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Abstract. Channel-forming proteins/peptides fall into tially, across the membrane. Primary active transporters
over 100 currently recognized families, most of which and group-translocators couple transport to a primary
are restricted to prokaryotes or eukaryotes, but a few ogource of energy. Whether or not the classical concept of
which are ubiquitous. These proteins fall into three ma-a carrier will prove to be correct has yet to be ascer-
jor currently recognized classes: }helix-type chan- tained, but the classical notion of a channel is now well
nels present in bacterial, archaeal and eukaryotic cytoestablished.
plasmic and organellar membranes, (@barrel-type The introduction by Linnaeus of a universal classi-
porins present in the outer membranes of Gram-negativéication system for living organisms in 1758 allowed for
bacterial cells, mitochondria and chloroplasts, and (iii)the rationalization of the tremendous complexity of bio-
protein/peptide toxins targeted to the cytoplasmic memiogical relationships into an evolutionary framework
branes of cells other than those that synthesize the toxingLinnaeus, 1758; Olsen et al., 1994). Similarly, the in-
High-resolution 3-dimensional structural data are avail-troduction by the international Enzyme Commission
able for representative proteins/peptides of all three o{EC) of a universal classification system for enzymes
these channel-forming types. Each type exhibits distincgreatly increased our conception of the functional rela-
tive features that distinguish them from the other channetionships of these proteins (Dixon & Webb, 1979). Al-
protein types and from carriers. Structural, functional,though protein/domain classification systems have been
and evolutionary aspects of transmembrane channebuggested, no comparable classification system has yet
formers are discussed. been proposed for proteins that catalyze vectorial reac-

tions rather than (or in addition to) chemical reactions.
Key words: Membranes — Transport — Channels — To attempt to correct this _d_efic_iency, | have developed a
Porins — Toxins — Holins — Bacteriocins universal system of classification for transporters based

both on function and on phylogeny.

Early studies revealed that transport proteins could

Introduction be grouped into families based exclusively on the de-

grees of similarity observed for their amino acid se-

Classically, solute transporters were defined into twodU€ences (Maloney, 1990). The significance of family as-

major classes based on mode of transport: channels argnment remai.ned_ questionable untl the study 9f inter-
simple carriers (Stein, 1967). Channels were thought t§al gene duplications that h."’.‘d occurr.ed during the
allow the relatively free flow of solute through the mem- evolution of some of these families established that these
brane while carriers were considered to form a comple>{amllles had arisen independently of each other, at dif-

ith the solute and move together with it, at least par- erent times in evo_lutionary histpry, following differerjt
w ) ve tog W P routes (Kuan & Saier, 1993; Saier, 1994; Park & Saier,

1996; Pao et al., 1998). This finding led to the use of
- function and molecular phylogeny for the purpose of
Correspondence tavl.H. Saier, Jr. facilitating transport protein characterization and classi-
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Table 1. Classification of currently recognized families of channel-forming transporters in the TC system

1.A. a-Type channels
1.A.1 The Voltage-gated lon Channel (VIC) Superfamily
1.A.2  The Animal Inward Rectifier KChannel (IRK-C) Family
1.A.3  The Ryanodine-Inositol 1,4,5-triphosphate Receptdt Channel (RIR-CaC) Family
1.A.4 The Transient Receptor Potentia?C&hannel (TRP-CC) Family
1.A.5 The Polycystin Cation Channel (PCC) Family
1.A.6  The Epithelial N& 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 lon Channel (LIC) Family of Neurotransmitter Receptors
1.A.10 The Glutamate-gated lon Channel (GIC) Family of Neurotransmitter Receptors
1.A.11 The Chloride Channel (CIC) Family
1.A.12 The Organellar Chloride Channel (O-CIC) Family
1.A.13 The Epithelial Chloride Channel (E-CIC) Family
1.A.14 The Nonselective Cation Channel-1 (NSCC1) Family
1.A.15 The Nonselective Cation Channel-2 (NSCC2) Family
1.A.16 The Yeast Stretch-Activated, Cation-Selective’'G2hannel, 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 (IVC) Family
1.A.20 The gp91"°* Phagocyte NADPH Oxidase-associated Cytochromg (€ybB) H' channel Family
1.A.21 The Bcl-2 (Bcl-2) Family
1.A.23 The Small Conductance Mechanosensitive lon 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 Symbiotic Ammonium Transporter (SAT) Family
1.A.27 The Phospholemman (PLM) Family
1.A.28 The P21 Holin S (P21 Holin) Family
1.A.29 The\ Holin S (\ Holin) Family
1.A.30 The P2 Holin TM (P2 Holin) Family
1.A.31 The LydA Holin (LydA Holin) Family
1.A.32 The PRD1 Holin M (PRD1 Holin) Family
1.A.33 The T7 Holin (T7 Holin) Family
1.A.34 The HP1 Holin (HP1 Holin) Family
1.A.35 The T4 Holin (T4 Holin) Family
1.A.36 The T4 Immunity Holin (T4 Immunity Holin) Family
1.A.37 The¢29 Holin ($b29 Holin) Family
1.A.38 Thed1l Holin (11 Holin) Family
1.A.39 The¢Adh Holin (pAdh Holin) Family
1.A.40 ThedU53 Holin ($U53 Holin) Family
1.A.41 The LrgA Holin (LrgA Holin) Family
1.A.42 The ArpQ Holin (ArpQ Holin) Family
1.A.43 The Cphl Holin (Cph1 Holin) Family
1.A.44 The Urea Transporter (UT) Family
1.A.45 The Urea/Amide Channel (UAC) Family
1.A.46 The H- or Na'-translocating Bacterial Flagellar Motor (Mot) Family

1.B. B-Barrel porins
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  TheBrucella-RhizobiunPorin (BRP) Family
1.B.5 ThePseudomona®prP Porin (POP) Family
1.B.6 The OmpA-OmpF Porin (OOP) Family
1.B.7 TheRhodobacteiPorCa Porin (RPP) Family
1.B.8 The Mitochondrial and Plastid Porin (MPP) Family
1.B.9 The FadL Outer Membrane Protein (FadL) Family
1.B.10 The Nucleoside-specific Channel-forming Outer Membrane Porin (Tsx) Family
1.B.11 The Outer Membrane Fimbrial Usher Porin (FUP) Family
1.B.12 The Autotransporter (AT) Family
1.B.13 The Alginate Export Porin (AEP) Family
1.B.14 The Outer Membrane Receptor (OMR) Family
1.B.15 The Raffinose Porin (RafY) Family

Continued on next page
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Table 1. Continued

1.B.16 The Short Chain Amide and Urea Porin (SAP) Family
1.B.17 The Outer Membrane Factor (OMF) Family

1.B.18 The Outer Membrane Auxiliary (OMA) Protein Family
1.B.19 The Glucose-selective OprB Porin (OprB) Family
1.B.20 The Bacterial Toxin Export Channel (TEC) Family
1.B.21 The OmpG Porin (OmpG) Family

1.B.22 The Outer Bacterial Membrane Secretin (Secretin) Family
1.B.23 The Cyanobacterial Porin (CBP) Family

1.B.24 The Mycobacterial Porin (MBP) Family

1.B.25 The Outermembrane Porin (Opr) Family

1.B.26 The Cyclodextrin Porin (CDP) Family

1.C. Pore-forming toxins
1.C.1  The Channel-forming Colicin (Colicin) Family
1.C.2  The Channel-forming-Endotoxin Insecticidal Crystal Protein (ICP) Family
1.C.3  Thea-Hemolysin Channel-forming ToxinxHL) Family
1.C.4 The Aerolysin Channel-forming Toxin (Aerolysin) Family
1.C.5 The Channel-forming-toxin (s-toxin) Family
1.C.6  The Yeast Killer Toxin K1 (YKT-K1) Family
1.C.7  The Diphtheria Toxin (DT) Family
1.C.8 The Botulinum and Tetanus Toxin (BTT) Family
1.C.9 The Vacuolating Cytotoxin (VacA) Family
1.C.10 The Pore-forming Hemolysin E (HIyE) Family
1.C.11 The Pore-forming RTX Toxin (RTX-toxin) Family
1.C.12 The Thiol-activated Cytolysin (TAC) Family
1.C.13 The Channel-forming Leukocidin Cytotoxin (Ctx) Family
1.C.14 The Cytohemolysin (CHL) Family
1.C.15 The Whipworm Stichosome Porin (WSP) Family
1.C.16 The Magainin (Magainin) Family
1.C.17 The Cecropin (Cecropin) Family
1.C.18 The Melittin (Melittin) Family
1.C.19 The Defensin (Defensin) Family
1.C.20 The Nisin (Nisin) Family
1.C.21 Lacticin 481 (Lacticin 481) Family
1.C.22 The Lactococcin A (Lactococcin A) Family
1.C.23 The Lactocin S (Lactocin S) Family
1.C.24 The Pediocin (Pediocin) Family
1.C.25 The Lactococcin G (Lactococcin G) Family
1.C.26 The Lactacin X (Lactacin X) Family
1.C.27 The Divergicin A (Divergicin A) Family
1.C.28 The AS-48 (AS-48) Family
1.C.29 The Plantaricin EF (Plantaricin EF) Family
1.C.30 The Plantaricin JK (Plantaricin JK) Family
1.C.31 The Channel-forming Colicin V (Colicin V) Family
1.C.32 The Amphipathic Peptide Mastoparan (Mastoparan) Family
1.C.33 The Cathilicidin (Cathilicidin) Family
1.C.34 The Tachyplesin (Tachyplesin) Family
1.C.35 The Amoebapore (Amoebapore) Family
1.C.36 The Bacterial Type lll-Target Cell Pore (IIITCP) Family

1.D. Nonribosomally synthesized channels
1.D.1 The Gramicidin A (Gramicidin A) Channel Family
1.D.2 The Syringomycin Channel-forming (Syringomycin) Family
1.D.3  The Syringopeptin Channel-Forming (Syringopeptin) Family
1.D.4 The Tolaasin Channel-forming (Tolaasin) Family
1.D.5 The Alamethicin Channel-forming (Alamethicin) Family
1.D.6  The Complexed Poly 3-Hydroxybutyrate*c&hannel (cPHB-CC) Famiy

fication. The system | have developed is called the transMolecular Biology (IUBMB) Nomenclature Committee
porter classification (TC) system. It has recently beenin Geneva, Switzerland (Nov. 29-30, 1999). Its official
considered for adoption and refined by the transportadoption by the IUBMB Nomenclature Committee is
panel of the International Union of Biochemistry and pending.
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Channel type Function

Tonic Homeostasis;

o-type Channels Electrical Communication

B-type Porins ———> Outer Membrane

Permeation
. Protein Export;
Channels —> Holins ——— Cell Suicid% Fig. 1. Types of channel-forming proteins and
peptides found in nature. These proteins are

\1 classified according to their structures, subcellular

Protein Toxins locations, targets and mechanisms of actiege(
\\ text). Not included are nonribosomally synthesized
Biological Warfare depsipeptide-type channels and nonproteinaceous

. . / channel-forming compounds and complexes (TC
Peptide Toxins

subclass 1.D).

In the TC system, all transporters of known mode of (TC subclass 1.A) which span the membrane forming a
action are given primary TC #s according to class ashannel lined by amphipathig-helices. A few families
follows: TC class 1: channels; TC class 2: carriers; TCof these proteins are found ubiquitously in the cytoplas-
class 3: primary active transporters; TC class 4: groupmic membranes of prokaryotes and eukaryotes as well as
translocators. Each of these classes is then divided intm organellar membranes of eukaryotes. However, many
subclasses. For example, class 1 channels are subdamilies of these proteins are found exclusively in ani-
vided intoa-type channels (subclass 1./A:barrel-type  mals that depend on channel function for bioelectric ac-
porins (subclass 1.B); secreted protein and peptide toxinsvity. These channels may either be nonspecific with
(subclass 1.C); and nonribosomally synthesized channekspect to the solute transported, cation or anion selec-
formers (subclass 1.D). Each phylogenetic family oftive, or highly specific for a particular ionic species
transporters then receives a numerical value following(/Alexander & Peters, 1997; Sakai & Tsukihara, 1998).
the subclass letter. Thus, for example, the voltage-gatedhe high-resolution three-dimensional structure of one
ion channel (VIC) family has been assigned the TCsuch channel protein has been solved (Doyle et al., 1998;
#1.A.1; the ligand-gated ion channel (LIC) family has Samson, 1998).
been assigned the TC #1.A.9, and the general bacterial A second type of channel protein is tRebarrel-type
porin (GBP) family has been assigned the TC #1.B.1porin (TC subclass 1.B) found in the outer membranes of
Table 1 lists all of the families included in class 1 of the Gram-negative bacteria, mitochondria and chloroplasts.
current TC system. Some of these proteins may also prove to be present in

The information on channel proteins presented inother membranes such as the outer membranes of acid
this review resulted from an analysis of the families of fast Gram-positive bacteria (Mycobacteria, Nocardia and
channel proteins classified in the TC system. This sysCorynebacteria) as well as the nuclear membranes of
tem has been described in a detailed review (Saier, 1998)ukaryotes. The transmembrane pores created by these
and in several more recent but less detailed but focusegdroteins are formed from amphipathjg-strands ar-
reviews gee for example, Saier, 1999). A description of ranged in a barrel configuration. High-resolution three
each of the families of channel proteins discussed here atimensional structures of several of these proteins have
well as primary references to well-characterized mem-been determined (Schulz, 1996; Sakai & Tsukihara,
bers of each family can be found in our website (http://1998).
www-biology.ucsd.edlimsaier/transport/). The num- A third type of channel protein is represented by the
bering system used in the current TC system is somewhadbxins that are made in one cell type but targeted to
different from that described in the references citedanother (TC subclass 1.C). Many of these proteins are
above as explained in our website. made by bacteria. They serve the function of biological

warfare, inserting into the membranes of eukaryotes or
other prokaryotes, thereby releasing nutrients for the
Transmembrane Channel Types growth of the toxin producers. Three-dimensional struc-
tures of some of these toxin proteins are available (Lacy
Five functional types of integral membrane channel pro-& Stevens, 1998; Sakai & Tsukihara, 1998).
teins are currently recognized based on structure, func-  Channel proteins of a fourth type (actually a subdi-
tion, site of action and size (Fig. 1 and Table 1). Thevision of TC subclass 1.A) are produced exclusively by
most widely publicized are the-type channel proteins bacteria and their viral parasites and are referred to as
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“holins.” These small proteins, all of similar size and A) Channels

structure, form oligomeric pores in the membrane that

allow export of autolytic cell wall digesting enzymes as

well as other enzymes involved in macromolecular deg-

radation. They may also allow the free flow of ionic and

neutral solutes across the bacterial membrane prior to

disruption of the cell wall. Holins are “apoptotic” pro-

teins, agents of self-destruction. The genomes of many  ® Crriers

bacteria encode holins suggesting that holin-promotect o .

suicide may have survival value for the bacterial popu-xz

lation as a whole (Young & Bk, 1995). Although

three-dimensional structural data are not available for

holins, topological analyses allow specific predictions.
Finally, channel-forming toxic peptides, the fifth

and last type of channel formers depicted in Fig. 1 (ac-z ‘

tually a subdivision of TC subclass 1.C), are produced byz *T .

all types of organisms, both prokaryotes and eukaryotes, l I

and they functionally resemble toxin proteins in Serving  cyames

as agents of biological warfare. These amphipathic cat- e 22 ¢ % o wa 0510

ionic peptide oligomers form channels that usually ex- = -

hibit a low degree of substrate specificity, allowing nu- 5 Uskaown
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trient leakage and cell disruption. Some of these pep- . .
tides have been extensively studied from both structural . . s v . . .
and functional standpoints but many others are poorly I ] | Y A A AN
characterized (Klaenhammer, 1993; Bechinger, 1997, . .
TMS/polypeptide chain

Matsuzaki, 1998; Sahl & Bierbaum, 1998). Finally, a
distinct class of related molecules, not to be discussegig. 2. Topology (# TMSs) of &) channel-forming proteins (TC sub-
here, includes channel-forming depsipeptides that arelass 1.Aws.(B) carrier-type proteins (TC subclass 2.¥. transport-
biosynthesized in nonribosomal, enzyme-catalyzed proers €) of unknown mode of action (TC subclass 9.A). Each entry
cesses (TC subclass 1.Bee for example, Burkhart et represents a distinct family or structural type. Thus, each point usually
al., 1998). However, the vast majority of peptide toxins represents a distinct family of transporters. However, when multiple

. . . _topological types are included within a single family, all such types are
are made by proteolytlc processing of “bosoma”y syn presented. The data were generated from the families that were in-

thesized polypeptides. cluded in the TC system as of April, 1999.

Channel Protein Topology peptide chain can have 2, 4, 6, 8, 12, or 24 TMSs. The
proposed evolutionary pathway for the appearance of the
There has been considerable discussion concerning tharious VIC family structural types that exist in nature is
equivalence of channels and carriers. As noted abovéllustrated in Fig. 3 ¢ee alsoNelson et al., 1999). The
the latter proteins are sometimes thought of as channelsasic channel-forming unit consists of a single TMS with
with intrachannel amino acyl residues that provide ste-a second TMS providing structural support immediately
reospecific solute recognition as well as a shuttlingbehind the channel-lining helix (Doyle et al., 1998; San-
mechanism (West, 1997). The observation that some adom, 1998). In the 2 TMS polypeptide channels of the
these carriers can be converted to proteins that appear ¥C family, no further structural elements are required
function as channels by treatment with chemicals thafor function, but four subunits are required to form the
covalently or noncovalently alter the protein or by im- channel (Nelson et al., 1999). The 4 TMS polypeptides
position of large membrane potentials has provided suparose by intragenic tandem duplication of the element
port for this notion (Dierks et al., 1989(b; Schwarz et encoding the 2 TMS subunit, and consequently, two
al., 1994). rather than four polypeptides comprise the intact channel
The results summarized in Fig. 2, however, arguecomplex. The 6 TMS K channels of the VIC family
against such a premisesge alsoWest, 1997). Most include a TMS (TMS 1) involved in insertion of the
families of channel proteins include protein membersprotein into the membrane, three other TMSs (TMSs
with from 1-3 a-helical transmembrane spanners2-4) involved in regulation (e.g., voltage sensing), and
(TMSs) although there are exceptions (Fig. 2). In onethe two remaining TMSs (TMSs 5 and 6) serving as the
large superfamily of channel proteins, the voltage-gatec¢channel-forming elements that are homologous to the 2
ion channel (VIC) superfamily (TC 1.A.1), a single poly- TMS VIC family members (Fig. 3). The 12 and 24 TMS
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Sensor K* Channel V-K* Chanrel Ca2+ Channel

Ca2+ or Na2* Channel

Sensor TWIK TOK

Fig. 3. Proposed evolutionary pathway accounting for the currently recognized homologues that belong to the VIC family of channel proteins (TC
1.A.1; Nelson et al., 1999).

C&* and N& channel proteins arose by one and twotransport function (i.e., the mitochondrial carrier family).
tandem intragenic duplication events, respectively.Very few exceptions to this rule have been documented,
These proteins have, in essence, an overall heterotend these observations therefore have value in assign-
trameric structure comparable to that observed for thenent of transport mode to proteins revealed, for ex-
homotetrameric 6 TMS Ktransporting channel-forming ample, by genome sequencing where functional data are
members of the VIC family (Nelson et al., 1999). While limited or altogether lackingsge alsoWest, 1997).
the functionally characterized 2, 4 and 6 TMS proteins of
the VIC family are all K or low selectivity cation chan-  gyg|ytionary Origins and Specificities of
nels, and the duplicated 12 TMS proteins aré*(duan-_ lon-Transporting Channels (a-type)
nels, the quadruplicated 24 TMS proteins can be either
Ca* or N&* channels (Hille, 1992; Nelson et al., 1999). Table 2 presents most of the currently recognized, well-
The VIC family, which represents one of the few ex- characterized families ofi-type ion channel proteins.
amples of channel proteins with multiple topological Unless otherwise indicated, these proteins are found only
types, provides a truly illustrative example of how con-in animals. TC #s, abbreviations, preferred substrates
struction of multi-TMS proteins from the simple 2 TMS transported, sizes and numbers of TMSs per polypeptide
precursor may have occurred during evolutionary historychain are all tabulated. Oligomeric structure is also in-
(Fig. 3). dicated when known. Below we briefly discuss each of
In contrast with channels, carriers consist of poly-the families listed in Table 2. More detailed descrip-
peptides that usually possess 8-14 TMSs (Fig. 2), and itions, additional primary references, names of well-
many characterized systems, the monomeric protein hasharacterized members of these families and database
demonstrable transport activity. Oligomerization of thisaccession numbers that provide easy access to their se-
protein when it occurs usually serves a secondary role imuences are all available on our website (http://www-
regulation, targeting or stability rather than a primary biology.ucsd.edliimsaier/transport/).
role in transport. Thus, while channels are usually mul-  Only two families of channel-forming proteins are
timers of proteins having 1-3 TMSs, carriers are usuallycurrently known to be specific for small neutral mol-
transport-competent monomers of proteins having 10-14cules. These are the major intrinsic protein (MIP) fam-
TMSs. Oligomeric carriers may depend on subunit in-ily (TC #1.A.8) of aquaporins and glycerol facilitators,
teractions for purposes of stability and/or regulation al-and the urea transporter (UT) family (TC #1.A.44).
though dimeric 6 TMS proteins are often required for While the former family is found ubiquitously in bacte-
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Table 2. Families ofa-type channel proteins (TC subclass 1.A) specific for small molecules (mostly from animals)
Family name TC # Famify Substrates [Size (# aas) # TMS¢
Neutral molecules 1.A.8 MIP (ubiquitous) .8, glycerol 300 ) or 4
1.A44 uTt Urea 400 aQ
Cations 1.A1 VIC (ubiquitous) K C&*, Na* 100-2500 2) (4),; (B)s;
(12),; (24),
1.A3 RIR-CaC Cc&" 2500 or 5000 ®
1.A2 IRK-C K* 400 2),
1.A4 TRP-C ca* 1000 (6),
1.A5 PCC Na, K*, C&* (4000 (6),
1.A6 ENaC N&, C*2 600 )
1.A7 ACC C and C&" 600 ),
1.A9 LIC C"and Cr 500 (3-5)
1.A.10 GIC C and C&" (1000 (3-53
1.A.26 SAT (plants) NH 350 1),
1.A14 NSCC1 c 400 (4),
1.A.15 NSCC2 (and yeast) C 400 ),
1.A.19 IVC (viruses) H 100 ay
1.A.20 CybB (and plants) H 750 (6),
Anions 1.A11 CIC (ubiquitous) CJ other inorganic anions 400-1000 (10-12)
1.A.12 O-CIC Cr 250-500 2)
1.A.13 E-CIC CI, other anions
1.24 PLM CI', other anions (inorganic 100 (1),
and organic)
Bacterial ion channels 1.A.22 MscL lons{(€ A7) 130 2y
1.A.23 MscS lons (A>C) 200-1200 (2-14)

1 The families listed above are derived exclusively from animals unless otherwise indicated. The exceptions include the MIP, VIC, and CIC families
which are found universally in the three domains of life, the NSCC2 and CybB families which are found in animals and one other eukaryotic
kingdom, the SAT and IVC families which are found exclusively in plants and in influenza viruses, respectively, and the MscL and MscS families
which are restricted to prokaryotes.

2C*, monovalent cation.

3# aas, number of amino acyl residues per polypeptide chain.

4 The number of transmembrane spanners (TMSs) is indicated in parentheses. The subscript refers to the homooligometric structure of the protein
complex when known. The subscrifit” implies that the stoichiometry is not known.

ria, archaea and eukaryotes, the latter family is restrictegest homology (Nelson et al., 1999). The RIR-CaC,
to animals. The proteins of these two families are ex-TRP-CC, and PCC families (TC #1.A.3, 1.A.4, and
ceptional of those that comprise channels as they exhibit.A.5, respectively) exhibit transmembrane domains to-
6 and 10 TMSs per polypeptide chain, respectivelypologically resembling those of the 6 TMS members of
(Table 2). the VIC family. On this basis as well as their ion speci-
The VIC family (TC #1.A.1), mentioned above, is ficities and complex regulatory patterns, we suggest that
the largest and possibly the oldest of the recognizedhese families may represent distant constituents of the
channel protein families. It is ubiquitous, and VIC fam- VIC superfamily. However, this suggestion cannot be
ily members exhibit varied sizes and topologies (Tableestablished on the basis of statistical analyses of their
2). Some of these proteins exhibit just 2 TMSs per poly-primary sequences.
peptide chain while others have 4, 6, 8, 12, or 24 TMSs  The next two families listed in Table 1, the ENaC
as discussed from an evolutionary standpointand ACC families (TC #s 1.A.6 and 1.A.7, respectively),
above. These proteins nevertheless belong in a singldo not exhibit enough sequence similarity between them
family because TMSs 1 and 2 in the 2 TMS proteins areto prove common descent. However, they may never-
demonstrably homologous to both TMSs 1 and 2 andheless share a common ancestry for the following rea-
TMSs 3 and 4 in the 4 TMS proteins, to TMSs 5 and 6sons: (i) they are of the same size (about 600 residues),
in the 6 TMS proteins, and to TMSs 5 and 6, 11 and 12 ii) they exhibit very similar topologies with two TMSs
17 and 18, and 23 and 24 in the 24 TMS proteins (Hille,and large cysteine-containing extracytoplasmic loops,
1992; Nelson et al., 1999). and (iii) they are specific for cations. Similar arguments
The IRK-C family (TC #1.A.2) includes members apply to the ligand-gated ion channel (LIC) and gluta-
resembling the 2 TMS VIC family members, and in this mate-gated ion channel (GIC) families (Tables 1 and 2;
case there is enough sequence similarity to strongly sugrC #s 1.A.9 and 1.A.10). Members of these latter two
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families (i) exhibit the same unusual pentameric struc-Table 3. Substrate selectivites of bacterial outer membrane porins
ture, (ii) serve as neurotransmitter receptors and (iii) ex-

hibit varied and sometimes broad and overlapping ionicc"2""e! Of'\'tl;r;:sr Example Te#
specificities.

All of the families discussed above are either ubig-Nonselective 9 OmpF . coli 1.8.1.1.1
uitous (MIP and VIC) or restricted to animals. The sym- Anions 3 Porin32 of 1.B.1.6.1
biotic NH;; channel transporter (SAT) family is one of C. acidovorans
the few recognized channel families restricted to a eufhosphate 2 PhoE . coli 1.B.1.1.2
karyotic kingdom other than animals. Members of thePyr?phOSphate ! OprO 6. aeruginosa 1.8.5.1.2

Cationic 4 OprD2 of 1.B.25.1.1

SAT family occur only in plants. While the nonspecific  compounds P. aeruginosa

cation channel family 1 (NSCC1) is animal specific, Heavy metals 1 CnrC oA. eutrophus  1.B.17.2.1
NSCC2 family members are found in both animals andNucleotides 1 NmpC oE. coli 1B.1.1.4
yeast. Nucleosides 1 Tsx oE. coli 1.B.10.1.1
Of particular interest are the proton-transportingMonosaccharides 1 OprB 6. aeruginosa 1.8.19.1.1
h I in famili he infl . ix-2 Oligosaccharides 2 LamB d&. coli 1.B.3.11
channel protein families, the influenza virus matrix-2 gy acigs 1 FadL oF. coli 1B.9.11
(VY2) channel (IVC) family and the oxidase-associatedshort chain amides 1 FmdC of 1.B.16.1.1
cytochrome Bsg (CybB) family. Proteins of the former  and urea M. methylotrophus
family facilitate viral uncoating in endosomes of the host Toluene 1 XyIN ofP. putida 1B.9.21
animal cell (Pinto et al., 1997). The M2 channel of in- ID“JQS | 12 ?:pch//l ‘(’;B- Cel_pac'a igﬂii’
fluenza virus allows protons to enter the virus’s interior, o corPexes €pA 0. col St
L . - . Vitamins and 2 BtuB of E. coli 1.B.14.3.1
where they weaken protein-ribonucleic acid interactions, .qtactors
thus promoting transcriptional activation of the viral ge- complex 3 AlgE of P. aeruginosa 1.B.13.1.1
netic material (Pinto et al., 1997). The CybB proteins are carbohydrates
NADPH oxidases in their C-terminal domains (the lastProteins 6 PapC k. coli 1B.1121

2/3!’dS of the.se prOtein.s) and a.6 TMS proton channel irlAII of the porins listed are believed to function passively with the
th.elr N-termmal domain (the first 1/3rd of these pro_— exception of the proteins of the OMR family (TC #1.B.14) which take
teins). The oxidase transfers electrons from NADPH in,;, jron complexes and vitamin 8 by a concentrative mechanism,
the cytoplasm to ©@on the external side of the mem- accumulating the substrates in the periplasm of the Gram-negative
brane, and the released protons cause membrane depmeeterial cells.
larization and cytoplasmic acidification (Henderson et
al., 1997; Henderson, 1998). Efflux of'Hhrough the et al, 1999). Finally, the PLM family (TC #1.A.27) ex-
channel provides charge compensation, preventing thgibits an unusually large range of transport substrates,
fall in internal pH. Arachidonic acid, which allosterical- peing able to equilibrate a number of structurally dis-
ly activates the oxidase, simultaneously opens the charsimilar organic anions including lactate, glutamate, iso-
nel. This system provides a remarkable example of howhionate and gluconate as well as inorganic anions (Kirk
hybrid protein construction, fusing a channel domaing& Strange, 1998).
with an enzyme domain, allows coordination of scalar ~ Two families of bacterial-specific channel proteins,
and vectorial processes so as to circumvent the toxidscL and MscS, long recognized on the basis of elec-
consequences of the enzyme’s action (Henderson et atrophysiological studies (Martinac et al., 1987, 1990) in-
1997; Henderson, 1998). Multiple homologues of theseclude the well-characterized MscL protein &f coli
so-called “respiratory burst oxidases” found in animals(Sukharev et al., 1996) and the relatively poorly charac-
are encoded within the genomes of plants suclms  terized channels of the MscS family (Levina et al., 1999).
bidopsis thalianaTorres et al., 1998). The physiological functions of both family members
Only four channel protein families in addition to the concern rapid cellular adaptation to osmotic downshift
LIC family discussed above, include members that se{Levina et al., 1999). While MscL family proteins ex-
lectively transport inorganic anions. The ubiquitous CI hibit fairly uniform size and topological features, MscS
channel (CIC) family (TC #1.A.11) includes functionally family proteins are highly variable in this regard.
characterized members that transport a variety of anions
in addition to Chloride (FOSkett, 1998) The Organe”arSpeciﬁcitieS of Bacterial Porins B_type)
CIC (O-CIC) family (TC #1.A.12) is distinct from the
CIC family with members that exhibit different sizes, Table 3 presents the range of substrate specificities ex-
topologies and specificities (Table 2; Landry et al., hibited by B-barrel-type outer membrane porins of
1993). Similarly, the epithelial CIC (E-CIC) family (TC Gram-negative bacteria and provides an example of a
#1.A.13) exhibits features that differ from those of both porin exhibiting the stated specificity. A TC # is pro-
the CIC and O-CIC families (Ran & Benes, 1992; Agnel vided to allow easy access to the protein and its sequence
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accession numbeséeour website). Many of these por- Table 4. Families of protein and peptide toxins (mostly from bactéria)

ins are either nonspecific or only moderately selective, or

their physiological functions may be to export macro- Family or Approximate. # TMSs
g . superfamily size (# aas)
molecules, specific proteins or carbohydratese{lable
1 and our website). However, various porins are Knownpgteins
that serve the primary function of transporting a specific 1.c.1 Colicin 600 42
compound or group of compounds (Table 3). In some 1.C.2 ICP 500-1500  (67)
cases these porins exhibit fairly strict specificity, but in 1.C.3 aHL 400 (),
other cases the function specified may be dictated by the 1-C4 Aerolysin 400 ,)(B”
induction properties of the porin rather than by its actual gg i(t}??r}'(l (veast) 33?(?0 .
transport capability. In many cases the range of sub- ;¢ DT 340 22)
strates transported by a porin is not known. 1.C.8 BTT 600 22
Several porin types are anion-selective, and a few of 1.c.9 VacA 1290 (2
these function to transport a specific anion such as phos- 1.C.10 HIyE 305 ?
phate or pyrophosphate. Others are specific for cationic 1.C-11 RTX-toxin 900-1700  (3)
compounds. However, porins are also known that spe- 1215 Zﬁ(c ;28‘600 ;’
cifically transport a range of organic compounds. Nutri- "<, CHL 600 5

ent transport substrates include nucleosides and nucleo-
tides, sugars, fatty acids, urea, and short chain amide&°Ptides

. . ; 1.C.16-1.C. ioni hipathi 20-1 1
(Table 3). Toxic hydrophobic substances (organic sol- 1¢-16-1:¢-35 Cationic amphipathic 20-100 (1 or 2)
. . . peptides (20 families)
vents and drugs) may be exported via other porins. Fi-
nally, specific outer membrane receptors recognize an&epsipeptide .
. Gramicidin 15 —

transport iron-siderophore complexes and vitamjg iB
a process that depends on the ExbBD-TonB prqteln COMyr £amilies listed can be further identified by reference to Table 1 and
plex. ExbBD probably serves as ari ldhannel in the  our website. The abbreviations are: # aas, number of amino acyl resi-
cytoplasmic membrane that allows the pmf across thisiues; # TMSs, number of putative transmembrarfelical spanners.
membrane to drive the active uptake of these iron scav-

engers and vitamin B across the outer membrane

(Locher et al., 1998; Larsen, Thomas & Postle, 1999) homologous pore-forming toxins producedibycoliand
Accumulation of these molecules in the periplasm occursts close relatives (Stroud et al., 1998). These proteins
against a greater than 1,000-fold concentration gradienfunction to kill other closely related bacteria. The
Presumably, the ExbBD-TonB protein complex providesmechanism of killing is complex, involving recognition

a transmembrane proton transport pathway, and transl@f an outer membrane receptor, translocation across the
cation of protons down the proton electrochemical gra-outer membrane in a pmf-dependent process, and forma-
dient (the proton motive force or pmf) induces confor- tion of a channel in the cytoplasmic membrane (Braun,
mational changes in the outer membrane porin. Thifilsl & Gross, 1994; Cramer et al., 1995; Gonaux, 1997,
may possibly occur by opening and closing the channelLazdunski et al., 1998; Stroud et al., 1998).

in response to energy input in a fashion that allows ac-  Insecticidal crystal proteins belonging to the ICP
cumulation of the substrate in the periplasm. The detail§amily are called-toxins. They resemble colicins in one
of the mechanism by which outer membrane transport ismportant respect in that they are produced by a very
energized remains one of the intriguing unansweredimited range of bacterieBacillus thuringiensistrains),
questions in membrane biology. and they target very specific cells in a narrow range of
organisms, most of which prove to be insects (Schnepf et
al., 1998). Eaclb-toxin is specific for a particular in-
vertebrate or a narrow range of such organisms (Aron-
son, 1993; Knowles & Dow, 1993). Their phylogenetic
characterization (Bravo, 1997) has resulted in a new pro-
Table 4 lists a number of pore-forming protein and pep-posal for naming the members of the ICP family (Crick-
tide families, the members of which prove toxic to a more et al., 1998).

target cell other than the producer cell. Of the 14 protein  a-Hemolysins &HL; sometimes calle@- or y-tox-
toxin families listed, all but one, the yeast killer toxin K1 ins; TC #1.14; Song et al., 1996) and aerolysins (TC
of Saccharomyces cerevisiagre produced by bacteria. #1.15; Parker et al., 1996) are structurally (and probably
While most of these toxin types are designed to attaclevolutionarily) related toxins. They need to be activated
animal cells, colicins target bacteria other than the proby the animal hosts of the producing bacteria in sequen-
ducer strain. This bacterial-specific toxin family is a tial proteolytic processes that must precede assembly of
large and well-defined family that includes a number ofthe heptomeric complex and insertion into the mem-

Channel-Forming Proteins that Function in
Biological Warfare
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brane. WhileaHLs are produced exclusively by Gram- those of the bacteriophage of these organisms (Young &
positive bacteria, aerolysins are produced by both GramBlasi, 1995). The primary function of holins appears to
positive and Gram-negative bacteria as well as plantshe the transport of murein hydrolases across the cyto-
The toxins produced by speciesAdromonasre among plasmic membrane to the cell wall where these enzymes
the best-characterized (Parker van der Goot & Buckleyhydrolyze bonds in the peptidoglycan cell wall polymer
1996). as a prelude to cell lysis. When chromosomally en-
The e-toxin family includes proteins produced ex- coded, these enzymes are therefore autolysins. Holins
clusively by Gram-positive bacteria. Some are specificmay also facilitate leakage of electrolytes and nutrients
for mammals (Petit et al., 1997), but others target insectérom the cell cytoplasm, thereby promoting cell death
such as mosquitoes (Chan et al., 1996; Liu et al., 1996)Martin Lopez & Garca, 1998).
Proteolytic processing by the host is a characteristic ~ Although the amino acid sequences of holins are
shared by these toxins as well as tihemolysins and divergent, they generally exhibit (i) small sizes (60-145
aerotoxins discussed in the previous paragraph. amino acyl residues), (ii) two, three or four putative
Diphtheria toxin (DT) and the botulinum and tetanus transmembrane spanners (TMSs), depending on the pro-
toxins (members of the BTT family) are exoneurotoxinstein, each separated by a putatigeurn linker region,
that exert their effects cytoplasmically. They resemble(iii) a hydrophilic N-terminus that is localized to the
each other in that they are secreted as single polypeptideytoplasm, and (iv) a highly polar, charge-rich C-
chains but are cleaved to yield disulfide linked het-terminal domain. The N- and C-terminal hydrophilic re-
erodimers (Binz et al., 1994; Kachel et al., 1998). Thegions generally function to regulate holin-mediated
N-terminal domain of the heavy chain forms a channel inchannel formation (Barenboim et al., 1999; &lat al.,
the animal cell membrane that serves as the translocatiot999).
pathway for the toxic light chain (London, 1992; Binz et Murein hydrolases lack N-terminal signal se-
al., 1994; Lesieur et al., 1997; Montecucco, 1998 [1.25 &quences, and therefore are not believed to be transported
1.35]). via the general secretory pathway (TC #3.A.5). Holins
Members of the cytohemolysin (CHL) family, all undoubtedly form homo-oligomeric complexes that gen-
from Gram-negative bacteria, resemble other toxins diserate pores in the cytoplasmic membrane. These pores
cussed above in requiring extensive host-mediated praare thought to provide a passive transport pathway for
teolysis before activation becomes possible. The monotheir substrate proteins. Whether or not they function in
meric end product of proteolysis pentamerizes in theconjunction with other proteins is not known. If not,
presence of cholesterol-sphingolipid-containing mem-transport of substrate proteins such as the murein hydro-
branes to generate a water filled pore of about 1.5 nmase is not likely to be driven by ATP hydrolysis as is true
diameter that lyses the cell (Alm Stroeher & Manning, for many other protein export systems (TC #3.A.1;
1988; Zitzer et al., 1999). 3.A.5-3.A.7).
Several other families of bacterial toxins have been
some of the constituent proteins of these families (Lacy
& Stevens, 1998). These families include the vacuolat-Organisms from all three domains of life synthesize
ing cytotoxin (VacA) family (Czajkowsky et al., 1999), small proteins (or large peptides) which are degraded to
the hemolysin E (HIyE) family (Ludwig et al., 1999), the even smaller hydrophobic or amphipathic, bioactive pep-
RTX toxin family (Westrop et al., 1997) and the thiol- tides EeeTables 1 and 2, Klaenhammer, 1993; Bech-
activated cytolysin (TAC) family (Rossjohn et al., 1997). inger, 1997). Many of these peptides exhibit antibiotic,
It is clear that many different types of toxins evolved fungicidal, virucidal, hemolytic and/or tumoricidal ac-
independently of each other to form very different struc-tivities by interacting with membranes and forming
tural elements that serve the unified function of creatingtransmembrane channels that allow the free flow of elec-
pores in target cells. The extent of this structural diver-trolytes, metabolites and water across the phospholipid
sity will be an important topic of study for years to come. bilayer. They generally appear to function in biological
warfare although other possibilities have been consid-
Holins ered (Nes et al., 1996). There are many designations
given to these bioactive peptides. They include the ma-
The Holin functional superfamily consists of at least six- gainins, cecropins, melittins, defensins, bacteriocidins,
teen distinct families of proteins that exhibit common etc., each from a different biological source. The pro-
structural and functional characteristics but which do notteins in each family within this functional superfamily
exhibit statistically significant sequence similarity be- are homologous, but they exhibit little or no significant
tween members of distinct familiesdeTables 1 and 2 sequence similarity with members of the other families.
and our website). They are encoded within the genome$hus, several of these families may have evolved inde-
of Gram-positive and Gram-negative bacteria as well apendently. However, common structural features ob-
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served between members of distinct families suggest thdtelices are probably oriented with their hydrophilic faces
at least some of them share a common ancestry (Rileygointing inwards to form the surfaces of the pores and the
1998). hydrophobic side chains interacting with the phospho-
lipid membrane matrix. While this structural model is
most widely accepted, other possibilities can be enter-
tained (Marsh, 1996; Bechinger, 1997). A number of
depsipeptides have been shown to form transmembrane
ghannels geeTable 1).

EukaryoTic CAPs

Several families of eukaryotic CAPs, each from a differ-
ent group of organisms, are recognized. These familie
will be listed below and briefly described.

ProkarYoTIC CAPS
Family 1.C.16

Bacteriocins are bacterially produced peptide antibiotics
Magainins are a group of amph|path|c peptides (Zl_zg\llth the ablllty to kill a limited range of baCteria, Usua”y
amino acyl residues in length) from the skin and intes-but not always those that are closely related to the pro-
tines of frogs. They form right-handegthelical struc- ducer bacterium (Klaenhammer, 1993; Riley,
tures in membranes and serve bactericidal, fungicidal998). Many of them exhibit structural features typical
and virucidal functions (Matsuzaki, 1998). They thereby©f members of the eukaryotic channel-forming amphi-
provide defense against infectious agents. As revealeBathic peptides. That is, they are usually synthesized as
by their synergistic behavior, they can form homo- and/small precursor proteins or peptides which are processed

or hetero_o"gomeric transmembrane Channe|S. with proteolytic elimination Of their N'terminal Ieader
sequences, and the resultant mature peptides form one,
Family 1.C.17 two or more putative amphipathic transmembrankee-

lical spanners (TMSs). For those with two TMSs, a

haracteristic hinge region that separates the two putative
ransmembrane segments is usually present. A similar
tructural arrangement occurs for example in the two-

Cecropins are produced by insects, particularly unde
conditions of infection. Cecropins A, B and D are close
homologues consisting of 35—-39 amino acyl residue | .
: MS Cecropin A proteins (TC #1.C.17).
(Gudmundsson et al., 1991). They are found in the pu- M :
pae of the cecropin moth, but related homologues named I\gany bacterlo_ct:ms a:e.enco(;:ied Qé)getrons thatt als?
lepodopteran, bactericidin, moricin and sarcotoxin are-"'c0de an immunity protein and an ransport sys
produced by other insects. tem _(TC #3.A.1) with a protease,domaln at the N-
terminus (Venema et al., 198%; Martinez-Bueno et al.,
1998). The ABC system exports the bacteriocin while
the protease domain cleaves the N-terminal leader se-
o ) ) i i guence. A few bacteriocins are exported via the type Il
Melittin (26 residues) is the best studied of the '”SeCtgeneral secretory pathway rather than by ABC-type ex-
peptides toxins. Itis found in the venom of the Europeanport systems. In some cases, expression of the bacterio-
honey beeApis mellifera. Three-dimensional structures cin-encoding operon is induced by a bacteriocin-like
of melittin have b_een elucidated (Terwilliger & Eisen- peptide which acts in conjunction with a two component
berg, 1982; Bechinger, 1997). sensor kinase-response regulator to effect induction.

Family 1.C.18

Family 1.C.19 Families 1.C.20-1.C.24

Defensins are produced by mammals. Their precursorg,ass | jantibiotic bacteriocins are small membrane-

vary in size (35-95 amino acyl residues). The active, (e channel-forming peptides of less than 5 kDa (Sahl
peptides have antibacterial, antifungal and antiviral ac Bierbaum 1998). They contain the unusual amino

tivities. Three-dimensional structures of defensin-1 have, .45 |anthionine an@-methy! lanthionine, as well as
been solved both by x-ray crystallography (1.9 A reSO-gehydrated residues. One member of family 1.C.22 is
lution) and by NMR (Hill etal., 1991; Pardi et al., 1992). {he thiol-activated peptide, Lactococcin B, included in
Class llc by Klaenhammer (1993).
NONRIBOSOMALLY SYNTHESIZED DEPSIPEPTIDES
Families 1.C.24-1.C.26
Alamethicin (TC #1.D.5; 20 residues), from the fungus,
Trichoderma viridejs ana-methyl alanine-rich peptide Class Il non lanthionine-containing heat-stable bacterio-
that, like melittin, probably forms a flexible, oligomeric, cins are small membrane active peptides of less than 10
helix-bend-helix structure. Bundles of such amphipathickDa characterized by a Gly-Gly Xaa'* processing site
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in the bacteriocin precursor. Each one is processed by &able 5. Distribution of channel families in the three domains oflife
protease domain that is covalently linked to the ABC- ”
type bacteriocin export permease (e.g., Nes et al., 1996:"12€'s # Families per group
TC #3.A.1.42.2). Mature bacteriocins are predicted to

: i : A : B A E BA BE AE BAE
form amphipathic helices with varying amounts of hy-

drophobicity. Subgroups in Class Il bacteriocins in- Protein channels 3 0 17 o© 0 0 3
clude: Protein toxins 122 0 1 0 1 0 0
Peptide toxins 0 O 4 0 0 0 0
. Holins 11 0 0 0 0 0 0
lla, Family 1.C.24 Porins % o0 1 o 0 0 0
Total 58 0 23 0 1 0 3

Listeria-active peptides exhibit a consensus sequence in
the N-terminus of Y-G-N-G-V-X-C. Many other ho- *This table includes all of the channel families that were included in
mologous peptides, not tabulated under TC #1.C.24, arthe TC system as of March, 1999. Table 1 presents a more up-to-date
also members of this family. tabulation of these systems (current as of December, 1999). Entries that
are doubly underlined represent the major types of families that are
bacterial- (B), archael- (A) or eukaryotic- (E) specific, or that are found
in all three domains of life (BAE).

Ilb, Families 1.C.25 and 1.C.26

Members of these families form poration complexes re-

quiring two distinct peptides for activity (Allison Frem- A more precise breakdown of these channel families is
aux & Klaenhammer, 1994). They therefore form het-presented in Table 6. In addition to the three ubiquitous

ero-oligomeric complexes. channel families (VIC, MIP, and CIC), another possible
ubiquitous channel family is the MIT (metal ion trans-
llc, Family 1.C.27 porter) family (TC #9.A.17) where the mode of transport

is not well established (Kehres Lawyer & Maguire, 1998;

Members of this family include Sec-dependent peptidesSmith & Maguire, 1998; Smith et al., 198%). These
requiring the Type Il General Secretory Pathway (IISP;proteins exhibit only 2 or 3 TMSs suggesting a channel-
TC #3.A.5) for export. type mode of action. Of the eukaryotic-specifietype

Many CAP bacteriocins have been identified in ad-channel protein families, all but a few are restricted to
dition to those tabulated here, but those listed are amongnimals and their viruses. The exceptions include the
the best characterized with respect to evidence for chamonselective cation channel-2 (NSCC2) family which
nel formation in target bacterial membranes. Class lllhas representation in both animals and yeast, the
and IV bacteriocins (Klaenhammer, 1993) are large heatNADPH oxidase-associated cytochromesd(CybB)
labile proteins that function by mechanisms unrelated tdH*-channel family with representation in plants and ani-
those of CAPs. mals, and the plant-specific symbiotic ammonium trans-

In addition to CAPs, several other channel-forming porter (SAT) family (Table 5).
peptide toxins are produced by bacteria. Examples in-  B-Porin families are all restricted to Gram-negative
clude colicin V, which is not a true colicin and probably bacteria except for the mitochondrial and plastid porin
functions as a bacteriocin (TC #1.C.31; Gilson Mahanty(MPP) family. All but a couple of the toxin families
& Kolter, 1990), and well-characterized ion transporting listed include members that are derived exclusively from
substances that are synthesized enzymatically in bactertzacteria. It should be noted, however, that probable
such as the K carrier Valinomycin and other ion- channel-forming toxins have also been isolated from a
translocating channel-forming peptides such as syringovariety of fungi and other eukaryotic pathogens.
mycin and syringopeptin (Bender Aldm&Chaidez &
Gross, 1999). Finally, archaea produce peptide toxin

S . . . .
but the modes of action of most of these agents are no(t?hannel-Formlng Proteins and Peptides for Which
well understood (Riley, 1998). High Resolution Structural Data are Available

Table 7 lists the channel-forming proteins for which high
Organismal Distribution of the Different Classes of resolution structural data are available. In spite of the
Channel Proteins fact that membrane proteins are hard to crystallize, four

of the five categories of channel-forming molecules pre-
Table 5 summarizes the distribution of recognized chansented in Fig. 1 are represented, the holins being the one
nel-forming proteins/peptides in the three domains ofexception. It should be noted that in some of these ex-
life. Of the currently recognized-type channel fami- amples (Table 7), the crystallized species was a soluble
lies, most are specific to eukaryotes, a few are syntheform of the protein rather than the channel-forming,
sized exclusively in bacteria, and a few are ubiquitousmembrane-embedded conformer. These examples are
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Table 6. Kingdom distribution of channel families (TC #1)

Channel type Distribution # Families TC #
a-Proteins Ubiquitous 3 (or4) VIC, MIP, CIC (MIT)
Bacteria 2 MscL, MscS
Animals 15 IRK-C, RiR-CaC, TRP-CC, PCC, ENaC, ACC, LIC, GIC, O-CIC, E-CIC, NSCCI,
Bcl-2, Connexin, Innexin, PLM
Animal virus 1 IvC
Animals and yeast 1 NSCC2
Animals and plants 1 CybB
Plants 3 SAT, CSC, Ticl10
Yeast 1 Mid1l
B-Porins Bacteria 25 All except MPP
Eukaryotes 1 MPP
Protein toxins Bacteria 13 Colicin, CIHL, Aerolysin, e-Toxin, DT, BTT, VacA, HIyE, RTX-Toxin,
TAC, Ctx, CHL
Yeast 1 YKT-K1
Protozoans 1 Amoebapore
Animals 1 WSP
Holins (autolysins) Bacteria 15 1.A.28-1.A.43; see Table 1
Peptide toxins Bacteria 12 Nisin, Lecticin 481, Lactococcin A, Lactocin S, Pediosin, Lactococcin G,
Lactacin X, Divergicin A, AS48, Plantaricin EF, Plantaricin JK, Colicin V
Animals 7 Magainin, Ceropin, Melittin, Defensin, Mastoparin, Cathincidin, Tachyplesin

1 Full family names can be found in Table 1, and included proteins and their sequence accession numbers are available through our website.

Table 7. Channel proteins for which three-dimensional structural data are available

TC # Protein Family Source PDB code

| a-type Protein Channels

1.A221.2 Mechanosensitive channel MscL Mycobacterium tuberculosis 1MSL
1.A111 K" channel, KcsA VIC Streptomyces lividans 1BL8
1.A9.11 Acetylcholine receptor LIC Torpedoelectric organ 3MRA
Il 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 1IMAL
1.B.6.1.1 Porin (OmpA) OOP E. coli 1BXW
1.B.7.1.1 Porin (PorCa) RPP Rhodobacter capsulatus 2POR
1.B.14.1.4 FhuA ferrichrome receptor OMR E. coli 1BY5
Il Protein Toxins
1.C111 Colicin la Colicin E. coli 1Cll
1.C.1.2.2 Colicin E1 Colicin E. coli 1COL
1.C21.1 Cry 1Aa ICP Bacillus thuringiensis 1ClY
1.C221 Cry 3Aa ICP Bacillus thuringiensis 1DLC
1.C3.1.1 a-Hemolysin aHL Staphylococcus aureus 7AHL
1.C41.1 Aerolysin Aerolysin Aeromonas hydrophila 1PRE
IV Peptide Toxins
1.C.18.11 Melittin CAP Bee venom 2MLT
1.C.19.11 Defensin 1 CAP Homo sapiens 1DFN
V Other
1.A211.1 Apoptosis regular, Bel-X(L) Bcl-2 Homo sapiens 1IMAZ

1.D.1.1.1 Gramicidin A Gramicidin A Bacillus brevis 1GMK
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nevertheless included in our list because the information C-terminal sequence of theholin constitutes a cytoplasmic regu-

obtained from such protein structures allows much more latory domain.J. Bacteriol. 181:2922-2929

; ; i P. 1994. Colicins: Structures, modes of
| re-formin rucBraun, V., Pilsl, H., Gross, S, MC
concrete postulatlon of the prObab € pore-io g struc action, transfer through membranes and evoluttooh. Microbiol.

ture. Many of these structures have been discussed and ;41199 206

analyzed by Lacy and Stevens (1998) and Sakai anf;ayo, A. 1997. Phylogenetic relationships Bécillus thuringiensis
Tsukihara (1998). Primary references and detailed dis- s-endotoxin family proteins and their functional domaitsBac-
cussions of the structures are provided in our website teriol. 179:2793-2801

under each family listingsgethe TC #s provided), as Burkhart, B.M., Li, N., Langs, D.A., Pangborn, W.A., Duax, W.L.
well as the two review references cited above. PDB code 1998. The conducting form of gramicidin A is a right-handed

numbers provide easy access to the 3-dimensional pro- cgig.ligga\r;(s)t_rfzngdszd double helberoc. Natl. Acad. Sci. USA
tein structures tabulated in Table 7. In contrast to Carfi--p,, ‘sw.. Thanabalu, T., Wee, B.Y., Porter, A.G. 1996. Unusual

ers a'_']d ATP-driven primary active transporters, channel  amino acid determinants of host range in the Mtx2 family of mos-
proteins are reasonably well characterized from struc- quitocidal toxins.J. Biol. Chem271:14183-14187

tural standpoints. It is important to note, however, thatCramer, W.A., Heymann, J.B., Schendel, S.L., Deriy, B.N., Cohen,
new structural types of channel proteins and peptides F.S., Elkins, P.A., Stauffacher, C.V. 1995. Structure-function of the
will undoubtedly emerge as additional structural data be- channel-forming colicinsAnnu. Rev. Biophys. Biomol. Struct.

come available 24:611-641
. Crickmore, N., Zeigler, D.R., Feitelson, J., Schnepf, E., Van Rie, J.,

Lereclus, D., Baum, J., Dean, D.H. 1998. Revision of the nomen-
| am grateful to Mary Beth Hiller and Milda Simonaitis for their as- clature for theBacillus thuringiensispesticidal crystal proteins.
sistance in the preparation of this manuscript. Work in my laboratory  Microbiol. Mol. Biol. Rev.62:807-813
was supported by USPHS grants 5RO1 Al21702 from the NationalCzajkowsky, D.W., lwanoto, H., Cover, T.L., Shao, Z. 1999. The vacu-
Institutes of Allergy and Infectious Diseases and 9RO1 GM55434 from  olating toxin from Helicobacter pyloriforms hexameric pores in
the National Institute of General Medical Sciences, as well as by the |ipid bilayers at low pHProc. Natl. Acad. Sci. US86:2001-2006
M.H. Saier, Sr. memorial research fund. Dierks, T., Salentin, A., Heberger, C., Kner, R. 199@. The mito-

chondrial aspartate/glutamate and ADP/ATP carrier switch from

obligate counterexchange to unidirectional transport after modifi-
References cation by SH-reagent&iochim. Biophys. Actd028268-280
Dierks, T., Salentin, A., Heberger, C., Knar, R. 1990. Pore-like and
Agnel, M., Vermat, T., Culouscou, J. 1999. Identification of three novel  carrier-like properties of the mitochondrial aspartate/glutamate car-
members of the calcium-dependent chloride channel (CaCC) family  rier after modification by SH-reagents: Evidence for a preformed
predominantly expressed in the digestive tract and tradrgBS channel as a structural requirement of carrier-mediated transport.
Lett. 455:295-301 Biochim. Biophys. Actd028281-288
Alexander, S.P.H., Peters, J.A. 1997. 1997 Receptor and lon Chann@ixon, M., Webb, E.C., Thorne, C.J.R., Tipton, K.F. 1979. Enzymes,
Nomenclature Supplement (Trends in Pharmacological Sciences). 3rd ed. Academic Press, New York
Cambridge, UK: Elsevier Trends Journals Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
Allison, G.E., Fremaux, C., Klaenhammer, T.R. 1994. Expansion of  Cohen, S.L., Chait, B.T., MacKinnon, T. 1998. The structure of the
bacteriocin activity and host range upon complementation of two  potassium channel: Molecular basis of Bonduction and selectiv-
peptides encoded within the lactacin F operdn.Bacteriol. ity. Science280:69-77
1762235-2241 Foskett, J.K. 1998. CIC and CFTR chloride channel gatikrqu. Rev.
Alm, R.A., Stroeher, U.H., Manning, P.A. 1988. Extracellular proteins Physiol.60:689-717
of Vibrio cholerae: Nucleotide sequence of the structural gene Gilson, L., Mahanty, H.K., Kolter, R. 1990. Genetic analysis of an
(hlyA) for the hemolysin of the hemolytic El Tor strain 017 and MDR-like export system: The secretion of colicin EMBO J.

characterization of thklyA mutation in the nonhemolytic classical 9:3875-3894
strain 569B.Mol. Microbiol. 2:481-488 Gonaux, E. 1997. The long and short of colicin action: The molecular
Aronson, A.l. 1993. The two faces @acillus thuringiensisinsecti- basis for the biological activity of channel-forming colicirgtruc-
cidal proteins and postexponential survivdbl. Microbiol. 7:489— ture 5:313-317
496 Gudmundsson, G.H., Lidholm, D.A., Asling, B., Gan, R.B., Boman,
Barenboim, M., Chang, C.-Y., dib Hajj, F., Young, R. 1999. Charac- ~ H.G. 1991. The cecropin locus-cloning and expression of a gene
terization of the dual start motif of a class Il holin geridol. cluster encoding 3 antibacterial peptidesfiyalophora cecropia. J.
Microbiol. 32:715-727 Biol. Chem.266:11510-11517
Bechinger, B. 1997. Structure and functions of channel-forming pep-Henderson, L.M. 1998. Role of histidines identified by mutagenesis
tides: Magainins, cecropins, melittin and alamethidifMembrane in the NADPH oxidase-associated* thannel.J. Biol. Chem.
Biol. 156:197-211 273:33216-33223

Bender, C.L., Alartn-Chaidez, F., Gross, D.C. 199Bseudomonas  Henderson, L.M., Thomas, S., Banting, G., Chappell, J.B. 1997. The
syringaephytotoxins: Mode of action, regulation and biosynthesis  arachidonate-activatable, NADPH oxidase-associatechdnnel is
by peptide and polyketide synthetasbcrobiol. Mol. Biol. Rev. contained within the multi-membrane-spanning N-terminal region
63:266-292 of gp91-phox.Biochem. J325:701-705

Binz, T., Blasi, J., Yamasaki, S., Baumeister, A., Link, E.dBof, Hill, C.P., Yee, J., Selsted, M.E., Eisenberg, D. 1991. Crystal structure
T.C., Jahn, R., Niemann, H. 1994. Proteolysis of SNAP-25 by types  of defensin HNP-3, an amphiphilic dimer: Mechanisms of mem-
E and A botulinal neurotoxinsl. Biol. Chem269:1617-1620 brane permeabilizatiorScience251:1481-1485

Blasi, U., Fraisl, P., Chang, C.-Y., Zhang, N., Young, R. 1999. The Hille, B. 1992. Chapter 9: Structure of channel proteins; Chapter 20:



M.H. Saier, Jr.: Transmembrane Channels 179

Evolution and diversity.In: lonic Channels of Excitable Mem-  Marini, A.-M., Spingael, J.-Y., Frommer, W.B., Andr. 2000. Cross-

branes. (2nd Ed). Sinauer Associates, Sunderland, MA talk between ammonium transporters in yeast and interference by
Kachel, K., Ren, J., Collier, R.J., London, E. 1998. Identifying trans-  the soybean SAT1 proteiMol. Microbiol. 35:378-385

membrane states and defining the membrane insertion boundariddarsh, D. 1996. Peptide models for membrane chanBéshem. J.

of hydrophobic helices in membrane-inserted diphtheria toxin T~ 315:345-361

domain.J. Biol. Chem273:22950-22956 Martin, A.C., Lopez, R., Gara, P. 1998. Functional analysis of the
Kartmann, B., Stengler, S., Neiderweis, M. 1999. Porins in the cellwall  two-gene lysis system of tHeneumococcgbhage Cp-1 in homolo-

of Mycobacterium tuberculosis. J. Bacteridl81:6543—-6546 gous and heterologous host cells.Bacteriol.180:2210-217
Kehres, D.G., Lawyer, C.H., Maguire, M.E. 1998. The CorA magne- Martinac, B., Buechner, M., Delcour, A.H., Adler, J., Kung, C. 1987.

sium transporter gene familiicrobial Comp. Genon3:151-169 Pressure-sensitive ion channel ftscherichia coli. Proc. Natl.
Kirk, K., Strange, K. 1998. Functional properties and physiological =~ Acad. Sci. USM4:2297-2301

roles of organic solute channeknnu. Rev. Physiob0:719—-739 Martinac, B., Adler, J., Kung, C. 1990. Mechanosensitive channels of
Klaenhammer, T.R. 1993. Genetics of bacteriocins produced by lactic E. coli activated by amphipath®lature 348:2261-263

acid bacteriaFEMS Microbiol. Rev12:39-85 Martinez-Bueno, M., Valdivia, E., Geez, A., Coyette, J., Maqueda,

Knowles, B.H., Dow, J.A.T. 1993. The crystakendotoxins oBacillus M. 1998. Analysis of the gene cluster involved in production and
thuringiensis:Models for their mechanisms of action on the insect immunity of the peptide antibiotic AS-48 iBnterococcus faecalis.
gut. BioEssaysl5:469-476 Mol. Microbiol. 27:347-358

Kuan, J., Saier, M.H., Jr. 1993. The mitochondrial carrier family of Matsuzaki, K. 1998. Magainins as paradigm for the mode of action of
transport proteins: structural, functional and evolutionary relation-  pore forming polypeptidesBiochim. Biophys. Actd376391-400
ships.Crit. Rev. Biochem. Mol. BioR8:209-233 Montecucco, C. 1998. Protein toxins and membrane transfort.

Lacy, D.B., Stevens, R.C. 1998. Unraveling the structures and modes Opin. Cell Biol.10:530-536
of action of bacterial toxinsCurr. Opin. Struct. Biol.8:778-784 Nelson, R.D., Kuan, G., Saier, M.H., Jr., Montal, M. 1999. Modular

Landry, D., Sullivan, S., Nicolaides, M., Redhead, C., Edelman, A., assembly of voltage-gated channel proteins: A sequence analysis
Field, M., al-Awqati, Q., Edwards, J. 1993. Molecular cloning and and phylogenetic studyl. Mol. Microbiol. Biotechnol1:281-287
characterization of p64, a chloride channel protein from kidney Nes, I.F., Diep, D.B., Havarstein, L.S., Brurberg, M.B., Eijsink, V.,
microsomesJ. Biol. Chem268:14948-14955 Holo, H. 1996. Biosynthesis of bacteriocins in lactic acid bacteria.

Larsen, R.A., Thomas, M.G., Postle, K. 1999. Protonmotive force,  Antonie van Leeuwenho&l0:113-128
ExbB and ligand-bound FepA drive conformational changes in Niederweis, M., Ehrt, S., Heinz, C., Kdker, U., Karosi, S., Swiderek,

TonB. Mol. Microbiol. 31:1809-1824 K.M., Riley, L.W., Benz, R. 1999. Cloning of theasspAgene en-
Lazdunski, C.J., Bouveret, E., Rigal, A., Journet, L., LIcsilfR., Bene- coding a porin fromMycobacterium smegmatis. Mol. Microbiol.

detti, H. 1998. Colicin import intdEscherichia colicells. J. Bac- 33:933-945

teriol. 180:4993-5002 Olsen, G.J., Woese, C.R., Overbeek, R. 1994. The winds of (evolu-
Lesieur, C., Vesey-Semnije, B., Abrami, L., Fivaz, M., van der Goot, tionary) change: breathing new life into microbiologdy Bacteriol.

F.G. 1997. Membrane insertion: The strategies of toxivsl. 176:1-6

Membr. Biol.14:45-64 Pao, S.S., Paulsen, I.T., Saier, M.H., Jr. 1998. The major facilitator

Levina, N., Tdemeyer, S., Stokes, N.R., Louis, P., Jones, M.A., Booth,  superfamily.Microbiol. Mol. Biol. Rev.62:1-32
I.R. 1999. Protection oE. coli cells against extreme turgor by Pardi, A., Zhang, X.L., Selsted, M.E., Skalicky, J.J., Yip, P.F. 1992.
activation of MscS and MscL mechanosensitive channels: Identifica- NMR studies of defensin antimicrobial peptides. 2. Three-
tion of genes required for MscS activitgMBO J.18:1730-1737 dimensional structures of rabbit NP-2 and human HNBidchem-

Lichtinger, T., Heym, B., Maier, E., Eichner, H., Cole, S.T., Benz, R. istry 31:11357-11364
1999. Evidence for a small anion-selective channel in the cell wallPark, J.H., Saier, M.H., Jr. 1996. Phylogenetic characterization of the
of Mycobacterium boviBCG besides a wide cation-selective pore. MIP family of transmembrane channel proteidsMembrane Biol.
FEBS Lett.454:349-355 153:171-180

Lichtinger, T., Reiss, G., Benz, R. 2000. Biochemical identification and Parker, M.W., van der Goot, F.G., Buckley, J.T. 1996. Aerolysin—the
biophysical characterization of a channel-forming protein from ins and outs of a model channel-forming toxMol. Microbiol.

Rhodococcus erythropolis. J. Bacterié32:764—770 19:205-212
Linnaeus, C. 1758. Systema Naturae. 10th Edition. Petit, L., Gibert, M., Gillet, D., Laurent-Winter, C., Boquet, P., Popoff,
Liu, J.W., Porter, A.G., Wee, B.Y., Thanabalu, T. 1996. New gene = M.R. 1997.Clostridium perfringengepsilon-toxin acts on MDCK
from nine Bacillus sphaericusstrains encoding highly conserved cells by forming a large membrane complex. Bacteriol.
35.8 kilodalton mosquitocidal toxinsAppl. Environ. Microbiol. 179:6480-6487
62:2174-2176 Pinto, L.H., Dieckmann, G.R., Gandhi, C.S., Papworth, C.G., Braman,
Locher, K.P., Rees, B., Koebnik, R., Mitschler, A., Moulinier, L., J., Shaughnessy, M.A,, Lear, J.D., Lamb, R.A., DeGrado, W.F.

Rosenbusch, J.P., Moras, D. 1998. Transmembrane signaling 1997. A functionally defined model for the Mproton channel of
across the ligand-gated FhuA receptor: Crystal structures of free influenza A virus suggests a mechanism for its ion selectifitpc.

and ferrichrome-bound states reveal allosteric chan@esl Natl. Acad. Sci US®4:11301-11306

95:771-778 Ran, S., Benos, D.J. 1992. Immunopurification and structural analysis
London, E. 1992. Diphtheria toxin: Membrane interaction and mem-  of a putative epithelial Cl channel protein isolated from bovine

brane translocatiorBiochim. Biophys. Actd11325-51 tracheaJ. Biol. Chem267:3618-3625

Ludwig, A., Bauer, S., Benz, R., Bergmann, B., Goebel, W. 1999. Raynaud, C., Largle, M.-A., Senaratne, R.H., Draper, P., Lahe,
Analysis of the SlyA-controlled expression, subcellular localization G., Daffe M. 1999. Mechanisms of pyrazinamide resistance in
and pore-forming activity of a 34 kDa hemolysin (ClyA) from mycobacteria: importance of lack of uptake in addition to lack of
Escherichia coliK-12. Mol. Microbiol. 31:557-567 pyrazinamide activityMicrobiology 145:1359-1367

Maloney, P.C. 1990. A consensus structure for membrane transporRiess, F.G., Lichtinger, T., Cseh, R., Yassin, A.F., Schaal, K.P., Benz,
Res. Microbiol.141:374-383 R. 1998. The cell wall porin oNocardia farcinica: biochemical



180 M.H. Saier, Jr.: Transmembrane Channels

identification of the channel-forming protein and biophysical char- Torres, M.A., Onouchi, H., Hamada, S., Machida, C., Hammond-

acterization of the channel propertidgol. Microbiol. 29:139-150 Kosack, K.E., Jones, J.D. 1998. Shrabidopsis thalianahomo-
Riess, F.G., Lichtinger, T., Yassin, A.F., Schaal, K.P., Benz, R. 1999. logues of the human respiratory burst oxidase (§p%L Plant J.

The cell wall porin of the gram-positive bacteriudocardia aste- 14:365-370

riodesforms cation-selective channels that exhibit asymmetric volt- Venema, K., Kok, J., Marugg, J.D., Toonen, M.Y., Ledeboer, A.M.,

age dependencérch. Microbiol. 171:173-182 Venema, G., Chikindas, M.L. 1985 Functional analysis of the
Riley, M.A. 1998. Molecular mechanisms of bacteriocin evolution. pediocin operon oPediococcus acidilacticPAC1.0: PedB is the

Annu. Rev. GeneB82:255-278 immunity protein and PedD is the precursor processing enzyme.

Rossjohn, J., Feil, S.C., McKinstry, W.J., Tweten, R.K., Parker, M.W. Mol. Microbiol. 17:515-522
1997. Structure of a cholesterol-binding, thiol-activated cytolysin Venema, K., Venema, G., Kok, J. 1985 actococcal bacteriocins:
and a model of its membrane fori@ell 89:685-692 Mode of action and immunityTrends Microbiol.3:299-304
Sahl, H.-G., Bierbaum, G. 1998. Lantibiotics: Biosynthesis and bio- West, I.C. 1997. Ligand conduction and the gated-pore mechanism of
logical activities of uniquely modified peptides from Gram-positive transmembrane transpoBiochim. Biophys. Actd331213-234
bacteria.Annu. Rev. Microbiol52:41-79 Westrop, G., Hormozi, K., da Costa, N., Parton, R., Coote, J. 1997.
Saier, M.H., Jr. 1994. Computer-aided analyses of transport protein  Structure-function studies of the adenylate cyclase toxiBafle-
sequences: gleaning evidence concerning function, structure, bio- tella pertussisand the leukotoxin oPasteurella haemolytichy
genesis, and evolutioMicrobiol. Rev.58:71-93 heterologous C protein activation and construction of hybrid pro-
Saier, M.H., Jr. 1998. Molecular phylogeny as a basis for the classifi- teins.J. Bacteriol.179:871-879
cation of transport proteins from bacteria, archaea and eukarya. Young, R., Blai, U. 1995. Holins: Form and function in bacteriophage

Advances in Microbial PhysiologiR.K. Poole, editor. pp. 81-136. lysis. FEMS Microbiol. Rev17:191-205
Academic Press San Diego, CA. Zitzer, A., Zitzer, O., Bhakdi, S., Palmer, M. 1999. Oligomerization of
Saier, M.H., Jr. 1999. Genome archeology leading to the characteriza- Vibrio choleraecytolysin yields a pentameric pore and has a dual
tion and classification of transport proteit@urr. Opin. Microbiol. specificity for cholesterol and sphingolipids in the target mem-
2:555-561 brane.J. Biol. Chem274:1375-1380
Sakai, H., Tsukihara, T. 1998. Structures of membrane proteins deter-
mined at atomic resolutior. Blochem.’L‘24:l(.)51—1059 ‘ Note Added in Proof
Sansom, M.S.P. 1998. lon channels: A first view of &hannels in
atomic glory.Curr. Biol. 8:R450-R452 While this manuscript was in press, Marini et al. (2000) provided

Schnepf, E., Crickmore, N., Van Rie, J., Lereclus, D., Baum, J., Fei-conyincing evidence that the soybean SAT1 protein, which had been
telson, J., Zeigler, D.R., Dean, D.H. 199Bacillus thuringiensis  characterized as an NHhannel on the basis of its ability to comple-
and its pesticidal crystal proteindicrobiol. Mol. Biol. Rev. ment an NH transport defect in a mutant strain 8accharomyces

62:775-806 ] B ] ] cerevisiaejs not in fact an NH channel protein, but instead is probably
Schulz, GE 1996. Porln;: General tp specific, native to engineered, transcription factor. SAT1 apparently restores ;Niptake in the
passive poresCurr. Opin. Struct. Biol 6:485-490 yeast mutant strain by interfering with inhibition of one of the three

Schwarz, M., Gross, A., Steinkamp, T.;'§e, U.-I., Wagner, R. 1994.  NH? transporters 08. cerevisiagMep 3 (Marini et al., 2000). Mep3 is
lon channel properties of the reconstituted chloroplast triose phosy member of the ammonium transporter (Amt) family (TC #2.A.49).
phate/phosphate translocatdr.Biol. Chem269:229481-29489 TC #1.A.26 is therefore no longer assigned to the SAT family and has

Senaratne, R.H., Mobasheri, H., Papavinasasundaram, K.G., Jenner, Bgen reassigned to the plant plasmodesmata (PPD) fasgkyor
Lea, E.J.A., Draper, P. 1998. Expression of a gene for a porin-likeyepsite).
protein of the OmpA family fromMycobacterium tuberculosis Considerable evidence is accumulating for the presence of mul-
H37Rv.J. Bacteriol. 180:3541-3547 tiple porins in the outer mycolate-containing membranes of certain high

Smith, R.L., Maguire, M.E. 1998. Microbial magnesium transport: Un- G+C Gram-positive bacteria. These bacteria incliigcobacterium
usual transporters searching for identiol. Microbiol. 28:217-226 tuberculosis(Senaratne et al., 1998, Kartmann et al., 1988)cobac-

Smith, R.L., Gottlieb, E., Kucharski, L.M., Maguire, M.E. 1988  terium smegmatigNiederweis et al., 1999; Raynaud et al., 1999),
Functional similarity between archaeal and bacterial CorA magne-Mycobacterium bovigLichtinger et al., 1999)Nocardia farcinica
sium transporters]. Bacteriol. 180:22788-2791 (Riess et al., 1998)\ocardia asteriodegRiess et al., 1999) an@ho-

Smith, R.L., Szegedy, M.A., Kucharski, L.M., Walker, C., Wiet, R.M., dococcus erythropoli€Lichtinger et al., 2000). One of these proteins is
Redpath, A., Kaczmarek, M.T., Maguire, M.E. 1898he CorA  the OmpATb protein oM. tuberculosisvhich has been reported to be
Mg?** transport protein oSalmonella typhimuriuniviutagenesis of  a member of the OmpA-OmpF porin (OOP) family (TX #1.B.6.k8e
conserved residues in the third membrane domain identifies’d Mg our website); MspA oM. smegmatisanother such protein, is a mem-
pore.J. Biol. Chem273:28663-28669 ber of a novel family which we have called the mycobacterial porin

Song, L., Hobaugh, M.R., Shustak, C., Cheley, S., Bayley, H., Gouaux(MBP) family (TC #9.B.24) (Niederweis et al., 1999). A third such
J.E. 1996. Structure of staphylococeahemolysin, a heptameric  protein is a partially sequenced protein fr&thodococcus erythropolis

transmembrane por&cience274:1859-1866 which we have provisionally specified as tfe erythropolisporin
Stein, W.D. 1967. The Movement of Molecules Across Cell Mem- (REP; TC #9.C.3) (Lichtinger et al., 2000). The partial sequence avail-
branes. Academic Press, New York able for this last-mentioned protein does not exhibit significant simi-
Stroud, R.M., Reiling, K., Wiener, M., Freymann, D. 1998. lon- larity to any sequence present in the current databases.
channel-forming colicinsCurr. Opin. Struct. Biol.8:525-533 The available sequence data suggest that the outer membrane
Sukharev, S.I., Blount, P., Martinac, B., Guy, H.R., Kung, C. 1996. porins of Gram-positive bacteria will prove to belong to several distinct
MscL: A mechanosensitive channellscherichia coli. In:Organ- families. Although the few fully sequenced proteins currently available
ellar lon Channels and Transporters. D.E. Clapham and B.E. Ehrlichfrom mycolate-containing membranes have been placed under category
editors. pp. 133-141 Rockefeller University Press, New York 1.B (B-barrel porins), it should be noted that structural data are not yet
Terwilliger, T.C., Eisenberg, D. 1982. The structure of melittin. Il. available for any of these proteins. Consequently, these proteins may prove to

Interpretation of the structurd. Biol. Chem257:6016—-6022 be more appropriately assigned to a different category in the future.



