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Engagement of cell-surface receptors leads to acti-
ation of protein tyrosine kinases, which in turn phos-
horylate various downstream enzymes and adaptor
roteins. Lnk is an adaptor protein that appears to be

nvolved in signal transduction in lymphocytes, and
orms an adaptor protein family with SH2-B. We tried
o identify another member of the adaptor protein
amily and isolated the mouse APS (adaptor molecule
ontaining PH and SH2 domains). APS contains a
roline-rich region, PH and SH2 domains, and a puta-
ive tyrosine phosphorylation site at the C-terminal,
nd the overall structure resembles those of Lnk and
H2-B. APS is expressed in brain, kidney, muscle, and
ature B cells in spleen. Mouse APS gene consists of 8

oding exons and is deduced to map to chromosome 5.
PS is tyrosine phosphorylated at the C-terminal
hosphorylation site conserved among the Lnk family
daptor proteins by stimulation of IL-5 or IL-3 as well
s by crosslinking of B cell receptor complex. These
esults suggest that APS is a member of the Lnk family
daptor protein and likely plays a role in signaling in
cells. © 2000 Academic Press

The binding of extracellular ligands to their respec-
ive polypeptide receptors initiates a cascade of events
hat are critical for mitosis, differentiation and death,
s well as other cellular responses. These signal trans-
uction cascades involve activation of numerous intra-
ellular molecules including protein kinases, lipid
inases, GTP-binding proteins, and other various ef-

Nucleotide and translated amino acid sequences have been sub-
itted to GenBank under Accession No. AF234838.
Abbreviations used: APS, adaptor molecule containing PH and

H2 domains; BCR, B cell receptor; TCR, T cell receptor; PH, pleck-
trin homology; SH2, Src homology 2; PAGE, polyacrylamide gel
lectrophoresis; mAb, monoclonal antibody; GST, glutathione
-transferase; ITAM, immunoreceptor tyrosine-based activation
otif.
1 To whom correspondence should be addressed. Fax: 81-3-5449-

407. E-mail: takakis@ims.u-tokyo.ac.jp.
45
ritical not only for the activation of effector enzymes
hemselves but also for their recruitment to activated
eceptor complexes. While the details of how signaling
olecules are recruited to activated receptors remains

n enigma, it is becoming increasingly appreciated
hat a group of cellular proteins called adaptor proteins
egulate the interaction of effector enzymes with sur-
ace receptors.

Adaptor proteins lack catalytic function (insofar as is
nown) but still possess interaction domains; e.g., SH2
nd PTB domains that bind tightly to phosphotyrosine
esidues, SH3 domain that binds proline-rich residues
r PH domain that has been implicated in interaction
f proteins with lipid membranes (1–3). An apprecia-
ion for the importance of adaptor proteins in signal
ransduction has been derived largely from studies of
rowth factor receptors, where initial binding and
hosphorylation of the adaptor protein Shc creates a
inding site for a second adaptor, Grb2, that then di-
ects Sos, a guanine nucleotide exchange factor, to the
embrane where it can act upon Ras (4). Since then,

rowing evidence supporting the importance of adaptor
roteins has been presented in various signal trans-
uction cascades. A thorough enumeration of the nor-
al complement of adaptor proteins, and an analysis of

ow these proteins behave should therefore help to
lluminate mechanisms of signal transduction in cell
nterior.

Lnk has been reported as a 38-kDa adaptor protein
xpressed in lymphocytes (5, 6). Lnk consists of a single
H2 domain and several candidate tyrosine phosphor-
lation sites for possible interaction with Grb2, phos-
holipase C-g1 and phosphatidylinositol 3-kinase (5).
he observation that Lnk becomes phosphorylated on
yrosine residue after crosslinking of T cell receptor
TCR) complex suggested that Lnk might play an im-
ortant role in TCR-mediated signaling. However, the
ransgenic mice over-expressing Lnk at high levels in
hymocytes demonstrated that the availability of Lnk
oes not restrict normal T cell development or respon-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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siveness at all (6). Thymocytes from transgenic mice
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roliferated normally and showed an equivalent pat-
ern of tyrosine phosphorylated proteins when com-
ared with normal thymocytes stimulated via TCR
rosslinking. Thus Lnk almost certainly interacts with
hosphoproteins other than those that comprise the
CR.
We noticed that Lnk has a significant homology with

H2-B, an adaptor protein which interacts with the
mmunoreceptor tyrosine-based activation motif
ITAM) of FceRIg chain in a phosphorylation depen-
ent manner (7). SH2 domains of Lnk and SH2-B share
ighly conserved amino acid sequence among other
arious SH2 domains. The N-terminal region of the
eported Lnk has a significant homology with a part of
H2-B (6). These strongly indicate that Lnk and SH2-B
re likely to be members of a new adaptor protein
amily.

In this report, we tried to identify another member of
he new adaptor protein family represented by Lnk,
nd isolated the mouse APS (mAPS), adaptor molecule
ontaining PH and SH2 domains that was recently
dentified as a substrate for c-kit, Trk, insulin receptor
r insulin-like growth factor receptor (8–12). APS is
xpressed mainly in B cells in lymphoid organs, as well
s in brain, kidney and muscle. APS is tyrosine phos-
horylated by various protein tyrosine kinases (PTKs),
nd the C-terminal tyrosine, which is conserved among
he Lnk family adaptor proteins, is a main target of
arious PTKs. APS becomes phosphorylated after
rosslinking of B cell receptor (BCR) and by the stim-
lation of various cytokines, indicating APS may play a
ole in BCR or cytokine signaling pathways.

ATERIALS AND METHODS

Isolation of cDNA and genomic DNA clones. The amino acid
equences of mouse Lnk (aa 239-288: GenBank Accession Number
Acc. No.] U89992) and rat SH2-B (aa 337-408: Acc. No. U57391) was
sed to search the GenBank database with BLAST algorithm, and
n EST clone from human germinal center B cell (Acc. No.
A292710) was found to encode an amino acid sequence homologous

o Lnk and SH2-B. A cDNA fragments was amplified from mouse
pleen by nested PCR using following primers that were synthesized
ased on the human cDNA sequence from EST database; sense
rimers: 59-CTCCAGCCCAAGGTCAGCATCC-39, 59-AGCCCAAGG-
CAGCATCCCACT-39, antisense primers: 59-TGTCTTCCTCAC-
GTCACCGGG-39, 59-AGCCCTGGATGTCAGCTACCCA-39. The
DNA fragment was labeled using the random-priming method with
a-32P]dCTP (Amersham Pharmacia Biotech, Uppsala, Sweden), and
sed as a probe to screen a library previously constructed with mouse
pleen cDNA in the lZAPII vector (Stratagene, La Jolla, CA) by
laque hybridization. Five positive plaques were isolated from 1 3
06 plaques screened, and those phage DNAs were excised in vivo to
escue phagemids containing the cDNA fragments. The DNA se-
uences were determined using the dideoxy chain termination
ethod employing AutoCycle Sequencing Kit (Amersham Pharma-

ia Biotech). Genomic clones were isolated from a lFIXII library of
29SVJ liver DNA partially digested with MboI (Stratagene) using
a-32P]dCTP-labeled mAPS cDNA fragments as probes. By screening
3 106 plaques, 3 positive clones were isolated. The inserts of those
46
gene). Physical maps of subcloned plasmids were determined by
estriction enzyme digestion, Southern blotting, PCR and DNA se-
uencing.

Cells. COS7 cells were maintained in RPMI 1640 supplemented
ith 8% fetal calf serum (FCS), penicillin (100 IU/ml) and strepto-
ycin (50 mg/ml). Y16 cells were maintained in RPMI 1640 supple-
ented with 4% FCS, penicillin, streptomycin and 50 mM

-mercaptoethanol (2-ME), containing 5 U/ml mIL-5. MC9 cells were
aintained in RPMI 1640 supplemented with 8% FCS, penicillin,

treptomycin and 50 mM 2-ME, containing 20 U/ml mIL-3. BAL17
ells were maintained in RPMI 1640 supplemented with 8% FCS,
enicillin, streptomycin and 50 mM 2-ME.

Northern blotting and reverse transcriptase-PCR. Total RNA was
solated from cell lines by the acid guanidine isothiocyanate-phenol-
hloroform method (13) and poly(A)1 RNA was isolated from mouse
issues using the Micro-FastTrack kit (Invitrogen, Carlsbad, CA).
NAs were separated on a 1% agarose/formaldehyde gel and trans-

erred to nylon membranes (NEN, Boston, MA). The Multiple Choice
orthern Blots were purchased from OriGene (Rockville, MD). The
embranes were hybridized with 32P-labeled cDNA fragments en-

oding mAPS (amino acids 240-306) or mouse b-actin (amino acids
60-375). For reverse transcriptase-PCR analysis, splenocytes were
eparated by FACStar (Becton-Dickinson, Mountain View, CA) on
asis of the expression of CD3 or B220. The first-strand cDNA was
ynthesized using SuperScript Reverse transcriptase (GIBCO BRL,
ockville, MD) and random hexamers (TAKARA, Shiga, Japan) from
oly(A)1 RNA isolated from separated cells by the Micro-FastTrack
it. The cDNA templates were subjected to PCR amplification using
ets of primers for APS (forward 59-TTTCTCTGAACGGTCACGGC-
9; reverse 59-AGGCTGGAGAAGTAGTGCTG-39) or for b-actin (for-
ard 59-ACACTGTGCCCATCTACGAG-39; reverse 59-CTAGAA-
CACTTGCGGTGCA-39). Cycling parameters were 1 min at 94°C, 2
in at 56°C, 2 min at 72°C for 34 cycles to detect mAPS mRNA, and

7 cycles for b-actin. PCR products were separated by electrophore-
is on a 1.0% agarose gel and visualized by staining with ethidium
romide.

GST fusion proteins. The cDNA fragments encoding the
-terminal domain (mAPS-N; amino acids 1-102), and the
-terminal domain (mAPS-C: amino acids 534-621) were amplified
y PCR using the following primers: (mAPS-N: forward 59-
AGGATCCATGAATGGTGCCACCCCCA-39, reverse 59-GTCGTCT-
CCACCATGAAGC-39; mAPS-C: forward 59-CTGATATCACCC-
AAGAAGC-39, reverse 59-TAGCGGCCGCTTAGGTGTTGCTGA-
CATCG-39). PCR fragments were digested by restriction enzymes
nd subcloned into the pGEX-4T-1 (Amersham Pharmacia Biotech),
nd the plasmids were used to transform E. coli BL21. Induction of
he recombinant proteins was performed by incubating host E. coli
ith 1 mM isopropyl-b-D-thiogalactopyranoside. Cells were har-
ested and lysed, and the fusion proteins were purified by absorption
o glutathione-coupled Sepharose-4B (Amersham Pharmacia Bio-
ech).

Generation of anti-mAPS antibodies. Rabbit polyclonal antisera
ere raised against the GST-mAPS-N and -C fusion proteins. The
ntibodies were purified by chromatography on CNBr-activated
epharose 4B (Amersham Pharmacia Biotech), conjugated with ei-
her GST-mAPS-N or GST-mAPS-C fusion protein, followed by elu-
ion using 0.1 M glycine, pH 2.5. Antibodies against GST were
bsorbed from the affinity purified antibodies using GST-coupled
NBr-activated Sepharose 4B.

Construction of mAPS expression vectors. To create Myc-tagged
APS (Myc-mAPS), the Eag I fragment of mAPS (codon 9-621) was

ubcloned into pMEMyc2 (gift from Dr. T. Yamamoto) in frame.
esulting fusion protein contained Myc-tag (SMEQKLISEEDLN) at

he N-terminus. Full-length mAPS expression vector (pcDNA3APS)
as constructed by subcloning the cDNA fragment encoding full



length mAPS into EcoRI/NotI site of pcDNA3 (Invitrogen). Deletion
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utant lacking the C-terminal region was constructed by eliminat-
ng the ApaI fragment (0.5 kb) and re-ligation of pcDNA3APS. Re-
ulting mutant protein (DC) consists of amino acids 1M-512P of
APS and 2 extra residues (I and L) added by the deletion.

Transient and stable transfections. COS7 cells were transiently
ransfected by using SuperFect (QIAGEN, Hilden, Germany) accord-
ng to the manufacturer’s instruction. For stable transfection of Y16
r MC9 cells, 107 cells in 0.4 ml cytomix (14) (120 mM KCl, 0.15 mM
aCl2, 10 mM K2HPO4/KH2PO4, 25 mM HEPES, 2 mM EGTA and 5
M MgCl2, pH 7.6) were electroporated with 10 mg of linearized

cDNA3APS or control pcDNA3 vector. Stable transfectants were
elected in the presence of 0.5 mg/ml G418, and screened for the
xpression of the recombinant APS by immunoblotting.

Immunoprecipitation and Western blotting. COS7 cells were har-
ested at 48 h after transfection and lysed with 0.5 ml lysis buffer
1.0% Triton X-100 in Tris-buffered saline containing 10% glycerol, 5
M EDTA, 100 U/ml aprotinin, 1 mM sodium vanadate, 10 mM

odium fluoride, 25 mg/ml p-nitrophenyl-p9-guanidinobenzoate, 10
M iodoacetoamide, 10 mg/ml leupeptin), and the lysates were clar-

fied by centrifugation. For SCF stimulation, COS7 cells were
tarved for 16 h (from 48 h to 64 h after transfection) in medium
ontaining 0.1% FCS, then stimulated with 100 ng/ml stem cell
actor (SCF, Pepro Tech EC, London, UK) in the presence of 0.1 mM
odium vanadate for 10 min at 37°C. The lysates were incubated
ith anti-Myc monoclonal antibodies (9E10) or anti-mAPS antibod-

es, and protein G Sepharose 4B (Amersham Pharmacia Biotech) at
°C for 1 h. Then, the Sepharose beads were washed five times with
ysis buffer. The precipitated proteins were resolved by SDS-10%
AGE under reducing conditions, and transferred to a PVDF mem-
rane (Millipore, Bedford, MA). After blocking with 5% BSA/Tris-
uffered saline pH 7.6, blots were probed with anti-phosphotyrosine
Ab (4G10, Upstate Biotechnology, Lake Placid, NY), or anti-mAPS

ntibodies, and incubated with horseradish peroxidase-conjugated
econdary antibodies (Santa Cruz, Santa Cruz, CA). Filters were
ashed in 0.05% Tween 20/Tris-buffered saline and visualized by
nhanced chemiluminescence (NEN).
For Y16, MC9 transfectants or BAL17, cells were washed three

imes with Hanks’ balanced salt solution and cultured in RPMI 1640
ontaining 4% FCS for 8 to 12 h. The cells were then collected and
timulated with 10 nM mIL-5 (for Y16), 30000 U/ml mIL-3 (for Y16
nd MC9), 1 mg/ml SCF (for MC9) or 100 mg/ml anti-IgM F(ab9)2
ragment (ICN Pharmaceuticals, Aurora, OH). Then, cells were col-
ected and lysed with lysis buffer, and the lysates were subjected to
mmunoprecipitation and Western blot analysis as described above.

ESULTS

Identification of a protein homologous to Lnk and
H2-B. We reported that the N-terminal region of the
ouse Lnk was homologous to a part of SH2-B (6). The

egion turned out to be a part of the pleckstrin homology
PH) domain as the full-length Lnk was identified (S.T.
ill describe elsewhere. The updated mouse Lnk cDNA

equence is available through GenBank, Acc. No.
89992). We searched GenBank database for proteins
omologous to Lnk and SH2-B by BLAST algorithm us-

ng the amino acid sequences corresponding to a part of
H domains of Lnk and SH2-B as queries (see Materials
nd Methods). An EST clone (Acc. No. AA292710) gener-
ted from human germinal center B cells was found, and
he corresponding mouse cDNA fragment was success-
ully amplified by PCR from spleen. To obtain the full-
ength cDNA, we screened a mouse spleen cDNA library
47
ndependent clones. The sequences of those clones were
nalyzed and a fused cDNA sequence was composed from
he three overlapping cDNA sequences. The composed
DNA sequence contained an open reading frame (ORF)
ncoding a protein that consists of 621 amino acids with
he predicted molecular weight of 67 kDa, carrying a PH
omain, a Src homology 2 (SH2) domain, and a possible
yrosine phosphorylation site at the C-terminal end (Fig.
). The overall structure of the protein highly resembles
o those of Lnk and SH2-B. During our analysis of the
DNA, a human adaptor protein, APS (hAPS) which
hares similar structure with SH2-B was reported (8). A
omology search revealed that our cDNA encodes the
ouse APS. The amino acid sequence is 82% identical to
APS, and particularly its PH and SH2 domains share
6% identity with hAPS (data not shown). The PH do-
ain located between amino acid 197-299 is 40% and

1% identical to those of mLnk and mSH2-B, respec-
ively. The SH2 domain located between amino acid 408–
07 is 65% and 79% identical to those of mLnk and
SH2-B, respectively (Fig. 1B). The N-terminal region of
APS is also significantly homologous to those of mLnk

nd mSH2-B (28% and 38% identity, respectively). Two
ossible tyrosine phosphorylation sites matching to
R/K]XX(X)[D/E]XX(X)Y motif (PROSITE database, Med-
cal Biochemistry Department, University of Geneva) are
ocated at amino acids 47 (RFLRDNPTY) and 618
RAVENQY). The C-terminal phosphorylation site is con-
erved among all three related proteins, whereas the
-terminal one is conserved only between APS and
H2-B. These observation confirmed that those three
roteins form an adaptor protein family and that we
dentified a mouse counterpart of the family member,

APS.

Expression of mAPS mRNA. The distribution of
PS mRNA in various mouse tissues was analyzed by
orthern blotting. A single transcript of 2.9 kb was

trongly expressed in brain, and found at detectable
evels in spleen, kidney and skeletal muscle (Fig. 2A).
ow levels of mAPS expression were also detected in
mall intestine and bone marrow. Among various he-
atopoietic cell lines, mAPS was strongly expressed in
cell lines (WEHI231, BAL17 and BCL1), and at mar-

inal levels in B-precursor cell lines (LyD9, Y16, and
0E1) except one pre-B cell line (18-81) (Fig. 2B). T cell
ines (MTH and CTLL-2) did not express mAPS, al-
hough low level expression was detected in a thymoma
ell line (LSTRA). APS expression was also detected in
yeloid and fibroblast cell lines (FDC-P1 and
IH3T3). Since a fair amount of mRNA was expressed

n spleen and the hAPS EST clone we found was de-
ived from germinal center B cells as described above,
e assessed mAPS mRNA expression in lymphocyte

ubpopulations. Splenic B cells (B2201) and T cells
CD31) were purified by cell sorting, and expression of



m
q
a
T
r
a
o
m
p

m
m
t
g
p
c
A
w
a
t
g
e
(

1
A

o
m
g
P
5
b
5
C
w
o
I
m
w

t
i
a
o
C
p
t
r
F
p
m
n

l
s
p
i

Vol. 272, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
APS in each fraction was analyzed by a semi-
uantitative reverse transcriptase-PCR (RT-PCR)
nalysis. APS mRNA was detected in B cells but not in
cells (Fig. 2C, right panels). In consistent with the

esult of our Northern blotting, APS mRNA was not
mplified from thymus (Fig. 2C, left panels). These
bservations suggest that mAPS is expressed mainly in
ature B cells in lymphoid tissues, although its ex-

ression is not limited in lymphoid organs.

Genomic structure and chromosomal localization of
ouse APS gene. We also obtained clones of the
ouse APS gene to gain a better insight into the func-

ion and structure of APS. We screened a 129SVJ
enomic library using the mAPS cDNA fragment as
robes, and isolated three overlapping genomic DNA
lones. Physical map of a 20 kb region of the mouse
PS gene was constructed (Fig. 3). Restriction map
as determined and exon-intron boundaries were an-
lyzed. The mouse APS gene consists of 8 coding exons
hat extended over 13 kb (Fig. 3). Comparison of
enomic and cDNA sequences indicated there exists
xtra exon(s) encoding 59 untranslated region of mAPS
data not shown).

A database search using APS cDNAs revealed that a
25-kb high throughput genomic sequence (GenBank
cc. No. AF030453) contains DNA sequences for exons

FIG. 1. Structure of mouse APS. (A) Amino acid sequence of mA
etters. PH domain and SH2 domain are indicated by underline and
ites are indicated by box. (B) Schematic representation of mAPS, m
roline rich region, PH domain and SH2 domain. Percentages indica
ndicate PCR primers synthesized based on sequence of the EST clo
48
f hAPS gene. The sequence was obtained from a hu-
an chromosome 7q22 PAC clone, indicating the hAPS

ene localizes at chromosome 7q22. We found the same
AC clone contains CUTL1 (CUT-LIKE 1) gene about
0 kb apart from human APS gene. Mouse Cutl1 has
een mapped to distal region of the mouse chromosome
(15). Genes surrounding Cutl1 gene (from Epo to

yp3a11) perfectly co-localize and align in human as
ell as in mouse, according to Human/Mouse Homol-
gy Region Map (National Center for Biotechnology
nformation: NCBI). Therefore, it is deduced that
ouse APS gene also co-localized to the chromosome 5
ith Cutl1 and other surrounding genes (Fig. 4).

Tyrosine phosphorylation of mAPS. APS contains
yrosine kinase phosphorylation sites and is expressed
n B cells. We investigated whether mAPS function as

substrate of tyrosine kinases expressed in B cells by
verexpressing mAPS with various tyrosine kinases in
OS7 cells. After immunoprecipitation, tyrosine phos-
horylation of mAPS was examined by immunoblot-
ing. APS became strongly phosphorylated on tyrosine
esidues when co-expressed with JAK2, JAK3, Lyn,
yn, and Syk (Fig. 5A). Weak but significant levels of
hosphorylation by Btk and JAK1 were detected. APS
igrates as a doublet band both in phosphorylated and

on-phosphorylated forms (see Figs. 5, 6 and 7), al-

. Proline residues in the two proline rich regions indicated by bold
ble underline, respectively. Two putative tyrosine phosphorylation
k and mSH2-B showing location of N-terminal conserved domain,
mino acid identity between respective mouse proteins. Arrowheads

(Acc. No. AA292710).
PS
dou
Ln

te a
ne
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hough the molecular basis explaining the difference
etween two bands is currently unknown. Of note,
AK2, JAK3, Syk, and Fyn were co-immunopre-
ipitated with mAPS (Fig. 5A, upper panel). When
APS was co-expressed with c-kit in COS7 cells,
APS was weakly phosphorylated and the level of

yrosine phosphorylation was significantly enhanced
y the stimulation of SCF, the ligand for c-kit (Fig. 5B).
-kit was also co-immunoprecipitated with mAPS (Fig.
B). Thus, at least in overexpressed cells, mAPS func-
ions as a substrate for various tyrosine kinases.

It has been reported that SH2-B is a substrate of
AK2 in growth hormone signaling (16). As we also
bserved phosphorylation of mAPS by JAK2 in overex-
ressed COS7 cells, we investigated whether mAPS is
substrate of JAK2 by overexpressing mAPS in Y16,

L-5 and IL-3-dependent pro-B cell line. Receptors for
L-5 and IL-3 use the bc subunit as a common compo-
ent, and activate JAK2 (17, 18). As observed by
orthern blotting, Y16 cells expressed very small
mount of mAPS and the mAPS protein was undetect-
ble by our immunoblot. Y16 cells were stably trans-
ected with mAPS, and phosphorylation of mAPS by
he stimulation of IL-5 or IL-3 was examined. Both
L-5 and IL-3 induced tyrosine phosphorylation of

FIG. 2. Expression of mAPS mRNA. Membranes carrying
oly(A)1 RNA from indicated mouse tissues (A) or total RNA from
arious mouse cell lines (B) were hybridized with a 32P-labeled cDNA
ragment of mAPS (upper panel). The blot was stripped and reprobed
ith b-actin to estimate amounts of loaded RNA (lower panel). LyD9,
16 and 40EI; pro-B cell line, 18-81; pre-B cell line, WEH1I231,
AL17 and BCL1; B cell line, LSTRA; immature T cell line, CTLL-2
nd MTH; mature T cell line, FDC-P1; myeloid cell line, NIH3T3;
broblast cell line. (C) Semiquantitative RT-PCR analysis. cDNAs
ere prepared from thymocytes, total splenocytes, CD31 or B2201

plenocytes and APS expression was analyzed by RT-PCR.
49
in (Fig. 6A, left panels and data not shown). Some
ther undefined tyrosine-phosphorylated proteins co-
recipitated with mAPS. Next, we examined phosphor-
lation of mAPS by c-kit in an SCF-responsive cell line,
C9. Since MC9 cells also express very low amount of
PS, we used stable transfectant overexpressing
APS. Tyrosine phosphorylation of mAPS reached at a

eak by 1 min was observed by the stimulation with
CF (Fig. 6A, right panels). The phosphorylation of
140, probably c-kit, was co-immunoprecipitated with
APS. MC9 cells respond to IL-3 as well as SCF.

L-3-induced phosphorylation of APS is also observed
n MC9 transfectants (Fig. 6A, middle panels).

A mouse B cell line, BAL17 strongly expressed
APS as demonstrated by Northern blotting. We ex-

mined the phosphorylation of endogenous mAPS in-
uced by BCR stimulation using BAL17 cells (Fig. 6B).
rosslinking of BCR by anti-IgM induced phosphory-

ation of mAPS, which reached a peak at 5 to 15 min.
he phosphorylation level of mAPS was decreased over
5 min after stimulation. These observations indicated
hat mAPS is phosphorylated by JAK2, c-kit and ki-
ases activated by BCR in the stimulation dependent
anner.

The tyrosine phosphorylation site of mAPS is at
-terminal. The C-terminal possible phosphorylation
ite is conserved among all three Lnk family adaptor
roteins. To clarify whether the tyrosine residue in
-terminal phosphorylation site play a critical role, we
onstructed a mutant form (DC) of mAPS cDNA lack-
ng the C-terminal tail harboring the conserved ty-
osine phosphorylated site, and transfected it into MC9
ells. Wild type mAPS was efficiently tyrosine phos-
horylated by the stimulation of both IL-3 and SCF as
escribed above. In contrast, the DC form mAPS was
ot phosphorylated at all by both stimuli (Fig. 7). As-
ociation of DC with other phosphoproteins including
140 was essentially maintained. From these results,
e concluded that a major tyrosine phosphorylation

ite of mAPS by JAK2 and c-kit is the C-terminal

FIG. 3. Genomic structure of the mouse APS gene. Exons are
ndicated by boxes. Filled boxes indicate amino acid coding region.
coRI(E), BamHI(B) and HindIII(H) restriction sites are shown.
hree independent and overlapping genomic DNA clones are indi-
ated below.
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yrosine, which is conserved among all Lnk family
daptor proteins.

Consequence of overexpression of mAPS and its mu-
ant in various cell lines. We investigated the conse-
uence of overexpression of the wildtype APS or DC
utant form of mAPS lacking the C-terminal major

hosphorylation site on cell proliferation in Y16 and
C9 cells. Overexpression of APS or APSDC also did

ot show any effect on IL-5 or IL-3-induced prolifera-
ion of Y16 cells (data not shown). Neither the wildtype
PS nor APSDC had effect on SCF-induced prolifera-

ion of MC9 transfectant by their overexpression (data
ot shown). Although IL-5, IL-3 or SCF induced ty-
osine phosphorylation of APS, overexpression of the
ildtype APS or APSDC mutant had no effect on the

ell proliferation induced by IL-5, IL-3 or SCF.

ISCUSSION

In this study we tried to identify a new member of
he Lnk family adaptor proteins, and cloned a cDNA
or the mouse APS (adaptor molecule containing PH
nd SH2 domains). APS consists of an N-terminal
roline-rich region, PH and SH2 domains, and a ty-
osine phosphorylation site at the C-terminal end. The
verall structure of APS remarkably resembles to that
f SH2-B. Lnk was originally reported as a 38-kDa
daptor protein, which may function in signaling
hrough T cell receptor (TCR) complex because of its
ossible interaction with Grb2, PLCg and PI3-K (5).
owever, the full length Lnk is nearly twice the size

68 kDa) of the previously published protein and con-
ains a proline-rich region, PH and SH2 domains, and

FIG. 4. Deduced chromosomal map position of mouse APS gene.
nd CUTL1 was found. Cutl1, the mouse counterpart of CUTL1, has b
uman APS and CUTL1 loci is about 50 kb, and several genes (Epo, P
olocalized in both human and mouse. Therefore, it is deduced that
50
tyrosine phosphorylation site at the C-terminal end
S. T. will report elsewhere). The N-terminal proline-
ich region of these three adaptor proteins share sig-
ificant homology with each other. Thus, the struc-
ures of Lnk, APS and SH2-B proteins turned out to be
ighly homologous to each other, and these three pro-
eins forms a unique adaptor family. So far, only those
hree proteins are identified as the family members in
ammals. We tried to amplify genomic DNA frag-
ents using degenerative oligomers corresponding to

he PH domain of Lnk. The fragments from SH2-B and
nk genes were amplified from mouse genomic DNA,
owever, no other fragment carrying ORF was ob-
ained (M. I. and S. T., unpublished observation).

There are splicing variant forms of SH2-B, a and b in
ouse, rat (16, 19) and human (EST clone Acc. No.
W374366). SH2-Bb cDNA carries a 100 bp insertional
equence that juxtapose the SH2 domain coding re-
ion, which resulted in a reading frame shift and a
eletion of the C-terminal tyrosine residue conserved
mong the Lnk family proteins. In our screening pro-
edures to pick the full length mAPS cDNA, we ob-
ained a cDNA clone with a 25 bp deletion at the 39 end
f SH2 coding sequence resulting in a flame shift and
eplacement of the conserved C-terminal sequence
ith more than 34 amino acids stretch without ty-

osine phosphorylation motif. We evaluated the
mounts of the variant form of mAPS mRNA in spleen
y RT-PCR, and found that only the cDNA fragment
ithout the deletion was successfully amplified (data
ot shown). We concluded the variant forms was gen-
rated from an abnormal splicing event which targeted
he cryptic splicing donor site of mAPS transcript, and

m database search, human 7q22 PAC clone containing human APS
already mapped on the mouse chromosome 5. The distance between

ce, Azgp1, Mor1, Ache, and Cyp3a11) surrounding the two genes are
use APS gene is also mapped on the mouse chromosome 5.
Fro
een
col
mo
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hat the variant of mAPS protein was made only neg-
igibly in vivo. This is also supported by the exon-intron
oundaries of APS genes. The genomic sequence of the
ryptic splicing site used in the variant cDNA form
oes not match to the consensus splicing donor se-
uence (data not shown).
Analysis of APS expression in various cell lines sug-

ested that APS is expressed mainly in B cell lines,
specially mature B cell lines. This is consistent with
he observation that APS transcripts were accumu-
ated more in spleen than in bone marrow. In contrast,
nk was expressed in all B-lineage cell lines at various
ifferentiation stages from pro B to mature B cells
S. T. unpublished observations), whereas SH2-B was
biquitously expressed (data not shown). In addition to
he APS expression in B cells, APS was tyrosine-
hosphorylated by BCR crosslinking in a mature B cell
ine, BAL17. A similar result has been observed using
aji, a human B cell line (8). These observations sup-
ort that APS may play a certain role in BCR signal-

FIG. 5. Tyrosine phosphorylation of mAPS by various protein
inases were co-expressed in COS7 cells. APS was immunoprecipita
nti-phosphotyrosine (upper panel) and anti-Myc antibodies (lower
ndicates the immunoglobulin heavy chain. (B) COS7 cells co-expre
mmunoprecipitated with anti-Myc antibody proved by anti-phosph
horylated mAPS was indicated by arrowheads.
51
ng. The APS expression is, however, not restricted in
cells. In brain, kidney and other tissues like muscle,

PS presumably functions in other signaling path-
ays. It has been reported that APS become tyrosine
hosphorylated by the stimulation of NGF, PDGF,
rythropoietin and insulin (9–12, 20).
Although it has been demonstrated that various

timuli induce tyrosine phosphorylation of APS, phys-
ological functions of APS are not well understood. In
GF-Trk signaling pathway, APS works as a substrate

f Trk and mediates NGF-induced activation of MAPK
nd neurite outgrowth (9). On the other hand, APS
nhibits PDGF-R-mediated activation of MAPK path-
ay and mitogenesis, and EPO-R mediated activation
f the JAK-STAT pathway (12, 20). APS is tyrosine
hosphorylated by stimulation of insulin, but a func-
ion in this signaling pathway has not been elucidated
10, 11). Since APS has a structure conserved among
nk and SH2-B, these three molecules are likely to
anifest common features in their functions. SH2-B

sine kinases. (A) Myc-tagged mAPS and various protein tyrosine
from cell lysates with anti-Myc antibody and immunoblotted with

nel). Arrowhead indicates phosphorylated Myc-mAPS. Thin arrow
g Myc-tagged mAPS and c-kit were stimulated by SCF. APS was

rosine (upper panel) and anti-Myc antibodies (lower panel). Phos-
tyro
ted
pa

ssin
oty
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as cloned as an association molecule to tyrosine phos-
horylated ITAM motif of g chain of the high-affinity
gE receptor, FceRI. In sympathetic neurons, SH2-B is

substrate of Trk and mediates NGF-dependent
APK activation (9). In PC12 cells, SH2-Bb mediates
GF-induced neural outgrowth (21). SH2-B is tyrosine
hosphorylated by the stimulation of GH, IFNg (16,
2), IGF-I (23), insulin (24), and PDGF (25), however,
ts role in those signaling cascades is still obscure. Mice
acking lnk gene, showed massive accumulation of
-lineage cells caused by overproduction of B cell pre-

ursors, indicating the function of Lnk as a negative
egulator of cell proliferation (S. T. in preparation).
eneration of APS-deficient mice is important to clar-

fy physiological roles of APS in vivo.
Deletion of the C-terminal tyrosine phosphorylation

ite (DC mutant) confirmed that the phosphorylation
ite of APS conserved among the Lnk family adaptor
roteins is a one of major targets recognized by various
yrosine kinases. Meanwhile, the association of ty-

FIG. 6. Induction of mAPS tyrosine phosphorylation by the s
verexpressing mAPS were stimulated with IL-5 (left panels), or MC9
middle or right panel) for indicated periods. APS was immunop
nti-mAPS antibodies (lower panels). Arrowhead indicates phosphor
or indicated periods. Endogenously expressed mAPS was immun
nti-mAPS antibodies (lower panel). Phosphorylated mAPS was ind
52
osine kinases with APS was not abolished by the
eletion of the C-terminal phosphorylation site in anal-
gy with the association of SH2-Bb and various ty-
osine kinases (16, 21, 22, 25). It is therefore, likely
hat the C-terminal phosphorylation site plays an im-
ortant role in signal transduction, probably serving as
docking site for downstream signaling molecules car-

ying a SH2 or PTB domains that recognize protein
tretch carrying a phosphotyrosine. Yokouchi et al.
ave showed that c-Cbl associates with APS through

ts C-terminal phosphorylated tyrosine residues, and
verexpression of c-Cbl with APS cooperatively sup-
resses MAPK activation and STAT-mediated tran-
cription (12, 20). Thus the function of the Lnk family
daptor proteins seems to be controlled by their phos-
horylation and expression of signaling molecules in-
eracting with the C-terminal tyrosine residues like
-Cbl. However, there may exist a positive regulatory
ole for the Lnk family adaptor proteins, that is inde-
endent of the phosphorylation of the C-terminal phos-

ulation of IL-5, IL-3, SCF and BCR crosslinking. (A) Y16 cells
ansfectants overexpressing mAPS were stimulated with IL-3 or SCF
ipitated and probed with anti-phosphotyrosine (upper panels) or
ted mAPS. (B) BAL17 cells were stimulated with anti-IgM antibody
recipitated and probed by anti-phosphotyrosine (upper panel) or
ed by arrowheads.
tim
tr

rec
yla
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horylation motif. SH2-Bb lacking the conserved ty-
osine phosphorylation site is still phosphorylated by
H, IFNg (16, 22), TrkA (21) and PDGF (25), and is

hown to mediate the NGF-dependent neural out-
rowth of PC12 cells and JAK2 activation in overex-
ressed COS cells (21, 22). Our trials to overexpress
he wild-type or DC forms of APS in IL-5 and IL-3
ependent Y16 cell line or SCF-responsive MC9 cell
ine were not able to demonstrate measurable changes
n cell proliferation in each cell line. Further biochem-
cal experiments including identification of associating
roteins with APS will be required to clarify how and
here APS functions.
The APS gene locates on the chromosome 7, q22

egion in human, and presumably on the chromosome
in mouse. Structural abnormalities of this region are

ommon in myeloid malignancies, but reported in
hronic lymphoid disorders. Deletions or transloca-
ions involving 7q22 has been reported in primary and
herapy-induced myelodysplastic syndrome, acute my-
loid leukemia (26, 27), acute lymphoblastic leukemia
28) and chronic lymphoproliferative disorders (29). In
on-lymphoid tissue, deletion of 7q22 was also found in
terine leiomyomas (30). It is an interesting issue to
tudy whether the deletions or translocations involve
he APS gene or not, since APS is expressed in myeloid
ell lines, bone marrow, and muscle. Analysis of APS
ene in those diseases may also give us an important
lue to elucidate the physiological functions of APS.

In conclusion, we have identified mouse APS as a ho-
ologous protein with Lnk and SH2-B, and confirmed

hat these three proteins forms a new adaptor protein
amily. Although the physiological function of APS re-

ains obscure, our result indicate APS appears to play,
t least in part, a role downstream of BCR in B cells.

FIG. 7. The C-terminal tyrosine residue is the major phosphor-
lation site of mAPS. MC9 cells overexpressing the wildtype (WT) or
he mutant form (DC) lacking the C-terminal portion of mAPS were
timulated with IL-3 for 5 min (left panels) or with SCF for 1 min
right panels). Immunoprecipitated mAPS was blotted with anti-
hosphotyrosine (upper panel) or anti-mAPS antibodies (lower
anel). Phosphorylated mAPS is indicated by arrowheads.
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