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How some ion channels display both extreme selectiv-
ity and rapid flux remains a central topic of modern re-
search in quantitative biology. Two papers in this issue
(Dang and McCleskey, 1998; Kiss et al., 1998) indepen-
dently present a class of new models that attempt to ex-
plain new data gathered over the past few years from
careful experiments on mutant channels.

The classical squid axon K

 

1

 

 channel experiment that
suggested multi-ion behavior in channels, or the “long
pore effect,” was prompted by the flux-ratio criterion
(Ussing, 1949; Hodgkin and Keynes, 1955; Hille, 1992).
Unidirectional fluxes of radioactive tracers were mea-
sured under varying electrochemical gradients for K

 

1

 

.
The ratio of inward to outward tracer fluxes depended
exponentially on a power

 

 n 

 

of the electrochemical driv-
ing force, (E–E

 

K

 

). This experiment is usually explained
by stating that an individual K

 

1

 

 ion diffuses slowly up
the electrochemical gradient because it must await dis-
placement of approximately

 

 n 

 

K

 

1

 

 ions moving down
the gradient at any one time within the channel (Hille
and Schwarz, 1978). A contemporary flux ratio mea-
surement on 

 

Shaker

 

 K

 

1

 

 channels expressed in oocytes
yields

 

 n 

 

5 

 

2.4–3.4 (Stampe and Begenisich, 1996).
Contemporary electrical methods for studying ion

permeation in channels include reversal potentials,
current–voltage relations, anomalous mole fraction ef-
fects, blockade within the channel by inorganic ions,
blockade by organic ions at more external sites, local
anesthetics and peptide toxins, and streaming poten-
tials (Lester, 1991). Only some of these techniques per-
tain directly to multiple-occupancy theory. The “anom-
alous mole fraction effect” is the favorite experiment.
In the most direct form of this experiment, one mea-
sures single-channel conductances, 

 

g

 

A

 

 and 

 

g

 

B

 

, for
membranes with pure symmetrical A

 

1

 

, and then for
pure symmetrical ion B

 

1

 

, at equal activities [A

 

1

 

] 

 

5

 

[B

 

1

 

]. One now measures 

 

g

 

 for various mixtures of
these two solutions; that is, for 0 

 

, 

 

[A

 

1

 

]/([A

 

1

 

] 

 

1

 

[B

 

1

 

]) 

 

, 

 

1. In some cases, 

 

g

 

 does not change monotoni-
cally with mole fraction, but actually shows a minimum.
The most straightforward explanation of this result is
that the two ions interact within the channel, and,
therefore, that they both bind simultaneously. The fa-
vorite “B” ions are Ba

 

2

 

1

 

 (for Ca

 

2

 

1

 

 channels), Na

 

1

 

 (for

K

 

1

 

 channels), and gluconate or thiocyanate (for Cl

 

2

 

channels).
One common formalism, the interacting-ion model,

featured two binding sites, with roughly equal affinity
for ions (Almers and McCleskey, 1984; Hess and Tsien,
1984). A key idea was mutual repulsion between ions
(Hille and Schwarz, 1978): wells that were quite deep
when only one was occupied became shallower when
both were occupied, leading to rapid flux. Flux was
thus driven by the high effective concentration of the
permeating ions. This model also describes ion move-
ment through gramicidin channels (Urban et al., 1980;
Becker et al., 1992), in which there is good evidence for
two major cation binding sites (Olah et al., 1991).

In many cases, inorganic or organic blocking ions
bind within the conduction pathway. We cite two exam-

 

ples. Mg

 

2

 

1

 

 binds within the NMDA (

 

N

 

-methyl-

 

d

 

-aspar-
tate) receptor channel (Nowak et al., 1984); this blockade
underlies the Hebbian properties of NMDA-depen-
dent long-term potentiation. In Kir channels, Mg

 

2

 

1

 

 and
polyamines bind to a ring of glutamate residues; this block-
ade produces inward rectification (Lu and MacKinnon,
1994; Fakler et al., 1995). Despite their biological impor-
tance, these two famous phenomena do not constitute
proof for a multi-ion pore, because the blockade is not
relieved by the permeant ions; one therefore learns lit-
tle about permeation itself. On the other hand, in some
cases K

 

1

 

 competes for Ba

 

2

 

1

 

 binding at a blocking site,
and in others K

 

1

 

 “locks in” Ba

 

2

 

1

 

, as though the Ba

 

2

 

1

 

ion is occluded at each end of the channel by a K

 

1

 

 ion.
In one complete study of these effects at a Ca

 

2

 

1

 

-acti-
vated K

 

1

 

 channel, the authors concluded that “this
channel’s conduction pathway contains four sites of
very high affinity for K

 

1

 

, all of which may be simulta-
neously occupied under normal conducting condi-
tions” (Neyton and Miller, 1988).

But problems have surfaced for the mutual-repulsion
multi-ion pore model. After pioneering site-directed
mutagenesis experiments on Na

 

1

 

 channels (Heine-
mann et al., 1992), it appears that each of the four SS2
regions contains a crucial residue in a homologous po-
sition (D, E, K, A, respectively, in the four repeats) that
controls selectivity (Perez-Garcia et al., 1997). Although
these DEKA residues display resolvable asymmetries in
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their electrical positions (Yamagishi et al., 1997), they
presumably form a structure that approximates (within
a few Å) a single ring in the conducting pore. Likewise,
in experiments on Ca

 

2

 

1

 

 channels, only a single ring of
four glutamate residues govern selectivity to a large ex-
tent (Yang et al., 1993; Ellinor et al., 1995). 

Meanwhile, for the homotetrameric 

 

Shaker

 

 K

 

1

 

 chan-
nel, the primacy of a single ring was shown in experi-
ments that mutated the highly conserved GYG se-
quence in the

 

 P 

 

region, which forms a reentrant loop
in the same region of sequence as the SS1/SS2 loop
discussed above for Na

 

1

 

 and Ca

 

2

 

1

 

 channels. Some sin-
gle-residue mutations in this region abolish K

 

1

 

 selectiv-
ity (Heginbotham et al., 1994); when two neighboring
residues were deleted to make the

 

 P 

 

region sequence
resemble that of cyclic nucleotide-gated channels, this
also abolished K

 

1

 

 selectivity (Heginbotham et al.,
1992). Then it was found that the 

 

weaver

 

 mouse carried
the GYG 

 

→ 

 

SYG mutation in the GIRK2 K

 

1

 

 channel;
this channel also has nonspecific cation permeability
(Kofuji et al., 1996; Navarro et al., 1996; Slesinger et al.,
1996; Tong et al., 1996). The equivalent mutation in
the similar GIRK4 channel has equivalent effects (Sil-
verman et al., 1996).

Thus, most site-directed mutagenesis data render it
untenable to consider that two or more roughly equiva-
lent high affinity sites govern selectivity in multi-ion
pores. The papers by Dang and McCleskey and Kiss et
al. respond to this challenge by showing that a model
with a single high affinity site, flanked by two binding
sites of lower affinity close to the pore entrances, can
generate much of the classical multi-ion behavior. The
sites need not interact, and the two flanking sites could
arise from one of several mechanisms: a featureless
charged vestibule, a dehydration step, or a specific
weak binding site. 

The multi-ion pore remains a cornerstone of perme-
ation theory, but the new theory features only a single
high affinity site and no mutual repulsion. The high
flux rate occurs because ions pause at the flanking sites
and reequilibrate thermally, gaining enough energy to
move over the next barrier.

It would be interesting to apply the “new” multi-ion
models to two other general types of permeation pro-
teins. First, anion channels. There is excellent evidence
for multi-ion occupancy at the cystic fibrosis transmem-
brane conductance regulator, the Cl

 

2

 

 channel defec-
tive in cystic fibrosis (Linsdell et al., 1997). Three dis-
tinct residues in TM6 (K335, S341, R347) have all been
associated with specific ion binding and permeation
(Tabcharani et al., 1993; McDonough et al., 1994).
Also, the anionic GABA

 

A

 

 and glycine receptor channels
differ from the cationic nicotinic ACh and 5HT3 recep-
tor channels in the pore-lining M2 region. The stripe of
polar residues (chiefly serines in the nAChR, chiefly

 

threonines in the GABA

 

A

 

 and glycine receptors) ex-
tends for only two turns or so in the nAChR, but for
perhaps three or four turns in the GABA

 

A

 

 and glycine
receptors (Lester, 1992). Therefore, the pore seems to
be longer for the GABA

 

A

 

 and glycine receptors than for
the cation channels. Sure enough, the GABA

 

A

 

 and gly-
cine receptors display an anomalous mole fraction ef-
fect, as though at least two ions occupy the channel si-
multaneously (Bormann et al., 1987); the nAChR does
not display an anomalous mole fraction effect. 

Second, nearly every model for ion-coupled transport
features a state in which all cotransported substrates
bind simultaneously. Contemporary measurements of
voltage dependence (Gadsby et al., 1993), charge
movements (Mager et al., 1993), leakage states (Mager
et al., 1994; Fairman et al., 1995), and actual single-
channel currents (Cammack and Schwartz, 1996; Lin et
al., 1996) favor the picture that the multiple bindings
occur within a lumen or pore. It would be ironic if
these models for ion-coupled transporters, which now
draw heavily on the conventional mutual-repulsion
models for channels (Su et al., 1996), turn out to be
the only surviving examples of such mechanisms. 

 

r e f e r e n c e s

 

Almers, W.A., and E.W. McCleskey. 1984. Non-selective conduc-
tance in calcium channels of frog muscle: calcium selectivity in a
single-file pore. 

 

J. Physiol. (Camb.). 

 

353:585–608.
Becker, M.D., R.E. Koeppe II, and O.S. Anderson. 1992. Amino

acid substitutions and ion channel function: model-dependent
conclusions. 

 

Biophys. J.

 

 62:25–27.
Bormann, J., O.P. Hamill, and B. Sakmann. 1987. Mechanism of

anion permeation through channels gated by glycine and 

 

g

 

-ami-
nobutyric acid in mouse cultured spinal neurones. 

 

J. Physiol.
(Camb.). 

 

385:243–286.
Cammack, J.N., and E.A. Schwartz. 1996. Channel behavior in a

GABA transporter. 

 

Proc. Natl. Acad. Sci. USA. 

 

93:723–727.
Dang, T.X., and E.W. McCleskey. 1998. Ion channel selectivity

through stepwise changes in binding affinity. 

 

J. Gen. Physiol. 

 

111:
185–193.

Ellinor, P.T., J. Yang, W.A. Sather, J.F. Zhang, and R.W. Tsien.
1995. Ca

 

2

 

1

 

 channel selectivity at a single locus for high-affinity
Ca

 

2

 

1

 

 interactions. 

 

Neuron. 

 

15:1121–1132.
Fairman, W.A., R.J. Vandenberg, J.L. Arriza, M.P. Kavanaugh, and

S.G. Amara. 1995. An excitatory amino-acid transporter with
properties of a ligand-gated chloride channel. 

 

Nature. 

 

375:599–
603.

Fakler, B., U. Brandle, E. Glowatzki, S. Weldemann, H.-P. Zenner,
and J.P. Ruppersberg. 1995. Strong voltage-dependent inward
rectification of inward rectifer K

 

1

 

 channels is caused by intracel-
lular spermine. 

 

Cell. 

 

80:149–154.
Gadsby, D.C., R.F. Rakowski, and P.D. Weer. 1993. Extracellular ac-

cess to the Na,K pump: pathway similar to ion channel. 

 

Science.

 

260:100–103.
Heginbotham, L., T. Abramson, and R. MacKinnon. 1992. A func-

tional connection between the pores of distantly related ion
channels as revealed by mutant K

 

1

 

 channels. 

 

Science. 

 

258:1152–
1155.

Heginbotham, L., Z. Lu, T. Abramson, and R. MacKinnon. 1994.



 

183

 

Lester and Dougherty

 

Mutations in the K

 

1

 

 channel signature sequence. 

 

Biophys. J. 

 

66:
1061–1067.

Heinemann, S., H. Terlau, W. Stuhmer, K. Imoto, and S. Numa.
1992. Calcium channel characteristics conferred on the sodium
channel by single mutations. 

 

Nature. 

 

356:441–443.
Hess, P., and R. Tsien. 1984. Mechanism of ion permeation

through calcium channels. 

 

Nature. 

 

309:453–456.
Hille, B. 1992. Ionic Channels of Excitable Membranes. Sinauer As-

sociates Inc., Sunderland, MA.
Hille, B., and W. Schwarz. 1978. Potassium channels as multi-ion

single-file pores. 

 

J. Gen. Physiol. 

 

72:409–442.
Hodgkin, A.L., and R.D. Keynes. 1955. The potassium permeability

of a giant nerve fibre. 

 

J. Physiol. (Camb.). 

 

128:61–88.
Kiss, L., D. Immke, J. LoTurco, and S.J. Korn. 1998. Interaction of

Na

 

1

 

 and K

 

1

 

 in voltage-gated potassium channels. 

 

J. Gen. Physiol.

 

111:195–206.
Kofuji, P., M. Hofer, K.J. Millen, J.M. James, H. Millonig, N. David-

son, H.A. Lester, and M.E. Hatten. 1996. Functional analysis of
the mutant weaver GIRK2 potassium channel and rescue of
weaver granule cells. 

 

Neuron. 

 

16:941–952.
Lester, H.A. 1991. Strategies for studying permeation at voltage-

gated ion channels. 

 

Annu. Rev. Physiol. 

 

53:477–496.
Lester, H.A. 1992. The permeation pathway of neurotransmitter-

gated ion channels. 

 

Annu. Rev. Biophys. Biomol. Struct. 

 

21:267–
292.

Lin, F., H.A. Lester, and S. Mager. 1996. Single-channel currents
produced by the serotonin transporter, and analysis of a muta-
tion affecting ion permeation. 

 

Biophys. J. 

 

71:3126–3135.
Linsdell, P., J.A. Tabcharani, and J.W. Hanrahan. 1997. Multi-ion

mechanism for ion permeation and block in the cystic fibrosis
transmembrane conductance regulator chloride channel. 

 

J. Gen.
Physiol. 

 

110:365–377.
Lu, Z., and R. MacKinnon. 1994. Electrostatic tuning of Mg

 

2

 

1

 

 affin-
ity in an inward rectifier K

 

1

 

 channel. 

 

Nature. 

 

371:243–246.
Mager, S., C. Min, D.J. Henry, C. Chavkin, B.J. Hoffman, N. David-

son, and H.A. Lester. 1994. Conducting states of a mammalian
serotonin transporter. 

 

Neuron. 

 

12:845–859.
Mager, S., J. Naeve, M. Quick, J. Guastella, N. Davidson, and H.A.

Lester. 1993. Steady states, charge movements, and rates for a
cloned GABA transporter expressed in 

 

Xenopus

 

 oocytes. 

 

Neuron.

 

10:177–188.
McDonough, S., N. Davidson, H.A. Lester, and N.A. McCarty. 1994.

Novel pore-lining residues in CFTR that govern permeation and
open channel block. 

 

Neuron. 

 

13:623–634.
Navarro, B., M.E. Kennedy, B. Velimirovic, D. Bhat, A.S. Peterson,

and D.E. Clapham. 1996. Nonselective and G

 

bg

 

-insensitive

weaver K

 

1

 

 channels. 

 

Science. 

 

272:1950–1953.
Neyton, J., and C. Miller. 1988. Discrete Ba

 

2

 

1

 

 block as a probe of
ion occupancy and pore structure in the high-conductance Ca

 

2

 

1

 

-
activated K

 

1

 

 channel. 

 

J. Gen. Physiol. 

 

92:569–586.
Nowak, L., P. Bregestovski, P. Ascher, A. Herbet, and A. Prochiantz.

1984. Magnesium gates glutamate-activated channels in mouse
central neurones. 

 

Nature. 

 

307:462–465.
Olah, G.A., H.W. Huang, W. Liu, and Y. Wu. 1991. Location of ion-

binding sites in the gramicidin channel by x-ray diffraction. 

 

J.
Mol. Biol.

 

 218:847–858.
Perez-Garcia, M.T., N. Chiamvimonvat, R. Ranjan, J.R. Balser, G.F.

Tomaselli, and E. Marban. 1997. Mechanisms of sodium/calcium
selectivity in sodium channels probed by cysteine mutagenesis
and sulfhydryl modification. 

 

Biophys. J. 

 

72:989–996.
Silverman, S.K., P. Kofuji, D.A. Dougherty, N. Davidson, and H.A.

Lester. 1996. A regenerative link in the ionic fluxes through the
weaver potassium channel underlies the pathophysiology of the
mutation. 

 

Proc. Natl. Acad. Sci. USA. 

 

93:15429–15434.
Slesinger, P.A., N. Patil, Y.J. Liao, Y.N. Jan, L.Y. Jan, and D.R. Cox.

1996. Functional effects of the mouse 

 

weaver 

 

mutation on G pro-
tein-gated inwardly rectifying K

 

1

 

 channels. 

 

Neuron. 

 

16:321–331.
Stampe, P., and T. Begenisich. 1996. Unidirectional K

 

1

 

 fluxes
through recombinant Shaker potassium channels expressed in
single Xenopus oocytes. 

 

J. Gen. Physiol. 

 

107:449–457.
Su, A., S. Mager, S.L. Mayo, and H.A. Lester. 1996. A multi-sub-

strate single-file model for ion-coupled transporters. 

 

Biophys. J.

 

70:762–777.
Tabcharani, J.A., J.M. Rommens, Y.X. Hou, X.B. Chang, L.C. Tsui,

J.R. Riordan, and J.W. Hanrahan. 1993. Multi-ion pore behavior
in the CFTR chloride channel. 

 

Nature. 

 

366:79–82.
Tong, Y., J. Wei, S. Zhang, J.A. Strong, S.R. Dlouhy, M.E. Hodes, B.

Ghetti, and L. Yu. 1996. The weaver mutation changes the ion se-
lectivity of the affected inwardly rectifying potassium channel
GIRK2. 

 

FEBS Lett. 

 

390:63–68.
Urban, B.W., S.B. Hladky, and D.A. Haydon. 1980. Ion movements

in gramicidin pores. An example of single-file transport. 

 

Biochim.
Biophys. Acta.

 

 602:331–354.
Ussing, H.H. 1949. The distinction by means of tracers between ac-

tive transport and diffusion. The transfer of iodide across the iso-
lated frog skin. Acta Physiol. Scand. 19:43–56.

Yamagishi, T., M. Janecki, E. Marban, and G.F. Tomaselli. 1997. To-
pology of the P segments in the sodium channel pore revealed by
cysteine mutagenesis. Biophys. J. 73:195–204.

Yang, J., P.T. Ellinor, W.A. Sather, J.F. Zhang, and R.W. Tsien.
1993. Molecular determinants of Ca21 selectivity and ion perme-
ation in L-type Ca21 channels. Nature. 366:158–161.


