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ABSTRACT Ion channels gated by the binding of multiple ligands play a critical role in syn- 
apfic transmission and sensory transducfion. It has been difficult to resolve the contribution 
of individual binding events to channel gating because ligands are continuously binding and 
unbinding at each site. In examining the allosteric mechanism of retinal rod cGMP-gated 
channels, we have circumvented this problem by making use of a cGMP derivative, 8-p-azi- 
dophenacylthio-cGMP (APT-cGMP), that can be covalently tethered to the binding sites in 
the presence of long-wavelength UV light. In excised membrane patches, a population of 
channels was isolated that contained covalently-attached ligands at all but one site. Activation 
of these channels by cGMP revealed a previously unknown heterogeneity in the ligand-bind- 
ing sites. The dose-response relations were much shallower than predicted by single-site acti- 
vation models, but were well described by models in which there are two populations of sites, 
in roughly equal proportion, that bind cGMP with apparent affinities that differ by a factor of 
~25. The two apparent affinities, incorporated into a four-site model of the channel, pro- 
vided an accurate description of the patch's original dose-response relation. A comparison of 
results on native and expressed channels suggests that the heterogeneity in the native chan- 
nel arises at least in part from the presence of two different cGMP-binding subunits. 

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

A fundamental  question in the study of  ion channels is 
how individual protein subunits or domains participate 
in the process of  gating. A variety of  ion channels are 
gated or opened  by the binding of  multiple ligands, 
each associating with a separate subunit  or domain (re- 
viewed in Andersen and Koeppe, 1992; Barnard, 1992; 
Unwin, 1993; Catterall, 1994). The ligands for this 
group of channels include neurotransmitters and intra- 
cellular messengers such as Ca 2+, cyclic nucleotides, 
and phosphoinositides. It has been difficult to assess 
the contr ibution of  each binding step to gating because 
methods have not  been available to study each event in 
isolation. Covalent tethering of  one  or more  ligands to 
a channel  allows the functional consequences of  ligand 
binding to the remaining sites to be measured without 
the complications of  the original ( tethered) ligands dis- 
sociating and rebinding. This approach provides infor- 
mation on individual binding-site behavior that cannot  
be extracted from a conventional analysis of  dose- 
response relations using free ligand alone. 
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Channels directly gated by the binding of cyclic nu- 
cleotides are emerging as a key componen t  of signaling 
systems in a variety of  cell types (reviewed in Yau, 1994; 
Zimmerman,  1995; Kaupp, 1995). This type of  channel  
was first discovered in retinal rods (Fesenko et al., 
1985), where it is known to generate a membrane  hy- 
perpolarization in response to the light-triggered hy- 
drolysis of  cGMP (reviewed in Yau and Baylor, 1989; 
Stryer, 1991; Pugh and Lamb, 1993; Yarfitz and Hurley, 
1994). When purified from bovine rods, the native 
channel  contains two subunits of  63- and 240-kD molec- 
ular mass (Kaupp et al., 1989; Hsu and Molday, 1993; 
Chen et al., 1993; Chen et al., 1994; K6rschen et al., 
1995), both of  which bind cGMP (Brown, Gerber,  and 
Karpen, 1993b; Brown et al., 1995). While significant 
activation of  the channel  requires the binding of  at 
least three molecules of  cGMP (Haynes et al., 1986; 
Zimmerman and Baylor, 1986; Karpen et al., 1988a), 
the role of  each subunit  type in channel  activation is 
not  clear. 

The rod channel  is an ideal candidate for the kind of  
analysis described above because, unlike the neu- 
rotransmitter-gated channels, it does not  desensitize 
upon exposure to its activating ligand (Fesenko et al., 
1985; Karpen et al., 1988b). In a previous study, expo- 
sure of  excised membrane  patches f rom salamander 
rod  outer  segments to a photoaffinity analogue of  
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c G M P ,  8 - p - a z i d o p h e n a c y l t h i o - c G M P  ( A P T - c G M P ) ,  in 

t h e  p r e s e n c e  o f  350 n m  l i g h t  was s h o w n  to  r e su l t  in a 

p e r s i s t e n t  c u r r e n t  t h a t  c o u l d  n o t  be  r e m o v e d  by e x t e n -  

sive p e r f u s i o n  wi th  c G M P - f r e e  s o l u t i o n  ( B r o w n  e t  al., 

1993b).  T h i s  c u r r e n t  d i s p l a y e d  a n u m b e r  o f  p r o p e r t i e s  

t ha t  p r ec i s e ly  m i m i c k e d  t h e  b e h a v i o r  o f  c u r r e n t s  

t h r o u g h  c G M P - a c t i v a t e d  c h a n n e l s ,  i n d i c a t i n g  t h a t  t h e  

p e r s i s t e n t  c u r r e n t  a r o s e  f r o m  i r r eve r s ib ly  ac t i va t ed  

c h a n n e l s  in w h i c h  c G M P  m o i e t i e s  w e r e  c o v a l e n t l y  t e th -  

e r e d  to t h e  l i g a n d - b i n d i n g  sites. T h i s  c o n c l u s i o n  was 

also s u p p o r t e d  by b i o c h e m i c a l  s tud ies  in w h i c h  A P T -  

[32p]-cGMP was f o u n d  to spec i f ica l ly  l abe l  b o t h  t h e  63- 

a n d  240-kD s u b u n i t s  o f  t h e  b o v i n e  r o d  c h a n n e l  ( B r o w n  

et  al., 1993b; B r o w n  e t  al., 1995).  

I n  t h e  c u r r e n t  s tudy  we h a v e  b e g u n  to e x p l o i t  this  ef- 

f ec t  by s t u d ~ n g  t h e  ac t i va t i on  o f  c h a n n e l s  m i s s i n g  o n l y  

a s ing le  l i gand .  T o  a c h i e v e  this c o n d i t i o n ,  > 8 0 %  o f  t h e  

c h a n n e l s  in  a p a t c h  w e r e  c o v a l e n t l y  ac t iva ted .  B i n o m i a l  

statistics t h e n  p r e d i c t s  t ha t  c h a n n e l s  m i s s i n g  o n l y  t h e i r  

last  l i g a n d  will o u t n u m b e r  t h o s e  m i s s i n g  two o r  m o r e  

l i g a n d s  by a f a c t o r  o f  ~ 1 5 .  Analys is  o f  t h e  dose -  

r e s p o n s e  r e l a t i o n  f o r  t h e s e  r e m a i n i n g  c h a n n e l s  ind i -  

c a t e d  t h e  p r e s e n c e  o f  two d i s t i nc t  p o p u l a t i o n s ,  p r e s e n t  

in r o u g h l y  e q u a l  p r o p o r t i o n s ,  t h a t  w e r e  a c t i v a t e d  by 

c G M P  wi th  a p p a r e n t  a f f in i t i es  t h a t  d i f f e r e d  by a f a c t o r  

o f  ~ 2 5 .  

M E T H O D S  

Reagents and Preparations 

cGMP and 8-Br-cGMP were purchased from Sigma Chemical Co. 
(St. Louis, MO). APT-cGMP was synthesized as described previ- 
ously (Brown et al., 1993b). Native cGMP-gated channels were 
studied in excised, inside-out membrane patches from retinal 
rod outer segments of  the leopard frog, Rana pipiens (maintained 
at 4~ as described in Gordon et al., 1992). A few experiments 
were done for comparison on patches from the larval tiger sala- 
mander, Ambystoma tigrinum (maintained as described in Baylor 
and Nunn, 1986). The methods used to obtain isolated cells and 
outer segments for recording have been described (Brown et al., 
1993a). Expressed homomultimeric channels were studied in 
patches excised from Xenapus oocytes injected with cRNA coding 
for the bovine ~ subunit. The cDNA clone was kindly provided by 
Dr. William Zagotta (University of Washington School of Medi- 
cine, Seattle, WA). The amino acid sequence is identical to the 
published sequence (Kaupp et al., 1989). RNA was transcribed 
from the cDNA and injected into Xenopus oocytes using previ- 
ously described methods (Zagotta et al., 1989). Typically, each 
oocyte was injected with 50 nl of a 1 ng /n l  solution of RNA. 

Electrophysiology 

Patch-clamp experiments on native rod channels were per- 
formed as described (Brown et al., 1993a, b). For experiments on 
expressed channels in oocytes, patch electrodes had resistances 
~<1 MI~. In all experiments, the solution in the patch pipette and 
experimental chamber contained 130 mM NaCI, 2 mM Hepes 
(pH 7.6), and 0.02 mM EDTA, with cyclic nucleotides added as 

indicated. Currents were evoked by +50-mV pulses (50 ms in du- 
ration) from a holding potential of 0 mV. They were low-pass fil- 
tered at 2 kHz and sampled at 10 kHz. To determine the cGMP 
dose-response relation before covalent activation of channels, 
leak currents in the absence of cGMP were subtracted. Currents 
at low cGMP concentrations were measured after a steady state 
was reached. Currents at high cGMP concentrations were mea- 
sured within 2 ins of switching the voltage to minimize ion deple- 
tion effects (Zimmerman et al., 1988); changes in gating were 
complete within that time (Karpen et al., 1988a). For covalent ac- 
tivation of  channels, patches were exposed to APT-cGMP and il- 
luminated with long-wavelength UV light as described (Brown et 
al., 1993b). The output of the 200-W mercury lamp (Spectral En- 
ergy, Westwood, NJ) was screened with both a 360-nm bandpass 
filter (UG 1; Schott Glaswerke, Mainz, Germany) and an IR 
blocking filter (51950; Oriel Corporation, Stratford, CT). The 
latter filter prevented warming of the experimental chamber, 
and further attenuated wavelengths <320 urn. After exposure, 
patches were washed for 15 min in nucleotide-free solution to re- 
move all untethered cyclic nucleotide (see text). To determine 
the persistent current through cGMP-gated channels, the leak 
current was measured by perfusing the patch with 5 mM MgCI 2, 
which blocks 96-98% of the Na + current through the channel 
(Brown et al., 1993b). To obtain the dose-response relation for 
free cGMP atop a level of persistent current, the persistent cur- 
rent was subtracted from total currents in the presence of  cGMP. 
Atop persistent currents that were >70% of the maximum patch 
current, it was difficult to measure cGMP-induced currents that 
were less than one-tenth of the remaining current induced by sat- 
urating cGMP. There were two reasons for this: the primary rea- 
son is that the persistent current under these conditions is much 
larger than the cGMP-induced current, and small percentage 
fluctuations in the persistent current due to changes in the leak 
or changes in the maximum patch current can obscure the 
cGMP-induced currents. Second, the increase in current after 
the application of cGMP was often quite small (tens of picoam- 
peres). For these reasons, the changes in current at the lowest 
cGMP concentrations were usually measured several different 
times during the patch. Although fits of the Hill equation to 
dose-response data do depend somewhat on the range o f / / / ,n~  
values, the conclusions are not affected by the smaller range that 
was fit atop high levels of permanent  activation. Prior to covalent 
activation, Hill coefficients > 1.5 were consistently required to fit 
I/lmax values between 0.1 and 1.0. 

Graphical Representation of Data and Curve Fitting 

The fraction of maximum current vs cGMP concentration is plot- 
ted on double-log coordinates throughout this paper. This was 
done for two reasons. First, in each experiment a several thou- 
sand-fold range of cGMP concentrations was tested, which gave 
rise to currents that often varied over several orders of  magni- 
tude. On both linear and semi-log plots, the data at low concen- 
trations would be very compressed. Second, on a double log plot, 
the slope at low ligand concentrations approaches the minimum 
number of ligands required to activate the channel (Haynes et 
al., 1986; Zimmerman and Baylor, 1986). In this study, the aver- 
age number  of ligands that need to bind to cause activation de- 
creases with increasing levels of covalent liganding. 

The fits shown are to the log values of the fraction of maxi- 
mum current. In most cases, the fits to the linear values were very 
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similar. In those cases in which there is some discrepancy, how- 
ever, both sets of parameters are included, and more weight is 
given to the linear fit parameters. In fitting equations to the log 
values, one assumes that uncertainties are equal on a log scale, 
which underestimates the uncertainties at small values of the 
fraction of maximum current. Curve fitting and plotting were 
done with Sigma Plot 2.0 software for Windows (Jandel Scientific, 
San Rafael, CA). 

Equations for  Channel  Models 

Several mechanisms that can account for the observed heteroge- 
neity in the final binding step are considered in Figs. 5 and 6. As 
a way of distinguishing between them, we have determined 
whether they provide a good description of the original dose- 
response relation of a patch. For each mechanism, the equations 
relating the apparent dissociation constants at the final binding 
site to intrinsic dissociation constants and channel closing equi- 
librium constants are given in the text. The equations that de- 
scribe the dose-reponse relations for unliganded channels are 
given below. In each model, OL represents the fraction of chan- 
nels in the large conducting state, Os is the fraction of channels 
in the small conducting state, and r is the ratio of the open chan- 
nel conductance of the small state to that of the large state. I/Im~, 
is the fraction of the maximum current at saturating cGMP. The 
other quantities are defined in the text. 

Model 1 (Figs. 5 A and 6 A): 

O L = [cGMP] 4/ { [cGMP] 4 _]_ KL { [cGMP] 4 + 

2[cGMp]3(K A +KB) + 

[cGMp]2 (KA 2 + 4KAK s + Ks2 ) + 

2 [cGMP] (KAZKs + KAKB 2) + KAZKs 2 } } 

l/lint x = O L (1 + KL) . 

Model 2 (Figs. 5 Band 6 B): 

O L = [cGMP] 4/{ [cGMP] 4 q_ KL { [cGMP] 4 _~_ 

2 [cGMP] 3 (KA + KB) (1 + 1/Ks) + 

[cGMP] 2 (KA 2 + 4KAKs+Ks2)  + 

2 [cGMP] (KA2KB + KAKB 2) +KA2KB 2 } } 

0 s = 20LK L (K A + K s) / (K s [cGMP ] ) 

I/Ima x = (O L + r O  s)  (1 +KL). 

Model 3 (Figs. 5 C and 6 C): 

O e = [cGMP] 4/{ [cGMP] 4 _[_ KL 

2 [cGMP] 3K a (2 + 1/K s ) + 

6 [cGMP] 2KA2 + 

4 [cGMP] KA 3 + KA 4 } } 

0 s = 20LKLKA/(K s [cGMP] ) 

l/lm, x = ( 0  e+  rOs) (1 +KL). 

{ [cGMP] 4 3t 
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Model 4 (Fig. 6 D): 

O L = 0.5 [cGMP] 4/ { [cGMP] 4 "4- 

KL( [cGMP] +K a )4 } q_ 

0.5 [cGMP] 4/{ [cGMP] 4 q_ 

KL([CGMP] +K s )4 } 

l]Ima x = O L (1 + KL). 

R E S U L T S  AND D I S C U S S I O N  

Time Course of  Covalent Activat ion 

Curren t s  activated by the reversible b i n d i n g  of  cGMP 
or  by the covalent  t e the r ing  of  cGMP moiet ies  to chan-  
nels  were s tudied  in  excised, i n s i d e - o u t  m e m b r a n e  

patches.  In  Fig. 1, pers is tent  cu r ren t s  at +50  mV 

t h r ough  cGMP-gated channe l s  are p lo t ted  as a f u n c t i o n  
of  the t ime of  exposure  to APT-cGMP a n d  UV light. 

The  pers is tent  cur ren t s  are expressed as a f rac t ion of  

the m a x i m u m  cGMP- induced  c u r r e n t  of  the patch.  
O n e  set of  data  (closed circles) was o b t a i n e d  on  native 
channe l s  f rom a frog rod  ou te r  segment ,  a nd  the o the r  

(open circles) o n  expressed h o m o m u l t i m e r i c  channe l s  
f rom a Xenopus oocyte that  was in jec ted  with cRNA cod- 
ing  for the bovine  63-kD (or) s u b u n i t  (Kaupp et al., 

1989). D u r i n g  exposure ,  the patches  were con t inuous ly  

per fused  with a near ly  sa tura t ing  c o n c e n t r a t i o n  of  fresh 
APT-cGMP (10 ~M for native c h a n n e l s  a n d  20 ~M for 

expressed channe l s ) .  This  h e l p e d  to ensu re  that  cova- 
l en t  a t t a c h m e n t  of  l igand  occur red  randomly ,  a n d  n o t  

with an  efficiency based o n  binding-s i te  affinity. After 

each t ime poin t ,  patches  were washed for 15 m i n  with 
nucleot ide- f ree  so lu t ion  to ensu re  that  all of  the un-  

t e the red  cyclic nuc leo t ide  was removed.  We have n o t e d  
that,  after photolysis, a small c o m p o n e n t  of  the c u r r e n t  

(typically < 1 0 %  of  the APT-cGMP-induced  cur ren t )  

decays on  a t ime scale that  is m u c h  longe r  t han  the 
t ime r equ i r ed  to perfuse  the chamber .  A l though  
c h a n g i n g  the so lu t ion  in  the en t i re  c h a m b e r  normal ly  

takes only  20-30 s, the slow c o m p o n e n t  of ten  takes 10 
m i n  or  m o r e  to comple te ly  decay. O n c e  this compo-  
n e n t  has b e e n  removed,  however,  the r e m a i n i n g  "per- 
sistent" c u r r e n t  is stable for the l ifet ime of  the pa tch  (as 

l ong  as 8 h).  We a t t r ibute  the slowly-decaying compo-  
n e n t  to photolysis p roduc t s  of  APT-cGMP that  may par- 
t i t ion in to  the patch m e m b r a n e  or  at tach to the chan-  
ne l  p ro t e in  via l inkages that  are relatively labile. The  
two t ime courses in Fig. 1 are very similar; the small  dif- 
fe rence  in  the kinetics is p robab ly  n o t  significant,  as 
partial  t ime-course  data  f rom o the r  patches  exh ib i ted  
a bou t  this m u c h  variat ion.  The  close c o r r e s p o n d e n c e  



between the two time courses suggests that  (x subunits  
f r o m  dif ferent  species, as well as the di f ferent  cGMP- 
b ind ing  subunits  within the native channe l  label with 
similar efficiency. These  t ime courses were used in sub- 
sequen t  exper iments  to estimate the exposure  times re- 
qui red  to achieve a certain level o f  covalent  activation. 

Activation of Channels by cGMP Atop Different 
Levels of Covalent Liganding 

Fig. 2 shows cGMP dose-response relat ions for  f rog  rod  
channels  before  covalent  activation, and  for  channels  
that  were no t  yet fully activated when  a persistent  cur- 
rent  o f  15 o r  82% o f  the m a x i m u m  was obta ined.  For  
the latter two relations, I/Imax represents  the increase 
in cu r r en t  caused by cGMP normal ized  by the maxi- 
m u m  increase caused by saturat ing cGMP (85 or  18% 
o f  the original  m a x i m u m  current ) .  T he  purpose  o f  the 
expe r imen t  was to de te rmine  the cGMP dose - r e sponse  
relations for  channels  that  already have an average o f  
one  or  m o r e  l igands covalently at tached.  Two changes  
are a p p a r e n t  in the relat ions after  covalent  activation. 
A h ighe r  pe rcen tage  o f  channels  were activated at a 
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F]ouR~ 1. Covalent activation of native and expressed cGMP- 
gated channels as a function of time of exposure to APT-cGMP 
and UV light. Ip represents persistent current in response to brief 
+50 mV pulses, after a patch was exposed for the indicated times 
to APT-cGMP and UV light and then perfused for 15 min with nu- 
cleotide-free solution. Concentrations of APT-cGMP are given in 
the text. Im~ x was the current caused by a saturating concentration 
of cGMP (1-2 mM) before exposure to APT-cGMP. After expo- 
sure, the maximum current was remeasured periodically as the 
sum of the persistent current and the current induced by saturat- 
ing cGMP. All currents were leak-subtracted (see Methods). ( Closed 
symbols) Data on native channels from a frog rod outer segment; 
(open symbols) data on expressed channels from a Xenopus oocyte 
injected with cRNA coding for the bovine c, subunit. /,l~, values 
were 706 pA (native) and 5,210 pA (expressed). Smooth curves 
were drawn by eye. 

given cGMP concen t ra t ion ,  and  the slope o f  the rela- 
tions became  progressively shallower. Both changes  are 
expec ted  o f  channels  that  conta in  one  o r  m o r e  perma-  
nent ly-at tached ligands: (a) subsaturat ing concent ra -  
tions o f  cGMP should  be m o r e  effective because the 
probabil i ty that  these channels  will be fully l iganded at 
any given cGMP concen t r a t ion  is h igher .  Fur the rmore ,  
earlier work suggests that  cGMP binds cooperat ively 
( Z i m m e r m a n  and  Baylor, 1986); it has b e e n  p r o p o s e d  
that  the last one  o r  two ligands b ind  with h ighe r  appar-  
en t  affinity because o f  confo rma t iona l  changes  to o p e n  
states (Karpen et al., 1988a; Haynes  and  Yau, 1990; Tay- 
lor and  Baylor, 1995). (b) Progressively shallower rela- 
tions are expec ted  because fewer and  fewer ligands are 
requi red  to activate the channels .  At low l igand concen-  
trations, the slope o f  the relat ion on  double- log  coordi-  
nates approaches  the m i n i m u m  n u m b e r  o f  ligands nec- 
essary to cause measurable  activation (Haynes et al., 
1986; Z i m m e r m a n  and  Baylor, 1986). In  the figure, 
data f rom three  patches  were c o m b i n e d  by expressing 
cGMP concen t ra t ions  relative to the concen t r a t ion  that  
gave a half-maximal cu r r en t  before  covalent  activation 
( Z i m m e r m a n  and  Baylor, 1986; Brown et al., 1993a). 
W h e n  normal ized  in this way, the c o r r e s p o n d i n g  dose- 
response  relat ions f rom dif ferent  patches  super impose .  
This indicates that  the magn i tudes  o f  the shifts in the 
dose - r e sponse  relations a top di f ferent  levels o f  cova- 
lent  activation were consis tent  across patches  and  over 
a severalfold range o f  absolute sensitivities to cGMP. 

A central  goal o f  this study was to isolate a popu la t ion  
o f  channels  in which all bu t  one  l igand was covalently 
at tached,  and  then  p r o c e e d  to measure  the result ing 
d e p e n d e n c e  o f  channe l  activation on  free cGMP con-  
centrat ion.  In def in ing the appropr ia te  condi t ions  for  
this exper iment ,  we initially m a d e  three  simplifying as- 
sumptions.  The  first was that  covalent  a t t achmen t  o f  
cGMP moiet ies  to channe l  b ind ing  sites is a r a n d o m  
process. The  very similar t ime-courses for  covalent  acti- 
vation o f  native channels  and  expressed homomul t i -  
mers  o f  the (x subuni t  (Fig. 1) argues that  this assump- 
t ion was reasonable.  U n d e r  these circumstances,  the 
probabil i ty that  a channe l  will conta in  a cer tain num-  
ber  o f  covalently a t tached ligands is given by the bino- 
mial distr ibution:  

n! 
x n - x  

f ( x )  = ( n - x ) ! x !  P q , (1) 

where  n is the total n u m b e r  o f  l igand-binding sites, x is 
the n u m b e r  o f  sites to which APT-cGMP is covalently at- 
tached,  p is the probabil i ty that  a par t icular  site is la- 
beled,  and  q is the probabil i ty that  a par t icular  site is 
no t  labeled (1 - p). The  second  assumpt ion  we made  
was that  n = 4. Several g roups  have now repor t ed  fits o f  
the Hill equa t ion  to dose - response  data  with coeffi- 
cients > 3  (Kaupp, 1991; Hsu and  Molday, 1993; Brown 
et al., 1993a). Fu r the rmore ,  analysis p resen ted  later 
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FIGURE 2. Double logarithmic plot of cGMP dose-response rela- 
tions for rod channels atop different levels of covalent activation. I 
represents currents activated by free cGMP at +50 InV. lma ~ for 
each relation is the change in current  induced by a saturating con- 
centration of cGMP, and  is equivalent to the original maximum 
current  of a patch minus the persistent current.  Data from three 
frog rod patches were combined by expressing cGMP concentra- 
tions relative to the concentrat ion that  gave a half-maximal current  
before covalent activation (K1/2). (Closed circles) Data before expo- 
sure to 10 p,M APT-cGMP and UV light; (open triangles) data atop a 
persistent current  that was, on average, 15% of the original maxi- 
mum current  (12% on one patch and 17% on another) ;  (closed 
squares) data atop a persistent current  that was, on average, 82% of 
the original maximum current  (77% on one patch and 87% on an- 
other).  The original maximum currents and  Kl/2 values for the 
three patches were: 700 pA and 15.4 I~M (0, 12, 77%); 1,280 pA 
and 36.7 ixM (0, 17%); 4,810 pA and 32.7 IxM (0, 87%). The 
smooth curves are fits to the data with a modified form of the Hill 
equation: 

( [cGMPI/Kll 2) " 
l/Ima x = 

( [cGMP]/Kl12) n .jr (Kij2_p/Ki/2) n, 

in which n is the Hill coefficient (an index of cooperativity), and 
K1/2_ p is the concentration of cGMP that causes a half-maximal 
change in current atop the persistent current. The numerator and 
denominator of the Hill equation were divided by K~/z so that 
cGMP concentrations could be expressed relative to this value. 
The fit parameters were as follows: 0% persistent current, n = 2.2 
and KI /2_p /KI /2  = 1.0; 15% persistent current, n = 0.97 and KI/2_p/ 
K1/z = 0.54; 82% persistent current, n = 0.65 and KII2.p/Kll z = 
0.18. 

suggests that dose- response  data f rom the same patch 
before  covalent activation and atop high levels of  cova- 
lent  activation are more  easily fit with four-site models  
of  the channel,  than with ei ther  three-site or five-site 
models.  Finally, in calculating the value of  p, we have 
assumed that the fraction of  m a x i m u m  current  is equal 
to the fraction of fully l iganded channels, which im- 
plies that channels  containing less than the full com- 
p lemen t  of  ligands do not  contr ibute  to the current.  

Under  these conditions, f(4) is equivalent to the frac- 
tional persistent current  (0.15 or 0.82 in the experi- 
ments  in Fig. 2), and p = f(4) ~ (Eq. 1). Values off (x)  
were then calculated for o ther  values of  x. At a frac- 
tional persistent cur rent  of  0.82, the probability that 
any given site is labeled is 0.95, and the fractions of  
channels containing 0, 1, 2, and 3 ligands, are pre- 
dicted to be 5.5 • 10 -6, 4.3 x 10 -4, 0.013, and 0.17. 
Aside f rom channels  that are fully liganded, the pre- 
dominan t  form of  the channel  is one in which a single 
ligand is missing. Triply l iganded channels are pre- 
dicted to o u t n u m b e r  channels  that  are doubly l iganded 
by a factor of  ~13.  For comparison,  at a fractional per- 
sistent current  of  0.50, triply l iganded channels are 3.5 
times as abundan t  as doubly l iganded channels, and  at 
a fractional persistent current  of  0.15, triply l iganded 
and  doubly l iganded channels are about  equally abun- 
dant  (with each about  three times as abundan t  as singly 
l iganded channels).  

The  conclusion that inactive channels are missing 
only one  ligand at a fractional persistent current  of  0.82 
does not  depend  on any of  the foregoing assumptions. 
If  n = 3 or n = 5, channels  missing one ligand are ex- 
pected to o u t n u m b e r  channels missing two ligands by 
factors of  15 or 12, respectively. Similarly, one can relax 
the assumption that  only fully l iganded channels con- 
tribute to the current,  and reach the same conclusion. 
Two conduct ing states have been  observed in native 
rod channels (Haynes et al., 1986; Z i m m e r m a n  and 
Baylor, 1986). In a recent  study, the open-channel  con- 
ductances of  the two states were est imated to be 25 and 
4 pS (Taylor and Baylor, 1995). The  fraction of  time in 
the lower conductance  state decreased with increasing 
cGMP concentrat ion,  suggesting that this state may 
arise f rom the opening  of  a partially l iganded channel.  
If  one assumes that a channel  containing three ligands 
contributes 16% as much  current  on average as a chan- 
nel containing four ligands (a conductance  ratio of  4 
pS /25  pS and the worst-case assumption of  an equally 
favorable channel  opening  equil ibrium constant  [see 
Taylor and Baylor, 1995]), the probabili ty that a given 
site is labeled would be 0.943, and the expected  ratio of  
triply l iganded to doubly-liganded channels would be 
11. Finally, analysis below demonstra tes  that the as- 
sumption that covalent l iganding is r andom can also be 
relaxed with little or  no effect on the conclusions. 

Evidence for  Funct ional  Heterogeneity in the 
cGMP-Binding  Sites 

On a simple basis, the dose- response  relation for chan- 
nels missing only a single ligand would be expected  to 
follow a rectangular  hyperbola  (i.e., a Hill coefficient 
of  1.0) if all of  the unl iganded binding sites were identi- 
cal. This is true for any single-site activation model ,  re- 
gardless of  the n u m b e r  or  nature  of  the conforma- 
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t ional  t rans i t ions  (Fersht ,  1985 [see also analysis in the  
n e x t  sec t ion ] ) .  Surpr is ingly ,  the  c o n c e n t r a t i o n  d e p e n -  
d e n c e  o f  c h a n n e l  ac t iva t ion  a top  a f r ac t iona l  pe r s i s t en t  
c u r r e n t  o f  0.82 (Fig. 2) was m u c h  sha l lower  t han  ex- 
pec t ed .  In  fact, the  bes t  fi t  o f  the  Hil l  e q u a t i o n  to the  
da t a  was o b t a i n e d  with a coef f ic ien t  o f  0.65. T h e  sim- 
p les t  m o d e l  tha t  can  exp la in  this b e h a v i o r  is o n e  in  
which  all o f  the  c h a n n e l s  a re  miss ing  only  a s ingle  
l igand ,  b u t  the  ind iv idua l  b i n d i n g  sites fall in to  two 
classes with d i f f e r en t  a p p a r e n t  affinit ies.  This  type o f  
m o d e l  is d e s c r i b e d  by the  fo l lowing  equa t ion :  

I/Ima x = F I [ c G M P ] / (  [ c G M P ]  + K  I ) + 
(2) 

F 2 [ c G M P I / ( [ c G M P ]  + K  2 ) ,  

whe re  I / ' Im~ is the  f r ac t ion  o f  m a x i m u m  r e m a i n i n g  cur-  
r en t  ( a top  the  pe r s i s t en t  c u r r e n t ) ,  F~ a n d  F 2 are  the  
f rac t iona l  a b u n d a n c e s  o f  the  two classes o f  sites, a n d  K 1 
a n d  K, 2 a re  the  a p p a r e n t  d i ssoc ia t ion  cons tants .  T h e  
sha l lower  d o s e - r e s p o n s e  b e h a v i o r  arises f rom d i f f e r en t  
p o p u l a t i o n s  o f  sites because  act ivat ion occurs  over  a 
wide r a n g e  o f  cGMP c o n c e n t r a t i o n s .  Fig. 3 c o m p a r e s  
the  bes t  fits o f  a s ingle-si te  ac t iva t ion  m o d e l  a n d  a two- 
site m o d e l  to dose - r e sponse  da ta  a top  a f rac t iona l  per-  
s is tent  c u r r e n t  o f  0.77. Clearly,  the  single-si te  m o d e l  is 
too  s teep  to exp l a in  the  data .  O n  the  o t h e r  h a n d ,  a two- 
site m o d e l  in which  the  sites exist  in r ough ly  equa l  pro-  
p o r t i o n s  with a p p a r e n t  d i ssoc ia t ion  cons tan t s  o f  0.42 
a n d  16 IxM prov ides  a g o o d  fit. Data  cons i s t en t  with 
these  conc lus ions  were  o b t a i n e d  on  10 o t h e r  pa t ches  
f rom f rog  rods  (seven) a n d  s a l a m a n d e r  rods  ( th ree ) ,  in 
which  Hil l  coeff ic ients  s ignif icant ly  less t han  o n e  were  
o b t a i n e d  a top  h igh  levels o f  cova len t  ac t iva t ion  (Table  
I) .  W h e n  d o s e - r e s p o n s e  re la t ions  a t o p  c o m p a r a b l e  
pe r s i s t en t  cu r r en t s  were  c o m p a r e d  for  all 11 pa t ches  
(as in Fig. 2), the  curves cons i s t endy  s u p e r i m p o s e d .  

A n u m b e r  o f  l ines  o f  ev idence  a r g u e  tha t  the  appa r -  
e n t  b ind ing-s i te  h e t e r o g e n e i t y  ref lects  an  in t r ins ic  
p r o p e r t y  o f  the  c h a n n e l ,  a n d  is n o t  an  ar t i fac t  in t ro-  
d u c e d  by the  e x p e r i m e n t a l  cond i t ions :  (a) C u r r e n t s  
ach ieved  by c o m p l e t e  cova len t  ac t iva t ion  are  the  same  
as m a x i m u m  c G M P - i n d u c e d  cu r r en t s  p r i o r  to cova len t  
l abe l i ng  (Brown et  al,, 1993b), a n d  the  c o n d u c t a n c e s  o f  
s ingle  e x p r e s s e d  h o m o m u l t i m e r i c  c h a n n e l s  ac t iva ted  
in b o t h  ways a re  the  s ame  (M. L. Ruiz a n d J .  W. Karpen ,  
u n p u b l i s h e d  resul ts) .  T h e s e  results  sugges t  tha t  co- 
valent ly  a t t a c h e d  l igands  are  as effective in p r o m o t i n g  
the  c o n f o r m a t i o n a l  t r ans i t ion  to an  o p e n  state as re- 
ve r s ib ly -bound  l igands;  this  t r ans i t ion  affects a p p a r e n t  
affinities,  especia l ly  at  the  f inal  b i n d i n g  site (Karpen  et  
al., 1988a).  T h e  resul ts  also suggest  t ha t  the  process  o f  
cova len t  l i g a n d i n g  does  n o t  cause  any n o n c o m p e t i t i v e  
i n h i b i t i o n  o f  c h a n n e l  func t ion .  (b) Af te r  p e r m a n e n t  ac- 
t ivat ion o f  some  o f  the  channe l s ,  the  en t i r e  dose  re- 
sponse  r e l a t i on  for  the  r e m a i n i n g  c h a n n e l s  is sh i f ted  to 
lower  c o n c e n t r a t i o n s ,  i.e., the  re la t ions  d o  n o t  cross 
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FIGURE 3. Functional heterogeneity in the cGMP-binding sites of 
the rod channel. Dose-response relation atop a persistent current 
that was 77% of the maximum cGMP-induced current. Data is 
from one of the patches shown in Fig. 2; measured currents were 
defined in the legend. The dashed curve is the best fit to the data 
of the following equation describing a single-site activation model: 
///ma~ ~ [cGMP] / ( [cGMP] + K), where K is the apparent dissocia- 
tion constant (1.6 ~M). The solid curve is the best fit ofEq. 2 (see 
text) to the data with the following parameters: F I = 0.44, Kl = 
0.42 IxM,/~; = 0.56, and K 2 = 16 txM. 

(see Fig. 2). I f  b i n d i n g  sites o f  lower  a p p a r e n t  affinity 
l ike those  d e s c r i b e d  above  were  c r e a t e d  by the  exper i -  
m e n t a l  cond i t i ons ,  some  c h a n n e l s  wou ld  l ikely r e q u i r e  
a h i g h e r  c o n c e n t r a t i o n  o f  cGMP for  ac t iva t ion  t han  
they  d i d  b e f o r e  e x p o s u r e  to APT-cGMP a n d  UV light.  
(c) T h e r e  is only  a small  left  shif t  in  the  d o s e - r e s p o n s e  
r e l a t ion  (Fig. 4) a n d  a small  d e g r e e  o f  cova len t  activa- 
t ion  obse rved  ( 1 - 2 % )  when  a h igh  c o n c e n t r a t i o n  o f  

TABLE I 
Fits of the Hill Equation to cGMP Dose-Response Relations atop Different 

Levels of Covalent Activation (Native and Expressed Channels) 

No. of 
% Covalent activation Patches n K1/2_p/K1/2 

0 (N*) 11 2.1 • 0.28 1.0 
1.5 +_ 0.41 (N) 3 1.4 -+ 0.17 0.77 + 0.021 
21 • (N) 6 1.0+-0.12 0.37• 
55 • 6.4 (1'?) 6 0.80 • 0.045 0.22 -+ 0.052 
76 • 7.6 (N) 4 0.67 • 0.046 0.20 • 0.047 

0 (E**) 10 2.0 • 0.35 1.0 
76 • 2.9 (E) 10 0.78 • 0.12 0.52 +- 0.32 

% Covalent activation is defined as Ip/Im~ ~ X 100 (see Fig. 1 legend); n 
and K1/2 p/K1/2 (Hill equation parameters) were defined in the Fig. 2 leg- 
end. *N represents native channels, and **E represents expressed channels 
(described earlier). Values are expressed as mean • SD. For native chan- 
nels, KII,~ before covalent activation was 29 • 9.3 I~M (range 1.3-43 I~M); 
for expressed channels, K1/2 was 57 • 25 IxM (range 27-97 ~M). 
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8-Br-cGMP is added to protect  ligand-binding sites dur- 
ing a 4-min exposure to APT-cGMP and UV light. 8-Br- 
cGMP, like APT-cGMP, activates the channel at about a 
10-fold lower concentrat ion than cGMP (Zimmerman 
et al., 1985; Koch and Kaupp, 1985; Brown et al., 
1993b). The magnitude of  the left shift is comparable 
to that seen in other  patches in which a similar degree 
of  covalent activation was developed after only a 10-20-s 
exposure. This indicates that the long exposure time in 
this patch had no effects on the channel that cannot  be 
explained by the level of  covalent liganding. The slow 
onset of  covalent activation in the presence of  8-Br- 
cGMP is yet another  indication that persistent currents 
arise from labeling of  the channel 's  cGMP binding 
sites. The effectiveness of  5 mM 8-Br-cGMP in prevent- 
ing covalent activation is less than one might expect, 
based on the percentage of  the time that it should oc- 
cupy available binding sites. It has been observed in 
photoaffinity labeling, however, that competing ligands 
are not as effective in preventing covalent labeling as 
would be predicted by the dissociation constants of  the 
two ligands (see e.g., Rogers and Parsons, 1992). The 
molecular basis for this p h e n o m e n o n  is not  well under- 
stood, al though it is thought  to result from long-lived 
photolysis intermediates (Bayley, 1983). (d) As shown 
in the next section, models incorporating both appar- 
ent  affinities provide a good fit to the original dose-  
response relation of  a patch. A successful fit could not  
be obtained using only one of  the apparent  affinities, 
regardless of  the assumptions made about  channel- 
opening equilibria. This indicates that neither the high 
nor  the low apparent  affinity alone was created by the 
process of covalent activation. We cannot  completely 
rule out the possibility that the sites are initially homo- 
geneous, but  because of  a structural difference, label in 
such a way that the last open sites have different appar- 
ent  affinities. Fortuitously, these affinities could appear  
to describe the original dose-response relation. If such 
a mechanism were true, however, the experiments would 
still be revealing a structural heterogeneity in the bind- 
ing sites. 

The conclusion that the ligand binding sites are heter- 
ogeneous does not depend on the initial assumption 
that the sites were labeled randomly. In fact, if covalent 
attachment at two different binding sites occurred with 
somewhat different efficiencies, a higher than expected 
proportion of channels would be missing a ligand at one 
class of site (the one that labels with lower efficiency), re- 
suiting in a measured Hill coefficient closer to 1.0. 

Binding-Site Heterogeneity and Activation 
of the Rod cGMP-gated Channel 

Fig. 5 illustrates three different mechanisms that might 
explain the functional heterogeneity in the final bind- 
ing step. All three models assume that there are four 
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FIGURE 4. 8-Br-cGMP inhibits covalent activation of the rod 
channel. Dose-response curves for channels before exposure to 
APT-cGMP and UV light (closed circles), for channels that remained 
to be fully activated after a 4-rain exposure to 10 txM APT-cGMP 
and UV light in the presence of 5 mM 8-Br-cGMP (#pen triangles), 
and for channels that remained to be fully activated after a subse- 
quent 4-min exposure to 10 t~M APT-cGMP and UV light (closed 
squares). The 4-min exposure in the presence of 8-Br-cGMP caused 
a persistent current that was 1-2% of the maximum cGMP- 
induced current of the patch (1,705 pA). The range given is due to 
a small uncertainty in the leak current (see Methods). The subse- 
quent 4-min exposure in the absence of 8-Br-cGMP caused a per- 
sistent current that was 30% of the maximum cGMP-induced cur- 
rent. Smooth curves were fits of the Hill equation to the data with 
the following parameters: (closed circles) n = 1.9 and K1/2 = 24 ~M; 
(open triangles) n = 1.2 and K1/2 = 21 ~M; (closed squares) n = 0.87 
and K~/2 = 6.5 t~M. 

cGMP-binding subunits, falling into two distinct classes; 
tethering of  cGMP to three sites generates two channel 
populations having different apparent  affinities for 
cGMP. In Model 1 (Fig. 5 A), this arises from binding 
sites that have different intrinsic affinities for cGMP. 
Model 2 (Fig. 5 B) is a variation on the first model, in 
which heterogeneity arises from different intrinsic af- 
finities, but  triply liganded channels can open to a par- 
tial or small conductance state. In Model 3 (Fig. 5 C), 
the different apparent  affinities arise because one class 
of  triply liganded channels opens to a subconducting 
state, while the other  class does not. In this case, both 
subunit types have identical intrinsic affinities, but the 
channels undergo different opening transitions de- 
pending on which combination of  subunits is occupied 
by cGMP. The apparent  affinity at one site is lower be- 
cause the open-closed transition to the subconducting 
state tends to stabilize the triply liganded form of the 
channel. In all of the models, fully liganded channels 
undergo a favorable transition to an open state. 

To determine if the observed heterogeneity reflects 
an intrinsic property of  the channel and to distinguish 
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K l = KAKL[ (1 + KL) (3) 

FIGURE 5. Models that might account for the observed heteroge- 
neity in the final binding step. In each model there are four cGMP- 
binding sites, two of one type and two of another, cGMP moieties 
are covalently tethered to all but one site, leaving an equal mixture 
of the two types of sites unoccupied. Free cGMP can bind to the 
lone remaining site, and fully liganded channels can open to a 
large conductance state. (A) Model 1: heterogeneity arises from 
binding sites that have different intrinsic affinities for cGMP. (B) 
Model 2: heterogeneity arises from different intrinsic affinities as 
in Model 1, but all triply liganded channels can open to a partial or 
small conductance state. (C) Model 3: heterogeneity arises because 
half of the triply liganded channels open to a subconductance 
state, while the other half do not (depending on which combina- 
tion of subunits is occupied). Both sites have identical intrinsic af- 
finities. 

between the models shown in Fig. 5, we attempted to fit 
a patch's original dose-response relation using the two 
apparent  affinities revealed by the covalent activation 
method. Each model predicts two apparent  dissocia- 
tion constants in the last cGMP-binding step that have 
somewhat different dependencies upon both the in- 
trinsic dissociation constants of  binding and the equi- 
librium constants describing channel opening. In Model 
1, in which the intrinsic binding affinities are different, 
the two apparent  dissociation constants are given by 
the following equations: 

K 2 = KBK L/(1 + KL) , (4) 

where KA and KB are the intrinsic dissociation constants 
for binding and KL is the channel closing equilibrium 
constant. For each fit to the original dose-response re- 
lation, a value of  KL was assumed, the corresponding 
values of K A and KB were calculated, and then values for 
I / Ima  x w e r e  calculated for the overall channel activation 
model (equations in Methods). This model has no ad- 
ditional free parameters; the early binding steps are de- 
scribed by KA and K B, and channel species with less 
than four ligands bound do not open. Using this sim- 
ple model, a reasonable fit to the original dose-  
response relation was obtained only for values of  KL 
near 7.0 (Fig. 6 A). This value is much higher (indicat- 
ing less favorable opening) than those reported in pre- 
vious studies (Karpen et al., 1988; Matthews and Wa- 
tanabe, 1988; Haynes and Yau, 1990; Taylor and Baylor, 
1995); at positive membrane potentials, values ranging 
from 0.11 to 0.79 have been obtained (corresponding 
to open probabilities of  0.9 to 0.56). In a recent high- 
resolution study of  single-channel patches from rod 
outer segments (Taylor and Baylor, 1995), the K L value 
of  0.79 was reported. As shown in Fig. 6 A, this value 
predicts an original dose-response relation that is 
shifted to high concentrations with respect to the data. 
Lower K L values predict dose-response relations that 
are shifted even farther to the right. 

A good fit to the original dose-response relation, us- 
ing realistic values of  K L, was obtained with Model 2 in 
Fig. 5 B. We retain the assumption that the observed 
heterogeneity arises solely from differences in the in- 
trinsic binding affinities, but expand the first model to 
include a transition to a partially-conducting open state 
from either of the triply liganded channel species. This 
type of  transition has no impact on the observed heter- 
ogeneity because it affects both triply-liganded species 
equally, but the presence of  a subconductance state 
dictates higher intrinsic affinities at each site to explain 
the apFarent affinities. The higher intrinsic affinities 
translate into an overall shift of  the predicted dose-  
response relation to lower concentrations. In this model, 
the two apparent  affinities are defined by the following 
equations: 

K 1 = K A K  L ( 1 + Ks) / [K s ( 1 + KL) ] (5) 

K 2 = KBKL(1 + K s ) / [ K s ( l  + K L ) ] ,  (6) 

where Ks is the channel closing equilibrium constant 
for the subconducting state, and the other constants 
were defined earlier. Assuming a KL value of 0.79 (see 
above), a good fit to the original dose-response curve 
was obtained with a K s value of  2.9 (Fig. 6 B). This value 
seems broadly consistent with measured behavior of 
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FIGURE 6. Fits of different channel  models that incorporate heterogeneity in the last b inding site to the original cGMP dose-response re- 
lation before covalent activation. Data is from one of  the patches shown in Fig. 2; measured currents were defined in the legend. The  filled 
circles represent  the original dose-response relation and  the open circles represent  data atop a persistent current  that  was 87% of the max- 
imum cGMP-induced current.  In all four panels, the fit shown to the latter relation was obtained with Eq. 2 and the following parameters: 
F1 = 0.5, K1 = 1.2 p.M, F,2 = 0.5,/(2 = 19 p.M. These values of Ka and  K. 2 were used to calculate the values of the intrinsic parameters for each 
mechanism (see text). (A) Original dose-response relation fit with Model 1, in which heterogeneity arises as shown in Fig. 5 A. (Dashed 
curve) KL was assumed to be 0.79, KA and KB were calculated to be 2.8 and 42 p.M (from Eqs. 3 and 4), and I/Ima~ values were calculated us- 
ing equations for Model 1 (Methods). (Solid curve) KL was assumed to be 7.0, and K A and KB were calculated to be 1.4 and  21 p~M. There  
was little improvement  in the fit when KL values >7.0 were assumed. (B) Original dose-response relation fit with Model 2, in which heter- 
ogeneity arises as shown in Fig. 5 B. (Smooth curve) KL = 0.79, Ks = 2.9, and  the ratio of the open-channel  conductance of the small state to 
that of the large state, r, was assumed to be 0.16 (Taylor and Baylor, 1995). KA a n d / ~  were calculated to be 2.1 and 31 txM (from Eqs. 5 and 
6), and I/Im~ values were calculated using equations for Model 2 (Methods). (C) Original dose-response relation fit with Model 3, in 
which heterogeneity arises as shown in Fig. 5 C. (Smooth curve) Ks was constrained to be 0.071 to account for the difference between Kl and 
K 2 (Eqs. 7 and  8), r = 0.16, and KL = 0.055. KA was calculated to be 24 ~M, and I/Im~ values were calculated using equations for Model 3 
(Methods). (D) Original dose-response relation fit with Model 4, in which heterogeneity arises because of  two different types of  channels  
that  have different intrinsic affinities for cGMP. (Dashed curve) KL = 0.79, KA and KB were calculated to be 2.8 and  42 p.M (Eqs. 3 and 4), 
and// /max values were calculated using equations for Model 4 (Methods). (Solid curve) KL = 0.13, and KA and KB were calculated to be 11 
and 160 ~M. 

t h e  s m a l l  c o n d u c t a n c e  s t a t e  ( T a y l o r  a n d  Bay lo r ,  1 9 9 5 ) ;  

a c h a n n e l  c l o s i n g  e q u i l i b r i u m  c o n s t a n t  was  n o t  d e t e r -  

m i n e d ,  b u t  o p e n i n g  to  t h i s  s t a t e  f r o m  p a r t i a l l y - l i g a n d e d  

c h a n n e l s  was  a t  l e a s t  s e v e r a l  t i m e s  less  f a v o r a b l e  t h a n  
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o p e n i n g  to  t h e  l a r g e  s t a t e  f r o m  fu l ly  l i g a n d e d  c h a n -  

n e l s .  

I n  M o d e l  3 (Fig. 5 C), i n  w h i c h  t h e  o b s e r v e d  h e t e r o -  

g e n e i t y  a r i ses  so le ly  f r o m  d i f f e r e n c e s  in  t h e  ab i l i t y  o f  



triply l iganded channels to open  to a subconduct ing 
state, the apparen t  affinities are given by the following 
equations: 

K l = K A K L / ( 1  + KL) (7) 

K z = KAK L(1 + K s ) / [ K  S(1 + K L ) ] ,  (8) 

where K s is the channel  closing equilibrium constant 
that describes the transition to a subconduct ing state 
f rom only one triply l iganded channel  species. The  con- 
stants KL and KA have been defined and are identical 
for both  species. To fully account  for the observed dif- 
ference between K1 and K 2, the value of K s is con- 
strained to be 0.071. A fit to the original dose-response  
relation was obtained with a KL value of 0.055 (Fig. 6 C). 
These opening  transitions are unrealistically favorable 
(particularly the value of Ks), which suggests that the 
heterogenei ty does not  arise primarily f rom this type of  
behavior. This sort of  mechanism,  however, could be 
responsible for part  of  the observed heterogeneity.  

The  binding-site heterogenei ty  appears  to be mainly 
an intrachannel  ra ther  than an interchannel  phenome-  
non. We were unable to fit the original dose- response  
relation with the assumption that  the two apparen t  af- 
finities at the last b inding step arose because of  the ex- 
istence of two different channel  types. Regardless of  
the assumptions made  about  channel  opening  equilib- 
ria, such a mechanism predicted an obvious kink in the 
original relations (Fig. 6 D), which has never been  ob- 
served. 

The  data presented here  are not  sufficient to rule out 
three- or five-site models  of  the channel,  because we 
still lack detailed information about  the early steps in 
the activation process. Assuming, however, that the in- 
trinsic affinities at the two types of  sites do not  depend  
on the n u m b e r  of  ligands bound,  and that  significant 
conformadonal  transitions (to open  states) occur  only 
after the binding of  the penult imate and ultimate 
ligands, it was more  difficult to fit the original dose-  
response relation with three- or five-site models. For 
three-site models, the recently measured  value of  0.79 
for the channel  closing equil ibrium constant  (Taylor 
and Baylor, 1995) predicts an original relation that is 
shifted slightly to the left of  the data, and including a 
small conductance  state f rom doubly l iganded chan- 
nels (the m i n i m u m  model  proposed  in that study) pre- 
dicts a curve that is shifted even far ther  to the left. For 
five-site models, a very favorable subconductance state 
arising f rom channels that contain four  bound  ligands 
was needed  to fit the original dose- response  relation 
(K s = 1.9 and Kc = 0.79). The  assumption made here,  
that significant conformat ional  transitions occur  only 
after the last two binding steps, is not  in conflict with 
the recent  proposal  that activation of  the homomult i -  
mer  of  the e~ subunit  occurs when cGMP binds to the 
open  state and progressively stabilizes that  conforma- 

tion (a Monod-Wyman-Changeux type allosteric model  
[Goulding et al., 1994]). In that study, the channel  
closing equil ibrium constant  was proposed  to be 0.084 
for a fully l iganded channel  and to increase by a factor 
of  33 for each ligand that unbinds,  making opening  
quite unfavorable f rom channels missing more  than 
one ligand. 

As described earlier, dose- response  data f rom other  
patches are virtually superimposable  when cGMP con- 
centrations are expressed relative to the concentrat ion 
that gave a half-maximal current  before covalent activa- 
tion. Therefore ,  very similar conclusions are reached in 
fitting the models  in Fig. 5 to data f rom different 
patches. Because the overall sensitivity to cGMP does 
vary (see Table I, legend),  the absolute values of  the fit 
parameters  also vary. The relative heterogenei ty  in the 
binding sites, however, appears  to be a robust  proper ty  
of  all the patches examined.  

Testing the Hypothesis that Binding Site Heterogeneity 
Arises from the Two Subunit Types 

The discovery of functional heterogenei ty  among  the 
cGMP-binding sites in the native channel  raises the in- 
triguing question of whether  this behavior  arises f rom 
two distinct subunits with different intrinsic properties,  
or  f rom differential modula t ion of originally similar 
sites. Based on previous work, there are reasons to be- 
lieve that both  mechanisms may be operative. First, the 
sequence of  the 240-kD [3 subunit  shows only 50% iden- 
tity with the ~ subunit  in the cGMP-binding region 
(Chen et al., 1993; K6rschen et al., 1995; Brown et al., 
1995). These results make it seem likely that the [3 sub- 
unit  would bind cGMP with a different affinity. Second, 
results f rom Gordon  et al. (1992) indicate that endoge-  
nous mechanisms in the rod can modulate  the chan- 
nel 's  apparen t  affinity for cGMP. They repor ted  sponta- 
neous shifts of  the dose- response  relation over t ime af- 
ter the excision of patches f rom amphibian  rods. These 
shifts could be blocked by bath application of  protein 
phosphatase inhibitors or accelerated by application of  
purified protein phosphatases,  suggesting that phos- 
phorylat ion plays a role in regulating the apparen t  af- 
finity for cGMP. 

To test the simple hypothesis that the heterogenei ty  
observed in the native channel  originated solely f rom 
the presence of  two distinct subunits, homomul t imer ic  
versions of  the channel  composed  of  the bovine 0~ sub- 
unit  (Kaupp et al., 1989) were expressed in Xenopus oo- 
cytes, and tested for binding site heterogenei ty  after 
the covalent a t tachment  of  all but  one ligand. The  Hill 
coefficients of  the dose- response  relations were much  
more  variable than in native rod channels (Fig. 7 and 
Table I), ranging f rom 0.62 to 0.97 in 10 patches. (The 
shift in K1/2 after covalent activation was smaller and 
also much  more  variable than in native channels [Ta- 
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ble I].)  The  variability suggests tha t  oocytes possess 
mechan i sms  capable  o f  modify ing  the a p p a r e n t  affinity 
o f  the subunits  for  cGMP. In  two patches,  however,  it is 
i m p o r t a n t  to no te  that  the data  were fit with a Hill coef- 
ficient nea r  unity, indica t ing that  all o f  the subunits  
p resen t  in these channe ls  behaved  in a similar fashion. 
(In a thi rd  pa tch  a value o f  0.87 was obta ined.)  These  
results are  significant for  two reasons. First, the absence  
o f  he te rogene i ty  in two patches  provides fu r the r  evi- 
dence  that  the he te rogene i ty  seen in the native chan-  
nels was no t  an artifact caused by the exper imenta l  ma- 
nipulat ions.  Second,  Hill coefficients nea r  1.0 were 
never  seen in nat ive-channel  patches.  As descr ibed  ear- 
lier, the Hill coeff icient  for  native channels  missing 
only a single l igand was invariably be tween 0.6 and  0.7, 
even on  patches  whose original  1s values varied by a 
fac tor  o f  three.  T h e  consis tency o f  this result, f o u n d  
across patches  in which some  u n k n o w n  f o r m  o f  chan-  
nel  regula t ion was changing ,  suggests tha t  a n o t h e r  fac- 
tor is the d o m i n a n t  source  o f  he te rogene i ty  in native 
channels ,  pe rhaps  the presence  o f  two distinct subuni t  
types. Fur the r  testing o f  this hypothesis  may requi re  the 
ability to con t ro l  o r  e l iminate  regula tory  mechan i sms  
that  can create  h e t e r o g e n e o u s  behavior  in expressed 
h o m o m u h i m e r s ,  fol lowed by coexpress ion  studies us- 
ing  the [3 subunit .  

In  l ight o f  these results, it may  seem cur ious  that  
C h e n  et al. (1993) and  K t r s c h e n  et al. (1995) r epor t ed  
no  difference in the dose - r e sponse  relations between 
h o m o m e r i c  and  he t e romer i c  versions o f  the channe l  
expressed in HEK-293 cells. At least two explanat ions  
for  this are possible, however.  (a) It  seems likely that  
the proper t ies  o f  the et subuni t  assembled in a h o m o -  
mul t imer  would  no t  be the same as those exhibi ted  in a 
he te romul t imer .  For  example,  the concen t r a t ion  o f  
cGMP that  causes a half-maximal cu r r en t  (K1/2) is a 
func t ion  o f  bo th  b ind ing  and  channe l  gat ing (see Goul-  
d ing  et al., 1994; G o r d o n  and  Zagotta, 1995), and  coex- 
pression o f  the [3 subuni t  has been  shown to alter sin- 
g le-channel  gat ing characteristics (Chen  et al., 1993; 
K t r s c h e n  et al., 1995). A subc onduc t a nc e  state is appar-  
ent, and  rapid fl ickering between closed and  o p e n  
states reminiscent  o f  the native channe l  is restored.  
Thus,  the observat ion o f  a similar K1/2 u p o n  coexpres-  
sion o f  the [3 subuni t  does no t  rule ou t  a significant 
funct ional  he te rogene i ty  in the behavior  o f  the two sub- 
uni t  types. (b) The re  may be species differences in the 
degree  o f  funct ional  heterogenei ty .  T he  coexpress ion 
studies were d o n e  with c loned  h u m a n  (Chen  et al., 
1993) and  bovine (K6rschen et al., 1995) sequences.  

For  compar i son ,  it is in terest ing to no te  tha t  the na- 
tive olfactory cyclic nucleot ide-ga ted  channe l  is acti- 
vated by ~2.5- fo ld  lower concen t ra t ions  o f  cGMP than 
cAMP (Nakamura  and  Gold, 1987; Frings et al., 1992), 
while the h o m o m u l t i m e r  o f  the first subuni t  exhibits a 
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FI~URr 7. Evidence that the last binding site of expressed homo- 
multimeric channels can either behave homogenously, or exhibit 
varying degrees of heterogeneity. Dose-response relations for 
channels in Xenopus oocytes consisting of the bovine 0t subunit, be- 
fore covalent activation (closed symbols), and atop a high persistent 
current (/>75% of the maximum patch current [open symbols]). 
Measured currents were defined in the Fig. 2 legend. Data from 
three patches were normalized by expressing cGMP concentra- 
tions relative to the concentration that gave a half-maximal current 
before covalent activation (K1/z). Each symbol shape is from a dif- 
ferent patch. The original maximum currents and K1/2 values for 
the three patches were: 7,580 pA and 44.4 IxM (triangles); 10,850 
pA and 36.2 IxM (squares); 11,670 pA and 72 txM (circles). The 
smooth curves are fits to the modified form of the Hill equation 
given in legend to Fig. 2: (closed symbols) 0% persistent current, n = 
2.0 a n d  KI/2_p/KI/2 = 1.0; (open triangles) 75% persistent current, 
n = 0.96 and KI/2_p/K1/2 = 0.84 (linear fit parameters [see Meth- 
ods]), n = 0.82 and KI/2_p/K1/2 = 0.91 (log fit parameters); (open 
squares) 82% persistent current, n = 0.76 and K1/2.p/Kan = 0.42; 
(trpen circles) 79% persistent current, n = 0.62 and KI/2_p/K1/2 = 

0.092 (linear fit parameters), n = 0.79 and KI/2_p/K1/2 = 0.086 
(log fit parameters). 

30-fold p re fe rence  for  cGMP. Coexpress ion  of  the sec- 
o n d  subuni t  restores sensitivity to cAMP and  reduces  
the a p p a r e n t  affinity for  cGMP (Liman and  Buck, 1994; 
Bradley et al., 1994). 

The  funct ional  he te rogene i ty  in the b ind ing  sites o f  
the rod  cGMP-gated channel ,  arising apparent ly  f rom 
differences  in the intrinsic affinities o f  the subuni ts  for  
cGMP, is a previously u n k n o w n  feature  o f  channe l  
func t ion  that  will have to be taken into accoun t  as m o r e  
is l ea rned  abou t  the gat ing m e c h a n i s m  and  the modu-  
lation o f  this type o f  channel .  Wha t  pu rpose  migh t  two 
dif ferent  types o f  cGMP b ind ing  sites serve? T h e r e  is no  
definite answer at this time, bu t  it seems attractive to 
suppose  that  the lower affinity site may have a faster of f  
rate, allowing for  m o r e  rapid channe l  closure in re- 
sponse  to a l ight- induced decrease  in the cGMP con- 

1 7 9  KARPEN AND B R O W N  



cent ra t ion .  A l though  c h a n n e l  ga t ing  is m u c h  faster 

t han  the single p h o t o n  response  of  a rod, it was 
p o i n t e d  ou t  previously that  very rapid  ga t ing  kinetics 
he lp  the single p h o t o n  response  to s tand ou t  f rom 

c h a n n e l  noise  in  darkness  (Karpen  et al., 1988b). The  
h ighe r  affinity site, meanwhi le ,  woulcl give the overall 

c h a n n e l  a h ighe r  sensitivity to cGMP, so that  lower 
cGMP concen t r a t i ons  would  be r equ i r ed  to achieve a 

cer ta in  level of  dark  cur ren t .  Two di f fe rent  types of 
cGMP-b ind ing  sites may also allow for more  flexible 

a n d  g raded  m o d u l a t i o n  of  c h a n n e l  func t ion .  Already 
there  is evidence  that  the two types of  subuni t s  may be 
subject  to d i f fe rent  kinds of  modu la t i on .  T rans i t i on  

meta l  d ivalent  cat ions are known  to po ten t i a te  the ef- 
fect of  cGMP o n  the channe l ,  caus ing  a shift in  the 

dose - r e sponse  re la t ion  to lower concen t r a t i ons  (Ilde- 

fonse a n d  Benne t t ,  1991; Ka rpen  et al., 1993); r ecen t  
evidence  suggests that  they stabilize the o p e n  confor-  

ma t ion  of  the channe l ,  a n d  b i n d  to a h is t id ine  res idue 

(H420) in  the OL s u b u n i t  ( G o r d o n  a n d  Zagotta, 1995). 
T h e r e  is n o  c o r r e s p o n d i n g  his t id ine  res idue in  the [3 
subuni t .  O n  the o the r  hand ,  the complex  of Ca 2+ a n d  

c a l m o d n l i n  has b e e n  shown to shift the dose - r e sponse  

to h ighe r  concen t r a t i ons  (Hsu a n d  Molday, 1993; Gor- 
d o n  et al., 1995), a n d  evidence  suggests that  the com- 
plex interacts  with the [3 s u b u n i t  (Hsu a nd  Molday, 
1993; C h e n  et al., 1994). The  t echn iques  descr ibed  

here  shou ld  be useful  for s tudying c h a n n e l  m o d u l a t i o n  
at the level of  the indiv idual  cGMP-b ind ing  sites. They  

shou ld  also be part icular ly useful  at the s ing le -channe l  
level. In  that  setting, the covalent  t e the r ing  of  cGMP to 
the c h a n n e l ' s  b i n d i n g  sites will pe rmi t  the isolat ion of  

channe l s  with a fixed n u m b e r  of  b o u n d  ligands. This 
promises  to be a valuable  tool to d e t e r m i n e  the or ig in  

of  d i f fe rent  c o n d u c t i n g  states, to l ea rn  more  abou t  the 

early steps in  the activation process, a n d  to dissect the 
c o n t r i b u t i o n  of indiv idual  subuni t s  to overall c h a n n e l  
func t ion .  
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