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Channelrhodopsin-2 (ChR2) is a cationic channel protein that has been extensively studied in optogenetics.
The ion channel is opened via a series of proton transfers and H-bond changes during the photocycle but
the detailed mechanism is still unknown. Molecular dynamics (MD) simulations with enhanced sampling
were performed on the dark-adapted state (ie., D470) and two photocycle intermediates (P,°°° and
P,3%9) to study the proton transfer path of the Schiff base and the subsequent conformational changes.
The results suggest there are two possible proton transfer pathways from the Schiff base to proton
acceptors (i.e., E123 or D253), depending on the protonation of E90. If E90 is protonated in the p,300
state, the proton on the Schiff base will transfer to E123. The polyene chain of 13-cis retinal tilts and
opens the channel that detours the blocking central gate (CG) and forms a narrow channel through the
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primary proton acceptor is D253, and an almost-open channel through TM1, 2, 3 and 7 is generated. The
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Introduction

Channelrhodopsin-2 (ChR2), a protein with a photoreceptor
and ion channel has been the extensively studied the field of in
optogenetics."”” ChR2 consists of seven transmembrane helices
(TM1-TM7). The retinal chromophore is covalently bound to
K257 on TM7 to yield a protonated Schiff base (RSBH"). In the
dark-adapted state, the ion channel can be blocked at three
positions named the extracellular gate (ECG), central gate (CG)
and intracellular gate (ICG).> The H-bond interactions at these
three gates regulate the opening and closing of the channel.
Three residues located in the CG play crucial roles in the
opening mechanism of the channel,® including the proton
transfer of RSBH" and the change of protonation state of E90.

The photocycle of ChR2 involves five intermediate states:
D*?, P,°%, P,*°, P;°*°, and P,**",**®2 as seen in Fig. 1. D*"° is
a dark-adapted state and the channel is closed." After light
absorption, the all-trans retinal chromophore isomerizes to the
13-cis conformation and forms the P;*°° intermediate,"® which
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allows water molecules to enter the cavity.”'® Subsequently the
Schiff base is deprotonated to form the P,*°° intermediate. It
had been reported that even ions could pass through the
channel in the late P,>°° state.’>* Due to the inflow of water
molecules, the channel expands further and ultimately converts
to the fully open P;**° state.’>**** The channel persists for
approximately 2 ms,' then either decays to the desensitized
P,**° state or directly returns to the D*”° state. Proton transfer to
the Schiff base is one of the important processes in the P,*%°
state, but it is still controversial whether E123 or D253 is the
acceptor.**°

Early studies proposed E123 as the primary acceptor of the
RSBH'.*>'” Recently, E123 also was mentioned explicitly as the
proton acceptor in more accurate multi-reference QM/MM
simulations.® However, the electrophysiological experiment of
Sineshchekov et al.’® and the time-resolved Fourier transform
infrared (FTIR) spectroscopy of Lorenz-Fonfria et al.* suggested
that the proton acceptor in ChR2 is D253 (corresponding to
D212 for BR), identifying this residue as the RSBH' counterion.
This view was also supported by QM/MM calculation of Adam
(corresponding to D292 for C1C2) and Ardevol.**° Kuhne et al.’
displayed that both residues E123 and D253 might serve as
proton acceptor, either simultaneously or alternately, during
formation of the P,**° photocycle intermediate in individual
ChR2. Their subsequent study showed that D253 was more
favorable as a proton receptor.” Interestingly, Guo et al.>* also
suggest that both E123 and D253 were potential proton

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the crystal structure of ChR2, and corresponding retinal structure changes in the intermediate states during

photocycle. In the D*70 state, retinal is in an all-trans conformation. Retinal isomerizes to 13-cis conformation by photoactivation, Py
formed. The proton on retinal is transferred to E123 or D253 to form the P,

acceptors by performing semiempirical quantum mechanics/
molecular mechanics (QM/MM) calculation on the excited
state potential surface.

E90 plays a curial role in the ion selectivity of the channel
and affects the gated mechanism.**"*** It is also important for
proton transfer and the H-bond network.****” However, there is
still no consensus on whether the protonation state of E90
changes during the channel opening process, as well as on the
timescale of deprotonation. It has been shown that E90 main-
tains protonation until channel opening.'®'***3° A strong
evidence is that the H-bond of E129 in C1C2 (corresponding to
E90 in ChR2) was unchanged in Inaguma’ work.>® FTIR experi-
ments suggested E90 deprotonation occurs exclusively in the
P,*%® state.” Kuhne et al.>® proposed a “two parallel photo-
cycles” model including anti and syn branches. The anti-cycle
and syn-cycle started at the C=N-anti and C=N-syn retinal
conformations, respectively. The former involved successive
cation conductance and protonated E90 while the later gener-
ated small conductance and deprotonated E90. It seems that
only the case where E90 remains protonated can produce high
photocurrent in Kuhne's research.*® In addition, the authors
stated the E90Q mutation also reduced photocurrents, which is
consistent with previous electrophysiological experiments.**>*
However, whether this mutant will affect the kinetics of the
channel is still unknown. The protonated E90 is considered to
serve as a “proton shuttle” at anti-cycle.”® This means it is
possible that it is only transiently deprotonated when the
channel is opening. On the other hand, according to the crystal
structure of ChR2,®> E90 locates in the CG in the middle of the
ion channel, making it difficult rule out its role in the channel
opening. Early research of Eisenhauer® proposed that E90 was
already deprotonated in P;°*° intermediate, but whether

© 2021 The Author(s). Published by the Royal Society of Chemistry

500 state is

390 state.

deprotonation takes place in an earlier transition or simulta-
neously with the appearance of the P;°*° is unresolved. The
FTIR experiments of Kuhne et al.” revealed that H-bond changes
and deprotonation of E90 within submicroseconds (this time
constant is assigned to P;*°° intermediate) and cannot be
distinguished owing to low signal-to-noise ratio. Many theo-
retical investigations proposed that early deprotonation of E90
induced water molecules to enter the CG and formed a pre-open
channel by MD simulations.” The results showed that photo-
isomerization of retinal causes the displacement of E90 and
permits water molecules to enter the CG, which leads TM2 to tilt
and finally results in the channel opening. Conformational
changes of some polar residues located on TM2 due to the
interactions between K93 and deprotonated E90, occur during
channel formation. Thus, the deprotonation of E90 seems to be
crucial in the pore preformation in anti-retinal conformation.

It is worth noting that whether the protonation state of E90 is
related to the proton transfer of RSBH' has not been reported. It
is hard to imagine that both E90 and proton acceptors (E123 or
D253) are located in CG but are not related to each other. A
detailed understanding of the photoactivation mechanism of
ChR2 requires the crystal structure of the intermediates in the
photocycle, which are currently unavailable. However, it is
feasible to further understand the process of the RSBH" proton
transfer and the formation of the H-bond network of related
residues. Investigating the changes of the protonation state of
E90 and studying the residues responsible for the RSBH" proton
acceptor in photocycle play a key role in understanding the ion
channel formation. Detailed exploration of proton transfer and
H-bonds changes among the aforementioned key residues in
the CG (including E90, E123, D253 and K93 etc.) might shed
light on the mechanism.
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The timescale for process of channel opening can range from
tens to hundreds of milliseconds, and MD simulations would
be too costly for such a long timescale. It is also difficult to
perform MD for chemical reactions such as proton transfer.
Therefore, in this study, we assumed two extreme initial states,
viz., that E90 is protonated and deprotonated at P;>% to inves-
tigate the subsequent conformation evolution with time by MD
simulations. We hypothesized that these equilibrium confor-
mations might represent the structures of intermediates P,
and P,**°. Then Na* ions passing through the channel in P,**°
conformation was simulated by steered molecular dynamics
(SMD). Finally, we qualitatively judged the possibility of chan-
nels opening by PMF calculation. The details of conformational
changes and PMF should provide evidence for proton transfer
involving RSBH" and (de)protonation of E90.

Methods

ChR2 modeling

The crystal structure of ChR2 (PDBID: 6EID)* was embedded in
a pre-balanced 16:0/18:1c9-palmitoyloleyl phosphatidylcholine
(POPC) lipid bilayer to build the transmembrane ChR2 struc-
ture. ChR2 protein and lipid bilayer were solvated with TIP3P
water molecules®* and 0.15 M NaCl solution to mimic a physi-
ological environment. Membrane Builder*® of CHARMM-
GUI*** was used for generation of lipid bilayer and solvation of
protein. The D253 and E123, which serve as the potential
counterions of RSBH', were taken to be negatively charged, as
deduced from previous QM/MM simulations and spectroscopic
experiments.**® The E90, K93 and D156 were protonated while
other titratable residues were assumed as neutral for consis-
tency with previous work.*'***?* The equilibrium conformation
of dark-adapted ChR2 obtained from a 400 ns MD simulation
(i.e. the structure of D*7° state) under approximate physiological
environment was selected as the starting point of the photocycle
instead of crystal structure.

Retinal isomerizes from all-trans to 13-cis configuration after
absorbing light to form the P,*°° state and then the RSBH"
deprotonates to form the P,*°° state.’®'>'>2° The 13-cis retinal
was picked from the K-intermediate of bacteriorhodopsin (PDB
ID: 1IXF).*” The main chain atoms and the hexatomic ring of the
13-cis retinal molecule were superimposed on those of all-trans
retinal isomer, then the all-trans retinal in the equilibrated D*”°
state was replaced with the 13-cis conformation in the P,
state. This modeling protocol was previously used by Guo,***
Takemoto’ and Yang.*® Subsequently, the hybrid QM/MM
method* was used for energy minimization to obtain the
stable protein structure in P;°°° state with protonated E90
(E90p-P;°°°). Considering that photoisomerization of all-trans
retinal occurs at a subpicosecond timescale, where the protein
backbone does not move significantly, we used the aforemen-
tioned approach to build the 13-cis model.

After a 400 ns simulation, the proton of the RSBH' was
pointing towards E123 in E90p-P;%° state. We artificially moved
the proton on RSBH' to E123 based on the final structure of the
E90p-P,°°° state to get the P,*°° state (E90p-P,*°°). To discuss
the effect of E90 protonated state on the proton acceptor RSBH',
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we also assumed that E90 is deprotonated in the P;>%° state
(E90d-P,>%°). For the E90 deprotonated state, the E90d-P;>°° and
E90d-P,**° were obtained using a similar scheme. The equili-
brated structure of E90d-P,°°° exhibited that the proton of the
Schiff base was oriented towards D253. Then the proton of
RSBH" was transferred to D253 to generate the E90d-P,**° state.

The QM region was composed of E123, D253, and retinal
chromophore covalently bonded with K257. The remaining part
of the protein, lipid, and solution were set as the MM region.
The QM area was calculated using the self-consistent charge
density-functional-based tight-binding (SCC-DFTB) method*’ in
the Amber 16 package.” The SHAKE algorithm was used to
freeze the bonds containing hydrogen atoms during the mini-
mization. PME was described by the long-distance static elec-
tricity with a cut-off radius of 8 A. Then the SHAKE restriction
on hydrogen bond was removed and a constant-temperature
simulation was run by QM/MM approach. The time step was
0.02 fs per step, and the trajectories were saved every 100 fs, and
1 ns of the production run was performed.

The non-standard residue, composed of a retinal molecule
and linked K257, was described by the deprotonated retinal
force field parameters published by Zhu et al.,** while the other
protein, lipid membrane and ions of D*”°, P;°°° and P,*°° state
were described by the CHARMM36 force field.*® Similar
simulation protocols have been reported in recent ref. 44 and
45.

MD simulation

MD and SMD simulations were run in NAMD 2.12 software.*® A
grid-based fast Fourier transforms method, Particle-Mesh-
Ewald (PME),"” was used to evaluate the long-range electrostatic
interactions. The grid spacing is less than 1 A, and the cut-off
radius of short-range non-bonding interaction is set to 12 A in
PME. The bonds containing hydrogen atoms were frozen using
the SHAKE constraint algorithm.*® The steepest descent method
was used to minimize the energy of the system, and the system
was heated to a temperature of 310 K. The Langevin Piston
algorithm to keep the pressure constant at 1 bar (NVT) was used
in this process. Finally, a 400 ns run was carried out under the
constant temperature and pressure (NPT) of 310 K and 1 bar
without restraint at 2 fs per step and the trajectories were saved
every 5 ps. The last equilibrated 50 ns trajectory was selected for
analysis. We carried out 5 parallel simulation trajectories for
each intermediate.

SMD and umbrella sampling

There are still some limitations on the timescale for dynamics
simulation. It is impossible to complete the simulation of the
ion passing through the ion channel with timescale of milli-
seconds to seconds.>* In addition, in MD simulation, there is
a high probability that sampling will fall into the local
minimum in the conformation space, which makes it difficult
to simulate processes with a high energy barrier such as ion
transmembrane conduction. Therefore, SMD is used in this
investigation to obtain detailed information about atomic
coordinates during the ion conduction process by artificially

© 2021 The Author(s). Published by the Royal Society of Chemistry
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adding an imaginary external force along the Na" path in the
simulation. The system sometimes cannot relax to equilibrium
when constructing the potential mean force (PMF) of the
stretching process because of the imaginary external force. In
order to reduce the impact of the imaginary external force,
umbrella sampling®*** is applied to construct PMF in this work.
Umbrella sampling consists of some individual “windows” that
run the reaction coordinate simultaneously. It can find the
equilibrium state in each window along the reaction coordi-
nates, and calculate the free energy change of each window.
Then, the Weighted Histogram Analysis Method (WHAM)** or
some other method is used to combine the windows according
to the reaction coordinates for constructing PMF.

All the SMD simulations were performed with constant-
velocity.®® In the SMD simulations, Na' was steered with
a velocity of 0.2 A-ns~! to simulate the quasi-static process. To
ensure constant velocity steering, the spring coefficient k was
set to 4 kecal mol *-A~2.%® To avoid protein structure changes
during the SMD simulation, a 5 kcal mol ! A=2 of Hamiltonian
limit was added to the amino acid residues around the helix.

Umbrella sampling used the z-direction along the channel
axis and the reaction coordinate was divided into the windows
in units of 1 A. To ensure the interval of each window in the z-
direction, a harmonic potential with a force constant of
2.5 keal mol '+ A~ was set and the width of translocation colvar
was set as 0.1 A. The WHAM was used to construct the PMF
based on the umbrella sampling simulation.

RSC Advances

Results and discussions
The dark-adapted state of ChR2

The MD simulation of the crystal structure was performed for
400 ns and the root-mean-square deviation (RMSD) is shown in
Fig. S1.1 The isomerization of retinal and E90 deprotonation in
CG lead to the breaking of H-bonds, with the retinal twist
causing an increase in the steric interaction with the
surrounding residues. There is an obvious change in the RMSD
curve in E90d-P,°°® state. The last 50 ns segments of the
equilibrated trajectories were picked for cluster analysis, using
the K-means algorithm in the MMTSB toolset® to get the
representative conformations of D*’° state. In the ChR2 crystal
structure,® the two counterion carboxylates, E123 and D253 are
almost symmetrically located on two sides of the RSBH'
respectively and stabilize the charge of RSBH'. It is very similar
to the C1C2 chimera.'* Compared with the crystal structure, the
protein backbone of D*’° has not significantly changed except
for some local conformations. For example, the polyene chain
of retinal that was originally close to a planar conformation
ended up bent by a few degrees after the equilibration run (as
seen in Fig. S2t). However, a small amount of water has entered
the ECG after kinetic equilibrium, as shown in Fig. 2. This
indicates that the opening of the ECG causes the K93 moving
and forming an H-bond with E123, as well as an H-bond
network with D253 mediated by a water molecule. The posi-
tion of D253 is almost unchanged while the carboxyl of E123

The acceptor of RSBH*: D253

Fig. 2 The structure of gates in the dark-adapted state and the structural changes of CG in the photocycle under different E90 protonation
states. The red arrows represent potential channels; the arrow with cross represent an inaccessible channel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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tilts toward the Schiff base, which destroys the original elec-
trostatic balance. Therefore, the Schiff base reoriented so that
the proton could face toward D253 to electrostatically rebalance
in the D*’° state. This conformation of D*’° is opposite to that
found by Kuhne and Ardevol,>'® in which the Schiff base
pointed towards the anionic form of E123. In their work, the
structure of ChR2 was constructed by homology modeling
based on the crystal structure of the C1C2 chimera. Although
the homology modeling is very similar to crystal structure of
ChR2, it cannot be exactly the same. Perhaps the slight differ-
ence between homology modeling and crystal structure leads to
the different orientation of the RSBH".

Structural changes of intermediates during photocycle

The simulation results suggest that the integral structure of the
protein does not change significantly during the photocycle
when E90 stays protonated in the E90p-P;**° and E90p-P,**°
states over the production runs of 400 ns (Fig. S3a and S3bf).
The intracellular segment of TM3 is tilted 3.9 A to TM4 at the
E90p-P500 state. However, the same segment of TM3 is tilted 2.4
A to TM2 at the E90p-P,>*° state.

It was found that the ECG is opening in the state and
the CG is blocked by the formation of salt bridge between
positive K93 and negative E123 (Fig. 2). However, since the
side chain amino of K93 is bridge-linked to E123, it is difficult
to form an H-bond with E90, in which the side chain carboxyl

470
D

Fig. 3
locations of ion channel.
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is oriented towards the peptide bond of K93. This local
conformation of D*”° leads K93 to be far away from E90, while
being attracted by the negative charge of D253. Pushed by
K93, the carboxyl of E123 tilts toward the RSBH" and finally
forms an H-bond with it in E90p-P,°°°. This suggests that the
primary proton acceptor of the RSBH' in the next step of the
photocycle is most probably E123, which is consistent with
latest theoretical work.® Obviously, the conformational tran-
sition from proton being oriented towards D253 in the D*”°
state to being directed towards E123 in the P;°°® intermediate
arises from the isomerization of retinal. Meanwhile, the
isomerization of retinal leads the indole group of W223 in
TM6 to shift 3.7 A towards TM5 (Fig. S41), and results in
a cavity near the polyene chain, possibly forming a novel
channel that was also observed in C1C2.>” The proton of the
RSBH" artificially transfers to E123 and forms the E90p-P,*°°
state according to conformation of E90p-P;>%. It can be seen
that the retinal distorts more dramatically, which will result
in a larger cavity in the E90p-P,*°° state. On other hand, K93
still maintains electrostatic interaction with D253 and blocks
CG. Thus, a novel channel located next to the Schiff base was
suggested when E90 is protonated in P,*°, and labeled by red
arrow in Fig. 2. The arrow with cross represents an inacces-
sible channel.

The MD simulation of 400 ns were also carried out for the
E90d-P;°°° and E90d-P,**° states respectively. Previous studies

5

ptor of RSBH*: D253

(a—e) The water distributions of the photocycle intermediates. The water molecules are shown in blue. The arrows indicate potential

© 2021 The Author(s). Published by the Royal Society of Chemistry
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have shown that the photoactivation of ChR2 is always associ-
ated with the conformational changes of TM2, TM6, and
TM7,7*%%5¢ and the outward tilt of TM2 helps water molecules
permeate near TM2.>*> We saw similar results. It can be seen
from Fig. S3ct that the extracellular segment of TM2 tilted
outward by 4 A in the E90d-P,°% state. In contrast, the integral
TM2 tilted outward with an average of 3.2 A in the E90d-P,**°
state (Fig. S3d+).

The cluster analysis demonstrates that there are significant
changes at the three gates of the E90d-P,°*° and E90d-P,**°
intermediates. Compared to D*’°, the interactions patterns
around K93 at CG in E90d-P;°%° state changes significantly
because of the isomerization of retinal and the deprotonation of
E90. In the E90d-P,>% state, E90 and K93 form an intrahelical
salt bridge®'* which leads TM2 to move outward.”*>*® There-
fore, the connection between K93 and D253 in the D*”° state is
cut off because K93 approached E90. Simultaneously, the
negative E123 on TM3 was attracted by the positive K93 and
leaves RSBH" with K93. Then, D253 flips towards RSBH" to form
an electrostatic interaction. As seen in Fig. 2, D253 is the only
possible proton acceptor of RSBH" in E90d-P,**°. E123, K93 and
E90 form a tight H-bond network on the side of the cavity. As
a result, the cavities become larger and more water molecules
are able to enter.

Water distributions and position of channel

It has been widely reported that water molecules play an
important role in the channel formation in ChR2.**'® Water
molecules can enter from the extracellular side to form a pre-
open pore in the P;°% state.! The grid water density was used to
calculate the water distribution of each intermediate in the
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photocycle, as shown in Fig. 3. It was found that the continuous
water distribution only exists at the ECG in the D*’° state
(Fig. 3a). Previous studies have shown that the protonated E90
at the CG acts as a hydrophobic barrier in the dark state to
prevent water from entering through the CG and ICG.>**** In the
E90p-P,°% state (Fig. 3b), the water distribution is found in the
vicinity of the retinal instead of the blocked CG. From the E90p-
P,>% state to E90p-P,** state (Fig. 3c), the retinal tilts remarkably
and permits water molecules to enter the cavity near the retinal,
just like the result of new distributions of water molecules appear
near the retinal and H173 in C1C2 protein found by Cheng et al.®
For ChR2, however, only one hydrophobic residue (W260) is
located between the Schiff base and the ICG, which hinders further
entry of water molecules, as shown in Fig. 3c.

The deprotonated E90 can open the CG and lead to rear-
rangement of the H-bond network. It aids the ICG opening and
the ion channel formation.””*** As seen in Fig. 3d, both CG and
ICG are filled with water molecules in the E90d-P,**° state.
However, the water distribution is not continuous, which suggests
that blockages exist between CG and ICG in the E90d-P,** state.
The proton transferred from the RSBH' to the D253 forms the
E90d-P,**° state further changing the hydrogen bonding patterns
in the channel. Consequently, the water molecules enter the
channel in the E90d-P,**° state (Fig. 3e) and leads to a pre-opened
state. The degree of hydration of the TM1, 2, 3, 6, and 7 in the P,**°
state calculated is consistent with the water distribution of the
channel (Fig. S51). It should be pointed out that the continuous
water distribution only means that water molecules can enter, and
does not mean that the ion can penetrate freely.

The static structure of the potential ion channel of the E90p-
P,**° state was calculated by The CAVER 3.0 plug-in."*® A

E90d-P,

The acceptor of RSBH*: D253

Fig.4 The detailed views and key sites of the channels in the E90p-P,%°° and E90d-P,*°° states. The channels are shown in cyan (a and d). In the

figure, (b) is the top view at ECG in the E90p-P,>°° state, (c) the top view near the retinal in the E90p-P»

E90d-P,%°° state, and (f) the top view at CG in E90d-P,%° state.

© 2021 The Author(s). Published by the Royal Society of Chemistry

390 state, (e) the top view at ECG in the

RSC Adv, 2021, 1, 14542-14551 | 14547



RSC Advances

visualization of the pore along the TM3 is shown in Fig. 4a, and
the higher helix hydration of pore is displayed in Fig. S5.1 This
channel passes through the slit between R120 and H249 at the
ECG, enters the cavity formed by the retinal, W223, S22, and
S256 (Fig. 4c), and then crosses the gap between W260, F219,
and 1131 (Fig. 4b). It finally enters the ICG. The average diam-
eter of the channel is 2.5 A to 2.7 A from the ECG to the ICG,
which suggests that the E90p-P,>*° state is not a completely
open state. The displacement of other relevant residues in the
bottleneck may increase the size of channel pore in the subse-
quent photocycle.

The static structure of the pre-opened ion channel of the
E90d-P,*>*° intermediate is shown in Fig. 4d. The channel starts
from the ECG, passes through the CG, then enters the ICG. This
channel forms along TM2, consistent with the potential channel
position in previous study.”® TM2 has a higher helix hydration
than that in the E90p-P,*>® state, as shown in Fig. S5.} Fig. 4f
shows a top view of the distribution of the key residues at CG. It is
noticeable that K93 forms hydrogen bonds with E90 and E123
respectively on side of the channel. At ICG (Fig. 4e), R268 flips
over and ICG turns on. The average diameter of the channel from
ECG to CG is 5.4 A, close to the experimental result of 6.2 A%
The average diameter from CG to ICG is only 2.9 A. This distance
may increase further in the subsequent photocycle.
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Ion steering and PMF in the channel

To understand the basic principle of the penetration of Na*
through the ion channel, the kinetics of the ionic trans-
membrane process in the P,*°° state was simulated by SMD, and
the PMF was calculated by umbrella sampling. In our simula-
tions, the different protonation states of E90 form two different
P,**° intermediates, resulting in two different channels during
the photocycle. The PMFs of two channels are shown in Fig. 5.

The average diameter of the ion channel in E90p-P,* state
is only 2.6 A. This does not allow multiple ions to pass through
the channel simultaneously. As seen in Fig. 5c, an energy barrier
of 4.1 kcal mol " needs to be overcome as Na* enters the ECG.
When ions pass through the gap formed by R120 and H249 (10
A-5 A), the PMF will drop to about 1.4 kcal mol " at first. Then,
the PMF stays below 3 kcal mol~", and then drops to around
1 kecal mol™" near the retinal chromophore. The PMF rises
sharply because of the W260, approaching 20 keal mol . Since
the E90p-P,*>*° state is not an open state, the free energy is
relatively high for ions to pass through the potential channel.
However, the positions of the related residues might change in
the subsequent photocycle to allow ions passing freely.

As shown in Fig. 5d, in the E90d-P,**° state, the PMF of Na*
conduction in the channel is very low. The Na' enters the CG
through the ECG and the PMF reaches a minimum energy value

ICG

CG ECG

12 |

08 |-

PMF(kcal/mol)

0.0 |-

-0.2 1 1 1 1 1 1 L 1 J
-20 -15 -10

0 5
Distances(A)

Fig. 5 (a and b) The schematic diagrams of the simulated trajectory of ions passing through the channel in the E90p-P,*°° and E90d-P,>°
states, respectively. Na* is represented by a small yellow ball. (c and d) Umbrella sampling is used to reconstruct the PMF of ion permeability.
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(approximately 0 kcal mol ') near the CG. The electronegative
residues E123 and E90 in CG electrostatically attract the Na*
cations consequently, the vicinity of CG is a binding site for Na".
An energy barrier of 1.0 kcal mol ™" in the PMF suggests that
there is a small bottleneck between CG and ICG (Fig. 4d). The
PMF drops rapidly to 0.1 kcal mol ' at ECG because E82 and
E83 in the ICG attract ions Na' electrostatically and conse-
quently. The ICG becomes another potential binding site for
Na’. The small barrier also implies that the P;**° may
completely open because of the modification of the conforma-
tions of some residues at this site.

The variations of the PMF suggest that a very high energy
barrier exists for ions Na" passing and therefore the W260 blocks
the channel in the E90p-P,**° state. In the photocycle of the E90
deprotonation, the aperture of the channel becomes bigger and its
PMF is close to the open state. Therefore, the deprotonation of E90
is more conducive to the formation of the channel.

In the case where E90 remains protonated, the CG is still
blocked. Lateral movement of retinal polyene chain gets out of
the way of a new narrow channel, which is very similar with
what Cheng® found in C1C2. If E90 is deprotonated, the changes
in the hydrogen bond network result in the CG blockage site
opening, and forms the widely accepted “broad channel”, which
is conducive to the complete opening of the channel. Further-
more, the pK, of E90 in different states was calculated. As shown
in Table S1, the pK, values imply that E90 in ChR2 is proton-
ated in D*’° state but deprotonated in subsequent states at
neutral environment. This result supports the notion that E90
tends to deprotonate after retinal isomerization. In other words,
E90 deprotonation is more beneficial to channel opening.

Conclusions

In this study, the photocycle intermediates of ChR2 during the
formation of the channel were studied by molecular dynamics
simulation. To understand the role of E90 in the formation of
channel, both protonated and deprotonated E90 were assumed
in the P;°°° intermediate.

When E90 remains protonated, K93 is located in the center
of CG and hardly forms H-bond with E90. The unconstrained
K93 moves to E123 and pushes E123 closer to RSBH", resulting
in a “RSBH'-E123” pattern. In this case, E123 acts as the
proton acceptor of the RSBH'. Meanwhile, with the tilting of
polyene chain, a novel narrow channel detoured CG forms
among TM2, TM3, TM6, and TM7 after proton transfers to E123.
The variation of the PMF suggests that a higher energy barrier
needs to be overcome for Na' to pass through this channel. It
indicates that the channel is still closed. On the other hand,
when E90 is deprotonated in P,>°° state, E90 and K93 concert-
edly pull TM2 outward, pushes E123 far away from RSBH', and
ultimately leads to formation of “RSBH'-D253 " pattern. In this
case, the proton acceptor of RSBH' is D253. An average diam-
eter of 5.4 A from ECG to CG forms among TM1, TM2, TM3 and
TM7 and the PMF calculations suggest an approximately
opened channel.

Our simulations show that protonation state of E90 can
influence the structure of CG, which is related to the primary

© 2021 The Author(s). Published by the Royal Society of Chemistry
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proton acceptor of RSBH'. Different protonation states of E90
affect the position of K93, and then affect the orientations of
E123 and D253 that generate the corresponding proton acceptor
of RSBH". The subsequent conformational changes might lead
to different potential channels. Based on the simulation results,
the deprotonation of E90 seems to be more favorable for the
opening of the channel in the late P,*°° state.
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