
Articles
https://doi.org/10.1038/s41592-019-0583-8

Machine learning-guided channelrhodopsin 
engineering enables minimally invasive 
optogenetics
Claire N. Bedbrook   1, Kevin K. Yang2,3, J. Elliott Robinson   1,3, Elisha D. Mackey1, 
Viviana Gradinaru   1* and Frances H. Arnold   1,2*

1Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA, USA. 2Division of Chemistry and Chemical Engineering, 
California Institute of Technology, Pasadena, CA, USA. 3These authors contributed equally: Kevin K. Yang, J. Elliott Robinson.  
*e-mail: viviana@caltech.edu; fha@cheme.caltech.edu

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

NAtuRE MEtHoDs | www.nature.com/naturemethods

http://orcid.org/0000-0003-3973-598X
http://orcid.org/0000-0001-9417-3938
http://orcid.org/0000-0001-5868-348X
http://orcid.org/0000-0002-4027-364X
mailto:viviana@caltech.edu
mailto:fha@cheme.caltech.edu
http://www.nature.com/naturemethods


 

 

  



 

Supplementary Figure 1. Comparison of ChR regression models built using different contact maps.  

(a) Comparison of contact maps generated from the C1C2 (3UG9), ChR2 (6EID), and C1Chrimson (5ZIH) 

structures. Contact maps are aligned to the C1C2 structure for comparison. The ChR2 contact map (blue) 

and C1Chrimson contact map (pink) are overlaid on top of the C1C2 contact map (black). Black C1C2 

contacts visible under the ChR2 or C1Chrimson contacts indicate contacts that appear in C1C2 but not in 

ChR2 or C1Chrimson. (b) Venn diagram of shared and unique contacts for the indicated ChRs. (c–d) 

Prediction accuracy of models built with each contact map evaluated using (c) 20-fold cross validation of 

the training set and (d) a test set. Prediction accuracy was evaluated for regression models of ChR peak 

photocurrent, off-kinetics, and spectral properties. The test set for all regression models was the 28 ChR 

sequences predicted to have useful combinations of diverse properties. Accuracy of model predictions is 

evaluated by Pearson correlation.  

  



 

 

  



 

Supplementary Figure 2. Thirty model-predicted ChR chimeras aligned with the three parents and 

the ChR secondary structure.  

Blocks of ChR chimeras are colored according to which parent each block came from. CsChrimR is red, 

CheRiff is blue, and C1C2 is green. (*) highlights the Schiff base. ChRs are divided into categories based 

on their predicted properties. The ChR chimeras are predicted to be optimized for one or more properties. 

A number of chimeras appear twice because they were optimal for multiple categories. 

 

  



 

 



 

 

  



 

Supplementary Figure 3. Sequence alignment between C1C2 and designer ChRs.  

The alignment was created using ClustalΩ and visualized using ENDscript. Designer ChRs are arranged 

under the C1C2 sequence in order of decreasing photocurrent strength (ChR_11_10 has the strongest 

photocurrents while ChR_30_10 has the weakest photocurrents). Secondary structure elements for C1C2 

are shown as coils (α: α-helices) and arrows (β-strands). “TT” represents turns. Identical and conservatively 

substituted residues are highlighted in red (outlined in blue box). Light-blue asterisks under the alignment 

indicate the three residues that form the internal gate. Purple and green asterisks under the alignment 

indicate the residues that form the conserved hydrophobic retinal-binding pocket and the conserved cluster 

at the extracellular vestibule of the cation-conducting pathway, respectively. The lysine residue involved in 

the Schiff base is highlighted in yellow. The SpyTag sequence is highlighted in light blue.   



 

 

 

  



 

Supplementary Figure 4. Sequence and structural determinants of ChR functional properties.  

(a) Prediction accuracy of L1-regularized linear regression models to identify a limited set of residues and 

structural contacts that strongly influence ChR photocurrent strength, off-kinetics, and spectral properties 

(20-fold cross validation). R represents the Pearson correlation coefficient. The positions of specific 

residues (amino-acid sticks) and contacts (dark gray lines) most important for model prediction of (b) off-

kinetics, photocurrent strength, and (c) red- or blue-shifted light sensitivity are overlaid on the light gray 

C1C2 crystal structure (3UG9.pdb). Specific residues and contacts are included in Supplementary Data 4. 

Residues are colored according to the sign of their weighting (determined by L2-regularized linear 

regression). E.g., residues highlighted in light green have a large positive weight from the photocurrent 

model and thus contribute to high photocurrents, while residues highlighted in dark teal have a large 

negative weight and thus contribute to low photocurrents. The seven transmembrane helices (TM1–7) are 

labeled. (d) Zooming in to a number of heavily-weighted residues for photocurrent strength, off-kinetics, 

and red- and blue-shifted light sensitivity. Relevant residues are labeled with amino acid numbering 

according to the C1C2 sequence. Contact lines between residues in (d) have been removed for clarity. 

Residue coloring in (d) follows the convention presented in (b–c).  

  



 

 

  



 

Supplementary Figure 5. Characterization of activation spectra for select designer ChR variants.  

(a) Normalized output spectra for each light color used in this study to activate ChR photocurrents. The 

dashed line indicates the half maximum amplitude of the excitation spectra. (b) Activation spectra for 

selected designer ChR variants (CheRiff, n = 6 cells; CsChrimR, n = 5 cells; C1C2, n = 4 cells; 11_10, n = 

6 cells; 12_10, n = 7 cells; 25_9, n = 5 cells; 10_10, n = 4 cells). The y-axis error bars show full-width at 

half the maximum amplitude of the excitation spectra for each color. 

  



 

 

 

 

 

 

 



 

 

 



 

  



 

Supplementary Figure 6. Correlation between photocurrent strength and expression of ChR variants.  

Plot of measured photocurrent strength versus expression in HEK cells for each ChR variant. Each point is 

an individual cell. For each variant, images of two representative cells shows localization. To highlight ChR 

variant localization patterns, contrast in each image was adjusted so that localization can be compared for 

both high-expressing and low-expressing variants. Thus, images are not contrast matched and fluorescence 

brightness in images is not an indicator of relative expression level across variants.  



 

 

  



 

Supplementary Figure 7. Model-predicted ChRs exhibit a large range of functional properties often 

far exceeding the parents.  

This figure shows data depicted in Figure 2 with ChR properties (photocurrent strength, off-kinetics, and 

expression level) aligned for each ChR variant for easy comparison. In all plots, each point is an individual 

cell. (a) Peak photocurrent of designer ChRs with different activation wavelengths in HEK cells (n = 4–8 

cells, see Supplementary Data 2). 397 nm light at 1.5 mW mm-2, 481 nm light at 2.3 mW mm-2, 546 nm 

light at 2.8 mW mm-2, and 640 nm light at 2.2 mW mm-2. (b) Off-kinetics decay rate (τoff) following a 1 ms 

exposure to 481 nm light at 2.3 mW mm-2 (n = 4–8 cells, see Supplementary Data 2). (c) Expression of 

designer ChRs measured by the mKate fusion fluorescence level (n = 4–8 cells). Plotted data are 

mean±SEM.  



 

 

  



 

Supplementary Figure 8. Top designer ChR variants outperform the commonly used ChR2(H134R) 

and the high performance CoChR. 

(a) Construct design for each ChR tested with a TS sequence, eYFP, and WPRE under the hSyn promoter. 

Representative cells show expression and localization of each ChR variant. (b) Expression of ChR-eYFP 

for each ChR construct. (c) Photocurrent strength versus expression in HEK cells for each ChR variant. 

Each point is an individual cell. ChR2(H134R), n = 10 cells; CoChR, n = 7 cells; ChR_9_4, n = 9 cells; 

ChR_25_9, n = 13 cells; ChR_11_10, n = 16 cells. (d–e) Representative current traces after 1 s light 

exposure for ChR variants with (d) high-intensity (2.2 mW mm-2) and (e) low-intensity (6.5x10-2 mW mm-

2) 481 nm light. (f–g) Peak and steady-state photocurrent comparison with (f) high-intensity and (g) low-

intensity 481 nm light. Designer ChR variants produce significantly larger steady-state photocurrents than 

CoChR (Kruskal-Wallis test with Dunn's post hoc test; Supplementary Table 4). ChR2(H134R), n = 11 

cells; CoChR, n = 7 cells; ChR_9_4, n = 9 cells; ChR_25_9, n = 12 cells; ChR_11_10, n = 16 cells. (h) 

Spike fidelity with varying intensity light of ChR variants at 2 Hz stimulation in cultured neurons with 1 

ms light-pulse width (ChR_9_4, n = 6 cells; ChR_25_9, n = 4 cells; ChR_11_10, n = 6 cells; ChR2, n = 7 

cells). Plotted data are mean±SEM and each point is an individual cell. 

  



 

 

  



 

Supplementary Figure 9. Alignment of top five designer ChRs.  

(a) Top five designer ChRs predicted by the machine-learning models aligned with the three parents and 

the ChR secondary structure. (*) highlights the Schiff base. Blocks of ChR chimeras are colored according 

to which parent each block came from. CsChrimR is red, CheRiff is blue, and C1C2 is green. (b) Sequence 

alignment between parents and top five designer ChRs was created using ClustalΩ and visualized using 

ENDscript. Secondary structure elements for C1C2 are shown as coils (α: α-helices) and arrows (β-strands). 

“TT” represents turns. Identical and conservatively substituted residues are highlighted in red (outlined in 

blue box). The lysine residue involved in the Schiff base is highlighted in yellow. The SpyTag sequence is 

highlighted in light blue. 

 



 



 

Supplementary Figure 10. Detailed comparison of ChRger2 with ChR2(H134R) and the high 
performance CoChR in neurons in culture and acute slice.  

ChRger2-expressing neurons’ passive membrane properties, photocurrents, and photocurrent density in (a) 

culture and (b) acute slice (in the PFC) compared with CoChR and ChR2(H134R). Data is summarized in 

Supplementary Table 6. Access resistance (Ra), membrane resistance (Rm), membrane capacitance (Cm), 

leak current (holding at −60 mV), and resting membrane potential (RMP) for recorded cells expressing 

ChRger2, CoChR, or ChR2(H134R) show no significant difference (one-way ANOVA; Supplementary 

Table 6). Recorded neurons in culture have near zero holding current when held at -60 mV, indicating that 

these cells were not depolarized. With 0.8 mW mm-2 intensity 485 nm light, ChRger2 produces significantly 

larger peak photocurrent density than ChR2(H134R) and significantly larger steady-state photocurrent 

density than both ChR2(H134R) and CoChR (Kruskal-Wallis test with Dunn's post hoc test; 

Supplementary Table 6). With 8x10-3 mW mm-2 intensity 485 nm light, ChRger2 produces significantly 

larger peak and steady-state photocurrent density than both ChR2(H134R) and CoChR (Kruskal-Wallis test 

with Dunn's post hoc test; Supplementary Table 6). Neuronal culture: ChR2(H134R), n = 16 cells; CoChR, 

n = 17 cells; ChRger2, n = 24 cells. Acute slice: ChR2(H134R), n = 11 cells; CoChR, n = 14 cells; ChRrger2, 

n = 13 cells. Plotted data are mean±SEM.  



 

 

  



 

Supplementary Figure 11. Coronal slices show expression throughout cortex after systemic delivery 

of ChRger2 and ChR2(H134R).  

Systemic delivery of rAAV-PHP.eB packaged CaMKIIa ChRger2-TS-eYFP or ChR2(H134R)-TS-eYFP 

into wild type animals. ChRger2, n = 5 animals; ChR2(H134R), n = 4 animals. These animals were used 

for behavioral experiments depicted in Figure 4b. Observable tissue damage occurred during tissue 

collection and processing. Virus titer, 5x1011 vg/mouse. 

 

  



 

Supplementary tables 

Supplementary Table 1. Evaluation of prediction accuracy for different ChR property models. Calculated 

AUC or Pearson correlation after 20-fold cross validation on training set data for classification and 

regression models. The test set for both the classification and regression models was the 28 ChR sequences 

predicted to have useful combinations of diverse properties. Accuracy of model predictions on the test set 

is evaluated by AUC (for the classification model) or Pearson correlation (for the regression models). The 

Matérn kernel is with 𝑣 = #
$
. 

Model type ChR property Kernel Cross validation  Test set 

GP classification function Matérn AUC = 0.78 AUC = 1.0 

GP regression current strength Matérn R = 0.77 R = 0.92 

GP regression off-kinetics Matérn R = 0.78 R = 0.97 

GP regression wavelength sensitivity Matérn R = 0.89 R = 0.96 

 

  



 

Supplementary Table 2. GP regression model hyperparameters for each ChR property of interest for the 

Matérn kernel. 

Model type ChR property Noise hyperparameter: 𝝈𝒏𝟐  Length hyperparameter: 𝒍 

GP regression current strength 0.04848652 19.65389071 

GP regression off-kinetics 0.02902597 19.72715834 

GP regression wavelength sensitivity 0.10927067 37.7883682 

 
  



 

Supplementary Table 3. Comparison of prediction accuracy for different ChR property models with 

different contact maps. Calculated Pearson correlation after 20-fold cross validation on training set data for 

regression models. The test set for the regression models was the 28 ChR sequences predicted to have useful 

combinations of diverse properties. Accuracy of model predictions on the test set is evaluated by Pearson 

correlation. All models use the Matérn kernel is with 𝑣 = #
$
.  

Contact map structure (pdb) ChR property Cross validation  Test set 
C1C2 (3UG9) current strength R = 0.77 R = 0.93 

off-kinetics R = 0.79 R = 0.96 
wavelength sensitivity R = 0.90 R = 0.96 

C1Chrimson (5ZIH) current strength R = 0.77 R = 0.94 
off-kinetics R = 0.79 R = 0.96 
wavelength sensitivity R = 0.91 R = 0.96 

ChR2 (6EID) current strength R = 0.80 R = 0.93 
off-kinetics R = 0.80 R = 0.96 
wavelength sensitivity R = 0.91 R = 0.96 

 

  



 

Supplementary Table 4. Statistical analysis of peak and steady-state photocurrent presented in 

Supplementary Figure 8f,g with CoChR used as a control group for Dunn's post hoc test. ChR2(H134R), 

n = 11 cells; CoChR, n = 7 cells; ChR_9_4, n = 9 cells; ChR_25_9, n = 12 cells; ChR_11_10, n = 16 cells. 

 Light intensity  
[mW mm-2] 

p-value  
peak  

p-value  
steady-state  

CoChR x ChR2(H134R) 2.2 0.22 0.83 
CoChR x 9_4 2.2 0.16 0.030 
CoChR x 25_9 2.2 0.77 0.040 
CoChR x 11_10 2.2 0.25 0.014 
CoChR x ChR2(H134R) 0.0065 0.37 0.63 
CoChR x 9_4 0.0065 0.12 0.048 
CoChR x 25_9 0.0065 0.10 0.050 
CoChR x 11_10 0.0065 0.016 0.0035 

 

  



 

Supplementary Table 5. List of different constructs made for validation of the ChRgers.  

Vector Insert (X) Virus tested 

pAAV-hSyn-X-TS-eYFP-WPRE 

hChR2(H134R) 

CoChR 

ChRger1 

ChRger2 

ChRger3 

Yes 

pAAV-CaMKIIa-X-TS-eYFP-WPRE 

hChR2(H134R) 

ChRger1 

ChRger2 

ChRger3 

Yes 

pAAV-CAG-DIO[X-TS-eYFP]-WPRE 

hChR2(H134R) 

ChRger1 

ChRger2 

ChRger3 

Yes 

 

 




