Biophysical Journal Volume 109 July 2015 287-297 287

Kinetic and Vibrational Isotope Effects of Proton Transfer Reactions in
Channelrhodopsin-2
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ABSTRACT Channelrhodopsins (ChRs) are light-gated cation channels. After blue-light excitation, the protein undergoes a
photocycle with different intermediates. Here, we have recorded transient absorbance changes of ChR2 from Chlamydomonas
reinhardtiiin the visible and infrared regions with nanosecond time resolution, the latter being accomplished using tunable quan-
tum cascade lasers. Because proton transfer reactions play a key role in channel gating, we determined vibrational as well as
kinetic isotope effects (VIEs and KIEs) of carboxylic groups of various key aspartic and glutamic acid residues by monitoring their
C=0 stretching vibrations in H,O and in D,O. D156 exhibits a substantial KIE (>2) in its deprotonation and reprotonation, which
substantiates its role as the internal proton donor to the retinal Schiff base. The unusual VIE of D156, upshifted from 1736 cm ™
to 1738 cm~" in D0, was scrutinized by studying the D156E variant. The C=0 stretch of E156 shifted down by 8 cm~" in D,0,
providing evidence for the accessibility of the carboxylic group. The C=0 stretching band of E90 exhibits a VIE of 9cm ™" and a
KIE of ~2 for the de- and the reprotonation reactions during the lifetime of the late desensitized state. The KIE of 1 determined in

the time range from 20 ns to 5 ms is incompatible with early deprotonation of E9O.

INTRODUCTION

Channelrhodopsin-2 (ChR2) is a light-gated cation channel
from the unicellular algae Chlamydomonas reinhardtii (1).
Upon illumination, the cell membrane of any alien host
expressing ChR2 is depolarized. This renders ChR2 a major
tool in optogenetics where it is used to remotely induce
action potentials in neuronal cells just by turning on the
light (2,3).

The polypeptide of ChR2 folds into seven transmembrane
helices with retinal as chromophore bound to a lysine residue
of the apo-protein via a Schiff-base linkage. The dark state of
ChR2 is composed of a 70:30 mixture of all-trans/13-cis
retinal (4). After blue-light excitation, the retinal isomerizes
from the all-trans to the 13-cis configuration, which eventu-
ally leads to ion permeation. Excitation of 13-cis retinal was
concluded neither to be linked to proton transfer reactions nor
to the formation of the conductive state (5), presumably
because insufficient pKa and structural changes of the protein
backbone are elicited by this retinal isomer. As a conse-
quence of photonic excitation of all-frans retinal, the protein
undergoes a photocycle passing the intermediate states P,
P,3°, P;5%° and P,*%° (6-8). (The subscripts indicate the
temporal sequence of intermediate states in the photocycle,
and the superscripts represent the wavelength of maximal
absorption in the visible wavelength range.) It is stressed
that these intermediate states were defined by their different
electronic states of the retinal cofactor. Many more of the
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intermediate states are required to fully account for the
complex structural changes that eventually lead to channel
opening and closure—commonly denoted as “channel
gating”. Here, time-resolved infrared (IR) spectroscopy con-
tributes molecular sensitivity to resolve structural changes of
the holo-protein, protonation states, and hydrogen-bonding
of amino-acid side chains (9—11).

Despite the success of ChR2 and its variants in optogenetic
applications, the coupling mechanism of the electronic
changes in the retinal induced by photonic excitation and
channel gating, to our knowledge, has not been clarified in
molecular detail (12). The recently published crystal struc-
ture of a chimera of ChR1 and ChR2 from C. reinhardtii
(C1C2) founded the basis for meaningful mechanistic studies
and together with patch-clamp experiments suggested the
presence of a pore framed by helices A, B, C, and G (13).
Time-resolved electrophysiological experiments showed
that channel opening occurs during the late P,*° state
(200 us) and channel closure during p;3%° decay (10 ms).
Pulsed electron double-resonance spectroscopic (14) and
electron microscopic (15) studies on the trapped conductive
state of (the C128T mutant of) ChR2 revealed light-induced
rearrangements of helices B, F, and G that seem to persist in
the closed (desensitized) state P,**° state (16).

The similarity to the proton pump bacteriorhodopsin (bR)
suggested proton transfers to play key roles in the functional
mechanism of ChR2. It was actually found that ChR2
behaves as a leaky proton pump (17). We observed in
time-resolved experiments using a pH-indicating dye that
proton release and uptake occurs during the P;°*° formation
and decay, respectively (18). Steady-state Fourier-transform
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infrared (FTIR) spectroscopic experiments helped to iden-
tify similar conformational changes and (de-) protonation
events in ChR2 (6,19,20) and ChR1-ChR2 chimeras
(21,22) from C. reinhardtii. Different conformational and
protonation changes have been deduced from steady-state
FTIR experiments on ChR1 from Chlamydomonas augustae
(23-26). For ChR2 we have further shown by time-resolved
FTIR spectroscopy that D253 acts as primary acceptor of
the Schiff-base proton and D156 as primary donor (7).
E90 has been identified to be a major part of the ion
selectivity filter (6), and shown to deprotonate upon P,**°
formation and reprotonate from the bulk during ground-state
recovery (7). Consistently, while mutation of D156 or D253
has severe effects on the gating mechanism of ChR2
(D156A delays channel closure (27) and D253N prevents
channel opening (7), mutation of E90 does not affect the
photocycle kinetics but modulates ion selectivity (28,29)).
Other groups stated that E90 deprotonates early in the
photocycle and plays a direct role in the gating mechanism,
a conclusion mostly supported by molecular dynamics
simulations (30). While it is evident that electrostatics drive
structural changes in proteins and that helix hydration facil-
itates ion conductance (5,12,30), a general consensus on
how the observed proton transfer steps are linked to channel
opening and closure, to our knowledge, has not yet been
reached.

The exchange of H,O versus D,0O as a solvent leads to
delays in reaction steps, partially by solvent effects but
primarily by deuteration of exchangeable hydrogens of the
reactants. The increased mass of deuterium leads to a lower
zero-point energy of the vibrational ground state, thereby
increasing the energy barrier to break hydrogen bonds
(31), which accounts for the pD value in D,O being 0.4
higher than the equivalent pH value in H,O (32). Two major
effects are observed when deuterium substitutes hydrogen in
a protein: the first is a frequency downshift of a vibration
originating from an X-H group or coupled to such a group
(vibrational isotope effect, VIE). Such a case applies to
the C=O stretching vibration of carboxylic acids, which is
coupled to the O-H bending vibration. The second is the
delay of a reaction step of a protein that involves breaking
and formation of bonds, which also involves hydrogen. It
is quantified as the ratio of the rate (or time) constants re-
corded with the sample immersed in H,O and in D,O,
respectively (33), and is known as the kinetic isotope effect
(KIE). This parameter has proven of enormous impact in
mechanistic studies of membrane proteins such as bacterio-
rhodopsin (34,35), photosystem II (36,37), cytochrome-c
oxidase (38), lactose permease (39), and others.

Here, we determined the KIEs of the photoreaction of
ChR2 by flash photolysis ultraviolet-visible (UV-vis) spec-
troscopy, namely, for the P1500—>P2390, P2390—>P3520, and
P3520—>P4480 transitions. We then introduce, to our knowl-
edge, a novel flash-photolysis setup for nanosecond-time-
resolved IR spectroscopy using tunable quantum cascade
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lasers (QCLs) as an IR source, to determine the KIE for spe-
cific deprotonation and reprotonation events. These results
shed light on the role of D156 as the internal proton donor
to the retinal Schiff base (22), and gauge the possibility
that E90 deprotonates before the formation of the P,*** in-
termediate, as proposed by others (29,30).

MATERIALS AND METHODS

Sample expression and purification

ChR2 and the D156E variant were heterologously expressed in Pichia pas-
toris and purified by affinity chromatography. The protein was solubilized
in a solution of 0.2% dodecyl maltoside, 100 mM NaCl, and 20 mM HEPES
at pH 7.4/pD 7.8 (see Radu et al. (19) and Nack et al. (20) for further
details).

Flash photolysis in the UV-vis range

Time-resolved UV-vis experiments were performed using a commercial
flash photolysis unit (LKS80; Applied Photophysics, Leatherhead, Surrey,
UK). ChR2 was excited with a 10-ns laser pulse at a wavelength of
450 nm. The repetition frequency was set to 0.1 Hz and the energy density
to 3 mJ/cm?. The measuring light was emitted from a Xenon arc lamp. The
transient absorption changes were recorded on two different timescales.
The arc lamp was run in pulsed mode to achieve good signal/noise in the
early timescale (50 ns to 300 us). A (quasi-) continuous operation of the
lamp was used for the slower time range (300 us to 10 s). Each kinetic trace
was logarithmically averaged to reduce the data from 20,000,000 to 1000
points, and 20 of such traces were collected and averaged at six different
wavelengths: 360, 380, 440, 480, 520, and 540 nm.

The time traces were analyzed by global exponential fitting and by
maximum entropy lifetime distribution analysis (40). In the former method,
an estimate for time constants and their corresponding amplitudes is
obtained by fitting a limited number of discrete exponentials by nonlinear
weighted least-squares. In the latter, a distribution of exponential ampli-
tudes as a function of the time constant is estimated instead by the
maximum entropy method. The regularized value, a scalar that controls
the detail of the estimated distribution, was automatically determined using
the L-curve method (40).

Time-resolved IR spectroscopy

Samples for IR spectroscopy were concentrated to 4 mg/mL, dried on a
BaF, window, and rehydrated over the vapor phase generated by a glyc-
erol/water mixture (3:7 weight/weight). H/D exchange was achieved using
a 2:5 (weight/weight) mixture of a deuterated glycerol and deuterium oxide
mixture. The samples were measured at 24°C and at pH 7.4 and pD 7.8,
respectively.

Pulsed laser excitation was performed under the same conditions as for
time-resolved flash photolysis in the UV-vis range (see above). Time-
resolved detection in the IR range was performed on a home-built spectro-
meter using tunable QCLs (an external cavity QCL run in continuous mode;
Daylight Solutions, San Diego, CA). The monochromatic emission of the
QCL was directed on the sample and the transmitted intensity was recorded
by a photovoltaic MCT detector (KV104 Series, 50 MHz; Kolmar Technol-
ogies, Newburyport, MA). The detector output was amplified (KA-050
Series; Kolmar Technologies, Newburyport, MA) and divided into two
separate channels. Both channels were digitized by picoscopes (4227
Series; PICO Technology, St. Neots, Cambridgeshire, UK) with the first
running at a sampling frequency of 250 MHz and the second at 1 MHz.
The time-resolution of the detection system, limited by the detector/pream-
plifier system response time, was determined to be 15 ns (5). A quantity of
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50,000 pretrigger points were recorded (corresponding to 200 us and 50 ms,
respectively) before the exciting laser flash and were stored as reference in-
tensity. Transient absorbance changes were recorded by taking the negative
logarithm of the ratio of the intensity after the exciting laser pulse and the
mean average intensity in the pretrigger range. The linear equidistant data
points were logarithmically averaged and reduced to 100 points per decade.
Each kinetic was 35 times recorded and averaged to improve the signal/
noise. Then, the emission frequency of the QCL was tuned by 0.5 or
1 cm ™! steps for D,O and H,0, respectively. The experiment was repeated
to cover the frequency range from 1600 to 1700 cm™" in 200 steps. A sec-
ond QCL head was used for the range of 1690-1780 cm™~". Due to the lower
background absorption in this frequency range, the optical path length of
the sample was doubled, which increased the change in absorption in these
experiments. The overlapping spectral region was used to match signal
amplitudes in both data sets, which resulted in a merged dataset covering
the range of 1600-1780 cm™'. The data was multiplied by a Gaussian in
Fourier space to generate spectra at 4 cm ™' nominal resolution. The re-
corded IR data were subjected to singular-value-decomposition analysis
(see Lorenz-Fonfria et al. (7) for details). The QCL data set was recon-
structed with six singular-value-decomposition components, respectively.
Time-resolved rapid-scan FTIR experiments for samples rehydrated with
H,O0 and D,0, respectively, were conducted using a Vertex 80v spectrom-
eter (Bruker Optics, Ettlingen, Germany). The repetition rate of the pulsed
laser was 0.01 Hz, and spectra were measured from 5 ms to 90 s. Transients
from QCL and rapid-scan FTIR experiments were merged when monitoring
changes later than 300 ms. Multiexponential fitting of transients at single
wavenumbers was performed by ORIGINPRO (OriginLab, Northampton,
MA). Time-resolved step-scan FTIR difference data measured in H,O
were taken from Loérenz-Fonfria et al. (7) for comparison.

RESULTS

The electronic and structural changes of ChR2 are induced
by excitation of a 10-ns laser pulse. The corresponding
photoreaction was recorded in the UV-vis and mid-IR
ranges and the kinetics were analyzed from 50 ns on.
Kinetic and vibrational isotope effects were determined by
comparing experiments conducted on samples hydrated
either with H,O or with D,O.

Deuterium KIEs in the visible wavelength range

The reaction intermediates of the photocycle of ChR2, as for
any retinylidene protein, are characterized by the energy of
the absorption maximum of retinal. The corresponding
wavelength varies among intermediate states due to confor-
mational changes of the retinal cofactor and/or changes in
the protonation state of the retinal Schiff base. It has been
shown that the transitions between the intermediates of
ChR2 involve proton transfer reactions (7). Therefore, pro-
ton transfer may be a rate-limiting step in the photocycle
kinetics of ChR2, expected to exhibit altered kinetics upon
H/D exchange.

We probed transient absorption changes in the UV-vis
range of ChR2 immersed in H,O (Fig. 1, black trace)
and in D,O (red). Absorption changes were recorded at
380 nm, which are characteristic for the formation and
decay of the blue-shifted P2390 state; at 520 nm, resolving
the decay of the P,;°” and the formation and decay of the
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FIGURE 1 Transient absorption changes in the UV-vis range after pulsed
excitation of ChR2 in H,O (black traces) and D,O (red traces). The sample

was thermostated at 25°C and at a pH 7.4 or pD 7.8, respectively. Ground-

state recovery was probed at 480 nm, the red-shifted intermediates (PISOO,

P and P,*%) at 520 nm, and the blue-shifted intermediate (P5>°) at
380 nm. To see this figure in color, go online.

P3520 red-shifted states; and at 480 nm, monitoring the
recovery of the bleached ground state.

We performed a global-fit analysis to obtain time con-
stants, including kinetics recorded at 360, 380, 440, 480,
520, and 540 nm in H,O and in D,O. In addition, maximum
entropy lifetime distribution analysis was applied to the
kinetics of ChR2 in H,O, D,0, and in an equimolar mixture
of H,O/D,0 at two selected wavelengths at 380 nm (Fig. 2,
bottom panel), and at 520 nm (Fig. 2, top panel), giving a
visual perception of the magnitude of the KIE for each
exponential component. The KIEs derived from lifetime
distribution analysis will be used in the further discussion.
The results of both fitting methods are summarized in
Table 1 and compared to published data of the photocycle
intermediates of the proton-pumping retinylidene protein
bR (41-44).

In H,O, the rise of P23 s multiexponential, with a domi-
nant phase of 7 = 8 us (70% of the amplitude); the decay is
clearly monoexponential, with 7 = 2 ms (Fig. 2, fop panel,
black trace). P;°*° also rises monoexponentially with a 7 =
1.5 ms, and decays monoexponentially with 7 = 6 ms
(Fig. 2, bottom panel, black trace). The absorption of the
P> state decays in several phases (Fig. 2, bottom panel,
black trace). We assign its fast decaying component with

= 300 ns to a transition between two P1500 intermediates
that is silent in the E123T variant of ChR2 (5). P,°® further
decays, with 7 = 8 us matching the main rise of the p,3%°
state. Finally, the P,*** decays with 7 = 19 s; this was
determined by rapid-scan FT-IR at 1242 cm ™', which reflects
the ground-state recovery (7). Although weak in intensity, the
continuous light used to detect absorbance changes in the
visible, may lead to photoconversion of the P,**° state back
to the initial ground state, particularly when the lifetime is
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very long. At this stage, the much lower energy of IR radia-
tion is certainly more appropriate when the time constant
of the decay of the P4480 state is determined (see below).

KIEs were derived from the ratio of the time constants of
ChR2 dissolved in H,O and in D,O. A KIE of 1.8 was deter-
mined for the P;°%°— P,**° transition (Table 1). This is in
contrast to bR in purple membrane, which exhibits a much
larger KIE of 5.6 for the main step in the formation of the
M state, despite the fact that the retinal Schiff base gets de-
protonated in both intermediate states. The KIE for P;**°
formation and decay are 3.3 and 3.2, respectively. These
may be compared to the M— N and N — O state transitions
of bR showing weaker KIEs of 1.7 and 1.5, respectively. The
ground-state recovery kinetics of ChR2 exhibited with 2.6,
which indicates a proton transfer reaction to be rate-limiting
in the recovery of ChR2 (Table 1).

Time-resolved IR absorbance changes of ChR2

Visible spectroscopy is well suited to identify intermediates
of the ChR2 photocycle based on the electronic changes in

the retinal cofactor, but structural changes of the surround-
ing opsin moiety are spectrally silent. To address this, the
photoreaction of ChR2 was recorded by transient absorption
spectroscopy in the mid-IR range. A, to our knowledge,
novel spectrometer, employing tunable QCLs, was devel-
oped, where kinetic traces are recorded with a temporal
resolution of 15 ns.

The tunability of the QCL allows us to measure across a
broad frequency range. As an example of the fidelity of the
recorded data, Fig. 3 A provides an overview of the photo-
induced transient absorbance changes of ChR2 in the
amide I region (predominantly C=O stretching vibration
of the peptide bond in the spectral range between 1600
and 1690 cmfl). The QCL data are validated by time-
resolved FTIR spectroscopy using the step-scan technique
(Fig. 3 B; data were taken from Lorenz-Fonfria et al.
(7)). The latter data have been recorded at a lower time res-
olution (6 us). Overall, the data exhibit close agreement.
Clearly, the QCL approach provides higher time resolution,
but a broader spectral range is covered by step-scan FTIR
spectroscopy (30,45).

TABLE 1 Time constants for transitions of photocycle intermediates

ChR2 Transitions 7 (H,0) 7 (D,0) KIE of ChR2 bR Transitions KIE of bR
p,5% — p,3%0 8 us (9.6 us) 14 ps (17 us) 1.8 (1.8) L—->M 4.6-5.6
P, — py%° 1.5 ms (2.3 ms) 5 ms (7.0 ms) 3.33.0) M — N 1.7-1.8
P30 — p*%0 6 ms (6.4 ms) 19 ms (18 ms) 32(28) N-—-0O 1.5-2.0
P,* — ChR2" 19s 495 26 0 — bR 1.5-2.0

Time constants were derived from lifetime distribution and multiexponential global fitting (in parentheses) of transient absorption changes of ChR2 at 360,
380, 440, 480, 520, and 540 nm after blue-light (450 nm) excitation. The sample was measured in H,O and D,O and the KIE is given by the ratio of the time
constants. The KIEs characterizing the transitions of the various intermediate states of the bacteriorhodopsin (bR) photocycle were taken from the literature
(35,41-44). Because the rise of the M intermediate in bR is multiexponential, the KIE for the formation of M is given for the component with the largest
amplitude. The KIE of the recovery of ground-state ChR2 was determined by rapid-scan FTIR as described by Lérenz-Fonfria et al. (7).

“Derived from multiexponential fitting of the rapid-scan FTIR spectroscopic data at 1242 cm™ .
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For a detailed inspection, we extracted difference spectra
at 6 us and 6 ms after the exciting laser pulse (dashed vertical
lines in Fig. 3) as recorded by QCL (Fig. 4 A, red spectrum)
and step-scan FTIR spectroscopy (black spectrum), respec-
tively. The comparison reveals close agreement between
both spectroscopic methods. Minor deviations in the region
at ~1630, 1640, and 1700 cm ™! are the result of the higher
spectral resolution of the QCL setup (4 vs. 8 cm ™' of the
FTIR data). Two time traces at 1648 and 1616 cm ™' (dashed
horizontal lines in Fig. 3) were extracted to show the transient
absorption changes recorded with the dispersive QCL setup
and by step-scan FTIR spectroscopy (Fig. 4 B). Overall, the
kinetics agree well with minor deviations to be accounted
for the different spectral resolutions used (see above).

Deuterium isotope effects in the carboxylic region

After validation of the QCL setup, time-resolved IR dif-
ference spectroscopy was used to study the absorption
changes between 1690 and 1775 cm™' range (Fig. 5). In
this frequency range, transient protonation and hydrogen-
bonding changes of acidic amino acids (aspartic and gluta-
mic acids) have been previously reported for ChR2, albeit at
lower time resolution (5-7,29,30).

107 10® 105 10* 10° 102 10"
time /s

and 6 ms) as discussed in the text (see also
Fig. 4). To see this figure in color, go online.

Two of the isotope effects induced by the H/D exchange
must be discriminated in the analysis of time-resolved data.
First, the vibrational frequency of C=O stretching modes
are downshifted by 5-20 cm™' due to the increase in
reduced mass induced by the heavy isotope (46). The fre-
quency downshift of the C=0 stretch comes about due to
the coupling to the O-H bending vibration that is lost
when the hydroxyl of the carboxylic group is deuterated
(46). Second, the increased mass of the isotope leads to a
deceleration of the kinetics of the vibrational bands that
are associated with proton transfer reactions (47). Thus,
the analysis of isotope effects in time-resolved IR experi-
ments is complex.

Fig. 5 shows the time-resolved IR differences of ChR2 in
H,O (left panel) and in D,O (right panel), respectively.
Dashed horizontal lines in the contour plot indicate specific
bands at the wavenumber of their maximum absorbance
change. The vertical line indicates the time at which the
P;°%° state of the ChR2 photocycle has maximal accumula-
tion. This photocycle intermediate state is of particular rele-
vance as ion permeation place during its lifetime.

The intense positive band (red contour in Fig. 5 A) at
1695 cm™!, to which the C=0 vibration of the primary
acceptor of the Schiff-base proton, D253, contributes (7),

6 us

IAA =0.0015

1648 cm™'

]AA =0.004 I

AA

FTIR

FIGURE 4 Comparison of the time-resolved IR
data recorded by QCL (red) and step-scan FTIR
spectroscopy (black). (A) Extracted IR difference

1616 cm™’

spectra at 6 us and 6 ms. (B) Kinetics of absor-
bance changes (AA) at 1616 and 1648 em™ L
(Dashed horizontal lines) Zero line (AA = 0).
The FTIR data have been scaled to the amplitude
of the QCL data to facilitate the comparison. To
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see this figure in color, go online.
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is downshifted in frequency by 5 cm™' upon H/D exchange.
Because this vibrational band contains spectral contribu-
tions from overlapping vibrations other than the C=0O
stretch of D253, the determination of the KIE of its rise
and decay kinetics is pointless. The negative and positive
vibrational bands at 1717 and 1729 cm ™! (Fig. 5 A) are
shifted by 9 and 5 cm™ ' wavenumbers in D,O (Fig. 5 B),
respectively. These two bands have been assigned to
changes in hydrogen bonding of the C=0 group of proton-
ated E90 (6,7,29). The negative band at 1736 cm ! was as-
signed to the C=O0 vibration of the primary proton donor to
the Schiff base D156 (7). This band is slightly upshifted by
2cm ' in D,O (Fig. 5 B), which is an unusual response of
the carboxylic C=0 stretching vibration to deuteration. The
positive band at 1761 cm ™', assigned to the C=O stretch of
D156 in the P,°* intermediate (7) and more specifically to a
late P, state (5), is downshifted by 4 cm~'. Therefore,
although the frequency of the C=0O stretch of D156 in the
dark state is hardly affected in D,O (see below), it shows
a normal frequency downshift during the lifetime of the
P1500 intermediate, indicative of deuteration of the O-H
group of the carboxylic group of D156. The assignment of
the difference bands (6,7) and their vibrational isotope ef-
fects are compiled in Table 2.

The transient absorbance changes at 1736 and
1738 cm ™!, corresponding to the C=0 stretch of D156 in
ground-state ChR2, are plotted in Fig. 6 (black trace for ex-
periments in H,O and red trace in D,0). The decay and the
subsequent recovery in the millisecond time range, which

TABLE 2 Deuterium vibrational isotope effects (VIEs) in the
carboxylic region of the IR difference spectra of ChR2

v in H,O v in D,O VIEs (Av) Assignment
1717 em ™! 1708 cm ™! —9cm™! (—) E90
1729 cm™! 1724 cm™! —5cm™! (+) E90
1736 cm ™! 1738 cm ™! +2cm™! (—) D156
1761 cm™! 1756 cm ™! —5cm™! (+) D156

Biophysical Journal 109(2) 287—297

FIGURE 5 Contour plot of the IR absorption
differences of ChR2 in H>O (A) and D>O (B) in
the carboxylic region from 1690 to 1775 cm™".
Positive (red) and negative (blue) absorbance
changes. (Dashed horizontal lines) Maxima and
minima of difference bands at particular wavenum-
bers as discussed in the text. (Dashed vertical
lines) Time for maximal accumulation of the
P332 state. To see this figure in color, go online.
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were assigned to deprotonation and reprotonation of D156
(7), exhibit a KIE of 2.7 and 2.4, respectively. These KIEs
agree well with those determined for the rise and decay of
the P;°%° state as derived from time-resolved UV-vis spec-
troscopy (see Table 1), within the standard deviation of
~10-15% of the resulting time constants. This finding is
in coherence with our previous assignment of D156 to act
as the proton donor to the retinal Schiff base (7). Further-
more, the fact that a substantial KIE is observed after H/D
exchange strongly suggests that the side chain of D156 is
accessible to H/D exchange.

VIE in the D156E mutant

To further corroborate the exchangeability of the proton of
the carboxylic group of D156, the aspartic acid at position
156 was replaced by glutamic acid. This conservative
replacement does not impair functionality (7). Because of

1736 cm™
H,0

AA

1738 cm™’
D,0

PEERTTT AR TTTT B AR R TTTT AT SR TT1TT B AW Tt BATE Rt |
108 107 10% 10° 10* 10° 102 10"
time/s

FIGURE 6 Transient absorption changes of the C=O stretching vibra-
tional band of D156 (proton donor to the retinal Schiff base) probed at
1736 cm ™! in H,O (black) and 1738 cm ™! in D,0 (red). To see this figure
in color, go online.
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the delayed decay of P;**° (reprotonation of E156), it is
possible to observe the C=O stretch frequency of E156
by FTIR difference spectroscopy under continuous illumi-
nation (Fig. 7, lower panel). As previously reported
(7,19,20), the replacement leads to an upshift of the C=0
vibration in the dark state from 1736 cm™! (D156) to
1763 cm™' (E156) in H,O (black traces in Fig. 7). The
longer glutamate side chain likely locates the carboxylic
group in a conformation less favorable for H-bonding with
C128 and, thus, the frequency of the C=0O stretch is up-
shifted. In D,O, the C=O0 stretch of E156 exhibits a spectral
downshift by 8 cmfl, from 1763 cm™' to 1755 cm ™! (bot-
tom panel of Fig. 7), which provides evidence that the car-
boxylic group at position 156 undergoes H/D exchange.
Thus, it is accessible to the externally added D,O during
some steps of the photocycle.

KIE of proton transfer reactions involving E90

E90 is the other carboxylic residue that is protonated in
dark-state ChR2 and transiently deprotonated during the
ChR2 photocycle. The frequency of the C=O stretch of
the carboxylic of E90 is at 1717 cm ™' in H,O, which is

AA

IAA: 2x10*

ChR2-D156E

AA

IAA= 5x10°

1770 1760 1750 1740 1730
wavenumber / cm-*

FIGURE 7 IR difference spectra in the carboxylic region of wild-type
ChR2 (top panel) and the D156E variant (bottom panel). For the wild-
type, spectra at 6 ms in H,O and at 18 ms in D,O after the exciting laser
pulse were extracted from the QCL data. The spectrum for the D156E
variant was recorded under continuous illumination at 450 nm, representing
mostly the P;°%° state. The negative band was assigned to the C=0 stretch-
ing vibration of protonated D156 (fop panel) and E156 (bottom panel),
respectively. Vibrational isotope effect leads to a spectral upshift of
2 cm™ ! in wild-type ChR2 (top panel). The D156E variant exhibits a vibra-
tional downshift of 8 cm™' in D,0, typical for H/D exchange (bottom
panel). To see this figure in color, go online.
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shifted to 1708 cm ™! in D,0 (6,29,48). Despite this signif-
icant vibrational isotope effect, the transients at these
frequencies (Fig. 8) are very similar from 15 ns to 5 ms
(KIE = 1). This experimental observation agrees well
with our previous conclusion that the absorption changes
at 1717 cm™' in the submicrosecond range arise from
changes in hydrogen-bonding rather than from deprotona-
tion changes of E90 (7). This conclusion is also in agree-
ment with the wild-type-like photocycle kinetics (28) and
channel activity of the E9OA mutant (13,28).

At times longer than 10 ms, the kinetics of E90 at
1717 cm ™' is clearly delayed in D,O. This time range cor-
responds to the decay of the P;>%° state, which is bifurcated
to repopulate the initial ground state (75% of the molecules)
and to pass the P,**" state (25% of the molecules). Only
during the lifetime of the latter, is E90 deprotonated (7), a
process that exhibits a KIE of 2.2 (Fig. 8). Reprotonation
of E90 takes place in the transition from P4**° to the initial
ground state, which occurs in ~10-20 s (6,7) and shows a
KIE of 2.1. Both results indicate a late de- and reprotonation
of E90 in the ChR2 photocycle.

DISCUSSION

The first indications of proton transfer reactions in channelr-
hodopsin have been derived from time-resolved UV-vis
spectroscopic experiments. In analogy to other microbial
rhodopsins, a blue-shifted photocycle intermediate was
observed in the photocycle of ChR2 whose rise is associated
with the deprotonation of the Schiff-base linkage of the
retinal to K257 (8,49). This interpretation has been corrob-
orated for ChR1 from C. augustae by resonance Raman
spectroscopy (25). Transient proton release and uptake by

1717 cm™!
H,O

AA

1708 cm™!
D,0

ol

10 107 10¢ 10 10 10 102 10" 10° 10" 102

time/s

FIGURE 8 Transient absorption changes of wild-type ChR2 at
1717 em™! in H,O (black) and at 1708 cm™! in D,O (red). These fre-
quencies correspond to the C=O stretching vibration of E90 in water and
in deuterium oxide, respectively. Absorbance changes from 300 ms to
90 s were recorded by time-resolved rapid-scan FTIR spectroscopy and
merged to the time-resolved QCL data. To see this figure in color, go online.
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ChR2 to and from the bulk aqueous medium were detected
by pH-sensitive dyes (18). More recently, D253 and D156
have been identified as acceptors and donors to the retinal
Schiff base, respectively (7). These proton transfer reactions
do not only account for the residual proton-pumping activity
of ChR2 (17) but it appears that the channel function of
ChR2 is also highly dependent on these (12). As a promi-
nent example for the latter, the reprotonation of D156 is a
rate-limiting channel closure, as its replacement by a non-
protonatable amino acid delayed the lifetime of the open
state from 10 ms to >150 s (27). Exchanges of D253 to non-
protonatable amino acids abolished ion conductance
(7,13,50). E90 was shown to decrease its initial high pK,
during the photocycle (29), but deprotonation takes place
upon formation of the desensitized (nonconductive) P4480
state (7). This observation explains why the replacement
of E90 to nonprotonatable amino acids retains ion conduc-
tivity with barely affected kinetics (28,29). In contrast,
recently published molecular dynamics simulations and
time-resolved step-scan FTIR results suggested a downward
movement of E90, coupled to the deprotonation of E90 in
the submicrosecond time range, which opens the pore
(30). This causes an influx of water though the opened
pore and a tilt of helix B that fully opens the channel (30).
We showed here that the C=O stretching vibration of
E90 (at 1717 cm~ ! in H,O and at 1708 cm ! in D,0) ex-
hibited a significant KIE only after P;°*° formation. This
result supports our earlier conclusion that the deprotonation
of E90 occurs within the lifetime of the P4480. It is evident,
however, that E90 plays a central role in ion selectivity of
the channel because replacements lead to drastic alterations
in cation selectivity (29). As a matter of fact, the replace-
ment of the uncharged E90 to the positively charged lysine
or arginine residues converts the cation channel into an
anion channel (51).

The C=0 stretching vibration of carboxylate side chains
of aspartic and glutamic acids is diagnostic for proton trans-
fer reactions involving these residues. We developed and
applied here, to our knowledge, a novel, time-resolved setup

A B c
O 736om
D156 (ChR2) e
§ 10A Y
B i
<

1741 cm™’
D96 (bR)
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time/s
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for IR absorption spectroscopy on the basis of tunable
QCLs, which provides a time resolution of 15 ns and exqui-
site sensitivity. This setup is considered very versatile, and
we expect its application to mechanistic studies of proteins
of larger size and higher complexity.

D156 of ChR2 was shown to be the internal proton donor
to the retinal Schiff base (SB) (7,30). Thus, it is interesting
to compare the kinetics of the de- and reprotonation of D156
in ChR2 with D96 (Fig. 9 A), the proton donor to the retinal
SB in bR. The pKa of the latter residue is >12 (52) and
drops during the photocycle down to 7.1 (53). The fre-
quencies of the C=0 stretches of D156 and D96 appear
with 1736 and 1741 cm™', respectively, in a range that is
typical for the carbonyl oxygen accepting a single hydrogen
bond. Thus, the C=0 probe a local vicinity similar in elec-
trostatics for both residues. Despite the fact that the two res-
idues localize at very different spatial positions within the
respective proteins, the distances to the SB are with 10 A
(Fig. 9 B)and 11 A (Fig. 9 C) also similar. Although proton
transfers take place during intermediate state transitions that
involve structural rearrangements, it is not surprising that
the proton transfer from the respective donors to the retinal
SB take place in the same time range of 1-100 ms (Fig. 9 A).

Despite the coincidence in kinetics, and additional exper-
imental evidence as reviewed recently in Loérenz-Fonfria
and Heberle (12), the role of D156 as the SB proton donor
has been challenged (22,30), as well as the timing of E90
deprotonation (30). Therefore, additional experimentation
is demanded and the determination of deuterium isotope
effects represents a means to gain insight into the role and
timing of the proton transfers in the photocycle of ChR2.

Using time-resolved UV-vis spectroscopy, we determined
only a small KIE (<2) for the rise of the P,*% state, the
photocycle intermediate with deprotonated SB. This result
is in stark contrast to bR where the rise of the M state exhibits
a much larger KIE of ~5 (Table 1). It is concluded from this
result that deprotonation of the Schiff base is not rate limiting
in ChR2, but it is in bR. Furthermore, the P2390-t0-P3520 as
well as the P3520—t0-P4480 transitions show a stronger KIE

FIGURE 9 (A) Transient absorption changes of
the C=O0 stretching vibrations of the primary pro-
& ton donors of D156 of ChR2 and D96 of bR. The
i D96 kinetics recorded at 1736 cm™' correspond to
D156 of ChR2 (black trace) and is redrawn from
h Fig. 6. For comparison, the kinetics at 1741 cm ™'
3 of D96 of bR (red) is replotted from Zscherp
et al. (53). (B) Structure of channelrhodopsin
(PDB:3UGY) including the distance of the internal
proton donor D156 to the retinal Schiff base. (C)
Structure of bacteriorhodopsin (PDB:1C3W)
including the distance of the internal proton donor
D96 to the retinal Schiff base. The distances given
are from the N of the retinal Schiff base to the car-
boxylic OD2 of D96 in bR and to the carboxylic
OD1 of D195 in the C1C2 chimera (corresponding
to D156) of ChR2, respectively. To see this figure
in color, go online.
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in ChR2 (3.3 and 3.2, respectively) than corresponding tran-
sitions in bR (KIE < 2). This indicates that proton transfer is
rate-limiting during the lifetime of the late intermediates of
the ChR2 photocycle. Although proton-pumping bR and
ion-conducting ChR2 share structural and mechanistic simi-
larities, the different KIEs indicate distinct differences in
their proton transfer pathways. This is in agreement with
different residues playing the role of the SB proton
acceptor/donor: D253/D156 in ChR2 (equivalent to residues
D212/D115 of bR), while the SB proton acceptor/donor
pair in bR is D85/D96 (equivalent to residues E123/H134
of ChR2).

The comparison of the time-resolved absorption changes
bands in the carboxylic region show that all observed C=0
vibrations are sensitive toward H/D exchange (Fig. 5) but to
variable degrees. The KIE for the deprotonation/protonation
of D156 (Fig. 6) is very similar to the KIEs of formation
and decay of the P3520 state as detected in the visible (Ta-
ble 1). This result further supports our previous identifi-
cation of D156 as the primary proton donor (6). This
assignment has recently been challenged by Ito et al. (22)
and by Kiihne et al. (30). These authors argued from the
H/D insensitivity of the C=O stretching vibrational band
of D156 (6,22,30,48) that the O-H group of the carboxylic
group of D156 is not exchangeable, refuting the role of
D156 as proton donor to the retinal Schiff base (22,30).

In fact, we observed here that the C=0 stretch of D156 is
sensitive to H/D exchange, albeit with an unusual frequency
upshift by 2 cm ™' (Fig. 7, top panel), instead of the typically
observed downshift by 5-10 cm™ ' of this vibration. It is
pointed out that the C=0 stretch of D156 exhibited a
more typical downshift by 5 cm™' (from 1761 to
1756 cm ') during the lifetime of the P,°* intermediate
(Fig. 5). The typical H/D-induced downshift by 8 cm™
(from 1763 to 1755 cm™ ") is apparent in the D156E variant,
demonstrating that the carboxylic group at position 156 is
indeed accessible to H/D exchange. Thus, our results
resolve the major argument against the assignment of
D156 as the proton donor to the Schiff base.

What is left to be discussed is the scenario of the hydrogen-
bonded network surrounding the carboxylic group of D156
that accounts for the observed 2 cm ™' frequency upshift of
the C=O0 stretching vibration after H/D exchange, as well
as the 27 cm ™' (in H,O) upshift upon exchange from Asp
to Glu. It is well known that the frequency of the C=0 stretch
of a carboxylic group is modulated by H-bonding (46,54—
56), not only due to direct H-bonding to the C=0O group,
but also to the O-H of the carboxylic group.

The frequency of the C=O0 stretching vibration can up-
shift by >12 cm™"' and downshift by >70 cm ™', depending
on the H-bonding configuration according to quantum-me-
chanical calculations (46,55). Differences between the
strength of H-bonds and D-bonds (57) to the C=0 group
might induce different shifts in the C=O vibration. An
H-bond between the S-H group of cysteine and the C=0
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of a carboxylic group, as was proposed for the DC gate
(12,20), is expected to downshift the C=O frequency by
17 em ™" according to calculations performed on protonated
carboxylic acids in vacuo (55). In E156, this H-bond is
possibly disrupted due to the longer side chain of Glu
with respect to Asp, accounting for the 27 cm™' higher
C=0 frequency in the D156E variant (Fig. 10). It should
be noted that S-D groups are expected to be less polarized
than S-H groups, as deduced by the 2.5 lower extinction co-
efficient of S-D stretches with respect S-H stretches (58,59).
Under this reasonable assumption, deuteration of C128 will
reduce the strength of its H-bond with D156, presumably
upshifting the C=O0 vibration and compensating the down-
shift caused by the deuteration at the hydroxyl group of
D156 (Fig. 10).

Recent FTIR spectroscopic experiments recorded on the
C1C2 chimera and its variants, in which the corresponding
residues of D156 and C128 have been replaced (21), agree
very well with these data on ChR2. Thus, we consider the
correlation of FTIR experiments that resolve structural
changes of ChR2 with the dark-state structure of C1C2, as
determined by x-ray crystallography (13), to be valid and
meaningful. Deviations in the photocycle kinetics of the
two variants of channelrhodopsin, ChR2 and C1C2, have
been noted (21), but are irrelevant as long as time-resolved
approaches succeed in being used for separate photocycle
states, as was shown here.

Atypical shifts in the carboxylic region, as shown here
for the C=O stretching vibration of D156 in dark-state
ChR2, have also been reported for the C=O stretching
vibration of D96 in the L intermediate of bR (47). In this
latter case, the C=0 frequency of D96 in the ground
state showed a normal 9 cm™! downshift in D,O (from
1741 to 1732 cmfl), but in the L intermediate the fre-
quency exhibited a mere 1 cm™' downshift (from 1748 to
1747 cm™ ') (47). Maeda et al. (47) suggested a putative
H-bond of the hydroxyl group of D96 in the L intermediate

H,0 D,0
D156 D156
H —o\ D-0 : c=0
= e - c— [frequency
6o// N 60// upshift
strong = weak ;

~g-H¥C128 | ~Ns-p% 128

o E156| oy E156| g

H_O/C_\/ C—~ frequency

/
D-0
downshift
/\S
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5~Pc128
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FIGURE 10 Illustration of the hydrogen-bonding interaction of C128
and D156 (DC gate) in H,O and D,O. This model explains the different
VIEs of D156 and E156 upon H/D exchange. To see this figure in color,
go online.
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as the cause for the anomalous shift upon deuteration—a
suggestion that, to our knowledge, still lacks confirmation.

In any case, anomalous shifts in the frequency of the
C=O0 stretch of carboxylic groups of proteins upon deuter-
ation might indicate an unusual arrangement of H-bonds,
whose characterization are best addressed by applying so-
phisticated quantum-mechanics/molecular-mechanics cal-
culations (56,60,61).
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