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A new microbial rhodopsin class that actively transports sodium out of the cell upon illumination

was described in 2013. However, poor membrane targeting of the first-identified sodium pump KR2

in mammalian cells has hindered the direct electrical investigation of its transport mechanism and
optogenetic application to date. Accordingly, we designed enhanced KR2 (eKR2), which exhibits
improved membrane targeting and higher photocurrents in mammalian cells to facilitate molecular
characterization and future optogenetic applications. Our selectivity measurements revealed that
stationary photocurrents are primarily carried by sodium, whereas protons only play a minor role, if any.
Combining laser-induced photocurrent and absorption measurements, we found that spectral changes
were not necessarily related to changes in transport activity. Finally, we showed that eKR2 can be
expressed in cultured hippocampal mouse neurons and induce reversible inhibition of action potential
firing with millisecond precision upon illumination with moderate green-light. Hence, the light-driven
sodium pump eKR2 is a reliable inhibitory optogenetic tool applicable to situations in which the proton
and chloride gradients should not be altered.

Microbial rhodopsins are photosensitive retinylidene proteins that are utilized by fungi, algae, and prokaryotes to
sense and adapt to light or to harness light energy’2 Microbial rhodopsins contain a seven transmembrane helical
structure enclosing an all-trans retinal>> chromophore that is covalently bound to helix seven via a Schiff base
linkage. A subset of microbial rhodopsins functions as ion pumps that use light energy to transfer specific ions
across the membrane by vectorial transport. Over the last decade, neuroscientists have used these light-activated
transporters including Arch3, an outward-directed H* pump, and NpHR, an inward-directed chloride pump, to
hyperpolarize excitable cells and inhibit action potential (AP) firing in neurons with unprecedented spatiotem-
poral precision®.

In 2013, Inoue et al.’ reported the existence of a light-driven Na* pump (KR2) in the flavobacterium
Krokinobacter eikastus. In the following years, several homologous members of this new class of microbial pumps
were identified in other marine!®-'? and freshwater bacteria'>'%. Due to its high expression levels in E.coli, recom-
binant KR2 was purified in large amounts, which enabled numerous in-vitro studies and crystallization within
two years of its discovery'>16. When activated by light, KR2 pumps Na™ out of the cell, as determined from pH
measurements in suspensions of KR2-expressing E. coli cells'”. However, based on this assay, it was also suggested
that KR2 actively transports H' in the absence of extracellular Na* °. In-vitro measurements of KR2 reconstituted
into black lipid membranes (BLMs) support the assumption of an active, light-induced Na™ transport by KR2
and show that transport activity prevails when Na* is removed, which could be explained by alternative H*
pumping®'®.

Although KR2 has been studied extensively over the past five years, electrophysiological measurements that
directly monitor the activity of the pump are limited. In particular, voltage-clamp experiments in mammalian
cells aimed at investigating light-induced ion transport under defined intra- and extracellular ionic conditions
and under the control of the membrane voltage are still lacking. In contrast to spectroscopic measurements of
KR2 in detergent or native lipid nanodiscs, electrical whole-cell recordings allow asymmetric variations with
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Figure 1. Molecular design of eKR2 and its spectral characteristics. (a) KR2 variants with different
modifications at the N- or/and C- terminus to improve membrane targeting. (b) Representative confocal images
(0.5-um equatorial slices) of ND7/23 cells expressing the wild type (top) and the best construct eKR2 (bottom)
showing the fluorescence of the fusion protein in green (left), the membrane marker in magenta (middle), and
their co-localization in white (false colors); scale bar 10 pm. (c) Representative photocurrents of wild-type KR2
(grey) and eKR2 (light blue) recorded from ND7/23 cells (525 nm, 45 mW mm~?). (d) Membrane targeting

of all constructs determined from the confocal images (mean & SEM with individual data points); *p < 0.05,
**p < 0.01, #**p < 0.001 compared to wild type or the indicated variant. (e) Light-induced (525 nm) stationary
currents at 0mV recorded from ND7/23 cells (symmetric 110mM [Na*], pH 7.2) for all variants (mean &= SEM
with individual data points); *p < 0.05, **p < 0.01, ***p < 0.001 compared to wild type or the indicated variant.
(f) Normalized photocurrent amplitude (0mV) of eKR2 in ND7/23 cells at different wavelengths (equal photon
flux) of activation light (mean &= SEM; n = 6); fitted with a Weibull function, symmetric 110 mM [Na*], pH

7.2. (g) Stationary photocurrent (mean 4= SEM; n=6) of eKR2 in ND7/23 cells upon increasing intensities of
activation light (525 nm); normalized to maximal value, symmetric 110 mM [Na*];,, pH 7.2.

different ionic conditions on the intra- and extracellular side. However, because membrane targeting of wild-type
(wt) KR2 in mammalian cells is poor'®"’, direct electrophysiological investigations of the transport properties and
the substrate specificity of Na* pumps have been hindered.

To enable electrical measurements of KR2, we modified the N- and C-termini, which improved expression
in mammalian ND7/23 cells. One of the variants generated, denoted enhanced KR2 (eKR2), showed excellent
membrane targeting and 60-fold greater photocurrents than the unmodified, wt protein and photocurrents that
were six times higher than the C-terminally modified KR2 variant used in prior studies'>'®. Using eKR2, we
investigated photocurrent dependence on intra- and extracellular [Na*] or [H'] to elucidate the proposed dual
pumping of Na*™ and HT by KR2*!4, and found that eKR2 is a light-driven Na*-selective ion pump with mini-
mal K™ pump activity. However, we did not observe a significant contribution of H* transport to the stationary
photocurrent, even at low intracellular [Na*];. We correlated spectroscopic flash-photolysis data recorded at dif-
ferent [Na™] and pH values with laser-induced single turnover measurements of eKR2 photocurrents generated
in mammalian cells under similar buffer conditions. Further, we demonstrated that the enhanced expression
of eKR2 is preserved in cultured hippocampal mouse neurons and enabled the inhibition of AP firing upon
moderate green-light illumination, rendering eKR2 a potent optogenetic tool for efficiently silencing neurons. In
contrast to other inhibitory tools, Na*-based silencing with eKR2 would neither influence the distribution of H*
or ClI™ nor rely on the anion gradient.

Results

Molecular design and spectral characterization of eKR2. To elucidate the KR2 pumping mechanism
and its substrate specificity, we attempted an in-depth electrophysiological characterization of KR2 in mammalian
cells, which controls the intra- and extracellular ionic composition as well as the membrane voltage. We found
that wt KR2 exhibits negligible light-induced currents in neuronal ND7/23 cells (Fig. 1c). Thus, we expressed
several KR2 variants containing N- or/and C-terminal modifications (Fig. 1a), evaluated their membrane tar-
geting using confocal imaging (Figs 1b,d and S1), and quantified their light-induced activity using patch-clamp
recordings (Fig. le). A combination of C-terminal targeting sequences (TS and ER***') and the N-terminal
fusion of KR2 to a channelrhodopsin N-terminus® yielded a variant (#5) with excellent membrane targeting
and light-induced currents 65-fold higher than the unmodified protein (Fig. 1d,e). We exchanged the mKate2
fluorophore with eYFP (#6), because eYFP is a commonly used fluorescence tag in neuroscience, which yielded
improvements from construct #2 to #3, but had no influence at this stage of the exchange. Construct #6 exhibited
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Figure 2. Photocurrents of eKR2 and CsR in ND7/23 cells at 0mV and varying intracellular ionic
compositions. (a) Representative photocurrents of eKR2 after illumination with 525 nm light (0 mV) at different
intracellular [Na*];at 110 mM [Na*], and pH, 7.2 with the off-kinetics (inset). (b) Stationary photocurrents of
eKR2 normalized to respective cell capacitance extracted from measurements at different intracellular [Na*];
(pH; 7.2) and corresponding apparent time constants from the bi-exponential decline of these currents after
light-off; 110mM [Na*],, pH, 7.2 (mean = SD and individual data points, 0mV). (c) Stationary photocurrents
of eKR2 normalized to cell capacitance extracted from measurements at different intracellular pH values ([Na*];
1 mM) and corresponding apparent time constants from the bi-exponential decline of the currents after light-
off; 110mM [Na*],, pH, 7.2 (mean + SD and individual data points, 0 mV). (d) Representative photocurrents

of the H" pump CsR after illumination (bar) with 525 nm light at 0mV and intracellular pH; 6.0, 7.2, and 9.0;
1mM [Na']; (110mM [Nat],, pH, 7.2). (e) Stationary photocurrents of CsR normalized to cell capacitance
extracted from measurements at conditions described in (d) and corresponding apparent time constants from
the bi-exponential decline of the currents after light-off (mean 4 SD and individual data points, 0mV).

nearly exclusive membrane targeting (Fig. 1b,d) combined with photocurrents that were 60-fold higher than the
wt KR2 (Fig. 1c,e); thus, we called the construct eKR2 and used it to conduct our electrical characterization. We
also tested eKR2 in Xenopus laevis oocytes, in which it also produced significantly higher photocurrents than wt
KR2 (p <0.001, Supplemental Fig. S2).

To identify the best activation wavelength for eKR2, we recorded an action spectrum of the stationary pho-
tocurrent (I;) using symmetric 110 mM [Na*];,. (pH;. 7.2), and determined the maximal I occurred at 519 nm
(Fig. 1f), which was in agreement with the maximal dark state absorption of the purified protein (Supplemental
Fig. $3). Additionally, we titrated I, with the intensity of the actinic light (525 nm) and found that the half-maximal
amplitude was reached at 0.579 mW/mm?. Interestingly, the photocurrents decreased again after reaching a max-
imal value at approximately 7 mW/mm?, reducing the I to around 80% at full light intensity (46 mW/mm?). This
result indicated a secondary photochemical reaction occurred at high light intensities that diminished the effec-
tive I, via the photoactivation of at least one of the photocycle intermediates.

eKR2 photocurrents at different intracellular ionic conditions. Using eKR2, we investigated the
substrate specificity of the pump in mammalian ND7/23 cells at defined intracellular ionic conditions rep-
resenting the substrate pool for an outward-directed pump. Because we noted that eKR2 pumps K™ to a cer-
tain extent (Supplemental Fig. S4) in preliminary experiments, we replaced Na* with the non-transported
N-methyl-D-glucamine (NMG™) whenever we lowered [Na*].

To probe the reaction of a pump to varying substrate concentrations, we measured the photocurrents of CsR,
the H" pump of Coccomyxa subellipsoidea®**, at various intracellular pHj; values and constant external [Na*],
(110mM, pH, 7.2) (Fig. 2d). The CsR photocurrent size (0 mV holding voltage) depended on the substrate con-
centration and decreased when the intracellular [H*]; was lowered from pH; 6.0 to pH; 7.2 and pH; 9.0, which is
in accord with previously published data for H"2* and Cl~ pumps®?*. Additionally, the decreasing I, was accom-
panied by slowed kinetics of the biphasic current decay (7,) after the light was switched off (Fig. 2e).

In a similar experiment with eKR2-expressing ND7/23 cells, the I, remained unaffected by variation in
the intracellular [H*]; from pH; 6.0 to pH; 7.2 and pH; 9.0 at 1 mM [Na]; (110 mM [Na*],, pH, 7.2; Fig. 2c¢).
Additionally, the eKR2 7.4 values did not systematically depend on the intracellular [H"];, and the photocurrent
even decayed faster at pH; 9.0 (Fig. 2¢), which is inconsistent with H* pumping. In contrast, variation in [Na];
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Figure 3. Voltage dependence of eKR2 photocurrents at different intra- and extracellular ionic compositions.
(a) Photocurrent traces of eKR2 at high HT gradients (0 mV). Photocurrents from the same cell at symmetric
PH; 9.0 (left) and after the extracellular buffer was exchanged to pH, 5.0 (right) to create a high H* gradient;
top: 110 mM symmetric [Na*];; bottom: 1 mM symmetric [Na*];.. (b) Voltage dependence of the stationary
photocurrents of eKR2 at 110 mM [Na*];, pH; 7.2 and different extracellular pH, values and [Na*], as indicated
(normalized to the symmetric condition; LJP corrected; mean 4= SEM, n=6, 5, and 6). (c) Same experiment
asin (b) but at 1mM [Na*];, pH; 7.2 (normalized to the symmetric condition; LJP corrected; mean =+ SEM,
n=3,11, 8, and 6). (d) Same experiment as in (b) but at 110 mM [Na*];, pH; 9.0 (normalized to the symmetric
condition; LJP corrected; mean -+ SEM, n=7, 7, and 7). (e) Same experiment as in (b) but at 1 mM [Na*];, pH;
9.0 (normalized to the symmetric condition; LJP corrected; mean £ SEM, n=6, 5, 6, and 6).

from 110 mM to 1 mM and 0.1 mM (Fig. 2a,b) significantly decreased the eKR2 photocurrents and slowed the
kinetics accordingly. This dependence was likewise observed at 1 mM external [Na*], (Supplemental Fig. S5),
indicating that amplitude and kinetics were defined by the substrate availability and not by the Na* gradient.
Figure 2a depicts typical photocurrent traces at different intracellular [Na*]; (pH;=7.2), featuring a high peak
current (I,) that decayed bi-exponentially (7,ppinc =2.0 £0.3 ms at 110 mM) to a lower I at constant illumina-
tion, which decayed bi-exponentially back to baseline after light termination. Interestingly, at low internal [Na*];
(0.1mM or 1 mM), the currents displayed a small overshot upon light-off (Fig. 2a, inset). Similarly, the inactiva-
tion kinetics from I, to I, were also dependent on the intracellular [Na*]; (Supplemental Fig. S6).

Influence of the external ion composition and dependence on membrane voltage. Despite a
lack of evidence so far, we further explored the capability of eKR2 to transport H. Several decades ago, studies
demonstrated that high H* gradients against the pumping direction inhibit the H" pump bacteriorhodopsin, a
phenomenon called the back pressure effect?”-?. Thus, we established the whole-cell configuration at symmetric
pH 9.0, and different intracellular [Na*t]; (Fig. 3a, left), and exchanged the extracellular buffer to pH, 5.0 to create
ahigh H* gradient (load) against the pump direction (Fig. 3a, right). At symmetric 110 mM [Na];. (Fig. 3a, top), a
change in [H*], from pH, 9.0 to pH, 5.0 reduced I, to 30% but did not affect I, suggesting that the I, might be car-
ried by H. Additionally reducing extracellular [Na], at external pH, 5.0 left I, unaffected (Supplemental Fig. S7),
implying that the extracellular [Na*],, along with the Na* gradient, had little effect on the current. Interestingly,
when the external pH was reduced at I mM internal [Na*];, both the I and the I, were reduced (Fig. 3a, bottom),
suggesting that pumping activity was inhibited at this condition. However, in contrast to the previous experi-
ments conducted at different intracellular [Na*]; (Fig. 2b), the apparent reduction in I, was not accompanied by
slowed off-kinetics (Fig. 3a inset). Accordingly, we concluded that at external pH 5.0, I, is reduced at high and low
internal [Na*];, whereas I is only affected when the internal [Na*]; is low. In oocyte measurements, we observed
a similar reduction in I, at external pH, 5.0 (Supplemental Fig. S2), but here the internal pH; was approximately
7.5, resulting in a much smaller pH gradient. Consequently, we surmised that the photocurrent reduction was
evoked by extracellular acidification (at low [Na™];) rather than by the high H* gradient, which was confirmed in
ND?7/23 cells as well (Supplemental Fig. S7).

Next, we investigated the influence of the applied membrane potential on the eKR2 photocurrent. We
recorded the current-voltage relationship at different extracellular [Na*], (110 mM or 1 mM) and [H*]. (pH, 7.2
or 9.0) under select intracellular conditions to systematically investigate the influence of Na™ and H* gradients.
In summary, we found that the eKR2 I (i) was independent of the membrane voltage when intracellular Na* was
abundant (Fig. 3b and ¢), (ii) became voltage dependent when intracellular [Na*]; was low (Fig. 3d and e), (iii)
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Figure 4. Laser-induced eKR2 photocurrents and flash photolysis with recombinant KR2. Comparison

of results from different ionic and pH conditions (a) 110mM [Na*];,. at pH 7.2 (mean £ SD, n=3), (b)

1mM [Na*],,. at pH;,, 7.2 (mean + SD, n=4), and (c) 1 mM [Na'];,. at pH 9.0 (mean 4 SD, n=5). Top:
Averaged normalized single turnover eKR2 photocurrents (0 mV) induced by a 7-ns laser flash (525nm) and
corresponding components of the fit of the current decay with a tri-exponential function; inset: pie chart with
integrals of the three exponential decay components. Middle: contour plots from flash photolysis measurements
of recombinant KR2 under the same conditions together with time traces at the indicated wavelengths. Bottom:
time constants resulting from exponential fitting (decay) of the indicated time trace; points represent SVD
filtered raw data, line is only guidance to the eye.

was slightly promoted by external [Na*], (110 mM) and alkaline pH, 9.0 regardless of the ionic/pH gradient, and
(iv) collapsed at low external pH, 5.0 but only when intracellular [Na*]; was low.

Single turnover experiments. To resolve fast kinetics in the photocurrents and improve comparability
to transient absorption spectral data, we measured eKR2 photocurrents in single turnover experiments (Fig. 4).
We recorded the photocurrents in response to a 7-ns laser flash at three different symmetric conditions, 110 mM
[Na*]y. at pHy, 7.2 (Fig. 4a), 1mM [Na'];, at pH;, 7.2 (Fig. 4b), and 1 mM [Na*];,. at pH;;. 9.0 (Fig. 4c). At all of
the ionic conditions tested, the laser-induced eKR2 photocurrents rose to maximal amplitudes within 60-70 us
after the laser flash (0mV), which was beyond the limits of our time resolution in ND7/23 cells. Thus, only the
photocurrent decay was fitted by a tri-exponential function, for which we plotted the resultant three components
onto the recorded photocurrents (Fig. 4, top). The same Na* concentrations and pH values were used to measure
the transient absorption difference spectra of recombinant KR2 using flash-photolysis. The resulting spectra are
represented by reconstructed surface plots (Fig. 4, middle) and time traces at the indicated wavelengths for the
photointermediates and the dark state bleach (DSB) (Fig. 4, bottom). Time constants were obtained by fitting the
respective time trace using an exponential function (Fig. 4, bottom).

At110mM [Na*] and pH 7.2 (Fig. 4a), the spectroscopic data revealed a fast K state decaying with 7, =25us,
preceded by the L/M equilibrium, which decayed with 7, =691 us and 7\, =774 ps, and a late O state decaying
with 7o = 15ms (Fig. 4a, middle/bottom and Supplemental Fig. S3), which was in accord with previously pub-
lished spectroscopic data at high [Na't] at neutral pH*?. The two fast and the slowest electrical components
decayed with 7, =0.16 = 0.06 ms, 7, = 0.6530.10ms, and 73 =5.2 £ 0.4 ms under these conditions, respec-
tively (Fig. 4a, top). Although the slowest component contributed only 6 £ 1% to the photocurrent amplitude
under single turnover conditions (Fig. 4 top, pie charts), it was the major contributor to the overall transported
charge (53 4 1%) based on the integrals of the fitted components. In addition, from the ms-time regime onwards,
the photocurrent was solely carried by the third component, leading us to conclude that it was the dominant

SCIENTIFICREPORTS| (2018) 8:9316 | DOI:10.1038/s41598-018-27690-w 5



www.nature.com/scientificreports/

charge carrier of I, recorded during continuous illumination. When [Na*];,. was reduced to 1 mM at pH;;, 7.2
(Fig. 4b), the fastest electrical component was unchanged regarding both the relative integral (9 2% vs. 14 £ 4%;
p=0.105, unpaired t-test) and the time constant (0.16 £ 0.06 ms vs. 0.16 £ 0.08 ms; p = 0.934, unpaired t-test).
However, the relative amplitude and integral of the second fastest component decreased from 40 £ 1% to 7 £2%
(p < 0.0001, unpaired t-test) and 39 4+2% to 12+2% (p < 0.0001, unpaired t-test), respectively, with a reduc-
tion in [Na*], but no significant changes in the respective 7, value were observed (p = 0.081, unpaired t- test).
Interestingly, we noted a significant reduction (p < 0.0001, unpaired t-test) from 5.2+ 0.4 ms to 36 == 5ms in the
kinetics of the slowest component 7, which was consequently considered the rate limiting step. The spectroscopic
data revealed an equilibrium between the L/M and O states (Supplemental Fig. S3) and their corresponding
absorption differences were barely visible in the time traces (Fig. 4b, bottom); thus, we omitted fitting of the kinet-
ics here. Moreover, we found that the K state decay and the recovery of the DSB could no longer be fitted with a
single exponential function and the apparent decay time constants slowed with 7 =114 ps and 7,..,psg = 78 ms.

When both [Na*] and [H"] were reduced (1 mM [Na*];,., pHy. 9.0), the laser-induced photocurrents (Fig. 4c)
did not change qualitatively compared to low [Na*];. at pH;;. 7.2 (Fig. 4c, top). However, the O state (1o = 16 ms)
was no longer in equilibrium with the L/M states in flash photolysis experiments (Fig. 4c), and the overall pho-
tocycle kinetics were faster than the corresponding values at low [Na*] pH 7.2, with 7« =25ps, 7, =778 s,
v =1 ms, and 7, psg =22 ms. Although the distinct O state absorption difference reappeared, it was less pro-
nounced than at high [Na*] and pH 7.2. The cause of this effect appeared to be a change in pH independent of
the [Na't]. Furthermore, at high [Na*] (150 mM), we observed that the O state was more pronounced in alkaline
conditions (Supplemental Fig. S8).

Silencing of mouse hippocampal neurons in culture. Previous attempts to silence neuronal activity
using light-induced sodium pumping involved a construct similar to our construct #3'>'°, which exhibited poor
membrane targeting and negligible photocurrents in our ND7/23 cell measurements. However, the eKR2 con-
struct showed improved membrane targeting and higher photocurrent amplitudes in ND7/23 cells compared to
construct #3 (Fig. 1c and d). Thus, we decided to test if the observed improvements translated to enhanced per-
formance of eKR2 in silencing neuronal activity in primary cultures of mouse hippocampal neurons.

Confocal imaging revealed good membrane targeting of eKR2 in mouse hippocampal neuron cultures
(Fig. 5a). Although construct #3 contained eYFP flanked by the endoplasmic reticulum (ER) and the Golgi export
(TS) sequences, it still resulted in the previously observed accumulation of protein in soma and neurites (data not
shown)'>. However, the eKR2 construct overcame these problems. To test the ability of our constructs to inhibit
neuronal activity, we measured the minimum amount of sustained current necessary to initiate an AP (rheobase)
for both constructs at different light intensities (Fig. 5b). Under light stimulation - already at 0.5 mW/mm? -
eKR2 had a significantly stronger impact on the rheobase compared to construct #3, and this effect was further
increased at higher light intensities. At 2.4 mW/mm?, eKR2 produced a rheobase shift two times higher than con-
struct #3 (Fig. 5b). We also applied a somatic ramp current injection protocol to test the effect of our constructs
on neuronal excitability (Fig. 5¢). Notably, construct #3 only decreased the average number of AP fired by a neu-
ron to 76% at high light intensities (Fig. 5d) and never managed to completely abolish AP firing during the ramp
protocol. Conversely, the average number of AP fired during the ramp following eKR2 activation was reduced to
26%, and in some cases completely abolished, which is explained by the higher light-induced hyperpolarization
produced by eKR2 compared to construct #3 (Fig. 5¢, right). An important aspect for application as an optoge-
netic tool is reversibility of light-induced effects. Consequently, we used a pulse trial protocol to test if the neurons
returned to normal neuronal activity after light stimulation (Fig. 5e). Both constructs decreased the probability of
AP firing when the light was applied and the pre-illumination AP firing pattern was restored when the light was
switched off. Nonetheless, eKR2 still reliably inhibited AP firing at a higher current injection (Fig. 5f).

Discussion

The discovery of light-driven Na™ pumps expanded the family of microbial rhodopsins by inclusion of a new mem-
ber with unprecedented properties. Although the excellent expression of wt KR2 in E. coli enabled spectroscopy and
X-ray crystallography studies, the poor membrane targeting in mammalian cells hampered direct electrical charac-
terization, which is indispensable for understanding the pumping mechanism and evaluating the applicability of KR2
for optogenetic applications. Our eKR2 variant overcame these former limitations and enabled direct electrophys-
iological studies of the pumping activity under different (and asymmetric) ionic conditions or membrane voltages.

In the case of eKR2, [, increased gradually with intracellular [Na™]; (pH; 7.2) due to the acceleration of the
photocycle, confirming the Na* pumping activity of eKR2 in accord with the original hypothesis®. However, in
contrast to previous claims, we did not generate evidence to support the contribution of H* to I. Intracellular
H* did not promote I or accelerate the photocycle kinetics. Conversely, a change in pH; from 9.0 to 7.5 (1 mM
[Na*];) slowed the kinetics (Fig. 2), which disputes the H' transport hypothesis. However, the possibility that the
H* affinity is so high to render the photocycle entirely independent of H* in the observed pH range cannot be
ruled out entirely.

The profound reduction in I at increased extracellular [H"]. (pH, 9.0 to 5.0) and low intracellular [Na*];
might be interpreted as H" pumping shut-off. However, because the kinetics were not altered, we interpret this
loss of activity as protein inactivation, which might be mediated by a titratable side chain in or close to the puta-
tive extracellular ion release cavity involved in transient Na™ binding'®, consequently enhancing activity at alka-
line pH and impairing function at pH, 5.0. In accord with our interpretation, previous studies have shown that
individual elimination of the negative charges E11 and E160 reduced pumping activity'®.

Fitting the decay of laser-induced photocurrents revealed two sub-ms decay components constituting the tran-
sient current amplitude and a slower component mainly carrying the current in the ms-time regime. These three
electrical components agree with previous findings describing three kinetic transmembrane charge transfer steps
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Figure 5. Neuronal silencing performance of eKR2. (a) Confocal image of a hippocampal neuron in culture
(Z stack) with zoom-ins (0.5-pm equatorial slice) on dendrites and soma; scale bar corresponds to 10 um. (b)
Left: Representative voltage traces recorded in current-clamp configuration using a squared somatic current
injection protocol to determine the rheobase (540 nm LED, 500 ms) Right: Dependence of average rheobase on
illumination intensity (mean & SD; n=10). Dotted line represents the average rheobase without illumination.
(c) Left: current-clamp traces at different light intensities using a somatic current injection ramp protocol with
0.44 pA/ms (0 to 400 pA in 900 ms). Right: Cell hyperpolarization at 10 mW/mm? green light stimulation
(mean # SD; n=11). Delta membrane voltage was calculated as the minimum membrane voltage value under
light stimulation minus the membrane voltage at 0 somatic current injection and no light stimulus. (d) Relative
number of spikes during the ramp protocol at different light intensities normalized to no light stimulation
(mean +SD; n=11). (e) Pulse trial protocol traces of an eKR2-expressing neuron with (light blue) and without
(black) light stimulation; pulse width 10 ms, LJP corrected. (f) Firing probability during pulse trial protocol pre-,
during, and post- light stimulation (mean £ SD; n=11). Left: At AP threshold; middle: injection amplitudes at
AP threshold plus 300 pA. Right: At AP threshold plus 500 pA (only eKR2). The Kruskal Wallis test was used
followed by Dunn’s test.

in similar time regimes for the NaR of Dokdonia sp. PRO 95%°. Assuming that one charge per photon is pumped
under all conditions, the same net charge is always transported regardless of the individual transport steps, with
each step representing a charge displacement within the protein. The second fastest electrical decay constant 7,
was kinetically independent of [Na*], but its’ relative contribution to the overall current markedly decreased fol-
lowing Na* removal, implying the distance of charge displacement within the protein is affected by [Na*]. It could
be assumed that 7, correlates to the transition from the L/M to the O-state, which was previously thought to be
Na' dependent’ and exhibited similar time constants in our spectroscopic experiments. According to theoretical
calculations reported by Suomivuori ef al.’!, this transport step would correspond to the translocation of Na* past
the retinal Schiff base, which is thought to occur during the L/M to the O-state transition. Moreover, the entire
photocycle slowed down at low [Na'];,., which was reflected in the spectroscopic data and, particularly in the slow
electrical component. Although the distinct O-state absorption difference reportedly prevailed to a small extent
for Inoue and colleagues’, it was not observed (1 mM [Na*], pH 7.2) in the current study. However, in the prior
experiment, Na* was replaced by K, which is also pumped, and caused a small O-state absorption difference in
our high [K*] experiment (Supplemental Fig. S9). Symmetrically reducing [H*];. at 1 mM [Na*];, did not affect
the electrical components, implying a similar transport mechanism under these conditions, whereas the transient
absorption spectra changed substantially and the O-state absorption difference reappeared, indicating that the
prominent spectroscopic changes were not necessarily linked to functional differences. This finding led us to con-
clude that although the dark state absorption was only slightly affected (Supplemental Fig. S3), the O-state absorp-
tion was significantly red-shifted by Na* binding, which was also modulated by [H"] (Supplemental Fig. S8).
Consequently, the transient (pH-dependent) binding of positively charged Na* near the RSB'>!%*! red-shifts the
retinal absorption away from the dark state absorption, rendering the O-state visible. Conversely, the O-state
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Figure 6. Red-shift of O-state absorption by Na*. Structure of KR2 (PDB:4XTL)' on the left with close up on
the proposed transient Na™ binding site close to D2511%*1%, At high [Na™] the presence of the charge (middle)
caused a red-shift of the retinal absorption in the O state compared to the ground state, whereas the absorption
was similar to the ground state absorbance in absence of Na* (right). Scheme created using the dark state
structure, no implications regarding the retinal isomerization state intended; helix2 is removed for visibility.

conformation without Na* resembled the dark state with a similar absorption, masking it in the absorption differ-
ence measurements (Fig. 6). This finding was also supported by the reduced DSB at low [Na*] and pH 7.2, which
implies the rise of a photointermediate with an absorption similar to the dark state.

Finally, we evaluated the silencing performance of eKR2 in cultured hippocampal neurons and showed that
the protein was non-toxic, highly expressed, and that it reliably inhibited AP firing upon green light illumination.
Already at a moderate light intensity of 0.5 mW/mm? (540 nm LED), eKR2 produced a significant rheobase shift,
and its silencing capabilities were further improved upon increasing the light intensity with an average rheobase
shift of (333 4+237) pA at 10 mW/mm?, our highest but still modest intensity (Fig. 5b).

Currently, there are several optogenetic actuators that efficiently silence neuronal activity as recently reviewed
by Wiegert et al.’>. However, to date rhodopsin-based silencing tools rely on passive Cl~ transport®~*, active
Cl~21%, or active H' pumping®. Further, their main drawbacks are the dependence on the variable Cl~ rever-
sal potential or adverse effects on pH*-*° or Cl~ distribution, especially in small subcellular compartments.
Accordingly, a Na* pump that extrudes only Na* from the cell should provide a less invasive means of neuronal
silencing. Recent attempts to enhance the poor performance of wt KR2 included the generation of a chimeric
NaR'® and the search for other natural NaRs with improved performance'. Although previously reported var-
iants only hyperpolarized the membrane up to 10 mV upon illumination, eKR2 activation produced a 3-fold
higher mean hyperpolarization of 30 mV, which enabled reliable and reversible inhibition of neuronal AP firing
upon illumination. With its enhanced silencing performance, eKR2 adds to the optogenetic toolbox and is a val-
uable alternative to silencing neurons with ms-precision, especially in contexts in which inhibition based on H*
or Cl™ transport is unfavorable or impossible.

Material and Methods
All experiments were conducted in accordance with the guideline given by Landesamt fiir Gesundheit und
Soziales Berlin and were approved by this authority.

Molecular biology. All genes were synthesized by GenScript (Nanjing, China). For electrophysiological
recordings from Xenopus oocytes the human codon optimized gene was cloned into the pPGEM-HE vector. The
mRNA was transcribed in vitro using the mMESSAGE mMACHINE® T7 Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA).

For patch-clamp recordings in ND7/23 cells, the human/mouse codon-optimized DNA sequence of KR2
fused to a channelrhodopsin N-terminus?**’ was synthesized and cloned into a pmKate2-N1 plasmid (CMV
promotor, BamHI/Agel) in frame with the mKate2 fluorophore. KR2 without the channelrhodopsin N-terminus
was amplified from that plasmid and cloned into the pmKate2-N1 plasmid (BamHI/Agel) in frame with mKate2.
Next, mKate2 was replaced by an mKate2 flanked with trafficking sequences®*?., resulting in two additional con-
structs. To further enhance membrane targeting, mKate2 was replaced by eYFP, resulting in a total of six KR2
fluorophore (KR2-FP) fusion constructs with different targeting motifs and fluorophores. An overview of all of
the constructs is provided in Fig. 1.

For purification of the recombinant protein, an E.coli codon-optimized gene encoding for KR2 (UniProt NODKSS,
amino acids 1-280) with a C-terminal TEV protease cleavage site and a HIS; tag (ENLYFQGLEHHHHHH) was
synthesized (GenScript, Nanjing, China) and cloned into a pET21a(+) expression vector between the Ndel and Xhol
restriction sites.
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Cell culture. ND7/23 cells (Sigma-Aldrich, St. Louis, MO, USA) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% (v/v) fetal bovine serum (FBS) and 1 pg/ml penicillin/streptomycin at
37°C under a 5% CO, atmosphere. For patch-clamp experiments and confocal imaging, 0.5 x 10° cells/ml were
seeded on poly-D-lysine coated*! glass cover slips in 35-mm Petri dishes. The next day, the cells were transiently
transfected using the FuGENE® HD Transfection Reagent (Promega, Madison, W1, USA; 6 ul FuGENE/2 ug DNA
per dish) with the respective KR-FP fusion construct. Electrophysiological recordings or confocal imaging were
conducted 40-50h later. For the primary hippocampal cell culture, the hippocampus was dissected from the
brains of newborn mice (P0). The dentate gyrus was removed, and the tissue was maintained in Hanks’ Balanced
Salt Solution (HBSS). Enzymatic dissociation of the hippocampal neurons was performed at 37 °C for 30 min in a
DMEM-based solution containing 4 U/mL papain, 200 ug/mL L-Cysteine, 1 mM CaCl,, and 0.5mM EDTA. The
tissue was subsequently incubated for 5 min at 37 °C in inactivating solution containing 2.5 mg/ml albumin and
2.5mg/ml trypsin inhibitor in DMEM. The inactivating solution was replaced by Neurobasal Medium supple-
mented with B27 and GlutaMAX. The cells were triturated and plated on an astrocyte feeding layer on glass cov-
erslips coated with poly-D-lysine. The cells were infected with 4.4 x 10° vector genome copies of adeno-associated
virus particles at 1 days in vitro (DIV) and patch-clamp recordings were obtained between DIV 12-15.

Confocalimaging. Confocal images were acquired using a FV1000 Olympus (Shinjuku, Tokyo, Japan) con-
focal laser scanning microscope using a 60 x water immersion objective with a numerical aperture of 1.2. The cell
membrane was labeled using either octadecyl rhodamine B chloride (R18) for the KR2 variants fused to eYFP, or
DiO for variants fused to mKate2. R18 and mKate2 were excited with a 559 nm diode laser (transmissivity 2.5%
and 4%, respectively), whereas eYFP and DiO were excited with a 515 nm argon laser (2% transmissivity) and a
488 nm diode laser (1% transmissivity), respectively.

Mean fluorescence intensities (per area) of the respective KR2-FP fusion construct in either the cell membrane
(identified by the membrane marker) or within the cell were evaluated (mean background fluorescence was sub-
tracted) for three equatorial slices per cell using a custom Fiji macro and then averaged. Membrane targeting was
determined as a factor of mean fluorescence in the cell membrane over the mean fluorescence within the cell, result-
ing in values above one when the average fluorescence was higher in the membrane compared to the rest of the cell.

Electrophysiological measurements in Xenopus laevis oocytes. Oocyte experiments were con-
ducted as previously described?:. Briefly, the oocytes were injected with 25-35ng capped-mRNA per oocyte
and incubated at 18 °C in ORI solution supplemented with 5pM all-trans retinal (Sigma-Aldrich, St. Louis,
MO, USA). The oocytes were measured 4 days after injection. Two-electrode voltage-clamp (TEVC) was per-
formed using a Turbo TEC-10X amplifier, without transient compensation (npi Electronic, Tamm, Germany).
Continuous light was provided by a XBO75/2 75 W Xenon lamp (Carl Zeiss GmbH, Oberkochen, Germany).
The light passed through a 400-600 nm broadband filter (Optics Balzers AG, Lichtenstein) with an intensity of
approximately 10 mW/mm?. The resistances of the microelectrodes were maintained between 0.6 and 1.4 MQ.
Data acquisition and light triggering were controlled using the Axon™ pCLAMP® 9.0 software via the Digidata®
1322A interface (Molecular Devices, Sunnyvale, CA, USA). The currents were recorded at 10kHz and filtered to
1kHz using built-in circuits. The photocurrent traces were baseline corrected and filtered to 300 Hz (Gauss-low
pass cutoff filter using pCLAMP). The composition of the standard extracellular buffer solution was 100 mM
NaCl, 1 mM MgCl,, 0.1 mM CacCl,, and 5mM MOPS (pH 7.5). For pH 5 and 10, MOPS was replaced by 5 mM
Na-citrate or 5mM glycine, respectively.

Patch-clamp recordings in ND7/23 cells.  Patch pipettes (2-3.5 MQ)) were prepared from standard wall
(inner diameter 0.86 nm, outer diameter 1.50 nm) borosilicate capillaries with filament (Warner Instruments,
Hamden, USA) using a horizontal P1000 micropipette puller (Sutter Instrument, Novato, USA). The recordings
were performed in the whole-cell configuration on neuronal ND7/23 cells at room temperature*?. Light was
provided by a pE-4000 CoolLED system (CoolLED, Andover, UK) coupled to the optical path of an Axiovert 100
TV inverted microscope (Carl Zeiss, Oberkochen, Germany). If not indicated otherwise, a 525 nm LED (FWHM
31nm) with a power of 46 mW/mm? in the focal plane of the 40 x/1.0 water objective (Carl Zeiss, Oberkochen,
Germany) (illuminated area 0.0346 mm?) was used for activation. The recorded signals were amplified, filtered
at 5kHz with an ELC-03XS (npi Electronic, Tamm, Germany), and digitized at a sampling rate of 20kHz using a
Digidata® 1440 A digitizer (Molecular Devices, Sunnyvale, USA). The reference electrode was connected to the
bath solution via an agar bridge containing 140 mM NaCl. The fluid level (~500 ul) in the bath was kept constant
by a Ringer Bath handler MPCU (Lorenz Messgeritebau, Katlenburg-Lindau, Germany) and superfused with
at least 5ml external buffer when the ionic composition on the outside was changed. If not indicated otherwise,
standard 110 mM symmetric [Na*];,, pH;/, 7.2 buffers were used. The ionic composition of the standard buffer
and the other buffered solutions is indicated in Supplemental Table S11.

The action spectrum was recorded at a different setup (described here*®) in which the light was delivered using
a Polychrome V monochromator (TILL Photonics, Planegg, Germany), and photon fluxes were adjusted to equal
values over the measured spectral range using a motorized neutral density filter wheel (Newport, Irvine, USA).
Alternatively, light could be provided at this setup by a tunable laser system (OPOTEK INC., Carlsbad, USA) cou-
pled into the optical path of the microscope to measure photocurrents following a 7-ns laser flash (525 nm) under
single turnover conditions. All laser-induced electrical measurements were performed under symmetric buffer
conditions to reduce liquid junction potentials (LJP). Data were filtered (low-pass bessel filter) at the amplifier
with 100 kHz and digitized with 250 kHz, only small cells (15-20 pF) were selected, and series resistance was com-
pensated up to 90%. The resulting data were binned using a custom MATLAB script to ensure an equal number
of data points in each decade of the time domain, and four recordings from the same cell were averaged. For each
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condition, the recording was repeated for three to five cells, recordings were fitted individually, and then average
values were calculated. For presentation purposes, the photocurrents were normalized to the maximal value.

Electrophysiology data were analyzed in Clampfit 10.4, StimFit 0.14** using custom python scripts, Excel 2013,
MATLAB, and/or Origin 9.0. Data were corrected for the respective liquid junction potential after recording,
which were calculated using the Clampex software; and 0mV values were linearly interpolated from the neigh-
boring data points after junction potential correction. Apparent off-kinetics were calculated from the biexponen-
tial fit, weighting the time constants 7, and 7, according to their respective amplitudes A, and A, using:

Tpp = (A X 1) + (A; X B))/(A; + Ay).

Mouse hippocampal neurons electrophysiology. Recordings were performed in the whole-cell current
clamp configuration using a MultiClamp 700B axon amplifier at room temperature. The signals were digitized
with a Digidata® 1550A digitizer (Molecular Devices) and recorded using the pPCLAMP® 9 software. Data were
acquired at 50kHz and filtered at 10 kHz. Electrodes with 2-3 MQ resistance were pulled (Sutter Instrument,
Novato, USA) from borosilicate glass (Harvard Apparatus; PG150T-15). Compensation for series resistance and
capacitance neutralization was achieved using the bridge-balance and the MultiClamp 700B capacitance neutral-
ization functions. Standard intracellular solutions contained: 17.8 mM HEPES, 135 mM KGluc, 4.6 mM MgCl,,
4mM MgATP, 0.3 mM NaGTP, 1 mM EGTA, 12mM Na,Phosphocreatine, and 50 mM phosphocreatine kinase,
pH 7.3. Standard extracellular solutions contained: 10 mM HEPES, 140 mM NacCl, 2.4 mM KCl, 2mM CacCl,,
4mM MgCl,, and 10 mM glucose, pH 7.4. The extracellular buffer also contained the synaptic transmission block-
ers NBQX (10 uM), Picrotoxin (100 uM), and CCPene (10 uM). The respective liquid junction potential was cal-
culated to be 17.2mV using Clampex software and corrected after recording, if indicated.

A 540 nm Mightex Collimated LED light source (LCS-0540-14) was used for all experiments, whereas the shape
and intensity of the stimulus was delivered using the SLC-AA04-US controller coupled to a Digidata digitizer. The
Mightex light source was coupled to an Olympus IX-73 microscope, and light was delivered through a LUCPLFLN
60x/0.7 Olympus objective. The illumination field was 0.102 mm?. Electrophysiological data were analyzed using
Clampfit 10, Origin 9, and GraphPad Prism 5. Action potential numbers were calculated using the event detection
function in Clampfit. The smallest AP threshold was set for the complete ramp, and this threshold was calculated
for each individual neuron. Two group comparison statistics were conducted using the Wilcoxon Rank Sum Test.
Three group comparison statistics was made using the Kruskal Wallis test followed by the Dunn’s post-hoc test.

Purification of recombinant KR2. Protein transformation, expression, and purification was performed
as previously reported'®. The expression plasmid (pet21a+) was transformed into C41(DE3) E. coli cells. Protein
expression was induced with 0.5 mM isopropyl 3-D-thiogalactopyranoside (IPTG; Carl Roth GmbH, Karlsruhe,
Germany) and the LB culture medium was supplemented with 5puM all-trans retinal (ATR; Sigma-Aldrich,
St. Louis, USA). The cells were harvested 3 hours after induction and disrupted using an EmulsiFlex-C3
Homogenizer (AVESTIN Inc., Ottawa, Canada). The membrane fraction was collected by ultracentrifugation
(45,000 rpm) for 1h at 4°C (Type 45 Ti; Beckman Inc., Indianapolis, USA). The membrane pellet was resuspended
in buffer containing 50 mM Tris-HCI (pH 8.0), 300 mM NaCl, 0.1 mM PMSE, 1.5% n-dodecyl-3-D-maltoside
(DDM, GLYCON Biochemicals GmbH, Luckenwalde, Germany), and 0.3% cholesteryl hemisuccinate (CHS,
Sigma-Aldrich, St. Louis, USA) and stirred overnight for solubilization. The insoluble fraction was removed by
ultracentrifugation (200,000 x g, 1 h at 4°C). The KR2 protein was purified by Ni-NTA affinity and size-exclusion
chromatography using an AKTAxpress protein purification system (GE Healthcare Life Science, Chicago, USA)
configured with a HisTrap HP Ni-NTA column and a 125mL Superdex 200 PG column. The protein fractions
collected were concentrated in buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1 mM PMSE, 0.02%
DDM, and 0.004% CHS.

To perform measurements in varied [H*] and [Na*], rapid buffer exchange was performed using PD-10
Desalting Columns with Sephadex G-25 resin (GE Healthcare Life Science, Chicago, USA). The high/low [Na*] in
neutral pH was achieved using buffer consisting of 110 or 1 mM NaCl and 50 mM Tris-HCI (pH 7.2) respectively.
The low [Na*] and low [H*] was achieved using buffer consisting of 1 mM NaCl and 50 mM glycine-NMG (pH
9.0). The high [K*] was achieved using buffer consisting of 110 mM KCl, 1 mM NaCl, and 50 mM Tris-HCI (pH
7.2). To determine the effect of pH in high [Na*] the buffer consisted of 150 mM NaCl and 50 mM HEPES-KOH
(pH 6.4), or 50mM Tris-HCI (pH 8.0), or 50 mM Glycerin-KOH (pH 9.0).

UV-visible spectroscopy. The UV-Vis spectroscopic measurements were performed as previously
reported® at 22 °C. Dark state absorption spectra were recorded using a Cary 300 spectrophotometer (Varian
Inc., Palo Alto, USA) at a spectral resolution of 1.6 nm. A LKS.60 modified flash photolysis system (Applied
Photohysics Ltd., Leatherhead, UK) was used to measure microsecond-to-second changes in transient absorbance
in multi-wavelength datasets (resolution of 0.4 nm). To excite the sample, the laser pulse was tuned to 530 nm
using a tunable optical parametric oscillator (MagicPrism, Opotek Inc., Carlsbad, CA, USA), which was pumped
via the third harmonic of a Nd:YAG laser (BrilliantB, Quantel, Les Ulis, France). The laser energy was adjusted to
5 m]J/shot and a pulse duration of 10ns. A 150 W Xenon lamp (Osram, Miinchen, Germany) was used to monitor
the changes in the absorption. The transient spectra were recorded using an Andor iStar ICCD camera (DH734;
Andor Technology Ltd, Belfast, Ireland) at 181 different time points between 1 us and 1s (30 points per decade,
isologarithmically). The transient spectra of the samples in buffer containing 150 mM NaCl were recorded at 46
different time points between 10ns and 10s (5 data points per decade, isologarithmically), whereas the spectra of
the samples in buffer containing 110 mM KCI were recorded at 46 different time points between 1 us and 1s. To
ensure complete recovery of the dark state, the sample was held in the dark for 25 s before the following recording.
The resulting data sets were averaged over at least 10 cycles.
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The primary data analysis was performed using MATLAB R2016b (The MathWorks, Natick, MA) to calculate
difference spectra and reconstruct the three-dimensional spectra. Global analysis of the spectral datasets was
performed with Glotaran 1.5.1 (Vrije Universiteit Amsterdam, Netherlands)*®*’. Singular value decomposition
(SVD) analysis of the data was used to determine the number of significant components needed to reconstruct
the signal from the data sets, enabling noise reduction. The T values and the intermediate spectra (EADS and
DADS) were extracted from the data sets using global analysis. The sequential model explored the spectral evolu-
tion and produced the Evolution Associated Difference Spectra (EADS), representing the species-associated dif-
ference spectra. The parallel scheme explored the loss and gain of absorption with a certain lifetime and produced
the Decay Associated Difference Spectra (DADS), representing the decay and rise of the states. Both schemes are
mathematically equivalent and result in exactly the same 7 values*®. For additional analysis Excel 2016 and Origin
9.0 were used.

Statistics. Ifnot indicated otherwise, data are represented as mean =+ standard deviation (SD). Statistical anal-
yses were performed in R (version 3.3.2) using the Wilcoxon Rank Sum Test. Significance levels are indicated as:
*=0.01 <p < 0.05, ¥*=0.001 < p < 0.01, ***=p < 0.001, and ns =not significant.

References
1. Spudich, J. L., Yang, C. S., Jung, K. H. & Spudich, E. N. Retinylidene Proteins: Structures and Functions from Archaea to Humans.
Annu. Rev. Cell Dev. Biol. 16, 365-392 (2000).
2. Ernst, O. P. et al. Microbial and Animal Rhodopsins: Structures, Functions, and Molecular Mechanisms. Chem. Rev. 114, 126-163
(2014).
3. Henderson, R. & Unwin, P. N. T. Three-dimensional model of purple membrane obtained by electron microscopy. Nature 257,
28-32(1975).
4. Havelka, W. A., Henderson, R., W,, H. J. A. & Oesterhelt, D. Projection Structure of Halorhodopsin from Halobacterium halobium
at 6 A Resolution Obtained by Electron Cryo-microscopy. J. Mol. Biol. 234, 873-846 (1993).
5. Kato, H. E. et al. Crystal structure of the channelrhodopsin light-gated cation channel. Nature 482, 369-374 (2012).
6. Zhang, F. et al. Multimodal fast optical interrogation of neural circuitry. Nature 446, 633-639 (2007).
7. Zhao, S. et al. Improved expression of halorhodopsin for light-induced silencing of neuronal activity. Brain Cell Biol. 36, 141-154
(2008).
8. Chow, B. Y. et al. High-performance genetically targetable optical neural silencing by light-driven proton pumps. Nature 463,
98-102 (2010).
9. Inoue, K. et al. A light-driven sodium ion pump in marine bacteria. Nat. Commun. 4, 1678 (2013).
10. Kwon, S. K. et al. Genomic makeup of the marine flavobacterium Nonlabens (Donghaeana) dokdonensis and identification of a
novel class of rhodopsins. Genome Biol. Evol. 5,187-199 (2013).
11. Yoshizawa, S. et al. Functional characterization of flavobacteria rhodopsins reveals a unique class of light-driven chloride pump in
bacteria. Proc. Natl. Acad. Sci. 111, 6732-6737 (2014).
12. Kwon, Y. M., Kim, S. Y,, Jung, K. H. & Kim, S. J. Diversity and functional analysis of light-driven pumping rhodopsins in marine
Flavobacteria. Microbiologyopen 5, 212-223 (2016).
13. Balashov, S. P. et al. Light-driven Na+ pump from Gillisia limnaea: A high-affinity Na+ binding site is formed transiently in the
photocycle. Biochemistry 53, 7549-7561 (2014).
14. Li, H., Sineshchekov, O. A., Da Silva, G. F. Z. & Spudich, J. L. In vitro demonstration of dual light-driven Na-+/H+ pumping by a
microbial rhodopsin. Biophys. J. 109, 1446-1453 (2015).
15. Kato, H. E. et al. Structural basis for Na(+) transport mechanism by a light-driven Na(+) pump. Nature 521, 48-53 (2015).
16. Gushchin, I. et al. Crystal structure of a light-driven sodium pump. Nat. Struct. Mol. Biol. 22, 390-395 (2015).
17. Inoue, K., Kato, Y. & Kandori, H. Light-driven ion-translocating rhodopsins in marine bacteria. Trends Microbiol. 23,91-98 (2015).
18. Hoque, M. R. et al. A Chimera Na+ -Pump Rhodopsin as an Effective Optogenetic Silencer. Plos One 11, 0166820 (2016).
19. Tsunoda, S. P. et al. Functional characterization of sodium-pumping rhodopsins with different pumping properties. Plos One 12,
€0179232 (2017).
20. Gradinaru, V. et al. Molecular and Cellular Approaches for Diversifying and Extending Optogenetics. Cell 141, 154-165 (2010).
21. Gradinaru, V., Thompson, K. R. & Deisseroth, K. eNpHR: a Natronomonas halorhodopsin enhanced for optogenetic applications.
Brain Cell Biol. 36, 129-139 (2008).
22. Berndt, A. et al. Structural foundations of optogenetics: Determinants of channelrhodopsin ion selectivity. Proc. Natl. Acad. Sci. 113,
822-829 (2016).
23. Zhang, F. et al. The Microbial Opsin Family of Optogenetic Tools. Cell 147, 1446-1457 (2011).
24. Vogt, A. et al. Conversion of a light-driven proton pump into a light-gated ion channel. Sci. Rep. 5, 16450 (2015).
25. Garcia-Martinez, J., Brunk, M., Avalos, J. & Terpitz, U. The CarO rhodopsin of the fungus Fusarium fujikuroi is a light-driven proton
pump that retards spore germination. Sci. Rep. 5, 1-11 (2015).
26. Seki, A. et al. Heterologous expression of pharaonis halorhodopsin in Xenopus laevis oocytes and electrophysiological
characterization of its light-driven C1~ pump activity. Biophys. J. 92, 2559-2569 (2007).
27. Hellingwerf, K. J., Arents, J. C., Scholte, B. J. & Westerhoff, H. V. Bacteriorhodopsin in Liposomes II. Experimental Evidence in
Support of a Theoretical Model. Biochim. Biophys. Acta 547, 561-582 (1979).
28. Westerhoff, H. V. & Dancshazy, Z. Keeping a light-driven proton pump under control. Trends Biochem. Sci. 9, 112-117 (1984).
29. Henrich, E. et al. From Gene to Function: Cell-Free Electrophysiological and Optical Analysis of Ion Pumps in Nanodiscs. Biophys.
J.113,1331-1341 (2017).
30. Bogachev, A. V, Bertsova, Y. V,, Verkhovskaya, M. L., Mamedov, M. D. & Skulachev, V. P. Real-time kinetics of electrogenic Na(+)
transport by rhodopsin from the marine flavobacterium Dokdonia sp. PRO95. Sci. Rep. 6, 21397 (2016).
31. Suomivuori, C.-M., Gamiz-Hernandez, A. P., Sundholm, D. & Kaila, V. R. I. Energetics and dynamics of a light-driven sodium-
pumping rhodopsin. Proc. Natl. Acad. Sci. 114, 7043-7048 (2017).
32. Wiegert, J. S., Mahn, M., Prigge, M., Printz, Y. & Yizhar, O. Silencing Neurons: Tools, Applications, and Experimental Constraints.
Neuron 95, 504-529 (2017).
33. Wietek, J. et al. Conversion of Channelrhodopsin into a Light-Gated Chloride Channel. Science (80-.) 344, 409-412 (2014).
34. Berndt, A, Lee, S. Y., Ramakrishnan, C. & Deisseroth, K. Structure-Guided Transformation of Channelrhodopsin into a Light-
Activated Chloride Channel. Science (80-.) 344, 420-424 (2014).
35. Govorunova, E. G., Sineshchekov, O. A, Janz, R., Liu, X. & Spudich, J. L. Natural light-gated anion channels: A family of microbial
rhodopsins for advanced optogenetics. Science (80-.) 349, 647-650 (2015).
36. Chuong, A. S. et al. Noninvasive optical inhibition with a red-shifted microbial rhodopsin. Nat. Neurosci. 17, 1123-1129 (2014).
37. El-Gaby, M. et al. Archaerhodopsin Selectively and Reversibly Silences Synaptic Transmission through Altered pH. Cell Rep. 16,
2259-2268 (2016).

SCIENTIFICREPORTS| (2018) 8:9316 | DOI:10.1038/s41598-018-27690-w 11



www.nature.com/scientificreports/

38. Mahn, M., Prigge, M., Ron, S., Levy, R. & Yizhar, O. Biophysical constraints of optogenetic inhibition at presynaptic terminals. Nat.
Neurosci. 19, 554-6 (2016).

39. Ferenczi, E. A. et al. Optogenetic approaches addressing extracellular modulation of neural excitability. Sci. Rep. 6, 1-20 (2016).

40. Tee, B. C. K. et al. A skin-inspired organic digital mechanoreceptor. Science (80-.) 350, 313-316 (2015).

41. Kaech, S. & Banker, G. Culturing hippocampal neurons. Nat. Protoc. 1, 2406-2415 (2006).

42. Wood, J. N. et al. Novel Cell Lines Display Properties of Nociceptive Sensory Neurons. Proc. R. Soc. B Biol. Sci. 241, 187-194 (1990).

43. Grimm, C., Vierock, J., Hegemann, P. & Wietek, J. Whole-cell Patch-clamp Recordings for Electrophysiological Determination of
Ion Selectivity in Channel rhodopsins. J. Vis. Exp. https://doi.org/10.3791/55497 (2017).

44. Guzman, S. J., Schlogl, A. & Schmidt-Hieber, C. Stimfit: quantifying electrophysiological data with Python. Front. Neuroinform. 8,
1-10 (2014).

45. Wietek, J., Broser, M., Krause, B. S. & Hegemann, P. Identification of a Natural Green Light Absorbing Chloride Conducting
Channelrhodopsin from Proteomonas sulcata. J. Biol. Chem. 291, 4121-4127 (2016).

46. Mullen, K. M. & van Stokkum, I. H. M. TIMP: An R Package for Modeling Multi-way Spectroscopic Measurements. J. Stat. Softw.
18, 1-46 (2007).

47. Snellenburg, J. J., Laptenok, S. P, Seger, R., Mullen, K. M. & van Stokkum, I. H. M. Glotaran: A Java -Based Graphical User Interface
for the R Package TIMP. J. Stat. Softw. 49, 1-22 (2012).

48. Toh, K. C,, Stojkovic, E. A., van Stokkum, I. H. M., Moffat, K. & Kennis, J. T. M. Proton-transfer and hydrogen-bond interactions
determine fluorescence quantum yield and photochemical fficiency of bacteriophytochrome. Proc. Natl. Acad. Sci. USA 107, 9170-5
(2010).

49. Gushchin, I et al. Structure of the light-driven sodium pump KR2 and its implications for optogenetics. FEBS J. 283, 1232-1238
(2015).

Acknowledgements

We thank Altina Klein, Maila Reh, and especially Tharsana Thamalingam for excellent technical assistance. We
are grateful to Shoko Hososhima for the proposition to test our constructs in ND7/23 cells, Jonas Wietek for
advice in the early phase of this project, Johannes Vierock, Roman Fudim, and Ulrich Terpitz for stimulating
discussions, and Shatanik Mukherjee for careful proofreading of the manuscript. We are thankful to the group
of Andreas Herrmann in particular Thomas Korte, for measuring time and technical support with the confocal
microscope. This work was supported by the Deutsche Forschungsgemeinschaft (SFB 1078 (B2), DFG Cluster
of Excellence ‘Unifying Concepts in Catalysis, SPP1665, SPP1926, and Gottfried Wilhelm Leibniz Prize). Peter
Hegemann is a Hertie senior research professor for neuroscience supported by the Hertie Foundation.

Author Contributions

C.G. and P.H. designed the study. A.V. introduced the NaRs to the lab and performed and analyzed the TEVC
measurements in Xenopus oocytes. C.G. designed the KR2 variants, performed confocal imaging and patch-
clamp recordings on ND/23 cells, and evaluated the resulting data. A.S. purified the protein and performed and
evaluated the flash photolysis experiments. Patch-clamp recordings on hippocampal neurons were performed
and analyzed by Y.A.B.S. with the help of C.G., C.G. and PH. wrote the manuscript with the help of all of the
authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27690-w.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:9316 | DOI:10.1038/s41598-018-27690-w 12


http://dx.doi.org/10.3791/55497
http://dx.doi.org/10.1038/s41598-018-27690-w
http://creativecommons.org/licenses/by/4.0/

	Electrical properties, substrate specificity and optogenetic potential of the engineered light-driven sodium pump eKR2

	Results

	Molecular design and spectral characterization of eKR2. 
	eKR2 photocurrents at different intracellular ionic conditions. 
	Influence of the external ion composition and dependence on membrane voltage. 
	Single turnover experiments. 
	Silencing of mouse hippocampal neurons in culture. 

	Discussion

	Material and Methods

	Molecular biology. 
	Cell culture. 
	Confocal imaging. 
	Electrophysiological measurements in Xenopus laevis oocytes. 
	Patch-clamp recordings in ND7/23 cells. 
	Mouse hippocampal neurons electrophysiology. 
	Purification of recombinant KR2. 
	UV-visible spectroscopy. 
	Statistics. 

	Acknowledgements

	Figure 1 Molecular design of eKR2 and its spectral characteristics.
	Figure 2 Photocurrents of eKR2 and CsR in ND7/23 cells at 0 mV and varying intracellular ionic compositions.
	Figure 3 Voltage dependence of eKR2 photocurrents at different intra- and extracellular ionic compositions.
	Figure 4 Laser-induced eKR2 photocurrents and flash photolysis with recombinant KR2.
	Figure 5 Neuronal silencing performance of eKR2.
	Figure 6 Red-shift of O-state absorption by Na+.




