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Abstract: Channelrhodopsins (ChRs) are light-gated ion
channels that are widely used in optogenetics. They allow
precise control of neuronal activity with light, but a detailed
understanding of how the channel is gated and the ions are
conducted is still lacking. The recent determination of the X-
ray structural model in the closed state marks an important
milestone. Herein the open state structure is presented and the
early formation of the ion conducting pore is elucidated in
atomic detail using time-resolved FTIR spectroscopy. Photo-
isomerization of the retinal-chromophore causes a downward
movement of the highly conserved E90, which opens the pore.
Molecular dynamic (MD) simulations show that water mole-
cules invade through this opened pore, Helix 2 tilts and the
channel fully opens within ms. Since E90 is a highly conserved
residue, the proposed E90-Helix2-tilt (EHT) model might
describe a general activation mechanism and provides a new
avenue for further mechanistic studies and engineering.

Channelrhodopsins (ChRs) are microbial rhodopsins that
conduct cations upon illumination.!'! Light excitation causes
all-trans to 13-cis isomerization of the retinal chromophore
followed by a cyclic sequence of conformational changes
within the protein that are visible as the photocycle inter-
mediates P500, P390, P520, and P480 on timescales ranging
from picoseconds to seconds (inset in Figure 1B). After an
actinic light flash, the conducting state P520 evolves from
P390 with a rise time of 3 ms. By converting into the late
photocycle intermediate P480,7 the channel closes within
40 ms. In continuous bright light, most ChR2 molecules are
activated directly from P480, but not from the dark-adapted
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state D470. The Helix 2 (H2) residues E82, E83, E90, and
E101 are all involved in channel conductance and selectiv-
ity.*" E90 in particular is part of the ion-conducting pore
and an element of the central gate as suggested by time-
resolved Fourier transform infrared (FTIR) experiments,
electrical measurements, and homology modeling.['?!
Replacement of E90 with lysine or arginine converts the
cation channel into a chloride channel with a loss of cation
conductance.!"”

Herein, a combination of step-scan FTIR spectroscopy,
homology modeling, and MD simulations of protein-bound
water molecules elucidates the early pore formation. Upon
retinal isomerization, the key residue E90 opens the pore at
the narrowest point by a flip to the extracellular side and
deprotonates. This allows water influx and induces a H2 tilt,
which leads to larger opening and water influx from both
sides. We introduce here the E90-Helix2-tilt (EHT) model.

In Figure 1, the homology models of ChR2 based on the
C1C2 X-ray structural model™ are shown in the closed (A)
and preopen (B) states. Pore preformation is indicated by the
dynamics of protein-internal water molecules, which does not
necessarily mean that the channel is conductive yet (for
details of the homology modeling and MD simulations, see
the Supporting Information, Figure S1). Deprotonation of
E90 seems to be crucial in the pore preformation as already
shown in time-resolved FTIR experiments with ms time-
resolution.!'”

We increased the time resolution to nanoseconds by using
the step-scan technique.'*™ We excited wild-type (WT)
ChR?2 reconstituted in lipid vesicles with a nanosecond laser
flash at A =470 nm and recorded IR absorbance changes from
200 ns to 140 s between #= 1800 cm * and 1000 cm ! as well
as absorbance changes in the visible range at 390 nm and
520 nm. Based on this complete UV/VIS and IR dataset
a detailed molecular mechanism over a time range of nine
orders of magnitude can be elucidated similar as previously
performed for bacteriorhodopsin."®! Absorbance changes of
marker bands covering the dark-adapted photocycle are
presented in Figure 2. They indicate protonation changes of
the retinal Schiff base (RSB; 1190cm™) and selected
carboxylic acids (1718, 1728, 1760 cm™"). To compare the
protonation changes with the formation of the key photocycle
intermediates P390 and P520, UV/Vis absorbance changes
are shown for 390 nm and 520 nm. Additionally the absorb-
ance change of the band at 1661 cm™ (blue) assigned to
a conformational change!””! or hydration of a-helices!™ is
shown.

The instant appearance of the positive band at 1190 cm™
indicates ultrafast retinal isomerization from all-trans to 13-
cis.[* 71 The disappearance of the 1190 cm™! band indicates
deprotonation of the protonated Schiff base (RSBHY)
with 700 ns. Reprotonation of the RSB occurs with 3 ms
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in accordance with
the P390 to P520 tran-
sition (Figure 2).! The
absorbance changes
at 1718, 1760, and
1728 cm ™! reflect proto-
nation changes of E90
and the counter ion res-
idues E123 and D253.
They are assigned by
comparing WT dif-
ference spectra with
those of the respective
mutants E123T (Sup-
porting  Information,
Figure S9C),  D253N
(Figure 7 in Ref. [18]),
and E90QP ! in which
the corresponding
bands completely disap-
pear (further details in

Figure 1. ChR2 in A) the dark-adapted (closed) and B) light-adapted (preopen) state. Photocycle of ChR2 (adapted
from Ref. [3], halflives obtained from ChR2 reconstituted in lipid vesicles, inset in (B). Water molecule dynamics
are indicated as blue surfaces, visualizing the opening of the pore at E90 at the narrowest point. A) Closed dark-
adapted state. E90 is inward directed and forms two hydrogen bonds to N258, thereby connecting H2 with H7.
E&3 is hydrogen-bonded to R268 and connects H2 with H7 additionally on the intracellular side of the protein (IC).
Both connections prevent water influx into the intracellular vestibule. B) Preopen light-adapted state. Retinal
isomerization causes breakage of the E90-N258 connection, flip of E90 from the inward (IC) to the outward (EC)
orientation, and thereby breakage of the connection between H2 and H7. Deprotonated E90 forms a new salt
bridge to K93, causing the outward tilt of H2 and invasion of extracellular water. E82 is separated from R268,
facilitating the influx of intracellular water and the complete preformation of the channel.
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Figure 2. IR and UV/Vis absorbance changes of WT ChR2. Absorbance
changes of carbonyl bands of E123 at 1760 cm™' (gray), D253 at

1728 cm™" (black), and E90 at 1718 cm™' (dark green), and the retinal
C—C stretching vibration at 1190 cm™' (red), indicating the protonation
state changes of these residues, are shown in comparison to the
formation of P390 (violet) and P520 (green). The kinetic trace of the
band at 1661 cm ™" is shown in blue. Gray shaded areas (I-Il1)
correspond to the difference spectra in the Supporting Information,
Figure S3. (IR dataset corrected for heat artifact: Figure S4, UV/Vis
data set scaled and shifted: Figure S5, continuous lines are the
resulting global fit (Supporting Information, Experimental Section
Figure S4), which provides high accuracy also at lower SNR regions.
Reproducibility is shown in the Supporting Information, Figures S3-S5.
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the Supporting Infor-
mation, Figure S2).
Both E123 and D253
are protonated simulta-
neously with RSBH"

deprotonation with
700 ns (Figure 2; Sup-
porting  Information,

Figure S4). These paral-
lel protonation changes
indicate that both might
serve as RSB proton
acceptors in individual ChR2 molecules."**"?!] Deprotona-
tion of E123 (1760 cm™") and D253 (1728 cm™") occurs during
channel closure and transition to the P480 intermediate of
about 40 ms (Figure 2).

The appearance of both the negative band at 1718 cm™
caused by E90 and the positive isomerization marker band at
1190 cm™" (Figure 2; Supporting Information, Figure S3), are
faster than 200 ns and thus not time-resolved. On the early
timescale (< 1 ps), H-bond changes and deprotonation of E90
cannot be distinguished owing to a low signal-to-noise ratio
(SNR). However, E90 is clearly deprotonated in the P390
intermediate and thus a long time before channel opening.
E90 reprotonates only in the last step during the transition
from P480 to the fully dark-adapted state."”! Thus, deproto-
nation of E90 is only visible when the photocycle starts from
the fully dark-adapted state, but not when it is started from
the light-adapted P480.""1 The appearance of the negative
band at 1661 cm™' (blue in Figure 2) occurs on a timescale of
0.5 ps and is not time-resolved here either.!'”! The bi-phasic
decay of this band accompanies pore closure (,, 240 ms) and
dark-state recovery together with E90 reprotonation (¢,
~48s). As the hydratisation of a-helices also contributes to
this band,'® this might indicate that water molecules are
leaving the channel simultaneously to E90 reprotonation.

To gain deeper structural insight into the functional role of
E90, we employed MD simulations on the improved ChR2
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WT homology model based on the chimera C1C2 X-ray
structure (Figure 1). This will allow us to discuss the
experimental results on the background of the structural
model. To extend the structural model of the dark-adapted
closed state to a light-induced open state model, we induced
retinal C13=C14 double-bond isomerization in 20° rotation
steps and fixation of the C12—C13=C14—CI15 torsion. This
approximation neglects the excited state and single bond
distortions. The pre- (all-trans) and post-isomerization struc-
tures (13-cis) of the retinal binding site are shown in
Figure 3 A. In the dark-adapted all-trans retinal configuration
E90 on H2 is connected to N258 on H7 via two hydrogen
bonds, which keeps the side chains of E90 and N258 in a fixed
conformation, as also suggested for the C1C2 X-ray struc-
ture.!""¥! Isomerization around the C13=C14 bond induces
a strain that is maximal for a dihedral angle of 60°, and
propagates via the side chain of K257 to the adjacent N258.
This strain induces movement of the N258 side chain,
resulting in reduction of the number of hydrogen bonds
between E90 and N258 from two to one.

After the loss of one hydrogen bond E90 becomes
conformationally more mobile, and moves outward in the

1: Isomerization

2: N258 displacement
3: H-Bond change

4: E90-Flip

5: E90-Deprotonation

all-trans Retinal

13-cis Retinal

E90 protonated
E90 deprotonated

Figure 3. All-trans to 13-cis isomerization and H2 movement in ChR2
based on MD simulations. A) The side chains are colored and the
protein backbone is shown in gray. The all-trans and the fully rotated
13-cis retinal configurations are shown in yellow and magenta. RSBH*
isomerization (1) is followed by K257 and N258 displacement (2), loss
of one hydrogen bond (3), E90 outward flip (4), and E90 deprotonation
(5). B) Movement of H2 as a consequence of E90 downward flip and
deprotonation. The TM (transmembrane) H2 is colored in lilac for
protonated E90 in the inward orientation (up) and in purple for

a deprotonated E90 in the outward orientation (down), respectively.
Upon the deprotonation and outward flip of E90, H2 is tilted outward
by 3.9 A on the intracellular side of the protein. E90 within H2
functions as a hinge for this movement.
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second half of the 100ns simulation (Figure3). In the
deprotonated form, this outward movement of E90 is even
more pronounced in MD simulations, because it is then
stabilized by a salt bridge with K93 (Figure 1B). Comparison
of structures before and after retinal isomerization addition-
ally revealed that H2 is tilted outward on the intracellular side
by 3.9 A, with E90 serving as the hinge (Figure 3B). MD
simulations further monitor changes in the distribution of
internal water molecules in the preopen state as compared to
the closed state (Figure 1 A,B). In the dark-adapted state with
all-trans RSBH" (Figure 1 A), water molecules occupy the
extracellular half channel (access channel) up to the RSBH",
but the vestibule between the central gate and inner gate is
not filled. This is caused by the constrictions at the central
gate by E90 and N258 and at the inner gate between E83 and
R268, which block the influx of water molecules from the
extracellular and intracellular bulk phases, respectively (Fig-
ure 1 A). This is also seen in the top view in Figure 4 A. In the

A ., E9O protonated(B 3 E90 deprotonated
3 intracellular view intracellular view
all-trans Retinal 13- cis_Retinal
E123 =
- Loz
K93 A
7 E90 / Sz
2 <

Figure 4. Formation of the water-filled pore upon E90 deprotonation.
Water molecule dynamics during the simulation are indicated as blue
spheres and lined by surfaces. ChR2 is shown from the intracellular
side, water densities are depicted for a 3 A layer around E90, as
indicated in Figure 1B. A) Closed state (E90 protonated). B) Preopen
state: E90 is deprotonated and forms a salt bridge to K93. H2 is tilted
outward and the pore between H1, H2, and H7 opens for water
invasion. The side chains of E90 and N258 move like a double door:
E90 swings downward and N258 swings upward.

simulated preopen structure with 13-cis retinal, deprotonated
E90 is outward-oriented and forms a salt bridge to K93. This
causes also the breakage of the connection between H2 and
H7. The resulting outward tilt of H2 on the intracellular side
enables water influx from the extracellular side into the
vestibule and weakens the salt bridges between E83/R268 and
E82/H134 (on H3), which facilitates the influx of water
molecules from the intracellular side (Figure 1). Thereby
a continuous aqueous pore through the protein, with E90 at
the narrowest point is formed (Figure 1B). This formation of
the pore by a “double-door movement” of E90 and N258 is
clearly seen in the top view shown in Figure 4. The downward
flip and deprotonation of E90 opens the pore and provides
open space for water influx.

Because orientation of E90 determines pore formation,
we studied how the orientation of E90 in the dark-adapted
state might be affected by point mutations and how this
explains their electrical properties. Interestingly, for the E90Q
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mutant the orientation of Q90 differs from that of protonated
E90 in the dark-adapted state, as observed in MD simulations
(Supporting Information, Figure S9A). The missing two
hydrogen bonds in Q90 to N258 result in higher conforma-
tional flexibility. Q90 is with 70 % probability already out-
ward oriented in the dark-adapted state similar like E90 in the
deprotonated state after light-activation. This explains now
why the Q90 mutant, even it cannot undergo a deprotonation,
does only slightly influence the current.

In previous studies, E90 has been replaced by positively
charged residues in E90K and E9OR,™ " which converted
the cation selectivity into an anion selectivity (chloride-
conducting ChRs, ChloCs)."¥) Because lysine as well as
arginine are bulky residues, they cannot change their con-
formation to the inward orientation owing to limited space
within the central gate. So, both residues are oriented outward
in the dark-adapted state, leading to a more positively
charged extracellular vestibule, which is neutralized by an
enhanced chloride ion density. Since E90 is a key residue
within the central gate, which marks the narrowest point
within the conducting pore, it is not surprising that both
conductivity and selectivity of the channel are sensitive to
structural changes at this position.

The ChR2 mutation E123T, the so called ChETA (ChR2-
E123T accelerated) variant, is often used in optogenetic
applications where fast action potential firing is requested.””!
In MD simulations, we find in our model for E123T an altered
hydrogen-bonding network for the central gate, with E90
already sideward tilted in the dark-adapted state to form
a hydrogen bond with D253 instead with N258 as in WT
(Supporting Information, Figure S9B). In this orientation,
deprotonation of E90 might either be hindered or a high
fraction of the ensemble might be deprotonated already in the
dark-adapted state. Owing to the observation that the
intensity of the E90 band is decreased in the IR difference
spectra as shown in the Supporting Information, Figure S9C,
we conclude that in the dark-adapted state of E123T the
channel is preopened. This might explain the accelerated
gating of E123T.

In summary, our findings result in the EHT model: all-
trans to 13-cis isomerization induces the movement of N258,
in agreement with the early backbone conformational change
at 1661 cm™!' observed after a femtosecond flash on a pico-
second timescale.l'” The next early events are disruption of H-
bonds between N258 and E90, disconnection of H2 and H7,
outward flip, and deprotonation of E90. The tilt of H2 in the
MD simulations agrees with the light-induced movement of
spin-labelled cysteines on H2 and H7, as measured by
electron paramagnetic resonance (Supporting Information,
Figure S10).”*?* The outward orientation of E90 opens up
a small pore and water molecules invade. The tilt of H2 is
accompanied by separation of the salt-bridges E§3/R268 and
E82/H134 of the inner gate, rather by water influx than
deprotonation of E82/E83 (Figure 1B).

In the EHT model the activation of ChR2 occurs in two
major steps. Chromophore isomerization initiates ultra-fast
pore preopening by outward movement of E90. In a second
later step, which is not completely understood yet, inner gate
opening connects the preformed pore from the extracellular
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side also to the inner bulk phase rendering the pore fully
preformed. Because E90 is highly conserved in ChRs®! the
proposed EHT model might describe a general channel
activation mechanism (Supporting Information, Table S1).

We have presented a new road in engineering optogenetic
tools. We propose that biophysical properties such as ion
selectivity, conductivity, and gating kinetics that are important
parameters in optogenetic applications are tunable by modi-
fications of the key residues E90, E82, and E83, whereas color
tuning can be handled almost independently by modification
of the retinal binding pocket, especially by the counterions
E123 and D253.

Keywords: channelrhodopsin - IR spectroscopy -
molecular dynamics - optogenetics
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