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Expressing Optogenetic Actuators Fused to N-terminal
Mucin Motifs Delivers Targets to Specific Subcellular
Compartments in Polarized Cells

Jiali Wang, Eric Platz-Baudin, Erik Noetzel, Andreas Offenhdusser, and Vanessa Maybeck*

1. Introduction

Optogenetics is a powerful approach in neuroscience research. However,

other tissues of the body may benefit from controlled ion currents and
neuroscience may benefit from more precise optogenetic expression. The
present work constructs three subcellularly-targeted optogenetic actuators
based on the channelrhodopsin ChR2-XXL, utilizing 5, 10, or 15 tandem
repeats (TR) from mucin as N-terminal targeting motifs and evaluates
expression in several polarized and non-polarized cell types. The modified
channelrhodopsin maintains its electrophysiological properties, which can be
used to produce continuous membrane depolarization, despite the expected
size of the repeats. This work then shows that these actuators are
subcellularly localized in polarized cells. In polarized epithelial cells, all three
actuators localize to just the lateral membrane. The TR-tagged constructs also
express subcellularly in cortical neurons, where TR5-ChR2XXL and
TR10-ChR2XXL mainly target the somatodendrites. Moreover, the transfection
efficiencies are shown to be dependent on cell type and tandem repeat length.
Overall, this work verifies that the targeting motifs from epithelial cells can be
used to localize optogenetic actuators in both epithelia and neurons, opening
epithelia processes to optogenetic manipulation and providing new

possibilities to target optogenetic tools.
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In recent years, neuroscience has thrived
by utilizing optogenetics, where optical
and genetic methods combine to mon-
itor (optogenetic sensor) or control (op-
togenetic actuator) cellular activity.'!! Op-
togenetics has also started to make in-
roads into cardiac research.l?) Optogenet-
ics boasts high temporal and spatial pre-
cision in comparison to classical tech-
niques such as pharmacological and ex-
tracellular electrical stimulation, respec-
tively. Furthermore, optical control is
less invasive than penetrating electrodes.
However, wild types of optogenetic actu-
ators are usually distributed throughout
the cells. In general, this reduces the cells
of interest for optogenetic channels. Po-
larized cells have vital morphological and
functional compartmentalization. For ep-
ithelia, controlling ion currents specifi-
cally on either the apical or basolateral
membrane would be a new application of
optogenetic channels, further expanding
their usefulness.

Cells utilize various methods to distribute membrane proteins
to subcellular membrane regions, establishing and maintaining
morphological and functional properties. For example, epithe-
lial cells differentiate the basolateral and apical membranes, like-
wise, neurons differentiate and maintain the somatodendritic
and axonal membranes. Compartmentalization is achieved by
polarized trafficking, stabilization at desired locations, degrada-
tion at undesired locations, or collection of new proteins from
one domain and transport to another domain.l”) During polar-
ized trafficking, specific peptide sequences selectively sort pro-
teins in the trans-Golgi network.l’l Some sorting principles are
conserved between epithelia and neurons. So far, most of the pub-
lished subcellular plasma membrane-targeted optogenetic actua-
tors have focused on utilizing targeting motifs identified in neu-
rons, such as the motifs from myosin binding domain,*5) 1I-
I1I loop of the sodium channell®’] and voltage-gated potassium
channel.®l Wide uptake of these constructs is hindered by their
typically lower currents or incomplete targeting. However, sort-
ing motifs from epithelial cells are also potentially useful con-
sidering the conserved targeting mechanisms between tissues.
Examples of basolateral signals that are also somatodendritic, as
well as apical sorting signals that are also axonal, can be found in
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the literature.>'* This could expand the use of optogenetics in
additional cell types, as well as provide additional motifs to pro-
mote engineering other constructs.

To test epithelial motif targeting of optogenetic actuators
in multiple cell types, we combine tandem repeats (TR)
from Human mucinl (MUC1) with the high current opto-
genetic channel Channelrhodopsin-2 XXL (ChR2-XXL, chan-
nel plus yellow fluorescent protein (YFP) tag). MUCL is a
sialylated transmembrane glycoprotein in glandular epithelial
cells, whose large, highly glycosylated extracellular domain
forms a rod-like structure. A prominent feature of the MUC1
ectodomain is the variable number of 20 amino acid long TRs:
GSTAPPAHGVTSAPDTRPAP.!**! Core-glycosylated, mucin-like
repeats have been reported as apical targeting signals, localiz-
ing MUCT to the apical side of epithelial cells.l'7] Therefore,
we tested if TRs can localize optogenetic actuators without neg-
ative effects on achievable current. For the optogenetic actu-
ator, we use a variant of Channelrhodopsin-2 (ChR2).I"#19] In
ChR2, the residue Asp156 in helix 4 forms a hydrogen bond with
Cys128 in helix 3, known as the DC gate, involved in channel
closing.l?-23] The mutation in these two residues alters the ki-
netics of ChR2 channeling. The variant ChR2-XXL (D156C) has
higher expression and a long open-state lifetime, currently pro-
viding the highest photostimulation efficiency while still sponta-
neously closing.[?*] 1t is suitable for the prolonged induction of
depolarization without continuous illumination.!?>2¢]

Currently, most known modifications of channelrhodopsins
for subcellular localization rely on replacing the C-terminus!*?!
owing to the existing knowledge that there is conduction of ir-
relevant globular C-terminal domain in the naturally occurring
protein.'”) However, the N-terminal targeting motifs may like-
wise be worth paying attention to if N-terminal tagged channels
are shown to have consistent current properties. Here, we fused
N-terminal targeting motifs 5 TR, 10 TR, and 15 TR from MUC1
to ChR2-XXL, producing three new actuators: TR5-ChR2XXL,
TR10-ChR2XXL, and TR15-ChR2XXL, respectively. We demon-
strate the currents and channel dynamics of the constructs us-
ing whole cell patch clamp recordings with defined membrane
area of illumination in unpolarized and polarized kidney cell
lines (Human Embryonic Kidney (HEK293) and Madin-Darby
Canine Kidney (MDCK II), respectively). Furthermore, the un-
specific localization in unpolarized HEK293, versus the lateral
localization in polarized MDCK II is shown. Consistency of lo-
calization behavior was further shown for an additional non-
polarized cell (the cardiomyocyte-like HL-1) and MCF 10A cells
polarized in spheroids. Somato-dendritic localization in neurons
is shown and the transfection efficiencies (TEs) in kidney cells
and neurons across different TR lengths were compared. Overall,
we show that N-terminal motifs do not significantly interfere with
channel function yet control localization in multiple cell types,
providing new perspectives for subcellular research in polarized
cells.

2. Results
2.1. Construct Generation
In this work, different numbers of tandem repeats (TR5, TR10,

and TR15) from the extracellular region of MUC1 were chosen as
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targeting motifs. Mucin genes are hard to synthesize artificially,
due to the repetition, especially for TR15. Codon optimization
was performed with manual adjustments to code synthesizable
DNA. Then TRs were attached to the N-terminus of ChR2-XXL
using seamless cloning. Cytomegalovirus (CMV) promoter, was
used for strong, constitutive expression in mammalian cells. YFP
at the C-terminal of ChR2-XXL was used for the localization of
the constructs. Furthermore, the plasmids with TRs were hard
to produce in Escherichia coli. After testing several strains, NEB
Stable Competent E.coli proved suitable for the isolation of plas-
mid clones containing repeat elements. Finally, we obtained three
new plasmids encoding TR5-ChR2XXL-YFP, TR10-ChR2XXL-
YFP and TR15-ChR2XXL-YFP (hereafter TR5-ChR2XXL, TR10-
ChR2XXL and TR15-ChR2XXL, respectively) (Figure 1A). The re-
sults were confirmed by DNA sequencing and restriction enzyme
digestion.

2.2. Electrophysiological Characterization

One concern regarding N-terminal tagging of ChR2 variants is
stearic hindrance of conduction by the tag. To evaluate if the TR-
tagged optogenetic actuators have altered conduction, they were
introduced into Human Embryonic Kidney 293 (HEK293) cells
for whole-cell patch clamp measurements.[?’! This cell line is a
useful system for electrophysiology studies due to its low expres-
sion of native channels.!?8] Since the HEK293 are not polarized
cells, a fixed illumination area could consistently probe compa-
rable areas of channel expression in the membrane. Whole-cell
patch clamp was subsequently carried out on MDCK II cells to
evaluate if the subcellular redistribution of channels alters whole-
cell currents achieved per area of membrane illuminated.

2.2.1. Current-Voltage Relationship of the Membrane

We first test if overexpression causes changes in intrinsic cell
membrane properties due to membrane composition or cell
stress. The membrane’s current-voltage relationship was mea-
sured via a whole-cell patch clamp in the dark (channels closed)
for HEK293 cells expressing each construct. Figure 1B shows a
typical voltage trace triggered by current injection from —200 pA
to 400 pA at 50 pA intervals in HEK293 cells expressing ChR2-
XXL. The voltage traces obtained in other groups expressing TR-
ChR2XXL were all similar to this (data not shown). The current-
voltage relationship plots steady-state membrane voltage ampli-
tudes versus injected currents, as shown in Figure 1C. Though
at high current injections, the average membrane resistance in
untagged ChR2-XXL is slightly lower than TR-ChR2XXLs in
Figure 1C, this difference is not statistically significant. This sug-
gests that TR-ChR2XXL expression in the closed state does not
alter the cell membrane of HEK293 cells and currents can be at-
tributed to channel function when opened.

2.2.2. Record in Different Clamp Modes

For optogenetic manipulation, we illuminated the expressing
HEK293 cells with 1000 ms laser pulses for 20 overlays, sepa-
rated by 1000 ms dark intervals, and recorded in voltage-clamp
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Figure 1. Actuator constructs and the electrophysiological characterization in cells. A) Schematic actuator constructs with CMV promoter, a) TR5,
b)TR10, and c) TR15 from human mucin, a KLAT linker between TR and ChR2-XXL, and PAAAT linker between ChR2-XXL and YFP. B) A typical voltage
profile in HEK293 cells expressing ChR2-XXL in response to current injection from —200 pA to 400 pA in 50 pA steps for 100 ms in the dark. C) Current-
voltage relationship (mean + SEM) for HEK293 expressing different actuators. N = 8, 9, 11, and 8 for ChR2-XXL, TR5-ChR2XXL, TR10-ChR2XXL, and
TR15-ChR2XXL, respectively. Two-way repeated ANOVA test, p = 0.472 > 0.05. D) HEK293 current traces (scale pA per ms) in v-clamp mode during 1
son and 1s off illumination. V4 = -60 mV. E) Magnified current trace from the first light pulse in (D). F) The ratio of the current change elicited by
the 2nd to 20th light pulses versus the first small additional peak. G) HEK293 voltage traces (scale mV per ms) in c-clamp mode during 1s on and 1
s off illumination. 1,54 = —60 pA. H) Magnified voltage trace from the first light pulse in (G). I) The ratio of the voltage change elicited by the 2nd to
20th light pulses versus the first small additional peak. In certain figures, ChR2-XXL, TR5-ChR2XXL, TR10-ChR2XXL, and TR15-ChR2XXL are shortened

as XXL, TR5, TR10, and TR15, respectively, which applies to all figures in this article.

mode. The first three sequential activations of the channel in typ-
ical traces are displayed in Figure 1D and the zoom-in picture of
the first spikes is shown in Figure 1E. Once illuminated, the cur-
rents increased rapidly at first, then gradually plateaued. At light-
off, a small current increase appeared. Then the channels closed
extremely slowly. After a short dark period of 1 s, in response
to the second light pulse, the currents returned to the original
plateau level, leading to decreased current magnitude. The cur-
rent traces of different actuators showed similar configurations,
indicating that the electrophysiological characteristics of ChR2-
XXL were not affected by TRs. The current changes elicited by
the second to twentieth light pulses were quantitatively compared

Adv. Biology 2024, 8, 2300428

with the first additional small current peak produced at light-off.
Figure 1F shows that the current changes triggered by the laser
light pulses decreased gradually with more stimulations. This in-
dicates a slight loss of effectivity during this stimulation protocol
over time as the proportion of channels in each photostate shifts
(see Discussion 3.1).

The stimulation was repeated with recordings in current-
clamp mode. Figure 1G shows the voltage traces during the
first 3 channel activations, the first of which are zoomed in and
shown together for comparison in Figure 1H. The voltages in-
creased rapidly in response to the light, then became steady
in continuous illumination. When the laser was switched off,
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Figure 2. Kinetics of actuators in HEK293 cells. Current traces (scale pA per ms) from transfected HEK293 during 50 ms light pulses, separated by
intervals of 1950 ms (A) or 3950 ms (D). V},qig = -60 mV. The magnified current traces triggered by the first (B) and second (C) light pulse at 1950 ms
inter-pulse interval. E) The ratios of the current changes elicited by light pulses other than the first one to the first small additional peak in (A) or (D).
Individual current amplitudes were normalized to the first small additional peak. F) The average ratios of subsequent current changes to the first small
additional peak in (A) or (D). Data are mean + SD, n = 19 for 1950 ms inter-pulse intervals and n = 9 for 3950 ms inter-pulse intervals. Kruskal-Wallis
ANOVA test, 1950 ms, p = 0.097 > 0.05; 3950 ms, p = 0.379 > 0.05. G) Inward currents in voltage-clamped HEK cells evoked by 10 s of blue light. H)
Mean photocurrents in response to 10 s blue light, normalized to the ChR2-XXL current. N = 8, 12, 11 and 8. Data are mean + SEM. Kruskal-Wallis
ANOVA test, p = 0.504 > 0.05. |) Average time constants of channel opening (z,,). Data are mean + SEM. N = 11, 14, 17 and 11. R? > 0.81. One-way
ANOVA test, p = 0.411 > 0.05. J) Average time constants of channel closing (z,g). Data are mean + SEM. N = 7, 10, 14 and 7. R? > 0.90. One-way
ANOVA test, p = 0.253 > 0.05.

the voltages rose quickly, then diminished gradually. The laser
pulses after 1 s dark quenched the voltages to a level simi-
lar to the previously observed change in current. All actuators
displayed similar voltage changes during this stimulation se-
quence. The voltage changes during the second to twentieth
light pulses were normalized to the first small additional voltage
peak as percentages, seen in Figure 1I. These data demonstrate
that the TR motifs do not affect the achieved current per area
membrane, cell depolarization, or accumulation of inactive chan-
nels of ChR2-XXL. We, therefore, conclude that TR-ChR2XXLs
can induce the same amplitude of membrane changes as
ChR2-XXL.

Adv. Biology 2024, 8, 2300428

2.2.3. Properties of the Induced Photocurrent

Further recordings were made at different optogenetic stimula-
tion intervals to determine the kinetics of the new constructs.
Current traces were recorded in HEK293 cells illuminated with
50 ms light pulses and inter-pulse intervals of either 1950 or
3950 ms, leading to 0.5 Hz or 0.25 Hz stimulation frequencies,
respectively. Figure 2A,D shows the respective current profiles
elicited. The first and second spike traces recorded under 0.5 Hz
stimulation (Figure 2A) are magnified in Figure 2B,C, respec-
tively, as merged images of the four channelrhodopsins. As the
plots show, all four channelrhodopsins show uniform current
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pulse shapes. For the 0.5 Hz stimulations, the current changes
of channelrhodopsin evoked at the beginning of individual light-
on (except the first one) were normalized to the small current
peak at first light-off, and the normalized percentages were plot-
ted in Figure 2E (lines with circles). The average percentages for
each channel are shown in Figure 2F (left bars), which were all
~85% of the first additional small spikes. For the 0.25 Hz stimu-
lations, the corresponding results are shown in Figure 2E (lines
with triangles) and Figure 2F (right bars) as well. The average
values were ~65%, a little lower than that at 0.5 Hz stimulation.
After staying in dark for 3950 ms, the state of channelrhodopsins
was closer to the plateau state when blue light was on, leading to
the smaller current changes compared to the 1950 ms inter-pulse
intervals.

The photocurrent is a critical factor determining the effective-
ness of ChR2 membrane depolarization. Hence, the currents of
these channels evoked by blue light were compared. In order to
give channels enough time to open and close (Figures S1 and S2,
Supporting Information), the pulse and wait time here were 10 s
and 80 s, respectively. Figure 2G shows inward photocurrents of
four actuators triggered by 10 s of light in HEK293 cells recorded
in voltage-clamp mode. The histogram in Figure 2H presents the
mean photocurrents generated by individual optogenetic tools,
normalized to the ChR2-XXL group’s current. Photocurrents in
TR groups were all slightly smaller than the ChR2-XXL group,
but there was no significant difference between groups.

The dynamics of current onset and offset often determine
which channelrhodopsin variant is desired. For TRs to be a gen-
eral tag system, they must not alter channel kinetics. The rate
of channel opening upon illumination was denoted as on kinet-
ics (r,,) and the rate of channel closure after light offset was
denoted as off kinetics (zg), both of which were determined by
the exponential fit of the corresponding rising or decaying pho-
tocurrent traces. The 7, of TR5-ChR2XXL, TR10-ChR2XXL, and
TR15-ChR2XXL were 3.57 + 0.25 ms, 3.94 + 0.26 ms and 3.88 +
0.34 ms, respectively, all slightly longer than ChR2-XXL (3.32 +
0.32 ms) (Figure 2I). With more TR, the channel opened a lit-
tle more slowly. However, there was no significant difference be-
tween these groups. For 74, the values of TR5-ChR2XXL, TR10-
ChR2XXL, and TR15-ChR2XXL were 34.07 + 3.25 s, 37.81 + 2.50
s and 42.05 + 2.42 s, respectively (Figure 2J). The 7.4 of ChR2-
XXL was 41.16 = 2.95 s, which was comparable to other groups.
There was no significant difference between these groups. Taken
together, the various numbers of TRs do not have a remarkable
impact on relevant kinetic parameters for the current generation.

2.2.4. Photocurrents in Polarized Cells

Polarized MDCK cells are widely used as models for studying ep-
ithelial polarity, trafficking, and tight junctions. Their advantages
include the rapid growth rate, clear cell polarity, and suitability
for use in advanced microscopic techniques.??3% MDCK cells
were cultured on track etch membranes, resulting in much bet-
ter differentiated and polarized monolayers (10-15 pm tall) than
those grown on solid plastic or glass substrates (3-5 um tall).3!]
Cultures were chemically transfected with each of the constructs
within two days of high-density plating and grew for ~ 5 days to
form a tight monolayer.

Adv. Biology 2024, 8, 2300428
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Patch clamp recordings in whole-cell configuration voltage
clamp at -60 mV detected light-induced currents in the cell il-
luminated with a small spot of laser light. For a subcellularly
targeted expression, one area of the membrane the size of the
laser spot should produce current. For homogeneously expressed
channels, activation is expected on both sides of the cell as light
passes through (roughly double the area of membrane with chan-
nels is illuminated). The produced pico amps per pm? of illumi-
nated membrane for TR5-ChR2XXL, TR10-ChR2XXL and TR15-
ChR2XXL were 6.62 + 2.59, 7.59 + 1.99 and 4.97 + 1.28 pA pm 2,
respectively; higher than the current in the ChR2-XXL group
(3.15 + 2.60 pA um™2), although there was no significant dif-
ference between these groups. If cells produce equal amounts
of protein but TR-ChR2XXL is concentrated in the lateral mem-
brane, one spot of illumination may reach more channels. Fur-
thermore, the TR-ChR2XXL currents produced in MDCK cells
were generally larger than that in HEK293 cells, which were ac-
cordingly 0.95 + 0.12, 0.83 + 0.17 and 0.64 + 0.12 pA um~2. In
each cell group, the currents were all normalized to the current
produced in ChR2-XXL group, as shown in Figure 3. The nor-
malized currents of TR5-ChR2XXL or TR10-ChR2XXL in MDCK
cells significantly differed from that of TR15-ChR2XXL in HEK
cells, likely due to differences in protein density in the illumi-
nated space. We attribute differences in MDCK current among
the constructs to the number of channels expressed in the il-
luminated area rather than a lack of opening channels because
channel dynamics were shown to be consistent across constructs.
Channels per area are a compound effect of channel production
and localization.

2.2.5. Electrophysiology Summary

The electrophysiology results show that the TR tag on the N-
terminal of the ChR2-XXL does not significantly alter channel
dynamics. In non-polarized cells, there was no significant change
in current per area illuminated, while in polarized cells, TR5-
ChR2XXL and TR10-ChR2XXL showed slight increases in cur-
rent per area illuminated. TR15-ChR2XXL was significantly less
than TR5-ChR2XXL or TR10-ChR2XXL, but still higher than un-
tagged channel. Therefore, despite their size, and situation at the
N-terminal, TR domains from MUC1 are suitable tags for chan-
nelrhodopsin proteins.

2.3. Subcellular Localization in Polarized Cells
2.3.1. Subcellular Localization in MDCK Cells

MDCK II cells, grown and transfected as described previously
were subsequently immunostained (Figure 4) with Alexa Fluor
633 secondary antibody and primary antibody for podxl (gp135),
an established apical membrane marker for MDCK cells.[3233]
DAPI stained the nuclei, indicating which side of the apical sur-
face was intracellular, and therefore remaining membrane is ba-
solateral. In each image, the top view and reconstructed orthog-
onal slices show the localization of TR-ChR2XXL relative to the
apical membrane. The orientations of image layers in z-stacks
are all the same, and the top and bottom layers are marked as T
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Figure 3. The currents produced in polarized and unpolarized cells. A) The currents of ChR2-XXL and TR-ChR2XXL elicited by 50 ms laser in MDCK cells.
B) The currents of ChR2-XXL and TR-ChR2XXL evoked by 50 ms laser in HEK293 cells. C) The comparison of currents produced in MDCK and HEK293
cells. In each cell group, the currents were all normalized to the current of the ChR2-XXL. Data are presented as mean + SEM. Kruskal-Wallis ANOVA
test, TR5-ChR2XXL (MDCK) versus TR15-ChR2XXL (HEK), *p = 0.042 < 0.05; TR10-ChR2XXL (MDCK) versus TR15-ChR2XXL (HEK), *p = 0.014 < 0.05

TR5-ChR2XXL ChR2XXL

TR15-ChR2XXL TR10-ChR2XXL

DAPI Podxl Merge

Figure 4. The subcellular localization of A) ChR2-XXL, B) TR5-ChR2XXL, C) TR10-ChR2XXL, and D) TR15-ChR2XXL when expressed in MDCK monolayers.
Expressed channelrhodopsins were visualized by YFP (yellow). Cell nuclei were identified by DAPI staining (blue). The apical surface of MDCK cells was
identified by antibody 3F2/D8 against Podxl (red). Merged images are shown in the last column. In each image, the top view of MDCK cells (at the focus
level indicated by the blue line in small windows) is shown in the main window (xy plane), and vertical views of MDCK cells cut at green and red dashed
lines are presented in the small green (xz plane) and red windows (yz plane). T, top — where apical surface touches medium; B, bottom — where cells

adhere to the support membrane. Scale bar, 20 um.
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Figure 5. The subcellular localization of ChR2-XXL, TR5-ChR2XXL, and TR10-ChR2XXL when expressed in neurons. A) Immunostaining of transfected
E18 cortical neurons (DIV5-7). Dendrites were labeled with anti-MAP2 (red) and axons with anti-Tau1 (blue). The red dashed box extracts a zoom of the
somatodendritic region, rotated and displayed to the right. The blue dashed box extracts a zoom of the axon region, rotated and displayed to the right.
Wider views are available in Sl. Scale bar, 50 um. B) The unnormalized and normalized axon-to-dendrite expression ratio (UADR (a) and ADR (b)). Data
is presented as mean = SEM. N = 6 for each group. Kruskal-Wallis ANOVA test, ChR2-XXL versus TR5-ChR2XXL, *p = 0.012 < 0.05, ChR2-XXL versus

TR10-ChR2XXL, **p = 0.009 < 0.01.

and B in the first image of Figure 4A. The results showed that
ChR2-XXL localized to both the apical and basolateral sides of
the MDCK cells (Figure 4A), while all TR-ChR2XXL targeted only
the lateral membranes (Figure 4B-D). These results were unex-
pected as the TR sequences have been reported as apical target-
ing signals in epithelial cells."%! We discuss possible reasons for
the unexpected targeting and implications for construct design
below.

2.3.2. Subcellular Localization in MCF 10A Cells
Lateral targeting was persistent in other epithelial cell types. MCF

10A cells transfected with ChR2XXL or TR5-ChR2XXL were in-
duced to form acini with polarized cell surfaces. In these spheres,

Adv. Biology 2024, 8, 2300428

TR5-ChR2XXL was also more laterally localized than ChR2XXL
(Section S6, Supporting Information). It is therefore not specific
to MDCK cells that the TR-ChR2XXL combination acts as a lateral
targeting signal instead of an apical signal as had been expected.

2.3.3. Subcellular Localization in Neurons

Immunostaining of TR-ChR2XXL electroporated primary neu-
rons showed subcellular localization. Transfected neurons were
immunostained with MAP2 (dendrites) and Taul (axons) at
DIV5-7 (5-7 days in vitro). Figure 5A shows ChR2-XXL local-
ized to both somatodendrites and axons, while TR5-ChR2XXL
and TR10-ChR2XXL are mainly targeted to soma and dendrites.
However, TR15-ChR2XXL produced negative effects on neuronal
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Table 1. Transfection efficiency (TE) of actuators in different cell types in a typical independent culture.

ChR2XXL TR5-ChR2XXL TR10-ChR2XXL TR15-ChR2XXL

HEK293 (DPT2) Expressing cells 6 12 17 1
Total cells 83 151 266 160
TE (%) 7.23 7.95 6.39 6.88

MDCK (DPT5) Expressing cells 3 5 2 1
Total cells 113 159 112 128
TE (%) 2.65 3.14 1.79 0.78

Neuron (DIV7) Expressing cells 20 9 3 1
Total cells 81 93 90 129
TE (%) 24.69 9.68 3.33 0.78

growth, such that they could not extend axons and dendrites
properly. Non-transfected neurons in the same culture had nor-
mal branched dendrites and well-extended axons. Images of
larger areas are provided in supplementary material (Figure S3,
Supporting Information).

To quantify the degree of polarized TR-ChR2XXL distribution
in cortical neurons, two forms of axon-to-dendrite expression
ratio, normalized (ADR) and unnormalized (uUADR), were cal-
culated (see Experimental Section). It is advantageous to evalu-
ate the localization of a protein according to the ADR value, as
ADR = 1 means the protein is nonspecifically localized, ADR
< 1 is localized to dendrites and ADR > 1 is localized to the
axon. The value of uADR for ChR2-XXL (0.67 + 0.06) was ~
3 times larger than that of TR5-ChR2XXL (0.20 + 0.05) and
TR10-ChR2XXL (0.19 + 0.05) (Figure 5B(a)). The uADR of ChR2-
XXL was significantly different from the uADR of either TR5-
ChR2XXL or TR10-ChR2XXL. The ADR of TR5-ChR2XXL and
TR10-ChR2XXL were 0.30 + 0.08 and 0.28 + 0.07, respectively,
indicating both were localized to dendrites instead of axon in neu-
rons (Figure 5B(b)), which were consistent with the observation
in MDCK cells and publications that the basolateral signal mainly
corresponds to the somatodendritic signal. However, there were
no ADRs for TR15-ChR2XXL-positive neurons since these cells
did not have extended neurites. These results show that neurons
transfected with TR5-ChR2XXL and TR10-ChR2XXL can grow
normally through DIV5-7, and the expression localized to the so-
matodendritic region, while neuron growth was affected by the
expression of TR15-ChR2XXL, perhaps due to the longer projec-
tion from the neuron membrane surface by more TRs that blocks
neuronal adhesion to the substrate, thus influencing neuronal
growth.

2.4. Expression in Different Cell Types

In order to investigate the applicability of the newly constructed
actuators, we evaluated their expression and transfection effi-
ciency in HEK293 cells, MDCK cells, and neurons. Transfection
efficiency was not calculated for HL-1 due to the cells forming a
syncytium during the time needed for expression. Transfection
efficiency was not calculated for MCF 10A cells due to continual
necessary modifications of the transfection protocol to achieve
measurable spheroids.

Adv. Biology 2024, 8, 2300428

2.4.1. Expression

Transfection efficiency (TE) in HEK293 cells could be extracted
in parallel to electrophysiology. After chemical transfection,
HEK293 cells displayed classically pyramidal or rhombic mor-
phology, unaffected by the transgenes (Figure S4A, Supporting
Information). The TEs of TR5-ChR2XXL, TR10-ChR2XXL, and
TR15-ChR2XXL in HEK293 on DPT2 (2 days post-transfection)
in a typical culture were 7.95%, 6.39%, and 6.88%, respectively,
comparable to ChR2-XXL (7.23%) (Table 1). To facilitate the
comparison in different cell types, we normalized TE to that
of ChR2-XXL for each cell type. In HEK293 cells the normal-
ized TEs were all near one (1.08 + 0.107, 0.91 + 0.050 and
0.97 + 0.081), and not significantly different from each other.
Therefore, the plasmid update was not substantially changed by
TR length.

To test TE, independent of localization, in MDCK cells, cells
were plated at low density on tissue culture plastic wells for
easy observation. DPT5 MDCK cells are shown in Figure S4B
(Supporting Information). Generally, after growing for a certain
time on a solid support, MDCK cells form cell islands. TR-
ChR2XXL expression did not alter the normal morphology of
MDCK cells. In an independent culture, the TE of ChR2-XXL
was 2.65%, while the efficiency of TR5-ChR2XXL was a little
higher at 3.14%. Whereas the efficiencies of TR10-ChR2XXL
and TR15-ChR2XXL were much lower than ChR2-XXL, at 1.79%
and 0.78%, respectively (Table 1). The normalized TEs of TR5-
ChR2XXL, TR10-ChR2XXL, and TR15-ChR2XXL were 1.12 +
0.046, 0.62 + 0.102, and 0.24 + 0.014, respectively. With more
TRs, the TE of MDCK cells decreased. There was a significant
difference between TR5-ChR2XXL and TR15-ChR2XXL but not
TRS5-Cer of TRs does. Therefore, 5STR-ChR2XXL has enhanced
TE in MDCK cells, while 10TR and 15TR have fewer exhR2XXL
and ChR2-XXL, indicating that targeting itself in MDCK cells
does not reduce TE, but the number of TRs does. Therefore,
STR-ChR2XXL has enhanced TE in MDCK cells, while 10TR
and 15TR have fewer expressing cells, though only significantly
for TR15 (Figure 6). All constructs showed groups of expressing
cells, indicating that transfected cells continue to divide. The de-
creased number of expressing cells with increasing TR in MDCK
may be due to additional metabolic load slowing reproduction of
larger TR expressing cells or poorer adhesion leading to loss of
larger TR expressing cells.
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Figure 6. Normalized TEs in HEK293, MDCK, and neurons. In each cell
type, the TE was normalized to ChR2-XXL. Data are mean + SEM, N =
3 transfections for each group. Kruskal-Wallis ANOVA test, MDCK cells,
TR5-ChR2XXL versus TR15-ChR2XXL, *p = 0.028 < 0.05; neurons, ChR2-
XXL versus TR15-ChR2XXL, *p = 0.013 < 0.05.

As we cultured neurons transfected with the constructed op-
togenetic actuators in vitro, some unexpected changes were ob-
served as they matured, as shown in Figure S5 (Supporting In-
formation). Neurons transfected with ChR2-XXL were unaffected
by the transgene. TR5 and TR10-tagged constructs were also ex-
pressed normally in neurons in the beginning. However, at later
stages neuronal morphology degenerates. In rare cases of TR15-
ChRXXL in neurons, morphology was abnormal even at the early
stages of development (see Supporting Information part 5 and
Discussion 3.2). TEs in neurons were evaluated on DIV7. In
one typical transfection, the TEs of TR5-ChR2XXL and TR10-
ChR2XXL were 9.68% and 3.33%, respectively (Table 1). How-
ever, in the TR15-ChR2XXL group, neurons could hardly express
this protein, and the efficiency was only 0.78%, much lower than
that of ChR2-XXL group (24.69%). The normalized TEs of TR5-
ChR2XXL, TR10-ChR2XXL, and TR15-ChR2XXL were 0.34 +
0.005, 0.11 + 0.011, and 0.03 + 0.001, respectively. With more
TRs, TE of neurons decreased, following the trend of MDCK
cells. Therefore, the presence of the mucin repeats reduced the
number of expressing neurons, with more TRs in the N-terminus
of ChR2-XXL, the effects were more obvious with longer TRs (see
also 2.4.2). Comparatively, TR effects were more obvious in polar-
ized than in unpolarized cell types.

2.4.2. Comparison of TE

To test broader applicability, TEs in two more cell cultures were
assessed. Table 1 shows the typical TEs in HEK293 cells, MDCK
cells, and neurons. The results are summarized in Figure 6. TE
was normalized to that of ChR2-XXL for each cell type. In neu-
rons, the normalized TEs of TR5-ChR2XXL, TR10-ChR2XXL,
and TR15-ChR2XXL were 0.34 + 0.005, 0.11 + 0.011 and 0.03
+ 0.001, respectively. With more TRs, TE of neurons decreased.
There was a significant difference between ChR2-XXL and TR15-
ChR2XXL. In MDCK cells, the trend was similar, with 1.12 +
0.046, 0.62 + 0.102, and 0.24 + 0.014, which were higher than
in neurons, particularly with TR5-ChR2XXL’s TE > 1. There
was a significant difference between TR5-ChR2XXL and TR15-
ChR2XXL, indicating that targeting itself in MDCK cells does
not reduce TE, but the number of TRs does. However, TEs in
HEK293 cells were all near one (1.08 + 0.107, 0.91 + 0.050, and
0.97 + 0.081), and not significantly different from each other. TR
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effects were less obvious in unpolarized than in the two polarized
cell types, where more TR had lower TE. Though both polarized
cell types showed a decreasing trend with number of TRs, the
absolute TE in MDCK cells remained higher. For future imple-
mentation, it must be considered how to achieve high expression
rates relative to the cell-specific TE, for example by enriching ini-
tially transfected cells in dividing cell cultures or exploring differ-
ent plasmid transfection methods. In MDCK cells TR5-ChR2XXL
and TR10-ChR2XXL were both expressed in clusters in differen-
tiated epithelial sheets (Figure 4B,C), suggesting that lower ini-
tial TE may be overcome by allowing transfected cells to continue
to divide and selecting against untransfected cells, to generate a
stable cell line. Transfection in additional cell types is further dis-
cussed in the Supporting Information part 6.

3. Discussion

In the present study, three new optogenetic actuators were pro-
duced by adding different numbers of tandem repeats (TRS,
TR10, and TR15) from mucin to the N-terminal of ChR2-XXL.
Despite the large and likely glycosylated TRs, the optical ac-
tivation still generated high currents with kinetics similar to
un-tagged ChR2-XXL. In general, the construct expression in
HEK293 cells was better than in polarized cells but was also not
subcellularly localized. Currents could be optically triggered in
both HEK293 and polarized MDCK cells. In MDCK cells, all three
actuators were localized to the lateral membrane, while in neu-
rons those that expressed (TR5-ChR2XXL and TR10-ChR2XXL)
were localized to the soma and dendrites. Expression differences
were observed between cell types and within a cell type accord-
ing to TR length, as well as depending on culture maturity.
Though we can attribute the reduced number of expressing cells
with increasing TR to protein effects rather than plasmid ef-
fects, the mechanism of fewer cells remains to be determined.
It may include a lower division rate of TR-expressing cells in cell
lines when the construct is targeted, poorer adhesion to the sub-
strate due to construct density, or differences in transcription rate
within the cell.

Overall, among these three actuators, TR5-ChR2XXL has the
best performance in cells, which could be used in particular re-
search questions where optogenetics have as yet not been suit-
able. Modification of the membrane potential is critical not only
in excitable cells like neurons but also in non-excitable cells
like epithelia since membrane potential is the driving force for
ion movement across the cell membrane, which is involved
in various biological processes.**3¢! Controlling membrane po-
tential, calcium levels, or optogenetic tools like CRY2/CIBN or
iLID/Sspbl37! via subcellularly targeted optogenetic constructs
could have various benefits. Aside from providing spatial speci-
ficity in epithelia currents in primary cells or in vivo (see also
3.1.3) these tools could be used to improve the differentiation
of epithelial organoids to better mimic organ function ex vivo. If
the TR targeting motifs are fused to these proteins, more precise
subcellular manipulation in complex tissues could be achieved,
which would expand the applications of optogenetics in biologi-
cal research. Fusion of the TR domain onto the extracellular side
of other types of constructs than the directly light-gated channels
may further adjust the linker domain between TRs and the main
protein to avoid steric hindrance.

2300428 (9 0f14) © 2023 The Authors. Advanced Biology published by Wiley-VCH GmbH

85USD17 SUOWILLOD BARERID B]qedl|dde 2y} Ag peusnob a1e SR YO 88N JO S3INJ 104 ARIGIT BUIIUO AB]IM UO (SUORIPUOD-PUR-SLLBHLIOD" A3 1M ARRIq 1BUIIUO//SHNY) SUORIPUOD PUB SWB L 83 885 *[202/60/52] U0 A%1g1T8uliuO AB|IM *BIeD Uoessay HaW9 1Ine wniuezsbunydsiod Ag 825006202 1aPe/Z00T OT/10p/u0dAB| imAreiqjeu!|uo//sdny woiy pepeoiumod ‘€ ‘202 ‘86T0T0LE


http://www.advancedsciencenews.com
http://www.advanced-bio.com

ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

3.1. Electrophysiological Characterization of TR-ChR2XXL
3.1.1. The Depolarization Properties of TR-ChR2XXL

The TR-ChR2XXLs created here behave electrophysiologically
similar to ChR2-XXL (Figures 1 and 2). All have slow 7 and ex-
tended open state lifetime (Figure 2G,]; Figures S1 and S2, Sup-
porting Information), resulting in high light-evoked currents.
During rapid illumination, photocurrents induce a long-lasting
depolarization block (Figures 1D-I and 2A-F) due to insufficient
repolarization during the slow ChR2-XXL closing. During repet-
itive stimulation, the photocurrents decay a little from one stim-
ulation to the next. Comparatively, photocurrents at long pulse
time and short recovery time decay more than those at shorter
pulse time and longer recovery time (Figures 1F and 2E). These
are all hallmarks of ChR2-XXL itself. ChR2-XXL was selected for
testing TR tagging in case targeting reduced current per area
achieved, for example, if targeting was due to specific degrada-
tion. Taken together, the TR tagging does not influence their con-
tinuous depolarization effect. With these high long currents, TR-
ChR2XXLs are suitable for subcellularly precise optogenetic ma-
nipulation avoiding off-target effects, especially when light deliv-
ery is limiting or long-lasting depolarization is needed. This also
suggests that the N-terminal of channelrhodopsins can be uti-
lized to tag other channels with faster dynamics, which opens
the way to novel expansion of the optogenetic toolbox.

3.1.2. ChR2-XXL Currents

We selected ChR2-XXL for its high currents in case targeting re-
duced total channel incorporation. Furthermore, since the cre-
ation of ChR2-XXL,!**] it has been applied in behavioral investiga-
tions, mainly in Drosophila, such as circadian clock,*! locomo-
tor behavior, 12! and spatial learning.[*? Recently, its applications
even have extended from animal to plant research fields.[***4] But
unlike comparable variants such as ChR2C128A, ChR2C128S,
and ChR2D156A that are well characterized,2%*-*7] few studies
are about the specific electrophysiological behavior of ChR2-XXL
(D156C) in response to different stimulation protocols. In addi-
tion to the targeted ChR2-XXL producing sufficient current, we
have shown that the ChR2-XXL dynamics with and without TRs
allow illumination sequences that increase or decrease currents
based on when in the closing process channels are re-activated.
Thereby our investigations help to fill in this gap and provide an
important base for studying the intricate photocycle of channel-
rhodopsin.

In this work, all channelrhodopsins show an additional small
transient current peak upon light-off in voltage-clamp mode
(Figures 1 and 2), which means a larger number of open chan-
nels are accumulated transiently. This has been observed in
other optogenetic channels and is attributable to the passage
through the photocycle rather than the presence or absence of
the tag.[?4547] The complex details of the channelrhodopsin pho-
tocycle intermediates (P470 5P500 % P390 S P520 £ P480%P470)
are still under debate. There are two possible explanations for
the current transient. The first is that the photoactivation of in-
termediate P480 increases current.[**84° P480 is photoactive,
and it forms late in the photocycle (transition 4, above), prob-
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ably during channel closure.>® Thus, at light-off channels in
prior states progress to P480 and then the transition to P470
is governed by slow kinetics. An alternative explanation consid-
ers the equilibrium modulator. Accumulation of intermediate
P520 generates currents at light-on. P520 is in equilibrium with
earlier nonconducting intermediate P390 (transition 3, above).
When light is off, the intermediate P520 is unable to convert
into nonconducting P470 instantaneously, but there are still pre-
viously formed P390 states that continue undergoing transition
3 to state P520.2%1 This transient current has been previously re-
ported in DC gate mutants ChR2D156C, ChR2C128S,?% and in
ChR2D156A.1%1 Overall, our work and these works together
confirm that the DC gate is an important structural determi-
nant of the channel's closing. The persistence of this unusual
feature is further evidence that the TRs do not alter channel
dynamics.

3.1.3. Currents in MDCK Cells

Currents produced by TR-ChR2XXL in polarized MDCK cells
were generally larger per pm? than that in HEK293 cells
(Figure 3), which likely involves the membrane geometry, na-
tive background ion currents, and TR-ChR2XXL channel distri-
bution. Nevertheless, the trend of normalized currents in each
cell type was largely due to the effect of different TRs. Unlike
the slightly decreased currents in the TR-tagged group compared
to the untagged group in HEK293 cells, the currents in MDCK
cells were larger, reflecting more TR-ChR2XXLs in the illumi-
nated area in MDCK cells. The more collective location in the
lateral membrane meant that higher local optogenetic currents
could be achieved in epithelial cells.

The plasma membrane potential of nonexcitable cells par-
ticipates in diverse cellular processes to establish and main-
tain the morphological and functional features of epithelial
cells, such as the regulation of cytoskeletal organization,>!>2]
cell volume,5*>* and wound healing.5>>¢! The most common
depolarization approaches used in epithelial cells are chemi-
cal, such as the addition of drugs (gramicidin, valinomycin,
forskolin, etc.),>>°758] blockers of ion channels (phenamil, bar-
ium, amiloride, etc.)**58] and modifications of the extracellular
saline composition.[*>5°l However, these methods change the po-
tentials of both the apical and basolateral membrane without spa-
tial specificity. They also work slowly (gramicidin can only achieve
its maximum depolarization 30 min after addition).>?! The uti-
lization of TR-ChR2XXL can improve the spatial specificity of de-
polarization and drastically reduce the time required for depolar-
ization. This will help to explore the more functional roles played
by basolateral membrane depolarization in biological processes,
such as cytoskeletal organization signaling cascades.>"¢"]

3.2. Expression in Different Cell Types
3.2.1. Expression of TR-ChR2XXL in Different Cell Types
We tested TR-ChR2XXL in the non-polarized cells HEK293 and

HL-1, and the polarized cells MDCK II, MCF 10A, and primary
neurons. HEK293, MDCK I1, and primary neurons are presented
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here, see Supporting Information for HL-1 (Figure S6, Support-
ing Information) and MCF 10A (Figure S7, Supporting Informa-
tion). The expression of a specific TR-ChR2XXL varies in differ-
ent cell types. Since glycosylation of TR is highly variable this
likely plays the largest role. First, the specific sugar chains and
the number added depend on the cell type’s glycosyltransferase
profile.l'>61621 This may contribute to why TR15-ChR2XXL ex-
pressed much better in HEK293 cells than in neurons and MDCK
cells (Figure 6). Second, the cell type dependence of TE may
also result from the distinct stress caused by expressing exoge-
nous proteins in different cells. In our experience, neurons are
more susceptible to the metabolic stress of expressing a trans-
gene than other cell types. Third, the glycosylation is develop-
mentally regulated.'*] Glycosylation level, varying from 50% to
100% of available sites, changes over time as the neuron ma-
tures. This may explain why TR5-ChR2XXL and TR10-ChR2XXL
transfected neurons grow normally with well-extended dendrites
and axons at the early stages but gradually display abnormal mor-
phologies like shrunken soma, degraded neurites, and ultimately
death at later stages (Figure S5, Supporting Information).

The yield of cells expressing a TR-ChR2XXL construct in a spe-
cific cell type depends on the length of TR at the protein level,
rather than the DNA construct. A delicate balance is reported
between adhesion and anti-adhesion forces in mucin-expressing
cells.[3-] Mucins participate in integrin-mediated cell adhesion
to the extracellular matrix (ECM), mainly being dominated by
their TR region. Integrin is ~20 nm long and the extracellular
domain of most membrane molecules is within 30 nm of the
plasma membrane.[®¢”] However, TR5, TR10, and TR15 project
respectively 25, 50, and 75 nm from cell surfaces, assuming
a wormlike chain with 2.5A per amino acid.l®®! The function
mainly depends on the length of the TR domain. Initially, more
TRs weaken the cell adhesion to ECM, but much longer TRs ac-
tivate integrin clustering to increase adhesion.|®7! In our cases,
TR-ChR2XXL containing more tandem repeats is more likely to
hinder the interaction of integrin with ECM, since the more TRs,
the greater its difference to the length of integrins, but the tan-
dem repeats we used are not sufficient to indirectly activate the
integrin clustering. This provides an explanation for the observa-
tions that in neurons and polarized MDCK cells there are fewer
expressing cells in the cases of ChR2XXL with more TRs since
the ones that are not adhered well die or are washed off. It is also
suggested by the more prominent response to TR length in cells
grown on an ECM-containing coating. In order to solve the nega-
tive adhesion/viability issues of TRs, two strategies were tried.
First, we introduced stronger adhesion via antibody-mediated
pathways. Second, integrin expression was chemically enhanced
to overcome the long TRs. However, unfortunately, these treat-
ments did not improve neuronal viability. Future work is needed
to more accurately dissect the interaction of integrins, TRs, and
adhesion in neuronal systems, including investigating if in vivo
cell adhesion is similarly affected. Therefore, pending further in-
formation, the use of TR-tagged ChRs is better suited to epithelia.

3.2.2. Subcellular Localization of TR-ChR2XXL in Polarized Cells
The subcellular localization of all TR-tagged ChR2-XXL con-

structs was in the lateral membrane in MDCK cells (Figure 4).
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Previous reports indicate the ectodomain of MUCI can rather
confer apical localization to basolateral CD2,[?! and the addi-
tion of TR to Tac enhanced apical delivery, but not basolateral
delivery.'”] Probably, ChR2-XXL interacts with the TR motif lead-
ing to the change of the TR targeting pathway. Since the basolat-
eral and somato-dendritic localization correlation is maintained,
we do not perceive this as a misattribution in MDCK cells, but
rather an altered function of TRs in our constructs. This should
be considered in future design plans to expand the use of op-
togenetics, giving specific consideration to the tag-channel-cell
combination. The extracellular domain that hindered neuronal
growth in vitro may also not be as detrimental to established neu-
ronal networks as may be achieved by inducible promoters or
transduction of established networks. This would require future
testing of tag-channel-cell-tissue combinations.

Additional portions of the MUC1 ectodomain or a combina-
tion of TRs with apical targeting domains from other cell types
may be tested in future constructs. Other publications predomi-
nantly report somatodendritic sorting signals are frequently en-
coded in the cytoplasmic tails of transmembrane proteins while
axonal sorting signals are usually at the extracellular or trans-
membrane domains of proteins.”>7#l However, we show the
extracellular TR domains direct ChR2-XXL to soma/dendrites
(Figure 5A,B), indicating that until we understand the complex
underlying mechanisms of polarized trafficking, targeting opto-
genetic constructs will remain largely an empirical endeavor.

4, Conclusion

In the present work, we constructed three subcellularly-localized
optogenetic actuators. ChR2-XXL was shown to provide sufficient
currents with small membrane area illumination and currents at
different illumination protocols show promise for stimulation,
long-term depolarization with low light input, and the possibil-
ity to inhibit activity by depolarization block. Since the major-
ity of the subcellularly-localized ChR2 are modified in their C-
terminus, our work on the modification of the N-terminus opens
more possibilities to use N-terminal targeting motifs with chan-
nelrhodopsins. In addition, so far most of the known subcellu-
larly plasma membrane-targeted optogenetic works have focused
on utilizing the neuron-specific targeting motifs, whereas this
work verifies for the first time to our knowledge that epithelial
targeting motifs can also be used for compartment-specific opto-
genetic actuators without limiting channel performance. Differ-
ent parts of the MUC targeting domain may be investigated in
future constructs to improve performance in cell types that grew
poorly, as neurons did, with extensive extracellular domains. The
more precise optogenetic manipulation of epithelial membrane
fluxes will promote our understanding of the subcellular func-
tion of the epithelium and the whole of polarized cells. The con-
trol of ionic currents across epithelium in tissues such as lungs
and kidneys could also lead to new therapeutic concepts utilizing
optogenetics.

5. Experimental Section

Construct Generation: ChR2-XXL (a gift from Dr. Shigiang Gao) was
a D156C variant of Channelrhodopsin-2 (ChR2) from Chlamydomonas
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reinhardtii with enhanced expression and extended open-state lifetime.
YFP was tagged to its C-terminus (ChR2XXL-YFP). Protein ChR2XXL-YFP
was encoded by plasmid psc-hSyn-ChR2XXL-YFP (6593 bp) constructed
in the lab previously by Dr. Lei Jin. ChR2XXL-YFP was amplified from
this plasmid through PCR with AccuPrime Taq DNA Polymerase System
(Thermo Fisher Scientific, Germany). For final DNA assembly, appropri-
ate overlapping ends were designed between adjacent fragments dur-
ing amplification. ChR2XXL-YFP was primed with AAGCTTGCCACCATG-
GATTATGGAG and CGGCCGCCGGCAAGTAAGGATCCACTAGTCCAGTG
(overlap with downstream linear vector underlined). Mucin fragments
with different tandem repeats flanked by overlaps were codon-optimized
according to the codon usage database and commercially synthesized
into plasmids as Strings of DNA Fragments. Each TR included GSTAP-
PAHGVTSAPDTRPAP. The subclone encoding 5 tandem repeats (TR5)
was synthesized by Eurofins and the subclones encoding TR10 and TR15
were synthesized by Thermo Fisher Scientific. TR fragments and their
overlaps were amplified by PCR with primers TAAGCTTGGTACCGAGCTC
and CTCCATAATCCATGGTGGC. The vector pcDNA4/TO was linearized
with BamHI (Thermo Fisher Scientific), serving as the backbone for gen-
erating new optogenetic actuators. TR sequences were added to the N-
terminus of ChR2XXL-YFP, using seamless cloning with NEBuilder HiFi
DNA Assembly Master Mix (New England BioLabs, Germany), producing
three new plasmids TO-TR5-ChR2XXL-YFP, TO-TR10-ChR2XXL-YFP and
TO-TR15-ChR2XXL-YFP. Their lengths were 7080, 7380, and 7680 bp, re-
spectively. The results were confirmed by DNA sequencing and digestion
plus DNA agarose gel electrophoresis. New plasmids were grown in NEB
Stable Competent E.coli (New England Biolabs).

Cell Culture and Gene Delivery: HEK293 cells were cultured in Dul-
becco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with
10% FBS (Life Technologies) and 100 U mL™" penicillin/streptomycin
(Gibco) at 37 °C and 5% CO,. Stock cells were cultured in T25 flasks and
routinely passaged three times per week by trypsinization. HEK293 were
transfected using FUGENE HD Transfection Reagent one or two days after
seeding. HEK293 cells were cultured on TCP well plates for TEs tests or on
PLL-coated glass coverslips for patch clamp experiments.

MDCK type Il cells were maintained in Minimum Essential Medium Ea-
gle (Sigma-Aldrich) supplemented with 5% fetal bovine serum (FBS, Life
Technologies) and 2 mM L-Glutamine (Life Technologies) in T25 flasks
at 37 °C and 5% CO,. Stock cultures were maintained between 20% and
90% confluency, splitting roughly every three days. MDCK cells were chem-
ically transfected with FUuGENE HD Transfection Reagent (Promega, Ger-
many) within two days after plating. In transfection level tests, MDCK cells
were grown on tissue culture plastic (TCP) well plates. Cells used for im-
munofluorescence staining were plated at 1x 10° cells cm™2 on polycar-
bonate filters (d = 13 mm, pore size 0.4 pm, Whatman Nuclepore Track-
Etched Membranes) to grow for ~ 5 days to develop a tight monolayer.
Cells for electrophysiology were grown on pieces of polycarbonate filters
(pore size 0.2 um) coated with PLL and the medium was supplemented
with penicillin/streptomycin (100 U mL™", Life Technologies) and 1 uM
trans-retinal.

Cortical neurons were dissected from E18 Wistar rat embryos (Jan-
vier, France). Cortices were digested in 0.05% Trypsin EDTA for 10 min
at 37 °C followed by mechanical trituration and then cultured accord-
ing to Brewer et al..[”3] Before plating, neurons were electroporated with
~2 ug DNA per 2 X 10° cells using the Amaxa nucleofector system (Lonza
Group Ltd, Germany). Neurons were plated onto poly-L-lysine (PLL, 10 ug
mL~", Sigma-Aldrich, Germany) and extracellular matrix (ECM, 100 ug
mL~1, Sigma-Aldrich)-coated glass coverslips at 250 cells mm~2. Cells
were maintained in Neurobasal (NB) Medium (Life Technologies, Ger-
many) supplemented with 1% (v/v) B-27 (Gibco), 0.5 mM L-glutamine
(Gibco), and 50 ug mL~" gentamicin (Sigma-Aldrich) at 100% humidity,
5% CO,, 37 °C. Half of the medium was exchanged with fresh NB twice per
week. Neurons were obtained according to permit 81-02.04.2018.A190,
by the the Landesumweltamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, Recklinghausen, Germany.

Fluorescent Immunocytochemistry and Image Analysis:  For immunos-
taining, cells were fixed with pre-warmed 4% (w/v) paraformaldehyde
(Sigma-Aldrich) in PBS for 10 min at room temperature (RT). The fixed
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cells were permeabilized with 0.3% TritonX-100 (Sigma-Aldrich) in block-
ing buffer (BB, 1% (w/v) bovine serum albumin and 2% (v/v) heat-
inactivated goat serum in PBS, Sigma-Aldrich) for 10 min at RT. Cells were
incubated in BB at 4 °C overnight. For neurons, the following primary an-
tibodies were used: rabbit anti-MAP2 (dendritic marker; AB5622, Sigma-
Aldrich) and mouse anti-Tau1 (axonal marker; MAB3420, Sigma-Aldrich).
The secondary antibodies were goat anti-rabbit Alexa Fluor 633 (A21071,
Life Technologies) and goat anti-mouse Alexa Fluor 350 (A21049, Life Tech-
nologies). MDCK cells were labeled with primary antibody mouse anti-
podxl (3F2/D8, contributor G.K. Ojakian of SUNY Brooklyn, obtained from
the DSHB, created by the NICHD of the NIH and maintained at The Uni-
versity of lowa, Department of Biology, lowa City, A 52242). The secondary
antibody was goat anti-mouse Alexa Fluor 633 (A21052, Life Technolo-
gies). Nuclei were stained with 4',6-diamidin-2-phenylindol (DAPI, Sigma-
Aldrich). Samples were mounted to glass microscope slides in Dako Flu-
orescence Mounting Medium (Agilent Technologies, Germany) and pho-
tographed by using an Axiolmager Z1 equipped with Apotome (Carl Zeiss
AG, Germany).

Images were quantified using two forms of axon-to-dendrite expression
ratio, normalized (ADR) and unnormalized (uADR), via Fiji software. The
mean fluorescence per pixel (F) was achieved after subtracting the back-
ground. The ratio of F in axon and dendrite of the individual actuator was
calculated as the uADR. The normalized ADR was the individual uADR
divided by the uADR value of the nonspecifically localized ChR2-XXL.

Electrophysiology:  Electrophysiology was investigated by whole-cell
patch clamp. The patch clamp setup consisted of a grounded Faraday
cage, microscope, amplifier (EPC9, HEKA Elektronik Dr. Schulze GmbH,
Germany), micromanipulators, pipette-holders, and computer for control-
ling stimulation and data acquisition (TIDA 5.240 software HEKA Elek-
tronik Dr. Schulze GmbH).

Recordings of HEK293 cells were conducted in extracellular buffer con-
taining in mM: 140 NaCl, 5 KCl, 5 MgCl,, 10 HEPES, 1 CaCl, (pH 7.3,
248 mosm kg~"). Patch pipettes were pulled from fire-polished borosili-
cate glass capillaries (O.D. = 1.5 mm, I.D. = 0.86 mm,; Sutter Instrument,
USA) in a micropipette puller (P-2000, Sutter Instrument), for a pipette
resistance of 3-6 MOhm after filling with intracellular patch solution con-
taining in mM: 2 NaCl, 120 KCl, 4 MgCl,, 5 HEPES, 0.2 EGTA, 0.2 Mg-ATP
(pH 7.3, 255 mosm kg~'). An Ag/AgCl recording electrode and a refer-
ence electrode were used in all recordings. Experiments were performed
at RT in HEK293 cells between DPT2 and DPT5 with a holding potential
or holding current as indicated in the captions.

Recordings of MDCK cells used different buffers due to the cells’ nat-
urally high chloride currents and different osmolarity of the culture. The
extracellular bath contained (in mM): 121 NaCl, 5.4 KCI, 1.8 CaCl,, 0.8
MgSO,, 6 NaHCO3, 1 NaH,PO,, 5.5 glucose, and 25 HEPES. The pipette
was filled with (in mM): 67.5 K,SO,, 2 NaCl, 4 MgCl,, 5 HEPES, 0.2 Mg-
ATP osmolarity adjusted with glucose to 293 mosm kg~'. Both buffers
were adjusted to pH 7.3. Glucose was added to the extracellular buffer di-
rectly before measurement to match the osmolarity of the growth medium
directly before the sample was transferred. Since ChR2 most strongly con-
ducted monovalent cations, and had some calcium conduction, the ex-
pected change in driving potential for Na* and K* in MDCK versus in
HEK293 buffers was <2% in both cases. Recordings were performed be-
tween DPT3 and DPT9 at a holding potential of —60 mV.

Optogenetic Manipulation:  Photostimulation via a 473 nm diode laser
(Rapp OptoElectronic GmbH, Germany) was controlled by UGA40 (Rapp
OptoElectronic GmbH). Laser flashes were triggered by the UGA soft-
ware with specific control of the pulse time, delay time and spot posi-
tion. An external TTL trigger between the HEKA EPC9 and UGA40 syn-
chronized the laser to the patch clamp. The laser light was guided into a
Zeiss Axio Scope upright microscope equipped with an Olympus objec-
tive (20xW). An HXP light source (Carl Zeiss AG) with filters excitation
472/35, emission 534/30, and beam splitter 497-505 was used to identify
channelrhodopsin-positive cells. The AxioCam MRm (Carl Zeiss AG) was
used for image acquisition. FWHM spot size for stimulation of HEK293
cells was 113 um? and for MDCK cells 13 um?.

Statistical Analyses: Data were analyzed in Excel, Origin, or Matlab
software. All statistical significance analyses were performed using SPSS
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software. Shapiro-Wilk test for normality and Levene’s test for homogene-
ity of variance were used. If these preconditions were met, a one-way
ANOVA or two-way repeated ANOVA test was performed for comparison
between the three groups. Otherwise, the Mann—Whitney test was applied
for comparison between two groups, and Kruskal-Wallis test was con-
ducted for comparison between three groups. The significance level was
set as 0.05.

Ethics Statement: Animal usage was approved by the state animal
ethics committee, Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, Recklinghausen, Germany under permit number 81-
02.04.2018.A190.
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