ASBMB

JOURNAL OF LIPID RESEARCH

I
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Abstract The metabolism of low density lipoprotein (LDL.)
in the hamster is substantially similar to that of the human.
To extend the usefulness of the hamster as an experimental
model, the hamster LDL receptor gene was isolated and
characterized. The gene is composed of 18 exons and 17 in-
trons which span 26 kilobases. The introns occur at precisely
the same positions as those previously determined for the
human LDL receptor gene. The 18 exons of the hamster
gene predict an LDL receptor protein of 854 amino acids
that is similar in organization and sequence to those
predicted from the cDNAs of rat, rabbit, cow, and human.
Within the 5'flanking region of the hamster LDL receptor
gene are three highly conserved imperfect direct repeat se-
quences of 16 nucleotides each that in the human gene
have been demonstrated to regulate transcription. In addi-
tion, a similar arrangement of direct repeat sequences was
also isolated from the 5-flanking region of the rat LDL
receptor gene using the polymerase chain reaction. B
These results indicate a strong sequence and structural con-
servation of the LDL receptor among several species and
further support the hamster as an experimental model for
the study of human LDL-holesterol metabolism.—Bishop,
R. W. Structure of the hamster low density lipoprotein
receptor gene. J. Lipid Res. 1992.33: 549-557.

Supplementary key words LDL receptor e promoter e transcrip-
tional regulation e rat e cholesterol homeostasis ® sterol regula-
tory element ¢ nucleotide sequence e cloning ¢ RNA

The cellular uptake of low density lipoprotein
(LDL) through receptor-mediated endocytosis has
been characterized by thorough genetic and biochemi-
cal analysis of the LDL receptor (1). Numerous
mutants have been described that affect the synthesis,
processing, ligand binding, and recycling of the LDL
receptor protein (2). These mutations occur naturally
and are found in humans, rabbits, and monkeys with
the genetic disorder familial hypercholesterolemia (2—
4). The physiological consequence of such defects is to
impair the efficient removal of LDL particles from the
blood which in turn can lead to increased serum LDL
concentrations and atherosclerosis (5, 6).

While the characterization of these mutants has
been productive, the inherent physiological limitations
illustrate the need for an animal model that ap-

proximates human cholesterol metabolism. The
various species currently in use include the monkey,
pigeon, pig, guinea pig, rat, rabbit, and hamster (4, 7-
9). Among these, the metabolism of cholesterol in the
hamster most closely resembles that in humans (9-13).

Support for the hamster model comes from kinetic
analysis of LDL production and degradation (9-13).
These studies demonstrate similarities between the
male hamster and humans with regard to rates of
hepatic cholesterol synthesis (9, 10), the relative sig-
nificance of receptor-dependent and receptor-inde-
pendent LDL transport (11), and the response of
plasma LDL cholesterol to dietary additions (12) or
the administration of cholesterolllowering agents (10,
13). The usefulness of the hamster model is further
enhanced by the availability of established cell lines
such as the Chinese Hamster Ovary (CHO) line which
contain defects in the pathways of cholesterol synthesis
(14), regulation (15), esterification (16), and uptake
by the LDL receptor protein (17).

The isolation of cDNA clones for the bovine,
human, rabbit, and rat LDL receptors has been
reported (3, 18-20). In addition, the gene for the
human LDL receptor has been isolated and charac-
terized (21). To complement these studies and to ex-
tend the genetic analysis of the LDL receptor in the
hamster, the cloning and structural analysis of the
hamster LDL receptor gene is presented, including a
highly conserved transcriptional regulatory region in
the immediate 5'-flanking DNA.

Abbreviations: LDL, low density lipoprotein; CHO, Chinese
hamster ovary; EGF, epidermal growth factor; SRE, sterol regulatory
element; PCR, polymerase chain reaction; SDS, sodium dodecyl sul-
fate; cDNA, complementary DNA.

!Present address: Department of Metabolic Diseases, Bristol-Myers
Squibb Pharmaceutical Research Institute, P.O. Box 4000, Prin-
ceton, NJ 08543-4000.
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METHODS

General methods

Unless specified, all methods were performed ac-
cording to standard procedures (22).

Genomic library construction and screening

Probes derived from the human LDL receptor
c¢DNA, pLDLR-2 (19), were used to obtain clone AU4
from approximately 1x 10° clones of a Chinese ham-
ster-derived UT-1 cell genomic library (23). Likewise,
plasmid subclone pRB2 was isolated from a Xbal par-
tial UT-1 cell genomic library constructed in A Charon
35. The screening of both libraries was performed
under low stringency hybridization and wash condi-
tions (19). To isolate more 5-flanking regions of the
hamster gene, the clones pRB3 and pEX1 were ob-
tained by chromosome walking (24). UT-1 cell
genomic DNA was digested with the appropriate
restriction endonuclease and size-fractionated by den-
sity gradient centrifugation on 10-40% (w/v) sucrose
gradients (22). Hybridization-positive fractions were
used to construct size-fractionated libraries in either
pUCI18 or the bacteriophage vector AEMBL-4 (Pro-
mega, Madison, WI) and screened as described (19)
except that the hybridization buffers contained 50%
(v/v) formamide. Plasmid clone pRB3 was isolated
from 5 x 10° colonies of a pUC18 Stul library and plas-
mid pEXI1 was subcloned from a phage clone isolated
from 1x10° recombinants of an EMBL4 EcoRI
library.

Gene mapping and nucleotide sequence analysis

A crude map of the cloned DNA was established
using **P-labeled human c¢DNA fragments (19, 22).
Restriction fragments were then subcloned into bac-
teriophage M13mp18 or mp19 vectors (Pharmacia) for
automated or manual nucleotide sequence analysis of
both DNA strands by the dideoxy chain termination
method (25). Gradient gels, 35S radiolabeled
nucleotides, and Sequenase (US Biochemical Corp.,
Cleveland, OH) were used according to the manu-
facturer’s recommendations. Automated sequencing
was done using fluorescence-labeled primers (26) and
a DNA sequencer (Applied Biosystems, Inc., model
370A).

c¢DNA cloning

A primer-specific, size-fractionated ¢cDNA library was
constructed from CHO cell poly(A)* RNA by standard
methodologies (22) using an antisense oligonucleotide
primer, complementary to nucleotide positions 106 to
140 of Fig. 2, in place of oligo(dT). After second
strand synthesis and EcoRlI linker addition, the cDNA
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products were digested with EcoRl, fractionated on a
5% (w/v) neutral polyacrylamide gel, and the ap-
propriately sized products were inserted into the bac-
teriophage Agtl0 vector (Stratagene, La Jolla, CA).
Positive clones were identified from approximately 2 x
10° recombinants using a 3P-labeled antsense
oligonucleotide complementary to nucleotide posi-
tions 68 to 104 of Fig. 2 and subcloned into bac-
teriophage MI13 vectors for DNA sequencing as
described above.

Nuclease S1 and primer extension analysis

Total and poly(A)* RNA were prepared by standard
methods from CHO cells (22). For nuclease S1
analysis, a uniformly labeled single-stranded probe of
227 nucleotides was prepared as described (27) using
an oligonucleotide primer complementary to nucle-
otides +14 to +48 (Fig. 4A) and a hamster LDL recep-
tor M13 template containing nucleotides -194 to +61
(Fig. 4A). After EcoRI cleavage and gel purification,
20,000 cpm of the *?P-labeled probe was annealed to
25 ug of either tRNA or total CHO RNA overnight at
60°C. Nuclease S1 analysis was performed as described
(3) except that 100 units of S1 nuclease (BRL,
Gaithersburg, MA) was used in the digestion reaction.
Primer extension analysis with reverse transcriptase
(Life Sciences, St. Petersburg, FL) was performed as
described by Siidhof et al. (28). The annealing reac-
tion was carried out at 65°C using a 3?P-labeled
oligonucleotide complementary to nucleotides 68 to
104 of Fig. 2 and either 5 ug of poly(A)* RNA or 10 pg
of total RNA isolated from CHO cells grown in the
presénce or absence of sterols (29).

RESULTS AND DISCUSSION

Isolation of the hamster LDL receptor gene

Several techniques were used to isolate the hamster
LDL receptor gene. A total of four genomic clones
spanned all 18 exons and 17 introns of the gene and
included 9.6 kb of the 5°flanking region; the 3’ un-
translated region was not represented in the isolated
clones (Fig. 1). Initially, a gene fragment spanning
exons 4 through 18 was isolated from a UT-1 CHO
library (23) by screening at reduced stringency with a
human LDL receptor cDNA probe (AU4, Fig. 1). Sub-
sequently, a ¢cDNA probe corresponding to human
exons 2 and 3 was used to screen a lambda genomic
library generated by partial digestion of UT-1 CHO
DNA with the enzyme Xbal. A 5.5 kilobase fragment of
the gene was isolated from one positive clone (pRB2,
Fig. 1). The two remaining upstream clones were iso-
lated by chromosome walking. DNA fragments from
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Fig. 1. Map of the hamster LDL receptor gene. The gene structure is shown to scale in the upper portion of the diagram. Exons are
denoted by numbers above the black boxes. The regions included in the various genomic bacteriophage and plasmid clones are indicated
at the bottom. Cleavage sites for six selected restriction endonucleases are shown. The encircled Bam HI site in the 3’ untranslated region,
representing a cloning junction for AU4, may not be present in the gene.

the 5 region of pRB2 were used as probes in genomic
Southern blots to identify upstream restriction frag-
ments for the construction of size-fractionated
genomic libraries (see Methods). Screening of one
such library yielded a clone containing the 5.8 kilobase
insert, pRB3 (Fig. 1). Similar techniques yielded the
12.3 kilobase insert in pEX1 (Fig. 1).

Exon-intron structure of hamster LDL receptor gene

Exons within the cloned genomic fragments were lo-
calized by several methods. Human LDL receptor
cDNA probes were used in restriction mapping and
Southern blotting of plasmid subclones to yield tenta-
tive exon placements. A precise location was sub-
sequently determined by DNA sequence analysis and
by comparison to the structure of the human gene.
Due to the poor identity between the two species in
exons 15 and 16, approximately 2.8 kilobases of DNA
encompassing these exons were sequenced and
analyzed for amino acid sequence similarity with
analogous regions of the human protein.

The position of exon 1 was established by primer-
specific cDNA cloning. Sequence information derived
from exon 2 in clone pRB2 (Fig. 1) was used to syn-
thesize two oligonucleotides complementary to ad-
jacent positions in the mRNA. Primer extension
analysis of CHO RNA with the more 5 oligonucleotide
indicated that there were an additional 188
nucleotides to the transcriptional start site (see below).
Using the more 3’ oligonucleotide as a primer for the
first strand cDNA synthesis reaction, UT-1 mRNA was
converted into cDNA, size-fractionated, and cloned
into Agtl0. Screening of the library was performed
using the more 5 oligonucleotide as a probe. The
resulting cDNA extended to nucleotide position -142

and was later used to position exon 1 in genomic
clone pEXI1 (Fig. 1).

The conservation of structure between the hamster
and human LDL receptor genes is remarkable. The 17
introns of the hamster gene interrupt the same amino
acids and codons as those of the human gene (21). In
addition, all of the intron-exon boundaries agree with
the consensus GT...AG rule established for these junc-
tions in eukaryotic genes (data not shown) (30). The
sizes of the 17 introns ranged from less than 100 base
pairs (intron 9) to 8.5 kilobases (intron 1).

Nucleotide and predicted amino acid sequence of
the hamster LDL receptor mRNA and protein

The merged nucleotide sequence derived from the
18 exons of the hamster LDL receptor gene and its
predicted translation product are shown in Fig. 2. The
sequence of exon 12 is identical to that obtained pre-
viously by Sege, Kozarsky, and Krieger (17) from an
LDL receptor-deficient CHO mutant. With the A of
the initiator methionine residue designated as +1, the
18 exons are spliced to generate an open reading
frame of 2562 base pairs. Analysis of the mRNA from
CHO cells by RNA blotting and hybridization indi-
cated a single major transcription product of 4.9
kilobases (data not shown). This result predicts a 3’
untranslated region of approximately 2.3 kilobases and
suggests that the total size of the hamster gene is
about 26 kilobases. This size is nearly one half that of
the 45 kb human gene (21).

Translation of the predicted mRNA sequence results
in a protein of 854 amino acids. The position and
composition of a 21 amino acid segment at the amino
terminus of the hamster protein closely resembles that
of a signal sequence (31). Assuming that this sequence
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. 1
ATGAGCACCGCGGATCTCAGGCTGCGCTGGGCCATCECCCTOCTCCTGGCCGCTGCCRGAGCTGCAGEAGAAGACACATGCGACAGGAATGAGTTCOGGTGCAGGGACGGGAAATGTATC
H-tSorThrAlaA-puuAtguuArg‘rrpAlaI 1.AlauuhuuunlnlulaGlyAlaAlulaGlmm:cyulpArqunsluPheArgcylArgAlpclyLylcysne

-20
2

GCCAGCAAGT TGTGAC CCTGAATGCCCGGATGGCTCTGATGAGTCCTCTEAGACATGCATGTCTGTCACCTGTCAATCCAAGEAATTCAGCTG TGGGGECCETETCAGE
AlaSerLysTrpValCysAspGlySerProGluCysProAspGlySerAspGluSerSerGluThrCysMetServalThrCysGlnSerLlysGluPheSerCysGlyGlyArgvalSer
20 30 40 50

3

ccmumﬂucrcmaccmmrmcunm mmcrcmxmucmmm'cccccumccmccm CGCTGCC A -lG
Athlelc"‘ A TrpArgCy "1yGlnThrAlpcytaluAlnG].yscrnpcluc1nclycynlaproLy-'rhrCyus-rGlnAlpGluPhnArgcysGInAlpGlyLys
70

TGCATCTCCCAGAAGTTTGTGTCTCACCAGGACCARGATTGCG TGGATGGCTCTGACGAGGCCCACTGCCAGG CCGCCACTTGTGGGCCCGCGCATTTCCGTTGCAACTCCTGGCCCTGE
CylI1os.rclnLylPthllcynlpclnhlpclnAlpcytValupclyscrAlpGluAlaHilcy-GInAlaAla’rhx‘O[lGlyProAluHilPhcAthylAlns-r‘rerrocys
120

ATCCCCAGCCTGTGEGCCTGTCACGGGGATGACGACTCTCAGGACGGCTCCGATGAGTGGCCACAGAAC CGCGACACCGCCGCTGCCTGGAGTAGCAGCCCCTGTTCCTCC
ProCy

I1-Pros.ruu'rrpuacympclyup&npupcylclmpclys.rA-pGlu'rertoclnuncylalyGl ArgAsp laAlaAlaTrpSer:
140 170

4

C'!‘GGAG‘H‘C&A TGGWAANCAW!W GTCTGTGA' mmmmmmcm&amcmcmcmc
uuclumonilcywlysorsomlucylncli1urqsorrrpVa1cympG1ysn:A1mpq-t.ympLyoscrqulnGluullcy-vu'mrnamm-mproup
180

5
GAATTCCAGTGTGCAGATGGCACCTGCATCCATGGTAGCCGCCAGTGTGACCGTGAATATGACTGCAAGGACATGAGTGACGAGCT: AATOTGACACAGTSTGACGGGCCE

GluPheGlnCysAlaAspGlyThrCysl lcﬂilcl.ysu'htgclncympArgGlmrMpcy-LympmtsorAanluhuﬁlyCYlIloAanalThrGlnCympG].yPrc
220

[]
AACAAGTTCAAGTGCCACAGTGGCGAA ATCGCCTTGGACAAAGTGTGCGACTCCATGCCGGACTGCCGGGACTGGTCAGATGAGCCCATCAAGGACTGCAEGACCAATGAGTGCTTC
Mnl.ylPthleythSchlyclucleldllumpby-VllcympSCm gASpCy gASpPTID! pGluProlleLysAspCysArgThrisnGluCysLeu
260 280 290

7
mmmmmamccumeﬂmm AOGAG‘I‘GCT'I‘G'F‘"‘N"‘ 'GGACCAGCAC um'ACAﬂ'GAOGAGTG'l‘CAG
AlpAnnMnGlyGlyCycScrHilValcy‘LympuuLlellcly'ryrclucyluucyll’rounclyPhoGlnI‘uvalhpclnﬂiurqcylclmpnmpclucylcln
oo 330

8

GAGCCGGACA! CCAGCTCTGCGTGAACCTTGAAGGCAGCTACAAGTGCGAGTGC CGGGCTGGATTCCACATGGACCCTCACACCAGGGTCTGCAAGGCTGTAAECTCCGTAGCC

\CCTGTGA!
Gxnrmmmmpclnuucy-wlunuucluclys.rryrr.y-qsclummuaGlyPhdliumtAspPrloThrAqualcyst.yuhvamlys-rvuua
340 50

TATCTGCTCTTCACTAACCGCCACGAGGTACGGAAGATGACCCTGGACCGANGCGAGTACACCAGCCTGATCCCCAACCTGAAGAACG TG TCGCCCTGGACACTGAAGTGGCCAACAAT
TyrLeuLeuPheThrAsnArgHisGluValArgLysMetThr LeuAspArg: 1uTyr LeuIleProAsnleulysAsnValValAlaleuAsp 1uValAlaAsnAsn
380 390 400 410

9
Acurc-ncx-amccm\ccmrccmmarﬁmmmmcammhmmmmmmmm
ArglleTyrTrp P 1nGl yLylnu Y laL PGLlnAl w.nruusoﬂ‘yrumrr1cnosom1yupmmlmul’rmpclyuu1a
420 440 50

GTAGACTGGA' ‘mmmmmm@mmmwmnmwm&mmm
v-luprrrpnclulclyunIlmm:chrvalproclysorvusorv.ml A LysGlyIleArgArg PheGlnGluLysGlySerArgProArg
460 490

10

AspIlevValvalAspProvValHisGly! 'YETrpThrA wlmrmuauyllluLylLyﬁlyclyuuMmlyhlg:gI1.‘ryrs.ruuvnmzcluupnc
500 510

11
c CAA EACTAGATATT mccmmnmecmam&aumcwi'cr TCTCCAGCATTGATGTCAATGGGGGCAATCGGAAGACCATTTTGGAA
G1lnTrpProAsnGlylleThrLeuAspIl l1yArg. YrTrpVal v-uunimr:1.8.:3.::1mpv-1um1yclyum:gny-nrnom1u
540 550 560
12
GATGAGAAGEAGCTGGCCCACCCCTTCTCOTTGGCCATCTATGAGGACAAAG TATT T TG GACGGATGTCATAAATGA) T *CAATCGCCTC, CTCAGATGTTAAT

CCA
AlpGluLysclnumthmHusoruulnIlc’ryrGluMpLylvqup‘mrMpvnnmnGluAlano“ ] ;;o‘ ArgLeuThrGly: AspValAsn
580 600

13

LeuValAlaGluAsnLeuLeuSerProGluAspIleValLeuPheHisAsnIleThrGlnProArgGlyValAsnTrpCysGl G;; L GlyGlyCysGinTyrLeu
620 630 640

14
TGCCTGCCCGCCCCACAGATCAATCCTCACTCCCCAAAATTCACCTGTGCCTGCCCTGATGGCATGcTACTGGCCAAGGATATGCEAACGTGCCTCACA&‘AGTGGCACCTGTACTGACC
cy-uumull’:oclnIlmnmm-SchroLy-thrcyulacy:?roupclylutuuumnLympmnrg'rhrcyluu'm:GluVlluaprov-luu'rhr
660

acce ACATCCACC 'GAGATCACTGCAGGAGCCGAAGGCTGCCCCAAGCACAAGGAGGATCAGTCGGCTTCCAGTACTTCCAGGCAGCCTGCACTTAGCACAGTGGAG
ThrGlnGly ThrIl gProGl uIlmrnllclyhllcluG].yqlProLylllilI.ylGlmpalnSQrAIaSQrscﬂ'hr:;:Aqu1n?rellauus.mwn1c1u
700 ’
15 16

T CGGTGACAATGTCCCACCAAGTCCAGGGTGACAGARGGAA CGAGGAGCGGECACAGGGTGTGGGGGTCTTGTCCATCACCCTCCCCATS TCCTCCTTGTCITTGGGGCC
ServalThr 18G1lnValGlnGlyAspArg nGluGl g 1 nclyvalclyv;luusorlld!'hruuProIIMIlhuVllnouuuu‘hl.Phoclylla
740
Ammmwmuwcmmr A mccmmmcrccn mcmccmaeecamcc
IleLeulL g Ph ..".lryrﬁlnl.ymmtelmpGlumHiuIqumlmpclmrsor
780 790 810

17

TACCCCTCNCGACAGATGGTCAGCCTGGAGGATGATGTGGCATGA 2565

mmsa:mlnn.cvnsoruucxmmvuun---
820 830 833
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Fig. 3. Interspecies comparison of LDL receptor protein sequences. A schematic of the LDL receptor protein consisting of six domains is
shown at the top (21). The amino acid residues corresponding to the hamster LDL receptor protein domain boundaries are numbered
below the schematic. The percent identity as deduced by computer-assisted comparison between the hamster protein domains and those of
four other species is shown below the model. Asterisks denote percentages that are tabulated from incomplete sequence information; dashes
represent missing sequence information. The sequences of the human, bovine, rabbit and rat LDL receptors were taken from references 27,

26, 5, and 28, respectively.

is processed in a manner analogous to that of the
bovine LDL receptor protein (19), the mature
hamster protein would consist of 833 amino acids with
a theoretical mass of 94,5624 daltons. In addition, the
hamster protein is 6 amino acids shorter than the
human protein in the transmembrane domain.

Fig. 3 illustrates the structural conservation in the
LDL receptor protein domains observed between
those of the hamster and those of four other species.
Numerous studies with the human LDL receptor
protein and gene have assigned discreet functions to
each of these domains (6). They include an amino ter-
minal signal sequence, a ligand binding domain, a
large segment encompassing 400 amino acids with
homology to the epidermal growth factor precursor, a
clustered O-linked sugar domain, a membrane-anchor-
ing domain, and a carboxyl-terminal cytoplasmic do-
main. The high degree of sequence conservation at
both the gene and protein level among the LDL
receptors of different species (Fig. 3) strongly suggests
that these domains perform the same functions in all
species. Interestingly, domains of the LDL receptor
that are known to interact with components of the en-
docytic pathway, such as coated pits (with the cytoplas-
mic domain (32)) and the recycling apparatus of the
endosome compartment (with the EGF precursor
homology domain (33)) appear to be the most highly
conserved (Fig. 3). Studies in which the human LDL
receptor has been shown to function normally in

Xenopus laevis oocytes support the notion of a highly
conserved endocytic apparatus (34). These observa-
tions suggest that regions of high sequence identity
detected in interspecies comparisons of other coated
pit receptors may be useful predictors of endocytic
domains. Overall, the hamster LDL receptor protein
shares the most sequence identity with the rat (88%)
and cow (partial comparison, 86%), followed by the
human (78%) and rabbit receptors (75%).

Characterization of the 5-flanking sequence of the
hamster LDL receptor gene

Fig. 4 displays the nucleotide sequence of the
hamster gene 5°-flanking region and the transcription-
al initiation sites determined by primer extension (Fig.
5) and nuclease S1 (Fig. 6) analyses. Both methods
detect one major and several minor transcript initia-
tion sites which appear to be down-regulated when
sterols are present in the growth media (Fig. 5, right).
While the absence of a discernible TATA sequence
may underlie the multiple transcription initiation sites
detected, the responsiveness to sterols is most likely a
consequence of csacting elements present as three
imperfect direct repeats of 16 nucleotides (see below).
A similarly oriented and very homologous series of
repeats present in the human LDL receptor gene
(Table 1) have been shown to confer transcriptional
activation and regulation by sterols (28).

Fig. 2. Predicted nucleotide sequence of the hamster LDL receptor mRNA and protein. Nucleotides are numbered in the righthand
column beginning with the first nucleotide of the initiator methionine codon. Dots are placed above the sequence every tenth nucleotide.
Amino acids are numbered below the sequence; residues in the predicted signal sequence are assigned negative numbers while those in the
mature protein are assigned positive numbers. Introns are denoted by numbered triangles appearing above the nucleotide sequence.

Asterisks denote the translational stop codon.
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A. Hamster 5' Flanking Sequence

=400 AAAAGCATAACGTCAACCGT TGACCCAGGGTCTGGAAGGA CGCGGGTCGTCCTTTGAACA TTTGCAACAACTTAGATGCA AAGTGCGGTGGGATGGGGAG =301

1

—_— | —
=300 GCCGGAGTTGCGGGAGCTTC AAGGGTTAACTGTTCGGCCG TGTCACATCGGCCGTTCGAA GCTCCTCCCCGGGCCGTGAG GTGAAGACTTTTGAAAATCA =201

LA IR S B - I ' '

¢ iy

-200 CACCACTGCAGACTCCTCCC CCGCCGGGAAGCCTCGCCCG CAAGAGCTGGGAATGCCTCT GGATGCGCGCGTGTAGTCGG CGGCCGGCTGAGCCCAGCGC =101

t

=100 AGGTTTGTAGCGGGGAAGCC GCCGGGTCCGGGATCCTTGG TCTTTGGCGCGGACACAGTG GGGTCTGTGAACCATCGGAG ACGCGACGCAGGCTCTGAGG =1

Met Ser Thr Ala Asp Leu Arg Leu Arg Trp Ala Ile Ala Leu Leu Leu Ala Ala Ala Gly Ala Ala

Intron 1

+1 ATG AGC ACC GCG GAT CTC AGG CTG CGC TGG GCC ATC GCC CTG CTC CTG GCC GCT GCC GGG GCT GCA Ggtaaggcttgcccca

B. Rat 5 Flanking Sequence

1 . 2 -t 3 >
_—_ F > |
-281 «++A AGCTCCTCCCCGCACAGTGA GGAGTAGATTTTTGAAAATC ACCCCACTGCAGACTCCTCC CCCTCTGGAAACCTCGTCCC =201

=200 TAGGGCTGAGAATGACTCTG GCTCTGCGCGTGTAGTCAGT CACCAGTTGACCCAGTGCGG CGTAGGATTGCAGCCCGCAT ACCGTGGGGCTTGCCACCCA =101

=100 GGTTTTGCAGCTGAGACACC GTGGGACCCGTGATCCTGTG TTTGCAGCGGGAACATTTCG GGTCTGTGATCCGAGTGGGG ACGCGACGCAGAGGCTGAGG -1

Met Ser Thr Ala Asp Leu Met
+1 ATG AGC ACC GCG GAT CTG ATG C...

Fig. 4. Nucleotide sequence of the hamster and rat gene 5-flanking regions. (A) The nucleotide sequence of the hamster 5-flanking region
was derived from genomic and cDNA clones as described in Methods. Nucleotides are numbered on the right and left with position +1
assigned to the A of the ATG codon specifying the initiator methionine; negative numbers refer to 5-flanking sequences. The predicted
amino acids of exon 1 and the position of intron 1 appear on the bottom line. Vertical arrows denote major (thick arrows) and minor (thin
arrows) sites of transcription initiation as determined by primer extension (beneath the sequence, Fig. 5) and nuclease S1 analysis (above
the sequence, Fig. 6). Solid horizontal lines above the sequence indicate three imperfect direct repeats of 16 nucleotides. (B) The nucleotide
sequence of the rat LDL receptor gene 5-flanking region as determined by PCR and chemical sequencing (22) using primers corresponding
to nucleotide positions -269 to -243 and positions 23 to 47 of the hamster DNA sequence in (A). The numbering of nucleotides and

landmarks are as in (A).

The 5-flanking sequence conservation suggested
that other rodent species, such as the rat, might con-
tain similar sequences that could be easily examined
by PCR using oligonucleotides that flanked this con-
served region. Except for the addition of a guanine at
position —117, the nucleotide sequence derived by this
procedure (Fig. 4B) agrees precisely with a segment
(-153 to +22) of the rat LDL receptor cDNA (20). The
rat 5’-flanking sequence also contains three imperfect
direct repeats with a high degree of sequence identity

|Sterols|- [ -]

Nt 309— = "

1 2

242—

V]
-
~
|
e

to those of the hamster and human LDL receptor
genes (Fig. 4B, Table 1).

The sequence analysis of the 5'-flanking regions
from the hamster, rat, and human (21) LDL receptor
genes suggests that the structural conservation ob-
served in the protein and in the gene may also apply
to the promoter regions of these genes (Fig. 4). Three
homologous imperfect direct repeats of 16 nucleotides
are almost identically positioned with respect to one
another in the 5"flanking regions of the three genes

@erols |- l +|
nt 309—

242 — L2 B
-

Fig. 5. Primer extension analysis of the hamster LDL receptor mRNA. Poly(A)' (left) or total RNA (right)
was subjected to primer extension analysis as described in Methods. The presence or absence of sterols in
the growth media is indicated above each lane. Size standards are indicated on the left. Lanes 1 and 2, 5
ug of CHO poly(A)" RNA from two different preparations was used as template; lanes 3 and 4, 10 pg of
total CHO RNA grown in the absence (lane 3) or presence (lane 4) of sterols (29) was used as template.
An assignment of the primer extension products to the nucleotide sequence of the hamster gene was car-
ried out by comparison to the standards and is shown in Fig. 4A.
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Fig. 6. Nuclease Sl analysis of transcription initiation sites in the
hamster LDL receptor gene. Twenty-five pg of total RNA from
CHO cells or 25 pg of tRNA was subjected to nuclease S1 analysis
as described under Methods. The DNA sequencing ladder derived
by the dideoxy terminator method used the identical primer and
M13 template as that used to generate the nuclease S1 probe. The
position to which the undigested probe migrated is indicated. The
major and minor protected bands correspond to nucleotides in the
hamster gene as indicated in Fig. 4A.

(Fig. 4). Although we have not carried out functional
studies on these sequences in the rodent LDL receptor
genes described here, it seems likely that they perform
the same regulatory roles as their extensively studied
(28, 29, 35, 36) counterparts in the human LDL recep-
tor gene. In these studies, direct repeats 1 and 3 have
been shown to interact with the transcription factor
Spl (35), whereas direct repeat 2 acts as a sterol-
responsive element (SRE) (28, 29, 35, 36). The con-
sensus DNA sequence recognized by Spl is somewhat
weak (35), and consistent with this finding there is se-
quence variation in direct repeats 1 and 3 of the ro-
dent and human genes (Table 1). In contrast, the
sequences of the SRE differ by only a single nucleotide
(A for C at nucleotide —198 in the hamster gene, Table
1). This particular change has been recreated in the
human SRE and shown not to affect the sterol-respon-
siveness of the human LDL receptor promoter (36).
This is supported by the fact that LDL receptor mRNA
expression appears to be down-regulated when CHO
cells were grown in the presence of sterols (Fig. 5,
right). The strong conservation in the sequence of the
SRE and its near identical location relative to the

TABLE 1. Interspecies comparison of direct repeat sequences in
LDL receptor 5-flanking region and similarity to
binding site for transcription factor Spl

Repeat 1

Human AAACTCCTCCTCTTGC

Hamster AAGCTCCTCCCCGGGC

Rat AAGCTCCTCCCCGCAC

Repeat 2

Human AAAATCACCCCACTGC

Hamster AAAATCACACCACTGC

Rat AAAATCACCCCACTGC

Repeat 3

Human AAACTCCTCCCCCTGC

Hamster AGACTCCTCcCcCccCccGgcCcC

Rat AGACTCCTCCCCCTCT
GCccCcc ccC

Spl Consensus ATTACGCC TA

The nucleotide sequences of repeats 1-3 (overlined in Fig. 4) from the
human (28), hamster, and rat genes are indicated. The consensus sequence
for nuclear factor Spl (39) is shown at the bottom. Nucleotides in repeats 1,
2, and 3 that differ from the Sp1 consensus sequence are underlined.

direct repeats that interact with Spl suggests that the
protein or proteins that mediate the conditional-posi-
tive response to sterols via the SRE (35, 36) have a low
tolerance for sequence and positional variation. If this
hypothesis is true, then the SRE elements in other
genes involved in cholesterol metabolism which are
quite different at the DNA sequence level (37, 38) may
interact with different transcription factors.

The general features of the hamster LDL receptor
gene presented here support the use of this species as
an experimental model for the study of human LDL-
cholesterol metabolism. Furthermore, the high degree
of sequence and structural conservation observed in
both the LDL receptor gene and protein of humans
and hamsters suggests a molecular basis for the pre-
viously described metabolic similarities (11-13). This
analogy, however, must extend beyond those features
described here since the rat also displays significant se-
quence homology in both the 5"-flanking region (Fig.
4) and protein sequence (20) of the LDL receptor, yet
its cholesterol metabolism is different from that of
humans (10). This could be explained by as yet undis-
covered structurally important regions of hetero-
geneity in the LDL receptor protein and promoter
structure. Alternatively, other components of LDL-cho-
lesterol metabolism may be involved. Nevertheless, this
amount of genetic identity between two vastly diver-
gent species serves to illustrate the evolutionary impor-
tance of the LDL receptor gene and its role in cellular
cholesterol homeostasis of humans and the hamster.
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