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Reaction dynamics of the chimeric
channelrhodopsin C1C2
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Received: 8 February 2017 . Channelrhodopsin (ChR) is a key protein of the optogenetic toolkit. C1C2, a functional chimeric protein
Accepted: 28 June 2017 : of Chlamydomonas reinhardtii ChR1 and ChR2, is the only ChR whose crystal structure has been solved,
Published online: 03 August 2017 . and thus uniquely suitable for structure-based analysis. We report C1C2 photoreaction dynamics

: with ultrafast transient absorption and multi-pulse spectroscopy combined with target analysis

and structure-based hybrid quantum mechanics/molecular mechanics calculations. Two relaxation

pathways exist on the excited (S,) state through two conical intersections Cl, and Cl,, that are reached

via clockwise and counter-clockwise rotations: (i) the C13=C14 isomerization path with 450 fs via Cl, and

(i) a relaxation path to the initial ground state with 2.0 ps and 11 ps via Cl,, depending on the hydrogen-

bonding network, hence indicating active-site structural heterogeneity. The presence of the additional

conical intersection Cl, rationalizes the relatively low quantum yield of photoisomerization (30 + 3%),

reported here. Furthermore, we show the photoreaction dynamics from picoseconds to seconds,

characterizing the complete photocycle of C1C2.

The discovery of channelrhodopsins (ChRs)"? lead to a breakthrough in optogenetics®, which became a key
technology in current neuroscience to optically control neural activity with high spatio-temporal precision*-.
ChRs are light-gated cation channels first discovered in Chlamydomonas reinhardtii®*, employing all-trans ret-
inal as a chromophore. So far, diverse ChR variants have been engineered for customized optogenetic applica-
tions regarding excitability/color tuning”®, ion conductance®~!" and modulation of the open state lifetime!?. For
rational design of further functional ChRs, clarification of the photoreaction mechanisms is highly required, yet
the understanding of the molecular dynamics remains to a significant extent elusive. Photoisomerization from
all-trans to 13-cis retinal, which is a key reaction to trigger the photocycle and also decides the quantum yield of
the photoreaction, occurs in the femto- to picosecond time region. On the other hand, the channel pore is formed
and opened (on-gating) in the microsecond/millisecond timescale following several photoinitiated intermediate
states. Therefore, observation of the molecular dynamics from the femtosecond to millisecond time scales is
essential for elucidation of the activation mechanisms of ChRs.

A combination of time-resolved information on photoactivation with structure-based calculations is a pow-
erful approach to obtain a molecular picture of the photoinduced initial structural dynamics of ChRs. C1C2, a
chimeric protein of Chlamydomonas reinhardtii ChR1 and Chlamydomonas reinhardtii ChR2, is the only chan-
nelrhodopsin whose crystal structures were solved up to now!> 4, providing the first direct molecular basis to
understand the activation process of ChRs (Fig. 1). C1C2 consists of five transmembrane helices (TM1-TM5)
derived from ChRI and two helices (TM6 and TM7) from ChR2. While several ultrafast time-resolved spec-
troscopies of ChR2 were performed!>™7, no time-resolved spectroscopic data for C1C2 has been reported so far,
which has restricted a systematic combination of experiments with computational calculation. Importantly, it has
recently become clear that the dark-state structure in the vicinity of the retinal chromophore differs significantly
between C1C2 and ChR2. In C1C2, the protonated retinal Schiff base forms a hydrogen-bond with Glu162, but
not with Asp292'8. On the other hand, in ChR2, the retinal Schiff base forms hydrogen-bonds to both of Glu123
(Glu162 in C1C2) and Asp253 (Asp292 in C1C2) and also to possibly water molecules'®. The dark-state structural
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Figure 1. Close-up of the retinal binding pocket of C1C2"* (PDB ID: 3UG9).
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Figure 2. Globally fitted transient absorption spectra of C1C2. EADS of transient absorption data of C1C2 at (a)
pH 8 and (b) pH 10. At pH 8, the spectra were fitted with six components, while seven components were required
for pH 10 data. The spectral region of 465-495 nm is omitted because of the strong pump scattering. The 630 ps
(at pH 8) and 650 ps (at pH 10) components are shown on both of the top and the bottom panels for reference.

difference would result in different photoreaction dynamics in C1C2 and ChR2, thus the time-resolved experi-
mental results of C1C2 are indispensable for direct access to theoretical approach based on the C1C2 structure.
Here we report a comprehensive femtosecond-to-second transient absorption study of C1C2. In combination with
pump-dump-probe spectroscopy; target analysis and structure-based hybrid quantum mechanics/molecular mechan-
ics calculations, we propose a multi-path excited-state dynamics model on C1C2 with two distinct conical intersec-
tions; a 450 fs isomerization path and a relaxation path with 2.0 ps and 11 ps. We further present a complete photocycle
model of C1C2 from femtoseconds to seconds, which will be beneficial for further understanding of the activation
mechanism of ChRs, and reveal striking kinetic differences on ground state dynamics between C1C2 and ChR2.

Results and Discussion

Fig. 2 shows the evolution-associated difference spectra (EADS) determined by global analysis of the transient
absorption data of C1C2 at pH 8 (Fig. 2a) and pH 10 (Fig. 2b). Six (pH 8) and seven (pH 10) spectral compo-
nents were required to adequately represent the experimental data with the sequential time constants: 450 fs,
2.0ps, 11 ps, 630 ps, 490 ns and infinity (pH 8); 450 fs, 2.0 ps, 11 ps, 650 ps, 200 ns, 26 ps and infinity (pH 10).
The top panels show the early time evolution up to 11 ps, the lower panels the later stages of the evolution from
11 ps onwards. No significant differences were observed between the transient absorption spectra in H,O and
D,O up to 100 ps (Figs 2 and S2), i.e. H/D kinetics isotope effects are not significant in the reactions. Fig. S3
shows raw kinetic traces over the entire spectral range, along with the result of the global fit. Fig. S4 shows the
decay-associated difference spectra (DADS) that follow from a parallel, sum-of-exponential analysis of the data,
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which is mathematically equivalent to a sequential analysis. The analysis program calculates both EADS and
DADS and the time constants that follow from the analysis apply to both®.

Primary photochemistry: ultrafast transient absorption spectroscopy. We first consider the pri-
mary reactions that take place on the femto- to picosecond timescale shown in the upper panel of Fig. 2a (pH
8). The positive signals of the EADS consist of excited state absorption (ESA) and/or absorption of early pho-
toproducts. The negative signals at around 460 nm is due to ground state bleach. In the 450 fs EADS, the large
positive band near 540 nm may be assigned to ESA, in line with earlier work on ChR2!'>16. The negative signals at
wavelengths >630nm occur in a region without ground state absorption and hence must be assigned to stimu-
lated emission (SE), providing clear information on the excited state dynamics. The SE signals decayed with 450
fs, 2.0 ps and 11 ps as highlighted in the kinetic trace at 750 nm in Fig. S5 (from pump-dump-probe experiments
that are described and discussed in detail below), which implies that the excited-state decay occurs with those
three time components. The excited-state absorption peaked at 541 nm immediately after the photon absorption
(black line), and progressively blue-shifted to 535 nm in 450 fs (red line), and 528 nm in 2.0 ps (blue line), along
with a spectral narrowing and a blue-shift of the isosbestic point. Such narrowing and blue-shifting is similar
to that observed in protonated Schiff base retinal in solution, and may be assigned to vibrational relaxation and
evolution on the excited-state potential energy surface?!. Because the SE completely decayed in 11 ps, the 522-nm
absorption that was left after the 11 ps evolution (green line) is only composed of the primary ground-state pho-
toproduct, in addition to ground-state bleach of the reactant around 450 nm. No significant difference was found
on the femto- to picosecond dynamics between pH 8 and 10.

Primary photochemistry: pump-dump-probe spectroscopy. As seen in Fig. 2, the spectra of ESA
and photoproduct absorption are strongly overlapped around 530 nm, which makes it difficult to distinguish
multiphasic excited-state decay and vibrational relaxation from the primary product formation, and possible
relaxation phenomena of the latter. This situation is similar to that observed in ChR2', but differs from bacte-
riorhodopsin, where the ESA is blue-shifted from the ground-state bleach? and the red-shifted primary pho-
toproduct J/K is comparatively cleanly observed. To assess primary photodynamics in more detail, we applied
pump-dump-probe spectroscopy to C1C2. Pump-dump-probe, or multi-pulse spectroscopy, is a powerful tech-
nique to disentangle complex photoreaction dynamics?*-**. This technique can be used to control and influence
the course of reactions as they evolve, and its power lies in the ability to selectively remove or transfer the popula-
tion of transient species with carefully timed laser pulses.

Fig. 3 shows the results of a pump-dump-probe experiment for C1C2 at pH 8, with pumping the ground
state transition at 480 nm and dumping the SE at 720nm at a time delay of 300 fs. Fig. 3a shows time traces of
pump-probe and pump-dump-probe experiments probed at 530 nm, near the ESA and primary photoproduct
absorption maxima (Figs S6 and S7 show raw and fitted pump-dump-probe results at 128 wavelengths at pH 8
and pD 8, respectively). An 11% signal decrease was seen in the pump-dump-probe time trace immediately after
application of the dump pulse, which indicates that 11% of the excited molecules were forcibly relaxed the ground
state by the dump pulse, and therefore do not participate in product formation any longer. At 100 ps (Fig. 3a, inset)
where the excited states had completely decayed and only photoproduct absorption is observed, the photoproduct
absorption was decreased only by 6.5% by the dump pulse. This experiment shows that a large fraction of product
states have already been formed prior to application of the dump pulse. Given the early time of the dump (300 fs),
it is likely that the photoproduct is preferentially formed by the 450 fs component. Indeed, we can quantitatively
describe the pump-dump-probe data with product formation from the 450 fs component only (vide infra). This
means that branching of the excited-state dynamics occurs and that a sequential model is not adequate.

Primary photochemistry: target analysis. The femtosecond transient absorption and
pump-dump-probe data on C1C2 show that during the first few picoseconds, a mixture of excited states and
photoproducts make up the transient spectra. To disentangle the contributions by the various molecular species,
we performed a target analysis wherein the data are described in terms of a kinetic scheme, thereby identifying
their spectral signatures, estimate their lifetimes and their connectivity and quantum yield. In a target analysis,
reactive compartments are associated in an explicit kinetic model, thus multiphasic decay and specific branching
can be taken into account to obtain the difference spectra of the ‘pure’ molecular species involved in the reaction,
so-called species-associated difference spectra (SADS).

To build the kinetic model, we need to consider the following aspects that become apparent from the transient
absorption and pump-dump-probe experiments:

(i) We observe a progressive blue shifting and narrowing of the excited-state absorption on a sub-ps to ps
timescale. Such phenomenology is indicative of vibrational relaxation processes in strongly vibronically
coupled systems and/or evolution on the excited-state potential energy surface, as observed in protonated
Schiff base retinal in solution®'.

(ii) We observe three decay components of the stimulated emission of 450 fs, 2.0 ps and 11 ps. Such hetero-
geneity may follow from branched reaction dynamics in the excited state and from heterogeneity in the
ground state. We will show below that both aspects may contribute.

(iii) The pump-dump-probe experiments indicate that the fast, 450 fs excited-state decay component produces
the primary photoproduct, and that the slower components may not contribute.

(iv) To estimate the relative amplitude of the SADS (and thereby the photoproduct quantum yield), we assume
that the ground-state bleach amplitude of the three excited states and of the photoproduct state should be
roughly the same.

(v) Dumping the excited state in rhodopsins is expected to give rise to intermediates on the ground state
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Figure 3. Pump-dump-probe data of C1C2 at pH 8 and target analysis results. (a), Time traces of pump
probe (PP, open black dots with a red fitting line) and pump-dump-probe (PDP, closed gray dots with a blue
fitting line) at 530 nm. In a and ¢, the time axis is linear until 1 ps, and logarithmic thereafter. (b), Kinetic
scheme consisting of three excited states (ES1, ES2 and ES3), the first photoproduct state (K,) and ground
state intermediate (GSI). The dump pulse at 300 fs converts a fraction of the excited states to the GSI. It affects
ES1 and ES2, which is indicated by the dashed gray arrows. (¢) Time evolution of populations of ES1, ES2,
ES3, K, and GSI. The solid and dashed lines represent pump-probe (PP) and pump-dump-probe (PDP) data,
respectively. (d) Species-associated difference spectra (SADS) of pump-dump-probe experiments.

potential energy surface®, which need to be included in the model.

The simplest adequate target model is shown in Fig. 3b. It includes three different excited states: ES1, ES2
and ES3 (on the S, excited state potential energy surface), to reflect the observed three excited-state lifetimes. In
addition, ES1, ES2 and ES3 represent the excited state at various levels of vibrational relaxation and evolution on
the potential energy surface. ES1 is the initially populated shortest-lived excited state and branches to three other
compartments: to ES2, the first photoproduct state K, and the original ground state GS (S;). ES2 evolves to ES3
and GS, and ES3 evolves only to GS. A ground state intermediate (GSI) was populated only after application of
a dump pulse, and evolves to GS. The target model was applied to transient absorption and pump-dump-probe
datasets, of C1C2 dissolved in H,0O and D,0, at pH/pD 8.

The target analysis results are shown in Fig. 3¢c,d (pH 8), and Fig. S5a,b (pD 8), respectively. At pH 8, ES1
branches to three other compartments at a total rate constant of 2.2 ps™!: to ES2 (40%), the first photoproduct
state K; (30%) and the original ground state GS (30%). ES2 is blue-shifted and narrowed with respect to ESI,
indicating that this state has undergone vibrational relaxation. K, is assigned as a well-known K-like state in
microbial rhodopsins®. ES2 branches to ES3 and GS with rate constants of 0.12 and 0.38 ps™*, respectively. ES3
has progressively blue-shifted and narrowed with respect to ES2, indicating that this state has further undergone
vibrational relaxation and/or structural relaxation on S;. ES3 evolved to GS with a rate constant of 0.09 ps~*. The
GSI decayed to the GS with a rate constant of 1.0 ps~!. The GSI is characterized by a ground state bleach near
480 nm, and a broad absorption between 550 and 700 nm (Fig. 3d), indicating this species is red-shifted with
respect to the steady-state ground state absorption of C1C2. Such GSI properties are similar to those observed
previously in proteorhodopsin and PYP2% 30, It is uncertain whether the somewhat oscillatory spectral shape of
the GSI is real or spurious. In the latter case it may follow from its low transient concentration in the spectral
evolution and limits in data quality.

Here we consider the possibility that the dump pulse, which is resonant with the stimulated emission, also
induces re-pumping of the excited state given that the ESA may extend to 720 nm. Repumping would result in
the production of distinct photoproducts. However, the transient absorption and pump-dump-probe data can
be adequately described by the kinetic model and the molecular compartments of Fig. 3b. The fit quality may be
inspected in Figs S6 and S7 for 128 probed wavelengths. If any distinct photoproduct would have been formed
due to repumping, such putative state should be visible in the spectral evolution. Such is clearly not the case,
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Figure 4. CASPT2//CASSCF(12,12) photoisomerization pathways from the all-trans retinal conformer, when the
retinal Schiff base is hydrogen-bonded to Glu162. S; (black closed squires with black solid line), S, (red closed dots
with red solid line) and S, (green closed triangles with green solid line) energy profiles are shown. The blue arrow
shows light excitation of all-trans retinal as performed on our pump-probe and pump-dump-probe spectroscopic
experiments. The open red dot shows the Franck-Condon state (EC.) The solid gray arrow shows the isomerization
path through energy barrier of 1.96 kcal/mol (0.09eV) on S, via a conical intersection CI,. The dashed gray arrow
indicates a relaxation path through energy barrier of 7.42kcal/mol (0.32€V) on S, via another conical intersection CL,.

and we therefore conclude that no significant repumping of the excited state takes place. Target analysis results
(SADS) for the transient absorption data at pH 8 are shown in Fig. S8c¢,d.

Primary photochemistry: hybrid quantum mechanics/molecular mechanics calculations. We
performed CASPT2//CASSCF(12,12)/CHARMM calculations to study the excited-state photoisomerization
of all-trans retinal in C1C2, in order to compare with the transient absorption, the pump-dump-probe results
and the target analysis scheme. The calculations of C1C2 including a direct hydrogen bond between the retinal
Schiff base and the side chain of Glul62, indicate a two-step retinal isomerization mechanism (Fig. 4): After
So—'S; '(m,m*) vertical excitation of all-trans retinal, the system relaxes from the Franck—Condon region to an
S, energy-minimum geometry (excess energy of 12.0kcal/mol), mainly driven by partial inversion of the bond
length alternation, as also evinced by S; CASSCF/MM dynamics (see Fig. S9). Indeed, the S, — S, vertical excita-
tion is optically much brighter than the eventual S, — S, !(w,7*) excitation, as evinced by the difference in their
transition oscillator strengths: 1.4 and 0.1, respectively. It follows a transition to the photoproduct state via a coni-
cal intersection (CI,). The C12-C13-C14-C15 dihedral angle of the retinal is ca. 180° on the ground state (S,) and
S, energy-minima, indicating the retinal isomer as all-trans. At the CI,, the dihedral angle evolved by a clockwise
rotation to 130° (i.e. twisted by —50°) and finally relaxed to 24° (i.e. twisted by —156°), forming the 13-cis retinal
isomer. Alternatively, CI; can also lead back to the initial all-trans isomer (i.e. internal conversion). A different
pathway was also found via another conical intersection (CI,), implying a counter-clockwise rotation after the
initial vibrational relaxation to the S, energy-minimum. Along the path, the C12-C13-C14-C15 dihedral angle
evolves to 230° (i.e. twisted by 50°) at CI,, and relaxes back to 180° of the all-trans ground state. Starting from CI,,
no ground state pathway leading to photoproduct formation was found. The energy barriers in the S, state were
calculated as 1.96 kcal/mol (0.09eV) and 7.42 kcal/mol (0.32 eV) to reach CI, and CIL,, respectively. Those energy
barriers are in agreement with previous CASPT2//CASSCEF studies®.

The calculations predict heterogeneous excited-state dynamics because of the presence of the two barriers
leading to CI, and CI,, as we observed experimentally and in the target analysis. The productive path through CI;
can be assigned to the decay component of 450 fs, leading to the all-trans to 13-cis photoisomerization of the ret-
inal and photoproduct K. The unproductive path through CI, likely involves the slower time components 2.0 ps
and 11 ps, resulting in relaxation to the initial ground state. Nevertheless, the theoretical model predicts a single
energy barrier to reach CI, (see Fig. 4). This was also found in a previous work using a similar computational
approach to C1C2%. Hence, in the context of the theoretical model, to explain the presence of three different time
components we postulate a variety of ground state active site retinal pockets, as was depicted in a recent study of
ChR2Y. Indeed, Guo et al. propose three hydrogen-bonded networks, involving a direct hydrogen bond to the
Glu side chain, to the Asp side chain or to a water molecule. In C1C2, a hydrogen bond with Glul62, not with
Asp292, was experimentally demonstrated'®. Hence, we propose as alternative network a hydrogen bond between
retinal and water. The differences between both active sites can be seen in Fig. 5, where both optimized all-trans
and 13-cis conformations are shown: a water molecule (W2) can compete with Glu162 in the formation of the
hydrogen bond with the retinal Schiff base. This alternative active site conformation is indeed related to differ-
ent excited state energy barriers to reach CI,, as recently discussed also in the study of a retinal-like biomimetic
photoswitch”. In any case, as demonstrated by the single time constant involved in the photoproduct formation
through CI, this ground state heterogeneity does not affect the clockwise rotation of the retinal in the excited
state (see Fig. S10): the energy barriers in the S, state were calculated as 2.10kcal/mol (0.09eV) to reach CI, — i.e.
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Figure 5. Calculated ground state minima structures. (a,b) all-trans and (c,d) 13-cis retinal-bound C1C2 active
sites, including two possible hydrogen bonds to the retinal Schiff base for the all-trans conformations: to (a)
Glul62 and to (b) a water molecule, W2.

almost the same as in Fig. 4— and 5.20 kcal/mol (0.23 eV) to reach CI, — i.e. 2.2 kcal/mol lower than in Fig. 4—,
respectively, remaining almost unaltered the S, excess energy from the Franck—Condon to minimum region
(12.2kcal/mol) and the S, — S, , oscillator strengths. Thus, we conclude that the isomerization via CI, proceeds
in 450 fs regardless of the hydrogen-bond network on the ground state, while the relaxation to the initial ground
state via CI, occurs in 2.0 ps or 11 ps, depending on the ground-state hydrogen-bond network.

These conclusions highlight that, in spite of structural similarities between different rhodopsins, both elec-
tronic ground- and excited-states can result in different scenarios. Especially, rhodopsin (Rh) and bathorhodop-
sin (batho-Rh) have shown a single ground state conformation and a single excited state pathway, leading to the
S,/S, conical intersection in around 100 fs, hence without finding S; minima® **. On the other hand, C1C2 is
definitely a more complex system, where ground state heterogeneity and excited state minima should be consid-
ered for interpreting the experimental data.

The kinetic model of Fig. 3b assumes that the multiexponential excited-state decay arises exclusively from
branching dynamics in the excited state. However, as argued above, dark state heterogeneity is likely pres-
ent which will manifest itself as a biexponential, parallel excited-state decay that would be mixed in with the
excited-state relaxation process, complicating the kinetic analysis. However, under the assumption that the spec-
tral shape of the excited-state intermediates and the vibrational relaxation dynamics does not vary appreciably
between the two dark-state conformers, the model of Fig. 3b is equivalent to such extended parallel model.

Quantum yield of primary photoproduct K, formation. When comparing the ground state bleach
amplitudes in the EADS of Fig. 2, the 630 ps EADS has an amplitude of about 25% of that of the 450 fs component,
which indicates that about 25% of the initially excited molecules end up in the primary photoproduct K, (we
refer to Fig. S3 for the original traces). However, estimations on the basis of such simple considerations may be
problematic because of partly compensating bleach and absorption features in the transient absorption spectra.
For a more systematic approach that takes into account the rich spectral and temporal evolution of the system, we
applied the target analysis of Fig. 3, where the obtained SADS represent pure molecular states and hence have to
conform to realistic spectral shapes. Here, we set the additional condition that the ground state bleach amplitudes
should be similar. The kinetic modelling resulted in a quantum yield of 30 4= 3%, which is similar to that estimated
above from the sequential analysis.

The quantum yield of K, state formation as estimated from the target analysis, 30%, is low as compared to
bacteriorhodopsin, where it is around 60%*°. According to the target model, the losses have two causes: (i) the
presence of nonproductive fractions in excited state decay, i.e. the 2.0 and 11 ps components which make up 40%
of the excited-state decay, and (ii) a nonunity quantum yield of the 450 fs component. The 450 fs component
constitutes 60% of excited-state decay, which means that half of those excited states proceed to the photoproduct
K, and the other half relaxes to the original ground state through CI,. Thus, the 450 fs component inherently has
a 50% quantum yield, which is in line with bacteriorhodopsin that follows a single path on the potential energy
surface. This is another indication that the 450 fs component does not follow the CI, reaction path. The schematic
excited-state reaction diagram is shown in Fig. 6.
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Figure 6. Energy diagram on excited-state dynamics of C1C2. After photon absorption, two distinct paths are
suggested on the excited-state dynamics: isomerization path via CI, with 450 fs and relaxation path to the initial
ground state via CI, with 2.0 ps and 11 ps.

Isomeric composition of CLC2. A key question concerns the isomeric composition of C1C2 in the dark
and in our experimental conditions. In the dark, C1C2 assumes an all-trans retinal chromophore, as evidenced
from solid-state NMR*! and the X-ray structure'®>. ChR2 also adopts an all-trans retinal chromophore in the
dark*2. There is evidence from resonant Raman spectroscopy that in ChR2/H134R, moderate illumination leads
to a minority population of a 13-cis/15-syn conformer*!, but such has not been systematically investigated for
C1C2. Fig. S11a,b shows the C1C2 absorption spectra and their 2" derivatives of a dark-adapted sample and the
same sample after two hours of 0.2 mW laser illumination in the Lissajous scanner, which is the same illumination
condition as our transient absorption experiments. The spectra are virtually identical, with the same absorption
maxima before and after illumination. Fig. S11c shows the stimulated Raman spectrum of the C1C2 dark state,
with preresonant Raman pumping at 800 nm. It shows a C=C stretch band near 1560 cm ™! and a C=N stretch at
1660 cm™!, which are indicative of an all-trans chromophore*"**. From these data, we conclude that under our
experimental circumstances, C1C2 retains an all-trans retinal chromophore.

Comparison of the ultrafast reaction dynamics with other channelrhodopsins. Here we compare
the excited-state dynamics of C1C2 with other channelrhodopsins: ChR2 from Chlamydomonas reinhardtii*>"
and CaChR1*-*, which is a channelrhodopsin found in Chlamydomonas augustae*’. By visible pump-probe!> 16,
visible-pump/IR-probe'” and upconversion'® experiments, it was concluded that the formation of the first pho-
toproduct state occurs in ~400 fs in ChR2. As discussed above, the time constant of the retinal isomerization in
C1C2is 450 fs, which is close to that in ChR2. However, a clear difference was seen in the excited-state relaxation
mechanisms to the initial ground state. In ChR2, the stimulated emission decays almost completely with ~400 fs'>
16, indicating relaxation to the ground state in this time frame. On the other hand, in C1C2, three components of
450 fs, 2.0 ps and 11 ps, of which the latter two make up 40% of the excited-state decay, are related to the relaxation
to the ground state. Because five helices (TM1-TM5) among the seven transmembrane helices are originated
from ChR1, the conformation of important residues for retinal dynamics such as Glul62 may be significantly
different between C1C2 and ChR2 and should be similar to ChR1. Possibly, the conformational difference of
residues such as Glu162 affects the relaxation process of the excited molecules. Further investigation e.g. with
time-resolved vibrational spectroscopy in C1C2 would be helpful for deeper understanding of the relaxation
process. In CaChR1, it was found that isomerization occurs much faster than ChR2 and C1C2, in 110 fs*-%. In
that sense, C1C2 behaves more similar to ChR2 than CaChR1. However, CaChR1 has a red-shifted absorption
(at ~520 nm) and different photocurrent kinetics from Chlamydomonas reinhardtii ChR1*, thus the CaChR1
photoinduced kinetics may be significantly different from that of Chlamydomonas reinhardtii ChR1 and ChR2.

C1C2 pump-dump-probe spectroscopy: consequences for superresolution optogenetics. We
have demonstrated that it is possible to dump the excited state of C1C2. This finding suggests that it might be
possible to establish superresolution optogenetics based on channelrhodopsin by means of STED/RESOLFT
techniques: in such a case, a combination of blue activation and near-IR deactivation beams would be used to
activate neurons with sub-diffraction resolution, particularly when optogenetics at the organelle level is consid-
ered*®. However, the properties that we have determined for the excited-state reaction dynamics of C1C2 are not
yet favorable for such applications. The excited-state lifetime is multiphasic, with lifetimes of 450 fs, 2.0 ps and
11 ps. We have shown that only the first, fast phase of 450 fs activates C1C2, which means that during this short
time the excited states need to be dumped in a STED-like configuration. We find that dumping even at very early
delays (300 fs) results in only partial effects on product formation (i.e. an 11% dumping of excited states leads to
only 6.5% loss of photoproduct). For superresolution purposes, the proteins in the deactivation beam need to be
deactivated by almost 100%, which is nearly impossible with the C1C2 short reactive lifetimes.
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Figure 7. Globally fitted spectra and selected time traces of flash photolysis experiments in C1C2 at pH 8. (a)
EADS, (b) DADS and (c) time traces with fitting curves (solid lines) at 380 (purple), 450 (blue) and 530 nm
(green).

Slow photoproduct dynamics of C1C2. Next, we discuss the photoproduct dynamics after the K, state
formation in C1C2. As discussed above, 450 fs, 2.0 ps and 11 ps lifetimes are involved in the excited-state dynam-
ics, indicating that the slower components are related to the photoproduct ground state dynamics of C1C2 at pH
8 (Fig. 2a, bottom panel) and pH 10 (Fig. 2b, bottom panel). At pH 8, the photoproduct absorption shows a red
shift from 523 nm to 530 nm in 630 ps (Fig. 2a, green to magenta evolution), which can be assigned as a second
K-like state formation as proposed for ChR2, hereafter referred to as K,. A similar red shift was seen at pH 10
(in 650 ps, Fig. 2b). In the 490 ns evolution (Fig. 2a, magenta to cyan evolution), a ~440-nm signal rises and the
~530-nm signal decreases to a lower amplitude. The ~440-nm signal rise can be assigned to formation of an L-like
state, which is a blue-shifted intermediate widely seen in microbial rhodopsins® #. In bacteriorhodopsin, it was
suggested that the retinal Schiff base is located closer to the counterions in the L state than in the K state. As seen
in Fig. 2a, the 530-nm absorption remains with the increase of the 440-nm absorption in 490 ns, implying the
L-like state exists in equilibrium with the K-like state in C1C2 at pH 8.

Furthermore, we performed flash photolysis experiments to investigate slow photoproduct dynamics from
1 ps to 10sin C1C2 at pH 8 and 10 (Fig. S12). EADS, DADS and time traces at 380 nm, 450 nm and 530 nm at
pH 8 and pH 10 are shown in Fig. 7 and Fig. S13, respectively. In Fig. 7a, three exponential components were
seen for C1C2 at pH 8: 20 us, 15 ms and 100 ms. In 20 s, a near-UV absorption at <400 nm appeared, which is
assigned to the M intermediate that has a deprotonated retinal. Notably, a decay of a broad peak at 430-600 nm
was observed in 20 ps (Fig. 7b), which are probably derived from a mixture of the K and L intermediates, while a
significant amount of the K state absorption (~530 nm) remained (Fig. 7a). Furthermore, an L-intermediate decay
(at ~440nm) is also seen in the 15-ms DADS component (Fig. 7b), which implies the L intermediate partially
remains after 20 ps. These observations indicate that K/L/M equilibrium is formed after 20 us, similarly to sodium
ion pump rhodopsin KR2%% L. Significantly, the amplitude of the M state signal of C1C2 at pH 8 is ~3-fold less
than that of ChR2 at pH 7.4'%, indicating that in C1C2 the K/L/M equilibrium is tilted towards K and L. In the
pump-probe spectra shown in Fig. 2a, the M state absorption was not clearly visible and the ~20 pus component
was not detected, which relate to noise issues in the near-UV that result from the decreased intensity of the white
light continuum in this spectral region.

In 15ms, the L (~440nm) and M (<400 nm) intermediates decayed, while another 530-nm absorbing compo-
nent appeared, which is assigned as the ion-conducting O intermediate that has a reprotonated retinal. In 100 ms,
the O state absorption disappeared with recovery of the GSB signal, which indicates the photocycle is completed
in 100 ms. The photocycle model of C1C2 at pH 8 is shown in Fig. 8.

C1C2 at pH 10 has a similar photocycle as that at pH 8, with the key difference that the transient M concen-
tration is higher, indicating that the K/L/M equilibrium is more tilted towards M (Fig. S14). Judging from the
amplitudes of the M and O intermediates, it shows almost the same M-intermediate population as ChR2 at pH
7.4% (Fig. S13). Possibly, pKa values of important residues for the proton transfer (e.g. counterions of the retinal
Schiff base) are between 8 and 10, thus affecting the deprotonation of the retinal Schiff base and transient equilib-
ria between its protonated and deprotonated forms.

Conclusion

We investigated the excited-state and photoproduct-state dynamics of a functional chimeric channelrhodop-
sin C1C2, with known X-ray structure and which has properties similar to Chlamydomonas reinhardtii ChR1
and ChR2 with respect to absorbance, ion selectivity and photocurrent kinetics. With transient absorption and
pump-dump-probe spectroscopy together with target analysis and QM/MM calculations, we demonstrated that
the retinal isomerization in C1C2 occurs in 450 fs after photon absorption with an estimated quantum yield of
30% via a conical intersection CI, that is reached after clockwise rotation of the C13=C14 bond. Relaxation to
the initial ground state, which is a competing process of the isomerization, proceeds with three time components:
450 fs (via CI,), 2.0 ps and 11 ps via a second conical intersection CI, that is reached after counterclockwise
rotation of the C13=C14 bond. The presence of the additional conical intersection CI, lies at the basis of the
low (30%) isomerization quantum yield determined in this study. Structural heterogeneity on the ground-state
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Figure 8. Photocycle models of C1C2 at pH 8.

hydrogen-bond network around all-trans retinal possibly contributes to the distinct relaxation with 2.0 ps and
11 ps, but does not affect the isomerization with 450 fs. Furthermore, femtosecond to second photocycle of C1C2
has been determined. Strikingly, at pH 8 such M-like state is seen less significantly in C1C2 than in ChR2, while
the C1C2 protein shows higher ion conducting. Thus, clear differences were observed in amplitude of the M-like
state rise between C1C2 and ChR2, which indicates that the proton transfer mechanism and/or the transient equi-
libria between protonated and deprotonated forms of the retinal Schiff base is different in C1C2 and ChR2. Our
findings can be considered a crucial step toward the elucidation of channelrhodopsin photoactivation.

Methods

Sample preparation. The C1C2 chimera (1-348 amino acids) was expressed and purified from P. pastoris
according to previously described protocol*!. Protein was concentrated to 520 uM in 20 mM Tris-HCl containing
150 mM NaCl and 0.03% (3-D-maltoside (DDM) at pH 8.0. Buffers were exchanged by repeated dilution-con-
centration steps (Amicon Ultra 100000 MWCO, Millipore) to pH 10.0 (20 mM CAPS buffer with 150 mM NaCl)
containing 0.03% DDM. Protein samples were placed between two CaF, plates separated by a 400 um sample
spacer. The sample holder was set on the Lissajous scanner as reported previously* to excite a fresh part of the
samples in each pump-probe and pump-dump-probe data acquisition process™.

Transient absorption spectroscopy. Femtosecond to sub-millisecond transient absorption measure-
ments were performed by a pump-probe setup with synchronized 1kHz Ti:Sapphire amplifiers as reported pre-
viously®-%. A CaF, plate was used for supercontinuum white light generation, and selected wavelength regions;
380-680nm, were detected by the photodiode array. The time delay was varied up to 125 us at 169 data points
with the minimum temporal step of 50 fs. The diameters of the pump and the probe beams at the sample position
were ~200pm and ~70 pm, respectively. The wavelength of the pump beam was centered at 480 nm, and attenu-
ated to ~400 nJ. The instrument response function was ~150 fs, estimated from global fitting. The flash photolysis
experiments were performed as reported previously to observe transient absorption from 1 ps to 10s*.

Pump-dump-probe spectroscopy. Multi-pulse visible pump-dump-probe measurements were per-
formed on a setup reported previously? 3!. The central wavelength of the pump and dump pulses were set to
480 nm (~0.8 pJ/pulse) and 720 nm (~1.5pJ/pulse), respectively. The pump and dump pulses were modulated
using choppers to 500 Hz and 250 Hz, respectively. On the probe line, an 800-nm pulse was focused on a 2-mm
sapphire plate for supercontinuum white light generation. Two optical stages (IMS-6000, Newport) were installed
on the pump and dump lines, and the temporal difference between the pump and dump pulses was fixed as 300 fs.
The time delay between the pump and probe was covered from —50 ps to +100 ps with the shortest step of 20 fs
(Fig. S1). The pump-dump-probe spectra were globally fitted, and the instrumental response function was ~240
fs, estimated from the global fitting.

Global analysis and target analysis. The data were fitted by using global and target analysis*, with the
extension for pump-dump-probe data described previously?> *2 In global analysis, all wavelengths are ana-
lyzed simultaneously and a set of common time constants and spectra is produced®. In a sequential analysis
(1 -2 —3—....) the numbers indicate evolution-associated difference spectra (EADS) that interconvert with
successive mono-exponential decay times, each of which can be regarded as the lifetime of each EADS. The first
EADS corresponds to the time-zero difference spectrum. The first EADS evolves into the second EADS with time
constant 7;, which in turn evolves in the third EADS with time constant T, etc. This procedure clearly visualizes
the evolution of the excited and intermediate states of the system. In general, the EADS may well reflect mixtures
of difference spectra of pure electronic states, which may arise from heterogeneous ground states or branching
at any point in the photo-induced evolution®*>%. It is important to note that sequential analysis is mathemati-
cally equivalent to a parallel, sum-of-exponential analysis, which produces decay-associated difference spectra
(DADS). The analysis program calculates both EADS and DADS and the time constants that follow from the
analysis apply to both®. For a more detailed description of global analysis we refer to Van Stokkum et al. 20043,
The standard errors in the time constants were 10%°%>°.
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Computational methods. The monomer of C1C2 was built by using the crystal structure 3UG9 as tem-
plate’®, where the retinal shows an all-trans conformation. A hybrid quantum mechanics/molecular mechanics
(QM/MM) model was set, by including the retinal chromophore in the QM region. More in detail, considering its
successful results in describing quantitatively the energies and electronic structure of rhodopsin proteins® ¥ %
and retinal-based molecules®-2, the MS-CASPT2//SA-CASSCF methodology®® was applied, including the whole
7 system of the retinal in the active space (i.e. 12 electrons in 12 molecular orbitals). More in detail, the State
Average-Complete Active Space Self Consistent Field (SA-CASSCF) method was applied to optimize the system,
followed by MS-CASPT2 (Multi State-Complete Active Space Perturbation Theory to Second Order) energy cal-
culation on top of the SA-CASSCF optimized geometries, performed to include the dynamic electron correlation
by second-order perturbation theory. Indeed, the CASSCF method includes only the static electron correlation,
hence allowing only a qualitative description of the system, while the inclusion of the dynamic electron correla-
tion permits to reach a quantitative description of the ground and excited state energies.

CASSCEF optimizations and CASPT?2 single-point energy corrections were performed using 3 roots, i.e. the
ground state (S,) and the two lowest-lying singlet excited states (S, and S,). Indeed, even if we are interested in
the evolution of S, reaching S, through conical intersections, also S, was included for a better description of the
system electronic structure. Moreover, CASPT?2 calculations were performed using an imaginary shift of 0.2, as
conventionally applied to avoid eventual problems of intruder states. The IPEA shift was set to 0.0.

The CHARMM22 classical force field** was applied to the rest of the protein, while the TIP3P model®® was
used to describe water molecules. Considering the high resolution of the X-ray data (2.3 A)'* and the aim to
model the ultrafast photoinduced events after light absorption, all atom positions were kept to their crystal struc-
ture values, letting relax the active site, composed by the retinal and its nearby pocket (see below).

In order to correctly treat the frontier between the QM and the MM region, a hydrogen link atom was placed
between the nitrogen atom of the Schiff base and the first carbon atom of the lysine residue, Ce. This allowed to
include the whole chromophore in the QM region while keeping a reduced amount of atoms to be treated by the
computationally expensive multiconfigurational quantum chemistry method MS-CASPT2//SA-CASSCE During
QM/MM optimizations, the Morokuma scheme was used, i.e. the hydrogen link atoms was always kept along the
line connecting the frontiers’ QM and MM atoms.

The QM/MM (MS-CASPT2//SA-CASSCF/CHARMM) model applied ensures electrostatic and mechani-
cal embedding through the Molcas/Tinker interface, i.e. the QM region is polarized by the MM point charges
around. In order to avoid overpolarization of the QM wavefunction due to the presence of the hydrogen link
atom, the charge of the Ce atom and of the two connected hydrogens was set to zero and redistributed on the rest
of the atoms composing the lysine and the two neighboring amino acids.

During the QM/MM optimization, all atoms of the side chains and water molecules around the retinal - form-
ing the retinal binding pocket — were allowed to move, following the micro-iterations scheme, that is converging
the MM subsystem geometry every QM step. More in detail, the following residues were included: side chains
of the lysine covalently bound to the retinal, Glul62, Trp163, Thr166, Cys167, Trp262, Ser295, Pro266, Trp299,
Met294, 1le170, Cys298, Val125, Glul29, Asp292, Thr198, Leu221, Phe269, Phe217 and 6 water molecules. The
rest of the protein and water molecules were kept at their crystallographic position, in order to keep the overall
tertiary structure of the monomer. Indeed, the modeled retinal isomerization takes place in few hundreds of fs, a
time which does not allow a full protein (including backbone) relaxation.

Both, all-trans and 13-cis retinal-bound C1C2, were optimized on the ground state, followed by a calculation
of the S; minimum energy path from the all-trans Franck—Condon region to the S; minimum. Subsequently, it
was performed an all-trans-to-13-cis relaxed scan on the optically bright state (S,), along the photoisomerizable
dihedral angle. The 6-31 G(d) basis set was adopted for all optimizations, followed by energy calculations with
the ANO-L-VDZP basis set. Different hydrogen-bonding patterns to the retinal Schiff base were considered, by
CASSCF/MM optimization on the ground state: hydrogen bond (i) to deprotonated Glu162, as experimentally
observed'® and (ii) to a water molecule, as suggested computationally®®. In the case (i) a S; CASSCF/MM excited
state dynamics was additionally performed, considering the optimized ground state structure as initial geometry
and without initial kinetic energy (i.e. temperature =0K). A time step of 1 fs was adopted for integration of the
Velocity Verlet algorithm, keeping the total energy constant along the dynamics. This trajectory has the scope of
giving more insights into the initial vibrational relaxation process upon light absorption, i.e. from the Franck—
Condon to the S; minimum region. All calculations were performed with Molcas 7.8% interfaced to Tinker 5.

Stimulated Raman spectroscopy. Steady-state Raman spectrum of the dark-adapted state of C1C2 at
pH 8 was obtained by watermarked stimulated Raman spectroscopy as previously reported® ®. Raman pump
(800 nm, ~15]) and Raman probe (~840-960 nm) were spatiotemporally overlapped at the sample position with
the diameter of ~100 um.
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