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The T cell antigen receptor is a multi-subunit receptor complex present on the surface
of all mature and many developing T cells. It consists of clonotypic heterodimers
noncovalently linked to five invariant chains that are encoded by four genes and
referred to as the CD3 complex. The CD3 gamma, delta, and epsilon chains have been
molecularly characterized. In this report the molecular cloning of a complementary
DNA encoding the zeta chain of the murine T cell antigen receptor is described. The
predicted protein sequence ofthe zeta chain suggests a structure distinct from those of
any of the previously described receptor subunits.

T HE T CELL ANTIGEN RECEPTOR
(TCR) performs two functions: the
recognition of specific antigen and

the translation of antigen binding into bio-
chemical signals that activate the immune
response of T cells [for review, see (1)].
Fulfillment of these functions requires the
synthesis, assembly, and surface expression
of a multi-subunit receptor complex. On
most mature T cells, antigen recognition
occurs via clonally specific alpha and beta
chains that form disulfide-linked hetero-
dimers and arise through gene rearrange-
ment and other mechanisms (2). These clon-
otypic chains are noncovalently linked to a
set of nonpolymorphic proteins in all T cells
(3). These associated subunits, collectively
referred to as the CD3 complex, consist of
two glycoproteins, gamma and delta, and
two nonglycosylated proteins, epsilon and
zeta. The zeta chain is the most recently
identified component of this complex in
both murine and human T cells (4) and
exists primarily as a disulfide-linked homo-
dimer. Thus the receptor consists of a mini-
mum of seven chains-alpha, beta, gamma,
delta, epsilon, and two zetas. The complete
sequences for human and murine gamma,
delta, and epsilon subunits have been re-
ported (5). The gamma and delta chains
show extensive sequence similarity to each
other and to the epsilon chain, and all three
are members of the immunoglobulin super-
gene family (6). The genes encoding these
three proteins are closely linked to each
other in the genome (7).
The zeta chain has an apparent molecular

size of about 16 kD when analyzed under
reducing conditions by SDS-polyacrylam-
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ide gel electrophoresis (SDS-PAGE). Ap-
proximately 90% ofzeta exists as a disulfide-
linked homodimer and, when nonreduced,
migrates at 32 kD. There is evidence (8) that
zeta also exists as a heterodimer disulfide
linked to a unique 22-kD protein not previ-
ously described. In addition, our studies
suggest that the receptor subunit that is
tyrosine phosphorylated in response to anti-
gen and that we previously termed p21 (9)
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is, in fact, tyrosine-phosphorylated zeta mi-
grating anomalously on SDS-PAGE as a
result of multiple phosphorylations.

Zeta plays a unique role in the assembly,
intracellular targeting, and function of the
TCR complex. Studies in murine T cell
hybridomas indicate that zeta is synthesized
in limiting amounts in comparison with the
other subunits (10). Results of recent stud-
ies in a variant hybridoma cell line that fails
to synthesize any detectable zeta chain (11)
emphasize the unique role of zeta. In the
absence of zeta, 95% of the receptor com-
plexes are rapidly transported to and degrad-
ed in lysosomes, hence the zeta homodimer
appears necessary for efficient cell-surface
expression of the complex by preventing the
sorting of the receptor from the trans Golgi
to the lysosome. In the variant cells, only 5%
of the pentameric complex reaches the cell
surface. This partial complex (lacking zeta)
is incapable of mediating a response to
either specific antigen or to antibodies di-
rected against those accessory surface mole-
cules that can activate the parental cell, such
as Thy-i. In order to fuirther understand this
important TCR component we have isolat-
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Fig. 1. (A) Single-stranded
dideoxy chain termination
sequencing was carried out
on restriction fragments of
the cDNA subcloned into
bacteriophage M13 mpl8
and M13 mpl9 (22) using
Sequenase (U.S. Biochemi-
cals) and DNA polymerase I
large fragment (BRL). Ori-
gins of arrows correspond
to the restriction sites from
which sequencing was initi-
ated: P, Pst I; E, Eco RI;
and S, Sst I. Arrows with-
out restriction sites above
them denote oligonucleo-
tide priming based on previ-
ous sequence. (B) Comple-
mentary DNA sequence and
deduced amino acid se-
quence. Arrow indicates
predicted signal peptidase
cleavage site. Underlined re-
gion corresponds to the
transmembrane domain.
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Fig. 2. Immunoprecip- NRP-
itation of iodinated mem- R
brane lysate from 2B4 cells.
"'I5-labeled membrane ly-
sates were prepared with
NaI and lactoperoxidase as 16-
described (4) and immuno-
precipitated with protein A-
Sepharose (BRL) bound with the indicated antisera: (A) antiserum R124 raised in rabbit against
purified zeta protein; (B) antiserum to zeta peptide; and (C) antiserum from unimmunized rabbit.
Samples were eluted from Sepharose beads under nonreducing conditions and run in the first
dimension (NR) on 10% SDS-PAGE gels (4). Tube gels were then equilibrated in sample buffer
containing 0.5% dithiothreitol to reduce disulfide bonds and then run in the second dimension (R) on
12.5% SDS-PAGE slab gels. Gels were fixed, dried, and placed at -70°C for autoradiography as
described (5). Zeta fell below the diagonal to 16 kD.

ed and cloned a complementary DNA
(cDNA) encoding the murine zeta chain.
The hyperplastic lymph nodes of the

MRL/lpr mouse (12) served as a plentiful
source of T cells for zeta protein purification
(13). Initial attempts at protein sequencing
found the amino terminus of zeta to be
blocked; hence purified zeta was subjected
to cyanogen bromide (CNBr) cleavage and
sequential Edman degradation. As CNBr
cleavage yielded only two fragments by
SDS-PAGE, and attempts to separate the
peptides by high-performance liquid chro-
matography (HPLC) resulted in severe
losses, we sequenced unfractionated CNBr
cleavage products (14). Complementary
nondegenerate 72-base oligonucleotides
corresponding to a predicted stretch of 24
amino acids were synthesized (14). After
purification these oligonucleotides were
used to screen a T cell hybridoma (2B4)
cDNA library (15). Four positive clones
were purified, and each contained 1.25-kb
inserts. Two of these inserts were cloned
into the Eco RI site of the plasmid pGEM
3Z (Promega) and were shown to be identi-
cal by restriction enzyme analysis.

Nucleotide sequencing ofthe cDNA (Fig.
1) revealed an open reading frame encoding
164 amino acids before a single TAA stop
codon was reached. Sequence 5' to the
presumed initiating ATG codon reveals a
stop codon (TAG) in frame with the down-
stream open reading frame. The predicted
protein sequence contained the amino acid
sequence obtained by Edman degradation.
However, the amino acid sequence used as a
basis for oligonucleotide synthesis proved to
have been a fusion of two CNBr-generated
sequences (14). The deduced amino acid
sequence predicts a protein with a molecular
weight of 18,637. The amino terminus re-
sembles a typical leader peptide. The se-
quence, analyzed according to the weight
matrix method of von Heijne (16), con-
firmed the presence of a leader sequence,
with the signal peptidase cleavage site locat-
ed between residues 21 and 22. This would
result in a mature protein of 143 amino
acids with a predicted molecular weight of
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16,299, in good agreement with the SDS-
PAGE migration of zeta. Analysis of the
predicted sequence of the mature protein
(17) reveals a single hydrophobic stretch
between residues 31 and 51. This would
result in nine amino acids in the extracellular
domain of the mature protein followed by a
transmembrane helix of 21 amino acids.
This transmembrane region is remarkable
for the presence of a single negative charge
(Asp) at residue 36. The cytoplasmic do-
main is predicted to contain 113 amino
acids. Analysis ofcharged residues predicts a
basic pl for the entire protein, in agreement
with the known pI of zeta. A search of the
National Biomedical Research Foundation
database, March 1987 release by the FASTP
program designed by R. Pearson and D. J.
Lipman, revealed no significant homology
between zeta and other known proteins.
Notably, there was no significant homology
between the zeta protein and the published
sequences of the other CD3 components.

Various studies were carried out to deter-
mine whether the isolated cDNA clone in-
deed encoded the zeta subunit of the T cell
receptor. A synthetic peptide, generated ac-
cording to the protein sequence predicted
by amino acid sequencing (14), was used to
immunize rabbits. The resulting antiserum,
R338, specifically precipitated the zeta ho-
modimer from '25I-labeled T cell mem-
branes, although the titer was less than that
obtained with antisera directed against puri-
fied zeta protein (4, 10, 11) (Fig. 2). The
identity of the protein product encoded by
the cDNA was further studied by in vitro
transcription and subsequent translation in a
rabbit reticulocyte lysate system either in the
presence or absence of dog pancreas micro-
somes (Fig. 3). The resulting [35S]methio-
nine-labeled translation product was sub-
jected to immunoprecipitation with two dif-
ferent sera (R123 and R124) raised against
the purified zeta protein. In the absence of
microsomes, a single major band with an
apparent molecular size of 18,500 was pre-
cipitated specifically by these antibodies but
not by an irrelevant antiserum. The antise-
rum to the zeta peptide (R338) did not

recognize the in vitro translation product.
When translation was carried out in the
presence of microsomes, most of this 18-kD
band was converted to a band with a molec-
ular size of 16 kD (in agreement with the
size of mature zeta). This product could
again be immunoprecipitated with R123
and R124, the antisera specific for zeta (Fig.
3). This confirms that the predicted leader
peptide is removed during the biosynthesis
of the zeta chain.
The expression of the zeta chain gene was

assessed by Northern blot analysis (Fig. 4);
radiolabeled zeta cDNA was used as a
probe. A single band of about 1.7 kb was
seen in two T cell lines, EL4 and the 2B4
hybridoma (lanes 2 and 4 in Fig. 4). No
hybridizing messenger RNA (mRNA) was
detected from the B cell-derived G7 plasma-
cytoma cell line (lane 1). The B cell tumor
line LK 35.2 showed faint hybridization
(lane 3). Most significantly, the 2B4 variant
5.8 (12), which synthesizes all of the TCR
components except zeta, contains no detect-
able mRNA for zeta (lane 5). Analysis of
RNA isolated from mouse organs revealed
high levels of expression in thymus and
lower levels in spleen, with no detectable
mRNA in brain, liver, kidney, heart, or
cultured fibroblasts. Several other B and
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Fig. 3. In vitro translation of cDNA transcript.
Plasmid pGEM3Z containing the intact cDNA
was linearized and transcribed with T7 polymer-
ase (Promega). In vitro translation was carried
out according to the manufacturer's suggestions
with nuclease-treated rabbit reticulocyte lysate
(Promega) with [35S]methionine without (lanes a
to d) or with (lanes e to h) added canine micro-
somal membranes. After 1 hour of translation at
30°C, the reaction mixture was lysed in 0.5%
Triton X-l00, 300 mM NaCI, and 50 mM tins,
pH 7.6. Immunoprecipitation was then carried
out with (lanes a and e) a control antiserum (to
the CD3 delta peptide), (lanes b and f) antiserum
R123, (lanes c and g) antiserum R124, or (lanes d
and h) antiserum R338 (to the zeta peptide).
Thirteen percent SDS-PAGE gels were run, fixed,
treated with IM sodium salicylate (intensifying
fluor), and dried before autoradiography.
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pre-B cell lines were similarly analyzed and
no detectable message was seen (18). Thus
the cDNA specifically hybridizes with an
mRNA present primarily in T cells and
absent in a 2B4 variant that specifically fails
to synthesize zeta.
A model for the zeta homodimer based on

the deduced amino acid sequence (Fig. 5)
shows several notable features. First, there is
a single cysteine, which is present on the
extemal face of the transmembrane region.
Hence, all disulfide interactions between
zeta and itself or other polypeptide chains
must occur through the same residue. Sec-
ond, the transmembrane region of the pro-
tein contains a single negative charge; the
finding of charged amino acids in trans-
membrane domains is unusual; yet all ofthe
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Fig. 4. RNA was prepared from cultured cells
(23), and polyadenylated [poly(A)] mRNA was
selected with oligo(dTf) cellulose (New England
Biolabs). After electrophoresis in 0.7% agarose
gels, Northern blotting of RNA to mitroccllulose
was carried out. Filter hybridization was carried
out in 50% formamide, 5x SSPE, 5 x 1)enhardtes
solution (23), 0.1I% SDS, yeast transfer RNA
(200 jig/ml), and 10% dextran sulfate (Pharma-
cia). Radiolabeled probe was generated by oligo
priming (Pharmacia) of punified zeta cDNA. The
film was washed at 22-C in' 2x SSC (lx SSC is
0.15M NaCI and 0.015M sodium citrate) and
then at 650C in 0.1I x SSC and 0.1% SDS prior to
autoradiography at - 700C. Equal amnounts of
poly(A)-selected material were loaded in each lane
excep for the G7 plasmacytoma cell line in which
nonselected material was loaded. In the G7 lanel,
four times as much total RNA was loaded, and
subsequent rehybridization of the filter with an
actin probe demonstrated that the amount of
mRNA in the G7 lane was equivalent to that in
the other lanes.

NH2 NH Extracellular
S - S 9 amino acids

(-) D Transmembrane
21 amino acids

Cytoplasmic
113 amino acids

COOH COOH

Fig. 5. Schematic model of disulfide-linked ma-
ture zeta protein in the cell membrane.

CD3 components have similarly placed sin-
gle negative charges. It is interesting that all
of the clonotypic subunits (including the
more recently described rearranged TCR
gamma and delta chains) (2, 19) have single
charged residues in their transmembrane
domains; however, these residues are posi-
tively charged. The existence ofthis unusual
feature in this multi-subunit structure raises
the possibility that these charged residues
play a role in receptor assembly and stabili-
zation. Third, in terms ofmass distribution,
the zeta subunit has the smallest extracellular
domain of all the receptor components and,
unlike the other CD3 components, it does
not have an external immunoglobulin-like
domain. With respect to the membrane, the
zeta homodimer is a mirror image of the
alpha-beta heterodimer. The alpha-beta he-
terodimer contains fewer than ten intracyto-
plasmic amino acids and has large extracellu-
lar domains consistent with its known func-
tion in the recognition of external antigen-
MHC complexes. In contrast, the structure
of the zeta homodimer with its small extra-
cellular domain and large cytoplasmic tail is
consistent with evidence suggesting it has a
primary role in signal transduction. This
cytoplasmic domain contains six potential
sites for tyrosine phosphorylation. A fourth
feature of the deduced amino acid sequence
is the presence of a consensus sequence (20)
for adenosine triphosphate (ATP) binding
(Gly-x-Gly-x-x-Gly-x-x-x-Gly . . . -Ala-x-Lys)
between residues 135 and 150; this repre-
sents one variant of this consensus sequence
The presence of this motif is of particular
interest given the fact that zeta, or a protein
to which it is disulfide-linked, undergoes
tyrosine phosphorylation in response to anti-
genic stimulation. Whether zeta actually binds
ATP, what its actual role is vis-a-vis antigen-
induced tyrosine phosphorylation, and how it
might function to couple external recognition
to intracellular signaling are questions for
further investigation.
Note added in proof We have recently

cloned and sequenced cDNAs encoding the
human zeta chain (21). The deduced protein
sequence shows 87% homology to the mu-
rine cDNA.
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Second Conserved Domain of gpl2O Is Important
for HIV Infectivity and Antibody Neutrlization

DAVID D. Ho,* JOAN C. KAPLAN, INDRE E. RACKAUSKAS,
MAuK E. GURNEY

Rabbit antisera were raised against three overlapping synthetic peptides with sequence
homology to the second conserved domain of the external envelope glycoprotein
(gpl20) of the human immunodeficiency virus (BIV). All of the antisera immunopre-
cipitated the envelope glycoprotein. In particular, an antiserum directed against amino
acids 254 to 274 of env was efficient in neutralizing three different isolates ofHIV in
vitro, without affecting the binding of the virus to CD4-positive cells. Therefore, this
conserved region of gpl20 appears to be critical in a postbinding event during virus
penetration and may represent a target for antibody neutralization of HIV. These
findings may be applicable in the design of a vaccine for the acquired immunodeficien-
cy syndrome.

T HE SEQUENCE OF THE env GENE
varies greatly among different iso-
lates of the human immunodeficien-

cy virus (HIV), but this variation is not
randomly distributed throughout the gene
(1). Instead, a pattem of altemating variable
and constant regions is observed (2). In the
extemal envelope glycoprotein (gpl20),
several constant and variable domains have
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been identified. In the constant domains,
sequence conservation is greater than 80%
among different isolates of HIV, whereas in
the most variable domains, sequence conser-
vation is between 20 and 30%. Conserva-
tion of sequence within the constant do-
mains presumably indicates selective pres-
sure to maintain those sequences, although
their functional importance is not under-
stood.
The second conserved domain ofgpl20 is

partially homologous to neuroleukin, a fac-
tor that has both neurotrophic and lympho-
kine activities (3). We found earlier that
gpl20 inhibits the neurotrophic action of
neuroleukin on cultured neurons, and this
finding may be important for understanding
the pathogenesis of dementia observed in

some patients with acquired immunodefi-
ciency syndrome (AIDS) (4). To determine
whether the second conserved domain is
important for HIV infectivity, we prepared
antisera against synthetic peptides with se-
quences homologous to that region of
gpl20. We now report that one of these
antisera is strongly immunoreactive with
gpl20 and is also highly neutralizing for
diverse isolates of HIV. However, this anti-
serum does not block the binding ofHIV to
CD4+ cells. These findings suggest that one
particular region, comprising amino acids
254 to 274 within the second conserved
domain of gpl20, takes part in a postbind-
ing event during virus penetration and is an
important target for antibody neutralization
of HIV.
Three overlapping oligopeptides-desig-

nated T19V, C21E, and S19C-were syn-
thesized in accordance with the amino acid
sequence of the HTLV-IIIB isolate (1, 5) of
HIV (Fig. 1). Each peptide was coupled to
keyhole-limpet hemocyanin (KLH) and
used to prepare antisera in rabbits. The titer
and specificity of the three antisera were
determined by enzyme-linked immunosor-
bent assay (ELISA). Each of the rabbits had
a strong antibody response to its immuniz-
ing peptide but not to a control peptide,
M20L (Table 1). The antiserum to C21E
(anti-C21E) also reacted with the peptide
that overlaps C21E at its amino terminus
(T19V), but not with the peptide that over-
laps at its carboxyl terminus (S19C). Anti-
T19V showed little cross-reactivity with
C21E; anti-S19C showed no cross-reactiv-
ity with C21E (Table 1).

All three of the antisera immunoprecipitat-
ed proteins of 120 or 160 kD, or both, from
Molt-If cells infected with the HTLV-IIIB
isolate (Fig. 2, lanes b). These proteins were
not immunoprecipitated from uninfected

gpl 20
N C

HIV isolates 250 260 2 280

BTLV-l8 TGPCTNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVIRS
HTLV-IIIRF ----K--------------------------
ARV-2 K----------------I---------------------

Peptides
T19V TGPCTNVSTVQCTHGIRPV
C21 E CTHGIRPVVSTQLLLNGSLAE
S19C STQLLLNGSLAEEEVVIRC

Fig. 1. The amino acid sequences ofHTLV-IIIB,
HTLV-IIIRF, and ARV-2 were obtained (1, 2),
and the numbering system was based on that of
Ratner et al. (1). The conserved regions ofgpl20
are shown in black. A dash indicates identity with
the HTLV-IIIB sequence, and a dot denotes the
amino acids that are homologous to neuroleukin
(3, 4). The three peptides-T19V, C21E, and
S19C-were synthesized by Peninsula Labora-
tories, Inc. (Belmont, California), and correspond
to the sequence ofHTLV-IIIB; their composition
was confirmed by amino acid analysis.
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