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A B S T RA C T Ion channels directly activated by cyclic nucleotides are present in the plasma membrane of retinal 
rod outer segments. These channels can be modulated by several factors including internal pH (pHi). Native cy- 
clic nucleotide-gated channels were studied in excised membrane patches from the outer segment of retinal rods 
of the salamander. Channels were activated by cGMP or cAMP and currents as a function of voltage and cyclic nu- 
cleotide concentrations were measured as pH i was varied between 7.6 and 5.0. Increasing internal proton concen- 
trations reduced the current activated by cGMP without modifying the concentration (KI/2) of cGMP necessary 
for half-activation of the maximal current. This effect could be well described as a reduction of single-channel cur- 
rent by protonation of a single acidic residue with a pK l of 5.1. When channels were activated by cAMP a more 
complex phenomenon was observed. KI/2 for cAMP decreased by increasing internal proton concentration 
whereas maximal currents activated by cAMP increased by lowering pH~ from 7.6 to 5.7-5.5 and then decreased 
from pH~ 5.5 to 5.0. This behavior was attributed both to a reduction in single-channel current as measured with 
cGMP and to an increase in channel open probability induced by the binding of three protons to sites with a pK 2 
of 6. 

K E Y W O R D S: cyclic nucleotides �9 retinal rods �9 ion channels �9 pH 

I N T R O D U C T I O N  

Ion channels directly gated by cyclic nucleotides (CNG 
channels) ~ are present in some sensory receptor cells 
(Fesenko et al., 1985; Haynes and Yau, 1985; Nakamura 
and Gold, 1987; for review, see Menini, 1995) and in a 
variety of  other  cells from kidney, aorta, testis, and 
heart  (for reviews, see Yau, 1994; Kaupp, 1995). These 
channels have been cloned, and some of  them have 
been shown to be hetero-oligomers composed of  sev- 
eral subunits of at least two types, often called ~ and/3 
subunits (for reviews, see Kaupp, 1995; Zimmerman, 
1995). 

The physiological role of  CNG channels in photore- 
ceptors and olfactory receptor cells is well known, 
whereas the function of these channels in other  cells is 
not  known. In photoreceptors  and olfactory receptor 
cells external stimuli, photons, or odorant  molecules 
cause, through activation of receptors and enzymatic 
cascades, a change in the internal concentration of  cy- 
clic nucleotides, that in turn leads to a change in the 
current  flowing through CNG channels (for review, see 
Torre et al., 1995). 

Prdiminat y results have been previously presented in abstract form 
(Sanfilippo, C., and A. Menini. 1993. Biophys.J. 64:A17; Menini, A., C. 
Sanfilippo, and C. Picco. XXXII Congress of the International Union of 
Physiological Sciences. Glasgow, 1-7 August 1993. 278:32/P. 

Address correspondence to Dr. Anna Menini, Istituto di Cibernet- 
ica e Biofisica, C.N.R., Via De Marini 6,16149 Genova, Italy. Fax: 39- 
10-6475-500; E-mail: menini@icb.ge.cnr.it 

I Abbreviation used in this paper: CNG channels, cyclic nucleotide- 
gated channels. 

Channel activation can be modulated by many fac- 
tors. Some of  these could be physiologically important, 
others probably are not, but, nonetheless, study of  their 
effect could be useful in understanding molecular 
mechanisms of  functioning of channels. It is known 
that native CNG channels can be modulated by phos- 
phatases (Gordon et al., 1992), divalent cations (Ilde- 
fonse et al., 1992; Karpen et al., 1993; Lynch and Linde- 
mann, 1994), CaZ+-calmodulin (Hsu and Molday, 1993; 
Chen and Yau, 1994; Gordon et al., 1995b), and diacyl- 
glycerol analogues (Gordon et al., 1995a). pH is another 
modulating agent, since a variation in proton concen- 
tration could cause a change in the charge of ionizable 
amino-acids that can be involved in the gating a n d / o r  
permeation processes. It has already been shown that 
intact rods are sensitive to extracellular protons since 
the dark current could be reversibly reduced by in- 
creasing extracellular proton concentration (Liebman 
et al., 1984). It is also known that cytosolic acidification 
reduces the current  activated by saturating concentra- 
tions of  cGMP in retinal rods (Menini and Nunn, 1990; 
Tanaka, 1993) and the current activated by saturating 
concentrations of  cAMP in olfactory receptor cells 
(Frings et al., 1992). 

The aim of this paper is to determine how internal 
protons modulate the properties of  activation by cGMP 
and cAMP of native channels from retinal rods. It is 
shown that currents are modulated by protons in differ- 
ent ways depending on which cyclic nucleotide is re- 
sponsible for channel opening, cGMP-gated currents 
were reduced by increasing internal proton concentra- 
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t i o n .  c A M P - g a t e d  c u r r e n t s  w e r e  e n h a n c e d  by  l o w e r i n g  

pHi  f r o m  7.6  to  5 . 7 - 5 . 5  a n d  t h e n  w e r e  d e c r e a s e d  as pHi  

was f u r t h e r  l o w e r e d  to  5.0. T h e s e  e f f ec t s  c o u l d  b e  ex-  

p l a i n e d  by  a r e d u c t i o n  o f  s i n g l e - c h a n n e l  c u r r e n t ,  d u e  

to  p r o t o n a t i o n  o f  a s i te  w i t h  a pK~ o f  5.1 a n d  by  a n  a d d i -  

t i o n a l  i n c r e a s e  o f  o p e n  p r o b a b i l i t y  f o r  c A M P ,  c a u s e d  by  

b i n d i n g  o f  t h r e e  p r o t o n s  to  s i tes  w i t h  a p K  2 o f  6. 

HEPES was substituted by MES for pH lower than 6.8. pH was ad- 
justed to the desired value by adding TMAOH or HC1. 

The cytoplasmic side of the membrane  patch was exposed to 
the different solutions by using the perfusing system described in 
Menini and Nunn  (1990). Four different solutions flowed simul- 
taneously side-by-side so as to allow several rapid solution 
changes to be made. In all the experiments  complete recove~ T of 
the current  was checked by comparing, before and after each test 
solution, the current  at pH i 7.6 in 1 mM cGMP. 

M E T H O D S  

Cell Preparation 

Rods were mechanically isolated from the ret ina of the larval ti- 
ger salamander  Ambystoma tigrinum as described by Menini et al. 
(1988). In short, the animal was decapitated and  pithed. The ret- 
ina was kept in Ringer solution and chopped  with a small piece of 
razor blade. An aliquot (0.1 ml) containing many rod outer  seg- 
ments was then transferred to the perfusion chamber.  The dissec- 
tion and experiments  were performed in room light at room 
temperature  (20-24~ 

Recording Procedure 

Channels  activated by cyclic nucleotides were studied in excised 
inside-out patches from the plasma membrane  of isolated retinal 
rod outer  segments as previously described in detail (Menini, 
1990; Picco and Menini, 1993). 

Channels  were activated by the addit ion of various concentra- 
tions of cGMP sodium salt (G6129; Sigma Chemical Co., St. 
Louis, MO) or cAMP sodium salt (A6885; Sigma Chemical Co.) 
to the bathing solution. Voltage steps were given t?om a holding 
potential  of 0 mV, increasing and decreasing in steps of 20 inV. 
Voltage step durat ion was usually 100 ms except for instanta- 
neous I-V experiments  where it was 16 ms. CNG currents  were 
obtained from the difference of recordings in the presence and 
in the absence of cyclic nucleotides. 

Currents were recorded with a List EPC-7 (Darmstadt, Ger- 
many) or with an Axopatch 1D (Axon Instruments,  Foster City, 
( ~ )  patch-clamp amplifier. Currents  were filtered through an 
8-pole Bessel low-pass filter (Kemo VBF8, Beckenham, UK) usu- 
ally set at 1 kHz cut-off frequency and  digitized on-line at a sam- 
pling interval of 0.5 ms. For the instantaneous I-V experiments  
shown in Fig. 3, currents  were filtered at 20 kHz and digitized at a 
sampling interval of 10 mxs. For these experiments  the patch pi- 
pette was coated with Sylgard to minimize the capacitance tran- 
sients. Each trace was obtained as subtraction of the average from 
16 trials measured in the presence and in the absence of cyclic 
nucleotides. The rise time of the voltage step was ~ 1 0  Ixs, and the 
delay and rise time in t roduced by the 20 kHz low-pass filter were 
~ 4 0  lxs. Instantaneous cur ren t  values were measured 100 Ixs alter 
switching to the test voltage from the holding potential  of 0 mV 
(see also paragraph on Data Analysis). Acquisition and analysis of 
data were usually performed by a PDP 11/23 computer  and labo- 
rato~ T interlace (Indec Systems, Sunn}a,ale, CA) with a software 
program written in BASIC 23. For instantaneous I-V experiments  
a TL-I DMA interface board (Axon Instruments)  was used with a 
PC-type computer  and pCIAMP software (Axon Instruments) .  

Solutions and Perfusing System 

The iota composit ion of the solution filling the patch pipette was 
110 mM NaC1, no added divalent cation salts, 1 mM EDTA and 
10 mM HEPES buffered to pH 7.6 with te t ramethylammonium 
hydroxide (TMAOH). The ion composit ion of the bathing solu- 
tions was identical in the pH range from 6.8 to 7.6 whereas 

Data Analysis 

Currents  were measured and  plotted as a function of membrane  
potential  with the usual sign convention: currents  flowing fi'om 
the previously intracellular side of the membrane  patch (bath so- 
lution) to the extracellular side (pipette solution) are positive 
and were plotted upward. 

In some experiments  a drop in the activated current  was ob- 
selw'ed. This effect was studied by Z immerman  et al. (1988) and is 
caused by restricted diffusion of ions, probably due to intracellu- 
lar material that  adheres  to the surface membrane .  The experi- 
ments  considered in this paper  are only those in which this effect 
was absent. 

Data calculated from N different patches are shown as 
mean_+SD. Curve fitting was done  with Kaleidagraph (Abelbeck 
Software) and  figures were prepared with Canvas software 
(Deneba Systems). 

Plotted values of macroscopic currents,  due to the opening  of 
many CNG channels,  were usually measured when currents  
reached a steady-state value. In the simplest hypothesis that  chan- 
nels have only one conductance state, and that  gating and per- 
meat ion are two independen t  processes, the steady-state macro- 
scopic cur ren t , / ,  can be described by the following relation (see 
Hille, 1992): 

I(I/; cNMP, pH) = N .p(V, cNMP, pH) . i(V, cNMP, pH), (1) 

where 3v] is the n u m b e r  of channels  present  in a patch, Vis the 
applied voltage, cNMP is the type and  concentrat ion of cyclic nu- 
cleotide, p is the open probability, and  i is the single-channel cur- 
rent. In the experiments  shown in Fig. 3, instantaneous currents  
were also measured (see previous paragraph on Recording Proce- 
dures and Fig. 3). Instantaneous currents  are defined as currents  
measured at a time after switching the voltage, V, so short  that 
the equilibrium between open and closed channels  is not  yet af- 
fected by V, and therefore that  the open probability is still the 
same as that  at the previous voltage, V,,, while ion permeat ion is 
already affected by I: The instantaneous current,  /~, is therefore 
given by: 

1 ( I,; cNMP, pH) = N .  p ( ~;,, cNMP, pH) . i ( I,; cNMP, pH), (2) 

and instantaneous current-voltage relations are expected to de- 
scribe the I-V curve of a single channel .  

R E S U I ,  TS 

pHfinduced Changes in CNG Currents 

T h e  m o d u l a t i o n  by  i n t e r n a l  p r o t o n s  o f  C N G  c h a n n e l s  

was s t u d i e d  i n  e x c i s e d  i n s i d e - o u t  p a t c h e s  f r o m  r e t i n a l  

r o d s  o f  t h e  s a l a m a n d e r .  S o l u t i o n s  a t  d i f f e r e n t  pHi  w e r e  

c h a n g e d  a t  t h e  c y t o p l a s m i c  s ide  o f  t h e  p a t c h  a n d  cur -  

r e n t s  w e r e  a c t i v a t e d  by  v a r i o u s  c o n c e n t r a t i o n s  o f  c G M P  

o r  c A M P  a n d  v o l t a g e  p u l s e s  b e t w e e n  - 1 0 0  a n d  + 1 0 0  

mV.  B o t h  i n w a r d  a n d  o u t w a r d  c u r r e n t s  w e r e  a f f e c t e d  
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by c h a n g i n g  pHi, a n d  the effect was comple te ly  a n d  

rapidly reversible in  the pHi range  f rom 7.6 to 5.0. 

Fig. 1 shows the effects caused o n  the same patch  by 
the r e d u c t i o n  of pH~ f rom 7.6 to 5.5. W h e n  c h a n n e l s  
were activated by cGMP, a pHi r educ t i on  caused a simi- 

lar decrease  in  c u r r e n t  at every cGMP c o n c e n t r a t i o n  
a n d  voltage (Fig. 1 A). O n  the contrary,  when  channe l s  
were activated by cAMP, a pH~ r educ t i on  p r o d u c e d  an 
increase  in the cur ren t .  The  relative c u r r e n t  increase  

was h ighe r  at negat ive voltages a n d  when  the cAMP 
c o n c e n t r a t i o n  was lowered (Fig. 1 B). 

Voltage Dependence of  pHi Effect 

The  d e p e n d e n c e  on  voltage of  the changes  in  c u r r e n t  
caused  by cytosolic acidif icat ion is i l lustrated in  Fig. 2. 

Current-vol tage  (I-V) re la t ions  f rom the data  shown in 
Fig. 1 for cGMP or  cAMP were p lo t ted  in Fig. 2, A a n d  

B, respectively. W h e n  channe l s  were activated by 
cGMP, the shape of the I-V re la t ions  at each cGMP con- 

cen t r a t i on  was n o t  a l tered by r e d u c i n g  pH~ f rom 7.6 to 

5.5 (Fig. 2 A). The  shape of  the I-V re la t ions  was ins tead  

a l tered by decreas ing  pH i when  cur ren t s  were activated 

by cAMP (Fig. 2 B). At pHi 7.6 I-V curves activated by 

cAMP showed a s t rong  outward  rect i f icat ion while at 
pH~ 5.5, they became  m o r e  l inear  at every cAMP con- 
cen t ra t ion .  T h e  voltage d e p e n d e n c e  of  the effect of  

pHi is fu r the r  i l lustrated in Fig. 2 C. Cur ren t s  at pH~ 5.5 
were no rma l i zed  to the c u r r e n t  at pH i 7.6 at the same 
voltage a n d  cyclic nuc l eo t ide  concen t r a t i on ,  a n d  the ra- 

tio was p lo t ted  as a f unc t i on  of  voltage f rom - 1 0 0  to 
+ 100 mV. The  c u r r e n t  decrease p r o d u c e d  by pHi 5.5 
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FIC.URr, l. Effects of cytosolic acidification on currents activated 
by cGMP or cAMP. Traces are CNG currents from the same ex- 
cised inside-out patch. Voltage steps of 100-ms duration from a 
holding potential of 0 mV were given from -100 to + 100 mV in 
steps of 20 mV. Currents were measured as the difference between 
currents in the presence and in the absence of cyclic nucleotides. 
pH i was rednced from 7.6 to 5.5 as indicated in the figure, and cur- 
rents were activated by 1 mM or 20 IxM cGMP (A) and by 20 mM 
or 1 mM cAMP (B). 
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Fmu~E 2. Voltage dependence of proton modulation of CNG 
currents, (A) Current-voltage relations from the expmiments 
shown in Fig. 1 A. Currents were activated by 1 mM cGMP (open cir- 
cles) or by 20 btM cGMP (filled circles) at phi 7.6 or 5.5 as indicated 
in the figure. (B) Current-voltage relations from the experiments 
shown in Fig. 1 /3. Currents were activated by 20 mM cAMP (open 
diamon&) or by 1 mM cAMP (filled diamonds) at pHi 7.6 or 5.5 as in- 
dicated in the figure, (C) Currents measured at pHi 5.5 at various 
concentrations of cGMP or cAMP were normalized to the current 
measured at pH~ 7.6 at the same voltage and cyclic nucteotide con- 
centration and plotted as a flmction of the applied voltage. Data 
from the same patch shown in Fig. 1. Concentrations for cGMP 
were: 1 mM (filled ('ircles), 50 IxM (open squares), 20 IxM (open circles), 
10 IxM (open t'riangle~). Concentrations for cAMP were: 20 mM 
(open diamonds), 5 mM (filled triangles), 1 mM (filled diamonds). 



on  cGMP-ga ted  cu r r en t s  d id  no t  d e p e n d  o n  vol tage  o r  
c o n c e n t r a t i o n  and ,  for  the  p a t c h  shown in Figs. 1 a n d  
2, was ~ 0 . 7  (see Fig. 7 for  m e a n  values) .  

T h e  inc rease  in c u r r e n t  m e a s u r e d  with cAMP was in- 
s tead  b o t h  vol tage  a n d  c o n c e n t r a t i o n - d e p e n d e n t .  T h e  
c u r r e n t  ra t io  at  + 6 0  mV in 20 m M  cAMP was ~ 1 . 2  a n d  
i nc r ea sed  to 2 at  - 6 0  mV. Lower ing  the  cAMP concen -  
t ra t ion  to 1 m M  gave a c u r r e n t  ra t io  of ' -~2 at  + 6 0  mV 
tha t  b e c a m e  3.6 at  - 6 0  mV. T h e s e  resul ts  ind ica te  tha t  
cytosolic ac id i f ica t ion  s t rongly  affects the  act ivat ion o f  
the  c h a n n e l s  by cAMP. 

Comparison of Steady-state and Instantaneous 
Current-Voltage Relations Activated by cAMP 

To invest igate  w h e t h e r  p H  i modi f i e s  the  vol tage  d e p e n -  
d e n c e  o f  m a c r o s c o p i c  cu r r en t s  ac t iva ted  by cAMP, by 
ac t ing  on  the  c h a n n e l  o p e n  p robab i l i t y  o r  on  the ionic  
p e r m e a t i o n  process ,  s teady-state a n d  i n s t a n t a n e o u s  I-V 
curves were  m e a s u r e d  a n d  c o m p a r e d  (see Eqs. 1 a n d  2 
in METHODS). 

Fig. 3 A shows cu r r en t s  f rom the  same p a t c h  ac t iva ted  
by 200 o r  500 IxM cAMP at p H  i 7.6 o r  by 100 b~M cAMP 
at p H  i 5.7. Vol tage  pulses  o f  16-ms d u r a t i o n  were given 
f rom a h o l d i n g  po ten t i a l  o f  0 mV in steps o f  20 mV be- 
tween - 6 0  a n d  + 6 0  mV, a n d  each  t race was o b t a i n e d  
f rom the  average  o f  16 trials. 100 txM cAMP at pH~ 7.6 
ac t iva ted  a c u r r e n t  o f  on ly  a few pA (da t a  no t  shown) ,  
whereas  r e d u c i n g  the  p H  i to 5.7 caused  an inc rease  in 
the  ac t iva ted  c u r r e n t  to ~ 4 0 0  pA at + 60 mV. 

A t i m e - d e p e n d e n t  c u r r e n t  r e l axa t ion  was obse rved  in 
all r e co rd ings  af ter  swi tching the  vol tage  to a new value.  
Cur ren t s  as a f u n c t i o n  o f  t ime i nc r ea sed  at  posi t ive volt- 
ages a n d  d e c r e a s e d  at  negat ive  vol tages  unt i l  a s teady- 
state value  was r eached .  Lower  pane l s  in Fig. 3 A illus- 
t ra te  on  an  e x p a n d e d  t ime  scale the  t ime  course  o f  the  
onse t  o f  the  cu r r en t s  shown in A. T h e s e  c u r r e n t  re lax-  
a t ions  are  s imi la r  to those  previous ly  r e c o r d e d  in chan-  
nels  ac t iva ted  by cGMP at phys io log ica l  p H  (Karpen  et  
al., 1988; Z i m m e r m a n  a n d  Baylor,  1992). 

I n s t a n t a n e o u s  cu r r en t s  were  m e a s u r e d  100 Ixs af ter  
switching the  vol tage  (see METHODS), a n d  steady-state 
cu r r en t s  were  ca l cu la t ed  as the  average  c u r r e n t  be-  
tween 10 a n d  15 ms. Fig. 3 B shows b o t h  n o r m a l i z e d  
steady-state (filled symbols) a n d  i n s t an t aneous  (open sym- 
bols) cu r r en t s  m e a s u r e d  f rom the  e x p e r i m e n t s  shown 
in Fig. 3 A a n d  p l o t t e d  versus voltage.  Cur r en t s  were  
n o r m a l i z e d  to the  value m e a s u r e d  at  + 6 0  mV for  each  
pHi a n d  cAMP c o n c e n t r a t i o n .  

All the  n o r m a l i z e d  i n s t a n t a n e o u s  I-V curves at  vari- 
ous cAMP c o n c e n t r a t i o n s  a n d  pHi s u p e r i m p o s e d  (open 
symbols) sugges t ing  tha t  the  vol tage  d e p e n d e n c e  o f  the  
ionic  p e r m e a t i o n  p rocess  is no t  i n f l u e n c e d  by p h i  o r  by 
cAMP c o n c e n t r a t i o n .  I n s t a n t a n e o u s  I-V re la t ions  o f  Fig. 
3 a re  very s imi lar  to those  previously  m e a s u r e d  in chan-  
nels  ac t iva ted  by cGMP at p H  7.6 ( Z i m m e r m a n  a n d  
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FmURE 3. Voltage dependence of gating for cAMP-activated cur 
rents. (A) Currents from the same patch were activated by 200 or 
500 txM cAMP at pH~ 7.6 or by 100 IxM cAMP at pH~ 5.7 as indi- 
cated in the figure. Lower panels in A show currents from the corre- 
sponding upper panels on an expanded time scale. Voltage pulses of 
16-ms duration were given fi-om a holding potential of 0 mV in 
steps of 20 mV between -60  and +60 mV. The voltage was 
switched at time 0. Each trace was obtained from the difference be- 
tween the averages from 16 trials in the presence and in the ab- 
sence of cAMP. (B) Current-voltage relations from the experi- 
ments shown in A for 200 txM (circles) or 500 IxM (triangles) cAMP 
at pHi 7.6 or for 100 IxM cAMP at pH i 5.7 (diamonds). Instanta 
neous currents (open ,symbols) were measured at 100 txs after switch 
ing the voltage and normalized to the value measured at +60 inV. 
Steady-state currents (filled s~,mbols) were calculated as the average 
value between 10 and 15 ms at each voltage and normalized to the 
average current at +60 mV. Stead}~state (or instantaneous) cur- 
rents at +60 mV had the following values in pA: 114 (79) for 200 
b~M cAMP at pH i 7.6; 280 (214) for 500 txM cAMP at pH~ 7.6; 412 
(380) for 100 txM cAMP at pH~ 5.7. 

Baylor,  1992; Taylor  a n d  Baylor,  1995). Steady-state  I-V 
curves showed  ins t ead  rec t i f ica t ion  p r o p e r t i e s  d e p e n -  
d e n t  b o t h  on  pH~ a n d  cAMP c o n c e n t r a t i o n .  T h e  out-  
ward  rec t i f ica t ion  at  pHi 7.6 was m o r e  p r o n o u n c e d  as 
the  cAMP c o n c e n t r a t i o n  was r e d u c e d  f rom 500 to 200 
IxM. W h e n  the  cAMP c o n c e n t r a t i o n  was f u r t h e r  re- 
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d u c e d  to 100 IxM a nd  pH~ was decreased  to 5.7, the op- 
posite t r end  was observed:  the steady-state I-V relat ion 
b e c a m e  m o r e  linear. Similar results were ob ta ined  in 
two o the r  patches.  

A compar i son  be tween steady-state and  instanta- 
neous  I-V relat ions indicates that  bo th  pHi and  cAMP 
concen t r a t i on  inf luence the channe l  o p e n  probability.  
Also the decrease  in rectification observed by lowering 
pHi to 5.7 when  the channels  are activated by cAMP 
seems to be mainly  due  to a pHi- induced  change  in the 
o p e n  probability. 

It has b e e n  recently shown that  open-c losed  transi- 
t ions in CNG channe ls  f r o m  retinal rods are very fast 
and  therefore  that  ins tan taneous  cu r r en t  could  be af- 
fec ted  by these transit ions at early times and  that  the 
real single channe l  I-V cou ld  be l inear  (Taylor and  Bay- 
lor, 1995). However  these observat ions do no t  modify  
the in te rpre ta t ion  o f  ou r  data  since the voltage depen-  
dence  o f  o p e n  probabil i ty would  b e c o m e  even m o r e  
p r o n o u n c e d .  

In conc lus ion  our  results indicate that  a pHi reduc-  
t ion does no t  modify  the voltage d e p e n d e n c e  o f  ion 
pe rmea t ion  and  that  the voltage d e p e n d e n c e  mea-  
sured in the p resence  o f  cAMP could  be a t t r ibuted to a 
pHi- induced  modi f ica t ion  o f  o p e n  probability. 

Dose-Response Relations at p H  i 7. 6 and  5 .7  

Fig. 4 A shows the dose - r e sponse  curves for  cGMP and  
cAMP at pHi 7.6 a nd  5.7 at +60  mV. Currents  f rom the 
same patch  were p lo t ted  versus the concen t r a t i on  o f  
cGMP and  cAMP. Dose - r e sponse  data  were fitted by 
the Hill equat ion:  

s  

I = I n . . . . .  , (3) 
c n + K]/2 

where  I is the cu r r en t  activated by the concen t r a t i on  c 
o f  cyclic nucleotide,/,,,~x is the maximal  cur rent ,  K~/2 is 
the cyclic nuc leo t ide  concen t r a t i on  necessary to acti- 
vate hal f  o f  the maximal  current ,  and  n is the Hill coef- 
ficient. 

At pH~ 7.6 and  at + 6 0  mV, the maximal  cu r r en t  acti- 
vated by cAMP in the pa tch  shown in Fig. 4 was 152 pA, 
which was ~ 4 0 %  o f  the maximal  cu r r en t  activated by 
cGMP, 345 pA. Moreover  1(.1/2 for  cAMP, 846 IxM, was 
a lmost  90-fold larger  than Kl/2 for  cGMP, 9.8 txM. The  
Hill coeff icient  for  cAMP was 1.8, slightly lower than  
the value (2.2) ob ta ined  with cGMP. 

At pHi 5.7 and  + 6 0  mV data  ob ta ined  with cGMP 
were fitted with values for  K1/2 (10.6 IxM) and  n (2.2) 
very similar to those f o u n d  at pHi 7.6, while Ima• (273 
pA) was 80% o f  that  at pHi 7.6. F rom the dose - response  
with cAMP at pHi 5.7 very different results f rom those at 
p H  i 7.6 were found:  1s ~ for  cAMP (280 txM) decreased  
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FIGURE 4. Dose-response relations at pHi 7.6 o1 5.7 for cGMP and 
cAMP in the same patch. (A) Steady-state currents activated by 
cGMP at pHi 7.6 (filled triangles) and 5.7 (open triangles), or by cAMP 
at pHi 7.6 (filled squares) and 5.7 (open squares) were measured at 
+ 60 mV and plotted versus cyclic nucleotide concentrations. Con- 
tinuous lines were the best fit of the Hill equation (Eq. 3) to the 
data with the following values:/m,x = 345 pA, Ki/, ., = 9.8 IxM, n = 
2.2 for cGMP at pHi 7.6;/m~x = 273 pA, K~/2 = 10.6 lxM, n = 2.2 for 
cGMP at pH~ 5.7; Im~x = 152 pA, Kl/,., = 846 IxM, n = 1.8 for cAMP 
at pHi 7.6;/max = 246 pA, KI/'2 = 280 IxM, n = 1.8 for cAMP at pHi 
5.7. (B) Currents from A were normalized to the maximal currents 
calculated from the Hill equation and listed above and plotted ver- 
sus cyclic nucleotide concentration. Symbols as in A. 

threefold  and  the maximal  cu r r en t  (246 pA) increased  
to ~ 1 6 0 %  o f  that  at pH~ 7.6. The  Hill coeff icient  (1.8) 
was similar to that  at pHi 7.6. 

By c o m p a r i n g  the maximal  currents  activated by 
cGMP and  cAMP at + 6 0  mV at the same phi ,  it was 
f o u n d  that  /,,ax activated by cAMP was a lmost  90% o f  
that  activated by cGMP at pHi 5.7, whereas it was only 
40% at pHi 7.6. 
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At V = - 6 0  mV the  effect  o f  r e d u c i n g  p H  i to 5.7 on  
the cu r r en t s  ac t iva ted  by cGMP was s imi lar  to tha t  ob- 
served at  + 6 0  inV. W h e n  cu r r en t s  were  ac t iva ted  by 
cAMP, the  relat ive inc rease  in c u r r e n t  at  - 6 0  mV was 
h i g h e r  than  tha t  at  + 6 0  mV:/m,x at  pHi  5.7 was ~ 2 5 0 %  
o f  tha t  at  pHi 7.6 (da ta  n o t  shown) .  Fo r  m e a n  values o f  
Kw, ~, n, a n d  n o r m a l i z e d / ,  ..... see Figs. 5-8 .  

These  resul ts  show tha t  pHi  5.7 d id  n o t  affect  1s for  
ac t ivat ion by cGMP whereas  it d e c r e a s e d  Kw2 for  activa- 
t ion by cAMP; m o r e o v e r  it d e c r e a s e d  the  m a x i m a l  cur-  
r en t  ac t iva ted  by cGMP a n d  great ly  i n c r e a s e d  tha t  acti- 
va ted  by cAMP. 

N o r m a l i z i n g  Eq. 1 to the  m a x i m a l  c u r r e n t  (Imax.,.N) 
m e a s u r e d  in the  p r e s e n c e  o f  s a tu ra t ing  c o n c e n t r a t i o n s  
o f  cyclic n u c l e o t i d e ,  i n d i c a t e d  by cN, a n d  a s suming  tha t  
the  s ing le -channe l  c u r r e n t  does  n o t  d e p e n d  on  cyclic 
n u c l e o t i d e  c o n c e n t r a t i o n ,  the  fo l lowing  re la t ion  is ob- 
ta ined:  

I(V,  cNMP, pH) = p(V,  cNMP, pH) . (4) 

l, ........ N ( V, pH)  P ........ y ( V, pH)  

Cur ren t s  f rom Fig. 4 A were  n o r m a l i z e d  to the  m a x i m a l  
value o b t a i n e d  for  each  cyclic n u c l e o t i d e  a n d  p H  i a n d  
p lo t t ed  in Fig. 4 B as a func t ion  o f  cyclic n u c l e o t i d e  
concen t r a t i ons .  Dec rea s ing  p H  i to 5.7 d id  n o t  mod i fy  
the  n o r m a l i z e d  d o s e - r e s p o n s e  curve for  cGMP whereas  
it sh i f ted  to the  left  tha t  for  cAMP. A c o m p a r i s o n  o f  Eq. 
4 a n d  Fig. 4 B ind ica tes  tha t  the  relat ive o p e n  p robab i l -  
ity for  cAMP is a f fec ted  by p H  i whereas  tha t  for  cGMP 
does  n o t  d e p e n d  on  p H  i . 

K1/2 and n as a function of pHi at Different Voltages 

D o s e - r e s p o n s e  curves were  m e a s u r e d  at d i f f e ren t  val- 
ues o f  pH~ r a n g i n g  f rom 7.6 to 5.0 a n d  at  var ious  volt- 
ages b o t h  for  cGMP a n d  cAMP a n d  f i t ted  by the  Hil l  
e q u a t i o n  (Eq. 3) as shown in the  prev ious  sect ion.  Fig. 
5 shows m e a n  values (_+SD) o f  KI/~ o b t a i n e d  f rom sev- 

era l  pa t ches  as a func t ion  o f  p H  i at  + 6 0  (filled symbols) 
a n d  - 6 0  mV (open symbols). 

Kw2 for  cGMP (Fig. 5 A) was n o t  s ignif icant ly  a f fec ted  
by pH~ a n d  h a d  a cons is ten t ly  h i g h e r  value at  - 6 0  mV 
(12 IxM at pHi  7.6) c o m p a r e d  to tha t  at  + 6 0  mV (8 txM 
at pHi  7.6). Kw2 for  cAMP (Fig. 5 B) d e c r e a s e d  a b o u t  
t en fo ld  as the  pHi was r e d u c e d  f rom 7.6 to 5.0. These  
resul ts  suggest  tha t  ga t ing  o f  the  c h a n n e l  by cGMP was 
n o t  m o d i f i e d  by pHi in the  r ange  f rom 7.6 to 5.0 
whereas  ga t ing  by cAMP was progress ively  e n h a n c e d  by 
p r o t o n a t i o n .  T h e  d e p e n d e n c e  o f  Kl/2 for  cAMP on  p H  i 
c o u l d  be  well d e s c r i b e d  by Eq. 5, which  is cons i s t en t  
with the  m o d e l  used  to e xp l a in  the  effects o f  pH~ on  the  
m a x i m a l  o p e n  p robab i l i t y  (see Eq. 8 a n d  Fig. 8): 

It.o]" 
K,/2 cA (V)  = Kmi n (V)  + K a (V)  +] ,, , (5)  

[H + [ /~) ]  " 

where  [ H  +] is the  p r o t o n  concent ra t ion , /~ , , in  (V) is the  
value  o f  Kw, 2 at very h igh  p r o t o n  c onc e n t r a t i ons ,  K~(V) 
is the  d i f f e rence  be tw e e n  the  value o f  Kl/, 2 at very low 
p r o t o n  c o n c e n t r a t i o n s  a n d  Kmin(V), [ /~]  is the  p r o t o n  
c o n c e n t r a t i o n  giving 50% o f  K~(V) a n d  n is the  Hill  co- 
eff icient .  C o n t i n u o u s  l ines in Fig. 5 B were  o b t a i n e d  
f rom a fit o f  Eq. 5 to the  da ta  with pI~) = 6.1 a n d  n = 
1.5 at  b o t h  + 6 0  a n d  - 6 0  inV. Kmi,, a n d  K• were  respec-  
tively: 80 a n d  830 ~M at  - 6 0  mV, 68 a n d  588 I~M at 
+ 6 0  inV. Eq. 5 can  be  de r ived  by a m o d e ]  in which  KI/2 
is d e c r e a s e d  by the  coope ra t ive  b i n d i n g  o f  at  ]east n 
p ro tons .  T h e r e f o r e  the  shift  o f  dose - re sponses  to lower  
cAMP c o n c e n t r a t i o n s  when  in t e rna l  p r o t o n  concen t r a -  
t ion is i nc r ea sed  can  be d e s c r i b e d  by the  coope ra t ive  
ac t ion  o f  at  least  two p r o t o n s  (n = 1.5) b i n d i n g  to sites 
with a pK~ of  6.1. 

Fig. 6 shows m e a n  values o f  the  Hill  coef f ic ien t  at  
+ 6 0  mV as a func t ion  o f p H  i. Values  at  - 6 0  mV were al- 
mos t  iden t i ca l  to those  at  + 6 0  mV a n d  were  n o t  shown.  
T h e  Hil l  coef f ic ien t  was n o t  a f fec ted  by p H  i for  e i t h e r  
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FIGURE 5. KI/~ for cGMP and 
cAMP as a flmction of pH i. Mean 

- values of Kl/, 2 (_+SD) from several 
_ patches were calculated from val- 

ues obtained from the best fit of 
the Hill equation (Eq. 3) to 
dose-response ctlrves at various 
pH i as shown in Fig. 4. (A) K ,~. 
tor cGMP at +60 (filled triangles) 
and -60  mV (open triangles) and 
(B) Kl/2 for cAMP at +60 (filled 
.squares) and -60  mV (open 

5.0 6.0 7.0 8.0 squares) were plotted versus pH i . 
pH i Continuous lines were the fit nf 

Eq. 5 to the data with the fnllow- 
ing values: pN~ - 6.1 and n = 1.5 

at both +60 and -60  mV; Kmi,, and K• were, respectively, 80 and 830 IxM at -60  mV, 68 and 588 IxM at +60 mV. Number of experiments 
in the presence of cGMP (cAMP) at the indicated pH i was: 8 (5) at pH i 7.6, 4 (2) at 5.7, 5 (5) at 5.5, 3 (3) at 5.4, and 2 (2) at 5.0. 
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FIGURE 6. Hill coefficients for c h a n n e l  activation by cGMP a n d  
cAMP as a func t ion  o f p H  i. M ean  values (+SD)  o f  the  Hill coeffi- 
cients  at +60  m V  for cGMP (filled triangles) or  for cAMP (filled 
squares) were p lo t ted  versus  p H  i . N u m b e r  o f  e x p e r i m e n t s  as listed 
in the  l egend  of  Fig. 5. 
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FIGURE 7. 

cyclic nucleot ides:  for  cGMP n was between 2 and  3, 
while for  cAMP it was consistently be tween 1 and  2. A 
lower value o f  the Hill coeff icient  for  cAMP with re- 
spect  to cGMP-gated channe ls  is in a g r e e m e n t  with pre- 
vious observat ions at physiological  p H  i (Tanaka  et al. 
1989, I ldefonse  et al., 1992). T he  i n d e p e n d e n c e  o f  n 
on  pHi indicates that  the n u m b e r  o f  subunits  involved 
in the gat ing o f  the channe ls  was no t  modi f ied  by pHi. 

Dependence of lm~x on pHi and Voltage 

Pro tona t ion  effects were fu r the r  investigated by study- 
ing the relat ion between maximal  cur rents  and  pHi. 
Maximal cur rents  activated by cGMP or  by cAMP were 
normal i zed  as descr ibed  below and  plot ted  in Figs. 7-9.  
Values f r o m  several patches  were averaged and  plot ted  
(-+SD) as a func t ion  o f  pHi. 

Fig. 7 shows the plot  o f  maximal  currents  activated by 
cGMP at various pHi at + 6 0  or  - 6 0  mV and  normal-  
ized to the maximal  cu r ren t  activated by cGMP at pHi 
7.6 at the c o r r e s p o n d i n g  voltage. Cu r r e n t  had  a lmost  
the same value be tween pHi 7.6 and  7 and  then  de- 
creased when  pHi was fu r the r  lowered reach ing  50% o f  
its m a x i m u m  value at about  pHi 5. T he  cu r ren t  reduc-  
t ion was no t  voltage d e p e n d e n t ,  and  data were well fit- 
ted by the following equat ion:  

/In . . . .  G ( V, pH)  [Kj] 
- , ( 6 )  

/,,, . . . .  c ( V,, 7.6) [ K l ]  + [ H  +] 

where  [ H  +] is the p r o t o n  concen t ra t ion ,  and  [Kl] is 
the p r o t o n  concen t r a t i on  necessary to half-inhibit  the 
normal ized  current .  T he  con t inuous  line in Fig. 7 was 
the best fit to the data  ob ta ined  with pK1 of  5.1 for  bo th  
+ 6 0  and  - 6 0  mV. Eq. 6 is equivalent  to the relat ion for  
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Normalized maximal currents activated by cGMP as a 
function of pHi. Mean values (_+SD) from several patches of/,,1,x,c(; 
calculated at a given pH i and normalized to im~,x,cr at pH~ 7.6 in the 
same patch were plotted versus pHi. Currents were measured at 
+60 (filled triangles) or -60 mV (open triangles). Continuous line 
was the best fit ofEq. 6 to the data with pK~ = 5.1. Number of ex- 
periments was: 4 at pH i 7.0, 3 at 6.0, 6 at 5.7, 7 at 5.5, 10 at 5.4, and 
9 at 5.0. 

t i tration o f  a single acidic residue. The re fo re  the effect 
o f  pHi on  the cu r ren t  activated by cGMP could  easily be 
expla ined as partial b lockage o f  the cu r r en t  due  to pro- 
tona t ion  o f  an ionic g r o u p  with a pK o f  5.1. Th e  ab- 
sence o f  a vo l t age -dependen t  effect o f  pH~ on  the cur- 
ren t  activated by cGMP suggests that  this ionic g r o u p  is 
located nea r  the inner  m o u t h  o f  the channe l  outside 
the t r a n s m e m b r a n e  electrical field in a g r e e m e n t  with 
previous observations (Menini  and  N u n n ,  1990; 
Tanaka,  1993). 

It has been  suggested in previous sections (see Figs. 4 
B and  5 A) that  ga t ing o f  channels  by cGMP is no t  af- 
fected by p H  i . I f  we therefore  assume that  the maximal  
o p e n  probabil i ty for  cGMP, p, . . . . . .  G ,  is no t  affected by 
pH i it is s t raightforward to obtain  the fol lowing relat ion 
f rom Eq. 1: 

/, ....... G ( V, pH)  i ( V, 10H) 
= (7) 

/, ...... G (V, 7.6) i(V, 7.6) ' 

The  effect o f  pHi on  cGMP-gated currents  could  there-  
fore  be descr ibed as partial r educ t ion  o f  the single- 
channe l  current .  

Currents  activated by cAMP had  a m o r e  complex  de- 
p e n d e n c e  on  pHi. Maximal currents  activated by 20 
mM cAMP at a given pHi were normal ized  to the maxi- 
mal currents  activated in the same patch  by 1 mM 
cGMP at the same ph i  and  m e a n  values were p lot ted  in 
Fig. 8 at + 6 0  (filled circles) and  - 6 0  mV (open circles). 
Cur ren t  ratios o f  cAMP over cGMP increased with pro- 
ton  concen t r a t i on  and  could  be well descr ibed  by the 
following equat ion:  



I, ...... , (V, p H )  [H+]  n 
= Pm~,, ( V )  + P~ ( V )  , ( 8 )  

I, ...... c; (V, p H )  [H+]n + [K2], 

where  Pmi, (V) is the  ra t io  o f  m a x i m a l  c u r r e n t s  at low 
p r o t o n  concentra t ions ,  Pa(V) is the difference between 
the  ra t io  o f  m a x i m a l  cu r r en t s  at  h igh  a n d  low p r o t o n  
concen t r a t ions  and  P, ni,, (V) ,  [ H  + ] is the  p r o t o n  concen-  
t ra t ion ,  [/s is the  p r o t o n  c o n c e n t r a t i o n  giving 50% of  
P~( V ), a n d  n is the  Hil l  coeff ic ient .  C o n t i n u o u s  l ines in 
Fig. 8 were  o b t a i n e d  f rom a fit o f  Eq. 8 to the  da t a  with 

pK9 = 6 a n d  n = 2.8 at  b o t h  + 6 0  a n d  - 6 0  mV. P m i n  a n d  
P• were  respect ively  0.3 a n d  0.6 at  - 6 0  mV, a n d  b o t h  
h a d  the  same value  o f  0.5 at  + 6 0  mV. Eq. 8 can be  de- 
r ived by a m o d e l  in which  the  n o r m a l i z e d  c u r r e n t  is en-  
h a n c e d  by the  coope ra t ive  b i n d i n g  o f  at  least  n pro-  
tons. A fit to the  da ta  was also d o n e  with a r e l a t ion  de-  
sc r ib ing  c u r r e n t  e n h a n c e m e n t  by p r o t o n  b i n d i n g  to n 
i n d e p e n d e n t  sites, b u t  this r e l a t ion  gave a p o o r e r  fit. 

In  the  s imples t  hypo thes i s  tha t  the  s ing le -channe l  
c u r r e n t  at  a given vol tage  a n d  p h i  is the  same  when  
c h a n n e l s  are  ac t iva ted  by cGMP o r  by cAMP, the  follow- 
ing  r e l a t ion  is easily o b t a i n e d  f rom Eq. 1 : 

I, . . . . . .  A (V, p H )  P . . . . . . . .  A(V,P H )  
= ( 9 )  

I, ....... t; (V, p H )  P ....... G (V, p H )  ' 

Eq. 9 is equ iva len t  to Eq. 8, and ,  if  Pmax,c G is n o t  a f fec ted  
by pHi,  it is sugges t ed  tha t  the  m a x i m a l  o p e n  p robab i l -  
ity for  cAMP increases  as a func t ion  o f  p r o t o n  c onc e n -  
t r a t ion  d u e  to a coope ra t ive  ac t ion  o f  at  least  3 (n = 
2.8) p r o t o n s  with a pKz o f  6. This  m o d e l  is cons i s t en t  
with tha t  (see Eq. 5 a n d  Fig. 5 B) used  to ex p l a in  the  

shift  o f  dose - re sponses  to lower  cAMP c o n c e n t r a t i o n s  
caused  by p ro tons .  

A n o t h e r  n o r m a l i z a t i o n  p r o c e d u r e ,  equ iva len t  to tha t  
used  for  cGMP in Fig. 7, was t hen  a p p l i e d  to m a x i m a l  
cu r ren t s  ac t iva ted  by cAMP. Cur ren t s  m e a s u r e d  at the  
sa tu ra t ing  c o n c e n t r a t i o n  o f  20 m M  cAMP at a given pH~ 
were  n o r m a l i z e d  to the  m a x i m a l  c u r r e n t  ac t iva ted  in 
the  same pa t ch  by 1 m M  cGMP at pH~ 7.6, a n d  m e a n  
values were  p lo t t e d  versus pH~ in Fig. 9 at  + 6 0  (filled 
squares) a n d  - 6 0  mV (open squares). N o r m a l i z e d  maxi-  
mal  cu r ren t s  in cAMP inc rea sed  by i nc rea s ing  p r o t o n  

c o n c e n t r a t i o n  f rom pHi 7.6 to 5 .7-5.5  a n d  then  de- 
c r eased  as pHi  was lowered  to 5.0. 

A re la t ion  de sc r i b ing  n o r m a l i z e d  cu r r en t s  p lo t t ed  in 
Fig. 9 is easily o b t a i n e d  mul t i p ly ing  Eqs. 6 a n d  8: 

I, ..... A (V, p H )  [K,]  

I, . . . . . .  (;(V, 7.6) [KI] + [H+I 

- - -  - . ( 1 0 )  Pmi.(V) +PA(V)  [H+]n  + [ K , ] n J  

C o n t i n u o u s  l ines  in Fig. 9 were  p l o t t e d  f rom Eq. 10 
with the  p a r a m e t e r s  o b t a i n e d  f rom fits o f  Eqs. 6 a n d  8 
to the  da t a  in Figs. 7 a n d  8, respect ively.  Eq. 10 well de-  
scr ibes m a x i m a l  cu r r en t s  ac t iva ted  by cAMP as a func- 
t ion o f  pHi a n d  is very useful  to i n t e r p r e t  the  data.  An 
inc rease  in i n t e rna l  p r o t o n  c o n c e n t r a t i o n  p r o d u c e s  an  
e n h a n c e m e n t  o f  ac t ivat ion by cAMP inc reas ing  the  
c h a n n e l  o p e n  p robab i l i t y  t h r o u g h  the  coope ra t ive  
b i n d i n g  o f  at  least  3 p r o t o n s  with a p K  2 o f  6 (Eqs. 8 a n d  
9) and ,  at  the  same t ime,  p r o t o n s  cause  a r e d u c t i o n  o f  
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Maximal currents activated by 20 mM cAMP at a given 
pH i normalized to maximal currents activated in the same patch 
by 1 mM cGMP at the same pHi plotted as a function of pHi at +60 
(filled circles) or -60  mV (qOen circles). Continuous lines were the fit 
ofEq. 8 to the data with the following values: pK2 = 6 and n = 2.8 
at both +60 and -60  mV; Pm~,(+60) = Pa (+60) = 0.5; 
P, ni.(-60) = 0.3; P~ (-60) = 0.6. Number of experiments was: 6 
at pH~ 7.6, 2 at 7.0, 3 at 6.0, 4 at 5.7, 4 at 5.5, 4 at 5.4, and 2 at 5.0. 
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FIGURE 9. Normalized maximal currents activated by cAMP as a 
function ofpH i. Mean values (+SD) from several patches of the ra- 
tio between currents activated by 20 mM cAMP at a given pHi, and 
currents activated by 1 mM cGMP at pH i 7.6 in the same patch 
were plotted versus pH i . Currents were measured at +60 (filled 
squares) or -60  mV (open squares). Continuous lines were obtained 
from Eq. 10 with values of parameters listed in the legend of Figs. 7 
and 8. Number of experiments was: 9 at pHi 7.6, 2 at 7.0, 3 at 6.0, 4 
at 5.7, 7 at 5.5, 4 at 5.4, and 7 at 5.0. 
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single-channel current  due to the binding of  a p ro ton  
to a site with a pK 1 of  5.1 (Eqs. 6 and 7). Enhancemen t  
of  gating dominates  over single-channel current  reduc- 
tion when pHi is decreased f rom 7.6 to 5.7-5.5. A fur- 
ther pH i decrease to 5.0 does not  p roduce  an addi- 
tional increase in open  probabili ty (Fig. 8) while the 
single-channel current  is fur ther  reduced (Fig. 7). 

D I S C U S S I O N  

The exper iments  described in this paper  show that the 
activation of  channels  by cyclic nucleotides in retinal 
rod outer  segments could be modula ted  by cytosolic 
acidification. Currents  activated at every cGMP concen- 
tration and applied voltage were reduced  by increasing 
cytoplasmic pro ton  concentrat ion.  Currents activated 
by cAMP were dramatically enhanced  by increasing 
pro ton  concentra t ion in the range of pHi between 7.6 
and 5.7-5.5 and then decreased between pHi 5.5 and 
5.0. Fur thermore  this effect was both voltage and con- 
centrat ion dependent .  

Modulation of cGMP-activated Channels 

When native channels were activated by cGMP, 1s 2 was 
not  modif ied by pHi (Fig. 5 A) suggesting that  the gat- 
ing of  the channel  was not  altered by pH i . Currents ac- 
tivated by cGMP were instead reduced by increasing 
pro ton  concentrat ion.  Current  reduction as a function 
of pHi did not  depend  on voltage and was well de- 
scribed by a curve for titration of a single acidic residue 
with a pK of 5.1 (Fig. 7). On the assumption that the 
gating of the channel  is not  modif ied by pHi, the same 
relation also describes the reduct ion of  single-channel 
current  by cytosolic acidification (Eqs. 6 and 7). The 
site of  action is voltage independent ,  and, therefore,  
must  be located at the inner  mouth  of the channel  out- 
side the t r ansmembrane  electrical field. These results 
are consistent with previous studies in which intracellu- 
lar protons were shown to reduce the current  activated 
by saturating cGMP concentrat ions in a voltage-inde- 
penden t  way (Menini and Nunn,  1990; Tanaka,  1993). 

Modulation of cAMP-activated Channels 

When channels  were activated by cAMP an increase in 
internal proton concentrat ion caused a decrease in K1/2 
(Fig. 5 B) indicating that pH~ altered the gating process 
of  the channel.  Since 1(1/2 is the concentra t ion of cAMP 
for half-maximal activation of  currents, its value reflects 
both the affinity of  cAMP for the binding site and the 
channel  conformat ional  change f rom the closed to the 
open  state. If  the effect of  pH i on currents activated by 
cAMP is simply due to an increase in affinity for its 
binding site, dose- response  relations are expected  to 
be shifted toward lower cAMP concentrat ions without 
modification of  the maximal current.  Maximal currents  
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activated by cAMP were instead affected by pHi (Figs. 4 
A and 9). Therefore  cytosolic acidification is acting at 
some site very impor tan t  in favoring the open  state of  
the channel.  An additional effect on the binding site 
could also be present.  

Both the effect of  pHi on K1/2 (Fig. 5 B) and on the 
maximal  open  probabili ty (Fig. 8) could be well ex- 
plained (Eqs. 5, 8, and 9) by same mechanism: the co- 
operative binding of  at least 2-3 protons  to sites with a 
pK of ~6 .  The maximal  open  probabili ty for cAMP rel- 
ative to that for cGMP could be obtained f rom the ratio 
of  maximal currents (see Eq. 9 and Fig. 8). At p H  i 7.6 
and +60 mY, p, . . . . . .  A was ~ 5 0 %  of  p, ...... G but  became 
~100% when pHi was reduced  to 5.7-5.5. An even 
larger increase in open  probability was measured at 
- 6 0  mV: at pHi 7.6 Pma• was ~ 3 0 %  of  p, ...... (, and be- 
came ~ 9 0 %  at pHi 5.7-5.5. There fore  when pro ton  
concentrat ion is increased, gating of the channels by 
cAMP becomes more  similar to gating by cGMP. This 
could also explain the change in the shape of I-V curves 
f rom the strong outward rectification observed in 
cAMP at pH~ 7.6, to the more  linear form at pH i 5.5 
(compare  left and right panels in Fig. 2 B). Indeed  I-V 
curves in cAMP at pHi 5.5 have a shape similar to I-V 
curves in cGMP (Fig. 2, A and B), and this change in 
voltage dependence  could be due, as shown above, to a 
pHi-induced change in the gating process by cAMP. 

Internal  protons could modula te  both  gating and 
permeat ion  of channels activated by cAMP. If  single- 
channel  currents in cAMP and cGMP are the same, the 
relation for titration of a single acidic residue (Eq. 6) 
will also describe the effect of  p H  i on the permeat ion  
propert ies  of  cAMP-gated channels. Therefore  modula-  
tion of cAMP-gated channels by internal protons seems 
to involve at least four protons,  one of  which combines 
with a pK1 of  5.1 and causes a reduct ion of single-chan- 
nel current,  and the other  three protons combine  with 
a pK2 of 6 and produce  an increase in the channel  
open probability. 

Comparison with Modulation by Other Factors 

The sensitivity to cyclic nucleotides of  native channels 
f rom retinal rods can be modula ted  by various factors. 
A compar ison of  modula t ion propert ies  by transition 
metal divalent cations and CaZ+-calmodulin shows many 
differences with modula t ion by internal protons.  

Micromolar  concentrat ions of  some transition metal  
divalent cations applied to the cytoplasmic side of  the 
patch have been shown to modula te  the current  acti- 
vated by cGMP (Ildefonse et al., 1992; Karpen et al., 
1993) by shifting the dose- response  relation to lower 
concentrat ions without affecting the maximal current  
activated by saturating cGMP; moreover ,  this potentia- 
tion effect persisted for many minutes after divalent 
cations were removed.  Currents activated by cAMP 



were also potentiated, and maximal currents were in- 
creased without modification of their voltage depen- 
dence by the addition of  Ni 9+ (Ildefonse et al., 1992). 
This effect was explained by an increase of  the open 
probability by cAMP. 

Ca2+-calmodulin applied to the cytoplasmic side of  
the patch has been shown to modulate CNG-gated 
channels from retinal rods by shifting the dose- 
response for activation by cGMP to higher concentra- 
tions (Hsu and Molday, 1993) without changing the 
maximal current (Gordon et al., 1995b). Also this effect 
persisted for several seconds after calmodulin was re- 
moved. 

There are many functional differences between mod- 
ulation by the above described factors and modulation 
by protons, and, therefore, they are likely to be caused 
by different molecular mechanisms. 

Native and Cloned Channels 

CNG channels from retinal rods have been shown to be 
hetero-oligomers composed of  c~ and [3 subunits (Kaupp 
et al., 1989; Chen et al., 1993; Chen et al., 1994; K6r- 
schen et al., 1995; and for reviews, see Kaupp, 1995; 
Zimmerman, 1995). Comparison of  properties of na- 
tive CNG channels with that of cloned CNG channels 
(Zimmerman, 1995; Gavazzo et al., 1996) composed of 
one or two types of subunits and site-directed mutagen- 
esis studies are necessm y for understanding function 
and modulation properties at a molecular level. 

It has been shown that CaU+-calmodulin does not 
have any effect on the c~ subunit of  the rod channel, 
whereas it seems to interact with the most recently 
cloned 13 subunit (Hsu and Molday, 1993; Chen et al. 
1994). Modulation by Ni 2+ ions was instead effective on 
the ~ subunit of the bovine rod channel, and site- 
directed mutagenesis studies have indicated that a histi- 
dine residue (H420) is involved in modulation (Gor- 
don and Zagotta, 1995). 

Recent studies have shown that modulation by inter- 
nal protons is effective on channels composed of only 
subunits and that there are many similarities and many 
interesting differences between modulation of native 
and cloned channels (Gavazzo et al. 1994; Gordon et 
al. 1996). For example, one difference was found on ac- 
tivation by cGMP: in native channels dose-response 
curves were not shifted by pHi (Figs. 4 and 5), whereas 
in channels composed o f ~  subunits, Ki/~ for cGMP was 
decreased as the internal proton concentration was in- 
creased. Activation by cAMP of channels composed of 
c~ subunits was enhanced by increasing proton concen- 
tration, but the effect was quantitatively larger than 
that observed in native channels. Site-directed mu- 
tagenesis studies (Gordon et al. 1996) have shown that 
aspartic acid (D604) and histidine (H468) residues in 
the ~x subunit of the bovine rod channel are involved in 

modulation by pHi. In particular, protonation at D604 
accounts for the cAMP-specific component  of  potentia- 
tion, and H648 accounts for a nucleotide-nonspecific 
componen t  of potentiation. Gordon et al. (1996) also 
found that channels formed by co-expressing the c~ sub- 
unit with the [3 subunit from (;hen et al. (1993) showed 
a reduced proton potentiation. They suggested that 
this result could be explained by the presence of aspar- 
agines, which are nonprotonatable  groups, at the posi- 
tions corresponding to 468 and 604. However, even 
their results with channels composed of c~ and [3 sub- 
units are still quantitatively different from those on na- 
tive channels shown in this paper. This discrepancy 
could at least be partially due, as pointed out by Gor- 
don et al. (1996), to channels composed of different ra- 
tios of e~ and [3 subunits, since the fraction of channels 
that incorporated the [3 subunit in their study is un- 
known. There could also be a difference between spe- 
cies, since native channels were studied in salamander 
retinal rods and cloned channels were obtained by co- 
expressing the (x subunit from bovine with the 13 sub- 
unit from human. Moreover, it has been recently 
shown that the [3 subunit used by Gordon et al. (1996) 
and originally cloned by Chen et al. (1993) is a compo- 
nent  of a 240-kD protein (Chen et al., 1994; K6rschen 
et al., 1995). It is therefore possible that some other 
amino acid of this most recently cloned complete 13 
subunit are involved in modulation by internal protons. 
Further studies on channels composed of c~ subunit 
and of the complete 13 subunit in different ratios will be 
necessax T to identify the reasons for differences be- 
tween native and cloned channels at a molecular level. 
Furthermore the amino acid responsible for the reduc- 
tion in single-channel current and located at the cyto- 
plasmic side of the channel has not been identified yet. 

A study of the effect of  pH on cloned CNG channels 
from catfish olfactory receptor cells composed only of 
c~ subunit has also been performed (Root and MacKin- 
non, 1994). Single channels activated by saturating 
concentrations of cGMP were studied in solutions con- 
taining deuterium while pH was changed at both sides 
of the membrane.  Site-directed mntagenesis studies 
showed that external protons could alter the ion per- 
meation properties by binding to titratable sites formed 
by glutamate (E333) with an anomalous pK.~ of  7.6 and 
suggested that these sites are located near the extracel- 
lular side of the channel. 

Comparison of Native Channels from Retinal Rods and 
Other CNG Channels 

The effect of cytosolic acidification on native CNG 
channels from olfacto~ T receptor cells has been studied 
activating channels only with saturating concentrations 
of  cAMP (Frings et al., 1992). It has been found that 
the current decreased as a fimction of phi  following a 
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curve for t i t ra t ion of  a single acidic res idue with a pK of  

~5 .0 -5 .2 .  These  results are similar  to those o b t a i n e d  

with the rod c h a n n e l  at sa tura t ing  cGMP concen t ra -  
t ions (Fig. 7). The  e n h a n c e m e n t  of cAMP-activated 
cur ren t s  by inc reas ing  i n t e rna l  p r o t o n  c o n c e n t r a t i o n  

seems to be a pecul iar i ty  of  the p h o t o r e c e p t o r  c h a n n e l  
no t  shared  by the olfactory c h a n n e l  a n d  therefore  use- 
ful to identify their  d i f fe rent  m e c h a n i s m s  of  act ivation 
at a mo lecu l a r  level. 

In  re t inal  rods cGMP is the i n t e rna l  s econd  messen-  

ger  while cAMP does n o t  seem to play any role in  pho-  

to t ransduc t ion .  Moreover  pHi in  rods does no t  seem to 
vary apprec iably  d u r i n g  the p h o t o t r a n s d u c t i o n  process 
(Yoshikami a n d  Hagins ,  1985). Even if there  is a small 

change  in pHi due  to hydrolysis of cGMP, the c u r r e n t  
activated by the physiological  messenger  cGMP does 
n o t  appreciably  change  when  pH~ varies be tween  7.6 

a n d  7. Also, in olfactory recep tor  cells, where  the physi- 
ological i n t e rna l  t r ansmi t te r  is cAMP, the activation of 

the channe l s  does n o t  seem to d e p e n d  on  pHi be tween  
7.6 a n d  7 (Frings et al., 1992). Thus ,  m o d u l a t i o n  of 
CNG channe l s  by in t e rna l  p ro tons  does no t  seem to 

play a physiological  role in  p h o t o t r a n s d u c t i o n  or in ol- 

factory t ransduc t ion .  

O t h e r  CNG channe l s  no t  b e l o n g i n g  to sensory recep- 

tor cells have b e e n  recent ly  discovered (for reviews, see 

Yau, 1994; Kaupp,  1995), bu t  mos t  of  their  func t iona l  
proper t ies  have no t  b e e n  charac ter ized  yet. With re- 

spect  to the proper t ies  of  activation by cyclic nucle-  
otides, it was f o u n d  that, for c loned  channe l s  f rom tes- 
tis, max imal  cur ren t s  activated by cAMP were < 3 0 %  of 

the max imal  c u r r e n t  activated by cGMP with Kl/2 of  8 
IxM for cGMP a nd  1.7 mM for cAMP (Weyand et al., 
1994). These  channe l s  seem to be func t iona l ly  very sim- 

ilar to the rod c h a n n e l  a n d  cou ld  have similar  modu la -  
t ion propert ies .  Cytosolic acidif icat ion is likely to mod-  
ulate  these channe l s  in  a similar  way to the rod  chan-  

nels, bu t  it is n o t  known  whe the r  this cou ld  have a 
physiological  relevance.  In  any case, regardless of the 

physiological  role of pHi in  m o d u l a t i n g  CNG channe ls ,  
e luc ida t ion  of the mo lecu l a r  mechan i sms  by which it 
acts will con t r i bu t e  to ou r  u n d e r s t a n d i n g  of  CNG chan-  
nels. U n d e r s t a n d i n g  of  mo lecu l a r  m e c h a n i s m s  of chan-  

nel  f unc t i on  a nd  m o d u l a t i o n  will be accompl i shed  by 
c o m b i n i n g  si te-directed mutagenes i s  studies with a con- 

t inuous  compar i son  of  proper t ies  of  native a n d  c loned  
channe l s  composed  of  various subuni ts .  
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