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Background: Channelrhodopsins are light-gated ion channels of microalgae.
Results: By FTIR spectroscopy, we identified three different dark and two photoswitchable light-adapted states of the ChR-

C128T mutant.

Conclusion: We propose a photocycle model that explains both spectroscopic and electrophysiological data.
Significance: Color-dependent equilibria determine the stationary photocurrents in ChR applications (optogenetics).

Channelrhodopsins are microbial type rhodopsins that oper-
ate as light-gated ion channels. Largely prolonged lifetimes of
the conducting state of channelrhodopsin-2 may be achieved by
mutations of crucial single amino acids, i.e. cysteine 128. Such
mutants are of great scientific interest in the field of neurophys-
iology because they allow neurons to be switched on and off on
demand (step function rhodopsins). Due to their slow photo-
cycle, structural alterations of these proteins can be studied by
vibrational spectroscopy in more detail than possible with wild
type. Here, we present spectroscopic evidence that the photo-
cycle of the C128T mutant involves three different dark-adapted
states that are populated according to the wavelength and dura-
tion of the preceding illumination. Our results suggest an
important role of multiphoton reactions and the previously
described side reaction for dark state regeneration. Structural
changes that cause formation and depletion of the assumed ion
conducting state P520 are only small and follow larger changes
that occur early and late in the photocycle, respectively. They
require only minor structural rearrangements of amino acids
near the retinal binding pocket and are triggered by all-trans/
13-cis retinal isomerization, although additional isomerizations
are also involved in the photocycle. We will discuss an extended
photocycle model of this mutant on the basis of spectroscopic
and electrophysiological data.

Channelrhodopsin (ChR)? is a microbial type rhodopsin that
serves as a light-gated ion channel in the eye spot of green algae.
As typical for rhodopsins, it exhibits seven transmembrane
helices. Similar to bacteriorhodopsin and other microbial rho-
dopsins, it undergoes a photocycle initiated by light-induced
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isomerization of the retinal chromophore. Details of the molec-
ular architecture of its dark-adapted state are now available
owing to the crystal structure of a chimera between ChR1 and
ChR2 (1). This structure allows the identification of residues in
the retinal binding pocket and the putative cation-conducting
pathway.

However, molecular changes that are linked to formation of
the conducting pore and stabilization of the channel are not yet
understood. Electrical measurements yielded the first informa-
tion about the channelrhodopsin photocycle. On and off kinet-
ics of the photocurrents has provided insights into the forma-
tion and decay of the conducting state in the microsecond time
range (2, 3).

UV-visible absorption measurements on recombinant ChR
identified two early photocycle intermediates, P500 and P380,
that precede the conducting state P520 (2, 3). The latter decays
within 10 ms, but complete regeneration of the dark state is
slow and occurs in the time range of 20 s (4, 5). The late photo-
cycle intermediate P480 is photochemically active; the photo-
currents decline to a reduced stationary level upon repetitive or
prolonged ChR2 stimulation. One solution for the interpreta-
tion of this observation comes from the ChR2 mutants called
step function rhodopsin. In these mutants, Cys-128 is
exchanged by threonine, serine, or alanine, thereby dramati-
cally slowing down the lifetime of the conducting state. Addi-
tionally, these mutants can be switched on and off by blue and
green light, respectively. These properties offer the opportunity
to achieve a more permanent cell depolarization, where the
lifetime of the open state can be controlled by flash or contin-
uous low light intensities (6).

The photocycle of such mutants is however more complex
than originally anticipated for the ChR2 wild type. It exhibits
branches and side reactions that render step function rho-
dopsins nonfunctional after extended illumination (7-9). We
previously suggested that the probability of photochemical side
reactions increases with the lifetime of the corresponding state
(8, 10). Despite these complications the slow kinetics of step
function rhodopsins offers the opportunity to study the photo-
cycle of Cys-128 in depth because they facilitate the application
of FTIR spectroscopy, which allows the observation of the reac-
tion mechanisms of channelrhodopsins at the molecular level.

In this study, we reinvestigated the photocycle of the slow
cycling mutant C128T by a combination of FTIR and UV-visi-
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ble spectroscopy and by retinal extraction with subsequent
HPLC analysis. We show the existence of two dark intermedi-
ates that are populated depending on the wavelength and dura-
tion of the preceding illumination. Formation of the presumed
ion conducting state P520 (channel gating) involves two dis-
tinct mechanistic steps. Formation and decay of a pre-conduct-
ing state occurs early and late in the photocycle and requires
major backbone alterations. Second, a fast switch between a
pre-conducting state and P520, triggered by all-trans/13-cis
and/or syn/anti Schiff base isomerization requires only minor
structural changes in or near the binding pocket. Finally, we
present a model of the photocycle that links and explains both
spectroscopic and electrophysiological findings.

EXPERIMENTAL PROCEDURES

Expression and Purification of Channelrhodopsin—Expres-
sion in COS cells and purification of channelrhodopsin
mutants was performed as described previously (8) using a syn-
thetic DNA fragment with a C-terminal ETSQVAPA sequence
(1D4 epitope (11), GeneArt Regensburg). Mutations were gen-
erated by site-directed mutagenesis (QuikChange kit; Strat-
agene). Further preparation steps of the mutants (cell culture,
transfection with the resulting ChR2-pM T4 vector, reconstitu-
tion with 30 um all-trans retinal and subsequent purification of
ChR2) was performed basically as described for bovine rhodop-
sin (12). L-a-Phosphatidylcholine (Avanti Polar Lipids, Inc.,
Alabaster, AL) lipid vesicles with a lipid:protein ratio of 100:1
were prepared by detergent dialysis as described (13) and con-
centrated with Centricon YM-10 concentrators. All prepara-
tion steps were performed under dim red light (A,,,,, > 680 nm).
The samples were stored at —80 °C.

Hllumination Protocol—All illuminations were performed
with light-emitting diodes. Three blue (470 nm, 7200 mcd),
green (520 nm, 10000 mcd) or UV (400 nm, 15000 mcd) light-
emitting diodes (Winger Electronics GmbH and Co. KG, Des-
sau-Rosslau, Germany) were individually focused on the sam-
ple in the cuvette. Flash illuminations were achieved by
switching on the light for 20 ms. For continuous illumination
experiments, the reactions were followed spectroscopically,
and the illumination was performed until a stationary state was
reached. For HPLC analysis of the retinoids, the sample was
illuminated correspondingly in a 2-ml Eppendorf tube.

Chromophore Isomer Analysis—10 ul of a 80 um ChR2 stock
solution was used for retinal isomer analysis. After illumination
and appropriate incubation time, denaturation of the protein
was achieved by addition of 100 ul of ice-cold ethanol. After 2
min of stirring on ice, retinals were extracted by addition of 100
wl ofice-cold heptane/ethyl acetate mixture (volume ratio 95:5)
(14). After centrifugation, the upper heptane phase was then
removed and concentrated by gently drying with nitrogen. Sep-
aration of the retinal isomers was performed in a heptane/ethyl
acetate mixture (90/10 (v/v)) using a LC 20AD HPLC device
(Shimadzu, Kyoto) equipped with a Li Chrosorb 60.5-um col-
umn (CHROM, Herrenberg-Kayh).

FTIR and UV-visible Spectroscopy—FTIR sample prepara-
tion of ChR2 in L-a-phosphatidylcholine vesicles was done by a
centrifugation procedure as described (15). The pellets con-
taining ~2 mm ChR2 were measured in a temperature-con-
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trolled BaF, transmission cuvette with 3-um optical path-
length. FTIR spectra were recorded with an IFS 66v/S
spectrometer (Bruker Optik GmbH, Ettlingen, Germany) in
rapid scanning mode, operated with a time-resolution of 200
ms at spectral resolution of 2 cm ™' unless noted otherwise.
Time-resolved recording of the absorbance spectra was con-
ducted before, during, and after illumination. Time-dependent
sets of difference spectra were calculated by subtraction of a
reference, obtained by averaging the spectra before start of the
illumination protocol, from the whole set. Each set of difference
spectra was corrected for slight temperature drifts (= 0.1 °C)
occurring during the measurement and normalized using
bands in the ethylenic region and/or fingerprint region. The
data sets were analyzed by singular value decomposition in
combination with a rotation procedure as described previously
(16).

A Cary 50 spectrophotometer (Varian, Inc.) was used for
acquisition of the UV-visible data. Samples were prepared in
the same way as described for infrared measurements, but the
pellet obtained by centrifugation was placed in a temperature-
controlled 50-um optical path length transmission cuvette
consisting of two 10-mm diameter BaF, windows and a poly-
tetrafluoroethylene spacer.

RESULTS

Monitoring Dark State Regeneration of C128T by FTIR and
UV-visible Difference Spectroscopy—Recombinant channel-
rhodopsin mutant ChR-C128T used for this study was purified
from COS cells and reconstituted in lipid vesicles under dim red
light (> 680 nm). In the following, the state of these samples
that had never been exposed to light of the visible range will be
termed initial dark state (IDA).

Molecular alterations induced by exposure to blue light (470
nm) for 5 min were followed by time-resolved infrared differ-
ence spectroscopy. The most significant absorption change
occurred at 1661 cm ™~ ' and was used as a marker band to mon-
itor changes of the protein. Within 300 ms after the onset of the
illumination, the intensity of this negative band was already at
its maximum. Together with a positive band at 1646 cm it
denotes formation of the P520 intermediate as shown in Fig. 14
(illuminated state, conversion 0) and observed in earlier studies
(8). Because in flash experiments, both the rise and decay of
P520 closely matches the kinetics of the photocurrents mea-
sured in Xenopus oocytes and HEK cells, P520 intermediates
are considered as conducting states and of exceptional interest
(2—4). The complete FTIR difference spectrum (illuminated
state minus IDA), shown in blue in Fig. 1B, is predominantly a
fingerprint of the transition from the dark state to P520. Two
minutes of blue illumination led to the formation of the photo-
stationary state, characterized by a lower but constant intensity
of the band at 1661 cm ™" (conversion 1 in Fig. 14). The corre-
sponding photostationary state minus IDA difference spectrum
is shown in Fig. 1B (red line). It is an overlay of the P520 spec-
trum, late photocycle intermediates, and intermediates of the
side pathway. The latter is indicated by the reduced bands at
1661 and 1651 cm ™ ' and the typical alterations of the pattern
~1550 cm ™! (8).
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FIGURE 1. Dark states and photostationary states of C128T channelrhodopsin. A, ChR2 mutant C128T, reconstituted in L-a-phosphatidylcholine vesicles in
the dark, was illuminated 600 s by blue (470 nm) light. The spectral changes of optical density (OD) of the prominent 1661 cm™ ' band (as shown in the inset,
blue line) are drawn as a function of time (black line). The illumination period is marked as a blue bar. We note the formation of the illuminated state (blue)
immediately after the start of the illumination. It then evolves into a photostationary state (red). After the end of the illumination, the system converts via an
intermediate state (/ight green) into a dark-adapted state (DAB, dark green). Underlined numbers indicate conversions used to calculate double difference
spectra as shown in the next panel. B, infrared difference spectra photoproduct minus dark state of the illuminated state (measured immediately after start of
illumination; blue), the photostationary state (red), the intermediate state (light green), and the dark-adapted state (DAB; green), achieved after 3600 s in the
dark. For better comparison, the spectra were scaled. Double differences of the interconversions between these states were then calculated as indicated in A
and numbered accordingly. C, upper trace: the same sample as shown in A was, after a regeneration period of 3 h after the blue illumination, exposed to a green
illumination (300 s; 520 nm), and the intensity at 1661 cm ™' was recorded as a function of time. After lights off, the sample evolved into a new dark-adapted
state (DAG). A subsequently applied blue illumination of the sample initiated its return into DAG. Lower trace: flash illumination, either green or blue, caused the
same effect as long green illumination, thereby finally leading to the DAG state (blue and green arrows). Extended blue illumination (blue bar) led back to DAB.
D, FTIRand UV-visible (inset) difference spectrum (double difference) of DAB minus DAG (black line). We note differences in the structurally sensitive parts of the
spectrum >1600 cm ™" as well as in the region indicative for chromophore geometry (1150-1250 cm ™ '). The double difference between the state induced by
flash illumination and DAB is also given for comparison (gray line). abs., absorbance.

During the dark period that follows blue illumination, the
sample evolves within 1 h via an intermediate state (conversion
2,Fig. 1A, and light green linein Fig. 1B) to a stable dark-adapted
state (conversion 3, Fig. 14), which will be termed dark-adapted
state after blue (DAB) in the following. The green and cyan
spectra in Fig. 1B denote the difference spectra of these two
transitions, ie. intermediate state minus IDA and DAB minus
IDA, respectively. Interestingly, in the intermediate state 3 min
after light the negative band at 1661 cm ™' is minimally devel-
oped and increases again during formation of DAB. The corre-
sponding FTIR difference spectra shown in Fig. 1B reveal that
besides 1661 cm !, bands at 1553, 1247, 1237, 1201, and 1186
cm ™~ ! which are all present in the IDA to P520 transition, also
remain at a residual level in DAB. For better illustration of the
changes that occur during the conversion from one state to the
next, the double difference spectra between the illuminated
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state and the photostationary state (line I), between the photo-
stationary state and the intermediate state (/ine 2), and between
the intermediate state and DAB (line 3) are additionally given in
Fig. 1B.

The double difference of the transition (/ine 1) displays bands
in the amide I region at 1661 cm™ ' and in the amide II region
~1550 cm ™', which were previously assigned to the formation
of the photocycle side products (8). Only small bands are
observed in the region indicative for chromophore geometry
(1150-1300 cm ™). Thus, we assume only slight changes of the
chromophore geometry during photostationary state forma-
tion starting from P520. In contrast, during the transition from
the photostationary state to the intermediate state (line 2) the
chromophore bands are significantly more intense and largely a
mirror image of the activating band pattern seen in conversion
0. Finally, during formation of DAB (/ine 3), shallow bands in
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the region of the chromophore C-C stretching modes indicate
that the chromophore geometry changes only marginally.
Bands in the amide I and amide IT region ~1660 cm ™' and 1557
cm ™! argue for changes of the peptide backbone, and in the
case of amide II, suggest changes of the retinal and/or the reti-
nal Schiff base.

Next, we investigated how the dark adapted state formation
depends on color and duration of the actinic light. In Fig. 1C,
the kinetics of the band at 1661 cm ™! is shown again, but the
illumination of DAB was now performed with green light (520
nm; upper trace, green bar) instead of blue light.

We observe formation of an illuminated state with a primary
contribution of P520, as indicated by the intense 1661 cm !
band in the corresponding FTIR difference spectrum. Similarly
to blue illumination, it subsequently evolved into a photosta-
tionary state. After the termination of green light, we likewise
observed a transient intermediate state. Finally, a new stable
dark-adapted state was formed that clearly differed from DAB
as indicated by the residual level of the band at 1661 cm™*. In
the following, this state will be termed dark-adapted state after
green illumination (DAG).

Subsequent blue illumination of DAG (Fig. 1C, upper trace,
bluebar) eventually resulted in a return of the sample to DAB as
concluded from the final amplitude of the band at 1661 cm ™.
In a further experiment, instead of continuous illumination,
light flashes were applied (Fig. 1C, lower trace). Surprisingly,
green (520 nm) and blue (470 nm) flashes had the same effect on
dark-adapted state formation. In both cases, the intensity at
1661 cm ™' remained at the level typical for DAG. DAB could
only be restored by extended blue illumination. Interestingly,
the intermediate state was not as clearly observed when flash
illumination was applied.

Structural differences between the dark adapted states are
best seen in the FTIR double difference spectra (DAG minus
DAB) between these two states as shown in Fig. 1D (black line).
In addition to the significant difference band at 1661 cm %,
intense bands occur also in the amide II/ethylenic region (1546
cm ™ '/1559 cm ') and ~1230 cm ™, indicating different chro-
mophore geometries or chromophore-protein interaction in
DAB and DAG. The pattern in the latter region closely resem-
bles the one observed in the photostationary state minus dark
state difference spectrum. Bands are likewise broadened and
often occur in doublets. Interestingly, we also note a pro-
nounced distinctive pattern in the region of carbonyl vibrations
comprising a negative band at 1719 cm ™" and a positive band at
1695 cm ™', and a very small bilobe at 1748 (—)/1743 cm ™" (+).
Finally, the UV-visible difference (DAG minus DAB; inset,
black) demonstrates that the fine-structured absorption maxi-
mum ~470 nm is slightly less developed in DAG. Notably, the
double difference of the intermediate formed after flash minus
DAB (shown as gray line) shows almost the same spectral pat-
tern as the DAG minus DAB over the whole spectral range.

Retinal Extraction Experiments—The isomerization state of
the chromophore before and after illumination was investi-
gated by extraction and subsequent HPLC analysis of the reti-
noids. Fig. 24 shows the HPLC traces of IDA and of the states at
various times after a 5-min blue or green illumination. In Fig. 2,

10454 JOURNAL OF BIOLOGICAL CHEMISTRY

B and C, the contents of the retinal isoforms are plotted as a
function of time after illumination.

The first peak was identified as 13-cis-retinal, followed by
11-cis, 9-cis, and all-trans retinal. From IDA, we extracted 22%
13-cis and 78% all-trans retinal, consistent with earlier extrac-
tion experiments (8) and raman data (17).

Because retinal extraction of the photostationary state is not
possible, the first extraction of an intermediate state was per-
formed 15 s after the blue or green light was shut off. We
observed 37% 13-cis and 56% all-trans retinal after blue light
and 47% 13-cis and 43% all-trans retinal after green light, and
small shares of 9-cis and 11-cis retinal as shown in Fig. 2, B
and C.

Subsequently, the all-trans retinal content decreased further
to 24% in a thermal process (59% 13-cis), observed 180 s after
blue illumination. When green light was applied, the change
was even more distinctive (24% all-trans-retinal and 64% 13-cis
retinal). Although the minimal content of all-trans retinal was
observed 180 s after the blue illumination, its fraction increased
again to 41% 3600 s after blue illumination and to 33% after
green light. During the experiment, the fractions of 11-cis and
9-cis retinal constantly increased up to 14 and 22% in case of
blue illumination and to 14 and 13% after green light. In a con-
trol experiment where samples were kept in complete darkness,
the ratio between 13-cis and all-trans retinal did not change and
no other cis isomers were observed.

The data underline that thermal isomerizations still occurred
after blue or green light was shut off as already concluded from
the infrared difference spectra. A significant fraction of 13-cis
retinal that was transiently formed within minutes after end of
the illumination was significantly higher after green in compar-
ison with blue light. Whereas the amount 13-cis and all-trans
retinal nearly returned to its initial contribution on a slow time
scale, the share of 9- and 11-cis was constantly increasing for
hours in the dark.

It is worth mentioning that this finding is not specific to the
C128T mutant. Similar slow changes were observed for E123T
(CheTA) in which the conducting state decays within 5 ms after
the illumination (see supplemental Fig. 1) (18). Despite this
accelerated cycling of this mutant, the maximal fraction of
13-cis retinal, namely 70%, was reached only ~10 min after the
end of blue or green illumination. Even after 1 h, we still
observed >60% 13-cis retinal. Interestingly, the fraction of 9-cis
and 11-cis retinal increased slightly but constantly during the
experiment.

Monitoring Light-induced Switching of C128T by FTIR
Spectroscopy—During electrical measurements the conductiv-
ity of C128T could be switched on and off by alternating blue
and green light (6). We performed a similar experiment with
blue (470 nm) and green (520 nm) illumination. Time-resolved
FTIR difference spectra were recorded during this procedure.
The corresponding kinetics showed however a complicated
behavior caused by a strong overlap of several processes that
occur in parallel. To identify independent components that
contribute to the time-dependent spectral data set, we applied a
combination of singular value decomposition and a rotation
procedure as described (16). This allowed us to separate the
contributions of different superimposed processes and to
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FIGURE 2. Retinal isomers during the photocycle. A, retinal aldehyde HPLC extraction of different C128T states was performed at the times indicated after a
5-min blue or green illumination. Shown are the data from one single experiment. In the initial dark state, we found a mixture of 22% 13-cis and 78% all-trans,
as reported previously. Surprisingly, after the extended illumination, we found significantly increased contributions of cis retinals. The share of 13-cis retinal
was, however, dependent on illumination conditions; its maximum was reached 180 s after light. We found a slightly lesser maximal amount after a blue
illumination (left column) than after a green illumination (right column). The relaxation into a dark state-like retinal mixture occurred on a very slow timescale
that was even slower than the observed spectral alterations. B, extracted retinal isomer mixture before and at different times after the illumination; shown are
13-cis retinal (red), 11-cis retinal (green), 9-cis retinal (cyan), and all-trans retinal (blue). C, time course of the extracted retinal isomer mixture after application of

a green (520 nm) instead of a blue illumination. Color codes are the same as described in B.

obtain the pure kinetics and base spectra. By this procedure,
four components were identified.

In Fig. 3, the calculated normalized spectral components
(left) and the corresponding normalized kinetics (right) are
given. The first component (Fig. 3, A and B) occurred within
seconds (7 = 1.7 s) and remained unchanged during application
of the illumination protocol. Interestingly, the bands indicative
of changes in the chromophore geometry were broadened and
occurred in doublets (1247 and 1237 cm™'; 1202 and 1186
cm™ '), similarly to those seen in the photostationary state. Dis-
tinct bands seen in the amide I and amide I region may indicate
structural changes during its formation.

A second component (Fig. 3, C and D) was formed in parallel
within the first seconds, but it immediately started to decay
(1., = 1.6's, T, = 66 5). The second 7 value was in accordance
with the kinetics of the formation of the photostationary state
including formation of side products. The region sensitive to
chromophore alterations was characterized by a single band at
1178 cm ™%, as known from the P353 intermediate (at 1180
cm ') of the C128T side reaction.

The third component (Fig. 3, E and F) arose immediately
after light onset. Its formation was not fully resolved, and it
disappeared rapidly on a time scale of seconds (7,, < 0.3 s,
Ty = 2.0 s). Its dominating spectral feature was the character-
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istic band at 1661 cm ™", accompanied by small changes in the
amide II/ethylenic and chromophore fingerprint region.

The fourth component (Fig. 3, G and H) was the only one that
showed a time-dependent behavior strictly following the alter-
nating blue and green illuminations. The dominating feature
was the difference band at 1559/1533 cm ™" in the ethylenic
region, caused by the Schiff base, which provides a direct cor-
relation to the UV-visible absorption maxima (19), thus identi-
fying a blue- (P480) and a green-absorbing (P520) species.
Notably, vibrational changes in the structurally sensitive amide
Iregionat 1661 cm™ ' and 1625 cm™ ' were comparatively small
in this case. In the fingerprint region characteristic for chro-
mophore C-C stretching vibrations, a distinct pattern including
bands at 1237, 1202, 1155,and 1176 cm ™ ' appeared. On the one
hand, these patterns showed close similarities with the bands
that indicate all-trans/13-cis isomerization in the spectra of
Schiff base protonated bacteriorhodopsin intermediates. How-
ever, on the other hand, they were smaller than expected when
related to the band intensities in the amide II/ethylenic region.
The bilobe at 1748/1741 cm ™' indicated involvement of the
C=0 group of Asp-156 in this conversion (20). Interestingly,
similar observations were made when the wild type was illumi-
nated with alternating blue and green light (supplemental Fig.
2).
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FIGURE 3. The kinetic data of C128T during alternating green (520 nm)
and blue (470 nm) illumination were analyzed by singular value decom-
position and rotation procedure. A dark-adapted sample (DAB) was illumi-
nated with blue (dark gray bar) and green (light gray bar) light alternatively.
Each illumination was performed for 5 s, and then the wavelength of the
incident light was immediately changed. Initial spectra were recorded with a
time resolution of 200 ms. Subsequent data analysis yielded four main spec-
tral components (b-spectra are scaled; absorbance is given in arbitrary units
(a.u.); left column) that could be separated due to their kinetic behavior (right
column). The first three components A-E, as seen from their kinetics B-F,
reflect alterations of the protein induced once by the illumination but not
directly dependent on the wavelength of incident light. Only the fourth com-
ponent (G) closely followed the illumination procedure (H). abs., absorbance.

time (s)

DISCUSSION

The Dark States of CI28T—By FTIR spectroscopy, we
showed that samples of the ChR2-C128T mutant that were
never exposed to light exist in a unique IDA whose recovery was
neither possible by illumination nor by thermal decay. Further-
more, two dark-adapted states were formed after either blue or
green light (DAB or DAG, respectively). From the infrared dif-
ference spectra, we conclude that the predominant chro-
mophore geometries in these states are different, and conse-
quently, multiple retinal isomerizations must occur in parallel
during formation of these states. IDA, DAB, and DAG are each
composed of one or more pure intermediates, characterized by
a unique, singular protein conformation contributing to differ-
ent extents to the dark states. The respective spectra of the
transitions between IDA and DAB or DAG differ only in their
intensities, demonstrating that two dark-adapted intermedi-
ates are sufficient to describe the observed spectra and conver-
sions. Similar with earlier electrophysiological work (21, 22),
these intermediates are termed D470 and D480. IDA and DAB
are both predominantly composed of D480, whereas in DAG,
D470 is the main contributing intermediate.
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FIGURE 4. Retinal isomers of retinylidene proteins. In the bacteriorhodop-
sin dark-adapted state, either all-trans, 15-anti or 13-cis, 15-syn retinal is
observed, whereas 13-cis, 15-anti retinal occurs in the M intermediate struc-
ture. In bovine rhodopsin, the switch between all-trans, 15-anti and all-trans,
15-syn is capable to switch between the active form and its thermal
predecessor.

Dark State Formation Depends on the Duration of Incident
Light—Interestingly, short light flashes applied to IDA, DAB, or
DAG are unable to mediate the shift of dark state composition,
and only DAG is formed in either case (compare Fig. 1). DAB
must therefore result from a multi-photon process in which a
blue or UV-shifted intermediate, most likely P380 of the side
pathway, is excited, whereas DAG is formed by thermal decay
of P380 (see Fig. 5). From resonance Raman studies, it is known
that this pathway includes Schiff base hydrolysis and transient
detachment of the retinal from the protein (23). This might
account for the formation of a photostationary mixture of sev-
eral isomers, including 11- and 9-cis retinal. However, whereas
the distribution between 13-cis and all-¢rans was reversible at a
long timescale, the share of 9- and 11-cis was constantly
increasing in a thermal reaction. We therefore assume that
these isomers are not directly involved in the photocycle but are
rather products of photocycle side reactions. Note that the
pathway, involving DAB, is the one that is populated during
electrical experiments on neuronal cells or oocytes when a blue
illumination of seconds is used as an activating trigger (9).

Retinal Conformational Changes—Interestingly, whereas
former HPLC studies with wild type ChR2 in detergent (8, 24)
suggested no significant light-induced alterations of retinal iso-
mers, in lipid vesicles, we now observe a considerable transient
increase of 13-cis retinal at the cost of all-trans retinal. The
change is significantly higher after green than after blue light.
Although the FTIR spectra indicate the existence of conver-
sions between several different retinal isomers, HPLC extrac-
tion experiments of DAB and DAG reported predominantly
two isomers, namely 13-cis and all-trans retinal. Accordingly,
we conclude that, apart from trans/cis, also syn/anti isomeriza-
tions of the retinal C=N Schiff base bond also contribute to the
retinal fingerprint of the spectra. Syn/anti isomerizations as
described here are not unusual for retinal proteins and were
observed for bacteriorhodopsin during thermal dark adapta-
tion, with the dark adapted state consisting of a 1:1 mixture of
all-trans, 15-anti, and 13-cis, 15-syn retinal (Fig. 4). Upon light
adaptation, a single form containing only all-trans, 15-anti ret-
inal is adopted (25) from which the H"-transporting photo-
cycle starts by light-induced all-trans to 13-cis isomerization. In
analogy, we suggest that in ChR2-C128T the two isoforms all-

VOLUME 288+-NUMBER 15-APRIL 12,2013



Light-dark adaptation of Channelrhodopsin C128T Mutant

trans, 15-anti retinal and 13-cis, 15-syn retinal stabilize two
inactive forms, because in both cases, the Schiff base proton is
in a position that enables formation of the salt bridge with the
counter ion, as it occurs in bacteriorhodopsin (Fig. 4). Further-
more, from bovine rhodopsin, it is known that isomerization
from all-trans, 15-anti retinal to all-trans, 15-syn retinal is capa-
ble of switching this receptor from an active (metarhodopsin II)
to an inactive (metarhodopsin III) form (26). Similarly, in the
ChR2-C128T dark states, a syn/anti isomerization leading to
either 13-cis, 15-anti or all-trans, 15-syn retinal could trigger
the formation of the conducting state as already surmised pre-
viously (8).

Interestingly, slow alterations of the retinal conformation are
not only seen with slow ChR2-C128T but also with fast ChR2-
E123T, in which the conducting state vanishes within millisec-
onds after light. In this mutant, the maximal fraction of 13-cis
retinal is extracted 10 min after illumination (compare supple-
mental Fig. 1). So far, no spectral alterations could be observed
for this mutant, which go along with this slow process.

Disentangling the Photocycle Intermediates—By illumination
with either blue or green light, the recording of a pure spectrum
of any photocycle intermediate is not possible due to overlap-
ping reactions. But in electrical experiments, the conducting
and non-conducting states could be switched by alternating
blue and green light (6). For spectroscopic investigation of these
conversions, we performed comparable FTIR experiments, in
which the spectral changes could be separated into four single
components. However, only one component showed exactly
the same behavior as the electrical measurements and followed
the alternating green and blue light (compare Fig. 3). Thus, this
individual component was identified as transition between a
blue absorbing state assigned to P480 and a green absorbing
state P520. The correlation with the electrical measurements,
where P520 was identified as the conducting state, provides a
connection between spectra and function of the protein. In the
region indicative for chromophore geometry, this important
conversion shows strong spectral similarities to the transition
between dark state and Schiff base-protonated intermediates in
bacteriorhodopsin (27, 28). Consequently, we suggest that the
transition between the two light-adapted states P520 and P480
in ChR is triggered by 13-cis/all-trans retinal isomerization.

It was recently shown that light-adapted ChR exhibits two
conducting species with different ion selectivities (21). Here, we
show the existence of two dark species that are considered as
parent states of the two conducting intermediates in line with
the two parallel photocycles described in the literature (22, 29).
We propose that one starts from all-trans, 15-anti retinal
(D470), and the other from 13-cis, 15-syn retinal (D480) (Fig. 5).

Blue or green light absorption starts antidromic isomeriza-
tion in both cycles, causing partial annihilation of the respective
fingerprint bands. However, retinal isomerization that in both
cases triggers the transition between a blue and a green absorb-
ing species is also indicated by intense bands in the ethylenic
region. Comparatively small bands in the amide I region sug-
gest that only small structural changes of the protein go along
with the transition between P520 and P480.

All other components given in Fig. 3 reflect structural
changes that occur in common to both the formation of the
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FIGURE 5. The proposed reaction scheme of ChR2-C128T. Black arrows
label thermal reactions, blue and green arrows label reactions induced by blue
(470 nm) and green (520 nm) light, respectively, and turquoise arrows label
reactions that are triggered by both green and blue light. The proposed iso-
meric states of the retinal are given in gray. The three observed dark states
IDA, DAB, and DAG are composed of only two dark species D470 and D480,
which occur in different contributions due to the pretreatment of the sample.
The unique IDA (from which the reaction starts) is mainly constituted of the
species D480, only with minor contributions of D470. Similarly, D480 is the
main component of DAB, whereas in DAG, D470 dominates. A photocycle is
started by green or blue illumination from either D470 or D480. After the early
intermediates (P500 and P500’, accordingly, not shown) and transient SB
deprotonation (P390 and P390’), the conducting states P520 and P520’ are
formed. The reaction proceeds further to a late intermediate (P480), which is
equal or closely similar for both cycles. From this intermediate, D480 and
D470 are reformed in a thermal reaction, and the pathway leading to D470 is
favored. Alternatively, the side pathway with its intermediate P380 is popu-
lated either thermally or light-induced. Although thermal decay of P380 leads
onlyinto D470, its excitation by light enables formation of D480 via additional
intermediates. Hence, another dark-adapted state (DAB) is only observed
after long blue illumination. The D480 species can only be populated in sig-
nificant amounts through the UV-shifted intermediates of the C128T side
pathway (P380, P353, not shown) in a multiphoton reaction.

blue or green absorbing state. The first component describes
conformational changes in both states that remain unchanged
during the whole illumination period. We suggest that they
reflect most probably the adjustment of amino acid residues
that later facilitate formation of the conducting pore. We ten-
tatively assign the second component (Fig. 3, C and D) to
increased contributions of side pathway intermediates, and the
third component to transiently formed early P390 intermedi-
ate, vanishing with the formation of the photostationary state.

A New Reaction Scheme for C128T—Based on our new data
and on available electrical measurements, we propose a reac-
tion scheme of ChR2-C128T as shown in Fig. 5, which extends
the previously described photocycle (8) and links spectroscopic
and electrical measurements. All apparent dark states IDA,
DAB, and DAG and transitions between them are compositions
of two non-conducting dark isoforms D470 and D480 that
dominate the dark states depending on the illumination history.

Because different retinal isomer mixtures must be present in
the dark states and thus also in the intermediates, we propose
all-trans, 15-anti retinal in D480 and 13-cis, 15-syn retinal in
D470, in analogy to bacteriorhodopsin. In both cases, light
induces retinal isomerization (most probably trans/cis in the
case of D480 and cis/trans in the case of D470) which starts a
reaction cascade that proceeds via P390 and P390’ and leads
into conducting P520 and P520’. Thermal decay of the con-
ducting states then leads to the late equilibrium between P480a
and P480a’, which constitutes the link between the two cycles.
It is also the branching point into the side pathway of UV-
shifted P380 and P353. Only light excitation of one or both of
these intermediates, most probably P380, opens the pathway
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back to D480. This further explains why blue flashes fail to
restore DAB but lead, similar to green light, to DAG, mainly
constituted of D470. Starting from P480, both dark states can be
formed in a thermal pathway, but formation of D470 must
strongly be favored as major contributions of D480 are not
observed after flash. Due to the light sensitivity of both of the
P520 intermediates, green illumination can shortcut the pho-
tocycle (green arrows).

Outlook—In this study, we have shown by a combination of
UV-visible and vibrational spectroscopy and HPLC analysis
that the two dark states of ChR2-C128T are structurally differ-
ent and that color and duration of the actinic illumination are
major determinants for the dark equilibria between D470 and
D480 as well as for the extent of side product formation (P380
and P353). These findings certainly have profound conse-
quences for the stationary contribution of the two open states,
the degree of inactivation, and the ion composition of the pho-
tocurrent whenever ChRs are employed in optogenetic experi-
ments under high light conditions or rapid flash stimulation
(30).
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