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This is one of the most exciting periods in membrane we now have several crystal structures of bacteridl K
biology. The last five years has seen the elucidation of the channels and a structure for the CIC-type chloride channel.
structures of several bacterial ion channels-§). These Bacterial mechanosensitive channefy (MscL and MscS,
structures have allowed central questions about the mechawhose structures have also been solv@d 10) form
nism(s) of selectivity and gating of ion channels to be nonspecific channels and will not be considered here.

addressed and have also provided a fertile ground for  guy\ctural Motifs in lon-Specific (K Na*, Cl-) Channels.
speculation and model building. What has been particularly ¢y ta) structures of the bacteriattand CI channels have

significant in this period has been the diversity of structures g ,sjieq major insights into the mechanisms of selectivity
that has allowed different issues in ion channel function to (1,3, 11). The structure of ion binding sites in proteins finds

bhe d|§cussed In a r(;efw I'gw' '(Ij'_h|s rewevvf Seeks_tcl) (;xplor(? many different solutions in nature, which provide different
the advances gained from the discovery of bacterial channelSyginjties and specificities. lon channels exhibit a very high
but, particularly, from the analysis of their structures.

. . R .. degree of ionic specificity, for example, discrimination
lon channels exhibit two major properties, ionic selectivity patween K and N4 in P-loop K* channels can be of the

and gating. The functions of ion channels require fast switch- order of 16-fold. The structures of the bacterial channels

on rates and transient open states in t.he m|_|I|second rang€show that similar solutions have evolved to create the pores
The fast transition from closed to open is achieved by gating in K+ and CI channels that exhibit both high selectivity

by specific chemical, physical, and electrical signals. Ion and low affinity. In each case the backbone carbonyt (K
movement through channels takes place at rates approachlnghannels) and amide (CIC) groups create relatively weak

those of free diffusion (i.e5-107 ions/s). This is inconsistent binding sites (Figure 2b.c), consistent with rapid ion move-
with the presence of strong binding sites that, while offering ment through the chanr’1e17 (11). Amino acid side chains
the potential of discrimination, wquld slow the t“ff“’.ver t_o also contribute oxygen atoms to these binding sites, but acidic
a few events per secqnd. Bacter_lal channel; e'xh|b|t 9alNg 54 basic amino acids are generally avoided to prevent the
phenomena on the millisecond t_lme scale §|mllar to those formation of tight ionic bonds that would hinder the free
of the higher eukaryotes, responding to chemicals, to change%ow of ions. The specificity is created through the spacing

in membrane potential, and to pressue-§). Bacterial of the carboxyl and amide groups such that they can replace

genome sequencing has revealed a variety of homologue
of mammalian ion-specific channels (Figure 1). Homologuessth(:J water molectiles that wouild normally surround th4e. K
and CFI ions, respectively. In both channels short helices

of a range of K-specific channels, Nachannels, and CI o ) . :
channels have been identified. Arising from these resources,have thglr“dlpoles:’orlented such that an ion of the appropnate
charge is “guided” toward the center of the pate3) (Figure
: 2a). In addition, the entryways to the channels are enriched
;Ttne %“éhsoéireseamh is supported by The Wellcome Trust (040147) for anjonic (KcsA) and cationic (CIC) residues so that the
ang Coerrespondihg author. E-mail: gen118@abdn.ac.uk. Phone: 44- Substrate ion will be concentrated in the vicinity of the
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Ficure 1: lon channels in bacterial cells. (a) The figure illustrates
the basic structures of the different classes df ¢hannels in
bacterial cells: (i) the basic configuration of KcsA,; (ii) GIuRO;

(iii) voltage-gated K channel (note that S1 and S2 have been
omitted, and only the voltage sensor, S3a/3b/S4, is shown attached
to the basic KcsA core structure); (iv) KirBacl.1; (v) MthK, where (©)
the carboxy terminus is the RCK)(or Ktn domain b5) carrying

the Rossmann fold. (b) Bacterial ion channels. Thedkannels

were subclassified on the basis of BLAST searches using the KcsA,
MthK, KirBacl.1, and KvAP protein sequences. Several homo-
logues were observed for each class. However, there are many K
channel homologues related to KcsA that possess additional amino-
terminal or carboxy-terminal domains that are not similar to the
four crystallized examples. These sequences have been noted as
“other”.

Despite the similar strategies for pore construction the
structures_of the Kand CI* channels could not otherwlse FicUre 2: lon-selective pores for K and CF. (a) Dipole
be more different (Figure 2a,b). The"Khannel pore arises  arrangements in the CIC channel and khannel. In CIC the
from the junction of the four identical subunits and is positive end of the dipole (dark shading) is oriented toward the
asymmetrically arranged within the plane of the membrane, center of the membrane and “focuses” the @n at the neck of
closer to the periplasmic surface than the cytoplasm. In the selectivity filter. In the K channel the inverse arrangement is
contrast, CIC channels are dimeric, but each CIC chloride observed with the positive end of the dipole oriented to the

' - . J membrane surface positioning the negative dipole toward the

channel subunit has an independent pore created from severalestibule end of the selectivity filter. Note also that the filters are
short helices that only penetrate partway across the mem-positioned centrally within the membrane for the-@hannel but
brane (2, 13). Chloride channels have arisen from an close to the periplasmic surface in the khannel. The filters are

. ; ach approximately 12 A in length. Cartoon after MacKinngn (
ancestral duplication, and in these two aspects they resembl b) This panel illustrates two of the four subunits that make up the

the construction of the aquaporiti4), although CIC is @ symmetrical tetramer of the closed state of KcsA. In the left-hand
much more complex and larger protein. panel the TM2 helices form the lining of the channel, and their
(A) Potassium Channel3he structure of the Kchannel interaction at the cytoplasmic face forms the gate of the channel.

. - - The right-hand panel illustrates the open conformation of the
was first defined by the resolution of the crystal structure of channel, as found in the MthK open channel structdr, (with

the 160 amino acitreptomycesididansKcsA channel 15) an expansion of the pore selectivity filter region witt kons (filled
to 3.2 A (1). The simplest K channel subunit consists of circles) in positions 2 and 4 and with a"Kon at the outer neck of

two transmembrane spans, TM1 and TM2, separated by atﬂe ';!:ter-t:Nater m0||eCU|35b(0peanifC|leS) surround IHEGQISifd?h s
H : H the filter but are replace carbonyls or oxygen atoms o r
short_ pore h‘?"x and th.e P loop that together define cation in positions 2 and 2 respegtively. P)(/)sitions ){gand 3 are occupied
specificity (Figure 1a, i). Remarkably, there are very few by water molecules. Figures inspired by réfsand41. (c) The
examples of K channel proteins as small as KcsA in the molecular detail of the chloride channeB)(selectivity pore
bacterial genome database; most possess either aminogreproduced with permission from rét. Copyright 2003 American
terminal or carboxy-terminal extensions. Three further Association for the Advancement of Science). The red sphere

I . . represents the chloride ion interacting with Y445, S107, and
structures of K-specific channels, which represent the wider 24016 amides of theN helix. Note that the gating residue E148

group of bacterial K channel proteins, have essentially interacts in a similar way to the chloride ion with amide bonds of
confirmed the KcsA pore architecture and have given insights the oN and oF helices.
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into the structure and role of the adjacent domams6( (B) Inward Rectifier Channel$New structures show how
16). The TM2 helices line the pore, and the TM1 helices the basic architecture of Kchannels can be modified to
interact with lipid. The TM2 helices cross the membrane at allow for essentially unidirectional ion movement in the
an angle of 25to the axis of the pore and are slightly kinked inward rectifier (KIR) class of K channels 16, 22) (Figure
at the periplasmic ends so that they splay outward (Figure 1a, iv). KIR channels have the basic KcsA channel structure
2b). Short pore helices have the negative ends of their dipolesflanked by conserved amino- and carboxy-terminal domains.
pointing toward the center of the vestibule below the By making fusions of different lengths of the two flanking
selectivity filter. Here the focused dipoles help to stabilize domains of mMGIRK (mouse), the structure of the cytoplasmic
the K* ion located in the vestibule. The recent structure of pore, which lies immediately below the vestibule and seal
KirBac1.1, which has been crystallized with its amino and of the channel, was solved. Tetrameric assemblies were
carboxy termini relatively intact, has the pore helices observed that contained a centrat 75 A pore that extends
misaligned such that the dipoles do not contribute as strongly30 A below the plane of the membrane and that was
to ion binding in the vestibule as in KcsA§). It has been predicted to be colinear with the pore of the channel. This
suggested that this collapses the vestibule into a closed statestructure 22) has been elegantly supported by determination
In the KcsA crystal structure, TM2 helices cross close to of the structure to 3.65 A of the bacterial KIR channel
the cytoplasmic face (Alalll in KcsA; Phel46 in KirBacl.1), KirBacl.1 (6) (Figure 3). The N-terminal domain forms
effectively sealing the K conducting path across the an integral part of the cytoplasmic pore domain through a
membraneq, 16). In the crystal structure of KcsA a single  shortf sheet that interacts with the carboxy-terminal domains
K* ion surrounded by structured water is visible in the of the adjacent subunitlg, 22). This interaction places
vestibule whereas in KirBac1l.1 only diffuse electron density constraints on the transmembrane helices to which these
is seen in this regionl{). It has been suggested that the domains are attached, which may aid the transmission of
vestibule K ion in KcsA is held in place by weak hydrogen the gating signal. Flexible linkers connect the cytoplasmic
bonds via less structured water to the side chains of Thrl07domain to the channel, but it is believed that the “portal”
and backbone carbonyls of TM1. This places a hydratéd K created between the linkers is unable to allow ikns to
ion in line with the selectivity filter, and with the channel exit from the channel protein due to ionic repulsion by basic
closed, there is effectivgl2 M K* in the vestibule 17). residues at this locationil§). The K ion is expected to
Since dehydration reactions are very rapid relative to the ratetraverse a distance of88 A, rather than the maximum of
of passage of the ion, the hydrated state of this ion is no ~12 A in KcsA or MthK, before reaching the bulk phase.
barrier to ion conduction. Consequently, the Kmust pass through the cytoplasmic pore
The selectivity filter, or pore, of K channels has the thatis subject to blocking by Mg or polyamines 23—25).
consensus sequenceGY Gyg (Using the KcsA numbering)  Glutamate residues (Glul87 and Glu258) that project into
(18—20). The peptide backbone of this sequence is oriented the lumen of the cytoplasmic pore have been implicated in
such that four rings of carbonyls project into the lumen of the binding of Mg" and polyamines 16) (Figure 3a).
the pore and the valine and tyrosine side chains are orientedPolyamine binding is predicted to be favored in the bacterial
away from the porel(, 21). These side chains make specific channel by the spacing of the two rings of negative charge.
contacts with tryptophan residues in the pore helix, forming  (C) Voltage-Dependent 'KChannels.Voltage-gated K
a sheet of aromatic residues that holds the peptide backbonehannels share the basic organization of thé pore
in position. Cation selectivity is significantly determined by described above but, in addition, have amino-terminal
these interactions since they control the diameter of the pore.membrane segments, one of which, S4, carries several basic
Four stacked binding sites{H#, Figure 2b), each of which  residues separated by hydrophobic amino acids (R&Kxx)
can be occupied by a single ion, are created by the backbong26—28). This structural feature is responsible for voltage
carbonyl groups of residues Thr75, Val76, Gly77, and Tyr78 dependence of the channel. It has long been held that
and by the side-chain oxygen of Thr75 located below, at movement of these residues in response to changes in the
the entrance to the vestibule. Above the selectivity filter the membrane potential is responsible for pore openi28). (
backbone carbonyl of Gly79 contributes to a binding site, Gating requires the equivalent of 424 electron charges
probably promoting ion dehydration by providing four of moving through the whole membrane field. Given the
the eight oxygen atoms needed to satisfy theiéh (21). tetrameric nature of the channel, this meant that3.%
Analysis of the kinetics of K and R movement has been  charges per subunit had to be relocated across the membrane
correlated with crystal structures solved in the presence of (28). How could this be achieved? Jiang and colleagues have
each of these ions at both low and high concentrations. Thesgroposed a solution based on the crystal structure of KVAP

studies suggested that electrostatic repulsion betweeorts from Aeropyrum pernixa bacterial homologue of voltage-
ensures that alternate binding sites are occupied by ions withdependent K channels, 29) (Figure 1a, iii). The structure
the intervening site occupied by a water molec@#) (For of KvAP, complexed with an Fab fragment, was resolved

example, ions may be bound at either sites 1 and 3 or sitesto 3.4 A. The crystallization conditions appear to have
2 and 4 (Figure 2b). If sites 1 and 3 are occupied, the entry trapped the open configuration of the chann29)( The

of another K ion to a vacant outer position would push the selectivity filter and overall structure of the'Kpore share
ion in site 1 to site 2 and that in site 3 to site 4 simply by strong similarities with KcsA, whereas the alignment of the
repulsion. The exit of the ion from site 4 into the vestibule TM2 helices (S6 in KVAP) bears a stronger resemblance to
would complete ion translocation from out to in. Such a the MthK channel. The voltage sensor, which is directly
simple mechanism explains why ion translocation through attached to the outer helix (S5), might exert its influence on
the channel approaches the rate observed for free diffusionchannel opening by pulling on S5 to allow bending at the
and why ion channels are freely reversible. residue in S6 equivalent to Gly83 in KcsA. In the crystal
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(a) structure the first two transmembrane helices (S1 and S2)
form a concentric ring around the S5/S6 pores, with S3 and
S4 lying outside that ring€). The structure leads to the
proposition of a significant variation from the conventional
depiction of S+S4 as foura helices. In particular, it is
proposed that S3 and S4 are actually three helices, S3a, S3b,
and S4, with the latter pair forming an antiparallel helix
turn—helix, “the voltage-sensor paddle” (Figure 3b). The
voltage-sensitive arginine residues are located in S3b, which
connects to S3a via the S3 loop).(In the crystal structure
S3a lies coaxial with the pore axis, and the paddle is parallel
to the cytoplasmic face of the membrane. A sharp turn ends
S4 and leads into S5, the outer helix of the pore, and readily
explains how movement of the paddle could lead to
displacement of this helix, allowing bending of S6 and
channel opening. Overall, the voltage sensor is seen as being
a highly flexible protein domain that interacts loosely within
the membrane phase with the pore-forming S5/S6 domain.
Flexibility was demonstrated by the separate crystallization
of the SES4 domain, which exhibited similar organization
of its core S3aS3hb/S4 elements to that seen in the whole
channel protein@). The essential separateness of the voltage
sensor and the pore is supported by the ability of the S1
S4 domain to be grafted onto KcsA pore domains to form a
fully functional channel 0).

Studies with antibodies specific for the paddle and with
toxins have supported a model in which the voltage sensor
is accessible from different sides of the membrane in
response to membrane depolarizati@g, (29). Antibodies

s3 applied at the periplasmic face of the channel caused
progressive inhibition dependent upon cycles of membrane

54 depolarization. No inhibition was evident until the membrane
Closed had been depolarized. Tarantula venom, which binds at the

2 S3/S4 sequences, inhibited from the periplasmic face, and
the rate was enhanced by cycles of depolarization. Further
support for the model came from accessibility of biotinylated

Pore

Seal

pore

single cysteine residues to avidin applied from different sides
of the membrane. Residues on the upper face of the paddle
Open (e.g., G112C) were accessible from the external face, whereas
Fioure 3. Voltage-gated and inward rectifier channels. (a) those on the lower face (e.g., 1127C) were accessible from
Overview of the KirBacl.1 structurel§). Upper panel: Two the ,'n_tem"?‘l S,'d_e,' Two cys}eme mutants ,(L122C an,d L121C)
subunits of Kirbac1.1 have been removed for clarity to display the €xhibited inhibition by avidin when applied from either the
position of the slide helix relative to TM1. (created with the external or internal face. This was interpreted as evidence
Kirbacl.1 PDB file with the permission of the authors). The twisting that the paddle can translocate the biotin label from one
movement (curved arrow) of the carboxy-terminal domains is ¢,rface to the other in response to depolarization in the

thought to exert a pull (horizontal arrow) on the slide helix leading o :
to bending and rotation of TM2 and consequent opening of the Manner suggested for colicin translocati@i)( The data

pore. Lower panel: Two different views to show the positions of Support the model that the S383b/S4 paddle is mobile
R418 (red), F146 (yellow), E187 (blue), and E258 (green). A black within the membrane and affords a mechanism for gating
arrow indicates the path that the"Kon would take thl’OUgh the the channel in response to membrane depo|arization_

open channel. The figures were created using Chime. Note the :
interaction of the amino-termingl sheet with the carboxy-terminal (D) GIuRO Channelsh bacterial homologue of the GluR2

domain. (b) Schematic of the voltage sensor paddle attached to the AMPA* channel has been identified 8ynechocysti¢32).

core S5-S6 P-loop unit. The voltage sensor S&8b/S4isshown  The GIURO protein exhibits an inverted KcsA-like core
in green in the proposed closed (membrane potential negative inside)structure (selectivity filter located close to the cytoplasmic
and open (membrane depolarized) channels. Although the S1 antyce of the membrane) and flanking periplasmic amino- and

S2 segments have been omitted, the connection between S3a an . - . .. .
S2 is shown on the basis that S1 and S2 will form relatively arboxy-terminal domains (Figure 1a, ii). Strong conservation

conventional transmembrane helices; note, however, that this wouldOf residues known to be critical for glutamate binding and
require the S1 helix to adopt an N-terminal out configuration. In for structure was observed in the periplasmic S1 and S2
response to the membrane potential (negative inside) the sensodomains 82). Purified S+S2 domains of GIuRO bound

paddle is expected to be drawn toward the cytoplasmic surface of, _ ; ; i i ; i
the membrane. On depolarization the sensor moves outward, puIIingL glutamate with relatively high affinity, but the amino acid

on S5, allowing S6 to bend and the channel to open. It is worth
noting the strong similarity between this model and that proposed ! Abbreviation: AMPA, §-amino-3-(3-hydroxy-5-methyl-4-isox-
for MscS sensing of membrane voltaded). azole).
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could not be displaced by the classical GIuR agonists (e.g.,below the selectivity filter coordinated to main-chain amide
AMPA). A range of physiological amino acids were found groups from the amino-terminal end of helD and also
to antagonize.-glutamate binding. Using a protein fusion forms bonds with water molecules in the vestibule. The third
between rat GIuR and GIURO to obtain expression in ion is only seen in mutant forms of the channel in which
oocytes, currents were observed when either glutamate orGlul148 is replaced by Ala or GIn, when the ion replaces the
other amino acids that bound strongly to the S1/S2 domain gating glutamate residue directly between the amino termini
were added. Unlike the eukaryotic channels, which are of theaN andoF helices (i.e., just above the selectivity filter)
relatively nonspecific, GIuRO was'Kspecific 32). However, (Figure 2c). An activator site is known to be present on
accumulation of Na on the extracellular side of the pore eukaryotic CIC channels and displays a significantly different
was observed to block Kconduction. The recent crystal- halide preference to the channel itsed8). Little is known
lization of the GIURO S1/S2 domains, and their biophysical about this site in the bacterial channedf)
characterization, has further reinforced the homology between Opening the Channellhe open channel can be seen to
this channel protein and its eukaryotic counterpa88; 4). arise from two linked but essentially separate changes in the
The domains form a bilobate structure that in the eukaryotic structure of the channel protein. The ion-conducting pathway
protein undergoes a major conformational change uponhas to be opened to connect the bulk phases on either side
ligand binding 83—35). Thus conservation of sequence is of the selectivity filter, and a signal has to be perceived.
likely to be matched by strong mechanistic similarities. Although the latter will precede the former, it is easier to
(E) Na" ChannelsBacterial Nd channels lag behind the  discuss signal perception once one has dealt with the opening
K* and CI proteins in terms of the sophistication of their of the ion-conducting pathway.
analysis, due to their relatively recent discovery. The genome (A) Structural Changes Wolved in Opening the lon-
sequence for the alkalophilic halophBacillus halodurans ~ Conducting PathwaySolution of the structure of the MthK
led to the discovery of a protein that strongly resembled the channel in the open state suggested that TM2 pivots about a
domains of mammalian Naand C&" channels 36). The conserved glycine residue (Gly83 in MthK), such that the
database of bacterial genome sequences contains a smallestibule becomes continuous with the bulk phasety).
number of proteins (about six) that are similar in length to Supporting data for this model come from the KirBacl.1
NaChBac and which possess both the voltage sensor andchannel structure, although the critical hinge residue is
the more typical P-loop sequence TLESW (underlined text probably not at the position equivalent to Gly83 (see below)
indicates strongest conservation). Other related proteins arg16). The TM2 helix, which is almost straight in the vestibule
only weak candidates for Nachannels due to degeneration region of KcsA, bends almost 30n the MthK structure.
of the P-loop sequence or loss of amino-terminal sequencesGly83 is highly conserved among members of this family,
Most of these proteins retain perfect voltage sensor se-and analysis of helix movements during opening of KcsA,
guences. The current through the NaChBac channel is carriedusing site-directed spin labeling, is consistent with the
by Na" with a weak permeability to Ca but no significant bending of this helix. EPR analysis of site-directed spin labels
conduction of K or Cs" (36). NaChBac is expected to be a has the advantage of relatively “real time” analysis of protein
homotetramer on the basis of its similarity to KVAP. In higher movement. Data obtained by this route are consistent with
organisms the voltage-gated Nahannel protein contains the view of the open channel developed from the MthK
four “repeat” domains, each of which has the structure akin crystal structure42). Thus, it was observed that the upper
to the KvAP channel discussed above, and it is not reaches of the vestibule and the selectivity filter were
unreasonable to expect that the structure of the latter can beelatively immobile during gating of KcsA by acid pH but
used to make models of the bacterial™Nzhannel. that large changes in position were observed for residues at
(F) Chloride Channelsin the dimeric CIC Ct channel the cytoplasmic end of TM2, the channel-forming helix.
the pores created by each monomer are well separated, an#luch smaller movements were observed in TM1. The
the protein surface between is strongly electronegative, whichprediction was that TM2 would swing away from the axis
is consistent with the known independent operation of the of symmetry of the channel4p) (Figure 2b), as was
pores 87, 38). The protein contains 18 helices, whichvary ~ subsequently observed in the structures of MthK and
significantly in their length and membrane crossing angles KirBacl.1. In such a model, once this closed to open
(3). Unlike the Kt channel, the selectivity filter is positioned transition is made, the movement of ions is only constrained
midway across the membrane and is created by several shorby the time required to pass through the filter. Previous data
helices (N, oF, andaD) that have their amino termini  on the inhibition of K" channels by large organic cations
directed toward the eye of the selectivity filter. The positive applied from the cytoplasmic side of the membrane and
end of the dipole is oriented toward the pore, a structure models of inactivation by amino-terminal “balls” are given
that ensures the Clions will be funneled into the filter  greater coherence by the MthK structudd, (43, 44).
(Figure 2a). Peptide bond amides frarh\l are available to Much less is known about the gating of CIC channels at
bind the ion, augmented by the side-chain oxygen atoms ofthe molecular level, but analysis of mutant CIC proteins has
Serl07 ¢D) and Tyr445 @R) (Figure 2c). On either side led to a strong modelll). The TorpedoCIC-0 channel is
of the pore are water-filled vestibules that carry a number considered to be homotropically activated by @ns and
of basic residues that might be expected to concentrate thds voltage gated39, 45). To what extent these properties
Cl~ ions at the entrance to the channel. In contrast to the are shared by the bacterial channels is not yet known, but
K* channel, the Cl channel essentially has only room for a the crystal structure provided a powerful analytical tool for
single ion in the pore, although the recent crystal structuresunderstanding gatingl{). The Glu148 residue described
show how three ions can be accommodated in a singleabove is moderately conserved and is positioned above the
channel 11). In this structure one of the additional ions lies pore such that the-carboxylate group provides electrostatic
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repulsion, possibly as a pseudosubstrate. The recent crystal The only K channel for which the physiological gate is
structure makes it explicit that relocation of this residue is truly established is KefC, and doubt has been cast on whether
essential to allow free diffusion of chloride ions through the itis a channel or transporter. The original basis for suggesting
channel pore. Combining crystallographic analysisEsf that it is a channel was that the rate of Kranslocation
cherichia coliCIC mutants with electrophysiological analysis approached that of channels (i.e.$4Q0" ions/s) and that

of equivalent mutations in th&orpedo CIC-0 channel the amino acid sequence of the protein exhibited channel-
expressed in oocytes, MacKinnon and colleagues havelike features $0). What is not in doubt is the physiological
provided strong data in support of the role of Glu148 in role of KefC and its gating mechanis®0X-53). The channel
gating (L1). Mutation of Glu148 to Ala, GIn, or Val creates is maintained closed by the binding of glutathione, and
an open channel. CIC-0 channels exhibit voltage-dependentrelated peptides, and is activated by glutathione adducts.
gating: the gate closes at negative (inside) membrane voltageAdducts are formed by reaction between electrophiles and
and opens when the channel is depolarized. Closure of theglutathione and are intermediates in the detoxification of
gate, on imposition of a membrane voltage (negative inside), these toxic compounds4). The consequence of channel
lowers the whole cell current in oocytes expressing CIC-0. activation is rapid K loss that leads to acidification of the

In E166A, E166V, or E166Q (Glul148 i&. coli CIC) the cytoplasm that in turn protects the cell against damage that
current is maintained constant throughout voltage changes.the electrophile would otherwise cause.

The current-voltage relationship of E166Q can be mimicked ~ The large-scale protein movements made by TM2 during
in the wild-type protein by acidification to pH 5, which the opening of K-specific channels make them suitable to
suggests that the mutational change is equivalent to proto-gating by changes in structure of more distant parts of the
nation of the Glu166. Physiological analysis of the role of protein. MthK has RCK domains attached to the carboxy
CIC in E. coli has shown that the channel is activated by terminus of TM2, which potentiate gating as a result of
acid pH in a manner that is equivalent to the change seen atconformational changes in this domain. The RCK and Ktn
pH 5 in CIC-0 @6). Crystal structures of th&. coli CIC domains are built on the scaffold of the Rossmann fold and
mutants E148A and E148Q were consistent with this view have been observed as a structural elementotiannels

of the gating. Minimization of the side chain in E148A led and transporters from bacteria to ma#y £5). In RCK

to an extra chloride ion in the monomer, positioned equiva- domains the nucleotide binding pocket is less stringently
lent to Glu148, creating a queue of chloride ions through conserved than in Krbf). Mutational analysis has identified
the channel 11). In the E148Q mutant the glutamine was roles for the RCK/Ktn domain in gating BK channels in man,
observed to be relocated into the extracellular vestibule, thusKch in E. coli(C. Kung, personal communication), and the
opening the channel pathway. MacKinnon has pointed out KefC K™ efflux system inE. coli (56, 57). A number of
that the small movement required for Glu148 to block or Mutations that modify the gating of the KefC channel, leading
open the pathway means that the conformational change int® @ high rate of K leakage, have been mapped to the Ktn
one monomer can be independent of the other subunit ofdomain, and others lie in the HALESDIE loop in the

the dimer, leading to separate rather than coordinated openingn€mbrane domain56). The latter most probably directly
and closing. affect the pore, whereas those in the Ktn domain affect

gating. Genetic data have pointed to the importance of salt
bridges between the Ktn domain and a membrane loop
(HALESDIE) in gating the channebg). In particular, it was
demonstrated that charge reversal at a conserved Ktn residue,
R527, could be compensated by the opposite charge change
within the HALESDIE loop. This salt bridge may be required
to retain the correct juxtaposition of sequences. Precisely how
changes in glutathione structure gate the channel remains
unknown.

RCK/Ktn domains are capable of forming higher order
oligomers: that proposed for MthK is an octomer created

(B) Gating: Transmission of the Gating Sign@he first
major event in the opening of the channel is the transmission
of the gating signal, about which comparatively little is
known for the bacterial K channels but rather more forCl
The CIC CI channel ofE. coli has been shown to have a
role in protection of cells against extremely acidic conditions.
When cells are exposed to low pH (pH3), they require
the activity of acid tolerance systems for long-term survival
(46). One of these systems is based on conversion of
externally supplied glutamate tp-aminobutyrate in the

cytoplasm and their gxchange Via an annpgr‘zt)(ln some by translation initiation from two sites within thenthK
way the CIC channel is required for the optimum activity of '\ oA such that, in addition to full-length channel protein
the glutamate-based acid protection system. Correspondinglysenarate domains are made, allowing the tetrameric channel
E. coli CIC was observed to be gated by acid pt)( protein to have eight Ktn domain5)( A similar secondary
The KcsA channel is also activated by low p#8), and translation initiation site has been observed in the Kch
this has been demonstrated to be physiologically significant channel (C. Kung, personal communication). This is a
by expression of the wild type and tryptophan-scanning tetrameric K- channel of the same broad type as KVAP (but
mutants inE. coli (49). Observation of CH ions bound in lacking a strong voltage sensor motif) and has an RCK
MthK RCK (Ktn) domains led to the proposal that this is a domain at its carboxy terminus. Recently, mutants that exhibit
C&'-gated channel5). Electrophysiological analysis also altered gating of the Kch channel, corresponding to a more
showed that the channel could be gated by*Caut the frequent open state, have been isolated in the RCK domain
affinity for Ca?* was in the millimolar range, which exceeds (C. Kung, personal communication). The mutations could
physiological concentrations in bacteria by up td-fdid. be suppressed by specific changes that are expected to disrupt
Consequently, the actual significance of the bounéGs the selectivity filter. It was noted that elimination of the
in doubt, especially as it is not uncommon for protein crystals translation start site for expression of the separate RCK
to bind ions that aid structure formation. domain did not suppress the gain of function mutations,
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despite the elimination of expression of this extra domain. to be generated between channel subunits. In the tetrameric
These data cast doubt on the significance of an octamericand octameric assembly, the binding of ligand to one subunit
assembly, if only for Kch. will cause a change in the crossing angle of dtehelices
There are four crystal structures for RCK/Ktn domains: that is then transmitted to the adjacent pair of subunits. The
from the Kch @) and MthK ) channels and from two K affinity of the next pair of subunits for the ligand may be
transporters of the KtrA and TrkH class5). No ligand was influenced by this conformational change, giving rise to
observed with the Kch protein, and Cavas observed in  cooperativity b).
the MthK. The transport proteins had either NAD or NADH In KirBacl.1 a significant role for channel gating is
bound and were observed to form tetramers in the presencesuggested for the amino-terminal slide helix that lies parallel
of the ligand §5). There is a complex scaffold of interactions to the plane of the membrand§). This helix may be
possible between Ktn domains depending on whether theyimportant for stabilization of the closed state and for
form dimers, tetramers, or octamers. In the simple dimer the displacement of the outer (TM1) helices during opening, thus
a6 helices of each subunit cross over and make contacts withmaking room for the bending of TM2 as suggested from the
the edge of the Rossmann fold domain of the other subunit. structure of MthK. In the closed state, the conserved Arg148
This is the “flexible” interaction §, 55). Other than this interacts with the negative end of the slide helix, another
crossover there is no substantial protemmotein contact,and  example of the use of dipoles in channel architecture.
the hinge, formed where the tve® helices cross over, forms  Opening is believed to involve the rotational movement of
a zone of flexibility that allows different angles in the the domains that make up the cytoplasmic pore, leading to
individual structures. When the tetramer forms, the dimers displacement of both the blocking Phel46 and Argl48
are held together by hydrophobic interactions (known as the (Figure 3a). This simultaneously releases the slide helix and
“fixed” interface). The lack of specificity in these interactions allows the outer helices to move away, allowing the hinging
means again that the crossing angles are different in eachon TM2 and the formation of the open pathway for ion
channel. Alternating fixed and flexible contacts between conduction. It is suggested that Gly134, which is the
subunits create the octameric MthK structure. In the MthK equivalent of Gly83 in KcsA, is probably not involved in
octamer model, a subunit that is covalently attached to TM2 bending TM2 because it is not completely conserved in this
alternates with one that has been synthesized from thefamily of channels16). However, the conservation of small
secondary translation site. The upper surfaces of the Ktnresidues at this position has been proposed to be important
domains, which bear the groove of the Rossmann fold that for allowing TM2 to bend after the selectivity filter. Gly143,
could be occupied by NAD(H), line a pore that is colinear which is highly conserved in Kir channels, is the hinge
with that of the channel5). Potassium ions entering the position for TM2. Thus, while K channels may use the same
channel would have to pass through this structure in a mannerbasic mechanisms of opening the vestibule to the cytoplasm,
similar to that suggested for the KirBacl.1 channel. Most each family may have evolved a slightly different hinge
of the Ktn domain proteins have extra carboxy-terminal position, possibly through co-evolution with the gating
domains, the sequence of which more or less defines thedomains and their associated linkers.
subfamily of proteins to which the Ktn-bearing protein Roles of lon Channels in Bacterial Physiolo@jfferent
belongs. In MthK these domains lie peripherally to the ring pieces of this particular jigsaw have been assembled, but
of Ktn domains and are suggested to be a stabilizing elementthe whole picture is not available for any organism. While
The unigue nature of these sequences and their absence frorion channels mediate ion movements across the membrane,
structures other than MthK make it difficult to determine each gating event is likely to lead to only minimal changes
whether they have the same physical relationship in all in the pools of ions in the cytoplasm. A channel open for 1
structures. Overall, the Ktn domain appears to be utilized millisecond and conducting 10ons/s will only move 16
differently in each system, and consequently, it would not ions, and a bacterial cell might contairl0® K* ions, ~10°
be surprising if these ancillary domains were also positioned Na* ions, and 10CI~ ions (assuming-2 uL of cytoplasm/
uniquely to achieve specific interactions or functions. 1@ cells and 300, 1, and 0.1 mM, respectively, for the
Gating via Ktn domains is not understood. The alternative intracellular concentrations of 'K Na*, and CI; C&" has
structures of the two bacterial transporter Ktn domains with been ignored for this analysis but would be expected to be
different ligands bound offered up a model that variations low micromolar). The most dramatic changes arising from
in the crossover angle of the helices would result in lateral  gating are in the pools of ions that are traditionally excluded
force being applied to TM2 helices, causing them to swivel from cells (CI and N&), whereas the activity of the K
to the open position56). A similar observation has been channel might more significantly influence the membrane
made for the RCK domain of Kch and MthK: although the potential £9). A role for the alkaline pH-dependent gating
fixed domains are essentially superimposable, the anglesof a Na" channel has been proposed on the basis of the need
created by the flexible domains are quite differeB). (  for the rapid entry of N&in response to overalkalinization
Although the cytoplasmic domains of KirBacl.1 are quite of the cytoplasm. The Naions that have entered provide
different in structure and sequence to Ktn domains, a similar the substrate for the N&H* antiports that mediate acidifica-
pivoting has been proposed to result in opening of the tion of the cytoplasm H9). A sustained open state (i.e.,
channel 16) (Figure 3b). The parallel between the Ktn seconds rather than milliseconds) of the voltage-gated Na
domains and periplasmic binding proteins has been pointedchannel, of the type seen B haloduranswould allow bulk
out. Here, entry of a solute into its binding site, which is movement of Na entry competent to allow cytoplasmic
positioned at the base of the cleft between the two domains,acidification. As pointed out above, it is clear that there are
causes a movement of the domains relative to each otheralso variants of the NaChBac channel in bacterial genomes
(58). The fixed and flexible interfaces allow for cooperativity that lack obvious voltage sensors that might have roles in
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pH homeostasis. At the opposite end of the pH scale, theof the human bestrophin chloride channé8,(69), about
CI~ channels CIcA and ClcB (formerly EriC and MriT) have which relatively little is known (M. Pallen, personal com-
been shown to have a role in protection against acid stressmunication). Others have begun to reconfigure their models
as discussed above and elsewhed®, (60). However, for bacterial K uptake proteins to map onto a tetramer of
preliminary data from the authors’ laboratory suggest further KcsA, with the additional proviso that these would have an
roles for these ion channels in the normal vegetative growth asymmetric selectivity filter due to the lack of conservation
of E. coli of the repeat structure of the pore-forming domdif, 62).
With the K* channels, insights into physiological function What is clear from these studies is that the basis for
have been much harder to find. Mutants lacking Kcs/&in  selectivity and gating in ion channels evolved early in the
lividansand Kch inE. coli suffer no discernible disadvan- history of life on earth and has been deployed by bacteria
tage. This may reflect the limitations of the methods used for millions of years for the sophistication of their physiol-
to look for physiological roles, but clearly the data available ogy.
suggest no central role for the channels. The most plausible
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