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ABSTRACT: The Transporter Classification (TC) system is a functional/phylogenetic
system designed for the classification of all transmembrane transport proteins found in
living organisms on Earth. It parallels but differs from the strictly functional EC system
developed decades ago by the Enzyme Commission of the International Union of Biochem-
istry and Molecular Biology (IUBMB) for the classification of enzymes. Recently, the TC
system has been adopted by the IUBMB as the internationally acclaimed system for the
classification of transporters. Here we present the characteristics of the nearly 400 families
of transport systems included in the TC system and provide statistical analyses of these
families and their constituent proteins. Specifically, we analyze the transporter types for
size and topological differences and analyze the families for the numbers and organismal
sources of their constituent members. We show that channels and carriers exhibit distinctive
structural and topological features. Bacterial-specific families outnumber eukaryotic-spe-
cific families about 2 to 1, while ubiquitous families, found in all three domains of life, are
about half as numerous as eukaryotic-specific families. The results argue against appre-
ciable horizontal transfer of genes encoding transporters between the three domains of life
over the last 2 billion years.
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I. INTRODUCTION

medium, (5) export macromolecules such as
complex carbohydrates, proteins, lipids and
DNA, (6) catalyze export and uptake of sig-
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Transport systems comprise an essential
feature of every living cell. They (1) allow the
entry of all essential nutrients into the cell and
its compartments, (2) regulate the cytoplas-
mic concentrations of metabolites by excre-
tion mechanisms, (3) prevent toxic effects of
drugs and toxins by mediating active efflux,
(4) provide physiological cellular concentra-
tions of ions that can differ by several orders
of magnitude from those in the external
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naling molecules that mediate intercellular
communication, and (7) participate in bio-
logical warfare by exporting biological ac-
tive agents that insert into or permeate the
membranes of target cells. In fact, transport
is an essential aspect of all life endowing
processes: metabolism, communication, bio-
synthesis, and reproduction.

This article provides an update of the
recently developed transporter classification
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(TC) system (Saier, 1998, 1999, 2000a),
which was formally adopted by the Interna-
tional Union of Biochemistry and Molecular
Biology IUBMB) in June 2002. The devel-
opment of a classification system for trans-
port proteins has allowed us to gain a com-
prehensive overview of transport from
structural, functional and evolutionary stand-
points (Saier, 1999, 2000b, 2001). This de-
velopment has been strongly influenced by
recent progress in genome sequencing and
the field of computational biology. Since our
last description of the TC system (Saier,
2000a), we have expanded the transporter
classification system by (1) introducing new
families and classes of transporters (2) ex-
panding the memberships of preexisting fami-
lies, (3) providing more detailed annotation
of these families and proteins, (4) updating
reference citations relevant to proteins de-
scribed in the TC system, and (5) creating an
interactive database, which we have named
TCDB. The results of our analyses, made
possible by these updates, are reported here.

A. The TC System

The properties of the different hierarchical
units that comprise the TC system are described
briefly below and illustrated in Figure 1. The
families within each class are presented in
Table 1, and Table 2 provides descriptions of
these families as well as at least one well-
characterized member of each family. For more
extensive descriptions please visit our websites
and database (http://tcdb.ucsd.edu).

B. Classes of Transporters

1. Class 1. Channels/Pores

This class consists of channel-type fa-
cilitators. Transmembrane channel proteins
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span the lipid bilayer as either o-helices or
[-strands. The transport mode of these sys-
tems generally involves the unencumbered
passage of molecules across membranes by
a process related to passive diffusion. Thus,
channel-mediated transport usually occurs
by facilitated diffusion, an energy-indepen-
dent process in which the substrate passes
through the transmembrane aqueous pore or
channel without coupling of the transloca-
tion process to another chemical or vecto-
rial process.

a. a-Type Channels

Transmembrane channel proteins of this
subclass usually consist of bundles of trans-
membrane o-helices that form o-helical
aqueous pores or channels. Rarely, B-strands
contribute to the channel. These channels
are found ubiquitously in the membranes of
all types of organisms.

b. B-Barrel Porins

The transmembrane pores of these pro-
teins consist exclusively of B-strands that
form B-barrels. These channels are found in
the outer membranes of bacteria, mitochon-
dria, and plastids. They may be monomeric
or oligomeric structures where the pore may
be formed from just one or several polypep-
tide chains. Interactions with other proteins
may control their activities.

c. Pore-Forming Toxins

These polypeptides attack target cells
other than the producer cell by inserting
into the target cell membrane, usually form-
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TABLE 1
Famlies of Transporters Found in the TC System

TC # Family

1.A. o-Channels

1.A.1 The Voltage-gated Ton Channel (VIC) Superfamily

1.A.2 The Animal Inward Rectifier K* Channel (IRK-C) Family

1.A.3 The Ryanodine-Inositol 1,4,5-triphosphate Receptor Ca** Channel (RIR-CaC) Family
1.A.4 The Transient Receptor Potential Ca** Channel (TRP-CC) Family

1.A.5 The Polycystin Cation Channel (PCC) Family

1.A.6 The Epithelial Na* Channel (ENaC) Family

1.A.7 ATP-gated Cation Channel (ACC) Family

1.A.8 The Major Intrinsic Protein (MIP) Family

1.A.9 The Ligand-gated Ion Channel (LIC) Family of Neurotransmitter Receptors
1.A.10 The Glutamate-gated Ion Channel (GIC) Family of Neurotransmitter Receptors
1.A.11 The Chloride Channel (CIC) Family

1.A.12 The Organellar Chloride Channel (O-C1C) Family

1.A.13 The Epithelial Chloride Channel (E-CIC) Family

1.A.14 The Non-selective Cation Channel-1 (NSCC1) Family

1.A.15 The Non-selective Cation Channel-2 (NSCC2) Family

1.A.16 The Yeast Stretch-Activated, Cation-Selective, Ca** Channel, Mid1 (Mid1) Family
1.A.17 The Chloroplast Outer Envelope Solute Channel (CSC) Family

1.A.18 The Chloroplast Envelope Anion Channel-forming Tic110 (Tic110) Family

1.A.19 The Influenza Virus Matrix-2 Channel (M2-C) Family

1.A.20 The gp91phox Phagocyte NADPH Oxidase-associated Cytochrome b558 (CytB) H'-channel Family

1.A.21 The Bcl-2 (Bel-2) Family

1.A.22 The Large Conductance Mechanosensitive Ion Channel (MscL) Family
1.A.23 The Small Conductance Mechanosensitive Ion Channel (MscS) Family
1.A.24 The Gap Junction-forming Connexin (Connexin) Family

1.A.25 The Gap Junction-forming Innexin (Innexin) Family

1.A.26 The Plant Plasmodesmata (PPD) Family

1.A.27 The Phospholemman (PLM) Family

1.A.28 The Urea Transporter (UT) Family

1.A.29 The Urea/Amide Channel (UAC) Family

1.A.30 The H'- or Na'-translocating Bacterial Flagellar Motor 1ExbBD Outer Membrane Transport Energizer

(Mot/Exb) Superfamily
1.A.31 The Annexin (Annexin) Family
1.A.32 The Type B Influenza Virus NB Channel (NB-C) Family
1.A.33 The Cation Channel-forming Heat Shock Protein-70 (Hsp70) Family
1.A.34 The Envelope Virus E1 Channel (EVE1-C) Family
1.A.35 The CorA Metal Ion Transporter (MIT) Family
1.A.36 The Intracellular Chloride Channel (ICC) Family
1.B. B-Barrel porin
1.B.1 'The General Bacterial Porin (GBP) Family
1.B.2 The Chlamydial Porin (CP) Family
1.B.3  The Sugar Porin (SP) Family
1.B.4 The Brucella-Rhizobium Porin (BRP) Family
1.B.5 The Pseudomonas OprP Porin (POP) Family
1.B.6  The OmpA-OmpF Porin (OOP) Family
1.B.7 The Rhodobacter PorCa Porin (RPP) Family
1.B.8 The Mitochondrial and Plastid Porin (MPP) Family
1.B.9 The FadL Outer Membrane Protein (FadL) Family
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TABLE 1 (continued)

1.B.10
1.B.11
[.B.12
1.B.13
1.B.14
1.B.15
1.B.16
[.B.17
1.B.18
1.B.19
1.B.20
1.B.21
t.B.22
1.B.23
1.B.24
1.B.25
1.B.26
1.B.27
.B.28
1.B.29
1.B.30
1.B.31
1.B.32
1.B.33
1.B.34

The Nucleoside-specific Channel-forming Outer Membrane Porin (Tsx) Family
The Outer Membrane Fimbrial Usher Porin {FUP) Family
The Autotransporter (AT) Family

The Alginate Export Porin (AEP) Family

The Outer Membrane Receptor {OMR) Family

The Raffinose Porin {RafY) Family

The Short Chain Amide and Urea Porin (SAP} Family

The Outer Membrane Factor (OMF) Family

The Outer Membrane Auxiliary (OMA) Protein Family

The Glucose-selective OprB Porin (OprB) Family

The Two-Partner Secretion (TPS) Family

The OmpG Porin (OmpG) Family

The Outer Bacterial Membrane Secretin (Secretin) Family
The Cyanobacterial Porin (CBP) Family

The Mycobacterial Porin (MBP) Family

The Outer Membrane Porin (OPr) Family

The Cyclodextrin Porin (CDP) Family

The Helicobacter Outer Membrane Porin (HOP) Family

The Plastid Outer Envelope Porin of 24 kDa (OEP24) Family
The Plastid Quter Envelope Porin of 21 kDa (OEP2{} Family
The Plastid Quter Envelope Porin of 16 kDa (OEP16) Family
The Campylobacter jejuni Major Outer Membrane Porin (MomP) Family
The Fusobacterial Guter Membrane Porin (FomP) Family
The Vibrio Chitoporin/Neisserial Poria (VC/NP) Family

The Corynebacterial Porin (PorA) Family

1.C. Pore-forming toxins

B.C1
1.C.2
1.C3
1.C4
1.C.5
1.C.6
1.C7
1.C8
1.C9
1.C.10
1.C.11
1.C.12
1.C.13
1.C.14
LGS
1.C.16
L.C.17
1.C.18
1.C.19
1.C.20
1.C.21
1.C.22
1.C23
1.C.24
1.C25

The Channel-forming Colicin (Colicin) Family

The Channel-forming §-Endotoxin Insecticidal Crystal Protein (ICP) Family
The o-Hemolysin Channel-forming Toxin (¢HL)Y Family
The Aerolysin Channel-forming Toxin (Aerolysin} Family
The Channel-forming e-toxin {(€-toxin) Family

The Yeast Killer Toxin K1 {YKT-K1) Family

The Diphtheria Toxin (DT) Family

The Botulinum and Tetanus Toxin (BTT) Family

The Vacuolating Cytotoxin {VacA) Family

The Pore-forming Haemolysin E (HIyE) Family

The Pore-forming RTX Toxin (RTX-toxin) Family

The Cholesterol-binding, Thiol-activated Cytolysin (TAC) Family
The Channel-forming Leukocidin Cytotoxin (Cix) Family
The Cytohemolysin (CHL) Family

The Whipworm Stichosome Porm { WSP) Family

The Magainin (Magainin) Family

The Cecropin (Cecropin) Family

The Melittin (Melittin} Family

The Defensin (Defensin) Family

The Nisin (Nisin) Family

The Lacticin 481 (Lacticin 481) Family

The Lactococcin A (Lactococcin A} Family

The Laclocin S (Lactocin S) Family
The Pediocin (Pediocin) Family
The Lactococein G (Lactococcin G) Family
291
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TABLE 1 (continued)

1.C.26
1.C.27
1.C.28
1.C.29
1.C.30
1.C.31
1.C.32
1.C.33
1.C.34
1.C.35
1.C.36
1.C.37
1.C.38
1.C.39
1.C.40
1.C41
1.C42
1.C.43
1.C.44
1.C.45
1.C.46
1.C.47
1.C.48
1.C.49
1.C.50
1.C.51
1.C.52
1.C.54
1.C.55
1.C.56
1.C.57
1.C.58

The Lactacin X (Lactacin X) Family

The Divergicin A (Divergicin A) Family

The Bacteriocin AS-48 Cyclic Polypeptide (Bacteriocin AS-48) Family
The Plantaricin EF (Plantaricin EF) Family

The Plantaricin JK (Plantaricin JK) Family

The Channel-forming Colicin V (Colicin V) Family

The Amphipathic Peptide Mastoparan (Mastoparan) Family

The Cathilicidin (Cathilicidin) Family

The Tachyplesin (Tachyplesin) Family

The Ameoeebapore (Amoebapore) Family

The Bacterial Type ITI-Target Cell Pore (HITCP) Family

The Lactococcin 972 (Lactococcin 972) Family

The Pore-forming Equinatoxin (Equinatoxin) Family

The Complement Protein C9 (CPC9) Family

The Bactericidal Permeability increasing Protein (BPIP) Family

The Tripartite Haemolysin BL (HBL) Family

The Channel-forming Bacillus anthrax Protective Antigen (BAPA) Family
The Earthworm Lysenin Toxin {Lysenin) Family

The Plant Thionine (P1) Family

The Plant Defensin (PD) Family

The C-type Natriuretic Peptide (CNP) Family

The Insect Defensin (Insect Defensin) Family

The Prion Peptide Fragment (PPF) Family

The Cytotoxic Amylin (Amylin) Family

The Amyloid B-Protein Peptide (ABPP) Family

The Pilosulin (Pilosulin) Family

The Dermaseptin (Dermaseptin) Family

The Shiga Toxin B-Chain (ST-B) Family

The Agrobacterial VirE2 Target Host Cell Membrane Anion Channel (VirE2) Family
The Pseudomanas svringae HrpZ Target Host Cell Membrane Cation Channel (HrpZ) Family
The Clostridial Cytotoxin (CCT) Family

The Microcin E492/C24 (Microcin E492) Family

1.D. Non-ribosomally synthesized channels

1.1
1.D.2
1.D3
1.D.4
1.D.5
1.D.6
1.D.7
1.D.8
1.D.9
1.D.19

The Gramicidin A (Gramicidin A) Channel Family

The Syringomycin Channel-forming (Syringomycin) Family

The Syringopeptin Channel-Forming (Syringopeptin) Family

The Tolaasin Channel-forming (Tolaasin) Family

The Alamethicin Channel-forming (Alamethicin) Family

The Complexed Poly 3-Hydroxybutyrate Ca™ Channel (cPHB-CC) Family
The Beticolin (Beticolin) Family

The Saponin (Saponin) Family

The Polyglutamine fon Channel (PG-1C) Family

The Ceramide-forming Channel (Ceramide) Family

1.E. Holins

1.LE.1
1.LE2
1.LE3
LE4
LE.3
1LE.6
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The P21 Holin S (P21 Holin) Family

The A Holin S (A Holin) Family

The P2 Holin TM (P2 Holin) Family

The LydA Holin (LydA Holin) Family
The PRD{ Holin M (PRD1 Holin) Family
The T7 Holin (T7 Holin) Family
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TABLE 1 (continued)

1.LE.7 The HP1 Holin (HP1 Holin) Family

1.E.8  The T4 Holin (T4 Holin) Family

1.E.9 The T4 Immunity Holin (T4 Immunity Holin) Family

1.E.10 The Bacillus subtilis $29 Holin (¢29 Holin) Family

1.E.11 The ¢11 Holin (¢11 Holin) Family

1.E.12 The ¢Adh Holin (¢Adh Hotlin) Family

1.E.13 The ¢U33 Holin (¢U53 Holin) Family

1.E.14 The LrgA Holin (LrgA Holin) Family

1.E.15 The ArpQ Holin (ArpQ Holin) Family

1.E.16 The Cphl Holin (Cph1 Holin) Family

1.E.17 The BlyA Holin (BlyA Holin) Family

1.E.18 The Lactococcus lactis Phage r1t Holin (r1t Holin) Family
1.E.19 The Clostridium difficile TcdE Holin (TcdE Holin) Family

2.A. Porters: uniporters, symporters and antiporters

2.A.1 The Major Facilitator Superfamily (MFS)

2.A.2 The Glycoside-Pentoside-Hexuronide (GPH):Cation Symporter Family
2.A3 The Amino Acid-Polyamine-Organocation (APC) Family

2.A4 The Cation Diffusion Facilitator (CDF) Family

2.A.5 The Zine (Zn*)-lIron (Fe™) Permease (Z1P) Family

2.A.6 The Resistance-Nodulation-Cell Division (RND) Superfamily
2.A.7 'The Drug/Metabolite Transporter (DMT) Superfamily

2.A.8 The Gluconate:H" Symporter (GotP) Family

2.A.9 The Cytochrome Oxidase Biogenesis (Oxal)} Family

2.A.10 The 2-Keto-3-Deoxygluconate Transporter (KDGT) Family
2.A.11 The Citrate-Mg™":H* (CitM) Citrate-Ca™:H" (CitH) Symporter (CitMHS) Family
2.A.12 The ATP:ADP Antiporter (AAA) Family

2.A.13 The C4-Dicarboxylate Uptake (Dcu) Family

2.A.14 The Lactate Permease (LctP) Family

2, A 15 The Betaine/Carnitine/Choline Transporter (BCCT) Family
2.A.16 The Telurite-resistance/Dicarboxylate Transporter {TDT) Family
2. A 17 The Proton-dependent Oligopeptide Transporter {POT) Family
2.A.18 The Amino Acid/Auxin Permease (AAAP) Family

2.A.19 The Ca’™:Cation Antiporter (CaCA) Family

2.A.20 The Inorganic Phosphate Transporter (PiT) Family

2.A.21 The Solute:Sodium Symporter (SSS) Family

2.A.22 The Neurotransmitter:Sodium Symporter (NSS) Family

2.A.23 The Dicarboxylate/Amino Acid:Cation (Na™ or H") Symporter (DAACS) Family
2.A.24 The Citrate:Cation Symporter (CCS) Family

2.A.25 The Alanine or Glycine:Cation Symporter (AGCS) Family
2.A.26 The Branched Chain Amino Acid:Cation Symporter (LIVCS) Family
2.A.27 The Glutamate:Na" Symporter (ESS) Family

2.A.28 The Bile Acid:Na" Symporter (BASS) Family

2.A.29 The Mitochondrial Carrier (MC) Family

2.A.30 The Cation-Chloride Cotransporter (CCC) Family

2.A.31 The Anion Exchanger (AE) Family

2.A.32 The Silicon Transporter (Sit) Family

2.A.33 The NhaA Na™:H" Antiporter (NhaA) Family

2,A.34 The NhaB Na":H" Antiporter (NhaB) Family

2.A.35 The NhaC Na":H" Antiporter {NhaC) Family

2.A.36 The Monovalent Cation:Proton Antiporter-1 (CPA1) Family
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TABLE 1 (continued)

2.A.37 The Monovalent Cation:Proton Antiporter-2 (CPA2) Family
2.A.38 The K' Transporter (Trk) Family

2.A.39 The Nucleobase:Cation Symporter-1 (NCS 1) Family
2.A.40 The Nucleobase:Cation Symporter-2 (NCS2) Family
2.A.41 The Concentrative Nucleoside Transporter (CNT) Family
2.A.42 The Hydroxy/Aromatic Amino Acid Permease (HAAAP) Family
2.A.43 The Lysosomal Cystine Transporter (LCT) Family

2.A.44 The Formate-Nitrite Transporter (FNT) Family

2.A.45 The Arsenite-Antimonite {ArsB) Efflux Family

2.A.46 The Benzoate:H" Symporter (BenE) Family

2.A.47 The Divalent Anion:Na* Symporter (DASS) Family

2.A 48 The Reduced Folate Carrier (RFC) Family

2.A.49 The Ammonium Transporter (Amt) Family

2.A.50 The Glycerol Uptake (GUP) Family

2.A.51 The Chromate Ton Transporter (CHR) Family

2.A.52 The Ni**-Co™ Transporter (NiCoT) Family

2.A.53 The Sulfate Permease (SulP} Family

2.A.54 The Mitochondrial Tricarboxylate Carrier (MTC) Family
2.A.55 The Metal Ion (Mn**-iron) Transporter (Nramp) Family
2.A.56 The Tripartite ATP-independent Periplasmic Transporter (TRAP-T) Family
2.A.57 The Equilibrative Nucleoside Transporter (ENT) Family
2.A.58 The Phosphate:Na" Symporter (PNaS) Family

2.A.59 The Arsenical Resistance-3 (ACR3) Family

2.A.60 The Organo Anion Transporter (OAT) Family

2.A.61 The C4-dicarboxylate Uptake C (DeuC) Family

2.A.62 The NhaD Na™:H* Antiporter (NhaD) Family

2.A.63 The Monovaleat Cation (K" or Na"):Proton Antiporter-3 (CPA3) Family
2.A.64 The Twin Arginine Targeting (Tat) Family

2.A.65 The Bilirubin Transporter (BRT) Family

2.A.66 The Multi Antimicrobial Extrusion (MATE) Family

2.A.67 The Oligopeptide Transporter (OPT) Family

2.A.68 The p-Aminobenzoyl-glutamate Transporter (AbgT) Family
2.A.69 The Auxin Efflux Carrier (AEC) Family

2.A.70 The Malonate:Na" Symporter (MSS) Family

2.A.71 The Folate-Biopterin Transporter (FBT) Family

2.A.72 The K* Uptake Permease (KUP) Family

2.A.73 The Inorganic Carbon (HCO3-) Transporter (I1CT) Family
2.A.74 The 4 TMS Multidrug Endosomal Transporter (MET) Family
2.A.75 The L-Lysine Exporter (LysE) Family

2.A.76 The Resistance to Homosering/Threonine (RhtB) Famity
2.A.77 The Cadmium Resistance {CadD) Family

2.A.78 The Branched Chain Amino Acid Exporter (LIV-E) Family
2.A.79 The Threonine/Serine Exporter (ThrE) Family

2.A.80 The Tricarboxylate Transporter (Tct) Family

2.B. Non riboesomally synthesized porters

2.B.1 The Valinomycin Carrier (Valinomycin} Family

2.B.2 The Monensin (Monensin) Family

2.B.3 The Nigericin (Nigericin) Family

2.B.4 The Macrotetrolide Antibiotic (MA) Family

2.B.5 The Macrocyclic Polyether (MP) Family

2.B.6 The Tonomycin (TIonomycin) Family
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TABLE 1 (continued)

2.C. Ion gradient-driven energizers

2.C.1 The TonB-ExbB-ExbD/TolA-TolQ-TolR (TonB) Family of Auxiliary Proteins for Energization of
Outer Membrane Receptor {(OMR)-mediated Active Transport

3.A. Diphosphate hond hydrolysis-driven transporters

3.A.1 The ATP-binding Cassette (ABC) Superfamily

3.A.2 The H'- or Na"-translocating F-type, V-type and A-type ATPase (F-ATPase)} Superfamily

3.A3  The P-type ATPase (P-ATPase) Superfamily

3.A4 The Arsenite-Antimonite (ArsAB) Eftlux Family

3.A.5 The Type 1l (General) Secretory Pathway (118P) Family

3.A.6 The Type ITT (Virulence-related) Secretory Pathway (IIISP) Family

3.A7 The Type IV (Conjugal DNA-Protein Transfer or VirB) Secretory Pathway (IVSP) Family

3.A.8 The Mitochondrial Protein Translocase (MPT) Family

3.A.9 The Chloroplast Envelope Protein Translocase (CEPT or Tic-Toc) Family

3.A.10 The H'-translocating Pyrophosphatase (H™-PPase) Family

3.A.11 The Bacterial Competence-related DNA Transformation Transporter (DNA-T) Family

3.A.12 The Septal DNA Transiocator (S-DNA-T) Family

3.A.13 The Filamentous Phage Exporter (FPhE) Family

3.A 14 The Fimbrilin/Protein Exporter (FPE) Family

3.B. Decarboxylation-driven active transporters

3.B.1 The Na'-transporting Carboxylic Acid Decarboxylase (NaT-DC) Family

3.C. Methyl transfer-driven transporters

3.C.1 The Na” Transporting Methyltetrahydromethanopterin: Coenzyme M Methyltransferase (NaT-MMM)
Family

31.D. Oxidoreduction-driven active transporiers

3.D.1  The Proton-translocating NADH Dehvydrogenase (NDH) Family

3.D.2 The Proton-translocating Transhydrogenase (PTH) Family

3.D.3  The Proton-translocating Quinol:Cytochrome ¢ Reductase (QCR) Superfamily

3.D.4  The Proton-translocating Cytochrome Oxidase (COX) Superfamily

3.D.5 The Na'-translocating NADH:Quinone Dehydrogenase (Na-NDH) Farnily

3.D.6 The Putative lon (H' or Na")-translocating NADH:Ferredoxin Oxidoreductase (NFO) Family

3.D.7 The H::Heterodisulfide Oxidoreductase (HHO) Family

3.D.8 The Na'- or H"-Pumping Formy! Methanofuran Dehydrogenase (FMF-DH) Family

3.D.9 The H'-translocating F420H2 Dehydrogenase (FA20H2DH) Family

3.E. Light absorption-driven active transporters

3.E.1 The Ton-transiocating Microbial Rhodopsin (MR) Family
3.E.2 The Photosynthetic Reaction Center (PRC) Family

4.A. Phosphotransfer-driven group translocators

4.A.1 The PTS Glucose-Glucoside (Glc) Family

4.A.2 The PTS Fructose-Mannitel (Fru) Family

4.A.3 The PTS Lactose-N,N'-Diacetylchitobiose-3--glucoside (LLac) Family
4.A4 The PTS Glucitol (Gut) Family

4.A.5 The PTS Galactitol (Gat) Family

4.A.6 The PTS Mannose-Fructose-Sorbose (Man) Family

5.A. Transmembrane 2-electron transfer carrier

5.A.1 The Disulfide Bond Oxidoreductase D (DsbD>) Family
5.A.2 The Disulfide Bond Oxidoreductase B (DsbB) Family
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TABLE 1 (continued)

5.B. Transmembrane 1-electron transfer carrier

5.B.1 The Phagocyte (gp91phox) NADPH Oxidase Family
8.A. Auxiliary transport proteins

8.A.1 The Membrane Fusion Protein (MFP) Family

8.A.2 The Secretin Auxiliary Lipoprotein (SAL) Family

8.A.3  The Cytoplasmic Membrane-Periplasmic Auxiliary-1 (MPA1) Protein with Cytoplasmic (C) Domain
(MPA1-C or MPA1+C) Family

8.A.4 The Cytoplasmic Membrane-Periplasmic Auxiliary-2 (MPA2) Family

8.A.5 The Voltage-gated K* Channel B-subunit (VIC[) Family

8.A.6 The Auxiliary Nutrient Transporter (ANT) Family

8.A.7 The Phosphotransferase System Enzyme I (EI) Family

8.A.8 The Phosphotransferase System HPr (HPr) Family

8.A.9 The rBAT Transport Accessory Protein (rBAT) Family

8.A.10 The Slow Voltage-gated K* Channel Accessory Protein (MinK) Family

8.A.11 The Phospholamban (Ca**-ATPase Regulator) (PLB) Family

8.A.12 ABC Bacteriocin Exporter Accessory Protein (BEA) Family

8.A.13 The Tetratricopeptide Repeat (Tprl) Family

9.A. Transporters of unknown classification

9.A.1 The Polysaccharide Transport (PST) Family

9.A.2 The MerTP Mercuric Ion (Hg**) Permease (MerTP) Family

9.A.3 The MerC Mercuric Ion (Hg*") Uptake (MerC) Family

9.A.4 The Nicotinamide Mononucleotide (NMN) Uptake Permease (PnuC) Family

9.A.5 The Peroxisomal Protein Importer (PPI) Family

9.A.6 The Intracellular Nucleoside Transporter (INT) Family

9.A.7 The MerF Mercuric Ion (Hg**) Uptake (MerF) Family

9.A.8 The Ferrous Iron Uptake (FeoB) Family

9.A.9 The Low Affinity Fe* Transporter (FeT) Family

9.A.10 The Oxidase-dependent Fe’* Transporter (OFeT) Family

9.A.11 The Copper Transporter-1 (Cirl) Family

9.A.12 The Copper Transporter-2 (Ctr2) Family

9.A.13 The Colicin J Lysis (Cjl) Family

9.A.14 The Nuclear Pore Complex (NPC) Family

9.A.15 The YhaG Putative Tryptophan Uptake Permease (YhaG) family

9.A.16 The Lysosomal Protein Import (LPI) Family

9.A.17 The Lead (Pb**) Uptake Porter (PbrT) Family

9.A.18 The Peptide Uptake Permease (PUP) Family

9.A.19 The Mg>* Transporter-E (MgtE) Family

9.A.20 The Low Affinity Cation Transporter (LCT) Family

9.A.21 The ComC DNA Uptake Competence (ComC) Family

9.A.22 The NhaE Na*(K*):H" Antiporter (NhaE) Family

9.A.23 The Ferroportin (FP) Family

9.B. Putative uncharacterized transporters

9.B.1 The Metal Homeostasis Protein (MHP) Family

9.B.2 The Ca** Homeostasis Protein (CHP) Family

9.B.3 The Putative Bacterial Murein Precursor Exporter (MPE) Family

9.B.4 The Putative Efflux Transporter (PET) Family

9.B.5 The KX Blood-group Antigen (KXA) Family

9.B.6 The Toxic Hok/Gef Protein (Hok/Gef) Family

9.B.7 The Putative Bacteriochlorophyll Delivery (BCD) Family
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TABLE 1 (continued)

9.B.8 The Canalicular Bile Acid Transporter (C-BAT) Family

9.B.9 The Urate Transporter (UAT) Family

9.B.10 The 6TMS Putative MarC Transporter (MarC) Family

9.B.11 The Mitochondrial mRNA Splicing-2 Protein (MRS2) Family

9.B.12 The (Salt or Low Temperature) Stress-induced Hydrophobic Peptide (SHP) Family
9.B.13 The Putative Pore-forming Entericidin (ECN) Family

9.B.14 The Putative Heme Exporter Protein (HEP) Family

9.B.16 The Putative Ductin Channel (Ductin) Family

9.B.17 The Putative Fatty Acid Transporter (FAT) Family

9.B.18 The SecDF-associated Single Transmembrane Protein (SSTP) Family
9.B.19 The Mn** Homeostasis Protein (MnHP) Family

9.B.20 The Putative Mg”* Transporter-C (MgtC) Family

9.B.21 The Frataxin (Frataxin) Family

9.B.22 The Putative Permease (PerM) Family

9.B.23 The Digestive Vacuole Transporter (DVT) Family

9.B.24 The Testis-Enhanced Gene Transfer (TEGT) Family

9.B.25 The YbbM (YbbM) Family

9.B.26 The PF27 (PF27) Family

9.B.27 The YdjX-Z (YdjX-Z) Family

9.B.28 The YqaE (YqaE) Family

9.B.29 The YebN (YebN) Family

9.B.30 The Hly III (Hly III) Family

9.B.31 The YqiH (YqiH) Family

9.B.32 The Putative Vectorial Glycosyl Polymerization (VGP) Family
9.B.33 The YaaH (YaaH) Family

9.B.34 The Putative Membrane Peptide Cation Channel (PMP3) Family
9.B.35 The Putative Thyronine-Transporting Transthyretin (Transthyretin) Family
9.B.36 The Putative SgaT Transporter (SgaT) Family

9.B.37 The HlyC/CorC (HCC) Family

9.B.38 The Stationary-phase Anti-death (SAD) Family

9.B.39 The Long Chain Fatty Acid Translocase (IcFAT) Family

9.C. Functionally characterized transporters with unidentified sequences
9.C.1 The Endosomal Oligosaccharide Transporter (EOT)

9.C.2  Volume-sensitive Anion Channels (VAC)

9.C.3 The Rhodococcus erythropolis Porin (REP) Family

9.C.4 Nucleotide Sulfate (PAPS) Transporters (PAPS-T)

9.C.5 The Endoplasmic Reticulum/Golgi ATP/ADP or AMP Antiport Transporters (ATP-T)
9.C.6 The T7 Phage DNA Uptake Translocator (T7-T)
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ing oligomeric transmembrane pores. The
toxic effects are caused by allowing the
free flow of electrolytes and other small
molecules across the membrane. Polypep-
tides of this subclass are probably synthe-
sized universally by all types of living
cells.

d. Non-Ribosomally Synthesized
Channels

These molecules often consist of small
molecular building blocks such as L- and
p-amino acids and hydroxy acids. The as-
sembly of the molecular building blocks
allows construction of oligomeric trans-
membrane ion channels. “Depsipeptides”
and amino acid-free substances of this
class usually provide a function related to
biological warfare. Most of these sub-
stances are synthesized by bacteria and
fungi.

e. Holins

The primary function of holins appears
to be export of murein hydrolases across the
cytoplasmic membranes of bacteria where
the enzymes hydrolyze the cell wall poly-
mer as a prelude to cell lysis. Holins may
also facilitate leakage of electrolytes and
nutrients from the cell cytoplasm, thereby
promoting cell death. They are encoded
within the genomes of Gram-positive and
Gram-negative bacteria as well as those of
the bacteriophage of these organisms. The
many families of channel-forming holins do
not exhibit significant sequence similarity
between themselves but display common
structural and functional characteristics.

2. Class 2. Electrochemical
Potential-Driven Transporters

These transport systems are also called
secondary carrier-type facilitators. Class 2
systems usually exhibit strict stereospeci-
ficity and are energy coupled to the proton
motive force (pmf) or the sodium motive
force (smf).

a. Porters

This subclass consists of transport sys-
tems that utilize carrier-mediated processes
to catalyze uniport (a single species is trans-
ported either by facilitated diffusion or in a
membrane potential-dependent process if the
solute is charged), antiport (two or more
species are transported in opposite direc-
tions in a tightly coupled process, not
coupled to a direct form of energy other
than chemiosmotic energy), and/or symport
(two or more species are transported to-
gether in the same direction in a tightly
coupled process, not coupled to a direct
form of energy other than chemiosmotic
energy). These systems are ubiquitous, be-
ing found in all living organisms.

b. Non-Ribosomally Synthesized
Porters

Like nonribosomally synthesized chan-
nels, these molecules may be depsipeptides
or non-peptide-like substances. They usu-
ally facilitate translocation by complexing
an ion in their hydrophilic interior, expos-
ing their hydrophobic exterior and moving
from one side of the bilayer to the other.
Transport can be electrophoretic if the free
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porter can cross the membrane in the
uncomplexed form, or it can be electroneutral
if only the complex can cross the membrane.
Most of these molecules are products of bac-
teria and fungi.

c¢. lon-Gradient-Driven Energizers

These energizers use the proton or so-
dium motive force across the cytoplasmic
membrane. The mechanism is poorly un-
derstood, but they undoubtedly couple pro-
ton (H*) or sodium (Na*) fluxes to the ener-
gized process. Currently, recognized
energizers can drive bacterial flagellar rota-
tion or active transport across the outer
membranes of Gram-negative bacteria, but
they belong to a single family.

3. Class 3. Primary Active
Transporters

These transporters use a primary source
of energy when compared with a secondary
(chemiosmotic) source of energy to drive
active transport of solutes against concen-
tration gradients. Secondary energy sources
must be generated by driving an active trans-
port process at the expense of a primary
energy source.

a. P-P-Bond Hydrolysis-Driven
Transporters

Transport systems of this subclass hy-
drolyze the diphosphate bond of inorganic
pyrophosphate or a nucleoside triphos-
phate to drive the active uptake and/or
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extrusion of a solute or solutes. The trans-
port protein may or may not be transiently
phosphorylated, but the substrate is not
chemically modified. Members of this
subclass are found in all domains of the
living world.

b. Decarboxylation-Driven
Transporters

Transport systems that drive solute up-
take or extrusion by decarboxylation of a
cytoplasmic substrate are included in this
subclass. These multisubunit transporters are
currently thought to be restricted to prokary-
otes and belong to a single family.

c. Methyltransfer-Driven
Transporters

A single characterized multisubunit pro-
tein family currently falls into this subclass,
the Na*-transporting methyltetrahydro-
methanopterin:coenzyme M methyltrans-
ferases. These transporter complexes have
been found only in archaea.

d. Oxidoreduction-Driven
transporters

This subclass is comprised of transport
systems that drive transport of a solute (H*
or Na*) energized by the exothermic flow of
electrons from a reduced substrate to an
oxidized substrate. These multisubunit sys-
tems are distributed in all domains of the
living world.
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e. Light Absorption-Driven
Transporters

Transport systems that utilize light en-
ergy to drive transport of an ion are in-
cluded in this subclass. These systems and
their homologues are distributed in all three
domains of life.

4. Class 4. Group Translocators

This class includes transport systems
that chemically alter the substrate during
transport across a membrane so that the
species released into the cytoplasm differs
from the one that was taken up.

a. Phosphotransfer-Driven Group
Translocators

Transport systems of the bacterial
phosphoenolpyruvate:sugar phosphotrans-
ferase system are the only recognized group
translocators. The product of the transport
reaction, derived from extracellular sugar,
is a cytoplasmic sugar-phosphate. The en-
zymatic constituents that catalyze sugar
phosphorylation are superimposed on the
transport process in a tightly coupled and
highly sophisticated process.

5. Class 5. Transmembrane
Electron Carriers

This class includes systems that
catalyze electron flow across a biological
membrane. The electrons are transferred
from donors localized to one side of the

membrane to acceptors found on the other
side. These systems contribute to or sub-
tract from the membrane potential, depend-
ing on the direction of electron flow.

a. Transmembrane 2-Electron
Transfer Carriers

This subclass is restricted to systems that
catalyse transfer of a pair of electrons across
the membrane in one or more discrete steps
without splitting the paired electrons.

b. Transmembrane 1-Electron
Transfer Carriers

This subclass includes systems that
catalyse the sequential transfer of single
electrons across the membrane.

6. Class 8. Accessory Factors
Involved in Transport

Proteins that function with or are
complexed to known transport proteins are
included in this category. In some cases,
auxiliary proteins are considered to be an
integral part of the transport system, and in
such cases the proteins are classified with
the transporter. Then no distinct entry in
category 8 is provided.

a. Auxiliary Transport Proteins

This subclass consists of proteins that
facilitate transport across one or more bio-
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logical membranes, but themselves do not
participate directly in transport. These pro-
teins always function in conjunction with
one or more established transport system(s).
They may provide a function connected with
energy coupling to transport, play a struc-
tural role in complex formation, serve a
biogenic or stability function, or play aregu-
latory role.

7. Class 9. Incompletely
Characterized Transport
Systems

Transport protein families for which
insufficient information is available to al-
low classification in a defined class (e.g.,
TC classes 1 to 5) belong to category 9.

a. Recognized Transporters of
Unknown Biochemical Mechanism

Recognized families of transport pro-
teins of unknown classification are grouped
in this subclass. These families include at
least one member for which a transport func-
tion has been established, but either the mode
of transport or the energy coupling mecha-
nism is not known. They will be classified
elsewhere when the transport mode and/or
energy coupling mechanisms are character-
ized.

b. Putative Uncharacterized
Transport Proteins

Putative transport protein families are
grouped into this subclass if a transport func-
tion has been suggested for one or more
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members of the family, but evidence for
such a function is not yet compelling. They
will either be classified elsewhere when the
transport function of a member becomes
established, or are eliminated from the TC
system if the proposed transport function is
disproven.

c. Functionally Characterized
Transporters Lacking Identified
Sequences

Transporters of particular physiological
significance are included in this category
even though a family assignment cannot be
made. When their sequences are identified,
they will be assigned to an established fam-
ily. This is the only TC subclass that in-
cludes individual proteins rather than pro-
tein families.

C. The Significance of
Transporter Family Association

Nearly 400 families are currently in-
cluded in the TC system (see Table 1 and
TCDB). Affiliation with a family requires
satisfying rigorous statistical criteria of ho-
mology (Saier, 1994). Briefly, a protein must
exhibit a region of 60 residues or more in
comparable portions of the protein that ex-
hibit a comparison score in excess of nine
standard deviations (SD) with at least one
established member of that family. Whereas
the classes and subclasses distinguish func-
tionally distinct types of transporters, the
families and subfamilies provide a phyloge-
netic basis for classification. Thus, the TC
system is a functional/phylogenetic system
of classification. Families rarely cross class
or subclass lines.
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Recognition of a phylogenetic relation-
ship based on sequence similarity allows
certain conclusions regarding three-dimen-
sional structural features. Any two proteins
that can be shown to be homologous (i.e.,
that exhibit sufficient primary and/or sec-
ondary structural similarity to establish that
they arose from a common evolutionary
ancestor) can be expected to exhibit strik-
ingly similar three dimensional structures
although a few exception have been noted
(Saier and Tseng, 1999). Therefore, extrapo-
lation from one member of a family of
known structure to all other members be-
comes justifiable. The extrapolation of struc-
tural data to other proteins should never be
made if homology has not been established.
Similar arguments apply to mechanistic
considerations. Thus, the mechanism of
solute transport is likely to be similar for all
members of a permease family, and varia-
tions on a specific mechanistic theme are
greatest when the sequence divergence is
greatest. In contrast, for members of any
two independently evolving permease fami-
lies, the transport mechanism may be strik-
ingly different. Extensive experimental work
has established that phylogenetic data can
also be used to predict substrate specificity,
polarity of transport and even intracellular
localisation depending on the family and
the degree of sequence divergence observed
within that family (Saier, 2000a,c).

The current TC system, summarized in
Table 1, is available in database format on
the World-Wide-Web (http://tcdb.ucsd.edu).
It provides detailed descriptions of and refer-
ence citations for (1) TC classes, (2) sub-
classes, (3) families, (4) subfamilies, and
(5) individual proteins. Additionally, relevant
research tools can be found on our website,
facilitating examination of the world of trans-
port proteins. TCDB is equipped with a search
tool that allows the user to search by key
word, gene name, family, or protein sequence.
Any protein demonstrably homologous to a

TC family member can be identified using
TC-BLAST. TCDB is interconnected with
other useful databases and websites.

D. Characteristics of the
Families

Key features of the transporter families
currently recognized in TCDB, are summa-
rized in Table 2. This table provides the TC
number of the family, the substrates that are
transported (substrates that are common to
one transporter are separated by commas,
whereas substrates of different transporters
are separated by semicolons) and the size
ranges of the individual protein members
within each family. Additionally, the probable
numbers of transmembrane segments in the
integral membrane constituents of the family
and sometimes the oligomeric structures are
predicted. The organismal groups in which
members of the family have been identified
and the approximate sizes of the families (num-
bers of members expressed in orders of mag-
nitude) are indicated. Finally, a well-charac-
terized example is provided in the last column.

Several TC entries presented in Table 2 are
superfamilies. In such cases, TCDB indicates
the numbers of subfamilies currently recognized
within that superfamily. The VIC (TC 1.A.1),
MF (2.A.1), and ABC (3.A.1) superfamilies
are the largest and most diverse transporter su-
perfamilies currently recognized, but several other
TC families have achieved superfamily status.
The interested reader is referred to TCDB for
further explanation and continual updates.

Il. TOPOLOGIES OF VARIOUS
TRANSPORT PROTEIN TYPES

As indicated in Table 2, the topologies
of proteins within the different families of
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the TC system were predicted using topo-
logical prediction programs such as WHAT
(Zhai and Saier, 2001) and TOPPRED
(Claros and von Heijne, 1994). In relatively
few instances have protein topologies been
experimentally established, but when this
information is available it is provided (un-
derlined values in Table 2).

We have proposed that channels and
carriers are fundamentally different at both
structural and functional levels, but that the
former were the evolutionary precursors of

40,
30 |

20-

the latter (Saier, 2000b). In Figure 2, the
topologies of channel and carrier proteins
are compared. The numbers of TMSs found
in the protein constituent types within sev-
eral subclasses are plotted. The average
number of TMS £ S.D. for each of these
subclasses is shown in Figure 3.

As seen in Figure 2, the topological types
that comprise o-type channels (TC sub-
classes 1.A, 1.C, and 1.E) differ fundamen-
tally from secondary carriers (TC subclass
2.A). Most families of o-helical channels

A. Toxins (1.0)

# of Topological Types

1 2

3 4 5 6 7

> C. Carriers (2.A)

D. Unknown (9.A)

9 10 11

12 13 14 15 16

# of TMSs/polypeptide chain

FIGURE 2. Distribution of the various topological types of transporters in four subgroups of the TC
system. (A) channel-forming toxins (1.C); (B) o-type channels (1.A plus 1.E); (C) porters (2.A); (D)
transporter types of unknown mechanism (9.A). Grey, established; black, putative; white, uncertain.
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include proteins with one to six TMSs,
whereas the vast majority of carrier-type
families display 10 to 12 TMSs. Almost all
proteins in subclasses 1.C and 1.E display
just one or two TMSs, but channel proteins
with up to 24 TMSs per polypeptide chain
can be found in subclass 1.A.

These differences are displayed in a dif-
ferent way in Figure 3. Here the average
number of TMSs for the various protein
types in each subclass are presented * S.D.
Fundamental differences are apparent. These
observations document the critical topologi-
cal differences between the different classes
of channels as well as between channels and
porters. The small numbers of TMSs in most
channel-forming proteins reflect their oli-
gomeric structures, while the larger num-
bers of TMSs in the carriers reflect their
basically monomeric constructions.

The average numbers of TMSs for sub-
classes 9.A and 9.B are more representative
of channel-like proteins than carriers sug-
gesting that the majority of these proteins
that prove to be transporters may prove to
be channels. However, some will undoubt-
edly prove to be carriers, and a few may
prove to function by novel mechanisms. The
data in Figures 2 and 3 allow one to predict
which class 9.A families will prove to be
members of TC class 1 or 2.

It has been proposed that large complex
transport systems arose progressively from
smaller simpler ones (Saier, 2000b). Sub-
class 1.A channels could have developed
from toxin-like peptide channels of sub-
class 1.C or holin-like channels of subclass
1.E, while subclass 1.A channels might have
been the evolutionary precursors of porters.
The latter proteins have more TMSs, and by
virtue of their increased structural and func-
tional complexity it is reasonable to pro-
pose that carriers arose from channels in a
process that involved internal gene duplica-
tion events (Saier, 1994). In fact, sequence
analyses have revealed the presence of in-
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ternal repeat sequences in many of the pro-
teins that comprise families of secondary
and primary active transporters (Saier, 1994,
1998, 2001). The repeat units of these com-
plex transporters resemble the full-length
sequences of the simpler channels (Saier,
2000c). It is important to note that very few
families of transporters include homologues
that function in a capacity other than trans-
port. Arguments that primary active trans-
porters and group translocators resulted from
superimposing catalytic proteins such as
enzymes onto channels and carriers have
been presented (Saier, 2000b)

lll. SIZE VARIATIONS IN
TRANSPORTERS IN THE
DIFFERENT TC SUBCLASSES

Figure 4A provides an evaluation of the
size ranges observed for the families that
comprise the different subclasses of the TC
system. Most families in TC subclass 1.A
are of intermediate size (100 to 1000 resi-
dues per polypeptide chain), but a few are
less than 100 or more than 1000 residues. In
contrast, most transporter types in TC sub-
classes 1.C and 1.E are much smaller, and
all of the 1.E. subclass proteins are small.
Proteins of subclass 2.A are never smaller
than 100 residues in length, and most ex-
ceed 500 residues. Those of subclass 9.A.
more closely resemble the channels of sub-
class 1.A. These size differences reflect the
topological differences reported in Figures
2 and 3.

Size variance is presented in Figure
4B. Variance is minimal for channel-form-
ing subclasses 1.C and 1.E but substan-
tially greater for subclass 1.A. The vari-
ance for proteins of subclass 2.A is
comparable to that of the channels of sub-
class 1.A. Interestingly, that in subclass
9.A is minimal.
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A. Transporter Sizes
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B. Size Divergence
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FIGURE 4. Schematic depiction of A, polypeptide sizes within the transporter families in selected
TC subclasses, and B, the protein size variances observed for these same subclasses. (A) White
(bottom) average size of <100 residues; light gray, average size between 100 and 500 residues;
dark gray, average size between 500 and 1000 residues; black (top), average size greater than
1000 residues. B, white (bottom), variance <100 residues; light gray, variance between 100 and 500
residues; dark gray, variance between 500 and 1000 residues; black (top), variance greater than
1000 residues.
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IV. CURRENT SIZES OF
TRANSPORTER FAMILIES

As shown in Table 2, recognized trans-
porter families differ over 3 orders of mag-
nitude with respect to the numbers of cur-
rently sequenced proteins which comprise
them. To examine the size distributions of
the current transporter families, the data
shown in figure 5 were compiled. The
vast majority of the TC families are of
intermediate size, having between 6 and
500 currently sequenced members. Only
66 families have five members or less.
There are only 15 currently recognized
families that include more than 500 se-
quenced protein members. Most of them
are ubiquitous, having membership from
all major domains of living organisms. Of
the channels, the five largest families are
the ubiquitous VIC, MIP and HSP70 fami-
lies (TC#1.A.1, 1.A.8 and 1.A.33, respec-
tively) as well as the eukaryotic-specific
TRP-CC and LIC families (TC#1.A.4 and
1.A.9, respectively). Of the secondary
active carriers, the MF (2.A.1), RND
(2.A.8), DMT (2.A.7), NSS (2.A.22), MC
(2.A.29), and MATE (2.A.68) superfami-
lies have the largest membership. Among
the primary active carriers, the ABC
(3.A.1), P-type ATPase (3.A.3) and COX
families (3.D.4) have the greater family
membership with decreasing numbers in
this order. One putative transporter fam-
ily (FAT (9.B.17)), the acyl-CoA synthase
family, includes thousands of sequenced
proteins, but a role of these proteins in
transport is not well established (Saier
and Kollmann, 1999). If these enzymes
couple fatty acid uptake to coenzyme A
thio-esterification, the process provides a
second example of group translocation in
which the substrate is modified during
transport (Faergeman et al., 2001).
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V. DISTRIBUTION OF
TRANSPORTER FAMILIES IN
THE THREE DOMAINS OF LIFE

The occurrence of transporter types in
the three domains of life was evaluated by
creating a plot which shows the representa-
tion of the members of a family in the three
domains of living organisms, the bacteria,
the archaea, and the eukaryotes. Table 3
provides compilations for each of the dif-
ferent subclasses within the TC system,
while Figure 6 evaluates the entire TC sys-
tem. Most ubiquitous families are found
within subclass 2A. We propose that this
fact reflects the larger polypeptide sizes of
these usually monomeric proteins. The
smaller oligomeric channel-forming proteins
may have undergone more extensive se-
quence divergence leading to the appear-
ance of multiple families exhibiting insuffi-
cient degrees of sequence similarity to allow
establishment of homology. Larger protein
size facilitates distant phylogenetic relation-
ship detection, and requirements for reten-
tion of specific functional properties restrict
the natural process of sequence divergence
that occurs over evolutionary time.

Most of the channels in class 1 are re-
stricted to specific organismal types. This
fact may in part reflect the ease with which
simple channel-like functions can be gener-
ated de novo from small peptides. It may
also reflect the absence of strict constraints
preventing sequence divergence.

As illustrated in Figure 6, bacterial spe-
cific transport protein families are more
prevalent than are those found only in eu-
karyotes (47% vs. 26%). This could be a
reflection of evolutionary pressure forcing
bacteria to maintain diversity in order to
remain adaptive in response to a wide range
of environmental stress conditions. Multi-
cellular eukaryotes generally create internal
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TABLE 3

Distribution of Transporter Families in the Three Domains of Living Organisms'’

TC Subclass Organismal Distribution
B E A B,E B,A E, A B,E A

LA 5 25 0 2 0 0 5
1.B 30 4 0 0 0 0 0
1.C 34 23 0 1 0 0 0
1.D 5 5 0 0 0 0 0
LE 18 0 0 0 0 0 0
2.A 25 12 0 8 4 0 31
2B 7 0 0 0 0 0 0
3A 6 2 0 1 0 0 5
3B 0 0 0 0 1 0 0
3.C 0 0 1 0 0 0 0
3D 2 0 2 4 1 1 1
4.A 6 0 0 0 0 0 0
5.A 1 0 0 0 1 0 0
5B 0 0 0 1 0 0 0
8.A 7 4 0 1 0 0 1
9.A 11 9 0 0 2 0 1
9.B 8 9 0 11 4 0 6
Total 165 93 3 29 13 1 50
% 47% 26% 1% 8% 4% 0,3% 14%

'B, bacteria; E, eukaryotes; A, archaea; B, E, bacteria and eukaryotes but not archaea; B, A, bacteria and
archaea but not eukaryotes; E, A, eukaryotes and archaea but not bacteria; B, E, A, ubiquitous; found in
all three domains. Note: Some entries in Table 2 were updated after the compilation presented here was

completed.

homeostatic environments that obviate the
need for extensive cellular stress response
mechanisms. The greater diversity of
prokaryotic transporters may also reflect the
greater period of evolutionary time that these
organisms have been on Earth. Eukaryotes
may have evolved from a limited subgroup
of primordial bacteria, and these bacteria
may not have exhibited the full complement
of prokaryotic transporter families. Alterna-
tively, eukaryotes may have lost families
that were present in the eukaryotic progeni-
tor. Although eukaryotes exhibit fewer fami-
lies than prokaryotes, they have proliferated
tremendous numbers of paralogues within
certain families, probably for very specific

purposes involving tissue-specific and or-
ganelle-specific functions (C. elegans se-
quence consortium, 1998).

There are very few archaeal-specific
transporter families. This may in part be a
reflection of the fact that functional data are
sparse for archaeal proteins. The focus of
molecular biological research over the last
6 decades has been concerned almost exclu-
sively with bacterial and eukaryotic sys-
tems. However, if archaea arose from pri-
mordial bacteria, they may have acquired a
restricted subset of proteins from the ances-
tral bacterium, and they then would have
had less time to diversify. This interesting
postulate should be subject to empirical re-
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search. It should be noted that recognition
of a transporter family is facilitated by the
availability of genomic sequence data only
if functional data are available.

Ubiquitous families (A+B+E in Figure 6)
represent 14% of the total, while those rep-
resented in just two of the domains of life
are still less numerous with those shared by
bacteria and eukaryotes (8%) exceeding
those shared by archaea and bacteria (4%)
by twofold. Only one family (0.3%) is found
only in the archaeal and eukaryotic domains.
Some of these families found in just two
domains will undoubtedly prove to be ubig-
uitous when more sequence data and more
sensitive search tools become available.

VI. TRANSPORT PROTEINS FOR
WHICH THREE-DIMENSIONAL
STRUCTURAL DATA ARE
AVAILABLE

Detailed structural data on transport
proteins will be necessary in order to gain
an ultimate understanding of transport pro-
cesses. Unfortunately, very few membrane
proteins have yielded to the techniques of
the X-ray crystallographer.

Despite the fact that integral membrane
proteins comprise about one-third of all pro-
teins, less than 2% of the available 3-D
structures are for such proteins. These trans-
porters are listed in Table 4.

Vil. CONCLUSIONS AND
PERSPECTIVES

The TC system displayed in TCDB
(http://tcdb.ucsd.edu) allows any researcher
to easily gain access to the extensive body
of knowledge available for transport sys-
tems. With the tools we provide on our
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websites, one can convincingly view the
relationships between the established trans-
porters in the TC system and novel proteins
that recently have been or will soon be se-
quenced or discovered. A valuable tool for
this purpose is TC-Blast that performs a
Blast search against TCDB, revealing the
nearest homologues and the families in the
TC system to which the query sequences
belong. There are also a number of other
programs available on our website which
help to bring to light the features of newly
discovered transporters (e.g., WHAT,
AveHAS, BBF, TV, etc.). The interested
reader is invited to view our web site to
familiarize herself or himself with these
tools.

Due to the nature of transporters as in-
tegral membrane proteins, we believe that
computational approaches will prove useful
particularly for their structural elucidation.
Phylogenetic analyses should reveal struc-
ture/function relationships that greatly fa-
cilitate empirical research. With the avail-
ability of better tools, it will be easier to
track phylogenetic relationships and the
pathways by which proteins have evolved.
Tracking the evolutionary pathways taken
for the appearance of topologically dissimi-
lar proteins within a family and for families
of transporters exhibiting dissimilar mecha-
nisms of action will prove to be a daunting
but highly worthwhile endeavour. For this
purpose it will be important to create new
and more reliable topological prediction
programs as well as programs that allow
detection of very distant phylogenetic rela-
tionships (Pei and Grisham, 2001).

Another crucial aspect of analysing re-
lationships between families, and even
classes of families, will involve designing a
broad-based dataset of proteins within each
family in an accurate but automated way.
We are currently designing such software
for the TC system. If the datasets for the
different families are sufficiently extensive
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TABLE 4

Transport Proteins for Which High-Resolution 3-Dimensional Structural Data Are

Available
TC Number Protein Family Source PDB code
1.A. O-type channels
1.A.1.1.1 K* channel, KscA VIC Streptomyces lividans 1BL8
1.A8.1.1 Glycerol Channel, GlpF MIP E. coli 1FX8
1.A.8.8.1 Aquaporin 1 MIP Homo sapiens 1FQY
1.LA9.1.1 Acetylcholine receptor* LIC Torpedo californica 3MRA
1.A.11.5.1  CIC Chloride Channel CIC E. coli 1IKPK
1.A.11.5.1  CIC Chloride Channel CIC Salmonella typhimurium 1KPL
1.A21.1.1  Apoptosis regulator, Bcl-X(L) Bcl-2 Homo sapiens IMAZ
1.A.22.1.2  Mechanosensitive channel MscL Mycobacterium tuberculosis  1MSL
1.B. B-barrel porins
1.B.1.1.1 Porin (OmpC) GBP E. coli 11V (Theo.)
1.B.1.1.2 Porin (PhoE) GBP E. coli 1PHO
1.B.1.1.3 Porin (OmpF) GBP E. coli 10PF
1.B.3.1.1 Maltoporin (LamB) SP Salmonella typhimurium IMAL
1.B.6.1.1 Porin (OmpA) OOP E. coli IBXW
1.B.7.1.1 Porin (PorCa) RPP Rhodobacter capsulatus 2POR
1.B.14.1.4  FhuA ferrichrome receptor OMR E. coli 1BYS
1.C. Pore-forming protein and peptide toxins
1.C.1.1.1 Colicin Ia Colicin E. coli IC1I
1.C.1.2.2 Colicin E1 Colicin E. coli 1CoL
1.C.1.2.2 Cry 1Aa ICp Bacillus thuringiensis 1CIY
1.C2.2.1 Cry 3Aa ICP Bacillus thuringiensis IDLC
1.C.3.1.1 o-Hemolysin oHL Staphylococcus aureus 7AHL
1.C4.1.1 Aerolysin Aerolysin  Aeromonas hydrophila 1PRE
1.C.18.1.1  Melittin CAP Apis melifera 2MLT
1.C.19.1.1  Defensin CAP Homo sapiens IDFN
1.D. Non-ribosomally synthesized channels
1.D.1.1.1 Gramicidin A Gramicidin  Bacillus brevis 1GMK
1.D.51L Alamethicin Alamethicin Trichoderma viride 1AMT
3.A. P-P-bond hydrolysis-driven transporters
F,F, ATP synthase subunit C  F-ATPase E. coli 1A91, 1Q01
3.A3.24 Ca ATPase, SR P-ATPase  Oryctolagus cuniculus 1EUL
3.D. Redox-driven proton pumps
3D3.21 Quinol:cytochrome ¢ reductase QCR Bos taurus 1BGY, 1QCR,
1BCC
3D4.2.1 Cytochrome ¢ oxidase cox Thermus thermophilus 1EHK
3D4.6.1 Cytochrome ¢ oxidase COX Paracoccus denitrificans 1AR1
3.D4.7.1 Cytochrome c oxidase COX Bos taurus 1QLE
3.E. Light-driven proton pumps
3E.l.1.1 Bacteriorhodopsin MR Halobacterium salinarum 1BRX, 2BRD,
1AP9, 1AT9,
1BRD
3E.121 Halorhodopsin MR Halobacterium salinarum 1E12
3.E.13.1 Sensory rhodopsin MR Halobacterium salinarum 1HG8
3E2.1.1 Reaction center RC Rhodobacter sphaeroides 2RCR,
4RCR
3E21.1 Reaction center RC Rhodopseudomonas viridis 1PRC
*Only low-resolution structural data are available for this protein.
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and reliable, we will be able to derive accu-
rate sequence motifs and patterns that char-
acterize a family and have structural/func-
tional significance. New approaches for
characterizing families will undoubtedly
come to light.

Research into the molecular basis of
transport processes can be greatly facili-
tated using in silico approaches. Such ap-
proaches are likely to reveal information
present in primary protein sequences that
are currently masked due to our limited
understanding of proteins and the inadequa-
cies of currently available computational
technologies. Bioinformatic advances should
facilitate, for example, the development of
transport protein specific drugs, thereby
providing a basis for a new class of antibi-
otic, antiprotozoan and antifungal sub-
stances. Many other unforeseen advances
can be anticipated.
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