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 Channelrhodopsin 2 (ChR2) is a light-gated transmembrane cation channel found in the 

eyespot of motile green algae,1-4 and is currently the most widely used tool for membrane 

depolarization in optogenetics.5 In the photocycle of ChR2, the first intermediate state P500 is 

reached from the dark state D480 by an essential step where an all-trans retinal protonated Schiff 

base (RPSB, Figures 1B-C) undergoes ultrafast (~400 fs) isomerization around the C13=C14 

double bond following light excitation, and is converted to the 13-cis isomer.6 Understanding the 

mechanism of RPSB photoisomerization and its role in channel activation of ChR2 is an 

important prerequisite for improving the design of optogenetic tools. The crystal structure of a 

channelrhodopsin chimera formed between ChR1 and ChR2 (C1C2)7 has stimulated many 

simulation studies of channelrhodopsin.8-16 However, in a very recent study, the crystal structure 

of ChR2 was reported for the first time,17 and it exhibits several important structural differences 

in both the channel region and the RPSB chromophore pocket compared to the C1C2 structure.17 

This new ChR2 structure thus calls into question previous hypotheses for the light-activation 

mechanism, which were based on C1C2-derived homology models of ChR2.8-13,18 Furthermore, 

previous simulations of ChR2 did not simulate the non-adiabatic molecular dynamics of RPSB 

photoisomerization, such that there has been no previous computational study providing a 

quantitative description of the non-adiabatic dynamics involved in this key reaction step.  

 The challenging aspects of using non-adiabatic molecular dynamics simulation to 

investigate RPSB photoisomerization in ChR2 are twofold. Firstly, most electronic structure 

methods that can correctly describe the excited and ground states of the RPSB are too 

computationally intensive for ab initio molecular dynamics (AIMD) simulation. Secondly, an 

accurate description of the non-adiabatic dynamics requires accurate solution of the time-

dependent Schrödinger equation. Ideally, this entails propagation of nuclear wave-packets on 
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multiple electronic states, which makes it even more expensive when coupled with on the fly ab 

initio calculation of the potential energy surface (PES).  

 To overcome the above-mentioned challenges, we integrated state-of-the-art simulation 

methodologies and the most up-to-date structural information of ChR2 in this work. First, the 

new ChR2 crystal structure17 was used as the starting structure in our simulation. Second, we 

employed full multiple spawning method (FMS)19-21 to efficiently and accurately solve the time-

dependent Schrödinger equation in the non-adiabatic molecular dynamics simulation. Third, 

during the FMS simulation, the electronic structure of RPSB was treated with the state-

interaction state-average spin-restricted ensemble Kohn-Sham method (SI-SA-REKS) method.22-

25 This method accurately and efficiently includes both static and dynamic electron correlation 

effects that are essential to correctly describe the RPSB isomerization. The accuracy of SI-SA-

REKS for isolated RPSB models has been shown previously26-27 and is further demonstrated in 

Figure S1, which compares potential energy curves obtained for RPSB torsion in ChR2 with 

benchmark multireference perturbation theory.28-29 Graphical processing unit (GPU) acceleration 

was employed to significantly speed up the SI-SA-REKS calculation.25,30-31 In addition, ground 

state QM/MM free energy simulation and microsecond timescale MD classical simulation were 

carried out to investigate the effect of RPSB isomerization on the activation of ChR2. Our results 

provide a quantitative description of the non-adiabatic dynamics of the RPSB photoisomerization 

in ChR2, and provide insight into how this photochemical reaction triggers subsequent channel 

opening and ion conduction.  

The employed computational methodologies are reported in the Supporting Information (SI), 

and are only briefly summarized here. The protein structure of the transmembrane domain of the 

ChR2 homo-dimer was taken from the ChR2 crystal structure17 (PDB code: 6EID), embedded in 
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the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer, and solvated by 

water molecules. In order to prepare starting structures for FMS simulation, 200 ns classical 

molecular dynamics (MD) equilibration simulations were first performed in the constant NPT 

ensemble at 300K and 1atm (Figure 1A). Sixty snapshots at 1ns time intervals were taken from 

the later times of the equilibration trajectory. For each of these snapshots, the system size was 

reduced to only include the ChR2 protein dimer, the water molecules and ions within 10 Å of the 

protein, as well as the POPC lipid molecules within 5 Å of the protein. The reduced system was 

then equilibrated for 2ps with QM/MM MD. The initial conditions (ICs) for the FMS simulations 

were taken as the final configurations from these ground state QM/MM MD simulations. For 

each IC, one trajectory basis function (TBF) was placed on S1 and propagated according to the 

FMS equations of motion. The PES, gradients and non-adiabatic couplings for S1 and S0 were 

calculated using QM/MM as needed during the FMS simulation, i.e. “on the fly.” The QM atoms 

include the entire RPSB, the CεH2 atoms of Lys257, and the side chains of E123 and D253 in one 

of the two monomers (Figures 1B-C, total of 68 QM atoms), and were treated with SI-SA-

REKS(2,2)22-25 using the ωPBEh functional32 and 6-31G basis set. All remaining atoms were 

modeled with MM using the Amber14 and SPC/Fw classical force fields.33-37 The FMS 

simulations (1 ps for each of the 60 ICs) were performed using FMS90 interfaced with the 

TERACHEM/OPENMM software packages.30-31,38 In total, our simulations encompass more than 

500 ps of QM/MM dynamics for the ChR2 system.  

 To investigate the effect of RPSB photoisomerization on deprotonation, we performed 

ground state QM/MM umbrella sampling simulation using the deprotonation coordinate as the 

collective variable (Figure 4A) for both all-trans and 13-cis RPSB. Distributions of collective 

variables were unbiased using WHAM39 to obtain the RPSB deprotonation free energy profiles. 
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To further explore the hypothesis that RPSB photoisomerization and deprotonation triggers 

channel opening, we performed two ~1 μs classical MD simulations starting with different initial 

conditions. The first one has all-trans protonated RPSB and a deprotonated D253 residue in both 

monomers of ChR2. The second one has 13-cis deprotonated RPSB and a protonated D253 

residue in one of the two monomers, and all-trans protonated RPSB and a deprotonated D253 

residue in the other monomer.  

RPSB photoisomerization in ChR2. The time evolution of the S1 population after 

photoexcitation is shown in Figure 2A. Ground state equilibration dynamics revealed that the 

RPSB chromophore can be hydrogen bonded to either the E123 or D253 residues. We find that 

the excited state lifetime is only weakly dependent on which of these residues forms the 

hydrogen bonded counterion for RPSB. As shown in Figure 2A, the excited state lifetime agrees 

well with the experimental value (~400 fs).6 The simulated transient fluorescence spectrum 

(Figures 2B-C), Stokes’ shift (Figure S2A) and D480-P500 absorption difference spectra (Figure 

S2B) are all in good agreement with the experimental results.6 The close agreement between 

simulated and experimental spectra validates both the electronic structure and nonadiabatic 

dynamics methods we have used. 

The protein environment of ChR2 plays a significant role in the RPSB photoisomerization 

mechanism. The decay time of RPSB in ChR2 is faster than that for RPSB solvated in 

methanol40 (2-10 ps), demonstrating that the protein environment surrounding RPSB greatly 

accelerates its non-adiabatic transition relative to methanol solvent. As shown in Figures 3A-3B, 

the S1 population is transferred to S0 exclusively through the vicinity of the conical intersection 

(CI) accessed by the rotation about the C13=C14 double bond. This highly specific 

photoisomerization of RPSB in ChR2 contrasts with RPSB solvated in methanol, where the S1 
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population is transferred to S0 through multiple CIs accessed by torsional rotation around 

multiple double bonds, including C13=C14, C11=C12 and C9=C10.40 The highly specific RPSB 

isomerization in ChR2 results, at least partly, from the confinement imposed by the protein 

environment. In particular, the bulky side chains of the F226, W124, W223 and C128 residues 

surrounding RPSB largely restrict its motion and enforce specific isomerization around only the 

C13=C14 double bond. It is also evident from Figures 3A-3B that the hydrogen bond acceptors of 

RPSB (i.e. the counterions) control the direction of the C13=C14 bond isomerization. When RPSB 

is hydrogen bonded to E123, the C13=C14 bond rotates in the opposite direction as compared to 

ICs where RPSB is hydrogen bonded to D253. As a result, two different CIs were approached 

during photoisomerization. However, the photoisomerization quantum yields 

(0.61±0.08/0.64±0.07 for ICs with RPSB hydrogen-bonded to E123/D253, respectively) are not 

strongly dependent on the counterion that is hydrogen bonded to RPSB. To our knowledge, there 

is currently no reported experimental measurement of the quantum yield for ChR2. Although our 

quantum yields differ from the measured value for C1C2 (~0.3),14 they are similar to the 

measured values for bacteriorhodopsin (~0.6)41-42 and ChR1 (~0.6).43  

Our findings contradict those of Guo et al,15 who concluded that the photoisomerization is 

more favorable when the RPSB is hydrogen bonded with the E123 residue than with other 

counterions. The differences between our conclusions may arise from the differences in the 

system setup (homology model vs. crystal structure), the QM method employed (MS-CASPT244 

vs. REKS), as well as inclusion of dynamic effects (there is no non-adiabatic dynamics 

simulation in ref 15). In addition, we note that the S2 state is currently not included in our 

simulation. However, in a recent paper by Dokukina et al,16  it was found that the S2 state 

population rapidly decays to zero after ~100 fs for RPSB photoisomerization in C1C2.16 
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Therefore, we expect that including the S2 state in our calculation will not significantly slow 

down the photoisomerization in ChR2. 

 A closer inspection of the FMS trajectories reveals the detailed motion of RPSB during 

photoisomerization. After photoexcitation, the backbone C14=C13 dihedral angle rotates on the S1 

surface towards the twisted CI, while the backbone Nζ=C15 dihedral angle rotates in the opposite 

direction (towards planarization), as shown in Figure S3A. After spawning to S0, the TBFs 

branch out and eventually reach either the 13-cis or the 13-trans configurations. For the TBFs 

which eventually end up in the 13-cis configuration, the backbone C14=C13 and Nζ=C15 dihedral 

angles keep rotating in opposite directions until ~ 40 fs after spawning (Figure S3B). At this 

time, the backbone C14=C13 dihedral has almost completed isomerization to 13-cis, while the 

backbone Nζ=C15 dihedral has rotated halfway towards the 90° torsion where a CI is expected. If 

the backbone Nζ=C15 dihedral mode continued its motion in the same direction, it would lead to 

thermal isomerization of the Nζ=C15 double bond on S0, and some TBFs would end up in the 15-

syn, 13-cis configuration. This is not observed, however, because ~ 40-50 fs after the spawning 

event, the backbone Nζ=C15 dihedral reverses its rotation and moves backwards to the 15-anti 

configuration, while the backbone C14=C13 dihedral remains in the 13-cis configuration (Figure 

S3B). As a result, no 15-syn, 13-cis isomer is formed and the 15-anti, 13-cis isomer is the only 

13-cis photoisomerization product in our FMS simulation, in agreement with a recent solid state 

NMR study of ChR2.45 Our results are strongly reminiscent of the so-called “aborted bicycle 

pedal” mechanism (Figure S3C) that has previously been observed in 11-cisàall-trans RPSB 

isomerization in rhodopsin.46 We note that in a recent study of C1C2 by Dokukina et al,16 the 

“full bicycle-pedal” mechanism leads to the 13-cis, 15-syn photoproduct, while the “hula-twist” 

mechanism leads to the 13-cis, 15-anti photoproduct.16 We attribute the differences in our 
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findings to the differences in the system setup (ChR2 vs. C1C2), the QM method (REKS vs. 

OM3-MRCI47-49), as well as the non-adiabatic dynamic method (AIMS vs. surface hopping50-51). 

During the review of our manuscript, Kuhne et al. reported observing the formation of the 13-cis, 

15-syn photoproduct in parallel with the 13-cis, 15-anti photoproduct.52 However, the FTIR 

signals for this photoproduct were not time-resolved below the nanosecond timescale, making it 

unclear if the Nζ=C15 isomerization occurs within the ~1 ps time window of our simulation. 

Therefore, further studies are still necessary to investigate the mechanism of the Nζ=C15 bond 

isomerization. 

The configuration of the photoproduct has further implications for the subsequent 

deprotonation event. It was found that the 13-cis, 15-anti RPSB remains hydrogen bonded to the 

D253/E123 through the N-H group on the Schiff base, facilitating proton transfer to the 

counterions.  

Effect of isomerization on RPSB deprotonation and hydration increase in ChR2. A central 

question regarding the ChR2 light-activation mechanism is how RPSB isomerization leads to 

protein structural changes and channel opening. To answer this question, we employed QM/MM 

umbrella sampling to calculate the free energy profile (i.e. potential of mean force, PMF) for 

proton transfer (PT) from RPSB to D253/E123 in both all-trans and 13-cis configurations 

(Figures 4B/S4, respectively). We find that the PT PMF of 13-cis RPSB has a metastable free 

energy minimum for protonation of either D253 or E123 (~0.5/1.5 kcal/mol above the free 

energy minimum for protonated RPSB, respectively). In contrast, for all-trans RPSB, we did not 

find a free energy minimum for protonated E123 (Figure S4) and the free energy minimum for 

protonated D253 is 2.5 kcal/mol above the free energy minimum for protonated RPSB (Figure 

4B). Therefore, isomerization of RPSB facilitates proton transfer from RPSB to either 
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D253/E123, with D253 being the most favored of the two proton acceptors. Deprotonation of 

RPSB was previously shown to be necessary for channel activation during the photocycle of the 

ChR2.10 Our results shed light on the results of a previous mutagenesis study, where the E123T 

mutant preserves the channel activity of ChR2, whereas the the D253N mutant does not.53 We 

note that the free energy profile of RPSB deprotonation in C1C2 was recently reported by Adam 

et al, and the stability of the protonated, all-trans RPSB was also observed.54 

To further explore the hypothesis that RPSB photoisomerization triggers channel opening, 

we performed two ~1 μs classical MD simulations of the ChR2 homodimer, with one of the two 

monomers having all-trans protonated RPSB and the other having 13-cis deprotonated RPSB 

with D253 protonated. We find that the hydration level in the channel region increases 

significantly for the ChR2 monomer with 13-cis deprotonated RPSB after ~1 μs. In contrast, the 

channel remains dehydrated for the ChR2 monomer with all-trans protonated RPSB (Figures 4C-

D, Figure S5). In other words, the RPSB photoisomerization and deprotonation increases the 

hydration level in the channel region of the ChR2. However, the channel region is not fully 

hydrated in our simulation, as there are no continuous water chains throughout the channel 

(Figure 4D). The lack of continuous water chains prevents cation transport across the channel, 

indicating that the channel is not yet fully activated for ion conduction. Further protein 

conformational changes are likely required to fully hydrate and activate the channel. These 

results agree with previous transient infrared spectroscopic measurements showing that the 

channel region is only partially hydrated after ~10 μs of photoexcitation, with full hydration 

occurring ~200 μs after photoexcitation.55  

Our results can be contrasted with a previous computational study10 which proposed that 

RPSB isomerization leads to the breaking of the hydrogen bonds between the E90 and N258 
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residues, thereby opening the channel. In the simulation of Ref. 10, continuous water chains were 

formed throughout the channel within ~1μs of RPSB isomerization, which is much faster than 

the experimentally measured time constant of ~200 μs for full channel hydration. The differences 

between our simulation results and these previous results are likely a consequence of the 

different protein structures. The simulation of Ref. 10 was based on a C1C2-derived homology 

model of ChR2,7 where the E90 residue is hydrogen bonded to N258 in the dark state. In 

contrast, our simulation is based on the ChR2 crystal structure,17 where the E90 residue adopts a 

different conformation and is not hydrogen bonded to N258 in the dark state. The lack of a 

hydrogen bond between E90 and N258 in ChR2 before the RPSB photoisomerization explains 

why the flipping of E90 after the isomerization, which was observed in Ref. 10, is absent in our 

simulation. Also, the protein cavities on the extracellular side of RPSB are much less hydrated in 

ChR2 compared to the C1C2 structure, because several salt bridges separate the water clusters in 

the protein cavities. These salt bridges (which are mostly absent in the C1C2 dark state structure) 

need to be broken in the process of channel opening as previously proposed.17 For example, the 

salt bridges around the R120 residue and the ones near the R268 residue were identified to be 

essential for the channel gating mechanism.17 In our simulation, these salt bridges remain intact 

even after 1μs simulation, regardless of the RPSB configuration and protonation state. This 

explains why channel hydration increases much faster and to a higher degree after RPSB 

isomerization in the simulation of Ref. 10 compared to our simulation. Clearly, compared to the 

simulation of Ref. 10, our simulation better reproduces the structural features observed in the new 

ChR2 crystal structure.17 Furthermore, our simulations are in good agreement with transient 

infrared spectroscopic measurements.55 Thus, there is reason to believe that our simulation 

results provide a more accurate rendition of the channel opening mechanism in ChR2. The 
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simulations of Ref. 10 are more appropriate for the C1C2 chimera, where there is much less 

experimental data for comparison.  

 In conclusion, we simulated the photoisomerization of RPSB in ChR2. Our calculated time 

constant for the S1àS0 nonadiabatic transition agrees well with experimental measurements. The 

ChR2 protein environment makes RPSB photoisomerization highly specific around only the 

C13=C14 double bond, and the isomerization follows the “aborted bicycle-pedal” mechanism. The 

hydrogen bond acceptor of RPSB chromophore, i.e. the D253 or E123 residue, affects the 

directionality of isomerization, in agreement with a recent simulation of RPSB 

photoisomerization in C1C2.16 The two hydrogen bond acceptors have similar effects on the 

excited state lifetime and quantum yield. Finally, we also conclude that RPSB 

photoisomerization facilitates its deprotonation (most likely through proton transfer to D253, 

although proton transfer to E123 is also possible) and partially increases channel hydration, 

which may eventually lead to full channel opening and ion conduction in ChR2.  

Associated Contents 

Supporting Information available free of charge on the ACS Publications website. 

Computational details for methodology, benchmark electronic structure calculation, absorption 

and fluorescence spectra, the aborted bicycle-pedal mechanism, the PMF for RPSB 

deprotonation to E123, and the hydration increase in the channel after RPSB isomerization.  
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