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Antiviral drug recognition and elevator-type 
transport motions of CNT3

Nicholas J. Wright    1, Feng Zhang1, Yang Suo    1, Lingyang Kong2, Ying Yin1, 
Justin G. Fedor1, Kedar Sharma    3, Mario J. Borgnia    3, Wonpil Im    2 & 
Seok-Yong Lee    1 

Nucleoside analogs have broad clinical utility as antiviral drugs. Key to their 
systemic distribution and cellular entry are human nucleoside transporters. 
Here, we establish that the human concentrative nucleoside transporter 3 
(CNT3) interacts with antiviral drugs used in the treatment of coronavirus 
infections. We report high-resolution single-particle cryo-electron 
microscopy structures of bovine CNT3 complexed with antiviral nucleosides 
N4-hydroxycytidine, PSI-6206, GS-441524 and ribavirin, all in inward-facing 
states. Notably, we found that the orally bioavailable antiviral molnupiravir 
arrests CNT3 in four distinct conformations, allowing us to capture 
cryo-electron microscopy structures of drug-loaded outward-facing and 
drug-loaded intermediate states. Our studies uncover the conformational 
trajectory of CNT3 during membrane transport of a nucleoside analog 
antiviral drug, yield new insights into the role of interactions between the 
transport and the scaffold domains in elevator-like domain movements 
during drug translocation, and provide insights into the design of 
nucleoside analog antiviral prodrugs with improved oral bioavailability.

There is a dire need for improved small-molecule therapeutics to treat 
viral diseases. Nucleoside analog antivirals (NAAs) represent a large 
class of drugs against a variety of infectious agents, including hepa-
titis C virus (HCV), severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) and influenza viruses1,2. The mechanisms of action include 
inhibition of viral replication through polymerase inhibition, lethal 
mutagenesis and nucleic acid chain termination1–4. NAA drugs are 
prodrugs, meaning that they require cellular uptake and subsequent 
phosphorylation to transform into their active nucleotide triphos-
phate form.

The efficacy of NAAs relies on their systemic distribution and dis-
position. Remdesivir (a Food and Drug Administration (FDA)-approved 
therapeutic for SARS-CoV-2)5, sofosbuvir (an FDA-approved therapeu-
tic for HCV)6 and molnupiravir (MPV; currently under FDA Emergency 
Use Authorization for SARS-CoV-2)7 harbor protecting groups (PGs) at 
the 5′ position of their parent nucleosides GS-441524 (GS4), PSI-6206 

and N4-hydroxycytidine (NHC; Supplementary Fig. 1). Pharmacokinet-
ics studies showed that serum esterases and phosphoramidases rapidly 
convert these drugs into the parent nucleoside forms, rendering them 
the dominant species in plasma8–12. In some cases, PGs are not required 
for optimal efficacy, as ribavirin (Supplementary Fig. 1) is an unpro-
tected NAA with a rich history of clinical use against HCV4,13, GS4 has 
proven activity against feline coronavirus infection in vivo14, and NHC 
is a broad-spectrum antiviral against various viruses including coro-
naviruses10,15 and influenza viruses16,17. There is a growing demand for 
rigorous testing of unprotected NAAs to assess their clinical potential11.

Regardless of 5′-hydroxyl PGs (5′-PGs), free NAAs are systemically 
distributed shortly after drug administration8–11. These xenobiotics are 
small hydrophilic molecules that depend on two distinct carrier fami-
lies for NAA membrane transport in humans: concentrative nucleoside 
transporters (hCNTs) of the solute carrier (SLC) family 28 (refs. 18–21) 
and equilibrative nucleoside transporters (hENTs) of the SLC family 
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corresponding to nucleoside coordination19,20 absolutely conserved 
between the orthologs (Supplementary Fig. 2). Functionally, bCNT3 
mediates sodium-dependent uptake of [3H]ribavirin when expressed 
in oocytes, with its uptake activity inhibited by the presence of cold 
NHC or GS4 (Extended Data Fig. 1d). We first obtained six cryo-EM 
reconstructions of bCNT3 in lipid nanodiscs, including drug-free and 
drug-bound states (NHC, GS4, PSI-6206 and ribavirin), in the pres-
ence of NaCl (Fig. 2, Extended Data Figs. 2 and 3 and Supplementary 
Table 1). The reconstructions are of high quality, ranging in resolution 
from 2.31 Å to 3.23 Å, and feature layers of lipid densities (Fig. 2a and 
Extended Data Figs. 2 and 3).

For consistency with previous CNT studies18–20, we preserve the 
numbering for conserved structural elements. The architecture is 
divided into two parts, a (1) ‘scaffold domain’, which serves as a rigid 
trimerization interface that also surrounds the mobile (2) ‘transport 
domain’ (Supplementary Fig. 3a,b). In the scaffold domain, transmem-
brane helices 3 and 6 (TM3 and TM6) participate in the trimerization, 
and TM6 serves as a hydrophobic barrier to nucleoside transport 
(Supplementary Fig. 3a,b)18,20. The nucleoside binding site is in the 
transport domain at the interface of TM4b, TM7b, helical hairpin 1 
(HP1) and HP2. A feature unique to eukaryotic CNTs is three additional 
TMs (denoted TM1Eu–TM3Eu) and two interfacial helices (IH1Eu–IH2Eu) 
at their N termini21, which we term the ‘eukaryotic scaffold domain’ 
(Supplementary Fig. 3a,b). Part of this motif is domain swapped, 
where IH1Eu and TM1Eu contact the neighboring protomer. Well-ordered 
lipids occupy the crevices between the eukaryotic scaffold and trans-
port domains (Fig. 2a). Deletion of this eukaryotic scaffold domain 
reduces transport activity by 94–97% but does not abolish function34. 
This domain has also been implicated in membrane trafficking and  
protein–protein interaction35.

Antiviral drug recognition in the IFS
All six aforementioned cryo-EM structures adopt nearly identical 
conformations with global Cα root mean squared deviation (r.m.s.d.) 
values of ~0.2 Å within the protomer (Extended Data Fig. 2). Consid-
ering that the nucleoside binding pockets are below TM6 and open 
to the intracellular solution, they represent inward-facing states  
(IFSs; Supplementary Fig. 3a,b). This apparent propensity for bCNT3 
adopting the IFS after detergent extraction, in the presence of NaCl, 
is consistent with previous structural studies of CNTs18–21. The qual-
ity of the maps enabled unambiguous modeling of nucleoside drugs 
for NHC, PSI-6206 and ribavirin, including the assignments of the 
nucleobase ring orientation and the sugar pucker of ribose as 3′-endo 
(‘north’), consistent with previous studies on CNTs (Fig. 2b, Supple-
mentary Figs. 3–5 and Supplementary Table 2)19,36. Although GS4 is a 
low-affinity CNT3 substrate (Fig. 1a,b) and the initial reconstruction 
showed no clear drug density (‘GS4 consensus’; Fig. 2b), after exten-
sive image classification (Extended Data Fig. 2) a subset of particles 
yielded a reconstruction with a noticeable drug density, enabling GS4 
modeling (‘GS4 subset’; Fig. 2b).

The poses for all four drugs are similar, as side chains of HP1 and 
TM4 interact with the nucleobase portion of the drug, whereas those 
of HP2 and TM7 interact with the ribose portion of the drug (Fig. 2b). 
Central to ligand binding is F569, in an unwound portion of TM7, 
that forms a π–π interaction with the nucleobase ring18–20. NHC is a 
cytidine analog, with the only difference being an N4-hydroxyl group. 
This substituent interacts with S380 in the bCNT3–NHC structure and 
likely contributes to its high affinity for CNT3 (Fig. 1a–c and Extended 
Data Fig. 1d). The anti-HCV nucleoside PSI-6206 is a uridine analog 
and features a fluorine at the epimeric position analogous to the 
2′-hydroxyl group and a methyl group at the opposite epimeric posi-
tion at 2′ of its ribose. This 2′ methyl substituent appears to alter the 
drug’s interaction with TM7, as it pushes the ribose moiety away from 
TM7 and F569 (Supplementary Fig. 3c,e). The broad-spectrum NAA 
GS4 features a cyano group at the 1′ position at the epimeric position 

29 (refs. 22–24). Both hCNTs and hENTs play crucial roles in the phar-
macokinetics and pharmacodynamics of NAAs, as they control NAA 
distribution and cellular entry into infected cells. This is supported by 
reported correlations between human nucleoside transporter expres-
sion levels or polymorphisms and responsiveness to NAAs, ribavirin 
being a prime example25–29. Recent reports highlight the role of human 
nucleoside transporters in SARS-CoV-2 therapeutic action30.

hCNT subtype 3 (hCNT3), a sodium-coupled nucleoside sym-
porter, is the most effective human transporter for cellular GS4 
uptake31, consistent with its role in a broad range of NAA transport32. 
hCNT3 exhibits high expression in epithelial cells22, wide substrate 
specificity and a 2:1 sodium:nucleoside coupling stoichiometry, which 
contrasts the narrow nucleoside selectivity and 1:1 coupling ratios in 
subtypes 1 and 2 (ref. 33). Therefore, understanding the nature of drug 
interactions with hCNT3 will prove critical for developing therapeutics 
with improved pharmacological properties.

There is a wealth of previous structural studies concerning the 
nucleoside recognition and elevator alternating access mechanisms 
by the CNT family, but they are mostly limited to bacterial CNTs18–21. 
Our understanding of antiviral drug recognition and transport by 
mammalian CNTs is relatively incomplete, with numerous ques-
tions remaining. Are NAA prodrugs efficiently translocated by mam-
malian CNT3? Does the conformational trajectory of drug-loaded 
carrier during translocation deviate from what is reported for the 
apo-carrier? Do the subunits of the CNT3 trimer operate indepen-
dently? Or do they exhibit any cooperativity? Here, we address these 
open questions and delve into the mechanisms of NAA recognition 
and transport by a mammalian CNT3. We discovered that the prodrug 
MPV exhibits severely altered transport properties compared to its 
parent NAA NHC, elucidated cryo-electron microscopy (cryo-EM) 
structures of numerous distinct MPV-arrested CNT3 conformations, 
interrogated the energetic landscape of NAA translocation via CNT3 
and explored the structural basis of subunit cooperativity between 
subunits within a CNT3 trimer. Our findings also present an idea 
that could be useful in the design of NAA prodrugs with improved 
pharmacological properties.

Results
Antiviral drug interaction at hCNT3
We expressed five human nucleoside transporter subtypes in Xenopus 
laevis oocytes (Extended Data Fig. 1a–c) and assessed the ability of 
cold NHC or GS4 to competitively inhibit [3H]nucleoside uptake. 
Both antiviral nucleosides substantially inhibited [3H]ribavirin 
uptake at hCNT1–hCNT3 and hENT1 (Fig. 1a). NHC and GS4 showed 
half-maximal inhibitory concentration (IC50) values of ~13 μM and 
~400 μM, respectively, for hCNT3-mediated [3H]ribavirin uptake 
(Fig. 1b). Unexpectedly, the prodrug MPV also showed an IC50 value 
of ~55 μM (Fig. 1b). These results confirm drug interactions with these 
human nucleoside transporter subtypes, but their transportability 
remains ambiguous. Because CNTs are sodium-coupled symport-
ers, cotransport of nucleoside and sodium ions is electrogenic, 
which can be measured with two-electrode voltage-clamp (TEVC)33. 
Using TEVC, we found that NHC evokes inward sodium currents in 
oocytes expressing hCNT3 to levels similar to uridine, suggesting 
that it is a substrate for hCNT3 (Fig. 1c). Regarding GS4, because 
hCNT3 raw functional activity was lower in radiotracer uptake experi-
ments either due to weaker surface expression or lower turnover 
rate (Extended Data Fig. 1d), we used Bos taurus CNT3 (bCNT3) to 
detect GS4-evoked inward sodium currents and found that GS4 is a 
substrate for bCNT3 (Fig. 1d). In line with this, GS4 was reported to 
be transported by hCNT3 (ref. 31).

Structure determination and transporter architecture
The bCNT3 ortholog exhibits excellent biochemical stability in 
detergent buffer. bCNT3 is 79% identical to hCNT3, with the residues 
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opposite to the nucleobase. Although this bulky group points away 
from TM7, it appears to affect the ribose interactions with bCNT3, as 
its ribose is shifted compared to NHC (Supplementary Fig. 3d,e), likely 
explaining its low CNT3 affinity and low-level evoked sodium currents 
in bCNT3 (Fig. 1b,d).

Ion binding sites
We assigned sodium ions and their coordination in the 2.31-Å-resolution 
GS4 consensus maps (Extended Data Fig. 4). The first sodium site, 
located ~7 Å from the nucleoside binding site with octahedral coor-
dination (Extended Data Fig. 4), matches the single sodium site in 
bacterial CNTs20 and is termed ‘Na+ site 1’. The 2:1 sodium:nucleoside 
ratio in hCNT3 (ref. 33) and previous studies21,37 suggest an additional 
sodium site in bCNT3 proximal to C602 (C608 in bCNT3). We observed 
an oblong cryo-EM density peak consistent with sodium and water. The 
CMM server38 aided in the assignment of sodium and water, exhibiting 
a square planar coordination (Extended Data Fig. 4). Intriguingly, this 
‘Na+ site 2’ is connected to Na+ site 1 via the unwound portion of TM4 
(Extended Data Fig. 4). We previously showed that sodium at Na+ site 1 
does not directly interact with the nucleoside, but its occupancy stabi-
lizes the nucleoside binding pocket, thereby enhancing its nucleoside 
affinity18,20. The arrangement and proximity of Na+ site 2 to the nucleo-
side binding pocket resemble those of Na+ site 1, suggesting that the 
role of Na+ site 2 is similar to that of Na+ site 1 in modulating nucleoside 
affinity. Consistent with this, the CNT3 C602R variant, which has an 
altered stoichiometry of 1:1 for sodium/nucleoside, exhibits altered 
specificity for nucleoside drugs39.

MPV-arrested OFS, INT1, INT2 and INT3 conformations
Previous bacterial CNT studies revealed elevator-type movements in 
apo states, representing the return path after nucleoside and sodium 
release18. However, elevator-type movements of a CNT with drug and 
sodium bound have yet to be elucidated.

Using TEVC, we found that MPV rapidly and reversibly reduces 
uridine-evoked inward currents in hCNT3 and bCNT3, indicating either 
that MPV transports through CNT3 very slowly or acts as an inhibitor 
(Extended Data Fig. 5a,b). We limited this competition TEVC experi-
ment to MPV; ribavirin, GS4 and NHC are efficiently transported by 
CNT3 (Fig. 1a–d). This unanticipated result led us to posit that MPV 
might stabilize purified bCNT3 in conformational states different from 
the IFS. We used two approaches to introduce the drug into bCNT3 for 
cryo-EM grid preparation: (1) throughout protein purification (‘condi-
tion 1’) or just before freezing (‘condition 2’; see Methods). In the condi-
tion 1 dataset, using both symmetry expansion with three-dimensional 
(3D) classification and 3D variability analysis, we identified three dis-
tinct non-IFS conformers in the protomer: (1) an outward-facing state 
(OFS), (2) an intermediate conformer in which the nucleoside binding 
site is completely occluded (termed ‘INT1’) and (3) a state close to the 
IFS (‘INT3’; Extended Data Fig. 6a,b and Supplementary Table 3). In the 
condition 2 dataset, using symmetry expansion with 3D classification, 
we found two different non-IFS conformations within the protomer: 
(1) one nearly identical to INT1 in condition 1 and (2) a state distinct 
from both INT1 and INT3 (termed ‘INT2’; Extended Data Fig. 7a,b and 
Supplementary Table 3). All four conformations (OFS, INT1, INT2 and 
INT3) feature robust cryo-EM densities for MPV (Extended Data Fig. 8).
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Fig. 1 | NAAs interact with hCNT3. a, Cold competition of 1.0 mM unlabeled NHC 
or GS4 against 1.0 μM [3H]ribavirin uptake mediated by nucleoside transporter-
expressing X. laevis oocytes in 5 min (wild-type (WT) hCNT2, WT hCNT3, WT 
hENT1 and WT hENT2) or 15 min (WT hCNT1). The following negative controls 
were used: sodium-free ND-96 (96 mM choline chloride) medium for all hCNT 
isoforms, +10 μM dilazep (ENT-specific inhibitor) for hENT1 and +1.0 mM dilazep 
for hENT2 (n = 6 biological replicates; individual replicates and mean ± s.e.m. 
are shown); Neg. con., negative control. b, Cold competition inhibition of WT 
hCNT3-mediated [3H]ribavirin uptake by NHC, GS4 or MPV (15-min uptake with 
1.0 μM [3H]ribavirin and coapplied cold inhibitor; n = 3 biological replicates 

with individual replicates shown; IC50 fits ± s.e.m. are shown in the legend); 
norm., normalized. c, TEVC recordings of inward currents elicited by application 
of 100 μM uridine (Uri) or 100 μM NHC to hCNT3-expressing oocytes. Left, 
representative trace. Right, summary of peak currents from n = 3 biological 
replicates, with individual measurements and mean ± s.e.m. shown. Values are 
baseline corrected to leak current per oocyte. d, TEVC recordings of inward 
currents elicited by the application of 100 μM uridine or 400 μM GS4 in WT 
bCNT3-expressing oocytes. Left, representative trace. Right, summary of peak 
currents from n = 4 biological replicates. Values are baseline corrected to leak 
current per oocyte.

http://www.nature.com/naturechemicalbiology


Nature Chemical Biology | Volume 20 | September 2024 | 1144–1153 1147

Article https://doi.org/10.1038/s41589-024-01559-8

Using TM3 and TM6 as alignment references, rigid body motions 
of the transport domain are apparent from the OFS to INT3 (Fig. 3a–c). 
The OFS-to-INT1 transition shows a large downward movement of the 
transport domain, whereas from INT1 to INT2 and INT3, the transport 
domain rotates with a small downward shift (Fig. 3b). INT1 features a 
cavity in which the solvent has no access to bound MPV from either 
side of the membrane, whereas the rotations from INT1 to INT2 and 
INT3 progressively expose this cavity to the intracellular solution 
(Fig. 3a). Hence, the elevator-type transport domain motions slide the 
nucleoside binding site across TM3 and TM6 by ~11 Å, accompanied by 
a ~15° rotation (Fig. 3b,c).

State-dependent solvent accessibility changes to the nucleoside 
pocket result from varied interactions between the transport and scaf-
fold domains. In the OFS, TM7b and HP1 pack against TM3 and TM6, 
forming an intracellular gate (Fig. 3d). In the IFS, TM4b and HP2 pack 
against TM3 and TM6, forming an extracellular gate. These motions 
alternately form or break two gates, underlying the alternating access 
mechanism of the NAA-loaded carriers (Fig. 3d). The transport domain 
in INT1 features simultaneous engagement of both extracellular and 

intracellular gates, representing a drug- and sodium-bound fully 
occluded state (Fig. 3a,d). The previous bacterial CNT study showed 
apo-intermediate states midway between the OFS and IFS18. In stark 
contrast, the drug-loaded intermediate states here are closer to the 
IFS (Extended Data Fig. 9a,b).

Contribution of the switch of HP2 to transport dynamics
Our data indicate that MPV is either a low-turnover substrate or an inhib-
itor of CNT3 (Fig. 1b and Extended Data Fig. 5a,b). How does MPV stabi-
lize various bCNT3 conformations? Alignment of the transport domains 
of non-IFSs to an IFS structure (NHC bound) reveals that the key struc-
tural difference is the side chain rotamer change of F526 on HP2. The 
5′-isopropyl ester PG of MPV contacts F526, causing its reorientation 
without affecting other side chains in the binding pocket (Extended 
Data Fig. 9c). Notably, this change in the F526 rotamer conformation 
impacts its local interaction network with the scaffold domain (Fig. 3e). 
In the OFS conformation, this 5′-PG of MPV is sandwiched between F526 
and phenylalanine residues on the scaffold domain (F289 and F290; 
Fig. 3e), making the transport domain transition from the OFS to INT1 

b

Out

In

90°

a

NHC (2.74 Å)

S380

F569

F526

E349

E525

N571

S574

I577

T348

Q347

V381

S380

Ribavirin (2.54 Å)PSI-6206 (2.75 Å)

Apo (2.84 Å)GS4 subset (3.23 Å) GS4 consensus (2.31 Å)

HP1 TM7b

HP2TM4b

Fig. 2 | Cryo-EM structures of IFS bCNT3 in lipid nanodiscs. a, Representative 
cryo-EM reconstruction of trimeric bCNT3 in the IFS conformation (2.31 Å 
‘GS4 consensus’, unsharpened map). Protein cryo-EM densities are colored by 
protomer, and non-protein lipid cryo-EM densities are depicted in purple.  
b, Transporter–drug interactions in additional drug-bound and drug-free states. 
For better comparison, cryo-EM maps shown here are low passed to 2.84 Å (NHC, 

PSI-6206, ribavirin and GS4 consensus and apo) or without low-pass filter  
(GS4 subset), followed by uniform map sharpening with –50 e– Å–2 post hoc 
B-factor applied. The true resolutions for these cryo-EM reconstructions are 
shown in parentheses. Cryo-EM densities are shown at map threshold values of 6σ 
for NHC, PSI-6206, ribavirin, GS4 subset and apo or 7σ for GS4 consensus.
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(or IFS) difficult. However, the F526 alternate rotamer, when modeled, 
seems to slide more easily past F289 of the scaffold domain (Fig. 3e). 
The modeled alternate F526 rotamer would be poised to form optimal 
π–π interactions with F289 as it slides past it in the three intermedi-
ate states (Fig. 3e). These findings provide insights into the transport 
mechanism of CNT3. When in its optimal side chain conformation, F526 
would mediate favorable interactions with the scaffold domain in the 
transient intermediate states, facilitating smoother transitions. When 
NAA bearing a bulky 5′-PG is loaded, F526 adopts a different rotamer, 
acting as a ‘steric switch’ and hindering efficient sliding of the transport 
domain (Fig. 3e). We found that non-aromatic side chain substitutions 
of F526 decreased uptake activity for [3H]ribavirin, suggesting the need 
for an aromatic side chain at position 526 for nucleoside transport 
(Extended Data Fig. 9d).

To test the F526 steric switch hypothesis, we conducted all-atom 
molecular dynamics (MD) simulations (Fig. 4). We postulated that 
(1) when MPV binds to CNT3 in the OFS, a combination of the acti-
vated F526 steric switch and the bulky 5′-PG of MPV would hinder the 
OFS-to-INT transition, and (2) in INT1, the activated F526 steric switch 
stabilizes INT1, making the INT1-to-INT2 transition more difficult.

We chose the INT1–INT1–OFS trimer structure with MPV for our 
MD simulation studies. For comparison, we also generated a model 
in which MPV was replaced with NHC (without a 5′ substituent) and 
the ‘steric switch’ was turned off (Fig. 4a). We performed two types of 
all-atom MD simulations: (1) standard MD without restraints and (2) 
steered MD (SMD) for the OFS-to-INT1 transition (see Methods and 
Supplementary Tables 4 and 5).

We first monitored NAA-bound bCNT3 dynamics through ligand 
r.m.s.d. relative to the binding pocket in standard MD simulations. 
There are five replicas, with each replica containing a trimer with two 
INT1 and one OFS conformers, ten INT1 and five OFSs in total. After 
500 ns, out of ten INT1 conformers, six with NHC and eight with MPV 
remained bound (Fig. 4b). Notably, NHCs in INT1 (Fig. 4b) exhibited 
larger deviations than MPVs (Fig. 4b). Interestingly, four of ten INT1 
conformers with NHC transitioned into an IFS-like conformation, 
releasing NHC into the cytoplasm (Supplementary Fig. 6). This is 
consistent with the idea that INT1 is a metastable state with greater 
stability when MPV is bound and is closer to the IFS than the OFS in 
its energetic landscape. We also observed that more MPVs (three 
of five) stay bound in the OFS conformer than NHCs (one of five;  
Fig. 4c). The OFS-to-INT1 transition was not observed during the 
standard MD simulations.

Using SMD simulations, we monitored the conformational 
transitions of ligands and the transport domain (binding pocket) 
with r.m.s.d. per SMD frame relative to the starting OFS and INT1 
conformations. When NHC was bound and the steric switch was off  
(Fig. 4d), r.m.s.d. values of both NHC and the binding pocket relative 
to the OFS reference increased linearly and those relative to the INT1 
decreased linearly with a minimum at ~14 ns. This illustrates that the 
transport domain transitions from the OFS to INT1 with NHC bound 
during SMD runs (Fig. 4d,e). By contrast, in SMD runs in which the 
MPV OFS structure was used as the starting frame, the MPV r.m.s.d. 
and binding pocket r.m.s.d. relative to the references (OFS or INT1) 
did not change coherently but fluctuated, suggesting an unsuccessful 
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conformational transition (Fig. 4d,f). This result is consistent with our 
hypothesis that the steric switch, influenced by either prodrug or free 
NAA, alters the interface between the transport and scaffold domains, 
impacting the energetic landscape of the elevator-like movement 
(Supplementary Fig. 7).

Implications for rational drug modification
Our discovery concerning the role of F526 on HP2 as a steric switch 
suggests recommendations for drug modifications of existing NAAs. 
Decreasing the 5′-PG size in MPV may enhance its transportability 
through hCNT3 in intestinal epithelial apical membranes, potentially 
increasing its intestinal uptake and improving oral drug bioavailability. 
Previous in vitro studies on hCNT3 imply this strategy’s feasibility, 
as NAAs bearing modest 5′ modifications can still translocate effi-
ciently40. Ribose hydroxyl modifications are an attractive strategy 
for enhancing NAA pharmacological properties; for example, recent 
efforts have been focused on ribose hydroxyl-substituted GS4 analogs 
that have shown promise in preclinical studies10,41,42. In fact, a GS4 
prodrug featuring the same 5′ isopropyl ester PG as MPV (obeldesivir) 
is currently in phase III clinical trials for the treatment of coronavirus 
disease 2019 (ref. 43). Therefore, the structural finding presented 
here has broad-reaching implications for drug modification of any 
NAA with a 5′-PG.

Comprehensive cryo-electron microscopy ensembles of 
transporter trimers
Our cryo-EM studies of bCNT3 reveal large elevator-like motions within 
the transport domain of the protomer. Do neighboring subunits ‘feel’ 
these motions as cooperativity? Previous studies on excitatory amino 
acid transporters, another type of trimeric elevator mechanism trans-
porter, implicated subunit independence44–46, but it remains unclear 
for CNTs.

Conventional classification strategies to isolate oligomeric 
arrangements in trimeric elevator-type transporters led to incomplete 
cryo-EM ensembles that converged well in the form of high-resolution 
3D reconstructions44,47. We devised an image processing scheme to 
identify intersecting particle pick locations for every possible combi-
nation of protomer conformers (classes from symmetry expansion) 
and obtained cryo-EM reconstructions for every possible trimeric 
arrangement from the MPV condition 1 and condition 2 datasets  
(Fig. 5, Extended Data Figs. 6, 7, 9 and 10 and Methods). The 15 recon-
structions reflect a total of 14 unique trimeric arrangements and range 
in resolution from 3.00 Å to 6.92 Å. The lowest-resolution trimer 
reconstructions are from rare states with low particle numbers (Fig. 5  
and Extended Data Figs. 6, 7 and 10).

The population distributions of these trimeric arrangements 
conform to those calculated using raw frequencies of the protomer 
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classes with a normal distribution (Fig. 5). Any form of bias (positive 
or negative cooperativity) would have led the distribution of trimeric 
arrangements to deviate from a normal distribution. This is therefore 
the first line of experimental evidence that protomer movements 
within a CNT3 trimer are independent of each other. Future biophysical 
studies would be needed to corroborate this observation.

State-dependent changes in the local lipid environment
Our findings on the independence of subunits within the trimer raise 
a question about how this is achieved given that the transport domain 
undergoes such substantial movements. We inspected structurally 
superposed OFS–INT1–INT1, INT1–INT1–INT1 and INT3–INT1–INT1 
bCNT3 trimers (the structural alignment was based on two of the INT1 
protomers). We found that the scaffold domain is not static but exhibits 
considerable conformational changes that track with the transport 
domain movement (Fig. 6a,b). The eukaryotic scaffold domain appears 
to undergo the largest deformations, likely owing to the fact that TM3Eu 
directly leads into TM1 of the transport domain (Supplementary  
Fig. 2). From the OFS to INT1, TM3Eu exhibits a downward displacement 
of ~3 Å and a swinging motion of ~2 Å from INT1 to INT3 (Fig. 6b). This 
movement appears to be dissipated along the rest of the eukaryotic 
scaffold domain, as TM1Eu–TM2Eu are relatively static, with IH2Eu serving 
as the hinge (Fig. 6a,b).

Notably, the well-ordered layers of lipids also track with the trans-
port domain and eukaryotic scaffold domain movements (Fig. 6c,d). 
One well-defined lipid density, tentatively assigned as phosphatidyl-
choline, is located in the inner leaflet in a crevice between the trans-
port domain and TM3Eu in the OFS–INT1–INT1, INT1–INT1–INT1 and 
INT3–INT1–INT1 reconstructions. This lipid undergoes substantial 
displacements from the OFS to INT1 and the INT1 to INT3 (Fig. 6c,d), 
which also correlate to transport domain movements. Therefore, 
the elevator-like motion of bCNT3 significantly deforms the local 

membrane environment. The membrane deformations are expected 
for elevator-type transport47,48, and the cost of hydrophobic mismatch 
would disfavor simple sliding of the transport domain in and out of 
the membrane bilayer. The eukaryotic scaffold domain assists with 
this process by allowing efficient sliding of lipids located at crevices 
between the transport and scaffold domains. This buffers the sur-
rounding bilayer environment from the local deformations induced 
by transport domain movements (Fig. 6e).

Discussion
Nucleoside transporters are important players in NAA drug phar-
macology, as they control their target access and disposition32. Our 
bCNT3 cryo-EM structures shed light on drug selectivity within the 
binding pocket and the intricate arrangement of the two sodium 
binding sites, which aligns with the current ‘affinity control’ model 
for sodium-coupled nucleoside transport by CNTs, wherein sodium 
occupancy affects the binding pocket’s structure and nucleoside 
affinity18,32.

Interestingly, the architecture of the bCNT3 substrate and sodium 
binding sites bears a vague resemblance to what has been reported in 
SLC1, an unrelated family of elevator-type transporters (Supplemen-
tary Fig. 8). How two unrelated protein families evolved to use similar 
mechanistic strategies for vastly different substrates poses interesting 
questions regarding transporter evolution.

The unique interactions between MPV and bCNT3 enabled us 
to capture cryo-EM structures in outward-facing and intermediate 
states, providing insights into its transport mechanism. Notably, INT1 
exhibits a fully occluded state, which is generally thought to be only 
transiently occupied during transporter isomerization49,50. We found 
that the F526 steric switch plays an important role in arresting this 
rare conformational state by MPV. During the transport of NHC, or 
transport of any NAA without a bulky 5′ substituent, F526 forms optimal 
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interactions with the scaffold domain in the occluded intermediate 
states. In the case of MPV, or any NAA featuring a bulky 5′-PG group, 
the drug ‘flips on’ this F526 switch, promoting a different rotamer 
conformation. This in turn rearranges the interface present between 
the transport and scaffold domains in the normally short-lived inter-
mediate states. Our structural analysis and all-atom MD simulations 
suggest that the changes in the interface either stabilize each state (for 
example, INT1) or elevate the energetic barriers between the states (for 
example, OFS to INT1), resulting in different energetic landscapes of 
the elevator-like motion with prodrug bound versus free NAA bound  
(Supplementary Fig. 7).

Our findings suggest implications to drug design. Using a smaller 
5′-PG could keep the steric switch ‘turned off’, thereby enhancing 
the prodrug transportability through hCNT3 expressed in intestinal 
tissue, presumably improving its oral bioavailability. Although previ-
ous in vitro studies of hCNT3 support the feasibility of this strategy40, 
because our structural studies were conducted using bCNT3, further 
research on hCNT3 is needed to investigate this possibility.

Finally, we found independent subunit movements within the 
trimer (Fig. 5). Combined with observed local membrane deformation 

in various conformations, the scaffold domain of CNT3 appears to 
function beyond just a trimerization interface. We suggest that it acts 
as an ‘allosteric cushion’, dissipating the local membrane deformations 
arising from large transport domain movements. This appears to limit 
the footprint of membrane deformation and prevent the propagation 
of conformational changes from affecting neighboring subunits within 
the trimer (Fig. 6e,f).
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Methods
Radiotracer uptake in transporter-expressing X. laevis  
oocytes
[3H]Ribavirin was purchased from Moravek. Defolliculated X. laevis 
oocytes were obtained from Xenopus 1. Uptake assays were performed 
in a manner similar to a previous report51, with the following modifica-
tions. A total of 16–20 ng of cRNA (coding RNA) was injected per oocyte, 
with expression performed at 17 °C for 2–4 d. A reaction volume of 
200 μl was used, and [3H]ribavirin was used at full radioactivity in 
every experiment (6.5 Ci mmol–1). Oocytes were batched by five per 
reaction vessel. For all ENT isoforms, oocytes were washed extensively 
in normal ND-96 buffer (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM 
CaCl2 and 5 mM HEPES, pH 7.4 with KOH) to terminate the uptake reac-
tion, whereas sodium-free ND-96 buffer (NaCl replaced with choline 
chloride) was used for assay termination and washing for all CNT iso-
forms assessed.

Two-electrode voltage-clamp recording of 
transporter-expressing X. laevis oocytes
Oocytes expressing transporters of interest were studied using the 
TEVC technique. For the recording, oocyte membrane voltage was 
controlled using an OC-725C oocyte clamp (Warner Instruments). 
Data were filtered at 1–3 kHz and digitized at 20 kHz using pClamp 
10.6 software (Molecular Devices) and a Digidata 1550 digitizer (Axon 
Instruments). Microelectrode resistances were 0.5–2 MΩ when filled 
with 3 M KCl. ND-96 buffer was used as external recording solution. 
All nucleosides and nucleoside analog drugs were applied using a 
gravity-fed perfusion system. Recordings were performed in episodic 
stimulation recording mode. The voltage was initially held at 0 mV for 
50 ms, followed by a step to –60 mV (bCNT3) or –90 mV (hCNT3) for 
300 ms and then a step back to 0 mV for 50 ms, with a sweep happening 
every 2 s. All electrophysiological data analyses were performed using 
Igor Pro 6.34A (Wavemetrics).

Expression, purification and nanodisc reconstitution  
of bCNT3
Full-length WT bCNT3 sequence (UniProt ID F1MGR1) was synthesized 
in the pFastBac vector containing a Flag tag (DYKDDDDK) at the N 
terminus of the protein. Baculovirus was generated in Spodoptera 
frugiperda Sf9 insect cells using standard protocols and amplified to 
passage 2 (P2). Insect cells were infected with 1% (vol/vol) high-titer P2 
virus at a cell density of 1 × 106–1.5 × 106 cells per ml. Protein expression 
was performed at 27 °C for 72 h, after which cells were collected by 
centrifugation at 550g. Cell pellets were resuspended in ice-cold lysis 
buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM phenylmethylsul-
phonyl fluoride, 10 μg ml–1 leupeptin, 10 μg ml–1 pepstatin, 1 μg ml–1 
aprotinin and 2 mg ml–1 iodoacetamide) at ~1 g of cell pellet per 4 ml of 
crude lysate. Resuspended cells were then subjected to three rounds of 
sonication on ice (30 s, one pulse per s). A final concentration of 40 mM 
n-dodecyl-β-d-maltoside detergent was added to the disrupted cells, 
and detergent extraction was performed for 1 h at 4 °C with gentle agita-
tion. Insoluble material was then removed by centrifugation at 30,000g 
for 30 min. Clarified lysate was then applied to anti-Flag M2 resin at 4 °C 
with gentle agitation for 1 h. During resin binding, a stock of PCEG syn-
thetic lipid mixture (10 mg ml–1) was prepared in the following manner. 
Chloroform stocks (10 mg ml−1) of 16:0–18:1 PC (Avanti, 850457), 14:0 
PE (Avanti, 850745P) and 14:0 PG (Avanti, 840445P) were combined in 
a 3:1:1 (vol/vol/vol) ratio, respectively. The chloroform mixture was 
vortexed and dried under gentle argon gas flow in a glass tube. The 
solid lipids were resuspended in 0.5 initial volume pentane, vortexed 
briefly and dried again under argon gas flow. The solid lipid was then 
resuspended in 1.0 initial volume 20 mM Tris (pH 8.0) and 150 mM NaCl 
buffer and passed through an extruder loaded with a 0.2-μm Whatman 
filter ~30 times. At the conclusion of Flag resin binding, resin was then 
collected by gentle centrifugation (550g) and resuspended in one 

column volume of wash buffer (20 mM Tris (pH 8.0), 150 mM NaCl, 
1.0 mM n-dodecyl-β-d-maltoside and 0.1 mg ml–1 added PCEG lipids). 
The resuspended resin slurry was added to a gravity flow column and 
washed with ten column volumes of wash buffer. Protein was eluted 
from the column in wash buffer supplemented with 0.2 mg ml–1 Flag 
peptide. Protein concentration was estimated at an optical density at 
280 nm and combined with MSP2N2 protein and PCEG lipids at a final 
molar ratio of 1:3:200 bCNT3 trimer:MSP2N2 protein:PCEG lipids. 
The mixture was incubated on ice for 1 h and transferred to a fresh 
tube containing degassed Bio-Bead SM-2 resin (Bio-Rad) at a final con-
centration of ~100 mg ml–1 beads. After 2 h of incubation with gentle 
agitation, the beads were replaced, and incubation was performed 
overnight at 4 °C with gentle agitation. The reconstitution mixture was 
then removed from the beads and spun down at 20,000g for 30 min 
before injection over a size-exclusion chromatography (SEC) column 
(Superose 6 Increase 10/300 GS, Cytiva) pre-equilibrated in 20 mM Tris 
(pH 8.0) and 150 mM NaCl. Protein was usually prepared in the absence 
of drug, with the following exceptions. For the NHC structure, drug was 
present at 100 μM during lysis, resin binding and resin washing, 1.0 mM 
was present in the resin elution buffer, 1.0 mM was present at all times 
during Bio-Bead treatment, and SEC was performed in the absence of 
drug. For the GS4 structure, drug was present at 300 μM during lysis, 
resin binding and resin washing, 1.0 mM was present in the resin elution 
buffer, 1.0 mM was present at all times during Bio-Bead treatment, and 
SEC was performed in the absence of drug. An additional 2 mM drug 
was added to pooled fractions before concentration for grid freezing. 
For MPV condition 1 protein, drug was present at 1.0 mM during lysis, 
0.5 mM during resin binding, resin washing and resin elution, three 
0.5 mM additions were added during Bio-Bead treatment, and SEC was 
performed in the absence of drug.

Cryo-electron microscopy sample preparation
Peak fractions from SEC were pooled and concentrated to a final con-
centration of 7–10 mg ml–1 before grid preparation. Drug stocks were 
added after sample concentration and allowed to incubate on ice for 
~1 h to grid freezing with the following final concentrations: 2 mM 
NHC (2% DMSO final), 19.2 mM PSI-6206 (2% DMSO final), 25 mM GS4 
(5% DMSO final), 2 mM ribavirin (2% DMSO final), 7.5 mM MPV (MPV 
condition 1, 2% DMSO final), 15 mM MPV (MPV condition 2, 2% DMSO 
final) and drug-free (2% DMSO final). Grids were prepared with a Leica 
EM GP2 Plunge Freezer operating at 4 °C at 95% humidity. To address 
preferred orientation issues of nanodisc reconstituted bCNT3, fluori-
nated fos-choline-8 (Anatrace) was rapidly added to 3 μl of protein 
to a final concentration of 3 mM and rapidly aspirated 5 times (from 
30 mM stock of fluorinated fos-choline-8 in 20 mM Tris (pH 8) and 
150 mM NaCl). In under 10 s from fluorinated fos-choline-8 addition, 
samples were quickly applied to a freshly glow-discharged Quantifoil 
Au R1.2/1.3 300 mesh grid, blotted with Whatman No. 1 filter paper for 
3 s and plunge-frozen in liquid ethane.

Cryo-electron microscopy data collection
The drug-free, PSI-6206, ribavirin, MPV condition 1 and MPV condition 
2 datasets were collected on a Titan Krios (Thermo Fisher) transmission 
electron microscope operating at 300 kV equipped with a K3 camera 
(Gatan) in counting mode and BioQuantum GIF energy filter with a slit 
width of 20 eV, using Latitude S (Gatan) for image acquisition (Duke 
University Shared Materials Instrumentation Facility (SMIF)). The mag-
nification for these datasets was ×81,000, with a physical pixel size of 
1.08 Å per pixel. In total, 40 frames were acquired for each movie with 
a 2.4-s exposure time and a nominal dose rate of ~30 e– per pixel per 
s for a total dose of ~60 e– Å–2 and a defocus range of –0.8 to –1.8 μm.

The NHC and GS4 datasets were collected on a Titan Krios (Thermo 
Fisher) transmission electron microscope operating at 300 kV 
equipped with a K3 camera (Gatan) in counting mode and BioQuan-
tum GIF energy filter with a slit width of 20 eV, using Latitude S (Gatan) 
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for image acquisition (National Cancer Institution National Cryo-EM 
Microscopy Facility (NCEF)). The magnification for these datasets was 
×81,000, with a physical pixel size of 1.12 Å per pixel for the NHC dataset 
or 1.08 Å per pixel for the GS4 dataset. In total, 40 frames were acquired 
for each movie, with a 4.4-s or 3.3-s exposure time for NHC and GS4, 
respectively. The nominal dose rate was 17.1 e– per pixel per s for the 
NHC dataset and 17.7 e– per pixel per s for the GS4 dataset. The total 
dose was 60 e– Å–2 for the NHC dataset and 50 e– Å–2 for the GS4 dataset. 
A defocus range of –1.00 to –2.25 μm was used for the NHC dataset, 
and a defocus range of –1.0 to –2.0 μm was used for the GS4 dataset.

Cryo-electron microscopy data processing: standard 
procedures
Apo. In total, 2,622 movies were subjected to MotionCorr2 in Relion52 
and CTFFIND4 in cryoSPARC53. Micrographs exhibiting a contrast 
transfer function (CTF) estimated resolution under 6 Å were selected 
and subjected to template picking in cryoSPARC. After manual curation 
of pick locations, particles were extracted with a box size of 64 pix-
els with 4× Fourier binning (4.32 Å per pixel). A total of 2.2 million 
extracted particles were subjected to two-dimensional (2D) classifica-
tion. Two-dimensional classes featuring strong protein features were 
then re-extracted with a box size of 128 pixels and 2× binning (2.16 Å per 
pixel), followed by a k = 4 heterogenous refinement with C3 symmetry 
applied. The highest resolution class was then re-extracted with a box 
size of 256 pixels with no binning (1.08 Å per pixel) and subjected to 
non-uniform refinement with C3 symmetry applied. The particle stack 
and angular priors were then transferred to Relion for two rounds 
of Bayesian polishing. The shiny particles were reimported into cry-
oSPARC for a final round of non-uniform refinement with C3 symmetry 
applied, resulting in a 2.80-Å final reported resolution (Fourier shell 
correlation (FSC) = 0.143).

NHC. In total, 7,243 movies were subjected to MotionCorr2 in Relion52 
and Gctf in Relion for CTF estimation. Micrographs featuring a rlnFigu-
reOfMerit of >0.07 were selected and subjected to template picking in 
Relion. Particles were then extracted with a box size of 64 pixels with 
4× Fourier binning (4.48 Å per pixel). A total of 1.7 million extracted 
particles were subjected to 2D classification. Two-dimensional classes 
featuring strong protein features were then re-extracted with a box size 
of 128 pixels and 2× binning (2.24 Å per pixel), followed by autorefine 
and no-image alignment classification (k = 2/tau_fudge = 20), with C3 
symmetry applied. The highest resolution class was then re-extracted 
with a box size of 256 pixels with no binning (1.12 Å per pixel) and sub-
jected to another round of autorefine and no-alignment classification 
(k = 2/tau_fudge = 20). The highest resolution class, containing 175,676 
particles, was subjected to CTF refinement and Bayesian polishing. The 
particle stack and angular priors were then transferred to cryoSPARC 
and subjected to a round of heterogenous refinement (k = 3), with 
147,332 particles in the best class. This particle stack was subjected 
to a final round of non-uniform refinement followed by local refine-
ment, both with C3 applied, to a final resolution of 2.74 Å (FSC = 0.143). 
After obtainment of numerous other bCNT3 IFS reconstructions, the 
cryo-EM map obtained for NHC appeared slightly dilated compared 
to all other reconstructions. A model-based pixel size calibration was 
performed in which the map-to-model correlation (determined in 
Phenix54) was highest with a pixel size set to 1.11 Å. All maps for this 
structure are deposited with the pixel size set to 1.11 Å.

PSI-6206. In total, 3,820 movies were subjected to MotionCorr2 in 
Relion52 and CTFFIND4 in cryoSPARC53. Micrographs exhibiting a CTF 
estimated resolution under 6 Å were selected and subjected to tem-
plate picking in cryoSPARC. After manual curation of pick locations, 
particles were extracted with a box size of 64 pixels with 4× Fourier 
binning (4.32 Å per pixel). A total of 2.8 million extracted particles 
were subjected to 2D classification. Two-dimensional classes featuring 

strong protein features were then re-extracted with a box size of 128 pix-
els and 2× binning (2.16 Å per pixel), followed by a k = 3 heterogenous 
refinement with C3 symmetry applied. The highest resolution class 
was then re-extracted with a box size of 256 pixels with no binning 
(1.08 Å per pixel) and subjected to non-uniform refinement with C3 
symmetry applied. The particle stack and angular priors were then 
transferred to Relion for two rounds of Bayesian polishing. The parti-
cle stack was then subjected to no-image alignment 3D classification 
(k = 4/tau_fudge = 20). A total of 82,592 particles contributed to the 
highest resolution class, and these particles were subjected to another 
round of Bayesian polishing. The shiny particles were reimported into 
cryoSPARC for a final round of non-uniform refinement and local refine-
ment with C3 symmetry applied, resulting in a 2.69-Å final reported 
resolution (FSC = 0.143).

Ribavirin. In total, 3,937 movies were subjected to MotionCorr2 in 
Relion52 and CTFFIND4 in cryoSPARC53. Micrographs exhibiting a CTF 
estimated resolution under 6 Å were selected and subjected to template 
picking in cryoSPARC. After manual curation of pick locations, parti-
cles were extracted with a box size of 64 pixels with 4× Fourier binning 
(4.32 Å per pixel). A total of 2.7 million extracted particles were sub-
jected to 2D classification. Two-dimensional classes featuring strong 
protein features were then re-extracted with a box size of 256 pixels and 
no binning (1.08 Å per pixel), followed by a non-uniform refinement 
with C3 symmetry applied. Two rounds of heterogenous refinements 
were then performed (both k = 3, with C3 applied).The 247,980 particles 
from the highest resolution class were then subjected to non-uniform 
refinement with C3 applied and transferred to Relion for two rounds 
of Bayesian polishing. The shiny particles were reimported into cry-
oSPARC for a final round of non-uniform refinement with C3 symmetry 
applied, resulting in a 2.54-Å final reported resolution (FSC = 0.143).

GS4 (consensus). In total, 12,707 movies were subjected to Motion-
Corr2 in Relion52 and Gctf in Relion. Micrographs featuring a rlnFigu-
reOfMerit of >0.07 were selected and subjected to template picking 
in Relion. Particles were extracted with a box size of 64 pixels with 4× 
Fourier binning (4.32 Å per pixel). A total of 3.6 million extracted parti-
cles were subjected to two rounds of 2D classification. Two-dimensional 
classes featuring strong protein features were then re-extracted with 
a box size of 256 pixels and no binning (1.08 Å per pixel). The stack of 
993,579 particles was imported to cryoSPARC, split by optics group and 
subjected to non-uniform refinement (C3 applied) with both local and 
global CTF refinement enabled. The particles were then subjected to 
two rounds of heterogenous refinements (k = 6 then k = 3, C3 applied). 
The resulting 498,109 particles were then subjected to non-uniform 
refinement (C3), transferred to Relion for one round of Bayesian pol-
ishing and reimported to cryoSPARC for a final round of non-uniform 
refinement (C3, local + global CTF refinement enabled) followed by a 
local refinement for a final resolution of 2.31 Å (FSC = 0.143).

GS4 (subset). A particle stack of 993,579 identified from early pro-
cessing on the GS4 dataset (see above) was subjected to one round of 
heterogenous refinement in cryoSPARC (k = 4, C3 applied). In total, 
556,379 particles corresponding to the highest resolution class were 
subjected to non-uniform refinement (C3) and transferred to Relion 
for Bayesian polishing. The polished particles were then symmetry 
expanded (C3 operator) with the relion_particle_symmety_expand tool 
in Relion, leading to a total of 1.7 million expanded particles. A local 
angular search was then performed with a single protomer masked, 
followed by signal subtraction. Two rounds of no-image alignment 
classification were then performed with the protomer mask (k = 3/tau_
fudge = 20, then k = 3/tau_fudge = 40), resulting in 290,664 protomer 
particles in the highest resolution class. The mask was then updated to 
only cover the transport domain within the protomer, and a no-image 
alignment classification was run with k = 5/tau_fudge = 64. The highest 
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resolution class consisted of 177,264 protomer particles and also fea-
tured some weak signal in the nucleoside binding site. The mask was 
then updated again to a sphere only covering the nucleoside binding 
site. A no-image alignment using this mask was performed with k = 3/
tau_fudge = 128. The extremely high tau_fudge value was necessary to 
sort for high-frequency signal in the binding cavity and allowed us to 
identify a small subset of particles that featured much stronger signal 
consistent with the size and shape of purine nucleoside. The particles 
corresponding to this presumably higher-occupancy GS4 class were 
reverted to the original images and also subjected to remove duplicates 
to revert symmetry expansion, resulting in 38,774 particles. Angu-
lar priors were kept, ensuring that protomers featuring the stronger 
nucleoside signal remained placed on the same protomeric position 
within the trimer in angular space. The stack was then transferred to 
cryoSPARC for a final local refinement (C1 symmetry), with a final 
reported resolution of 3.23 Å (FSC = 0.143). This subset of 38,774 par-
ticles features 1,215 particle overlap (3.1%) with the 498,109 particle 
‘consensus’ set identified in a distinct processing scheme.

MPV condition 1. In total, 4,715 movies were subjected to MotionCorr2 
in Relion52 and CTFFIND4 in cryoSPARC53. Micrographs exhibiting a 
CTF estimated resolution under 4 Å were selected and subjected to 
template picking in cryoSPARC. After manual curation of pick locations, 
particles were extracted with a box size of 64 pixels with 4× Fourier 
binning (4.32 Å per pixel). A total of 2.6 million extracted particles 
were subjected to 2D classification. Two-dimensional classes featur-
ing strong protein features were then re-extracted with a box size of 
128 pixels and 2× binning (2.16 Å per pixel), followed by heterogenous 
refinement (k = 3, C3 applied). The 439,382 particles corresponding 
to the highest resolution class were then subjected to non-uniform 
refinement with C3 applied. The particle stack was then transferred 
to Relion and subjected to two rounds of Bayesian polishing. After 
reimporting to cryoSPARC, non-uniform refinement was performed 
with C3 symmetry applied, resulting in a 2.80-Å resolution (FSC = 0.143) 
consensus reconstruction.

For 3D variability analysis in cryoSPARC, the 439,382 shiny parti-
cles in Relion were subjected to an autorefine run in C1 symmetry, with 
relaxation to C3 enabled. This resulted in a single protomer featuring 
very weak signal in the transport domain. This C1 reconstruction was 
then subjected to Bayesian polishing and transferred to cryoSPARC, 
where it was then subjected to 3D variability analysis, with the protomer 
featuring weak signal masked (two components, C1, 5 Å low-pass fil-
ter, 20 Å high-pass filter, clustering output, k = 5). Volumes from the 
clustering output were apparent 2:1 heterotrimers composed of two 
INT1 protomers and INT1, INT3 or OFS conformers at the protomeric 
position that was masked. These volumes were used as references for 
rounds of heterogenous refinements to obtain a high-quality INT1–
INT1–OFS heterotrimer reconstruction (three rounds, k = 4, with one 
OFS–INT1–INT1 reference, one INT3–INT1–INT1 reference and two 
INT1 homotrimer references as decoys). This classification approach 
resulted in 118,113 particles that yielded a high-quality OFS–INT1–INT1 
reconstruction, with a final reported resolution of 3.20 Å.

MPV condition 2. In total, 3,735 movies were subjected to MotionCorr2 
in Relion52 and CTFFIND4 in cryoSPARC53. Micrographs exhibiting a 
CTF estimated resolution under 6 Å were selected and subjected to 
template picking in cryoSPARC. After manual curation of pick locations, 
particles were extracted with a box size of 64 pixels with 4× Fourier 
binning (4.32 Å per pixel). A total of 2.0 million extracted particles 
were subjected to two rounds of 2D classification. Two-dimensional 
classes featuring strong protein features were then re-extracted with 
a box size of 256 pixels and no binning (1.08 Å per pixel), followed by 
a non-uniform refinement with C3 symmetry applied. Heterogenous 
refinement was then performed (k = 3, with C3 applied). The 108,187 
particles from the highest resolution class were then subjected to 

non-uniform refinement with C3 applied and transferred to Relion 
for two rounds of Bayesian polishing. The shiny particles were reim-
ported into cryoSPARC for a final round of non-uniform refinement 
with C3 symmetry applied, resulting in a 2.99-Å final reported resolu-
tion (FSC = 0.143) for the consensus reconstruction.

Cryo-electron microscopy data processing: ensemble analysis
MPV condition 1. The 439,382 shiny particles in Relion (consensus 
set), immediately after autorefine with C3 applied, were symmetry 
expanded (C3 operator) with the relion_particle_symmety_expand tool 
in Relion, leading to a total of 1.3 million expanded particles. Signal sub-
traction was then performed with a single protomer mask, followed by 
one round of no-image alignment classification (k = 6/tau_fudge = 40). 
The resulting classes were assigned by conformational state, result-
ing in 866,559 protomer particles adopting an INT1 state and 250,956 
protomer particles adopting an INT3 state. One class, with 199,959 
protomer particles, featured extremely weak signal in the transport 
domain. Based on the 3D variability result from this particle set, we 
presumed that this class represents the OFS, and the weak signal was 
resultant from inaccurate angular assignment for trimers containing 
the OFS conformer into the initial consensus reconstruction.

Having assigned three distinct conformers within the asym-
metric unit of bCNT3 in this condition, there are a total of 11 possi-
ble arrangements of these three conformers within a bCNT3 trimer: 
OFS–OFS–OFS, OFS–OFS–INT1, OFS–OFS–INT3, INT1–INT1–OFS, 
INT1–INT1–INT1, INT1–INT1–INT3, INT3–INT3–OFS, INT3–INT3–INT1, 
INT3–INT3–INT3, OFS–INT1–INT3 (clockwise) and OFS–INT1–INT3 
(counterclockwise). We were then interested in identifying intersecting 
instances of conformers on grids to obtain cryo-EM reconstructions 
for every possible trimeric arrangement. Using the Remove Duplicates 
tool in cryoSPARC (with a minimum separation distance set to 0 Å), 
we were able to find x/y positions on the grid corresponding to each 
of these trimeric arrangements. Whereas obtaining reconstructions 
of the homotrimers was straightforward, obtaining reconstructions 
of heterotrimers was less straightforward. We noticed that the sub-
tle asymmetric features identified from symmetry expansion often 
get flattened when subjecting isolated heterotrimer particles to C1 
refinements with global angular searches. To keep overlap of assigned 
conformers at each position of the trimer, angular priors have to be 
selectively kept from a particular conformer of interest. For example, 
in a INT1–INT1–INT3 heterotrimer, the INT3 protomer features an 
INT1 neighbor at both of its flanking trimeric positions. Therefore, 
selectively keeping priors from the INT3 subset metadata ensures 
overlap of each assigned conformer in the trimer in angular space. 
To achieve this, we used the ‘Score field’ function in the cryoSPARC 
Remove Duplicates tool (set to ‘alignments3D/error’) and edited the 
_rlnMaxValueProbDistribution column to an arbitrary high value (arbi-
trary low estimated error) for a particular conformer particle subset. 
This forced the Remove Duplicates tool to drop protomer metadata of 
the conformer of interest into the ‘rejected’ stack, which ensured that 
priors were retained from the conformer of interest for subsequent 
refinements. For INT1–INT1–INT3, metadata for the protomer particle 
subset INT1 were edited to contain high _rlnMaxValueProbDistribution 
values, which forced the priors from INT3 into the ‘rejected’ stack after 
using Remove Duplicates to find x/y pick instances of INT1–INT1–INT3 
on the grid. For the OFS–INT1–INT3 heteromer, selectively retaining 
priors from INT1 was insufficient to ensure overlap in conformers in the 
trimer, as the three conformations could be arranged in two possible 
directions in the trimer (clockwise or counterclockwise). To break 
ambiguity in this case, we selectively retained priors from INT1 and 
performed an additional round of classification in Relion using a mask 
that covered the INT1 protomer and one of the neighboring protomers 
(k = 2/tau_fudge = 40).

Having identified x/y pick instances for all possible trimer com-
binations and selectively retaining angular priors during the process 
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to ensure proper overlap of conformers in the trimer, particles were 
re-extracted in cryoSPARC and subjected to masked local refinements 
with C1 applied (for heterotrimer compositions) or C3 applied (in 
cases of homotrimer compositions). For reconstructions reaching 
higher resolutions after the first round of local refinement, rounds 
of Bayesian polishing and CTF refinements were repeated to further 
improve the final resolution. The 11 obtained reconstructions range in 
resolution from 3.00 to 6.92 Å (FSC = 0.143), with the lowest-resolution 
reconstructions suffering from low signal to noise owing to extremely 
low particle numbers.

MPV condition 2. The 108,187 shiny particles in Relion (consensus 
set), immediately after autorefine with C3 applied, were symmetry 
expanded (C3 operator) with the relion_particle_symmety_expand 
tool in Relion, resolution in a total of 324,561 expanded particles. Sig-
nal subtraction was then performed with a single protomer mask, 
followed by one round of no-image alignment classification (k = 4/
tau_fudge = 40). The resulting classes were assigned by conformational 
state, resulting in 108,297 protomer particles adopting an INT1 state 
and 102,783 protomer particles adopting an INT2 state. We then applied 
the aforementioned method (see MPV condition 1) to identify the fol-
lowing trimeric compositions on the grid and obtain reconstructions 
for each case: INT1–INT1–INT1, INT1–INT1–INT2, INT1–INT2–INT2 and 
INT2–INT2–INT2. The four reconstructions range in resolution from 
3.43 to 3.67 Å (FSC = 0.143).

Model building and refinement
A model was initially built into a preliminary IFS bCNT3 reconstruction 
via manually docking a polyalanine model of the Vibrio cholerae CNT 
crystal structure (Protein Data Bank (PDB) ID 3TIJ) into the cryo-EM 
maps, followed by manual model building and adjustments in COOT55. 
Hydrogens were added to the model using the Molprobity server56, fol-
lowed by a round of real-space refinement in Phenix54 with local grid 
search, global minimization and ADP refinement enabled. This initial 
model was rigid body fit in all six IFS bCNT3 structures, followed by 
further minor model adjustments as necessary, drug modeling when 
relevant and subsequent real-space refinements in Phenix (one round 
with global minimization and ADP refinement enabled). Lipids were 
built as fragments of phosphatidylcholine (chemical ID LBN) owing 
to its abundance in the nanodiscs. Sodium ions and ion coordinating 
water molecules were modeled in the highest-resolution reconstruc-
tion (GS4 consensus). The first site was modeled based on the clear 
cryo-EM density and precedence20. There was ambiguity in ion and 
water placement in the second sodium site, which was ultimately bro-
ken by checking both possibilities with the CMM server38. Sodium ions 
were also placed into other high-resolution reconstructions in cases 
where the map contained clear ion density.

For OFS, INT1, INT2 and INT3 conformers, an IFS protomer model 
was initially placed in the cryo-EM maps, followed by rigid body fitting 
of the transport domain and mobile elements of the scaffold domain. 
Rounds of manual model building in COOT and real-space refinement 
in Phenix were performed. Model building was performed using the 
INT1 or INT2 homotrimeric (C3) reconstructions obtained from the 
ensemble analyses, the ‘highest-resolution’ OFS–INT1–INT1 recon-
struction (obtained from 3D variability and heterogenous refinement) 
for the OFS and the INT1–INT1–INT3 reconstruction from condition 1 
ensemble analysis for the INT3 conformer. A summary of deposited 
coordinates can be found in Extended Data Figs. 2, 6 and 7.

Model-to-map correlation analysis of cryo-electron 
microscopy ensembles
Refined coordinates from the highest-resolution instance of each 
distinct protomer conformation were used as references for this 
analysis: the OFS protomer from OFS–INT1–INT1 (highest resolution, 
MPV dataset 1, 3D variability), INT1 protomer from INT1–INT1–INT1 

(ensemble analysis, MPV dataset 1), INT2 protomer from INT1–INT1–
INT2 (ensemble analysis, MPV dataset 2) and INT3 protomer from INT1–
INT1–INT3 (ensemble analysis, MPV dataset 1). The reference models 
were trimmed to Cα, and residues 90–200 were removed (eukaryotic 
scaffold domain). All of the following steps were performed in UCSF 
Chimera57. Conserved scaffold domain elements TM3 and TM6 (trimer) 
were rigid body fit into each of the reconstructions (unsharpened maps 
used). Reference protomers were then superposed to the placed scaf-
fold domain at each protomeric position with mmaker. Placed refer-
ence protomers were then converted to maps with molmap (output 
filtered to a resolution of 6 Å). Map correlation coefficients were then 
calculated between the experimental map and the placed reference 
volumes for each conformational state.

Molecular dynamics simulation set up and protocol
All all-atom simulation systems and inputs were generated using 
CHARMM-GUI Membrane Builder58. Additionally, SMD systems and 
inputs were created using CHARMM-GUI Enhanced Sampler59. System 
information, including membrane composition, the total number of 
atoms and ions and simulation time length, are shown in Supplementary 
Tables 3 and 4. The CHARMM36(m) force field, TIP3P model and CGenFF 
were used in each system for protein/lipids60, water and ligands, respec-
tively. The SHAKE algorithm was used to constrain bond lengths involv-
ing hydrogen, and the hydrogen mass repartitioning technique was used 
to facilitate simulations with a 4-fs time step. van der Waals interactions 
were handled with a cutoff distance of 12 Å and a force switch between 
10 and 12 Å. The particle-mesh Ewald method was used for electrostatic 
interactions. The NPT ensemble (constant particle number, pressure 
and temperature) was applied in each system at a pressure of 105 Pa 
and temperature of 310 K, following the default CHARMM-GUI six-step 
equilibration protocol61 using OpenMM62.

In standard MD systems, an additional weak positional restraint 
(0.12 kcal mol–1 Å–2) was applied on protein backbone and sodium 
ions located at the binding site during the first 5 ns of production, 
followed by another weak restraint (0.06 kcal mol–1 Å–2) during the 
next 5 ns. After 10 ns, the production continued with no restraints. 
In SMD systems, dihedral restraints (4.78 kcal mol–1 Å–2) were applied 
on the TM6 helix of the OFS conformer throughout production to 
maintain its secondary structure. The backbone center of mass of 
the OFS transport domain was used as the collective variable with a 
spring constant of 47.8 kcal mol–1 Å–2 and was pulled down relative to 
the backbone center of mass of the IFS scaffold domain at a speed of 
1 Å ns–1 on the –z direction over a total translocation distance of 9 Å. 
The membrane normal is the z direction, and the +z is the extracel-
lular side. Due to the high energy barrier between the OFS and INT1 
conformations, the actual pulling speed was lower, and thus the SMD 
production continued to 15 ns.

Root mean squared deviation calculations
All r.m.s.d. results from our MD simulations were calculated on heavy 
atoms of either ligands or the bCNT3 nucleoside binding pocket back-
bone. In standard MD systems, the bCNT3 snapshots were superim-
posed by aligning the binding pocket backbone atoms to the initial 
coordinates to calculate ligand r.m.s.d. In SMD systems, the bCNT3 
snapshots were superimposed by aligning the TM3 backbone atoms 
to the OFS or INT1 coordinates to calculate both the ligand r.m.s.d. and 
the nucleoside binding pocket r.m.s.d.

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

Data availability
Atomic coordinates have been deposited in the PDB with the following 
ID numbers: 8TZ2 (apo), 8TZ5 (NHC), 8TZ6 (PSI-6206), 8TZ1 (ribavirin), 
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8TZ3 (GS4 consensus), 8TZ4 (GS4 subset), 8TZD (INT1–INT1–OFS; 
MPV condition 1), 8TZ7 (INT1 homotrimer; MPV condition 1 ensemble), 
8TZ8 (INT1–INT1–INT3; MPV condition 1 ensemble), 8TZA (INT1–INT1–
INT2; MPV condition 2 ensemble) and 8TZ9 (INT2 homotrimer; MPV 
condition 2 ensemble). The reconstructed cryo-EM maps have been 
deposited in the Electron Microscopy Data Bank with the following ID 
numbers: EMD-41731 (apo), EMD-41734 (NHC), EMD-41735 (PSI-6206), 
EMD-41730 (ribavirin), EMD-41732 (GS4 consensus), EMD-41733 (GS4 
subset), EMD-41755 (INT1–INT1–OFS; MPV condition 1), EMD-41736 
(INT1 homotrimer; MPV condition 1 ensemble), EMD-41737 (INT1–INT1–
INT3; MPV condition 1 ensemble), EMD-41738 (INT2 homotrimer; MPV 
condition 2 ensemble), EMD-41739 (INT1–INT1–INT2; MPV condition 
2 ensemble), EMD-41740 (consensus; MPV condition 1), EMD-41752 
(consensus; MPV condition 2), EMD-41747 (INT3 homotrimer; MPV 
condition 1 ensemble), EMD-41746 (INT3–INT3–INT1; MPV condition 1 
ensemble), EMD-41745 (INT3–INT3–OFS; MPV condition 1 ensemble), 
EMD-41744 (INT1–INT1–OFS; MPV condition 1 ensemble), EMD-41741 
(OFS–OFS–OFS; MPV condition 1 ensemble), EMD-41742 (OFS–OFS–
INT1; MPV condition 1 ensemble), EMD-41743 (OFS–OFS–INT3; MPV 
condition 1 ensemble), EMD-41748 (OFS–INT1–INT3 clockwise; MPV 
condition 1 ensemble), EMD-41749 (OFS–INT1–INT3 counterclockwise; 
MPV condition 1 ensemble), EMD-41751 (INT1 homotrimer; MPV condi-
tion 2 ensemble) and EMD-41750 (INT1–INT2–INT2; MPV condition 2 
ensemble). Source data are provided with this paper. Additional data 
relevant to this paper are available upon reasonable request to S.-Y. L.
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Extended Data Fig. 1 | Functional characterization, protein biochemistry, 
and cryo-EM sample preparation of bCNT3. a, b, c, Time-dependent uptake  
of 1.0 µM [3H]-ribavirin at room temperature is linear within 30 min for hCNT1  
(a, background corrected uptake rate of 0.0036 ± 0.0002 pmole/min), hCNT2  
(b, background corrected uptake rate of 0.41 ± 0.01 pmole/min), hCNT3  
(b, background corrected uptake rate of 0.87 ± 0.04 pmole/min), hENT1  
(c, background corrected uptake rate of 0.056 ± 0.004 pmole/min) and hENT2  
(c, background corrected uptake rate of 0.098 ± 0.007 pmole/min). Data 
shown in panels a, b, c are from the same series of experiments (n = 3 biological 
replicates, individual replicates shown) with the water-injected control 
measurements re-shown in each figure panel to convey signal-to-background 

for each transporter subtype. d, Cold-competition of WT hCNT3 or WT bCNT3 
mediated [3H]-ribavirin uptake by cold NHC or GS4. (ChoCl – sodium-free 
negative control condition with 96 mM choline chloride; 15-minute uptake with 
0.1 μM [3H]-ribavirin; n = 3 biological replicates with individual replicates and 
mean ± s.e.m. shown). e, Representative size-exclusion chromatography profile 
and corresponding SDS-PAGE analysis of purified nanodisc reconstituted bCNT3. 
Fractions pooled for cryo-EM analysis indicated with an asterisk (*). Purification 
and nanodisc reconstitution of bCNT3 was repeated routinely with similar results 
for each cryo-EM structure reported in this study. f, Representative cryo-EM 
micrograph (top) and 2D class averages (bottom) of nanodisc reconstituted 
bCNT3. Micrographs of similar quality were recorded for each cryo-EM dataset.
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Extended Data Fig. 2 | Cryo-EM image processing of drug-bound and drug-free IFS states of bCNT3. a, Cryo-EM image processing procedures. b, Fourier-shell 
correlation plots (top) and angular orientation distributions (bottom) from the final reconstructions. c, Local resolution of the final reconstructions (local resolution 
determined in cryoSPARC).
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Extended Data Fig. 3 | Local cryo-EM map quality. Local cryo-EM maps for secondary structure segments. From top to bottom are NHC, PSI-6206, Ribavirin, 
GS441524 (subset), GS441524 (consensus) and apo, respectively. Cryo-EM densities are shown at map threshold values of 6σ for NHC, PSI-6206, ribavirin, GS4 sub., 
apo, or 7σ for GS4 cons.
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Extended Data Fig. 4 | Sodium ion coordination in the inward-facing state. a, Location of the two sodium ion binding sites relative to the nucleoside binding  
site within the NHC bound IFS bCNT3 structure. b, Architecture and coordination geometries of the two sodium ion binding sites in the 2.31 Å cryo-EM map  
(map thresholds used denoted in panel insets).
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Extended Data Fig. 5 | TEVC studies of molnupiravir interaction with CNT3. 
a, TEVC recordings of inward currents elicited by application of 100 μM uridine, 
or current block by co-application of 100 μM uridine + 1 mM MPV in WT hCNT3 
expressing oocytes (representative trace at left, summary of peak currents  
from n = 6 biological replicates at right with individual measurements and mean 
± s.e.m. shown; values are baseline corrected to leak current per oocyte).  

b, TEVC recordings of inward currents elicited by application of 100 μM uridine, 
or current block by co-application of 100 μM uridine + 1 mM MPV in WT bCNT3 
expressing oocytes (representative trace at left, summary of peak currents from 
n = 4 biological replicates at right with individual measurements and mean  
± s.e.m. shown; values are baseline corrected to leak current per oocyte).
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Extended Data Fig. 6 | Cryo-EM image processing of molnupiravir-bound OFS, INT1, INT2, INT3 conformational states of bCNT3. a, Initial cryo-EM image 
processing procedure for the ‘MPV condition 1’ dataset. b, Cryo-EM ensemble analysis of ‘MPV condition 1’. Final Fourier shell correlation plots and angular orientation 
distribution plots shown next to every reconstruction obtained.

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 7 | Cryo-EM image processing of molnupiravir-bound INT1 and INT2 conformational states of bCNT3. a, Initial cryo-EM image processing 
procedure for the ‘MPV condition 2’ dataset. b, Cryo-EM ensemble analysis of ‘MPV condition 2’. Final Fourier shell correlation plots and angular orientation 
distribution plots shown next to every reconstruction obtained.
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Extended Data Fig. 8 | MPV ligand densities in representative OFS, INT1, INT2, 
and INT3 cryo-EM reconstructions. Cryo-EM densities around the nucleoside 
binding site from representative reconstructions containing OFS, INT1, INT2, or 
INT3 protomers (reconstructions used: OFS-INT1-INT1 highest res; INT1-INT1-

INT1 ‘condition 1’ ensemble analysis; INT2-INT2-INT2 ‘condition 2’ ensemble 
analysis; INT1-INT1-INT3 ‘condition 1’ ensemble analysis). Sharpened maps shown 
(threshold = 6σ).
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Extended Data Fig. 9 | Comparison of conformational trajectories in MPV-
loaded bCNT3 and apo nwCNT. a, Structural superposition of bCNT3 (top left) 
and nwCNT (bottom left) conformers. Alignment based on the trimerization 
interface, TM3 and TM6. Relative positions of HP1 (middle) and HP2 (right), with 
lines denoting a marker residue for each conformational state. b, Transport 
domain movement quantified by its tilt angle relative to a representative IFS 
structure (X-axis) and distance displacement of nucleoside binding site center of 
mass (Y-axis). For bCNT3, coordinates corresponding to the highest resolution 

instance of each conformer used for the analysis (OFS-INT1-INT1 highest res; 
INT1-INT1-INT1 ‘condition 1’ ensemble analysis; INT2-INT2-INT2 ‘condition 2’ 
ensemble analysis; INT1-INT1-INT3 ‘condition 1’ ensemble analysis; all relative to 
the GS4 consensus IFS structure). c, Structural superposition of the transport 
domain for OFS, INT1, INT3, INT3 and IFS (NHC) structures. d, [3H]-ribavirin 
uptake (1.0 μM) in 10 minutes into oocytes expressing WT or mutant bCNT3 
(n = 3; mean ± s.e.m. and individual replicates shown).

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 10 | Map-to-model analysis for reconstructions obtained 
from the cryo-EM ensemble analysis. a, Map-to-model of every trimer 
reconstruction obtained from MPV ‘condition 1’ with the ensemble analysis. Map-
to-model correlation analysis shown below each reconstruction (for details see 

Methods). b, Map to model of every trimer reconstruction obtained from MPV 
‘condition 2’ with the ensemble analysis. Map-model correlation analysis shown 
below each reconstruction (for details see Methods).
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