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ABSTRACT

Riboflavin is an essential water-soluble vitamin that needs to be assumed in the diet
because of the conversion into flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN), important cofactors in hundreds of flavoenzymes. The
adsorption and distribution of riboflavin is mediated by transmembrane transporters of
the SLC52 family, namely RFVT1-3, whose mutations are mainly associated with two
diseases, MADD and the Brown-Vialetto-Van Laere syndrome. Interest in RFVTs as
pharmacological targets has increased in the last few years due to their overexpression
in several cancer cells, which can be exploited both by blocking the uptake of riboflavin
into the cancerous cells, and by performing cancer targeted delivery of drugs with a high
affinity for RFVTs. In this work we propose three-dimensional structural models for all
three human riboflavin transporters obtained by state-of-the-art artificial intelligence-
based methods, which were then further refined with molecular dynamics simulations.
Furthermore, two of the most notable mutations concerning RFVT2 and RFVT3 (W31S
and N21S respectively) were investigated studying the interactions between the wild-
type and mutated transporters with riboflavin.
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INTRODUCTION

Riboflavin, more commonly known as vitamin B2, is an essential molecule for aerobic
life, as its two main derivatives, flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN); these molecules are used as cofactors of hundreds of
flavoenzymes, involved in redox reactions’.

The human body is unable to synthesize riboflavin, so it must be introduced with the
diet. In particular, it can be found in a wide variety of animal products and several
vegetables *™*. There, it exists as FAD and FMN and prior to its absorption it is
converted to riboflavin by the intestinal enzymes FAD pyrophosphatase and FMN
phosphatase?. Additionally, it is synthesized by many species of bacteria present in the
human gut microbiome and made available for absorption in its free form®.

The cellular uptake of the vitamin is mainly exerted by three solute carrier transporters
(SLC), also named riboflavin transporters (RFVTs), belonging to the novel human
SLC52 family. SLCs are ubiquitous transmembrane proteins which carry ions and small
molecules across the membranes of cells and organelles®. SLCs are divided into
several subfamilies according to their phylogenetic analysis. The transport itself can be
uni- or bidirectional and it involves major conformational rearrangements of the
transporters for bringing the structure from the “inward-open” to the “outward-open”, that
are the end conformations. Three transport mechanisms have been identified: rocker-
switch, gated-pore and elevator, each one involving different helices. In particular,
RFVT1-3 are assumed to belong to the major facilitator superfamily (MFS)° which is
correlated with a rocker-switch transport mechanism.

The three transporters share a relatively high degree of sequence identity (Table 1);
they are characterized by 11 transmembrane helices, connected by intra- and extra-
cellular loops, one of which, between TM6 and TM7, spans over 70 residues in all three
transporters. RFVT3 also presents a large extracellular loop between TM5 and TM6.

To ensure the trans-epithelial transport of the vitamin into the blood, RFVTs are
differently located in the polarized intestinal epithelium. RFVT3 is maximally expressed
on the apical membrane of enterocytes, whereas RFVT1, and to a minor extent RFVT2,
perform their activity in the baso-lateral membrane’. Differential tissue expression and
functional specialization of each transporter allow the distribution of the vitamin to the
Liver and to all the other tissues which have differential requirements for flavocoenzyme
Despite a comparable, and high affinity for riboflavin (K, ranging from 0.26 to 1.38 uM)
910 they seem to perform different kinetic features®'°. The transport of riboflavin is ion-
independent, but there is evidence suggesting that the sole RFVT3 may be sensitive to
pH variation''. Certain compounds, such as methylene blue, could inhibit riboflavin
transporters, with a higher selectivity for RFVT3 than for RFVT1 and RFVT2'%. Other
molecules have been tested as competitive inhibitors of RFVTs, such as lumiflavin and
lumichrome, with both in vivo and in vitro studies via cell models'*'. Nevertheless, from
the kinetical point of view there is still a lack of information: in particular, it is not
completely clear if, although with a much lower affinity compared to riboflavin, FMN and
FAD might also be transported by RFVTs as experiments have found that the presence
of the two leads to a decrease in the transport of riboflavin in cell systems>.



From a pathology perspective, the importance of these transporters resides in the
severe effects caused by some mutations. Alterations of RFVT1 were firstly discovered
as a cause of a transient neuro-muscular disorder named RR-MADD or riboflavin
responsive Multiple Acyl CoA Dehydrogenase Deficiency (OMIM #615026).

The most notable disorder caused by defects in RFVT2 and RFVT3 is the Brown-
Vialetto-Van Laere syndrome (RTD type 2 and RTD type 3; OMIM #614707 and
#211530, respectively). This disease can lead to blindness, deafness, and severe nerve
palsies, but it can be in some cases successfully treated by high doses of vitamin B2
supplements. The pathogenic mutations in SLC52A2 and SLC52A3 described to date
are reported in Console et al.’®, Tolomeo et al.®, CureRTD database’’.

In the last few years, the interest in studying these transporters has grown also because
of their role in cancer®'®'®, making them promising targets for antineoplastic therapy. In
fact, RFVTs are overexpressed in many tumor types, such as colorectal cancer,
squamous cell carcinoma, skin melanoma, and luminal A breast cancer®'®', to
accomplish the increased need for riboflavin and its derivatives due to their increased
metabolism®. Therefore, the use of drugs that reduce the transport of riboflavin could be
at the basis of a powerful strategy to exploit the increased expression of these
transporters.

Accordingly, understanding the three-dimensional (3D) structure of these proteins is
pivotal to performing drug discovery, as it would allow the identification of the key
residues participating in the recognition and transport of solutes. However, the
experimentally solved structures of these transporters are not available yet, and little is
known about their structure-function relationships. Currently, most of the knowledge
regarding RFVTs is derived by sequence analysis® that can provide information with a
certain degree of confidence and from some homology structural models. However,
homology models were difficult to set due to the lack of suitable templates, i.e., proteins
with solved 3D structures with sequence identity with RFVTs transporters of more than
20%. The most refined models were recently obtained for RFVT2 starting from a multi-
template approach '® and using threading methods %'

The goal of this investigation is to obtain more reliable 3D models of RFVT1, RFVT2
and RFVTS3, using in silico molecular modeling methods #'%'©2272% \\e propose here to
improve the reliability of structural models by using innovative ab initio methods based
on artificial intelligence (Al), including AlphaFold (AF)*® and the newly released
RoseTTaFold?’. Although AF obtained impressive results in the CASP2020%% we
decided to use multiple methods and compare their results, given how little is known
about the 3D structures of these transporters.

After the evaluation of the most suitable model via molecular dynamics (MD)
simulations, an investigation of the important structural features of the transporter is
carried out via molecular docking. Validation of the obtained model was performed
comparing data from in silico mutagenesis of key residues for substrate recognition with
previous results obtained by wet in vitro assay.



MATERIALS AND METHODS

Modeling of RFVT1, RFVT2, and RFVT3

The sequence of all three human riboflavin transporters was retrieved from the UniProt
knowledgebase database (UniProtkKB IDs: QO9NWF4 (RFVT1), Q9HAB3 (RFVT2), and
QINQ40 (RFVT3)). Their secondary structure was predicted using TMHMM server®,
PsiPred®, Jpred®" and RaptorX®? that use the protein primary structure. Since the
protein BLAST searches run in the Protein Data Bank (PDB) did not identify any
suitable homolog for modeling procedures for the three RFVTs, we decided to build the
3D models for these three proteins using state-of-the-art Al-based software. For each
protein we generated three models: one obtained by RosettaTR®}, one by
RoseTTAfold?’, and one taken from the AF database®, for a total of 9 models. AF
allows the user to download the 3D structure of the query protein directly, while the
other two software need the primary structure as input. The default options were kept
while using these two tools.

Equilibration and MD analysis

MD simulations to equilibrate the obtained models and frame clustering procedures
were carried out with tools available with the Schrédinger Suite 2022-1, specifically
Desmond and the analysis modules (D. E. Shaw Research, New York, NY;
Schrodinger, New York, NY)*.

The Desmond System Builder tool was used to place the apo-models of all RFVTs into
a reference membrane bilayer made up by 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC). Protein orientation was set up according to the OPM server®,
which provides spatial arrangements of membrane proteins with respect to the
hydrocarbon core of the lipid bilayer. The system was solvated with SPC water
molecules in a sufficiently large box, to fit the whole protein plus a margin (buffer) to
account for protein movements. Chloride ions were added to neutralize the exceeding
positive charge and sodium chloride to reach a 0.15 M concentration. The system was
energy-minimized to relax the assembly and remove clashes among protein,
membrane, and solvent in the new setup.

To produce equilibrated models, each system was submitted to two MD simulations of
1000 ns using the Desmond Molecular Dynamics tool. Periodic boundary conditions
(PBCs) and the following parameters were set: 300K and Nose—Hoover thermostat for
temperature coupling, 1 bar and Martyna—Tobias—Klein piston for pressure coupling,
and 2 fs as the integration time step. The force field used for all MD simulations was
OPLS4%. Coordinates and velocities of each atom were saved every 0.5 ps.

The Desmond Trajectory Frame Clustering tool was used to cluster the whole MD
simulations to select the most representative frame (the medoid) for each cluster.
Distances between trajectory frames were computed from the root mean square
deviation (RMSD) matrix of alpha carbons.



The RMSD, the root-mean-square-fluctuation (RMSF), the solvent accessible surface
area (SASA), and the secondary structure properties were calculated via in-house built
Python scripts using the Schrodinger analysis API.

After molecular docking calculations, three 200 ns long replicas of standard MD
simulations were also run for each complex, to assess its stability and the interactions
between the ligand and the model.

Molecular Docking

The medoids of the most populated cluster for each of the resulting trajectories were
used as receptors to perform molecular docking of the main transported solute,
riboflavin. The grid generation and the molecular docking protocols offered by Glide, as
available in the Schrédinger suite 2022-1°" were used. The .sdf file of riboflavin was
downloaded from the ChEBI database®®. The molecule was prepared using the LigPrep
collection available in Schroédinger 2022-1 (Schrédinger Release 2022-2: LigPrep,
Schrédinger, LLC, New York, NY, 2021).

The receptor box was built using the channel residues as reference, in particular the
ones on the upper part of the channel. The “XP precision” docking procedure was used,
and 10 poses were generated for each docking procedure. Prime MM-GBSA was used
to estimate the binding free energies of the complexes.

The top-scoring resulting poses were submitted to three replicas of 200 ns molecular
dynamics simulations in order to assess the binding interactions and stability of the
complexes. The average interaction energies throughout the replicas were calculated
using the Schrddinger 2022-1 analysis modules, considering both Coulomb and van der
Waals interaction energies.

Mutagenesis

The Residue Scanning Calculation tool available in the Schrodinger 2022-1 suite was
used to generate RFVT2 and RFVT3 mutants in complex with riboflavin. The mutations
to be introduced were chosen among the previously mentioned mutations, which were
obtained from the proteins’ UniProtKB pages and their associated bibliography. Values
of the change in the energies related to protein stability (AStability) and complex affinity
(AAffinity) were calculated. Additionally, the same residues were mutated on the
centroid of the equilibration MD simulations, to perform a molecular docking of
riboflavin, following the same procedure as the wild-type transporters. Three replicas of
MD simulations were run for each complex to observe differences caused by the
introduced mutations. Each replica is 200 ns long. In Table 2 the mutations introduced
are reported.



RESULTS and DISCUSSION

Model generation, equilibration, and analysis

As no experimentally solved 3D structures were available for any of the three
transporters, the first attempt at generating a reliable model for these transporters was
done via a classical homology modeling approach. The first step in the homology
modeling procedure is the identification of a homologous template with a sufficiently
high sequence identity/similarity level with the query protein. In Supplementary Figure 1
the results of a search using protein BLAST*' are reported for each transporter. It
became immediately obvious from these results that no single template would have
allowed the building of a reliable model. In fact, even if the percentage of identity could
seem high, the protein coverage is too low, as the alignment can cover at most ~100
residues out of ~500. Indeed, the homology model of RFVT2 was recently constructed
using a three-template strategy'®.

To generate suitable models of RFVT1 and 3 and to improve the suitability of the 3D
model structure of RFVT2, Al-based methodologies, which have shown significant
improvements during the last few years?®, were chosen as the preferred methodologies
for generating these models. In the attempt of choosing the most accurate out of the
available tools, the three most reliable methods were used, and the results were
compared. These methods are AF, RoseTTAFold and RosettaTR.

After a preliminary investigation of the 3D models generated, none resulted so critical to
be immediately excluded. For this reason, we decided to place all models in a POPC
membrane and to perform, for each model, two MD simulations in replicates in order to
equilibrate the structures and obtain data that could help us choose the best models.
After the simulations, trajectories were analyzed by calculating the RMSD, RMSF,
performing a cluster analysis of the protein conformations and quantifying the amount of
time each residue spent in an ordered helical secondary structure.

In Table 3, the structural superposition of the three medoids isolated from the most
populated clusters for each model of each RFVT are superposed and colored according
to RMSD. The RMSD and RMSF profiles are also reported.

For RFVT1, the prediction of transmembrane helices is quite comparable among the
methods, giving also very similar results to the prediction provided by UniProtKB. The
main differences are instead found in the prediction of extracellular and intracellular
loops. This can be correlated to the relatively low mobility expected from the
transmembrane domains, while the loops undergo higher variability and fluctuation. The
evaluation of RMSD and RMSF leads to a similar conclusion (Figure 1A), as all models
reach a plateau of the RMSD value, and the RMSF reaches the highest values around
the residues belonging to the loops, while it is relatively low around the transmembrane
helices. The high RMSF observed in the loops is due to the intrinsic unorganized nature
of these regions, but it does not necessary correlate with a low reliability of the model.
So, the differences observed in the prediction of the loops should not be considered
relevant for this study but might be investigated in the future to account for interactions
with other proteins.



Very similar results were obtained by the analysis of the trajectories of RFVT2 (Figure
1B). In fact, all the transmembrane domains of the models are essentially identical,
while the loops show higher variability. However, all models show a plateau of RMSD
and low RMSF in the transmembrane residues.

The models of RFVT3, on the other hand, showed some differences. While having an
identical overall architecture, particularly concerning the transmembrane helices and the
identification of the residues located in the intracellular and extracellular loops, there
were slight differences in the conformation of the models, as well as the secondary
structure arrangement of the two largest loops. In fact, unlike in the models RFVT1 and
RFVT2, all three of the Al-based methods were able to recognize larger ordered
regions, identifying stretches of alpha-helices and beta-strands, albeit with small
differences (Figure 2C). Because of this, no model could be immediately chosen as the
best one for any of the transporters. However, the RosettaTR models are associated to
an overall higher RMSF during dynamics, which might have been caused by a lower
quality model. The SASA values were calculated considering the residues facing the
transporter channel, but, again, no significant differences could be observed among the
models. Ultimately, the differences were not considered significant enough to justify
choosing one model over the others, particularly regarding the transmembrane
domains. Therefore, because the current study does not involve intracellular and
extracellular loops, we decided to perform the following calculations on the medoids of
the most populated cluster of the MDs of the models obtained by AF, supported by the
impressive performance at CASP2020?%, demonstrating the ability of generating much
better models than the competition.

The 3D models of RFVTs share a high structural similarity, as expected by the high
sequence identity. The biggest differences can be observed in the large loops
connecting the helices of RFVT3.

Riboflavin recognition site validation

The medoid conformations of the most populated clusters obtained by the equilibration
via MDs were extracted, energy minimized and used as receptors for molecular docking
of riboflavin using Glide. The docking score is calculated by an empirical scoring
function, approximating the binding free energy. The top scoring poses are shown in
Figure 4, while their docking scores are reported in Table 3.

The order of magnitude of the predicted affinity for the obtained poses can be correlated
to known dissociation constants found in literature for SLC transporters**™**. The
difference between RFVT3 and the other two transporters can be attributed to the
conformation of the model in the specific frame of the MD simulation used for molecular
docking. Therefore, to obtain more reliable data and to better characterize the stability
of the interactions between riboflavin and the transporters, three replicas of MD
simulations 200 ns long were performed using the top scoring poses of each of the
docked complexes using Desmond.

The most significant interactions between riboflavin and the transporters as well as the
average interaction energies are reported in Figure 3A. In particular, interactions were
considered significant if they were preserved for more than 80% of the total time
throughout the replicas.



In the docking performed on the model of RFVT1, riboflavin interacts the most with N28
via a hydrogen bond. There are two other notable hydrogen bonds with Q301 and
N324, although they are not preserved long enough to be considered relevant. Both the
protein and the ligand show good stability, according to their energy profiles, that are
around —66.6 kcal/mol with a standard error of 6.7, and constant throughout the MD
runs.

Regarding the best pose obtained with the molecular docking on RFVT2, the most
impacting interactions were between the solute and Q298, K390, and S387, in all three
cases with the formation of hydrogen bonds stabilizing the complex. Hydrogen bonds
were also formed with G317, N291, and N321, although below the chosen significancy
threshold. The interaction energy (the sum between the Coulomb and VdW interaction
energies) between the transporter and riboflavin averages —100.7 kcal/mol with a
standard error of 3.7.

During the simulation of the RFVT3::riboflavin complex, the most significant interactions
throughout the replicas were the ones between riboflavin and N21 and W17, both via
hydrogen bonds. There were few other hydrogen bonds, such as the ones with K414
and N345, but, again, below the significancy threshold. In these complexes, the average
interaction energy was —106.4 kcal/mol with a standard error of 2.5. All identified
interactions and corresponding significancy are reported in Supplementary Table 1.

The complexes demonstrated good stability throughout the simulations, without major
conformational changes in both the protein and the solute, aside from initial
rearrangements. Also, the solute remained around its initial position in all simulations,
with only minor oscillations.

Effects of W31S::RFVT2 and N21S::RFVT3 on the interaction with
riboflavin

After the identification of the most significant interactions between riboflavin and the
transporters, key mutations known to affect riboflavin transport were introduced. The
introduced mutations were W31S for RFVT2 *°, and N21S for RFVT3 *.

The mentioned mutations were initially introduced in the complexes obtained by
molecular docking using Schrodinger’s Biologics suite, in order to estimate Astability
and Aaffinity values between wild-type and mutated complexes.

Table 4 shows that the two studied mutations produced a decrease in stability and
affinity of the complexes of W31S_RFVT2::riboflavin and N21S_RFVT3::riboflavin. In
particular, the energies related to both the stability of the model and the affinity between
the protein and riboflavin were higher, when compared to the wild-type complexes. This
means that the mutants are less stable, and that the affinity of riboflavin is lower than in
wild-type complexes. These results suggest that, as expected according to literature
data'®?%*° these mutations can destabilize the transporter::solute complex.

To verify the impact of the mutations on the transport mechanism of RFVT2 and
RFVT3, we introduced the same changes in the medoids obtained from the equilibration
MD of the 3D models. After introducing the mutations, the structures were energy
minimized and a molecular docking of riboflavin was performed using the same site and
the same procedure of the docking on the wild-type form. Also in this case, the top-



ranking poses were submitted to three MD simulation replicas 200 ns long, to compare
the interactions after the introduction of the mutations, like in the wild-type complexes
simulations.

The interaction energy profiles of the complexes were then calculated. Overall, during
the simulations of the W31S_RFVT2 transporter with riboflavin, the average interaction
energy between the transporter and the transported solute was —84.9 kcal/mol with a
standard error of 3.8, which is ~15 kcal/mol higher than during the simulations of the
wt_RFVT2::riboflavin complex. Similarly, the N21S_RFVT3::riboflavin complexes had
an average of —97.7 kcal/mol with a standard error of 3.1, ~10 kcal/mol higher than the
wild type complex.

During the molecular dynamics of the W31S_RFVT2::riboflavin complexes, none of the
interactions between the transporter and the solute were preserved for more than the
predetermined threshold time value (80%). The most preserved interactions were a
hydrogen bond with K390 (around 79% of the overall time), and another one with Q298
(68% of the time) while all other hydrogen bonds were maintained for much less time.
Similarly, only one interaction is close to be considered significant throughout the
simulations of the N21S_RFVT3:riboflavin complexes, namely a hydrogen bond
between the solute and E145 that occurs for 76% of the overall time.

According to the obtained data, the introduced mutations have a significant role in the
stabilization of the complex and of the interactions between the transporters and
riboflavin.



CONCLUSIONS

In this work, multiple 3D models of RFVT1, RFVT2 and RFVT3 were generated thanks
to the most recent advances in Al-based 3D structure predictions. These models were
then validated and used to study the interactions between riboflavin and the three
SLC52 transporters. Molecular docking and the following MD simulations helped us to
hypothesize the molecular recognition mechanism between each transporter and the
solute. On the other hand, the mutated structures showed a significantly lower stability
of the complexes, that is associated to a more positive interaction energy. Overall, these
results support one possible hypothesis of the mechanism by which these two
mutations identified in literature lead to the loss of ability of RFVT2 and RFVT3 to
transport riboflavin. In future studies, the whole transport could be simulated to identify
the key residues along the transport channel. In particular, the knowledge of these
important residues for the recognition and transport of the solutes will also help the
development of therapeutics. According to this perspective, two strategies could be
devised: either developing drugs that prevent the transport of riboflavin into the cancer
cells, causing a depletion of FMN and FAD which would block cell growth and
replication, or riboflavin-like anti-cancer drugs that exploit the RFVT transporters to
specifically target the cancer cells overexpressing them.



TABLES

Sequence ldentity (%) RFVT1 RFVT2 RFVT3
RFVT1 100 86 41
RFVT2 86 100 41
RFVT3 43 43 100

Table 1. Value of sequence identity between the members of SLC52 family. The matrix was obtained by pairwise
sequence alignment performed by MOE 2020.09 software . It is not symmetrical because the lengths of the primary
structures of the three transporters are different.

Transporter Mutation Effects

SLC52A2/RFVT2 W31S Km is increased and Vmax is almost
unaffected.’® Transport of riboflavin is almost
completely abolished. %

SLC52A3/RFVT3 N21S Drastic reduction in riboflavin transport.*

Table 2. Mutations introduced and related effects observed in literature.

Transporter Docking score Dissociation constant (Ky)
[kcal/mol]
RFVT1 -10.8 1.34x10°M
RFVT2 -10.1 4.34x10°M
RFVT3 -6.4 2.16x10°M

Table 3. Docking scores relative to the top-scoring docking poses for each transporter.

Mutation-Transporter

Astability [kcal/mol]

Aaffinity [kcal/mol]

W31S-RFVT2

+14.1

+2.4

N21S-RFVT3

+11.8

+2.7

Table 4. Changes in stability and affinity after the introduction of mutations in RFVT2 and RFVT3.
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Figure 1. RMSD and RMSF profiles of each model of RFVTs during the MD simulations. for each of the three models
generated for A) RFVT1 B) RFVT2, and C) RFVT3, respectively. In all graphs, the model generated by RosettaTR is
in blue, the one generated by AlphaFold is in orange, and the one generated by RoseTTAFold is in green. The red
lines in the RMSF plots identify the predicted transmembrane helices as found in UniProt. As expected from reliable
models, the residues belonging to alpha helices are characterized by lower values of RMSF, while loops are much
more flexible in all models of all proteins.
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Figure 2: Structural superposition of medoids of the most populated cluster and corresponding RMSD matrix. A)

RFVT1, B) RFVT2, and C) RFVT3. The superposed structures are colored by RMSD, green being the lowest values,
red the highest. It is easy to see that the transmembrane helices are predicted very similarly by all three software for

all three transporters, while the intracellular and extracellular loops show much more variance.
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Figure 3. A) Bar graph of the most significant interactions for each transporter throughout the MDs replicas. The
medoids of the most populated clusters for each transporter are reported in B) for RFVT1, C) for RFVT2, D) for
RFVT3. Although several interactions are identified in all docking procedures, only few were considered relevant, in
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Figure 4. A) Bar graph reporting the average interaction energies between both wild type and mutated RFVT2 and
RFVT3 with riboflavin. Superposition of the poses of the wild-type and mutated B) RFVT2 and C) RFVT3. Residue
names in black are interacting residues found only in the wild-type model or in both the wild type and the mutated
model, while in grey, the residues interacting only in the mutated protein MD. There is a clear increase in interaction
energy due to the introduced mutations.
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