use a diverse V gene repertoire. Although the Tcr
gene pool is identical in B6 and bml2 mice and the lab and
Iabml2 molecules are highly homologous, our structural find-
ings complement functional studies (31, 36) to suggest that
the unique Iabml2 sequences are critical for the selection of
the available self-reactive and antigen-specific T-cell reper-
toire, thus contributing to the genetic diversity observed.
Despite the diverse V gene usage noted, we identified four
insulin- and autoreactive THys that shared either Vc. or V

gene segments. The Tcr cDNAs of three of these four THys
were then cloned and sequenced. The fourth THy, an
autoreactive bml2-derived clone, was not included in this
analysis, since its specificity could not be more precisely
defined.
One pair of THys, 42H11 and 5.3.18, which share a

common MHC restriction but not antigen specificity, uses
two Va, germ line genes that are 98.6% homologous. The
observation that these two V,, genes are essentially identical,
including the 5' untranslated regions, strongly suggests that
these two genes are the result of a recent gene duplication or
conversion event. Four nucleotide differences result in two
amino acid changes, one of which lies in a region that has
been defined as hypervariable in the Tcr V,,, genes. Different
germ line J, segments that have significant amino acid
homology, except for the 5' regions which are completely
divergent, are used by these two a-chain genes.
Comparison of the Tcr a-chain cDNA sequences of

52H1OF11 and 42H11, which share fine specificity for insulin
but have distinct MHC restrictions, revealed that they used
identical Vp, Dp, and Jp germ line genes. Interestingly, there
is a deletion of 21 bp at the 5' end of the J1 region in the
p-chain gene of 52H10F11. This truncated segment of the J,
gene results in the loss of the highly conserved Phe-Gly-X-
Gly sequence found in the normal JT7' and most other J3
gene elements (19). Furthermore, the 3' ends of the
52H10F11 and 42H11 Dp regions differ at three amino acid
residues, owing to various lengths of D germ line segment
usage and N-region sequences that change the reading
frame. This results in a contiguous stretch of 10 different
amino acids. The 5' sides of the Dp region in these two
THys, on the other hand, have identical N-region sequences
over three nucleotides, resulting in an Asp residue in both
clones.
One interpretation of this finding would be that the N-

region (VpDp junction) sequence is essential for insulin
A-chain recognition in the context of Iab-Iabml2. The obser-
vation that another B6-derived THy, TB3 (5), which has an
unrelated antigen specificity but identical Vp gene segment,
uses different N-region nucleotides is consistent with this
idea (Fig. 5A). Precedence for this hypothesis comes from
the findings in different immunoglobulin idiotype systems in
which position 99 of the H chain (VD junction) is constant
and specific for the antigen binding of the immunoglobulin
molecule (8-10, 14, 20, 22, 35, 52, 57). A variant amino acid
at that position has been shown, in two cases, to affect
antigen binding, but not L-chain association or idiotype
expression (54; T. Imanishi-Kari, unpublished observa-
tions). Our results must be interpreted with caution, how-
ever, as a second pair of clones, 5.3.18 and LB2, which use
identical V DpJp germ line genes, also has an identical amino
acid encoded by N-region nucleotides at the VpDp junction,
although the rest of the D1 gene segment is in a different
reading frame and encodes different amino acids. The 5.3.18
THy is specific for insulin B chain in the context of Iabml2,
while LB2 is B6 derived and specific for chicken erythro-
cytes. Unfortunately, it is not possible to determine the
exact antigen epitope in the multideterminant chicken eryth-
rocyte antigen. If the N-region sequence is critical for
antigen binding, the implication would be that the antigen
epitope recognized by these two cell lines is similar. Finally,
comparison of the N-region sequences of 5.3.18 and two
other functionally unrelated BALB/c-derived T-cell clones
that use the same Vp gene segment (Fig. 5B) showed usage
of different N-region sequences. These clones show a poly-
morphism in the 3' end of the Vp germ line sequences,
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suggesting that the apparent use of conserved N-region
nucleotides in 5.3.18 and LB2 stems from as yet unidentified
germ line Vp or D gene elements.

Extensive diversity has not been noted in recent studies of
Tcr V gene usage in hapten-specific cytotoxic T lymphocytes
(29) and cytochrome c-reactive T-cell clones (18). In the
former, approximately half of the H-2Kb-restricted hapten-
specific cytotoxic T-cell clones studied used the the same Vp
gene segment rearranged in each case to the same DpJpCp
gene segment. In the latter study, all 16 BlO.A-derived
cytochrome c-specific T-cell clones expressed Tcr a chains
encoded by the same V0, gene family and in association with
1B chains encoded by one of two different Vp genes. Further-
more, these V0, and Vp genes had rearranged to one or at
most two different J regions. As these two studies (18, 29), in
addition to our own, all report different degrees of common
(or diverse) Tcr V gene usage, more extensive analysis must
be undertaken in additional antigen-specific systems to de-
termine the restriction (or lack thereof) placed on V gene
usage for MHC-restricted T-cell recognition. However, an
important point of agreement in the systems reported to date
is that, as yet, a firm correlation cannot be made between V,,,
or Vp gene segments and recognition of a particular antigen
or MHC molecule (21). This would imply that a and 1 chains
do not independently form MHC or antigen-binding sites.
Further analysis in the insulin system will be required to
determine that within the diverse V gene usage, a particular
V,,, and Vp may correlate with MHC and antigen specificity,
respectively.

Analysis of our cDNA clones does not provide evidence
for somatic hypermutations in Tcr structural diversification.
This mechanism, which is so effective in the generation of
diversity and affinity maturation of immunoglobulin, there-
fore does not seem to play an analogous role in the genera-
tion of the diverse antigen-specific class TI-restricted T-cell
repertoire.
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