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27 Abstract

28 Niemann-Pick disease type C (NPC) arises from failure of the NPC1 and/or NPC2 proteins to
29  mobilize lysosomal cholesterol, yet the mechanism by which the complex drives sterol
30 translocation lacks a thorough understanding (1, 2). Here, we capture an NPC1-NPC2 complex
31 conformation at lysosomal pH using a bis-sterol ligand (JM046), fortifying NPC2 engagement with
32 NPC1 and enabling structural characterization of an alternative transport state. In this complex,
33 the sterol moiety is absent from the NPC1 central tunnel, and the neck site adopts an expanded
34 architecture that resembles a previously observed NPC1 conformation at neutral pH, indicating
35 that the tunnel geometry is not influenced by the pH alone. Instead, we provide evidence that
36  cholesterol occupancy in the neck site is a key determinant of tunnel contraction. Supporting this
37 notion, NPC1 purified from cholesterol-auxotrophic insect cells exhibits a similar expanded neck
38  conformation. Integrating these structures and molecular dynamics (MD) simulations exploring
39  the directional cholesterol handoff from NPC2 to the NPC1 tunnel, we propose a substrate-
40  induced gating cycle where luminal and membrane-facing openings of NPC1 switch states in a
41 coordinated manner to transfer cholesterol across the hydrophilic glycocalyx. This mechanism is
42 reminiscent of the alternating access mechanism for hydrophobic substrate transfer. This
43 framework synthesizes NPC1 conformational states into a mechanistic basis to classify
44 pathogenic NPC variants by relevant transport steps, which will illuminate mechanism-guided
45 therapeutic strategies.

46 Significance Statement

47 Niemann—Pick type C is a severe neurodegenerative disorder caused by genetic defects in
48 cooperating proteins NPC1 and NPC2, leading to lysosomal cholesterol accumulation. NPC2
49 delivers cholesterol to the membrane protein NPC1 for lysosomal egress. Using cryo-electron
50 microscopy, we captured an NPC1-NPC2 complex state stabilized by a bis-sterol ligand,
51 revealing that the NPC1’s internal tunnel may exist in expanded and contracted forms depending
52 on cholesterol occupancy. Integrating structural snapshots with molecular dynamics simulations,
53 we propose a substrate-driven alternating gating cycle where the tunnel transitions between
54  lumen-facing and membrane-facing states. This establishes a unique transport paradigm for
55 highly hydrophobic cargoes. The framework supports mechanism-based stratification of NPC1
56 pathogenic subtypes to guide therapeutic development.

57

58 Main Text

59

60

61 Introduction

62

63 The lysosomal cholesterol transporter proteins, NPC1 and NPC2, exemplify collaborative intra-
64  organelle transportation of hydrophobic substrates (3, 4) . Defects of the pair could cause
65 cholesterol and sphingolipid accumulation in the late endosome/lysosome (LE/Ly) system,
66 leading to a wide variety of onset-dependent pathophysiological manifestations represented by
67 hepatosplenomegaly, ataxia and neurological disorders (5—7). This autosomal recessive orphan
68  disease, named Niemann-Pick disease type C, was not clinically well described until the early
69  2000s (8—11). Due to lack of awareness and accurate diagnosis, medical records across different
70  countries reported incidence rates varying from 0.35 to 2.2 per million in the past century (12—-15).
71 A recent estimation of prevalence worldwide in 2016 has updated the overall incidence rate in
72 both children and adults to 1/19,000 to 36,000 with an inclusion of two mildly symptomatic
73 variants (16) . Currently, there is only one FDA-approved drug, Miglustat, that can moderately
74 ameliorate the symptoms by slowing down glycosphingolipid synthesis (17—19), while no cure has
75 been found, especially given the phenotypic and mechanistic diversity (9, 11, 20) . There is,
76 however, growing research for diagnostic methods and more effective treatments (21-24) .
77 Among these efforts, deciphering the working mechanism of the NPC1-NPC2 pair paves the way
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78  to a better understanding of both the biological process of cholesterol trafficking (25, 26) and the
79  etiology of NPC-causing mutations (27-29).

80 When exogeneous cholesterol and sphingolipids are disassembled from low-density
81 lipoprotein (LDL) vesicles in the LE/Ly system (30, 31) , the soluble 151-amino acid sterol
82  transporter NPC2 binds unloaded cholesterol in its sterol-affinitive pocket as a form of
83 solubilization (32—-34). Upon cholesterol loading, NPC2 undergoes a conformational change that
84  exposes the hydrophobic loops and elevates its binding affinity to NPC1 (35, 36), a 1278-amino
85 acid cholesterol transporter on the lysosomal membrane (37, 38). NPC1, too, has a deep sterol-
86 binding pocket situated for a safeguarded cholesterol reception in its luminal N-terminal domain
87  (NTD) (39, 40).

88 A general scheme of cholesterol delivery between the two proteins has been put together
89 through a series of studies over the last decade: the cholesterol-bound NPC2 first binds the
90 middle-luminal domain C of NPC1 (35, 41), with the sterol pocket facing NTD, and bends over to
91 align with the pocket in NTD of NPC1 (42). It was hypothesized that the hydrophobic substrate is
92  then transferred as the two pockets form an elongated and shielded tunnel (39, 43) . After
93 cholesterol transfer, the apo-NPC2 undergoes a conformational shift that lowers its affinity to
94 NPC1 and prepares it for a new round of cholesterol recruitment (36, 44). The cholesterol bearer
95 domain of NPC1, NTD, sits atop of the pseudo-symmetrically positioned middle luminal domains
96 C &I, but it is not covalently linked to them (45). A long and flexible polyproline linker connects it
97  to the first transmembrane (TM) domain, granting the NTD a broad degree of freedom in motion.
98 The domain is known to be volatile and thus often missing from NPC1 structures (46, 47) .
99 Molecular dynamics (MD) studies have suggested that cholesterol binding stabilizes the NTD (48).
100 Our previous electron cryo-microscopy (cryo-EM) studies have captured and resolved possible
101 states of the NTD in full-length NPC1 while bound to cholesterol and/or NPC2 at a lysosomal pH
102 of 5.5 (42). These structures revealed that the NTD has at least two intermediate states, one with
103 the sterol pocket facing the NPC2 binding site and the other with the pocket opened towards an
104  internal tunnel formed in between domains C & I. Coincidentally, in a structure of a topologically
105 analogous protein, NPC1-Like-1 (NPC1L1), the NTD of NPC1L1 was captured at the tunnel-
106  docking state when bound with its inhibitor (49).

107 There is yet no solid evidence on how the substrate passes through the internal tunnel. A
108 sterol-like density was seen sitting at the region in between the middle luminal and TM domains,
109 known as “the neck region”, in an EM reconstruction from our previous work when NPC1 is
110 purified at pH 5.5 without additive cholesterol (42). However, the sterol molecule does not seem
111  to be allowed a nearby outlet as the tunnel is closed in this specific conformation. On the other
112 hand, in a structure of the protein purified at pH 8.0, a relatively expanded tunnel is observed (42).
113 We speculated a lower pH as the trigger for sterol captivation and tunnel conformational shift in
114  NPCA1. The structure of Niemann-Pick type C-related protein-1 (NCR1), the yeast counterpart of
115  NPCA1, has also revealed distinct conformations of the transporter that are correlated with pH
116  changes (50).
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117 Reviewing all the structural evidence and remaining questions, we aim to investigate how
118  different conformational states connect to each other and what drives the equilibrium to
119  spontaneously pass down cholesterol to the membrane. Here, we stitch the scattered pieces of
120 evidence together and put forward a spatial-temporal sequence of NPC proteins-mediated
121 cholesterol delivery. We propose with this sequence a “luminal alternating access” model where
122 the “expanded” and “contracted” states of NPC1 are connected to its transporter function based
123 on a cryo-EM structure of the NPC1-NPC2 complex treated with a bis-sterol at pH 5.5, a
124 cholesterol-free, low pH NPC1, and MD simulations that map the putative intermediate
125 movements during NPC2 cholesterol hand-off and NTD re-orientation.

126

127 Results

128

129 Structural determination of a bis-sterol bound NPC1-NPC2 complex

130 It has been shown from the structure of the NPC1-NPC2 complex that cholesterol-loaded NPC2
131 exhibits a tendency to bend toward NPC1-NTD upon binding at NPC1-Domain C (42). Due to the
132 rapid cholesterol exchange between NPC1-NTD and NPC2, the sterol pockets of the two in the
133 best resolved EM map stay 13 A apart rather than forming an elongated tunnel (42). The fact that
134 NPC2 readily dissociates from NPC1 after clearing its sterol pocket also contributed to the
135 instability and a small particle pool during data processing. To further stabilize the complex, we
136 designed bis-sterol molecules, where two cholesterol molecules are covalently engineered to
137 form one bi-functional sterol analog aiming to insert into the NPC2 pocket at one end and NPC1-
138 NTD at the other (Fig. 1A). With a spacer between the two sterol cores ranging from 4 A to 10 A,
139  the analogs are thought to replace the fluid occupancy of cholesterol and lock the two domains at
140  aclosest distance during the cholesterol hand-off (Fig. 1A).

141 One of the compounds, JM046, led to a complex map with closely positioned NPC2 and
142 NPC1-NTD when prepared at a NPC1:NPC2:JM046 molar ratio of 1:5:5. The rest of the protocol,
143 such as buffer conditions and sample preparation, was kept the same as that of the native NPC1-
144 NPC2 complex (42). Particularly, the new complex was also prepared at pH 5.5. In contrast to the
145 native complex, we name this complex the “bis-sterol bound”, drawing contrast to the “native”
146 complex. Utilizing 979 movie stacks, we eventually determined the cryo-EM map of the bis-sterol
147 bound complex at a resolution of 3.2 A (Fig. 1B, S1, Table S1). Compared with the 4.0-A native
148 complex, the JM046 dataset yielded a higher-resolution map from only 14% of the micrographs
149 collected on the same microscope, implying improved complex stability in the presence of JM046.
150 During our data processing, 2D projections of dimeric particles were seen during the 2D
151 classification of bis-sterol locked NPC complex (Fig. S1C). Further, the orientations of two
152 monomers are consistent with those in the NPC1L1 dimer (51), mitigating against the probability
153 that this class merely resulted from overlapping particles. The number of particles and views,
154 however, was insufficient for 3D map reconstruction.

155 Given that the bis-sterol compounds, JM046, is anticipated to link NPC2 and NTD to form
156  the hydrophobic sterol transport tunnel, we applied a mask covering the extracellular domains
157 (ECDs) of the complex to achieve improved local resolution at this region. The resulting 3.5-A EM
158 map exhibited enhanced resolution for NPC2 and NTD region, allowing more accurate side chain
159  assignment in this area (Fig. S1E).

160 Following the protein assignment, we observed a sterol-like density in the cholesterol
161 binding pocket of NPC2 within the 3.5-A EM map. Additionally, a linear density connected to this
162  density was observed at low thresholds, reminiscent of the link between the two sterol moieties in
163 the JM046 (Fig. S2A). However, this density could not be accurately fitted with the bis-sterol
164 molecule JM046 because the sterol-like density at the opposite end of the linear density was not
165 detected (Fig. S2B). This absence is likely due to the sterol on the other end being highly
166  dynamic. Consequently, this density may represent the sterol at one end of JM046 inserted into
167 NPC2, while the other sterol remains exposed without occupying the NTD pocket as we designed
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168 (Fig. S2C). There are two possible reasons for such deviation: (1) some endogenous molecules
169 may occupy the sterol-binding site of the NTD, impeding the binding of the sterol moiety from
170  JMO046, as indicated by the presence of extra density in the cholesterol binding site of NTD (Fig.
171 S2A); (2) JM046 may not conform to the strict stereochemical requirements necessary for the
172 transient state, as the observed linear density doesn’t align with the orientation needed to access
173 the cholesterol binding pocket in the NTD (Fig. S2C). Nevertheless, the improved resolution
174 provides more accurate structural information for the interaction between full-length NPC1 and
175 NPC2 (Fig. 1C, S1F).

176 The 3.2-A final map led to a model showing distinct difference to the native NPC1-NPC2
177  structure, NPC2 positioning slightly closer to NTD (Fig. 1D) and a neck site void of any sterol
178 moiety. Below, we first focus on the movement of NPC2 to NTD firstly, and after that, we discuss
179  the sterol moiety at the neck site of NPC1. Despite this movement of NPC2 towards to NTD, the
180 relative positions of the NTD to domain | and NPC2 to domain C remain unchanged (Fig. 1E),
181 indicating NPC2-domain C and NTD-domain | undergo rigid body movement during these
182 conformational changes.

183 MD simulation suggests cholesterol binding informs its own sequential delivery

184 To investigate transient interactions and continuous motions that are not captured in
185  cryo-EM structures, we used the molecular model built from bis-sterol locked NPC complex map
186  and carried out extensive all-atom MD simulations of a membrane-bound model using NAMD (52,
187 53) . The lipid patches are composed of 70% POPC, 10% DOPG, 10% DPSM and 10%
188 cholesterol. Simulations were all done with 3 replicates with randomized initial lipid placement,
189 each for 500 ns. Two starting conditions are explored with cholesterol molecules selectively
190 placed in NPC2 only (NPC2+CHO), and NTD only (NTD+CHO). In the NTD+CHO condition, apo-
191 NPC2 is arbitrarily bound to NPC1 for the purpose of comparison.

192 As a measure of domain movement throughout the simulated motion, the angle between
193  the membrane normal and the vector that connects the center of the mass (CoM) of NPC2-V57
194 and CoM of L78 is designated a, and that between the membrane normal and the vector
195 connecting the CoMs of NPC1-Q79 and L176 is designated B (Fig. 2A). In this regard, the larger
196  ais, the more inclined NPC2 is toward NTD. A larger B, then, means the NTD pocket lifts further
197 upward for substrate reception from the NPC2 pocket. In the initial position, a = 102.8° and B =
198  46.7° (Figure 2B, dashed lines).

199 Under the NPC2+CHO condition, a adopts a narrow distribution with adjacent peaks at
200 105° and 120° (Fig. 2B, left red). B under this condition is predominantly at 55° (Fig. 2B, right red;
201 Fig. 2C, left). This indicates that cholesterol bound NPC2 exhibits a preferred state with closer
202 proximity to NTD, while apo-NTD tends to search for interactions with NPC2 (Movie S1).

203 In contrast, under the NTD+CHO condition, a peaks fall in the range of 80° to 100° (Fig.
204 2B left, blue), and B stays at very low angles around 0° to 30° (Fig. 2B right blue, 2C right). The
205  cholesterol-bound NTD pocket almost turns vertical in the first 75 ns, opening up the upper tunnel
206  and docking the substrate onto the middle luminal domains (Fig. 2C right, Movie S2). This
207 conformation persists through the remaining 425 ns of the simulation. This scene is reminiscent
208 of the vertical NTD orientation observed in the cryo-EM structure of ezetimibe-bound NPC1L1
209  (49). We also assessed the movement of the NTD relative to domain | by measuring the distance
210  between the CoM of residues within 6 A of the tail of the cholesterol (Fig. S3A) in the NTD
211 (residues L89, P90, L176, Y192, M193, N198, Q200) and CoM of the triple Asn motif, N944,
212 N945 and N948 (Fig. 2D). This parameter shows that the NTD moves closer to domain | upon
213 cholesterol binding at the NTD (Fig. 2E).

214 We added a simulation where both sterol-binding pockets are occupied (NPC2+CHO &
215 NTD+CHO) as an imitation of the state captured by JM046. We see both angles spanning wider
216  ranges, B across 25° to 65° and a in a bimodal Gaussian distribution at 90° and 135° (Fig. S3B,
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217  Movie S3). This hypothetical condition may give the substrate-loaded NTD a conundrum, where it
218 tends to pass cholesterol down to the tunnel but is also prompted by NPC2 for cholesterol
219  reception. Here, we see the two domains moving closest to each other, with two cholesterol
220 molecules aligning end-to-end starting at 200 ns (Movie S3).

221 NPC1 exhibits sterol-dependent tunnel contraction and expansion

222 After a stabilized inter-molecular delivery, cholesterol is speculated to enter the elongated
223 and polarity-repellant tunnel inside NPC1 (42) . There is no sterol density observed in the
224  elongated tunnel in bis-sterol bound NPC1-NPC2 complex structure (Fig. 3A). Concurrently, the
225 neck site differs from the native complex structures at pH 5.5 in that it is more relaxed as neck
226 helix 2 and TM2 expand outward (Fig. 3, A&B), resembling the structure obtained at pH 8.0
227  previously (42). The positions of hydrophobic residues surrounding the neck site deviate as the
228 local chemical environment changes (Figure 3B, inset). This suggests that the previously
229 observed neck contraction may not be due to the change of pH level alone (42), because the new
230 complex structure was determined at pH 5.5 as well. Our structure now gives rise to the
231 hypothesis that the switch between expansion and contraction states of neck site is also sterol
232 dependent. Here, we restate the close-ended, narrow tunnel conformation as “the contracted
233 state” of NPC1 as native NPC1-NPC2 structure exhibits and the widened, comparatively
234  distended neck site posture as “the expanded state” like the bio-sterol bound NPC1-NPC2
235 structure.

236 In a search for conformational components present in the dataset, we performed a 3D
237  Variability Analysis (3DVA) on cryoSPARC with particles from a slightly less strict classification.
238 Even though Homogeneous Refinement outputs an average density at the expanded state with a
239 reported resolution of 3.1 A (Fig. S1), the 3DVA result displays a series of motion alternating
240 between the contracted and the expanded state (Movie S4), meaning the pool of particles
241 contains a small portion that falls in the contracted state. The transition between 3DVA frames
242 shows that the Neck helix 2-TM2 curls outward as NPC2 docks. The region relaxes to a relatively
243 straight helix as the upper tunnel opens for NTD. Other than the neck site arrangement, NPC2
244 tilting angle also changes as the states switch: its bending toward NTD is concomitant with tunnel
245  expansion (Fig. 3C). Intriguingly, the contrast between the starting and ending frames of the
246 3DVA result resembles that between the native and bis-sterol bound complex maps (Fig. 3A).

247 To this end, we wonder if the absence of cholesterol in NPC1 alone could lead to tunnel
248 expansion. To assess this hypothesis, we expressed the same hNPC1 sequence in the
249 cholesterol auxotrophic insect cell line Spodoptera frugiperda (Sf9) (54, 55) . Unlike mammalian
250  expression systems, the relatively low-sterol environment of Sf9 minimizes the co-purification of
251 strongly bound endogenous cholesterol (56, 57) , allowing us to capture NPC1 with largely
252 unoccupied sterol-binding pockets. The map of NPC1-Sf9 at pH 5.5 was resolved at 3.1 A (Fig.
253 3D, Fig. S4), showing an expanded state without any sterol density at the neck site (Fig. 3D, inset,
254 Fig. S5A-C). This indicates that NPC1 can be at a neck expanded state at lysosomal pH, and
255 cholesterol loading is a necessary condition for NPC1 tunnel contraction.

256 This concept offers a credible rationale for the structural discrepancy between neck
257 conformations observed in our full-length NPC1 and previous NPC1 (ANTD) crystal structures(46,
258  47). Despite their preparation under the same pH level of 5.5, our full-length structure reveals a
259 contracted tunnel containing sterol density, while the crystal structures exhibit an expanded
260  tunnel without sterol occupancy. This could be attributed to the truncation of the NTD in the
261 crystal structures, which precludes cholesterol access to the tunnel. The cholesterol-dependent
262 nature of neck contraction thus underlies the observed disparity.

263 Sterol affinity around the TM domain suggests an exit path

264 The equilibrated MD models of NPC1-NPC2 complex under NPC2+CHO and NTD+CHO
265 conditions, referred as NPC1-NPC2 (MD, NPC2+CHO) and NPC1-NPC2 (MD, NTD+CHO),
266  respectively, are selected to show structural differences at the neck site of these two conditions

6
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267 under the simulation. Supporting our previous description, the NPC1-NPC2 (MD, NPC2+CHO)
268 and NPC1-NPC2 (MD, NTD+CHO) structures exhibit drastic changes in Neck helix 2-TM2
269  segments (Fig. 4A). To quantify and profile the bentness of this helical segment, we define the
270 angle between the first principal axes of backbone atoms in R607-D618 (Neck helix 2) and those
271 in F622-L637 (TM2) as 8 and plot its distribution throughout the NPC2+CHO (red) and NTD+CHO
272 (blue) simulations (Fig. 4B). A higher angle value represents a more bent helix and corresponds
273 to a more expanded neck region. When cholesterol is in NPC2 pocket, the angle distribution rises
274 up towards the 30-40° range. Whereas the angle stayed lower than 20° majority of the time under
275 the NTD+CHO simulation (Fig. 4C). This points to a correlation between kink angle increase,
276  which represents an extending neck region, to a cholesterol-bound NPC2 (Movie S1), concurring
277  with the observation in 3DVA (Movie S4).

278 After release from the tunnel, the cholesterol was proposed to bind at SSD, whose
279 corresponding domain has been found to bind sterol analogs in Ptch1, SREBP-cleavage
280 activating protein (Scap), and NPC1L1 (58). The slanted helices of TM2 and TM3 at SSD form a
281 nonpolar slide extended from the end of central tunnel. With Caver 3.0 for tunnel searching (59) ,
282  the resulting exit paths of bis-sterol bound complex, and NPC1-NPC2 (MD, NPC2+CHO) model
283 show an increased exit radius at SSD entrance compared to the native complex (Fig. 3B, 4D).
284  Multiple residues along this slide, P691, 1685, Y628 and L695, have also been proven critical to
285  cholesterol transport (Fig. 4D) (6, 27). However, sterol densities at NPC1 TM regions have been
286 hard to capture. In contrast to NPC1L1, whose function is to keep cholesterol in custody during a
287 clathrin-mediated endocytosis (60—62) , NPC1 may be functionally disadvantaged to capture this
288  state because of the transient nature of cholesterol interaction with its SSD. To search for in silico
289  evidence of potential sterol binding sites around SSD, we employed coarse-grained simulation for
290 a scan in the 7-A vicinity around the entire TM domain.

291 A total of six sites with a high probability of cholesterol clustering are found around the
292 designated vicinity. Three of them sit along the aforementioned nonpolar slide of SSD and one
293 along a similar groove at SSDL (Fig. 4E). The latter site has been considered to accommodate a
294 lipid molecule in our previous structure (42) . This result is consistent with the three sterol
295 densities found in NPC1L1-SSD under cholesterol-rich condition(63).

296

297 Discussion

298

299 The canonical alternating access model posits that membrane transporters undergo coordinated
300 conformational transitions to alternately expose a substrate-binding site to opposite sides of a
301 membrane. Traditionally characterized by "inward-facing" and "outward-facing" states, this model
302  ensures the vectorial translocation of substrates against or along gradients (64—66) . Here, we
303 establish that NPC1 employs a highly specialized, substrate-driven variation of this mechanism—
304  a transition between “lumen-facing” and “membrane-facing” states to chaperone the highly
305 hydrophobic cholesterol across the hydrophilic, glycocalyx-coated lysosomal lumen (67, 68).

306 Our structural and in silico results unveil the mechanistic sequence deduced from
307 consecutive events during NPC-mediated cholesterol transport. In our interpretation, cholesterol
308 binding at each step drives the next conformational shift, giving rise to a chain of alternating
309 motions (Figure 4F).

310 The process initiates with cholesterol-loaded NPC2 binding to domain C and leaning
311 toward the NPC1-NTD (Figure 4F, step 1), a movement that triggers the expansion of the tunnel’s
312 neck site and likely facilitates the release of a previously trapped cargo (Figure 4F, step 2). Upon
313 delivery of cholesterol to the NTD, the empty NPC2 dissociates. Driven by the affinity for the
314 tunnel opening and anchored by electrostatic interactions, likely, between D944/D945/D948
315 (Domain I) and R96 (NTD), the loaded NTD undergoes a nearly 40° rotation to align vertically
316  with the tunnel (Figure 4F, step 3). The subsequent insertion of cholesterol into the tunnel
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317 induces a contracted state at the neck site (Figure 4F, step 4), preparing the machinery for a new
318 cycle that reverts the protein to an expanded state upon cholesterol depletion (Figure 4F, step 5).

319 The alternation between the contracted state and the expanded state could result from
320 the inclination of a second loaded NPC2 when the next delivery cycle begins (Fig. 4F, brown
321 dashed arc to the left), or an NPC2-independent cholesterol depletion in the tunnel that converts
322 the protein to an expanded state, as seen in NPC1-5.5 (Sf9) structure (Fig. 4F, brown dashed
323 arrow to the right). Possible NPC2-independent external driving forces for cholesterol depletion
324 include binding of downstream carriers, diffusion of cholesterol into the membrane system, or ion-
325  facilitated co-transportation in NPC1.

326 What we have also consistently observed across structural comparison with and without
327 cholesterol is that the tunnel entrance (towards the NTD docking site) is more closed as the neck
328 site expands. For example, the domains C and | are slightly closer together around the tunnel
329 opening in the bis-sterol bound complex, which also holds a more expanded neck site than the
330 native complex (Fig. S5D). When we compare NPC1 alone, the cholesterol-free and neck
331 expanded NPC1-Sf9 also displays comparatively tightened tunnel entrance than the neck
332 contracted NPC1-5.5a (Fig. S5E). This anti-correlation between the tunnel entrance opening and
333 the neck site expansion suggests that the NPC1 tunnel only opens one accessible end at a time,
334  functioning as a dynamic seesaw switching between “lumen-facing” and “membrane-facing”
335 states.

336 This sophisticated alternation is a defining hallmark of the resistance-nodulation-division
337 (RND) superfamily, to which NPC1 belongs (69, 70). A quintessential member of this family, the
338 bacterial multidrug efflux pump acriflavine resistance protein B (AcrB), provides a well-established
339  structural precedent for handling highly hydrophobic or amphiphilic substrates. Driven by a proton
340  gradient, AcrB utilizes a functionally rotating mechanism through substrate access, binding, and
341 extrusion states (71-74). This coordinated peristaltic motion ensures that the entry and exit are
342 never open simultaneously while squeezing the hydrophobic compound forward (75) . While
343 sharing this fundamental feature, NPC1 represents its unique adaptation where it chaperones the
344 highly hydrophobic substrate through a ~50 A central tunnel, traversing directly from the
345 hydrophilic lumen to the hydrophobic membrane.

346 It is highly plausible that many uncharacterized pathogenic variants do not merely disrupt
347  the static protein fold, but rather perturb the substrate-induced alternating motion, delicately
348 maintained for the lumen-to-membrane transportation. Through this lens, shifting the conceptual
349  framework of NPC1 from a passive conduit to a dynamically coupled transport machinery not only
350 resolves biophysical enigmas of cellular sterol trafficking but also lays a rational, mechanism-
351 guided foundation for future therapeutics against NPC disease.
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372 Materials and Methods

373

374 Synthesis of bis-cholesterol molecule

375 JMO046 was synthesized through a stepwise route comprising the preparation of intermediates
376  followed by final coupling to afford JM046. Intermediates and the final product were purified by
377  silica-gel flash column chromatography, with reaction progress monitored by TLC. Structural
378  identity was verified by 'H and "*C NMR spectroscopy. Full experimental details and NMR data
379  are provided in the SI Appendix.

380 Protein expression and purification

381 The cDNA of codon optimized human NPC1 (Uniprot: 015118) and human NPC2 (Uniprot:

382 P61916) were cloned into plasmids bearing a pCAG backbone. Both FLAG and His1o affinity tags
383  were added to the C-termini of the NPC proteins. HEK 293F suspension cells were grown in

384 Freestyle 293 medium (Thermo Fisher Scientific) at 37 °C with 5% CO2 and 80% humidity. At a
385 density of 2.0x108 cells/mL, 2 liters of cells were transiently transfected with 2 mg of NPC1 or
386 NPC2 plasmids and 6 mg polyethylenimine (PEI) (Polysciences). The NPC plasmids were

387  transfected in individual batches instead of co-transfected. Transfected cells were cultured for 48
388 h before they were harvested through 10-min centrifugation at 3,800 g.

389  The expression of hNPC1 in Sf9 cells was carried out using the Bac-to-Bac baculovirus

390  expression system. The cDNA of codon optimized human NPC1 with C-terminal FLAG and His1o
391 tags identical to the construct used in HEK 293F cells was cloned into the pFASTBAC1 vector
392 and transposed into DH10Bac competent cells to generate recombinant bacmids via blue/white
393 screening. Gibco Sf9 cells were cultured in Sf-900 Il SFM medium (Gibco) at 27°C with constant
394  shaking (130 rpm). At the time of infection by baculovirus, the temperature was shifted to 25°C.
395 Cells were harvested after 72 h of incubation through centrifugation at 3,800 g.

396 For hNPC1 purification, the pellet after centrifugation was kept and resuspended with protease
397 inhibitors-supplemented lysis buffer (25 mM Tris pH 8.0, 150 mM NaCl, 1.3 mg/mL aprotinin, 0.7
398 mg/mL pepstatin, and 5 mg/mL leupeptin). The resuspended cells were then disrupted through
399 ultrasonication followed by an overnight incubation with 1% (w/v) DDM (Anatrace). The lysate
400 was subject to centrifugation at 27,000 g for 1 h to obtain proteins in the supernatant, which was
401 further purified through anti-FLAG M2 affinity resin (Sigma). The protein-bound resin was washed
402  with a buffer containing 25 mM Tris pH 8.0, 150 mM NaCl and 0.02% GDN (Anatrace). Elution
403 was conducted with the same buffer plus 200 ug/ml FLAG peptide. The eluate was concentrated
404  to 0.9 mL and separated through size-exclusion chromatography (SEC, Superose® 6 Increase,
405 10/300 GL, Cytiva) on AKTA pure (Cytiva) in the buffer containing 25 mM MES pH 5.5, 150 mM
406  NacCl, and 0.02% GDN. The eluted fractions were analyzed on SDS-PAGE, which informed

407 hNPC1-specific fractions. These fractions were concentrated to 19 mg/mL measured by

408 absorption at 280 nm.

409 For hNPC2 purification, the supernatant after centrifugation was retained as most hNPC2 was
410  secreted. After the addition of Tris pH 8.0, NiClz2, and CaCl: for final concentrations of 50 mM, 4
411 mM, and 5 mM, the solution was applied to Ni-NTA affinity chromatography (resin from Qiagen).
412 Protein-bound Ni-NTA resin was washed with buffer containing 25 mM Tris pH 8.0, 150 mM NacCl

9
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and 10 mM imidazole. Elution was conducted using the wash buffer plus 250 mM imidazole. The
affinity column eluate was concentrated to 1 mL and applied to SEC (Superdex 200® Increase,
10/300 GL, Cytiva) with a low-pH SEC eluent containing 25 mM MES pH 5.5 and 150 mM NaCl.
hNPC2 fractions were concentrated to 20 mg/mL measured by absorption at 280 nm.

Cryo-EM sample preparation and data collection

The purified hNPC2 was first mixed with JM046 in the low-pH buffer (25 mM MES pH 5.5 and 150
mM NaCl) at a theoretical molar ratio of 1:1 for 8 h at 4 °C. Concentrated hNPC1 in the low-pH
buffer supplemented with 0.02% GDN was then added to the solution to reach a final
NPC1:NPC2:JM046 molar ratio of 1:5:5, with a final NPC1 concentration of 12 mg/mL. The
mixture was kept at 4 °C for 8 h to allow complex formation.

Aliquots (3.5ml) of the mixture were dispensed onto glow-discharged gold Quantifoil grids
(R1.2/1.3, 300 mesh). After 30 s of waiting and 5 s of blotting, the grids were plunge-frozen in
liquid ethane on Vitrobot (Mark IV, ThermoFisher Scientific).

A total of 979 micrograph stacks were collected with automation programs on SerialEM (76) at
300 kV on Titan Krios equipped with K2 Summit direct electron detector (Gatan), Quantum
energy filter (Gatan) and Cs corrector (Thermo Fisher). A nominal magnification of 105k x with
defocus values from -2.0 ym to -1.2 ym was used. Each stack was composed of 32 frames and
exposed for 5.6 s under super-resolution mode. The total dose was about 50 e/A? for each stack.

Cryo-EM data processing

The collected micrograph stacks were motion-corrected, dose-weighted, defocus-estimated and
binned two-fold to 1.114 A/pixel using Warp (77) . After screening based on defocus and motion
ranges, 890 micrographs were selected for downstream processing. RELION 3.0.6 was used for
subsequent processing and final EM map generation (78) . Briefly, 2D classification using fast
subsets followed by “deep” 2D classification (79) sorted 945,426 particles out of 3,207,444 auto-
picked particles. The same batch of particles was used for 3D Variability Analysis detailed in the
next paragraph. A multi-reference 3D global classification was guided by a good empirical class
from a native NPC complex dataset (42) filtered to 10 A and 3 blurry “bad” classes. Further local
classification on plausible global classes narrowed good particles down to 381,411, which were
3D auto-refined and then classified without alignment, resulting in 66,353 final particles. These
particles were Bayesian polished, auto-refined again with an adapted mask, and postprocessed
to generate a 3D reconstruction at 3.22 A, resolution estimated with the gold-standard Fourier
shell correlation 0.143 criterion (80) with high-resolution noise substitution.

The 2D-classified particles from the same pool were taken to a single-reference 3D global
classification, from which 351,867 particles were selected for non-masked 3D auto-refinement
and subsequently imported to cryoSPARC (81) . The particles were re-aligned in cryoSPARC
using non-uniform refinement (82), which outputted a 3.1 A map. Data associated with this map
was used as the input for 3D Variability Analysis (3DVA) (83), which resolved the motion
trajectories given 3 variability components. One major conformational shift was selected and
illustrated in this manuscript.

Model building and refinement

Previously reported EM structure of NPC1-8.0 at 3.0 A (PDB: 6W5S) and crystal structure of
NPC2 (PDB: 5KWY) was used as the initial models for the bis-sterol bound complex map. After
docking with Chimera (84), the models were adjusted manually in Coot (85) to generate the final
models. Structure refinements were carried out by PHENIX (86) in real space with secondary
structure and geometry restraints.

10
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CAVER 3.0 tunnel analysis

Water-accessible tunnels in NPC1 were computed with CAVER 3.0 (59) using a fixed starting
point at the opening of the internal tunnel and a 0.9 A probe radius. The search region was
defined explicitly (shell radius 3 A; shell depth 4 A; automatic shell sizing disabled), and up to
10,000 candidate tunnels were evaluated per snapshot. Tunnels were clustered across
snapshots by average-link hierarchical clustering with a 3.5 clustering threshold; the first 2 A from
the starting point was excluded from clustering to reduce start-site bias (minimum middle-zone
length 5 A). Tunnel-lining and bottleneck residues were assigned using a 3.0 A contact cutoff.

Molecular dynamics simulation
All-atom molecular dynamics simulation setup

Starting from the structure of the bis-sterol NPC1-NPC2 complex, we prepared two systems: 1)
NPC1-NPC2 complex with cholesterol only present in the NTD, called (NTD+CHO) condition, and,
2) NPC1-NPC2 complex with cholesterol only present in NPC2, called (NPC2+CHO) condition.
Both systems were prepared for simulation using the following procedure. PSFGEN plugin in
VMD (87) was used to add hydrogens and unresolved side chain atoms. Neutral N- and C-
terminal caps were applied to both NPC1 and NPC2. PROPKA (88) was used for the
determination of protonation states of the titratable residues.

For each system, an initial lipid bilayer was constructed after orienting the protein based on the
OPM (Orientations of Proteins in Membranes) database (89). The complex was then solvated,
neutralized, and 150 mM NaCl was added to the system using VMD. To have three independent
replicates, the Membrane Mixer plugin in VMD (90) was used to generate two extra replicates for
both NTD+CHO and NPC2+CHO systems, by randomizing the initial lipid placement. This
produced three independent replicates per system.

All-atom simulation conditions

NAMD (52, 53) was used to perform the all-atom simulations using the following procedure: 1)
10,000 steps of minimization, followed by 5 ns of relaxation, where heavy atoms of protein and
bound cholesterol in either NPC2 or NTD were harmonically restrained, k= 10 kcal/mol/A2, to their
initial position; 2) 10 ns of equilibrium simulation with protein backbone restraints, k=10 kcal/mol/
AZ 3) 5 ns of equilibration where all restraints were decreased stepwise from 10 to 0 kcal/mol/ A%;
4) 500 ns of unrestrained production simulations.

All-atom simulations were performed using CHARMM36m (91) force field for protein and
CHARMMS36 [8] for lipids. Water was modeled using the TIP3P model (92). A 12-A cutoff with
switching starting at 10 A was used for short-range, nonbonded interactions. Particle mesh Ewald
(PME) algorithm (93) was used to model the long-range electrostatics interactions. SHAKE
algorithm (94) was used to constrain bonds to hydrogen atoms. Langevin thermostat was
employed to maintain the temperature at 310 K, while pressure was set to 1 atm using the Nose-
Hoover piston barostat with a period of 100 fs and a decay of 50 fs (95, 96). Integration was
performed with a timestep set to 2 fs.

All-atom simulation analysis

To quantify the movement of NPC2 and NTD domains under (NPC2+CHO) and (NTD+CHO)
conditions, the angle between the membrane normal and the vector that connects the center of
mass (CoM) of NPC2-V57 and CoM of NPC2-L78 is defined as a, and that between the
membrane normal and the vector connecting the CoMs of NPC1-Q79 and NPC1-L176 is defined
as B. To further quantify the relative motion between NTD and domain [, the distance between
CoM of residues within 6 A of the tail of the bound cholesterol (Fig S3A) in the NTD, residues L89,

11
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P176, Y192, M193, N198, Q200, and CoM of the triple Asn, N944, N975, and N948 were
measured.

Next, to quantify the kink angle in the Neck helix 2 and the TM2 under the NPC2-CHO and NTD-
CHO conditions, 6 is defined as the angle between the first principal axes of the backbone atoms
of R607--D618 (representing Neck helix 2) and those of F622-L637 (representing TM2).

Coarse-Grained (CG) molecular dynamics simulation setup

CG MD simulations utilized the MARTINI force field (97, 98), applying a 4:1 heavy-atom mapping
scheme. The simulation box (400 x 400 A in the xy-plane) contained four identical protein
replicas spaced 200 A apart to ensure independent local lipid sampling environments. The lipid
bilayer was composed of POPC/DOPG/DPSM/Cholesterol at a molar ratio of 70:10:10:10.

CG molecular dynamics simulation conditions

Simulations were executed in GROMACS (99). An integration time step of 20 fs was used. The
protocol involved an initial equilibration with position restraints on both the protein and lipids. For
the production runs, backbone position restraints were maintained to prevent overall rotation and
translation of the proteins. The multi-replica system was simulated for a single continuous 20 s
trajectory (resulting in 80 ps of effective protein-lipid interaction sampling).

CG molecular dynamics simulation analysis

Trajectory analysis focused on cholesterol clustering at the SSD and SSDL domains. A distance
cutoff of 7 A between the CG beads of cholesterol and the protein surface was used to define
contact and quantify the number of bound sterol molecules over time.
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731 Figures and Tables

732

733 Figure 1. Structure of the bis-sterol bound NPC1-NPC2 complex. A. Schematic
734 representation of the cholesterol transfer cycle from NPC2 to NTD and the proposed role of the
735 bis-sterol molecules in stabilizing the transient state of cholesterol transfer. B, C. Cryo-EM map
736 (B) and corresponding molecular model (C) of the bis-sterol bound NPC1-NPC2 complex. D.
737 Structural comparison of native NPC1-NPC2 complex (gray) and the bis-sterol bound NPC1-
738 NPC2 complexes (color). The structures are aligned relative to the domain C in each complex.
739 Inset. A zoomed-in view of NPC2 and NTD highlighting the movement of NPC2 towards to NTD
740 in the bis-sterol structure. E. Structural overlays of the native complex and the bis-sterol bound
741 complex for the NPC2-domain C (left) and NTD-domain | (right) regions.

742
743 Figure 2. Molecular dynamics simulations based on bis-sterol bound complex structure. A.
744 lllustrated definition of a and B angles in these simulations. Rose balls: CoM coordinates that

745  form the vectors by which the angles are defined. B. Distribution of a and B throughout the
746 simulations with two starting conditions, under which cholesterol is either only present and fixed in
747  the NPC2 pocket (red, NPC2+CHO) or in the NTD pocket (blue, NTD+CHO). Dashed lines:
748  starting position based on the cryo-EM structure of bis-sterol bound complex. C. § angle values of
749 3 replicates over the course of the 500-ns simulations. Dashed lines: starting position based on
750 bis-sterol bound complex structure. D. lllustrated definition of the distance between NTD and
751 domain |. Rose balls: CoM coordinates by which the distance is defined. E. Histograms
752 comparing the distance of NTD-domain | in the NPC2+CHO (red) and NTD+CHO (blue)
753  simulations. Dashed lines: starting distances based on the bis-sterol bound complex structure.

754

755 Figure 3. Structural comparisons between the contracted and expanded conformation of
756 NPC1 at different structures. A. Overlaid maps of the native and bis-sterol bound NPC1-NPC2
757 complexes showing distinctions in cholesterol occupancy in the tunnel (top right) and helices
758 displacement in the neck region (bottom right). The structural movement was indicated by black
759 arrows. Both maps are displayed at 0=7. B. Molecular structures of native and bis-sterol bound
760 complexes overlaid in the NPC1 region with NPC2 hidden. Insets: close examination of the

761 cholesterol-bearing lower tunnel (top) and model comparison of the two complexes over the TM
762 helices (middle and bottom). The curved arrow indicates the potential exit path for cholesterol
763 release from the tunnel. C. The starting and ending fames of 3DVA volume series overlaid,

764 showing a similar pattern in helical displacement at Neck Helix 2-TM2. D. Overlaid maps of lone
765 NPC1 expressed in Sf9 cells (colors) and HEK293F cells (grey) show distinctions in cholesterol
766  occupancy in lower tunnel and helices displacement in the neck region (inset); both maps are at
767  0O=7.

768

769 Figure 4. Speculated cholesterol exit path and the “alternating access” model of substrate-
770 induced conformation shifts. A. Structures of equilibrated MD models under the NPC2+CHO
771 and NTD+CHO simulated conditions. These two MD models are referred as NPC1-NPC2 (MD,
772 NPC2+CHO) and NPC1-NPC2 (MD, NTD+CHO), respectively. Inset: two structures overlaid at
773 the neck site, with NPC1-NPC2 (MD, NTD+CHQ) colored in grey for clear comparison. B.
774 lllustrated definition of 8 angle (left) and its distribution over simulations under NPC2+CHO (red)
775 and NTD+CHO conditions (blue) (right). C. Kink angle 6 values over the course of the 500-ns
776  simulations, all 3 replicas displayed. D. Results of Caver 3.0 (59) tunnel searches, in dark brown
777 mesh, inside 3 NPC1-NPC2 complex models including the native, bis-sterol bound, and
778 equilibrated MD structure when cholesterol is loaded in NPC2 only (NPC2+CHO). Structures
779 showed from left to right from the most contracted to the most expanded. This order is aligned
780 with a trend of narrowing upper tunnel and dilating lower tunnel. Pink ball: Ca of N614 as a
781 marker for tunnel exit to SSD; black arrows: increasing radii at the tunnel exits. E. Simulated
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782  sterol affinitive “hot spots”, displayed in purple mesh, across NPC1 TM domains predicts
783 locations along the SSD hydrophobic groove where cholesterol might transiently interact during
784 its exit. F. The “alternating access model” proposes that the two conformers of NPC1 observed in
785 various conditions are induced by substrate binding in a spatial-temporal order. The dynamics of
786 NPC2 cholesterol handoff, NTD docking and neck expansion are a series of meaningful events
787 contributing to a functional NPC-mediated cholesterol delivery system.
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