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abstract

 

The S4 segment is an important part of the voltage sensor in voltage-gated ion channels. Cyclic nu-
cleotide-gated channels, which are members of the superfamily of voltage-gated channels, have little inherent sen-
sitivity to voltage despite the presence of an S4 segment. We made chimeras between a voltage-independent rat ol-
factory channel (rolf) and the voltage-dependent ether-à-go-go K

 

1

 

 channel (eag) to determine the basis of their
divergent gating properties. We found that the rolf S4 segment can support a voltage-dependent mechanism of ac-
tivation in eag, suggesting that rolf has a potentially functional voltage sensor that is silent during gating. In addi-
tion, we found that the S3-S4 loop of rolf increases the relative stability of the open conformation of eag, effec-
tively converting eag into a voltage-independent channel. A single charged residue in the loop makes a significant
contribution to the relative stabilization of the open state in eag. Our data suggest that cyclic nucleotide-gated
channels such as rolf contain a voltage sensor which, in the physiological voltage range, is stabilized in an activated
conformation that is permissive for pore opening.
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i n t r o d u c t i o n

 

In response to depolarization of the membrane, volt-
age-dependent ion channels undergo conformational
changes that lead to opening of the ion conduction
pore. This control of channel activity by the membrane
potential implies that charged or dipolar groups within
the channel protein serve as voltage sensors (Hodgkin
and Huxley, 1952). Many voltage-dependent Na

 

1

 

,
Ca

 

2

 

1

 

, and K

 

1

 

 channels contain conserved, charged
amino acids in putative transmembrane segments S2,
S3, and S4 which have been studied as possible voltage-
sensing residues (Stuhmer et al., 1989; Liman et al.,
1991; Papazian et al., 1991; Logothetis et al., 1992; Per-
ozo et al., 1994; Papazian et al., 1995; Planells-Cases et
al., 1995).

Recently, strong evidence that the S4 segment consti-
tutes a major component of the voltage sensor in K

 

1

 

and Na

 

1

 

 channels has been reported (Yang and Horn,
1995; Aggarwal and MacKinnon, 1996; Larsson et al.,
1996; Mannuzu et al., 1996; Seoh et al., 1996; Yang et
al., 1996). In Shaker K

 

1

 

 channels, three positively
charged residues in segment S4 (R365, R368, and
R371) contribute significantly to the gating charge
movement that accompanies activation; this charge
movement corresponds to the conformational rear-

rangements of the voltage sensor in response to a
change in the membrane potential (Aggarwal and
MacKinnon, 1996; Seoh et al., 1996). In addition, it has
been demonstrated that the environments of S4 resi-
dues change upon activation. In Na

 

1

 

 and K

 

1

 

 channels,
engineered cysteine residues in the S4 segment react
with sulfhydryl reagents in a voltage-dependent man-
ner (Yang and Horn, 1995; Larsson et al., 1996; Man-
nuzzu et al., 1996; Yang et al., 1996). In a skeletal mus-
cle Na

 

1

 

 channel, the reactivity of two S4 residues
changes from one side of the membrane to the other
upon depolarization, indicating that these positions
traverse the field during activation (Yang et al., 1996).

The S4 segment does not comprise the whole voltage
sensor, however. In Shaker channels, a negatively
charged residue in segment S2 (E293) also contributes
significantly to the gating charge movement, and resi-
due D316 in S3 may make a smaller contribution (Seoh
et al., 1996). In parallel, evidence has been presented
that charged residues in segments S2, S3, and S4 expe-
rience strong, presumably short-range, electrostatic in-
teractions in the native structure of the Shaker channel
(Papazian et al., 1995; Tiwari-Woodruff et al., 1997).
Taken together, these results suggest that segments S2,
S3, and S4 form a structural domain that functions as
the voltage sensor in voltage-dependent ion channels.

Cyclic nucleotide-gated cation channels, which are
involved in sensory transduction in the visual and olfac-
tory systems, are members of the superfamily of voltage-
gated ion channels (Jan and Jan, 1990, 1992). Cyclic
nucleotide-gated channels and voltage-dependent K

 

1
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channels probably derive from a common evolutionary
ancestor (Jan and Jan, 1992; Strong et al., 1993). Both
channel types are formed from separate subunits, each
of which contains six putative transmembrane seg-
ments (S1-S6) and a loop (P) that contributes to the
pore (Kaupp et al., 1989; Dhallan et al., 1990; Jan and
Jan, 1990; Miller, 1991; Goulding et al., 1992). Despite
demonstrated functional homology in the pore
(Heginbotham et al., 1992; Goulding et al., 1993), the
properties of these channels are quite different.
Whereas the membrane potential controls the activity
of voltage-gated K

 

1

 

 channels, cyclic nucleotide-gated
channels have little or no inherent voltage sensitivity
(Kaupp et al., 1989; Dhallan et al., 1990; Haynes and
Yau, 1990; Goulding et al., 1992). Instead, their activity
is controlled allosterically by the binding of cyclic nu-
cleotide ligands to intracellularly located domains in
the channel protein (Altenhofen et al., 1991; Goulding
et al., 1994; Gordon and Zagotta, 1995; Varnum et al.,
1995).

Although they are voltage independent, cyclic nucle-
otide-gated channels contain charged amino acids in
segments S2, S3, and S4 that are conserved among volt-
age-gated channels (Jan and Jan, 1990), including
those residues in S2 and S4 that contribute to the volt-
age sensor in the Shaker K

 

1

 

 channel (Seoh et al.,
1996). Why cyclic nucleotide-gated channels are insen-
sitive to voltage despite the presence of voltage-sensing
residues is unknown.

To address this question, we made chimeras between
the 

 

Drosophila

 

 ether-à-go-go K

 

1

 

 channel (eag)

 

1

 

 and a rat
olfactory channel (rolf). These channels are structur-
ally related but have quite different gating properties.
Eag is a voltage-gated, K

 

1

 

-selective channel that can be
modulated by cAMP (Warmke et al., 1991; Brügge-
mann et al., 1993; Robertson et al., 1996). In contrast,
rolf is a cyclic nucleotide-gated, cation-selective chan-
nel that is voltage independent (Dhallan et al., 1990).
We report that the S4 segment of rolf is capable of sup-
porting a voltage-dependent mechanism of activation
when transferred into eag, which suggests that rolf con-
tains a potentially functional voltage-sensing domain.
In addition, we report that chimeras in which the S3-S4
loop of rolf has been transferred into eag are voltage
independent in the physiological voltage range. Our
data indicate that this region of the rolf protein dra-
matically increases the relative stability of the open con-
formation of eag. A significant part of this stabilization
is due to a single charged residue in the S3-S4 loop of
rolf. Our results are consistent with the idea that cyclic
nucleotide-gated channels are insensitive to voltage be-

cause the voltage-sensing domain is locked in a confor-
mation permissive for pore opening.

 

m a t e r i a l s  a n d  m e t h o d s

 

Molecular Biology

 

Eag and rolf cDNAs, kindly provided by Drs. G. Robertson (Uni-
versity of Wisconsin, Madison, WI) and R. Reed (Johns Hopkins
University, Baltimore, MD), respectively, were subcloned into the
pGEMHE vector, kindly provided by Dr. E. Liman (Massachusetts
General Hospital, Boston, MA) (Dhallan et al., 1990; Warmke et
al., 1991; Liman et al., 1992). Chimeras and mutations were gen-
erated by a four primer PCR strategy (Horton et al., 1989). PCR
products were digested with appropriate restriction enzymes and
subcloned into the wild-type eag backbone. The sequences of all
engineered constructs were verified by dideoxy sequencing.

For in vitro transcription, eag constructs were linearized with
NotI, whereas the rolf subclone was linearized with NheI. Run-off
transcripts of RNA were prepared and injected into 

 

Xenopus

 

 oo-
cytes as previously described (Timpe et al., 1988).

 

Electrophysiology

 

Eag, chimeras, and mutants were analyzed using a two-electrode
voltage clamp as previously described (Timpe et al., 1988; Papa-
zian et al., 1991). The bath solution for recording was modified
Barth’s saline (Timpe et al., 1988), which contained 1 mM KCl
and 88 mM NaCl. Alternatively, NaCl was replaced with KCl, re-
sulting in an 89 mM KCl bath solution, as indicated.

Rolf was analyzed in macropatches as previously described (Pa-
pazian et al., 1995). Gigaohm seals were made in normal bath so-
lution, which contained divalent ions (Papazian et al., 1995). Af-
ter excision of inside-out patches, the cytoplasmic side of the
patch was perfused with divalent-free bath solution (100 mM KCl,
10 mM HEPES, 10 mM EDTA, 10 mM EGTA, pH 7.2) using a so-
lenoid-controlled perfusion system (Weiss et al., 1992). Activa-
tion of rolf was induced by perfusing divalent-free solution con-
taining 1 mM cGMP. The pipette solution was based on the diva-
lent-free solution, except that 10 nM CaCl

 

2

 

 was added to stabilize
the seal without blocking rolf channels. All recordings were
made at room temperature (22

 

8

 

C).
To study current-voltage relationships of wild-type and mutant

channels over a wide range of membrane potentials, voltage
ramps were applied for 500 ms from a holding potential of 

 

2

 

10
mV (eag) or 0 mV (rolf). Ramp-evoked currents were recorded
without subtraction and subsequently corrected by setting the
current amplitude equal to zero at the reversal potential for K

 

1

 

.
Voltage clamp protocols were applied and data were acquired

using pCLAMP v.5.5.1 software and a TL-1 Labmaster Interface
(Axon Instruments, Foster City, CA) with an 80386-based com-
puter. The voltage dependence of activation was determined by
analysis of isochronal tail currents. The data were fit with a sim-
ple Boltzmann distribution using SigmaPlot v.5.0 software (Jan-
del Scientific, San Rafael, CA) to obtain the slope factor and mid-
point potential.

 

r e s u l t s

 

Despite Sequence Similarity, Rolf and Eag Have Divergent 
Gating Properties

 

Eag and rolf are more closely related to each other
than to the four main subfamilies of voltage-gated K

 

1

 

channels, Kv1-Kv4 (Fig. 1) (Guy et al., 1991). Putative

 

1

 

Abbreviations used in this paper:

 

 eag, ether-à-go-go; rolf, rat olfactory
channel; 

 

P

 

o,

 

 fraction of open channels.
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transmembrane segments S1-S6 and the pore-forming
P loop, which are characteristic of voltage-gated K

 

1

 

channels, are found in eag and rolf. Unlike members of
the Kv1-Kv4 subfamilies, however, both the eag and rolf
proteins contain putative cyclic nucleotide binding do-
mains following S6 (Fig. 1 

 

A

 

) (Guy et al., 1991). The S4
segments of eag and rolf contain regularly spaced, posi-
tively charged residues, like those of other members of
the superfamily. At the carboxyl-terminal end of the S4
segment, however, the sequences of eag and rolf are
more similar to each other than to that of a voltage-
dependent K

 

1

 

 channel such as Shaker (Fig. 1 

 

B

 

).
Despite their structural similarity, rolf and eag have

divergent gating properties, as previously reported by
others (Fig. 1 

 

C

 

) (Dhallan et al., 1990; Brüggemann et
al., 1993; Robertson et al., 1996). K

 

1

 

 currents through
the rolf channel, expressed as a homomultimer in 

 

Xeno-
pus

 

 oocytes, can be elicited by the application of 1 mM
cGMP to the cytoplasmic face of an inside-out patch of
membrane. In contrast, K

 

1

 

 currents through the eag
channel can be evoked by depolarization of the oocyte
membrane using a two-electrode voltage clamp. To in-
vestigate the mechanism that underlies the divergent
gating behavior of rolf and eag, we transferred regions
of rolf into eag and analyzed the voltage dependence of
the resulting chimeric channels after expression in 

 

Xe-
nopus

 

 oocytes.

 

The S4 Segment of Rolf Can Support a Voltage-dependent 
Mechanism of Activation

 

One significant difference between eag and rolf is the
net charge of the S4 segment. In addition to the posi-
tively charged residues arginine (R) and lysine (K), the
S4 segments of eag and rolf contain negatively charged
residues, aspartate (D) and glutamate (E). Assuming
that R or K contributes 

 

1

 

1 charge, D or E contributes

 

2

 

1 charge, and histidine (H) contributes 0 charge, the
net charge of the S4 segments of eag and rolf equals

 

1

 

5 and 

 

1

 

1, respectively (Fig. 2 

 

A

 

). This raises the possi-
bility that rolf is voltage independent because the pres-
ence of a nearly balanced number of positively and
negatively charged residues restricts the movement of
the S4 segment in response to changes in voltage
(Goulding et al., 1992).

To test this hypothesis, we replaced portions of the
S4 segment in eag with the corresponding residues
from rolf. Two chimeras were made. In the S4-1 chi-
mera, only the five most divergent amino acids were re-
placed, reducing the net S4 charge from 

 

1

 

5 to 

 

1

 

2 (Fig.
2 

 

A

 

). In the S4-2 chimera, 14 amino acids, which repre-
sent most of the S4 segment, were replaced, reducing
the net S4 charge from 

 

1

 

5 to 

 

1

 

1, the same as in rolf
(Fig. 2 

 

A

 

). Both chimeras generated functional, volt-
age-dependent channels after expression in 

 

Xenopus

 

oocytes (Fig. 2 

 

B

 

). The open probability of the S4-1 and

Figure 1. Comparison of the structural organization, sequence,
and gating properties of eag and rolf. (A) A model for the topol-
ogy of the eag and rolf subunits in the membrane. Both eag and
rolf contain putative transmembrane segments S1-S6, the pore-
forming P loop, and a cyclic nucleotide binding domain (solid box).
Also shown are the approximate positions of charged residues in
transmembrane segments S2, S3, and S4 that are conserved among
members of the superfamily of voltage-gated channels (Jan and
Jan, 1990; Chandy and Gutman, 1994). Single letters indicate the
residues present in both eag and rolf. Pairs of letters indicate the
residues found in eag (first) or rolf (second). (B) An alignment of
the eag, rolf, and Shaker sequences including the S3 segment, S3-
S4 loop, and S4 segment. The numbers at the top indicate the po-
sition in the eag sequence. The positions of mutations that are dis-
cussed in the text are underlined. Boxes indicate the positions of
residues conserved among members of the superfamily of voltage-
gated K1 channels. Gaps have been introduced to maintain the
alignment. The S3-S4 loop in Shaker is substantially longer than in
eag and rolf and is shown in loops to conserve space. Overall, the
sequences of eag and rolf are 23% identical. (C) Representative
eag (left) and rolf (right) currents after expression in Xenopus oo-
cytes. Eag currents were recorded in an 89 mM KCl bath solution
using a two electrode voltage clamp. From a holding potential of
290 mV, currents were evoked by 150-ms pulses to test potentials
from 280 to 170 mV, in 10-mV increments. Rolf currents were re-
corded in an excised, inside-out macropatch with 100 mM KCl in
the pipette and bath solutions. The patch was held at 140 mV.
Currents were evoked by perfusion of 1 mM cGMP on the cytoplas-
mic face of the patch.
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S4-2 chimeras as a function of voltage (

 

P

 

o

 

-V curve) was
determined by analysis of isochronal tail currents; the
data were fit with a Boltzmann distribution (Fig. 2 

 

C

 

;
Table I). Despite dramatic decreases in their net S4
charges, both chimeras retained significant sensitivity

to voltage. It is worth noting that their 

 

P

 

o

 

-V curves were
less steep than that of eag, consistent with the idea that
the rolf S4 segment, with its reduced net charge, con-
tributes to the voltage sensor in the eag chimeras. In
addition, the activation curves were shifted to depolar-
ized potentials in both chimeras. The activation and de-
activation kinetics of the chimeras were slightly faster
than those of the wild-type eag channel (data not
shown).

These data demonstrate that the low net charge of
the S4 segment does not account for the voltage inde-
pendence of cyclic nucleotide-gated channels such as
rolf. Furthermore, the results indicate that the rolf S4
segment can support a voltage-dependent mechanism
of activation in eag, albeit with reduced sensitivity to
voltage. This is consistent with the idea that rolf con-
tains a potentially functional voltage-sensing domain.
As in the Shaker K

 

1

 

 channel (Seoh et al., 1996), this
domain may not be limited to the S4 segment.

 

The Relative Stability of the Open Conformation of Eag
Is Significantly Increased in Chimeras Containing the
S3-S4 Loop of Rolf

 

To investigate the mechanism by which the potentially
functional voltage-sensing domain of rolf is bypassed

Figure 2. The low net charge of the S4 segment does not ac-
count for the lack of sensitivity to voltage in rolf. (A) The S4 se-
quences of eag, rolf, and the S4-1 and S4-2 chimeras. Numbers at
top correspond to the position in the eag sequence. Residues that
have been exchanged in the chimeras are underlined. The net
charge of the S4 segment of each sequence, shown at the right, was
calculated assuming R or K 5 11, E or D 5 21, and H 5 0. (B)
Representative current traces from the S4-1 (left) and S4-2 (right)
chimeras expressed in Xenopus oocytes. Currents were recorded in
89 mM KCl using a two-electrode voltage clamp. From a holding
potential of 290 mV, 150-ms pulses to test potentials from 230 to
1120 mV were applied in 10-mV increments. (C) Steady-state acti-
vation curves of eag (s) and the S4-1 (d) and the S4-2 (n) chime-
ras. After a series of depolarizing pulses to the indicated test poten-
tials, the amplitudes of isochronal tail currents at 290 mV were
normalized to the maximum amplitude to obtain the fraction of
open channels (Po) at the test potential. Data points, shown as
mean 6 SEM (n 5 6–8), were fit with a Boltzmann equation (solid
curves). If error bars are not present, the SEM was smaller than the
symbol shown. The activation curves of the S4-1 and S4-2 chimeras
did not saturate in the tested voltage range.

 

t a b l e  i

 

Activation Parameters for Eag and Mutant Constructs

 

Construct V

 

mid

 

A V

 

rest

 

mV mV mV

 

Eag

 

2

 

4.3 

 

6 

 

0.6(8) 12.7 

 

6 

 

0.5(8)

 

2

 

44.9 

 

6 

 

11.1(16)

S4-1 chimera

 

1

 

84.6 

 

6 

 

0.7(6) 19.9 

 

6

 

 0.6(6) —

S4-2 chimera

 

1

 

68.5 

 

6 

 

0.6(6) 26.7 

 

6 

 

0.5(6) —

S3

 

1loop chimera ND ND 278.2 6 8.8*(20)

Loop chimera ND ND 274.2 6 9.0*(14)

A345E 251.9 6 0.4(7) 14.4 6 0.4(7) 282.1 6 10.9*(10)

A345R ND ND 269.7 6 6.3*(7)

L342H 116.3 6 0.6(4) 15.5 6 0.5(4) 238.3 6 14.2(12)

D333-337 111.4 6 0.6(6) 12.8 6 0.6(6) 239.5 6 5.8(15)

I317K 13.7 6 1.2(7) 17.6 6 1.0(7) 237.3 6 7.0(10)

Values for the midpoint potential (Vmid) and the slope factor (A) (in mV,
mean 6 SEM) were derived from PO-V curves fit with a Boltzmann equa-
tion of the form:

,

where PO is the fraction of open channels obtained from the normalized
amplitude of isochronal tail currents after a depolarization to the test po-
tential (V). Activation curves for the S4-1 and S4-2 chimeras did not satu-
rate within the tested voltage range (see Fig. 2 C), leading to inaccurate
values for Vmid and A for these mutants. Values for Vmid and A were not de-
termined (ND) for the S31loop and loop chimeras, and the A345R muta-
tion, which shifted activation far in the hyperpolarized direction. Also
shown is the resting membrane potential (Vrest, mean 6 SD) in 1 mM KC1
for oocytes expressing each construct. Vrest values marked with * are signif-
icantly different from the wild-type eag control (t test, P , 0.01). The
number of experiments, n, is given in parentheses.

PO V( ) 1 1 exp Vmid  V–( ) A⁄[ ]+( )⁄=
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during its activation, other chimeras were made. We fo-
cused on the S31loop chimera, in which the S3 seg-
ment and S3-S4 loop of eag were replaced with the cor-
responding region of rolf (Fig. 1 B). In oocytes express-
ing the S31loop chimera, the resting membrane
potential in 1 mM K1 was significantly more hyperpo-
larized (278 6 9 mV, mean 6 SD, n 5 20) than in oo-
cytes expressing wild-type eag (245 6 11 mV, n 5 16)
or in uninjected oocytes (228 6 8 mV, n 5 15) (Table
I). This suggests that the voltage-dependence of activa-
tion has been shifted to hyperpolarized potentials in
the eag S31loop chimera, so that the channel is open
over a broad voltage range, stabilizing the membrane
potential near the reversal potential for K1.

To test the hypothesis that the voltage dependence of
activation is shifted to hyperpolarized potentials in the
S31loop chimera, we applied a voltage ramp protocol
to oocytes in 89 mM K1. Under these conditions, the
reversal potential for K1 is close to 0 mV. From a hold-
ing potential of 210 mV, the membrane potential was
ramped from 2220 to 1120 mV over a 500-ms interval
(Fig. 3 A). In uninjected oocytes, only an endogenous
outward current visible at potentials greater than 1100
mV and small leakage and outward capacitative cur-
rents were detected. In oocytes expressing wild-type eag
channels, initiating the ramp by stepping the mem-
brane potential to 2220 mV elicited a transient tail cur-
rent, followed by a period of channel closure, and fi-
nally by a steeply increasing outward current detected
at about 0 mV. In oocytes expressing the S31loop chi-
mera at levels comparable to that of eag, a prominent
inward current was detected starting at z2200 mV, fol-
lowed by a quasi-linear current-voltage relationship un-
til z1100 mV, where endogenous currents were de-
tected. The amplitude of the inward current increased
between 2200 and 2150 mV despite a decreasing driv-
ing force for K1, reflecting an increase in the open
probability in this voltage range. These results suggest
that activation of the S31loop chimera has been
shifted to very hyperpolarized potentials.

Using the ramp protocol, it was not feasible to deter-
mine accurately the potential at which activity of the
S31loop chimera can first be detected. After initiating
the ramp by stepping the potential from 210 to 2220
mV, the rates of channel deactivation and activation
may be slow compared to the speed of the ramp, affect-
ing the shape of the ramp-evoked current. Technical
difficulties made it infeasible to surmount this prob-
lem. Slower ramps damaged the oocytes, and our volt-
age clamp system was not capable of sustained pulses to
very hyperpolarized potentials. In addition, the S31loop
chimera did not express as robustly as the wild-type
channel. In Fig. 3 A, the level of expression of the wild-
type channel and S31loop chimera are approximately
equal. Under these circumstances, the steeply increas-

ing outward current through eag channels was de-
tected at z0 mV. However, at higher levels of eag ex-
pression, a small inward current was detected starting
at z240 mV, similar to the potential at which eag cur-
rents are detected in a standard current-voltage series
(see Fig. 1 C). Therefore, if the chimera expressed at a
higher level, current might be detected at a more nega-
tive potential. For these reasons, it is possible that the
S31loop chimera has a significant open probability at
voltages more hyperpolarized than 2200 mV.

A shift in the voltage dependence of activation to hy-
perpolarized potentials indicates that the relative stabil-
ity of the open state of eag has been significantly in-
creased in the S31loop chimera. This finding suggests

Figure 3. S31loop and loop chimeras shift the activation of eag
to hyperpolarized potentials. (A) Representative ramp-evoked cur-
rents from the S31loop chimera, wild-type eag, and an uninjected
oocyte. Currents were recorded in 89 mM KCl using a two elec-
trode voltage clamp. From a holding potential of 210 mV, a 500-
ms voltage ramp from 2220 to 1120 mV was applied. Large capac-
itive transients evoked at the beginning and end of the ramp are
not shown. (B) Representative ramp-evoked currents from the
loop chimera and an uninjected oocyte from the same batch have
been superimposed. Quinidine (800 mM), which blocks eag chan-
nels, was added where indicated. Current traces were obtained as
in A.
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that rolf is voltage independent because its voltage-
sensing domain is stabilized in a conformation that is
permissive for channel opening. In a voltage-depen-
dent K1 channel, such a conformation might corre-
spond to a state attained after the voltage-dependent
conformational changes that initiate activation but pre-
cede channel opening (Zagotta and Aldrich, 1990). In
eag, the rolf S3 segment and S3-S4 loop apparently
shift these voltage-dependent steps to hyperpolarized
voltages, thereby allowing the channel to be open over
a wide range of potentials. That this phenotype can be
detected implies that the partial inactivation observed
in macroscopic eag currents remains incomplete even
during long periods of channel activation (Robertson
et al., 1996; see Fig. 1 C).

To narrow down the region of the S31loop chimera
that is responsible for the relative stabilization of the
open state of eag, two additional chimeras were made.
One, in which the S3 segment of rolf was swapped into
eag, did not produce detectable currents in oocytes.
The other, in which the S3-S4 loop of eag was replaced
by that of rolf, was active and appeared to shift the volt-
age dependence of activation to very hyperpolarized
potentials. Upon application of the voltage ramp proto-
col in 89 mM K1, the loop chimera displayed a quasi-
linear current-voltage relationship over the whole volt-
age range (Fig. 3 B). Currents resulting from expres-
sion of the loop chimera were consistently much larger
than linear leak currents in uninjected oocytes from
the same batch (Fig. 3 B). Addition of quinidine, a
drug that blocks eag currents but not leak currents
(Tang and Papazian, unpublished observations), re-
duced the amplitude of loop chimera currents to near
that of leak currents measured in uninjected oocytes
from the same batch (Fig. 3 B).

As shown in Fig. 3 B, transfer of the S3-S4 loop from
rolf into eag is sufficient to shift the apparent voltage
dependence of activation to hyperpolarized potentials.
In most experiments, the chimeric channel was open at
2200 mV. Occasionally, however, the amplitude of the
inward current increased as the potential was ramped
from 2200 to 2180 mV (data not shown), suggesting
an increase in the open probability in this voltage
range as seen in the S31loop chimera (see Fig. 3 A).
These results indicate that the S3-S4 loop region from
rolf is primarily responsible for the increase in the rela-
tive stability of the open state of eag seen in the
S31loop chimera.

If, as has been previously reported (Brüggemann et
al., 1993), eag is permeable to Ca21, the ramp-evoked
currents might be contaminated by endogenous Ca21-
activated Cl2 currents. However, a recent study found
no evidence for Ca21 permeation through eag channels
(Robertson et al., 1996), a result that agrees with our
own observations. We find that ionic replacement of ei-

ther Ca21 or Cl2 does not alter eag currents in oocytes
(unpublished data).

The Mutation A345E Accounts for a Significant Portion
of the Stabilization

The relative stabilization of the open state of eag in the
chimeras is presumably conferred by energetic contri-
butions from the interactions of one or more residues
in the protein. To identify particular residues that con-
tribute to the relative stabilization of the open state in
the eag S31loop and loop chimeras, we made the fol-
lowing mutations in eag: I317K in S3, and D333–337 (a
deletion of the charged residues DRDED at positions
333–337), L342H, and A345E in the S3-S4 loop. In
each case, the eag sequence was converted to that of
rolf. These four mutations were chosen because they
represent the least conservative changes between the
eag and rolf sequences in the S3 segment and the S3-S4
loop; each mutation has the potential to change the
charge of the eag protein (Fig. 1 B). All of the mutants
produced functional channels (data not shown).

Of these mutations, only A345E shifted the activation
of eag to hyperpolarized potentials (Fig. 4, Table I).
Upon application of the ramp protocol in 89 mM K1,
inward currents were detected at z290 mV (Fig. 4 A).
Because A345E did not shift activation as far as the
S31loop or loop chimeras, it was feasible to record
leak-subtracted currents in 89 mM K1 by sustained de-
polarizing pulses from a holding potential of 2130 mV,
a voltage at which most of the channels were closed
(Fig. 4 B). Currents were detected at 2100 mV, similar
to the results obtained using the ramp protocol. Analy-
sis of isochronal tail currents revealed that the Po-V
curve for A345E was shifted by 250 mV compared to
that of wild-type eag (Fig. 4 C, Table I). These results
indicate that the A345E mutation contributes signifi-
cantly to the shift in activation seen in the S31loop and
loop chimeras, but is not solely responsible for it. The
A345E mutation did not change the steepness of the ac-
tivation curve (Fig. 4 C, Table I), indicating that the
mutation affects the relative stability of open and
closed conformations without altering the voltage-
dependence of eag.

Other Charge-changing Mutations in S3 and the S3-S4 Loop 
Do Not Contribute to the Stabilization

The Po-V curves of the mutants I317K, D333–337, and
L342H were determined by analysis of isochronal tail
currents. Unlike A345E, these charge-changing muta-
tions did not shift the activation of eag to hyperpolar-
ized potentials (Fig. 5, Table I). Rather, their activation
curves were shifted in the depolarized direction.

One significant difference between the eag and rolf
sequences in the S3-S4 loop is the presence of the
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charged amino acids DRDED at positions 333–337 in
eag (Fig. 1 B). In the D333–337 mutant, activation was
shifted z15 mV in the depolarized direction. Although
small, this shift is in the correct direction to be caused

by a field effect on the voltage sensor in eag. In addi-
tion, the rate of activation was two to three times slower
than in wild-type eag (data not shown).

In rolf, the S3-S4 loop is six amino acids shorter than
in eag, and much shorter than in Shaker (Fig. 1 B).
This raises the possibility that the shorter loop in rolf
contributes to the channel’s insensitivity to voltage,
perhaps by constraining the conformational flexibility
of the S4 segment. According to our analysis of D333–
337, this explanation is unlikely. In D333–337, the loop
is only one residue longer than in rolf, yet the channel
is voltage dependent. The D333–337 mutation slows
the kinetics of activation, however.

Either Positively or Negatively Charged Residues at Position 
345 in Eag Increase the Relative Stability
of the Open Conformation

Of the four charge-changing mutations that have been
studied, only A345E shifts the activation of eag in the
hyperpolarized direction. Several mechanisms could
account for the increased relative stability of the open
state in A345E, including: (a) a surface-potential effect
exerted by the negatively charged glutamate, (b) an
electrostatic interaction between the introduced
glutamate and another residue in the protein, and (c) a
change in conformational stability induced by the po-
lar or charged nature of the glutamate. The first two
mechanisms depend on the negative charge of the
glutamate residue. Substituting A345 by a positively
charged residue would be expected to have a qualita-

Figure 4. The mutation A345E in the S3-S4 loop of eag shifts ac-
tivation in the hyperpolarized direction. (A) Representative cur-
rent was evoked by a 500-ms voltage ramp from 2220 to 160 mV.
The arrow indicates that inward current is first detected at about
290 mV. (B) Representative, leak-subtracted current traces from
A345E expressed in oocytes. Currents were recorded in 89 mM
KCl using a two-electrode voltage clamp. From a holding potential
of 2130 mV, 200-ms pulses to potentials ranging from 2120 to
130 mV were applied in 10-mV increments. Leakage currents
were subtracted using the P/24 protocol (Bezanilla and Arm-
strong, 1977). (C) Steady-state activation curves of eag (s) and
A345E (d). After a series of depolarizing pulses to the indicated
test potentials, the amplitudes of isochronal tail currents at 290
mV (eag) or 2130 mV (A345E) were normalized to the maximum
amplitude to obtain the Po at the test potential. Data points, shown
as mean 6 SEM (n 5 7–8), were fit with a Boltzmann equation
(solid curves). If error bars are not present, the SEM was smaller
than the symbol shown.

Figure 5. Mutations I317K, D333-337, and L342H do not shift
the activation of eag in the hyperpolarized direction. The Po-V
curves of eag (s), I317K (j), D333–337 (r), and L342H (.)
were obtained from the analysis of isochronal tail currents re-
corded at 290 mV, as in Figs. 2 and 4.
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tively different effect than the A345E mutation. In con-
trast, if the third mechanism applies, the mutation
A345R would be expected to have a qualitatively similar
effect to A345E.

The eag mutation A345R was made and expressed in
Xenopus oocytes. Upon application of a voltage ramp
from 2220 to 160 mV in 89 mM K1, it was apparent
that the A345R mutation shifted the activation of eag to
hyperpolarized potentials, similarly to A345E (Fig. 6
A). In A345R, the ramp-evoked current was detected at
a more hyperpolarized potential than in A345E, sug-
gesting that A345R increases the relative stability of the
open state somewhat more than A345E. Inward cur-

rents evoked by sustained pulses from a holding poten-
tial of 2150 mV were detected at z2130 mV (Fig. 6 B).

These results are consistent with the idea that A345E
and A345R increase the relative stability of the open
state by a mechanism that depends on the hydrophilic
or charged nature of the substitution rather than on
the particular charge of the residue. One possibility is
that position 345 may be exposed to the aqueous envi-
ronment in the open state, but not in closed states.
Compared to the original alanine, conversion to either
glutamate or arginine would increase the relative stabil-
ity of the open state, in which the residue is exposed to
solvent. In rolf, the glutamate at the analogous position
may be exposed. Difficulty in burying this residue in a
hydrophobic environment may be one of several struc-
tural factors that contribute to stabilizing the poten-
tially functional voltage-sensing domain in a conforma-
tion that is permissive for pore opening.

d i s c u s s i o n

Transfer of Voltage Independence from Rolf to Eag

Cyclic nucleotide-gated channels have little or no in-
herent sensitivity to voltage (Haynes and Yau, 1990;
Goulding et al., 1992). They are, however, members of
the superfamily of voltage-gated ion channels and con-
tain conserved charged residues that contribute to the
voltage sensors of Na1 and K1 channels (Jan and Jan,
1990). To determine what accounts for the lack of volt-
age sensitivity in a cyclic nucleotide-gated channel from
the rat olfactory system (rolf), we made chimeras be-
tween rolf and ether-à-go-go (eag), a voltage-depen-
dent K1 channel from Drosophila. Because the S4 seg-
ment has been demonstrated to be a major component
of the voltage sensor in Na1 and K1 channels (Aggar-
wal and MacKinnon, 1996; Larsson et al., 1996; Seoh et
al., 1996; Yang et al., 1996), we tested the hypothesis
that rolf is insensitive to voltage because its S4 segment
has a reduced net charge. Two chimeras, in which por-
tions of the rolf S4 segment were transferred into eag,
were voltage dependent. Therefore, the low net S4
charge in rolf cannot account for its lack of sensitivity
to voltage. In fact, the S4 segment of rolf can support a
voltage-dependent mechanism of activation in eag.
These results are consistent with the idea that cyclic nu-
cleotide-gated channels such as rolf contain a poten-
tially functional voltage-sensing domain that is nor-
mally silent during gating.

The S3-S4 loop is shorter in rolf than in many volt-
age-dependent K1 channels, including eag and Shaker
(Tempel et al., 1987; Dhallan et al., 1990; Warmke et
al., 1991; Chandy and Gutman, 1994; Warmke and
Ganetzky, 1994), raising the possibility that the short
loop constrains the movement of the S4 segment in

Figure 6. The mutation A345R in the S3-S4 loop of eag shifts ac-
tivation in the hyperpolarized direction. (A) Representative cur-
rent was evoked by a voltage ramp as in Fig. 4. (B) Representative
current traces from A345R expressed in oocytes. Currents were re-
corded in 89 mM KCl using a two electrode voltage clamp. From a
holding potential of 2150 mV, 250-ms pulses to potentials ranging
from 2130 to 170 mV were applied in 20-mV increments. The
current reversed at about 25 mV. Leakage currents were not sub-
tracted.
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rolf. Our results argue against this mechanism because
a deletion mutation in eag, D333–337, has a loop simi-
lar in length to that of rolf, but causes no decrease in
voltage sensitivity.

Alternatively, the putative voltage-sensing domain
could be bypassed during activation if it were stabilized
in an activated conformation that is permissive for pore
opening. Evidence for this mechanism was obtained by
analysis of the S31loop and loop chimeras. Both
shifted the activation of eag to very hyperpolarized po-
tentials. We conclude that these chimeric channels are
voltage-independent in the physiological range of
membrane potentials. Upon expression in Xenopus oo-
cytes, rolf displays a similar behavior. Fig. 7 shows the
rolf current evoked by a voltage ramp from 2120 to
1120 mV in an excised, inside-out macropatch. The
bath and pipette solutions contained 100 mM K1. To
open the channel, 1 mM cGMP was applied to the cyto-
plasmic face of the patch. Rolf displayed a quasi-linear
current-voltage relationship very similar to that seen in
the eag S31loop and loop chimeras over the same volt-
age range (Fig. 7). Although it would be advantageous
to analyze the behavior of the eag chimeras in excised,
inside-out patches, such experiments have not been
feasible because eag rapidly runs down in cell-free
patches (Robertson et al., 1996).

Our results suggest that rolf is independent of mem-
brane potential in the physiological range because its
voltage-sensing domain is stabilized in a conformation
permissive for channel opening. This conformation
may be similar to that attained in a voltage-gated chan-
nel after the voltage-dependent transitions that accom-
pany activation. In channels such as Shaker, voltage-
dependent conformational changes prime the channel
for pore opening, which is a less voltage-dependent
transition that may be cooperative (Sigworth, 1993; Be-
zanilla et al., 1994; Zagotta et al., 1994). In cyclic nucle-
otide-gated channels such as rolf, the channel is al-
ready primed for pore opening, which occurs via an al-
losteric mechanism (Goulding et al., 1994). Binding of
the cyclic nucleotide ligand stabilizes the open confor-
mation (Goulding et al., 1994).

Although our results are suggestive, it is important to
note that we cannot conclude that the S3-S4 loop is
solely responsible for the lack of voltage dependence in
rolf. If the rolf channel is indeed stabilized in a confor-
mation permissive for pore opening, both the S3-S4
loop and additional structural features are likely to con-
tribute. Our data do suggest, however, that the struc-
tural and functional homology of distantly related
members of the superfamily of voltage-gated channels
may not be limited to the pore region (Heginbotham
et al., 1992; Goulding et al., 1993), but might also in-
clude the S2, S3, and S4 transmembrane segments that
contribute to a voltage-sensing domain in voltage-gated

channels such as Shaker (Papazian et al., 1995; Seoh et al.,
1996; Tiwari-Woodruff et al., 1997). In voltage-depen-
dent channels, the conformation of the voltage-sensing
domain is readily influenced by the membrane potential.
In voltage-insensitive channels, the conformational flexi-
bility of this domain may be much reduced due to a sig-
nificant increase in the relative stability of the activated
conformation.

Stabilization of the Open State of Eag

The S31loop and loop chimeras shift the activation of
eag to hyperpolarized potentials, although technical
limitations made it difficult to determine the actual
magnitude of the shift. The shape of ramp-evoked cur-
rents depends on the speed of the ramp compared to
the rates of channel deactivation and activation. In par-
ticular, slowly deactivating channels could contribute
to the ramp-evoked currents at hyperpolarized poten-
tials. However, the bulk of our evidence, especially the
data obtained from A345E and A354R using sustained
voltage steps, make it extremely unlikely that this expla-
nation can fully account for our results.

The S31loop and loop chimeras provide an opportu-
nity to identify some of the residues and structural in-
teractions that stabilize the open conformation of a
voltage-dependent K1 channel. Because large shifts in
the voltage range of activation may correspond to fairly
small changes (several kcal/mol) in the relative free

Figure 7. Rolf, and the S31loop and loop chimeras display simi-
lar quasi-linear current-voltage relationships in the physiological
range of membrane potentials. Representative currents were
evoked by a 500-ms voltage ramp from 2120 to 1120 mV. The
holding potential was 0 mV for rolf and 210 mV for the two chi-
meras. Rolf currents were recorded in an excised, inside-out mac-
ropatch in the presence or absence of 1 mM cGMP (left). Ramp-
evoked currents from the S31loop (middle) and loop (right) chi-
meras were recorded using a two-electrode voltage clamp; also
shown are ramp-evoked currents from uninjected oocytes.
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energy difference between conformational states (Sig-
worth, 1993), the shift in the activation of eag could be
achieved by small alterations in the structure. Our re-
sults indicate that much of the stabilization is imparted
to eag by the S3-S4 loop of rolf, although we cannot
rule out some contribution by residues in the S3 seg-
ment. The mutation A345E accounts for a significant
part of the shift. Therefore, the increase in the relative
stability of the open state of eag in the S31loop and
loop chimeras is probably due to free energy contribu-
tions from a limited number of residues or structural
interactions.

The oppositely charged substitutions A345E and
A345R had qualitatively similar effects on the activation
of eag. Therefore, the stabilization of the open state
does not depend on the charge of the residue, ruling
out field effects or electrostatic interactions as the un-
derlying mechanism. An alternative possibility is that
position 345 is buried in closed channels and exposed
to solvent in the activated conformation. Compared to
alanine, both glutamate and arginine would prefer an
aqueous environment to a hydrophobic one.

The proposal that position 345 is exposed to solvent
in open channels is consistent with a recent report
from Mannuzzu et al. (1996). Cysteine residues were
introduced into the S3-S4 loop of Shaker channels and
labeled with a sulfhydryl-reactive fluorescent probe.
Upon voltage-dependent activation of the channel, the
fluorescence of the probe at some loop positions was
decreased, an effect which was attributed to increased
solvent exposure concurrent with gating.

Our results indicate that position 345 is not solely re-
sponsible for the shift in activation seen in the loop chi-

mera. There may be other eag-to-rolf point mutations
in this region which, when combined with A345E, will
recapitulate the shifts seen in the chimeric channels. In
Shaker channels, combination of three S4 mutations
caused a much larger shift of activation to hyperpolar-
ized potentials than was observed in each mutant indi-
vidually (Miller and Aldrich, 1996).

Lack of Correspondence between Net S4 Charge
and Voltage Sensitivity

In voltage-gated K1 channels, the positively charged S4
residues do not contribute equally to the voltage sensor
(Papazian et al., 1991; Aggarwal and MacKinnon, 1996;
Seoh et al., 1996). Consistent with this finding, our re-
sults demonstrate that the net charge of the S4 segment
is not sufficient to determine the voltage sensitivity of
eag. This conclusion contrasts with a previous report,
in which the S4 segments of two voltage-gated K1 chan-
nels, RCK1 (rKv1.1) and Shab 11 (dKv2.1) were ex-
changed (Logothetis et al., 1993). In the resulting chi-
meras, the position and steepness of steady-state activa-
tion curves corresponded to those of the S4 donor,
which is clearly not the case in our study. This suggests
that one or more residues outside the S4 segment make
significant contributions to the voltage sensor of eag, as
in Shaker K1 channels (Seoh et al., 1996).

To conclude, our results suggest that the functional
and structural homology of distantly related members
of the superfamily of voltage-gated channels includes
the voltage-sensing domain. Further analysis of cyclic
nucleotide-gated channels and the voltage-insensitive
eag loop chimera promises to provide insights into the
activated conformation of voltage-gated ion channels.
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