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1. Experimental details 

Retinal synthesis:  

[12,15-13C2]-all-trans-retinal and [12,15-13C2]-13-cis-retinal were prepared as described previously.[1] 

Protein expression, purification and reconstitution:  

ChR2 from Chlamydomonas reinhardtii was prepared as described previously.[2] Briefly, ChR2 (1-315) 

with a C-terminal nine-His tag was expressed in Pichia pastoris in the absence of retinal. The crude 

membranes were incubated with 5 µM [12,15-13C2]-all-trans-retinal for 2 h on ice. The protein was 

solubilized with 1% [w/v] β-decyl-maltoside (DM) and purified with a Ni-NTA Sepharose column. ChR2 

was then reconstituted into POPC:POPG:cholesterol [8:1:1, w/w/w] proteoliposomes resulting in a 

lipid to protein ratio of 3:1 [w/w]. 

NMR sample preparation:  

a) Retinal samples 

1 mg of [12,15-13C2]-all-trans-retinal and [12,15-13C2]-13-cis-retinal, respectively, were dissolved in 

1,1,2,2-tetrachlorethan containing 10 mM btbK as polarizing agent. The samples were packed in 3.2 

mm ZrO2 rotors. 

b) Channelrhodopsin sample 

The [12,15-13C2]-all-trans-retinal-ChR2 proteoliposomes were pelleted by ultracentrifugation for an 

hour. The sample contained around 1 mg of protein. The resulting pellet was then incubated over 

night with DNP buffer (20 mM AMUPOL, 30% [v/v] d8-glycerol, 60% [v/v] D2O and 10% H2O [v/v]).[3] 

The pellet was then packed into a 3.2 mm sapphire NMR rotor and briefly spun at room temperature 

with a few kHz to evenly distribute the sample on the outer surface of the transparent rotor to enable 

rotation at cryogenic temperatures and to facilitated light penetration to the sample. 

NMR experiments:  

All NMR experiments were performed using a Bruker Avance II 400 MHz NMR spectrometer equipped 

with a 3.2 mm Cryo-MAS probe with a waveguide for transmission of microwaves. The probe was 

modified to enable illumination of the spinning rotor.[2a] A 263 GHz Bruker Gyrotron was used as 

microwave source and the microwave power at the probe was around 10 W. Enhancements from 

comparing experiments with and without microwave were around 16 for the retinal/tetrachloethan 

samples and 50 for the proteoliposome sample, respectively.  

For illumination a 470 nm high-power LED from Mightex was connected to the internal light guide of 

the 3.2 mm Cryo-MAS probe. The nominal output power of the LED was 3.3 W but losses occur due to 

coupling from the LED to an external lightguide and then to an internal light guide. In addition, the 

spinning rotor will also scatter some light. It is therefore difficult to estimate how much light entered 

the sample. Full ground state depletion can be achieved at illumination at 245 K (Figure 2d) showing 

that sufficient light is applied for compete photoconversion. P1
500 was trapped by illumination at 170 

K for around 20 min. A P4
480 and a Px mixture was generated by illumination at 245 K for around 20 

min. P4
480 could also be obtained by increasing the temperature of the sample after illumination at 

170 K to 245 K in the dark. After each illumination scheme, the light was turned off and the sample 

temperature was reduced to 105 K for recording of the DNP enhanced NMR spectra. 

8 kHz magic angle sample spinning was used for all experiments and microwave irradiation was on 

during all measurements except for the reference spectra recorded to determine the DNP-
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enhancement. 13C CP experiments were performed with a ramp on the proton channel and 100 kHz 

Spinal64 decoupling. Double quantum filtering was done using SR26 recoupling with 52 kHz on the 13C 

channel while 1H decoupling was set to around 105 kHz.[4] Referencing was done indirectly to DSS 

using the CH2 signal of d8-glycerol at 64.8 ppm. 

The cross polarization 1D spectra shown in Figure 2 were recorded using 1024 scans. The SR26 double 

quantum filtered spectra shown in Figure 2 were recorded with a double quantum build-up and 

reconversion time of 5 ms and a large number of scans: 19968 (dark), 26624 (170 K illumination), 

24576 (245 K illumination) and 49152 (170 K illumination followed by a temperature increase in the 

dark to 245 K). The other data points for the SR26 build-up curves were recorded with the same 

number of scans as the 5 ms experiments. In the 13-cis-retinal and all-trans-retinal sample the double 

quantum efficiency was 14% and 9.5%, respectively. In the Channelrhodopsin sample only the C15 

signal in the dark state has a resolved signal in the CP spectrum and enabled estimation of the double 

quantum efficiency, yielding around 7%. We expect the double quantum efficiencies to be slightly 

higher in the photointermediates with a 13-cis chromophore configuration due to the shorter 

distance. On the model system used in Kristiansen et al. the achieved double quantum efficiency was 

18.8%.[4] Our slightly reduced efficiencies can be attributed reduced T2 times due to relaxation 

enhancement by the DNP polarizing agent AMUPOL and maybe less efficient decoupling. 

All NMR experiments were record with an acquisition time of 10 ms using 592 data points. The FIDs 

were zero filled to 8192 data points and multiplied with a Gaussian window function (Topspin 

parameters: LB = -20 Hz, GB = 0.05) prior to Fourier transformation.  

 

Simulation of build-up curves:  

SIMPSON was used for the simulation of the SR26 build-up curves using varying 13C-13C dipolar 

coupling constants.[5] CSA parameters were taken from Smith et al..[6] The input file with all the 

relevant parameters is given in section 4 of this SI. 

Data Analysis:  

Data analysis was done using OriginPro 2017. All spectra from each SR26 build-up were added 

together and deconvoluted using Gaussian line shapes to obtain the average peak position and the 

linewidth of the signals (Figure S3). Using this position and linewidth the single experiments were 

fitted leaving the intensity of the signal as the only variable. All error bars given in the figures 

correspond to a 95% confidence interval. The obtained build-up curves were then fitted to the 

simulated build-up curved using an additional decay function to account for the apparent T2 relaxation 

during the recoupling sequence. The results depend on the choice of T2. For the retinal in 

tetrachlorethan samples T2 (6.8 ms) was obtained from fitting the cis-retinal curve and then also used 

for analysis of the all-trans-retinal data, as T2 was expected to be very similar in the two samples. In a 

similar manner T2 was determined for the ChR2-proteoliposom sample. A build-up curve in the dark 

was recorded with 10 different build-up times (3, 4, 5, 6, 7, 8, 9, 10, 12 ms) and the intensities of C12 

and C15 were added to further improve the signal-to-noise ration. The dipolar interaction was then 

fixed to -150 Hz (3.7 Å) as expected in the ground state. Fitting yielded a T2 time of 5.21 ms which was 

then used in all subsequent simulations to obtain the dipolar couplings which was then converted to 

internuclear distances (Figure S1). The error of the dipolar coupling of the best fitting curves was 

estimated to be within ± 25 Hz (Figure S2). 
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2. Assignment of 13C12 and 13C15 in the SR26 spectra shown in Figure 2b-e) 

The 13C15 chemical shift in the dark state has been assigned previously and is easily identified at 166.5 

ppm.[2a] The only other signal remaining in the dark spectrum is therefore assigned to 13C12. After 

illuminating the sample at 170 K with blue (470 nm) light, the intensity of the 13C12-ChR2470 signal 

decreases and a new signal appears at 123.2 ppm. In our previous paper we showed that only the first 

photointermediate P1
500 is accessible at temperatures below 200 K and thus we assign the signal to 

13C12-P1
500. 13C15-ChR2470 and 13C15-P1

500 are not resolved. As observed earlier and also in other retinal 

proteins when trapping the first intermediate some dark state population always remains as the photo 

reaction is reversible.[7] In contrast, illumination at 245 K results in a depopulation of the dark state 

(no signal at 136.8 ppm) and two new 13C12-signals and two 13C15-signals are observed. The more 

intense pair of signals is assigned to P4
480 and the weaker one to its photoproduct Px based on our 

previous work. There we could show that a species in the sample illuminated at 245 K is the same as 

the one that occurs when freeze quenching the sample which enriches the long lived P4
480 state. This 

assignment is confirmed by the spectrum recorded after illumination at 170 K followed by relaxation 

in the dark at 245 K (Figure 2e). This spectrum also shows the 13C12-P4
480 and 13C15-P4

480 signals as well 

as ChR2470 signals whereas the signals of the photoproduct Px are not observed as after the generation 

of P1
500 no further photons were applied in this experiment. The assignment is summarized in Table 1 

of the main text. 

 

 

 

3. Supplementary Figures 

 

Figure S1: a) Schematic representation of the photocycle model suggested by Saita et al.[8] b) 

Schematic representation of the photocycle model suggested by Kuhne et al.[9] c) P4
480 configurations 

suggested in the literature.[9-10] 
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Figure S2: Spectra of [12,15-13C2]-all-trans-retinal-ChR2 in the dark with and without microwave 

irradiation recorded with 128 scans each, showing a signal enhancement around 50. 

 

 

 

 

Figure S3: SR26 build-up curve of ChR2470. The shown intensity corresponds to the sum of the 13C12 

and 13C15 signals. Based on the all-trans conformation in the dark state, the dipolar coupling was fixed 

to -150 Hz which corresponds to a distance of 3.7 Å. The apparent T2 time needed to fit this data was 

5.21 ms and was used for all subsequent fits on the ChR2 sample.  
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Figure S4: Peak position and line width needed for fitting the individual spectra of the SR26 build-up 

curves were obtained by adding all spectra of the respective SR26 build-up experiment followed by 

deconvolution. Deconvolution of free [12,15-13C2]-13-cis-retinal, free [12,15-13C2]-all-trans-retinal and 

[12,15-13C2]- all-trans-retinal-ChR2 recorded under different illumination schemes as indicated in the 

individual figures are shown, experimental data in black, cumulative fit in red, single signals in grey. 

All line shapes were assumed to be Gaussian. Chemical shifts and line width obtained from the 

deconvolutions are given in the respective tables. SR26 build-up curves were analyzed for the signals 

given in bold. 
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Figure S5: Experimental SR26 build-up curves with the best fit curves and curves deviating by a 

difference in the dipolar coupling constant of 25 Hz and 50 Hz illustrating that the error range of the 

dipolar coupling is ± 25 Hz. 
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Figure S6: 13C DQF spectra of [14,15-13C2]-all-trans-retinal-ChR2 recorded using different illumination 

schemes. The spectra are replotted from our previous work on channelrhodopsin-2 and are shown 

here to support the interpretation of the [12,15-13C2]-all-trans-retinal-ChR2 spectra reported here.[2a] 

The spectra were recorded using POST-C7 double quantum filtering.[11] P1
500 is seen in the spectra 

illuminated at 100 K (red) and relaxed at 190 K (orange) but they do not show the characteristic P4
480 

C14 signal at 119.3 ppm which is seen in the spectrum illuminated at 245 K (blue). The C15 peak is 

broadened in the spectra containing P1
500 due to the P1

500-C15 signal which overlaps with the dark 

ChR2470-C15 signal. The data show that no intensity at the P4
480 chemical shift of 119.3 ppm occurs 

upon illumination or thermal relaxation below 200 K, proving that the initial photoreaction does not 

create the P4
480 state as discussed in the main text. 
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4. Simpson input script 
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