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Abstract

The Major Facilitator Superfamily (MFS) is currently the largest characterized superfamily of
transmembrane secondary transport proteins. Its diverse members are found in essentially all
organisms in the biosphere and function by uniport, symport, and/or antiport mechanisms. In 1993
we first named and described the MFS which then consisted of 5 previously known families that
had not been known to be related, and by 2012 we had identified a total of 74 families, classified
phylogenetically within the MFS, all of which included only transport proteins. This superfamily
has since expanded to 89 families, all included under TC# 2.A.1, and a few transporter families
outside of TC# 2.A.1 were identified as members of the MFS. In this study, we assign nine
previously unclassified protein families in the Transporter Classification Database (TCDB; http://
www.tcdb.org) to the MFS based on multiple criteria and bioinformatic methodologies. In
addition, we find integral membrane domains distantly related to partial or full-length MFS
permeases in Lysyl tRNA Synthases (TC# 9.B.111), Lysylphosphatidyl Glycerol Synthases (TC#
4.H.1), and cytochrome bsgq transmembrane electron carriers (TC# 5.B.2). Sequence alignments,
overlap of hydropathy plots, compatibility of repeat units, similarity of complexity profiles of
transmembrane segments, shared protein domains and 3D structural similarities between transport
proteins were analyzed to assist in inferring homology. The MFS now includes 105 families.
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Introduction

TCDB implements a system of classification, adopted by the International Union of
Biochemistry and Molecular Biology (IUBMB), for representative, recognized and
hypothetical transport proteins found in all living organisms on Earth [1-3]. Using
functional and phylogenetic information derived from publications on transport systems,
TCDB classifies over 14,000 transport systems and potential transporters into over 1,400
families, referencing over 17,000 publications [4-10]. Ongoing efforts are focused on the
identification of distant relationships between transport protein families, allowing
categorization of both pre-existing and novel families into superfamilies. Currently, TCDB
contains over 80 Superfamilies (see http://tcdb.org/superfamily.php) [3, 11].

The largest and most diverse superfamily of secondary carriers characterized to date is the
Major Facilitator Superfamily (MFS) [4, 5, 12]. It may, in fact, be the largest superfamily of
all types of transporters, since its only “competitor” is the ABC superfamily which has been
shown to consist of at least three evolutionarily independently arising families of transport
proteins, all of which use homologous ATPases for energy coupling [13]. Structural and
sequence analyses of representative members of the MFS show 12 TMSs surrounding a
central cavity, forming a semi-symmetrical structure [14]. Evidence suggests that MFS
members arose via an intragenic duplication event in which a gene encoding a 6 TMS
protein yielded the 12 TMS structure of current MFS proteins [12]. Furthermore, it is
believed that each of the 6 TMS domains arose from a primordial 3 TMS ancestor [14, 15].
Crystallographic studies performed on bacterial members of the MFS provided further
evidence of a 3+3 inverted structure within the 6 TMS repeat unit [16]. Thus, TMSs 1-3 are
related to the TMSs 4-6 by a 180° rotation about the axis running parallel to the lipid
bilayer, as are TMSs 7-9 and TMSs 10-12 [16].

Currently recognized members of the MFS bind their substrates stereospecifically and utilize
a carrier-mediated process to catalyze transport across biological membranes [17]. MFS
secondary carriers transport by (1) uniport, where single molecular entities are transported
by facilitated diffusion, or by potential-driven processes for charged solutes, (2) symport,
where two or more solutes are transported in the same direction, driven by chemiosmotic
energy, in this case, often the electrochemical gradient of protons, called the proton motive
force (pmf), or (3) antiport, where two or more solutes are transported in opposite directions,
again using chemiosmotic energy to drive the vectorial process. Most members of the MFS
share a three dimensional structure that consists of two domains surrounding a central
substrate binding site [18, 19]. These transporters operate by an alternating access
mechanism where the two halves of the protein move, relative to each other, like a rocker
switch, mediated in part by salt bridge formation and breakage during the transport cycle
[20, 21].

MFS porters, or permeases, are known to exhibit specificity for sugars, drugs,
neurotransmitters, amino acids, vitamins, organic and inorganic ions, as well as many other
small compounds, depending on the specific porter, but not macromolecules such as
proteins, polysaccharides and nucleic acids [22]. Typical transporters of the MFS are of
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400-600 amino acyl residues (aas) in length, and with few exceptions, possess either a 12 or
14 trans-membrane a-helical segment (TMS) topology.

Aside from the MFS families listed under TC# 2.A.1, when the studies reported here were
initiated, there were 6 additional transport protein families in TCDB with evidence
supporting their membership to the MFS [12]. These families and those reported here are
characterized within the MFS superfamily in TCDB (see Superfamily hyperlink in TCDB).

The Glycoside-Pentoside-Hexuronide:Cation Symporter (GPH) Family (TC# 2.A.2), as its
name suggests, consists of symporters that usually catalyze uptake of glycosides in
conjunction with a monovalent ion, usually H*. The functionally characterized proteins of
this family are from bacteria, archaea, and eukaryotes. Members of the GPH family are
usually around 500 aas in length and possess the characteristic 12 TMS topology [12].

The ATP:ADP Antiporter (AAA) Family (TC# 2.A.12) contains transporters that appear to
be obligate exchange translocases with specificity frequently for ATP and ADP [23]. They
take up ATP into the cell in exchange for ADP, but can also transport inorganic phosphate

and other phosphorylated nucleosides [24]. These proteins have 12 putative TMSs and are
most commonly found in intracellular pathogenic bacteria.

The Proton-dependent Oligopeptide Transporter (POT/PTR) Family (TC# 2.A.17) is another
ubiquitous family that catalyzes peptide uptake. Members usually exhibit 12 putative TMSs.
It has been suggested that pairs of salt bridge interactions between the transmembrane a-
helical structures work together to provide the alternating access transport mechanism [25].
Mammalian members of this transporter family, PepT1 and PepT2, are responsible for the
uptake of pharmaceutically important drug molecules such as antibiotics and antiviral agents
[25, 26].

The Reduced Folate Carrier (RFC) Family (TC# 2.A.48) includes uptake porters for folates,
reduced folates, folate analogues, biotin and thiamine. Folates, also known as vitamin B9,
are essential vitamins for humans, and folate deficiency contributes to a variety of health
problems. These RFC members mediate the intestinal absorption of the anti-cancer drugs,
methotrexate and pralatrexate [27]. Amino acid replacement experiments have shown that
the region between TMSs 1 and 2 forms a substrate-binding pocket [28]. Like other MFS
family porters, RFC members are typically between 500-600 aas in size and possess 12
putative or established TMSs. The Organo Anion Transporter (OAT) Family (TC# 2.A.60)
contains proteins that catalyze facilitated transport of large amphipathic organic ions such as
prostaglandins, bile acids, steroid conjugates, thyroid hormones, oligopeptides, drugs,
toxins, and various xenobiotics [29, 30]. Human OAT transporters play important roles in
drug and metabolite transport across the blood-brain barrier and in the kidneys [31, 32].
These transporters have 12 putative TMSs. Their evolutionary histories and functional
diversification have been examined [32].

Members of the Folate-Biopterin Transporter (FBT) Family (TC# 2.A.71) transport folate
and biopterin across the cell membrane and are believed to function by H* symport [33].
Most functionally characterized members of the FBT family are from mammals and
protozoa, but homologs exist in bacteria, plants, and algae [34].
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In this paper, we incorporate 9 additional TC families into the MFS. We believe that these
proteins, or parts of them, all share a common evolutionary origin. In addition to the above
described families, currently established constituents of the MFS, we provide evidence that
members of the following families share a common origin with recognized MFS superfamily
proteins: (1) the Equilibrative Nucleoside Transporter (ENT; TC# 2.A.57) Family, (2) the
Aromatic Acid Exporter (ArAE; TC# 2.A.85) Family, (3) the Ferroportin (Fpn; TC#
2.A.100) Family, (4) the Eukaryotic Riboflavin Transporter (E-RFT; TC# 2.A.125) Family,
(5) the Lysyl phosphatidylglycerol synthase (MprF; TC# 4.H.1) Family, (6) the Eukaryotic
Cytochrome bggq (Cytbsgq; TC# 5.B.2) Family, (7) the Conidiation and Conidial
Germination Protein (CCGP; TC# 9.B.57) Family, (8) the 6 TMS Lysyl tRNA Synthase
(LysS; TC# 9.B.111) Family, and (9) the 6 TMS DUF1275 (DUF1275; TC# 9.B.143)
Family. Sufficient evidence using our bioinformatic methodologies suggests that members of
these families, or domains within these proteins, derive from a common MFS ancestor via
pathways similar to those described previously for MFS permeases [35]. These relationships
were inferred based on (1) the quality of sequence alignments, (2) overlap of hydrophobic
peaks in hydropathy curves plus compatibility of repeat units, (3) compatibility of the
locations of simple/complex TMSs based on the Transmembrane helix: simple or complex
(TMSOC) classification [36, 37], (4) Pfam [38] domain content, and (5) 3D structural
similarity when available. The families included in this study are tabulated with their
properties in Table 1, and their average hydropathy characteristics are plotted in Fig 1.

1.2 Methods

1.2.1 Obtaining candidate homologs

The program famXpander [40] was used to retrieve candidate homologs for all members of
each family. This program searches the National Center for Biotechnology Information
(NCBI) NR protein database using PSI-Blast [41] with a default cut off e-value of 0.0001
and retrieves up to 10,000 sequences. Redundant sequences showing more than 85%
sequence identity are then removed using the CD-HIT program [42]. The sequences
extracted by famXpander are considered to be candidate homologs of each protein family

[3].

1.2.2 Inference of homology

Once candidate homologous sequences for each family are retrieved, they are used to
compare each family against all other existing Major Facilitator Superfamily members. The
program Protocol2 [6] performs this comparison. Protocol2 takes the sets of proteins
returned by famXpander for two query families, and compares them using the Smith-
Waterman algorithm, as implemented in the SSEARCH program and correcting E-values for
compositional bias using 1000 shuffles [43]. The program reports the top hits between the
two families, including the alignments, the TMSs involved in each alignment, and the GSAT
score of the alignment [6]. Because unrelated membrane proteins may yield alignment
scores beyond significance cutoffs [36, 44], in addition to significant sequence similarity, all
candidate homologs identified by Protocol2 must pass four additional criteria: (1) aligned
TMSs must be compatible with the repeat units of the families involved in the analysis, and
the hydropathy curves of the corresponding alignment should show good overlap of

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 5

hydrophobic peaks; (2) the locations of simple/complex TMSs should be compatible; (3)
Pfam domains of both families should overlap in the aligned region; and (4) if 3D structures
are available, significant alignments should further support the relationship.

Although convergent sequence evolution is possible, it has only been shown for short motifs
and never for large segments of proteins, such as entire domains [3]. By using a minimal
length of 100 amino acy! residues to infer homology, and the above-mentioned criteria, we
consider it unlikely that unrelated proteins will pass all of our criteria.

1.2.3 Multiple Alignhments and Topological Analyses

MAFFT [45] was used to create multiple alignments of proteins retrieved by famXpander
using the L-INS-i algorithm. Residue positions showing >30% gaps in the alignments were
removed with trimAL [46]. A few sequences that introduced large gaps into the alignment,
usually a result of fragmentation, incorrect sequences, or the inclusion of introns, were
removed [3]. Multiple alignments were then inputted into the Average Hydropathy,
Amphipathicity, and Similarity (AveHAS) program [47] using a sliding window size of 19
residues and an angle of 100° for a-helical structures. The resulting graphs (Fig 1) allowed
us to consider the topological maps of multiple proteins in the same family.

The Web-based Hydropathy, Amphipathicity, and Topology (WHAT) program uses a sliding
window to generate hydropathy curves for single protein sequences [47]. HMMTOP was
used to determine the transmembrane segments of protein sequences used in this study [48].

In addition to WHAT and HMMTOP, the web based TOPCONS (http://topcons.cbr.su.se)
program was used for topological predictions. This program’s algorithm combines a number
of topology prediction algorithms into one consensus [49]. TOPCONS proved to be useful
as a tool for comparative analyses as it sometimes allowed us to correct for mis-labeled
transmembrane segments predicted by WHAT. However it should be noted that the most
accurate program to be used for topological predictions is family specific [50].

1.2.4 3D structural analyses

When full protein 3D structures do not produce meaningful alignments, evidence of
homology can still be revealed by cutting structures of transporters into helical bundles of
transmembrane a-helices (a-TMSs) and searching for alignments of basic repeat units.
Although, the smallest repeat unit in MFS is 3 a-TMS (3HBs), we focused on 4-helix
bundles (4HBs) because 3HBs may produce marginally scoring superpositions of the 3
helices between unrelated structures. We extracted a-TMSs from OPM [51] as well as
PDBTM [52]. If TMSs corresponded to less than one full a-helix, they were extended to full
helices using secondary structure assignments from STRIDE [53]. Helix bundles were
compared with the CCP4 [54] implementation of the SSM superpose algorithm [55] or the
TM-align program [56]. Alignments were ranked based on RMSD values, coverage, and
TM-scores. When significant superpositions of 4HBs were identified, we extended the
analysis to 6HBs or the full proteins to investigate the extent of the structural similarity.

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 September 01.


http://topcons.cbr.su.se

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 6

1.2.5 Network of relationships within the MFS and their relative confidence levels

Unfortunately, not all of the families we added to the MFS currently have 3D structures
available in PDB; thus, most of our inferences were evaluated based on the sequence-based
criteria in our strategy. Given that all inferences show significant alignment scores (E-value
< 1077), the hydropathies of the alignments overlap well, the aligned TMSs are congruent
with the repeat units of the families, the profile of TMS complexity is compatible between
families, and Pfam domains are shared, we rationalized that the degree of confidence of a
given inference can be quantified based on the E-values of the B-C alignments, the numbers
of TMSs involved in the alignments and, if available, the qualities of the 3D structural
superpositions. The contributions of these three factors can be written as

Scorep . = — Ny, logy O(Eualueb’ C) + Cy, ps )

where Np is the number of TMSs in the sequence alignment between proteins fand c,
Evaluey, ¢ is the corresponding E-value of the alignment, and Cp p is a function that assesses
the contribution of 3D structural alignments. Due to the scarcity of family members with
characterized 3D structures in PDB, we regarded the top-scoring superposition of 3D
structures between families A and D as representative of the structural similarity between the
2 families. Note that 4 is a homolog of family A and cis a homolog of family D. We relied
on the following empirical assumptions to define the function C4 p: 1) less than 3 a-helices
aligning between two 4-helix bundles decreases our confidence in the homology inference;
2) with 3 helices aligned, we are neutral regarding the possibility of homology because 3
helices can also be aligned with marginal scores by chance; 3) more than 3 helices aligned
increases our confidence, and 4) the contribution of the structural analysis increases
proportionally with higher alignment coverage and is inversely related to the RMSD. This
can be modeled as

where covindicates the coverage of the highest scoring superposition between families A
and D, calculated as the number of residues superposed divided by the length of the shorter
4HB. Then, this is divided by the corresponding RMSD value of the alignment. K'is an
empirical scaling constant to control the magnitude of Cy4 prelative to the first added term in
equation (1). We used K=100, which is equivalent to expressing the coverage as a
percentage. Wy pis a function that controls the sign and weight of the contribution of each
3D alignment by following the aforementioned assumptions; it is expressed as:

-1, cov <0.5
deov—3, 0.5 <cov<0.75
w = 3
A.D %cou —-5,0.75 < cov <£0.9 ®
1, cov> 09

Three data points are critical in equation 3: cov=0.5 (~2 aligned helices) producing the
maximal penalty (W4 p=-1); cov=0.75 (~3 aligned helices) corresponding to a neutral
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contribution (Wy4 p = 0); and cov=0.9 (~4 helices aligned) yielding the maximal contribution
(W4 p=1). For simplicity, intermediate coverages are interpolated linearly on the two lines
connecting these three points as shown in equation 3.

The score was normalized to 1.0 based on the highest scoring inference, and three arbitrary
levels of confidence were defined: high confidence (Score = 0.6), medium confidence score
(0.6 > Score = 0.2), and low (Score < 0.2). Table S2 provides the Score and the Confidence
level assigned to each inferred relationship within the MFS. All the relationships identified
and their confidence levels were plotted in a network layout using the program Gephi 0.9.2
(https://gephi.org/).

1.2.6 The Major Facilitator Superfamily protein tree

We extracted from TCDB all protein sequences that belong to the families considered in this
study. However, given that there are more than 900 proteins under TC# 2.A.1, we selected
87 sequences that correspond to the first system listed for each subfamily. In total, we
obtained 378 sequences (File S1). Sequences were clustered with the program
mkProteinClusters [40], which uses the statistical computing environment R (https://www.R-
project.org/) to perform a hierarchical clustering based on a distance matrix calculated from
bit scores generated by local Smith-Waterman alignments as implemented in SSEARCH
[43]. This method has shown excellent agreement with phylogenetic trees for grouping
TCDB families [40]. Clusters were generated using the Ward method (agglomerative
coefficient 0.983). The printed version of the tree was generated with the GNU software
GIMP 2.10 (https://www.gimp.org/). The original tree file in Nexus format is available in
File S2.

1.3 Results and discussion

1.3.1 Distribution of complex and simple TMSs within MFS

In order to generate a reference to test the relationships between MFS families, we generated
the distribution of simple and complex TMSs in MFS members using the program TMSOC
[36, 37]. In MFS members with 12 TMSs, all TMSs are predominantly complex (Fig 2A).
However, a clear trend can be observed where TMSs 3, 6, 9 and 12 have higher frequencies
of simple TMSs (Fig 2B). This is in agreement with MFS members evolving from a 3-TMS
precursor that duplicated to form a 3+3 topology, which in turn duplicated to generate the
6+6 topology. The fact that TMSs 3, 6, 9, and 12 are more frequently simple than the other
TMSs correlates with their locations outside the pore in the 3D structures of MFS
permeases. This indicates that they are not directly involved in transport activity [16].
Examining the 14-TMS proteins in the MFS, we found that the same pattern held, except
that the first and the two central TMSs, 7 and 8, also showed higher frequencies of simple
TMSs (Fig S1). Note that TMSs 7-8 are not part of the two 6-TMS repeat units.

1.3.2 Inference of evolutionary relationships between pairs of families

Our strategy to infer distant relationships between pairs of families begins with the
application of the transitivity property of homology [3, 40]: two proteins, A and D, with no
obvious sequence similarity, are considered evolutionarily related if two additional proteins
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B (a homolog of A) and C (a homolog of D) exist such that a path of significant sequence
similarity can be identified connecting proteins A and D (A—B—C—D). The relationship
is then deduced by association between the two families to which proteins A and D belong,
as long as four additional conditions are met: 1) aligned TMSs must be compatible with the
repeat units of both families, that is, there must be a common evolutionary pathway that gave
rise to the TMS topology of both families, and the hydropathy of the alignment between
proteins B and C must show clear overlap of hydrophobic peaks (i.e., putative TMSs); 2) the
presence of complex/simple TMSs should be compatible based on the TMSOC
classification, 3) the characteristic Pfam domains of both families must overlap significantly
in the B-C alignment; and 4) when 3D structures are available, significant superpositions
provide additional evidence of homology (see Methods). For the following discussion, E-
values are calculated with the Smith-Waterman algorithm as implemented in SSEARCH
[43] unless otherwise specified (See Methods).

As mentioned in the Introduction, we have added nine families to the MFS for a total of
fifteen families outside of TC# 2.A.1. Initially, four families (ENT, Fpn, E-RFT, and
DUF1275) were identified as candidate members of the MFS using our methodology as
previously reported [2, 3, 6, 9, 12, 57]. These results strongly suggested that these families
are members of the MFS. These conclusions were further substantiated by incorporating the
criteria of TMS complexity and Pfam domain agreement. As a result, 5 more families were
added to the MFS (ArAE, CCGP, LysS, MprF and Cytbsgy). The details of the inferences for
each relationship between established MFS families and the new families are discussed
below and summarized in Table 2.

1.3.2.1 The Equilibrative Nucleoside Transporter (ENT) Family (TC# 2.A.57)—
Members of the ENT family are typically 350-500 aas in length and possess 11 putative
TMS (Fig 1A). ENT family members catalyze nucleoside transport and have homologs in
fungi, protozoa, nematodes, and mammals. Members of the human ENT family, SLC29, are
known to import drugs used in cancer, AIDS, and parasitic disease treatments [59].
Representative ENT family members have been experimentally shown to have a topology
with a cytoplasmic N-terminus and an extracellular C-terminus, suggesting that TMS 12 in
the 12 TMS precursor was lost [60]. Site directed mutagenesis experiments provided
evidence for structural commonality and a common evolutionary origin between established
members of the MFS and the ENT family, implying similar packing of TMSs around a
solvent accessible binding site [59].

Fig 3 compares TMSs 1-11 of the 12 TMS MFS homolog WP_056965629 with TMSs 1-11
of the 11 TMS ENT homolog KV106040 (E-value 9.7x1071%; Fig 3G). According to the
TMSOC classification, none of the TMSs in these proteins is simple, which is compatible
with the distribution observed in MFS (Fig 2A), thus increasing the reliability of the
alignment. The Pfam domain characteristic of the ENT family (PF01733) can be projected to
the MFS homolog WP_056965629 (E-value: 6.4x1078; see Methods), further supporting the
relationship between the two families. These results indicate that the last TMS of the
original 12-TMS precursor was lost in family ENT, in agreement with the fact that this TMS
is more frequently simple in MFS permeases, and not involved in pore formation.
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1.3.2.2 The Aromatic Acid Exporter (ArAE) Family (TC# 2.A.85)—The ArAE
family is ubiquitous, including members from bacteria, archaea and eukaryotes. These
proteins are about 650-750 aas and usually exhibit a repeat sequence due to an internal gene
duplication event, typical of MFS proteins. There are five full-length £. co/ihomologs. At
least two of these ArAE family members are encoded within operons that also encode
membrane fusion proteins (MFP family; TC# 8.A.1). This implies that these proteins
catalyze efflux [61, 62]. The plant proteins, like a homolog in B. subtillis, are of 500-560
residues and exhibit only 6 putative TMSs followed by a long hydrophilic domain. None of
the eukaryotic proteins is functionally characterized. A single bacterial member of the ArAE
family has been functionally characterized [63]. This protein is AaeB of £. coliwhich
depends on a membrane fusion protein (MFP family; TC# 8.A.1), AaeA, for activity. AaeB
proved to be a proton motive force (pmf-dependent para-hydroxybenzoic acid efflux pump.
Only a few aromatic carboxylic acids of hundreds of compounds tested proved to be
substrates of the AaeAB efflux pump [63]. It may function as a ‘metabolic relief valve’ to
relieve the toxic effects of unbalanced metabolism.

As noted above, members of the ArAE family have either 6 or 12 putative TMSs, each
followed by a C-terminal hydrophilic domain (Fig 1B). For example, subfamilies 1, 3, 6, 8,
10 and 11 have 12 TMSs, while subfamilies 2,4, 5, 7 and 9 have six TMSs. According to
Pfam, the domains containing 6 TMSs in the 12 TMS proteins (PF10337 and PF13515,
respectively) belong to the same clan (CL0307), suggesting that they are likely repeats of
each other. Note that the AveHAS plot shown in Fig 1B only depicts a single repeat unit.

Fig S2 presents a comparison of an established ArAE family member (TC# 2.A.85.3.5) with
an established member of the MFS (TC# 2.A.1.1.43) using the transitivity property of
homology. Comparing TMSs 7-12 of the ArAE homolog, K1187451, with TMSs 7-12 of the
MFS homolog, EIE83441, using the same approach as described above for the ENT family,
we see that all 6 TMSs of the second repeat unit of both proteins align well (E-value:
9.5x10711; Fig S2G). According to the TMSOC classification, only TMS 6 of K1187451 and
TMS 12 of EIE83441 are simple. This is compatible with the MFS distribution of simple
TMSs observed in Fig 2. The Pfam domain characteristic of the MFS family (PF00083) can
be projected to the ArAE homolog K 1187451 (E-value: 107%; see Methods). Altogether, this
evidence supports the relationship between families ArAE and ENT.

1.3.2.3 The Ferroportin (Fpn) Family (TC# 2.A.100)—Proteins of the Fpn family
are required for the export of iron and manganese from animal cells into the systemic
circulation [64, 65]. These iron regulated transport proteins are found in the basolateral
membranes of mammalian intestinal epithelial cells [66]. Fpn members are essential for iron
homeostasis; studies have shown that mice lacking these proteins die during embryonic
development [67]. Members of the Fpn family are between 400 and 800 aas in length, and
studies with antisera have suggested a topology of 12 TMSs, with the C-termini exposed to
the inside of the cell [64] (Fig 1C and Table 1). In Fig 1C, the hydropathy plot has been
interpreted in terms of the 12 TMS topology shown in the crystal structure, where the first
hydrophobic peak corresponds to two TMSs [68].
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Fig S3 shows the comparison of homologs within families Fpn and GPH (TC# 2.A.2),
equivalent to the comparison described above for the ENT family (Fig 3). We identified an
alignment encompassing TMSs 2-11 of both the Fpn homolog WP_015091118 and the
GPH homolog KLE28886 (E-value: 2.8x1071%; Fig S3G), in agreement with the repeat unit
of MFS families. According to TMSOC, and compatible with the MFS pattern (Fig 2), only
the twelfth TMS in both proteins is simple and Fig S3 shows that it is not part of the
alignment. In addition, the Pfam domains of both families belong to the same clan
(CL0015). When we compared the 3D structure of Fpn member Q6MLJO (TC# 2.A.100.2.1;
PDB ID: 5AYN) with the structure of the GPH homolog P30878 (PDB ID: 4M64), the 6
TMSs of the first repeat units in both proteins produced a reasonable alignment (RMSD:
2.93 A; Coverage: 93%; Fig S4). In addition, the Fpn structure S5AYN also aligns well with
other MFS structures. For example, Fig S5 shows a 12 TMS alignment (RMSD: 3.0 A;
Coverage: 98%) with MFS member P11551 (TC# 2.A.1.7.1; PDB ID: 307P). This is
relevant, particularly between different families, because even within the same MFS family
we observe lower quality alignments of 12 TMSs due to the conformational flexibility in
MFS proteins afforded by the loops connecting TMSs 6 and 7, responsible for
mechanistically important conformational changes [69]. This loop may even contain
additional TMSs. Consequently, we were able to improve the quality of the Fpn-MFS
alignment (RMSD: 2.27 A; Coverage: 97%) when only the 6 TMSs of the first repeat unit in
both proteins were considered (see Fig S6).

1.3.2.4 The Eukaryotic Riboflavin Transporter (E-RFT) Family (TC# 2.A.125)—
Members of the E-RFT family are typically of 430-500 aas in length and possess 11 putative
TMS (Fig 1D, Table 1). As its name suggests, the E-RFT family transports riboflavin
(vitamin B2). Riboflavin in the forms of flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD) act as cofactors in biological oxidation-reduction reactions [70].
Deficiencies in riboflavin can lead to developmental abnormalities in mammalian
adolescence and is a risk factor for anemia, cancer, and cardiovascular disease [71]. Studies
performed on the rat riboflavin transporter 2 (rRFT2) showed that it is inhibited by the
presence of lumiflavin, FMN, and FAD [72], suggesting that these transporters are able to
transport various riboflavin derivatives.

Fig S7 compares TMSs 2-11 of the E-RFT homolog XP_004334153 with TMSs 2-11 of the
ENT homolog XP_005604017 (E-value: 9.3x10712; Fig S7G), in agreement with the repeat
unit of MFS families. According to the TMSOC classification, only protein XP_005604017
has simple TMSs (TMSs 3 and 9) in agreement with the MFS distribution observed in Fig 2.
Furthermore, the characteristic Pfam domain of the ENT family (PF01733) can be projected
to the E-RFT homolog (E-value: 3.2x1079; see Methods), further supporting the proposed
relationship between these families.

1.3.2.5 The Lysyl Phosphatidylglycerol Transferase (MprF) Family (TC# 4.H.1)
and the 6 TMS Lysyl-tRNA Synthetase (LysS) Family (TC# 9.B.111)—The
bacterial lysyl phosphatidylglycerol (LPG) transferases in family MprF contain 6 to 15
TMSs (Table 1 and Fig 1E) and have dual functions: derivatization of PG with lysine or
alanine to modulate the membrane surface charge, and flipping of the derivatized
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phospholipid from the inner leaflet to the outer surface of the cytoplasmic membrane in
order to provide resistance to cationic antimicrobial peptides [73]. These two functions are
reported to be catalyzed by two different domains within these multidomain proteins [74,
75]. Families LysS and MprF of lysyl transferases show high sequence similarity in both the
hydrophobic MFS-like and the hydrophilic domains. Fig S8 shows a highly significant
alignment (E-value: 1.3x10748; Fig S8C) between TMSs 1-6 of the MprF member Q3M879
(TC# 4.H.1.1.6) and TMSs 1-6 of the LysS member WP_047224658 (TC# 9.B.111.1.4), in
addition to the hydrophilic domain of both proteins. Such a significant level of sequence
similarity may seem to warrant membership to the same family; however, given that their
functions are completely different, they have been assigned to different TC families. Notice
in Fig S8B that the sixth hydrophobic peak of the LysS member is not highlighted; this is
because when this protein is aligned with other 6-TMS LysS homologs (e.g.,
WP_030772239), the sixth peak aligns with the loop connecting TMSs 5 and 6 (compare
LysS members in Figs S8 and S10), thus, this is most likely not a TMS. Also note that the
MprF member is missing the characteristic N-terminal 8-9 TMS domain, possibly involved
in flippase activity [75]. According to the TMSOC classification, only TMS 3 in MprF
member Q3M879 is simple, and in LysS member WP_047224658, TMSs 4-5 are simple.
While at first glance the simple TMSs in WP_047224658 seem atypical relative to MFS
porters, the global distribution of simple/complex TMSs across LysS members with 6 TMSs
does show the characteristic MFS pattern where TMSs 3 and 6 have the highest frequencies
of simple TMSs (Fig S9). However, in addition, TMSs 4 and 5 also show higher frequencies
of simple TMSs relative to TMSs 1-2. Thus, the distributions of simple TMSs are
compatible between those two families. Notwithstanding the difference in simple TMSs in
WP_047224658, the high significance of the pairwise alignment fully covering both proteins
(E-value: 1.3x10748; Fig S8C) leaves little doubt that they are related. The relationship is
further supported by the highly significant projection of the transmembranal Pfam domain
characteristic of the LysS family (PF16995) to the MprF member (E-value: 6.9x10716),

Lysyl-tRNA synthetases are highly conserved enzymes that function in mRNA translation
[76]. These synthetases have gained several functions in addition to protein synthesis,
playing roles in HIV replication, cytokine-like signaling, and transport of proteins [76]. LysS
members are around 600 aas in length and possess a hydrophobic N-terminal domain with
6—7 putative TMSs and an uncharacterized hydrophilic domain at their C-termini (Table 1
and Fig 1F). Fig S10 relates family LysS with the MFS showing that TMSs 1-6 of the LysS
homolog WP_030772239 align well (E-value: 4.2x1078; Fig S10G) with TMSs 1-6 of the
MFS homolog EYC21101, in agreement with the repeat units of MFS families. According to
the TMSOC classification, TMSs 3 and 6 of both proteins are simple in agreement with the
patterns observed in MFS (Fig 2) and LysS (Fig S9). Furthermore, the characteristic Pfam
domain of the LysS family (PF016995) can be projected to the MFS homolog (E-value:
2.2x107°; see Methods), further supporting the proposed relationship.

1.3.2.6 The Eukaryotic Cytochrome bsg1 (Cytbsg;) Family—The homodimeric
cytochrome bsgq proteins contain 6 TMSs and two heme prosthetic groups per subunit
(Table 1 and Fig 1G). These hemes are coordinated with His residues from different TMSs
[77-79]. Ascorbate and monodehydroascorbate can be enclosed in positively charged
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pockets on both sides of the membrane. Two highly conserved residues, Lys81 and His 106,
play an essential role in substrate recognition and catalysis [80].

Cytochromes bsgy, residing in chromaffin vesicles, are known to play roles in
neuroendocrine-specific transmembrane electron transfer from extravesicular ascorbate to an
intravesicular monodehydroascorbate radical to regenerate ascorbate. Some members of the
family lack the sequence for putative ascorbate-binding and exhibit a transmembrane
ferrireductase activity. Nakanishi et al. [78] proposed that cytochrome bsgq has a specific
function facilitating the concerted proton/electron transfer from ascorbate by exploiting a
cycle of deprotonated and protonated states of the N(deltal) atom of the axial His residue at
the extravesicular haem center, as an initial step of transmembrane electron transfer. This
mechanism utilizes the well-known electrochemistry of ascorbate for biological
transmembrane electron transfer and might be operative for other types of electron transfer
reactions from organic reductants [78].

Fig S11 shows the evidence supporting our inference that the Cythsgq family is a member of
the MFS. Here we align the 6 TMSs of the Cythsg; homolog XP_005393290 with TMSs 7—
12 of the POT homolog XP_002320578 (E-value: 2.5x1079; Fig S11G). Except for the
fourth TMS, the alignment shows excellent correspondence of hydrophobic peaks.
According to the TMSOC classification, only the first TMS in Cytbsg; homolog
XP_005393290 is simple. This is compatible with MFS because there are established MFS
families that show a tendency to have the first TMS simple (Fig S1), and because the global
distribution of simple/complex TMSs in Cytbsg; members with 6 TMSs also shows that
TMSs 3 and 6 have higher frequencies of simple TMSs (Fig S12), which is compatible with
the pattern observed in MFS proteins (Fig 2).

Furthermore, the characteristic Pfam domain of family POT (Pfam PF00854) projects well
to the Cytbsg; homolog (E-value: 9.6x1075).

1.3.2.7 The Conidiation and Conidial Germination Protein (CCGP) Family—
The MTP1 gene, encoding a type 111 integral transmembrane protein, was isolated from the
rice blast fungus Magnaporthe oryzae. The Mtpl protein is 520 aas long and is homologous
to the Ytpl protein of Saccharomyces cerevisiae. Mtpl1-GFP (green fluorescent protein)
fusion expression results indicated that Mtpl resides in several membranes exposed to the
cytoplasm. The mip1 gene is primarily expressed in the hyphal and conidial stages and is
necessary for conidiation and conidial germination; however, it is not required for
pathogenicity. The Amip1 mutant grew more efficiently than the wild type strain on non-
fermentable carbon sources, implying that Mtpl has a role in respiratory growth and carbon
source utilization [81]. Proteins in this family are around 460 aa long and typically have 12
TMSs (Table 1, Fig 1H).

Fig S13 shows that TMSs 1-5 of the 12 TMS CCGP homolog KUL88187 align with TMSs
1-5 of the Cytbsg; homolog OAK96959 (E-value: 7.1x10711; Fig S13G). By comparing
panels A and C in Fig S13, and their corresponding alignment in panel B (E-value:
9.6x107103) it is evident that the CCPG homolog KUL88187 is missing the first TMS
relative to the CCPG member GAMKH1 (TC# 9.B.57.1.1). Worthy of note is that Cytbgg;
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homologs can have either 5 or 6 TMSs, where the missing TMS in the 5 TMS homologs is
TMS 1 relative to the 6 TMS homologs. According to the TMSOC classification, only the
third TMS of KUL88187 (TMS 4 of the ancestral 6-TMS precursor) and fifth TMS of
OAK96959 (TMS 6 of the ancestral 6-TMS precursor) are simple. It may seem that the
simple TMS in KUL88187 does not conform with the global MFS distribution observed in
Fig 2. However, note 1) that there are a few proteins in the MFS where the fourth TMS is
simple, and 2) that in KUL88187 the difference in complexity between TMSs 2 and TMS 3
(0.25) is considerably smaller than the average difference of complexity between TMS 3 and
all other complex TMSs (0.84). More importantly, the Pfam domain PF10348 directly hits
members of both families (hmmscan E-value: 3.2x10~7) without the need of projection, and
the other Pfam domain (PF03188) in the Cytbgg; homolog OAK96959 is in the same clan
(CL0328) as domain PF10348.

1.3.2.8 The 6 TMS DUF1275/PF06912 (DUF1275) Family (TC# 9.B.143)—
Members of this family are ubiquitous, being present in the three domains of life. It is a
large family with members having a fairly uniform topology of 6 or sometimes 7 TMSs as
expected for half-sized protein members of the MFS (Fig 11 and Table 1). Some members
are encoded by genes adjacent to a probable YtcJ-like metalo-amido-hydrolase, suggesting a
role in uptake of peptides or other amido compounds or efflux of their hydrolysis products.
None of these proteins is functionally characterized, and therefore, these putative transport
proteins have not been mechanistically classified.

Fig S14 shows that TMSs 2-6 of the DUF1275 homolog WP_003499261 align with TMSs
2-6 of the MFS homolog WP_015325006 (E-value: 1.3x1078; Fig S14G). The alignment
does not include the first TMS due to the long loop between the first two TMSs in DUF1275
homolog WP_003499261. According to the TMSOC classification, none of the TMSs in
both proteins is simple, which is compatible with the distribution observed in MFS (Fig 2A).
The Pfam domain characteristic of family DUF1275 (PF06912) can be projected onto the
MFS homolog WP_015325006 (E-value: 7.7x107).

1.3.3 The MFS network of relationsips

Fig 4 shows the interrelationships that allowed us to conclude that all of the families
discussed in this paper are related and therefore members of the MFS. In this plot, the
lengths of the lines are meaningless, while the thickness of the lines reflects the three levels
of confidence in the homology inferences between pairs of families (see Methods). Thus, the
thickest lines indicate the highest level of confidence while the thinnest lines indicate a
lowest level of confidence. Families above the MFS node (see the vertical guide line at the
right-hand side of the plot) separates the established MFS families, identified in previous
reports [12], from those identified in this paper. The two novel highest scoring families with
established MFS members are Fpn and ENT; the connection between E-RFT (RFT) and
ENT is also significant (see Fig 4). In addition, the plot shows that candidate families CCGP,
LysS, Cytbsg; (Cytb) and E-RFT (RFT) are directly linked to MFS and other well-
established superfamily members. Although the MFS-like domains in families LysS and
MprF are highly related in sequence (Fig S8), only the LysS family could be shown to be
related to the GPH family and the MFS. This is due, at least in part, to the lower level of
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conservation of the MFS-like transmembranal domains relative to the large hydrophilic
domain in families LysS and MprF (see Fig 1 E-F). Finally, the DUF1275 (DUF) and ArAE
families are connected only to the MFS (Fig 4).

1.3.3.1 The Major Facilitator Superfamily tree—The tree showing the relationships
among all established and new families, added to the MFS in this study, is shown in Fig 5,
where different colors represent different families. The tree was generated based on pairwise
Smith-Waterman bit scores with our program mkProteinClusters [40] as described in
Methods. In general, we observed a correlation between the levels of confidence depicted in
Fig 4 and the branching pattern in the tree (Fig 5). With two exceptions (MFS and ENT), the
grouping of each family is coherent, showing all members of any particular family clustering
together. We shall start at the bottom of the tree which includes representative members of
the MFS (TC# 2.A.1). Sandwiched between two large groups of MFS proteins is the RFC
family, illustrating its close relationship to the MFS proteins included under TC number
2.A.1. MFS vs RFC comparisons show alignments of 11 TMSs (E-value: 5.1x10714); both
families share the Pfam domain PF07690, and the rest of the domains belong to the MFS
clan (CL0015). Most closely related to the MFS cluster is an adjacent cluster including Fpn
(a novel MFS family) and FBT (an established MFS family), which are followed by the
GPH family. A major group (right-hand side) branching from the MFS cluster contains 7 of
the 9 new families, clustering adjacent to family AAA (an established MFS member).
Families LysS, MprF, Cytbsgq, and DUF1275 in this group have 6 MFS-like TMSs, and no
typical solute transport function has been assigned to them. As noted above for RFC, family
RFT is sandwiched between two groups of ENT members. This is explained by the quality
of the alignments observed between members of these families. For example, see the 10
TMS alignment in Fig S7. Families OAT, ArAE and POT are the most distant from the MFS
cluster, indicating that ArAE (a new MFS family) clusters similarly to two previously
established families, relative to the MFS cluster.

We were able to confirm previously assigned MFS families outside of 2.A.1. For example,
the POT family (the most distant family from the MFS cluster in the tree) shows low but
significant sequence similarity with MFS; when comparing POT homolog WP_019240224
and MFS member 034546 (TC# 2.A.1.2.69), the alignment covers 11 TMSs with 24%
identity (E-value: 7.4x1078), and both proteins hit the Pfam domain PFO7690 while the other
domains share the same MFS clan (CL0015). Our confidence in this relationship increases
due to the high structural similarity between members of these two families. When TMSs 1-
6 of the structure 4UVM of POT member Q8EKT7 (TC# 2.A.17.4.7) are superposed with
TMSs 7-12 of the structure 307Q of MFS member P11551 (TC# 2.A.1.7.1), an excellent
RMSD value of 1.85 A with 99% coverage of the 6-helix bundle was obtained. This is
reflected in the high confidence level observed in Fig 4.

1.3.4 Marginal sequence similarity between the Major Intrinsic Protein (MIP) Superfamily
(TC# 1.A.8) and the MFS superfamily.

Unlike the established secondary carriers in families of the MFS, the MIP family includes
aquaporins and glycerol facilitator channel proteins [82]. Proteins of the MIP families can be
essential for normal cellular function, and they appear to be ancient, including highly
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diversified members with key conserved structural domains [83]. Members are typically
200-300 aas in length and possess 6 TMS that, like MFS proteins, arose by intragenic
duplication of a 3 TMS precursor. The aquaporins transport water, urea, carbon dioxide,
ions, and short, neutral straight chain carbohydrates such as glycerol and propanediol by an
energy-independent mechanism [83].

The MIP family exhibits a well conserved asparagine-proline-alanine (NPA) motif between
TMSs 2-3 and TMSs 5-6, consistent with the proposal that each polypeptide chain of this
family arose by tandem duplication of a 3 TMS-encoding primordial genetic element [82].
Because of the high degree of conservation between the two halves, it is presumed that
duplication of MIP proteins occurred independently of the 3 TMS duplications that gave rise
to the 6 TMS units in most MFS porters. This suggests that the basic unit of sequence
similarity is the 3 TMS repeat unit (see Discussion).

Comparing TMSs 1-6 of the MIP homolog CAX48992 (6 TMS) with TMSs 7-12 of the
POT homolog EEH20305 (12 TMSs) yielded an E-value of 5.0x1078 (Fig S15). This
alignment shows the second 6 TMS repeat unit of the POT family member aligned with the
6 TMSs of the MIP family member. However, there is poor overlap of hydrophobic peaks 1,
3 and 5; the MIP Pfam domain PF00230 projects with marginal significance (E-value:
1.4x1074) to the POT homolog EEH20305, and we could not identify meaningful similarity
between 3D structures of these two superfamilies. All in all this is not sufficient evidence to
infer homology between MIP and the MFS superfamily.

1.3.5 Negative Controls: The Mitochondrial Carrier (MC) (TC# 2.A.29) and the ATP-Binding
Cassette-1 (ABC1) Superfamilies (TC# 3.A.1)

The MC superfamily currently contains 32 families. MC member proteins are usually about
300 aas in length and are involved in the transport of amino acids, nucleotides, co-factors,
inorganic ions, keto acids, and mono, di, and tri-carboxylic acids [3, 84]. They possess a 6
TMS topology which arose from tandem intragenic triplication of a 2 TMS element [84]. X-
ray crystallography was used to solve the 3D structure of a human homolog of the MC
family and showed striking similarity between the folds of the three repeat elements [85].

The ABC1 superfamily currently contains 24 families. ABC1 members are primary active
transporters and also possess a 6 TMS topology which arose by triplication of a primordial 2
TMS element [13]. The ABC1 family contains efflux transport systems with transport driven
by ATP hydrolysis without protein phosphorylation.

Both the MC and ABC1 superfamilies are believed to have arisen via an evolutionary
pathway that was different from that of members of the MFS. Additionally, while both the
MC and MFS superfamilies are secondary carriers, ABC1 includes primary active
transporters. Thus, these two superfamilies, MC and ABCL, represent suitable negative
controls for evaluating the relationship among MFS-related proteins.

Table S1 shows the comparison of established MFS members plus the 9 new families against
the negative controls. With the exception of one 3 TMS alignment (GPH vs MC), none of
the alignments showed good hydropathy overlap. Not surprisingly, none of these
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comparisons passed the criterion of repeat unit compatibility, despite all alignments having
E-values < 1078, Even though unrelated membrane proteins may artifactually produce
alignment scores above thresholds of significance due to biases introduced by
physicochemical constraints [36, 44], here we show that they fail our additional criteria for
inferring distant relationships: (1) compatibility of repeat units and overlap of hydrophaobic
peaks, (2) similar Pfam domains within aligned regions, and (3) if available, 3D structural
similarity. The footnotes in supplementary Table S1 detail each comparison against the
negative control and how they failed to satisfy our criteria for homology.

1.4 Conclussions

In this study, we have expanded the largest superfamily of secondary carriers currently
recognized, the Major Facilitator Superfamily, MFS. Prior to this study, 96 families were
known to comprise the MFS. However, with the exception of a few receptors, virtually all of
these proteins were known or assumed to be transport proteins. Our present efforts have
allowed us to include several additional transport protein families, members of which are
believed to function as secondary carriers. These include the Equilibrative Nucleoside
Transporters (ENT; TC# 2.A.57) with 11 TMS, the Ferroportins (Fpn; TC# 2.A.100) with 12
TMS, and the Eukaryotic Riboflavin Transporters (E-RFT; TC# 2.A.125) with 11 TMS. Al
of the proteins that comprise these families were shown to have the basic 6 TMS repeat unit,
giving rise to 12 TMS, although the predominant members of two of these three families
appear to have lost a single TMS at their C-termini. A surprising result was the observation,
documented here, that a number of non-transport protein families appear to be at least in
part, related to MFS permeases. One of these involved a 6 TMS MFS-like domain linked to
Lysyl-tRNALYS synthases (lysine tRNA ligases) (LysS) (TC# 9.B.111). The function(s) of
this half MFS permease domain is/are not known, but its identification provides incentive for
future investigation. Still, another apparent fusion protein type involves a well-characterized
phosphatidyl glycerol transferase/synthase (TC# 4.H.1) which has a 14-15 TMS topology,
where the last 6 TMSs are related to the MFS. In this case, it has been demonstrated that the
protein (MrpF) has a dual function: The C-terminus may catalyze transfer of the lysyl (or
alanyl) moiety from lysyl-tRNALYS to phosphatidyl glycerol or cardiolipin, while the N-
terminal domain translocates the product, the derivatized phospholipid, to the outer
membrane [74]. This second process renders the enzyme a flippase. It is possible, but not
established, that these two processes both require the entire protein and are tightly coupled,
rendering MprF a group translocator [74, 86-89]. Finally, the cytochrome bgg; proteins,
which catalyze transmembrane election flow, and possibly H* transport, also have
characteristic MFS domains [90-92].

In all of these cases, the detailed functions of the MFS domains or the full-length proteins
are not known or fully understood, but one can surmise that many of these domains may
function in transmembrane transport. For example, the enzymes that synthesize lysyl-
tRNALYS could additionally provide a lysine uptake function following dimerization,
coupled to esterification with its cognate tRNA. However, such suggestions require
experimental verification to elucidate the extent of their functions.
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Highlights
The Major Facilitator Superfamily (MFS) is the largest superfamily of
secondary transporters currently known.

Here we expand this superfamily with nine more families, bringing the total
to over 100 families.

Among these new families, three are integral membrane proteins not currently
recognized as transporters.

These include: (1) The Lysyl Phosphatidyl glycerol synthase (MrpF; TC#
4.H.1), (2) The Eukaryotic Cytochrome bsg; (Cytbsgy; TC# 5.B.2) Family,
and (3) The 6 TMS Lysyl tRNA Synthetase (LysS) Family.

The results reported expand the scope and significance of the MFS and reveal
novel topological types within the MFS fold.

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 September 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Wang et al. Page 24

ENT (TC: 2.A.57) B ArAE (TC: 2.A.85)

ZMMM /ww P AN

) Vhr T\
-3 4 i t . |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
Residue position
C Fpn (2 A. 100) E-RFT (TC: 2.A.125)

10 1112 7 WETY PO

A M f\f\/\/’v\/\ il

_2<'ll || IIIIII_WW/W\

-3 T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Residue position
MprF (TC 4.H. 1)

EN/\U\MM/\/\M/\/\ oo Aa
oy VAN W

_3J B TIH Tu e Tt BN e i1

T T T T T T T T T

T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Residue position

F LysS (TC: 9.B.111) G Cytbsg, (TC: 5.8.2)

IMAA & o s ol IBAAAAN
i 1 WWWVV W] AV,

0 50 100 150 200 250 300 350 400 450 500 550 O 50 100 150 200
Residue position

H CCGP (TC: 9.B.57) | DUF1275 (TC: 9.B.143)
T

3 \V/\I\WAV/\J\W/”\N/\\/\ AN LA

2 AN N TN | i\ v

0 50 100 150 200 250 300 350 400 0 50 100 150 200
Residue position

Similarity/Hydropathy
o

Fig 1. Average hydropathy plots of the 9 new families added to the MFS in this study.
The title of each panel indicates the corresponding family. Red curves indicate average

hydropathy, gray curves indicate average similarity, and vertical thin black bars on the x-axis
indicate residues predicted to be part of TMSs with HMMTOP. Hydrophobic peaks (i.e.
inferred TMSs) are enumerated and highlighted with tan colored bars. Plots were generated
with the AveHAS program [39] as described in Methods.
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Fig 2. Distribution of complex/simple TMSs in MFS members with 12 TMSs.
The program TMSOC was used to classify TMSs into three types: complex, twilight and

simple. A) Frequency of the type of TMS per TMS position as reported by TMSOC across
658 MFS members with 12 TMSs. B) Frequency of simple TMSs per TMS position. Note
that 1) all TMSs are predominantly complex, 2) all TMSs have a small frequency of simple
TMSs, and 3) the frequencies of simple TMSs in positions 3, 6, 9, and 12 is larger than
TMSs in positions 1-2, 4-5, 7-9, and 10-11.
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Fig 3. Evidence of homology between families ENT and MFS.
Hydropathy plots are presented across the homology transitivity path between families ENT

and MFS. Panels A-C depict relationships within the ENT family, panels D-F depict
relationships within the MFS, and panel G presents the evidence supporting the relationship
between the two families. Orange (ENT) and Cyan (MFS) bars denote hydrophobic peaks
(i.e., putative TMSs). Pfam domains are shown as colored horizontal bars. Different domain
Pfam accessions within the same clan have the same color. Thin vertical black lines with
wedges delimit the region of a protein involved in an alignment. The wedges in panels A and
D delimit the regions covered by the alignments in panels B and E relative to the full-length
proteins in panels A and D, respectively. Proteins in Panels C and F have two sets of
delimiting wedges (top and bottom of the figures). Upper wedges delimit regions covered by
the alignments in panels B and E relative to the full-length proteins in panels C and F,
respectively. Panel G presents the alignment between the lower delimited region in panel C
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and the lower delimited region in panel F. Interruptions in the hydropathy plots of panels B,
E, and G, indicate gaps in the corresponding sequence alignments. A. Hydropathy plot of
ENT member Q944P0 (TC# 2.A.57.1.10). B. Hydropathy plot of the alignment (E-value:
7.8x10734) between ENT member Q944P0 and its homolog KV106040. C. Hydropathy plot
of ENT homolog KV106040. D. Hydropathy plot of MFS member P25744 (TC#
2.A.1.2.20). E. Hydropathy plot of the alignment (E-value: 6.6x107%) between MFS
member P25744 and its homolog WP_056965629. F. Hydropathy plot of MFS homolog
WP_056965629. G. Hydropathy plot of the 11 TMS alignment (E-value: 9.7x10710)
between ENT homolog KV106040 and MFS homolog WP_056965629. Only the regions
where hydrophobic peaks overlap are highlighted in the alignments. According to the
TMSOC classification [36, 37], none of the TMSs in these proteins is simple, thus
increasing the reliability of the alignment. Pfam domain PF01733 in family ENT can be
projected to MFS homolog WP_056965629 (E-value: 6.4x1078; See Methods). The
presentation format for supplementary Figures S2-S15 is the same as shown here.
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LysS MprF Cytb DUF ArAE

Fig 4. Network of relationships within the MFS.
Nodes represent all families in the MFS used in this study. The darker the color of a node,

the more connections that family has to other families. The relative confidence level (i.e.,
high, medium or low) of the homology inference between two families is expressed with
three levels of thickness of the edges connecting pairs of nodes; the thickest lines correspond
to the connections of highest confidence. The length of the edges connecting nodes is
irrelevant (see Methods).
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Fig 5. Radial tree of protein sequence similarities within the MFS superfamily.
Different families are represented with different colors. For simplicity, family Cytbsg, is

displayed as Cytb. The tree was generated with the program mkProteinClusters [40] based
on Smith-Waterman bit scores of pairwise alignments (agglomerative coefficient: 0.98; see
Methods). Note that the tree is shown as a cladogram using FigTree (http://tree.bio.ed.ac.uk/
software/figtree/). Thus, only the topology is meaningful and the scale bar was disregarded
(See discussion in Section 1.3.3.1). The sequences (in Fasta format) and the tree (in Nexus
format) used to generate the figure are available as supplementary files S1 and S2,
respectively.
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Table 1.

Summary of the 9 proposed family additions to the MFS superfamily.

Page 30

The protein’s family name, abbreviation, TC identifier, typical number of TMSs, typical protein size range (in
amino acyl residues), typical topology, proposed evolutionary pathway used to generate this topology, and
organismal domain distribution are shown.

Typical Typical : :
: Short b Typical o Domain
Family name TC# No. of protein Topology description i
name T™MS size range Topology distribution
Equilibrative 11 TMSs arose from 12
Nucleoside ENT 2.A.57 11 350-500 6+5 TMSs by loss of the C- Eukaryota
Transporter terminal TMS
Aromatic Acid ARE | 2A85 12 600-1300 6+6 | 12TMSsarose from Bacteri
Exporter duplication of 6 TMSs Eukaryota
. 12 TMSs arose from
Ferroportin Fpn 2.A.100 12 400-800 6+6 duplication of 6 TMSs Eukaryota
Eukaryotic 11 TMSs arose from 12
Riboflavin E-RFT 2.A.125 11 430-500 6+5 TMSs by loss of the C- Eukaryota
Transporter terminal TMS
Lysyl-
phosphatidylg MprF 4H1 | 140r15 | 800-910 Borgr6 | o6 TMSsare related Bacteria
lycerol synthase
6 TMS Lysyl-tRNA g . . .
Synthetase LysS 9.B.111 6 550-630 6 Basic 6 TMS repeat unit Bacteria
Eukaryotic i i
Cytochro)r/ne [ Cythsey 5.B.2 6 222-647 6 Basic 6 TMS repeat unit Eukaryota
Conidiation and
Conidial 12 TMSs arose by
Germination ccePp 9.8.57 12 459-602 6+6 duplication of 6 TMSs Eukaryota
Protein
Archaea
6 TMS DUF1275 DUF1275 9.B.143 6 200-300 6 Basic 6 TMS repeat unit Bacteria,
Eukaryota
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Table 2.
Evidence for homology of the new families with the MFS.

Summary of the analysis across the transitivity path inferring the relationship between pairs of families. All A-
B and C-D alignments had E-values < 10717 and satisfied all criteria described in our strategy. All B-C
alignments have E-value < 10~7, were congruent with the alignment of hydrophobic peaks, and showed
agreement of repeat units. Thus, results are summarized based on the number of TMSs in the alignment (N),
and the agreement of Pfam domains (D). Domains are shared between families because (1) they are direct hits
(dh) using hmmscan [58], (2) the domains belong to the same clan (sc), and/or (3) the domains can be
projected (prj) from one family to the other (see Methods). B-C descriptions relating families A and D are
shaded.

Homology transitivity path Alignment E-values

Family A Homolog B Homolog C Family D A-B B-C C-D
2.A.57.1.10 (ENT) KV106040 WP_056965629 | 2.A.1.2.20 (MFS) | N:11 | N:11 | N:12
D:dh | D:prj | D:dh

2.A.85.3.5 (ArAE) KI187451 EIE83441 2.A.1.1.43 (MFS) N:12 | N: 6 N:12
D:dh | D:prj | D:dh
2.A.100.2.1 (Fpn) WP_015091118 KLE28886 2A232(GPH) | N:11 | N:10 | N:12
D:dh | D:sc | D:dh
2.A.125.1.5 (E-RFT) | XP_004334153 | XP_005604017 | 2.A57.1.1(ENT) | N:10 | N:10 | N:11
D:prj | D:prj | D:dh

4.H.1.1.6 (MprF) Q3M879 WP_047224658 | 9.B.111.1.4 (LysS) | Ni- | n:7% | N:i-

D: - D:prj | D:-

9.B.111.1.2 (LysS) WP_030772239 EYC21101 2.A.1.2.56 (MFS) N: 6 N: 6 N:8
D:dh | D:prj | D:dh
5.B.2.1.3 (Cytbsg;) XP_005393290 | XP_002320578 | 2.A.17.3.19 (POT) | N: 6 N: 6 N: 12
D:dh | D:prj | D:dh

9.B.57.1.1 (CCGP) KUL88187 OAK96959 5.B.2.3.1 (Cytbsg;) | N:11 | N:5 N:5
D:dh | D:dh | D:dh

9.B.143.2.3 (DUF1275) | WP_003499261 | WP_015325006 2.A.1.2.75 (MFS) N:5 N: 5 N:12
D:dh | D:prj | D:dh

*
In this comparison, A=B and C=D because the relationship was evident by directly comparing proteins A and D. For simplicity, the summary of

the alignment is provided in column B-C, and comparisons A-B and C-D were omitted.

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 September 01.




	Abstract
	Introduction
	Methods
	Obtaining candidate homologs
	Inference of homology
	Multiple Alignments and Topological Analyses
	3D structural analyses
	Network of relationships within the MFS and their relative confidence levels
	The Major Facilitator Superfamily protein tree

	Results and discussion
	Distribution of complex and simple TMSs within MFS
	Inference of evolutionary relationships between pairs of families
	The Equilibrative Nucleoside Transporter (ENT) Family (TC# 2.A.57)
	The Aromatic Acid Exporter (ArAE) Family (TC# 2.A.85)
	The Ferroportin (Fpn) Family (TC# 2.A.100)
	The Eukaryotic Riboflavin Transporter (E-RFT) Family (TC# 2.A.125)
	The Lysyl Phosphatidylglycerol Transferase (MprF) Family (TC# 4.H.1) and the 6 TMS Lysyl-tRNA Synthetase (LysS) Family (TC# 9.B.111)
	The Eukaryotic Cytochrome b561 (Cytb561) Family
	The Conidiation and Conidial Germination Protein (CCGP) Family
	The 6 TMS DUF1275/PF06912 (DUF1275) Family (TC# 9.B.143)

	The MFS network of relationsips
	The Major Facilitator Superfamily tree

	Marginal sequence similarity between the Major Intrinsic Protein (MIP) Superfamily (TC# 1.A.8) and the MFS superfamily.
	Negative Controls: The Mitochondrial Carrier (MC) (TC# 2.A.29) and the ATP-Binding Cassette-1 (ABC1) Superfamilies (TC# 3.A.1)

	Conclussions
	References
	Fig 1.
	Fig 2.
	Fig 3.
	Fig 4.
	Fig 5.
	Table 1.
	Table 2.



