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Abstract

Out of the 430 known solute carriers (SLC) in humans, 30% are still orphan transporters
regarding structure, distribution or function. Approximately one third of all SLCs belong to
the evolutionary conserved and functionally diverse Major Facilitator Superfamily (MFS).
Here, we studied the orphan proteins, MFSD4A and MFSD9, which are atypical SLCs of
MES type. Hidden Markov Models were used to identify orthologues in several vertebrates,
and human MFSD4A and MFSD9 share high sequence identity with their identified ortholo-
gues. MFSD4A and MFSD9 also shared more than 20% sequence identity with other phylo-
genetically related SLC and MFSD proteins, allowing new family clustering. Homology
models displayed 12 transmembrane segments for both proteins, which were predicted to
fold into a transporter-shaped structure. Furthermore, we analysed the location of MFSD4A
and MFSD9 in adult mouse brain using immunohistochemistry, showing abundant neuronal
protein staining. As MFSD4A and MFSD9 are plausible transporters expressed in food regu-
latory brain areas, we monitored transcriptional changes in several mouse brain areas after
24 hours food-deprivation and eight weeks of high-fat diet, showing that both genes were
affected by altered food intake in vivo. In conclusion, we propose MFSD4A and MFSD9 to
be novel transporters, belonging to disparate SLC families. Both proteins were located to
neurons in mouse brain, and their MRNA expression levels were affected by the diet.

Introduction

Membrane-bound transporter proteins translocate molecules over cellular membranes. Most
transporters belong to three major groups [1]; channels move solutes down their electrochemi-
cal gradient, primary active transporters use various energy-coupled mechanisms to generate
an ion/solute gradient to constitute movements, and secondary active transporters utilise exist-
ing energy to translocate molecules [2]. The largest group of transporters in human are the sol-
ute carriers (SLCs) [3], which translocate nutrients, waste and drugs via secondary active or
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facilitated transport [2, 4]. The SLCs comprise 430 members, of which most are divided into
52 families [5]. 28 of the remaining orphan transporters and the members of 16 SLC families
(SLC2; 15; 165 17; 18; 19; SLCO; 22; 29; 33; 37; 40; 43; 45; 46 and 49) belong to the Major facili-
tator superfamily (MFS) Protein family (Pfam) clan (clan number: CL0015) [5, 6], and toge-
ther they constitute the largest group of phylogenetically related SLCs [7]. The remaining
orphan transporters comprise the 18 Major facilitator superfamily domain containing (MFSD)
proteins (MESDI1, 2A, 2B, 3, 4A, 4B, 5,6, 6L, 7, 8,9, 10, 11, 12, 13A, 14A and 14B), the three
synaptic vesicles glycoprotein 2 proteins (SV2A, SV2B and SV2C), two SV2 related proteins
(SVOP and SVOPL), three sphingolipid transporters (SPNS1-3) and two Unc-93 (UNC93A
and UNC93B1) proteins [5, 7-10]. MFSD4A and MFSD9 were the targets investigated in this
article. The MFS protein family is proposed to have evolved from a common ancestor [11], but
is functionally very diverse [12]. Conserved MES proteins can be found in all three domains,
with protein expression in, for example, bacteria, nematodes, arthropods and chordates [8, 9,
11, 12]. Structurally, MFS transporters are composed of one single-polypeptide [12], which
probably arose by duplication of 6-transmembrane segments (TMS), resulting in a 12 TMS
protein [11] that folds into a cylinder-shaped transporter [13].

Regarding Slc genes, approximately half are expressed in mouse brain areas are involved in
food intake and energy production [14]. MESD proteins are also found in the mouse brain,
with expression in neurons [9, 15, 16] and the CNS vascular system [17], but not in astrocytes.
Looking at subcellular expression in various rodent and human cell types, MESD proteins
have been detected in both plasma [16, 18] and intracellular [15, 19-22] membranes. It has
also been reported that the same protein is expressed both in mouse neuronal plasma mem-
brane [16] and lysosomal membranes in HeLa and rat liver cells [22, 23]. However, it is unclear
if this difference in subcellular location is due to cell type divergence, function or evolutionary
speciation. Some MFSD proteins have confirmed mRNA expression, where Mfsd9 levels are
detected in both central and peripheral rat organs [8], whereas the Mfsd4a expression was
uncharacterised. Furthermore, transcription levels of MESD genes can change after food dep-
rivation and high-fat diet in mice [9, 15, 16, 19, 24] and in mouse hypothalamic N25/2 immor-
tal cells after complete amino acid starvation [25].

The studies of orphan transporters is important, and in 2015 there was a “call for systematic
research on solute carriers” [26]. The reason for this request is that SLCs are essential as they
control processes like nutrient uptake, ion transport and waste removal [2] and disturbances
in membrane transport is associated with diseases [4, 27-29]. Of the studied SLCs, one quarter
are linked to diseases in humans [26, 27], and to elucidate location and function of the still
orphan transporters could aid in understanding why we get sick. Furthermore, SLCs are highly
interesting in pharmacology as they can both mediate drug transport to a certain location and
be utilises directly as a drug target [26, 27, 30]. Despite their evidential relevance, only few pro-
teins currently serves as drug targets, and those who are, are used substantially [30]. The reason
for this is presumably the little information available of the SLC family, compared to other
membrane bound protein families [26]. It has also been proven difficult to express and crystal-
ize these proteins as they are embedded in lipid bilayers [4], and functional characterizations
of SLC proteins still relies upon computational structural predictions.

By using Hidden Markov Models, orthologues for human MFSD4A (MFSD4; HGNC num-
ber: 25433) and MFSD9 (HGNC number: 28158) were identified in several vertebrates, show-
ing evolutionary conservation. Tertiary protein structures were predicted, suggesting them to
be novel plausible transporters, composed of 12 TMS each. With immunohistochemistry, the
neuronal expression was mapped in mouse brain, showing staining in areas involved in con-
trolling food behaviours. Moreover, the expression levels of Mfsd4a and Mfsd9 were altered in
mouse brain areas in response to food deprivation and high-fat diet.
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Material and methods
Ethical considerations and animals

The study was approved by, and carried out in accordance with the recommendations of, the
local ethical committee in Uppsala (Uppsala Djurférsoksetiska Namnd, Uppsala district court,
under the permit numbers C39/16 and C419/12). Adult C57Bl6/] mice (Taconic M&B, Den-
mark) were housed in accordance with the Swedish regulation guidelines (Animal Welfare Act
SES 1998:56) and European Union legislation (Convention ETS123 and Directive 2010/63/
EU). The animals were euthanized during the light period by either cervical dislocation or
transcardiac perfusion of anaesthetised animals.

Phylogenetic clustering of MFSD4 and MFSD9

Hidden Markov Models (HMM) were calculated for mammalian MFSD4A and MFSD9 pro-
tein sequences, using HMMbuild from the HMMER package [31]. The models were used to
search the protein datasets obtained from Ensembl version 86 [32] listed in Table 1, to identify
related proteins.

Sequences were manually curated, and proteins originating from the same locus and pseu-
dogenes were removed. The longest protein from each species was combined in a multiple
PSI/TM tcoffee sequence alignment [33]. Subsequently, their relationship was inferred accord-
ing to the Bayesian approach, as implemented in mrBayes 3.2.2 [34, 35]. This was done to con-
firm the relations between the identified proteins. The analysis was run via the Beagle library
(Ayres et al. 2012), on six chains (five heated and one cold), with two runs in parallel (n runs =
2), for a maximum of 2,000,000 generations.

Sequence similarities between orthologue proteins were calculated using global pairwise
alignments, based on the Needleman-Wunsch algorithm [36]. The alignments were built on
the annotated proteins listed in Table 2.

Proteins are clustered into SLC families based on homology, function, structure [37] and
sequence identity [2]. MFSD4A cluster phylogenetically with MFSD4B and the SLC29 family,
whereas MFSD?9 is closest related to the SLC46 family, MFSD10, MFSD14A and MFSD14B
[5]. Global alignments were performed according to the Needle approach [36] to calculate
sequence identities as a way to study if MFSD4A and MFSD9 could belong to existing SLC
families.

Table 1. Description of the protein data sets used for the phylogenetic analysis.

Species Common name Data set version
A. carolinensis Lizards AnoCar2.0.pep.all
S. cerevisiae Yeast R64-1-1.pep.all
C. elegans Roundworm WBcel235.pep.all
D. rerio Zebrafish GRCz10.pep.all
D. melanogaster Fruit fly BDGP6.pep.all

G. gallus Chicken Galgal4.pep.all

G. aculeatus Three-spined stickleback BROADSH1.pep.all
Homo sapiens Human GRCh38.pep.all
M. musculus Mouse GRCm38.pep.all

All genomes were obtained from Ensemble version 86.

https://doi.org/10.1371/journal.pone.0186325.t001
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Table 2. Annotation of MFSD4A and MFSD9 orthologues.

Species MFSD4A MFSD4B MFSD9
Annotated Accession number Annotated Accession nhumber Annotated Accession number
name Ensembl v.86 name Ensembl v.86 name Ensembl v.86
A. MFSD4A ENSACAP00000014002 MFSD4B ENSACAP00000011183 MFSD9 ENSACAP00000007127
carolinensis
D. rerio Mfsd4a ENSDARP00000032062 MFSD4B ENSDARP00000101496 Mfsd9 ENSDART00000114323
G. gallus MFSD4A ENSGALP00000000981 MFSD4B ENSGALP00000024202 MFSD9 ENSGALTO00000027111
G. aculeatus | Mfsd4a ENSGACP00000014503 Mfsd4b ENSGACP00000008587 Mfsd9 ENSGACP00000003881
H. sapiens | MFSD4A ENSP00000356115 MFSD4B ENSP00000357840 MFSD9 ENSP00000258436
M. musculus | Mfsd4a ENSMUSP00000116282 Mfsd4b ENSMUSP00000040384 Mfsd9 ENSMUST00000039672

https://doi.org/10.1371/journal.pone.0186325.t1002

Predicted protein structures of human MFSD4A and MFSD9

Transmembrane segments (TMS) in the human MFSD4A and MFSD?9 proteins were pre-
dicted using the three topology tools TMHMM server (v. 2.0) [38], Phobius prediction [39, 40]
and Sousi [41]. These topology tools incorporate parameters such as hydrophobicity, charge
bias, helix lengths and signal peptide predictions [38, 39] when making predictions. The ter-
tiary structures were built using Swiss-Model, a fully automated homology program [42]. A
structurally known MEFS lactose permease from E. coli [43] (PDB ID code: 2v8n) was used as
template for the MFSD4A model, and the YajR [44] (PDB ID code: 3WDOQO) MFS protein,
found many gram-negative bacteria, was the templet used for the MFSD9 model. The align-
ments between the proteins of interest and their templates were manually inspected to verify
that conserved MFS motifs, like the characteristic cytoplasmic loop between TMS 6 and 7 [45]
were matched. Images of the tertiary structures were finalized using Swiss-Pdb Viewer [46]
and coloured using Adobe Photoshop CS6.

MRNA extraction and reverse transcription

Adult male C57Bl6/] mice were sacrificed by cervical dislocation, and the following organs
were dissected freshly, as described in [9]: brainstem, cerebellum, cortex, eye, heart, hippocam-
pus, hypothalamus, intestine, kidney, liver, lungs, olfactory bulb, ovary, spinal cord, spleen,
striatum, thalamus and thymus (male mice), and uterus (female mice). Blood was collected
from male mice via cardiac puncture, mixed with EDTA (1.5mg/ml blood, VWR), and centri-
fuged to retrieve a pellet for RNA extraction. N = 5 per organ. The samples were mechanically
homogenized in a bullet blender (Averill Park, USA) and RNA was extracted using Absolutely
RNA Miniprep Kit (Agilent Technologies), following the manufacturer’s instructions. The
final concentrations were measured in a spectrophotometer (ND-1000, NanoDrop

Table 3. Primer sequences used in the quantitative real-time PCR analyses.
Gene Forward Reverse

Mfsd4a 5’ -gcaaggcttctggcatca-3’ 5’ -gtaacaggacatttgttcctcct-3’

Mfsd9 5’ -tggtgtcttgttcagagt-3’ 5’ -tgtgtaagcaaatctccta-3’
Gapdh* 5’ -gcctteccgtgttectacce-37 5’ -gcctgettcaccacctte-37
bTub* 5’ -agtgctcctcttctacag-3’ 5’ -tatctccgtggtaagtge-3’
Rpl19* 5’ —aatcgccaatgccaactc-3’ 5’ -ggaatggacagtcacagg-3’
H3a* 5’ -ccttgtgggtctgtttga-3’ 5’ -cagttggatgtccttggg-3’
Cyclo* 5’ -tttgggaaggtgaaagaagg-3’ 5’ -acagaaggaatggtttgatgg-3’
Actb* 5’ -ccttcttgggtatggaatcctgtg-3’ 5’ -cagcactgtgttggcatagagg-3’

https://doi.org/10.1371/journal.pone.0186325.t003
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Technologies). Reverse transcription was performed using the Applied Biosystems High-
Capacity RNA-to-cDNA kit (Invitrogen), following the manufacturer’s manuals. 2ug RNA
was used as template for each cDNA synthesis. RNA was extracted separately for each organ
and individual. The cDNA from each organ was then pooled and diluted to 5ng/ul RNA in
sterile water.

Primer design, quantitative-time PCR and data analysis

Primers for mouse Mfsd4a and Mfsd9 and reference genes (marked *) were designed in Beacon
Design 8 (Premier Biosoft, Palo Alto), and listed in Table 3. qPCR mastermix contained 2x
DreamTaq Buffer (Thermo scientific), 0.2ul 20mM dNTP, 0.05pl forward and reverse primer
(100pmol/pl), 0.5ul of SYBR Green (1:50000; Invitrogen) in TE buffer (pH 7.8), 1pul Dimethyl
sulfoxide (Sigma Aldrich) and 0.08ul DreamTaq polymerase (5U/ul, Thermo scientific). 5ul
pooled cDNA per reaction was used as template. The measurements were run on iCycler real-
time detection instrument (Bio-Rad Laboratories) according to following parameters: 30 sec at
95°C initial denaturation, followed by 50 cycles of 10 sec at 95°C, 30 sec at 55-61°C (optimal
temperature for each primer pair) and 30 sec at 72°C, followed by a melting curve (+0.5°C per
cycle, 81 cycles at 10 sec intervals, starting from 55°C). Each sample was run in triplicates. Neg-
ative controls were included on each plate. All experiments were repeated twice.

Raw-data was collected from the MyIQ (Bio-Rad Laboratories) software. Primer efficiencies
were calculated using LinRegPCR software and Grubbs test (GraphPad software) was per-
formed to remove outliers. The GeNorm protocol [47] was used to detect stable reference
genes, and their geometric mean was used to normalize the data. Gapdh, bTub, Rpl19, Cyclo
and Actb were stably detected between samples, and subsequently used for the normalization.
The sample with the highest gene expression for each transporter was set to 100%, and the rela-
tive expression level of each tissue was plotted (+SD) in the GraphPad Prism 5 software.

Western blot to study antibody binding

Antibody binding was verified by western blot on fractionated mouse brain tissue as previously
described [9, 15]. Protein amount was 100ug per well and the protein transfer was performed
with the Trans-Blot® Turbo™ Mini PVDF Transfer Packs and Trans-blot Turbo Transfer sys-
tem (Bio-Rad), following the manufacturer’s instructions. Anti-MFSD4A (1:100, rabbit,
AV53395, Sigma-Aldrich) and anti-MFSD9 (1:50, goat, sc-247973, Santa Cruz) were used as
antibodies, and a molecular weight marker (PageRuler Prestained, Thermo Fisher Scientific)
was included as reference on each blot. HRP-coupled secondary antibodies (anti-rabbit and
anti-goat (Invitrogen) dilution 1:10000) were added followed by chemiluminescent develop-
ment using Clarity Western ECL Substrate (Bio-Rad). Staining was visualized using a CCD
camera (Bio-Rad). Glycosylation sites for the mouse proteins were predicted using the NetO-
Glyc 4.0 Server from CBS Predictions Servers [48].

Preparation of mouse brain sections

See [9] for precise procedures regarding fixation, paraffin embedding and sectioning. In brief,
adult male mice C57Bl6/] were anesthetized by i.p. injection of 0.01mg/g body weight sodium
Pentobarbital (Apoteket Farmaci, Sweden). The tissue was fixed by transcardiac perfusion
with 4% formaldehyde (Histolab, Sweden). Brains were stored in 4% formaldehyde over night
before sectioning. For DAB staining, the fixed brains were mounted in 4% agarose (VWR) and
cut into 70pm coronal sections using a Leica VT 1200 S vibratome (Leica Microsystems). For
fluorescent immunohistochemistry the tissue was embedded in paraffin [9] and cut into 7um
coronal sections using a HM355S microtome (Thermo Scientific).
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Immunohistochemistry staining on paraffin embedded mouse brain
sections

Fluorescent immunohistochemistry was performed on 7 um paraffin embedded coronal sec-
tions. The sections were rehydrated before antigen retrieval through 10 min boiling in
0.01mM citric acid (Sigma-Aldrich), pH 6.0. The sections were washed in PBS, before addition
of primary antibodies, diluted in 5% milk blocking solution (Blotting grade blocker, Bio-Rad).
Anti-MFSD4A (1:50) and anti-MFSD9 (1:50) were co-stained with anti-NeuN (1:400, mouse,
Millipore, MAB377) and anti-GFAP (1:400, mouse, Millipore MAB360). Subsequently, the
sections washed in PBS before incubated with the secondary antibodies Alexa 488 goat-anti-
rabbit, Alexa 488 donkey-anti-mouse, Alexa 594 donkey-anti-mouse and Alexa 594 donkey-
anti-goat (Invitrogen), diluted 1:800. The sections were mounted in Mowiol anti-fade mount-
ing medium before imaged in an Olympus fluorescence microscope BX53, with an Olympus
DP73 camera. The micrographs were acquired by cellSens Dimension software and show rep-
resentative staining.

Colorimetric staining on free floating coronal brain sections

3, 3 —diaminobenzidine (DAB) free-floating immunohistochemistry was performed on 70um
thick coronal brain sections, as previously described in [16], with addition of a 40min incuba-
tion in 70°C, a 0.01M citric acid (Sigma-Aldrich) (pH 6.0) step for antigen retrieval, and 4x8
min TBS washes prior to blocking of endogenous peroxidases (10 min incubation in TBS with
10% methanol (Sigma-Aldrich) and 3% H,O, (Merck)). Sections were incubated in 1% block-
ing reagent (Roche Diagnostics) for 1h prior antibody incubation. Anti-MFSD4A and anti-
MESD9 antibodies were diluted 1:200. Secondary antibodies (goat-anti-rabbit IgG (H+L), rab-
bit-anti-goat (H+L), Vector laboratories) were diluted 1:400 in supermix (TBS, 0.25% gelatine,
0.5% Triton X-100). The avidin-biotin complex (ABC kit; Reagent A, Reagent B (Vector Labo-
ratories), was diluted 1:800 in supermix. To develop the staining, the sections were incubated
in 0.08% DAB (Sigma-Aldrich), 0.35% NiCl and 0.035% H,0O,. The sections were placed on
gelatinized slides (Menzel Glaser) and dehydrated in an ethanol (Solveco) series ranging from
70-100%, ending with Xylene (Sigma-Aldrich), before mounted in DPX (Sigma-Aldrich). In
the screen, several Bregma areas were included, and representative staining patterns are
shown. The experiment was repeated twice. Micrographs were taken with a Mirax Pannoramic
midi scanner (3d Histech) using the Pannoramic Viewer 1.15.4 RTM software (3dHistech).
The brightness of all pixels was increased to 75%.

Mice exposed to altered nutritional intake, followed by mRNA expression
measurements

Since both Mfsd4a and Mfsd9 were detected in mouse brain, with expression in brain areas
implicated in food intake and its regulation, hypothalamus, pituitary gland, cortex, striatum,
thalamus, brainstem and spinal cord were selected for RNA expression analysis. Male mice
were divided into three groups receiving three different diets, as described in [9]. 1) Standard
chow (control diet), consisting of 5.0% fat, 21.0% protein, and 51.5% carbohydrates (R3, Lant-
méinnen), 2) standard chow ad libitum, and starved for 24h prior euthanasia and 3) fed high-
fat western diet (HFD), containing 21.0% fat, 17.2% protein, 43.0% carbohydrates (R638, Lant-
minnen) for eight weeks to induce obesity, all according to [9]. No deviant behaviours in the
mice were observed. At dissection day, the obese mice had a 38.0% + 9.0% mean weight gain
compared to a 12.0% * 2.3% increase in controls. N = 4 per diet for each brain area. All
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animals had access to water ad libitum. mRNA extraction, cDNA synthesis and qPCR were
done as described above.

For the analysis, the geometric means of the three most stable reference genes (Gapdh, H3a
and Actb) according to GeNorm calculations were used for normalization of the ct-values£SD.
The values from control samples for each area were set to 1, and the test group sample values
were stated as relative values. Differences in gene expression between groups were analysed by
unpaired t-tests, followed by Bonferroni correction for multiple testing (Graphpad Prism 5).
Significance levels were set to *p<0.0493, **p<0.00998, ***p<0.001.

Results
MFSD4A and MFSD9 have orthologues in several vertebrates

Several proteomes (yeast, roundworm, fruit fly, zebrafish, three-spined stickleback, lizard,
chicken, mouse and human) were scanned with HMMs. The identified proteins were com-
bined in a phylogenetic tree to identify orthologue proteins to human MFSD4A and MFSD9.
Both proteins were conserved in all vertebrate data sets studied (Fig 1A). The hits obtained

B Global alignment: Protein identity

Human Anolis lizard =~ Chicken Mouse Stickleback Zebrafish MFSD4B

MFSD4A  68.9% 72.4% 84.0% 39.3% 50.7% 20.0%
MFSD4B  51.8% 48.1% 54.5% 45.5% 41.3% 20.0%
MFSD9 56.2% 60.8% 72.5% 55.7% 55.0% 16.3%

C) MFSD4A sequence with predicted TMS

N-terminal N-terminal

D) MFSD9 sequence with predicted TMS

\MGCDGRVSGLLRRNLQPTLTYWSVFFS FGLCIAFLGPTLLDLRCQTHSSLP N MELGGHWDMNSAPRLVSETAERKQEQKTGTEAEAADSGAVGARRFLLCL

T™MS1
QISWVFFSQQLCLLLGSALGVFKRTLAQSLWALFTSSL AISLVFAVIPFCRD

T™S2 TMS3

VKVLASVMALAGLAMGCIDTVANMQLVRMYQKDSAVFLQVLHFFVGFGAL

TMS4 TMS5

LSPLIADPFLSEANCLPANSTANTTSRGHLFHVSRVLGQHHVDAKPWSNQT

FPGLTPKDGAGTRVSYAFWIMALINLPVPMAVLMLLSKERLLTCCPQRRPL

TMS6

LLSADELALETQPPEKEDASSLPPKFQSHLGHEDLFSCCQRKNLRGAPYSF

Intracellular loop

FAIHITGALVLFMTDGLTGAYSAFVYSYAVEKPLSVGHKVAGYLPSLFWGFI

TMS7 T™MS8
TLGRLLSIPISSRMKPATMVFINVVGVVVTFLVLLIFSYNVVFLEVGTASLGLFE
TMS9 TMS10

LSSTFPSMLAYTEDSLQYKGCATTVLVTGAGVGEMVLQMLVGSIFQAQGS

TMS11

YSELVCGVIFGCLAFTFYILLLFFHRMHPGLPSVPTQ DRSIGMENSE CYQR

T™S12 C-terminal

TMS1

YLVGFLDLFGVSMVVPLLSL HVKSLGASPTVAGIVGSSYGILQLFSSTLVGC

T™S2

WSDVVGRRSSLLACILLSALGYLLLGAATNVFLFVLARVPAGIFKHTLSISRA

T™S3 ™S4

LLSDVVPEKERPLVIGHFNTASGVGFILGPVVGGYLTELEDGFYLTAFICFLVF

TMS5 TMS6

ILNAGLVWFFPWREAKPGSTEKGLPLRKTHVLLGRSHDTVQEAATSRRARA

Intracellular loop

SKKTAQPWVEVVLALRNMKNLLFSEMWDIFLVRLLMAMAVMLYYSNFVLALE

T™S7

ERFGVRPKVTGYLISYSSMLGAVAGLALGPILRLYKHNSQALLLHSSILTCTLL

T™MS8 T™MS9

LLYSLAPTMGAVVLSSTLLSFSTAIGRTCITDLQLTVGGAQASGTLIGVGQSVT

TMS10 T™MS11

AVGRIIAPLLSGVAQEVSPCGPPSLGAVLALVAIFIMSLNKRHSSGDGNSKLKSE

TMS12 C-terminal

Fig 1. Orthologue clustering and sequence topology. Hidden Markov Models were utilised on proteomes from various species to identify orthologues to
human MFSD4A and MFSD9. (A) Schematic representation of the branching order for orthologue proteins. Abbreviations: ac, anolis lizard; dr, zebrafish; ga,
stickleback; gg, chicken; mm, mouse. Neither of the proteins was found in yeast, roundworm or fruit fly. MFSD4B was identified as orthologue to MFSD4A.
Global pairwise alignments were run to calculate protein identities between human and animal orthologues, as listed in (B). The human protein sequence for
MFSD4A (C) and MFSD9 (D) were depicted, where the 12 transmembrane segments (TMS) were underlined (TMS1-12). The first 6 TMS constitute the N-
domain which is connected to the C-domain (TMS7-12) via a long cytoplasmic loop (grey). Both the N and C terminals were predicted to be localised on the
cytoplasmic side of the membrane.

https://doi.org/10.1371/journal.pone.0186325.9001
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from the yeast, roundworms and fruit fly proteomes did not clustered in proximity with the
human proteins. They were discarded as orthologues, even if they still were considered to be
related proteins. MFSD4B (synonymous names: KIAA1919 and NAGLT1) was identified as a
related protein in all species in the MFSD4A searches. Globally, protein sequence identities
were high between the orthologues (Fig 1B), suggesting similar protein function among spe-
cies. Amongst the organisms examined, human and mouse shared the highest sequence iden-
tity, with 84.0% for MFSD4A, and 72.5% for MFSD9. When comparing human MFSD4A with
MEFSD4B, sequence identity amounted to 20.0% (Fig 1B).

Shared sequence identity with phylogenetically related MFSD and SLC
proteins

Proteins within each SLC family are phylogenetically related [5] and share at least 20%
sequence identity to at least one other family member [2]. The shared sequence identity
between MFSD4A, MFSD9 and their phylogenetically closest proteins were analysed by global
alignments. MFSD4A phylogenetically cluster to MFSD4B and SLC29, while MESD9 clusters
closest to SLC46, MFSD10, MFSD14A and MFSD14B [5]. Analyses of protein sequence identi-
ties showed that MFSD4A shared 20.0% sequence identity with MFSD4B; 15.2% sequence
identity with SLC29A1; 16.8% with SLC29A2; 14.9% with SLC29A3 and 17.0% with SLC29A4.
MFSD9 had 20.6% sequence identity with SLC46A1; 17.2% with SLC46A2 and 10.6% with
SLC46A3. Furthermore, MFSD9 was 21.6% identical to MFSD10; 19.1% to MFSD14A and
21.3% to MFSD14B.

Predicted protein structures for human MFSD4A and MFSD9

The number and structure of possible transmembrane segments (TMS) were assessed based
on primary amino acid sequence using TMHMM [38], Phobius [39, 40] and Sousi [41]. All
three tools provided similar results concerning the amino acids spanning the membrane. For
MEFSD4A, all three programs predicted 12 TMS, in accordance with most MFS proteins [11,
13], with N and C terminals on the inside. TMHMM predicted MESD9 to have 10 TMS, where
only eight met the requirement for highest probability, whereas Phobius and Sousi predicted
MFSD9 to have 10 TMS.

Homology models were built using the SWISS-MODEL program [42], in which a structur-
ally known MFS transporter was used as template for each model. Global model quality esti-
mation indicates the reliability of models on a scale range from 0-1, 1 representing total
reliability. The MFSD4A model reached a quality score value of 0.40. MFSD9 reached a model
quality score of 0.47. Fig 1C and 1D depicts a schematic representation of the proteins topol-
ogy, where the TMS are detailed according to the homology models. The three dimensional
model for MFSD4A resulted in 12 TMS (Fig 2A and 2B), which correlate well with the TMS
identified in the secondary structure prediction. Likewise, for MFSD9 12 TMS were identified
(Fig 2C and 2D), unlike the 10 TMS previously predicted based on primary amino acid
sequence. However, after comparing the TMS identified by the three topology tools with the
homology model for the MESD9 models, TMS3 and 8 from the secondary models corre-
sponded to four TMS in the homology models, providing a final 12 TMS structures, with N
and C terminals on the cytoplasmic side of the membrane. For MFSD4A, all except TMS 9 and
12 were incomplete helices, with disrupted intermediate sections, while for MESD9, TMS 4, 5,
6 and 11 were predicted to be incomplete helices. In both models, TMS 1, 4, 7 and 10 appear to
be closest the substrate pore, and they were predicted to contain a long cytoplasmic loop
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Fig 2. Homology models of MFSD4A and MFSD9. Homology models were built using the SWISS-MODEL [42], with MFS proteins as templates.
Both MFSDA4A (A, B) and MFSD9 (C, D) were predicted to have 12 transmembrane segments (TMS); where TMS 1, 4, 7 and 10 were depicted in blue,
TMS 2,4,8and 11 ingreenand TMS 3, 6, 9 and 12 in red. In the side view of MFSD4A (A) the N and C terminals are marked. From the top view (B), a
potential substrate pore is visible (marked with yellow circle). The same set-up applies for the side view of MFSD9 (C) regarding colours and the N and
C terminals. In the top view (D), a possible substrate pore was detected.

https://doi.org/10.1371/journal.pone.0186325.9002

between TMS 6 and 7 (Fig 2A and 2C), two traits common for MFS protein structures [45].
Both peptides folded into a cylinder, through which molecules possibly could be transferred
(Fig 2B and 2D).
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Mfsd4 and Mfsd9 mRNA expression in both central and peripheral
regions

To gain a comprehensive understanding of Mfsd4a and Mfsd9 expression in mice, mRNA lev-
els were measured using quantitative real-time PCR (qPCR). Both genes were expressed in the
nervous system and in peripheral tissues (Fig 3). In general, Mfsd4a had higher relative expres-
sion in central than peripheral areas. Mfsd4a was relatively high expressed (normalized relative
expression + SD) in cerebellum, hippocampus and hypothalamus, with slightly lower levels in
brainstem and cortex (Fig 3A). Variation in mRNA levels between the peripheral organs mea-
sured was larger, with highest relative levels in intestines and kidneys, and lowest in the heart,
liver and spleen. Mfsd9 was also detected throughout all organs tested (Fig 3B), where no dis-
crepancy could be detected between CNS and peripheral expression. However, there was varia-
tion within CNS and the periphery, where, for example, the brainstem sample expressed
higher Mfsd9 mRNA levels than striatum, and kidney had higher relative Mfsd9 expression
than the eyes. High levels of Mfsd9 were also detected in intestine and kidney.

Western blot to study antibody binding

Commercially available antibodies were used for protein staining. Antigen binding was con-
firmed for each antibody by western blot run on fractionated mouse brain. The blot for
MFSD4A produced two bands, one at 40 kDA and one at 56 kDA in the mouse brain (Fig 4A),
which corresponded with predicted sizes of the isoforms having 56kDA (Ensembl number:
ENSMUSP00000125558 and ENSMUSP00000107989) and 40kDA (Ensembl number: ENSM
USP00000039635) as molecular weights. MFSD9 bound at 60kDa (Fig 4B), corresponding to
Ensembl number: ENST00000258436.9, having a molecular weight at 51kDA. The band was
slightly larger than predicted, likely due to post-translational modifications such as glycosyla-
tions. MFSD9 was predicted to contain 12 possible glycosylation sites, as found by analysis via
NetOGlyc 4.0 [48]. MFSD4A was predicted to have one possible glycosylation site. The west-
ern blot indicated that both antibodies were specific for their respective target.

Identified MFSD4A and MFSD9 staining in mouse brain neurons

To characterize distribution of both MFSD4A and MFSD9 in mouse brain tissue, fluorescent
immunohistochemistry was performed, including the neuronal marker NeuN [49] and the
astrocytic marker GFAP [50]. Both MFSD4A and MFSD9 co-localised with NeuN (Fig 4C and
4D), but not with GFAP (Fig 4E and 4F).

Immunohistochemistry staining of MFSD4A in mouse brain

As both proteins were located to neurons, the global neuroanatomical distribution was ana-
lysed with DAB immunohistochemistry on 70um coronal brain sections. Fig 5 displays repre-
sentative MFSD4A staining, in whole brain sections at bregma 0.38mm; -0.70mm; -1.22mm
and -5.80mm (Fig 5A-5D), and selected magnified areas (Fig 5E-5L). Specific layered staining
for MFSD4A in cortex layer 5 (Fig 5E), and in the magnified cortex-picture projections were
visible (Fig 5F). Labelling of interspersed cells was present in hypothalamic areas around the
third ventricle (3V) (Fig 5G), globus pallidus (Fig 5H), amygdala nuclei, starting in the cortex-
amygdala transition zone (Fig 5I), and in the CA2 and CA3 region in the hippocampus (Fig
5]). Moreover, distinctly layered staining was observed in the cerebellar cortex, where MFSD
4A clearly marked the Purkinje cell layer and their dendritic trees reaching the molecular layer
in the paraflocculus (Fig 5K). Staining was seen in the plasma membrane of the soma, as well
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Fig 3. mRNA expression in wildtype and food controlled mice. Relative mRNA expression of Mfsd4a and
Mfsd9, in central and peripheral tissues from adult C57BI6/J mice, was analysed using gPCR. Samples were
made from tissue collected from five animals per organ. The mRNA was normalized against the geometric
mean of the reference genes Gapdh, bTub, Rpl19, Cyclo and Actb. The relative expression levels (+SD) were
plotted. Mfsd4a (A) and Mfsd9 (B) were detected in both central and peripheral tissues.

https://doi.org/10.1371/journal.pone.0186325.g003

as in the neuronal projections (Fig 5F and 5I-5K). Finally, dense MESD4A staining was
observed in the facial nuclei of the brain stem (Fig 5L).

Immunohistochemistry staining of MFSD9 in mouse brain

MEFSD?9 displayed a more abundant staining pattern from rostral to caudal parts of the mouse
brain, as showed at bregma 0.38mm; -0.34mm; -1.58mm and -5.80mm (overview images: Fig
6A-6D; with adjacent magnified micrographs Fig 6E-6L). Densely interspersed staining of
MFSD9 was found in the matrix of the striatum (Fig 6E). Evenly distributed staining was visu-
alized throughout cortex (Fig 6F) with stained possible projections in cortex layer 4 and 5 (Fig
6G). MEFSD9-positive neurons were found throughout the hypothalamus, around third ventri-
cle (Fig 6H) and in thalamic cells, (Fig 6I). Immunostaining was detected in the fields CA2 and
CA3 in hippocampus, where projections from the pyramidal cell layer towards deeper hippo-
campal layers could be observed in CA2 stretching into the dorsal part of CA3 (Fig 6]). In
brainstem, MFSD9 staining was observed in a group of large cells, in which the staining was
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Fig 4. Antibody verification and fluorescent protein staining. Antibodies used in the histological methods
were verified using western blot with proteins from a fractionated mouse brain. (A) Staining for MFSD4A gave
two bands,40 and 56 kDa (expected sizes at 40 and 56 kDa), in the brain sample and (B) staining for MFSD9
showed a band at 60 kDa (expected size at 51 kDa) in the mouse brain. 7um coronal adult mouse brain
sections were stained for MFSD4A and MFSD9, together with the neuronal marker NeuN and astrocytic
marker GFAP, and representative staining is shown. Both MFSD4A (green in C) and MFSD9 (red in D)
staining co-localised with NeuN. No overlay was detected between MFSD4A (greenin E) and GFAP (red in
E), or MFSD9 (red in F) and GFAP (greenin F). DAPI was used as a nuclei marker and stained in blue.

https://doi.org/10.1371/journal.pone.0186325.g004

distributed evenly throughout the soma and projections (Fig 6K). In the cerebellar cortex, the
Purkinje cell layer distinctly stained positive for MESD9 (Fig 6L).

Expression levels of Mfsd4a and Mfsd9 were affected by altered nutrient
intake

As several MFSD genes are known to respond to altered nutritional status, mice were exposed
to three food paradigms, normal chow, food restriction and high-fat diet (HFD). mRNA levels
for Mfsd4a and Mfsd9 were measured in the following brain areas: hypothalamus, pituitary
gland, cortex, striatum, thalamus, brainstem and spinal cord. For Mfsd4a (Fig 7A), no alter-
ations in transcription levels were detected in hypothalamus or thalamus. In pituitary gland,
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100pum
Fig 5. Neuroanatomical distribution of MFSD4A. DAB immunohistochemistry staining on 70um sections from adult mice
brains displaying global MFSD4A protein staining (A-D), with representative close ups (E-L). Cell staining was seen in cortex
(E), layer 5, here displayed in primary motor cortex (M1) (F), in hypothalamus along the third ventricle (3v) (G) and globus
pallidus (GP) (H). MFSD4A staining was detected along cellular projections, as seen in cells in the cortex-amygdala transition

zone (CxA) (I). Stained cells were seen in hippocampal areas CA2 and CA3 (J), the Purkinje cell layer in cerebellum (K) and
brainstem nuclei such as the facial nucleus (7N) (L). Bregma regions correspond to [51], and scale bars represent 100um.

https://doi.org/10.1371/journal.pone.0186325.9g005
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Fig 6. Neuroanatomical distribution of MFSD9. MFSD9 histology was displayed using colorimetric staining on 70um coronal sections
from adult mouse brains. Overview micrographs (A-D), with magnifications (E-L) are showed. MFSD9 staining in striatum (CPu) (E), cortex
(F) with possible projections stained in layer 4 and 5 (G) and hypothalamic areas around third ventricle (3V) (H). In thalamus cell bodies were
marked by MFSD9 (1). In hippocampus, both soma and projections were detected in CA2, while only soma was seen in CA3 (J). A close up of
cells in brainstem (K) and the Purkinje cell layer (L) showed prominent staining. Bregma regions were according to [51], and scale bars
represent 100um.

https://doi.org/10.1371/journal.pone.0186325.9006

mRNA levels were reduced both by starvation (p = 0.0012) and HFD (p = 0.0010), whereas in
cortex, a reduction was seen after food deprivation (p = 0.0023), while the levels were increased
by HED (p = 0.041). Neither the mRNA levels in striatum nor spinal cord were changed due to
starvation, whereas HFD down-regulated the Mfsd4a expression (Striatum, p = 0.018; Spinal
cord, p = 0.0082). Finally, in brainstem, expression levels were up-regulated by starvation
(p = 0.0006), and down-regulated in the HFD mice (p<0.00001).

Mfsd9 was affected by the food paradigms (Fig 7B). Food deprivation increased the expres-
sion levels in hypothalamus (p = 0.0005), whereas HFD provided no effects. In pituitary gland,
starvation caused a reduction of the expression (p = 0.0082), while HFD had no effects. The
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Fig 7. Transcription levels are altered upon changed food intake. To investigate how nutritional status affected transcription levels of Mfsd4a and Mfsd9,
mice were exposed to different food paradigms, 24h food deprivation and eight weeks of high-fat diet, and compared with chow fed mice. N = 4 per area and
food paradigm. Relative mRNA levels for Mfsd4a (A) and Mfsd9 (B) are depicted (+SD). Significance levels were set to *p<0.0493, **p<0.00998,
***p<0.001 and ****p<0.0001 after Bonferroni multiple comparison corrections. Abbreviations: HTh, hypothalamus; Pit, pituitary gland; Ctx, cortex; St,
striatum; Th, thalamus; BS, brainstem and SpC, spinal cord.

https://doi.org/10.1371/journal.pone.0186325.g007
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cortex responded with down-regulation to starvation (p = 0.0040), while HFD enhanced the
Mfsd9 levels (p = 0.030). No significant changes were seen either in striatum or thalamus. Fur-
thermore, both starvation and HFD up-regulated the Mfsd9 levels in brainstem (starvation,

p = 0.0002; HFD, p = 0.0050), whereas spinal cord was resistant toward food deprivation, but
reduced by HFD (p = 0.034). In conclusion, both genes were affected by the nutritional status
in vivo.

Discussion

The MEFS [52] constitutes the largest superfamily of phylogenetically related secondary active
and facilitative transporters [11, 45]. In humans, these types of transporters constitute the sol-
ute carrier (SLC) family, of which approximately 30% contain the MFS fold [5]. Among the
SLCs of MES type, there is a subclass of orphan permeases denoted MESD proteins. We identi-
fied MFSD4A and MFSD9 orthologues in several species that could be used when searching
the proteins functions, and we predicted the three dimensional structures of human MFSD4A
and MFSD9. Moreover, we elucidated the neuroanatomical distribution of the transporters in
mice to get a comprehensive understanding of their distribution patterns. Since MESD4A and
MESD?9 are probable transporters involved in nutritional uptake and/or ion transport, we ana-
lysed the impact food deprivation and high-fat diet had on their expression levels.

Homologous MFS proteins are recognized in all organismal phyla [11, 52], and the
human MFSD proteins have identified orthologues in bacteria, archaea and eukaryotic
domains [8, 9, 16, 53]. MFSD4A and MFSD9 were estimated to be comparably young pro-
teins, as relative proteins were only identified in vertebrates, of which orthologues from
human and mice shared around 80% of the amino acids. This suggests that both proteins
emerged late in evolution, likely to perform specialized tasks in higher species. As SLCs
with high sequence similarity usually have similar substrate profiles [54], it is plausible they
also share expression patterns. The high sequence identity between the human and mouse
proteins suggests that the proteins share function, which makes mice a well-suited model to
use when searching for the transporters’ mechanisms. Since orthologues were found in
chicken and zebrafish as well, there are more good alternative animal models that could be
used when elucidating the proteins functions.

We identified MFSD4A and MFSD4B as related and they shared 20% of the amino acids,
meaning they meet the criteria for belonging to the same SLC family [2, 37]. As family mem-
bers, it is possible that they share a common substrate and mechanism. As MFSD4B is a
known sodium dependent sugar transporter [21, 55], it is possible that also MFSD4A trans-
ports sugars. MFSD9 shares both phylogenetic branching [5] and more than 20% sequence
identity with SLC46A1, MFSD10, and MFSD14B, suggesting they could all be members of the
SLC46 family. However, they possess different substrate profiles. SLC46A1 is a folate trans-
porter [56], while MESD10 (TETRAN) transports organic anions [18].The substrate for
MFSD14B is unknown, but due to its high sequence identity (67.7%) with the predicted sugar
transporter MFSD14A [57], it is presumed that MFSD14B transports sugar. The substrate for
MFSD9 remains to be revealed.

MFSD4A and MESD9 are similar in sequence and phylogeny with known SLCs, suggesting
they are transporters as well. To assess this issue, we used online topology prediction tools to
identify possible transmembrane segments (TMS), followed by homology modelling to predict
their structures. The topology tools rely on the properties of the amino acid sequence, such as
hydrophobicity, charge bias and helix lengths [38, 39] to calculate possible TMS that could
span the membrane, whereas the homology models were built in comparison to a structurally
determined protein. The optimal set-up for homology modelling would be to use orthologue
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proteins as templates, but since MFSD4A and MFSD9 lack known related proteins in bacteria,
and have no orthologue with determined structure, this cannot be done. Therefore, structur-
ally known MFS proteins were used as templates, and even though the overall sequence identi-
ties were low, the conserved MFS domains constitutes good hallmarks when aligning the
sequences to the templates [58], and the models were considered reliable.

For MFSD4A, all structural models suggested 12 TMS, and for MFSD9 the prediction tools
identified only 10 TMS, while the homology model identified 12 TMS. Under such circum-
stances the results from the homology modelling holds higher validity, as the protein of inter-
est is aligned against a protein with known structure. As an example, the characteristic long
cytoplasmic loop between TMS 6 and 7 was identified in both MFSD4A and MFSD?9, and it
aligned well with the templates. When comparing the amino acids in the 10 predicted TMS in
the secondary models for MFSD9 with the 12 TMS found in the homology model, it was evi-
dent that all tools identified the same TMS. However, in the tertiary model, TMS 3 and 8 were
divided into four helices. Both models contained incomplete helices, suggesting a lower hydro-
phobicity index for those helices. This does however not mean that these proteins lack the
standard helical configuration. This could be due to hydrophilic residues pointing toward the
water filled transport pore or that these hydrophilic residues were shielded from the lipid
bilayer by other parts of the protein. As TMS 1, 4, 7 and 10 directly constitute the transport
path, and are located in the core of the transporter [45], they can be amphipathic depending
on the substrate of the transporter. As these four TMS in the MFSD4A predicted structure
mainly consisted of hydrophobic and neutral amino acids, it suggests a non-polar substrate,
possible sugars as for MFSD4B [21, 55]. For MFSD9, TMS 1, 4, 7 and 10 contained hydropho-
bic, hydrophilic and neutral amino acids, suggesting it could translocate charged substrates.
Finally, to our knowledge, there is no conclusive evidence supporting a 10 TMS model for
MES proteins, even though it has been investigated [11]. Consequently, we suggest both
MFSD4A and MFSD?9 to have 12 TMS, composed of the N and C domains.

Commercially available antibodies were used for protein staining, and there are several
ways to verify antibodies specificity. A refined way is to use blocking peptides followed by mea-
surements of reduced antibody binding. There are also the possibilities to create knockout
mice or knockout cells to show that the antibodies have no cross reactivity. However, for
MEFSD4A and MFSD?9 there were, at present, neither blocking peptides available, nor any con-
firmed knockout mice or knockout cells to utilise. The specificity of antibodies can also be
studied using siRNA knockdown strategies in cultured cells, but both MFSD4A and MFSD9
maintain low protein levels in rodent cell cultures and the proteins cannot be detected. Conse-
quently, we used western blot to ensure the antibodies’ accuracy. With western blot it was veri-
fied that both antibodies bound epitopes on proteins having correct predicted sizes, but cross-
reactivity cannot be excluded. The histology displays the likely distribution of MFSD4A and
MESD9.

Based on the results presented herein, MFSD4A and MFSD9 are suggested to be novel SLC
transporters, belonging to disparate SLC families. That Mfsd4a and Mfsd9 were highly
expressed in intestines and kidneys increases the possibility of involvement in nutritional regu-
lation. Since approximately half of all known Slc genes present in mouse brain areas are
involved in the regulation of food intake and energy production [14], the distribution of
MFSD4A and MFSD9 was studied in mouse brain. This showed specific protein staining in
food controlling areas such as brainstem [59], hypothalamus [60] and striatum [61], and it cor-
responded well with measured relative mRNA levels. Since MFSD4A and MESD9 probably
transport nutrients we decided to study if and how they were affected by changed food intake
in food regulatory areas. 24 hours of food deprivation was analysed to study acute effects,
while 8 weeks of HFD mirror how the genes were affected by food-induced obesity in mice.
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Diet changes like these can in mice, as in humans, cause the metabolic syndrome [62], with
effects like hyperinsulinemia, hyperglycaemia and hypertension. This could contribute to
altered mRNA levels and the effects measured could be a resolute of other confounding factors.
In general, both genes had similar response to the diets, with some exceptions: in hypothala-
mus, Mfsd4a was unaffected, whereas there was a prominent increase of Mfsd9 after food dep-
rivation. This up-regulation could imply a required increase in uptake of certain molecules.
Due to the phylogenetic and sequential resemblance between MFSD9 and MFSD14A, the
Mfsd9 increase could be a response to the diminished sugar intake, as MFSD14A is a predicted
sugar transporter [57]. Both the arcuate nucleus [63, 64] and ventromedial nucleus [64, 65] of
the hypothalamus contain specialized glucose-sensitive cells, and perhaps MFSD9 is involved
in this regulation. In striatum it was the opposite; Mfsd4a was reduced by high-fat diet, while
Mfsd9 remained normal. Such reduction of expression upon exposure to HFD suggests that
the system has reached satiety, and that the cells abolish the uptake mechanisms.

In conclusion, that human MFSD4A and MFSD9 proteins were predicted to have the MFS
structural appearance, and that they phylogenetically cluster with SLCs suggest they could
function as transporters. That protein staining and mRNA expression were detected in food
regulatory areas, and that transcriptional changes were measured after altered food intake, sug-
gests involvement in nutrient intake or regulation.

Acknowledgments

We wish to express special thanks to Emilia Lekholm, Mikaela M. Eriksson, Sahar Roshanbin
and Johanna Lundgren for assistance with preparations of experiments and the manuscript.

Author Contributions

Conceptualization: Emelie Perland, Robert Fredriksson.

Formal analysis: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer.
Funding acquisition: Robert Fredriksson.

Investigation: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer, Vasiliki Arapi, Fate-
mah Rezayee, Mona Bushra.

Methodology: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer.
Project administration: Emelie Perland, Robert Fredriksson.

Resources: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer.
Supervision: Emelie Perland.

Validation: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer, Vasiliki Arapi, Fate-
mah Rezayee, Mona Bushra.

Visualization: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer, Vasiliki Arapi.
Writing - original draft: Emelie Perland.

Writing - review & editing: Emelie Perland, Sofie Victoria Hellsten, Nadine Schweizer, Vasi-
liki Arapi, Fatemah Rezayee, Mona Bushra, Robert Fredriksson.

References

1. Almen MS, Nordstrom KJ, Fredriksson R, Schioth HB. Mapping the human membrane proteome: a
majority of the human membrane proteins can be classified according to function and evolutionary

PLOS ONE | https://doi.org/10.1371/journal.pone.0186325 October 19, 2017 18/22


https://doi.org/10.1371/journal.pone.0186325

@° PLOS | ONE

Characterisation of novel MFS transporters

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

origin. BMC biology. 2009; 7:50. Epub 2009/08/15. https://doi.org/10.1186/1741-7007-7-50 PMID:
19678920; PubMed Central PMCID: PMCPMC2739160.

Hediger MA, Romero MF, Peng JB, Rolfs A, Takanaga H, Bruford EA. The ABCs of solute carriers:
physiological, pathological and therapeutic implications of human membrane transport proteinsintro-
duction. Pflugers Archiv: European journal of physiology. 2004; 447(5):465-8. Epub 2003/11/19.
https://doi.org/10.1007/s00424-003-1192-y PMID: 14624363.

Fredriksson R, Nordstrom KJ, Stephansson O, Hagglund MG, Schioth HB. The solute carrier (SLC)
complement of the human genome: phylogenetic classification reveals four major families. FEBS let-
ters. 2008; 582(27):3811—6. https://doi.org/10.1016/j.febslet.2008.10.016 PMID: 18948099.

Hediger MA, Clemencon B, Burrier RE, Bruford EA. The ABCs of membrane transporters in health and
disease (SLC series): introduction. Molecular aspects of medicine. 2013; 34(2-3):95-107. Epub 2013/
03/20. https://doi.org/10.1016/j.mam.2012.12.009 PMID: 23506860; PubMed Central PMCID:
PMCPMC3853582.

Perland E, Fredriksson R. Classification Systems of Secondary Active Transporters. Trends in pharma-
cological sciences. 2017; 38(3):305—15. Epub 2016/12/13. https://doi.org/10.1016/j.tips.2016.11.008
PMID: 27939446.

Finn RD, Coggill P, Eberhardt RY, Eddy SR. The Pfam protein families database: towards a more sus-
tainable future. 2016; 44(D1):D279-85. https://doi.org/10.1093/nar/gkv1344 PMID: 26673716.

Hoglund PJ, Nordstrom KJ, Schioth HB, Fredriksson R. The solute carrier families have a remarkably
long evolutionary history with the majority of the human families present before divergence of Bilaterian
species. Molecular biology and evolution. 2011; 28(4):1531—41. https://doi.org/10.1093/molbev/
msq350 PMID: 21186191; PubMed Central PMCID: PMC3058773.

Sreedharan S, Stephansson O, Schioth HB, Fredriksson R. Long evolutionary conservation and consid-
erable tissue specificity of several atypical solute carrier transporters. Gene. 2011; 478(1-2):11-8.
Epub 2010/11/04. https://doi.org/10.1016/j.gene.2010.10.011 PMID: 21044875.

Perland E, Lekholm E, Eriksson MM, Bagchi S, Arapi V, Fredriksson R. The Putative SLC Transporters
Mfsd5 and Mfsd11 Are Abundantly Expressed in the Mouse Brain and Have a Potential Role in Energy
Homeostasis. PloS one. 2016; 11(6):e0156912. Epub 2016/06/09. https://doi.org/10.1371/journal.
pone.0156912 PMID: 272725083.

Perland E, Bagchi S, Klaesson A, Fredriksson R. Characteristics of 29 novel atypical solute carriers of
major facilitator superfamily type: evolutionary conservation, predicted structure and neuronal co-
expression. Open Biol. 2017; 7(9). Epub 2017/09/08. https://doi.org/10.1098/rsob.170142 PMID:
28878041.

Reddy VS, Shlykov MA, Castillo R, Sun El, Saier MH Jr. The major facilitator superfamily (MFS) revis-
ited. The FEBS journal. 2012; 279(11):2022-35. https://doi.org/10.1111/j.1742-4658.2012.08588.x
PMID: 22458847; PubMed Central PMCID: PMC3425384.

Pao SS, Paulsen IT, Saier MH Jr. Major facilitator superfamily. Microbiology and molecular biology
reviews: MMBR. 1998; 62(1):1-34. PMID: 9529885; PubMed Central PMCID: PMC98904.

Law CJ, Maloney PC, Wang DN. Ins and outs of major facilitator superfamily antiporters. Annual review
of microbiology. 2008; 62:289-305. Epub 2008/06/10. https://doi.org/10.1146/annurev.micro.61.
080706.093329 PMID: 18537473; PubMed Central PMCID: PMCPMC2612782.

Dahlin A, Royall J, Hohmann JG, Wang J. Expression profiling of the solute carrier gene family in the
mouse brain. The Journal of pharmacology and experimental therapeutics. 2009; 329(2):558-70. Epub
2009/01/31. https://doi.org/10.1124/jpet.108.149831 PMID: 19179540; PubMed Central PMCID:
PMCPmc2672879.

Lekholm E, Perland E, Eriksson M, Hellsten S, Lindberg F, Rostami J, et al. Putative membrane-bound
transporters MFSD14A and MFSD14B are neuronal and affected by nutrient availability. Frontiers in
Molecular Neuroscience. 2017; 10(11). https://doi.org/10.3389/fnmol.2017.00011 PMID: 28179877

Perland E, Hellsten SV, Lekholm E, Eriksson MM, Arapi V, Fredriksson R. The Novel Membrane-
Bound Proteins MFSD1 and MFSD3 are Putative SLC Transporters Affected by Altered Nutrient Intake.
Journal of Molecular Neuroscience. 2017; 61(2):199-214. https://doi.org/10.1007/s12031-016-0867-8
PMID: 27981419

Ben-Zvi A, Lacoste B, Kur E, Andreone BJ, Mayshar Y, Yan H, et al. Mfsd2a is critical for the formation
and function of the blood-brain barrier. Nature. 2014; 509(7501):507—11. Epub 2014/05/16. https://doi.
org/10.1038/nature 13324 PMID: 24828040; PubMed Central PMCID: PMCPMC4134871.

Ushijima H, Hiasa M, Namba T, Hwang HJ, Hoshino T, Mima S, et al. Expression and function of TET-
RAN, a new type of membrane transporter. Biochemical and biophysical research communications.
2008; 374(2):325-30. Epub 2008/07/22. https://doi.org/10.1016/j.bbrc.2008.07.034 PMID: 18638446.

Angers M, Uldry M, Kong D, Gimble JM, Jetten AM. Mfsd2a encodes a novel major facilitator superfam-
ily domain-containing protein highly induced in brown adipose tissue during fasting and adaptive

PLOS ONE | https://doi.org/10.1371/journal.pone.0186325 October 19, 2017 19/22


https://doi.org/10.1186/1741-7007-7-50
http://www.ncbi.nlm.nih.gov/pubmed/19678920
https://doi.org/10.1007/s00424-003-1192-y
http://www.ncbi.nlm.nih.gov/pubmed/14624363
https://doi.org/10.1016/j.febslet.2008.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18948099
https://doi.org/10.1016/j.mam.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23506860
https://doi.org/10.1016/j.tips.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27939446
https://doi.org/10.1093/nar/gkv1344
http://www.ncbi.nlm.nih.gov/pubmed/26673716
https://doi.org/10.1093/molbev/msq350
https://doi.org/10.1093/molbev/msq350
http://www.ncbi.nlm.nih.gov/pubmed/21186191
https://doi.org/10.1016/j.gene.2010.10.011
http://www.ncbi.nlm.nih.gov/pubmed/21044875
https://doi.org/10.1371/journal.pone.0156912
https://doi.org/10.1371/journal.pone.0156912
http://www.ncbi.nlm.nih.gov/pubmed/27272503
https://doi.org/10.1098/rsob.170142
http://www.ncbi.nlm.nih.gov/pubmed/28878041
https://doi.org/10.1111/j.1742-4658.2012.08588.x
http://www.ncbi.nlm.nih.gov/pubmed/22458847
http://www.ncbi.nlm.nih.gov/pubmed/9529885
https://doi.org/10.1146/annurev.micro.61.080706.093329
https://doi.org/10.1146/annurev.micro.61.080706.093329
http://www.ncbi.nlm.nih.gov/pubmed/18537473
https://doi.org/10.1124/jpet.108.149831
http://www.ncbi.nlm.nih.gov/pubmed/19179540
https://doi.org/10.3389/fnmol.2017.00011
http://www.ncbi.nlm.nih.gov/pubmed/28179877
https://doi.org/10.1007/s12031-016-0867-8
http://www.ncbi.nlm.nih.gov/pubmed/27981419
https://doi.org/10.1038/nature13324
https://doi.org/10.1038/nature13324
http://www.ncbi.nlm.nih.gov/pubmed/24828040
https://doi.org/10.1016/j.bbrc.2008.07.034
http://www.ncbi.nlm.nih.gov/pubmed/18638446
https://doi.org/10.1371/journal.pone.0186325

@° PLOS | ONE

Characterisation of novel MFS transporters

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

thermogenesis. The Biochemical journal. 2008; 416(3):347-55. Epub 2008/08/13. https://doi.org/10.
1042/BJ20080165 PMID: 18694395; PubMed Central PMCID: PMCPMC2587516.

Siintola E, Topcu M, Aula N, Lohi H, Minassian BA, Paterson AD, et al. The novel neuronal ceroid lipo-
fuscinosis gene MFSDB8 encodes a putative lysosomal transporter. American journal of human genetics.
2007; 81(1):136—46. Epub 2007/06/15. https://doi.org/10.1086/518902 PMID: 17564970; PubMed Cen-
tral PMCID: PMC1950917.

Horiba N, Masuda S, Ohnishi C, Takeuchi D, Okuda M, Inui K. Na(+)-dependent fructose transport via
rNaGLT1 in rat kidney. FEBS letters. 2003; 546(2—3):276—80. Epub 2003/07/02. PMID: 12832054.

Chapel A, Kieffer-Jaquinod S, Sagne C, Verdon Q, Ivaldi C, Mellal M, et al. An extended proteome map
of the lysosomal membrane reveals novel potential transporters. Molecular & cellular proteomics: MCP.
2013; 12(6):1572-88. Epub 2013/02/26. https://doi.org/10.1074/mcp.M112.021980 PMID: 23436907;
PubMed Central PMCID: PMCPMC3675815.

Palmieri M, Impey S, Kang H, di Ronza A, Pelz C, Sardiello M, et al. Characterization of the CLEAR net-
work reveals an integrated control of cellular clearance pathways. Human molecular genetics. 2011; 20
(19):3852—66. Epub 2011/07/15. https://doi.org/10.1093/hmg/ddr306 PMID: 21752829.

Berger JH, Charron MJ, Silver DL. Major facilitator superfamily domain-containing protein 2a
(MFSD2A) has roles in body growth, motor function, and lipid metabolism. PloS one. 2012; 7(11):
e50629. Epub 2012/12/05. https://doi.org/10.1371/journal.pone.0050629 PMID: 23209793; PubMed
Central PMCID: PMCPMC3510178.

Hellsten SV, Lekholm E, Ahmad T, Fredriksson R. The gene expression of numerous SLC transporters
is altered in the immortalized hypothalamic cell line N25/2 following amino acid starvation. FEBS Open
Bio. 2017:n/a-n/a. https://doi.org/10.1002/2211-5463.12181 PMID: 28174690

Cesar-Razquin A, Snijder B, Frappier-Brinton T, Isserlin R, Gyimesi G, Bai X, et al. A Call for Systematic
Research on Solute Carriers. Cell. 2015; 162(3):478-87. Epub 2015/08/02. https://doi.org/10.1016/j.
cell.2015.07.022 PMID: 26232220.

LinL, Yee SW, Kim RB, Giacomini KM. SLC transporters as therapeutic targets: emerging opportuni-
ties. Nature reviews Drug discovery. 2015; 14(8):543—-60. Epub 2015/06/27. https://doi.org/10.1038/
nrd4626 PMID: 26111766; PubMed Central PMCID: PMCPmc4698371.

Kanda M, Shimizu D, Tanaka H, Shibata M, Iwata N, Hayashi M, et al. Metastatic pathway-specific tran-
scriptome analysis identifies MFSD4 as a putative tumor suppressor and biomarker for hepatic metasta-
sis in patients with gastric cancer. Oncotarget. 2016; 7(12):13667—79. Epub 2016/02/13. https://doi.org/
10.18632/oncotarget.7269 PMID: 26872374; PubMed Central PMCID: PMCPMC4924669.

Rampersaud E, Damcott CM, Fu M, Shen H, McArdle P, Shi X, et al. Identification of novel candidate
genes for type 2 diabetes from a genome-wide association scan in the Old Order Amish: evidence for
replication from diabetes-related quantitative traits and from independent populations. Diabetes. 2007;
56(12):3053—-62. Epub 2007/09/12. https://doi.org/10.2337/db07-0457 PMID: 17846126.

Rask-Andersen M, Masuram S, Fredriksson R, Schioth HB. Solute carriers as drug targets: current
use, clinical trials and prospective. Molecular aspects of medicine. 2013; 34(2-3):702—-10. Epub 2013/
03/20. https://doi.org/10.1016/j.mam.2012.07.015 PMID: 23506903.

Eddy SR. Accelerated Profile HMM Searches. PLoS computational biology. 2011; 7(10):e1002195.
Epub 2011/11/01. https://doi.org/10.1371/journal.pcbi.1002195 PMID: 2203936 1; PubMed Central
PMCID: PMCPMC3197634.

Cunningham F, Amode MR, Barrell D, Beal K, Billis K, Brent S, et al. Ensembl 2015. Nucleic acids
research. 2015; 43(Database issue):D662-9. Epub 2014/10/30. https://doi.org/10.1093/nar/gku1010
PMID: 25352552; PubMed Central PMCID: PMCPMC4383879.

Notredame C, Higgins DG, Heringa J. T-Coffee: A novel method for fast and accurate multiple
sequence alignment. Journal of molecular biology. 2000; 302(1):205—17. Epub 2000/08/31. https://doi.
0rg/10.1006/jmbi.2000.4042 PMID: 10964570.

Huelsenbeck JP, Ronquist F, Nielsen R, Bollback JP. Bayesian inference of phylogeny and its impact
on evolutionary biology. Science (New York, NY). 2001; 294(5550):2310—4. Epub 2001/12/18. hitps://
doi.org/10.1126/science. 1065889 PMID: 11743192.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space. Systematic biology.
2012; 61(3):539—42. Epub 2012/02/24. https://doi.org/10.1093/sysbio/sys029 PMID: 22357727;
PubMed Central PMCID: PMCPMC3329765.

Li W, Cowley A, Uludag M, Gur T, McWilliam H, Squizzato S, et al. The EMBL-EBI bioinformatics web
and programmatic tools framework. Nucleic acids research. 2015; 43(W1):W580—4. Epub 2015/04/08.
https://doi.org/10.1093/nar/gkv279 PMID: 25845596; PubMed Central PMCID: PMCPMC4489272.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186325 October 19, 2017 20/22


https://doi.org/10.1042/BJ20080165
https://doi.org/10.1042/BJ20080165
http://www.ncbi.nlm.nih.gov/pubmed/18694395
https://doi.org/10.1086/518902
http://www.ncbi.nlm.nih.gov/pubmed/17564970
http://www.ncbi.nlm.nih.gov/pubmed/12832054
https://doi.org/10.1074/mcp.M112.021980
http://www.ncbi.nlm.nih.gov/pubmed/23436907
https://doi.org/10.1093/hmg/ddr306
http://www.ncbi.nlm.nih.gov/pubmed/21752829
https://doi.org/10.1371/journal.pone.0050629
http://www.ncbi.nlm.nih.gov/pubmed/23209793
https://doi.org/10.1002/2211-5463.12181
http://www.ncbi.nlm.nih.gov/pubmed/28174690
https://doi.org/10.1016/j.cell.2015.07.022
https://doi.org/10.1016/j.cell.2015.07.022
http://www.ncbi.nlm.nih.gov/pubmed/26232220
https://doi.org/10.1038/nrd4626
https://doi.org/10.1038/nrd4626
http://www.ncbi.nlm.nih.gov/pubmed/26111766
https://doi.org/10.18632/oncotarget.7269
https://doi.org/10.18632/oncotarget.7269
http://www.ncbi.nlm.nih.gov/pubmed/26872374
https://doi.org/10.2337/db07-0457
http://www.ncbi.nlm.nih.gov/pubmed/17846126
https://doi.org/10.1016/j.mam.2012.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23506903
https://doi.org/10.1371/journal.pcbi.1002195
http://www.ncbi.nlm.nih.gov/pubmed/22039361
https://doi.org/10.1093/nar/gku1010
http://www.ncbi.nlm.nih.gov/pubmed/25352552
https://doi.org/10.1006/jmbi.2000.4042
https://doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
https://doi.org/10.1126/science.1065889
https://doi.org/10.1126/science.1065889
http://www.ncbi.nlm.nih.gov/pubmed/11743192
https://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
https://doi.org/10.1093/nar/gkv279
http://www.ncbi.nlm.nih.gov/pubmed/25845596
https://doi.org/10.1371/journal.pone.0186325

@° PLOS | ONE

Characterisation of novel MFS transporters

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gray KA, Seal RL, Tweedie S, Wright MW, Bruford EA. A review of the new HGNC gene family
resource. Human genomics. 2016; 10:6. Epub 2016/02/05. https://doi.org/10.1186/s40246-016-0062-6
PMID: 26842383; PubMed Central PMCID: PMCPmc4739092.

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein topology with a
hidden Markov model: application to complete genomes. Journal of molecular biology. 2001; 305
(3):567-80. Epub 2001/01/12. https://doi.org/10.1006/jmbi.2000.4315 PMID: 11152613.

Kall L, Krogh A, Sonnhammer EL. A combined transmembrane topology and signal peptide prediction
method. Journal of molecular biology. 2004; 338(5):1027-36. Epub 2004/04/28. https://doi.org/10.
1016/j.jmb.2004.03.016 PMID: 15111065.

Kall L, Krogh A, Sonnhammer EL. Advantages of combined transmembrane topology and signal pep-
tide prediction—the Phobius web server. Nucleic acids research. 2007; 35(Web Server issue):W429—
32. Epub 2007/05/08. https://doi.org/10.1093/nar/gkm256 PMID: 17483518; PubMed Central PMCID:
PMCPmMc1933244.

Hirokawa T, Boon-Chieng S, Mitaku S. SOSUI: classification and secondary structure prediction system
for membrane proteins. Bioinformatics (Oxford, England). 1998; 14(4):378—-9. Epub 1998/06/20. PMID:
9632836.

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, et al. SWISS-MODEL: modelling
protein tertiary and quaternary structure using evolutionary information. Nucleic acids research. 2014;
42(Web Server issue):W252—-8. Epub 2014/05/02. https://doi.org/10.1093/nar/gku340 PMID:
24782522; PubMed Central PMCID: PMCPmc4086089.

Guan L, Mirza O, Verner G, Iwata S, Kaback HR. Structural determination of wild-type lactose perme-
ase. Proceedings of the National Academy of Sciences of the United States of America. 2007; 104
(39):15294-8. Epub 2007/09/21. https://doi.org/10.1073/pnas.0707688104 PMID: 17881559; PubMed
Central PMCID: PMCPMC2000551.

Jiang D, Zhao Y, Wang X, Fan J, Heng J, Liu X, et al. Structure of the YajR transporter suggests a trans-
port mechanism based on the conserved motif A. Proceedings of the National Academy of Sciences of
the United States of America. 2013; 110(36):14664—9. Epub 2013/08/21. https://doi.org/10.1073/pnas.
1308127110 PMID: 23950222; PubMed Central PMCID: PMCPMC3767500.

Yan N. Structural Biology of the Major Facilitator Superfamily Transporters. Annual review of biophys-
ics. 2015; 44:257-83. Epub 2015/06/23. https://doi.org/10.1146/annurev-biophys-060414-033901
PMID: 26098515.

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for comparative pro-
tein modeling. Electrophoresis. 1997; 18(15):2714-23. Epub 1998/03/21. https://doi.org/10.1002/elps.
1150181505 PMID: 9504808.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.
Genome biology. 2002; 3(7):RESEARCHO0034. Epub 2002/08/20. PMID: 12184808; PubMed Central
PMCID: PMCPMC126239.

Steentoft C, Vakhrushev SY, Joshi HJ, Kong Y, Vester-Christensen MB, Schjoldager KT, et al. Preci-
sion mapping of the human O-GalNAc glycoproteome through SimpleCell technology. The EMBO jour-
nal. 2013; 32(10):1478-88. Epub 2013/04/16. https://doi.org/10.1038/emboj.2013.79 PMID: 23584533;
PubMed Central PMCID: PMCPMC3655468.

Mullen RJ, Buck CR, Smith AM. NeuN, a neuronal specific nuclear protein in vertebrates. Development
(Cambridge, England). 1992; 116(1):201-11. Epub 1992/09/01. PMID: 1483388.

Reeves SA, Helman LJ, Allison A, Israel MA. Molecular cloning and primary structure of human glial
fibrillary acidic protein. Proceedings of the National Academy of Sciences of the United States of Amer-
ica. 1989; 86(13):5178-82. Epub 1989/07/01. PMID: 2740350; PubMed Central PMCID:
PMCPMC297581.

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, et al. Genome-wide atlas of gene
expression in the adult mouse brain. Nature. 2007; 445(7124):168—76. Epub 2006/12/08. https://doi.
org/10.1038/nature05453 PMID: 17151600.

Marger MD, Saier MH Jr. A major superfamily of transmembrane facilitators that catalyse uniport, sym-
port and antiport. Trends in biochemical sciences. 1993; 18(1):13-20. PMID: 8438231.

Jacobsson JA, Haitina T, Lindblom J, Fredriksson R. Identification of six putative human transporters
with structural similarity to the drug transporter SLC22 family. Genomics. 2007; 90(5):595-609. Epub
2007/08/24. https://doi.org/10.1016/j.ygeno.2007.03.017 PMID: 17714910.

Schlessinger A, Matsson P, Shima JE, Pieper U, Yee SW, Kelly L, et al. Comparison of human solute
carriers. Protein science: a publication of the Protein Society. 2010; 19(3):412—-28. Epub 2010/01/07.
https://doi.org/10.1002/pro.320 PMID: 20052679; PubMed Central PMCID: PMCPMC2866268.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186325 October 19, 2017 21/22


https://doi.org/10.1186/s40246-016-0062-6
http://www.ncbi.nlm.nih.gov/pubmed/26842383
https://doi.org/10.1006/jmbi.2000.4315
http://www.ncbi.nlm.nih.gov/pubmed/11152613
https://doi.org/10.1016/j.jmb.2004.03.016
https://doi.org/10.1016/j.jmb.2004.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15111065
https://doi.org/10.1093/nar/gkm256
http://www.ncbi.nlm.nih.gov/pubmed/17483518
http://www.ncbi.nlm.nih.gov/pubmed/9632836
https://doi.org/10.1093/nar/gku340
http://www.ncbi.nlm.nih.gov/pubmed/24782522
https://doi.org/10.1073/pnas.0707688104
http://www.ncbi.nlm.nih.gov/pubmed/17881559
https://doi.org/10.1073/pnas.1308127110
https://doi.org/10.1073/pnas.1308127110
http://www.ncbi.nlm.nih.gov/pubmed/23950222
https://doi.org/10.1146/annurev-biophys-060414-033901
http://www.ncbi.nlm.nih.gov/pubmed/26098515
https://doi.org/10.1002/elps.1150181505
https://doi.org/10.1002/elps.1150181505
http://www.ncbi.nlm.nih.gov/pubmed/9504803
http://www.ncbi.nlm.nih.gov/pubmed/12184808
https://doi.org/10.1038/emboj.2013.79
http://www.ncbi.nlm.nih.gov/pubmed/23584533
http://www.ncbi.nlm.nih.gov/pubmed/1483388
http://www.ncbi.nlm.nih.gov/pubmed/2740350
https://doi.org/10.1038/nature05453
https://doi.org/10.1038/nature05453
http://www.ncbi.nlm.nih.gov/pubmed/17151600
http://www.ncbi.nlm.nih.gov/pubmed/8438231
https://doi.org/10.1016/j.ygeno.2007.03.017
http://www.ncbi.nlm.nih.gov/pubmed/17714910
https://doi.org/10.1002/pro.320
http://www.ncbi.nlm.nih.gov/pubmed/20052679
https://doi.org/10.1371/journal.pone.0186325

@° PLOS | ONE

Characterisation of novel MFS transporters

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Horiba N, Masuda S, Takeuchi A, Takeuchi D, Okuda M, Inui K. Cloning and characterization of a novel
Na+-dependent glucose transporter (NaGLT1) in rat kidney. The Journal of biological chemistry. 2003;
278(17):14669-76. Epub 2003/02/19. https://doi.org/10.1074/jbc.M212240200 PMID: 12590146.

Zhao R, Goldman ID. Folate and thiamine transporters mediated by facilitative carriers (SLC19A1-3
and SLC46A1) and folate receptors. Molecular aspects of medicine. 2013; 34(2—3):373-85. Epub 2013/
03/20. https://doi.org/10.1016/j.mam.2012.07.006 PMID: 23506878; PubMed Central PMCID:
PMCPMC3831518.

Matsuo N, Kawamoto S Fau—Matsubara K, Matsubara K Fau—Okubo K, Okubo K. Cloning of a cDNA
encoding a novel sugar transporter expressed in the neonatal mouse hippocampus. 1997;(0006-291X
(Print)).

Lee J, Sands ZA, Biggin PC. A Numbering System for MFS Transporter Proteins. Frontiers in molecular
biosciences. 2016; 3:21. Epub 2016/06/18. https://doi.org/10.3389/fmolb.2016.00021 PMID:
27314000; PubMed Central PMCID: PMCPMC4889909.

Mikulaskova B, Maletinska L, Zicha J, Kunes J. The role of food intake regulating peptides in cardiovas-
cular regulation. Molecular and cellular endocrinology. 2016; 436:78—-92. Epub 2016/07/28. https://doi.
org/10.1016/j.mce.2016.07.021 PMID: 27450151.

Schwartz MW, Woods SC, Porte D Jr., Seeley RJ, Baskin DG. Central nervous system control of food
intake. Nature. 2000; 404(6778):661—71. Epub 2000/04/15. https://doi.org/10.1038/35007534 PMID:
10766253.

Ferrario CR, Labouebe G, Liu S, Nieh EH, Routh VH, Xu S, et al. Homeostasis Meets Motivation in the
Battle to Control Food Intake. The Journal of neuroscience: the official journal of the Society for Neuro-
science. 2016; 36(45):11469-81. Epub 2016/12/03. https://doi.org/10.1523/jneurosci.2338-16.2016
PMID: 27911750; PubMed Central PMCID: PMCPMC5125214.

Collins S, Martin TL, Surwit RS, Robidoux J. Genetic vulnerability to diet-induced obesity in the C57BL/
6J mouse: physiological and molecular characteristics. Physiology & behavior. 2004; 81(2):243-8.
Epub 2004/05/26. https://doi.org/10.1016/j.physbeh.2004.02.006 PMID: 15159170.

Coppari R, Ichinose M, Lee CE, Pullen AE, Kenny CD, McGovern RA, et al. The hypothalamic arcuate
nucleus: a key site for mediating leptin’s effects on glucose homeostasis and locomotor activity. Cell
metabolism. 2005; 1(1):63—72. Epub 2005/08/02. https://doi.org/10.1016/j.cmet.2004.12.004 PMID:
16054045.

Verberne AJ, Sabetghadam A, Korim WS. Neural pathways that control the glucose counterregulatory
response. Frontiers in neuroscience. 2014; 8:38. Epub 2014/03/13. https://doi.org/10.3389/fnins.2014.
00038 PMID: 24616659; PubMed Central PMCID: PMCPMC3935387.

Routh VH. Glucose sensing neurons in the ventromedial hypothalamus. Sensors (Basel, Switzerland).
2010; 10(10):9002—25. Epub 2011/10/25. https://doi.org/10.3390/s101009002 PMID: 22022208;
PubMed Central PMCID: PMCPMC3196991.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186325 October 19, 2017 22/22


https://doi.org/10.1074/jbc.M212240200
http://www.ncbi.nlm.nih.gov/pubmed/12590146
https://doi.org/10.1016/j.mam.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23506878
https://doi.org/10.3389/fmolb.2016.00021
http://www.ncbi.nlm.nih.gov/pubmed/27314000
https://doi.org/10.1016/j.mce.2016.07.021
https://doi.org/10.1016/j.mce.2016.07.021
http://www.ncbi.nlm.nih.gov/pubmed/27450151
https://doi.org/10.1038/35007534
http://www.ncbi.nlm.nih.gov/pubmed/10766253
https://doi.org/10.1523/jneurosci.2338-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27911750
https://doi.org/10.1016/j.physbeh.2004.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15159170
https://doi.org/10.1016/j.cmet.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/16054045
https://doi.org/10.3389/fnins.2014.00038
https://doi.org/10.3389/fnins.2014.00038
http://www.ncbi.nlm.nih.gov/pubmed/24616659
https://doi.org/10.3390/s101009002
http://www.ncbi.nlm.nih.gov/pubmed/22022208
https://doi.org/10.1371/journal.pone.0186325

