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the equivalent region of the K+ channels 
, . -< 

Distantly Related Ion Channels as Revealed by (0, 11. 
The sequence similarity between volt- 

Mutant K+ Channels age-activated K+ channels and CNG chan- 
nels is intriguing because they are function- 
ally so dissimilar. The P regions are con- 

Lise Heginbotham, Tatiana Abramson, Roderick MacKinnon served (Fig. IA), yet the ion conduction 

The overall sequence similarity between the voltage-activated K+ channels and cyclic 
nucleotide-gated ion channels from retinal and olfactory neurons suggests that they arose 
from a common ancestor. On the basis of sequence comparisons, mutations were intro- 
duced into the pore of a voltage-activated K+ channel. These mutations confer the es- 
sential features of ion conduction in the cyclic nucleotide-gated ion channels; the mutant 
K+ channels display little selectivity among monovalent cations and are blocked by divalent 
cations. The property of K+ selectivity is related to the presence of two amino acids that 
are absent from the pore-forming region of the cyclic nucleotide-gated channels. These 
data demonstrate that very small differences in the primary structure of an ion channel can 
account for extreme functional diversity, and they suggest a possible connection between 
the pore-forming regions of K+,  Ca2+, and cyclic nucleotide-gated ion channels. 

I o n  channels are integral membrane pro- 
teins that form ion conduction pathways 
across cell membranes. The channel-medi- 
ated movement of ions into and out of cells 
underlies a variety of cellular functions such 
as muscle contraction, cell volume regula- 
tion, and the production of electrical sig- 
nals in the nervous system. In order to fill 
their many different roles the ion channels 
are a diverse class of proteins. Some ion 
channels open in response to a change in 
membrane electrical potential, and others 
open in response to the binding of specific 
ligands. After having opened, some ion 
channels are not very selective and allow 
many different ions to pass, but others are 
highly selective and allow the conduction 
of only one kind of ion present in physio- 
logical solutions. 

The voltage-activated Na+, Ca2+, and 
K+ channels are members of the same gene 

Department of Neurobiology, Haward Medical School, 
Boston, MA 021 15. 

superfamily; they open and close in re- 
sponse to membrane electrical potential 
and they are similar in their primary struc- 
tures (1 ) . The most characteristic structural 
feature shared by members of this superfam- 
ily is an amino acid segment called S4, 
which is an unusual stretch of hydrophobic 
and basic amino acids that is thought to 
serve as a transmembrane voltage sensor for 
channel gating (2). 

The cyclic nucleotide-gated ion chan- 
nels (CNG channels) from olfactory and 
retinal neurons are unexpected members of 
the S4-containing superfamily of ion chan- 
nels (3, 4). Unlike the voltage-activated 
channels, the CNG channels open and 
close in response to the binding of an 
intracellular ligand. Nevertheless, their 
amino acid sequences reveal a distant an- 
cestral connection to the voltage-activated 
ion channels. In addition to having a resid- 
ual S4 sequence (3, the CNG channels 
also contain a pore-forming region (P re- 
gion) that bears a striking resemblance to 

properties of these channels are not at all 
alike. The CNG channels do not discrimi- 
nate between the alkali metal cations Na+ 
and K+; both are highly permeant (8, 9). 
Furthermore, the CNG channels are 
blocked by the divalent cations Ca2+ and 
Mg2+ (9, 10). The K+ channels, in con- 
trast, are highly selective for K+ over Na+, 
and they are not efficiently blocked by Ca2+ 
or Mg2+. 

We have identified the essential feature 
that distinguishes the pore regions of the 
voltage-activated K+ channels from the 
CNG ion channels. The different ion con- 
duction properties can be explained in 
terms of two amino acids that are present in 
K+-selective channels and absent from 
CNG ion channels. These results demon- 
strate a close relationship between ion 
channels that are functionally different, 
and they show how the interconversion of 
one kind of ion conduction pore to another 
might have occurred in nature. 

An alignment of the P region of a 
Shaker K+ channel with the corresponding 
region of the bovine retinal CNG channel 
shows that the sequences between amino 
acid residues 434 and 444 are highly similar 
(Fig. 1A) (1 1). To the right of Gly444 we 
introduced a gap and aligned the Glu (E) of 
the CNG channel with the Asp (D) of the 
Shaker K+ channel (12). This choice of 
sequence alignment implies that the CNG 
channel is missing two amino acids that are 
present in the K+ channel pore. 

Twemutant K+ channels were designed 
such t6aStheir pore sequences would mimic 
that of the CNG channel. The first (Chi- 
mera, Fig. 1A) replaces YGDMTPV (resi- 
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dues 445 to 451) of the Shaker K+ channel 
with ETPPP. The second mutation (Dele- 
tion, Fig. 1A) deletes residues YG from the P 
region of the Shaker K+ channel. Both mu- 
tant channels produced voltage-activated cur- 
rents in Xenopus oocytes (Fig. l ,  C and D). 
The gating properties were significantly al- 
tered; most notable was the slow rate of 
activation during the depolarizing pulse as 
compared to the wild-type Shaker K+ chan- 
nel (Fig. 1B). However, the very basic prop- 
erty of voltage activation with membrane 
depolarization was preserved (Fig. 1E). 

Inspection of the currents carried by the 
chimera (Fig. 1C) and the deletion mutant 
(Fig. 1D) reveals that these ion channels are 
no longer selective for K+. The recordings 
were made in the absence of extracellular K+; 
thus the inward current at negative mem- 
brane potentials was carried by Na+. In par- 
ticular, the large tail currents present at - 110 
mV immediately after the depolariting pulses 
reflected inward Na+ current. In contrast, for 
the wild-type Shaker K+ channel no inward 
tail currents were observed in the absence of 
extracellular K+ (Fig. 1B). 

A more detailed investigation illustrated 
that the deletion mutant channel displays 
little selectivity among the alkali metal 
cations. The smallest of these cations, Li+, 
carried a large inward current (Fig. 2A). 
With Li+, Na+, K+,  or Cs+ as the sole 
monovalent cation in the bath solution, 
the reversal potential of the current gener- 
ated by the deletion mutant channel was 
within 20 mV of zero (Fig. 2C). In contrast 
to the alkali metal cations, the large organ- 
ic cation tetramethylammonium (TMA+) 
appeared to be completely impenneant 
(Fig. 2B). Moreover, the mutant channel is 
still selective for cations over C1- because 
all inward current was abolished when the 
impenneant cation TMA+ was present in 
the extracellular solution (Fig. 2B). 

Blockade by divalent cations is character- 
istic of the ion conduction pore of CNG 
channels (9, 10). The deletion mutant is also 
blocked by divalent cations. When Ca2+ and 
MgZ+ were added to the extracellular solu- 
tion, the ionic currents were almost complete- 
ly inhibited (Fig. 3, A and B). The inhibition 
constant for Ca2+, measured during the tail 
current at - 110 mV, is 38 pM (Fig. 3, C and 
D). External Mg2+ also blocks the currents 
but with much lower &ty (K, = 418 pM, 
Fig. 3D). Wild-type Shaker K+ channels, in 
contrast, are relatively insensitive to millimo- 
lar concentrations of external Ca2+ or Mg2+ 
(Fig. 3D). Thus the deletion mutation not 
only has resulted in the loss of K+ selectivity 
but also has created a relatively high-&ty 
Ca2+ and MgZ+ blocking site in the ion 
channel pore. 

The newly acquired sensitivity to Ca2+ 
and Mg2+ provides the most convincing 
evidence that the deletion mutant may 

truly mimic the CNG channel pore. On the 
basis of structures of proteins containing 
Ca2+ binding sites one might expect Asp447 
in the pore of the deletion mutant channel 
(and the corresponding Glu in the CNG 
channel) to influence the binding of a 
divalent cation (1 3). Several derivatives of 
the deletion mutant channel were produced 
by replacing Asp447 with other amino acids. 
Of the substitutions made-Glu, Asn, Phe, 
Ser, His, Cys, and Val-only the derivative 

mutant with Glu produced functional chan- 
nels in oocytes (Fig. 4, A and B). When 
Glu is present, Ca2+ inhibits the channel 
with a K, of only 5.9 pM (Fig. 4, C and D). 
This result suggests that the acidic residue 
at position 447 may line the pore of the 
deletion mutant channel. 

To investigate the current amplitude of 
individual deletion mutant channels, we re- 
corded currents from an excised macropatch 
that contained many channels. The resulting 

Fig. 1. (A) Schematic diagram of the proposed A 8J P r  ,on 58 membrane topology of the Shaker K* channel. N r  I- -aI IC 
Presumed intramembrane regions are shaded; 
the S1S6 segments were initially identified by 
hvdro~athv anabsis (2&22), and the P reaion 

/ \ - P r a g i o n  - 2 
has beensdefined bi functional characteristics i 2 3 4 ~ 6 7 s s o i 2 3 4 s s 7 s s o 1 2 9 4  

(14,23). The deduced amino acid sequences of :i::r ~ t : ~ ~ t ~ : T ~ ~ ~ ~ ~ Y G ~ ~ ~ ~ ~ ~ ~ ~  
the P region from the Shaker channel (Shaker) Chimera D A F W W A V V T M T T V G  E T P P P G V W  

(20), t h e  analogous region of the CNG Cation D e l e t i o n  DAFWWAVVTMTTVG DMTPVGVW 

channel from bovine retina (CNGC) (3), and the Shaker lR C Chimera 
sequences of two Shaker channel mutants (Chi- 
mera and Deletion) are illustrated. Although these 
mutations were introduced into Shaker IR (24), 
the wild-tvae amino acid numberina has been 
retained (25). (6) Macroscopic curreits recorded L 
from a Xeno~us oocvte iniected with RNA codina 25 ms 

3- 0.5 s y 
for Shaker IR.  currents were recorded using t h i  D Deletion 
cut-open mcyte clamp (26), with external and 
guard solutions of 100 mM NaCI, 1 mM CaCI,, 1 
mM MgCI,, 5 mM Hepes-NaOH (pH 7.6), and an 
internal solution of 100 mM KCI, 5 mM EGTA, 1 
mM MgCI,, 5 mM Hepes-NaOH (pH 7.6). The 

: o i ; m  

0.7 s 

mcyte was held at a potential of -90 mV, and -90 -60 -30 

currents were elicited during pulses from -70 mV ~(mv) 

to +20 mV in 10-mV steps. The tail potential following depolarization was -1 10 mV. A PI4 pulse protocol 
was used to subtract leak and capacitive currents (27). (C and D) Currents from oocytes expressing the 
chimera or deletion mutant channels were recorded using standard two-microelectrode voltage clamp 
(28). The bath solution contained 100 mM NaCI, 1 mM MgCI,, 5 mM EGTA, 5 mM Hepes-NaOH (pH 7.6). 
The same voltage protocol as in (6) was used but with longer pulse durations. For the mutant channels, 
leak but not capacitive currents were subtracted from the traces shown (28). In uninjected oocytes small 
endogenous outward currents are observed with depolarizations to positive voltages. We have never 
observed inward, activating currents (C and D) in uninjected mcytes. (E) The voltage dependence of 
activation of the deletion mutant current (squares) was measured as the fraction of current seen in the 
tail (normalized to -20 mV, 1/J after a 1.5-s activating pulse to the indicated potentials. A similar 
protocol, with a 50-msec pulse, normalized to the current seen after stepping to 0 mV, yields the curve 
illustrated for the Shaker IR current (circles). 

Fig. 2. The deletion mutant channel displays A External LI+ B External TMA* 
little selectivity among monovalent cations as 
large as Cs+. (A and B) Macroscopic record- 
ings were made from oocytes expressing the 

- 
deletion mutant channel with 100 mM LiCl (A) or 
100 mM TMA-CI (6) in the bath solution. Cur- 2 %L 0.5 s 

rents were elicited by pulses from a holding 
potential of -90 mV to potentials between -70 C 
and +20 mV (A) or between -70 and +10 mV Na* K* 

0.8 LFGU ::: F-q 
(B), in 10-mV increments. The oocyte was re- 
polarized with a tail potential to -1 10 mV (C) '',' 

Selectivity of the deletion mutant channel was 
-o,8 -1.5 -0.8 

measured using two-microelectrode voltage -40 o 40 -40 o 40 -40 o 40 

clamp. Instantaneous I-Vcurves were generat- 0.5 F, TMA* 
ed in bath solutions containing the indicated 
monovalent cation by eliciting current with a 3 0.0 
step to -20 mV. The bath solution in all exper- 
iments contained 5 mM EGTA, 0.1 mM MgCI,, 5 -0.5 -0.3 

-40 0 40 -80 -40 0 
mM Hepes, and 100 mM chloride salt of the test mV mV 
cation (pH was adjusted to 7.6 using the hydroxide salt of the test ion). 
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Fig. 3. The deletion mutant channel is blocked A ,,,,,,divalent B nigh divalent 
by externally applied divalent cations. (A and 
B) Currents from the same oocyte expressing - 
the deletion mutant channel were recorded in 
the presence of either 1 0-9 M Ca2+ and 0.5 mM 
Mg2+ (low divalent, A) or 1 mM Ca2+ and 1 mM 
Mg2+ (high divalent, B). The holding potential 
was -90 mV, and currents were elicited by 
depolarizing pulses from -70 mV to +20 mV, in 
steps of 10 mV. The tail potential was - 11 0 mV. 
(C) Currents were inhibited by the addition of 
Ca2+ to the bath. Free Ca2+ concentrations are 
indicated. At concentrations less than 100 pM, 
Ca2+ was buffered with EGTA. Mg2+ was not -9 -5 -4 -3 -2 

added in these experiments. Currents were Log w+l (M) 
activated by depolarization from -90 mV to 
-30 mV, followed by a hyperpolarizing tail potential of -110 mV. (D) Fraction of current (4) 
remaining after application of the indicated concentrations of either Ca2+ (circles) or Mg2+ 
(squares). Blockade of the mutant channels was tested at -1 10 mV (filled symbols). Blockade of the 
wild-type Shaker K+ channel was carried out in 100 mM bath KC1 in order to measure blockade of 
inward K+ currents at -50 mV (open symbols). The voltage at which blockade was measured in the 
mutant and wild-type channels does not account for the difference in sensitivity because the mutant 
channels are blocked very effectively even at -30 mV (C). Each point is the average of three to five 
measurements made in separate oocytes; error bars show the SD. The curves are fits to a Langmuir 
isotherm with K, equal to 38 KM (Ca2+) and 418 pM (Mg2+) Measurements were made using 
two-microelectrode voltage clamp. For Ca2+ titrations the external solution contained 100 mM NaCI, 
5 mM EGTA (for CaCI, less than 100 KM), 10 mM Hepes-NaOH (pH 7.6). For Mg2+ titrations the bath 
contained 100 mM NaCI, 1 mM EDTA (for MgCI, less than 100 pM), 5 mM Hepes-NaOH (pH 7.6). 

Fig. 4. Mutations of AspM7 alter the Ca2+ sensi- A 
P-region- tivity of the deletion mutant channel. (A) The P 

,,,Aw,,, 
region sequence of the deletion mutant channel is 
shown. Asp (D) was replaced by Glu (E) or one of 
several uncharged amino acids (arrow). Only the 
channel with a Glu substitution produced currents 
in oocytes (+). (B) Currents from the D447E 
deletion mutant channel were measured during C 
depolarizing steps ranging from -70 mV to +10 
mV in 20-mV increments from a -90 mV holding 
potential. The tail potential was -1 10 mV. The 
bath EGTA, solution 5 mM Hepes-NaOH contained 100 (pH mM 7.6). NaCI, (C) 5 Block- mM 'ry 0.2 s 3.2 p~ gI[\/ 
ade of the D447E deletion mutant channel by pM 0.0 

Ca2+. Currents were measured at the indicated -9 -6 -5 -4 -3 -2 

concentrations of free Ca2+ during membrane Log [Ca2+l (M) 
depolarization to -40 mV followed by hyperpolarization to -1 10 mV. (D) For the deletion mutant 
channels with an Asp or Glu at position 447, the fraction of current remaining (/lo) as a function of the free 
Ca2+ concentration is shown. Currents were measured at a tail potential of - 11 0 mV. Points and error 
bars represent the means 2 SD of three to five determinations in separate oocytes. The curves 
correspond to Langmuir functions with K, = 5.9 pM (Glu) and 38 pM (Asp). The bath solutions contained 
100 mM NaCI, 5 mM EGTA (for Ca2+ less than 100 pM), 5 mM Hepes-NaOH (pH 7.6). 

current time course was similar to that ob- 
served during the whole oocyte experiments 
(Fig. 5A). When an excised membrane patch 
was held at -80 mV, occasional single chan- 
nel openings were observed (Fig. 5B). The 
channels were very flickery, and the opening 
bursts were not uniform. Longer duration, 
smaller amplitude bursts (fifth trace) were 
easily distinguished from larger amplitude 
openings (fourth trace). A transition from 
one kind of opening to the other within a 
single burst often occurred (third trace). Nev- 
ertheless, the single-channel current ampli- 
tude was roughly similar to that of the wild- 
type Shaker K+ channel (about -2.0 p A  at 
-80 m V  with 100 mM symmetric KC1) (14). 
We conclude that the deletion mutation pro- 

duced a drastic alteration in the ability of the 
K+ channel to select for K+ over Na+ ions, 
yet the absolute ion translocation rate was not 
altered greatly. Perhaps the steps that govern 
the rate of ion diffusion through the pore are 
separate from those mediating ion selectivity. 
The native CNG channels also have a single- 
channel conductance (in NaC1) that i s  within 
a factor of two of that of the wild-type Shaker 
K+ channel (10). 

A high degree of conservation in the 
pore-forming region of K+ channels and 
CNG channels i s  surprising because their ion 
conduction properties are different. But close 
inspection of the P-region amino acid se- 
quences reveals a fundamental distinction be- 
tween these channels; K+-selective channels 

Fig. 5. Patch recordings made from oocytes 
expressing the deletion mutant channel. (A) 
Macroscopic currents from an inside-out patch 
were elicited in response to depolarizing pulses 
from -50 mV to +30 mV in 20-mV increments, 
from a holding potential of -90 mV. The record- 
ing solution on the inside was 100 mM KCI, 1 
mM MgCI,, 5 mM EGTA, 10 mM Hepes-KOH 
and on the outside was 100 mM NaCI, 5 mM 
EGTA, 10 mM Hepes-NaOH (pH 7.6), with 10 
pM (free) Ca2+. (B) Single-channel recordings 
of the deletion mutant channel at -80 mV in 
outside-out patches were made in symmetric 
solutions containing 130 mM NaCI, 0.1 mM 
EDTA, 3 mM Hepes-NaOH (pH 7.6). Data were 
filtered at 2 kHz and sampled at 5 kHz. 

have in addition the two "extra" amino acids 
YG between the highly conserved residues 
434 to 444 and the aspartate residue (Fig. 
1A). The sigdicance of this sequence differ- 
ence i s  strengthened by the induction of 
CNG channel-like ion conduction properties 
in a K+ channel through the deletion of these 
amino acids. ~ l t h o u ~ h u  we have not reconsti- 
tuted precisely the ion  conduction properties 
of CNG channels, a two-amino acid deletion 
confers the dominant features. We emphasize 
that these results do not argue that K+- 
selective channels and CNG channels have 
pores with s im i l a r  structures. The two amino 
acid deletion has undoubtedly altered the K+ 
channel pore sigdicantly. But even though 
we do not yet understand the mechanism of 
how in one case the Dore is K+-selective and 
in the other i t  is nonselective and blocked by 
divalent ions, we can conjecture how nature 
could transform one into the other through 
the deletion or insertion of two amino acids. 
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The results of this study can be examined 
in the context of several recently cloned K+ 
channel genes, eag from Drosophila and KATl 
and AKTl from the plant Arubidopsis thaliam 
(1 5, 16). These K+ channels are more closely 
related by overall sequence similarity to the 
CNG channels than to the voltage-activated 
K+ channels. They even contain a cyclic 
nucleotide-binding consensus sequence in 
their COOH-termini (6, 16). However, in a 
single striking way the pore regions of the 
Arubidopsis channels (and eag) are more like 
the voltage-activated K+ channels; the K+- 
selective channels have the familiar sequence 
GYGD in the COOH-terminal side of the P 
region (GFGN for eag) (Fig. 6A). The two 
"extra" residues YG are Dresent. 

A possible evolutionary connectivity be- 
tween several functionally distinct classes of 
ion channels seems to be emerging. The 
Arubidopsis K+ channels and eag (lower left, 
Fig. 6B) naturally fall in between the voltage- 
activated K+ channels (upper left) and the 
nonselective CNG channels (lower right). It 
will be interesting to see if this intermediate 
class of K+ channels is gated by cyclic nucle- 
otides. [Indeed, a K+-selective and CAMP- 
gated channel from Drosophila muscle has 
already been functionally characterized (1 7).] 

We now have produced voltage-activated 

A Shaker F W W A V V T M T T V Q Y Q D Y T  
d r k l  F W W A T I T Y T T V Q Y Q D I Y  
810 V Y F L I V T Y S T V Q Y Q D V Y  

M 1  Y Y W S I T T L T T V Q Y Q D L H  
KAT1 L Y W S I T T L T T T Q Y Q D F H  
eag L Y F T M T C Y T S V G F G N Y A  

CNQC L Y W S T L T L T T I Q  E T P  
D e l e t i o n  F W W A V V T M T T V Q  D M T  

CAB1 I F A V L T V F Q C I T M  EGW 
CAB1 11 A A I Y T V F Q I L T Q  EDW 
CA B1 I11 W A L L T L F T V S T Q  EGW 
CAB1 I V  Q A L M L L F R S A T Q  EAW 

6 
Voltage-gated - Vol ta  e-gated 
K' channels ca2' cfannels 

I I 
K' channels Nonselective 

w i t h  consensus channels a ted 
c y c l i c  nucleot ide  - by cycaic 
b inding sequences nucleotides 

Fig. 6. Alignment of the deduced amino acid 
sequences of the pore regions of several mem- 
bers of the S4-containing ion channel superfamily. 
Shaker and drkl are voltage-activated K+ chan- 
nels (20, 29); slo is a Ca2+-activated Kf channel 
(30, 31); AKTl and KATl encode K+ channels 
from the plant Arabidopsis thaliana (16); eag is a 
K+ channel from Drosophila (15). AKTI, KATl, 
and eag contain sequences that are consensus 
sites for cyclic nucleotide binding domains. 
CNGC is the CNG channel cloned from bovine 
retinal neurons (3). Deletion is the Shaker IR 
deletion mutant described in this study. CA 01 
I-IV are the homologous regions from the four 
domains of the brain Ca2+ channel (32). (B) This 
diagram illustrates the possible evolutionary con- 
nectivity relating several members of the S4 ion 
channel superfamily. 

channels that are nonselective for monova- 
lent cations and are blocked bv divalent cat- 
ions. These biophysical properties are very 
reminiscent of the voltage-activated Ca2+ 
channels (18) (Fig. 6B, upper right). In the 
absence of divalent cations the Ca2+ channels 
conduct monovalent cations nonselectively. 
Divalent cations at low concentrations block 
conduction through Ca2+ channels. Only at 
millimolar concentrations of Ca2+ does Ca2+ 
conduction occur. 

That the K+ channel deletion mutants are 
functionally similar to Ca2+ channels is in- 
triguing especially in light of the amino acid 
sequences of the four domains of a Ca2+ 
channel (Fig. 6A). The Gly-Glu pair present 
in three of the four Ca2+ channel domains 
matches the Gly-Asp pair in the K+ channel 
deletion mutant. More importantly, the acid- 
ic residues may function similarly in the pore 
of these two ion channels. We have shown 
that a mutation of the Asp to Glu alters the 
Ca2+-blocking affinity almost tenfold. Muta- 
tions involving the equivalent residue in Na+ 
channels result in Ca2+ channel-like ion 
conduction properties (1 9). Thus the acidic 
residue influences the way Ca2+ interacts with 
the pores in both ion channels. Although the 
CNG ion channels are overall more closely 
related to the K+ channels than the Ca2+ 
channels, they have served as a missing link 
in helping us to understand a possible rela- 
tionship between the pores of K+ and Ca2+ 
channels. 
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