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A B S T R A C T

Channelrhodopsin-2 is a photoactive membrane protein serving as an ion channel, gathering significant interest 
for its applications in optogenetics. Despite extensive investigation, several aspects of its photocycle remain 
elusive and continue to be subjects of ongoing debate. Of particular interest are the localization of the P480 
intermediate within the photocycle and the timing of the deprotonation of glutamic acid E90, a critical residue 
for ChR2 functioning. In this study, we explore the possibility of an early-P480 state, formed directly upon 
photoillumination of the dark-adapted state, where E90 is deprotonated, as hypothesized in a previous work 
[Kuhne et al. Proc. Natl. Acad. Sci. 116.19 (2019): 9380]. Employing extended molecular dynamics simulations, 
deprotonation free energy calculations, and the computation of the infrared band associated with E90, we 
provide support to the photocycle model proposed by Kuhne et al. Furthermore, our findings show that E90 
protonation state is influenced by diverse interconnected variables and provide molecular detail insights that 
connect E90 interaction pattern with its deprotonation propensity. Our data demonstrate in fact that both 
protonated and deprotonated E90 are possible in P480 depending on E90 hydrogen bonding pattern and 
explaining the molecular mechanism at the basis of P480 accumulation under continuous illumination.

1. Introduction

Channelrhodopsins (ChRs) are membrane proteins belonging to the 
family of microbial rhodopsins that function as light-gated cation 
channels. The natural role of ChR is to serve as photoreceptors for 
phototaxis in green algae, where it is involved in the regulation of 
flagelar motion depending on lighting conditions, allowing the organism 
to seek light optimal for photosynthesis and survival [1]. In the past 
twenty years, ChRs have been widely applied in the emerging field of 
optogenetics that targets the optical control of neuronal cells to inves
tigate their function. Channelrhodopsin-2 from Chlamydomonas rein
hardtii (ChR2) is by far the most used optogenetic tool and the most 
investigated ChR [2]. As it is typical in microbial rhodopsins, in ChR2 
the photoactive moiety is retinal, which is linked to a lysine residue, 
K257, through a protonated Schiff base. The protonated Schiff base is 
stabilized by two counterions, a glutamate (E123) and an aspartate 
(D253). Light exposure triggers retinal ultrafast isomerization from all- 
trans to 13-cis, initiating a sequence of conformational changes, the 
photocycle, that induce in ≈10 μs the opening of the internal channel 

switching the protein to the ion-conducting state. During the subsequent 
steps of the photocycle channel closing occurs and the dark-adapted 
state is ultimately recovered (see Fig. 1).

Despite the vast amount of work devoted to the investigation of ChR2 
with a plethora of experimental and computational approaches, some 
key aspects of its photocycle are still unclear. One of the most contro
versial points arises from the fact that to rationalize all the experimental 
data, at least two closed states giving rise to an apparent dark state 
(Dapp), along with a branched photocycle, are required (see Fig. 1) [2–8]. 
Yet, a consensus has not been reached nor on the characterization of the 
two closed states neither on the evolution of the hypothesized parallel 
photocycle. In addition, multiple isomerization states for the retinal 
have been proposed on the basis of infrared (IR), Raman and NMR 
spectroscopy: all-trans,C=N-anti; 13-cis,C=N-anti; 13-cis,C=N-syn; all- 
trans,C=N-syn [3,4,6,9,10]. Yet, these different isomers could not be 
unambiguously assigned to specific photocycle intermediates.

Interpretation of the experimental data is further complicated by the 
differing behavior of the system in single-turnover experiments and 
under continuous illumination. Under the latter conditions, alterations 
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in ion selectivity, photocurrent inactivation, and a biexponential decay 
of the photocurrent are indeed observed [6]. The characterization of one 
photocycle intermediate, P480, is particularly puzzling. P480 is a long 
lived nonconductive state hypothesized to be a late intermediate, slowly 
decaying to the fully dark-adapted state D470 [5,11,12]. P480 was 
shown to accumulate under continuous illumination conditions [5,6] 
and it is thought to feature a 13-cis,C=N-syn retinal [6,7,12]. Some 
features of P480 make it a possible candidate for being the second closed 
state in the hypothetical branched photocycle: it was shown to be 
photoactive [5] and its spectral features are similar to those of the dark 
state [13,14]. In addition, the apparent dark-adapted state Dapp was 
shown to include a mixture of all-trans,C=N-anti and 13-cis,C=N-syn 
isomers [4,9,15]. Furthermore, relaxation from the ion-conducting P520 
intermediate to D470 bypassing P480 was observed [5] (see Fig. 1), 
making it difficult to incontrovertibly identify P480 as the last photo
cycle intermediate.

Another disputed point is the protonation state of a highly conserved 
glutamic acid, E90, along the photocycle. E90 is a crucial residue in 
ChR2 functioning [16]: it is part of the ion-conducting pore and an 
element of the central gate [17] and it is involved in ion selectivity. As a 
matter of fact, its mutation reduces the photocurrent [18] or even con
verts ChR2 into a chloride channel [19]. There is a general consensus on 
the fact that E90 is protonated in the fully dark adapted state and 
deprotonates along the photocycle. However, E90 deprotonation timing 
and role are still a subject of debate. In particular, both an early [16,18] 
and a late [20,21] deprotonation for this amino acid have been pro
posed. Interestingly, the late deprotonation was related to the late P480 
intermediate [20].

In 2019 Kuhne et al. [6] proposed a new model of branched photo
cycle based on electrophysiology data, Raman and IR spectroscopy. 
According to their hypothesis, P480 is not the latest photocycle inter
mediate. On the contrary, it is the 13-cis,C=N-syn closed state found, 
together with D470, in the light adapted Dapp state. Under continuous 
illuminations, both D470 and P480 are the starting points of two parallel 
photocycles with C=N-anti and C=N-syn retinal conformations 

respectively (see Fig. 1, black and magenta). The anti cycle evolves in the 
cation conducting state O1 (early and late, see Fig. 1, with different ion 
selectivity). The syn cycle, instead, evolves to the poorly conducting 
state O2 characterized by high proton selectivity (see Fig. 1, magenta). 
In addition, according to this model, E90 is protonated in the anti cycle 
and deprotonated in the syn cycle.

Despite the model proposed by Kuhne et al. appearing to reconcile 
most previous experimental observations, it was questioned in 2021 by 
the NMR data of Becker-Baldus et al. [7]. According to their interpre
tation, P480 cannot be directly formed after light excitation but, as 
previously proposed, it is instead a late intermediate in the photocycle 
appearing during channel closure. Their data suggest that P480 is pho
toactive, as proposed in the model of Kuhne et al., and termed its 
photoproduct Px, proposing the photocycle model depicted in Fig. 1, 
black and green.

Here, we use large-scale molecular dynamics (MD) simulations and a 
hybrid quantum-classical approach to explore the thermodynamic 
feasibility of the early deprotonation of E90 in the 13-cis,C=N-syn closed 
state formed upon light excitation, i.e., in the early forming P480 state 
according to the photocycle model of Kuhne et al. We compute E90 
deprotonation free energies in both D470 and P480 and we calculate the 
IR signal arising from E90 side chain, analyzing the sensitivity of the 
spectral signal to the conformational heterogeneity of the dark state. To 
these aims, we use a theoretical-computational approach based on the 
perturbed matrix method, the MD-PMM approach [22]. This strategy 
has already been used to model proton [23] and electron [24,25] 
transfer reactions and to calculate deprotonation free energies [26,27], 
and has been shown to accurately reproduce the experimentally 
measured pKa differences among E/D residues embedded in the protein 
environment [26]. This approach is used here to investigate the pro
tonation state of E90 in the early P480 state, which is obtained upon 
photoillumination of the D470 state, as it significantly impacts the 
evolution of the photocycle.

Fig. 1. Photocycle models proposed for ChR2. In the fully dark adapted state, D470, retinal is in the all-trans,C=N-anti isomer and E90 is protonated. Upon light 
illumination (dashed orange lines) ChR2 enters the main photocycle (in black) with an all-trans,C=N-anti → 13-cis,C=N-anti retinal isomerization reaching the P500 
state. P500 then evolves to the two open states O1-early and O1-late with different ion selectivity. According to the model of Kuhne et al. [6], a second closed state C2 
can be populated upon D470 photoillumination and is the P480 state (here called P480early) in which retinal is in the 13-cis,C=N-syn isomer and E90 is deprotonated. 
Further photoexcitation of P480early induces a side photocycle (in magenta), that evolves to the highly proton selective and poorly conducting O2 state. In the 
photocycle model of Kuhne et al. [6] E90 stays protonated along the main (black) photocycle and deprotonated along the side (magenta) cycle. According to Becker- 
Baldus et al. [7], P480 cannot be reached directly from D470 but can be instead formed from P520 (P480late, green cycle). Illumination of P480late leads to a new 
photoproduct termed Px and characterized by a twisted retinal structure. Both P480late and P520 can relax back to D470. The two states investigated in the present 
work, D470 and P480early , are highlighted in orange.
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2. Results

2.1. Protonation state of E90 in D470

To investigate the protonation state of E90 in ChR2, we compute its 
deprotonation free energy using the MD-PMM approach (see section 4.2 
and section 2 in the Supporting Information, SI). Initially, we compute 
the deprotonation free energy of a capped (i.e., N-terminal acetylated 
and C-terminal N-methyl amidated) glutamic acid (E) in solution to be 
used as reference for all subsequent calculations. Using the procedure 
presented in our previous work [26] and recalled in the SI, section 2.1, 
we estimate for capped-E a pKa value of 3.9, in excellent agreement with 
the experimentally estimated pKa of 4.3 in an alanine pentapeptide [28]. 
We then move to the estimate of the deprotonation free energy of E90 in 
D470, i.e. in the closed state C1 (see Fig. 1). To this aim we use two 
extended MD simulations (1.7 μs each) starting from the crystal struc
ture of ChR2 [17]: one in the C1 state with all-trans,C=N-anti retinal and 
protonated E90 (anti-E90prot MD) and one in the C1 state with all-trans, 
C=N-anti retinal and deprotonated E90 (anti-E90dep MD). The latter is 
only required for obtaining the proper ensemble sampling necessary for 
the calculation of deprotonation free energies but is not representative 
of the D470 state (in which E90 is protonated, vide infra), thus will not 
be discussed in what follows. As anticipated on the basis of previous 
experimental evidences [13], we obtain that E90 is protonated in the 
D470 (anti) state: the deprotonation free energy of E90 is in fact 28 kJ/ 
mol higher than that of capped-E in solution (see Fig. 2), corresponding 
to a pKa value of 8.6. The agreement between the calculated pKa value of 
E90 in D470 and the experimental evidence indicating that E90 is pro
tonated in the D470 state, also serves as a benchmark for our approach 
in the context of the specific system under investigation. This validates 
both our methodology and the results obtained for states where no 

experimental indication is available.
Analysis of the anti-E90prot MD simulation shows that two hydrogen 

bonding (HB) patterns are possible for protonated E90 in the D470 state: 
a major conformational basin in which E90 is part of a tight HB network 
involving K93, E123, D253 and the protonated retinal Schiff base 
(PRSB) and a minor one in which E90 side chain is flipped and hydrogen 
bonded to N258 (see Fig. 3 a1 and a2). Since in the first HB pattern E90 
points towards the extracellular side and in the second towards the 
cytoplasmic side, we will refer in what follows to these two HB pattern as 
DOWN-253 and UP-258, respectively. A more detailed characterization 
of the HB pattern of E90 in D470 is reported in the SI, Fig. S5, showing 
that the UP-258 pattern is populated in ≈10% of the total sampled 
configurations, i.e., it is rather minor. In a previous simulation [29], the 
UP-258 pattern has been reported as stable HB interaction for E90 
(approximately 60 % of a 300 ns-long MD simulation). In a different 
work, only the DOWN-253 pattern was observed in 5 parallel 100-ns 
long MD simulations [6]. Along our anti-E90prot MD, we observe 
some partial flips and one reversible transition from DOWN-253 to UP- 
258, in which the UP-258 HB pattern remains stable for ≈200 ns. Such 
timescale is consistent with both previous findings. Notably, E90 was 
observed in the UP-258 pattern also in the previously obtained crystal 
structure of the ChR1/ChR2 (C1C2) chimera in the closed D470 state 
[30] and was shown to be stable for hundreds of ns along MD simula
tions starting from that crystal structures [31,32].

2.2. Deprotonation propensity of E90 in the early P480 state

In the scenario proposed by Kuhne et al. [6], early formation of P480 
occurs upon photoexcitation of D470 inducing, in parallel with the 
conventional all-trans,C=N-anti → 13-cis,C=N-anti isomerization, also 
the all-trans,C=N-anti → 13-cis,C=N-syn isomerization. To investigate 

Fig. 2. Schematics of E90 deprotonation free energies as obtained by the present calculations. All deprotonation free energies are reported as the difference Δ(ΔG)
with respect to the deprotonation free energy of capped-E. For Δ(ΔG) values below/above ≈18 kJ/mol deprotonated/protonated E90 is favored. The standard error 
for Δ(ΔG) values, estimated through the standard error of their mean (σ/

̅̅̅
n

√
) calculated over n subtrajectories, is ≈ 8 kJ/mol. In the D470 state (all-trans,C=N-anti 

retinal, in blue) E90 is protonated and can be found in both the DOWN-253 and UP-258 HB patterns. Upon light illumination the all-trans,C=N-anti → 13-cis,C=N-syn 
isomerization occurs leading to the P480(P) state, with protonated E90 (magenta). If the photoisomerization occurs from the DOWN-253 pattern the free energy 
value is such that E90 stays protonated. On the contrary, if the photoisomerization occurs from the UP-258 pattern the free energy value is such that E90 gets 
deprotonated. Once the proton is lost, the P480 state with deprotonated E90 (green) is stabilized by the rupture of the K93-D253 HB and subsequent access of water 
in the protein interior.
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the E90 protonation thermodynamics in what is hypothesized to be the 
early P480 state, we simulated the so-called C2 state with 13-cis,C=N- 
syn retinal and protonated E90 (namely syn-E90prot MD). This is 
required to calculate the propensity of E90 to undergo deprotonation in 
the 13-cis,C=N-syn photo-product isomer generated from the D470 
ensemble. Therefore, we extracted from the anti-E90prot MD simula
tions 10 configurations of the whole system in such a way that one 
monomer is found in the DOWN-253 HB pattern and the other in the UP- 
258 HB pattern. From these configurations we generate 10 starting 
configurations for 10 syn-E90prot MD simulations (40 ns length each, 
see section 4.1 and 1.1 in the SI for the details on the isomerization 
process). This procedure creates by design syn-E90prot configurations in 
which E90 is both in the UP-258 and in the DOWN-253 HB pattern, thus 
assuming that the all-trans,C=N-anti to 13-cis,C=N-syn isomerization is 
possible for both conformers. This assumption can be validated by 
combining available experimental data. In fact, the apparent dark- 

adapted state Dapp was shown to include a mixture of all-trans,C=N- 
anti and 13-cis,C=N-syn isomers both in ChR2 and in the C1C2 chimera 
[4,9,15]. In addition, in the crystal structure of ChR2 E90 is downward 
oriented while in the crystal structure of the C1C2 chimera E90 is in the 
UP-258 conformer. Taken together, these data suggest that the all-trans, 
C=N-anti to 13-cis,C=N-syn isomerization is possible in both the UP and 
the DOWN HB pattern. Inspection of the 10 syn-E90prot MDs shows that, 
in the monomer starting from the UP-258 configurations, the E90-N258 
interaction is maintained along all ten 40 ns-long MDs. Instead, in the 
monomer starting from the DOWN-253 configurations, the all-trans, 
C=N-anti → 13-cis,C=N-syn isomerization determines a different HB 
pattern inside the retinal binding pocket (Fig. 3b and Fig. S5). In fact, 
E90 HB partner changes from D253 to E123 after ≈15 ns (on average) of 
the syn-E90prot MDs. In what follows, we will refer to the E90-E123 
interaction as DOWN-123 pattern.

To pursue a more in-depth analysis of the conformational ensemble 
sampled of the syn-E90prot state and to the sensitivity of the MD sim
ulations to the initial conditions we perform an additional extended (1.7 
μs) syn-E90prot MD simulation starting from the crystal structure with 
13-cis,C=N-syn retinal. As a matter of fact, in the crystal structure both 
all-trans,C=N-anti and 13-cis,C=N-syn isomers can be accommodated 
without perturbing the structure of the retinal pocket [17]. Analysis of 
the extended syn-E90prot simulation shows that, upon isomerization, 
the E90 HB pattern change observed in the parallel shorter syn-E90prot 
MDs is reproduced: already during the equilibration runs we observe the 
formation of the E90-E123 HB, that remains then stable for the rest of 
the simulation. Note that in the crystal structure E90 is not hydrogen 
bonded to either D253 or E123, with a similar O–O distance of ≈4.5–5 
Å. Therefore, E90 preferential interaction with D253 in the anti-E90prot 
MD and with E123 in the syn-E90prot MD are determined by the 
different interactions resulting from the distinct isomerization state. We 
also observe that along the extended syn-E90prot MD the UP-258 
pattern is never spontaneously formed. The results obtained in the 10 
short and in the extended MD, taken together, suggest that the possi
bility of having the UP-258 pattern in the syn-E90prot state is deter
mined by the conformational ensemble of the D470 state.

The above point is particularly relevant when moving to the calcu
lation of E90 deprotonation free energy in the syn-E90prot state. In fact, 
the calculation of deprotonation free energies provides rather different 
results for the DOWN-123 and UP-258 patterns. E90 deprotonation re
sults to be highly discouraged in the DOWN-123 pattern: the deproto
nation free energy is even higher than that obtained in the D470 state by 
≈10 kJ/mol (see Fig. 2). This can be rationalized analyzing E90 in
teractions in the anti-E90prot and syn-E90prot states (i.e., DOWN-253 
and DOWN-123 pattern, respectively). In both states, E90 interacts 
with a negatively charged carboxylic sidechain, strongly discouraging 
deprotonation. However, in the anti-E90prot MD the interaction with 
the positively charged K93 partially mitigates the above effect. In the 
syn-E90dep MD K93 is on average farther, further disfavoring E90 
deprotonation (see Figure 3a1 and b1 and Fig. S5 in the SI).

Interestingly, E90 deprotonation is instead possible in the UP-258 
pattern, in which the deprotonation free energy results to be as low as 
that of capped-E in solution (see Fig. 2). The UP-258 HB pattern, that is 
only sampled in the D470 state, promotes therefore deprotonation of 
E90, showing that the conformational variability of the dark anti state is 
crucial for the deprotonation step in the syn state. It is important to 
highlight that the deprotonation of E90 in the P480 state requires the 
deprotonation step to be faster than the transition from the UP confor
mation to the DOWN conformation. Nonetheless, the thermodynamic 
feasibility of the deprotonation step is supported by the observation that, 
during all 10 syn-E90 protonated 40 ns-long MD simulations, no UP to 
DOWN transition is observed, along with experimental evidence indi
cating that E90 deprotonation occurs relatively quickly (estimated to be 
faster than 1 ns, as the E90-deprotonation marker band appears 
instantaneously and is not time-resolved) [6].

Deprotonation of E90 in the UP-258 HB pattern is a viable route also 

Fig. 3. Representative snapshots of the HB patterns sampled along the MD 
simulations in the D470 and P480 states. In the D470 state (panel a) two HB 
patterns are observed. In the DOWN-253 pattern (panel a1) E90 interacts with 
D253 and K93; in the UP-258 pattern (panel a2) E90 interacts with N258. Along 
the MD simulation in the P480 state with E90 protonated (P480(P), panel b), 
for starting structures in the DOWN-253 pattern there is a switch to the DOWN- 
123 pattern, where E90 mainly interacts with E123 (panel b1) while for starting 
structures in the UP-258 pattern the interaction is maintained (panel b2). Along 
the MD simulation in the P480 state with E90 deprotonated (P480, panel c), 
two HB patterns are observed. In both of them E90 interacts with K93. In the 
first one (panel c1) K93 also interacts with D253 and E123. In the second one 
(panel c2), the K93-D253 interaction is not present, determining an “opening” 
in the retinal cavity that enhances the access of water in the protein interior, as 
shown in the bottom structures where water is represented as a red surface.
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from the perspective of the proton transport pathway. In fact, in the UP- 
258 pattern, besides being hydrogen-bonded to N258, E90 is also 
hydrogen-bonded to a water molecule, with an average occupancy of 
≈90% across the ten 40 ns-long trajectories. Visual inspection of the 
trajectories shows that in most MD frames there is a chain of hydrogen 
bonded water molecules, sometimes also including specific protein 
residues that can serve as proton shuttles, that connects E90 sidechain to 
bulk water at either the intra- or the extracellular side (representative 
snapshots are provided in Fig. S6 in the SI). Using a graph-theory [33] 
based approach and following the same strategy we previously 
employed for the investigation of bulk water [34], we build a network 
associated to each configuration sampled along the ten 40-ns long tra
jectories starting from the UP-258 conformer and we calculate in this 
graph the paths connecting E90 sidechain to bulk water (see Section 1.2 
in the SI). This analysis is performed over all MD frames of 10 inde
pendent trajectories, generating a distribution of paths and ensuring the 
statistical robustness of the results. The analysis shows that the average 
fraction of frames in which at least one path is present is 0.86± 0.06 and 
that, on average, the shortest path from E90 to bulk water involves 7.1 ±
2.5 edges. Interestingly, in a non-negligible fraction of frames (0.26 ±
0.06) the calculated shortest paths involve histidine (H) 134. This res
idue is part of the so-called inner gate (H134-E83) and was previously 
suggested to be part of a biological “proton wire” involved in proton 
conductance [1].

2.3. Stabilization of deprotonated E90 in the early P480 state

To assure that E90 is deprotonated in the early P480 state, the 
thermodynamic feasibility of the deprotonation step in the syn-E90prot 
state is not sufficient and must be coupled to a stabilization of the syn- 
E90dep state. We therefore complete our analysis with the investiga
tion of the syn-E90dep state. To this aim we perform an extended (2.0 
μs) MD using as starting point the crystal structure with 13-cis,C=N-syn 
retinal and deprotonated E90. Along the MD trajectory, we observe a 
major conformational change. While in the first part the residues in the 
retinal binding pocket are bound in a tight HB network with E90 forming 
a strong salt bridge with K93 (Figure 3c1, DRY conformation), at ≈ 1.2 
μs this HB network is partially disrupted (see also Figs. S5 and S7a in the 
SI). In particular, rupture of the HB between K93 and D253 occurs and 
induces the two transmembrane helices TM2 and TM7 to move away one 
from the other (Figure 3c2, WET conformation). This leads to a 
considerable increase of water in the interior of the protein, as shown in 
Fig. S7 in the SI, consistently with what observed in previous MDs [6]. 
Calculation of E90 deprotonation free energy in the syn-E90dep state 
reveals that this conformational change strongly stabilizes deprotonated 
E90. In fact, as predictable, water influx and increased hydration of the 
retinal binding cavity strongly stabilizes E90 deprotonated state, leading 
to a deprotonation free energy that is even lower than that of capped-E 
by ≈5 kJ/mol (see Fig. 2). As a very relevant point, we observe the 
rupture of the K93-D253 interaction in most of our ten syn-E90prot MD 
simulations starting in the UP-258 HB pattern. As a matter of fact, as 
shown in Fig. S7b in the SI, the K93-D253 HB remains stable only in 
three trajectories, while in the other seven trajectories it starts breaking 
at ≈10 ns and is not present for ≈60% of the MD. This suggests that loss 
of the proton in the P480(P) state occurs in a conformation that is 
already prone to undergo the conformational change we observe in the 
extended syn-E90dep MD and leading to the stabilization of deproto
nated E90. It is also important to emphasize that the DRY to WET 
conformational change is triggered by the combined effects of E90 
deprotonation and all-trans,C=N-anti to 13-cis,C=N-syn isomerization. 
In fact, the anti-E90 deprotonated MD (i.e., the MD in the D470 state 
with deprotonated E90) does not exhibit any rupture of the retinal 
binding pocket hydrogen bond network or any water influx into the 
protein interior (see Fig. S8 in the SI).

2.4. Calculation of E90 IR absorption bands in D470

Since our data point to a crucial role of E90 HB interactions in the 
dark state, we explore the possibility of experimentally distinguishing 
between the D470 DOWN-253 and UP-258 patterns. To this aim, we 
calculate the IR absorption band due to E90 side chain using the MD- 
PMM approach. The MD-PMM has been already utilized for calcu
lating C––O stretching IR bands, both from the backbone [35] and from 
aspartate side chains [36]. A specific application for rhodopsins has 
already been achieved [37]. Here, we compute the signal arising from 
protonated E90 sidechain C––O stretching in D470, separating the signal 
arising from the DOWN-253 pattern from that arising from the UP-258 
pattern (details on the IR spectra calculation are provided in the SI, 
section 2.2). Interestingly, the calculated spectra (Fig. 4) show that the 
two HB patterns provide different IR signals. As a matter of fact, the 
frequency peak corresponding to the UP-258 HB pattern, i.e. 1735 cm− 1 

is upshifted by 16 cm− 1 with respect to that corresponding to the 
DOWN-253 HB pattern, i.e. 1719 cm− 1. The observed frequency upshift 
is in accordance with the HB weakening that accompanies the DOWN to 
UP transition. Remarkably, in a previous experimental work [20] two 
bands, at 1728 cm− 1 and at 1717 cm− 1, were assigned to two distinct 
HB patterns of E90. The experimentally observed frequency upshift 
(11 cm− 1) very well agrees with the computed shift between the DOWN 
and UP conformers (16 cm− 1) and the absolute values of the two 
computed frequencies also well match the corresponding experimental 
values 

(
1719 cm− 1 calc. vs 1717cm− 1 exp. and 1735 cm− 1 calc. vs 

1728 cm− 1 exp.). Since we do not shift any of our calculated frequencies 
to match the corresponding experimental frequency (see section 2B in 
the SI for more details), the comparison of both the frequency shift and 
the absolute frequencies is meaningful. The good agreement between 
the calculated and experimental signals suggests a close correspondence 
between the underlying E90 structures and HB patterns. This is partic
ularly relevant because the experimentally observed 11 cm− 1 upshift 
was suggested to result from a change in E90 HB pattern that precedes 
E90 deprotonation. This provides strong support to the conclusions 
drawn by our deprotonation free energy data: a transition from the 
DOWN-253 (at lower frequencies) to the UP-258 (at higher frequencies) 
HB patterns has to occur prior to deprotonation.

3. Discussion and conclusion

Using extended MD simulations (7.5 μs in total) and deprotonation 

Fig. 4. Calculated IR spectra for the two different HB patterns of E90 in the 
D470 state. Black: UP-258 pattern; red: DOWN-253 pattern.
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free energy calculations we investigate the protonation state of E90 in 
the early P480 that can be obtained upon photoillumination of the D470 
state, as hypothesized in the work of Kuhne et al. [6]. According to our 
results, both protonated and deprotonated E90 are possible in P480. 
Specifically, our calculations show that if the all-trans,C=N-anti → 13- 
cis,C=N-syn isomerization (i.e., D470 → P480) takes place within D470 
major conformational basin in which a HB between E90 and D253 is 
formed (DOWN-253 pattern) E90 remains protonated in the P480 state. 
On the contrary, if the isomerization occurs in the minor conformational 
basin in which a HB between E90 and N258 is formed (UP-253 pattern), 
deprotonation of E90 can occur. Based on the experimental evidence 
that E90 is deprotonated along the side cycle [6], we suggest that only 
this latter minor population progresses from P480 into the side cycle. 
The remaining population, which retains a protonated E90, does not 
enter the side cycle and accounts for P480 accumulation. The emerging 
picture nicely agrees, and further completes, the photocycle model 
proposed by Kuhne et al. [6] as it explains the microscopic origin of 
P480 accumulation observed in their Raman experiments under 
continuous illumination (or at high flash frequency).

Identification of the mechanism underlying the deprotonation pro
pensity of E90 can guide mutagenesis studies aimed at optimizing 
optogenetic tools based on the use of ChR2. Specifically, mutations that 
favor the UP-258 HB pattern and, consequently, E90 deprotonation may 
produce a more efficient cycle unaffected by the accumulation of the 
P480 state. One possible mutation in this direction could be the sub
stitution of Asn with Asp at position 258. This mutation was already 
studied in the C1C2 chimera [31] and was shown to strengthen the 
90–258 interaction without inhibiting the photocycle.

Our results also reconcile the IR data of Kuhne et al. [6] with the 
previous IR data of Lórenz-Fonfría et al. [20], who concluded, on the 
basis of an upshift of E90 IR band, that E90 changes its HB pattern before 
deprotonation. In their work, the signal upshift was interpreted as cor
responding to a weakening of the E90-N258 interaction due to retinal 
isomerization. Yet, at that time only the crystal structure of the C1C2 
chimera, in which E90 is hydrogen bonded to N258, was available. The 
calculations we perform here of E90 side chain IR bands show that the 
experimentally observed frequency upshift upon deprotonation can be 
ascribed to the change from the DOWN-253 (tighter HB) to the UP-258 
(weaker HB) E90 conformation that, according to our free energy cal
culations, is required for E90 deprotonation. Notably, this is in accor
dance with the observation of Lórenz-Fonfría et al. that the IR frequency 
upshift precedes E90 deprotonation. Therefore, our results explain the 
origin of E90 IR band upshift observed by Lórenz-Fonfría et al. in the 
context of the early P480 state proposed by Kuhne et al. [6].

In addition, our calculations provide evidence that in ChR2 the 
intrinsic conformational heterogeneity of the dark state plays a major 
role in the photocycle evolution. The dark state heterogeneity was 
already proposed to be essential in determining the early stages of 
rhodopsins photocycle [38,39], also showing that complex excited-state 
relaxation behaviors mainly arise from the acid-base equilibrium of the 
Schiff base counterions [40]. Our data not only support this picture, 
showing that the protonation/deprotonation equilibria of crucial resi
dues in the dark state can strongly affect the photocycle evolution, but 
also show that the protonation state of these residues is itself tuned by 
the conformational heterogeneity of the dark state.

We emphasize that in the present work we focus exclusively on D470 
and P480-early, and therefore we cannot provide information about 
events occurring at latest stages of the photocycle. We also acknowledge 
the intrinsic limitations of classical MD simulations, including finite 
sampling, the use of fixed protonation states, and the fully classical 
representation of hydrogen atoms. The latter approximation is also 
relevant in free energy calculations, where the effects of delocalized 
electron density on the sidechain group of E90 due to hydrogen bonding 
are neglected. Nonetheless, the classical treatment of E90’s hydrogen 
bond partners enables us to exploit the main strength of the MD-PMM 
approach, namely the inclusion of conformational heterogeneity in 

large complex systems by utilizing the extended sampling provided by 
classical MD simulations to calculate free energies and spectral signals. 
In fact, the possibility to explore different conformational basins of D470 
allows us to rationalize the molecular mechanisms underlying E90 
deprotonation.

In summary, our results support the hypothesis proposed by Kuhne 
et al. [6] regarding the existence of an early P480 state formed upon 
photoillumination of D470, initiating a side cycle in which E90 is 
deprotonated. Our findings further expand on this picture by demon
strating that multiple protonation states are possible for E90 in the 
closed state: depending on its HB pattern, E90 can either remain pro
tonated, leading to P480 accumulation, or become deprotonated, 
allowing progression from P480 into the side cycle. We show that the 
protonation/deprotonation equilibrium of E90 in the 13-cis,C=N-syn 
photoilluminated P480 state is strongly influenced by the intrinsic 
conformational heterogeneity of the all-trans,C=N-anti dark state D470. 
According to our results, the protonation state of E90 in the closed state 
is governed by several interconnected factors, and its deprotonation is a 
cooperative process requiring: i) all-trans,C=N-anti → 13-cis,C=N-syn 
retinal isomerization, ii) a specific hydrogen bonding HB pattern of E90 
in D470, and iii) water influx into the protein interior.

4. Methods

4.1. MD simulations set-up

We perform in the present paper MD simulations in four different 
states of ChR2: 1) D470 anti-E90prot state, with all-trans,C=N-anti 
retinal and protonated E90; 2) D470(D) anti-E90dep state, with all-trans, 
C=N-anti retinal and deprotonated E90; 3) P480(P) syn-E90prot state, 
with 13-cis,C=N-syn retinal and protonated E90; 4) P480 syn-E90dep 
state, with 13-cis,C=N-syn retinal and deprotonated E90. The D470(D) 
simulation (2) is required only for the computation of the absolute value 
of E90 deprotonation free energy and corresponding pKa value. As a 
matter of fact, it is known that E90 is protonated in the D470 state. For 
all states we perform a 1.7 μs-long MD simulation (with the exception of 
MD 4 that is 2 μs long to achieve a better sampling after the DRY to WET 
transition) starting from the crystal structure of ChR2 (PDB ID 6EID, 
Fig. S1), that well accommodates both the all-trans,C=N-anti and the 13- 
cis,C=N-syn retinal isomers [17]. A detailed schematic representation of 
all the MD simulations is provided in Fig. S2.

In line with previous MD simulations of ChR2 [6,41,42], standard 
protonation states are used for all residues with the exception of E90, for 
which different protonation states are tested as above outlined, and 
D156 that is modeled as protonated as it has been recognized as the 
proton donor to the Schiff base in the subsequent steps of the photocycle 
[6]. In particular, the two Schiff base counterions, i.e. E123 and D253, 
are modeled as deprotonated in both the anti and the syn simulations. As 
a matter of fact, both residues have been suggested to act as proton 
acceptors of the PRSB during the photocycle [16,20] and the crystal 
structure [17] shows that the all-trans,C=N-anti to 13-cis,C=N-syn 
isomerization results in a minor change in the position of the RSB pro
ton, preserving the salt bridge between the PRSB and the counterion 
complex. Besides the four extended MD simulations performed in the 
four different states, we perform 10 additional 40 ns-long MD simula
tions in the P480(P) syn-E90prot state using as starting structures 10 
configurations randomly extracted from the D470 anti-E90 state MD 
portion of trajectory in which one monomer is in the DOWN-253 HB 
pattern and the other monomer is in the UP-258 HB pattern (see Fig. 3). 
For these 10 simulations retinal all-trans,C=N-anti → 13-cis,C=N-syn 
retinal double isomerization was performed using steered molecular 
dynamics (SMD). MD simulations are performed with the NAMD2.13 
suite [43,44] using the CHARMM36 force field [45–47] to treat all in
teractions and the TIP3P model for water [48]. A similar computational 
protocol was already successfully employed in previous MD simulations 
of complex membrane systems [49–51]. Additional information on the 
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MD simulations, including SMDs, are provided in section 1, Table S1, 
and in Figs. S1-S4 of the SI. The initial structures for the D470 anti- 
E90prot and P480 syn-E90dep MD simulations are provided as Supple
mentary Material available for download. Additional data are available 
upon request from the authors.

4.2. The MD-PMM approach

The MD-PMM approach [22], like other hybrid quantum/classical 
methodologies [52–54], is based on partitioning the system under 
investigation into two regions: (1) the quantum center (QC), which 
contains atoms associated with the processes of interest (e.g., proton
ation/deprotonation events or molecular vibrations) and is treated at 
the quantum level, and (2) the rest of the system (the environment), 
which influences the properties of the QC via an electrostatic pertur
bation obtained from the system’s atomistic classical MD configurations. 
The main strength of the MD-PMM is that the perturbed properties of the 
QC can be evaluated using a considerable number of atomistic config
urations of the environment obtained from extended classical MD sim
ulations of the whole system (including the quantum part). As a matter 
of fact, in the MD-PMM the perturbation operator is expanded so that the 
presence of the environment is applied a posteriori onto the quantum 
properties of the QC. The quantum properties of the QC (i.e. the un
perturbed properties) are obtained with quantum mechanical calcula
tions in the gas phase (see section 3 in the SI). Then, for each 
configuration/frame generated by all-atoms classical MD simulations, 
the QC Hamiltonian operator is perturbed by the instantaneous elec
trostatic field resulting from the environment’s instantaneous configu
ration. The electronic Hamiltonian operator Ĥk of the QC embedded in 
the perturbing environment of configuration k is thus: 

Ĥk = Ĥ
0
+ V̂k (1) 

where Ĥ
0 

is the QC unperturbed Hamiltonian obtained considering the 
isolated QC and V̂k is the perturbation operator from environment 
configuration k. In constructing the perturbed Hamiltonian matrix, the 
diagonal elements are obtained by expanding the perturbation operator 
around each individual atom of the QC while for the nondiagonal ele
ments the perturbing electric field provided by the environment’s 
atomic charges is used to determine the perturbation operator via a 
multipolar expansion centered on the QC’s center of mass, r0. Therefore, 
the elements Vi,j between the electronic states i and j can be expressed as: 

Vi,j ≈ δi,j

∑

N
V (RN)qN,i −

(
E(r0)⋅μi,j

)(
1 − δi,j

)
(2) 

with N running over all QC atoms. RN is the Nth QC nucleus position, qN,i 

is the corresponding atomic charge in the state i, V is the electrostatic 
potential exerted by the perturbing environment, E is the perturbing 
electric field (E = − ∂V /∂r), μi,j is the QC transition dipole moment, and 
δi,j is the Kronecker delta. At each frame of the MD simulation ensemble 
(i.e., for each configuration k of the environment), the perturbed elec
tronic Hamiltonian matrix is constructed and diagonalized, providing a 
continuous trajectory of perturbed eigenvalues and eigenvectors. The 
QC’s instantaneous perturbed quantum observable of interest can be 
then evaluated for each environment configuration. In the present case, 
we are interested in computing the deprotonation free energy and 
sidechain vibrational band of protonated E90. Therefore, we select as 
QC acetate and acetic acid to compute the perturbed energy change 
upon deprotonation (see Eqs. 1–5 in the SI) and acetate to compute the 
C––O stretching frequency in E90 sidechain. More details are provided 
in the SI, sections 2 and 3, as well as in the original works [26,36].
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Appendix A. Supplementary data

Additional details on molecular dynamics simulations (including 
steered molecular dynamics); details on the calculation of the proton 
transfer pathway; application of the MD-PMM approach for the calcu
lation of deprotonation free energies and for the calculation of carbox
ylic sidechains infrared spectra; details on quantum mechanical 
calculations; list of abbreviations and their definitions; sketch of the 
MDs starting structure; schematics of the MD simulation protocol; RMSD 
of the protein backbone along the simulations; sketch of the retinal 
isomers; hydrogen bonding interactions along the MD simulations; 
representative snapshot of hydrogen bond chains connecting E90 side 
chain to bulk water; retinal binding pocket structural change in P480; 
E90 hydration in P480 and D470-E90dep; initial structures for the D470 
anti-E90prot and P480 syn-E90dep MD simulations. Supplementary data 
to this article can be found online at https://doi.org/10.1016/j.ijbi 
omac.2025.140977.
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