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Abstract

Riboflavin transporter deficiency 2 (RTD2) is a rare neurological disorder cau-

sed by mutations in the Solute carrier family 52 member 2 (Slc52a2) gene

encoding human riboflavin transporter 2 (RFVT2). This transporter is ubiqui-

tously expressed and mediates tissue distribution of riboflavin, a water-soluble

vitamin that, after conversion into FMN and FAD, plays pivotal roles in carbo-

hydrate, protein, and lipid metabolism. The 3D structure of RFVT2 has been

constructed by homology modeling using three different templates that are

equilibrative nucleoside transporter 1 (ENT1), Fucose: proton symporter, and

glucose transporter type 5 (GLUT5). The structure has been validated by sev-

eral approaches. All known point mutations of RFVT2, associated with RTD2,

have been localized in the protein 3D model. Six of these mutations have been

introduced in the recombinant protein for functional characterization. The

mutants W31S, S52F, S128L, L312P, C325G, and M423V have been expressed

in E. coli, purified, and reconstituted into proteoliposomes for transport assay.

All the mutants showed impairment of function. The Km for riboflavin of the

mutants increased from about 3 to 9 times with respect to that of WT, whereas

Vmax was only marginally affected. This agrees with the improved outcome of

most RTD2 patients after administration of high doses of riboflavin.
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1 | INTRODUCTION

Riboflavin, also known as vitamin B2, is a water-soluble
compound that, after conversion into its biologically
active forms, flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), plays pivotal roles in biolog-
ical redox reactions involved in carbohydrate, protein,
and lipid metabolism, as well as in the metabolic conver-
sion of vitamins B6 and B9 into their biologically active
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forms.1 Mammalians lost the ability to synthesize ribofla-
vin despite the importance of flavin cofactor homeostasis
for ensuring the functionality of hundreds of
flavoenzymes. Indeed, the crucial role of riboflavin
homeostasis is demonstrated by the occurrence of
inherited diseases linked to defects of enzymes involved
in its maintenance,1–4 as well as by the fact that ribofla-
vin deficiency also occurs in many diffused human
pathologies such as diabetes mellitus, inflammatory
bowel disease, and chronic alcoholism.5–7 Riboflavin
must be introduced through diet or derived from micro-
biota and enters the human body through intestinal
absorption. The predominant role of carrier-mediated
absorption of riboflavin in the small intestine has been
postulated since 1966,8 but the molecular identity of
these systems remained cryptic for many years after due
to the poor sequence similarity with the riboflavin trans-
porter of yeast and bacteria. It was only in 2008 that the
first riboflavin transporter, encoded by the Slc52a1 gene,
was identified.9 In total, three riboflavin transporters
have now been identified with SLC52A1 corresponding
to RFT1 or RFVT1; SLC52A2 corresponding to RFT3 or
RFVT2; and SLC52A3 corresponding to RFT2
or RFVT3.10 The fundamental role of these transporters
for human health was demonstrated in 2010, when the
link between RFVTs mutations and a neurodegenerative
disorder known as Brown-Vialetto-Van Laere syndrome
(BVVLS), was reported.11,12 BVVLS was renamed to ribo-
flavin transporter deficiency (RTD)13 with pathogenic
variants in the Slc52a2 and Slc52a3 genes corresponding
to RTD type 2 and 3, respectively.13,14 Both RTD types
share several clinical manifestations, including sensori-
neural hearing loss, bulbar dysfunction, respiratory com-
promise, and muscle weakness.13 The common
symptomatology may be caused by partial overlapping of
tissue expression of RVFT2 and RFVT3. RTD type
2 (OMIM #614707) can be distinguished by some specific
symptoms such as abnormal gait/ataxia, optic atrophy
and/or upper limb and axial predominant muscle weak-
ness.7,14 More than 50 SLC52A2 variants have been asso-
ciated with this disorder.

In addition to clinical data, some experimental data
on the functionality of the mutated RFVT2 have been
reported.15–18 Studies carried out using patient fibroblast
or transient transfection of HEK293 cells demonstrated
that riboflavin transport activity in mutant cells was dra-
matically reduced or abolished. The decreased activity
reported for a number of these pathological variants was
influenced by altered trafficking of the protein.15 Sub-
ramanian et al.18 demonstrated that introducing RFVT2
point mutations into human-derived brain U87 cells
resulted in a reduction in protein stability/translation
efficiency and impairment in transport function. A

reliable system to obtain data on the actual transport
function of pathological variants is the proteoliposome
transport assay in which every single mutant can be
tested. This in vitro system, which was successfully used
to characterize the functional properties of the WT
human RFVT2,19,20 opened the possibility of investigat-
ing the functional alterations caused by natural point
mutations.

In this study, we have performed a computational
analysis on the transporters and their point mutations
and characterized some of the mutants reported as clini-
cally relevant based on their functional abnormalities.

2 | EXPERIMENTAL PROCEDURES

2.1 | Homology model generation

To select an appropriate template to build an accurate
3D model by homology modelling, the amino acid
sequence of human RFVT2 was extracted from UNI-
PROT (Q9HAB3) and used as a query for BLAST against
Protein Data Bank (PDB). Since no significant results
were retrieved, a new search was performed using
HHpred and Phyre2.21,22 All the templates found had a
sequence identity lower than 20%. For this reason, a
multiple templates approach was attempted using MOD-
ELLER 9.24.23 The selected templates were ENT1
(6ob7), the fucose: proton symporter (3o7p), and the rat
GLUT5 (4ybq). These are in the outward-open confor-
mation. After the generation of the multialignment,
100 models were constructed, then 16 of these were cho-
sen based on a DOPE score range above the threshold of
�0.465. The quality of the selected model was evaluated
using PROCHECK, MOLPROB, VERIFY3D, ERRAT,
and PROVE. The best scoring model was used for Dock-
ing analysis.

2.2 | Docking approach

Docking analysis was performed using AutoDock Vina
v.1.1.2.24 The grid box was generated on the whole pro-
tein to perform blind docking. The size of grid was set to
56 � 70 � 64 Å (x, y, and z) with spacing 1. Ligands were
downloaded from PubChem in SDF format. The ligand
was prepared and docked into the protein previously
refined adding hydrogens and Kollman charges. Using
Lamarkian Genetic Algorithm, 20 poses were carried out.
The UCSF Chimera v.1.14 software25 (Resource for Bio-
computing, Visualization, and Informatics, University of
California, San Francisco, California) was used for the
molecular visualization.
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2.3 | Site-directed mutagenesis and
protein overexpression in E. coli

To over-express the recombinant RFVT2 proteins carry-
ing the pathological mutations, the cDNA coding for
RFVT2 (SLC52A2) optimized for E. coli codon usage, and
cloned into the pH6EX3 plasmid, was used as the tem-
plate to perform mutagenesis using Phusion Site-Directed
Mutagenesis Kit by Thermo Scientific according to with
miniature's instruction. WT and mutated cDNA of
human RFVT2 were used to transform chemically com-
petent E. coli Rosetta(DE3). After plate selection, a colony
was inoculated in 100 ml of LB medium and cultured
overnight at 37�C. The pre-culture was diluted 1:10 in
fresh LB medium and when optical density reached 0.8,
protein expression was induced adding 0.4 mM IPTG.
After 4-h of incubation, cells were harvested and cen-
trifuged. The bacterial pellet was suspended in a buffer
containing NaCl 200 and 50 mM Hepes/Tris pH 7.5 and
subjected to mild sonication at 4�C.19,20 The expression of
the RFVT2 mutants was tested by WB in comparison
with WT protein. Figure S1A shows the expression of WT
and mutants of hRFVT2.

2.4 | Purification of RFVT2 WT and
mutants

Lysate was centrifuged at 12,000�g for 10 min at 4�C and
the supernatant was discharged; The pellet was solubi-
lized with 3 M urea, 0.8% Sarkosyl, 200 mM NaCl,
10 mM Tris/HCl pH 8.0 and centrifuged at 12,000�g for
10 min at 4�C. The supernatant was applied onto a His-
select column pre-conditioned with 10 ml of a buffer con-
taining 0.1% Sarkosyl, 200 mM NaCl, 10 mM Tris/HCl
pH 8.0. After washing recombinant proteins (WT and
mutants) were eluted with a buffer containing 0.1%
C12E8, 200 mM NaCl, 10 mM Tris/HCl pH 8.0, and
50 mM imidazole.20 Figure S1B shows the SDS-PAGE
analysis of the purified proteins.

2.5 | Reconstitution of RFVT2 into
liposomes and transport assay

A 0.4 ml aliquot of WT or mutants of FRVT2 (4 μg of
purified protein) were mixed with 60 μl of 10% C12E8,
100 μl sonicated liposomes made with 10% egg yolk phos-
pholipids, 70 μl of 200 mM Tris/HCl at 7.0 in a final vol-
ume of 700 μl. Protein concentration was assessed using
the Bradford assay. Reconstitution was achieved by deter-
gent removal by incubation with 0.55 g Amberlite XAD-4
under rotatory stirring at 22�C for 90 min. 550 μl of

proteoliposomes were passed through a Sephadex G-75
column (0.7 cm diameter � 15 cm height)
preequilibrated with a buffer containing 20 mM Tris/HCl
at pH 7.0. The eluate was divided into aliquots of 100 μl.
The transport activity was measured by adding 0.5 μM
[3H]Riboflavin to proteoliposomes and stopped at 5 min,
which is within the initial linear range of the time course
of uptake. To stop the assay, the reaction mix was passed
through columns (0.6 cm diameter � 8 cm height) con-
taining Sephadex G-75 to remove the radioactive sub-
strate not taken up. The experimental values were
corrected by subtracting the radioactivity taken up by
control liposomes (not harboring the transporter in the
membrane) from the radioactivity taken up by
proteoliposomes.19,20

2.6 | Other methods

To verify RFVT2 overexpression in E. coli, 30 μg of total
proteins from bacterial lysate was separated by SDS-
PAGE on a 12% polyacrylamide gel and blotted to nitro-
cellulose membrane. The nitrocellulose membrane was
treated with blocking buffer containing 3% BSA, 150 mM
NaCl, 50 mM Tris–HCl pH 7.5, 0.05% Tween20 for
10 min, and then the anti-His peroxidase-conjugated
antibody with a dilution of 1:40,000 was added to the
buffer and incubated for 1 h at room temperature.
Staining was performed using ECL select WB detection
reagent from Amersham.

3 | RESULTS

3.1 | Construction and validation of
RFVT2 homology model

Many of the single point mutations of SLC52A2
(Table S1) that have been reported are linked to the RTD
syndrome. To predict possible structure/function rela-
tionships of these mutants in absence of a 3D structure of
the protein, a homology model is mandatory. However,
no suitable templates with identity higher than 20% with
SLC52A2 are available. Thus, a strategy based on the use
of several templates for constructing the model has been
adopted. The best-scored template in terms of balance
between identity (15%) and coverage (79%) corresponds
to the human Equilibrative Nucleoside Transporter
1 (ENT1—6ob7).26 This template does not cover the
entire SLC52A2 sequence, hence two additional tem-
plates have been used: the Fucose: proton symporter
(3o7p) from E. coli27 and the rat glucose transporter
GLUT5 (4ybq)28 showing identities with RFTV2 of 11%

CONSOLE ET AL. 3



and 7% and coverages of 85% and 91%, respectively
(Figure S2). The multiple sequence alignment among the
RFVT2 and the templates was performed to allow model
construction by using MODELLER 9.24. This alignment
also takes into account hydropathy data and prediction of
membrane protein topology(Figure S3).29 It is important
to report that the 3D templates are in the outward-open
conformation of the transporters. Among 100 models
generated by the MODELLER software, the best
16 models, showing Dope Scores above �0.465
(Figure 1A), were validated using several tools. After
these analyses, the seventieth model was chosen as the
best model. Figure 1B shows that 94% the amino acidic
residues of RFVT2 model are in the Ramachandran
Favoured region. The final model showed 11 transmem-
brane segments that line a large central cavity and two
big loops located on the extracellular or the intracellular
sides (Figure 2A,B).

To further assess the quality of the RFVT2 model, a
blind docking analysis for Riboflavin, Lumiflavin, FMN,

and FAD was performed. Indeed, from previously publi-
shed results,19,30 it is known that the riboflavin trans-
port mediated by RFVT2 is inhibited by Lumiflavin and
FMN but not by FAD. Using AutoDock Vina, the site of
interaction for Riboflavin was predicted (Figure 3A).
FMN interacts with the same site of Riboflavin
(Figure 4B). Both these ligands show the same affinity
(�8.3 kcal/mol) for the RFVT2. This correlates well
with experimental results showing strong inhibition of
the riboflavin transport in the presence of FMN. This
suggests that FMN could act as a competitive inhibitor
of riboflavin. Also, Lumiflavin, which lacks the ribitol
moiety, shows comparable affinity (�8.0 kcal/mol) for
the same site of RFVT2 (Figure 3C). Interestingly, the
three molecules (riboflavin, FMN, and lumiflavin)
mostly overlap in their location within the substrate-
binding site, again in agreement with the riboflavin
transport and the inhibition by FMN and lumiflavin
previously observed (Figure 3D). On the contrary, FAD
does not dock with the transporter in agreement with

FIGURE 1 Evaluation of the quality of RFVT2 homology models. (A) DOPE score of the 100 models generated by MODELLER 9.24.

The threshold of �0.465d is indicated as a red line. (B) Ramachandran plot of the best scoring model
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the lack of inhibition on riboflavin transport.19 The
good correlation between in silico and previous wet
experiments suggests a sufficient degree of reliability of
the generated RFVT2 model.

Starting from these results, the single point mutations
of Table S1 have been located in the RFVT2 (Figure 4).
The pathological mutants are distributed within the pro-
tein in various positions, from the central cavity to the
hydrophobic interface with the membrane. The amino
acid residues facing the central cavity may have a higher

probability to interact with the substrate and hence their
mutation may affect transport activity. On this basis, we
choose to reproduce the pathological variant of some of
these mutations in vitro, that is, W31S, L128S, C325G,
and M425V (Figure 5). Moreover, we decided to also pro-
duce the mutant L312P. Indeed, the introduction of a Pro
residue at the boundary between the eighth transmem-
brane segment and the loop facing toward the extra-
membrane side of the protein may result in the distortion
of the structure(Figure 5).

FIGURE 2 Structural model of

RFVT2. (A) Lateral view and (B) top

view of the ribbon diagram of the

RFVT2. The 11 transmembrane

α-helices are depicted as light gray

ribbon. The region from the amino acid

residues 173 to 276 is highlighted in

blue. The homology model was

constructed by MODELLER 9.24 using

the crystallographic structures of ENT1,

the Fucose:proton symporter, and

GLUT5 as templates. Molecular graphics

was performed with UCSF Chimera

FIGURE 3 Docking analysis of the RFVT2. Docking analysis was performed using AutoDock Vina v.1.1.2. The homology model of

RFVT2 in outward facing conformation was represented as light gray ribbon. The poses obtained by molecular docking analysis for

(A) Riboflavin (in salmon), (B) FMN (blue) and (C) Lumiflavin (gold) are depicted as solid surface. (D) Enlarged view of the binding pocket

of RFVT2. The three best poses of each substrate were superimposed and represented as sticks with mesh surface. The structure was

visualized using Chimera 1.13.1 software
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3.2 | Characterization of the transport
activity of RFVT2 mutants

To test the effect of mutations on riboflavin transport
activity, WT and mutants were expressed in E. coli and

purified by nickel-chelating affinity chromatography. An
equal amount of mutated and WT proteins was used to
perform proteoliposomes reconstitution. Figure 6 shows
that all the mutants were active, even if the activity of
most mutants was impaired. Mutations that maximally

FIGURE 4 Position of RDT2-linked

mutations in the RFVT2 homology

model. Ribbon diagrams viewing the

carrier from the lateral side. Side chain

of amino acid residues which were

found mutated in RTD2 patients were

highlighted by ball and stick

representation. Arrows indicate the

position of glycine. The homology

structural model has been represented

using UCSF Chimera

FIGURE 5 Position of RFVT2 mutants considered in this study. Ribbon diagrams viewing the carrier from the lateral side (A) or top

view (B). Side chain of amino acid residues which were mutated in this study were highlighted by ball and stick representation. Arrows

indicate the position of glycine. The homology structural model has been represented using UCSF Chimera
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affect transport activity seem to be the S52F, L312P, and
M423V.

Since all the mutants exhibited measurable transport
activities, kinetic studies were feasible. Figure 7 shows
the kinetic analysis for each mutant. Data were plotted
according to the Michaelis–Menten equation. Km and
Vmax values derived from the plots are indicated in the
figure. The mutants S52F, M423V, L312P, and C325G
showed strong variations of the Km. Their values were
8.8, 7.6, 6.1, and 5.2 times higher than that of WT,

respectively. Smaller variations of Km, of about 3.2 and
2.9 fold, were observed for S128L and W31S mutants. The
mutation-related variation of Vmax was in the order of
15%. The only exception is mutant C325G that shows
Vmax value 1.8 fold higher than WT.

4 | DISCUSSION

To definitively approach the structure/function relation-
ships of RFVT2, in view of its importance in human
pathology, a suitable structural model was necessary.
However, RFVT2, as well as the first and the third mem-
bers of the SLC52 family, do not show appreciable identity
with any other transporter from prokaryotes or eukaryotes
so far structurally solved, which makes attempts of a
straightforward construction of a homology model chal-
lenging. A more sophisticated strategy has been employed
by optimizing the alignment of RFVT2 with three tem-
plates each exhibiting specific similarities with RFVT2.
Bioinformatic analyses and correlation of docking of sub-
strate and inhibitors with experimental data19,30 concur in
validating the suitability of the structural model. An anal-
ysis of the position of mutations reveals that a large per-
centage, roughly 56%, are in transmembrane segments,
approximately 21% are at the boundary between the
hydrophobic and the hydrophilic environment and 23%
are in the hydrophilic loops. Interestingly no point muta-
tions fall in the central region of the RFVT2 amino acid
sequence (173–276), which include the large predicted

FIGURE 6 [3H]Riboflavin uptake in proteoliposomes

harbouring RFVT2 WT or mutants. Transport was started by the

addition of 0.5 μM [3H]Riboflavin to proteoliposomes and

terminated after 5 min. The data represent means ± SD of three

independent experiments. Statistics was performed using Student's

t-test (*p < 0.05, **p < 0.01)

FIGURE 7 Kinetic characterization of RFVT2 mutants in comparison to WT. Transport was started by adding [3H]Riboflavin at the

indicated concentration to proteoliposomes reconstituted with WT or each of the mutants. The reaction time was 5 min. Data were plotted

according to the Michaelis–Menten equation. The data represent the means ± SD of at last three independent experiments
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FIGURE 8 Alignment of RFVT2 amino acid sequences from different species. RFVT2 sequences were aligned using the Clustal Omega

software. Identities are indicated by asterisks and conservative or highly conservative substitutions are indicated by dots or colons,

respectively. RFVT2 mutants considered in this study are highlighted in yellow; the less conserved region corresponding to the large

intracellular loop of RFVT2 is displayed in gray
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extracellular loop, the sixth transmembrane segment, and
the large predicted intracellular loop (Figure 2). This
region is less conserved among the different species with
respect to the other regions (Figure 8). This composite seg-
ment probably has species-specific roles in the protein
function. Based on the structural model, the transmem-
brane α-helix 6 included in this segment, faces the mem-
brane, not the substrate binding site in the protein core.
This segment may also be involved in the interaction with
another protein subunit to form oligomers. Indeed, one of
the templates used for the 3D modelling, namely ENT1,
forms dimeric structures.26,31 Moreover, Figure S1A
shows, in some cases the presence of a faint band at a
molecular mass about double that of the protein mono-
mer, still in favor of the presence of formation of a dimeric
structure that is maintained also after treatment of the
samples with the SDS for gel running. However, addi-
tional investigations are in progress using biophysical
methods to ascertain this possibility. Of interest, Ciccolella
et al.16 reported a reduction of both RFVT1 and RFVT2
protein without a change in SLC52A1 mRNA expression
in fibroblasts from a patient with RTD type 2, suggesting
that RFVT2 may also be involved in the formation of
heterodimers with the RFVT1. In agreement with a spe-
cific role of the loop–helix–loop region, one of the hydro-
philic large loops, which contains many acidic residues,
could be a site of regulation by Ca++, as previously
hypothesized.19

It must be stressed that not only the position of the
mutated residues but also the replacing amino acid resi-
dues will contribute to the final effect on the transport
function. Most of the residues that we have selected for
performing site-directed mutagenesis and transport anal-
ysis surround the substrate binding site. Indeed, their
substitutions cause a large increase in Km and a substan-
tial decrease in affinity towards riboflavin. We also
selected the mutant L312P in which the WT amino acid
is substituted by a relatively different residue. This muta-
tion is far from the substrate binding pocket but still
results in a large increase of Km. In this case, the substitu-
tion of the branched chain of Leu with the cyclic residue
of Pro may cause a distortion of the structure at the
boundary between the membrane and the aqueous envi-
ronment, destabilizing the interaction of the transporter
with the membrane and/or impairment of the substrate
access to the internal site. Among the residues tested for
mutagenesis, W31 appears to be less crucial with the
smallest increase in Km. Therefore, W31 does not appear
critical for the transport process, but it may be temporar-
ily involved in riboflavin access to the binding site. How-
ever, given that most people identified with RTD have
combinations of two different mutations occurring in the
different alleles, it is not possible to precisely link

the alteration of the protein function to the severity of
the syndrome. Riboflavin supplementation has been
shown to ameliorate the progression of RTD and can be
potentially life-saving.15 Outcomes following treatment
have included improvement in muscle strength, ataxia,
respiratory function, visual acuity, and hearing in many
patients or stabilization of function.13–15 Untreated
patients typically experience gradual deterioration, often
leading to death due to respiratory insufficiency. These
patient outcomes are in agreement with the finding that
the mutations cause a strong decrease of affinity for ribo-
flavin while the maximal transport rate, that is, the trans-
port rate at very high riboflavin concentration, is not
affected by the mutations. The Km impairment is deleteri-
ous for the patients in view of the low concentration of
circulating Rf which is around 10 nM, that is, much
lower than the WT Km. However, in some cases, the
kinetic impairment may not fully correlate with
the patient outcomes. Indeed, some mutations may also
alter the stability of the mRNA/protein or the trafficking
to the membrane, resulting in a muted patient response
to riboflavin supplementation despite only minor or no
kinetic impairment to the RFVT protein. Mice knocked
out of RFVT2 failed to be generated since Slc52a2 gene
deficiency results in early embryonic lethality. This is in
line with the described expression of RFVT2 in the fetal
brain, while RFVT1 is not present in the brain, but in the
placenta. Several SLC52A2 mutations reported in RTD
patients have been reading frame interruption by a pre-
mature stop codon expected to result in a non-functional
protein.32 However, these non-functional protein muta-
tions have never been reported in a homozygous state in
patients suggesting at least one partially functioning pro-
tein is a prerequisite for birth.

Interestingly, the data from bioinformatics correlates
well with the mutant transport assay indicating that the
sole bioinformatics, which is much easier to perform
than the transport assay analysis, might represent a use-
ful predictive/screening tool. The suitability of bioinfor-
matics could be increased by a more refined homology
model that may be constructed if better templates will be
available.
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