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A B S T R A C T   

The solute carrier (SLC) superfamily is the largest group of transporters in humans, with the role to transport 
solutes across plasma membranes. The SLCs are currently divided into 65 families with 430 members. Here, we 
performed a detailed mining of the SLC superfamily and the recent annotated family of “atypical” SLCs in human 
and D. melanogaster using Hidden Markov Models and PSI-BLAST. Our analyses identified 381 protein sequences 
in D. melanogaster and of those, 55 proteins have not been previously identified in flies. In total, 11 of the 65 
human SLC families were found to not be conserved in flies, while a few families are highly conserved, which 
perhaps reflects the families’ functions and roles in cellular pathways. This study provides the first collection of 
all SLC sequences in D. melanogaster and can serve as a SLC database to be used for classification of SLCs in other 
phyla.   

1. Introduction 

The environment inside the cell is well protected by biological 
membranes. The inner and outer compartments are still highly con-
nected in that the cells have integral membrane-bound proteins that 
facilitate movement across the protective barrier that surrounds the cell 
and its organelles (Alenghat and Golan, 2013; Singer and Nicolson, 
1972). 

The second largest group of integral membrane-bound proteins is 
transporter proteins. Approximately-one third of the human genome 
encodes transporter proteins and they are expressed in all organs of the 
human body (Almen et al., 2009). Many transporter proteins, such as the 
primary and secondary active transporters as well as the passive trans-
porters, work together to maintain the transportation chain between 
cells and within the cell. The SoLute Carrier (SLC) superfamily is sec-
ondary active and facilitative transporters that transport a wide range of 
solutes (sugars, amino acids, peptides, fats, ions, vitamins, drugs, and 
toxins) across membranes. The SLCs have, with a few exceptions, in 

common that they rely on an electrochemical gradient over the mem-
branes as the driving force for transport (Fredriksson et al., 2008; 
Hediger et al., 2013; Hediger et al., 2004). SLCs can roughly be divided 
into four categories: antiporters/exchangers e.g. SLC9 (Donowitz et al., 
2013); symporters/co-transporters e.g. SLC5 (Wright, 2013); uni-
porters/facilitated transporters, e.g. SLC2 (Mueckler and Thorens, 2013) 
and orphan transporters (Zhang et al., 2018). 

SLCs are evolutionary conserved in several phyla, implicating their 
importance for cellular function. Their conservation enables studies in 
model organisms and have led to a few elegant publications summari-
zing the SLC families and their properties in different species of teleost 
fish such as D. rerio (Zebra fish), S. richardsonii (Snow trout) and 
T. putitora (Golden Mahseer) (Verri et al., xxxx; Barat et al., 2019; 
Romano et al., 2014; Barat et al., 2016), where approximately 338 SLCs 
have been identified (Barat et al., 2016). In addition, the model organ-
ism D. melanogaster, the common fruit fly (Limmer et al., 2014; Hoglund 
et al., 2011); in which previous phylogenetic analysis has identified 347 
SLCs (Hoglund et al., 2011), has been used as a model for studying SLCs 
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and the protein conservation findings from this model organism have 
contributed greatly to the research fields of neurobiology (Bellen et al., 
2010). Moreover, in D. melanogaster there have been several publica-
tions investigating the function of orthologous proteins to 40 of the 
existing SLC families (Artero et al., 1998; Paik et al., 2017; Hua et al., 
2010; Yin et al., 2017; Knight et al., 2010; Dourlen et al., 2015; Gai et al., 
2016; Martin and Krantz, 2014; Sun et al., 2010; Southon et al., 2008; 
Hirata et al., 2012; Reynolds et al., 2009). In 2014, many of the SLCs in 
fruit fly were summarized with focus on transport across the blood–-
brain barrier (Limmer et al., 2014). However, this study did not describe 
the evolutionary relationship to human SLCs. Also, in 2017, the fly 
database combined all published works into a D. melanogaster SLC table 
(flybase.org/reports/FBgg0000686.html, FB2021_02, (Gene Group, 
2021; Larkin et al., 2020). Still, this summary lacked the connection and 
information about phylogenetic relationship to the human SLCs. 

The HUGO Gene Nomenclature Committee (HGNC) provides a list of 
the SLC superfamily members (www.genenames.org) and according to 
their criterion a protein is assigned to a SLC family if the protein has at 
least 20 % sequence identity to at least one other member of that family 
(Hediger et al., 2004). Another way to classify proteins is through the 
Protein Family system (Pfam). Here, the classification is based on pro-
tein alignment of functional domains, which resulted in larger clans of 
protein sequences. Today the SLC superfamilies’ populate 12 clans of 
which six contain more than one annotated SLC family (Perland and 
Fredriksson, 2017). More SLCs are being identified and recently the 
superfamily grew from 52 families with approximately 400 members to 
the current 65 families with 430 members. These can all be found in the 
SLC table database (slc.bioparadigms.org). Furthermore, in 2017, Per-
land and colleagues found that there are probably more proteins that 
will be categorized as SLCs due to their similarity to already existing 
members. This group of proteins were named atypical SLCs (Perland 
et al., 2017). 

In this paper, we systematically mined the D. melanogaster proteome 
aiming to identify proteins with resemblance to human SLCs. The results 
were obtained by building Hidden Markov Models (HMM) based on the 
Pfam categorization of the SLC family using HMMBUILD from the 
HMMER package (Eddy and Pearson, 2011) and the Position-Specific 
Iterative Basic Local Alignment Search Tool (PSI-BLAST) (Altschul et al., 
1997), and amino acid identities were analyzed using the European 
Molecular Biology Open Software Suite (EMBOSS) Needle (Li et al., 
2015). Within here, we provide the first phylogenetic analysis of all 
human SLCs and “atypical” SLCs and their homologues in 
D. melanogaster. In all, we identified 381 protein sequences in fly, of 
which 55 protein sequences have not yet been listed in the 
D. melanogaster SLC table. 

2. Material and methods 

2.1. Material 

The protein sequences of approved, protein-coding genes of the 
human SLCs listed on HGNC (www.genenames.org) and in the SLC ta-
bles (slc.bioparadigms.org (Hediger et al., 2013; Hediger et al., 2004), 
together with human protein sequences for the atypical SLCs, the Major 
Facilitator Superfamily containing Domain proteins: MFSD1, MFSD6, 
MFSD6L, MFSD8, MFSD9, MFSD11, MFSD12, MFSD13A, MFSD14A, 
MFSD14B; and the UNCoordinated-93 homologues: UNC93A and 
UNC93B1, as based on the work by Perland et al. (Perland et al., 2017; 
Perland et al., 2017), were downloaded through Uniprot.org (UniProt, 
2019). All proteins sequences are found in Supplementary data 1. The 
protein sequences were divided into their respective Pfam clan; MFS 
(Major Facilitator Superfamily, CL0015), APC (Amino Acid-Polyamine- 
Organocation, CL0062), ANL (Acyl-CoA synthestases, NRPS adenylation 
domains and Luciferase enzymes, CL0378), CPA/AT (Cation:Proton 
Antiporter/Anion transporter, CL0064), DMT (Drug/Metabolite trans-
porter, CL0184), Fz (Frizzled cysteine-rich domain-related, CL0644), IT 

(Ion transporter, CL0182), LysE transporter (Lysine exporter, CL0292), 
MviN, MATE-like (CL0222), MtN3-like (CL0141), Thioredoxin-like 
(CL0172), Timbarrel (Triose phosphate IsoMerase barrel, CL0058) and 
unclassified SLCs were referred to as “No clan”. Within here, the criteria 
to differentiate SLCs and atypical SLCs were based on the previous work 
of Perland and Fredriksson (Perland and Fredriksson, 2017; Perland and 
Fredriksson, 2017), where putative SLCs are protein sequences which 
have high sequence similarity to SLCs of MFS type but have not yet been 
classified into an existing subfamily. 

2.2. Construction of hidden Markov models 

Sequences to each Pfam clan were combined into eleven multiple 
sequence alignment using a Multiple sequence Alignment software with 
Fast Fourier Transform (MAFFT) (Katoh et al., 2002). Hidden Markov 
Models (HMMs) that were used to scan for homologues in the 
D. melanogaster proteome (BDGP6.pep.all) via HMMSEARCH, with a cutoff 
at E = 10, were built with HMMBUILD from the HMMER package (Eddy 
and Pearson, 2011). The results were manually curated and splice var-
iants were removed and only the longest protein sequences were kept. A 
summary of all sequences identified in D. melanogaster can be found in 
Supplementary data 2. 

2.3. Phylogenetic analysis 

The human SLC proteins and the identified sequences in 
D. melanogaster were aligned a second time using MAFFT. The phylo-
genetic relationships of sequences belonging to ANL, CPA/AT, DMT, Fz, 
IT, MtN3-like and Timbarrel Pfam clans were inferred using the 
Bayesian approach as implemented in mrBayes 3.2.7 (Huelsenbeck 
et al., 2001). mrBayes was run on a non-heated chain with two runs in 
parallel (n run = 2) under the mixed amino acid model with eight 
gamma categories and invgamma as gamma rates for a total of 
2,000,000 generations. Due to the great number of sequences, the 
phylogenetic relationships of human and D. melanogaster protein se-
quences belonging to the MFS and APC clans were calculated using the 
GAMMAJTT amino acid model with 100 bootstrap replicas, and a 
consensus tree was calculated from these using the built in consensus 
tree calculation using Randomized Axelerated Maximum Likelihood 
(RAxML) (Stamatakis, 2014). All trees are found as rectangular trees 
with roots and posterior probabilities or bootstraps in Supplementary 
data 3. The horizontal lines, branches, in the phylogenetic trees repre-
sent evolutionary lineages changing over time, i.e. amino acid sub-
stitutions per site divided by the length of the sequence. All phylogenetic 
trees therefore contain a scale, a line, that represent the number of ge-
netic changes. 

2.4. Global pairwise alignment 

Global pairwise alignments using EMBOSS Needle (Li et al., 2015) 
were performed to investigate the amino acid identity between the 
human and the D. melanogaster homologous proteins and to establish 
that the protein sequences fulfilled the criterion of 20 % to 25 % amino 
acid identity, a criterion established by HGNC and Hediger et al 
(Hediger et al., 2004; Hediger et al., 2004). The results from the global 
pairwise alignments are summarized for all transporters with a clan 
affiliation in Supplementary data 4. The human and D. melanogaster 
homologues with the highest amino acid identity are presented in 
Table 1–10, together with the human SLCs, its substrate and transporter 
type (slc.bioparadigms.org); as well as the function of the 
D. melanogaster proteins (flybase.org, FB2021_02, (Gene Group, 2021; 
Larkin et al., 2020). Predicted functions were not included in the tables. 

2.5. Protein psi-blast using blastp suite 

A little more than hundred protein sequences of the SLC family do 

M.M. Ceder and R. Fredriksson                                                                                                                                                                                                              



Gene 809 (2022) 146033

3

Table 1 
Summary of human and D. melanogaster SLCs belonging to the Major Facilitator Superfamily clan. The human SLC of MFS type divided into subfamilies, 
members, substrate profile, transporter type as well as revealing the identified homologue/homologues that were most similar (through amino acid identity) to the 
human SLC. One human SLC can be presented to have more than one homologue as the most similar, meaning that the D. melanogaster proteins presented next to a 
human SLC had the highest amino acid identity score to that SLC in the subfamily. The table also presents function of the D. melanogaster proteins if found on flybase. 
org, predictions were not included. (Transporter type: Ions within brackets indicate the transport coupled-ion, F = Facilitator, C = Cotransporter, E: Exchanger, Ch =
Channel, O = Orphan).  

SLC family Member Substrate Transport type D. melanogaster 
homologue 

Function in D. melanogaster 

SLC2: Facilitative GLUT 
transporter family 

SLC2A1 glucose, galactose, mannose, glucosamine F sut1 Sugar transporter 
CG6484  

SLC2A2 glucose, galactose, fructose, mannose, 
glucosamine 

F   

SLC2A3 glucose, galactose, mannose, xylose F CG7882  
sut4 Sugar transporter 
sut3 Sugar transporter 

SLC2A4 glucose, glucosamine F sut2 Sugar transporter 
CG4797 (pippin)  

SLC2A5 glucose, glucosamine F   
SLC2A6 glucose F Glut3 Facilitative glucose transporter, also 

transport other monosaccharides 
CG14606  
CG33282  

SLC2A7 glucose, fructose F   
SLC2A8 glucose, fructose, galactose F CG10960 

(nebulosa)  
Tret1-2 Trehalose transporter, fails to 

transport trehalose 
CG1208  
CG1213  
CG15406  
CG33281  
CG8249  
CG3285  
CG4607  
CG15408  
Tret1-1 Low-capacity, bidirectional trehalose 

transporter, fails to transport lactose, 
maltose, and sucrose. 

SLC2A9 urate (glucose, fructose)  CG8837  
SLC2A10 glucose, galactose F   
SLC2A11 glucose, fructose F   
SLC2A12 glucose F   
SLC2A13 myo-inositol C (H+)   
SLC2A14   CG33282  

SLC15: Proton oligopeptide 
cotransporter family 

SLC15A1 di- and tri-peptides, protons, beta-lactam 
antibiotics 

C (H+)   

SLC15A2 di- and tri-peptides, protons, beta-lactam 
antibiotics 

C (H+) yin Proton-dependent dipeptide 
transporter, high-affinity for 
alanylalanine 

CG2930  
CG9444  

SLC15A3 di- and tri-peptides, protons, histidine C (H+)   
SLC15A4 di- and tri-peptides, protons, histidine C (H+)   

SLC16: Monocarboxylate 
transporter family 

SLC16A1 lactate, pyruvate, ketone bodies C (H+) orE 
(monocarboxylate) 

CG8389  

SLC16A2 T2, rT3, T3, T4 F   
SLC16A3 lactate, ketone bodies F   
SLC16A4  C (H+)   
SLC16A5 bumetanide, probenecid, nateglinide?    
SLC16A6  O   
SLC16A7 pyruvate, lactate, ketone bodies C (H+)   
SLC16A8 lactate C (H+)   
SLC16A9  O CG8464 (HtrA2) Serine protease, linked to cell death 

induction via BIRC proteins 
hrm Plasma membrane pyruvate 

transporter 
SLC16A10 aromatic amino acids, T3, T4 F kar Ommochrome biosynthesis 
SLC16A11  O   
SLC16A12  O Sln Metabolic monocarboxylate 

transporter of e.g. butyrate and lactate 
SLC16A13  O   
SLC16A14  O Mct1 Monocarboxylate transporter 

CG14196  
SLC17: Vesicular glutamate 

transporter family 
SLC17A1 organic anions, phosphate, chloride electrogenic, Cl- 

dependent;C (Na+); 
Ch   

(continued on next page) 
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Table 1 (continued ) 

SLC family Member Substrate Transport type D. melanogaster 
homologue 

Function in D. melanogaster 

SLC17A2   CG18788  
SLC17A3 organic anions electrogenic   
SLC17A4   CG6978  
SLC17A5 sialic acid, other acidic sugars C (H+) MFS9 Major Facilitator Superfamily 

transporter 9 
MFS10 Major Facilitator Superfamily 

transporter 10 
Picot Potential cotransporter of inorganic 

phosphate 
CG9254  
dmGlut Dietary and metabolic, sodium- 

independent glutamate transporter 
CG15096  
MFS3 Major Facilitator Superfamily 

transporter 3 
CG9864  
MFS14 Major Facilitator Superfamily 

transporter 14, response to hypoxia 
CG3036  
MFS15 Major facilitator Superfamily 

transporter 15 
MFS17 Major facilitator Superfamily 

transporter 17 
NaPi-T Sodium-dependent inorganic 

phosphate cotransporter 
CG9826  
CG30265  
CG9825  
CG12490  
CG7881  
CG7091  

SLC17A6 glutamate electrogenic, Cl- 

dependent   
SLC17A7 glutamate electrogenic, Cl- 

dependent 
MFS1 Major Facilitator Superfamily 

transporter 1 
CG3649  

SLC17A8 glutamate electrogenic, Cl- 

dependent 
Vglut Synaptic vesicular glutamate 

transporter in glutamatergic and 
dopaminergic neurons 

SLC17A9 purine nucleotides electrogenic, Cl- 

dependent 
MFS18 Major facilitator Superfamily 

transporter 18 
SLC18: Vesicular amine 

transporter family 
SLC18A1 5-HT, DA, NE, epinephrine E (H+) prt Orphan vesicular transporter, linked 

to mating behavior defects and 
learning deficits 

SLC18A2 5-HT, DA, NE, epinephrine, histamine E (H+) Vmat Vesicular monoamine transporter of 
dopamine, serotonin and octopamine 

SLC18A3 acetylcholine E (H+) VAchT Vesicular acetylcholine transporter 
SLC18B1     

SLC19: Folate/thiamine 
transporter family 

SLC19A1 reduced folates, antifolates E (organic 
phosphates)   

SLC19A2 thiamine F CG6574  
CG14694  

SLC19A3 thiamine F CG17036  
SLC21: Organic anion 

transporter family 
SLCO2A1 prostaglandins (C/lactate)    
SLCO4A1   Oatp26F Organic anion transporting peptide 
SLCO5A1   Oatp30B Organic anion transporting 

polypeptide, cardiac glycoside 
ouabain transport 

SLCO3A1   Oatp74D Organic anion transporting 
polypeptide, uptake of ecdysteroids 

Oatp33Eb Organic anion transporting 
polypeptide 

SLCO6A1     
SLCO1A2 bile salts, organic anions and cations    
SLCO2B1 E-3-S, DHEAS  Oatp33Ea Organic anion transporting 

polypeptide 
SLCO1B1 bile salts, organic anions    
SLCO1B3 bile salts, organic anions    
SLCO4C1   Oatp58Dc Organic anion transporting 

polypeptide, renal elimination of 
organic compounds e.g. ouabain and 
methotrexate 

SLCO1C1 T4, T3, rT3  Oatp58Da Organic anion transporting 
polypeptide 

Oatp58Db 

(continued on next page) 
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Table 1 (continued ) 

SLC family Member Substrate Transport type D. melanogaster 
homologue 

Function in D. melanogaster 

Organic anion transporting 
polypeptide, excretion and transport 

SLC22: Organic cation/anion/ 
zwitterion transporter 
family 

SLC22A1 organic cations F SLC22A Transport (uptake) of acetylcholine, 
terminate synaptic transmission from 
cholinergic projections 

CG7458  
CG4462  

SLC22A2 organic cations F CG5592  
Cart Carcinine transporter, histamine- 

carcinine cycle 
CG17751  

SLC22A3 organic cations F CG8654  
CG7342  
CG42269  
CG6231  

SLC22A4 ergothioneine, zwitterions, organic cations C (Na+) Orct Potential Organic cation transporter 
CG4630  
CG7084  
CG16727  
CG6356  
CG7333  
CG8925  

SLC22A5 zwitterions (L-carnitine), organic cations C (Na+, L-carnitine);F 
(organic cations) 

CG17752  

SLC22A6 organic anions E (organic anions)   
SLC22A7 organic anions F; E CG6126  

CG6006 
CG14855 
CG3690 

SLC22A8 organic anions E (dicarboxylate) Balat Beta-alanine transporter, carnitine 
transporter 

SLC22A9 organic anions E (short chain fatty 
acids)   

SLC22A10  O   
SLC22A11 organic anions F, E   
SLC22A12 urate, organic anions E (organic anions)   
SLC22A13 urate, organic anions E (anions) Orct2 Organic cation transporter, 

transcriptional target of insulin 
receptor 

CG14857  
CG14856  

SLC22A14  O CG4465  
SLC22A15  O   
SLC22A16 L-carnitine, noncharged compounds F   
SLC22A17  O   
SLC22A18     
SLC22A20  E (dicarboxylate)   
SLC22A23  O   
SLC22A24  O   
SLC22A25  O   
SLC22A31     
SLC22A32 p-aminohippuric acid (PAH), 

indomethacin, diclofenac, mefenamic 
acid, etodolac 

C (H+) rtet  

SLC22B1 Galactose,Binds levetiracetam, 
selectracetam, brivaracetam  

CG3168  

SLC22B2   CG31272  
SLC22B3     
SLC22B4 Nicotinate  CG4324  

CG31106  
SLC22B5   CG15221  

CG33234  
CG31103  

SLC29: Facilitative nucleoside 
transporter family 

SLC29A1 F  Ent2 Equilibrative nucleoside transporter, 
stress signaling and adenosine 
recycling 

SLC29A2 F  Ent1 Equilibrative nucleoside transporter 
SLC29A3     
SLC29A4   Ent3 Equilibrative nucleoside transporter 

SLC33: Acetyl-CoA transporter 
family 

SLC33A1 acetyl-CoA F CG9706  
SLC33A2     

SLC37: Sugar-phosphate/ 
phosphate exchanger family 

SLC37A1  E (inorganic 
phosphate) 

MFS16 Major Facilitator Superfamily 
transporter 16 

SLC37A2  E (inorganic 
phosphate)   

(continued on next page) 
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not belong to a clan, and no HMM was constructed for them. Instead 
protein:protein PSI-BLASTs (blast.ncbi.nlm.nih.gov/Blast.cgi, (Altschul 
et al., 1990; Li et al., 2016) were performed to search for the most 
similar protein sequences to these human SLCs within the 
D. melanogaster proteome, Supplementary data 5. The same approach 
was used for the SLC64 belonging to the LysE transporter clan and the 
SLC45 family belonging to the MviN, MATE clan, as well as for SLCs 
populating the MFS and APC clans where the HMM failed to identify 
hits. 

3. Results 

In total, 368 SLCs and 13 atypical SLC homologues were identified in 
the D. melanogaster proteome, Fig. 1. A total of 55 previously unidenti-
fied protein sequences were found via the HMMs. The criterion currently 
used to assign a new protein sequence into a SLC subfamily is based on 
the work of (Hediger et al., 2004) and 2013) (Hediger et al., 2013; 
Hediger et al., 2004), where it is stated that “a transporter has been 
assigned to a specific SLC family if it has at least 20 to 25 % amino acid 
sequence identity to other members of that family”. Therefore the amino 
acid identity between the human and fly protein sequences were studied 
using EMBOSS Needle pairwise alignment software (Li et al., 2015). The 
closest relative to each human SLC member, as well as the substrate 
profile and transport mechanism (co-transporter, antiporter, facilitator, 
channel, and orphan) of the human SLCs are presented in Table 1–10 
and all alignments are presented in Supplementary data 5. The average 
pairwise sequence identity of human SLCs, atypical SLCs and their 
members in flies were calculated by pair-wise alignments between each 
human SLC member and the identified fly protein sequences within each 
family. Furthermore, an average per family was calculated. The average 
pair-wise alignments were above 20 % within each subfamily except for 
SLC10, SLC16, SLC22, SLC35, SLC39, SLC38 and SLC46 where the 
sequence identity was lower than 20 %. 

However, 51 protein sequences that were already annotated as SLCs 
in D. melanogaster were not identified by the HMMs used here. This issue 
most likely arises because the HMMs are biased for the Pfam clan 
affiliation, i.e. the number of members in each SLC subfamily in a Pfam 
clan varies greatly. For example, the SLC subfamilies do not contain an 
equal number of members hence smaller families with only one or few 
protein sequences will not affect the motifs that the HMMs later is built 
on compared with larger families that consist of many protein se-
quences. This is observed for the HMM built using the members in the 
MtN3-like Pfam clan, where the SLC54 family has three members 
compared with the SLC50 family that only has one member with a rather 
short protein sequence, Figs. 1 and 5. Also, the amino acid sequence 
identity was already low within the SLC superfamily and often also 
within each SLC subfamily, which could contribute to the difficulty to 
directly, without any other complementary experiment, identifying 
protein sequences. Furthermore, a few related protein sequences did not 
pass the cutoff at E = 10, e.g. two protein sequences belonging to the 
SLC29 family, and were therefore, unfortunately, unidentified. The 
phylogenetic relationship between the human SLCs, as well as the pu-
tative SLCs, and the identified fly protein sequences are presented in 
Figs. 2–5. 

Unfortunately, HMM could not be used for the SLC64 family since 
the family only contains one protein sequence, which is not enough 
sequences to perform the HMMBUILD. HMMs were also not built for the 
SLCs that lack a Pfam clan assignment (no clan SLCs). Moreover, the 
HMM built for the MviN, MATE-like clan (SLC47 and SLC62) could not 
identify any related protein sequences in D. melanogaster. To identify 
possible homologues in the fly proteome to these SLC families, protein 
PSI-BLASTs were performed with the blastp suit. The results of the PSI- 
BLASTs are found in Table 11 and Supplementary data 5. 

Table 1 (continued ) 

SLC family Member Substrate Transport type D. melanogaster 
homologue 

Function in D. melanogaster 

SLC37A3     
SLC37A4  E (inorganic 

phosphate)   
SLC40: Basolateral iron 

transporter family 
SLC40A1 ferrous iron F (?)   

SLC43: Na + -independent, 
system-L-like amino acid 
transporter family 

SLC43A1 L-BCAAs, amino alcohols F   
SLC43A2 L-BCAAs, amino alcohols F   
SLC43A3  O   

SLC45: H+/sugar 
cotransporter family 

SLC45A1 glucose, galactose, sucrose C (H+)   
SLC45A2 sucrose, glucose, fructose C (H+) lovit  

Slc45-1 Proton:sucrose symporter 
SLC45A3 sucrose, glucose, fructose C (H+)   
SLC45A4 sucrose, glucose, fructose C (H+)   

SLC49: FLVCR-related 
transporter family 

SLC49A1 heme  CG1358  
SLC49A2 heme    
SLC49A3     
SLC49A4     

SLC59: Sodium-dependent 
lysophosphatidylcholine 
symporter family 

SLC59A1 LPC (lysophosphatidylcholine) form of 
DHA (docosahexaenoic acid) 

C: LPC:Na+, uptake   

SLC59A2     
SLC60: Glucose transporters SLC60A1     

SLC60A2 α-Me-glucose, D-glucose C (Na+)   
SLC61: Molybdate transporter 

family 
SLC61A1 Molybdate    

SLC63: Sphingosine-phosphate 
transporters 

SLC63A1   spin Encodes a transmembrane protein, 
putative late-endosomal/lysosomal 
efflux permease, mTOR reactivation, 
lysosome reformation after starvation, 
regulation of TGF-β/BMP pathways 

SLC63A2 Phosphorylated sphingolipids, 
phosphorylated Fingolimod,sphingosine- 
1-phosphate (S1P), dihydrosphingosine-1- 
phosphate (DH-S1P), phyto-S1P, C17-S1P    

SLC63A3      
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Table 2 
Summary of human and D. melanogaster SLCs belonging to the Amino Acid-Polyamine-Organocation clan. The human SLC of APC type divided into subfamilies, 
members, substrate profile, transporter type as well as revealing the identified homologue/homologues that were most similar (through amino acid identity) to the 
human SLC. One human SLC can be presented to have more than one homologue as the most similar, meaning that the D. melanogaster proteins presented next to a 
human SLC had the highest amino acid identity score to a particular SLC in the subfamily. The table also presents the function of the D. melanogaster proteins if found on 
flybase.org, predictions were not included. (Transporter type: Ions within brackets indicate the transport coupled-ion, F = Facilitator, C = Cotransporter, E: Exchanger, 
Ch = Channel, O = Orphan). * Indicates a D. melanogaster homologue that has a higher amino acid identity to another member but regarding to annotation, function 
and location that are more similar to the human SLC that it is listed next to.  

SLC family Member Substrate Transport type D. melanogasterhomologue Function in D. melanogaster 

SLC4: Bicarbonate transporter 
family 

SLC4A1 chloride cicarbonate E   
SLC4A2 chloride bicarbonate E   
SLC4A3 chloride bicarbonate E Ae2 Anion:anion antiporter activity.Involved in 

intracellular pH reduction 
SLC4A4 sodium bicarbonate (and/ 

or carbonate) 
C   

SLC4A5 sodium bicarbonate (and/ 
or carbonate) 

C   

SLC4A7 chloride bicarbonate C   
SLC4A8 sodium bicarbonate 

chloride 
C, E Ndae1 Sodium-driven anion at basolateral membranes 

of gut, Malpighian tubules and neurons 
SLC4A9     
SLC4A10 sodium bicarbonate 

chloride 
C; E   

SLC4A11 sodium, borate C   
SLC5: Sodium glucose 

cotransporter family 
SLC5A1 glucose and galactose (urea 

and water) 
C (Na+, H+);F 
(Na+, H+);Ch 
(urea, H2O)   

SLC5A2 glucose C (Na+)   
SLC5A3 myoinositol (glucose) C (Na+)   
SLC5A4 Na+ (H+) Glucose 

activated Na+, 
H+ channel   

SLC5A5 I- (ClO4
-, SCN-, NO3

–, Br-) C (Na+);F (Na+); 
Ch (urea, H2O)   

SLC5A6 biotin, lipoate 
panthothenate, I- 

C (Na+) CG42235  
Smvt* Sodium-dependent transport of vitamins, e,g. 

biotin, pantothenate and lipoate 
SLC5A7 choline  ChT High affinity choline transporter (import) 
SLC5A8 short chain fatty acids C (Na+) CG9657  

CG6723  
CG5687  
CG10444  
CG32669  
CG31668  
CG42235  
Salt Sodium/solute symporter, involved in salt stress 

response 
SLC5A11 Role in behavioral responses to nutrients 

SLC5A9 mannose, fructose, glucose C (Na+)   
SLC5A10 mannose, fructose, glucose C (Na+)   
SLC5A11 myoinositol, chiro-inositol C (Na+)   
SLC5A12 short chain fatty acids C (Na+) CG2187  

CG7720  
SLC6: Sodium- and chloride- 

dependent neurotransmitter 
transporter family 

SLC6A1 GABA  Gat GABA transporter 
CG33296  

SLC6A2 norepinephrine  CG13796  
SLC6A3 dopamine  DAT* Dopamine transporter. Associated 

withbehavioral phenotypes such as activity and 
sleep 

LIST Involved Li + response 
SLC6A4 serotonin  SerT High affinity serotonin transporter 
SLC6A5 glycine  ine Involved in photoreceptor potential, perineurial 

glial, osmotic stress response, motor neuron 
excitability 

SLC6A6 taurine    
SLC6A7 proline  Ntl Encodes a glycine transporter with close relation 

to neurotransmitter transporters and amino acid 
transporters. 

CG4476 Associated with decreased behavioral response 
to light 

CG13795*  
SLC6A8 creatine    
SLC6A9 glycine  GlyT Glycine transport (import) 
SLC6A11 GABA  CG15279  
SLC6A12 betaine, GABA  CG1698  
SLC6A13 GABA    
SLC6A14  NAAT1 

(continued on next page) 
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Table 2 (continued ) 

SLC family Member Substrate Transport type D. melanogasterhomologue Function in D. melanogaster 

neutral, cationic amino 
acids 

Broad substrate spectrum amino acid:sodium 
cotransporter 

CG13793  
CG13794  

SLC6A15 large, neutral amino acids  CG8850  
SLC6A16     
SLC6A17 neutral amino acids  CG43066  
SLC6A18 neutral amino acids    
SLC6A19 neutral amino acids  CG10804  
SLC6A20 proline, pipecolate, 

sarcosine    
SLC7: Cationic amino acid 

transporter/glycoprotein- 
associated family 

SLC7A1 cationic L-amino acids F   
SLC7A2 cationic L-amino acids F slif Amino acid transporter. Associated with TSC/ 

TOR signaling in the fat body 
CG5535  
CG7255  

SLC7A3 cationic L-amino acids F   
SLC7A4  O CG13248  
SLC7A5 large neutral L-amino acids, 

T3, T4, L-DOPA, BCH 
E mnd Putative amino acid/polyamine transporter, 

Leucine transporter (importer) 
Jhl-21 L-leucine transport 
gb Amino acid transporter, glutamate secretion. 

SLC7A6 cationic amino acids (Na+

indep.), large neutral L- 
amino acids (Na+ dep.)    

SLC7A7 cationic amino acids (Na+

indep.), large neutral L- 
amino acids (Na+ dep.) 

E   

SLC7A8 neutral L-amino acids, T3, 
T4, BCH 

E CG1607  

SLC7A9 cationic amino acids, large 
neutral amino acids 

E sbm  

SLC7A10 small neutral amino acids E   
SLC7A11 cystine (anionic form), L- 

glutamate 
E   

SLC7A13 L-aspartate, L-glutamate E   
SLC7A14  O CG12531  

SLC11: Proton-coupled metal 
ion transporter family 

SLC11A1 Mn2+, Fe2+, other divalent 
metal ions 

E or C? (H+)   

SLC11A2 Fe2+, Cd2+, Co2+, Cu1+, 
Mn2+, Ni2+, Pb2+, Zn2+

C (H+) Mvl Divalent metal ion transporter of e.g. Mn2+ and 
Fe2+. Possible role in feeding-related decisions 

SLC12: Electroneutral cation- 
coupled Cl cotransporter 
family 

SLC12A1 Na+, K+, Cl-  Ncc69 Sodium-chloride cotransporter 
NKCC Sodium-potassium-chloride cotransporter 

SLC12A2 Na+, K+, Cl-    

SLC12A3 Na+, Cl-    

SLC12A4 K+, Cl-  kcc potassium:chloride symporter, role in seizure 
susceptibility. 

SLC12A5 K+, Cl-    

SLC12A6 K+, Cl-    

SLC12A7 K+, Cl-    

SLC12A8   CG12773  
SLC12A9 polyamines?  CG10413  

SLC23: Na+-dependent 
ascorbic acid transporter 
family 

SLC23A1 C (Na+) L-ascorbic acid   
SLC23A2 C (Na+) L-ascorbic acid CG6293  
SLC23A3     

SLC26: Multifunctional anion 
exchanger family 

SLC26A1 SO4
2-, oxalate, glyoxylate E (SO4

2-, oxalate, 
glyoxylate) 

Prestin Anion transporter, Ca2 + transporter 

SLC26A2 SO4
2-, oxalate, Cl- E (SO4

2-, oxalate, 
Cl-)   

SLC26A3 Cl-, HCO3
–, oxalate E (Cl-, HCO3

–, 
oxalate)   

SLC26A4 I-, Cl-, HCO3
– E (I-, Cl-, HCO3

–)   
SLC26A5 Cl-, formate, oxalate, SO4

2- E (Cl-, formate, 
oxalate, SO42

-)   
SLC26A6 Cl-, HCO3

–, oxalate, OH–, 
formate 

E (Cl-, HCO3
–, 

oxalate, OH–, 
formate)   

SLC26A7 Cl-, HCO3
–, OH–, SO4

2-, Ch: 
Cl- 

E (Cl-, HCO3
–, 

OH–, SO4
2-, Ch / 

Cl-)   
SLC26A8 l-, HCO3

–, OH– E (Cl-, HCO3
–, 

OH–)   
SLC26A9 Cl-, HCO3, Ch: Cl-, HCO3

– E (Cl-, HCO3);Ch 
(Cl-, HCO3

–)   
SLC26A10     
SLC26A11 CG7912  

(continued on next page) 

M.M. Ceder and R. Fredriksson                                                                                                                                                                                                              



Gene 809 (2022) 146033

9

3.1. Solute carriers of major facilitator superfamily type in 
D. melanogaster 

In humans, the MFS Pfam clan is populated by 20 SLC subfamilies, 
Fig. 1. In addition to these 20 SLC subfamilies, the atypical SLC protein 
sequences (Perland and Fredriksson, 2017; Perland et al., 2017) were 
included in the phylogenetic analysis of this subgroup of SLCs, Fig. 2. 

In total, 162 protein sequences related to the SLCs of MFS type were 
identified from the fly proteome using the HMM, Fig. 2, and two se-
quences were manually added, one predicted orthologue to the atypical 
SLC MFSD11 and one orthologue to the SLC19 family. Out of these 164 
sequences, 26 protein sequences were not listed in the D. melanogaster 
SLC table. Most of the identified members, approximately 78 % of the 
identified protein sequences, clustered to the SLC2 (25sequences), 
SLC16 (15sequences), SLC17 (26sequences) and SLC22 (41sequences) 
families. The protein sequence of CG7448 was identified as a homologue 
to the human SLC22 family, however, this protein was recently anno-
tated as a pseudogene. It is still listed as a protein-coding gene in the fly 
proteome (BDGP6.pep.all) and therefore it was included here. 

The SLC21 and SLC46 families were found to have eight members 
each in D. melanogaster, while most families (SLC15, SLC18, SLC19, 
SLC29, SLC33, SLC37, SLC49 and SLC45) had one to three related pro-
tein sequences each in D. melanogaster. For five families: SLC40, SLC43, 
SLC59, SLC60 and SLC61, no related protein sequences were identified 
neither by HMMs nor by PSI-BLASTs, Supplementary data 5. SLCs of 
MFS type in D. melanogaster are well studied and most of the identified 
proteins are already annotated as SLCs in D. melanogaster. However, the 
HMMs for SLC15, SLC16, SLC17, SLC19 and SLC22 identified sequences 

that were not previously listed. 
For six of the SLC families populating the MFS clan: SLC2, SLC16, 

SLC17, SLC22, SLC29 and SLC46, protein sequences that do not fulfill 
the criterion of 20 % sequence identity were identified by the HMM, 
Supplementary data 4. This was most likely because these protein se-
quences have features and similarities with other related sequences in 
D. melanogaster. For instance, they have similar conserved motifs that 
contribute to the secondary and tertiary structures. The closest human 
homologues to each identified D. melanogaster protein sequence are 
presented in Table 1. Unfortunately, a majority of the identified and 
predicted homologues to the human SLCs of MFS type do not have a 
known function in D. melanogaster, which makes it more difficult to 
propose orthologous proteins between the two species. Moreover, a part 
of the identified homologues do not even have a transporter function. 
However, there are identified protein sequences in D. melanogaster that 
also exhibit similar or same function as its predicted human homologue. 
For example, members of the SLC18 family of vesicular amine trans-
porters in human and flyfly both contain transporters (e.g. 
SLC18A2–dmVmat and SLC18A3–dmVAchT) that exchange mono-
amines such as dopamine, serotonin and acetylcholine, but the SLC18A2 
homologue in fly (Vmat) does not transport epinephrine but octop-
amine, which has a similar function in invertebrates as epinephrine has 
in human (Sreedharan et al., 2011). 

In 2017, Perland and Fredriksson suggested that there are more 
protein sequences that ought to be classified into the SLC superfamily 
due to high resemblance of SLC subfamilies, which alreadypopulates the 
MFS Pfam clan (Perland and Fredriksson, 2017). This suggestion was 
based on a study performed by Sreedharan, S et al (2010) that aimed to 

Table 2 (continued ) 

SLC family Member Substrate Transport type D. melanogasterhomologue Function in D. melanogaster 

Cl-, HCO3
–, SO4

2-, oxalate 
(?);Ch: Cl- 

E (Cl-, HCO3
–, 

SO4
2-, oxalate?); 

Ch (Cl-) 

CG5002  
CG6928  
CG9717  
Esp Female remating receptivity 
CG9702  
CG6125  
CG5404  

SLC32: Vesicular inhibitory 
amino acid transporter 
family 

SLC32A1 GABA / glycine E (H+) VGAT Vesicular GABA transporter 

SLC36: Proton-coupled amino 
acid transporter family 

SLC36A1 GABA, P, G, beta-alanine C (H+) CG13384  
CG1139 pH-dependent, electrogenic amino acid 

transporter for alanine, glycine and proline. Role 
in growth regulation, possible via TOR signaling 
pathway 

CG16700  
CG4991  
CG32079*  

SLC36A2 P, G, A, hydroxyproline C (H+) CG7888  
CG8785*  
Path pH-dependent, electrogenic amino acid 

transporter for alanine, glycine and proline. Role 
in I) growth regulation, possible via TOR 
signaling pathway and II) dendrite growth 

CG43693  
SLC36A3   CG32081  

polyph Plausible extracellular glutamate transporter. 
Linked to intracellular reactive oxygen species 
(ROS) production 

SLC36A4 P, tryptophan C (H+)   
SLC38: System A and System N 

sodium-coupled neutral 
amino acid transporter 
family 

SLC38A1 Q, A, N, C, H, S C (Na+)   
SLC38A2 A, N, C, Q, G, H, M, P, S C (Na+)   
SLC38A3 Q, H, A, N C (Na+);E (H+)   
SLC38A4 A, N, C, G, S, T C (Na+)   
SLC38A5 Q, N, H, S C (Na+);E (H+)   
SLC38A6     
SLC38A7 Q, H, S, A, N ? (Na+)   
SLC38A8 Q, H, A, N ? (Na+)   
SLC38A9 R, Q, H, P, K, E, L    
SLC38A10   CG30394  
SLC38A11   CG13743   
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Table 3 
Summary of human and D. melanogaster SLCs belonging to the Drug/Metabolite Transporter clan. Summary of the human SLC of DMT type divided into 
subfamilies, members, substrate profile, transporter type as well as the identified homologue/homologues in flies that were most similar (through amino acid identity) 
to the human SLC. One human SLC can be presented to have more than one homologue as the most similar, meaning that the D. melanogaster proteins presented next to 
a human SLC had the highest amino acid identity to that particular SLC in the subfamily. The table also presents function of the D. melanogaster proteins if found on 
flybase.org, predictions were not included. (Transporter type: Ions within brackets indicate the transport coupled-ion, F = Facilitator, C = Cotransporter, E: Exchanger, 
Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport 
type 

D. melanogaster 
homologue 

Function in D. melanogaster 

SLC35: Nucleoside-sugar 
transporter family 

SLC35A1 CMP-sialic acid E / CMP   
SLC35A2 UDP-galactose, UDP-N- 

acetylgalactosamine 
E / UMP   

SLC35A3 UDP-N-acetylglucosamine E / UMP Ugalt UDP-N-acetylgalactosamine, UDP-galactose and 
galactose transporter 

SLC35A4     
SLC35A5     
SLC35B1   meigo Encodes a transmembrane protein mainly in ER 
SLC35B2 PAPS  sll 3′-phosphoadenosine 5′-phosphosulfate transporter. 

Role in sulfation of glycans and proteins 
SLC35B3 PAPS  Papst2 3′-phosphoadenosine 5′-phosphosulfate transporter. 

Role in sulfation of glycans and proteins 
SLC35B4 UDP-xylose, UDP-N- 

acetylglucosamine  
Efr Nucleotide transports of GDP-fucose, UDP-GlcNAc, 

UDP-Xyl in the membrane of ER 
CG14511  

SLC35C1 GDP-fucose E / GMP nac GDP-fucose transporter (importer) 
SLC35C2 GDP-fucose (?)  CG14971  
SLC35D1 UDP-glucuronic acid, UDP-N- 

acetylgalactosamine 
E / UMP frc UDP-sugar transporter in the Golgi membrane 

SLC35D2 UDP-N-acetylglucosamine    
SLC35D3     
SLC35D4     
SLC35E1   CG14621 Putative transporter 
SLC35E2     
SLC35E3     
SLC35E4     
SLC35F1     
SLC35F2     
SLC35F3     
SLC35F4   CG42322  
SLC35F5   CG8195  
SLC35F6     
SLC35G1   CG5281  
SLC35G2     
SLC35G3     
SLC35G4     
SLC35G5     
SLC35G6     

SLC39: Metal ion 
transporter family 

SLC39A1 Zn  Zip42C.1 Zinc/iron regulated transporter-related protein 42C.1, 
zinc transporter, zinc absorption 

SLC39A2 Zn    
SLC39A3 Zn  Zip42C.2 Zinc/iron regulated transporter-related protein 42C.2, 

zinc transport (import), zinc detoxification 
Zip88E Zinc/iron regulated transporter-related protein 
Zip89B Zinc/iron regulated transporter-related protein 89B, 

zinc transport (import), zinc detoxification 
SLC39A4 Zn    
SLC39A5 Zn    
SLC39A6 Zn  foi Involved in cell migration of glial cells, muscle cells 

Zip71B Zinc/iron regulated transporter-related protein 71B, 
zinc transport (import), zinc detoxification 

SLC39A7 Zn, Mn  Catsup Regulate tyrosine hydroxylase activity 
SLC39A8 Zn, Cd, Mn    
SLC39A9   Zip102B Zinc/iron regulated transporter-related protein 
SLC39A10 Zn    
SLC39A11   Zip48C Zinc/iron regulated transporter-related protein 
SLC39A12 Zn    
SLC39A13 Zn  Zip99C Zinc/iron regulated transporter-related protein 99C, 

iron transporter on Golgi and ER 
SLC39A14 Zn, Fe, Mn, Cd    

SLC57: NiPA-like 
magnesium transporter 
family 

SLC57A1 Mg2+, Sr2+, Fe2+ Co2+

SLC57A2 Mg2+ Spict Encodes a BMP signaling pathway regulator 
SLC57A3 Mg2+, Sr2+, Ba2+, Fe2+, Cu2+

SLC57A4 Mg2+, Sr2+, Ba2+, Fe2+, Cu2+

SLC57A5     
SLC57A6      
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classify a few atypical SLCs (Fotiadis et al., 2013). Perland and Fre-
driksson (Perland and Fredriksson, 2017) suggested that 28 more pro-
tein sequences (MFSD1; MFSD2A–B; MFSD3; MFSD4A–B, MFSD5; 
MFSD6; MSD6L; MFSD8; MFSD9; MFSD10; MFSD11; MFSD12; 
MFSD13A–B; MFSD14A–B; UNC93A–B1; SPNS1–3; SV2A–C; SVOP and 
SVOPL) are atypical SLCs of MFS type (Perland and Fredriksson, 2017). 
A couple of years later it was shown to be true when 16 of these 28 
protein sequences were classified into existing and new SLC subfamilies 
(slc.bioparadigms.org). The majority of the atypical SLCs, except 
MFSD9, MFSD12 and MFSD13a, were found to be conserved in 
D. melanogaster, Fig. 2 and Supplementary data 4. In total, 13 protein 
sequences were identified as atypical SLCs, but they are not clustering 
with any current SLC family, which suggests that they either will be 
classified into new SLC families or not be included into the SLC super-
family at all, Fig. 1. 

In addition, when using the HMM of the MFS Pfam clan, eight protein 
sequences were identified in D. melanogaster, but they were not grouped 
into any existing SLC family and instead formed a separate cluster 
(group), Fig. 2 (blue text). Furthermore, no significant hits were found 
when performing protein PSI-BLAST against the human, Supplemen-
tary data 5. The MFS Pfam clan is a heterogeneous group of proteins 

and even if the focus was only on the SLCs that populates the MFS Pfam 
clan, the protein sequences are still highly diverge. The HMM model 
calculates the probability of amino acid shifts over time and the likeli-
hood of how similar the collection of protein sequences is between 
species. These eight protein sequences could therefore have been iden-
tified by the model since their protein sequence resembles other se-
quences of SLCs of MFS type. This could possibly point to that there are 
SLC subfamilies that are not conserved between human and other spe-
cies or that they have not evolved in human. 

3.2. Protein sequences identified to belong to the SLCs of amino acid- 
polyamine-organocation type in D. melanogaster 

There are 11 SLC families populating the APC Pfam clan, Figs. 1 and 
3. A total of 54 protein sequences were identified in D. melanogaster, 
Fig. 3. Homologous proteins between human and fly were identified in 
the SLC4, SLC5, SLC6, SLC7, SLC12, SLC17, SLC26, SLC32, SLC36 and 
SLC38 families, while no related D. melanogaster sequences were found 
for the SLC11 and SLC23 families. 

In the D. melanogaster SLC table (flybase.org/reports/FBgg0000686. 
html, released FB2021_02, (Gene Group, 2021), 23 additional 

Table 4 
Summary of human and D. melanogaster SLCs belonging to the Ion Transporter clan. The human SLC of IT type divided into subfamilies, members, substrate 
profile, transporter type and the identified fly homologue/homologues that were most similar (through amino acid identity) to the human SLC. One human SLC can be 
presented to have more than one homologue as the most similar. The table also presents function of the D. melanogaster proteins if found on flybase.org, predictions 
were not included. (Transporter type: Ions within brackets indicate the transport coupled-ion, F = Facilitator, C = Cotransporter, E: Exchanger, Ch = Channel, O =
Orphan).  

SLC family Member Substrate Transport 
type 

D. melanogaster 
homologue 

Function in D. melanogaster 

SLC13: Human Na+-sulfate/ 
carboxylate cotransporter 
family 

SLC13A1 sulfate, selenate, thiosulfate C (Na+)   
SLC13A2 succinate, citrate, ?-ketoglutarate C (Na+) Indy Transporter of Krebs cycle intermediates 

CG33934  
CG7309  

SLC13A3 succinate, citrate, ?-ketoglutarate, 
NALA, glutarate, glutarate 
derivatives 

C (Na+)   

SLC13A4 sulfate, oxyanions selenium, 
chromium 

C (Na+)   

SLC13A5 citrate, succinate, pyruvate C (Na+) Indy-2 Cation-independent electroneutral tricarboxylic, 
dicarboxylic acid, monocarboxylic acid 
intermediates transporter 

SLC53: Phosphate carriers SLC53A1 Phosphate  CG7536  
CG10483  
CG2901 synaptic target recognition 
CG10481   

Table 5 
Summary of human and D. melanogaster SLCs belonging to the Acyl-CoA synthestases, NRPS adenylation domains and Luciferase enzymes (ANL) clan. The 
human SLC populating the ANL clan, it contains information regarding subfamilies, members, substrate profile, transporter type as well as the identified fly homo-
logue/homologues that were most similar (through amino acid identity) to the human SLC. One human SLC can be presented to have more than one homologue as the 
most similar. The table also displays function of the D. melanogaster proteins if found on flybase.org, predictions were not included. (Transporter type: F = Facilitator, C 
= Cotransporter, E: Exchanger, Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport type D. melanogaster 
homologue 

Function in D. melanogaster 

SLC27: Fatty acid 
transporter family 

SLC27A1 LCFA, 
VLCFA 

LCFA transport, 
VLCFA activation 

Fatp2  

SLC27A2 LCFA, 
VLCFA 

LCFA transport, 
VLCFA activation 

Fatp2  

SLC27A3 LCFA, 
VLCFA 

LCFA transport, 
VLCFA activation   

SLC27A4 LCFA, 
VLCFA 

LCFA transport, 
VLCFA activation 

Fatp3  
Fatp1 Transporter involved in long-chain fatty acids uptake, it has acyl-CoA 

synthetase activity and role in fatty acid catabolism and triglyceride 
synthesis 

SLC27A5 LCFA, bile 
acids 

LCFA transport, bile 
acid conjugation   

SLC27A6 LCFA, 
VLCFA 

LCFA transport, 
VLCFA activation    
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orthologous were listed as homologues to the SLC5, SLC6, SLC7, SLC11, 
SLC26 and SLC36 families. Many of these protein sequences (18intotal) 
were not included in the phylogenetic tree since they did not pass the 
cutoff at E = 10 when performing the HMMSEARCH and were therefore 
removed. The remaining five of the 23 protein sequences (CG6928, 
CG8785, CG9702, Mvl and tadr) were not identified by the HMM. 

The related protein sequences identified via HMMSEARCH and the 
additional sequences listed at the D. melanogaster SLC table (flybase.org/ 

reports/FBgg0000686.html, released FB2021_02, (Gene Group, 2021), 
(a total of 77 protein sequences) were included when the pairwise 
alignments were performed. A majority, 72 of the protein sequences, 
were found to fulfill the criterion established by HGNC (20 % amino acid 
identity to a member in the human SLC family), and 46 % of the related 
protein sequences identified in D. melanogaster had 35 % or higher 
amino acid sequence identity to their homologue in human, Supple-
mentary data 4. Furthermore, several of the identified homologues in 

Table 6 
Summary of human and D. melanogaster SLCs belonging to Cation:Proton Antiporter/Anion transporter clan. SLCs of CPA/AT type are divided into subfamilies, 
members, substrate profile, transporter type, and identified homologous protein sequences in flies that had the highest most similar (through amino acid identity) to 
the human SLC. One human SLC can have more than one homologue as the most similar. The table also states the function of the D. melanogaster proteins if found on 
flybase.org, predictions were not included. (Transporter type: Ions within brackets indicate the transport coupled-ion, F = Facilitator, C = Cotransporter, E: Exchanger, 
Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport 
type 

D. melanogaster 
homologue 

Function in D. melanogaster 

SLC9: Na+/H+ exchanger 
family 

SLC9A1 Na+, Li+, H+, NH4+ E (Na+, H+)   
SLC9A2 Na+, Li+, H+, NH4+ E (Na+, H+)   
SLC9A3 Na+, Li+, H+, NH4+ E (Na+, H+)   
SLC9A4 Na+, Li+ (?), H+, NH4+

SLC9A5 Na+, Li+, H+, NH4+ (?) E (Na+ (K+), 
H+) 

Nhe2 Na-H exchanger, affects intracellular 
pH 

SLC9A6 Na+, K+, H+ E (Na+ (K+), 
H+)   

SLC9A7 Na+, K+, Li+, H+, NH4+ (?) E (Na+ (K+), 
H+) 

Nhe3 Na-H exchanger 

SLC9A8 Na+, K+, H+ E (Na+ (K+), 
H+) 

Nhe1 Na-H exchanger 

SLC9A9 Na+, K+, H+ E (Na+ (K+), 
H+)   

SLC9B1   Nha2 Encodes a transmembrane protein 
involved in K+ transport 

SLC9B2 Na+, Li+ Nha1 Encodes a chloride transmembrane 
transporter 

SLC9C1 Na+, H+

SLC9C2     
SLC10: Sodium bile salt 

cotransport family 
SLC10A1 bile acids C (Na+)   
SLC10A2 bile acids C (Na+)   
SLC10A3  O CG11655  
SLC10A4  O   
SLC10A5  O CG9903  
SLC10A6 estrone-3-sulfate, dehydroepiandrosterone 

sulfate, pregnenolone sulfate 
C (Na+)   

SLC10A7  O    

Table 7 
Summary of human and D. melanogaster SLCs belonging to the A Triose phosphate IsoMerase (TIM) barrel clan. The human SLC3 subfamily and summarizes 
information about members, substrate profile, transporter type as well as the most similar homologue/homologues in flies. One human SLC can be presented to have 
more than one homologue as the most similar, meaning that the D. melanogaster proteins presented next to a human SLC had the highest score to more than one 
member. The table also presents function of the D. melanogaster proteins if found on flybase.org, predictions were not included. (Transporter type: F = Facilitator, C =
Cotransporter, E: Exchanger, Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport 
type 

D. melanogaster 
homologue 

Function in D. melanogaster 

SLC3: Heavy subunits of the heteromeric amino acid 
transporters 

SLC3A1   MAL-A1 to MAL-A8 Enzyme of maltose 
MAL-B1 to MAL-B2 Enzyme of maltose 
CD98hc Supportive subunit of a L-leucine 

transporter 
SLC3A2      

Table 8 
Summary of human and D. melanogaster SLCs belonging to the Frizzled cysteine-rich domain-related clan. Summary of the SLC65 subfamily, its members, 
substrate profile, transporter type as well as the identified fly homologue/homologues that were most similar (through amino acid identity) to the human SLC. The 
table also presents the function of the D. melanogaster proteins if found on flybase.org, predictions were not included. (Transporter type: Ions within brackets indicate 
the transport coupled-ion, F = Facilitator, C = Cotransporter, E: Exchanger, Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport type D. melanogaster homologue Function in D. melanogaster 

SLC65: NPC-type cholesterol transporters SLC65A1 Cholesterol  Npc1a cholesterol trafficking protein 
SLC65A2 Cholesterol  Npc1b* cholesterol absorption in midgut  
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D. melanogaster exhibit similar functions as the human proteins. There-
fore, potential one to one orthologue relationship between humans and 
D. melanogaster could be proposed, Table 2, e.g. within the SLC5, SLC6, 
SLC7 and SLC36 families. The SLC23 family is not included in the 
D. melanogaster SLC table, however, the PSI-BLAST search using the 
human protein sequences and aligning them against the fly proteome 
revealed one possible homologue, CG6293, a protein of unknown 
function sharing approximately 44 % amino acid identity, Supple-
mentary data 5. 

3.3. Fly homologues to SLCs belonging to the drug/metabolite transporter 
clan and the ion transporter clan 

Twenty-four protein sequences were identified to be related to the 49 
members of SLC35 (purple shade), SLC39 (green shade) and SLC57 (blue 
shade) families (DMT Pfam clan), Fig. 4A and Table 3. According to the 
D. melanogaster SLC table (flybase.org/reports/FBgg0000686.html, 
released FB2021_02, (Gene Group, 2021), one additional sequence is 
annotated as an orthologue to SLC39. All the protein sequences fulfilled 
the criterion of being a SLC, Supplementary data 4. Three new mem-
bers of the SLC35 family and one new member of the SLC57 family were 
identified in D. melanogaster. 

The IT Pfam clan held, for a long time, only one SLC family (SLC13) 
until recently when the SLC53 family was classified into the Pfam clan. 
Both the SLC13 and SLC53 families were found to have four related 
protein sequences in D. melanogaster, Fig. 4B. Two of the four protein 
sequences of the SLC13 were listed as SLCs in the D. melanogaster SLC 
table, Indy and Indy-2, two proteins with known functions (Table 4), and 
they resembled the human SLC13A2 and SLC13A5, while the other two, 
CG7309 and CG33934, have not been listed as homologous proteins 
previously. According to the phylogenetic tree, the human SLC13 pro-
teins cluster, and the fly protein sequences cluster, suggesting that the 
proteins are more similar within the phylum rather than presenting a 
clear orthologous relationship, Fig. 4B (dark pink). All the protein se-
quences identified in D. melanogaster fulfilled the criterion to be classi-
fied as a SLCs, Supplementary data 5. The SLC53 family consists of one 
member, SLC53A1 and it was found to share a recent common ancestor 
with CG7536 and CG10483. However, CG2901 and CG10481 were also 
identified as closely related protein sequences to the SLC53 family, 
Fig. 4B (light pink). All of them had over 35 % amino acid sequence 

identity to SLC53A1. The two proteins CG10483 and CG7536 that 
shared a more recent common ancestor with SLC53A1 compared with 
CG2901 and CG10481, had as high as 52 and 54.2 % amino acid identity 
to SLC53A1, Supplementary data 5. 

3.4. SLCs in D. melanogaster belonging to the ANL, CPA/AT, Fz, MtN3- 
like, thioredoxin-like and timbarrel clans 

The fatty acid transporters of the SLC27 family were found to have 
three closely related protein sequences (Fatp1–3) in D. melanogaster, 
Table 5, but additional 21 sequences were identified via the HMM and 
used when building the phylogenetic tree, Fig. 5A (green). Fatp1, Fatp2 
and Fatp3 shared over 20 % amino acid sequence identity with the 
human SLC27 family members, Supplementary data 4. 

The SLC9 family of sodium:proton exchangers was found to be well 
conserved in D. melanogaster, and all the five known orthologues were 
identified with the HMM based on the SLCs of CPA/AT type, Fig. 5B 
(blue). However, little is reported about their function on flybase.org 
(FB2021_02, (Larkin et al., 2020), but they exhibit similar functions as 
the human SLC9 members, Table 6. The HMM model did not identify 
any fly protein sequences related to the second SLC family belonging to 
this clan, the SLC10 subfamily. Interestingly, when performing PSI- 
BLAST for this family-two uncharacterized proteins were found, 
CG9903 and CG11655. Both were listed as bile acid:sodium symporters 
on flybase.org (FB2021_02, (Larkin et al., 2020), a function that the 
human SLC10 transporters possess, and they were found to share 21.1 % 
and 21.9 % amino acid sequence identity to human SLC10A3 and 
SLC10A5, Supplementary data 4. Therefore, these two protein se-
quences were manually added before the phylogenetic tree was built, 
Fig. 5B (light blue), as well as in Table 6. 

The SLC3 family has been debated if it should really be accounted as 
a SLC subfamily. However, according to today’s criterion this family is 
listed as a SLC subfamily according to the work published by Hediger, M. 
A. et al (2004) (Hediger et al., 2004) and hence, it was included in the 
analysis. The SLC3 family consists of two members, SLC3A1 and 
SLC3A2, that act as subunits to the SLC7 family (Fredriksson et al., 
2003). In fly, one orthologous, CD98hc, has been described. CD98hc and 
10 more protein sequences encoding maltose degrading enzymes were 
identified with the HMM search, Fig. 5C and Table 7. The maltose 
degrading enzymes have not been identified as members of the SLC3 

Table 9 
Summary of human and D. melanogaster SLCs belonging to the MtN3-like clan. The human SLC of MtN3-like type divided into subfamilies, members, substrate 
profile, transporter type as well as revealing the identified homologue/homologues that were most similar (through amino acid identity) to the human SLC. One human 
SLC can be presented to have more than one homologue as the most similar, meaning that the D. melanogaster proteins presented next to a human SLC had the highest 
score to that particular SLC in the subfamily. The table also present function of the D. melanogaster proteins if found on flybase.org, predictions were not included. 
(Transporter type: F = Facilitator, C = Cotransporter, E: Exchanger, Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport type D. melanogaster homologue Function in D. melanogaster 

SLC50: Sugar efflux transporters SLC50A1 glucose F slv Low-affinity sugar transporter (uptake and efflux) 
SLC54: Mitochondrial pyruvate carriers SLC54A1 Pyruvate  Mpc1 Pyruvate transporter in the inner mitochondrial membrane 

SLC54A2 Pyruvate  CG9399  
CG9396  
CG32832  

SLC54A3 Pyruvate     

Table 10 
Summary of human and D. melanogaster SLCs belonging to the Thioredoxin-like clan. The human SLC58 subfamily divided into members, substrate profile, 
transporter type as well as the identified fly homologue/homologues that were most similar (through amino acid identity) to the human SLC and its function (if 
available). Predicted functions were not included. (Transporter type: Ions within brackets indicate the transport coupled-ion, F = Facilitator, C = Cotransporter, E: 
Exchanger, Ch = Channel, O = Orphan).  

SLC family Member Substrate Transport 
type 

D. melanogaster 
homologue 

Function in D. melanogaster 

SLC58: MagT-like magnesium 
transporter family 

SLC58A1 Mg2+ Channel-like   
SLC58A2 Mg2+, Fe2+, Cu2+, 

Mn2+
Ostγ Encodes a subunit of the oligosaccharyltransferase 

complex  
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family in flies before, but all of them shared over 20 % amino acid 
sequence identity with SLC3A1, Supplementary data 4. 

When performing the HMM search for homologues to the SLC50 
subfamily, no related protein sequences in D. melanogaster were identi-
fied. However, quite recently it was suggested that slv is the orthologous 
protein to the human SLC50A1 (Limmer et al., 2014), and hence it was 
manually added to the alignment, Table 8, and the phylogenetic anal-
ysis, Fig. 5D. SLC50A1 and slv form a cluster in the MtN3-like clan-based 
tree and they were found to share 27.3 % amino acid sequence identity, 
Supplementary data 4. Furthermore, they share similar functions, 
Table 8, and should therefore be suggested to be orthologous proteins. 
SLC54 is a relatively new SLC family with three members, SLC54A1–3. 
In total, four related protein sequences were identified in 
D. melanogaster: Mpc1, CG9396, CG9399 and CG32832, Fig. 5D and 
Table 8. Mpc1 was found to have highest amino acid sequence identity 
to SLC54A1, while CG9396, CG9399 and CG32832 were found to have 
highest amino acid sequence identity to SLC54A2, Table 8 and Sup-
plementary data 4. Both SLC54A1 and Mpc1 transport pyruvate across 
the mitochondrial membrane and could therefore be considered ortho-
logues. Meanwhile, the other three identified fly homologues lack in-
formation regarding their function, Table 8. 

SLC58, a SLC of Thioredoxin-like type, and SLC65, a SLC family of Fz 
type, are families recently added to the SLC superfamily and no ortho-
logues have been suggested in D. melanogaster. One homologue, Ostγ, 
with approximately 50 % amino acid sequence identity was identified to 
the two human SLC58 members, Supplementary data 4. The reported 
function of Ostγ does not indicate that it transports ions similar as the 
human homologues, Table 9. Perhaps Ostγ has a transporter function 
that has not yet been fully established or it could be that it has evolved to 
better suit the needs of D. melanogaster. To the SLC65 family-two protein 
sequences, Npc1a and Npc1b, were identified with the HMM, and both 
fulfill the amino acid sequence identity criterion, Fig. 5E and Supple-
mentary data 4. Both Npc1a and Npc1b exhibits functions, cholesterol 
trafficking/transport, that are similar to the human SLC65 members, 
and hence, they could be considered orthologous proteins, Table 10. 

3.5. Related protein sequences to the SLC47, SLC62, SLC64 and Pfam 
clan unclassified SLC families 

The HMM search did not identify any related protein sequences to 
the SLC47, SLC62 and SLC64 families. The SLC47 subfamily is not listed 
in the SLC table of D. melanogaster, and the SLC62 and SLC64 subfamilies 
were recently added to the SLC table and, hence, the information about 
them is limited. PSI-BLASTs were performed using the blastp suit from 

(caption on next column) 

Fig. 1. Tabulated representation of SLC proteins and putative (“atypical”) 
SLCs in human and D. melanogaster. Summary of results provided by the 
HMMs and information obtained from slc.bioparadigms.org and flybase.org/ 
reports/FBgg0000686.html. The Pfam clans MFS (Major Facilitator Superfam-
ily, CL0015), APC (Amino Acid-Polyamine-Organocation, CL0062), ANL (Acyl- 
CoA synthestases, NRPS adenylation domains and Luciferase enzymes, 
CL0378), CPA/AT (Cation:Proton Antiporter/Anion transporter, CL0064), DMT 
(Drug/Metabolite transporter, CL0184), Fz (Frizzled cysteine-rich domain- 
related, CL0644), IT (Ion transporter, CL0182), LysE transporter (Lysine 
exporter, CL0292), MviN, MATE-like (CL0222), MtN3-like (CL0141), 
Thioredoxin-like (CL0172), Timbarrel (Triose phosphate IsoMerase barrel, 
CL0058) and unclassified SLCs (referred to as “No clan”) as well as protein 
sequences belonging to the putative SLCs named Major Facilitator Superfamily 
containing domain (MFSD) and un-coordinated homolog protein (UNC-93) are 
noted in the left margin of the figure. Light orange boxes specify SLC families 
where protein PSI-BLASTs were performed. The SLC families are specified in the 
column furthest to the left. The white column provides information about the 
SLC family in humans and the green column specifies members identified in 
flies. Numbers within the pink column represents previously unidentified pro-
tein sequences that are not listed in the SLC table of D. melanogaster. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

M.M. Ceder and R. Fredriksson                                                                                                                                                                                                              



Gene 809 (2022) 146033

15

NCBI/NIH to investigate the related protein sequences to these SLC 
subfamilies sequences in D. melanogaster. The SLC47 and SLC62 sub-
families were found to have no related protein sequences in fly while one 
sequence, CG42542, was identified for the SLC64 family, Supplemen-
tary data 5. 

In the SLC table database there are 18 families: SLC1, SLC8, SLC14, 
SLC20; SLC24, SLC25, SLC28, SLC30, SLC31, SLC34, SLC41, SLC42, 
SLC44, SLC48, SLC51, SLC52, SLC55 and SLC56, with a total of 125 
protein sequences that are not classified into any existing Pfam clan. For 
these 125 proteins no HMMs were built. Instead, PSI-BLASTs using the 
human SLC protein sequences were used to search for similar protein 
sequences in the D. melanogaster proteome and thereby identify 

homologues, Supplementary data 5. The PSI-BLASTs and the available 
data at the D. melanogaster SLC table were combined and presented in 
Table 11. No related protein sequences were identified for SLC14, 
SLC34, SLC48 and SLC51. One homologue was identified for SLC20, 
SLC41, SLC42 and SLC52 each, while two homologues were found for 
SLC1, SLC28, SLC44, SLC55 and SLC56. Furthermore, SLC8, SLC24, 
SLC30 and SLC31 were found to have three or more related protein 
sequences in D. melanogaster. The largest SLC family in humans, SLC25 
with 53 members, was found to have 47 homologous proteins in 
D. melanogaster, thereby also the largest SLC family in fly. All 47, except 
one (Mtch), were previously listed in the D. melanogaster SLC table 
(flybase.org/reports/FBgg0000686.html, released FB2021_02, (Gene 

Fig. 2. Homologous proteins to human SLCs populating the Major Facilitator Superfamily (MFS) Pfam clan. 162 homologous proteins were identified in 
D. melanogaster using the HMM for the human SLCs with MFS motifs [SLC2 (Facilitative GLUT transporter family), SLC15 (Proton oligopeptide cotransporter family), 
SLC16 (Monocarboxylate transporter family), SLC17 (Vesicular glutamate transporter family), SLC18 (Vesicular amine transporter family), SLC19 (Folate/thiamine 
transporter family), SLC21 (Organic anion transporter family), SLC22 (Organic cation/anion/zwitterion transporter family), SLC29 (Facilitative nucleoside trans-
porter family), SLC33 (Acetyl-CoA transporter family), SLC37 (Sugar-phosphate/phosphate exchanger family), SLC40 (Basolateral iron transporter family), SLC43 
(Na+-independent, system-L-like amino acid transporter family), SLC45 (H+/sugar cotransporter family), SLC46 (Folate transporter family), SLC49 (FLVCR-related 
transporter family), SLC59 (Sodium-dependent lysophosphatidylcholine symporter family), SLC60 (Glucose transporters) and SLC61 (Molybdate transporter family)] 
and two predicted SLCs were manually added, CG18549 and CG17036. Most protein sequences were identified as homologous to the human SLC2, SLC16, SLC17 and 
SLC22 families (78 % of the identified proteins), while no homologues were identified for SLC40, SLC43, SLC59, SLC60 and SLC61. The pyramid shapes indicate SLC 
families, magenta texts indicate putative (“atypical”) SLCs and their predicted fly homologues and dark blue texts show fly sequences identified with the HMM that 
do not cluster into any existing human SLC family. The proteins are presented in a polar tree layout with branch length 0.70 built using RAxML (40). Human SLC 
proteins (in bold) are called by their SLC nomenclature and D. melanogaster proteins are named by their protein name as defined on flybase.org. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Group, 2021). However, it is important to note that the PSI-BLAST is not 
a powerful method compared with the HMM to identify homologues and 
only 30 of the 47 homologues were found, Supplementary data 5. 

4. Discussion 

Here we present a collection of 368 curated protein sequences in the 
fly that are related to the 430 SLCs in humans, which add approximately 
20 unidentified SLC protein sequences to the previous number estab-
lished by Höglund et al. (2011) (Hoglund et al., 2011). Moreover, it is 
likely that this dataset contains all the SLC sequences present in the 
current assembly of the D. melanogaster proteome, as well as 13 curated 
atypical SLC sequences in D. melanogaster, Fig. 1. 

In total, 56 of 65 SLC families (86 %) were conserved in 
D. melanogaster, whereas nine of 13 (69 %) of the atypical SLCs were 
conserved. The HMMs identified 55 protein sequences that have not 

previously been identified as SLCs in fly, and interestingly, 17 of these 
protein sequences were grouped into families that were not found in the 
D. melanogaster SLC table (flybase.org/reports/FBgg0000686.html, 
released FB2021_02, (Gene Group, 2021). 

Unfortunately, the HMMs also failed to identify 51 protein sequences 
that are listed in the D. melanogaster SLC table (flybase.org/reports/ 
FBgg0000686.html, released FB2021_02, (Gene Group, 2021), and 
therefore the completeness of the screen can be questioned. However, 
there are explanations that could possibly clarify the discrepancy. (I) It 
could be that the protein sequences did not pass the cutoff E = 10 when 
performing the HMMs searches and hence, the sequences were not 
included when constructing the phylogenetic trees. This occurred for 23 
protein sequences that would otherwise have been annotated to the 
SLC5, SLC6, SLC26, SLC36, SLC39 and SLC50 families. For example, two 
protein sequences were identified by the HMM as homologous to 
SLC50A1 (slv (27.3 % aa identity) and CG7272 (22.4 % aa identity)), but 

Fig. 3. Protein sequences in D. melanogaster that are related to the human SLCs populating the Amino Acid-Polyamine-Organocation (APC) Pfam clan. 54 
protein sequences were identified in D. melanogaster using the HMM for the human SLCs populating the APC Pfam clan [SLC4 (Bicarbonate transporter family), SLC5 
(Sodium glucose cotransporter family), SLC6 (Sodium- and chloride-dependent neurotransmitter transporter family), SLC7 (Cationic amino acid transporter/ 
glycoprotein-associated family), SLC11 (Proton-coupled metal ion transporter family), SLC12 (Electroneutral cation-coupled Cl cotransporter family), SLC23 
(Na+-dependent ascorbic acid transporter family), SLC26 (Multifunctional anion exchanger family), SLC32 (Vesicular inhibitory amino acid transporter family), 
SLC36 (Proton-coupled amino acid transporter family) and SLC38(System A and System N sodium-coupled neutral amino acid transporter family)]. No sequences 
were identified for the SLC11 and SLC23 subfamilies. The proteins are presented in a polar tree layout with branch length 0.80 built using RAxML (40) and the 
colored shapes indicate different SLC families. Human SLC proteins (in bold) are called by their SLC nomenclature and D. melanogaster proteins are named by their 
protein name as defined on flybase.org. 
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Fig. 4. Protein sequences identified via the HMMs for SLCs in the Drug/Metabolite Transporter (DMT) Pfam clan and Ion Transporter (IT) Pfam clan. In 
D. melanogaster 23 related protein sequences to the human SLCs [SLC35 (Nucleoside-sugar transporter family), SLC39 (Metal ion transporter family) and SLC57 
(NiPA-like magnesium transporter family)] populating the DMT Pfam clan, and 8 related protein sequences for the human SLCs [SLC13 (Human Na + -sulfate/ 
carboxylate cotransporter family) and SLC53 (Phosphate carriers)] in the IT Pfam clan were identified. (A) The DMT Pfam clan families are specified by different 
colors: purple indicates the SLC35 family with 13 fly protein sequences, green the SLC39 family with 9 fly protein sequences and blue the SLC57 family with one 
identified protein sequence in the fly. (B) There are only two families populating the IT Pfam clan so far, SLC13, in dark pink, and SL53, in light pink. Four proteins 
from the fly proteome were identified as related protein sequences to SLC13 and SLC53, respectively. The phylogenetic relationships are presented in radial trees with 
branch length (A) 0.80 and (B) 0.40 built using mrBayes 3.2.7 (39). Human SLC proteins are called by their SLC nomenclature and D. melanogaster proteins are named 
by their protein name as defined on flybase.org. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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both were excluded during the initial analysis since they did not pass the 
cutoff (E = 10). The slv sequence is annotated as the SLC50 orthologue 
(Limmer et al., 2014; Artero et al., 1998). However, the evolutionary 
relationship between the human SLC50A1 and slv has not yet been 
shown. The slv protein sequence was therefore added before con-
structing the phylogenetic tree seen in Fig. 5D. The model of SLCs of 
CPA/AT type did not identify any related protein sequences to the SLC10 
family, but through PSI-BLAST two potential homologues, CG9903 and 
CG11655, were identified. So far, no orthologues have been described 
for this family, but according to preliminary data presented at flybase. 
org (FB2021_01, FBrf0174215, (Larkin, 2020), these putative SLC10 

proteins have similar functions as the human proteins. Therefore, the 
sequences were added before constructing the tree seen in Fig. 5B. A few 
protein sequences were not identified at all by the HMMs, which 
occurred for a total of five protein sequences belonging to the SLC7, 
SLC11, SLC29 and the atypical SLC MFSD11. 

(II) In general, the amino acid sequence identities among the SLCs 
are low and protein sequences have been sorted into SLC superfamilies 
based on their function, rather than their structure and sequence iden-
tities. The current practice assigns a new sequence to an existing SLC 
family, if the protein sequence have at least 20 % amino acid sequence 
identity to at least one other members of that SLC family (Hediger et al., 
2013; Hediger et al., 2004). SLC families therefore have a great degree of 
variation in structure and primary sequences compared to other large 
superfamilies of membrane proteins, e.g. G protein-coupled receptors 
(Yu and The, 2004) and voltage-gated ion channels (Hellsten et al., 
2017). 

(III) Another possible explanation for the differences in the global 
alignment similarities could be with the large variations of the N- and C- 
terminus as well as the loops. It is also possible that the differences arise 
due to the criterion of 20 % amino acid sequence identity among 
members that have resulted in low amino acid identities between 
members, hence an orthologue does not have to share similarities with 
all members of a subfamily, Supplementary data 4. This is observed for 
e.g. the human SLC38A10, which diverges in the global amino acid 
sequence from the other members of the SLC38 family and should, ac-
cording to the criterion, not be included into the family, yet it is. 
SLC38A10 has a long C-terminus compared to the other members, which 
most likely results in the large difference in the observed global protein 
alignment (Pao et al., 1998). A local protein alignment between 
SLC38A10 and SLC38A1 showed an amino acid sequence identity above 
20 %, illustrating that there are other parts of the protein sequence such 
as the transmembrane regions that are conserved. Hence, it is possible 
that if a rather time-consuming method was used to study the sequences 
with local protein alignment and secondary protein structure pre-
dictions for each sequence more members to e.g. the SLC10, SLC16, 
SLC22, SLC35, SLC39, SLC38 and SLC46 families in humans would have 
been found. 

(IV) Furthermore, the MFS superfamily, which is the largest group of 
classified transporters and transporter-related proteins across different 
phyla (Reddy et al., 2012; Saier et al., 1999; Schlessinger et al., 2010), 
contains protein sequences that are unique for certain phyla and are not 
found as evolutionary conserved (Hoglund et al., 2011). This might 
result in a low alignment score of the multiple alignments and therefore 
also a skewed model of conserved regions that the HMM will use. 
Meanwhile, the Pfam clans contain several protein families with various 
numbers of members, where a family with many members could have a 
great impact on the HMM compared with a family with few members. It 
is therefore possible that some information could be lost by the model 
and, hence, the HMM fails to identify protein sequences that have been 
annotated as SLC orthologues through functional studies. We therefore 
believe that several of the 51 protein sequences were undiscovered due 
to large variations in primary sequence compared with the conserved 
motifs that the HMMs were based on. This could possibly have been 

Fig. 5. Phylogenetic representation of relationships for the remaining clan-classified SLCs. Phylogenetic trees for protein sequences in the Acyl-CoA syn-
thetases, NRPS adenylation domains and Luciferase enzymes (ANL) clan [SLC27 (Fatty acid transporter family)], Cation:Proton Antiporter/Anion transporter (CPA/ 
AT) clan [SLC9 (Na+/H + exchanger family), SLC10 (Sodium bile salt cotransport family)], Frizzled cysteine-rich domain-related (Fz) clan [SLC65 (NPC-type 
cholesterol transporters)], MtN3-like [SLC50 (Sugar efflux transporters), SLC54 (Mitochondrial pyruvate carriers)] and Triose phosphate IsoMerase (TIM)_barrel clan 
[SLC3 (Heavy subunits of the heteromeric amino acid transporters)] were generated using mrBayes 3.2.7 (39). Human SLC proteins are called by their SLC 
nomenclature and D. melanogaster proteins are named as defined at flybase.org. (A) The phylogenetic tree illustrates the relationship between the human protein 
sequences belonging to the SLC27 family, the fly Fatp1, Fatp2 and Fatp3 proteins (green) and 21 additional protein sequences that were mined with the HMM. (B) 
The Phylogenetic tree of CPA/AT displays the phylogenetic analysis between the fly and human SLC9 and SLC10 families. (C) In D. melanogaster, one protein 
sequence, CD98hc, was found to cluster together with SLC3A1 and SLC3A2, while additional 10 protein sequences were identified with the HMM. (D) Four ho-
mologous proteins were identified for the SLC54 family (light orange), and the fly slv was found to be homologue to human SLC50A1 (E) Npc1a and Npc1b were 
identified as homologs in D. melanogaster using the HMM for the SLC65 family. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 11 
Summary of possible fly members of the SLC subfamilies that are not 
classified into a Pfam clan. Summary of potential D. melanogaster homologous 
protein sequences that were found when aligning the human, no clan SLC sub-
families to the D. melanogaster proteome. Protein sequences were identified 
using the NCBI/NIH PSI-BLAST suit software (blast.ncbi.nlm.nih.gov) and the 
searches were carried out against the human SLC protein sequences. The table 
describes SLC family abbreviation, number of members in humans and the name 
of the identified sequences in D. melanogaster. For SLC14, eight proteins are 
listed in the human SLC table at slc.bioparadigms.org, but the eight proteins 
share only two protein sequences, therefore the number of members in that 
family is calculated as two and the number within the brackets indicate the 
number listed in the online database. No symbol = protein sequence identified 
by PSI-BLAST that was already listed in the D. melanogaster SLC table found on 
Flybase.org, * = found only in the D. melanogaster SLC table on Flybase.org, † =
protein homologue only found through PSI-BLAST.  

Human SLCs D. melanogaster homologues 

SLC 
family 

Number of 
members 

Protein name 

SLC1 7 Eaat1, Eaat2 
SLC8 4 Calx, CG13233†, CG14744* 
SLC14 2 (8) N/A 
SLC20 2 NaPi-III 
SLC24 5 CG12061†, Nckx30c, zyd* 
SLC25 53 Ant2*, aralar1, Bmcp, CG1268, CG1907, CG2616, 

CG4743, CG4995, CG5254, CG5646*, CG5808, 
CG7514*, CG7943, CG8026, CG8323, CG9582*, 
CG16736*, CG18324, CG18327, CG18414*, colt, Dic1, 
Dic2*, Dic3*, Dic4*, DPCoAC, GC1, GC2*, mfrn, 
MME1*, Mpcp1, Mpcp2*, Mtch†, PMP34, Rim2, 
SCaMC, sea, ses-B, Shawn, SLC25A46a, SLC25A46b*, 
TPC1, TPC2*, Tyler*, Ucp4A, Ucp4B*, Ucp4C* 

SLC28 3 CNT1*, CNT2 
SLC30 10 Znt33D, Znt35C*, Znt41F*, Znt49B, Znt63C, Znt77C*, 

Znt86D 
SLC31 2 Ctr1A, Ctr1B*, Ctr1C 
SLC34 3 N/A 
SLC41 3 CG33181 
SLC42 3 Rh50†
SLC44 5 Ctl1, Ctl2 
SLC48 1 N/A 
SLC51 2 N/A 
SLC52 3 Rift†
SLC55 3 CG5989†, Letm1†
SLC56 5 Sfxn1-3†, Sfxn2†

M.M. Ceder and R. Fredriksson                                                                                                                                                                                                              



Gene 809 (2022) 146033

20

avoided by building HMMs based on the sequences from each family. 
However, by constructing the models based on the conserved motifs 
most likely more homologous proteins were identified. As seen in the 
phylogenetic tree of the SLCs of MFS type, Fig. 2, the HMM identified not 
only annotated SLCs proteins in fly, but also new sequences belonging to 
the families and additional eight protein sequences that do not cluster 
with any existing family. Moreover, these eight protein sequences 
indicate that there are SLC related proteins in human that are only 
present in other species, which has been observed before (Hoglund et al., 
2011). This shows the importance to not only base the searches on a 
single family since it would most likely would lead to more unidentified 
sequences. Taken together, we therefore believe that this present screen 
is constructed in the best suited format to be able to identify homologous 
SLCs in D. melanogaster. 

Two members of the SLC22 (SLC22A18, SLC22A32, Fig. 2) and the 
SLC38 (SLC38A7, SLC38A8, Fig. 3) families do not cluster with their 
respective SLC family when constructing a tree with both human and fly 
protein sequences. However, they do when excluding the fly protein 
sequences. SLC22A18 has earlier been indicated to be diverge from the 
rest of the SLC22 family members (Schiöth et al., 2013), and SLC22A32 
was recently added as a member of the SLC22 family. It is possible that 
SLC22A32 cluster together with the putative SLCs described by Perland 
and colleagues (Perland et al., 2017) because it has sequence similarities 
to the other major facilitator superfamily domain (MFSD) proteins. A 
reason why SLC22A18 cluster as it does could be that it has the highest 
amino acid sequence identity to SLC22A32 (Perland et al., 2017). 
SLC38A7 and SLC38A8 have previously been found to share a common 
ancestor and are believed to have related functions (Goberdhan, 2010). 
In Fig. 3; both these proteins are found to cluster with the SLC5 family. It 
is possible that these proteins are more similar to one of the related 
protein sequences identified within the SLC5 subfamily. An observation 
is that many of the identified D. melanogaster protein sequences that 
display low amino acid sequence identity to the human homologues are 
generally shorter. The length of the sequences can certainly be a reason 
why the global pairwise alignment score differs, but the amino acid 
composition might still be similar. It would also explain why HMMs 
identify orthologues with low global amino acid sequence identity. 

HMMs were not constructed for SLCs that lack a Pfam clan classifi-
cation since these SLC families do not have an amino acid sequence 
identity to other families and their members. Several of these families 
contain too few members to perform a correct alignment of each family 
alone, which together with the low sequence identity would have 
resulted in incorrect alignments and difficulties in identifying SLCs in 
the D. melanogaster proteome. This problem could have been avoided if 
adding other species in the analysis such as teleost fish, e.g. D. rerio 
(Zebra fish), S. richardsonii (Snow trout) or T. putitora (Golden mahseer), 
but that was not the aim of this article. However, there are a few elegant 
publications that addresses the SLCs in teleost fish, where approximately 
338 homologous protein sequences have been identified in fish, and that 
discusses the evolutionary relationship to human SLCs (Verri et al., xxxx; 
Barat et al., 2019; Barat et al., 2016) 

Metabolic and neurobiological pathways and mechanisms are well 
conserved between human and D. melanogaster (Hoglund et al., 2011; 
Bellen et al., 2010). It is known that the fruit fly and mammals use many 
of the same neurotransmitters (Martin and Krantz, 2014), which also 
explains the high conservation of the SLC6 family between humans and 
D. melanogaster. Furthermore, the diverse and large families of SLC22 
and SLC25 in human contain transporters with very specific expression 
and function, and hence it is likely that these transporters are well 
conserved in D. melanogaster. The high conservation was also observed 
when performing the global pairwise alignment, where it was obvious 
that some subfamilies of the SLC superfamily were more conserved than 
others, Table 1 to 10. Except for the SLC6 family, the SLC18 and SLC36 
families, belonging to the SLCs of APC type, all had members that per-
formed same or similar functions in fruit fly as in human. Moreover, 
members of the SLC36 family in both human and fruit fly have been 

found to be important in the vital pathway of mTOR (Jewell and Guan, 
2013; Cheatham et al., 1994). These similarities between the species are 
good examples of the possibilities there are to study the physiology and 
pathophysiology of SLCs in invertebrates. 

In human, the SLC2 transports various sugars in different tissues and 
with varying affinities (Mueckler and Thorens, 2013) to regulate the 
glucose homeostasis by feedback mechanism e.g. through insulin release 
(Mattila and Hietakangas, 2017). Even if D. melanogaster is commonly 
used as a model to understand human metabolic pathways (Ceddia et al., 
2003) there are differences in the sugar metabolic pathway (Hall et al., 
2007; Becker et al., 1996; Reimer, 2013), which could explain why the 
fruit fly have more SLC2 transporters. 

The SLC17 family has nine members in human and can be considered 
as a functionally diverse family of organic anion transporters found in 
various tissues in human (Hunter et al., 2009). In D. melanogaster, almost 
three times more SLC17 related proteins, 26 in total, were identified. 
Some of the homologues are differently expressed during the develop-
mental stages of D. melanogaster according to flybase.org (FB2021_02, 
(Larkin et al., 2020), which could be an explanation for the vast number 
of SLC17 related proteins. However, it is a speculation and it needs to be 
confirmed by further studies. Important to note is that several of the 
identified protein sequences in D. melanogaster do not have a confirmed 
function. However, the one-to-one suggested orthologous relationship 
between genes (e.g. SLC17 family in human and fly) found using the 
phylogenetic analysis as well as the predictions from the online software 
InterPro (Mi et al., 2013) and PANTHER (Thomas et al., 2003; Kendrick 
et al., 2017); suggest that the function is conserved among different 
phyla and indicates that these findings are reliable.. 

The SLC3 family is one of the SLC families that does not have a 
transporter function by itself and instead the members act as subunits to 
the SLC7 family (Fredriksson et al., 2003). It has been argued that this 
family should not be classified to the SLC superfamily, mainly because 
there are several proteins that act as subunits to other SLC subfamilies 
that are not included in the SLC superfamily, for example CD147 
(basigen) to the SLC16 family of monocarboxylate transporters (Hale-
strap and Meredith, 2004; Suda et al., 2018). However, due to the pre-
sent classification of SLCs, the SLC3 family was included in the analysis. 
In 2009, the D. melanogaster protein CD98hc was suggested to be the 
orthologue to human SLC3A1 and SLC3A2, and it was found to both 
share function and protein structure with the human SLC3 proteins 
(Reynolds et al., 2009). CD98hc was also identified as a fly homologue to 
the SLC3 family from our phylogenetic analysis. However, and also 
interestingly, the global amino acid sequence identity did not pass the 
criterion of 20 % amino acid sequence identity (Hediger et al., 2013; 
Hediger et al., 2004). This suggests that the CD98hc should not be 
grouped into the SLC3 family. These findings also suggest that the pre-
sent criterion used for classifying SLCs might need rephrasing and that it 
might not always be applicable when studying the evolutionary rela-
tionship between species. 

Some of the SLC families without a clan affiliation, e.g. the high- 
affinity glutamate and neutral amino acid transporters (SLC1) and the 
mitochondrial transporters (SLC25) (Limmer et al., 2014; Cui et al., 
2016; Featherstone, 2011; Carrisi et al., 2008), have an extensive and 
deep-rooted research history in several model organisms including 
D. melanogaster. The physiological systems that these SLCs operate in are 
of great importance for both vertebrates and invertebrates to maintain a 
healthy, normal internal environment. For instance, SLC1 is needed for 
neurotransmitter storage, release and recycling (Martin and Krantz, 
2014; Carrisi et al., 2008); members of the SLC25 family are crucial to 
provide the cells with energy through the electron transport chain 
(Slabbaert et al., 2016); and both the SLC1 and SLC25 families are 
associated with neuronal survival and fundamental neurobiological 
processes (Limmer et al., 2014; Martin and Krantz, 2014). Despite this, 
our knowledge about the SLC superfamily and its subfamilies are limited 
and still there are transporter proteins that we know little to nothing 
about. 

M.M. Ceder and R. Fredriksson                                                                                                                                                                                                              



Gene 809 (2022) 146033

21

4.1. Conclusion 

We have scanned the sequenced fly proteome for SLCs and found a 
total of 381 SLCs, and thereby showed that 84 % of all the SLC families in 
humans have an equivalent in the fruit fly. To our knowledge, this 
provides the first collection of all SLC sequences in D. melanogaster and 
we believe that our SLC dataset can aid in further research about the 
SLCs in several species. Our results highlight the importance of SLCs and 
how vital it is to be able to use model organisms. We also believe that the 
results point to the possibility to use D. melanogaster to further investi-
gate the function of the SLC superfamily and their role in conserved 
cellular processes as well as health and disease. 
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