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ABSTRACT: Channelrhodopsins (ChRs) are light-gated cation channels. In spite their wide use to activate neurons with light, the photo-
currents of ChRs rapidly decay in intensity under both continuous illumination and fast trains of light pulses, broadly referred to as desen-
sitization. This undesirable phenomenon has been explained by two interconnected photocycles, each of them containing a non-conductive 
dark state (D1 and D2) and a conductive state (O1 and O2). While the D1 and O1 states correspond to the dark-state and P3

520 intermediate 
of the primary all-trans photocycle of ChR2, the molecular identity of D2 and O2 remains unclear. We show that P4

480, the last intermedi-
ate of the all-trans photocycle, is photoactive. Its photocycle, characterized by time-resolved UV/Vis spectroscopy, contains a red-shifted 
intermediate, I3

530. Our results indicate that the D2 and O2 states correspond to the P4
480 and I3

530 intermediates, connecting desensitization 
of ChR2 with the photochemical properties of the P4

480 intermediate. 

INTRODUCTION 
Channelrhodopsins (ChRs) are membrane proteins belong-

ing to the family of microbial rhodopsins, with a covalently 
linked retinal chromophore.1 ChR2 from Chlamydomonas 
reinhardtii, CrChR2, a light-gated cation-conductive channel,2 
is widely used in optogenetics3 and has been studied in detail 
by electrophysiology and molecular spectroscopies.4,5 The 
non-conductive dark state of CrChR2, whose structure was 
recently solved by X-ray crystallography,6 bears retinal in all-
trans,15-anti configuration,7,8 hereafter ChR470 state. Depend-
ing on the illumination history we also find in the dark minor 
proportions (up to 25-30%) of CrChR2 with 13-cis,15-syn 
retinal,8,9 hereafter ChR460 state. [Superscripts refer to the 
approximate λmax of the retinal in nm.]  

The most detailed spectroscopic investigations on CrChR2 
and related ChRs have used illumination protocols where short 
(< 10 ns) light pulses were applied interleaved by long (se-
conds) periods in the dark.10-13 Photoexcitation of the ChR470 
state leads to a photocycle with four intermediate states: P1

500, 
P2

390, P3
520 and P4

480 (see Fig. 1A for a kinetic scheme), the 
three formers containing 13-cis retinal and the latter retinal in 
all-trans configuration.5 The P3

520 intermediate decays mo-
noexponentially with τ = 6-10 ms in detergent-solubilized 
CrChR2 (20-25 oC and pH ∼ 7)10,14,15 much as the photocur-
rents do under equivalent conditions in cells.15,16 The same 
good kinetic correlation is preserved in various mutants,10,16 
supporting the conductivity of the P3

520 intermediate and the 
relevance of time-resolved spectroscopic studies of CrChR2 in 
detergent.5 P4

480 is a non-conductive intermediate with an 
unusual slow decay, τ = 5-20 s,10,17 bypassed by the ∼75% of 
the molecules relaxing back to the ChR470 state (Fig. 1A).10,13  

 

Figure 1. Photocycle models of CrChR2 with approximate time 
constants derived from experiments performed under (A) single 
turnover conditions, with intermediates characterized spectroscop-
ically5 and (B) multiple turnover conditions, with intermediates 
conductivities characterized by electrophysiology.18,19 

In electrophysiological experiments, CrChR2 is typically 
excited by trains of light pulses of tens-to-hundreds of milli-
seconds in length.2,18 In contrast to laser flash experiments, the 
photocurrents under these conditions decay bi-exponentially 
(τ1 ≈ 4-8 ms and τ2 ≈ 30-50 ms),18 and display new phenomena 
such as inactivation (i.e., stationary photocurrents lower than 
peak photocurrents) and light adaptation (i.e., decrease of the 
peak currents with repetitive illumination).2 A simple model 
consisting of two intercrossing photocycles, with two non-
conductive dark-states (D1 to D2) and two conductive states 
(O1 and O2), has been employed to quantitatively relate the 
photocurrents to the intensity, duration, and frequency of the 
light pulses (Fig. 1B).18,19 Inactivation emerges from the ∼10-
to-20-fold lower conductance of O2 with respect to O1 and the 
increased O2/O1 ratio under sustained illumination,18,20 while 
light adaptation originates from the dependence of the D2/D1 
ratio on the illumination history.19 



 

Desensitization and light adaptation are among the main 
drawbacks of CrChR2 as an optogenetic tool.3 Thus, charac-
terization of the secondary photocycle in CrChR2 is of im-
mense practical relevance. There is consensus that D1 and O1 
correspond to the well-characterized ChR470 and P3

520 states 
(Fig. 1B). Instead, the molecular identity of D2 and O2 re-
mains disputed. It has been suggested that D2 corresponds to 
the ChR460 state, the dark state with 13-cis,15-syn retinal.8 
However, in opposition to this assignment, the decay of 
ChR460 to ChR470 takes several hours,8 while the decay of D2 
to D1 proceeds with τ ≈ 10 s.18  

Here, we propose that the D2 state corresponds to the P4
480 

intermediate, and O2 to one of its photoproducts. To validate 
this hypothesis, we characterized the photoactivity of P4

480 by 
transient UV/Vis absorption spectroscopy. 

 
RESULTS 
 The slow decay of the P4

480 intermediate, three orders slow-
er than the previous P3

520 intermediate,5 was the basis for our 
strategy to address the photoreaction of the P4

480 state. In con-
trast to previous time-resolved studies,10,11 we pre-illuminated 
the sample using a light emitting diode (LED) to generate a 
photo-stationary mixture enriched in P4

480.21 After the LED 
was switched off, we introduced a variable time delay, Δt, 
long enough (≥ 1 s) to ensure that all intermediates other than 
P4

480 fully relax to ChR470, an expectation confirmed by time-
resolved FTIR experiments (Fig. S1). Subsequently, the sam-
ple was excited with a 10 ns laser flash and transient absorp-
tion UV/Vis changes were recorded (Fig. 2A top for a scheme). 

We measured transient absorption changes at 520 nm with 
time delays between 1 s to 40 s (Fig. 2A). Additional transi-
ents have been recorded at 380 nm and analyzed (Fig. S2). 
The variable time delays generate different P4

480 / ChR470 
ratios before the sample is interrogated by the laser excitation. 
For long time delays (e.g., Δt = 40 s), the time trace matches 
that measured before for the ChR470 photocycle, showing 
contributions from the well-known red-shifted intermediates 
P1

500, P3
520 and P4

480 (Fig. 2A).5 As the time delay is reduced, 
the time traces at 520 nm gradually change in shape, indicat-
ing that: a) P4

480 is photoactive and; b) its photocycle contains 
at least one red-shifted intermediate. A rank analysis by singu-
lar value decomposition supports the conclusion that only two 
photocycles, from ChR470 and P4

480, contribute to the time 
traces in Fig. 2A (see Fig. S3). 

The laser flash typically excites less than a 10% of the 
ChR2 molecules in the ChR470 state.15 A similar incomplete 
photoexcitiation is anticipated for the P4

480 state. As a conse-
quence, the recorded kinetic traces in Fig. 2A also reflect the 
thermal decay of the unexcited P4

480 intermediate back to 
ChR470 (see Fig. S4 for a control experiment without laser 
flash). This contribution interferes with the recorded time 
traces above 100 ms (shaded area in Fig. 2A). Being well-
described by a single exponential decay its contribution can be 
numerically corrected when needed (Fig. S5). 

 

Figure 2. Generation of variable mixtures of ChR470 and P4
480 

states by pre-illumination, and characterization of their transient 
absorption changes at 520 nm. (A) Kinetic traces at 520 nm (con-
tinuous lines), recorded after a variable delay (Δt from 1 s to 40 s) 
between the end of pre-illumination (470 nm, 6 s, 15 mW/cm2) 
and a laser flash (450 nm, 10 ns, 2 mJ/cm2). Global exponential 
fitting (dashed lines). The shaded area marks contributions from 
the P4

480-to-ChR470 decay. (B) Lifetime distribution analysis of the 
time-traces in (A), split in rising (top) and decaying (bottom) 
components. (C) Exponential amplitudes as a function of Δt (solid 
circles) globally fitted to a single exponential decay (colored 
dashed lines) with τ = 9.3 s (vertical dashed line). (D) Estimated 
population of ChR470 and P4

480 as a function of Δt (black trace) 
with uncertainties (grey traces). (E) Estimated pure kinetic traces 
at 520 nm for the ChR470 (blue trace) and P4

480 (red trace) photo-
cycles, with uncertainties (grey traces). 

We conducted a maximum entropy lifetime distribution 
analysis of the time traces at 520 nm to discriminate exponen-
tial components arising from the ChR470 and the P4

480 photocy-
cles (Fig. S6). Exponential components are resolved here as 
bands, which for displaying purposes we split into exponential 
rising components, giving negative bands (Fig. 2B top), and 
exponential decaying components, giving positive bands (Fig. 
2B bottom). With τ ≈ 1.6 ms and τ ≈ 4.6 ms we resolve the 
rise and decay of the P3

520 intermediate.14 As expected, the 
amplitude of these two components decreases as Δt decreases, 
(Fig. 2B, compare blue and red curves). On the contrary, two 
components at τ ≈ 80 µs and τ ≈ 20 ms, marginally present in 
the dark-adapted sample, increase their amplitude with shorter 
values of Δt (Fig. 2B, compare blue and red curves). We as-
sign them to the rise (τ ≈ 80 µs) and decay (τ ≈ 20 ms) of a 
red-shifted intermediate in the P4

480 photocycle.  
Figure 2C shows the exponential amplitudes as a function of 

Δt, obtained by global exponential fitting of the experimental 
data (Fig. 2A, dashed traces). All amplitudes exhibit a depend-
ence on Δt well-modeled by a single exponential with τ = 9.3 
± 1.5 s (Fig. 2C). A similar dependence is observed for the 
exponential amplitudes of the transients at 380 nm (Fig. S2B). 



 

This recovery time constant agrees with the time constant for 
the decay of P4

480 to ChR470 reported in the literature, τ = 6 - 
20 s,10,14,15 confirming that the second photocycle of CrChR2 
observed here originates from photo-excitation of P4

480. Note 
also the similarity of the data in Fig. 2C with the “peak current 
vs time delay” plots used in electrophysiology experiments to 
assess dark adaptation (reversal of light adaptation),15,22 sug-
gesting a fundamental link between the decay of P4

480 to 
ChR470 and the decay of D2 to D1.    

The exponential amplitudes in Fig. 2C for the τ ≈ 1.7 ms 
and τ ≈ 4.3 ms components take a 24 ± 8% of their maximum 
value when extrapolated to zero time delay, indicating a mix-
ture of 24 ± 8% ChR470 and 76 ± 8% P4

480 during continuous 
illumination. After combining these percentages with the time 
constant of P4

480 decay (9.3 ± 1.5 s, Fig. 2C), we calculated the 
fractions of P4

480 and ChR470 as a function of the delay time in 
the dark (Fig. 2D). And from these fractions we obtained the 
kinetics at 520 nm for the pure ChR470 and P4

480 photocycles 
by least-squares (Fig. 2E).  

In order to get further insights into the P4
480 photocycle, we 

recorded a spectral map from 360 nm to 560 nm in 10 nm 
steps: the sample was pre-illuminated for 6 s with a blue LED, 
followed by a 3 s delay time in the dark prior to laser flash 
excitation and data acquisition (Fig. 3A). As a control, we 
measured a spectral map without pre-illumination (Fig. 3B), 
corresponding to the ChR470 photocycle.  We subtracted the 
data in Fig. 3A and Fig. 3B with a factor of 0.45 (derived from 
Fig. 2D) to obtain the spectro-temporal changes associated 
with the P4

480 photocycle (Fig. 3C). From the result, we con-
clude that the photocycle of P4

480 contains at least two inter-
mediates: a P2-like intermediate with λmax ≈ 390 nm (I2

390), and 
a P3-like intermediate with λmax ≈ 530 nm (I3

530). Time slices at 
520 nm and 380 nm for the ChR470 and P4

480 photocycles are 
presented in Figs. 3D and 3E, respectively. Those at 520 nm 
might contain minor contributions from the 13-cis photocycle, 
but restricted to the microsecond range.12 The I2

390 intermedi-
ate rises and decays much earlier than its P2

390 homologue, 
with a very low accumulation (Fig 3E and Fig. S2C). The I3

530 
intermediate rises earlier and decays slower than its P3

520 hom-
ologue, showing a similar accumulation level (Fig. 3D-E and 
Fig. 2E).   

We performed a global exponential analysis of the spectral 
maps in Figs. 3A-C, to obtain eight time constants and their 
decay associated spectra (DAS) (see Fig. S7). The P3

520 inter-
mediate decays with τ = 3.8 ms, as indicated by the positive 
peak at 520 nm in the corresponding DAS-5 from the ChR470 
photocycle (Fig. 3F, blue curve). I3

530 decays with τ = 17 ms, 
as supported by the positive peak at 530 nm in DAS-6 from 
the P4

480 photocycle (Fig. 3G, red curve). In addition, the 
ChR470 photocycle shows in DAS-6 a minor but significant 
positive amplitude at 500 nm (Fig. 3F, blue curve), explaining 
why the amplitude of the τ = 18 ms component in Fig. 2B,C 
does not fully decay to zero at long Δt.  

 

Figure 3. Spectral analysis of the P4
480 photocycle. (A) Transient 

absorption changes of CrChR2 with pre-illumination and (B) 
without pre-illumination. (C) Spectral map of the P4

480 photocycle, 
obtained by subtracting data in (A) and (B), and correcting for the 
P4

480-to-ChR470 decay. (D, E) Extracted kinetics at 520 nm and 
380 nm for the (D) ChR470 and (E) P4

480 photocycles. (F, G) De-
cay associated spectra for (F) τ = 3.8 ms and (G) τ = 17 ms for the 
ChR470 (blue) and P4

480 (red) photocycles. 

Based on the above results we propose a modified photocy-
cle scheme (Fig. 4), which includes the photoreactions after 
the sequential absorption of two photons by ChR470 and P4

480. 
The hereby characterized P4

480 photocycle shows a P2-like 
intermediate, I2

390, which rises with τ < 1 µs. I2
390 decays with 

τ ≈ 100 µs to I3
530, a P3-like intermediate. The I3

530 intermedi-
ate rises in two phases (see Fig. S8), with τ < 1 µs (65%) and 
with τ ≈ 100 µs (35%), decaying to the parent P4

480 state with τ 
≈ 20 ms. 

 
DISCUSSION 
The photocycle of P4

480 (Fig. 4) shares two key features with 
the secondary photocycle of CrChR2 introduced to model the 
photocurrents under continuous illumination (Fig. 1B). First, 
the I3

530-to-P4
480 transition is 4-5 times slower than the P3

520-to-
ChR470 transition (τ ≈ 4 ms vs 20 ms), much like the decay of 
O2-to-D2 is 4-5 times slower than decay of O1-to-D1 ( τ≈ 4-8 
ms vs 30-50 ms).18 Second, P4

480 thermally decays to ChR470 
with τ ≈ 9.3 s in wild-type CrChR2 (Fig. 2C) and with τ ≈ 3 s 
in E123T,12 much like D2 thermally decays to D1 with τ ≈ 10 
s in the wild type (Fig. 1B)18 and with τ ≈ 1 s in the E123T 
variant.22 Having both ChR470 and P4

480 an all-trans retinal9 it 
is conceivable that both photocycles display intermediates 
with similar properties and, thus, that I3

530 is, like P3
520, con-

ductive. Future electrophysiology experiments will be required 
to confirm the conductivity of the I3

530 intermediate, which we 
expect to be 10-20 times smaller than for the P3

520 intermediate 



 

based on the O1/O2 conductivity ratio.18,20 Overall, the present 
results are fully consistent with the notion that the P4

480 and 
I3

530 intermediates correspond to the non-conductive D2 and 
conductive O2 states, respectively.  

 

Figure 4. Photocycle model of CrChR2, including the ChR470 
photocycle12,16 and the P4

480 photocycle, ignoring possible back-
reactions.23 We assume that I2

390 and I3
530 hold a 13-cis retinal. 

We hypothesize that the I3
530 intermediate is conductive. Time 

constants for dotted transitions are chosen to allow for 75% of the 
photo-excited ChR470 molecules to bypass the P4

480 intermediate. 

Our results indicate that the recovery of the photocurrents 
from light adaptation is controlled by the slow thermal decay 
of P4

480 to ChR470. Why is this decay so slow? Although the 
P4

480 intermediate appears to be structurally similar to 
P3

520,10,24,25 the decay of P3
520 to ChR470 is 3 orders of magni-

tude faster, suggesting that the rate-limiting factor in the decay 
of P4

480 to ChR470 is not the reversal of protein conformational 
changes. The decay of P4

480, but not of P3
520, involves reproto-

nation of E90.10 In the E90A variant the decay of P4
480 is 

equally slow though (Fig. S9), indicating that its reprotonation 
is not rate-limiting either. Both P4

480 and ChR470 contain all-
trans retinal, as concluded from retinal C=C vibrations probed 
by resonance Raman spectroscopy and retinal extraction fol-
lowed by chromatography.9 P4

480 and ChR470 differ in the C–C 
stretching vibrations of the retinal,9 indication that the configu-
ration of some C–C bonds might differ between them. Alt-
hough highly speculative, it is possible that thermal isomeriza-
tion around C-C bonds of the retinal, for instance from all-
trans,15-syn to all-trans,15-anti, might be the rate-limiting 
step in the decay of P4

480.  
Given the identity between P4

480 and D2, decreasing the 
formation of the P4

480 intermediate should reduce both light 
adaptation and inactivation of the photocurrents. Thus, under-
standing the formation of the P4

480 intermediate is of utmost 
relevance to design strategies for this goal. We have proposed 
that P4

480 is formed as a result of a branch in the ChR470 photo-
cycle.5 Because of the structural similarity of P4

480 with the 
P2b

390 and P3
520 intermediates,10,16,24,25 it is reasonable to as-

sume that the branching takes place at any of these two inter-
mediates, with the competing time constants defining the 
branching factor and, thus, the accumulation of P4

480 (Fig. 4). 
Another hypothesis are parallel photocycles originated from 
heterogeneities in ChR470,13 with only a subpopulation of 
ChR470 giving rise to the P4

480 intermediate. The recent dimeric 
X-ray structure of the dark state of CrChR2 reveals conforma-
tional differences between the two protomers for some side 
chains and internal water molecules,6 although the relevance 
of these subtle heterogeneities remains unclear.  

The reported photoreactivity of the P4
480 intermediate should 

not come as a complete surprise. It was previously shown that 
the photoexcitation of the P2

390 and P3
520 intermediates leads to 

a fast shutdown of the photocurrents by recovery of the ChR470 
state.15,23 In bacteriorhodopsin, photoexcitation of the K, L and 
M intermediates (13-cis retinal) leads also to the recovery of 
the dark state,26 while the N intermediate (13-cis retinal) dis-
plays a more complex photoreaction.26 Photoexcitation of the 
O intermediate (all-trans retinal) has resulted in contradictory 
reports,26 but might involve a photocycle returning back to O 
through the formation of a N-like intermediate,27 a process 
somehow reminiscent to the photocycle of P4

480 that we report 
here.  

 
OUTLOOK 
We have established and characterized the photoactivity of 

the P4
480 state of CrChR2. We have provided evidence for a 

link between its photocycle and the desensitization of the 
photocurrents. Further characterization of the P4

480 state and its 
photocycle will provide new perspectives in improving the 
properties of CrChR2 as an optogenetic tool. 
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