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Abstract—In this article, the history of the LDL receptor is recounted by its codiscoverers. Their early work on the LDL
receptor explained a genetic cause of heart attacks and led to new ways of thinking about cholesterol metabolism. The
LDL receptor discovery also introduced three general concepts to cell biology: receptor-mediated endocytosis, receptor
recycling, and feedback regulation of receptors. The latter concept provides the mechanism by which statins selectively
lower plasma LDL, reducing heart attacks and prolonging life. (Arterioscler Thromb Vasc Biol. 2009;29:431-438.)
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In 1972 the two of us, working as newly appointed
Assistant Professors in Medicine at the University of Texas

Southwestern Medical Center in Dallas, set out to unravel a
human genetic disease called familial hypercholesterolemia
(FH). In patients with FH, the concentration of cholesterol in
blood is elevated many times above normal, and heart attacks
occur early in life. FH is inherited as an autosomal dominant
trait. When we began our work 37 years ago, the underlying
defects in about 35 inborn errors of metabolism were known.
All of these diseases were recessive, and all were caused by
deficiencies in enzymes (eg, phenylketonuria, galactosemia).
This observation gave rise to the general notion that a 50%
deficiency of an enzyme, as in heterozygotes for enzyme
deficiencies, would not be sufficient to cause disease.

Because the FH mutation caused disease in the heterozy-
gous state, we suspected that the basic defect in FH would not
be an enzyme deficiency. Rather, we hypothesized that FH
would be a defect in regulation. A 50% deficiency of a
regulatory gene product might disrupt a homeostatic mecha-
nism and produce disease. Cholesterol synthesis had already
been shown by others to be subject to end-product feedback
regulation, and we speculated that FH subjects had a defec-
tive protein that participates in this regulation. The possibility
excited us because genetic defects in feedback regulation had
not been observed, and we hoped that study of this disease
might expose a fundamental regulatory mechanism.

Cholesterol is an essential component of the plasma mem-
brane of animal cells, where it maintains the barrier function
between cells and environment, modulates fluidity, and cre-
ates “rafts” that concentrate signaling molecules. Cholesterol
is also the precursor for the manufacture of all steroid
hormones and bile acids, and it plays a crucial role in the
formation of the myelin sheath that surrounds axons. In the
bloodstream of humans and other vertebrates, cholesterol is

transported in lipoprotein particles. In the 1950s and 1960s,
physiologists delineated the 2 major cholesterol-carrying
blood lipoproteins: low-density lipoprotein (LDL) and high-
density lipoprotein (HDL). Epidemiologists observed that
elevated concentrations of LDL predispose to heart attacks,
whereas elevated amounts of HDL are protective; physicians
learned that the excess circulating cholesterol in FH patients
is contained in LDL, not HDL.

Our approach to unraveling the genetic defect in FH was to
apply the techniques of cell culture. Our studies led to the
discovery of a cell surface receptor for LDL and to the
elucidation of the mechanism by which this receptor carries
LDL particles into cells through coated pits and coated
vesicles. Within the cell, LDL-derived cholesterol elicits
several regulatory functions, including feedback inhibition of
cholesterol synthesis. We soon found that FH is caused by
genetic defects in the LDL receptor. These defects disrupt the
normal regulation of cholesterol metabolism. Moreover, the
LDL receptor studies provided clear evidence for selective
uptake of macromolecules into cells, giving rise to the
concept of receptor-mediated endocytosis.

Background
In 1938 Carl Müller, a Norwegian clinician, described FH as
an “inborn error of metabolism” that produces high blood
cholesterol and myocardial infarctions (heart attacks) in
young people.1 Müller concluded that FH is transmitted as an
autosomal dominant trait. In 1964 Khachadurian, at the
American University in Beirut, showed that FH exists in 2
forms: the less severe heterozygous form and the more severe
homozygous form.2

FH heterozygotes are now known to carry a single copy of
a mutant LDL receptor gene. They are quite common,
accounting for 1 of every 500 persons among most ethnic
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groups throughout the world.3 FH heterozygotes have a 50%
deficiency of LDL receptors, which produces a 2-fold in-
crease in the number of LDL particles in blood from birth.
These individuals begin to have heart attacks at 30 years of
age. Among people under age 60 who suffer myocardial
infarctions, about 5% have heterozygous FH.

The attractiveness of FH as an experimental model stems
from the existence of homozygotes (Figure 1). These indi-
viduals, who number about 1 in 1 million, inherit 2 mutant
LDL receptor genes, 1 from each parent. Their disease is
severe. They have 6- to 10-fold elevations in plasma LDL
from birth, and they often have heart attacks in early
childhood.3 The early atherosclerosis in homozygous FH
children who do not have any other risk factors (eg, smoking,
hypertension, diabetes, type A personality) provides formal
genetic proof that elevated LDL alone can produce athero-
sclerosis in humans. From an experimental viewpoint, the
availability of FH homozygotes permits study of the mani-
festations of the mutant allele in its purest form without any
confounding effects from the normal allele.

When we began our studies in 1972, it was felt that all of
the important events in cholesterol metabolism take place in
the liver or intestine. It was impossible to perform meaningful
studies in livers of humans with FH. Our only chance
depended on the mutant phenotype being faithfully manifest
in cells, such as skin fibroblasts, that can be obtained from
human biopsies and cultured in vitro. Techniques for growing
such cells had been established over the preceding 2 decades.
Moreover, a handful of inherited enzyme defects were known
to be manifest in cultured fibroblasts from patients with rare
recessive diseases, such as galactosemia and the Lesch-
Nyhan syndrome.

There was some reason to believe that the FH derangement
might be manifest in cultured fibroblasts. Studies in the 1960s
by Bailey4 and by Rothblat5 had demonstrated that cultured

mouse lymphoblasts and L cells synthesize cholesterol and
that this synthesis is subject to feedback regulation. They
showed that when whole serum, containing lipoproteins, is
present in the medium, cultured cells produce little choles-
terol from radioactive acetate. When serum lipoproteins are
removed from the culture medium, cholesterol synthesis
increases. Incubation of cells with radiolabeled acetate is a
convenient way to monitor the overall action of the 26
enzymes that are needed to convert the simple 2-carbon
precursor (acetate) to the complex 27-carbon, 4-ring structure
of cholesterol. This biosynthetic pathway was delineated in
the 1950s largely through the studies of Konrad Bloch, who
received the 1964 Nobel Prize in Physiology or Medicine for
this tour de force of biochemistry.

Discovery of the LDL Receptor
When we began in 1972, both of us had been trained in
enzyme biochemistry. Instead of measuring cholesterol syn-
thesis from acetate, we decided to measure the activity of a
single enzyme, 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase (HMG-CoA reductase), in extracts of cultured fibro-
blasts.6 Earlier studies in rat livers had shown that HMG-CoA
reductase catalyzes a rate-limiting step in cholesterol produc-
tion, and its activity is reduced when rats ingest cholesterol.7

We established a microassay for HMG-CoA reductase using
the trace amounts of material available from cultured fibro-
blasts.6 Immediately, we observed feedback regulation. When
normal human fibroblasts were grown in the presence of
serum, HMG-CoA reductase activity was low. As shown in
Figure 2A, when the cholesterol-carrying lipoproteins were

Figure 1. A 10-year-old girl with homozygous FH. Note the ele-
vated orange-yellow xanthomas lying superficially over the
knees, the wrists, and interdigital webs. These xanthomas arise
from the deposition of plasma LDL-derived cholesterol into
macrophages of the skin. The rate of deposition is proportional
to the severity and duration of the elevation in plasma LDL. A
similar deposition of LDL-derived cholesterol occurred in the
coronary arteries of this girl, producing atheromas of artery wall,
which led to her first myocardial infarction at age 8.

Figure 2. Regulation of HMG-CoA reductase activity in fibro-
blasts from a normal subject and from an FH homozygote. A,
Monolayers of cells were grown in dishes containing 10% fetal
calf serum. On day 6 of cell growth (zero time), the medium was
replaced with fresh medium containing 5% human serum from
which the lipoproteins had been removed. At the indicated time,
extracts were prepared, and HMG-CoA reductase activity was
measured. B, 24 hours after addition of 5% human lipoprotein-
deficient serum, human LDL was added to give the indicated
cholesterol concentration. HMG-CoA reductase activity was
measured in cell free extracts at the indicated time. (Modified
from Goldstein and Brown.8)
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removed from the culture medium, the activity of HMG-CoA
reductase rose by 50-fold over a 24-hour period. The induced
enzyme was rapidly suppressed when LDL was added back to
the medium (Figure 2B).

Not all lipoproteins could suppress HMG-CoA reductase
activity. Of the 2 major cholesterol-carrying lipoproteins in
human plasma, LDL and HDL, only LDL was effective.6 This
specificity was our first clue that a receptor might be
involved. Our second clue was the concentration of LDL that
was required. The lipoprotein was active at concentrations as
low as 5 �g of protein per ml, which is � 10�9 molar. A
high-affinity receptor mechanism seemed likely. Study of
receptors was in its infancy, and none had been characterized
at a molecular level.

The key to the receptor mechanism emerged in 1973 from
studies of cells from patients with homozygous FH.8 When
grown in serum containing lipoproteins, the homozygous FH
cells had HMG-CoA reductase activities that were 50- to
100-fold above normal (Figure 2A). This activity did not
increase significantly when the lipoproteins were removed
from the serum, and there was no suppression when LDL was
added back (Figure 2B).

The simplest interpretation of these results was that FH
homozygotes have a defect in the gene encoding HMG-CoA
reductase that renders the enzyme resistant to feedback
regulation by LDL-derived cholesterol. This working hypoth-
esis was immediately disproved by our next experiment. We
delivered cholesterol in ethanol instead of in LDL. When
mixed with albumin-containing solutions, cholesterol forms a
quasi-soluble emulsion that enters cells by adsorption to the
plasma membrane. When cholesterol was added in this form,
the HMG-CoA reductase activities of normal and FH ho-
mozygote fibroblasts were equally suppressed.9

Clearly, the defect in the FH homozygote cells must reside
in their ability to extract cholesterol from the lipoprotein, and
not in the ability of the cholesterol, once extracted by the
cells, to act. But how do normal cells extract the cholesterol
of LDL? The high-affinity action of LDL suggested that a cell
surface receptor was involved. The existence of cell surface
receptors for hormones (such as epinephrine and glucagon)
had been postulated for many years. It was generally thought
that these receptors act by binding the ligand at the surface
and then generating a “second messenger” on the intracellular
side of the plasma membrane. In 1973 the classic “second
messenger” was cAMP. We gave some thought to the
hypothesis that LDL acted by binding to a receptor and
generating some second messenger that suppresses HMG-
CoA reductase.

The existence of the postulated LDL receptor was formally
demonstrated in 1974 when we radiolabeled LDL with
125Iodine and showed that normal cells have high-affinity
binding sites for 125I-LDL, whereas FH homozygote cells
lack these sites.10 This seemed to explain the genetic defect in
FH, but it did not reveal how LDL releases its cholesterol so
as to suppress HMG-CoA reductase. The answer came from
studies of the fate of the surface-bound 125I-LDL. Techniques
were developed to distinguish surface-bound from intracellu-
lar 125I-LDL,11 and these revealed that the receptor-bound

LDL remained on the surface of normal cells for less than 10
minutes on average (Figure 3A). Within this time most of the
surface-bound LDL particles entered the cell; within another
60 minutes the protein component of 125I-LDL was digested
completely to amino acids and the 125I, which had been
attached to tyrosine residues on LDL, was released into the
culture medium as 125I-monoiodotyrosine (Figure 3A).10,11

Meanwhile, the cholesteryl esters of LDL were hydro-
lyzed, generating unesterified cholesterol that remained
within the cell.12

Our laboratory purified the LDL receptor from bovine
adrenal glands in 1982,13 cloned its human cDNA shortly
thereafter,14 and isolated the gene in 1985.15 These advances
laid the groundwork for the molecular analysis of the muta-
tions underlying FH.3 As of January 2009, more than 1100
mutations in the LDL receptor gene have been identified in
FH patients.

Figure 3. Internalization and degradation at 37°C of 125I-LDL by
fibroblasts from a normal subject (A) and from J.D., a patient
with the internalization-defective form of FH (B). Each cell
monolayer was allowed to bind 125I-LDL (10 �g protein/mL) at
4°C for 2 hours, after which the cells were washed extensively.
In one set of dishes, the amount of 125I-LDL bound was deter-
mined by measuring the amount of 125I-LDL that could be
released from the surface by treatment with heparin. Replicate
dishes then received warm medium and were incubated at
37°C. After the indicated interval, the dishes were rapidly chilled
to 4°C, and the amounts of surface-bound (heparin-releasable)
125I-LDL, internalized (heparin-resistant) 125I-LDL, and degraded
(trichloroacetic acid-soluble) 125I-LDL were measured. (Modified
from Brown and Goldstein.27)

Goldstein and Brown History of Discovery: The LDL Receptor 433

D
ow

nloaded from
 http://ahajournals.org by on M

ay 5, 2023



The LDL Receptor Pathway and
Cholesterol Homeostasis

Having demonstrated the receptor-mediated internalization of
LDL, we next sought to determine where in the cell the LDL
was degraded and how this degradation suppressed HMG-CoA
reductase activity and cholesterol synthesis. The only cellular
organelle in which LDL could have been degraded so com-
pletely and rapidly is the lysosome, which contains acid hydro-
lases that could easily digest all of the components of LDL
(Figure 4). We confirmed the lysosomal digestion of LDL
through the use of chloroquine,16 which raises the pH of
lysosomes and inhibits lysosomal enzymes, and through studies
of cultured fibroblasts from patients with a genetic deficiency of
lysosomal acid lipase.17 Cells from these patients bound and
internalized LDL but failed to hydrolyze its cholesteryl esters,
even though they did degrade the protein component.

The cholesterol that is generated from LDL within the
lysosome proved to be the agent responsible for suppressing

HMG-CoA reductase activity (Figure 4). We now know that
LDL-derived cholesterol acts at several levels, including
suppression of transcription of the HMG-CoA reductase gene
through the sterol regulatory element-binding protein
(SREBP) pathway (discussed below)18 and acceleration of the
degradation of the enzyme protein.19 The LDL-derived cho-
lesterol also regulates other processes in a coordinated action
that stabilizes the cholesterol content of the cell. It activates a
cholesterol-esterifying enzyme, acyl CoA: cholesterol acyl-
transferase (ACAT), so that excess cholesterol can be stored
as cholesteryl ester droplets in the cytoplasm.20 By inhibiting
the SREBP pathway, LDL also suppresses transcription of the
LDL receptor gene.18 This latter action allows cells to adjust
the number of LDL receptors to provide sufficient cholesterol
for metabolic needs without producing cholesterol over ac-
cumulation.21 Through these regulatory mechanisms, cells
keep the level of unesterified cholesterol in membranes
remarkably constant despite wide fluctuations in cholesterol
requirements and exogenous supply.

Figure 4 summarizes the sequential steps in the LDL
receptor pathway as deduced from the biochemical and
genetic studies performed between 1972 and 1977.22 Figure 5
shows the striking “all-or-none” biochemical differences in
the metabolism of LDL and its regulatory actions in fibro-
blasts derived from a normal subject and from an FH
homozygote with a complete deficiency of LDL receptors.

Receptor-Mediated Endocytosis: Origin of
the Concept

The rapidity of internalization and degradation of receptor-
bound LDL (Figure 3A) implied that cells possess a special
mechanism for transport of receptor-bound LDL from the cell
surface to the lysosome. The likely mechanism was endocy-

Figure 4. Sequential steps in the LDL receptor pathway of
mammalian cells (already defined in text; modified from Brown
and Goldstein58).

Figure 5. Actions attributable to the LDL receptor in fibroblasts from a normal subject and from a homozygote with the receptor-
negative form of FH. Cells were incubated with varying concentrations of 125I-LDL or unlabeled LDL at 37°C for 5 hours and assayed
as described.58 All data are normalized to 1 mg of total cell protein. The units for each assay are as follows: Binding, �g of 125I-LDL
bound to cell surface; Internalization, �g of 125I-LDL contained within the cell; Hydrolysis of apoprotein B-100, �g of 125I-LDL degraded
to 125I-monoiodotyrosine per hour; Hydrolysis of cholesteryl esters, nmol of [3H]cholesterol formed per hour from the hydrolysis of LDL
labeled with [3H]cholesteryl linoleate; Cholesterol synthesis, nmol of [14C]acetate incorporated into [14C]cholesterol per hour by intact
cells; Cholesterol esterification, nmol of [14C]oleate incorporated into cholesteryl [14C]oleate per hour by intact cells. (Modified from
Brown and Goldstein.58)
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tosis, the process by which surface membranes pouch inward
and pinch off to form vesicles. Endocytosis was first demon-
strated by cinematography of phagocytic cells in the 1930s,
and its universal occurrence was established in the 1950s by
the electron microscopic studies of Palade. Before 1975,
endocytosis was felt to be a nonspecific process that trans-
ported bulk fluid and its contents into cells. There was no
precedent for selective entry of specific receptors into cells by
this route.

To determine whether endocytosis was involved in LDL
uptake, we began in 1975 a collaboration with Richard G.W.
Anderson, then a young cell biologist at our medical school in
Dallas. Through the use of LDL coupled to electron-dense
ferritin, we found that receptor-bound LDL is internalized by
endocytosis. More importantly, these morphological studies
explained the efficiency of internalization: efficiency is con-
tingent on the clustering of the LDL receptors in coated
pits.23,24 Coated pits had been described in 1964 by Roth and
Porter25 during electron microscopic studies of the uptake of
yolk proteins by mosquito oocytes. These investigators
showed that coated pits pinch off from the surface to form
coated endocytic vesicles that carry extracellular fluid and its
contents into the cell. In 1976, Pearse26 purified coated
vesicles and discovered that the cytoplasmic coat was com-
posed predominantly of one protein, clathrin. The finding that
LDL receptors are clustered in clathrin-coated pits raised the
general possibility that these structures serve as gathering-
places for cell surface receptors that are destined for endo-
cytosis.24 Other cell surface proteins, being excluded from
coated pits, could not rapidly enter the cell.

The interpretation of coated pit function was strengthened
by study of fibroblasts from a unique FH homozygote. Cells
from most FH homozygotes simply fail to bind LDL (Figure
5). But cells from one FH patient, whose initials are J.D.,
bound LDL, but failed to internalize it (Figure 3B).27,28 In
collaboration with Anderson, we showed that the receptors in
these mutant cells are excluded from coated pits.29 This was
an important finding, for it established the essential role of
coated pits in the high efficiency uptake of receptor-bound
molecules.30

Later molecular studies showed that the J.D. mutation
results from a single bp change in the LDL receptor gene,
resulting in the substitution of a cysteine for a tyrosine in the
cytoplasmic domain of the receptor.31,32 This observation
stimulated a series of in vitro mutagenesis experiments,
which revealed that this tyrosine is part of a tetrameric
sequence NPVY (Asn-Pro-Val-Tyr) that directs LDL recep-
tors to clathrin-coated pits for rapid internalization.33 A
version of this sequence, NPxY (where x can be any amino
acid), is present in one or more copies in the cytoplasmic tails
of other members of the LDL receptor gene family.34 An
NPxY sequence is also present in the cytoplasmic domains of
other cell-surface receptors, including the amyloid precursor
protein (APP) and several receptors with tyrosine kinase
domains (EGF, c-erb-B/neu, insulin, IGF-1).33 In addition to
roles in endocytosis, NPxY sequence serves as a binding site
for proteins that transmit regulatory signals into the cell.34

Such a secondary signaling function has never been demon-

strated for the LDL receptor, whose sole function seems to be
to carry LDL and related lipoproteins into cells.

The LDL receptor studies exposed another general feature
of receptor-mediated endocytosis—namely, that receptors
can be recycled.35,36 After internalization, the receptors dis-
sociate from their ligands when they are exposed to a
decrease in pH in endosomes. After dissociation, the recep-
tors find their way back to the cell surface. The LDL receptor
makes one round trip into and out of the cell every 10 minutes
for a total of several hundred trips in its 20-hour lifespan.36

Inasmuch as each LDL particle contains �1600 molecules of
cholesterol, this rapid recycling of LDL receptors provides an
efficient mechanism for delivery of cholesterol to cells.

Regulation of LDL Receptors
Shortly after the discovery of LDL receptors, we found that
the receptors were themselves subject to feedback regulation.
When cell cholesterol increases, the production of LDL
receptors is reduced.21 Together with the reduction in HMG-
CoA reductase, this regulatory response decreases cholesterol
input from plasma as well as from endogenous synthesis. The
mechanism for this dual regulation was clarified 2 decades
later when we discovered a pair of sterol-regulated
membrane-bound transcription factors called SREBPs.18,37

The long quest that led to the discovery of SREBPs was
recently reviewed elsewhere,38 and it will be summarized
briefly here.

Unlike other transcription factors, the SREBPs are synthe-
sized as membrane-bound proteins attached to the endoplas-
mic reticulum (ER). In cholesterol-depleted cells, the
SREBPs are transported to the Golgi complex where they are
processed by 2 proteases to release a soluble fragment that
enters the nucleus where it activates transcription of the genes
encoding HMG-CoA reductase and all the other enzymes of
cholesterol biosynthesis as well as the LDL receptor.39 When
LDL-derived cholesterol enters cells, it blocks the transport
of SREBPs to the Golgi complex, thereby blocking the
proteolytic release of the active fragment SREBPs from
membranes. Transcription of the target genes declines, and
the cells produce less cholesterol, thus preventing cholesterol
overload.

SREBP-mediated regulation of LDL receptors is essential
for the action of statin drugs in lowering plasma LDL-cho-
lesterol levels in individuals at risk for coronary heart disease.
When a statin is ingested, the drug is routed primarily to the
liver where it binds and inhibits HMG-CoA reductase,
lowering cholesterol production. This decrease in liver cho-
lesterol activates SREBP processing, thereby increasing the
number of LDL receptors displayed on liver cell membranes.
The SREBPs also increase the amount of HMG-CoA reduc-
tase, but this does not increase cholesterol synthesis because
the enzyme is inhibited by the statin. The newly produced
LDL receptors remove LDL from the blood, and deliver it to
the interior of the cell where the LDL is digested and its
released cholesterol becomes available for metabolic pur-
poses. The net effect is that the amount of cholesterol in the
liver is maintained at a normal level while at the same time
the level of LDL-cholesterol in blood is kept low.40 Fortu-
nately, the LDL receptors do not bind HDL so the blood level
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of this beneficial lipoprotein does not drop. The remarkable
efficiency and safety of statins derive from the specificity of
their effect in selectively lowering plasma LDL.

LDL Receptor Story: The Latest Chapter
A major gap in our understanding of cellular cholesterol
metabolism lies in our limited insight into the ways in which
cholesterol is transported from one organelle to another,
eventually leading to its remarkably constant concentration in
the plasma membrane. Recently, some progress has been
made through study of another genetic disease called
Niemann-Pick C (NPC). Homozygotes for this recessive
disease exhibit profound accumulation of cholesterol in
lysosomes of cells throughout the body, especially within
liver cells and neurons of the central nervous system. This
leads to the degeneration of these organs, causing death
within the first or second decade.41

Lysosomal cholesterol accumulation is manifest in cul-
tured fibroblasts from NPC patients where it can be shown to
result from the receptor-mediated uptake of LDL.42 In these
cells LDL is taken up normally, and the cholesteryl esters are
hydrolyzed in lysosomes, but the liberated cholesterol cannot
leave the lysosome. As a result, SREBP processing is
uninhibited, and the cells continue to produce cholesterol and
to take it up from LDL despite the massive accumulation in
lysosomes.43

The extensive studies of Pentchev and colleagues identi-
fied the first defective gene in NPC patients, and they named
it NPC1. The gene encodes a large polytopic membrane
protein of 1228 amino acids with 13 membrane-spanning
regions that is routed to endosomes and lysosomes.44 Soon
thereafter, a second defective gene was identified. The
encoded protein, designated NPC2, is a small soluble protein
of only 132 amino acids.45 NPC2 is also found in endosomes
and lysosomes, and a fraction is secreted from the cell.
Homozygous defects in either NPC1 or NPC2 produce the
identical biochemical and phenotypic defect, suggesting that
both proteins are required for LDL-derived cholesterol to exit
lysosomes: loss of either protein interrupts this process.42,46

Inasmuch as NPC2 is a soluble protein, progress in
understanding its function occurred relatively quickly. In-
deed, NPC2 had earlier been identified in seminal fluid where
it was shown to bind cholesterol.47 Xu et al48 made an
important advance when they determined the crystal structure
of NPC2 with bound cholesterol sulfate. The sterol is bound
in a directional orientation with its hydrophobic isooctyl side
chain buried deep within a hydrophobic pocket. At the other
end of the molecule, the 3ß-hydroxyl group is exposed on the
surface. These findings account for the ability of NPC2 to
bind a sterol with a bulky sulfate group attached to the
3ß-hydroxyl and its inability to bind a sterol like 25-
hydroxycholesterol with a hydrophilic group attached to the
side chain.49 NPC2 was also shown to donate its bound
cholesterol to phospholipid liposomes, which are surrogates
for membranes.50–52

Progress in understanding the complex, insoluble NPC1
protein has been much slower. T.Y. Chang and coworkers53

added a photoactivated derivative of cholesterol to cultured
cells and showed that it could be crosslinked to the NPC1

protein, implying that NPC1 is also a cholesterol-binding
protein, but the specificity of binding could not be demon-
strated by this method. The difficulty in purifying a polytopic
lipid binding protein from cell membranes is notorious, and
before last year no one had succeeded in this difficult task.

Our laboratory entered this field inadvertently. A graduate
student, Rodney Infante, endeavored to purify a membrane-
bound protein that could bind 25-hydroxycholesterol and
other oxysterols with hydroxyl groups on the side chain. Our
intent was not to study NPC disease, but rather to identify a
postulated oxysterol-binding protein of the ER that would
play a role in regulating SREBP processing.54 After heroic
effort, Infante purified an oxysterol-binding protein from a
crude membrane fraction of rabbit liver. Astonishingly, mass
spectrometric analysis revealed that this protein was NPC1.
Infante quickly showed that this purified NPC1 could bind
cholesterol as well as oxysterols. Thus, NPC1, like NPC2, is
a cholesterol-binding protein.43,49

The next observation was even more surprising. The
binding site for cholesterol was not in the hydrophobic
membrane-spanning portion of NPC1. Rather, it was con-
tained in a hydrophilic domain comprising the first 240 amino
acids. This domain projects into the lumen of the lysosome,
and it is connected to the membranous portion of NPC1 by a
short proline-rich linker. This domain is referred to as the
N-terminal domain of NPC1 or NPC1(NTD). Infante pre-
pared a cDNA encoding this domain as a soluble truncated
species, and he found that it is secreted into the culture
medium of transfected cells.43 This finding allowed him to
prepare large amounts of NPC1(NTD) for biochemical stud-
ies. He quickly showed that NPC1(NTD) has a binding
specificity that is opposite from NPC2. In contrast to NPC2,
NPC1(NTD) shows strict specificity for the ß-orientation of
the 3-hydroxyl group. On the other hand, NPC1(NTD) does
not require complete hydrophobicity in the side chain. Thus,
NPC1(NTD), but not NPC2, can bind 25-hydroxycholesterol
and 27-hydroxycholesterol as well as cholesterol.49

In addition to the differential orientation of the binding site,
NPC1(NTD) and NPC2 differ in the ease with which they
bind and release cholesterol.52 When [3H]cholesterol was
delivered to both proteins in detergent at 4°C, the sterol
bound to NPC2 within minutes, and it also dissociated
quickly. On the other hand, binding to NPC1(NTD) was
extremely slow, requiring several hours to reach equilibrium.
The dissociation rate was equally slow, so that the eventual
equilibrium constants were similar for NPC2 and
NPC1(NTD). Binding and release of cholesterol from
NPC1(NTD) could be accelerated by 2 orders of magnitude
when cholesterol was delivered by NPC2, raising the possi-
bility that NPC2 somehow opened the binding site on
NPC1(NTD) so that cholesterol could enter the protein more
rapidly. NPC2 could also accept cholesterol from
NPC1(NTD). Moreover, when NPC1(NTD) was preloaded
with [3H]cholesterol, the sterol could be transferred to phos-
pholipid liposomes, but only when NPC2 was present.49

These data led us to suggest a working model in which NPC2
extracts cholesterol from LDL in the lysosome and then
transfers it to the N-terminal domain of membrane-bound
NPC1 for insertion into the lysosomal membrane. This model
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is currently being tested in our laboratory through high-
resolution structural analysis of NPC1(NTD) together with
functional analysis of NPC1(NTD) and NPC2 proteins that
have been subjected to an alanine scan mutagenesis.

The Legacy
The early work on the LDL receptor, summarized above, led
to a new way of thinking about cholesterol homeostasis and
introduced 3 general concepts to biology and medicine.

● The concept of selective sorting of proteins within the
plasma membrane, which forms the basis for receptor
clustering in coated pits, a prerequisite for receptor-
mediated endocytosis.

● The concepts of receptor-mediated endocytosis and recep-
tor recycling, which provide a mechanism by which cells
selectively and efficiently internalize macromolecules, in-
cluding transport proteins, hormones, growth factors, lyso-
somal enzymes, and certain viruses.

● The concept of feedback regulation of receptors, which
explains the cholesterol-lowering effects of the statins, a
class of drugs that are remarkably effective in lowering
plasma LDL levels, reducing heart attacks, and prolonging
life.55–57
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