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We recently showed that a class of novel carboxylateN-glycans was constitutively expressed on endothelial cells. Activated, but
not resting, neutrophils expressed binding sites for the novel glycans. We also showed that a mAb against these novel glycans
(mAbGB3.1) inhibited leukocyte extravasation in a murine model of peritoneal inflammation. To identify molecules that mediated
these interactions, we isolated binding proteins from bovine lung by their differential affinity for carboxylated or neutralized
glycans. Two leukocyte calcium-binding proteins that bound in a carboxylate-dependent manner were identified as S100A8 and
annexin I. An intact N terminus of annexin | and heteromeric assembly of S100A8 with S100A9 (another member of the S100
family) appeared necessary for this interaction. A mAb to S100A9 blocked neutrophil binding to immobilized carboxylated
glycans. Purified human S100A8/A9 complex and recombinant human annexin | showed carboxylate-dependent binding to im-
mobilized bovine lung carboxylated glycans and recognized a subset of mannose-labeled endothelial glycoproteins immunopre-
cipitated by mAbGB3.1. Saturable binding of S100A8/A9 complex to endothelial cells was also blocked by mAbGB3.1. These
results suggest that the carboxylated glycans play important roles in leukocyte trafficking by interacting with proteins known to
modulate extravasation. The Journal of Immunology,2001, 166: 4678—4688.

ecruitment of leukocytes into sites of inflammation de- leukocytes adherent to the endothelium of the mesenteric venules
pends on a cascade of molecular events, much of whicl{3). To identify molecules involved in the process, we searched for
has been delineated in the last decade. Cloning and defroteins capable of binding these sugar chains. We report here that
inition of the roles played by selectins, integrins, and the endothetwo soluble proteins of predominant leukocyte origin, which are
lial adhesion molecules have contributed to the vast literature omxternalized on activation and known to modulate neutrophil and
the existing paradigm of leukocyte emigration (reviewed in Ref.monocyte extravasation interact specifically with the novel car-
1). However, little is known about molecules involved in transmi- boxylated glycans of bovine lung.
gration across the endothelium, and subsequent processes in the
migration of leukocytes. How the system down-regulates extrav-
asation and what leads to the cascade of events being perpetuatdtaterials and Methods
in chronic inflammation are also less well established. Materials

Our previous work on a library of bovine lung oligosaccharides rhe following materials were obtained from the sources indicated: platelet-
led us to find a novel carboxylated glycan that was constitutivelyactivating factor (PAF) and PMA, Sigma (St. Louis, MO); ionomycin,
expressed on mammalian endothelial cells (2, 3). These glycarsalbiochem (La Jolla, CA); DEAE Sephadex A25 and Sephadex G25,
interacted with cell surface molecules on activated, but not restin%hf‘zr macia (Uppsala, Sweden); Afigel-10, Bio-Rad (Hercules, CA);
neutrophils (3). A mAb against this novel modification inhibited a1, American Radiolabeled Chemicals (St. Louis, MO); lodobeads io

p > ) g : . dination reagent, GelCode Blue, and bis-sulfosuccinimidyl suberatd,(BS
extravasation of neutrophils and monocytes in a murine model opierce (Rockford, IL); Phenyl-650C Toyopearl Resin, TosoHaas (Mont-
peritoneal inflammation (3). This inhibition of cell trafficking cor- gomeryville, PA); mouse anti-bovine annexin |, Biogenesis (Sandown,
related with increased sequestration but reduced transmigration &fH); mouse anti-human S100A8 and S100A9, Bachem Bioscience (King
of Prussia, PA); purified mouse IgG1 isotype standard, BD PharMingen
(La Jolla, CA); annexin | cDNA, American Type Culture Collection
(ATCC; Manassas, VA; ATCC number 65115); expression vector pET23b,
*The Burnham Institute, La Jolla, CA 92037; af@lycobiology Research and Train ~ Novagen (Madison, WI); restriction enzymes and T4 DNA ligase, Promega
ing Center, Department of Medicine, University of California at San Diego, La Jolla, (Madison, WI); nucleotide primers, Genset (La Jolla, CA); Western blot-
CA 92037 ting chemiluminescence detection reagent kit, Amersham Pharmacia Bio-
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Generation and fractionation of bovine lung glycopeptides in PBS containing 1% BSA and 0.05% Tween 20 for 1-2 h at room tem-
. . . . __perature. This was followed by incubation with alkaline phosphatase or
Five grams of bovine lung acetone powder was extensively digested ngeroxidase-conjugated goat anti-mouse IgG. Bound proteins were visual-

proteinase K at 50°C for 24 h in 0.;1 M Tris-HCI, pH 7.5. The mixture was ;¢ by incubating with 5-bromo-4-chloro-3-indolyl phosphate/nitroblue
heat-inactivated by boiling at 100 C_for 5 min, was centnfuged, and thetetrazolium, or by using chemiluminescence detection reagents.
supernatant was dialyzed against 3! liters of water by using a molecular

mass cut-off of 3500 Da. The glycopeptides then were loaded on a 75-miN-terminal sequence analysis

column of DEAE Sephadex A25 equilibrated in 10 mM Tris-HCI, pH 8.0, . . . .

washed with 10 column volumes of starting buffer, and eluted sequentiallydovine Iung proteins eluted from the glycopeptide affinity column were
with 0.1 M, 0.3 M, anl 1 M NaCl in starting buffer. These fractions are Separated on 12% SDS polyacrylamide gels run in electrophoretic buffer
hereafter simply called “0.1 M, 0.3 M, or 1 M” glycopeptides. The eluates containing 0.1 M thioglycolate, and transferred to polyvinylidene difluo-

were individually dialyzed extensively against water by using a molecularfide membranes. Transfer was conducted at 80 m\2ft and proteins
mass cut-off of 1000 Da and tested for their ability to inhibit binding of Stained with 0.1% Coomassie brilliant blue in 40% methanol. Individual

mAbGB3.1 to immobilized bovine lung glycans. Briefly, 96-well plates bands were excised after destair_]ing in 40% methanol and 7.5% acetic agid,
were coated with 50 ng of BSA neoglycoproteins containing total bovineand N-terminal Edman sequencing was performed on a Model 494 Procise
lung glycopeptides coupled to BSA by using glutaraldehyde (see prepara>equencer (Applied Biosystems, Foster City, CA).

tion of neoglycoproteins for immunization and screening; Ref. B}b at P : :

37°C. Plates ware washed and blooked with 3% BSA in PBS o%/ernight apinding studies on human neutrophil lysates

4°C. Wells were incubated with purified mAbGB3.1 1gG at 10 ng/ml in Human neutrophils were isolated from fresh peripheral (EDTA-anticoag-
PBS containing 1% BSA and 0.05% Tween 20, in the absence or presenGfated) blood from healthy volunteers by differential migration through
of varying concentrations of the above glycopeptides, in a total assay volmono-poly resolving medium (Ficoll-Hypaque d1.114) followed by hypo-
ume of 100l for 2 h atroom temperature. The plates then were washedonic lysis of residual erythrocytes. The preparations we@8% granu-

and incubated with alkaline phosphatase-conjugated goat anti-mouse IgGcytes as confirmed by using Turk’s staining (0.01% crystal violet in 3%
followed by development witip-nitrophenyl phosphate substrate. Absor- acetic acid). Cells were lysed by sonication in PBS containing protease
bance was measured at 405 nm in an ELISA plate reader. inhibitors, and debris was removed by centrifugation at 10,009for 30

Monosaccharide compositional analysis of the 0.1 M and 0.3 M glyco-min. Specificity of binding was determined by using three different
peptides obtained in a similar fractionation experiment were analyzed bypproaches.

using a high pH anion-exchange chromatography-pulse amperometric dey: . : : : o )
tection system as described earlier (2). Sialic acid content was determin%Indlng to BSA-glycopeptides immobilized on ELISA plate®lates (96

: ) ell) were coated with 250 ng of BSA-coupled 0.3 &dialoCOQO ™ or
using resorcinol assay. asialoCONHMe glycopeptides in PBS fo4 h at 37°C. Plates were
Generation of an affinity column for the isolation of cognate ~ Washed artl)d b'(C;Ck?g with 3%r‘]3_|SIA in PBS OYer”i,ghigt 4"’\%-;23"5"’5‘9':)5 tfpe”

: : were incubated with neutrophil lysate proteins in 10 m uffer,
proteins from bovine lung pH 7.5, containing 150 mM NaCl, 5 mM KCl, 1.2 mM MgChnd 1.3 mM
From the above fractionation, 0.1 M and 0.3 M NaCl eluates were used>aCl for 2 h atroom temperature. This was followed by incubation with
individually to generate affinity columns. The glycopeptides were first de-anti-bovine annexin | Ab or anti-human S100A8 or anti-S100A%t at
sialylated by mild acid treatment (10 mM HCI, 30 min at 100°C) to remove room temperature. Wells then were washed and incubated with alkaline
sialic acids, split into two equal aliquots, and lyophilized. These are re-phosphatase conjugated goat anti-mouse IgG, followed by development
ferred to in the text as “0.1 M or 0.3 Msialo-COO™ glycopeptides.” The  Wwith p-nitrophenyl phosphate substrate.
carboxylate groups on one aliquot were modified by two cycles of meth-Binding to the glycopeptide affinity columnsLysate proteins {1 mg)
ylamidation as described earlier (2). This treatment neutraliz8@% of were individually precleared on a BSA-Affigel column, and equal volumes
the carboxylate groups (not shown). These glycopeptides are referred to iimen were loaded on BSA-bovine lung glycopeptide affinity columns or the
the text as “0.1 M or 0.3 Masialo-CONHMe glycopeptides.” The glyco-  corresponding carboxylate-neutralized columns run in PBS (10 mM phos-
peptides were coupled to BSA by using glutaraldehyde (3), and the BS/Ahate, 150 mM NacCl), pH 7.5. Unbound proteins were washed out with 10
neoglycoproteins then were coupled to Affigel-10 following manufactur- column volumes of starting buffer, and bound proteins were eluted with
er's recommendations. The efficacy of methylamidation of carboxylatessodium citrate in phosphate buffer, without change in ionic strength, as
was determined by loss of reactivity with mAbGB3.1. Briefly, 96-well described above for bovine proteins. The unbound fractions and eluates
plates were coated with 250 ng of the individual BSA neoglycoproteins inwere concentrated on YM10 membranes and equivalent proportions of
PBS for 4 h aB7°C. Plates were washed and blocked with 3% BSA in PBSeach were analyzed after separation on 12% SDS gels by silver staining
overnight at 4°C. Wells were incubated with purified mAbGB3.1 IgG at 10 and western blotting by using mouse anti-bovine annexin I, mouse anti-
ng/ml in PBS containing 1% BSA and 0.05% Tween 20, in a total assayhuman S100A8, or mouse anti-human S100A9 as described above for bo-
volume of 100wl for 2 h atroom temperature. The plates then were de- vine proteins
veloped as indicated above. Depletion of annexin | and S100 proteins from human neutrophil lysates

s ; by incubation with bovine lung glycopeptidesPlates (96-well) were
Affinity chromatography of bovine lung extracts coated with BSA-coupled 0.3 MsialoCOO ™ lung glycopeptides and
One hundred grams wet weight of bovine lung was homogenized with &locked as above. Human neutrophil lysates were sequentially incubated in
BioHomogenizer (Biospec Products, Barletsville, OK) in PBS containingeach of four wells for 30 min/well at 37°C in the above-mentioned buffer,
EDTA-free protease inhibitors, 10 mM DTT, 1 mM CgCand 1% Norn in presence or absence of 2p81 0.3 M asialoCOO ™ glycopeptides or
idet P-40 (NP-40). The suspension was centrifuged at>6%0for 15 min asialo-CONHMe glycopeptides. After incubation, the supernatants from
and then at 10,00& g for 30 min. The supernatants-.5 g of protein)  the incubation wells were collected and protein depletion analyzed by im-
first were precleared by passing over a 2-ml BSA-Affigel column, andmunoblotting by using the respective Abs. For detection of S100A8/A9
equal volumes then were loaded on BSA-bovine lung glycopeptide affinitycomplexes, the proteins in the supernatants were stabilized by chemical
columns or the corresponding carboxylate-neutralized columns run in PBSross-linking by using BSaccording to Staros (4). The cross-linker was
(10 mM phosphate, 150 mM NacCl), pH 7.5. Unbound proteins wereadded from a fresh 2-mM stock solution to neutrophil lysates from the
washed out with 10 column volumes of starting buffer, and bound proteinsabove depletion experiments to a final concentration of 200 and the
were eluted with 50 mM sodium citrate in 10 mM phosphate buffer (no mixture was incubated at room temperature for 30 min. Reactions were
change in pH or net ionic strength over loading/wash buffer). The eluatesiuenched by the addition of 1 M Tris to a final concentration of 10 mM and
were then dialyzed, lyophilized, reconstituted in PBS, and analyzed orsamples stored at80°C before assay. Cross-linked samples were incu-
SDS-PAGE gels. bated with 2-ME before separation on SDS-PAGE.

SDS-PAGE and Western blot analysis Neutrophil adhesion assays

Affinity-purified bovine lung or neutrophil lysate proteins were separatedMicrotiter plates (96-well) were coated with 250 ng/well of BSA-conju-
on 12% SDS-polyacrylamide gels under reducing conditions and visualgated 0.3 Masialo-COO ™ glycopeptides fo4 h at37°C. Control wells had

ized by silver staining or by using Gelcode Blue. For immunodetection,BSA alone. Plates were washed and blocked with 3% BSA in PBS over-
proteins were electroblotted onto nitrocellulose membranes. The memnight. Neutrophils were isolated as described above. Cells were resus-
branes were blocked overnight with 3% BSA in PBS, washed with PBSpended at 5< 10° cells/ml in HBSS buffer containing 0.2% BSA and used
containing 0.05% Tween 20, and incubated with mouse anti-bovine anwithin 30 min after isolation. A total of 0.5 10° neutrophils in the above
nexin |, mouse anti-human S100A8, or mouse anti-human S100A9 dilutedbuffer containing 1uM PAF were added to each well and incubated for 30
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min at 37°C in the presence and absence of varying amounts of modifier€ ONHMe glycopeptides were done as described above for neutrophil
in a total volume of 20Qul. Unbound cells were removed by washing with lysates.

HBSS. Bound cells were quantitated by assaying myeloperoxidase as de- == .

scribed (3). Assays were performed in duplicate. Precipitation of mannose-labeled glycoproteins

CPAE cells were labeled with ([2H]mannose at 2Q.Ci/ml for 24 h in
a-MEM containing 10% FBS. Cells were harvested by trypsinization,
Neutrophils were isolated as above. Cells were resuspendest dt0%/ml washed three times in PBS, and lysed in PBS containing protease inhibitors
in HBSS, incubated in the presence or absence@1PAF or 100 ng/ml and 0.5% NP-40. Protein-rich lysates were prepared by ultrafiltration on
PMA/1 uM ionomycin for 15 min at 37°C, and pelleted by centrifugation YM10 membranes. Purified SI00A8/A9 or annexin | proteins were immo-
at 300x g for 10 min. Activated and unactivated neutrophils were incu- bilized on Affigel-10 and mixed with the labeled glycoproteins from CPAE
bated with mouse monoclonal anti-annexin | or anti-S100A8 (both IgGicells in 10 mM HEPES buffer (described above for neutrophil lysate
mouse Abs) or isotype IgG1 mouse control Ab in HBSS containing 1%ELISAs) after preclearing the lysates with BSA-Affigel 10. For immuno-
BSA (each Ab at Iug/million cells), followed by FITC-conjugated anti- precipitations with mAbGB3.1, lysates were precleared with normal mouse
mouse IgG. They were analyzed by flow cytometry with a FACScan (Bec-lgG-protein G beads and then incubated with protein G coupled to
ton Dickinson, Mountain View, CA) equipped with CellQuest software, mMAbGB3.1 IgG in PBS. After overnight incubation at 4°C, the individual

Flow cytometric assays

and gated by the side scatter and forward scatter filters. pellets were washed free of all unbound label until no more counts ap-
peared in the washes, and the radioactivity associated with the pellets was

Purification of human S100A8/A9 complex from peripheral measured. For cross-binding, label associated with each pellet first was

human neutrophils eluted by using high salt (5 M Mgglwhich eluted>70% bound label).

o ~ The eluates were repeatedly desalted on YM10 membranes and resus-
All steps were conducted at 4°C unless otherwise indicated. Ammoniunpended in the respective buffers. Label eluted from mAbGB3.1 gels was
sulfate precipitation was conducted as described (5). Briefly, 100 ml ofmixed with immobilized S100A8/A9 or annexin | and vice versa. Again,
peripheral blood was obtained from healthy volunteers and neutrophils waafter overnight incubation at 4°C, the individual pellets were washed free
obtained by Ficoll-Hipaque centrifugation as indicated above. The cellspf all unbound label and counted.
were lysed in PBS containing 1 mM DTT, 1% NP-40, and protease inhib-
itors and subjected to ultracentrifugation at 160,00@ for 30 min. The  Surface binding of iodinated S100A8/A9 to endothelial cells
protein in the supernatant was adjusted to 2 mg/ml with the above buffer ) ) ) )
and the solution stirred on ice. Solid ammonium sulfate was slowly added?UVECS were grown in endothelial cell growth medium (Cell Applica-
to a final concentration of 75% (w/v) and stirred for 1 h. The solution the tions) at 37°C in 5% CQ Cell staining and Western blotting were per
was centrifuged at 10,008 g for 30 min and the supematant dialysed formed to confirm expression of mMAbGB3.1 Ags. HUVECS at passages
against X 4 liters of the above buffer for 24 h. The preparation was 3—4 were used in the_bmdlng_assays. Cells were grown to confluence in
concentrated on YM10 membranes and applied to a 10-ml column of Phel2-Well plates and activated with M PAF for 4 h. Activated and unac-
nyl-650C resin equilibrated in 0.1% trifluoroacetic acid (6). The unboundt'\""‘tlezo| cells were washed with cold HBSS and then incubated with 4—80
proteins were washed off with 3 column volumes of starting buffer and the™ %-S100A8/A9 in 1 ml of HBSS or 20 nM labeled coronplex in the
bound proteins eluted with a gradient of 0~50% acetonitrile in the starting?2Sence and presence of modulators after activation at 4°C for 2 h. The
buffer. SI00A8/A9 proteins eluted at 35-50% acetonitrile and wedg%  reaction was stopped by rapid removal of unbound label, and the cells were
pure as determined by SDS gels. The pooled fractions were lyophilized anfy2shed three times with cold HBSS. They were solubilized in 1 M NaOH

reconstituted in PBS containing protease inhibitors and storeceacc.  followed by addition of an equal volumé & M HCI, and the radioactivity
associated with the lysates was measured with a gamma counter.

Expression and purification of recombinant human annexin |

. . . o esults
Nucleotide sequences encoding human annexin | were amplified by PC h hole bovine | f the bindi tei
by using a cDNA clone containing the complete coding sequence as templa € chose whole bovine lung as a source of the binding proteins

and the oligonucleotides Annl_up!-6TCGATAACATATGGCAATGG because it would have considerable trapped blood and sequestered
TATCAGAATTCC-3' and Annl_down: SAACGTACTTCATATGTTAG neutrophils; in addition, we reasoned that the lung tissue might
TTTCCTCCACAAAGAGCC-3 as primers. This resulted in a 1067-bp frag- contain potential physiological binding proteins derived from

ment containing the entire annexin | cDNA flankedNgid restriction sites. blood vessels. as lung tissue is enriched in endothelial cells
The fragment was digested witlidd and cloned into the expression vector ’ 9 '

pET23b by using standard procedures (7), resulting in the plasmid pWElSk’re aration and characterization of bovine luna alvcopentides
Proper insertion and DNA sequences were confirmed by established DN P o g glycopep
sequencing methods by using primers oVW144GAT GCT GAT GAA for affinity chromatography

CTT-3, OVWI145: 8-AAG TTC ATC AGC ATC-3, 0VW146: 8-CCA ~ \ye had earlier shown that mAbGB3.1 specifically recognizes car-

CAACTT CGC-3, and 0VW147: 5GCG AAG TTG TGG-3. This revealed i .
a conflict from the published sequence (GenBank accession numbé?oxylate groups (3). We made an affinity column enriched for the

NM_0007000) at position 288 (JG). The sequences of two other clones Nnovel carboxylate on bovine lung glycopeptides. Proteinase K-di-
showed the same alteration. However, the & G does not alter the encoded gested glycopeptides from bovine lung acetone powder were frac-
amino acid and thus could be a polymorphism. The expression construct thgfynated on a DEAE Sephadex column into 0.1 M, 0.3 M, and 1 M

was used to transforfscherichia colistrain BL21(DE3). Three hours after . S . .
induction with 1 mM isopropyl-1-thig-p-galactopyranoside, the cells, grown NaCl fractions as indicated iMaterials and MethodsEach an-

in Luria-Bertani medium supplemented with 186/ml ampicillin, were har-  ionic fraction in the above preparation inhibited binding of the Ab
vested by centrifugation and resuspended in 25 mM Tris-HCI buffer, pH 8.0t0 bovine lung proteins, but the neutral glycopeptides did not (Fig.
Soluble fractions were obtained by freeze-thaw lysis in three to five cycles inl), Based on earlier work, ¢h1 M fractions probably include a

the above buffer. The lysates were loaded on a DEAE Sephadex A25 colu ; ; ;
equilibrated with the above buffer, and the flow-through fractions were t:orIT-](E]()rm)Iex array of glycosaminoglycan chains (2). For this reason,

lected. The molecular mass of purified annexin | was determined by SDS geRNd because the most consistent results were obtained with 0.1 M
and matrix-assisted laser desorption ionization (MALDI) time-of-flight massand 0.3 M fractions, the latter were further processed. Also, for
spectrometry (Perseptive Biosystems, Cambridge, MA). most inhibition assays described in the text, desialylated 0.3 M
glycopeptides were used at 100—20M final concentration.
Monosaccharide compositional analysis of the 0.1 M and 0.3 M
Purified proteins were radioiodinated by using'Rfaand lodo-Beads o fractions from a typical preparation indicated the presence of sug-

dinating Reagent as per the manufacturer’s protocols. Unbound label w. AL g ;
removed on a Sephadex G25 column, followed by concentration of thaegrs commonly found ifN- and O-glycans (Table 1), but with no

void volume fractions by using Centricon10 concentrators. evidence of any ur_onic acids typical c_)f glycosaminoglycan chains.
. - . In separate experiments, to determine the proportion of the un-
ELISAs with purified proteins known carboxylate groups in the two fractions, oligosaccharides

Immunoassays with purified proteins in the absence or presence of varying€re released from the 0.1 M or 0.3 M glycopeptides by hydrazi-
concentrations of 0.3 MasialoCOO ™ glycopeptides or 0.3 Masialo- nolysis, desialylated by mild acid treatment, and end-labeled with

Radioiodination of proteins
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Table I. Monosaccharide compositional analysis of bovine lung

glycopeptide’

Nanomoles per Milligram Dry Weight

—2— uniractionated ) ) )
—0O— neutral Monosaccharide 0.1 M glycopeptides 0.3 M glycopeptides
80 —@— 0.1M NaCl Sia 269 140
—{1— 0.3M NaCl Fuc 32 13
—&— 1M NaCl GalNH, 63 67
60 1 GlcNH, 128 95
Gal 161 112
Man/Xyl 97 31

40

2Bovine lung glycopeptides obtained by charge separation were analyzed using a
CarboPac PA1 column (Dionex). Sialic acid was determined by the resorcinol assay.
0.1 M and 0.3 M glycopeptides containeell8% of carbohydrates and11% of
carbohydrates by weight, respectively. The gradient used does not separate mannose
and xylose.

20 1

% of total binding in the absence of inhibitor

° 100 200 800 400 500 A very small fraction of the proteins from whole bovine lung

Inhibitor (uM) bind to the columns in a carboxylate-specific manner

FIGURE 1. Inhibition of mAbGB3.1 binding to BSA-conjugated bo- A high concentration of immobilized negatively charged sugars
vine lung glycopeptides by various DEAE fractions of bovine lung glyco- could function simply as an ion exchanger rather than as an affinity
peptides. BSA-conjugated total bovine lung glycopeptides were coatednatrix. To minimize such nonspecific ionic interactions, we con-
onto microtiter plates (50 ng/ml), and blocked with 3% BSA in PBS. Wells ducted initial binding under physiological ionic strength and pH by
were incubated with mAbGB3.1 (10 ng IgG/ml), in the presence or absencgising phosphate buffer in the presence of 150 mM NacCl. Because
of varying concentrations of the DEAE-fractionated glycopeptides. Thegitrate is an inhibitor of mAbGB3.1 binding to bovine lung pro-
cor?cenFration of in_hibitor glycopeptides was determingd by neutra_ll sUgafains (3), we then eluted the column with 50 mM citrate in phos-
estimation (assuming 5 hexo§es/glycopeptlde)..The d'lfferen't frgcnqns arﬁhate buffer, (i.e., keeping the pH and ionic strengths unchanged).
referred to by the concentration of NaCl used in elution. Binding in the -, o .
absence of inhibitor was considered 100%e ThM fractions gave variable Under these conditions;0.0001% of ’Fhe loaded prOtelnS bound to
results with different preparations (data not shown). Each point is the meaﬁmd eluted from the.column.. Of the five or more proteln bands that
of two determinations. were detected on silver stained gels, three proteins of masses 35,
37, and 30 kDa did not bind to columns on which carboxylate
groups were neutralized (FigAR As seen in Fig. B, the three
proteins completely rebound to the unmodified column after dial-
[*H]sodium borohydride. Labeled oligosaccharides were subjecteéﬂ?'s to remove citrate, and could be eluted V.V'th as little as 5 mM
to methanolysis to remove sulfate esters and convert the carbox __|trate. Bands_ Of>.48. kDa also were present in the unbound frac-
lates to methyl esters. The neutralized oligosaccharides then we ©ons, and their binding was not carboxylate-dependent (Fy. 2
subjected to base treatment to regenerate the carboxylate groups.
Charge fractionation before and after the treatments showed that
~29% and 33% of the glycans in 0.1 M and 0.3 M fractions con-
tained the novel carboxylate species respectively. This was further
confirmed by QAE analysis offH]acetic anhydride-labeled desia
lylated 0.1 M or 0.3 M glycopeptides before and after carboxylate
neutralization by methylamidation by using 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimid®&-hydroxysuccinimide (EDC/NHS) and
methylamine (both results not shown).

Generation of an affinity column for the isolation of the binding
proteins

Based on the above findings, and to eliminate any sialic acid- A B

dependent binding, we chose to use desialylated carboxylate-efigure 2. Proteins from bovine lung bind to lung glycopeptides in a
riched glycopeptides to make the affinity column. Henceforth,carboxylate-specific manner. Bovine lung extracts were loaded on affinity
these are referred to in the text as “0.1 M or 0.ZablaloCOO™ columns and eluted with 50 mM citrate as describedviaterials and
glycopeptides.” To serve as negative controls, carboxylate groupsiethods Silver staining of proteins eluted from the bovine lung glyco-
on aliquots of the glycopeptides were neutralized by methylami-peptide affinity columnA. Eluates are fromlane 1 column containing
dation by EDC/NHS and methylamine (2). Henceforth, these arémmobilized 0.1 M asialoCOO™ bovine lung glycopeptidestane 2
referred to in the text as “0.1 M or 0.3 Msialo-CONHMe gly- corresponding contrpl column containing immobi_lized (_):1 adialo-
copeptides.” These glycopeptides then were individually conju-C(.)'\IHMe gchogept|destane S’COIU.mn containing 'mmOb'I'Ze.d 03 M
gated to BSA by using glutaraldehyde. The reactivity of 0.1 M andaSIaIOCOO bovine lung glycopeptides; aridne 4 corresponding con

. > . . trol column with 0.3 MasialooCONHMe glycopeptidesB, Eluted proteins
0.3 M BSAasialoCOO  glycopeptides against mAbGB3.1 was from lanes land 3 were pooled, dialyzed, and reloaded onto the column

substantially reduced~(75% and 95%, respectively) after carbox- containing immobilized 0.1 MasialoCOO™ lung glycopeptidestane 5
ylate neutralization (not shown). These carboxylate-enriched o[npound fractionsjane 6 proteins eluted by 5 mM citrate in starting
neutralized glycopeptide-BSA neoglycoproteins then were indi-buffer. Arrows indicate protein bands that bound and rebound in a carbox-
vidually coupled to Affigel-10 to make the affinity columns. ylate-dependent manner.
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kDa N terminal sequence Identity heterodimer], 35 kDa [(S100A85100A9 heterotrimer], and 48.5

kDa [(S100A8):(S100A9), heterotetramer]. Though disulfide-
_,—> insufficient linked complexes can be generated in vitro from purified S100A8
IEEZ - 5 DTHKSKEIA albumin and S100A9 proteins, heterqmerlc complexes formed in vivo are
— 5 N-terminal blocked known to be non(_:ovalently linked gnd break_ down on SDS gels
.:gg — XIXNEEQEYIKTVKXSK annexin | under_ both_ _reducmg and nonre(_nluc_lng_condltlons (11). They have
——30 been identified by electrospray ionization mass spectrometry (12)
XQTPLEKALNSIIDVYHKLAL S100A8 and the two-hybrid system (13). It remains to be seen how we were

insufficient able to isolate the 35-kDa [(S100A83100A9] trimer as a nen

‘<‘9j dissociable complex. We did not obtain a sequence for SI00A9 on
MLTAEEKAAVTAFXGK BZ’L‘:%'“‘W the 35-kDa band. This could be attributable to an N-terminal

. ) ) ) block, as is known with native human S100A9 (14). Table Il com-
FIGURE 3. N-term|na|_sequence analy5|s of bovine Iung proteins elut(_ed ares the N-terminal sequences of a few mammalian S100A8 and
from the carboxylate-enriched glycopeptide columns. Bovine lung protein annexin | proteins

eluted from the glycopeptide affinity column were separated on 12% SDS- . . -
PAGE gels and transferred to polyvinylidene difluoride membranes. Pro- The 89- and 30-kDa protein bands were insufficient for sequenc-
teins were visualized using 0.1% Coomassie brilliant blue. Individuali"9- The 58-kDa protein was N-terminally blocked, and the 67-

bands were excised and N-terminal Edman sequencing performed on KPa protein was bovine albumin. The19-kDa bands had se-

Model 494 Procise Sequencer. quences similar to th@-chain of hemoglobin and also variable
overlapping sequences that could not be matched with any known
protein(s).

N-terminal sequence analysis of the 37- and 35-kDa proteins

show that they are calcium-binding proteins Human homologues of the S100 proteins and annexin | also

Fig. 3 shows the N-terminal sequences of the bound proteing2ind t0 the novel carboxylated bovine lung glycans

BLAST searches for sequence similarity of the proteins in theThe two affinity-isolated bovine proteins showed specific binding
GenBank data bases showed that the sequence of the 37-kDa batadbovine lung glycans immobilized on microtiter plates, as de-
was >80% similar to a sequence beginning with the 13th residuetected by using radiolabeled bovine S100A8/A9, or an Ab against
of a leukocyte calcium binding protein, annexin I. Native annexinannexin | (data not shown).
| is known to be blocked at the N terminus (8). The identity of Next, we sought to determine whether human homologues of
annexin | was further confirmed in immunoblots by using a com-S100A8/A9 complexes and annexin | showed similar binding by
mercially available mouse mAb against bovine annexin I. A dou-using three different approaches. First, we checked and confirmed
blet was recognized on the blots, the native (37 kDa), and apecific binding of the proteins from human neutrophil lysates to
“clipped”(~35.5 kDa) form, which is devoid of the first 12 amino carboxylated but not to neutralized glycans, by direct binding to
acids, as deduced from the protein sequencing data (not shown)mmobilized glycans on ELISA (Fig. 4A andB). Next, we ana-
The N-terminal 21 amino acids of the 35-kDa band sharedyzed binding of human neutrophil lysate proteins to the carbox-
>80% sequence identity with an EF hand motif calcium bind-ylated and carboxylate-neutralized glycopeptide columns under
ing protein of the S100 family, namely migration inhibitory the same conditions that were used for bovine proteins. Both
factor-related protein 8 (MRP8 or S100A8). Commercial mAbs S100A8/A9 and annexin | bound specifically to the carboxylated,
against distinct but uncharacterized epitopes of human S100ABut not the neutralized species (Figidset3. Bound proteins also
did not recognize the bovine homologue (not shown). S100A8onsisted of few other minor bands that were detected on silver-
may not be a very conserved protein; for example, humarstained gels (not shown). The identity of these were not determined
S100A8 protein shares only59% sequence homology with and is beyond the scope of the present study. Approximately 95%
that of the mouse (9, 10). of the total loaded proteins did not bind to the columns, and be-
S100A8 has a molecular mass of 10.8 kDa. However, the proeause S100A8, S100A9, and annexin | together account 8%
tein we isolated with the N-terminal sequence of S100A8 had af the total neutrophil cytosolic protein, the load probably ex-
molecular mass of 35 kDa. It is known that the protein often existsceeded the column capacity. Analysis was done on reducing gels
and physiologically functions as a €adependent complex with to see whether any of the unusually nondissociable S100 com-
S100A9 (or MRP14), another protein of the S100 family (11). Theplexes (as seen with the bovine S100A8/A9 heterotrimer) were
complexes have molecular masses of 24.5 kDa [SI0@¥®0A9  present in the bound fractions. In fact, a small fraction of the bound

Table Il. N terminal sequences of mammalian S100A8 and annexin |

GenBank
Accession No. Sequence
S100A8 Rabbit D17405 MPTDLENSLNSIIFVYHKCSL
Mouse X87966 MPSELEKALSNLIDVYHNYSN
Human M21005 MLTELEKALNSIIDVYHKYSL
Bovine XQTPLEKALNSIIDVYHKLAL
Annexin | Rabbit U24656 MAMVSEFLKQAWFIDNEEQDYINTVKTYK
Mouse M69250 MAMVSEFLKQARFLENQEQEYVQAVKSYK
Human NM_000700 MAMVSEFLKQAWFIENEEQEYVQTVKSSK
Bovine X56649 MAMVSEFLKQAWFIENEEQEYIKTVKGSK
Bovine XIXNEEQEVYIKTVKXSK

2 Sequences obtained in the present study.
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FIGURE 5. Human S100A8 binds to the carboxylated glycans as a het-
06 B 12 3 4 eromeric complex with S100A9. Freshly activated human neutrophil ly-
kDa sates were incubated with BSA-conjugated 0.3aMaloCOO™ bovine
47.7 lung glycopeptides coated on microtiter plates as describédaiterials
346 and Methods Supernatants after incubation were collected and analyzed
28:3 for depletion of S100A8 by immunoblotting by using anti-S100A8 after
s stabilizing the protein complexes by cross-linking by using.B@ne 1, At
19.2 zero time;lane 2 after binding to the immobilized glycopeptides for 2 h;
lane 3 after binding to the immobilized glycopeptides @ h in thepres-
ence of 200uM soluble 0.3 MasialoCOO™ glycopeptidesjane 4 after
binding to the immobilized glycopeptidesrf@ h in thepresence of 200
M 0.3 M asialoCONHMe glycopeptides. The identity of each hetero-
meric immunoreactive band was further confirmed by a separate detection
using anti-S100A9l&ne 5.

0.5

0.4

oD 405

0.3

0.2

0.1

asialo COO-Gps asialo-CONHMe-Gps

FIGURE 4. Human homologues of the S100 proteins and annexin | bind

to the novel carboxylated bovine lung glycans. Neutrophil lysates wer . A .
incubated with BSA-conjugated 0.3 &tialoCOO™ glycopeptides immo o the glycopeptidesigne 2. The binding of the heterodimer and

bilized on microtiter plates and the wells developed with anti-annexi, | ( homodlme_r, but not the heterotrlmer, was blocked if the lncubatlon
anti-S100A8 B), or anti-S100A9 (not shown) as describedNtaterials was do_ne in the preserjce of bovine lung O&NFaIOCOO gly-
and MethodsEach point is the mean SD of three determinationtnsets, ~ copeptides but not bysialo CONHMe glycopeptidesignes 3and
Neutrophil lysates were loaded onto carboxylatiesiés 1and?2) or neu- 4, respectively). A separate immunoblotting with anti-human
tralized (anes 3and4) glycopeptide affinity columns and eluted with ci- S100A9 confirmed the identity of the heteromeric compleasy
trate as described Materials and MethodsUnbound and bound fractions  5). Therefore, the differences in the binding and stability of the
were analyzed by Western blotting using anti-annexi) lof anti-S100A8  human and bovine heteromeric complexes could be a species dif-
(B). Lanes land3 represent unbound fractions athes 2and4 bound  ference. S100A8 monomer, arising from breakdown of any resid-
fractlons. The |d_ent|ty of the S:L_OOAS/AQ heter0d|me_r (marked by asterlsk)ual noncross linked complexes, also showed similar binding spec-
n the glycopgptldg-boun_d fraction8,(ane 9 was confirmed by a separate ificity. The monomer probably does not represent the component
immunoblotting with anti-S100A9 (not shown). . . . S
involved in the actual binding, because complex formation is con-
sidered an essential prerequisite for the biological functions of

. . i ) these S100 proteins (14).
human S100 proteins consisted of a stable heterodimer, the identity Residual proteins from the above incubations also were sepa-

of which was confirmed by a separate immunoblot with S100A9,5tey analyzed by immunoblots by using anti-annexin I. As shown
(not shown). However, a majority of the proteins broke down to;, Fig. 6, annexin | from the neurophil lysates appeared as the

mqnomeric forms.l Also, the identity of a set of42- to 45-kDa native (37 kDa) and the clipped-@5.5 kDa) doublet, which is
anti-S100A8 reactive bands that bound to the column could not bgaaid of the first 12 amino acids. based on our sequencing data.

determine_d because they did not react with anti-S100A9, and theifyhereas the intact protein wa0% depleted from the neutrophil

masses did not correspond to any known S100A8/A9 complexes.
Next, we conducted depletion assays in which lysates from ac-

tivated human neutrophils first were incubated with immobilized

asialo-COO ™ glycopeptides, and the residual proteins in the su

pernatants were analyzed by immunoblots. Because the S100 pro-

tein complexes from neutrophil lysates broke down into monomers 37kDa —» - . .

on SDS-PAGE, the intensity of staining in immunoblots was be- —— tg‘ﬁ%iﬂ?ﬂ;'.

yond the linearity of reaction for any quantitative evaluation.

Therefore, to determine whether physiologically relevant multi-

meric complexes showed specific binding, we stabilized the ComEIGU_RE 6. Anintact N terminus may be necessary for human annexinl

plexes by chemical cross-linking before SDS-PAGE analysis. Be_I to bind to thg carboxylat_ed glycans. ‘Freshly activated humﬁan ngutrophu

cause crude lysates were used in the cross-linking, it is conceivab|¥Sates were incubated with BSA-conjugated 0.&MaloCOO  bovine

2. L . ung glycopeptides coated on microtiter plates as describédaiterials
that nonspecific cross-linking can occur. Therefore, we have ideng g gycopep P

. ; ) e ~~and MethodsSupernatants after incubation were collected and analyzed by
t'f'eq only the bands that were still Str_ongly stained with 'r_lcre_as'ngimmunoblots with anti-annexin | and chemiluminescence detectiane
dilution of both anti-S100A8 and anti-S100A9. As seen in Fig. 5,1, At zero time;lane 2 after binding to the immobilized glycopeptides for
S100A8 homodimer as well as S100A8/A9 heterodimer and het2 h; lane 3 after binding to the immobilized glycopeptides @ h in the

erotrimer were depleted from the incubation mixture after bindingpresence of 200M soluble 0.3 MasialoCOO™ glycopeptides.
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ing under these conditions. Reactivity of the intact human protein
was blocked in the presence of 0.3addialo-COO ™ glycopeptides
(lane 3, suggesting specificity for the novel carboxylate.

preparations after binding to the carboxylate-enriched glycopep- Resting Stimulated
tides, the truncated protein was nddr(e 2, suggesting that the S g
N-terminal 1-12 amino acids may be important for optimal bind- - l@i___‘

(=] _é
Effects of anti-annexin |, anti-S100A8, and anti-S100A9 on o
neutrophil binding to immobilized carboxylated glycans

We previously showed that when the novel carboxylated glycans
are immobilized on plastic, they supported the binding of freshly
activated human neutrophils (3). This binding was completely
blocked by mAbGB3.1 and by solubksialo-COO ™ glycopep
tides, but not by thasialo CONHMe glycopeptides. To determine
whether this interaction was in fact mediated by annexin | or the
S100 proteins, here we tested the effects of anti-annexin I, anti-
S100A8, and anti-S100A9 on the binding of neutrophils to BSA-
conjugated 0.3 Masialo-COO™ glycopeptides. As shown in Fig.

7, although anti-annexin | and anti-S100A8 had little or no inhib-
itory effects, anti-S100A9 significantly reduced binding, as did
mADbGB3.1, indicating that neutrophil binding to the novel glycans
may be principally mediated by S100A9.

Counts

Anti-S100A8

—

Annexin | and S100 proteins are expressed on the cell surface o 35
. . . 0 1 2 3 4
of neutrophils on activation 100 10 100 18 16 10 10 10 18 10

S100A8 and S100A9 are cytosolic proteins, but membrane-asso- Fluorescence Intensity

ciated forms have been identified in monocytes on differentiation:gyre 8. Annexin | and S100A8 are expressed on the cell surface of
or activation (15, 16). It is conceivable that neutrophil binding to neutrophils on activation. Freshly isolated human neutrophils were acti-
immobilized glycans is attributable to translocation of ST00A8/A9vated as described iMaterials and MethodsStimulated or resting neu-
complexes to the surface on activation. To test this possibility, werophils were incubated with anti-annexin |, anti-S100A8, or an isotype-
determined surface expression of annexin | and S100A8/A9 beforaatched control Ab followed by FITC-conjugated anti-mouse IgG. Cells
and after activation of neutrophils by flow cytometric analysis. stained with secondary Ab only were used as negative controls and provide
S100A8 and annexin | are not expressed on resting neutrophils bifié background staining in the plot overlays.
are detected on the cell surface within 15 min of activation with
PMA/ionomycin (Fig. 8) or PAF (data not shown). This also ex-
plains our earlier findings that neutrophils acquire surface bindingd30—45% of total cytosolic proteins; see Ref. 17). We exploited
sites for the glycans on short-term activation (3). the high solubility of S100 proteins in ammonium sulfate (5) to
For further characterization of binding, and for functional stud- obtain a preliminary enrichment 680% before further purifica-
ies, and to verify whether the interactions are mediated by thdion of the proteins (ta~95% purity) on a hydrophobic column (6).
proteins themselves or in association with other molecules, wdhe proteins stayed as heteromeric complexes through purifica-
purified human S100A8/S100A9 and annexin I. tion, were even retained on YM10 and YM30 ultrafiltration mem-
» ) ___branes, and could not be separated into individual proteins without
Purified human S100A8/A9 complex and annexin | show specifigyeayration. The molecular masses of the purified proteins as de-
binding to the novel glycans termined by SDS gels were 11 kDa and 14 kDa for S100A8 and
S100A8/A9 was purified from fresh human neutrophil cytosolic SI00A9, respectively (not shown). Purified S100A8/A9 complex
fractions because they contain abundant amounts of the proteirshowed the same specificity of binding as the proteins from the

Binding to BSA coupled carboxylated glycans

+ Control Ab
0.8 - —_—

No Modif. +Anti-annexin | +Anti-S100A8

FIGURE 7. Neutrophil adhesion to immobilized B 06 -
carboxylated glycans is blocked by mAbGB3.1 andﬁ
anti-S100A9. Neutrophil adhesion to immobilized § | !
carboxylated glycans was performed as described iE 0.4 o e | +GB3.1
Materials and MethodsEach point is the meart | |
SD of two to four determinations.

02 | [ | L Anti-sto0As ||

Myelopero

0 - . e . i
BSA Cont 5 10 5 10 5 10 5 10 5 10
Antibody pg/ mi
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was transformed into thE. coli strain BL21(DE3). Freeze-thaw
lysates from the transformdgl coli contained full-length annexin

| with apparent molecular mass of 38 kDa as determined by SDS
gels and MALDI mass spectrometry (not shown). Because the N-
terminal regions of annexins are extremely sensitive to proteolytic
cleavage, rapid purifications with fewer steps are generally recom-
mended for all annexins. In our preparation95% enrichment
from freeze-thaw lysates was possible by using a DEAE column to
which the protein did not bind. Purified recombinant annexin |
bound to BSA-coupled 0.3 MisialoCOO™ bovine lung glyce

I peptides that were immobilized on microtiter plates (Figb®&t-
tom). Again, the specificity of this binding was demonstrated by a
Glycopeptides (LM) dose-dependent inhibition in presenceasfaloCOO ™ glycopep
tides, but not byasialo-CONHMe glycopeptides.

120 ; S100A8/A9

-
[=]
[=3

80 -
asialo-CONHMe-Gps
60

40
asialo-COO™Gps

% of maximum binding

20-

120 - Annexin |
Purified S100A8/A9 complex and annexin | bind to a subset of

100 endothelial glycoproteins recognized by mAbGB3.1

We previously showed that a major fraction of the mAbGB3.1-
reactive carboxylated epitopes are carried\simked glycans and
that mAbGB3.1 recognized several proteins on endothelial cells
(3). In keeping with this, mAbGB3.1 consistently immunoprecipi-
tated ~13-15% of [22H]mannose-labeled glycoproteins from
CPAE cells (Table Ill). To determine whether the same glycopro-
teins were also recognized by the S100A8/A9 complex or annexin
o ; | ; ! I, cross-binding assays were conducted as describ&thierials

0 100 200 300 400 500 and MethodsEssentially, purified proteins were immobilized on

Glycopeptides (uM) Affigel-10 and mixed with [22H]mannose-labeled glycoproteins

FIGURE 9. Purified human S100A8/9 and annexin | show specific Trom CPAE _C(_EHS_ (precleared with BSA-A_fflge|-10)._ A separate

binding to immobilized bovine lung glycans. Purified S100A8/A9 complex immunoprecipitation of labeled glycoproteins was simultaneously
(top) or annexin | botton) were incubated with BSA-conjugated 0.3 M conducted by using mAbGB3.1 after preclearing the lysates with
asialoCOO™ glycopeptides coated onto microtiter plates and the wellsnormal mouse IgG-protein G Sepharose. As shown in Table I,
developed as described iMaterials and MethodsEach point is the ~ S100A8/A9 complex precipitated 9% of mannose-labeled glyco-
mean= SD of two determinations. proteins from CPAE cells as compared with 14% of label immu-
noprecipitated by the Ab. When the precipitated proteins were
eluted either from the S100A8/A9 complex or mAbGB3.1 and

coupledasialoCOO™ bovine lung glycopeptides immobilized on cross-bound, S100A8/A9 complex precipitated about or!e-third of
microtiter plates was inhibited in the presence of 0.3adalo-  the label eluted from mAbGB3.1, whereas mAbGB3.1 immuno-

COO  glycopeptides but much less effectively by tasialo- ~ Precipitated almost two-thirds of the label eluted from the
CONHMe glycopeptides. S100A8/A9 complex. These experiments showed that the
Annexin | purified from various mammalian tissues contains aS100A8/A9 complex bound to a subset of endothelial glycopro-
significant proportion of protein proteolytically cleaved at the teins recognized by mAbGB3.1. In comparison, immobilized an-
amino terminus (18). To obtain sufficient quantities of full-length nexin | precipitated only~2-3% of mannose-labeled glycopro-
annexin | for functional studies, we cloned the entire coding seteins from endothelial cells (not shown). This may indicate
quence of human annexin | into the expression vector pET23b adifferences in binding affinities or may suggest that more of the
described undevaterials and MethodsThe expression construct annexin I-reactive epitopes could be presentsglycans.

-]
o
Lo

asialo-CONHMe-Gps

Y
& 3
| .

% of maximum binding
N
(-]

asialo-COO™Gps

initial human neutrophil cytosol (Fig. 9pp). Binding to BSA-

Table Ill. S100A8/A9 complex recognizes a subset oiHRnannose-labeled CPAE glycoproteins immunoprecipitated by mAb&B3.1

Sample Processing [BH]Mannose-Labeled CPAE Glycoproteins (cpm)
% Bound Radioactivity
Primary binding to Rebinding to Total added Bound to gel (mean= SD)
mAbGB3.1 - 22,949 2,674
22,565 3,132 13518
11,160 1,768
11,206 1,420
S100A8/A9 - 20,386 1,698 8% 05
10,286 928
mAbGB3.1 S100A8/A9 4,951 1,569 31450.2
1,961 615
S100A8/A9 mAbGB3.1 1,074 693 6252.8
504 305

2 Sequential binding of mannose-labeled CPAE glycoproteins to S100A8/A9 or mAbGB3.1 was done as desdfibiediatls and Methods.
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5000 Efforts to identify annexin | binding sites on endothelial cells by
using radiolabeled annexin | were hampered by degradation of an-

4000 1 nexin | on iodination, a problem also observed by other laboratories
2000 | (19). Biotinylation did not destroy the protein but abolished binding of

both annexin | and S100A8/A9 to the glycans (not shown), suggesting
2000 Unactivated involvement of critical lysines in the interactions.

Discussion

We previously showed that novel carboxylated glycans are con-
stitutively expressed on mammalian endothelial cells (2, 3) and
Added labeled S100A8/A9 (nM) bind to activated neutrophils. We also showed that a mAb against
this novel modification inhibited neutrophil and monocyte efflux
across murine mesenteric venular endothelium (3). In this report,

125) 5100A8/A9 bound (cpm)

0 20 40 60 80

1600 1 we identify the leukocyte proteins that mediate these effects. We
| provide several lines of evidence to show that three inflammation-

1200 1] related calcium-binding proteins, annexin | and S100A8 and
1

S100A9, bind to the novel glycans.
Annexin | present in the bovine lung extract could have origi-
800 nated from the lung tissue, the blood cells, or both. The lung also
contains annexins Il and V (20), but repeated isolation of annexin
I alone on the columns showed that its binding was specific. The
specificity of binding may be imparted by the biologically active N
terminus -40 aa in length), which is unique for each member of
g : the annexin family (21). The N-terminal alanine of intact annexin
o 0.5 1 1.5 2 I is acetylated and resistant to Edman degradation (8); the presence
Unlabeled S100A8/A9 (uM) of the A1-12 annexin | enabled identification of the sequence,
though the intact form was also isolated (as found in immunoblots,
1600 - not shown). In contrast, the S100A8/A9 complex present is exclu-
| sively in leukocytes (17, 22) and probably originated from the
trapped blood or sequestered neutrophils in bovine lung. Subse-
quently, we found that human homologues of annexin | and
S100A8 from neutrophil lysates also bound to the glycopeptide
affinity columns and immobilized glycans in a carboxylate-depen-
dent manner (Fig. 4).

The two migration inhibitory factor-related proteins S100A8
and S100A9 belong to the large family of S100 proteins, the mem-
bers of which have the EF hand calcium-binding structures (for a
0 - : 4 recent review, see Ref. 14). These heteromeric complexes are
0 10 20 30 40 50 found in sera of patients with cystic fibrosis, chronic bronchitis,

Antibody (pg/mi) and rheumatoid arthritis, suggesting extracellular roles (23-25).
Well-defined functions of S100A8 and S100A9 either as individ-

cells. HUVECs were grown to confluence in 12-well plates and incubatecfJal proteins or as complexes has been elusive. Existing evidence
with ;1—80 nM125-S100A8/A9 in 1 ml of HBSS at 4°C o2 h before and  Suddests that they may be involved in macrophage differentiation
after activation with PAFtop) or 20 nM labeled complex in the absence @nd inflammation. When monocytes extravasate through the en-
(middle and presencebbtton) of modulators after activation. The reaction dothelium and become resident macrophages, these Ags are lost
was stopped by rapid removal of unbound label, and the cells were washe@6). However, at sites of chronic inflammation in patients with
three times with cold HBSS. Cells were solubilized and the radioactivityrheumatoid arthritis, sarcoidosis, and tuberculosis, tissue macro-
associated with the lysates was measured with a gamma counter. Eaglhages continue to express S100A8/A9 (26, 27). These proteins
point is the meant SD of two determinations. have also been found coating vascular endothelium adjacent to
marginating neutrophils and monocytes, suggesting that secretion
of S100A8/A9 on to vessel walls is involved in the migration of
leukocytes into tissues (28). Kerkhoff et al. (29) report that only
monocytes expressing the S100A8/A9 complex preferentially mi-
grate through the microvascular endothelium. How the S100 pro-
We found dose-dependent and saturable binding *&f- teins mediate these interactions with the endothelium is not clearly
S100A8/A9 on PAF-activated HUVECSs. Binding to unactivated understood. Recent studies show that S100A8/A9 binds to unsat-
cells was 2-fold less (Fig. 1@pp). Binding to activated cells was urated fatty acids with high affinity and may be involved in ara-
specific because it was competed by increasing amounts of unla&hidonic acid metabolism (30-32). Cell surface S100A8/A9 bind-
beled ligand, with half-maximal competition of specific binding at ing sites have also been detected on human leukemia cell lines (6).
~500 nM (Fig. 10,middle), and also by mAbGB3.1, the blocking S100A9 also is shown to modulate adhesion of neutrophils to fi-
being as effective as competition with unlabeled ligand, whereas &rinogen viag, integrin Macl, by recognizing a distinct but-un
control Ab had minimal effect (Fig. 1®otton). Binding was also  characterized pertussis toxin-sensitive G protein-coupled receptor
inhibited by anti-S100A8 and anti-S100A9 (not shown). on neutrophils (33).

400

125 5100A8/A9 bound (cpm)

1200

Control Ab
800 -

mAbGB3.1
400 |

125 5100A8/A9 bound (cpm)

FIGURE 10. Cell surface binding of'?4-S100A8/A9 to endothelial

Cell surface binding of2%-S100A8/A9 to activated endothelial
cells is competed by mAbGB3.1
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In this study, we provide several lines of evidence thatS100A8/A9 (not shown), suggesting that some recognition
S100A8/A9 could function by directly interacting with novel car- epitopes preferred by annexin | could be ©rglycans. Also, un-
boxylated glycans on endothelial cells. First, SI00A8/A9 heterodike S100 proteins, annexin | does not modulate neutrophil adhe-
meric complexes of S100A8/A9 are depleted from neutrophilsion to endothelial monolayers but still impedes neutrophil emi-
lysates after binding to the glycans, and this binding is carboxy-gration (Ref. 45; G.S. and H.H.F., unpublished results). It recently
late-dependent (Figs.Bdand 5). Adhesion of neutrophils to the has been shown that annexin | inhibits monocyte adhesion to mi-
immobilized glycans is effectively inhibited by both anti-S100A9 crovascular endothelial cells, this again involving its N-terminal
and mAbGB3.1 (Fig. 7). Purified S100A8/A9 complex | binds to domain (46). This may explain why we find increased adhesion of
the novel glycans in a carboxylate-dependent manner (Fig. 9)eukocytes to endothelial cells in the presence of mAbGB3.1 after
S100A8/A9 complex cross-reacts with mannose-labeled glycopromduction of peritonitis in mice (3).
teins immunoprecipitated by mAbGB3.1 (Table Ill). Finally, spe- We previously had shown neutrophils acquired carboxylate-de-
cific binding of S100A8/A9 to endothelial cell surface is blocked pendent binding sites for the novel glycans after short-term acti-
by mAbGB3.1 (Fig. 10). Recombinant S100A8 alone also does novation (3). The novel glycans also bind to secretions from activated
show specific binding to the glycans (data not shown), suggestingeutrophils (not shown). Annexin | and S100 proteins are cytosolic
that heteromeric assembly of the S100 proteins was necessary fand lack classical leader peptide sequences and transmembrane
this interaction. The binding also appears exclusive to S100A8/A%omains. We observe that S100A8/A9 and annexin | are expressed
because binding of two other S100 proteins S100A1 and S100Bn the surface of neutrophils immediately after activation (Fig. 8).
remained constant between carboxylated and neutralized glycartsarlier studies have found that S100A8 and S100A9 translocate
under these conditions (data not shown). from the cytosol to the membrane and intermediate filaments in a

Annexin 1, also called lipocortin |, is a member of a family of 13 calcium-dependent manner (14-16). Neutrophil activation with
distinct calcium-binding proteins characterized by a common C-opsonized zymosan also correlates with translocation of S100A8
terminal core structure consisting of four or eight highly conservedto plasma membrane (47). Secretion of the S100 proteins is be-
repeating motifs, which bind calcium and phospholipids, and dieved to be tubulin-, energy-, and protein kinase C-dependent
variable N terminus (21). Annexin | is distributed in different tis- (48). Cell surface expression of annexin | after neutrophil adhesion
sues, but is abundant in cells of the hemopoietic lineage, particuto endothelial monolayers also has been demonstrated (34, 44, 45).
larly granulocytes and monocytes, where it makes up as much abhese findings conform with the characteristics of annexin | and
2—4% of total cytosolic protein (34). S100A8 and S100A9 as a class of proteins that includes growth

A growing body of evidence from studies on inflammation in factors and the S-type lectins or galectins, which are secreted by a
animal models and humans suggests that annexin | potently inhiliSolgi-independent pathway (49, 50).
its neutrophil extravasation (reviewed in Ref. 35). Annexin | also Our findings that the novel carboxylated endothelial glycans
is strongly induced by glucocorticoids and is considered to mediatéind to soluble leukocyte proteins that are secreted on activation
some of the well-known antiinflammatory effects of these hor-and that are known to mediate inflammatory responses suggest the
mones (36). The N terminus of annexin | has been shown to plagxistence of a novel pathway in acute inflammation. Efforts are
an important modulatory role in the biological effects of the pro- now underway in our laboratories to isolate and characterize en-
tein. For example, it has been shown by several studies that th@othelial glycoproteins that carry the novel carboxylated glycans,
N-terminal peptide Ac 2—-26 mimics the potent antiinflammatory to identify binding partners involved in mediating the functions of
effects of intact annexin | (35). The amino-terminal domain regu-S100A8/A9 and annexin |, and to decipher the signaling mecha-
lates interactions with membranes (37), and is directly involved innisms by which these proteins bring about their inflammatory re-
binding to S100 proteins (38, 39). Most notably, the N-terminal sponses in vivo.
peptide Ac2-12, which in our study appears essential for binding
to the novel glycans (Fig. 6), has been shown to be as effective i
detaching adherent neutrophils from murine postcapillary venuIe?‘CknOWI(:"d(-:]mentS . ]
as the intact protein (40). An endogenous protease catalyzes C|ea\01_§ thank Scott Snipas and Matt W||I|ams_on for N-termlnal sequence anal-
age at tryptophan 12 of intact annexin | in a®Cadependent man ySIS, Lena.JOhan.s.Son for MALDI analysis of rgcombmant annexin |, gnd

S . . Nissi Varki for critical reading of the manuscript. Prof. R. Donato (Uni-
ner (4,1)’ and prqteonSIS is believed t.o regulate .the actloq of eX§/ersity of Perugia, Italy) generously provided the control proteins S100A1
ternalized annexin I (36). The mechanisms by which annexin I andy,q 51008 and their respective Abs.
its peptide mimetics affect neutrophil extravasation have remained
elusive so far. Annexin | binding sites on neutrophils and mono-
cytes have been identified, and the protein has recently been showneferences
be a ligand for the formyl peptide receptor (42, 43). Annexin | also has 1. Springer, T. A. 1997. Traffic signals on endothelium for lymphocyte recirculation

. . . . and leukocyte emigration. IrAdhesion Molecules in Health and Disease
been reported to regulate the mitogen-activated protein kinase/eX- | c. paul and T. B. Issekutz, eds. Marcel Dekker, Inc., NY, p. 1.
tracellular signal-regulated kinase signaling pathway (44). 2. Norgard-Sumnicht, K. E., L. Roux, D. K. Toomre, A. Manzi, H. H. Freeze, and

Here we provide evidence that annexin | could function by in- A. \(arki. 1995. Unusual anioni®\N-linked oligosaccharides from bovine lung.

. . . J. Biol. Chem. 270:27634.
teracting with novel carboxylated glycans. Annexin | from human 3. Srikrishna, G., D. K. Toomre, A. Manzi, K. Panneerselvam, H. H. Freeze,
neutrophil lysates shows carboxylate-dependent binding to the gly-  A.varki, and N. M. Varki. 2001. A novel anionic modification dEglycans on
cans (Fig. 4). Depletion experiments suggest that the N-terminal mammalian endothelial cells is recognized by act.ivated neutrophils and modu-
. K . . . . lates acute inflammatory responsésimmunol. 166:624.

1-12 amino acids of annexin | may be Important for 0pt|mal bind- 4. Staros, J. V. 198N-hydroxysulfosuccinimide active esters: INsifydroxysul-
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