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Abstract
The lysosomal membrane protein Niemann-Pick type C1 (NPC1) and Niemann-
Pick type C2 (NPC2) are main players of cholesterol control in the lysosome and it 
is known that the mutation on these proteins leads to the cholesterol trafficking-
related neurodegenerative disease, which is called the NPC disease. The mutation 
R518W or R518Q on the NPC1 is one of the type of disease-related mutation that 
causes cholesterol transports to be cut in half, which results in the accumulation 
of cholesterol and lipids in the late endosomal/lysosomal compartment of the cell. 
Even though there has been significant progress with understanding the cholesterol 
transport by NPC1 in combination with NPC2, especially after the structural deter-
mination of the full-length NPC1 in 2016, many details such as the interaction of the 
full-length NPC1 with the NPC2, the molecular motions responsible for the choles-
terol transport during and after this interaction, and the structure and the function 
relations of many mutations are still not well understood. In this study, we report 
the extensive molecular dynamics simulations in order to gain insight into the struc-
ture and the dynamics of NPC1 lumenal domain for the cholesterol transport and 
the disease behind the mutation (R518W). It was found that the mutation induces 
a structural shift of the N-terminal domain, toward the loop region in the middle 
lumenal domain, which is believed to play a central role in the interaction with NPC2 
protein, so the interaction with the NPC2 protein might be less favorable compared 
to the wild NPC1. Also, the simulation indicates the possible re-orientation of the 
N-terminal domain with both the wild and the R518W-mutated NPC1 after receiving 
the cholesterol from the NPC2 that align to form an internal tunnel, which is a pos-
sible pose for further action in cholesterol trafficking. We believe the current study 
can provide a better understanding of the cholesterol transport by NPC1 especially 
the role of NTD of NPC1 in combination with NPC2 interactions.
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1  | INTRODUC TION

The cholesterol homeostasis is maintained by many different pro-
teins depending on the tissues in the body (Luo, Yang, & Song, 2019). 
The blood cholesterol levels are regulated by several processes, 
which include bio-synthesis, cholesterol absorption/re-absorption, 
and biliary clearance and excretion (Grundy, 1983; Y Litvinov, V. 
Savushkin, A. Garaeva, & D. Dergunov, 2016). Elevated blood cho-
lesterol levels contribute to atherosclerotic coronary heart disease 
(Goldstein & Brown, 1990; Horton, Goldstein, & Brown, 2002). 
Previous studies have shown that lowering the levels of plasma cho-
lesterol significantly reduces the risk of cardiovascular diseases as-
sociated with diabetes mellitus even in diabetic patients with normal 
levels of plasma cholesterol (Malhotra, Gill, Dudeja, & Alrefai, 2016). 
Therefore, control of the cholesterol for therapeutic purposes re-
garding diseases such as cardiovascular disease has a fundamen-
tal importance. There has been a tremendous amount of effort to 
understand how different organ systems such as the liver and the 
intestine coordinate their cellular mechanisms to control the body 
cholesterol homeostasis even though the same process in the brain 
is less explored (Luo et al., 2019; Malhotra et al., 2016).

The transmembrane protein Niemann-Pick type C1 (NPC1) inside 
the lysosome is one of the key players in the cholesterol transport, 
which is also mediated by the Niemann-Pick type C2 (NPC2) (Betters 
& Yu, 2010; Wang et al., 2010). The NPC1 facilitates the transport 
of the low-density lipoprotein (LDL)-derived cholesterol out of the 
lysosomes for the subsequent delivery to the endoplasmic reticulum 
and the plasma membrane. The NPC1 functions mostly in tandem 
with NPC2, which is a soluble lysosomal protein, in order to move 
the unesterified cholesterol (Kwon et al., 2009). The abnormal func-
tion of NPC1 as result of the mutation and the environment change 
causes the accumulation of the cholesterol within the lysosome, 
which leads to a neurodegenerative disease called the NPC disease. 
Not only the crystal structures of N-terminal lumenal domain (NTD) 
of NPC1 with and without cholesterol (PDB id: 3GKI and 3GKH) 
(Kwon et al., 2009), as well as the cryo-EM (electron microscope) of 
the full-length NPC1 with and without cholesterol in NTD (PDB id: 
3JD8 and 5JNX) were reported (Gong et al., 2016). The NPC1 gly-
coprotein has 13 helixes in the transmembrane domains (TMD) and 
three relatively large, lumenally oriented domains. The N-terminal 
lumenal domain (NTD) contains a cholesterol binding pocket, but the 
newly determined structure of the cysteine-rich C-terminal domain 
(CTD) contains a loop region that is close to the NTD, which indi-
cates the importance of this region in the cholesterol transport in 
conjunction with maintaining the possible orientation of the NTD 
to receive cholesterol from the NPC2 (Li et al., 2017). It is believed 
that the soluble NPC2 accepts the LDL cholesterol and delivers it to 
the NTD directly, which is also referred to as the so-called hands-off 

mechanism (Deffieu & Pfeffer, 2011). It is known that the two pro-
truding middle lumenal domain (MLD) loops in the NPC1 interacts 
with the NPC2. Interestingly, these loops interact with the glycopro-
tein of the Ebola virus also and both the structure of the MLD with 
the Ebola glycoprotein and the MLD with the NPC2 has been deter-
mined (Gong et al., 2016; Infante, Abi-Mosleh, et al., 2008; Infante, 
Radhakrishnan, et al., 2008; Li, Saha, Li, Blobel, & Pfeffer, 2016; 
Wang et al., 2016). In fact, a study of the NPC1 has importance 
as a mediator of the cholesterol transport as well as a mediator of 
coronavirus such as SARS and the Ebola virus. Especially, a lot of 
attention has been paid to the NPC1 as a one of the possible target 
proteins to mimic the NPC disease in relation to the recent pandemic 
outbreak of the COVID-19 virus because the inhibition of this pro-
tein could reduce the replication of a coronavirus, which includes 
the COVID-19 virus (Ballout, Sviridov, Bukrinsky, & Remaley, 2020; 
Sturley et al., 2020).

There have been several computational modeling studies regard-
ing the cholesterol transport through the NPC1 that complement 
the experimental results. Previously, two working models of the 
NPC1 (NTD) in complex with the NPC2 were proposed. One is based 
on the surface residue identification for the interaction between 
NPC1 (NTD) and NPC2 (Kwon et al., 2009; Wang et al., 2010), and 
the other is based on the X-ray structure of NPC2 in complex with 
the NPC1-MLD region (Li, Saha, et al., 2016). The NPC1(NTD)–NPC2 
interfaces proposed by Brown & Goldstein and Li & Pfeffer, which 
are coined the “Texas” and the “California” models by Elghobashi-
Meinhardt (Hodošček & Elghobashi-Meinhardt, 2018), differ with 
the alignment of the residues. The detailed sliding like hands-off 
cholesterol transport especially the conformational change in the 
cholesterol during the transport from NPC2 to NTD was reported 
with the QM/MM study within a fixed NPC2/NTD conformational 
framework (Elghobashi-Meinhardt, 2014). From the molecular dy-
namics simulations it was found that the “Texas” model has favorable 
interface between NPC2 and NTD in NPC2/NTD complex when 
the cholesterol is in NPC2 side while the same complex dissociates 
when the cholesterol is in NTD side or there was no cholesterol on 
both sides (Estiu, Khatri, & Wiest, 2013; Hodošček & Elghobashi-
Meinhardt, 2018). On the other hand, the “California” model showed 
the opposite behaviors. Based on these observations, it was sug-
gested that the “Texas” model may corresponds to the initial struc-
ture for the cholesterol transport from NPC2 to NTD, while the 
“California” model corresponds to the structure after the cholesterol 
transport (Hodošček & Elghobashi-Meinhardt, 2018).

Even though there has been significant progress regarding un-
derstanding the dietary cholesterol exchange in a cellular environ-
ment in connection with the NPC1 especially after the structural 
determination of the full-length NPC1, many details, such as the in-
teraction of the full-length NPC1 with the NPC2 and the structural 
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change in the full NPC1 as the cholesterol is passed from one place 
to other places, have still not been directly observed. The location or 
the orientation of NTD presented in the full-length NPC1 structure 
might not be the active form, and there the NTD orientation/loca-
tion from the full-length NPC1 structure could have changed during 
the cholesterol transfer from NPC2 for proper alignment (Gong 
et al., 2016; Li et al., 2017; Pfeffer, 2019). Eventually, it is believed 
that once the cholesterol has been transferred to NTD from NPC2, 
it could be delivered to the sterol sensing domain (SSD) (Li, Wang, 
et al., 2016; Ohgami et al., 2004; Wheeler, Schmid, & Sillence, 2019), 
which is in between the helix bundle within the membrane region, 
and it could possibly trigger a sequence of events once it is trans-
ferred there (Pfeffer 2016).

The transfer of the cholesterol from NTD to SSD could pro-
ceed possibly through a conduit-like channel that was observed 
in the Patched protein by the proton-driven network (Winkler 
et al., 2019; Zhang et al., 2018). Note that the modeling study with 
the disease-causing L472P mutation indicates a breakdown of this 
tunnel in NPC1 (Vanharanta et al., 2020), which emphasizes the 
importance of this tunnel with the cholesterol transport. The re-
cent cryo-EM structure of NPC1 with NPC1-blocker itraconazole 
shows the blocker is located in this tunnel, which supports this 
scheme (Long et al., 2020). In this context, the possible cholesterol 
binding sites have been recently suggested through the modeling 
study (Elghobashi-Meinhardt, 2019). We note that the channel was 
observed in a short molecular dynamics simulation with no choles-
terol in NTD (Elghobashi-Meinhardt, 2020). Interestingly, the very 
recent molecular dynamics study of wild NPC1 with the cholesterol 
in itraconazole binding site indicates the migration of the cholesterol 
laterally toward the bilayer direction unlike the mutation P691S, 
which migrates away from SSD, suggesting that cholesterol might 
be inserted into bilayer, although this lateral motion for choles-
terol transport out of the lysosome (Elghobashi-Meinhardt, 2020). 
There is a possibility that the cholesterol is transferred from NTD of 
neighboring NPC1 such as the inter-protein transfer (Trinh, Brown, 
Seemann, Goldstein, & Lu, 2018). In either case, there should be some 
structural re-arrangement of the NPC1 protein after the cholesterol 
is transferred to NTD from NPC2, which could possibly include sig-
nificant amounts of the NTD being re-orientated or translocated for 
further actions (Elghobashi-Meinhardt, 2019; Li, Saha, et al., 2016).

The mutational study, both theoretically and experimentally, 
may provide the opportunities to directly or indirectly gain insight 
into the mechanisms of the NPC1 cholesterol transfer process. Since 
the first discovery of the mutation on NPC1 protein and its connec-
tion to NPC-related diseases (Yamamoto, Nanba, & Ninomiya, 1999), 
numerous mutations either on NPC1 or NPC2 have been found addi-
tionally (Li et al., 2017; Park et al., 2003). The point mutation R518W 
(or R518Q) is one example (Millat et al., 2001; Park et al., 2003; 
Yamamoto et al., 1999) and it has been reported that the choles-
terol transfer activity is reduced by 50% by this mutation (Gong 
et al., 2016). At the same time, it was found that the binding affinity 
of the NPC2 to the full-length NPC1 is noticeably reduced (Deffieu 
& Pfeffer, 2011; Gong et al., 2016). The transfer efficiency was 

maximized under pH 5.5 (Deffieu & Pfeffer, 2011; Infante, Wang, 
et al., 2008). From experiments, it has been reported that the in-
teraction between NPC2 and NPC1 has two aspects that include 
the cholesterol-independent weak interactions and the cholesterol 
depending strong interactions (Deffieu & Pfeffer, 2011). After that, 
it was found that this cholesterol-dependent binding affinity is as a 
result of the structural difference in the NPC2 near the MLD loops 
binding region depending on the presence of cholesterol (Li, Saha, 
et al., 2016). The computational study of the point mutations I1061T, 
P1007A, and G992W on the CTD shows the structural instability of 
the mutated NPC1, especially the instabilities in NTD, which sug-
gest the importance of a correct orientation or the stability of NTD 
in NPC1 (Martínez-Archundia, Hernández Mojica, Correa-Basurto, 
Montaño, & Camacho-Molina, 2019). On the other hand, the com-
puter simulation with the NTD protein and its two mutations, which 
include the Q92R and the Q92S, show the importance of the correct 
electrostatic distribution near the entrance of the cholesterol pocket 
as well as the structural stability for suitably bind the cholesterol 
to the NTD (Petukh & Zhulin, 2018). In combination with the ex-
periment, the molecular dynamics simulation of the L472P mutation 
indicates a disruption of the tunnel between MLD and CTD, which 
is believed to play an essential role with the cholesterol transport 
that was previously mentioned (Vanharanta et al., 2020). Since it was 
pointed that the R518W mutation decreases the cholesterol trans-
fer activity not because of misfolding of the NPC1 but because of 
the functional defection of the NPC1 (Deffieu & Pfeffer, 2011), the 
atomic-level detailed mechanism behind this defective functionality 
could provide insights about the structure and the functional rela-
tionship of the NPC1, especially with its interaction with the NPC2.

In this study, we present extensive molecular dynamics simula-
tions of the NPC1 in the presence of cholesterol and in the absence 
of cholesterol in the NTD in order to understand the structural and 
dynamical characteristics in conjunction with the R518W mutation 
and its effects on the overall cholesterol transport efficiency in con-
nection with the possible re-location or orientation of NTD and the 
interaction of NPC1 with NPC2 (Yamamoto et al., 1999).

2  | METHODS

We built the initial full-length NPC1 structure using an X-ray struc-
ture (PDB ID: 5U74) as a template (Li et al., 2017). The missing NTD 
structure was introduced by overlapping the overall structure into 
the cryo-EM structure presented by Gong et al. (PDB ID 3JD8) (Gong 
et al., 2016). For the simulation with the R518W mutation, we mu-
tated the Arg518 to the Trp518 with the PyMOL (Schrodinger, 2015) 
by selecting the lowest steric hindrance conformer. The pH of the 
simulation was set to 5.5 considering the lumenal environment of 
the lysosome (Deffieu & Pfeffer, 2011; Elghobashi-Meinhardt, 2019; 
Infante, Wang, et al., 2008). For this purpose, considering the intrin-
sic pKa values of the amino acids, the protonation states of every 
Asp, Glu, and His was obtained by PROPKA 3.1 (Li, Robertson, & 
Jensen, 2005). The details of the protonation states obtained from the 

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5U74


970  |     YOON et al.

PROPKA are listed in Table 1. The overall structure was solvated with 
TIP3P water, and the total charge was balanced with the addition of 
Na+ ions. In this study, we only considered the lumenal exposed part 
of the full-length NPC1 in order to reduce the overall computational 
cost by imposing the position restraints on the Cα atoms connected to 
the TM. The restraints constant was set to 1000 kJ mol−1 nm2, and its 
locations were Pro259, Lys392, Glu610, Tyr871, and Tyr1088. Note 
that we have included the Proline-rich long strand that is connected 
to the NTD starting from the membrane surface in our simulation. Of 
course, this simplified model may not fully reflect the behavior of the 
full-length NPC1 including the membrane.

The recent molecular dynamics simulation (Elghobashi-
Meinhardt, 2020) with full NPC1 when cholesterol is present in 
the NPC1 inhibiting itraconazole binding site (Long et al., 2020), 
which is at the interface between the membrane and the lumenal 
region, shows there is a non-negligible distance correlation coef-
ficient between the TMD and the rest of the domains. Therefore, 
the model presented here need to be understood within a simplified 
framework. The initial structure we used in this study is shown in 
Figure 1. All the figures of the protein structure were drawn with 
PyMOL (Schrodinger, 2015). We also used CHARMM36 force field 
(Huang et al., 2017) for both the protein and the cholesterol when 
needed. The simulation box was constructed by setting the mini-
mum distance from the protein edge to the simulation box as 10.0 
Å. The final box size was 102.58, 110.22, and 83.82 Å along the x, y, 
and z direction, respectively. The periodic boundary condition was 
imposed along the three different directions. The non-bonded cut-
off distance was set to 12.0 Å with pair list updated every 25 time 
steps. The long-range electrostatic interaction was treated with the 

particle-mesh-Ewald (PME) method with a PME order of 4 and a 
Fourier spacing of 1.2 Å. The initially prepared system was energy 
minimized with the steepest descent method, which was followed 
by the molecular dynamics simulation with constraints to all-bond 
in protein using the LINCS algorithm for 1 ns before the production 
run. For the final production, the simulation was run under the con-
stant temperature and constant pressure condition, i.e., NPT simu-
lation. The temperature was set to 310K using the velocity rescale 
method with a coupling constant of 0.1 ps and the pressure was set 
to 1 atm using the Berendsen pressure coupling method with a cou-
pling constant of 2.0 ps with a compressibility of 4.5x10-5 bar-1.

The whole simulation was run using Gromacs-2018.6 (Van Der 
Spoel et al., 2005). We used the leap-frog time integrator with a 
time step of 4.0 fs to speed up the simulations by increasing the 
hydrogen atom mass by factors of 4 while keeping the total atomic 
mass unchanged by subtracting the same mass from the H-bonded 
heavy atoms as implemented in Gromacs (Feenstra, Hess, & 
Berendsen, 1999; Yang, Kulkarni, Lim, & Pak, 2017). We have per-
formed the molecular dynamics for four different systems, which 
included the wild NPC1, the R518W mutated NPC1, the wild NPC1 
with cholesterol on the NTD, and the R518W-mutated NPC1 with 
cholesterol on NTD. The reason we included a system with choles-
terol in the NTD for mutated NPC1 in our simulation is we would like 
to trace the effects of the mutation after a successful cholesterol 
transfer from NPC2 to NTD because as much as half of the choles-
terol is transferred to NPC1 from NPC2 according to an experiment 
in mutation (Gong et al., 2016). The simulation time and the total 
number of independent simulations are described in detail in the 
Results and Discussion section.

Amino acids Domain Wild R518W Wild w/. chol.
R518W 
w/. chol

Asp524 MLD NA 5.58 NA 5.58

Asp944 CTD 5.78 5.78 5.78 5.78

Glu30 NTD NA NA 5.73 5.76

Glu109 NTD 6.90 6.89 7.03 7.02

Glu406 MLD 11.47 11.61 11.47 11.61

Glu451 MLD 6.39 6.39 6.39 6.39

Glu606 MLD 7.50 7.59 7.50 7.59

His215 NTD 6.41 6.41 6.41 6.41

His441 MLD 6.60 6.60 6.60 6.60

His492 MLD 6.04 6.04 6.04 6.04

His497 MLD 6.75 6.75 6.75 6.75

His510 MLD 6.46 6.42 6.46 6.42

His530 MLD 6.21 6.21 6.21 6.21

His884 CTD 6.04 5.96 6.04 5.96

His1016 CTD 5.83 5.85 5.83 5.85

His1029 CTD 6.45 6.45 6.45 6.45

Note: MLD, middle lumenal domain
CTD, C-terminal lumenal domain

TA B L E  1   The intrinsic pKa values of 
Asp, Glu, and His obtained from PROPKA 
for four systems we have used in this 
work. The pKa values less than or equal to 
5.5 are shown as NA
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3  | RESULTS

Initially, we ran eight independent wild NPC1 simulations with no 
cholesterol in the NTD for 200 ns. One of the simulation trajecto-
ries showed a noticeable change with the NTD tilting toward the 
outside of the NPC1 with a backbone RMSD of 8.7 Å compared 
to the initial structure. Only the heavy atoms are considered in 
backbone RMSD calculations. Therefore, we further proceeded 
increasing the simulation up to 1.0 μs with this trajectory. The rest 
of the trajectories essentially showed no noticeable changes from 
the starting structure in terms of the NTD tilting, with the RMSD of 
the whole system being around 6.0 Å from the starting structure. 
Among those remaining seven trajectories, we randomly selected 
two more trajectories and proceeded with the simulation up to 
1.0 μs, but these two trajectories remained essentially steady in 
terms of the NTD angle changes relative to the other domains. The 
results presented here were obtained from the trajectory with the 
large NTD displacement mentioned above. To monitor the angle 
change in the NTD, we obtained the relative angles between each 
of the domains as a function of the simulation time, which is illus-
trated in Figure 2. The angles shown here are the relative angles 
between the long helices from each domain. It is worth noting that 

the RMSD of each domain obtained from the alignment of the cor-
responding domain only is relatively small during the simulations 
(less than 3.5 Å), which is shown in Figure S1. Therefore, monitoring 
the angles between the well-preserved helices from each domain 
could be a measure of the relative change in the orientation be-
tween them. For this purpose, we defined a single vector from each 
helix and calculated the angles between them. For a given helix, the 
single vector from a helix can be obtained based on the three con-
secutive Cα coordinates at the beginning of the helix and the three 
consecutive Cα coordinates at the end of the helix (Kahn, 1989). 
The corresponding residues we have used are Ser99 ~ Thr112 in 
NTD, Glu575 ~ Asn593 in MLD, and Phe1051 ~ Met1069 in CTD. 
The direction of the axis is set from the low residue number to the 
high residue number. The helices we defined as well as their vectors 
are shown in Figure S2. Panel A shows the sudden change in angles, 
especially the angle between the CTD and the NTD, which started 
from around 100 ns and remained steady with some fluctuations 
after 300 ns. Compared to panel A, the same plot on panels B and 
C, which corresponded to the angles in those two randomly se-
lected trajectories, showed minor angle changes. Figure 3a–c show 
the superposition of the simulation structures from our 1.0 μs sim-
ulation trajectory over the initial structure at 0.2, 0.5, and 1.0 μs, 
respectively. One can see the displacement of the NTD away from 
the MLD domain starting from the initial structure and the maximi-
zation of the displacement/tilting near 0.5 μs, followed by some-
what decrease displacement/tilting again near 1.0 μs. Therefore, 
there is a possibility that the NTD might move back and forth 
between the structure (A) and the structure (B), even though the 
current simulation is too short to observe such a behavior repeat-
edly. Note the direction of NTD displacement after 1.0 μs is still 
away from the MLD. The movie file corresponding to this trajec-
tory can be found in the Video S1. The detailed structural infor-
mation on the interaction or the complex formation of NPC2 with 
NTD in the presence of the full-length NPC1 could significantly en-
hance our understanding of the cholesterol transfer from NPC2 to 
NTD. We note that the structure of putative NTD–NPC2 complex 
“Texas” model when there is cholesterol in the NPC2 side (Estiu 
et al., 2013; Hodošček & Elghobashi-Meinhardt, 2018), generates 
significant structural crash when superimposed on the cryo-EM 
structure, indicating that possible involvement of some structural 
re-orientation or displacement of NTD to adapt the NPC2 if the 
“Texas” model is right. The fitting of “the Texas interface” and the 
“California” model into the current simulation structure after 1.0 μs 
in Figure 4 shows no more crashes like the crash that was previ-
ously mentioned, and a favorable interaction is possible between 
the full-length NPC1 and the NPC2. Both the “Texas” interface and 
the “California” interface have no crash with the current simula-
tion structure. The “California” model has no additional interac-
tions with the full NPC1 other than the direct interface with NTD. 
Therefore, we presume the dissociative interaction of NPC2 with 
NTD when the cholesterol is in NPC2 that was observed in previ-
ous molecular dynamics simulations with NTD/NPC2 complex only 
remains valid (Hodošček & Elghobashi-Meinhardt, 2018). Certainly, 

F I G U R E  1   The initial structure we have prepared for 
simulations, including the cholesterol in the NTD. The cholesterol 
is shown as a gray sphere. The NTD, C-terminal lumenal domain 
(CTD), and MLD domains are shown as green, magenta, and cyan, 
respectively. The yellow stick is the Arg518 residue which is subject 
to the mutation of the Trp in our simulation. The Niemann-Pick 
type C2 binding loops are shown in black and the five restrained Cα 
atoms are shown as spheres in a wheat color
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it would be interesting to keep track of this “Texas” interface-based 
putative full-length NPC1 + NPC2 structure with the long-time 
molecular dynamics in the presence of the cholesterol. More im-
portantly, the modeling of the full-length NPC1 in complex with the 
cholesterol bound NPC2 with the addition of the NPC2 to current 
simulation structure by aligning the MLD of the MLD–NPC2 com-
plex experimental structure (Li, Saha, et al., 2016) could be a good 
starting point to understand the detailed interaction between the 
NPC2 and the NTD in the full-length NPC1. This is because there 
might be an initial binding of NPC2 to NPC1 MLD loops and the 
stable complex formation of the NPC2 with the NTD when there is 

cholesterol on the NPC2. The modeling study can provide informa-
tion about how the NTD acts as a possible anchoring player, which 
was pointed out by Gong et al. (Gong et al., 2016).

As for the R518W mutation simulation, we generated six inde-
pendent trajectories that were 200 ns each. Basically, no noticeable 
changes were observed except in one trajectory where the NTD was 
displaced toward the MLD side, which is the opposite direction of 
the wild-type simulation. To monitor the possible swing between dif-
ferent states, we selected this trajectory and keep running the sim-
ulation up to 1.5 μs, but we were not able to see the corresponding 
behavior and the NTD remains steady with displacement toward the 

F I G U R E  2   The time evolution of the angles among the NTD, MLD, and C-terminal lumenal domain (CTD) for three trajectories. Panel a 
corresponds to the trajectory with the titled NTD. We selected a helix from each domain and calculated the angles between each helix axis. 
Please refer to Figure S2 for the selected helices in each domain. The black, red, and green lines correspond to the angle between NTD and 
MLD, angle between MLD and CTD, and angle between CTD and NTD, respectively. The angles between each domain are obtained based 
on a specific helix as an axis from each domain

F I G U R E  3   The structure obtained from the current simulation with a wild type after 0.2 μs (a), 0.5 μs (b), and 1.0 μs (c) that is in 
overlapped with the initial structure (yellow). The color of each domain is same as the color used in Figure 1
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F I G U R E  4   Fitting of (a) the “Texas” model (lime) and (b) the “California” model (yellow) onto the structure of the WT Niemann-Pick 
type C1 (NPC1) obtained from the current simulation without cholesterol (blue). The coordinate of “Texas” model is from Estiu et al. (Estiu 
et al., 2013). We obtained the “California” model structure following the procedure in the reference (Li, Saha, et al., 2016). Namely, we 
overlapped Niemann-Pick type C2 (NPC2) binding X-ray structure (PDB ID: 5KWY) onto cryo-EM structure (PDB ID: 3JD8). Then, we 
aligned the two NPC2 binding loops on MLD in 5KWY to the same loops of 3JD8 along with the NPC2 in 5KWY. The structure in figure (a) 
is a result from combination of the NTD/NPC2 complex having the “Texas” interface with full-length NPC1 from current simulation. If the 
“Texas” model is reasonable, this is a putative structure of full-length NPC1 in complex with cholesterol bound NPC2 for the cholesterol 
transport from NPC2 to NTD. This model may serve as a template for further study such as monitoring the relative orientation/distance 
change right after NPC2 binding in MLD loops

F I G U R E  5   The overlap of the structure obtained from the mutation simulation over the X-ray structure of the Niemann-Pick type C2 
(NPC2) that is in binding with the MLD. It generates some structural crashes near the interface between NPC2 and NTD. The detailed 
structure of the interface is shown along with the residues. The mutated residue Trp518 was presented as a red stick for convenience. For 
clarity, the same structure from the rear side is shown as the magnified figure on the right hand side

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5KWY
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3JD8
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MLD. The relative angles between each domain and the RMSDs cor-
responding to this trajectory are shown in Figure S3. Note the sig-
nificant decrease in the angle between the NTD and the MLD (black 
line), which is an indication of NTD tilting/displacement toward MLD 
side. Possibly, this causes a less favorable interaction with the NPC2 
as a result of steric hindrance, and it could be the signature of the 
experimentally observed cholesterol-independent weak interaction 
of the NPC2 with the mutated NPC1 (Deffieu & Pfeffer, 2011; Gong 
et al., 2016). In fact, the overlap of the MLD from the last frame of this 
trajectory over the MLD of the X-ray structure (PDB ID: 5KWY)(Li, 
Saha, et al., 2016) generates a structural crash in the interface between 
the NPC2 and the NTD, more specifically the residue A34 ~ K38 of 
the NTD (magenta) and the residue G80 ~ P84 of the NPC2 (yellow) 
(Figure 5). Another possible cause of the weakened interaction is the 
structural change in the NPC2 binding of the MLD loops upon the 
mutation. It is reported that the seven residues, which include Q421, 
Y423, P424, D502, F503, F504, and Y506, in the two protruding MLD 
loops are involved in the interaction with the NPC2 (Li, Saha, et al., 
2016). To understand this possibility, we tried to compare the binding 
affinity of the NPC2 binding loops of the MLD with the NPC2 before 
and after the mutation indirectly by calculating the backbone RMSD 
of the loops from the mutated trajectory using the experimentally 
determined NPC2 binding MLD loops as a reference (Li, Saha, et al., 
2016). For this purpose, we obtained the RMSD by aligning the two 
protruding loops only from the last 1.0 μs from the trajectory to the 
reference loops structure. As can be seen in the resulting Figure S4, 
the RMSD shows narrow distribution centered at 1.8 Å, which indi-
cates the loops structure from the simulation trajectory is not much 
different from the loop structure in wild NPC1. Based on this obser-
vation, we think that the difference in the NPC2 binding affinity be-
tween the wild and the mutated NPC1 is small. Note that the residues 
D502 are E502 in our simulation since we have used a human NPC1 
that is unlike an NPC1 X-ray structure, which is bovine. Therefore, 
we believe the reduced binding affinity of the mutated R518W is as a 
result of the displacement of the NTD toward the MLD, which leads 
to less favorable NTD–NPC2 interaction compared to a state where 
the interface is water exposed. This can be understood by noting that 
the interactions in this region are mostly between the hydrophilic 
residues or the charged residues from the NTD and the hydrophobic 
residues from the NPC2. Even though the current mutation simula-
tion explains the reduced binding affinity of the NPC2 to the NPC1 
in the R518W mutation that was observed in the in vitro experiments 
(Deffieu & Pfeffer, 2011; Gong et al., 2016), it is not clear at this mo-
ments if this reduced binding is the main culprit behind the disease in 
cellular environment because the pH of lysosome lumenal side with 
the NPC1-deficient lysosome is increased from 5.5 according to the 
experiments with live imaging (Leung, Chakraborty, Saminathan, & 
Krishnan, 2019; Wheeler, Haberkant, et al., 2019).

We also performed the molecular dynamics simulation with the 
cholesterol loaded in the NTD for the wild NPC1. The seven inde-
pendent simulations to 200 ns showed no distinctive titling motions 
or distance changes between the domains. There were no notice-
able structural differences between any two different trajectories 

as well. Therefore, we selected one of the trajectories and pro-
ceeded the simulation to 2.0 μs. We then observed a change with 
the NTD orientation. The backbone RMSD of the whole system as 
well as each individual domains using the starting structure as a ref-
erence were plotted in Figure 6 as a function of time. We observed 
that the trajectory quickly makes a conduit-like channel as a result 
of this re-orientation, which includes the cholesterol that contains 
the NTD as a part of this channel that was mentioned above. From 
Figure 7, which is the same angle profile as Figure 2, its relative ori-
entation between the domains is different from the structure with 
no cholesterol at least within our simulation time scale. We have se-
lected a structure near 1.8 μs, which has an RMSD of 9.0 Å, and pre-
sented the identified tunnel in Figure 8. The tunnel was constructed 
using MoleOnline (Berka et al., 2012) and imported into PyMOL 
(Schrodinger, 2015). For this tunnel identification, we have used the 

F I G U R E  6   The RMSD time profile of the wild-type Niemann-
Pick type C1 (NPC1) simulation with cholesterol in the NTD. The 
RMSD of the whole system is shown as black line. The RMSD of 
NTD, MLD, and C-terminal lumenal domain (CTD) are shown as red, 
green, and blue lines, respectively

F I G U R E  7   The change in the angles as a function of time for a 
wild-type trajectory with cholesterol in the NTD. The angles here 
are obtained using the same method as in Figure 2

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5KWY
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default MoleOnline parameters. It is somewhat surprising that this 
long tunnel is kept surviving even with the large structural fluctua-
tion. This tunnel might act as a channel for the cholesterol transport 
from NTD to SSD, which is a lot like the experimentally observed 
channel in the NCR1 (Winkler et al., 2019). Of course, the simula-
tion has not reached the fully equilibrated state. Hence, the tunnel 
we observed should be understood as a snapshot of a dynamically 
fluctuating system and its shape might be not ideal. However, this 
simulation shows that the trajectory can form at tunnel, which was 
not observed in the trajectory with no cholesterol on NTD, and it can 
facilitate the transport of the cholesterol. Also, there is an onset of 
the NTD alignment to this channel when there is cholesterol on the 
NTD, which is possibly for the proper transport of the cholesterol 
from the NTD all the way to the SSD.

The introduction of the disulfide bond between the MLD and the 
CTD, which modifies the tunnel, fails to rescue the cholesterol accu-
mulation in the NPC1−/− HeLa cells (Saha et al., 2020). This demon-
strates the importance of the relative movement between the domains 
especially between the MLD and the CTD. Also, the restriction of the 
NTD movement away from the rest of the domain with the formation 
of the disulfide bond between the P251 and the L929 does not affect 
its functionality, which suggests that NTD movement away from the 
rest of the domain is not necessary for the cholesterol transport (Saha 
et al., 2020). However, this does not preclude the possibility of the 
NTD movement within the domain, such as the tilting we have ob-
served, which possibly accumulates the cholesterol from the NPC2 
and delivers it to the internal tunnel in present study.

To observe the behavior of the mutated NPC1 once the cholesterol 
is transferred to the NTD from the NPC2, which might be relatively 
easy after the binding of the NPC2 to the MLD loops, we performed 
the same simulations with the cholesterol in the NTD for the R518W 
mutation. The number of the total independent simulation trajectories 
was nine, and the simulation was run up to 500 ns each for each of 

the eight trajectories and 1.6 μs for one trajectory. Among these nine 
trajectories, two of them showed similar behaviors, i.e., the formation 
of a tunnel or a tunnel-like structure, which is shown in Figure 9. We 
also examined the possibility of blocking of the tunnel as a result of 
the R518W mutation since it is located near the tunnel. However, tun-
nel blocking was not observed in all the simulations. The RMSD time 
profile of the whole system as well as each individual domain of the 
trajectory corresponding to 1.6 μs run are shown in Figure S5. These 
observations are in agreement with the experimental findings that the 
reduced cholesterol trafficking of the R518W NPC1 is mainly caused 
by the functional inability instead of misfolding as stated above.

Strictly speaking, the re-orientation of the NTD is not an inde-
pendent event. It is a result of the concerted motion between each 
of the domains. The introduction of disulfide bond between the MLD 
and the CTD, which modifies the tunnel, fails to rescue the choles-
terol accumulation in the NPC1−/− HeLa cells (Saha et al., 2020). This 
demonstrates the importance of the relative movement between 
the domains especially between the MLD and the CTD. Also, the 
restriction of the NTD movement away from the rest of the domain 
with the formation of a disulfide bond between the P251 and the 
L929 does not affect its functionality, which suggests that the NTD 
movement away from the rest of the domain is not necessary for 
the cholesterol transport (Saha et al., 2020). However, this does not 
preclude the possibility of the NTD movement within the domain, 
such as the tilting we have observed, which facilitates the accom-
modation of the cholesterol from the NPC2 and its delivery to the 
internal tunnel in present study.

The relatively large structural movement between each of the 
domains observed in the current simulations and the long-time sim-
ulation of the full-length NPC1 suggest that the conformational 
stability of the TMD is higher, and there was not a lot of structural 
change starting from the initial structure with Cα RMSD below 2 Å, 
unlike the lumenal exposed three domains (Vanharanta et al., 2020).

F I G U R E  8   The tunnel obtained from 
the wild-type cholesterol containing an 
NTD simulation. The tunnel is identified 
with MoleOnline (Berka et al., 2012) 
and is represented as black mesh. The 
NTD, C-terminal lumenal domain (CTD), 
and MLD domains are shown as green, 
magenta, and cyan, respectively
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4  | DISCUSSION

Based on the mutational study here, it seems that the reduced bind-
ing affinity NPC2 to the R518W-mutated NPC1 is caused by the unfa-
vorable orientation of the NTD for the NPC2 binding, which thereby 
decreased the cholesterol transfer activity from NPC2 to NTD. On 
the other hand, it seems there is no difficulty for a proper alignment 
of the NTD to the cholesterol transporting channel after the choles-
terol is transferred to the NTD from the NPC2 with same mutation, 
which supports the stepwise process for the cholesterol transport 
from the NPC2 to the SSD in the lysosomal membrane. Before the 
transfer of the cholesterol from NPC2 to NTD, the NTD has to have 
a proper pose for a favorable interaction with the NPC2, which is 
indicated by the titling of the NTD from the current simulation. The 
structure of the full-length NPC1 + NPC2 (with cholesterol) is not 
observed and it would be interesting to model this complex starting 
from the putative structure presented in this work. The “Texas” model 
is based on the NTD and the NPC2 interface proposed by Brown and 

Goldstein (Kwon et al., 2009; Wang et al., 2010) and there is the pos-
sibility that their interaction structure might be different under the 
presence of the full-length NPC1. Right after the cholesterol transfer 
from the NPC2 to the NTD, the alignment of the cholesterol in the 
NTD must be directed more or less to the NPC2 cholesterol leav-
ing the region. It is believed that the next step is the re-orientation 
of the NTD starting from this conformation toward the long channel 
that may lead to the SSD. This could happen within a single NPC1 
or between the neighboring NPC1 proteins. This process of leaving 
the NPC2 from the NTD and the NTD re-orientation could happen 
independently, or they could be connected. In either case, it seems 
reasonable to assume that from our simulations, there is change in the 
NTD orientation toward the favorable formation of a tunnel that can 
facilitate the release of the cholesterol from the NTD to the tunnel 
for further process. This behavior was not observed in the previous 
computational studies. The very recent experimental cryo-EM study 
(Qian et al., 2020) identified a tunnel between the MLD and the CTD 
and observed two structurally distinct NTD orientations at pH 5.5. 
One is the structure with a cholesterol entrance NTD side properly 
oriented toward the channel (PDB ID: 6W5U) and the other structure 
has an NTD orientation away from it (PDB ID: 6W5T). Combined with 
the observation of the cholesterol both in the tunnel and the NTD, 
they mentioned that the cholesterol from the NTD “eventually enters 
the central tunnel”, which agrees with the current simulation results.

We note that the cholesterol transfer efficiency from the NPC2 to the 
NPC1 is reduced by 90% with the deletion of the NTD (Gong et al., 2016). 
Therefore, the role of the NTD must be crucial for the proper cholesterol 
transport through the NPC1. In the current study, we demonstrated the 
importance of the NTD as a dynamic domain depending on the existence 
of cholesterol on it along with the mutation R518W.

Clearly, there is limitation of the current simulations since our 
model includes lysosomal lumenal domains only instead of full-
length NPC1, which include the membrane and the cytoplasmic 
loops. Therefore, the possible concerted motion between domains 
via the TMD and cytoplasmic loops is not fully reflected in the cur-
rent study. Moreover, the current simulation is too short to access 
the equilibrium state, even though we employed the 4.0 fs time 
step. The increased time step of 4.0 fs in current simulation might 
generate somewhat different trajectory from the trajectory ob-
tained from the usual 1.0 ~ 2.0 fs time step. To check this possibility, 
we performed another set of simulations using 2.0 fs time step with 
wild NPC1 with no cholesterol on NTD. We have not observed the 
tilting behavior that was shown above in total 10 independent tra-
jectories up to 200 ns each. Therefore, we extended one of the sim-
ulations up to 400 ns and we were able to observe the similar tilting 
behavior even though the degree of tilting was less than the results 
obtained from simulation trajectory with 4.0 fs time step. The re-
sulting figure is shown in Figure S6. These results might partially 
support the validity of the time step we have used here. Therefore, 
the simulation results presented here should be understood as ‘a 
dynamical signature’ of the corresponding behaviors instead of the 
final equilibrium property. Perhaps the engaging and disengaging of 
the NTD orientation is in dynamic equilibrium, and the real system. 

F I G U R E  9   The same Figure as Figure 9 with an R518W 
mutation with cholesterol in the NTD. The structure shown is 
extracted at 200 ns. The NTD, C-terminal lumenal domain (CTD), 
and MLD domains are shown as green, magenta, and cyan, 
respectively

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6W5U
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6W5T
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Nevertheless, the current study provides insights into the structure 
function relation of NPC1, especially the shift of NTD orientation 
depending on the stage of cholesterol transport in connection to 
the NPC2 and effect of these motions or NPC1 lumenal domain 
conformations by R518W mutation. We believe the current study 
can enhance our understanding of cholesterol absorption/re-ab-
sorption process via NPC1 with atomic detail.
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