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Abstract

Cholesterol is an important precursor for numerous biologically active molecules, and it plays a
major role in membrane structure and function. Cholesterol can be endogenously synthesized or
exogenously taken up via the endocytic vesicle system and subsequently delivered to post-endo/
lysosomal sites including the plasma membrane and the endoplasmic reticulum. Niemann-Pick C
(NPC) disease results in the accumulation of exogenously-derived cholesterol, as well as other
lipids, in late endosomes and lysosomes (LE/LY). Identification of the two genes that underlie
NPC disease, NPC1 and NPC2, has focused attention on the mechanisms by which lipids, in
particular cholesterol, are transported out of the LE/LY compartment. This review discusses the
role of the NPC2 protein in cholesterol transport, and the potential for concerted action of NPC1
and NPC2 in regulating normal intracellular cholesterol homeostasis.
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1. Introduction

Intracellular unesterified cholesterol is functionally significant in numerous ways.
Cholesterol itself is an important regulator of the structural and permeability properties of
membrane phospholipid bilayers. As well, it is the precursor of many biologically active
molecules including steroid hormones, bile acids, and oxysterols, many of which serve as
ligands for nuclear transcription factors. It is not surprising, then, that intracellular
cholesterol is carefully regulated, both at the quantitative and subcellular localization levels.
In this review, focus will be made on the insights into intracellular cholesterol homeostasis
that have come from studies of Niemann—Pick C, a disease in which cholesterol and other
lipids accumulate in the late endosomal/lysosomal (LE/LY) compartment of the cell. In
particular, the role of NPC2 protein in cholesterol transport will be addressed.
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2. Intracellular distribution of cholesterol

It is generally accepted that the majority of cellular cholesterol is found in the plasma
membrane, with intracellular membranes typically maintaining much lower levels. While
the transmembrane distribution of cholesterol is still debated, recent studies using
fluorescent sterols and membrane-impermeant quenchers suggest that most of the plasma
membrane cholesterol faces the cytoplasmic compartment [1]. Elevated levels of
intracellular cholesterol are dealt with in two ways. Excess free cholesterol is esterified with
fatty acids in the endoplasmic reticulum by the action of acyl-coenzyme A cholesterol
acyltransferase (ACAT1), and the cholesteryl esters stored primarily in cytoplasmic lipid
droplets. In addition, excess cholesterol may be removed from the cell by efflux at the
plasma membrane, mediated by the ATP-binding cassette transporter ABCAL [reviewed in
[2]]. The rate of cholesterol movement from the plasma membrane to the endoplasmic
reticulum is higher in cells with increased cholesterol levels, leading to an enhancement of
the storage process in cells with excess unesterified cholesterol [3]. It has been proposed that
this faster transfer, mediated most likely by cytoplasmic proteins, may occur because
elevated cholesterol levels in a membrane exceed the capacity of the membrane
phospholipids to directly interact with and thereby sequester them, thus the excess
cholesterol would have a lower free energy of dissociation from the membrane [4-6].

The distribution of cholesterol in different subcellular compartments is maintained by a
combination of vesicle-mediated inter-organelle transport and protein-mediated monomeric
transfer through the aqueous cytoplasm. Given the extremely low solubility of cholesterol,
quantitatively little is found unbound in cytosol. At present, several intracellular sterol
binding proteins have been identified in mammalian cells, including sterol carrier protein 2
[7], the oxysterol binding proteins, of which there are twelve in humans [8,9], as well as
steroidogenic acute regulatory protein related lipid transfer (START) domain proteins, of
which atleast three are known to bind sterols—STARD1/StAR, STARD3/MLN64, and
STARDS [10]. While a role in cholesterol transport has been proposed for these proteins,
whether they truly function as transporters, and their potential mechanisms of action, remain
uncertain.

3. Endogenous and exogenous sources of cellular cholesterol

The total cellular pool of cholesterol consists of that which is endogenously synthesized, that
which is delivered to cells from exogenous sources, largely by receptor mediated
endocytosis of low density lipoproteins (LDL) but also to some extent by bulk phase
endocytosis of circulating lipoproteins [11], and that which is released from storage as fatty
acid esters by cholesteryl ester hydrolase activity [2]. De novo cholesterol synthesis occurs
largely in the endoplasmic reticulum, and transfer from the endoplasmic reticulum (ER) to
the plasma membrane (PM) is rapid, with a half time of approximately 15 min [12]. The
majority of ER to PM transfer of cholesterol does not appear to be vesicle-mediated and is
independent of passage through the Golgi apparatus [13, 14]. The process has been shown to
be ATP-dependent, although the underlying mechanism of this energy dependence is not
understood [15]. A role for caveolin in accelerating cholesterol transfer to the plasma
membrane has been demonstrated [16].
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Exogenous cholesterol is delivered to cells primarily by the well-studied LDL receptor
pathway [reviewed in [17]], in which clathrin-coated endocytic vesicles lose their coats and
fuse to form larger vesicles termed early endosomes. These acidic vesicles sort specific
endocytosed molecules to the trans-Golgi network, and receive numerous hydrolase
enzymes from the TGN, developing into late endosomes and lysosomes, with luminal
acidity increasing directly with endo-lysosomal vesicle maturation [18-21]. LDL cholesterol
enters the endocytic pathway in the form of cholesteryl esters as well as free cholesterol.
The esters are hydrolyzed by an acid-optimum cholesteryl ester hydrolase activity [22], and
unesterified cholesterol is trafficked from the endo/lysosomal compartment to the plasma
membrane and the ER. Since the time of arrival of LDL-derived cholesterol at the ER, as
monitored by ACAT1 esterification, is two to three times slower than its arrival at the PM,
as monitored by extracellular cyclodextrin extraction, and, as mentioned above, since
cholesterol movement from PM to ER is quite rapid, it is likely that the major route of
trafficking for endo/lysosomal cholesterol is directly to the PM [22,23]. Recent studies have
indicated that a substantial fraction of transfer of cholesterol from the endosomal system
passes through the trans-Golgi network prior to arrival at the ER, in a process involving
vesicle trafficking [24].

4. Endo/lysosomal cholesterol transport: insights from NPC disease

5. NPC1

While the precise molecular mechanisms of egress of endo/ lysosomal cholesterol remain
largely unknown, important insight into the process has been gained from studying
Niemann-Pick C (NPC) disease cells. NPC is an autosomal recessive disorder that exhibits
impaired neuronal and visceral cell trafficking of cholesterol and other lipids, including
glycolipids. Specifically, disease cells were found to exhibit marked lipid accumulation in
the late endosomal and lysosomal compartments, which indicated that the underlying
problems were related to malfunctioning of these organelles. Indeed, identification of the
two genes responsible for NPC disease has focused attention on lipid trafficking in the
endosomal-lysosomal vesicle system [reviewed in [25,26]].

Two complementation groups for NPC are thought to account for all disease cases. The
large majority of cases are caused by mutation of the NPC1 gene, identified in 1997 by
positional cloning [27]. The gene for the second complementation group, which accounts for
approximately 5% of disease cases, was identified as NPC2 from a proteomic screen of
mannose-6-phosphorylated proteins [28]. As will be discussed below, both NPC1 and NPC2
gene products are localized primarily in the late endosomal and lysosomal (LE/LY)
compartments, and their structural, biochemical, and transport characteristics suggest that
both are involved in the normal egress of cholesterol from these organelles.

The NPC1 gene has been mapped to chromosome 18q11-12, spans more than 47 kb, and
contains 25 exons which range in size from 74 to 788 nucleotides, and introns which range
from 0.097 to 7 kb in length [29-31]. The human NPC1 protein is a 1278 amino acid
transmembrane glycoprotein with 13 putative transmembrane helices, three large
hydrophilic domains that project into the lumen of the endo/ lysosomes, as well as four
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small luminal loops, six small cytoplasmic loops, and a cytoplasmic tail [32]. Over 200
disease-causing mutations have been identified in the NPC1 gene [33,34].

The region between the third and seventh transmembrane helices of NPC1, comprising
amino acid residues 615 to 797, is considered a sterol sensing domain (SSD) based upon
sequence homology to the SSD of several other membrane proteins, including the
morphogen receptor Patched [35,36], the sterol-sensing protein SCAP (Sterol regulatory
element binding protein cleavage activating protein), the rate determining enzyme of
cholesterol biosynthesis 3-hydroxy-3-methylglutaryl-CoA reductase [32,35,37] and a protein
with 51% homology to NPC1, NPC1L1, which has been shown to be the target of the
dietary cholesterol absorption inhibitor ezetimibe [38-40]. The SSD in NPC1 has been
shown to bind a photoactivatable cholesterol analog in cells, and a known loss-of-function
mutation in the SSD markedly inhibited the binding [41,42]. The NPC1 SSD may also be
involved in protein stability, as this same loss-of-function mutation, P691S, caused a
decrease in NPC1 unbiquitination secondary to cellular cholesterol depletion [41,42]. It has
also been found that homologous mutations in the SSD's of SCAP and NPC1 lead to
increased activities of both proteins [36]. Finally, it has been suggested that a motif in the
SSD is important for NPC1 localization in late endosomes [43]. Thus, while the exact role of
the NPC1 SSD is not certain, it appears to be necessary for protein function and normal
cholesterol egress from the late endosome/lysosome compartment.

The first luminal domain of NPC1 (amino acids 25-264), called the N-terminal domain
(NTD) and also the NPC1 domain, contains several conserved cysteine residues and a
leucine zipper motif. Interestingly, when this domain was expressed as a soluble protein,
high affinity binding to cholesterol and side-chain oxysterols was found [44], suggesting the
NTD as a possible sterol binding site for NPC1. Yet the full length NPC1 protein with a
Q79A mutation, which interrupts the sterol binding by the NTD, can still rescue the
cholesterol-accumulation phenotype of NPC1 deficient cells [45], suggesting that a
cholesterol binding site(s) other than the NTD may be present in the NPC1 protein, possibly
in the SSD. Reconstitution of the full length NPC1 protein in detergent micelles was
recently reported, and results using fluorescent cholesterol analogues demonstrated a 1:1
stoichiometry for sterol binding, with ligand buried within the protein and inaccessible to
aqueous phase quenchers [46]. While a much lower ligand: protein ratio was reported in an
independent study of purified full length NPC1 [44], both studies found that cholesterol and
side-chain oxysterol bound with sub-micromolar affinities. It remains to be seen whether
both the soluble NTD and membrane-localized sites, e.g. the SSD, participate in sterol
binding by full length NPC1.

The third luminal domain of NPC1 is a loop between amino acids 855 and 1098, located
between transmembrane helices 8 and 9 [32]. It is rich in conserved cysteine residues and
contains a ring-finger motif.This domain contains approximately 50% of described NPC1
missense mutations including 11061T, the most frequent mutation, accounting for about 20%
of cases in Western Europeans and resulting in a juvenile onset neurological disease [47].
Mutations that give rise to the so-called variant phenotype, which presents with mild
alterations in cellular cholesterol trafficking, are also primarily located in the cysteine-rich
domain [48-51].
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The other gene responsible for NPC disease, NPC2, maps to chromosome 14qg24.3, is 13.5-
kb long, and contains five exons ranging in size from 78 to 342 bp [28]. The NPC2 protein
had been previously studied as HE1, a major secretory protein of the human epididymus
shown to bind cholesterol with micromolar affinity [52]. In defining the proteome of
lysosomally targeted mannose-6-phosphorylated proteins from human brain, HE1 was
identified; subsequent studies definitively demonstrated it to be the second NPC gene, in
that it was absent or mutated in fibroblasts from NPC2 patients, and since exogenous
addition of purified protein was able to correct the cholesterol-accumulation phenotype of
NPC27/~ cells [28]. Thus, the NPC2 gene encodes a small soluble glycoprotein found
inlysosomes and secretory fluids such as milk, epididymal fluid, bile, and plasma [28,53—
55]. The mature human NPC2 has 132 amino acids, with an additional 19 amino acid signal
peptide (Fig. 1). The crystal structure of unliganded bovine NPC2 shows an
immunoglobulin-like p-sandwich fold consisting of seven -strands arranged in two p-sheets
[56]. The topology of NPC2 was found to be identical to that of three other members of the
MD-2-related lipid recognition domain family, GM2 activator protein [57] and the dust mite
allergens Der 2 and Der p2 [58,59]. The loosely packed hydrophobic core of apo NPC2 was
suggested to be an incipient, internal ligand binding pocket [56]. The recent report of holo
bovine NPC2 with cholesterol sulfate bound indeed demonstrated that the incipient binding
pocket, present as several adjacent small cavities, expands to accommaodate a closely
sequestered steroid nucleus, with the protein -strands separating slightly and with
substantial side chain reorientation, to accommodate the bound ligand [60]. In the holo
NPC2 structure, the 3-position sulfate moiety is the only portion of the ligand in contact
with bulk solvent, and the cholesterol iso-octyl side chain is buried deep in the protein
interior (Fig. 2) [60].

Both the NPC2 crystallographic structure and biochemical studies show that NPC2 binds
cholesterol with a 1:1 stoichiometry [60]. Binding affinities ranging from 30 nM to 2uM
have been reported using different methods [45,52,61,62]. A variety of cholesterol-related
molecules can also bind to NPC2, including precursors of cholesterol biosynthesis such as
desmosterol, plant sterols such as p-sitosterol and the fluorescent dehydroergosterol, some 3-
position cholesteryl esters (cholesterol acetate and cholesterol sulfate but not cholesterol
esterified with long chain fatty acid), and some but not other side-chain oxysterols, the latter
binding more weakly than cholesterol [45,52,56,62]. Depending upon the position on the
sterol molecule, addition of a hydrophilic moiety on the cholesterol side chain, such as a
hydroxyl group at position 25, may inhibit the binding to NPC2, whereas additions at the 3-
hydroxyl position either inhibits binding entirely, or may induce higher affinity binding,
such as found with cholesterol sulfate. The discrimination is likely due to the solubility and
self-association properties of the particular ligand rather than an inherent property of the
NPC2 binding site, since the 3 position of the cholesterol A ring is exposed to solvent and
does not interact with NPC2 [60,62]. One report indicates that NPC2 may function in
dimeric form to transfer specific glycolipids on and off of CD1d in natural killer (NKT) cells
[63], however others have not found that NPC2 forms dimers, and it has been reported not to
bind glycolipids [62].
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The primary structure of NPC2 contains three potential N-glycosylation sites at positions 19,
39, and 116. Purified NPC2 protein is composed of different glycosylated isoforms [62,64].
It has been found that Asn-19 is never glycosylated, while Asn-39 is always linked to an
endo H-sensitive oligosaccharide, and Asn-116 may be unglycosylated or modified with
either endo H-sensitive or endo H-resistant oligosaccharides [62]. The Asn-39 modification
is suggested to be necessary for proper NPC2 targeting to lysosomes while the Asn-116 is
non-essential [62,64,65]. Importantly, all the glycoforms are able to bind cholesterol, and all
can effectively deplete the cholesterol accumulation of NPC2-deficient fibroblasts [62].
While one report indicated an aberrant glycosylation pattern for NPC2 in NPC1-deficient
mouse liver and suggested that the cholesterol transport deficiency in NPC1 disease may
arise from defects in the NPC2 protein [65], there is considerable heterogeneity in
glycosylation of NPC2 in different tissues [66]. Moreover, the glycosylation pattern of the
lysosomal protease tripeptidyl-peptidase 1 also changes in both NPC1-and NPC2-deficient
mouse liver, suggesting that alterations in glycosylation are a secondary effect of disease (P.
Lobel, personal communication).

7. Cholesterol binding and NPC2 function

There is some debate as to whether the cellular phenotype of NPC disease is due to aberrant
trafficking of cholesterol or whether defects in other lipids which are also known to
accumulate in the LE/LY compartment in affected cells, in particular glycolipids, are the
primary cause of cellular and whole body symptoms. It has been proposed that malfunction
of glycolipid metabolism or transport may cause a secondary defect in lysosomal cholesterol
egress [67-69]. Recently, it was suggested that NPC disease is initiated by sphingosine
accumulation which, in turn, depletes organelle calcium stores, thereby leading to
accumulation of cholesterol, sphingolipids, and glycolipids [70]. As both of the identified
NPC gene products have been shown to directly bind cholesterol and other sterols, rather
than such other lipids, an argument for defective cholesterol transport can be made on that
basis. The fact that sterol binding is required for function makes the case more compelling.
For NPC1, marked reduction of sterol binding was demonstrated for the SSD point mutants
P692S and Y635S, which are known to be unable to correct the cholesterol accumulation of
deficient cells [41].

For NPC2, the case is stronger still. It has been clearly demonstrated that cholesterol binding
is necessary for the protein to function normally in cellular cholesterol homeostasis. In an
important study of NPC2 structure-function relationships, it was found that in order for
NPC2 to restore normal cholesterol levels in human NPC2/~ fibroblasts, it was necessary
that it bind cholesterol with high affinity. Thus, in contrast to wild type NPC2, point
mutations that disrupt cholesterol binding were unable to clear the elevated cholesterol
levels when added to NPC2~/~ cells [61]. It was of great interest, in addition, that three point
mutations were identified in which cholesterol binding was essentially normal, but the
modified proteins remained unable to correct the cholesterol accumulation phenotype of
diseased cells [61]. This suggested that cholesterol binding by NPC2 was necessary but not
sufficient for normal functioning of the protein, and indicated that NPC2 may have not only
a sterol binding function, but perhaps also a cholesterol transport function that is distinct
from sterol binding at the protein structure level.
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8. The cholesterol transport function of NPC2

A potential cholesterol transport function for NPC2 has been demonstrated with in vitro
methods. By using the endogenous tryptophan fluorescence of NPC2, the rate of transfer of
cholesterol from purified human NPC2 to model membrane vesicles has been directly
determined. When cholesterol binds to NPC2, its tryptophan signal is quenched, with
stoichiometric binding resulting in a 20 to 30% reduction in tryptophan fluorescence [71].
Upon subsequent addition of acceptor phospholipid vesicles, the rate of transfer of
cholesterol from the NPC2 protein to the membranes can be monitored directly by the
increase in tryptophan fluorescence as a function of time. In order to distinguish between an
aqueous diffusion-mediated cholesterol transfer mechanism, and one in which cholesterol
transfer occurs during NPC2-membrane interactions, the rate of cholesterol transfer from
NPC2 to membranes was assessed as a function of membrane phospholipid concentration
and composition. In an aqueous diffusion transfer mechanism, alterations in neither acceptor
concentration nor its chemical composition would alter the rate of ligand transfer, since the
rate determining step would be dissociation of the ligand from the protein. In a collisional
mechanism, by contrast, the ligand transfer rate would be expected to increase in direct
proportion to protein-membrane ‘collisions,” and would likely be affected by changes in the
acceptor membrane composition as well [71-73].

To test whether NPC2 can transfer cholesterol to membranes by a protein-membrane
interaction mechanism, the theoretical number of collisions between small unilamellar egg
phosphatidylcholine membrane vesicles and NPC2 was modified by varying the
concentration of SUV phospholipid. The rate of cholesterol transfer from NPC2 increased in
proportion to the frequency of NPC2-membrane interactions, suggesting a collisional
mechanism of transfer. Moreover, incorporation of several anionic phospholipids including
phosphatidylserine, phosphatidylinositol, or lyso-bis phosphatidic acid (LBPA, also known
as bis(monoacylglycerol)phosphate, BMP), into the acceptor membranes resulted in
increased cholesterol transfer rates relative to the zwitterionic phosphatidylcholine vesicles,
particularly with membranes containing LBPA,; inclusion of sphingomyelin resulted in a
decreased rate of cholesterol transfer. It was also found that cholesterol transfer from NPC2
was most rapid at acidic pH, in keeping with its localization in the acidic LE/LY
compartment [71]. The results imply that NPC2 can not only bind cholesterol but can also
transfer it to membranes very rapidly. Indeed, the absolute cholesterol transfer rates were
orders of magnitude faster than off-rates of cholesterol from NPC2 into aqueous buffer [61].
The transfer of cholesterol is likely to involve NPC2-membrane contacts, with electrostatic
interactions important in formation of the putative protein-membrane complex [71].

The late endosomal-lysosomal compartment contains not only a limiting outer membrane
that borders the cytosol but also numerous internal membranes [74] (Fig. 3). It has been
shown that LBPA is particularly rich in these internal membranes [75,76]. Recent studies
have examined the process of cholesterol transport from membranes to the NPC2 protein, as
well as the effect of NPC2 on inter-membrane sterol transport, so as to model the transfer of
cholesterol from internal LE/LY membranes to the limiting organellar membrane. The
results indicate that NPC2 can markedly accelerate the rates of cholesterol transport from
and between membranes, as well as the extent of cholesterol transfer [77,78]. Further, it was
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shown that transfer occurs by direct NPC2-membrane interactions [78]. The proposed
collisional mechanism of NPC2 action was supported by results of FTIR and fluorescence
spectral shift studies, which indicated that NPC2 is likely binding at the membrane surface
without penetration into the bilayer hydrophobic core [78]. Additionally, the rate and extent
of cholesterol transfer by NPC2 is significantly increased by LBPA [77,78], and reduced by
an anti-LBPA antibody [78], further supporting a critical role for this unique phospholipid in
endo/lysosomal cholesterol trafficking [78].

A specific role for LBPA in cholesterol transport by NPC2 is further suggested by studies
which showed that treatment of cells with an anti-LBPA antibody resulted in an NPC-like
phenotype characterized by substantial cholesterol accumulation [79]. LBPA is known to
accumulate along with cholesterol in NPC cells [80], perhaps as a compensatory attempt to
increase cholesterol clearance. Further, recent studies have shown that LBPA may be
involved in regulating the level of late endosomal cholesterol via its interaction with the
protein Alix, which is involved in intralumenal multivesicular membrane fusion and sorting
events [81]. Interestingly, addition of LBPA to NPC1~/~ fibroblasts by liposome incubation
was shown to partially relieve the intracellular cholesterol accumulation [81]. It is possible
that LBPA may serve a general role in facilitating the normal lipid transport and enzymatic
functions of the LE/LY compartment, as in vitro studies of glycosphingolipid hydrolysis
showed that LBPA works in concert with sphingolipid activator proteins to increase the
extent of substrate hydrolysis [82,83].

The in vitro studies of sterol transfer by NPC2 strongly suggest that it can function as a
cholesterol transporter. A key finding is that the absolute rates of cholesterol transfer found
in vitro for NPC2, up to 10 s~2, are very rapid, and likely sufficient to account for the rapid
egress of cholesterol from NPC27/~ cells upon addition of wild type protein to the media
[61,71,78]. Studies that examined the transfer of cholesterol between NPC2 and the soluble
N-terminal domain (NTD) of NPC1, and between each of the proteins and membrane
vesicles, showed that only NPC2 and not the NPC1 NTD was able to effectively transfer
cholesterol to or from an acceptor, and that transfer was sufficiently rapid as to preclude
quantification [84]. In the cell, it is possible that the delivery of NPC2-bound cholesterol can
occur either following extrinsic interactions with the phospholipid bilayer, upon which
cholesterol exits the protein binding pocket; subsequently the sterol could reach a putative
transmembrane transporter via lateral diffusion in the plane of the membrane, or it could flip
across the limiting LE/LY membrane and become accessible for transfer to the plasma
membrane or other destinations [5]. Alternatively, liganded NPC2 could interact directly
with NPC1 or another lysosomal membrane protein, resulting in the movement of
cholesterol from NPC2 to the membrane protein, which then directs the egress of cholesterol
out of the lysosome (Fig. 3). Either of these scenarios is consistent with the rapid clearance
by NPC2 of accumulated cholesterol in NPC27/~ fibroblasts [61].

Overall, it is very likely that for NPC2 to function properly in situ, it must not only bind
cholesterol, but also transfer/transport it—from, perhaps, a particular membrane domain in
the inner LE/LY membranes—to, perhaps, a specific domain or protein in the limiting
membrane. Preliminary studies have examined the in vitro sterol transfer properties of the
three NPC2 mutant forms that were previously shown to bind cholesterol but were unable to
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function at the cellular level to alleviate the cholesterol accumulation caused by NPC2
deficiency, Lys 75, Asp 72, and Arg 32 (Fig. 2) [61]. They are all charged residues and the
NPC2 tertiary structure shows them to be on the surface of the protein, which is consistent
with the formation of electrostatic interactions with target membranes and/or proteins. All
three point mutants had markedly slower rates of cholesterol transfer to membranes
compared with the native NPC2 (unpublished observations). The protein structure shows
that while two of these residues are located in close proximity to each other and far from the
opening of the ligand binding pocket, the third residue is situated closer to the opening. This
suggests that there may be more than one interactive domain on the surface of NPC2.

9. (How) do NPC2 and NPC1 interact?

This remains a crucial question for the understanding of intracellular cholesterol transport.
That both proteins are operative in the trafficking of LDL-derived cholesterol in the endo/
lysosomal vesicle system is generally agreed upon, but whether they work in concert,
interacting at the functional and potentially at the structural levels, is not yet certain. It is
worth noting at the outset that direct protein— protein interactions for NPC2 with NPC1 have
not been reported as of now.

It was known for some time that there were two complementation groups for the assemblage
of pathophysiological symptoms manifested in NPC patients. Since discovery of the two
NPC genes, the seemingly inseparable phenotypes of patients with NPC1 disease and NPC2
disease has been further documented, although this is complicated by the multiple types of
mutations identified in each of the genes, which lead to a range of disease onsets, symptoms,
and severity [34,85-87]. A direct comparison of mice null for Npc1, an Npc2 hypomorph
expressing 0 to 4% residual protein depending on the tissue, and an Npc1/Npc2 double
mutant strain showed that all three murine models were phenotypically similar in disease
progression, neurological and visceral pathology, and biochemistry of cholesterol and lipid
accumulation, providing important evidence for functional cooperativity between the two
proteins [66]. Functional interactions are also suggested by the compensatory increases in
Npc2 expression observed in the Npcl null mouse liver and brain, and in human NPC17/~
fibroblasts [55,88,89]. Conversely, cells deficient in mannose-6-phosphate receptors, which
were found to secrete almost all their NPC2 and have very little intracellular NPC2, were
found to have increased NPC1 expression [90]. In addition, both NPC2 and NPC1 genes are
coordinately upregulated by LXR agonists in human macrophages [91].

Whether the apparent functional interaction between NPC1 and NPC2 is based on a
physical/biochemical interaction between the two proteins would seem to depend, at
minimum, on their residing in the same subcellular compartment. At present, more
information is available about NPC1 localization than about NPC2. Many studies indicate a
late endosomal site for NPCL1 in various cell types using a variety of localization methods
[64,92-97]. This might be expected since NPC1 has a C-terminal di-leucine motif, which
has been shown to be necessary and, for other proteins, sufficient for targeting membrane
proteins to the endosomal compartment. For NPC1, however, it was found that this motif
was not sufficient for late endosomal targeting, and a site in transmembrane domain 3 in the
SSD was reported to act as an endosomal targeting signal [43]. NPC1 has also been
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variously reported to be partially localized to other subcellular sites including endoplasmic
reticulum, caveolin-1 rafts, and the trans-Golgi network [92-94]. Examination of an NPC1-
fluorescent protein fusion in live Chinese hamster ovary cells showed that a fraction of
NPC1-containing organelles moved rapidly between perinuclear regions and the periphery
of the cell, sometimes in association with strands of ER [98].

The soluble protein NPC2 is targeted to a mannose-6-phosphate receptor-positive lysosome/
late endosome compartment [28,90], and localized to the lysosome by subcellular
fractionation [28]. Several investigations have addressed the localization of both proteins
simultaneously. NPC2 is consistently found in the lysosomal compartment, and although a
suggestion of separate localization from NPCZ1has been considered, several studies report
substantial or partial overlap of the two proteins [24,64,97,99]. In one study, NPC1 and an
NPC2-fluorescent protein fusion were observed in live cells, and it was shown that in the
regions of colocalization, NPC2 was observed in the core while NPC1 was at the periphery
of the organelle [97]. This is consistent with NPC1 being present in the limiting membrane
and NPC2 in the lumen of the lysosome, available for interaction with internal LE/LY
membranes.

Overall, the highly dynamic nature of the endocytic recycling system, coupled with inherent
limitations of antibody specificity, cell fixation, ectopic fusion protein localization, and
subcellular fractionation approaches, coupled with the potential for intrinsic cell-type
differences, makes the question of colocalization of the integral membrane protein, NPC1,
and the soluble protein, NPC2, surprisingly difficult to answer definitively. Nevertheless, the
localization data to date suggest that NPC2 and NPC1 are likely to have at least partial
temporal overlap in the same vesicular compartment(s).

A comparison of the binding specificities for NPC2 and NPC1 also affords insight into their
potential interactions. The simplest model of interaction is one in which the proteins bind the
same ligand sequentially, effecting vectorial transport out of the LE/LY compartment. This
sequential binding could involve protein—protein interaction, but does not require it. NPC2 is
clearly a cholesterol binding protein, as demonstrated consistently by a variety of methods
[52,56,61,62,71,84]. The tertiary structure of the cholesterol sulfate-NPC2 complex provides
further evidence that unesterified cholesterol binds in an interior pocket [60]. For NPC1, it is
also likely that cholesterol is a ligand for the protein. As mentioned earlier, labeling with a
photoactivatable cholesterol analogue was demonstrated, and two recent reports of NPC1
purification also demonstrate cholesterol binding [41,44,46]. Both NPC1 and NPC2 also
bind the fluorescent sterols dehydroergosterol and cholestatrienol [46,56,78]. Nevertheless, a
seemingly more robust binding of the oxysterol 25-hydroxy-cholesterol (25-OH-C) was
shown by the displacement of cholesterol binding to NPC1 by 25-OH-C, but not of 25-OH-
C by cholesterol [44]. Indeed, although binding data for both NPC2 and NPC1 are relatively
limited, with only one paper extensively examining substrate specificities for NPC2 [62] and
only one comparing both NPC2 and the NPC1-NTD in a single study [45], there appear to
be distinct differences between the two proteins. In particular, both full length reconstituted
NPC1 and the NPC1-NTD bind side-chain oxysterols but not ring-modified oxysterols [44—
46]. In contrast, NPC2 was found not to bind 25-OH-C, and to exhibit only weak if any
binding of 24-OH-C and 27-OH-CJ[44,62]. Further, while cholesterol sulfate was shown to
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bind even more avidly to NPC2 than cholesterol (likely because of its greater aqueous
solubility rather than because of inherent NPC2-dependent differences), it was reported not
to bind to NPC1-NTD [45,62]. Taken together, the substrate specificities of NPC1 and
NPC2 show some overlap, perhaps most importantly in cholesterol binding, indicating that
they could interact to efficiently traffic LDL-derived cholesterol and maintain the normally
low cholesterol levels found in late endosome/lysosome compartment. Nevertheless,
apparent differences in ligand binding profiles, particularly with regard to the regulatory
side-chain oxysterols, could also point to functional divergences.

10. Summary and perspectives

In summary, from the evidence to date it appears that NPC2 has the properties of a protein
that could traffic cholesterol rapidly in an acidic milieu enriched in endo/lysosome-specific
phospholipids. The NPC2 and NPC1 proteins reside in the same subcellular compartment at
least partially and at least some of the time, and cholesterol binding by both proteins is
likely. Are they functioning together, in a direct manner, to transport cholesterol? As
mentioned earlier, recent studies examined cholesterol transfer between NPC2 and the
soluble NPC1-NTD, from each of these proteins to phosphatidylcholine vesicles, and from
vesicles to each of the proteins in the presence or absence of the other. The results showed
that in these systems, only NPC2 was effective at stimulating rapid cholesterol transfer, and
that the NPC1-NTD showed little effect in the absence of NPC2. NPC2 appeared to be
equally effective at transferring cholesterol to membranes or to NPC1-NTD [84]. It will be
of interest to determine whether the full length NPC1 provides evidence for more direct
interactions with NPC2, however from a functional perspective it remains possible that the
two proteins act in a common pathway but do not require direct interactions, rather
organellar membrane lipids provide the requisite intermediate in cholesterol trafficking. In
addition, the identification of NPC1 as a 25-hydroxycholesterol binding protein indicates it
may have a more specific role in oxysterol metabolism, one that is functionally supported by
NPC2 by promoting the egress of cholesterol from the LE/LY to sites of oxysterol
biogenesis [100].
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Abbreviations

ER endoplasmic reticulum

LDL low density lipoprotein

LE/LY late endosome/lysosome compartment

NPC1 Niemann-Pick C1 protein

NPC2 Niemann-Pick C2 protein

PM plasma membrane

SCAP sterol regulatory element binding protein cleavage activating protein
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K75
D72

R32

Fig. 1.
Crystal structure of bovine NPC2 (bNPC2)-cholesterol sulfate complex (PDB ID: 2HKA).

Structures generated with Accelrys DS Visualizer (www.accelrys.com). (A) Solid ribbon
style, colored by secondary structure type. R32, D72 and K75 are highlighted; these residues
in bNPC2 are identical or homologous to those identified in murine NPC2 as being able to
bind cholesterol normally, but as unable to clear the cholesterol accumulation in NPC2-
deficient cells [61]. (B) Solvent surface style, with probe radius of 1.4 A, colored by
electrostatic potential — red indicates positively charged, blue indicates negatively charged,
and white indicates neutral residues.
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KGQSYSVNVT 41

bovine MRFLTVAFLFLALSASALRA ' 41
dog MRLLVAAFLLLALGDLGPG T 41
pig MHFLAAAFLLLTLSASALA E T 41
mouse RFLAATILLLALVAASQA NIT 41
rat LTPTILLLALVAATQA T 41
human MGVPVPFPIPEPDGCKSGINCPIQKDETYSY 101
bovine FTSNTQS VMGIPVEFFPIPESDG GIRCPIEKDETYN 101
dog FTSNIPSQ [LGVAVPFPIPEADG NCPIQKDKT 101
pig FTS GVPIPFPIPDPDGCKSGINCPIQKDOTYSYLNKLPVKAEYP 101
mouse NSTALVHGILEGIRVPFPIPEPDGCKSGINCPIQEDEVYSYLNKLPVKNEYP 101
rat GTQSQNSTALVHGILAGVPVYFPIPEPDG 3 QKDEVYSYLNKLPVESEYP 101
human SIKLVVEWQLQDDENQSLFCWEIPVQIVSHL 132
bovine SIKVVVEWELTDDENQ CWQIPIEVEA-- 130
dog SIKLVVOWMLLGDNNQHLFCWEIPVQIEG-- 130
pig SIKLVVEWKLQDDNDO( Ji 130
mousge SIKLVVEWKLEDD 130
rat SLELVVEWKLQDD 130
Fig. 2.

Alignment of mammalian NPC2 sequences. The 19 amino acid signal sequences are shown.
NPC2 sequences are numbered starting with the first amino acid after the signal peptide,
marked with an arrow. Residues with hydrophobic side chains are colored in red, and
residues with hydrophilic side chains are colored in blue (acidic), magenta (basic) and green
(neutral). * indicates identical residues, : indicates conserved residues, and . indicates semi-

conserved residues.
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Fig. 3.
Potential role of NPC2 in the egress of cholesterol from the late endosomal/ lysosomal

compartment. CE, cholesteryl ester; FA, unesterified fatty acid; LBPA/BMP, lyso-bis
phosphatidic acid, also known as bis(monoacylglycerol)phosphate.
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