Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 1109-1113, February 1994
Neurobiology
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ABSTRACT  Ca?* ions control the cGMP-gated channel of
rod photoreceptor cells from the external and internal face. We
studied ion selectivity and blockage by Ca?* of wild-type and
mutant channels in a heterologous expression system. External
Ca?* blocks the inward current at micromolar concentrations
in a highly voltage-dependent manner. The blockage at nega-
tive membrane voltages shows a steep concentration depen-
dence with a Hill coefficient of ~2. The blockage from the
internal face requires ~1000-fold higher Ca?* concentrations.
Neutralization of a glutamate residue (E363) in the putative
pore region between transmembrane segments H4 and HS
induces outward rectification and changes relative ion conduc-
tances but leaves relative ion permeabilities nearly unaffected.
The current blockage at —80 mV requires ~2000-fold higher
external Ca?* concentrations and the voltage dependence is
almost abolished. These results demonstrate that E363 repre-
sents a binding site for monovalent and divalent cations and
resides in the pore lumen.

The cyclic nucleotide-gated channel of vertebrate rod pho-
toreceptor cells (rod channel) belongs to a class of ligand-
gated channels that are directly and cooperatively opened by
the binding of cyclic nucleotides (cGMP or cAMP) (1-11).
The rod channel is cation selective but does not appreciably
discriminate between monovalent alkali cations (1, 4, 12-17).
Divalent cations also permeate the rod channel and thereby
block the Na* current in a voltage-dependent manner (15—
29). Ca2* entry is of great physiologic importance because
Ca?* is part of a negative feedback mechanism that regulates
the recovery of the light response and light adaptation (for
review, see refs. 30 and 31). Blockage by both external and
internal Ca?* is voltage dependent, indicating a binding
site(s) for CaZ+ within the channel pore (26, 28). Internal Ca2*
decreases both the open probability and the single-channel
conductance (32). External Ca2* appears to reduce single-
channel conductance from 25 to =0.1 pS (33, 34).
Comparison with the protein sequences of K+ channels has
led to the prediction that the pore region of the rod channel
is located between transmembrane segments H4 and HS
(refs. 7, 8, and 35-37; for reviews, see refs. 38—41). The pore
region of K* channels contains two adjacent amino acid
residues (Y445, G446; Fig. 1) that are missing in the respec-
tive region of the rod channel. By deletion of these residues,
the Shaker K+ channel is converted into a nonselective cation
channel (36). The sensitivity to blockage by divalent cations
that is increased in the deletion mutant is controlled by the
adjacent acidic residue D447 (36). This residue corresponds
to glutamate-363 (E363) in the pore region of the rod channel.
We demonstrate by heterologous expression of wild-type
(wt) and mutant rod channels that E363 is crucial for binding
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of both monovalent and divalent cations and resides inside
the pore lumen.

MATERIALS AND METHODS

Site-Directed Mutagenesis and in Vitro T . The
point mutations K346Q, E363Q, R369Q, and E372Q in the rod
channel polypeptide were introduced by polymerase chain
reaction using the protocol of ref. 43. All mutations were
verified by sequencing of the inserted fragment (44). mRNAs
specific for wt and mutant channels were synthesized in vitro
(45). Synthesis was primed with m7G(5')ppp(5')G.

Functional Expression. Channel properties were studied
with the patch-clamp technique in inside-out and outside-out
patches after expression in Xenopus oocytes (46—49). Rela-
tive ion permeabilities were determined from the reversal
potential (V,.,) of inside-out patches under symmetrical
bi-ionic conditions. Pipette and bath solutions contained 100
mM KCl, 20 mM Tris-HCl, and 2 mM EGTA (pH 7.4). KCl
in the perfusion medium was replaced by an equimolar
concentration of another monovalent cation. Currents were
activated by 1 mM cGMP. Leak currents measured without
cGMP were subtracted from each trace. For the measure-
ment of the current blockage by Ca2+, the pipette and bath
solutions contained 100 mM K*-gluconate, S mM KCIl, 10
mM Hepes adjusted with 10 mM Tris to pH 7.4. Ca?*-
gluconate (0.1-25 mM) was added to the solutions superfus-
ing the cytoplasmic side. Leak currents were recorded in the
presence of the respective Ca2* concentration but without
c¢GMP. In the outside-out configuration, the pipette solution
contained 115 mM NaCl or KCl, 1.8 mM EGTA, 10 mM
Hepes'NaOH (pH 7.2), and 1 mM ¢cGMP. The bath solution
contained 115 mM NaCl and 10 mM Hepes-NaOH (pH 7.2).
Ca?* and Mg2* were added as chloride salts to the superfus-
ing solutions. Low Ca?* and Mg?* concentrations were
adjusted by EGTA or nitrilotriacetic acid and by EDTA or
N-hydroxyethylethylenediaminetriacetic acid, respectively
(50). Only outside-out patches with negligible leak current
were considered for analysis (see Fig. 4C, dashed line).

RESULTS

Ion Selectivity of wt Channel. The ion selectivity of the
heterologously expressed rod channel was determined from
relative ion permeabilities by measuring reversal potentials
Vrev and from current ratios at V,, = +50 mV. Fig. 2A shows
a series of current—voltage (I/V) recordings from inside-out
patches at saturating cGMP concentrations. As has been
reported (1, 4, 12-17), the channel does not discriminate well
between alkali ions (Table 1). Ion permeabilities of the bovine
rod channel measured in situ (14) and in the oocyte system
(see also ref. 4) were largely similar except for Li*. In excised
membrane patches of the bovine or amphibian rod, Li* is
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Fi1G.1. Amino acid sequences of the putative pore region of a Shaker K+ channel (42) and the rod channel (4); amino acid residues are given
in one-letter code; solid and open circles represent identical and conserved residues, respectively; mutated amino acids are indicated.

more permeant than Na* or K+ (12-14). The rod channel
expressed in oocytes exists as a homooligomer, whereas in
situ it is composed of at least two genetically distinct subunits
(51). This fact may account for the observed differences.

A qualitatively similar selectivity series is calculated from
the conductance ratios (Table 1). However, currents carried
by Lit* and Cs* are much smaller than expected from the
relative ion permeabilities, both in the native membrane (14)
and in oocytes (Fig. 2A).

Ion Selectivity of Mutant Channels. When E363 was re-
placed by glutamine (E363Q) the channel properties changed
dramatically. First, I/V curves became strongly outward
rectifying (Fig. 2B). Second, I/V curves for all alkali ions
became similar. This similarity is even more pronounced
when the currents are compared at the same driving force by
shifting the I/V curves on the voltage axis by — V., (Fig. 2B
Inset; Table 1). In contrast, relative ion permeabilities were
much less affected (Table 1), except for subtle changes in the
case of Li* and Rb* ions.

These changes in the mutant E363Q are position specific
and do not result from unintended structural perturbations
that propagate through the entire pore region. Neutralization
of other charged residues in the neighborhood of E363
(K346Q, R369Q, E372Q; see Fig. 1) did not change channel
properties significantly (Table 1).

Blockage by Internal Ca?*. Millimolar concentrations of
Ca?* jons reduced both inward and outward K* currents in
a voltage-dependent manner (Fig. 34). The fraction of un-
blocked current (Ic,/I) was diminished by depolarization
(Fig. 3A Inset). Such behavior is typical of a blocking ion that
binds within the pore, with penetration facilitated by depo-
larization. At moderate Ca2* concentrations (0.5-1 mM) the
blockage is partially relieved at positive Vi, probably due to
permeation of Ca2* through the pore. Constants K; of half-
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maximal current inhibition and Hill coefficients were deter-
mined by a least-squares fit procedure using the Hill equation
(Table 2).

In mutant E363Q, the ability of Ca2* to block monovalent
current was reduced =~3-fold, and the blockage depended
considerably less on V,, (Fig. 3B and Inser). In mutant
E372Q, the voltage dependence and the K; constant of Ca2*
blockage was not significantly different from that of the wt
channel (1.2 mM at +80 mV; 5.3 mM at —80 mV).

Blockage by External Ca?+. Ca?* ions blocked the rod
channel from the extracellular side in a highly voltage-
dependent fashion (Fig. 44). At medium Ca?* concentra-
tions, the blockage increased when V, was made less posi-
tive. It was maximal at a voltage V. < —30 mV and decreased
again with further hyperpolarization (Fig. 4A Inset). At high
Ca?* concentrations (=1 mM) the Ic./I ratio fell monotoni-
cally by making V,, more negative, and no sign of recovery
even at —100 mV was observed (Fig. 4A Inser).

The channel blockage by external Mg2* ions was qualita-
tively similar to the blockage by Ca2*. It was most pro-
nounced at large negative V,, and diminished at increasingly
positive Vi, (Fig. 4B). However, blockage at all Mg2* con-
centrations tested was not relieved at negative Vp, (Fig. 4B
Inset). This difference suggests that Mg2* is less permeant
than Ca?*, confirming results by others (24, 26).

The concentration dependence of the Ca?* blockage was
influenced by voltage. At positive Vp,, the blockage can be
described by binding of one Ca2* ion to a single site (K; = 310
#M; Hill coefficient, n = 0.9; Fig. 4D; Table 2). K; decreased
continuously by making V,, less positive until it reached a
minimum at V. (K; = 2.2 uM) and increased again when Vy,
became more negative. The Hill coefficient was maximal at
V. (n = 2.3). The Hill coefficient for Mg2* blockage at —80
mV (n = 1.3) was also significantly larger than at +80 mV (n
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FiG. 2. Ionic selectivity of rod wt and mutant channels. Current-voltage recordings obtained from voltage ramps in inside-out patches. (A)
Rod wt channel. (B) Mutant E363Q. (Insef) Voltage ramps as in B were adjusted such that currents for each test ion reversed at 0 mV, yielding

identical driving forces; same patch as in B.
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Table 1. Relative ion permeability and conductance ratios of wt
and mutant channels

Permeability ratio
P(X)/P(K)

Relative conductance
g2(X)/g(K)

K Na Rb Li C K Na Rb Li Cs
Rodwt 1 084 0.7 056 044 1 1.18 0.43 0.38 0.26
K346Q 1 083 0.7 052 038 1 1.03 05 037 0.28
E363Q 1 0.79 0.85 068 045 1 092 092 0.87 0.8
R369Q 1 084 0.68 057 036 1 115 0.46 036 0.28
E372Q 1 0.82 0.71 053 043 1 087 042 03 0.25

Reversal potentials (V,.v) were measured under bi-ionic conditions
with saturating concentrations of cGMP, averaged for 3-15 patches
and corrected for liquid junction potentials. Number x of patches is
given in brackets, Viy is in mV, SD is in parentheses. Rod wt [x =
3]: K =0, Na = 4.4(0.29), Rb = 8.9 (0.82), Cs = 20.8 (1.82), Li =
14.8 (0.55). K346Q [x = 5]: K = 0, Na = 4.7 (0.47), Rb = 8.92 (0.97),
Cs =24.1(1.84), Li = 16.38 (0.29). E363Q [x = 7]: K = 0, Na = 5.88
(0.82), Rb = 4.09 (1.29), Cs = 20.26 (3.53), Li = 9.63 (0.89). R369Q
[x =15]): K = 0, Na = 4.49(0.26), Rb = 9.64 (0.85), Cs = 25.85 (3.47),
Li = 14.36 (1.36). E372Q [x = 9]: K = 0, Na = 5.07 (0.26), Rb = 8.48
(0.97), Cs = 21.34 (2.76), Li = 15.96 (0.97). Permeability ratios were
calculated from Vv using the Goldman-Hodgkin-Katz equation.
The conductance sequence was derived from currents at +50 mV
corrected for Viey to yield identical driving force for the different
ions.

= 0.9). These results are consistent with the notion that two
blocking ions bind to a high-affinity site in a cooperative
fashion.

In mutant E363Q, the strong voltage-dependent blockage
by micromolar Ca2* concentrations at negative Vi, was
almost completely abolished (Fig. 4C and Inset). Approxi-
mately 2000-fold higher external Ca2* concentrations were
required to suppress the current by half (Fig. 4D; Table 2).
The K; values for the blockage at positive Vy, were less
affected. For both Ca?* and Mg?2* ions, the blockage cannot
be described by a simple binding scheme, because Hill
coefficients decrease significantly below unity (nc, = 0.3-
0.7; nmg = 0.4-0.6).

Location of the Blocking Site. We estimated the location of
the blocking site from the voltage dependence of blockage by
external Mg2+. The fractional electric distance & derived from
the slope of the plot In(Z/Iwg —1) versus V, equaled 0.35. This
value implies that divalent cations entering the pore from the
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extracellular medium traverse 35% of the full transmembrane
field to reach their binding site.

DISCUSSION

Our results identify a single negatively charged glutamate
residue that controls ion entry and channel blockage. Re-
placement of this amino acid by a neutral residue affects ion
permeabilities only marginally, whereas the relative ion con-
ductances are changed drastically. In the wt channel the
amplitudes of the outward currents strongly depend on the
ion species at the cytoplasmic side, while in mutant E363Q
outward currents carried by different ion species become
very similar. This result suggests that E363 controls the rate
at which different ions exit from the pore to the external
medium. Although E363 may also influence the location of
other amino acid residues within the aqueous pore and
thereby may exert some minor effects on the relative ion
permeability, mutant E363Q illustrates that ion permeability
and conductance are controlled by different residues in the
pore. Therefore, E363 probably does not constitute the
‘‘selectivity filter’’ at the narrowest part along the permeation
pathway but instead might be crucial for binding ions at the
entrance to the channel lumen. The strong outward rectifi-
cation of current in mutant E363Q would be consistent with
the alteration of an energy barrier at the external entrance.
We cannot exclude changes in channel gating that may also
contribute to the rectification.

The results identify distinct mechanisms of blockage by
divalent cations. Internal Ca?* or Mg?* suppresses both
inward and outward currents. The voltage-dependent frac-
tion of this blockage disappears in the E363Q mutant,
whereas a voltage-independent blockage persists. Blockage
is also observed at large negative V,, in wt channel (see Fig.
2A), suggesting an additional binding site(s) at the cytosolic
face of the channel protein that might control the open
probability (26, 32). The pronounced voltage dependence of
blockage by external divalent cations in the wt channel
provides strong evidence that Ca2* ions must enter the pore
to reach the blocking site, which is located =35% of the
fractional electrical distance from the external surface. Ex-
ternal Ca2* blockage can be relieved by either hyperpolar-
ization or depolarization of the membrane; thus Ca2* ions can
exit the pore in either direction. Mg2+* blockage is relieved
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Fic.3. Blockage of monovalent current by internal Ca2+ in inside-out patches. Numbers at each trace indicate the Ca2* concentration (mM)
at the internal face of the membrane. (Inset) Voltage dependence of the ratio of unblocked current Ica/I. (A) Rod wt channel. (B) Mutant E363Q.
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Table 2. Inhibition constants K; for Ca2+ and Mg2* blockage

Proc. Natl. Acad. Sci. USA 91 (1994)

Rod wt E363Q*
+80 mV -30 mV —-80 mV +80 mV —80 mV

Ca?t 23 %= 0.5mM (4 ND 69 * 19mM@ 89 * 43mM(Q 116 = 3.7mM (2
n=10 * 0.15 ND n=10 * 0.2 n==04 n = 0.3-0.7

Ca2* 310 = 100 M (@) 22 = 0.5uM(6) 3.6 = 0.5 uM (6) 25 = 21 mM (5 7 8 mM(®
n=09 = 0.2 n=23 +* 04 n=17 + 04 n=05 = 0.1 n=05 = 02

Mgzt 19 = 1.3mM Q) ND 153 + 33.uM(3) =10 mM (3) =10 mM (3)
n=09 = 03 ND n=13 = 0.1

Data are presented as means + SD. Subscript i, inside; subscript o, outside; ND, not determined. Number of experiments
is given in parentheses. K; values for half-maximal inhibition were determined by a least-squares fit procedure using the
Hill equation Ip/I = 1 — CB/(CH + K. Cp denotes the concentration of divalent cations; n is the Hill coefficient.
*Divalent cation block was incomplete at the highest concentrations of divalent cations tested and was highly variable.

only if the inside of the cell is made positive. This behavior
is expected -if Mg2* is less permeant than Ca2* (24, 26).
Blocking of the wt channel by external divalent cations at
positive voltages can be described by binding to a single site,
indicating that one ion suffices to occlude the ionic pathway.
At negative voltages the channel becomes extremely sensi-
tive to blockage by Ca?* and the Hill coefficient for blocking
is >1, suggesting that two or more ions are necessary to
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occlude the pore. The channel is composed of several sub-
units (4) and a ring of carboxylate groups might form a
high-affinity binding site(s) that can accommodate more than
one Ca?* jon at a time. Upon replacement of E363 by a
neutral residue, the voltage-dependent Ca?* or Mg?+ block-
age is abolished. A similar result has been recently reported
(52). The blockage that persists at high external Ca2* con-
centrations may result from negative fixed charges in the

T 1) 100 p
L 500 500 p
2m
10m

Norm. Current

10°  10* 10 10
Ca’* Concentration [M]

Fic. 4. Blockage of monovalent current by external Ca?* and Mg2* in outside-out patches. (A and B) Current—voltage recordings of the wt
channel. (A) With increasing Ca2* concentrations. (B) With increasing Mg2+ concentrations. Numbers at each trace indicate concentrations of
divalent ions (uM or mM). (Insets) Voltage dependence of ratio of unblocked current (A, Ica/I; B, Iug/I). (C) Current-voltage recordings of
mutant E363Q with increasing external Ca?+ concentrations. Dashed line represents current that remains when K+ was replaced by the
impermeable ion N-methylglucamine (NMG). This current was used to estimate inward leak current. (Inser) As in A. (D) Dose dependence of
current blockage in wt at +80mV (0), —30mV (a), and —80 mV (@) and in mutant E363Q at +80 mV (0) and —80 mV (m). Smooth curves represent
a least-squares fit of the equation Ica/I = 1 — C%,/(C2, + K?) to the experimental data. Rod wt, K; (+80 mV) = 288 uM, n = 1.0; K; (—80 mV)
=54 puM, n = 1.2; K; (-30 mV) = 2.3 uM, n = 2.1. Mutant E363Q, K; (+80 mV) = 60 mM, n = 0.55; K; (—80 mV) = 4 mM, n = 0.5.
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antechamber of the channel, which concentrate Ca** over
Na* at the entrance of the pore.

The results are reminiscent of the permeation mechanism
in Ca?* channels (for review, see ref. 53). Ca?* blocks
monovalent current through these channels at micromolar
concentrations. At higher concentrations, Ca2* itself perme-
ates and double occupancy of the pore is essential for high
Ca?* flux rates. While this hypothesis for rod channels needs
to be substantiated by future work, our results suggest similar
mechanisms of ion permeation in Ca?*- and cyclic nucle-
otide-gated channels. A high-affinity binding site for Ca?*
ions that is formed by a ring of four conserved glutamate
residues at positions equivalent to E363 of the rod channel
has been recently identified in the pore of L-type Ca?*
channels (54).

We thank S. Koppen for technical assistance and A. Eckert for
preparing the manuscript. This work was supported by the Deutsche
Forschungsgemeinschaft Grant Ka 545/6-4 to U.B.K.
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