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A Appendix. Dynamics of the Cascade

A.1 Symbolism

H = height of the ROS
R = radius of the discs inside the ROS (disregarding incisures)
Dp = disc of radius R centered at the origin of R?
m = number of incisures
V; = limiting j*™ incisures, assimilated to segments of length R — Toj
r; = radial variable on V; with origin at r, ;
0., j(r;) = geometry of the it incisure with tip at Toj
Do = D — UjLV; effective domain of the activation cascade
k = number of distinct activated discs each by a single photon
i e =ith activated disc
= Dpg x (0, H) limiting cylinder enclosing the stack of discs Dy
Qe = Degr X (0, H) limiting domain available for diffusion of cGMP and Ca?t
B; =V; x (0,H) limiting vertical rectangles cut on the limiting ROS
by the limiting incisures aligned in series
S = limiting outer shell (same as lateral boundary of €2)
dS = surface measure on S
€, = width of each disc

ve, = width of each interdiscal space

oe, = width of the outer shell
1 — po = volume ratio of cytosol to the volume of the ROS
[cGMP] = [cGMP] in the interior of the limiting ROS
[cGMP], = [cGMP] at the activated disc(s)

[cGMP]g = [cGMP] in the limiting outer shell
]

[
[
[
= |
[Ca2+] [Ca®T] in the interior of the limiting ROS
[
[
[

]
[Ca?T], = [Ca®"] at the activated disc(s)
[Ca]4 = [Ca®*] in the limiting outer shell
[Ca®*],, = [Ca®™] on B,

Vs = gradient along the cylindrical variables of S
Vi, = gradient along the (r;, z) variables of B;

V(2,y) = gradient along the horizontal variables (z,y)



A.2 Weak Formulation of the Dynamics of cGMP

(1- m{ i GNP e)p(0)dndyd: - I GNP p(0)dadyd:

t
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for all + > 0 and all smooth, real valued functions ¢ in Q x R*. Here
K™Meye
« CaQJr = Omin + (®max — Qmin o m,
([ ]) ( )I<f:][§l/ccyC [CaQ+] e Qmax = kGC,max[GC]
m where
I<cyccyC Qmin = kGC,min [GC}

« Ca2+ = Qmin + (Omax — Omin m
([ ]*) ( )chyr + [Ca2+] cye

cyc

Here kg, min and kgc,max are the minimum and maximum catalytic rates of production of cGMP by guanylyl
cyclase GC occurring respectively as [Ca?T] — oo and as [Ca?t] — 0.



A.3 Weak Formulation of the Dynamics of Ca?*
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cff
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for all t > 0 and all smooth, real valued functions ¢ in Q x R*.

A.4 Weak Formulation of the Dynamics of Transducer and Effector

// (t)dzdy +/ // { = [T*l¢t + DrV[T"] - Vo }dadydr
eff eff
/ ke ((7) T)dT —/ // kr«g[E][T*|odzdydr
0 Dege

//Deff[ (O (t)dady +/ // . { — [t + DpV[E"] - Vo dedydr
/ / / - {kr-u[E][T*]¢ — kp- [E")p}dzdydr

for all + > 0 and all smooth, real valued functions ¢ in Dp x RT.

B Appendix. Parameters

B.1 Mouse Parameters



Table S1: Parameters for the Mouse ROS

Symbol Units Definition Value References
Qmax uM/s Maximum rate of cGMP synthesis 76.5 (3, 66]
at low Ca®* concentration
Omax /Qmin - Suppression ratio of « from high to 13.9 [2, 3, 66]
low Ca?" concentration
Ainc pm? Area of the incisure 0.0403
Bdark st Rate of cGMP hydrolysis by dark 2.9 [8, 66]
activated PDE
Bea - Buffering power of cytoplasm for 1 (53, 54]
cGMP
Bea - Buffering power of cytoplasm for 20 [46, 47, 48]
Ca?t
CTE - Coupling coefficient from T* to E* 1 [54, 34]
[cGMP],. . uM Concentration of cGMP in the dark  3.80 [2, 30, 48, 51, 52,
53, 54, 66]
[Ca”]dark nM Concentration of Ca?" in the dark 344 [41, 71, 37, 16]
Dec pum? /s Diffusion coefficient of cGMP 120 [7, 24, 49]
Dca pum? /s Diffusion coefficient, of Ca* 15 [46]
Dg-~ pum? /s Diffusion coefficient of E* 1.2 [53]
D= um? /s Diffusion coefficient of T* 2.2 [53]
Dg=+ pum? /s Diffusion coefficient of R* 1.5 [53]
€o nm Disc thickness 14.5 [4, 19, 53]
n nm Volume-to-surface ratio 7.25
F Cmol ™! Faraday’s constant 96500
fca - Fraction of cGM P-activated current  0.06 [3, 39, 54, 57, 60]
carried by Ca?™
H pum Height of ROS 23.6 [4, 36, 38, 15, 14,
31, 32]
Jdark PA Dark current 10.9 2, 3, 8, 9, 18, 27,
28, 44, 54, 68, 70,
72
jea pPA Maximum CNG channel current 3550
joar pPA Saturated exchanger current 1.8 [59, 61, 62]
keat/Km uM~1s™!  Hydrolytic efficiency of activated 540 [63, 34, 55]
PDE dimer
Koshyd pm?® /s Surface hydrolysis rate of cGMP by 2.8 x 107°
dark-activated PDE
> hyd pum? /s Surface hydrolysis rate of cGMP by 0.9
light-activated PDE
kg st Rate constant for inactivation of 6.5 [8, 25, 29, 39]
PDE
kg st Rate constant for inactivation of R* 8.5 [8, 29, 47]
kr+g pum? /s Kinetic constant of T*-E formation 1 [56]
and thus E* production
Keye nM Half-saturating [Ca®*] for GC activ- 100 [3, 66, 40, 42]
ity
Kea uM [cGMP] for half maximal CNG 20 [54]
channel opening
Kex uM [Ca®™] for half maximal exchanger 1.6 (54, 61]
rate
Oy pm Width of the incisure 0.2593 [11]
lr pm Length of the incisure 0.3111 [11]
v - Ratio between interdiscal space and 1 [4, 34, 53, 54]
disc thickness
Ve, nm Interdiscal space 14.5 [4, 36, 38, 53, 20]

Continued on next page



Table S1 — continued from previous page

Symbol Units Definition Value References
VRG s~ T Rate of transducin formation per 330 [22]
fully activated R*
n - Number of discs 814
Ninc - Number of incisures 1 [4, 11, 53]
Nav #mol™!  Avogadro number 6.02 x 10?3
Meye - Hill coefficient for GC effect 2 [2, 3, 8, 39, 66]
mec - Hill coefficient for CNG channels 3.5 [2, 8, 45, 53, 66]
PDE* #pm 2 Surface density of dark-activated 750 [19, 36, 53, 54, 65]
PDE
R pm Radius of disc 0.685 [4, 19, 33, 35, 36,
38, 53, 54]
o - Ratio between outer shell thickness 15/14.5
and disc thickness
o€ nm Distance between the disc rim and 15 [12, 13, 53, 20]
the plasma membrane (outer shell
thickness)
Yrod pm? Lateral surface area of ROS 103.8
Vgt um3 Cytoplasmic volume 18.16

B.1.1 Mouse Deactivation Parameters in the Continuous Time Markov Chain (CTMC)

Determination of these parameters is in [5] and calibrated to ensure that the average lifetime 7g o of R*
is 2tpeak. The value tpear for D = 330um? /s is essentially the same as for Do = 120um? /s, so that the

Table S2: Mouse CTMC Model Parameters

Symbol Units Definition Value References
Ao 5T Rhodopsin phosphorylation rate  10.5 [5]
Lo s~! Arrestin binding rate 60 [5]
k, - Decay constant of catalytic activ- 0.5 [69]
ity of R*
TR eff ms Average lifetime of active R* 75 [29]
N - Average number of steps of R* 4.45 [5]

before shut-off

parameters in Table S2 based on Treff & tpeax ([5]) remain unchanged for these two values of Deg. In

1

particular A, and p, were chosen to ensure that the average lifetime of R* is 5tpeak.

B.2 Salamander Parameters

2

Table S3: Parameters for the Salamander ROS

Symbol Units Definition Range Value References

Qmax uM/s Maximum rate of cGMP synthesis  40-50 50 [54, 48]
at low Cat concentration

Qmax /Qmin - Ratio of atmax tO Qimin 50 50 [54, 48]

Aine pm? Area of the incisure 0.82 0.8 [49]

Baark st Rate of cGM P hydrolysis by dark 1 1 [54, 48, 7, 6]
activated PDE

Bea - Buffering power of cytoplasm for 1-2 1 [48, 53, 54]

cGMP

Continued on next page



Table S3 — continued from previous page

Symbol Units Definition Range Value References

Bea - Buffering power of cytoplasm for 10-50 20 [54, 48, 47]
Ca?*

CTE - Coupling coefficient from T* to E* <1 1 [54, 34]

[cGMP], .. uM Concentration of cGMP in the dark 2-4 3.0046 [48, 30]

[Ca®t] e nM Concentration of Ca®" in the dark ~ 400-700  653.7 48, 30]

Dcc pm? /s Diffusion coefficient of cGM P 50-196 160 [7, 26, 49]

Dca pm? /s Diffusion coefficient of Ca** 15 15 [46]

Dg- pum? /s Diffusion coefficient for activated 0.8 0.8 [53]
PDE

D~ pm? /s Diffusion coefficient for activated G =~ 1.5 1.5 [53]
protein

Dg~ pm? /s Diffusion coefficient for R* 0.7 0.7 [53]

€o nm Disc thickness 10-14 14 [54, 30]

n nm Volume-to-surface ratio 7

F Cmol ! Faraday’s constant 96500 96500 [54, 48]

fca - Fraction of cGM P-activated current 0.1-0.2 0.17 [54, 48]
carried by Ca?"

H pm Height of ROS 19-26 22.4 [54, 23, 43, 10]

Jdark pA Dark current 74 65.862 [54]

jeax pA Maximum c¢GMP-gated channel 70-7000 7000 [48]
current

joa pA Saturated exchanger current 17-20 17 [54]

keat /Km pM~ts™!  Hydrolytic efficiency of activated 340-600 400 [53, 48, 34]
PDE dimer

Koihyd pm? /s Surface hydrolysis rate of cGM P by 7x107° [7]
dark-activated PDE

>ihyd pm? /s Surface hydrolysis rate of cGM P by 0.5 [1, 7]

light-activated PDE

kg st Rate constant for inactivation of 0.58-0.76  0.58 [47]
PDE

kr s Rate constant for inactivation of R*  1.69-3.48 2.5 [47]

kr+Eg pum? /s Kinetic constant describing the for- 1 1 [56]
mation of T* — E complex and thus
the production of E*

Keye nM Half-saturating [Ca®t] for GC activ-  100-230 135 [48, 30]
ity

Kea uM [cGMP] for half maximal CNG 13-32 20 [54, 48, 30]
channel opening

Kex uM [Ca®"] for half maximal exchanger 1.5-1.6 1.5 [48, 30]
rate

Ly nm Width of the incisure 10-12 15 [49]

Ly pm Length of the incisure 4.6377 [6]

v - Ratio between interdiscal space and 1
disc thickness

Ve, nm Interdiscal space 10-14 14 [54, 30]

VRG g1 Rate of transducin formation per 120-220 185 [22, 34, 48, 54]
fully activated R*

n - Number of discs 1000 800 [48, 30]

Ninc — Number of incisures 15-30 23 [17, 67, 50, 35, 58,

49]

Nav #mor1 Avogadro number 6.02 x 10?3

Meye - Hill coefficient for GC effect 2 2 [34, 54, 26]

meG - Hill coefficient for CNG channels 2-3 2.5 [54]

PDE* #pm~?2 Surface density of dark-activated 100 100 [54]
PDE

R pm Radius of disc 4.7-7.6 5.5 [23, 43, 64, 10]

Continued on next page



Table S3 — continued from previous page

Symbol Units Definition Range Value References
o - Ratio between outer shell thickness 15/14 [48, 30]
and disc thickness
oe nm Distance between the disc rim and 15 15 [48, 30]
the plasma membrane (outer shell
thickness)
Yrod pm? Lateral surface area of ROS 773.5 [30]
Veyt pm? Cytoplasmic volume 1000 1076 [54, 30]

B.2.1 Salamander Deactivation Parameters in the Continuous Time Markov Chain (CTMC)

B
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Figure S1: Simulation of the experimentally observed SPR. of salamander kindly provided by F. Rieke as
reported in [7] (black trace) using the FSR model with the parameters from Table S3 (blue trace).

These parameters are determined as in [5]. In particular A, and p, were chosen to ensure, as for mouse,

that the average lifetime of R* is %tpeak. The parameters k,, = 0.41 and vrg = 185/s were chosen to fit the
experimental SPR curve reported in [7] and kindly provided by F. Rieke.

Table S4: Salamander CTMC Model Parameters

Symbol Units Definition Value
Ao s—1 Rhodopsin phosphorylation rate 2.0
to st Arrestin binding rate 10
k, - Rate of catalytic activity of R* 0.41
TR, eff S Average lifetime of R* 0.4
N - Average number of phosphoryla-  4.45

tion steps of R* before full quench

C Appendix. Calibrating the Mouse Activation Parameter vrg
for D.g = 330um?/s

The model parameters for mouse, including the volumic diffusivity D.q = 120um? /s were chosen and justified
in [63, 5], and reported here in Table S1. The diffusivity D.q = 330um? /s proposed in [21], was imported here

8



by keeping all the remaining parameters unchanged except the catalytic activity vra, which was adjusted
from 330s™! to 230s™! to reproduce the experimental SPR of [3, 5] (Figure S2).

A ——numerical, D =120 umz/s, Voo =330s 1

G

) _ 2 _ -1
- - -numerical, D < =330um?/s, Ve =237s

G
----- experimental

current suppression (%)

.

0 0.2 0.4 0.6 0.8 1

Figure S2: FSR simulations of the experimentally observed mouse rod SPR (black trace), from [3], using
the parameters from Table S1 (red trace) and upon raising Deg to 330um? /s with a concomitant lowering
of vra to 230s™! (blue trace).

D Appendix. Relating Volumic and Longitudinal Diffusivities

The longitudinal diffusivity DﬁG along the axis of the ROS, can be derived from the volumic D.g by the
formula DﬁG = (fa/fv)Dcc, where f4 and fy are two geometric parameters computed in [6] as

_ (Ainc + Agap) .

5 TR2 4 2(Aine + Agap)
AT TR AL,

2(mR? + Agap)

fv =

where Aj, is the total cross-sectional area of the incisures, Ay, is the cross-sectional area of the outer shell
and R is the cross-sectional radius of the ROS.
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