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Mac-1 (CD 11b/CD18) is a leukocyte adhesion het-
erodimeric glycoprotein which functions both as a
receptor for iC3b (CR3) and in several cell-cell and
cell-substrate adhesive interactions. We describe full-
length cDNA clones for the o subunit of Mac-1. Mac-1
a subunit message was detected in blood monocytes and
phorbol-12-myristate acetate-induced myeloid cell
lines, but not in cells of the T or B lineages, correlating
with Mac-1 protein surface expression. The a subunit
of Mac-1 is a transmembrane protein of 1137 residues
with a long extracellular domain (1092 residues) and
a 19-amino acid cytoplasmic tail. The extracellular
domain contains three putative divalent cation-binding
sequences and 19 potential N-glycosylation sites. The
amino acid sequence of Mac-1 a shows that it is a
member of the integrin superfamily; Mac-1 « shows
63% identity to the a subunit of the leukocyte adhesion
glycoprotein p150,95 and 25% to the a subunits of the
extracellular matrix receptors platelet glycoprotein
ITb/I1la, the fibronectin receptor, and the vitronectin
receptor. The Mac-1 « subunit putative divalent ca-
tion-binding sites and the flanking regions exhibit a
high degree of identity both to the p150,95 a subunit
(87% identity at the amino acid level) and to the rest
of the integrin « subunits (38%). The a subunit of Mac-
1, like the p150,95 o subunit, contains a domain of 187
amino acids in the extracellular region which is absent
in other integrins. This leukocyte or “L” domain is
homologous to the A domains of von Willebrand factor,
which in turn are homologous to regions of the C3-
binding proteins factor B and C2. These findings draw
attention to this region of Mac-1 as a potential binding
site for iC3b.

The leukocyte adhesion receptors Mac-1, LFA-1, and
p150,95 are cell surface glycoproteins which play a fundamen-
tal role in the adhesive interactions of myeloid and lymphoid
cells (1). The three molecules are /8 heterodimers composed
of a common g subunit (M, 95,000) noncovalently associated
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to unique o subunits (LFA-1a, M, 180,000; Mac-la, M,
170,000; p150,95«, M, 150,000) (2). Mac-1, LFA-1, and
p150,95 are structurally related (3) but differ in their function
and cellular distribution (4). LFA-1 is present on all leuko-
cytes, whereas Mac-1 and p150,95 are almost exclusively
expressed on cells of the myeloid lineage (5, 6). The sequences
of the common 8 subunit (7, 8) and the p150,95 « subunit (9)
are related to those of the extracellular matrix receptors
(ECM)! (10-14), defining a family of adhesion receptors
termed integrins (15).

The functional role of Mac-1 was first illustrated by the
ability of anti-Mac-1 « subunit monoclonal antibodies (mAb)
to block the rosetting of iC3b-coated erythrocytes to macro-
phages and polymorphonuclear leukocytes (16), demonstrat-
ing that Mac-1 is indistinguishable from the complement
receptor type three (CR3). Subsequently, the involvement of
Mac-1 in inflammatory processes was evidenced by the inhi-
bition of neutrophil aggregation and adhesion to endothelial
cells by anti-Mac-1 a subunit and anti-g subunit-specific mAb
(4, 17, 18). Recent epitope mapping studies have suggested
that the sites involved in iC3b binding are distinct from those
involved in neutrophil aggregation and adherence to protein-
coated plastic (4, 17, 19). Therefore, Mac-1 appears to be a
multivalent receptor with at least two independent adhesion-
related functions. The functional importance of Mac-1 has
been further emphasized by the clinical symptoms exhibited
by leukocyte adhesion deficiency (LAD) patients (1). LAD
leukocytes are deficient in Mac-1, LFA-1, and p150,95 due to
mutations in the common g subunit (20). As a consequence,
neutrophil and monocyte recruitment into the inflamed tissue
is absent in LAD patients, leading to recurrent bacterial
infections, impaired wound healing, and childhood morbidity
1).

The expression and functional activity of Mac-1 is regulated
during leukocyte differentiation and activation. Differentia-
tion and maturation of myelomonocytic cell lines results in
increased Mac-1 expression (5), while blood monocyte differ-
entiation into tissue macrophages is accompanied by a con-
siderable decrease in the amount of Mac-1 on the cell surface
(6). The expression of Mac-1 on the surface of circulating
neutrophils and monocytes is upregulated by inflammatory
stimuli; Mac-1 is stored in an intracellular vesicular compart-
ment which is rapidly mobilized to the cell surface by chemo-
attractants (21, 22). Although the augmented expression of
Mac-1 can lead to increased adhesiveness, qualitative changes

! The abbreviations used are: ECM, extracellular matrix; CR3,
complement receptor type 3; LAD, leukocyte adhesion deficiency;
mAb, monoclonal antibody; PMA, phorbol-12-myristate acetate;
vWF, von Willebrand factor; SDS, sodium dodecyl sulfate; kb, kilo-
base pair(s); HPLC, high performance liquid chromatography.
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after cell activation may also be important in regulating ligand
binding (23, 24). Both the qualitative and quantitative
changes may be important in regulation of leukocyte binding
to postcapillary endothelium at inflammatory sites.

We have previously described the N-terminal sequence of
the murine and human Mac-1 « subunits (3, 25) and a murine
genomic clone encoding a short N-terminal exon (26). In the
present report, we describe the cDNA cloning and complete
primary structure of the a subunit of human Mac-1. Most of
the Mac-1 a subunit is similar to the « subunits of the
extracellular matrix receptor integrins, with an additional
domain which is related to the A repeats of von Willebrand
factor and to two C3-binding proteins, Factor B and C2.

EXPERIMENTAL PROCEDURES

Protein Purification and Sequencing—Human Mac-1 was affinity-
purified using anti-Mac-1 o subunit LM2/1 mAb-Sepharose, as de-
scribed in detail (3). Additionally, human Mac-1 was purified from
lysates of Sendai virus-induced leukocytes (predominantly neutro-
phils) by affinity chromatography on an IB4.5 (27) anti-3 mAb
Protein A-Sepharose column (28). The preparation of the lysate has
been previously described (3). The lysate was passed through a 3-ml
protein A-Sepharose precolumn connected in series with the 3.5-ml
IB4.5 column after pre-washing of both columns with 50 ml of 0.5%
Triton X-100, 0.5% sodium deoxycholate, 20 mM Tris-HCI, pH 8.
After loading the lysate, the column was washed with 40 ml of the
same solution and the elution of the bound material was carried out
by successive washings with buffers of increasing pH or ionic strength:
1) 10 ml of 0.1% Triton X-100, 0.1 M glycine, pH 9; 2) 20 ml of 0.1%
Triton X-100, 0.1 M glycine, pH 10; 3) 50 ml of 0.1% Triton X-100,
0.1 M triethylamine, pH 11.5; and 4) 40 ml of 0.14 M NaCl, 0.5%
Triton X-100, 0.01 M Tris-HCI, pH 8. SDS-polyacrylamide gel elec-
trophoresis of the fractions showed that most of the bound material
was eluted at pH 11.5. Immunoprecipitation with subunit-specific
mAb showed that Mac-1 was the prevalent molecule eluted from the
anti-8 mAb-Sepharose column, as expected because neutrophils are
the primary cell in the leukocyte lysate and express much more Mac-
1 than LFA-1 or p150,95.

The « subunit of Mac-1 was isolated by preparative SDS-polyacryl-
amide gel electrophoresis of the affinity-purified antigen. After elec-
troelution, the isolated a subunit was precipitated with ethanol and
reduced and alkylated. 50 ug of purified « subunit was dissolved in
0.1 M ammonium bicarbonate, 0.1 mM calcium chloride, 0.3% zwit-
tergent 3-14, and digested with 2% (w/w) trypsin at 37 °C for 6 h,
with further additions of 1% trypsin every 2 h. The resulting peptides
were separated by reverse-phase HPLC on a C4 column (Vydac) and
eluted with a gradient of acetonitrile (0-60%) in 0.1% trifluoroacetic
acid for 2 h. Collected fractions were concentrated and subjected to
microsequencing on an Applied Biosystems gas-liquid phase sequen-
cer.

Isolation and Sequencing of cDNA Clones—Peptide sequences were
used to design four single sequence oligonucleotide probes. The oli-
gonucleotides were end-labeled using T'4 polynucleotide kinase and
[v-®P]ATP (29) and used to screen a size-selected cDNA library
from PMA-induced HL-60 cells (9). 5 x 10° primary recombinants
were plated, transferred to duplicate nitrocellulose filters, and pre-
hybridized overnight as described (9). Hybridization with the oligo-
nucleotides was done in 6 X SSC, 0.1% SDS, 0.05% sodium pyro-
phosphate, and 100 ug/ml of tRNA at 37 °C overnight. Filters were
washed in the same solution without the tRNA at rcom temperature
for 30 min and at 45 °C for 15 min. Wet filters were exposed overnight
to preflashed x-ray film with intensifying screen. Phage plaques giving
duplicate positive signals were obtained after screening with a 42-
mer oligonucleotide (5’-ACCCAGGTGACCTTCTTCTTCCCCCT-
AGACCTGTCCTACCGG-3’) and were subjected to three additional
rounds of subcloning and screening with the same probe. Isolation of
full-length ¢cDNA clones was carried out by re-screening the filters
with an end-labeled oligonucleotide (5’-GGATGGACTGGTAGA-
CCTGACTGTAGGAGC-3’) and nick-translated probes from the 5’
end of the partial cDNA clone AM14.

Restriction Mapping and Sequencing—DNA from the positive
phages was purified, cloned into pUC13, 18, or 19, and restriction
mapped using standard procedures (29). Restriction fragments were
subcloned into M13 mp18 and mp19 and sequenced by the dideoxy
termination method (30). Oligonucleotide-primed DNA sequencing
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was used in cases where no convenient restriction sites were available.
The whole coding region, the 5’-untranslated region, and more than
60% of the 3’-untranslated region were sequenced in both strands.
The 3’-untranslated regions of the cDNA clones AM23 and AM90
were subjected to dideoxy sequencing of plasmid DNA and using the
Erase-a-base system (Promega) to make deletions according to the
manufacturer’s instructions (31).

Northern Blot—Adherent mononuclear cells from peripheral blood
were isolated by Ficoll-Hypaque centrifugation and incubation of the
mononuclear cells in tissue culture plates with RPMI 1640 and 10%
fetal calf serum for 30 min at 37 °C. Nonadherent cells were removed
from the plates by extensive washing with RPMI 1640. Adherent cells
were detached from the plates by incubation with 10 ml of phosphate-
buffered saline, 5 mm EDTA, for 15 min at 37 °C. More than 95% of
the adherent cells were positive for the presence of Mac-1 as detected
by indirect immunofluorescence. PMA treatment of the cell lines
HL-60 and U937 was performed as described (5). Total RNA was
extracted from peripheral blood adherent cells, as well as from the
cell lines SKW3, JY, HL-60, and U937, using guanidine isothiocya-
nate (29). 10 or 20 ug from each sample was run on a 1% formalde-
hyde-agarose gel and transferred onto a nylon membrane. Hybridi-
zations were performed using the 2.3-kb EcoRI fragment from AM23
as a probe.

Sequence Homologies—The sequence of Mac-1 a was compared
with the protein sequence database in the National Biomedical Re-
search Foundation (NBRF) (Washington, D. C.). The ALIGN pro-
gram was used for alignment of sequences (32). The statistical signif-
icance of the alignments was assessed obtaining the alignment scores
for 100 random permutations of the aligned sequences and calculating
the number of standard deviations between the mean of the scores
for the randomized comparisons and the score of the actual alignment.
The scoring used the 250 PAM mutation data matrix, with a gap
penalty = 6 and a bias = 6.

RESULTS AND DISCUSSION

Isolation of cDNA Clones—The Mac-1 «/8 complex was
purified from leukocyte Triton X-100 lysates by mAb-affinity
chromatography. After preparative SDS-polyacrylamide gel
electrophoresis and electroelution, the Mac-1 « subunit was
homogeneous as described previously (3). The purified a
subunit was digested with trypsin and the resulting peptides
separated by reverse-phase HPLC and subjected to protein
microsequencing (Table I). Comparison of the Mac-1 « sub-
unit peptide sequences with the sequence of the p150,95 «
subunit (9) showed a high degree of similarity. The peptide
88 was selected to design a 42-mer oligonucleotide specific for

TABLE 1
Mac-1 « subunit tryptic peptide sequences

The peptides and their positions in the cDNA-derived sequence
are shown. Positions without amino acid assignment are denoted by
an X. Uncertain assignments are indicated between parentheses.
Peptides were obtained from Mac-1 purified on IB4 mAb protein A-
Sepharose, except for peptide 86 that was obtained from Mac-1
purified on LM2/1 mAb-Sepharose and peptides 88 and 90 that were
obtained from both sources. The peptide sequence used for the design
of the oligonucleotide probe is underlined.

Residues
14 TIQNQLR 307-313
32 VQSLVLGAPR 400-409
43 YVIGVGDAFR 267-277
44 YQHIGLVAMFR 410-420
53A WQC(D)AVLYGEQGQPXGR 488-504
53B EFV(S)XX(MEQL) 155-164
54A F(G)DPLGYEDVIPEADR 246-261
54B S(L)VK(P)ITQLLG(R}) 197-208
71 LFTALFPFEK 744-753
79A VDSDMNDAYLG(Y) 379-390
79B  XQ(C)XIPFFGIQE 1015-1026
86 GCPQEDSDIAFLIDGSGSIIPHDFR 127-151
88 TQVTFFFPLDLSYR 801-814
90 LXFSLVGTPLSAFGNLRPVLAEDAQR 718-743
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the a subunit of Mac-1 because of its low level of redundancy
and its homology to a region of the p150,95 « subunit close to
the C terminus (i.e. towards the 3’ end of a cDNA).

Screening of 5 X 10° primary recombinants from a PMA-
induced HL-60 ¢cDNA library with the 42-mer yielded 16
positive clones and the longest one (AM14, 2.9 kb) was selected
for sequencing (Fig. 1). The AM14 cDNA-derived amino acid
sequence encodes four of the tryptic peptides derived from
the purified Mac-1 « subunit. To isolate a full-length Mac-1
a ¢cDNA clone, the library was re-screened with a 1.0-kb
EcoRI fragment and a 30-mer derived from the 5’ end of
AM14, and 24 new cDNA clones extending towards the N
terminus of the protein were selected. Isolation of the inserts
of these 24 ¢cDNA clones showed that three of them (AM23,
AM42, and AM90) extend 2 kb 5’ of AM14 (Fig. 1 and not
shown). AM23 is a full-length Mac-1 « ¢cDNA clone. It encodes
the protein N terminus (3) and the tryptic peptides not
detected in AM14. AM14 and AM23 exhibit identical restric-
tion maps in their overlapping regions.

Nucleotide Sequence—The composite cDNA sequence of
AM14 and AM23 contains 4740 base pairs and has a long open
reading frame of 3534 nucleotides, leaving a 5’-untranslated
region of 72 base pairs and a 3’-untranslated region of 1.2 kb
(Fig. 2). The 3’-untranslated region of AM14 contains an
inverted stretch of poly(CA) (nucleotides 3667-3862) (33), a
partial Kpnl interspersed repeat (nucleotides 4566-4631) (33),
and ends with a stretch of more than 40 adenosines. There
are two consensus polyadenylation signals at nucleotides 4191
and 4678. Analysis of the 3’-untranslated regions from AM14,
AM23, and AM90 indicates that the first polyadenylation
signal is used in AM23 and the second one in AM14 and AM90,
indicating that both polyadenylation signals are functional.
Restriction mapping of 15 additional cDNA clones suggests
that both polyadenylation sites are used with equal frequency.
The 3’-untranslated region of AM90 (and AM42, data not
shown) lack 440 base pairs found between nucleotides 3629
and 4070 in AM14 and AM23 (Fig. 1). The sequences
GAA/GTATCC and AAG/A at the boundaries of this deletion
(arrows, Fig. 2) conform to the GT/AG rule for splicing sites
(34), and thus the two different classes of cDNAs appear to
correspond to alternatively spliced mRNAs.

Mac-1 « Subunit mRNA Expression—The cell surface
expression of the Mac-1 «/f complex is almost exclusively
restricted to cells of the myeloid lineage (5). Northern blots
showed that the Mac-1 a subunit mRNA is 4.7 kb and is
present in monocytes and myeloid cell lines, but not in T or
B cell lines (Fig. 3, A and B).

Mac-1 expression is regulated during leukocyte differentia-
tion and can be induced in myelomonocytic cell lines by
culture with phorbol esters for 1-3 days (5). Northern blot
analysis reveals that the steady-state level of Mac-1 « RNA
in the HL-60 and U937 myelomonocytic cell lines is extremely
low or nil (Fig. 3B, lanes 2 and 4) (5). PMA treatment of both
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cell lines induced expression of the Mac-1 « subunit mRNA
(Fig. 3B, lanes 1 and 3) and increased the expression of the g
subunit mRNA (Fig. 3C). These findings are concordant with
previous studies on the biosynthesis of the Mac-1 « and 8
subunits (35), on the surface expression of the Mac-1 /8
complex on these cell lines (5), and suggest that the cell
surface expression of Mac-1 is regulated by mRNA level.
Similarly, we have previously shown that treatment of the
murine premyelocytic cell line M1 with vy-interferon induces
expression of the murine Mac-1 a subunit mRNA (26). Two
Mac-1 « subunit messages of approximately 4.7 and 4.4 kb
were resolved in the myelomonocytic cell lines HL-60 and
U937 upon prolonged electrophoresis of the RNA (Fig. 3B).
The presence of multiple Mac-1 « mRNA species may be the
result of the alternative use of the two polyadenylation signals
or alternative splicing. The size of the mRNA species is
consistent with these possibilities. Southern blot analysis
under stringent conditions on human DNA demonstrates that
Mac-1 « is encoded by a single copy gene (36).

Amine Acid Sequence—The open reading frame from
AM14/AM23 translates into a protein of 1137 residues, with
a signal peptide of 16 amino acids defined by the previously
reported Mac-1 « subunit N-terminal sequences (3, 37) (Fig.
2). In addition to the agreement with the protein N-terminal
sequence, the 186 residues determined by tryptic peptide
sequencing (Table I) agreed perfectly with the translated
sequence. This confirmed the isolation of authentic Mac-1 «
subunit ¢cDNA clones. The amino acid sequence of the Mac-
1 « subunit has the characteristics of a classical transmem-
brane protein, with an N-terminal 1092-residue domain, a 26-
residue hydrophobic putative transmembrane domain, and a
19-residue C-terminal hydrophilic domain (Fig. 2). The pres-
ence in the N-terminal 1092-residue domain of 19 potential
N-glycosylation sites (Asn-Xaa-Ser/Thr), one of which was
sequenced in peptide 90 (residues 718-743), confirms that this
is the extracellular domain. The predicted molecular mass of
the protein is 125,611 daltons, consistent with previous esti-
mations after N-glycanase treatment of the « subunit of Mac-
1 (M, 137,000) (35). Assuming M, 2,500 per high mannose
carbohydrate, M, = 173,111 is predicted for the Mac-1 «
subunit precursor, compared to the observed M, = 160,000
(35). After carbohydrate processing, the Mac-1 « subunit is
M, 170,000.

The primary structure of the a subunit of Mac-1 suggests
the presence of seven internal repeats (Fig. 4). Repeats V, VI,
and VII show the highest degree of similarity to one another
which is statistically significant (p < 107 to p < 10™*) and
contain sequences similar to the divalent cation-binding EF-
hand loop motif of proteins like calmodulin and parvalbumin
(38) (Fig. 4), correlating with the divalent cation requirements
of the Mac-1-mediated adhesion (27). Repeats I-1V lack the
EF-hand loop-like sequences but contain the highly conserved
sequences YFGAS/AL and LVTVGAP flanking the center of

Fic. 1. Restriction map of Mac-1 « cDNA clones and sequencing strategy. The thick line represents the
coding region of the cDNA. The polyadenylation signals are shown as black boxes. The region deleted in AM90 is
indicated as a dotted line. The indicated restriction sites are Ball (B), BamHI (Ba), Bglll (Bg), EcoRI (E), EvoRV

(Ev), Hincll (Hc), HindIIl (H), Smal (Sm), and PstI (P).
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GAATTCCGTGG TTCC TCAGTOGTGCCTGCAACCCC TGGT TCACCTCC TTCCAGGT TCTGGC TCCTTCCAGCE ATG (XT CTC AGA GTC CTT CTG TTA ACA GOC TTG ACC TTA TGT CAT GGG
Mot Ala Leu Arg Val lLeu Leu Leu Thr Ala leu Thr leu Cys His Gly
R N R T
CTT CAG GGA TCC AGG GTG GTG GIT GGA GCC OCC CAG GAG ATA GTG GCT
1eu Gln Gly Ser Arg Val Val val Gly Ala Pro Gln Glu Ile Val Ala

TIC CAA GAG AAC GCA XG GGC
Phe Gln Glu Asn Ala Arg Gly

TTC GGG CAG AGC
Phe Gly Gln Ser

GTG
val

GIC
Val

CAG

T GAA AAC GCA ATG ACC
r Gln

Glu Asn Ala Met Thr

5 &%
%

AGC
Ser

c1C
Loy

GAG
Glu

TAC CAG
Tyr

&
Ala

ane
Asp

TAC
Tyr

ACC
Thr

AGC ACA GGC TCA TGC
Ser Thr Gly Ser Cys

cce
Pro

ATC OGC
Ile Arg

ARC ACG
Asp Thr

CcTG
Leu

CAG
Gln

GIG
Val

GTC
Val

CCC GTG
Pro Val

GAG
Glu

TG
lou

TCC CTG GCA XC
Ser Leu Ala Ala

AcC
Thry

TGC
Gln Cys

GCC GTG AAC ATG TCC CTG GGC
Asn Gln Arg Gly Ala Val Asn Met Ser leu Gly
AGC CCC &CT CAG
Ser Pro Pro Gln

CTG
leu

CTG
Leov

AGT
Ser

6T
Cys

T
Pro

GGT
Gly

CAA
Gln

oce
Pro

GTG
val

CAC CAG XT TGC
His Gln Thr Cys

GAG
Glu

TAT
k23

ICT GGT
ser Gly

AAA
Lys

[eccllony
Gly Leu

TeC
Cys

CCA
Pro

<
Phe

CTG TTT GGA TCC AAC CTA
leu Pha Gly Ser Asn Leu

[ec ]
Arg

GAG
Giu

CAG CAG CCC CAG
Gln Gln Pro Gln

AAG
Lys

CCA GAG
Pro Glu

&«C C1ICc
Ala lau

CGA
Arg

AAG
Lys

66
Gly

™6
Lau

hid
cys

AAA ACC
Lys Thr

GAG
Glu

GAT
Asp

AGT GAC ATT GCC TTC
sar Asp Ile Ala Phe

ATT
lle

GAT GGC
Asp Gly

AGC
Ser

TTT CGG CGG ATG AAG
Phe Arg Azg Mot Lys

TTT GTC TCA ACT
Pha Val Ser Thr

ATC ATC
1le Ila

CAT
His

GAC
Aap

TC
Phe

GTG
wval

GAG CAA
Glu Gln

TTA AAA
Leu lys

pre
Ser

TTG
leu

TTC
Phe

TCT
Ser

6
Leu

ATG CAG TAC TCT
Mot Gln Tyr Ser

GhA
Glu

GAA
Glu

TTC CGG
Phe Arg

OGA GAG
Arg Glu

GCA GAC AGA
Ala Asp Arg

AAT AAC
Asn Asn

ATT
Ile

CAC
His

TTT
Phe

AC TTC
Thr Phe

AAR
Lys

GAG
Glu

CAG MC AAC
Gln Asn Asn

CCT AAC
Pro Asn

CCA AGA TCA CTG GTG
Pro Arg Ser lLeu Val

AAG
Lys

ATA &G
Ile Thr

CAG CTG
Gln leu

CTT
Leu

a6
Gly

GG A
Arg Thr

GAT
Asp

GCA
Ala

CAC
His

ACG GCC
Thr Ala

KG
Thr

GGC ATC COGC AAA
Gly Ile Arg Lys

aTG
val

GTA
val

CTG
Leu

TTT
Phe

AAC ATC ACC
1le Thr

AAC
Asn

GGA
Gly

ac
Ala

CGA AAG
Arg Lys

GIG
val

AAT
Asn

ace TIT
Ala Phe

AAG
Lys

ATC CTA GTT
Ile Leu val

GTC
val

ATC

Asn Ile

ACG GAT GGA GAA MAG
Thr Asp Gly Glu Lys

CGC CAA
Arg Gln

&GT AT
Gly Thr

TTT a5
Phe Gly

e
Pro

TIG
Leu

GGA
Gly

TAT
Tyr

ccT
Pro

GAG
Glu

GAT GTC ATC CCT GAG
Asp Val Ile Pro Glu

GAG
Glu

oGA
Sly

GTC ATT OGC
Val Ile Arg

%
Tyr

GCT CTG AAG ACC
Ala leu Lys Thr

GTC
val

ATT
Ile

GGG
Gly

GGA
Gly

GAT GCC
Asp Ala

CGG GAG AAG
Arg Glu Lys

GTG GG
val Gly

TTC OGC AGT GAG
Pho Arg Ser Glu

AAN
Lys

<
Ser

GAG CTT MAT
Glu Leu Asn

AC ATC
Thr Ile

<C
Ser

ARG CCG
Lys Pro

oGT
Arg

GAG
Glu

GAT CAC GTG TTC
Asp His val Phe

G
Gln

3]
val

TTT
Phe

ATC TTT
Ile Pha

X6
Ala

GAG
Glu

ATT
Ile

CAG
Gln

AAC
Asn

CAG
Gln

CTT
Ieu

ATC
Ile

G
Glu

CAG ACA GGA
Gln Thr Gly

AGT
Ser

AGC AGC
Ser Ser

TCC TTT
Ser Phe

GAG
Glu

CAT
Hia

ATG TCT CAG GAA
Mot Ser Gln Glu

a6e
Gly

TTC
Phe

AGC
Ser

ocCT
Ala

GCC ATC
Ale Ile

ACC TCT AAT
Thr Ser Ran

=S
Gly

oce
Pro

16 CIG AGC
leu Leu Ser

ACT
Thr

AGC
Ser

TAT GAC
Tyr Asp

TTA OGG
Lau Arg

CAG ATC
Gln Ile

T6G GCT GGT
Trp Ala Gly

MC
Asn

GGA GTC
Gly Val

TT
Phe

CTA TAT
Lev Tyr

ACA
Thr

TCA
Ser

AAG
Lys

GAG AAA
Glu Lys

AGC
Ser

ACC
Thr

TTC
Phe

ATC MC ATG ACC AGA
lie Asn Met Thr Arg

GTG
val

GAT
Asp

TCA
Ser

GAC
Asp

AAT GAT
Asn Asp

™6
Leu

ATG
Mot

&CT
Ala

TAC
Tyr

GAG
Glu

GGT
Gly

TAT GCT
Tyr Ma

oce
Ala

oee
Ala

ATC
Ile

ATC
Nle

CGG GTG
Arg Val

GCC
Ala

CAA
Gin

AGC
Sex

CTG
Leu

GTT
val

<16
Tou

GGG
ely

GCA
Als

ccT
Pro

GA
Axg

GAC
Asp

CAG
Gln

TAT
yr

GIG
val

CAG
Gln

CAC
His

ATC
Ile

QGC CTG GTA GCG
Gly Leu val Ala

ATG
Mat

TTC
Phe

AGG
Arg

cre
leu

CAG
Gln

AAC
Asn

ACT
Thr

AGC ATG
Gly Mat

kieel
™

TAC
Tyr

a6
Gly

T°C
Ser

AAC
Asn

acT
Ala

AAT
Asn

GTC
val

ANG
Lys

GGC
Gly

ACC
Thr

a6C
Gly

oC
Cys
GAC
Asp

oG
Gly

T°e
Tyr

™G
Leu

TC
Phe

GGG
Gly

Gce
Ala

CC
Ser

cre
leu

TGC
Cys

acT
Ala

TCC GTG
Ser Val

@c
Asp

AGC
Ser

AAC GGC AGC ACC GAC

Asn Gly Ser Thr Asp

c1G
ey

GTC
vali

ATC
lie

GG
Gly

o&cc
aAls

CCC CAT
Pro His

TAC GAG
Tyr Glu

CAG
Gin

ace
Thr

CGA
Azg

GTG
val

X6
Gly

GGC
Gly

CAG
Gln

GTG
val

TCC GTG
Ser Val

occ
Pro

e
Pro

G
Arg

ACG GAC GTG GCC
Thr Asp Val Ala

GGG CAG
Gly Gln

AGG <G TGG
Arg Arg Trp

ATT GGG GCC CCA
Ile Gly Als Pro

TGT
cys

GAG GAG
Glu Glu

GAT
Asp

o&<T
Ala

GTT CTC TAC GGG GAG
val leu Tyr Gly Glu

CAG
Gln

[ceof
Gly

CAA
Glp

cce
Pro

GG
Tp

GGA
Gly

aee
Gly

o6e TTT
Arg Phe

TCA GGA
sar Gly

GCA
Ala

acc
Ala

CTA ACA
leu Thr

CTG
leu

[cce]
Gly

GAC
Asp

GTA AAT GGG
Val Asn Gly

MG
Lys

CTG
Lau

GGA
Gly

GAC
Asp

AAC CGG GGT &CT GIT
Asn Arg Gly Ala Val

GGG GGC CAG GAC
Gly Gly Gln Asp

TaC
Tyr

(2494
Leu

CTG
Leu

r
Phe

CAC
His

aC
Thr

T
Ser

oo
Gly

ATC
Ile

AGC
Ser

oce
Pro

™
Ser

CAT
His

AGC CAG
Ser Gln

OGG ATA GCA
Arg Ile Ala

C1G
Leu

TCC AAG
Ser Lys

CcTC
Leu

T
Ser

CCC AGG CTC
Pro Arg leu

AGA GTC
Arg Val

CAG AAG AGC
GIn Lys Ser

CAG
Gln

TAT
Tyr

AAG GCA
Lys Ala

TTT
Pha

6T
aly

ATG
Mot

CAG
Gin

TCA
Ser

CcTG
leu

AGT
Ser

ACA
Thr

ATG
Mt

GAT GGA
Asp Gly

GTA GAC
val Asp

16
leu

ACT
Thr

GTA
val

GGA GCC
Gly Ala

CAG
Gln

GGG
Gly

CAC
By

GTG
val

CTG CTC
Leu leu

AGG
Arg

GTC AGA GTC TGC
Val Arg Val Cys

TCC CAG

leu Ser Gln

CCA
Pro

GTA
Val

CcTG
Ley

ATC
Ile

GAG
Glu

TTC
Phe

AAT
Asn

occ
Pro

AGG GAA GTG
Arg Glu val

GCA
Ala

AGG AAT
Arg Asn

GTT
val

GTA
Val

TIT
Pha

GAG
Glu

AAT GAT
Asn Asp

CAG
Gln

GTG
Vval

GTG
val

ARA
Lys

e
Gly

AAG
Lys

GAA
Glu

oce
Ala

GGA
Gly

GAG
Glu

CTC
leu

CAT
His

GIC
Val

ACA
Thr

GAT CGG CTA
Asp Arg Leu

CAG GIC
Thr Gln Val

AGA
Arg

GGG
Gly

GGG
Gly

GAA
Glu

GGA
Gly

CAG ATC CAG AGT
Gln Ile Gln Ser

GTG
val

ACT
Thr

TAT
Tyr

CTA
ieu

GAC
Asp

GCT CTG
Ala Leu

GAC
Asp

TCC
Ser

[e e od
Gly

oGC
Arg

GAC
Asp

cca
Pro

CAT
His

TCC CGC GCC
Ser Arg Ala

GTC
val

TTC AAT GAG ACA
Phe Asn Glu Thr
———

RAG
Lys

AAC AGC ACA
Asn Ser Thr

oo AGA
Arg Arg

GGA ACG
Gly Thr

CAG
Gln

6
leu

CTG ACC
ley

AAC
Asn

CAG ACT TGT
Thr Gin Thr Cys

GAG ACC
Glu Thr

CTG AAA
1eu Lys

CAG
Gln

CCG AAT
Pro Asn

o
Cys

ACA
The

ATC
Ile

GAG
Glu

CCA
Pro

GTG
val

AGC
Ser

ATT
lle

o
Pro

GTG
Val

CTG CGC CTG AAC TTC

leu Arg Leu Asn Phe

TCT CTG GTG
Ser lau val

CCA
Pro

™©T
Ser

T
Ala

¢
Phe

CTC
Leu

OGG CCA GTG
Arg Pro val

CTG
Leu

[ )
Ala

GAG
Glu

GAT
Asp

GCT
Ala

CAG
Gln

CTc 11C
Leu Phe

acc
Ala

TG
Leu

TTT
Pha

oce
Pro

TTT
Phe

GAG
Glu

ARG
Lys

AAT
Asn

6T
cys

GAT GGT
Asp Giy

GGC AAT GAC AAC ATC
Gly Asn Asp Aan Tle

TOC
cys

ACA
Thr

CAG GAT
Gln Asp

CAG GIC
Gln vVal

GAC CTC
Asp lou

AGC
Seor

e
Thr

TIC AGT
Phe Ser

TYC
Pha

ATG
Mot

AGC
Ser

CTG GAC TGC
Lau Asp Cys

OGG AAG GTG
Arg Llys val

{OC ATC TTC COCG GAA AAC
Pro Ile Phe Pro Glu Asn

CTC
Leu

GTG
Val

GTG
val

GGT GGG
Gly Gly

cce
Pro

GAG TTC AAC
Glu Phe Asn

GTG
val

ACA GTG
Thr Val

ACT
Thr

GTG
val

AGA AAT
Arg Asn

6T
Cys
GAC TCT AAG &CT
Asp Ser Lys Ala

TAC ATG GTG
Tyr Met Val

GAG GAC TCC TAC AOG
Glu Asp Ser Tyr Arg

TCC TCC ACC GAA
Ser Ser Thr Glu

KC TTC
Thr Phe

oG
Pro

crT
Leu

GAC
Asp

cTG
Leu

cC
Ser

TAC
Tyr

CAC
His

TCC
Ser

XA
Thr

CcTC
Leu

CAG AAC
Glp Asn

CAG
Gln

TCA CAG CGA TCCT TGG
Sar Gln Arg Ser Trp

<C
Arg

GAT GTA
Asp Val

oCT
Ala

CTG
Leu

GAG
Glu

TCT GCC
Ser Ala

o GTG
Ala val
T
Sar

BG ¢
Gly Ala

TTG AAG AGC
Leu Lys

ACT AGC
Ser

TGC A
Cys Ser

GAG AAC
Gly Asn

TCA
Ser

ATA AAC
Ile Asn

TCA GAG GTC
Ser Glu val

TTT AAT ATC ACG TTT
Phe Asn Ile Thr Phe
—————

TCC CTT GGA AAC
Ser Leu Gly Asn

AR CTG
Lys Leu

cTC
1eu

CTC AAG GCC AAT
leu Lys Als Asn Val Thr

AGT
Sar

MAC
Asn

ATG
Mat

e
Pro

AGA ACC AAC AAA ACC GAA
Arg Thr Asn Lys Thr Glu
Pasailiud ffiiid

TC
Phe

CAA
Gln

CTG
1eu

CTG CCG GTG AAA TAT
Leu Pro Val Lys Tyr

GTC
val

GTC
val

AcC
Thr

AGC CAT GGG
Ser His Gly

GTC
val

pin
Ser

ACT AAA TAT
Thr Lys Tyr

CTG AAC CAG ACT GTC ATA
Leu Asn Gln Thr val Ile

CTC MAC TTC &G
Leu Asn Phe Thr
——e

[c o]
Ala

GAG
Glu

AAT
Asn

ACC
Thr

AGT OGG GTC ATG CAG CAT
Ser Arg Val Mat Gln His

CAA
Gln

TAT
Tyx

CCC CAG GIC ACC TTC TCC GAG AAC CTC TCG AGT
Pro Gln Val Thr Phe Ser Glu Asn Leu Ser

CAG GTC
Gln val

AAC CTG GGG CAG AGG
Asn leu Gly Gln Arg

A
Sar

Ccre
Leu

OCC ATC AGC
Pro Ile Ser

CTG
Leu

GIG
val

TIC TTG GTG
FPhe Leu val

cec
Pro

GrIC
Val

GG
Arg

AAG
Lys

TAC
TYr

ARR
Lys

fredd
Tep

GAC
Asp

ATC
Ile

[ece
Arg

T
Ala

ACG
The

CAC XCC ARG GAG OGC
His Thr Lys Glu Arg

TG
Leu

cce
Pro

1CT CAC
Ser His

™
Ser

GAC
Asp

T
Phe

CIG GCT GAG
Lau Ala Glu

CTT
Lau

GG
Arg

GAC TGG
Aap Trp

TTC ACC CTG CTG CCG GGA CAG GGG GCG TTT GTG AGS TCC CAG ACG GAG XCC
Phe Thr lev leu Pro Gly Gln Gly Ala Phe Val Arg Ser Gln Thr Glu Thr

Ser

GCC OCC GTG GTG AAC TGC TCC
Ala Pro Val Val Asn Cys

GIC TGC CAG AGMA ATC CAG TGT GAC ATC OCG
Val Cys Gln Arg Ile Gln Cys Asp Ile Pro

TIC
Phe

T
Phe

ATC CAG GAA GAA TIC
Ile Gln Glu Glu Phe

AAT
Asn

GCT
Ala

ACC CIC AAA
Thr Leu Lys

aGe
Gly

AAC
Asnp

CIC TCG TTT

ser Lau Ser phe

ATC AAG ACC TCG CAT AAC CAC CTC
Ile Lys Thr Ser His Asn His Leu

CTG ATC GTG AGC ACA GCT GAG ATC TTG TTT AAC GAT TCC GTG
Leu Ile Val Ser Thr Ala Glu Ile leu Phe Asn Asp Ser Val

GTG GAG CCG TTC GAG GTC CCC AAC
Val Glu Pro Phe Glu Val Pro Asn

oCce
Pro

CTG CCG CTC ATC GTG GGC AGC TCT GIC GGG GGA CTG CTG CTC CTG GOC CTC ATC ACC GCC GOG CTG TAC AAG CTC GGC TTC TTC AAG CGG
Leu Pro leu Ile Val Gly Ser Ser Val Gly Gly leu Leu leu lLeu Alz lLau Ile Thr Ala Ala leu Tyr Lys leu Gly Phe Phe Lys Arg
R T R R O R R R R R R R R R R N R R A T R R )

CAA TAC AAG GAC ATG ATG AGT GAA GGG
Glp Tyr Lys Asp Met Met Ser Glu Gly

GCT OCC CCG GGG GCC GAA OCOC CAG TAG CBGCTCCTTCCCGACAGAGK TGOC TC TCAG TR CAGC AGGACTCTGCOCAGACCACACG TAGCOCOCAGGE TGCTGGACACGTCRG
Gly Pro Pro Gly Ala Glu Pro Gln *

ACAGOGAAGT ATCCOCGACAGRACGGEC TTG TTOCA T T PG TG PG TG TAC ARG T G TG TA TG GC G TG TG TG GAG TG T G I GCAAGTGTCTGTG TGC AAG TG TETGC ACG TG TACGTGTACGCTGCA TG TGCAC TCRCACGUCCATCTGTGAGTGTGTG

CAAGTATGTCAGTGTGTCC GTGCGTGTGTCCATCTGTGTGCAG TG TG TECA TG TG TGOGAG TG TG TGCA TG TG TG TGCTCAGGGGC TG TGEC TCACE TG TG TGAC TCAGAG TG TC TC TGECG TG TEGGTAGGTGACGGEC AGUG TAGCCTCTC

fec ACTROC TOGCTCCCT TG TGAGTGRG TAAGCCGC TGCTOGGT TT TCCTX ACACAGCAGCATCTCTCCAC TGAAAGA

“GGTCAATCCTGTGGGT

GOGACTTCOUGTORCC TOOGAGCCT
BAOC TOC T GGAGOE TROGCAGC TTGGATGGATACTCCA TRAGAAARGECS TG TRGARC CAGGAGAC TOC TR AC ACTA GCGE TGA TOC AR TANJGA TGOCCAC TGAGGAR TCATGAAGCT TCCT TTCTGGAT TCAT TTAT TATT TCAR TGTGA
CTTTAATTTTTTGGATGGATAAGCCTGTCTATGG TACARAAA TC ACARGGCATTCAAG TG TACA GTGAARAGTC TCCC TT TCCAGATATTCAAG TCACCTCC TTARAGGTAGTCARGA TTGTGT T IGAGGT TTCC TTCAGACAGATICCAGRCGATGT
GCAAGTGTATGCACGTGTGCACACACCACACACATACACACACACANGCT TT T TTACACARATGGTAGCA TACT TTATAT TOGTCTGTATC T IGCT TT TT TTCACCAR TATT IC TCAGACATCGGT TCATAT TAAGACATAART TACP TTTTCATTCTT
TTATACCGCTGCATAGTATTCCAT TG TG TGAG TG TACCATAA TG TATT TAACCAGTCT TCTT TIGATATACTAT TT TCAT TCTCTTGT TATTGCATCARTGE TGAG

F16. 2. Nucleotide and ¢cDNA-derived amino acid sequence. The putative N-glycosylation sites are
underlined. The signal sequence and the putative transmembrane region are indicated by a dotted line. The
termination codon is labeled with an asterisk. Boxes in the 3’-untranslated region show the polyadenylation signal
sequences. Arrows mark the boundaries of a potential intron spliced out of some of the cDNAs.
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-1

240
40
360
a0

480
120

600
160

720
200

840
240

960
280

1080
320

1200
360

1320
400

1440
440

1560
480

1680
520

1800
560

1920
600

2040
640
2160
680
2280
720

2400
760

2520
800

2640
840

2760
880

2880
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3000
960

3120
1000

3240
1040

3360
1080
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1120
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1137

3780
3939
4099
4257
4416
4575
4740

the repeats (Fig. 4). These consensus flanking sequences are
also conserved in other integrins (Fig. 4). The presence of the
seven repeats suggest that much of the N-terminal portion of
the Mac-1 « subunit may have arisen by duplication events.
Mac-1 as a Member of the Integrin Gene Superfamily—The
determination of the primary structure of the Mac-1/LFA-1/
p150,95 common g subunit (7, 8) and the « subunit of p150,95

(9) has shown that the leukocyte adhesion receptors are
evolutionary related to the extracellular matrix (ECM) recep-
tors and led to the concept of a gene superfamily of cell-cell
and cell-matrix receptors termed integrins (15). Three
subfamilies of integrin molecules, each with a distinct 8
subunit, have been defined, namely the fibronectin receptor
subfamily (sharing integrin 3,), the leukocyte adhesion recep-



Mac-1 o Subunit Sequence

123 4

u:' .

1 23 4

288 —

1 23 4

B_-

Fic. 3. Expression of Mac-1 « subunit mRNA. A, Northern
blot analysis of total RNA from peripheral blood adherent cells (20
ug, lane 1; 10 ug, lane 2) and 20 ug of total RNA from SKW3 cells (T
lineage) (lane 3) and JY cells (B lymphoblastoid) (lane 4). The
position of the 28 S and 18 S ribosomal RNA markers are indicated.
B, Northern blot performed on 20 ug of total RNA from HL-60 (lanes
1 and 2) and U937 (lanes 3 and 4), before (lanes 2 and 4) and after
(lanes 1 and 3) treatment with PMA for 3 days. The gel was overrun
to separate both mRNA species. C, same as in B after probing with
the cDNA for the common £ subunit. Similar amounts of RNA were
present in each lane as shown by ethidium bromide staining.

185 —

tor subfamily (sharing integrin 3.), and the vitronectin recep-
tor-I1Ib/IIIa subfamily (sharing integrin 3s).

Comparisons with the Mac-1 « subunit were undertaken to
define the relationships among the «a subunits of the different
integrin subfamilies (Fig. 5). The «a subunits of Mac-1 and
p150,95 are 63% identical at the amino acid level and 68%
identical at the nucleotide level. The high degree of structural
similarity between the « subunits of Mac-1 and p150,95 is
reflected at the functional level: Mac-1 and p150,95 exhibit
iC3b-binding ability (16, 39), and both proteins are known to
play a role in neutrophil aggregation and neutrophil and
monocyte adhesion to endothelial cells (4, 18, 40). The «
subunit of LFA-1 is 35% identical to the a subunits of Mac-1
and p150,95.2 The « subunits of the fibronectin receptor,
vitronectin receptor, and the glycoprotein IIb are 40% iden-
tical to one another. Since the « subunits of Mac-1 and
p150,95 are 25% identical to the « subunits of the three ECM
receptors, the a subunits of Mac-1, p150,95, and LFA-1? are
more closely related to each other than to the rest of the
integrin « subunits. The leukocyte a subunits also resemble
one another in containing a segment of 187 residues not found
in the ECM « subunits (amino acids 150-338 in the « subunit
of Mac-1), and in lacking a region of 28 amino acids (gap at
residue 1002 in Mac-1) where the ECM receptor « subunits

2R. S. Larson, A. L. Corbi, L. Berman, and T. A. Springer,
manuscript submitted.

DIV. CATION-BINDING CONSENSUS SEQUENCE
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are proteolytically cleaved during processing to generate two
disulfide-linked chains (41).

Recently, we have located the Mac-1, LFA-1, and p150,95
« and B subunit genes by Southern blot on mouse x human
somatic cell hybrids and by chromosomal in situ hybridization
using cDNA probes (36). The genes encoding the « subunits
of LFA-1, Mac-1, and p150,95 map to chromosome 16, be-
tween bands p11-p13.1, defining a gene cluster involved in
leukocyte adhesion (36). The common structural character-
istics and the close proximity of the three o subunit genes
strongly suggest that the genes for the « subunits of Mac-1,
p150,95, and LFA-1 evolved by gene duplication events and
that these gene duplications took place after the divergence
of the different integrin « subunit subfamilies.

The area of highest extended identity between Mac-1 « and
the rest of the integrin « subunits lies between residues 434
and 592, precisely the boundaries of the three internal repeats
containing putative divalent cation-binding sequences. Over
this region, Mac-1 « shows 88% identity to p150,95 « at the
amino acid level and 90% at the nucleotide level, and the
percentage of identity to the ECM receptor integrin « subunits
is 38%. The ECM receptor « subunits have four putative
divalent cation-binding sites within their primary structure
(12-14) which align with the repeats IV-VII in the « subunits
of Mac-1 and p150,95; repeat IV in Mac-1 and p150,95 does
not contain the putative divalent cation-binding sequence
(Fig. 4). Ligand binding by the ECM receptor integrins is
calcium-dependent (41) and in the case of the «a subunit of
the glycoprotein IIb/IIla the binding of radioactive calcium
has been verified (41). The high degree of conservation of
these regions suggests a role in maintaining receptor confor-
mation or a direct involvement in ligand binding.

An additional region of high conservation among the inte-
grin « subunits are the membrane spanning regions. The
transmembrane domain of Mac-1 « exhibits 88% identity
with the one in p150,95 « and 40-50% identity with those of
the IIb, VNR, and FNR « subunits (10, 13, 14) (Fig. 5). A
similar conservation has been noted in the transmembrane
and cytoplasmic domains of the different 8 subunits (7, 8, 10,
11, 13). Based on this high degree of conservation, it is
conceivable that these regions may play a role in the regula-
tion of the ligand binding (18, 24) through interactions with
other membrane components or with the cytoskeleton. The
finding that the fibronectin receptor binds talin (42), that
LFA-1-mediated interactions are dependent on the integrity
of the cytoskeleton (43), and that LFA-1 cocaps with talin
after phorbol ester stimulation (44) further supports the in-
volvement of these domains in cytoskeletal interactions and
in signal transduction.

Q[EIVAAE]QR

617

-2
LVTVGAP

LVVGAP

Fi1G. 4. Mac-1 o« homologous repeats. Common residues are boxed. The three repeats containing putative
divalent cation-binding sites (V-VII) are aligned with additional N-terminal related sequences lacking the putative
Ca®*- or Mg?*-binding sites (I-IV). Based on the frequency of each residue in the seven repeats of the « subunits
of Mac-1 and of other integrins (p150,95, the fibronectin receptor, the vitronectin receptor, and the platelet
glycoprotein IIb) (9, 12-14), consensus sequences were derived for the regions flanking the putative divalent cation-
binding sites. Consensus residues were defined as those appearing in at least 30% of the analyzed sequences. The
consensus divalent cation-binding sequence and the coordination axes of the residues ligating the divalent cation
are based on the sequence and the 3-dimensional structure of the Ca®**- and Mg**-binding proteins parvalbumin,
troponin C, and calmodulin (38) and are shown below the alignments of the seven repeats.
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Significance of the alignment scores of the Mac-1 « subunit leukocyte-specific domain with the von Willebrand
factor A repeats and factor B, and C2.

The sequences of the Mac-1 « subunit leukocyte-specific domain (128-314), the A repeats of von Willebrand
factor (A1:509-692; A2:730-903; A3:923-1103), factor B (240-445), and C2 (228-434) were compared using the
ALIGN program. The alignment scores are presented in standard deviation units. The probability that the

alignments (shown in Fig. 6) have occurred by chance is
as described under “Experimental Procedures.”

shown between parentheses. The analysis was performed

vWf Al vWf A2
Mac-1 7.4 (<1071 7.2 (<1071)
vWf Al 10.3 (<107%)
vWT A2
vWf A3
Factor B

vWf A3 Factor B C2
8.1 (<107%) 6.9 (<107Y) 1.8 (<107}
9.1 (<107'8) 7.0 (<107 4.6 (<1075)
13.4 (<107%) 4.0 (<107 4.1 (<107
4.8 (<107%) 3.2 (<1079

23.8 (<107®)

Homology with von Willebrand Factor and Factor B—As
previously described for p150,95 (9), there is a region of 187
amino acids in the Mac-1 a subunit (residues 150-338) with-
out counterpart in the three sequenced ECM receptor integrin
a subunits. We will refer to this region as the L domain,
because of its presence in leukocyte integrins. A search of the
National Biomedical Research Foundation sequence data base
with the FASTP program revealed homology of residues 128-
314 of the Mac-1 « subunit with von Willebrand factor (vWF)
(Fig. 6). The homologous regions are of particular interest
because they correspond in Mac-1 almost exactly to the L
domain and in vWF to the type A domain, a domain previously
defined by its presence in three homologous tandem repeats
of 200 residues denoted Al (497-716), A2 (717-909), and A3
(910-1111) (45). The p150,95 « subunit (Fig. 5) and the

murine Mac-1 « subunit? also show homology to the vWF A
domains. Since the vVWF A domains have previously been
shown to be homologous to factor B (45, 46), a component of
the alternative complement pathway which interacts with C3,
we also examined homologies with factor B and with its
homologue in the classical pathway, C2 (47) (Fig. 6). The
homologous domain in factor B is clearly demarcated on the
N-terminal side by the site at which factor B is cleaved to
give the active Bb factor and on the C-terminal side by the
serine protease domain (46, 47) (Fig. 7). Evaluation with the
ALIGN program (32) showed that the homology of Mac-1
with vWF domains A1, A2, and A3 and with factor B is highly
statistically significant (Table II) and thus that the homolo-

3 R. Pytela, personal communication.
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gous amino acid segments in each of these proteins must have
evolved from a single primordial domain. Although the ho-
mology of Mac-1 with C2 is not statistically significant, factor
B shows significant homology to C2 and serves as an evolu-
tionary link, showing that the segment in C2 evolved from
the same primordial domain.

A FASTP search of the SWISS-PROT database on Bionet
revealed a further homology of the Mac-1 a subunit L, domain
with the chicken cartilage matrix protein (55). Chicken car-
tilage matrix protein is an extracellular matrix protein known
to interact with cartilage proteoglycan and collagen and is
composed of two homologous repeats (55). The homology
between Mac-1 and chicken cartilage matrix protein is highly
statistically significant (+10.6 S.D.), and the area of homology
corresponds precisely to the L. domains in Mac-1 and LFA-1?
and to both homologous repeats in chicken cartilage matrix
protein.

Given the homology between factor B and the L domain
and the ability of factor B to bind C3b, it is tempting to
speculate that the L. domain is the iC3b ligand-binding site of
Mac-1 and p150,95. It is also of interest that binding of Bb to
C3b requires Mg*? (48). Similarly, binding of isolated Mac-1
and p150,95 to iC3b-sensitized cells or to iC3b-Sepharose
requires divalent cations (27, 39). A putative divalent cation
binding site in the L domain may be represented by one
sequence motif containing DG and another containing DG
and GD which are conserved in Mac-1, p150,95, and factor B
(underlined in Fig. 6). If these sites were contiguous in the 3-
dimensional structure, they could form a divalent cation bind-
ing site similar in sequence to those present in internal repeats
V-VII of the a subunit of Mac-1. The L domain and the
following region containing repeats IV-VII are relatively free
of N-linked glycosylation sites and cysteines (Fig. 7), allowing
them to be accessible and conformationally flexible. The idea
that the L. domain could be involved in recognition of iC3b
raises the possibility of recognition of a sequence in iC3b
distinct from RGD. Although RGD is present in iC3b, evi-
dence that it is important in recognition by Mac-1 (49)
remains to be confirmed by peptide inhibition data.

Both the A1 and A3 domains of vWF bind collagen (50)
and the Al domain binds the platelet glycoprotein Ib and
heparin (50). The alternative complement pathway in which
factor B plays an important role is the most primitive mech-
anism of the immune system for distinguishing self from
nonself (48). Thus, the 200 amino acid domain appears to be
a primitive recognition unit which has been duplicated and
embedded in a number of proteins which have evolved to play
diverse recognition functions in hemostasis (vWF), extracel-
lular matrix structure (chicken cartilage matrix protein), com-
plement activation (factor B and C2), and complement recep-
tor and cell-cell interactions (leukocyte integrins).

The ECM receptor integrins are phylogenetically ancient
as shown at the level of sequence homology in Drosophila (41)
and by immunological cross-reaction with proteins of similar
size in nematodes and fungi (51). Our findings demonstrate
that the Mac-1 « subunit evolved by the introduction of a
primordial recognition domain into the ECM receptor-type of
« subunit (Fig. 7). The introduction of the extra domain may
have increased the potential for recognition of diverse ligands
by the leukocyte integrins and may explain their somewhat
different ligand specificity, since recognition of the ICAM-1
ligand by LFA-1 does not involve RGD (52-54).

The availability of ¢cDNA clones for both the a and 8
subunits of Mac-1 will allow important questions concerning
the structure and function of this receptor to be addressed.
These include the definition of the distinct ligand binding

Mac-1 o Subunit Sequence

sites involved in iC3b binding and in cell-cell adhesion and
testing of the hypothesis that cell stimulation results in a
conformational change in the ligand binding site, transmitted
from the cytoplasmic or membrane domains, that alters affin-
ity for ligand.

Note Added in Proof—The murine Mac-1a subunit (Pytela, R.
(1988) EMBO J. 7, 1371-1378) is 74% identical to the human Mac-
la subunit and shows similar homologies to other proteins.
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