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cDNA Cloning and Sequencing of Rat crl-Macroglobulint3* 
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ABSTRACT: cDNA clones coding for the plasma protease inhibitor a,-macroglobulin were isolated from 
a rat liver library. The obtained cDNA sequence contained 4701 nucleotides and had an open reading frame 
coding for a 1500 amino acid long protein, including a 24 amino acid signal peptide. The identity of the 
deduced protein sequence as a,-macroglobulin was established by comparison with published peptide sequences 
of the protein. The mature protein shares 53% and 57% overall amino acid identity with the two other 
identified members of the rat a-macroglobulin family, a,-inhibitor 3 and a,-macroglobulin. A sequence 
typical for an internal thiol ester was identified. Of the 24 cysteines, 23 are conserved with a,-macroglobulin. 
However, instead of the two most C-terminal cysteines in a2-macroglobulin, which forms a disulfide bridge 
in the receptor binding domain, a,-macroglobulin contains phenylalanine. One mRNA species hybridizing 
with the a,-macroglobulin probe was observed in rat and mouse liver R N A  (-6.2 kb), whereas no cor- 
responding transcript was detected in R N A  from human liver. 

a-Macroglobulins (aMs) are large plasma proteins which 
act as inhibitors of proteases of all subclasses [for reviews, see 
Sottrup-Jensen (1987, 1989)l. Upon cleaving of a particular 
peptide stretch in the aM, the “bait” region, the protease 
becomes trapped due to a conformational change of the in- 
hibitor. In addition, an internal thiol ester in the aM is ac- 
tivated and may form a covalent linkage with the protease. 
A recently identified cell-surface receptor (Moestrup & 
Gliemann, 1989; Strickland et al., 1990) recognizes activated 
aMs and mediates internalization of the protease-aM complex 
by endocytosis (Van Leuven et al., 1979). Interestingly, also 
the complement factors C3 and C4, which are structurally 
related to the aMs (Sottrup-Jensen, 1987), are activated by 

limited proteolysis, bind their target proteins by use of a labile 
thiol ester, and are recognized by specific receptors after 
complex formation. 

In rat, three members of the a M  protein family have been 
described (Lonberg-Holm et al., 1987). alM and a l M  are 
tetramers of 180-kDa subunits whereas alI, is monomeric. 
a lM differs from the other two proteins in that each monomer 
is composed of a heavy chain (- 140 kDa) and a light chain 
(-40 kDa) which are held together by disulfide bonds 
(Lonberg-Holm et al., 1987). While the primary structures 
of azM and al13 are known (Gehring et al., 1987; Braciak et 
al., 1988), only limited peptide and cDNA data of a l M  have 

This work was supported by grants from the Swedish Medical Re- 
search Council (7 147), the King Gustaf v’s 80th Anniversary Fund, and 
the Medical Faculty at Uppsala University. 

$The nucleic acid sequence in this paper has been submitted to Gen- 
Bank under Accession Number 505359.  

‘ Abbreviations: aMs, a-macroglobulins; a l M ,  al-macroglobulin; 
a2M, a2-macroglobulin; a,I,,a,-inhibitor 3; PZP, pregnancy zone protein; 
bp, base pair(s); IPTG, isopropyl p-D-thiogalactopyranoside; PAGE, 
polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate; SSC, 
0.15 M NaCl and 1 5  mM sodium citrate. 
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modified T7 DNA polymerase (Sequenase, US .  Biochemical 
Corp.) (Tabor & Richardson, 1987). The sequencing primers 
used were universal oligonucleotide primers which bind close 
to the polylinker of pUC19 and M13 (US.  Biochemical 
Corp.), h primers (forward and reverse) which bind close to 
the cloning site in hgtl 1 (Clontech), and specific q M  primers, 
synthesized on Gene Assembler Plus (KABI-Pharmacia AB). 
To sequence across the internal EcoRI sites of the cDNA, two 
fragments were generated with polymerase chain reactions 
using h DNA as template. The oligonucleotides W9 (nu- 
cleotides 895-9 l l )  together with W20 (antisense sequence of 
nucleotides 1425-1440) (Figures 1 and 2) and W3 (nucleotides 
4481-4498) in combination with the h reverse primer were 
used to amplify fragments from B4-9 and B4, respectively. 
The generated fragments were used as templates for asym- 
metric amplification with the same pairs of primers. The 
second set of reactions was carried out in a thermal cycler 
(Gene ATAQ controller; KABI-Pharmacia AB) in 10 mM 
Tris buffer, pH 8.3, containing 3 mM MgCl,, 1 mM each 
dNTP, 2.5 units of Amplitaq DNA polymerase (Perkin-Elmer 
Cetus), 0.15 pM primer in excess, and 0.006 pM limiting 
primer in a total volume of 100 pL. The samples were incu- 
bated for 40 cycles, each cycle including denaturation at 95 
OC for 1 min, annealing at 37 "C for 1 min, and extension at 
42 OC for 3 min, followed by one cycle at 42 OC for 10 min. 
The four different products, each containing an excess of one 
strand of the two DNA fragments, were sequenced using the 
complementary oligonucleotide as primer. 

Northern Blot Analysis. Total RNA was isolated from rat 
hepatocytes, mouse liver, and human liver biopsies by the 
LiCl/urea/SDS method (Sambrook et al., 1989). The he- 
patocytes had been obtained by collagenase perfusion of rat 
liver in situ and purified as described (Forsberg et al., 1990). 
Samples of RNA (20 pg) were denaturated and fractionated 
by electrophoresis in 1.2% agarose gels containing 2.2 M 
formaldehyde (Shambrook et al., 1989) and transferred to a 
nitrocellulose membrane by vacuum blotting. Hybridization 
was carried out at 65 "C in 10 mM Hepes buffer, pH 7.4, 1 
X Denhardt's solution, 6 X SSC, 0.1% SDS, 1 mg/mL yeast 
RNA, 0.1 mg/mL single-stranded salmon sperm DNA, and 
2 mM EDTA. The probe (fragment B, Figure 1) was 32P- 
labeled by random priming as described above. The final wash 
of the membrane was performed in 0.2 X SSC/O.l% SDS. 

Production of Fusion Protein and Immunization. The 
BamHI-EcoRI fragment of the B clone (nucleotides 
33904536, Figure 1) was cloned into the bacterial expression 
vector pGEX-2T (KABI-Pharmacia AB) and transformed into 
JM109. Production of the fusion protein, containing gluta- 
thione S-transferase (26 kDa; Smith & Johnson, 1988) and 
382 amino acids of alM, was induced by the addition of 1 mM 
IPTG. Three hours after induction, the bacteria were lysed 
and the proteins separated by SDS-PAGE. The fusion protein 
band was excised and homogenized in Freund's complete 
adjuvant before intramuscular immunization of a rabbit. 

SDS-PAGE and Immunoblotting. Electrophoresis was 
performed on polyacrylamide gradient gels (7-1 5%) in SDS 
according to the method of Blobel and Dobberstein (1975). 
In order to minimize autolytic degradation of thiol ester 
containing proteins, the samples of rat plasma were incubated 
with 10 mM methylamine at 37 OC for 30 min prior to the 
addition of SDS-PAGE sample buffer. Immunoblot analysis 
of proteins electrophoretically transferred to nitrocellulose 
membranes from the acrylamide gels was performed as de- 
scribed (Burnett, 1981). After incubation of the membranes 
with antiserum at 1 5 0  dilution, the specifically bound anti- 

95 4594 

b 
w3 

- B  
337 I 4536 

I 

1610 47bl B4 

L I 84-9 
I 2603 

I I I I I I 

FIGURE 1: Structure of the a , M  cDNA. The coding and noncoding 
regions of the sequenced cDNA are represented as bold and thin lines, 
respectively, in the upper part of the figure. The numbers below refer 
to the nucleotides at the start and the end of the coding region. The 
positions of the three X clones (B, B4, B4-9) used for the determination 
of the nucleotide sequence are indicated. The position and orientation 
of oligonucleotides mentioned in the text are marked by arrowheads 
pointing in the 5' to 3' direction. Relevant restriction sites are shown. 

been published (Lonberg-Holm et al., 1987; Sottrup-Jensen, 
1987; Sottrup-Jensen et al., 1989; Enghild et al., 1990). In 
this paper, the complete amino acid sequence of rat a l M  is 
reported, allowing for a direct structural comparison of the 
three proteins. 

MATERIALS AND METHODS 
Screening of the cDNA Library. A rat liver cDNA library 

constructed in hgtl 1 (6.8 X lo5 independent clones) was im- 
munoscreened according to the recommendations of the 
manufacturer (Clontech), with hen IgG raised against rat 
hepatocyte fibronectin receptor (integrin as&) (Johansson et 
al., 1988). Briefly, phages adsorbed to Escherichia coli strain 
Y 1090 were plated on agar plates containing ampicillin. After 
incubation at 42 OC for 3.5 h, the plates were overlayed with 
IPTG-saturated nitrocellulose membranes at 37 OC for 3.5 h. 
The membranes were then sequentially incubated with the 
primary antibody and horseradish peroxidase conjugated rabbit 
(anti-hen IgG) IgG (Imms, Uppsala, Sweden) at 10 pg/mL, 
before addition of the color substrate 4-chloro- 1-naphthol. The 
anti-fibronectin receptor IgG had been affinity-purified on 
Sepharose conjugated with isolated fibronectin receptor and 
eluted from the column with 50 mM diethylamine, pH 11.5. 
Both the primary and the secondary antibodies were adsorbed 
against E. coli antigens as described by Young and Davis 
(1983), prior to use in immunoscreening of the library. Positive 
clones were purified by three additional screening cycles. 

Rescreening of the library was performed with DNA 
fragment B (Figure 1) (Sambrook et al., 1989), which was 
labeled with [a-32P]dCTP using the RPN.1601Y multiprime 
labeling system (Amersham International). The library was 
also screened with oligonucleotide W1 (Figure l) ,  labeled at 
the 5' end with [y-32P]ATP using T4 polynucleotide kinase. 
Hybridization of the membranes with the labeled oligo- 
nucleotide was performed at 65 OC in 6 X SSC, 3 X Den- 
hardt's solution, 0.5% SDS, and 0.1 mg/mL single-stranded 
salmon sperm DNA, followed by washing in 2 X SSC/OS% 
SDS at 42 OC. 

Subcloning and DNA Sequencing. cDNA inserts of h clones 
were isolated by agarose gel electrophoresis and subcloned into 
pUC19 or M13 mp18/19. The complete nucleotide sequence 
was determined independently on both strands using the di- 
deoxy chain termination reaction with [ c Y - ~ ~ S I ~ A T P  and the 
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1 

1 2 1  

2 4 1  

3 6 1  

4 8 1  

601 

7 2 1  

8 4 1  

9 6 1  

1 0 8 1  

1 2 0 1  

1 3 2 1  

1 4 4 1  

1 5 6 1  

1 6 8 1  

1 8 0 1  

1 9 2 1  

2 0 4 1  

2161 

2 2 8 1  

2 4 0 1  

2 5 2 1  

2 6 4 1  

2 7 6 1  

2 8 8 1  

3 0 0 1  

3 1 2 1  

3 2 4 1  

3 3 6 1  

3 4 8 1  

3 6 0 1  

gaattccggccttttgtggcagcaaattatagattgattgaggagagttcaggggctgagggctcagacctacccttccctgcccctgtccaccatgaggagaaaccagctgcccatacc 
M R R N Q L P I P  

. - 2 4  . 
agtctttcttttactgctcctgcttcttcccagagatgccaccgcagctactggaaaaccacgatatgtggtgctggtcccctcagagctctatgcaggagtccctgaaaaggtctgtgt 
V F L L L L L L L  P R D A T A * A T G K  P R Y V V L V P S  E L Y A G  V P E K V C V  

ccacctcaaccacctgaacgagactgtgacactcaacgtaactctagagtatggagtacagtactcaaacctcctcatagaccaggctgtggataaggactcctcctactgcagctcttt 
H L N H L N E T V T L N V T L E Y G V Q Y S N L L I D Q A V D K D S S Y C S S F  

cacgatctcaaggccgctttcaccctcggctctcattgctgtggagataaaaggaccaacgcaccacttcataaagaagaagtcaatgtggataacaaaagctgagagcccagtctttgt 

. +l . 

T I S R P L S P S A L I A V E I K G P T H H F I K K K S M W I T K A E S P V F V  

ccagacagacaaacccatatacaaacctggacagacagtgaaattccgagttgtctctgtggacatcagttttcgcccggttaatgaaacgttccccgtcgtttatattgagaatcccaa 
Q T D K P I Y K P G Q T V K F R V V S V D I S F R P V N E T F P V V Y I E N P K  

gaggaacagaatctttcaatggcaaaatgtcgatctaccaggaggactgcaccagctctctttcccactgtctgttgagccagctctaggcatctacaaggttgtagtgcagaaggactc 
R N R I F Q W Q N V D L P G G L H Q L S F P L S V E P A L G I Y K V V V Q K D S  

agggaagaaaatagaacattcctttgaggtgaaggaatatgttttacccaaatttgaggtgcaagtaaaaatgcccaagacgatggctttcctggaagaggaacttgttgtaactgcttg 
G K K I E H S F E V K E Y V L P K F E V Q V K M P K T M A F L E E E L V V T A C  

tggcttatacacatacggaaagcctgttcctggtctggtgacaatgaaagtatgcagaaaatatacacagtcctactccaactgccatggccaacactcgaaaagtatctgtgaagaatt 
G L Y T Y G K P V P G L V T M K V C R K Y T Q S Y S N C H G Q H S K S I C E E F  

cagcaaacaggcagatgaaaaaggatgtttcagacaagttgtaaaaaccaaagtgttccagcccagacagaaaggctatgacatgaagatagaggtggaagccaagatcaaagaggacgg 
S K Q A D E K G C F R Q V V K T K V F Q P R Q K G Y D M K I E V E A K I K E D G  

aacaggaatagaactaactggtactggatcatgtgaaatcgcaaataccttaagcaaactgaaatttactaaagcgaatacattttacaggcctgggctgcctttctttggacaggttct 
T G I E L T G T G S C E I A N T L S K L K F T K A N T F Y R P G L P F F G Q V L  

2 5  

6 5  

1 0 5  

1 4 5  

1 8 5  

2 2 5  

2 6 5  

3 0 5  

3 4 5  

tcttgttgatgagaagggtcaaccaatccccaacaaaaatctaactgtccaagtgaattcagttaggtcccagttcacttttactaccgatgagcatggcttggccaacattctcatcga 
L V D E K G Q P I P N K N L T V Q V N S V R S Q F T F T T D E H G L A N I L I D  3 8 5  

caccaccaacttcacgttttcgtttatgggaatcagggtcatctacaagcagaacaacatctgctttgataactggtgggttgatgaatatcacacacaggcagatcattctgcagctcg 
T T N F T F S F M G I R V I Y K Q N N I C F D N W W V D E Y H T Q A D H S A A R  4 2 5  

catcttttccccaagccggagttatattcaacttgaacttgttcttggtactttggcttgtgggcaaactcaggagattcggatacacttcctcttgaatgaagatgccctgaaagatgc 
I F S P S R S Y I Q L E L V L G T L A C G Q T Q E I R I H F L L N E D A L K D A  4 6 5  

aaaagacttaaccttttactacctgatcaaagcaaggggaagcatctttaactcaggaagccacgtgtttccgcttgaacaaggaaaagtgaaaggagtagtttccttcccaattcgagt 
K D L T F Y Y L I K A R G S I F N S G S H V F P L E Q G K V K G V V S F P I R V  5 0 5  

ggagccaggcatggctcctgtggctaagctgattgtctacactattttacctaatgaagaacttattgctgatgttcagaaattcgacattgaaaagtgttttgccaatacggtgaattt 
E P G M A P V A K L I V Y T I L P N E E L I A D V Q K F D I E K C F A N T V N L  5 4 5  

gagtttcccatcagcacagagcctgccagcctctgacacccacctgacggtcaaagccacacctctgtccctgtgtgccctcactgcggtcgaccagagtgtgctgctactgaagcccga 
S F P S A Q S L P A S D T H L T V K A T P L S L C A L T A V D Q S V L L L K P E  

agccaagctctctcctcaatcaatctataatttgctgccacaaaaggctgagcagggggcttacttaggacccctaccgtacaaaggcggtgagaactgcatcaaagcagaagacatcac 
A K L S P Q S I Y N L L P Q K A E Q G A Y L G P L P Y K G G E N C I K A E D I T  

tcacaacggcatcgtgtacacaccaaagcaggatctgaacgacaatgacgcatacagcgttttccagtccataggattaaaaatttttaccaacaccagagtccacaaaccacgctattg 
H N G I V Y T P K Q D L N D N D A Y S V F Q S I G L K I F T N T R V H K P R Y C  

tccaatgtatcaagcctatccgcctttgccctacgtaggagagcctcaagccttagctatgtctgcaatcccaggagccggctacagatcaagcaacattaggaccagctcaatgatgat 
P M Y O A Y P P L P Y V G E P O A L A M S A I P G A G Y R S S N I R T S S M M M  

gatgggcgcatcagaagtagctcaggaggtagaagtaagagagacagtgcggaagtacttcccggaaacctggatctgggacatggtgccgctggacttatccggtgacggtgagttgcc 
M G A S E V A O E V E V R E T V R K Y F P E T W I W D M V P L D L S G D G E L P  

ggtaaaggtccctgacaccatcactgagtggaaggccagtgcattctgcttgtctggaactactggccttggtctctcctccaccatctcccataaagtcttccagcccttcttcctgga 
V K V P D T I T E W K A S A F C L S G T T G L G L S S T I S H K V F Q P F F L E  

gctcactctcccctactctgtggttcgaggcgaagcatttatcctcaaagctaccgtactcaactacatgcctcactgcattcggatccatgtgagcctagagatgtctcctgatttcct 
L T L P Y S V V R G E A F I L K A T V L N Y M P H C I R I H V S L E M S P D F L  

. .  

ggcagtccctgtggggagccatgaagattctcattgcatctgtggaaatgaaagaaaaaccgtgtcctgggctgtgaccccaaagtcgctgggggaggtgaacttcacagctactgcaga 
A V P V G S H E D S H C I C G N E R K T V S W A V T P K S L G E V N F T A T A E  

agctttgcagtctccagaactgtgtggcaataaggtggcagaagtgccagcccttgtacagaaggacactgtagtgaagcccgtaatagtcgagcctgaaggaattgagaaggaacaaac 
A L Q S P E L C G N K V A E V P A L V Q K D T V V K P V I V E P E G I E K E Q T  

gtacaacacactgttatgcccacaagatgctgagttacaggaaaattggacactggatcttccagccaatgtggttgaaggatctgccagggctacacagtccgttttgggcgatatact 
Y N T L L C P Q D A E L Q E N W T L D L P A N V V E G S A R A T Q S V L G D I L  

aggctctgcgatgcaaaacctccagaatcttctccagatgccctatggctgtggggaacaaaacatggtcctcttcgtccctaacatctacgttctggagtatctcaatgagacacagca 
G S A M Q N L Q N L L Q M P Y E-C-G-E-Q N M V L F V P N I Y V L E Y L N E T Q Q 

gctgacagaggcgatcaagtccaaggccattagctacctcatcagcgggtaccagaggcagctgaactatcagcacagtgacggttcatacagcacattcggggaccgcggtatgaggca 
L T E A I K S K A I S Y L I S G Y Q R Q L N Y Q H S D G S Y S T F G D R G M R H  

cagtcagggaaacacttggctcactgcatttgtgctcaaggccttcgctcaagctcagtcatacatctatatagaaaagacacacatcacaaatgctttcaattggctctcgatgaaaca 
S Q G N T W L T A F V L K A F A Q A Q S Y I Y I E K T H I T N A P N W L S M K Q  

5 8 5  

6 2 5  

6 6 5  

7 0 5  

7 4 5  

7 8 5  

8 2 5  

8 6 5  

9 0 5  

9 4 5  

9 8 5  

1 0 2 5  

1 0 6 5  

aagggagaacggttgtttccaacagtctggatccctgctcaacaatgcgatgaagggtggtgtggatgatgaagtgacactctctgcctatatcaccattgctctgctggagatgcccct 
R E N G C F Q Q S G S L L N N A M K G G V D D E V T L S A Y I T I A L L E M P L  1 1 0 5  

gcctgtcactcacagtgttgttcgtaatgctctattctgcctggaaacggcctgggcctccatctcaaacagccaagaaagtcatgtctacacaaaagcactgctggcctatgcctttgc 
P V T H S V V R N A L F C L E T A W A S I S N S Q E S H V Y T K A L L A Y A F A  1 1 4 5  

cctggcaggaaacagagccaagcgaagcgaggtgcttgaatccctaaacaaagacgctgtgaatgaggaggaatcagtgcactggcaacgtcctaagaatgtcgaggaaaatgtccggga 
L A G N R A K R S E V L E S L N K D A V N E E E S V H W Q R P K N V E E N V R E  1 1 8 5  
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3721 

3841 

3961 

4081 

4201 

4321 

4441 

4561 

4681 

aatgaggtccttctcttataaaccgcgggccccttctgctgaagtggagatgacagcttacgtgcttctcgcctacctcacctctgcatcttcccggcctacgcgagacctttcttcatc 
M R S F S Y K P R A P S A E V E M T A Y V L L A Y L T S A S S R P T R * D  L S S S 1225 

ggacctgactacagcatccaagattgtgaagtggatcagcaaacaacaaaactcccatggggggttctcctccactcaggatacagtggtggctcttcaagccctctccaaatatggagc 
D L T T A S K I V K W I S K O Q N S H G G F S S T Q D T V V A L Q A L S K Y G A  1265 

agccacttttacgaaaagtaataaagaagtgtcggtcaccatcgagtcttcagggaccgtctctgggactctccatgttaacaatggcaatcgcctgctgctgcaggaagtcaggctggc 
A T F T K S N K E V S V T I E S S G T V S G T L H V N N G N R L L L Q E V R L A  1305 

agatctgcccggaaattacatcaccaaagtgtcagggtcaggatgtgtgtacctccagacatctctaaagtacaacatccttccggaggcagaaggagaagcgcccttcactctgaaggt 
D L P G N Y I T K V S G S G C V Y  L Q T S L K Y N I L P E A E G E A  P F T L K V 1345 

caacactctccccttaaactttgataaggcagaacatcacagaaagttccagatccacatcaacgtaagctacattggagaacgacccaactccaacatggtcattgttgatgtgaagat 
N T L P L N F D K A E H H R K F Q I H I N V S Y I G E R P N S N M V I V D V K M  1385 

ggtgtcaggcttcatacctgtgaagccatccgtgaaaaagctccaagaccagtctaacattcagaggactgaagtgaacaccaaccacgttctaatctacattgaaaagctaaccaatca 
V S G F I P V K P S V K K L Q D Q S N I Q R T E V N T N H V L I Y I E K L T N Q  1425 

aaccatgggtttctccttcgcggtggaacaagacattccagtaaagaacttaaaaccagccccagtaaaagtctacgattattatgagacagatgaattcgccattgaagaatacagtgc 
T M G F S F A V E Q D I P V K N L K P A P V K V Y D Y Y E T D E F A I E E Y S A  1465 

ccctttcagttctgactctgaacaaggaaatgctt~~aaataggaacctatagatttcctcagaaagactcctccacacgtgaagaaccaagacagcaagataaatggaaaggaattaaa 
P F S S D S E Q G N A  

aacccataaaatttatatgtt 

FIGURE 2: Nucleotide sequence and predicted amino acid sequence of rat aIM. The cDNA sequence of a l M  is shown in the 5' to 3' direction. 
The taa-stop codon (nt 4595-4597) is in boldface letters. Amino acids of the signal peptide are numbered from -24 to -1 and residues of 
the mature protein from +1 to 1476. The N-terminals of the heavy and light chains of the mature protein (Lonberg-Holm et al., 1987; 
Sottrup-Jensen, 1987) are indicated by an asterisk. The dashed line marks the conserved thiol ester site. Underlined amino acid sequences 
have previously been identified at the protein level (Lonberg-Holm et al., 1987; Sottrup-Jensen et al., 1989; Sottrup-Jensen, 1987). 

Table I: Comparison of Rat and Human a M  Proteins 
rat human 

4 a*M" Gb a*MC PZPd 
precursor (sac) 1500 1472 1477 1474 1482 
signal peptide (aa) 24 27 24 23 25 
mature protein (aa) 1476 (1220 + 256) 1445 1453 1451 1457 
molecular mass (Da) (mature peptide backbone) 164402 160670 161053 160798 161028 
cysteines (mature protein) 24 25 23 25 25 
cysteins conserved with human azM 23 25 22 25 
overall aa identity with a l M  57 53 60 56 

overall aa identity with rat a2M 73 65 
overall as identity with aI13 61 59 

"Data from Braciak et al. (1988). bData from Gehring et al. (1987). CData from Kan et al. (1985). dData from Devriendt et al. (1991). CAmino 
acids. 

bodies were allowed to react with 1251-labeled protein A. The 
antigens recognized were detected by autoradiography. 

RESULTS 
For the purpose of isolating cDNA clones corresponding to 

fibronectin receptor mRNA, a rat liver cDNA library con- 
structed in the Xgt 11 expression vector was screened with 
affinity-purified antibodies against the receptor. One clone 
(B), which was purified by three additional screening cycles 
with the antibodies, turned out to contain a cDNA insert which 
was unrelated to the fibronectin receptor. Determination of 
the nucleotide sequence of the 1.2 kbp insert instead revealed 
significant homology with proteins of the a2M gene family. 

Isolation and Characterization of cDNA Clones Coding for 
alM.  In order to obtain the complete primary structure of 
this protein, the rat liver library was rescreened with the B 
insert as hybridization probe. This resulted in the isolation 
of 10 new clones, of which B4 had the largest insert (2.9 kbp). 
After being subcloned into pUC 19, the nucleotide sequence 
of the 2.9 kbp fragment was determined. It was found to 
extend from the B clone in the 5' direction, while the 3' end 
was identical to that of B (Figure 1). The B4 sequence had 
one open reading frame all the way through, but it contained 
neither a stop codon nor a start methionine. When the inserts 
of the other isolated X clones were sequenced, several of them 
were found to terminate at the same 3' nucleotide as B, in- 
dicating the presence of an internal EcoRI site in the cDNA 
sequence at this position. Since the A clones thus could contain 
additional sequence information, intact X DNA of B4 was 

sequenced, using a primer (W3) which would hybridize close 
to the EcoRI site. This resulted in a 170-nucleotide sequence 
extending beyond the EcoRI site, which coded for 20 additional 
amino acids and contained the stop codon. 

X clones containing the 5' end of the coding sequence were 
isolated by one further screening of the same liver library, this 
time using a synthetic oligonucleotide (Wl) derived from B4 
(Figure 1). Of the new series of clones, B4-9 was found to 
contain the missing part. In Figure 2, the entire cDNA se- 
quence obtained is shown along with the deduced amino acid 
sequence. In addition to noncoding sequences of 94 and 107 
nucleotides in the 5' and the 3' ends, respectively, the 4701- 
nucleotide sequence encoded a protein of 1500 amino acids. 
On the basis of complete homology with published peptide 
sequences (underlined in Figure 2), the protein was identified 
as alM. The N-terminal sequence of the light chain (40 kDa) 
of a l M  was encompassed in the deduced sequence, demon- 
strating that the 180-kDa subunit is synthesized as one protein 
which subsequently is cleaved into two parts (Figure 2). Other 
features of the sequence include a 24 amino acid signal peptide 
and a thiol ester activation site (amino acids 961-965). 

Comparison of aM Sequences. A comparison of the pre- 
dicted primary structure of a l M  with that of rat a2M and al13 
is shown in Figure 3. In addition, Table I lists some char- 
acteristics of these proteins and of the two human aMs,  a2M 
and PZP. Of the three rat a M s ,  a l M  exhibited the lowest 
degree of homology with both of the two known human a M s  
(Table I). The overall homology of a,M with rat a 2 M  and 
a113 is 57% and 53%, respectively, for the mature proteins. The 



2350 Biochemistry, Vol. 31, No. 8, 1992 Warmegird et al. 

61 
61 
62 

121 
119 
121 

181 
179 
181 

241 
239 
241 

276 
297 
298 

356 
357 
3 58 

416 
4 17 
418 

476 
477 
478 

536 
535 
536 

596 
595 
596 

643 
654 
656 

701 
712 
700 

761 
772 
753 

82 1 
832 
813 

881 
892 
87 3 

941 
952 
933 

1001 
1012 
993 

1060 
1072 
1052 

1120 
1131 
1112 

1176 
1191 
1168 

1231 
1251 
1223 

1291 
1311 
1283 

1350 
1371 
1342 

1410 
1431 
1402 

LN NSK M Q TET I L Y VTAS ISQRGTRK FDELV LF 
ATGKPRYVVLVPSELYAGVPEKVCVHLNHLNETVTLNVTLEYGVQYSNLLIDQAVDKDSS 
S PQ I M M L H T A FLFS AVR S SVHGNQS FT LV LF 
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I IL Q V E T M F R G D V NAISWD IIN AT H 
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RGSIFNSGSHVFPLEQG--KVKGWSFPIRVEPGMAPVAKLIWTILPNEELIADVQKFD 
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D PGMQDSNFIASSND FEDEDY- LMYQP AR------------EK V RYVRET MA 
NLLPQKAEQGAYLGPLPYKGGEN-CIKAEDITHNGIWTPKQDLNDNDAYSVFQSIGLKI 
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LKIKL T NT--D DMV LAVPAV DS TDR MYESLPWAVK PLPQEPPRKDP 
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LQNLLQMPYGCGEQNMVLFVPNIYVLEYLNETQQLTEAIKSKAISYLISGYQRQLNYQHS 
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FIGURE 3: Comparison of the deduced amino acid sequences of rat 
aMs. Only the amino acid residues in rat al13 (Braciak et al., 1988) 
and rat a2M (Gehring et al., 1987) which differ from a l M  are shown 
above and below the a lM sequence, respectively. The numbers indicate 
the amino acid residues of the mature proteins. Gaps inserted to 
optimize the alignment of the sequences were identified by the com- 
mand "BESTFIT" of the GCG program (Devereux et al., 1984). 

bait regions (amino acids 666-718 in a l M )  showed minimal 
homologies as reported previously (Sottrup-Jensen et al., 1989). 
The C-terminal half of a l M  (amino acids 775-1475), con- 
taining the domain which is recognized by the cellular receptor 
for activated a M s  (Van Leuven et al., 1986; Enghild et al., 
1989), exhibited 66% and 63% homology with the corre- 
sponding region in rat a2M and a113, respectively. Of the 24 
cysteines in a ,M,  23 are conserved in rat and human a 2 M .  
For the human protein, the disulfide formations have been 

1 2  

9.5 
7.5 - 
4.4 - 
2.4 - 
1.4 - 

FIGURE 4: Northern blot analysis. Total RNA from rat hepatocytes 
(lane 1) and mouse liver (lane 2) was separated by agarose electro- 
phoresis and hybridized with 32P-labeled B fragment as described under 
Materials and Methods. Sizes of RNA markers (Bethesda Research 
Laboratory) are indicated in kilobases. 

elucidated (Jensen & Sottrup-Jensen, 1986). The a l M  se- 
quence contains one cysteine (amino acid 3 16) which has no 
counterpart in the other a M s .  Its location in a narrow region 
together with the two cysteines postulated to be used for in- 
terchain bridging of two monomers in a2M may suggest that 
the dimer units of a l M  are held together by three cysteines. 
The C-terminal region contains two phenylalanines (amino 
acids 1376 and 1490) which replace two cysteines in a2M and 
a,13, suggested to form an internal disulfide bridge (Jensen 
& Sottrup-Jensen, 1986; Braciak et al., 1988). 

Northern Analysis. Northern blot analysis of rat hepatocyte 
RNA using the B fragment as probe resulted in the detection 
of one hybridizing band (Figure 4, lane 1). The a l M  mRNA 
had an approximate size of 6.2 kb, obviously containing more 
noncoding sequences than those shown in Figure 2. The probe 
also hybridized with high stringency to an RNA species of 
similar size from mouse liver RNA (Figure 4, lane 2), while 
no cross-hybridization was obtained with human liver RNA 
even under low-stringency conditions (6 X SSC/O. 1 % SDS, 
42 "C) (not shown). 

Relation of a l M  to Fibronectin Receptor. The major part 
of the original B clone (the BamHI-EcoRI fragment, Figure 
l), which was selected by the fibronectin receptor antibodies, 
was expressed as a fusion protein with glutathione S- 
transferase, after subcloning into the pGEX-2T vector. A 
rabbit antiserum was raised against the fusion protein and 
tested in immunoblotting against rat plasma. In unreduced 
samples, the a l M  dimer (360 kDa) was faintly detected by 
the antiserum (Figure 5 ,  lane 1). Unfolding of disulfide bonds 
was apparently important for recognition, since the antiserum 
reacted strongly with the 40-kDa peptide of reduced alM. In 
addition, the antiserum showed a weak reactivity against the 
140-kDa fragment of reduced a l M  (consistent with the se- 
quence expressed in the fusion protein). The faint 190-kDa 
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FIGURE 5: Western blot analysis. Rat plasma was subjected to 
SDS-PAGE in nonreduced (lane 1 )  and reduced form (lane 2). 
Immunoblotting was performed as described under Materials and 
Methods using the antiserum raised against a fusion protein which 
contained the C-terminal part of a , M .  Size markers (Sigma) are 
indicated in kilodaltons. 

band (Figure 5, lane 2), also recognized by the antiserum, was 
identified as al13 on the basis of comigration with the isolated 
protein. Indeed, immunoblotting showed that the fusion 
protein antiserum had a weak cross-reactivity with al13 (not 
shown). Several preparations of pure fibronectin receptor and 
a crude fraction used for receptor isolation (wheat germ ag- 
glutinin binding proteins of solubilized hepatocytes) (Johansson 
et al., 1987) were also analyzed in immunoblotting. However, 
no immunoreacting material was detected in any of the sam- 
ples either before or after reduction (not shown). 

DISCUSSION 
While three structurally related plasma proteins of the a M  

family are expressed in rats (a2M, alM, and a113), only two 
have been identified in humans (a2M and PZP). The relations 
between the rat and human proteins have not been fully clear 
in lack of complete sequence data for all proteins. PZP has 
been suggested to be the human counterpart of rat a lM (Sand 
et al., 1985). On the other hand, the expression of both human 
a2M and rat a l M  is only moderately affected during acute 
phase reactions, whereas there is a dramatic up-regulation of 
rat a2M biosynthesis by the same stimuli (Gehring et al., 1987; 
Lonberg-Holm et al., 1987). The recently reported cDNA 
sequence for PZP (Devriendt et al., 1991) and our a l M  se- 
quence now allow direct comparisons of the primary structure 
of all five proteins. 

Such an analysis revealed that the proteins are highly ho- 
mologous but suggests that neither of the human proteins has 
a direct equivalent among the three rat proteins. Of the rat 
aMs, both PZP and human a2M show the highest similarity 
to a2M (65% and 74% identical amino acids, respectively). 
Both human proteins were also more homologous to a113 (59% 

and 60%) than to rat a lM (55% and 59%). Since PZP, human 
aZM, and rat a2M are all expressed during strikingly different 
physiological conditions, they may have evolved to meet distinct 
functional requirements. 

The specific functions of a l M  are poorly understood. The 
protein has been shown to act as an inhibitor of a broad 
spectrum of proteases and would seem to have considerable 
overlapping capability with a2M and a113, although the 
markedly dissimilar bait regions have been suggested to provide 
the three proteins with somewhat different specificities (Kan 
et al., 1985; Gehring et al., 1987; Braciak et al., 1988; 
Sottrup-Jensen et al., 1989). However, in addition to regu- 
lation of extracellular proteolysis, aMs may have other 
functions. For example, a2M has been reported to bind several 
growth factors and hormones (Huang et al., 1985; O’Con- 
nor-McCourt & Wakefied, 1987; Matsuda et al., 1989; Borth 
& Luger, 1989; Danielpour & Sporn, 1990), possibly medi- 
ating endocytosis of these compounds via the a M  receptor. 
Similarly, al13 has been discussed as a “general clearance 
protein” which would opsonize damage proteins to facilitate 
their elimination by endocytosis (Braciak et al., 1988). The 
basis for the latter suggestion was three cases where antibody 
screening of Xgtl 1 libraries resulted in the isolation of clones 
containing al13 cDNA in addition to the anticipated cDNA 
clones. Thus, our isolation of an a l M  cDNA clone by use of 
antibodies directed against the fibronectin receptor (integrin 
asp1) seemed to follow an analogous pattern. 

To test the hypothesis (Braciak et al., 1988) that immu- 
nogenic fragments derived from activated aMs may become 
associated with various proteins to mediate recognition by 
clearance receptors, we raised an antiserum against a fusion 
protein corresponding to the a l M  cDNA of the X clone isolated 
by screening with the fibronectin receptor antiserum. The 
fusion protein antiserum, which was found to react strongly 
with the C-terminal part of a l M  (the aM-receptor binding 
region), did not detect any immunoreactive material in our 
preparations of fibronectin receptor. These results do not 
exclude the possibility that trace amounts of a,M-derived 
fragments were associated with a small fraction of receptor 
molecules and that it could have elicited antibody production 
during the immunization. However, since the antibodies used 
in screening of the liver library had been affinity-purified on 
fibronectin receptor-Sepharose, an alternative explanation may 
be that these two large proteins actually share some cross- 
reacting epitope even though no obvious homology in their 
primary structure was found. 
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ABSTRACT: The plasma cholesteryl ester transfer protein (CETP) is known to facilitate the transfer of lipids 
between plasma lipoproteins. The human CETP gene is a complex locus encompassing 16 exons. The CETP 
mRNA is found in liver and small intestine as well as in a variety of peripheral tissues. While the CETP 
cDNA from human adipose tissue was being cloned, a variant CETP cDNA was discovered which excluded 
the complete sequence encoded by exon 9, but which was otherwise identical to the full-length CETP cDNA, 
suggesting modification of the CETP gene transcript by an alternative RNA splicing mechanism. RNase 
protection analysis of tissue R N A  confirmed the presence of exon 9 deleted transcripts and showed that 
they represented a variable proportion of the total CETP mRNA in various human tissues including adipose 
tissue (25%), liver (33%), and spleen (46%). Transient expression of the exon 9 deleted cDNA in COS 
cells or stable expression in CHO cells showed that the protein e n d e d  by the alternatively spliced transcript 
was inactive in neutral lipid transfer, smaller, and poorly secreted compared to the protein derived from 
the full-length cDNA. Endo H digestion suggested that the inactive, cell-associated protein was present 
within the endoplasmic reticulum. The experiments show that the expression of the human CETP gene 
is modified by alternative splicing of the ninth exon, in a tissue-specific fashion. The function of alternative 
splicing is unknown but could serve to produce a protein with a function other than plasma neutral lipid 
transfer, or as an on-off switch to regulate the local concentration of biologically active protein. 

r e  plasma cholesteryl ester transfer protein (CETP)' is a 
hydrophobic glycoprotein, which facilitates neutral lipid and 

phospholipid transfer between the plasma lipoproteins (Tall, 
1986; Hesler et al., 1987). The CETP appears to be a member 
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