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ABSTRACT: The primary reaction dynamics of channelrhodop-
sin-2 was investigated using femtosecond vis-pump/mid-IR probe
spectroscopy. Due to the fast deactivation of the excited state in
channelrhodopsin-2, it is possible to observe the direct impact of
retinal isomerization on the protein surrounding. We show that the
dominant negative band at 1665 cm™" tentatively assigned to an
amide I vibration is developed with a time constant of 0.5 ps. Also
a variety of side-chain vibrations are formed or intensified on this
time scale. The comparison of the light-induced FT-IR spectra of
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channelrhodopsin-2 in H,0O and D,0 at 80 K enabled us to tentatively identify the contribution of Arg side chain(s). The
subsequently observed decay of nearly the whole difference pattern has a particularly high impact on the C=C and C=N
stretching vibrations of the retinal. This suggests that the underlying mechanism describes a cooling process in which the excess
energy is redirected toward the retinal surrounding, e.g., the protein and functional water molecules. The pronounced protein
contributions in comparison to other rhodopsins point to a very eflicient energy redistribution in channelrhodopsin-2.

B INTRODUCTION

The green alga Chlamydomonas reinhardtii possesses seven
opsin-like genes (termed COP), which encode retinal-containing
proteins.' Among those, the ion channels channelrhodopsin-1
(ChR1) and channelrhodopsin-2 (ChR2) are responsible for the
phototactic and photophobic response of the algae.”* For ChR1,
it was first assumed that the channel is only permeable for
protons.* More recent results obtained at higher pH values show
that both ChR1 and ChR2 are also permeable for Na*, Li*, and
Ca**>® In recent years, especially ChR2 became particularly
known for its application in neurobiology because it depolarizes
cells within milliseconds after blue-light excitation. Together
with the archaeal halorhodopsin (HR) which hyperpolarizes cells
after yellow-light stimulus, ChR2 is most successfully used in the
field of optogenetic control.” "

The present study focuses on the photochemical character-
ization of ChR2's seven transmembrane motif (amino acids 1—
315).° The residual approximately 400 amino acids belong to a
cytoplasmic domain with an up to now unknown function.''
Both the 1projection structure and the resulting homology model
of ChR2"" as well as the high resolution X-ray structure of a
ChR1/ChR2 chimera'? show that ChR2 exhibits a high structure
consistency with the archaeal retinal protein bacteriorhodopsin
(BR). For helix C in which, for example, the homologue of BR’s
proton acceptor (ChR2: Glul23; BR: Asp8S) is found, ChR2
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and BR exhibit a very high sequence homology.® Unlike other
rhodopsins, both ChR structures argue for a dimer as functional
unit of ChR.'""> Asp253 (homologous to BR Asp212) rather
than Glul23 is supposed to be the major proton acceptor as
inferred from electrophysiological experiments on protein
variants where these residues have been exchanged.'” Glu83 or
Glu90 are proposed as the potential proton donor.>™'® His134,
the homologue of Asp96 in BR, is hydrogen bonded to Glu83."?

The high relevance of ChRs initiated a series of spectroscopic
and electrophysiological studies over recent years."'¥'>!772
Resonance Raman and retinal extraction experiments thereby
showed that approximately 70% of the retinal chromophores are
in the all-frans and the residual fraction in the 13-cis
configuration. After light adaptation, the isomer composition
does not change significantly. Only an additional small
population (5%) of presumably 9-cis-retinal is observable.”
Our vis-pump/vis-probe measurements showed that the
deactivation of the excited state, e.g. the retinal isomerization
and K photoproduct formation, takes place on identical time
scales as in BR and in sensory rhodopsin II (SRII).>**® After a
fast vibrational relaxation of the excited state population with 150
ts its decay with mainly 400 fs was observed. Thus, both the initial
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all-trans-retinal ground state and the 13-cis-retinal K photo-
product are populated. The reaction proceeds in the electronic
ground state with a 2.7 ps component assigned to a vibrational
cooling process. It is therefore likely that the isomerization
mechanism for ChR2 is similar to that proposed for BR.>”** Also,
flash photolysis experiments revealed the appearance of the first
red-shifted ground-state intermediate, K-like (P,**), within
nanoseconds.'>'” As the transition to the subsequent
intermediate is thermally activated, the early P,°* state can be
trapped at low temperature. The light-induced FT-IR spectrum
of ChR2 at 80 K revealed that the retinal underwent the all-trans
to 13-cis isomerization in this state.'>** The observation of a
strong negative band in the amide I region was surprising because
it has not been observed for retinal proteins to this extent
previously.'>** Radu et al. interpreted this amide I change as an
indication for pore formation®” that prepares the protein to open
the ion gate at a later stage. The subsequent M-like (P,*state)
intermediate is formed with a time constant of 4 us. Due to its
absorption maximum at 390 nm, one can assume that the Schiff
base exists in its deprotonated form, like in BR.*"?® Studies on
ChR mutants suggest that the channel shows first ion
permeability already at this stage.'” The main conductive state
is the subsequent red-shifted photocycle intermediate P>
Recently, it was shown that the rise and decay of this
intermediate concur with proton release and uptake.** Proton
pumping by ChR2 was demonstrated in the absence of a
membrane potential;29 Nack et al. refer to a mechanistic link
between the channel ion conducting and the proton pumping
mode.”* The closing of the channel is observed with time
constants in the range of 10—30 ms."®*? From a spectroscopic
point of view, a spectrally silent transition to a further red-shifted
photoproduct takes place. The channel is desensitized including
the repopulation of the initial all-trans-retinal ground state with a
very large time constant of 5 s.'¥** The temperature
independence of this component demonstrates that the
photoc:;ycle is most likely completed through a series of individual
steps.”® FT-IR measurements point to the fact that the hydrogen
bonding network of the ground state is restored in this process.**
In the present paper, we continue our ultrafast studies of
ChR2%**° using the structure-sensitive method of fs-vis-pump/
IR-probe spectroscopy. Additional insights in the chromophore
protein coupling are gained. Of particular interest is thereby the
formation dynamics of the difference band in the amide I region,
which was assigned to a conformational protein change.**

B MATERIALS AND METHODS

Light-Induced FT-IR Difference Spectroscopy. Light-induced
FT-IR difference spectra at 80 K were recorded with a spectral resolution
of 4 cm™ as previously described*” Briefly, 5 uL of a highly
concentrated solution of ChR2 (pH and pD of 7.4) was added to a
sandwich cell of two BaF, substrates which were inserted into a LN,
cryostat (Oxford Instruments Limited, Abingdon, UK). Sample
excitation was performed by a light-emitting diode (Luxeon Star,
Brantford, Canada, emission maximum at 462 and 30 nm FWHM,
power density of 10 mW/cm™2). FT-IR difference spectra were
calculated by subtraction of the dark state spectrum from the
intermediate state spectrum of the sample recorded under continuous
illumination at 80 K.

Vis-Pump/IR-Probe Spectroscopy. The transient absorption
measurements were performed using a ChR2 sample (truncated
construct, amino acids 1—315) solubilized in n-decyl-f-p-maltopyrano-
side (DM). A description of the protein extraction and the purification
can be found elsewhere.” Due to the high absorption of water in the
mid-IR spectral region, the measurements were performed on ChR2 in
buffered D,O solution (20 mM 4-(2-hydroxyethyl)-1-piperazineetha-
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nesulfonic acid (HEPES), pD 7.4, 0.2% DM, 100 mM NaCl). To obtain
a significant H/D exchange, the sample was stored in the D,O buffer for
two weeks. The sample was concentrated to a final optical density of
about 0.15 at 450 nm in a CaF, cuvette with a S0 ym path length using
centrifugal filters (Centriprep, S0 kD cutoff, Millipore, Schwalbach,
Germany).

The ultrafast pump/probe experiment is based on a Clark CPA 2001
laser (Clark-MXR, Dexter, MI), which provides pulses at a central
wavelength of 775 nm, a pulse duration of 170 fs, and a repetition rate of
1 kHz. A general description of the experimental setup is given by
Neumann et al.** Excitation pulses with a central wavelength of 430 nm
(absorption spectrum of ChR2 depicted in Figure 1a) and a pulse energy
of 400 nJ were generated by sum freguency mixing®> of noncollinear
optical parametric amplifier (NOPA)*>*** pulses and laser fundamental
pulses.
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Figure 1. (a) Normalized UV—vis absorption spectra of ChR2 in D,0
(black solid line) and H,O (dashed-dotted line) and the calculated
spectrum of the ChR2y state (gray line with dots); the H,O data set is
taken from ref 26. (b) Linear dependence of the visible absorption
maximum and the frequency of the C=C stretching vibration of some
selected retinal proteins in the ground and the K state (data taken from
refs 26, 30, and 31).

The probe pulses were created using a two-stage optical parametric
amplifier (OPA) and subsequent difference frequency generation
(DFG) of the OPA signal and idler pulses. For the probed spectral
region, three measurements were performed in the range between 1450
em™! to 1520 em ™), 1520 cm™! to 1585 cm ™), and 1585 cm™ to 1680
cm™, in each case with two overlapping channels. Pump and probe
pulses were polarized in the magic angle with respect to each other,
resulting in isotropic transient absorption signals. The cross-correlation
widths of the experiments were 300 fs to 350 fs depending on the
wavenumber. The exchange of the sample between two successive laser
shots was provided by simultaneous rotation and translation of the
sample.

To our knowledge, the UV/vis absorption spectra of pure all-trans- or
13-cis-retinal ChR2 samples are unknown to date. Therefore, we cannot
strictly exclude that besides the predominant all-trans configuration of
the retinal also the cis isomer is excited in our experiments. Wand et al.
showed that the initial retinal configuration influences the internal
conversion and photoisomerization dynamics of BR.>* However, for
ChR2 at least the variation of the excitation wavelength from 420 to 480
nm does not cause dynamic changes of the electronic transitions.?®

For the quantitative data analysis, we used a kinetic model that
describes the data as the sum of exponential decays. A Marquart
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Figure 2. Two-dimensional representation of the transient absorbance changes of ChR2 in the region of 1450 cm™ to 1690 cm™" after excitation at 430
nm. The x-axis is linearly scaled up to 1 ps and logarithmic afterward. The absorbance changes are color coded: red = positive, green = zero, and blue =
negative signals. The color is adjusted to the highest positive and negative signal. Because the cross-phase modulation around time zero has a significantly
higher amplitude (—8 X 10™*<AA < 6 X 107*) compared to the sample signal (—3 X 10~ <AA < 1.5 X 10™*) we added a rescaled second plot (b), in

which only the photoinduced signals of the sample are shown.

downhill algorithm optimizes n global time constants 7; for all
wavelengths simultaneously with wavelength dependent amplitudes
A,(4) for each component. Our model function assumes Gaussian pump
and probe pulses with a (1/e) cross-correlation width
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The n wavelength-dependent fit amplitudes A;,(4) represent the
decay-associated spectra (DAS) for each component. In this definition,
an infinite time constant is equal to a time-independent offset (¢>>t..) in
the transient absorbance changes, and hence it mainly corresponds to
the residual signal at the maximum delay time in our experiments (1.8
ns). In our case, strong coherent signatures due to the perturbed free
induction decay (PFID)***” and the cross-phase modulation®**" are
observed at negative delay times and around time zero. These effects
cannot be corrected by subtracting the corresponding spectra of the
solvent, e.g., the buffer. We therefore restricted the data analysis to delay
times >0.3 ps.

AA(t A) =) A,-u)exp(

i=1

B RESULTS

Steady-State Visible Absorption Spectroscopy. Figure
1a shows the ground state absorption spectra of ChR2 at pH 7.4
and pD 7.4 with their characteristic vibrational fine structure. The
spectrum taken in D,O well resembles the one recorded in H,O.
The main electrostatic properties around the chromophore
should thus be the same under both conditions.

Femtosecond Time-Resolved IR Spectroscopy. Figure
2a provides an overview about the photoinduced transient
absorbance changes of ChR2 in the spectral region between 1450
cm™' and 1690 cm™. The absorbance changes are color coded
(for more detailed information, see the caption of Figure 2).
Effects at negative delay times can be traced back to PFID,***
whereas the signal around time zero is dominated by the cross-
phase modulation.*®** The unperturbed photoinduced dynam-
ics of the sample are monitored at delay times >0.3 ps. A plot
illustrating only these contributions is depicted in Figure 2b. It
shows a multitude of positive and negative difference bands. In a
first step, the single contributions are therefore presented with
decreasing wavenumber of the band position (Figure 3).

Around 1665 cm™', a clear negative difference signature is
visible. The band is formed on a subpicosecond time scale and
possesses a constant amplitude of —0.1 X 107 at delay times >2
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Figure 3. Transient absorbance changes of ChR2 at selected
wavenumbers after excitation at 430 nm. The raw data are displayed
as dots and the global fit as a solid line. The y-axis is scaled for an optimal
visualization of the photoinduced reaction. As a consequence, part of the
cross-phase modulation around time zero had to be cut off.

ps (Figure 3a). Blue and red-shifted to this band are two small
positive signatures. Another strong negative difference band is
evident at 1635 cm ™. Because it exhibits the PFID at negative
delay times, the band is attributed to a chromophore ground-
state vibration. At short delay times, a positive contribution is
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visible around 1600 cm™. It splits into two features with

increasing delay times which slightly shift to the red or the blue,
respectively (Figures 3b and 4a). It is likely that a superimposed
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Figure 4. (a) Transient spectra (raw data) of ChR2 at selected delay
times colored in gray scale. (b) Decay-associated spectra of the global fit
analysis of the photoinduced data. A fit using three decay components
leads to a satisfactory description of the data.

negative band is the origin of this feature. The most intense
positive band of the examined spectral region is found around
1580 cm™". A positive absorbance change of 0.15 X 107 is
monitored directly after the cross-phase modulation (Figure 3c).
The further time course shows only a small decay component on
a 10 ps time scale. Around 1558 cm™, a strong and broad
negative difference band is visible. This contribution decays and
gets narrower on a 10 ps time scale. At long delay times (¢, > 100
ps), two negative difference bands centered at 1545 cm™" and
1561 cm™" are observed. The PFID at 1555 cm ™ indicates that at
least one of these bands is a chromophore ground-state vibration.
A positive absorbance change is monitored red-shifted to the
negative bands (Figure 4a). It decays with the same temporal
behavior (Figure 3c). Next to this band a broad (1520 cm™" to
1470 cm™") positive contribution is visible. It has very small
amplitude and decays with a 10 ps time constant. On the low-
frequency edge of the investigated spectral region, a small
negative band is apparent at 1467 cm™. It is formed on a
subpicosecond time scale and stays constant afterward (Figure
3d).

Band Assignment. Because the spectroscopic investigations
of ChR2 started only a few years ago, few vibrational bands have
been assigned. What makes things more difficult is the fact that
the early IR difference spectra of BR and ChR2 strongly differ so
that reasoning by analogy is only valid to a minor degree.
Nevertheless, possible assignments are presented in the
following section. However, they cannot be regarded as
complete; further studies are indispensable.

The signature of the PFID around 1555 cm™ allows the
assignment of the strong negative signature in this spectral region
to a ground-state vibration of the retinal chromophore. The
pronounced characteristics of this band in resonance Raman
experiments™® strongly suggest an attribution to the C=C
stretching vibration of the retinal. This assumption is further
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supported by the linear dependence of the visible absorption
maximum of the retinal and the frequency of the C=C
stretching vibration.*”*" Figure 1b shows that the visible
absorption maximum of ChR2 at 450 nm should result in a
C=C bleaching band around 1560 cm™!, as observed here.
Absorption maxima of the side bands 4,,,, = 420 and 470 nm
yield C=C bleaching bands at Z/cc = 1566 cm™" and 1555 cm™,
respectively. In analogy to other retinal proteins (Figure 1b), the
ChR2y product vibration should be found at lower wave-
numbers. We calculated the visible absorption maximum of the K
state by subtracting the ground-state spectrum from the ChR2y
— ChR2 difference spectrum recorded at 1.5 ns (Figure 1a, data
set taken from ref 26). The ChR2y absorption maximum was
found at approximately 510 nm which should cause a C=C
stretching vibration at 1548 cm™. A relatively broad positive
signature is observed in this spectral region at short delay times
but not visible at the end of the observation time, however
(Figures 4a, Sb). A positive C=C stretching band red-shifted to
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Figure S. (a) Comparison of the light-induced difference spectra of
ChR2 in H,O (black trace) and D,O (gray trace) recorded at 80 K. The
spectra were scaled to the same intensity at 1735 cm™. (b) Comparison
of the 80 K difference spectrum (black trace) with the transient
spectrum at 100 ps (gray trace). Both spectra were recorded in D,O and

have been scaled to the same intensity at 1665 cm™".

the ground-state bleaching band has also not been observed in
the respective ChR2y — ChR2 difference spectrum recorded at
80 K in H,O (Figure 5a).”> However, the low temperature light-
induced difference spectrum taken in D,O buffer shows a small
but broad positive contribution centered at 1525 cm™'. In
contrast, our transient spectrum at 100 ps reveals a small negative
signature at 1545 cm™" (Figures 4a, Sb). This may be interpreted
in the way that the positive signal of the ChR2y C=C stretching
vibration is superimposed by a negative band. Also, the respective
light-induced difference spectrum at 80 K shows a negative
signature at this spectral position, although it has higher
amplitude (Figure Sa). To our knowledge, the origin of the
negative band is unknown to date. An attribution to a (local)
amide II mode could explain the effect in a H,O sample. Because
our measurements were performed in D,0O, a putative amide II
band should be drastically reduced in intensity because only
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marginal parts of the protein have not been exchanged (Figure
Sa). Therefore, it seems improbable that changes in the amide II
band would fully compensate for the positive C=C stretching
band of ChR2y.

The most intense positive band is observed at 1580 cm™.
Directly after excitation, the band exhibits high amplitude and
only slightly decays on a 10 ps time scale (Figure 3c). Also, for
this band, the assignment to an amide II mode is unlikely for the
above-mentioned reasons. The signal height also excludes the
possibility that it is due to the spectral shift of a vibration of a
single amino acid. However, the crystal structure of a ChR
chimera shows a multitude of polar amino acids (Glu, Asp, Tyr,
Arg) in the immediate vicinity of the retinal.'> The side chains of
all these amino acids have distinct vibrational bands around 1570
cm™ to 1590 cm™'.*

The difference bands in the subsequent spectral region up to
1615 cm™" are dominated by two bands which change their band
position with increasing delay times. This behavior can be
explained by a superimposed negative species. On the basis of the
present literature, none of the three bands can be assigned. The
small amplitudes suggest that they originate from a perturbation
or a change of a single amino acid side chain. According to
Barth,* Arg, Tyr, or His side chains may contribute to the
observed difference signal.

The negative band around 1635 cm™ can be certainly assigned
to a retinal ground-state vibration due to the distinct signature of
the PFID. Also, in this case the resonance Raman experiments are
very helpful. For ChR2 in H,O, Nack et al.*® showed a band
appearing at 1657 cm™', which is assigned to the C=N
stretching vibration of the Schiff base. Upon deuteration, this
band shifts to 1629 cm™}, indicating the strong coupling of the
C=N and the N—H or N—D vibrations. The negative band at
1635 cm™" observed in this study is therefore assigned to the C=
N stretching vibration of the chromophore system. This
assignment is corroborated by the fact that the time evolution
of the transient at this wavenumber resembles that of the C=C
stretching band around 1560 cm™" (Figure 3a and 3c). The small
positive band around 1647 cm™" may be a result of the difference
signal of a Gln or Asn residue. In contrast to the negative band at
1635 cm™, the assignment of the strong negative signal at 1665
cm™" is not as clear. At negative delay times, only a very weak
negative signal is observed. The origin of this feature could again
be the PFID of another chromophore ground-state vibration
(e.g, the C=N stretching vibration of undeuterated sample>®)
or more likely it must be traced back to the oscillatory signature
of the PFID of the C=N vibration of the retinal Schiff base at
1635 cm™. The putatively high H/D exchange rate of the Schiff
base proton argues against the assignment to the C=N
stretching vibration of the protonated Schiff base. Also the
temporal behavior of the transient at 1665 cm™" clearly differs
from those of the C=N (1635 cm™) and C=C (1560 cm™")
stretching vibrations (Figure 3a and 3c). While the latter exhibits
the maximal amplitude at t;, = 0, the band at 1665 cm™ is formed
on a subpicosecond time scale. Also the subsequent dynamics
bears significant differences: The two retinal ground-state bands
(1635 cm™ and 1560 cm™) exhibit strong changes on a 10 ps
time scale, whereas the signature at 1665 cm™" stays constant
after 2 ps. An alternative assignment of the band at 1665 cm™" is
the attribution to a difference signal of one or more amino acid
side chains. However, a single amino acid most likely does not
cause such a large difference signal. Low temperature FT-IR
experiments also showed the appearance of a strong negative
band at this position'*** and assigned it to the amide I vibration.
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The fact that this difference band is formed on a 500 fs time scale
points to a rearrangement of the C=O oscillators near the
retinal binding pocket. If this assignment is correct, a
corresponding amide II"' mode should be present. Unfortunately,
the signal-to-noise ratio is slightly poorer in the respective
spectral region between 1450 cm™" and 1480 cm™". Nevertheless,
the formation of a negative band at 1467 cm ™" is observable on a
500 fs time scale (Figure 3d). The very weak intensity of this
difference band may be explained by the fact that the amide II'
vibration is not as sensitive to structural changes as the amide I
vibration. The band at 1467 cm™ could also be due to a bleach of
a HDO vibration.

Global Fit Analysis. For a quantitative analysis, the data were
modeled by a sum of exponentials. To avoid perturbing effects of
the cross-phase modulation, the data were fitted for delay times
>0.3 ps. The three subsequently recorded spectral regions were
modeled both individually and collectively; the deviations of the
time constants and the respective DAS are negligible. Although a
variety of difference bands had to be modeled, the whole data set
can be optimally described using three decay constants. The first
two time constants have values of 7, = 0.5 ps and 7, = 13 ps. The
last component was set to infinite and models the residual signal
at very long delay times. The corresponding amplitude spectrum
therefore resembles the transient spectrum after 1.8 ns (identical
to depicted 100 ps spectrum). Table 1 summarizes the obtained

Table 1. Comparison of the Time Constants Obtained in
Global Fit Analyses of the Vis Pump/Vis Probe>**® and Vis
Pump/IR Probe Data Sets of ChR2

7/ps 7/ps 7/ps 7
vis pump/vis probe <0.1 0.4 2.7 o0
vis pump/IR probe - 0.5 13 [

time constants and contrasts them with the time constants
determined by the global analysis of a pump/probe data set
recorded in the visible spectral range. 26

Figure 4b shows the DAS of the time components obtained in
the global fit procedure. The spectral characteristics of 7; can be
explained as follows: The broad positive signature between 1450
cm™" and 1500 cm™" originates from the small rise of the negative
signal in this spectral region. Around 1470 cm ™, an insection is
visible which can be traced back to the formation of the negative
band (putatively assigned to an amide II' vibration) at this
position. The negative amplitude at 1534 cm™ shows the
generation of the vibrationally hot and therefore red-shifted
C=C stretching band. Also, 7, has a significant influence on the
negative bleaching characteristics of this vibration. The positive
amplitude around 1570 cm™" corresponds to the decrease of the
blue shoulder of the bleach band. The DAS of 7; shows a
structured negative characteristic in the adjacent region. It is
ascribed to the formation of positive bands in this spectral range.
In the region of the C=N stretching vibration, the positive
amplitude at 1635 cm™ is indicative for the further small
decrease of this band. The most prominent feature of the DAS of
7, is found at 1665 cm™. This contribution describes the
formation of the strong negative band in this region. Subsuming,
it can be stated that the process connected to 7, consists of three
main contributions: First, the negative signatures due to the
C=C and the C==N stretching vibration of the retinal ground
state become slightly more negative with this time constant. This
might be attributed to the fact that superimposed positive bands
(vibrationally hot and thus broad contributions) decay on this
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time scale. Second, the formation of the dominant C=C product
band (1534 cm™) is connected to 7, Third, a variety of further
positive and negative bands are formed with this time constant,
among others the prominent band at 1665 cm™'. These
signatures are most likely not connected to the chromophore
but to the protein surrounding. All these processes can be
explained by the decay of the first excited state, ie., the
isomerization of the chromophore, which was observed on this
time scale in transient absorption experiments in the visible
region.B’26 The present IR data monitor well the direct impact of
the retinal isomerization on the protein.

The DAS of 7, significantly differs from that of 7,. Almost in
the whole spectral region a slight decay of positive and negative
difference bands is observed with this component. Especially the
bleached ground-state bands of the C—=C and C=N stretching
vibrations ((—)1555 cm™, (—)1634 cm™") as well as the product
signature of the C=C mode ((+)1534 cm™") of the retinal
chromophore are affected. Thus, we infer that 7, is connected to a
cooling process in which the vibrational energy is passed on to
chromophore low frequency modes as well as to the surrounding
water molecules and to the protein moiety. Interestingly, the
DAS of 7, has no amplitude in the region of the putative amide I
band at 1665 cm™, which means that this band is not affected by
the decrease of the molecular temperature of the system. Yet, an
explanation for this finding cannot be given.

Light-Induced FT-IR Difference Spectra at 80 K. The 80
K difference spectrum of deuterated ChR2 samples shows
remarkable deviations from that recorded in H,O (Figure Sa).

In the region specific to amide II vibrations of the protein
backbone (~1550 cm™"), the strong negative band at 1544 cm™"
becomes narrower and shifts to 1548 cm™ in the D,O spectrum,
suggesting that the band contains contributions of amide II
vibrations. The corresponding amide II’ mode is difficult to be
identified in the D,O spectrum, but the band at 1496 cm™" might
be a good candidate. The low intensity might be due to the
presence of an overlapping positive band. Indeed, at higher
frequencies, the band at (+)1557 cm™' becomes weaker in the
D,O spectrum, pointing to contributions from amide II modes
that are downshifted upon exposure to D,O. The shift of the
amide II band at 1544 cm™' reveals the negative band at 1548
cm™" and a broad positive spectral feature that peaks at 1525
cm ™", The former is due to the C=C symmetric stretch mode of
the all-trans-retinal in the ground state as shown by resonance
Raman spectroscopy.”’ The exact assignment of the latter is
difficult, but it may include contributions of the C=C symmetric
stretch mode of the retinal in the red-shifted photoproduct. At
higher frequencies, the negative band at 1565 cm™ gains
intensity in the D,O spectrum. The C=C symmetric stretch
mode of the 13-cis form of the retinal in the ground state is
expected to contribute at this frequency consistent with Raman
data.*® In the region specific to amide I vibrations of the protein
backbone (1620—1690 cm™), the strong negative band at 1666
cm™ is present in both the H,O and the D,0 spectrum. The fact
that this band is not altered in the D,O spectrum and also
manifests in the transient spectra at 100 ps (Figure Sb) indicates,
once again, that ChR2 undergoes conformational changes in the
peptide bond as soon as on the subnanosecond time scale. The
negative band at 1634 cm™' observed in the D,O spectrum
contains contributions from the C=N stretching mode of the
Schiff base as shown by Raman spectroscopy.*’

Remarkably, the positive bands at 1624, 1651, and 1677 cm™!
vanish in the D,0O spectrum, indicating that they do not originate
from amide I modes. The band at 1651 cm™" may include the
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C=N-H stretch mode of the retinal Schiff base in this early
intermediate. The frequency of the corresponding C=N-D
stretch in D, 0 is difficult to determine, but the positive bands at
1608 or 1599 cm™" are prime candidates. The frequencies of the
bands at 1624 and 1677 cm™" are consistent with arginine
stretching vibrations. Upon deuteration, these are down-shifted
to 1608 and 1580 cm™’, respectively.*’ Surprisingly, the
corresponding negative bands cannot be found in the spectrum,
which implies that they are shifted and compensated by the
stronger positive bands. These observations may suggest that
arginine side chains underwent alterations such as hydrogen
bonding changes already in this early intermediate.

Under these circumstances, the positive amide I bands
reflecting the change in protein secondary structure are not
present in the D,O spectra. Probably, they are less localized on a
particular amide I mode (less ordered) and are compensated by
the more ordered and more intense negative bands.

In the C=0 region indicative of protonated carboxylic amino
acid side chains, the difference band at (+)1741/(—)1735 cm™
was attributed to hydrogen bondin§ changes of D156 upon the
transition to the early intermediate.”>** The insensitivity toward
H/D exchange is surprising but has been reported for the same
band occurring during the lifetime of the P, state.'> At lower
wavenumbers, the weak bands at (+)1722/(=)1711 cm™ are
down-shifted to (+)1717/(—=)1705 cm™" in the D,O spectrum
together with a gain in intensity. In the absence of relevant site-
directed mutants, it is not clear if such a complex spectral feature
originates from changes of the protonation states and/or H-
bonding interactions of several carboxylic residues.

Previous FT-IR studies on ChR2 at 80 K showed that the
difference bands between 1740 and 1540 cm™" originating from
blue light-induced structural changes of both protein and retinal
chromophore (see above) are reverted upon green light
illumination (4 = 520 nm), as demonstrated by the mirror
image difference spectra.'> Such spectral behavior is consistent
with a strong retinal—protein coupling in ChR2, as suggested in
the present study.

B DISCUSSION

The primary reaction dynamics of ChR2 was studied using vis-
pump/IR-probe spectroscopy. The inherent sensitivity of
vibrational spectroscopy thereby enabled us to monitor not
only the photoinduced changes of the retinal chromophore but
also the response of the apoprotein.

Tentative Band Assignment. In the investigated spectral
region between 1680 cm™" and 1450 cm ™, a variety of positive
and negative difference bands are observable after photo-
excitation. The ground-state vibrations of the retinal chromo-
phore can be unambiguously disentangled from the other bands
by the unique signature of the PFID at negative delay times.
According to this effect, the ground-state C=N stretching
vibration of the retinal Schiff base link is found at 1635 cm™
(D,0) and the C=C stretching vibration at 1560 cm™". Both
band positions agree with those found in resonance Raman
measurements.”’ Due to the linear dependence of the visible
absorption maximum and the position of the C=C stretching
frequency,***" the positive contribution of the ChR2; C=C
stretching vibration is also assigned. Accordingly, we found a
positive signature at 1534 cm™' which exhibits a dynamics like
the depleted ground-state retinal vibrations. At the maximum
delay time of our experiment, this signature is absent; however, a
small negative band remains. The ChR2y product vibration is
therefore most likely superimposed by another band.
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Table 2. Summary of the Most Important Vibrational Contributions and Their Preliminary Assignment

vibration/cm™!

(=)1665 cm™

(-)1635 cm™

(+)1611 (fs-IR)/1608 cm™ (80 K FT-IR) (+)1580 cm™"
(=)1560 (fs-IR)/1565 cm™" (80 K FT-IR)

(+)1534 cm™

tentative assignment

localized amide I vibration

C=N-D stretch of the retinal Schiff base in ground-state ChR2
C=N stretching modes of deuterated Arg side chains

C=C stretch ground state

C=C stretch product state

Besides these retinal vibrations, the remaining strong positive
and negative difference signals are attributed to amino acid side
chain or local protein backbone vibrations. The most striking
band at 1665 cm ™" is assigned to a localized amide I change by the
insensitivity to H/D-exchange (see Figure Sa). It cannot be
excluded that the signal also contains a contribution of amino
acid side-chain vibrations, e.g., the C=0 vibration of an Asn or
Gln. The formation dynamics of the band at 1665 cm™ strongly
hints to the fact that this local rearrangement of the peptide
C=O0 vibrations is an immediate consequence of the retinal
isomerization. The residual difference bands can be attributed to
amino acid side-chain vibrations. The fact that the positive band
at 1580 cm ™" is present directly after the decay of the cross-phase
modulation indicates that this vibration is strongly perturbed by
the excitation of the chromophore. The respective functional
group(s) should therefore be located in the immediate vicinity of
the chromophore. Likely candidates for the difference band are
the asymmetric COO™ vibration of Asp/Glu, the C=C vibration
of His, and/or C—N stretching vibrations of Arg. The observed
positive difference bands at 1611 cm™ and 1596 cm™ (100 ps
spectra, Figure 4a) seem to be rather sensitive to the molecular
temperature of the system, because a small, but distinct, shift of
the bands is observed on a 10 ps time scale. Besides the
mentioned Arg vibrations, His (HisH," ©(C=C)) and Tyr
(Tyr—O~ v(CC) or Tyr-OH v(CC)8(CH)) vibrations might
also contribute to these difference bands. A clear-cut assignment
of all side-chain bands cannot be given at this stage. Studies using
site-directed mutants are currently being performed. However,
the comparison of the light-induced difference spectra of ChR2
in H,O and D,O buffer recorded at 80 K (Figure Sa) reveals that
some particular side-chain modes are very sensitive to the
structural changes induced by the isomerization of the retinal.
The positive bands peaking at 1624 cm™’, and 1677 cm ™" in the
H,O spectra disappear in D,0. They probably shift to 1580 cm™"
and to 1608 cm ™" upon deuteration. Due to their band position
in the infrared spectra, they are tentatively assigned to arginine
residues. The recent report on the crystal structure of a ChR1—
ChR2 chimera highlighted the relevance of Argl174 and Arg120
(Arg82 in BR) for ChR2 functionality.'>

Efficient Energy Transfer from the Chromophore to
the Protein. The analysis of the recorded time-resolved data set
shows that some of the difference bands already exhibit a large
signal amplitude after the cross-phase modulation and further
rise with a time constant of 7; = 0.5 ps; other bands such as the
tentatively assigned amide I and amide II' vibrations at 1665
cm™ and 1467 cm™' are formed with this time constant. A
comparison to transient absorption measurements performed in
the visible spectral range as well as a fluorescence upconversion
experiment reveals that the process associated with this time
constant must be ascribed to the deactivation of the excited state,
e.g., the isomerization of the chromophore. The formation of the
amide bands with this time constant thereby directly proves that
the isomerization of the retinal in ChR2 does not only cause
distortions of the side chains and the H-bonding network in the
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vicinity of the retinal but also highly affects the local protein
backbone. Thus, the ion channel ChR2 does not only exhibit a
speed-optimized retinal isomerization dynamics but is also
constructed to efficiently transfer the excess energy to the
protein. Kato et al. concluded that a motion of the C-terminal
end of TM1 opens the pore exit formed by TM1, TM2, and
TM?7. However, because no direct interaction between TM1 and
the chromophore is observed in the crystal structure, the energy
of retinal isomerization must be transferred to this helix via
movements of TM2, TM3, and/or TM7. Our study strongly
supports this suggestion, as a very strong chromophore protein
coupling is monitored.

The time constant of 7, = 13 ps describes a decay of the whole
difference pattern except for the band at 1665 cm™. The
depleted ground-state vibrations of the C=C and C=N
stretching vibration are particularly influenced. Thus, we
concluded that the connected component describes a cooling
process on the vibrationally hot ground-state potential (S,
deactivation occurs within approximately 500 fs*®). Thus, the
excess energy of the all-trans- and 13-cis-retinal population is
transferred to retinal low frequency modes as well as the
chromophore surroundings, e.g., protein backbone, side chains,
and functional water molecules. This leads to an overall decrease
of the molecular temperature. Compared to the transient
absorption experiments performed in the visible region,”**° a
significantly larger time constant of 13 ps is observed for the
cooling process following the excited-state deactivation in the
corresponding IR experiment. This does not necessarily mean
that a different transition is observed in this case. The process in
the IR also contains contributions of energy distribution from the
chromophore to the protein, internal vibrational redistribution of
the chromophore into low frequency modes, and vibrational
cooling in the surrounding protein. Usually, cooling is
accompanied by strong shifts in the vibrational band position
as well as changes in the bandwidth. Here we observe only for the
retinal vibrations (1(C=C)gg = 1555 cm™, 1(C=C)x = 1534
ecm™!, and v(C=N)gs = 1634 cm™") of ChR2 and for the side-
chain modes peaking at 1596 and 1611 cm™ (at 100 ps)
alterations in the band position and the bandwidth. In contrast,
the huge amide I band at 1665 cm™ is completely unaffected by
this process. Overall, the energy dissipation in ChR2 is very
efficient.

Comparison to Other Retinylidene Proteins. The
comparison of the observed photoinduced vibrational dynamics
of ChR2 to the bacterial retinal protein proteorhodopsin (PR)*
shows major differences. For PR, the long lifetime of the excited
state leads to a variety of vibrationally hot populations during the
first 20 ps, which are located in the excited state as well as in the
all-trans and 13-cis ground states. This results in a superposition
of broad, mostly red-shifted chromophore vibrations, which
hampers the general band assignment. Also, the transfer of the
excess energy to the proteins seems not to be as pronounced as in
ChR2. Contributions of the apoprotein show up only as a small
negative amide I band*>**** or a positive amide II signature
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which in this case was visualized by selective labeling.*®
Photoinduced side-chain vibrations were sparsely observed.*
Although the excited-state deactivation processes of the archaeal
proton pump BR, the phototaxis sensor SRII, and the cation
channel ChR2 are very similar, the photoinduced vibrational
spectra of BR and SRII exhibit much less pronounced difference
bands ascribed to the protein backbone.**™** Side-chain
vibrations are virtually not detected. Assuming that the extinction
coefficients of the vibrational bands and the quantum yield of K
formation are similar for ChR2 and the mentioned rhodopsin,
the chromophore protein coupling, e.g., the energy transfer, must
thus be clearly more efficient in ChR2. Also, for rhodopsin (Rh),
an ultrafast isomerization (approximately 200 fs) and a strong
coupling of the retinal chromophore to the protein are
observed.* "> However, to the authors’ knowledge, no ultrafast
IR data are published yet, which rules out any comparison.

H CONCLUSION

From our vis-pump/IR-probe measurements, it is evident that
ChR2 retinal isomerization has a very high impact on the protein
surrounding. Some side-chain difference bands already appear
within excitation; the pronounced difference band at 1665 cm™
most likely originating from an amide I vibration is formed with a
time constant of 500 fs. The ultrafast formation of this
contribution supports a very strong chromophore protein
coupling. In comparison to BR, SRIIL, and PR, the early light-
induced IR spectra of ChR2 exhibit considerably more side-chain
difference bands and an enlarged amide I contribution. We
therefore conclude that the energy transfer from the retinal to the
opsin moiety does not correlate with the isomerization speed.
The combined photophysical and structural conditions in ChR2
seem to be a case sui generis among retinal proteins. Thus, it is
perfectly suited for a comprehensive study addressing the
implications of retinal isomerization on the structural changes of
the protein matrix. However, an extensive band assignment is
indispensable for this concern.
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