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The vast majority of well studied transmembrane channels,
secondary carriers, primary active transporters and group
translocators are believed to have arisen vis intragenic
duplication events from simple channel-forming peptides with
just 1-3 transmembrane «-helical segments, found
ubiquitously in nature. Only a few established channel-forming
proteins appear to have evolved via other pathways. The
proposed pathway for the evolutionary appearance of the five
types of transport proteins involved intragenic duplication of
transmembrane pore-forming peptide-encoding genes, giving
rise to channel proteins. These gave rise to single protein
secondary carriers which upon superimposition of addition
protein domains and proteins, including energy-coupling
proteins and extracytoplasmic receptors, gave rise to
multidomain, multicomponent carriers, primary active
transporters and group translocators. Some of the largest and
best characterized superfamilies of these transmembrane
transport proteins are discussed from topological and
evolutionary standpoints.
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Introduction

T'ransmembrane transport systems are vital for all aspects
of cellular physiology including uptake and export of
nutrients, end products of metabolism, drugs, toxins
and macromolecules [1,2,3,4]. Our laboratory has studied
these proteins for several decades, and have developed
and maintain the [IUBMB-approved Transporter Classifi-
cation Database (TCDB; www.tcdb.org) [5,6,7,8]. TCDB
provides a functional/phylogenetic system of classifica-
tion with four well-defined classes, (1) Channels, (2)
Secondary Carriers, (3) Primary Active Transporters
and (4) Group Translocators. The first class includes both
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small oligomeric peptide channels and larger protein
channels. The second class includes both single protein
and multidomain, multicomponent, secondary carriers
with the precursor channel protein providing the trans-
port pathway. Primary active transporters and group
translocators are usually multi-component systems in
which the energy-coupling proteins are superimposed
on the transporters. Only group translocators modify their
substrates during transport, and these also usually require
the participation of enzymes superimposed upon and
mechanistically coupled to the transporters. However
in a few recognized cases, enzymes have become trans-
membrane, gaining transport functions, and in other
cases, transporters have evolved enzyme catalytic activi-
ties [9°°]. Thus, we believe that most transporters evolved
in a sequential fashion from class 1 through class 2 to
classes 3 and 4 via the pathway shown in Figure 1 [42°°].
"This pathway and the functional diversity exhibited by
members of a few large transport protein superfamilies
will be the focus of this article [10°,11°].

In addition to a-type integral membrane transport pro-
teins, transmembrane (-barrel proteins form a distinct
class of channel proteins, called porins or outer membrane
pore-forming proteins (OMPPs). They form channels in
the outer membranes of many Gram-negative and Gram-
positive bacteria, mitochondria, chloroplasts and certain
other eukaryotic organelles such as peroxisomes [12,13].
The family and superfamily relationships of these
OMPPs and the evolutionary pathways that gave rise
to them have been considered in detail [14,15°°] and will
not be discussed further here.

The precursors of most a-helical type
transporters: channel-forming peptides
Virtually all types of organisms synthesize peptides
designed to insert into membranes of either self or
non-self to create oligomeric ion-conducting pores. None
of these small peptides form carriers or more complex
transporters. Many families and superfamilies of peptide
pore-formers are known and recorded in TCDB. They
include bacteriocins and archaeocins, made by bacteria
and archaea, respectively. Many bacteriocins function to
attack other organisms (>12 families in 'T'C subclass 1.C)
[16,17,18]. Eukaryotic ‘defensins’ and ‘cecropins’ (>12
families, also in subclass 1.C) serve as the first line of
bodily defense, destroying infectious agents of disease
such as envelope viruses, bacteria, fungi and parasites
[19]. Ubiquitous organismal holins, ‘hole-formers’, (T'C
subclass 1.E) insert into the cytoplasmic membranes of
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Proposed pathway for the evolution of most transport proteins found in living organisms. Genes encoding simple oligomeric pore-forming peptides
(red) underwent intragenic duplication, triplication or quadruplication as well as gene fusional events to add auxiliary domains, generating protein
channels (green) with fewer subunits (step 1). These then mutated to achieve stereospecific recognition of solutes as well as an ‘alternating
access’ transport mechanism by which the substrate binding site can shuffle between an outwardly open conformation and an inwardly open
conformation with one or more intermediate occluded states, yielding a single protein secondary carrier (yellow) (step 2). In some cases, extra
domains (for regulation and protein-protein interactions) and extra subunits (for substrate recognition, biogenesis and facilitation of catalysis) were
added (step 2') (tan). Finally, by the superimposition of energy coupling proteins (often enzymes) onto the carrier, primary active transporters
(purple) and group translocating porters (blue) evolved (steps 3 and 4, respectively). In some cases, alternative pathways may have been followed,
as for light-driven microbial rhodopsins and certain ion-translocating electron transfer proteins, where the primary active transport mechanism did
not result from the superimposition of enzymes upon the carrier, but instead involved incorporation of the energy-coupling mechanism into the
transport protein or vice versa. Such alternative events provided a much less common mechanism for generating primary active transporters and
group translocators. Circles enclosing numbers indicate evolutionary steps leading to transporter types of the TC class, also indicated by the

number.

the producing organisms, where they allow phage-in-
duced cell lysis, programmed cell death, toxin release
or development, depending on the system (>60 families)
[20°]. Two holin families (TC#’s 1.E.18 and 1.E.36) have
been found to contain both 2 and 4 transmembrane
segment (TMS) homologues, and the latter have arisen
from the former by intragenic duplication [21]. Viroporins
and viral fusion pore-forming proteins (in TC subclasses
1.A and 1.G, respectively) (>40 families) act at various
stages during the virus infection cycle. It is clear that such
transmembrane peptides are found ubiquitously through-
out living organisms and could have provided the starting
materials for the generation of more complex transport
systems.

Intragenic multiplication to generate large
protein channels and pores

Many a-type channel proteins (T'C subclass 1.A) and B-
barrel porins ('T'C subclass 1.B) have apparently arisen via
intragenic duplication events as well as gene fusion
events [11°,12]. The best characterized of the former
include members of the recently expanded Voltage-gated
Ion Channel (VIC) Superfamily.

The voltage-gated ion channel (VIC)
superfamily

Figure 2 shows our current conception of how the VIC
Superfamily evolved to its present level of complexity.
Some members (T'C# 1.A.1 and 1.A.2) are small 2 ' TMS

proteins, each with a central reentrant ‘Pore’ or ‘P’-loop,
and these small proteins form homo- or hetero-tetrameric
channels with a total of 8 TMSs. Another family, the
voltage-gated proton channel (VPC) family (TC# 1.A.51),
consists of proteins with 4 TMSs that serve both as
voltage sensors and H* channels [22]. Such 4 TMS
domains evidently fused N-terminal to the 2 TMS VIC
channels to yield 6 TMS proteins. The N-terminal
4 TMS domain confers voltage sensitivity to the C-
terminal 2 TMS domain with central P-loop which retains
its ion conductivity function. Although the sensor
domains in the 6 TMS VIC Family proteins have lost
their H" channel properties, a few amino acid substitu-
tions in this 4 'TMS domain restore primordial proton
channel function [23].

Most VIC K* channels consist of tetramers of the basic
2 or 6 'TMS subunit, but some of these channels have
duplicated the 2 TMS element to give 4 'T'MS proteins
that must dimerize to form a functional channel [24]
(Figure 2). Animal Ca®* channels are sometimes dupli-
cated to give 12 TMS proteins, but most Ca** channels
and all Na* channels of animals (but not prokaryotes)
have duplicated the 12 TMS dimers to give full length
24 'TMS monomeric channels [25]. We suggest that in
animals, K* channels gave rise to Ca®" channels which
were the direct precursors of Na® channels. Further,
several different fusional events have given rise to the
large 6 or more TMS proteins of the Ryanodine/Inositol
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Figure 2
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Proposed pathway for the diversification of the Voltage-gated lon Channel (VIC) Superfamily. The two precursors of 6 TMS VIC family members
were (1) a 4 TMS voltage-gated H* channel (VPC, TC# 1.A.51; yellow, lower left) and (2) a 2 TMS plus pore loop (P) ion (K*) channel (VIC, TC#
1.A.1 and IRK 1.A.2; purple, lower left), which fused with the former N-terminal and the latter C-terminal, to give the voltage-sensor and the
channel, respectively, of typical 6 TMS VIC channels (central left; yellow and purple, respectively). Some of these channels gained extra domains
by domain fusion events yielding large proteins with the usual 6 TMS topology (RIR, TC# 1.A.3; TRP, TC# 1.A.4 and PCC, TC# 1.A.5). Both the
resultant 6 TMS channel and the original 2 TMS channel sometimes duplicated to give 12 TMS proteins (blue; VIC Ca®* channels; TC# 1.A.1.11)
as well as monovalent cation:proton antiporters (blue; CPA; TC# 2.A.36 and TC# 2.A.37), and 4 TMS proteins (red; some VIC K* channels, TC#
1.A.1.9), respectively (central and lower right, respectively). While the 6 and 2 TMS proteins must tetramerize to form an active channel, the
duplicated 12 and 4 TMS VIC channels form active dimers. Most VIC family calcium channels (TC# 1.A.1.11) and possibly all such sodium
channels (TC# 1.A.1.10) in animals underwent a second duplication event to form monomeric 24 TMS channel proteins with four 6 TMS internal
repeats (brown; top right). In prokaryotes, characterized Na* and Ca2* channel proteins of the VIC family usually have 6 TMSs with the P-loop
between TMSs 5 and 6, and they must tetramerize to form active channels (not shown). The anoctamin family (TC# 1.A.17; orange) may have
arisen from the 6 TMS VIC-like proteins as shown (upper left), although the positions of the P-loops in these proteins are still controversial. Trk K*
carriers (TC #2.A.38) arose following quadruplication of the simple 2 TMS + P-loop unit (green; bottom left). lon specificity in higher eukaryotes

may have evolved via the pathway: K* — Ca®* — Na*.

triphosphate Receptor (RIR) Channels (T'C# 1.A.3), the
Transient Receptor Potential (TRP) Channels (1.A.4),
and the Polycystin Cation (PCC) Channels (1.A.5) [26].
More recently, the Glutamate-gated Ion Channels
(GIC) with a glutamate binding protein (originally from
prokaryotes) fused to the channel domain (1.A.10) to
give ligand-gated channels [27], and the Anoctamin/
"TMC/CSC superfamily (TC# 1.A.17) with a variety of
fused domains of unknown function, linked to the
probable 6 TMS VIC-like domain, have been shown

to belong to the VIC superfamily (Z. Ye ez a/., manu-
script in preparation).

Interestingly, two families of carriers, the Trk family of
K" transporters (T'C# 2.A.38) and the CPA superfamily of
cation:proton antiporters (T'C# 2.A.36 and 2.A.37), appear
to belong to the VIC superfamily. Trk proteins have
8 TMSs with 4 repeats derived from the 2 'TMS chan-
nel-forming domain of VIC proteins with a usual P-loop
between each pair of TMSs. The CPA family may have

www.sciencedirect.com
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originated from a 6 TMS VIC protein with a single
duplication giving rise to 12 TMS proteins that subse-
quently gained or lost one or more TMSs.

Secondary carriers — the Major Facilitator
Superfamily (MFS)

Just as the VIC superfamily is the largest group of
homologous channel proteins found in nature, the Major
Facilitator Superfamily (MFS) is the largest superfamily
of secondary carriers [28°,29]. MFS proteins arose via two
sequential duplications: 3 —> 6 —> 12 'TMSs, with some
members gaining two more TMSs centrally located be-
tween the two 6 TMS repeat units, possibly by duplica-
tion of an adjacent 2 TMS hairpin structure [30]
(Figure 3). But what was the origin of the primordial
3 'TMS precursor? We have provided preliminary evi-
dence that the simple 2 TMS + central P-loop VIC family

Figure 3

channel was the precursor of this 3 TMS repeat unit [31].
In this process, the last TMS may have retained its
original orientation in the membrane, from out-to-in,
the moderately hydrophobic reentrant P-loop became
transmembrane, and the first TMS in the 2 TMS VIC
precursor inverted, going from the original in-to-out ori-
entation to the opposite out-to-in orientation [31]. Re-
gardless of the veracity of this proposal, high resolution
3-D x-ray crystallographic structures have provided firm
evidence for the 3 TMS precursor model for the evolution
of MFS porters [32] (Figure 3).

Recent studies suggest that the MFS includes more
families of secondary carriers than previously believed
(nearly 100), but most surprisingly, it appears to include
catalytic enzymes such as rhomboid proteases that cleave
their substrate proteins within a membrane [33], glycosyl
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The proposed precursor for all members of the MFS was a 3 TMS peptide (blue; center left), possibly derived from a 2 TMS plus P-loop voltage-
gated ion channel [31] (see text). This 3 TMS unit duplicated twice, first to a 6 TMS protein, and then again to give a 12 TMS protein,
characteristic of most MFS carriers (TC# 2.A.1) (light blue; central left and middle). In a few cases, 12 TMS MFS carriers have duplicated or fused
to give 24 TMS proteins catalyzing related but different transport processes (not shown). Six TMS products of the proposed 3 TMS duplication
also gave rise to members of the MIP family of aquaporins and glycerol facilitators (TC# 1.A.8) (orange; upper left), the N-terminal 6 TMS domains
of LysS family members (Lysyl-tRNA syntheses; TC# 9.B.111) (light green; upper left) proteins of the DUF1275 family (TC# 9.B.143) of unknown
function (dark green; upper center), and the 6 TMS Rhomboid proteases (pea green; lower left). The basic 12 TMS MFS backbone lost an N-
terminal TMS (Ferroportin (Fpn) Family; TC# 2.A.100; pink, upper right), or a C-terminal TMS (the ENT and E-RFT families, TC# 2.A.57 and
2.A.125, respectively) (purple; upper right). Two TMSs (A and B), found in several MFS families, were inserted between the two 6 TMS repeat
units. TMSs A and B are believed to have arisen independently in several different MFS families, possibly by intragenic duplication of the adjacent
a-helical hairpin-encoding genetic element (yellow; lower right) [30]. From the last 8 TMSs of a 14 TMS protein, possibly of the MFS family, DHA2
(TC# 2.A.1.3), transmembrane regions of glycosyl transferases (GT) (red; bottom center) and the N-terminal domains of some P-type Mg?*-

transporting ATPases (TC# 3.A.3.4) (dark blue; bottom left) arose.

Current Opinion in Structural Biology 2016, 38:9-17
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transferases that translocate the growing carbohydrate
chain across the membrane as it is being synthesized
[34°°], and N-terminal domains of unknown function
within Mg**-transporting P-type ATPases and lysyl-
tRNA synthetases (S. Wang ¢z @/., manuscript in prepara-
tion). Also, it seems that the 6 TMS Major Intrinsic
Protein (MIP) Family (1.A.8) of aquaporins and glycerol
facilitators [35], known to have a 3 TMS duplicated
sequence, may be distantly related to MFS porters.
Phylogenetic trees suggest which families are most close-
ly related, and they also provide evidence that the dupli-
cation of the 6 TMS unit to give 12 TMS MFS carriers
occurred multiple times during evolution of the super-
family (S. Wang ¢ a/., manuscript in preparation).

Secondary carriers — the Transporter-Opsin-
G-protein Receptor (TOG) Superfamily

A second superfamily with unexpected functional diversity
is the Transporter-Opsin-G-protein Receptor (TOG) Su-
perfamily [36°°]. All members of this superfamily appar-
ently arose from a4 'T'MS precursor protein thatin turn arose
from a 2 TMS peptide that duplicated due to an early
intragenic duplication event. Then, to generate a full length
transporter, a second duplication event gave rise to 8 TMS
proteins, many of which lost a single TMS at their N-
termini, but a few which lost the C-terminal TMS,; to yield
the most common 7 TMS topology for the superfamily. The
proposed pathway is thus: 2 — 4 — 8 — 7 'TMS proteins.

A majority of familial members of the TOG superfamily
are secondary carriers, but there are interesting excep-
tions. One family, the ubiquitous microbial rhodopsin
family (T'C# 4.E.1), includes light-driven ion (proton or
chloride) pumps and light-activated ion channels. Anoth-
er TOG family, found only in eukaryotes, includes
7 'T'MS animal rhodopsins and G-protein-coupled recep-
tors, members of the GPCR Family (T'C# 9.A.14). Suill
others include Mg** channel protein families with mini-
mally 4 'TMSs, the single repeat unit that is duplicated in
most other TOG superfamily members (F. Ghazi ez a/.,
manuscript in preparation). Finally, one TOG family, the
DsbD family (T'C#5.1.1), is a transmembrane electron
carrier, transferring an electron pair from a cytoplasmic
electron donor to a periplasmic or extracellular acceptor
[37]. This DsbD family is best known for its function in
disulfide bond formation in extracytoplasmic proteins,
but other members of this family catalyze cytochrome
¢ biogenesis, thiosulfate oxidation, methylamine utiliza-
tion, heavy metal (mercury) resistance and peroxide
reduction. While most of the earlier work on superfamily
expansion indicated that transporters comprise a protein
class that evolved independently of most other classes of
proteins, such as enzymes, structural proteins and regula-
tory proteins, it now seems clear that transport protein
families have diversified in function to a much greater
degree than previously recognized. They have evolved to
serve functions, in addition to or instead of transport.

Transport protein evolution Saier 13

Primary active transporters: the ATP-binding
cassette (ABC) superfamily

The largest and most diverse of all the ‘superfamilies’ of
primary active transport systems is the ATP-binding
cassette (ABC) superfamily (T'C# 3.A.1) [38]. Normally,
a family or superfamily in TCDB is defined on the basis of
the integral membrane protein(s) that provide(s) the
transmembrane transport pathway. However, in the case
of the ABC superfamily, it was originally defined on the
basis of the ATP-hydrolyzing energy-coupling proteins,
and once established, such a convention is difficult to
change. Subsequent bioinformatic analyses of the integral
membrane proteins of ABC export systems revealed that
they fell into at least three distinct families, ABC1, ABC2
and ABC3, which apparently evolved independently of
each other. Primary sequence analyses revealed that
ABCI1 porters evolved from a 2 TMS precursor peptide
by triplication to yield 6 TMS proteins as the dominant
species; ABC2 proteins evolved by duplication of a
3 'TMS precursor to yield a very dissimilar 6 TMS porter,
and ABC3 proteins evolved by duplication of a 4 TMS
element to yield either 8 or 10 putative TMS products
(see Figure 4) [39,40°°]. The 10 TMS homologues of
ABC3 systems appear to have the extra two TMSs in the
middle of these proteins, between the two 4 TMS repeat
units. Thus the ‘ABC Superfamily’ can be considered to
be a misnomer since it consists of three distinct families of
eXport-type transporters.

A recently published comparison of 3-D structures of the
membrane constituents of ABC uptake systems sug-
gested to the authors that they too are polyphyletic.
These uptake systems include integral membrane por-
ters of extremely varied topologies, with numbers of
TMSs ranging between 5 and 20. Examining fourteen
high resolution structures of ABC importers revealed that
the integral membrane uptake proteins exhibit at least
three different structural folds. In fact, it was suggested
that they are evolutionarily unrelated, although it should
be kept in mind that the demonstration of different folds
does not establish independent origin [41°°]. It is never-
theless possible that the membrane porters of both ABC
superfamily uptake and efflux systems are polyphyletic.
ter Beek ez al. [41°°] referred to the three structural types
of uptake systems as Type [, Type Il and ECF-type. For
Types I and 11, the two membrane subunits are either
identical (homodimers) or homologous (heterodimers).
However, for ECF-type systems, different folds are
observed for the two subunits which also may have
different functions, the substrate binding (S) subunit
and the energy transducing ('T') subunit. Interestingly,
evidence suggests that some ECF systems can function
either as secondary carriers, dependent only on the S
subunit, or as ATP-energized systems, dependent on
both the S and T subunits as well as the A (ATPase) subunit
[42°°]. Thus, at least 3 evolutionarily distinct types of ABC
efflux systems and 3 types of import systems may be present

www.sciencedirect.com

Current Opinion in Structural Biology 2016, 38:9-17



14 Sequences and topology
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Three topological types of ABC exporters, illustrating the type of
internal repeats present in each one [40]. In all cases, vertical dashed
lines separate the repeat units. (a) ABC1: a six-TMS topology resulting
from intragenic triplication of a primordial 2-TMS-encoding genetic
element (yellow). The three hairpin repeats have the same orientation
in the membrane. (b) ABC2: a six-TMS topology resulting from
intragenic duplication of a primordial 3 TMS-encoding genetic element
(green). The two 3 TMS repeats have opposite orientation in the
membrane. (c) ABC3: an eight-TMS topology resulting from intragenic
duplication of a primordial 4 TMS-encoding genetic element (red). The
two 4 TMS repeats have the same orientation in the membrane. ABC3
porters apparently occur in two topological types, 8 TMS proteins with
two 4 TMS repeats as shown, and 10 TMS proteins where the two
extra TMSs are located in the middle of the polypeptide chain,
between the two 4 TMS repeat units [39] (not shown). For assignment
of TC families in the ABC functional superfamily to one of these three
topological types, see reference 40 and TCDB.

in Nature. Nevertheless, a single mechanism (alternat-
ing access) appears to be operative for all of them [41°°].
This last conclusion as well as the ability of S subunits
to function alone suggests that secondary carriers were
the evolutionary precursors of ABC primary active
transporters.

Group translocators: the prokaryotic sugar-
transporting phosphotransferase system
(PTS)

The phosphoenolpyruvate (PEP)-dependent sugar trans-
porting phosphotransferase system of group translocators

(P'T'S) phosphorylates its sugar substrates concomitantly
with transmembrane transport [43]. Thus, while a sugar is
taken up from the medium, a sugar-phosphate is released
into the cytoplasm [44]. The PTS also plays regulatory
roles, influencing many aspects of cell physiology
[44,45,46].

Bioinformatic analyses first suggested that the P'TS, like
the ABC functional superfamily, is a chimeric system with
several dissimilar origins for the different sugar-specific
integral membrane transport proteins. By contrast, the
general energy-coupling phosphoryl transferase proteins
of the PTS, Enzyme I and HPr, each form a single
superfamily required for the group translocation of all
sugar substrates of the system.

The sugar-specific PT'S constituents, the Enzyme IIA,
IIB and IIC proteins or protein domains, are not all
homologous, and based on high resolution 3-D folds,
each probably arose at least three times independently.
The largest superfamily of IIC transporters is the Glu-
cose-Fructose-Lactose-Glucitol (PTS-GFL) Superfamily
which includes four phylogenetically distant families
(TC#s 4.A.1-4). These proteins probably have 10 TMSs
ina 5 + 5 TMS double domain arrangement, revealed by
x-ray crystallographic analyses of one such system [43].
Interestingly, these two domains serve different func-
tions, and based on 3-D structural characteristics, they are
apparently not homologous to each other [47] (Figure 5).
In this respect, they may resemble ABC ECF-type sys-
tems. It is, of course, possible that the members of the
four different families within the GFL superfamily, al-
though homologous, have somewhat varied topologies
[48]. Further experimentation will be required to exam-
ine this possibility.

The second largest family of P'T'S group translocators is
the L-Ascorbate-Galactitol (P'T'S-AG) superfamily (T'C#
4.A.5 and 4.A.7). These proteins appear to contain an
internal duplication of a 5 or 6 TMS repeat unit that shows
little or no structural similarity to the Enzymes II of the
PTS-GFL superfamily [9°°,49,50]. Interestingly, the
transporters of both the GFL and AG superfamilies
use a variety of structurally dissimilar but functionally
equivalent ITA and IIB proteins that do not correlate with
the phylogenies of the corresponding IIC constituents.
Evidently, the 3 constituents of the Enzyme Il complexes
have undergone shuffling relative to each other during
their evolution [9°°].

Finally, porters of the Mannose (P'T'S-Man) Family (TC#
4.A.6) catalyze uptake of various hexo-ketoses and
aldoses. The constituents of the Man Enzyme II com-
plexes are not demonstrably homologous to any of the
sugar-specific PT'S constituents in the GFL and AG
Superfamilies, and in addition to the usual IIA, IIB
and IIC proteins or protein domains, there is an additional

Current Opinion in Structural Biology 2016, 38:9-17
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Three topological types of nonhomologous PTS group translocators
(IIC domains). (a) the Glucose/Fructose/Lactose (GFL) Superfamily. (b)
the Ascorbate/Galactitol (AG) Superfamily, and (c) the Mannose (Man)
Superfamily. All PTS Enzyme Il complexes have lIA, IIB and IIC
proteins or protein domains, but Man family complexes also have a IID
constituent. PTS IIC domains have apparently evolved 3 times
independently of each other, giving rise to the three predicted
topological types shown. Boxes, circles, ovals and rectangles indicate
the four different structural folds believed to represent the three
independently evolving superfamilies of PTS porters (IIC proteins and
protein domains).

protein, the IID constituent, not present in other PTS
systems. In this case, the IIC transport proteins are
believed to have 6 TMSs, possibly arising from a
3 'TMS precursor by intragenic duplication. However,
no high resolution x-ray structure is available to confirm
these suggestions. Thus, like the ABC superfamily, the
PTS is a ‘functional’ superfamily consisting of at least
three types of integral membrane transport proteins, each
of which appears to have evolved independently of the
others.

Conclusions and perspectives

We have been able to put most integral membrane
transport proteins into a unified evolutionary framework.
The precursors of these proteins are believed to have
been pore-forming peptides which gained repeat
sequences as a result of intragenic duplication events,
one of the most common mechanisms for generating
complexity in proteins during evolution [11°]. Fusional
events and the superimposition of catalytic proteins have
added to the level of system complexity. Gene duplica-
tions, leading to large sets of paralogues, also occurred

Transport protein evolution Saier 15

commonly during protein evolution, especially in multi-
cellular eukaryotes that have proliferated paralogues into
the hundreds to allow developmentally controlled gene
expression in a cell type-specific fashion [51,52]. In the
case of transporters, however, intragenic duplications and
gene fusions promoted mechanistic complexity. This
allowed oligomeric peptide channels to evolve into single
peptide protein channels and then into stereospecific
electrochemical energy-coupled carriers. Finally, with
the superimposition of energy-coupling proteins, they
assumed the properties of primary active and group
translocating transporters (see Figure 1). Relatively few
transport systems evolved via other pathways. The usual
pathway, from simple to complex, is exemplified by the
evolutionary proposals presented here.
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