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In the past decade, its versatile usage has established
channelrhodopsin-2 (ChR2)!" as the most prominent opto-
genetic tool.”) The precise spatio-temporal control of the
activity of a neuron by light allows noninvasive in vitro or
in vivo investigations of neural circuits. The key is the
heterologous expression of ChR2, a member of the type-I
rhodopsins, that enters a photocycle upon light activation
starting with the isomerization around the C13-C14 bond of
its chromophore retinal.® The intermediates of the photo-
cycle are linked to a closed and an open state of an ion pore.
Cation flux during the open state depolarizes the cell
membrane thereby triggering neuronal action potentials. A
coupling of isomerization with structural alterations is well-
known for bacteriorhodopsin® (bR) and sensory rhodopsi-
nIIF (SRII) that eventually leads to movement of the
cytoplasmic part of transmembrane helices (TMHs) F and
G. Conformational changes are also anticipated for ChR2
propagating from the chromophore to the putative cation
pore.P> According to a homology model of ChR2!! and the
closed state structure of a chimera (C1C2) of ChR1 (TMHs A
to E) and ChR2 (TMHsF and G),”! the pore comprises
residues from TMHs A, B, C, and G, including a ChR
characteristic patch of glutamate residues in TMH B.

In this study, we followed the relative (re-)arrangements
of TMHs B and F by EPR spectroscopy (double electron
electron resonance, DEER) on spin-labeled mutants retain-
ing wild-type (WT) character in ion conductance and photo-
cycle kinetics. We could monitor a conformational change at
TMH B upon light activation. Because of the unique channel
properties of ChR2 and the major structural deviations in
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TMH A and B compared to other rhodopsins, the movement
of TMH B might be a key element for channel opening.

A monomeric form of ChR2 is unknown and a cysteine-
free mutant shows very low light-induced currents in electro-
physiological experiments and insufficient expression in yeast
cells. ChR2 cysteine mutant screening led to two constructs.
The first mutant has six cysteines replaced and three
remaining: C34SC36SC87SC179LC183LC259L (Mut3C).
The second mutant has seven cysteines replaced and only
two remaining: C34SC36SC87SC179LC183LC208AC259L
(Mut2C) (Figure 1 A). Spin labeling of Mut3C with native
cysteines C79, C128, and C208 using (1-oxyl-2,2,5,5-tetra-
methyl-pyrroline-3-methyl) methanethiosulfonate spin label
(MTSSL) allows the study of interspin distances between
TMHs B and TMHs F. Mut2C with native cysteines C79 and
C128 reduces the analysis to interspin distances between two
TMHs B sites, C79R1 and C79R1’, in the ChR2 dimer (R1
denotes the spin-labeled side chain). We found C128 to be
inaccessible for MTSSL.

Light-induced currents recorded from oocytes expressing
WT ChR2, Mut3C, and Mut2C (Figure 1B) show typical
inward rectification. All currents densities are normalized to
the WT value at —60 mV (Figure 1 C). Mut3C shows a 14 %
reduced amplitude. A further decrease to 25% of the WT
ChR2 value is found for Mut2C. The effect of the C208A
mutation is also observed in a triple point mutation
(C34SC36SC208A). Here, the C208A mutation shows a 28
or 12 % reduction compared to WT ChR2 or C34SC36S ChR2
(Figure 1C), respectively. We cannot discriminate between
a lower expression level and a functional defect in the C208A
mutant. Amino acids other than alanine reduce the current
densities even more. The sensitivity of position 208 is unclear
as there is no obvious interaction site for the cysteine side
chain in the chimera structure.”

The mutation of C79 to alanine (C34SC36SC79A) leads to
a reduced current amplitude of about 52 % of the WT ChR2
value (Figure 1C). As for C208, other mutations at posi-
tion 79 (to Leu, Thr, or Ser) provoke strong current den-
sity reductions. Replacing C79 and C208 together
(C34SC36SC79AC208A) creates a variant with very low
current amplitude (<10%) comparable to that of the
cysteine-less ChR2 mutant. C79 is located at the N-terminus
of TMH B close to the intracellular loop A-B. This loop is not
resolved in the C1C2 structure.” Hence, the flexibility of the
loop together with the positional sensitivity of C79 could
indicate a structurally relevant factor that is needed for the
open state. This view is in line with a constriction site formed
by the neighboring Y70 in the closed dark state structure.”
Compared to WT ChR2 no significant change in the mono-
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Figure 1. Characterization of ChR2 mutants. A) ChR2 and its native
cysteines. The final constructs used are color coded and refer to
Mut3C (red, C79 and C208) and Mut2C (blue, C79 and C208A). IC
denotes the intracellular (cytoplasmic) side and EC the extracellular
side. B) Light-induced currents of Mut3C (red), Mut2C (blue), and WT
ChR2 (black) expressed in oocytes at two holding potentials. lllumina-
tion (380-500 nm, 4.5 mW mm™?) is indicated by the blue bar. C) Cur-
rent densities in pA/pF for different mutants normalized to the WT
value. The bars depict the mean values & standard error of the mean
(SEM). 1=WT ChR2 (n=6), 2=Mut3C (n=6), 3=Mut2C (n=6),
4=C345C365 ChR2 (n=3), 5=C34SC365C208A ChR2 (n=3),
6=C34SC36SC79A ChR2 (n=3). D,E) Flash-photolysis data for Mut3C
(red) and spin labeled Mut3C (black) in (D) and for Mut2C (blue) and
spin labeled Mut2C (black) in (E).

valent ion selectivity is observed for Mut3C and Mut2C (see
Table S1 in the Supporting Information).

Spin labeling of the purified mutants does not change the
ground-state absorption spectra compared to unlabeled
mutant or the WT. We followed the rise and decay of
intermediate states P390, P520, and of the ground state by
recording the absorption changes at 398, 541, and 461 nm for
unlabeled and spin-labeled Mut2C and Mut3C (Figure 1D,
1E). Amplitude spectra and relaxation time constants from
a global fit analysis are in accordance with the published data
for WT ChR2 (Table S2).®! As with the WT, the decay of the
light-induced current coincides with the decay of the photo-
intermediate P520 in mutants Mut3C and Mut2C. The
electrophysiological and spectroscopic experiments support
the conclusion that Mut3C and Mut2C show WT character-
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istics and the spin-labeled purified proteins do not show
significantly altered kinetics.

Mut2C has two cysteines as possible targets for spin
labeling: C79 and C128. According to the crystal structure
C79 is solvent accessible, whereas C128 is shielded from the
solvent and is found not to be accessible for MTSSL. In silico
spin labeling of Mut3C based on C1C2 structure!” using
a rotamer library approach” reveals the C79R1—C79R1’
interspin distance distribution populated from 3.4 to 4.2 nm
(Figure 2). This distance range is readily accessible by DEER
spectroscopy.

'§' C208R1

Figure 2. Structural model of a spin-labeled Mut3C dimer. View from
the cytoplasmic site of the two modeled" protomers (light blue, dark
blue) based on the C1C2 chimera (PDB code 3ug9) in ribbon diagram
representation. The two corresponding retinal chromophores are
depicted in orange. Spin label rotamers displayed with ball-and-stick
models (yellow) cover 73 % of the total spin populations (calculated
with MMM 2011).'"Y The seven TMHs are labeled in one of the
monomers. The putative TMH B movement as discussed in the text is
indicated by the arrows.

DEER measurements were performed for the dark-
adapted and the freeze-trapped illuminated states. The
resulting dipolar evolution functions were background cor-
rected and normalized (Figure 3 A). According to the mod-
ulation depth of 0.50 (0.48) the number of interacting spins of
2.3 (2.2) is in agreement with the finding of C128 not being
accessible for spin labeling. The two evolution functions differ
significantly from 0 to 2.0 us. Interspin distances were
determined using Tikhonov regularization as implemented
in DEER Analysis 2011.1

The DEER data prove a dimeric state for Mut2C even in
the absence of the interprotomer disulfide bonds, which are
observed in the chimera structure between the homologue
residues C34 and C36." The resulting distance distribution of
Mut2C in the dark-adapted state (Figure 3 B, black) shows its
maximum at 3.7 nm and a shoulder at 4.1 nm. The average
distance agrees well with the value calculated from the crystal
structure. Contrarily, the distribution for the light-induced
state reveals its maximum at 4.2 nm and a shoulder at 3.8 nm.
The observed structural changes are found to be fully
reversible upon dark adaption. The double-peak feature is
evidence for an equilibrium between two conformational
states, reversibly shifting from the smaller to the larger
average distance upon light activation. However, a simulated
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Figure 3. DEER experiments and interspin distance distributions.

A) Form factor F(t) of averaged DEER traces of Mut2C in the dark-
adapted state (black, thin line) and upon light activation (blue, thin
line). B) Fitted traces (bold lines in A) are used to calculate distance
distributions for Mut2C. Distances greater than 4.8 nm are less reliable
as indicated by the dotted lines. The amplitude ratio of two Gaussians
fitted to the distance distribution for the dark-adapted state was
inverted (gray dashed line) for comparison with the light-activated
state. C) Averaged DEER traces of Mut3C in both the dark-adapted
state (black, thin line) and upon light activation (red, thin line) and

D) the calculated distance distributions.

occupancy inversion of two Gaussian distance populations
fitted to the distribution of the dark-adapted state (Figure 3B,
gray) cannot fully explain the light-induced change in the
distance distribution since a further shift of the population
maximum and of the descending flank of the distribution
towards larger distances is observed.

In Mut3C, spin-spin interactions are expected to occur
between C79R1, C79R1’, C208R1, and C208R1’ (Figure 2).
The background corrected dipolar evolution functions of the
dark and the illuminated states differ significantly from 0 to
1.5 ps (Figure 3 C). From 3.25 to 4.5 nm the resulting distance
distributions (Figure 3D) resemble those of Mut2C: the
maximum at 3.7 nm in the dark state is shifted to 4.3 nm
upon illumination. Compared to the distance distribution of
Mut2C, additional components can be observed from 2.0 to
3.3 nm and from 4.0 to 4.8 nm, which are also altered upon
illumination. Modeling including different orientations of the
A-B loop reveals distances between rotamers of C79R1 and
C208R1 to cover the range from 2.0 to 3.1 nm, whereas the
distances between C79R1 and C208R’ are found from 3.8 to
4.7 nm, in agreement with the experimental observation. Spin
labels at positions 208 and 208" are separated by more than
4.8 nm which is beyond the distance range presently acces-
sible. In conclusion, the DEER data of the Mut3C again show
a light-induced increase of the distance between C79R1 and
C79R1'. Intraprotomer (C79R1-C208R1) and interprotomer
(C79R1-C208R1’) interspin distance changes were also
detected.

The DEER experiments on Mut2C and Mut3C prove
a light-induced increase of the average distance between
C79R1 and C79R1'". A full body motion of the two protomers
with respect to each other could explain this observation.
However, the ChR2 dimer is exceptionally stable implying
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strong specific contacts between the protomers."? Compared
to all other TMHs, B-factor analysis reveals the lowest values
for TMHs C and D constituting the dimerization interface.”
Thus, a light-induced full body motion requiring breakage of
the dimerization contacts is very unlikely. More importantly,
such a motion cannot explain the observed intraprotomer
distance changes. We conclude that the light-induced con-
formational change of a ChR2 protomer implies an outward
movement of C79R1 (Figure 2). This movement may be
provoked by a shift and/or reorientation of TMH B (further
referred to as “TMH B movement”), or a relocation of the
loop connecting TMHs A and B. The crystal structure shows
this loop to be already structurally disordered in the dark-
adapted state, whereas the backbone of residue C79 is
resolved at the N-terminus of TMH B. In agreement, the
distance between C79R1 and C79R1’ is clearly defined in
both the dark-adapted and light-activated states, which
suggests the presence of distinct rotamer conformations
indicating limited backbone flexibility. The observed distance
change which may include an interchange of the rotamer
populations of C79R1 is strong evidence for a movement of at
least the N-terminus of TMH B.

Although small light-induced structural alterations in
TMHB have been discussed for bR!"! the pronounced
TMH B movement observed here is a new mode of rhodopsin
conformational dynamics, which adds to the well-known
displacement of TMHF observed in bR SRII,™ and
halorhodopsin.'y A TMH B movement is in accordance with
infrared data resolving large conformational differences in
the protein backbone! during the photocycle in ChR2, as
known for the transition from the M1 to M2/N states in bR
and SRII. The additionally observed intraprotomer (C79R1-
C208R1) distance changes visible between 2.0 and 3.3 nm
(Figure 3D) and the interprotomer (C79R1-C208R1’) dis-
tance changes between TMHs B and F observed between 4.5
and 4.8 nm (Figure 3D) may originate from the movement of
TMH B alone or from a superposition of movements of
TMHs B and F. Based on the present experiments a relocation
of TMHF with respect to the other TMHs in the ChR2
protomer cannot be ruled out nor can it be proven. The helical
tilt of TMH F in bR > allows access of water and proton
transport through the hydrophobic barrier as an essential step
in proton pumping.'¥l In the C1C2 structure, cation perme-
ation seems to be blocked at the cytoplasmic part of the
putative pore involving TMHs A, B, C, and G. We hypothe-
size that the observed TMH B movement in ChR2 controls
entry of water molecules and is a key element in pore
opening >

In ChR2, we expect conformational changes similar to bR,
that is, a perturbation of TMH G upon retinal isomerization
and its final relay to TMH F. However, in ChR2 these changes
are transferred to TMH B through interaction with TMH G
by a putative salt bridge between E82 and R268 and
a hydrogen bond between E90 and N258. An interaction of
TMHB with TMH A is possible through the hydrogen
network of E97 and E101 with Q56. TMH B and TMH C
are also linked by a salt bridge between E83 and H134.
Sequence alignment among all twelve known ChRs reveals
a strict conservation of residues E82 and E90 (both TMH B),
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and R268 (TMH G).?! While the substitution of E90
modulates the ion selectivity but leads to a functional light-
gated channel,®?] mutation of E82 to alanine results in
a severely diminished expression level of this mutant.”® We
argue that E82 is an important structural element linking
TMH B to the other TMHs, together forming the flexible
cation permeation pathway. This is supported by both the
observation of a strong mutation sensitivity of the C79
position and the shift in the distance distribution between the
dark-adapted and the intermediate state (Figure 3B, 3D).

In summary, we demonstrate light-induced movement of
TMH B. The most prominent sequence and structural differ-
ences between ChRs and other microbial-type rhodopsins are
confined in TMH A and B. The investigated mutants retain
their functionality as light-gated ion channels. Hence, we
hypothesize that conformational changes occurring in this
area are the key elements making ChR2 a cation channel.
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