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ABSTRACT The high-affinity receptor for IgE (FcRI) is
a four-subunit structure consisting of three distinct polypep-
tides: the IgE-binding a chain, the four-fold membrane-
spanning (3 chain, and the disulfide-linked y-y homodimer.
cDNAs encoding each subunit have previously been isolated.
Here we show that microinjection of Xenopus oocytes with a
mixture of in vitro transcribed RNAs encoding each subunit
results in expression of IgE receptors at the oocyte surface as
detected by binding of IgE or anti-FcERIa subunit monoclonal
antibody to intact oocytes. Surface expression ofFc.RI requires
injection of all three subunit (a, 3, and y) RNAs. In particular,
omission of Fc6RIy RNA from the mixtures abolishes surface
binding of either IgE or anti-Fc6RIa monoclonal antibody to
microinjected oocytes. However, addition of CD3C RNA to
Fc6RIa and Fc8RI(3 RNAs restores IgE receptor surface
expression when this combination is microinjected into oocytes.
Metabolic labeling and immunoprecipitation of oocytes micro-
injected with a mixture ofCD3Cplus Fc6RIa and Fc6RI(3 RNAs
reveals a noncovalent association between the CD3C4 disul-
fide-linked homodimer and FcRIa-13. These results provide
direct evidence for the functional relatedness of CD3C and
Fc£RIy.

Certain cell surface receptors consist of multiple components
with specialized ligand-binding and signal-transduction func-
tions. Such is the case for the high-affinity, tetrameric IgE
receptor (Fcc receptor type I, FcRI) found on mast cells and
basophils. The Fc8RIa subunit binds to the Fc region of IgE
antibodies. In contrast, both the FceRI,8 subunit, which spans
the membrane four times, and the homodimeric FcRIy
subunit are presumed to be involved in signal transduction
(1-4). Likewise, the T-cell receptor for antigen/MHC (prod-
ucts of the major histocompatibility complex) is a complex
formed from seven distinct transmembrane proteins. The
disulfide-linked Tia and Til3 molecules form the idiotypic
antigen/MHC-binding structure, whereas the monomeric
CD3y, CD38, and CD3e subunits and the dimeric CD3{-; (or
CD3v-q) subunits participate in an as yet unknown way in
signal transduction (5-8).
FcRIy and CD3; share sequence homology in their re-

spective transmembrane and carboxyl-terminal regions and
derive from genes with a similar exon-intron organization on
murine chromosome 1 (9-12). Furthermore, both CD3; and
FceRIy exist on the cell surface as disulfide-linked ho-
modimers. In addition, CD3; and FcRIy are required for cell
surface targeting of their respective mature receptor com-
plexes (4, 9-11, 13). To investigate the functional significance
of these similarities we employed a Xenopus laevis oocyte
expression system to test whether CD3; could substitute for

FcRIy in mediating Fc, receptor assembly, surface expres-
sion, and IgE binding. Here we show that Xenopus oocytes
microinjected with a mixture of synthetic RNAs encoding
each of the Fc6RI subunit polypeptides (a, ,B, and 'y) express
ligand-binding receptors for the Fc portion of IgE. Further,
substitution of CD3C RNA for FcRIy RNA allows surface
expression ofan IgE-binding structure. Immunoprecipitation
of metabolically labeled oocytes injected with FcERIa and -/8
RNAs and CD3C RNA demonstrates a noncovalent associ-
ation between CD3C and FcRI,8.

MATERIALS AND METHODS
Materials. All restriction endonucleases were from New

England Biolabs (Beverly, MA). SP6 and T7 RNA polymer-
ases, RNasin, rNTPs, RQ1 DNase, and wheat germ extract
were from Promega. G(5')ppp(5')G and protein A-Sepharose
was from Pharmacia. Translation-grade [35S]methionine
(>1000 Ci/mmol; 1 Ci = 37 GBq) and [35S]cysteine (>600
Ci/mmol) were from DuPont/NEN. Protein molecular
weight markers were from Bio-Rad. RNA size standards
were from BRL. Oocyte-positive X. laevis females were from
Nasco (Fort Atkison, WI) or Xenopus I (Ann Arbor, MI).
Type I collagenase, digitonin, protease inhibitors, and avidin-
conjugated horseradish peroxidase were from Sigma. Mono-
clonal antibodies (mAbs) used were AR 40 (IgGi) and AR 57
(IgG2b), both directed against FcRIa (14); monoclonal IgE
(15); and, as negative control mAbs, F23.1, an anti-murine
Ti/8 specific for the V,8.1.2.3 variable region (IgG2a) (16);
21Thy2D3, an anti-CD8 (IgG1); and 1HT4-4E5, an anti-
idiotype of the 20a3 human T-cell line (IgG2b). The anti-
FceRIP mAb (IgG1) has been described (17). A rabbit anti-
CD3; peptide antiserum was provided by A. M. Weissman
(National Institutes of Health; ref. 18). Biotin-conjugated
goat anti-mouse immunoglobulin was from Fisher Scientific
(Springfield, NJ). Affinity-purified rabbit antibody to mouse
immunoglobulin was from Pierce. Ninety-six-well round-
bottom plates were from Nunc. o-Phenylenediamine was
from Aldrich.

In Vitro Transcription of Sense RNA for Rat FcfRIfa, -(3, and
-y and Human CD3C. Templates for RNA transcription were
constructed by ligating the relevant cDNA fragment into
plasmids containing SP6 and T7 RNA polymerase promoters
flanking a multiple cloning segment. EcoRI cDNA inserts
coding for rat Fc6RIa and FcRI/3 were excised and ligated into
the EcoRI site in plasmids pGEM-3Zf(-) and pGEM-4
(Promega), respectively. The EcoRI-Dde I fragment from the
FcRIy cDNA insert was blunt-end-ligated into the Sma I
site of pGEM-3Zf(+) after treatment with the Klenow frag-
ment of DNA polymerase. A full-length human CD3; cDNA
clone was a gift from A. M. Weissman and R. D. Klausner

Abbreviations: mAb, monoclonal antibody; MBS, modified Barth's
saline; FcRI, FcE receptor type I.
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(National Institutes of Health; ref. 9). Human CD3? was
employed because its in vitro and in vivo translation efficiency
exceeded that of murine CD3g by an order of magnitude (data
not shown). The orientation of all cDNA inserts was- verified
by restriction mapping. Sense RNA, capped with GpppG, was
transcribed from the promoter adjacent to the 5' end of the
cDNA insert after linearization of the template at the unique
restriction site shown downstream of the 3' end, by using
commercial reagents as described (19). Approximately 1 ,ug of
the resulting RNA was analyzed by formaldehyde/agarose
(1.2%) gel electrophoresis and compared with known RNA
size standards. Approximately 1 pug ofeach in vitro transcribed
RNA species was translated in vitro with wheat germ lysate
according to the manufacturer's protocol using
[355]methionine. Products were analyzed by SDS/12.5%
PAGE. Protein bands were visualized by autoradiography
using Kodak X-Omat AR film for 12-14 hr at -70TC.

Microinjection and Surface ELISA of X. laevis Oocytes.
Stage V and VI oocytes were harvested from oocyte-positive
X. laevis females and manually defolliculated after treatment
with collagenase (2 mg/ml) for 1 hr at room temperature in
modified Barth's saline (MBS; ref. 20). After overnight
incubation at 18-19TC, viable oocytes (usually >90%) were
microinjected with 40-50 nl of RNA at a concentration of 1
mg/ml. Following further incubation for 24-48 hr at 19TC
with daily changes of MBS, oocytes were analyzed for
surface expression of receptors by ELISA. For this, oocytes
were washed three times with a large excess of MBS and
incubated in groups of 10-25 in 0.5 ml with first-step antibody
as indicated in the figures at a final concentration of 5 ,g/ml
in MBS containing 10%o fetal bovine serum (MBS/FBS). All
incubations were for 45 min at room temperature. After each
ELISA step, oocytes were extensively washed with MBS/
FBS. The second-step antibody was 0.5 ml of biotin-
conjugated goat anti-mouse immunoglobulin, diluted 1:100 in
MBS/FBS. The third-step reagent was 0.5 ml of avidin-
conjugated horseradish peroxidase (final concentration, 4
,ug/ml). Before addition of the substrate, oocytes were
washed five times in 50 ml of MBS and individually trans-
ferred into single wells of 96-well round-bottom plates. All
liquid was removed and 100 ,ul of substrate (85 mM o-
phenylenediamine in 100 mM sodium citrate buffer, pH
4.5/0.015% H202) was added to each oocyte. After appro-
priate incubation times (10-30 min), 90 ,ul of substrate from
each oocyte was transferred into a flat-bottom microtiter
well, the enzyme reaction was stopped by addition of 20 ,ul
of 1 M H2SO4, and the OD was read at 492 nm by an ELISA
reader (Titertek). The Wilcoxon rank-sum test (21) was
performed to compare experimental and control groups.

Immunoprecipitation of Lysates of Metabolically Labeled
Microiijected Oocytes. Xenopus oocytes were harvested and
microinjected as described above. Groups of five microin-
jected oocytes were metabolically labeled for 60 hr at 19°C
with a mixture of [35S]methionine and [35S]cysteine (final
concentrations, 5 mCi/ml and 1 mCi/ml, respectively, in 50
,ul of MBS) beginning 6 hr after microinjection. After exten-
sive washing with MBS, labeled oocytes were solubilized at
50 ,ul per oocyte in 1% digitonin/25 mM Tris, pH 7.5/0.8%
NaCI/0.2% KCI containing iodoacetamide (10 mM), leupep-
tin (10 ug/ml), antipain (50 ,ug/ml), phenylmethylsulfonyl
fluoride (1 mM), soybean trypsin inhibitor (10 .g/ml), apro-
tinin (10 ,ug/ml), and pepstatin (1 Ag/ml). Following centrif-
ugation for 15 min in an Eppendorf microcentrifuge, the
soluble fraction was incubated with 2 ,ul of first-step antibody
[either anti-FcRI3 mouse mAb (1.69 mg/ml), anti-CD8 (3.7
mg/ml), or undiluted rabbit anti-CD3C peptide serum] by
rotating for 1 hr at 4°C with 25 ,ul of protein A-Sepharose.
Four microliters of rabbit anti-mouse immunoglobulin affin-
ity-purified antibody (1.5 mg/ml) was then added for an
additional hour at 40C. The bead-antibody-antigen com-

plexes were pelleted by centrifugation, the supernatant was
removed, and the beads were washed with 1 ml of lysis buffer
followed by 1 ml of 0.05% digitonin/10 mM Tris, pH 7.5.
Antigen-antibody complexes were solubilized in 50 ul of
nonreducing Laemmli sample buffer at 100'C for 3 min.
Aliquots (25 ;LI) were subjected to two-dimensional nonre-
ducing-reducing SDS/PAGE using 12.5% acrylamide in both
dimensions (22). Autoradiography was for 12 hr (complete
gels) or 4 hr (insets) at -700C on Kodak X-Omat AR film after
treatment with 1 M sodium salicylate.

RESULTS AND DISCUSSION
In Vitro Transcription and Transiation of Fc6RI and CD3C

Subunit RNAs. To generate templates for in vitro synthesis of
RNA, cDNA inserts containing full-length coding regions for
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FIG. 1. Production and translation of in vitro transcribed sense
RNA for rat FcERIa, -P, and -y and human CD3?. (A) Templates for
RNA transcription. The positions of SP6 and T7 RNA polymerase
promoters (open arrows) are shown with respect to the cDNA insert
(filled box) and the unique 3' restriction site used for template
linearization (see Materials and Methods). The open box represents
the multiple cloning site, while the stippled box and the box with
adjacent arrow denote the lacZ gene and fl promoter, respectively.
bp, Base pairs; kb, kilobases. (B) Products of in vitro transcription.
Each linearized template was transcribed in vitro with the appropriate
RNA polymerase (SP6 or T7). Approximately 1 ug of the resulting
RNA was analyzed by formaldehyde/agarose gel electrophoresis. (C)
In vitro translation of synthetic RNAs. Each in vitro transcribed RNA
species was translated in vitro with wheat germ lysate. Products were
visualized by autoradiography after reducing SDS/12.5% PAGE.
Lanes: 1, positive control (brome mosaic virus RNA); 2, negative
control (H20); 3, human CD33; 4, rat FcERIa; 5, rat FcRIB; 6, rat
Fc8RIly. Molecular mass standards are phosphorylase b (94 kDa),
bovine serum albumin (68 kDa), ovalbumin (48 kDa), carbonic anhy-
drase (29 kDa), soybean trypsin inhibitor (20 kDa), and lysozyme (14
kDa).
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FcRIa, -13, and -y and CD3; were subcloned into vectors
containing SP6 and T7 RNA polymerase promoters suitable
for in vitro RNA synthesis (Fig. 1A). RNA for Fc8RIa,
FceRIPB, FcRIy, and CD3; was synthesized from the corre-
sponding linearized cDNA construct by using SP6 or T7 RNA
polymerase as appropriate. This procedure yielded full-
length RNA for each subunit as shown by formaldehyde/
agarose electrophoresis (Fig. 1B). The integrity of individual
subunit RNAs was verified by in vitro translation. SDS/
PAGE analysis of translation products revealed a predomi-
nant band at the expected size for each preprotein (27 kDa for
pre-a, a 31-kDa doublet for pre-,3, 12 kDa for pre-y, and 18
kDa for pre-;; Fig. 1C). Thus the synthetic RNAs were
functional as substrates for protein synthesis in vitro.

Surface Expression of FCe Receptors on Xenopus Oocytes.
Previous studies demonstrated that injection of poly(A)+
mRNA from mast cell lines conferred IgE binding activity on
Xenopus oocytes (23, 24). In the present study, a mixture of
synthetic FceRIa, -f3, and -y RNAs was injected into Xenopus
oocytes to test directly for Fc£RI assembly, surface expres-
sion, and ligand binding. Individual intact oocytes were ana-
lyzed for surface binding ofanti-FceRIa mAbs and monoclonal
IgE by ELISA. As shown in Fig. 2A, oocytes injected with all
three FceRI subunit RNAs (af3y) displayed significant binding
of anti-FcRIa mAb (AR57 or AR40) and IgE as compared
with control oocytes injected with H20. Thus, in Fig. 2A,
comparing a(3y oocytes with H20-injected oocytes, P <
0.0001 using mAb AR 40 (IgGi) or IgE, and P = 0.004 in the
case of mAb AR 57 (IgG2b). Omission of the first-step mAb
prior to addition of biotin-conjugated goat anti-mouse immu-
noglobulin or use of isotype-matched mAbs with an irrelevant
specificity [mAbs 4E5 (IgG2b), anti-idiotype, and 21Thy2D3
(IgGl), anti-CD8] yielded only background-level binding
equivalent to H20-injected controls (data not shown). These
results demonstrate surface expression and ligand binding of
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FcERI in Xenopus oocytes injected with a mixture of synthetic
FcRIa, -p, and -y RNAs.
To investigate subunit requirements for surface expression

and ligand binding, various receptor-subunit RNA combina-
tions were microinjected into oocytes and tested by ELISA.
As shown in Fig. 2B, omitting either Fc8RIf RNA or FceRIy
RNA from the injected mixture resulted in no detectable
binding over background. Thus the injection of FcRIa and
-p RNAs or FceRIa and -y RNAs failed to produce significant
surface expression of FceRI [P < 0.0001 for a,8y comparing
F23. 1 negative control mAb with AR 57 (anti-FcRIa subunit)
or IgE, and P < 0.0001 comparing af3y with a + y- or a +
83-injected oocytes in the case of AR 57 binding]. Further-
more, no binding of anti-FcRIa subunit mAb to oocytes
injected with RNA for FceRIa alone was detected (data not
shown). Similar results were obtained with six batches of
oocytes from four different frogs. These data are in agree-
ment with previous experiments on the rodent FcRI, which
demonstrated a stringent requirement for expression of all
three Fc8RI subunits to obtain surface expression in the
monkey fibroblast cell line COS (4, 13). Collectively, these
findings show that the assembly and expression requirements
of the tetrameric FcRI complex are similar in widely differ-
ing expression systems. As such, these requirements are not
restricted to a single cell type nor are they peculiar to the
oocyte system.
CD3C Can Substitute for Fc6RIy in Assembly and Surface

Expression of a Functional IgE-Binding Receptor. Given the
sequence homology in the transmembrane regions of Fc8RIy
and CD3; (10, 13), we investigated whether CD3; could
substitute for FcRIy in forming a ligand-binding surface
receptor for IgE. To test this possibility directly, oocytes
were microinjected with a mixture of synthetic RNAs coding
for FcRIa, FcRIf3, and CD3; (a/8p and examined for
receptor surface expression and ligand binding. As shown in

AR57 Neg AR57 IgE Neg AR57 Neg AR57 Neg AR57 IgE
jControl Control -Conw ontrol

n: 22 120 20 19 20 20 19 18 20 20 12
Mean: 157 69 199 149 43 42 39 51 35 43 49
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FIG. 2. Surface expression of FcRI in Xenopus oocytes. Each dot represents a single oocyte. The number of injected oocytes (n), the mean
(horizontal bar), and standard deviation (S.D.) are indicated for each group. (A) Monoclonal anti-Fc6RIa mAb (AR 40 or AR 57) or IgE binding
to oocytes injected with FceRIa, -f3, and -,y RNAs (e) or water (o). (B) Binding of anti-Fc6RIa mAb (AR 57) (e) or IgE (o) or isotype control
mAb F23.1 (Neg Control; o) to oocytes injected with mixtures of synthetic FceRIa, -,B, and --y and CD3; RNAs as indicated above each group.
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Fig. 28, a/3;RNA-injected oocytes were specifically reactive
with anti-Fc6RIa mAb AR 57 relative to an isotype-matched
control antibody [P < 0.0001 for apC comparing the negative
control mAb F23.1 with mAb AR 57 (anti-FcRIa subunit)].
Furthermore, IgE binding experiments performed in parallel
demonstrated that ap3C oocytes specifically bound monoclo-
nal IgE antibody ligand (Fig. 2B, P < 0.0001 for af3; com-
paring the negative control mAb F23.1 with IgE). Thus CD3C
can complement FcRIa and -13 subunits to form a surface
re'peptor structure that retains the mAb- and ligand-binding
properties of the natural (any) receptor.

?hysical Association of CD3; with Fc8RIa-(3. The above
observation that a hybrid receptor (FcERIa-FcRIf--CD34)
could be expressed on the surface of Xenopus oocytes
suggested a physical association between CD3C and
lcvRIa-,B. To examine this possibility, oocytes were injected

with the Fc6RIa/FcRIP/CD3C RNA mixture, labeled with
[5S]methionine and [35S]cysteine, immunoprecipitated with
an anti-FcRIS3 mAb, and subsequently analyzed by two-
dimensional nonreducing-reducing SDS/PAGE. As shown
by the representative autoradiograph in Fig. 3A, such anal-
y is revealed a major off-diagonal protein migrating at =32
kpa in the nonreducing dimension and at :16 kDa in the
reducing dimension, consistent with the expected mobility of
a a{-; homodimer. Parallel immunoprecipitation and two-
dimensional gel analysis of metabolically labeled ad; RNA-
injected oocytes with anti-CD3C peptide antiserum identified
art off-diagonal pattern virtually identical to the anti-p immu-
noprecipitate (Fig. 3B), confirming the identity of Fc6RIlp-
associated protein as CD3X. The CD3C homodimer migrated
as a doublet possibly reflecting posttranslational modifica-
ti n. In contrast, no CD3C species were detected in a,8r-
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injected oocytes immunoprecipitated with an irrelevant iso-
type control mAb (anti-CD8, Fig. 3C) or in H20-injected
oocytes immunoprecipitated with anti-CD3C peptide antise-
rum (Fig. 3D). A protein complex migrating at -23 kDa in the
nonreducing dimension and at =16 kDa in the reducing
dimension (Fig. 3 A and B, arrow) may represent a het-
erodimer between CD3; and a fragment of FcRIB (17) or
between CD3; and an unidentified endogenous oocyte pro-
tein. This species had identical mobilities in anti-CD3? and
anti-FceRI immunoprecipitates (compare Fig. 3A with Fig.
3B) and thus was associated with the ap3 complex. The
-16-kDa protein running on the diagonal in anti-C immuno-
precipitates represents CD3? monomer (Fig. 3 A and B).
Fc8RII3 was clearly visualized as a doublet at :31 kDa
running on the diagonal in both anti-p and anti-; immuno-
precipitates on shorter exposure of the same autoradiograms
(see Insets in Fig. 3 A and B). This doublet pattern was
previously described for FcRIP in vivo (25) and in vitro (Fig.
1C and ref. 3). The absence of detectable Fc6RIa protein in
the immunoprecipitates is not surprising in light of prior data
showing that the a subunit readily disassociates from the
complex, even under mild detergent conditions (26). In
addition, the high background in the 40- to 60-kDa range
would obscure detection of the Fc8RIa glycoprotein. The
coimmunoprecipitation of CD3; and Fc6RI3 demonstrates
specific physical association between CD3; and FcRIa-.B in
api;-injected oocytes and provides biochemical evidence for
receptor subunit complementation to form a hybrid receptor,
aOH-;.

Implications. Recently it has become apparent that CD3;
and Fc6RIly subunits participate in a variety of immune
receptor structures on different cell types. Thus, in T lym-
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FIG. 3. Association of CD3; with Fc6RII3. Oocytes injected with FcRla, Fc6RII3, and CD3C RNAs were analyzed by immunoprecipitation
and two-dimensional nonreducing (NR)-reducing (R) SDS/PAGE. The positions of the Fc6RIf3 and CD3T products are indicated. (A) Oocytes
injected with Fc6RIa, Fc6RI,8, and CD3C RNAs and immunoprecipitated with anti-FcqRIj mAb. (Inset) A short exposure showing area

containing FclRII3 and CD3;. (B) Oocytes injected as in A and immunoprecipitated with anti-CD3C peptide antiserum. (Inset) A short exposure
showing area containing Fc8RIl3 and CD3C. (C) Oocytes injected as in A and immunoprecipitated with an isotype-matched control mAb of
irrefevant specificity (2lThy2D3). (D) Oocytes injected with H20 and immunoprecipitated with the anti-CD3W peptide antiserum used in B.
RqMlg, rabbit anti-mouse immunoglobulin.
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phocytes, CD3; associates with the CD3-Ti complex, form-
ing a complete surface T-cell antigen receptor (8). In natural
killer cells, however, CD3 has been shown to associate with
FcXRIII-2 (CD16) (27) and certain unidentified structures (28)
in the absence of other CD3 components. Fc6RIy associates
with Fc6RIa and -,( subunits to form a surface receptor for
IgE on rodent mast cells and basophils (4). In addition, the y
subunit is found in murine macrophages, where it associates
with FcXRIa, the murine homologue of CD16 (29), as well as
in human natural killer cells, where it also associates with
CD16 (30). The ability of a given subunit to function in the
context .of several distinct receptor types implies an impor-
tant common transduction and/or assembly role for such
elements in different cellular systems.
Here we have shown that CD3 can substitute for Fc6RIy

in assembly and surface expression of the high-affinity IgE
receptor. This substitution is reminiscent of the property of
isotypy that has been well described for immunoglobulin
molecules. Receptor "isotypy" in signal-transduction com-
ponents might result not only from complete substitution of
one subunit for another but also from formation of mixed
dimers (i.e., CD3C-Fc6RIy). That a given receptor can vari-
ably associate with multiple distinct subunits to form differing
receptor isoforms suggests an additional level of receptor
complexity. This situation has already been documented
among members of the CD3C/CD37j/Fc6RIy gene family by
the finding that CD3{-r1 heterodimers and CD3W-C ho-
modimers are expressed in the same cell type (31). Evidence
suggests that such receptor types mediate distinct signaling
events (32). The potential for association between a recep-
tor's ligand-binding component and any of a number of
distinct transduction subunits suggests a signaling-diversifi-
cation strategy that could be operative in a single cell type.
Moreover, restricted expression of particular transducing
elements to a discrete stage of differentiation could provide
an important regulatory mechanism in the developmental
process. The present data add impetus to examine various
cell types for the presence of receptor complexes diversified
by subunit complementation.
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