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Background: Niemann-Pick C2 (NPC2) protein is essential for intracellular cholesterol trafficking.
Results: Several regions on the surface of NPC2 are integral to its cholesterol transfer properties, which include the promotion
of membrane-membrane interactions.
Conclusion: Rapid cholesterol transfer occurs via NPC2-mediated membrane interactions.
Significance: NPC2 may promote rapid efflux of late endosomal/lysosomal cholesterol by functioning at intra-lysosomal
membrane contact sites.

The cholesterol storage disorder Niemann-Pick type C (NPC)
disease is caused by defects in either of two late endosomal/
lysosomal proteins, NPC1 and NPC2. NPC2 is a 16-kDa soluble
protein that binds cholesterol in a 1:1 stoichiometry and can
transfer cholesterol between membranes by a mechanism that
involves protein-membrane interactions. To examine the struc-
tural basis of NPC2 function in cholesterol trafficking, a series of
point mutations were generated across the surface of the pro-
tein. Several NPC2 mutants exhibited deficient sterol transport
properties in a set of fluorescence-based assays. Notably, these
mutants were also unable to promote egress of accumulated
intracellular cholesterol from npc2�/� fibroblasts. The muta-
tions mapped to several regions on the protein surface, suggest-
ing that NPC2 can bind to more than one membrane simultane-
ously. Indeed, we have previously demonstrated that WT NPC2
promotes vesicle-vesicle interactions. These interactions were
abrogated, however, by mutations causing defective sterol
transfer properties. Molecular modeling shows that NPC2 is
highly plastic, with several intense positively charged regions
across the surface that could interact favorably with negatively
charged membrane phospholipids. The point mutations gener-
ated in this study caused changes in NPC2 surface charge distri-
bution with minimal conformational changes. The plasticity,
coupled with membrane flexibility, probably allows for multiple
cholesterol transfer routes. Thus, we hypothesize that, in part,
NPC2 rapidly traffics cholesterol between closely appositioned
membranes within the multilamellar interior of late endosomal/

lysosomal proteins, ultimately effecting cholesterol egress from
this compartment.

Niemann-Pick type C (NPC)2 disease is a lysosomal lipid
storage disorder specifically characterized by the accumulation
of unesterified cholesterol and glycolipids in the late endo-
some/lysosome (LE/LY) compartment. Over time, permanent
damage to cells and tissues occurs as a result of this excessive
lipid storage, particularly in the brain, peripheral nervous sys-
tem, liver, spleen, and bone marrow (1, 2). The accumulation of
cholesterol in this rare, autosomal recessive disorder is due to
mutations in either of two lysosomal proteins, NPC1 or NPC2,
which result in defective cholesterol trafficking. The mecha-
nisms by which these proteins lead to cellular cholesterol egress
are only beginning to be understood at the molecular level.

NPC1 is a polytopic transmembrane protein residing in the
limiting lysosomal membrane. It contains a transmembrane
sterol-sensing domain, binds cholesterol in its soluble N-termi-
nal domain (3–5), and has recently been shown to bind oxys-
terol derivatives in a different, as yet unidentified, ligand bind-
ing site (6). NPC2, in contrast, is a small, 132-residue soluble
intralysosomal protein. It has also been shown to bind choles-
terol, with 1:1 stoichiometry (7, 8), and we have shown in vitro
that it rapidly catalyzes cholesterol transfer between mem-
branes via direct protein-membrane interactions (9, 10). Nota-
bly, sterol transport rates by NPC2 are dramatically enhanced
by the unique LE/LY phospholipid lysobisphosphatidic acid
(10), which is enriched in intralysosomal membranes (11, 12).

NPC2-deficient cells and mouse models accumulate free
cholesterol in late edosomes/lysosomes, highlighting the essen-
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tial role of NPC2 in normal cholesterol egress from this com-
partment. Although the structural basis for the cholesterol
transport function of the protein remains largely unknown, one
particular report has been informative in this regard. Prior to
the availability of the NPC2 tertiary structure, Ko et al. (13)
used site-directed mutagenesis of evolutionarily conserved res-
idues and made the important observation that NPC2 point
mutants unable to bind cholesterol could not reverse choles-
terol accumulation in npc2�/� fibroblasts, thus demonstrating
the functional requirement for cholesterol binding by NPC2 for
the first time. Interestingly, they also described three point
mutations in NPC2 that, despite normal cholesterol binding
affinity, were nevertheless ineffective in npc2�/� cell choles-
terol clearance (13). We hypothesized that these three residues
were probably important in cholesterol transport, and the ter-
tiary structure of NPC2 later revealed that all three were on the
protein surface (7). More recently, it has been suggested that
NPC2 directly transfers cholesterol to the luminal N-terminal
domain (NTD) of NPC1 (3, 5, 14). Thus, the final step in cho-
lesterol egress from the LE/LY compartment may involve sterol
transfer between the two proteins, although direct interactions
between NPC2 and the NPC1 NTD have not as yet been dem-
onstrated (5).

In the present studies, we show that the three mutants iden-
tified by Ko et al. as being able to bind cholesterol normally but
unable to “rescue” the cholesterol accumulation phenotype of
NPC2-deficient cells (13) are markedly ineffective in transfer-
ring cholesterol between membranes. Several other point
mutations on the surface of NPC2 also result in deficient cho-
lesterol transfer properties and, interestingly, appear to form
multiple regions on the surface of the protein. This observation
suggests the potential for NPC2 to promote membrane-mem-
brane interactions and to perhaps form bridges between mem-
branes, as occurs at so-called membrane contact sites (MCSs)
(15–17). Our laboratory and others have previously shown that
WT NPC2 promotes interactions between membranes (18, 19).
Computational modeling described here shows significant
plasticity in NPC2, which may allow for multiple mechanisms
of sterol transfer. It is thus possible that NPC2 stimulates rapid
transfer of cholesterol at zones of close apposition between
membranes, as exist in the interior of multivesicular endo/lyso-
somes (20), ultimately leading to cholesterol egress from the
LE/LY compartment.

Experimental Procedures

Materials—Cholesterol was obtained from Sigma. Egg phos-
phatidylcholine (EPC), dehydroergosterol (DHE), dansyl
phosphatidylethanolamine (dansyl-PE), nitrobenzoxadiozole
(NBD)-phosphatidylcholine and lissamine rhodamine-PE were
from Avanti (Alabaster, AL). Filipin III was obtained from
Fisher. Human fibroblast cells from an apparently healthy
donor (GM03652) and from an NPC2 patient (GM18455) were
from Coriell Institute of Medical Research (Camden, NJ).

Generation and Purification of NPC2 Mutants—Point muta-
tions were generated with the Stratagene QuikChange site-di-
rected mutagenesis kit, using a Myc His6-tagged murine NPC2
plasmid (13). Wild type and mutant Myc His6-tagged NPC2
proteins were purified from transfected CHO KI cells as

described previously (10, 13), using a 10 kDa cut-off flow filtra-
tion membrane to initially concentrate conditioned media
(Millipore, Bedford, MA).

Cholesterol Binding by NPC2—NPC2 has two tryptophan
residues at positions 109 and 122, and binding of cholesterol by
the protein results in quenching of the endogenous tryptophan
fluorescence. Thus, cholesterol binding by WT and mutant
NPC2s was determined by incubating the proteins with
increasing concentrations of cholesterol and monitoring the
quenching. A 50 mM stock solution of cholesterol was prepared
in DMSO. Proteins in citrate buffer (20 mM sodium citrate, 150
mM NaCl, pH 5.0) were incubated with increasing concentra-
tions of cholesterol for 20 min at 25 °C. The final concentration
of DMSO was �1% (v/v). Equilibrium binding constants were
determined by a hyperbolic fit of the data using Sigma Plot
software (San Jose, CA).

Membrane Vesicle Preparation—Small unilamellar vesicles
were prepared by sonication and ultracentrifugation as
described previously (9, 10, 21). Vesicles were maintained at
temperatures above the phase transition temperatures of all
constituent lipids. Standard vesicles were composed of 100 mol
% EPC. 25 mol % DHE and 3 mol % dansyl-PE were substituted
for EPC in the donor and acceptor vesicles, respectively, used in
the intermembrane sterol transfer assays. All vesicles were pre-
pared in citrate buffer. For the preparation of large unilamellar
vesicles (LUVs), EPC dissolved in chloroform was dried under
nitrogen for 1 h to create a lipid film and resuspended in citrate
buffer, forming multilamellar structures. The lipid suspension
was placed alternately on dry ice and in a water bath above 37 °C
for seven freeze-thaw cycles, followed by extrusion through a
100-nm pore membrane (Avestin, Ottawa, Canada) using a
miniextruder (Avestin) for 11 passes. The final phospholipid
concentration of all vesicle preparations was determined by
quantification of inorganic phosphate (21).

Cholesterol Transfer from NPC2 to Membranes—The endog-
enous tryptophan fluorescence of NPC2 was used to monitor
cholesterol transfer from NPC2 to membranes, as detailed pre-
viously, using a stopped-flow mixing chamber interfaced with a
DX18-MV or SX20 spectrofluorometer (Applied Photophysics
Ltd., Leatherhead, UK) (9, 10). Conditions to ensure the
absence of photobleaching were established before each exper-
iment. Data were analyzed with the software provided with the
Applied Photophysics Instrument, and the cholesterol transfer
rates were obtained by exponential fitting of the curves. All
curves were fit well by a single exponential function.

Intermembrane Transfer of Sterol—As described by Xu et al.
(10), the fluorescent cholesterol analog DHE was used in donor
membranes, and its fluorescence resonance energy transfer
(FRET) partner, dansyl-PE, was used in acceptor membranes.
Intermembrane transfer of DHE was measured by DHE
quenching or the sensitized emission of dansyl fluorescence
and was examined in the absence of or upon the addition of
apo-WT or mutant NPC2 protein (10). Conditions to ensure
the absence of photobleaching were established before each
experiment, and data were analyzed as described above.

Clearance of Cholesterol from npc2�/� Fibroblasts by WT
and Mutant NPC2s—Wild type and npc2�/� fibroblasts were
plated onto 8-well tissue culture slides (Nalgene) at a density of

Multiple Surfaces on NPC2 Facilitate Cholesterol Transport

27322 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 45 • NOVEMBER 6, 2015



�6,000 cells/well. A single dose of purified WT or mutant
NPC2 protein, at a final concentration of 0.4 nM, was added to
the culture medium 24 –36 h after cells were plated. Protein
uptake, probably via bulk phase endocytosis, delivers the added
NPC2 to the endosomal vesicle recycling system, and it has
been shown that the addition of WT NPC2 protein can “rescue”
the cholesterol accumulation phenotype in an NPC2 disease
model (5, 13). Three days following administration of protein,
cells were fixed and stained with 0.05 mg/ml filipin. Stained
cells were imaged on a Nikon Eclipse E800 epifluorescence
microscope using a �60 oil objective. The filipin stain area was
quantified with the accompanying NIS-Elements software
(Nikon Inc.), as described previously (10, 18).

Membrane Aggregation and Fusion—LUVs were mixed with
WT or mutant NPC2 proteins or bovine serum albumin (BSA),
and absorbance at 350 nm was used to monitor membrane-
membrane interaction (aggregation), as described by Schulz et
al. (22). Membrane fusion was assessed in two ways: mixing of
vesicle contents and mixing of membrane lipids. Monitoring
fusion by mixing of contents was done as described previously
(23) using 100 mol % EPC LUVs filled with �100 mM 5-car-
boxyfluorescein (5-CF), at which point the 5-CF is self-
quenched. Release of self-quenching (i.e. increase in fluores-
cence) was monitored upon mixing of 50 �M 5-CF-filled EPC
LUVs with 50 �M citrate buffer-filled EPC LUVs in the presence
of 1 �M WT NPC2, using �ex 493/�em 520 nm. As a positive
control, 5-CF-filled EPC LUVs were mixed with 1% Triton
X-100 lysis buffer, and absolute dequenching of the fluoro-
phore was monitored. Membrane fusion was also determined
using resonance energy transfer between NBD and rhodamine,
as developed by Struck et al. (24). Briefly, 50 �M EPC small
unilamellar vesicles containing 1 mol % NBD-phosphatidylcho-
line were mixed with 50 �M EPC small unilamellar vesicles con-
taining 1 mol % lissamine rhodamine-PE, in the absence or
presence of 1 �M WT NPC2. NBD is excited at 460 nm, and the
decrease in NBD fluorescence (�534) or the sensitized emission
of rhodamine (�571) upon mixing of the two vesicle populations,
indicative of membrane fusion, was monitored over time. All
experiments were conducted in citrate buffer at 25 °C. For each
membrane fusion assay, conditions were established to verify
the absence of photobleaching.

Computational Modeling of NPC2—The starting point for
modeling was the crystallographic structure of bovine NPC2
(Protein Data Bank entry 1NEP) (7, 25). The bovine and murine
proteins differ at several residue positions. Of these, only resi-
dues 29 and 32 were mutated in this study, both to alanine. To
create a modeling “wild type,” we changed bovine lysine 29 to
murine glutamine and bovine arginine 32 to murine lysine prior
to minimizing the conformational energy. This procedure was
used to maintain as many of the crystallographic coordinates as
possible. The modeling is thus kept as close to known experi-
mental data as possible. The resulting structure served as the
starting point for modeling the mutant proteins.

All proteins were minimized to convergence using Insight II
(Accelrys, San Diego, CA). In all cases, the structure was sur-
rounded by a 5-Å shell of water molecules to simulate solution
conditions. The models were all examined with Procheck (26,
27) and What_Check (28) to detect structural abnormalities.

With minor exceptions, the results were within normal limits
for crystallographic structures (26 –28). The electrostatic sur-
faces of the wild type and all mutants were calculated with the
APBS (adaptive Poisson-Boltzmann solver) plugin for PyMOL
(29, 30). Solvent-accessible surface areas were calculated with a
1.4-Å probe using the programs ACCESS (31) and BINS (32).
100% accessibility was estimated from the areas of amino acids
X in tripeptides of the form Gly-X-Gly in the extended confor-
mation. Molecular images were created with PyMOL (PyMOL
Molecular Graphics System, version 1.7.2.1 Schrödinger, LLC).

Results

Several Mutations on the Surface of NPC2 Prevent Efficient
Sterol Transfer—Although the NPC2 protein binds cholesterol
with high affinity, binding alone is not sufficient for egress of
cholesterol from the LE/LY compartment (13). Therefore, to
test the idea that surface residues on NPC2 might facilitate
cholesterol transfer between membranes, we constructed point
mutations of well conserved surface residues. All NPC2 point
mutants generated in this study bound cholesterol similarly to
WT protein (Table 1) with dissociation constants in the submi-
cromolar range. Having verified that the point mutations had
little or no effect on the cholesterol binding properties of the
protein, the ability of each mutant to transport sterol to mem-
branes or between membranes was assessed using the above
described kinetic transfer assays. As shown in Table 1, the
K97A, E99A, and K6A mutations had little effect on NPC2 ste-
rol transfer rates in the two independent assays. The K16A and
E70A mutations reduced sterol transfer rates by nearly half of
WT values in both the protein to membrane and the intermem-
brane sterol transfer assays, indicating that they may play some

TABLE 1
Cholesterol binding affinity and relative in vitro sterol transfer rates of
WT and mutant NPC2 proteins
The dissociation constants (Kd) for cholesterol were determined by tryptophan
quenching using 5 �M protein as described under “Experimental Procedures.” S.E.
values of 10 –15% were found for all proteins; n � 3 separate determinations. Cho-
lesterol transfer from 2.5 �M NPC2 proteins to 250 �M membranes or DHE transfer
from 50 �M donor to 250 �M acceptor membranes in the presence of NPC2 was
determined as described under “Experimental Procedures.” Kinetic data are pre-
sented relative to WT NPC2 transfer rates � S.E., and the mutants are listed in
approximately decreasing order of effects on transfer rates and membrane interac-
tion. Results are an average of n � 3 separate determinations. The absolute rate of
cholesterol transfer from WT NPC2 to membranes was 0.0367 � 0.0031 s�1,
whereas the intermembrane transfer rate of DHE in the presence of WT NPC2 was
0.0094 � 0.0006 s�1. ND, not determined.

Kd,
cholesterol

NPC2 to
membranes Intermembrane

�M

WT NPC2 0.37 1.00 1.00
K97A 0.27 0.93 � 0.038 0.70 � 0.050
E99A 0.48 0.90 � 0.048 0.75 � 0.040
K6A 0.30 1.1 � 0.027 0.56 � 0.029
K16A 0.36 0.54 � 0.012 0.40 � 0.021
E70A 0.30 0.35 � 0.019 0.43 � 0.022
E108A 0.29 0.14 � 0.003 ND
H31A 0.41 0.13 � 0.007 ND
Q29A 0.13 0.10 � 0.006 ND
K32A 0.19 �0.01 0.32 � 0.017
N39A 0.63 �0.01 0.26 � 0.014
K115A 0.33 �0.01 0.22 � 0.008
D85A 0.60 �0.01 0.21 � 0.012
K75A 0.27 �0.01 0.21 � 0.011
D72A 0.89 �0.01 0.17 � 0.009
D113A 0.31 �0.01 ND
I62D 0.32 �0.01 ND
V64A 0.31 �0.01 ND
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role in cholesterol trafficking by NPC2. The most substantial
attenuations in sterol transfer by NPC2, however, were
observed with the remaining mutations shown in Table 1,
which showed at least a 70% relative reduction in transfer rates.
I62D, V64A, and D113A had the most dramatic effect of all
of the mutations, with essentially undetectable cholesterol
transfer.

Sterol Transfer Kinetics Are Reflective of Cellular Events—
The kinetic data obtained from the model membrane sterol
transfer studies suggest that several point mutations on the sur-
face of NPC2 result in very defective cholesterol trafficking
properties by the protein. To determine whether the kinetic
sterol transfer results reflect NPC2 function at the cellular level,
npc2�/� fibroblasts were incubated with purified WT or
mutant NPC2 proteins, and the effects on cellular cholesterol
accumulation were observed using filipin staining. As shown in
Fig. 1, A and B, and in agreement with prior literature (5, 13),
cholesterol accumulation in the npc2�/� fibroblasts was essen-
tially reversed following incubation with WT NPC2; the pro-
tein promoted efflux of greater than 90% of the cholesterol as
compared with untreated controls. E99A and K97A, two
mutants that had little effect on sterol transfer rates in the
kinetic studies, were also found to stimulate cholesterol efflux
from the npc2�/� fibroblasts; incubation with the mutants
reduced filipin stain in the fibroblasts to nearly 15% of
untreated controls. In contrast, E108A, H31A, Q29A, N39A,
K115A, D85A, K75A, D72A, D113A, I62D, and V64A were all
found to be ineffective at reversing the cellular cholesterol
accumulation phenotype (Fig. 1B). Thus, the inability of these
11 mutants to reverse the cholesterol accumulation in npc2�/�

fibroblasts is consistent with results from the sterol transfer
assays, where the mutants exhibited considerably attenuated
rates of cholesterol transfer (Table 2). Similarly, mutants exhib-
iting a moderate decline in relative sterol transfer rates (E70A
and K16A) reduced filipin staining by �60 –70% (Fig. 1B).
Overall, the ability of an NPC2 form to clear cholesterol in
human npc2�/� cells appears to be directly related to its rate of
sterol transfer to and between model membranes (Fig. 1C).

Multiple Charged Regions on the Surface of NPC2 Promote
Intermembrane Interactions—The wild type protein with each
of the 17 mutated residues displayed as sticks (Fig. 2) shows
that, as planned, all of the mutations are on the protein surface.
For the purposes of discussion, the mutants fall into three
groups: near the bottom (I62D, V64A, Q29A, K32A, H31A,
E99A, and K97A), around the equator (K6A, E108A, Q29A,
N39A, and E70A), and near the top (K16A, D113A, D85A,
K115A, D72A, and K75A). Fig. 3 shows the structural forms as
well as their electrostatic surfaces calculated as described
above. Fig. 3A depicts the front of NPC2, similar to the orien-
tation in Fig. 2. The electrostatic image of the back of the pro-
tein, shown in Fig. 3B, reveals a diagonal band of intense posi-
tive charge (dark blue). This region on the back of NPC2
extends, with some interruptions, from the upper left to the
lower right and could interact favorably with negatively
charged membrane phospholipid head groups. In contrast,
there is a large, intensely negatively charged area (dark red) at
the bottom of the protein (Fig. 3, B and C) and two negatively
charged regions on the front (Fig. 3A), which are unlikely to

interact with negatively charged membrane phospholipids. The
front of the structure (Fig. 3A) additionally displays a mixture of
relatively weaker positive and negative charged areas (light blue
and light red, respectively), as does the top of the protein (Fig.
3D). Also on the front of the molecule is an area that is essen-
tially white, indicating it is non-polar (Fig. 3A, within the oval).

FIGURE 1. Effect of WT and mutant NPC2s on filipin accumulation in
npc2�/� fibroblasts. Human NPC2-deficient fibroblasts were incubated with
0.4 nM purified WT or mutant NPC2 protein and were fixed and stained with
filipin as described under “Experimental Procedures.” A, representative
images of npc2�/� fibroblasts incubated with WT or mutant NPC2s. B, filipin
accumulation was determined as the ratio of filipin stain area to total cell area.
Results are expressed relative to control untreated cells and are represented
as mean � S.E. (error bars); n � 3 separate experiments. C, linear regression
between cholesterol transport rates for WT or mutant proteins and filipin
accumulation in npc2�/�-treated cells; r2 � 0.845.
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This region, where the rim of the entrance to the cholesterol
binding cavity lies (8), is shown in magenta in the structural
models, and the neutrality is consistent with its being the inter-
action point for the hydrophobic ligand.

The extensive positive zones on the NPC2 surface are poten-
tial interaction sites with negatively charged membrane sur-
faces. Considering that NPC2 directly interacts with mem-
branes as a mechanism for transferring cholesterol (9, 10), the
presence of several possible opposing cholesterol transport
regions on the surface of NPC2 suggests that the protein may be
able to interact with more than one membrane simultaneously.
To test this hypothesis, a light scattering assay that monitors
membrane-membrane interactions was conducted.

As shown in Fig. 4 and in confirmation of our previous find-
ings (18), when EPC LUVs are mixed with WT NPC2, an
increase in A350 is observed over time. These results indicate
the occurrence of membrane-membrane interactions. Two
mutants found to have cholesterol transport properties similar
to WT, K6A and K97A, also cause an increase in light scattering
upon their addition to EPC LUVs. In contrast, no change in
A350 is observed when BSA, a protein that binds cholesterol but
does not cause membrane-membrane interactions (18, 22), is
mixed with vesicles. Similarly, mutants with deficient choles-
terol transfer properties (D85A, K75A, V64A, I62D, and Q29A)

do not cause changes in A350, indicating that they are unable to
promote membrane-membrane interactions. Thus, there are
distinct regions on the surface of NPC2 that facilitate the inter-
actions of membranes.

NPC2 Promotes Membrane Aggregation, Not Fusion—
Although the above turbidity assay allows for identification of
membrane-membrane interactions facilitated by NPC2, it can-
not distinguish between vesicle aggregation and fusion. Thus,
in order to determine whether NPC2 promotes membrane
fusion, an assay that monitors the mixing of vesicle contents
was performed. Mixing of 5-CF-filled LUVs with buffer-filled
EPC LUVs, in the presence of WT NPC2, resulted in a small
increase in the relative fluorescence of 5-CF (Fig. 5A), indicat-
ing a possible membrane fusion event. The relative fluores-
cence of 5-CF continued to increase up to 15 min after being
mixed; however, the degree of 5-CF dequenching was quite low
compared with that caused by a cell lysis buffer (Fig. 5A). Con-
versely, upon mixing of the two vesicle populations in the pres-
ence of NPC2 using a stopped flow spectrofluorometer, a mod-
erate decrease in 5-CF emission was observed, probably due to
slight photobleaching of the CF signal (Fig. 5A, inset). Consid-
ering these conflicting results, in addition to the possibility that
the relatively slow increase in fluorescence may reflect CF leak-
age due to membrane interactions by NPC2, a second mem-
brane fusion assay involving mixing of vesicles containing
NBD- and rhodamine-labeled phospholipids was undertaken.
Upon mixing of the two vesicle populations in the presence of
WT NPC2, no appreciable changes in the emission of either
fluorophore were observed over a period of 12 min (Fig. 5B),
indicating the absence of membrane fusion. Additionally, no
changes in the relative fluorescence of NBD were observed over
a period of 100 s following stopped-flow mixing (Fig. 5B, inset),
again suggesting that membrane fusion is not occurring. Taken
together, these results indicate that NPC2 interacts with mem-
branes but does not promote membrane fusion.

Computational Modeling of NPC2 Mutant Proteins Reveals a
Highly Plastic Structure—In an effort to pinpoint conforma-
tional differences between wild type NPC2 and the mutant pro-
teins, the �-carbon coordinates of each mutant were superim-
posed onto those of wild type, and the displacements of the 130
carbons from wild type were calculated. The r.m.s. displace-
ments for all 130 �-carbons range from 0.51 Å (I62D mutant) to
0.93 Å (E70A mutant) with a mean of 0.75 � 0.11 Å. The r.m.s.
displacement of the wild type NPC2 generated from the �-car-
bon coordinates of the 1NEP (7) crystal structure was compa-
rable at 0.71 Å. By way of illustration, supplemental Fig. S1
shows the �-carbon superimpositions for wild type to 1NEP
and for wild type to I62D (smallest r.m.s. displacement, 0.51 Å),
Q29A (average r.m.s. displacement, 0.76 Å), and E70A (largest
r.m.s. displacement 0.93 Å). In all cases, the displacements have
little effect on the overall conformation of the protein.

For each of the 17 mutants, we rank-ordered the �-carbon
distances of all 130 residues to the corresponding wild type
�-carbons from largest to smallest, as shown in supplemental
Table S1; the 10 �-carbons having the largest distances for each
of the 17 mutants are listed. The locations in the three-dimen-
sional structure where the distances between mutant and wild
type �-carbons occur are shown in Fig. 6 for K97A and E99A

FIGURE 2. Wild type NPC2 with bovine Lys-29 and Arg-32 replaced by
mouse Asn-29 and Lys-32, respectively. The side chains of all mutants
made in this study are shown as sticks with functional coloring (green, carbon;
white, hydrogen; blue, nitrogen; red, oxygen) except for Val-64. Val-64 along
with Tyr-100, Pro-101, Ile-103, Val-59, and Phe-66 form the outer rim of the
cholesterol binding pocket as described in Fig. 6 of Xu et al. (8). The rim, with
the full residues shown as sticks, is shown in magenta. This orientation shows
the “front” of the protein.
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(unimpaired for sterol transfer and npc2�/� cell rescue), K75A
(severely impaired), and I62D (non-functional) as representa-
tive examples. Illustrative images, including those in Fig. 6, are
shown for all 17 mutants in supplemental Fig. S2. Interestingly
and without exception, the 10 largest displacements include
residues distant from the site of the mutation. We averaged the
130 �-carbon displacements of the fully functional or moder-
ately impaired mutants and separately averaged those of the
severely impaired and of the non-functional structures. The
three averages show no pattern that would distinguish the three
classes of mutants (data not shown). Thus, NPC2 appears con-
formationally quite plastic, responding differently and subtly to
the various mutations.

Discussion

The NPC2 mutagenesis results for sterol transfer kinetics, as
well as the ability of NPC2 to promote membrane interactions
in vitro, suggest the presence of several regions on the surface
that are necessary for normal functioning of the protein. The
notable correspondence between these results and those of the
npc2�/� cell rescue studies, in which transport-deficient
mutants were unable to effect sterol clearance from NPC2-de-
ficient cells, strongly supports the physiological relevance of the
studies. Based on the present observations, we hypothesize that
NPC2 may catalyze cholesterol transfer at zones of close appo-
sition between membranes, as exist in the multilamellar inte-
rior of the LE/LY compartment. Computational modeling of
NPC2, moreover, indicates the existence of several positively
charged areas on the sides and back (Fig. 3) of the protein,
which could bind to two closely situated membrane bilayers.
Thus, NPC2 may bridge membranes at membrane contact
sites, which have been proposed to be important for rapid lipid
transfer between different organelles (16, 22).

Mutations with Dramatic Effects on NPC2 Function—By
altering the surface properties of NPC2 beyond the immediate
vicinity of a single amino acid, a number of the generated mis-
sense mutations had very dramatic functional effects. Interest-
ingly, in many cases (E99A, K6A, E108A, N39A, and K75A)
none of the biggest �-carbon displacements occurred at or near
the mutated amino acid. This can only happen if the effects of
the mutation are propagated through the protein by a cumula-
tive series of small displacements that do not alter the overall
conformation significantly. There is precedent for this in the
study of a PDZ domain by McLaughlin et al. (33), in which
residues of the third PDZ domain of the synaptic protein
PDS-95 were mutated individually to each of the other 19
amino acids. It was observed that mutation at sites distant from
the peptide binding site can affect function. Among the results

FIGURE 3. Wild type NPC2 rotated to show electrostatic features of the molecular surface. The “front” (A) and “back” (B) of NPC2 are shown, with an oval
enclosing the residues constituting the rim of the entry to the cholesterol binding cavity as given in Fig. 6 of Xu et al. (8). The molecule has also been rotated to
display the “bottom” (C) and “top” (D) surfaces. The rim of the binding site for cholesterol is shown in magenta sticks in the left images of each panel.

FIGURE 4. Promotion of membrane-membrane interactions by NPC2.
Time-dependent changes in the absorbance of 50 �M LUVs mixed with 1 �M

bovine serum albumin (BSA), WT, or mutant NPC2 proteins were observed at
350 nm using an SX20 stopped-flow spectrofluorometer. Results are repre-
sentative of three experiments.
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shown here, for instance, mutating Lys-75 to alanine or Ile-62
to aspartate results in pronounced alteration in both surface
charge distribution and function with little change in confor-
mation. Replacement of lysine 75 by alanine allows negative
charges from nearby Glu-70 and Asp-72 to have a strong effect
on the surface. Consequently, the negatively charged zone
around these residues intensifies and greatly expands, wrap-
ping around the side of the protein and merging with the neg-
ative region on the top (Fig. 7A). Additionally, the back gains
some negatively charged surface, whereas the region near the
top gains positive intensity. The gains in negative surface
charge on the side, especially, would reduce membrane inter-
actions and thus the potential for NPC2 to transfer cholesterol.

Indeed, the K75A mutant exhibits deficient transfer activity
(Table 2). The side chain of Ile-62 in the wild type contributes
heavily to the charge neutrality of the cholesterol binding poc-
ket’s surface. Replacement by an aspartate adds an electrostatic
surface, which merges with a pre-existing negatively charged
patch on the side nearby (Fig. 7C). Membrane interactions
would be reduced as a result, interfering with the protein’s abil-
ity to transfer cholesterol. Not surprisingly, then, this mutant is
deficient in the cholesterol transfer assay (Table 2) and, impor-
tantly, is unable to reverse cholesterol accumulation in npc2�/�

cells (Fig. 1).
Similar surface electrostatic changes were observed upon

neutralization of the Asp-72 surface residue, which resulted in
an inactive protein. Consistent with these results, a missense
mutation in Asp-72 (supplemental Fig. S2), which was identi-
fied in participants of the ClinSeq project (34), is considered to
be disease-causing (35). A number of additional NPC2 mis-
sense mutations occurring at non-surface residues that are also
not in the binding pocket, have also been shown to be damaging
in individuals (36, 37). It will thus be interesting to investigate
the effect of these additional mutations on NPC2 functional
characteristics and on the conformation and electrostatic sur-
faces of the protein.

Mutations with Little or No Effect on NPC2 Function—Not all
mutations had a substantial effect on the electrostatic surface of
the protein, however. In the K97A mutant, the weak positive
surface contribution of Lys-97 disappears, and the latent nega-
tive surface becomes weakly apparent. A strong negative area in
the center of the front expands slightly (Fig. 7D), whereas the
back, top, and bottom of the molecule show very little change
(not shown). Replacement of the weak positive surface charge
by a weak negative charge thus has little overall effect, and,
accordingly, the K97A NPC2 mutant exhibits cholesterol trans-
fer properties similar to WT (Table 2).

Another such example is the E99A mutant, where the weak
negative charge, which is mostly canceled by Lys-97, is abol-
ished and the positive charge of Lys-97 spreads down toward
the bottom of the molecule, yielding a large positive region (Fig.
7E), which would certainly facilitate interactions with nega-
tively charged membranes. Only minor changes in surface
charge distribution are observed on the bottom, back, and top
of the protein. Presumably due to these minimal changes, this
mutation had little or no effect on sterol transfer kinetics (Table
2) and was able to effectively clear cholesterol when adminis-
tered to NPC2-deficient fibroblasts (Fig. 1). Whereas a human
Glu-99 mutation in NPC2 was lethal, it introduced a stop codon
(36), and thus it is likely that no functional protein was gener-
ated in this patient. Future studies will investigate human muta-
tions that are either benign or only slightly damaging, such as
the missense mutation to the surface residue Asn-79, which is
non-disease-causing, or the V20M mutation implicated in
cases of adult onset NPC2 disease (36, 37).

Overall, considering the important role that charge-charge
interactions probably play in the ability of NPC2 to transfer
cholesterol to membranes, the effect on the electrostatic sur-
face of the protein caused by a specific mutation may be more
important than the precise location of the mutation itself.

FIGURE 5. NPC2 does not promote membrane fusion. A, the ability of NPC2
to cause membrane fusion was tested by mixing 5-CF-filled vesicles with buf-
fer-filled vesicles in the presence of WT NPC2 or cell lysis buffer. 5-CF fluores-
cence was also monitored over time on an SLM fluorometer or stopped flow
spectrofluorometer using �ex 493/�em 520 nm (inset). B, the ability of WT
NPC2 to cause membrane fusion was also investigated by mixing NBD-PE
vesicles with lissamine rhodamine-PE vesicles in the presence of WT NPC2.
Changes in the fluorescence of either FRET partner using �ex 460 were mon-
itored over time on an SLM fluorometer. Change in NBD fluorescence (�534)
was also monitored using an SX20 stopped flow spectrofluorometer (inset).
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Model of Cholesterol Transfer by NPC Proteins—Within the
LE/LY compartment, two potential zones at which NPC2 could
stimulate rapid transfer of cholesterol between membranes
exist. The first is between inner lysosomal membranes, where
cholesterol probably partitions (Fig. 8) (11, 12). This would
allow NPC2 to transfer cholesterol from more interior mem-
branes toward the limiting lysosomal membrane, which the ste-
rol must ultimately cross in order to maintain cellular choles-
terol homeostasis. The second is between the inner lysosomal
membranes and the limiting lysosomal membrane, allowing for
the deposition of cholesterol by NPC2 into the inner leaflet of
the limiting lysosomal membrane (Fig. 8). In either case, trans-
fer could occur following diffusion of NPC2 through the lyso-
somal lumen and direct interaction with acceptor membranes,
or it could potentially occur at membrane contact sites. At the
limiting lysosomal membrane, NPC2 could form a contact site
by simply interacting with headgroups of the membrane phos-
pholipids. Another possibility is that it may interact with the
second luminal domain of NPC1, which has been shown to bind
holo-NPC2 (14), or with the N-terminal domain of NPC1, as
suggested by Wang et al. (5).

NPC2 is a small protein, with its cholesterol binding pocket
located near one end of the molecule. It is thus unlikely that a
single NPC2 protein would be able to directly transfer choles-
terol between membranes at contact sites while maintaining a
stable bridge. In order for the cholesterol binding pocket to
come in contact with an acceptor membrane, NPC2 would
need to turn, potentially resulting in loss of a stable membrane

FIGURE 6. Effects of representative missense mutations on the conformation and electrostatic surface of NPC2. Structural images and electrostatic
surfaces of K97A (unimpaired) (A), E99A (unimpaired) (B), K75A (severely impaired) (C), and I62D (non-functional) (D) are shown in the same orientation. All are
viewed from the front of the molecule as in Fig. 3A. In the structural models, most of the protein is shown as lines in normal functional colors: carbon in green,
oxygen in red, nitrogen in blue, hydrogen in white, and sulfur in yellow. Yellow sticks identify the residues with the 10 largest displacements from wild type.
Residues shown in magenta sticks form the rim to the cholesterol binding cavity as described by Xu et al. (8) except for Val-64 in the K97A and K75A mutants,
which is cyan to indicate that it is both a rim residue and one of the 10 residues with the largest displacements for those mutants. For the mutations to alanine,
the Ala methyl is shown as green spheres. The carboxylate of I62D is shown as red spheres.

FIGURE 7. Comparison of WT and mutant electrostatic surfaces. Changes
in the electrostatic surfaces of NPC2 are shown to the right of the WT protein
for K75A (A and B), I62D (C), K97A (D), and E99A (E). The WT and mutant
molecules are oriented to display the front of the protein, as in Fig. 3A, with
the exception of the K75A mutant in B, which displays the back of the protein
as orientated in Fig. 3B. Respective residues are indicated on the WT (left) and
mutant (right) proteins. Blue, positively charged surface; red, negatively
charged surface; white, neutral surface.
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contact site. Because both the protein and the membrane are
deformable, however, the interaction could allow cholesterol
that is not necessarily within the NPC2 pocket to move from
one bilayer to another. This suggestion is supported by the
observation that all 17 mutants bind the ligand with approxi-
mately equal affinity, although many of them are unable to cat-
alyze transport. Because cholesterol binding is necessary for
NPC2 to clear sterol accumulation in deficient cells (13), the
present results indicate that ligand binding may be a necessary
but insufficient condition for transport. Stabilization of mem-
brane contact sites by NPC2 could thus lower the activation
energy for desorption of cholesterol from the donor membrane,
allowing for diffusion of cholesterol through the small interbi-
layer space to the acceptor membrane at rates that greatly
exceed spontaneous transfer. Conformational plasticity cou-
pled with the presence of several strongly positively charged
zones distributed over the back and sides of the protein also
raises the possibility that there may be more than one route for
cholesterol movement. Membrane to membrane transfer may
occur with several side-to-side orientations of the protein,
including, perhaps, to the limiting lysosomal membrane. Direct
transfer to NPC1 in the limiting bilayer is also possible.

Although the mechanism by which NPC1 transfers choles-
terol out of the LE/LY compartment was not directly investi-
gated in the present study, the roles of both NPC2 and NPC1
must be considered in elucidating the normal path of choles-
terol efflux. The N-terminal domain of NPC1, which projects
into the lysosomal lumen, has been shown to bind cholesterol
(3), and other transmembrane sterol-binding domains have
been identified in NPC1 (6, 38), yet little is known regarding the
molecular basis of NPC1 function in cholesterol efflux from the
LE/LY compartment. It has been hypothesized that normal

trafficking of cholesterol in the LE/LY compartment involves a
“handoff” of cholesterol from NPC2 to the NPC1 NTD (5),
although direct interactions have yet to be demonstrated. Our
sterol transfer studies (9, 10) have suggested that NPC2 could
also deliver cholesterol directly to the limiting lysosomal mem-
brane, potentially at MCSs.

Studies identifying MCSs between the endoplasmic reticu-
lum and other organelles, where hydrophobic species may rap-
idly move through a narrow aqueous phase, indicate distances
between organellar membranes of �10 nm. The 8-nm thick-
ness of the limiting lysosomal membrane glycocalyx, which
contrasts sharply with cell membrane glycocalyces of several
hundred nm (39), may allow NPC2 to bring inner and limiting
lysosomal membranes within a distance reported for other
MCSs. Regardless of the mechanism, once the cholesterol is
deposited in the limiting membrane, it can diffuse laterally in
the plane of the membrane to NPC1. NPC1 could then facilitate
egress from the LE/LY compartment by an unknown mecha-
nism (Fig. 8).

Recent evidence has suggested, however, that egress of at
least some cholesterol from the LE/LY compartment could
occur in an NPC1-independent manner. Kennedy et al. (40)
showed that NPC2 mutants unable to transfer cholesterol to
NPC1 were still able to promote the efflux of LE/LY cholesterol
to mitochondria. It has also been recently suggested that the
two proteins work independently of each other in the egress of
lysosomal cargo more generally (41). Thus, transfer of choles-
terol across the limiting lysosomal membrane could occur
directly following deposition of the sterol into the inner leaflet
by NPC2, without interaction with NPC1 (Fig. 8). The two
routes are not mutually exclusive. The fact that Kennedy et al.
(40) further demonstrated that the transfer of LE/LY choles-

FIGURE 8. Hypothesis for cholesterol transport in the LE/LY compartment. Free cholesterol is liberated by acid lipase and largely partitions to lysobispho-
sphatidic acid-rich inner LE/LY membranes. NPC2 extracts cholesterol from these membranes via direct interaction (a), potentially by facilitating sterol transfer
at “membrane contact sites” between inner LE/LY membrane lamellae, which may involve NPC2-lysobisphosphatidic acid interaction (b). NPC2 may then
transfer cholesterol directly to the N-terminal domain of NPC1 (c), which then facilitates cholesterol efflux from the LE/LY membrane by an unknown mecha-
nism (d). It is also possible that NPC2 may deliver cholesterol directly to the limiting (outer) LE/LY membrane (e), in part, potentially, at membrane contact sites
between the inner and outer LE/LY membranes (f). Cholesterol in the limiting LE/LY membrane may access NPC1 via rapid lateral diffusion in the plane of the
membrane (g) or might also egress in an NPC1-independent manner (h).
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terol to mitochondria occurred in a non-vesicular manner sug-
gests that the efflux may involve either a cytosolic cholesterol
transport protein or perhaps the formation of contact sites
between the limiting lysosomal membrane and other organ-
elles, such as mitochondria or the endoplasmic reticulum.
Interestingly, MCSs between lysosomes and peroxisomes were
recently suggested to be important for normal cholesterol traf-
ficking to that organelle (42). Although an NPC1-independent
manner of LE/LY cholesterol efflux may likely exist, the debili-
tating effects of NPC1 mutations indicate that that the primary
mechanism of efflux requires NPC1 participation. Further
understanding of potential NPC1-independent mechanisms of
cholesterol trafficking could allow for therapeutic exploitation
of such a pathway, however, with the potential of ameliorating
NPC1 deficiencies, which account for �95% of NPC disease
cases.

Although further investigation is necessary to determine the
mechanisms by which NPC2, and ultimately NPC1, transfer
cholesterol out of the LE/LY compartment, the present studies
indicate that NPC2 acts to traffic cholesterol rapidly between
membranes. As depicted in Fig. 8, we hypothesize that NPC2
functions, at least in part, at membrane contact sites within the
multilamellar interior of late endosomes and lysosomes,
thereby promoting rapid cholesterol transfer between closely
appositioned membranes. Ultimately, in conjunction with
NPC1 and/or in an NPC1-independent manner, sterol trans-
port by NPC2 leads to the egress of cholesterol from the LE/LY
compartment, a requisite step for normal intracellular choles-
terol homeostasis.
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