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Channelrhodopsins (ChRs) of green algae such as Chlamydomonas are used
as neuroscience tools to specifically depolarize cells with light. A crude
model of the ChR2 photocycle has been recently established, but details of
the photoreactions are widely unknown. Here, we present the photoreac-
tions of a slow-cycling ChR2 mutant (step function rhodopsin), with C128
replaced by threonine and 200-fold extended lifetime of the conducting-
state P520. At a late state of the photocycle, a fraction of the proteins
branches off into an inactive species, P380, which accumulates during
prolonged illumination. At neutral pH, P380 is converted into P353, a
species with a characteristic fine-structured spectrum that is interpreted as
retroretinyl chromophore. The described branching reactions should be
considered, when ChR is used as a neuroscience tool, especially in the case
of fluorescence imaging at high light intensities.
Keywords: channelrhodopsin; ion channel; spectroscopy; retinal isomerization;
FTIR spectroscopy
Edited by R. Huber
Introduction

Channelrhodopsins (ChRs) are light-gated ion
channels1,2 that serve in microalgae as sensory
photoreceptors for orientation.3,4 ChRs are now
widely applied in the neurosciences to specifically
depolarize cells or cell populations and to evoke
action potentials in neuronal systems with brief light
flashes.5,6

Recently, we presented a set of ChR2 mutants, in
which the cysteine at position 128 is replaced by
threonine, alanine, or serine.7 In these mutants, the
Medizinische Physik
medizin Berlin,
y. E-mail address:

s.
@rz.hu-berlin.de.
odopsin; FTIR,
opy; RSB, retinal
omposition; BR,
sin; LED,

lsevier Ltd. All rights reserve
lifetime of the conducting state is 200- to 10,000-fold
extended compared to wild-type ChR2. Conse-
quently, cells expressing ChR2-C128T, A, or S
depolarize readily at very low light intensities. The
absorption spectrum of the conducting state is red-
shifted compared to the dark state, which allows
photochemical back conversion to a non-conducting
state. Thus, the C128 variants comprise bimodal
photo-switches sensing blue light for activation and
green light for inactivation, which is extremely
useful for application in the neurosciences. Based
on these properties, the ChR-C128X mutants were
named step function rhodopsins. We have explained
the extension of the conducting-state lifetime in the
C128X mutants by a modification of the hydrogen
bond between C128 and D156.7 The pair corre-
sponds to T90 and D115 in bacteriorhodopsin (BR),
where the consequences for protein stability and
dynamics have been studied in detail.8 In line with
this consideration, Bamann et al. converted D156
into A and found an open-state lifetime extension
for this mutant as well.9 Moreover, the authors
expressed the C128T, A, S, and the D156A mutants
in Pichia pastoris and found a slow down of the
photocycle in all four cases. Schoenenberger et al.
d.
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also have used C128X mutants for the characteriza-
tion of pyramidal cells in hippocampal slice
cultures.10 They appreciated the low photon expo-
sure needed for the generation of spike trains, but
they also found that repetitive illumination drives
the protein via a photocycle side reaction into an
inactive state. This side reaction is not explained by
either the original monocyclic models11–13 or the
bicyclic model recently presented by Bamann et al.9

Here, we present concise spectroscopic studies of
purified recombinant ChR-C128T. Besides the for-
ward reaction from the dark-adapted state to the
conducting state, we demonstrate the photoreac-
tions from a late photocycle intermediate into two
long living inactive states with unusual chromo-
phore conformation. Concomitant structural
changes within the protein are visualized by time-
resolved Fourier transform infrared spectroscopy
(FTIR) measurements.
Results

UV/Vis spectroscopic characterization of ChR-
C128T

Recombinant ChR2 with C128 replaced by threo-
nine (ChR-C128T) was purified from green monkey
COS cells. The UV/Vis absorption spectrum of ChR-
C128T is shown in Fig. 1a (black line). The spectrum
is moderately fine structured with one distinct
maximum at 480 nm (D480, Fig. 1a, black line) in
different times after termination of blue-light irradiation. Ins
the same point of time. (d) Recovery of the dark-adapted C12
contrast to the spectrum of wild-type ChR2, which
shows two distinct absorption maxima at 450 and
475 nm, respectively (termed D470, Fig. 1a, gray
line). The 12-nm red shift is in agreement with the
action spectra recorded in Xenopus laevis oocytes.7

Illumination of ChR-C128T for 3 min at pH 6 with
450-nm light depleted the dark state and established
a photoequilibrium dominated by the conducting-
state P520 as seen in the absolute spectra in Fig. 1b
and the difference maximum at 530 nm in the inset.
We also observed the contribution of a second
species with blue-shifted absorption, pronounced
fine structure, and maxima at 337, 353, and 372 nm
(Fig. 1b, blue line). The new species was named
P353. Illumination in the presence of 30 mM of the
proton exchanging reagent sodium azide, which is
used to identify protonation dependent equilibria,14

resulted in further reduction of P520 and promotion
of P353 (Fig. 1b, green line).
Ten minutes after the end of illumination, both

P520 and P353 were completely converted back to
the dark state but a non-fine-structured species with
a maximum at 380 nm, termed P380, was left, which
decayed on a much slower time scale (Fig. 1c). In
azide, which had only moderate influence on the
formation of the photoequilibrium (Fig. 1b), the
disappearance of P520 after the cessation of illumi-
nation was greatly accelerated (Fig. 1d), whereas the
full recovery of the dark state is not influenced.
Decay of P380 was again slow and is not resolved in
Fig. 1d.
The rise and decay kinetics of the intermediates

and the dark-state recovery were investigated in
Fig. 1. UV-visible spectroscopy
of the photostationary state of the
purified C128T mutant of ChR2. (a)
Absorbance spectra of wild-type
ChR2 (gray line) and C128T (black
line) in dodecyl maltoside solution
of the dark-adapted state at pH 6.0,
normalized to the band at 280 nm.
(b) Absorbance spectra of C128T in
the dark-adapted state (black line)
and after 3 min of illumination
with blue light at pH 6.0 (450 nm,
green line) and in the presence of
30 mM sodium azide (pH 6.0, blue
line), normalized at 280 nm. The
bars below the spectra indicate
wavelengths (380 nm, violet bar;
480 nm, blue bar; 550 nm, green
bar) at which the recovery of dark-
adapted ChR2-C128T after blue
light illumination was recorded.
Inset, difference spectra (light
minus dark, pH 6.0) of C128T
(green line) and after the addition
of 30 mM sodium azide (blue line).
(c) Recovery of the dark-adapted
C128T after illumination as in (b) at
pH 6.0, spectra were taken at

et, the calculated difference spectra (light minus dark) at
8T as in (c) in the presence of 30 mM sodium azide.



Fig. 2. Time-resolved UV-visible
spectroscopy of purified ChR2-
C128T. (a) Recovery of dark-adapted
ChR2-C128T (black line) in the pres-
ence of 30 mM sodium azide (red
line) at pH 6.0. Absorbance changes
at 480 nm after illumination (blue
bar) are shown as a function of time.
Time constants and amplitudes
shown are for the recovery after
termination of blue-light irradiation
(550 nm). (b) Recovery of dark-
adapted ChR2-C128T as in (a),
recorded at 480 nm. (c) Recovery of
dark-adapted ChR2-C128T as in (a),
recorded at 380 nm.
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more detail by recording at a single wavelength.
Single turnover experiments under stimulation with
a 10-ns tunable laser revealed that formation of the
first detectable intermediate P500 appears as in wild-
type ChR2 with a kinetics faster than the resolution
of our monitoring system (τ500b50 ns). Formation of
P390 (τ390=17 μs) and P520 (τ520=1.3 ms) is virtually
identical with the kinetics in wild-type ChR2
(τ390=25 μs and τ520=1.5 ms)15 and is shown in
Supplementary Fig. 1.
Slower reactions were monitored in a convention-

al spectrophotometer. In Fig. 2a (black line), the
kinetics of the P520 intermediate was followed at
550 nm. The time constant for its decay at pH 6 was
τ=60 s and increased to τ=8 s in the presence of
30 mM azide. The recovery kinetics of the dark state,
followed at 480 nm (Fig. 2b, black line), was slower
with a time constant of 100 s and was not influenced
by azide (τ=93 s). The azide-accelerated decay of
P520 is however seen at 480 nm as a new component
with τ=5 s. Recordings at 380 nm resembled the
biphasic decay of the two deprotonated species with
τ=128 s for P353 and τ=473 s for P380 (Fig. 2c, black
line). Azide accelerated P353 formation about
threefold (τapp§=50 s), whereas P380 formation
was slowed down in parallel (τapp=582 s) (Fig. 2c,
red line). In Fig. 2b and c, the transient appearance of
the early photocycle intermediate P390 is seen as a
sharp peak, whereas P380 plus P353 accumulation is
reflected as a slow absorption decrease at 480 nm or
as an increase at 380 nm. The fact that P520
formation is considerably faster than the formation
of P380/P353 provides strong evidence that both
P353 and P380 are not directly sourced by P520
(further discussed below).
Wealso studied the influenceof pHon thedark state

and the photoreaction. While the dark state was not
significantly influenced by pH (Fig. 3a and b, black
lines), low pH (pH 5) reduced the lifetime of P520 and
bleaching of D480, respectively. Interestingly, at pH 5,
sodium azide accelerates the photocycle more dra-
matically than at pH 7.5 so that almost no net
bleaching of the dark state was left (Supplementary
Fig. 2c). In contrast, a shift of the pH from 6 to 9 left
§Time constants measured during illumination are
apparent since they depend on the light intensity.
P520 almost unaffected but the P353 yield was
reduced in favor of P380 (Fig. 3b and d). At high pH,
azide had no effect at all (Supplementary Fig. 2). τ
values were determined from single wavelength
recordings documented in Supplementary Fig. 3.
The fluorescence excitation and emission spectra

of dark-adapted ChR2 and of photo-equilibrated
ChR2 are shown in Fig. 4. The ChR2 steady-state
excitation spectrum is fine structured with peaks at
337, 353, and 372 nm that exactly match the P353
absorption. This spectrum is very similar to the
fluorescence spectrum of retroretinyl BR, which is
shown in Fig. 4 for comparison.16,17

Transport measurements

To test the influence of slow deprotonation on the
transport properties of the channel, we reanalyzed
the ChR2-C128T in Xenopus oocytes. In a first set of
experiments, oocytes were excited at pH 7.5,
100 mM NaCl, and −75 mV with two subsequent
light pulses of 450 nm and 20 s duration (Fig. 5a). As
already observed before,7 the large photocurrent
declined within a few seconds towards a quasi-
stationary level. After illumination, the current
decayed to zero biexponentially within a few
seconds (τ1=0.7 s, τ2=6 s). Like in wild-type
ChR2, a second light pulse evoked a smaller
photocurrent because the ChR accumulates in an
inactive (light-adapted) state instead of the fully
dark-adapted state to which it returns only after
long dark periods. Illumination of ChR with green
light between the two blue light pulses accelerated
the current decay, again as expected from former
experiments. This acceleration is faster and more
complete at low pH. However, surprisingly, after
green intermediate light, the transient second
photocurrent was even smaller than that after a
dark interval. This observation can only be
explained by a photoreaction from the conducting
state into the desensitized state P480 (Fig. 8) and not
into the dark-adapted state D480 as suggested in our
earlier study.7 Moreover, photochemical inactiva-
tion of the conducting state was also achieved with
405 nm light, but in this case, the current did not
decay to zero. The 404-nm light stabilizes a reduced
current, accounting for the fact that both the dark



Fig. 3 UV-visible spectroscopy
of the photostationary state of the
purified C128T mutant of ChR2 at
different pH values. (a) Absorbance
spectra of C128T of the dark-
adapted state (black line) and of
the photostationary state after
3 min of illumination with blue
light at pH 5.0 (450 nm, orange
line). (b) Absorbance spectra of
C128T of the dark-adapted state
(black line) and of the photosta-
tionary state (orange line) as in (a)
at pH 9.0. (c) Recovery of the dark-
adapted C128T after illumination
recorded as in (a) at pH 5.0. Spectra
were recorded at different times
after termination of blue-light irra-
diation. Inset, calculated difference
spectra (light minus dark). (d)
Recovery of the dark-adapted
C128T after illumination as in (c)
at pH 9.0. Inset, calculated differ-
ence spectra (light minus dark).
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states, D480 and P480, significantly absorb at this
wavelength. Again, the photochemical back reaction
does not support a larger transient current in
response to a second blue light pulse, which
means UV light, like green light, accumulates ChR
preferentially in the desensitized state P480.
The kinetics of a single turnover was tested upon

stimulation with a 10-ns laser flash. The on-kinetics at
−75 mV was described by a τ=5.5 ms and was
considerably slower than wild-type kinetics
(τ=0.2ms),whereas the off-kineticswere dramatically
slowed down from τ=12 ms to 1.5 s (Fig. 5b and c).
Fig. 4. Fluorescence spectra of photoconverted ChR2-
C128T at pH 6.0. (a) Excitation spectra with emission
monochromator at 450 nm after 3 min blue-light
stimulation (456 nm, magenta line) and after 10 min of
dark recovery (black line). (b) Emission spectra with
excitation at 350 nm as in (a). For comparison, the
excitation and emission spectra of BR were included
(gray line).
To probe for the accumulation deprotonated
states P380 and P353 during continuous illumina-
tion, we exposed ChR to 450 nm light for 5 min . The
membrane voltage was only set to −75 mV for 12 s
and kept at the equilibrium voltage of −9 mV in
between to avoid formation of ion gradients that
largely differ from those established in darkness
(Fig. 5d). Upon illumination, the photocurrent
declined from the initial peak biexponentially with
one τ value of about 2–3 s and a second slow
component with a τ value in the range of 40 s. This is
consistent with the P380/P353 accumulation in
continuous light. After the cessation of light, the
fully sensitized dark state recovered after tens of
minutes in darkness.

Vibrational spectroscopy

Structural alterations during formation and decay
of the ChR2 photostationary state were studied by
measuring time-resolved FTIR spectra before, dur-
ing, and after illumination. In Fig. 6a, we show the
photoproduct minus dark-state FTIR difference
spectra after 2-s (red line) and 20-s (dark green
line) exposures to 470 nm light. The first spectrum is
dominated by the negative difference band at
1661 cm−1 in the structurally sensitive amide I
region. Further bands at 1742, 1625, 1555, and
1180 cm− 1 (see also enlarged insets) are less
pronounced but become more intense during
illumination. After 20-s illumination, the spectrum
shows the typical band pattern as described earlier
for the photostationary state of the ChR C128T
mutant.18 To better separate the individual compo-
nents formed during illumination, we applied
singular value decomposition (SVD) in combination



Fig. 5. Photocurrents of ChR2-C128T-expressing oocytes under physiological conditions. (a) Double excitations at
450 nm (blue bars) with 10-s gaps in dark (black bar, above), at 546 nm (green bar, middle), and 405 nm (violet bar,
below). ChR2-wt (black) and C128T (red) response upon 10 ns laser excitation at 470 nm (blue arrow) with (b) emphasized
on-kinetics and (c) emphasized off-kinetics. (d) C128T long-term excitations at 450 nm (blue bar) under altering voltage
profile (above) at −75 mV or resting potential (−30 mV). The external solutions contain 100 mMNaCl (middle) or 70 mM
NaCl and 30 mM NaN3 (below).
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with a rotation procedure and global analysis.15 The
three identified transitions occur with an approxi-
mate rise time of b1 s, 5 s, and 130 s (Fig. 6a, black,
blue, and light-green line, respectively). A
corresponding analysis of UV/Vis difference spec-
tra is shown in Supplementary Fig. 4. The rise times
were similar but showed small variations due to
slightly different light intensities and the lower time
resolution. The first 1-s component represents P390
formation (compare UV/Vis spectrum in Supple-
mentary Fig. 1 and 4a). The P390 spectrum already
shows the large difference band at 1661 cm−1 in the
amide region, the 1742 cm−1 band indicative for
alterations of carbonyl groups, and a slight negative
band at 1555 cm−1 in the ethylenic stretch/amide II
region. Small bands in the fingerprint region are also
present. We assign the second spectrum to the rise of
the P520 intermediate. Here, large amide I bands
arise with inverse polarity, but the band at
1742 cm−1 is less intense, indicating only slight
reorientation of carboxylic acids. In the region of
retinal CfC stretching and amide II modes, a new
band occurs at 1533 cm−1, which accompanies the
red shift seen in the UV/Vis spectra. The position of
this band is strongly influenced by the degree of
electron delocalization, as known from other retinal
proteins, such as bovine rhodopsin.19,20 However,
difference bands in the chromophore fingerprint
region are virtually absent. Finally, the late 130-s
component reflects formation of P353 and P380 both
with a deprotonated retinal Schiff base (RSB),
analogous to the UV/Vis data. Kinetics of selected
infrared difference bands are shown in Fig. 6b. The
1661 cm−1 band (red) achieves its maximal value
after 1–2 s illumination and begins to decay
thereafter. In contrast, the bands at 1625 cm−1

(amide I and/or CfN stretching vibrations of the
RSB) and at 1533 cm−1 (retinal Cf C stretching
vibrations) increase during the whole illumination
period. After cessation of illumination, the decay
kinetics of these two bands is apparently equal but
slightly slower than the decay of the 1661 cm−1

band. To identify protonation-dependent bands, we
recorded the difference spectrum of the photosta-
tionary state in D2O (see Supplementary Fig. 5). The
bands at 1742 cm−1 (+) and at 1749 cm−1 (−) are
down-shifted to 1733 cm−1 (+) and 1746 cm−1 (−),
showing that these bands are caused by a Cf O
stretching vibration of a protonated carboxylic side
chain. The position of the 1625 cm−1 band did not
change when the spectrum was recorded in D2O,
suggesting that it is caused by the CfN stretching
vibration of the deprotonated RSB, rather than by
the protonated Schiff base CfNH+ (RSBH), which
would show a significant shift in D2O.
To make the spectroscopic data more comparable

to the electrophysiologicalmeasurements performed
in oocytes, we additionally recorded FTIR difference
spectra in lipid vesicles and determined the respec-
tive kinetics. Figure 6c shows the P390 FTIR



Fig. 6. Vibrational spectroscopy of ChR C128T activation. (a) FTIR difference spectra (illuminated state minus dark
state) after 2 s (red) and 20 s (green) of blue (470 nm) illumination. For better comparison, spectral regions between 1770
and 1710 cm−1 and between 1300 and 1100 cm−1 are scaled up. SVD and global analysis revealed three components
involved in the transition from the dark state to the photostationary state. The first species (black) arises within a second,
whereas the second (blue) and third (light green) species occur with t=5 s and t=130 s, respectively. Based on the
absorption maxima of a corresponding UV/Vis data set, the FTIR difference spectra were assigned to the formation of
P390 (black), P520 (red), and a superposition of the two side products P353 and P380 (light green). (b) Kinetics of selected
infrared difference bands during and after a 20-s blue illumination (blue bar) in the solubilized sample and in lipid
vesicles. The band at 1661 cm−1 (red) is at its maximumwithin seconds after the onset of illumination, while other bands,
that is, at 1625 cm−1 (blue) and 1533 cm−1, arise during the whole illumination period. Formation and decay of several
bands in the lipid reconstituted sample are increased by a factor of 2 to 4. (c) Comparison of the P390 intermediate
obtained from SVD and global fitting of the solubilized sample (black) with P390 obtained from a sample in vesicles. The
spectra are closely similar. However, the 1661/1650 cm−1 difference band is reduced in the reconstituted sample. (d) FTIR
difference spectra (illuminated state minus dark state) of a cryotrapped intermediate at 80 K (blue) and of the
photostationary state at 296 K (red) of the C128T mutant. Illumination was performed with 470 nm light and the sample
was dark-adapted 1 h at room temperature before either cooling or illumination. The spectrum of the early intermediate at
80 K shows the typical intense band in the amide region at 1661 cm−1 and pronounced pattern in the chromophore
fingerprint region, including bands at 1238, 1204, 1193, and 1157 cm−1. In contrast, the spectrummeasured at 296 K shows
only marginal chromophore fingerprint bands.
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difference spectrum of C128T in vesicles (red line) in
comparison with the spectrum in detergent. The
spectra indicate that there is no significant influence
of the lipid environment on the structure of this
photoproduct. Slight intensity differences especially
in the amide I region may refer to the accelerated
P390 decay, which, in vesicles, has already partially
evolved into P520. The difference spectra of the other
intermediates (data not shown) are also closely
similar. However, the kinetics of formation and
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decay of the photostationary state as shown in Fig.
6b for the bands at 1661 cm−1 (red), 1623 cm−1 (blue),
and 1533 cm−1 (green) are faster in vesicles (τ values
given in Fig. 6b and c) but still significantly slower
than that in oocytes (Fig. 5b and c).
Structural alterations during the formation of the

photostationary state were further investigated by
cryotrapping of an early photoproduct. Figure 6d
shows the difference spectrum of the illuminated
state (20 s, 470 nm)minus dark state obtained at 80 K
(blue) and, for comparison, the difference spectrum
of the photostationary state (red). The 80 K spectrum
is similar to the wild-type spectrum at this
temperature.13,18 Although the amide I band at
1661 cm−1 is less pronounced as compared to the
wild type, it is still one of the most significant bands
in the spectrum. Additionally, positive bands are
present at 1650 and 1625 cm−1. Like in the wild-type
80 K spectrum, bands in the amide II and ethylenic
stretching region at 1564(−), 1555(+), and 1542(−)
cm−1 occur. Similar to the wild type, the chromo-
phore fingerprint exhibits a pronounced pattern
with negative bands at 1342, 1238, and 1204 cm−1

and a positive band at 1193 cm−1, which mainly
have vanished in the photostationary state. Only the
intensity of the band at 1180 cm−1 is comparable in
both spectra. Since the small bands of the fingerprint
region in the photostationary state argue for a dark
state like chromophore conformation, we extracted
the retinal isomers from both the dark state and the
photostationary state. We found a ratio of 70:30 (all-
trans:13-cis) and 65:30:5 (all-trans:13-cis:9-cis) for the
dark and photostationary state, respectively (Sup-
plementary Fig. 6). Similar results were also
obtained by resonance Raman spectroscopy.18

Subsequently, FTIR andUV/Vis difference spectra
of the decay period were recorded in parallel and
both were analyzed by SVD, rotation, and global
analysis (Fig. 7). The illumination period was now
600 s to ensure that the decay starts from a stable
photoequilibrium. In Fig. 7a and c, we show the
deconvoluted UV/Vis difference spectra, and in Fig.
7b and d, the corresponding FTIR difference spectra
are shown. Negative bands are due to the photosta-
tionary state and positive bands are assigned to the
dark state. The first UV/Vis spectrum (a) occurring
within τ ≈90 s comprisesmainly the formation of the
D480 dark state at the expense of P520 (seen as
negative band at 531 nm) and some contribution of
the fine-structured P353. The corresponding infrared
difference spectrum (b) is almost a mirror image of
the steady-state spectrum in Fig. 6a (dark green),
thereby indicating a reversal of most structural
alterations of the protein. Bands in the amide II/
CfC stretching region around 1550 cm−1 and in the
fingerprint region around 1180 cm−1 indicate chro-
mophore isomerization and reprotonation of the
RSB.21 The 1533(−)/1555(+) cm−1 bands correspond
to the blue shift in the UV/Vis range.
The second transition, observed with τ=940 s in

the UV/Vis range, (c) involves reformation of the
D480 dark state mostly from non-fine-structured
P380. In the infrared, (d) the band at 1661 cm−1

occurs with negative polarity and the band at
1742 cm−1 is missing. Chromophore rearrange-
ments are indicated by bands in the ethylenic
Fig. 7. UV/Vis and vibrational
spectroscopy of C128T dark-state
recovery. The transition from the
photostationary state to the dark
state was followed by both UV/Vis
and FTIR difference spectroscopy.
The data were subsequently ana-
lyzed by SVD and global analysis.
During this transition, two compo-
nents were observed. (a) UV/Vis
and (b) FTIR difference spectra (b-
spectra) of the fast transition. The
transitions are observed with
τ=92 s (UV/Vis) and τ=71 s
(FTIR), respectively. The spectra
show a concerted decay of P520
and the fine-structured P353. (c)
UV/Vis and (d) FTIR difference
spectra (b-spectra) of the slow
transition occurring with 940 s
(UV/Vis) and 1200 s (FTIR), respec-
tively. Now, only the disappear-
ance of the non-fine-structured 380-
nm band is seen; thus, we assign
this transition to the decay of P380.
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stretch and fingerprint region (1556, 1306, and
1180 cm−1). The band at 1625 cm−1 is intense and
occurs with negative polarity, thereby indicating
reversal of structural alterations and/or reprotona-
tion of the RSB.
Fig. 8. Photocycle model of ChR2-C128T. Nine-state
photocycle model modified from the model of wild-type
ChR2 originally derived from UV-visible spectroscopy
and infrared difference spectroscopy.13 Blue-light activa-
tion converts the dark-state D480 into the early interme-
diate P500 that thermally relaxes into P390, a blue-shifted
species comprising the deprotonated Schiff base. Repro-
tonation of P390 leads to the formation of the conducting-
state P520, which is in a pH-dependent equilibrium with
its predecessor. P520 thermally converts into the non-
conducting-state P520′. This species finally converts back
to D480 via the two isoform species P480a and P480b.
Absorption of a second photon accelerates the back
reaction of P390 (UV-light) and P520 (green-light) into
the late photocycle intermediate (P480) as identified by
photocurrent measurements. Blue light converts P480a
with low efficiency via deprotonation of the Schiff base
into the second blue-shifted intermediate P380, which then
either converts thermally back to D480 or, facilitated by
UV light and low pH, forms P353. This intermediate
thermally relaxes back into D480.
Discussion

The photocycle of ChR2-C128T

As we have shown above, the basic photocycle of
ChR2 mutant C128T is qualitatively similar to that
of wild-type ChR2, although the overall cycling time
is extremely slowed down. Despite the 12-nm red
shift of the dark-state absorption maximum, the
maxima of the photocycle intermediates P500, P390,
and P520 resemble the counterparts of wild type and
the early transition kinetics do not largely differ (less
than 10-fold). However, the P520 decay in the
purified mutant is slowed more than 500-fold.7

The photocurrent of ChR-C128T in oocytes mea-
sured after a long dark period decays with τ=2 s,
whereas P520 in detergent decays only in 60 s and
20 s in vesicles. This discrepancy can be explained by
the rather different experimental conditions in
electrical and spectroscopic studies. One might
also speculate that for this mutant, P520 is not the
conducting state, in contrast to earlier conclusion
drawn for wild-type ChR2.11–13 Finally, these
differences can also be explained by splitting P520
into an early and a late substate of which only the
early state is conducting (P520 and P520′ in Fig. 8).
Since we observe that P520 decay is slower even in
lipid vesicles than the decay of the electric current
representing the conducting state in oocytes (Fig. 6),
we assume that the two P520 states are more likely.
The FTIR spectrum observed 2 s after onset of a

long light pulse represents mainly the P390
intermediate (red line in Fig. 6a), as demonstrated
by corresponding UV/Vis difference spectra (com-
pare Fig. 2 and Supplementary Fig. 4). It is
identical with the deconvoluted spectrum from
SVD and global fitting that is assigned to the
species occurring with fast kinetics on a timescale
below 1 s (black line, Fig. 6a). This spectrum
should not be confound with the steady-state or
photostationary spectrum of Fig. 6a (green line) or
inFig. 5 of Ref. 18 to which all species, P390, P520,
P380, and P353, contribute. The P390 difference
spectrum is dominated by the prominent amide I
band at 1661 cm−1 that indicates large structural
changes as argued for the wild-type ChR
photocycle.13,18 In wild type, the corresponding
species decays so fast into the later species that a
clear kinetic separation from other photointermedi-
ates was until now impossible. In this respect, the
slow photocycle of C128T is a clear advantage.
Interestingly, in the P390 FTIR difference spec-
trum, bands in the chromophore fingerprint region
around 1200 cm−1 and at 1533 and 1555 cm−1,
indicative for the isomeric state of the chromo-
phore and the protonation state of the RSB, are
only marginal. This suggests that the contribution
of retinal isomers in P390 does not differ signifi-
cantly from the dark state. To evaluate this
conclusion, we extracted the retinoids from the
C128T and analyzed them by HPLC (Supplemen-
tary Fig. 6). The dark-adapted C128T contains all-
trans and 13-cis retinal in a ratio of 60:40 with no
significant contribution of other isomers. Since a
time-resolved extraction is not possible, the HPLC
extraction after illumination reflects the retinal
composition predominantly of the late P520
intermediate in the photostationary state. Extrac-
tion of this stationary state immediately after
cessation of light resulted in nearly the same
ratio as in the dark with additional small fractions
of 11-cis and 9-cis retinal. These results are in line
with a recent resonance Raman study on wild-type
ChR2 that revealed a 70:30 ratio in the dark state
and very little change after illumination.21 From
these data, we questioned whether only C128T
with all-trans chromophore or both all-trans and
13-cis are active and converted into a conducting
state. It is conceivable that the all-trans dark state
photoisomerizes to 13-cis and that a second
isomerization, that is, 13-cis–15-syn dark state to
all-trans–15-syn, occurs, so that both photoconver-
sions almost cancel each other, hence causing the
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minor bands in the fingerprint region. However,
the 80 K spectrum (Fig. 6c, blue), reflecting an
early photocycle intermediate, shows distinctive
bands in the fingerprint region indicative for
retinal distortion from both all-trans and (13-) cis.22

Side reactions

The UV/Vis spectra recorded under continuous
illumination (Fig. 1a and Supplementary Fig. 2)
have shown that all three photoproducts P520, P353,
and P380 arise at the expense of the D480 dark state.
However, the kinetics of these three photoproducts
is quite different. P520 occurs within the first
seconds after the onset of illumination and is
subsequently depleted, whereas P380 and P353
evolve only over many seconds in the light.
Moreover, in response to brief laser pulses, P353
and P380 do not appear after P520, indicating that
neither P380 nor P353 are bona fide photocycle
intermediates or thermal follow-up products of
P520. In continuous light, and depending on pH,
P353 and P380 accumulate to a different extent, thus
opening a side pathway of the photocycle. This
conclusion perfectly matches the observations
reported by Schoenenberger et al.10 but profoundly
differs from the conclusion drawn by Bamann et al.,9

who considered the accumulation of deprotonated
species as the P390 photocycle intermediate with a
spectrum that is shifted during longer illumination
and interpreted the slow decay (P380 in our model)
as an “inversion of the photocycle intermediates”.
Owing to the fact that, in the presence of azide

formation, P380+P353 is accelerated threefold
whereas P520 decay is accelerated eightfold, we
conclude that both P380 and P353 do not arise
directly from P520. Since accumulation of these
deprotonated species can be suppressed by apply-
ing green light after blue light, so that the photocycle
is cut short, the side reaction must branch off the
photocycle at a stage later than P520 and does not
include a second photochemical process. We favor
P480 as a branching point, which follows P520 as
illustrated in the model of Fig. 8 of Ref. 13 even if
P480 is not documented in this study. Since P353 is
favored by the H+-exchanger azide and low pH
(Fig. 3 and Supplementary Fig. 2), we suggest that
P353 is a reaction product of P380. Both P353 and
P380 react independently back to the dark state with
τ values of around 90 s for P353 and 450 s for P380.
Since the decay of P380 is slow, the P380- FTIR
spectrum can be isolated during 100 to 1000 s after
the light is switched off (Fig. 7d), whereas the P353
spectrum—although it is the main component of the
photoequilibrium—occurs in superposition with
P520 as shown in Fig. 7b. It would be conceivable
to separate P353 decay from the P520 decay by
azide, but the sample becomes instable in azide,
which makes long measurements obsolete. One
characteristic in the FTIR difference spectra of the
deprotonated RSB species, P390, P353, and P380, is
the band around 1625 cm−1 (Figs. 6a and 7b and d),
which occurs only marginally in the spectrum of
P520. A similar band at 1623 cm−1 was observed for
the BR M intermediate and assigned to a CfN
stretching vibration of the RSB.23–26 Thus, we
assume that the 1625 cm−1 band predominantly
reflects the deprotonated RSB of P390 with some
contribution of P353 and P380. This interpretation is
further supported by the observation that this band
is not shifted in the deuterated sample, as would be
expected for a mode of the RSBH. However, we
cannot exclude a contribution of an amide I mode of
a β-sheet to this band as suggested by Radu et al.18

As seen from the bands in the amide I region at 1661
and 1650 cm−1 and in the carbonyl region at
1742 cm−1, most structural changes have already
occurred during the formation of the P390 interme-
diate. During the formation of P520 and of the side
pathway intermediates (P353+P380), these struc-
tural changes are largely reverted as seen by the
inverse polarity of the bands in the respective
spectra (Fig. 6a). Differences in the chromophore
spectral fingerprint region between the early inter-
mediates and P380/P353 indicate formation of
retinal isomers such as 11-cis or 9-cis in consistency
with the HPLC retinal analysis. However, a deeper
insight in the retinal geometry would require the use
of isotopic labeled retinals and is beyond the scope
of the current objective.
To explain the action of azide on the P520 decay,

which does not include chromophore deprotona-
tion, we have to consider that the influence of azide
is multifold. It lowers the activation energy for H+-
transitions at different steps of the photocycle. It
speeds up H+-transitions between amino acids and
between amino acids and water, which should be in
the case of ChR-P520, a residue that is only in
indirect contact with the chromophore and not
contributing much to the color.27,28

The nature of the photocycle side reaction

Owing to the fact that both P380 and P353 are side
reactions of the photocycle, we are left with the
question about the nature of this side reaction. Slow
photo-bleaching has been observed for other micro-
bial rhodopsins such as BR and halorhodopsin (HR).
In BR, where the counter ion of the RSBH, D85, is
protonated during the photocycle (O state), it is
believed that absorption of a second photon photo-
converts the retinal with small quantum efficiency of
0.02% into a P490 species (P490) that contains a 9-cis
RSB. This P490 rapidly deprotonates under forma-
tion of Q380, which converts back to the BR dark
state only within a number of minutes.29 However,
it has not been shown explicitly that this side
reaction is a photochemical reaction. In wild-type
BR, the O state hardly accumulates at any light
intensity and the P and Q states are of low relevance.
However, in the BR-D96N mutant, where reproto-
nation of the RSB is slow and the O state has a long
lifetime, P and particularly Q are enriched in the
light. Such a slow side reaction is even more obvious
for the light-driven Cl− pump HR. It is not
deprotonated during the standard photocycle but
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slowly deprotonates in continuous light under
formation of HR-P410.14,30,31 The isomeric state of
HR-P410 is, to our knowledge, still unknown.
Interestingly, formation and decay of this HR-P410
are accelerated in the presence of azide, which
means a proton shuttle facilitates this reaction in
both directions.
More difficult to understand is the fine-structured

spectrum of P353 as it occurs at pH 6 and 5.
Absorption spectra with such degree of fine struc-
turing are extremely rare in the literature. They
were, however, observed for BR after reduction of
the retinylidene chromophore with tetraborohy-
drate (BH4

−) into a retinyl-lysine and subsequent
acidification or UV irradiation to induce formation
of retroretinyl-lysine16,17 (Supplementary Fig. 7).
Retroretinyl-lysine is formed by H+-translocation
from position C4 to C14 of the retinyl-lysine under
the catalysis of H+ or/and absorption of UV light.
For ChR2, this mechanism is consistent with the
accelerated P353 formation at low pH and in the
presence of the H+-donor and acceptor azide. Since
the backbone double bonds and the ring double
bond are coplanar, and the ring is inflexible, the
spectrum is fine structured. The spectrum of ChR2-
P353 is almost identical with the one of BR
retroretinyl-lysine even down to the positioning of
the three maxima. We propose that P353 is formed
in three steps. These are isomerization into 11-cis or
9-cis, deprotonation under formation of P380 be-
cause the counter ion is out of place, and proton
translocation under formation of the retro-isoform.
At high pH, proton translocation is not possible and
the reaction ends at P380. However, retroretinal
compounds (Supplementary Fig. 7) with six double
bonds (retroretinal amine or retroretinal acetate)
show spectra with red-shifted maxima, in the case of
retinalenolacetate at 356, 374, and 396 nm32 whereas
the maxima of P353 are blue-shifted, even as
compared to that of retroretinyl-BR. In summary,
this difference would favor a retroretinyl compound
with one cis bond and five double bonds instead of
retroretinal with six double bonds. Such a retinyl
compound could be formed by reversible addition
of the more negative ROH (Thr) at the 14,15 position
of the retroretinal, which is not possible with RSH
(Cys) (see Supplementary Fig. 7).
We stress that the suggested formation of retro-

retinyl is only a model. Although our spectroscopic
data may indicate the formation of a retroretinyl
chromophore, only detailed studies including
Raman experiments will elucidate the reaction
mechanism in detail. Moreover, at this point, it is
not clear to what extent the bleaching of C128T-ChR
in continuous light also applies to the wild-type
ChRs. Certainly, more light is required to accumu-
late P520 in wild-type ChR, but for fluorescence
imaging under the microscope, care should be taken
not to bleach ChR via the side reaction described in
this report. For ChR localization studies in neuronal
cells, we would recommend the use of mCherry or
other red light absorbing fluorescent markers33

instead of the YFP as used in most ChR-applications.
The photoreactions described here are qualitative-
ly explained by the photocycle in Fig. 8. However, it
is worth noting that the full description of all the
electrical data are better explained by two
interconnected photocycles in which two conduct-
ing states are populated from two dark states.11,34,35

Yet, we have not included this possibility in this
article, but the spectroscopic characterization of the
two conducting states is underway.

Materials and Methods

Expression and electrophysiology of ChR2-C128T
in X. laevis oocytes

Generation of the ChR2-C128T encoding plasmid was
described before.7 Plasmids were transcribed in mRNA by
T7 RNA polymerase (Ambion). mRNA (20 ng) was
injected into oocytes from X. laevis (Ecocyte, Castrop-
Rauxel, Germany) and incubated for 3–7 days in Ringer
solution (96 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, and 5 mM Mops, pH 7.5) with streptomycin
(1 mg/ml), penicillin (1 mg/ml), and all-trans retinal
(1 μM). Current recordings were performed with a
GeneClamp 500-V clamp amplifier (Axon) at sampling
rates between 10 and 250 kHz. For recordings under
continuous light conditions, oocytes were excited by a 75-
W Xenon lamp (Osram) whereas wavelengths were
adjusted by broad band interference filters (K-series
Balzer, Lichtenstein). Ten-nanosecond laser flashes with
wavelengths between 400 and 600 nm were provided by
an adjustable Rainbow OPO (Opotek, Carlsbad, CA)
pumped by Brilliant b Nd:YAG-Laser (Quantel, Les Ulis,
France) to record fast kinetics and action spectra. The
external solution contained 100 mM NaCl, 0.1 mM CaCl2,
1 mM MgCl2, and 5 mM Mops (pH 7.5) Further details
may be found in Ref. 36.

ChR2-C128T purification

For expression in COS-1 cells (American Type Culture
Collection, CRL-1650), human codon-optimized synthetic
ChR-DNA fragment (corresponding to amino acids 1–311
of the complete polypeptide sequences; see accession no.
AF461397) plus a C-terminal ETSQVAPA sequence (1D4
epitope37) were designed and purchased from GeneArt
(Regensburg, Germany). The synthetic ChR-DNA was
inserted between the EcoRI-NotI sites of the expression
vector pMT4. The mutant ChR2-C128T was generated by
site-directed mutagenesis (QuikChange kit, Stratagene).
Tissue culture, transient transfection with the resulting
ChR2-pMT4 vector, reconstitution with chromophore,
and subsequent purification of ChR2 were performed
basically as described for bovine rhodopsin.38 Three days
after transfection, the cells were harvested and reconsti-
tuted with all-trans retinal (final concentration, 30 μM).
ChR2 was solubilized with dodecyl maltoside and
purified by immunoaffinity adsorption using rho 1D4
antibody coupled to CNBr-activated Sepharose 4 Fast
Flow (GE Healthcare, Munich Germany). ChR2 was
eluted with 100 μM of an 18-mer peptide corresponding
to the C-terminal rhodopsin sequence in 0.03% (w/v)
dodecyl maltoside and 10 mM 1,3-bis-[tris-(hydroxy-
methyl)-methylamino]propane, pH 6.0. Eluates were
concentrated using Centricon YM-10 (Millipore) concen-
trators and stored at −80 °C.
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Lipid vesicle preparation

ChR in lipid vesicles was prepared by detergent
dialysis.39–41 ChR2 was eluted as described above, using
a buffer containing 1% (w/v) octyl glycoside instead of
dodecyl maltoside. Egg PC from Avanti Polar Lipids was
lyophilized overnight. Purified ChR2 was concentrated
and mixed with octyl glycoside-solubilized lipid to obtain
a lipid/protein ratio of 100:1. The sample was then
dialyzed against BTP buffer containing Bio-Beads (Bio-
Rad, CA) for 48 h. During dialysis, the buffer was
exchanged three times.
UV/Vis spectroscopy

For absorption spectroscopy and slow kinetics at 20 °C,
a Cary 50 Bio spectrophotometer (Varian Inc.) was used at
a spectral resolution of 1.6 nm. Samples were illuminated
for 1 or 3 min with a blue Luxeon light-emitting diode
(LED) (Philips Lumileds, San Jose, CA) of 456 nm and
90 mW cm−2 (2×1021 photons m−2 s−1). The light was
passed through a bandpass filter with a central wave-
length of 450±5 nm (Thorlabs, Dachau, Germany),
reducing the light to 1.08×1021 photons m−2 s−1. Transient
spectroscopy was performed on an LKS.60 flash photol-
ysis system (Applied Photophysics Ltd., Leatherhead, UK)
at 22 °C. Excitation pulses of 10 ns (478 nm) were provided
by a tunable Rainbow OPO/Nd:YAG laser system. Laser
energy was adjusted to 3 mJ/shot. The instrument used a
Xe-Lamp (150 W) as monitoring light source, which was
pulsed during short time experiments. Monochromators
placed before and after the sample were set to spectral
resolutions of 2 nm. For detection, a 1P28 photomultiplier
(Hamamatsu Photonics) was used, and the signal was
recorded with an Infinium Oscilloscope (Agilent Technol-
ogies, Santa Clara, CA). A total of 32,000 data points were
recorded in each measurement and compressed by LKS.60
software to files of 500 data points. Fifty of these points
were recorded before and 450 were recorded after laser
excitation. To avoid artifacts and scatter, we used only
data points 60–500 for analysis. Data analysis was
performed with Matlab 7.01 (The MathWorks, Natick,
MA). SVD of representative data sets was performed to
identify significant components that were used for
reconstruction of the three-dimensional spectra. Time
constants were obtained by fitting exponential functions
to the data. Fluorescence spectra were recorded with an
RF5301PC (Shimadzu) fluorometer at 20 °C.
Chromophore analysis

For chromophore extraction, 4 nmol of a dark-adapted
protein sample was prepared. Light adaptation was
performed with 2 nmol of the sample for 3 min with a
blue Luxeon LED (Philips Lumileds). Extraction of the
chromophore was performed immediately after light
excitation by denaturing the protein with isopropanol
(protein/isopropanol ratio 1:1, vol/vol). Afterwards, the
chromophore was extracted with an equal volume of
hexanol and the organic phase was separated and dried
under a gentle nitrogen flow. After dissolving the chromo-
phore in a mixture of hexanol/ethylacetate (vol/vol, 95:5),
samples were applied to a reverse-phase column
(Lichrospher SI 60 5.0 μm, 250 mm×4.60 mm, Bischoff
chromatography, Leonberg). The retinal isomers were
separated at room temperature using a mixture (vol/vol)
of hexanol/ethylacetate 95:5 as eluent, at a flow rate of
1 ml/min. All steps were performed under dim red
light.

Fourier transform infrared spectroscopy

ChR in Tris buffer (1,3-bis-[tris(hydroxymethyl)methy-
lamino]propane) with 0.01% dodecyl maltoside was pH-
adjusted by 0.1 M NaOH or HCl. Ten microliters of the
sample was transferred to a BaF2 window and concen-
trated by cautious purging with dried air. ChR
reconstituted in vesicles was centrifuged 15 min at
100,000g. The supernatant was removed and the pellet
was then transferred to the cuvette window. The cuvette
was then sealed with a second BaF2 window and placed
into a temperature-controlled sample holder.42 Measure-
ments were carried out with a Bruker ifs66v/S FTIR
spectrometer equipped with an LN2-cooled MCT detec-
tor (Kolmar Technologies Inc.) and a 1950 cm−1 cutoff
filter. Before each measurement, the sample was
temperature equilibrated at 20 °C at least for 45 min.
Illumination was performed by three blue LEDs
(470 nm, 7200 mcd; led1.de). FTIR spectra were recorded
in the rapid-scan mode. For measurements at room
temperature, each experiment was repeated at least 20
times. The delay between two single experiments was
45 min to allow the sample to quantitatively recover the
dark state. FTIR spectra were measured before, during,
and after illumination. Difference spectra were calculat-
ed by subtracting the final state from the initial state.
Data analysis was performed by a mathematical
procedure combining SVD with a rotation procedure
and global fitting to the spectral data developed in GNU
Octave.15 Time constants were obtained from the results
of the global fitting procedure.
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