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Summary

We have isolated cDNA clones encoding the p subunit
of the human LFA-1, Mac-1, and p150,95 family of leu-
kocyte adhesion proteins. The deduced 769-amino-
acid sequence defines a cysteine-rich polypeptide
with the characteristic features of an integral mem-
brane protein. Peptide sequence data, Northern blot
analysis, and Southern blot analysis suggest that a
single gene encodes the B subunit of all three leuko-
cyte adhesion proteins. There is 45% homology be-
tween the B subunit sequence and band lll of integrin,
a chick fibronectin and laminin receptor. This homol-
ogy defines a new supergene family of cellular adhe-
sion proteins.

Introduction

Cellular adhesion is a critical function for guiding develop-
ment and maintaining the integrity of the body. In the im-
mune system, antigen-specific cell-cell interactions are
required for the induction and regulation of the immune re-
sponse and for effector cell function. Leukocytes must
also interact in an antigen-independent manner with vas-
cular endothelial cells to be able to migrate to the site of
infection or inflammation. These cellular adhesion reac-
tions are mediated in part by a family of structurally related
glycoproteins, LFA-1, Mac-1, and p150,95.

LFA-1, Mac-1, and p150,95 are composed of noncova-
lently linked «:B heterodimers, which have distinct a
subunits with molecular weights of 180,000, 170,000, and
150,000, respectively. The B subunit, M, = 95,000, has
been shown to be identical in all three proteins by phys-
icochemical and immunochemical studies (Kiirzinger et
al., 1982; Sanchez-Madrid, 1983a, 1983b; Hildreth and
August, 1985). LFA-1, which is expressed by most leuko-
cytes, enhances antigen-specific helper and cytolytic lym-
phocyte function and acts as a general adhesion protein
in antigen-independent cellular interactions (Springer et
al., 1982; Martz, 1987; Springer et al., 1987). Mac-1 and
p150,95 are expressed on the cell surface of monocytes
and granulocytes. Inflammatory mediators induce rapid
mobilization of a large intracellular pool of Mac-1 and
p150,95 to the cell surface (Springer et al., 1984; Todd et
al., 1984; Anderson and Springer, 1987). This up-regula-
tion event results in increased adhesiveness to endothelial
cells, and mediates localization of leukocytes to inflamma-
tory sites (Springer and Anderson, 1986; Anderson and

Springer, 1987). In addition, Mac-1 and p150,95 also ap-
pear to bind the iC3b fragment of complement (Beller et
al., 1982; Micklem and Sim. 1985).

The importance of the LFA-1/Mac-1/p150,95 family in im-
mune function is underscored by the existence of the hu-
man genetic disease termed leukocyte adhesion defi-
ciency (LAD). Patients with LAD are deficient in their cell
surface expression of LFA-1, Mac-1, and p150,95 (Springer
and Anderson, 1986; Anderson and Springer, 1987) and
suffer from recurrent life-threatening bacterial infections.
Leukocytes from these patients show profound defects,
both in vivo and in vitro, in virtually all adhesion-related
functions (Springer and Anderson, 1986; Anderson and
Springer, 1987).

The common B subunit is of particular interest for
several reasons. First, the B subunit appears to have an
important role in the function of all three proteins. Mono-
clonal antibodies (MAb) directed against the B subunit are
among the most potent inhibitors of adhesion-related
functions mediated by Mac-1 and LFA-1 (Sanchez-Madrid
et al., 1983a; Hildreth and August, 1985; Anderson et al.,
1986; Martz, 1987; Springer et al., 1987). Second, the pri-
mary genetic lesion in LAD disease appears to be a defect
in either the expression or structure of the common B
subunit (Springer et al., 1984; Marlin et al., 1986).

Adhesion mechanisms are important in other systems
for guiding cell migration and localization. The receptors
for components of the extracellular matrix, such as fibro-
nectin, laminin, and vitronectin, mediate cellular adhesion
during morphogenesis and wound healing. The human
extracellular matrix receptors are also composed of high
molecular weight a:p complexes (Pytela et al., 1985, 1986;
Leptin, 1986; Ruosliahti and Pierschbacher, 1986). The
relationship between the Mac-1/LFA-1/p150,95 family and
these other adhesion proteins has been unclear.

We report here the isolation and analysis of cDNA
clones for the B subunit of the Mac-1/LFA-1/p150,95 family.
The deduced amino acid sequence defines a cysteine-
rich protein with the characteristic features of an integral
membrane protein. The B subunit shows strong homology
to band Ill of integrin, a chick fibronectin and laminin
receptor (Tamkun et al., 1986). This homology defines a
new supergene family of cellular adhesion proteins.

Results and Discussion

Partial Protein Sequence from the p Subunit
p150,95 was purified from hairy cell leukemia spleens by
MAD affinity chromatography (Miller et al., 1987). Analysis
of the purified protein by SDS-PAGE and silver staining
revealed the characteristic a and p subunit, with no signifi-
cant amounts of contaminating proteins (Figure 1A, lane
1). Following preparative SDS-PAGE, the B subunit band
was excised and electroeluted (Figure 1A, lane 2).

The B subunit was partially sequenced to allow the con-
struction of oligonucleotide probes. No sequence could
be derived from the intact B subunit, suggesting that the
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Figure 1. Purification of the p Subunit and Amino Acid Sequence Analysis

p150,95 B Subunit
P-61 sequence LYENNIQPIFAVTS
Deduced sequence KLAENNIQPIFAVTS
P-20 sequence (T/C)D T GYIGK
Deduced sequence R C DTGYIGK
P-18 sequence SSQELEG S(T/C)(R)
Deduced sequence RSSQELEGS C R
Mac-1 § Subunit
M-58 sequence LLVFATDDGFHF
Deduced sequence RLLVFATDDGFHF
M-52 sequence XAVGETLSEX(S)XN
Deduced sequence KSAVGELSEDSSN
LFA-1 B Subunit
L56a sequence ECQPPFAFR
Deduced sequence KECQPPFAFR
L56b sequence LIYGQYCE((C)DTI
Deduced sequence KLIYGQYCECDTI
L-65 sequence VFLDHNALP
Deduced sequence RVFLDHNALP

(A) Silver-stained SDS-polyacrylamide gel showing a sample of the affinity-purified p150,95 protein (lane 1) and the electrophoretically purified B
subunit (lane 2). Both lanes were intentionally overloaded to show any traces of contaminating material. The samples were run on separate gels.
(B) Reverse-phase HPLC profile of the B subunit tryptic peptides. Peaks P-18, P-20, and P-61 were subjected to amino acid sequence analysis.
(C) Amino acid sequence of tryptic peptides from the p150,95 B subunit and comparison with the deduced amino acid sequence of the § subunit
<DNA clone. Parentheses denote some uncertainty in the amino acid assignment. The location of the peptides within the B subunit polypeptide
is shown in Figure 2. (D) Amino acid sequence of tryptic peptides from the B subunit of Mac-1 and LFA-1. An X signifies that no assignment could

be made.

N terminus was blocked. To obtain internal amino acid se-
quence, the B subunit was digested with trypsin, and the
tryptic peptides were resolved by reverse-phase HPLC
(Figure 1B). Peaks were collected and applied to a gas
phase microsequenator. Sequences for the P15095 P
subunit peptides P-61, P-20, and P-18 are shown in Figure
1C.

cDNA Cloning
Based on the peptide sequences, both unique sequence
and mixed sequence oligonucleotide probes were synthe-

sized. A unique sequence 39mer, designed according to
human codon usage frequency (Lathe, 1985), and a
20mer of 96-fold redundancy were derived from peptide
P-61. A 17mer of 192-fold redundancy was derived from an
independent peptide, P-20 (Figure 1C). The 39mer and
the mixed sequence 20mer were used to probe a North-
ern blot of poly(A)*-selected RNA from U937 cells acti-
vated by phorbol myristyl acetate (PMA). Both probes iden-
tified a band of approximately 3 kb. The 39mer gave a
much stronger signal (see Figure 3A) and was chosen for
the primary screening of the cDNA library.
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CAGGGCAGACTGGTAGCARA GCOCCCACGCCCAGCCAGGA GCACCGCOGCGGACTCCAGC ACACC
NETIeuGleruArquPmIeuleuAlaIeuValGlyLeuLeuSerleu

GGG _TGC _GTC _CTC TCT CAG GAG ACG AAG TTC AAG GTC AGC AGC TGC CGG GAA ATC GAG TCG GGG CCC GGC ACC TGG CAG ARG CTG AAC TTC ACA GGG

Ciy Ty val Teu Ser]Gln Glu €y3 Thr Lys Phe Lys Val Ser Ser €y Arg Glu €y3 Ile Glu ser Gly Pro Gly €y9 Thr Trp €y5 Gln Lys Leu Azn Phe Thr Gly

COG GGG GAT CCT GAC TCC ATT CGC GAC ACC CGG CCA CAG CTG CTC ATG AGG GGC GCG GCT GAC GAC ATC ATG GAC COCC ACA AGC CTC GCT GAA ACC CAG GAA
Pro Gly Asp Pro Asp Ser Ile Arg Asp Thr Arg Pro Gln Leu Leu MET Arg Gly Ala Ala Asp Asp Ile MET Asp Pro Thr Ser Leu Ala Glu Thr Gln Glu

GACCACAAT(I;GG}CCAGAAGCAGCICECQ:AG\AAMG[GACGCPFMCTGC&C@GGCQ\G(IAG&G@T[CMCG[CPCCTICCGGC@GCCMGGSCM
AspHisAsnGly&lyGlnLysGlnI.euSerProGlnLysValThrIeu‘IyrIeuArngGlyGlnAlaAlaAlaPheAizVal'IhrPheArqArq}\laLysGly'Iyr

CGZA'ICGRCCIC'B\CMC[GA'ICGACCICICC‘D\CTQ:ATCCPPG\TG\CC[CNX;AATGNMGAAGCEGGPG&GACCNCICC&GQZC[CAACGAGAICAH?
PmIleAspIeu'IYr‘lera.\mAspleuSer'IyrSerbEI‘IeuMpAspIeuA:quValI.ys].)ysLe\zGlyGlyAspLeul.euArg}\laLeuAsnGlu Ile Thr

GAG’ICCGGCQSCATI‘G&:’HCG(I;'ICCT[CGICGACAAGAQZGﬁSCTG(XJGT[CGIGAMACG@C(XTFGATAAGC‘[CCGAMCCO\ COC AAC AAG GAG APA GAG
Glu Ser Gly Arg Ile Gly Phe Gly Ser Phe Val Asp Lys Thr Val Leu Pro Phe Val Asn Thr His Pro Asp Lys Leu Arg Asn Pro Pro Asn Lys Glu Lys Glu

CRGCCCOJGTITGG:’HCAG:CACGICCICAAGC’IGA(X:AACMCICCADC(‘J\GT‘ITCAGACCG&GGTCG&}AMCAGCK}ATPTCCG@AACCICG\T&AC@
GlnProProPheAlaPheArqusValI.euLysleuThrAimAsnSerAsnG].nPheGl.n'IhrGluValGlyLysGlnLeuIleSerGlyAsnleuAspAlaPro

L-S6a
GAG GGT GGG CTG GAC GCC ATG ATG CAG GIC GCC GCC COG GAG GAA ATC GGC TGG CGC AAC GiC ACG CGG CTG CTG GTG TTT GCC ACT GAT GAC GGC TTC CAT TIC

Glu Gly Gly Leu Asp Ala MET MET Gln Val Ala Ala Pmclu(;luIleGly’n'pAngAszal'mrArgLeul.mValmeAla'mrAsp}\spGlymeHist
M-58

GOG GGC GAC GGA AAG CTG GGC GCC ATC CTG ACC CCC AAC GAC GGC OGC CAC CIG GAG GAC AAC TTG TAC AAG AGG AGC AAC GAR TTC GAC TAC CCA TCG GIG GGC
AlaclyAspGlyLysIeuGlyAlaIleIeu'merAsnAspGlyArq His Leu Glu Asp Asn Leu Tyr Lys Arg Ser Asn Glu Phe Asp Tyr Pro Ser Val Gly

cx;cmcccmcmacGcrcmmcmcm:cmoocmcmccccmammmmccmmmmcmmcmmccAcAmAn:cccmcmcoc
Gln Leu Ala His Lys Leu Ala Glu Asn Asn Ile Gln Pro Ile Phe Ala Val Thr Ser Arg MET Val Lys Thr Tyr Glu Lys Leu Thr Glu Ile Ile Pro Lys Ser Ala
——

P-61

G'lCGG;GAGCm’IVI‘GAGGACMAGCMTGK;G[CCATCICAT[‘MGMTGCI‘IS\CAATAMCI'CICC'ICCAGGGICTICCICG\TCACAPCGQUCQ:C@CA(I
val Gly Glu Leu Ser Glu Asp Ser Ser Asn Val Val His Leu Ile Lys Asn Ala Tyr Asn Lys Leu Ser Ser Arg Val Phe Leu Asp His Asn Ala Leu Pro Asp Thr

M-52 L-65

CTG ARA GTC ACC TAC GAC TCC TIC AGC PAT GGA GTG ACG CAC AGG AAC CAG CCC AGA GGT GAC GAT GGC GIG CAG ATC AAT GIC CCG ATC ACC TIC CAG GIG
Leu Lys Val Thr Tyr Asp Ser Phe Ser Asn Gly Val Thr His Arg Asn Gln Pro Arg Gly Asp Asp Gly Val Gln Ile Asn Val Pro Ile Thr Phe Gln Val

ARG GIC ACG GCC ACA GAG A‘mcncmca\cmcmcxcmccccwcmcccmwcmcmcmwccmo\cmmcocCAG GAG GG
Lys Val Thr Ala Thr Glu Ile Gln Glu Gln Ser Phe Val Ile Arg Ala Leu Gly Phe Thr Asp Ile Val Thr Val Gln Val Leu Pro Gln Glu@kqé

CGG GAC CAG AGC AGA GAC CGC AGC CTC CAT GGC AAG GGC TIC TTG GAG GGC ATC AGG TGT GAC ACT GGC TAC ATT GGG AAA AAC GAG CAG ACA
Arg Asp Gln Ser Arg Asp Arg Ser Leu His Gly Lys Gly Phe leu Glu Gly Ile Arqml\sp‘l‘hrcly'[yr Ile Gly Lys Asn Glu Gln Thr
P-20

CAG GGC CGG AGC AGC CAG GAG CTG GAA GGA AGC CGG AAG GAC AAC AAC TCC ATC ATC TCA GGG CTG GGG GAC TGT GIC GGG CAG CTG CAC ACC
Gln Gly Arg Ser Ser Gln Glu Leu Glu Gly Ser Lyshsphzn)\snsarne Ile SerGlylmGlyAsp@Val Gly Gln Leu His Thr
P-18

AGC GAC GTC CCC GGC AAG CTG ATA TAC GGG CAG TAC GAG GAC ACC ATC AAC GAG OGC TAC AAC GGC CAG GTIC GGC GGC COG GGG AGG GGG CTC
Ser Asp Val Pro Gly Lys Leu Ile Tyr Gly Gln Tyr Glu Asp Thr Ile Asn Glu Arg Tyr Asn Gly Gln Val Gly Gly Pro Gly Arg Gly Leu
L-56b

TIC GGG PAG cee CAC CCG GGC TIT GAG GGC TCA GCG CAG GAG AGG ACC ACT GAG GGC CTG AAC OCG OGG CGT GIT GAG AGT GGT CGT
Phe Gly Lys Arg His Pro Gly Phe Glu Gly Ser Ala Gln Glu Arg Thr Thr Glu Gly Leu Asn Pro Arg Arg Val Glu Ser Gly Arg

GGC CGG oGC AXC GTA GAG CAT TCA GGC TAC CAG CIG CCT CTG CAG GAG CCC GGC CCC TCA CCC GGC ARG TAC ATC TCC GCC
Gly Arg Arg Asn Val Glu His Ser Gly Tyr Gln Leu Pro leu Gln Glu Pro Gly Pro Ser Pro Gly Lys Tyr Ile Ser Ala
GAG CTG AAG TTC GAA AAG GGC CCC TTT GGG AAG AAC AGC GCG GCG COG GGC CTG CAG CTG TOG AAC AAC CCC GIG AAG GGC AGG ACC AAG GAG AGG

Glu Leu lys Phe Glu Lys Gly Pro Phe Gly Lys Asn Ser Ala Ala Pro Gly Leu Gln Leu Ser Asn Asn Pro Val lys Gly Arg Thr Lys Glu Arg
o

Val Ala Gly Pro Asnllle

GAC TCA GAG GGC I!!;GIGGQ:WPDGCIGGAGCAGCAGG&CGEMC@CC@MCICMC'E\TGI‘GGATG‘AGAGC(XZAG\G GTG GCA GGC OCC AAC ATC
'PszalAla‘IYr'mrleuGluGlnGlnAspGlym‘l‘AspArgMIeuIle'erValAspGluSerAqulu

Asp Ser Glu Gly

COC CX
Ala Ala

mcmmmmcmmmccmmcmmmmoccmmmmc&mmmmAmmcccmmccrmmmamm
PheGluLysGluIysIaxLysSerGlnT:pAsnAsnAspAumLeuPheLysmeMMVMMMMWSmeu&r .

GAAGA( TGGCTTGGCCACAGCTCT TGAGGATG TCACCAATTAACCAGAAATCCAGT TATTT TCOGOCCTCARRATGACAGCCATGGCCGGCOGETG

WMMMMM@W

ATTTATTTACATTTAAACTTGTCAGGGTATAAAATGACATOCCATTAATTATATTGTTAATCAATCACG TG TATAGARARAAAAATAAAACT TCAAT 2776

Figure 2. Isolation and Sequence of the cDNA Clones
(A) A partial restriction map for the p subunit cDNA clones (E = EcoRl, Ap = Apal, B = BamH|, Av = Aval, P = Pstl, X = Xmal,and N = Nael).
The open reading frame is shown as a thick line. The sequence corresponding to the 39mer oligonucleotide is marked by a triangle. Three B subunit
cDNA clones, 18.1.1, 9.1.1, and 3.1.1, are represented below the restriction map. (B) The complete nucleotide sequence and deduced amino acid
sequence of the B subunit cDNA. The signal sequence is boxed with thick lines and the transmembrane domain is boxed with thin lines. The predicted
amino acid sequences that correspond to the sequence of the tryptic peptides are underlined. The potential N-glycosylation sites are denoted with
triangles. The cysteine residues are circled. A potential polyadenylation sequence is underlined.
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Figure 3. Northern and Southern Blot Analysis

(A) Northern blot analysis of poly(A)* RNA (10 ug) isolated from PMA-
induced U937 cells and probed with 32P-labeled 39mer oligonucleo-
tide (lane 1) and the nick-translated B subunit cDNA clone (fane 2).
(B) Northern blot analysis of poly(A)* RNA from Hela epithelial carci-
noma cells (lane 1), JY lymphoblastoid cells (lane 2), and CO3 cells,
an EBV-transformed cell line from a healthy donor (lane 3). The RNA
was probed with the nick-translated 3.1.1 cDNA insert. (C) Southern
blot analysis. High molecular weight genomic DNA (1 pg) from SKW3
cells was cut with an excess of EcoRl (lanes 1 and 3) and BamHl (lanes
2 and 4), and transferred to nitrocellulose. The filter was probed with
the nick-translated 1 kb EcoRI/EcoRI fragment of clone 9.1.1 (lanes 1
and 2). The same filter was reprobed with the nick-translated 1.8 kb
EcoRI/EcoRlI fragment of clone 3.1.1 (lanes 3 and 4).

Two hundred thousand recombinants from a size-
selected human tonsil cDNA library (Wong et al., 1985)
were screened with the 39mer oligonucleotide, and 15
positive clones were picked. Eight of the clones cross-
hybridized with each other and gave positive signals with
the 20mer mixed sequence probe and the independent
17mer mixed sequence probe (data not shown). Three of
these clones were chosen for further analysis (Figure 2A).
A 263-bp Pstl/EcoRl restriction fragment that hybridized to
the 39mer was sequenced by the dideoxy chain termina-
tion method (Sanger et al., 1977), and the deduced amino
acid sequence confirmed the identity of the clone. The
unique sequence oligonucleotide was 87% homologous
to the cDNA sequence.

The B subunit nucleotide sequence and the deduced
amino acid sequence are shown in Figure 2B. We have as-
signed the initiation codon to the ATG at position 73, which
is flanked by a sequence fitting Kozak’s criteria for a trans-
lation initiation site (Kozak, 1984). The initiation codon is
followed by an open reading frame of 2304 bp. An in-frame
stop codon (TAG) at position 2380 is followed by a 3’ un-
translated region of 394 bp. The poly(A) tail was not found,
although a consensus polyadenylation signal (AATAAA) is
located 9 bp from the 3' end.

The cDNA Clone Encodes the B Subunit of Mac-1,
LFA-1, and p150,95

Additional peptide sequence data from the B subunit of
p150,95 agreed with the sequence translated from the
cDNA and confirmed the identity of the cDNA clones (Fig-
ure 1C). Mac-1 and LFA-1 were also affinity purified from
different cell sources. Mac-1 was isolated from a lysate of
pooled human leukocytes with a Mac-1 a subunit-specific
MADb. LFA-1 was purified from the SKW3 T cell line with
a MADb against the LFA-1 a subunit. The B subunits of Mac-

— 23 kB
— 2.0kB

— 0.5 kB

1 and LFA-1 were purified, and tryptic peptides were pre-
pared and sequenced (Figure 1D). The peptide sequence
data, representing over 10% of the entire amino acid se-
quence, correlates with the predicted amino acid se-
quence and strongly suggests that the cDNA clone en-
codes the B subunit for all three proteins. A single amino
acid substitution was detected in peptide P-61 (Figure 1C),
which may reflect normal polymorphism.

B Subunit mRNA and Genomic DNA
The cDNA clones hybridize to a single mRNA species of
approximately 3.0 kb (Figure 3A). This message is pres-
ent in the promonocytic cell line U937 induced with PMA
(LFA-1+, Mac-1*, p150,95*) (Figure 3A), and the EBV-trans-
formed lymphoblastoid cell lines JY and CO3 (LFA-1%,
Mac-1-, p150,957) (Figure 3B). As expected, no B subunit
message was detected in Hela cells, an epithelial carci-
noma cell line (LFA-1-, Mac-1-, p150,95-) (Figure 3B).
The longest cDNA clone, 18.1.1 (Figure 2A), is approxi-
mately 2.8 kb in length. Thus it is close to the estimated
size of the RNA message minus its poly(A) tail.
Southern blot analysis of genomic DNA at high strin-
gency indicates an upper limit 32 kb for the size of the B
subunit gene (Figure 3C). The 1.0 kb EcoRI fragment that
contains an internal BamH]I site hybridized to only two
bands in BamHI-digested DNA (Figure 3C, lane 2), which
suggested that a single gene encodes the B subunit of the
leukocyte adhesion proteins. Weakly hybridizing bands
suggested the possibility of more distantly related genes
(Figure 3C, lanes 1, 3, and 4). These data, together with
the cDNA and peptide sequence data, support previous
biochemical evidence (Kirzinger et al., 1982; Sanchez-
Madrid et al., 1983a, 1983b; Hildreth and August, 1985)
that the B subunit is identical for LFA-1, Mac-1, and
p150,95.
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Figure 4. Primary Structure of the p Subunit of
LFA-1, Mac-1, and p150,85
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Figure 5. Homologous Repeats of an 8-Cysteine Motif

Tandem repeats were aligned with the Microgenie DNA analysis program (Beckman). Dashes denote gaps introduced to maintain optimal alignment.
Homologous residues are boxed. Cysteine residues are circled. The cysteine residues that comprise the 8-cysteine motif are numbered.

Predicted Primary Sequence and Structure

of the B Subunit

The cDNA encodes a 769-amino-acid polypeptide, which
contains a putative signal sequence and transmembrane
domain (Figures 2 and 4). The putative signal sequence
consists of a hydrophobic stretch of 22 amino acids.
Cleavage of the signal sequence during intracellular pro-
cessing is predicted to yield a glutamine at the N-terminal
position (von Heijne, 1984). N-terminal glutamine is often
cyclized to pyroglutamic acid, which would be consistent
with the N-terminal blockage of the f subunit. Between the
signal sequence and the putative transmembrane domain
is a sequence of 677 amino acids that contains all six
potential N-glycosylation sites (Asn-X-Ser, Asn-XThr). The
known glycosylation of the B subunit defines this region
as the extracellular domain (Sastre et al., 1986). A second
hydrophobic domain of 23 amino acids is located near the
carboxyl terminus and has the features of a transmem-
brane domain (Figures 2 and 4). This region is followed
by a putative cytoplasmic domain of 46 amino acids,
which contains several charged, basic amino acids.

A striking feature of the B subunit is the high cysteine
content (7.4%). A cysteine-rich (20%) region from amino
acids 445 to 631 includes four tandem repeats of an 8-cys-
teine motif (seven in the first repeat) (Figure 5). All 56
cysteines of the mature B subunit polypeptide are located
in the extracellular domain. As a general rule, extracellu-
lar cysteines are disulfide bonded; since there are no di-
sulfide links between the a and B subunits of the leukocyte
adhesion proteins, then these cysteines must be involved
in intrachain disulfide bonds. This would give the cysteine-
rich domain a very rigid structure. A high degree of in-
trachain disulfide bonds would be consistent with the ob-
servation that after digestion of whole cells with trypsin,
the B subunit is cleaved but remains cell-bound and intact
under nonreducing conditions (Selvaraj and Springer, un-
published data).

The predicted weight of the B subunit polypeptide after
removal of the signal sequence is 82,562 daltons. This
size is consistent with the polypeptide backbone of ap-
proximately 77,000 daltons, estimated by endoglycosi-

dase H digestion of the in vivo synthesized B subunit
precursor from mouse Mac-1 (Sastre et al., 1986) and hu-
man p150,95 (L. Miller and T. Springer, unpublished data).
The actual difference may be due to anomalous migration
of the cysteine-rich B subunit in SDS-PAGE. Assuming
a weight of 2500 daltons per oligosaccharide moiety
(Parham et al., 1977), the addition of six N-linked carbohy-
drates to the B polypeptide backbone would bring the
weight to 97,500 daltons, close to the observed value of
95,000 daltons for the mature B subunit.

Homology to Integrin

A search of the Genbank national data base and the Na-
tional Biomedical Research Foundation protein data base
revealed no significant homologies to the p subunit. The
gross structural similarity of the leukocyte adhesion pro-
teins to extracellular matrix receptors led us to compare
the B subunit sequence to the recently published se-
quence for a subunit of integrin (Tamkun et al., 1986), an
avian fibronectin and laminin receptor isolated from em-
bryonic fibroblasts. Integrin (also known as CSAT) was
originally defined by MAb that inhibit cell-substrate attach-
ment (Neff et al., 1982). It is thought to be composed of
three polypeptide chains of 155,000, 135,000 and 120,000
daltons (Hasegawa et al., 1985). A family of extracellular
matrix receptors has been defined functionally by the rec-
ognition of ligands that contain the sequence Arg-Gly-Asp
(RGD) (Leptin, 1986; Ruoslahti and Pierschbacher, 1986).
Small synthetic peptides containing this sequence are
able to inhibit binding of these receptors to extracellular
matrix components (Ruoslahti and Pierschbacher, 1986).
These receptors include the avian integrin complex, the
human receptors for fibronectin and vitronectin, and the
platelet lib/llla protein, which promiscuously recognizes
fibronectin, vitronectin, fibrinogen, and von Willebrand -
factor (Leptin, 1986; Ruoslahti and Pierschbacher, 1986).
The latter three receptors are heterodimers that have B
subunits of approximately 90,000-115,000 M, and «
subunits that range from 130,000 to 160,000 M, under
nonreducing conditions (Pytela et al., 1986; Leptin, 1986;
Ruoslahti and Pierschbacher, 1986). The similarities in
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*x K K X *x X K XK X X *x X X X * X X ¥ Xk X *

Band 11l UGKQHISGNLDSPEGGFOAINQUAUDGD

§ subunit PNDGROHLEDNLYKRSHEFODYPSUGQLA

* X X X * X ¥ X * x *x * X K X *

Band 111 PNDGKOHLENNNYTNSHYYOYPSIAHLU

B subunit AUGELSEDSSNUUHLIKNRYNKLSSRUF

x X X * X x X X X * x *x X X * ¥ ¥ *

Band 111 AUGTLSSNSSNUIQLIIDAYNSLSSEUI
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* * x x X * X *
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X & X KK KK KK PE T T *  x *
HOLSYSNHNKDDLENUKSLGTALRRERNEK! 180
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x x * * x X X x x X * * X *x X ¥ x
Band 111 PAOHOGHGTFEDG AORONEGR I GRLOEOS T
2 4 5 6 ? L
8 subunit QOLOHTSDUPGKL I YGQYOEODT I NOERVYN
* X * * x X X X X * ¥ * x
Band 111 QOUOKKRENTNEUYSGKYOE@OoNFHODRSH
5 6 1 8 1
g subunit ERTTEGOLNPRRUEDS GRGRORONVOEOHS
* * * x X X x *x * *
Band 111 SLOTTPONRGHNGQ IONGRE TOEDE TONOT D
1 2 3 4 S 6
B subunit EKGPFGKNOSARODPGLY-----=------ LS
* X X * X *
Band 1il EKGEKKETOSQEOHNHFNNTRUESRGKLPOQP
B subunlt RYLIYUDESRE©UARGPNIARAIUGGTUAGIU
* * * X * ¥ * * ¥ * x * ¥ X ¥
Band 11l ASU-HUUETPE®OPSGPDIIPIURGUUAGIU
B subunit KSQUNN-DNPLFKSATTTUNNPKFAES 769
* * % x * ¥ * X x x X X
Band 11l NARKUDTGENPIYKSAUTTUUNPKYEGK 803

Figure 6. Homology of the B Subunit to Band il of Integrin
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LAENNIQPIFAUTSRANUKTYEKLTEI IPKS 340
* * X X X ¥ * X F X X * » L *
LSENNIQTIFAUTEEFQAUYKELKNLIPKS 35
HNARLPOTLKUTYDSFOSNGUTHRNQPRGOID 400
x X * * * * X X x
NSKLPKEUTISYKSYOKNGUNDTQEDGRKD 419
IRALGFTDIUTUQUL P QOE@O©RORDQSRDORS 457
* *x x x x * * * * *
IKPLGFTEEUEIHLOF I©OOLOOSEGEPHNS 479
1
QGRSSQELEGSORKDNNSI IOs6LG6oOUOG 515
* x x - x * % x * * *
DEUNSEDNDARYORRENSTEIOSHNGEDIOG 539
1 2 3 4
6QuGc6PcRGLOFOGE KOROHPGFEGSAOW® 575
* * x X x = * = * * * * X X X *
6LIOGGNG - - I©OKkOR VOQEOFPHFTGSAROIO 597
2 3 4 S [] ? 1]
6-voLPLOIE®PcOPsPOGKY I SOREOLKF 634
- * x * x = * * *
PKFQGPTOENDQITOLGUOREHKDOUORAF 657
7 L]
NNPUKGRTOKERDSEGOUURYTLEQQDGHD 683
L x x % * x ¥ *
UHPDPLSHOKEKDUGODOUFYFTYSUNSNGE 717
LIGILLLUIUKRLIHLSOLREYRRFEKEKL 743
* X ¥ x* % x x x * = * x x X X ¥ &
LIGLALLLIUKLLAI IHDRREFAKFEKEKN 776

Dashes denote gaps introduced to maintain maximal homology. Homologous residues are marked with asterisks. Cysteine residues are circled.
The eight cysteine residues of the tandem repeats are numbered. The signal sequence and the transmembrane domain are overlined.

function and in gross structure suggest that the RGD
receptors may be homologous to each other (Leptin, 1986;
Ruoslahti and Pierschbacher, 1986).

Comparison of the B subunit of the leukocyte adhesion
proteins to the 120,000-dalton subunit (band HiI) of the
avian matrix receptor, integrin, shows 45% amino acid se-
quence identity (Figure 6). This homology is particularly
striking since we are comparing across species function-

ally distinct proteins that are expressed by different cell
types. Homology is found throughout the entire molecule,
with many of the mismatches being conservative amino
acid changes. The signal sequence and the first 121
amino acids of the extracellular domain are only moder-
ately conserved (32% and 33%, respectively). This is fol-
lowed by a highly conserved domain of 241 amino acids
(64% homology), which includes stretches of 15 of 15 and

&



Adhesion Receptor Gene Family
687

25 of 27 amino acid identity. The high conservation of this
domain suggests that it is of great functional importance
and may be a ligand-binding domain. The 82 amino acids
between this region and the cysteine-rich domain are 30%
conserved between the two polypeptides.

The 190-amino-acid cysteine-rich domains are 42% ho-
mologous. The 37-cysteine residues in the cysteine-rich
domains are 100% conserved, while the remaining amino
acids in the domains are only 27% conserved. All 56 cys-
teines throughout the mature p and band il subunits are
conserved; the only cysteine residues that do not cor-
respond are found in the signal sequence. The tandem
repeats of an 8-cysteine motif are found both in the B
subunit and in band Il of integrin (Tamkun et al., 1986)
(Figure 6). The fact that the tandem repeats correspond
in both polypeptides, and that the homology is weaker be-
tween tandem repeats than it is between the two polypep-
tides, suggests that the tandem duplication occurred prior
to the divergence of these two proteins. The unusually
high content and conservation of cysteine residues also
suggests that these two polypeptides have a similar ter-
tiary structure.

The 80-amino-acid stretch between the cysteine-rich
domain and the putative transmembrane domain is only
26% conserved. In contrast, the putative transmembrane
domains of the human Mac-1/LFA-1/p150,95 B subunit and
band Il of integrin are 70% identical. This high conserva-
tion suggests that the evolution of the transmembrane do-
main has been constrained, perhaps by interaction with
the transmembrane segments of the various a subunits.
It will be interesting to see if the transmembrane domains
of the a subunits of both families of receptors are similarly
conserved.

The cytoplasmic domains are also highly conserved
(47%). This domain may be important in the interaction
with components of the cytoskeleton. Immunofiuores-
cence analysis of fibroblasts shows that fibronectin fibrils
and actin microfilaments are aligned, suggesting that they
are linked by the fibronectin receptor (Hynes and Destree,
1978; Heggeness et al., 1978). Recently, integrin has been
found to bind directly to talin, a cytoskeletal protein that ac-
cumulates at adhesion foci (Horwitz et al., 1986). Talin and
LFA-1 co-accumulate at adhesion foci between helper T
cells and accessory cells (S. J. Singer, personal communi-
cation), and LFA-1 also accumulates at the site where nat-
ural killer cells bind to their target cells (Carpen et al.,
1986). LFA-1 and Mac-1 have not been shown to directly
interact with the cytoskeleton. However, cytochalasin B, a
drug that disrupts microfilament organization, inhibits
LFA-1-related functions (Pattaroyo et al., 1983; Rothlein
and Springer, 1986; Martz, 1987; Springer et al., 1987).
The B subunit, which is common to all three leukocyte
adhesion proteins, is a good candidate for cytoskeletal in-
teractions.

Tamkun et al. (1986) identified a region of the cytoplas-
mic domain of band Il that is homologous to the tyrosine
phosphorylation site of the epidermal growth factor (EGF)
receptor. Recently, the band Hll polypeptide has been
shown to be phosphorylated at tyrosine in oncogene-
transformed cells (Hirst et al., 1986). However, both tyro-

sines present in the cytoplasmic domain of band lil are
replaced by phenylalanines in the p subunit sequence.
There is a tyrosine in the cytoplasmic domain of the B
subunit that is not found in integrin. This site is not homol-
ogous to any known tyrosine phosphorylation site, al-
though many phosphorylation sites are yet uncharacter-
ized. In addition, there are four serine and three threonine
residues in the cytoplasmic domain that may serve as the
targets for phosphorylation of the p subunit, as observed
in PMA-activated peripheral blood mononuclear leuko-
cytes (Hara and Fu, 1986).

Although the human leukocyte adhesion proteins and
the chicken integrin proteins have subunits that are struc-
turally related, they are not functional homologues. Both
the integrin protein and the cDNA were isolated from
embryonic fibroblasts. LFA-1, Mac-1, and p150,95 are re-
stricted to the leukocyte lineage. Furthermore, the human
leukocyte adhesion proteins are structurally and function-
ally distinct from known RGD receptors (Sanchez-Madrid
et al., 1983a; Pytela et al., 1985, 1986). Genetic deficien-
cies do not overlap; LAD patients who are deficient in LFA-
1, Mac-1, and p150,95 expression do not show any appar-
ent defect in fibroblast or platelet function (Anderson and
Springer, 1987), while deficiency of lib/llla in Glanzmann's
thrombasthenia does not affect leukocyte function (Gins-
berg et al., 1983; Ruggeri et al., 1982). Band Ill of chick
integrin appears to be much more homologous to the
subunit of the human fibronectin receptor than to the
subunit of Mac-1/LFA-1/p15095 (E. Ruoslahti and R. O.
Hynes, personal communication).

Antibodies to integrin immunoprecipitate three polypep—
tides; however, subunit stoichiometry has not been bio-
chemically defined. Based on the homology of the B sub-
unit to band Il of integrin, we would predict that integrin
is actually composed of two heterodimers that share a
common (band Ill) subunit. This would be consistent with
the two apparent functions of integrin as a receptor for
fibronectin and laminin. The extracellular matrix receptors
from human and other mammals are thought to have a
similar heterodimeric structure (Pytela et al., 1986; Leptin,
1986).

A Novel Supergene Family of Adhesion Receptors
Recently, the N-terminal sequences of the a subunits of
human Mac-1 and p150,95 (Miller et al., 1987) and mouse
Mac-1 and LFA-1 (Springer et al., 1985) have been shown
to be homologous to the a subunits of the human vitronec-
tin receptor (Suzuki et al., 1986) and platelet lib/llla protein
(Charo et al., 1986; Ginsberg et al., submitted). This
shows that the o subunits as well as the B subunits of the
leukocyte adhesion proteins and the extracellular matrix
receptors are evolutionarily related. The a subunits may
confer much of the ligand-binding specificity. Current ef-
forts in the laboratory are directed toward cloning the a
subunits of Mac-1, LFA-1, and p150,95, so that this ques-
tion can be approached.

The homology described here suggests that the leuko-
cyte adhesion proteins may recognize ligand sequences
similar to RGD. It is now important to investigate the inter-
actions of the leukocyte adhesion proteins with RGD-like



Cell
688

sequences on ligands such as iC3b and ICAM-1 (Rothlein
et al., 1986), a putative LFA-1 ligand.

Cellular adhesion and recognition mechanisms are the
most basic requirements for the evolution of multicellular
organisms. The homology of the B subunit of Mac-1/LFA-
1/p150,95 to band Il of integrin defines a new supergene
family of adhesion proteins. Limited N-terminal homology
of the o subunits of the two families and the similarity in
overall structure and function support this conclusion. Re-
cent data suggest that there may be two subfamilies of
RGD receptors, each with a distinct B subunit that can as-
sociate with multiple a subunits. One subfamily consists
of chicken integrin, the human fibronectin receptor, and
human VLA antigens, which are immunologically cross-
reactive (Takada, Huang, and Hemler, submitted). The
VLA antigens constitute a widely distributed family of five
heterodimers, which have distinct a subunits and a com-
mon B subunit and have been shown to mediate binding
of cells to fibronectin and laminin (Takada, Huang, and
Hemler, submitted). The second subfamily consists of the
human vitronectin receptor and platelet llb/llla protein,
which share a B subunit of 90,000 M, (Ginsberg et al.,
submitted). The N-terminal sequence of this B subunit is
nonhomologous to band Il of integrin and our B subunit,
and is antigenically distinct from the p subunit of the hu-
man fibronectin receptor (Charo et al., 1986; Ginsberg et
al., submitted). We propose that a series of gene duplica-
tion events gave rise to the multiple o and B subunits of
this supergene family prior to the divergence of mammals
and birds from reptiles 140-180 million years ago. The re-
cent suggestion that the position specific (PS) antigens of
Drosophila (Wilcox and Leptin, 1985) are structurally
related to the extracellular matrix receptors (Leptin, 1986)
would place the origin of this gene family prior to the diver-
gence of higher invertebrates and vertebrates 700 million
years ago.

The extracellular matrix receptors are thought to be im-
portant in both guiding morphogenesis and maintaining
tissue organization. The PS antigens in Drosophila are
thought to control cell segregation and localization inem-
bryogenesis and metamorphosis (Wilcox and Leptin,
1985). It is possible that the leukocyte adhesion proteins
evolved in invertebrates to guide phagocyte localization in
inflammation and that this is analogous to the role of
matrix receptors in guiding embryogenesis.

The cDNA clone for the B subunit of the Mac-1/LFA-
1/p150,95 family provides a molecular probe for tracing the
evolution of this supergene family as well as for analyzing
the contribution of the B subunit in ligand specificity, trans-
membrane signaling, and interaction with the cytoskele-
ton. The B subunit cDNA will also enable us to study the
genetic basis of LAD. The primary defect in LAD isin the
B subunit (Springer et al., 1984; Marlin et al., 1986; T. K.
Kishimoto, D. C. Anderson, and T. A. Springer, unpub-
lished data). Expression of the B subunit cDNA in patient
cells should allow normal expression of all three a: com-
plexes of the leukocyte adhesion glycoprotein family.
Mouse B subunit introduced into patient cells by somatic
cell fusion associates with patient a subunits in a:p com-
plexes, allowing cell surface expression (Marlin et al.,

1986). LAD appears well suited for gene therapy and isan
attractive model system, since gene expression can be
monitored by screening for a:p complex expression on the
cell surface. LAD is currently treated with bone marrow
transplantation (Anderson and Springer, 1987). Future ef-
forts will be directed toward treating LAD patients by in-
troducing the B subunit gene with retroviral vectors into
bone marrow cells.

Experimental Procedures

Protein Purification and Sequencing

MAD directed against the a subunits of p150,95, Mac-1, and LFA-1 were
used to affinity purify their respective proteins from different cell
sources. The p15095 protein was affinity purified from hairy cell leuke-
mia spleens with the S-HCL-3 MAD, as described in Miller et al. (1987).
Mac-1 was purified from pooled human leukocytes with the LM2/1 MAb
(Miller et al., 1987). LFA-1 was purified from the SKW3 T cell line with
the TS1/22 MAb (Sanchez-Madrid et al., 1983a; Larson and Springer,
unpublished data). The B subunits of all three proteins were indepen-
dently isolated by preparative SDS-PAGE. One-tenth mM of sodium
thioglycolate was added to the upper chamber to scavenge free radi-
cals in the gel (Hunkapiller et al., 1983). Bands were visualized by
soaking of the gel for several minutes in 1 M KCl followed by excision.
The B subunit was electroeluted as described by Hunkapiller et al.
(1983). The purified protein was reduced with 2 mM DTT in the pres-
ence of 2% SDS and was alkylated with 5 mM iodoacetic acid in the
dark. The sample was precipitated with four volumes of ethanol at
—20°C for 16 hr. The protein pellet was redissolved in 30-50 ul of 0.1
M NH,CO; containing 0.1 mM CaCl, and 0.1% zwittergent 3-14 (Cal-
biochem). The sample was digested with 1% wiw trypsin for 6 hr at
37°C. At 2 and 4 hr during the incubation, additional trypsin (1% w/w)
was added. The tryptic peptides were resolved by reverse-phase
HPLC (Beckman Instruments) with a 0.4 x 15 cm C4 column (Vydac).
The peptides were eluted by a 2 hr linear gradient from 0% to 60%
acetonitrile in 0.1% TFA. The peaks were monitored at both 214 and
280 nm and collected into 1.5 ml polypropylene tubes. The fractions
were concentrated to 30 pl or less on a speed vac concentrator (Sa-
vant). Selected peptides were subjected to sequence analysison agas
phase microsequenator (Applied Biosystems).

cDNA lIsolation

A human tonsil cDNA library (generous gift of L. Klickstein) was size
selected for inserts of 2 kb or greater and was constructed in Agt11 as
described previously (Wong et al., 1985). The original library of 4 x
10¢ recombinants was amplified once. Two hundred thousand recom-
binants were plated at a density of 7500 plaques per 100 mm plate. The
plaques were amplified in situ on duplicate nitrocellulose filters, as de-
scribed by Woo (1979). A unique sequence 39mer oligonucleotide (5"-
GGTCACAGCAAAGATGGGCTGGATGT TGTTCTCATACAG-3) and a
mixed sequence 20mer of 96-fold redundancy were designed based
on the peptide sequence P-61. A mixed sequence 17mer of 192-fold
redundancy was derived from peptide sequence P-20. Oligonucleotide
probes were labeled with y-32P-ATP using polynucleotide kinase. The
filters were prehybridized for at least 2 hr at 42°C in 6x SCC, 1x Den-
hardt’s, 0.5% SDS, 0.05% sodium pyrophosphate, and 100 pg/ml of
salmon sperm DNA. Hybridization with the 39mer was carried out
overnight at 42°C in prehybridization solution containing 20 pug/ml
tRNA. The filters were washed at 53°C to 55°C with 6x SSC, 0.1%
SDS, and 0.05% Pi/PPi. The damp filters were covered with plastic
wrap and exposed to film with an intensifying screen. Phage that gave
positive signals on duplicate filters were plaque purified and re-
screened with the 39mer at a higher wash temperature (60°C) and with
the 20mer and 17mer mixed sequence probes.

DNA Sequencing

The cDNA clones were restriction mapped by single and double re-
striction digests and by end labeling and partial restriction digests
(Maniatis et al., 1982). Restriction fragments were subcloned into M13
cloning vectors (Maniatis et al., 1982), and the nucleotide sequence of
both strands was determined by the dideoxy chain termination method
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of Sanger et al. (1977) using 35S-dATP. All restriction sites were
crossed in at least one direction.

Northern Blot Analysis

U937, JY, Hela, CO3, and SKW3 cells were grown in RPMI 1640 con-
taining 10%-15% fetal calf serum in a humidified atmosphere of 5%
CO, and 37°C. The U937 cells were activated with 2 ng/ml PMA for
three days prior to harvesting. The cells were lysed in a 4 M guanidium
isothiocyanate solution, and the RNA was isolated on a 5.7 M CsCl gra-
dient (Chirgwin et al., 1979). Poly (A)* mRNA was selected with oligo
(dT)-cellulose columns (Maniatis et al., 1982) or oligo (dT)-affinity pa-
per (Amersham). RNA was denatured and sized on a 1% agarose gel
containing formaldehyde and was transferred to nylon membranes
(BioRad) in 20x SSC (Maniatis et al., 1982). A lane containing 28 S
and 18 S ribosomal RNA from human cells or 23 S and 16 S rRNA from
E. coli was run as molecular weight standards. The filters were hybrid-
ized with a nick-translated cDNA insert at 42°C for 18 hrin 5x SSPE,
50% formamide, 10% dextran sulfate, 1x Denhardt's, 05% SDS, and
100 pg/ml denatured salmon sperm DNA. The filters were washed at
high stringency (65°C) in 0.2x SSC and 0.1% SDS.

Southern Blot Analysis

One-microgram aliquots of high molecular weight DNA from SKW3
cells were digested with 10 units of EcoRI or BamHI at 37°C for 16 hr.
The samples were run on a 0.7% agarose minigel in TAE. The gel was
soaked in 0.25 M HCl for 15 min, rinsed briefly, and transferred directly
to nylon membrane (BioRad) in 0.4 M NaOH (Reed and Mann, 1985).
The filters were prehybridized and then hybridized with the nick-
translated probe for 16 hr at 68°C in 6x SSC, 0.5% powdered milk, 1%
SDS, 0.01 M EDTA, and 100 pg/ml denatured salmon sperm DNA. The
filters were washed twice for 15 min at 25°C in 2x SSC per 0.5% SDS
and twice for 1 hr at 68°C in 0.3x SSC per 0.1% SDS.
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