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of highly homologous CEA-related granulocyte differ-
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Engulfment of foreign pathogens is an evolutionary
ncient host cell endocytic response. Signaling path-
ays effecting phagocytosis are divergent and largely
epend on the structural features of the cell surface
eceptor utilized. CEACAM3, a member of the CD66
omplex on human neutrophils, has been implicated
s a cellular receptor promoting phagocytosis of mi-
roorganisms. The cytoplasmic domain of CEACAM3
CEACAM3cyt) contains an immunoreceptor tyrosine-
ased activation motif. In this study we demonstrate
hat CEACAM3cyt is phosphorylated by protein kinase
, casein kinase I, and Src-kinase in vitro. To identify
olecules binding to CEACAM3cyt in vivo, we used

ifferentially phosphorylated recombinant expressed
EACAM cytoplasmic domains to isolate CEACAM3cyt-
ssociated proteins from granulocyte extracts. Calpro-
ectin, which modulates neutrophil integrin-mediated
dhesion and leukocyte trafficking and displays anti-
icrobial activity, interacts specifically with CEACAM3cyt.
his interaction is calcium-modulated but independent
f phosphorylation of CEACAM3cyt. Although tyrosine-
hosphorylated CEACAM3cyt binds and stimulates Src-
inases in vitro, no CEACAM3cyt-associated phospho-
inase activity was copurified. © 2001 Academic Press

Key Words: CEACAM3; CD66d; CGM1; calprotectin;
100A8; MRP8; S100A9; calgranulin; tyrosine phos-
horylation.

CEACAM3 belongs to the carcinoembryonic antigen
CEA) gene family and is expressed as a cell-surface
mmunoglobulin-like glycoprotein. Prior to the revision
f the CEA nomenclature (1) CEACAM3 was known as
arcinoembryonic gene member 1 (CGM1). It is also
esignated CD66d since it belongs to the CD66 cluster

1 To whom correspondence and reprint requests should be ad-
ressed at Abteilung für Klinische Chemie, Klinik und Poliklinik für
nnere Medizin, Universitätsklinikum Hamburg–Eppendorf, Mar-
inistrasse 52, 20251 Hamburg, Germany. Fax: 1149-40-227 594 41.
-mail: bruemmer@uke.uni-hamburg.de.
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ntiation antigens. Although it has been shown that
EACAM3 is involved in activation (2) and integrin b2

ediated adhesion (3) of neutrophils its physiologic role
emains to be explored. Recent interest in CEACAM3
as generated by reports that members of the CD66

amily function as microbial receptors for human
athogens like Neisseria meningititis, Neisseria gonor-
hoeae, and Haemophilus influenzae (4–9). Neisseria
nteract with CEACAM3 and CEACAM1 (CD66a) on
eutrophils, and in HeLa transfectants both antigens
romote internalization of bacteria (5, 6, 8).
CEACAM3 and CEACAM1 are structural unique
ithin the CD66 molecules since both contain a trans-
embrane and a cytoplasmic domain. The cytoplas-
ic domain of both molecules occurs as a short and

arge isoform. The long cytoplasmic domain of both,
EACAM1 and CEACAM3, contains two tyrosine res-

dues. But whereas the spacing of the tyrosine resi-
ues within CEACAM1 resembles an immunoreceptor
yrosine-based inhibition motif (ITIM) (10), CEACAM3
ontains an immunoreceptor tyrosine-based activation
otif (ITAM) (11). For CEACAM1 it has been shown

hat (i) the phosphorylation on one or both of its two
yrosine residues (Tyr-488 and Tyr-515) is triggered by
everal physiological events (12); (ii) one or both of the
yrosine-phosphorylated residues are involved in the
ssociation with protein kinases (PTKs) of the Src-
amily (13), the protein-tyrosine phosphatases (PTPs)
HP-1 (14) and SHP-2 (15), paxillin (16), and integrin
3 (17). Moreover the cytoplasmic domain of CEACAM1

s a target protein of the ubiquitous intracellular Ca21

ependent signaling molecule calmodulin (18).
Several studies implicate that CEACAM3 partici-

ates in signal transduction (2, 3, 11) but no
EACAM3 associated proteins have been identified
et. To isolate molecules binding to the cytoplasmic
omain of CEACAM3 (CEACAM3cyt), we used differen-
ially phosphorylated recombinant expressed CEACAM
ytoplasmic domains to purify CEACAM3cyt associated
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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proteins from granulocyte extracts. We report here
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hat calprotectin, which displays antimicrobial activity
19) and is known to enhance neutrophil integrin b2

xpression (20) and extravasation (21, 22) interacts
pecifically with CEACAM3cyt in a calcium-dependent
anner.

ATERIALS AND METHODS

Preparation of a mouse monoclonal antibody (mAb) to CEACAM3cyt.
mAb to CEACAM3cyt was generated in collaboration with Euro-

entec (Belgium) following standard procedures. The mAb desig-
ated TS1 was selected for further use, based on its high immuno-
eactivity with native and recombinant CEACAM3/CEACAM3cyt.
ubcloning of clone TS1 generated two mAbs TS1a and TS1b of the
gG1K subtype.

Northern blots. For Northern blots a 272-bp PCR fragment cor-
esponding to the large cytoplasmic domain of CEACAM3 was gen-
rated. This fragment was also expressed as polyhistidine fusion
rotein. Premade human multiple tissue Northern (MTN) blots
Clontech, Palo Alto, CA) were hybridized overnight in a hybridiza-
ion oven (GFL, Braunschweig, Germany) using the standard hy-
ridization oven as suggested by the MTN blot manufacturer. The
lots were stripped for rehybridization by boiling in 0.1% SDS for 10
in. Labeling of the probe was done by random priming and approx-

mately 2 3 106 cpm/ml of the 32P-radiolabeled probe was used for
ybridization at 42°C overnight. After washing the membranes at
oom temperature twice in 23 SSC/0.05% SDS (13 SSC 5 0.15 M
aCl/0.015 M sodium citrate) for 5 min each, followed by two strin-
ent washes at 50°C in 23 SSC/0.1% SDS for 20 min, filters were
hen exposed to x-ray film at 270°C for 24–48 h.

In vitro tyrosine phosphorylation and immunoaffinity purification
f phosphoproteins. Cloning of the cDNA coding for the wild-type
ytoplasmic domain of CEACAM1 and CEACAM3 and in vitro ty-
osine phosphorylation was performed as described (16, 17). Phos-
hotyrosyl proteins were purified using the PY Immunoaffinity sys-
em according to the manufacturers specifications (Oncogene
cience). Protein kinase C, casein kinase I, casein kinase II (Biomol,
amburg) were diluted in kinase dilution buffer according to man-
facturer’s instructions and added to 500 mg of purified cytoplasmic
EACAM3 domain in kinase assay buffer. For radioactive labeling
0 mCi [g-32P]ATP (30 Ci/mmol; 1 Ci 5 37 GBq) was added.

Purification of proteins on Ni–NTA immobilized CEACAM3 and
EACAM1 domains. The purified phosphorylated or unphosphor-
lated CEACAM3 and CEACAM1 domains were adjusted to 250 mg
nd 2 ml of a 50% slurry of Ni–NTA resin was added. After incuba-
ion for 2 h at 4°C the suspension was transferred into a column and
ashed three times in 1 ml wash buffer (0.3 M NaCl, 0.050 M
a-phosphate, pH 7.5). Granulocytes were isolated from buffy coat of
ormal donors by Ficoll–Paque gradient centrifugation (d 5 1.119).
reshly isolated granulocytes were extracted with the same volume
f 1% NP-40 diluted in PBS containing proteinase inhibitors. After
entrifugation (10,000g, 30 min) 5 ml of the NP-40-soluble superna-
ant (1 mg/ml) was passed over the Ni–NTA immobilized CEACAM1
nd CEACAM3 domains. The column was washed with 0.3 M NaCl,
.05 M Na-phosphate (pH 6.0) and eluted using 0.3 M NaCl, 0.05 M
hosphate (pH 3.0). SDS–PAGE, silver staining and Western blots
ere performed as described (23). N-terminal sequences of eluted
roteins were determined by automated Edman degradation (Rich-
er AG, Hamburg).

Precipitation studies. For immunoprecipitation extracts from
ells containing 500 mg of protein were incubated with approximately

mg monoclonal antibody for 1 h at 4°C. Subsequently, protein G
LUS/protein A–agarose (50 ml) was added. After incubation on a
ocker platform at 4°C for 24 h, the precipitates were washed four
192
oiled in sample buffer, separated by SDS–PAGE electrophoresis
nd visualized by immunoblotting. Precipitation using the agarose
oupled SH2 domains were performed according to the manufactur-
r’s specifications (Oncogene Science). For CEACAM3cyt precipita-
ions 50 ml of a 50% slurry of Ni–NTA resin was added to 0.1 ml of in
itro tyrosine phosphorylated CEACAM3cyt (0.25 mg/ml) in binding
uffer (0.3 M NaCl, 0.05 M sodium phosphate, pH 7.8). Precipitates
ere washed three times in 1 ml wash buffer (0.3 M NaCl, 0.05 M
a-phosphate, pH 6.0) and eluted in 200 ml elution buffer (0.3 M
aCl, 0.05 M sodium phosphate, pH 3.0).

Src kinase assay. The peptide NH2-Arg-Thr-Ala-Ser-Ile-
yr(PO3H2)-Glu-Glu-Leu-Leu-His-COOH (corresponding to amino
cids surrounding Y196 in CEACAM3cyt) was synthesized following
tandard procedures. Src-kinase (200 units/50 ml in 50% ethylene
lycol) was diluted 1:20 in 10 ml kinase dilution buffer and added to
0 ml kinase assay buffer containing 1 mM phosphopeptide or 5 ml of
ecombinant CEACAM3cyt. Following a 4-h incubation at 4°C, 10 ml
f ATP label mix (0.15 mM ATP, 30 mM MgCl2) containing 1 mg of
cid denatured enolase and 20 mCi of [g-32P]ATP (30 Ci/mmol; 1 Ci 5
7 GBq) was added. After incubation at 30°C for 30 min, reactions
ere stopped by adding 30 ml of SDS–PAGE sample buffer and
oiling for 5 min.

In vitro complex formation studies. Extracts from cells containing
00 mg of protein precleared by rotating at 4°C with 30 ml of a 50%
lurry of protein G PLUS/protein A–agarose (Dianova, Hamburg,
GR) for 30 min and beads were removed by centrifugation (10,000
pm). Supernatants were incubated with approximately 5 mg mono-
lonal antibody for 1 h at 4°C. Subsequently, protein G PLUS/protein
–agarose (50 ml) and CEACAM3cyt domains adjusted to 50 mg were
dded. After incubation on a rocker platform at 4°C for 2 h, the
recipitates were washed four times with antibody (Ab)-wash buffer.
recipitated proteins were boiled in sample buffer, separated by
DS–PAGE electrophoresis, and visualized by autoradiography.

Antibodies and other reagents. Monoclonal antiphosphotyrosine
ntibody PY 20 (ICN Biochemicals, Cleveland, OH) and agarose-
onjugated antiphosphotyrosine antibody P-Tyr (Ab-1)-A (Oncogene
cience) were used in this study. For immunoprecipitation assays
rotein G PLUS/protein A–agarose (Dianova, Hamburg, Germany)
as used. Monoclonal antibodies to human S100A8 and S100A9
ere purchased and used according to the manufacturer’s specifica-

ions (BMA Biomedicals AG, Augst, CH). All other reagents were
rom Sigma (Munich, Germany).

ESULTS AND DISCUSSION

To determine the expression pattern of CEACAM3 a
72-bp PCR fragment corresponding to the large cyto-
lasmic domain of CEACAM3 was used in Northern
lot analysis. A weak specific band of 1.3 kb, corre-
ponding to the full-length CEACAM3 transcript was
btained with RNA of peripheral blood leukocytes. No
pecific signal was detected in the following tissues:
pleen, testis, colon, brain, liver, pancreas, thymus,
vary, placenta, skeletal muscle, prostate, small intes-
ine, heart, lung, and kidney (not shown). These data
onfirm and extend a previous report (24) that the
EACAM3 gene is specifically expressed in the gran-
locytic lineage. As shown in Fig. 1 in the membrane
reparations from granulocytes, the only antigen iden-
ified by a monoclonal antibody generated against the
ong cytoplasmic CEACAM3 domain was the antigen of

M r 30 kDa. This antigen of ;M r 30 kDa is also
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ecognized by the CEACAM mAb T84.1 which is
nown to bind CEACAM3 (25). N-terminal sequencing
f this band of ;M r 30 kDa purified over T84.1 mAb
onfirmed its identity as CEACAM3 (not shown). This
esult indicates that the ;M r 30,000 granulocyte mem-
rane antigen is the product of the CEACAM3-specific
RNA containing the long 71-amino-acid cytoplasmic

omain. Expression of this CEACAM3 isoform in gran-
locytes is consistent with previous reports (24, 26, 27)
n CEACAM3 RNA expression patterns in leukocytes.
In our previous work, we have shown that associa-

ion of CEACAM1 with the intracellular proteins de-
ends on tyrosine phosphorylation of the cytoplasmic
EACAM1 domain (13, 16, 17). As shown in Figs. 2A
nd 2B both tyrosine residues of CEACAM3cyt are ty-
osine phosphorylated by Src-kinase in vitro. We also

FIG. 1. Specificity of TS.1 antibody to CEACAM3cyt. Immunoblot
sing CEACAM3cyt mAb TS.1 with recombinant bacterially ex-
ressed CEACAM3cyt (lane 1) and membrane extracts from granulo-
ytes (lane 2). Isotype (IgG1)-matched Ab with granulocyte extracts
n lane 3 (control). 17.5% SDS–PAGE, size markers are at the left

argin.

FIG. 2. In vitro tyrosine phosphorylation of CEACAM3cyt. (A) Au
ith Src-kinase in the presence of ATP (lane 1), with Src-kinase wit
arkers are at the left margin. (B) Immunoblot using anti-phospho
193
cyt

hreonine residues by protein kinase C and casein ki-
ase I (not shown). These results are in full accord-
nce with sequence-based predictions on tyrosine (28)
nd serine/threonine phosphorylation (2, 35, 36) of
EACAM3cyt.
Following aggregation ITAM bearing receptors are

hosphorylated by Src family protein tyrosine kinases.
hosphorylated ITAMs serve as docking sites for cyto-
lasmic SH2 domain-bearing protein tyrosine kinases
nd adapter molecules that lead to cell activation (29).
ased on putative SH2 binding motifs in CEACAM3cyt

YEEL and YCRM) we hypothesized that CEACAM3
as the potential to assemble, activate and retain Src-
inases via its cytoplasmic domain. As shown in Fig.
A the in vitro tyrosine phosphorylated CEACAM3cyt

omain bound to the SH2 domains of Src with no or
eak binding to the SH2 domains used as specificity

ontrols. Furthermore, autophosphorylation of Src and
hosphorylation of the substrate enolase are enhanced
y the addition of CEACAM3cyt (Fig. 3B). This stimu-
atory effect is dependent on phosphotyrosine 196,
ince a phosphopeptide of 13 amino acids correspond-
ng to the amino acid sequence containing Y196 also
timulates Src kinase activity (Fig. 3C). These data are
n agreement with studies on the regulation of Src-
inase activity (30, 31) and Src-SH2 specificities (32,
3). In conclusion, our results indicate that CEACAM3cyt

s a substrate and binding partner for Src-kinases in
itro.
Three features hinder in vivo isolation of CEACAM3cyt

ssociated proteins: (i) CEACAM3 is expressed on
ature granulocytes in very low amounts (24); (ii)
EACAM3cyt is not tyrosine phosphorylated in resting
ranulocytes (12); (iii) stimuli leading to phosphoryla-
ion or dephosphorylation of CEACAM3cyt in granulo-
ytes have not been established. Therefore, in order to
dentify phosphorylation-dependent and -independent
ssociated proteins of CEACAM3cyt we used tyrosine
hosphorylated and unphosphorylated CEACAM3cyt

onstructs as bait to isolate binding proteins from

adiogram. 17.5% SDS–PAGE of CEACAM3cyt incubated for 30 min
t ATP (lane 2) and without Src-kinase in the presence of ATP. Size
sine mAb PY 20; lanes as in (A).
tor
hou
tyro
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ranulocyte extracts. Since the ligand specificity of
hosphotyrosyl binding protein modules—such as
H2—depends largely on the local concentration of
hosphoproteins we expected unspecific binding of SH2
ontaining proteins due to the high local concentration
f phosphotyrosyl residues. For that reason, we used
he cytoplasmic domain of CEACAM1 as a control, since
he cytoplasmic domain of CEACAM1 is structurally very
imilar to CEACAM3cyt. Adjusted amounts of—either
hosphorylated or unphosphorylated—CEACAM3cyt and
EACAM1cyt were immobilized on Ni–NTA resin. Ex-

racts from granulocytes eluted from immobilized do-
ains were submitted to SDS–PAGE. As shown in Fig.

A each of the unphosphorylated as well as phosphor-
lated CEACAM1 constructs (lanes 1 and 2) bound to
efined sets of proteins. Two proteins of ;M r 14 and
8 kDa were detectable, which bound to the unphos-
horylated as well as phosphorylated cytoplasmic
EACAM3 domain only (Fig. 4B). These finding sug-
est that the two proteins of ;M r 14 and 8 specifically
nteract with CEACAM3cyt independent of CEACAM3cyt

yrosine phosphorylation.
Sensitive PTK and PTP activity assays were per-

ormed with the eluates of the CEACAM constructs. In
ontrast to the eluates of CEACAM1cyt-p no phosphoki-
ase activity was detectable in neither the CEACAM3cyt-p

luates nor the CEACAM3cyt eluates (not shown).
hese data are in accordance with a study by Skubitz et
l. (12) who reported associated tyrosine kinase activ-
ty with CEACAM1 but failed to demonstrate associ-
ted kinase activity with CEACAM3. To rule out that
hosphatases in the granulocyte extract dephosphory-
ated tyrosine phosphorylated CEACAM3cyt during the
urification procedure, we detached the in vitro tyro-
ine-phosphorylated CEACAM3cyt from the Ni–NTA-
atrix. Using phosphotyrosine mAb PY 20 in Western

lot analysis, we showed that the detached construct
as still tyrosine phosphorylated.

FIG. 3. (A) Precipitation of tyrosine phosphorylated CEACAM3c

5-kDa subunit of phosphatidylinositol-3-kinase (lane 2) and the N
hosphorylated CEACAM3cyt are indicated on the left margin. (B
reincubated at 4°C with kinase assay buffer alone (lane 1 in B and
lane 2 in C). In vitro kinase reactions were performed with enolase
nd autoradiography.
194
Thus, although CEACAM3cyt is a substrate and bind-
ng partner for Src kinases in vitro we were not able to
urify any CEACAM3cyt associated PTK activity from
ranulocyte extracts. A possible explanation for these
ifferences might be that in the granulocyte extracts
inding of the SH2 domain containing PTKs (and/or
TPs) is inhibited by constitutively formed signal com-
lexes binding these signaling molecules and thus pre-
enting them to bind to phosphorylated CEACAM3cyt

n the column. However, at least for Src-kinases
e have shown binding to CEACAM1cyt using the

ame experimental setting (16, 17). One likely expla-
ation would be that protein(s) from granulocyte
xtracts—different from PTKs and PTPS—bound to
EACAM3cyt—but not to CEACAM1cyt- and inhibited
inding of SH2 domain containing PTKs and/or PTPs
o phosphorylated CEACAM3cyt.

Sequencing of the proteins copurified with CEACAM3cyt

evealed for the 8-kDa protein a 16-amino-acid exact
atch to the amino terminus of the S100 calcium-

inding protein A8. The identity of S100A8 was further
onfirmed in immunoblots by using a commercially
vailable mAb against human S100A8 (Fig. 4C). The
14-kDa protein could not be sequenced since the
H2-terminus was blocked, but immunoblots revealed

ts identity as the S100 calcium-binding protein A9
Fig. 4C). S100A9 is known to contain an N-terminal
lock (34) and within cells the preferred form is a
eterodimer with S100A8 (35, 36). This molecular com-
lex has been designated as calprotectin. Though
isulfide-linked complexes can be generated in vitro
rom purified S100A8 and S100A9 proteins, hetero-

eric complexes formed in vivo are known to be non-
ovalently linked and break down on SDS gels under
oth reducing and nonreducing conditions (37). The
ode of interaction between calprotectin with target

roteins differs substantially from the mode of inter-
ction of calmodulin, which binds to the cytoplasmic

y immobilized SH2 domains by the SH2-domain of Src (lane 1), the
rminal SH2 domain of phospholipase Cg (lane 3). Positions of the
nd C) Activation of Src-kinase by CEACAM3cyt. Src-kinase was
, CEACAM3cyt (lane 2 in B) or 1 mM CEACAM3Y196 phosphopeptide
xogenous substrate. Kinase products were analyzed by SDS–PAGE
yt b
-te

a
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omain of CEACAM1. Whereas the bilobed calmodulin
raps around or clamps target proteins (38, 39) S100
imers functionally crosslink two homologous or het-
rologous target proteins (40). Classical S100 proteins
ontain EF-hand Ca21-binding domains, but Ca21 bind-
ng in solution is low under physiologic conditions (40–
2). This affinity increases by several orders of magni-
ude in the presence of S100 target proteins. In many
ases the interaction of an S100 protein with a target
rotein were observed to occur at free Ca21 levels sig-
ificantly lower than those with Ca21 present in solu-
ion (40–44).

Since calprotectin could be purified from granulocyte
xtracts with the CEACAM3 cytoplasmic domain only,
e used recombinant expressed cytoplasmic CEACAM3

onstructs for in vitro complex formation studies.
100A8 is coimmunoprecipitated with CEACAM3cyt

rom granulocyte extracts independent of CEACAM3cyt

hosphorylation but in a calcium-dependent manner
Fig. 5A). As shown in Fig. 5B, complexes containing
alprotectin are not immunoprecipitated with CEACAM1
Ab 12-140-4 but with mAb T84.1, which is known to

ind to CEACAM1 and CEACAM3. Supplementing
a21 to 2 mM prior to precipitation also clearly en-
anced coprecipitation of calprotectin with CEACAM3

FIG. 4. Purification of CEACAM3cyt-associated proteins from gra
rom immobilized CEACAM domains. Extracts from granulocytes we
yrosine phosphorylated CEACAM1cyt (lane 1), unphosphorylated CE
) and unphosphorylated CEACAM3cyt (lane 4). (B) 17.5% SDS–PAGE
rom granulocytes were subjected to purification on binding resin
hosphorylated CEACAM3cyt (lane 2) and unphosphorylated CEACAM
-S100A9 mAb (lanes 3 and 4) of eluates from immobilized CEACA
195
n vivo. These results indicate that in vivo CEACAM3
inds calprotectin via its cytoplasmic domain in a Ca21-
ependent manner.
Calcium-modulated S100 proteins have been impli-

ated in the regulation of protein phosphorylation, the
ynamics of cytoskeleton components, Ca21 homeosta-
is, and cell proliferation and differentiation (40). Cal-
rotectin is expressed in circulating neutrophils and
onocytes (21, 45, 46). Upon neutrophil activation it is

ranslocated to cytoskeleton and to plasma membrane
47). Existing evidence suggests that calprotectin is
nvolved in Ca21 dependent interactions between Type
II filaments and membranes during migration of and
hagocytosis by activated granulocytes (47). Further-
ore, calprotectin has been implicated in leukocyte

rafficking (21, 22) and the modulation of integrin b2

ediated adhesion of neutrophils (20).
It is worth mentioning, that—likewise to calpro-

ectin—CEACAM3 is also upregulated from intracellu-
ar stores to the plasma membrane following stimula-
ion (48–50) and enhances adhesion activity of integrin
2 in neutrophils in a calcium dependent matter (2). In
he present study we demonstrate that CEACAM3
inds to calprotectin. Since binding of calmodulin to
he cytoplasmic domain of CEACAM1 is also depen-

locyte extracts. (A) 7.5% SDS–PAGE and silver staining of eluates
ubjected to purification on adjusted amounts of immobilized in vitro
AM1cyt (lane 2), in vitro tyrosine phosphorylated CEACAM3cyt (lane
d silver staining of eluates from immobilized CEACAM3cyt. Extracts
ly (lane 1) or adjusted amounts of immobilized in vitro tyrosine

cyt (lane 3). (C) Western blot using a-S100A8 mAb (lanes 1 and 2) and
cyt.
nu
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ent on Ca21 we envision that signaling via CEACAM1
nd CEACAM3 within CD66 complex of granulocytes
s greatly influenced by intracellular Ca21 concentra-
ions. Further investigations are now underway to de-
ipher the functional role of these calcium-modulated
nteractions in biologic events such as phagocytosis,
eukocyte trafficking, and integrin regulation.
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