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Significance

Niemann–Pick type C1 (NPC1, 
named NCR1 in yeast) proteins 
play a critical role in sterol 
homeostasis by facilitating the 
integration of sterols into 
membranes of acidic organelles 
like lysosomes and vacuoles. The 
inner surface of these organelles’ 
membranes is shielded by the 
glycocalyx. Here, we provide 
evidence that a glycocalyx is 
present in vacuoles from 
Saccharomyces cerevisiae and 
characterize conformational 
changes in NCR1 that we believe 
are responsible for the transport 
of sterols. Specifically, our 
structures suggest a transport 
model where sterol translocation 
is linked to proton-driven 
changes in the transmembrane 
region. This work clarifies how 
NPC proteins function and has 
broad implications both for 
lysosomal storage disorders and 
for mechanisms employed by the 
Resistance–Nodulation–Division 
superfamily.
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The membrane protein Niemann–Pick type C1 (NPC1, named NCR1 in yeast) is 
central to sterol homeostasis in eukaryotes. Saccharomyces cerevisiae NCR1 is localized 
to the vacuolar membrane, where it is suggested to carry sterols across the protective 
glycocalyx and deposit them into the vacuolar membrane. However, documentation of 
a vacuolar glycocalyx in fungi is lacking, and the mechanism for sterol translocation has 
remained unclear. Here, we provide evidence supporting the presence of a glycocalyx 
in isolated S. cerevisiae vacuoles and report four cryo-EM structures of NCR1 in two 
distinct conformations, named tense and relaxed. These two conformations illustrate the 
movement of sterols through a tunnel formed by the luminal domains, thus bypassing 
the barrier presented by the glycocalyx. Based on these structures and on comparison 
with other members of the Resistance–Nodulation–Division (RND) superfamily, we 
propose a transport model that links changes in the luminal domains with a cycle of 
protonation and deprotonation within the transmembrane region of the protein. Our 
model suggests that NPC proteins work by a generalized RND mechanism where the 
proton motive force drives conformational changes in the transmembrane domains that 
are allosterically coupled to luminal/extracellular domains to promote sterol transport.

sterol uptake | Niemann–Pick type C protein | vacuole | cryo-EM | glycocalyx

Niemann–Pick type C1 (NPC1) membrane proteins are critical for establishing cell sterol 
homeostasis in eukaryotes. After uptake, sterols are transported via the endocytic pathway 
to acidic organelles (lysosomes and vacuoles) before integration via NPC proteins into 
the membrane for further redistribution in the cell (1). Failure to integrate sterols into 
the membrane leads to lipid accumulation in lysosomes and, in humans, gives rise to a 
neurodegenerative lysosomal storage disorder called NPC disease (2, 3). The Saccharomyces 
cerevisiae ortholog, named NCR1, has been used as a model system to understand NPC 
disease and mechanisms associated with sterol uptake in general (1, 4–7).

A central role of NCR1 and NPC1 is proposed to be the transport of sterols across the 
glycocalyx, a polysaccharide coating that maintains the integrity of the vacuolar/lysosomal 
membrane (Fig. 1A). The presence of a glycocalyx is well documented in the mammalian 
lysosome, although direct evidence for it in the vacuole, the fungal equivalent of the lyso-
some, is lacking (8–10). Nevertheless, three steps have been delineated for the membrane 
integration of sterols by NPC proteins: loading, transfer, and transport (1). Loading refers 
to the delivery of sterol to a luminal N-terminal domain (NTD) of NCR1. Thereafter, 
sterol is transferred from the NTD binding pocket into a ~60 Å long tunnel that traverses 
the glycocalyx. Transport refers to the movement of sterols through this tunnel, which is 
formed at the interface between a middle luminal domain (MLD) and a C-terminal domain 
(CTD) (Fig. 1B) (7, 11, 12). The membrane domain has 13 transmembrane helices 
(M1–M13) divided into the sterol-sensing domain (SSD, M2–M7) and the pseudo-SSD 
(pSSD, M8–M13). The SSD contains a gate at the end of the tunnel through which sterol 
is released into the luminal leaflet of the membrane after transport (1, 7, 11, 12). Two-fold 
pseudosymmetry relates the SSD to the pSSD and the MLD to the CTD (Fig. 1B).

NCR1 belongs to the Resistance–Nodulation–Division (RND) superfamily (13). The 
RND superfamily contains nine families that are widespread in prokaryotes and eukaryotes 
and that transport a variety of compounds (14). Most RND family members are not 
“transporters” in the conventional sense because these proteins do not move substrate 
from one side of the membrane to the other, but rather insert or extract substrate from 
the membrane or periplasmic space (14). This process is best characterized by the multidrug 
efflux pump, acriflavine resistance protein B (AcrB), which couples substrate transport 
through a porter domain (equivalent to the MLD and CTD of NCR1) to the proton 
motive force (13, 15). This energy coupling is mediated by a network of titratable residues 
at the point of pseudosymmetry between the SSD and pSSD, and this location has been D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

U
N

IV
E

R
SI

T
Y

 O
F 

A
L

B
E

R
T

A
 L

IB
R

A
R

Y
, A

Q
U

IS
IT

IO
N

S/
G

E
N

E
R

A
L

 C
O

L
L

 S
V

C
S"

 o
n 

Ju
ne

 4
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

12
9.

12
8.

21
6.

34
.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:stokes@nyu.edu
mailto:bpp@mbg.au.dk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2315575121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2315575121/-/DCSupplemental
https://orcid.org/0000-0003-1530-5870
https://orcid.org/0000-0003-1372-4932
https://orcid.org/0000-0001-8980-5080
https://orcid.org/0000-0002-7519-3463
https://orcid.org/0000-0002-0007-1621
mailto:
https://orcid.org/0000-0001-5455-8163
mailto:
https://orcid.org/0000-0001-7860-7230
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2315575121&domain=pdf&date_stamp=2024-4-3


2 of 11   https://doi.org/10.1073/pnas.2315575121� pnas.org

implicated more broadly in coupling of a variety of RND family 
members to electrochemical membrane potential (15–22). A sim-
ilar network is found in NPC proteins centered on a conserved 
acidic pair, Asp631 and Glu1068 in NCR1, which have been 
shown to be essential for the function of both NCR1 and NPC1 
(7, 12, 23). In analogy to AcrB, it has been proposed that protons 
might provide the driving force for sterol movement through NPC 
by harnessing the pH gradient across lysosomal and vacuolar 
membranes (1). Structures of human NPC1 at pH 5.5 and pH 
8.0 have indeed revealed distinct, pH-dependent conformations, 
but these structural changes were ascribed to a hypothetical auto-
inhibitory mechanism which was proposed to suppress activity 
prior to arriving in the lysosome/vacuole (12). A mechanistic 
model for sterol transport through the tunnel, as well as energy 
requirements, including possible coupling to the transmembrane 
proton gradient, remain unclear. It is also unclear whether NTD 
loading and transfer in the NPC proteins are rigidly coupled to 
their transport cycle or whether the NTD functions independently 
of the RND core domains (SSD + MLD and pSSD + CTD) (1).

Here, we provide evidence that the glycocalyx is present in yeast 
vacuoles, confirming a defining role of NCR1 as a way for sterols 
to cross the glycocalyx and reach the vacuolar membrane. To fur-
ther explore the action of protons in this process, we solved 
cryo-EM structures of NCR1 at pH 5.5 and pH 7.5. These struc-
tures show that the NTD of NCR1 is not involved in the sterol 
transport mechanism, but that it serves instead as a tethered bind-
ing domain to receive substrate and transfer it to the tunnel. 
Additionally, the structures reveal distinct conformational changes 

that are consistent with two key states of a cycle driven by proto-
nation and deprotonation of the acidic pair. In particular, a series 
of residues link the acidic pair to the SSD gate and coordinate 
interdomain movements between the MLD and the CTD, driving 
sterol movement through the tunnel toward the membrane.

Results

Staining Supports a Glycocalyx in the Yeast Vacuole. To establish 
the presence of a glycocalyx at the vacuolar membrane, we 
isolated vacuoles from S. cerevisiae and stained them with FM4-
64, a lipophilic dye used for visualizing vacuole morphology. 
Concanavalin A, a lectin that selectively binds α-mannopyranosyl 
and α-glucopyranosyl glycoproteins, was used to probe for the 
glycocalyx. Widefield microscopy (Fig. 1C) shows vesicles in the 
expected size range for vacuoles (2 to 5 μm), many of which displayed 
colocalization of lipid and saccharide staining, consistent with the 
presence of a glycocalyx. To confirm this result and potentially 
assess the sidedness of the glycocalyx, higher-resolution confocal 
laser scanning microscopy was employed. Although colocalization 
was confirmed, the resolution was insufficient to determine the 
sidedness of the saccharide signal (Fig. 1D). Quantification of the 
intensity profile revealed a patchy distribution for both lipid and 
saccharide stain, with the saccharide stain showing higher variation, 
both in single images and Z-stacks (Fig. 1D).

Overall, the staining efficiency for saccharides ranged from 25 
to 50% (SI Appendix, Fig. S1A and B). The relatively low efficiency 
could be due to impurities from other vesicles of the endomembrane 
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Fig. 1.   Presence of a glycocalyx in yeast vacuoles. (A) S. cerevisiae cell organization highlighting the location of NCR1 in the acidic vacuole. (B) Topology of NCR1. 
Sterol molecules are shown moving from the NTD through the tunnel and into the vacuolar membrane. (C) Isolated vacuoles from three replicates imaged by 
widefield microscopy. Vacuolar membranes were stained red with lipophilic dye FM4-64, and the glycocalyx was stained blue with Concanavalin A conjugated to 
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system, or difficulty of stain penetrating the vacuolar membrane. 
It is possible that saccharide staining occurs only if vacuoles are 
transiently opened or flipped inside/out during the isolation pro-
cedure. Nonetheless, these results support the presence of a glyco-
calyx in yeast vacuoles.

Structures of NCR1 Show Two Key Conformations. To assess the 
role of protons in sterol transport, we examined whether NCR1 
adopted different conformations at high and low concentrations of 
protons. Specifically, we utilized pH 5.5 (high proton concentration) 
and pH 7.5 (low proton concentration) to mimic high and low 
protonation states of NCR1, respectively, and solved structures 
under these conditions (Fig. 2 A and B and SI Appendix, Figs. S2–S6 
and Table S1).

We solved the structure of NCR1 at pH 7.5 using glyco-diosgenin 
(GDN) as the detergent at a resolution of 3.3 Å (Figs. 2A and 3 A 
and B and SI Appendix, Fig. S2). In this structure, an ergosterol is 

present in the NTD and two cholesterol hemisuccinate (CHS) mol-
ecules are found: one in the tunnel between the MLD and CTD 
and one at a hydrophobic patch between M1 and the pSSD (Figs. 2A 
and 3 A and B and SI Appendix, Fig. S7). The presence of CHS likely 
reflects the addition of this amphiphile during initial solubilization 
of cell membranes, whereas ergosterol was likely bound in vivo and 
copurified with NCR1. Notably, the conformation revealed by this 
structure is similar to that observed in the previously published 
crystal structure of NCR1 (PDB code 6R4L) (7).

We then proceeded to solve the structure at pH 5.5 in GDN, 
also at a resolution of 3.3 Å (Figs. 2B and 3 C and D and 
SI Appendix, Fig. S3). In this second structure, a GDN detergent 
molecule was found in addition to one ergosterol and two CHS 
molecules (Figs. 2B and 3 C and D and SI Appendix, Fig. S7). The 
GDN molecule is located at the bottom of the tunnel near the 
NTD. One CHS is located in the tunnel near the membrane 
surface—displaced compared to the first structure—while the other 

Vacuole
lumen

Cytosol

Vacuole
membrane

Glycocalyx

CTD

MLD

SSD

NTD

pSSD

B

A

Detergent
Sterol

Sterol Sterol

Vacuole
lumen

Cytosol

Vacuole
membrane

Glycocalyx

CTD NTD

pSSD

MLD

SSD

Sterol

Sterol

NCR1 at pH 7.5
(tense)

NCR1 at pH 5.5
(relaxed)

Sterol

Fig. 2.   Comparison of NCR1 structures at pH 7.5 and pH 5.5. (A) Model and map of NCR1 in GDN detergent at pH 7.5. A tunnel (cyan) stretches from the NTD 
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ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

U
N

IV
E

R
SI

T
Y

 O
F 

A
L

B
E

R
T

A
 L

IB
R

A
R

Y
, A

Q
U

IS
IT

IO
N

S/
G

E
N

E
R

A
L

 C
O

L
L

 S
V

C
S"

 o
n 

Ju
ne

 4
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

12
9.

12
8.

21
6.

34
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials


4 of 11   https://doi.org/10.1073/pnas.2315575121� pnas.org

CHS molecule occupies the same hydrophobic patch between M1 
and the pSSD. The ergosterol occupies its previously observed 
position in the NTD (Fig. 3C and SI Appendix, Fig. S7).

Comparison of the two structures at pH 7.5 and pH 5.5 reveals 
a series of key differences, making it clear that the structure at pH 
5.5 adopts a different conformation compared to the structure at 
pH 7.5. When considered individually, RMSD of Cα atoms 
(RMSDCα) comparing MLD, CTD, SSD, and pSSD are minimal: 

0.6 Å for CTD and 0.9 Å for MLD, 1.2 Å for SSD and 1.0 Å for 
pSSD. However, rigid body movements between the domains are 
apparent in the context of the entire molecule. In the transmem-
brane region, superposition of the SSD reveals a ~2.5 Å rigid-body 
displacement of the pSSD. That is, in the structure at pH 5.5, the 
SSD and pSSD are farther apart and adopt a distinct conformation 
between the two transmembrane domains we name the “relaxed” 
conformation. In contrast, the SSD and pSSD are closer together 
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at pH 7.5, which we name the “tense” conformation (SI Appendix, 
Fig. S8A and Table 1). There is also a movement of the CTD 
relative to the MLD: after structural alignment of the CTD, there 
is a ~3 Å displacement and slight rotation of the MLD in the two 
conformations (SI Appendix, Fig. S8B). Rotamers and interactions 
of side chains at the tunnel interface remain unchanged as a result 
of this conformational change, supporting a purely rigid body 
rotation between the MLD and CTD.

Because GDN occupied the tunnel at pH 5.5, we solved an 
additional structure in lauryl maltose neopentyl glycol (LMNG) 
detergent to rule out any influence of GDN on the observed con-
formation (SI Appendix, Figs. S4 and S9A). This third structure, 
also at pH 5.5 at 3.3 Å resolution, is devoid of GDN or other 
detergent molecules that could influence the conformation, but 
still retains the sterols found in the other two structures (SI Appendix, 
Fig. S7). It is in the relaxed conformation and essentially identical 
to the structure in GDN at pH 5.5 (RMSDCα of 0.8 Å) with the 
acidic pair in the same position (SI Appendix, Fig. S9B), indicating 
that the GDN detergent molecule is not the determinant of the 
relaxed conformation.

In all the structures, the ligand positions are well defined. 
However, both here and in previous work on NCR1 and human 
NPC1, the poses adopted by ligands in the tunnel have been 
ambiguous due to limited resolution. An amphipathic helix solu-
bilization system, called peptidisc, has been shown to lock proteins 
in defined conformations, often improving resolution (24, 25). 
Indeed, use of peptidisc improved the resolution of NCR1 to 2.4 
Å (SI Appendix, Figs. S5 and S10A), thus enabling us to confirm 
the pose of sterol within the tunnel, with the hydroxyl group ori-
ented toward the luminal tunnel entrance (SI Appendix, Fig. S10B) 
as modeled in the X-ray structure and as suggested by earlier work 
(26). In addition, water molecules are visible in a cavity within the 
membrane domain near the acidic pair (SI Appendix, Fig. S10C). 
However, this peptidisc structure adopts the relaxed conformation 
seen at pH 5.5, even though it was produced at pH 7.5 and the 
NTD and M1 helix were not visible at any stage during image 
processing. In parallel, we solved an additional structure at pH 7.5 
in LMNG to 3.3 Å with features similar to the peptidisc sample: 
no density for the NTD or M1, and a relaxed conformation of the 
SSD and pSSD (RMSDCα of 0.9 Å relative to peptidisc structure). 
This suggests that the lipid and detergent environment influence 
the ability of the M1 helix and the NTD to associate with the 
RND core and potentially also restrict movements of the RND 
core domains. Innate flexibility of the NTD and M1 helix is con-
sistent with the lower resolution of these elements compared to 
the RND core in all our structures, indicating loose association 
with the core. In fact, in all the protein–detergent datasets, we 
identified a subpopulation of particles that produced structures 
lacking the NTD and M1 helix (SI Appendix, Figs. S2E, S3E, and 
S4E). However, the RND core displayed negligible differences 
when structures from the subpopulations (with and without NTD) 
were compared (RMSDCα 0.10 Å for NCR1 at pH 5.5 and 0.04 
Å for NCR1 at pH 7.5). The flexibility of the NTD has been 

suggested to assist in loading of the sterol. It is therefore noteworthy 
that, in the current maps, stabilization of the NTD had no effect 
on the RND core domains.

Changes in the Tunnel Shape Drive Sterol Transport. The 
dimensions of the tunnel, formed by the MLD and CTD, undergo 
substantial changes because of the conformational shifts between 
these two domains. Tunnel radius profiles of the two GDN 
structures were calculated from the NTD to the beginning of the 
SSD gate (Fig. 3 A and C), thus revealing three distinct zones: zone 
I near the NTD, zone II in the middle of the MLD and CTD, 
and zone III near the SSD gate. In the relaxed conformation, zone 
I is broad with the radius peaking at 4.8 Å, while the same zone 
narrows to average radius around 2 Å in the tense conformation 
(Fig. 3E). Zone III displays the inverse behavior, with the tunnel 
narrowing considerably to an average radius of 2 Å in the relaxed 
conformation, whereas the tunnel expands to ~3 Å radius in 
the tense conformation. In zone II, the differences between 
the two conformations are minimal with an average radius of 
~3 Å. A broader comparison of NCR1 structures indicates that 
tunnel profiles strongly correlate with the conformation of the 
transmembrane domain: the tunnel profile for NCR1 at pH 
7.5 is consistent with that from the X-ray structure, and both 
are in the tense conformation, whereas structures in the relaxed 
conformation have the opposite tunnel radius profile (SI Appendix, 
Fig. S11). This correlation indicates allosteric coupling between 
the membrane domain (tense vs. relaxed) and the MLD and 
CLD, which determine the tunnel shape. Furthermore, these 
comparisons suggest that concerted expansion and contraction 
of the tunnel is linked to the tense and relaxed conformation of the 
transmembrane domain and potentially represents a mechanism 
for propelling the sterol through the tunnel. This mechanism is 
consistent with changes in the position of the sterol observed 
within the tunnel. Specifically, there is well-defined density for 
sterol at the boundary of zones II and III (Fig. 3 C and D) in 
the relaxed conformation, whereas in the tense conformation the 
corresponding density is noticeably elongated and displaced ~6 Å 
toward the SSD gate (Fig. 3 A and B). This observation illustrates 
mobility of the sterol within the tunnel, which increases as it gets 
closer to the tunnel exit.

The Acidic Pair Network Links Tense and Relaxed Conformations to 
Sterol Transport. A network of interactions at the pseudosymmetry 
axis, relating the SSD to the pSSD, govern transition between the 
tense and relaxed conformations. This network centers on the 
conserved acidic pair, Asp631 (M5) and Glu1068 (M11), which 
alternately interact with His1072 (M11) and Lys1111 (M12) 
(Fig. 4A and SI Appendix, Fig. S6). In particular, the acidic pair 
coordinate His1072 (distance < 3.5 Å) in the tense conformation 
(NCR1 at pH 7.5), characterized by tight packing between SSD and 
pSSD. In the relaxed conformation (NCR1 at pH 5.5), the acidic 
pair pivots downward to form a new interaction with Lys1111 (also 
< 3.5 Å, Fig. 4B). Lys1111 undergoes the most dramatic movement, 

Table 1.   Summary of the conformations of NCR1 solved by X-ray crystallography and cryo-EM
Conformation Tense Relaxed
SSD gate Open Closed
Acidic pair network D631-E1068-H1072 D631-E1068-K1111
Sterol location Zone III Zone I Zone II Zone II Zone II

Condition pH 7.5 GDN pH 6.1 LCP pH 5.5 GDN pH 5.5 LMNG pH 7.5 Peptidisc

PDB 8QEB 6R4L 8QEC 8QED 8QEE

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

Y
 O

F 
A

L
B

E
R

T
A

 L
IB

R
A

R
Y

, A
Q

U
IS

IT
IO

N
S/

G
E

N
E

R
A

L
 C

O
L

L
 S

V
C

S"
 o

n 
Ju

ne
 4

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
12

9.
12

8.
21

6.
34

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315575121#supplementary-materials


6 of 11   https://doi.org/10.1073/pnas.2315575121� pnas.org

M5

D631

M5

D631

A

Acidic pair

Allosteric coupling
residues

SSD gate

L615

I616

E619

D557

K1111

F623

F1126

M568

Y565

F569

H1072

D631E1068

B

M5 M3

M12

M11

Sterol

L615

I616

E619

D557

F623

F1126

M568

Y565

H1072

D631E1068

M5 M3

M12

M11

M5
M11

D631

H1072

E1068

2.6 Å

3.4 Å

8.6 Å

14.8 Å

Lumen

C

Sterol

Cytosol Cytosol

Lumen

Tense conformation

Lumen

Allosteric coupling residues

SSD gate

Cytosol

K1111

SSD gate
Open

SSD gate
Open

SSD gate
Closed

SSD gate
Closed

H1072

E1068

M11

F569

Sterol

M12

K1111

M12

K1111

M5

F623

M3

M568

Y565

F569

F1126

M3

D557

L615

I616

M5

9.6 Å

3.0 Å

4.1 Å

M12
E619

Acidic pair

M12

K1111

M12

K1111
M3

M5

F623

M568

Y565

F569
3.8 Å

4.6 Å

M12
M3

L615

I616

E619

M5

D557

5.3 Å

7.1 Å
F1126

Sterol

10.0 Å

D

Relaxed conformation

3.3 Å

3.4 Å

Tense conformation (pH 7.5) Relaxed conformation (pH 5.5)

7.2 Å

6.0 Å

Fig. 4.   Acidic pair and allosteric coupling residues controlling the opening and closing of the SSD gate. (A) Transmembrane domains of tense (Left) and relaxed 
(Right) conformations viewed parallel to the membrane. Key residues are shown on M3 (orange), M5 (green), M11 (gray), and M12 (blue). Sections parallel to 
the membrane are shown in subsequent panels to illustrate the acidic pair (purple box), allosteric coupling residues (green box), and the SSD gate (yellow box).  
(B) The acidic pair and interacting residues in the tense (Left) and relaxed (Right) conformations. (C) Allosteric coupling residues from M3, M5, and M12 in the tense 
(Left) and relaxed (Right) conformations. (D) Residues at the SSD gate controlling release of sterol (magenta) in the tense (Left) and relaxed (Right) conformations.
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being buried between M3 and M5 in the tense conformation, and 
swinging toward the acidic pair in the relaxed conformation, thus 
drawing them away from His1072 (Fig. 4C).

Although density for acidic side chains is often weak or absent 
in cryo-EM maps (27), movement of Glu1068 toward Lys1111 
in the relaxed conformation is clearly supported at a lower density 
threshold (SI Appendix, Fig. S6). In the case of Asp631, the specific 
side chain orientation remains ambiguous in the relaxed confor-
mation despite attempts at focused alignment and density mod-
ification. Nevertheless, it is clear that the position of the SSD 
relative to the pSSD in the relaxed conformation prevents the 
interaction of the two acidic residues with His1072. Instead, 
swinging of Lys1111 toward the acidic residues induces a change 
in rotamers to promote an alternative interaction network. As a 
result, this new interaction drives displacement of the SSD relative 
to the pSSD and causes the two transmembrane domains to adopt 
the relaxed conformation (Fig. 4B and SI Appendix, Fig. S6). The 
looser association of these domains is also evidenced by the small 
cavity seen in the relaxed conformation, which is occupied by 
several water molecules that are visible in the higher-resolution 
peptidisc structure (SI Appendix, Fig. S10C).

The transition between these two states is allosterically coupled 
to the SSD gate and the conformation of the tunnel, thus con-
trolling integration of sterol into the membrane. M5 undergoes 
displacement during this transition, making it a plausible element 
for allosterically linking the acidic pair to the opening or closing 
of the SSD gate (Fig. 4C). Specifically, the SSD gate is governed 
by movements at the luminal ends of M3, M5, M12, and their 
associated loops. The luminal side of M3 becomes more mobile 
when the gate is open, leading to weaker map density (SI Appendix, 
Fig. S6). In the transition from relaxed to tense conformation, the 
distance between Glu619 (M5) and Asp557 (M3) increases from 
3.0 Å to 7.1 Å and the distance between Ile616 and Phe1126 
increases from 4.1 Å to 10 Å (Fig. 4D). These changes are due to 
a swing of the Phe1126 sidechain as well as reconfiguration of the 
M4/M5 loop and the first turn of M5; together, they serve to 
control passage of sterol through the SSD gate. This opening and 
closing of the SSD gate is correlated with widening and narrowing 
of zone III of the tunnel, promoting sterol transport. Indeed, our 
structures show that as the gate opens in the tense conformation, 
the sterol molecule in the tunnel moves ~6 Å toward the mem-
brane with its aliphatic tail protruding through the gate and ready 
for integration into the membrane (Fig. 4D).

Discussion

In lysosomes, low pH combines with hydrolytic enzymes to break 
down metabolites for recycling. In yeast and plants, the vacuole 
fulfills this function in addition to its role in storage of nutrients 
and ions (1, 7, 28, 29). For the lysosome, it is well established that 
the inner leaflet of the membrane is protected against autodiges-
tion by the glycocalyx (30, 31). It is therefore reasonable to expect 
a similar barrier for the inner membrane of vacuoles. Here, we 
demonstrate colocalization of lipid and saccharide stain, thus sup-
porting the presence of a glycocalyx in yeast vacuoles as a shared 
feature of degradative organelles.

An unresolved question regarding the function of NPC proteins 
is whether loading and transport of sterol are coupled or whether 
loading of the NTD is independent of the ensuing transport 
through the tunnel (1). Our data suggest the latter: that the NTD 
acts as a tethered binding domain with no discernible allosteric 
coupling to the transport process. Specifically, comparison of struc-
tures with and without the NTD shows that NTD association to 
the RND core has no observable effect on the conformations of 

MLD and CTD (RMSDCα of ≤0.1 Å). Since the resolution was 
lower in the structures without the NTD, we could not confidently 
position side chain rotamers to calculate tunnel profiles, but assum-
ing identical rotamers (as observed for tense and relaxed confor-
mations), the tunnel profiles would also be the same. In all our 
structures, the NTD is loaded with ergosterol and oriented in a 
postloading state, despite pH-dependent conformational changes 
to the RND core. Indeed, analysis of npc genes in eukaryotes has 
previously shown that some fungal genomes encode the NTD as 
a separate gene product that is not covalently linked to the RND 
core, reinforcing the importance of the NTD for sterol delivery, 
but not necessitating it to be part of a single polypeptide chain 
(32). Earlier studies of the human sterol transporter, NPC1, with-
out the NTD support this idea by showing that a nontethered 
NTD can still transfer substrate to the core domains (33). 
Nevertheless, tethering of the NTD to the RND core could serve 
to increase local sterol concentration and thereby increase the effi-
ciency and specificity of the transfer process (34). It is also note-
worthy that the association of the NTD and M1 and the 
movements of the SSD and pSSD appears highly dependent on 
the lipid/detergent environment. For future work, it would be 
relevant to replace detergents with, e.g., a lipid/nanodisc system 
to better mimic the physiological lipid bilayer environment.

The high resolution of the NCR1 structure solved in peptidisc 
offers valuable insights into the orientation of sterol and clearly 
shows that the polar head group of the sterol faces toward the 
luminal entrance to the tunnel (SI Appendix, Fig. S10B). This pose 
supports the hand-off model for the NTD loading step, which 
positions the sterol to be transferred into the tunnel in the optimal 
orientation for integration into the inner leaflet of the organellar 
membrane (26).

Our analysis of the two different conformations of NCR1 indi-
cates that the tunnel changes its profile due to rigid body move-
ment of the MLD relative to the CTD (Fig. 3 A and C and 
SI Appendix, Fig. S8B). Similar conformational changes have been 
observed in other RND proteins and they are proposed to generate 
a peristaltic mode of transport in the multidrug efflux transporter 
AcrB (15, 35). Indeed, these changes are accompanied by a shift 
in the sterol position within the tunnel of NCR1. In this respect, 
it is notable that transport was abolished when cysteine cross-linking 
was used to prevent interdomain movements of MLD and CTD 
in NPC1 (36).

For human NPC1, pH-dependent conformational changes have 
been ascribed to an inhibitory mechanism: The high pH form was 
postulated to represent an inactive state, adopted while the protein 
is trafficked through the endomembrane system, while the low pH 
form was described as a constitutively active state achieved within 
the lysosome (12). However, the configuration of the SSD gate in 
the two NPC1 structures and now in our NCR1 structures is in 
conflict with this mechanism: the SSD gate is open at high pH, 
when the protein should be inactive, and closed at low pH, when 
the protein should have been active. Alternatively, the energy cou-
pling mechanism employed by AcrB and other RND superfamily 
members, together with our observations of sterol displacement 
in the tunnel of our structures, suggest a different interpretation 
of the pH-dependent conformational change.

Here, we propose an alternative model to explain the mecha-
nism of NPC proteins, where the tense and relaxed conformations 
represent two key conformations in a proton-driven sterol trans-
port cycle (Fig. 5). In our model, the acidic pair Asp631 and 
Glu1068 in NCR1 forms a network analogous to AcrB at the 
interface of the SSD and pSSD (SI Appendix, Fig. S12) (15). 
Depending on the protonation state of the network—in our case 
induced by pH of the sample—interactions are made with either D
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His1072 or Lys1111. Thus, our model invokes a cycle with 
Lys1111 being the initial proton acceptor from the lumen in the 
tense conformation (Fig. 5, step 1). When Lys1111 accepts a pro-
ton, perhaps via Glu619 and Tyr565, it swings toward the acidic 
pair, inducing the relaxed conformation. As a result, the SSD gate 
closes and there is a coordinated narrowing of zone III and wid-
ening of zone I of the tunnel (Fig. 5, step 2). Formation of the 
tripartite network between the acidic pair and Lys1111 induces 
His1072 to release a proton to the cytosol (Fig. 5, step 3). Asp631 
and Glu1068 now engage in a 3-step transfer of the proton from 
Lys1111 to His1072 (Fig. 5, steps 3–5). After donating its proton, 
Lys1111 swings back into the initial position, nestled into a hydro-
phobic pocket between M3 and M5, while the acidic pair changes 
conformation to interact with His1072 to generate the tense con-
formation. Together, these changes lead to a conformational shift 
of the MLD and CTD, driving peristaltic movements of sterol 
within the tunnel and opening the SSD gate (Fig. 5, step 1). 
Binding of another luminal proton to Lys1111 initiates the next 
cycle of peristaltic movement.

Our proposed model is consistent with a generalized model for 
the function of proteins in the RND superfamily. The transmem-
brane domain—specifically the symmetry point between the SSD 
and pSSD—functions as a motor driven by proton binding (or 
monovalent cation binding for some RND proteins), which cycles 
the SSD and pSSD between relaxed and tense conformations. This 
cycle leads to movements of the effector or luminal domains, 
which in NPC proteins cause the MLD and the CTD to concert-
edly either contract or expand zone I and zone III of the tunnel 
to propel sterol toward the membrane. A similar alternation 

between a tense and relaxed conformation of the transmembrane 
domain in the protein Dispatched, another RND protein, is sug-
gested to be central for its function in Sonic Hedgehog mobiliza-
tion (21). Also noteworthy, a “breathing” motion, similar to the 
switch between relaxed and tense conformations we describe here 
for NCR1, has been shown for the transmembrane domains of 
the RND protein Patched and is suggested to provide energy for 
cholesterol egress through a similar tunnel (37). Finally, blocking 
the tunnels of either NPC1 or Patched has been demonstrated to 
prevent proper function (11, 12, 22, 38, 39). Collectively, these 
findings reported for other RND proteins support the model we 
propose here.

Although our model is consistent with our structural data and 
with functional studies of related members in the RND superfamily 
(e.g., refs. 7, 11, 12, and 35), it remains speculative in the absence 
of direct experimental validation. For NPC proteins, key residues 
have already been shown to be essential for function (7, 12), but 
further biochemical experiments, in the presence of a glycocalyx, 
where the role of protons is explicitly addressed are necessary. Also, 
mutational analyses in a cellular context will need to consider 
broader impacts on the homeostasis of organelles and sterol metab-
olism which may be secondary to specific effects on the transport 
mechanism.

In conclusion, we have presented evidence for a glycocalyx in 
the S. cerevisiae vacuole and have provided a detailed structural 
analysis of NCR1 in two distinct conformational states. We have 
linked changes in tunnel dimensions and sterol molecule locations 
to changes of the acidic pair in the transmembrane region. Our 
model suggests that the conformational transition is dependent on 
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Fig. 5.   Proposed protonation cycle driving sterol transport by NCR1. The protonation cycle involves five steps: (1) Asp631 and Glu1068 interact with His1072 
in the tense conformation, where the SSD gate is open (NCR1 pH 7.5). (2) Lys1111 binds a proton from the lumen, causing it to move toward and interact with 
Asp631 and Glu1068, thus producing the relaxed conformation where the SSD gate is closed (NCR1 pH 5.5). (3) His1072 releases its proton to the cytosol and 
is then reprotonated by E1068. (4) D631 reprotonates E1068. (5) Lys1111 reprotonates Asp631 and then swings away from Asp631 and E1068. The protonation 
state of the residues is reestablished for the next protonation cycle to occur. Colors correspond to positively charged (blue), neutral (gray), and negatively 
charged (red) residues.
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the protonation state of titratable residues in the transmembrane 
domains, implying that sterol transport is linked to the proton 
motive force found across the vacuolar/lysosomal membrane. Our 
model contrasts with the previously proposed model where the 
two observed conformations represent an active and inactive form. 
More direct biochemical data will be needed to discriminate defin-
itively between these alternative scenarios. Nevertheless, our model 
is consistent with a general scheme for transport in the RND super-
family and offers insights into how NPC proteins adapt a gener-
alized RND mechanism to move sterols past the glycocalyx and 
into the lysosomal/vacuolar membrane.

Materials and Methods

Glycocalyx Staining and Visualization. Vacuoles were isolated following the 
protocol outlined previously (40). Briefly, BY4741 cells (http://www.euroscarf.de/
plasmid_details.php?accno=Y00000) were cultivated in standard Yeast Extract–
Peptone–Dextrose (YPD) liquid media at 30 °C, 150 rpm to 0.8 to 1 at OD600. Cells 
were harvested by centrifugation at 4,000×g for 5 min at room temperature and 
resuspended in 100 mM PIPES/KOH pH 9.4 and 10 mM DDM. After incubation 
at 30 °C for 10 min, cells were centrifuged as before, and the pellet was gently 
resuspended in 50 mM potassium phosphate pH 7.5, 0.6 M sorbitol, and 0.16× 
YPD, supplemented with 2 mg/mL Zymolyase. The resulting spheroplasts were 
incubated at 30 °C for 25 min and then centrifuged at 4 °C for 5 min at 2,500×g. 
Subsequently, the pellet was resuspended in 15% Ficoll, 10 mM PIPES/KOH pH 
6.8, and 200 mM sorbitol and incubated on ice for 2 min, followed by 75 s 
at 30 °C. The resulting cell lysate was transferred to ultracentrifuge tubes and 
layered with a discontinuous Ficoll (Sigma) gradient consisting of 8, 4, and 0%. 
After centrifugation at 110,000×g for 90 min at 4 °C, vacuoles were collected 
from the interface between the 4% and 0% layers of Ficoll. These vacuoles were 
stained with FM4-64 (Thermo Scientific) at a final concentration 2.5 μg/mL for 
1 h at 4 °C followed by Concanavalin A conjugated with Alexa Fluor 350 (Thermo 
Scientific) at a final concentration of 0.5 mg/mL for 3 h at 4 °C. Visualization of 
both stains was conducted with a Zeiss Axio Observer Z1 widefield microscope 
equipped with a 63× objective under oil immersion.

For confocal microscopy, vacuoles were stained with Concanavalin A conju-
gated with Alexa Fluor 488 (Thermo Scientific) at a final concentration of 100 
µg/mL for either 30 min at room temperature or 3 h at 4 °C. Additionally, the 
vacuoles were stained with FM4-64 (Thermo Scientific) at a final concentration 
of 2 µg/mL for either 30 min at room temperature or 1 h at 4 °C. Confocal images 
were acquired by a Nikon A1 confocal microscope equipped with a 100× oil 
objective. Images were aligned by automated translation and rotation using 
plugins to ImageJ (41). Intensity line profiles of FM4-64 and ConA-Alexa 488 
were measured using Macros in ImageJ and plotted in Python software using 
Matplotlib (42).

Homologous Expression of NCR1 and Membrane Preparation. Protein 
expression of codon-optimized NCR1 from S. cerevisiae (UniProt: Q12200) was 
performed as described previously (7). For expression, S. cerevisiae strain DSY-5 
was transformed with an expression vector based on p423_GAL1 (43) carrying 
full-length ncr1 with a C-terminal deca-histidine tag and grown to high density 
in a bioreactor and harvested after a 22 h induction using galactose (44). Cells 
were harvested by centrifugation at 2,500×g for 10 min at 4 °C and the pellets 
were stored at −70 °C.

Cells were homogenized with a beadbeater (Biospec Products) by mixing ~200 
g of cells with 750 mL lysis buffer (600 mM NaCl, 100 mM Tris-HCl pH 7.5, and 1.2 
mM PMSF) in prechilled metal canisters containing 0.5 mm glass beads (BioSpec 
Products) with five cycles of agitation (1 min on and 2 min off). The cell lysate 
was filtered and resupplied with 1.2 mM PMSF, and cell debris was removed by 
centrifugation at 17,000×g for 20 min at 4 °C. The supernatant was centrifuged 
at 200,000×g for 2 h at 4 °C, and the resulting membrane pellets were divided 
into 3 g aliquots and stored in 500 mM NaCl, 50 mM Tris-HCl, pH 7.5, and 20% 
(v/v) glycerol at −20 °C.

Purification of NCR1. Two aliquots of membranes (~6 g) were solubilized in 
basis buffer (500 mM NaCl, 50 mM Tris-HCl, pH 7.5, and 10% (v/v) glycerol, 
supplemented with 1% (w/v) cholesteryl hemisuccinate (CHS from Anatrace), 

0.6% (v/v) n-dodecyl-β-D-maltoside (DDM from Inalco Pharmaceuticals), and 
1.6 mg/mL iodoacetamide (Sigma-Aldrich) for 20 min at 4 °C. The sample was 
sonicated, filtered with 5 μm as well as 1.2 μm pore size syringe filters (Sartorius), 
and supplemented with 20 mM imidazole prior to loading onto a 5 mL HisTrap 
HP column (Cytiva) equilibrated with 20 mM imidazole and 0.017% DDM in basis 
buffer. The column was washed with 50 mL of basis buffer containing 70 mM 
imidazole and 0.017% DDM followed by 45 mL of G20 buffer (200 mM NaCl, 20 
mM imidazole) supplemented either with 0.01 to 0.05% glyco-diosgenin (GDN 
from Antrance) or 0.025% LMNG, with pH of either 5.5 (20 mM MES) or 7.5 (20 
mM Tris-HCl). Finally, 175 units of thrombin (Avantor) were added to cleave the 
His-tag, and 5 mL of this buffer was slowly circulated through the column at 
4 °C overnight. The protein was eluted with 15 mL of the corresponding buffer 
containing 40 mM imidazole. After concentration, the sample was loaded onto a 
Superdex 200 10/300 GL Increase column (GE Healthcare), equilibrated with 200 
mM NaCl, containing either 0.01 to 0.05% GDN at pH 5.5 (20 mM MES) or pH 7.5 
(20 mM Tris-HCl) or 0.005% LMNG at pH 5.5 (20 mM MES). Peak fractions were 
pooled, concentrated to ~9 mg/mL, and immediately used to prepare EM grids.

Purification in peptidisc involved additional wash steps on the 5 mL HisTrap 
HP column (24, 25). After the 50 mL wash with 70 mM imidazole, the sample was 
further washed with 50 mL of 100 mM NaCl, 50 mM Tris-HCl pH 7.5, and 0,008% 
of DDM without imidazole followed by 45 mL of peptidisc buffer (100 mM NaCl, 
50 mM Tris-HCl, pH 7.5, and 0.5 mg/mL peptidisc from GenScript). Of this buffer, 
5 mL was circulated for 30 min at 4 °C followed by a final wash with 100 mM 
NaCl and 50 mM Tris-HCl pH 7.5. This solution was supplemented with thrombin 
and circulated overnight, as described earlier. Size-exclusion chromatography 
was performed using 100 mM NaCl and 10 mM Tris-HCl, pH 7.5, and the peak 
fraction of the monomer was concentrated to ~4 mg/mL.

Cryo-EM Sample Preparation, Imaging, and Image Processing. Samples 
were applied to glow discharged C-flat 1.2/1.3 μm Cu grids (Protochips, 
#M-CF313-100) and plunge-frozen in liquid ethane using a Vitrobot Mark IV 
(Thermo Scientific) at 4 °C and 100% humidity.

Images for NCR1 samples at pH 7.5 in GDN and peptidisc were collected at 
the Danish National cryo-EM facility, EMBION, at Aarhus University in Denmark at 
130,000× magnification on a K3 detector (Gatan) with a raw pixel size of 0.647 
Å and total dose of 60 e−/Å2. Images for NCR1 samples at pH 5.5 in GDN and 
LMNG were collected at the National Electron Bio-imaging Centre (eBIC), Oxford, 
United Kingdom 165,000× magnification on a K3 detector with a calibrated raw 
pixel size of 0.536 Å and a total dose of 60 e−/Å2. Defocus generally ranged from 
−0.6 to −2.5 μm for all four datasets.

Image processing workflows for each dataset are illustrated in SI Appendix, 
Figs.  S2–S5. All processing steps were conducted in cryo-SPARC v3.3.1 (45). 
Briefly, the workflows involved patch-based motion correction, CTF estimation, 
curation to exclude poor quality images with CTF-estimated resolution >4 Å, 
high astigmatism, and thick ice. Templates were created from an initial set of 
particles and used for automated particle picking followed by two rounds of 2D 
classification using a 160 Å circular mask. The best classes were combined for 
multiple rounds of ab initio reconstruction with two classes to eliminate damaged 
particles, empty micelles, and other artifacts. The resulting structures were used 
as references for multiple rounds of heterorefinement, which typically separated 
particles with and without a visible NTD. Once a homogeneous set of particles 
was obtained, a final nonuniform refinement was performed to produce the final 
structure. Resolution was assessed using both the gold-standard FSC curve and 
a local resolution job.

Model Building and Refinement. A summary of the refinement statistics from 
all 4 models is shown in SI Appendix, Table S1. The crystal structure of NCR1 
(PDB: 6R4L) was used as a template for model building. To start, this model 
was rigid-body fitted to each cryo-EM density map using Chimera (46) and then 
subjected to molecular dynamics flexible fitting (MDFF) (47) using Namdinator 
(48). For the peptidisc sample, the NTD and the M1 helix were removed. For 
NCR1 in LMNG at pH 5.5, the final model of NCR1 in GDN at pH 5.5 was initially 
docked into the map. Using these initial models, COOT v0.9.3 (49, 50) was used 
for manual adjustment of the polypeptide, addition of carbohydrates (NAG) at 
specific Asn residues (123, 401, 513, 900, and 940 depending on the model), and 
placement of ligands. These ligands included cholesteryl hemisuccinate (Y01), 
glyco-diosgenin (Q7G), phosphatidylethanolamine (PTY), and ergosterol (ERG) D
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(51). The models were gradually improved by iterative rounds of real-space refine-
ment using PHENIX (52, 53) and manual adjustments in COOT. The final models 
were validated with MolProbity (54), CaBLAM (55), Ramachandran-Z analysis 
(Rama-Z) (56), and the PDB validation server (57).

Model Analysis and Figure Preparation. Caver Analyst 2.0 Beta (58) was 
used to identify and analyze the tunnels in NCR1 structures. Caver Analyst 2.0 
Beta default parameters were used except that the shell radius was set to 9, 
the probe radius to 0.2, and the searches were initiated between Asp557 and 
Tyr1130. Structural figures were prepared with USCF Chimera v1.15 (46) and 
USCF ChimeraX v1.3 (59). SEC curves and sterol tunnel dimensions were plotted 
with GraphPad Prism v9 software (San Diego, CA). The multiple sequence align-
ment of RND protein members was made with PROMALS3D (60) and visualized 
in Aline (61). ImageJ (41) was used to view and adjust the contrast of micrographs 
from isolated vacuoles.

Data, Materials, and Software Availability. Atomic models have been depos-
ited in the Protein Data Bank (PDB), and cryo-EM maps have been deposited 
in the Electron Microscopy Data Bank (EMDB). NCR1 in GDN at pH 7.5 (tense): 
PDB 8QEB and EMDB EMD-18350 (62); NCR1 in GDN at pH 5.5 (relaxed): PDB 
8QEC and EMDB EMD-18351 (63); NCR1 in LMNG at pH 5.5: PDB 8QED and 
EMDB EMD-18352 (64); and NCR1 in peptidisc at pH 7.5: PDB 8QEE and EMDB 
EMD-18353 (65).
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