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Photoreceptor Channel Activation by Nucleotide Derivatives'
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ABSTRACT: Cyclic nucleotide activated sodium currents were recorded from photoreceptor outer segment
membrane patches. The concentration of cGMP and structurally similar nucleotide derivatives was varied
at the cytoplasmic membrane face; currents were generated at each concentration by the application of a
voltage ramp. Nucleotide-activated currents were analyzed as a function of both concentration and membrane
potential. For cGMP, the average K5 at 0 mV was 24 uM, and the activation was cooperative with an
average Hill coefficient of 2.3. Of the nucleotide derivatives examined, only 8-[[(fluorescein-5-yl-
carbamoyl)methyl]thio]-cGMP (8-FI-cGMP) activated the channel at lower concentrations than cGMP
with a Ky of 0.85 uM. The next most active derivative was 2-amino-6-mercaptopurine riboside 3,5’-
monophosphate (6-SH-cGMP) which had a K5 of 81 uM. cIMP and cAMP had very high X, s values
of ~1.2 mM and >1.5 mM, respectively. All nucleotides displayed cooperativity in their response and were
rapidly reversible. Maximal current for each derivative was compared to the current produced at 200 uM
c¢GMP; only 8-Fl-cGMP produced an identical current. The partial agonists 6-SH-cGMP, cIMP, and cAMP
activated currents which were ~90%, 80%, and 25% of the cGMP response, respectively. 5-GMP, 2-
aminopurine riboside 3’,5’-monophosphate, and 2’-deoxy-cGMP produced no detectable current. The Kjs
values for cGMP activation, examined from —90 to +90 mV, displayed a weak voltage dependence of ~400
mYV /e-fold; the index of cooperativity was independent of the applied field. The current-voltage relationship
at saturating cGMP concentrations was fitted by a simple voltage-dependent closed to open conformational
change. The voltage dependence of this conformational change did not, however, account entirely for the
voltage-dependent shift in K, 5. Similarly, the voltage dependence could not be explained by a charged ligand
moving into a binding site within the membrane field.

In vertebrate photoreceptor outer segments, light energy
absorbed by rhodopsin regulates the flow of an electrical
current through a cation channel in the plasmalemma. The
cell’s response to light results in a decrease of 3/,5-cGMP,
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which closes the channel and reduces the transmembrane
current. For the photoreceptor channel, cGMP is a rapidly
reversible, direct agonist of channel gating with a K s' from

! Abbreviations: 8-Br-cGMP, 8-bromoguanosine 3’,5-mono-
phosphate; 8-Fl-cGMP, 8-[[(fluorescein-5-ylcarbamoyl)methyl]thio]-
guanosine 3,5’-monophosphate; 6-SH-cGMP, 2-amino-6-mercaptopurine
riboside 3’,5’-monophosphate; 2-amino-cPMP, 2-aminopurine riboside
3’,5’-monophosphate; /, transmembrane current; /., current produced
by saturating ligand concentrations; V, transmembrane potential; Vj,
potential for an e-fold change; Ny, Hill index of cooperativity; K, ligand
concentration for half-maximal current activation; K, apparent equilib-
rium dissociation constant for channel opening; Ky, apparent equilibrium
dissociation constant for ligand binding; L, ligand concentration, /¥, plot
of membrane current versus membrane voltage.

© 1989 American Chemical Society
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12 to 40 uM [see reviews by Pugh and Cobbs (1986) and Yau
et al. (1986)] and a Hill coefficient from 1.6 to 3.4, indicating
as many as four nucleotides may be required to open each
channel. The photoreceptor channel is the best characterized
example of a class of nucleotide-gated, sensory transduction
ion channels which, so far, include the olfactory cilia channels
(Nakamura & Gold, 1987) and taste receptor channels (To-
nosaki & Funakoshi, 1988).

Ion channels are specialized, high-turnover enzymes
(>10°-10° molecules/s) that, besides being dependent on the
classical state parameters of substrate concentration, tem-
perature, pH, cofactors, activators, etc., depend on a ther-
modynamic state function, transmembrane potential. Our
interest in this paper is the molecular mechanism of cGMP-
activated channel gating viewed from the traditional per-
spective of structure—activity relations of nucleotide activators
and cooperative ligand binding interactions (Hill, 1910; Adair,
1925; Weber & Anderson, 1965) and from the physiological
perspective of voltage-dependent channel reaction mechanisms.

To characterize the structure—activity relations of nucleotide
binding, we have measured the dose-response relation for a
series of purine-substituted ¢cGMP derivatives which had
changes in the C(2), C(6), or C(8) positions on the purine ring
or the 3',5-diester and 2’-oxygen on the ribose. Analysis of
structure~activity relations for nucleotide activators shows that
the cGMP-activated channel binding sites share functional
similarities with the nucleotide binding sites from elongation
factor Tu, in which the sequence (Arai et al., 1980) and the
structure of the binding domain have been described (Jurnak,
1985; La Cour et al., 1985), and on the catabolite gene ac-
tivation protein, in which the crystal structure is known (Weber
et al., 1982). Additionally, we have found several partial
agonists of the photoreceptor channel and a potentially
physiologically important modulator of ¢cGMP activation,
cAMP, whose properties are detailed in the companion paper
(Furman & Tanaka, 1989).

Membrane potential may influence channel function by its
effect on substrate concentration, activator concentration, or
the dipole moments of the channel protein’s structure. By
examining the voltage dependence of the channel reaction and
assigning the voltage dependence to one or more steps of the
reaction, we can develop or constrain models of the reaction
mechanism. This approach has been exploited in studies of
voltage- and ligand-activated ion channels to localize gating
regions of the protein, ion binding and blocking sites in the
permeation pathway, and toxin or ligand binding sites [see
Hille (1985)]. Such predictions have become central to the
construction of the channel topology from the primary protein
sequences of cloned ion channels {see review by Catterall
(1988)].

To distinguish direct binding responses from subsequent
activation of the ion channel pathway, we fitted the IV relation
at saturating concentrations of nucleotide with a simple two-
state, voltage-dependent open—close model. Dose—response
relations for each nucleotide were then fitted with a linear,
sequential, binding-activation model which allowed us to infer
the voltage dependence of binding separately from the voltage
dependence of channel activation. Contrary to expectations
and previous reports (Karpen et al., 1988), we found that
neither the charge on the activating ligand nor the voltage
dependence of channel gating accounts for all the apparent
voltage dependence of binding.

MATERIALS AND METHODS

Materials. ¢cGMP was obtained from Sigma, Chemical
Dynamics Corp., and Calbiochem. cAMP and 2’-deoxy-
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c¢GMP were obtained from Sigma and Boehringer Mannheim.
cIMP, 6-thioguanosine, and GMP were obtained from Sigma,
and 5-(iodoacetamido)fluorescein was from Molecular Probes.

Several species of amphibians, including both Northern and
Southern Rana pipiens and Bufo marinus, were used for ex-
cised patch experiments; no systematic differences in the
cGMP-activated currents were found among the species.

Preparation of cGMP Analogues. 8-Fl-cGMP was prepared
by a method similar to the method of Caretta et al. (1985).
We were unable, however, to convert 8-Br-cGMP to 8-SH-
cGMP by reaction with thiourea at room temperature.
Heating the reaction mixture under reflux for 12 h was nec-
essary for the formation of the product. The 8-SH-cGMP was
purified by DEAE-cellulose (DES52) column chromatography
using a triethylammonium bicarbonate gradient (0~0.4 M)
before reaction with 5-(iodoacetamido)fluorescein. The
product was purified in a similar way but with a 0-1 M
gradient. Its behavior on TLC and its absorption spectrum
were identical with those reported by Caretta et al. (1985).

6-SH-cGMP was prepared by phosphorylation of 6-thio-
guanosine with POC]l,; according to the method described for
the synthesis of formycin 5-monophosphate by Rossomando
et al. (1981). 2-Amino-PMP was prepared by desulfurization
of 6-SH-GMP with Raney nickel as described for the nu-
cleoside by Fox et al. (1958). The 5’-phosphate group re-
mained intact during this procedure, and the 2-amino-PMP
was purified on a DEAE-cellulose column in the bicarbonate
form, elution being with a gradient of 0-0.3 M triethyl-
ammonium bicarbonate. 6-Thio-GMP and 2-amino-PMP
were both converted to the 3/,5-cyclic derivatives by the
procedure of Smith et al. (1961) using the 4-morpholino-
N,N"dicyclohexylcarboxamidium salt of the nucleotides. They
were purified as described for 2-amino-PMP.

3P NMR spectra of all the cyclic nucleotides synthesized
showed a doublet with approximately 20-Hz splitting which
collapsed to a single peak on proton decoupling. These results
are consistent with the six-membered phosphate ring in the
nucleotides since the coupling constants of 3’H, 5’H, and 5”H
to phosphate in cGMP are 2.1, 1.9, and 21.6 Hz, respectively
(Lee & Sarma, 1976).

Progress of synthetic reactions and purity of the cyclic
nucleotides were determined by analysis on HPLC (Waters
C-18 uBondapak column eluted with 10 mM KH,PO,, pH
5.5, and 10% methanol at 1.5 mL/min). The nucleotide
structures are shown in Figure 1.

Patch Recordings. The retinas of dark-adapted animals
were dissected under red light and maintained in cold frog
Ringer’s solution containing 120 mM NaCl, 10 mM HEPES,
pH 7.4, 1 mM CaCl,;, 1 mM MgCl,, and 0.05 mM EGTA.
The experimental solutions used in both the patch electrodes
and bath contained 120 mM NaCl, 5 mM HEPES, pH 7.4,
and 2 mM EGTA (Na) (solution A). Free calcium in solution
A, measured with a calcium-selective electrode, was less than
instrumental resolution (<10~7 M). Free magnesium levels
were assumed to be less than free calcium due to the signif-
icantly higher affinity of EGTA for Mg?*.

Photoreceptors were layered onto the floor of the experi-
mental chamber, and currents were recorded from excised
inside-out patches as previously described (Furman & Tanaka,
1988) with Corning 0010 glass micropipets which had been
washed first in chloroform-methanol (2:1) and then rinsed in
distilled water. All experiments were done in room light at
19-22 °C. The patch clamp amplifier output (Dagan 8900)
was low-pass filtered at 1 kHz (8-pole Bessel) before display
on an oscilloscope and digitization by an IBM AT (5 kHz,
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FIGURE 1: Chemical structures of cGMP analogues. The compounds
indicated with an asterisk exist as keto (thione) structures so that the
proton in 6-OH is actually on N-1.

12-bit A/D). Current-voltage relations were measured by
stimulating the patch with a linear voltage ramp (260 mV/s)
from —90 to +90 mV and back to 90 mV. Digitized currents
from the up and down ramp were averaged to compensate for
linear capacitative currents produced by the ramp [see Furman
and Tanaka (1988)]. This protocol was used for dose-response
measurements to permit rapid data acquisition and to minimize
destabilization of the patch which often occurred after a series
of 50-ms voltage steps. In all figures the small, linear leakage
current measured without cGMP (typically <0.2-0.5% of the
maximal cGMP-activated current) was digitally subtracted
from the total current measured in the test solution. Currents,
potentials, and membrane surfaces are reported in physiological
conventions,

After an inside-out patch was formed, the pipet tip was
positioned in the stream of the inflow tube which was fed by
1 of 12 solutions manually selected with a rotary valve.
Equilibration with a new concentration of nucleotide usually
occurred within 30 s after a solution switch, and currents were
recorded 1 min after the solution was switched. All patches
were tested for activity with a saturating concentration of
c¢GMP (200 uM) at the beginning and conclusion of a series
of analogue test solutions. Generally, concentration-response
experiments were determined at 8—10 concentrations.

In control experiments, no differences were seen in the IV
curves produced by the voltage ramp and by a series of 100-ms
voltage steps (Furman and Tanaka, unpublished results). We
have theréfore concluded that the concentration responses to
the applied voltage ramp represent steady-state current
measurements.

Dara Analysis. The IV relations at each ligand concen-
tration were converted by computer to current-ligand con-
centration curves as a function of voltage. Experimental
dose-response data were analyzed at 10-mV intervals by fitting
the data directly to the Hill equation

I'= I/ (1 + (Kos/L)™) &)

with a Levenberg-Marquardt algorithm for nonlinear,
weighted, least-squares fitting (Press et al., 1986), where I is
the measured current and L is the concentration of the applied
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nucleotide. Initial estimates were made for the parameters
Iax (the current at saturation with ligand), Kj s (the ligand
concentration at half-saturation), and N, (the index of coop-
erativity). The goodness of fit of the data to the model was
estimated by calculating the incomplete + function Q for the
probability that a value of x? as poor as the observed value
should occur by chance. A fit was deemed acceptable for O
> 0.01. Other reaction schemes described in the text were
also fit to the data with analogous procedures.

RESULTS

cGMP Activation of Membrane Current. cGMP directly
activates a cationic membrane channel in excised, inside-out
patches pulled from the outer segments of rods as was first
shown by Fesenko et al. {(1985). Under physiological condi-
tions, the current activated by cGMP shows strong outward
rectification, i.e., the current increases steeply with depolar-
ization, but with hyperpolarization, the current is small and
nearly constant. This rectification has been attributed to a
voltage-dependent block of the channel by divalent cations [see
review by Yau et al. (1986)]. Replacing physiological solutions
with symmetrical, divalent-free 120 mM NaCl solutions sig-
nificantly increases the current magnitude and reduces the
degree of outward rectification. These conditions were chosen,
therefore, to minimize divalent block of the currents and
possible divalent interactions with nucleotide activation.

As the cGMP concentration perfusing the cytoplasmic face
of the patch increases from 1 to 300 uM, the absolute mag-
nitudes of the current increase, but the current—voltage (IV)
curves remain qualitatively similar (Figure 2A). The current
magnitudes varied widely from patch to patch but, on average,
were ~1 nA at saturating concentrations of cGMP, similar
to those previously recorded without divalent cations (Haynes
et al., 1986; Zimmerman & Baylor, 1986; Furman & Tanaka,
1988).

Activation by cGMP Analogues. 8-Fl-cGMP, 6-SH-cGMP,
cIMP, and cAMP produced responses qualitatively similar to
those seen with cGMP. Currents showed saturation with
increasing nucleotide concentration, were rapidly reversible
following removal of the nucleotide, and had a sigmoidal
dose-response relation implying several nucleotide molecules
were necessary to activate fully each channel. The shape of
the IV responses of the analogues was similar to that of the
response for cGMP shown in Figure 2A. The major differ-
ences between the derivatives and cGMP were the K5 values
and I,,,, the maximal current activated at saturating nu-
cleotide concentrations (Table I).

8-Fl-cGMP was the only analogue with a lower K 5 than
c¢GMP (0.85 uM, Table I), and the maximal 8-Fl-cGMP-
activated current was indistinguishable from the current ac-
tivated by saturating cGMP. The average Hill coefficient for
8-Fl-cGMP was 1.7 compared with 2.3 for cGMP (Table I).
We have not interpreted these values as significantly different,
however, due to the large variation in the steepness of the
dose-response relation from patch to patch, and because of
the slow solution exchange time, it was not possible to compare
full concentration—response curves for two nucleotides on a
single patch before the seal deteriorated.

The reference compound, cGMP, has a 2-amino group and
a 6-oxy group on the purine ring (Figure 1). Substituting a
sulfhydryl group at the 6-position produced a slightly less
effective analogue, 6-SH-cGMP, which had a K5 of 81 uM,
about 3-fold higher than the K5 for cGMP. The current
activated at saturating concentrations of 6-SH-cGMP was
~90% of the maximal cGMP current, and the average index
of cooperativity, Ny, was 2.6.
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FIGURE 2: Nucleotide-dependent current activation in an excised
inside/out patch from an outer segment membrane. (A) cGMP-
activated currents were collected during a 750-ms voltage ramp from
-90 to +90 mV. The currents increased as {[cGMP] was increased
at 1, 2, 5, 10, 20, 30, 50, 80, 100, and 300 uM. The reversal potential
for the currents was 0 mV as expected with identical bath and pipet
solutions. The outward (positive) currents increased at lower con-
centrations than the inward currents and were ~2-fold greater at
saturating concentrations of cGMP (patch 75271). (B) The patch
was perfused with cAMP alone at 0.1, 0.25, 0.5, 0.8, 1.0, 2.0, 5.0,
7.5, and 10 mM concentrations. The current activated by 200 uM
c¢GMP is the large, single trace. Following this series, the cGMP
current was again measured and remained unchanged from the initial
response. The cAMP currents show saturation, although the saturating
value at +90 mV is ~20% of the cGMP-activated current. The
concentration—response function for this patch is shown in Figure 3
(patch 81211).

Table I: Comparison of the Activation Properties of cGMP
Analogues?®

current
Ky SEM N, % (%)
derivative [(n)]  Kys £ SEM (uM) SEM in out

8-FI-cGMP (4) 085+ 0.23 uM 1.14 £044 1.7+0.3 100 100

c¢GMP (5) 241 £ 88uM 268%89 2305 100 100

6-SH-cGMP 81.0£270uM 14714 26£01 95 88
(2)

cIMP (2) 1150 uM 1690 34+03 78 78

cAMP (4) 1502 + 308 uM 14+04 12 25

8-Br-cGMP 1.6 uM?

2-amino-cPMP  >2-5 mM¢ 0 0
3)

GMP >10 mM°¢ (]

2’-deoxy- >10 mM° 0 0
¢GMP

9The Ko and N, values are expressed as the means + standard er-
ror of the mean (SEM), extrapolated to 0 mV for all patches tested.
Inward and outward current values represent the fraction of current,
activated at saturating concentrations of the derivative, compared with
the current activated with 200 uM ¢cGMP. Currents were measured at
+80 mV. ?Results for 8-Br-cGMP were taken from Zimmerman et al.
(1985). “These values were estimated by assuming the test nucleotide
would activate 20% of a 200-pA maximal current with a small (<2
pA) leak current.

Removing the 2-amino group of cGMP yields cIMP which
activated the channel only at high concentrations with a K s
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FIGURE 3: Normalized concentration—response relations for cGMP
analogues in representative patches. The currents activated by nu-
cleotide analogues were scaled by the current activated with 200 uM
c¢GMP in the same patch. Data were fit with eq 1 (solid line). The
average current and best fit are shown at +80 mV for 8-FI-cGMP
(m), cGMP (v), 6-SH-cGMP (A), cIMP (), and cAMP (@). Ky
values for the derivatives span more than 3 log units. Differences
in the cooperativity are apparent from the steepness of the slopes.
While some of this variation may reflect differences in the nucleotide,
we saw large variability in the cooperativity from patch to patch (see
text). Average Kys and IV, values are presented in Table I for each
derivative.

of ~1.2 mM. The average cooperativity was 3.4 for the two
patches for which the entire range of nucleotides was mea-
sured. cIMP was also a partial agonist producing only ~80%
of the cGMP-activated current.

Substituting a 6-amino group for the 6-oxy group on cIMP
yields cAMP, the weakest partial agonist studied. cAMP was
effective in activating small currents at high concentrations
(>2 mM) in all patches tested (n > 20). The most interesting
feature of cAMP activation was the small fraction of maximal
current activated at saturating concentrations of nucleotide,
shown in Figure 2B. At saturation, the cAMP-activated
current is less than ~25% of the maximal cGMP-activated
current. The mean K5 was ~1.5 mM with a cooperativity
index of 1.4 (Table I).

To rule out the possibility that cAMP and cIMP, which had
very high Kj 5 values, contained sufficient cGMP contamina-
tion to account for their activity, we analyzed the stock so-
lutions on HPLC as described under Materials and Methods.
No cGMP could be detected in the cAMP or cIMP samples,
suggesting <0.02% contamination. Further evidence for a
specific cAMP effect is seen with experiments mixing cGMP
and cAMP (Furman & Tanaka, 1989).

The normalized concentration-response data for all active
derivatives are summarized in Figure 3 and Table I. The
relative efficacy is 8-FI-cGMP > cGMP > 6-SH-cGMP >»
cIMP ~ cAMP. A comparison of the maximal currents shows
c¢GMP = 8-Fl-cGMP > 6-SH-cGMP > cIMP >> cAMP.

Inactive Derivatives. 5-GMP (1 mM), 2’-deoxy-cGMP
(200 uM), and 2-amino-cPMP (200 uM) produced no de-
tectable current. These derivatives were also tested in the
presence of 40 uM cGMP for their ability to modify the
c¢GMP-activated current. Any change in the cGMP current
would suggest that the derivative could bind, but not activate,
the channel. None of these derivatives affected the cGMP
response, and therefore, we conclude that they do not bind to
the channel.

Structural Requirements for Channel Activation. Our
observations have extended the number of structural analogues
of cGMP (Figure 1) known to activate photoreceptor channels.
8-Fl-cGMP activated currents in a cooperative manner at
much lower concentrations as reported originally by Caretta
et al. (1985). Three partial agonists, 6-SH-cGMP, cIMP, and
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cAMP showed significant differences only in the maximal
current and apparent concentrations for half-maximal acti-
vation. Previous reports which showed no activation by cAMP
(Fesenko et al., 1985; Haynes & Yau, 1985; Cobbs et al.,
1985) are perhaps not surprising if we consider the small
currents expected at subsaturating concentrations of cAMP.
For example, at 1 mM, which is close to the K 5, one would
expect ~10% of the maximal cGMP current.

The effect of these cGMP analogues on macroscopic cur-
rents in photoreceptor outer segment membranes allows us to
derive information about the nucleotide binding site(s) of the
channel. The presence of the six-membered cyclic phosphate
ring is obviously essential for binding since 5’-GMP is neither
an agonist nor an antagonist. Presumably, the single negative
charge of the phosphodiester interacts with a positively charged
amino acid residue of the channel as occurs in the interaction
of cAMP with arginine 82 of catabolite gene activation protein
(Weber et al., 1982). Zimmerman et al. (1985) have shown
that both the pro-S and pro-R oxygen atoms of the phos-
phodiester are necessary for channel opening.

The 6-oxy and 2-amino groups of the purine ring play an
important part in ligand interaction with the binding site,
although some modification can be made while retaining de-
tectable binding. Omission of the 2-amino group (cIMP and
¢AMP) or replacement of the 6-oxy group by 6-thio (6-SH-
c¢GMP) reduces the affinity of the nucleotide for the channel
whereas omission of the 6-oxy group (2-amino-cPMP) results
in the complete abolishment of binding. These effects are
similar to those observed in the binding of guanine nucleotide
analogues to elongation factor Tu (Wittinghofer et al., 1977;
Eccleston, 1981), where both the sequence (Arai et al., 1980)
and the structure of its nucleotide binding domain have been
described (Jurnak, 1985; La Cour et al., 1985). In this pro-
tein-GDP complex, O(6) forms a hydrogen bond with as-
paragine 135 while aspartate 138 forms hydrogen bonds to
N(1) and/or N(2) of guanine.

The effects of nucleotide analogues differ markedly between
the channel and elongation factor Tu when the 8-position is
modified. Modification of the 8-position with bromine (Zim-
merman et al., 1985) increases the binding affinity of the
channel for nucleotide over that for cGMP, whereas the same
modification to GDP reduces its affinity to elongation factor
Tu (Wittinghofer et al.,, 1977). Introduction of an 8-
[[(fluorescein-5-ylcarbamoyl)methyl]thio] moiety increases
the binding of cGMP to the channel even more than the 8-Br
group; data on an equivalent modification in the elongation
factor Tu system are not available. The simplest explanation
for this effect is substitution at the 8-position of cGMP results
in formation of the syn conformation of the nucleotide, and
this may be the form bound by the channel whereas elongation
factor Tu binds GDP in the anti form (Jurnak, 1985). The
predicted structures of the cAMP binding domains of
cAMP-dependent protein kinase are consistent with the cAMP
being bound in the syn form (Weber et al., 1987) although
the crystal structure of catabolite gene activation protein shows
cAMP to be in the anti form (Weber et al., 1982).

The structure of the elongation factor Tu~-GDP complex
shows that the 2’,3’-cis-diol of GDP projects out of the protein
into the solvent (Jurnak, 1985; La Cour et al., 1985), a result
confirmed by solution studies in which large fluorophores can
be introduced at this position without significantly affecting
binding (Eccleston’et al., 1987). In contrast, the 2’-OH group
of cCAMP is essential for binding to catabolite gene activation
protein (Ebright et al., 1985). This position is also critical for
the cGMP-activated channel as 2’-deoxy-cGMP possessed
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FIGURE 4: Voltage dependence of the concentration—response relation
for cGMP-activated currents at two potentials. A family of
cGMP-activated currents, similar to those of Figure 2A, were digitally
averaged at +90 = 0.5 mV (@) and ~90 mV (A) at each concentration
of cGMP, and the best fit to the Hill equation (eq 1) was determined
(solid line). Inward currents were smaller with /., = 189 pA at -90
mV and 460 pA at 90 mV; the Ky s's were 26 and 16 uM, respectively.
This concentration~response shows a cooperative index of 1.8 for M.
For all measurements, standard deviations of the currents were smaller
than the symbols (patch 75284). (Inset) Maximal currents at each
10-mV interval were scaled by the current at 90 mV and fitted to
the Hill equation (eq 1); the ordinate is normalized current. Potentials
from -20 to +20 mV, which had very small currents, were omitted.
Traces shift from left to right as the potential decreases from +90
mV. The apparent affinity of cGMP for the channel increases with
depolarization, but the index of cooperativity (slope at 0.5) is unaffected
(patch 75284).

neither agonist nor antagonist activity.

The K, 5 values from steady-state macroscopic concentra-
tion—current curves reflect the ligand association steps and
channel conformational change(s) from the closed to open state
(see below). The original motivation for using a fluorescein-
labeled high-affinity derivative was to measure steady-state
fluorescence polarization to detect nucleotide binding in an
attempt to separate the energetics of ligand binding from the
entire reaction scheme. The polarization, however, did not
increase sufficiently in our membrane preparations to provide
a reliable measure of the binding. Since both 8-substituted
derivatives appear to bind more tightly than cGMP, attaching
other reporter groups at this location holds promise for future
derivatives.

Partial Agonists. A comparison of 8-Fl-cGMP activation
to that of cGMP shows no difference in the maximal currents;
the simplest, though not the only, interpretation is that the
number of channels, the single channel conductance, and the
gating probability are unchanged and only the ligand binding
kinetics are altered. The situation is more complex with the
other derivatives, however, because the currents are attenuated,
suggesting one or more of these parameters are changed. As
shown in the following paper (Furman & Tanaka, 1989), the
¢GMP and cAMP competition experiments are not consistent
with the existence of separate channel populations, and we
conclude that either the individual channel conductance or the
probability of opening is altered.

Voitage Dependence of Nucleotide Activation. The relation
between cGMP concentration and current activation is shown
in Figure 4 for two potentials, £90 mV, at the extremes of
the applied voltage. The saturating current, I ,,, is greater,
and the nucleotide concentration at half-saturation, K3, is less,
with depolarization than with hyperpolarization. The solid
lines represent the best fit of an empirical relation, the Hill
equation (eq 1), to the data. In this patch the ratio of out-
ward/inward current at saturation was 2.4, and K s decreased
by 1.6 from —90 to +90 mV. The slope, or index of cooper-
ativity, of the two curves as measured by the Hill parameter,
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Table [1: Comparison of the Voltage Dependence of Photoreceptor Channel Activation among cGMP Analogues®

Hill receptor effector
derivative [(n)] charge Kos(¥) (M) Ko(V) (uM) K,(0) Vo (mV)
Fl-cGMP (4) -3 706 + 138 o 2908 151 = 29
cGMP (5, 16%) -1 399 £ 35 548 £ 6.3 35+ 1.8 163 £ 69
6-SH-cGMP (2) -1 373 £ 112 275 £ 34 0.2 160
cIMP (1) -1 436 780 0.3 83
cAMP (2) -1 1292 % 140 729 = 110 4423 144 £ 45

9The charge is estimated at pH 7.4. The voltage dependence, expressed as mean £ SEM, was determined from an exponential fit to Kos vs V
(Hill) or Ky, vs V (receptor effectar). The parameters of the channel opening, K, and ¥, are the median % average deviation and were determined

from the /V curve at saturation with eq 8. ® Applies to K,(0) and V.

Ny, was 1.7 and voltage independent.

The voltage dependence of Ky s can be more clearly seen
when the dose-response curves at each potential are normalized
to the maximal current at saturating concentrations of cGMP.
A family of scaled dose~response curves is plotted in the inset
of Figure 4; the K, 5 shifts to the left with increasing depo-
larization while the slope, /Vy, remains constant.

All derivatives examined showed weak voltage dependence
of Kj 5 that did not correlate with the net charge of the ligand
species (Table II). The dissociation constant for most de-
rivatives, including cGMP, varied e-fold over ~400 mV, but
both Fl-cGMP and cAMP were significantly less voltage de-
pendent than the other derivatives (p < 0.05). At present, we
cannot reliably conclude that cAMP channel activation is less
voltage dependent than Fl-cAMP activation due to the few
cAMP curves which had sufficient data points for a reliable
fit.

DiISCUSSION

Parameter Variability. The Ky s for cGMP in photore-
ceptors has previously been reported from 12 to 40 uM [for
a review, see Pugh and Cobbs (1986)] with wide variability
in the values. Similarly, the Hill coefficient has been reported
from 1.6 to 3.4. We saw variability of ~20% (Table I) in the
range of K5 for all nucleotides. We also saw significant
variations from the median in other parameters, particularly
the change in IV rectification in Figure 2. We have been
unable to attribute the variability to specific seasonal, bio-
logical, temporal, or experimental factors. Divalent cation
effects arising from the choice of electrode glass (Furman &
Tanaka, 1988) did not appear to be a factor in these exper-
iments, and all saturation 7V curves were well described by
the simple open—close equilibrium model (see below). Other
patch artifacts, such as loss of a soluble cytoplasmic factor,
disruption of an attached cytoskeleton, or dephosphorylation
(Rispoli et al., 1988), may underlie the large variance in our
data and other patch studies.

Channel Reaction Schemes. At the present, information
on the single channel properties of the nucleotide-activated
channels or on the kinetics of the channel behavior (Haynes
et al., 1986; Tanaka et al., 1987; Zimmerman & Baylor, 1986;
Matthews & Watanabe, 1987, 1988) is too limited to impose
many constraints on molecular models of the cGMP-activated
channel reaction scheme. At low agonist concentrations, two
conductance levels have been described (Haynes et al., 1986;
Zimmerman & Baylor, 1986), but under physiological con-
ditions, noise measurements have been interpreted as consistent
with a single close—open reaction (Bodoia & Detwiler, 1984).
Recently, channel data using “caged” ¢cGMP under diva-
lent-free conditions (Karpen et al., 1988) were well described
by a single open state.

We have chosen two simple schemes to describe and in-
terpret our data. (1) The classical Hill equation is a semi-
empirical scheme that assumes the receptors are completely

bound or unbound by ligand, and in our case, the bound state
is also the conducting state. The details of the reaction
mechanism are ignored by treating only the input and output
relations of the system. The equilibrium dissociation constant,
K5, is a measure of half-maximal saturation of the receptor
sites with ligand, while the slope of the concentration-response
curve at Ky s, IV}, is interpreted as the mean square deviation
of the number of ligands bound at half-saturation (Dahlquist,
1978) or as the minimum number of binding sites on the
protein (Weber & Anderson, 1965). (2) To account explicitly
for the voltage dependence of the IV curve, the Hill model can
be extended by considering the cGMP-activated channel as
a tightly coupled receptor—effector system where the fully
ligand bound protein isomerizes to the conducting state. /Vy,
has the previous meaning, but now there are two equilibrium
dissociation constants describing the ligand binding and
channel isomerization to the conducting state, respectively.

Voltage Dependence of Channel Gating. Our goals in
modeling the voltage dependence of the IV curve are to de-
termine if partial agonists, such as cAMP, exert their effect
by altering the probability of channel opening and if the voltage
dependence of channel gating explains the voltage dependence
of binding, K, 5, observed with the Hill equation (eq 1). To
achieve these goals, we require an expression describing the
steady-state, macroscopic current as a function of ligand
concentration and transmembrane voltage.

The macroscopic current as a function of voltage for a
mechanism with a single conducting state reflects the number
of channels in a patch N, the single channel current (or,
equivalently, the slope conductance g times the voltage V), and
the voltage-dependent probability of channel opening p(V):

I(V) = NgVp(V) (2)

Since the single channel conductance, g, in symmetrical NaCl
solutions is constant over the range —150 to +50 mV (Mat-
thews & Watanabe, 1987) and, by assumption, the total
number of channels in a patch, JV, is constant, any nonlinearity
in the IV response must result from voltage-dependent changes
in the probability of channel gating.

The I'V data at saturating nucleotide concentrations are well
described by a simple voltage-dependent close—open equilib-
rium over the range -90 to +90 mV.:

ky
C==0 3)

Voltage dependence of this scheme is commonly attributed to
the closing rate constant, k_,(¥) = k_;(0)e"/", where k_,(0)
is the closing rate constant at zero potential, V'is the potential
across the membrane, and ¥V} is the potential required for an
e-fold change of rate. As we have steady-state, not kinetic,
data, we define a dimensionless equilibrium constant:

K, (V) = ki/ k. (V) = K(0)e™"77 4
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FIGURE §: Voltage dependence of the channel gating at saturating
concentrations of cGMP. The current activated at 200 uM ¢cGMP
from -90 to +90 mV (@) was scaled by the current at +90 mV. The
solid line is the best fit of the voltage dependence of a close—open
isomerization (eq 8). For this patch X,(0) was 3.3, V; was 151 mV,
x? was 6.7, and Q was 0.99 (patch 75263).

The steady-state probability of opening, p(V), is equal to
the sum of the observable states divided by the sum of all states
in the reaction, or

(0]

N =51+ 10

(5)
Substituting K, = [C]/[O] in eq 5 and simplifying gives the
expression

p(V) = 1/[1 + K(V)] (6)

Substituting eq 6 into eq 2 gives the steady-state macro-
scopic current as a function of voltage:

NgV

) = W )

The dependence of eq 7 on the number of channels, ¥, and
the single channel conductance, g, can be removed by dividing
eq 7 by I(90), the current at +90 mV, giving

[1+ K,(90)]V

IM = T x.0719

(8)
This expression was fit to the normalized IV data at saturating
ligand concentration with the Levenberg—Marquardt algorithm
to obtain estimates for K ,(0) and V,,

Figure 5 shows the result of fitting eq 8 to the IV data of
a cGMP-activated patch. The fits for all nucleotides on in-
dividual patches were statistically excellent (@ > 0.95), but
the range of the fitted parameters was broad as previously
discussed. This point can be appreciated by comparing the
nearly linear IV curve at saturating cGMP in Figure 2B with
the typical curved cGMP IV’s shown in Figure 2A and Figure
5. Median values of K (0) and ¥V for all ligands are sum-
marized in Table II.

In general, no quantitative difference in the gating param-
eters, K, (0) and V;, was noted among cGMP, Fl-cGMP, and
cAMP which would explain the effects of partial agonists. The
small values of K (0) for 6-SH-cGMP and cIMP, however,
probably reflect small sample bias as comparably small values
were occasionally seen with cGMP.

The cross-correlation matrix computed for the estimated
parameters, K,(0) and V,, shows that they are strongly cor-
related (r = 0.99) and, therefore, not unique. Larger values
for both parameters also provide statistically good fits, but as
the parameters increase, the probability of channel opening
asymptotically approaches zero. We, therefore, reported pa-
rameters that maximized the probability of channel opening.

Tanaka et al.

The probability of maximal channel opening computed with
eq 6 is ~33%, consistent with recent measurements on
cGMP-activated channels found on the inner segment (Mat-
thews & Watanabe, 1988). In our analysis, we also assumed
a constant single channel conductance, but if this assumption
is incorrect, the model fit remains statistically valid. In such
a case, physical interpretation of the model parameters as
representing the probability of channel opening alone must
be redefined to include an aspect of the free-energy profile an
ion experiences in crossing through the channel.

Does Voltage-Dependent Gating Explain Voltage-Depend-
ent Binding? The demonstration of a voltage-dependent shift
in ligand concentration necessary for half-maximal response
(Figure 4) might be explained by the voltage-dependent gating
of the close—open isomerization, by voltage-dependent ligand
binding, by intermediate voltage-dependent conformational
changes, or by a combination of such factors. The simplest
assumption is that the larger voltage dependence of channel
opening, V,, observed at saturating concentrations of cGMP
(eq 8) accounts for all the voltage-dependent shift of Kjs
determined from the Hill equation (eq 1). This assumption
can be modeled by modifying the Hill equation to account for
a tightly coupled binding step linked to an isomerization to
the open conformation:

K, K,
nL+C=—LC=—0 9

where K, is the equilibrium constant for half-maximal satu-
ration and K, was defined previously (eq 4) for saturating
ligand concentrations.

The steady-state probability of channel opening as a function
of both voltage and ligand concentration can be obtained in
an analogous manner to the derivation of eq 5. The fraction
of channels in the open state at some voltage V is

(0]
(0] + [L,C] + [C]

Substituting n = Ny, the equilibrium constants K™

[L]™[C]/[L,C] and K (¥) = [L,C]/[O], and p(V)

I([L],V)/I.ax([sat],V) into eq 10 and simplifying give
Imax([sat]’V)

MY = xon+wmopm MY

By using the individual estimates of X,(0) and ¥}, previously
obtained in each patch at saturation, eq 8, as fixed parameters,
new estimates of the binding parameters, K, and /V,, can be
obtained by fitting the concentration—current data at each
potential, ¥, with eq 11.

Both the goodness of fit, x2, and IV}, are unchanged by fitting
the data with eq 11 instead of eq 1 as expected, but the ligand
concentration for half-saturation, K, increases between 11 and
80% compared with K5 (Table I). In Fl-cGMP patches, the
voltage dependence of gating accounted for all the voltage
dependence of the overall reaction as hypothesized (see below
and Figure 6B). For all other ligands, however, the voltage
dependence of the binding dissociation constant, Ky, was only
slightly reduced by the introduction of explicit voltage de-
pendence in the channel opening step (Figure 6A and Table
IT).

The voltage dependence of channel gating, V,, in reaction
3 or 9 is significantly steeper than the voltage dependence of
K, s observed with the Hill equation (eq 1) and Table II, but
we would like to understand why voltage-dependent gating does
not account for voltage-dependent binding.

The contribution of the voltage-dependent gating parame-
ters, K,(0) and ¥V}, to the overall voltage dependence of K 5

p(V) = (10)
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FIGURE 6: Voltage dependence of cGMP and Fl-cGMP dissociation
constants. The K s values for cGMP (A) and FlI-cGMP (B) current
activation (A) and the voltage dependence of K|, (®) were obtained
from fitting at each potential the Hill equation (eq 1) and the Hill
receptor-effector equation (eq 11), respectively. Solid lines are the
best exponential fits. While K 5 is less than Ky, at all potentials, the
voltage dependence of the Fl-cGMP dissociation constant (B), but
not the cGMP dissociation constant (A), is not eliminated by ac-
counting for the explicit voltage dependence of the nonlinearity of
the IV relation (see Figure 2 and text). For the patch in (A) the voltage
dependence of K, 5 was —401, K|, was —494 mV /e-fold, X,(0) was 5.5,
and V; was 180 mV (patch 75282). For (B) Ky was —652, K|, was
-5444 mV /e-fold, K,(0) was 1.74, and V, was 147 mV (patch 75261).

can be described analytically by substituting [L] = K s and
I/ = 0.5/(1 + K,) into eq 11 and solving for Kj s, giving

Kos = Ko[Ko (W) /1 + Ko (M) (12)
For K,(V) <1, eq 12 can be approximated by
Kos = KyK (V)™ (13)

using an expansion series for the bracketed expression in eq
12. If K, is voltage independent, then for small K, the voltage
dependence of the overall reaction is N, times less than the
voltage dependence of gating, V;, as expected initially. For
K, (V) > 1, however, eq 12 can be approximated by

Kos = K[l = 1/K(V)]V/ M (14)

As K (V) becomes large, K,s asymptotically approaches
voltage independence.

Assuming K}, is voltage independent and using the average
values of Ny and K, (V) for cGMP (Tables I and II), the
expected voltage dependence of K5 calculated with eq 14 is
1600 mV /e-fold compared to 400 mV/e-fold observed ex-
perimentally. K,, however, may be voltage dependent as the
activating nucleotides bear a net negative charge. The decrease
in K, s with depolarization, however, is opposite that expected
for a negatively charged ligand approaching a binding site
within the transmembrane electric field (Woodhull, 1973). We
therefore conclude that the cyclic nucleotide binding sites lie
outside the electric field on the cytoplasmic side of the protein
and that the overall activation reaction has more voltage de-
pendence than that conferred solely by channel gating.
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The voltage dependence of the concentration—response
curves is not explained completely by either voltage-dependent
gating or voltage-dependent nucleotide binding in the hy-
pothesized reaction mechanisms. The simplest explanation
is to postulate the existence of an additional voltage-dependent
isomerization before the observed conductance step:

(58] c KN

Ky
nL+ C=L,C o) (15)

For Fl-cGMP, however, K;(V) is voltage independent perhaps
because the greater charge (Table II) of the bound ligand
attenuates the channel’s dipole moment. The cooperativity
of all ligand responses was insensitive to the transmembrane
electric field. For the single effector states, this finding is
expected, but alternative reaction schemes with multiple,
parallel open states may lead to voltage-dependent coopera-
tivity.

Comparison with Karpen et al. Model. The analysis of our
equilibrium binding data shows both similarities and differ-
ences with the conclusions of Karpen et al. (1988) from kinetic
measurements with the cGMP-activated channel. In each case
the assumption that the binding of three ligands activates a
single conducting state of the channel is sufficient to describe
the current. The opening isomerization has approximately the
same voltage dependence (our 163 mV vs their 123 mV), but
their equilibrium dissociation constant for channel closing
(0.006) is ~60 times smaller than our value (3.5). The most
salient difference in both results is that the voltage dependence
of channel gating of Karpen et al. completely accounts for the
entire voltage dependence of activation, while, except for
Fl-cGMP, gating explains only a small portion of the voltage
dependence in our case. While smaller values for the disso-
ciation constant theoretically confer more voltage sensitivity
on reaction 9 with eq 13, the smaller values of Karpen et al.
did not fit our data. In a few, individual cases where the actual
value of our gating parameters were similar to those of Karpen,
we still did not see a significant reduction in the voltage de-
pendence of activation as predicted for reaction 9.

CONCLUSIONS

Our analysis of the voltage dependence of channel gating
at saturating nucleotide concentrations showed that changes
in the probability of channel opening could account for only
a fraction of the effects of partial agonists and does not account
for the voltage dependence of binding, We offer several
possible explanations which can be explored in future studies.
First and most obvious is that partial agonists may reduce the
single channel conductance by a direct effect on the tertiary
structure of the channel. Second, the transition to the open
state may involve a series of closed but fully ligand bound states
in which only the rate constants of the last close—open tran-
sition are independent of the species bound. A variation on
this idea, consistent with the observation of several conductance
states by Zimmerman and Baylor (1986) and Haynes et al.
(1986), is that partial agonists may activate the lower con-
ductance states preferentially.

These studies also provide evidence that the nucleotide
binding sites lie outside the membrane electric field. We
predict that the region of the channel involved in gating lies
deeper in the protein as shown by the voltage dependence of
the opening conformational change.

Our studies with cGMP derivatives have shown that sub-
stitutions at the 8-position affect only ligand binding but
changes in C(2) and C(6) affect both binding and channel
opening probability or single channel conductance. In contrast
to certain other nucleotide binding proteins, the 3/,5’-diester
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and the 2’-oxygen on the ribose are essential for binding.
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