Characterization of Ether-a-go-go Channels Present in Photoreceptors

Reveals Similarity to Ig,, a K* Current in Rod Inner Segments
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ABSTRACT In this study, we describe two splice variants of an ether-a-go-go (EAG) K* channel cloned from bo-
vine retina: bEAG1 and bEAG2. The bEAG2 polypeptide contains an additional insertion of 27 amino acids in the
extracellular linker between transmembrane segments S3 and S4. The heterologously expressed splice variants
differ in their activation kinetics and are differently modulated by extracellular Mg?*. Cooperativity of modulation
by Mg?* suggests that each subunit of the putative tetrameric channel binds a Mg?* ion. The channels are neither
permeable to Ca%* ions nor modulated by cyclic nucleotides. In situ hybridization localizes channel transcripts to
photoreceptors and retinal ganglion cells. Comparison of EAG currents with Iy,, a noninactivating K* current in
the inner segment of rod photoreceptors, reveals an intriguing similarity, suggesting that EAG polypeptides are in-

volved in the formation of K, channels.
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INTRODUCTION

The bewildering functional diversity of K™ channels is
generated by several families of genes encoding K*
channel polypeptides. One class of voltage-activated K*
channels is encoded by the ether-a-go-go (eag)! gene of
Drosophila (Dmeag) (Drysdale et al., 1991) and its verte-
brate homologues (Ludwig et al., 1994; Warmke and
Ganetzky, 1994; Trudeau et al., 1995). Mutations in the
Dmeag gene affect four different types of K* currents in
larval muscles, suggesting that the encoded polypep-
tide (DmEAG) coassembles with various other subunits
to form K* channels with diverse properties (Zhong
and Wu, 1991, 1993).

DmEAG is phylogenetically more closely related to
cyclic nucleotide-gated (CNG) channels than to any K*
channel subfamily (Guy et al., 1991; Warmke et al.,
1991). In particular, DmEAG carries a cyclic nucle-
otide-binding motif similar to that found in CNG chan-
nels, suggesting that DmEAG channels might be sensi-
tive to cAMP or cGMP. Heterologous expression of the
Dmeag gene gives rise to voltage-activated K* channels.
These channels have been reported to be modulated
by cAMP and to be permeable to Ca%" ions (Brugge-
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mann et al., 1993). Both observations are reminiscent
of CNG channels that are directly activated by cyclic nu-
cleotides and are permeable to Ca’?* ions (for reviews
see Zufall et al., 1994; Kaupp, 1995; Zimmerman, 1995;
Finn et al., 1996), and strengthen the idea that EAG
channels represent an evolutionary link between volt-
age-activated K* channels and cAMP/cGMP-activated
nonselective cation channels. The rat homologue is sig-
nificantly different from DmEAG in activation and de-
activation kinetics and ion selectivity (Ludwig et al.,
1994; Stansfeld et al., 1996). In addition, extracellular
Mg?* and H* control the activation of rat EAG chan-
nels in a dose- and voltage-dependent manner (Terlau
etal., 1996). Unexpectedly, initial experiments indicated
that the rat EAG channel, in contrast to DmEAG, is nei-
ther sensitive to cyclic nucleotides nor permeable to
Ca?* jons (Ludwig et al., 1994; Robertson et al., 1996).
A straightforward interpretation of previous experi-
ments addressing cyclic nucleotide sensitivity and Ca?*
permeability is hampered by several principal difficul-
ties. Because membrane-permeable analogues of cyclic
nucleotides were applied extracellularly to intact cells,
these experiments do not readily distinguish between
effects on EAG channels themselves and secondary ef-
fects mediated by other mechanisms. Experiments on
excised patches are plagued by significant rundown of
currents that precludes a detailed analysis of cyclic nu-
cleotide effects on the channels (Terlau et al., 1995;
Robertson et al., 1996). Ca®* permeability of heterolo-
gously expressed rat and Drosophila EAG channels has
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been inferred largely from the activation of Ca?*-sensi-
tive ClI~ currents in Xenopus oocytes (Briggemann et
al., 1993; Ludwig et al., 1994), but direct evidence for
Ca?* permeation is lacking.

At present, we do not know which native K* channels
may contain EAG polypeptides as subunits. The recent
suggestion by Stansfeld et al. (1997) that an EAG
polypeptide might contribute to the mammalian M
channel is equivocal (Mathie and Watkins, 1997; Mar-
rion, 1997). An M-like current, dubbed Iy, has also
been characterized in rod photoreceptors (Attwell and
Wilson, 1980; Beech and Barnes, 1989; Wollmuth,
1994). Therefore, we have chosen the mammalian ret-
ina to study whether EAG subunit(s) contribute to K,
channels and to determine their sites of expression.

In this paper, we characterize two splice variants of
an EAG channel cloned from bovine retina (bEAGI1
and bEAG2). We directly measured the Ca?* perme-
ability of the heterologously expressed channels with a
sensitive fluorimetric technique and found no evidence
for Ca?* permeation. We also examined whether bEAG
currents can be modulated by cyclic nucleotides rapidly
released from caged compounds inside the cell (Hagen
et al.,, 1996). We detected only weak (if any) effects on
channel activity by physiological concentrations of cAMP
and cGMP. The two splice variants differ from each
other by an insertion of 27 amino acid residues in the
extracellular linker between transmembrane segments
S3 and S4 in bEAG2. The activation kinetics of the
splice variants is controlled by extracellular Mg?* over
different ranges of concentration. Eag channel tran-
scripts were localized by in situ hybridization to the
photoreceptor layer as well as to ganglion cells of the
retina. We discuss the possibility that bEAG polypep-
tides are part of the Iy, conductance that has been
identified as the major pathway for the outward dark
current in the inner segment of rod photoreceptors.

MATERIALS AND METHODS

Screening of Bovine Genomic and cDNA Libraries

A cDNA fragment of Dmeag (residues 798-2033, according to
numbering of Warmke et al., 1991) was used to screen a bovine
genomic DNA library (BL1015j; Clontech, Palo Alto, CA) at low
stringency. Probes were radioactively labeled with a DECAprime
kit (Ambion Inc., Austin, TX).

Hybridization was in 5X SSC (20X SSC is 3 M sodium chlo-
ride, 0.3 M sodium citrate, pH 7.0), 5X Denhardt’s solution
(100X Denhardt’s contains 2% bovine serum albumin, 2% Ficoll
400, 2% polyvinylpyrolidone), 0.1 mg/ml denatured herring tes-
tes DNA, 0.1% SDS, at 52°C for 15 h. Qjabrane filters (Qiagen,
Hilden, Germany) were washed twice in 2X SSC, 0.1% SDS for 5
min at room temperature, followed by two washes for 30 min at
55°C. Bovine retinal ¢DNA libraries in N-ZAPII (Stratagene,
Heidelberg, Germany) were screened with genomic fragments
coding for a bovine homologue of the Dmeag gene. Hybridiza-
tion was in the same solution (see above) at 65°C. Filters were
washed twice in 1X SSC, 0.1% SDS at 65°C for 30 min. Overlap-

ping clones encoding either the 5" or 3’ part of a bovine eag gene
(beag) were recombined after digestion with Notl/Sacll and
Sacll/EcoRI, and subcloned into pBluescriptSK(~) vector. Re-
combinant pbeagl was sequenced on both strands.

Northern Blot Analysis

Total RNA was prepared from bovine cerebellum, cortex, kidney,
and retina by the LiCl/urea method (Baumann et al., 1994).
Poly(A)* RNA was isolated using an Oligotex kit (Qiagen) or a
Fast-Track kit (Invitrogen Corp., San Diego, CA). 10 pg of
poly(A)* RNA were fractionated on a denaturing 0.75% agarose
gel (Sambrook et al., 1989). RNA was transferred to nylon filters
(Qiagen) and cross-linked to the membrane by UV light. North-
ern blots were hybridized with cDNA probes encompassing the
putative transmembrane regions common to both pbeagl and
pbeag2, or with the insert of pbeag2. Hybridization was in 50%
formamide, 5X SSC, 5X Denhardt’s, 0.1 mg/ml denatured her-
ring testes DNA, and 0.1% SDS at 42°C for 16 h. Final washing
was twice in 1X SSC, 0.1% SDS at 65°C for 30 min. Autoradiogra-
phy was for 12-72 h at —80°C.

In Situ Hybridization

For the fixation of bovine retinae, eyecups were immersed in 4%
paraformaldehyde/PBS for 90 min at room temperature. The
retina was removed from the eyecup, cryoprotected in 30% su-
crose/PBS for 30 min, and embedded in Tissue-Tek (Miles Inc.,
West Haven, CT). Cryosections (16 wm) were mounted on si-
lanized slides, dried, fixed for 5 min in 4% paraformaldehyde/
PBS, and rinsed in PBS. Sections were dehydrated by a series of
ethanol washes (50, 70, 80, and 90%) and stored in 90% ethanol
at 4°C. Hybridization was carried out with digoxigenin-labeled
sense and antisense riboprobes transcribed in vitro from a sub-
clone (corresponding to positions 1994-2110 of pbeagl). Hybrid-
ization was performed for 14 h at 37°C in a humidified chamber.
The hybridization solution contained: 50% formamide, 4X SSC,
10 mM Tris-HCl at pH 7.5, 1 mM EDTA, 1X Denhardt’s, 0.1 mg/
ml denatured herring testes DNA, and labeled probe (500 ng/
ml). After hybridization, the sections were washed three times for
1 h each at 30°C in 50% formamide, 2X SSC. Detection of hy-
brids was as described in the application manual (Boehringer
Mannheim GmbH, Mannheim, Germany). Hybridizations were
also performed with digoxigenin-labeled riboprobes transcribed
from an EcoRI/Sacl subclone of beagl (corresponding to posi-
tions 2160-2908). Hybridization and wash conditions were as de-
scribed above, except that incubation temperature was 45°C.

Functional Expression of EAG Channels

We generated a truncated form of pbeagl that lacks the 5" non-
coding region and contains a Kozak consensus sequence (Kozak,
1984) immediately adjacent to the 5’ side of the ATG codon; this
form of pbeag was subcloned into the pcDNAI vector (Invitrogen
Corp.) to yield pcbeagl. We also constructed a second recombi-
nant that contained an insertion of 81 bp at position 1148 of
pbeagl. This latter cDNA fragment was amplified by PCR from
retinal cDNA and inserted into the Aatll and Mlul sites of
pcbeagl to yield pcbeag2.

bEAG1 and bEAG2 were transiently expressed in HEK 293
cells as described previously (Baumann et al., 1994; Frings et al.,
1995). Currents through the channels expressed in HEK 293
cells were measured with the patch-clamp technique in the
whole-cell configuration. Leak currents were subtracted for each
test pulse separately, using the P/4 protocol. The capacitance of
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the plasma membrane was measured for each cell and compen-
sated using the capacitance compensation circuitry of the patch-
clamp amplifier during voltage steps from —80 to —60 mV. The
mean capacitance of 20 representative cells was 23.6 * 7.6 pF,
while the series resistance was 29.0 £ 18.2 M{). Series resistance
was compensated by adjusting the RS compensation to 75%. The
time constant of the resulting voltage clamp was 0.68 = 0.46 ms.
The standard extracellular solution contained (mM): 120 NaCl, 3
KCl, 1 CaCly, 50 glucose, 10 HEPES, adjusted to pH 7.4 with
NaOH, and concentrations of divalent cations as indicated in the
text. The patch pipette solution contained (mM): 120 KCl, 8
NaCl, 1 MgCly, 2 Mg-ATP, 0.3 GTP, 1 EGTA and 10 HEPES, ad-
justed to pH 7.2 with KOH. All experiments were carried out at
room temperature (20-22°C).

Ca?* permeability was examined by a method that allows quan-
titative determination of the fraction of current carried by Ca?*
(Schneggenburger et al., 1993; Frings et al., 1995). Briefly, cells
were dialyzed with the patch pipette solution containing (mM):
145 KCl, 8 NaCl, 1 MgCl,, 2 Mg-ATP, 0.3 GTP, 10 HEPES, 0.02
EGTA, 1 Ks-Fura-2, adjusted to pH 7.2 with KOH; this solution
contained the Ca?*-sensitive fluorescent dye Fura-2 at a concen-
tration sufficient to dominate the Ca%* buffer capacity of the cell
(Frings et al., 1995). Each cell was examined consecutively in two
bath solutions containing either 1 or 80 mM CaCl,. The first solu-
tion contained (mM): 120 NaCl, 3 KCl, 1 CaCl,, 1 MgCl,, 0.001
BaCly, 50 glucose, 10 HEPES adjusted to pH 7.4 with NaOH. The
second solution contained (mM): 10 NaCl, 3 KCl, 80 CaCl,, 1
MgCly,, 0.001 BaCl,, 50 glucose, 10 HEPES, adjusted to pH 7.4
with NaOH. The voltage protocol was designed to maximize Ca?*
influx during the deactivation phase of EAG channels at —120
mV (Briiggemann et al., 1993). Simultaneous recording of
whole-cell current and fluorescence change using the Phocal sys-
tem (Life Science Resources, Cambridge, UK) were made as de-
scribed previously (Frings et al., 1995). To investigate the deacti-
vation properties of bEAGI, an extracellular solution was used
that contained (mM): 70 NaCl, 50 KCl, 1 CaCl,, 1 MgCl,, 50 glu-
cose, 10 HEPES, adjusted to pH 7.4 with NaOH. The K* equilib-
rium potential was thus shifted to —30 mV and K* inward cur-
rent could be recorded during channel deactivation after voltage
steps from +60 to —120 mV. To test the sensitivity of our method
for the detection of Ca?* influx, HEK 293 cells were transfected
with the BIII Ca?* channel from rabbit brain (o, s, and 8 sub-
units cloned into the pKCR vector; Fujita et al., 1993; see also
Frings et al., 1995), and Ca®* currents of various amplitudes were
activated by voltage steps from a holding voltage of —80 mV
(Frings et al., 1995). The pipette solution for Ca?* channel mea-
surements contained (mM): 130 CsCl, 20 TEA-CI, 2 MgCl,, 2 Na-
ATP, 0.2 GTP, 10 HEPES, 0.02 EGTA, 1 Ks-Fura-2, adjusted to pH
7.2 with CsOH. The extracellular solution was standard solution
containing (mM): 2 CaCl,, 1 MgCl,, 10 TEA-CI, at pH 7.4.

Experiments with Caged Compounds

Synthesis and chemical characterization of caged 8-Br-cAMP and
caged 8-Br-cGMP have been described previously (Hagen et al.,
1996). Stock solutions of caged compounds (10 mM) in dimeth-
ylsulfoxide were used to prepare the pipette solutions shortly be-
fore each experiment; these solutions were used for not more
than 90 min. During this time, contamination with free cyclic nu-
cleotides due to solvolysis was below 2%. UV illumination was
achieved by guiding light from a 100 W mercury lamp (AMKO,
Uetersen, Germany) through an oil immersion objective (40X,
n.a. 1.3; Nikon Inc., Tokyo, Japan) to the recording chamber. The
concentration steps of cyclic nucleotides produced by photolysis
of the caged compounds were estimated using the bovine olfac-
tory CNG channel as described previously (Hagen et al., 1996).
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RESULTS

Cloning of eag Homologues from Bovine Retina

A cDNA fragment encoding transmembrane regions of
DmEAG was used to screen a bovine genomic DNA li-
brary under reduced stringency. One recombinant was
isolated that contained an exon coding for a region be-
tween transmembrane segments S1 and S4. This exon
included a splice site that, if alternatively used, would
give rise to an extension of the extracellular loop be-
tween S3 and S4. A similar insertion has recently been
described for an eag homologue cloned from mouse
brain (Warmke and Ganetzky, 1994). Our genomic
clone was used to screen a bovine retinal cDNA library.
Two overlapping cDNA clones were isolated that, when
recombined, contained the entire coding region of an
eag homologue (bEAGI).

The pbeagl cDNA consists of 3,405 nucleotides. One
long open reading frame was identified. Based on se-
quence similarity with other EAG channel polypep-
tides, the translation initiation site was assigned to the
first ATG triplet (positions 198-200) of the open read-
ing frame. An inframe termination codon (TGA) is
found at positions 3078-3080. The cDNA does not con-
tain a poly(dA) tract. The deduced polypeptide se-
quence consists of 960 amino acid residues with a calcu-
lated M,, of 108,092 D.

We used PCR analysis to examine whether alterna-
tively spliced transcripts of beag are expressed in the
retina. One amplified fragment contained an insertion
of 81 nucleotides that is identical to the sequence in
the genomic clone. The PCR fragment was subcloned
into the pbeagl construct to give pbeag2. The bEAG2
channel polypeptide contains 27 additional residues
between segments S3 and S4 (see Fig. 1, A and B). A
comparison of the amino acid sequences of bEAG2
with rat EAG (rEAG; Ludwig et al., 1994), DmEAG
(Warmke et al., 1991), and human EAG-related gene
(hERG; Warmke and Ganetzky, 1994) is shown in Fig. 1.

Expression Pattern of beag mRNA

The tissue specificity of beag expression was analyzed by
Northern blotting. Labeling with beagl- and beag2-spe-
cific probes was found in lanes containing poly(A)~*
RNA from cerebellum, cortex, and retina (Fig. 2 A,
lanes I-3). No signal was observed with RNA from kid-
ney (Fig. 2 A, lane 4). The estimated size of the tran-
script from the Northern blot is ~7.5 kb, whereas the
cloned cDNA contains only 3,405 nucleotides, implying
that ~4 kb are missing from the 5'- and 3’-untranslated
regions of beag:.

The expression pattern of beagl and beag2 transcripts
in the bovine retina was determined by in situ hybrid-
ization of retinal cryosections using antisense and sense
riboprobes, both labeled with digoxigenin. For beagl,
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Ficure 1. Alignment of amino
acid sequences of EAG channel
polypeptides. Sequences: bovine
EAG splice variant 2 (bEAG2);
rat EAG (7FAG; Ludwig et al.,
1994), Drosophila EAG (DmEAG;
Warmke et al.,, 1991) and hu-
man EAG (AERG, Warmke and
Ganetzky, 1994). (A) Trans-
membrane regions (S1-S6), the
pore region, and the putative cy-
clic nucleotide-binding site are
overlined. Consensus sites for
N-linked glycosylation of bEAG2
sS4 are labeled by an asterisk. Con-

sensus sites for phosphorylation

of bEAG2 by CaM kinase II and

intracellular

cAMP/cGMP-dependent kinases
are labeled by open arrowheads
and open circles, respectively.
Amino acid position is indicated

at the right hand side. Identical residues are depicted as white letters on black, conservative substitutions as black letters on gray. Note
the insertion of 27 amino acid residues (position 318-344) in bEAG2, that is missing in bEAGI. (B) Amino acid sequence of the S3-S4
linker of bEAG1/2. A topological model of the S3-54 region of bEAG channels is shown. Residues common to both bEAG1 and bEAG2
are depicted in bold letters. The sites of insertion of 27 additional residues in bEAG2 are indicated by arrows.

strong hybridization signals were observed in most gan-
glion cells of the inner retina and also in the inner seg-
ment layer of the photoreceptor cells (Fig. 2 B). A simi-
lar distribution of CNG channel transcript in the pho-
toreceptor layer has been observed by Ahmad et al.
(1994). The respective sense riboprobes did not recog-
nize ganglion cells and photoreceptors (Fig. 2 C). A
similar hybridization pattern was observed using ribo-
probes transcribed from a COOH-terminal fragment of
bEAGI1 (data not shown). This fragment did not con-
tain the putative binding site for cyclic nucleotides. An
antisense probe specific for the insertion between S3
and S4 of beag?2 also recognized ganglion cells (data
not shown). However, the hybridization signals for
beag2 were significantly weaker than for beagl, consis-
tent with the lower abundance of beag2 transcripts that
was determined by PCR amplification.

Kinetic Analysis of bEAG Channel Activation

The channel inventory of the outer and inner segment
of rod photoreceptors and their role in generating and
shaping the light response has been characterized com-
prehensively (for reviews see Yau and Baylor, 1989;
Barnes, 1994). Comparison of currents carried by het-
erologously expressed EAG channels (bEAG) with cur-
rents in retinal rods offers a unique opportunity to
identify the cellular function of EAG channels, and
thereby to gain information on their physiological role
in phototransduction.

The electrophysiological properties of bEAG polypep-
tides were investigated by heterologous expression in
HEK 293 cells. Fig. 3 shows a series of whole-cell record-
ings of outward currents in response to depolarizing
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voltage steps (holding voltage —80 mV) for bEAGI (A)
and bEAG2 (B) in standard extracellular solution. In
~20% of cells, we observed a pronounced current de-
cline at V,;, > 30 mV with both bEAGI1 (Fig. 3 C) and
bEAG2 (Fig. 3 D). These cells were excluded from ki-
netic analysis, and no attempt was made to investigate
the molecular basis of this decline. A similar decline of
current has been previously reported for other EAG
homologues (Ludwig et al., 1994; Robertson et al.,
1996).

The voltage dependence of current activation was
similar for both splice forms; the activation threshold
was roughly —45 mV (Fig. 4 A). The time course of
channel activation was characterized by two Kkinetic
components that could be fitted with the sum of two
weighted exponential functions:

I R x O _Tf;‘ a R O _T;”WEI
—_ = — + — —
I xgt-e T gt (-R)x gl-e g (1)

wherein 7 and 7y, represent the fast and slow time
constant, respectively, and R the fraction of the fast ki-
netic component.

In Fig. 4 B, current recordings were normalized to fa-
cilitate comparison of the activation time courses of
both channel forms. Currents were activated by step-
ping the holding voltage from —80 mV to either —10
or +40 mV. The current traces are superimposed with
curves that have been fitted to the data with Eq. 1. With
both voltage steps, activation of bEAGI proceeded
faster than activation of bEAG2. Analysis of the voltage
dependence of T, Ty,,, and Ris shown in Fig. 4, Cand
D. Both time constants (g and Ty,,) were moderately

Ether-a-go-go Channels in Rod Photoreceptors
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voltage dependent, showing a small decrease towards
depolarized voltages (Fig. 4 C). Mean values = SD for
Trase at 0 mV were 10.6 * 7.3 ms (n = 8) for bEAGI1 and
38.4 = 37 ms (n = 7) for bEAG2. Mean values for Ty,
at 0 mV were similar for both channels: 340 = 53 ms
(n= 8) for bEAGI and 291 * 59 ms (n = 7) for
bEAG2. The fraction of the fast activating component,
R, in both channel forms increased towards more posi-
tive voltages (Fig. 4 D). Mean values = SD of R deter-
mined at 0 mV were 0.39 = 0.15 (n = 8) for bEAGI1
and 0.12 * 0.15 (n = 7) for bEAG2. In conclusion, the
faster activation of bEAGI currents is due to a larger
contribution of the fast activating component. Because
both channels differ only in the S3-54 linker, this ex-
tracellular loop probably controls movements of the S4
motif during voltage steps and thereby exerts its effect
on channel gating.

Mg?* Modulates Channel Activation

The rat homologue of bEAG is sensitive to extracellular
Mg?* (Terlau et al., 1996). We therefore examined
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FIGURE 2. Expression pattern of EAG channel transcripts. (A) 10
wg poly(A)* RNA from bovine cerebellum (lane 1), cortex (lane
2), retina (lane 3), and kidney (lane 4) were separated on a dena-
turing 0.75% agarose gel and transferred to Qiagen membrane.
Hybridization was to a [3?P] dCTP-labeled probe derived from
beagl (left) and to the 81-bp fragment of beag2 encoding the inser-
tion of 27 amino acids in the $3-S4 linker in bEAG2 (right). A tran-
script of ~7.5 kb was detected with both probes. Size standards in
kilobase are indicated on the left. (B and C) In situ hybridizations
to tissue sections of bovine retina were performed with digoxige-
nin-labeled antisense (B) and sense (C) probes transcribed in vitro
from beagl. Specific labeling with the antisense probe is observed
in ganglion cells and in the inner segments of photoreceptor cells.
OS, photoreceptor outer segments; IS, photoreceptor inner seg-
ments; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, in-
ner plexiform layer; GCL, ganglion cell layer.

whether the two splice variants of bEAG differ in their
Mg?* sensitivity. The time course of channel activation
was dependent on the extracellular Mg?" concentra-
tion ([Mg?*],). Increasing [Mg?*], from nominally 0
to 4 mM reversibly slowed the speed of current activa-
tion in both channel forms (Fig. 5 A). The bEAGI
channel was less sensitive to [Mg?*], than the bEAG2
channel (Fig. 5 A). The steady state current amplitude
was not affected by [Mg?*],. Fig. 5 Bshows six traces re-
corded from the same cell at five different Mg%* con-
centrations over a period of 9 min. The progressive de-
crease of the steady state current (~10%) was also ob-
served with constant Mg?* concentration and, therefore,
does not reflect a Mg?" effect. The slower time course
of activation was solely due to suppression of the frac-
tion of the fast component; the time constants them-
selves were not significantly affected by extracellular
Mg?* (data not shown). In Mg?*-free solution, both
channel forms show an R value close to unity. When
[Mg?*], is increased, R becomes smaller. For bEAG1
and bEAG2, 4 and 1 mM [Mg?*],, respectively, were
sufficient to abolish completely the fast kinetic compo-
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nent at +20 mV. Fig. 5 C shows the dependence of R
on the Mg?* concentration. Data represent the mean
from three cells for each splice variant. Records were
analyzed at five [Mg?*], for each cell. The solid lines in
Fig. 5 Cwere constructed using a modified Hill equation

1-[ Mg [ (M |5+, )

with K, values of 1.5 and 0.5 mM for bEAGI and
bEAG2, respectively, and with a Hill coefficient n = 3
for both channel forms. The high cooperativity along
with the inability of other divalent cations to change
channel kinetics (see below) indicates specific binding
of Mg?* to the channel and rules out alternative expla-
nations such as surface charge screening. When [Mg?*],
was increased to values higher than necessary to sup-
press completely the fast kinetic component, the cur-
rent activation was further slowed down, and the time
course adopted a sigmoidal shape that is no longer de-
scribed by Eq. 1 (Fig. 5 A; bEAG2 at 4 mM). Our results
demonstrate that a mechanism that induces fast cur-
rent activation is suppressed by extracellular Mg?* in a
cooperative fashion, and that the bEAG2 channel dis-
plays a higher Mg?* sensitivity than the bEAGI1 chan-
nel. These results fully agree with a more quantitative
description of rat EAG channel gating by voltage and
[Mg?*], (Terlau et al., 1996).

R
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bEAG Is Sensitive to Extracellular Ba?" and Insensitive
to Cs*/Cd**

Because the bEAGI transcript is expressed in the inner
segment layer, we compared Ig,g with identified cur-
rents in rod photoreceptors. Mammalian EAG currents
(Ludwig et al., 1994; Terlau et al., 1996; this article) are
strikingly similar to Ig,, a K* current in the inner seg-
ment (Beech and Barnes, 1989). Both EAG and K,
channels are K* selective, become activated at V,, =
—b50 mV, do not inactivate, and have a similar pharma-
cology (see Table I and piscussioN). We examined
whether two additional features of Iy, its inhibition by
extracellular Ba?* ([Ba2"],) (Beech and Barnes, 1989;
Wollmuth, 1994) and its low sensitivity to Cs*/Cd?*,
are also shared by the bEAGI channel. In the presence
of 5 mM extracellular Ba?* and in the absence of other
divalent cations, bEAGI1 showed strong voltage-depen-
dent inactivation (Fig. 6 A) that was reminiscent of
C-type inactivation in Shaker K* channels (e.g., Hoshi et
al., 1990; Baukrowitz and Yellen, 1995) and in HERG
channels (Schonherr and Heinemann, 1996; Smith et
al., 1996). At V., > +40 mV, the residual currents, mea-
sured at the end of activation pulses (Fig. 6, A and B,
A), approached zero, indicating complete inactivation,
whereas the voltage threshold of activation was not sig-
nificantly altered by Ba?" (Vi o = —45 mV) (Fig. 6

Ether-a-go-go Channels in Rod Photoreceptors



Ficure 4. Voltage dependence
of EAG channel activation at 1
mM [Ca®'], and 1 mM [Mg?*],.
(A) Current-to-voltage relation of
bEAG channel-mediated whole-
cell current. All currents are nor-
malized to the current mea-
sured at +40 mV. Activation
threshold for both channel
forms is —50 mV. Mean values =
SD of normalized currents were
recorded from eight (bEAGI,
V) and seven (bEAG2, O) dif-

‘ . 1 ‘ : ferent cells. The large standard

deviations at V,, > 60 mV are
due to decline of the current in
some of the cells. (B) Activation
kinetics of K* currents after a
step from —80 mV to the indi-
cated membrane voltage. The
dots represent values of current,
lines represent fits of Eq. 1 to
the data; dashed lines are for
bEAGI, solid lines for bEAG2.
The fits gave values of R, g,
and 7, for bEAG1 (bEAG2) of:
0.78 (0.36), 4.2 (24.7), and 297
(146) ms at +40 mV, and 0.51
(0.16), 9.2 (24.7), and 408 (305)
ms at —10 mV. (C) Voltage de-
pendence of the activation time
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B, @). Due to the rapid deactivation kinetics, we were
unable to reliably determine the midpoint voltage (Vo)
of activation and the effects of Ba?" on V.

The modulation of bEAGI by Ba®* required the open-
ing of channels. Even after prolonged exposure to extra-
cellular Ba?* (=35 min), the currents activated by the
first depolarizing pulse were similar to those in control
cells (Fig. 6 C, I). However, the time course of currents
changed dramatically during subsequent pulses (Fig. 6
C, 2—4). A steady state that is characterized by a smaller
peak current and pronounced inactivation was reached
after three to five pulses. Pulse protocols for testing the
voltage dependence of inactivation (Fig. 6 A) were ap-
plied in the steady state. After wash-out of Ba?* (15 s),
the suppression of the peak amplitude was removed but
inactivation persisted for many minutes (Fig. 6 C, 5).

In the experiments described above, Ba?" was the
only divalent cation added to the extracellular solution.
To test whether other divalent cations also cause use-
dependent inactivation of bEAGI, we applied extracel-
lularly 5 mM of either Ca?*, Mg?*, or Sr?* during the
first five depolarizing pulses. None of these ions in-
duced inactivation as was observed with Ba?* (Fig. 6 D).
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constants. (D) Voltage depen-
dence of the fraction of the fast
activating component, R.

However, bEAGI channels that have been first exposed
to Ca?*, Mg?*, or Sr*" during the first pulses did not in-
activate throughout the next 30 pulses after replace-
ment of the test ions by Ba?" (Fig. 6 D), although the
current was reduced by ~20% in the presence of Ba%*.
Thus, Ba?" appears to affect bEAG1 in two ways: it sup-
presses the outward current by 20-50% (at V,, = +45
mV), and it induces a voltage-dependent channel inac-
tivation when it enters the channel in the absence of
other divalent cations. Although extracellular Ba?>* also
changes I, in rod photoreceptors of salamander, its ef-
fect is different (Beech and Barnes, 1989; Wollmuth,
1994). In the presence of 3 mM Ca?*, Ba?* suppresses
Ik, and, in addition, shifts the activation threshold from
—b55 to =30 mV.

Ik, is the only K* current in photoreceptor cells resis-
tant to 5 mM Cs*/0.1 mM Cd?* (Beech and Barnes,
1989). We therefore tested the effects of Cs™/Cd?" on
bEAGI. 5 mM Cs*/0.1 mM Cd?2* in the extracellular so-
lution neither affected the kinetics nor the activation
threshold of bEAGI (Fig. 6 E; six cells). In conclusion,
both K, and EAG channels are affected by Ba?>" and are
resistant to extracellular Cs*/Cd?* (see DISCUSSION).
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FIGURE 5. Modulation of channel activation kinetics by extracellular Mg?*. (A) Current activation of bEAG1 and bEAG2 channels at 1
mM [Ca?*], and various values of [Mg?*],. bEAG channels were activated by voltage steps from —80 to +20 mV. Increasing [Mg**],
slowed down current activation in both channels, but bEAG2 was more sensitive to changes in [Mg?*],. Each trace was normalized to its
maximal current amplitude. (B) Current traces after voltage steps from —80 to +20 mV at 0, 0.1, 0.3, 0.5, 1, and 2 mM extracellular
Mg?*. Traces were recorded at intervals of 90 s from a cell expressing bEAG2. (C) Dependence of the fraction of the fast activating com-
ponent, R, on [Mg*"],. Mean values * SD were obtained from three cells for each channel at +20 mV. The solid lines were constructed

with a modified Hill equation as described in the text.

Do Cyclic Nucleotides Modulate EAG Channels?

Because of the relatively high sequence similarity be-
tween DmEAG and its mammalian homologues, it was
surprising that only the Drosophila channel was re-
ported to be sensitive to cAMP (Briiggemann et al.,,
1993; Ludwig et al., 1994). We therefore examined
modulation of the bEAG channels expressed in HEK
293 cells by cAMP and cGMP. Fig. 7 A shows the voltage
dependence of bEAGI1-mediated whole-cell currents in
the absence of cyclic nucleotides (solid line) and after
incubation of two different sets of cells for 5 min with
either 5 mM of the membrane-permeant 8-Br-cAMP

TABLE I

Comparison of Properties of Salamander Rod Photoreceptor K, and
Mammalian EAG Currents

IKx IEAG

0.02

=-50 mV
Noninactivating
=10 ms (—100 mV)
~250 ms (—40 mV)

<0.01

=—45 mV
Noninactivating
~1 ms (—120 mV)
~3 ms (—40 mV)

Ton selectivity Py, /Py +*
V,, of activation*1s7
Inactivation*#57

Deactivation time*$

Blockage** TEA >> 4-AP TEA >> 4-AP

Mg?* modulation™ ND Strong

Ba?* inhibition*™ Suppression and Suppression and
V9 shift inactivation

Cs*/Cd?* sensitivity*™ — —

pH, sensitivity§H ~'7 mV/decade ~15 mV/decade

*Beech and Barnes, 1989; !Ludwig et al., 1994; STerlau et al., 1996;
IKurenny and Barnes, 1994; "see also this paper.
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(A, mean of seven cells) or 8-Br-cGMP (@, mean of six
cells) in the extracellular solution. No significant differ-
ence was observed between the steady state current—
voltage relations with and without cyclic nucleotides.

Superfusion with membrane-permeant cyclic nucle-
otides in the whole-cell configuration has several disad-
vantages. In particular, the concentration of cyclic nu-
cleotides inside the cell is not known and transient
modulation of the channel by cyclic nucleotides may be
obscured. We therefore used a technique that involves
rapid photorelease of hydrolysis-resistant 8-Br-cAMP or
8-Br-cGMP from caged compounds (for review see Ad-
ams and Tsien, 1993). This method has the extra ad-
vantage that persistent concentration steps of cyclic nu-
cleotides are generated rapidly inside the cell. The
method and the calibration of the concentration steps
of 8-Br-cAMP and 8-Br-cGMP inside the cell have been
described previously (Hagen et al., 1996).

HEK 293 cells expressing bEAG1 were loaded for 5
min by dialysis from pipettes that contained solutions
of caged compounds. Caged 8-Br-cAMP was used at
concentrations of 5, 20, and 100 wM within the pi-
pettes. Under these conditions, the contamination by
free 8-Br-cAMP within the cell is less than 0.1, 0.4, and
2 uM, respectively (Hagen et al., 1996). Irradiation of
100 uM caged compound with a single flash of UV light
(365 nm) of 200-ms duration resulted in the liberation
of ~20 pM 8-Br-cAMP. At lower concentrations of the
caged compound, correspondingly lower concentra-
tions of the free cyclic nucleotide were released.

bEAGI1 channels were first activated by stepping V,,
from —80 to +20 mV for 3.4 s to record the control

Ether-a-go-go Channels in Rod Photoreceptors
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Ficure 6. Effects of Ba?* and Cs*/Cd?* on bEAGI currents. (A) Current traces recorded from a HEK 293 cell expressing bEAGI
channels; the extracellular solution contained 5 mM Ba?* as the only divalent cation. Depolarizing voltage pulses of 1.5-s duration were
applied from the holding voltage (—70 mV) to +80 mV in steps of 10 mV. To establish a steady state Ba?* effect, eight pulses to +45 mV
were applied before starting the pulse protocol. All pulses were applied in 15-s intervals. (B) Voltage dependence of channel activation
in the presence of 5 mM Ba?*. Peak currents (@), and currents measured at the end of the 1.5-s pulses (A) are normalized to the peak
current at V,, = +80 mV (mean values = SD from five cells). (C) Use dependence of Ba?* effect on bEAGI. After 10 min in extracellu-
lar solution containing 5 mM Ba?*, the whole-cell configuration was established and depolarizing voltage pulses were applied in 15-s in-
tervals from the holding voltage (—70 mV) to +45 mV. The numbers on the right of each trace indicate the sequence of pulses. For re-
moval of Ba?*, the bath was perfused with extracellular solution without added divalent cations. (D) Exposure to Ca?*, Mg?*, or Sr?*
(5 mM) in the extracellular solution prevents Ba?*-dependent inactivation. The top trace in each panel shows the fifth depolarizing
pulse (—70 to +45 mV) in the presence of the indicated divalent cation, but without Ba?*. After exchanging the test ion for 5 mM Ba?*,
five pulses were applied in 15-s intervals, and the fifth pulse is superimposed for comparison. A reduction of current amplitude, but not
inactivation, is observed with Ba?* for the cells previously exposed to Ca?*, Mg?*, or Sr?*. In contrast, when no divalent cations were
added during the first five pulses, subsequent pulses in 5 mM Ba?* showed stronger suppression and almost complete inactivation of
bEAGI current. (E) Outward current conducted by bEAGI in the presence of 5 mM Cs* and 0.1 mM Cd?* in the extracellular solution
containing 0.5 mM Mg?*. Holding voltage was —70 mV; voltage steps in increments of +10 mV were applied for 1.5 s. In Cs*/Cd?*-free
standard solution, this cell displayed a steady state current of 4.8 nA at +40 mV.

current (Fig. 7 B, I). During a subsequent identical
voltage pulse (Fig. 7 B, 2), a UV flash was applied to re-
lease the cyclic nucleotide (arrows). In most experi-
ments, the current amplitude decreased in small decre-
ments between successive voltage pulses. Therefore,
the two current amplitudes were first normalized and
then superimposed for comparison. With 5 or 20 uM
caged 8-Br-cAMP, the current was not affected by the
photorelease of 8-Br-cAMP (five cells each, data not
shown). When 100 uM caged 8-Br-cAMP was used, no
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change in bEAG currents was detected in the majority
of cells (Fig. 7 B, top). However, 9 of 22 cells tested re-
sponded with a slight increase of the bEAGl-mediated
current (Fig. 7 B, bottom). This increase in current was not
significantly enhanced at +60 mV. Photolysis of caged
8-Br-cGMP (80 uM, eight cells) or caged ATP (100 uM,
four cells) did not induce any change in current. In the
absence of caged compounds, as well as in nontrans-
fected cells loaded with 100 uM caged 8-Br-cAMP, UV
flashes had no effect on the current response (data not
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FiGure 7. Bovine EAG chan-
nels are not modulated by cyclic
nucleotides. (A) Voltage depen-
!/l dence of bEAGl-mediated whole-
cell current in the absence (line,

>

mean of 15 cells) and in the pres-
ence of either 5 mM 8-Br-cAMP
(A, mean of seven cells) or
0.6s 5mM 8-Br-cGMP (@, mean of
six cells). All currents are nor-
n malized to +40 mV; [Ca2*], and
[Mg**], were 1 mM. Cyclic nu-
cleotides were applied in stan-
dard extracellular solution at
least 5 min before recording.
L (B) Recordings from two cells
loaded with 100 uM caged 8-Br-
cAMP. bEAGI-mediated currents
during voltage steps from —80
to +20 mV were normalized for
comparison. Current activated
by the first voltage pulse (I),
current activated by the second
pulse (2). The arrows indicate
the time when UV flashes were
applied during the second pulse,
releasing ~20 pM 8-Br-cAMP.
(top) No response can be seen
(13 of 22 cells). (bottom) A typi-
cal current increase induced by

0.6s

release of 8-Br-cAMP in 9 of 22 cells. (C) Photorelease of 8-Br-cAMP (arrow) in a cell at 0.8 uM [Ca?*]; (measured with Fura-2). The pi-
pette contained 100 wM caged 8-Br-cAMP. Voltage step from —80 to +20 mV.

shown). Taken together, these data suggest that bEAG1
does not respond to 8-Br-cAMP concentrations =20
wM under our experimental conditions, or very weakly
at 8-Br-cAMP concentrations =20 pM.

In experiments with DmEAG, rather high concentra-
tions of c(AMP (2 mM) were used to demonstrate cAMP
sensitivity in excised patches (Briiggemann et al., 1993).
Therefore, in a few experiments (bEAGI, n = 7;
bEAG2, n = 6), we included 5 mM 8-Br-cAMP in the pi-
pette while measuring whole-cell currents. No signifi-
cant changes in activation threshold, activation time
constants, or Mg?* sensitivity were observed under these
conditions (data not shown).

Ligand sensitivity of CNG channels is regulated by
Ca?*/Calmodulin (for reviews see Kaupp, 1995; Finn et
al., 1996; Molday, 1996). Therefore, we considered the
possibility that modulation of bEAG currents by 8-Br-
cAMP requires higher levels of [Ca?*];. Fig. 7 C shows a
representative experiment with 0.8 uM Ca%" and 100
wM caged 8-Br-cAMP in the pipette. The [Ca’*]; has
been adjusted by Ca?"/EGTA buffer and verified by
Fura-2 measurements. bEAG1 showed normal activa-
tion properties even at [Ca?*]; exceeding the expected
physiological range (Fig. 7 C, I). The UV flash (Fig. 7
C, arrow) produced only a barely noticeable current in-
crease in two of five cells (Fig. 7 C, 2). This minute in-

crease was not significantly different from that ob-
served in cells with low [Ca?*]; (Fig. 7 B). We conclude
that bEAG channels are insensitive to 8-Br-cAMP irre-
spective of [Ca?*];. Quite unexpectedly, even at [Ca®"]; as
high as 10 uM (data not shown), we found no evidence for
Ca?*-dependent channel inactivation as has been re-
ported for the rat EAG channel (Stansfeld et al., 1996).

Ca?" Permeation

We measured directly the Ca?" permeation of bEAG
channels using a fluorimetric method developed to
quantitate the Ca?* influx through Ca?*-permeable chan-
nels (Neher and Augustine, 1992; Schneggenburger et
al., 1993; Frings et al., 1995). HEK 293 cells expressing
either form of the bEAG channel were loaded with 1
mM Fura-2 in the whole-cell patch-clamp configura-
tion. Inward current and Ca?* influx were measured si-
multaneously in the presence of high [Ca?"],. The
lower limit for the amount of Ca?* that can be detected
by this technique was estimated using HEK 293 cells
transfected with cloned Ca?* channel subunits from
rabbit brain (BIII Ca*" channel; Fujita et al., 1993;
Frings et al., 1995). Fig. 8 A shows a series of whole-cell
currents (I¢,) and simultaneous fluorescence recordings
(—F3gp) after activation of Ca%?" channels by stepping
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the voltage from a holding value of —80 to +10-50 mV
for 800 ms (V,). To allow comparison of currents
through Ca?* and EAG channels, as well as the result-
ing fluorescence signals, traces are displayed on the
same scale in Fig. 8, A and B. Fig. 8 C shows the Ca?*
channel traces at higher resolution. The high sensitivity
of the method allows detection of a Ca?* influx carry-
ing ~10 pC of charge, or 3 X 107 Ca?" ions (Fig. 8 A).
The experimental protocol to measure Ca?' perme-
ation of bEAG channels was similar to that described by
Briiggemann et al. (1993). bEAG channels were first ac-
tivated by stepping V,, from —80 to +60 mV for 500 ms;
subsequently, the cell was hyperpolarized to —120 mV
to provide a strong driving force for Ca?* entry during
deactivation of the channels (Fig. 8 B). To prolong the
deactivation time, 1 uM BaCl, was included in the ex-
tracellular solution (Briiggemann et al., 1993). The ef-
fect of Ba?" on the deactivation kinetics is illustrated in
Fig. 8 D, which shows normalized tail currents recorded
at an elevated extracellular K* concentration (50 mM).
The deactivation time constant was 1.8 * 0.32 ms (n =

4) without Ba?>" and 4.2 = 3.2 ms (n = 5) with 1 pM
Ba?*. Assuming the same deactivation kinetics for the
fluorescence experiments, a peak Ca?* current of —2.5
pPA at —120 mV would generate 10 pC of Ca?* influx,
which would be clearly detectable by the fluorescence
measurements. However, in the presence of Ba?*, in-
flux of Ca*" was observed at neither 1 nor 80 mM
[Ca%*], in cells expressing bEAG1 (Fig. 8 B; n = 5).
Identical results were obtained with bEAG2 (two exper-
iments, data not shown). Ca?* influx was also not de-
tected during 1-s pulses to +30 mV ([Ca?*], = 80 mM,
data not shown). For these conditions, there is still a
sizeable driving force for Ca%*, and the prolonged
channel opening should give rise to detectable Ca%" in-
flux. These results demonstrate that homomeric bovine
EAG channels show very little, if any, Ca?* permeation.

DISCUSSION

Although several K™ channels encoded by the eag gene
family have been studied by heterologous expression,

Ficure 8. Bovine EAG chan-
nels are not permeable to Ca?*.
(A) Sensitivity of the method for

detection of Ca?*t influx. A HEK
1 Ans 293 cell expressing BIII Ca**

channels was voltage clamped
at —80 mV and Ca’" currents
were activated by 800-ms volt-

+60

age steps to +10, +30, +40, and
+50 mV (I), Ca?" influx was

-120 monitored by changes in fluo-

rescence of Fura-2 (—Fjsg,). BIII
Ca?* channels inactivate with

L

L . 1

time (s)

0.2

time constants of 130-150 ms. For
comparison, fluorescence and
current signals are scaled as in
B. Fluorescence intensity was nor-
malized using fluorescent micro-
beads as described in Frings et al.
(1995). 1 bead unit (BU) repre-
sents the fluorescence of one mi-
crobead. (B) A HEK 293 cell ex-
pressing bEAGI channels was
loaded with 1 mM Fura-2 and
held at —80 mV. Channels were
first activated by a 500-ms volt-
age pulse to +60 mV; subse-
quently, the cell was hyperpolar-

1 2
time (s)

-120 mV

20ms

ized to —120 mV to create a large driving force for Ca%* entry during channel deactivation. The extracellular solution contained either
1 mM Ca?* (1) or 80 mM Ca?" (2). The current carried by bEAG1 channels was ~30% smaller at high [Ca?*],. The fluorescence traces
(—F;g9) corresponding to low (I) and high (2) [Ca®*], show no detectable Ca®" influx. The elevated value of —Fsgy of ~1 BU shown in
trace 2 indicates a slightly elevated cytosolic Ca?* concentration in the presence of 80 mM extracellular Ca?*. Saturation of the dye with
Ca?* caused an increase of —Fggy by > 5 BU (not shown). (C) Ca2?* currents from A at higher resolution. (D) Tail currents recorded
during deactivation of bEAGI. Representative traces were obtained from two cells with 50 mM extracellular K* during voltage steps
from +60 to —120 mV and normalized to the peak of the inward current. Absolute current amplitudes were —1.77 nA without and
—2.35 nA with Ba?*. Addition of 1 uM extracellular Ba?* increased the mean deactivation time constant from 1.8 = 0.32 ms (n = 4) to

42 *32ms (n=2>5).
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their physiological function remained elusive. The prin-
cipal conclusion from the present experiments is that
bovine EAG splice variants that differ in activation ki-
netics and Mg?" sensitivity are expressed in both retinal
photoreceptors and ganglion cells. In the following, we
argue that the bEAG polypeptide may represent a sub-
unit of K,, a previously identified K* channel in the in-
ner segment of rod photoreceptors.

Does an EAG Channel Carry the Outward Dark Current in
the Rod Inner Segment?

In the dark, a circulating steady current flows through
cGMP-gated channels into the outer segment of rod
photoreceptors, passes through the connecting cilium,
and then leaves the cell at the inner segment (Bader et
al., 1979; Baylor et al., 19844, 1984b). The inward dark
current is carried mainly by Na* and less by Ca?* (Na-
katani and Yau, 1988), whereas the outward dark cur-
rent leaving the inner segment is carried by K* ions.
This K*-selective current has been dubbed Ix, (Beech
and Barnes, 1989). Several functional similarities be-
tween Iy, and Iy, are striking (Table I), and suggest
that EAG polypeptides might be part of the Iy, path-
way. Other currents identified in the rod inner seg-
ment show no similarity to EAG currents: a nonselec-
tive current I, activates at hyperpolarized voltages, and
a Ca?*-activated KT current, as well as Ca%* or Ba2* cur-
rents, are all abolished by 5 mM Cs*/0.1 mM Cd?*
(Beech and Barnes, 1989). In fact, Cs*/Cd2* have been
applied to isolate experimentally Iy, from other cur-
rents (Beech and Barnes, 1989). Because bEAG cur-
rents are also resistant to Cs*/Cd?*, bEAG subunit(s)
are likely candidates to be subunits of K, channels.
However, EAG and K, channels differ significantly in
their deactivation kinetics and possibly in some aspects
of Ba?* sensitivity. Rat and bovine EAG channels deacti-
vate within a few milliseconds (Terlau et al., 1996; this
article), whereas K, deactivates 10- to 100-fold slower
(Beech and Barnes, 1989). The rate of deactivation of
K, displays a bell-shaped voltage dependence that is less
pronounced in mammalian EAG (Beech and Barnes,
1989; Terlau et al., 1995; data not shown; see Table I).
The currents carried by K, and bEAGI are both attenu-
ated by extracellular Ba?*, but the strong Ba?*-induced
inactivation of bEAGI]1 is not observed with K,. As we
were unable to measure V) 5 of bEAG activation, we do
not know if Ba?* also shifted V| , to more positive volt-
ages. These differences would make a comparison of
bEAG and K, less convincing. How can we reconcile
these discrepancies? First, the Ba®* effect on Iy, was
studied in presence of 3 mM extracellular Ca?*. With
external Ca’* present, the strong use-dependent inacti-
vation of bEAGI by Ba?* is also prevented (Fig. 6 D).
Second, EAG channel kinetics vary among species; for

example, deactivation of DmEAG proceeds almost 100-
fold slower than deactivation of bovine or rat EAG.
Thus, variations among species could account for the
difference in kinetics of Iy, in the inner segment of
salamander when compared with heterologously ex-
pressed bovine EAG. In fact, the fast kinetics of bovine
and rat EAG channels may reflect an adjustment to the
fast photoresponse of rods from the mammalian retina
(Baylor et al., 1984; for a comprehensive discussion see
Pugh and Lamb, 1993).

The resolution of the apparent differences between Ig,,
as determined in salamander rods and mammalian EAG
currents, could, in principle, be accomplished by cloning
and heterologous expression of EAG channels from sala-
mander photoreceptors; however, to the present, neither
we nor others have succeeded expressing clones of chan-
nels from amphibians. On the other hand, attempts to
characterize Ig, in the bovine rod photoreceptor were
unsuccessful due to the small size of mammalian pho-
toreceptors (S. Barnes, personal communication). Fi-
nally, it has been shown that mutations in the eag gene
of Drosophila affect four different K* channels (Zhong
and Wu, 1991, 1993). Coexpression of DmEAG with
Shaker K* channel subunits alters the kinetics of EAG
channel gating (Chen et al., 1996). These observations
support the possibility that native K, channels are com-
posed of several types of subunits, one of which is
bEAG. The determination of the subunit composition
of K, channels, in either amphibians or mammals, is
outside the scope of our present study.

If EAG in fact is a component of K, channels, then
some of the properties of EAG might provide mecha-
nisms for modulation of the rod photoreceptor re-
sponse. Because of (a) the steep Mg?* dependence of
EAG activation kinetics and (b) the competitive effect
of H" on the Mg®" dependence (Terlau et al., 1996),
changes in [Mg?*], and pH, are expected to alter the
kinetics of the light response. Significant changes in
the concentration of several ion species in the small in-
terphotoreceptor space including calcium (Gold and
Korenbrot, 1980; Yoshikami et al., 1980; Gold, 1986),
potassium (Oakley et al., 1979), and protons (Ward
and Ostroy, 1972) have been observed during the light
response of rod photoreceptors.

Modulation by [Mg®*],

In accordance with a recent report (Terlau et al,,
1996), our data support the notion that, upon binding
of Mg?* ions to an extracellular site, the EAG polypep-
tide undergoes a conformational transition whereby
the channel enters a closed state that permits only slow
activation. Where does extracellular Mg?* bind? Recent
studies of voltage-gated Ca?" and K* channels have pro-
vided substantial evidence for a role of the S3-54 linker
in the control of activation kinetics. Nakai et al. (1994)
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demonstrated that this domain is necessary (but not
sufficient) to determine activation kinetics in skeletal
muscle Ca?" channels. More recently, Mathur et al.
(1997) have analyzed the role of the S3-S4 linker in
chimeric channel polypeptides constructed from the
Shaker K™ channel as acceptor and other K* channels of
Drosophila as donors. Replacement of the Shaker S3-S4
linker with the respective linkers from Shab, Shal, or
Shaw causes an increase of activation rate in chimeric
channels as predicted from the activation rates ob-
served in the four wild-type channels. In DmEAG chan-
nels, Tang and Papazian (1997) showed that deletion
of five charged amino acids that form the NHy-terminal
part of the S3-S4 linker slows activation in the presence
of 0.8 mM [Mg?*],. In summary, these data suggest that
the S3-S4 linker is part of a domain that determines
the activation rate in K* channels. Consistent with this
notion is our finding that insertion of an additional 27
amino acids within the $3-54 linker of bEAG2 changes
the activation kinetics of expressed bEAG channels.
Taken together, these data indicate that the Mg?* bind-
ing site is located within or near the S3-S4 linker and
that the insertion of bEAG2 participates in Mg?* bind-
ing. Alternatively, the Mg?" binding site could be lo-
cated in other regions of the channel polypeptide and,
by some allosteric mechanism, may interact with the
S3-S4 linker. In many Mg?* binding sites, ions are held
in an octahedral arrangement of six oxygen atoms do-
nated by water molecules or by carboxyl groups of as-
partate or glutamate residues (Williams, 1993). The
S3-S4 linker of bEAGI1, and more so the S3-S4 linker
of bEAG2, contains several aspartate and glutamate res-
idues that are likely candidates for chelating Mg?* ions
(Fig. 1 B). If EAG channels, like other K* channels
(MacKinnon, 1991), form tetrameric complexes, a co-
operativity of n = 3 for the Mg?" modulation suggests
that each subunit may accommodate a single Mg?* ion.

Ca?* Ions Do Not Permeate bEAG Channels

Extensive mutagenesis studies have been performed to
elucidate structural determinants of ion selectivity and
permeation in various cation channels. A characteristic
pair of residues (YG) sets apart the pore signature se-
quence of channels that are K* selective and Ca?* im-
permeable from channels that are not K* selective and
conduct Ca?*; i.e., voltage-activated Ca®* channels and
CNG channels (Heginbotham et al., 1992; Sather et al.,

1994). The pore region of EAG channels contains at
the corresponding position a similar motif (FG), sug-
gesting that EAG channels are K* selective. Moreover,
Glu residues in the pore loop of CNG and Ca?" chan-
nels, which are crucially important for the interaction
with Ca?" (Root and MacKinnon, 1993; Eismann et al.,
1994), are absent in the pore region of EAG channels.
Indeed, using a very sensitive detection method, we did
not find any evidence for Ca*" permeation in bEAG
channels. It is therefore surprising that the DmEAG
channel has been reported to be Ca?" permeable
(Briiggemann et al., 1993), even though the pore re-
gions of EAG channels from mammals and the fly are
largely conserved (Warmke et al., 1991; Warmke and
Ganetzky, 1994; this article).

A Cyclic Nucleotide-binding Motif without a Function?

A binding motif for cyclic nucleotides present in EAG
raises the possibility that EAG channels are directly reg-
ulated by either cAMP or cGMP. If EAG forms a sub-
unit of K, its control by cyclic nucleotides would be an
intriguing concept with interesting implications for
photoreceptor physiology. Previous studies (Ludwig et
al., 1994; Robertson et al., 1996) detected no modula-
tion of EAG channels by either cyclic nucleotide. We
extended these studies by showing for bEAG that 8-Br-
cAMP or 8-Br-cGMP were ineffective even when rapidly
produced inside the cell from caged compounds. Our
method permits generating up to 20 uM of the ligand
within a few milliseconds. The concentration steps
should be sufficiently large, rapid, and persistent to al-
low channel modulation. In agreement with the previ-
ous studies, we detected no modulation of bEAG chan-
nels by cyclic nucleotides.

What could be the significance of a cyclic nucleotide-
binding motif in EAG channels? In larval muscle of
Drosophila, Zhong and Wu (1993) observed modulation
of a K* current by ¢cGMP analogues; this modulation
was altered or even abolished in several eag mutants.
These observations suggest that cyclic nucleotide sensi-
tivity requires several distinct subunits, one of which is
DmEAG. Similarly, it is possible that the subunit com-
position of K, channels in retinal cells changes during
development, and that cyclic nucleotide sensitivity may
be conferred only on distinct combinations of subunits
at specific time(s) in development.
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