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Transmembrane Domain Three Contributes to the lon Conductance
Pathway of Channelrhodopsin-2

Olga Gaiko and Robert E. Dempski*
Department of Chemistry and Biochemistry, Worcester Polytechnic Institute, Worcester, Massachusetts

ABSTRACT Channelrhodopsin-2 (ChR2) is a light-activated nonselective cation channel that is found in the eyespot of the
unicellular green alga Chlamydomonas reinhardltii. Despite the wide employment of this protein to control the membrane poten-
tial of excitable membranes, the molecular determinants that define the unique ion conductance properties of this protein are not
well understood. To elucidate the cation permeability pathway of ion conductance, we performed cysteine scanning mutagen-
esis of transmembrane domain three followed by labeling with methanethiosulfonate derivatives. An analysis of our experi-
mental results as modeled onto the crystal structure of the C1C2 chimera demonstrate that the ion permeation pathway
includes residues on one face of transmembrane domain three at the extracellular side of the channel that face the center of
ChR2. Furthermore, we examined the role of a residue at the extracellular side of transmembrane domain three in ion conduc-
tance. We show that ion conductance is mediated, in part, by hydrogen bonding at the extracellular side of transmembrane

domain three. These results provide a starting point for examining the cation permeability pathway for ChR2.

INTRODUCTION

Channelrhodopsin-2 (ChR2) is a light-gated nonselective
channel, which can conduct mono- and divalent cations
(1). In the unicellular green alga Chlamydomonas
reinhardtii, it has been proposed that ChR2 serves as
a sensory photoreceptor, controlling phototaxis signaling
(2). ChR2 is a retinylidene protein. Retinylidene proteins
(commonly called rhodopsins with the chromophore retinal
or opsins without retinal) use retinal as a chromophore for
light reception and are present in many species from
bacteria to algae and animals. Type 1 and type 2 retinylidene
proteins are differentiated by three features: a), apoprotein
sequences; b), near-atomic to atomic crystallographic data
showing the orientation of their seven helices; and c), the
isomeric configuration and ring/chain conformation of the
retinal (3). ChR2 is a type 1 rhodopsin that also includes
proteins from eukaryotic microbes (3). All type 2 rhodop-
sins are reported in higher eukaryotes. Despite differences,
both types of proteins have similar overall structural
features: seven transmembrane (TM) «-helices and the
light-isomerizable chromophore retinal. The chromophore
is covalently attached to a lysine residue (K257 in ChR2)
located in TM7 through a protonated Schiff base (4). In
type 1 rhodopsins, light isomerizes all-tfrans-retinal to
13-cis-retinal. Photoisomerization of the chromophore trig-
gers conformational changes of the protein that induces ion
translocation (5). In the absence of light, 13-cis-retinal
isomerizes back to all-trans-retinal.

Our understanding of ChR2 structure has been greatly
enhanced following cryo-electron microscopy experiments
and molecular dynamics (MD) simulations, as well as
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through comparison with the crystal structure of bacterio-
rhodopsin (BR) (6-8). The 6 A projection map of ChR2,
obtained by cryo-electron microscopy of two-dimensional
crystals revealed that the protein is a dimer, and suggested
that the conductance pathway of ChR2 is located at the
dimer interface on the twofold axis, lined by TM helices 3
and 4 (6). However, the localization of the pore at the dimer
interface was called into question in MD simulation studies
(7). The dimer interface was shown to be densely packed
and unlikely to be the ion conductance pathway. The
recently published x-ray crystal structure of the channelrho-
dopsin-1 and channelrhodopsin-2 chimera (C1C2) resolved
in the dark state at 2.3 A resolution clarified the architecture
of the protein (Fig. 1) (9). Similar to the previous structure,
it was shown that channelrhodopsin is a dimer with multiple
tight interactions at the N-domain, extracellular loop 1
(ECL1), TM3, and TM4. Cysteine residues in the N-domain
form disulfide bonds between protomers. The intracellular
end of TM7 is shifted toward the central axis of the mono-
mer and projects into the intracellular space. The extracel-
lular ends of TM1 and TM2 are tilted outward when
compared with BR.

Functionally important residues of ChR2 have most often
been identified by sequence alignment with other opsin
proteins. Homologous residues that are critical for BR func-
tion may also be essential for ChR2 gating, ion selectivity,
and rectification of the channel. For example, mutation of
E123, a homolog to D85 in BR, which serves as an acceptor
of the proton from the Schiff base, alters the photocycle
kinetics of ChR2 (10,11). The double mutant E123T and
T159C exhibited rapid kinetics and large amplitudes and
thereby increased reliability of high-frequency stimulation
(12). Likewise, it was established that residue H134, which
is a homolog to proton donor D96 in BR, together with E90,
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FIGURE 1 Structure of ChR2 monomer based on the crystal structure of
a C1C2 chimera (PDB ID 3UG9). TM3 with Q117 residue on the top is
highlighted (black bead). Retinal is highlighted (gray). E90 and H134 are
key residues crucial for the gating and selectivity mechanism of the
channel. Closed to the Schiff base residue E123 accelerates channel
kinetics. Fast kinetic E123 mutants have been used to designate an engi-
neered opsin gene ChETA. The T159C mutation resulted in a dramatic
increase in stationary photocurrent. Modifications at the C128 position
extend the lifetime of the open state by a modification of the hydrogen
bond between C128 and D156.

contributes to the selectivity filter of ChR2 (10,13-15). E90
is located in TM2 and described as critical for pore function
(15). An analysis of recent experiments suggests that TM2
contributes to ChR2 selectivity and ion conductance (9).
In contrast, most residues that alter the kinetics of ChR2,
are located in TM3. TM3 contains several amino acids
that interact with the all-trans-retinal Schiff base chromo-
phore (16). This includes C128 (T90 in BR) (Fig. 2).
Recently, it has been shown that modifications at C128

Channelrhodopsin-2 LLT! THSNLTGLSND-144
Channelrhodopsin-1 LLT! ILIHLYSNLTGLAND-183
Bacteriorhodopsin LFTTIHLILL DADQG-119
Halerhodopsin LS LLALG GSNAT-147

FIGURE 2 Amino acid sequence alignment of the predicted third trans-
membrane domain of the ChR2 from Chlamydomonas reinhardtii with the
sequences of ChR1, BR from the Halobacterium sp., and Halorhodopsin
from the Natronomonas pharaonis. The GenBank accession numbers of
the protein sequences are AAMI15777 (ChR2), AAL08946 (ChR1),
AAG19772 (BR), and AAAT72222, respectively. Conserved amino acid
sequences across all proteins are indicated by boxes. Sequence alignment
obtained using ClustalW2 (EMBL-EBI).
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extend the lifetime of the open state by affecting the
hydrogen bond between C128 and D156, indicating the
same possible function as T90 in BR (16-19). However,
this point is not entirely resolved as the distance between
these residues in the C1C2 chimera is too great to support
a hydrogen bond (9).

Although some functionally important residues of ChR2
have been identified, the molecular determinants that
contribute to ion channel function are largely unknown.
Considering that residues that comprise TM3 have been
implicated in ion conductance, our objective was to
systemically examine the contribution of residues within
this TM domain to ion flux. Therefore, we performed
cysteine-scanning mutagenesis along TM3, followed
by 2-aminoethylmethanethiosulfonate (MTSEA) and 2-
sulfonatoethyl methanethiosulfonate (MTSES) labeling.
An analysis of our experimental results has determined
that MTS labeling of residues along one face of TM3
contribute to ion channel conductance. Furthermore, we
have identified an extracellular surface-exposed residue
that modulates channel permeability for cations. We
propose that this functional effect is due to the destabili-
zation of helix-helix interactions at the extracellular side
of ChR2.

MATERIALS AND METHODS
Expression of ChR2 mutants in Xenopus oocytes

The cDNA of ChR2 (residues 1-309) with a hemagglutinin tag
(YPYDVPDYA) on the C-terminus was subcloned into the vector pTLN
as described (20-22). The ChR2 cysteine double replacement mutant
(ChR2c34a/c364) Was created using the polymerase chain reaction-based
QuikChange site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA) according to the manufacturer’s instructions. The
ChR2c34a/c36a mutant was used as a template for further incorporation
of single cysteines. All mutants were verified by sequencing of the
entire gene.

Oocytes were obtained after partial ovarectomy from Xenopus laevis
females (20). Freshly isolated oocytes were exposed to Ca>"-free Ringer’s
buffer containing 3 mg/ml collagenase for 2.5-3 h at room temperature.
Defolliculated oocytes were washed extensively and kept in Ringer’s buffer
(5 mM MOPS/NaOH, 110 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM
MgCl,, pH = 7.6) until injection. mRNA of the desired construct was
prepared using the SP6 mMessage mMachine kit (Life Technologies, Grand
Island, NY), and quantified with a Nanodrop 2000c (Thermo Scientific,
Wilmington, DE). Verification of mRNA synthesis was performed after
running an aliquot of mRNA on an agarose gel. Oocytes were injected
with 50 ng ChR2 mRNA. After mRNA injection, oocytes were kept in
the dark in Ringer’s buffer supplemented with 1 mg/ml gentamycin and
1 uM all-trans-retinal at 17°C for at least 3 days before two-electrode
voltage-clamp experiments.

Two-electrode voltage-clamp measurements,
chemical labeling with MTS

Glass microelectrodes, filled with 3 M KCl and with tip resistances
between 0.5 and 2.5 MQ were used for all experiments. Bath electrodes
were connected to the experimental chamber via agar bridges filled with
3% agar in 3 M KCI. For photocurrent measurements, oocytes expressing
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each wild-type (WT) or a mutant ChR2 was clamped to —40 mV. A 75-W
xenon arc lamp (Sciencetech, Port Huron, MI) was used as a light source.
The Sciencetech power supply (model SCI 200) delivered power for the
lamp. Illumination was controlled by a computer-triggered shutter Uniblitz
VCM-DI (Vincent Associates, Rochester, NY). The light was applied to
the oocytes using a light-guiding fiber with a diameter of 2 mm. The light
intensity was ~4 x 10%' photons s~' m~? at the surface of the oocyte and
calculated as a derivative of the total power of light falling onto a surface
deviated by energy of a single photon. The total power of light was
measured with a single pixel power detector PM100D (Thorlabs GmbH,
Dachau, Germany) at the end of the light-guiding fiber. The voltage pulses
were configured by the pPCLAMP10 program (Molecular Devices, Sunny-
vale, CA) between —120 and +60 mV in increments of 20 mV. A 10 s
recovery between voltage pulses was sufficient to allow recovery from
desensitization of the stationary state photocurrent properties (see
Fig. S1 in the Supporting Material) (23). Photocurrent measurements
were carried out in Tris buffer (5 mM Tris/HCI, 115 mM alkali-metal
chloride salt, 2 mM BaCl,, 1 mM MgCl,, pH = 9.0). Each oocyte was
equilibrated in buffer for ~2 min before beginning the recording of
sequences. Chemical modification of cysteine residues was achieved by
incubating the oocyte in Ringer’s buffer containing 1 mM of either
MTSEA or MTSES (Toronto Research Chemicals, Ontario, Canada) for
10 min in the measuring chamber according to our established method-
ology (24). The MTS reagents were weighed out before each experiment,
kept on ice, and diluted in buffer just before use. Photocurrents were
measured before and after cysteine-specific labeling. Photocurrents before
and after chemical modification were measured using Ringer’s buffer as
the extracellular solution.

Data analysis and structural modeling

All analyses were performed using Clampfit 10.2 (Molecular Devices) and
SigmaPlot 11.0 (Systat Software, San Jose, CA). Numerical values were
given as mean = SE and calculated from at least five measurements ob-
tained with oocytes from at least three frogs. Statistical #-tests were used
to compare two groups of data. Time constants 7, and 7;, characterize
the monoexponential transition from flash-to-peak (7,,) and from peak-
to-stationary currents (7;,), respectively (12). A biexponential fit was
used to analyze current kinetics after the light was switched off ()
(12,19,25). Reversal potentials (V,.,) were determined manually from
current-voltage (I/V) plots. The apparent permeability ratios (Px/Pna) of
monovalent cations relative to Na® were calculated with the Goldman
Hodgkin Katz equation from the measured changes of reversal potentials,
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where Px and Py, are the permeabilities of ion X* (X™: Li*, K*, Rb™,
or Cs™) and Na™, respectively (26). Structural models were created using
visual molecular dynamics and Chimera software with PDB entry 3UG9
(9,27). Incorporation and evaluation of glutamine residue at position 117
as well as calculation of H-bonds were carried out with the Rotamers
tool of the Chimera software (28).

RESULTS

Introduction of single cysteines into ChR2 by site-
directed mutagenesis

Following replacement of two extracellular cysteine resi-
dues (C34 and C36) with alanine, mRNA of the
ChR2c34a/c364 Mutant was injected into X. laevis oocytes.
Functional expression was examined by measuring
stationary currents upon application of light in two-elec-
trode voltage clamp experiments. No significant change in
kinetic parameters for the ChR2c3ga/c36a Mmutant was
observed when compared to the WT protein (Fig. 3 A).
The ChR2¢34a/c36a mutant was used as a template for
cysteine scanning mutagenesis and for all subsequent
MTS labeling experiments.

Cysteine scanning mutagenesis was performed on resi-
dues R115 to T139, which comprise the third transmem-
brane domain (Fig. 2). Stationary currents were highly
variable. The largest increase in stationary current when
compared to WT ChR2 (photocurrents at —120 mV:
—0.75 = 0.07 uA, n = 61) was observed with the Q117C
(=1.08 = 0.15 uA, n = 17) and L132C (—1.15 = 0.26
uA, n = 13) mutants (Fig. 3 A). L132 is a highly conserved
amino acid in ChR2, ChR1, BR, and halorhodopsin (Fig. 2).
The L132C mutant was already described as CatCh
(calcium-translocating channelrhodopsin), which has a
higher Ca®>" permeability, light sensitivity, and faster
response kinetics when expressed in hippocampal neurons
than the WT ChR2 (29). In contrast, Q117 is variable among
homologous proteins (Fig. 2).

FIGURE 3 Effect of cysteine substitution and
thiol-reactive reagents treatment on functional
activity of the protein. (A) Mean stationary photo-
currents of WT ChR2, ChR2C34A/C36A, and
cysteine mutants of the channel recorded at
a V,, of —120 mV in Ringer’s buffer (5 mM
T MOPS/NaOH, 110 mM NaCl, 5 mM KCl,
2 mM CaCl,, 1 mM MgCl,, pH = 7.6), and
measured as in uA. The currents shown are the
average of stationary currents from 7 to 61 cells.
The error bars represent SE. *, p < 0.05. (B)
Analysis of cysteine-substituted mutants after
MTSEA and MTSES treatment via two-electrode
voltage clamp. Each oocyte was incubated in
Ringer’s buffer in presence of 1 mM sulthydryl-
specific reagents MTSEA (in black) or MTSES
(in gray) at room temperature for 10 min in the
measuring chamber. Currents were recorded at

—120 mV before and after incubation with MTS reagents and are expressed as the percent of the stationary currents at —120 mV before treatment.

The data are means = SE from 5 to 35 oocytes. *p < 0.002.
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Cysteine replacement at residues R115, V116, or 133 did
not have a significant effect on the stationary current of the
channel when compared to the ChR2 WT. The remaining
constructs had reduced photocurrents.

Mapping the effects of MTS on cysteine mutants
in TM3

To assess the functional significance of residues along trans-
membrane domain three, cysteine mutants were labeled
with the sulthydryl-specific reagents MTSEA and MTSES.
MTSES introduces a net negative charge, whereas MTSEA
introduces a positive charge following site-specific labeling
of cysteine residues (30). We compared stationary photocur-
rents generated by the oocytes expressing cysteine mutants
with WT ChR2 after hyperpolarization to —120 mV in
Ringer’s buffer. Photocurrents were obtained from the
same oocyte before and after 10 min incubation with
1 mM MTSEA or I mM MTSES. Ion conductance was
calculated as the percent of stationary currents at
—120 mV before exposure to MTS. Neither the WT
ChR2, nor the ChR2c344/c36a constructs were affected
by either MTS reagent (Fig. 3 B). However, the
ChR2¢34a/c36a construct was used for all subsequent exper-
iments to minimize indirect effects of MTSEA or MTSES
labeling at these positions. Five mutants showed statistically
significant changes in ion conductance after treatment with
MTS reagents. The negatively charged modifier (MTSES)
enhanced currents of R115C and E123C and impaired the
stationary current of Q117C and I133C mutants. Addition
of the positively charged MTSEA reagent reduced photo-
currents of E123C, L132C, and 1133C.

The effect of sulfhydryl modifications on the photocur-
rents of mutants was further examined as changes in reversal
potentials (AV,,, see Table 1). Small changes in V., for
untreated oocytes were observed between different batches
of oocytes that can be directly attributed to changes in the
intracellular components of oocytes. Therefore, changes in

TABLE 1 Reversal potential values (mV) calculated from
oocytes expressing WT ChR2 and cysteine mutants
Protein MTSEA MTSEA

- +
WT ChR2 —4.53 = 045 (35) -3.5 £ 0.04
R115C —3.68 = 0.33 (9) 11.76 = 0.84*
V116C —5.76 = 1.11 (5) —1.74 = 0.95
Ql117C -4.22 += 0.81 (5) 2.93 + 0.49%
Al122C 0.73 = 244 (5) 11.85 = 2.07
E123C —12.24 = 1.23 (8) —-5.79 + 1.16*

L132C n/d n/d
1133C 0.95 = 0.74 (8) 5.21 = 0.93*
L135C 7.58 + 2.36 (5) 9.94 + 2.30

Reversal potentials were determined in Ringer’s solution (pH = 7.6) before
(—) and after (+) treatment with MTS reagents at —120 mV. Mean values
+ SE of the mean (number of experiments). n/d (not determined), as
L132C mutant (CatCh) has an elevated Ca>* permeability (29). Asterisks
indicate p < 0.005 when compared to untreated oocytes.
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the reversal potential before and after MTS labeling were
directly compared on a single day. I/V plots recorded from
wt-expressing oocytes before and after MTS treatment
were indistinguishable. This is consistent with data in
Fig. 3 B, showing that MTS reagents did not alter stationary
currents of WT. MTSES labeling had negligible effects on
the reversal potential of the ChR2 mutant proteins (data
not shown). In contrast, MTSEA labeling resulted in either
no change or depolarization of reversal potentials following
labeling at positions R115, Q117, E123, and 1133. The posi-
tive shift in reversal potential indicates that fewer cations are
conducted when compared to the untreated mutant proteins.

Replacement of Q117 on the extracellular side of
TM3 alters channel permeability

Upon the observation of the large photocurrents by the
QI117C ChR2 mutant as well as the change in ion conduc-
tance upon labeling with MTSEA, we hypothesized that
this residue at the extracellular side of the third transmem-
brane domain of ChR2 could contribute to cation selectivity.
Therefore, we performed a sequence alignment of ChR2
with ChR1 and BR and determined that Q117 corresponds
to valine and tyrosine, respectively, in these homologous
proteins. We subsequently replaced glutamine with these
amino acids at this position. In addition, we replaced
Q117 with charged amino acids (glutamic acid and arginine)
to gain further insight into the role of this residue in ion
conductance. Four ChR2 constructs with point mutants
were expressed in X. laevis oocytes and characterized via
two-electrode voltage clamp. Light-induced currents were
recorded in the presence of 115 mM monovalent cation
X' (X" Lit, Nat, K*, Rb*, and Cs") at pH 9, and the
reversal potential of each cation was determined (Table 2).
Although valine substitution had minimal effects on Vi,
replacement of glutamine by negatively charge glutamic
acid resulted in a hyperpolarizing shift of reversal potentials
of all monovalent ions. Q117R and Q117V exchanges did
not markedly alter reversal potentials, with the exception
of K¥ Vi, (QII7R: Vi, 4y = —286 = 04 mV,
Q117V: Viey k+) = —20.9 = 2.4 mV) when compared to
WT ChR2 (Viey x+) = —14.8 £ 2.1 mV).

In addition, AV,., were used to estimate permeability
ratios (Px/Pn,) of each monovalent cation for WT ChR2
and mutants. Ratios were determined as changes in reversal
potentials of photocurrents when replacing 115 mM Na™ by
another monovalent cation X' (Table 3). Values >1 indi-
cates a higher permeability for cation X over Na*, whereas
values <1 indicates reduced permeability for cation X*. We
observed the same dependency as previously described for
WT ChR2 (1). Furthermore, the conductance of WT ChR2
and mutants for all monovalent cations decreased with
increasing atomic radius. The most significant effects were
observed for the Q117E mutant where each cation had
reduced permeability when compared to the WT ChR2.

Biophysical Journal 104(6) 1230-1237
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TABLE 2 Reversal potentials of Q117 mutants

Gaiko and Dempski

Ton X* WT ChR2 QI17E QI17R Q117V Q117Y

Li* —8.6 = 0.5(9) —11.7 + 0.7 (6) —~10.3 + 0.7 (6) —8.9 + 0.5(7) —6.2 + 0.7 (10)
Na* —9.4 + 0.5 (11) —25.8 + 2.0 (19) —~10.5 + 0.3 (7) —10.0 + 0.6 (7) —9.4 + 0.7 (13)
K+ —14.8 + 2.1 (14) —27.8 + 1.0 (8) —28.6 + 0.4 (5) —22.5 + 1.7 (13) —122 + 12 21)
Rb* —29.3 + 0.8 (5) —35.8 + 3.6 (6) —27.7 + 03 (5) —29.6 + 0.7 (5) —24.7 + 0.3 (10)
cs* —28.4 + 2.6 (5) 353 + 42 (6) —29.9 + 0.2 (5) —29.7 + 0.6 (8) —27.6 + 2.0 (8)

Reversal potentials were determined by current-voltage relationships and 115 mM XCl in the external solution (pH = 9.0) on oocytes expressing WT ChR2,

QI17E, Q117R, Q117V, and Q117Y. Mean values = SE (n).

The Q117Y mutant generated >fivefold larger photocur-
rents when compared to the WT (data not shown). Large
photocurrents are often accompanied by slower channel
kinetics (13). We analyzed kinetics (flash-to-peak (7o),
peak-to-stationary currents (7y,), and switched-off (7o)
time constants) to determine whether mutations of Q117
alter the kinetics of the channel photocycle (Table 4).
Current traces taken in 115 mM Na' solution at
—120 mV were fit as described in the Materials and
Methods. WT ChR2 had 7., of 5.51 * 0.27 ms, 7;, of
136 £ 7.26 ms, and 7o 6.75 *= 0.60 ms (n = 7). The
QI117E and Q117V constructs had similar on-, in-, and
off-kinetics rates. In contrast, the Q117R and Q117Y were
slower in one or more steps of the photocycle compared
with those of WT ChR2. Next, we analyzed steady-state/
peak current ratios (S/P) that indicate inactivation of the
channel during light exposure. S/P ratios were calculated
on photocurrents evoked at —120 mV (115 mM Na*,
pH = 9) (Table 4). Larger S/P ratio, when compared with
the WT, indicates either less inactivation for the mutant
construct or a higher conductance in O2 for cations. Only
the Q117Y mutant showed a significant difference in signal
inactivation with S/P = 0.30 = 0.02 when compared to the
WT ChR2 (S/P = 0.44 = 0.02).

DISCUSSION AND CONCLUSIONS

ChR2 is a nonselective cation channel, which is functionally
distinct from other opsin proteins as it can act as an ion
channel, whereas other opsin proteins are ion pumps.
Although this protein has become a valuable tool in control-
ling cellular membrane potential with light, the cation
permeation pathway for ion conductance is not well defined.

TABLE 3 Permeability ratios Px/Py, of monovalent cations for
Q117 mutants

Ion X* WT ChR2 C34A/C36A QI17E QI17R QI117V  QI17Y

Li* 1.03(9) 107(5) 091(6) 096 (6) 1.02(7) 1.13(10)
Nat  1.00(l11) 0.97(8) 0.52(19) 0.95(7) 0.98 (7) 1.00 (13)
K+ 0.81 (14) 0.77(7) 0.48(8) 0.47(5) 0.59 (13) 0.89 (21)
Rb*  045(5) 0.50(5) 035(6) 0.48(5) 0.45(5) 0.54(10)
Cst 047 (5) 045(5) 036(6) 044 (5) 0.45(8) 049 (8)

Permeability ratios determined as described in Materials and Methods.
[X*]=115mM, pH = 9. Mean values + SE of the mean (number of exper-
iments).

Biophysical Journal 104(6) 1230-1237

To examine this open question, we performed cysteine scan-
ning mutagenesis on transmembrane domain three.

To reduce nonspecific MTS labeling of ChR2, we first
made two mutations of cysteine residues located on the
extracellular side, C34 and C36. It has recently been shown
that these residues form disulfide bonds as the protein is
dimeric (9). Mutagenesis of these residues and subsequent
loss of disulfide bonding had no functional effect on
ChR2. Subsequent to this experiment, 25 residues in trans-
membrane domain three, from R115 to T139, were replaced
by cysteine and screened for functional changes in X. laevis
oocytes. An analysis of our experiments showed that
stationary photocurrents were highly variable; but that
nine mutants (R120C, Y121C, W124C, P129C, H134C,
S136C, N137C, L138C, and T139C) had highly reduced
photocurrents compared to WT ChR2 or were inactive. As
can be seen from our sequence alignment of ChR2 with
ChR1, BR, and halorhodopsin (Fig. 2), R120, Y121,
W124, P129, and L138 are highly conserved amino acids.
Therefore, mutagenesis of these residues disrupts the struc-
tural and/or functional role of residues at these positions
(31). Furthermore, H134, S136, N137, and TI139 are
conserved between ChR1 and ChR2 suggesting a struc-
tural/functional role for these residues as well. Replacement
of histidine at position 134 has been shown to be involved in
H™ selectivity and release (32). An analysis of our experi-
mental results showed there is a significant increase of
stationary photocurrents at two positions (Q117C and
L132C). The L132C mutant was previously described as
CatCh and has been shown to modulate the relative perme-
ability to Ca®" and Na*t (29).

To further explore the functional significance of residues
that comprise transmembrane domain three in ion channel
conductance, functionally active cysteine mutants were
labeled with methanethiosulfonate derivates. MTS labeling
has previously been shown to be an effective method to
examine the ion conductance pathway of membrane
proteins (30). An analysis of our experimental results
showed that labeling with MTSEA, a positively charged
reagent, inhibited cation conductance, whereas negatively
charged MTSES labeling induced ion conductance.
These results could simply be due to charge-charge
attraction or repulsion between the MTS reagent and
cations. Labeling with MTS reagents at five positions along
transmembrane domain three (R115C, Q117C, EI123C,
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TABLE 4 Kinetics and steady-state/peak current ratios of WT ChR2 and Q117 mutants
Ton, MS Tin, MS Tof> MS S/P

WT ChR2 5.51 £ 0.27 (7) 136.06 = 7.26 6.75 = 0.60 0.44 + 0.02
QI17E 4.83 + 0.42 (12) 112.63 + 10.19 6.04 + 045 0.46 = 0.3

QI17R 8.57 + 0.26 (7)* 162.83 + 543 8.68 + 0.36 0.33 + 0.02
QI117V 7.69 £ 0.65(7) 180.03 = 12.84 8.80 = 0.59 0.63 = 0.05
QI117Y 7.45 £ 0.27 (12)* 151.21 = 8.70 9.28 + 0.36* 0.30 £ 0.02*

Kinetics values and steady-state/peak current ratios (S/P) were determined by fitting photocurrents taken in 115 mM Na* solution at —120 mV. Time
constants 7o, Ty, and 7o correspond to flash-to-peak, peak-to-stationary current, and switched-off regions of a current trace, respectively. on- and in-rates
were determined by monoexponential fitting of current traces, whereas off-rates were determined by biexponential fit. Mean values + SE of the mean
(number of experiments). ¢-test with level of significance p < 0.005 (indicated by asterisks) was used to compare Q117 mutants with WT ChR2.

L132C, and I133C) had a significant effect on ion conduc-
tance. Each of these residues faces transmembrane domains
six and seven and residues, which comprise each of these
transmembrane domains and could participate in the ion
conductance pathway. Labeling of R115, located at the
extracellular pore entrance of ChR2, with MTSES signifi-
cantly increased stationary current and could mark the extra-
cellular entrance of the ion channel pore. Residue E123 has
already been shown to be important for proton pumping and
also appears to play a role in ion channel function as
MTSEA labeling decreased ion conductance, whereas
MTSES labeling resulted in a large enhancement of ion
conductance (~40%). Labeling at two positions (L132C
and I133C) occurred deep within ChR2 on the intracellular
side of the retinal cofactor. It has previously been demon-
strated that the MTS reagents would fit inside a cylinder
~0.6 nm in diameter, which suggests that the pore is confor-
mationally flexible enough to enable labeling with these
bulky reagents deep within the protein (33).

To further understand the molecular determinants of these
residues along the cation permeation pathway, we modeled
each residue, which demonstrated a significant change in
ion conductance upon MTS labeling on the structure of
CI1C2 (Fig. 4). Viewed from the extracellular side of the
channel, the cation permeation pathway progresses along
the pathway of three residues (R115, Q117, and E123),
which align from the extracellular space into the pore of
ChR2, on top of each other. Interestingly, L132 and 1133
are located more distal from these positions on the other
side of the retinal moiety. Nevertheless, R115, Q117, and
E123 could represent the entrance pathway for cation
conductance of ChR2. It should be noted that an absence
of functional change upon application of MTS reagents
can be due to either no labeling or no effect upon labeling
at these positions.

During the course of our experiments, we observed that
replacement of Q117 with cysteine resulted in significantly
greater stationary current when compared to the WT ChR2.
To further examine the mechanistic role of this residue,
glutamine was replaced with charged residues (glutamic
acid and arginine) as well as tyrosine and valine, which
are the homologous residues in BR and ChR1, respectively.
The most significant effects on cation permeability were

observed for the Q117E mutation. To understand the cause
of this change in permeability, we modeled changes in the
side chain at this position (V156 in ChR1 (28)) using the
crystal structure of the channelrhodopsin chimera C1C2

S

FIGURE 4 A model of residues that show changes in cation permeability
upon cysteine labeling and labeling with MTSEA or MTSES. Views
include along the membrane (fop) and into the center of the C1C2 chimera
(PDB ID 3UGY) from the extracellular side of the protein (bottom).

Biophysical Journal 104(6) 1230-1237



1236

(PDB ID 3UGY). Replacement of valine with glutamine at
this position using the Richardson rotamer library (Fig. 5)
indicates that glutamine can form a hydrogen bond with
E140 (E101 in ChR2) on transmembrane domain two.
Replacement of glutamine with glutamate at position 117
in ChR2 disrupts H-bonding with E101 as glutamate is the
only tested residue that has an unprotonated carboxylic
acid side chain under our experimental conditions. In
contrast, the Q117Y, Q117V, and Q117R mutations preserve
the hydrogen bond between the transmembrane domains.
Furthermore, we observe that although the permeability
for all ions is reduced with the Q117E mutant (Table 3),
the decrease in permeability is most dramatic for Na*™ and
K*. Considering that it is well established that ions pass
through ChR2 in a dehydrated state, we speculate that the
extracellular pore entrance could be involved in cation
dehydration before ion conductance and that small changes
in H-bonding at the entrance of the pore have a variable
effect on dehydrating cations as they are conducted by
ChR2 (1,21). This suggests that H-bonding at the extracel-
lular side of ChR2 is an important determinant of ion
conductance where disruption of interhelical H-bonding
results in a destabilization of helix-helix assembly and
a subsequent decrease in ion permeability.

In summary, an analysis of our experimental results
provides, to our knowledge, new insights into the perme-
ation pathway of ion conductance for ChR2: 1), whereas
highly conserved residues within TM3 are required for the
structure and/or function of ChR2, residues located on one

FIGURE 5 A structure of ChR2 based on the crystal structure of a chan-
nelrhodopsin C1C2 chimera (PDB ID 3UG9) with glutamine rotamers at
position 117 (V156 in ChR1). Insertion of a glutamine residue was carried
out with the Chimera program using the Richardson rotamer library.
Hydrogen bonds between Q117 in TM3 and E101 in TM2, as well as
between E101 and Q56 in TM1 are shown (dotted lines). Nitrogen atom
of glutamine side chain is hydrogen bonded to the backbone carbonyl
oxygen of E101 (E140 in ChR1).
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face at the extracellular end of TM3 toward TM6 and
TMT7 contribute to the cation permeability pathway; 2),
the pore of ChR2 is conformationally flexible as MTS
reagents can penetrate the protein deep within the channel;
and 3), ion conductance is mediated, in part, by H-bonding
at the extracellular side of transmembrane domain three.

SUPPORTING MATERIAL

One supporting figure and its legend are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(13)00203-8.
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