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Structure and transport mechanism of
human riboflavin transporters

Ke Wang1,2,7, Huiwen Chen1,2,7, Lili Cheng 3,7, Jun Zhao 4,7, Bo Huang 5,7,
Di Wu 2,6, Xin He3, Yumeng Zhou3, Yaxuan Yuan3, Feng Zhou 5,
Juquan Jiang 1 , Ligong Chen 3 & Daohua Jiang 2,6

Riboflavin (vitamin B2) is the precursor of flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), which act as key cofactors of many
enzymes, thus has essential roles in cell growth and functions. Animals cannot
synthesize riboflavin in situ, the intake, distribution and metabolism of which
are mediated by three riboflavin transporters (RFVT1-3). Many mutations in
RFVTs cause severe consequences. How RFVTs recognize and transport ribo-
flavin remains largely unknown. Here we describe the cryo-electron micro-
scopy structures of human RFVT2 and RFVT3 in complex with riboflavin in
outward-occluded and inward-open states, respectively. Riboflavin is recog-
nized by a conserved binding pocket in the central cavity of RFVTs, whereas
two acidic residues in RFVT3 determine its pH-dependent activity. By com-
bining the structural, computational and functional analyses, this study
demonstrates the structural basis of riboflavin recognition and provides a
structural framework for the mechanistic comprehension of riboflavin
recognition, transport, and pathology in human RFVTs.

Cells take up riboflavin (also known as vitamin B2) and convert it into
its active forms flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD), which function as essential cofactors for various
flavoenzymes that have crucial roles in cellular metabolism, including
energy generation, biomacromolecule synthesis and xenobiotic
disposition1–3 (Fig. 1a). Because humans are unable to synthesize
riboflavin, the European Food Safety Authority (EFSA) recommends
that adults need to intake at least 1mg of riboflavin daily from the diet
to maintain riboflavin homeostasis4. To exert these indispensable
functions, riboflavin must be transported across the cell membrane.
Three riboflavin transporters, RFVT1-3 (encoded by SLC52A1-3)5–7,
mediate the absorption, distribution and reabsorption of riboflavin,
playing a vital role in riboflavin homeostasis8–10. RFVTs have a specific
tissue distribution. RFVT1 is expressed in the placenta and small

intestine5,6, and RFVT3 is predominantly expressed in the testis, small
intestine, kidney, and placenta7,11, whereas RFVT2 is ubiquitously dis-
tributed and is highly expressed in the brain6,12. Altered riboflavin
homeostasis and dysfunction of RFVTs can cause pathological con-
sequences, such as multiple acyl-CoA dehydrogenase deficiency
(MADD)13,14 and Brown-Vialetto-van Laere syndrome9,10,15–17. Addition-
ally, RFVT1-3 were suggested to be overexpressed in many types of
tumors, including melanoma and brain cancer18, colorectal cancer19

and esophageal cancer20. Riboflavin-conjugated anticancer drug
delivery methods have been emerging18,21. Despite the physiological
and potential pharmacological importance of RFVTs, the lack of
accurate structural information hinders the mechanistic comprehen-
sion of RFVT functions and further investigation of RFVTs as a
potential anticancer target.
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RFVTs belong to the solute carrier 52 (SLC52) family10, which
exhibit little similarity to other riboflavin transporters in bacteria and
fungi22–24. While RFVT1 (formerly known as RFT1) and RFVT2 (formerly
known as RFT3) are highly conserved and share a high sequence

identity of ~85%, they are less similar to RFVT3 (formerly known as
RFT2), with a sequence identity of ~41%10. Experimental evidence has
indicated that the three RFVTs exhibit a similar riboflavin specificity
and Na+- or Cl−-independent transport activities5–7,25; however, only
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Fig. 1 | Functional characterization of RFVT2 and RFVT3. a The schematic dia-
gram for the metabolic pathway and function of riboflavin. PM plasma membrane,
FMN flavin mononucleotide, FAD flavin adenine dinucleotide. b Riboflavin uptake
by wild-type (WT) and EM forms of RFVT2 and RFVT3. Cells were subjected to 1μM
[13C]riboflavin for 1min. Cells expressing GFP served as controls. Data are

presented as mean± s.e.m.; n = 3 independent replicates. c, d Concentration-
dependent uptake of [13C]riboflavin by HEK293T cells transfected with RFVT2 (c)
and RFVT3 (d). Cells expressing GFP served as controls. Data are presented as
mean ± s.e.m.; n = 3 independent replicates. e The riboflavin uptake kinetics of WT
and EM forms of RFVT2 and RFVT3. Source data are provided as a Source Data file.
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RFVT3 displays low pH-enhanced activity and has a greater capacity
than RFVT1 and RFVT26,7,25. The precise mechanisms underlying ribo-
flavin recognition and transport in RFVTs and the low pH-enhanced
activity in RFVT3 have not been elucidated.

In this study, we determined the cryo-electron microscopy (cryo-
EM) structures of humanRFVT2 and RFVT3 in complex with riboflavin,
elucidating the principles of riboflavin recognition and transport in
human RFVTs. Structural comparisons of RFVT2 and RFVT3 revealed a
conserved riboflavin binding site. Augmented with mutagenesis and
proteoliposome transport assays, our work defines that two acidic
residues, D119 and E145, which are not conserved in RFVT1 and RFVT2,
determine the pH-dependent activity of RFVT3.

Results
Functional characteristics of RFVT2 and RFVT3
We first assayed the transport activity of humanwild-type (WT) RFVT2
and RFVT3 expressed in HEK293T cells. Both RFVT2 and RFVT3
expressing cells exhibited robust accumulation of [13C]riboflavin using
quantitative mass spectrometry analysis, which are ~8- and ~38-fold of
the basal activity of HEK293T cells expressing green fluorescent pro-
tein (GFP) alone, respectively (Fig. 1b). We next investigated the
concentration-dependent uptake of [13C]riboflavin by RFVT2 and
RFVT3 at pH 7.5, yielding apparent Km values of RFVT2 and RFVT3 for
riboflavin at 0.7μM and 1.1μM, respectively; however, the Vmax value
of RFVT3 (83.1 pmol/mg protein/min) is ~6-fold of that of RFVT2
(13.9 pmol/mg protein/min) (Fig. 1c–e). We further examined pH-
dependent uptake of RFVT2 and RFVT3, which clearly shows that dif-
ferent pH values have no effect on RFVT2 kinetics, while a low pH of
5.5 significantly enhances RFVT3 activity with increased Vmax and
decreased Km(Fig. 1c–e). These functional results demonstrate similar
riboflavin specificity but distinct pH dependency of RFVT2 and RFVT3,
which are consistent with the findings of previous studies6,7,26.

Human RFVTs are small membrane proteins of ~50 kDa in size,
and solving their cryo-EM structures is very challenging due to the
small size and lacking discernible soluble domain. To facilitate struc-
ture determination, we employed GFP and a nanobody specific to GFP
as a fiducial marker27 and fused GFP to the N-terminus and the nano-
body between E228 and P262 of RFVT2 and between P267 and A293 of
RFVT3 (Supplementary Fig. 1a, b), which we termed RFVT2EM and
RFVT3EM, respectively. We examined the functional characteristics of
the EM constructs. RFVT2EM displays similar Km value and pH-
independent activity to those of RFVT2WT, although its Vmax is
reduced to ~65%of thatofRFVT2WT; RFVT3EM exhibits lowpHenhanced
activity and decreased Km and Vmax values in comparison to those of
RFVT3WT (Fig. 1c–e). These results confirm that both the EM constructs
retain the key functional characteristics of their respective WT forms
and thus are suitable for structural study.

Cryo-EM structures of RFVT2 and RFVT3
To determine the structural basis of riboflavin recognition in RFVTs,
we purified RFVT2EM and RFVT3EM samples in the presence of riboflavin
and performed cryo-EM analysis of the samples (Supplementary
Figs. 1–3). During EM data processing, we noticed that the density for
GFP-nanobody is poor compared to those of RFVTs, and the linkers
between them are invisible, further indicating that the fiducial marker
is sufficient for particle alignment but does not constrain RFVT func-
tion (Supplementary Figs. 2b and 3b). Using a focused mask, the final
EM maps of RFVT2EM and RFVT3EM were determined at nominal reso-
lution of 3.0 Å and 3.3 Å, respectively (Supplementary Figs. 2, 3 and
Supplementary Table 1). These high-quality density maps permitted
accuratemodel building of the RFVTs and the assignment of riboflavin
(Fig. 2a–d, Supplementary Figs. 2e–g and 3e–g). Specifically, the
structure of RFVT2 displays a narrow central cavity that opens to the
extracellular space, where the bound riboflavin is partially embedded,
suggesting that RFVT2 was captured in an outward-occluded state

(Fig. 2e). By contrast, RFVT3 adopts an inward- open conformation
with the bound riboflavin exposing to the cytosol (Fig. 2f). These RFVT
structures represent two key states in the transport cycle of RFVTs.

Both RFVT2 and RFVT3 consist of 11 transmembrane helices
(TM1-11), of which TM1-6 form the N-domain and TM7-11 form the
C-domain (Fig. 2c–f), exhibiting an asymmetric 6 + 5 topology.
Although adopting different conformations, structural alignments
revealed that the N-domains and the C-domains of RFVT2 and RFVT3
are highly similar, as indicated by the root mean square deviation
(r.m.s.d.) values of 1.3 Å over 173 Cα atoms between the N-domains
and of 0.9 Å over 156 Cα atoms between the C-domains (Supple-
mentary Fig. 4a). For each of the RFVTs, the N-domain can be well
superimposed with the C-domain. Additionally, TM1-3 resembles
TM4-6, and TM7-9 shows similarity to TM10-11, despite the lack of a
third TM helix in this repeat (Supplementary Fig. 4b–d). These
interdomain pseudo-symmetries are reminiscent of the structural
features of the major facilitator superfamily (MFS) transporters28,29.
Interestingly, the RFVTs exhibit marked similarity to the equilibrative
nucleoside transporter 1 (ENT1)30,31 of the SLC29 family (Supplemen-
tary Fig. 4e–h), members of which also possess this atypical 6 + 5
topology and are classified as MFS-like transporters32,33. However,
RFVTs display distinguishable structural features. First, the unwound
TM1 is broken into TM1a and TM1b by a conserved “GMGSW” motif,
and the twisted TM7 contains a turn of π-helix in the middle, sug-
gesting that TM1 and TM7 are gating helices in which these hinge
regions confer flexibility for local conformational changes upon
riboflavin binding (Supplementary Fig. 4i). Second, two short anti-
parallel β-sheets were observed between TM3 and TM4. And lastly,
the C-terminal loop folds back onto the interface between the N- and
C-domains (Supplementary Fig. 4j).

Riboflavin recognition by RFVTs
In both RFVTs, TM1, TM4 and TM5 from the N-domain and TM7, TM10
and TM11 from the C-domain enclosed a highly-hydrophilic central
cavity, inside which unambiguous EM densities were observed
belonging to the bound riboflavin molecules (Fig. 3a, d and Supple-
mentary Figs. 2f and 3f). The bound riboflavin is vertically placed in the
cavity and forms extensive interactions with surrounding residues
(Fig. 3a–f). In the outward-occluded RFVT2, riboflavin is partly covered
by W31 from TM1. The flat isoalloxazine ring is sandwiched by W24 on
TM1 and N291 on TM7 (Fig. 3b and Supplementary Fig. 4i). The
mutations W24A, W24F, W31A and N291A greatly impaired [13C]ribo-
flavin uptake by RFVT2; however, W31F retained ~50% activity of
RFVT2WT (Fig. 3g), suggesting a critical role of W24 and N291 in ribo-
flavin recognition and an important role ofW31 as a lid. This three-ring
moiety also forms hydrophobic interactions with V27 andW31 on TM1,
V55 on TM2 and P295 on TM7 and multiple hydrogen bond interac-
tions with W24, N129, N291, K390 and Q413. Additionally, the hydro-
philic ribityl tail engages in hydrogen bond interactions with N28,
backbone carbonyl oxygen atom of Q151, and N291. In agreement with
these specific interactions, the N28A, K390Q, Q413N and Q413A
mutations strongly impaired riboflavin uptake, whereas K390A and
K390R kept ~40% activity, N129A and Q151A retained ~50% activity
(Fig. 3g). Biochemical and plasma membrane expression assays
demonstrated that most of these mutants behave similarly to the WT
form, whereas the K390Q mutant exhibits a broad fluorescence-
detection size-exclusion chromatography (fSEC) profile and a pattern
of non-plasma membrane localization (Supplementary Fig. 1e–m),
indicating that K390Q may disturb protein stability and tracking,
which contribute to its completely abolished activity (Fig. 3g). These
findings suggest that the isoalloxazine ring is themain determinant for
riboflavin recognition, which is in line with the fact that lumiflavin, a
derivative of riboflavin lacking the ribityl moiety, can completely
inhibit riboflavin transport in RFVTs in a competitive manner6,25.
Moreover, FMN can exert a greater inhibitory effect on riboflavin
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uptake by RFVTs than FAD does6,25, but both FMN and FAD are poorly
transported by RFVTs26. We observed extra space near the ribityl
moiety in the riboflavin pocket which may not be large enough to
accommodate the phosphate group in FMN or the adenine group in
FAD (Figs. 1a and 3c, f). Even if possible, the binding of FMN or FAD to
RFVTs would most likely prevent conformational transitions, thereby
stalling the transport reaction.

Unexpectedly, we observed a possible second riboflavin bound to
the outward-occluded RFVT2, residing in the extracellular vestibule
between the N- and C-domains (Fig. 3a and Supplementary Fig. 2f). A
closer look revealed that thispotential riboflavin interactswithW45 from

the N-domain and several residues from the C-domain (Supplementary
Fig. 5a–c). To validate this possible site, we generated the W45A and
F300A/L303A mutants and assayed their activities. W45A slightly
reduced [13C]riboflavin accumulation by ~20%, but F300A/L303A has
negligible effect on [13C]riboflavin transport (Supplementary Fig. 5d).We
further measured the kinetics of RFVT2-W45A, yielding an apparent Km
of 0.13μM and Vmax of 6.6 pmol/mg protein/min (Supplementary
Fig. 5e), which are decreased to ~20% and ~50% to those of RFVT2WT,
respectively, indicating a role of W45 in substrate transport. It is very
unlikely that two riboflavinmolecules simultaneously bind to RFVTs in a
transport cycle, because the extracellular riboflavin would prohibit the

Fig. 2 | EMmaps and structures ofRFVT2 andRFVT3. a, bThe EMmaps of RFVT2
(a) and RFVT3 (b). TheN- and C-domains of RFVT2 are colored in green and purple.
TheN- andC-domains of RFVT3are colored inblue and red. The samecolor scheme
is applied throughout the paper unless specified. c, d Cartoon representation of

RFVT2 (c) andRFVT3 (d). Riboflavin is depicted in sticks. Blackdashed lines indicate
unsolved flexible regions. e, f Surface representation of RFVT2 (e) and RFVT3 (f).
RFVT2 and RFVT3 are viewed from the extracellular side and cytosol, respectively.
Riboflavin-1 is omitted in RFVT2 for clarity.
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closure of RFVT2 on the extracellular side when switching to an inward-
facing conformation. It has been reported that a potential allosteric
pocket opens to the extracellular side in the occluded sugar
transporters29,34 and similar two serotonin sites were revealed in the
serotonin transporterSERT35. Althoughwecannot ruleout thepossibility
of a non-specific binding in this site, we speculate that the outer site
could be a docking site for riboflavin or a potential allosteric regulation

site,whichmay facilitate the sortingand translocationof riboflavin to the
central site.

In the inward-open RFVT3, riboflavin is situated in the central
cavity and interacts with neighboring residues that are highly con-
served among RFVT1-3 (Fig. 3d–f and Supplementary Fig. 6). The
superposition of the two central riboflavin sites in RFVT2 and RFVT3
revealed a nearly identical binding mode for riboflavin (Fig. 3h), in
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Fig. 3 | Riboflavin recognition by RFVT2 and RFVT3. a, d Cut-open electrostatic
potential surface of RFVT2 (a) and RFVT3 (d). Positive and negative potential are
colored in blue and red, respectively. Riboflavin is depicted in sticks.b, e Riboflavin
site in RFVT2 (b) and RFVT3 (e). Residues involved in riboflavin binding are shown
side chains in sticks. Red dashed lines indicate polar interactions. c, f The hydrogen
bond network in RFVT2 (c) and RFVT3 (f). Residues involved in the network are
shown side chains in sticks. Gray dashed lines indicate distances. g [13C]riboflavin

uptake byWT RFVTs andmutants. Cells were subjected to 1μM [13C]riboflavin for 1
min at pH 7.5. Cells expressing GFP served as controls. Data are presented as
mean ± s.e.m.; n = 3 independent replicates. Source data are provided as a Source
Data file. h The superposition of the riboflavin site of RFVT2 and RFVT3. The
N-domain was used as a reference for structural alignment. The brown arrows
indicate the distances between residues with conformational shifts.
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agreement with the similar substrate specificity of RFVTs9. However,
several distinct interactions can be found in the riboflavin pockets of
the RFVTs. Specifically, N129 of RFVT2 is substituted with S123 in
RFVT3, making RFVT3 missing a hydrogen bond interaction with
riboflavin; interestingly, Q49 in RFVT3, which replaces A56 of RFVT2,
offers an additional hydrogen bond interaction with riboflavin (Fig. 3b,
e, h). In addition, the neutral residue Q151 of RFVT2 is substituted with
the acidic residue E145 in RFVT3. Although neither of the two residues
appear to directly contribute to riboflavin binding, the E145Qmutation
significantly decreased the transport activity of RFVT3 to a similar level
to that of RFVT2WT (Fig. 3g), indicating that E145 of RFVT3 may have
other functional roles beyond substrate binding.

Below the bound riboflavin in the outward-occluded RFVT2, we
observed a broad hydrogen bond network that connects the N- and
C-domains. This network is composed of S23, S128, N129 and Q151
from the N-domain and N287, N291, K390, Q413 and S416 from the
C-domain (Fig. 3c). Interestingly, the hydrogen bond network dis-
sipated in the inward-open RFVT3 (Fig. 3f). For example, the hydrogen
bond pairs of N129-Q413 and Q151-K390 in RFVT2 are separated at
distances of 5.0 Å and 11.1 Å between the respective residues in RFVT3,
respectively. We therefore speculate that this network has a role in
stabilizing the outward-facing conformation, the bound riboflavin
interacts with most of residues in the network and may disturb the
stability of the network, thus triggering state transitions.

MD simulations of riboflavin binding
To reveal detailed differences in the binding of riboflavin to distinct
states, we aligned the two structures using the N-domain as a refer-
ence, which clearly demonstrated that some of the riboflavin-
interacting residues underwent marked conformational shifts during
state transitions. For instance, N315 and K414 of RFVT3 shifted by 2.9 Å
and 7.6 Å, respectively, relative to N291 and K390 of RFVT2 (Fig. 3h).
This raises one question: Does riboflavin have a higher binding free
energy in inward RFVTs owing to a looser binding pocket than that of
outward RFVTs? To answer this question, we performed a molecular
dynamics (MD) simulation-based binding free energy analysis of
riboflavin binding in RFVTs. By applying the Molecular Mechanics-
Generalized Born Surface Area (MM/GBSA) method36 on MD simula-
tion trajectories, we calculated the binding free energies of riboflavin
bound to RFVT2 and RFVT3, respectively. The resulting riboflavin
binding free energy in the outward-occluded RFVT2 is notably lower
than that in the inward-open RFVT3 (Supplementary Fig. 7a, b). We
further investigated the contribution of each residue to riboflavin
binding and found that W24, N291 and Q413 are the three dominant
contributors to riboflavin binding in the outward-occluded RFVT2
(Supplementary Fig. 7c, d), in line with the structural observation and
mutagenesis results (Fig. 3b, g). The contributions of the three corre-
sponding residues in the inward-open RFVT3, W17, N315 and Q437, are
considerably lower than those in RFVT2 (Supplementary Fig. 7c–f).
Furthermore, the root mean square fluctuation (RMSF) analysis of the
ligand indicates that the riboflavin in the outward-occluded RFVT2
exhibits lower mobility compared to the ligand in the inward-open
RFVT3 (Supplementary Fig. 7g). These results suggest that RFVTs
expose their high-affinity sites for riboflavin loading on the extra-
cellular side and promote substrate release on the intracellular side
through a relatively lower-affinity site.

To gain insights into riboflavin binding induced conformational
changes in RFVTs, we conducted MD simulations on four systems,
including RFVT2 with or without riboflavin bound and RFVT3 with or
without riboflavin bound. In the four systems, the outward RFVT2 and
the inward RFVT3 exhibit no obvious global conformational changes,
reflected by their relative stable backbone r.m.s.d. values (Supple-
mentary Fig. 8a–d). The intracellular side of RFVT2 remains closed
regardless of riboflavin bound or not, as indicated by a predominant
distribution during clustering for each of the two MD systems

(Supplementary Fig. 8e). However, we observed local dynamics in the
gating helices TM1 and TM7 on the extracellular side. In particular, the
lid residueW31 from TM1 strongly favors a hydrogen bond interaction
with Q298 from TM7 in the presence of riboflavin, while this hydrogen
bond appears intermittently without riboflavin (Supplementary
Fig. 8f). Notably, the equivalent W24 and Q322 in the inward-open
RFVT3 structure indeed engage in a hydrogen bound, suggesting that
this conserved Trp has a role in RFVT state transitions. In contrast to
RFVT2, RFVT3 displays amajor groupwith anopen intracellular gate in
the presence of riboflavin which is similar to the structure of RFVT3
with riboflavin bound, and aminor group with a narrower intracellular
gate which is close to that of RFVT2 structure; without riboflavin,
however, RFVT3 shifts the major group notably closer to the closed
intracellular gate of the outward RFVT2 structure (Supplementary
Fig. 8e). These observations suggested that the binding of riboflavin to
outward-facing RFVTsmay induce local conformational changes in the
gating helices which facilitate state transitioning to an occluded state,
and the release of riboflavin from the inward-open RFVTs tends to
stimulate state switching to inward-occluded or occluded states.

Low pH enhanced activity of RFVT3
Previous studies6,7,25 and our own results demonstrated that RFVT3,
rather than RFVT1 or RFVT2, exhibits pH-dependent activity
(Fig. 4a–c). We have also elucidated that RFVT3 is about 3-fold more
efficient at pH 5.5 than at pH 7.5, whereas the activity of RFVT2 is not
affected by pH (Fig. 1c–e). The structures of the RFVTs allowed us to
investigate how proton enhances the activity of RFVT3. After careful
inspection, we found that D119 on TM4 and E145 on TM5 are pro-
tonatable residues inside the central cavity of RFVT3, which are
substituted with C125 and Q151 in RFVT1 and RFVT2, respectively
(Supplementary Fig. 6). In the inward-open state, E145 points to the
aqueous cleft, whereas D119 is situated in a small extended cavity
enclosed by TM1, TM3, TM4 and TM6 (Supplementary Fig. 9a, c). To
reveal the positions of these two acidic residues in the outward-
facing state, we aligned the N- and C-domains of RFVT3 to those of
RFVT2 separately, generating an outward-facing model of RFVT3
(Fig. 4d). In the outward-facingmodel, E145 is situated in the interior
and is solvent accessible, whereas D119 remains unchanged in the
N-domain (Fig. 4d and Supplementary Fig. 9e). Notably, the Cα
atoms of E145 and K414 of RFVT3 coincide with those of Q151 and
K390 of RFVT2 (Fig. 4e). In the outward RFVT2, Q151 forms a
hydrogen bond with K390, suggesting that E145 potentially engages
in electrostatic interactions with K414 in the outward RFVT3
(Fig. 4e). Conversely, E145 and K414 are separated from each other
at a distance of 11.1 Å in the inward-open state (Fig. 4f). These
observations indicate that the hydrogen bond between Q151 and
K390 or the salt bridge between E145 and K414 may have a role in
stabilizing the outward-facing conformation of RFVTs. As for D119, it
forms multiple interactions with W17, T19 and the backbone car-
bonyl oxygen atom of S16 from the hinge region in the gating helix
TM1, and such interactions are not present in RFVT2 (Fig. 4f and
Supplementary Fig. 9a–e).

To investigate the role of D119 and E145 in the proton-dependent
activity of RFVT3, we assayed the transport activities of the D119C and
E145Q mutants under different pH conditions. The uptake results
clearly demonstrated that D119C and E145Q completely abolished the
pH-dependency of RFVT3 (Fig. 4a). Furthermore, concentration-
dependent riboflavin uptake assay revealed dramatic kinetics chan-
ges for theD119C and E145Qmutants. RFVT3-E145QexhibitsKmvalues
of 0.3μM at pH 5.5 and of 1.35μM at pH 7.5, which are similar to those
in WT RFVT3; however, it has similar Vmax values of ~22 pmol/mg
protein/min at the twopHconditions,whichareonlyone fourthof that
of WT RFVT3 (Fig. 4b). On the other hand, RFVT3-D119C displays
essentially identical Km and Vmax values at pH 5.5 and 7.5, both of
which are significantly lower than those of WT RFVT3 (Fig. 4c). These
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kinetics results indicate that E145 and D119 have different roles in the
proton-dependent activity of RFVT3.

To further examine whether proton is co-transported in RFVT3,
we conducted proteoliposome transport assay. We first reconstituted
purified human WT-RFVT2 and RFVT3 proteins into liposomes,
respectively (Fig. 4g). Silver staining gels indicate that RFVTs were
successfully reconstituted in liposomes (Fig. 4h). Next, we investigated
[13C]riboflavin uptake using the proteoliposomes under different pH

conditions, demonstrating that both RFVT proteoliposomes have
robust activity. In particular, RFVT3 proteoliposomes exhibit higher
uptake activity at pH 5.5 than at pH 7.5, whereas the activity of RFVT2
proteoliposomes is insensitive to pH (Fig. 4i). These results are in
accord with the HEK293T whole-cell uptake assay (Fig. 1b). Further-
more, we probed proton influx during riboflavin uptake in the pro-
teoliposomes using a pH indicator 9-aminoacridine (9AA)37, which was
included inside the proteoliposomes (Fig. 4g). Upon adding riboflavin,
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the fluorescence of 9AA inside the empty liposomes and RFVT2 pro-
teoliposomes remained stable at either pH 5.5 or pH 7.5, suggesting no
proton influx event (Fig. 4j, k); by contrast, the fluorescence in RFVT3
proteoliposomes quenched substantially at pH 5.5 in comparison to
that of at pH 7.5, strongly indicating proton influx accompanying
riboflavin uptake (Fig. 4l). These results suggest that protons are co-
transported in RFVT3 at low pH, but not in RFVT2.

Protons energize substrate translocation inmany transporters by
means of distinct mechanisms38,39. For example, protons are reported
to be directly involved in substrate binding in oligopeptide
transporters40 and substrate release in vesicular monoamine trans-
porter VMAT227; in other cases, protonation alters local electrostatic
networks that allosterically affects substrate coordination38 or trig-
gers local conformational changes in gating helices29. Based on these
structural and functional results, we propose a possible explanation
for the pH-enhanced activity in RFVT3. When RFVT3 assuming an
outward-open conformation, E145 and K414 form a potential salt
bridge that contributes to stabilizing the outward-open conforma-
tion. Meanwhile, protons could access to the central cavity and pos-
sibly protonate D119 and E145. Because of the close interactions
between D119 and the hinge region in the gating helix TM1 (Fig. 4f),
protonation of D119 potentially disturb such interactions and trigger
local conformational changes that may allosterically promote ribo-
flavin binding and state transitions, supportedby the pH-independent
kinetics (Km and Vmax) of D119C (Fig. 4c). On the other hand, pro-
tonation of E145 may affect the salt bridge interaction with K414,
which may further accelerate the conformational transition to an
occluded state. Despite sharing low sequence identity and no recog-
nizable consensus sequences with MFS transporters, similar proto-
nation induced salt bridge breakage was found in the proton-
dependent human folate transporter PCFT41 and the plant nitrate
transporter NRT1.142. RFVT1 and RFVT2 are insensitive to pH most
likely due to the substitutions of D119 and E145 with C125 and Q151
(Supplementary Figs. 6 and 9e).

Transport mechanism of RFVTs
To understand how RFVTs transport riboflavin, we aligned the
structures of RFVT2 and RFVT3 using the N-domain as a reference.
The superposition revealed that while the N-domains are well over-
laid, the C-domain displays an oscillation of ~15° (Fig. 5a), indicating a
rigid body-like interdomainmovement during state transitions in the
transport cycle. On the extracellular side, RFVT2 holds an open gate
of 8 Å at the narrowest region between the N- and C-domains, which
allows the flat riboflavin to pass through (Fig. 5b). In contrast, the
extracellular gate of RFVT3 is closed by TM1-2 and TM7-8, which form
a ring of hydrophobic interactions involving P28, V31 and P41 from
the N-domain and L327, Y334 and A338 from the C-domain. Addi-
tionally, two hydrogen bond interactions between T323 and themain
chain carboxyl oxygen atom of W38 and between Y39 and R455
further stabilize the closed extracellular gate of RFVT3 (Fig. 5b). On

the other side, the intracellular gate of RFVT2 is sealed by TM4-5 and
TM10-11, including hydrophobic interactions between L133, L144 and
F148 from the N-domain and V391, S394 and L405 from the
C-domain. Furthermore, the hydrogen bond between H398 and the
main chain carboxyl oxygen atom of L136 and the salt bridge
between E77 and R402 enhance the closure of RFVT2 on the intra-
cellular side (Fig. 5c). On the intracellular side of RFVT3, however, the
decoupling of these interactions results in an elongated open gate,
allowing the release of the bound riboflavin to the cytosol (Fig. 5c).
Of note, the charged residues involved in the salt bridge interactions
are strictly conserved in the SLC52 family (Supplementary Fig. 6). To
validate the role of these charged residues, we examined the trans-
port activities of the E77A, R402A and E77R/R402E mutants of
RFVT2. The results demonstrated that E77A and R402A reduced ~50%
[13C]riboflavin uptake in comparison to RFVT2WT, while the charge-
exchange double mutation E77R/R402E restored ~80% transport
activity of RFVT2WT (Fig. 5d).

According to the well-documented alternating-access transport
mechanism, the pseudo-symmetric N- and C-domains of the MFS
transporters alternatively open either side in a “rocker-switch”-like
manner29. On the basis of the structural observations, we speculate
that RFVTs employ a similar alternating-access mechanism for trans-
porting riboflavin (Fig. 6). When assuming an outward-facing con-
formation, RFVTs are stabilized by the interdomain hydrogen bond
network and the specific salt-bridge of E145-K414 for RFVT3, as well as
the salt-bridge interactions near the intracellular side. In this state, the
high-affinity site is exposed to the extracellular space for riboflavin
binding to (Fig. 6, left). Once riboflavin bound to the central site, it
interacts with the Trp-Asn pair and other residues in the hydrogen
bond network. The substrate binding induces local conformational
changes in the gating helices TM1 and TM7, which lowers the energy
barrier for global conformational changes to substrate-bound out-
ward-occluded and fully occluded states (Fig. 6, upper-middle).
Although the proton coupling mechanism of RFVT3 remains elusive,
protonation of D119 and E145 could accelerate state transitions by
potentially facilitating substrate binding and affecting the salt-bridge
of E145-K414. To date, the fully occluded structures of MFS trans-
porters are much less than the outward and inward structures29,43,
suggesting that the occluded state is possibly metastable. Similarly,
the transient occluded RFVTs subsequently switch to an inward-
facing state with the salt-bridge breakage and gating helices rear-
rangements on the intracellular side and local conformation changes
in the substrate binding site (Fig. 3h), whichmay decrease the binding
affinity of riboflavin and facilitate the release of riboflavin to the
cytosol (Fig. 6, right). The release of riboflavin allows RFVTs switch to
unloaded occluded states involving global conformational changes
between the two domains and reestablishment of the salt-bridge on
the intracellular side (Fig. 6, lower-middle), which again are meta-
stable and swing back to the outward-facing state, thus finishing a
transport cycle.

Fig. 4 | Structural basis for pH-dependent activity of RFVT3. a The pH-
dependent riboflavin transport activity of RFVTs. Cells were incubated in indicated
pHconditions containing 1μM[13C]riboflavin for 1min. Cells expressingGFP served
as controls. Data are presented as mean values ± s.e.m.; n = 3 independent repli-
cates. b, c Concentration-dependent uptake of [13C]riboflavin by HEK293T cells
expressing RFVT3-E145Q (b) and RFVT3-D119C (c) under pH 5.5 and pH 7.5. Data are
presented as mean± s.e.m.; n = 3 independent replicates. d Cut-open sliced sur-
face of RFVT2. The N-domain (Blue) and C-domain (Red) of RFVT3 were super-
imposed to those of RFVT2 (Gray). Riboflavin is depicted in spheres. The black
dashed lines indicate the cavity of RFVT2. e Hydrogen bond interaction between
Q151 and K390 in the outward-occluded RFVT2. RFVT3 is aligned with RFVT2 to
show potential interaction between E145 and K414 in the outward conformation.
f The interaction of D119 with TM1 and the decoupling of E145 and K414 in the
inward-open RFVT3. Riboflavin and side chains of related residues are shown in

sticks. Red dashed lines indicate possible hydrogen bond interactions. Gray dashed
lines indicate the distance between E145 and K414. g A schematic diagram of pro-
teoliposome transport assay. Riboflavin is depicted in sticks. 9AA probes in circled
stars. Red balls represent protons. RFVT2 and RFVT3 in green and blue, respec-
tively. h Silver-stained SDS gel of RFVT proteoliposomes. Black arrow indicates
molecular weight (MW) of RFVTs. i [13C]riboflavin uptake in RFVT proteoliposomes.
Proteoliposomes were subjected to 1μM [13C]riboflavin for 10min at pH 7.5 or pH
5.5. Empty liposomes served as controls. Data are presented asmean ± s.e.m.; n = 3
independent replicates. j–l Proton influx assay in empty liposomes (j), RFVT2
proteoliposomes (k) and RFVT3 proteoliposomes (l). Black arrow indicates adding
of riboflavin. Data are normalized to fluorescence values at pH 7.5 and are pre-
sented asmean ± s.e.m.; n = 3 independent replicates. Source data are provided as
a Source Data file.
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Discussion
In this study, we described the structures of human RFVT2 and RFVT3,
which were captured in two distinct functional states. Complemented
with the functional and MD simulation assays, our work provides
mechanistic insights into riboflavin recognition and transport by
RFVTs. The structure, riboflavin binding mode and the transport
mechanism of the human RFVTs are completely different from those
of the bacterial riboflavin transporter RibU24,44. Instead, human
RFVTs show remarkable structural similarity to ENT1 of the SLC29
family, which adopt an atypicalMFS-like fold and employ the “rocker-
switch” alternating-access transport mechanism (Fig. 6). These find-
ings have important physiological and pathologic implications. First,
the riboflavin binding pocket is highly conserved among RFVT1-3, in
linewith their similar riboflavin specificity6,25, which also explains why
FMN and FAD could be poorly transported by RFVTs6,26. Second, our
site-direct mutagenesis and proteoliposome transport assays clearly
demonstrated that the protonatable D119 and E145 dictate the
proton-dependent activity of RFVT3, whereas RFVT1 and RFVT2 are
pH-insensitive presumably because the corresponding residues are
substituted with C125 and Q151. However, the exact roles of the two
acidic residues and the stoichiometry of proton and riboflavin in
RFVT3 remain elusive and require future investigations. Considering
that RFVT3 is highly expressed in the small intestine, testis, kidney

and placenta6, RFVT3 could utilize the proton gradient as a driving
force to efficiently take up riboflavin in these tissues. The activity of
the other two RFVTs is Na+, Cl- and proton independent5–7, suggesting
that they are solely carrier-mediated riboflavin transporters. Ribo-
flavin is not largely stored in human tissues, the absorption, dis-
tribution and metabolism of riboflavin by the three RFVTs has
fundamental role in riboflavin, FMN and FAD homeostasis. Finally,
manymutations in RFVTs thatmay alter their expression, localization
or function have been associated with human diseases, including
multiple acyl-CoA dehydrogenase deficiency (MADD) and Brown-
Vialetto-van Laere syndrome9. We have mapped 28 pathogenic
mutations of RFVT2 and 49 pathogenic mutations of RFVT3 to their
respective structures (Fig. 7), demonstrating the broad distribution
of the mutations in the structures, which suggest that RFVTs are a
delicate machinery for riboflavin transport. Of note, the N28S, W31S
and S52F mutations of RFVT2 and the W17R, I20L, N21S, W24X (X,
nonsense mutation) and P319S mutations of RFVT3 may alter RFVT
function by affecting riboflavin recognition. The E77K mutation of
RFVT2 would abolish the salt bridge of E77-R402, thereby disturbing
the conformational equilibrium. We also observed many Pro or Gly
mutations in the TM helices, which likely change the rigidity or
flexibility of the transmembrane helices that are necessary for nor-
mal transport activity (Fig. 7).
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Utilizing the GFP-nanobody as the fiducial marker, we have suc-
cessfully determined the structures of the human riboflavin trans-
porters in this study and the human VMAT2 in a previous study27.
Alongside the antibody strategy41, other fusion protein strategies have
also permitted cryo-EM analysis of small membrane proteins at high-
resolution45–51, indicating that the door to visualizing the structures of
even smaller proteins has been opened. This would advance our
understanding of broader biological processes and aid in the devel-
opment of potential therapies for difficult targets regarding structure
accessibility. Taken together, the structure and the transport
mechanism has provided valuable insights into human RFVT function,
pathology and riboflavin homeostasis.

Methods
Cloning, expression and purification of human RFVTs
The genes of human SLC52A2 (UniProt accession code: Q9HAB3) and
SLC52A3 (UniProt accession code: Q9NQ40) were subcloned and
inserted into amodified pEG2 BacMamvector. For transport assay, the
N-termini of full-length wild-type RFVT2 and RFVT3 were fused with a
twin-strep purification tag and a green fluorescent protein (GFP). For
cryo-EM analysis, the twin-strep tag and GFP were fused to the N-
terminus, and a nanobody specific to GFP was fused to the loop
between E228 and P262 of RFVT2 and between P267 and A293 of

RFVT3, namely RFVT2EM and RFVT3EM, respectively (Supplementary
Fig. 1a, b). Site-directed mutations were generated by a standard
mutagenesis kit (Vazyme Biotech Co., Ltd). All the wild-type and
mutation plasmids were confirmed by DNA sequencing. The primer
sequences are listed in Supplementary Table 2. The plasmids were
transformed into DH10Bac competent cells to generate bacmids. The
Spodoptera frugiperda Sf9 insect cells (Invitrogen, USA) were trans-
fected with the plasmids and to produce P1-P3 viruses. To express the
transporters, HEK293F cells (Gibco, USA) were cultured in OPM-293
medium (OPM) supplemented with 5% CO2 at 37 °C and were trans-
duced with the P3 viruses at a ratio of 1:200 (v/v) when the cell density
was 2.5 × 106mL−1 (C100, RWD). After 8–12 h, 10 mM sodium butyrate
(Sigma,USA)was added to themedium to increaseprotein expression.
The cells were cultured for another 48 h before harvest.

For purification of human RFVTs, cells were homogenized using a
Dounce homogenizer, and the cell membrane was collected by ultra-
centrifugation at 100,000×g for 45 min. Then, the membrane was
resuspended and solubilized inbuffer A (20mMHEPES pH7.5, 150mM
NaCl, 5mM β-mercaptoethanol (β-ME), and a protease inhibitor
cocktail including 2μM aprotinin, 2μM leupeptin, 0.8μM pepstatin
and 1mM phenylmethylsulfonic acid acyl fluoride (PMSF)) supple-
mented with 1% (w/v) n-dodecyl-β-D-maltoside (DDM, Anatrace), 0.15%
(w/v) cholesterol hemisuccinate (CHS, Anatrace) and 10μM riboflavin

Fig. 6 | Proposed model for riboflavin transport in RFVTs. The outward-facing
RFVTs are stabilized by interdomain hydrogen-bound network and salt-bridge
interactions. In this state, extracellular riboflavin accesses and binds to the high-
affinity site in the central cavity. The binding of riboflavin in RFVTs induces con-
formational transition to an outward-occluded state (RFVT2 structure) and then to
an occluded state. After switching to the inward-facing state (RFVT3 structure),
riboflavin dissociates from RFVTs and enters the cytosol. The release of riboflavin

triggers RFVTs transitioning to an intermediate ligand-free occluded state and then
back to the outward-facing state. The N- and C-domain in blue and purple. The
gating helices TM1 and TM7 are colored in green. The conserved Trp and Asn
interacting with riboflavin and the lid Trp are indicated in black cycles. Riboflavin in
spheres. The hydrogen bond or electrostatic interaction forming residues are
shown in sticks.
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(MCE). The mixture was gently stirred for 2 h at 4 °C. After another
ultracentrifugation at 100,000×g for 30min, the supernatant was
incubated with Strep-Tactin beads (Smart-Lifesciences, China) pre-
equilibrated with buffer B (buffer A supplemented with 5mM MgCl2,
1mM ATP, 5μM riboflavin and 0.01% (w/v) lauryl maltose neopentyl
glycol (LMNG, Anatrace)). Subsequently, the beadswerewashedwith 8

column volume (CV) buffer B and another 5 CVs of Buffer C (buffer A
supplemented with 5μM riboflavin and 0.01% (w/v) LMNG). The pro-
tein sampleswere elutedwith 4mLof buffer D (buffer C supplemented
with 5mM D-desthiobiotin). The eluted samples were concentrated
and loaded onto a Superose 6 Increase 10/300 GL column (Cytiva)
preequilibrated with 20 mM HEPES pH 7.5, 150mM NaCl, 0.002%
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Fig. 7 |Mappingpathogenicmutations ontheRFVT2andRFVT3 structures. a In
total, 28 pathogenic mutations of RFVT2 were mapped on the structure. b In all,
49 pathogenic mutations of RFVT3 were mapped on the structure. Red balls

represent residues contributing to riboflavin binding, orange balls represent Pro/
Gly related mutations, gray balls represent other mutations. Riboflavin is depicted
in sticks.
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LMNG (w/v), and 2mM β-ME. Peak fractions were collected and con-
centrated to ~10mg/mL for cryo-EM grid preparation.

Plasma-membrane localization in HEK293T
HEK293T (Gibco,USA) cells were cultivatedonpoly-D-lysine-coated 24-
well plates and were transfected with plasmids of WT-RFVT2 or its
mutant fused with an N-terminal GFP when cell confluence reached
~50%. After 24 h, transfected cells were washed three times with PBS
buffer and then were fixed in 4% polyformaldehyde (PFA) for 30min.
Following washed three times with PBS buffer, cells were sealed with
antifade mounting medium and observed with a Zeiss LSM980 con-
focal laser microscope (Zeiss, Germany).

Transport assays in HEK293T
Riboflavin uptake assay was performed in HEK293T cells over-
expressing human RFVT2, RFVT3 or their mutants as described in our
previous study52 with modifications. Briefly, HEK293T cells were cul-
tivated on poly-D-lysine-coated 24-well plates and were transfected
with P2 or P3 viruses when the cell confluence reached 80–90%. After
48 h, the cells werewashedoncewith Krebs-Ringer buffer (120mmol/L
NaCl, 4.5mmol/L KCl, 0.5mmol/L MgCl2, 0.7mmol/L Na2HPO4,
1.5mmol/L NaH2PO4, and 10mmol/L D-glucose (pH 7.3 ± 0.2)) and then
incubated in the Krebs-Ringer buffer containing 0μM, 0.01μM,
0.05μM, 0.1μM, 0.25μM, 0.5μM, 1μM, 2.5μM and 5μM riboflavin-
(dioxopyrimidine-13C4,

15N2) (Sigma-aldrich, USA) for 1min at 37 °C. For
the uptake assay by RFVT2, RFVT3 or their mutants, cells were incu-
bated in the Krebs-Ringer buffer containing 1μM riboflavin-
(dioxopyrimidine-13C4,

15N2) for 1min. For the pH dependence of
riboflavin uptake assay, cells were incubated in the Krebs-Ringer buffer
at a range of different pH values (pH 5.5, pH 6.5, pH 7.5 or pH 8.5; the
pH value was adjusted with HCl or NaOH) containing 1 μM riboflavin-
(dioxopyrimidine-13C4,

15N2) for 1min. Then the cellswerewashed three
times with ice-cold phosphate-buffered saline (PBS) buffer, extracted
riboflavin with 1mL of pre-chilled (−80 °C) 80% (v/v) methanol solvent
containing 1% formic acid, and the extractions were placed at −80 °C
for 30min. Cells were then scraped down from the plate and trans-
ferred to a brown tube. After a centrifugation at 16,000×g (M1324R,
RWD) for 20min at 4 °C, the supernatant was transferred to a new
brown tube for vacuum concentration and then stored at −80 °C until
quantitative mass spectrometry analysis. The precipitate was lysed
with 0.1M KOH and protein concentration was calibrated using the
BCA protein assay (Thermo Scientific, USA). HEK293T cells expressing
onlyGFP served as controls. The expression levels andoligomeric state
of WT RFVTs and all the mutants in this study were assayed by in-gel
fluorescence imaging and fluorescence-detection size-exclusion
chromatography (fSEC), the related results are presented in Supple-
mentary Fig. 1e–l. The statistics for riboflavin uptake kinetics of WT
RFVTs and mutants are analyzed in Prism 8.0.1 (GraphPad Software).

Proteoliposome transport assay
To prepare liposomes, egg lecithin (Medchemexpress, USA) was dis-
solved in chloroform and subjected to overnight rotary evaporation.
The lipidfilmwasdissolved in the reconstitutionbuffer (20mMHEPES,
100mM NaCl, pH 7.5) and diluted to 20mg/mL. For proton influx
assay, a pH sensitive fluorescent dye 9-Aminoacridine (9AA, Med-
chemexpress) was added at a final concentration of 4μM. After repe-
ated ten cycles of freeze–thaw (liquid nitrogen and 37 °C), the lipid
solution was treated with Avanti Mini-Extruder (31 times) through a
400nm polycarbonate membrane, and dissolved into Triton-100 with
a volume ratio at 1:100 (v:v). RFVT2-WT and RFVT3-WT samples were
prepared similarly (Supplementary Fig. 1n, o). The standard composi-
tion for reconstitution was: 3mg egg lecithin, 0.2mg RFVT2-WT or
RFVT3-WT, 0.002% (w/v) LMNG and the reconstitution buffer in a final
volume of 1mL. The control group with liposomes only was replaced
with recombinant buffer instead of proteins, while other components

remained unchanged. The mixture of lipids and proteins was incu-
bated at 4 °C for 2 h for recombination. The recombinant solutions
were subjected to three batches of Bio-Beads SM2 (2 × 500mg and
1× 600mg; Bio-Rad) to remove detergents. After overnight incubation
with the third Bio-Beads, the proteoliposomes were collected by
ultracentrifugation at 264,000×g (Beckman) for 30min and were
resuspended in the reconstitution buffer to a final concentration
10mg/mL lipids.

The proton influx assay was measured with the pH probe 9AA at
the emission of 455 nm and the excitation of 326 nm in a microplate
reader (PerkinElmer, USA) at room temperature. Add 10μL prepared
liposomes (liposomes only, RFVT2-WT or RFVT3-WT) to 90μL of
external buffer at pH 5.5 (20mMMES, 100mMNaCl) or pH 7.5 (20mM
HEPES, 100mM NaCl), mixed well and added to a microplate to mea-
sure the fluorescence values. Riboflavin with a final concentration of
1μMwas added to the system, mixed and immediately measured. The
finalfluorescence signal was normalized to the respectivefluorescence
values at pH 7.5 in Prism 8.0.1 (GraphPad).

Riboflavin uptake assay was carried out by quantitative mass
spectrometry analysis. Add45μLprepared liposomes (liposomes only,
RFVT2-WT or RFVT3-WT) to 450μL of external buffer at pH 5.5 or pH
7.5. The liposomes were mixed with 1μM riboflavin-
(dioxopyrimidine-13C4, 15N2) and incubated for 10min on ice. After
removing excess substrate, the membrane-filtered liposomes were
dissolved in 500μL of 80% (v/v) methanol solvent and were placed at
−80 °C for half an hour. After removing the filter membrane, the
extraction solutions were transferred into a new brown tube for
vacuum concentration and data collection by quantitative mass
spectrometry analysis.

Cryo-EM sample preparation and data collection
Before grid preparation, 0.5mM riboflavin was added to the purified
samples, which were incubated on ice for 1 h. Aliquots of 3.0μL of the
sampleswereplacedonglow-dischargedholey carbongrids (CuR1.2/1.3,
300-mesh, Quantifoil). Using a Vitrobot Mark IV (Thermo Scientific,
USA), the grids loadedwith samples were blotted for 3.0–4.5 s with filter
papers andwereplunge-frozen in liquidethanecooledby liquidnitrogen
with 100% humidity at 4 °C. The grids were inspected and cryo-EM data
were acquired using a 300kV Titan Krios G4 transmission electron
microscope (Thermo Scientific, USA) equippedwith a K3 direct detector
(Gatan, USA) and a BioQuantumGIF energy filter (Gatan, USA) with a slit
width of 10 eV. All movie stacks were automatically collected using the
EPU v3.1 (Thermo Scientific, USA) at a magnification of 105,000 with a
physical pixel size of 0.85Å (super-resolution mode). The dose rate was
set at 15 e/pix/s, and the exposure time is 2.89 s, yielding a total dose of
60 e/Å2. Eachmovie contains 40 fractionated frames. The defocus range
was set between −1.0μm and −2.0μm. A total of 4116 and 3477 movie
stacks were collected for RFVT2 and RFVT3, respectively.

Cryo-EM data processing
For RFVT2, 4116 movie stacks were imported into RELION-3.153 and
were motion-corrected, binned by twofold and dose-weighted using
MotionCorr2 v1.6.354 in 5 × 5 patches. Defocus values of each summed
micrograph were estimated using Gctf v1.355. A total of 4108 micro-
graphs with contrast transfer function (CTF) fitting resolution better
than 4Å were selected for particle picking. A total of 2,720,825 picked
particles were binned by twofold and extracted in a box with a size of
128. The particles were imported into CryoSPARC v4.1.056 and two
rounds of 2D classification were performed, resulting in 2,358,767
good particles. A small set of good 2D averages was subjected to ab
initio reconstruction, generating an initial model for subsequent three
rounds of Heterogeneous Refinement. A total of 341,051 selected
particles were re-extracted in a boxwith a size of 256 and a pixel size of
0.85 Å. Then the particles were subjected to Non-uniform refinement,
yielding a map at 4.01 Å. The particles were further subjected to local
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3D classification with a focused mask covering the TMD region,
resulting in 229,341 good particles which were polished in RELION-3.1.
The polished particles were subjected to 2D and 3D classification, Non-
uniform and Local Refinement. Finally, an EM map of RFVT2EM was
obtained at a resolution of 3.01 Å from 143,636 particles.

The RFVT3 data were processed similarly. In brief, 4,273,317 par-
ticles were auto-picked and extracted from 3434 micrographs. After
two rounds of 2Dclassification inCryoSPARC, 1,274,836 goodparticles
were subjected to ab initio reconstruction and three rounds of Het-
erogeneous Refinement. Then a refined map at 3.96 Å was generated
from Non-uniform Refinement using 456,902 particles. Further 3D
classification, particle polishing, skip-alignment 3D classification
(T = 30; K = 6), Non-uniform Refinement and Local refinement were
performed, yielding a final EMmap of RFVT3EM at a resolution of 3.29 Å
using 99,741 particles. The detailed data processing flowcharts are
presented in Supplementary Figs. 2 and 3.

Model building and refinement
TheAlphaFold2models of humanRFVT2 (accession code: AF-Q9HAB3-
F1) and RFVT3 (accession code: AF-Q9NQ40-F1) were manually fitted
into the final EM maps of RFVT2EM and RFVT3EM using Chimera v1.1557.
The TM helices were manually fitted into the corresponding densities
and the rotamers of the side chains were corrected in COOT v0.9.258.
The correctedmodels were refined in Phenix v1.1959. The FSC curves of
the refinedmodels to their EMmapswere calculated by Phenix.mtrage.
The cryo-EM data collection and model refinement statistics are sum-
marized in Supplementary Table 1.

All the figures were prepared with PyMOL v2.4.0 (Schrödinger,
LLC), Prism v8.0.1 (GraphPad Software), and ChimeraX v1.160.

Molecular dynamics
Our molecular dynamics (MD) simulation studies involved two sys-
tems: the RFVT2 complexed with and without riboflavin in the
outward-facing state, and the RFVT3 complexed with and without
riboflavin in the inward-facing state. The cryo-EM structures were used
as initialmodels. To support the protonation state configuration of the
residues, PROPKA3 (version 3.4.0)61 was used to empirically estimate
the pKa values of the residues. ACE (acetyl) and NME (N-methylamide)
were used to cap the C- and N-termini of the protein, respectively. The
details of the configuration of MD simulation, including the force field
preparation for the protein, DMPC lipids, and ligands, and controlling
parameters, were consistent with our previous study62.

For each system, three independent production runs were per-
formed, each with a duration of 400 ns. No constraints were imposed
on the ligand or protein during the MD simulations. The protein
exhibited a stable backbone r.m.s.d. plot after 50ns. The MM/GBSA36

calculations were carried out on 350 frames ranging from 50 to 400ns
for each independent trajectory. The GROMACS2021 suite of pro-
grams was used for all the simulations63.

Lastly, due to the presence of two ligands (central and upper
riboflavin molecules) bound to RFVT2 in the cryo-EM structure, an
additional system with the upper riboflavin molecule removed from
the initial structure was also involved in the MD study. We observed
that the MM/GBSA36 binding free energy of the central riboflavin
molecule showedanegligible increaseof ~2 kcal/mol in thepresenceof
the upper riboflavin molecule.

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

Data availability
Data supporting the findings of this work are available from the cor-
responding author upon request. The coordinates and the cryo-EM
densitymaps of humanRFVT2 and RFVT3 generated in this study have

been deposited in the Protein Data Bank (PDB) and the Electron
Microscopy Data Bank (EMDB) under accession codes PDB: 8XSM,
EMD-38622 and PDB: 8XSN, EMD-38623, respectively. Previously
published data for cryo-EM structures of hENT1 and PfENT1 are avail-
able with PDB accession codes PDB: 6OB6 and PDB: 7WN0 respec-
tively. The files relating to theMDsimulations can be found at Figshare
[https://doi.org/10.6084/m9.figshare.28713224.v1]. Source data are
provided with this paper.
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