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Abstract
In biological photoreceptors, the energy stored in early transient species is a key feature to drive the photocycle or a chain 
of reactions. Time-resolved photoacoustics (PA) can explore the energy landscape of transient species formed within few 
ns after photoexcitation, as well as volumetric changes (ΔV) of these intermediates with respect to the parental state. In 
this work, PA identified these important parameters for several channelrhodopsins, namely CaChR1 from Chlamydomonas 
augustae and CrChR2 from Chlamydomonas reinhardtii and various variants. PA has access to the sub-ns formation of the 
early photoproduct P1 and to its relaxation, provided that this latter process occurs within a few μs. We found that ΔVP1 for 
CaChR1 is ca. 12 mL/mol, while it is much smaller for CrChR2 (4.7 mL/mol) and for H. salinarum bacteriorhodopsin (HsBR, 
ΔVK = 2.8 mL/mol). PA experiments on variants strongly indicate that part of this large ΔVP1 value for CaChR1 is caused 
by the protonation dynamics of the Schiff base counterion complex involving E169 and D299. PA data further show that 
the energy level of P1 is higher in CrChR2 (ca. 96 kJ/mol) than in CaChr1 (ca. 46 kJ/mol), comparable to the energy level 
of the K state of HsBR (60 kJ/mol). Instrumental to gain these molecular values from the raw PA data was the estimation of 
the quantum yield (Φ) for P1 formation via transient spectroscopy; for both channelrhodopsins, ΦP2 was evaluated as ca. 0.4.

Graphical Abstract

1 Introduction

Photothermal methods such as time-resolved photoacous-
tics (PA) and thermal lensing give the unique opportunity 
to experimentally explore the thermodynamic landscape of 
light-triggered reactions by monitoring non-radiative decays 
accompanying excited state relaxation and formation of tran-
sient species [1, 2]. These features are especially relevant 
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for biological photoreceptors where absorption of photonic 
energy by chromophores triggers a photocycle or a chain 
of reactions, ultimately leading to the conversion of light 
energy into sensory photoresponses (e.g., vision, photomor-
phogenesis [3, 4]), chemical energy (e.g., photosynthesis 
[5]) or photoenzymatic activity (e.g., Photolyases [6]). The 
energetics of transient species following the decay of the 
chromophore excited state and the primary photochemistry 
is in general not easily dissected, but photothermal methods 
can determine the enthalpy changes (ΔH) with respect to 
the parental state by recovering non-radiative decays [7]. 
Another important outcome of time-resolved photothermal 
techniques is the determination of light-triggered volume 
changes (ΔV) of non-thermal origin that usually accompany 
the formation of transient species and may originate from 
diverse processes, such as rearrangements of weak interac-
tion, ionization, space requiring photochemical reactions, 
protein conformational changes and light-triggered associa-
tion/dissociation [1, 2, 7, 8]. With the support of steady-state 
and transient UV/Vis spectroscopy, it is possible to assign 
the signals acquired with photothermal methods and their 
dynamic evolution to specific steps of the light-triggered 
molecular events. This combined approach offers the pos-
sibility to recover relevant parameters, such as the energy 
content of reaction intermediates, their formation quantum 
yields (Φ), changes in photoreceptors shape or oligomeriza-
tion and even optically silent transitions [1, 8, 9].

In this work, we used PA to investigate two members of 
the family of retinal binding photoreceptors, channelrho-
dopsin-1 from Chlamydomonas augustae (CaChR1) and 
channelrhodopsin-2 from Chlamydomonas reinhardtii 
(CrChR2). While in nature ChRs are involved in light 
sensing, they are utilized nowadays in optogenetic applica-
tions to stimulate neuronal cells by light [10]. Besides their 
role in the field of optogenetics, channelrhodopsins, as 
members of the family of microbial rhodopsins, are being 
intensively studied to derive biophysical concepts of mem-
brane transport and sensing [10]. A central question is how 
the local perturbation of the retinal chromophore leads to 
structural changes within the apoprotein and subsequently 
to the respective physiological function. In microbial rho-
dopsins, light absorption leads in most cases to an all-
trans to 13-cis isomerization of the retinal chromophore 
[11]. The photoreaction of retinal is highly selective and 
efficient in the binding pocket of the protein, (Φ ca 0.6 for 
Halobacterium salinarum bacteriorhodopsin, HsBR) and 
occurs typically on a sub-ps timescale [12, 13]. In HsBR, 
about 30% of the absorbed photon energy is stored in the 
early photointermediate, K [14]. This stored energy can be 
rationalized by two factors: distortion of the retinal cofac-
tor or weakened H-bonds destabilize the intermediate [11]. 
The subsequent relaxation of this energy during the decay 
of the early intermediate is believed to trigger global and 

functionally relevant changes in the protein [11, 15]. It was 
shown for the red-activatable channelrhodopsin ReaChR 
that, depending on the protonation state of the counterion, 
either of the above-mentioned mechanisms for energy stor-
age is favored but also the kinetics of the energy relaxation 
are affected [16].

In CaChR1 and CrChR2, large protein conformational 
changes are associated already with the early photointer-
mediates (P1), as inferred from Fourier-transform infra-
red (FT-IR) experiments [17, 18]. This is in contrast to 
HsBR, where the major protein conformational changes 
are associated with the late N intermediate, that bears a 
reprotonated Schiff base but still a 13-cis retinal chromo-
phore [19]; this fact is suggestive of two fundamentally 
different mechanisms of chromophore–protein interac-
tion. Here, we report and compare PA-determined volu-
metric changes of channelrhodopsins and HsBR associ-
ated with the formation of the early photointermediates, 
as well as their energy levels. Remarkable differences in 
the prompt response after photoexcitation indicate that the 
downstream mechanism after photon absorption is differ-
ent between the channelrhodopsins and the prototypical 
proton pump HsBR. In particular, ultrafast protonation 
dynamics of CaChR1 within the chromophore cavity [20, 
21], involving Asp299 and Glu169, could be correlated 
with its much larger volume on the sub-ns timescale with 
respect to CrChR2, complementing the cited vibrational 
studies. Investigation of variants at D299 and E169 posi-
tions further confirmed these results. We also included PA 
measurements on CrChR2 mutated at Arg120: this resi-
due belongs to the extracellular gate, thus strictly related 
to cation transport [22, 23]. Our data highlight that the 
R120H change does not affect the earliest energetics and 
volume changes, in line with the relevance of Arg120 for 
the later stages of the photocycle.

2  Materials and methods

2.1  Samples preparations and handling

Channelrhodopsins and their variants were prepared as 
described previously [24]. CaChR1 samples were stored 
in 20 mM HEPES, 100 mM NaCl, pH7.4, 0.03% DDM 
(n-Dodecyl-β-D-maltopyranoside); CrChR2 samples were 
stored in the same buffer, but with 0.2% DM (n-Decyl-β-
D-maltopyranoside). HsBR in purple membrane patches 
in aqueous solutions (pH 6 and 100 mM NaCl) was kindly 
provided by Wolfgang Gärtner (University of Leipzig) and 
used as received, evaluating the scattering contribution by 
fitting the red flank of the absorption spectrum with a λ−4 
function [25].
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2.2  UV/Vis optical spectroscopy

Steady-state absorption and fluorescence spectroscopy 
measurements were carried out at 20 ± 1 °C, respectively, 
with a Jasco 7850 UV/Vis spectrophotometer (Jasco Europe, 
Cremella, LC, Italy) and a PerkinElmer LS50 luminescence 
spectrometer (PerkinElmer, Waltham, MA, USA). For 
flash-photolysis experiments in the μs-to-ms time range, 
samples were excited by a laser pulse (duration about 10 ns, 
energy kept around 1 mJ per pulse), obtained from an OPO 
(GWU Lasertechnik, Erftstadt, Germany), pumped by the 
third harmonic (355 nm) of a Q-switched Nd:YAG laser 
(InnoLas, Krailling, Germany) as described previously 
[26]. Kinetic traces were monitored using a further opti-
cal line: two monochromators (master and slave) selected 
the probe wavelength from a continuous-wave 75 W Xenon 
lamp (AMKO, Utting, Germany). The quantum yield (ΦM,X) 
for the formation of the conducting intermediate P2 of the 
individual channelrhodopsin (corresponding to M for HsBR, 
bearing a deprotonated Schiff base) was evaluated from the 
maximum bleaching of the parent state at ca. 0.5 ms, using 
the comparative method that exploits a standard compound 
as an actinometer [27] (Eq. 1):

where X and ST denote the sample to be measured and 
the standard compound, respectively. ΔA and ε are the vari-
ation of absorbance and the absorption coefficients of the 
parent states at the probe wavelength; Eq. 1 implies that 
the two compounds have the same absorbance at the pump 
wavelength, i.e., the same amount of photons is absorbed, as 
well as the employment of the same pulse energy for excita-
tion. In this work, we used HsBR as a standard compound 
as detailed in the text.

Absorption coefficients were determined as previously 
described [28]. Briefly, samples were illuminated with a 
portable LED torch, emitting cold white light with 180 lm, 
in the presence of 10 mM hydroxylamine until full conver-
sion of retinal to retinal oxime was achieved. Subsequently, 
the solution was brought to pH 3. For the calculation of 
the absorption coefficients, the differential absorption coef-
ficient for retinal oxime has been used (33,600  M−1  cm−1 at 
360 nm)[29].

2.3  Pulsed photoacoustics

For time-resolved photoacoustic (PA) measurements exci-
tation was achieved with the same ns laser as described 
above and as previously employed [26]. The samples (ca. 
2.8 mL) were temperature controlled to ± 0.02 °C in the 

(1)ΦP2,X = ΦST

ΔAX

ΔAST

�ST

�X
,

cuvette holder FLASH 100 (Quantum Northwest, Spokane, 
WA, USA). PA signals detected by a V103-RM ultrasonic 
transducer were fed into a 5662 preamplifier (Panametrics 
Inc., Waltham, MA, USA). The laser beam was shaped by a 
1 × 12 mm slit. The pulse energy was measured with a pyro-
electric energy meter (RJP735 head connected to a meter 
RJ7620 from Laser Precision Corp). The experiments were 
performed in the linear regime of amplitude versus laser 
fluence. The dye new coccine (FLUKA, Neu-Ulm, Ger-
many) was used as a calorimetric reference [30]. PA signals 
were deconvoluted using the software Sound Analysis 3000 
(Quantum Northwest Inc., Spokane, WA) assuming that the 
time evolution of the pressure is composed of a sum of expo-
nential functions. This analysis yields the fractional ampli-
tudes (φi) and the lifetimes (τi) of the transients; the time 
window of PA is between 20 ns and 10 µs, while the time 
resolution with the described slit is ca. 60 ns, as previously 
reported [26]. At a given temperature and for each resolved 
i-th step, the fractional amplitude (with respect to the refer-
ence compound) φi is the sum of the fraction of absorbed 
energy released as heat (αi) and the structural (non-thermal) 
volume change (ΔVi) per absorbed Einstein (mole of pho-
tons) according to Eq. 2 [31]:

where Eλ is the molar excitation energy, β = (1/V) 
(∂V/∂T)p, is the volume expansion coefficient, cp is the heat 
capacity at constant pressure, and ρ is the mass density of 
the solvent. At each temperature, four deconvolution results 
were accumulated. The “two temperature” (TT) method was 
used to separate αi from ΔVi [1, 31]. The sample waveform 
was acquired at a temperature for which the thermal con-
tribution to solvent expansion is zero, Tβ=0 = 1 °C, and at 
the second, higher temperature, Tβ>0 = 10 °C. The thermoe-
lastic parameters of the solvent were determined by com-
parison with those of distilled water. At Tβ=0, the sample 
signal is only due to ΔVi; while at 10 °C, both heat release 
and ΔVi contribute. The reference was recorded at  Tβ>0. In 
some instances, we also applied the several temperature (ST) 
method, for which αI and ΔVi are determined from the linear 
plots of φi vs. cpρ/β [7].

In the case of channelrhodopsins, as for other retinal-
based photoreceptors, the prompt PA signal (τ1 < 20 ns) 
corresponds to the unresolved formation of the thermally 
relaxed K-like intermediate (called P1 in channelrhodopsins 
[32, 33]) after chromophore photoisomerisation; the subse-
quent relaxation of P1 can be detected and time-resolved in 
some variants, provided that the lifetime τ2 for this process 
falls between ca. 60 ns and 5 μs. Consequently, PA does not 
have in general access to the sub-ms formation of the P2 
(M-like, deprotonated Schiff base) transient [7, 33, 34]. For 

(2)�i = �i +
ΔVi

E�

cp�

�
,



480 Photochemical & Photobiological Sciences (2023) 22:477–486

1 3

the prompt component, we develop Eq. 3 based on energy 
balance considerations:

where ΦF is the fluorescence quantum yield, EF is the 
average energy for the fluorescence emission, EP1 is the 
energy content of the P1 intermediate and ΦP1 is the quan-
tum yield of its formation. The molecular volume changes 
that the proteins experience upon formation of P1 with 
respect to the parent state can be calculated from Eq. 4

Therefore, to determine the relevant molecular parameters 
EP1 and ΔVP1, the corresponding reaction quantum yields 
must be derived from other methodologies as detailed in 
the text.

3  Results and discussion

3.1  Time‑resolved photoacoustics

Figure 1 shows the PA signals, which could be successfully 
deconvoluted in some cases using a single exponential or a 
sum of two exponential terms yielding their decay lifetimes 
and fractional amplitudes. For each component, the αi and 
ΔVi “delta-V” parameters could then be readily determined 
using Eq. 2 and the methods described above.

(3)ΦP1

EP1

E�

= 1 − �i − ΦF

EF

E�

,

(4)ΔVP1 =
ΔV1

ΦP1

.

The “prompt” PA signals (τ1 < 20 ns) correspond to pho-
toisomerisation of the all-trans retinal to 13-cis plus relaxa-
tions on the sub-ns timescale, eventually leading to the P1 
intermediate (similar to the K state of HsBR) [7, 33–36]. 
PA provides values for the products ΦP1EP1 and ΦP1ΔVP1 
(Eq. 4), thereby furnishing a lower limit for ΦP1 with the 
assumption that EP1 < Eλ (Table 1). Fluorescence was very 
low for all proteins analyzed and can be neglected in Eq. 3, 
giving the simplified Eq. 5:

As in all retinal proteins reported in the literature, this 
step results in a positive structural volume change ΔV1, i.e., 
an expansion with respect to the unphotolysed state, at least 
partially related to retinal isomerization itself but certainly 
receiving contribution from other factors such as modifica-
tions of weak interactions or localized protein conforma-
tional changes [7]. For all ChR proteins investigated here, a 
large fraction of the absorbed energy is released as heat in 
this step (α1 ≥ 0.80), again in agreement with other retinal 
proteins (see, for example, published data for Natromonas 
pharaonis halorhodopsin, NpHR, and HsBR in Table 1). The 
most striking result, though, is the much larger ΔV1 meas-
ured for CaChR1-WT (4.90 ml/mol) compared to CrChR2-
WT (1.55 ml/mol) (Table 1, Fig. 1). In the CaChR1-D299N 
variant, the value of ΔV1 drops to 2.06 ml/mol, while the 
decrease is smaller in CaChR1-D299E. These data sug-
gest that the larger ΔV1 of CaChR1-WT reflects, at least 
partially, the peculiar ultrafast protonation dynamics within 
the chromophore cavity [20, 21]. In the parental state of 

(5)ΦP1EP1 =
(

1 − �1
)

E�.

Fig. 1  PA signals for four rep-
resentative proteins at Tβ=0 = 1° 
(green) and at Tβ>0 = 10 °C 
(blue), shown with waveforms 
of the reference compound new 
coccine at Tβ=0 (black) and at 
Tβ>0 = 10 °C (red)
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CaChR1, the counterion complex of the protonated Schiff 
base comprises a neutral E169 (corresponding to the depro-
tonated HsBR D85 and CrChR2 E123 [37]), a deprotonated 
D299 (HsBR D212 and D253 in CrChR2) and water mol-
ecules [20]. The retinal photoisomerisation occurs with a 
110 fs time constant [21]. According to a recently proposed 
model, the ultrafast retinal isomerization promotes depro-
tonation of E169 concomitant to protonation of its back-
bone carbonyl group and formation of the first photoproduct 
within 300 fs [38]; alternatively, it was suggested that the 
E169 deprotonation/protonation pattern is triggered by a 
photoinduced ultrafast electron density translocation along 
the retinal chromophore polyene chain; this process is pro-
posed to be independent of the photoisomerisation [20]. In 
any case, the proton of E169 is transferred to D299 at 30 ps 
[38]. This concurs with the finding that replacement of D299 
by asparagine (D299N) short-circuits this proton dynamics; 
furthermore, E169 is deprotonated in the parental state of 
CaChR1-D299N [39]. The large ΔV1 observed in CaChR1-
WT, thus, most probably includes the ultrafast protonation 
of D299; in agreement with this hypothesis, the mutation 
E169Q does not exert any effect on ΔV1 (Table 1).

Different to CaChR1, in CrChR2, both residues E123 
and D253 become protonated concomitantly with Schiff 

base deprotonation and formation of P2 on the hundreds of 
μs timescale [37, 40], i.e., outside the time window of PA. 
Besides CrChR2-WT, we have also investigated the variant 
R120H; R120 is located on helix C between the Schiff base 
counterions E123 and D253 and is part of the extracellular 
gate [22, 23]; the mutation R120H results in loss of CrChR2 
function as cation channel, but does not appreciably affect 
the spectroscopic features of the photocycle and the early 
dynamics [41]. Accordingly, we did not detect any appreci-
able differences in the PA data, with the only exception of 
the lifetime associated with the relaxation step of P1 (τ2, 
Table 2). We point out that only some of the proteins ana-
lyzed here have a relaxation of P1 short enough to fall within 
the time window of PA, including CrChR2-Wt and CrChR2-
R120H (Table 2). The τ2 = 450 ns for CrChR2-WT (at 10 °C, 
254 ns at 20 °C) should correspond to the time constant of 
400 ns reported for the optically transient transition between 
P1a and P1b detected using step-scan FT-IR spectroscopy 
[40], while we do not have comparable data for this transi-
tion from other spectroscopic methods for the R120H variant 
that appears slightly faster from our data. Small expansions 
have been reported for NpHR and HsBR on the hundreds of 
ns-to-short μs timescale, corresponding to K decaying into 
the L intermediate (Table 2).

Table 1  PA parameters 
measured for the “prompt” step 
(τ < 20 ns)

a Membrane patches

Protein λex/nm (Eλ /kj  ml−1) α1 ΦP1 EP1 kj/mol ΦP1 ΔV1 
(ΦP1ΔVP1) ml/
Einstein

CaChR1-WT 518 (230.9) 0.92 ± 0.05 18.5 ± 11.5  > 0.08 ± 0.05 4.90 ± 0.40
CaChR1-D299N 502 (238.3) 0.90 ± 0.04 23.8 ± 9.5  > 0.10 ± 0.04 2.06 ± 0.17
CaChR1-D299E 502 (238.3) 0.94 ± 0.06 14.7 ± 12.5  > 0.06 ± 0.05 2.80 ± 0.16
CaChR1-E169Q 508 (235.5) 0.92 ± 0.09 19.8 ± 15.5  > 0.08 ± 0.07 4.90 ± 0.30
CrChR2-WT 470 (254.5) 0.85 ± 0.03 38.2 ± 7.6  > 0.15 ± 0.03 1.55 ± 0.40
CrChR2-R120H 470 (254.5) 0.80 ± 0.02 50.9 ± 7.1  > 0.20 ± 0.02 1.74 ± 0.15
NpHR-Cl [56] 580 (206.2) 0.91 ± 0.04 16.6 ± 8.2  > 0.09 ± 0.04 10.0 ± 0.90
aNpHR-Cl 580 (206.2) 0.89 ± 0.04 22.7 ± 8.2  > 0.11 ± 0.04 9.2 ± 0.5
aHsBR [25] 568 (210.6) 0.83 ±  0.05 35.8 ± 10.5  > 0.17 ± 0.05 1.70 ± 0.20

Table 2  PA parameters 
measured for a time-resolved 
step

a Membrane patches
b 20 °C

Protein α2 Φ2ΔV2
ml/mol

Φ2 E2
kj/mol

τ2 at 10 °C/ns Proposed process

CaChR1-D299N 0.08 ± 0.07 5.60 ± 0.60 3.0 ± 22 1400 ± 60 Initial formation of P2 [42]
CrChR2-WT 0.09 ± 0.03 2.70 ± 0.35 13.8 ± 4.8 450 ± 47 P1a-to-P1b decay [40]
CrChR2-R120H 0.10 ± 0.02 2.10 ± 0.30 26.7 ± 5.6 270 ± 20 P1a-to-P1b decay [40]
NpHR-Cl [56] 0.02 ± 0.02 0.54 ± 0.04 27 ± 11 370 ± 40
aNpHR-Cl [56] 0.02 ± 0.02 0.53 ± 0.15 36 ± 11 740 ± 60
aHsBR [25] 0.06 ± 0.02 0.80 ± 0.06 23.5 ± 12.0 b1000 ± 64 K-to-L
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For CaChR1-Wt, the decay of P1 falls outside the PA 
time window; while for CaChR1-D299N, the formation of 
P2 (M-like, with deprotonated Schiff base) is faster, without 
any loss of its quantum yield with respect to the wt pro-
tein[42]: in CaChR1-D299N the rise of P2 is a three-expo-
nential process characterized by lifetimes 1.5 μs, 75 μs, and 
3.3 ms, the fastest of which should correspond to the value 
of 1.4 μs recovered with PA (Table 2). A second and larger 
expansion ΔV2 accompanies this step (Table 2). The cor-
responding lifetimes in CaChR1-WT and CaChR1-E169Q 
are 20 μs and 65 μs, respectively [42].

The linear Arrhenius plots (Fig. 2) confirm that τ2 char-
acterizes a bona fide relaxation of P1 and underscore the 
different nature of this step between CrChR2 variants and 
CaChR1-D299: in the latter protein, the activation energy Ea 
is smaller than that for the other two proteins, but the larger 
τ2 is justified by a much smaller pre-exponential factor, sug-
gesting that the activation entropy is less favorable.

3.2  Quantum yield determination 
of channelrhodopsins

Given that PA can directly record solely the values of 
ΔVs per mole of absorbed photons, the large difference 
in ΦP1ΔVP1 between CaChR1 and CrChR2 must be vali-
dated upon evaluation of the formation quantum yield for 
P1 to obtain the molecular values for the structural vol-
ume changes (ΔVP1). The large spectral overlap between 
P1 and the parental state in channelrhodopsins [42–44] 
impairs the direct determination of ΦP1 by means of tran-
sient UV–Vis spectroscopy. On the contrary, the Schiff 

base in the P2 (M-like) intermediate is deprotonated and 
the large blue shift of the absorption spectrum ensures 
minimal overlap with the parental state [34, 42–44]. Thus, 
to apply Eq. 1 for the evaluation of ΦP2, the absorption 
coefficients (ε) of the parental state must be determined 
under our working conditions according to the procedure 
described in the Materials and Methods section. After for-
mation of retinal oxime, it is evident that the maximum 
value of ε is very similar of intact, solubilized CaChR1 
and CrChR2 (Fig. 3a), although somehow contrasting val-
ues are reported in the literature, i.e., 36,000  M−1  cm−1 
for CaChR1 at 518 nm [45] and 45,500 for Volvox carteri 
VChR2  M−1  cm−1 at 470 nm [46]. The discrepancy may be 
due to the different employed values of ε for retinal oxime 
at 360 nm (33,600  M−1  cm−1 [45] and 54,000  M−1  cm−1 
[47], respectively). Bearing in mind that 33,600  M−1  cm−1 
was defined as differential coefficient [45], thus giving in 
the present case ε519 = 43,000  M−1  cm−1 for CaChR1 and 
ε474 = 45,000  M−1  cm−1 for CrChR2 (Fig. 3b). These val-
ues can be compared with the ε568 = 62,700  M−1  cm−1 for 
HsBR in purple membranes, based on binding of all-trans 
retinal and its value of ε382 = 42,800  M−1  cm−1 [48]. Con-
sistent with the obtained slightly lower values of absorp-
tion coefficients for channelrhodopsins, HsBR exhibits a 
higher absorbance before the transformation of its chromo-
phore to retinal oxime [49, 50].

Comparing the maximum bleaching of HsBR and 
CrChR2 at 5 ms (pump beam at 502 nm, probe beam at 
568 and 474 nm, respectively), we obtained a value of 
ФP2,CHR2 = 0.40 using ФM,BR = 0.60 in Eq. 1 [51]. This 
value now is applied for CrChR2 to measure the cor-
responding quantum yield for CaChR1 (pump beam at 
488 nm, probe beam at 474 and 519 nm respectively), 
obtaining ФP2,CHR1 = 0.40. These results can be com-
pared with the value of ФP1 = 0.3 previously measured 
for the chimeric C1C2 protein [52]; in the C1C2 chimera, 
helices I–V derive from CrChR1, while helices VI–VII 
derive from CrChR2 [53]. A similar ФL,HR = 0.34 has been 
reported for the photocycle of HsHR [54]. In slight con-
trast, a value of ca. 0.6 for photoisomerization in CrChR2 
was recently reported, as derived from theoretical calcula-
tions and simulations for photoisomerization [55]. Nota-
bly, this last value was determined from ultrafast dynamics 
of the chromophore, i.e., it is not affected by possible side 
reactions occurring on the tens of ns-to-ms timescale.

For the calculation of the molecular volume change 
associated with the formation of P1 and of the energy 
level of the same intermediate, we assume in the follow-
ing that ФP1 = ФP2, i.e., that the P1-to-P2 conversion is 
quantitative, as previously done for other retinal proteins 
[7, 25, 56].
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Fig. 2  Arrhenius plots for the three proteins for which τ2 was meas-
urable with PA, between the temperature range from 1 to 20  °C. 
From the slopes of the linear plots (R ≥ 0.99), the following activa-
tion energies Ea and the pre-exponential factors A were determined: 
CrChR2-WT, Ea = 45  kJ/mol and A = 4.6 ×  1014; CrChR2-R120H, 
Ea = 58  kJ/mol and A = 2.1 ×  1017; CaChR1-D299N, Ea = 35  kJ/mol 
and A = 2.5 × 10.12
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3.3  Energetics of the P1 intermediate in CaChR1 
and CrChR2

The primary photoproduct in microbial rhodopsins (K, the 
K-like or P1 states), which rises in the sub-ns timescale after 
all-trans to 13-cis photoisomerisation of the retinal chromo-
phore, stores an amount of energy required to drive the rest 
of the photocycle [7]. PA intrinsically detects variation in 
enthalpy (ΔH), i.e., non-radiative decays, but assuming that 
entropic changes are negligible for the fast formation of P1 
EP1 ≈ ΔHP1, we can calculate the energy level of this inter-
mediate with respect to the unphotolysed state, according 
to eqs. 3 and 5. The results are visualized in Fig. 4 together 
with the molecular volume change of the non-thermal origin 
(ΔVP1) accompanying this step.

By using Eq. 5 to extract the PA data reported in Table 1 
and normalized by the measured ΦP1s, it an be calculated 
that the P1 intermediate in CaChR1 stores about 20% of 
the excitation energy (EP1 = 46 ± 29 kJ/mol), while the cor-
responding value for CrChR2 is 37% (EP1 = 95 ± 19 kJ/mol). 
Although it is tempting to speculate that the energy level of 
P1 is inversely correlated with ΔVP1, the results obtained 
for CaChR1-D299N show that this is not the case: the value 

of EP1 for this variant can be evaluated as EP1 = 59 ± 24 kJ/
mol from α1 (Table 1) and the assumption that the quantum 
efficiency is the same as in the wt protein [42]. Thus, it fol-
lows that EP1 is essentially the same as for CaChR1; never-
theless, ΔVP1 = 5.1 ± 0.4 mL/mol for this variant, which is 
much smaller than the value of ΔVP1 = 12.2 ± 1.0 mL/mol 
of CaChR1.

For both CaChR1 and CrChR2, ΔVP1 is larger than the 
corresponding ΔVK = 2.8 mL/mol for HsBr [25]. Using 
FT-IR spectroscopy, it was demonstrated that the forma-
tion of P1 in the two channelrhodopsins implies significant 
protein conformational changes, in contrast to HsBR [18], 
thereby suggesting such a contribution also to the PA-
derived ΔVP1. In general, the sources for ΔVs measured with 
PA are not easily assigned: they can comprise electrostric-
tion around newly formed charges, changes in the geometry 
of the chromophore that result in rearrangements of weak 
interactions, and/or protein structural changes [1]. On the 
relatively fast time window of PA (up to a few μs), large 
protein conformational changes are in general not expected 
for photoreceptors but cannot be excluded here because of 
the supporting evidence from vibrational spectroscopy as 
mentioned above. According to recently published data, 
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matched between the different samples
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the protonation state of the main counterion (D85 in HsBR, 
E123 in CrChR2, and E169 in CaChR1) can determine 
the efficiency of energy transfer from the photoisomerized 
chromophore to the protein [16]: in particular, in the red-
shifted channelrhodopsin variant ReaChR, when the main 
counterion is protonated, the hydrogen bonds (HB) network 
in the chromophore cavity is more rigid and the distorted 
isomerized chromophore conformation is stabilized, render-
ing the dynamics of energy transfer from chromophore to 
protein slower [16]. The PA-derived data (Fig. 3) seem to 
confirm this suggestion for the channelrhodopsins, given that 
E169 is protonated in the ground state of CaChR1, while 
E123 of CrChR2 is deprotonated. Nevertheless, in CaChR1-
D299, for which E169 is dissociated in the parental state 
[39], the energy level of P1 is not substantially different 
from CaChR1 (vide supra) (Fig. 3). The presence of a more 
rigid hydrogen-bonded network, though, can at least par-
tially account for the larger ΔVP1 in CaChR1; ΔVP1 for this 
protein is comparable to the ΔVK = 19.2 mL/mol measured 
for NpHR, when loaded with  Cl− [56].

4  Conclusions

The PA data reported here have evidenced that the struc-
tural volume changes (ΔVP1) accompanying the forma-
tion of P1 in CaChR1 is ca. 3.5-fold larger than the cor-
responding ΔVP1 of CrChR2. The analysis of variants 

demonstrates that this large difference is related to the 
ultrafast protonation dynamics of the counterion com-
plex in CaChR1, in particular the large contribution may 
originate from the ultrafast protonation of the backbone 
carbonyl of E169 by D299. A further contribution to the 
measured ΔVP1s for channelrhodopsins could derive from 
protein conformational changes concomitant with the for-
mation of P1, as previously evidenced by time-resolved 
vibrational spectroscopy, in sharp contrast to HsBR [18]. 
PA data, thus, confirm that structural changes occurring 
on the sub-ns timescale set the stage for the further con-
formational modifications leading to opening of the chan-
nel. In CaChR1, P1 stores a considerably smaller amount 
of energy than P1 in CrChR2, but a link with the slower 
decay of this intermediate into P2 for the former could 
not be firmly established. In agreement with other micro-
bial rhodopsins, a large fraction of the excitation energy 
is released as heat upon formation of K or P1, in con-
trast to bovine rhodopsin where the batho-intermediate 
stores > 90% of the excitation energy [7]. This finding sug-
gests that the completion of the photocycle must be driven 
also by favorable entropic changes. Essential for the here 
drawn conclusions is the determination of the quantum 
yield of the photocycle (formation of P2) that were dem-
onstrated to be very similar for CaChR1 and CrChR2, i.e., 
ca. 0.4.
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