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The genomic structure of integrins is important to 
our understanding of the evolution of this complex 
family. The (Y subunit of the leukocyte integrin p150,95 
(CD1 lc) is a transmembrane polypeptide of 1144 res- 
idues whose long extracellular region contains three 
putative divalent cation binding repeats and a 200- 
amino acid inserted or “I” domain. The p150,95 (Y 
subunit gene extends over 25 kilobases and is com- 
prised of at least 3 1 exons grouped in five clusters. The 
I domain, which is only present in some integrins and 
is homologous to domains in von Willebrand factor, 
cartilage matrix protein, complement factor B and the 
crl and a2 chains of collagen type VI, is distributed in 
four exons. Each one of the three divalent cation bind- 
ing repeats is encoded by a separate exon. Surpris- 
ingly, a sequence homologous to the first two putative 
divalent cation binding repeats is present in an in- 
verted orientation in the intron following the last exon 
of the I domain. Both the signal peptide and the trans- 
membrane domain are split in two exons. Putative 
proteolytic cleavage sequences in other integrin (Y sub- 
units align as inserts within the p150,95 (r subunit 
gene falling at exon boundaries. The organization of 
the p150,95 a subunit gene provides further insights 
into the structure and evolution of the integrins. 

The integrin gene family is composed of a group of struc- 
turally and functionally homologous cell surface glycoproteins 
involved in cell-cell and cell-extracellular matrix interactions 
(1). Structurally, all the integrins are noncovalently associ- 
ated CY/@ heterodimers. There are three integrin subfamilies, 
each one sharing a unique fi subunit (l-4). The p2 subfamily 
is comprised of three molecules, LFA-1,’ Mac-l, and p150,95, 
which are leukocyte-specific and hence are termed the leu- 
kocyte integrins. They mediate cell-cell interactions in anti- 
gen-specific immune responses as well as antigen-independent 
inflammatory reactions (3). Leukocyte integrins are required 
for binding of circulating neutrophils and monocytes to endo- 
thelial cells and subsequent transmigration at sites of infec- 
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tion and inflammation, as dramatically illustrated by the lack 
of pus formation in patients who are genetically deficient in 
these molecules due to mutations in the common p subunit. 
Such patients have impaired wound healing, are susceptible 
to soft tissue infections, and often die in infancy (5). The pl 
subfamily contains at least six members which include recep- 
tors for some extracellular matrix components such as colla- 
gen (6), laminin (7), and fibronectin (4, 8), and receptors 
which mediate cell-cell adhesion (9, 10). The /33 subfamily is 
also involved in cell-extracellular matrix interactions and 
includes the platelet glycoprotein IIb/IIIa and the vitronectin 
receptor. 

p150,95 is primarily expressed on cells of the myeloid line- 
age, although it is also expressed on the surface of certain 
activated T and B lymphocytes (11, 12) and is a marker for 
hairy leukemia cells (13). The involvement of p150,95 in 
leukocyte adhesive functions has been demonstrated by inhi- 
bition with p150,95 (Y subunit-specific monoclonal antibodies. 
p150,95 plays a role in monocyte adhesion to endothelial cells 
(14), neutrophil adhesion to serum-coated surfaces (15), 
phagocytosis of latex particles, and chemotaxis by peripheral 
blood monocytes (14, 15). Furthermore, monoclonal antibod- 
ies against the p150,95 o( subunit can inhibit CTL-target 
conjugate formation, demonstrating an involvement of 
p150,95 in CTL-mediated killing (12). 

The cy subunit of p150,95 is a transmembrane polypeptide 
which contains an extracellular domain of 1088 residues, a 
transmembrane domain of 26 amino acids, and a cytoplasmic 
tail of 30 amino acids (16), shows 63 and 37% identity to the 
(Y subunits of Mac-l (17-19) and LFA-1 (20), respectively, 
and 20-25% identity to the a subunits of the integrins of the 
pl and /33 subfamilies (21-25). The NH*-terminal half of the 
extracellular domain includes three EF-hand-like divalent 
cation binding sequences (26, 27) and the 200-residue “in- 
serted” (I) domain. The I domain is found in all three p2 
subfamily a! subunits (16-20) but in only one of the three 
sequenced /?l (21-23) and in none of the p3 subfamily a! 
subunits (24, 25). Integrin I domains have significant homol- 
ogy to the A domains of von Willebrand factor (28), to the 
repeats of chicken cartilage matrix protein (29), to the repeats 
of the globular domain of the al and (~2 polypeptides of 
collagen type VI (30), and to a region from the C3 binding 
complement components C2 (31) and factor B (32). Although 
cDNAs for several integrin LY subunits have been cloned, the 
organization of the genes encoding these proteins is not 
presently known. Here we report the isolation of several 
genomic clones for the coding region of the (Y subunit of 
p150,95. The gene spans over 25 kb and is comprised of at 
least 31 exons. The signal peptide, like the transmembrane 
domain, is split in two exons. The I domain is distributed in 
four exons. Each of the putative cation binding domains is 
encoded in a different exon. Comparison of the genomic 
organization of the p150,95 o( subunit with other proteins 
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provides useful information about the structure and evolution 
of this important family of proteins. 

EXPERIMENTAL PROCEDURES 

Isolation and Characterization of Genomic Clones-lo6 colonies of 
a human genomic library constructed in the cosmid vector 
pCOS2EMBL (obtained from Dr. Hans Lehrach, EMBL, Heidelberg, 
Germany) (33) were grown on nitrocellulose filters overlaying LB/ 
kanamycin plates. Replica filters were obtained as described (34) and 
washed in 0.1 x SSC, 0.5% SDS at 65 “C with shaking for 16 h and 
with frequent changes of the solution. Filters were prehybridized 
overnight in 6 x SSC (0.6 M sodium chloride, 0.06 M sodium citrate), 
1% SDS, 1 X Denhardt’s, and 100 pg/ml of herring sperm DNA at 
65 “C. Hybridization was carried out in the same solution including 
lo6 cpm/ml of the nick-translated 1.2-kb EcoRI-PstI fragment from 
the p150,95 (Y subunit cDNA clone XX47 as probe (16). The filters 
were washed twice in 2 X SSC, 0.5% SDS at room temperature for 
30 min followed by 0.1 X SSC, 0.5% SDS at 65 “C for 30 min. 
Nitrocellulose filters were then exposed to preflashed XAR-5 film for 
48 h with intensifying screen. Additional genomic clones were isolated 
by screening 5 x 10’ plaque-forming units from a human genomic 
library in XEMBLB (donated by Dr. S. Orkin, Children’s Hospital, 
Boston, MA) (35) and 5 X lo5 colony-forming units from a pWE15 
cosmid library (a gift from Dr. G. Evans, Salk Institute, San Diego, 
CA) (36). Nitrocellulose filter plaque lifts or replica filters, respec- 
tively, were screened as described above except that a 0.6-kb EcoRI 
fragment and the whole coding region from XX47 were used as probes. 

Positive clones were isolated by repeated subcloning and their 
inserts were analyzed by restriction enzyme mapping using single, 
double, and partial digestions (37). Further mapping and location of 
exons was done by probing Southern blots of those digestions with 
different fragments from the p150,95 01 subunit cDNA clone XX47 
using standard techniques (37). 

Sequencing of the Genomic Clones-Initial sequencing of the clone 
pCOS2EMBL 8.1 was done by the Sanger dideoxynucleotide method 
(38) after subcloning different fragments into M13mp18 and -19 using 
standard techniques (37). Small genomic fragments of pCOS2EMBL 
8.1, pWE15 30.1, and XEMBL 22.1.2.1 containing several exons were 
cloned into pUC13, -18, -19, pGEM3, or pGEM7Z for preparation of 

A 
pWE15 30.1 

nested deletions using the Erase-a-base system (Promega Biotec) 
(39). The missing areas between deletions and selected exon/intron 
boundaries were sequenced using specific oligonucleotide primers, 
based on the genomic or cDNA sequence, on double-stranded plasmid 
DNA. 

RESULTS 

Isolation, Mapping, and Sequencing of thep150,95 CY Subunit 
Gene-We have previously described the isolation and se- 
quencing of the cDNA clone Xx47, which contains the entire 
coding information for the LY subunit of the leukocyte integrin 
p150,95 (16). Southern blot analysis of human genomic DNA 
with different fragments from XX47 as probes showed that 
the p150,95 (Y subunit is encoded by a single copy gene (16, 
40). A 32P-labeled 1.2-kb EcoRI-PstI fragment from XX47 was 
used to screen lo6 cosmid clones from a human placenta 
genomic library in pCOS2EMBL, and a single cosmid clone 
(pCOS2EMBL 8.1) was obtained. Restriction mapping, 
Southern hybridization with different fragments of Xx47, and 
DNA sequencing demonstrated that pCOS2EMBL 8.1 con- 
tained the 3’-untranslated region and the COOH-terminal3/ 
4 of the pI50,95 (Y subunit coding region (Fig. IA). To isolate 
the missing portion of the pI50,95 a subunit gene, a XEMBLB 
genomic library and a pWE15 cosmid library were screened 
with the most 5’ fragment of the p150,95 (Y subunit cDNA (a 
0.6-kb EcoRI fragment) and with the whole coding region, 
respectively. A single XEMBLB clone (XEMBL3 22.1.2.1) was 
isolated, and sequence analysis demonstrated that it contains 
the 5’-untranslated region of XX47 and a portion of the gene 
encoding the first 124 residues of the mature p150,95 (Y 
subunit (Fig. lA). Restriction map analysis of three pWE15 
cosmid clones indicated that one of them (pWE15 30.1) 
overlaps with both pCOS2EMBL 8.1 and XEMBL3 22.1.2.1 
and contained the entire coding sequence for the p150,95 (Y 
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FIG. 1. Genomic organization of the p150.95 a subunit gene. A, physical map of the p150,95 (Y subunit 
gene. The combined restriction map of the three overlapping genomic clones for four restriction endonucleases is 
depicted with an accuracy of f250 bp. The restriction enzymes indicated are BamHI (B), BglII (Bg), EcoRI (E), 
and HindIII (H). Filled boxes represent coding exons, and empty boxes represent the 5’- and 3’-untranslated region. 
The dashed lines above the physical map indicate the regions that have been sequenced. Exon clusters are 
numbered. B, schematic representation of the exons encoding the p150,95 a subunit gene. Exon length is drawn to 
scale. The clustering of the exons is indicated. The different domains are based on the cDNA-derived amino acid 
sequence. SP, signal peptide; TM, transmembrane domain. 
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ct;~qt/;yCTCTTCCTGCAACGGCCCA~T CAGAGCTCCACATCTGACCTTCTAGTCATGAC-CCAGGGCA GCACTCCTCCTGTTCACAGgtgagcctgg...t&.~t~~~ 
HTRTRAALLLFTA 0 

agCCTTAGCAACTTCTCTAGOTTTT-CTT-~--~T~~CTTCCGTGT-~~~T-TTT-~~~GT~TC-TAT~-CTCCT~gaggGCCa.. 
LATSLGFNLDTEELTAFRVD 0 SAGFGFSVVQYANSW 

.ctcctcgc8gCOTGGTOCTTOCRGCCCCCWVUULC.ATA 
Exon4->%VVGAPQKITAANQTGGLYQCGXS TGACEPIGLQV 0 0 0 

tcacc...tgta&ya$GCCCCC OGROOCCGTGAACATGTCCCTOOOCCTGTCCCTGTCCCT-GTCTAC~C~~CCTTCC~T~T~ga~ggcc... 
- PPEAVFMSLGLSLASTTSPSQLL 0 

CCCULCCGTGCACCAC~GTGCOCGAGOAAWLTOTACCT~C-CTCT~TTCCTCCT~CC~CC~T~CC~~TCCC~TGTC~~ 
PTVBEECGRNMYLTGLCFL+GPTQLTQRL;VSRQE 

gagtgtcg...cct 
D 

tax!a AGTGCCCAAGA- 
-I 

GGAWLTTGTGTTCCTWLTCWLTOGCTWLOOCAGCATCTCCTCCC-~TT~~~T~T-CTTCGT~~TGT~T~~~C 
CPRQTQD IVFLIDGSGSISSRNFA~HHNFVRAVI 0 0 

. ..ct~~b&y.~~TTTCCCTGATGCAGTTCTCCAACAAATTCCUACACACTTCACTTTC GAGGAATTCAGGCGCACG~CAJ$C~C”C$ 
- ~LYQFSNKFQ~EFTPEEFRRT 0 

OCCTGTTGGCTTCTGTTULCWLCCTOCAACGGTTTA~TA~C~~CC~~TC~TGTCGT~ga~cctg 
LLASlJEQLQGFTYTtTAIQNVV 

. ..ttcctgatagGCACCGATTGTTCCATGCCTCATATGGGGC 
Exon S-> E R L F H A S Y G A 0 

CCGTAGGGATGCCACCTCTCATTGTCATCACTGATGGGAAGAAAGAAGGC GACAGCCTGGATTATAAGGATGTCATCCCCATGGCTGATGCAGCAGGCAT~TC~GC~AT~T 
RRDATKILIVIT~GKKEGDSLDYKDVIPMADAAGI 0 0 0 

TFggcctgg... CtggggacagCTTOOATTATTTTCARAAULGAAATTCTT~~TT~T~~TT~TC~~CCTCC~~~~TATTT~T~~C 
Exon lo->V G L A F Q N R N S W K E L N D IASKPSQEBIFKVE 0 0 D 

TTTGATGCTCTGAAAGATATTCAAAACCIACT~ GATCTTTGCCATTGAGGgtgagtctga... 
~DALKDIQNQLKEKIFAIEG 

cttaccccagGTACGGAGACCACAAGCAGTAGCTCCTTCW 
Exon ll-> T E T T SSSSFELEM 0 0 0 

TGGCACAGGAGGGCTTCAGCGCTGTGTTCACACCTgtgcgtgggg... 
AQEGFSAVFTP 

CtttctacagGATGGCCCCGTTCTGGGGGCTGT GGGGAGCTTCACCTGGTCTGGCCTTCCTGTACCC 
Exon12->D G P V L G A V G S F T W S G G A F L Y P CI 0 0 

CCCAAATATGAGCCCTACCTTCATU&ZATGTCT- 
PNMSPTF 

TGTGGACATGAGGGACTCTTACCTGGgtgagaaace 
INHSQENVDMRDSYLG 

. ..g 
% 

ccc&cagOTTACTCCACCGAGCTGGCCCTCTGGAAA 
0 D xon 13-Z' Y S z E L A L W K 

GGGGTGCAGAGCCTGGTCCT GGGGGCCCCCCGCTACCAGCACACCGGGAAGGCTGT~TCTTCACCCAGGTGTCCAGGCAA TGGAGGATGAAGGCCGMGTCACGGGGACTCAGgttggg 
GVQ~LVLGAPRYQEJTGKAVIFTQ~SRQWRMKAE~TGTQ 
Cgtg...t CccttcagATCGGCTCCTACTTCGGGCCCTCCCTCCCTCT~TCCGT~CGTA~~CC~C~~CC~CCT~CCT~TC~CCCC~TTACTAC~~~CCC 

E xonll->IGSYFGASLCSVDVDTDGSTDLVLICjAPEYYEQTR 0 
OACCGGOCCAGGTGTCTGTGTGTCCCTTGCC~gagttgct GGCCACCAOGCCCACCCCTGGGGTCG 

$GQVSVCPLPRG 0 
CTTTGGGGCGGCTCTGACAGTGCT OOGGGATGTOAATGCGWLCAAGCTGACAOACGTGGTWLTC CCGGGGTGCTGTCTACCTGTTTCACGGAGTCTT 

FGAALTVLGDVNGDKLTDVVIGAFGEEEIjRGAVXLFKGVL 0 0 0 
~~C~~T~~~CC~CC~~~~~gaggcc~ . ..ctctggccagCGGATCGCGCC~~TCTCCTCCAG 

GACCTCACC-TGGACTGGTGGiCCTGGCTGT 

Exon 16->R I A G S Q LSSRLQYFGQALfGGQ D 
GGGGGCCCGGGGCCAGGTGCTCCTGCTCAGgtgagcagcag... 

DLTQDG?VDLAVGARGGVLLLR 
ctgccc cagGACCAG&CCTGTGCTCTGGGTGGGGGTGUCA 

Exon b-> T R P V L W V G V S M 

TGCACTT~TACCTGCCCCCC~~TCT~GTTT-TGTC--~T~TCTCT-~CCCT~TA~GTC-~TCT~CTTTA~TT~-CGTTCT~-CC 
QFI;AEIPRSAFE$REQVVSEQT~VQSNICLYI~KRSKNL 

TGCTTGGGAGCCgtgagtcccc . ..ccgcctacagCTGACCTCCTCTGTGACCTTGOACCTT-CCT~CCTC~CCCT~C~CT~GTCCCCGT~~CCTTC CAGGraAcAcAGAA 
L G S R SVTLDLALDPGRLSPRATFQETKN 0 Exon 18-Z' D L Q S 0 0 

ccccca AGCTGCGTGGAGGACTCTGTGACCCCC CCCGAOTCTOAGCCULGTCCGAOTCCTCCTC~T~~~CTGT~CTT-CCT~T~TCCC~tgc~ctgg...a%cn ls-sS 
RfLSRVRVLGL7$AECENFNLL~P CVEDSVTP 0 

ATTACCTTGCGTCTGRACTTCACGCTGGTGGGCAA GCCCCTCCTTGCCTTUCT~~CTATGCTGGCCcctg...tc 
ITLRLNFTLVGKPLLAFRNLRPMLAADAQRYFTAS 0 0 0 

746 Exon !!O->L P F E 5 N C G A D R I C Q ; N L G I 
ccac cagCTACCCTTTGAGAAGAACTGTGGAGCCGACCATATCT~~~A-TCTC-TC~CC~T~~~TC~~~gagcgccc . ..t 

2 
atacccqCTTGAAGTCCCTGCT 
xon 21-> L K S L L 0 

GGTGGGGAGTAACCTGGAGCTGAACGCAGAAGTGATGGTGTGGAATGAC G&AA GACTCCTACGGAACCACCATCACCTTCTCCCACCCCGCAGGA CTGTCCTACCGCTACGTGGCAGA 
776 VGSNLELNAEVMVWNDGEDSYGTT ITFSBPAGLSYRYVAE 0 0 0 0 

FIG. 2. Nucleotide sequence of the p150,95 (Y subunit gene exons and their borders, and the amino 
acid sequence. Exonic sequences are in upper case. Intron sequences are lower case, and only that portion 
significant for the consensus rules for splicing is shown. The protein sequence is shown in one-letter code below 
the first base of each codon. The numbers on the left side represent the residue number of the mature polypeptide; 
every 10th amino acid is marked with a dot. Exons are numbered as described in the text. 

subunit as well as the 3’-untranslated region and all but the 
six most 5’ nucleotides of the cDNA 5’untranslated region 
(Fig. lA). The restriction maps of XEMBLS 22.1.2.1, pWE15 
8.1, and pCOS2XEMBL 8.1 were obtained independently, and 
overlapping regions were concordant in every case. 

Organization of the p150,95 LY Subunit Gene-The organi- 
zation of the p150,95 (Y subunit gene was deduced from the 
restriction map, Southern hybridization, and composite nu- 
cleotide sequence of the XEMBLB 22.1.2.1, pWE15 30.1, and 
pCOS2EMBL 8.1 genomic clones. The gene spans over 25 kb 
and is comprised of at least 31 exons groups in five clusters 
(Fig. 1, A and B). The sequences of these clusters, comprising 
14 kb, have been deposited in GenBank.2 The exonic se- 
quences are identical to the cDNA sequence with the excep- 
tion of four nucleotides (cDNA positions 2329-2332). This 
results in a leucine to aspartic acid change at amino acid 
position 737 (Fig. 2). All the intron/exon boundaries are in 
agreement with the consensus rule for splicing (41). The 

‘The GenBank accession numbers for clusters 1, 2, 3, and 4 are 
M29482, M29483, M29484, and M29485, respectively. The 5’- and 
3’-sequenced regions of cluster 5 are M29486 and M29487, respec- 
tively. 

introns separating the different clusters are between 2.1 and 
6.9 kb long, with an average of 3.7 kb (Table I). Inside each 
cluster the length of the introns varies between 84 and 619 
bp, with an average of 275 bp. The exons range in size from 
71 to 210 bp, with an average size of 118 bp excluding exon 
31 for which the 3’ extent of the 3’-untranslated region has 
not been determined. 

The first identified exon encodes 52 bp of the 5’-untrans- 
lated region of XX47 as well as the NHz-terminal 12 residues 
of the signal peptide. The presence of an acceptor splicing 
sequence 5’ of this exon (Fig. 2) and the absence from it of 
the first six nucleotides from the XX47 cDNA clone suggest 
the presence of at least one additional exon. To signify this 
we have designated this exon as number 2 (Fig. 1B and Table 
I). Primer extension analysis using an oligonucleotide com- 
plementary to the first 27 bp coding the signal peptide has 
confirmed that the 5’untranslated region of the p150,95 (Y 
subunit mRNA is longer than the 57 bp contained in XX47 
(data not shown). The signal peptide is split, with the remain- 
ing 7 residues encoded in exon 3 together with the initial 28 
amino acids of the mature polypeptide. One exon has been 
sequenced for the murine Mac-l gene (42); it has precisely 
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TABLE I 
Exons and introna of the o150.95 a subunit 

Exon 
number Domain’ EXOn 

length 
Intron 
length 

b 
602 
619 
300 
154 

2100 + 200 
86 

243 
604 
615 
163 
412 
181 

88 
6880 + 200 

124 
132 
577 

a7 
582 

3700 f 200 
84 
98 

2300 rt 200 
115 
117 
199 
142 
271 

250 + 50 

Intron 
phase 

2 
3 
4 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

5’-UT + SP (12 aa) 
SP (7 aa) 

bp 
89 

106 
104 

I domain 
I domain 
I domain 
I domain 

71 
112 

Metal-binding domain 
Metal-binding domain 
Metal-binding domain 

131 
146 
154 
151 

74 
130 
143 
141 
210 
131 
163 
155 
132 

74 
142 
117 

80 
84 
79 

108 
84 

114 
102 
111 

X06 
TM (22 aa) 
TM (4 aa) + CD + 3’- 
UT 

1 
2 
1 
0 
1 
0 
2 
0 
1 
0 
1 
0 
0 
0 
2 
1 
0 
0 
2 
0 
0 
2 
2 
0 
0 
0 
0 
0 
0 

’ Abbreviations used are: UT, untranslated region; SP, signal pep- 
tide; aa, amino acids; TM, transmembrane domain; CD, cytoplasmic 
domain. 

HU. p150 CtctttccCag cc TTA a?4 ACI Ta cm @ST TIC AK TIC GAC 
-6 LATSLGFNLD 

* * * * * I  l 

ml. mc-1 tatccttccag Cc CTG CXX TE TGI CAT @X TIC AAT Cl% GAC 
-6 LALCHGFNLD 

HU. p150 AcAc2GcAscEmKcTxmGlGGAcAGCmU%TM 
5 TEELTAFRVDSAGF 

* * * * * 
MJ.~c-1 ACTGAACATCCCATGACC ll'CCAGGAGA?+T~?ARC?.XTi"T 
5 TEHPMTFQENAKGF 

Ii". p150 Gu1 GAC PGC GIG GIG CAG TAT Gee ARC T'X TG gtgaggcccag 
19 GDSVVQYANS 

* * * * 
t.h.&c-1 Q;nCnG~TGXGKCAGCITGCCGCAMXAGgtaaagtaCd 
19 GQNVVQLGGT 

FIG. 3. AIignment of exon 3 of the human p150,95 a subunit 
gene with the homologous region of the murine Mac-l LY 
subunit gene. Exon and intron sequences are in upper and lower 
case, respectively. Amino acid residues appear below the nucleotide 
sequence and are numbered as in their respective mature proteins. 
Conserved amino acid residues are marked by an asterisk. 

the same boundaries as p150,95 exon 3 (Fig. 3). The remainder 
of the first exonic cluster, including three more exons, contin- 
ues until the beginning of the I domain. 

Cluster two begins with the exons encoding the I domain, 
concludes with the exons encoding the first two cation binding 
repeats, and includes three exons in between these regions. 
By using the intron/exon organization as a criterion to define 
its limits, the I domain of the p150,95 (Y subunit extends from 
residues 125 to 318 and is encoded in four exons of 43,48,50, 
and 51 residues, respectively (Figs. 1 and 2). Comparison of 
the intron/exon organization of the I domain of the p150,95 
(Y subunit gene with the organization of the homologous 

regions of the von Willebrand factor (43), factor B (44), and 
chicken cartilage matrix protein (45) genes shows a disparity 
in the number, length, and even phase class (46) of the introns 
within the I domain (Fig. 4). However, the introns flanking 
both the 5’ and 3’ ends of the I domain are conserved as 
phase class 1 in all cases in which this has been determined, 
consistent with the notion that this domain can be inserted 
as an evolutionary unit (Fig. 4). 

Integrin ar subunits contain three or four tandem repeats of 
a putative cation binding motif which is similar to the “EF- 
hand” motif of Ca’+-binding proteins (26,27). There are three 
such repeats in the p150,95 LY subunit and other leukocyte 
integrins (16-20). The three tandem repeats are significantly 
homologous to one another, suggesting evolution by gene 
duplication. The three putative divalent cation-binding do- 
mains are encoded in separate exons, supporting this hypoth- 
esis. Four repeats which are more NH*-terminal and do not 
contain divalent cation-binding sites have been conjectured 
based on similarities to sequences flanking the divalent ca- 
tion-binding sites in leukocyte integrins (16-20) as well as 
some 81 integrins (21, 22). These repeats, which do not show 
statistically significant homology to one another, do not cor- 
relate with the p150,95 intron/exon boundaries, and therefore 
their evolutionary significance remains unclear. 

An unusual inverted sequence was found within cluster 2. 
This 430-bp region is 83.7% homologous in nucleotide se- 
quence to the first two divalent cation binding exons and the 
intervening 88-bp intron. This inversion is present within the 
intron following exon 10, the last exon of the I domain (boxes 
below the line in Fig. lA). Alignment of these sequences (Fig. 
5) shows a good correlation between the exons encoding the 
first and second cation-binding domains and their inverted 
homologues, as demonstrated by their preserved open reading 
frame, similar length, agreement with the consensus rule for 
splicing, as well as the phase class of their flanking and 
intervening introns. Remarkably, the intronic sequence in 
between but not outside both exons is conserved. The fact 
that this inverted sequence has been detected in cosmid clones 
from two different libraries rules out the possibility of a 
cloning artifact or a postcloning recombination event. No 
further inverted regions have been found within the sequenced 
regions of the gene. 

The exon encoding the third divalent cation binding repeat 
is separated from the first and second by a 6.8-kb intron and 
begins cluster 3, which includes five more exons (Fig. 1). 
While the introns flanking the exons encoding the first and 
second cation binding repeats are all phase 0, the intron 3’ of 
the exon encoding the third cation-binding domain is phase 
2 (Table I), 

The VLA-4 CY subunit, unlike any other integrin cy subunit, 
shows a variable extent of processing to two cleaved fragments 
of 70 and 80 kDa, respectively (22). Relative to other integrin 
(Y subunits, a 5-residue insert is present in VLA-4, which 
contains a dibasic putative protease cleavage site (22). This 
small insert corresponds exactly with the splicing site between 
exons 19 and 20 in the p150,95 exon cluster 3 (Fig. 1B). 

Cluster four is the smallest with only three exons, while 
cluster live includes six exons, 25-31 (Fig. IA). The LY subunits 
of the fibronectin receptor (24), the glycoprotein gpIIb/IIIa 
(25), and VLA-5 (23) are proteolytically cleaved, generating a 
small COOH-terminal fragment that in the mature protein is 
attached to the rest of the (Y subunit by a disulfide bond. 
Sequence analysis has shown that the dibasic protease cleav- 
age sites are located in a 30-residue region that is present only 
in those OL subunits that undergo proteolytic cleavage (23-25, 
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FIG. 5. Sequence homology between the exons encoding the 
first and second divalent cation-binding domains and the 
inverted sequence. p150,95 exon and intron sequences are indicated 
as upper and lower case, respectively. Putative exons and introns in 
the inverted sequences are shown similarly. The sequence alignment 
is extended beyond the area of homology. 

47). This 30-residue region falls between exons 27 and 28 of 
the p150,95 (Y subunit gene (Fig. 1B). 

The transmembrane domain, also included in cluster five, 
is encoded in two separate exons (Fig. 1B). Exon 30 encodes 
the last 15 residues of the extracellular domain together with 
the first 22 residues of the transmembrane domain, while 
exon 31 contains the last 4 residues of the transmembrane 
domain, the cytoplasmic domain, and at least 434 bp of the 
3’-untranslated region, which includes the Alu sequence. Se- 
quencing of the entire 1145-bp 3’-untranslated region has not 
been attempted, and therefore the possibility of additional 
introns cannot be excluded. 

DISCUSSION 

We have previously reported that the genes of the leukocyte 
integrin cy subunits are present in the human genome as single 
copy genes on the short arm of chromosome 16 between bands 
pll and ~13.1 (40). However, no data have been available on 
the structure of these or any other integrin genes. In this 
paper we report the organization of an integrin a subunit, 
that of p150,95. The nucleotide sequence encoding the com- 
plete p150,95 (Y subunit polypeptide, as well as part of the 5’- 
and 3’-untranslated regions, is distributed in 31 exons that 
are grouped in five clusters and extend over 25 kb. 

One exon from the integrin Mac-l (Y subunit has been 
previously reported (42). Exon 3, which encodes the last 7 
residues of the signal peptide and the initial 28 residues of 
the mature polypeptide, has exactly the same organization in 
the human p150,95 and mouse Mac-l a! subunit genes (42). 
The number of residues corresponding to the signal peptide 
and to the mature polypeptide as well as the phase of both 
flanking introns are preserved. This conserved intron/exon 
organization between different a! subunits of different species 
suggests that the genomic organization of the other leukocyte 
integrin (Y subunits may be very similar. The almost identical 
distribution of the splicing sites in the region encoding the 
cation divalent binding domains of the p150,95 and LFA-1 (Y 
subunit3 genes further supports this homology. 

The I domain was initially described in the p150,95 a 
subunit as a region of 187 residues, from residue 149 to 335, 
that was absent from the (Y subunits of /31 and j32 integrins 
(16). Later its boundaries were defined by the presence of 
similar regions in the ol subunits of Mac-l (17-19), LFA-1 
(20), and VLA-2 (21) and by its homology to nonintegrin 
protein domains (28-32). Using the initial criterion of absence 
from other integrin (Y subunits, it was difficult to define the 
exact beginning and end of the I domain, because there is 
little homology between these two classes of integrins just 
prior to and after the I domain. Since splicing sites often 
mark functional domains of proteins (48), we believe they are 
a more accurate criterion for defining the boundaries of the I 
domain, which we place at amino acids 125-318. This assign- 
ment is in good agreement with the definition of the I domain 
by homology to the A domains of von Willebrand factor (28), 
to sequences in complement components C2 (31) and factor 
B (32), to some regions of the (~1 and (~2 polypeptide of 
collagen type VI (30), and to the two repeating units of the 
chicken cartilage matrix glycoprotein (29). 

Probably the best example of gene evolution by exon shuf- 
fling and intron insertion is the family of the serine proteases 
(49, 50). From the genomic organization of the different 
members of this family we have learned that only exons (or a 
group of exons) flanked at both ends by introns in the same 
phase class can undergo duplication into adjacent introns or 
insertion into introns of other genes by recombination; oth- 
erwise the reading frame would be disrupted (51). Comparison 
of the genomic organization of the p150,95 Q! subunit I domain 
with the organization of the homologus regions of the von 
Willebrand factor (43), factor B (44), and chicken cartilage 
matrix protein (45) genes has shown that while there is little 
consensus on the splice sites within the I domain, the splice 
sites at the beginning and end of the I domain are conserved 
as phase 1 introns. This supports the idea that the I domain 
has been inserted as a unit into a diverse range of proteins 
during evolution. 

The different number, position, length, and phase of the 
introns within I domains can be explained by intron insertion 

3 R. Larson and T. A. Springer, unpublished data. 
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later in evolution. Intron insertion is considered a mechanism 
that can be exploited to accelerate protein evolution. Splice 
junctions are sites where sequence variation is more common, 
amino acids are almost always at the protein surface, and the 
length of turns can be varied by splice junction sliding (48). 
Different patterns of intron insertion may contribute to the 
development of the diverse binding specificities hypothesized 
for I domains. We therefore propose that the I domain was 
inserted as a primordial exon into ancestral genes for a 
number of different protein families. Subsequent evolution 
occurred by duplication and diversification of the entire gene 
to yield gene families (integrin CY subunits, complement factor 
B and CZ), duplication of the I domain within the gene (the 
repeats of von Willebrand factor and chicken cartilage matrix 
protein), and intron insertion and deletion within the I do- 
main. 

There is not an explanation at the moment for the presence 
of a sequence highly homologous to the exons encoding the 
first and second divalent cation binding repeats and their 
intervening intron in the antisense strand of the intron 3’ of 
the I domain. The exons in this inverted sequence do not 
contain stop codons, and thus there is no reason to consider 
them “pseudoexons.” The fact that the homology also involves 
the intron between these exons suggests that a duplication 
with an inversion may have occurred. The high degree of 
sequence conservation suggests the inversion is quite recent. 
Alternatively, conservation may be through copying the re- 
gions against one another, as by gene conversion. The signif- 
icance of a stem and loop structure which could form, with 
exons 11-15 looped out, is unclear. It is also possible that this 
inverted sequence is part of a functional gene contained on 
the antisense strand of the p150,95 LY subunit gene locus. The 
existence of nested inverted genes encoding similar or unre- 
lated proteins has recently been described both in humans 
(52) and Drosophila (53). Studies are under way to confirm 
this possibility. 

Some integrin LY subunits are proteolytically cleaved close 
to the COOH-terminal end of the molecule (23-25), while the 
VLA-4 cy subunit is cleaved closer to the NH*-terminal end of 
the molecule (22). Potential cleavage sites have been proposed 
in both cases in short sequences of approximately 30 and 5 
residues, respectively, which are not present in the p150,95 ar 
subunit (21-25, 47). In both cases the inserted sequence 
containing dibasic potential protease cleavage sites corre- 
sponds exactly with intron/exon boundaries in the p150,95 (Y 
subunit gene, supporting the idea that protease cleavage sites 
in some proteins correlate with splicing sites in their corre- 
sponding genes (48). Sequences around splice junctions usu- 
ally show the highest degree of sequence variation between 
members of the same protein family (54). The sequences 
containing the dibasic protease cleavage sites may thus be the 
result of either intronic recombination by exon insertion or 
intron sliding by displacement of one of the intron/exon 
boundaries. 

Recently, Brown et al. (55) published the genomic organi- 
zation of the (Y subunit of the position-specific antigen 2 
(PS2), a Drosophila integrin. It contains 12 exons. Alignment 
of p150,95 and PS2 (Y subunit sequences demonstrates signif- 
icant correlation in their exon structures. PS2 exon 2 corre- 
sponds to a fusion of p150,95 exons 2 and 3, with the inter- 
vening sequence in the signal peptide eliminated. Exons 3, 4, 
and 5 of PS2 cy correlate perfectly in intron position and phase 
with exons 4,5, and 6 of p150,95 LY. Exon 6 of PS2 LY correlates 
perfectly with exon 11 of p150,95. The I domain exons 7-10 
of p150,95 have no equivalent in PS2, and significantly PS2 
exons 5 and 6 between which they would be inserted are 

separated by a phase I intron, which is the correct phase for 
insertion of I domains. Exon 7 in PS2 (Y corresponds to the 
beginning of p150,95 exon 12. The beginning and end of exon 
8 of PS2, which is variably spliced and aligns poorly if at all 
with any p150,95 sequence, are the only exon boundaries in 
PS2 that do not correlate in position and phase with exon 
boundaries in p150,95. Exon 9 of PS2 is equivalent to a portion 
of p150,95 (Y exon 12 and a fusion of exons 13-20. Exon 10 of 
PS2 corresponds to exons 21 and 22 of p150,95. Exon 11 of 
PS2 aligns with exons 23-30 of p150,95 and contains addi- 
tional serine-rich sequences not found in mammalian inte- 
grins at a position corresponding to the internal protease 
cleavage site in /31 and p3 integrins. The homology continues 
to the final exons, 12 of PS2 and 31 of p150,95, which begin 
after a conserved basic residue on the inner face of the 
membrane and continue into the 3’untranslated region. 
These comparisons demonstrate significant conservation in 
exon organization of integrin (Y subunits, despite the evolu- 
tionary distance between insects and mammals and the likely 
disparity in function between PS2 and p150,95. 

We have described the organization of the gene for an 
integrin (Y subunit. The intron/exon organization has revealed 
interesting features of importance for understanding the ev- 
olution of this gene. At least one exon is conserved for a 
different mouse leukocyte integrin LY subunit, and considering 
the evolutionary distance between vertebrata and arthropoda 
the similarity to an insect integrin gene is remarkable. Further 
interesting comparisons await the characterization of other 
vertebrate integrin (Y subunit genes, particularly those of the 
(Y subunits of the pl and /33 integrin subfamilies. Craik et al. 
(48) have shown evidence that the splicing sites in genes 
usually map to amino acid residues located at the protein 
surface. Information about the structure of a protein obtained 
from the organization of its gene may therefore be a guide in 
the design of experiments aimed to determine the structure- 
function relationship of the protein. 
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