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ABSTRACT Two types of cDNAs for human macrophage
scavenger receptors were cloned from a cDNA library derived
from the phorbol ester-treated human monocytic cell line
THP-1. The type I and type II human scavenger receptors
encoded by these cDNAs are homologous (73% and 71% amino
acid identity) to their previously characterized bovine coun-
terparts and consist of six domains: cytoplasmic (I), mem-
brane-spanning (II), spacer (III), a-helical coiled-coil (IV),
collagen-like (V), and a type-specific C-terminal (VI). The
receptor gene is located on human chromosome 8. The human
receptors expressed in CHO-K1 cells mediated endocytosis of
modified low density lipoproteins. Two mRNAs, 4.0 and 3.2
kilobases, have been detected in human liver, placenta, and
brain. Immunohistochemical studies using an anti-peptide
antibody which recognizes human scavenger receptors indi-
cated the presence of the scavenger receptors in the macro-
phages of lipid-rich atherosclerotic lesions, suggesting the
involvement of scavenger receptors in atherogenesis.

The macrophage scavenger receptors are trimeric membrane
glycoproteins implicated in the pathologic deposition of cho-
lesterol in arterial walls during atherogenesis (1, 2). The
molecular cloning of bovine scavenger receptor cDNAs has
revealed several unexpected features (3, 4). Two types of
receptor subunits exist, and both of these receptor proteins
contain two extracellular domains that are predicted to form
a long triple-stranded a-helical coiled coil and a collagen-like
triple helix (3, 4). These receptors mediate the endocytosis of
a diverse group of macromolecules, including modified low
density lipoproteins (LDLs) (1-5). When cultured macro-
phages are exposed to appropriately modified LDLs, they are
converted to cholesteryl ester-rich foam cells which are
strikingly similar to the foam cells found in atherosclerotic
plaques (1). Recent in vivo studies support the suggestion that
modified LDLs, possibly internalized via the scavenger re-
ceptors, may play a critical role in the development of
atherosclerosis (6-8).

To study the role of human scavenger receptors in athero-
genesis, we have cloned human scavenger receptor cDNAs. Tt
From the deduced amino acid sequence, we generated rabbit
anti-peptide antiserum that recognizes human macrophage
receptors. Immunohistochemical studies using this antibody
have revealed the presence of immunoreactive scavenger
receptor protein in the macrophages of atherosclerotic lesions,
suggesting the involvement of scavenger receptors in athero-
genesis.
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MATERIALS AND METHODS

Molecular Cloning of Human Scavenger Receptor cDNAs.
THP-1 cells were cultivated in the presence of 200 nM
phorbol 12-myristate 13-acetate (PMA) for 4 days (2).
Poly(A)* RNA was isolated from these cells and was used to
construct a size-fractionated oligo(dT)-primed cDNA library
in A ZAP II (3). The Xba I-Sph 1 fragment of pBSR7
corresponding to the collagen-like domain of the bovine
receptor (3) labeled by random priming was used as a
hybridization probe to screen 6 X 10° plaques. Two positive
clones were isolated, and the DNA was excised in vivo and
sequenced. Both clones contained a long open reading frame
homologous to the nucleotide sequence of the bovine scav-
enger receptor. The 3’ sequences of the open reading frames
of these two clones were different. One, containing an extra
cysteine-rich sequence of 110 amino acid residues at the C
terminus, was designated type I, and the other, type II.
Additional screening using the inserts of these clones as
probes resulted in another 17 positive clones (14 type I clones
and 3 type II clones) from 6 X 10° plaques. Sequence
comparison was performed using GENETYX sequence analy-
sis packages (SDC, Tokyo). For Northern blot hybridization
analysis, poly(A)* RNA of human liver and cerebellum was
prepared from noncancerous tissue resected with malig-
nancy. The RNA samples were electrophoresed through a 1%
agarose gel containing 7% formamide, transferred to a nylon
filter, and subjected to hybridization.

Expression of Scavenger Receptors in CHO Cells. A type I
scavenger receptor expression vector, pXhSR1, was pre-
pared by excision of the insert of phSR1 by HindIIl/Xba I in
the vector sequence followed by ligation into RC/CMV
(InVitrogen, San Diego, CA). A type II scavenger receptor
expression vector, pXhSR2, was also prepared by using the
HindIll/Xba 1 fragment of phSR2 and RC/CMV. These
vector DNAs were transfected into CHO-K1 cells by the
lipofection method (9). Two days after transfections, G418
was added to a final concentration of 480 ug/ml and resistant
cells were selected over 2 weeks. Cells expressing high levels
of scavenger receptor activity were detected by using acetyl-

Abbreviations: LDL, low density lipoprotein; PMA, phorbol 12-
myristate 13-acetate; PCR, polymerase chain reaction; BSA, bovine
serum albumin.
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LDL fluorescently labeled with 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine as described elsewhere (2).

Chromosomal Mapping. Genomic DNA from 43 human/
rodent somatic cell hybrid lines (10) and human, mouse, and
hamster controls was digested with EcoRlI or Pst 1, electro-
phoresed, transferred, and hybridized overnight with 32P-
labeled human type I scavenger receptor cDNA. A specific
DNA sequence for the human scavenger receptor gene was
amplified from a panel of human/rodent hybrids by using the
polymerase chain reaction (PCR) (11).

Immunohistochemical Studies. Synthetic peptide hSRI-2
and its bovine serum albumin (BSA) conjugate were pur-
chased from Peptide Institute (Osaka, Japan). The amino acid
sequence of hSRI-2 corresponds to the C terminus of the
collagen-like domain (CRPGNSGPKGQKGEKGSGN in the
one-letter code, residues 325-342 with an addition of a
cysteine at the N terminus). Antiserum was generated by
repeated injections of BSA-coupled peptide emulsified in
Freund’s complete adjuvant. The serum reacted with the
hSRI-2 peptide in an enzyme immunoassay (12) at a dilution
of greater than 1:10,000, which is at least 100-fold higher than
that of nonimmune sera or sera from animals immunized
against other peptides. IgG was purified from the serum by
using staphylococcal protein A (13). Human aorta specimens
were obtained from four poslf:ortem examinations and from
four surgical resections. Frozen sections of these tissues
were incubated with antiserum in Dulbecco’s phosphate-
buffered saline (PBS). The binding of IgG was visualized by
using peroxidase-conjugated goat anti-rabbit IgG.

RESULTS

Primary Structure of Human Scavenger Receptors. The
nucleotide sequence of the type I human scavenger receptor
cDNA (Fig. 1A) contains a 1350-base-pair (bp) open reading
frame encoding a 451 amino acid protein with 78.8% identity
to the bovine receptor type I cDNA at the nucleotide level
and 73.5% identity at the amino acid level. The sequence of
the type II cDNA (Fig. 1B) contains a 1074-bp open reading
frame encoding a 358 amino acid protein with 81.0% identity
to the bovine type II receptor at the nucleic acid level and
71.3% identity at the amino acid level. Nucleotides —46 to
1033 (amino acids 1-344) of the type II receptor are identical
to those of the type I receptor cDNA. The predicted human
receptor protein sequence contains six domains identical to
those of the bovine receptor: I, N-terminal cytoplasmic
(residues 1-50); II, transmembrane (51-76); III, spacer (77—
109); IV, a-helical coiled-coil (110-272); V, collagenous
(273-341); and VI, C-terminal type specific (342-451 and
342-358 for type I and II, respectively).

The structures of each domain are highly conserved (Fig.
2). The receptor contains a single hydrophobic stretch of 26
amino acids. The N-terminal cytoplasmic domain lacks a
signal sequence or obvious functional domain (e.g., tyrosine
kinase). There is a potential protein kinase substrate site (14),
Arg-Xaa-Xaa-Ser/Thr (residues 26-29), which is conserved
in the bovine receptor, whereas the other site found in the
bovine receptor (residues 44—-47) was not conserved. In the
case of the human LDL receptor, aromatic residues (tyro-
sine, phenylalanine, or tryptophan) in the middle of the
cytoplasmic domain are required for rapid endocytosis (15).
Two phenylalanine residues (7 and 22) and a tryptophan
(residue 4) in the cytoplasmic domain of the scavenger
receptors are conserved. A tyrosine (residue 48) in the bovine
receptor is another aromatic residue, phenylalanine, in the
human receptor. In the extracellular domains, all seven
potential N-glycosylation sites are conserved. There is an
insertion of asparagine at residue 91 in the spacer domain,
suggesting possible structural flexibility of this domain. The
a-helical coiled-coil structure and two histidines interrupting
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-46  AGAGAAGTGGATAAATCAGTGCTGCTTTCTTTAGGACGAAAGAAGT -1

ATGGAGCAGTGGGATCAC?TTCACMTCMCAGGAGGACACTGATAGCTGCTCCGMTCTGTGMATTTGATGCTCGCTCMTGACAGCY 90
MEOQWDHEFHNDO DO ED c s RS M T A 30
TTGctYcc1CCGMTl:CTAAAAACAGCccTTCCCYTWGAGAMCTGMGTCCTTCMAGCTGCACYGATTGCCCTTTACCTCCTCGTG 180
LLe NSPS K s Lt 60
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ND I T 6 Kk (D DEEEMRFQEVF MWEH S 120
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GAAATCAGTAAATTAGAGGAGCGTGTTTACAATGTATCAGCAGAAATTATGGCTATGAAAGAAGAACAAGTGCATTTGGAACAGGAAATA 720
EI SKLEERVY AE I M ANKEEQ GV HLESQ GE.] 240

ARAGGAGAAGTGAAAGTACTGAATAACATCACTAATGATCTCAGACTGAAAGATTGGGAACATTCTCAGACCTTGAGAAATATCACTTTA 810
K GEVKVL NDLRLKDWEHSOOETLRAELDL 210

AYTCMGGTCCTCCYGGACCCQQ?QQTGAMMWGMCGAGGYCCCACTGGAGAMGTGGTCCACGA@QUTCCAGGTCCMTAGGT 900
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GMAGAG1WGAYACTCCACAGCGGCCAGTGGGGTACMTTTGTGACGATCGCTGGGMGYGCGCGTTGGACAGGTCGYCTG'IAGGAGC 1170
6 RYEILMHSGOQ 6 c EVRVGOQOVVYVCRS 390

TTGGGATACCCAGGTGTTCMGCtGTGCACMGGCAGCTCACTYYGGACMGGVACTGGTCCMYATG(SCYGMTGMGTGTTTTGTTTT 1260
LGYPGV QAVHKAAR F Q6T GP I WLNEVFECEF 420

GGGAGAGMTCAYCTATTGMGMIGYAMAYTCGGCMTGGGGGACMGAGCCTGTTCACATTCTGAAGATGCTGGAGTCACTTGCACT 1350
RESS ECKIRQWGTRACSHSEDAGVYVTCT 450

TTATAATGCATCATATTTTCATTCACAACTATGAAATCGCTGCTCAAAAATGATTTTATTACCTTGTTCCTGTAAAATCCATTTAATCAA 1440
L Ter 451
TATTTAAGAGATTAAGAATATTGCCCAAATAATATTTTAGATTACAGGATTAATATATTGAACACCTTCATGCTTACTATTTTATGTCTA 1530
TATTTAAATCATTTTAACTTCTATAGGTTTTTAAATGGAATTTTCTAATATAATGACTTATATGCTGAATTGAACATTTTGAAGTTTATA 1620
GCTTCCAGATTACAAAGGCCAAGGGTAATAGAAATGCATACCAGTAATTGGCTCCAATTCATAATATGTTCACCAGGAGATTACAATTTT 1710
TTGCTCTTCTTGTCTTTGTAATCTATTTAGTTGATTTTAATTACTTTCTGAATAACGGAAGGGATCAGAAGATATCTTTTGTGCCTAGAT 1800
TGCAAAATCTCCAATCCACACATATTGTTTTAAAATAAGAATGTTATCCAACTATTAAGATATCTCAATGTGCAATAACTTGTGTATTAG 1830
ATATCAATGTTAATGATATGTCTTGGCCACTATGGACCAGGGAGCTTATTTTTCTTGTCATGTACTGACAACTGTTTAATTGAATCATGA 1980
AG 1982

997 3
"""" BGCCAGAMGGGGMMGGGMGTGGAMCACATTMGACCAGTACMCTCACTGAT CATATTAGGGCAGGGCCCTCTTAAGAT 1080
RPVOLTDHIRAGPS Ter 358

CAGGTGGGTTGGGCGGGACATCCTCTGCTACCATCTCATTAAAAGGCCCTTCACCTCTGGACAAGTCATCTGCAACAACTGACTTCCAAG 1170

ATCCTTTTGTGACTCCTCCAAATGACTTTGGTTCCCGTGTTGTACCTGACTTCCACATGGCCTTCTCTCCTGGTCCCTGGTGCTGTTTGE 1260
GCCTCTGCTCCCATGCTCATACCTCTTCTTACTCCAATTAC 1301

FiG. 1. Nucleotide sequence of the type I (A, phSR1) and type 11
(B, phSR2) human scavenger receptors, and the deduced amino acid
sequence (single-letter code). The putative transmembrane domain is
underlined; the potential N-linked glycosylation sites are enclosed by
boxes with round corners; the heptad repeats of leucine and isoleu-
cine residues and interrupting histidine residues are double under-
lined; and the collagen-like Gly-Xaa-Yaa repeats are indicated by
boxes with square corners. The cysteine residues are in bold. Arrows
indicate the position where the type-specific nucleotide sequence
starts.

the heptad hydrophobic repeats (residues 169 and 261) are
also conserved. The collagenous domain of the human scav-
enger receptor contains 23 Gly-Xaa-Yaa repeats, whereas the
bovine receptor contains 24 repeats. Almost all of the Gly-
Xaa-Yaa triplets are either uncharged or positively charged at
neutral pH except for the sixth triplet, which is negatively
charged. In the C-terminal domain of the type I receptor, all
six cysteine residues and the length of the gaps between them
are completely conserved between the bovine and human
receptors. On the other hand, the C-terminal domain of the
human type II receptor (17 residues) is longer than that of the
bovine receptor (6 residues) and has little sequence identity
to the bovine. We generated human scavenger receptor
expression vectors (pXhSR1 and pXhSR2) and transfected
them into CHO-K1 cells. Both types of transfected cells
expressed receptor-mediated uptake of fluorescently labeled
acetyl-LDL (data not shown).

Scavenger Receptor mRNA. Northern blot analysis showed
expression of the cloned gene in human liver and placenta
(Fig. 3A, approximately 4- and 3.2-kb bands). In the brain,
low levels of these two mRNAs were also detected. The
3.2-kb message was detected by using the 0.7-kb Xba 1/Xba
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Human 1 MEQWDHFHNQQEDTDSCSESVKFDARSMIALLPPNPKNSPSLOEKLKSFKAALIALYLLY
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T T TUE LD I b T
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Human 241 xcsvxv& *nLKnIE SaTL
PO TERREETE R i
Bovine 240 xsEIKLLmnuunlzusau@L GPP

Human 301

PPCLRGDRGA IGF PGS YAGRPONSGPYG QKGEK
LI |||II|| 11 ||||||||Ill |
TPBLKGDRKG | SGLPGVRKE Pl PHGK TG K Plo L NGOG AKGEKGSGSMORASNTVRLYGGSG

Bovine 300

Human 358 PHEGRVEILHSGQWGT I CODRWEVRVGQVVCRSLGYPGVOAVHKAARFGAGTGP INLNEV
TR R e ey
Bovine 360 PHEGRVE|FHEGOWGTVCODRWELRGGLVVCRSLGYKGYOSVHKRAYFGKGTGP IWLNEV

Human 418 FCFGRESSIEECK IRQNGTRACSHSEDAGVTCTL 451

PIEE PEREEED TR R Ty
Bovine 420 FCFGKESSIEECRIROWGVRACSHDEDAGVTCTT 453

B

Human 306 [GDAE GLPG---YAGRPGNSK
IIII IIl |I 1} IIl I
SGLPCVRGF PG PMGKTRK P

GSGNTLRPVOLTDOHIRAGPS 358
| 1l | | l
K

Bovine 305 349

F1G.2. Alignment of human and bovine type I (A) and type II (B)
scavenger receptor amino acid sequences. Vertical lines indicate
identical amino acids. The putative transmembrane domain is un-
derlined; potential N-linked glycosylation sites are enclosed by
boxes with round corners; the heptad repeats of leucine and isoleu-
cine residues and interrupting histidine residues are double under-
lined; and collagen-like Gly-Xaa-Yaa repeats are indicated by boxes
with square corners. Cysteine residues are in bold.

I fragment of phSR2, which is a type II specific sequence
(Fig. 3B).

Chromosomal Localization. By means of a human scaven-
ger receptor cDNA probe we detected human DNA frag-
ments 11.5, 5.8, 4.3, and 2.9 kb long in EcoRI-digested DNA
from a human/rodent somatic cell hybrid panel. A discor-
dancy analysis of an entire panel of 43 hybrid cell lines
indicated that the lowest discordancy values are obtained
with respect to chromosome 8 (7.0%). All other chromo-
somes indicated significantly higher discordancies (higher
than 16.3%). The only cell line which did not match this
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Fic. 3. Northern blot analysis of human scavenger receptor
mRNA. Poly(A)* RNA obtained from human liver, brain, and
placenta (each 5 ug) was electrophoresed through a formamide-
containing gel, blotted onto a nylon filter, and probed with a
random-prime 32P-labeled type I receptor cDNA (A) or a type II
cDNA specific probe, a 0.7-kb Xba 1/Xba I fragment of phSR2 (B),
labeled by random priming. The filter was washed at 50°C in 0.5X%
SSC/0.1% SDS (1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH
7). RNA sizes are given in kilobases (kb).
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assignment was the HDM4 cell line. Previous characteriza-
tion of this cell line had suggested that it contains only
chromosomes 4 and 20 (10). To confirm these results, we
used PCR to amplify a gene-specific DNA fragment from
DNA of seven somatic hybrid cell lines containing human
chromosome 4, 8, or 20 (Fig. 4). All cell lines except HDM4
that were positive for the scavenger receptor gene contained
chromosome 8, and all cell lines that contained either chro-
mosome 4 or 20 but did not contain chromosome 8, except
HDM4, were negative from the scavenger receptor gene.
These results indicate that the scavenger receptor gene
localizes to chromosome 8 and that the cell line HDM4
contains a previously undetected fragment of chromosome 8.

Presence of Human Scavenger Receptor Protein in Athero-
sclerotic Lesions. Anti-hSR1-2 immunoreactive protein was
detected in cells in the intima of atherosclerotic lesions (Fig.
5D), but nonimmune serum cannot recognize these cells (Fig.
5A). To identify the cell type in which the scavenger recep-
tors were localized, these lesions were also immunostained
with the monocyte/macrophage lineage-specific monoclonal
antibody EBM11 (16, 17) (Fig. 5C), and these lesions were
also stained for lipid contents (Fig. 5B). Imnmunoreactive cells
possessing the characteristics of the macrophage were de-
tected in various stages of atheromatous lesions in associa-
tion with the accumulation of lipids (Fig. 5B). The presence
of scavenger receptor positive cells was detected in athero-
matous lesions of all eight specimens studied, and the im-
munoreactive cells also had EBM11 antigen. The immuno-
reactive cells were not detected in the intima without ath-
erosclerotic lesion.

DISCUSSION

We have previously reported (2) that, in the human mono-
cytic leukemia cell line THP-1, a 220-kDa scavenger receptor
protein is induced after PMA treatment. Two cDNA clones
homologous to the bovine type I and type II cDNAs were
cloned from a cDNA library of THP-1 cells treated with
PMA. Expression studies in CHO-K1 cells indicated that
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FiG. 4. Confirmation of the localization of the human scavenger
receptor gene on chromosome 8 by PCR. Human scavenger receptor
gene specific DNA was amplified from genomic DNA of human,
hamster, mouse, and seven human/rodent somatic cell hybrid lines
containing human chromosome 4, 8, or 20 (10). The sequences of
synthetic oligonucleotide primers used were as follows: 5'-
CAAAATTTCAGCATGACAACTG-3' and 3'-CCTTACGTTATC-
TACTT-5'. PCR was carried out with 0.2 ug of template DNA. An
initial denaturation step, 1.5 min at 94°C, was followed by 35 cycles
of 1 min at 94°C (denaturation), 2 min at 46°C (annealing), and 3 min
at 72°C. A sample of the amplified DNA was electrophoresed on
1.5% agarose gel and stained with ethidium bromide. The triangle
indicates the 102-bp amplified DNA.

*See text for discussion.
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FiG.5. Immunohistochemical detection of anti-hSRI-2 antigens in the atherosclerotic lesions of human aortic intima. Human aorta was fixed
in periodate/lysine/paraformaldehyde fixative, embedded in OCT compound (Miles), and frozen in dry ice/acetone. Frozen sections (6 um)
were cut on a cryostat. The sections were incubated with control rabbit serum, EBM11 (anti-human macrophage monoclonal antibody, Dakopatts
no. M718), or anti-hSRI-2. As secondary antibodies, horseradish peroxidase-linked F(ab’) fragments of goat anti-mouse immunoglobulin or goat
anti-rabbit immunoglobulin (Amersham) were used. After visualization with 3,3’-diaminobenzidine tetrahydrochloride, the nuclei were stained
with hematoxylin. Histochemical demonstration of lipids was by oil-red O staining. (4) Immunostaining of the atherosclerotic lesion with
nonimmune serum (control). (B) Lipid substances stained red in the atherosclerotic lesion. (C) Brown reaction products for EBM11 observed
in lipid-laden macrophages in the atherosclerotic intima. (D) Reaction products for anti-hSRI-2 also localized in the lipid-laden macrophages.

both type I and type II human clones were functionally active
for the uptake of modified lipoproteins. Comparison of the
human and bovine sequences indicated that most of the
structural characteristics of the bovine receptor are con-
served in the human receptor, except for domain VI of the
type II receptor. The coiled-coil fibrous domains (IV and V)
which apparently mediate the ligand binding of the scavenger
receptors (3, 4) are well conserved. The short C-terminal
domain VI of the type II human receptor is quite different
from that of the bovine receptor, but the difference did not
prevent the receptor-mediated uptake of acetyl-LDL.

Using the deduced amino acid sequence, we generated an
antiserum against the synthetic peptide corresponding to the
C terminus of the collagen-like domain. The peptide sequence
includes the six Gly-Xaa-Yaa triplets, and four of them have
either lysine or arginine. This cluster of positively charged
amino acid residues is conserved between the bovine and
human receptors and may be related to the binding of
negatively charged ligands. This antiserum is specific to the
immunized peptide, as judged from the results of the enzyme
immunoassay, and can bind to the 220-kDa receptor protein
on THP-1 cells treated with PMA (T.K., unpublished obser-
vation), which is a functionally active trimer receptor (2). The
anti-hSRI-2 immunoreactive cells were detected in various
stages of atherosclerotic lesions in all eight specimens stud-
ied, and they indicate the morphological and immunological
characteristics of macrophages in atheromatous lesions. We
could not find significant immunoreactivity in cell types other
than macrophages. The immunoreactive cells were detected
in the lipid-rich lesions. These results strongly support the
hypothesis of the involvement of the scavenger receptor in
the formation of foam cells and in the development of
atherosclerotic lesions in human subjects (1).

The scavenger receptor mRNA was detected in various
human tissues, including the liver, lung, and placenta. In
addition to these organs, previously known to possess scav-
enger receptors (2, 3, 18), the mRNA was also detected in the
brain. Two mRNAs (4 and 3.2 kb) were detected in these
organs, and 3.2-kb mRNA represents the type Il mRNA. The
scavenger receptor gene is located on chromosome 8. Inde-

pendent chromosome mapping of the murine receptor con-
firms this assignment (19).

The molecular cloning of human scavenger receptor cDNAs
enables deduction of the primary structure, generation of the
specific antibody, and determination of the chromosomal
localization. Further studies concerning their physiological
role, pathological involvement, genetic polymorphism, and
relationship to atherosclerotic disease are important for the
understanding of the pathogenesis of atherosclerosis.

We thank Drs. M. Krieger, M. Freeman, L. Rohrer, and L. Hobbie
for helpful advice, Drs. R. Sadahiro and K. Boru for reviewing the
manuscript, Drs. Y. Uetsuka and S. Hosoda for the arterial wall
specimens, and Dr. J. David Brook for hybrid cell DNAs.
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