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ABSTRACT

The discovery of the light-gated ion channel channelrhodopsin (ChR) set the stage for
the novel field of optogenetics where cellular processes are controlled by light. Yet, the
underlying molecular mechanism of light-induced cation permeation in ChR2 remains
unknown. Here, we have traced the structural changes of ChR2 by time-resolved FT-IR
spectroscopy, complemented by functional electrophysiological measurements. For the
first time we have resolved the vibrational changes associated with the open states of
the channel (P,**° and P5°*°) and characterized several proton transfer events. Analysis
of the amide | vibrations suggests a transient increase in hydration of transmembrane a-
helices with 1, = 60 ps which tally the onset of cation permeation. Aspartate 253
accepts the proton released by the Schiff base (1, = 10 ps), the latter being
reprotonated by aspartic acid 156 (1> = 2 ms). The internal proton acceptor and donor
groups, corresponding to D212 and D115 in bacteriorhodopsin, are clearly different to
other microbial rhodopsins indicating that their spatial position in the protein was
relocated during evolution. Previous conclusions on the involvement of glutamic acid 90
in channel opening are ruled out by demonstrating that E90 deprotonates exclusively in

480

the non-conductive P, state. Our results merge into a mechanistic proposal that

relates the observed proton transfer reactions and the protein conformational changes to

the gating of the cation channel.
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SAMPLE SIGNIFICANCE STATEMENT

It always was a dream to control cells and living animals by light. The discovery of
channelrhodopsin turned the dream into reality as this light-activated cation channel is
able to elicit action potentials with unprecedented spatial and temporal resolution. To
unravel the underlying molecular mechanism, we have applied time-resolved infrared
spectroscopy and suggest how the observed proton transfer and the protein
conformational changes lead to opening of the cation channel. Our results will not only
contribute to the rational design of channelrhodopsin variants with improved properties
but also help to develop general principles on the temporal sequence in the gating of ion

channels.
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INTRODUCTION

Optogenetics provides new tools to neurophysiologists to steer cellular responses
with unprecedented temporal and spatial resolution. The former takes advantage of light
as an ultrashort trigger while the latter is achieved by genetically encoding and directing
photosensitive proteins to specific cell types. The most prominent among the
optogenetics tools is channelrhodopsin (ChR) which was found to be the first light-gated
ion channel of its kind (1, 2). This discovery paved the way for the exponentially growing
number of neurophysiological applications ranging from single cells to living animals (3).
Light-gated ion permeation by ChR expands the various modes of action of the large
family of microbial rhodopsins already comprising light-driven ion pumps and sensors (4).
Among the various ChRs which differ mostly in cation selectivity (3), ChR2 is employed
in the majority of optogenetic applications because of the higher expression yield in
mammalian cells.

A projection structure of the hepta-helical ChR2 showed a dimer with the contact
interface between helices C and D, suggested to form the cation channel (5). More
recently, a chimeric ChR (C1-C2) was constructed by linking the last two helices (F and
G) of ChR2 to the first five (A to E) of ChR1 and resolved by X-ray crystallography to
2.3 A (6). The high-resolution structure confirmed the dimeric arrangement and identified
an electronegative extracellular pore in each monomer framed by helices A, B, C and G.
Accompanying electrophysiological experiments on point mutants indicated residues in
the glutamate-rich helix B that delineate the cation channel (6). It is surprising that
mutations of either C128 or D156 in ChR2 lead to far more drastic functional alterations
with intensified photocurrents and strongly retarded ground-state recovery kinetics (7) as
these residues are located in helices C and D, respectively, i.e. remote from the
proposed cation channel. The interaction of C128 and D156 was shown by FT-IR
difference spectroscopy to involve an H-bond between the termini of both side chains,
the so-called DC gate (8). The structural basis of the DC gate could not be corroborated
by the crystallographic model of C1-C2, where the terminal S—H of C128 points away
from D156 (6).

Like in all other microbial rhodopsins, ChR is energized by the photo-induced
isomerization of retinal. This feature renders ChR unique among all ion channels as the
functional mechanism can be studied over the time-scale from femtoseconds to seconds
via triggering by a short light pulse. The chromophore retinal, linked to channelopsin via

a protonated Schiff base (SB) with K257, exhibits an absorption maximum (Ana) at ~470
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nm in the dark state (9). The electronic properties of the retinal are modulated by the
electrostatic structure in its immediate vicinity as ChR2 passes through a series of
intermediate states (10). The photoreaction of ChR2 under continuous illumination is
complex due to multiple photonic excitation (10) but single turnover conditions simplify
the analysis when short laser pulses are applied (Fig. 1). Upon all-trans to 13-cis
isomerization of the retinal cofactor and vibrational relaxation, the early red-shifted p,5%
intermediate (Anax = 500 nm) is formed in the picosecond range (11). Subsequently, the
retinal SB deprotonates and the blue-shifted P,*® state (\max = 390 nm) is formed with
T1» = 10 us. Reprotonation of the SB proceeds with 1, =2 ms, leading to the late red-
shifted P5°% state (Amax = 520 nm), decaying with T,, = 10 ms to the late P,** state (Amax

=~ 480 nm). Relaxation of P,*°

to the original ground state is unusually slow for a
retinylidene protein and proceeds with 11, = 20 s.

The groups accepting and donating the proton from and to the SB are yet unknown
as well as the proton transfer reactions responsible for the observed proton pump
activity of ChR2 (12). Correlation of time-resolved UV/Vis and electric experiments
showed that the P;°%° state represents the conductive state (9). While closing the
channel is clearly associated with P;°?° decay, opening appeared to occur before the rise
of P;°® but after the rise of the preceding P,** state (9, 10). FT-IR difference

spectroscopy suggested large conformational changes in the protein backbone to take

500 480

place in the early P, and the late P, states which were trapped under continuous
illumination (13, 14). Structural information on the P,**° and P;**° states where opening
and closing of the channel occurs is scarce, however.

Inasmuch the X-ray crystallographic structure sets the stage, the elucidation of the
functional mechanism of ChR2 requires the contribution of time-resolved methodologies
with appropriate structural sensitivity. IR difference spectroscopy is a powerful technique,
being sensitive not only to the transient conformational changes of the protein but
particularly to protonation and H-bonding changes of amino acid side chains. Here, we
have used time-resolved step-scan FT-IR spectroscopy to study the photocycle of ChR2
with a time resolution of 6 us, sufficient to probe the rise and decay of the conductive
P,3° and P;°® intermediates and to trace the associated internal proton transfers. We
conclude that the primary acceptor of the proton of the retinal SB is D253 (D212 in
bacteriorhodopsin, bR) and the internal donor is D156 (D115 in bR), the latter
accounting for the functional relevance of the DC gate. These results are drastically

different to bR where D85 (E123 in ChR2) and D96 (H134 in ChR2) are the primary
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proton acceptors and donors (15), and where D115 (D156 in ChR2) plays only an
indirect role in the proton pump mechanism (16). Analysis of the time evolution of the
conformationally sensitive amide | vibrations of the protein backbone suggests an
increase in hydration of transmembrane a-helices which correlates to the onset of cation
permeation. The hydration may be the result of the formation of a continuous water-filled
channel inside the protein from previously disconnected internal cavities. We infer that
the conformational rearrangements are triggered by changes in electrostatics and H-

bonding networks that are a consequence of the observed protonation changes.
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RESULTS

The conformational changes of ChR2 were studied by time-resolved FT-IR
spectroscopy following photonic excitation by a pulsed laser emitting at 450 nm. The IR
difference spectra displayed a rich and complex pattern of positive and negative peaks
(Fig. 2a) reflecting a temporal sequence of conformational changes of the holoprotein as
a consequence of the photo-induced isomerization of the chromophore retinal. The IR
data were complemented by time-resolved UV/Vis experiments (Fig. 2b), used to define
the time of maximum transient concentration of the respective photo-intermediates: 6 us
after the laser flash for the P,°® state, 300 ps for the P,*® state, 6 ms for the P5°% state,
and 300 ms for the P,*° state (Fig. 3). This study is the first one to report on IR
difference spectra of the conducting P,*®° and P;**° states of ChR2, as well as for the

early P,°®

state recorded at room temperature.

The negative bands in Fig. 3a represent vibrations of the dark state of ChR2 which are
missing in the respective intermediate states. The appearance of negative bands at
1240, 1200 and 1154 cm™, typical for C—C stretching vibrations of all-trans retinal (17),
are in accordance with the general view that the photocycle of ChR2 originates mostly
from the photo-isomerization of all-trans retinal (10). The negative band at 1554 cm™ is
due to the ethylenic (C=C) vibration of ground-state retinal (18). The frequency
correlates well with the electronic absorption of retinal at 470 nm of ground-state ChR2
(19).

The time-resolved IR difference spectrum of the P>

state (top spectrum in Fig. 3a)
exhibits similar spectral changes in the amide | region (negative band at 1663 cm™) as
the state trapped at 80 K (13, 14), albeit with discrepancies at other frequencies (Fig.
Sla). Thus, the large amide | changes previously found in static difference spectra, were
not due to a cryogenic artifact but are related to unusually fast conformational changes

%00 intermediate

of the protein backbone. The time-resolved difference spectrum of the P,
shows a positive band at 986 cm™ assigned to hydrogen-out-of-phase (HOOP)
vibrations of the retinal, indicating a non-planar retinal conformation in the early red-
shifted intermediate as in other microbial rhodopsins (20-22). The positive band at 1173
cm ™t appears asymmetric and strongly red-shifted with respect to the C,,—C;s stretching
of 13-cis retinal in other microbial rhodopsins (1190-1187 cm™ (20-22)). Its asymmetric
shape with a shoulder at 1188 cm™ (Fig. 3a and Fig. S2) reflects heterogeneity in the
conformation of the isomerized retinal suggesting contributions from an intermediate

preceding P,%%° Two positive bands assignable to the retinal C1,—Ci5 stretching vibration
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were also observed in proteorhodopsin (23), with a dark state composed of a 70:30
mixture of all-trans and 13-cis retinal like in ChR2 (18). Thus, it is inferred that the
spectral heterogeneity of the C4,—Ci5 stretching might as well indicate the concurrence
of photo-intermediates from both the all-trans and the 13-cis retinal photocycles, as was
found in Anabaena sensory rhodopsin (24).

At 300 ps after the laser pulse, the P,*%

state is the predominant intermediate as
indicated by positive absorption at 375 nm in the UV/Vis difference spectrum (Fig. 3b).
However, residual absorption at around 520 nm is also observed. Thus, the IR difference
spectrum recorded at 300 ps includes minor contributions from a red-shifted
intermediate state (Fig. 3a). A pure difference spectrum of the subsequent P3*%°
intermediate was isolated at 6 ms after the laser flash (Fig. 3b). The positive band at
1542 cm™ is assigned to the ethylenic vibration of retinal (Fig. 3a). The frequency
correlated well with the absorption maximum at 520 nm (19). The positive band from the

520

C14—C3s stretching of the isomerized retinal shifted to 1177 cm™ in P3°® which reflects

different retinal conformations in the P,°® and P;*?*° intermediate states. The difference

480

spectrum of the P, state was resolved at 300 ms after the laser pulse. The absorption

band of the ethylenic vibration of ground-state retinal is largely canceled due to the

similar frequency of this mode in the P,*°

state (Fig. 3a). The IR difference spectrum of
P,* is largely identical to the spectrum obtained under continuous illumination (Fig.
S1b) and very similar to the time-resolved difference spectrum of P,**® when ChR2 is

reconstituted in liposomes (25).

Proton transfer and hydrogen-bonding changes involving aspartate and glutamate
side chains. The retinal Schiff base of ChR2 deprotonates in the P;°®-to-P,*®* and is
reprotonated in the P,**-to-P;°% transition (9). The groups accepting and donating the
proton from and to the SB are yet unknown but prime candidates are the terminal
carboxylic groups of aspartate or glutamate residues and their corresponding acids as in
other well-characterized rhodopsins. IR difference spectroscopy is particularly suited for
the identification of protonation changes (26-28) because the C=0 stretching vibration
(vC=0) of protonated carboxylic groups appear in the 1780-1690 cm™ frequency range
(29, 30). The vibrational bands in the carboxylic region of the four intermediate states
exhibit significant spectral overlap (Fig. 3a and Fig. S2) which is reduced by applying a
well-established band-narrowing method (Fourier self-deconvolution, FSD) (31) to the IR

difference spectra (Fig. 4a). By these means, up to four positive (1760, 1745, 1728, and
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1695 cm™) and two negative (1737 and 1717 cm™) bands were resolved (Fig. 4a). The
assignment of these vibrational bands to molecular changes and the implications on the

molecular mechanism of ChR2 will be discussed in the following.

Primary proton donor to the retinal Schiff base. The rationale for the identification of
the internal proton donor is that deprotonation of an aspartic or glutamic acid will

520 state.

generate a negative band whose kinetics match those of the formation of the P3
Two negative bands were resolved in the carboxylic region (Fig. 4a) but only the kinetics
of the band at 1737 cm™, matched the rise and decay of the P3°%° state (Fig. 4b). In the

IR difference spectrum of the P3>*

intermediate of D156E the negative peak at 1737 cm™
! is up-shifted to 1763 cm™ while the negative band at 1717 cm™ is not affected (Fig. 4d,
frequency-shift indicated by an arrow). We generated the wild-type minus D156E double
difference spectrum firmly establishing that the negative peak at 1737 cm™ in P3*%
originates from deprotonation of D156 and not from an environmental change (Fig. S5a).
As expected, the negative band at 1737 cm™ vanished in the IR difference spectrum of
the P, intermediate of the D156A variant as also did the bands at 1760 and 1745 cm™
(Fig. 4d, bands marked by asterisks). Thus, these two positive bands reflect H-bonding
changes of the D156 carboxylic group in the P,°® and P,*® states, respectively. The
remaining bands at 1717 and 1728 cm™ disappeared in the E9OA variant (Fig. S4),
which supports their assignment to the vC=0 of the terminal carboxylic acid of E90 in
the dark and photolyzed states, respectively (14).

As D156 was identified as the internal proton donor to the retinal Schiff base, we
addressed the consequences of replacement of this residue by recording photocycle
kinetics and channel functionality of D156 variants. The kinetics of SB reprotonation was

390

accelerated in the D156E variant leading to low P, accumulation (Fig. 5a). The

subsequent reprotonation of E156 was slowed down resulting in a 10-fold delayed P5°%
decay (Fig 5b). Both effects suggest a reduced proton affinity of the proton donor as a
result of the D156E replacement. The D156E variant retains activity as demonstrated by
electrophysiology (Fig. 6 and S3b,c). In agreement with the slower P;** decay, closing
of the channel was also 10-fold delayed with respect to the wild type (Fig. 6). It was
previously shown that although the D156A variant is functional in cation permeation, it
exhibits a [110*-fold delayed reprotonation of the retinal Schiff base and strongly retarded

channel closure (7), an observation that can now be rationalized by the absence of a
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suitable internal proton donor. In conclusion, we infer that the reprotonation of D156 is a
molecular determinant for efficient channel closure.

Primary acceptor of the Schiff base proton. The crystallographic structure of the C1-
C2 chimera (6) locates E123 and D253 3.4 A and 3.0 A away from the retinal Schiff base
(shortest distance). The close proximity renders these residues prime candidates as
acceptors of the Schiff base proton. However, a positive band for the vC=0 frequency of
the SB proton acceptor, clearly observed in other rhodopsins in the range of 1765-1710

cm™ (Table S1), is evidently missing in the P,*%

state IR difference spectrum of wild-
type ChR2 (Fig. 3a). The three observed positive bands above 1710 cm™ can be
exclusively assigned to H-bonding changes of D156 and E90. As the latter two residues
are both protonated in the dark state of ChR2, they cannot serve as proton acceptors of
the SB proton after light excitation.

The only positive band left in the difference spectrum of P,** (Fig. 4a) is the band at
1695 cm™. The rise kinetics of this band tallies the rise of the P,*® state (Fig. 7b), i.e.,
compatible with the expected kinetics of the SB proton acceptor. However, the frequency
is unusually low for a carboxylic vC=0 (32) and changes in the C=0 stretching vibration
of glutamine and asparagine side chains and of peptide bond vibrations may appear as
well in this frequency range (32). Thus, we recorded time-resolved FT-IR difference
spectra of E123 and D253 variants to identify the internal proton acceptor group.

The equivalent residue to E123 of ChR2 is D85 of bR which was shown to be the
primary proton acceptor of the Schiff base. Therefore, we replaced E123 by T and
expected similar strong impact on the functionality as the equivalent D85T mutation in
bR (33). However, the replacement barely affected P,** and P3;°* formation and decay
kinetics (Fig. 5) which agrees well with the preserved channel activity of the E123T
variant as was reported by Gunaydin et al. (34). Consistent with these observations, the

IR difference spectrum of the P,*%

state of ChR2 is only moderately affected by the
E123T mutation (Fig. S4). A distinct difference, however, is the appearance of the
positive band at 1712 cm™ (Fig. 7a). The kinetics of the rise of this band tallied the rise
of the P,** intermediate (Fig. 7c). The double difference spectrum between wild type
and the E123T variant (Fig. S5b) shows difference bands at 1715(-)/1697(+) cm™. The
positive band at 1715 cm™ is assigned to the vC=0 stretch of D253 (vide infra) which is
up-shifted in the E123T variant. The positive band is apparently preserved in the

succeeding P5;°% state of the E123T mutant, albeit slightly down-shifted to 1708 cm™ by
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a change in hydrogen bonding (Fig. S4). Thus, the proton acceptor remains protonated
in P3°%,

The results of the E123T variant with its modestly affected kinetics and spectra, point
to D253 as the Schiff base proton acceptor. We scrutinized this possibility by studying
the functionally active D253E variant (Fig. 6 and S3a,c), which exhibited a notable 50-
fold acceleration of the rise of the P,*® state (Fig. 5a). The decay of the P,*®* state was
3-times slower upon D253E replacement, leading to a low and delayed P3*%
accumulation (Fig. 5b) and, correspondingly, to retarded channel closure (Fig. 6).
Despite the conservative exchange of D vs. E, the D253E mutation led to alterations in
the IR difference spectrum of the P,**° state exceeding by far those of E123T (Fig. S4).
A new positive band at 1709 cm™ (Fig. 7a) is observed in the IR difference spectrum of
D253E in the P,** state whose kinetics matches the rise of the P,*® state (Fig. 7d). In
analogy to the E123T replacement, the newly appearing positive band in the D253E
variant is accompanied by a decrease of the area of the band at 1695 cm™ (Fig. 7a).
The pair of bands in the double difference spectrum between wild-type and D253E, at
1712(-)/1696(+) cm™ (Fig. S5¢), is consistent with the vC=0 frequency of protonated
E253 and D253, respectively. The IR difference spectrum of the D253N variant showed
significant alterations (Fig. S4), most notably in the carboxylic region. Firstly, the
1717/1728 cm™ band feature vanished completely (Fig. 7a) suggesting that the D253N
replacement destabilized also the protonated form of E90 in dark-state ChR2. Secondly,
a positive band from the proton acceptor did not appear above 1700 cm™, unlike in the
functionally active E123T and D253E variants (Fig. 7a). The D253N mutation did not
exhibit channel behavior (Fig. S3c) even though the amino acid exchange hardly
affected the kinetics of the P,**° and P;>%° states (Fig. S7).

Protonation changes of E90. The negative band at 1717 cm™ in the difference

spectrum of P,*®

(Fig. 4a) has previously been assigned to the vC=0 of E90 (25).
However, the latter work could not to resolve the onset of deprotonation of E90O due to
insufficient time resolution. The blue trace in Fig. 4c shows that the negative band at
1717 cm™ reached maximal intensity before 6 ps and decayed in two well-separated
phases. The first phase mirrors the kinetics of the positive band at 1728 cm™ (Fig. 4c,
green trace) suggesting a shift in the vC=0 vibration of protonated E90 from 1717 cm™
to 1728 cm™ early in the photocycle. The deprotonation kinetics have been separated

from H-bonding changes of E90 by adding the kinetic traces at 1728 cm™ and at 1717
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cm™ (Fig. 4c, magenta trace), clearly revealing that the deprotonated state of E90 is

480 intermediate.

present only during the lifetime of the P,

Structural changes of the protein backbone. Conformational and environmental
changes in the protein backbone are reflected in frequency changes of the amide |
vibrations comprising predominantly the vC=0 mode of the peptide backbone (35).
Steady-state IR difference spectra recorded under continuous illumination have shown
intense bands in the range of a-helices, namely a negative peak at 1663 cm™ and a
positive peak at 1648 cm™ (13, 14). Interestingly, the intense negative difference band
appeared also when illuminating ChR2 at 80 K, arguing for large structural changes
even at cryogenic temperatures. Our time-resolved data confirms the presence of the
negative band at 1663 cm™ that persisted from 6 ps until the end of the photocycle albeit
with varying intensity (Fig. 8a). The intense positive band at 1650 cm™ is weak at 6 ps
but rises in intensity later on. Despite their different initial intensity, the transient intensity
changes of the bands at 1663 () and 1650 cm™ (+) followed a similar temporal profile
suggesting a frequency downshift of the amide | band (Fig. 8b). The time traces of both
bands reached maxima at 1 ms, i.e. in between the maximal concentrations of the P,>®
(350 ps) and P3°*° (4 ms) states. The maximal photocurrent amplitude in ChR2 is also
detected at 1 ms after photo-excitation (Fig. 6 and (9)). However, the rise of the changes
at 1650 cm™ (Fig. 8b, green trace) lags behind the deprotonation of the SB (Fig. 8b,
gray trace), with 14, of 60 us vs. 10 us, respectively. This delay suggests the presence of

two P,*%

substates with the transition between them linked to the onset of protein
backbone alterations.

Structural changes are also reflected in the amide Il vibration of the protein backbone,
a coupled mode of the C—N stretching and N—H in-plane bending vibrations (35). Figure
8e shows the IR difference spectrum at 300 ms after the laser pulse, i.e. when P,*°
dominates. This time was chosen because here the ethylenic vibrations of the retinal,
overlapping in frequency with the amide I, are reduced in intensity in P,*°. Indeed,
bands are observed at 1561(+)/1541(-) cm™, in the range of a-helical structures (35). It
was deduced from experiments and simulations that the hydration of a-helices shifts the
amide | vibration frequency down by 8-20 cm™ due to H-bonding of water to the amide
C=0 (36, 37). Correspondingly, a frequency up-shift is expected for the amide II
frequency, given that the H-bonding of water to the amide C=0 will weaken the H-bond

between amide C=0 and N—H pairs, leading to a stronger N—H bond. Thus, the bands
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at 1663(-)/1650(+) cm™ and at 1561(+)/1540(-) cm™ may report the hydration of a-
helices during the ChR2 photocycle, i.e. transient access of bulk water to parts of the
transmembrane region.

The appearance of the two intense bands at 1663(-)/1631(+) cm™ as soon as 6 us
after pulsed laser excitation (Fig. 8a) indicates that some protein backbone changes
precede the hydration of helices. The two bands exhibit the same kinetics after
accounting for overlapping contributions (Fig. 8c). Based on their frequencies they can
be tentatively assigned to the sub-microsecond elongation of B-hairpins (1640-1625 cm™
(35)) from extra-membrane loops (~1662 cm™ (38)). However, the negative absorption
at 1663 cm™ may also comprise changes in the vC=N of the protonated SB, the
frequency of which has been assigned to 1657 cm™ by resonance Raman spectroscopy
(18).

There is consensus that the channel of ChR2 closes with P3>%° decay (T2 = 10 ms) (9,
10). We probed the recovery of the initial dark state by recording the integrated area of
the retinal band at 1240 cm™ (mostly C1,—Cy3 stretching of ground-state all-trans retinal
(17)), as done before for bR (39). The kinetics are clearly bi-phasic where the dominant
phase (75%) proceeded concomitant to P;°* decay, with T, = 10 ms (Fig. 8d). The
remaining 25% of the molecules decay [11.000 times slower (T, = 20 s), concomitant to
P,** decay (Fig. 8d). This result indicates that the majority of ChR2 molecules decay

480

directly to the initial dark state without passing the P,™" state, presumably by a branch at

520

the level of the P;°%° state. These molecules close the channel in the P;**-to-ChR2

transition by restoring the initial retinal and protein conformation. The fraction of ChR2

molecules that transit the P,**

state close the channel without reverting most of the
conformational changes in the protein backbone, as indicated by the very similar IR
differences in the amide | region of the P;°® and P,*® states (Fig. 8a). Notably, the
bands assigned to the hydration of transmembrane helices are quantitatively preserved
in P,* with the 1663/1650 cm™ bands showing 25% of their maximal intensity at

300 ms (Fig. 8b).
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DISCUSSION

We have traced the molecular changes of photo-activated ChR2 by time-resolved IR
difference spectroscopy. By spectral and kinetic analysis, the timing of the protonation
and deprotonation of three crucial internal carboxylic groups was determined during
opening and closing of the channel. The vibrational assignment was achieved with the
help of the mutants E90A, E123T, D156E, D156A, D253E and D253N. We found that

3% intermediate

the terminal carboxylate of D253 gets protonated with the rise of the P,
(Fig. 7), i.e. when the retinal SB deprotonates. D156 deprotonates in the P,**°-to-P;>%°
transition, concomitantly to SB reprotonation (Fig. 4a,b,d). Thus, we assign D253 and
D156 to act as internal proton acceptor and donor of the retinal SB, respectively. Finally,

E90 deprotonates only in the P,**

intermediate (Fig. 4a,c).

An acidic residue at position 253 but not at position 123 is conserved in all ChRs
sequenced so far (40). While the replacement of D253 by non-protonatable residues
lead to the loss of channel function (D253A in C1-C2 (6) and D253N in ChR2, see Fig.
S3), the functionality of E123 variants is preserved even upon mutation to a non-polar
residue like alanine (34). The role of D253 as the primary proton acceptor is further
corroborated by the 50-fold accelerated deprotonation kinetics of the retinal SB in D253E
(Fig. 5). The longer side chain of the glutamate residue might place the accepting
carboxylate group closer to the positively charged SB leading to accelerate proton
transfer by electrostatic coupling (41). Such behavior is reminiscent of the D85E mutant
in bR (42).

The frequency of the vC=0 vibration of protonated D253 is 1696 cm™, low enough to
challenge its identification. For such low vibrational energy to occur, the C=0 group
must interact with an H-bonding donor and the O—H group must be H-bonded to a
strong acceptor (29, 30). vC=0 frequencies lower than 1700 cm™ have been reported
for carboxylic groups only when the H-bonding donor is the NH5" group from a lysine (29,
30) or when the H-bond acceptor is a COO™ group (43). Thus, we infer that the terminal

390 state of

carboxylate of E123 is the H-bond acceptor of protonated D253 in the P,
ChR2 (Fig. 9a). The strong interaction of the carboxylic O—H group of D253 with the
E123 carboxylate is weakened by the E123T replacement which leads to the observed
frequency up-shift of the vC=0 of protonated D253 from 1696 cm™to 1715 cm™ (Fig. 7,

S5h). A similar frequency up-shift occurs in D253E (Fig. 7, S5c) where the
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aforementioned H-bond with E123 would be geometrically less favorable by the longer
side chain of E253.
The identification of D156 as internal proton donor to the SB explains the extremely

30 intermediate in the D156A variant (7). In the absence of the

long lifetime of the P,
internal proton donor, SB reprotonation is rate-limiting for the photocycle. We may infer a
strongly pH-dependent photocycle kinetics in D156A, akin the D96 variants of bR (44).
Moreover, we are now in a position to rationalize the kinetic alterations found in variants
of C128 (7), a residue H-bonded to D156 to form the DC gate (8). One of the roles of the
DC gate could be to raise the pK, of D156. Upon C128A and C128T mutations, the
deprotonated state of D156 is stabilized which provides a clue to the long lifetime of the
P;°% state in these mutants (7). We suggest that the pK, of D156 is lowered in C128
variants, to be even deprotonated in ground-state ChR2 at neutral pH, as was observed
for D115 in bR by the homologous T90A mutation (45). A partially deprotonated D156 in
the dark state and, thus, a pH-dependent inactive fraction of the primary proton donor,

elegantly explains why a long-lived P,*®

state is present in C128 mutants and why the
P, accumulates with increasing pH (7).

The observed proton transfer reactions are put into structural context (Fig. 9b) using
the structural model of ChR2 based on the recent X-ray crystallographic data of the C1-
C2 chimera (6). In this scheme, D253 accepts the proton from the SB with a half-life of
(110 ps. The SB is reprotonated from D156 with a half-life of 02 ms. The latter two
groups are 9.7 A apart which is comparable to the 12.0 A distance between the SB and
D96 in bR (46). We recently monitored transient pH changes in the aqueous medium
with the help of a pH-indicating dye (47). Proton release to the bulk aqueous medium

was detected with the rise of the P5*%

state. Since D253 appears to remain protonated in
P;°%, we postulate the presence of a proton release group (PRG) in ChR2.

The recovery kinetics of the initial dark state proceeds in two well-separated phases
(Fig. 8d) which is explained by branching out of the ChR2 photocycle at the level of the
P;°% intermediate. About 75% of the ChR2 molecules relax from P3°?° directly to the
ground state, taking up a proton from the bulk to reprotonate D156. In the remaining

*% relaxes to P,*®. Finally, protons

25% of the population, E9O releases its proton and P;
will be taken up from the cytoplasm to reprotonate E90 in the P,*®-to-ChR2 transition.
The latter interpretation is corroborated by pH indicator experiments on the E90A variant

where the slow phase of proton uptake was absent (Fig. S8). In the pH indicator
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experiments on wild-type ChR2, the slow phase exhibits a relative amplitude of 20% (47)

480 state.

which is close to the 25% fraction derived to transit the P,

Large changes in amide | bands have been observed during the course of the
photocycle which were previously suggested to reflect conformational changes in the
backbone of the transmembrane a-helices (13, 14). Moreover, we found opposite
frequency shifts for the amide | and amide |l vibrations which were interpreted to arise
from the transient hydration of some transmembrane a-helices. The putative backbone
hydration takes place after SB deprotonation, at a time that coincides with the onset of
channeling activity as reported by time-resolved electrical measurements (9). P5°% is
generally accepted to be the conductive state of ChR2 (10), and so the structural
changes reporting the hydration of transmembrane helices appear to take place too
early to be related to the opening of the channel. However, compelling evidence for P,*®*
being also conductive comes from the D156A variant. Although it shows a long-lived
P, intermediate and barely any P3°?° formation, the ion conductance is as high as in
C128 mutants that exhibit long-lived P3>?° states (7). Thus, we may infer on the existence

of two consecutive P,>*°

states with different peptide backbone structures that relate to
the opening of the ion gate.

From the X-ray structural model, a pore was suggested to intrude from the
extracellular medium which is framed by transmembrane helices A, B, C and G (6). EQ0
(on helix B), H-bonded to N258 (on helix G), is located at the tip of the intruding pore
funnel (6). After light excitation, isomerization of all-trans retinal leads to the weakening
of the H-bond between E90-N258, explaining the 11 cm™ upshift of the vC=0 vibration

frequency in the early P,°®

state of the of E90 mutant (Fig. 5a, c). The structural
consequences of retinal isomerization might reach the extramembrane loops on a sub-
microsecond scale, leading to the elongation of B-hairpins (Fig. 8c), which are present in
both the intra and extracellular domain of the C1-C2 crystallographic structure (6). The
subsequent transfer of the proton from the SB to D253 may lead to tilting of some of the
transmembrane helices surrounding the pore as in models proposed for voltage-gated
ion channels (48). Mechanistically, this structural change will be driven by the re-
organization of intramolecular H-bonding networks which follow retinal conformation and
proton transfer from the SB to D253. Particularly, changes in H-bonds involved in inter-
helical interactions, like e.g. those of the DC gate, might be critical to transduce
electrostatic changes into pK, and conformational changes (16). Indeed, the frequency

change of the vC=0 of D156 attests for the adaptive response of the DC gate during the
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different steps of the photocycle (Fig. 4a). The tilt of helices will be sufficient to extend
the length of the pore to the cytoplasmic medium, and will also lead to the hydration of
transmembrane helices. Once formed, the conductivity and selectivity of the channel will
be mostly regulated by residues facing the channel interior.

What remains elusive is the role of the deprotonation of E90 which takes place during

“80 state. Closure of the channel during the P5**°-to-P,*° transition does

the rise of the P,
not require the reversal of the large protein structural changes (Fig. 8a). We infer that
deprotonation of E90 leads to a transiently stronger H-bonding N258. The stabilized
interaction may act as lock which constrains the dynamics of the adjacent helices that
frame the channel, and by this way help to reduce the ion conductance. Saving the
obvious differences, this scenario is reminiscent of the ionic lock between E134, R135
and E247 in bovine visual rhodopsin (49). E134 is ionic in the ground state and its
transient protonation leads to the disruption of the salt bridge, identified as a
thermodynamic contributor to the formation of the active state of rhodopsin. Similarly,
deprotonation of E90 could contribute to the inhibition of the channel conductance upon
continued illumination (desensitization) which was observed to be reduced (50) or even
abolished (25) in E90 variants.

In conclusion, we have traced the sequence of proton transfer reactions in ChR2 by
time-resolved IR spectroscopy. D253 was identified as the primary proton acceptor of
the retinal Schiff base and D156 as the internal proton donor. Intriguingly, the proton
donor and acceptor groups to the retinal Schiff base of ChR2 are different in location to
all other microbial rhodopsins known so far.

The observed elementary reactions were related to molecular changes that eventually
lead to on- and off-gating of the cation channel. Although neither D253 nor D156 are part
of the putative ion channel, mutation of either of these two residues led to the most
drastic alterations in the photocycle and channel behavior of ChR2 so far described.
Namely, mutation of D253 to a non-protonable group prevents channel opening, while
mutations of D156 strongly delay channel closure. Thus, the proton transfer reactions
identified in the present work, are clearly rate-limiting to channel gating. But while the
change in electrostatic pattern created by internal proton relocation appears intimately
connected to channel gating the mechanistic link between both events remains still
elusive. Yet, ChR2 is a unique ion channel as details of channel gating can be studied at

high time resolution by the option of triggering and synchronizing channel activity by a
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short laser pulse. Thus, it is possible to experimentally access intermediate states of ion
permeation across the membrane in great detail which are usually hidden.
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MATERIALS AND METHODS

Wild-type ChR2 and the point mutants EQOA, E123T, D156E, D156A, D253E and
D253N were heterologously expressed in Pichia pastoris. The His-tagged proteins were
solubilized in 0.2% decyl maltoside (DM), 100 mM NaCl, 20 mM HEPES (pH 7.4) as
described (8, 13). The resulting protein-detergent micelle sufficiently mimics the
properties of the lipid bilayer as was concluded in previous spectroscopic studies (18,
51). For experiments measuring the transient pH changes of E90A, the buffer was
substituted by 15 uM of the pH indicator bromoxylenol blue (47). Samples used for FT-IR
spectroscopy were concentrated to 04 mg/ml ChR2 in an aqueous solution of 5 mM
NaCl and 5 mM HEPES at pH 7.4, and approximately 8 pl was dried on top of a BaF,
window. The protein film was rehydrated with the saturated vapor phase of a
glycerol/water mixture (3/7 w/w) (52). Sample hydration was sufficient as deduced from
the absorbance IR spectrum (Fig. S9) and from the similar kinetics when compared with
UV/Vis experiments performed on ChR2 in solution (Table S2). The hydrated films of
ChR2 were placed into the FT-IR spectrometer (Vertex 80v, Bruker, Rheinstetten,
Germany). Sample holder was kept at constant temperature by a circulating water bath
set to 25°C (Julabo F25). Time-resolved UV/Vis experiments were performed on these
samples at specific wavelengths and on solubilized ChR2 in solution from 320 to 600 nm
in 20 nm steps, using a commercial flash photolysis spectrometer (LKS80 from Applied
Photophysics). The photoreaction in the IR and the UV/Vis experiments was induced by
a short laser pulse emitted by a Nd:YAG laser (Quanta-Ray from Spectra-Physics) which
drives an OPO (optical parametric oscillator from OPTA, Germany). The resulting
emission was set to a wavelength of 450 nm with 10 ns pulse width and 3 mJ/cm?
energy density at the sample, leading to a photo-conversion of about 10% of the
molecules (47). Time-resolved step-scan FT-IR difference spectra were recorded in the
time range of 6.25 us to 125 ms. Rapid-scan FT-IR spectroscopy was used to trace the
slower kinetic range (90 ms - 95 s). All data were recorded at a spectral resolution of
8 cm™. The repetition rate of the pulsed laser was set to 0.25 Hz for the step-scan and
0.01 Hz for the rapid-scan experiments, the former sufficiently fast to perform the
experiments within reasonable time frame (5 days of data accumulation for wild-type
ChR2) but slow enough to prevent artifacts from excitation of slow photocycle
intermediates (Fig. S11). After data acquisition the time-resolved IR spectra were quasi-
logarithmically averaged to 20 spectra per decade, and offset to zero in the range of
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1820-1780 cm™. The step-scan and the rapid-scan data were merged and noise-filtered
by singular value decomposition (SVD), retaining the first five major components (Fig.
S12). Fourier self-deconvolution (FSD) and global fitting were applied as described in
the SI Materials and Methods. The flash photolysis experiments in the UV/Vis range
were performed on two times scales, the faster time range (<300 ps) recorded with the
light source (Xe arc lamp) in pulsed mode and the slower time scale (>30 us) with the
lamp in continuous operation. Repetition frequency of the photolysis laser was 0.01 Hz.
The kinetic data were quasi-logarithmic averaged (100 points/decade), and noise-
reduced by SVD by retaining the first five major components. Difference spectra were
generated by spline interpolation between the measured absorption changes at each
wavelength (refer to SI Materials and Methods for a detailed description of the
acquisition, processing and analysis of the time-resolved FT-IR data and of the

electrophysiological recordings.
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Figure Legends

Fig. 1. Scheme of the unidirectional photocycle of ChR2. Superscripts to each reaction
intermediate (P,°%, P,*®, P;°?°, P,*° indicate the wavelength of maximum absorption.
The photocycle is initiated by the absorption of blue light and each subsequent transition
is characterized by the half-life time. Times given correspond to experiments on ChR2

when solubilized in dodecyl-maltoside (25 °C, neutral pH).
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Fig. 2. Time-resolved IR and UV/Vis absorbance changes in ChR2 following retinal

photo-isomerization after 10 ns laser excitation. (a) 3D plot of the recorded time-resolved
IR and (b) UV/Vis difference spectra.
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Fig. 3. Time-resolved IR and UV/Vis difference spectra of ChR2 at four selected times
after pulsed excitation. (a) Extracted IR difference spectra. (b) Extracted UV/Vis
difference spectra showing from the positive bands that the extracted spectra
correspond mainly to the P;°® (6 ps), P,**° (300 ps), P;°*° (6 ms) and P,**° (300 ms)

500

intermediates, respectively. The positive contribution from P,>" appears up-shifted to

515 nm as a result of the spectral overlap by the absorption of the initial dark state (14).
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Fig. 4. Identification of the Schiff base proton donor group. (a) IR difference spectra in
the carboxylic region of wild-type ChR2 after FSD. Bands assigned either to the C=0
stretching vibration of protonated D156 or E90, are indicated by hatched areas. (b)
Kinetics of the negative band at 1737 cm™ (red trace) compared to the kinetics at 540
nm (gray trace) measured on the same sample. The kinetics at 540 nm reflects the rise

520

and decay of the P;°* state. (c) Kinetics of the negative band at 1717 cm™ (blue trace)

and the positive band at 1728 cm™ (green). The addition of both traces (magenta)

390

resolves protonation changes of E90. (d) Top: difference spectra of the P,™" state of

wild-type ChR2 (gray trace) and the D156A mutant (orange) extracted at 300 s and at 6

ms after the flash, respectively. Bottom: difference spectra of the P;*%°

state of wild-type
ChR2 (gray trace) and the D156E mutant (blue) extracted at 6 ms after the flash.

Missing and shifted bands are indicated by asterisks and arrows, respectively.
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Fig. 6. Time-resolved photocurrents of ChR2 after pulsed laser excitation. Wild-type
ChR2 (gray trace), and variants D156E (blue) and D253E (red) have been expressed in

HEK293 cells and the whole cell patch-clamp technique has been applied. The currents

were recorded at room temperature (~22 °C) at a holding potential of -60 mV. The traces

were normalized to the maximum current amplitude of wild-type ChR2 to facilitate kinetic

comparison. The accelerated kinetics of channel opening in the D253E mutant could not

be resolved due to the response time of the electrical recordings in this experiment (red

dashed trace, Trc~50-100 us, see Supplementary Information for further details).
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the carboxylic region of the P,*° state of E123T (green), D253E (red) and D253N
variants (magenta). Spectra have been normalized to the wild type (grey) using the
retinal fingerprint region. Band shifts are indicated by arrows and the vibrational
assignment by hatched areas. (b) Kinetic trace at 1696 cm™ (light blue trace) in

comparison to the rise and decay of the P,

state (measured at 360 nm) for wild-type
ChR2. (c) Kinetics at 1713 cm™ (green trace) and of the P,*®° state (gray trace) of the
E123T variant . (d) Kinetics at 1710 cm™ (red trace) and of the P,** state (gray trace) of
the D253E variant. The intensity of the IR traces were scaled to match the intensity of

the respective traces at 360 nm.
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Fig. 8. Changes in amide | and Il vibrations of the protein backbone during the ChR2
photocycle. (a) IR differences in the raw spectra (black lines) and after applying FSD
(gray lines). Relevant bands are indicated, as well as their integrated areas. (b) Kinetics
of the intensity changes at 1663 cm™ (red trace) and 1650 cm™ (green trace). Scaled

kinetics of P,>%

measured at 360 nm on the same sample used for the IR experiments
(gray trace). (c) Kinetics of the negative band at 1663 cm™ probed by integrating the
area from 1671 to 1641 cm™ (light blue trace). This procedure canceled the overlapping
contribution from the hydration of helices by assuming similar amide | extinction
coefficients for non-hydrated and hydrated amide groups. The kinetics of the positive
band at 1631 cm™ was determined by tracing the integrated area between 1636 and
1625 cm™ (orange trace). (d) Kinetics of the band area integrated between 1249 and
1227 cm™ which reflects ground-state recovery (black trace), and an exponential fit

8% including the amide | and Il

(dashed red trace). (e) IR difference spectrum of P,
region (black line). The FSD-treated spectrum is also shown (gray line). Bands assigned

to the hydration of a-helices are labeled.
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Fig. 9. Proton transfers in the ChR2 photocycle. (a) Schematic representation of the
proposed direct H-bonding of D253 with E123 in the P,** state. Other H-bonds are
purely tentative. (b) Cartoon of ChR2 based on the C1-C2 structure (6), showing
relevant carboxylic groups and the proposed proton transfers reactions along with their
half-life times. Proton release and uptake from E90 is arbitrary set to the intracellular
side. The location of the proton release group (PRG) is unknown but tentatively placed in

the extracellular domain of ChR2.
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