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A B S T R A C T

Our study focused on specific ChR2 variants, particularly those with the Step function Opsins (SFO) mutation at
the D156-C128 gate. These are widely used in optogenetics due to their heightened sensitivity to light and bi-
stable prolonged activation. However, in some ChR2 variants, specifically D156 mutants, a tail current occurs
when continuous light exposure is stopped. We specifically examined the D156H-T159S ChR2 variant, which
demonstrated a tail current that was somewhat responsive to light and voltage, with a single-channel current of
around 9fA, similar to wt-ChR2 as determined by stationary noise analysis. To further investigate, we used
nonstationary noise analysis in cell-attached patching mode, which revealed that the tail current’s single-channel
current falls within the same range as the peak current, albeit with mild contamination from adaptation and
desensitization. This finding strongly supports the notion that a portion of the ChR2 molecules open or re-open at
the end of illumination, leading to further membrane depolarization.

1. Introduction

Shortly after Channelrhodopsins-1 （ChR-1） [1],
Channelrhodopsins-2 (ChR2） [2]) was cloned and confirmed to be a
light-gated cation-ion channel, which was identified in 2001 and 2003
in oocytes and mammalian HEK cells, respectively. Since then, ChR2 has
been used as an excitation tool for optogenetics [3–6] and vision
restoration in blindness [7] due to photoreceptor cell loss in retinal
pigmentosa (RP). Over two decades, researchers have developed dozens
of ChR2 variants with improved light sensitivity, temporal and spatial
resolution, and multiple spectra [8–11]. The DC (D156, C128) gate was
proposed [12] and eventually confirmed to involve a water-mediated
binding between C128 and D156 and to interact directly with the
retinal Schiff base [13]. Some mutations to D156 or C128 dramatically
slowed the closure kinetics [14–16]. Some DC mutations (mainly C128
mutations, including C128A and C128S) are called and referred to as
step-function opsin (SFO) due to their bi-stable long activation under
short illumination. It was generated by introducing a point mutation of
ChR2 at position C128, including C128A ChR2, C128S ChR2, or C128T
ChR2. Another variant, D156A ChR2, has a deactivation time scale of
the order of minutes [16]. The combination of these two mutations
resulted in a stabilized SFO-ChR2(C128S-D156A, SSFO), which has a
stable step depolarization membrane potential of more than 30 min in
vitro and in vivo [17,18]. The decay of the conducting state P520 is

dramatically slowed down in C128T ChR2 [17,18] and D156E ChR2
[19]. Thus, The DC pair mutation slows the photocycle (transition from
P520 to P480 state) with accumulating P520 [20].

After Frankenhaeuser first described the K+ tail current from an
isolated single fiber of the sciatic nerve of the frog X. laevis [21], tail
currents were reported from most voltage-gated potassium channels
(KV), sodium channels (NaV) [22], and calcium channels (CaV) [23].
NaV and CaV channels’ inward tails are fast and masked by transients
with larger capacitance. Therefore, the tail current of KV, especially the
HERG (KCNH2) K+ channel, has been thoroughly investigated [24]. In
general, the tail current of the voltage-gated channel reflects the timing
of channel closure initiated after stimuli termination. In addition, the
inward tail current of ligand-gated N-methyl-D-aspartate receptor
(NMDA receptor or NMDAR) has recently been reported [25–28]. The
inward tail current of NMDAR suggests that the NMDA receptor chan-
nels accumulate in the open-blocked state. Thus, in addition to the tail
current, which can affect the action potential and repetitive ring in
target cells [24,29–34], the study of tail current will also facilitate the
understanding of the mechanism of structural transformation.

Tail current is not often detectable in Xenopus oocytes or HEK 293
cells for wild-type channelrhodopsin-2 (wt-ChR2). Still, we found it is
robust in some variants, e.g., point mutation D156 (D156H or D156C)
alone or combined with other point mutations (Figs. 1 and 2, Supple-
mentary Fig. 2). The first documented tail-like event is of C128S [14].
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However, the tail current of ChR2 has yet to be well studied. We char-
acterized the photocurrent of mutations of the DC pair of ChR2 under
patch clamp and reported the tail current, a novel characteristic feature
of ChR2.

2. Results

2.1. The tail current is induced upon the termination of continuous
illumination in variants with D156H mutation

The light-induced photocurrents of ChR2 and the variants containing
the D156H mutation were measured at 1000 ms light exposure. The
photocurrent curve of wt-ChR2, T159C ChR2, and the T159S ChR2
variant show a characteristic peak current (Ip) that inactivates to a
steady-state current level (Iss) that exhibits rapid desensitization as a
function of intensity (Fig. 1A–C), the parameters of photocurrent were
extracted as Supplementary Fig. 1 A. In contrast, inward tail current
responses were observed with D156H alone (Fig. 1 D) or with another
site mutation (either T159C or T159S) (Fig. 1 E and F, respectively) upon
cessation of continuous illumination, while the parameters of the tail
current were extracted as illustration in Supplementary Fig. 1B. These
data suggest that the tail current is attributed to the D156H mutant.

After reviewing literatures, the tail currents were visible in ChR2-
XXL (D156C) [16,35,36], ChR2-XXM (D156H) [37,38], C128S [14],
C128A, and D156A [16] expressed in Xenopus oocytes [14], C128T,
D156A in HEK 239 T cell [39], C128T, and SFO including C128A and
D156A in ND7/23 cells [40]. The tail current of ChR2 has yet to be well
studied. Therefore, we focused on the D156 site mutants because the
photocurrent is much lower in mutations of the C128X with a relatively
faster photocycle (Supplementary Fig. 2 and [16]). In addition, the tail
current is also detectable in variants with D156C, but it is not feasible to
characterize because it recovers very slowly compared with D156H
(Supplementary Fig. 2). Therefore, the tail current of ChR2 was mainly
characterized using the double mutants D156H and T159S ChR2
(D156H-T159S ChR2).

2.2. The tail current of the variants D156H-T159S ChR2 depends on the
light intensity

The photocurrents of three ChR2 variants, including wt-ChR2, T159S
ChR2, and D156H-T159S ChR2, were induced at six light intensities, as
indicated in Fig. 2 A-C. The photocurrent curve of T159S is similar to the
typical wt-ChR2 curve. The ratio of steady to peak current in ChR2 varies
considerably between the variants [41]. Compared to wt-ChR2 (50-40
%) [41] and T159S ChR2 (50–60 %), D156H ChR2 exhibits much lower
desensitization (about 5–10 %) (Fig. 2 D-I). The parameters of the above
three variants are shown in Table 1 and Supplementary Tables 1–3.
Neither wt-ChR2 nor T159S ChR2 contains a tail current. We then
confirmed that the tail current is not an artificial effect, e.g., the external
or internal electrical trigger by delivery light illumination by manually
switching on or off the LED or light shutter of microscopy (data not
shown). However, the tail current can be detected in most traces of the
D156H-T159S double mutant, as indicated in Fig. 2. B–C and Supple-
mentary Fig. 2. The amplitude of the tail currents shows an increasing
proportion to the amplitude of the peak current (Fig. 2. F). This result
indicates that the tail current depends on the light intensity. In addition,
τON and the delay to peak (DPEAK, the delay from the onset of light
exposure to the peak time) of D156H-T159S ChR2 negatively depend on
light intensity. In contrast, the DTAIL and τONT remain constant without
relation to light intensity. This result suggests that more channels are
responsible for increasing the tail current amplitude dependent on light
intensity. However, the activation timing of these molecules is relatively
constant, about in the 2–3 ms range.

2.3. The tail current of the variant D156H-T159S ChR2 is voltage-
dependent

Using multiple voltage step protocol (Fig. 3 A), the raw and tail
currents, subtracted from Iss traces, were plotted in Fig. 3 B–C. We
investigated whether this tail current was related to a voltage (Fig. 3
B–C). Experimental measurements of the reversal potential of ChR2 are
difficult due to the low current and poor signal-to-noise ratio around this
point. In contrast, the ChR2 and most variants show strong inward
rectification for peak and steady-state current at voltages above 0 mV
[42,43]. The reversal potential of the peak and tail current of the

Fig. 1. Macroscopic photocurrent of channelrhodopsin-2 variants under whole-cell patch recording. Representative photocurrents of channelrhodopsin-2 variants,
wt-ChR2 (A), T159C (B), T159C (C), D156H (D), D156H-T159C (E), and D156H-T159S (F) were induced by an LED (470 nm). Please note that the tail current was
elicited after the termination of illumination in the variants with the D156H mutation but was not observed in wt-ChR2 and the T159 point mutations (T159C and
T159S, respectively). The grey and the red photocurrent traces were induced at a light intensity of 1.21 and 14.2 mW/mm2, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

T. Zheng et al. Biochemistry and Biophysics Reports 39 (2024) 101787 

2 



D156H-T159S ChR2 variant shows a rightward shift at about +40.4 mV
and +44.1 mV, respectively, in 137.93 mM mM [Na+]o solution (Fig. 3
E, H) compared to wt-ChR2 is about+8 mV in 145 mM [Na+]o (Fig. 3 D)
[43]. The peak, steady-state, and tail currents respond to voltage non-
linearly (Fig. 3H), while the ITail/Ip ratio is linear (Fig. 3 G). Thus, the
amplitude of the tail current of D156H-T159S ChR2 is both light- and
voltage-dependent.

2.4. The single-channel current of the D156H-T159S ChR2 was measured
using a nonstationary noise analysis

The single-channel current of ChR2 is not feasible to measure using
classical single-channel recording because of the small single-channel
current (about the fA range). To estimate the unitary channel currents
of the D156H-T159S ChR2 variant, we first measured the single channel
current of ChR2 using stationary noise analysis [44,45]. Steady-state
noise analysis revealed that the single channel current of D156H and
T159S is approximately 9.2fA (Supplementary Fig. 3), which is in the
same range as wt-ChR2 [44]. In this approach, only functional channels
in the plasma membrane during the 120sec state-steady period are
recorded post-illumination (Supplementary Fig. 3), mainly attributed to
the conducting PN520 and P*N520 states [20]. Thus, the single channel
current of the tail current is not feasible to measure using stationary
noise analysis. Therefore, non-stationary noise analysis was performed
using the previous method [43] with slight modifications. Since the
rundown or adaptation of macroscopic photocurrent of ChR2s was

served under whole-cell mode (data not shown). The noise analysis
experiment was conducted in the cell-attached mode of the patch clamp
with a 20 ms illumination duration and an interval of 20 s between two
trials for wt-ChR2 and G224S ChR2, while an illumination duration of
500 ms and an interval of 22 s was applied for D156H-T159S ChR2. In
this approach, only functional channels in the plasma membrane were
considered during stimulation (Supplementary Fig. 4). The mean
maximum response amplitudes of D156H-T159S ChR2 (− 9 pA, n=14)
were not significantly different in the transfected HEK cells (Fig. 4).

Variance (σ2) due to the random channel noise was calculated from
the trial-to-trial variance, which is accessible from the artifact intro-
duced by rundown or adaptation (Fig. 4 D-F, Supplementary Fig. 4 A1-2)
[46]. The variance against the mean of the peak current was plotted and
fitted using the parabola equation σ2 = Ii − (I2/N) (wt-ChR2 in Fig. 4 B).
The ranges of estimated single-channel currents of wt-ChR2 (− 0.0865
±0.033 pA; n=7) (Fig. 4 A-C), which are similar to previously measured

Fig. 2. Kinetic properties of ChR2 variants at different light densities. Representative photocurrents of channelrhodopsin-2 variants induced by different light in-
tensities (1.21, 2.38, 3.34, 7.97, 12.77, and 14.2 mW/mm2, respectively), wt-ChR2 (A), T159S ChR2 (B) and D156H-T159S ChR2 (C). The tail current of the D156H-
T159S ChR2 variant can be observed in each trace induced at different light intensities. The amplitude of the peak and plateau currents were plotted in the histogram,
wt-ChR2, n=5 (D), T159S ChR2 n=5 (E), and D156H-T159S ChR2, n=4 (F). The relationship between the amplitude of the plateau (Iss) or tail current and the peak
currents was plotted in wt-ChR2 (G), T159S ChR2 (H), and D156H-T159S ChR2 (I).

Table 1
The kinetic characteristics of ChR2 variants at 7.94 mW/mm2 light intensity.

τON (ms) τINACT (ms) τONT (ms) τOFF/τTAIL (ms)

wt-ChR2 2.8 ±

2.63
19.94 ± 5.56 Not

appliable
30.54 ± 11.13

T159S 3.82 ±

1.49
196.61 ±

29.44
Not
appliable

272.33 ± 20.93

D156H and
T159S

2.82 ±

1.06
38.26 ±

12.57
3.16 ± 1.36 8132.26 ±

4594.35
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parameters [43]. The representative traces of a set recording were
illustrated in a two-dimensional plot in (Fig. 4 D) The variance σ2 was
calculated by subtracting sequentially (Supplementary Fig. 4 B) or trial
to trial difference (Fig. 4 E, Supplementary Fig. 4C) for further deter-
mination of variance σ2 in (Fig. 4 G). While G224S ChR2 (− 0.1200
±0.254 pA; n=18) and D156H-T159S ChR2 (− 0.1701±0.0731 pA;
n=13) (Fig. 4C). To estimate the single-channel current of the tail cur-
rent of D156H-T159S ChR2, the mean and variance of the beginning and
end of the light (±10 ms from the center of the time of light on or off) of
traces were calculated, respectively. The mean-variance plot and
least-squares plot of D156H-T159S ChR2 obtained from the beginning
and end of the light coordinate the peak current and tail current in Fig. 4
G-I. The estimated single channel currents of D156H-T159S ChR2: peak
current (− 0.1793±0.0831 pA, n=13) and tail current, (− 0.1750
±0.0773 pA, n=13) (Fig. 4 J). Moreover, the relationship between the
single channel current of the tail current and the peak current (Fig. 4 K
and L) showed that the single channel current of the tail current is
somehow related to the peak. Our data support the notion that the
opening or re-open of a proportion of the channel causes the tail current
at the termination of illumination since the single channel current of the
tail current is not alerted compared with the peak current, suggesting
that a transition from a non-conducting state to conducting state or from
a low efficient conducting state to high efficient conducting state is
attributed to the tail current. Berndt et al. proposed that the transient

accumulation of the conducting P520 state due to relatively slow decay
leads to the accumulated P390 state due to equilibrium to the p520 state,
which could give rise to the small peak observed at light-off in C128S
[14]. The possible mechanism will be discussed in detail lately.

2.5. The tail current of D156H-T159S ChR2 variants further depolarizes
the membrane potential

The membrane potential caused by the tail current of the ChR2
variants was monitored in whole-cell current-clamp mode (Fig. 5. A and
B). There is an additional depolarization (about 1–2 mV change from
relative constant membrane potential coordinated to the steady current
of ChR2) induced by the tail current at the termination of light exposure
(Fig. 5. A and B). The change can be appreciated in differentiated
membrane potential, current, and against plot (Fig. 5. D, E, and C.,
respectively). This suggests that additional membrane depolarization
caused by tail current may induce additional action potentials in the
target cell depending on the intrinsic electrophysiological properties of
the cell and circumstance.

3. Discussion

Tail current was visible, but without proper documentary, in ChR2-
XXL (D156C) [16,35,36], ChR2-XXM (D156H) [37,38], C128S [14],

Fig. 3. Kinetic properties of the D156H-T159S ChR2 variant for the voltage protocol. (A) The voltage protocol was performed with a varying holding potential from
− 120mV to +60 mV in 20 ms steps. (B) The macroscopic photocurrent of the D156H-T159S ChR2 variant was induced by a 1000 ms 7.97 mW/mm2 light from 470
nm LED under a voltage-dependent protocol with at least 40 s recovery. Note that the first trace with the largest amplitude is held at − 120mV. The tail current traces
after subtraction of Iss were shown in (C). The negative tail current traces were normalized and recorded as Inset, showing that these traces’ on and off kinetics are in
the same range. The I–V curves were plotted in (D-F) (Ip, Iss, ITAIL respectively), and I/Imax against voltage and Boltzmann function fitting were plotted in (H, n=4).
The relationship between ITAIL and Ip was plotted in (G).
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C128A, and D156A [16] expressed in Xenopus oocytes, C128T [39],
D156A [16] in HEK 239 T cell, but sometimes not in oocytes. We
demonstrated that the DC pair mutations, including D156H, D156C, and
C128T, are attributed to the tail current. The tail current of
D156H-T159S ChR2 is related to the holding voltage and light intensity.

However, the presence of the tail current in ChR2 variants expressed in
oocytes, or HEK 239 T cells, varies across studies. The investigation of
two types of cells on the tail current of ChR2 is still needed.

Using the stationary and nonstationary noise analysis, we estimated
the single-channel current of D156H-T159S ChR2. The single-channel

Fig. 4. The single channel current of the ChR2 variants estimated by non-stationary fluctuation analysis. Non-stationary fluctuation analysis of ChR2, G224S ChR2,
and D156H-T159S variant was performed using a patch-clamp setup in cell-attached mode. (A) An example of non-stationary fluctuation analysis of wt-ChR2. The
mean (red curve) and variance (grey curve) of wt-ChR2 were determined from 75 pulses of 470 nm light with a duration of 20 ms and 20 s of recovery. (B) The mean-
variance plot and the least-squares fitted curve of wt-ChR2 were obtained from the slope of the response. (C) The estimated single-channel currents of wt-ChR2
(− 0.0865±0.033 pA; n=7), the G224S variant (− 0.1200±0.254 pA; n=18) and the D156H-T159S ChR2 variant (− 0.1914±0.104 pA; n=14). Seventy-five repeating
recordings with 500 ms light illumination and 22-s intervals were applied to D156H-T159S ChR2. The representative traces of a set recording were illustrated in a
two-dimensional matrix in (D). The variance σ2 was calculated by trial-to-trial difference (E) and calculated the variance presented in (G, grey curve). (F) Ip, Iss, and
ITAIL were plotted against repeat numbers. (G) An example of a non-stationary fluctuation analysis of the D156H-T159S ChR2 variant. This variant’s mean (red curve)
and variance (grey curve) were obtained from 75 pulses of 470 nm light with a duration of 500 ms and 20 s of recovery. The mean-variance plot and the least-squares
fitted curve of the D156H-T159S ChR2 variant obtained from the onset and termination of light exposure coordinate to peak current and tail current in (H) and (I),
respectively. (J) The estimated single channel currents of D156H-T159S ChR2 variant: Full trace, − 0.1701±0.0731 pA, n=13; Peak current, − 0.1793±0.0831 pA,
n=13; and tail, − 0.1793±0.0831 pA, n=13. The single cell current from each measurement (cell) was plotted in (K), while the relationship between the single
channel current of the tail current and peak current was plotted in (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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current of the stationary phase of D156H-T159S ChR2 determined by
the stationary method is about − 9.2 fA. Thus, this variant has a similar
range of single-channel current compared to wt-ChR2 (− 7.5±0.6 fA)
[44]. However, it only reflects the single channel current of the extended
stationary phase of ChR2s. Therefore, a non-stationary noise analysis
was performed to overcome this difficulty. Considering that the ChR2
variants containing the D156H mutation recover more slowly, the
cell-attached mode patch clamp was conducted to calculate the
trial-to-trial variance to minimize adaptation and desensitization. The
estimated single-channel currents of D156H-T159S ChR2 are peak cur-
rent, − 0.1793±0.0831 pA, and tail current, − 0.1750±0.0773 pA,
respectively. The single current yielded from the nonstationary noise
analysis was about 20 folds the parameter obtained from the stationary
noise analysis because of contamination of adaptation and channel
desensitization (Fig. 4 D and F). However, it demonstrates that the
single-channel current of the tail current is in the same range as the peak
current. In addition, in the analysis of non-stationary noise, the light
dependence of σ2 was fitted according to the parabola function σ2 = Ii −
(I2/N), which allows estimating the number N of active ChR2 molecules
within the cell membrane (≈43–77 ChR2/μm2). This number is slightly
smaller than that obtained by directly counting particles in the plasma
membrane using electron microscopy and the parameter measured
under steady-state noise analysis [44,47] since patched cells with lower
expression of ChR2 variants were selected for nonstationary noise
analysis experiments.

Our study delves into the unique behavior of ChR2 variants ‘tail
current.’ The tail current of a voltage-dependent channel is a deactivated
current that emerges after prior and sufficient activation. In contrast to
the classical tail current of voltage-dependent channels, the tail current
in ChR2 variants is particularly intriguing as it reflects the timing of
channel opening or re-opening, similar to the inward tail current of
NMDAR accumulating in the open-blocked state. This timing is initiated
after the stimuli are terminated and is primarily influenced by light in-
tensity and voltage. Our research challenges the conventional under-
standing of the ChR2 photocycle. The single unbranched photocycle, we
found, is insufficient to explain photocurrent changes during extended

light application. Therefore, we provide a possible mechanism on the
tail current of ChR2s using a parallel two-cycle model comprising two
closed (C1 and C2) and two open (O1 and O2) states [20]. These states
are populated differently in the dark and during repetitive or continuous
illumination, leading to a more comprehensive understanding of the
ChR2 photocycle [20]. After light activation, the photocurrent of ChR2s
exhibits an initial peak that rapidly decreases to a lower but stable level.
This inactivation effect is attributed to the branched photocycle of ChR2,
as illustrated in the graphic abstract. Moreover, the P*N520 accumu-
lates due to its slow decay and contributes to the stationary photocurrent
under continuous illumination [20].

In variants with no prominent tail currents, under continuous illu-
mination, accumulation of the P390a and P390b are minor due to the
fast decay of PN520. Meanwhile, the P*N520 contributes to the steady-
state progress directly to D470 or P480 non-conducting states [20,48].
Inactivation of wt-ChR2 is about 40–50 % of the peak amplitude
depending on light intensity and previous illumination experience upon
relatively continuous illumination (Figs. 1 and 2), indicating that
probably 40–50 % of molecules participate in syn-photocycle actively
[20]. In variants with prominent tail currents, the accumulating con-
ducting state P520 of DC pair variants due to a rather slow decay and
long lifespan leads to the accumulation of P390 proposed [14], which
was confirmed lately in the nine-state single photocycle model of
ChR2-C128T [18]. Moreover the decay conducting P520 state of wt,
C128T, C128A, D156A ChR2 is 8.5 ms, 29s, 30s, 300s respectively [16].
The branched unifying photocycle model for light adaptation and tem-
poral evolution was proposed latterly [20]. In this model, the late P390b
and PN520 contribute to the ion conductance of the open channel [16,
18,49]. Accumulation of the conducting PN520 state of D156H-T159S
ChR2 due to relatively slow decay leads to accumulation of the small
conducting P390b state and, therefore, may lead to accumulation of
non-conducting state P390a due to P390b or P390a equilibriumwith the
accumulation of the conducting P520N. Therefore, the transition of the
accumulated P390b to PN520, or P390a to P390b, then to PN520, is
attributed to the tail current on the termination of continuous illumi-
nation. Furthermore, the onset time of the tail current is about 2.5 ms,

Fig. 5. The tail current induces a transient increase in membrane potential. Photocurrent and membrane potential induced by different light intensities were
recorded with the current clamp for the whole cell and the voltage clamp at 3-min intervals (A and B). It demonstrated that the tail current triggered a further
depolarization of the membrane potential at the end of light exposure. The differentiated membrane potential and inward current were plotted in D and E,
respectively. The detailed change is shown in the relationship between the differentiation of the membrane potential and the current in (C). Please note that the
membrane potential and current change transiently and rapidly at the beginning and end of light exposure, as demonstrated in the raster plot (F).
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which is in the same range as the parameter of the peak current (2.5 ms).
In comparison, the transition from P390 to P520 (0.33 ms, 3.7 ms for
C128T, C128A respectively) is identical to the kinetics in wild-type
ChR2 (1.8 ms) [16].

Moreover, D156H ChR2 and D156H-T159S ChR2 inactivation are
about 5–10 % of peak amplitude, much less than 40 % of wt-ChR2
(Figs. 1 and 2), upon relatively continuous illumination. The tail current
is noticeable when the duration of the light stimulus is more than 20 ms
(data is not shown and [16]). In contrast to the inactivation of variants
without tail current, the inactivation is attributed from P*N520; the
actual inactivation of variants with tail current accounting from P*N520
should be only small fraction since ITAIL is about 90 % the decrease
current from Ip to Iss (Ip-Iss) under continuous illumination
(Supplementary Fig. 4 F), suggesting decrease current under continuous
illumination is primarily contributed from accumulated nonconducting
P390a state. However, the subtle accumulation of P390b and/or P390a
state measurement and computation simulation upon long-term illu-
mination are needed to address this question.

Finally, the tail current at the termination of light exposure causes an
additional depolarization (about 1–2 mV change), which may induce
extra action potential if a variant is expressed in the excitatory cell, for
instance, neuron or muscle cell. The continuous illumination depolar-
ized the membrane potential with an additional spike at the termination
of illumination in C128S ChR2 expressing cells of the Drosophila hori-
zontal plate lobula system, suggesting that C128S ChR2 may contain a
tail current [50]. D156H ChR2 (XXM) showed enhanced Na+ and Ca2+

conductance [36]. Compared to wt-ChR2, the duration of the tail current
is usually 2–3 ms; the integrated Ca2+ influx during the tail current may
evoke intracellular calcium signaling besides inducing additional action
potentials. Moreover, the Ca2+ current of the tail current in cardiac
myocytes can also trigger sarcoplasmic reticulum (SR) Ca2+ release
[51]. Transient increase of Ca2+ may increase synaptic transmission if
the D156H ChR2 mutant is expressed in the presynaptic compartment.
Thus, depending on the intrinsic electrical properties and physiological
conditions of the target neuron, the tail current of the ChR2 variants may
elicit more action potentials. This also suggests that the tail current may
affect the target cells’ action potential and repetitive firing [24].

4. Materials and methods

4.1. DNA constructs

The ChR2 mutations at the D156, T159, and E123 sites were created
by PCR and recombination strategy (KOD one master Mix, TOYOBO,
Japan for PCR; Seamless Assembly Cloning kit, Clone Smarter, USA) and
then verified by DNA sequencing, which is provided by Genmedicn
Biopharma Inc. (Nanjing, China).

4.2. HEK cell culture, DNA transfection

HEK-293 T cells were maintained in Advanced Dulbecco’s Minimum
Essential Medium (Bio-Channel, China) supplemented with 5 % fetal
bovine serum (Bio-Channel, China), 100 units/ml penicillin G, and 100
μg/mL streptomycin at 37 ◦C in a humidified 5 % CO2 atmosphere. In
preparation for DNA transfection, the cells were seeded in 16-mm glass
coverslip (Menzel Glaser, Braunschweig, Germany) and then transfected
with wt-ChR2 or ChR2s mutant using Lipofectamine 2000 (Life Tech-
nologies). All-trans-retinal (1 μM)was added to the culture media during
DNA transfection [52]. Patch-clamp recordings were performed two
days after DNA transfection.

4.3. Patch clamp recording

Macroscopic photocurrent recordings of ChR2s with patch electrodes
in the whole-cell configuration were acquired using standard procedures
at room temperature (22 ◦C) with either epatch (elements, Italy) or EPC-

10 amplifier and PULSE software (Heka Electronik, Lambrecht/Pfalz,
Germany). The resistance of the electrode was 5–8 MΩ. The series
resistance ranged from 8 to 20 MΩ. Cell capacitance was canceled using
the acquiring software. Recordings were performed in Hank’s balanced
salt solution containing (in mM): 138 NaCl, 1 NaHCO3, 0.3 Na2HPO4, 5
KCl, 0.3 KH2PO4, 1.25 CaCl2, 0.5 MgSO4, 0.5 MgCl2, 5 HEPES, 22.2
glucose (Beyotime Biotechnology, China), and the pH was adjusted to
7.2 using 0.3 M NaOH. All-trans-retinal (1 μM) was added to the
recording solution [52]. The electrode solution contained (in mM): 110
Cs-Methanesulfonate, 30 TE A-Cl, 2 MgCl2, 0.1 CaCl2, 10 EGTA, and 10
HEPES (Sigma, Germany). The pH was adjusted to 7.25 using CsOH.
Voltage errors were minimized using 70–80 % series resistance
compensation. Membrane potentials were corrected for liquid junction
potential (~9.94 mV at 22 ◦C).

Most stationary or nonstationary noise analysis was recorded in cell-
attached or whole-cell mode. Hank’s balanced salt solution was used as
the patching pipette for cell-attached mode. If whole-cell mode were to
be performed, the 110 mM Cs-Methanesulfonate internal solution would
be used, as mentioned above. For stationary fluctuation analysis [43,
53], transfected HEK cells were recorded without or with stimulation
with 120 s of light with 120-s intervals at a given light intensity or
holding voltage. For nonstationary fluctuation analysis [40], transfected
HEK cells were stimulated with 75 successive pulses (20 ms duration) of
light at 22-s intervals.

4.4. Light stimulation

Light stimulation was provided by a custom-made light-emitting
diode (LED) system (Thorlab, USA) triggered by a patch clamp amplifier.
The light beam was passed through a GFP filter set (BP 470/40, dichroic
mirror FT 495). Various light intensities were achieved by adjusting the
power supplier’s input current; the beam’s light intensities through
optical len were measured using a light power meter (Thorlab, USA).
The shutting down of light stimulation for noise analysis was achieved
by manually switching off the power supplier. Light stimuli were
coupled to the microscope and through an air lens with a numerical
aperture of 0.6 (Nikon).

4.5. Data analysis

4.5.1. For light stimulation and voltage protocol recording
Eight parameters were defined to characterize the ChR2 photocur-

rent (Supplementary Fig. 1A). Five parameters for the photocurrent
without tail current: amplitude parameters, namely peak current, Ip, and
steady-state current, Iss; three kinetic measures, the time constant of
activation, τON, of deactivation, τOFF, and inactivation, τINACT. For the
D156H-T159S ChR2 mutations, another three tail current parameters
were defined: the peak of the tail current, ITAIL; the time constant of tail
current activation, τONT; the time constant of deactivation, τTAIL,
replacing τOFF, as shown in Supplementary Fig. 1. B.

4.5.2. For stationary fluctuation analysis
Recordings of the stationary current during prolonged illumination

at varied light intensities (120 s) at − 70 mV holding potential and
20–25 ◦C were used to estimate the unitary channel current of the un-
derlying channel (2 kHz low-pass Bessel filter; sampling rate 20 kHz)
[44]. Recordings were collected without (control) and with illumina-
tion. Data were transformed into files in either Igor Pro or Clampfit
format. Noise analysis power spectral densities were calculated by a fast
Fourier Transform (FFT) routine implemented in the Clampfit 10.0
software (spectral resolution: 0.076 Hz). Spectra were obtained by
averaging individual spectra with illumination (channel noise; 2 mea-
surements on the same cell; Supplementary Fig. 3 B red) and without
illumination (background noise; 2 measurements on the same cell;
Supplementary Fig 3. A and B black). For difference spectra, the back-
ground noise was subtracted from the channel noise spectrum
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(Supplementary Fig 3. C). The difference spectrum was fitted between 1

Hz and 1 kHz with a single Lorentzian function (S(f) = S0/
(
1 +

(
f / fc

)2,

Eq. 1) and the variance was determined (σ2 =
π•fc•S(0)

2 , Eq. 2) the single
channel parameters were determined (i = σ2

I•(1− P0)
, Eq. 3 and (1 − P0) =

1
2π•fc•τoff), Eq. 4). Data analysis was performed with Clampfit 10.0 (Axon
Laboratories) or Igor Pro (WaveMetrics, USA).

4.5.3. For nonstationary fluctuation analysis
Transfected HEK cells were performed either with a cell-attached or

whole-cell mode patch clamp and stimulated with 50–75 pulses (20 ms
duration) of light at 22-s intervals [43,53]. The mean response and
trial-to-trial variance for each cell were calculated and fit with the
parabola function (σ2 = Ii − I2

N , Eq.5) using Igor Pro (WaveMetrics, USA)
as indicated.
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