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Abstract

The ubiquitous sequence diverse 4-Toluene Sulfonate Uptake Permease (TSUP) family contains
few characterized members and is believed to catalyze the transport of several sulfur-based
compounds. Prokaryotic members of the TSUP family outnumber the eukaryotic members
substantially, and in prokaryotes, but not eukaryotes, extensive lateral gene transfer occurred
during family evolution. Despite unequal representation, homologues from the three taxonomic
domains of life share well-conserved motifs. We show that the prototypical eight TMS topology
arose from an intragenic duplication of a four TMS unit. Possibly, a two TMS a-helical hairpin
structure was the precursor of the 4 TMS repeat unit. Genome context analyses confirmed the
proposal of a sulfur-based compound transport role for many TSUP homologues, but functional
outliers appear to be prevalent as well. Preliminary results suggest that the TSUP family is a
member of a large novel superfamily that includes rhodopsins, integral membrane chaperone
proteins, transmembrane electron flow carriers and several transporter families. All of these
proteins probably arose via the same pathway: 2 — 4 — 8 TMSs followed by loss of a TMS either
at the N- or C-terminus, depending on the family, to give the more frequent 7 TMS topology.
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1. Introduction

Using functional, phylogenetic, and membrane topological information derived from over
10,000 publications on transport systems, we have classified most recognized transport
systems into over 600 families. Our work is summarized in the IUBMB-approved
Transporter Classification (TC) Database (TCDB; http://www.tcdb.org; [1, 2]), a carefully
curated database presenting the TC system [3], which is analogous to the function-only-
based Enzyme Commission (EC) system (http://www.chem.gmul.ac.uk/iubmb/enzyme/).
The current study focuses on the putative 4-Toluene Sulfonate Uptake Permease (TSUP)
family (TC# 2.A.102; previously TC# 9.A.29).

Transport systems play crucial roles in all processes associated with life. They catalyze
nutrient uptake, metabolite excretion, the establishment of electrochemical gradients,
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macromolecular export, drug and toxin efflux and intercellular communication by
transporting signaling molecules [3]. However, their effectiveness can be utilized in ways
that are detrimental to humans and other organisms. This is exemplified by multi-drug
resistant (MDR) pathogenic microbial strains, arising partially because of the excessive use
of antibiotics in meat production and medicine. Characterizing transporters can pave the way
for computational modes of drug discovery, which would allow us to more effectively target
various MDR pathogens and diseases [4, 5]. The importance of transport proteins,
constituting roughly 10% of the proteome of an organism, on the average, cannot be
overstated.

The TSUP family includes thousands of currently sequenced members spanning the
bacterial, eukaryotic and archaeal domains. Within the prokaryotes, we have found these
proteins in virtually all well studied phyla (see below). The occurrence of multiple
organismal sources within single phylogenetic clusters implies extensive horizontal transfer
of genes encoding the homologues [6]. A majority of prokaryotic protein members are
shown to range in size from 240 amino acids (aas) to 280 aas with few exceptions. The
archaeal members, on average, are slightly smaller than the bacterial members, but the
eukaryotic members are typically 40-50% larger and range from 400-500 amino acyl
residues in size [7]. Eukaryotic members often possess N- and C-terminal extensions, which
may play regulatory roles [8, 9]. When only the bacterial members were analyzed, an 8
transmembrane segment (TMS) topology proved to predominate [6], although eukaryotic
and archaeal homologues may exhibit greater topological variation. We show that some of
the prokaryotic members have undergone intragenic duplication of a 4 TMS unit yielding 8
TMS proteins.

Functions for most TSUP family members have not been assigned and cannot be assumed
due to the great sequence divergence among homologues. In fact, the few analyses that have
been performed with TSUP homologues suggest differing functionalities. One TSUP
member, TsaS in Comamonas testosteroni (TC# 2.A.102.1.1), was proposed to catalyze 4-
toluene sulfonate uptake via a proton symport mechanism [10, 11]. A cotranscribed protein,
TsaT, was proposed to be membrane anion porin [12], but we found that it is homologous to
periplasmic binding proteins and therefore propose that, as for TRAP-T family members
[13, 14], it is an extracytoplasmic binding receptor that feeds substrates to the TsaS carrier.
TsaT is only expressed in the presence of 4-toluene sulfonate, whereas TsaS is expressed
following growth in the presence of this and other compounds [12]. TsaS has 7 putative
TMSs, and the tight expressional control implied that TsaT might confer specificity to TsaS.

TsaS homologue, Tauk (TC# 2.A.102.2.1), was predicted to be a sulfite exporter, but its
mechanism of action was not investigated [15]. A putative sulfate uptake porter termed
CysZ (TC# 2.A.102.6.1) was also shown to belong to the TSUP family. As for TauE, its
mechanism of action is unknown [16]. Yet another homologue, SafE1 (TC# 2.A.102.2.2),
was proposed to be a sulfoacetate exporter [17]. A recent study has identified PmpC (TC#
2.A.102.4.2), a TSUP family member, to be part of the PigP regulon in Serratia sp. strain
ATCC 39006. It was predicted to be inner-membrane localized along with the DUF395
family proteins PmpA and PmpB. PmpA, B and C were all predicted to transport sulfur-
containing compounds [18].

It is not known how TSUP family members arose, and conserved motifs have not been
identified. Additionally, structural characteristics such as sidedness and rigorous
determination of TMS numbers have not been performed. In this report, we use
bioinformatic approaches to correct these deficiencies.
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2. Methods

2.1 Obtaining homologues and removing redundancies

Query sequences used to identify TSUP family members were (1) Orf of Pyrococcus abyssi
(gi# 74545625; TC# 2.A.102.4.1), (2) YfcA of Escherichia coli (gi# 82592533; TC# 2.A.
102.3.1) and (3) Orf of Oryza sativa (gi# 75252893; TC# 2.A.102.5.1). NCBI PSI-BLAST
with two iterations were performed with these 3 proteins using default settings, with the
output set to 1000 sequences, and with a cutoff of e=* and e~® for the first and second
iterations, respectively [19, 20]. Due to program restrictions, the corresponding TinySeq
XML files were inputted into the MakeTable5 program separately, and a 70% cutoff was
used to remove fragments, redundancies, and sequences having greater than 70% identity
with a retained sequence [6]. CD-HIT was then used with a 45% cutoff after combining the
three files [21]. 216 sequences remained, and MakeTable5 then created a FASTA file for the
sequences as well as a table, which included the corresponding abbreviation, sequence
description, organismal source, size, gi number, organismal group or phylum, and
organismal domain for each protein. The methods used here to establish homology have
been shown to exceed other available methods in terms of reliability and sensitivity as
documented in [22, 23].

2.2 Multiple alignment and phylogenetic/16S/18S rRNA trees

The ClustalX program was used to create multiple alignments of homologous proteins and a
neighbor-joining phylogenetic tree, visualized using the FigTree program [24, 25]. Based on
the multiple alignment, 27 fragmented sequences were removed, bringing the total number
to 189. 165S/18S rRNA sequences were obtained using the Silva rRNA database.

2.3 Topological analyses

For topological analyses of single protein sequences, the WHAT, TMHMM 2.0, and
HMMTOP programs were used [26—30]. The TMHMM 2.0 program was used in TMS
count determinations while the HMMTOP program was used for determining protein
sidedness [31, 32]. In cases where the TMS count was in agreement, but protein sidedness
differed between the two programs, the positive inside rule was used to make educated
guesses concerning protein sidedness [33]. Inputting the multiple alignment file generated
by ClustalX into the Average Hydropathy, Amphipathicity and Similarity (AveHAS)
program facilitated topological assessments of multiple proteins or entire subfamilies [34].

2.4 Establishing internal repeats

Based on visual analysis of AveHAS plots, potential internal repeats were examined using
the IntraCompare (IC) program [35]. The best comparison scores, reported in standard
deviations (S.D.), were confirmed and analyzed further using the GSAT/GAP program [36].
The GSAT/GAP program was set at default settings with a gap creation penalty of 8 and a
gap extension penalty of 2 with 500 random shuffles. A length of 60 amino acyl residues,
the average size of a typical protein domain, and 10 S.D., corresponding to a probability of
10724 that the level of similarity arose by chance, is considered sufficient to prove homology
between two proteins or internal repeat units [2, 6, 37, 38]. Optimization of the GSAT/GAP
alignment was performed on sequences by maximizing the number of identities, minimizing
gaps, and removing non-aligned sequences at the ends. Optimization yields a higher
comparison score that better represents the level of similarity between two shorter internal
sequences.
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2.5 Functional domains and motifs

A search for recognized functional domains in TSUP family members was performed using
the conserved domain database (CDD) of NCBI [39]. Protein sequence motifs were
identified using the MEME and MAST programs in 2 separate runs due to program
restrictions [29, 30]. The most conserved motifs across the 2 runs were analyzed and
blended into a single conserved motif based on individual amino acid conservation. The
appearance of duplicates of conserved motifs was noted as further evidence of internal
repeat elements.

2.6 Genome and operon context analyses

3. Results

To propose possible related functions, genome context analyses were performed using The
SEED-Viewer, which allows the exploration of over 1,500 curated genomes in order to find
homologous genes, their operon context, and consequently their known or putative roles in
other organisms [40]. This was done alongside RegPrecise and RegPredict, which allow for
the identification of transcription factor binding sites [41, 42].

3.1 Phylogenetic analysis

The 189 TSUP family members included in this study fell into 15 phylogenetic clusters as
shown in Figures 1 and S1, while the phylogenetic tree for the corresponding 16S/18S
rRNAs, representing the genuses from which the proteins derived, is shown in Figures 2 and
S2. In Table 1, the proteins with their properties are tabulated according to their positions in
the phylogenetic tree in Figure 1 in a clockwise fashion. The Conserved Domain Database
(CDD) [39] referred to TSUP family members as DUF81, TauE and COG0730 domains [15,
17]. These proteins will be discussed according to cluster.

Cluster 1 (43 proteins) includes proteins derived from plants, apicomplexa, ciliates and
other unicellular eukaryotes (See Figure 1 and Table 1). Considering the organismal
diversity of cluster 1 proteins, it is not surprising that these sequences are so diverse. The
average size of these proteins is 572 + 312 amino acids (aas), but five of them (Tth4, Crel,
Gla2, Cre2 and Tgol) are much larger than the others. Excluding these five proteins, the
average size is 476 + 71 aas. Extra hydrophilic domains were found at the N-termini and
between TMSs, but not at the C-termini. However, these regions did not represent domains
recognized by CDD. Apicomplexa proteins occur in five distinct positions, plant
homologues occur in three positions, and the Bacillariophyta, Codonosigidae and
Oligohymenophorea phyla are each present in two positions in cluster 1, suggesting a lack of
orthology. Explanations for this diversity include (1) the occurrence of pseudogenes, (2)
early arising paralogues and (3) horizontal gene transfer.

Cluster 2 consists of 40 homologues, all much smaller than those in cluster 1 (average size
is 264 + 21 aas). The largest of these (366 aas) is from Franscisdlla tularensis, a y-
proteobacterium, with a unique N-terminal 110 aa hydrophilic extension. Although
individual proteins are predicted to have from 5 to 8 TMSs, based on the TMHMM 2.0
program [31, 32], an AveHAS plot [35] suggested the presence of 8 TMSs.

Cluster 2 proteins derive from (five sub-phyla) Proteobacteria, Actinobacteria,
Verrucomicrobia, Fusobacteria, Firmicutes, Spirochetes and Thermotogae plus one plant,
Ricinus communis. This last mentioned protein could be a chloroplast protein, explaining its
clustering with bacterial homologues. Extensive horizontal gene transfer has evidently
occurred during the evolution of this cluster.
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The five cluster 3 proteins derive from 3-Proteobacteria, Chloroflexi and a Euryarchaeon.
The average size of these proteins is 358 + 174 aas. Ddel (379 aas) from Desulfovibrio
desulfuricans contains an insertion of unknown function between the first and second TMSs

The larger Orf6 protein contains an N-terminal 160 aa N-terminal degP_htrA_DO domain
[43] with probable serine protease and/or chaperone activity [44, 45]. An N-terminal TMS
preceding this domain may target it to the cell surface. Members of this serine protease
family usually reside in the periplasm of Gram-negative bacteria. It is possible that Orf6
hydrolyzes peptides and transports the products. Although a phylum assignment for Orf6 has
not been made, the corresponding 16S rRNA (Fig. 2) clusters with the Verrucomicrobia.

The average protein size of cluster 4 (6 proteins) is 432 + 214 aas, but when the large Bsp1l,
Cgl1 and Glal proteins were excluded, it was 260 + 18 aas. Members possess 7, 8 or 10
predicted TMSs. Bspl was found to have an extra C-terminal domain with two tandem
copies of the Universal Stress Protein (USP_like) domain. USP proteins are upregulated in
response to stress-causing agents [46] and possess an ATP-binding alpha/beta fold motif.
The presence of a potential ATP-binding or hydrolyzing domain introduces the possibility
that this transporter may either be regulated by ATP or be energized by ATP hydrolysis and
thus function as a primary active transporter rather than a secondary carrier (see [47, 48]).
Bacterial arsenite and ECF transporters provide examples of carriers with superimposed
ATPases that allow secondary carriers to function as primary active transporters (see [47,
49] and references cited therein).

The nine proteins comprising cluster 5 derive from all three domains of life. The bacterial
proteins are from Actinobacteria, Cyanobacteria and 8-Proteobacteria, while the single
eukaryotic and archaeal proteins are from Bacillariophyta and Crenarchaeota, respectively.
When the large (2798 aa) eukaryotic Ptr3 homologue was excluded, an average value of 282
+ 25 aas was calculated. Ptr3 was predicted to have 8 TMSs by the WHAT program and 10
TMSs based on visual inspection of the hydropathy profile together with comparison with its
8 TMS homologues. Ptr3 has an N-terminal hydrophobic domain followed by a >2000 aa
hydrophilic domain that shows sequence similarity with a hydrophilic protein of 2409 aas
from Thalassiosira pseudonana. Based on the 16S rRNA tree, the three Actinobacterial
homologues and the three Cyanobacterial homologues may all be orthologous.

The fourteen cluster 6 proteins derive from a diversity of bacterial and archaeal phyla. This
fact, plus the observation that the bacterial and archaeal homologues are interspersed, clearly
suggests that extensive lateral gene transfer has occurred. The sizes of these proteins range
from 250 aas to 333 aas (average, 277 £ 20 aas with 7 or 8 putative TMSs). Ptol from
Picrophilus torridus, a Euryarchaeota, is the largest protein with 333 aas, reflecting a unique
60 aa hydrophilic insert between TMSs 5 and 6.

Cluster 7 contains only 2 proteins derived from Actinobacteria. Badl from Bifidobacterium
adolescentis and Gval from Gardnerella vaginalis are 292 and 267 aas in size, respectively,
both with 8 putative TMSs.

Cluster 8 (30 proteins) is the third largest cluster and includes proteins solely from bacteria.
These proteins cluster closely together in two sub-clusters. The first sub-cluster derives from
a- and y-Proteobacteria while the second, primarily from - and y-Proteobacteria, but
including one protein each from Bacteroidetes and Cyanobacteria, are interspersed,
suggestive of lateral gene transfer. Very little size variation is observed with the average size
being 275 £ 11 aas and the majority possessing 8 TMSs. Each of clusters 9 and 10 consists
of a single protein from a y-Proteobacterium with sizes, and topologies similar to those in
cluster 8.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 February 07.
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Cluster 11 (3 proteins) and cluster 12 (4 proteins) derive from archaea. These proteins
possess 8 putative TMSs with an average size of 266 + 7 aas. Comparison with the 16S
rRNA tree revealed that these proteins cannot be orthologous.

Cluster 13 (10 proteins) derives primarily from Firmicutes, and most of these proteins may
be orthologues. However, homologues from a single Crenarchaeota and a bacterium of
unknown phylum are also present. These proteins are of uniform size (273 £ 13 aas) and
topology (7 to 8 putative TMSs). The bacterial Ttel homologue 16S rRNA clusters with the
Chloroflexi.

Cluster 14 (7 proteins) derives from a-Proteobacteria, Firmicutes, Spirochetes, and
Euryarchaeota. Considerable size variation is observed with the Bjal, Daul and Dre4
proteins being the largest. The average size for this cluster is 340 + 61 aas. Despite the size
variation and large phylogenetic distances, the topologies are fairly uniform with members
possessing 7 to 9 putative TMSs.

Cluster 15 (14 proteins) derives from eight different archaeal and bacterial phyla. Three
Firmicute homologues are sandwiched in between those derived from other phyla. The size
and sequence divergence of these homologues is tremendous (246 aas to 569 aas), but their
predicted topologies range from 7 to 9 TMSs with the majority exhibiting 8 TMSs. The
average size for the proteins in this cluster is 316 + 86 aas.

3.2 Topological analyses

The average hydropathy (top, dark lines), amphipathicity (top, light lines) and similarity
(bottom) plots for the 189 TSUP family members included in this study are presented in
Figures 3 and S3. Eight major peaks of hydrophobicity correlate with 8 major peaks of
similarity. The peaks of amphipathicity observed between the TMSs exceed the
amphipathicities of the transmembrane domains as is frequently the case for transmembrane
permeases. TMSs 1 to 4 cluster together separated from TMSs 5 to 8 which also cluster
together, suggestive of intragenic duplication as demonstrated below. Additionally, TMSs 1
and 2 cluster closely together, as do TMSs 3 and 4, consistent with duplication of a
primordial 2 TMS hairpin peptide. TMSs 5 to 8 are more distant from each other than are
TMSs 1to 4.

The first four TMSs are separated from the last four by a large hydrophilic loop not
recognized as a conserved domain by CDD. Two peaks of hydrophobicity and two
corresponding peaks of similarity are observed within the loop region prior to TMS 5. These
peaks may be due to the 10 TMS proteins in eukaryotes.

3.3 Establishing internal repeats

Most TSUP family members possess 8 predicted TMSs, while those that deviate from this
topology may have 7 or 9. To establish the evolutionary origin of this family, the IC and
GSAT/GAP programs were used to compare putative repeat elements [2, 6]. Comparing
TMSs 1-4 of all TSUP proteins with TMSs 5-8 of the same homologues yielded many
comparison scores in excess of 10 S.D. For example, comparing TMSs 1 — 4 with TMSs 5-8
of Tkol resulted in a comparison score of 26 S.D. (Fig. 4A), while the same comparison for
Mch1 resulted in a comparison score of 17 S.D. (Fig. 4B). Thus, an intragenic duplication
event occurred during the evolution of the TSUP family. The large comparison scores
indicate that the duplication event occurred fairly recently in evolutionary time. When
comparing 2 TMS hairpin structures with the adjacent hairpins [50], comparison scores were
insufficient to establish homology. However, we have demonstrated homology for these 2
TMS repeats in proteins of other families homologous to TSUP proteins (see Discussion).
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3.4 Conserved motifs

3.5 Genome

The ClustalX program did not identify fully conserved amino acyl residues [24, 25], but the
MEME program [29, 30] revealed two well conserved motifs (Figure 5A-B) derived from a
46 residue stretch that spans the first and second TMSs. Motif 1, spanning the second half of
TMS 1, is 21 residues in length (Fig. 5A). Glycines (Gs) at positions 1, 5, 9, 12, and 14-16
are the best conserved. I, V and P at positions 13, 20 and 21, respectively, are also well
conserved. The large number of Gs in TMS 1 suggests a high degree of conformational
flexibility, possibly important for function. A “reverse” Rossmann fold (GxGxxG) sub-motif
(GxxGxG) is observed in motif 1 which resides in TMS 1 and may play a role in regulating
transport given its potential for binding nucleotides [49, 51, 52].

Motif 2, the second best conserved motif, is 25 residues in length (Fig. 5B). The sub-motif
A(VD(AG)TSL(AF)(TM) (positions 2-9) is highly conserved. Residues 1-20 of this motif
mainly comprise TMS 2 within which I, T, and three Ss are well conserved at positions 10,
13, 14, 16 and 17. Residue 21 (H or Y) marks the beginning of the loop region connecting
TMSs 2 and 3, with a conserved G at position 25. Motifs 1 and 2, spanning TMSs 1 and 2,
respectively, repeat in TMSs 5 and 6, as expected since the second half of these proteins
arose by an intragenic duplication event.

context analyses for functional predictions

Small gene size, high gene density, intronless coding regions and simple operon
organization in bacterial genomes render functional predictions feasible [53]. Our previous
molecular genetics studies based on operon context have proven to be successful in
identifying the substrates of transporters of unknown function [54-56]. Operon context
analyses and identification of transcription factor-controlled regulons were facilitated by the
use of the SEED database [40] along with RegPrecise and RegPredict [41, 42]. SEED
identifies close homologues using the PSI-BLAST algorithm [19, 20]. Our findings are
summarized in Table 2. For detailed analyses by cluster, see Supplementary Material
designated “Functional Predictions.”

3.5.1 Functional predictions—Cluster 1 homologues in Mycoplasma penetrans, M.
gallisepticum, Saphylococcus aureus and Holdemania filiformis were designated iron-sulfur
(FeS) cluster assembly proteins, SufB. The SUF system, encoded by the sufABCDSE operon
is one of the three FeS cluster assembly systems with the other two being the iron-sulfur
cluster (ISC) and nitrogen fixation (NIF) systems [57]. FeS clusters serve as cofactors
mediating electron transfer [58, 59]. SufA may be an iron chaperone and is essential for FeS
cluster assembly under aerobic, but not anaerobic conditions [60]. SufS is a cysteine
desulfurase, and SufE is a scaffold protein. SufB and the paralogous SufD, both of which are
homologous to Ath3 from A. thaliana, function as parts of a cytoplasmic complex along
with SufC [61]. It seems likely that Ath3 is chloroplastic, and its bacterial homologues
mediate the uptake of sulfur-based compounds (see also cluster 5 analyses).

In cluster 2, the E. coli YfcA protein (TC# 2.A.102.3.1) is one of eight presumed
orthologues. One homologue is encoded in an operon with a gene encoding a phosphoserine
phosphatase in Slibacter sp. TM1040. Genes encoding phosphoserine aminotransferase,
D-3-phosphoglycerate dehydrogenase, serine/threonine phosphatase and L-threonine 3-
dehydrogenase are near this operon. These genes encode the serine biosynthetic pathway
starting with 3-phosphoglycerate. Glycerate is a known carbon source for E. coli and S
typhimurium although the transporter gene has not been identified [62, 63]. Therefore YfcA
could be the long sought glycerate uptake porter.
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Pasl1 from Photorhabdus asymbiotica and its homologue from Neisseria meningitidis, are
encoded in monocistronic operons, but surrounding genes are involved in the methycitrate
cycle, acetyl-CoA generation and the propionate-CoA to succinate module. Dnol is in an
operon along with EngB, a GTP-binding protein, and is next to L-asparaginase and a
putative protease in Dichelobacter nodosus. In Marinomonas sp. MWYL1, genes involved
in glycine and serine utilization and glycerolipid metabolism surround the Dnol homologue.
Parl from Psychrobacter sp. 273-4 is encoded near a gene for a putative glutamate
symporter of the Dicarboxylate/Amino Acid:Cation (Na* or H*) Symporter (DAACS)
family (TC# 2.A.23) and a butyryl-CoA dehydrogenase involved in lle/Val degradation and
Lys fermentation. Its homologue in Mannheimia succiniciproducens is part of an operon
along with a murein endopeptidase, in an arrangement similar to that observed for the Dnol
homologue in P. multocida. A function involving peptide/amino acid transport is suggested.

Mkal from M. kandleri in cluster 3 is part of an operon along with a predicted nucleotide-
binding protein related to the universal stress protein, UspA, which is upregulated by
metabolic, oxidative and temperature stresses [64]. Genes involved with oxidative stress also
surround the Mkal homologue from Thermococcus kodakarensis. The Mkal homologues in
Pyrococcus furiosus and P. horikoshii are found in operons that appear to function in protein
degradation, possibly suggesting an amino acid transport role, and/or representing a part of
the stress response. The large Ddel-like proteins of Desulfovibrio desulfurican, D. vulgaris
and D. baculatum are encoded adjacently and transcribed divergently from a sigma-54 (0°4)-
dependent transcriptional regulator. 0®* or oN often plays a global regulatory role for genes
encoding proteins involved in nitrogen metabolism [65]. RegPrecise identified RpoN as the
regulator of Ddel transcription.

Homologues of the Roseiflexus castenholzi Rcal protein are encoded in operons that are
divergently transcribed from a gene encoding a putative efflux pump of the Arsenical
Resistance-3 (ACR3) family (TC# 2.A.59). Upstream of this operon is a gene of the putative
permease Duf318 family (TC# 9.B.28). Duf318 homologues have been implicated in
arsenate/arsenite resistance [66]. Consistent with this finding, closely upstream of the
Duf318 genes, genes encoding redox-active disulfide proteins and an ArsR transcriptional
regulator are found. ArsR homologues regulate many transporters including Duf318
transporters, and it may also regulate Rcal [49]. The two transporters may transport
arsenate/arsenite, and/or other stress-related substrates.

Cluster 4 orthologues in two Thermus thermophilus strains are located in operons along
with genes encoding a ferredoxin-sulfite reductase, a sulfate adenylyltransferase involved in
inorganic sulfur assimilation and a (phospho)adenylyl-sulfate reductase involved in cysteine
biosynthesis. Several genes homologous to those involved in heme and siroheme
biosynthesis are also part of the operon. The siroheme prosthetic group is known to be
essential for the function of sulfite-reductases, which convert sulfite (derived from sulfate)
to sulfide [67]. Thus, cluster 4 proteins may be involved in the uptake of sulfate or other
sulfur-based compounds, a suggestion supported by sequence similarity between cluster 4
proteins and CysZ of Corynebacterium glutamicum, a putative sulfate transporter [16].

Proteins of cluster 5 appear to exhibit functional diversity. One of two Syntrophobacter
fumaroxidans paralogues is located adjacent to 3 genes involved in cobalt/zinc/cadmium
resistance with sequence similarity to members of the RND superfamily (TC# 2.A.6). It is
possible that the second Sful paralogue extrudes anions or mediates the uptake of cations
during Co2*/Zn%*/Cd2*-induced stress. The homologue in Meiothermus ruber is surrounded
on one side by an operon encoding an acyltransferase and peptidase M19, and on the other
side by an ATP-dependent protease, suggestive of a possible amino acid or peptide transport
role. However, the homologue in Meiothermus silvanus is located near a gene encoding a
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scaffold protein for (4Fe-4S) cluster assembly, which makes transport of sulfur-based
compounds a reasonable possibility. A Trichodesmium erythraeum-derived Ter2 homologue
in Nostoc punctiforme is in an operon also coding for a cysteine desulfurase and the sulfur
oxidation molybdopterin C protein. Thus, cluster 5 proteins may transport sulfur-based
compounds or amino acids/peptides in response to stress.

Cluster 6 includes Susl and its homologues, which all appear in operons along with
transcriptional regulators of the GntR superfamily [68-71]. Members of the GntR family
usually respond to sugar metabolite effector molecules and control genes involved in carbon
metabolism [72, 73]. Unlike its homologue in Chitinophaga pinensis, Susl from Solibacter
usitatus is not part of an operon with a GntR transcription regulator, but is instead in an
operon with two hypothetical proteins and rhodanase (thiosulfate sulfurtransferase; see
cluster 15). Roles in carbon or sulfur-based compound transport are implied.

The only protein from cluster 7 to be in SEED was Bad1 from Bifidobacterium
adolescentis. Bad1l is found in a monocistronic operon adjacent to operons encoding heat
stress and pathogenicity genes. Thus, Badl and other cluster 7 proteins could play roles in
stress responses and virulence.

In the mainly proteobacterial cluster 8, Rrul from Rhodospirillum rubrum, Rspl and its
homologues from Silibacter sp. TM1040 and Magnetococcus sp. MC-1, are found in
operons with or nearby genes encoding a y-glutamyltranspeptidase involved in glutathione
and poly-gamma-glutamate biosynthesis as well as enzymes involved in the utilization of
glutathione as a sulfur source. Rspl and its homologues may transport glutathione or another
compound to supply sulfur to supplant the glutathione utilization pathway. TsaS (TC# 2.A.
102.1.1) is a cluster 8 protein predicted to be a 4-toluenesulfonate uptake permease, further
supporting a role in transport of sulfur-containing compounds [10, 12, 14].

The 2 proteins comprising clusters 9 and 10 are from organisms not included in the SEED
database. In cluster 11, Mma2 from Methanococcus maripaludis is in an operon with genes
encoding an FMN adenylyltransferase and a putative membrane protein with sequence
similarity to members of the Autoinducer-2 Exporter (Al-2E) family (TC# 2.A.86). Tkol of
T. kodakarensis (cluster 12) is encoded within an operon along with a gene encoding
glycyl-tRNA synthetase. Therefore, Tkol may function as a glycine uptake protein. It is
likely that Cbel from Clostridium beijerincki in cluster 13 functions in sulfur-based
compound uptake. Although not present in a polycistronic operon, it is near genes encoding
an iron-sulfur-binding protein, the dissimilatory sulfite reductase (desulfoviridin) and the
CoA-disulfide reductase. The nmal gene from Nitrosopumilus maritimusis in a dense gene
cluster containing the iron-dependent repressor IdeR of the DtxR family. Deregulation of
iron metabolism or superoxide dismutase deficiency can favor the Fenton reaction, which
contributes to oxidative stress, DNA damage, mutagenesis and sensitivity to H,O, [74, 75].
Nmal may therefore be regulated by IdeR and function in iron uptake. The Nmal
homologue in Thermococcus onnurineus, localized to an operon coding for an
aminopeptidase and a dehydrogenase, may be an amino acid/peptide uptake permease.

Pth1 of cluster 14 from Pelotomaculum ther mopropionicum appears in an operon with 2
hypothetical proteins and is accompanied by an adjacent transporter, not part of the same
operon, with greatest similarity to Sulfate/Tungstate Uptake Transporters (SulT; TC# 3.A.
1.6) within the ABC superfamily. Accordingly, Pthl may transport a sulfur-containing
compound.

Homologues in Magnetospirillum magnetotacticum and M. magneticum are located in
operons along with genes encoding UspA stress homologues, and next to an operon

Biochim Biophys Acta. Author manuscript; available in PMC 2014 February 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shlykov et al.

Page 10

encoding the NifU protein. The NifU scaffold protein is part of the N fixation system [57]
(see cluster 1) of FeS cluster assembly and is known to colocalize with the Fe-S center-
containing rubrerythrin, a peroxidase involved in hydroperoxide detoxification [76, 77].
Homologues of Pth1 may serve as a means for the uptake of inorganic sulfide [78, 79].

Cluster 15 includes a homologue in Cupriavidus (Ralstonia) metallidurans encoded in a
monocistronic operon. It may be co-regulated with the two nearby operons, the first, a large
operon encoding enzymes involved in cytochrome ¢ biogenesis and acting on sulfur-based
compounds. These proteins include thioredoxin, the thiol:disulfide interchange protein, and
a protein-disulfide reductase [80]. Rmel and its homologues are likely to transport sulfur-
based compounds and play a role in metabolic pathways. Sulfolobus solfataricus-derived
Sso1, also in a monocistronic operon, is orthologous to a protein in S. acidocaldarius, which
is located closely upstream of an operon encoding the various subunits of the CoB-CoM
heterodisulfide reductase, further supporting a possible sulfur-based compound transport
role.

Aaul from Arthrobacter aurescens is encoded within an operon with a gene encoding a
rhodanase domain-containing protein. It is surrounded by several other small genes
encoding a thioredoxin and proteins that also contain rhodanase-like domains. Rhodanase
catalyzes the transfer of a sulfur atom from sulfane sulfur-containing compounds (sulfur
atoms at the 0 or -1 oxidation state) to sulfur acceptors like cyanide and thiols in order to
generate molecules that are less toxic to the cell [81]. An example of a reaction which
rhodanase catalyzes is:

Rhodanase
—_

Thiosulfate+Cyanide Sulfite+Thiocyanate

Aaul and its homologues in Corynebacterium glutamicum, C. efficiens, Salinispora tropica
and Mycobacteriumsp. JLS are all present in operons containing genes encoding
hydroxyacylglutathione hydrolase, which may also serve as a polysulfide binding protein. In
C. efficiensand S. tropica, hydroxyacylglutathione hydrolase may be encoded in an operon
with the Aaul homologue.

Bsp2 from Bacillus B-14905 and its homologues in B. cereus, Geabacillus kaustophilus and
Exiguobacterium sibiricum have essentially the same gene arrangement as Aaul and its
respective homologues, with various rhodanase-like domain proteins and the
hydroxyacylglutathione hydrolase joining them in operons. In addition, Bsp2 and its
homologues are in an operon with, or are surrounded by a putative sulfide reductase, protein
disulfide isomerase (S-S rearrangase) and/or a putative pyridine nucleotide-disulfide
oxidoreductase. Aaul and Bsp2, as well as their respective homologues, may therefore
function in sulfur-based compound uptake, or equally likely, sulfite export, the assigned
function of TauE (TC# 2.A.102.2.1) [15], a member of cluster 15. Biochemical and genome
context analyses suggest that SafE1 is a putative exporter of sulfoacetate (TC# 2.A.102.2.2),
while PmpC (TC# 2.A.102.4.2) may be an organo-sulfur compound transporter. Both belong
to cluster 15, providing further evidence for a sulfur-based compound transport role for
members of this cluster [17, 18].

3.6 The novel Rhodopsin Superfamily

Comparing the TSUP family to TC subclasses 2.A, 3.E, 4.B, 5.A and 9.A proved to be
fruitful and led to the identification of a novel superfamily including at least ten previously
recognized families of transporters. This novel superfamily includes members mostly of 7 or
8 TMSs (Table 3). Surprisingly, in addition to families of transporters, the superfamily
includes vertebrate and invertebrate rhodopsins, G-protein coupled receptors (GPCRs), a
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variety of hormone receptors, and invertebrate odorant receptors among others (MA
Shlykov, DC Yee, VS Reddy, S Aurora, JS Chen, EI Sun and MH Saier Jr., manuscript in
preparation). A summary of the comparisons performed is presented in Figure 6A, while
specific comparisons between the TSUP, LCT and NiCoT families are presented in Figures
6B and 6C. These comparisons also demonstrate the primordial 4 TMS repeat unit found in
the members of all of these families. More details, including phylogenetic and topological
analyses of each family as well as proposed evolutionary pathways for the appearance of
these proteins will be presented in a forthcoming publication (Shlykov et al., in preparation).

3.6.1 The LCT and MR families—The evolutionary pathway of the 7 TMS LCT family
has been partially elucidated (Zhai et al., 2001), and LCT family members were found to be
homologous to members of the Microbial Rhodopsin (MR) family which includes fungal
chaperone proteins (see TC entries under 3.E.1). All of the transporters are light-driven ion
pumps or light-activated ion channels. Because MR family members are the best
characterized from structural, functional and mechanistic standpoints, we have designated
this new superfamily the Rhodopsin Superfamily.

LCT family members range in size from 300 to 400 amino acyl residues (aas) and are
generally larger than MR proteins which have ~220 to 300 residues. Eukaryotic homologues
within a single family tend to be ~40% larger than their bacterial homologues [7]. Whereas
the LCT family is found exclusively in the eukaryotic domain, the MR family is ubiquitous.
Despite these differences, both families possess a uniform 7 TMS topology.

TMSs 1-3 in LCT family members duplicated to give rise to TMSs 5-7, with TMS 4
showing insignificant sequence similarity to any one of the other six TMSs [82]. The
precursor could have been an 8 TMS protein which generated the present-day 7 TMS
proteins by loss of TMS 1 or 8, and strong evidence for this possibility is presented here.

The 8 TMS Axy3 protein of the TSUP family is homologous to the 7 TMS Asul protein of
the LCT family (Fig. 6B). The repeat regions shown in Fig. 6B include TMSs 1-3 of Axy3
and 4-6 of Asul (comparison score = 11.2 S.D.). This demonstrates that TSUP TMSs 1-3
and 5-7 are homologous to LCT/MR TMSs 4-6. TMS 1 of most TSUP members was lost to
generate the 7 TMS topology of the LCT/MR families.

3.6.2 The NiCoT family—Members of sub-family 1 within the ubiquitous NiCoT family
are typically 300 to 380 aas in size and possess 6-8 putative TMSs [83]. NiCoT sub-family
2 is comprised of distant homologues of great size, sequence and topological variation.
NiCoT transporters catalyze the uptake of Ni2* and Co?* using a pmf-dependent
mechanism; however, a Ni2* and Co?* resistance protein that is believed to export the two
metals to the external environment has been reported [84, 85].

Comparing TMSs 1-3 of TSUP Bjal (8 TMSs) with TMSs 4-6 of NiCoT Plal (6 TMSs)
yielded a comparison score of 12.8 S.D. (Fig. 6C). This comparison establishes homology
between members of these two families. Based on this and other alignments, it is likely that
the 6 TMS NiCoT proteins arose from the loss of TMSs 1 and 8 after the 4 TMS intragenic
duplication event that gave an 8 TMS topology.

4. Discussion

Members of the ubiquitous TSUP family appear to function as secondary carriers primarily
for sulfur-based compounds. The vast majority of homologues within the TSUP family
possess eight putative TMSs, with some predicted to have seven or nine TMSs, possibly as a
result of N- or C-terminal deletions or extensions. Conserved motifs were identified, and
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their presence in multiple copies within TSUP homologues supports a two-fold symmetry
within the proteins (Figs. 5A-B).

The greatest size and topological variation of all phylogenetic TSUP clusters was observed
in the diverse cluster 1, which consists solely of eukaryotic members that are in general, 40—
50% larger than their prokaryotic counterparts [7], although large homologues were also
identified in prokaryotic clusters. These may have been the products of gene fusion events
where hydrophilic domains were introduced during their evolutionary histories. Most
hydrophilic domains proved to be unrecognizable by CDD, but the degP_htrA_DO domain
of Orf6 and the USP_like domain of Bspl were identified. Their presence suggests a group-
translocation-like function for Orf6 and a stress response role for Bspl. The known
functions of these domains correlate nicely with the predicted functions of the phylogenetic
clusters in which they reside.

Comparative analyses of the phylogenetic protein and 16S/18S rRNA trees revealed that
lateral gene transfer was common within the bacterial and archaeal domains but much less
common within the eukaryotic domain. Lateral gene transfer between bacteria and archaea
must have been frequent but rare between prokaryotes and eukaryotes. As a result, orthology
was generally not observed within the bacterial domain with the notable exception of the
Actinobacterial and Cyanobacterial homologues in cluster 5.

We were able to demonstrate a 4 TMS repeat in homologues from bacteria, eukaryotes and
archaea. 2 TMS repeat units have been found in several families of transport proteins,
including the Oligopeptide Transporter (OPT; TC# 2.A.67) and CRAC channel/CDF carrier
superfamily [23, 50]. However, our methods were unable to detect a 2 TMS repeat unit
within TSUP homologues. Sequence divergence may have accounted for this failure.

Comparisons between the TSUP family and other transport systems have revealed
superfamily relationships with the lon-Translocating Microbial Rhodopsins, Sweet sugar
porters, Branched Chain Amino Acid Exporters, Nicotinamide Ribonucleotide Uptake
Permeases, Ni2*-Co2* Transporters, Organic Solute Transporters, Disulfide Bond
Oxidoreductase D 2-electron carriers, Phosphate:Na* Symporters and Lysosomal Cystine
Transporters (See Table 3). These ten families comprise the novel Rhodopsin Superfamily.
Of these proteins, high resolution 3-d structures are available only for the microbial
rhodopsins [86]. We predict that all members of these ten families will prove to have similar
structures. The functional diversification of this superfamily is unprecedented among
transmembrane protein superfamilies (see Superfamily link in TCDB). However, it is worth
noting that in some of these families it was possible to demonstrate that duplication of a 2
TMS hairpin structure gave rise to the 4 TMS precursor that duplicated internally in all of
the proteins of these families to give the current 8 or 7 TMS proteins. Using the Superfamily
Principle, we therefore conclude that the same must have been true for the TSUP family.

Genome context analyses supported the few biochemical assays that have been performed
using TSUP homologues. Results for clusters 1, 5, 6, 8 and 12-15 substantiate a transport
role for sulfur-based compounds (Table 2). Given the apparent functional diversity of our
predictions as well as the sequence diversity inherent in the TSUP family, it may be that
members transport a wide range of compounds. These may include (1) amino acids/peptides,
(2) nucleotides/nucleosides/nucleobases and (3) carbohydrates. Some TSUP proteins may
function as parts of stress responses and/or play roles in cofactor precursor transport. At
least some TSUP members may function with auxiliary cytoplasmic and periplasmic
proteins. The elucidation of these functions, using the predictions presented here as guides,
are likely to open up new fields of study.
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Figure 1.

Phylogenetic tree of the 189 TSUP family proteins included in this study. The tree was
generated using the ClustalX multiple alignment and FigTree programs. Protein
abbreviations and their descriptions are listed in Table 1 in a clockwise fashion starting from
cluster 1. The positions of individual proteins within the phylogenetic tree are revealed in
Fig. S1.
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Figure 2.

16S/18S rRNA phylogenetic tree of genuses represented in this study. The Cloacamonas,
Symbiobacterium, Oenococcus, Endoriftia and Desulforudis genera were excluded due to

unreliable sequence data.
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Figure 3.

Portion of average hydropathy, amphipathicity, and similarity (AveHAS) plots for the 189
TSUP family proteins included in this study. A magnification of the TMS-containing region
is presented due to the large size of the plot which reveals 8 clear TMSs. However, as many
as 12 poorly conserved peaks of hydrophobicity can be seen, suggesting that some
homologues have additional TMSs.
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Figure 4.

Demonstration that 8 TMS TSUP family members arose by intragenic duplication of a
primordial 4 TMS encoding genetic element. (A) GAP alignment of TMSs 1-4 of TSUP
Tkol (Thermococcus kodakarensis; gi# 57640914) with TMSs 5-8 of the same protein.
Initial identification of repeat units was done using the IC program. The GAP program was
run with default settings and 500 random shuffles. Residue identities are signified by
vertical lines, while close and more distant similarities are signified by colons or periods,
respectively. The numbers at both ends of each line signify the positions of the residues in
the proteins. TMS positions were predicted using the TMHMM 2.0 program for this and
subsequent comparisons. A comparison score of 26 S.D. was obtained. (B) GAP alignment
of TMSs 1-4 of TSUP Mchl (Microcoleus chthonoplastes; gi# 224407624) with TMSs 5-8
of Mch1. A comparison score of 17 S.D. was obtained.
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G[AL][LV][AV]G[FLV]L[AS]G[LM][LF]G[IVIGGGV[IV][LI]VP

B
Motif 2

Figure 5.

(A-B) The two best conserved motifs found within the TSUP family as predicted by
MEME. Corresponding statistical scores are presented on the y-axis. MAST predictions of
motifs based on the MEME results are presented on the x-axis below each motif graphic.
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(A) Rhodopsin superfamily homology established through the use of GSAT/GAP and the
Superfamily Principle. Established Rhodopsin superfamily proteins from TCDB and their

homologues were used to establish homology between all members of the ten families.
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GSAT/GAP scores, adjacent to the arrows, are expressed in terms of standard deviations
(S.D.). (B) Homology between members of the TSUP and LCT families. GAP alignment of
TMSs 1-3 of TSUP Axy3 (Achromobacter xylosoxidans; gi 311107599) with TMSs 4-6 of
LCT Asul (Ascaris suum; gi 324511247). A comparison score of 11.2 S.D. was obtained
with 43.8% similarity and 28.1% identity. (C) Homology between members of the TSUP
and NiCoT families. GAP alignment of TMSs 1-3 of TSUP Bjal (Bradyrhizobium
japonicum; gi 27376265) with TMSs 4-6 of NiCoT Plal (Parvibaculum lavamentivorans; gi
154252649). A comparison score of 12.8 S.D. was obtained with 44.7% similarity and
36.4% identity.
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Summary of functional predictions made for representative members of each phylogenetic cluster (Figure 1).

Cluster # | Proposed Functions

1 Transport of sulfur-based compounds; FeS cluster assembly.

2 Transport of peptides/amino acids/glycerate. Nitrogen-based compound transport;
3 Avrsenate/arsenite resistance; Oxidative, heat and metabolic stress response.

4 Transport of sulfur-based compounds.

5 Transport of sulfur-based compounds/ions/peptides/amino acids; FeS cluster assembly; Stress response.
6 Transport of carbon or sulfur-based compounds.

7 Stress response and virulence.

8 Transport of sulfur-based compounds.

9-11 None identified

12 Transport of amino acids.

13 Transport of sulfur-based compounds/Iron/peptides/amino acids.

14 Transport of sulfur-based compounds.

15 Transport of sulfur-based compounds; Extrusion of sulfite.
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Table 3

Currently recognized families of transporters included within the Rhodopsin Superfamily. The family names,
abbreviations, TC numbers and dominant topologies are presented. This superfamily also includes the non-
transporter eukaryotic 7 TMS proteins that include vertebrate and invertebrate rhodopsins, G-protein coupled
receptors (GPCRs), a variety of hormone receptors, and invertebrate odorant receptors among others (MA
Shlykov, DC Yee, VS Reddy, S Aurora, JS Chen, EI Sun and MH Saier Jr., manuscript in preparation).

Family Name Family Abbreviation TC# # TMSs
lon-Translocating Microbial Rhodopsin MR 3E1 7
Sweet Sweet 9.A.58 3or7
Branched Chain Amino Acid Exporter LIV-E 2.A.78 7or8
Nicotinamide Ribonucleotide Uptake Permease PnuC 4B.1 T7or8
4-Toluene Sulfonate Uptake Permease TSUP 2.A.102 7-9
Ni2*-Co?* Transporter NiCoT 2.A52 6-8
Organic Solute Transporter OST 2.A.82 7
Phosphate:Na* Symporter PNaS PNaS 2.A.58 8or9
Lysosomal Cystine Transporter LCT 2.A.43 7
Disulfide Bond Oxidoreductase D DsbD 5A.1 6-9
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