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ABSTRACT Mouse mast cells express gp49Bl, a cell-
surface member of the Ig superfamily encoded by the gp49B
gene. We now report that by ALIGN comparison of the amino
acid sequence of gp49B1 with numerous receptors of the Ig
superfamily, a newly recognized family has been established
that includes gp49B1, the human myeloid cell Fc receptor for
IgA, the bovine myeloid cell Fc receptor for IgG2, and the
human killer cell inhibitory receptors expressed on natural
killer cells and T lymphocyte subsets. Furthermore, the
cytoplasmic domain of gp49B1 contains two immunoreceptor
tyrosine-based inhibition motifs that are also present in killer
cell inhibitory receptors; these motifs downregulate natural
killer cell and T-cell activation signals that lead to cytotoxic
activity. As assessed by flow cytometry with transfectants that
express either gp49B1 or gp49A, which are 89% identical in the
amino acid sequences of their extracellular domains, mAb
B23.1 was shown to recognize only gp49B1. Coligation of mAb
B23.1 bound to gp49B1 and IgE fixed to the high-affinity Fc
receptor for IgE on the surface of mouse bone marrow-derived
mast cells inhibited exocytosis in a dose-related manner, as
defined by the release of the secretory granule constituent
f3-hexosaminidase, as well as the generation of the membrane-
derived lipid mediator, leukotriene C4. Thus, gp49B1 is an
immunoreceptor tyrosine-based inhibition motif-containing
integral cell-surface protein that downregulates the high-
affinity Fc receptor for IgE-mediated release of proinflam-
matory mediators from mast cells. Our findings establish a
novel counterregulatory transmembrane pathway by which
mast cell activation can be inhibited.

The rat mAb B23.1 recognizes an epitope expressed on an
-49-kDa glycoprotein on the surface of mouse mast cells,
which is synthesized from an intracellular 37-kDa protein
precursor (1). Immunoaffinity purification of a cell-surface
protein from mast cells with mAb B23.1, determination of its
amino terminal amino acid sequence, and screening of a mast
cell cDNA library with oligonucleotides encoding the amino
terminal sequence provided three cDNAs that encode this
amino terminal amino acid sequence (2, 3). One of these
(gp49B1) predicts a 35-kDa protein core that contains two
C2-type, Ig-like domains in the extracellular region (3). The
expression of the gp49B1 cDNA in COS transfectants confers
binding of mAb B23.1, indicating that the mAb recognizes an
epitope present on gp49B1 (3). One of the other cDNAs
(gp49A), isolated in the same screen, predicts a 32-kDa protein
core that has two C2-type, Ig-like domains in its extracellular

region and is 89% identical at the amino acid level to gp49B1.
gp49A also has 100% amino acid identity with gp49B1 in the
transmembrane domain and 88% identity in the first 34 amino
acids of the cytoplasmic domain. The cytoplasmic region of
gp49A then diverges for 8 amino acids because of a frameshift
in the nucleotide sequence and terminates so that it is 32 amino
acids shorter than gp49B1. Whether the specificity of the
epitope recognized by mAb B23.1 is limited to gp49B1 as
compared with gp49A had not been previously established.
When B lymphocytes are exposed to F(ab')2 fragments of

anti-membrane Ig antibody, a signal transduction cascade is
elicited through the B-lymphocyte antigen receptor that results
in B-lymphocyte proliferation and differentiation into anti-
body-secreting cells (4, 5). In contrast, stimulation with intact
anti-membrane Ig results in attenuated B-lymphocyte signal
transduction, as measured by the influx of extracellular cal-
cium (6) and levels of cellular inositol trisphosphates (7). The
fact that the suppression of B-cell stimulation can be prevented
by blocking the binding of intact anti-membrane Ig to Fc
receptors for IgG, type Ilbl (FcyRIIbl) on the B lymphocyte
(4, 8), indicates that coligation of the B-lymphocyte antigen
receptor with FcyRIIbl inhibits B-lymphocyte stimulation.
Amino acid substitution experiments revealed that a 13-amino
acid region of the cytoplasmic domain of FcyRIIbl is sufficient
to inhibit B-lymphocyte stimulation (8). Furthermore, a ty-
rosine in the 13-amino acid sequence is phosphorylated during
coligation of the two receptors, and the mutation of this
tyrosine to phenylalanine prevents the FcyRIIbl-mediated
inhibition of B lymphocyte activation (8). The cytosolic ty-
rosine phosphatase SHP-1 [formerly termed protein tyrosine
phosphatase 1C and hematopoietic cell phosphatase] coim-
munoprecipitates with FcyRIIbl only when the receptor is
phosphorylated on tyrosine. As assessed by SDS/PAGE im-
munoblots, a phosphorylated, but not nonphosphorylated,
peptide matching this region of Fc-yRIIbl binds SHP-1 from
B-lymphocyte lysates in equal quantities whether the cells are
unstimulated, stimulated, or stimulation-inhibited (9); thus,
phosphorylation of the FcyRIIbl motif is critical to the
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binding of SHP-1. Moreover, because binding of the phosphor-
ylated, but not nonphosphorylated, peptide increases the activ-
ity of SHP-1 several-fold, phosphorylated Fc'yRIIbl may both
recruit and regulate the activity of SHP-1. Because signal
transduction leading to the activation of B lymphocytes re-
quires tyrosine kinase phosphorylation of multiple substrates,
coligation of FcyRIIbl with the B-lymphocyte antigen recep-
tor may promote the intracellular dephosphorylation of one or
more substrates critical to activation signaling.
The coligation of FcyRIIbl or the alternative splicing

variant Fc'yRIIb2 with FcERI (high-affinity Fc receptor for
IgE) on mouse bone marrow-derived mast cells (mBMMC)
results in the down-regulation of exocytosis elicited through
FcsRI (10). In a rat mast cell line transfected with mouse
Fc,yRIIb2, coligation of the mouse receptor with endogenous
rat FceRI-inhibited exocytosis and the secretion of tumor
necrosis factor-a (10). Simultaneous, independent ligation of
Fc,yRIIb2 and FcsRI did not inhibit exocytosis in the trans-
fectants, nor did coligation when the cytoplasmic domain of
the FcyRII species was deleted. Thus, the apposition of
cytoplasmic domain sequences in Fc-yRIIb species with FcsRI
down-regulates mast cell activation.
Human natural killer (NK) cells and T-lymphocyte subsets

express a group of Ig superfamily cell surface receptors,
termed "killer cell inhibitory receptors" (KIRs) that recognize
allelic groups of the major histocompatibility complex class I
molecules (11-15). The engagement of KIRs by the appropri-
ate major histocompatibility complex class I molecules inhibits
the activation pathways of both NK cells and T lymphocytes for
cytotoxic effector function (13, 14, 16, 17, 18), and this
recognition mechanism protects normal, autologous cells.
Both the KIRs and the Fc-yRIIb species contain a core
consensus motif in their cytoplasmic domains, INVxYxxL/V
termed the immunoreceptor tyrosine-based inhibition motif
(ITIM) (19, 20); the ITIM core is within the 13-amino acid
region of the FcyRIIb species that mediates inhibition of
B-lymphocyte stimulation. Phosphorylated, but not nonphos-
phorylated, peptides containing ITIMs from KIR cytoplasmic
domains interact with and stimulate SHP-1 activity (19, 20).
Moreover, the transfection of cytolytic, KIR-deficient NK cells
exhibiting low levels of SHP-1 with constructs encoding a KIR
and active SHP-1 inhibits their cytotoxicity for an appropriate
target cell, whereas cotransfection with a construct encoding
the KIR and enzymatically inactive SHP-1 does not. Thus, the
recruitment of SHP-1 activity is directly involved in KIR-
mediated inhibition of NK cell cytotoxicity (19). The identity
of the activating receptor(s) on NK cells whose cytotoxic
function signals are inhibited by SHP-1 is unknown.
We now report that the amino acid sequence of gp49B1

bears statistically significant homology to human KIRs human
Fc receptors for IgA (FcaR) and bovine Fc receptors for IgG2
(Fc,y2R), which together form a newly recognized family
within the Ig superfamily. This family does not include
FcyRIIb or the other FcyR of mouse or human origin. We also
show that the cytoplasmic domain of gp49B1 contains two
ITIMs, implying functional homology with members of the Ig
superfamily that have amino acid sequences that are not
homologous to the amino acid sequence of gp49B1. Using
stable transfectants that express either gp49B1 or gp49A, we
demonstrate that mAb B23.1 specifically binds gp49B1 on the
surface of cells. Most importantly, we establish that the
coligation of FcsRI and gp49B1 on the surface of mast cells
suppresses FcsRI-mediated exocytosis, defined by the release
of the secretory granule mediator ,3-hexosaminidase, and the
generation of the membrane derived pro-inflammatory lipid
mediator leukotriene (LT) C4. Thus, the apposition of gp49B1
with FcsRI sends a negative regulatory signal that inhibits the
signal transduction cascade emanating from FcsRI, thereby
attenuating mast cell activation.

MATERIALS AND METHODS
ALIGN Comparison of the gp49Bl Amino Acid Sequence with

Other Members of the Ig Superfamily. Full-length sequences
were aligned with the dynamic programming algorithm of
Altschul and Erickson (21), and a similarity score was derived
with the Dayhoff cost matrix (22), with a cost of 6 for opening
a gap (23) and an incremental cost of 0.5 for each residue in
the gap. To determine the significance of the similarity score,
the sequence being compared with gp49B1 was then random-
ized 100 times, and the gp49B1 sequence was aligned with each
randomized sequence. The means (± SD) of the resulting
similarity scores were calculated. To determine the signifi-
cance of the original comparison, its similarity score was
subtracted from the mean score of the randomized compari-
sons and the result was divided by the SD of the randomized
comparisons to obtain the ALIGN score (21). Scores -3 indi-
cate that the similarities between the compared sequences are
significantly greater than would occur by chance alone (23).

Generation of mBMMC and Stable gp49 Transfectants in
P815 Cells. Bone marrow cells from male BALB/c mice (The
Jackson Laboratory) were cultured for 3-7 weeks in enriched
medium containing 50% WEHI-3 cell conditioned medium
(WCM) (American Type Culture Collection) as described
(24). After 3 weeks, >97% of the nonadherent cells in the
cultures were mast cells as assessed by metachromatic staining
with toluidine blue (25).
To prepare transfectants, gp49A and gp49B1 cDNAs were

subjected to PCR with primers whose sequences matched
nucleotides 22-42 (5'-CGAACATTGCCTGGACTCACC-3';
5' untranslated region) and 1287 to 1306 (5'-GTTTCTCAT-
TAGATGACTTG-3'; 3' untranslated region) that are com-
mon to the gp49A and gp49B1 cDNAs (3). The 5' ends of the
upstream and downstream primers contained XbaI and
BamHI linkers, respectively, to facilitate ligation into the
mammalian expression vector, pMH-NEO (26). PCR was
performed for 30 cycles with primer annealing at 60°C. After
ligation of the amplified cDNAs into pMH-NEO, DH5a
bacterial cells (Stratagene) were transformed either with
pMH-NEO alone or with pMH-NEO containing gp49AcDNA
or gp49Bl cDNA. Plasmid DNA containing the vector alone
or with the inserted cDNAs was purified with Nucleobond AX
(The Nest Group, Southborough, MA) and introduced into
P815 cells by electroporation with 200 mV and 960 ,uF in a
Bio-Rad Gene Pulser Electroporator. Stable transfectants
were selected by their resistance to 1.2 mg/ml of G418.

After -6 weeks of culture, gp49B1 transfectants were
stained with mAb B23.1 and F(ab')2 fragments of fluorescein
isothiocyanate (FITC)-labeled goat anti-rat IgM (Jackson
ImmunoResearch). The cells were sorted, and the 1% brightest
cells were collected and cloned by being seeded in 96-well
plates at an average density of 0.3 cell per well. After 7 days,
the plates in which cells were growing in fewer than 30% of the
wells were analyzed by flow cytometry for binding of mAb
B23.1. Five clones exhibited similar or stronger staining with
mAb B23.1 compared with BMMC, and one such clone
(1-11G) was chosen for study.
For identification of gp49A transfectants, total RNA was

isolated from stable P815 clones that had been transfected with
gp49A cDNA, and the presence of gp49A transcripts was
detected by reverse transcriptase (RT)-PCR. For the RT step,
a downstream primer located in exon 6 of gp49A was used
(5'-TAGCCTTATTTTTGTGACGAC-3'). PCR was per-
formed on the resultant cDNAs with the same downstream
primer plus an upstream primer from exon 3 of gp49A
(5'-ACCAAGTTCAAAATTCGATTT-3'); an annealing
temperature of 60°C was used for 40 cycles. These primers
were specific for gp49A because they generated a product by
RT-PCR from COS-7 cells transiently transfected with a
gp49A, but not gp49B1, cDNA (data not shown). Four stable
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P815 clones expressed high steady-state levels of gp49A
mRNA, and one (clone 9) was selected for study.

Preparation of Antibodies. Monoclonal rat IgE anti-
dinitrophenyl hapten (clone LO-DNP-30) was obtained from
Zymed. Rat 1gM mAb B23.1 anti-mouse gp49B1 and rat IgM
mAb RATNP 17.3 were purified by affinity chromatography
from ascites produced in BALB/c nulnu mice as described (1).
For production of antibody to gp49A, a synthetic peptide
(CEVPLENRNKTKFKIRF; prepared at the Brigham and
Women's Hospital Protein Microsequencing Laboratory) was
synthesized corresponding to amino acids 72-87 of the extra-
cellular domain of gp49A; this peptide differs from the se-
quence of gp49B1 at the italicized amino acids (3). The amino
terminal cysteine is not found in the gp49A amino acid
sequence but was added to facilitate coupling to carrier
protein. The peptide (2 mg) was coupled to 2 mg of maleimide-
activated keyhole limpet hemocyanin (Imject Kit, Pierce). The
conjugate (125 p,g in 250 [lI PBS, pH 7.2) was mixed with an
equal volume of Hunter's Titermax adjuvant emulsion (CytRx,
Norcross, GA) and injected intramuscularly at four sites in
each rabbit. A booster immunization consisting of 100 ,tg of
each peptide conjugate and the same adjuvant was adminis-
tered 3 weeks later, and 2 weeks after the booster immuniza-
tion blood was collected.
The titer of the antiserum was determined by ELISA.

Peptides (10 ,ug in PBS, pH 7.5) were incubated for 1 h at room
temperature in 96-well Immulon II plates (Dynatech). The
wells were washed three times with PBS, blocked by incubation
with 1% BSA in PBS (BSA/PBS) for 1 h at room temperature,
washed three times with 1% Tween 20 in PBS (TPBS), and
incubated with serial dilutions of rabbit serum in 1% BSA/PBS
for 1 h at room temperature. The wells were washed five times
with TPBS, incubated for 1 h at room temperature with a
1:2000 dilution of horseradish peroxidase-labeled goat-anti-
rabbit IgG (Bio-Rad) in 1% BSA/PBS, washed six times with
TPBS, and incubated for 20 min at room temperature with 100
,ul of a 200 ,tg/ml solution of 2,2'-azino-di-[3-ethylbenzythia-
zolinsulfonate] (Boehringer Mannheim) containing 0.015%
hydrogen peroxide in citrate buffer (pH 4.25). Absorbance at
405 nm was measured on a Titertek Multiscan MCC/340 plate
reader (Labsystems, Finland). Half-maximal binding of anti,
gp49A72-87 serum to the immunizing peptide occurred at an
-1200-fold dilution of serum. The reactivity of anti-
gp49A72-87 serum with a peptide consisting of a cysteine plus
gp49B1 amino acids 72-87 (CQVPLETRNKAKFNIPS) was
10% of its reactivity with the immunizing peptide, as defined

by reactivity with dilutions of the serum.
Anti-gp4972-87 IgG was purified on peptide-affinity col-

umns. Each peptide (10 mg) was coupled to 1 mg of cyanogen
bromide-activated Sepharose 4B (Pharmacia LKB), according
to the manufacturer's protocol. An 8-ml sample of anti-
gp4972-87 serum was applied to a column containing 2 ml of
resin coupled with the heterologous gp49B172-87 peptide, and
the flow-through was applied to a column containing the
homologous peptide. The second column was washed sequen-
tially with 20 column vol of 10 mM Tris-HCl (pH 7.5), 20
column vol of 500 mM NaCl in 10 mM Tris HCl (pH 7.5), and
20 column vol of 10 mM Tris HCl (pH 7.5). Ig was then eluted
with 2 column vol of 100 mM glycine (pH 2.5) into 0.2-column
vol of 1 M Tris-HCl (pH 8.0) and was dialyzed twice against
PBS (pH 7.2). Nonimmune Ig was purified on a protein
A-Sepharose column with the same steps described above.
Flow Cytometric Analyses. Samples containing 2-2.5 x 105

cells were pelleted into tubes, and the cells were resuspended
in 25 ,ul of either 20 ,ug/ml mAb B23.1 or an equal concen-
tration of rat myeloma IgM in calcium- and magnesium-free
Hanks' Balanced Salt Solution (HBSS) containing 0.1% (wt/
vol) BSA and 0.02% (wt/vol) sodium azide (H/B/A). The cells
were then incubated for 30 min at 4°C, washed by centrifuga-
tion in cold H/B/A, and incubated for 30 min at 4°C in a

saturating concentration of FITC-labeled F(ab')2 fragments of
goat anti-rat IgM (,u chain specific). To stain cells with
anti-gp49A72-87 IgG, an analogous procedure was used with 90
jig/ml anti-gp49A72-87 IgG or an equal concentration of
nonimmune rabbit Ig in the first step. A saturating concen-
tration of FITC-labeled F(ab')2 fragments of goat anti-rabbit
IgG heavy and light chains was used as the second antibody. All
second antibodies were obtained from Jackson ImmunoRe-
search. After incubation with second antibodies, the cells were
washed by centrifugation, fixed in 2% paraformaldehyde, and
analyzed with a Becton Dickinson FACSort with linear fluo-
rescence amplification. The net mean fluorescence channel
number was calculated as the mean fluorescence channel
number of cells incubated with immune primary antibody
minus that of cells incubated with the nonimmune primary
reagent.

Activation of Mast Cells. mBMMC (1 X 107/ml) were
incubated for 1 h at 4°C in 50% WCM containing mAb B23.1
or RATNP 17.3 (20 ,tg/ml each), rat IgE (3 ,tg/ml), rat IgE
+ RATNP, or rat IgE + dilutions of mAb B23.1. After being
washed once by centrifugation at 4°C, replicate cell pellets
were resuspended on ice at their original volume with 50%
WCM either alone or containing 25 jig/ml F(ab')2 mouse IgG
anti-rat IgG (heavy and light chain reactive) (Jackson Immu-
noResearch). The cells were then incubated for 15 min at 37°C
with agitation, and 50-p,l samples were removed from each
tube in duplicate and diluted with an equal volume of 0.15 M
EDTA in HBSS. The cells were sedimented by centrifugation
at 250 x g for 5 min at 4°C, the supernatants were decanted
and retained, and the pellets were resuspended to their original
volumes with a 1:1 (vol/vol) mixture of 5% WCM/0.15 M
EDTA and sonicated on ice.

,3-hexosaminidase was quantitated in a 30-pd sample of each
supernatant and pellet in duplicate by spectrophotometric
analysis of the hydrolysis of p-nitrophenyl-,3-D-2-acetamido-
2-deoxyglucopyranoside (27). The percent release values for
each experimental condition were calculated by the formula
[S/(S + P)] x 100, where S and P are the mediator contents
of the samples of each supernatant and cell pellet, respectively.
The net percent release values were obtained by subtracting
the percent release of sensitized cells incubated in 50% WCM
alone from that of replicate cells challenged with F(ab')2
mouse IgG anti-rat IgG heavy and light chains. LTC4 release
was measured by radioimmunoassay (PerSeptive Diagnostics,
Cambridge, MA) as described (28).

RESULTS
Analysis of the Relationship Between the gp49 Family and

Other Members of the Ig Superfamily. A homology-based
search of the amino acid sequences in the Brookhaven Na-
tional Laboratory, SWISS-PROT, Protein Identificaton Re-
source, translated GenBank, and Kabat data bases revealed
that both gp49A and gp49B1 possess greatest homology with
the human myeloid FcaR, the bovine Fcy2R, and members of
the human KIR family that are expressed on NK cells and
certain cytotoxic T lymphocytes. To determine formally
whether a relationship exists between gp49B1 and the other
receptors, gp49B1 was compared by ALIGN analysis, which was
used previously to define gp49A and gp49B1 as members of the
Ig superfamily (2, 3), with receptors of the Ig superfamily that,
like gp49B1, possess two C2-type, Ig-like domains. Analysis of
the complete amino acid sequences revealed statistically sig-
nificant homology (ALIGN scores .3) with human FcaR,
bovine Fcy2R, and eight members of the KIR family, but not
with mouse and human FcyR species or FcsRIa (Fig. 1).
Delineation of the two groups of proteins was also observed
when each Ig-like domain of gp49, including 20 amino acids
flanking each end (23), was compared by ALIGN analysis with
molecules representative of the set shown in Fig. 1 (data not
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FIG. 1. Comparison by ALIGN analysis of the predicted amino acid
sequence of gp49B1 with selected receptors of the Ig superfamily
containing two C2-type, Ig-like domains. Molecules with ALIGN scores
greater than three, as depicted by the vertical broken line, have
statistically significant homology with gp49B1. Data are expressed as

mean ± SEM of three ALIGN analyses for each pairing. Sequences and
nomenclature ofNK cell-associated transcripts (NKATs) 1-4 and KIR
clones 39, 42, 43, and 49 are from refs. 29 and 30, respectively.

shown). To assess the relationship of these proteins by another
means, evolutionary tree analysis of the full-length amino acid
sequences was conducted with the CLUSTAL W program (31) to
perform multiple sequence alignment and PHYLIP DRAWTREE
(32) with default settings to generate the tree. The segregation
of the mouse gp49, bovine Fcy2R, and human FcaR and KIR
proteins into a family distinct from the other receptors was

confirmed in the analysis because their branches localized as

a group that radiated -180° away from the branches that
contained the other receptors analyzed (data not shown).

Analysis of the Binding Specificity ofmAb B23.1 for gp49Bl
and gp49A. Stable transfectants that express gp49A or gp49B1
were generated in the mouse P815 mastocytoma cell line,
which binds little or no mAb B23.1 (33). As determined by flow
cytometry, mAb B23.1 bound to gp49B1, but not gp49A,
transfectants as compared with background binding to P815
cells transfected with the pMH-NEO expression vector alone
(Fig. 2). In contrast, anti-gp49A72m87 IgG bound to gp49A, but
not gp49B1 transfectants, thereby demonstrating that gp49A
was expressed on the surface of the appropriate transfectants.
Thus, it is reasonable to assume that cell-surface gp49B1 can

be selectively bound by mAb B23.1 on nontransfected cells,
such as mBMMC.

Effects of Ligation of gp49Bl and FceRI on Mast Cell
Activation. The cytoplasmic domain of gp49B1 contains two
sequences that conform to the ITIM consensus (20), namely,
IVYAQV and VTYAQL (3). To determine whether coliga-
tion of gp49B1 with FcERI altered activation-secretion,
mBMMC were incubated at 4°C with rat IgE (3 ,ug/ml) alone
or together with the RATNP 17.3 isotype control (20 ,ug/ml)
or incremental concentrations of mAb B23.1 (0.625-20 gg/
ml). Samples of cells were also incubated with RATNP 17.3 or

mAb B23.1 alone. The cells were washed once and incubated
for 15 min at 37°C in medium either alone or with the
coligating antibody, a F(ab')2 mouse IgG that is reactive with
the light chains of rat IgE and IgM. No release of the secretory
granule mediator ,B-hexosaminidase occurred unless mBMMC
were primed with rat IgE in the first step and then stimulated
with the second antibody (Fig. 3A). The release of f3-hex-
osaminidase was inhibited in a dose-dependent fashion when
mBMMC were concomitantly incubated with the fixed con-

centration of rat IgE and incremental concentrations of mAb

Transfectants I

pMH-NEO D
gp49A -i

gp49Bl
I I I

pMH-NEO LII-

gp49A -

gp49Bl

mAb B23.1

I I

Anti-gp49A72-87

I I I

0 100 200 300 400
Net Mean Fluorescence Channel Number

FIG. 2. Flow cytometric analysis of the binding of rat IgM mAb
B23.1 (Upper) and rabbit anti-gp49A72_g7 IgG (Lower) to pMH-NEO
vector control, gp49A, and gp49B1 transfectants. Cells were incubated
with primary antibodies for 30 min at 4°C, washed, and incubated with
F(ab')2 fragments of appropriate, FITC-labeled secondary antibody
for 30 min at 4°C before flow cytometry. Data are expressed as net
mean fluorescence channel numbers ± SEM, n = 5 (anti-gp49A72_g7
IgG) and n = 3 (mAb B23.1).

B23.1 before coligation of their respective FcsRI and gp49B1
molecules. The release of LTC4 was inhibited in a similar
manner (Fig. 3B).

DISCUSSION
We have established that the coligation of gp49B1 with FcsRI
inhibits mast cell activation-responses. The recognition that
gp49B1 might be an inhibitory protein initially arose from
ALIGN analysis of the amino acid sequences of gp49B1 versus
other members of the Ig superfamily containing two C2-type,
Ig-like domains. This analysis revealed statistically significant
homology between gp49B1 and human KIRs. There was also
homology between gp49B1, human FcaR, and bovine Fcy2R,
but not with other Fc-yR species or FceRI of the human and
mouse (Fig. 1). The segregation of the homologous proteins
into a distinct family was supported by separate evolutionary
tree analysis (data not shown) (31, 32). A second finding
suggested a basis for a function for gp49B1, namely, suppres-
sion of an activation event in mast cells, because the cytoplas-
mic domain possessed two ITIMs, a motif that is also recog-
nized in FcyRIIb species and in KIRs of NK cells and
T-lymphocyte subsets. Moreover, although the cytoplasmic
domain of mouse Fc-yRIIbl contains only one ITIM, coliga-
tion of this Fc receptor with the B-lymphocyte antigen receptor
or with FceRI inhibits B lymphocyte and mast cell activation,
respectively (8-10). Of note is the finding that mouse gp49B1
does not exhibit statistically significant amino acid sequence
homology with mouse Fc-yRIIbl (Fig. 1). Thus, our findings
establish that separate homology-defined families within the Ig
superfamily, with possibly distinct counterligands, inhibit mast
cell activation.
We previously demonstrated that COS cells transfected with

a cDNA encoding gp49B1 are immunoreactive with mAb
B23.1 (3). However, the specificity of the mAb with regard to
gp49A was unknown because of the 89% identity between the
extracellular domains of gp49B1 and gp49A. To address this
issue, stable transfectants expressing either the gp49A or the
gp49B1 cDNA were created in the P815 mastocytoma cell line,
which binds little or no mAb B23.1 (Fig. 2). In addition, to
measure specifically the expression of gp49A in transfectants,
rabbit anti-gp49A72-87 IgG was prepared to a peptide in the
extracellular domain that differs in gp49A and gp49B1 (3).
mAb B23.1 specifically bound to transfectants that expressed

monommo-

W-
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FIG. 3. Dose-dependent analysis of the effects of increasing con-

centrations of mAb B23.1 on the response of mBMMC to coligation
of gp49B1 and FcsRI as assessed by IgE activation-induced release of
f3-hexosaminidase and LTC4. Samples of cells were incubated with the
indicated concentrations of antibody for 1 h at 4°C, washed, and
incubated with F(ab')2 mouse IgG anti-rat heavy and light chain IgG
for 15 min at 37°C. f3-hexosaminidase (A) and LTC4 (B) were
measured by spectrophotometric assay and radioimmunoassay, respec-
tively. ,3-hexosaminidase data are expressed as mean ± SEM, n = 4;
LTC4 data are expressed as mean + half-range, n = 2. The net percent
of 13-hexosaminidase release and LTC4 release when control rat IgM
mAb RATNP 17.3 (20 pug/ml) was combined with the rat IgE
sensitization step before coligation are indicated (*) and were not
appreciably different from the mediator release from cells incubated
with rat IgE alone. The percent of ,B-hexosaminidase release when cells
were exposed to RATNP 17.3 alone and then to either medium or

F(ab')2 mouse IgG anti-rat IgG in the second step was 8 ± 4% and 3 ±
1%, respectively (n = 3); release values for cells that were exposed to
mAb B23.1 alone (20 ,ug/ml) in the first step were 7 ± 3% and 4 ±

2%, respectively (n = 4). Release of LTC4 under these conditions was
undetectable.

gp49B1, and anti-gp4972-87 IgG specifically bound to gp49A
transfectants (Fig. 2). Because mAb B23.1 recognizes cell-
surface gp49B1, but not gp49B1 after exposure to SDS (data
not shown), mAb B23.1 appears to recognize a conformation-
dependent, gp49B1-specific epitope within an extracellular
domain that is 89% identical to that of gp49A. The latter
finding is reminiscent of the fact that certain anti-human KIR
mAbs specifically recognize individual receptor species, even

though their extracellular domains differ only by several
scattered amino acids (30).
With use of BMMC primed with rat IgM mAb B23.1

anti-gp49B1 and rat IgE, the effects of coligation of gp49B1
and FcsRI were established with a second antibody, namely,
F(ab')2 mouse IgG anti-rat IgG. This antibody recognized the
light chains of both rat mAb B23.1 and rat IgE, as assessed by
flow cytometry (data not shown). Neither mAb B23.1 nor the
isotype-matched mAb RATNP 17.3 alone elicited the release
of mediators from mBMMC after exposure to second antibody
(Fig. 3 A and B). However, when mAb B23.1 and rat IgE on

the surface of the mast cells were coligated with the second
antibody, a mAb B23.1-dependent, dose-related inhibition of
,3-hexosaminidase (Fig. 3A) and LTC4 (Fig. 3B) release oc-

curred. This inhibition was not the result of a limitation in the
amount of F(ab')2 mouse IgG anti-rat IgG available to react
with FcsRI, because both the rat IgE and mAb B23.1 were
added to the cells at concentrations that were not saturating for
the binding of second antibody, as determined by flow cytom-
etry (data not shown). The finding that gp49B1 contains two
core ITIM motifs and suppresses secretory granule and lipid-
derived mediator release when coligated with FcsRI leads us
to propose that gp49B1 be designated "mouse mast cell
inhibitory receptor" (mMIR).
The mechanism by which ITIMs inhibit cellular activation

events appears to be through the downstream recruitment of
one or more tyrosine phosphatases that reverse a tyrosine
phosphorylation step(s) critical to progressive signal transduc-
tion. Coligation of the B-lymphocyte antigen receptor with
FcyRIIbl causes tyrosine phosphorylation of each receptor
with different resultant intracellular protein associations.
Whereas the B-lymphocyte antigen receptor associates with
syk kinase via the receptor's immunoreceptor tyrosine-
containing activation motif in the Ig-a and Ig-,B subunits (8),
phosphopeptides encompassing the FcyRIIB1 ITIM bind
SHP-1 (9). Furthermore, tyrosine-phosphorylated KIR pep-
tides from the two ITIMs of certain human KIRs bind SHP-1
and SHP-2 [formerly PTP1D] (19, 20). Thus, ITIMs may
mediate inhibitory effects by recruiting tyrosine phosphatases
that could reverse and/or suppress tyrosine phosphorylation
events at one or more steps of signal transduction cascades that
activate cellular functions.
The finding that mMIR is homologous to members of the Ig

superfamily that bind other members of the superfamily (e.g.,
Fc receptors/Ig, KIRs/major histocompatibility complex class
I molecules) suggests that its counterligand may also be a
member of the Ig superfamily. Although mouse NK cells
express a family of KIRs (Ly49) that contain the ITIM motif
(20) and function like human NK cell KIRs in interacting with
major histocompatibility complex class I molecules, the Ly49
family consists of type II transmembrane proteins with an
extracellular C-type lectin domain, rather than an Ig-like
structure (14). It is possible therefore, based on the structural
and functional considerations presented here, that mMIR may
belong to a family of molecules that are the mouse equivalents
of human NK and T-lymphocyte KIRs.
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