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ABSTRACT: In recent years, gating and transient ion-
pathway formation in the light-gated channelrhodopsins
(ChRs) have been intensively studied. Despite these efforts,
a profound understanding of the mechanistic details is still
lacking. To track structural changes concomitant with the
formation and subsequent collapse of the ion-conducting
pore, we site-specifically introduced the artificial polarity-
sensing probe p-azido-L-phenylalanine (azF) into several
ChRs by amber stop codon suppression. The frequently
used optogenetic actuator ReaChR (red-activatable ChR)
exhibited the best expression properties of the wild type and
the azF mutants. By exploiting the unique infrared spectral
absorption of azF [v,(N;) ~ 2100 cm™'] and its sensitivity to

polarity changes, we monitored hydration changes at various sites of the pore region and the inner gate by stationary and time-
resolved infrared spectroscopy. Our data imply that channel closure coincides with a dehydration event occurring between the
interface of the central and the inner gate. In contrast, the extracellular ion pathway seems to be hydrated in the open and closed
states to similar extents. Mutagenesis of sites in the inner gate suggests that it acts as an intracellular entry funnel, whose
architecture and composition modulate water influx and efflux within the channel pore. Our results highlight the potential of
genetic code expansion technology combined with biophysical methods to investigate channel gating, particularly hydration
dynamics at specific sites, with a so far unprecedented spatial resolution.

hannelrhodopsins (ChRs) are light-gated ion channels

that conduct protons,’ cations,”* or anions.”® Their
seven-transmembrane helix (H) bundle accommodates a
retinal chromophore covalently linked via a retinal Schiff
base (RSB) to a highly conserved lysine residue (Figure 1A).
In 2012, Kato et al. determined the crystal structure of the dark
state of the cation-conducting ChR chimera C1C2 composed
of ChR1 (H1—HS) and ChR2 (H6 and H7) of Chlamydomo-
nas reinhardtii and revealed the first detailed structural
information regarding the ion channel architecture (Figure
1A).” The putative channel pore is formed by residues of H1—
H3 and H7, including several negatively charged glutamates in
H2, and becomes wider at the extracellular side (half-channel).
In the dark, the pore is blocked by two spatial constrictions.
One is situated in the core of the photoreceptor close to the
RSB, called the central gate (S102, E129, and N297 in C1C2),
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and the other faces the intracellular side, termed the inner gate
(Y109, E121, E122, H173, H304, and R307 in CI1C2).
Computational calculations predicted a discontinuous water
distribution within the transport path for the dark state of
ChRs due to the channel gate(s).*”"> Upon photoactivation,
ChRs undergo global helix movements of H2 and H77O
and/or partial unwinding of the cytoplasmic end of H2,"
which is expected to constitute the conductive state. However,
the detailed molecular mechanism of channel opening and
closing in ChRs, especially formation and decay of a hydrated
pore, is barely understood.
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Figure 1. Introduction of IR-active p-azido-L-phenylalanine (azF) into channelrhodopsins. (A) Structural overview of the putative ion-conducting
pathway (magenta arrow) of the channelrhodopsin C1C2 (Protein Data Bank entry 3ug9) flanked by helix 2 glutamates that is interrupted in the
dark by the interhelical hydrogen bond networks of the inner gate (blue) and the central gate (red). Helices are marked as HI—H7 and cavities
within the protein (faint blue) were predicted by HOLLOW. (B) Simplified scheme of stop codon suppression. HEK293T cells are co-transfected
with three plasmids encoding the amber mutant of ChR (ChRy,g), the suppressor tRNA with a complementary anticodon (tRNA¢y,), and the
evolved aminoacyl tRNA synthetase (aaRS,,r). tRNA(y, is charged by aaRS,, with the unnatural substrate azF (yellow star), which is integrated
into the nascent polypeptide chain built by canonical amino acids (blue circles) in response to a TAG codon on the mRNA. The target site is
highlighted in the sequence alignment (gray box). (C) Normalized UV—vis spectra of purified ChRs in Dulbecco’s phosphate-buffered saline
(DPBS) (pH 7.4) with 0.03% (w/v) n-dodecyl f-p-maltopyranoside (DDM). (D) Yields (in micrograms per 100 mm culture dish) of recombinant
wild types (plain bars, expression for 36—48 h) and corresponding azF mutants (shaded bars, expression for 76—86 h). The suppression efficiency

(yield of azF mutant/yield of wild type) is listed above each column.

To investigate the molecular details of reaction mechanisms
of photoreceptors, Fourier transform infrared (FTIR) differ-
ence spectroscopy is a powerful tool and over the past several
decades has been successfully applied to elucidate light-
induced reaction pathways of microbial and vertebrate

16—18 . . .
It allows one to monitor minute alterations

rhodopsins.
in specific receptor groups, involving proton transfer reactions,
changes in hydrogen bonding, secondary structural changes,
and chromophore movements. Time-resolved FTIR techni-
ques provide profound insight into the photocycle dynamics in
the time range from nanoseconds (step scan) to seconds
(rapid scan)."” For the assignment of bands in the FTIR
difference spectra, a number of methods such as site-directed
mutagenesis and '*C labeling were developed.”® Changes in
the secondary structure are usually derived from the amide I
(1700—1620 cm™) and amide II (1570—1510 cm™") bands of
the protein backbone. However, they report simultaneously on
a multitude of structural moieties of the entire protein, so that
a clear assignment to distinct protein regions is complicated
and requires more sophisticated labeling techniques for a site-
specific assignment.

Global isotopic labeling of a group of residues by selective
pressure incorporation (SPI)*"** or stable isotopic labeling of
amino acids in cell culture (SILAC)**~*° is a nonperturbative
method and allows a better assignment of certain bands.
However, replacement by SPI and SILAC is solely advanta-
geous for IR studies when the residues chosen for substitution
occur in small quantities, preferentially as a single copy.
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Moreover, incorporation of isotopically labeled cofactors can
assist in the identification of chromophore bands.”’

Artificial IR reporters like azido (Nj;),”*7*° cyano
(CN),***'=* and thiocyanato (SCN)***** are beneficial
for vibrational spectroscopy in several respects. First, they
provide specific information about single-residue dynamics
within their protein microenvironments. Second, they are
relatively strong chromophores (¢ ~ 250—680 M™'

em™1)**°%37 and absorb in a spectral window lacking
endogenous protein vibrations (2300—2050 cm™'). Lastly,
they are sensitive to subtle changes in their electrostatic
environment (vibrational Stark effect),”® particularly caused by
alterations of their hydration status due to hydrogen bonding
interactions.’”*

In contrast to early approaches to incorporating IR reporter
groups by chemical peptide synthesis,”*' which is rather
limited to smaller polypeptides, these probes can be integrated
into proteins either co-translationally as methionine analogues
(azido homoalanine and azido norleucine)*' ™" or post-
translationally by cysteine alkylation®® or cyanylation
(SCN).** As ChRs contain several copies of (functional)
methionine (>7) and cysteine residues (>6), global
replacement would result in a complex, superimposed
spectrum of several reporters. To decrease the number of
target sites, intensive mutant screening (and subsequent
characterization) is mandatory. Additionally, chemical down-
stream transformation of cysteines is virtually limited to
accessible, solvent-exposed labeling sites. More importantly,
some cysteines are functionally relevant and/or crucial for
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Figure 2. Electrophysiological and microscopic performance analysis of the orthogonal pair. Whole cell patch clamp recordings and laser scanning
confocal microscopy of HEK293T cells expressing ReaChR in the presence of (A) azF and the azido mutant Y110azF (C) with or (B) without azF
in the medium. HEK293T cells were co-transfected with plasmids encoding tRNA, and aaRS,;. For confocal images, mCerulean3 fluorophores
were excited with 2 and 6% laser power for the wild type (A, inset) and Y110azF (B and C, insets), respectively. The appearance of any
fluorescence in the Y110azF experiment lacking azF speaks to a truncated and/or poorly folded product potentially based on a translation restart via
a methionine downstream from the amber codon. (D) Peak photocurrents (I,) of panels A—C plotted as a bar diagram. (E) Normalized action
spectra (10 ms activation) of the wild type (blue squares) and Y110azF (red circles). Data points were fitted with Weibull functions. (F) Channel
closure kinetics (apparent 7.g biexponential fit) of the wild type (blue) and Y110azF (red) upon green illumination (530 nm, S00 ms). Data in

panels D—F represent means + the standard deviation.

protein stability and integrity, so that mutagenesis could cause
a complete lack of expression.”*

Alternatively, the site-directed integration of IR sensors can
be achieved in a one-step procedure using genetic code
expansion by stop codon suppression. Site-directed muta-
genesis is utilized to place one of the three stop codons (TAG,
amber) inside the gene of interest, which is then recognized by
a modified suppressor tRNA with a complementary anticodon.
The suppressor tRNA is charged in vivo with the IR-active
unnatural amino acid by an evolved aminoacyl tRNA
synthetase (aaRS). Most of the published orthogonal pairs
(suppressor tRNA and aaRS) are primarily functional in
Escherichia coli, but expression of eukaryotic membrane
proteins like ChRs is not trivial in the lower prokaryote.*~**
Therefore, we previously designed an orthogonal pair
(tRNAcys and aaRS,;) for incorporating p-azido-L-phenyl-
alanine (azF) into proteins expressed in human embryonic
kidney (HEK293T) cells (Figure 1B). For example, this system
was applied for the selective incorporation of azF into bovine
rhodopsin (bR).*”*°

In the study presented here, we employed genetic code
expansion in different ChRs using amber stop codon
suppression. We achieved optimal yields of labeled protein
for the well-characterized red light-activatable ChR
(ReaChR).* Site-specific labeling with azF at different
positions along the putative channel pore allowed the
localization of changes in protein hydration by steady-state
and time-resolved FTIR spectroscopy at molecular resolution.
Our data imply that channel closing is associated with a late
dehydration event within the interface of the inner and central
gate and that the inner gate modulates the migration of water
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into this compartment. These findings complement our
previous studies of green-absorbing ReaChR’”>' and are
relevant for the application of this frequently used optogenetic
tool"”** and furthermore pave the way for a more general
understanding of pore formation and collapse in ChRs.

B RESULTS
Expression of ChRs and Azido Mutants in HEK293T

Cells. To incorporate the unnatural IR-active amino acid p-
azido-L-phenylalanine (azF) into ChRs, we assessed expression
levels of six different wild-type proteins in HEK293T cells.
Maximal expression was observed ~36 h after transfection
(Figure S1, left). Purified photoreceptors were investigated by
ultraviolet—visible (UV—vis) spectroscopy (Figure 1C), and
yields were determined from chromophore absorption (Figure
1D, plain bars). Chronos, a ChR from Stigeoclonium
helveticum,” and ReaChR* exhibited the highest level of
expression (>20 ug/dish). As Y109 in C1C2 (H1) is part of
the inner gate blocking the putative ion channel pathway
toward the cytoplasmic side in the closed state,””" it was
chosen as a target site to probe local dynamics upon
photoactivation and channel opening as well as channel
closure. Additionally, tyrosine substitution against azF results
in a sterically similar side chain and is thus less invasive.
Therefore, Y109 in C1C2 and the homologous tyrosines in the
other ChRs (Figure 1B, bottom right) were replaced by azF
using amber stop codon suppression (Figure 1B). Expression
maxima of the azF mutants were delayed compared with those
of wild-type proteins and peaked roughly 83 h after
transfection (Figure S1, right). Yields of purified mutants are
depicted in Figure 1D (shaded bars). Even though C1C2
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possessed the highest suppression efficiency (yield of azF
mutant/yield of wild type), amber mutants of Chronos
(Y87azF) and ReaChR (Y110azF) showed the largest absolute
protein amounts. Given the superior expression properties of
ReaChR, we proceeded with the green-absorbing chimera for
subsequent experiments.

Performance Analysis of the Orthogonal Pair by
Microscopy and Electrophysiology. To test whether the
applied orthogonal pair of suppressor tRNAcy, and aaRS, ¢
specifically recognizes azF and whether the functionality of the
expressed azF mutant is preserved in the presence of the
artificial analogue, electrical measurements under voltage
clamp conditions were performed for ReaChR and Y110azF.
All HEK293T cells used for electrophysiological measurements
and confocal microscopy were co-transfected with tRNAcy,
and aaRS_ Current traces of the wild type with azF
supplemented in the medium (Figure 2A) resemble currents
of the wild type without the addition of azF,”* while the peak
current amplitude is reduced 3-fold in the amber mutant
(Figure 2C,D), most likely due to the reduced level of
expression of full-length protein. This is consistent with a
weaker fluorescence signal of the amber mutant seen in
confocal images (Figure 2C, inset). Strikingly, light-induced
currents of Y110azF in the absence of azF are hardly detectable
(Figure 2B,D), indicating a small quantity of unspecific read-
through of the UAG codon and accumulation of the truncated
product that does not drive ion transport. Incorporation of azF
does not affect the A, of the action spectrum reporting for
wavelength-dependent photocurrents (Figure 2E), but channel
closure kinetics of Y110azF after illumination (530 nm, 500
ms) are slightly faster than in the wild-type protein (Figure
2F).

Bioorthogonal Coupling of ReaChR with Incorpo-
rated azF to Fluorophores. To verify functional incorpo-
ration and conservation of azF in ReaChR, the two azF
mutants Y112azF and W115azF (H1; cf. Figure 4A) and the
wild type (without incorporated azF) were coupled to a
dibenzyl cyclooctyne (DIBO)-conjugated fluorophore
(Alexa647) via strain-promoted alkyne—azide cycloaddition
[SPAAC (Figure 3A)]. The coupling efficiency was deter-
mined by in-gel fluorescence (inset) and UV—vis spectroscopy
(Figure 3B). As expected, the wild type yielded a poor signal in
the fluorescence scan but a background labeling of 0.16. This
relatively high extent of unspecific binding could be explained
by accidental cross-reaction to exposed thiol side chains™
(Figure S7). In contrast to the wild type, Y112azF and
W11SazF showed strong fluorescence and labeling stoichio-
metries, (AAlexa/gAlexa)/(AChR/SChR)) of 0.84 and 0.55,
respectively. The nonquantitative labeling was attributed to
either the restricted accessibility of both sites shielded by the
lipidic bilayer (Figure S5i) or the different hydrophobicity of
the label environment affecting reaction kinetics.® Further-
more, adjacent mercapto groups could inactivate azides by
reduction,”’ thereby decreasing the absolute content of
functional N; handles. Nevertheless, at least 70% of azF (for
Y112azF) is efficiently incorporated into ReaChR in its IR-
active form without significant decomposition of the azido
moiety during the purification and labeling procedure.

Steady-State Fourier Transform Infrared Spectrosco-
py. To identify suitable sites reporting on polarity changes
concomitant with channel gating, we introduced azF at eight
different positions within the putative channel pore (K133,
F142, and Y283), the inner gate (Y110 and N305), the C-
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Figure 3. Bioorthogonal labeling of azF mutants with a red cyanine
fluorophore. (A) Coupling of incorporated azF with a dibenzyl
cyclooctyne (DIBO)—Alexa647 conjugate via strain-promoted
alkyne—azide cycloaddition (SPAAC). (B) Normalized UV—vis
spectra of ReaChR wild type (black solid line), Y112azF (red solid
line), and W11SazF (blue solid line) after hybridization to Alexa647.
Spectra of the untreated wild type (gray solid line) and fractions of
coupled Alexa dye are shown (colored dotted lines). The coupling
efficiencies are listed. A fluorescence scan of the polyacrylamide gel

after electrophoresis of 100 ng of labeled protein is depicted in the
inset. M,,(ReaChR) = 39.6 kDa; M, (Alexa647—DIBO) ~ 1.5 kDa.

terminal end of H1 (Y112 and W115), and intracellular loop 1
(ICL1, C119) (colored stars, Figure 4A). While the yields of
recombinant azF mutants strongly depend on the individual
target site at which the unnatural amino acid was integrated
(Figure 4B), absorption maxima were largely unaffected
(Figure 4C). Next, we performed FTIR (light minus dark)
difference spectroscopy of the well-expressing mutants and the
wild type under photostationary conditions [~530 nm light-
emitting diode (LED) excitation]. The spectra of the mutants
resemble the wild-type spectrum but show alterations in the
carboxylic region (Figure S2A,B) and altered intensities of
amide I bands (Figure 4D, right).

In contrast to the wild type, Y110azF, K133azF, and
F142azF show a complex band pattern in the high-frequency
window around 2100 cm™ [v,(N;)] that differs in shape and
amplitude (Figure 4D, left). Strikingly, the Y110azF difference
spectrum reveals two positive bands at 2119 and 2089 cm™
and a negative one at 2108 cm™! (Figure 4D, inset, apricot). In
accordance with the solvatochromic frequency shift of free azF
(Figure S3A), this indicates that a fraction of the Y110azF label
experiences an increase (2119 cm™') and the other a decrease
(2089 cm™') in the polarity of its environment upon
illumination. The upshift from 2108(—) to 2119(+) cm™ is
similar to that of azF dissolved in water and isopropanol
(Figure S3B,C) and leads to a reduced signal cancellation in
the difference spectrum, which additionally contributes to the
large amplitude of the band at 2119(+) cm™". The existence of
two positive vibrations instead of a single band may result from
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Figure 4. Incorporation of azF into ReaChR. (A) Structural model of ReaChR wild type created by Robetta. The membrane topology was
estimated by the PPM server, and voids within membranous space (faint red) were predicted by HOLLOW. Target sites for azF (colored stars)
within the putative ion pore (H1—H3 and H7, black arrows) are indicated. Residues of the inner gate are shown (inset, C119 not shown). Putative
interactions (d < 3.5 A) are indicated (dashed black lines). (B) Yields of ReaChR (100 mm culture dish, expression for 36 h, &) and azF mutants
(expression for 76—86 h, #). (C) Normalized UV—vis spectra of recombinant proteins in DPBS (pH 7.4) with 0.03% (w/v) DDM at 20 °C.
C119azF is unstable, like C79 mutants in CrChR2,"* and shows free retinal (1 ~ 400 nm) and aggregation during purification. The spectrum was
corrected for light scattering (~A"*) and scaled arbitrarily to 0.5. (D) Steady-state Fourier transform infrared (FTIR) (light minus dark) difference
spectra of the wild type and azF mutants in DPBS (pH 7.4) with 0.03% (w/v) DDM upon illumination (~530 nm LED) representing the high-
frequency (left) and amide I (right) windows. Enlarged difference spectra are shown (left, insets). The spectrum of the wild type is indicated (right,
gray area). FTIR spectra are normalized to the retinal fingerprint band at 1200(—) cm™" (cf. Figure S2A).

multiple substates with different label orientations coexisting
under photostationary conditions. The possibility that the fine-
structured signal is an intrinsic feature of the azido group due
to accidental Fermi resonance’”®*’ or superposition of
symmetric and asymmetric oscillations®® could also not be
ruled out.

K133azF (purple) shows only one small negative band at
2112 cm™!, and F142azF (violet) two positive ones at 2122
and 2089 cm™' (Figure 4D). Because of the smaller signal
amplitudes of both mutants compared with that of Y110azF,
we conclude that light activation causes only minor polarity
changes at these positions. The major light-induced band in
F142azF [2122(+) cm™'] is shifted by 3 cm™ toward higher
frequencies as compared with that of Y110azF, implying a
slightly more polar environment of F142 in the illuminated
state. Interestingly, the pronounced azF signals of Y110azF and
F142azF are linked to enlarged amide I signals of the mutants
in comparison with the wild type (Figure 4D).

No azido signal(s) was detected in the difference spectra of
Y112azF (coral) or C119azF (pink) (Figure 4D), indicating
only negligible polarity changes happening at the C-terminal
end of H1 and ICL1 upon photoactivation. Consequently, the
underlying vibrational bands of the dark state and the
illuminated state largely cancel out each other in the difference
spectrum.

Rapid-Scan Fourier Transform Infrared Spectroscopy.
To assign local polarity changes to specific photocycle
intermediates involving channel formation, Y110azF,
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K133azF, and F142azF were investigated by time-resolved
FTIR spectroscopy (rapid scan, 532 nm laser excitation). As
for the steady-state FTIR measurements, wild-type and
Y110azF rapid-scan spectra are similar but show differences
in the region indicative for (C=0) vibrations of carboxylic
acid side chains (Figure S2C,D). The amplitude spectra of
ReaChR (gray) and Y110azF (apricot) decayed with ¢, values
of 300 and 320 ms, respectively. Thus, conformational changes
reflected by the spectra are most likely correlated with channel
closing [7g(wt) = 260 + 40 ms (cf. Figure 2F)]. Besides an
additional band at 2079(—) cm™" in the amplitude spectrum of
Y110azF, the band shape and peak position of v,(N;) are
virtually identical under single-turnover (Figure SA, left,
apricot) and photostationary (cf. Figure 4D, left, apricot)
conditions as well as the increase in the amide I difference
band compared with the wild-type band (Figure SA, right,
apricot). This might indicate different coexisting conforma-
tional substates of the Y110azF label as previously observed for
the photostationary spectra (cf. Figure 4D), albeit less distinct
because the time-resolved spectra reflect the formation of pure
intermediates rather than a mixture of substates.
Alternatively, the band at 2090(+) cm™ could be the
upshifted counterpart to the negative band at 2079 cm™'.
Following this argument, conformational substates would be
present already in the dark that both experience a relative
polarity increase after illumination. In either of the two
scenarios, the higher intensity of the band at 2119 cm™
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Figure S. Time-resolved FTIR spectra of ReaChR and azF mutants. Rapid-scan FTIR amplitude spectra upon laser excitation (532 nm, 3-S5 ns, 20
mJ, 0.4 Hz) in low-salt phosphate buffer (pH 7.4) with 0.03% (w/v) DDM of (A) azF single mutants and (B) three conventional inner gate
mutants with the Y110azF backbone. Half-life times of decay (t,,,) were obtained by global analysis. The high-frequency (left) and amide I (right)
windows are shown. FTIR spectra are normalized to the retinal fingerprint band at 1200(—) cm™" (cf. Figures S2C and S4B). (C) Overlay of azido
difference spectra (top) and double-difference spectra (AA, Aabs,,; — Aabs,,) of the amide I window (bottom) from panels A and B.

suggests a net polarity increase at the Y110azF label during the
light reaction.

In contrast to the spectrum recorded under photostationary
conditions, the difference spectrum of K133azF that decays
with a t;, of 92 ms and was obtained under single-turnover
conditions exhibits a higher complexity of the azido stretch
vibration with two positive (2128 and 2097 cm™) and two
negative bands (2114 and 2087 cm™") (Figure SA, left, purple)
due to accumulation of different photointermediates depend-
ing on the illumination conditions. In comparison with the
difference spectrum of Y110azF, the high-frequency band pair
[2128(+) and 2114(—) cm™] is blue-shifted by 5—9 cm™.
This frequency upshift could point to a more polar milieu due
to hydrogen bonding interactions within the active site (cf.
Figure S2E). F142azF shows a band at 2125(+) cm™ and a
minor one at 2106(—) cm™" (Figure SA, left, violet), implying
a polarity of the azF environment in the illuminated state
between Y110azF [2119(+) ecm™'] and K133azF [2128(+)
cm™].

To study the role of certain inner gate residues in the gating
process, we combined Y110azF with conventional amino acid
substitutions [E122Q, E123Q, and R308H/N (cf. Figure 4A,
inset)]. Yields of generated double mutants Y110azF-E122Q,
Y110azF-E123Q, and Y110azF-R308H were in the range of
34—44% of that of Y110azF (Y110azF-R308N did not show
any chromophore binding), and the corresponding absorption
spectra were only slightly shifted (Figure S4A). Y110azF-
E122Q reveals a complex IR pattern with two positive (2121
and 2092 cm™') and two negative (2110 and 2081 cm™')
bands in the azido region (Figure SB, left, blue) that are
upshifted by 1—2 cm™ as compared with those of Y110azF.
Moreover, the signal amplitude of v,(N;) in the double
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mutant is enlarged, and the decay of the spectral species
accelerated 6-fold (t,/, = SO ms). Remarkably, Y110azF-E123Q
lacks any high-frequency bands around 2100 cm™' (Figure SB,
left, turquoise), although no significant alterations were
observed in the <1800 cm™ spectral window with respect to
Y110azF (Figure S4B,C) and the kinetics were not affected
(t;, = 250 ms). Y110azF-R308H resulted in a frequency
downshift of the positive bands by 1-2 cm™ (2117 and 2089
cm™"), while the dark-state bands are blue-shifted by 1—2 cm™
[2110(—) and 2081(—) cm™'] (Figure SB, left, green). The
signal amplitude of Y110azF-R308H is slightly reduced, and
the decay kinetics is 4.5 times slower (t;,, = 1.47 s) than for
the azF single mutant. On the basis of the spectral correlation
between v,(N;) and the polarity of the environment (cf.
Figure S3) and the different signal amplitudes, E122Q_causes
larger and R308H smaller polarity changes compared with that
of the parental Y110azF mutant (Figure SC, top). This finding
correlates with the amplitude of the corresponding amide I
oscillations that are enhanced in Y110azF-E122Q and reduced
in Y110azF-R308H (Figure SB), a trend that is even more
clearly seen in the double-difference spectra in which a pair of
bands [1658/57(—) and 1648—44(+) cm™'] is detected (cf.
Figure SC, bottom). Like for CrChR2,°" the frequency
downshift of these bands could be caused by hydrogen
bonding of backbone carbonyls to adjacent water molecules.
Accordingly, we assign the band pair to C=O0 oscillations of
dehydrated and hydrated a-helices.

B DISCUSSION

Unnatural Amino Acid Mutagenesis within Channel-
rhodopsins. As demonstrated here, incorporated unnatural
amino acids like azF can be selectively derivatized or
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Figure 6. Hydration of the channel pore in ReaChR. Upon channel closure, H2 and H7 (red dashed cylinders) reorient™ ">~ and the aqueous
pore collapses followed by re-formation of the structural gates (gray bars). General interactions of water with (a) azF and (b) backbone carbonyls
are illustrated (insets). Solvent accessible surface areas (SASA, in square angstroms) of the native amino acids in the Robetta dark-state structure
were calculated by GETAREA (right). (c) Influence of inner gate mutants on the hydration level in the dark state. The E122Q mutation leads to a
smaller water population and R308H to a larger water population in the dark state (red dashed area) compared with that of the wild type. In
E123Q, the inner gate becomes leaky, i.e., early (non-light-induced) water penetration of the gate interface.

transformed into nonproteinogenic functionalities and/or used
as highly selective infrared labels reporting on local polarity
changes inside the protein. Besides application as an infrared
label, azF was exploited as a chemical handle for bioorthogonal
coupling to fluorophores®>®® or epitopes® and for photo-
cross-linking.”*~®® Our orthogonal pair for azF has already
been successfully applied to investigate the function of G
protein-coupled receptors,29’30’64’66 ionotropic recept01‘s,67’69
and a neurotransmitter transporter.”® In the study presented
here, we applied this technique to light-gated ion channels,
channelrhodopsins, and demonstrated the substrate specificity
for azF by electrophysiological recordings (cf. Figure 2). The
incorporation efficiency, though, strongly depends on the
individual ChR variant and the selected target site, as
previously reported for bovine rhodopsin.”” Among the six
tested ChR constructs, ReaChR, a frequently used optogenetic
actuator,””* showed superior expression (cf. Figure 1D),
functional integration, and preservation of the azido moiety in
recombinant form (cf. Figure 3). Strikingly, our in vivo labeling
strategy succeeded even for non-solvent-exposed, embedded
positions inside the protein core [K133 (cf. Figure 4A)], a task
that is not easily achieved in vitro for the recombinant protein
in the folded state. The FTIR (light minus dark) difference
spectra of ReaChR azF mutants revealed a series of complex
band patterns in the high-frequency window around 2100
cm™ indicative of the (asymmetric) stretch vibrations of the
unsaturated homoatomic nitrogen bonds [v,,(N;) (cf. Figures
4D and SAB)]. The signal complexity could be mainly
attributed to coexisting photocycle states with different side
chain rotamers and/or Fermi resonance of the azido
group.””**” Free azF (cf. Figure S3) and other azido-
containing model compounds show spectral shifts when
dissolved in different (a)protic solvents (solvatochromic
effect),”®*’ thus reporting on polarity changes of their
environments. In the context of a protein, these polarity
changes could arise from local electrostatic field changes or
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local water solvation around the labeling site or from global
conformational changes inducing new nonsolvent H-bonding
interactions with the label. Boxer and colleagues reported a low
sensitivity of the vibrational frequency of azido bands to
electric fields.**®® Given that, electrostatics are expected to
have a minor impact on the azF frequency and either local
water dynamics or the formation of secondary H-bonds seems
to be more important. As azF was incorporated within the
putative ion pore, which is expected to become at least partially
hydrated upon photoactivation, light-induced polarity changes
should result mainly from (de)hydration events occurring
within the azF microenvironment.

Pore Hydration in Channelrhodopsin. In the closed
configuration of ChRs, passive ion transport across the
membrane is inhibited by at least two spatial constrictions
within the putative ion pathway, i.e., inner and central gate (as
in C1C2),”* and an additional outer or extracellular gate (as
in Chrimson and CrChR2).”””" Accordingly, water molecules
along the channel pore are not continuously distributed®™"*
but rather concentrated in patches within interior cavities (cf.
Figure SS). Upon illumination, structural rearrangements
change the water distribution inside the pore and allow proton
and cation conductance throughout the hydrophobic lipid
bilayer. A glutamate in the central gate was identified to be part
of the selectivity filter promoting transport of protons over
monovalent cations.””’” On the basis of steered molecular
dynamics simulations, the trajectory of sodium transport was
proposed to be alongside the putative ion pore built by H1—
H3 and H7, where Na* enters via the extracellular half-channel,
passes the central gate, and exits between H2, H3, and H7 and
ICLL.”> A series of spectroscopic, microscopic, and computa-
tional studies of CrChR2 and C1C2 have identified light-
induced helix movements of H2 and H7”"*~"* and suggested a
sequential gating process.lo’61

Because of the limited time resolution of the rapid-scan
measurements (26 ms after excitation), we were not able to
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monitor early conformational and hydration changes asso-
ciated with (pre)gating and/or channel opening. However, the
temporal correlation between the decay of the time-resolved
FTIR spectra of ReaChR [t,,, ~ 300 ms (cf. Figure SA)] and
the cessation of ion conductance within electrophysiological
recordings [T,z = 260 + 40 ms (cf. Figure 2F)] indicates that
the spectral changes reflect channel closing. As the FTIR data
could be properly described by a single time constant, closure
of the ion pore is expected to be achieved in one concerted
structural action. This is in accordance with the case for
CrChR2, for which time-resolved FTIR and electrophysio-
logical measurements have suggested that channel closin%
parallels partial water efflux toward the intracellular side.’
While the aforementioned interpretation mainly relies on the
rather unspecific amide I oscillations, an assignment to distinct
regions within the protein was not possible. In this respect, our
approach provides a clear advantage because site-specific
polarity-sensitive IR labels allowed us to track polarity changes
and thus (de)hydration events within different protein
compartments. Because major water motions are expected to
occur within the putative ion pathway, we introduced azF into
the different channel sections, including intracellular loop 1,
inner gate, extended active site, and extracellular half channel
(cf. Figure 4A).

As expected for target sites within the C-terminal end of H1
and ICL1 in ReaChR (Y112azF and C119azF), no polarity
changes were monitored (cf. Figure 4D), because both Y112
and C119 probably face the extracellular bulk already in the
dark state (cf. Figure SSD). A water-exposed orientation of
both residues in the closed configuration is indicated by their
large solvent accessible surface areas (SASA; 129.1 A% for Y112
and 27.8 A? for C119) in the three-dimensional models
(Figure 6). C119 corresponds to C79 in CrChR2, which was
used for site-directed spin and fluorophore labeling before. The
electron parametric resonance and fluorescence measurements
of C79-labeled CrChR2 revealed a light—triggered (outward)
movement of the N-terminal end of H2,"*'*’* which might be
reverted during dark-state recovery. Although this trans-
location is expected to occur in ReaChR, as well, it does not
coincide with polarity changes around the ICLI.

However, when azF was introduced into the inner gate
(Y110azF), a large difference signal was observed in the
nonproteinogenic spectral window upon illumination (cf.
Figures 4D and SA). In the closed-state structures of ChRs,
a void exists between the inner and central gate called
intracellular cavity 1 (cf. Figure SS), which is expected to be
filled with solvent. On the basis of the SASA prediction, native
Y110 is only poorly hydrated in the dark state (3.9 A*). The
pronounced signal amplitude can then be explained by the
light-induced breakage of the inner gate bonds followed by
invasion of the gate interface by water molecules (Figure 6). In
contrast, polarity changes within the extended active site and
the extracellular half-channel are rather small as deduced from
the small amplitude of the azF signals of K133azF and F142azF
(cf. Figure 4D and SA). For K133azF and F142azF, different
FTIR signals were detected under photostationary and single-
turnover conditions, respectively, because different photo-
intermediates accumulated and/or were detected depending
on the applied illumination frequency. According to homology
modeling and SASA computations of the dark state, both
native amino acids are linked to interior clefts [extracellular
cavity (EC) 1 and 2 (cf. Figure 4A)], so that azF might be
exposed to local aqueous clusters at corresponding sites already
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in the dark. This is supported by the increased hydration level
of both sites in comparison with Y110 (SASA of 9.3 A* for
K133 and 5.7 A? for F142). Thus, the lower IR signal intensity
of these residues is explained by the smaller difference between
the hydration levels of azF in the closed and open state (Figure
6).

To study the influence of the inner gate on channel gating,
in particular with respect to hydration changes, we combined
Y110azF with classical site-directed mutants (E122Q, E123Q,
R308H, and R308N). While Y110azF-E122Q caused an
enlarged and fast-decaying azF difference signal, it was reduced
and decelerated in Y110azF-R308H (cf. Figure SB). This
opposite trend could not be correlated with different channel
conductivities though (Figure S4D). The kinetic effects could
be explained either by alternative hydrogen bonding
interactions of the inner gate in the double mutant or by
changed pK, values of the residual glutamate(s). As the
architecture and the composition of the inner gate are not
conserved among the three high-resolution structures of ChRs
(cf. Figure SSii), an interpretation on the basis of the
determined molecular arrangement is rather vague. Therefore,
it seems more reliable to evaluate the different signal
amplitudes of v,(N;), which suggest that the hydration level
near Y110azF is affected by the inner gate mutations. Even
though this assumption is challenged by the similar SASA
values of native Y110 in the dark state of all inner gate mutants
(Figure S6A-D) implying a less significant effect on the water
content near Y110azF, the contradiction could be resolved by
homology modeling of the inner gate mutants. It reveals that
the interhelical plane spanned by Y110 (H1), E122 (H2), and
H174 (H3) is smaller in E122Q (Figure S6B) but larger in
R308H (Figure S6D). As a consequence, a smaller amount
(E122Q) and a larger amount (R308H) of water molecules are
assumed to be present in the gate interface of the dark state as
compared with that of the wild type (Figure 6c). This
hypothesis is supported by the intensities of the difference
band pattern in the amide I region, reflecting light-induced
hydration of a-helical segments,é1 which can be correlated with
the intensities of the azido difference bands. The intensities of
both the amide I and the azido bands are increased in
Y110azF-E122Q and reduced in Y110azF-R308H as compared
with those of Y110azF (cf. Figure SC, bottom). This
correlation shows that light-induced hydration is largely due
to the influx of water into the inner gate region. It appears that
a smaller volume inside the gate interface correlates with a
faster water in- and extrusion, which is in line with the faster
decay kinetics of the FTIR spectrum of Y110azF-E122Q_and
vice versa for Y110azF-R308H (cf. Figure SB). Taken together,
our results suggest that the inner gate acts as a funnel that
controls water influx and efflux by modulating the diameter of
the intracellular entry site. Accordingly, the diverse effect of
inner gate mutations in ChRs, including alteration of
photocurrent size, inactivation, ion selectivity, kinetics, and
expression level,”””> can be attributed to altered pore
dimensions with capacities for different volumes of water
that vary between ChR variants depending on the inner gate
configurations.

Surprisingly, the FTIR difference spectrum of Y110azF-
E123Q lacks any azido signal around 2100 cm™" (cf. Figure SB,
turquoise, left), while the remaining spectrum resembles that
of the azF single mutant; neither UV—vis spectroscopy,
electrophysiology (cf. Figure S4), nor homology modeling
revealed significant deviations (cf. Figure S6C). This
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observation can be explained by considering three different
scenarios. First, the sensor itself interacts with the environ-
ment; e.g., azF forms a hydrogen bond by receiving a proton
from a neighboring proton donor. In the case of the Y110azF-
E123Q double mutant, the amide group of the introduced
glutamine could overtake this function as it is in the proximity
of the label. A direct interaction could suppress any sensitivity
of the IR sensor to conformational and/or polarity changes,
resulting in a flat line in the difference spectrum. Second, aryl
azides could be potentially reduced under elimination of
molecular nitrogen to primary amines by a redox reaction with
thiols,”” so that the frequency of the respective oscillation shifts
in the proteinogenic window below 1800 cm™ [§(NH) e <
1620 cm™'].”® Neutralization of the glutamate may cause a
reorientation or displacement of a neighboring cysteine, e.g.,
C106 (not conserved in CrChR2) or C119, toward azF, as
both side chains are >5 A distant in the modeled dark-state
structure (Figure S7), which renders this inactivation
mechanism fairly unlikely. Lastly, the inner gate becomes
leaky, and water invades the gate interface already in darkness.
As the central gate still maintains a tight barrier between the
two water fronts, pore formation and passive ion transport are
inhibited in the dark state of the double mutant (Figure 6). A
similar situation was observed for C1C2 with a deprotonated
E123 homologue within molecular dynamics simulations.” In
this scenario, the target site (Y110azF) would not experience
major alterations of solvation between the dark and illuminated
states, so that the transition would be IR-silent in the high-
frequency window. A major impact of the mutant seems
plausible when considering the modeled wild-type structure
where E123 (H2) interacts interhelically with N30S and R308
[both H7 (Figure 4A)] and is further supported by the
reduced intensity of the amide I bands indicative of global
hydration changes in the respective mutant (Figure SB).

In summary, we applied stop codon suppression to
introduce site-specifically the IR-active and polarity-sensitive
amino acid azF within the putative ion pathway of several
ChRs. Our one-step, in vivo labeling technique allowed for a
broad spectrum of targets, including solvent accessible and,
more interestingly, (partially) embedded sites, which is
advantageous over classical in vitro cysteine transformation
that is limited to exposed sites. In addition, azF is sterically
similar to the proteinogenic tyrosine and, thus, smaller and less
invasive in comparison with larger labels used for electron
paramagnetic resonance (nitroxides) or fluorescence (fluo-
rescein) measurements. Additionally, the latter suffer from a
high degree of translational freedom, rendering discrimination
between label and protein movements rather difficult. By
means of steady-state and time-resolved vibrational spectros-
copy, we tracked global [amide I, v,(C=0)] and local
(hydration) changes [v,((N3)] in ReaChR simultaneously and
could derive the hydration pattern of selected residues in the
dark as well as the conducting state along with the dehydration
dynamics of the closing channel. In particular, our data reveal
that the inner gate acts as an intracellular entry funnel by
restricting water influx and efflux in the gate interface. To the
best of our knowledge, this study presents the first report of the
successful integration and subsequent spectroscopic analysis of
an unnatural IR-active amino acid in the class of microbial
rhodopsins. The superior labeling technique in combination
with the unprecedented spatial resolution within FTIR
measurements renders this methodology highly valuable for
the interpretation of complex IR spectra as well as the
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mechanistic elucidation thereof. In the future, earlier hydration
events associated with channel (pre)gating will be resolved
using IR methods with faster time resolution such as step-scan
or quantum cascade laser excitation.
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