
Protein binding to the low density lipoprotein 
receptor promoter in vivo is differentially affected 
by gene activation in primary human cells 

Jeff L. Ellsworth,”* David B. Lloyd,t Andrew J. Carlstrom,” and John E Thompsont 

Department of Atherosclerosis and Lipid Metabolism,’ Research Institute, Palo Alto Medical Foundation, 
860 Bryant Street, Palo Alto, CA 94301, and Molecular Genetics and Protein Chemistry Department,t 
Pfizer Inc, Central Research Division, Eastern Point Road, Groton, CT 06340 

Abstract Protein-DNA interactions within a region of the 
LDL receptor promoter involved in sterol-mediated feedback 
repression of transcription were examined using in vivo genomic 
footprinting with dimethylsulfate (DMS). A broad region of 
protein-DNA contacts spanning from repeat 1 to beyond the 
transcription start sites was observed in primary cultures of hu- 
man skin fibroblasts and hepatocytes. Hypermethylation of gua- 
nine - 59 within the sterol regulatory element-1 (SRE-1, repeat 
2) occurred within a 4.0 h incubation of fibroblasts with media 
containing lipoprotein-deficient serum (LPDS) and cholesterol 
synthesis inhibitors. Methylation of this residue was reduced to 
control levels within 2.0 h after the addition of a mixture of 
25-hydroxycholestero1 and mevalonic acid. The time-dependent 
changes in DMS-reactivity of guanine -59 induced by the 
cholesterol synthesis inhibitors or oxysterols were paralleled by 
alterations in LDL receptor mRNA. In contrast to the results 
with fibroblasts, neither cholesterol synthesis inhibitors nor oxy- 
sterols produced consistent effects on the DMS-reactivity of gua- 
nine - 59 in hepatocytes despite induction or repression of LDL 
receptor mRNA in these cells. Interestingly, no other changes in 
the protection pattern over repeats 1, 2, and 3 were apparent in 
either fibroblasts or hepatocytes. a These results demonstrate 
that hypermethylation of guanine -59 within the SRE-1 is posi- 
tively associated with activation of LDL receptor gene transcrip- 
tion in skin fibroblasts. Furthermore, the absence of demonstra- 
ble changes in DMS-reactivity of other purines within this 
region suggests that the LDL receptor promoter is poised to acti- 
vate transcription with only minimal changes of protein binding 
to the proximal promoter in vivo.-Ellsworth, J. L., D. B. 
Lloyd, A. J. Carlstrom, and J. F. Thompson. Protein binding 
to the low density lipoprotein receptor promoter in vivo is 
differentially affected by gene activation in primary human cells. 
J Lipid Res. 1995. 36: 383-392. 
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Mammalian cells in culture satisfy their sterol require- 
ments by regulation of endogenous cholesterol synthesis 
and receptor-mediated endocytosis of low density 
lipoproteins (LDL) (1). When the demand for cell sterol is 

increased, the level of mRNA and activity of the LDL 
receptor and a number of enzymes in the cholesterol bio- 
synthetic pathway such as 3-hydroxy-3-methylglutaryl 
coenzyme A reductase (HMG-CoA reductase) and 
HMG-CoA synthase are increased (1). When the demand 
for cell sterol is met, conversely, the amount of mRNA 
produced by these genes is reduced and cholesterol bio- 
synthesis decreases. A DNA sequence, termed the sterol 
regulatory element-1 (SRE-l), appears to be required for 
sterol-mediated repression of these genes (2-4). The  
SRE-1 consensus, 5’-CACC(C/G)CAC-3’, was hypothe- 
sized to represent the recognition sequence of a DNA 
binding protein whose level o r  activity is modulated by 
regulatory sterols. Various proteins that recognize single- 
and double-stranded SRE-1 sequences or sequences 
nearby have been reported in studies using in vitro pro- 
tein/DNA binding assays (4-11). These studies have rev- 
ealed binding sites for Spl (4), NF-1 (7, 8), Red 25 (7), 
SREBP-1 (lo), and SREBP-2 (11). In  vitro studies are 
limited, however, in that they may fail to detect DNA 
binding proteins that are present in low concentration or 
have overlapping specificities. Furthermore, binding sites 
that are unavailable in native chromatin may be falsely 
detected. For these reasons, we have used the technique of 
dimethylsulfate genomic footprinting (12) to examine the 
in vivo protein contacts on the LDL receptor SRE-1 and 
flanking sequences in human skin fibroblasts and primary 

Abbreviations: LDL, low density lipoproteins; MEM, Eagle’s 
minimal essential medium; EBSS, Earle’s Balanced salt solution; SDS, 
sodium dodecylsulfate; PBS, phosphate-buffered saline; HMG-CoA 
reductase, 3-hydroxy-3-methylglutaryl coenzyme A reductase, EC 
1.1.1.34; G3PD, glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12; 
SRE, sterol regulatory element; SSC, saline sodium citrate; PAGE, poly- 
acrylamide gel electrophoresis; nt, nucleotides; DMS, dimethylsulfate; 
LPDS, lipoprotein-deficient serum. 
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cultures of human hepatocytes. We provide the first evi- 
dence that the proximal promoter region of the LDL 
receptor gene is occupied by multiple proteins in vivo and 
these proteins are poised to activate transcription with 
minimal changes in the underlying DNA contacts. 

EXPERIMENTAL PROCEDURES 

Materials 

Cytidine 5'-[w3*P]triphosphate ( - 3,000 Ci/mmol), 
adenosine 5'-[y-32P]triphosphate ( - 6,000 CUmmol), and 
deoxyadenosine 5'-c~-[~~S]thiotriphosphate ( > 1,000 
Cilmmol) (all triethylammonium salts) were obtained 
from Amersham (Arlington Heights, IL). Klenow frag- 
ment of DNA polymerase 1, and T4 DNA ligase were 
purchased from Pharmacia-LKB (Piscataway, NJ). RNA 
transcription kits, RNase-Block 11, Nuc Trap Push 
Columns, Epicurian Coli XL 1-Blue competent cells, and 
pBluescript I1 KS (+/-) were obtained from Stratagene 
(La Jolla, CA). RPA I1 kits were obtained from Ambion 
(Austin, TX). Proteinase K was obtained from BRL 
(Gaithersburg, MD). The plasmids pLDLR3 and 
pHcGAP were obtained from the American Type Culture 
Collection (Rockville, MD). RNase-free DNase I was 
purchased from Worthington (Freehold, NJ). Restriction 
enzymes were purchased from Stratagene or New En- 
gland Biolabs (Beverly, MA). Sequenase 2.0 was obtained 
from United States Biochemical (Cleveland, OH). 
Ketoconazole and 5-cholesten-3/3,25,diol were purchased 
from Sigma Chemical Co. (St. Louis, MO) and Steraloids 
(Wilton, NH), respectively. Mevinolin was a generous gift 
from Merck. All tissue culture supplies were purchased 
from GIBCO-BRL (Grand Island, NY) and all other 
chemicals were molecular biology grade and were pur- 
chased from Sigma or as described previously (13, 14). 

Cell culture 

Primary cultures of human hepatocytes were obtained 
from the Human Liver Research Facility at SRI Interna- 
tional (Menlo Park, CA) and were isolated by the 
collagenase-biopsy perfusion method (15). Hepatocytes 
were plated on collagen-coated tissue culture flasks in 
CMHl medium [Waymouth's 752/1 medium sup- 
plemented with 11.2 pglml alanine, 12.8 pglml serine, 24.0 
pg/ml asparagine, 84.0 pglml gentamycin sulfate, 100.0 
ng/ml amphotericin B, 0.168 pg/ml aminolevulinic acid, 
5.0 pg/ml oleic acid, 5.0 pglml linoleic acid, 1.0 pglml 
D,L-tocopherol, 288 ng/ml testosterone, 272.0 ng/ml es- 
tradiol, 393.0 ng/ml dexamethazone, 7.9 pglml D- 
thyroxin, 30.0 ng/ml glucagon, 0.02 U/ml insulin, 70.4 
pg/ml ascorbic acid, 0.1% ITS (final concentration 5.0 
pglml transferrin, 5.0 pglml insulin, 5.0 ng/ml selenium), 
and 0.2% BSA] as described (15). After 2-4 h of culture 
to allow cell attachment, the media were replaced with 

fresh CMHl and the cultures were returned to the incu- 
bator. After 6-18 h, incubations were initiated by the ad- 
dition of drugs to the appropriate flasks of cells as indi- 
cated in the legends to the figures. Human skin fibroblasts 
were cultured in medium A (Eagle's minimal essential 
medium (MEM) containing 10% fetal bovine serum, 292 
pg glutaminelml, 100 units of penicillinhl, and 100 pg of 
streptomycinlml) as described previously (13). The fibro- 
blast cultures were refed with fresh medium A 24-48 h 
prior to each experiment. At the time of assay, each 100 
mm* dish contained 2.8 x lo6 cells for hepatocytes and 
5.4 x 106 cells for fibroblasts. 

Isolation and measurement of cellular RNA 

Total RNA was isolated from hepatocytes (8.4 x lo7 
cells total) and fibroblasts (1.7 x lo7 cells total) by the 
guanidinium isothiocyanate procedure (16) as described 
previously (13, 14). LDL receptor and G3PD riboprobes 
were prepared from PCR-generated templates using the 
plasmids pEB-LDLR KS(+) and pHX-G3PD KS(-) as 
described previously (14). The specific activities were 
-8 x lo7 and -3.5 x lo7 cpmlpg for the LDL receptor 
and G3PD probes, respectively RNase protection analy- 
sis was performed using the RPA I1 kit as described previ- 
ously (14). 

Dimethylsulfate genomic footprinting 

To methylate and isolate genomic DNA, the cell media 
were removed and replaced with Earle's Balanced Salt So- 
lution containing 0.02 M HEPES, pH 7.4, prewarmed to 
37°C. Dimethylsulfate was added to a final concentration 
of 0.1% and the dishes were incubated at room tempera- 
ture for 1 min. The DMS-media were removed and the 
cells were washed four times with PBS prewarmed to 
37"C, and 0.6 ml of genomic DNA prep buffer (1 mM 
Tris-HC1, pH 7.5, 0.4 M NaC1, 2 mM EDTA, 0.2% SDS) 
was added to each dish. After 10 min at room tempera- 
ture, the lysate was collected, proteinase K was added to 
a final concentration of 0.2 mg/ml, and lysates were in- 
cubated for 18-20 h at 37OC. The DNA was then gently 
phenol-extracted twice and ethanol-precipitated. 
Genomic DNA was denatured at 90°C for 10 min in 0.2 
ml of a solution containing 0.2 M KP04  and 1 mM 
EDTA. The samples were chilled on ice, 2 pl of 10 M 
NaOH was added, and the samples were heated for 5 min 
at 90°C. The cleaved DNA was extended with Sequenase 
and an oligonucleotide primer homologous to -255 to 
-240 in the LDL receptor promoter. A double-stranded 

oligonucleotide was ligated to the extended DNA as 
described (12) and amplified with one of the ligation 
oligonucleotides and a primer complementary to -187 to 
-167 in the LDL receptor promoter. Amplification was 
done for 25 cycles (1 min at 94"C, 2 min at 66"C, and 3 
min at 76°C) with native Taq polymerase in a solution of 
10 mM Tris-HC1 (pH 8.35), 50 mM KC1, 1.2 mM MgC12, 
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and 0.2 mM dNTPs and the mixture was overlaid with 
mineral oil. The mixture was labeled by adding a 5' 32P 
end-labeled oligonucleotide homologous to -185 to - 155 
of the LDL receptor promoter, fresh Taq polymerase, 
dNTPs and buffers. The samples were incubated 2 rnin at 
94OC, 2 min at 7OoC, and 10 min at 76OC. After ethanol 
precipitation, the samples were resuspended in loading 
buffer and electrophoresed on a 6% polyacrylamide gel 
containing 7 M urea. The gel was dried and exposed to 
X-ray film. 

Other methods 

A 100-ng sample of Hpa 11-digested pBR322 was end- 
labeled to a specific activity of 4 x lo7 cpm/Fg with 
Klenow polymerase for use as size standards. Statistical 
analyses were performed by the Rank Sum Test. 

RESULTS 

Some of the close contacts between a protein and DNA 
can be identified using the alkylating agent dimethylsul- 
fate (DMS) which enters the nucleus rapidly and alkylates 
the N7 of guanine in the major groove and, at a slower 
rate, the N3 of adenine in the minor groove of DNA (17, 
18). Proteins bound at, or adjacent to, these purines may 
either reduce or enhance the frequency of methylation in 
vivo in comparison to protein-free DNA. To assess 
whether the DMS-reactivity patterns of the LDL receptor 
promoter were sensitive to changes in cellular cholesterol 
metabolism, cells were incubated with DMS before and 
after treatment with cholesterol synthesis inhibitors 
(mevinolin or ketoconazole) to increase, or, with feedback 
regulators (25-hydroxycholesterol and mevalonic acid), to 
decrease, transcription of the LDL receptor gene (14). 
Primers to visualize the lower strand of the LDL receptor 
promoter were used. The base composition of the down- 
stream region prevented us from obtaining consistent 
results with the upper strand. This was not a serious limi- 
tation, however, as only three guanine residues are found 
within the upper strand region encompassing repeats 1, 2, 
and 3 of the LDL receptor promoter. Compared to 
protein-free DNA (Fig. lA, lane l), a broad region of 
protection was observed in the DMS-reactivity patterns 
over repeats 1, 2, and 3, from 5' of repeat 1 at -103 to just 
5' of the start sites of transcription in fibroblasts (Fig. lA, 
lane 2). The protected residues were: guanines -100, 
-98, -95, -94, -92, -88 and adenine -96 within 
repeat 1; guanines -63,  -61, and -59 within repeat 2; 
and guanines -47 and -43 within repeat 3. The gua- 
nines in the lower strand of repeat 3 are difficult to distin- 
guish due to low basal DMS-reactivity. Methylation pro- 
tection of guanines -58 and -60 was also observed in 
this experiment; however, the degree of protection of these 
residues varied among different trials. The DMS- 

reactivity patterns of mevinolin- or ketoconazole-treated 
fibroblasts (Fig. lA, lanes 3 and 4) were similar to that of 
cells incubated with vehicle alone; interestingly, however, 
these agents produced hypermethylation of guanine - 59 
within repeat 2. No consistent changes in the DMS- 
reactivity patterns of other guanines within repeat 2 were 
noted nor were differences in DMS-reactivity noted be- 
tween fibroblasts incubated with vehicle or a mixture of 
25-hydroxycholesterol and mevalonic acid (Fig. lA, lane 5). 

To evaluate whether the changes observed in DMS- 
reactivity of guanine - 59 were associated with alterations 
in LDL receptor gene transcription, parallel cultures were 
incubated as described above and the level of LDL recep- 
tor mRNA was measured by ribonuclease protection. 
Treatment with mevinolin (Fig. lB, lane 2) or ketocona- 
zole (Fig. lB, lane 3) increased LDL receptor mRNA by 
3.8 * 2.1-fold (mean * SD, n = 4, P C 0.05) and 
2.9-fold (range = 1.6- to 4.2-fold), respectively. Incuba- 
tion with 25-hydroxycholesterol and mevalonic acid (Fig. 
lB, lane 4), conversely, decreased LDL receptor mRNA 
by 83 * 11% (mean * SD, n 5 4, P < 0.05). In another 
study, qualitatively similar results were obtained when 
DMS-footprinting and LDL receptor mRNA measure- 
ments were carried out with either human hepatoma 
HepG2 cells or the human T-cell line Jurkat (D. B. Lloyd 
and J. F. Thompson, unpublished results). Sterol- 
dependent alterations in LDL receptor gene transcription 
are thus directly correlated with changes in DMS- 
reactivity of guanine - 59. With the exception of this sin- 
gle base, no other consistent changes in DMS-reactivity 
were noted. This demonstrates that activation or repres- 
sion of the LDL receptor gene in human skin fibroblasts 
is not associated with major changes in protein-DNA 
contacts within the proximal promoter region of the LDL 
receptor gene in vivo. 

To examine the correlation between DMS-reactivity 
and transcription in greater detail, fibroblasts were in- 
cubated for various times at 37OC in the presence and ab- 
sence of either oxygenated sterols or mevinolin. Parallel 
cultures of fibroblasts were used for genomic footprinting 
and for measurement of LDL receptor mRNA. Relative 
to protein-free DNA (Fig. 2A, lane l), a broad region of 
protection was observed over repeats 1, 2, and 3 with 
DNA from cells treated with vehicle alone (Fig. 2A, lane 
2). Incubation with media containing 10% lipoprotein- 
deficient serum for 24 h produced hypermethylation of 
guanine -59 within repeat 2 (Fig. 2A, lane 3). No 
changes in DMS-reactivity of other bases within this 
region were observed. After 25-hydroxycholestero1 and 
mevalonic acid were added to these cells, hypermethyla- 
tion of this residue was reduced at 2.0 h and remained low 
for the 10.0 h tested (Fig. 2A, lanes 4-8). The level of 
LDLR mRNA fell more than 3-fold between 2.0 and 6.0 
h after addition of oxysterols and remained low for up to 
10.0 h (Fig. 2B). Incubation with lipoprotein-deficient se- 
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Fig. 1. Dimethylsulfate reactivities of the LDL receptor promoter in 
fibroblasts. A: Lower strand guanine ladden of genomic DNA isolated 
from DMS-treated human skin fibroblasts. DNA was isolated 12 h after 
addition of vehicle alone (ethanol, 0.2%). 2.0 pM mevinolin, 10.0 pM 
ketoconazole, or 2.0 pg 25-hydroxycholesteroI/ml + 0.2 mg mevalonic 
acidlml (lanes 2, 3, 4, 5 ,  respectively). Lane 1 contains protein-free 
genomic DNA treated with dimethylsulfate in vitro. The positions of 
repeats 1-3 and the TATA-like elements relative to the transcription start 
sites are shown for reference. Enhanced DMS reactivity is denoted by 
the arrowhead. B: Ribonuclease protection analysis of 10.0 pg of total 
RNA isolated from parallel cultures of fibroblasts after treatment with 
the agents as described in A. The sizes of 32P-labeled Hpa I1 fragments 
of pBR322 in nucleotides are shown on the right. 

rum and mevinolin, in contrast, produced a time- 
dependent hypermethylation of guanine -59 (Fig. 2C) 
and induction of LDL receptor mRNA (Fig. 2B) that 
were observed at 4.0 h and maintained for the 12.0 h 
tested. The apparent 4.0 h lag in induction of guanine 
- 59 hypermethylation and elevation of LDL receptor 
mRNA by sterol synthesis inhibitors is probably due to 
the time required in cell culture systems for depletion of 
cellular regulatory sterols. These data thus demonstrate 
that oxysterols and mevinolin produce reciprocal changes 
in DMS-reactivity of guanine -59 within repeat 2 of the 
LDL receptor promoter that are paralleled by changes in 
LDL receptor mRNA. Moreover, these changes are es- 
tablished early and remain largely unchanged for greater 
than 10 h of incubation with these agents. 

To examine tissue-specific changes in DMS-reactivity 
in the LDL receptor promoter, primary cultures of hu- 

man hepatocytes were used. The pattern observed with 
vehicle alone was qualitatively similar to that observed 
with fibroblasts, Jurkat (D. B. Lloyd and J. F. Thompson, 
unpublished results), and HepG2 (D. B. Lloyd and J. F. 
Thompson, unpublished results) cells with protections at 
guanines -100, -98, -95, -94, -92 and adenine -93 
within repeat 1, guanines - 63, - 61, - 60, - 59, and - 58 
within repeat 2, and guanines -47 and -43 within 
repeat 1 (Fig. 3A, lane 2). No consistent differences in the 
DMS-reactivity were noted, however, between hepato- 
cytes incubated with ketoconazole (Fig. 3A, lane 3), or 
oxysterols (Fig. 3A, lane 4) despite induction (76%) and 
repression (72 %), respectively, of LDL receptor mRNA 
(Fig. 3B). Hypermethylation of guanine -59 was not ob- 
served in genomic DNA of hepatocytes from different 
donors treated with ketoconazole, suggesting that regula- 
tion of LDL receptor gene transcription in fibroblasts and 
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Fig. 2. Time course of oxysterol- and mevinolin-mediated changes in 
DMS reactivities of the LDL receptor promoter in fibroblasts. A: Lower 
strand guanine ladders of genomic DNA isolated from DMS-treated hu- 
man skin fibroblasts as in Fig. 1A except that cells were incubated for 
24 h with media containing 10% lipoprotein-deficient serum (13) and 
genomic DNA was isolated at 0, 2, 4, 6, 8, and 10 h after the addition 
of 25-hydroxychoIesteroI and mevalonic acid. Lane 1 contains protein- 
free DNA that was treated with DMS in vitro. B: Ribonuclease protec- 
tion analysis of 10 gg of total RNA isolated from cultures similar to A 
and C, by methods described in Fig. 1B. C: As is A, except that genomic 
DNA was isolated at 0, 2, 4, 6, and 12 h after the addition of media con- 
taining 10% lipoprotein-deficient serum and mevinolin in the amounts 
described in the legend to Fig. 1A. Lane 1 contains protein-free DNA 
that was treated with DMS in vitro. 
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hepatocytes may differ in this region. A summary of these 
data is presented in Fig. 4. These data demonstrate that, 
with the exception of differences in DMS-reactivity of 
guanine -59 within repeat 2, the protein:DNA contacts 
over repeats 1, 2, and 3 of the LDL receptor promoter are 
largely similar in fibroblasts and primary cultures of hu- 
man hepatocytes. These interactions are present before 
incubation with mevinolin, ketoconazole, or oxygenated 

G3PDH -m 
PROBE 

G3PDH - 
LDLR + 

PROBE 

, e o * -  - - 242 - 217 

- 201 
- 190 

- 180 

- 160 

- 123 

ADDITIONS 
NONE + - - 

25-OHChol - + - 
KETOCONAZOLE - - + 

Fig. 3. Dimethylsulfate reactivities of the LDL receptor promoter in 
primary cultures of hepatocytes. A Lower strand guanine ladders of 
genomic DNA isolated from DMS-treated human hepatocytes. DNA 
was isolated as in Fig. lA, 12 h after addition of vehicle alone (ethanol, 
0.2%), 20 p~ ketoconazole, or 10 pg 25-hydroxycholesteroI/ml + 0.2 
mg mevalonic acid/ml (lanes 2, 3, and 4 respectively). Lane 1 contains 
protein-free genomic DNA treated with DMS in vitro. B Ribonuclease 
protection analysis of 20 pg of total RNA isolated from parallel cultures 
of hepatocytes incubated as in A. 

sterols and are largely unchanged during subsequent gene 
activation or repression. 

DISCUSSION 

Studies of CHO cells transfected with fragments of the 
5'-flanking region of the LDL receptor gene have defined 
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Fig. 4. Summary of in vivo protection and enhancement of DMS-reactivity in protein-bound, as compared with protein-free, samples from fibro- 
blasts and hepatocytes. Average of three experiments with fibroblasts and two experiments with hepatocytes from two different donors. The designation 
"None" under Addition represents control dishes of cells that received ethanol alone. 

the minimal sequence elements required for basal tran- 
scription and repression of transcription by sterols (4, 5, 
19). These studies have shown that the proximal promoter 
region of the LDL receptor gene contains three imperfect 
direct repeats, designated 1-3, that are necessary for regu- 
lated transcription. The second repeat in this sequence 
was found to mediate repression of transcription in the 
presence of sterols and thus was named the sterol regula- 
tory element or SRE-1 (4). These elements are thought to 
play a role in transcription by binding sequence-specific, 
trans-acting proteins. Indeed, in vitro binding studies have 
revealed that repeats 1 and 3 of the LDL receptor 
promoter can bind the transcription factor Spl (4). The 
LDL receptor SRE-1 does not bind Spl in vitro, but was 
shown to bind a number of proteins of 59-68 kDa (5, 6, 
10, 11). Mutations in the SRE-1 that blocked in vitro bind- 
ing of these proteins abolished sterol-mediated repression 
of a heterologous gene, suggesting that they are mediators 
of sterol responsiveness. 

While the previous studies of protein binding to the 
proximal promoter region of the LDL receptor gene have 
been very useful, they have relied on in vitro methods for 
assessing protein-DNA interactions; and, thus, may not 
accurately reflect binding site interactions in native chro- 
matin with physiological concentrations of proteins. The 
low concentration of the SREBP, for example, prevents its 
detection by in vitro DNase I-footprinting (4). Binding of 
the protein to the SRE-1 can be readily detected as the 
protein is purified (5, 6). To circumvent this difficulty, we 

Elkworth et al. 

have used the technique of genomic footprinting by 
ligation-mediated PCR (LM-PCR) to examine the pro- 
tein contacts on the LDL receptor promoter in situ. Com- 
pared with DNA from parallel cultures treated with DMS 
in vitro, genomic DNA from fibroblasts and hepatocytes 
showed a broad region of protection that encompassed 
repeats 1, 2, and 3 of the LDL receptor promoter under 
all conditions tested. These in vivo protection patterns are 
generally similar to the in vitro DNase I footprinting 
results of Dawson et al. (4) in which HeLa cell nuclear ex- 
tracts and a fragment of the LDL receptor promoter ex- 
tending from -141 to +25 were used. The major differ- 
ence noted, as discussed above, was the methylation 
protection of the SRE-1 seen- in-thecurrent studies. Each 
of the residues protected in repeats 1, 2, and 3 has been 
shown to be required for transcription in studies using 
single or multiple nucleotide mutagenesis (4, 5, 19), fur- 
ther supporting the hypothesis that these residues are 
likely to be involved in expression of the LDL receptor 
gene in vivo. The similarities observed in the DMS- 
reactivity patterns within this region across several differ- 
ent cell lines and in primary hepatocyte cultures further 
support this view. Genomic footprinting by LM-PCR is 
most powerful at allowing comparison of protein binding 
in cells grown under different conditions. While informa- 
tion about basal protein binding can be inferred by com- 
parison of modification patterns obtained with naked 
DNA relative to cellular DNA, these interpretations must 
be tempered by the realization that subtle artifacts can 
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arise. The general agreement between the in vitro and in 
vivo data are reassuring but not proof that the postulated 
interactions have occurred. 

The changes in DMS reactivity of guanine -59 ob- 
served in the present study were correlated with activation 
or repression of LDL receptor gene transcription in skin 
fibroblast cultures. The marked hypersensitivity of gua- 
nine -59 to DMS may signify a distortion in chromatin 
which could be created by the formation of a higher- 
order, multi-protein complex. Both the proteins impli- 
cated in binding the SRE-1 (10, 11) as well as a putative 
regulatory oxysterol-binding protein (20, 21) contain leu- 
cine zipper motifs that have been implicated in pro- 
tein-protein interactions. When proteins binding at the 
Spl sites, distal elements, and RNA polymerase are fac- 
tored in, a large, interactive complex would result. Previ- 
ous examples of large, multi-protein complexes formed 
over similar lengths of DNA have also resulted in sites of 
hypermethylation when the linear array of proteins is as- 
sembled into a higher-order complex (22). In fibroblasts, 
the removal of a regulatory oxysterol from the pre- 
existing protein-DNA structure could allow the genera- 
tion of such a complex and yield the observed hyper- 
methylation. Other types of DNA distortion such as bend- 
ing could also be involved (23-26). Taken together, our 
genomic footprinting results suggest a primary role for the 
SRE-1 in sterol-dependent regulation of the LDL recep- 
tor gene in skin fibroblasts in vivo. 

The importance of the SRE-1 in sterol-dependent regu- 
lation of LDL receptor gene expression in primary cul- 
tures of human hepatocytes is less clear. Although this 
region was protected from methylation under control con- 
ditions, inhibition of sterol synthesis with ketoconazole 
did not produce hypermethylation of any guanines within 
this region, despite an induction in the level of LDL 
receptor mRNA. These data suggest that differences be- 
tween fibroblasts and hepatocytes in the mode of regula- 
tion of transcription may occur within the SRE-1 of the 
LDL receptor gene. In another study (D. B. Lloyd and J. 
E Thompson, unpublished results), the DMS-reactivity 
patterns of guanine -59 in HepG2 cells were found to 
more closely resemble that seen in fibroblasts than 
primary hepatocytes. This suggested that HepG2 cells 
may have lost the ability to express a tissue-specific regu- 
lator of LDL receptor gene transcription and therefore 
reflected regulation seen in fibroblasts. A number of liver- 
specific transcription factors, such as C/EBP (27), are 
deficient in HepG2 cells. Thus, it is not surprising that 
regulation observed in this cell line differs from that seen 
with primary hepatocytes. Whatever the mechanism, 
previous studies from our laboratory and others (13, 
28-33) have documented that regulation of LDL receptor 
gene expression in liver-derived cells is more complex 
than in less specialized cells such as fibroblasts. Interac- 
tions with more distal elements of the promoter that do 
not require high degrees of local folding may be involved 

in liver-specific expression. The lack of hypermethylation 
of guanine - 59 in primary hepatocytes is consistent with 
this notion and suggests that some of the tissue-specific 
differences in regulation may occur at the level of tran- 
scription. Alternate possibilities cannot be ruled out at 
this time, which emphasizes the need for additional 
research on regulation of LDL receptor gene transcrip- 
tion in hepatic versus nonhepatic tissues. 

Our data suggest that the protein architecture over 
repeats 1-3 of the LDL receptor promoter in vivo is 
largely maintained regardless of the activation state of the 
gene. Although we cannot rule out the possibility that one 
or more protein(s) bound to this region in the inactivated 
state is rapidly replaced by another protein with identical 
DNA contacts in the activated state, a simpler hypothesis 
would suggest that the principal DNA-protein contacts 
remain the same with novel protein-protein interactions 
causing the local DNA distortions observed in fibroblasts. 
Confirmation of this, or any, model will require a better 
understanding of all the protein components involved in 
this process. The data presented in the current study 
clearly do not support the hypothesis that the SRE-1 is 
unbound by protein in the absence of transcription and 
simply binds a factor when it becomes available during 
gene activation. Suggestions that increased Spl binding is 
important in activation (33) also appear to be less likely 
for the cell types studied here. It seems likely that the pro- 
tein/DNA configuration over this region is established be- 
fore induction or repression. There is precedence for this 
mechanism in other systems: protein/DNA contacts are 
maintained before and after induction of the cyos gene by 
growth factors (34), of GAL4 binding to sequence ele- 
ments within upstream activating sequences in yeast (35), 
of the interferon or-1 gene promoter by virus (36), and in 
protein binding to the human CY globin locus control 
region during differentiation of mouse erythroleukemia 
cells (37). The rate-limiting step in activation of the LDL 
receptor gene in this scenario would involve modification 
of DNA-bound proteins (38), binding of other factors to 
the protein/DNA complexes (3Y), or both. In this manner, 
the transcription apparatus over the LDL receptor 
promoter would be poised to respond rapidly to changes 
in cellular level of sterol. I 
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