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APPENDIX

Description of the mathematical model of the photoresponse: All model equations, in various forms, were used in numerous previous works [1-24]. However, our treatment of some reactions differs slightly from that used before. Also, as said in the main text, we use a phenomenological description of each process omitting important but here unnecessary mechanistic details. Therefore we present the full set of equations comprising the model that we further call the Minimum Essential Model (MEM). The model treats the outer segment as a well-stirred volume. Definition of model parameters is given in Table A1.
We assume that the shut-off of photoactivated visual pigment, R*, is a two-step process. At the first step, fully active rhodopsin molecules, R*, are partially quenched by Ca2+-dependent phosphorylation with rhodopsin kinase: 

						(A1). 
Here, I(t) is the light intensity expressed as the number of photoisomerizations per second, and kR(Ca) is the rate constant of R* phosphorylation (s-1).
	To describe Ca2+-regulation of quenching via recoverin, we use an empirical Hill-like relation for kR(Ca) [25]:

					(A2)
kRmin and kRmax are minimum and maximum rate constants of phosphorylation (s-1), at very high and zero Ca2+ concentrations, respectively. KCaR is the half-saturating Ca2+concentration, and nCaR is the Hill coefficient of the regulation. The value of kR(Ca) at Ca2+ concentration in darkness is further designated as kRdark.
Phosphorylation converts R* to its partially inactivated form, RP, which is further completely quenched by binding to arrestin at the rate kArr: 


		(A3)

The two forms of photoactivated pigment, R* and RP, produce active transducin-GTP-phosphodiesterase complexes (T.GTP.PDE*) at the rates of RE and ap.RE, respectively. Here ap < 1 is the fractional activity of RP with respect to R*. 
Number of active complexes E*(t) is given by 

			(A4),
where kE is the rate constant of E* turnoff (s-1). 
cGMP turnover is described by

							(A5),
where cG(t) is the concentration of cGMP, (t) is the rate of cGMP production by guanylate cyclase, and (t) is the rate of its hydrolysis by phosphodiesterase. Here cGMP concentration is expressed in mol.l-1, and (t) and (t), in mol.l-1.s-1. 
	Guanylate cyclase activity is under calcium control, in the form similar to that for R* turnoff:

						(A6).
Here max is maximum guanylate cyclase activity at [Ca2+] = 0, min is minimum guanylate cyclase activity at high [Ca2+], Kcyc is the half-saturation constant, and ncyc is the Hill coefficient of the regulation [1, 25-28].
The rate of cGMP hydrolysis is

				(A7).
Here, dark is the steady PDE activity in darkness, expressed as maximum rate of hydrolysis (M/s) at high cGMP concentration. The second term in parentheses yields light-induced activity. kcat is the catalytic activity of a single light-activated PDE subunit (s-1), while the outer segment (OS) cytoplasmic volume Vcyto, Avogadro’s number NAv, and the factor 10-6 convert the number of photoactivated PDEs into concentration. Hydrolysis of cGMP is supposed to proceed accordingly to Michaelis kinetics, with the half-saturating cGMP concentration KM (M). Since in the steady state  in eq. A5, 

						(A8)
The ROS membrane current jm(t) is a sum of two components, the current flowing through cGMP-gated channels jcG(t) and the current carried by the Na+/Ca2+-K+ exchanger jex(t):

				.
The channel current is

						(A9)
where jcGmax is maximum current through channels at saturating cGMP concentrations, KcG is the half-saturating cGMP concentration (M), and ncG is the Hill’s coefficient of the channels’ regulation (but see the discussion of the cone electric circuit below). KcG is under Ca2+ control [4]:

				(A10)
Here KCaM is the half-saturating Ca2+ concentration for KcG modulation.
 Free Ca2+ turnover is described by

 		(A11).

	The first term in the parentheses is the net Ca2+ transfer across the plasma membrane, which is the difference between the influx through the cGMP-gated (CNG) channels, and the efflux via the Na+/Ca2+-K+ exchanger. fCa is the fraction of the channel current carried by Ca2+, jex is Ca2+ extrusion current carried by the exchanger, and  is Faraday’s number. In accordance with experimental data on amphibian rods [29 - 31], outer segments are supposed to contain two-component Ca2+ buffer. One of the components exchanges with free Ca2+ quickly, so its effect on free Ca2+ turnover can simply be characterized by its buffering power, FB [32]. The second, slowly exchangeable component CaBslow is characterized by its total binding capacity Bmax, and two rate constants, k+1 for binding and k-1 for releasing Ca2+. The concentration of calcium bound to slow buffer, CaBslow(t), is 

		(A12).
The exchanger current is described by Michaelis-like equation [33]:

								(A13).
Here jexsat is the maximum exchanger current at high Ca2+, and Kex is the half-saturating free Ca2+ concentration.

Cone electric circuit and filtering of the response by membrane capacitances: We consider two possible electric circuits of a cone that differ in how the cGMP-gated OS conductance is treated. In one scheme, the cone OS membrane is supposed to possess the Current-vs.-Voltage relation (I-V relation) similar to that in rods. Baylor & Nunn [34] have shown that in salamander rod OS the I-V relation is strongly non-linear in such a way that the membrane current is only weakly dependent on the membrane voltage within the normal function range. This means that the slope resistance of the OS membrane is much higher than the (slope) resistance of the inner segment. Then the OS membrane can be considered as a light-dependent current source (jP in Figure A1A) which is the sum of the voltage-independent current through the CNG channels (jcG(t) in equation (A9)) and the exchanger current jex(t) (equation (A13)). 
	Alternatively, Soo et al. [5] results suggest that the I-V relation both of the inner segment (IS) and the OS in cones is approximately linear. Then the circuit of Figure A1B should be used. Here the outer segment is represented by a light-dependent linear resistance Ro that conducts the cGMP-gated channel current jcG(t). The exchanger current which is only weakly voltage-dependent is still treated as a current source jex(t).
	We obtained  the upper estimate of the Carassius cone Ri + Rl + Re ≈ 500 MOhm from the maximum dark current observed in zero-Ca2+ solution (≈80 pA) and the electrical driving force E (≈ 40 mV, as follows from Figure 6 in [5]). Correspondingly, we fixed the IS resistance Ri at 400 MOhm as in [5]. The extracellular resistance Re can be neglected during suction pipette recordings since it is effectively short-circuited by the amplifier that measures je. The longitudinal intracellular resistance Rl was supposed to consist mostly of the resistance of the connecting cilium and was fixed at 30 MOhm. 
	In a steady state the current that flows along the cone and is measured with the suction pipette in the circuit Figure A1A is je = jP = jcG(t) + jex(t). In the circuit Figure A1B it is

						(A14)
where gcG(t) is the cGMP-controlled conductance of the outer segment. The conductance is calculated similarly to the OS current (equation A8):

							(A15). 
Maximum OS conductance at high [cGMP], gcGmax, is calculated from the dark current:

				(A16)
where

								(A17).
	For small responses, when the resistance of the outer segment may be considered approximately constant, the difference between the predictions based on the two electric circuits is small. In fact, the circuit in Figure A1B can be treated similarly to the circuit in Figure A1A yet with a fraction of the photocurrent jP leaking through the resistance of the outer segment and hence not registered with the suction pipette. This results in lower photoresponse amplitude than in the circuit in Figure A1A. The effect is small, though, because Ro >> Rl + Ri. In cones with low dark current (hence high Ro) it is ≈ 5% and may reach 15% in cones with high dark current. Lower model photoresponse means that a correspondingly higher amplification has to be assumed during fitting; otherwise, the responses of the two circuits are quite similar. All model parameters in the main text are derived from the circuit of Figure A1A, to obtain more conservative estimates of the cone amplification. 
	Suction pipette current (je in Figure A1) or membrane voltages do not exactly follow the current through the CNG channels and the exchanger due to the capacitance and resistance of the cell’s membrane (cell time constant, e). This low-pass filtering is significant for cones so it is necessary to include the effect of membrane capacitance into the model. 
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Figure A1. Two versions of the electric circuit of a photoreceptor. A, the slope resistance of the outer segment is supposed to be very high [34], so the OS is treated as a photocurrent source jP. B, the resistance of the outer segment Ro is linear and comparable to the resistance of the inner segment Ri [5]. The photoresponse is generated by varying Ro. Rl is the longitudinal intracellular resistance between the inner and outer segment. Re is the longitudinal extracellular resistance. Co and Ci are membrane capacitances of the outer and inner segment, resp. Vo and Vi are membrane voltages. E is the membrane battery of the inner segment. je is the longitudinal extracellular current registered by a suction pipette. jcG is the current through the CNG channels, and jex is the Ca2+-exchange current.
	

	Further we only consider transient processes in the scheme Figure A1A. This means that the steady currents flowing due to the membrane battery E are excluded from consideration. Then the equations for currents and voltage transients in the circuit are:


					(A18a)

						(A18b).
After solving the system of equations A18a – A18b for Vo and Vi, one can find the extracellular current as 

									(A19).
	The step response h(t) (that is, je(t) in response to a unit step of jP) can be found analytically as

			(A20).
The suction current je(t) in response to arbitrary photocurrent jP(t) can further be calculated as a convolution of h(t) and jP(t).
	The resulting formulae for A, B, , 2are rather cumbersome, though. Therefore it is more practical to add the equations (A18a), (A18b) and (A19) to the system of other model equations (A1 – A17) that are solved numerically. It is worth noting that the step response h(t) is not single-exponential as is usually assumed. It is a sum of two exponentials whose amplitudes are A ≈ Ci/(Ci+Co), B = 1-A, and time constants  ≈ Rl /(1/Ci+1/Co) and  2 ≈ (Ci+Co)/(1/Ri + 1/Ro). Sample impulse and step response functions are shown in Figure A2. With parameters typical of cones (Co > Ci) the slower time constant 2 is dominant, and this is the value that we further call the cell electrical time constant e.
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Figure A2. Sample pulse (g(t)) and step (h(t)) response of a cone according to the circuit in Figure A1, panel A. Ri = 400 MOhm, Rl = 30 MOhm, Co = 50 pF, Ci = 10 pF, 1ms2 = 25 ms. Capacitances are estimated from cones’ dimensions assuming the specific membrane capacitance of 1 F.cm-2.

		Imposing constraints on the model parameters.
The MEM includes over 30 parameters. Values of some of them are (relatively) reliably known from direct measurements (e.g. kcat and KM of the PDE, or the parameters of the control of the GC by Ca2+ and of the CNG channel gating by cGMP; for the sources of data, see comments to Table A2). Some others are mainly interdependent scaling factors that must be varied in a concerted way when fitting the model to experimental data. However, many parameters are crucial for the model functioning, but their values are just guessed and can differ by orders of magnitude among the models available in literature. The resulting freedom of fitting makes quantitative conclusions derived from modeling mostly meaningless (see Figure 3B in the main text). Thus we made a special set of measurements to impose experimental constraints on some critical parameters, such as cGdark/KM, Ca2+dark/Kex, rates of rhodopsin and transducin turnoff, dark cGMP turnover rate and the cone electrical time constant.  This was done by blocking Ca2+ feedback by the perfusion solution that eliminates Ca2+ influx due to the lack of Ca2+, and stops Ca2+ extrusion from the cytoplasm due to the lack of Na+ which is obligatory for driving Na+/Ca2+-K+ exchanger. It provided a wealth of information on the dark and light-dependent cGMP turnover.

Loop gain of the Ca2+-feedback: Negative calcium feedback can be characterized by its loop gain which is the ratio of its steady output (Out) to its steady input (In) signal. The input is a fractional change of the Ca2+ influx due to the light closure of the CNG-channels, and the output, the opposing fractional change of the CNG-channel conductance that would be produced by the change of the cGMP concentration via the Ca2+ control of the GC. Operation of the Ca2+-feedback makes the electrical response small and fast; eliminating the feedback by e.g. knocking out the guanylate cyclase activating proteins (GCAPs) greatly increases the response amplitude and duration [35, 36]. It can be shown that the loop gain gL in a linear system (that is, at small fractional changes) is equal to the ratio of the area (time integral) of the response with disabled feedback to the area of the response with the feedback operational (S2 and S1 in Figure A3), minus one: gL = -Out/In = S2/S1 – 1 [35]. 
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Figure A3. The effect of the blockade of Ca2+-feedback on a cone flash response. Shaded area shows the response in normal Ringer; heavy line  is the response to the identical flash in Ca2+-clamping solution. Responses were normalized to corresponding dark current and corrected for saturation as described in [37]. 519 nm, 2-ms flash of effective intensity Ie = 6.3 R*.m-3. The response in normal Ringer is average of 20 sweeps, unfiltered. Ca2+-clamped response is a single sweep, Gauss-filtered with 20 ms-window. Ratio of areas under S2 and S1 curves, minus one, yields the loop gain of the Ca2+ feedback, which is 10 in this cell.

At certain simplifying assumptions, the feedback gain is ncyc.ncG, the product of Hills’ coefficients of the GC control by Ca2+ and of the CNG channels by cGMP [35]. Comparing the responses in wild type and GCAP KO mouse rods Burns et al. [35] obtained gL ≈ 12. In Ca2+-clamp experiments on frog rods gL = 12.5 was measured [37].  In the present work on Carassius cones we obtained average gL = 9.6 ± 1.2 (average of 9 cells ± SEM); the maximum value was 11. However, these gL values poorly fit direct biochemical and physiological measurements that consistently yielded ncyc ≈ ncG ≈ 2.2 to 2.5, that is gL  ≤  6 [1, 25-28, 38]. The discrepancy can be explained by an extra amplification in the feedback loop, originating from neglected non-linearity at certain stages of the feedback. 
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Figure A4. Sources of amplification in Ca2+ feedback loop. In is the input proportional to Ca2+ influx through the CNG channels (jcG). Out is the feedback output equal to the opposing change of the CNG-channel current that would be produced by the change of the cGMP concentration via the Ca2+ control of the GC. Steps of amplification: gEx, amplification due to non-linear concentration dependence of the exchanger (equations (A22 – A24));  gCyc, cooperative control of cGMP synthesis by GC via Ca2+; gPDE, amplification due to non-linear concentration dependence of the cGMP hydrolysis by PDE (equations (A22 – A24)); gCNG, cooperative control of jcG by cGMP; gCNGCa, Ca2+ regulation of the affinity of the CNG channels to cGMP. Further explanations in the text.

	The complete scheme of the main feedback loop consists of a chain of four reactions that translate the fractional change of the CNG current/Ca2+ influx into the (inverted) fractional change of cGMP concentration, which further exerts an action back on the current (Figure A4). Besides, there is an extra feedback loop that operates via the Ca2+ regulation of the affinity of the CNG channels to cGMP [24]. Each step can be characterized by its gain g = (dOut/Out)/(dIn/In). Overall gain is

				(A21).
If at a certain stage a linear relationship between In and Out is assumed, g = 1. For gEx and gPDE, this means that the rate of Ca2+ extrusion by the exchanger and the rate of cGMP hydrolysis by PDE are strictly proportional to the substrate’s concentration. Actually, the two reactions are better described by a Michaelis-like relationship:

									(A22).
Here C is the concentration of the substrate, V is the rate of the reaction, Vmax is the maximum possible rate, and K1/2 is the constant equal to C at V = Vmax/2.  In the feedback chain, the input is the rate of Ca2+ influx or cGMP synthesis, that is, V. The output is the concentration, C. From (A22),

									(A23).
Then gain

							(A24).
	Thus in a realistic situation gEx, gPDE > 1. At C >> K1/2 the two gains can be arbitrarily high. If, for instance, C ≈ K1/2, then gEx = gPDE ≈ 2, and the predicted loop gain gL = 4. ncyc.ncG ≈ 25, that is, even higher than necessary to explain the discrepancy between the “linear” prediction and the experiments mentioned above. Therefore, the value of gL inferred from the Ca2+-clamp experiments imposes strong constraints on the values of [cG]dark/KM and [Ca2+]dark/KEx. 
	An extra feedback loop that affects the affinity of the CNG channels to cGMP is rather weak. It can be neglected in dark-adapted rods, since the regulation is only efficient at [Ca2+] << [Ca2+]dark. In cones, it may be important (reviewed in [4]). The gain at this stage can be described as

						(A25).
Here j is the current through the CNG channels. Resulting computations are rather cumbersome; at the parameters of Ca-regulation given in Table A2, gCNGCa ≈ 0.8. Since gEx ≈ 1.3 (see below), maximum contribution of this feedback chain to total gL is just ≈ 1 of 11. Thus possible uncertainty of gCNGCa value is insignificant for assessing other components of gL.
	Finally, there is an extra effect that reduces gCyc, the gain at the stage of GC regulation by Ca2+. gCyc = ncyc if the Ca2+-dependence of the rate of cGMP synthesis is described as GC = A/[Ca2+]ncyc, that is, the maximum rate is infinite at [Ca2+] = 0, and zero at high [Ca2+]. More realistic description is a Hill-type equation (A6). The effect is small. If a maximum ten-fold acceleration of the cGMP synthesis with respect to its “dark” value is assumed (that is, ([Ca2+]dark/Kcyc)ncyc = 9),  gCyc ≈ 0.9.ncyc.
	Taking into account all the non-linearities, the maximum gL = 11 we obtained limits the product (1+[cG]dark/KM).(1+[Ca2+]dark/KEx) to ≤ 1.7. The situation C ≥ 0.7.K1/2 for either process can be excluded.
	For further modeling, we share the extra 1.7-fold gain equally among the cGMP hydrolysis and Ca2+-pumping, and choose [Ca2+]dark/KEx = [cG]dark/KM = 0.3.
	
Dark cGMP turnover and the speed of the turnoffs of the photoactivated PDE: Elimination of the Ca2+-feedback greatly simplifies the analysis of the photoresponse. Thus, Ca2+-clamped electrical response can be used to extract the underlying light-induced PDE activity. The cGMP turnover is described as 

				(A26).
Here cG(t) is the concentration of cGMP (M), (t) is the rate of the cGMP synthesis by guanylate cyclase (M.s-1), dark is the steady PDE activity in darkness, l(t) is the light-induced PDE activity (M.s-1), and KM is the Michaelis’ constant of PDE (M). Normalizing eq. (A26) to the cGMP concentration in darkness, cGdark, one gets

						(A27)
where c(t) is normalized cGMP concentration, k = KM/cGdark, and the rates of synthesis and hydrolysis a(t), bdark andbl(t) are now expressed as corresponding turnover rates (s-1).  (Notice that adark = dark/cGdark = Tr is the dark cGMP turnover rate; see also equations (11) – (14) in the main text). 
	Normalized cGMP concentration c(t) can be calculated from the experimental current response as

								(A28)

where r(t)/rmax is the photoresponse normalized to it maximum value (= dark current). Further its time derivative dc(t)/dt can be computed. Since in the Ca2+-clamping solution a(t) stays constant at its dark value ,  one can solve equation (A27) for bl(t):

			(A29).

A simplified version of equation (A29) for the linear case (cGdark << KM) has been derived earlier [22, 37, 39].
	For computing bl (t), one needs to know adark (or bdark) which itself is an important factor that affects the speed and sensitivity of the photoresponse [9, 13]. Fortunately, Ca2+-clamp data allow setting the lower limit for it. Assuming too low value for adark yields a b l (t) curve with an undershoot (Figure A5A, red line) which cannot be justified within the present scheme of PDE activation and quenching. Minimum adark = dark/cGdark value that eliminates the undershoot is ≈ 10 s-1 (Figure A5A, black line). We accept this as an initial estimate of the cGMP dark turnover rate in cones. 
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Figure A5. Extracting the parameters of PDE activation and quenching from Ca2+-clamped responses. A. Time course of the flash-induced PDE activity bl(t) (l(t) normalized to dark cGMP concentration, equations (A26 – A29)) derived from a Ca2+-clamped response of a cone. The curves are Gauss-filtered with 20 ms window. Red line, assumed dark cGMP turnover rate dark/cGdark = 2 s-1 is too low that results in the biphasic bl(t)  curve with undershoot.  Black line corresponds to dark/cGdark = 10 s-1, the minimum value that eliminates the undershoot; the value is further accepted as a lower estimate of the dark turnover rate. B, kinetics of R* and PDE* turnoffs. Symbols with error bars show average bl(t) ± SEM (6 cells, data normalized to peak prior averaging).      Smooth line is the least-square approximation of the average with equation (15) in the main text. The time constants are 1 = 84 ms, and 2 = 81 ms that we accept as estimates of the time constants of R* and PDE* quenching.

	Figure A5B shows normalized and averaged time courses of the flash-induced PDE activity bl(t). It can be approximated by a difference of two exponentials (equation (15) in the main text). Time constant of one of them corresponds to the time constant of R* quenching; the second exponential reflects T/PDE* turnoff. Both the time constants are close to 80 ms which we further use as initial values of 1/kR and 1/kE for model fitting.

	
Cone’s electrical time constant: Experimental estimates of e in a few types of cones vary between 20 and 85 ms [4, 5, 40, 41]. However, no data on e in the Carassius cones are available. Thee could apparently be found from the front of the electrical response to bright flashes that would supposedly cause instantaneous closure of the dark current (save a small slow component due to the exchanger current). Then the Carssius cones can be roughly divided in two groups. One is exemplified by the responses shown in the main text Figure 1B. In this group, the steepness of the front increases with increasing flash intensity until the response amplitude reaches ≈80 % saturation. Time to 63% saturation (a crude estimate of e) is ≤ 50 ms. A sample cone from the second group is shown in the main text Figure 1C. In this group, steepness of the front saturates at < 20% amplitude, and the time to 63% saturation may reach 170 ms.   Responses of this type were observed earlier [5, 42-44] in suction pipette recordings from fish and salamander cones.  Perry & McNaughton [41] attributed it to a high e because the responses got significantly faster in whole-cell voltage-clamp mode.
	Surprisingly, we found that the front of the photoresponse to saturating flashes in Ca2+-clamping solution becomes far steeper than in normal Ringer (Figure A6 A, B). The cause of this effect is completely obscure. It is also unclear whether the rising phase in this condition reflects re-charging the cell’s capacitance or is still shaped by the kinetic of the closure of the CNG channels. Nevertheless, the time constant of the rising phase provides an estimate of e. The average value ≈ 27 ms (Figure A6 B) is within the range reported in literature [4, 5, 40, 41] and we accept it for our cones as an initial guess value. Notice, though, that the electrical filtering of the suction current cannot be described by a single RC-circuit (see above). The step function of the real circuitry consists of two exponentials. e mostly reflects the bigger and slower component.
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Figure A6. Estimating cones’ electrical time constant. A, effect of the Ca2+-clamping solution on the front of a saturated response recorded from a single cell. Shallow front observed in normal Ringer (thin line) becomes far steeper in the Ca2+-clamping solution (heavy line). B, average data. Empty circles, normal Ringer. Filled circles, Ca2+-clamping solution. Average of 6 cells ± SEM. Smooth red lines show least-square single-exponential approximations. The value in the Ca2+-clamping solution, ≈27 ms, is accepted as an initial guess of e.

Fixed model parameters: Many model parameters are supposed to be invariant molecular properties so can be assigned fixed values, mostly taken from literature. Some others are interrelated and can only be changed in a concerted way. For instance, many phototransduction reactions are Ca2+-sensitive. Therefore it is convenient, for the purpose of modeling, to fix the concentration of free Ca2+ in darkness (Cadark). Then parameters of individual calcium regulations can be changed independently without exerting effects on each other. Further, Ca2+ inward current is assumed to be a (known) fraction, fCa, of the current through the CNG channels which is related to the dark current by equation (A17). In darkness, Ca2+ influx is counterbalanced by Ca2+ efflux via the exchanger. Hence 

						(A30)
or		

						(A31)
Therefore, fixing Kex/Cadark ratio at the value obtained from Ca2+-clamp experiments (see above) determines jexsat for a given jdark. 
	Similarly, assigning the dark cGMP concentration cGdark a certain value, based both on literature data and our Ca2+-clamp experiments, determines the maximum value of cGMP-gated current jcGmax or conductance gcGmax (equations (A16, A17)). cGdark in turn is set by the balance between its synthesis and hydrolysis, that is by dark and dark. Correspondingly, dark and dark are not independent and should change in a concerted way to keep fixed cGdark. On the other hand, dark sets cGMP dark turnover rate dark/cGdark.  As an estimate of the value of Dark/cGDark is obtained from Ca2+-clamp experiments, this greatly reduces the possible variations in dark and dark during model fitting. 
	Finally, only 12 parameters of over 30 are left relatively free for fitting (Table A3). Of them, values of four (dark/cGdark, kRdark, kE ande) are constrained by Ca2+-clamp experiments. 
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APPENDIX TABLES

Table A1. Definition of model parameters.
	Parameter
	Meaning
	Units

	Vcyto 		
	OS cytoplasmic volume	
	l

	Visual pigment activation and quenching

	I
	incoming light intensity	
	R*.s-1m-2

	R*	
	number of activated visual pigment molecules
	

	kRmin 		
	minimum rate constant of R* phosphorylation at high Ca	
	s-1

	kRmax	
	maximum rate constant of R* phosphorylation at zero Ca	
	s-1

	KCaR		
	half-saturating Ca for R* phosphorylation
	M

	nCaR
	Hill’s coefficient for R* phosphorylation control by Ca
	

	kArr
	rate constant of arrestin binding to phosphorylated R*
	s-1

	PDE activation and quenching

	Е*	
	number of activated PDE molecules
	

	vRE		
	rate of PDE activation by fully active R*
	s-1

	aP
	fractional activity of phosphorylated, arrestin-free R*
	

	kE		
	rate constant of PDE quenching
	s-1

	cGMP turnover

	cG		
	concentration of free cGMP
	M

	min		
	minimum rate of cGMP synthesis at high Ca	
	M.s-1

	max		
	maximum rate of cGMP synthesis at zero Ca	
	M.s-1

	Kcyc		
	half-saturating Ca for regulation of 
	M

	ncyc	
	Hill’s coefficient for regulation of  by Ca
	

	dark		
	maximum rate of cGMP hydrolysis in darkness at high cG
	M.s-1

	kcat		
	catalytic activity of single PDE subunit	
	s-1

	KM		
	PDE’s Michaelis constant
	M

	Photocurrent control

	jdark
	total dark current
	A

	jcGdark
	dark current through the cCNG channels
	A

	jcGmax		
	maximum current through the channels at saturating cG
	A

	ncG	
	Hill’s coefficient of CNG channels activation by cGMP
	

	KcGmin	
	half-saturating cG for channels’ activation at low Ca
	M

	KcGmax	
	half-saturating cG for channels’ activation at high Ca
	

	KCaM
	half-saturating Ca2+ concentration for KcG modulation
	M

	e
	cell’s membrane time constant
	ms

	Ca2+ turnover

	Са		
	cytoplasmic concentration of free Ca2+ ions	
	M

	fCa	
	fraction of the channel current carried by Ca2+
	

	jexsat		
	maximum exchanger current at saturating Са
	A

	Kex		
	half-saturating Ca for the exchanger
	M

	FB	
	buffering power of fast Ca2+ buffer
	

	Bmax	
	concentration of slow Ca2+ buffer
	M

	k+1		
	rate constant of Ca2+ binding to slow buffer	
	M-1s-1

	k-1	
	rate constant of Ca2+ release from slow buffer
	s-1





Table A2. Fixed model parameters.	

	Parameter
	Frog rod
	Source
	Carassius cone
	Source

	Vcyto, l
	1.10-12
	*
	0.06.10-12
	*

	ncG
	2.5
	[1, 38]
	2.5
	[1, 38]

	ncyc
	2.5
	[1,  25-28]
	2.5
	[1,  25-28]

	Cadark, M
	0.5
	[1]
	0.5
	[1, 45]

	KEx, M
	1.66
	[32, 46-48], **
	1.66
	[32, 46-48], **

	fCa
	0.2
	***
	0.2
	***

	min, M.s-1
	0
	[1, 28]
	0
	[1, 28]

	max/dark
	10
	[25, 35]
	10
	[25, 35]

	Kcyc, M
	0.208
	****
	0.208
	****

	kcat, s-1
	2200
	[49-51]
	2200
	[50-52]

	Km, M
	10
	[49, 51-54]
	20
	[51-54]

	cGdark, M
	3
	[1], **
	6
	[1], **

	KCaR, M
	0.2
	[25, 55], ****
	0.2
	[25, 55], ****

	nCaR
	3
	[25, 55], ****
	3
	[25, 55], ****

	kRmax/kRmin 
	20
	[25, 55], ****
	20
	[25, 55], ****

	KcGmin, M
	13
	[9]
	120
	[4]

	KcGmax, M
	32
	[9]
	316
	[4]

	KCaM, M
	.06
	[9]
	0.86
	[4]

	nCaM
	2
	[9]
	1
	[4]



* Own measurements
** Constrained by our Ca2+-clamp data
*** There is a big scatter of reported values, both for rods (from 0.1 to 0.21 [32, 41, 56-59]) and cones (from 0.1 to 0.34 [4, 41, 59-62]), so we choose fCa = 0.2 as an average.
**** Parameters are chosen to ensure tenfold activation from the dark-adapted state. 


Table A3. Initial guess values further adjustable by model fitting

	
	Frog rod
	Source
	Carassius cone
	Source

	RE, s-1
	200
	*
	200
	*

	dark/cGdark, s-1
	2
	[39, 56, 63]
	10
	**

	kRmax, s-1
	15
	[39]
	120
	***

	kE, s-1
	0.5
	[39]
	12
	**

	e, ms
	15
	[1, 40, 57]
	27
	[5, 40 ], **

	teff, ms
	10
	[1], *
	0
	*

	kArr, s-1
	0.5
	[37]
	3
	*

	aP
	0.05
	[37]
	0.05
	*

	FB
	20
	[6]
	20
	*

	Btotslow, M
	300
	[6, 29]
	200
	[6, 29]

	k+1, M-1 s-1
	1
	*
	1
	*

	k-1, s-1
	0.05
	*
	0.5
	*



freely adjustable during fitting
** Constrained by Ca2+-clamp data
*** chosen to keep kRdark value close to Ca2+-clamp constraints
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