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ABSTRACT: Niemann−Pick Type C disease is characterized by disrupted
lipid trafficking within the late endosomal (LE)/lysosomal (Lys) cellular
compartments. Cholesterol transport within the LE/Lys is believed to take
place via a concerted hand-off mechanism in which a small (131aa) soluble
cholesterol binding protein, NPC2, transfers cholesterol to the N-terminal
domain (NTD) of a larger (1278aa) membrane-bound protein, NPC1(NTD).
The transfer is thought to occur through the formation of a stable intermediate
complex NPC1(NTD)−NPC2, in which the sterol apertures of the two
proteins align to allow passage of the cholesterol molecule. In the working
model of the NPC1(NTD)−NPC2 complex, the sterol apertures are aligned,
but the binding pockets are bent with respect to one another. In order for
cholesterol to slide from one binding pocket to the other, a conformational
change must occur in the proteins, in the ligand, or in both. Here, we
investigate the possibility that the ligand undergoes a conformational change, or isomerization, to accommodate the bent transfer
pathway. To understand what structural factors influence the isomerization rate, we calculate the energy barrier to cholesterol
isomerization in both the NPC1(NTD) and NPC2 binding pockets. Here, we use a combined quantum mechanical/molecular
mechanical (QM/MM) energy function to calculate the isomerization barrier within the native NPC1(NTD) and NPC2 binding
pockets before protein−protein docking as well as in the binding pockets of the NPC1(NTD)−NPC2 complex after docking has
occurred. The results indicate that cholesterol isomerization in the NPC2 binding pocket is energetically favorable, both before
and after formation of the NPC1(NTD)−NPC2 complex. The NPC1(NTD) binding pocket is energetically unfavorable to
conformational rearrangement of the hydrophobic ligand because it contains more water molecules near the ligand tail and
amino acids with polar side chains. For three NPC1(NTD) mutants investigated, L175Q/L176Q, L175A/L176A, and E191A/
Y192A, the isomerization barriers were all found to be higher than the barrier calculated in the NPC2 binding pocket. Our results
indicate that cholesterol isomerization in the NPC2 binding pocket, either before or after docking, may ensure an efficient
transfer of cholesterol to NPC1(NTD).

The proper uptake and processing of cholesterol in
mammalian cells is required for the viability of the

organism. The cellular metabolism of lipids in the late
endosomal (LE)/lysosomal (Lys) compartments results in
production of cholesterol.1 After leaving the LE/Lys,
cholesterol functions in several capacities: in cell membranes
to ensure proper permeability and structural integrity, as a
signaling molecule for other cell processes, and as a precursor
for the production of steroid hormones.2 Two proteins,
Niemann−Pick type C1 (NPC1) and Niemann−Pick type
C2 (NPC2), have been identified for being responsible for
transporting cholesterol in and out of the LE/Lys compart-
ments. Mutations in either NPC1 or NPC2 lead to an
accumulation of cholesterol and lipids in the LE/Lys, the
primary characteristic of Niemann−Pick type C (NPC)
disease.3

For individuals carrying NPC disease, 95% of cases are due to
a mutation in NPC1, and only 5% of cases arise from mutations
in the NPC2. The resulting cholesterol accumulation in organs
of patients with the NPC disease often has severe
consequences. In cases in which the disease manifests itself at

birth, the outcome after neurological deterioration is almost
always death during early childhood. Clinical procedures have
been established to ascertain the presence of NPC in patients, a
databank of genetic mutations has been tabulated,4 some
therapeutic strategies have been proposed and tested.5

However, despite extensive genetic testing, little is known
about the behavior of the NPC1 and NPC2 proteins on a
molecular level. Furthermore, mechanistic hypotheses regard-
ing the uptake and transfer of cholesterol have only recently
begun to be investigated using computational modeling.8

Cholesterol transport within the lysosome is thought to
occur as follows. Low-density lipoprotein (LDL) contains 500
molecules of free cholesterol and 1500 molecules of esterified
cholesterol that are hydrolyzed by acid lipase in the lysosome
lumen.6 NPC2, a small (131aa) soluble protein that is
completely free in the lumen, first accepts cholesterol.

Received: May 8, 2014
Revised: September 24, 2014
Published: September 24, 2014

Article

pubs.acs.org/biochemistry

© 2014 American Chemical Society 6603 dx.doi.org/10.1021/bi500548f | Biochemistry 2014, 53, 6603−6614

pubs.acs.org/biochemistry


Hydrophobic amino acids forming an apolar rim of the binding
entrance (V59, V64, F66, Y100, P101, I103) are believed to
allow for lengthwise insertion of the hydrophobic sterol tail into
the opening rather than the hydroxyl group entering the cavity
first.7

The transfer of cholesterol to NPC1(NTD) is thought to
occur when NPC2 binds to a second luminal loop-domain of
the membrane-bound NPC1 protein (NPC1(D2) [residues
372−622]).13 The docking of the two NPC proteins allows the
hydrophobic sterol molecule to slide from NPC2 to NPC1-
(NTD) without exposure to the aqueous phase in the
lysosome’s interior.14,15 This sliding model is supported by
crystallographic data that show the opposite orientation of
cholesterol in the respective binding sites of NPC1(NTD)10

and NPC2.14 It is hypothesized that, after leaving the N-
terminal domain of NPC1, cholesterol passes through the
bilayer of the lysosomal limiting membrane. This may occur via
a sterol-sensing domain in the NPC1 protein (NPC1(SSD)
[residues 372−622]) that consists of five membrane-spanning
domains that has high homology to that of other cholesterol-
regulating proteins such as HMG-CoA-reductase (HMGCR) or
SCAP.11 Alternatively, participation of one to several other yet
unidentified proteins may play a role. Additional lipid binding
proteins could also facilitate the transport of cholesterol from

lysosomal limiting membranes to acceptor membranes in other
organelles.
Molecular structures of the NPC1 (1278aa) and NPC2

(131aa) proteins have recently been generated. X-ray
crystallography has revealed high-resolution structural data of
the relatively small NPC2 protein in the apo form [PDB:
1NEP]9 and with cholesterol bound [PDB: 2HKA].7 Of the
much larger NPC1 protein, only the structure of N-terminal
domain NPC1(NTD) (240aa [residues 25−264]) has been
elucidated to date.10 NPC1(NTD) binds both cholesterol and
oxygenated derivatives of cholesterol, in particular 25
hydroxycholesterol (25-HC) and 27-hydroxycholesterol (27-
HC), with high affinity, and PDB structures exist for the apo
structure [PDB: 3GKH], the cholesterol-bound structure
[PDB: 3GKI], and the 25-HC-bound structure [PDB: 2GKJ].10

An X-ray crystal structure of the NPC1(NTD)−NPC2
complex has not yet been generated, but using X-ray
crystallography data of the two individual proteins, Brown,
Goldstein, and co-workers have constructed a working model
of the NPC1(NTD)−NPC2 protein complex.12 In the model,
the sterol apertures are aligned, but the binding pockets are
approximately 100° bent with respect to one another12 (Figure
1). Therefore, after protein−protein docking, transfer of
cholesterol from NPC2 to NPC1(NTD) requires either that
the protein backbone shift to allow ligand passage and/or that

Figure 1. The NPC1(gray)−NPC2(red) protein complex, based on a working model of Brown, Goldstein, and co-workers,12 is depicted in a ribbon
representation. (Initial coordinates were adapted from ref 8.) In the NPC2 binding pocket, the sterol (blue stick representation) tail is buried in the
binding pocket, and the 3β-hydroxyl group (red ball) extends toward the NPC1 binding pocket. In NPC1(NTD), the orientation of the ligand
(green stick representation) is reversed, with the ligand 3β-hydroxyl group (red ball) pointing toward the interior of the protein, while the isooctyl
sterol tail points toward the sterol opening. The transfer of the cholesterol ligand from one binding pocket to the other requires a conformational
change in the ligand−protein complex. One possible mechanism includes the conformational rearrangement of cholesterol inside the NPC2 binding
pocket (indicated with blue arrow) to form an intermediate structure (yellow), followed by ligand transfer to the NPC1 binding pocket (yellow to
green arrow). Inset (A) shows that the NPC2 binding pocket (highlighted in blue) and the NPC1 binding pocket (highlighted in green) in the
working model of ref 8 are bent with respect to each other and indicates the presumed path for ligand transfer (blue to green arrow). Inset (B) shows
an alternative scenario in which the protein moieties are rotated with respect to one another such that the binding pockets are arranged in a linear
fashion. The transfer of the cholesterol ligand in such a model would require minimum conformational change in the ligand.
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the ligand undergo a conformational change in order to slide
from one binding pocket to the other. In the latter case, since
the cholesterol’s ring system is rigid, the flexible isooctyl tail
must twist to accommodate the bent transfer pathway (Figure
2).

Indeed, it is known that the sterol opening of NPC1(NTD)
is too small to allow passage of the sterol ligand without a
conformational change in either the protein, the ligand, or
both.10 In fact, the NPC1(NTD) binding pocket exists in a
relatively closed conformation but can be opened by the
presence of NPC2.12 Kinetic studies show that the presence of
NPC2 markedly accelerates the binding and release of
cholesterol from NPC1(NTD).12 At 37 °C, NPC1(NTD)
binds cholesterol on the order of 10−15 s.12 In the absence of
NPC2, the rate slows by a factor of 140,12 strongly suggesting
that NPC2 facilitates the transfer of cholesterol in living cells by
complexing with NPC1(NTD) and initiating a conformational
change in the ligand−protein−protein complex.
In a recent theoretical study, Wiest and co-workers

performed extensive classical molecular dynamics (MD)
simulations on the binding process and the cholesterol
transfer.8 For their simulations, they used the apo- and
ligand-bound forms of the NPC1(NTD)−NPC2 complex
based on the working model of Brown, Goldstein, and co-
workers.8 The two ligand-bound NPC1(NTD)−NPC2 com-
plexes show some differences. Inside the NPC1(NTD) binding
pocket, the sterol molecule 3β-hydroxyl group points toward
the interior of the binding pocket, whereas inside the NPC2
binding pocket, the sterol molecule has the opposite
orientation, with the hydroxyl group pointing toward the sterol
opening. Also, the conformation of the isooctyl tail differs in the
two binding pockets. In the crystal structures of the
uncomplexed NPC1(NTD) and NPC2 proteins, 3GKI10 and
2HKA,7 respectively, the dihedral angle of the C17−C20−C22−
C23 segment is nearly identical (−164°), suggesting that the
cholesterol ligand adopts a similar geometry in both proteins in
the uncomplexed state. However, in the protein−protein
complex of ref 8, the dihedral angle of the C17−C20−C22−C23

segment in NPC1 is −157.3°, and in NPC2, it is 71.6°. This
changed ligand conformation raises the question of whether,
following protein−protein complexation, the cholesterol ligand
undergoes a conformational change that is subsequently
required for transfer. After cholesterol transfer, the NPC1-
(NTD)−NPC2 complex dissociates, with cholesterol remaining
in the binding pocket of NPC1(NTD).8 The geometry of
cholesterol after protein−protein dissociation is unknown, but
it is likely that the ligand relaxes to a conformation close to the
native geometry found in the crystal structure.
The steps required for the successful docking of NPC1-

(NTD) and NPC2 proteins and subsequent ligand transfer are
largely unknown. One possibility is that the soluble NPC2
protein, following uptake of cholesterol, initiates a conforma-
tional rearrangement of the ligand and/or the protein which is
required for the subsequent transfer to the NPC1(NTD)
binding pocket (Figure 3A). Alternatively, docking of NPC2 to

NPC1(NTD) could trigger a conformational change in the
ligand and/or the proteins, thereby preparing the system for
ligand transfer (Figure 3B). A third possibility is that the
cholesterol ligand and proteins simultaneously undergo
conformational changes while the ligand is transferred from
one binding pocket to the next (Figure 3C). To check the
range of conformational freedom within the two binding
pockets, 20 ns classical MD simulations were carried out with
the cholesterol ligand in each of the binding pockets of the
NPC1(NTD)−NPC2 complex (details of MD simulation are
given in the Methods). The sterol tail was observed to sample a
range of dihedral angles (Figure 4). These conformational
changes in the ligand geometry, similarly observed in the work
of Wiest and co-workers,8 raise the question of whether
cholesterol isomerization plays a role in the transfer
mechanism.
To address this question, here we examine in detail the

conformational rearrangement of the sterol ligand inside the
protein binding pockets both before and after protein−protein
complexation has occurred. In other words, cholesterol
isomerization is studied in the free NPC1(NTD) and NPC2

Figure 2. (a) Stick model of cholesterol molecule with carbon
positions labeled. (b) Model of cholesterol with carbon atoms shown
in green and oxygen atom shown in red. Isomerization of the C17−
C20−C22−C23 segment in the counterclockwise direction is indicated
with a red arrow.

Figure 3. Possible cholesterol transfer mechanisms include (A)
cholesterol isomerization in free NPC2 followed by protein−protein
docking and cholesterol transfer, (B) protein−protein docking
followed by cholesterol isomerization and transfer, and (C)
protein−protein docking followed by combined cholesterol transfer
and isomerization.
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binding pockets as well as in both binding pockets of the
NPC1(NTD)−NPC2 protein complex. Our aim is to calculate
the energy barrier associated with the isomerization of the
sterol ligand and to investigate structural features of the two
binding pockets that affect the energy barrier. For each of the
two binding pockets, we calculate the isomerization energy
barrier while tracking conformational changes in the surround-
ing protein and water molecules that accompany the reaction. A
characterization of these processes on the molecular level will
provide insight into the complex problem of cholesterol
transfer between NPC2 and NPC1(NTD).
We use a hybrid quantum mechanical/molecular mechanical

(QM/MM) energy function16−18 to calculate the energy barrier
associated with cholesterol isomerization in both binding
pockets. In our calculations, the cholesterol ligand is treated
with QM, and the surrounding protein and water molecules are
treated with MM. The QM method is chosen over a classical
force field in order to describe more accurately the torsional
strain of the isomerizing isooctyl tail of the ligand. A QM/MM
energy term accounts for the electrostatic and van der Waals
interactions between the sterol ligand and the surrounding
protein and water molecules. For NPC1(NTD), we investigate
the wild-type protein as well as three mutants, L175Q/L176Q,
L175A/L176A, and E191A/Y192A, whose side chains are
located in the sterol binding pocket. Highly conserved in
multiple mammalian species,10 these mutants have been
identified as being the most deficient in restoring egress of
cholesterol from lysosomes.10,14 We analyze the effect of amino
acid mutations on binding pocket geometry and isomerization
energy barriers.
For clarity of notation, NPC1(NTD) will henceforth be

referred to as NPC1. For the case in which cholesterol is in the
NPC1 binding pocket, the notation will be NPC1/chol.
Similarly, cholesterol located in the NPC2 binding pocket is
notated as NPC2/chol. The protein−protein complexes are
notated as NPC1/chol−NPC2 and NPC1−NPC2/chol.

■ METHODS

Construction of Models. We investigate the NPC1 and
NPC2 proteins before docking (free) and after docking
(protein−protein complex). For the free NPC1 and NPC2
proteins, models were constructed from the existing crystal
structures. A model of the wild-type NPC1 protein bound to
cholesterol was constructed based on the 3GKI crystal
structure, which includes 100 water molecules.10 The NPC1
contains amino acid residues 23−247.10 For NPC2, the

structure was based on PDB structure 2HKA containing
amino acid residues 1−130 and 110 water molecules; the
cholesterol sulfate was converted to cholesterol.7 For the
protein−protein complexes, we modeled the NPC1−NPC2
complex with cholesterol in the NPC1 and NPC2 binding
pockets, respectively, by positioning the two individual protein
crystal structures with their respective water molecules using
the complex of ref 8 as a template. Any water molecule from
one PDB structure that was overlapping with a water molecule
from the other PDB structure was deleted (approximately 10−
20 molecules occurring near the interface of the two crystal
structures). Water molecules in the protein binding pockets, as
found in the crystal structures, were not affected by the
protein−protein complexation and remained unchanged. The
geometry of the cholesterol ligand inside the binding pockets
for NPC1 and NPC2 was the original geometry from the crystal
structures 3GKI10 and 2HKA,7 respectively.
Three NPC1 mutant protein−protein complexes were

investigated: L175Q/L176Q, L175A/L176A, and E191A/
Y192A. To construct the models, the side chains of the native
3GKI crystal structure were mutated in silico using CHARMM.
The NPC1/chol−NPC2 complex was then constructed in an
identical fashion as that for the native protein−protein
complex, namely, by positioning the mutant NPC1 and native
NPC2 crystal structures using the complex of ref 8 as a
template. As in the case of the native protein−protein complex,
any water molecule from the one crystal structures that was
overlapping with a water molecule from the crystal structure
was deleted, but water molecules in the binding pockets were
not affected. The cholesterol ligand was located in the
NPC1(NTD) binding pocket of each of the three mutants.
Thus, a total of five protein−protein complexes were
constructed: four protein−protein complexes containing the
ligand in the NPC1 binding pocket (native NPC1/chol−
NPC2, L175Q/L176Q, L175A/L176A, E191A/Y192A) and
one complex, native NPC1−NPC2/chol, containing the
cholesterol ligand in the NPC2 binding pocket.
Hydrogen atoms were added using H-build from

CHARMM.19 The N-terminus was capped with a neutral
group CH3−CO−, and the C-terminus was capped with the
neutral methyl acetate −NH−CO−OCH3. According to the
crystal structures, nine disulfide bonds involving 18 cysteine
residues of NPC1(NTD) (Cys25−Cys74, Cys31−Cys42,
Cys63−Cys109, Cys75−Cys113, Cys97−Cys238, Cys100−
Cys160, Cys177−Cys184, Cys227−Cys243, Cys240−Cys247)
and three disulfide bonds involving six cysteine residues of

Figure 4. Range of dihedral angles (C17−C20−C22−C23 cholesterol fragment) sampled over 20 ns classical MD simulations of NPC1/chol−NPC2
(left) and NPC1−NPC2/chol (right) complexes carried out at 310 K.
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NPC2 (Cys8−Cys121,Cys23−Cys28,Cys74−Cys80) were
constructed using CHARMM. For the initital modeling of
cholesterol, the corresponding topology and force field
parameters were developed and optimized at the DFT(B3LYP)
level and included in CHARMM.20,21 Unless otherwise noted,
all subsequent energy calculations treated the cholesterol ligand
using quantum mechanics, as discussed in the following section.
Potential Energy Function. All computations reported

here were performed using a quantum mechanical/molecular
mechanical (QM/MM) Hamiltonian.16−18 In the QM/MM
approach, the active site of a protein is treated with QM, and
the remainder of the protein is described with MM. The total
energy is given by

= + +E E E EQM MM QM/MM (1)

where EQM includes the electronic energy of the QM atoms for
a given nuclear configuration, EMM describes the classical
interactions between the MM atoms, and EQM/MM represents
the interaction between the QM and MM atoms. The EQM/MM
term can be further decomposed into the following three terms

= + +

= +

E E E E

E E

QM/MM QM/MM
bond

QM/MM
Coul

QM/MM
vdW

QM/MM
bond

QM/MM
nb

(2)

where EQM/MM
bond is the energy due to bonded atoms at the QM/

MM interface, and the nonbonded QM/MM energies, EQM/MM
Coul

and EQM/MM
vdW , are, respectively, the Coulombic and van der

Waals interactions between QM and MM atoms. MM atoms
were treated using the CHARMM27 parameter set for the
protein22 and the TIP3P model for water molecules.23

The QM region was treated using the self-consistent-charge
density functional tigh binding (SCC-DFTB) method,24 as
implemented in the CHARMM package.19 SCC-DFTB has
been shown to reproduce the B3LYP/6-31G(d,p) geometries
of small hydrocarbons25,26 and to give the correct ordering of
relative energies of conformations of small peptides.27 In
molecules containing a polyene system of conjugated bonds,
SCC-DFTB has proven to be accurate in describing the
torsional barriers of single and double bonds.28 All QM/MM
computations reported here were performed with a QM region
consisting of the cholesterol ligand. The remainder of the
simulation system was treated using MM.
Geometry Optimization of Initial Structures. After

construction of the native and mutant protein structures from
the respective crystal structures, the free proteins and the
protein−protein complexes were geometry-optimized as
follows. In the first step, the hydrogen atom positions were
optimized using an MM potential, keeping the heavy atoms and
water oxygen atoms fixed. In the second step, we optimized the
protein geometry using a harmonic force constraint of 1.0 kcal/
mol·Å2 on the α-carbon and water oxygen atoms. Next, using a
hybrid QM/MM potential, the coordinates of the QM atoms
were then optimized by keeping the MM atoms fixed. In the
fourth step, we defined a mobile region that included the
cholesterol ligand and all protein amino acids within a 15 Å
radius of the cholesterol ligand. In the cases with cholesterol in
the NPC1(NTD) binding pocket, the mobile region (a total of
3449 atoms) included residues 162−186, which are believed to
undergo conformational change, thereby opening the NPC1
pocket and enabling cholesterol transfer. In the case with
cholesterol in the NPC2 binding pocket, the mobile region
consisted of 3779 atoms. With all other atoms held fixed, the

positions of all mobile residue atoms were optimized without
constraints to a gradient limit value of 10−3 kcal/mol/Å.

Isomerization Reaction. Isomerization calculations were
performed for each of the two free proteins, NPC1 and NPC2,
as well as for five protein−protein complexes (Table 1): The

starting structure for each set of calculations was the relaxed
ligand−protein structure, as obtained from the energy
minimization calculations during structure preparation (see
Geometry Optimization of Initial Structures). For all structures,
the initial dihedral angle of the C17−C20−C22−C23 fragment
was varied in 5° increments from −180° to +180°. At each
dihedral angle value, a harmonic restoring force of 50 kcal/mol·
deg2 was applied to constrain the dihedral angle of the C17−
C20−C22−C23 segment to the sampling value. All mobile
residue atoms, as defined in the initial energy minimization
(Geometry Optimization of Initial Structures), were kept
unconstrained while the remainder of the protein was held
fixed. A QM/MM energy minimization using the adopted basis
Newton−Raphson (ABNR)19 minimization was carried out for
each dihedral angle value along the isomerization trajectory.
Each starting structure was energy-minimized to a gradient
limit value of 0.01 kcal/mol/Å. To check convergence of
energy values, extensive preliminary tests were carried out to
test the harmonic restoring force and RMS gradient limit value.
Changing the harmonic force constant of 50 kcal/mol·deg2 by a
factor of 10 led to a change of less than 1 kcal/mol in
isomerization barrier height. Changing the gradient tolerance
from 0.01 kcal/mol/Å by a factor of 10 led to 1−2 kcal/mol
changes in barrier heights, on the order of 10% of the SCC-
DFTB rotational energy barrier.28

Molecular Dynamics Simulations. MD simulations (20
ns) were carried out for both NPC1/chol−NPC2 and NPC1−
NPC2/chol complexes with NAMD29 using the CHARMM all-
atom force field.22 Each protein−protein complex was placed in
a rectangular box (100 × 75 × 55 Å3) containing explicit
solvent molecules (12 786 TIP3 water molecules23). To
simulate a continuous system, periodic boundary conditions
were applied. The MD simulations used an integration time
step of 2 fs and the SHAKE algorithm30 to constrain all bonds
involving hydrogen atoms. A nonbonded cutoff of 10.0 Å was
used, and the nonbonded pair list was updated every 10 time
steps. The temperature (310 K) was controlled using Langevin
dynamics, with a collision frequency of 1.0 ps−1 and isotropic
position scaling to maintain pressure (1 atm).31

Reaction Pathway Calculations. To check the validity of
the reaction coordinate (C17−C20−C22−C23 dihedral angle), a

Table 1. Seven Isomerization Reactions Studied Herea

structure description

Cholesterol in NPC1 Binding Pocket
1 NPC1/chol (free)
2 NPC1/chol−NPC2 (complex)
3 L175Q/L176Q NPC1/chol−NPC2 (complex)
4 L175A/L176A NPC1/chol−NPC2 (complex)
5 E191A/Y192A NPC1/chol−NPC2 (complex)

Cholesterol in NPC2 Binding Pocket
6 NPC2/chol (free)
7 NPC1−NPC2/chol (complex)

aFive isomerization reactions contained the cholesterol ligand in the
NPC1 binding pocket and two contained the cholesterol ligand in the
NPC2 binding pocket.
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reaction pathway calculation for the isomerization reaction in
the NPC1/chol−NPC2 complex was computed with the
conjugate peak refinement (CPR) algorithm,32 as implemented
in the TREK module of CHARMM.19 The CPR algorithm
computes the first-order saddle points along an adiabatic
reaction path that connects the energy-optimized reactant and
product states of the reaction (here, cholesterol isomer-
ization).32 In this method, the system’s complex degrees of
freedom that can be involved in the reaction path are allowed to
vary simultaneously; no a priori knowledge of a reaction
coordinate is required. The only input required is the energy-
optimized reactant and product state structures; these end
states are obtained via direct energy optimization (energy
gradient limit value of 10−3 kcal/mol/Å) of the reactant and
product structures, i.e., reactant with C17−C20−C22−C23

dihedral angle of −180° and product dihedral angle of 180°,
as obtained from the isomerization calculation described above.
The computed CPR minimum energy pathway thus yields the
intrinsic reaction coordinate connecting reactant and product
states as well as the barrier height of the transition state. The
CPR method can therefore be considered a method for
validating both the choice of reaction coordinate as well the
transition state energy barrier calculated for a given reaction
coordinate.

■ RESULTS AND DISCUSSION

Structures. Free NPC1/chol and Free NPC2/chol. Table 2
reports cholesterol C17−C20−C22−C23 dihedral angle values as
obtained from the final relaxed protein−ligand structure
calculated using the QM/MM energy function (see Potential
Energy Function) and minimization procedure (see Geometry
Optimization of Initial Structures) previously discussed. The
QM/MM geometry optimized structures of free NPC1/chol
and NPC2/chol show minimum deviation from the respective
crystal structures,7,10 with protein backbone RMSDs of 0.54
and 0.41 Å, respectively (Table 2). The geometry of the
cholesterol C17−C20−C22−C23 segment is, in both cases, close
to that of the crystal structure, although a somewhat larger
deviation is observed in the case of NPC2.

Native and Mutant NPC1/chol−NPC2 Protein−Protein
Complex. All of the QM/MM energy minimized protein−
protein complexes remain close to the structures of ref 8, which
correspond to end points of classical MD simulations (after 86
ns),8 although the geometries of the cholesterol isooctyl tail
vary between the structures (geometries and protein backbone
RMSD values given in Table 2). In the native NPC1/chol−
NPC2, the cholesterol 3β-hydroxyl group is buried in the
binding pocket, hydrogen bonding via two water molecules
with the polar amino acids Asn41 and Gln79 and the negatively
charged partially solvent-exposed Glu30 (Figure 5). The
cholesterol isooctyl tail is oriented toward the sterol opening
of NPC1 and is bent upward relative to the plane of the sterol
ring system. Five water molecules are located near the sterol
tail, between cholesterol and amino acids of helix 3 (see the
inset in Figure 5). The cholesterol C21 methyl group is rotated
approximately 90° in the clockwise direction relative to the C18
and C19 methyl groups (see Figure 2 for cholesterol labeling).
The binding pockets of the L175Q/L176Q, L175A/L176A,
and E191A/Y192A mutants are structurally similar to that of
the wild-type (Supporting Information Figure S1). In wild-type
NPC1/chol−NPC2, six water molecules are within 4 Å of the
cholesterol ligand, in the L175Q/L176Q and L175A/L176A
mutants, only four water molecules are within this radius
(Supporting Information Figure S1), and in the E191A/Y192A
mutant, only three water molecules are observed within 4 Å of
the cholesterol ligand, suggesting that all mutations cause a
slight shifting of the overall protein structure, allowing the
waters to migrate away from the sterol ligand.

Native NPC1−NPC2/chol Protein−Protein Complex. The
cholesterol tail in the NPC1−NPC2/chol complex is oriented
toward the interior of the NPC2 binding pocket (opposite
orientation from the NPC1/chol−NPC2 complex) while the
3β-hydroxyl group extends out of the binding pocket toward
the NPC2 sterol opening (Figure 1). The NPC1−NPC2/chol
complex of Wiest et al., obtained after 86 ns of MD simulations
using the classical AMBER11 force field,33 shows a significantly
different C17−C20−C22−C23 dihedral angle 71.6° as compared
to −164.4° in the original crystal structure of the cholesterol-
bound NPC2 (PDB: 2HKA) of ref 7 and as compared to our

Table 2. Comparison of Cholesterol C17−C20−C22−C23 Dihedral Angle Valuesa

structure C17−C20−C22−C23 dihedral angle (deg) protein backbone RMSD from complex of ref 8 (Å)

Cholesterol in NPC1
NPC1/chol [PDB: 3GKI]10 −163.9
NPC1/chol (QM/MM) −165.6 0.54 (reference PDB: 3GKI10)
NPC1/chol−NPC2 (QM/MM) −173.8 1.70
NPC1/chol−NPC2 (classical) −170.5 1.78
NPC1/chol−NPC28 −157.3 0.00
L175Q/L176Q mutant NPC1/chol−NPC2 −174.9 1.27
L175A/L176A mutant NPC1/chol−NPC2 −174.9 1.27
E191A/Y192A mutant NPC1/chol−NPC2 −162.1 1.28

Cholesterol in NPC2
NPC2/chol [PDB: 2HKA]7 −164.4
NPC2/chol (QM/MM) −157.0 0.41 (reference PDB: 2HKA7)
NPC1−NPC2/chol (QM/MM) −156.5 1.83
NPC1−NPC2/chol (classical) −174.0 1.89
NPC1−NPC2/chol8 71.6 0.00

aUnless otherwise noted, all values reported from this study are obtained from the final relaxed protein−ligand structure calculated using the QM/
MM energy function and minimization procedure discussed in the Methods. For comparison, geometry optimizations of the two protein−protein
complexes were perfomred using a purely classical energy function with all atoms treated with the CHARMM27 parameter set.22 The dihedral angle
values reported from ref 8 correspond to final geometries after classical MD simulations using the AMBER11 force field.33
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QM/MM calculated value −156.5° (Table 2). The sterol tail in
ref 8 is bent down with respect to the plane of the ring system,
unlike that in our complex. In our QM/MM relaxed structure,
the sterol ring system is almost planar, with the sterol tail
pointing up relative to the plane of the ring system (Figure 6).
The cholesterol ligand is surrounded predominantly by amino

acids with hydrophobic side chains. The hydroxyl group of
Tyr100 hydrogen bonds with the nearby water molecule, and
the cholesterol 3β-hydroxyl group interacts with a second water
molecule near the sterol opening. A third water molecule is
located under the plane of the sterol ring system. Compared to
the NPC1 binding pocket, the NPC2 binding pocket contains
fewer water molecules near the ligand as well as fewer amino
acids with polar side chains, both of which are better suited to
the hydrophobic nature of the cholesterol molecule.

Isomerization in the NPC1 Binding Pocket. The
cholesterol isomerization energy profiles in the NPC1 binding
pocket are shown in Figure 7 for the free NPC1/chol protein
(red line) and for the NPC1/chol−NPC2 protein complex
(green line). The minimum energy of the cholesterol
isomerization is located near a C17−C20−C22−C23 dihedral
angle of −175°. In the free protein, the isomerization of the
sterol tail toward 180° proceeds via an energy barrier of 19.5
kcal/mol, whereas in the protein−protein complex, the barrier
is 21.8 kcal/mol. The primary contribution to the isomerization
barrier in both cases is the QM energy arising from the twisted
geometry of the cholesterol ligand that is constrained inside the
binding pocket. The lower isomerization energy barrier in the
free protein can be explained by considering the flexibility of
the protein helices near the sterol aperture. In the free protein,
the sterol tail extends toward the aperture that is solvent-
exposed, whereas in the NPC1/chol−NPC2 complex, the
ligand tail is restricted by the NPC2 protein at the interface,
thus reducing the conformational freedom.
Isomerization of the C17−C20−C22−C23 fragment is accom-

panied by a twisting of the adjacent C20−C22−C23−C24 and
C22−C23−C24−C25 segments, causing a rotation of the C21
methyl group in the clockwise direction and giving rise to the
small sharp peak located near −130° and a small round peak
near 110° in the isomerization energy profile (Figure 7). As the
ligand tail rotates, the distance changes between the C21 methyl
group and the helix 3 protein backbone localized on the nearby
amino acids Asn86, Leu87, and Leu89 (Figure 5). This
observation is consistent with the X-ray crystallography data of
the apo- and cholesterol-bound NPC1 structures. which
indicate a displacement (1 Å) of helix 3 occurring at Asn86/
Leu87.10

To check that the C17−C20−C22−C23 dihedral angle is a valid
reaction coordinate for the isomerization reaction, the isomer-
ization path was recomputed for the NPC1/chol−NPC2
complex using the CPR method (see Methods). Several
snapshots of the energy-minimized system from the isomer-
ization profile are used as input structures to compute the
minimum-energy path yielding the intrinsic reaction coordi-
nate. The resulting isomerization minimum energy path as a
function of the normalized intrinsic coordinate λ shows a
barrier (21.9 kcal/mol) nearly identical to the barrier obtained
using the C17−C20−C22−C23 dihedral angle as a reaction
coordinate (Figure 8a). The C17−C20−C22−C23, C20−C22−
C23−C24, and C22−C23−C24−C25 dihedral angles are observed
to undergo simultaneous rearrangement over the course of the
reaction (Figure 8b).
To understand the factors influencing the QM/MM energy

barrier, for the case of the protein−protein complex we
decomposed the total QM/MM energy into the individual
energy contributions (Supporting Information Figure S2). The
total QM/MM energy proceeds via a barrier of 21.8 kcal/mol
before the energy returns to its minimum energy (Supporting
Information Figure S2, solid red line). The QM energy is

Figure 5. (a) NPC1/chol is represented as a gray ribbon diagram with
the cholesterol ligand shown in green and hydroxyl oxygen atom
shown in red. Helices 3, 7, and 8, which are the most involved in
cholesterol binding and transfer, are highlighted in color. (b) Close-up
inset shows cholesterol (green) with functionally important surround-
ing amino acids (yellow) and oxygen atoms (red) of nearest water
molecules after QM/MM energy minimization. The water molecule
nearest to the cholesterol tail is marked in red. The cholesterol 3β-
hydroxyl group hydrogen bonds with polar residues Asn41 and Gln79
and forms a water-mediated bond with the partially solvent-exposed
side chains of Glu30. Hydrophobic amino acids Pro90, Phe108,
Leu175, Leu176, and Met193 surround the sterol tail. The polar side
chain of Gln200 points away from the ligand. Oxygen atoms are shown
in red, and nitrogen atoms are shown in blue.

Figure 6. (a) NPC2/chol is represented as a red ribbon diagram with
the cholesterol ligand shown in green and 3β-hydroxyl oxygen atom
shown in red. (b) Close-up inset shows cholesterol (green) with
functionally important surrounding amino acid residues (yellow) and
oxygen atoms (red) of nearest water molecules after QM/MM energy
minimization. The choleserol hydroxyl group extends out of the NPC2
binding pocket and hydrogen bonds with a nearby water molecule,
while the sterol tail is buried inside the binding pocket. The dihedral
angle of the C17−C20−C22−C23 segment in NPC2 is −157°.
Surrounding amino acids that could be involved in ligand transfer
include hydrophobic residues Val59, Ile62, Val64, Phe66, Pro101, and
Ile103 and one polar amino acid, Tyr100, that hydrogen bonds with a
water molecule.
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maximum near ∼0° due to the highly twisted cholesterol tail
that is constrained in the protein binding pocket (Supporting
Information Figure S2, green line). As the C17−C20−C22−C23
segment continues to rotate, the strained sterol tail is relaxed, as
evidenced by the decrease in QM energy. The second smaller

isomerization barrier near 110° can be attributed to the torsion
of the C20−C22−C23−C24 and C22−C23−C24−C25 segments,
which accompanies the twisting of the C17−C20−C22−C23
fragment. As the isomerization proceeds, separation between
the C21 group and nearby amino acids increases as well, leading
to a decrease in the total energy. For comparison, the
isomerization profile calculated using a purely classical energy
function22 (Supporting Information Figure S2, light blue line)
shows a high barrier of approximately 27 kcal/mol, inconsistent
with the QM/MM energies and in disagreement with the time
scales of 10−100 s predicted by cholesterol transfer assays.12

To quantify the energetic effect of internal water on the
isomerization barrier in the protein−protein complex, the
isomerization was calculated in the absence of water
(Supporting Information Figure S2, dashed red line). The
highest isomerization barrier near 0° is reduced by approx-
imately 2 to 19.8 kcal/mol. In other words, water molecules in
the NPC1 binding pocket stabilize the initial conformation of
the ligand and sterically hinder conformational rearrangement.
For comparison, the isomerization profile of cholesterol in
vacuum has the characteristic three-peak pattern, as observed in
the other curves, due to the internal rotation of the neighboring
C17−C20−C22−C23, C20−C22−C23−C24, and C22−C23−C24−
C25 segments. However, the entire curve is significantly lower in
energy since the ligand is not constrained by the surrounding
protein, and the isomerization in vacuum proceeds via a much

Figure 7. (a) QM/MM isomerization energy barrier plotted as a
function of the cholesterol C17−C20−C22−C23 dihedral angle inside
the NPC1 binding pocket of the free NPC1/chol protein (red line)
and the NPC1/chol−NPC2 protein−protein complex (green line) as
well as in the NPC2 binding pocket of the free NPC2/chol protein
(blue line) and the NPC1−NPC2/chol protein−protein complex
(magenta line). The minimum energy for all four species is located
between −150° and −175°. The small sharp peaks between −130°
and −100° are due to twisting of adjacent C20−C22−C23−C24 and
C22−C23−C24−C25 segments. Values of adjacent dihedral angles are
plotted as a function of the primary angle C17−C20−C22−C23 (b) for
the free NPC1/chol protein (red lines) and the NPC1/chol−NPC2
protein−protein complex (green lines) and (c) for the free NPC2/
chol protein (blue lines) and the NPC1−NPC2/chol protein−protein
complex (magenta lines).

Figure 8. (a) The minimum energy path for the isomerization reaction
of NPC1/chol−NPC2 is plotted as a function of the reaction path
coordinate (intrinsic) λ. (b) The cholesterol ligand tail twists over the
course of the reaction, leading to a simultaneous rearrangement of
adjacent dihedral angles C17−C20−C22−C23, C20−C22−C23−C24, and
C22−C23−C24−C25.
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lower barrier of approximately 6 kcal/mol (Supporting
Information Figure S2, magenta line).
The isomerization reaction in the NPC1 binding pocket of

the protein−protein complex was repeated for three NPC1
mutants, L175Q/L176Q, L175A/L176A, and E191A/Y192A,
whose side chains are located in the binding pocket, in the
vicinity of the isooctyl tail and near the sterol opening of the
NPC1 protein (Supporting Information Figure S1). These
mutants have proven to be most deficient in restoring egress of
cholesterol from lysosomes.10,14 The isomerization profiles of
these species show that the L175Q/L176Q mutant and the
native species both have a total energy barrier near 0° of
approximately 20 kcal/mol. For all mutant species, the small
peaks near −135° become more pronounced (Figure 9, blue,

green, and magenta lines); the wild-type species shows the
lowest barrier in this region (Figure 9, red line). A breakdown
of the energy profiles for all three mutant species (energy
decompositions are shown in Supporting Information Figure
S4) reveals structural differences in the binding pockets.
In all species, the QM energy comprises the majority of the

total energy barrier, and, with the exception of the E191A/
Y192A mutant, the QM energy at the barrier is roughly the
same (approximately 17 kcal/mol), due to the distorted
isomerizing ligand constrained in the binding pocket
(Supporting Information Figure S4, green lines). Analysis of
the energy decomposition indicates that the L175Q/L176Q
mutant shows the largest QM energy near −135°, likely
reflecting the energy cost for twisting the adjacent C20−C22−
C23−C24 and C22−C23−C24−C25 fragments in the presence of
the polar side chains of Gln amino acids. In L175A/L176A
(Figure 9, blue line), the unfavorable nonbonding energies
significantly increase the isomerization barrier near 0° to an

energy of nearly 25 kcal/mol, likely due to the three water
molecules situated between the sterol tail and hydrophobic Ala
amino acids (Supporting Information Figure S1). The E191A/
Y192A mutant (Figure 9, magenta line) shows the lowest
overall energy barrier (16 kcal/mol), slightly shifted to 15°. A
comparison of binding pockets (Supporting Information Figure
S1) shows that the E191A/Y192A mutant contains one fewer
water molecules near the sterol tail. As a result, the isomerizing
sterol tail is less sterically hindered and can rotate further
(isomerization barrier is slightly shifted as compared to that for
other species), and the QM energy at the barrier (approx-
imately 12 kcal/mol) is lower than that of the native NPC1
species and the other two mutants structures. The remainder of
the barrier (4 kcal/mol) can be attributed to unfavorable
nonbondong energies (Supporting Information Figure S4c).

Isomerization in the NPC2 Binding Pocket. The
cholesterol isomerization energy profiles in the NPC2 binding
pocket are shown in Figure 7 for the free NPC2 protein (blue
line) and for the NPC1−NPC2/chol protein complex
(magenta line). In both cases, the highest energy barrier is
due to the QM energy arising from the distorted geometry of
the ligand tail; the highest energy barrier is the sharp peak
located near −100° due to the simultaneous twisting of
neighboring dihedral angles C20−C22−C23−C24 and C22−C23−
C24−C25 (Figure 7). The energy barriers (12.6 kcal/mol in the
free protein and 14.5 kcal/mol in the protein−protein
complex) are both lower than the barriers calculated for the
NPC1 protein, indicating a more favorable environment for
conformational rearrangement in the NPC2 binding pocket.
The energy barrier of 14.5 kcal/mol in the protein−protein
complex is compatible with the approximately 10 s binding
times measured in bidirectional cholesterol transfer assays.12

In the NPC2 binding pocket of the protein−protein
complex, the C17−C20−C22−C23 dihedral angle after QM/
MM energy minimization is −156.5° (Table 2). A small local
minimum in both the NPC1 and NPC2 isomerization profiles
is observed near 70°, suggesting that a metastable cholesterol
geometry may exist in this conformation under certain
conditions. Indeed, in classical MD simulations of cholesterol
in the NPC2 binding pocket of the protein−protein complex,
dihedral angles near 70° were sampled (Figure 4). In addition,
Wiest and co-workers report a protein−protein−cholesterol
structure in which the cholesterol C17−C20−C22−C23 dihedral
angle inside the NPC2 binding pocket is near 70°.8

The twist of the C17−C20−C22−C23 dihedral angle is
accompanied by rotations of adjacent C20−C22−C23−C24 and
C22−C23−C24−C25 segments, leading to a clockwise rotation of
the C21 methyl group toward nearby amino acids Tyr100 and
Phe66 (inset in Figure 6). At the highest isomerization barrier,
the C17−C20−C22−C23 segment is maximally strained. How-
ever, unlike in the NPC1 binding pocket, fewer amino acids
with polar side-chains, and fewer water molecules near the
sterol tail make the electrostatic environment near the sterol tail
less energetically repulsive. The cholesterol tail can rearrange
more freely and results in an isomerization barrier that is ∼7
kcal/mol lower in energy than the highest barrier calculated in
the NPC1 binding pocket.
To check the influence of surrounding water, the isomer-

ization path was recalculated in the absence of water
(Supporting Information Figure S3, green dashed line). The
energy barriers, as in the case of NPC1 (Supporting
Information Figure S3, red lines), are lowered by 2 kcal/mol,
demonstrating that internal water molecules have a small but

Figure 9. Comparison of the isomerization barriers of cholesterol
(C17−C20−C22−C23 segment) in the NPC1 binding pocket of the
NPC1/chol−NPC2 protein−protein complex for wild-type (red line)
as well as for L175Q/176Q (green line), L175A/L176A (dark blue
line), and E191A/Y192A (magenta line) mutants. The smaller sharper
peaks near −130° are due to twisting of adjacent C20−C22−C23−C24
and C22−C23−C24−C25 segments caused by the isomerizing C17−C20−
C22−C23 fragment. The highest overall energy barrier (nearly 25 kcal/
mol) is observed for the L175A/L176A mutant (dark blue line) near
0°, whereas the E191A/Y192A mutant (magenta line) shows the
lowest overall energy barrier of approximately 17 kcal/mol near 15°.
The favorable electrostatic environment in the case of E191A/Y192A
mutant, including the fewest number of water molecules near the
isooctyl tail (see Supporting Information Figure S1), leads to an
overall lower isomerization barrier compared to that of the other three
NPC1 species.
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unfavorable effect on the isomerization energetics in the NPC2
binding pocket.
The relatively lower isomerization barrier calculated for the

NPC2 binding pocket, as compared to the NPC1 binding
pocket, suggests that the NPC2 binding pocket allows the
ligand to have more conformational freedom. The higher
degree of conformational freedom in the NPC2 binding pocket
could suggest that structural rearrangement prior to ligand
transfer is favored for an efficient ligand transfer process.
Although the binding strength of the cholesterol ligand in the
two protein pockets was not examined in this study, the
calculated isomerization barriers of the two proteins may offer
some insight into the kinetics of ligand transfer. The lower
isomerization barrier calculated for NPC2 could suggest that
the NPC2 binding pocket favors a faster structural rearrange-
ment of the ligand, thereby also allowing for a faster entry/exit
of sterol ligand into the soluble NPC2 protein, as compared
with the time scale of entry/exit into the binding pocket of the
membrane-bound NPC1 protein. Indeed, in protein-to-protein
cholesterol transfer assays, the transfer of cholesterol from
NPC2 occurs rapidly (under 10 min) and reversibly at both 4
and 37 °C. On the other hand, NPC1 behaves differently,
slowly (30 min) binding cholesterol at 4 °C and more rapidly
(accelerated 140-fold) at 37 °C; at 4 °C, the cholesterol ligand
does not dissociate from NPC1 over 2 h.12 The different
binding behavior of the two proteins can be explained by
examining the respective binding pockets. The NPC1 binding
pocket, with more water molecules near the ligand tail and
more polar amino acids, has more unfavorable nonbonding
interactions during the isomerization reaction, indicating that
the pocket energetically favors ligand binding. On the other
hand, the NPC2 binding pocket has fewer water molecules and
more hydrophobic amino acids, resulting in a binding pocket in
NPC2 with more ligand conformational freedom and weaker
ligand binding interactions. Indeed, a conformational change is
required for either NPC1 or NPC2 to bind cholesterol.9,10

Whether this change occurs in the proteins, in the cholesterol
ligand, or in both in a concerted rearrangement is still unclear.
Since efficient binding of cholesterol is necessary for the
transfer of cholesterol from NPC2 to NPC1’s N-terminal
domain, the energy cost of conformational rearrangements
cannot be prohibitively high. If the rearrangement of the
cholesterol takes place in the energetically favorable NPC2
binding pocket, either before or after protein docking, then the
subsequent transfer of cholesterol to the NPC1 binding pocket
can proceed rapidly, freeing NPC2 and allowing the soluble
protein to re-enter the cycle of ligand uptake and binding. The
subsequent transfer and insertion of cholesterol from the NPC1
binding pocket into the lyosomal membrane presumably
follows, although the mechanism for that transfer has not yet
been investigated.

■ CONCLUSIONS
We have investigated the energy barriers associated with
conformational changes of cholesterol in the NPC1 and NPC2
binding pockets of the free proteins and the protein−protein
complex. In the case of the protein−protein complex, our
calculations are based on the proposed hydrophobic hand-off
model, in which cholesterol is transferred from the soluble
NPC2 protein to the membrane-bound NPC1 following
complexation of the two proteins. The protein−protein
complex, constructed by aligning the ligand apertures of the
individual crystal structures and minimizing the energy of the

complex, serves as a working model for simulating cholesterol
transfer. In the model, the sterol apertures are aligned, but the
binding pockets are bent with respect to one another. In order
for the ligand to slide from one binding pocket to the other, a
conformational change must occur in the proteins, in the
ligand, or in both. Here, we investigated the possibility that the
ligand’s flexible isooctyl tail undergoes isomerization, either
before or after protein docking, to accommodate the bent
transfer pathway. We calculated the QM/MM energy barrier
associated with this isomerization in the free native NPC1 and
NPC2 proteins as well as for the NPC1−NPC2 protein−
protein complex.
In the free NPC1/chol binding pocket, cholesterol isomer-

ization proceeds via an energy barrier of 19.5 kcal/mol, whereas
in the protein−protein complex, this barrier is increased to 21.8
kcal/mol. Isomerization in the NPC2 binding pocket of the free
NPC2/chol protein showed the overall lowest isomerization
barrier of 12.6 kcal/mol; in the protein−protein complex, this
barrier increases to 14.5 kcal/mol. Isomerization barriers were
also calculated for three mutant NPC1−NPC2 species, L175Q/
L176Q, L175A/L176A, and E191A/Y192A, whose barriers are
approximately 20, 25, and 17 kcal/mol, respectively. On the
basis of our calculations, due to the energetically favorable
conditions in the NPC2 binding pocket compared to those in
NPC1, a conformational rearrangement of cholesterol either
before or after protein docking would be favored in the NPC2
binding pocket.
The isomerization energy barriers obtained in our QM/MM

calculations of the protein−protein complexes, ranging between
14.5 kcal/mol for native NPC2 and 21.8 kcal/mol for native
NPC1, are in agreement with the experimental kinetic rates
corresponding to halftimes ranging between 10 and 100 s at 37
C, although these experimentally measured rates should be
considered semiquantitative (A. Radhakrishnan, private com-
munication). Therefore, although cholesterol transfer rates are
not precisely known, the isomerization barriers calculated here
are in accord with the range of measured transfer rates. Our
results indicate that cholesterol isomerization within the NPC1
binding pocket is higher in energy than that within the NPC2
binding pocket. This energy difference can be explained by the
fact that the NPC1 binding pocket contains more internal water
molecules and amino acids with polar side chains, thereby
restricting conformational rearrangement for the hydrophobic
cholesterol ligand.
Since NPC disease is characterized by disrupted cholesterol

trafficking within the lysosome, a quantification of the energetic
cost of cholesterol movement between and/or inside the
complexed NPC1 and NPC2 proteins is required in order to
understand possible causes of disfunction. We observe in our
MD calculations, as in those of Wiest and co-workers,8 that the
cholesterol ligand samples different geometries inside the
binding pockets of the protein−protein complex, so a
conformational rearrangement is likely to play a role in the
transfer process. Here, we have not considered the contribution
of conformational sampling that may further lower the
isomerization (free) energy barrier. Dynamical sampling is
likely to lower both isomerization barriers, and, as such, the
energy barriers computed here serve as a reference point for
subsequent calculations.
Mutagenesis studies indicate a range of mutants that could be

responsible for the disrupted cholesterol trafficking within the
lysosome. Mutations in either or both the NPC1 or NPC2
proteins that hinder the complexation process, cholesterol
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isomerization, or the transfer step could significantly alter the
energetics and severely disrupt the trafficking process within the
lysosome. In the present study, we focused on the L175A/
L176A, L175Q/L176Q, and E191A/Y192A mutants that have
shown severely decreased rates of cholesterol transfer. Our
calculations show that the isomerization barriers associated with
these mutants, as with the wild-type species, are higher than the
barriers associated with the NPC2 binding pocket. Therefore,
an isomerization reaction in the more favorable NPC2 binding
pocket is not affected by mutations in NPC1. Although a
comprehensive mutagenesis study was not the focus of this
work, calculating the energy barriers associated with other
functionally relevant NPC1 and NPC2 mutants would be
worthwhile.
Here, we examined the stationary end states of the

cholesterol transfer reaction between NPC2 and NPC1. The
possibility exists that a conformational rearrangement of
cholesterol occurs at any point or over a series of steps along
the reaction path linking the two binding pockets. To
investigate this scenario, conformational sampling along the
QM/MM reaction path connecting the binding pockets of the
two NPC proteins should be carried out. Such calculations
would give insight not only into enthalpic but also entropic
contributions to the free energy of the cholesterol binding and
transfer processes. Preliminary calculations for the construction
of reaction paths connecting the binding pockets are currently
being carried out for the native protein structures.
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