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ABSTRACT DNA-nuclear protein binding interactions
were examined in the promoter region of a representative T-cell
receptor Ti (3-chain variable-region gene by means of electro-
phoretic mobility-shift and DNase I-protection analysis. Within
175 bases upstream of the transcription initiation site, four
protected regions ("footprints") were identified on the coding
strand, at nucleotides -46 to -68 (I), -72 to -92 (11), -113
to -134 (II), and -136 to -175 (IV). Nuclear proteins (0.6M
NaCl fraction from a heparin-Sepharose column chromatog-
raphy of nuclear extracts) of a variety of cell types produced
footprints I, III, and IV and a fifth footprint (beyond nucleotide
-200). In contrast, footprint II was produced only by T-cell
extracts, although nuclear extracts of a transformed B-lym-
phoblastoid line produced a partial footprint in this region.
Furthermore, footprint analysis of the noncoding strand
showed that a continuous region of protection corresponding to
the entire region of footprints I and II was generated, along
with a DNase I-hypersensitive site, by nuclear proteins derived
from T cells but not other cell types. Footprint I has the
sequence structure of many well-deflned protein-DNA binding
sites. Nucleotide sequences in the region of footprint II bore no
homology to known sequences, whereas those in the areas of
footprints III and IV were similar to motifs within immuno-
globulin and other enhancers. These rmdings may have impli-
cations for the tissue specificity of human Ti (-chain gene
transcription.

The human T-cell receptor for antigen and major histocom-
patibility complex comprises five polypeptide chains, collec-
tively termed the T3-Ti complex. Whereas the disulfide-
linked 49-kDa (a) and 43-kDa (13) Ti subunits are polymorphic
and confer ligand specificity through their individual immu-
noglobulin-like variable (V) domains, the three 20- to 25-kDa
T3 subunits (y, 8, and e) are themselves monomorphic,
noncovalently associated subunits presumably involved in
signal transduction (1). During development, bone marrow
precursor cells, which lack the T3-Ti structure, are induced
to differentiate within the thymic microenvironment into
lymphocytes bearing the T-cell receptor (2). This differenti-
ative process is rigorously ordered. Ti 13 gene transcription is
activated first and only subsequently Ti a gene transcription
(3).
While it is obvious that rearrangements of individual V,

diversity (D), and joining (J) segments of Ti 13 and a genes
occur prior to transcriptional activation of the complete a and
13 V (Va and Vs) genes, the molecular basis of subsequent a
and 13 gene expression is not understood (3, 4). Because
promoter recognition by RNA polymerase is a key step in
regulation of transcription and requires auxiliary proteins to
direct selective and accurate transcription (5), we have begun

to study protein-DNA interactions between nuclear proteins
and theDNA sequences ofa representative Vp gene promoter
region.

MATERIALS AND METHODS

Genomic DNA Cloning. A human T-cell genomic library
from the REX tumor line was constructed essentially as
described by Maniatis et al. (6), using X Charon 30 BamHI
arms and size-selected [20-kilobase (kb)-long] fragments
from a partial Mbo I digest of T-cell (REX) DNA. The library
was screened with a REX Ti 13 constant-region (C13) 32p-
labeled probe isolated and described previously (3). Clone
X13REX contained a rearranged C,31 gene and was used for
subcloning the REX Ti V13 gene.
X,8REX was digested with Bgi II and Xma I, and the

fragments were ligated to Xma I-cleaved pUC8 vector.
Transformants were screened witha REX C,3 DNA probe.
The clone pVgIBREX contained the 1.5-kb Bgl II-Xma I/Sma
I fragment plus 2-kb Bgl II-Xma I fragment located upstream
in XPREX. For DNA sequence analysis, electrophoretic gel
mobility shift, and DNase I protection analysis, DNA frag-
ments were prepared from pVg5BREX by cutting with the
appropriate restriction endonucleases, followed by prepara-
tive gel electrophoresis in polyacrylamide gels and electro-
elution of individual fragments.

Isolation of Nuclear Proteins and Hepak-in-Sepharose Chro-
matography. Nuclear proteins derived from various cell lines
were isolated as described by Wu (7). Cells were homoge-
nized in solution I, and nuclei were recovered by centrifu-
gation. For extraction of nuclear protein, nuclei were sus-
pended in solution II (contains 400 mM NaCl) and incubated
at 40C for 30 min with continuous stirring to prevent aggre-
gation. Nuclear extracts were clarified by ultracentrifugation
at 39,000 rpm for 60 min at 40C in a Sorvall TFT65.13 rotor.
Nuclear extracts were dialyzed for at least 5 hr against
solution III. To enrich for DNA binding proteins, nuclear
extracts were chromatographed on heparin-Sepharose
(Pharmacia). A protocol outlined by Wu was used (8).
Extracts were loaded twice in chromatography buffer
(CB)/0.1 M NaCl, washed with CB/0.1 M NaCl, and frac-
tionated by elution with CB/0.3 M NaCl, CB/0.6 M NaCl,
and CB/1 M NaCl. For further use, 0.3 M and 0.6 M NaCl
fractions were dialyzed for at least 5 hr against solution III,
using collodion bags (Schleicher & Schuell).

Electrophoretic Gel Mobility-Shift and DNase I Protection
Analysis. Protocols described by Singh et al. (9) were fol-
lowed. For gel mobility-shift experiments, DNA fragments
were labeled at the 3' end with the Klenow fragment ofDNA
polymerase (New England Biolabs) or the 5' end with
polynucleotide kinase (New England Biolabs). Individual

Abbreviations: V, variable; D, diversity; J, joining; C, constant; kb,
kilobase(s); bp, base pair(s).
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FIG. 1. Restriction maps of clones and fragments. X,8REX is the clone containing the rearranged V,3 gene in X Charon 30. pVg/3REX is a
subcloned piece of X,6REX, containing the rearranged Vat gene. V600 (Nco I-Nco I) and V400 (Rsa I-Nco I) are fragments, derived from
pVg/3REX, that contain upstream sequences. L, leader.

fragments were incubated in binding buffer, as described, for
25 min at room temperature and loaded on a low-salt
polyacrylamide gel (4% total monomer, 30:1 acrylamide/N,
N'-methylenebisacrylamide ratio). Electrophoresis was at 11
V/cm for 90 min at room temperature with buffer recircula-
tion. Gels were dried and exposed to x-ray film overnight.
For DNase I protection analysis, DNA fragments labeled

at one end were incubated with 50 ,ug of nuclear extract
protein in binding buffer (9) in the presence of 2.5 mM MgCl2
and 5 gg of poly(dI-dC)poly(dI-dC) for 25 min at room
temperature, digested with DNase I (0.1-0.5 Ag; New En-
gland Biolabs) for 2.5 min at room temperature, phenol-
extracted, chloroform-extracted, and ethanol-precipitated
twice. Samples were heated to 90'C in loading buffer and
applied to an 8% sequencing gel as described by Maniatis et
al. (10).
Sequence Determination and Comparison. DNA sequence

analysis was done by the chemical degradation method (11).
Release 42 of GenBank* was scanned for sequence similar-
ities, using a local homology program (12). Local sequence
similarities and alignments were investigated by use of a
standard dynamic programming algorithm (13).

RESULTS
Cloning of the Rearranged VpREx Gene. To obtain an active

Ti Vat gene and its 5' flanking region, we constructed a REX
genomic library in X Charon 30 bacteriophage and screened
the library with a C13 cDNA probe. The REX human line is of
T lineage and expresses the T3-associated Ti a/,8 heterodim-
er (2). A genomic clone termed X,8REX was isolated and
shown by restriction mapping to contain the rearranged V13
gene. The organization ofthe ,/3REX insert is outlined in Fig.
1. The Bgl II-Sma I fragment was subcloned in pUC8 to
generate the clone pVg8REX. A restriction map of the insert
containing the Vp gene is shown in Fig. 1. Regions of this
insert, termed V600 and V400, were utilized to study putative
DNA-protein interactions by electrophoretic mobility shift
(9, 14, 15) and DNase protection assay (9, 16).

Analysis ofDNA Binding Activity of Nuclear Extracts by Gel
Mobility Shift. As putative regulatory sequences of the Ti ,(
gene could reside 5' of the initiation codon (ATG), we
isolated a 600-base-pair (bp) Nco I fragment (V600) from
pVgPREX whose 3' Nco I site contains the ATG initiation
codon. Subsequently, V600 was 3'-end-labeled with the
Klenow fragment of DNA polymerase and incubated with
various amounts (1-5 ,ug) of nuclear extract protein derived
from REX as described in Materials and Methods. As a set
of controls, we utilized two DNA fragments derived from the
Jp3l-Cpl intron present in X,3REX, which had itself been
subcloned into pUC8. These fragments were produced by
digestion of a 350-bp Mae I fragment digested with Rsa I or

with Scrfl. Fig. 2 shows the results of a representative
mobility-shift assay that employed each of these end-labeled
fragments in the presence or absence of extract. Lane a
shows the mobility of the free V600 fragment in the absence
of added nuclear extract. Incubation of V600 prior to elec-
trophoresis with 1 ,ug of nuclear extract derived from the 0.6
M NaCl fraction eluted from the heparin-Sepharose column
resulted in a reduction in intensity of the free V600 band and
a heterogeneous shift in the position of V600 (lane b). With
addition of a greater amount of extract (5 ,ug), virtually all of
the labeled V600 fragment was retarded at the top of the gel
(lane c). In contrast, neither of the two Jp-Cp3 intron frag-
ments (lanes d and f) was shifted in its mobility by addition
of S Ag of the same REX nuclear extract (lanes e and g).

Detection of DNA Binding Sites by DNase Protection Anal-
ysis. The above results suggested that one or more DNA-
binding proteins interact in the region upstream of V13. To
identify and localize DNA-protein interactions, we per-
formed DNase protection analysis. In this method the DNA
fragment of interest, labeled at a single end, is incubated in
the presence or absence of nuclear extract and then partially
digested with DNase I, and the resulting DNA fragments are
separated by electrophoresis in a sequencing gel. A typical
pattern of DNase I digestion of the 3'-end-labeled coding
strand of the V400 (Fig. 1) upstream V-region fragment in the
absence of nuclear extract is shown in Fig. 3 (lanes a and d).
Addition ofREX nuclear extract derived from 0.3 M and 0.6
M NaCl fractions from the heparin-Sepharose column result-
ed in regions of protection from DNase I digestion-i.e.,
"footprints." In the case of addition of the 0.6 M fraction,
five distinct footprints were evident (lane c, footprints I-V).
In contrast, the 0.3 M extract yielded only three of these five
protected regions in the same fragment (lane b, footprints I,
IV, and V). Footprint V was more prominent with the 0.3 M
NaCl extract than with 0.6 M NaCl extract. That this
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FIG. 2. Mobility-shift assay with end-labeled DNA fragments
derived from the REX Vat gene. Lanes: a, V600 alone; b, V600 plus
1 Ag of nuclear extract protein; c, V600 plus 5 ,/g of extract; d, Mae
I-Rsa I fragment alone; e, Mae I-Rsa I fragment plus 5 ,.Lg of extract;
f, Mae I-Scrfl fragment alone; g, Mae I-Scrfl fragment plus 5 Iug of
extract.
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*National Institutes of Health (1983) Genetic Sequence Databank:
GenBank (Research Systems Div., Bolt, Beranek, and Newman,
Cambridge, MA), Tape Release 42.0.
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FIG. 3. Analysis of DNase
protection of Vp upstream se-
quence V400 by REX nuclear
proteins. Lanes: a and d, no
extract; b, 0.3 M NaCl heparin-
Sepharose fraction of REX nu-
clear extract; c, 0.6 M NaCl
heparin-Sepharose fraction of
REX nuclear extract.

difference is a reflection of intrinsic affinity for a given DNA
sequence is likely but not certain.
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Comparison of Protected Regions Generated from Various
Nuclear Extracts. To determine whether the REX nuclear
extract components that produced the regions of protection
were restricted to cells of the T lineage, we obtained nuclear
extracts from both lymphoid and nonlymphoid cell lines. Fig.
4A shows the patterns offootprints on the V400 coding strand
generated with nuclear extracts from the T-lineage tumor
REX (lanes b and h), the Epstein-Barr virus-transformed
B-lymphoblastoid line Laz 509 (lanes c and i), the carcinoma
cell line CX1 (lanes d and j), the erythroleukemia line K562
(lanes e and k), a mixture of peripheral blood T and B cells
(lane f), and the monkey kidney cell line COS (lane g). In the
case of REX, Laz 509, CX1, and K562, both 0.3 M and 0.6
M NaCl extracts were utilized. For comparison, lanes a and
1 show the DNase I pattern in the absence of extract.

Consistent with the above results, five distinct footprints
are evident in the 600 mM REX nuclear extract. In addition,
three major and one minor DNase I-hypersensitive sites are
noted (arrows) in the pattern obtained with the 600mM NaCl
REX extract. While the major hypersensitive sites flanking
footprint V are present in the patterns of all nuclear extracts,
the hypersensitive site between footprints III and IV is
apparently unique to the patterns seen with the 600mM REX
extract and, to a lesser extent, the 600 mM extract from
peripheral blood lymphocytes (>70% T lymphocytes) (lanes
b and f, respectively). In addition, footprints I and V are
identical for extracts from all cells, whereas footprints III and
IV, as defined by the pattern given by the 600 mnM REX
extract, are observed with extracts from all cells, but with
minor variations unique to each cell type (Fig. 4A). Perhaps
more important, footprint II is restricted to the lymphoid cells
REX (lane b), peripheral blood lymphocytes (lane f; the
footprint is less prominent), and Laz 509 (lane c; the footprint
has a different pattern). The pattern obtained with nuclear
extract from a second T-lineage tumor, HPB-ALL, was
identical to the pattern obtained with REX (data not shown).
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FIG. 4. Analysis of DNase protection of coding (A) and noncoding (B) strands by nuclear proteins isolated from various cell lines. (A) Lanes
a and 1: no extract. Lanes b-g: 0.6 M NaCl heparin-Sepharose fraction of nuclear proteins isolated from REX (lane b), Laz 509 (lane c), CX1
(lane d), K562 (lane e), peripheral blood lymphocytes (lane f), and COS (lane g). Lanes h-k: 0.3 M NaCl heparin-Sepharose fraction of nuclear
proteins isolated from REX (lane h), Laz 509 (lane i), CX1 (lane j), and K562 (lane k). (B) Lane a: no extract. Lanes b-e: 0.6 M NaCl fraction
from REX, Laz 509, CX1, and K562, respectively. The amount of nuclear protein used in each assay was 10 ,ug in both A and B.
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In contrast, the 0.3 M NaCl nuclear extracts derived from
many cell types gave rise to footprints I, IV, and V (Fig. 4A
and data not shown).

Collectively, the above results suggest that a protein
unique to cells of the T lineage might bind DNA in the region
of footprint II. That a different pattern was obtained in a
similar region of the V400 coding strand with 0.6 M nuclear
extracts from Laz 509 implies that a related but distinct B-cell
protein might bind to this area. To determine the protected
regions on the complementary DNA strand, the 5' end of the
V400 noncoding strand was labeled with T4 polynucleotide
kinase and subjected to footprint analysis (Fig. 4B). In
comparison to the DNase I pattern generated in the absence
of extract (lane a), multiple footprints resulted from addition
of the 0.6M NaCl heparin-Sepharose fraction ofREX nuclear
extracts (lane b). Based on comparison of DNase patterns of
both strands with the corresponding nucleotide sequence (see
below), it is possible to relate the footprints obtained on the
noncoding strand to those on the coding strand. Fig. 4B
shows the footprints corresponding to the I-V labeling
scheme of the coding strand. The region corresponding to
footprints I and II on the coding strand is likewise protected
on the noncoding strand (lane b) and, in this case, is
represented by a contiguous stretch of protection. A similar
contiguous protected region corresponds to footprints III and
IV. Note that the region of footprint V is also present on the
noncoding strand.
Only the REX extract resulted in generation of a hypersen-

sitive site between footprints II and III (Fig. 4B, arrow).
Further, although the DNA in region I was protected by
extracts from Laz 509 (lane c), CX1, (lane d), and K562 (lane e)
cells, the noncoding-strand region corresponding to footprint II
on the coding strand was protected only by REX extract (lane
b). Collectively, with the results of differences in footprint II
generated by REX vs. Laz 509 extracts in the coding strand, the
results with the noncoding strand support the view that a protein
unique to T cells binds to this region of DNA.
DNA Sequence of the REX Vp Upstream Region. To

determine the precise nucleotide sequence of the protected
area of coding and noncoding strands in the Vp3 upstream
region, V400 was labeled at either the 3' or the 5' end and
subjected to the chemical degradation methods of Maxam
and Gilbert (11). The nucleotide sequence of the coding
strand is shown in Fig. 5 Upper. The positions of the "TATA
box," putative transcription initiation (cap) site, and trans-
lation initiation codon (ATG) are also indicated (Fig. 5
Lower). There are no CpG DNA methylation sites within this
potential regulatory domain. Computer homology search
against the GenBank* primate and rodent files indicated that
the region of footprints III and IV bore sequence similarities
(score 8.86-12.56) (13) with a number of enhancer motifs.
Similarities were found with the polyoma, simian virus 40
(SV40), hepatitis B, human insulin, bovine papilloma virus,
and immunoglobulin enhancers. Even though the similarity
values are not extremely high, the fact that all the most
similar identified regions contained enhancers suggests func-
tional significance. The region of footprint IV in the REX Vp
promoter and sequences within the IgG enhancer and SV40
enhancer are compared in Fig. 6 (Top and Middle, respec-
tively). The similarity with IgG enhancer includes a portion
of the immunoglobulin-specific octamer (underlined) and
additional sequences. Arrows indicate the presence of an
inverted repeat (GTGTG) in the footprint IV sequence.
Footprint I also contains an inverted repeat (TCAGTGA; Fig.
6 Bottom).

DISCUSSION
Protein-binding sites were characterized in the promoter
region of a representative rearranged genomic T-cell receptor
V13 gene by means of gel mobility shift, DNase I protection
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GCAAGTGTGC ATCTCTATTT CACACCAATT ATAGTfGAGT TAATTCCTGC

-104 -84
CTGATTCATC TCCCAGAGAT GCAGCCTCCT CTTAAAGAAG TTGGGGGTGG

-64 -44 -24
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-4 +1 +17
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FIG. 5. (Upper) Nucleotide sequence of the coding strand of the
Va upstream region and protein binding sites. The location of the
"TATA box" is shown by the overline and the putative transcription
initiation (cap) site is located at position + 1. (Lower) Schematic
representation of the 5' V,3 gene and distribution of DNase I-
hypersensitive sites (arrows) and of protein binding sites on the
coding (horizontal lines) and noncoding (diagonal lines) strands.

analysis, and nucleotide sequencing. For DNase protection
analysis, nuclear extracts were first enriched by heparin-
Sepharose chromatography, which selects for DNA-binding
proteins on the basis of charge. On the coding strand, five
discrete protected regions (footprints) were detected at
nucleotides -46 to -68 (I), -72 to -92 (II), -113 to -134
(III), -136 to -175 (IV), and beyond -200 (V). The size of
these footprints (-=20 bp) is consistent with areas protected
by known DNA-binding proteins (5). In contrast, on the
noncoding strand, the protected regions corresponding to
footprints I and II and to footprints III and IV were fused. The
sequences of the individual protected regions I-IV are not
identical, which suggests that each footprint is produced by
a different DNA-binding protein. Thus, multiple proteins
bind to the promoter region of the REX Ti Va gene, consistent
with findings for well-studied genes in yeast systems (17, 18).
The REX Ti V13 promoter region shows no obvious general

homology with known immunoglobulin genes. This is per-
haps not surprising, since promoters are generally not con-

served, even among immunoglobulin genes, with the excep-
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VA CC,'GCAAGTGTGCATCTCTATTTCACACCAATTATAGTT
11 11111 1iii 11

I g G GTAA-TTTGCATTTCTAAAATAAGTTGAGGATTCAG
163 170 140

-164 -120

VA CATCTCTATTTCACACCAATT--ATAGTTGAGTTAATTCCTGCCTGA
111111 11111 III 1111 111 1111 11111

S V 4 Q CA-CCCTAACTGACACACATTCCACAGCTG-GTTCTTTCC-GCCTCA
147 191

-65 - = 49
CATTCAGTGATGTCACTGAC coding

VPn GTA.AGTCACTACAGTGACTG noncod ing

FIG. 6. Features of REX V89 promoter sequences. (Top and
Middle) Comparison of the footprint IV region with IgG and SV40
enhancers. Dashes represent gaps inserted to maximize homology.
Arrows indicate an inverted repeat. The immunoglobulin-specific
octamer is underlined. (Bottom) Footprint I region.
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tion of the 8-nucleotide octamer sequence ATTTGCAT (19,
20) and the TATA box. In this regard, it is of note that this
octamer is itself not present in the REX Vp gene promoter.
Likewise, neither Spl recognition sequence [5' GNTG-
GGCGGRRY 3', present in all Spl-responsive promoters (5)]
nor the 25-bp double-stranded segment ofDNA protected by
NF-1 [consensus sequence 5' TGGMNNNNNGCCAA 3',
where M = A or C (aMino); ref. 21] is present. These results
imply that the proteins binding to the REX Vp promoter
region are distinct from those binding to these putative
regulatory sequences.

Nevertheless, there is an obvious similarity of known
immunoglobulin enhancers (22) with the sequences encom-

passed in footprints III and IV of the coding strands when
short regions of sequence are compared. In particular, we

noted that areas around and including some of the octamer
sequence are present in footprint IV. This is not unexpected,
given that enhancer regions appear themselves to be com-

posed of short DNA sequences or motifs (23). To date, and
in contrast with the findings for immunoglobulin heavy and
light chains, no evidence for an enhancer region in the J9-Cs3
intron of the Ti 8-chain gene has been found (unpublished
results). Thus, it is possible that the 5' enhancer-like se-

quence described in this report represents an upstream
transcriptional control element identified by DNase protec-
tion. Alternatively, the area might be involved in conferring
transcriptional cell-type specificity. In this regard, deletion
analysis of an immunoglobulin heavy-chain V gene promoter
indicated that the conserved octamer 5' of the TATA box is
a functional component of a tissue-specific upstream pro-
moter element (24). Further evidence for or against this
notion must await analysis of in vitro transcription assays and
in vivo transfection studies employing modified promoter
regions. However, the striking correlation of footprint anal-
ysis and functional studies for known regulatory regions
makes this a very likely possibility (25). Because T-cell
receptors are not secreted, there is no requirement in the
T-cell system (as there is in the case of the B-cell system) for
high-level production of this gene product (i.e., no plasma-
cell equivalent exists within the T-cell system). That the
immunoglobulin enhancer in the intron of immunoglobulin
genes evolved from a primordial upstream control element of
this putative site is possible but certainly speculative.
Given the contiguity of footprints I and II and footprints III

and IV on the noncoding strand, it is possible that each oftwo
proteins within a set contact one another, resulting in
cooperative binding. One example of such a cooperative
binding interaction occurs in the human rRNA promoter,
where one binding factor recruits a second factor to the
template to collectively protect an extended region of se-
quence (26). The GTG-containing inverted repeats in nucle-
otide sequences within footprints I and IV (Fig. 6) are
characteristics of protein-binding sequences in well-defined
prokaryotic and eukaryotic systems (15, 27-29).

Tissue specificity of transcription is conferred upon im-
munoglobulin genes by enhancer elements as well as pro-
moter elements, including the octamer sequence (30, 31). The
existence of a binding site for an apparent T-lineage factor as

shown herein might be, at least in part, responsible for tissue
specificity of Ti transcripts. It is also possible that T-cell-
specific modification of more widespread factors could lead
to differential binding. Within human intrathymic ontogeny,
Ti 8 transcription begins in the late stage I-stage II compart-
ment (3). Therefore, it will now be important to determine
whether this putative T-lineage-specific DNA-binding pro-

tein or other factors are rate-limiting for further progression
of the differentiative process.
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