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Amino acid sequence of the murine Mac-1 « chain
reveals homology with the integrin family and an
additional domain related to von Willebrand factor
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Clones encoding the Mac-1 « chain were selected from
a mouse macrophage cDNA library by screening with
oligonucleotide probes based on the sequence of a
genomic clone encoding the N-terminus of the mature
protein. The sequence of overlapping clones (4282 nt) was
determined and translated into a protein of 1137 amino
acids and a signal peptide of 15 amino acids. The Mac-1
sequence was found to be related to the « chain sequences
of three other members of the integrin family of cell adhe-
sion receptors, i.e. the fibroblast receptors for fibronec-
tin and vitronectin and the platelet glycoprotein IIb/IIIa.
All four sequences share a number of structural features,
like the position of 13 cysteine residues, a transmembrane
domain near the C-terminus and the location of three
putative binding sites for divalent cations. Furthermore,
a conserved sequence motif is repeated seven times in the
N-terminal half of the molecule and three of these repeats
include putative Ca/Mg-binding sites of the general struc-
ture DXDXDGXXD. On the other hand, Mac-1 contains
a unique domain of 220 amino acids inserted into the N-
terminal part of the integrin structure. This additional
domain is homologous to a repeated domain found in von
Willebrand factor, cartilage matrix protein and in the
complement factors B and C2. In two of these proteins,
the homologous domain is likely to be involved in bind-
ing to collagen fibrils. Therefore, Mac-1 may also bind
to collagen, which could play a role in the interaction of
leukocytes with the subendothelial matrix.
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Introduction

Mac-1 is a cell surface glycoprotein of monocytes, macro-
phages and granulocytes which has been implicated in
various adhesive interactions of these cells as well as in
mediating the uptake of complement-coated particles
(reviewed by Anderson and Springer, 1987). It is identical
with CR-3, the receptor for the iC3b fragment of the third
complement component (Beller et al., 1982). The receptor
protein is composed of two non-covalently associated poly-
peptide chains (a chain, M; = 170 000 and 3 chain, M; =
95 000). Two other heterodimeric leukocyte surface pro-
teins, LFA-1 and gp 150/95, consist of the same 95 kd 3
chain in association with distinct o chains of 180 and 150 kd,
respectively (Sanchez-Madrid ez al., 1983). Even though the
three different o chains are not cross-reactive immunological-
ly, they are clearly the products of homologous genes since
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their N-terminal sequences are closely related (Springer et
al., 1985; Miller et al., 1987). Recently, it has been
recognized (Suzuki er al., 1986) that this family of leukocyte
receptors is part of a superfamily of adhesive cell surface
proteins that includes the receptors for fibronectin and vitro-
nectin (Pytela et al., 1985a,b), platelet gp IIb/Illa (Pytela
et al., 1986), the VLA family (Takada ez al., 1987), and
the position-specific antigens of Drosophila (Leptin et al.,
1987). The collective name ‘integrins’ has been proposed
for the proteins encoded by this multigene family (Hynes,
1987). All the integrins that have been characterized are
heterodimeric proteins with « chains ranging from 135 to
210 kd and S chains from 95 to 130 kd. In the same way
that the leukocyte adhesion receptor subfamily is defined by
a shared 95 kd B subunit, two other subfamilies are defined
by shared § chains of 130 (FNR, VLA-1 to VLA-5) or
110 kd (VNR, gp IIb/Illa) (Ginsberg et al., 1987). Com-
plete protein sequences deduced from cDNA have been
published for all three 8 chains (Kishimoto ez al., 1987; Law
et al., 1987; Tamkun et al., 1986; Argraves et al., 1987a;
Fitzgerald et al., 1987), and the « chains of FNR, VNR
and gp IIb/IIa (Argraves et al., 1986, 1987a; Suzuki et al.,
1986, 1987; Poncz et al., 1987). It was found that all 8
chains share a high degree of identity (40—50%) with each
other, and that the « chains form a separate family of
homologous polypeptides that is apparently not related to
the 3 chain family (reviewd by Ruoslahti and Pierschbacher,
1987). Both « and 3 chains are transmembrane polypeptides
with a short (25—50 amino acids) C-terminal cytoplasmic
domain. Evidence for interaction with the cytoskeleton (Hor-
witz et al., 1986) and phosphorylation on tyrosine (Hirst et
al., 1986) has been obtained. Therefore, it has been pro-
posed that integrins are generally involved in the formation
of adhesive complexes between the cytoskeleton and extra-
cellular components.
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Fig. 1. Overlapping clones used for sequence analysis. Clones 106 and
118 were obtained in the initial screening, clones 217, 204 and 202
were selected by screening the same library with a 30mer
oligonucleotide from the 3’ end of clone 106, and clone 308 by
screening with a 17mer from the 3’ portion of clone 217. The size of
the murine Mac-1 mRNA as determined by Northern blotting is 6 kb
(Sastre et al., 1986). Arrows denote EcoRI cleavage sites.
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GTACGATGAAAGAGCTTGACTCTAAAAGTATTTCAAGGAGCAAGCCAGCCTATGGTTATGGTCACATTTCACAGTTCCTGCATGACCTGATAGCTTTCAGGTCATGGTTGGGCAAAGGTT

121 CCAGAGCTAGTTTAAGAATGCATCTAGGLCTGCCTCCTAGTTATCTCTCCTCTACGCCCAGGCCTTCCTGGGAGGGCCCACAAAAGTCTAATCCCAGTTTCACAGGCATGACCAACACCC
241 AGAGAAAAGAGGGACTTGCACAGACAAACAGCCCAAACCCTTAATTAACTCCAGCCTCCTGAACTGTGGCCTCCTCAGCTGTTTCAAGGATAGAATAAAATTCACACAGCTGGGCATGCC
361 TTGACTGGAGCCTCACCCACTACCAGCTGCCTGGCCATTGGGTGTGACTGGGATCTCAGACCCCGAGCTGTATGGGCTCAGGAAACAACTGATGGGTGAGGCCACCCCAGATTCCTTGCT
481 GCGTATTCATTGCAGAACCACTCAGGGTCTGTTTTGTAATCTCAAAAGTATAGATTAGTTCACACTTCTTTCAGGGCCTTGTTCCTTTAAGTCALGA%TCITAQAGETCETCEGGJCA?A 8
601 GCCCTAGCCTTGTGTCATGGCTTCAATCTGGACACTGAACATCCCATGACCTTCCAAGAGAATGCAAAAGGCTTTGGACAGAATGTGGTCCAGCTTGGCGGAACCAGTGTGGTTGTTGCA

AL ALCHGTFNTLTUDTEHPMTTFOQENAKSGFGQNVYYVYQLGGTSVVVA 33
721 GCCCCCCAGGAGGCAAAGGCTGTTAACCAGACAGGTGCCCTCTACCAGTGTGACTACAGCACAAGCCGGTGTCACCCCATCCCCCTGCAAGTACCTCCAGAGGCTGTGAATATGTCCTTG

AP QGGE GA K AV NQT g ALY QCDY STSRCHPTIPLOQVPPEAVNMSIL 73
841 GGCCTGTCCCTGGCTGTTTCTACTGTCCCCCAGCAGCTGCTGGCCTGTGGCCCCACGGTGCACCAAAACTGCAAGGAGAATACTTATGTGAATGGATTGTGCTATTTGTTCGGCTCCAAC

G L S L A GV STVPQQLLACGPTVYHQNT CKTENTYVNGLTCYLFGSN 113
961 CTGCTGAGGCCGCCCCAGCAGTTCCCAGAGGCTCTCAGAGAATGTCCTCAGCAGGAGAGTGACATTGTCTTCTTGATTGATGGCTCCGGTAGCATCAACAACATTGACTTTCAGAAGATG

LLRPPQQFPEALRETCPQQESDTIVFLIDSGSGSTINNTIDTFZGQKHM 153
1081 AAGGAGTTTGTCTCAACTGTGATGGAGCAGTTCAAAAAGTCTAAAACCTTGTTCTCTTTGATGCAGTACTCGGACGAGTTCCGGATTCACTTCACCTTCAATGACTTCAAGAGAAACCCT

K EFVSTVMETG QFIKI K SKTLFSLMQYSDEFRTIHFTFNDTFTKTR RNTP 193
1201 AGCCCAAGATCACATGTGAGCCCCATAAAGCAGCTGAATGGGAGGACAAAAACTGCCTCAGGGATCCGGAAAGTAGTGAGAGAACTGTTTCACAAAACCAATGGGGCCCGGGAGAATGCT

SPRSHVSPTITKOQLNGRTKTASGIRKYVRELFHKTNGARENA 233

AAGATCCTAGTTGTCATCACAGATGGAGAAAAATTCGGTGATCCCTTGGATTATAAGGATGTCATCCCCGAGGCAGACAGAGCAGGGGTCATTCGCTACGTAATTGGGGTGGGAAAT

131 %GKGIWLGVGV I TDGEKF g DPLDYKTDVIPEADTRA g vV I RY VI g V G N 273
1441 GCCTTCAACAAACCACAGTCCCGCAGAGAGCTCGACACCATCGCATCTAAGCCAGCTGGTGAACACGTGTTCCAAGTGGACAACTTTGAAGCCCTGAATACCATTCAGAACCAGCTTCAG

AF NKPQSRRETLUDTTIASKTPAGEHYFQVDNFEALNTTIOQNRI QLNQ 313
1561 GAAAAGATCTTTGCAATTGAGGGCACGCAGACAGGAAGTACCAGCTCCTITGAGCATGAGATGTCTCAAGAAGGCTTCAGTGCTTCCATTACCTCTAATGGTCCCTTGCTGGGCTCTGTG

EK I FATEGTOQTGSTSSFEHEMSQEGFSASITSNGPLLGSYV 353
1681 GGGAGCTTTGACTGGGCAGGTGGAGCCTTCCTGTATACATCGAAGGATAAAGTCACCTTCATCAACACAACCAGAGTGGATTCAGACATGAATGATGCTTACCTGGGTTATGCTTCTGCA

G SFDWAGGAFLYTSKDKVYTFINTTRYDSDMNDAYTLGYASA 393
1801 GTCATCTTGAGGAACCGTGTCCAAAGCTTGGTTTTAGGAGCACCTCGGTATCAGCATATTGECTTGGTGGTGATGTTCAGGGAGAATTTCGETACCTGGGAGCCCCACACTAGCATCAAG

VI LRNRVYQSLVYLGAPRYZ QHTI LV VMFRENTF TWEPHTSTIK 433
1921 GGCAGCCAGATTGGCTCTTATTTTGGGGCCTCCCTTTGCTCTGTGGACATGGACGCTGATGGCAATACCAACTTGATCCTCATTGGGGCCCCTCATTACTATGAGAAGACCCGAGGAGGC

G SQ I GSYFGASLCSVDMDADG GNTNLTILTIGAPHYYETZKTRGSEG 473
2041 CAGGTGTCAGTGTGTCCCTTGCCTCGAGGGAGGGCACGGTGGCAGTGTGAAGCTCTTCTCCACGGTGATCAGGGTCATCCCTGGGGTCGCTTTGGGGCAGCCCTGACAGTGCTGGGAGAC

Q VSV CPLPRGRARIMW QT CEALTLUHGDI QGHPWGRFGAALTVLGD 513
2161 GTGAATGGGGACAAACTGACAGATGTGGCCATTGGGGCCCCAGGAGAGCAGGAGAATCAGGGCGCTGTCTACATTTTTTATGGAGCATCAATAGCCAGCCTCAGTGCCTCCCACAGCCAC

VNGDKTLTDVAIGAPGEIOQENQGAVYYTFYGASTITASTLSASHSHQ 553
2281 CGGATCATAGGCGCCCACTICTCCCCTGGGCTCCAGTACTTCGGGCAGTCTCTGAGTGGGGGTAAGGATCTCACAATGGATGGCTTGATGGACCTGGCTGTTGGGGCGCAGGGGCATCTT

R'IT' I GAHF SPGLOQYFGQSLSGGKDLTMDGLMDILAYGARQGHIL 593
2401 CTGCTGCTCAGAGCCCAGCCGGTGCTGAGACTGGAGGCAACCATGGAATTCAGCCCCAAGAAAGTAGCAAGGAGTGTGTTTGCATGTCAAGAACAAGTATTAAAAAACAAGGATGCTGGG

L LLRAQPVLRLEATMETFSPKEKVYARSVYFACQEQQVYLIKNKTDASG 633
2521 GAGGTCAGAGTCTGCCTCCGTGTCCGCAAGAACACCAAGGACCGTCTGCGCGAAGGAGATATCCAGAGCACTGTCACTTATGACCTGGCTTTAGACCCTGTCCGCTCACGTATCCGTGCC

EVRVYCLRYVYRKNTIKTDRTLRESGDTIOQSTVYTYDLALDZPVYRSRTIRA 673
2641 TTCTTTGATGAGACAAAGAACAACACACGCAGGCGCACCCAGGTCTTTGGATTGATGCAGAAATETGAAACACTGAAGCTAATTTTACCGGACTGCGTGGACGACTCAGTGAGCCCCATC

FFDETIKNNTRRRTIOQVFGLMDQK ETLKLILPDT CVYDDSVSPI 713
2761 ATCCTGCGCCTCAATTATACACTGGTTGGGGAGCCCTTGAGGTCCTTTGGGAACCTCCGACCAGTTCTGGCTATGGATGCTCAGAGGTTCTTCACAGCTATGTTTCCCTTTGAGAAAAAT

I L RLNYTLVGEPLRSFGNLRPVYLAMDAQRFFTAMFPFTEKN 743
2881 TGCGGCAATGACAGCATCTGCCAAGACGATCTCAGCATCACCATGAGTGCCATGGGCTTGGACACTTTGGTGGTGGGAGGCCCCCAGGACTTTAACATGAGTGTGACTCTGAGAAATGAC

CGNDSTICOQDDLSTITMSAMGLDTLYVGGPOQDFNMSYTLRND 793
3001 GGTGAGGATTCCTACGGGACCCAGGTTACCGTCTACTACCCATCTGGCTTATCTTACCGGAAGGATTCAGCAAGCCAGAACCCGCTCACCAAGAAGCCTTGGTTTGTAAAGCCTGCTGAG

GEDSYGTQVTVYY?PSGLSYRKDSASOQNPLTTZ KTI KTPWEFVKTPATE 833
3121 TCCAGCTCTTCTTCTGAAGGGCATGGGGCTCTGAAGAGTACCACCTGGAACATAAACCATCCCATCTTTCCTGCTAATTCTGAGGTCACATTTAATGTCACATTTGATGTGGACTCTCAT

S §S§SSSEGHGALKSTTWNTINHPIFPANSEVTFNVTITFDVDSH 873
3241 GCCTCCTTTGGGAACAAACTGCTCCTCAAAGCCATTGTGGCCAGTGAGAACAACATGTCCAGGACCCACAAAACCAAGTTTCAGTTGGAGCTGCCTGTGAAGTACGCCATCTACATGATT

AAS FGNKTILLTLZKATLIVA g EN N M g R ? H K T K F Q LG EG LG P GVG KG Y g Iy MG I 913
3361 GTCACCAGTGATGAGAGTTCTATCAGATATCTCAACTTCACGGCTTCAGAGATGACCAGTAAGGTCATACAGCATCAGTACCAGTTCAACAACCTGGGCCAGAGGAGCCTCCCTGTCAGT

vV TSDESSITRYLNFTASEMTSIKVYIQHQYQFNNLGO QRSTLZPVS 953
3481 GTAGTCTTCTGGATCCCTGTTCAGATCAACAATGTGACCGTATGGGATCATCCCCAGGTCATCTTCTCCCAGAACCTCTCAAGTGCCTGTCACACTGAGCAGAAATCCCCCCCTCACTCC

VVFWITPVQINNVYVTVWDHPQVIFSQNLSSACHTET QKT ST?PPHS 993
3601 AATTTCCGGGATCAGCTTGAAAGGACCCCAGTGCTGAACTGCTCTGTTGCAGTCTGTAAGAGAATTCAGTGTGACCTTCCATCCTTCAACACTCAGGAAATATTCAATGTCACCCTCAAI

NFRDQLERTPVYLNCSVAVYCKRTIOQCDLPSFNTIQETITFNVTL KG 1033
3721 GGCAACCTATCATTTGACTGGTACATCAAGACTTCTCATGGTCACCTCCTGCTTGTGAGCAGCACTGAGATCCTGTTTAATGACTCTGCGTITGCCCTGCTTCCA! AGGAGTCGTAT

G NLSFDWYTKTSHGHTLTLLVYSSTETITLTFNTDSATF GA LGCL cg GEGCOGGEG gG Y 1073
3841 GTGAGGTCTAAGACAGAGACCAAAGTGGAGCCATATGAAGTTCACAATCCTGTACCACTCATTGTGGGCAGCTCCATTGGGGGCCTGGTGCTCTTGGCTCTCATCACTGCTGGCCTATAC

VRSKTETKVEPYEVHNPVPLIVGESSIGGLVLLALTITAGLY 1113
3961 AAGCTTGGCTTTTTCAAGCGGCAGTACAAGGACATGATGAATGAAGCTGCCCCCCAAGA! Al AAI

TG T A o pC AR GABAL TERAGL TRCCLCCR DCG%CC% CgTCGGT CGGCCTTTTCTCCAATGCATTGACCTCCCCAGCAACAAGCAGGTC 137
4081 TAGATGGTCAGACCAACACCGAAGCTAGTGACACATATGTTGTTGCTGTGATGTCTTATACAAAAATGGAATGTGTGTGTGTGTGTGTGTGTGAGAGAGAGAGAGAGAGAGAAAGAGAGA
4201 GAGAGAAAGAGAGAGGGAGAGGGAGAGAGAGAGAGAGAGAGAGAGAGAAGAAAAGAGGAAGCAAGCTCTGTGTGTGGCTCAC

Fig. 2. Composite nucleotide sequence of Mac-1 ¢cDNA clones and deduced amino acid sequence. The amino acid sequence is shown in the one

letter code below the respective codons. The putative signal peptide and transmembrane domain are underlined. The overlined nucleotide sequence
(residues 602—707) corresponds to the 106 nt exon sequence of a genomic Mac-1 clone (Sastre ef al., 1986). A putative interferon-regulatory
element in the 5’ untranslated region is boxed. Underlined NXT/S sequences are potential acceptor sites for N-linked glycosylation.

All the characterized extracellular ligands for integrins
contain the sequence Arg-Gly-Asp (RGD), and it appears
that this sequence is generally used as an adhesive signal
in integrin—ligand interactions (Ruoslahti and Pierschbacher,
1987). The only known ligand for Mac-1 is the iC3b frag-
ment of C3, which contains an RGD sequence in its C-
terminal domain, and binding studies using a synthetic pep-
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tide suggest that this site is involved in the interaction of
Mac-1 with iC3b (Wright er al., 1987). In addition, Mac-1
is known to be involved in the adhesion of macrophages and
granulocytes to surfaces and endothelial cells, and these inter-
actions, which are independent of iC3b, may be mediated
by a distinct binding site on the Mac-1 molecule (Dana et
al., 1986).
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Fig. 3. Alignment of a 22 base sequence from the 5’ region of the
Mac-1 ¢DNA (box in Figure 2) with homologous sequences of five
interferon-regulated human genes (Friedman and Stark, 1985: Wu er
al.. 1987). HLA-DR. class Il MHC genc: HLA-A3 and HLA", class 1
MHC genes: MT-11, metallothionin-II:B, complement factor B. Inverse
printing indicates nucleotides that agree with the consensus sequence.
Percentages indicate the degree of identity with the consensus
sequence.

In order to analyse further the similarities and differences
between Mac-1 and the other known integrins, it was
important to obtain the sequence of the « chain, which is
expected to play a decisive role in the receptor—ligand
interaction. This report describes the cloning and sequenc-
ing of the Mac-1 o cDNA and the comparison of the deduced
amino acid sequence with the sequences of other integrins.

Results

cDNA cloning and nucleotide sequence
Partial cDNA clones encoding the Mac-1 o chain were
selected from a mouse macrophage Agtl1 library by screening
with oligonucleotides synthesized according to the sequence
of a 106 nt exon from a genomic Mac-1 clone (Sastre et al.
1986). The identified clones were sequenced, and after two
additional rounds of screening, a set of overlapping clones
was obtained as shown in Figure 1. The composite nucleotide
sequence covers 4282 nt and includes the 106 nt exon from
the genomic Mac-1 clone (Figure 2), with only two substitu-
tions (positions 606 and 656), both of which occur in the
third position of a codon and do not alter the deduced amino
acid sequence. Comparison of the cDNA sequence with the
genomic sequence also confirms that the intron/exon boun-
daries were correctly predicted by Sastre et al., 1986. Trans-
lation of the cDNA sequence (Figure 2) reveals an open
reading frame of 3459 nt encoding the 1153 amino acids
of the putative Mac-1 « chain sequence. The N-terminal
sequence of the mature protein (Springer et al., 1985) is pre-
ceded by 15 mostly hydrophobic amino acids that fulfil the
requirements for a signal peptide (Watson, 1984), and a
methionine most likely encoded by the initiator ATG, since
it is preceded by an in-frame stop codon just 3 nt upstream.
The sequence of clone 106 extends for another 573 nt in
the 5’ direction and contains a site (box in Figure 2) that
is very similar to the interferon-regulatory sequences found
in the 5’ regions of the human genes encoding three different
HLA proteins, metallothionin and complement factor B
(Figure 3) (Friedman and Stark, 1985; Wu et al., 1987).
The 4.28 kd cDNA sequence shown in Figure 2 obviously
does not include a large portion of the 3’ untranslated region,
since the size of the Mac-1 o mRNA as determined by Nor-
thern blotting is 6 kb (Sastre er al., 1986). Consequently,
the 250 nt sequence following the TAA termination codon
does not contain a poly(A) tail or polyadenylation signal.

Amino acid sequence of the mature Mac-1 « chain
The open reading frame shown in Figure 2 encodes a mature
protein of 1137 amino acids, starting with the published N-

Sequence of Mac-1 « chain

terminal sequence, FNLDTEHPMTFQ (Springer et al.,
1985). The predicted mol. wt is 126 000, which is close to
the experimental value of 130 000 for the unglycosylated
o chain (Sastre et al., 1986). The sequence contains 17
potential N-glycosylation sites (underlined in Figure 2), and
assuming that all of them are occupied with oligosaccharides
having an average mol. wt of 2500, the theoretical mol. wt
of the mature glycoprotein would be 168 500, which is
almost identical to the observed value of 170 000. Further
examination of the amino acid sequence reveals a typical
membrane spanning domain of 24 residues close to the C-
terminus (underlined in Figure 2) followed by a short seg-
ment including three positively charged residues. Thus, the
Mac-1 « chain can be divided into a 24 residue cytoplasmic
domain and a 1089 residue extracellular portion containing
all the potential glycosylation sites, most of them clustered
near the transmembrane domain (see Figure 6).

Sequence comparison of Mac-1 and three other
integrin o chains

Figure 4 shows the alignment of the Mac-1 sequence with
the « chain sequences of vitronectin receptor (VNR), fibro-
nectin receptor (FNR) and gp IIb/Illa. The overall degree
of similarity between Mac-1 (excluding the inserted 220
amino acids) and the other three integrins is much lower
(20—22% identity) than between VNR and FNR (46 %), and
VNR and gp IIb (36%) or FNR and IIb (36 %). There are,
however, a number of structural features shared by all four
sequences. The putative transmembrane domains are in very
similar locations and share a high degree of similarity. In-
terestingly, the pentapeptide sequence, GFFKR, at the cyto-
plasmic side of the transmembrane domain is identical in
all four polypeptides, which makes this region the most
highly conserved part of the molecule. Furthermore, there
are 13 conserved cysteine residues, one of which (residue
754 of Mac-1) is not conserved in the gp IIb sequence. Also,
short stretches of sequence adjacent to these cysteines are
generally well conserved. The most striking similarities,
however, are evident upon further analysis of the most homo-
logous regions in the N-terminal half of the polypeptides.
Comparison of the sequences shown in the large boxes
(Figure 4) reveals a very similar pattern of glycines and
hydrophobic residues (Figure 5), and an almost invariant
LLLGAP (L often replaced by V, I or A) at the C-terminal
end of each domain. Four of these repeated domains (IV,
V, VI and VII) contain in their central part a hydrophilic
sequence with a characteristic pattern of aspartic acid
residues (DXDXDGXXD) that is very similar to the EF-
hand type of calcium-binding sites found in calmodulin and
several other calcium-binding protein (Szebenyi et al., 1981;
see also Argraves et al., 1987a; Poncz et al., 1987). This
hydrophilic sequence is not conserved in domain IV of Mac-1
and entirely lacking in domains I—III of all four proteins.
Comparison of the integrin consensus sequence (Figure 5)
with the EF-hand consensus shows that only the central part
is identical, while the flanking regions, which are known
to be a-helical in calmodulin, are completely different.
According to secondary structure prediction (Garnier et al.,
1978), the peripheral parts of the integrin repeats would be
expected to take up an extended conformation. Also, the in-
tegrin repeats are lacking the conserved glutamic acid residue
of the EF-hand consensus, which is significant because the
side-chain oxygen of this residue is known to coordinate with
the metal in the calcium—calmodulin complex.
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MAC EEM3 YRKTSEGHLLLSS DEAFALEPGOERVIRSKIETKVEPYEVHY--- 1089
VNR RGKSAT[YISS FMNKENQNHSYSL VIE[gPYKNLPIEDITNSULVTTIIVTWGIWPAP 959
FNR L K(sP ELElF[URMAHG P L HQETES QSROMHF RIWAK T FBQRE[IQP - - F SLQCEYAIKALKMP YR I LPRQLPQKERWVATAVQWTKAEGS 953
1Ib o7 VUL RQEMARGIRRAMIEATL AFBWL PSL YQRPLDQ-- F{JL OSHEMAIVESL P YRvPPLEL PRIGEARVWTELL--RALEE 961
P X%k kX % % % %k Xk
MAC L YKLGF FKROLOLY 1137
VNR ATRRRIATRY F VMM GIVRPPQENEREWL QHENGEGNSET 1018
FNR J(NGLLLLELLINBIL YKLGFFKRNA(FIT 0P PRI 1008
I1b  RAMIWWYLVGY L[NNIV IAMWSTS T <R PPLEFNDEEGE 1008

Fig. 4. Alignment of the o chain protein sequences of Mac-1, VNR (Suzuki et al., 1987), FNR (Argraves et al., 1987a) and gp IIb (Poncz et al.,
1987). Putative signal peptides are not included. Inverse printing indicates homology with the Mac-1 sequence, including the conservative
substitutions L/I/V/A, Y/F, S/T, K/R and E/D/Q/N. Identities of the VNR/FNR/gplIb sequences that are not shared with Mac-1 are not shown.
Boxes represent the seven homologous repeats, as well as the putative transmembrane domains near the C-terminus. Asterisks indicate identical
amino acids in all four sequences, and the 13 conserved cysteines are marked by dots. The arrow denotes the putative site of post-translational
cleavage preceded by a double basic (KR) sequence, which is not conserved in Mac-1.
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MAC  [P-KEJZGONVVQLGGTS----- VVVE
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FNR EFYRPG- TGS - -[{Ad:\y
I1b DFHKESH-GRVA--)SeYy
MAC Gl
11 UWR ASAP
FNR  QWESATIIRAHGSS-------- AWAP
IIb  QGRELXYvSWSP]-------- ABAP
MAC  BoedFAsITsNGP
111 YNR - COGEFJIDFTKADR
FNR  CQGHRJAEFTKTGR
IIb C SVVTQAG
MAC SA-VILRIR--V
VNR
V' ENR
1Ib
MAC
VNR
YRR
1Ib
MAC
VNR
I' e
IIb
MAC
VNR
VII o
I1b
SYF .S A
Cons. ¢  GZ,ZXXXXDZDXDGXXD-ZZZG\ P

EF hand EZXXZZXXZDXDXDGXIDXXHZXXZ
Helix Loop Helix

Fig. 5. Alignment of the seven repeating units shown as large boxes in
Figure 4. Amino acids in agreement with the consensus sequence are
shown in inverse print. The EF-hand consensus sequence is taken from
Szebenyi et al. (1981). In the consensus sequences, Z stands for any
hydrophobic amino acid, X for any amino acid, and D may be
replaced by E, N, S or T.

The first six of the seven homologous repeats are followed
by a short conserved segment consisting of a glycine fol-
lowed by 5 hydrophobic residues (small boxes in Figure 4).
These short segments are probably part of the seven-repeat
structure. However, the distance between the large and the
small boxes is quite variable, and the sequences between
them bear no similarity.

In contrast to these shared properties, the Mac-1 « chain
has a number of unique features. It contains six cysteines
that are not matched by cysteines in the other integrins (see
Figure 6). Moreover, four cysteines that are conserved
among the other integrins (positions 141, 155, 668 and 681
of VNR) have no correspondence in Mac-1. A highly con-
served domain of the other integrins (VNR 138—155) has
been deleted from the Mac-1 sequence, and another one
(VNR 674—688) has been replaced by a completely
unrelated sequence. Generally, the C-terminal part of the
extracellular portions has diverged significantly, and also the
cytoplasmic tails are of different size and structure.

Furthermore, the domain that contains the Lys-Arg
sequence that precedes the site of post-translational cleavage
(Argraves et al., 1986, 1987a; Suzuki et al., 1986, 1987;
Ponz et al., 1987) has been deleted from the Mac-1 sequence
(arrow in Figure 4), which agrees with the fact that this

Sequence of Mac-1 o chain

" | | PR NX T/S
1 2 3

D‘D!W-‘Dnsgnl L 10&)!‘33

ik ol ] [yS

Fig. 6. Domain structure of the Mac-1 « chain. Open boxes indicate
repeating units, the cross-hatched box represents the inserted domain
homologous to vVWF and the filled box stands for the transmembrane
domain. M, putative binding sites for divalent cations; NXT/S,
potential acceptor sites for N-linked glycosylation; Cys, cysteine
residues (long lines: cysteines conserved between all four integrin o
chains; short lines: cysteines unique for the Mac-1 sequence).

cleavage does not occur in Mac-1. The most obvious dif-
ference, however is found in the N-terminal portion, between
the second and the third of the homologous repeats (Figure
4), where 220 amino acids are inserted in the Mac-1
sequence. This additional domain is reponsible for the larger
size of the unglycosylated Mac-1 polypeptide compared to
the other integrins (127 versus 110 kd).

Comparison of the additional domain of Mac-1 with
von Willebrand factor (vWF), cartilage matrix protein
(CMP) and factor B/C2
A computer search of the NBRF protein sequence database
using a short stretch (positions 134 —149) from the Mac-1
additional domain revealed a significant homology with the
published sequence of vWF (Titani et al., 1986). Further
analysis showed that the entire additional domain is homo-
logous to the type A homologous repeats of vVWF, shown
as cross-hatched boxes in Figure 7 (Sadler er al., 1986;
Shelton-Inloes ef al., 1986). As noted by these authors, the
same domain is homologous to a region of the complement
factors B and C2. Furthermore, the sequence (Argraves et
al., 1987b) of CMP contains two units of the same homolo-
gous repeat. Alignment of these sequences with the addi-
tional domain of Mac-1 (Figure 8) shows that they all share
a significant degree of homology, which is most pronounced
in one large (Mac-1 residues 133 —165) and two small sub-
domains (230—243 and 264 —272). The overall degree of
identity ranges between 14—22%, with the exception of fac-
tor B and C2, which are known to be closely related to each
other (34%). However, in the most conserved region (Mac-1
133—165), a much higher degree of identity of 28—41%
can be observed, and this number rises to 60—80% if con-
servative replacements are included.

Discussion

This report presents the complete amino acid sequence,
deduced from cDNA, of the murine macrophage cell sur-
face protein, Mac-1. It is clear that this sequence is authentic
because it includes the previously described 28 N-terminal
residues of the mature Mac-1 protein (Sastre et al., 1986).
Moreover, the predicted protein sequence is undoubtedly the
sequence of a member of the integrin « chain family, which
was to be expected since the Mac-1 3 chain is also very
similar to the other integrin 3 chains (Kishimoto ez al., 1987;
Law et al., 1987). Finally, the size of the predicted protein
closely agrees with the experimental value.

An unusual feature of the Mac-1 cDNA is that it contains
a very large 5’ untranslated region (at least 573 nt). Interest-

1375




R.Pytela

ingly, a consensus sequence of interferon-regulated genes
is present in this region (Figure 3). Since it is known that
Mac-1 mRNA expression in myelomonocytic cell lines is
stimulated by interferons (Sastre ez al., 1986), it is possible
that this consensus element plays a role in the positive regula-
tion of transcription. However, it should be noted that in
all other cases this regulatory site is found upstream of the
transcription start site and thus is not included in the cDNA
sequence.

Complete amino acid sequences of three other integrin o
chains have been published, and it was found that they are
closely related to each other, with an overall degree of iden-
tity of 36—46%. Mac-1 is much more distantly related to
the other three o chains (Figure 4), sharing only 20—22%
identical residues. Also, a much larger number of gaps has
to be introduced to achieve optimal alignment. This contrasts
with the high degree of identity between the corresponding
B chains (~45%). A possible explanation for this dis-
crepancy could be that during evolution o chains diverged
at a time when the same (3 chain was still used for all the
integrins, or alternatively, that the differences in the o chain
sequences reflect unique functions of Mac-1 that are only
dependent on the « subunit.

Despite the low overall degree of similarity, there can be
no doubt that the Mac-1 « chain is a member of the integrin
a chain family, because of the very similar location of the
transmembane domain, conserved positions of 13 cysteine
residues and a number of short domains that are very similar
in all four polypeptides. Some of the most conserved domains
(40—65% identity) in the N-terminal half of the molecule
can be arranged in seven repeating units (Figures 4 and 5).
Therefore, it is likely that this part of the protein was

* % kkkkkk X * *x Xx

* * *
Mac-1  RPPQEFREAL - -EZePoE SOITABTLRGS
VWF-A1  EDI-SE[gPAHDF Y-8S-RL L/RYFREIESSRE
VWF-A2  PGLLGVST[GP
vWF-A3  EGL-I[ITASPAPRES-BP
CMP-1

CMP-2  —--ooeeee SACSGGSGSALNRUIIRHIENKSYIRP L N
B EQQKRKI V[EDP - - - -SGS-MMY LYTHMENDRIGA GANKCIRVN{RI[3K
C2 ESLGRKI[SJ4QR -~ --SGH-L{{[RY L [{%p} SOSV LI LMV[JR

Mac-1
VWF-A1l
VWF-A2
VWF-A3
CMP-1
CMP-2

C2

Mac-1 IGVGNARFN
vWF-A1 [IS{ePH-

VWF-A2  JLejfeiPN-A L--Jpge---------
VWF-A3 LR -NIAA ~[ZYeISN- -7V -KIKOR I]3- - - - - - - --
CMP-1  pEejeR--VIMHT -L - DY-

CMP-2 -V \JADSF

B FleleiP(R- VI-Q WVEDZENLE

c2 1GVGYLONDRE LN--——GKDRHAF L-

QVDNFEALNTIQNQL!EKI TQTE

originally made up of seven tandem repeats, each ~ 65
amino acids long, that arose by a series of duplication events
but subsequently diverged from each other leaving only the
most essential structural features unchanged. As shown in
Figure 5, putative binding sites for divalent cations are pre-
sent in some of these repeats. This finding is not unexpected

|'f|
VISR —)
E1 D1 Al A2 A3 D2 E2B1-3C1C2
vWF
RADS

¥

BIC2 D:D-%_L_Pl
[
RGDS
E

o~

Fig. 7. Domain structure of Mac-1, VWF, factors B/C2 and CMP.
Homologous domains are shown as cross-hatched boxes. The filled
box indicates the transmembrane domain, open boxes represent type B,
C, D and E repeats in vWF and the 3-fold N-terminal repeat in B/C2.
SP, serine protease domain; M, putative metal binding sites; RGDS,
Arg-Gly-Asp-Ser sequences representing potential interaction sites with
adhesive cell surface receptors, E, EGF-like domain. The arrow
denotes the site where the zymogens B and C2 are cleaved into the
Ba/C2b fragments and the active serine proteases Bb/C2a.

*x %k k% * * * *
-k§- - (S - FIMOY]- - -Ro e FRNIHG - HGINGEPR-BHI-BPH 202
- 18- - QIR VATVIR]HD E-LRRIAS-- 582

QSK-GDILQRf}-R-- 803
L\jpv-- 997

G 10N -ASA-TNER-BLKTHOTK-AELLQAY-QRET 32
LE-VE--E&ofovalVelf- - -85S VRQE(F- PLGRITINKK-DI-K-BA--l] 262
VASYGVKPYGLVYATY------- PKIWVKVS[3ADS ------ BniowvT 311
IFSFEINVSVI IFASE------- PKVLMJVLIJDNSR------ DMTEV] 301

268
650
864
1061
98
328
402
391

STESFEHEMS- 335
APlFAPPPTLPPDMAQVTVG 716
P--DLV--L[RCC 909
-PTMVEILGNSF--LHKLCEG 1111
------------ FQEAFCVVS 145
------------ LQMKICVEE 375

R L§----- LCGMV 456
. L K-LUDH---1C6v6 447

Fig. 8. Alignment of the inserted domain of Mac-1 (residues 116—335) with the repeated domains Al to A3 (residues 497—1111) from the sequence
of vWF (Sadler er al., 1985; Titani er al., 1986), residues 1—145 (CMP-1) and 184 —375 (CMP-2) of CMP (Argraves et al., 1987b) and residues
230—456 of the human factor B sequence (Mole et al., 1984) as well as residues 220—447 of the C2 sequence (Bentley, 1986). Rules for inverse
printing of residues conserved between Mac-1 and the other seven sequences are as in Figure 4. Positions of identical amino acids shared by at least

four of the eight sequences are indicated by asterisks.
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because the function of all integrins that have been character-
ized is dependent on Ca’* or Mg?*. In VNR, FNR and gp
IIb, repeats IV, V, VI and VII contain metal binding loops,
whereas only three of them (V—VII) are conserved in
Mac-1. Repeats I—III are lacking part of the metal binding
domain. It appears likely that in the primordial integrin, all
the repeats contained a metal-binding domain and that in the
course of evolution some of these were lost by deletion
events.

In addition to the sequences homologous to the other
integrin o chains, Mac-1 contains a 220 amino acid domain
that apparently has been inserted between the second and
the third of the homologous repeats. The sequence of these
220 amino acids is related to domains that occur in four other
extracellular proteins, i.e. von Willebrand factor (VWF), car-
tilage matrix protein, complement factor B and C2 (Figures
7 and 8). In vWF, it occurs in the form of three tandem
repeats between residues 496 and 1111 of the mature pro-
tein. The same region has been described to contain at least
two independent collagen-binding sites (Pareti ez al., 1987).
Therefore, it is likely that each one of the three repeats has
collagen-binding activity. This interaction is believed to be
important for the function of vVWF as a mediator of platelet
adhesion to the subendothelial matrix, which is a critical step
in hemostasis. A very similar function has been ascribed to
Mac-1, which is known to be involved in the adhesion of
phagocytes to endothelial cells in vitro, as well as in the
recruitment of macrophges to inflammatory stimuli in vivo
(Rosen and Gordon, 1987). The matrix component that is
recognized by Mac-1 has not been identified, but based on
its homology with vWF one could speculate that Mac-1 also
binds to collagen fibrils. This would imply that the adhesive
function of Mac-1 is mediated by the extra domain, while
the iC3b binding site would probably reside in the integrin
structure. The latter prediction is also suggested by the find-
ing that iC3b binding is mimicked by an RGD-containing
peptide and therefore may be similar to the activity of other
integrins (Wright et al., 1987).

The hypothesis that the extra domain of Mac-1 may
mediate collagen-binding is further supported by the fact that
two similar domains are present in CMP, which is known
to interact with collagen (Argraves et al., 1987b). Since the
two homologous repeats account for ~80% of the CMP
sequence (Figure 7), it is very likely that they include the
region(s) that interact with collagen.

Factors B and C2 are closely related to each other and play
important roles in the alternative (B) and classical (C2) path-
ways of complement activation. Both proteins are zymogens
containing a C-terminal serine protease domain which is
activated by a cleavage that removes the N-terminal 234
amino acids (Figure 7). Between the protease domain and
the cleavage site, there is a stretch of 220 amino acids of
previously unknown function. This sequence is homologous
to the A domains of VWF and to the extra domain of Mac-1
(Figure 8), which provides a new clue as to the possible func-
tion of this domain in factor B and C2. Based on the homo-
logy with vVWF, one could speculate that this domain confers
collagen-binding activity, which might play a role in com-
plement localization to inflammatory sites. Alternatively, it
could be important for some previously unrecognized func-
tion of these complement components, which are synthesized
by many cell types including macrophages and fibroblasts.
It is interesting to note that factor B, like vVWF, contains an

Sequence of Mac-1 « chain

RGDS sequence close to its C-terminal end (Figure 7). Thus,
factor B could potentially mediate cell adhesion to extra-
cellular matrix by interacting with RGD-dependent recep-
tors on the cell surface and simultaneously with collagen
fibers via its vVWF-related domain. This type of interaction
could possibly play a role in the adhesion of phagocytes.
Indeed, it has been reported that factor B is able to bind to
the cell surface and to induce spreading of adherent macro-
phages (Gotze et al., 1979).

The occurrence of a homologous domain in the otherwise
completely unrelated proteins Mac-1, vVWF, CMP and fac-
tors B/C2 probably represents another example of informa-
tion transfer (‘exon shuffling’) between different genes. It
will be important to investigate whether these sequence
homologies are reflected in functional similarities between
the respective proteins.

Materials and methods

DNA cloning

An oligo (dT)-primed mouse macrophage cDNA library in the Agt11 vector
was obtained from Clontech Laboratories, Palo Alto, CA. The initial screen-
ing was done with two 33mer oligonucleotides, TTCAATCTGGACACT-
GAACATCCCATGACCTTC and GCTTTGGACAGAATGTGGTCCA-
GCTTGGCGGAA, following standard techniques for labeling and hybridiza-
tion (Maniatis et al., 1982). Two further rounds of screening were per-
formed with oligonucleotides corresponding to the 3’ end of previously
identified clones. Inserts were excised using EcoRI and purified by elec-
trophoresis on low melting point agarose.

DNA sequencing

cDNA inserts were subcloned into the phage vector M13mpl8 or into the
bluescript plasmid (Stratagene, San Diego, CA). The insert sequence was
determined according to Sanger er al. (1987), using modified T7 DNA
polymerase (Sequenase) obtained from USB, Cleveland, Ohio, or the Klenow
fragment of E.coli DNA polymerase I (Pharmacia). Both ends of each sub-
cloned DNA fragment were sequenced using universal primers that hybridize
to the vector DNA (Pharmacia), and these sequences were extended using
17mer oligonucleotide primers. The sequence reported here is the result
of sequencing both strands of the cDNA inserts, and most of it was deter-
mined from at least two independent cDNA clones.
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