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ABSTRACT: Phagocytosis of opsonized particles by neutrophils and monocytes plays a central role in host
defense mechanisms against foreign pathogens. This process depends on the interaction between C3bi, a
degradation product derived from activation of the complement system, and theRMâ2 (CD11b/CD18,
Mac-1) receptor, the major integrin on neutrophils. Previous studies had established a central role for the
I domain, a stretch of∼200 amino acids within theRM subunit in the binding of C3bi, as well as many
otherRMâ2 ligands. The present study was undertaken to establish the molecular basis of C3bi recognition
by RMâ2. The strategy employed the use of a series of mutant receptors in which short segments of the
I domain ofRM were switched to the corresponding segments ofRL, which is structurally very similar but
does not bind C3bi. We report three major findings: (1) The C3bi binding pocket is composed of three
regions, P147-R152, P201-K217, and K245-R261 of RM, which surround the cation binding site within the
MIDAS motif of the I domain. (2) Within the latter segment, K245 plays a critical role in mediating C3bi
binding toRMâ2. Mutation of K245 to Ala significantly reduced C3bi binding but had no effect on binding
of anotherRMâ2 I domain ligand, NIF. (3) Blocking of C3bi binding toRMâ2 by monoclonal antibodies
is achieved through two different mechanisms: direct competition for the ligand binding site or induction
of conformational changes. Overall, these studies support the hypothesis that many of the ligands of
RMâ2 bind to overlapping but not identical sites within the I domain. Although the same short structural
segments within the I domain may be involved in binding, different amino acids within these segments
may contact different ligands.

Phagocytosis of opsonized particles by neutrophils and
monocytes is a major mechanism of host defense against
foreign pathogens. This process depends on the interaction
between C3bi, a degradation product derived from the
activation of the complement system, and theRMâ2 (CD11b/
CD18, CR3, Mac-1) receptor, the most prominent integrin
on neutrophils (1). RMâ2 is a member of theâ2 integrin
subfamily, which includesRLâ2 (LFA-1, CD11a/CD18),RXâ2

(p150,95, CD11c/CD18), andRDâ2. These integrins share a
commonâ subunit of 95 kDa, which is noncovalently linked
to distinct but homologousR subunits (2, 3). The physi-
ological functions ofRMâ2 include roles in adhesion and
transmigration of leukocytes through endothelium (4), activa-
tion of neutrophils and monocytes (5), and phagocytosis of
foreign materials. In addition, it was shown recently that
apoptosis of neutrophils also is controlled byRMâ2 (6). The
importance of theâ2 integrin subfamily in human physiology
is underscored by the severe phenotype of individuals with
congenital deficiencies of these integrins (7). Yet, excessive
activation of RMâ2 contributes to sustained inflammation,
reperfusion injury, and tissue damage (8).

RMâ2 interacts with a wide variety of protein and nonpro-
tein ligands, including Fg1 (9), ICAM-1 (10), C3bi (11), and
neutrophil inhibitory factor (NIF), a specificRMâ2 antagonist
isolated from canine hookworms (12). The molecular mech-
anism by whichRMâ2 can interact with so many structurally
unrelated ligands, and yet exhibit high affinity for each, is
unknown. Recently, we and others have shown that interac-
tions between C3bi andRMâ2 are influenced by both theR
andâ subunits (13-16). The I domain, aninsertedregion
of ∼200 amino acids in theRM subunit (RMI domain), is a
major recognition site for C3bi binding toRMâ2 (13, 14, 17).
I domains with highly conserved amino acid sequences are
also found in several other integrinR subunits as well as in
other proteins, such as von Willebrand Factor, and mediate
a variety of protein-protein interactions, including ligand
binding to integrins (18). Regions of theâ subunit also may
be involved in the recognition of C3bi byRMâ2. Specifically,
mutations of Asp134, Ser136, or Ser138 within a DXSXS
sequence conserved within integrinâ subunits abrogate the
binding ofRMâ2 to C3bi (15, 16). However, we have recently
shown that these residues within theâ2 subunit modulate
the recognition of anotherRMâ2 ligand by the I domain of
the receptor rather than by directly participating in ligand
contact (19).
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Previously, we have usedhomologue-scanning mutagen-
esis (20) to map the NIF binding site inRMâ2 (21). This
strategy entails switching sequences within theRMI domain
to the homologous sequences within theRLI domain. A total
of 16 segments, corresponding to the outer hydrated surface
of RMI domain, were switched to their counterpart sequences
in RL. Surface expression, heterodimer formation, and
appropriate conformational folding were demonstrated for
each of the 16 mutants. These mutants were then used to
map the NIF binding site to a narrow region composed of
three discontinuous segments, P147-R152, P201-K217, and
D248-R261, in RM which lies adjacent to the cation binding
site within the I domain. The NIF binding site identified
through the loss-of-function mutations was confirmed by a
gain-in-function experiment, whereby the I domain ofRX

was converted into a NIF binding protein.
Despite its importance in host defense, the C3bi binding

pocket withinRMâ2 remains to be systematically defined.
Previous studies (14, 22) have identified a few amino acids
that are critical for C3bi binding; however, the residues that
impart specific recognition of the ligand toRMâ2, as opposed
to RLâ2, remain unknown. Taking advantage of our existing
set of complete I domain homologue-scanning mutants, we
have determined the C3bi binding activities of all these 16
mutants and mapped the C3bi binding site to a narrow region
within the I domain. In addition, we have studied the
mechanism underlying the function of severalRMâ2 mAbs
which block C3bi binding to the receptor. Our data suggest
that two different mechanisms are involved in the blocking
functions of these mAbs. Moreover, the identified epitopes
for these antibodies support our localization of the C3bi
binding site in theRM subunit.

MATERIALS AND METHODS

Materials. Human kidney 293 cells and the expression
vector pCIS2M were gifts from Dr. F. J. Castellino (Notre
Dame, IN). The cDNAs of CD11b and CD18 were obtained
from Dr. B. Karan-Tamir (Amgen, Thousand Oaks, CA),
and NIF was provided by Corvas Inc. (San Diego, CA).
mAbs 2LPM19c, MHM24, and MHM23 were from Dako
(Dako, Carpinteria, CA); TS1/18, TS1/22, OKM1, M1/70,
44a, 904, and LM2/1 were from the ATCC (ATCC,
Rockville, MD); 44 was from Sigma (St. Louis, MO);
CRIS-3 was from BioSource (Camarillo, CA).

Generation of the Chimeric Receptor.All mutations were
created by oligonucleotide-directed mutagenesis using uracil-
containing single-stranded M13mp18 DNA (23). To switch
the I domain between theRL andRM, two restriction sites,
ClaI at position 569 andEcoRV site at 1109, were introduced
into theRL cDNA using the following primers: 5′GACCTG-
GTATTTCTCATCGATGGTTCG3′ and 5′GGCACAAG-
CAAACAGGATATCACTTCCTTCAACATG3′. An inter-
nal ClaI site at position 905 was removed using the primer:
5′AGTGGCAACATTGATGCGGCC3′. To replace theRLI
domain with theRMI domain, the cDNA encoding theRMI
domain was amplified with the following primers: 5′GCAG-
CAGCCCCAGAAGTT3′ and 5′CGAGCTGATATCTCCT-
GTCTGAGTACCCTC3′ and then inserted into the full-
lengthRL usingClaI andEcoRV restriction sites, generating
the chimeric moleculeRL(I/RM). To express the chimeric
heterodimerRL(I/RM)â2 in 293 cells, the expression vector

encodingRL(I/RM) (pCIS2m-RL(I/RM)) was cotransfected
with the wild-typeâ2 expression vector (pCIS2m-â2) and
the stable cell line was established as described (23).

Site-Directed Mutagenesis.The detailed procedures used
for homologue-scanning mutagenesis and establishment and
characterization of the 16 homologue-scanning mutants have
been published (21). To obtain mutant cell lines that express
equivalent receptor numbers as wild-typeRMâ2, each mutant
cell line was subcloned by limiting dilution. A total of 15
colonies were picked and analyzed forRMâ2 expression by
FACS analysis. Surface labeling and immunoprecipitation
with RMâ2 mAbs were performed for all 16 mutant cell lines,
confirming heterodimer formation and the appropriate mo-
lecular weights for theRM andâ2 subunits when analyzed
on 7% SDS-PAGE. In addition, correct conformations of
all 16 mutant receptors were verified by FACS analysis with
a panel ofRMâ2 mAbs, including the conformation-sensitive
mAb 24. The procedures for creating single-point mutations
within RMâ2 have been previously described (23). The
primers used for K245 to D or A mutation withinRM were
5′GGGATCGCCAAAATCTTCTCCATCCGT3′ and 5′GG-
GATCGCCAAAAGCTTCTCCATCCG3′, respectively. The
one for F246 to A mutation was 5′CAAGGGATCGCCAG-
CTTTTTCTCCATC3′.

C3bi Binding toRMâ2-Expressing Cells.C3bi binding was
performed with slight modification of the method of Bilsland
(24). Sheep erythrocytes coated with C3bi (EC3bi) were
prepared using anti-sheep erythrocyte IgM antibody M1/87
(ATCC, Rockville, MD) and human C5-deficient serum
(Sigma, St. Louis, MO). Briefly, 7× 108 sheep erythrocytes
(Colorado Serum Co., Denver, CO) were washed twice in
HBSS, containing 5 mM HEPES and 1 mM Mg2+, and
coated with IgM as described (24). The coated erythrocytes
were surface-labeled with biotin using 1 mg of sulfosuccin-
imidyl 6-(biotinamido)hexanoate (Pierce, Rockford, IL) at
37 °C for 20 min. The biotinylated cells were resuspended
in 0.9 mL of HBSS with 5 mM HEPES, 1 mM Ca2+, and 1
mM Mg2+, mixed with 100µL of C5-deficient serum, and
incubated at 37°C for 60 min. After washing twice, the
resulting EC3bi were resuspended in 2 mL of the above
solution.

To perform the EC3bi binding assays, a total of 2× 105

RMâ2-expressing cells were seeded onto polylysine (50µg/
mL)-coated 24-well nontissue culture polystyrene plates
(Becton Dickinson, Franklin Lakes, NJ) for 15 min at 37
°C, followed by addition of 2× 107 EC3bi. After 60 min at
37 °C, unbound EC3bi were removed by washing with PBS.
Bound EC3bi were fixed with 2% paraformaldehyde over-
night, and excess paraformaldehyde was neutralized with 1%
BSA at 37°C for 2 h. Bound EC3bi were quantitated by
addition of 300µL of avidin-alkaline phosphatase conjugate
(1:2000 dilution) (Zymed Laboratory, San Francisco, CA).
After 90 min at 37°C, the plates were washed three times
with PBS, and 250µL of 3 mg/mL p-nitrophenyl phosphate
was added. After a 5-min incubation at 37°C, the absorbance
at 405 nm was determined.

FACS Analysis.For FACS analyses, 106 cells in HBSS
containing 1 mM Mg2+ were incubated with 5µg of mAb
for 30 min at 4°C. A subtype-matched mouse IgG served
as a control. After three washes with PBS, cells were mixed
with FITC-goat anti-mouse IgG(H+L) F(ab′)2 fragment (1:
20 dilution) (Zymed Laboratory), kept at 4°C for another
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30 min, washed with PBS, and then resuspended in 500µL
of PBS. The FACS analysis was then performed using
FACScan (Becton-Dickinson), counting 10 000 events. Mean
fluorescence intensities were quantitated using the FACScan
Program, and the values were used to compareRMâ2

expression levels and reactivity of the cells with various
mAbs.

RESULTS

A Chimeric RLâ2 Receptor,RL(I/RM)â2, Is Capable of
Binding C3bi.Although RMâ2 and RLâ2 share the sameâ
subunit and have structurally similar I domains,RMâ2 binds
C3bi andRLâ2 does not (3). To test the contribution of the
RMI domain, as well as other regions ofRM to C3bi binding,
the RLI domain within theRLâ2 receptor was replaced with
theRMI domain. Previous attempts to constructswapmutants
betweenRMâ2 andRLâ2 in COS cells were unsuccessful (13);
but, using 293 cells, the chimeric receptor,RL(I/RM)â2, was
expressed on the cell surface. Efficient cell-surface expression
of the chimeric receptor with appropriate characteristics is
demonstrated by FACS analysis shown in Figure 1A. mAb
44a, which recognizes an epitope within theRMI domain (see
below), reacted withRL(I/RM)â2 as did CRIS-3, which
recognizes anRL epitope outside of theRLI domain (Figure
1A). Also, as expected, mAb MHM24, which recognizes the
RLI domain (25), failed to react with the chimeric receptor
although it stained wild-typeRLâ2 strongly. The presence
of the RMI domain within RLâ2 did not affect heterodimer

formation: surface labeling and immunoprecipitation ofRL-
(I/RM)â2 with either mAbs 44a or TS1/22 againstRL or IB4
againstâ2 yielded two bands of approximately 170 and 95
kDa on SDS-PAGE (Figure 1B). Since cell-surface expres-
sion of the â2 subunit requires its complexation with a
partneringR subunit, the reactivity of theRL(I/RM)â2-bearing
cells with mAb IB4 (Figure 1B) provides further support
for efficient surface expression of the chimera.

The reactivity ofRL(I/RM)â2 with C3bi was assessed. As
shown in Figure 2, this chimeric receptor bound C3bi well,
comparable to wild-typeRMâ2. The specificity of this
interaction was demonstrated by the failure of the mock
transfected or wild-typeRLâ2-bearing cells to rosette with
EC3bi. Furthermore, NIF, a specific ligand for theRMI
domain (26, 27) and a potent inhibitor of C3bi binding to
RMâ2 (27), blocked the interaction of C3bi with the chimeric
receptor. Binding of C3bi by this chimera remained cation-
dependent, as addition of 1 mM EDTA completely abrogated
the C3bi binding (data not shown). These results suggest
that the I domain ofRMâ2 is the principal ligand binding
interface for C3bi within theRM subunit. Regions ofRM

outside I domain are either not required or not centrally
involved in C3bi binding.

A Narrow Region of theRMI Domain Binds C3bi.We
previously have mapped the NIF binding pocket withinRMâ2

using homologue-scanning mutagenesis (20, 21). This strat-
egy is predicated on the crystal structures of the I domains
of RM (18) and RL (28) and entails systematic switches of

FIGURE 1: ChimericRL(I/RM)â2 receptor is expressed on the cell surface as a heterodimer. (A) FCAS analysis:RMâ2- or RLâ2-expressing
293 cells (106) were incubated with 5µg of 44a, a mAb to theRMI domain, CRIS-3, a mAb to a region outside theRLI domain, MHM24,
a mAb to theRLI domain (solid lines), or an isotype matched control (dotted line) at 4°C for 30 min. After three washes with PBS, the
cells were stained with FITC-goat anti-mouse IgG and analyzed using FACScan, counting 10 000 events. (B) Surface labeling and
immunoprecipitation.RLâ2- or RMâ2-expressing cells (1× 106) were surface-labeled with biotin and immunoprecipitated with 10µg of
either 44a (lanes 1 and 4), TS1/22, a mAb to theRLI domain (lane 7), IB4, a mAb toâ2 (lanes 2, 5, and 8), or IV.3, an irrelevant mAb
(lanes 3, 6, and 9) overnight at 4°C. After washing, the immunoprecipitates were subjected to SDS-PAGE (7% gels under nonreducing
conditions), transferred to PVDF membrane, and immunoblotted with avidin-horseradish peroxidase conjugate. The membrane was then
incubated with ECL substrate and exposed to Hyperfilm (Amersham, Buckinghamshire, England) for 1 min. Lanes: 1-3, RMâ2; 4-6,
RL(I/RM)â2; 7-9, RLâ2.
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homologous segments,R helices forR helices,â sheets for
â sheets, and random coils for random coils, betweenRM,
which binds NIF, andRL, which does not (12). We have
shown that such homologous swapping does not alter the
gross conformation of the resulting mutantRMâ2 receptors
and that a total of 16 segment swaps within the I domains
cover the outer hydrated surface of theRMI domain (21).
SinceRLâ2 also does not interact with C3bi, these existing
cell lines can be used to map the segments important for
C3bi binding to theRMI domain; this approach was imple-
mented. As shown in Figure 3A, EC3bi rosetted well with
wild-type RMâ2; approximately 60 EC3bi were bound to a
typicalRMâ2-expressing cell. Verifying the specificity of the
interaction, C3bi binding was blocked by addition of NIF
or EDTA. Most of the 16 mutants interacted with C3bi in a
fashion comparable to the wild-typeRMâ2 receptor. A few
mutants, represented byRM(E253-R261) andRM(K245FG) in
Figure 3A, lost their ability to bind the ligand. The C3bi
binding activity of the 16 mutantRMâ2 receptors was
quantitated using an avidin-biotin-alkaline phosphatase
system and expressed as a percent of the activity of wild-
typeRMâ2-bearing cells (Figure 3B). The specificity of C3bi
binding to each of the mutants which retained activity was
verified by NIF and EDTA inhibition. The following mutants
had similar (<1.5-fold different than wild-typeRMâ2) C3bi
binding activities:RM(M153-T159), RM(E162-L170), RM(E178-
T185), RM(Q190-S197), RM(K231NAF), RM(∆E262G), RM(D273-
K279), RM(R281-I287), RM(F297-T307), andRM(Q309-E314). The
most dramatic losses of C3bi binding activities were
restricted to six mutants:RM(P147-R152) (2.2-fold),RM(P201-
G207) (5.6-fold),RM(R208-K217) (11.9-fold),RM(K245FG) (4.5-
fold), RM(∆D248-Y252) (19.6-fold), andRM(E253-R261) (16.8-
fold). These data suggest that the C3bi binding pocket is
composed of these six segments. Similar expression levels
for the wild-type receptor and the 16 mutants were verified
by FACS analysis. With the six mutants showing defective
C3bi binding, the mean fluorescence intensity obtained with
mAb 44a did not vary by more than 1.5-fold compared to
wild-type RMâ2-bearing cells. Thus, differences in receptor

expression levels were not responsible for the loss of C3bi
binding.

As shown in Figure 4, the six segments implicated in C3bi
binding form a contiguous and narrow region supported by
the underlyingâ strands. These segments surround the bound
Mg2+ ion in the three-dimensional structure of theRMI
domain (18). The positioning of the cation within the C3bi
binding pocket is consistent with the cation dependence of
the C3bi-RMâ2 interaction.

IndiVidual Amino Acids That Confer Binding Specificity
for C3bi.Comparison of our previous delineation of the NIF
binding pocket in theRMI domain (21) with the location of
the C3bi binding pocket in Figure 3b suggested one major
difference between these two recognition sites: the K245FG
sequence is required for C3bi but not for NIF binding.
Specifically, mutation of the KFG sequence inRM to the
ATD sequence inRL dramatically reduced C3bi binding
(Figure 3b) but had no effect on NIF binding (21). To further
characterize the basis for this specificity, additional mu-
tagenesis experiments were conducted in which the K245 and
F246 residues were altered. As shown in Figure 5, when
residue K245 was mutated to Ala, C3bi binding activity was
significantly reduced, whereas NIF binding was unaffected.
In contrast, mutation of F246 to Ala had no effect on the
capacity of the mutatedRMâ2 to bind either C3bi or NIF
(Figure 5). We also mutated K245 to Asp rather than to Ala
to introduce a more dramatic change in this position. This
mutation abolished both C3bi and NIF binding activities
(Figure 5).

mAbs toRMâ2 Block C3bi Binding by Different Mecha-
nisms.mAbs toRMâ2 can block C3bi binding by occupying
portions of the ligand binding site or by inducing allosteric
changes within the C3bi binding site. The homologue-
scanning mutants were used to classify severalRMâ2 mAbs
with C3bi blocking functions (44, 44a, 904, and 2LPM19c).
A representative FACS analysis for mutantRM(E253-R261)
with three of these mAbs is shown in Figure 6A. While the
mutant reacted well with mAbs 44a and 904, it failed to
recognize mAb 44. Since mAb 44 reacts well with wild-
typeRMâ2, the E253-R261 segment is implicated as being part
of the epitope for mAb 44. Similar FACS analyses were
conducted with all 16 mutants for mAbs 44, 44a, and 904,
and the results are summarized in Table 1. The epitope for
mAb 44 maps to the segments P201-G207, R208-K217, K245FG,
D248-Y252, and E253-R261. These same five segments are
involved in C3bi binding. Thus, the epitope for mAb 44 and
the C3bi binding site overlap extensively. However, the
recognition sites for C3bi and mAb 44 are not identical; C3bi
binds to the segment P147-R152 (Figure 3B), whereas mAb
44 does not. The epitope for 44a mapped to segments M153-
T159, E162-L170, and Q309-E314. This region partially overlaps
with the region previously implicated in the binding of mAb
2LPM19c to RMâ2 (29), which resides at considerable
distance from the C3bi binding pocket. Thus, like 2LPM19c,
mAb 44a is likely to exert its effect on C3bi binding by
perturbing the conformation of theRM I domain. This
conclusion is supported by a direct competition experiment
(Figure 6B) where mAb 44a was shown to compete ef-
fectively with mAb 2LPM19c but had no effect on mAb 44
binding to RMâ2. Violette et al. (30) mapped the LM2/1
epitope to a specific peptide sequence, P291PRDHVFQ. This
recognition sequence is not included in ourhomologue-

FIGURE 2: C3bi recognition by wild-type and chimericRLâ2
transfectants. Biotinylated EC3bi (2× 107) were added to 2× 105

cells expressingRMâ2, RLâ2, or theRL(I/RM)â2 chimera which had
been preseeded onto polylysine-coated 24-well plates. After 60 min
at 37°C, the amount of bound EC3bi was determined using avidin-
alkaline phosphatase andp-nitrophenyl phosphate, measuring the
absorbance at 405 nm. The value for wild-typeRMâ2 was taken as
100%. Specificity was demonstrated by addition of EDTA (1 mM)
and NIF (5µg/mL). Data are the means( SD of 3-6 independent
experiments.
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scanningmutants, and all 16 of our mutants reacted well
with LM2/1. mAb 904 behaved very similarly to mAb LM2/
1: it reacted well with all 16 mutants and with theRL(I/
RM)â2 chimera. The similarity in the reactivity patterns of
these two mAbs, LM2/1 and 904, suggested that they may
recognize a common or overlapping epitope. The FACS
analyses shown in Figure 6C support this prediction. LM2/1

competed effectively with mAb 904 for binding toRMâ2,
whereas a nonimmune control IgG had no effect.

DISCUSSION

Despite the importance ofRMâ2-C3bi interaction in host
defense, detailed information of the molecular basis for the
specific recognition of C3bi byRMâ2 remains limited. In this
study, we have mapped the C3bi binding site to a specific
region of theRMI domain and have identified a single amino
acid residue which allowsRMâ2 to distinguish C3bi from
another cognate ligand, NIF. The three noncontiguous
segments which compose the C3bi binding site are P147-
R152, P201-K217, and K245-R261 within the RMI domain.
Among the residues within the C3bi binding pocket, K245 is

A B

FIGURE 3: Interaction of wild-type and mutantRMâ2 receptors with C3bi. (A) EC3bi binding to wild-type or mutantRMâ2-expressing cells.
Binding of EC3bi toRMâ2- or RLâ2-expressing cells was performed as described in Figure 2, and the cells were fixed with 1% paraformaldehyde
and photographed: (A)RLâ2; (B) RMâ2; (C) RM(K245FG)â2; and (D) RM(E253-R261)â2. (B) C3bi binding activities of the homologue-
scanning mutantRMâ2 receptors. Binding of biotinylated EC3bi to cells expressing mutantRMâ2 was performed as described in Figure 2.

FIGURE 4: Molecular model of the C3bi binding pocket. The
structure ofRMI domain is modeled from the crystal coordinates
of RMI domain (18) using the molscript software. The bound Mg2+

is shown in black. The numbers and letters refer to the helices and
â strands, respectively, as assigned in the crystal structure of the
RMI domain. The C3bi binding pocket is depicted as balls and sticks.

FIGURE 5: Comparison of the C3bi and NIF binding activities of
RMâ2 containing single-point mutations. The value for wild-type
RMâ2 was taken as 100%. For all mutants and the wild-type receptor,
EC3bi binding can be blocked completely by addition of EDTA (1
mM). Data are the means( SD of 3-6 independent experiments;
*p < 0.0004 by Studentt-test.
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the critical residue which distinguishes the C3bi from the
NIF binding sites in the receptor. The localization of C3bi
binding pocket is supported by the observations that (1) when
theRMI domain is placed within the environment of theRLâ2

receptor, which does not interact with C3bi, the resultant
chimeric receptor is capable of binding C3bi; (2) only the
specified six-segment switches abrogated C3bi binding, but
yet, as previously shown, switching these segments does not
perturb the overall conformation ofRMâ2 (21); (3) the epitope
for a mAb which blocks theRMâ2-C3bi interaction maps
to this same region.

At least three domains have been implicated in the ligand
binding functions of theRM subunit: the I domain, the EF-
hand homologous region, and the lectin-like domain. While
the role of the I domain in ligand binding is well-documented
(26, 31-34), the contributions of these other regions ofRM

to C3bi recognition are still unclear. mAb OKM1, which
recognizes an epitope in the EF-hand homologous region
and the lectin-like domain, completely blocked Fg (9) and
strongly inhibited C3bi binding toRMâ2 (13). Other mAbs
which map to these regions of the receptor also are effective
inhibitors of C3bi and ICAM-1 binding toRMâ2 (13).
Furthermore, the EF-hand homologous regions in two other

FIGURE 6: Epitope mapping ofRMâ2 monoclonal antibodies. (A) mAb 44 recognizes the E253-R261 segment of theRMI domain.RM(E253-
R261)â2-expressing cells (1× 106) were stained with 5µg of either mAb 44a, 44, or 904. FACS analysis was performed as described in
Figure 1. (B) Blocking of mAb 2LPM19c, but not mAb 44, binding toRMâ2 by mAb 44a.RMâ2-expressing cells (1× 106) were stained
with either mAb 44-FITC or 2LPM19c-RPE in the presence of 5µg of either mAb 44a (dashed line) or an irrelavent IgG (solid line).
Bound mAb 2LPM19c or 44 was determined by FACS analysis. The background staining is shown here with mock-transfected cells (filled
line). (C) Blocking of mAb 904 binding toRMâ2 by mAb LM2/1.RMâ2-expressing cells (1× 106) were stained with biotinylated mAb 904
(solid line) or an irrelavent control IgG (dashed line). Bound antibodies were stained with FITC-avidin conjugate and analyzed by FACS.
To compete with mAb 904 for binding toRMâ2, the cells were preincubated with 10µg of either a control IgG, mAb 904, or LM2/1.

Table 1: FACS Analysis Performed Using 5µg of mAb and 106

Mutant RMâ2-Expressing Cellsa

mutants OKM1 LM2/1 2LPM19c 44 44a 904

wild-type + + + + + +
RM(P147-R152) + + + + + +
RM(M153-T159) + + - + - +
RM(E162-L170) + + - + - +
RM(E178-T185) + + + + + +
RM(Q190-S197) + + - + + +
RM(P201-G207) + + + - + +
RM(R208-K217) + + + - + +
RM(K231NAF) + + + + + +
RM(K245FG) + + + - + +
RM(∆D248-Y252) + + + - + +
RM(E253-R261) + + + - + +
RM(∆E262G) + + + + + +
RM(D273-K279) + + + + + +
RM(R281-I287) + + + + + +
RM(F297-T307) + + + + + +
RM(Q309-E314) + + + + - +
RL(I/RM)â2 - + nd + + +
RLâ2 - - - - - -

a A “ +” indicates that the mean fluoresence intensity of the mAb is
at least 10 times that of the IgG control. A “-” indicates that the mean
fluoresence intensity of the mAb is no more than that of the IgG control.
nd, not determined.
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integrins,RLâ2 andR2â1, have been implicated in their ligand
recognition (35, 36). Nevertheless, it is not clear from these
studies whether the EF-hand homologous region and the
lectin-like domain are involved in direct ligand contact or
play indirect modulatory roles in ligand recognition. Indeed,
we have recently shown that the lectin-like domain modulates
the binding function of the I domain for anotherRMâ2 ligand,
Candida albacans, rather than directly contacting the ligand
(19). In the present study, we constructed a chimeric receptor,
RL(I/RM)â2, in which the only component derived fromRMâ2

is the I domain. This chimera was fully capable of binding
C3bi (Figure 2), suggesting that theRMI domain represents
the principal C3bi contact surface within theRM subunit.
Therefore, regions outside I domain, such as the EF-hand
region and the lectin-like domain, are not necessary for high-
affinity C3bi recognition, or there is sufficient conservation
of structure between these regions inRL and RM that they
can be interchanged without affecting C3bi function. In either
case, these other regions do no contribute to the selective
recognition of C3bi byRMâ2.

The C3bi binding pocket identified in theRMI domain with
our homologue-scanning mutants overlaps extensively with
the NIF binding pocket (21); five of the six segments
implicated in C3bi binding also are involved in NIF binding.
This overlap provides a molecular basis for the potent
inhibition of C3bi binding by NIF. A single amino acid
residue, K245, is involved in the discrimination of C3bi and
NIF by RMâ2. Mutation of this residue to Ala significantly
reduced C3bi binding yet had no effect on NIF binding
(Figure 5). This finding is consistent with an earlier report
(14) that the N232AFKILVVITDGEK peptide, which has K245

as its carboxy-terminus, is a potent inhibitor of C3bi binding
to RMâ2. Since mutantRM(K231NAF) displays full C3bi
binding activity (Figure 3B) and the remainder of the peptide
sequence, KILVVITDGE, is conserved inRM and RL, the
activity of the peptide must depend on preservation of its
carboxy-terminal residue. Our results are also in agreement
with the report of McGuire et al. (22), in which F246 and
G247 were shown not to be important for C3bi binding.
Finally, while our results emphasize the importance of K245

in C3bi binding, individual residues within the segments
common to NIF and C3bi binding pockets may interact
differentially with the two ligands.

Recently, it was reported that peptides derived from the
complementarity determining regions (CDRs) of antibodies
44a and 904 have potent inhibitory effects on the function
of RMâ2 (37). RMâ2-dependent neutrophil activation plays a
central role in the pathogenesis of many diseases including
sepsis, respiratory distress syndrome, and ischemia-reper-
fusion injuries (38); antibodies againstRMâ2 have been shown
effective in prevention of tissue injuries in various disease
models (39-43). Therefore, peptides from the CDRs of
function-blocking mAbs could provide lead structures for
the development of potentialRMâ2 antagonists (37). Accord-
ingly, we have used our panel of mutant receptors to
determine how several function-blocking mAbs exert their
activity on RMâ2. Although Violette et al. previously had
located the recognition sites of mAbs 44, 904, 2LPM19c,
and LM2/1 to theRMI domain (30), they had not conducted
high-resolution epitope mapping. We have shown that mAb
44 recognizes the same segments (P201-K217, and K245-R261)
as C3bi (Table 1). The fact that this mAb blocks C3bi

recognition (11, 44) provides additional support for the
involvement of these regions in C3bi binding. Surprisingly,
another blocking mAb, 44a, recognizes a distinct region
(M153-T159, E162-L170, and Q309-E314) far from the C3bi
binding site. This mAb has an epitope which overlaps that
of mAb 2LPM19c, which we have previously shown to be
an allosteric inhibitor ofRMâ2 ligand binding (29). Thus, it
is likely that mAb 44a inhibits C3bi binding through
induction of conformational changes which perturb the
binding function of the receptor, and the peptide derived from
CDR of mAb 44a might exert its inhibitory function in an
allosteric manner. Consistent with this hypothesis, there is
no homology between the inhibitory peptide derived from
mAb 44a and one of theRMâ2 ligands, ICAM-1 (37). The
localization of the epitopes for mAbs LM2/1 and 904 was
based on these following experiments. First, both mAbs
reacted well with all 16 mutants and theRL(I/RM)â2 chimeric
receptor, but not withRLâ2, suggesting that their epitopes
should reside within theRMI domain but in regions not
covered by our homologue-scanning mutants. Second, the
epitope for LM2/1 previously had been located by Violette
et al. (30) to the sequence P291PRDHVFQ, which lies in the
loop region between helix 6 andâ sheet F and is not covered
by our mutants (Figure 7). Third, mAb LM2/1 was found to
effectively compete with mAb 904 for binding toRMâ2, but
mAb 904 does not recognize the above peptide (30),
suggesting that the epitopes for mAbs 904 and LM2/1
overlap but are not identical. The epitopes for both mAbs
are distant from the C3bi binding site, which is in agreement
with the fact that both mAbs are poor inhibitors of C3bi
binding to the receptor (13, 44).

In summary, we have mapped the binding pocket for C3bi
in RMâ2. The specificity of RMâ2 for C3bi is critically
dependent upon residue K245. Though both mAbs 44 and 44a
are potent inhibitors of C3bi binding toRMâ2, they exert this
effect by different mechanisms. The former blocksRMâ2

function by direct competition for the ligand binding site,
whereas the latter induces a conformational change which
perturbs the ligand binding pocket. In addition, we show that

FIGURE 7: Epitopes forRMâ2 blocking antibodies. The epitope for
each mAb is indicated by a circle superimposed on the molecular
model of theRMI domain (see Figure 4). The bound Mg2+ is shown
in black. The epitopes for mAbs LM2/1 and 904 are located near
the end of helix 6, which is quite distant from the mAb 44 epitope.
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the I domain ofRMâ2 is the principal contact interface for
C3bi. Regions outside I domain are not required for selective
binding of C3bi toRMâ2. Using our homologue-scanning
mutants, we have mapped the C3bi binding site to a narrow
region composed of segments P147-R152, P201-K217, and
K245-R261. This binding site contains the entire NIF binding
pocket, plus an additional residue, K245, that is not required
for NIF binding. The cation binding site within theRMI
domain is located within the C3bi segment and may
participate directly in ligand binding. Since phagocytosis of
opsonized foreign pathogens represents a primary host
defense mechanism and the importance ofRMâ2 in phago-
cytosis has been well-established from studies using mAbs
and RMâ2-deficient mice (6, 45), knowledge of the C3bi
binding site withinRMâ2 will help us understand how this
receptor contributes to leukocyte functions. Identification of
the epitopes ofRMâ2-blocking mAbs will also help us in the
design of mAb-based therapeutic agents.
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NOTE ADDED IN PROOF

While this manuscript was in preparation, several indi-
vidual residues within the segments identified in this paper
were reported to be critical forRMâ2-C3bi interaction [Li,
R., Rieu, P., Griffith, D. L., Scott, D., and Arnaout, M. A.
J. Cell. Biol. 143, 1523-1534].
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