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The leukocyte adhesion receptors, p150,95, Mac-1 and LFA-1
are integral membrane glycoproteins which contain distinct
o subunits of 180 000—150 000 M, associated with identical
3 subunits of 95 000 M, in o8 complexes. p150,95 « subunit
tryptic peptides were used to specify oligonucleotide probes
and a cDNA clone of 4.7 kb containing the entire coding se-
quence was isolated from a size-selected myeloid cell cDNA
library. The 4.7-kb ¢cDNA clone encodes a signal sequence,
an extracellular domain of 1081 amino acids containing 10
potential glycosylation sites, a transmembrane domain of 26
amino acids, and a C-terminal cytoplasmic tail of 29 residues.
The extracellular domain contains three tandem homologous
repeats of ~60 amino acids with putative divalent cation-
binding sites, and four weaker repeats which lack such bin-
ding sites. The cDNA clone hybridizes with a mRNA of 4.7 kb
which is induced during ir vitro differentiation of myeloid cell
lines. The p150,95 o subunit is homologous to the o subunits
of receptors which recognize the RGD sequence in ex-
tracellular matrix components, as has previously been shown
for the 3 subunits, supporting the concept that receptors in-
volved in both cell—cell and cell —matrix interactions belong
to a single gene superfamily termed the integrins. Distinctive
features of the p150,95 « subunit include an insertion of 126
residues N-terminal to the putative metal binding region and
a deletion of the region in which the matrix receptors are pro-
teolytically cleaved during processing.
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Introduction

The leukocyte adhesion receptors are a family of three cell surface
glycoproteins which mediate cell —cell interactions in inflamma-
tion. These glycoproteins, LFA-1, Mac-1 and p150,95, each con-
tain an « subunit (CD11a,b and c respectively) non-covalently
associated with a 3 subunit (CD18). The « subunits of 180 000,
170 000 and 150 000 M, have homologous N-terminal
sequences, while the 8 subunits of 95 000 M, are identical
(Sanchez-Madrid et al., 1983a, b: Springer et al., 1986; Miller
et al., 1987). The importance of these glycoproteins was first
defined by the ability of monoclonal antibodies either to the
specific o subunits or to the common @ subunit to inhibit
adhesion-dependent leukocyte functions (Sanchez-Madrid ez al.,
1982; Beller et al., 1982). Subsequently, a genetic disease was
defined, leukocyte adhesion deficiency (LAD) in which LFA-1,
Mac-1 and p150,95 are deficient and a wide range of lymphocyte,
neutrophil and monocyte adhesion-dependent functions are defec-
tive (Anderson and Springer, 1987). The primary defect in LAD
is in the 8 subunit; association with the 8 subunit is required for
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correct processing and expression of the o subunits. LAD patients
have recurrent bacterial infections and often die in the first years
of childhood. The most important defect clinically is the inability
of circulating neutrophils and monocytes to bind to endothelial
cells at sites of inflammation and migrate into the inflamed tissue.

p150,95 is expressed on myeloid cells and on activated but
not resting lymphocytes (Caligaris-Cappio et al., 1985; Miller
et al., 1986; Keizer et al., 1987). In blood neutrophils and
monocytes, p150,95 is present on the cell surface and in intra-
cellular vesicles which fuse with the plasma membrane after
stimulation with inflammatory mediators (reviewed in Anderson
and Springer, 1987), correlating with increased adhesion of these
cells to endothelial cells. Inhibition by « subunit-specific mono-
clonal antibodies has shown that of the three leukocyte adhesion
proteins, p150,95 is the most important in monocyte adhesion
and chemotaxis (Te Velde ez al., 1987), whereas Mac-1 is most
important in neutrophils (Anderson et al., 1986). Monocyte ex-
travasation and differentiation into tissue macrophages is accom-
panied by increased p150,95 expression (Schwarting ez al., 1985),
as is differentiation of myelomonocytic precursor cells in vitro
(Miller et al., 1986). On lymphoid cells p150,95 appears to be
a marker of cell activation and is particularly strongly expressed
on hairy leukemia cells, transformed B lymphocytes which home
to the spleen. Although most cytolytic T lymphocyte clones ex-
press higher amounts of LFA-1 than p150,95, a subset expresses
equal quantities and functional studies show that both p150,95
and LFA-1 mediate conjugate formation with target cells (Keizer
et al., 1987).

Recently, the amino acid sequence of the leukocyte adhesion
glycoprotein common (3 subunit has been determined (Kishimoto
et al., 1987, Law et al., 1987). In the present paper we
characterize the molecular biology and complete amino acid
sequence of the p150,95 « subunit. Furthermore, we report ex-
tensive homology between the o subunit of the extracellular
matrix receptors and the p150,95 leukocyte adhesion receptor.

Results and discussion

The p150,95 o3 complex was purified from hairy cell leukemia
spleens by monoclonal antibody affinity chromatography (Miller
et al., 1987). The o subunit was isolated by preparative
SDS—PAGE, digested with trypsin, and the peptides were
separated by reverse-phase HPLC and subjected to amino acid
sequencing. A total of 214 residues were determined from 13
peptides (Table I). Oligonucleotides based on two tryptic pep-
tides (underlined, Table I) and the N-terminal sequence (Miller
et al., 1987) were used to screen a size-selected cDNA library
constructed from phorbol myristyl acetate (PMA)-stimulated
HL-60 cell mRNA. A full-length cDNA clone of 4.7 kb was
isolated and sequenced by the Sanger dideoxynucleotide method
(Figure 1). The nucleotide sequence of 4704 bp contains a 5’
untranslated region of 64 bp followed by a putative initiation
codon and the entire coding sequence of 3492 nucleotides. The
1140-bp 3’ untranslated region includes an Alu sequence bet-
ween nucleotides 3893 and 4054 and ends with a consensus
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polyadenylation signal followed by a stretch of 50 adenosines
(Figure 1B).

The p150,95 « subunit mRNA was examined in U937 and
HL-60 myelomonocytic cell lines (Figure 2A), which can be
induced with PMA to differentiate along the macrophage
pathway. Concomitantly, synthesis of the p150,95 o subunit
precursor and surface expression of the p150,95 o3 complex are
induced (Miller ez al., 1986). PMA treatment for 3 days of both
cell lines induced the appearance of the p150,95 « subunit mRNA
of ~4.7 kb, in agreement with the size of the cDNA isolated.
This demonstrates that the level of p150,95 « subunit mRNA
regulates p150,95 protein expression. The 8 subunit appears to
be synthesized in excess over the o subunit both before and after
PMA stimulation (Miller ez al., 1986). Southern blots on EcoRI-

bands, suggesting that the p150,95 « subunit is encoded by a
single gene (Figure 2B). This was confirmed by isolation of a
genomic clone, which contains both the strongly and weakly
hybridizing fragments apparent in Figure 2B. (Data not shown.)

The translated amino acid sequence was confirmed by the deter-
mination of 237 N-terminal and tryptic peptide amino acid
residues which represent 21% of the sequence. The amino acid
sequence shows that the p150,95 « subunit is a transmembrane
protein with a large extracellular domain (Figure 3, and Figure
5 below). The previously reported p150,95 c subunit N-terminal
sequence (Miller ef al., 1987) begins at nucleotide 122. Only
one potential translation initiation codon is found upstream at posi-
tion 65, predicting the signal peptidle MTRTRAALLLFTAL-
ATSLG. The mature protein contains 1144 amino acids and the
predicted M is 125 908, in agreement with the previous estima-

and HindIlI-digested DNA showed single strongly hybridizing

Table I. Tryptic peptide sequences®

NFATMMNFVR)AVISQFQRPSTQF

147169

190-210 XSNPLSLLASVHQLQGFTY(S) A

265-275 X AIGVGL) AF) QN

297-310 VEDFXALX®D) IQNXL)

383-394 XSYLGYSTELAL

502521 FGAALTVLGDVNGDKLTD)VV

532551 GAVYLFHGVLGPSISPSHSQ

562588 LQYFGQALSGGQDLTQDGLVDLAVGAR)
596—615 TRPVLWVGVSMQFIPAEIPR)

741-750 YFTASLPFEK

893902 TTFQLELPVK

945-969 DLPVSINFW)VPVELNOEAVXMXV E(V)
10811090 Y K VH NP S P)X(D)

The position in the translated cDNA sequence is indicated. Parentheses indicate uncertainty in the amino acid assignment. Positions where no residue could

be assigned are denoted by X. Regions of peptides used for the design of oligonucleotide probes are underlined.

A 1 2 3 4 4.7 Kb
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]
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GAATTCCTGCCACTCTTCCTGCAACGGCCCAGGAGCTCAGAGCTCCACATCTGACCTTC TAGTCATGACCAGGACCAGGGCAGCACTCCTCCTGTTCACAGCCTTAGCAACTTCTCTAGGT TTCAACTTGGACACAGAGGAGCTGACAGC
CTTCCGTGTGGACAGCGCTGGGTTTGGAGACAGCGTGGTCCAGTATGCCAACTCC TGGGTGGTGG TTGGAGCCCCCCAAAAGATAACAGC TGCCAACCAAACGGGTGGCC TCTACCAGTGTGGCTACAGCACTGGTGCCTGTGAGCCCAT
CGGCCTGCAGGTGCCCCCGGAGGCCGTGAACATGTCCCTGGGCCTGTCCCTGGCGTC TACCACCAGCCC TTCCCAGCTGCTGGCC TGCGGCCCCACCGTGCACCACGAGTGCGGGAGGAACATGTACCTCACCGGACTCTGCTTCCTCCT
GGGCCCCACCCAGCTCACCCAGAGGCTCCCGGTGTCCAGGCAGGAGTGCCCAAGACAGGAGCAGGACATTGTGTTCCTGATCGATGGCTCAGGCAGCATCTCCTCCCGCAACTTTGCCACGATGATGAACT TCGTGAGAGCTGTGATAAG
CCAGTTCCAGAGACCCAGCACCCAGTTTTCCCTGATGCAGTTCTCCAACAAATTCCAAACACACTTCACTTTCGAGGAATTCAGGCGCACGTCAAACCCCCTCAGCCTGTTGGCTTCTGTTCACCAGCTGCAAGGGT TTACATACACGGC
CACCGCCATCCAAAATGTCGTGCACCGATTGTTCCATGCCTCATATGGGGCCCGTAGGGATGCCACCARAATTC TCAT TGTCATCAC TGATGGGAAGAAAGAAGGCGACAGCCTGGAT TATAAGGATGTCATCCCCATGGCTGATGCAGC
AGGCATCATCCGCTATGCAATTGGGGTTGGATTAGCTTTTCAAAACAGAAATTCT TGGAAAGAATTAAATGACAT TGCATCGAAGCCCTCCCAGGAACACATATT TAAAGTGGAGGACT TTGATGCTCTGAAAGATATTCAAAACCAACT
GAAGGAGAAGATC TTTGCCATTGAGGGTACGGAGACCACAAGCAGTAGC TCCTTCGAATTGGAGATGGCACAGGAGGGCTTCAGCGC TG TGTTCACACCTGATGGCCCCGT TCTGGGGGCTGTGGGGAGCTTCACCTGGTCTGGAGGTGC
CTTCCTGTACCCCCCAAATATGAGCCCTACCTTCATCAACATGTC TCAGGAGAATGTGGACATGAGGGAC TCTTACCTGGGT TAC TCCACCGAGC TGGCCCTCTGGARAGGGG TGCAGAGCCTGGTCCTGGGGGCCCCCCGCTACCAGCA
CACCGGGAAGGCTGTCATCTTCACCCAGGTGTCCAGGCAATGGAGGATGAAGGCCGAAGTCACGGGGACTCAGATCGGCTCCTACTTCGGGGCCTCCC TCTGCTCCGTGGACGTAGACACCGACGGCAGCACCGACCTGGTCCTCATCGG
GGCCCCCCATTACTACGAGCAGACCCGAGGGGGCCAGGTGTCTGTGTGTCCCTTGCCCAGGGGGTGGAGAAGG TGGTGGTGTGATGC TGTTCTCTACGGGGAGCAGGGCCACCCCTGGGGTCGCTTTGGGGCGGCTCTGACAGTSC TGEG
GGATGTGAATGGGGACAAGCTGACAGACGTGGTCATCGGGGCCCCAGGAGAGGAGGAGAACCGGGGTGC TGTC TACCTGTTTCACGGAG TC TTGGGACCCAGCATCAGCCCCTCCCACAGCCAGCGGATCGCGGGCTCCCAGCTCTCCTC
CAGGCTGCAGTATTTTGGGCAGGCACTGAGCGGGGGTCAAGACCTCACCCAGGATGGAC TGGTGGACCTGGCTG TGGGGGCCCCCGGCCAGGTGCTCC TGCTCAGGACCAGACCTGTGC TCTGGGTGGGGGTGAGCATGCAGT TCATACC
TGCCGAGATCCCCAGGTCTGCGTTTGAGTGTCGGGAGCAGGTGGTC TCTGAGCAGACCCTGGTACAGTCCAACATCTGCCTTTACATTGACAAACGTTCTAAGAACC TGCTTGGGAGCCGTGACCTCCAAAGC TCTGTGACCTTGGACCT
GGCCCTCGACCCTGGCCGCCTGAGTCCCCGTGCCACCTTCCAGGAAACAAAGAACCGGAGTC TGAGCCGAGTCCGAGTCCTCGGGC TGAAGGCACAC TGTGAAAACTTCAACCTGCTGC TCCCGAGCTGCGTGGAGGACTCTGTGACCCC
CATTACCTTGCGTCTGAACTTCACGCTGGTGGGCAAGCCCCTCCTTGCCTTCAGAAACC TGCGGCC TATGCTGGCCGCACTGGCTCAGAGATACTTCACGGCCTCCCTACCCTTTGAGAAGAACTGTGGAGCCGACCATATCTGCCAGGA
CAATCTCGGCATCTCCTTCAGCTTCCCAGGCTTGAAGTCCC TGCTGGTGGGGAGTAACC TGGAGC TGAACGCAGAAGTGATGGTGTGGAATGACGGGGAAGAC TCCTACGGAACCACCATCACCTTCTCCCACCCCGCAGGACTGTCCTA
CCGCTACGTGGCAGAGGGCCAGAAACAAGGGCAGCTGCGTTCCCTGCACC TGACATGTGACAGCGCCCCAGTTGGGAGCCAGGGCACCTGGAGCACCAGCTGCAGAATCAACCACCTCATCTTCCGTGGCGGCGCCCAGATCACCTTCTT
GGCTACCTTTGACGTCTCCCCCAAGGCTGTCCTGGGAGACCGGCTGC TTCTGACAGCCAATG TGAGCAGTGAGAACAACAC TCCCAGGACCAGCAAGACCACCTTCCAGC TGGAGCTCCCGGTGAAGTATGCTGTCTACACTGTGGTTAG
CAGCCACGAACAATTCACCAAATACCTCAACTTC TCAGAGTC TGAGGAGAAGGAAAGCCATGTGGCCATGCACAGATACCAGGTCAATAACCTGGGACAGAGGGACCTGCCTGTCAGCATCAACT TCTGGGTGCCTGTGGAGCTGAACCA
GGAGGCTGTGTGGATGGATGTGGAGGTCTCCCACCCCCAGAACCCATCCCTTCGGTGC TCCTCAGAGAAAATCGCACCCCCAGCATC TGACTTCCTGGCGCACAT TCAGAAGAATCCCGTGCTGGACTGCTCCATTGCTGGCTGCCTGCG
GTTCCGCTGTGACGTCCCCTCCTTCAGCGTCCAGGAGGAGCTGGATTTCACCC TGAAGGGCAACCTCAGC TTTGGCTGGGTCCGCCAGATATTGCAGAAGAAGGTGTCGGTCGTGAGTG TGGCTGAAAT TACGTTCGACACATCCGTGTA
CTCCCAGCTTCCAGGACAGGAGGCATTTATGAGAGCTCAGACGACAACGGTGCTGGAGAAGTACAAGGTCCACAACCCCACCCCCCTCATCGTAGGCAGCTCCATTGGGGG TC TG TTGC TGCTGGCACTCATCACAGCGGTACTGTACAA
AGTTGGCTTCTTCAAGCGTCAGTACAAGGAAATGATGGAGGAGGCAAATGGACAAAT TGCCCCAGAAAACGGGACACAGACCCCCAGCCCGCCCAGTGAGAAATGATCCC TCTTTGCCTTGGACTTCTTCTCCCGCGATTTTCCCCACTT
ACTTACCCTCACCTGTCAGGCTGACGGGGAGGAACCACTGCACCACCGAGAGAGGCTGGGATGGGCCTGCTTCC TGTCTTTGGGAGAAAACGTCTTGC TTGGGAAGGGGCCTTTGTC TTGTCAAGGTTCCAACTGGAAACCCTTAGGACA
GGGTCCCTGCTGTGTTCCCCAAAAGGACTTGACTTGCAATT TC TACC TAGAAATACATGGACAATACCCCCAGGCCTCAGTCTCCCTTCTCCCATGAGGCACGAATGATCTTTCTTTCCTITCCTTTTTTITTITTTTTCTITICTITTITT
TIITTTITTCAGACGGA LCGCICTC A AGGCTGGAGTGCAA [GATCTCCGCTCCCTCCAACCTC ¢ GITCAAGTAATICTS LCTCAGS [GC AGCIGGGACTACAGGCACACGCCACCTCC

CCGGCCCGATCTTTCTAAAATACAGTTCTGAATATGC TGCTCATCCCCACCTGTC TTCAACAGCTCCCCATTACCCTCAGGACAATGTCTGAACTCTCCAGCTTCGCGTGAGAAGTCCCCTTCCATCCCA TGGGCTTCAGGGCGC
ACAGCATGAGAGCCTCTGTGCCCCCATCACCCTCGTTTCCAGTGAATTAGTGTCATGTCAGCATCAGCTCAGGGC TTCATCGTGGGGCTCTCAGTTCCGAT TCCCCAGGC TGAATTGGGAGTGAGATGCC TGCATGC TGGGTTCTGCACA
GCTGGCCTCCCGCGGTTGGGTCAACATTGCTGGCCTGGAAGGGAGGAGCGCCC TCTAGGGAGGGACATGGCCCCGGTGCGGC TGCAGCTCACCAGCCCCAGGGGCAGAAGAGACCCAACCACTTCCTATTTTT! TGAATATAG
TACCTGMAAAATGCCAAGCACTNSATTATT’H‘TTTAAAAAGCGTACTTTAAATGTTTGTGTTAATACACAHAAAACATCGCACAAAAACGATGCATCTACCGCTCCTTGGGAMTAA’ICTGAAAGGTCTAA%AAGCCT’KZT

E P E B PXS PSa Sa X
L kel ———————— —/ Ll

Fig. 1. (A) Restriction map of the p150,95 « subunit cDNA clone AX47. Restriction sites are EcoRI (E), Bglll (B), Pstl (P), Sacl (Sa), Sphl (S) and Xmal (X)
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tion for the deglycosylated p150,95 « chain of 132 000 M;
(Miller and Springer, 1987). The putative extracellular domain
contains 1081 amino acids with 10 potential N-glycosylation sites.
Previous studies on the o subunit of p150,95 suggest that five
or six sites are glycosylated, confirming that this is the extra-
cellular domain and accounting for the rest of the molecular mass

A B
1 2 3 4
23
6.6
285 — 4.4
18S —

Fig. 2. Northern and Southern blots. (A) Northern blot analysis of 20 pg of
total RNA from U937 (lanes 1 and 2) and HL-60 (lanes 3 and 4) cells
before (lanes 1,3) and after (lanes 2,4) culture for 3 days with 2 or

10 pg/ml of PMA respectively. The positions of 28S and 18S rRNA are
indicated. (B) Southern blot of EcoRI- (lane 1) and Hindlll-digested (lane
2) hairy cell leukemia DNA. HindlI-cut A DNA markers are indicated in
kb.

Leukocyte adhesion protein cDNA cloning

(Miller and Springer, 1987). A hydrophobic sequence with
features of a transmembrane region separates the extracellular
domain from a 30-amino-acid hydrophilic cytoplasmic tail.

A search for internal homologies in the amino acid sequence
revealed the existence of three tandem homologous repeats of
~ 65 residues located between residues 424 to 619 in the extra-
cellular domain (Figure 4) as well as weaker repeats (see below).
The homology between the three stronger repeats is 25—33%,
significant at P < 107°. The similarity is highest for the cen-
tral 27 amino acids of the repeats, which are 40—51% identical.
At least two of the repeats (Il and III) are separated by an inter-
vening sequence (data not shown), suggesting the possibility that
the repeats are encoded by separate exons.

A requirement for divalent cations has been demonstrated for
leukocyte adhesion receptor-mediated cell—cell interaction
(Anderson and Springer, 1987), and for binding of purified Mac-1
and p150,95 to the complement component iC3b (Wright ez al.,
1983; Micklem and Sim, 1985). Examination of the p150,95 o
subunit sequence reveals three regions, located in the center of
the tandem repeats, which resemble the ‘EF hand’ loop struc-
ture of the Ca®?*- and Mg?*-binding proteins parvalbumin,
calmodulin and troponin C (Szebenyi er al., 1981) in the posi-
tion of oxygen-containing side chains which coordinate with metal
and in the frequent occurrence of intervening glycine residues
(Figure 4).

Together with previous studies on the § subunit, this report
defines the first complete primary structure of a leukocyte
adhesion receptor, which is summarized in Figure 3. There is
no homology between the o and 3 subunits. Overall, the struc-
ture is very similar to that of the extracellular matrix receptors.
Previous studies demonstrated a striking homology between the
(3 subunit of the leukocyte adhesion glycoproteins (integrin 3;)
and the 8 subunit of the human and chicken fibronectin receptor
(integrin 3,) (45—46% identity) and the 8 subunit common to
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Signal Domains
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Sequence ALPHA CHAIN Sequence Domain Vol yI:')olranaln
v ¢ v vy Metal-binding domains v 3 9y v v .

[T ] 13 [ 111]

Fig. 3. Schematic representation of the complete p150,95 molecule, based on results reported here and by Kishimoto ez al. (1987) and Law et al. (1987) for

the 3 subunit. Potential N-glycosylation sites are indicated by triangles.

424 RMK|AlE V T|G|T|Q|I - =-=-|YF GA|S|LIC SV -
482 W R R|w|w ¢ D|A]V L Y|G|E|]Q]-]G|H P WG RIF GAAL|ITVLG

552 R I A|G]S

Parvalbumin CD 50

prfoels[To L v]L[Tc A p|u ¥y y[EJe T[RGlc Q[V]svep-----~----- L[F R|e 481
€| 7 pjv]v|-|1 ¢ a P 6]E E[E[N - -AVYLFH--—LG s1slp[-]s|asa ss1
v sls|r 2 ol F cfola 1fs ¢ ¢ olpfr r olo 6 tfvlo i]a - s afrlclo v L z|rfr rp|v|-|efw vlc Vs Mo rife[aEtle R S]aFE 619

IlDEDKSGFIEEDElL

EF 89 G|DSDGDGKIGVDEIF

Calmodulin I 19

FIDKDGNGTITTKE'L

II 55 V'DADGNGTINFPEIF

III 92

FIDKDGNGYISAABIL

Iv 128 AINIDGDGEVNYEEIF

Troponin C 26

FIDADGGGDISVKEIL

62 VIDEDGSGTIDFEEIF

102 FIDRNADGYIDAEEIL

138 GIDKNNDGRIDFDEIF

+X +Y +2 Y X Z

Fig. 4. Homologous repeats and putative divalent cation-binding sites. Common residues in the three homologous repeats are boxed. The sequences of known
Ca’*- and/or Mg?*-binding sites (Szebenyi et al., 1981) are shown below the p150,95 « subunit homologous repeats and are aligned with the putative
divalent cation-binding sites. The coordination axes of residues ligating the metal are shown. The vertical dashed line demarcates the border between the EF-
hand loop and the surrounding o helical segments (Szebenyi et al., 1981).
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--FGDVQAN W- - - - - VVVGAP|QKI[T- - - Aa N[ Lo[ce y[s]T 4
N(G|s Q|F 6|F|S[LD FHKD|S|HGRVA-I[VVGAP[RTLG~~P SQE E| VFL[C[PWRA 60
E sypcpnppvp ASSRMFLLVGAP|KA oPGIVEGG[avLk|cpw[s]s 63
elgfsFlrclFSvlEFEJRPGTDG Vs -[VJLlvc A plk aNlTls o P G v L[g]elcla v]Llcle wea 62

XX
pl50,95 --GCEPIGQVPP- A Vi LA st 1S|e[Sle - LLAClEfF]T v[RluECc - 97
Ib EGQC-PSLLFDLRD TRN[VGS - -~ - - QTLQTFKARQGLGAS|VVswislpvIiVlacAp|wolalwNvL 116
WR -TRR|C|[Q[PT]-EFDATGN-RDYAK-=-= =~ -~ DDPLEFKSHQWFGASIVR|S[KODKI[LACAP|LY[HWRTE 117
R sPTQC|T|P I]-EFDSKGS-RLLESS[LS|SSEGEEPVEYKSLQWFGA[TVRAHGSSI[LACAP[LYSWRTE 124

[ XXX X ] -

pl50,95 ----GRNMYLT[GL LGTQL PV@RQBCPR@EQ-VFLI SISSRNFATMMNFVR 156
Ib EKTEEAEKT P V|G[s aolp|]-Es EY|s|P--|c|[RGNTLSR|IJYVEN WDKRYCEA----=-=-- 168
R MKQE - - - RE P V|g|T Q-—-DGKT EYAP--|c|rRs[gDI----- DAPDCQ[GIFcQG -~ === ===~ 157
R KEPL---5SDPV[GT|c[Y]fs -TDNF|TJRI[EYAP - -|cJRSDFS - -~~~ WwAAlgo[glYycQG~=- -~ === === 166

pi50,95 AVISQFQRPSTQFSLMQFSNKFQTHFTFEEFRRTSNPLSLLASVHQLQGFTYTATAIQNVVHRL 220
Ib

QGIQLISDQVAE VYSIKYNNQ-LATRTAQAIFDDSYLGYS[VAVGDFNG 233
FiWIQIGIQI LSATQEQ YLINLVQGQ-LQTR@ASSIYDDSYLGYSVAVG@FSG 242

®mZa

* *
pl50,95 TESGGAFLY -------------- P N M PTFINMS@E VDMRDSYLGYS|T--~ELAL 394
Ib PIGIGYYF LIGILLAQA|P[VADIFSSYRPGILLWHV|S|SQSLSFDSS PEYFD@YEGYSVAVG FDG 246
P IVSKYDP
GP Y IAESYYP
-

1|6 AP R]Y 0 H[T]G K IFTQVE]——QW MKAEV[TGT[QI G[SYF G|a[S]Lcs v[DV]p T[D G]s T[D ©] 456
viG A P[T W s W[T|L G EILDSYYQR|LHR|LR-- - -]G|E[oM Als Y F 6|n[s|v A v D viN 6[D 6|JR H|D L] 306
AAR|T|LG YIYDGKNMSSLYNF - - EloIM A A]Y F G[F|S|VAA T[D[INGDD Y A[D[V 293
viplk N LlTjyc Y[yt 1 LNG[SID I[R)sLYNF - - - S|GlE{oMA[SYF glyAvAA T{DVINGD GlL D[D T] 302
(XY e ———
V]c p 1 WRRWW-CDAV[T E GHPWGRF G|A V[LGDlvN 513
[%l LFLQ PHALGAPSLL gJTlglL Y - -[GRF G|S|A[TAP|LGD[LD 367
LOQRASGDFQTTKLNGFEVF -=--- - AlRF G|S|A]I AP|[LGD|LD 351
QHPAGIEPTPTLTLTGHDEF-~--[GRFG|SS[LT]P|LGD|LD 362
XXX —
-[ClE[E]E & A L[F]8[G]- v L[G]p s I S|P HSQRIAGSQLRLQYFGQSGG D1] 575
ylelc B s G Q|V[L V|F|Llcle S E||LRSRIPSloVLDSPFPTG|SMA - - - -|F 6|F S|Ljr|c[A V[D[T 427
YGGDKK b I|FINGI[RS T|GILNAVPS[QI LEGQWA-AR|[SIMP P S|F G|y s Mk|G|a T|plr 414
FlclelElT @ olelviv[F viFle[c]c P clg]L 6 s k[P QVLQPLWA-AHTPDFFGSRGGRDL 425
eeoe —

pl50,95 TQDGLVDLAVGARG——LLTRPVLWG QFIEIRSAFE REQVVSEQTLVQS-NI[C] 636
Ib DD N|GlY P[D LI|[VGA|Y|GANQ VAV YIRIAQIP V[VKAS|V[OLLVQDSLNP|-AVKS|CVLPQTKTPVSCFNIQM[c| 490
WR D K N|G|Y P[D L|I|V G AJF|G|V DR A I[T]Y ARPVITNAGLEVYILNQDNKTCSLPGTALKVSCFNVRFC 478
R DG NG|y P[D LIIIVG[SF|G[VDKAVVY|R|IGIRP[TVSASASJLTIFPAMFNPEERS|CISLEG--NPVACINLSF|c| 487
——— - *
p150,95 YI@-@RSKNLLGERBLQSSVTLDLALD LSPRATEIQETKNRRVRV-—LKAH NFN 697
IIb VGATGHNI-PQKL[S|LNAE--LO[LD[JRQK-[P[ROGR-|RWLLLGSQQAGTTLNLD[LGIGKHSPI|CEHTTM 549
VR KAE]G GVLPRKLNFQVE——LLLDKLKQKAIR-RALLYSRSPHKNMTISRGGLMQ ELI 539
R LINAS G HVADS-IGFTVE--,I‘..QLDWQKQKGGVR-RALFLASRQATTQT~LLIQNGARED REMK 547
pl150,95 L L[T]p - ~[S]lc VEP]s vV T TveKPLLAFRNLRPMEIJAALAQRYFTASLPFEKN[CGAPH[ICle 759
Ib AF|L[RDEADF R[D|K L S| S|L]----PPTEAGMAJPJAVVLHGDTHVQEQTRIVLDSJGE[pjp V]c|[v 609
VR AY|L[RD E[S|E F R[D|K L T{P I 1 RLDYRTAADTTGLPINQFTPANISRQA.HILLD E[p[N vjc|k 603
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Fig. 5. Homology of the o subunit of p150,95 to the o subunits of the platelet glycoprotein IIb/Illa, vitronectin receptor and fibronectin receptor (Argraves et
al., 1987; Poncz et al.,1987; Suzuki et al., 1987). Identities between the p150,95 « subunit and the other « chains are boxed. Underlined areas correspond to
the putative divalent cation-binding sites in the p150,95 o subunit. The conserved flanking sequences are indicated by dashed and dotted lines. The cleavage
sites for the RGD-receptor « subunits are indicated by arrowheads (Charo et al., 1986; Argraves et al., 1987; Poncz et al., 1987; Suzuki et al., 1987).
Potential N-glycosylation sites in the p150,95 o subunit are indicated by asterisks. The transmembrane region is underlined by a shaded line.
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the human platelet gpIIb/Illa and vitronectin receptor (integrin
B;) (37% identity) (Tamkun et al., 1986; Fitzgerald et al.,
1987; Kishimoto et al., 1987; Law et al., 1987). These latter
B subunits are present in «f complexes which mediate
cell —substrate adhesion by binding to the sequence Arg-Gly-Asp
(RGD) within extracellular matrix components such as fibronec-
tin, vitronectin and fibrinogen. Thus three subfamilies of adhe-
sion receptors have been defined, which have been designated
the integrins (Hynes, 1987). We examined the structural rela-
tionship between the p150,95 leukocyte adhesion receptor o
subunit and the other integrin o subunits which previously had
been suspected based only on short N-terminal sequence com-
parisons (Charo et al., 1986; Miller et al., 1987; Takada et al.,
1987).

The pl150,95 « subunit sequence was compared with the
recently obtained platelet glycoprotein IIb/Illa (Poncz et al.,
1987), vitronectin and fibronectin receptor o subunit sequences
(Argraves et al., 1987; Suzuki et al., 1987) (Figure 5). The
overall homology between the « subunit of p150,95 and each
of the three extracellular matrix receptor o subunits is 25% and
is highly significant (P < 107%). N-terminal sequencing
(Miller er al., 1987) and preliminary cDNA sequencing data
(R.S.Larson, A.L.Corbi and T.A.Springer, unpublished) show
that the o subunits of the leukocyte adhesion receptors, p150,95,
Mac-1 and LFA-1 are 35—64% identical. In comparison, the
vitronectin receptor and gplIb/Ia, which share the integrin 35
subunit, are 37% homologous to one another, whereas the
B;-associated « subunits and the 8 1-associated fibronectin
receptor o subunit are 36—44% homologous to one another.

There are two main distinctive features of the p150,95 o
subunit. A region of 187 amino acids (residues 149—335) pre-
sent in the p150,95 « chain is absent in the other three receptors,
accounting for most of the difference in length between the o
subunit of p150,95 (1144 residues) and the matrix receptors
(1018 —1007 residues). In contrast to p150,95, the « subunits
of the fibronectin and vitronectin receptors and gplIb/Illa con-
sist of two disulfide-bonded chains (heavy and light) which are
formed by proteolytic processing of a precursor (arrowheads in
Figure 5) (Charo et al., 1986; Argraves et al., 1987; Poncz et
al., 1987; Suzuki et al., 1987). The cleavage sites in the three
RGD receptor « subunits are located at different positions within
a non-homologous stretch of 26—35 amino acids. This non-
homologous region is deleted in the p150,95 o subunit (gap after
residue 998), correlating with the lack of proteolytic processing
of the p150,95 « subunit (Miller and Springer, 1987). These
distinctive features of p150,95 are shared with Mac-1 (A.L.Corbi
and T.A.Springer, unpublished), suggesting that they are
characteristic of leukocyte adhesion receptor « subunits.

A short region of high conservation (62 —67 %) is found in the
inner 2/3 of the transmembrane region (residues 1096 —1116).
The transmembrane regions of the integrin 3 subunits are also
highly conserved (Kishimoto et al., 1987; Law et al., 1987) and
are unrelated to the o subunit transmembrane sequences. The
high conservation of both o and 8 subunit transmembrane
sequences suggests that some important interaction may take
place in this region, either between the o and 3 subunits or with
other cellular components, possibily involving transmembrane
signalling.

The longest region of extensive homology between p150,95
and the other three o subunits (residues 432 —599, 32—38% iden-
tify) corresponds closely to the three tandem homologous repeats
which contain the putative divalent cation-binding sites in the
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p150,95 o subunit. The vitronectin receptor, fibronectin receptor
and gpIIb/IMla contain very similar putative divalent cation binding
sites (Argraves et al., 1987; Poncz et al., 1987; Suzuki et al.,
1987). Although thus far only the internal homologies in the
putative divalent cation binding sites have been pointed out for
these receptors, our analysis shows that the flanking sequences
also have internal homologies, suggesting the presence of tandem
repeats of ~ 65 amino acids similar to those described here for
the p150,95F « subunit, For example, consensus sequences con-
taining FGYS) and yY 1 GAP are found before and after the

putative divalent cation-binding sites respectively, and at four
additional positions in all four receptors (residues 18 —35, 7691,
337—351 and 386—406, dots and dashes in Figure 5) in which
the intervening cation-binding sites are lacking except for one
instance. A putative metal jon-binding site distinctive in its con-
tent of glutamic acid is found for the matrix receptors but not
p150,95 « at residues 386—406. The presence of the three and
four weak homologous repeats suggests that much of the N-
terminal half of the « subunit may have evolved by tandem
duplication; the 187 residues present in p150,95 « without
counterpart in the three matrix receptor « subunits does not con-
tain similar elements.

All the integrins require Ca®* or Mg?* for ligand binding and
the gplIb/Illa « subunit has been directly demonstrated to bind
Ca’* (Fujimura and Phillips, 1983). Thus it is likely that the
EF-hand loop-like sequences in p150,95 bind divalent cations
and reflect the divalent cation requirement for ligand binding.
Secondary structure predictions (Chou and Fasman, 1974) sug-
gest that the putative divalent cation-binding sites are embedded
in 8 pleated sheet rather than between o helices as in the EF
hand; furthermore, the proline in GAP is not consistent with an
a helical segment following the loop (Figure 4). A further dif-
ference with the classic EF-hand loop structure is the absence
of the E (glutamic acid) residue which the X-ray structures
demonstrate is coordinated with the metal in the —Z position
(Figure 4). This may leave the metal free to coordinate in the
—Z position with the ligand. It is tempting to speculate that the
metal bound to the receptor may coordinate with the D residue
of RGD in the ligand; this sequence appears suited for metal
binding since the sequences GD and DG occur frequently in the
EF-hand loop and in the putative metal-binding domains of all
four integrin  subunits. In addition to the requirement for Ca**
or Mg?* for ligand binding, the idea that the  subunit tandem
repeats are important in ligand binding is attractive because the
« subunits control ligand specificity, and there is evidence for
distinct binding sites for different ligands (Anderson et al., 1986;
Dana et al., 1986). The large insertion unique to p150,95 which
is N-terminal to the putative divalent cation-binding sites may
also be important in ligand binding. Studies are currently under-
way to test these ideas.

Our study demonstrates that the leukocyte adhesion receptor
« subunit belongs to the same integrin protein family as the matrix
receptor « subunits. It is interesting that similar o3 receptor struc-
tures have evolved to mediate both cell—cell and cell —matrix
interactions. These receptors may be important not only in
facilitating cell contact and localization, but in modulating in a
position-specific fashion responses to other stimuli. Further
studies are required to determine whether the leukocyte adhesion
receptors recognize RGD-like sequences within their ligands
(Wright er al., 1987), interact with the cytoskeleton, and have
a regulatable affinity for ligand, as has been demonstrated for
some of the matrix receptor integrins (Hynes et al., 1987).
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Materials and methods

Protein purification and sequencing

The p150,95 molecule was purified from detergent lysates of hairy cell leukemia
spleens using monoclonal antibody affinity chromatography (Miller ez al., 1987).
After preparative SDS—PAGE, the « chain was electroeluted (Hunkapiller ez
al., 1983), and reduced and alkylated. After ethanol precipitation at —20°C for
16 h, the protein was dissolved in 0.1 M ammonium bicarbonate (pH 8—8.5)
containing 0.1 mM calcium chloride and 0.2 % zwittergent 3 —14 (Calbiochem).
Digestion was carried out with 2% (w/w) trypsin at 37°C for 6 h, with addition
of 1% (w/w) trypsin every 2 h. The tryptic fragments were separated by reverse-
phase HPLC on a C4 column (Vydac) and eluted with a gradient of acetonitrile
(0—60%) in 0.1% TFA. Individual peptides were concentrated on a Speed Vac
concentrator (Savac) and subjected to microsequencing on an Applied Biosystems
gas—liquid phase sequencer.

Construction and screening of the cDNA library

Total RNA was prepared from PMA-differentiated HL-60 cells as previously
described (Chirgwin et al., 1979) and poly(A)* RNA isolated by oligo(dT)
chromatography (Aviv and Leder, 1972). Poly(A)* RNA (10 pg) was used to
construct a cDNA library following the method of Gubler and Hoffman (1983).
Synthesis of the cDNA first strand was carried out using oligo(dT) (Pharmacia)
and reverse transcriptase (Life Sciences). Double-stranded cDNA synthesis was
completed with DNA polymerase I (New England Biolabs), ribonuclease H
(Boehringer Mannheim) and Escherichia coli DNA ligase (New England Biolabs).
Following the blunting and methylation reactions, phosphorylated EcoRI linkers
were ligated to the double-stranded cDNA. After EcoRI digestion, linkers were
removed in a 5-ml Sepharose CL 4B column (Pharmacia) and the first two-thirds
of the double-stranded cDNA peak recovered. To select the library for long inserts,
the double-stranded cDNA was size-fractionated on a 0.8% low melting point
agarose gel and the double-stranded cDNA between 2 and 7 kb was recovered
by electroelution onto NA-45 paper (Schleicher and Schuell) and ligated into EcoRI-
digested Agt10. Primary recombinants (3.2 X 10°%) were obtained after packaging
and plating on E.coli c600 hfl.

Primary recombinants (5 X 10%) were plated at 25 000 plaques/150-mm plate.
Plaques were amplified in situ on duplicate nitrocellulose filters (Woo, 1979),
processed (Benton and Davis, 1977) and prehybridized overnight at 37°C in
6 X SSC, 1 X Denhardt’s, 0.5% SDS, 0.05% Pi/PPi and 100 pg/ml of tRNA.
Hybridization was carried out at 37°C with a single sequence 46-mer
oligonucleotide (5'-CCTCCTGGTTCAGCTCCACAGGCACCCAGAAGTTG-
ATGGAGACAGG-3"). Filters were washed in 6 X SSC, 0.1% SDS, 0.05%
Pi/PPi at room temperature for 30 min and 50°C for 15 min. After overnight
autoradiographic exposure, plaques that gave positive signals on duplicate filters
were purified by successive platings and rescreenings. Their DNA was purified
(Benson and Taylor, 1984) and their inserts sized and probed with an indepen-
dent 49-mer (5'CATCCTGGGTCAGGTCCTGGCCGCCAGACAGGGCCTGG-
CCAAAGTACTG-3’) and an N terminus oligonucleotide probe (5'-AGCAG-
AGTCCACCCGGAAGGCTGTCAGCTC-3').

Restriction mapping and sequencing

Positive cDNA clones were restriction-mapped by the end-labeling partial diges-
tion procedure (Smith and Bernstiel, 1976). Restriction fragments were subcloned
into M13 mp18 and mp19 (Messing, 1983). Both strands were sequenced by
the dideoxy termination method (Sanger et al., 1977) using [3°S]dATP. All
restriction sites were crossed in sequencing in both orientations. Oligonucleotide-
primed dideoxy sequencing was used to confirm the sequence of some regions.

Southern and Northern blots

For Southern blots, 10 ug of hairy cell leukemia DNA were digested with EcoRI
or HindIIl. After electrophoresis on a 0.8% agarose gel, the DNA was transferred
onto a nylon membrane (Zetaprobe, Biorad), prehybridized and hybridized
following standard procedures (Maniatis et al., 1982) using the 1.2-kb EcoRI— Pstl
cDNA fragment as probe. Northern blots used 20 ug of total cellular RNA from
either PMA-stimulated or untreated HL-60 and U937 cells. The transferred RNA
was probed with the 0.8-kb PstI fragment from the AX47 cDNA clone.

Sequence homologies

Alignment of the sequences of the o subunits of p150,95, vitronectin and fibronectin
receptors and gplIb was initially performed using the Microgenie DNA program
(Beckman) and the ALIGN program (Bionet). The alignment was then maximized
using the GENALIGN program (Bionet). Gaps were included in calculations of
amino acid identity by scoring their beginning and end as mismatches.
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