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ABSTRACT  The divalent cation-dependent interaction of
the B2 integrin CR3 (CD11b/CD18) with the major comple-
ment opsonic C3 fragment iC3b is an important component of
the central role of CR3 in inflammation and immune clearance.
In this investigation we have identified the iC3b binding site in
CR3. A recombinant fragment representing the CR3 A-do-
main, a 200-amino acid region in the ectodomain of the CD11b
subunit, bound to iC3b directly and in a divalent cation-
dependent manner. The iC3b binding site was further localized
to a short linear peptide that also bound iC3b directly and
inhibited iC3b binding to the A-domain as well as to CR3
expressed by human neutrophils. These data establish a major
recognition function for the integrin A-domain and have im-
portant implications for development of novel antiinflamma-
tory therapeutics.

Neutrophil extravasation into tissues and phagocytosis of
complement-coated particles are essential steps in host de-
fense against infections. These processes have the potential,
however, of inflicting serious tissue injury in many nonin-
fectious diseases such as myocardial infarction, burns, hem-
orrhagic shock, autoimmune disorders, and allograft rejec-
tion (reviewed in ref. 1). Complement receptor type 3 (CR3,
CD11b/CD18, Mo-1, Mac-1) is a major cell surface glyco-
protein used by circulating phagocytes to migrate into in-
flamed organs and to phagocytose opsonized particles (re-
viewed in ref. 1). CR3, a member of the B2 integrins, is a
heterodimer consisting of two noncovalently associated sub-
units CD11b and CD18, with apparent molecular masses of
160 kDa and 94 kDa, respectively. The CD18 subunit is
shared by two other subunits, CD11a and CD11c, compris-
ing, respectively, the CD11a/CD18 (LFA-1, TA-1) and
CD11c/CD18 (p150,95, Leu-MS5) heterodimers (reviewed in
ref. 1). Inherited deficiency of B2 integrins (Leu-CAM defi-
ciency) compromises the phagocytic and migratory capaci-
ties of circulating granulocytes and monocytes, leading to
life-threatening bacterial infections (1). Monoclonal antibod-
ies (mAbs) to the CD11b or CD18 subunits of CR3 reproduce
these defects in experimental animals, underscoring the
major role of CR3 in these events.

CR3 interacts in a divalent cation-dependent manner with
several ligands, the best characterized being the complement
C3 fragment iC3b (reviewed in ref. 1). iC3b is a heterodimeric
serum-derived glycoprotein of 180 kDa that is generated upon
activation of the classical or alternative complement path-
ways (2). Complement activation rapidly leads to the pro-
teolytic cleavage of serum C3 and the covalent binding of its
largest fragment, C3b, to the activating surface. In serum,
surface-bound C3b has a half-life of =90 sec, due to its rapid
cleavage into iC3b by the specific serine proteinase, factor I.
The significantly longer half-life of iC3b (=35 min) suggests
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that it is the major C3 fragment mediating immune clearance
in vivo (3). Inherited deficiency of factor I (4) prevents the
generation of iC3b and predisposes to recurrent bacterial
infections, reflecting the important biologic and pathologic
functions of CR3-iC3b interactions.

Progress in understanding the structural basis for the
interaction of CR3 with iC3b has been hampered by the large
size of the receptor and the ligand, their multi-subunit com-
position, the unstable nature of iC3b in vitro, and the rela-
tively low affinity of fluid-phase monomeric iC3b for CR3.
Recently, the epitopes for several anti-CR3 mAbs that inhibit
CR3 binding to protein ligands including iC3b were mapped
to a unique 200-amino acid divalent cation binding peptide
within the extracellular region of CD11b referred to as the A-
(or I) domain (5, 6), suggesting that this domain either is
directly involved in or is necessary for binding of CR3 to its
ligands. We now show that a recombinant (r) form of the
CD11b A-domain expressed in Escherichia coli binds directly
and specifically to iC3b. This binding is divalent cation
dependent, as in whole CR3, but differs in being temperature
independent. Furthermore, we have mapped the major iC3b
binding site to a linear peptide, 14 amino acids in length within
the A-domain. Interaction of this peptide with iC3b did not
require divalent cations, suggesting that the primary role of -
divalent cations in the integrin A-domain is to maintain its
structural and therefore functional integrity.

MATERIALS AND METHODS

Reagents and Antibodies. Restriction and modification en-
zymes were bought from New England Biolabs, Boehringer
Mannheim, or BRL. The murine mAbs to human CD11b, 44,
903, 904, and OKM9 (5), and to CD11a, TS1/22 (7), have been
described. A polyclonal antibody to human CR1 was the kind
gift of G. Ross (3).

Generation and Purification of CD11 A-Domain r Proteins.
Generation of the CD11b A-domain has been described (5).
To generate the CD11a A-domain, the respective cDNA was
cloned by PCR using CD11a cDNA-based oligonucleotides
(8), inserted in-frame into the BamHI-Sma 1 restricted
pGEX-2T vector (Pharmacia), and the ligated product was
purified and used to transform E. coli JM109 (9). Individual
bacterial clones containing the cloned cDNA fragment were
identified by restriction analysis, and the recombinant pro-
tein was expressed as a glutathione S-transferase (GST)
fusion protein, purified and released by thrombin (5), and
analyzed on denaturing 12% polyacrylamide gels (10).

Synthetic Peptides. Peptides were obtained commercially
and purified on HPLC. Selective ones were subjected to
amino acid analysis.

Complement C3-Coated Erythrocytes (E). E coated with
rabbit anti-E IgM (EA) or C3b (EAC3b) were prepared as

Abbreviations: mAb, monoclonal antibody; r, recombinant; GST,
glutathione S-transferase; E, erythrocyte(s).
*To whom reprint requests should be addressed.



Immunology: Ueda et al.

described (11). EAIC3b were generated by treating EAC3b
with purified human factors H and I (11) or, alternatively,
prepared from EA using C5-deficient human serum (Sigma).
EAIC3b cells were washed and stored in isotonic veronal-
buffered saline (VBS2+, pH 7.4) containing 1 mM magne-
sium/0.15 mM calcium (MgCl,/CaCl,) and 1 mg of soybean
trypsin inhibitor per ml (Worthington) at 1.5 x 108 cells per
ml. EA, EAC3b, or EAIC3b was labeled with 5- (and-6)-
carboxy fluorescein (Molecular Probes) as described (5).

Immobilization of r Proteins and Peptides. Purified rA-
domain was added to Immulon-2 96-well microtiter plates
(Dynatech) overnight. Wells were then washed once with
phosphate-buffered saline (pH 7.4) without metals and
blocked with 1% bovine serum albumin at room temperature
for 1 hr, followed by two washings with buffer A (60%
GVBS/VBS?* mixed in a 1:3 ratio) (5) containing 1 mM
MnCl, or MgCl,/CaCl,. All peptides were stocked at 1 mg/ml
in water and similarly adsorbed to Immulon-2 96-well plates.
Binding of the anti-CD11b mAbs to the coated rA-domain
was measured by ELISA and read using a plate reader
(Molecular Dynamics).

E Binding Assays. Fluoresceinated EAiC3b, EAC3b, or EA
was resuspended to 1.5 X 108 per ml in buffer A and added
(30 ul) to wells containing immobilized proteins or peptides
in a total volume of 100 ul. The plates were then briefly
centrifuged to settle the E and incubated at 37°C for 15 min
in a humidified incubator with 5% CO,. For the inhibition
studies, E were preincubated with each r protein or pure
peptide in the presence of 2% bovine serum albumin for 5 min
at room temperature and added to wells coated with immo-
" bilized protein or peptide without washing, unless otherwise
indicated. At the end of the binding reactions, wells were
washed, examined briefly by light microscopy, and then
solubilized with 1% SDS/0.2 M NaOH. Fluorescence was
quantified (excitatory wavelength, 490 nm; emission wave-
length, 510 nm) using a SLM 8000 fluorometer (SLM Aminco,
Urbana, IL) (5). In experiments in which the effects of
individual divalent cations were measured, Ca?* and Mg2*
were replaced with metal-free buffers or with buffers con-
taining each cation at 1 mM. The effect of temperature was
evaluated in the presence of 1 mM MnCl; at 37°C and at 4°C.

Purification and Adherence of Human Neutrophils. Neutro-
phils were purified as described (12), resuspended in divalent
cation-free Tris‘HCl/saline buffer (pH 7.4) at 5 X 107 per ml,
and kept on ice until used. Neutrophils (2 x 10° cells per well)
were allowed to adhere to 96-well plates in Iscove’s modified
medium for 1 hr at 37°C, in a humidified incubator with 5%
CO5,. The wells were then washed, and 5 ul of fluoresceinated
EAiC3bor EA (at 1.5 x 108 per ml) was added in the presence
of 3% bovine serum albumin, in a total volume of 50 ul,
followed by 15 min of incubation at 37°C with 5% CO,. Wells
were then washed and fluorescence was quantified as de-
scribed above.

Flow Cytometry. Fifteen microliters of EAIiC3b or EA
(each at 1.5 x 108 per ml) was incubated with 15 ug of
biotinylated A7 or control peptides in 100 ul of buffer A
containing 1 mM MnCl, at room temperature for 10 min and
washed once. Streptavidin-conjugated phycoerythrin (Sig-
ma) was added to the cell suspension at 1 ug/ml and
incubated for 15 min at room temperature. Washed E were
then analyzed by a fluorescence-activated cell sorter from
Becton Dickinson.

RESULTS AND DISCUSSION

The CD11b A-Domain Contains an iC3b Binding Site. A
recombinant CD11b A-domain (Fig. 1) immobilized onto
96-well microtiter plates bound directly and specifically to
fluoresceinated EAIC3b (Fig. 2). Binding increased progres-
sively as a function of the concentration of the soluble
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Fic. 1. (A) Schematic of a B2 integrin (1). The amino acid
residues comprising the beginning and end of the CD11b and CD11a
A-domains are indicated in the native as well as the recombinant

. forms after thrombin cleavage. Italicized residues are bacterially

derived. (B) ELISA (mean * SD, n = 2, each in duplicate) showing
reactivity of anti-CR3 mAbs 44, OKM9, and 904 with rCD11b
A-domain (black bars) but not with GST (hatched bars). Negative
controls include omission of the primary antibodies (buffer) or
binding of the anti-CD11a mAb, TS1/22. (Inset) Coomassie stain of
an SDS/polyacrylamide gel (12.5%) following electrophoresis of 3 ug
of purified rCD11b A-domain, rCD11a A-domain, and GST (shown
in lanes 1, 2, and 3, respectively), migrating with apparent molecular
masses of 24 kDa, 22 kDa, and 26 kDa, respectively.

A-domain used to coat the microtiter wells (Fig. 2A4), binding
was optimal with the addition of 20 ug of A-domain (Fig. 2A4)
and 30 ul of EAIC3b (at 1.5 x 108 per ml) per well, and binding
was visible by the naked eye (not shown). Binding was
competitively inhibited by fluid-phase A-domain (Fig. 2B),
with half-maximal inhibition observed at =1 uM. EAiC3b did
not bind to GST (Fig. 2B) or to the CD11a A-domain (Fig.
2C), and binding was blocked by an anti-CD11b mAb that
normally blocks EAiC3b binding to cell-bound CR3 (Fig. 2D).

Binding of EAIC3b to the rA-Domain Is Divalent Cation

t but Temperature Independent. Binding of CR3 to
EAiC3b in whole cells is metal and temperature dependent.
We therefore examined the divalent cation and temperature
dependency of EAiC3b binding to rA-domain. As can be seen
in Fig. 34, 1 mM MnCl,, 1 mM MgCl,, or a combination of
1 mM MgCl,/0.15 mM CaCl, supported this interaction.
CaCl; alone (0.15-1 mM) was ineffective. No specific binding
was observed if divalent cations were omitted or when EDTA
was included in the reaction mixture. Similarly, a single point
mutation (D242A) that impairs the ability of the rA-domain to
bind divalent cations (5) also impaired rA-domain interaction
with EAiIC3b (Fig. 3B).

Binding of EAiC3b to the rA-domain was temperature-in-
dependent (Fig. 3C). These findings suggest that the r domain
may assume a functionally active conformation, lacking in
the native CR3 unless the latter is activated by agonists.
Posttranslational modifications (14) and conformational
changes in the receptors (15) and in the integrin A-domain
(16) in response to activation signals have been demon-
strated. Alternatively, the temperature dependency of cell-
bound CR3-ligand interactions may be explained by temper-
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EA iC3b EA| represent the mean + SD of three indepen-
dent experiments each in triplicate. (B) His-
tograms (mean * SD, n = 3) showing the
interaction of EAiC3b with adsorbed CD11b
A-domain in the absence (buffer) or presence
of soluble A-domain (+ A) or GST (+ GST).
The background binding of EA is also
shown. (C) Histograms (mean + SD, n = 3)
showing binding of EAIC3b to adsorbed
CD11b but not CD1la A-domains. Back-
ground binding of EAC3b is shown. (D)
Histograms (mean = SD, n = 3, each in
duplicate) depicting the inhibition of binding
of the CD11b A-domain to EAiC3b by the
functional murine anti-CR3 mAb 44 (IgG2a)
but not by the control mAb 99g (IgG2a) (13).
Background binding of EAC3b is shown.

ature-induced clustering of the receptor in the plasma mem-
brane (17), thus facilitating its interaction with ligand, a
situation that may be mimicked by using immobilized rA-
domain. These two possibilities are not mutually exclusive.

Binding of A-Domain-Derived Peptides to EAiC3b. To fur-
ther define the region within the A-domain that binds
EAiC3b, we used overlapping synthetic peptides spanning
the whole A-domain region of CD11b (Fig. 4) and examined
the ability of each to bind directly to EAiC3b and to inhibit
EAiC3b binding to the A-domain. As can be seen in Fig. 54,
two overlapping peptides, AM230 and A24 (calculated pl
values of 10.78 and 3.76, respectively), bound directly to
EAiC3b but not to EA, and binding was also visible by the
naked eye (data not shown). AM230 and A24 comprised most
of the sequence encoded by exon 8 of the CD11b gene (18),
indicating that the corresponding segment in the protein
contains an iC3b binding site. AM230 and A24 had a 14-amino
acid overlapping region (Fig. 4). When this region (peptide
A7) was synthesized on two separate occasions, adsorbed to

A
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plastic, and tested, it bound EAiIC3b directly, specifically
(Fig. 5A), and in a dose-dependent manner (Fig. 5SB). No
binding was observed when a scrambled form of A7 (Sc. A7,
Fig. 4) was used (data not shown). Fluid-phase biotinylated
A7 also bound directly and specifically to EAiC3b (Fig. 5C).

EAIiC3b binding to AM230, A24, and A7 was not signifi-
cantly altered by removal of divalent cations or by inclusion
of EDTA (Fig. 5D and data not shown). EAiC3b did not bind
to wells coated with A7-derived peptides comprising, respec-
tively, the N-terminal half (A9), the C-terminal half (A10), or
the smaller C-terminal peptides B21 and B23 (Fig. 5A).
Microtiter wells precoated with A8, a synthetic peptide from
the corresponding A-domain region of CD11a (8), did not
bind to EAiC3b (Fig. 5A), consistent with the lack of binding
of the rCD11la A-domain (Fig. 2C) or of rCD11a/CD18 to
EAIiC3b (not shown). A7 inhibited binding of EAiC3b to the
A-domain in a dose-dependent manner, with half-maximal
inhibition at 5 ug/ml (=3.5 uM, or approximately 3- to 4-fold
higher than that of the rA-domain) (Fig. 64). At =50 ug/ml
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Fi1G. 3. (A) Histograms (mean + SD, n = 3) showing the effects of divalent cations on binding of rCD11b A-domain to iC3b. Binding was
measured in the presence of the standard concentration of 1 mM magnesium plus 0.15 mM calcium (Mg2*/Ca2*), in the presence of 1 mM of
each divalent cation alone, in the absence of added divalent cations (no metals), and in the presence of 1 mM EDTA. Open bars represent
background binding of EAC3b under identical conditions. (B) Histograms (mean + SD, n = 2) showing the binding of immobilized wild-type
(black bars) and D242A mutant (hatched bars) rCD11b A-domain to EAiIC3b in the presence of 1 mM MnCl,. Background binding to EAC3b
is also shown (open bars). (C) Effect of temperature on the binding of CD11b A-domain to EAiC3b (black bars) or to EA (stippled bars) in the

presence of 1 mM MnCl,.
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B21: DGEKFGDPLG (242-251)
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F1G. 4. (A) Names and positions of the overlapping synthetic
peptides of CD11b A-domain. (B) Control peptides. A7M, a mutant
form of A7, with a D — A substitution, indicated by a small letter;
Sc. A7, a scrambled form of A7; A8, the corresponding region of
CDl11a; C392, a CDl1lc A-domain-derived peptide; Pep. BIO., an
irrelevant biotinylated (BIO.) peptide. The biotinylated residue in
A7-BIO. and Pep. BIO. is indicated by a star (*). The italicized
residues in AM230 indicate position of the two inadvertent substi-
tutions made in this peptide during synthesis.

(35 uM), A7 inhibited EAiC3b binding to the A-domain
completely. This inhibition required the continuous presence
of A7 and was not secondary to degradation of iC3b or to a
toxic effect of this peptide concentration on erythrocytes,
since the inhibitory effect was reversible when A7-treated
EAiC3b cells were washed prior to their addition to adsorbed
rA-domain (data not shown). The ability of each of the
remaining peptides to inhibit EAiC3b-rA-domain interaction
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was then tested at an =~3-fold higher peptide concentration
(200 ug/ml or 100 uM). At this concentration, none of the
other tested peptides (including A8 and Sc. A7) significantly
inhibited rCD11b A-domain binding to EAiIC3b (Fig. 6B, and
not shown).

The above data do not exclude the possibility that EAiC3b
also binds to another site(s) in the CD11b and/or CD18
subunits of CR3. We therefore assessed the ability of A7 to
inhibit EAIC3b binding to CR3 expressed by normal human
neutrophils, under similar conditions. EAIC3b binding to
neutrophils is primarily mediated by CR3 but can also occur
in vitro through complement receptor type 1 (CR1) (3). The
effect of A7 on EAiIC3b binding was tested in the presence of
blocking concentrations of a polyclonal anti-CR1 antibody.
As can be seen in Fig. 6C, EAIC3b binding to adherent
neutrophils was primarily CR3 mediated under these condi-
tions, since it was inhibited by the anti-CR3 mAb 903, which
inhibits iC3b binding selectively (13). A7, but not the control
A4, significantly inhibited CR3-dependent binding of EAiC3b
to neutrophils with 70% inhibition observed at 100 uM (data
not shown) and almost complete inhibition seen at 140 uM
(Fig. 6C). The ability of A7, AM230, and A24 to bind directly
to EAiIC3b should now permit the identification of the CR3
recognition site in iC3b (19).

One of the residues involved in coordinating divalent cation
binding to the CD11b A-domain is the conserved D242 residue
(5). A D242A mutation, where D242 was replaced with ala-
nine, markedly reduced the ability of the rA-domain to bind
divalent cations (5) and to bind EAIC3b (Fig. 3B). It also
impaired the ability of recombinant CR3 to bind EAiC3b (5).
D242 is contained within the A7 peptide, yet A7M bound
EAiC3b normally, indicating that D242 does not play a direct
role in iC3b binding. The likely major function of divalent
cations in the A-domain may be to permit formation of a
specific, responsive, and flexible three-dimensional structure
that allows accessibility of distinct binding sites for protein

Fic. 5. (A) Histograms
(mean = SD, n = 3, each
carried out in duplicate)
showing binding of iC3b to
immobilized synthetic pep-
tides. Background binding of
EA to the peptides is also
shown (stippled bars). (B)
Dose-response curves show-
ing the degree of binding of
EAIC3b or EA to A7 peptide
as a function of the peptide
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rect binding of fluid-phase bi-
otinylated A7 to EAiIC3b
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ing phycoerythrin-coupled
streptavidin and fluores-
cence-activated cell sorting.
Binding of the control pep-
tide (Pep. BIO.) to EAiC3b
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(overshadowed by the nega-
tive control tracing). (D) His-
tograms (mean * SD, n = 3,
each in duplicate) showing
the effect of MnCl; on
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Fi1G. 6. (A) Dose-response curve showing inhibition by A7 of
EAiC3b binding to immobilized rCD11b A-domain. Each point
represents the mean + SD of three independent experiments, each
done in duplicate. (B) Histograms (mean *+ SD, n = 3) showing the
effect of soluble CD11b- and CD11a-derived peptides on EAiC3b
binding to immobilized rCD11b A-domain. Binding of EA to the
immobilized domain is also shown (stippled bar). (C) Inhibition of
EAIC3b binding to neutrophil CR3 by A7. Each histogram represents
the mean + SD of two independent experiments, each in duplicate.
Peptides were used at a final concentration of 140 uM.

ligands. It is relevant in this regard that different conforma-
tional states in the A-domain exist (16) and that native CR3
binding to iC3b in intact cells is markedly up-regulated by
agonists (20), suggesting that the protein ligand binding ca-
pacity of the A-domain may be altered by inside-out signaling.

The A7 peptide consists of a conserved hydrophobic core
flanked by two somewhat less conserved hydrophilic regions.
The hydrophobic core (in contrast to its flanking sequences)
does not appear to be surface expressed (21). It is likely,
therefore, that iC3b binding is contained in residues in the N-
and/or C-terminal hydrophilic regions of A7. Detailed mu-
tagenesis of the A7 region, complemented by solution of the
three-dimensional structure of the A-domain, will be required
for the fine mapping of iC3b contact residues.

Proc. Natl. Acad. Sci. USA 91 (1994)

CR3 also binds to various ligands that share little structural
homology with each other or with iC3b. These include
coagulation factors fibrinogen and factor X and the immu-
noglobulin-like ligand CD54 (ICAM-1) (reviewed in refs. 1
and 22). The mAb OKM9, which binds to the CD11b A-
domain directly (Fig. 1B), has been reported to block fibrin-
ogen and CD54 binding to CR3 (6, 23), suggesting that the
A-domain also contains binding sites for these two ligands.
Direct analysis using the respective labeled ligands will be
needed to map these sites and relate them to that of iC3b.

The present studies establish the integrin A-domain as an
independent structural and functional unit. These data thus
lend credence to the hypothesis (reviewed in ref. 24) that the
A-domain is an ancient structure that arose by duplication
and divergence of a common precursor, which might have
served a primordial recognition function and was later incor-
porated into structurally unrelated proteins, including inte-
grins, to serve specialized functions important in cell adhe-
sion, hemostasis, and inflammation. The present data iden-
tify the key role of this domain in the interaction of two major
players in cellular and humoral immunity, phagocytic cells
and complement, making this domain an excellent target for
antiinflammatory drug development. By identifying the iC3b
binding site within this domain, the present data make it
feasible to develop specific antagonists based on peptidyl
analogs or on more advanced homologs, which may be
beneficial therapeutically in limiting phagocyte and comple-
ment-induced tissue damage that occurs in many immune and
inflammatory disorders (1, 22, 25). '
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