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Mutations within the membrane domain of
HMG-CoA reductase confer resistance to
sterol-accelerated degradation

Peter C. W. Lee, Andrew D. Nguyen, and Russell A. DeBose-Boydl
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Abstract The pivotal event for sterol-induced degradation
of the cholesterol biosynthetic enzyme HMG-CoA reductase
is binding of its membrane domain to Insig proteins in the
endoplasmic reticulum. Insigs are carriers for gp78, an E3
ubiquitin ligase that marks reductase for proteasomal deg-
radation. We report here the isolation of mutant Chinese
hamster ovary cell lines, designated SRD-16, -17, and -18, in
which sterol-induced ubiquitination and degradation of re-
ductase are severely impaired. These cells were produced by
chemical mutagenesis and selection with SR-12813, a
compound that mimics sterols in stimulating ubiquitination
and degradation of reductase. Each SRD cell line was found
to contain a point mutation in one reductase allele, resulting
in substitutions of aspartate for serine-60 (SRD-16), arginine
for glycine-87 (SRD-17), and proline for alanine-333 (SRD-
18). Sterols failed to promote ubiquitination and degrada-
tion of these reductase mutants, owing to their decreased
affinity for Insigs.Hill Thus, three different point mutations
in reductase, all of which localize to the membrane domain,
disrupt Insig binding and abolish sterol-accelerated degra-
dation of the enzyme.—Lee, P. C. W, A. D. Nguyen, and R. A.
DeBose-Boyd. Mutations within the membrane domain of
HMG-CoA reductase confer resistance to sterol-accelerated
degradation. J. Lipid Res. 2007. 48: 318-327.
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The enzyme HMG-CoA reductase catalyzes the two-step
reduction of HMG-CoA to mevalonate, a rate-determining
reaction in the synthesis of cholesterol and nonsterol iso-
prenoids (1). HMG-CoA reductase, a resident glycopro-
tein of the endoplasmic reticulum (ER), is integrated into
membranes through a hydrophobic NHo-terminal domain
that contains eight membrane-spanning segments sepa-
rated by short loops (2). The membrane domain of re-
ductase precedes a hydrophilic COOH-terminal domain
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that projects into the cytosol and contains all enzymatic
activity (3, 4). Sterol and nonsterol end products of meva-
lonate metabolism exert stringent feedback control on
reductase through multiple mechanisms, one of which in-
volves accelerated degradation of the enzyme (5-7). The
central event in this degradation is the sterol-induced bind-
ing of reductase to ER membrane proteins called Insig-1
and Insig-2 (8, 9). Formation of the reductase-Insig com-
plex is mediated by the membrane domain of reductase
and results in the recruitment of gp78, a membrane-bound
ubiquitin ligase that catalyzes reductase ubiquitination
(10). This sterol-induced ubiquitination is an obligatory re-
action for the proteasome-mediated degradation of reduc-
tase (11).

Insigs play a substantial role in another mechanism for
the feedback regulation of reductase by modulating the ac-
tivity of sterol-regulatory element binding protein (SREBP)
cleavage-activating protein (SCAP) (12). Like reductase,
SCAP is embedded in ER membranes through a hydropho-
bic NHs-terminal domain with eight membrane-spanning
segments. The COOH-terminal domain of SCAP projects
into the cytosol and mediates complex formation with the
SREBP family of transcription factors (13, 14). In sterol-
deprived cells, SCAP facilitates the translocation of
membrane-bound SREBPs from the ER to the Golgi,
where the NHo-terminal transcription factor domain of
SREBPs is proteolytically released into the cytosol. From the
cytosol, processed SREBPs rapidly migrate into the nucleus
to enhance the transcription of genes encoding reductase
and other cholesterol biosynthetic enzymes (15-18). When
cells are treated with cholesterol or oxysterols such as 25-
hydroxycholesterol (25-HC), SCAP-SREBP complexes are
trapped in the ER and SREBP processing is abolished; rates
of SREBP target gene transcription and cholesterol syn-

Abbreviations: CHO, Chinese hamster ovary; CMV, cytomegalovi-
rus; EMS, ethylmethane sulfonate; ER, endoplasmic reticulum; 25-HC,
25-hydroxycholesterol; LPDS, lipoprotein-deficient serum; SCAP,
sterol-regulatory element binding protein cleavage-activating protein;
SREBP, sterol-regulatory element binding protein.
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thesis decline (19). The block in ER-to-Golgi transport
occurs through sterol-induced binding of SCAP to Insigs
(20, 21). This binding is mediated by a segment of
~170 amino acids in SCAP that constitute transmembrane
helices 2-6, which resemble the corresponding region in
reductase (22). This region is known as the sterol-sensing
domain (23, 24). Point mutations within the sterol-sensing
domains of SCAP and reductase prevent their associa-
tion with Insigs, thereby abolishing the sterol-mediated
ER retention of SCAP-SREBP complexes and the sterol-
induced ubiquitination/degradation of reductase (8, 20,
21, 25, 26).

In the course of dissecting the mechanism for the sterol-
accelerated degradation of reductase, we embarked upon
a genetic analysis of the process in Chinese hamster ovary
(CHO) cells using the 1,1-bisphosphonate ester SR-12813
(27). In cultured cells, SR-12813 limits cholesterol syn-
thesis by stimulating Insig-dependent ubiquitination and
degradation of reductase, but the drug does not pro-
mote ER retention of SCAP-SREBP. Culture of normal
cells in the presence of lipoprotein-deficient serum (LPDS)
renders cells entirely dependent on endogenous choles-
terol synthesis for survival. Under these conditions, ad-
dition of SR-12813 kills cells by triggering the degradation
of reductase, thus abrogating cholesterol synthesis. This
killing forms the basis for the selection of mutant cells
defective in accelerating reductase degradation. Our ini-
tial mutagenesis experiments yielded SRD-14 cells, which
harbor a partial deletion of the INSIG-1 gene that leads to
deficiencies in Insig-1 mRNA and protein (27). As a result
of their Insig-1 deficiency, SRD-14 cells fail to accelerate
reductase degradation in the presence of sterols or SR-
12813 and the rate of sterol-mediated suppression of
SREBP processing in the cells is blunted.

Owing to the specificity of SR-12813 in accelerating
reductase degradation, it should be possible to use the
drug to isolate mutant cells that have specific defects in
reductase degradation but normal regulation of SREBP
processing. This study describes the characterization of
three mutant SR-12813-resistant CHO cell lines, in which
reductase is resistant to ubiquitination and degradation
mediated not only by SR-12813 but by sterols as well. In
contrast, the mutant cells retain their sensitivity to the
sterol-mediated suppression of SREBP processing. In all
three mutant cell lines, resistance was traced to point
mutations within the membrane domain of reductase that
resulted in substitutions of aspartate (Asp) for serine-
60 (Ser-60), arginine (Arg) for glycine-87 (Gly-87), and
proline (Pro) for alanine-333 (Ala-333). Overexpression
of the S60N, G87R, or A333P versions of reductase con-
ferred the resistance of wild-type cells to chronic culture in
SR-12813, demonstrating the dominant nature of each
mutation. Moreover, all three mutant forms of reductase
were refractory to sterol-mediated ubiquitination and
degradation, owing to decreased affinity for Insigs. These
results highlight the importance of interactions between
Insigs and the membrane domain of reductase in the
feedback control of a rate-determining step in choles-
terol synthesis.

MATERIALS AND METHODS

Materials

We obtained MG-132 and digitonin from Calbiochem; horse-
radish peroxidase-conjugated donkey anti-mouse and anti-
rabbit IgGs (affinity-purified) from Jackson ImmunoResearch
Laboratories; ethylmethane sulfonate (EMS) was from Sigma;
hydroxypropyl-B-cyclodextrin was from Cyclodextrin Technolo-
gies Development; and sterols (25-HC, lanosterol, and choles-
terol) were from Steraloids, Inc. (Newport, RI). SR-12813 was
synthesized by the Core Medicinal Chemistry Laboratory,
Department of Biochemistry, University of Texas Southwestern
Medical Center. LPDS (d > 1.215 g/ml) was prepared from
newborn calf serum by ultracentrifugation (28). Other reagents
were obtained from sources described previously (16).

Cell culture

CHO-7 cells were maintained in medium A (1:1 mixture of
Ham’s F-12 medium and Dulbecco’s modified Eagle’s medium
containing 100 U/ml penicillin and 100 pg/ml streptomycin
sulfate) supplemented with 5% (v/v) LPDS. CHO-7/pInsig-2
cells were generated by the stable transfection of CHO-7 cells
with pCMV-Insig-2-Myc, an expression plasmid encoding human
Insig-2 followed by six copies of the c-Myc epitope (29). CHO-7/
pInsig-2 and SRD-13A cells, mutant CHO cells lacking SCAP (30),
were maintained in medium A supplemented with 5% fetal calf
serum, 1 mM mevalonate, 20 wM sodium oleate, 5 wg/ml cho-
lesterol, and 500 pg/ml G418. All of the cells were grown in a
monolayer at 37°C in an 8-9% COy incubator.

Mutagenesis and isolation of SR-12813-resistant
SRD-16, -17, and -18 cells

CHO-7 or CHO-7/plnsig-2 cells were plated on day 0 at 1 X
10° cells/100 mm dish in medium A supplemented with 5%
LPDS. On day 1, cells were refed the identical medium con-
taining 0.3 mg/ml EMS. After incubation for 16 h at 37°C, cells
were washed twice with PBS, trypsinized, and split 1:10 in me-
dium A containing 5% LPDS. After 3 days (to allow expression of
altered phenotypes), the cells were washed and refed medium
A containing 5% LPDS and 10 wM SR-12813. Fresh medium was
added to the cells every 2 days until colonies formed. On day 28,
the surviving colonies were isolated with cloning cylinders and
allowed to proliferate. The most vigorous SR-12813-resistant
colonies were cloned by limiting dilution and designated SRD-16,
-17, and -18.

Transient transfection of CHO-7 cells

Transfection of CHO-7 cells with FuGENE-6 transfection re-
agent (Roche) was performed as described (9). Conditions of
the incubations are described in the figure legends. At the end of
the incubations, triplicate dishes of cells for each variable were
harvested and pooled for analysis.

Ubiquitination

Conditions of the incubations are described in the figure
legends. At the end of the incubations, the cells were harvested
and lysed in detergent-containing buffer, and immunopre-
cipitations were carried out with either polyclonal antibodies
against the catalytic domain of human reductase or monoclo-
nal anti-T7 IgG-coupled agarose beads (Novagen) against trans-
fected reductase as described previously (8). Aliquots of the
immunoprecipitates were subjected to SDS-PAGE on 8% gels,
transferred to nitrocellulose membranes, and subjected to im-
munoblot analysis.
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Cell fractionation and immunoblot analysis

Triplicate dishes of cells were used to isolate membrane frac-
tions and nuclear extract fractions as described previously (16).
Aliquots of nuclear extract and membrane fractions were
subjected to 8% SDS-PAGE; the proteins were transferred to
Hybond-C extra nitrocellulose filters (Millipore) and subjected
to immunoblot analysis (16). Primary antibodies used for im-
munoblotting are as follows: IgG-7D4, a mouse monoclonal anti-
body against the NHs terminus of hamster SREBP-2 (31); IgG-A9,
a mouse monoclonal antibody against the catalytic domain of
hamster reductase (32); IgG-9E10, a mouse monoclonal antibody
against c-Myc purified from the culture medium of hybridoma
clone 9E10 (American Type Culture Collection); mouse mono-
clonal anti-T7-Tag IgG (Novagen); rabbit polyclonal anti-T7-Tag
IgG (Bethyl Laboratories); monoclonal anti-hemagglutinin (HA)
IgG (Sigma); and IgG-P4D1, a mouse monoclonal antibody
against bovine ubiquitin (Santa Cruz Biotechnology).

PCR amplification and cloning of HMG-CoA reductase
cDNA from SRD-16, -17, and -18 cells

Total RNA was isolated from CHO-7, CHO-7/plInsig-2, and
SRD cells using the RNeasy kit (Qiagen) according to the manu-
facturer’s instructions and subjected to reverse transcription
reactions. First-strand cDNA was used to obtain PCR-amplified
fragments containing nucleotides 4-823, 599-1,597, 871-2,418,
and 2,353-2,661 of the reductase cDNA with the following for-
ward and reverse primers, respectively: 5-TTGTCACGAC-
TTTTCCGTATG-3" and 5-CTATCCATCGACTGTGAGCAT-3';
5-CTGTGCTTGCCAACTACTTCGTGT-3" and 5-TATATCC-
GATCACATTCTCACAG-3"; 5-TTGGGACTGGATGAA-
GATGTGT-3" and 5-ACCACCCACAGTTCCTATCTCTAT-3
and 5-TGCAGCAAACATCGTCA-3" and 5-CCATCAAAGGAG-
CCCGTAAAT-3". PCR-amplified fragments (corresponding to nu-
cleotides 124-327 and 817-1,120 of the reductase cDNA) were
generated from genomic DNA isolated from the same cell lines
using the following sets of forward and reverse primers:
5-AAGATCTGTGGTTGGAATTACGAGTGG-3" and 5-GACTG-
TACTAAAGACAAAACTTGAG-3; and 5-TTGGGACTGGATGAA-
GATGTGT-3" and 5-GAGGCTCCCGTCTACAACAGT-3". The
resulting PCR products were subcloned into the pCRII vector
(Invitrogen), and 10-30 individual clones were subjected to DNA
sequencing to identify potential mutations in the reductase.

Plasmids

The following recombinant expression plasmids have been de-
scribed as indicated: pCMV-HMG-Red-T7 and pCMV-HMG-Red-
T7 (TM 1-8), which encode wild-type full-length or truncated
(transmembrane helices 1-8) hamster reductase, respectively,
followed by three copies of a T7 epitope tag under transcrip-
tional control of the cytomegalovirus (CMV) promoter (8, 9);
and pCMV-Insig-1-Myc, encoding human Insig-1, followed by six
tandem copies of a c-Myc epitope tag under the control of the
CMV promoter (21). The S60N, G87R, and A333P mutations
were introduced into pCMV-HMG-Red-T7 and pCMV-HMG-Red-
T7 (TM1-8) by site-directed mutagenesis using the QuikChange
XL kit (Stratagene) and the following primer pairs: 5~-GAGGAG-
GATGTATTGAGCAATGACATCATCATCC-3" and 5-GGATGAT-
GATGTCATTGCTCAATACATCCTCCTC-3"; 5-CCAG-
AACTTACGTCAGCTTAGGTCGAAGTATATTTTAGG-3" and
5-CCTAAAATATACTTCGACCTAAGCTGACGTAAGTTCTGG-3';
and 5-GCTTAGCTTTTCTGTTGCCTGTCAAGTACATTTTCTT-
TG-3" and 5-CAAAGAAAATGTACTTGACAGGCAACA-
GAAAAGCTAAGG-3'. The integrity of each plasmid was confirmed
by DNA sequencing.
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Blue native-PAGE

SRD-13A cells were set up for experiments and transfected as
described in the legend to Fig. 5 below, after which they were
harvested for preparation of a 1 X 10° ¢ membrane pellet. The
membrane pellet was then solubilized in buffer containing 1%
(w/v) digitonin and subjected to centrifugation at 20,000 g. One
aliquot of the resulting supernatant was mixed with a 6-amino-n-
hexanoic acid-containing buffer and subjected to electrophoresis
on a 4-16% blue native gel as described (21). A second aliquot of
the supernatant was mixed with SDS-containing buffer and
subjected to 8% SDS-PAGE.

RESULTS

CHO-7 [a subline of CHO-K1 cells selected for growth
in LPDS-containing medium (33)] and CHO-7/plnsig-2
(CHO-7 cells expressing multiple copies of an Insig-2
cDNA) cells were mutagenized with EMS and subjected
to selection for 4 weeks in medium containing LPDS and
10 M SR-12813. Three SR-12813-resistant clones were iso-
lated, expanded, and designated SRD-16, -17, and -18 (for
sterol regulatory defective). SRD-16 cells were derived from
CHO-7/plnsig-2 cells, whereas SRD-17 and -18 cells resulted
from mutagenesis and selection of CHO-7 cells. Figure 1A
shows that growth of parental CHO-7 and CHO-7/ pInsig-2
cells, but not that of the mutant cells, was prevented when
LPDS-containing culture medium was supplemented with
10 wM SR-12813. The addition of cholesterol restored the
growth of parental cells in SR-12813, indicating that cell
death was caused by cholesterol depletion.

In the experiment shown in Fig. 1B, wild-type and mu-
tant cells were incubated for 16 h in medium containing
LPDS, the reductase inhibitor compactin, and a low level
of mevalonate, the product of reductase. The low level of
mevalonate permits the synthesis of nonsterol mevalonate-
derived products, such as the prenyl groups that are found
attached to many cellular proteins, but is not sufficient to
produce normal amounts of cholesterol (5). The resultant
sterol-depleted cells were then subjected to 5 h treatments
with SR-12813 or 25-HC, after which they were harvested
and separated into membrane and nuclear extract frac-
tions. Aliquots of each fraction were subjected to SDS-PAGE
and immunoblotted with antibodies against reductase
and SREBP-2, the SREBP family member that is most dedi-
cated to cholesterol synthesis (34). Treatment of CHO-7/
pInsig-2 and CHO-7 cells with either 25-HC or SR-12813
decreased the amount of reductase in membranes (Fig. 1B,
top panel, lanes 1-3, 7-9), indicative of accelerated degra-
dation of the enzyme. In contrast, neither 25-HC nor SR-
12813 stimulated degradation of the reductase in SRD-16,
-17, or-18 cells (Fig. 1B, top panel, lanes 4-6, 10-15). Treat-
ment with 25-HC caused the disappearance of nuclear
SREBP-2 in parental and mutant cells (Fig. 1B, bottom
panel, lanes 2, 5, 8, 11, 14). On the other hand, SR-12813
failed to block SREBP-2 processing in any of the cell lines
(Fig. 1B, bottom panel, lanes 3, 6, 9, 12, 15).

The experiment shown in Fig. 1C was designed to de-
termine the ubiquitination state of reductase in wild-type
and mutant cells treated with 25-HC. Sterol-depleted cells
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A Cell Line

SRD-16

SRD-17
7 > N :

CHO-7

SRD-18

None

SR-12813

Fig. 1. Characterization of mutant Chinese hamster
ovary (CHO) cells resistant to SR-12813. A: CHO-7,
CHO-7/plInsig-2, and SRD-16, -17, and -18 cells were
set up on day 0 at 4 X 10* cells per 60 mm dish in
medium A supplemented with 5% lipoprotein-
deficient serum (LPDS). On day 1, cells were washed
with PBS and refed medium A containing 5% LPDS
in the absence or presence of 10 M SR-12813. Some
of the SR-12813-treated cells also received 25 puM
cholesterol. Cells were refed fresh medium every
2 days. On day 10, cells were washed, fixed in 95%

CHO-7/

pinsig-2 CHO-7

SR-12813 [ -[-|+]-[-]|+ T-T+l-1-1+]-]-]+

25HC =l+{-]-1+]- =l -+ =] -T+]-
8

Cell Line

112|3]4|5]|6 7 9110{11|12]13|14|15

Reductase
Nuclear
SREBP-2
C

cellLine [CHO7/ Isgp.16| | cHO.7 |sRD-17| srD-18

plnsig-2
25HC S E N ERE]

HMG CoA Reductase

= Total

1121314
Ubiquitinated .

were subjected to 25-HC treatment in the presence of
MG-132, a proteasome inhibitor that blocks the degradation
of ubiquitinated proteins. After treatments, cells were har-
vested, and detergent lysates were prepared and subse-
quently immunoprecipitated with polyclonal antibodies
against reductase. Immunoblotting with anti-ubiquitin re-
vealed the accumulation of high molecular weight material
in reductase immunoprecipitates from CHO-7/pInsig-2 and
CHO-7 cells subjected to 25-HC treatment (Fig. 1C, top
panel, lanes 2, 6), indicating that reductase had become
ubiquitinated. This 25-HC-dependent ubiquitination of re-
ductase was markedly diminished in SRD cells (Fig. 1C, top
panel, lanes 4, 8, 10), a result consistent with their inability
to degrade reductase in the presence of the sterol (Fig. 1B).

Considering that reductase degradation, but not SREBP-2
processing, is resistant to 25-HC-mediated regulation in SRD
cells and the propensity of EMS mutagenesis to generate

SR-12813 +
Cholesterol

ethanol, and stained with crystal violet. B: CHO-7 cells
were set up on day 0 at 5 X 10° cells per 100 mm dish
in medium A containing 5% LPDS. On day 2, cells
were refed medium A supplemented with 5% LPDS,
10 uM sodium compactin, and 50 pM sodium
mevalonate. After 16 h at 37°C, cells were switched
to medium A containing 5% LPDS and 10 pM
compactin in the absence or presence of either
25-hydroxycholesterol (25-HC) or SR-12813 plus
10 mM mevalonate as indicated. After 5 h at 37°C,
the cells were harvested and subjected to subcellu-
lar fractionation. Aliquots of the membrane (13 pg
of protein/lane) and nuclear extract (15 pg of
protein/lane) fractions were subjected to SDS-PAGE
and transferred to nitrocellulose membranes, and
immunoblot analysis was carried out with 5 pg/ml
monoclonal IgG-A9 (against reductase) or 5 pg/ml
monoclonal IgG-7D4 [against sterol-regulatory ele-
ment binding protein-2 (SREBP-2)]. C: CHO-7 cells
were set up for experiments and depleted of sterols
as described for A. Sterol-depleted cells were
subsequently switched to medium A containing
5% LPDS, 10 M compactin, and 10 puM MG-132
in the absence or presence of 2.5 uM 25-HC plus
10 mM mevalonate as indicated. After 2 h, the cells
were harvested, lysed, and subjected to immuno-
precipitation with antirteductase polyclonal anti-
bodies. Immunoblot analysis was carried out with
5 pg/ml IgG-A9 or 0.2 pg/ml monoclonal IgG-
P4D1 (against ubiquitin).

wnipajy 0} SUoHIPPY

point mutations, we hypothesized that this resistance was a
consequence of mutation(s) in reductase. Thus, total RNA
was isolated from SRD cells and used to synthesize first-
strand cDNA, from which the cDNA encoding reductase was
amplified by PCR. The resulting products were subcloned,
and 10-30 individual clones were subjected to DNA se-
quencing, which revealed a G-to-A or G-to-C substitution in
reductase mRNAs from each cell line. These substitutions
resulted in changes of Ser-60 (AGT) to Asp (AAT), Gly-87
(GGG) to Arg (AGG), and Ala-333 (GCT) to Pro (CCT) for
SRD-16, -17, and -18 cells, respectively. The frequency of
these changes in the randomly sequenced cDNA clones was
close to 50% (8 of 16 for SRD-16, 8 of 12 for SRD-17, and 13
of 30 for SRD-18). This strongly indicates that each of the
SRD cell lines is heterozygous for its respective mutation.
This 50% frequency was confirmed by sequencing multiple
clones of PCR-amplified fragments from genomic DNA
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that included each codon (5 of 14 for SRD-16, 6 of 10
for SRD-17, and 5 of 10 for SRD-18). As shown in Fig. 2A,
Ser-60 and Ala-333 localize to transmembrane helices 2 and
8 of reductase, respectively; Gly-87 lies within the cytosolic
loop that separates helices 2 and 3. The amino acid se-
quence alignment in Fig. 2B shows that Ser-60, Gly-87, and
Ala-333 are conserved between hamster, human, Xenopus,
zebrafish-1, and sea urchin reductase. Notably, Ser-60 is not
conserved in zebrafish-2 reductase, one of two reductase
isozymes expressed in zebrafish (35). Gly-87 is also present
in the Drosophila reductase. Even though Ser-60 and Gly-87
localize to the sterol-sensing domain of reductase, neither
amino acid is presentin the corresponding region of SCAP’s
sterol-sensing domain.

Experiments were next designed to directly demon-
strate that the S60N, G87R, and A333P mutations impart
resistance of reductase to sterol-stimulated ubiquitination
(Fig. 3) and degradation (Fig. 4A, B). CHO-7 cells were
transfected with wild-type or mutant versions (G87R,

A G87R
3 (SRD-17)
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G CR
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A333P, or S60N) of pPCMV-HMG-Red-T7, an expression plas-
mid that encodes full-length reductase followed by three
copies of a T7 epitope tag (8). The sensitivity of ubiquitin
detection was enhanced by the additional transfection of
pEFla-HA-ubiquitin, which encodes human ubiquitin with
an NHo-terminal tag consisting of two copies of the HA
epitope. After sterol depletion, the cells were subjected to
treatments with MG-132 and various concentrations of
25-HC. Transfected reductase was immunoprecipitated from
detergent lysates using anti-T7-coupled agarose beads, and
the resulting precipitates were immunoblotted with anti-
bodies against T7 and HA for reductase and ubiquitin, re-
spectively. When transfected alone, wild-type, S60N, G87R,
and A333P reductase failed to become ubiquitinated in
the presence of 2.5 uM 25-HC (Fig. 3A-C, top panels, lanes
a, b, g, h). Dose-dependent, 25-HC-induced ubiquitination
of wild-type reductase was restored upon coexpression of
pCMV-Insig-1-Myc, which encodes human Insig-1 followed
by six copies of the c-Myc epitope (Fig. 3A-C, top panels,
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Fig. 2. Localization and conservation of amino acid residues in HMG-CoA reductase membrane domain.
A: Amino acid sequence and topology of the membrane domain of hamster HMG-CoA reductase. The
amino acid residues that are mutated in SRD-16, -17, and -18 cells are enlarged, shown in red, and denoted
by arrows. B: Comparison of amino acid residues in hamster, human, Xenopus, zebrafish-1, zebrafish-2, sea
urchin, and Drosophila HMG-CoA reductase surrounding Ser-60, Gly-87, and Ala-333 (shown in red).
GenBank accession numbers are P00347, NP000850, P20715, XP684400, AI497311, NP999724, and P14773,
respectively. Residues that are identical in all six proteins are highlighted in black.
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Fig. 3. Ubiquitination of the S60N, G87R, and A333P versions
of HMG-CoA reductase. CHO-7 cells were set up on day 0 at 5 X
10° cells per 60 mm dish in medium A containing 5% LPDS. On
day 1, the cells were transfected with 1 ng of wild type (panels A-C;
lanes a—f), G87R (panel A; lanes g-1), A333P (panel B; lanes g-1),
or S60N (panel C; lanes g-1) pCMV-HMG-Red-T7 together with
0.1 pg of pEFla-HA-ubiquitin in 2 ml of medium A containing 5%
LPDS. The total DNA in each dish was adjusted to 3 pg by the
addition of pcDNA3 mock vector. Six hours after transfection,
the cells were depleted of sterols by the direct addition of 2 ml
of medium A containing 5% LPDS, 10 pM compactin, and 50 pM
mevalonate (final concentrations). After 16 h at 37°C, cells were
switched to medium A containing 5% LPDS, 10 uM compactin,
10 pM MG-132, and the indicated concentration of 25-HC. After
incubation for 2 h at 37°C, the cells were harvested, lysed, and sub-
jected sequentially to immunoprecipitation with anti-T7-coupled
agarose beads and SDS-PAGE. Immunoblot analysis was carried
outwith a 1:500 dilution of monoclonal IgG-hemagglutinin (against
ubiquitin) or 1 pg/ml monoclonal ant-T7 IgG (against reductase).

lanes d—f). Regulated ubiquitination was nearly absent for
the G87R and A333P versions of reductase, and S60N re-
ductase only became ubiquitinated with the highest level
(2.5 uM) of 25-HC (Fig. 3A-C, top panels, lanes j-1).

Similar results were obtained for reductase degradation
(Fig. 4A, B). In these experiments, sterol-depleted CHO-7
cells transfected with wild-type or mutant reductase were
incubated with various amounts of 25-HC (Fig. 4A) or la-
nosterol (Fig. 4B), a cholesterol synthesis intermediate
that stimulates the degradation of endogenous reductase
(36). When transfected alone, degradation of wild-type,
S60N, G87R, or A333P reductase was not accelerated by
25-HC (Fig. 4A, top panels, lanes a, b, g, h) or lanosterol
(Fig. 4B, top panels, lanes m, n, s, t). Coexpression of
pCMV-Insig-1-Myc restored the degradation of wild-type re-
ductase in the presence of 25-HC (Fig. 4A, top panels, lanes
d-f) orlanosterol (Fig. 4B, top panels, lanes p-r), but G87R,
A333P, and S60N reductase remained largely resistant to
degradation (Fig. 4A, B, top panels, lanes j-1, v—x).

Figure 4C shows a growth experiment designed to de-
termine whether the S60N, G87R, and A333P mutations in
reductase confer an SR-12813-resistant phenotype. CHO-7
cells were transfected with wild-type or mutant versions of
pCMV-HMG-Red-T7. The plasmids also encode neo, a gene
that confers resistance to G418. After transfection and se-
lection of transformants with G418, the cells were grown
for an additional 2 weeks in medium containing LPDS in
the absence or presence of SR-12813. Transfection of the
control plasmid or wild-type reductase did not permit the
cells to grow in medium containing SR-12813, whereas
transfection of the mutant forms of reductase allowed cell
growth in the presence of the drug.

In previous studies, blue native-PAGE was used to visu-
alize sterol-dependent complexes between Insig-1 and the
membrane domain of reductase, which is necessary and
sufficient for regulated degradation (3, 27, 37). Consid-
ering the results of Figs. 3 and 4, which show that Ser-60,
Gly-87, and Ala-333 in reductase are essential for Insig-
mediated ubiquitination and degradation, we used blue
native-PAGE to determine whether the most robust
mutation (G87R) decreases the binding between the mem-
brane domain of reductase and Insig-1. In Fig. 5, SCAP-
deficient SRD-13A cells were transfected with various
combinations of pCMV-Insig-1-Myc and wild-type or mu-
tant versions of pCMV-HMG-Red-T7 (TM 1-8), which
encodes a truncated reductase that contains the entire
membrane domain (Fig. 2A) but lacks the catalytic do-
main. After sterol depletion with hydroxypropyl-B-cyclo-
dextrin and pretreatment with MG-132, the cells were
subjected to an additional incubation in the absence or
presence of 25-HC. The cells were subsequently harvested,
and membrane fractions were isolated and solubilized
with digitonin. Soluble material was mixed with Coomassie
Blue and 6-amino-n-hexanoic acid (to impart a negative
charge and prevent the precipitation of proteins), sub-
jected to PAGE, and immunoblotted with antibodies
against the T7 and Myc epitopes. The anti-T7 immunoblot
of the native gel revealed that when transfected alone, the
membrane domain of reductase appeared as a single band
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Fig. 4. Properties of S60N, G87R, and A333P HMG-CoA reductase in transfected cells. A, B: CHO-7 cells were
set up and transfected as described for Fig. 3 with 1 pg of wild-type, S60N, G87R, or A333P pCMV-HMG-Red-T7 in
the absence or presence of 30 ng of pCMV-Insig-1-Myc. After sterol depletion for 16 h at 37°C, cells were switched
to medium A containing 5% LPDS, 10 M compactin, and the indicated concentration of 25-HC (A) or
lanosterol (B) plus 10 mM mevalonate. After incubation for 5 h at 37°C, cells were harvested, membrane
fractions were prepared, and aliquots (3—-6 pg) were subjected to SDS-PAGE. Immunoblot analysis was carried
out with 1 pg/ml monoclonal anti-T7 IgG (against reductase) and 3 pg/ml monoclonal IgG-9E10 (against
Insig-1) antibodies. C: CHO-7 cells were set up on day O at5 X 10° cells per 60 mm dish in medium A containing
5% LPDS. On day 1, the cells were transfected with 1 pg of either pcDNA3 (Mock) or wild-type, S60N, G87R, or
A333P pCMV-HMG-Red-T7. All of the plasmids contained the G418 resistance gene neo. On day 2, the cells
were switched to medium A containing 5% LPDS and 0.7 mg/ml G418 and refed every 2 days. No cells survived
in control dishes that did not receive any plasmid during transfection. On day 12, the surviving cells were
trypsinized and pooled, and triplicate sets of dishes were set up in medium A containing 5% LPDS. On day 13,
cells were switched to identical medium in the absence or presence of 10 WM SR-12813. On day 22, cells were
fixed and stained as described for Fig. 1.

in the absence or presence of 25-HC (Fig. 5, top panel,
lanes 3, 4). This band was designated unbound reductase.
When Insig-1 was coexpressed, some of the reductase
migrated more slowly (Fig. 5, top panel, lane 5), and this
band was designated the reductase-Insig-1 complex. With
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25-HC treatment, unbound reductase almost completely
disappeared and the amount of reductase in complex with
Insig-1 increased (Fig. 5, top panel, lanes 6 and 7). In
contrast, migration of the G87R version of the reductase
membrane domain was not retarded in the presence of
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Fig. 5. Introduction of the G87R mutation into the membrane domain of HMG-CoA reductase impairs
binding to Insig-1 in the presence of 25-HC. SRD-13A cells were set up for experiments on day 0 at 7 X 10°
cells per 100 mm dish. On day 2, the cells were transfected in medium A containing 5% fetal calf serum as
described for Fig. 3 with 60 ng of pCMV-Insig-1-Myc in the absence or presence of 4 pg of wild-type or G87R
pCMV-HMG-Red-T7(TM1-8) as indicated. After incubation for 16 h at 37°C, cells were switched to medium
A containing 5% LPDS, 1% hydroxypropyl-B-cyclodextrin, and 10 uM compactin and incubated for 1 h at
37°C. The cells were then washed, switched to identical medium (without hydroxypropyl-g-cyclodextrin)
supplemented with 10 puM MG-132, and incubated for 1 h at 37°C. This was followed by incubation for an
additional 1 h in the same medium with or without 1 pg/ml 25-HC plus 10 mM mevalonate as indicated.
The cells were subsequently harvested and subjected to subcellular fractionation. Aliquots of the 1 X 10° g
membrane pellet were solubilized in 1% digitonin and subjected to blue native-PAGE (middle panels) or
SDS-PAGE (bottom panels). Immunoblot analysis was carried out with 1 ug/ml polyclonal anti-T7 IgG

sSDs
PAGE

(against reductase) and 5 wg/ml monoclonal IgG-9E10 (against Insig-1).

Insig-1 and sterols (Fig. 5, top panel, lanes 8-10). A similar
result was observed in the anti-Myc blots of the native gel
(Fig. 5, middle panel). 25-HC caused a complete dis-
appearance of unbound Insig-1 upon coexpression of the
wild type but not the G87R mutant of the reductase mem-
brane domain (Fig. 5, middle panel, lanes 8-10). Im-
munoblots of SDS-PAGE gels revealed constant expression
of Insig-1, wild-type reductase, and mutant G87R reduc-
tase, regardless of the absence or presence of 25-HC
(Fig. 5, bottom panel). Together, these results indicate
that the G87R mutation disrupts the binding of reductase
to Insigs, thereby rendering the enzyme resistant to sterol-
regulated ubiquitination and degradation.

DISCUSSION

The current data document the isolation of three inde-
pendently derived lines of mutant CHO cells resistant to
SR-12813, which inhibits cholesterol synthesis by stimulat-
ing Insig-dependent ubiquitination and degradation of
HMG-CoA reductase. Neither SR-12813 nor the oxysterol
25-HC stimulated the degradation and ubiquitination of
endogenous reductase in the mutant cells (Fig. 1B, C),
which are designated SRD-16, -17, and -18. DNA sequenc-
ing revealed that SRD-16, -17, and -18 cells exhibit a G-to-A
or G-to-C substitution in codons 60, 87, and 333 of reduc-
tase, respectively, that result in changes of Ser-60 to Asn,

Gly-87 to Arg, and Ala-333 to Pro. Transient transfection
assays revealed that the S60N, G87R, and A333P muta-
tions render reductase refractory to Insig-mediated, sterol-
accelerated ubiquitination (Fig. 3) and degradation
(Fig. 4A, B). Moreover, overexpression of a cDNA encod-
ing full-length S60N, G87R, or A333P reductase allowed
the growth of wild-type cells in SR-12813-supplemented
medium (Fig. 4C). Considered together, these results
identify Ser-60, Gly-87, and Ala-333 as key residues for the
regulated ubiquitination and degradation of reductase
and demonstrate that their mutation confers a dominant,
SR-12813-resistant phenotype.

The determining factor for the degradation of reduc-
tase is sterol-induced binding of the enzyme to Insigs,
which are carriers of the membrane-anchored gp78
ubiquitin ligase that facilitates reductase ubiquitination
(10). Interactions between reductase and Insigs are medi-
ated entirely by the membrane domain of reductase (9),
which may explain the high degree of conservation
observed in the region across species (Fig. 2B). Indeed,
sterol-regulated formation of the reductase-Insig complex
is blocked by mutation of a YIYF tetrapeptide sequence
that is located in the second membrane-spanning region
of reductase (8). Similarly, Ser-60, Gly-87, and Ala-333
localize to the membrane domain of reductase (Fig. 2A),
and introducing the G87 mutation into the membrane
domain of reductase impaired sterol-regulated complex
formation with Insig-1 (Fig. 5). It should be noted that
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native gels revealed that the A333P and S60N mutations in
the membrane domain of reductase similarly disrupted
reductase-Insig binding; however, this effect was not as
pronounced as that observed with the G87R mutant.

In unpublished studies, we found that the resistance of
S60N and G87R reductase is attributable to loss of the Ser
at residue 60 and the Gly at residue 87, respectively. This is
indicated by substitution experiments, which showed that
replacing Gly-87 with lysine or Ala and replacing Ser-60
with threonine or glutamine produced a sterol-resistant
phenotype. In contrast, the phenotype of A333P reductase
likely results from the acquisition of a Pro, because re-
placement of Ala-333 with Gly did not produce sterol re-
sistance (unpublished observations). Native gels indicate
the Pro residue imparts a significant structural change in
the membrane domain of reductase that impedes Insig
binding (unpublished observations). However, this struc-
tural alteration does not appear to abrogate any catalytic
activity of reductase, which is indicated by the observation
that expression of A333P reductase in wild-type cells allows
growth in SR-12813-containing medium (Fig. 4C). Further
insight into the effects of A333P and other mutations on
the membrane domain of reductase will require detailed
structural studies by X-ray crystallography or NMR.

The selection for SR-12813 resistance used in the cur-
rent study is unbiased. This selection produced three re-
sistant cell lines with point mutations in the membrane
domain of reductase, and all three mutations conferred
resistance to sterol-stimulated, Insig-dependent ubiquitina-
tion. These findings provide strong and unbiased support
for the conclusion that reductase degradation absolutely
requires reductase-Insig interaction through the mem-
brane domains of the two proteins. The predominance of
reductase mutations found in this study, and the isolation of
Insig mutants in previous mutagenesis experiments [i.e.,
SRD-14 and SRD-15 (27, 38)], strongly suggest that the
number of other proteins required specifically for reduc-
tase degradation is limited and that our understanding of
this process is relatively complete il
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