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Abstract The structure of the entire murine scavenger recep-
tor gene was determined; it consists of eleven exons spanning
more than 60 kilobases. Primer extension showed that transcrip-
tion initiates at a cluster of sites unassociated with a TATAA ele-
ment. DNA sequences adjacent to these transcription start sites
are highly conserved in murine, human, and bovine genes.
When transcriptional activity was tested using a luciferase
reporter gene, a promoter fragment (124 to +20) stimulated
luciferase production in P388D, macrophage-like cells but not in
non-macrophage COS-7 or 3T3 cells. A longer promoter frag-
ment (approximately 5 kb) stimulated luciferase activity a fur-
ther 10-fold in P388D, cells. However, using a series of frag-
ments from -67 to -1500 bp, a 127 bp fragment (-67 to +50)
was as active as a 1500 bp fragment in these assays. Mutation
of a putative AP-1 element in the —67 to +50 promoter frag-
ment reduced luciferase activity by 40%; mutation of a putative
GATA factor element to TATA increased luciferase activity
nearly 2-fold while mutation to AATA had no effect and deletion
of the GATA sequence inhibited activity by about 50%. B} The
results suggest that a scavenger receptor promoter fragment can
confer cell-specific transcription and that the activity may be
mediated in part by factors that recognize the AP-1 and GATA
elements.— Aftring, R. P., and M. W. Freeman. Structure of
the murine macrophage scavenger receptor gene and evaluation
of sequences that regulate expression in the macrophage cell
line, P388D,. J. Lipid Res. 1995. 36: 1305-1314.

Supplementary key words gene transcription regulation

Macrophage scavenger receptors (SRs) are trimeric, in-
tegral membrane glycoproteins that bind an unusually
broad array of macromolecular ligands. They were first
identified through their capacity to mediate the intracel-
lular accumulation of cholesteryl ester in macrophages
presented with an acetylated form of LDL (acetyl-LDL)
(1, 2). Subsequently, other forms of LDL, such as oxidized
LDL, as well as a diverse group of polyanionic ligands, in-
cluding bacterial endotoxin (reviewed in ref. 3), were
demonstrated to bind to SRs. The available evidence sug-
gests that the expression of SRs is limited to cells of the

monocyte/macrophage lineage and some populations of
activated smooth muscle cells (4). Although the ability to
bind acetyl-LDL is widely used as a marker for en-
dothelial cells, there is evidence to suggest that the protein
responsible for this activity may not be identical to the
receptor that has been isolated and cloned from macro-
phages (4). In addition, the identification of additional
macrophage receptors that appear to bind and internalize
oxidized LDL but not acetyl-LDL (5), indicates that a fa-
mily of scavenger receptor proteins probably exists that
have functional but not sequence similarities. At present,
the physiologic function of the original SRs remains un-
clear, but their expression on macrophage foam cells sug-
gests a central role in atherogenesis, while their binding
to bacterial cell wall components (6, 7) argues for their
importance in host defense against bacterial pathogens.
Complementary DNAs encoding two forms of the SR,
designated type I and type II, have now been cloned from
bovine (8, 9), mouse (10, 11}, human (12), and rabbit (4)
sources. We have previously mapped the mouse gene to a
region of chromosome 8 which is probably syntenic with
human chromosome 8 (11), and a chromosome 8 location
has been confirmed for the human gene (13). Overall
there is remarkable conservation of the protein, with
about 70% homology between the amino acid sequences
of the four species (10). The deduced amino acid se-
quences can be divided into six protein domains: domain
I, cytoplasmic tail; II, transmembrane; 111, spacer; IV, a
helical coiled-coil; V, collagen; and VI, carboxyl terminal

Abbreviations: SR, scavenger receptor; LDL, low density lipoprotein;
SRCR, scavenger receptor cyteine-rich domain; kb, kilobase; bp, base
pair; PCR, polymerase chain reaction. The nucleotide sequence
reported in this paper has been submitted to the GenBank/EMBL Data
Bank with accession number U13873.
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region. The VIth domain serves to distinguish the type I
from the type II receptor in that the former protein has
an highly conserved 110 amino acid cysteine-rich carboxy
terminus (SRCR domain), while the latter has a much
shorter (6-17 amino acids) segment that is not conserved.
The elucidation of the structure of the human SR gene
(13) has strengthened the argument for this putative six
domain structure in that the breaks between the exons en-
coding the receptor are located at or very near to the tran-

sition points from one protein domain to the next.
In this paper, we have determined the structure of the

entire SR mouse gene and cloned approximately 5000 bp
of DNA 5' to the start site of transcription. As expected,
this gene structure closely resembles that of the human
(13), though there are differences in the two genes involv-
ing sequences in their cytoplasmic tail and collagen do-
mains. The gene has 11 exons spanning approximately 60
kb of DNA. Exons 1-8 are common to the two receptor
types, with the type II cDNA arising from the splicing of
these common segments to exon 9, while the type I cDNA
substitutes exons 10 and 11 in place of 9. We have used the
promoter DNA coupled to a reporter gene to demonstrate
the presence of sequences that appear to play an impor-
tant role in regulating the tissue-specific expression of the
SR. In addition, we have identified two sequence regions,
one of which is downstream of the start site of transcrip-
tion, that appear to contribute significantly to basal tran-
scription activity. The second region, upstream of the
transcriptional start site, includes a consensus sequence
for the binding of the GATA transcription factors and a
putative AP-l/ets site. The AP-l/ets site was found to
affect both basal and phorbol ester-induced SR expression
in THP-1 cells (14), a human monocytic leukemic cell
line; in this paper, its importance to basal transcription in
the mouse macrophage cell line, P388D, is shown. In ad-
dition, we have mutated the GATA sequence and demon-
strated marked effects on reporter gene expression. As the
GATA site is completely conserved in the murine, human,
and bovine promoters, it may play a critical role in
regulating SR gene expression in a variety of species.

MATERIALS AND METHODS

Gene cloning and mapping

¢DNA clones for the type I and type Il mouse
scavenger receptors were prepared by PCR amplification
from an oligo-dT primed cDNA pool synthesized from
mRNA prepared from the murine macrophage-like cell
line, P388D, (11). The oligonucleotide primers were based
on the translated sequence (10); the two alternative
cDNAs were amplified with a common 5' sense primer
(5-CGCGGGGAATTCATGACAAAAGAGATGACAGAG-3')
which was paired with a specific antisense type I (5'-CGC
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GGGATCGATTTTTTTGGTTTCATAATTGTA-3"), or
type II (5'-CGCGGGATCGATTTTTTTAAGTTTTTC
TTAGAA-3") oligonucleotide. The amplified products
were cloned into pBluescript II after digestion with EcoRI
and Clal, restriction sites present in the 5' extensions of
the oligonucleotide primers. Radiolabeled probes were
prepared from the cDNA clones by a random primer
method (15). Mouse genomic lambda phage libraries from
Clontech (Palo Alto, CA) and Promega (Madison, WI)
were screened using conventional plaque hybridization
methods (16). The synthetic oligonucleotides,
5'TTAAAGGTGATCGGGACAAATTGGCTTCCCTG
GA-3'
5'-GCCTCCTGGACCCCAAGGTGAAAAGGGAGAC
AGAG-3
5'-GCCTCCTGGACCCCAAGGTGAAAAGGGAGAC
AGAG-3

were end-labeled with polynucleotide kinase and pooled
to probe the phage libraries for clones containing the
collagen-like domain. Overlapping phage clones were
mapped by a combination of restriction mapping, nucleic
acid hybridization, and PCR across introns, using exon
specific oligonucleotide primers.

PCR amplifications were typically performed in a
0.05-mL reaction containing 20 pmol of each primer, 2
mM MgCl,, 0.2 mM dNTPs and 2.5 U Taq polymerase
in 1 x Taq polymerase buffer (Promega, Madison, WI)
for 25 to 30 cycles using a program of 30 s denaturation
at 95°C, 30 s annealing at 55°C, and 30 s extension at
72°C, except when long products were expected and the
extension time was increased to 60 s per kilobase of am-
plified product. Anchored PCR was carried out using the
method and synthetic oligonucleotides described by Froh-
man, Dush, and Martin (17). The cDNA pool was synthe-
sized from P388D; RNA using the synthetic oligonucleo-
tide primer, 5'-CTCTGTCATCTCTTTTGTCAI3'.
Inverse PCR was performed as described by Ochman,
Gerber, and Hartl (18).

DNA sequencing was performed using Sequenase (US
Biochemicals, Cleveland, OH) or Circumvent (New En-
gland Biolabs, Beverly, MA) kits according to the
manufacturers’ instructions. Nucleic acid and amino acid
sequence comparisons and alignments were prepared us-
ing the GCG computer programs (Genetics Computer
Group, Madison, WI). Restriction endonucleases and
other enzymes were obtained from New England Biolabs,
Boehringer-Mannheim (Indianapolis, IN) or Promega.
Radiolabeled nucleotides were obtained from Dupont
NEN (Boston, MA).

Reporter gene experiments

Luciferase reporter vectors (pGL2) were obtained from
Promega and luciferase assays were conducted using the
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Promega luciferase assay kit. Beta-galactosidase assays
were performed either spectrophotometrically using o-
nitrophenyl-3-galactoside as a substrate (19) or by lu-
minescence using a luminescent substrate (20) according
to the manufacturer’s directions (Tropix, Bedford, MA).
The control plasmid pCMVgal was constructed by clon-
ing the CMV promoter from pcDNAT1 (Invitrogen, San
Diego, CA) in the place of the SV40 promoter of pSV{3gal
(Promega).

Reporter plasmids coupling the SR promoter region to
luciferase were constructed in pGL2 Basic. An initial
reporter construct was prepared from the cloned sequence
shown in Fig. 1B; the 3' end of this fragment, including
the ATG and intron junction, was removed by digestion
with Bbsl and blunted with Klenow. This truncated DNA
fragment, termed —120A, was cloned into pGL2Basic at
the Smal and Xhol sites. All other reporter constructs
were prepared after mutating the ATG in exon 1 (Fig. 1B)
by PCR using the mutant oligonucleotide 5'-AGCTTGT
CGACGCTTGGTAAAGAAGACAG-3'; this mutation
created a new Sall site in place of the ATG, permitting
cloning into pGL2Basic. The -1500 and -5000
promoter fragments were then sequentially cloned into
pGL2Basic as a 1500 bp Kpnl-Xhol fragment (-1500) to
which a 3500 bp EcoRV-Kpnl fragment was added
(-5000). Promoter constructs between -120 and -650
were prepared by truncating the —1500 construct by PCR
using specific oligonucleotides to define the 5' termini.
Site-directed mutagenesis of the reporter constructs was
performed using the unique site elimination method of
Deng and Nickoloff (21). All mutations were confirmed by

A. 5' Untranslated Sequence

DNA sequence and their activity was tested using at least
two independent clones.

Cell culture and transfection

COS-7 (monkey kidney) cells were obtained from Dr.
Brian Seed and 3T3 (mouse fibroblast) cells from Dr.
Richard Mulligan; both cell lines were maintained in
DMEM supplemented with 10% calf serum, penicillin
(50 units/mL) and streptomycin (50 pg/mL). P388D; cells
were obtained from Dr. Monty Krieger and maintained
in F12 supplemented with 10% fetal calf serum, penicillin
(50 units/mL), and streptomycin (50 pg/mL). Transfec-
tion of COS-7 cells was performed using the DEAE-
dextran method of Seed and Aruffo (22). P388D; cells
were transfected by electroporation (23). In brief, P388D,
cells were harvested and resuspended at 107 cells per mL
in complete medium without antibiotics. Cell suspension
(0.5 mL) was mixed with the luciferase reporter plasmid
and f3-galactosidase control plasmid and electroporated at
300V, 1000 pfd in a 4 mm gap cuvette. Cells were har-
vested 20-24 h after electroporation for luciferase and 8-
galactosidase assays. 3T3 cells were transfected either by
DEAE-dextran or a calcium phosphate method.

RESULTS AND DISCUSSION

Cloning and gene structure

Sequential screening of the genomic libraries with
cDNA probes readily yielded multiple phage clones con-
taining all of the SR cDNA sequence except for the 5' un-

>
>

TAGGTTTCAATTGTAAAGAGAGGGAAGTGGATAAATCAGTGCTGTCTTCTTTACCAGCA

<

-

B. Exon 1 and Flanking Sequences

TGTGCATTGAGAGAAGGCTATTGAAGTACAATTCAGAGAAAGGTTTTCAACACACAACTG

TGTCATTTCCTTCCTTGTGGGCTAGATGCTGAAATACTGTGAGATAAAGATTTTAGGTTT

CAATTGTAAAGAGAGGGAAGTGGATAAATCAGTGCTGTCTTCTTTACCAGCAATGACAAA

AGAG[GTATAGTTTAATTTATTTCTTTTTAAATTACTTATGTTGACAGTGAGTCT)

Intron

Fig. 1. DNA sequences of the 5' untranslated region and exon 1. Panel A shows the 5' untranslated sequence of
the mouse SR as determined by anchored PCR. The arrows overlie the sequences of nested pairs of synthetic
oligonucleotides used for inverse PCR, the 5' to 3’ orientation of the oligonucleotides is indicated by the arrowhead.
Panel B shows the sequence of exon 1 and its flanking sequences that were cloned by PCR using primers based on
the sequences recovered by inverse PCR. The heavy underline indicates the location of the 5' untranslated sequence
shown in panel A; the underlined G indicates the 3' terminus of the sequence used in the -120A construct used

in reporter gene experiments.
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translated region and the collagen-like domain. To obtain
a specific probe for the 5' end of the SR gene, the 5' un-
translated region of the SR message was cloned by an an-
chored PCR procedure (17). Figure 1A shows the se-
quence of the longest clone recovered by anchored PCR.
This sequence was used to design a nested pair of
oligonucleotide primers (Fig. 1A) for use in inverse PCR
with P388D, genomic DNA as the template to allow clon-
ing of the genomic sequences flanking the 5' untranslated
sequence. The sequence of the cloned inverse PCR reac-
tion products was used to design additional oligonucleo-
tide primers, which were used to amplify the contiguous
genomic sequence containing exon 1 and its flanking se-
quences, as shown in Fig. 1B. When the genomic library
was screened using the sequence shown in Fig. 1B as a
probe, a single phage clone containing exon 1, 5 kb of 5'
flanking DNA, and 3 kb of the first intron (clone PRO4,
Fig. 2) was obtained. To screen for the collagen-like do-
main, the data of Emi et al. (13) on the exon structure of
the human SR collagen domain were used tc design three
synthetic oligonucleotides complementary to the mouse
collagen domain, as described in Materials and Methods.
The library was screened with a mixed pool of the three
radiolabeled oligonucleotide probes; a single clone was
obtained, which included two collagen exons and the type
IT carboxy terminus sequence (clone Bl, Fig. 2).

The clones isolated from the genomic libraries allowed
the construction of a map of the mouse scavenger receptor
gene, as shown in Fig. 2. The coding sequence is divided
into 11 exons distributed over more than 60 kb. The
length of the introns between exons 6 and 7 and exons 9
and 10 are not defined by our clones; these introns are wi-
thin the collagen-like domain and between the type I and
type I specific ends, respectively. The order of the exons
for the type I and II ends was deduced from the finding
that exon 8 of the collagen domain is adjacent to the type
II exon in a single phage isolate (clone Bl, Fig. 2). This

EXON1 23 4 56 789 10 11
CL6-1 T2 16-2 T113
—H —HH— ———
PRO4 K182 81

i 1 Lan! HH 10kb
XPK PP E EE E B S
L1l T/ L1/
/2 /4

Fig. 2. Map of the mouse SR gene. Exons are numbered consecutively
from 1 to 11 in the 5' to 3' direction, The relative location of each phage
clone is shown along with its designation. Exon locations are designated
by rectangles. A limited restriction map is shown at bottom of the figure
but does not represent all sites for each enzyme within the gene. Inter-
ruptions in the gene designate unknown distances. X-Xhol, P-Pstl, K-
Kpnl, E-EcoRI, B-BamHI, S-Sall.

matches the order in the human SR gene (13). The exon
border splice junctions shown in Table 1 are essentially
the same as those determined for the human scavenger
receptor gene, except in exons 1 and 7. Borders for exons
2, 3, 4, and 5 of the mouse gene were previously reported
by Ashkenas et al. (10); their Jocations are confirmed here.

Sequence divergence in the cytoplasmic tail

A recent comparison of the published cDNA sequences
of the mouse, bovine, human, and rabbit SR noted that
the sequence of the mouse cytoplasmic domain diverged
markedly from the other species (10). Fig. 1 and Table 1
show that an ATG is present in exon 1 which is suitable
for translation initiation (24) and is in frame with the ma-
ture protein, suggesting that the mouse SR could have an
extended cytoplasmic tail, relative to the length of the
homologous region in the cow and man. This putative ex-
tended cytoplasmic tail is coded in part by nine nucleo-
tides, adjacent to the first exon-intron splice junction;
these bases have no homologue in the bovine and human
genes (Fig. 3). The bovine and human SR genes, lacking
a further upstream in-frame ATG, would be predicted to

TABLE 1. DNA sequences of intron-exon borders of the mouse scavenger receptor gene

Amino Acid at
Intron Sequence Exon Sequence” Intron Sequence Exon # 3' End of Exon’
ATG ACA AAA GAG gtatagtttaattea. .. 1 glu 4

..aaatgtgtttgacag ATG ACA GAG...CCT CAC A gtaagtggaaaatga. .. 2 ser 40°
..trtgetttgttttag GC ACT AAA...GTG ACA G gtatgtatctgagat. .. 3 ala 78
..tttattaaatattag CT CAG CTT....CAA CAG GAG gtaagccttcagaat. .. 4 glu 214
..tgactrigtttttag GAC ATC AGT...ATT CAA G gtaaaatatcttgtc. .. 5 gly 277°
..tgttattttttaaag GG CCT CCT....ATA AGA G gtaaggctatagtaa. .. 6 gly 304°
..cttttaaccatgeag GT ATT CCA....AGG TCG G gtaggtattgtga 7 gly 334
..ttgttttctcctaag GA TCT CCT...GGA TCA A gtaagttgatgactc. .. 8 arg 352 (Type IT)

thr 352 (Type I)
..tcatatgcatgtcag GA TCA GTA.... 9
..tttcctattttatag CC CCC CTT...GGA CAA G gtaatctgaacteta. ... 10 gly 415
..atctgattgttgeag GT ACT GGT.... 11

1308

“Exon sequences are in capitals with the nucleotides grouped by codon.

* Amino acids are numbered relative to a putative ATG initiation codon in exon 1.
‘Codon is interrupted at intron-exon border.
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AIZ\52CTTGTTTCTTTTCCTTTTCACTTCTCTTTTTTTTTTAAAGCGGCCTAAATGGGGTGAAGAGTGAGTTATCT
TAACCCCAATTGTTTTTCATTTGACTTCTCTTTTTCTTCTGTAATGTCCTAGATGGAAAGAGGAATGAGTTATCT
TTCTTGCTCCTCTTTGAATTTTAACTTCTCCTTTTCATTTACAATGTCCT - TTAAGGAAAGGGAATGAGTTATCT
WWMYY .Y - - YTSTTTK-MWTTT-ACTTCTCYTTTTYWTYTR - ARYGKCCTA - WWRGRRWRRRGARTGAGTTATCT

GigiAATTTAGATTTTGCAAACCTGTGCATTGATGAGAGTGCTATTGAAACACA .+ - TTAAGAAAGATTTTCAAC
GACAAATTTAGATTCTGCAAACTTGCGCACTGAGAAGAGTACTATTGAAATACGCTGTTAAGAAAGATTTTCAAC
GACAAATTTAGATTTTGCTAACTTGTGCATTGAAGAGAAGGCTATTGAAGTACAATTCAGAGAAAGGTTTTCAAC
GACAAATTTAGATTYTGCWAACYTGYGCAYTGA.- RAGARKRCTATTGAARYACRMTKYWRAG?AAGRTTTTCAAC

-71 . . . . . . 41

GCAGGAATGTGTCATTTCCTTTCTTCATGTACCAGATGCTGAAATACTATGAGATAAAGATTTTAGGTTTCAATT
ATACAAATGTGTCATTTCCTTTCTTCGTGTGCT - - GTGCTGAAATATTATGTGATAAAGGTTTTAGGTTTCAATT
ACACAACTGTGTCATTTCCTTTCCTTGTGGGCTAGATGCTGAAATACTGTGAGATAAAGATTTTAGGTTTCAATT
RYASRAMTGTGTCATTTCCTTTCYTYRTGKRCYAGRTGCTGAAATAYTRTGWGATAAAGRTTTTAGGTTTCAATT

T

+5 .

AXTWT

* % ‘tT#o T

GTAAAGAGAGAGAAGTGGATAAATCAGTGCTGCTTTCTTTAGGACGAAAG: - -« - - - - - GTAAAGAAAAA
GTTACAAGAGGGAAGTAGATAAATCGGTGCTGCCGTCTTTAGGACATATG. <« v v - o GTAAAAGTTTT
GTAAAGAGAGGGAAGTGGATAAATCAGTGCTGTCTTCTTTACCAGCAATGACAAAAGAGG
GTWAMRAGAGRGAAGTRGATAAATCRGTGCTGYYKTCTTTASSAS -WAWG. - -« - - - -

Fig. 3. Comparison of promoter sequences of the mouse (M), bovine (B) and human (H) SR genes. Underlined sequences represent potential
promoter elements: -194, Pu.l (33); -151, NF-Gmb (31); -64, AP-Vets (14); —20, GATA (32). The start sites of transcription for the human (1),
mouse (*) and bovine (Q) genes are indicated. The site (¢) is also a primary start site for the human and mouse transcripts. Human and bovine
sequences and transcriptional start sites are from Moulton et al. (25). C designatés the consensus promoter sequence which is shown using the [UB
degeneracy codes except where degeneracy between the species was complete.

initiate translation in exon 2 (25). The divergence of
amino acid sequence in the N-terminal cytoplasmic tail of
the SR, with or without the putative murine extension,
suggests that these sequences play no critical role in
directing scavenger-receptor mediated endocytosis. More
distal cytoplasmic tail sequences adjacent to the trans-
membrane domain are highly conserved among the spe-
cies, and may therefore be critical for endocytosis, though
they lack the characteristic NPXY motif found to be im-
portant in endocytosis mediated by the LDL and transfer-
rin receptors (26, 27).

Collagen-like domain variations

Exons 6, 7, and 8 encode the collagen-like domain of
the SR. Exon 6 of the mouse gene, like exon 6 of the hu-
man gene, is 81 bp in length, encoding 9 Gly-X-Y repeats.
Exon 7 of the mouse is 90 bp in length and encodes 10
Gly-X-Y repeats, unlike human exon 7, which is 81 bp
long and encodes 9 Gly-X-Y repeats. Comparisons of the
nucleotide and deduced amino acid sequences of exon 7
from the human and mouse genes are shown in Table 2;
these comparisons suggest that a Gly-X-Y triplet is deleted
at the 3' end of human exon 7. SR sequences of other

TABLE 2. DNA and amino acid sequences of human and mouse scavenger receptor exon 7

GlyProPro
Human GTCCTCCG
Mouse GTATTCCA
GlyIlePro

GlySerArg
Human GGAAGTCGA
Mouse GGAGGTCGA
GlySerArg

GlyLeuLys
GGTCTTAAA
GGTGTTAAA
GlyValLys

GlyLeuPro
GGACTCCCA
GGAAACCCA
GlyAsnPro

GlyAspArg
GGTGATCGG
GGTGATCGG
GlyAspArg

GlyTyrala
GGATATGCC
GGAGCACCA
GlyAlaPro

GlyAlalle
GGAGCAATT
GGACAAATT
GlyGlnIle

GlyArgPro
GGAAGGCCA
GGAAAGCCA
GlyLysPro

GlyPhePro
GGCTTTCCT
GGCTTCCCT
GlyPhePro

G

o *
GGGAGGTCG G
GlyArgSer

Human exon 7 sequence is from Emi et al. (13). The initial G in the first Gly codon is present at the end of
exon 6 (Table 1). A G to T transversion in the mouse sequence at the marked site (*) would create a new potential
splice-donor site. Dots (.) indicate nucleic acid identity between the mouse and human sequences.
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mammals, especially lower primates, could provide in-
teresting information on the evolutionary timing of such
a mutation. Exon 8 of the human and mouse genes is 54
bp long and encodes 7 Gly-X-Y repeats in the mouse SR
but only 6 Gly-X-Y repeats in the human SR. The lengths
of exons 6, 7, and 8 of both the mouse and human genes
represent exact multiples of 9 bp which is consistent with
the findings that the exons of fibrillar collagen genes (28)
and other collagen-like genes (29) consist of a nearly uni-
form pattern of exact multiples of 9 bp encoding Gly-X-Y
triplets. Table 1 shows that the exons of the SR collagen-
like domain (exons 6, 7, and 8) all begin with an inter-
rupted glycine codon, which is consistent with the exon
structure of other non-fibrillar collagen proteins (29) and
is unlike the exon structure of the fibrillar collagen genes,
where the majority of exons begin with a complete glycine
codon at the 5' acceptor site and terminate with a com-
plete Y codon at the 3' donor site (28). The conserved 54
bp length (six 9 bp elements) of exon 8 for both the mouse
and human genes suggests that the collagen motif ex-
tended the full length of this exon in the ancestral SR
gene, but that the terminal Gly-X-Y repeat was not essen-
tial for SR function, as it is mutated in the human gene.

SR subtypes

Exon 9 encodes the truncated type II carboxy terminus
and the 3'-untranslated sequence. The DNA sequence of
clone B1 (Fig. 2) includes a polyadenylation site previ-
ously identified in a mouse type II cDNA clone (10).
Three different sized messages for the type II SR have
been found in P388D, cells and there is data suggesting
that these arose from alternate polyadenylation sites (10).
Exons 10 and 11 encode the highly conserved type I car-
boxyl terminus, the SR cysteine-rich (SRCR) domain
(11), and exon 11 also encodes the 3' untranslated se-
quence of the Type I message. Exon 9 and exon 10
represent alternative splice acceptor sites for the terminus
of exon 8, thus yielding the type II and type I receptor
mRNAs, respectively. The SRCR, type I specific C-
terminal domain, is identifiable in a diverse collection of
proteins, though its functional role remains obscure (30).
The recent finding of differential binding of a bacterial
endotoxin (ReLPS) by the murine type I and type II SR
(10) is the first evidence to suggest a difference in function
that could be mediated by the SRCR. As both the type I
and type II receptor mRNAs appear to be present in cells
expressing either message (4, 8, 9, 11, 12), there are no
data available to suggest that differential regulation of this
alternative splicing event can occur. Whether the genera-
tion of the two mouse receptor mRNAs is a stochastic or
regulated phenomenon can now be investigated using
these cloned gene fragments. In addition, the cloning of
the murine type specific exons and their flanking se-
quences described here provides the necessary reagents to
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generate specific deletions of each receptor subtype in
vivo by homologous recombination. This approach could
provide a useful tool for examining any important func-
tional differences between the type I and type II receptor
and thereby clarify the role of the intriguing SRCR domain.

Promoter sequences and functional analysis

Primer extension analysis of RNA from P388D, cells
mapped a cluster of transcription start sites distributed over
a 9 bp distance (Fig. 4); the product of the anchored PCR
procedure (Fig. 1A) corresponds to the longest of these tran-
scripts. There are no identifiable TATAA-like or CAAT-
like sequences in this region of the promoter (Fig. 3). These
results are qualitatively similar to those described for the
human SR promoter (25), where three, closely spaced, but
distinct transcriptional start sites were identified in phor-
bol ester treated THP-1 cells. The start site found for the
mouse gene corresponds to site A in the human promoter
(25). The start site for the bovine gene, determined using
bovine lung RNA, also mapped to this region, but was
reported to be a discrete site. Emi et al. (13), also using
phorbol ester-treated THP-1 cells, mapped a single discrete
transcription start site for the human gene which cor-
responds to site B of Moulton et al. (25). There is no ap-
parent explanation for the discrepancy in the results of Emi
et al. (13) and Moulton et al. (25), regarding the transcrip-
tion start site(s) of the human SR gene, but it is possible
that the different transcription start sites are favored un-
der different physiological conditions.

A striking feature of the mouse, human, and bovine SR
genes is the high degree of conservation of the nucleic acid
sequence in the proximal promoter and 5' untranslated

T
A
C <
G
T <
T
T
<
1 2 A<

Fig. 4. Primer extension analysis of P388D, RNA. Total RNA was
hybridized to the synthetic oligonucleotide 5'-GTCATTGCTGATAAGA
AGAAGACAGC-3', and primer extension conducted as described (16).
The extended products were electrophoresed on a 6% DNA sequencing
gel with accompanying DNA sequencing reactions as length markers.
Lanes 1 and 2 show the products using 75 and 30 pg of total RNA as
template, respectively. A control with yeast tRNA as the template
yielded no extended products (data not shown).
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regions (Fig. 3). Within the highly conserved region of the
promoter several conserved nucleic acid motifs were
identified by comparison to the TFDSITE database (Dr.
David Ghosh, NCBI, NLM). At position —151 the con-
served sequence TCAGATA (antisense strand) may
represent a cytokine response motif as found in the mouse
and human GM-CSF and IL-3 genes (31). At position —64
there is a conserved sequence, TGTGTCATTTCCTTT,
which was described as a combined ets and AP-1 site and
demonstrated to participate in the basal transcription of
a reporter gene in THP-1 cells and also to confer respon-
siveness to phorbol ester (14). The AGATAA sequence, lo-
cated at —20, is conserved between the species, and is a
potential binding site for the GATA transcription factors (32).

Promoter activity determined using a coupled reporter
gene

In initial experiments to evaluate the function of the
proximal promoter, a short fragment from -124 to +20
(-120A) was coupled to a luciferase reporter gene and its
activity was examined in P388D,, 3T3, and COS-7 cells,
as shown in Table 3. This promoter fragment stimulated
luciferase activity approximately 10-fold over the
promoterless vector in the P388D; cells but did not stimu-
late luciferase activity in the other cell types. These results
suggest that a portion of the essential information for
macrophage-specific expression of the SR may reside in
this short promoter fragment. Under these conditions,
cell-specific expression in P388D; cells does not appear to
require the Pu.l site at position —194 which Moulton et
al. (33) suggested to be involved in cell-specific expression
using the human SR promoter. Whether the Pu.l site
contributes to cell-specific expression in the mouse will re-
quire further study.

TABLE 3. Stimulation of luciferase expression by the SR promoter
in different cell types

Cell Line Transfection Method Relative Luciferase Activity
P388D, Electroporation 9.2 + 2.2°(7)
COS-7 DEAE-dextran 1.3 + 0.1 (3)
3T3 DEAE-dextran 0.3 + 0.2 (3)
3T3 CaPO, 2.7 + 1.8 (3)

Cells were cotransfected with either the promoterless luciferase plas-
mid (pGL2Basic) or the - 120A luciferase construct and the control plas-
mid pSVfgal. The luciferase activity in each transfection was normalized
to the B-galactosidase activity from the control plasmid. The results shown
are the ratios of luciferase activity from the - 120A construct to the ac-
tivity from the promoterless plasmid. P388D, cells were transfected by
electroporation with 25 pg of each plasmid. COS-7 cells were transfected
with 4 ug/mL of the luciferase plasmids and 1 pg/mL of pSVBgal in 400
pg/mL DEAE dextran. 3T3 cells were transfected with 4 ug/mL of the
luciferase plasmids and 1 pg/mL of pSVfgal in 100 pg/mL DEAE dex-
tran or with 10 ug of the luciferase plasmids and 2 pg of pPCMVpgal in
CaPO, precipitates. For COS-7 and 3T3 transfections, enzyme activi-
ties were measured 48 h after transfection. Results are shown as the mean
+ standard error with the number of observations in parentheses.

“Significantly different from 1, P < 0.01.

-120A
-1500

-120A
-67
-120
-220
-320
-410
-535
-650 |
-1500

Relative Luciferase Activity

Fig. 5. Luciferase activity produced from SR promoter fragments
transfected into P388D, cells. P388D, cells were transfected with 25 pg
of each promoter construct by electroporation. Luciferase activity was
normalized to B-galactosidase activity produced from the cotransfected
plasmid pCMVggal, 25 pg in panel A and 5 pg in panel B. Results
represent the mean and standard error of 4 to 7 determinations.

To simplify later constructs, a directed mutation was in-
troduced into the promoter sequence at +50 to alter the
initial ATG of the SR transcript and allow promoter con-
structs to be created that include sequences immediately
upstream of this site. Constructs including longer frag-
ments of the SR promoter were then tested for their abil-
ity to stimulate luciferase expression in P388D, cells, as
shown in Fig. 5A. There was a 5-fold and 10-fold increase
in luciferase activity for promoter fragments of 1500 and
5000 bp, respectively, suggesting that additional enhancer
sequences, which function to increase SR expression in
P388D, cells, are present in the upstream region. The ex-
pression of the reporter gene under control of the —5000
bp promoter was also found to be restricted to P388D,
cells as it had no activity when transfected into COS-7 or
3T3 cells (data not shown). To further define areas within
the 1500 bp fragment that are important for SR expres-
sion, a series of truncations were prepared and tested for
their ability to stimulate luciferase expression (Fig. 5B). A
striking finding among these truncations was that a very
short promoter fragment (-67) was essentially equivalent
to the -1500 fragment. Within this series of promoter
fragments only the -67 and -1500 constructs are
significantly different from the —120A construct. The pat-
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tern of activity from —120 to —650 suggests that other en-
hancer and silencer elements may be present in this
region. However, these potential elements are either
quantitatively less important for the activity of the SR
promoter in P388D; cells than the sequences between
—67 and +50 or the enhancing and silencing activities
effectively negate the impact of each other. The —67 frag-
ment includes the composite AP-1/ets site that Wu et al.
(14) identified as an important element in the function of
the human SR promoter in THP-1 cells. In addition, it
can be inferred from the data of Fig. 5B that the se-
quences between +20 and +48 (absent in the —120A con-
struct) may stimulate expression, though in the studies of
the human promoter, sequences in this region were
thought to be inhibitory (33). The differences in our data
and those of Moulton et al. (33) may be due to the context
in which the promoter elements are arrayed. We have
used simple truncations whereas Moulton et al. (33) used
site-directed mutations within a fixed length promoter
fragment (-245 to +46). Differences between the cell
types used could also account for the divergent results.
To further define the elements within the —67 fragment
that stimulate transcription in P388D; cells, we have in-
troduced directed mutations into the AP-1 site and to the
consensus GATA element at position —20 (Fig. 6). Muta-
tion of the AP-1 element reduced luciferase expression by
about 40%. This mutation in the AP-1 element was previ-
ously shown to abrogate the function of this element in
THP-1 cells (14). Mutation of the G in the GATA element
to produce a consensus TATAAA sequence stimulated lu-
ciferase expression nearly 2-fold, while mutation of the G
to an A had no effect on luciferase expression. Deletion of
the four nucleotide GATA core reduced luciferase expres-

-67 -22
AACTGTGTCATTT...TGAGATAAAGA

AACGGATCCCTTT
TGATATAAAGA
TGAAATAAAGA

TGA_AAGA

0 50 100 150 200
Relative Luciferase Activity (%)

Fig. 6. Effect of mutations of the -67 SR promoter fragment on lu-
ciferase activity in P388D cells. The native sequence is shown at the top
of the figure on the left; sequence numbering corresponds to that shown
in Fig. 3. Mutated sequences are shown adjacent to their respective lu-
ciferase activities with the mutated nucleotides underlined. P388D cells
were transfected by electroporation. Luciferase activities were normal-
ized to B-galactosidase activity. Results shown are the mean and stan-
dard error of 4 to 8 determinations:

1312 Journal of Lipid Research Volume 36, 1995

sion by about 50%. The effects of the G to T and G to A
mutations are similar to the effects of identical mutations
of a similarly placed GATA element in the platelet factor
4 promoter (35). The GATA transcription factors
(GATA-1 to GATA-4) bind to a consensus element
(WGATAW) and play a role in tissue specific expression
of the globins (34), platelet factor 4 (35) and «-myosin
heavy chain (36). The proximity of the GATA element to
the start site of transcription also raised the possibility
that it may be important for efficient transcription initia-
tion; while this is consistent with the results we obtained
with the GATA mutations, a more detailed analysis of this
region is currently in progress to test this hypothesis. It
has been shown previously that TBP and GATA-1 (and -2)
can compete for the same binding site but that formation
of a preinitiation complex was inhibited in the presence of
GATA-1 (37). It was suggested that inhibition of transcrip-
tion initiation by GATA-1 (or other GATA transcription
factors) could be a mechanism for producing cell-specific
expression. This would predict that mutation of the GATA
to a consensus TATAAA element should enhance the ac-
tivity of promoters with this feature and could eliminate
cell specificity, as was observed in studies of the platelet
factor 4 promoter (35). Studies are currently underway to
determine whether the GATA consensus sequence indeed
binds nuclear proteins from P388D, cells and whether
these cells express any of the known GATA transcription

factors. )
In this work, we have determined the structure of the

entire mouse scavenger receptor gene and found it to ex-
tend over approximately 60 kb of genomic DNA. Eleven
exons constitute the gene, with alternative splicing of exon
8 to cither exon 9 or to exons 10 and 11 accounting for the
generation of the type II and type I receptors, respec-
tively. The organization of the mouse gene closely resem-
bles that of the human, with minor differences noted
around sequences encoding the N-terminus of the protein
and within the collagen domains. Approximately 5 kb of
DNA upstream of the start site of transcription of the
mouse gene have been cloned and these sequences have
been used to characterize regions of the SR gene
promoter that are important in regulating basal transcrip-
tion activity as well as tissue specific expression. The
identification of a potential GATA binding site and the
dramatic loss of promoter activity that followed its dele-
tion suggests a role for GATA proteins in the regulation
of SR activity. Further clarification of the control of
scavenger receptor gene expression in macrophages
should enhance our understanding of the modulation of
gene expression that occurs in these cells during the
process of atherogenesis. In conjunction with the develop-
ment of better murine models of atherosclerosis (38, 39),
it should now be possible to test the results of in vitro as-
says of SR gene activity under pathophysiologically rele-
vant conditions in vivo. Finally, the cloning of the entire
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mouse SR gene may enhance our understanding of the
functional differences between type I and type Il recep-
tors, as the reagents are now available that would permit
selective inactivation of the type I receptor by homologous
recombination. B
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