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Abstract: G-protein-coupled receptors (GPCRs) are the largest family of membrane-signalling cell
surface receptors. Upon light activation, the photoreceptive GPCR Rhodopsin, found in rod cells of
the vertebrate retina, triggers a signalling cascade. The cascade includes G-protein activation,
followed by enzymatic cGMP degradation leading to the closure of cGMP-gated ion channels so that
the membrane becomes electrically polarised, which eventually leads to a neuronal response. Here,
we demonstrate that extracts from porcine photoreceptor outer segment cells, incorporated into a
synthetic, free-standing lipid bilayer within a microfluidic device, reproduce the expected behaviour
of the GPCR signalling network. The recorded electric current across the membrane demonstrates
closure or opening of gated channels as a function of illumination. GMP analogues acting as
inhibitors or activators cause the channels to remain in a closed or open state regardless of light
exposure. Our work represents a first step towards in vitro studies and realisations of GPCR
signalling in synthetic membranes, bringing GPCR-based functional modules for synthetic biology
within reach.
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1. Introduction

Transmembrane proteins are essential components of a cell. They span the entire width of the
cell plasma membrane, enabling essential cellular functions such as signal transduction across the
membrane, or the transport of ions and molecules, sometimes acting as dynamic gatekeepers. G-
protein-coupled receptors (GPCRs) represent the most diverse group of transmembrane receptors in
eukaryotes [1,2]. GPCRs play a critical role in signalling pathways that regulate a wide range of
cellular processes, including hormone and neurotransmitter signalling [3-5].

Rhodopsin [6] is a GPCR present in the rod cells of the retina. The corresponding GPCR
signalling pathway is part of visual information processing. Rhodopsin is activated by absorbing a
photon, causing a structural change that initiates a signalling process on the cytoplasmic side. There,
the G-protein transducin binds to activated rhodopsin, leading to an exchange of GDP for GTP in the
transducin subunits (alpha, beta, and gamma). The alpha subunit then separates to activate
phosphodiesterase (PDE), which breaks down cyclic GMP (cGMP) into GMP. This reduction in cGMP
causes cGMP-dependent ion channels to close, increasing the cell membrane potential to eventually
generate a neural signal (Figure 1) [7-12].

In our study, we developed a microfluidic system to produce a model cell membrane where we
integrated Rhodopsin to demonstrate the GPCR signalling pathway in vitro under light exposure
[13,14]. The experiments of this study were designed to observe how light-induced activation of
GPCRs influences the level of cGMP and, consequently, the behaviour of gated ion channels in the
lipid bilayer [15-18]. We observed changes in electrical activity across the model membrane that align
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well with the activation and deactivation of cGMP-gated ion channels. To our knowledge, an
electrical current modulated by the photoactivation of rhodopsin has not been observed in vitro. We
believe that our microfluidic, functional realisation of the entire GPCR cascade is an important first
milestone for new, extended, and detailed in vitro studies of GPCR signalling.

cGMP Phosphodiesterase

Closing the gated-channels

(Step 2) 7 kStep 3‘)

Figure 1. Illustration of the GPCR photoactivation signalling cascade. (Step 1) Photon absorption induces a
conformational change in the transmembrane protein rhodopsin, activating the G-protein transducin on the
cytoplasmic side of the membrane. Transducin is composed of alpha-, beta-, and gamma subunits. Transducin
undergoes GDP-GTP exchange. (Step 2) The Transducing a-subunit activates cGMP Phosphodiesterase (PDE)
that starts to break down cGMP to GMP. (Step 3) The resulting decrease in cGMP levels causes cGMP-gated ion
channels (black arrows) to close, thereby increasing the membrane potential. In vivo, this eventually leads to a

neural signal.

2. Results and Discussion

In a first type of experiment, the lipid bilayer was formed in a microfluidic device (see Materials
and Methods) using a solution containing Porcine Outer Segment (POS) extract on both sides of the
microfluidic channel under UV light. The intensity of the ion current across the bilayer was recorded
simultaneously. As long as the light remained on, the current was fluctuating around zero pA. When
the light was switched off, we observed an increase in the electrical current across the membrane over
time (Figure 2a). We interpret these changes as resulting from ions passing through cGMP-gated
channels. After switching the light back on, the current decreased again. This can be easily explained
by a conformational change in rhodopsin, which activates the G-protein transducin, leading to the
closure of the gated channels via the canonical signalling pathway.

In a second type of experiment, the lipid bilayer with the POS extract solution was established
in the dark. We observed a constant ion current that decreased as soon as the light was switched on.
We attribute this to the closure of the gated channels resulting from cGMP degradation. After
approximately 270 seconds, the light was turned off again, leading to an increase in current (Figure
2b). We propose that GMP diffused from the POS extract solution towards the membrane, thereby
causing the channels to reopen.
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Figure 2. a) The lipid bilayer is formed and exposed to the POS extract in the presence of light. The recording of
the electric current across the membrane begins once the light is switched off. After approximately 500 seconds,
the light is switched on again. b) The lipid bilayer is formed in the absence of light. Current recording begins
once the light is switched on. After approximately 270 seconds, the light is switched off again. In both cases (a)
and (b), the channels close during illumination and reopen in the dark.

To confirm that the observation of the results in Fig. 2 is indeed due to the activation and
deactivation of cGMP, we introduced cGMP analogues (inhibitors and activators) by adding them to
the POS extract solution and conducted the same experiments as described above. Figure 3 illustrates
the impact of these analogues. The black line in the graph represents the inhibitory cGMP analogue,
Rp-8-Br-cGMPS, which prevents cGMP-dependent channel activation, resulting in an electric current
across the membrane that fluctuates around zero. Conversely, the red line in the graph represents the
activating ¢cGMP analogue, 8-pCPT-cGMP, which allows for continuous ion passage. These
observations were independent of illumination, confirming that channel activity was modulated
solely by the presence of these analogues. These findings highlight the crucial role of cGMP in
regulating ion channel activity and validate the effectiveness of Rp-8-Br-cGMPS and 8-pCPT-cGMP
in modulating GPCR-mediated signalling.
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Figure 3. Electric current as measured through the suspended lipid bilayer as a function of time in the presence
of a cGMP analogue. Time zero (to) corresponds to the moment when the lipid bilayer was formed. The black
line represents the electric current in the presence of the inhibitory cGMP analogue. In this case, the current
remains constant, close to zero pA. We understand that the cGMP-gated channels remain closed. In contrast,
with the activating cGMP analogue (red line) an increase in current is observed. We translate that to the opening
of the cGMP-gated channels in the membrane. Both observations were found to be independent of the presence

(or absence) of light.
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3. Materials and Methods

3.1. Lipid Preparation

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DPhPC (1,2-diphytanoyl-sn-glycero-3-
phosphocholine) were purchased from Avanti Polar Lipids. To prepare the lipid/oil solution, 5 mg of
the lipids (DOPC/DPhPC at a 1:1.75 molar ratio) were dissolved in 1 mL of pure squalene oil (Sigma-
Aldrich). The mixture was stirred at 45 °C for 3 hours.

3.2. Porcine Outer Segment (POS) Purification

Porcine outer segment (POS) extracts were prepared from freshly nucleated porcine eyes
following a previously described method with minor modifications (Ref. [19]). All steps were
performed under dim red light to minimize photobleaching. Approximately 80 freshly obtained
porcine eyes were immediately stored in a dark, cool environment until dissection. After removing
the anterior segment and lens, the eyecup was inverted to expose the retina. The retina was gently
detached, cut at the optic nerve head, and collected in homogenisation buffer which consists of 20%
sucrose, 20 mM Tris-acetate pH 7.2, 2 mM MgCl,, 10 mM glucose, 5 mM taurine on ice. The retinal
tissue was manually shaken for 2 minutes to release POS from the surrounding layers, followed by
filtration through double-layered gauze to remove larger tissue fragments. The filtrate was then
layered onto a continuous 25-60% sucrose gradient and centrifuged at 106,000 x g for 50 minutes at 4
°C. POS were recovered as a distinct orange band in the upper third of the gradient, collected, and
washed through sequential centrifugation steps in buffers of decreasing sucrose concentration. The
final POS suspension was resuspended in DMEM, and the concentration was determined using a
hemocytometer. Aliquots were stored at -80 °C and were never subjected to repeated freeze-thaw
cycles to preserve structural integrity. For further details, including buffer compositions and optional
labelling steps, refer to Ref. [19].

3.3. Cyclic GMP Analogues

For the analysis of the effect of cGMP activation level on the photoactivation, two cGMP
analogues were purchased from BiolLog life science institute: Rp-8-Br-cGMPS as an inhibitor
analogue and 8-pCPT-cGMP as an activator analogue.

3.4. Experimental Setup for Lipid Bilayer Formation

The microfluidic device was manufactured in Sylgard 184 using standard soft lithography
protocols. The detailed protocol for fabricating the microfluidic device is given elsewhere [13]. The
microfluidic geometry consisted of two adjacent channels with a rectangular cross-section, 500 pm
wide and 100 pm high (Figure 4a). The fluids were controlled by hydrostatic pressure [13,14]. A lipid
bilayer was formed at the junction between the two channels, with a width of 150 um. To achieve
this, the microfluidic device was first filled with squalene oil containing 5 mg/mL of the lipid mixture.
Then, 50 pL of the extract solution was drawn into both tubes, which were subsequently connected
to the microfluidic device (Figure 4b,c). Care was taken to ensure that no air bubbles were introduced
into the microfluidic device. Using pressure control, the POS extract solution was gently introduced
into both microfluidic channels. The channels met at the intersection so that a bilayer formed at that
location. Note that the formation and the stabilisation of a bilayer containing the extract solution is
quite delicate and the success rate is only about 20 %. However, once a stable bilayer was formed,
qualitatively identical results could be achieved throughout all of the experimental configurations.

3.5. Microscope Setup and Electrical Measurement

The experiments were monitored using inverted optical microscopy (Axio Observer Z1; Zeiss,
Oberkochen, Germany). For photoactivation of Rhodopsin, standard transmitted light illumination
was used with the intensity set to about 80%. Ag/AgCl electrodes were inserted into the microfluidic
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device, and the analysis of electrical properties was performed using the patch-clamp technique EPC
10 USB (Heka Electronics, Reutlingen, Germany). Monitoring of the ion current passing through the
bilayer was conducted over time using a direct current (DC) excitation set at an amplitude of 20 mV
with a time resolution of 100 ms.

b) c)

1
a) %

Figure 4. Schematic of the microfluidic setup. a) Microfluidic geometry consisting of two side-by-side channels

separated by a 150 pm-wide gap. b) 50 puL of POS extract solution is drawn through the tubes using a hydrostatic
pressure system. c) The tubes are then inserted into the microfluidic device to form a lipid bilayer at the

intersection. The syringes on the left serve as waste containers to maintain constant Laplace pressure.

4. Conclusions

We applied a straightforward microfluidic approach to realise Rhodopsin GPCR-based
photoactivation of transmembrane channels in an artificial bilayer, as observed through the
measurement of an electrical current across a free-standing lipid membrane. By repeatedly exposing
a GPCR-containing bilayer to light, the opening and closing of cGMP-gated ion channels from the
photoactivated outer segment (POS) became clearly visible in the electric current recorded across the
membrane. Using cGMP analogues, we demonstrated that the observed photoactivation was most
likely caused by cGMP degradation, consistent with the molecular mechanisms of Rhodopsin G-
protein-coupled receptor (GPCR) photoactivation. Since GPCR signalling is a highly complex cascade
involving multiple intermediates and regulatory mechanisms, our approach provides an insightful
in vitro model to study key aspects of this intricate process. By recreating essential mechanisms of
GPCR cell signalling in biomimetic bilayers we made a first step towards the construction of complex,
biology inspired, synthetical signalling modules.
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