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S1. Amino Acid Sequence 

 The amino acid sequence of the here investigated recombinant synthesized rhodopsin CaRh is 
displayed in Figure S1. It was added MS at the N-terminus and ENLYFQGVDHHHHHH at the C-
terminus to the Rh domain of the full-length CaRhGC protein. Its apoprotein molar mass is Mpr = 
45484.94 g mol-1. It contains 14 Tyr, 12 Trp, and 26 Phe residues. 
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 Figure S1. Amino acid sequence of CaRh 

 

S2. Absorption Cross-Section Determination 

 The absorption cross-section spectrum shape σa,CaRh(λ) of CaRh (solid curve in top part of 
Figure S2) is equal to the absorption coefficient shape αa(λ) of Figure 1. The absolute absorption 
cross-section spectrum σa,CaRh(λ) of CaRh is determined by setting the absorption cross-section of 
CaRh at λ = 270 nm equal to the apoprotein Trp, Tyr, and Phe absorption cross-section contribution 
σ26F+14Y+12W(270 nm) and some estimated retinal absorption cross-section contribution [S1]. The 
involved absorption cross-section spectra of Phe, Tyr, and Trp were taken from [13]. The apoprotein 
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absorption cross-section spectrum σ26F +14Y +12W of CaRh is shown by the dashed curve in the top part 
of Figure S2. It was calculated as the sum of the absorption cross-section spectra of 26 Phe, 14 Tyr, 
and 12 Trp residues present in one apoprotein. The CaRh molecule number density was determined 
by  
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and the absorption cross-section spectrum of CaRh was set to 
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The values used in the calculations were αa,CaRh(270 nm) = 17.22 cm-1, αa,retinal(270 nm) = 1.8 cm-1, and 
σ26F + 14Y + 12 W(270 nm) = 3.08×10-16 cm2 giving NCaRh = 5.01×1016 cm-3. 

Figure S2. Absorption cross-section spectra. Curves are identified by the legends. 

The absorption cross-section spectrum σa,CaRh,fresh, dark-adapted state(λ > 310 nm) is the absorption 
cross-section spectrum of PRSB in CaRh for λ > 310 nm. The determination of σa,CaRh, heat-denatured is 
described in section 2.2.1 of the main text. The main band with absorption maximum at 384 nm is 
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the S0-S1 absorption cross-section band of RSB in heat-denatured CaRh. The absorption cross-section 
spectrum )(

1, λσ
laCaRha  is the absorption cross-section spectrum of CaRh in its light-adapted 

ground-state la1 (Gla1). Its determination is described in section S7. )310(
1, nm

laCaRha >λσ  is 

caused by the excitation of PRSBall-trans,la1. The absorption cross-section spectrum )(2, λσ CaRha  is the 

absorption cross-section spectrum of CaRh in its light-adapted state la2 (CaRhla2). Its determination 
is described in section S7. The main band with absorption maximum at 365 nm is the S0-S1 
absorption cross-section band of RSB13-cis in CaRhla2. 

 

S3. Nano-Cluster Size of a Fresh Centrifuged CaRh Sample 

The nano-cluster size of fresh CaRh is determined analogous to the description in [6] and [S2]. 
The scattering cross-section σs is obtained from the scattering coefficient αs by σs = αs/NCaRh. For the 
sample used in Figure 1, at λ = 632.8 nm it is γλλλαλα )/)(()( 00ss =  = 0.0702 cm-1 (λ0 = 800 nm, αs(λ0) = 
0.046 cm-1, γ = 1.8) and σs(λ) = 1.40×10-18 cm2 (NCaRh = 5.01×1016 cm-3). 
 The scattering cross-section σs is theoretically given by [7] 

mRmmRscas MM ,,
~σβσσ ==  (S3) 

where MM msca
~β=  is the aggregation scattering enhancement factor, βm is the degree of aggregation 

(average number of protein molecules per cluster particle), M~  is the total Mie scattering function (
M~  ≤ 1 decreasing with increasing aggregate size [7]), and σR,m is the monomer Rayleigh scattering 
cross-section. The monomer Rayleigh scattering cross-section is given by [7] 
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Thereby ns is the refractive index of the solvent (water buffer) at wavelength λ, npr is the refractive 

index of the protein at wavelength λ, )/( prAprm NMV ρ=  is the volume of one protein molecule, 

Mpr is the molar mass of the protein monomer (Mpr = 45484.94 g mol-1 for CaRh apoprotein), NA = 
6.022142×1023 mol-1 is the Avogadro constant, and ρpr is the mass density of the protein (typical 
value for proteins is ρpr ≈ 1.412 g cm-3 [S3]). These numbers give a protein monomer volume of Vm ≈ 

53.49 nm3 and a protein monomer radius of 3/1)]4/(3[ πmm Va =  ≈ 2.34 nm. At λ = 632.8 nm there is ns 

= 1.332 and npr ≈ 1.589 [S4] giving σR,m(632.8 nm) = 2.838×10-21 cm2. Insertion into Equation (S3) gives 

mRsmsca MM ,/~ σσβ ==  ≈ 494. The small value of γ = 1.8 indicates a small M~  and a large cluster volume 

mfmmag VV ,/ κβ=  with small volume fill factor κf,m [7].  
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S4. Fluorescence Quantum Distribution of Heat-Denatured CaRh 

The fluorescence quantum distribution of the heat-denatured CaRh sample of Figure 4 is 
shown in Figure S3. The corresponding attenuation coefficient spectrum is shown by the thick solid 
curve in Figure 4a (4 °C, end). Fluorescence excitation occurred at λF,exc = 360 nm.  

 

Figure S3. Fluorescence quantum distribution of heat-denatured CaRh in pH 7.3 HEPES/MOPS 
buffer for fluorescence excitation wavelength λF,exc = 360 nm (excitation of RSB, belongs to thick solid 
curve of attenuation coefficient spectrum shown in Figure 4a). 

 

S5. Excitation intensity dependent steady-state attenuation coefficient changes 

The attenuation coefficient change δα(λpr, λexc, Iexc) = αextremum(λpr, λexc, Iexc) - α(λpr, Iexc = 0) versus 
excitation intensity for the excitation wavelengths λexc = 530 nm (LED 530 nm), 590 nm (LED 590 
nm) and 470 nm (LED 470 nm) is shown in Figure S4a for λpr = 370 nm and in Figure S4b for λpr = 
550 nm. The circles are experimental data. The curves are nonlinear regression fits to the 
experimental data using the relation [S5] 
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with δα0 and Isat(λexc, λpr) listed in the sub-figures. The saturation intensity is inverse proportional to 
absorption cross-section σa(λexc) and the absorption recovery time τrec [S5 ]. 
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Figure S4. Dependence of attenuation coefficient change δα(λpr, λexc, Iexc) = αextremum(λpr, λexc, Iexc) - 
α(λpr, Iexc = 0) of CaRh in pH 7.3 HEPES/MOPS buffer (a) at λpr = 370 nm and (b) at λpr = 550 nm on 
excitation light intensity Iexc for λexc = 530 nm (top part), 590 nm (middle part), and 470 nm (bottom 
part). Circles are experimental data. The curves are nonlinear regression fits to the experimental 
data using the relation )/1/()/(),( 0 satexcsatexcexcpr IIIII += δαλδα  with δα0 and Isat listed in the sub-

figures. 

 

S6. Calculation of quantum yield of photo-degradation 

The quantum yield of photodegradation φd is given by 

absph

da
d n ,Δ

ΔΝ=φ , (S6) 

where ΔΝda is the increment of length-integrated number density of degraded dark-adapted CaRh 
(Rh-541) and Δnph,abs is the increment of absorbed excitation photons by light-adapted CaRh (Rh-
527). 

 ΔΝda is given by 
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)(/)( , prdaapradaN λσλα=  is the average number density of CaRh in the dark-adapted state. 

2/)]()([)( printervalexposureofend after recovereda,printervalexposureofbegina,pra λαλαλα +=  is the average absorption 

coefficient of dark-adapted CaRh at λpr (here used λpr = λda,max = 541 nm). lexc is the sample length in 

excitation direction, )()()( printervalexposureofend after recovereda,printervalexposureofbegina,pra λαλαλα −=Δ  is the 

absorption coefficient change of dark-adapted CaRh at the probe wavelength λpr due to the photon 
absorption Δnph,abs in the considered excitation interval of CaRh in the light-adapted state. 

 The increment of absorbed excitation photons Δnph.abs in the considered time increments δtexc is 
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absph l

h
tIn ,,, exp1 α

ν
δ −−=Δ , (S8a) 

where laexca ,,α is the absorption coefficient of the light-adapted sample (Rh-527 is absorbing) 

averaged over the spectral distribution of the excitation light source gLED,i and averaged over 
excitation time interval δtexc, i.e., 
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S7. Determination of photocycle parameters 

The limiting fraction κla1 of excited CaRhda* converted to CaRhla1 at high excitation intensity is 
obtained from the ratio of the absorption coefficient strength of the S0-S1 transition of CaRhla1 at 
high excitation intensity (dashed curves in Figure 7 for texc = 3 s) to the initial absorption coefficient 
strength of the S0-S1 transition of CaRhda before excitation (solid curves in Figure 7). That is 
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(S0-S1 upper wavelength position in the integration is set to λupper limit = 430 nm). Thereby it is 
assumed that the absorption cross-section strengths of the S0-S1 transiton of CaRhda and CaRhla1 are 
approximtely equal. The analysis gives κla1 ≈ 0.73 for λexc = 530 nm, 590 nm, and 470 nm. The 
limiting fraction κla2 of excited CaRhda* converted to CaRhla2 is κla2 = 1 - κla1 ≈ 0.27 for λexc = 530 nm, 
590 nm, and 470 nm. 

 Considering the photocycle scheme of Figure 13a and the reaction coordinate scheme of 
Figure S5 the ratio of κla2/κla1 is given by 
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The κla2 and κla1 values obtained from Equation (S9) give κla2/κla1 ≈ 0.37. Application of Equation 
(S10) gives κla2/κla1 = 0.37±0.13 using φcis = 0.46±0.05, τrec,la2 = 0.35±0.01 s and τrec,la1 = 0.8±0.06 s. 

The absorption coefficient spectrum of αa(λ, texc = 3 s, λexc = 530 nm, Iexc = 226 mW cm-2) of 
Figure 7a is approximately separated in the absorption coefficient contributions )(

1, λα
laCaRha  and 

)(
2, λα

laCaRha  which are shown by the thick dashed and the thick dotted curves in Figure 7a (shape 

of )(
2, λα

laCaRha  is taken from initial photo-degradation development of Figure 10). The absorption 

cross-section spectra of CaRhla1 and CaRhla2 are given by 
111

/)()( ,, lalala CaRhCaRhaCaRha Nλαλσ =  and 

222
/)()( ,, lalala CaRhCaRhaCaRha Nλαλσ = . The number density of CaRhla1 is given by 10, laCaRhRhaC NN

la1
κ=  

≈ 3.66×1016 cm-1, and the number density of CaRhla2 is given by 20, laCaRhRhaC NN
la2

κ=  ≈ 1.35×1016 

cm-3 ( )541(/)0,541( ,0, nmtnmN
daCaRhaexcaCaRh σα ==  ≈ 5.01×1016 cm-3 with αa(541 nm, texc = 0) = 8.4 cm-1 of 

Figure 7a, )(, nm541
daCaRhaσ  = 1.675×10-16 cm2, see top part of Figure S2). The obtained approximate 

absorption cross-section spectra of CaRhla1 and CaRhla2 are shown in the bottom part of Figure S2. 

The initial quantum yield of all-trans – 13-cis photo-isomerization φcis (Figure S5) of CaRhda is 
deduced from the initial light induced absorption change at λpr = 550 nm of middle part of Figure 8a 
for λexc = 590 nm and texc = 0.0125 s. φcis is approximately given by 

absph

da
cis n ,Δ

ΔΝ
=φ , (S11) 

where ΔΝda is the increment of length-integrated number density of all-trans – 13-cis isomerized 
initially dark-adapted CaRh, and Δnph,abs is the increment of absorbed excitation photons by initially 
dark-adapted CaRh (Rh-541). 
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)(/)( , prdaapradaN λσλα=  is the number density of CaRh in the dark-adapted state. )( pra λα  is the 

absorption coefficient of dark-adapted CaRh at λpr (here used λpr = 550 nm). lexc is the sample length 

in excitation direction (here lexc = 0.15 cm), )( pra λαΔ  is the absorption coefficient change of dark-

adapted CaRh at the probe wavelength λpr due to the photon absorption Δnph,abs within texc = 0.0125 
s. 

 The increment of absorbed excitation photons Δnph.abs in the considered time increment texc is 
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h
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where )(, excdaa λα is the absorption coefficient of the dark-adapted sample averaged over the 

spectral distribution of the excitation light source gLED590nm, i.e., 
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The obtained quantum yield is φcis = 0.46±0.05. The quantum yield of all-trans back-isomerization is 
φtrans = 1 - φcis = 0.54±0.05. 

 

S8. Schematic Reaction Coordinate Diagrams for Primary and Secondary Photo-
Isomerization Cycles of CaRh 

A schematic reaction coordinate diagram for the primary photo-isomerization and 
deprotonation/re-protonation cycle together with the back-trans isomerization with protein 
restructuring of initially dark-adapted CaRh is shown in Figure S5. The reaction coordinate 
resembles the diheadral angle of the C13=C14 bond of retinal [8,9]. In Figure S6 a schematic 
reaction coordinate diagram for the secondary photo-isomerization cycle of light-adapted 
CaRhla1 (PRSBall-trans,la1) is depicted.  
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Figure S5. Schematic reaction coordinate diagram for primary photocycle of CaRh in pH 7.3 
HEPES/MOPS buffer. 
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Figure S6. Schematic reaction coordinate diagram for secondary photocycle of CaRh in pH 7.3 
HEPES/MOPS buffer. 
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