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Theliver takes up bile salts from blood to generate bile, enabling absorption of
lipophilic nutrients and excretion of metabolites and drugs'. Human Na*-
taurocholate co-transporting polypeptide (NTCP) is the main bile salt uptake system
inliver. NTCP is also the cellular entry receptor of human hepatitis B and D viruses**
(HBV/HDV), and has emerged as an important target for antiviral drugs*. However, the
molecular mechanisms underlying NTCP transport and viral receptor functions
remainincompletely understood. Here we present cryo-electron microscopy
structures of human NTCP in complexes with nanobodies, revealing key
conformations of its transport cycle. NTCP undergoes a conformational

transition opening a wide transmembrane pore that serves as the transport pathway
for bile salts, and exposes key determinant residues for HBV/HDV binding to the
outside of the cell. Ananobody that stabilizes pore closure and inward-facing states
impairs recognition of the HBV/HDV receptor-binding domain preS1, demonstrating
binding selectivity of the viruses for open-to-outside over inward-facing
conformations of the NTCP transport cycle. These results provide molecular insights
into NTCP ‘gated-pore’ transport and HBV/HDV receptor recognition mechanisms,
and are expected to help with development of liver disease therapies targeting NTCP.

Bile salts are essential molecules for absorption of lipophilic nutri-
ents and vitamins (vitamin A, D, E and K) in the small intestine, as well
as for maintenance of endocrine and cholesterol homeostasis and
excretion of toxins'. The vast majority—more than 90%—of the body’s
bile salts pool is recycled daily, shuttling between intestine and liver,
where bile salts are used to aid nutrient absorption and generate bile,
respectively. Human members of the solute carrier 10 (SLC10) protein
family are key bile salt transporters for the maintenance of enterohe-
patic circulation®®: NTCP’ (also known as SLC10A1) is mainly expressed
in the hepatocyte basolateral membrane, and constitutes the main
active transport route of bile salts into the liver from blood, whereas
apical sodium-dependent bile acid transporter® (ASBT (also known
as SLA10A2)) is expressed inileum enterocytes and takes up bile salts
from the intestinal lumen. Both transporters are important pharma-
cological targets, as they can be used to facilitate oral absorption®°
(ASBT) and liver uptake™*? (NTCP) of drugs conjugated to bile salts, and
areinvolved in the action mechanism (ASBT)" and pharmacokinetics
(NTCP)™" of cholesterol-lowering therapies. Moreover, NTCP down-
regulation in mouse models is associated with increased cholesterol
and phospholipid excretion'®, as well as decreased weight gain witha
high-fat diet”. Notably, NTCP has afundamental role in liver pathology,
asthe human cellular entry receptor for HBV/HDV>*, Chronic HBV infec-
tion is a major cause of hepatocellular carcinoma and liver cirrhosis,
and affects around 250 million people globally'®*®, The viruses use the
myristoylated and unstructured N-terminal domainin the large enve-
lope protein—the preS1 domain (myr-preS1)—to recognize and bind

human NTCP?° %, explaining viral hepatotropism and the narrow range
of animal hosts. Consistently, myristoylated peptides encompassing
the residues 2-48 of myr-preS1 (myr-preSl,s) act as potent inhibitors
of HBV/HDV entry into cells?*2,

Structural insights into the transport mechanism of NTCP and
ASBT have come from early X-ray crystal structures of prokaryotic
homologues that revealed a ten-transmembrane-helix topology,
arranged into core and panel domains??%. The homologues follow
an alternating-access transport mechanism, in which relative move-
ments of the two domains provide alternating access to substrate- and
sodium-binding sites on opposite sides of the membrane.

Here we set out to study the structural basis of human NTCP func-
tion using cryo-electron microscopy (cryo-EM) in combination with
conformation-specificnanobodies to reveal key conformational transi-
tions of the NTCP transport cycle.

Cryo-EM structure determination

Human NTCP is arelatively small (approximately 38 kDa) dynamic
membrane protein thatlacks soluble folded domains and is biochemi-
cally unstablein non-denaturing detergent solution, posing achallenge
for single-particle cryo-EM structure determination. To overcome
these problems, we first exchanged amino acids in the sequence of
wild-type NTCP for consensus residues of representative vertebrate
orthologues to confer stability to the protein® (Methods). The initial
consensus design, NTCP.,, was more stable than wild-type NTCP in
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Fig.1|Functional and structural analyses of NTCPg,-Nb complexes.

a, Uptake of the fluorescent substrate analogue (tauro-nor-THCA-24-DBD) in
cellsexpressing NTCP constructs or negative control (excitatory amino acid
transporter EAAT1) using sodium-based (green) and choline-based (grey)
buffers, respectively. Bars depict mean of 5(NTCP), 7 (NTCP;,) and 4 (EAAT1)
biologicallyindependent experiments, error barsrepresents.e.m.and circles

detergent solution. To minimize the number of consensus exchanges
and maximize stability, we determined the contribution of single
exchanges, and retained only those that increased stability, yielding
afinal construct that shares approximately 98% amino acid identity
with wild-type NTCP (Extended Data Fig. 1) and enables purification
of monodisperse material in milligram amounts. We refer to this con-
struct as NTCPg. NTCP, showed robust Na*-dependent uptake of the
fluorescent substrate analogue tauro-nor-THCA-24-DBD (4.5 + 1.3-fold
increase in the sodium- over the choline-based condition), similar to
that of wild-type NTCP (10.2 + 3.9), whereas control cells expressing the
unrelated Na*-dependent neurotransmitter transporter EAAT1 lacked
bile salt uptake (1.6 + 0.1sodium-dependent increase) (Fig.1a). These
results show that the transport mechanism is conserved in NTCPy,.
Second, to provide molecular features on the NTCPy,, surface
for cryo-EM analysis, we generated and selected nanobodies that
potently bind NTCP,. Nanobody (Nb)87 and Nb91 inhibit Na*-induced
fluorescent-substrate uptake by cells expressing NTCP, with
half-maximal inhibitory concentrations (IC,) of approximately 180
and 34 nM (Fig.1b), respectively, showing that they recognize NTCPy,
fromthe extracellular side, and suggesting that they stabilize confor-
mationalintermediates of the transport cycle. During cryo-EM sample
optimization, we screened NTCPg,, complexes with these nanobodies
and megabody scaffolds that result in an additional 85 kDa of folded
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show values fromindividual experiments. b, Inhibition by Nb91 (red) and Nb87
(blue) of tauro-nor-THCA-24-DBD transportin cells expressing NTCPy,,. Solid
lines are fits of a single-site binding equation (Methods). Squares depict mean
ofthree biologically independent experiments and error barsrepresent s.e.m.
¢, Density corresponding to NTCPy, core (blue) and panel (orange) domains,
and the nanobody part of Mb91 (green).

domains®*’ inboth detergent solutions, as well as reconstituted in nano-
discs. This yielded final cryo-EM maps of NTCP,,~Nb87 in nanodiscs,
and NTCP;,,-megabody (Mb)91in detergent at overall resolutions of
3.7and 3.3 A, respectively, enabling structure determination (Fig. 1c,
Extended Data Figs. 2-4, Extended Data Table 1).

NTCP architecture

NTCPg, adopts an SLC10 fold with two structurally distinct domains—
coreand panel (Fig. 2a, b)—and contains nine transmembrane a-helices
(TM1-9) with an unstructured N terminus on the extracellular side.
The transmembrane helices are connected by short loops, as well as
extracellular a-helices (ECH) and intracellular a-helices (ICH) lying
nearly parallel to the membrane. The panel domainis formed by TM1,
TMS5and TM6, and has lost pseudo-internal symmetry compared with
its equivalent in SLC10 prokaryotic homologues, owing to the evolu-
tionary loss of one transmembrane helix. The NTCP;,, core domain is
formed by packing of two helix bundles, TM2-4 and TM7-9, whichare
related by pseudo-two-fold symmetry (Caroot meansquared deviation
(r.m.s.d.) =5 A). TM3 and TM8 unwind close to the middle of the mem-
brane, and pack against each other to form a characteristic X-shaped
structure that displays highly conserved polar residue motifs among
vertebrate SLC10 bile salt transporters (Extended Data Figs. 5, 6).

N terminus c

Q293

N262

C terminus

Fig.2|NTCP topology and architecture. a, Cartoonrepresentation of NTCP
topology.b, Structure of NTCPy, in complex with Mb91. Mb91is omitted for
clarity. TM2-TM4 (dark blue) and TM7-TM9 (light blue) in the core domain are
related by pseudo-two-fold symmetry, and the panel domain is formed by TM1
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and TM5-TM6 (orange). Polar conserved residues lining the space between the
coreand panel domain (pink), as well as sidechains contributing to Naland Na2
(yellow) are shown. ¢, The X motifis formed by unwinding of TM3 and TMS8.
Only TM2 and TM3 (dark blue) and TM8 (light blue) are shown.
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Fig.3|Isomerizationbetween open-pore and inward-facing states.
a,NTCPgy structuresin complex with Nb87 (left) and Mb91 (right) adopting
inward-facing and open-pore conformations, respectively. Nb87 and Mb91 are
notshown. Additional cryo-EM density inthe open-pore structure isshown
(pink surface) and polar residuesin close proximity to the density are labelled
inbothstructures for comparison. b, Molecular surface representation of

Most of the reported residues important for binding of sodium
and substrate map to the core domain. Sodium-binding sites 1 (Nal;
including S105,N106, T123 and E257 sidechains) and 2 (Na2; including
Q68 and Q261), which were first observed in crystallographic stud-
ies of prokaryotic SLC10 homologues?, are structurally conserved in
NTCPy, (Fig. 2c). Structural conservation and NTCP mutagenesis®*
strongly suggest that the two sodiumions that are thermodynamically
coupled to bile salt transport®*?* bind to these sites. Beyond Nal and
Na2, mutations at residues in the X motif¥” (equivalent to N262) or in
close proximity* (Q293) impaired transport function, suggesting a
role in substrate binding. Consistently, the NTCP-inactivating muta-
tion® S267F, whichis associated with hypercholanaemiaand vitamin D
deficiency in humans® lays just above the X motif, and A64T% is close
to the sodium-binding sites.

NTCP inward-facing state

In complex with Nb87, NTCPy,, adopts an inward-facing state with
core and panel domains tightly packing against each other on the
extracellular side of the membrane (Fig. 3a, b). On the intracellular
side, the domains separate, uncovering an amphiphilic large cavity
(molecular surface volume >1,500 A?) that opens to the cytoplasm,
as well as laterally to the hydrophobic core of the membrane through
acrevice between TM6 and TM9. On the other side of the transporter,

Hydrophobic

& Pore

NTCP;y inward-facing (left) and open-pore (right) structures. Surfaces are
coloured onthe basis of aresidue hydrophobicity scale, with green
representing the most hydrophobicresidues and purple representing the most
hydrophilicresidues. The structures have been tilted by around 20° relative to
thoseinatobetter display the cytoplasmic cavity (left), and the open pore
(right).

TM1and TMS pack against the core domain, occluding the cavity from
the membrane.

Nal and Na2 face this cavity and localize behind the conserved X
motif. In addition, the cavity is lined by several conserved polar resi-
dues from the core domain (including N103, N262, Q264 and Q293),
some of which have been shown to be important for transport; hydro-
phobic residues are mostly located in the panel domain. Amino acid
conservation, mutagenesis studies and the large volume of the cavity
suggest that itis part of the substrate pathway onthe cytoplasmicside.
Consistently, amolecule of taurocholate hasbeenreported tobind to
the equivalent region in the structure of a prokaryotic homologue?.

Transition to the open-pore conformation

Incomplex withMb91, NTCP,,, shows amarked conformational change
compared with the inward-facing state (Fig. 3a, b, Supplementary
Video1). Core and panel domainsrotate around 20° and move approxi-
mately 5 A towards opposite sides of the membrane as nearly rigid
bodies. These movements are facilitated by conserved glycine and
proline residues that act as hinges in the connecting loops, as well as
inthe ICH and ECH (Extended Data Fig. 5). As a consequence, the two
domains separate from each other on both extracellular and cytoplas-
mic sides, and open a wide pore through the transporter, exposing
Na*-binding sites and X motif residues simultaneously to opposite

Nature | Vol 606 | 30 June 2022 | 1017



Article

Membrane

1.4 NTCP 14 4 NTCPg,
2124 o 1.2 °
s jf °
s 1.0 104 =
3 .l L °
o 08 0.8 -

& o

Ty 0.6~ 0.6 -
=

[%2]

© 04- 0.4 -
e

Z 02 0.2

0 I 0 T
NoNb Nb87  Nb91 NoNb Nb87 Nb91

Fig.4 |Nb87inhibits myr-preS1binding.a, Nb87 (left, cyan surface) and Nb91
(right, green surface) bind overlapping 3D epitopes on the extracellular surface
ofthe core domain, distant from the myr-preS1binding-determinant region in
TMS5and residues within the pore (highlighted in pink). In the inward-facing
state (left), TMSis packed against the core domain (blue). Inthe open-pore
state (right), the core domain moves outward and away from TMS5, exposing
importantresidues for myr-preS1binding (pink). b, An extracellular view of
cross-sections passing through the myr-preS1binding-determinant regionin
TMS5 (highlighted in pink). Inward-facing (top) and open-pore (bottom)

sides of the membrane. This is an unexpected conformational transi-
tion, as active transporters typically alternate exposure of their ligand
binding sites to the extracellular and intracellular milieus, and adopt
intermediate states with substrates occluded within the protein®*.
We discuss a plausible NTCP transport mechanism including an
open-pore state below.

The surface lining the pore is amphiphilic, and most polar residues
inthis surface come from the core domain, including conserved side-
chainsin the X motif. Human NTCP mutations S267F and S1I99R—both
ofwhich are associated with hypercholanaemia®>%*°—also map to this
surface, on opposite sides of the membrane. The pore hasaminimum
diameter of approximately 5 A, and contains alarge volume (2,400 A%),
with its long axis oriented at an angle of about 45° to the membrane
plane.Itdisplays wide openings onboth extracellular and intracellular
sides to bulk solutions, as well as hydrophobic membrane leaflets.
The amino acid conservation, the architecture and the amphiphilic
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structures show the TM5-core domain (blue) interfaces. ¢, Myr-preS1,,—GFP
labelling of cells expressing wild-type NTCP (left) and NTCPyy, (right),
respectively. Pre-incubation with Nb87, but not with Nb91, impaired
myr-preSl,s—GFPlabelling. Plots depict the mean of three biologically
independent experiments and circles show values fromindividual
experiments. Error barsrepresents.e.m.d, Cartoonrepresentation of the
NTCP gated-pore transport mechanism and the relative movements of the core
(blue) and panel (orange) domains. The myr-preS1domain of HBV/HDV (green)
preferentially binds to open-to-outside states of the NTCP transport cycle.

nature of the pore strongly suggest that it is the pathway for translo-
cation of a wide range of amphiphilic bulky substrates transported
by NTCP, including bile salts”, sulfated steroids**** and statins*".
Consistently, in the cryo-EM map of NTCP.,~Mb91, we observed
extradensity that partially occupies the pore onthe cytoplasmicside,
wedged in the crevice between TM6 and TM9 and in close proximity
to conserved residues in the X motifs (Fig. 3a, Extended Data Fig. 7).
Our cryo-EM sample included both Na* and substrate taurocholate,
and the density probably corresponds to a substrate molecule bound
to NTCP,. However, the lack of molecular features in the density pre-
cluded unambiguous determination of the bound molecule.

It is worth noting that the NTCP,,-Mb91 complex structure was
determined fromsamples in detergent solutions, raising the possibility
that detergent molecules could have facilitated the open-pore state.
Toshed light on this question, we determined the cryo-EM structure of
NTCP,—Nb91 complex reconstituted in nanodiscs. Despite the limited



resolution of the cryo-EM map (approximately 4.3 A), we were able
to confidently model NTCPy, in a conformation nearly identical to
that observed in detergent solutions (r.m.s.d. = 1.4 A) (Extended Data
Fig.8), demonstrating that NTCP,, adopts an open-pore stateinalipid
bilayer, which therefore represents a functional state of the transport
cycle. We also observed similar extra density localized to the pore in
the nanodisc-reconstituted NTCPg,~Nb91 complex (Extended Data
Fig.7), further supporting the idea that the density corresponds to a
substrate molecule, rather than detergent bound to the transporter.

Nb87 impairs myr-preS1binding

The conformational changes associated with NTCP,, pore opening
haveimplications for the HBV/HDV receptor-recognition mechanism.
Areported critical region for myr-preS1 binding and viral infection?
(NTCP residues K157-L165) maps to the extracellular halfof TM5in the
panel domain, and localizes far (more than 20 A) from both Nb87-and
Nb91- binding interfaces on the surface of the core domain (Fig. 4a).
Notably, thereisaconformational change around TM5when comparing
NTCPgyinward-facing and open-pore states (Fig. 4a, b, Supplementary
Video2).Intheinward-facing state, TM5 packs tightly against TM4 and
TMS8binthe core, generating ashallow groove at the interdomain inter-
face lined by hydrophobic residues. By contrast, relative movements
of core and panel domains and tilting of TM5 towards the membrane
inthe open-pore state unpack the extracellular part of this helix away
from the core domain (by as much as 4 A), creating a crevice between
TMS5 on one side, and TM8b and the X motif on the other. Moreover,
pore-lining residues that impair both myr-preS1 binding and bile salt
transport® (including N262, S267 and L294) are accessible to the out-
side only in the open-pore state. The changes in accessibility around
critical regions for HBV/HDV recognition suggests that myr-preS1 may
bind differentially to open-pore and inward-facing states.

Totest this hypothesis, we optimized a fluorescence-based myr-preS1
binding assay in cells using a purified myr-preSl,s lipopeptide fused
to GFP (myr-preS1,;—GFP). Indeed, myr-preS1,,—GFP labelling of cells
expressing wild-type NTCP or NTCP,, was greatly decreased in the
presence of Nb87, but was not affected by Nb91 (Fig. 4c). Nb87- and
Nb91-overlapping epitopes on the surface of the core domain dis-
tant from HBV/HDV binding determinants strongly indicate that the
inhibitory effect of Nb87 on myr-preS1,;-GFP binding is not owing to
directsteric hindrance, but rather to stabilization of the inward-facing
state that allosterically buries myr-preS1binding determinantsin the
protein core. Overall, structural and functional results indicate that
myr-preS1 binds preferentially to the open-pore state and interacts
with exposed residues lining the pore at the interface between core
and panel domains.

Discussion

Our structural and functional analyses of NTCPy,, in complexes with
conformation-specific nanobodies reveal key molecular aspects of
NTCP transport and HBV/HDV receptor-recognition mechanisms.
The NTCP, open-pore structure is apparently at odds with the
alternating-access transport mechanisms observed in most solute
carrier families®®**, including prokaryotic homologues of SLC107%,
whichinvolve occluded substrate-bound intermediates of the transport
cycle, raising the question of how to reconcile an open-pore interme-
diate state with thermodynamically active transport. Our structures
suggest a plausible mechanismin whichthe poreistransiently openin
the presence of substrate (and thermodynamically coupled Na*) and
closes uponrelease of ligandsinto the cytoplasminthe inward-facing
state (Fig. 4d). The presence of an additional cryo-EM density in the
pore, probably representing a bile salt molecule bound to the trans-
porter, supports this type of mechanism. Moreover, sodiumions would
contribute to gate the pore, avoiding bile salt permeation down its

electrochemical gradient and preferentially enabling bile salt binding
at high extracellular sodium concentrations from the outside (under
physiologicalionic gradients), forinstance by inducing outward-facing
states that resemble those observed in prokaryotic homologues of
SLC10%. Consistent with this line of thinking, early ion transport theo-
ries considered active carriers as pores whose gates are controlled by
the energy source***, challenging the classical distinction between
channels and pumps*®. To our knowledge, the NTCP open-pore state
is the first structural demonstration of an active transporter display-
ing a wide-open-pore transport pathway for a bulky solute. Detailed
knowledge of how the NTCP pore is gated on the extracellular side will
require further structural and biophysical work.

The NTCP;,, open-pore structure further shows that HBV/HDV-
binding determinantsline the pore within the membrane plane, acces-
sibleto the outside, and overlap with the substrate transport pathway.
By sharp contrast, the inward-facing state shows tight packing of core
and panel domains on the extracellular side burying virus-binding
determinantresidues within the protein core, and consistently, Nb87
antagonizes myr-preS1binding. These results converge to suggest that
myr-preSlinteracts withresiduesin the pore and, hence, that HBV/HDV
selectively recognize NTCP conformations with an open-to-outside
substrate pathway, while binding to inward-facing states is impaired
(Fig. 4d). Such a mechanism explains the reported inhibitory effect
of myr-preS1 binding on bile salt transport®?, as bound myr-preS1
would stabilize open-to-outside states and preclude isomerization
to inward-facing ones and the antagonism between myr-preS1and
substrate binding®, as both ligands would interact with overlapping
binding sites within the pore.

The inhibitory effect of Nb87 on myr-preS1 binding reveals the
therapeutic potential of molecules that stabilize NTCP inward-facing
state(s), asallostericinhibitors of viral cell entry. Such molecules could
constitute alternative and/or synergistic therapeutic tools to existing
lipopeptides that mimic high-affinity myr-preS1binding®*, as well as
neutralizing antibodies against HBV**,
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Methods

Thermostable NTCP constructs

Consensus amino acids were calculated using JALVIEW*® and reported
criteria® from sequences of representative NTCP vertebrate ortho-
logues (Extended Data Fig. 1), aligned using Muscle®. Consensus amino
acid exchanges were simultaneously introduced into wild-type NTCP
sequence background with N-glycosylation mutations N5T and N11T,
improving protein stability. Deletions of N-terminal residue E2, and
the unstructured C terminus (residues T329-A349) in the consensus
non-glycosylated construct further improved homogeneity of the
sample, yielding the so-called NTCP.

Ingeneral, the consensus approach generates protein samples with
overall improved stability, but it is expected that by simultaneously
introducing all consensus mutations, some destabilizing exchanges
are included. To minimize the latter, we probed thermal stability
of single-point NTCP., mutants, in which we reverted consensus
amino acids to the wild-type residues, using fluorescence-detection
size-exclusion chromatography*? (SEC). Removal of destabilizing con-
sensus exchangesinNTCP,, yielded a consensus design, NTCPy,,, which
is nearly identical to wild-type NTCP (approximately 98% identity)
(Extended Data Figs. 1, 6), while preserving Na*-dependent bile salt
transport as well as myr-preS1recognition mechanisms.

Protein expression and purification
cDNAs encoding NTCP constructs were synthesized (GenScript) and
subcloned into a pcDNA3.1(+) vector encompassing a C-terminal Pre-
Scissionssite, followed by GFP, and two Strep-tags in tandem for affinity
purification. Protein expression was done in HEK 293F cells (Thermo
Fisher; cellswere not authenticated or tested for mycoplasma contami-
nation) by transient transfection, as described*® with small variations.
In brief, cells grown in FreeStyle 293 medium (Thermo Scientific) were
transfected with linear 25K polyethyleneimine (PEI) (Polysciences) ata
celldensity 0f 2.5x10° cells per ml using 3 pg mI™ DNA. Valproicacid (VPA)
was added to the culture at a final concentration of 2.2 mM 6-12 h after
transfectionand cells were grown for additional 48 hbefore collection.
Cellpellets were resuspended and lysed in buffer containing 50 mM
HEPES pH 7.4,200 mM NacCl, 5% v/v glycerol,1mM EDTA, 1 mM TCEP,
0.5 mM sodium taurocholate and supplemented with protease
inhibitors (1 mM PMSF and protease inhibitor cocktail from Sigma),
1% dodecyl-B-p-maltopyranoside (DDM) (Anatrace) and 0.2% choles-
teryl hemi-succinate tris salt (CHS) (Anatrace), and incubated for 1 h.
Cell debris was removed by ultracentrifugation. Detergent-solubilized
transporters were purified by affinity chromatography using streptac-
tinsepharose resin (Cytiva Life Sciences). Resin was pre-equilibrated in
buffer A containing 50 mMHEPES pH 7.4,200 mMNacCl, 5% v/v glycerol,
0.017% DDM, 0.0034% CHS, and 0.2 mM sodium taurocholate, and
incubated with transporters for 1 h under rotation. Resin was exten-
sively washed with buffer A, and protein was eluted in buffer B contain-
ing 50 mM HEPES pH 7.4,200 mM Nacl, 5% v/v glycerol, 0.017% DDM,
0.0034% CHS, 0.2 mMsodium taurocholate, and 2.5 mM desthiobiotin.
Theeluted protein was digested with PreScission protease overnight,
concentrated to several mg per ml using 100 kDa MWCO concentrator
(Corning Spin-X UF concentrators) and injected inaSuperose 6 column
(GEHealthcare Life Sciences) using SEC buffer containing 20 mM HEPES
pH7.4,100 mMNacl, 0.017% DDM, 0.0034% CHS, and 0.2 mM sodium
taurocholate. Purified transporters were used immediately or flash
frozen and stored at —80 °C. All purification steps were done at 4 °C.
NTCPg, complexes with nanobodies and megabodies, respec-
tively, were formed by mixing purified protein samples at 1:1.2
(transporter:nanobody, or megabody) molar ratio, and incubated
for 2h at 4 °C. Excess nanobody or megabody was removed by SEC
using SEC buffer. MSP1D1 nanodisc-scaffold protein was expressed
and purified using published protocols®. Reconstitution was done by
mixing purified NTCPg,—~Nb and NTCP,,~Mb complexes, respectively,

with MSP1D1and liver total lipid extract (Avanti Polar Lipids) at 0.1:1:15
molar ratio, and incubated with methanol-activated biobeads for 2 h.
Biobeads were exchanged once, and the mixture was further incubated
overnight. Nanodisc-reconstituted sample was purified inaSuperdex
200increase column (GE Healthcare Life Sciences) in buffer containing
20 mMHEPES pH7.4,100 mM NaCl, and 0.2 mM sodium taurocholate.
Samples were concentrated as described above, and immediately used
for cryo-EM grid preparation.

Nanobody generation, expression and purification
Nanobodies against NTCP., were generated using published proto-
cols%. In brief, one llama (Lama glama) was six times immunized with
atotal 0.9 mg of NTCP, reconstituted in proteoliposomes. Four days
after the final boost, blood was taken from the llamatoisolate periph-
eral blood lymphocytes. RNA was purified from these lymphocytes
andreverse transcribed by PCR to obtain the cDNA of the open reading
frames coding for the nanobodies. Theresulting library was cloned into
the phage display vector pMESy4 bearing a C-terminal His, tag and a
CaptureSelect sequence tag (Glu-Pro-Glu-Ala). Different nanobody
families, as defined by the differencein the CDR3, were selected by bio-
panning. For this, NTCP., reconstituted in proteoliposomes was solid
phase coated directly on plates. NTCP, specific phage were recovered
by limited trypsinization, and after two rounds of selection, periplasmic
extracts were made and analysed using ELISA screens. Nb87 and Nb91
were expressed in Escherichia coli for subsequent purification from
the bacterial periplasm. After Ni-NTA (Sigma) affinity purification,
nanobodies were further purified by SEC in buffer:10 MM HEPES pH 7.4,
and 110 mM NaCl.

Nb91 was enlarged by fusion to the circular permutated glucosidase
of E. coliK12 (YgjK, 86 kDa) to build the megabody referred to as Mb91.
Mb91was generated and purified using previously described protocols™.

Fluorescent substrate analogue transport assay
Sodium-dependent substrate uptake was measured in HEK 293F cells
transfected with 2 pg pl™ cDNA using the above-mentioned proto-
col with small modifications. Forty-eight h after transfection, around
1 million cells were pelleted, washed, and resuspended in 500 pl of
transport buffer (110 mM NaCl, 4 mM KCI, 1 mM MgSO,, 1 mM CacCl,,
45 mM mannitol, 5mM glucose and 10 mM HEPES pH 7.4), or control
buffer in which NaCl was substituted with choline chloride (ChClI).
To probe the effect of nanobodies on bile salt transport, cells were
incubated with nanobodies for 1.5 h, followed by addition of the fluo-
rescent substrate analogue tauro-nor-THCA-24-DBD**’ (tebu-bio)
to a final concentration of 10 pM for 30 min at 37 °C. Excess fluores-
cent analogue was removed by centrifugation (13,000g for 30 s), and
1wash with the above-mentioned control buffer. Then, cells were resus-
pended and lysed using Pierce IP lysis buffer (Thermo Fisher). Finally,
lysates were centrifuged (13,000g for 10 min), and transferred to black
96-well flat-bottom plates (Grenier), and quantified by fluorescencein
amicro-platereader (CLARIOstar-Plus) using excitation at 454 nm and
emission of 570 nm. Three biologically independent experiments were
quantifiedintriplicate samples. Nb titrations data were fitted in Prism
8.0.1(GraphPad) to the following dose-respond curve:

Voin—1

. 14 Jmin=1
Fractional transport=1 1410108 1Cs0x

Where Y,,;,, corresponds to fraction of transport at saturating Nb con-

centrations, ICy, is the half-maximal inhibitory concentration, and x
islog[Nb].

Myr-preS1 purification and binding assay

cDNA encoding the N-terminal myristoylated consensus residues
2-48 of human HBV myr-preS1domain (myr-GTNLSVPNPLGFFPDHQL
DPAFRANSNNPDWDFNPNKDHWPEANKVG)wassynthesized (GenScript)
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and subcloned into a pcDNA3.1(+) vector encompassing a C-terminal
GFP, and poly Histidine-tag (namely, myr-PreS1,,—~GFP). Myr-preS1,,-
GFP was expressed in HEK 293F cells (Thermo Fisher) by transient
transfection, as described for expression of NTCPy, purification. Cells
were lysed by 3-5 passes through a homogenizer (EmulsiFlex-C5,
Avestin) and membrane fraction was collected by ultracentrifuga-
tion. Membranes were resuspended in a buffer containing 50 mM
HEPES pH 7.4,200 mM NaCl, 5% v/v glycerol, 1 mM EDTA, protease
inhibitors (1 mM PMSF and protease-inhibitor cocktail from Sigma),
1% dodecyl-B-D-maltopyranoside (Anatrace), and 0.2% cholesteryl
hemi-succinate tris salt (Anatrace), and incubated for 1 h. Solubilized
myr-preS1,;—GFP was subjected to ultracentrifugation and then puri-
fied by affinity chromatography using anti-His affinity resin (Sigma).
Resin was pre-equilibrated in abuffer containing 50 mM HEPES pH 7.4,
200 mM NaCl, 5% v/v glycerol, 0.013% DDM, 0.0027% CHS, and incu-
bated with detergent-solubilized myr-preS1,,-GFPfor 1hunder rotation.
Resin was extensively washed with buffer containing 50 mM HEPES pH
74,200 mMNacCl, 5% v/v glycerol, 0.013% DDM, 0.0027% CHS and 50 mM
imidazole. Myr-preS1,;-GFP was eluted in buffer containing 50 mM
HEPES pH7.4,200 mMNacl, 5% v/v glycerol, 0.013% DDM, 0.0027% CHS,
and 250 mMimidazole. The eluted protein was concentrated to several
mg ml™ using a 30 kDa MWCO concentrator (Corning Spin-X UF con-
centrators) and injected into a Superose 6 column (GE Healthcare Life
Sciences) using a SEC buffer containing20 mM HEPES pH 7.4,200 mM
NaCl, 0.013% DDM, and 0.0027% CHS. Myristoylation of the sample was
confirmed by mass spectrometry. Purified myr-preS1,;-GFP was flash
frozen and stored at —80 °C. All purification steps were done at 4 °C.

Myr-preS1,;—-GFP binding to NTCP constructs was assayed in HEK
293F cells, grown and transfected with 1pg ml™ DNA using the proto-
col described above. Forty-eight hours after transfection, cells were
washed with pre-warmed PBS, and -1 million cells were pelleted and
resuspended in 1 ml of PBS. To probe the effect of nanobodies, cells
expressing NTCP constructs were pre-incubated with 10 pM nano-
bodies for 1.5 h. They were then labelled with 10 nM (wild-type NTCP)
or 50 nM (NTCPyy,) purified myr-preS1,;—GFP for 30 min. Excess
fluorescent-probe was removed by centrifugation (13,000g for 30's),
and one wash with PBS. Cells were then re-suspended in PBS and GFP
fluorescence was recorded in a micro-plate reader (CLARIOstar-Plus)
using excitation at 470 nm and emission at 508 nm.

Electron microscopy sample preparation and data acquisition
Purified NTCPg,~Nb or -Mb complexes were applied to glow-discharged
Au 300 mesh Quantifoil R1.2/1.3. Typically, 4 pl of sample at 3-4 mgml™
wasapplied tothegrids, and the Vitrobot chamber was maintained at100%
humidityand4 °C. Grids were screened in 200 kV Talos Arcticamicroscope
(ThermoFisher) at the IECB cryo-EM imaging facility. Final data collec-
tion was performedin300 kV Titan Krios microscope (ThermoFisher) at
EMBL-Heidelberg Cryo-Electron Microscopy Service Platform, equipped
withK3directelectrondetector (Gatan). Finalimages were recorded with
SerialEM* at a pixel size of 0.504 A. Dose rate was 15-20 e pixels™.

For NTCP,~Nb87 complexes, 21,792 images were recorded with
-0.5to -1.5 um defocus range. Images were collected with 0.7-s sub-
frames (total 40 subframes), corresponding toatotal dose of 57.8e” A2,
For NTCP;,—Mb91 complexes, 21,390 images were recorded with-0.6
to-1.75-umdefocus range. Images were collected with 0.7 s subframes
(total 40 subframes), corresponding to a total dose of 56.5e” A2

Cryo-EM data processing, model building and structure analysis
All datasets were processed with cryoSPARC v2 and v3¥. Movies were
gain corrected, and aligned using in-built patch-motion correction
routine. Contrast transfer function (CTF) parameters were estimated
using the in-built patch-CTF routine in cryoSPARC. Low-quality images
were discarded manually upon visual inspection.

Forthe NTCP,—Mb91 complex, 5,796,802 particles were template-
picked from 21,390 micrographs, and selected through several rounds

of 2D, as well as 3D ab initio classifications. Particles from 3D ab initio
classes displaying interpretable density for transmembrane helices
were pooled, and used for homogenous refinement (Extended Data
Fig.2).Cryo-EM density corresponding to both detergent micelle and
megabody scaffold were masked out, and particles were further sub-
jected to local refinement using a fulcrum that localized to center of
NTCP;, transmembrane region. Focused refinement yielded a final
map atan overallresolution of 3.3 A, based on the gold-standard 0.143
Fourier shell correlation (FSC) cut-off.

For the NTCP.,-Nb87 complex, 6,535,687 particles were
template-picked from 21,792 micrographs, and classified through
several rounds of 2D and 3D ab initio classifications (Extended Data
Fig. 3). Around 220,000 selected particles were further classified by
heterogenous refinement, yielding a final set of 61,053 particles that
were processed by non-uniformrefinement®. Further focused refine-
ment excluding nanodisc scaffold yielded a final map at an overall
resolution of 3.7 A, based on the gold-standard 0.143 FSC cut-off.Maps
were visualized using UCSF Chimera® and ChimeraX®.

The cryo-EM map of the NTCP,,~Mb91 complex showed clear density
for most sidechainsin the transmembrane helices, although TM1and
TMé6inthe panel domain displayed fewer molecular features, and was
used to build an atomic model of NTCPy,, using Coot®*%*, Secondary
structure predictions using Psipred® and bacterial homologue struc-
ture (Protein Data Bank ID 3ZUY) were used to help initial sequence
assignment. Initial Nb models were created with -TASSER®, and then
fit as rigid bodies into the density, followed by manual building and
modification in Coot®*¢*, The inward-facing conformation in the
NTCP,—Nb87 complex was built by fitting core and panel domains
from NTCP.,,~Mb91 structure as separate rigid bodies into the den-
sity, followed by manual modificationin Coot. Allatomic models were
refined using PHENIX?,

Structural analyses were carried out as follows: protein cavity calcula-
tions with CASTp 3.0%, pore calculations MOLEonline 2.5%, protein-
protein interfaces with PISA”®, and amino acid conservation surface
mapping with ConSurf”.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Structuralmodels of NTCPg,~Nb87 and NTCP,,~Mb91 complexes have
been deposited in the Protein Data Bank (PDB) with accession codes
7PQG and 7PQQ, respectively, and the corresponding cryo-EM maps
were deposited in the Electron Microscopy Data Bank (EMDB) under
accession numbers EMD-13593 and EMD-13596. Materials are available
uponreasonable request and signing of aMaterial Transfer Agreement.
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Extended DataFig.4|Cryo-EMdensity in NTCPg,-Mb91structure. Cryo-EM density corresponding to individual NTCP, transmembrane helicesin complex
withMb91.
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Extended DataFig.7| Extra-density in NTCPg, open-porestructures. density. b, Membrane views of NTCP;,-Nb91in nanodisc highlighting similar
a,Membrane views of NTCP,-Mb91in detergent solutions highlighting extra extracryo-EM density inthe pore,and residues in proximity.
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Extended DataFig. 8| Cryo-EM density and structure of NTCP,-Nb91 b, Superimposition of NTCP, structuresin complex with Nb91lin nanodisc
reconstituted innanodisc. a, Structure of NTCP,-Nb91 complex (dark pink) and thatin complex withMb91in detergent (core domain, blue;
reconstituted in nanodisc and the corresponding cryo-EM density. panel domain, orange) (RMSD ~1.4 A over allatoms).
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

#1 NTCPrm-Mb91 #2 NTCPgum-Nb87
(EMDB-13596) (EMDB-13593)
(PDB 7PQQ) (PDB 7PQG)

Sample preparation, Data collection and processing

Medium for sample preparation DDM Nanodisc
Microscope Titan Krios 2 Titan
Krios 2
TEM mode EFTEM Nanoprobe EFTEM
Nanoprobe
Imaging Mode Counting Counting
Camera Gatan Quantum-K3 K3
Magnification 165,000x 165,000x
Voltage (kV) 300 300
Electron exposure (e~/A?) 56.5 57.8
Defocus range (um) -0.6 to -1.75 -0.5to-1.5
Pixel size (A) 0.504 0.504
Symmetry imposed C1 C1
Initial particle images (no.) 5,796,802 6,535,687
Final particle images (no.) 184,768 61,053
Map resolution (A) 3.3 3.7
FSC threshold 0.143 0.143
Map resolution range (A) 22.3-2.8 19.9-3.4
Refinement
Initial model used (PDB code) none 7PQQ
Model resolution (A) 3.2 3.7
FSC threshold 0.143 0.143
Model resolution range (A) 22.3-2.8 19.9-3.4
Map sharpening B factor (A?) -60.3 -18.1
Model composition
Non-hydrogen atoms 3,207 3,251
Ligands none none
B factors (A?)
Protein 43.57 156.22
Ligand - -
R.m.s. deviations
Bond lengths (A) 0.004 (0) 0.004 (0)
Bond angles (°) 0.678 (0) 0.877 (0)
Validation
MolProbity score 1.92 2.39
Clashscore 12.2 27.61
Poor rotamers (%) 0 0.28
Ramachandran plot
Favored (%) 95.38 92.6
Allowed (%) 4.62 7.40

Disallowed (%) 0 0
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  SerialEM 3.8.16
Data analysis cryoSPARC v2 and V3, USF Chimera 1.14, ChimeraX 1.2, COOT 0.8.9.2, Prism 8.0.1, Jalview 2.10.4b1, Phenix 1.18.2, CASTp 3.0, PISA 1.52,
Consurf 2016, I-TASSER 5.1, MOLEonline 2.5, Muscle 3.8.31, Psipred 4.02
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Structural models of NTCPEM-Np87 and NTCPEM-Nb91 complexes have been deposited in Protein Data Bank (PDB) with accession codes 7PQG and 7PQQ,

respectively, and the corresponding cryo-EM maps were deposited in the Electron Microscopy Data Bank (EMDB) under accession numbers EMD-13593, and
EMD-13596.
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Sample size No statistical methods were used to predetermine sample size. Functional experiments were done in at least n=3 biologically independent
experiments. Sizes of the cryo-EM data sets were predetermined based on microscope availability, and data collected was sufficient to obtain
maps with the reported resolutions that enable structure determination.
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Data exclusions  No functional data was excluded from the analyses. Poor-quality cryo-EM micrographs and particles were removed using standard analysis
software and protocols

Replication Functional studies were repeated during biologically experiments as stated in Figure legends and Methods, and results were replicated
reasonably well within the experimental error reported. For structural studies, the quality of purified protein and EM specimen was fully
reproducible using at least three independent biological replicates

Randomization  Randomization is not relevant to this study

Blinding Blinding was not performed, because grouping was not applicable to this study

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data
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Antibodies

Antibodies used llama (Lama glama) antibody fragments against NTCPCO (nanobodies or VHH) were created and used in this study

Validation Nanobody 87 and 91 binding to NTCPEM was assayed by size-exclusion chromatography in detergent solutions, as well as by
fluorescence-based methods in HEK293 cells expressing the transporters as shown and described in Fig. 1b, and Fig. 4c of this study.
Binding of Nb87 to human NTCPWT was also confirmed in HEK293 cells as shown and described in Fig. 4c

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293F (Thermo Fisher)
Authentication No cell-line authentication was performed
Mycoplasma contamination No mycoplasma contamination tests were performed

Commonly misidentified lines  No commonly misidentified cell lines were used
(See ICLAC register)
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