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ABSTRACT The antigen-specific receptors of T and B
lymphocytes are distinct, though structurally related, mole-
cules. During development, lymphoid cells assemble functional
variable (V) region genes for each receptor chain from sepa-
rate multimember gene families by somatic DNA rearrange-
ments of individual germ-line segments. Transcription may
play a role in regulating the tissue and stage specificity of these
rearrangements by controlling the accessibility of germ-line
loci to the recombinational machinery. Immunoglobulin V-
region genes are transcribed from tissue-specific promoters
that have been well characterized. We report here the char-
acterization of 14 T-cell receptor a-chain V-region gene pro-
moters. Sequence analysis indicates that these promoters do
not contain the conserved octamer that is located upstream of
all immunoglobulin genes. However, a unique decanucleotide
sequence, not present in immunoglobulin genes, is conserved
in the promoter region of murine and human V.3 genes. We
identify this sequence as a potential regulatory element, based
on its position, conservation, and sequence homology to sites
known to bind transcription-activating factors. The possibility
that the distinct structures of immunoglobulin and T-cell
receptor gene promoters may contribute to the tissue-specific
rearrangement and expression of receptor gene families is
discussed.

The tissue- and stage-specific expression of appropriate
antigen receptors is critical to lymphocyte function. Mature
T cells, which recognize antigen in the context of major
histocompatibility complex products, express a cell-surface
receptor comprised of disulfide-linked a and P chains. In
contrast, B-cell receptors are immunoglobulin molecules
consisting of heavy (H) and either K or A light (L) chains.
Each of these chains contains an amino-terminal variable (V)
region and a carboxyl-terminal constant (C) region. During
lymphocyte differentiation, germ-line V, diversity (D), and
joining (J) gene segments are somatically recombined to
form the V-region genes of each receptor chain (1, 2).
Assembly of functional immunoglobulin V-region genes is
limited to precursor B cells, whereas functional T-cell recep-
tor (TCR) V-region genes are assembled only in developing
T cells. Studies on the recombination of transfected sub-
strates, however, suggest that a common "recombinase"
may mediate the assembly of all immunoglobulin and TCR
V-region gene segments (3). One model to explain the
specificity of rearrangement proposes that the accessibility
of various gene segments to the common recombinase is
modulated differently in each cell type (4). This accessibility
is reflected in the nuclease sensitivity and often the tran-
scriptional activity of the target segment. Although the
precise relationship between transcription and accessibility
is unclear, recent evidence suggests that transcription may

be a prerequisite of recombinational activation (5). Thus,
specific DNA sites and trans-acting factors that activate
tissue-specific transcription may control locus accessibility
for recombination. A knowledge of the differences between
T- and B-cell V-region gene promoters may shed light on the
mechanisms by which developmental signals determine re-
ceptor expression.
To investigate tissue-specific transcription and rearrange-

ment in T cells, we have examined the promoters of 14
murine TCR P-chain V-region genes, representing 11 Vat
subfamilies. Transcription initiation sites were mapped by
using a sensitive RNase protection assay, and the nucleotide
sequences of the 5' flanking regions of these genes were
determined. These analyses reveal a unique decanucleotide
sequence located a short distance upstream of the transcrip-
tion start site in most V,, genes. This sequence is similar to
the cAMP-responsive element (6) and the AP-1 binding site
(7). The position and conservation of this element suggest a
potential role in V13 promoter function.

MATERIALS AND METHODS
Construction of Genomic Clones. Isolation of genomic

clones containing V, 11, V,3 12, V,38.2, and V 8.3 has been
described (8) [V13 nomenclature according to Barth et al. (9)
as described in Behlke et al. (10)]. Additional clones con-
taining V.3 1, Vp4, V3 5.1, Vp35.2, V1,6, Va 7, VP38.1, V139,
V 10 and V,, 16 were obtained from a C57BL/6 genomic
lierary (Mbo I partial digest in EMBL3) by screening with
previously described V-region-specific probes (11). Appro-
priate DNA segments were subcloned into plasmid vectors
pBS (Bluescribe, Stratagene, San Diego, CA) or pUC19, and
relevant nucleotide sequences were determined by the
method of Maxam and Gilbert (12).

Determination of Transcription Initiation Sites. Transcrip-
tion start sites were determined by an RNase protection
assay. DNA segments spanning the protein-coding and 5'
untranslated portions of the first exon from each gene were
subcloned into the pBS expression vector, from which
templates were generated by linearizing the plasmid at
unique upstream sites. Antisense RNA was synthesized in
vitro according to the manufacturer's protocols. Total cellu-
lar RNA was obtained from C57BL/6 thymus or T-cell
hybridomas by the guanidinium isothiocyanate method (13).
RNase protection was carried out essentially according to
the method of Melton et al. (14). Antisense RNA probe ('1
x 105 cpm) was added to 50 jug of test RNA and hybridized
at 450C for >12 hr. Samples were digested for 60 min at 30'C
with 12 gg of RNase A and 0.6 pug of RNase T1 and
separated on 7 M urea/polyacrylamide gels, and protected
products were visualized by autoradiography. Primer exten-
sion assays were performed as described by Leonard et al.

Abbreviations: TCR, T-cell antigen receptor; V, variable; C, con-
stant; D, diversity; J, joining; H, heavy; L, light.
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(15) by using a synthetic oligonucleotide primer, 5' CTGT-
TTCCACAAGACATAGG 3', complementary to 20 nucleo-
tides at the 3' end of the first exon of V13 1.

RESULTS
Transcription Initiation Sites. We have determined the

transcription start sites for 13 murine V,3 genes by using
RNase protection of probes designed to span the first exon
of each gene. Autoradiographs and diagrams of respective
probes from four experiments are shown in Fig. 1. Although
the lengths of the first exons are variable between genes, two
sizes of approximately 70 or 120 nucleotides predominate. In
10 of the genes analyzed, the most abundant transcripts are
initiated within 100 base pairs (bp) of the translation start
codon. Only two genes, V134 and V,3 6, initiate most tran-
scripts significantly farther upstream, at sites approximately
750 and 260 bp, respectively, 5' to the protein-initiating
ATG. These unusually long first exons correlate with the
lengths of previously isolated cDNA clones of these genes,
the longest of which contain 686 and 214 bp of 5' untrans-
lated sequence for V, 4 and V,3 6, respectively (data not
shown). The initiation sites of the prominent transcripts of
the genes analyzed are summarized in Fig. 2.

Additional Transcriptional Patterns. The RNase protection
data indicate that some V,, genes, such as V,3 1 and V,, 12,
utilize multiple start sites (Fig. 1). Apart from artifacts
generated by RNase digestion, the presence of multiple
transcript sizes was confirmed for the V,3 I gene by a primer
extension assay (Fig. 1). Similarly, in addition to the tran-
scripts initiating proximally, we identified transcripts arising
from distant upstream sites for V,, 1, Vi 5.1, and V, 11 (Fig.
1 and data not shown). Some transcripts containing V., 16
extend at least 350 bp 5' to the protein-initiating methionine
codon and include the recombination recognition sequences
(heptamer and nonamer) flanking the 3' end of the nearest
upstream gene, V,3 4 (Fig. 1). These transcripts may initiate
from the normal promoter of the upstream V,, 4 gene. We
have previously reported a related pattern of transcription
from the tandemly arrayed V3 5.1 and V. 8.2 genes, as
determined by cDNA sequences (17). RNase protection
assays using thymus RNA confirm that >95% of transcripts
encoding V,3 8.2 are initiated from the V,35.1 promoter and
contain a correctly spliced leader exon derived from the
upstream gene (data not shown).

Nucleotide Sequence Analysis. In general, analysis of V,3
transcription initiation sites indicates that the transcriptional
promoter is located a short distance 5' to the protein-coding
region of each gene. To examine the structure of these
promoters, the nucleotide sequences of the 5' flanking
regions of 14 V,, genes, representing 11 V,, subfamilies,
were determined. Approximately 150 nucleotides of se-
quence from each of these genes are presented in Fig. 2.
Potential "TATA" boxes, consisting of (A + T)-rich se-
quences positioned 20-35 bases 5' to the major transcription
start sites, can be identified in each gene (Fig. 2). However,
the poorly conserved, noncanonical sequences of the puta-
tive TATA box regions, in conjunction with multiple start
sites in some cases, suggest that Va gene promoters may not
contain functional TATA boxes. No consensus CCAAT
elements or Spl binding sites could be identified within this
region. Moreover, the octamer sequence conserved in all
immunoglobulin genes is not found in the TCR V-region
promoters.

Since the protein-coding portions of murine Via genes
share only limited homology (9, 11), it is not surprising to
find that the promoter regions of genes from different
subfamilies show marked sequence diversity. However, a
distinct motif consisting of a decanucleotide with consensus
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FIG. 1. Mapping of transcription initiation sites for four V', genes
by using RNase protection. (a) Autoradiographs of gels from RNase
protection assays using probes for V1 1, V13 5.1, V13 12, and V 16.
The source of test RNA (C57BL/6 thymus, AF3 or DA33 f-cell
hybridomas, or yeast tRNA) is as indicated. AF3 and DA33 are
beef-insulin-specific T hybridomas that express one and two copies,
respectively, of V13 1 (16). Protected bands correspond to the first
exon of the gene, since the portions of the probe upstream of the cap
site and downstream of the exon-intron boundary are unprotected.
The longest bands for V131 and V13 16 represent protection of the
full-length probe except for intron and plasmid sequences. M,
radiolabeled Msp I digest of pBR322, sizes in nucleotides; P, input
probe; U, protected bands representing transcripts initiating at
upstream sites; PE, protected bands that correspond to bands also
visualized in primer extension assay (data not shown). (b) Structure
of DNA templates for antisense RNA probes. The top diagram is a
schematic representation of a typical germ-line V13 gene. The ATG
indicates the initiator methionine codon. Restriction enzyme sites
shown for each probe indicate the downstream site used for cloning
into the Bluescribe polylinker and the upstream site used for
linearizing template. Numbers below each diagram indicate the sizes
in nucleotides of 5' flanking, leader (L), intron, and V portions of the
gene included in each probe. Vector sequences included in each
probe are indicated by a straight line (-I). Direction of in vitro RNA
synthesis from the T3 promoter is indicated by the arrow.

seueceAGGATG
sequence AGTGACATCA is found in 13 of the 14 Via genes
examined (Fig. 2). This sequence is, in part, an inverted
repeat, with similarity to the cAMP-responsive element (6)
and the AP-1 binding site (7). In 12 of these 13 genes, this
sequence lies 5' to the putative TATA box, ranging from 40
to 75 bp upstream of the major transcription initiation site.
No additional regions of extensive homology are shared
between members of different V13 subfamilies.
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VAGTTGACAGTTAAAGGGGAAAAMGAAACATCT M GATGCCAAAGAGAGA CTCCAGACAAACCACCAATCAGGGCCATGCAGAGTAGAGCTAATTCTCATCCAGGGTATCATAGCTACACAATACCCGTCTG GAGCCTGATTCCACCATG

AATGATGACAGAGAGGAGTGTAATGTGCTTGCTTTTTCTCTAGGGGGAG GGCCCCAGAAACTCTTGAGGCATCAATGATGAGGTTAGGTGAGAAGGGAGGATC.GGAAGGGAGTTGGGCAGGAAGTAAACATAAGCTCTGCTCTTGTTCTATTGTGAGATGG/ -685bp- / ATr.

TACAGAGAGCCTATGGGAGTAACAGTATCAACAGATCACTGACCTCAGA~rTAc~CcAGGCAATGAGATGATAAGAGGAGAAAGGAGGAGCTGACTCCT~CTCTCTCACCAAAGAGACCAGTATCCTGAGAGGAG CATG

CCAAGAGTACAGAGAGCCCATGGGAGTCAGCAAGATCGCTGACCTCAGA"CTACATTAGGCAGTAAGATGAAAGGAGGAAAGAGAAAGGAGGAGCCGACTCTCACTlTITCTCACCAAGAGGACCAGCATCCTGAGAAGAGCATG

TCCACCACAGATACTCTGCACACACCCTGGGAGAGCTGAAGGCTGTAAGCTAAGCCTGCA GCCAmrATAAACAGGGTATATAATCT~TTMACGGTAGTCAAAACCATGCAATCTCAAGATGCAAACCAGAGGGCTGAACTGAGTAAGGACAec/ - 21 3bp- /ATG

ACATGTTTTATCTACATGCAGGAGAGAGTCATGGGTGTAGTCGAGA GTGACTC GCACTCTATAGAGCACAAGGATCCACACTrTCCTCAACCACCATG

ACAGTGGTGGAGTGTMCATCTGTGCAGCTCTAGCATTMATAGA GTGACATCTAAGTCACTGAAAGCCCCAGTTCTAATTTACCGCAGGGCTGGAAMCATACGCGCCTGC AGTTCTGAGATG

TGTGTGTAATGTGGGTGGGTGTGTGCAGTTCTAGcAr.-AGGAGAC Gr TC AAGTCACTGAAAGCCCCAGTCTAATTT CCCAMGCAGGGCTGGMCATAcMcGMCCrGCCTTGGTCcGAGATG

GAGAAGGGGTGTGGcGTGTTMCTGTGCAGCTCAAACATTTGTGGAGA GA CTAAGTCACTGAAAGCCCCAGCTAATTTCCCAAGCAGGGCTGGAACATA!AAGAGCCTGACTTGGTCGCGAGATG

GCCAGTAMGGAAGTTGAGTACAGTATTGCAATGAGCAGTGACCTCCTGCc~ce AGGCAAGTCTTCCTATAAGGGACCAGCGACTTXTCAGAACTTCCAcrTcTcAAGA ccAGAAGTAGGGTAA~c rrGAAMGAcAAMTATTccTT mc~crTAccATccATG

TGTGTGTGTGTATMTTTGAATCAGCACCTTTCTGGCTGTGGTGATAGAC GCMT~CATGTCATCTACAGTTGAA TCTACTACCTGGTCTGATAGCTG CAGTAGGTAGGGCTTATTT CCCTGCTACACTAT

AGGA~cAGTGATcAcrmGAAAGGTGATccTrTGAGCAGTGACGGAGAC ^GrGCAAl~AMGcCCATACACCAC MCAGCCTco~c~rGAG~c~A CrCTCAGcTGCTTACGTGGAGm CTATGAGTGAAGCCACTGCCTCATCTTGCCATG

AAACACT TT~ cc~AcTACATCAGATGTCAcTrTAAGAcMGAAcTGcAGTGTCTCAAAGTCCCTTT GCTcATG AGTCTATTGATGTGTCACATCGGTATCCCACTATG

TTCTCCCATAGAGGGCAGTCTGCAGATGATAA MACCTCTA CCCCC sxT~sACTCTTGACAAGTcAcTacAGc~ ACTACATTCCTACCGACCTACTATG

TCCCAGAGATGCAGCCTCCTfTAAA GAAGTT=W +ATTTaR~ ACAG+GCATTCTGTGGGGATAAA TGTCACAAA TTCATTTTT GCTCATGCTCACAAGCTGCAGAATATTCCACATCT CTCTACTGCCT

AGTGATCA

FIG. 2. Nucleotide sequences of promoter regions of TCR 8-chain V-region genes. (a) Nucleotide sequences of the 5' flanking portions of
14 murine Vp genes are presented. The methionine codon (ATG) for translation initiation is underlined. The initiation sites of the most
prominent transcripts, as determined by RNase protection assays, are indicated by triangles. Putative TATA boxes are overlined. The
conserved decanucleotide sequence (see text) is boxed. (b) Nucleotide sequence of the 5' flanking portion of the human V. 8.1 gene as reported
by Siu et al. (18). The brackets denote coding-strand regions I and II reported by Royer and Reinherz (19) to be protected by nuclear extracts
in DNase footprint analysis. (c) Consensus sequence of the conserved decanucleotide determined from murine and human genes.

DISCUSSION
Potential Promoter Function. The data presented here

reveal the distinct nature of the 5' flanking regions of murine
V13 genes. Members of different V,, subfamilies display
marked heterogeneity in nucleotide sequence and position of
transcription start sites. The location of initiation sites within
a short distance of the protein-coding region of each gene,
however, indicates that a transcriptional promoter is located
within this region. These promoters, although diverse in
sequence, must be functionally equivalent in driving the
transcription of rearranged V-region genes. Immunoglobulin
V-region promoters show similar sequence diversity but
invariably contain a conserved octanucleotide that deter-
mines the tissue specificity of immunoglobulin transcription
(20-23). This octamer is clearly not contained within the V13
promoter region. We have, however, identified a unique
element shared by all but one of the murine V,, genes
examined. The consensus sequence of this decanucleotide is
AGTGAATG CA. This limited region of homology contained
within otherwise diverse 5' sequences suggests that the
decanucleotide is a conserved element in murine V.3 pro-
moters and might therefore be found in homologous genes of
other species. A search of the published sequences of the
human T-cell receptor V,3 8 subfamily, whose members are
most closely related to the murine V3 11 gene, reveals
conservation of this decanucleotide sequence in all subfam-
ily members (18). In the human V,, 8.1 gene this sequence is
located 115 bp 5' to the initiating ATG, placing it just
upstream of the putative TATA box and transcription start
site (Fig. 2). Further sequence comparison indicates no
additional regions of significant homology between the hu-
man and murine V,3 promoters, supporting a prediction that
the conserved decanucleotide sequence might be involved in
regulating transcription of these genes.
As is common with many regulatory protein-binding sites

(24), the decanucleotide displays a degree of dyad symme-
try. In fact, the most highly conserved portion of the
decanucleotide is an inverted repeat with the sequence
TGA--TCA. Interestingly, this decanucleotide also shows
limited homology to other putative regulatory elements,

including the palindrome TGACGTCA, contained within a
small region required for cAMP responsiveness (6, 25), and
the sequence TGACTCA, identified as the binding site of the
transcription-activating protein AP-1 (7, 26). Although the
cis- and trans-acting elements required for V3 transcription
have not been identified, evidence of possible regulatory
function for the decanucleotide sequence was derived from
DNase footprint analysis of the human V1B 8.1 promoter area
(19). These studies showed that the conserved sequence lies
within a 23-bp region protected by nuclear extracts of
lymphoid and nonlymphoid cells, indicating protein binding
to this region. A lack of absolute conservation of this
sequence in all V13 genes suggests flexibility in the protein
recognition site. Although additional areas within the human
V, 38.1 promoter were protected in this analysis, these re-
gions do not share significant homology with the murine
genes (Fig. 2). The potential to be bound by a trans-acting
factor further supports a functional role for the decanucleo-
tide in V,3 regulation.

V,9 Gene Regulation. The role of promoter elements in
directing the tissue specificity of TCR expression is un-
known. Extensive studies on immunoglobulin promoters,
however, have shown that maximal expression of these
genes requires the conserved octamer sequence (21-23) and
a tissue-specific nuclear factor, perhaps a posttranslationally
modified form of a ubiquitous octamer-binding protein
(27-31). The distinct structures of immunoglobulin and TCR
V-region promoters suggest that transcription of these genes
can be regulated by different mechanisms. One intriguing
outcome of developmentally regulated transcription of V-
region genes may lie in the control of rearrangement events.
The absence of inappropriate V to D-J rearrangements
despite the occurrence of inappropriate D-J joins [D,, J,, in B
cells and DHJH in T cells] (32) suggests that V-segment
rearrangement is tightly regulated in lymphocytes. This
strict tissue specificity of V-segment rearrangement prevents
the expression of inappropriate protein products that might
interfere with the normal regulation of subsequent recombi-
nation events. As evidenced by recent transient recombina-
tion assays (33), an absolute requirement for transcription as
a prerequisite to recombination has not been demonstrated.
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A correlation between these two activities, however, is well
established (4). For example, some germ-line VH segments,
which are transcriptionally silent in T cells and mature B
cells, are actively transcribed from their normal promoters in
precursor cells undergoing VH to DS-JH rearrangement (34).
It is possible that one function of distinct factors that drive
developing lymphocytes into either a T-cell or B-cell lineage
is the differential activation of TCR or immunoglobulin
germ-line gene segments, thereby generating unique acces-
sibility to a common recombinase. Tissue-specific trans-
acting factors generated in response to such extracellular
differentiation signals could result in a battery of specific
gene expression events. The similarity of the Via decanu-
cleotide to elements that contribute to cAMP responsiveness
(25) and phorbol ester inducibility (7, 35) suggests that a
protein kinase may be involved in the generation of tissue-
specific factors that control V13 transcription. The ability of
phorbol esters to augment f-chain expression in EL4 cells
(36) supports this possibility. Identification of the factors
that bind the V1, promoters and control transcription may
shed light on the signals for lymphocyte differentiation.
Unrearranged V1, Transcription. The promoter and/or

enhancer sequences required for V1, transcription have not
yet been determined. Immunoglobulin V-region gene pro-
moters are generally transcriptionally active only when
juxtaposed with enhancer elements found within the J-C
intron of H and L chains (37-39). Similar enhancer elements
have not yet been identified within the P-chain locus, and the
activity of V1, promoters independent of such elements has
not been tested. Interestingly, two separate immunoglobulin
gene promoters in a tandem array can be transcriptionally
active in an enhancer-dependent fashion when transfected
into B cells (40). A similar tandem array occurs naturally for
the murine V,35.1 and V1,8.2 genes. Transcription from the
upstream V1, 5.1 gene following rearrangement of the V138.2
gene indicates that activation is not limited to the promoter
most proximal to the C region. Such activity from nearby
upstream promoters after V-region rearrangement may be a
general feature of the closely linked V1, genes, since similar
transcription appears to occur with V11 4 and V11 16. Nuclear
run-on assays, which would determine the extent to which
upstream V1, genes are transcriptionally active following
rearrangement, may shed light on the contribution of pro-
moter and nonpromoter sequences to the regulated expres-
sion of V1, genes.
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