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ABSTRACT cGMP mediates  ver tebra te  pho to t ransduc t ion  by directly gat ing cat- 
ionic channels  on  the p lasma m e m b r a n e  of  the p h o t o r e c e p t o r  ou te r  segment.  
This second messenger  is p r o d u c e d  by a guanylate cyclase and  hydrolyzed by a 
light-activated cGMP-phosphodiesterase .  Both of  these enzyme activities are Ca '>+ 
sensitive, the guanylate cyclase activity be ing  inhib i ted  and the light-activated 
phosphodies te rase  be ing  e n h a n c e d  by Ca 2+. Changes in these activities due  to a 
l ight - induced decrease  in in t racel lular  Ca 'e+ are  involved in the adap ta t ion  of  pho- 
toreceptors  to backg round  light. We descr ibe here  exper iments  to character ize  
the guanylate cyclase activity and its modula t ion  by Ca 2+ using a t runca ted  rod  
ou te r  segment  p repara t ion ,  in o r d e r  to evaluate the enzyme's  role in l ight adapta-  
tion. The  ou te r  segment  o f  a t iger sa lamander  rod  was drawn into a suction pi- 
pet te  to allow record ing  of  m e m b r a n e  current ,  and  the r ema inde r  of  the cell was 
sheared  off with a p robe  to allow internal  dialysis. The  cGMP-gated channels  on 
the surface m e m b r a n e  were used to mon i to r  conversion of  GTP, suppl ied  f rom 
the bath,  into cGMP by the guanylate  cyclase in the ou te r  segment .  At nomina l  0 
Ca 2+, the cyclase activity had  a Km of  250 I~M MgGTP and  a gma x of  25 wM cGMP 
s -1 in the presence  of  1.6 mM free Mg2+; in the presence  of  0.5 mM free Mg z+, the 
Km was 310 ~M MgGTP and the Vma~ was 17 o~M cGMP s -I .  The  s t imulat ion by 
Mg 2+ had  an ECs0 of  0.2 mM Mg 2+ for MgGTP at 0.5 mM. Ca 2+ inhib i ted  the cy- 
clase activity. In a K + in t racel lu lar  solution, with 0.5 mM free Mg 2+ and  2.0 mM 
GTP, the cyclase activity was 13 ~zM cGMP s -1 at nomina l  0 Ca2+; Ca z+ decreased  
this activity with a IC50 of  ~ 9 0  nM and a Hill  coefficient  of  ~2.0.  

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

Visual  t r a n s d u c t i o n  takes p lace  in the  o u t e r  s egmen t s  o f  re t ina l  r o d  a n d  c o n e  pho-  
to recep to r s .  In  this process ,  p h o t o i s o m e r i z a t i o n  o f  the  visual p i g m e n t  act ivates a 
b i o c h e m i c a l  cascade  tha t  leads  to s t imu la t ion  o f  the  c G M P - p h o s p h o d i e s t e r a s e  a n d  
h e n c e  the  hydrolys is  o f  g u a n o s i n e  3 ' :5 ' -cycl ic  m o n o p h o s p h a t e  (cGMP; for  r e c e n t  
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reviews see Lagnado and Baylor, 1992; Detwiler and Gray-Keller, 1992; Pugh and 
Lamb, 1993; Koutalos and Yau, 1993; Yarfitz and Hurley, 1994; Yau, 1994). In the 
dark, cGMP binds to and opens cation channels on the plasma membrane of the 
outer segment (for review see Yau and Baylor, 1989). These open channels sustain 
an inward dark current, which partially depolarizes the cell. In the light, the cGMP 
level decreases and the cation channels close to produce a membrane hyperpolar- 
ization as the light response. 

Ca '~+ also plays an important role in phototransduction. In darkness, there is a 
steady influx of Ca 2+ into the outer segment through the cGMP-gated channels, 
balanced by an effiux through a Na+/Ca2+,K+ exchanger (Yau and Nakatani, 1984; 
Cervetto, Lagnado, Perry, Robinson, and McNaughton, 1989). In the light, the clo- 
sure of the cGMP-gated channels stops the Ca 2+ influx, but the effiux continues, 
causing a decrease in the free Ca 2+ concentration in the outer segment (Yau and 
Nakatani, 1985a; McNaughton, Cervetto, and Nunn, 1986; Lagnado, Cervetto, and 
McNaughton, 1992; Gray-Keller and Detwiler, 1994; McCarthy, Younger, and Owen, 
1994). This decrease in Ca 2+ triggers a negative feedback to produce light adapta- 
tion (Matthews, Murphy, Fain, and Lamb, 1988; Nakatani and Yau, 1988c;, Mat- 
thews, Fain, Murphy, and Lamb, 1990; see also Matthews, 1995). This feedback in- 
volves multiple Ca 2+ targets in the phototransduction pathway. First, the rod guany- 
late cyclase, which synthesizes cGMP, is inhibited by Ca 2+ (Koch and Stryer, 1988; 
Kawamura and Murakami, 1989; Gorczyca, Gray-Keller, Detwiler, and Palczewski, 
1994a; Gorczyca, Van Hooser, and Palczewski, 1994b;, see also Miller and Korenbrot, 
1994), so that when Ca 2+ decreases in the light the enzymatic activity increases, 
counteracting the light-stimulated phosphodiesterase activity. Second, low Ca 2+ di- 
minishes the light-activated phosphodiesterase activity by facilitating rhodopsin 
phosphorylation, which promotes deactivation of rhodopsin (Kawamura and 
Murakami, 1991; Palczewski, Rispoli, and Detwiler, 1992; Kawamura, 1993; 
Gray-Keller, Polans, Palczewski, and Detwiler, 1993; Chen and Hurley, 1994; Chen, 
Makino, Peachey, Baylor, and Simon, 1995); in addition, there may be a second 
Ca 2+ target in this regulatory pathway (Lagnado and Baylor, 1994). Finally, Ca z+ de- 
creases the apparent affinity of the cGMP-gated channel for cGMP (Hsu and Mol- 
day, 1993; Gordon and Zimmerman, 1994; Chen, IUing, Molday, Hsu, Yau, and 
Molday, 1994; Nakatani, Koutalos, and Yau, 1995), so that when Ca z+ falls in the 
light, the channels tend to reopen despite the decrease in cGMP concentration. 

In an attempt to understand the relative contributions from the separate Ca 2+ 

regulatory pathways to the sensitivity of rods to light, we have undertaken a quanti- 
tative characterization of each of these pathways. In this article, we describe mea- 
surements of the guanylate cyclase activity and its dependence o n  Ca  2+. Although 
such measurements have previously been made by others (Koch and Stryer, 1988; 
Koch, 1991; Gorczyca et al., 1994a), our experiments were carried out on single, 
semiintact rod outer segments, so that the cyclase activity could be measured under 
ionic conditions and protein concentrations close to the physiological situation. 
We used the truncated rod outer segment preparation (Yau and Nakatani, 1985b; 
Nakatani and Yau, 1988b), which allows recording of membrane current from the 
outer segment and at the same time manipulation of the internal ionic conditions. 
Guanosine 5'-triphosphate (GTP) was dialyzed into the truncated outer segment, 
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a n d  its c o n v e r s i o n  i n t o  c G M P  was m o n i t o r e d  by  t h e  c G M P - g a t e d  c h a n n e l s  o n  t h e  

p l a s m a  m e m b r a n e .  

P r e l i m i n a r y  a c c o u n t s  o f  t h e  w o r k  h a v e  a p p e a r e d  i n  K o u t a l o s ,  N a k a t a n i ,  a n d  Yau  

(1992 ,  1 9 9 3 ) .  

M E T H O D S  

Larval tiger salamanders (Ambystoma tigrinum) (Charles D. Sullivan, Nashville, TN) were used in all 
of the experiments.  Each animal was decapitated and  pi thed unde r  dim red light. All subsequent  
steps were carried out  in infrared light with the help of image converters. The  enucleated eyes 
were hemisected,  and  the retinas were isolated and  kept at room temperature  for up to several 
hours  in Ringer 's  solution conta ining 110 mM NaCI, 2.5 mM KCI, 1.6 mM MgC12, 1 mM CaCI~, 5 
mM TMA-HEPES (tetramethylammonium hydroxide-4-(2-hydroxyethyl)1-piperazineethanesulfonic 
acid), and  5 mM glucose, pH 7.55. Isolated rod cells were obtained by chopping  a piece of ret ina 
on  Sylgard (Dow Corning Corp., Midland, MI), unde r  Ringer's solution, with a razor blade. 

Suction pipettes for recording membrane  current  from rod outer segments were made from Com- 
ing 7740 borosilicate glass capillaries (AM Systems, Everett, WA) and coated with tri-rebutylchlorosi- 
lane (Pfaltz and Bauer Inc., Waterbury, CT), as described previously (Baylor, Lamb, and  Yau, 1979; 
Lamb, McNaughton,  and  Yau, 1981 ). A t runcated rod outer  segment  was obtained by drawing the 
outer  segment  of  a rod cell partially into a suction pipette and  then shearing off the remainder  of 
the cell with a glass probe made from the same capillaries. In this way, the interior  of the outer  
segment  could be dialyzed with the bath solution. The  membrane  potential  was held at 0 mV. 

For most of the experiments,  K + was absent  in bo th  the pipette and the bath solutions in order  
to eliminate the Na+/Ca2+,K + exchange activity, which requires K + to function (Cervetto et al., 
1989). Several pairs of p ipe t t e /ba th  solutions were used: (a) For the characterization of the 
cGMP-gated channe l  dose-response relation, the pipette conta ined Ringer 's solution and  the 
bath a choline chloride (ChC1) solution (110 mM ChC1, 1.6 mM free Mg 2+, 2 mM TMA-ethylene 
glycol-bis([3-aminoethyl ether)  N,N,N',N'-tetraacetic acid (TMA-EGTA), 5 mM TMA-HEPES, and  
5 mM glucose, pH 7.55) conta ining 0.5 mM 3-isobutyl-l-methxanthine (IBMX) and  different con- 
centrat ions of cGMP (Na + salt). (b) For the dependence  of the cyclase activity on  GTP, the pipette 
contained a modified Ringer 's solution without Ca 2+ (110 mM NaC1, 1.6 or 0.5 mM free Mg 2§ 2 
mM TMA-EGTA, 5 mM TMA-HEPES, and  5 mM glucose, pH 7.55) and  the bath a ChCI solution 
(110 mM ChCI, 1.6 or 0.5 mM free Mg 2+, 2 mM TMA-EGTA, 5 mM TMA-HEPES, and  5 mM glu- 
cose, pH 7.55) containing 0.5 mM IBMX and different concentrat ions of GTP (Na § salt) or 
cGMP. Ca 2+ was kept low in the pipette solution in order  to eliminate Ca 2+ influx through the 
cGMP-gated channels.  (c) For studying the Mg 2+ effect on the cyclase, the pipette conta ined a 
modified Ringer 's solution without any divalents (110 mM NaC1, 2 mM TMA-EGTA, 2 mM 
TMA-EDTA, 5 mM TMA-HEPES, and  5 mM glucose, pH 7.55), so as to eliminate bo th  Ca ~+ and  
Mg z+ influx, and  the bath  a ChC1 solution (110 mM ChC1, 2 mM TMA-EGTA, 5 mM TMA-HEPES, 
and  5 mM glucose, pH 7.55) conta ining 0.5 mM IBMX and different concentrat ions of cGMP or 
GTP and  free Mg ~+ (see formula below). (d) For studying the Ca 2+ modulat ion of the cyclase, the 
pipette conta ined a modified Ringer 's  solution with low Ca ~+ (110 mM NaCI, 1.6 or 0.5 mM free 
Mg 2+, 2 mM bis(o-amino phenoxy)ethene-N,N,N',N'-tetraacetic acid (BAPTA), 0 nominal  or 
0.001 mM free Ca 2+, 5 mM TMA-HEPES, and  5 mM glucose, pH 7.55) and  the bath a ChC1 solu- 
tion (110 mM ChC1, 1.6 or 0.5 mM free Mg 2+, 2 mM BAPTA, 5 mM TMA-HEPES, and  5 mM glu- 
cose, pH 7.55) containing 0.5 mM IBMX, GTP, or cGMP, as well as different concentrat ions of 
free Ca 2+ (see formula below). In some experiments,  adenosine 5 ' - t r iphosphate (ATP; Na + salt) 
or inorganic pyrophosphate  (PPi) was also added. (e) For studying the Ca 9+ modulat ion of the cy- 
clase in the presence of a physiological K § concentra t ion  in the outer  segment,  the pipette con- 
rained a low CaZ+-ChC1 solution (110 mM ChC1, 0.5 mM free Mg ~+, 2 mM BAPTA, 0.001 mM free 
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Ga s+, 5 mM TMA-HEPES, and  5 m M  glucose,  p H  7.55) and  the  ba th  a K+-gluconate  solut ion (110 
mM K§ 0.5 mM free Mg 2+, 2 m M  BAPTA, 5 mM TMA-HEPES, and  5 m M  glucose,  p H  
7.55) con ta in ing  0.5 mM IBMX, GTP, or  cGMP, and  d i f ferent  concen t ra t ions  o f  free Ca 2+. In  this 
case, since there  was no  Na + in the p ipe t te  and  only small amoun t s  o f  Na + in the  bath,  the  N a + /  
Ca 2+, K § exchange  activity should  also be  negligible. In the  above solutions,  the  choice  o f  nomina l  
0 or  low buf fe red  Ca 2+ in the  extracel lular  solut ion had  no  significance; the Ca 2+ d e p e n d e n c e  o f  
the  cyclase is the  same with e i ther  o f  these  two Ca 2+ concen t ra t ions  in the  pipet te .  For  solut ion 
pairs A to D, the  r e c o r d e d  m e m b r a n e  cu r r en t  was inward, be ing  car r ied  by Na+; for solut ion pai r  

E, the  r e co rded  cu r r en t  was outward,  be ing  carr ied by K § 
The  total concen t ra t ions  [ig]total and  [Ca]total of  Mg 2+ a n d  Ca 2+ (as ch lor ide  salts) to be  a d d e d  

in o r d e r  to give the  des i red  free concen t ra t ions  [Mg]fr~e and  [Ca]fr~e were calculated accord ing  to 
the  formulas  

[Mg] . . . .  l = [Mg]f r r  ~'~ [Mg]chel . . . .  (1) 
che la to r  

[Ca] . . . .  l = [Ca] free + ch~tor [Ca] the1 . . . . .  (2) 

where  [Mg]chelator and  [Ca]chela,or are  the  Mg 2+ and  Ca 2+ concen t ra t ions  b o u n d  to a par t icular  che- 
lator. The  chela tors  were EGTA, BAPTA, GTP, ATP, and  PPi, and  the  concen t ra t ions  o f  
che la to r -complexed  Mg ~+ and  Ca 2+ were given by 

407.65 x [Mg] free 
= X [EGTA]  (3a) [Mg] EOTA 2862.4 + 407.65 X [Mg] free + 93.4 X [Ca] free 

93.4 X [ C a ]  free 
[Ca]EOTA = 2862.4 + 407.65 X [Mg]fre e + 93.4 • [Ca]free X [EGTA]  (3b) 

0.059 x [Mg] free 
[Mg] BmTA = 1.084 + 0.059 X [Mg] free + 0.0093 • [Ca] free X [BAPTA]  

(4a) 

0.0093 X [Ca] free 
[Ca] BAeTA = 1.084 + 0.059 X [Mg] free + 0.0093 X [Ca] free X [BAPTA]  

(4b) 

10.47 X [Mg] free 
= x [GTP]  [Mg] GTe 1.11 + 10.47 X [Mg] free 

(5) 

11.6 X [Mg]fre e 
[Mg]ATP = 1.12 + t l . 6  X [Mg]fre e • [ATP]  (6) 

294.7 X [Mg] free 
= x [PP~] (7a) [Mg] pp~ 9.85 + 294.7 X [Mg] free + 0.0003 X [ C a ]  free 

0.0003 X [Ca] free (7b) 
[Ca]ev,  = 9.85 + 294.7 X [Mg] free + 0.0003 X [Ca]fre e X [PPi] ' 

In the  above equat ions  all concen t ra t ions  are mill imolar,  excep t  for  [Ca]free, which is nanomola r .  
T h e  concen t r a t ion  o f  each  chelator ,  [chelator] ,  des ignates  the  total che la tor  added .  For  EGTA or  
BAPTA the  total concen t ra t ion  was always 2.0 mM, for  PPi, 100 pM, and  for  ATP, 2.0 mM; for  GTP 
it was varied accord ing  to the  exper imen t .  T h e  formulas  were der ived on  the  basis o f  the  pub- 
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lished association constants for BAPTA (Tsien, 1980), EGTA, GTP, ATP, and PPi (Martell and 

Smith, 1974), and at a pH of 7.55, corresponding to a H + concentration of  10 -7.44 M (see Martell 
and Smith, 1974). The binding of Ca 2§ to GTP and ATP is negligible in the Ca e+ concentration 
range used in the experiments and was ignored. 

Changes of  bath solution were effected by a system of pneumatically controlled valves, and the 
solution bathing the truncated end of the outer segment was changed in ~300 ms (Nakatani and 
Yau, 1988a). The experiments were carried out in darkness and at room temperature. Electrical 
records were low-pass filtered (DC to 30-100 Hz). In all of the figures, inward membrane  current 
is plotted as negative.Junction currents have been subtracted from all records. 

R E S U L T S  

Relation between cGMP-gated Channel Activation and cGMP Concentration 

To measure the rod guanylate cyclase activity, we used the cGMP-gated channels  on  
the plasma m e m b r a n e  as a moni tor  o f  the cGMP concentrat ion  in the outer  seg- 
ment .  For this purpose ,  it was first necessary to obtain the relation between the acti- 
vation o f  these channels  and cGMP concentrat ion  under  similar experimental  con- 
ditions. Fig. 1 A shows m e m b r a n e  currents elicited from a truncated rod outer  seg- 
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FIGURE 1. (A) Membrane currents elicited by different concentrations of cGMP from a truncated 
salamander rod outer segment. The pipette contained Ringer's and the bath a ChC1 solution. (B) 
Normalized currents from A are plotted as a function of the cGMP concentration. The solid curve is 
drawn according to Eq. 8a with K1/,2 -- 46 ~M and n = 1.9. (C) Collected results from five rod outer 
segments. The solid curve is KI/2 = 36 p,M and n = 1.9. 
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ment  by different concentrat ions of  cGMP, in the presence of 0.5 mM IBMX, which 
inhibited the basal phosphodiesterase  activity (see Koutalos et al., 1995). In this ex- 
per iment ,  normal  Ringer 's  solution was in the pipette while a ChC1 solution was 
used for intracellular dialysis (see solution pair A in Methods).  After normalization 
with respect to the saturated current  (Jm~,) elicited by 1 mM cGMP, the current  is 
plotted against cGMP concentrat ion in Fig. 1 B. The smooth  curve is a least-squares 
fit according to the Hill equat ion 

j = J = [cG]n (8a) 

J m a x  [ c G ]  n q_ K I / 2  n , 

w h e r e J i s  the current  elicited by a concentrat ion [cG]of  cGMP, j is the normalized 
current,  K1/2 is the half-saturating cGMP concentrat ion,  and n the Hill coefficient. 
For this cell, K1/z = 46 ~zM cGMP and n = 1.9. The averaged results f rom five rods 
gave 1s = 36 ~M cGMP and n = 1.9 (Fig. 1 C). The  saturated current,  Jmax, varied 
f rom 60 to 240 pA in the five experiments.  This variation in the saturated current  
has also been  observed in previous work (Nakatani and Yau, 1988b) and does not  
seem to correlate with the length of the t runcated rod outer  segment.  The  aver- 
aged K1/z and n values above were used for converting current  to cGMP concentra-  
tion in all o ther  experiments,  according to 

K 1 _ (8b) [cG] = l/~(~ 1) -'In. 
The cGMP concentrat ion,  [cG], defined by Eq. 8b, is an empirical  exper imenta l  
parameter ,  which is useful for calculating the guanylate cyclase activity but  does not  
necessarily correspond to a constant  cGMP concentrat ion inside the t runcated rod 
outer  segment.  It is ra ther  a measure of  the overall cGMP concentrat ion inside the 
outer  segment,  as sensed by the current.  Near  saturation, any uncertainty in the 
current  would lead to a large uncertainty in the empirical cGMP concentrat ion.  
For this reason, we have restricted our  analysis to j values <0.9. 

Measurement of Guanylate Cyclase Activity and Its Dependence on GTP 

To measure  the guanylate cyclase activity and its dependence  on substrate concen- 
tration, we supplied GTP f rom the bath and let it be converted into cGMP inside 
the t runcated rod outer  segment  by the enzyme. Fig. 2 A shows the currents elicited 
f rom a t runcated rod by different concentrat ions of  GTP. In this experiment ,  the 
pipette contained a modif ied Ringer 's  solution with nominal  0 Ca 2+ and 0.5 mM 
free Mg 2+, whereas a ChCI solution with nominal  0 Ca 2+, 0.5 mM free Mg 2+, and 0.5 
mM IBMX was used for intracellular dialysis (solution pair B in Methods).  The 
lower divalent cation concentrat ions in the pipette account  for the generally larger 
cGMP-induced current  (see also Figs. 5 and 6) compared  with that in Fig. 1. Since 
MgGTP, and not  GTP, is the actual substrate, we have chosen to plot  the 
GTP-elicited currents and the cyclase activity as a function of the MgGTP concen- 
tration. In this way, a separate effect of  Mg 2+ on the cyclase, i ndependen t  of  its role 
as the GTP cofactor, can be identified (see Fig. 4). The  GTP-elicited current,  nor- 
malized by the saturated current  activated by 1 mM cGMP, is plotted against MgGTP 
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concentra t ion in Fig. 2 B. These currents can be converted to cGMP concentra-  
tions according to Eq. 8b and plotted as such in Fig. 2 C (right ordinate). 

In  s t eady  s ta te  (i.e.,  a t  t h e  c u r r e n t  p l a t e a u ) ,  t h e  r a t e  o f  c G M P  synthes i s  e q u a l s  t h e  

ra te  o f  c G M P  loss d u e  to  d i f fus ion  o u t  o f  t h e  o u t e r  s e g m e n t .  T h e  ra te  o f  c G M P  loss is 

s h o w n  b e l o w  to  b e  p r o p o r t i o n a l  to t h e  s t eady  state c G M P  c o n c e n t r a t i o n  in t h e  o u t e r  

s e g m e n t ,  wi th  a p r o p o r t i o n a l i t y  c o n s t a n t  r t ha t  c a n  be  m e a s u r e d .  T h u s ,  we c a n  wr i t e  

cx = r [cG]  (9) 

w h e r e  c~ is t h e  cyclase  act ivi ty  a n d  [cG] is g i v e n  by Eq.  8b. F o r  this  o u t e r  s e g m e n t  r = 

0.4 s -1 (see  b e l o w ) ,  a n d  f r o m  Eqs.  8b  a n d  9 we c a n  c a l c u l a t e  t h e  g u a n y l a t e  cyclase  

activity. T h e  e n z y m e  act iv i t ies  d e r i v e d  in this  way a re  p l o t t e d  o n  t h e  l e f t  o r d i n a t e  in 

Fig. 2 C. T h e  s m o o t h  c u r v e  is t h e  Hi l l  e q u a t i o n  
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FIGURE 2. (A) Membrane currents elicited by different GTP concentrations from a truncated sala- 
mander rod outer segment. The pipette contained a modified Ringer's solution with nominal 0 
Ca ~+, and the intracellular solution contained 0.5 mM free Mg z+. (B) Normalized GTP-elicited cur- 
rent from A plotted as a function of MgGTP concentration. The MgGTP concentrations were differ- 
ent from the indicated GTP concentrations in A because at 0.5 mM free Mg ~+ not all of the GTP is 
Mg 2+ bound. (C) Currents from B converted to cGMP concentrations. Right y-axis is guanylate cy- 
clase activity in micromolar cGMP. Left y-axis is guanylate cyclase (GC) activity in micromolar cGMP 
s -1, obtained by multiplying the cGMP concentrations by r (0.4 s-I). The smooth curve is a 
least-squares fit with Eq. 10, with Vm~ = 39 txM cGMP s -1, Km = 640 IxM MgGTP, and h = 1.8. 
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where  z is the  M g G T P  c o n c e n t r a t i o n .  T h e  f i t ted  values a r e  g m a  x = 39 p,M cGMP s - ' ,  
/~n = 640 p~M M g G T P  a n d  h = 1.8. 

Fig. 3 shows the  m e a s u r e m e n t  o f  the  p a r a m e t e r  r. In  Fig. 3 A, the  decay  o f  the  
cGMP-e l ic i ted  c u r r e n t  shown in Fig. 2 A ( r igh t  e n d  o f  the  t race)  is d i sp layed  on  an  
e x p a n d e d  t ime  scale; in Fig. 3 B, the  c u r r e n t  is c o n v e r t e d  to cGMP c o n c e n t r a t i o n  
a n d  p lo t t ed  on  a l oga r i t hmic  scale. As the  l inear i ty  o f  the  la t te r  p lo t  shows, the  decay  
o f  cGMP is a f i r s t -o rder  p rocess  over  a la rge  pa r t  o f  its t ime  course ,  a f ea tu re  also ex- 
p e c t e d  f rom di f fus ion  t heo ry  (see A p p e n d i x ) .  T h e  s lope  o f  the  de c l i ne  gives r = 0.4 
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FIGURE 3. Measurement of the 
rate constant r for the rod outer 
segment in Fig. 2. (A) Expanded 
record of the decay of the cur- 
rent elicited by 1 mM cGMP 
from Fig. 2 A. The bath solution 
was switched to 0 cGMP at time 
zero. (B) Decay of the cGMP 
concentration, obtained by con- 
version from the current in A 
and plotted in semilog scales. 
The straight line has slope r = 
0.4 s-'. 

s - '  ( m e a n  + SD = 0.29 - 0.11 s -1 f rom 41 cells).  T h e  dev ia t ion  at  l a te r  t imes  may  be  
d u e  to a s l ight  base l ine  drif t ,  b u t  p e r h a p s  n o t  to cGMP bu f f e r i ng  (see Kouta los  et  
al., 1995). T h e  cGMP c o n c e n t r a t i o n s  e n c o u n t e r e d  in the  m e a s u r e m e n t s  o f  guany-  
late  cyclase activity d e s c r i b e d  in this p a p e r  l ie most ly  wi th in  the  r ange  w h e r e  the  de-  
c l ine  is e x p o n e n t i a l  (10-200  p~M), thus  jus t i fy ing  the  use o f  Eq. 9. T h e  de r iva t ion  o f  
Eq. 9 d e p e n d s  o n  the  a s sumpt i on  tha t  the  c o n c e n t r a t i o n  o f  cGMP p r o d u c e d  in the  
o u t e r  s e g m e n t  is spat ia l ly  h o m o g e n e o u s .  Since  cGMP diffuses o u t  o f  the  o u t e r  seg- 
men t ,  however ,  its c o n c e n t r a t i o n  s h o u l d  fol low a l o n g i t u d i n a l  g rad ien t ,  d e c r e a s i n g  
to zero  at  the  o p e n  end .  None the le s s ,  de sp i t e  this spat ia l  g rad ien t ,  ca lcu la t ions  
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based on diffusion theory (see Appendix) indicate that Eq. 9 provides a good ap- 
proximation of  the cyclase activity under  our  experimental conditions. 

Fig. 4 shows collected results for the dependence  of  the guanylate cyclase activity 
on MgGTP concentration. The open circles show averaged enzyme activity as a 
function of  the MgGTP concentrat ion in 0.5 mM free Mg ~+ (four cells). The error 
bars indicate standard errors. The dashed curve is a Hill equation fit (Eq. 10), giv- 
ing Vmax = 17 I-tM cGMP s -~, K~ = 310 ~xM MgGTP, and h = 2.6. Averaged results in 
1.6 mM free Mg 2+ are also shown (filled triangleg eight cells), giving Vmax = 25 laM 
cGMP s -t, Km= 250 ~M MgGTP, and h -- 1.4 (solid curve). The amount  of the gua- 
nylate cyclase in the outer segment is ~ l / 1 0 0 t h  that of  rhodopsin (Koch, 1991), 
which is equivalent to a cytoplasmic concentrat ion of  ~60  IxM, assuming that about  
half of  the rod outer  segment is free cytosolic space. This concentration gives turn- 
over numbers of  0.4 and 0.3 s -1 in 1.6 and 0.5 mM free Mg 2+, respectively. The dif- 

f t .  
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Fmtrm~ 4. Average guanylate cy- 
clase activity as a function of Mg- 
GTP concentration at 1.6 mM 
(filled triangleg eight cells) and 
0.5 mM (open circles,, four cells) 
free Mg 2+. The smooth curves 
are least-squares fits according 
to Eq. 10, with Vmax = 25 txM 
cGMP s -l, K~ = 250 IxM Mg- 
GTP, and h = 1.4 (solid curve), 
and Vm~, = 17 txM cGMP s -1, 
Km= 310 IxM MgGTP, and h = 
2.6 (dashed curve). 

ference in the Hill coefficient at the two Mg 2+ concentrations may not  be reliable, 
because of  the limited MgGTP concentrations used and the very small currents at 
low MgGTP concentrations. On the other  hand, the differences in Vm~ and Km are 
quite clear, suggesting an effect of  Mg 2+ on the cyclase in addition to its association 
with GTP as substrate. Finally, based on the analysis outlined in the Appendix, the 
Vma x and Km values obtained here may be overestimated by ~20%. 

Effect of Mg 2+ on Guanylate Cyclase 

We have examined the effect of  free Mg 2+ on guanylate cyclase more closely. Since 
divalent cations have a blocking effect on the cGMP-gated channel under  the solu- 
tion arrangement in these experiments, we first had to measure this blockage by Mg ~+ 
in order  to make corrections. Fig. 5 A shows the current, J( [Mg] ), elicited by 1 mM 
cGMP at different Mg 2+ concentrations. In this experiment,  the pipette contained a 
modified Ringer's solution with nominal 0 Ca 2+ and 0 Mg 2§ whereas a ChC1 solu- 
tion containing nominal 0 Ca 2§ 0.5 mM IBMX, 0 or 1 mM cGMP, and different Mg 2+ 
concentrations was used for intracellular dialysis (solution pair C in Methods). The 
initial current  transient in the trace is due to the channels responding to cGMP be- 
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fo re  the  full Mg 2+ b lock  occu r r ed .  Af te r  n o r m a l i z a t i o n  with r e spe c t  to the  c u r r e n t  
in 0 Mg 2§ J (0 ) ,  the  c u r r e n t s  j (  [Mg] ) = J(  [Mg] ) /J(O) are  p l o t t e d  aga ins t  f ree  Mg 2§ 
c o n c e n t r a t i o n s  in Fig. 5 B. T h e  s m o o t h  curve is a leas t -squares  fi t  a c c o r d i n g  to 
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FIGURE 5. (A) Mg 2+ block of the cGMP-elicited current from a salamander rod outer segment. 
The pipette contained a modified Ringer's solution with nominal 0 Ca 2+ and 0 Mg 2+. (B) Normal- 
ized currents from A plotted against the free Mg ~+ concentrations. Curve fit is Eq. 11, with Ym = 1.3 
mM Mg z+ and q = 1.1. (C) Collected results from six rod outer segments. Curve fit is Eq. 11, with Kb = 
0.7 mM Mg 2+ and q = 1.4. 

with Kb = 1.3 m M  Mg 2+ a n d  q = 1.1. Fig. 5 C shows ave raged  resul ts  f r o m  six cells 
with the  same  curve fit, g iving Kb = 0.7 m M  Mg 2+ a n d  q = 1.4. T h e s e  values a re  
b r o a d l y  cons i s t en t  with the  resul ts  o b t a i n e d  f r o m  exc i sed-pa tch  m e a s u r e m e n t s  
( Z i m m e r m a n  a n d  Baylor,  1992). T h e  Mg 2+ b lock  is la rge ly  i n d e p e n d e n t  o f  the  
cGMP c o n c e n t r a t i o n  (Karpen ,  Brown,  Stryer,  a n d  Baylor,  1993), so the  above  n u m -  
bers  s h o u l d  be  val id  at  lower  cGMP c o n c e n t r a t i o n s  as well. They  were  used  to cor-  
rec t  for  the  Mg 2+ b lock  in the  fo l lowing  cyclase e x p e r i m e n t s .  

Fig. 6 A shows the  cu r r en t s  e l i c i t ed  by GTP at  d i f f e ren t  f ree  Mg 2+ concen t r a t i ons .  
So lu t ion  pa i r  C was aga in  used  in this e x p e r i m e n t .  T h e  GTP a n d  Mg 2+ concen t r a -  
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tions were adjusted to give the desired free Mg 2+ concentrat ion,  while mainta ining 
the MgGTP concentra t ion constant  at 0.5 mM, with the except ion that in nominal  
0 Mg 2+ solution the GTP concentra t ion was arbitrarily chosen to be 1.0 mM. The  
GTP-induced currents, again normal ized by the saturated current  elicited by 1 mM 
cGMP, are plot ted against the free Mg 2+ concentrat ions in Fig. 6 B. At Mg 2+ con- 
centrat ions < ~0.5  mM, the GTP-induced current  increased with increasing free 
Mg 2+ concentrat ion,  indicating a stimulating effect of  Mg 2+ on the cyclase. At 
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FIGURE 6. (A) Dependence of the GTP-elicited current on the free Mg ~+ concentration. The pi- 
pette contained a modified Ringer's solution with nominal 0 Ca ~+ and 0 Mg 2+. The bath GTP con- 
centration was adjusted to keep the MgGTP concentration constant at 0.5 mM. (B) Normalized cur- 
rents from A plotted against the free Mg ~+ concentrations. (C) Currents from B after correction for 
the blocking effect of Mg ~+ on the channels. 

higher  Mg 2+ concentrat ions,  however, the cur rent  decreased with increasing Mg 2+, 
consistent with the blocking effect o f  Mg 2+ on the channel.  To correct  for channel  
block at different Mg ~+ concentrat ions,  these currents were converted to the equiv- 
alent currents  at 0.5 mM free Mg 2+ according to Eq. 11, and  replot ted in Fig. 6 C. 
This plot  shows an enhancing  effect of  Mg 2+ on the cyclase activity up to ~1  mM 
Mg 2+. The  inhibition at higher  Mg z+ concentrat ions may be genuine  or due to an 
undercorrec t ion  of  the Mg 2+ block. Fig. 7 A shows a plot  of  the same data, but  with 
the currents converted to cGMP concentrat ions according to Eq. 8b (right ordinate). 
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T h e  c o n s t a n t  r f o r  this o u t e r  s e g m e n t  was 0.35 s -I ,  g iving cyclase activit ies i n d i c a t e d  
on  the  lef t  o rd ina t e .  A v e r a g e d  resul ts  f r o m  five cells a re  shown in Fig. 7 B. F o r  sim- 
plicity, we a s sumed  tha t  the  cyclase activity p l a t eaus  at  h igh  Mg 2+ c o n c e n t r a t i o n s  
a n d  f i t ted  a Hi l l  e q u a t i o n  to the  data ,  giving an  ECs0 o f  0.2 m M  Mg 2+ a n d  a Hi l l  co- 
e f f ic ient  o f  1.8. T h o u g h  these  n u m b e r s  a re  e x p e c t e d  to show some  d e p e n d e n c e  on  
the  M g G T P  c o n c e n t r a t i o n  (see Fig. 4),  they  n o n e t h e l e s s  p rov ide  a g e n e r a l  indica-  
t ion  o f  how the  cyclase activity varies with Mg 2+ at  n o n s a t u r a t i n g  subs t ra te  c onc e n -  

t ra t ions .  
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FIGURE 7. (A) Guanylate cyclase 
(GC) activity, calculated from the 
currents in Fig. 6 C. The two 
y-axes give the cyclase activity in 
micromolar cGMP (right) and 
micromolar cGMP s -1 (/eft). (B) 
Average guanylate cyclase activ- 
ity (five cells) as a function of the 
free Mg z+ concentration in 0.5 
mM MgGTP. The solid line is a 
least-squares fit according to the 
Hill equation, with an ECs0 of 0.2 
mM Mg z+ and a Hill coefficient 
of 1.8. 

Effect of CoY + on Guanylate Cyclase 

O u r  n e x t  e x p e r i m e n t  was to e x a m i n e  the  effect  o f  Ca z+ on  cyclase activity. Fig. 8 A 
shows the  i n f l uence  o f  i nc rea s ing  the  Ca ~+ c o n c e n t r a t i o n  f rom 0 to 100 nM on  the  
G T P - i n d u c e d  cu r ren t .  In  this e x p e r i m e n t ,  the  p ipe t t e  c o n t a i n e d  a m o d i f i e d  
Ringer ' s  so lu t ion  with n o m i n a l  0 Ca 2+ a n d  1.6 m M  free  Mg 2+, whe reas  a ChC1 solu- 
t ion c o n t a i n i n g  0.5 m M  IBMX, 1.6 m M  free  Mg 2+, a n d  d i f f e r en t  GTP  a n d  Ca 2+ con-  
c e n t r a t i o n s  was u sed  for  i n t r ace l l u l a r  dialysis ( so lu t ion  pa i r  D in M e t h o d s ) .  Wi th  2 
m M  GTP,  the  c u r r e n t  was ha rd ly  a f fec ted  when  Ca 2+ was i n c r e a s e d  f r o m  n o m i n a l  0 
to 100 nM ( c h a n n e l  b lockage  d u e  to 100 nM Ca 2+ is neg l ig ib le ) .  Wi th  0.2 m M  GTP, 
on  the  o t h e r  h a n d ,  the  c u r r e n t  was r e d u c e d  by a b o u t  a fac tor  o f  two with the  same 
so lu t ion  change .  Af te r  n o r m a l i z a t i o n  aga ins t  the  s a tu r a t ed  c u r r e n t  e l ic i ted  by 1 
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mM cGMP, the cu r ren t s  at the above a n d  o the r  GTP c o n c e n t r a t i o n s  were p lo t ted  

in  Fig. 8 B, with fil led t r iangles i nd i ca t ing  0 Ca 2+ a n d  o p e n  circles i nd i ca t ing  100 

n M  Ca 2+. The  same results are p lo t ted  in  the form of  guanyla te  cyclase activity in  
Fig. 8 C, us ing  a m e a s u r e d  rva lue  of  0.3 s -1. The  smoo th  curves are least-squares fits 
accord ing  to the Hill equa t ion ,  with Vma~ taken to be the same (24 p,M cGMP s -~) 
for n o m i n a l  0 a n d  100 nM Ca 2+. 100 nM Ca 2+ shifts the Km f rom 340 to 480 I~M 
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FIGURE 8. (A) Effect of 100 nM Ca ~+ on the currents elicited by 2.0 mM and 0.2 mM GTP in a 
truncated salamander rod outer segment. The pipette contained a modified Ringer's solution with 
nominal 0 Ca 2+. The free Mg 2+ concentration in the intracellular solution was 1.6 mM. (B) Normal- 
ized currents from A, together with those at 1.0 and 0.5 mM GTP, plotted against MgGTP concentra- 
tions. Filled triangles show nominal 0 Ca2+; open circles represent 100 nM Ca 2+. (C) Guanylate cy- 
clase activity, obtained from the currents in B, plotted against MgGTP concentration. Filled triangles 
are nominal 0 Ca2+; open circles show 100 nM Ca ~+. The two y-axes give the cyclase activity in micro- 
molar cGMP (right) and micromolar cGMP s -1 (/eft). The smooth curves were drawn according to 
Eq. 10, with V,~, = 24 p.M cGMP s - l , / ~  = 340 p,M MgGTP, and h = 1.5 (solid curve), and V~la~ = 24 
p~M cGMP s -1, K~ = 480 p~M MgGTP, and h = 1.7 (dashed curve). 

Mg-GTP. Averaged results f rom three  cells at 1.6 mM free Mg 2+ are shown in  Fig. 9 
A. The  shift in  the Km of  the enzyme due  to 100 nM Ca 2+ is f rom ~ 4 0 0  to 615 I~M. 
We have also car r ied  ou t  expe r imen t s  at 0.5 mM free Mg 2+, with the averaged re- 

sults f rom three  cells shown in  Fig. 9 B. In  this case, the shift in  K=due  to 100 nM 
Ca 2+ is f rom ~ 3 5 0  to 610 p~M MgGTP. At bo th  Mg 2+ concen t ra t ions ,  there  was a 



876  

A s - ~  

30 

8 
0 
0 

T H E  J O U R N A L  OF G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  106 �9 1 9 9 5  

1.6 mM Mg 2§ 

/ T  100nM Ca 2§ 

o o'.5 1'.o 1'.5 
[MgGTP] (mM) 

2~o 

B 
20- 

I 
15- C a ~  

o 

~ t / :  (:n ~a'§ 5 
o , 

0.0 0.5 1.0 1'.5 2~0 
[MgGTP] (mM) 

FIGUP.E 9. Averaged  results  for  the  effect o f  100 n M  Ca 2+ on  guanyla te  cyclase activity. (A) 1.6 m M  

free Mg 2+. Filled t r iangles  r ep r e sen t  n o m i n a l  0 Ca2+; o p e n  circles are 100 n M  Ca 2+. Curves  are  Eq. 

10, with Vm~ = 25 pLM cGMP s - l ,  Km = 400 p.M MgGTP,  a n d  h = 1.4 (solid curve), a n d  Vm~, = 25 p~M 

cGMP s -1 , /~ ,  = 615 p~M MgGTP,  a n d  h = 1.4 (dashed curve). (B) 0.5 m M  free Mg a+. Filled tr iangles 

show n o m i n a l  0 Ca2+; o p e n  circles r e p r e s e n t  100 nM Ca 2+. Curves are  Eq. 10, with Vm~ = 15 p,M 

cGMP s -1, Km = 350 p,M MgGTP,  a n d  h = 2.0 (solid curve), a n d  Vm~, = 15 p~M cGMP s - l , / ~  = 610 

p.M MgGTP,  a n d  h = 2.2 (dashed curve). 
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clear inhibition of  the cyclase activity by 100 nM Ca 2+ only at the lowest GTP con- 
centrat ion used, that is, 0.2 mM. At higher  GTP concentrat ions,  the effect of  100 
nM Ca 2+ was ra ther  insignificant, suggesting that the inhibition by Ca 2+ is competi-  
tive with respect  to GTP. 

We went on to examine  the cyclase activity over a b roade r  range of  Ca 2+ concen- 
trations. We have tested three separate conditions: 0.2 mM GTP/0 .5  mM free 
Mg 2+, 0.5 mM GTP/0 .5  mM free Mg 2+, and  2.0 mM GTP/1 .6  mM free Mg 2+. Fig. 
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FIGURE 10. (A) Effect o f  Ca 2§ on  the  cur ren t  elicited by 0.2 m M  GTP f rom a t runcated  sala- 
m a n d e r  rod oute r  segment .  The  pipet te  con ta ined  a modif ied  Ringer ' s  solution with nomina l  0 
Ca 2+. The  intracellular solut ion con ta ined  0.5 mM free Mg ~+. (B) Normal ized  currents  f rom A plot- 
ted against Ca 2+ concentra t ions .  (C) Currents  f rom B conver ted  to guanylate cyclase activity. The  
two y-axes give the  cyclase activity in mic romola r  cGMP (r/ght) and  mic romola r  cGMP s -1 (/eft). 
Curve fit is according  to the Hill equat ion,  with an ICs0 o f  120 nM Ca 2+ and  a Hill coefficient  o f  1.1. 

10 A shows an exper imen t  with the first condition. The  pipette and the intracellu- 
lar dialysis solutions were the same as in Fig. 8 A (solution pair D in Methods).  The  
normal ized currents f rom Fig. 10 A are plot ted against the Ca 2§ concentra t ion in 
Fig. 10 B, with the cor responding  cyclase activities shown in Fig. 10 C (using a mea- 
sured r value of  0.16 s-l). A Hill equat ion fit gives a half-maximal inhibition at 120 
nM Ca 2§ and  a Hill coefficient o f  1.1. Averaged results f rom three cells unde r  the 
same conditions are shown in Fig. 11 (filled triangles). To facilitate comparisons,  the 
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enzyme  activity in each  e x p e r i m e n t  has b e e n  n o r m a l i z e d  to un i ty  at  n o m i n a l  0 
Ca 2+. In  the  same  f igure  we have i n c l u d e d  the  da t a  f rom the  two o t h e r  cond i t ions :  
0.5 m M  G T P / 0 . 5  m M  free  Mg 2+ (open circles, five cells) a n d  2.0 m M  G T P / I . 6  m M  
free  Mg 2+ (filled circles, fou r  cells).  T h e  abso lu te  cyclase activities a t  n o m i n a l  0 Ca 2+ 
a re  12, 17, a n d  24 p,M cGMP s -1 for  0.2, 0.5, a n d  2 m M  GTP, respect ively.  T h e s e  val- 
ues  a re  b r o a d l y  cons i s t en t  with the  resul ts  shown in Fig. 4, a l t h o u g h  the  value in 0.2 
m M  GTP is subs tant ia l ly  h ighe r ,  which  we ascr ibe  to da t a  sca t te r  at  low act iva t ion  o f  
the  channe l s .  T h e  s m o o t h  curves in Fig. 11 are  leas t -squares  fits a c c o r d i n g  to the  
Hi l l  equa t i on ,  giving ha l f - inh ib i t ion  c o n s t a n t s / H i l l  coeff ic ients  o f  70 nM Ca2+/1.8,  

1 . 0 4  
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FIGURE l 1. Collected results on glha- 
nylate cyclase activity as a function of 
Ca 2+ concentration at different GTP 
and free Mg 2+ concentrations. In all 
cases, a ChC1 solution was used for 
intracellular dialysis. For each set of 
data, the activity has been normal- 
ized over the value at nominal 0 
Ca z+. Closed circles represent 2.0 
mM GTP/1.6 mM free Mg'~+; open 
circles are 0.5 mM GTP/0.5 mM 
free Mg'2+; filled triangles are 0.2 
mM GTP/0.5 mM free Mg 2+. The 
smooth curves are least-squares fits 
according to the Hill equation, with 
ICs0/Hill coefficient of 570 nM 
Ca2+/0.8, 115 nM Ca2+/1.3, and 70 
nM Ca2+/1.8, respectively. The activ- 
ities at nominal 0 Ca 2+ were 24, 17, 
and 12 IxM cGMP s -1, respectively. 

115 nM Ca2+/1.3,  a n d  570 nM Ca2+/0.8 for  the  t h r e e  cond i t ions .  T h e  inc rease  o f  

the  ha l f - inh ib i t ion  c o n s t a n t  with i nc r e a s ing  GTP c o n c e n t r a t i o n  is aga in  qual i ta-  
tively cons i s t en t  with a compe t i t i ve  i n h i b i t i o n  o f  the  cyclase by Ca 2+. 

Finally,  we have e x a m i n e d  Ca 2+ m o d u l a t i o n  in the  p r e s e n c e  o f  ATP o r  PPi. Fo r  
these  e x p e r i m e n t s  we have used  0.5 m M  GTP a n d  0.5 m M  free  Mg 2+. Wi th  2.0 m M  
ATP, the  ha l f - inh ib i t ion  c o n s t a n t  was 100 nM Ca 2+ ( th ree  cells, da t a  n o t  shown) ,  
n o t  s igni f icant ly  d i f f e r en t  f rom tha t  in  the  a bse nc e  o f  ATP. Likewise,  100 IxM PPi 
d i d  n o t  affect  the  cyclase activity e i t h e r  in n o m i n a l  0 o r  100 nM Ca 2+ ( th ree  cells, 
da t a  n o t  shown) .  

Ca 2+ Modulation of Guanylate Cyclase in a K + IntraceUular Solution 

In  the  e x p e r i m e n t s  d e s c r i b e d  so far, a ChCI i n t r ace l l u l a r  so lu t ion  was used  for  in- 
t r ace l lu l a r  dialysis. Since  K + is phys io log ica l ly  the  p r e d o m i n a n t  i n t r a c e l l u l a r  ca t ion ,  
we d e c i d e d  to r e p e a t  some  o f  the  e x p e r i m e n t s  us ing  a K + so lu t ion  for  dialysis. In  
these  e x p e r i m e n t s ,  the  p i p e t t e  c o n t a i n e d  a ChC1 so lu t ion  with 1 IxM free  Ca 2+ a n d  
0.5 m M  free  Mg 2+, a n d  a K + - g l u c o n a t e  so lu t ion  c o n t a i n i n g  0.5 m M  IBMX, 0.5 m M  
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free Mg 2+, a n d  the appropr i a t e  cGMP, GTP, a n d  Ca 2+ c o n c e n t r a t i o n s  was used  for 

in t race l lu la r  dialysis ( so lu t ion  pair  E in  Methods) .  In  this case, the c u r r e n t  was out- 

ward, car r ied  by K +. T h e  choice of  1 IxM ins tead  of  n o m i n a l  0 Ca 2+ in  the extracel- 
lu lar  so lu t ion  again  had  n o  significance.  Fig. 12 A shows one  such e x p e r i m e n t  with 
0.5 mM GTP. As before ,  the G TP - i nduc e d  c u r r e n t  decreased  with inc reas ing  Ca 2+ 
concen t r a t i on .  T h e  no rma l i zed  cur ren t s  are p lo t ted  against  Ca ~+ c o n c e n t r a t i o n s  in  

Fig. 12 B a n d  conver ted  to cyclase activity in  Fig. 12 C (with r = 0.2 s -1 for this ex- 
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FIGURE 12. (A) Effect of Ca 2+ on the current elicited with 0.5 mM GTP from a truncated sala- 
mander rod outer segment. The pipette contained a ChCI solution, and the intracellular solution 
contained 110 mM K § and 0.5 mM free Mg 2+. (B) Normalized currents from A plotted against Ca e+ 
concentrations. (C) Currents from B converted to guanylate cyclase activity. The two y-axes give the 
cyclase activity in micromolar cGMP (r/gh 0 and micromolar cGMP s -1 (/eft). Curve fit is according to 
the Hill equation, giving an ICs0 of 70 nM Ca e+ and a Hill coefficient of 2.5. 

p e r i m e n t ) .  A Hill  e q u a t i o n  fit to the poin ts  (smooth curve) gives a ha l f - inh ib i t ion  
cons t an t  of  70 n M  Ca 2+ a n d  a Hill  coeff ic ient  of  2.5. Averaged results f rom four  
cells are shown in  Fig. 13 (open circles). In  the same plot,  da ta  f rom four  o the r  cells 
with 2 m M  GTP are also shown (filled triangles). T h e  averaged cyclase activity at 
n o m i n a l  0 Ca 2+ was 8 p,M cGMP s -1 for  0.5 mM GTP a n d  13 I~M cGMP s -1 for 2 m M  
GTP, again  in  b road  a g r e e m e n t  with the data  shown in Fig. 4. T h e  smoo th  curves 
are Hill  e q u a t i o n  fits to the points ,  giving a ha l f - inh ib i t ion  cons t an t  of  59 n M  Ca 2+ 
a n d  a Hill coeff ic ient  of  1.7 for 0.5 mM GTP, a n d  87 nM Ca 2+ a n d  2.1 for 2.0 mM 
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FIOURE 13. Collected results on 
the Ca 2§ dependence of guany- 
late cyclase activity with a K § in- 
tracellular solution and 0.5 mM 
free Mg 2+. Open circles repre- 
sent 2.0 mM GTP; filled triangles 
are 0.5 mM GTP. For each set of 
data, the activity has been nor- 
malized over the value at nomi- 
nal 0 Ca 2+. The curves are 
least-squares fits according to the 
Hill equation, with ICs0/Hill co- 
efficient of 87 nM Ca2+/2.1 and 
57 nM Ca2+/1.7, respectively. 
The activities at nominal 0 Ca 2+ 
were 13 and 8 I~M cGMP s -l, re- 
spectively. 

GTP. T he  increase in the half-inhibit ion cons tan t  for  Ca 2+ with increasing GTP 
concen t r a t i on  is no t  as large as in the exper iments  with the ChC1 intracellular  solu- 
tion, pe rhaps  suggest ing an effect o f  K + on  the cyclase. In  b iochemica l  prepara-  
tions, K + has b e e n  shown to stimulate cyclase activity (Fleischman and  Denisevich, 
1979; Hakki  and  Sitaramayya, 1990). 

D I S C U S S I O N  

We have charac ter ized  the b iochemica l  activity o f  rod  guanylate  cyclase and  its de- 
p e n d e n c e  on  Ca 2+ by r eco rd ing  electrically f r o m  a single rod  ou te r  segment .  The  
advantage o f  ou r  m e t h o d  is that  enzyme activity is m e a s u r e d  in condi t ions  close to 
the physiological  situation. 

In  ou r  exper iments ,  the steady state velocity o f  the GTP cyclization react ion was 
measured ,  in cont ras t  to the c o m m o n  b iochemica l  p rocedure ,  which measures  ini- 
tial velocity. O n e  c o n c e r n  o f  a steady state m e a s u r e m e n t  is that  the cyclase may be 
inhibi ted  by the reac t ion  e nd  products ,  namely,  cGMP and  PPi. We have no t  exam- 
ined the effect o f  cGMP, because  e x o g e n o u s  cGMP would  interfere  with the mea- 
s u r e m e n t  o f  the c u r r e n t  elicited by GTP. However ,  b iochemica l  exper iments  
(Hakki a nd  Sitaramayya, 1990) have no t  shown any significant inhibi t ion o f  the cy- 
clase by cGMP at concen t ra t ions  as h igh as 800 p~M, which is m u c h  h igher  than 
would  be e n c o u n t e r e d  in ou r  exper iments .  O n  the o the r  hand,  PPi has been  re- 
po r t ed  to inhibi t  guanylate  cyclase activity (Hakki and  Sitaramayya, 1990; Hayashi  
and  Yamazaki, 1991; Yang and  Wensel,  1992). Using MgGTP as substrate, we did 
no t  f ind any effect o f  100 p~M PPi on  the cyclase in e i ther  nomina l  0 o r  100 nM 
Ca 2+. Since the calculated cGMP concen t r a t i on  in the rod  ou t e r  s egmen t  p r o d u c e d  
by cyclase rarely exceeded  100 p,M in ou r  exper iments ,  we can assume the same for  
PPI. Thus,  the observed Ca 2+ effect on  the cyclase does no t  appea r  to be t h r o u g h  an 
inhibi t ion o f  the inorganic  pyrophospha tase  activity, a possibility raised by Hakki  
and  Sitaramayya (1990). A n o t h e r  possible c o n c e r n  abou t  ou r  exper iments  and  
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those of  others (Koch and Stryer, 1988; Hakki and Sitaramayya, 1990) is the use of  
IBMX as an agent to inhibit cGMP-phosphodiesterase in order  to measure cyclase 
activity. Recently, by studying the conversion of  (Sp)-GTPaS into the hydrol- 
ysis-resistant (Rp)-cGMPS by rod guanylate cyclase, Gorczyca et al. (1994b) showed 
that IBMX also inhibits guanylate cyclase activity, with a / ~  of  ~1.5 mM. For com- 
petitive inhibition, this would suggest that IBMX at the concentrat ion we used, 0.5 
mM, may have increased the Km of  the guanylate cyclase by ~30%. We have not  
made any correction for this possible effect in our  measurements.  

The half-activation constant of  36 p~M cGMP and the Hill coefficient of  1.9 for 
the opening of  the channels by cGMP obtained in these experiments are in broad 
agreement  with previous measurements f rom truncated toad rod outer  segments 
(Nakatani and Yau, 1988b). They are also in broad agreement  with measurements 
f rom excised patches (Fesenko, Kolesnikov, and Lynbarsky, 1985; Nakatani and 
Yau, 1985), though somewhat different values have also been repor ted  (Zimmer- 
man, Yamanaka, Eckstein, Baylor, and Stryer, 1985; Colamartino, Menini, and 
Torre,  1991). The half-maximal activation constant does not  appear  to be affected 
by IBMX, based on experiments with the hydrolysis-resistant cGMP analogue, 8'-bro- 
mo-cGMP (Nakatani and Yau, 1988b;, see also Haynes and Yau, 1985). Recently, the 
half-activation constant for the channel  has been found to be sensitive to Ca 2+ (Hsu 
and Molday, 1993; Gordon  and Zimmerman,  1994; Nakatani et al., 1995). How- 
ever, this sensitivity to Ca 2+ is lost in truncated rod outer  segments after exposure 
to a nominal  0 Ca ~§ intracellular solution for a few minutes (Nakatani et al., 1995). 
In all of  the experiments described in this article, the outer  segment was invariably 
dialyzed first with a nominal  0 Ca 2§ solution for at least a few minutes after trunca- 
tion, so we do not  expect  the modulat ion of  the channel  by Ca 2+ to interfere with 
the measurement  of  the guanylate cyclase activity. At the same time, under  our  ex- 
perimental  conditions, we did not  observe any progressive washout of  the guanylate 
cyclase activating factor (Koch and Stryer, 1988; Gorczyca et al., 1994a), perhaps 
because the moderate  ionic strength of  all of  the dialyzing solutions kept the factor 
membrane  bound.  

Biochemical measurements  of  bovine rod guanylate cyclase, with MnGTP as sub- 
strate, have given a Km of  274 IxM for the purified enzyme (Koch, 1991) and 230 I~M 
for the partially solubilized enzyme (Hakki and Sitaramayya, 1990). Hayashi and 
Yamazaki (1991), also using MnGTP as substrate, obtained Km's of  160 and 85 I~M 
for two forms of  guanylate cyclase purified from toad rod outer  segments. In com- 
parison, we have obtained a Km of  310 IxM MgGTP in 0.5 mM free Mg 2+ and 250 
~M MgGTP in 1.6 mM free Mg 2+. The enzyme turnover numbers  for the purified 
enzyme range from 0.2-1.3 cGMP s -1 for the bovine enzyme (Koch, 1991) to 1-3 
cGMP s -1 for the enzymes from toad (Hayashi and Yamazaki, 1991). The insensitiv- 
ity of  the purified enzyme to Ca 2+ does not  permit  a useful comparison with our  
measurements.  Moreover, the turnover number  of  0.3--0.4 cGMP s -a at nominal 0 
Ca 2§ we obtained has been calculated on the basis of  a 60-1~M enzyme concentra- 
tion. If the concentrat ion of  the cyclase in the outer  segment is lower (see Hayashi 
and Yamazaki, 1991), the turnover number  will be proport ionately higher. Finally, 
the enhancemen t  of  cyclase activity by free Mg 2§ observed in our  experiments,  with 
a half-maximal effect at 0.2 mM, is in qualitative agreement  with previous biochern- 



882 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  106 - 1 9 9 5  

ical measurements  on the bovine enzyme, which arrived at a value of  ~1 .0  mM 
(Fleischman and Denisevich, 1979). In general,  any ag reement  or  d isagreement  be- 
tween our  measurements  and the biochemical results should be interpreted with cau- 
tion in view of  species differences and radical differences in experimental  conditions. 

The  physiological significance of the Mg ~+ modula t ion of  the cyclase is currently 
unclear. The  free Mg 2+ concentrat ion has not  been  measured  in rod outer  seg- 
ments,  though,  by analogy to o ther  cell types, it is likely to be close to the 0.5-1.6 
mM range that we used (see London,  1991). A light-induced decrease in the total 
Mg ~+ content  of  rod outer  segments  has been  repor ted  (Somlyo and Walz, 1985), a 
situation also expected  f rom the circulation of  Mg 2+ at the outer  segment  in dark- 
ness (Nakatani and Yau, 1988a). Nevertheless, the removal of  external Mg 2+ does 
not  produce  any obvious effect on the light response over a per iod of half  a minute  
(Nakatani and Yau, 1988a). 

Previously, Kawamura and Murakami (1989) also found  an inhibition of the gua- 
nylate cyclase by C a  2+ in t runcated rod outer  segments. However, they did not  mea- 
sure the biochemical  activity of  the cyclase, and the Ca 2+ dependence  they ob- 
tained was f rom pool ing experiments ,  each pe r fo rmed  at a different dialyzing Ca 2+ 
concentrat ion.  Thus, they were unable  to derive a quantitative relation for the en- 
zyme modula t ion by Ca 2+. Using 2 mM GTP and 12 mM total Mg z+ in their bio- 
chemical measurements ,  Koch and Stryer (1988) obta ined a half-inhibition con- 
stant of  ~100  nM Ca 2+ and a Hill coefficient near  4. Using Mg 2+ concentrat ions 
closer to the physiological situation, we found a similar inhibition constant, but  a 
much  less steep dependence ,  with a Hill coefficient of  only ~2 .  This is comparable  
to the results of  Gorczyca et al. (1994a) with 1.3 mM (Sp)-GTP0~S as substrate and 
10 mM total Mg2+; these authors obta ined a half-inhibition constant of  ~240 nM 
Ca 2+ and a Hill coefficient of  2. A lower Hill coefficient has the advantage of  pro- 
viding a b roader  Ca 2+ operat ing range for the enzyme, in contrast  to a very steep 
Ca 2+ dependence ,  which would turn a small change in the Ca 2+ concentra t ion into 
an "on -o f f '  switch. Biochemical exper iments  have also shown that the Ca 2+ modu-  
lation of  cyclase is media ted  by a protein named  GCAP, which activates cyclase in 
the absence of  Ca 2+ (Gorczyca et al., 1994a; Palczewski, Subbaraya, Gorczyca, Hele- 
kar, Ruiz, Ohguro,  Huang,  Zhao, Crabb, Johnson,  Walsh, Gray-Keller, Detwiler, 
and Baehr, 1994; Koch and Stryer, 1988). Our  results f rom single cells show a com- 
petit ion between Ca 2+ and MgGTP. This suggests that the Ca2+-bound activator re- 
mains associated with the cyclase and exerts its inhibitory effect by reducing the en- 
zyme's affinity for MgGTP. 

For describing the Ca 2+ modula t ion of  cyclase in the intact cell, the measure- 
ments  made  with a K + intracellular solution (Fig. 13) are probably more  appropri-  
ate. The  lack of  ATP in these exper iments  is not  significant, since we have found  
that ATP does not  affect the half-inhibition constant  for  Ca 2+ (see also Gorczyca et 
al., 1994b). The  difference between the modula t ion in 2 mM GTP/0 .5  mM free 
Mg 2+ (inhibition constant  of  ~90  nM Ca 2+ and Hill coefficient of  2) and that in 0.5 
mM GTP/0 .5  mM free Mg 2+ (inhibition constant  of  ~60  nM Ca 2+ and Hill coeffi- 
cient of  1.7) is not  very large, so the choice between them is not  critical. The  total 
GTP concentrat ion in the outer  segment  is 1-2 mM (Robinson and Hagins, 1979; 
Bierubaum and Bownds, 1985). Since there are no known rod outer  segment  
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GTP-binding sites that could bind millimolar concentrat ions of  GTP, we have as- 
sumed that most of  the GTP is free. The  dark Ca 2+ concentrat ion in the intact rod 
outer  segment has been measured to be 220-550 nM (Ratto, Payne, Owen, and 
Tsien, 1988; Korenbrot  and Miller, 1989; Lagnado et al., 1992; Gray-Keller and 
Detwiler, 1994; McCarthy et al., 1994). For the 2-mM GTP curve, this Ca 2+ concen- 
tration would give a guanylate cyclase activity in the dark of  1.9-0.3 ~M cGMP s -1. 
In bright light, when the Ca 2+ concentrat ion might decrease to 50 nM (Gray-Keller 
and Detwiler, 1994) or even lower (Cervetto et al., 1989; McCarthy et al., 1994), the 
cyclase activity could increase, according to the same curve, up to ~13 I~M cGMP 
s -~. Thus, light is expected to modulate the cyclase by up to 5-40-fold. This value is 
consistent with measurements from intact rods (Cornwall and Fain, 1994), as well 
as with the increase in cGMP flux in toad retinas observed in bright light (Dawis, 
Graeff, Heyman, Walseth, and Goldberg, 1988). 

A P P E N D I X  

We provide justification here  for  the use of  Eq. 9 to measure guanylate cyclase activ- 
ity. This equation was initially conceived based on homogeneous  distributions of  
cGMP and GTP in the outer  segment. In the actual situation, however, longitudinal 
gradients are expected. Thus, the concentrat ion of  GTP should decrease from the 
open  to the closed end due to cyclase activity. At the same time, the concentrat ion 
of  p roduced  cGMP should decrease from the closed to the open  end due to loss 
through diffusion. The diffusion equations for this situation cannot  be solved ana- 
lytically for any arbitrary cyclase activity. Instead, we adopted the approach of  speci- 
fying a cyclase activity according to our  measurements,  and used diffusion theory to 
calculate the empirical cGMP concentrat ion,  [cG], as defined by Eq. 8b. We then 
compared  the product  r[cG] with the specified cyclase activity for agreement.  

The Parameter r 

We first relate the parameter  r to the cGMP diffusion coefficient, D, in the outer  
segment and show that [cG] declines exponentially with rate constant r. 

Fig. 14 is a schematic diagram of  a t runcated rod outer  segment, with L repre- 
senting the length and s the seal position (see Koutalos et al., 1995). Longitudinal 
diffusion in the outer  segment is much slower than lateral diffusion because of  the 
baffling by the membranous disks. Thus, we can assume cross-sectional homogenei ty 
in the time scale of  longitudinal diffusion and use a one-dimensional diffusion model. 

The  pa rame te r  r is measured  f rom the t ime course of  decl ine of  the cGMP- 
activated current  upon removing cGMP from the dialyzing solution. This situation 
has been dealt with in a previous paper  (Koutalos et al., 1995). It was shown that, 
unde r  these circumstances, the concentrat ion G(x,O of  cGMP at position x and 
time t in the outer  segment declines according to 

G ( x , t )  - 4 G ~  ( - 1 )  i -(2i+l)2rt ( 2 i +  1)~rx 
-~ i=0 ( 2 i +  1-------~ e cos 2L ' (A1) 

where Go is the initial concentrat ion of  cGMP and 
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7T2D (A2) 
r = 4L 2 

The  inf in i te  series converges rapidly; we have kept  the first six terms for calcula- 
tions. Since only  the par t  of  the ou te r  s e g m e n t  be tween  the seal pos i t ion  a n d  the 

tip con t r ibu tes  to the m e a s u r e d  cur ren t ,  the no rma l i zed  c u r r e n t  f rom the whole 
ou te r  s e g m e n t  is given by 

L - s  
s 

_ 1 J G(x't)n n dx. (A3) 
j ( t )  L -  s o G(x,t) n + K1/2 

The  t r unca t ed  rod ou te r  s e g m e n t  lengths  were usually be tween  20 a n d  30 ~zm. For  
the fol lowing calculat ions  we have a dop t e d  Go = 1 mM cGMP, L = 25 ~m,  Ka/2 = 
36 p.M cGMP, a n d  n = 1.9, a n d  also chosen  s = 5 p~m on  the basis of  the results by 
Nakatani  and  Yau (1988b) f rom toad rods. However,  the f inal  result  is no t  sensitive 
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FIGURE 14. Schematic diagram 
of a truncated rod outer segment 
for the construction of the diffu- 
sion model. The distal, closed 
end of the outer segment is at 
x = 0, whereas the proximal, 
open end is at x = L. Zoulk and 
Gb,Jk are the bulk concentrations 
of GTP and cGMP, respectively. 
In all cases that we consider, 
C, bulk= O. The suction pipette 
collects current from the part of 
the outer segment beyond the 
effective seal position, located at 
t -  s. 

to the par t icu lar  values for L an d  s. F rom Eqs. 8b, A1, a n d  A3, we can calculate [cG] 
as a f u n c t i o n  of  the p r o d u c t  rt. In  Fig. 15, ln{ [cG]/K1/2} is p lo t ted  as a f unc t i on  of  rt. 
For  [cG] ~< 5 K1/z (i.e., for [cG] ~< 180 p~M), the re la t ion  is a s traight  l ine with a 
slope of  unity,  showing that  [cG] decays exponen t i a l ly  with rate cons t an t  r. 

For  calcula t ions  of  r[cG] below, we have adop ted  r = 0.3 s -1, a typical value. For  
L = 25 pm,  we obta in ,  f rom Eq. A2, D = 75 • 10 -s cm z s -1, a value close to that  ar- 

rived at previously (Koutalos et al., 1995). 

Calculation of [cG] 

The  equa t ions  descr ib ing  cGMP a n d  GTP diffusion inside the t runca t ed  rod ou te r  
s egmen t  in the p resence  of  a guanyla te  cyclase activity oL are 
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Fmum~ 15. Plot ofln{[cG]/Kx/2} 
as a function of rt, where [cG] is 
the cGMP concentration as de- 
fined by Eq. 8b. The relation has 
a slope of -1  over the experi- 
mental concentration range for 
[cG] (see text), indicating that 
[cG] decays exponentially with 
rate constant r. 

_ D2Z(x,t)a a [Z(x,O] (A4) O Z( x, t) 

0 t 0 x 2 

- D 02G(x't) + c~ [Z(x,t)] (A5) O G(x,t) 

Ot O X 2 

where Z(x,t)  and G(x,t) are GTP (or MgGTP) and  cGMP concentrat ions,  respec- 
tively, at position x a n d  at t ime t, and  ~ [Z(x,t)] is the guanylate cyclase activity as a 
function of  the GTP concentrat ion;  the cyclase activity is assumed to be uni form 
along the length of  the outer  segment.  The  diffusion coefficient, D, is assumed to 
be the same for cGMP and GTP on the basis of  their  similar molecular  weights and 
the kinetics of  their  elicited currents (cf. Figs. 2 A and 4 A). In Eq. A4, the GTPase 
activity of  transducin has been  ignored because the exper iments  were carried out  
in the dark, whereas the hydrolysis o f  cGMP by the phosphodiesterase  has been  ig- 
nored  in Eq. A5 because of  the presence of  IBMX. Previous exper iments  (Koutalos 
et al., 1995) have indicated that 0.5 mM IBMX is sufficient to inhibit  the basal phos- 
phodiesterase activity. 

At steady state, the concentrat ions will be functions of  position only, and Eqs. A4 
and A5 becom e  

D 0 2 Z ( x )  - (x [Z(x)  ] (A6) 
0 x 2 

D 0 2 G ( x )  - (x [Z (x ) ]  . (A7) 
0 x 2 

The  boundary  condit ion at the closed end  is given by the "zero-flux" requirement:  

O Z ( x )  _ 0 at  x =  0 (A8) 
Ox 
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O C ( x )  _ 

Ox 

while at the open  end  we have 
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0 at  x = 0,  (Ag) 

Z(Z) = Zbulk (AIO) 

G(L) = O, ( A l l )  

where Zbulk is the bulk concentrat ion of GTP in the bath. 
With a specified dependence  of  the guanylate cyclase activity, 0c, on GTP concen- 

tration, Eq. A6 can be solved for Z(x) with boundary  conditions A8 and A10. Eq. A7 
can then be solved for G(x) with boundary  conditions A9 and A l l .  The  normal-  
ized, steady state current  at a bath GTP concentra t ion Zbulk is then given by 

L - 2  

_ 1 J G (x) n dx.  (A12) 
c 

j( lbulk) L -  s G(x)  n .q_ n 
0 K I / 2  

Applying this j(Zoulk) to Eq. 8b, [cG] can be calculated. Multiplying with the mea- 
sured r, we obtain r[cG]. 

Comparison of c~ and r[cG] 

We have compared  the guanylate cyclase activity a and the produc t  r[cG] for the 
two measured  GTP dependencies  of  the cyclase shown in Fig. 4. Fig. 16 A shows an 
activity a specified according to the data in the presence of 1.6 mM Mg 2+ and 0 
Ca 2+, namely, with Vma x ~-" 25 laM cGMP s -l, Km = 250 laM MgGTP, and h = 1.4 (solid 
curve). The circles show the calculated r[cG] at several bath GTP concentrations.  A 
least-squares fit of  the Hill equat ion to these points gives Vmax = 31 laM cGMP s -l, 
Km= 300 I~M MgGTP, and h = 1.4 (dashed line), in reasonable ag reemen t  with the 
specified et, except  for an overestimation of Vmax and Km by ~20%.  Fig. 16 B shows a 
specified activity ~t according to the data in the presence of  0.5 mM Mg z+ and 0 
Ca 2§ namely, with Vm~x = 17 IxM cGMP s -1, Km = 310 I-LM MgGTP, and h = 2.6 
(solid curve). This relation gives rise to r[cG] values computed  at several bath GTP 
concentra t ions  as indicated by the circles. A least-squares fit o f  the Hill equat ion 
to the points in this case gives Vm~x = 21 I~M cGMP s -1, Km = 360 o~M MgGTP, and 
h = 2.5 (dashed line), again in reasonable ag reement  with et, except  for a similar 
overestimation of  Vm= and Kin. 

The  above comparisons suggest that  Eq. 9 provides a reasonable measu remen t  of  
guanylate cyclase activity unde r  our  exper imenta l  conditions. Given the cyclase ac- 
tivity as measured,  the spatial profiles of  the steady state GTP and cGMP concentra-  
tions can be calculated. Such an analysis shows that the max imum deviation of  the 
GTP concentrat ion inside the outer  segment  f rom the bulk concentra t ion is 
<20%,  decreasing to <10% as the cyclase activity approaches  saturation. The  
cGMP concentrat ion,  however, can vary by twofold over the longitudinal par t  of  the 
outer  segment  that contributes to the measured current  (i.e., the part  between the 
pipet te  seal and the closed end).  Thus, the validity of  Eq. 9 does not  strictly require 
spatial uniformity of  the cGMP and GTP concentrat ions along the rod outer  seg- 
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FIGURE 16. Justification of using 
the relation r[cG] as a measure 
of guanylate cyclase activity. In 
both panels, the solid curve rep- 
resents the specified guanylate 
cyclase activity 0~, and the circles 
(fitted by dashed curve) repre- 
sent the product r[cG] expected 
to be measured. See text for de- 
tails. 

f 
f 

ment. On the other  hand, Eq. 9 is not  necessarily a good measure of  the cyclase ac- 
tivity in the general case, either. If the enzyme were far more  active, then the supply 
of  MgGTP through diffusion might not  have been sufficiently fast to keep up. We 
find that, as a rule of  thumb, Eq. 9 provides a good measure of  the cyclase activity 
when the rate constant r is larger than the ratio V~ax/Km. This has been the case for 
the enzyme studied here. 
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