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Recent advances in structural biology have provided insights into TRPC3, a TRP family member
involved in various (patho)physiological processes. However, the lack of structural information on
the channel’s open pore hampers understanding of its function and therapeutic potential. Cryogenic
electron microscopy holds promise for elucidating TRPC3'’s open-pore conformation, but challenges
remain in isolating it without compromising function. Our study evaluated novel extraction agents
in comparison to conventional detergents for isolating functional TRPC3 complexes from HEK293,
Komagataella phaffii, and Expi293F cells, identifying Expi293F as optimal for TRPC3 expression.
Among the extraction agents screened, dodecyl diglucoside (DDDG) and n-dodecyl-fB-D-maltoside
(DDM) were the most effective for extracting TRPC3. We successfully purified TRPC3 under native
conditions, preserving its tetrameric structure and activity, as confirmed by electron microscopy, mass
spectrometry and patch-clamp analysis. This study highlights the importance of extraction agents in
advancing TRPC3 research and therapeutic development.
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The canonical transient receptor potential channel 3 (TRPC3) is a member of the TRP family that displays
substantial constitutive activity in both excitable and non-excitable cells. Functionally, TRPC3 is involved in
transducing signals downstream of G protein-coupled receptors'~’. The main activation mechanism of TRPC3
arises from a direct interaction with diacylglycerol (DAG), which involves a lateral gating fenestration of the pore
domain®1°. The widespread expression of TRPC3 channels in both excitable and non-excitable cells underscores
their central involvement in various physiological and pathological processes'®?-%’, including tumors, cardiac
arrhythmias?®-31, and neuropathologic processes®*~*1.

Recent advances in single-particle cryogenic electron microscopy (cryo-EM) have provided high-resolution
structural models of TRPC3 complexes, shedding light on their regulation!>!%42, However, existing models lack
critical details of the open-pore structure, hampering a comprehensive understanding of TRPC3 physiology
and impeding the development of therapeutic ligands. Analysis of lipid dependency of TRPC3 activity has
revealed associations with diacylglycerol, cholesterol, and PIP,'*12-1843-43 indicating that protein lipidation is
crucial for TRPC3 activity and emphasizing the signifi ance of the lipid enviroment in structural studies. Thus,
protein extraction from the native lipid environment can compromise ion-channel conformation, resulting in
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a closed pore even in the presence of agonists. On a broader scale, understanding the structures, dynamics, and
functions of membrane proteins is challenging due to their hydrophobic nature and the complex composition
of cellular membranes, which present numerous interaction partners*®~*°. Extracting membrane proteins from
their natural environment typically results in structural and functional alterations and loss of function®30-33,
necessitating the use of membrane-mimetic systems to maintain protein solubility, stability, and activity*”>*.

The aim of our study was to identify optimal conditions for the gentle, activity-preserving extraction of TRPC3
by retaining the protein’s native environment. To achieve this, we tested different nanodisc-forming polymers,
including diisobutylene/maleic acid copolymer (DIBMA) and its derivative Carboxy-DIBMA, as well as dodecyl
diglucoside (DDDG). DDDG is a non-ionic small-molecule amphiphile with a diglucose polar headgroup and
dodecyl chain and is able to form lipid-bilayer nanodiscs in a similar way as the above polymers. In addition, we
used different types of detergents for comparison, including the non-ionic detergents n-dodecyl-B-D-maltoside
(DDM) and lauryl maltose neopentyl glycol (LMNG) and the zwitterionic detergent n-dodecyl-phosphocholine
(FOS-choline). We investigated adherent HEK293 cells, Komagataella phaffi (K. phaffi yeast cells, and
Expi293F cells. Our results showed that Expi293F cells are the most suitable expression system for TRPC3,
with DDDG and DDM exhibiting the most effici t extraction properties. Furthermore, we demonstrated that
purifi d TRPC3 retains essential plasma membrane (PM) lipids and preserves its functionality, exhibiting no
signifi ant differences in channel activity compared to TRPC3 overexpressed in adherent HEK293 cells.

Results

Fusion of YFP and 3x Flag tags has no significant impact on TRPC3 activity

To validate overexpression and confi m the cellular localization of TRPC3 in adherent HEK293 and Expi293F
cells, we transiently transfected both cell types with a pEYFP-3 x FLAG-TEV-TRPC3-Cl plasmid and
performed fluorescence microscopy experiments. The YFP tag of the construct was excited at 495 nm, with
emission detected at 530 nm. Both cell types showed TRPC3 overexpression localized to the PM (Fig. 1A and
B). Due to the absence of the fluorescent tag in the construct for protein overexpression in yeast, we conducted
a Western Blot analysis to assess TRPC3 localisation in Komagataella phaffii (syn. Pichia pastoris). Our results
confi med the presence of TRPC3 in the microsome of K. phaffii, as illustrated in Fig. 1C.

To evaluate if the activity of the TRPC3-3 x FLAG-YFP (3xFLAG-YFP) fusion protein, whole-cell voltage-
clamp experiments were conducted using transiently transfected adherent HEK293 cells. As control, we used
cells transfected with a TRPC3-YFP fusion (YFP) or a plasmid encoding TRPC3-3 x FLAG co-expressed with
the empty pEYFP vector (3xFLAG). We compared the activity of the TRPC3 under these conditions to ensure
that the fusion of TRPC3 with YFP along with 3 x FLAG tags does not interfere with channel functionality.
Electrophysiological recordings demonstrated that the peak current densities (Fig. 1D and E) and current-
voltage (I-V) relationships (Fig. 1F) of the 3XFLAG-YFP channel, activated by GSK1702934A (GSK>>; 10 uM),
were similar to those of YFP or 3xFLAG constructs. These results demonstrated that the 3xFLAG-YFP construct
was suitable for further experiments.

DIBMA and DDDG exhibit similar TRPC3 solubilization efficiencies compared to DDM

To determine the most effective expression system and extraction agent for TRPC3, we overexpressed TRPC3
in adherent HEK293 cells, K. phaffii cells, and Expi293F cells. Next, we extracted membrane proteins, including
TRPC3, using two nanodisc-forming polymers (DIBMA and Carboxy-DIBMA)>®*’, a nanodisc-forming small-
molecule amphiphile (DDDG)*8, and three commonly used detergents (DDM, LMNG, and FOS-choline), all
at a constant membrane concentration of 25 mg/mL. We analyzed the supernatant and pellet fractions through
SDS-PAGE (see SI Figure S2 and S4) and conducted BCA assay analysis (Fig. 2, SI Figure S5) to assess the
overall membrane-protein concentration and the extraction effici cy of each compound.

Both amphiphilic copolymers, DIBMA and Carboxy-DIBMA, achieved good overall membrane-protein
yields (40-50%) across all three expression systems, with a slightly higher yield (~60%) observed for DIBMA
using K. phaffii cells. In contrast, detergent performance varied considerably: while all detergents resulted in
high membrane-protein yields from K. phaffii cells (70-80%), yields from adherent HEK293 cells and Expi293F
suspension cells were similar (50-60%) (Fig. 2A-D). Overall, protein yields extracted with DDDG, DDM, and
LMNG from HEK293 and Expi293F cells were similar to those achieved with DIBMA and Carboxy-DIBMA.
As expected, the harsh, zwitterionic detergent FOS-choline resulted in higher protein yields (60-80%) across all
three expression systems (Fig. 2E).

Recognizing the limitations of the BCA assay in specifi ally quantifying TRPC3 extraction, we conducted
a Western Blot analysis using a TRPC3-specific antibody (Fig. 2) to determine which compound extracted
the highest quantity of TRPC3. Our results showed that different extraction agents were optimal for different
expression systems. Specifi ally, (I) for adherent HEK293 cells (Fig. 2G), DIBMA was superior in extracting the
highest amount of TRPC3; (II) for K. phaffii (Fig. 2F), both DIBMA and DDM were effective in extracting the
largest amounts of TRPC3; (IIT) in Expi293F cells (Fig. 2H), DDDG and DDM exhibited the highest extraction
effici cies for channel.

DDDG and DDM are suitable for TRPC3 purification under native conditions

To purify TRPC3, we solubilized 25 mg of the membrane fraction from HEK293 cells with DIBMA (Fig. 3A, SI
Figure S7A), 200 mg of the membrane fraction from K. phaffii with DDM (Fig. 3B, SI Figure S7B), and 25 mg
of the membrane fraction from Expi293F cells with either DDM (Fig. 3C, SI Figure S7C) or DDDG (Fig. 3D,
SI Figure S7D). Due to the unstable overexpression of TRPC3 in K. phaffii, a higher amount of the membrane
fraction was required compared to the amounts used for HEK293 or Expi293F cells. Successful purifi ation was
achieved from each expression system (Fig. 3).
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Fig. 1. Overexpression of TRPC3 in adherent HEK293 (A), Expi293F (B), andK. phaffiicells (C), and
electrophysiology of TRPC3-YFP-3xFLAG in adherent HEK293 cells by whole-cell analysis (D-F). A-C)
In all cell types, TRPC3 is prominently expressed in the PM. Overexpression of TRPC3 in HEK293 (A) and
Expi293F cells (B) was examined by fluorescence microscopy, where the YFP tag was excited at 495 nm, and
emission was detected at 530 nm. TRPC3 is highlighted in yellow localizing in the PM. C) TRPC3 is enriched
in microsomal fractions of K. phaffii. A CBS7435 his4A strain and an otherwise isogenic strain expressing
TRPC3-3F6H driven by the strong AOX1 promoter were induced with methanol. Different fractions (total cell
lysates (TCL)), as well as cytosolic and microsomal fractions) were prepared, separated by SDS-PAGE, and
analyzed by immunoblotting with anti-FLAG antibody (TLC,,,. = total cell lysate of K. phaffi without TRPC3
(negative controle), TLC = total cell lysate of K. phaffi expressing TRPC3). D-F) Whole-cell patch clamp
analysis was conducted in adherent HEK293 cells activated with 10 uM GSK. The TRPC3-YFP-3 x FLAG
construct (orange, n=9), TRPC3-YFP construct (blue, n=11), and TRPC3-3xFLAG construct (green, n=10)
were compared. No signifi ant variances in TRPC3 channel activity were observed across the constructs. D)
Statistical evaluation of maximum current densities of the TRPC3 channels at —90/70 mV with mean + SEM
are displayed. Statistical analysis was performed using a two-tailed Student’s ¢-test for normally distributed
data and a Wilcoxon test for non-normally distributed data, with signifi ance denoted as follows: ns=non-
signifi ant, * p<0.05, ** p<0.01, *** p<0.001. E) Representative time courses of current activation by 10 uM
GSK in TRPC3 channels are shown. F) Representative I-V curves of activated TRPC3 channels with 10 pM
GSK are displayed. Please note: Uncropped fluorescent images of TRPC3-YFP-3xFLAG over expression in
adherent HEK293 and Expi293F cells are provided in the Supplementary Information (see Figure S1).

TRPC3 was purifi d from adherent HEK293 cells with DIBMA at a fi al concentration of 0.2 mg/mL. For
Expi293F cells, TRPC3 was purifi d with DDM or DDDG at a concentration of approximately 0.15 mg/mL
from the same amount of membrane fraction (25 mg). However, the total TRPC3 protein concentration from
K. phaffii was only 0.05 mg/mL (Fig. 3E). Despite the effici t extraction of TRPC3 with DIBMA from adherent
HEK293 cells, this process proved more time-consuming and material-intensive compared to using Expi293F
cells, hence we decided to only continue with Expi293F cells, as well as DDM and DDDG as extraction agents.

As the following step, our objective was to verify the native homotetrameric structure of TRPC3 post-
purifi ation. To accomplish this, we performed negative-stain electron microsopy (nsEM) (Fig. 3F and G). Our
fi dings demonstrated that TRPC3 was purifi d under native conditions, as manifested by the preservation of its
tetrameric structure with both extraction agents (Fig. 3F and G). Th s observation aligns well with the previously
reported TRPC3 cryo-EM structures'>!64%%°_ As illustrated in the Fig. 3H, the four monomers clearly form a
fl wer-shaped structure. Th s configur tion is also evident in the negative stain electron microscopy images
shown in the Fig. 3F and G.
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To validate the extraction of TRPC3 under native-like conditions using both DDM and DDDG, we performed
lipidomic analysis via mass spectrometry on purifi d TRPC3 samples. As anticipated, a variety of native lipid
species were detected in both preparations, including diacylglycerol (DAG), phosphatidylcholine (PC), and
phosphatidylethanolamine (PE) (SI Figure S8), indicating that essential components of the surrounding lipid
environment were retained during the purifi ation process. Unexpectedly, we also observed substantial amounts
of triglyceride (TG) species co-extracted with TRPC3 in both detergent systems (SI Figure S8). Given that
triglycerides are not typically present in signifi ant concentrations within the PM, we hypothesize that their
presence is likely an artifact of the solubilization process. Th s suggests that these neutral storage lipids may
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«Fig. 2. BCA assay and Western Blot analysis was conducted on supernatant fractions containing all

membrane proteins extracted with DIBMA, Carboxy-DIBMA, DDDG, DDM, 1 LMNG or FOS-Choline
(FOSC) from adherent HEK293 (blue), K. phaffii(orange), and Expi293F suspension cells (purple). A-E)
Yields of extracted membrane proteins for DIBMA and Carboxy-DIBMA at different polymer/membrane
mass ratios: R=0.25 (A), R=0.5 (B), R=0.75 (C), and R=1.0 (D). E) Yields of extracted membrane proteins
for DDDG, DDM, LMNG and FOS-Choline (FOSC). Except FOS-choline, which resulted in higher protein
yields, and membrane-protein extraction from K. phaffii, all extraction agents yielded similar protein yields
(50-60%) from all three expression systems. The membrane-protein concentration was normalized to the total
membrane-protein concentration before solubilization and expressed as a percentage yield (%). F-G) Western
Blot analysis was conducted on the supernatant fractions extracted from adherent K. phaffii (F), adherent
HEK293 cells (G) and Expi293F (H) cell membranes using DIBMA and Carboxy-DIBMA at various polymer-
to-membrane ratios ranging from R=0.25 to 1.0, as well as DDM, DDDG, FOS-Choline (FOSC), and LMNG.
A specific TRPC3 ntibody was used to target TRPC3. F) DIBMA at R=1.0 and DDM extract the highest
quantity of TRPC3. G) DIBMA extracts the highest quantity of TRPC3. H) DDM and DDDG extract the
highest amount of TRPC3. Note: Please note that the Western blots on the right side of Panels F and H were
cropped from the same blot. For the full, uncropped Western blot, refer to Supplementary Information, Figure
S6.
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Fig. 3. Western blot analysis and negative-stain electron microscopy of purifi d TRPC3. TRPC3 was purifi d
from adherent HEK293 cell membranes using DIBMA (A), K. phaffi cell membranes using DDM (n =3, B),
and Expi293F cell membranes using DDDG (n=6, C) or DDM (n=6, D). The resulting concentrations of
purifi d TRPC3 are shown in (E). TRPC3 protein concentration (V, , = 150 pL) was lower from K. phaffi cell
membranes compared to adherent HEK293 or Expi293F cells. Specifi ally, TRPC3 concentration was 0.05 mg/
mL from K. phaffii cell membranes using DDM, 0.2 mg/mL from HEK293 cell membranes using DIBMA, and
0.15 mg/mL from Expi293F cells using either DDM or DDDG. Negative-stain electron microscopy images of
TRPC3 extracted with DDM (F) or DDDG (G) from Expi293F cells reveal the tetrameric structure of TRPC3
channels (blue arrows). The blue box highlights the magnifi ation of a single TRPC3 tetramer as observed in
the electron microscopy images. H) General cryo-EM structure of the closed homomeric TRPC3 channel from
the side (left) nd top (right) view (PDB: 7DXB)*2. Note: Please note that the Western blots in Panel A-D were
cropped. For the full, uncropped Western blot, refer to Supplementary Information, Figure S7.

have been non-specifi ally incorporated into the detergent micelles or co-purifi d from intracellular lipid
droplets. Nevertheless, the consistent co-extraction of triglycerides across both detergent conditions presents
an intriguing observation that may refl ct previously unrecognized lipid-protein associations or compartmental
cross-contamination. While their physiological relevance to TRPC3 function remains uncertain, this fi ding
provides a valuable starting point for further exploration into how non-canonical lipids may influence membrane
protein purifi ation and stability.

For the main purpose of our study—upscaling TRPC3 expression for future cryo-EM investigations—, we
decided to proceed with Expi293F cells and use DDDG and DDM as the most suitable for protein extraction
from this expression system (Fig. 2H and Fig. 3).
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Fig. 4. Single-channel patch-clamp experiments were conducted on TRPC3 in HEK293 cells (purple)

and on reconstituted TRPC3 extracted from Expi293F cells using DDDG (blue) or DDM (orange). (A)
Representative single-channel currents showing 200 ms of GSK-induced TRPC3 activity. TRPC3 was either
expressed in HEK293 cells (purple) or purifi d from Exppi293F cells using DDDG (blue) or DDM (orange)
and reconstituted into DPhPC bilayers. GSK was applied at 10 uM for adherent HEK293 cells and 20 uM for
reconstituted TRPC3. Currents were recorded at + 80 mV. Channel states are indicated as closed (c), sublevels
(s), or open (0). (B) Unitary currents at the open (o) level in response to repeated GSK applications of (10 uM
for adherent HEK293 cells and 20 uM for reconstituted TRPC3) at a membrane potential of + 80 mV. Data

are presented as means + SEM. Statistical signifi ance was determined using a two-tailed multiple ¢-test for
normally distributed data and the Wilcoxon test for non-normally distributed data. Non-signifi ant differences
are denoted as “ns” C-E) Fraction of events corresponding to the closed (panel C), sublevel (panel D), and
open (Panel E) states, derived from Gaussian fitting of single-channel recordings from HEK293 cells expressing
TRPC3 (purple), reconstituted TRPC3 purifi d with DDDG (blue) or with DDM (orange). GSK was applied

at 10 uM for HEK293 cells and 20 uM for reconstituted TRPC3 at a membrane potential of + 80 mV. Data

are presented as means + SEM. Statistical signifi ance was assessed using a two-tailed multiple ¢-test or the
Wilcoxon test, with differences considered signifi ant at * p<0.05, ** p<0.01, and *** p<0.001. Non-signifi ant
differences are indicated as “ns”. We demonstrated that purifi d TRPC3 remains functional and its activity

is comparable to TRPC3 overexpressed in HEK293 cells. Please note: Uncropped representative traces from
Fig. 4A are shown in the Supplementary Information including the statistical analysis of the fraction of events
at multiple levels (SI Figure S12).

Purified and reconstituted TRPC3 exhibits native-like single-channel features
To validate the functionality of TRPC3 purifi d from Expi293F cells using either DDDG or DDM (SI
Figure S9), we reconstituted the purifi d TRPC3 channels into a synthetic lipid bilayer composed of 5 mg/
mL 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) as it ws previously done in Garten et al., 2015,
We then evaluated channel activity by applying voltages at + 80 mV and stimulating with the direct activator
GSK1702934A (GSK, 20 uM)®*. Moreover, we conducted single-channel patch-clamp recordings using TRPC3-
YFP-3 x FLAG overexpressed in HEK293 cells, following the method described by Clarke et al. 2024%*. The
single-channel analysis showed similar GSK-induced TRPC3 activity in HEK293 cells (Fig. 4A) and in a DPhPC
bilayer (Fig. 4A). Electrophysiological analysis revealed no signifi ant differences in comparison of GSK (20
uM)-stimulated TRPC3 channel activity recorded from heterologously expressed TRPC3 in HEK293 and from
reconstituted TRPC3 purifi d with DDDG or DDM (Fig. 4). All TRPC3 channels exhibited similar unitary
Eonduct)ance with Yrepcamek = (540£1.2) PS, Yivecypppg = (52-2£1.6) pS, and yippcsppm = (53-8+1.7) pS
Fig. 4B).

Furthermore, the TRPC3 in HEK293 cells and TRPC3 channels purifi d with DDDG or DDM and
reconstituted into a DPhPC bilayer showed similar gating behavior as those characterized by standard patch-
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chlamp recordings in HEK293 cells. Importantly, reconstituted TRPC3 also predominantly remained in a long-
lived closed conformation, very similar to TRPC3 overexpressed in HEK293 cells (Fig. 4C). We measured similar
gating transitions for TRPC3, including the fully open state and the sub-level state, indicating indistinguishable
functional activities for all conditions (Fig. 4D and E). These fi dings demonstrate that TRPC3 retained its
functionality post-purifi ation and that were no signifi ant differences in TRPC3 channel activity upon GSK
stimulation between reconstituted TRPC3 and TRPC3 overexpressed in HEK293 cells. Control experiments
using DMSO, GSK, or detergents, all conducted in the absence of reconstituted TRPC3, showed no impact on
the stability of the lipid bilayer (SI Figure S10), confi ming that the GSK-induced activity was attributable to the
presence of TRPC3. To further verify that the observed channel activity was indeed due to reconstituted TRPC3,
we inhibited TRPC3 post-activation with the selective inhibitor Pyr10%°, which completely suppressed TRPC3
acitity in both HEK293 cells and reconstituted channels (SI Figure S11).

Discussion

Despite the increasing number of high-resolution structures of TRPC3, all studies to date have captured the
channel exclusively in its closed conformation—even under activating conditions using direct agonists such
as diacylglycerol (DAG)!>1642, We hypothesized that the inability to capture the open conformation of TRPC3
could stem from two specific characteristics of the channel: (1) its strong dependence on its lipid environment,
including cholesterol'*®!, DAG'2, and PIP,*%%’; and (2) the exceptionally short-lived channel open state,
typically resulting in characteristic open times around or below 1 ms®!2 which may be affected by changes
in lipid composition during protein purifi ation leading to a further reduced open state dwell time. Therefore,
we aimed to determine the possible hurdles occurring during protein extraction that could likely lead to a non-
functional TRPC3 channel during cryo-EM.

Cryo-EM structure determination involves extracting proteins from their native lipid environment, which
can disrupt important lipid interactions and result in a closed-pore conformation, even in the presence of
agonists. Detergents and, more recently, nanodisc-forming amphiphiles are frequently used to extract membrane
proteins while attempting to preserve their native properties?>!. Commonly used detergents include non-ionic
alkyl glycosides like maltosides and glucosides®'~>%%-72, with longer-chain derivatives (C10-C12) typically
being more gentle than their shorter-chain counterparts (C7-C9)*”*1:53. Notably, DDM is often seen as the “gold
standard” due to its effici  t solubilization and rather gentle, activity-preserving properties for many membrane
proteins®!. Amphiphilic polymers such as DIBMA®>®773 and styrene/maleic acid (SMA)”>-7> copolymers
and, more recently, derivatives such as Glyco-DIBMA76 and Sulfo-DIBMA”’, extract membrane proteins into
native nanodiscs that encapsulate both proteins and lipids and a native-like bilayer environment’>”8. Recently,
similar observations have been made for small-molecule amphiphiles such as DDDG and its fluorinated octyl
diglucoside counterpart F,ODG* 4%,

TRPC3 has previously been purifi d using two non-ionic detergents, digitonin!®> and LMNG!%*2, for
structural analysis. These two detergents are generally classifi d as gentle detergents due to their longer chain
lengths and mild solubilization properties®. However, this mildness comes at a cost: both digitonin and LMNG
typically show low extraction effici cy—a common limitation among gentle detergents®>*”°. Consequently,
although these detergents are advantageous for preserving protein-lipid interactions”’they often solubilize only
limited amounts of the target protein, potentially yielding insuffici t material for structural and functional
analysis, particularly in applications requiring high quantities of functional protein, such as cryo-EM.

Given that cryo-EM requires a substantial amount of functional TRPC3, we expanded our detergent screening
beyond digitonin and LMNG to include DDM, FOS-choline, and DDDG, alongside amphiphilic polymers, to
identify extraction agents capable of isolating TRPC3 in suffici t quantities for subsequent functional and
structural analysis.

Furthermore, TRPC3 was previously purifi d from adherent HEK293 cells® or HEK293 suspension cells,
which required time and viral transfection for effici t DNA delivery'>!®42. The primary aim of our study was to
identify the most suitable expression system for isolating TRPC3 in large quantities while preserving its native
lipid environment for structural analysis. To achieve this, we tested three different expression systems: yeast K.
phaffii, adherent HEK293, and suspension Expi293F cells. Additionally, we evaluated six different extraction
agents: DIBMA, Carboxy-DIBMA, DDDG, DDM, LMNG, and FOS-choline. Our study demonstrates, for the
fi st time, the effici cy of K. phaffii and Expi293F cells as alternative expression systems for large-scale TRPC3
protein production (Fig. 1A-C). Moreover, Expi293F cells enabled the production of large quantities of the
protein without the need for viral transfection.

To identify the optimal expression system and extraction compound which stabilizes TRPC3 during
purifi ation, we solubilized the membrane fractions using DIBMA, Carboxy-DIBMA, DDDG, and three
detergents: LMNG, DDM, and FOS-Choline and perfromed Western blot and BCA-Assay analysis (Fig. 2, SI
Figure S1-6). Western Blot results showed varied effectiveness among all used compounds (Fig. 2), leading to
the selection of DDM for K. phaffii cells, DIBMA for HEK293 cells, and DDM and DDDG for Expi293F cells
for TRPC3 purifi ation (Fig. 2, SI Figure S1-6). Purifi d TRPC3 concentration from K. phaffii membranes
(0.05 mg/mL, Fig. 3E) was four times lower than from HEK293 cells (0.2 mg/mL) and one-third of that from
Expi293F cells (0.15 mg/mL) (Fig. 3A-E, SI Figure S§7). These results indicate that K. phaffii may not be the optimal
expression system for TRPC3 due to its low yield during purifi ation. Additionally, TRPC3 is a cholesterol-
dependent channel, while K. phaffii does not produce cholesterol but rather ergosterol®“®2. Consequently,
we excluded K. phaffii from further experiments. Despite the promising extraction of TRPC3 from HEK293
cells with DIBMA, the process was more time-consuming and material-intensive compared to Expi293F cells,
which require smaller amounts of material and grew rapidly. Therefore, we excluded HEK293 cells as well and
continued experiments only with Expi293F cells. Finally, negative-stain electron microscopy images revealed
that the tetrameric structure of TRPC3 purifi d from Expi293F cells with DDDG or DDM was successfully
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preserved (Fig. 3F and G). Overall, our results indicate that among all expression systems and extraction agents
tested, Expi293F cells combined with either DDDG or DDM provide the most favorable conditions for high-
yield overexpression, extraction, and purifi ation of TRPC3. Therefore, subsequent experiments were conducted
exclusively under these optimized conditions to support downstream structural and functional studies.

The fi st hypothesis of our study was that TRPC3 retains essential lipid interactions necessary for maintaining
a stabilized conformation during solubilization and purifi ation. As a nano-disc forming agent, DDDG can co-
extract lipids and form lipid-bilayer nanodiscs®®. A similar preservation of lipid interactions might also occur
with DDM, even though this mild detergent forms mixed micelles rather than lipid-bilayer nanodiscs®'. In this
case, incomplete delipidation upon DDDG- and DDM-mediated solubilization could still allow TRPC3 to retain
its essential lipid partners during purifi ation, resulting in a structural stabilized channel during purifi ation
(Fig. 3F and G). To determine whether TRPC3 retains its most essential lipids during purifi ation, we purifi d
the channel using either DDM or DDDG and conducted mass spectrometry analysis to identify which lipids,
if any, remain bound. Mass spectrometry analysis revealed that several native lipids, including DAG, PC, and
PE, co-purify with TRPC3 when extracted with DDM or DDDG (SI Figure S8). We note that only DAG has
a well-established functional role in TRPC3 activation, whereas the contributions of PC and PE remain less
clear. Their consistent presence suggests that detergent extraction allow partial retention of the native lipid
environment (SI Figure S 8) which could potentially stabilize TRPC3 channels during purifi ation.However,
we recognize that co-purifi ation alone does not establish functional relevance, and further lipid reconstitution
experiments will be required to test how these lipids contribute to gating. Interestingly, mass spectrometry
analysis revealed the absence of a key cholesterol molecule®! in both purifi d TRPC3 samples (SI Figure S8).
Ths is likely attributable to the mild, non-ionic nature of both extraction compounds, which are known to
poorly solubilize lipid rafts— holesterol- and sphingolipid-rich microdomains within the plasma membrane.
Previous studies have demonstrated that similar non-ionic detergents, such as Triton X-100, are ineffici t in
disrupting these ordered domains due to their detergent-resistant properties®’. Given that cholesterol has been
implicated in modulating TRPC3 channel function®'its exclusion from the detergent micelles raises concerns
about the completeness of the native lipid environment in current preparations. In light of these fi dings, further
optimization of the solubilization protocol—potentially through the inclusion of cholesterol analogs such as
cholesteryl hemisuccinate, or alternative detergents capable of disrupting raft domains—may be necessary to
preserve physiologically relevant lipid-protein interactions critical for TRPC3 function and structure.

The second obstacle to capturing the open state of TRPC3 in structural studies may lie in the channel’s gating
behavior, which might be highly dependent on the presence of a specific lipid environment*>°!. Single-channel
data suggest that the open state of TRPC3 is relatively short-lived, with estimated dwell times around 0.13
ms®8, 0.2 ms'2 and 0.28 ms®, depending on the activator. Extraction of the TRPC3 channel from its native lipid
environment can signifi antly alter its gating behavior. Consequently, in the second part of our study, we aimed
to investigate the activity of purifi d TRPC3 (Fig. 4, SI Figure S10-12). Post-purifi ation analysis showed no
signifi antdifferencesin the functionality of purifi dandreconstituted TRPC3 compared to TRPC3 overexpressed
in HEK293 cells (Fig. 4). We compared the single-channel activity of TRPC3 overexpressed in HEK293 cells with
that of TRPC3 reconstituted in a lipid bilayer after purifi ation with DDDG or DDM. Surprisingly, although the
synthetic bilayer was composed solely of DPhPC, we observed no signifi ant differences in the gating behavior
of reconstituted TRPC3 compared to TRPC3 overexpressed in HEK293 cells (Fig. 4). Finally, we demonstrated
that Pyr10 inhibits the activity of TRPC3 overexpressed in HEK293 cells as well as reconstituted TRPC3 in an
artific al lipid bilayer (SI Figure S11). Our electrophysiological experiments demonstrated that TRPC3 purifi d
with DDDG or DDM and reconstituted into a synthetic lipid bilayer exhibited comparable gating behavior and
unitary conductance to overexpressed TRPC3 in HEK293 cells.

These fi dings confi m that a fraction of TRPC3 remains structurally stabilized during solubilization and
purifi ation, enabling its successful reconstitution into a synthetic lipid bilayer. There the channel exhibit channel
activity comparable to that observed in HEK cells (Fig. 4). Notably, Nikolaev et al.3*also observed no signifi ant
differences in the dwell time of TRPC6 reconstituted in a lipid bilayer composed of phosphatidylcholine from
soybean compared to overexpressed TRPC6 in HEK293 cells (= 1 ms and = 1.9 ms, respectively)®. To further
dissect the lipid specific ty of TRPC3 gating and stabilize its open conformation for structural analysis, future
reconstitution experiments should incorporate more complex lipid mixtures—including cholesterol, DAG, and
PIP,—known to modulate channel activation. Such conditions would provide a more physiologically relevant
environment and increase the probability of capturing the channel in an open conformation suitable for cryo-
EM.

Opverall, our results identify optimal conditions for TRPC3 expression, solubilization, and purifi ation using
DDM and DDDG, under which a fraction of the channels remains structurally stabilized for downstream
functional studies. We further demonstrate that these stabilized TRPC3 fractions can be successfully reconstituted
into a synthetic lipid bilayer, where they exhibit channel activity comparable to that observed in HEK cells.
Although our initial hypotheses were only partially validated, we identifi d key factors—such as the absence
of cholesterol and the consistent co-purifi ation of DAG, PC, and PE—that will guide future optimization of
TRPC3 purifi ation for structural analysis. When further refi ed, these insights may enable structural capture
of the channel in its open state and deepen our understanding of TRPC3’s lipid-dependent gating mechanisms.

Methods

Cloning of constructs

The coding sequence of human TRPC3 (Uniprot database ID: Q13507-3) was cloned alone or together with a 3
x FLAG tag into the pEYFPpeYFP-C1 vector (Clontech, Saint-Germain-en-Laye, France). Furthermore, human
TRPC3 and 3 x FLAG tag was cloned into pEEmptypeEmpty-C1 vector.
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Plasmid DNA Preparation

DNA preparations were performed using a QIAGEN Plasmid Maxi Kit. Escherichia coli carrying the pEYFP-3
x FLAG-TEV-TRPC3-C1 vector, pPEYFP-TRPC3-C1 vector or pEEmpty-TRPC3-3 x FLAG-C1 vector was
cultured in 300 mL LB Medium overnight and harvested the following day. The extraction of plasmid DNA was
performed following the manufacturer’s protocol.

Expression of TRPC3 in HEK293 cells

Human embryonic kidney 293 (HEK293) cells (Cell Lines Service, product number: 300192) were cultured in
Dulbeccos Modifi d Eagle Medium (DMEM, D6429, Invitrogen) supplemented with 10% fetal bovine serum
(FBS), 1% streptomycin, 1% penicillin, 1% L-glutamine, and 1% HEPES at a constant temperature of 37 °C
and under an atmosphere of 5% CO,,. For plasmid transfection in electrophysiology studies, the culture media
was aspirated, and HEK293 cells were rinsed with PBS. Cells were then incubated with accutase (500 uL) for
5 min at 37 °C. The detached cell suspension was mixed with fresh DMEM in a 2:1 ratio (DMEM: Accutase).
A suspension of 1x10° cells was centrifuged at 600 rpm for 4 min. The supernatant was discarded, and the
cell pellet was suspended in Opti-MEM I serum-free medium (60 uL). Cells were transiently transfected with
1 pg plasmid DNA using Poly]Jet (SignaGen Laboratories) according to the manufacturer’s protocol. Cells were
seeded on 6x6 mm glass coverslips, and the medium was changed after 8 h of incubation. Experiments were
performed 20-24 h after transfection.

For microscopy experiments, cells were transiently transfected with 1 pug plasmid DNA using polyethyleneimine
(PEI) with a DNA/PEI ratio of 1:3. Cells were grown on 3 x 3 cm glass coverslips until reaching 60% confluency.
The medium was exchanged for an antibiotic-free medium containing only 2.5% FBS, 1% L-glutamine, and
1% HEPES. DNA and PEI were mixed in 60 uL OptiMEM and added to the cells. Following a 36 h incubation,
TRPC3 overexpression was verifi d using a fluorescence microscope.

For protein purifi ation, cells were grown in 50x 15 cm dishes until reaching 80% confluency. Then, the
medium was exchanged for an antibiotic-free medium containing only 2.5% FBS, 1% L-glutamine, and 1%
HEPES. Cells were transiently transfected with 1 ug plasmid DNA using polyethyleneimine (PEI) at a DNA-
to-PEI ratio of 1:3, mixed in OptiMEM. After 36 h of incubation, cells were harvested using a cell scraper and
centrifuged at 1 500 g and 4 °C for 15 min. Cell pellets were frozen at — 80 °C until further use in experiments.

Expression of TRPC3 Expi293F cells

Expi293F cells were cultivated in 100 mL Expi293 Expression Medium (Gibco) under gentle shaking, at 37 °C
and under an atmosphere of 5% CO,. Expi293F cells were transfected using 1 pg plasmid DNA/mL Medium with
ExpiFectamine according to the manufacturer’s protocol. 20 h after transfection of cells the Enhancer solutions
were added to increase TRPC3 protein expression. Cells were harvested 48 h later and TRPC3 overexpression
was analyzed by fluorescence microcopy and Western Blot analysis.

Fluorescence Microscopy Imaging

To assess TRPC3 expression in HEK293 and Expi293F cells, total internal refl ction fluorescence microscopy
(TIRFM) was employed. TIRF microscopy was conducted using an Observer D1 microscope (Zeiss, Jena,
Germany) equipped with a Visitron TIRF system (Visitron Systems, Puchheim, Germany). Cells were observed
through a 100 x oil immersion Zeiss TIRF objective, with YFP being excited by a 488 nm diode laser. Image
acquisition utilized a Prime BSI Express sCMOS camera (Teledyne Photometrics, Tucson, USA) at 515 nm.
Subsequent analysis of TRPC3 localization was performed using Image].

Cell membrane preparation from HEK293 and Expi293F cells

Cell membranes were obtained by resuspending cell pellets in lysis buffer containing 150 mM NaCl, 50 mM
Tris, 0.1 M Sucrose, and 1 x cOmplete Protease Inhibitor (EDTA-free), followed by disruption using a glas
homogenizer. The crude extract (CE) was then subjected to centrifugation at 1 500 g and 4 °C for 15 min. The
resulting pellet (P1) was stored at — 20 °C, while the supernatant (S1) underwent further centrifugation at 20 000
g for 60 min at 4 °C. The resultant pellet (P2) represented the membrane fraction containing the overexpressed
TRPC3, and the supernatant (S2) was preserved at —20 °C. For adherent HEK293 cells, a membrane pellet
weighing 450-500 mg was obtained from 50 x 15 cm dishes (2 L culture medium), whereas 1.4 g of membrane
was obtained from a 100 mL culture of Expi293F cells. All further experiments were conducted at a membrane
concentration of 25 mg/mL unless otherwise specifi d. To confi m successful cell membrane preparation,
Western Blot analysis was performed as described in the section “SDS-PAGE and Western Blot”.

Cloning and strain production of K. phaffii overexpressing pPpT4 - TRPC3-3F6H

All PCRs were conducted utilizing Phusion DNA polymerase (Thermo Fisher Scientific Inc., St. Leon-Rot,
Germany). The accuracy of all constructs was confi med through nucleotide sequence analysis. A C-terminally
tagged variant of the TRPC3 gene (TRPC3-3xFlag-His /TRPC3-3F6H) was cloned into pPpT4* using Gibson
assembly®>. The plasmid map of pPpT4 - TRPC3-3F6H is available as Supplementary Material. Expression
cassettes were generated by linearization of pPpT4-TRPC3-3F6H using Smil, followed by gel purifi ation.
Transformation of K. phaffii CBS7435 his4A®* was done according to the condensed protocol of Lin-Cereghino
et al.% After transformation and regeneration, cells were plated onto YPD plates (2% peptone, 1% yeast extract,
2% glucose, 2% agar) containing 100 pg/ml Zeocin. Integration of cassettes into the yeast genome was verifi d

by cPCR, and the strain further used for production of TRPC3 (yLB226: CBS 7435 his4A P, . ,-TRPC3-3 x
FLAG-His:Zeo) was conserved as glycerol stock at —80 °C.
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Cell cultivation, TRPC3 expression, and isolation of the microsomal fractions from K. phaffii

Strain yLB226 was grown in 500 mL of BMG media (1% glycerol, 13.4 g/L Yeast Nitrogen Base (without amino
acids), 4¥10 5% biotin, 100 mM KZHPO4/ KHZPO‘*, pH 6) for 24 h. Gene expression was induced by the addition
of 1% methanol, and 0.5% methanol was added every 12 h for 48 h. Cell disruptions and the preparation of
microsomal fractions were done as described before®”. Briefly, cells were harvested by centrifugation (5
000 rpm at 4°C for 5 min), washed with ddH,0, and centrifuged again (5000 rpm at 4°C for 5 min). Cells
were resuspended in 25 mL of pre-cooled (4°C) 20 mM TE-Buffer (20 mM Tris/HCI, 1 mM EDTA, pH=38,
2 mM PMSF) and disrupted using glass beads. To remove cell debris, samples were centrifuged at 5 000 rpm
and 4°C for 10 min. Next, the resulting total cell lysate was centrifuged at 10°000 rpm and 4°C for 15 min. Ths
step was repeated. The supernatant was then ultracentrifuged at 45’000 rpm and 4 °C for 45 min. The resulting
supernatant contains the cytosolic fraction, and the cell pellet the microsomal fraction. Microsomal pellets were
resuspended in 1 mL of PBS buffer.

Immunoblot analysis of TRPC3-3F6H

All steps were performed at 4 °C. 10 pg of proteins from total cell lysates (TCL), and cytosolic fractions, as well
as 2 ug of proteins from microsomal fractions were precipitated by the addition of 600 pL of 25% trichloroacetic
acid (TCA) for 1 h. Afterwards, samples were centrifuged for 10 min at 10°000 rpm. After discarding the
supernatant, pellets were washed with 1 ml of ice cold ddH,O and resuspended in 50 pl of NuPAGE™ sample
buffer. Samples were centrifuged at 10’000 rpm for 20 s, and 12 pl of the supernatant loaded onto NuPAGE Mini
Protein Gels (12%, Bis-Tris, 1.0 mm; Thermo Fisher Scientific Inc), and resolved at 200 V. Electrophoretical
transfer of the proteins to a nitrocellulose membrane was done using a wet transfer apparatus (NuPAGE”,
Thermo Fisher Scientific Inc). For blocking, membranes were incubated for 1 h in TBST-BSA (5%) at room
temperature. After blocking, the membranes were incubated overnight at 4 °C in TBST-BSA (2.5%) with mouse
ANTI-FLAG" M2-Peroxidase (HRP) antibody (1:2 500; Sigma Aldrich) and then washed with TBS-T (three
times with =10 mL). Enhanced chemiluminescent signal detection (Clarity Max Western ECL Substrate, Bio-
Rad) was used to visualize immunoreactive bands. PageRuler pre-stained protein ladder (Thermo Scientific™)
was used as molecular weight marker.

Extraction of TRPC3 from K. phaffii, HEK293, and Expi293F cell membranes

Cell membranes were fi st resuspended in 150 mM NaCl, 50 mM Tris and 10% glycerol at a fi al concentration
of 25 mg/mL. For solubilization, dodecyldiglucoside (DDDG), FOS-Choline, lauryl maltose neopentyl glycol
(LMNG), and the traditional detergent dodecyl-B-D-maltoside (DDM) were used at constant concentrations
of 10 mM plus twice the critical micellar concentration (CMC). Cell membranes were incubated for 3 h at 4 °C
with gentle rotation and then centrifuged at 20°000 g and 4 °C for 45 min. Cell membranes were also solubilized
with the amphiphilic copolymer DIBMA and its derivative Carboxy-DIBMA at different polymer to membrane
ratios of R=0.25-1.0. For these polymers, cell membranes were incubated overnight at 4 °C with gentle rotation
and then also centrifuged at 20 000 g and 4 °C for 45 min. Pellet and supernatant fractions were analyzed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western Blot analysis.

Protein precipitation for SDS-PAGE analysis

For SDS-PAGE analysis of proteins extracted by DIBMA, it is necessary to remove the polymer from the protein.
Therefore, a 100 pL sample was mixed with 400 puL methanol, 100 uL chloroform, and 300 puL water. The mixture
was then centrifuged at 14 000 g and 4 °C for 5 min. The upper phase was carefully removed without disturbing
the white protein layer in the middle. Following this, 400 uL methanol was added, vortexed, and the solution
was centrifuged at 5 000 g and 4 °C for 1 min, followed by centrifugation at 20 000 g and 4 °C for 4 min. The
supernatant was discarded, and the protein pellet was dried using nitrogen. Subsequently, the protein pellet was
resuspended in 1% SDS and used for electrophoresis experiments.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis

SDS-PAGE samples were prepared by combining 20 pL of the sample with 4 uL of dithiothreitol (DTT, Stock
200 mM) and 8 pL 4 x SDS loading dye (8% SDS, 50% glycerol, 250 mM Tris-HCI, 0.02% bromphenol blue). The
resulting mixture was vortexed, quickly centrifuged, and then heated to 90 °C for 10 min. For SDS-PAGE, Bolt
Bis-Tris Plus Mini Protein Gels (4-12%, 1.0 mm, 15 well format) were used, and 10 pL of the sample was applied
to the gel. The gel was run at a constant voltage of 200 mV and 150 mA for 45 min in precooled 1 x MES buffer.
Western Blot analysis employed the PageRuler Prestained Protein Ladder (10 to 180 kDa). To assess the overall
extraction effici cy of each compound, the gels were stained in Coomassie staining solution for 45 min and
destained overnight in water. Images were captured using a ChemiDOC device with a White Sample Tray for
Coomassie Blue, copper, silver, and zinc stains. SDS-PAGE analysis was performed by using Image].

Western Blot analysis

After an SDS-PAGE run, the gels were subjected to dry blotting on a nitrocellulose membrane (Invitrogen, iBlot
2 Transfer Stacks, nitrocellulose) using the iBlot2 device with the PO program. The membrane was immersed
in 5% milk powder and resuspended in 5% BSA TBS-T buffer for 1 h at room temperature. Subsequently, the
membrane underwent washing with TBS-T buffer and was then incubated overnight with a specific primary
anti-TRPC3 antibody (TRPC3 (D4P5S) Rabbit mAb), diluted to 1:1 000 in 5% BSA TBS-T buffer. On the
following day, the membrane was washed three times for 5 min each in TBS-T buffer and incubated for 1 h with
the secondary HRP-conjugated goat anti-rabbit IgG antibody diluted to 1:10 000 in 5% BSA TBS-T buffer. After
two 5-min washes with TBS-T buffer, the chemiluminescent signal for TRPC3 was detected using a ChemiDoc
device with a UV Sample Tray using the Auto-optimale exposure option.
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Protein purification

Supernatants containing TRPC3 from HEK293, K. phaffii, or Expi293F cells were transferred to a custom-made
affi ty chromatography column loaded with ANTI-FLAG M2-affi ty gel. Proteins extracted with amphiphilic
copolymers were incubated overnight under gentle rotation at 4 °C, whereas proteins extracted with DDDG or
DDM were incubated for 3 h at 4 °C with gentle rotation. The column underwent a washing step with 20 column
volumes (CV) of TBS buffer, and for detergents, TBS buffer was used along with 2 x CMC of each detergent.
TRPC3 was eluted using 10 x CV of 3 x FLAG Peptide at a concentration of 100 pug/mL. The eluted fractions
were combined and concentrated to approximately 150 uL using an Amicon Ultra-0.5 centrifuge filter unit with
a molecular weight cutoff of 50 MWCO. The subsequent analysis involved SDS-PAGE, Western Blot analysis,
negative stain electron microscopy (nsEM), electrophysiology experiments and targeted lipidomics.

Silver staining

For detecting contamination post-TRPC3 purifi ation, the gel underwent a silver staining. First the gel was
soaked in fixi g solution (50% methanol, 13.5% formalin) for 10 min at room temperature. Subsequently, the gel
was incubated overnight in water and, on the following day, incubated for 2 min in a sodium thiosulfate solution
(0.02% sodium thiosulfate pentahydrate). Following a 2 x 20-second wash in water, the gel was then treated for
10 min in a 0.1% silver nitrate solution. Next, the gel was washed with a small amount of developing solution (3%
sodium carbonate, 0.05% formalin, 0.000016% sodium thiosulfate pentahydrate) and incubated for 5-10 min
until the desired band intensity was achieved. The reaction was stopped by incubating the gel in 2.3 M citric acid.
Images were captured using a ChemiDoc device with a White Sample Tray.

Negative stain electron microscopy (nsEM)

To assess the purity and structure of purifi d TRPC3, negative stain transmission electron microscopy (nsTEM)
experiments were conducted. A volume of 5-10 pL of the purifi d sample with a concentration of 0.1 mg/mL
purifi d TRPC3 was deposited onto a TEM grid, allowed to incubate for 1 min, and subsequently removed
from the grid. The grid was then stained with 1% uranyl acetate for 30 s before being imaged on a transmission
electron microscope (Zeiss EM 900 with a Trondle camera).

Lipidomics of purified TRPC3 samples with DDM and DDDG

Lipidomics experiments were conducted from 3 individual TRCP3 preparations of roughly 2 nmol purifi d
protein. Lipids were extracted by Folch extraction. In brief, protein samples were incubated under shaking in
200 pL chloroform and 100 pL methanol for 10 min. 75 uL of water were added to induce phase separation,
samples were vortexed and centrifuged for 5 min at 3 000 x g. The organic phase was transferred to HPLC
vials and subjected to an untargeted lipidomics analysis. Lipids were separated on a Waters UPLC BEH C18
1x150 mm x 1.7 um microbore column (Waters GmbH, Vienna, Austria) on a Vanquish H UPLC System
(Thermo Fisher Scientific, Vienna, Austria) employing the following solvents and gradient: A: 60% acetonitrile,
15 mM ammonium formate. B: 90% isopropanol, 10% acetonitrile, 15 mM ammonium formate. Linear gradients
between timepoints for both fl wand % B: 0 min: 2% B, 100 pL/min; 15 min 100% B, 70 uL/min; 22 min 100% B,
70 uL/min; followed by equilibration to 2% B, 70 pL/min for 5 min. Mass spectrometric analysis was performed
on a timsTOF HT (Bruker Daltonics GmbH, Bremen, Germany) equipped with a VIP-HESI source in both
polarities, capillary voltage 4 500 V positive and 3 500 V negative mode. Probe Gas Temp was set to 150 °C,
mobility range from 0.55 to 1.79 Vs/cm? and mass range from 100 to 2 200 m/z with 2 MS/MS scans per full scan,
total cycle time 0.32 s. Lipidomics data was analyzed employing Metaboscape 2022b (Bruker Daltonics GmbH,
Bremen, Germany). Features were extracted using the T-Rex 4D algorithm and allowing ammonium adducts
in positive and formic acid adducts in negative mode. Lipids were annotated using the rule based MCube Lipid
Species annotation method with narrow windows of 2.0 ppm, 1% CCS deviation, greater 800 MS2 Score and
milliSigma score below 50. Upper window boundaries were 5.0 ppm, 3% CCS deviation greater 400 MS2 Score
and milliSigma score below 250.

Electrophysiology of purified TRPC3
To assess the activity of purifi d TRPC3, artific al membranes were generated in the Orbit Mini (Nanion,
Germany) device using a MECA4 chip with a pore diameter of 100 uM. For this, 5 mg/mL DPhPC® lipids were
dissolved in Nonane and used to paint the membrane in 150 pL extracellular solution (150.3 mM potassium
chloride, 3 mM magnesium chloride, 15 mM HEPES, pH=7.4) at a temperature of 28 °C. The concentrated
protein solution was centrifuged at 20,000 g and 4 °C for 30 min to separate aggregated TRPC3 from non-
aggregated TRPC3. The concentration of the supernatant was then determined using Nanodrop measurements.
Then, 4 uL of purifi d TRPC3 with a concentration of 0.15 mg/mL was transferred to the MECA4 chip and
incubated for 25-30 min. Subsequently, 40 uL of intracellular buffer containing 137 mM sodium chloride, 5 mM
potassium chloride, 2 mM calcium chloride, 2 mM magnesium chloride, and 10 mM HEPES at pH=7.4 was
added additionally to the 150uL extracellular solution. Voltages of 80 mV was applied at a frequency of 5 kHz,
with a signal-to-noise ratio of SR2. Additionally, 0.4 pL of GSK from a stock concentration of 10 mM was added,
and recordings were obtained.

Negative controls were conducted at +80 mV, examining various conditions: the membrane response solely
to voltages, to DMSO, to 20 uM GSK, to 0.4 mM DDM, to 0.2 mM DDDG, and also the response of TRPC3 to
DMSO. Furthermore, we inhibited the channel post-activation by applying 40 uM of Pyr10%°.

Electrophysiology of TRPC3 in adherent HEK293 cells
TRPC3 activity in adherent HEK293 cells was investigated via whole-cell and single-channel patch clamp
experiments conducted 24 h post-transfection, as described in a prior publication®. An inverted microscope
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(Zeiss Axiovert 200 M, Germany) equipped with a 40 x 0.75 objective was used, with a CoolLED pE-300 ultra
(CoolLED, UK) serving as the excitation source. Transfected cells were identifi d by illuminating ata wavelength
of 490 nm for the YFP-Tag and detecting emission at 515 nm.

Whole-cell confi uration

For whole-cell analysis of TRPC3 activity, patch-clamp recordings were conducted in whole-cell configur tion.
Patch pipettes were fabricated from thin-walled borosilicate glass (Clark Electromedical Instruments, UK) using
a pipette puller (Sutter Instruments, CA, USA). Signals were low-pass filtered at 2 kHz and digitized at 8 kHz.
Linear voltage-ramp protocols ranging from —130 to +90 mV (holding potential 0 mV) were applied using
Clampex 11.0 (Axon Instruments) software. Current densities at —90 and +70 mV were plotted against time
and normalized by capacitance. For pharmacological measurements, cells were maintained at room temperature
and perfused with GSK (10 pM in DMSO) in extracellular solution (ECS) containing 140 mM NaCl, 10 mM
HEPES, 10 mM Glucose, 2 mM MgCl,, and 2mM CaCl,, pH adjusted to 7.4 with NaOH. The pipette solution
(Intracellular solution, ICS) comprised 150 mM cesium methanesulfonate, 20 mM CsCl, 15 mM HEPES, 5 mM
MgCl,, and 3 mM EGTA, adjusted to pH 7.4 with CsOH. Thin-w 1l capillary pipettes made from borosilicate
glass with a filament (Harvard Apparatus, USA) were pulled to a resistance of 2-5 MQ) using a pipette puller
(Sutter Instruments, CA, USA).

Single channel configuration

For single-channel analysis of TRPC3 activity, thin-wall capillary pipettes made from borosilicate glass with
a filament (Harvard Apparatus, USA) were pulled to a resistance of 15-20 MQ using a pipette puller (Sutter
Instruments, CA, USA). Currents were recorded at room temperature using the Axopatch 200 B amplifier
(Molecular Devices, USA). Single-channel activity was recorded in the cell-attached configur tion. Thi k-wall
capillary pipettes made from borosilicate glass with a filament (Harvard Apparatus, USA) were pulled to a
resistance of 10-15 MQ using a pipette puller (Sutter Instruments, CA, USA).

The Extracellular Solution (ECS) contained: 145 mM potassium gluconate, 5.3 mM KCl, 3 mM MgCl,, and
15 mM HEPES. The Intracellular Solution (ICS) contained 137 mM NaCl, 5 mM KCl, 2 mM CaClZ, 2 mM
MgCl,, and 10 mM HEPES. The pH value of all solutions was adjusted to pH 7.4. Cells were stimulated with 10
uM GSK. For inhibiting TRPC3 activity, 20 uM of Pyr10 was used, mixed with 10 uM of GSK. Experiments were
conducted at room temperature.

Single-channel currents were digitized at a sampling rate of 50 kHz and filtered with the Axopatch-200B
internal 4-pole low-pass Bessel filter (-3 dB cut-off at 2 kHz). The holding potential ranged from +80 mV
and was controlled by the holding command function of the amplifie . Data acquisition, analysis, and further
filtering with a low-pass Gaussian filter (-3 dB cut-off at 1.5 kHz) were performed using Clampfit 11 software
(Axon Instruments, Foster City, CA), followed by histogram analysis in the Python-based tool SCANA.

For the analysis of amplitude distribution histograms in SCANA, a tool was implemented in Python V3.9.1
utilizing the scientific computing packages NumPy V1.19.5 and SciPy V1.6.0, as well as the plotting package
Matplotlib. For the analysis, the following model:

Fa) =3 i den(—((@ —8,) *7,)%)

Was used with parameters s [31, and Y; for i=1, ...,n and an arbitrary but fi ed n. To fit the model to the
histogram a curve fitting method based on a non-linear least squares problem was applied to optimize the

set of model parameters. From the fitted parameters a,, B, and y,, mean values y, = B,, standard deviations o, =
(2yi?)™", and scaling factors p,= /7 * 7' % o jcan be derived and the model can be written as sum of scaled

normal distributions:

L ox—p,;?

F@)= 3 tap s —enp(—5 () )

which simplifies he interpretation of the parameters.

Statistics analysis

Data analysis and graphical representation were conducted using Clampfit 11 (Axon Instruments, USA),
SCANA, and Origin2022b. Results are presented as mean values+SEM. Statistical signifi ance for normally
distributed data was evaluated using both unpaired and paired Student’s ¢-tests. For non-normally distributed
data, the paired Wilcoxon rank test was used. In general, differences were considered signifi ant at * p <0.05, **
p<0.01, and ** p<0.001.

Data availability

The data will be available upon request. Contact Oleksandra Tiapko, Email: oleksandra.tiapko@medunigraz.at.

Received: 2 October 2024; Accepted: 22 July 2025
Published online: 05 August 2025

Scientific Reports |

(2025) 15:28562 | https://doi.org/10.1038/s41598-025-13218-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhu, X. et al. trp, a novel mammalian gene family essential for Agonist-Activated capacitative Ca2+Entry. Cell 85, 661-671.
https://doi.org/10.1016/S0092-8674(00)81233-7 (1996).

Chen, X,, Sooch, G., Demaree, I. S., White, F. A. & Obukhov, A. G. Transient Receptor Potential Canonical (TRPC) Channels: Then
and Now. Cells 9, 1983. (2020). https://doi.org/10.3390/cells9091983

Gees, M., Colsoul, B. & Nilius, B. The role of transient receptor potential cation channels in Ca2 + Signaling. Cold Spring Harb.
Perspect. Biol. 2,2003962-a003962. https://doi.org/10.1101/cshperspect.a003962 (2010).

. Ong, H. L., de Souza, L. B. & Ambudkar, L. S. Role of TRPC channels in Store-Operated calcium entry. In Calcium Entry Pathways

in Non-excitable Cells Advances in Experimental Medicine and Biology., (ed Rosado, J. A.) (Springer International Publishing),
87-109. https://doi.org/10.1007/978-3-319-26974-0_5. (2016).

. Smyth, J. T. et al. Activation and regulation of store-operated calcium entry. J. Cell. Mol. Med. 14, 2337-2349. https://doi.org/10.1

111/§.1582-4934.2010.01168.x (2010).

. Berridge, M. J., Bootman, M. D. & Roderick, H. L. Calcium signalling: dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell.

Biol. 4, 517-529. https://doi.org/10.1038/nrm1155 (2003).

. Shin, D. M. et al. The trpcs, Orais and stims in ER/PM junctions. In Calcium Entry Pathways in Non-excitable Cells Advances in

Experimental Medicine and Biology., (ed Rosado, J. A.) (Springer International Publishing), 47-66. https://doi.org/10.1007/978-3
-319-26974-0_3. (2016).

. Svobodova, B. et al. A single point mutation in the TRPC3 lipid-recognition window generates supersensitivity to benzimidazole

channel activators. Cell. Calcium. 79, 27-34. https://doi.org/10.1016/j.ceca.2019.02.007 (2019).

. Storch, U. et al. Dynamic NHERF interaction with TRPC4/5 proteins is required for channel gating by diacylglycerol. Proc. Natl.

Acad. Sci. US.A. 114. (2017). https://doi.org/10.1073/pnas.1612263114

Hofmann, T. et al. Direct activation of human TRPC6 and TRPC3 channels by Diacylglycerol. Nature 397, 259-263. https://doi.o
rg/10.1038/16711 (1999).

Beck, B. et al. TRPC7 is a Receptor-Operated DAG-Activated channel in human keratinocytes. J. Invest. Dermatology. 126, 1982—
1993. https://doi.org/10.1038/sj.jid.5700352 (2006).

Lichtenegger, M. et al. An optically controlled probe identifies lipid-gating fenestrations within the TRPC3 channel. Nat. Chem.
Biol. 14, 396-404. https://doi.org/10.1038/s41589-018-0015-6 (2018).

Gutorov, R. et al. Modulation of transient receptor potential C channel activity by cholesterol. Front. Pharmacol. 10, 1487. https://
doi.org/10.3389/fphar.2019.01487 (2019).

Graziani, A. et al. Cellular cholesterol controls TRPC3 function: evidence from a novel dominant-negative knockdown strategy.
Biochem. ]. 396, 147-155. https://doi.org/10.1042/B]J20051246 (2006).

Fan, C., Choi, W,, Sun, W, Du, J. & Lii, W. Structure of the human lipid-gated cation channel TRPC3. eLife 7, e36852. (2018).
https://doi.org/10.7554/eLife.36852

Tang, Q. et al. Structure of the receptor-activated human TRPC6 and TRPC3 ion channels. Cell. Res. 28, 746-755. https://doi.org/
10.1038/541422-018-0038-2 (2018).

Graziani, A. et al. Light-Mediated Control over TRPC3-Mediated NFAT Signaling. Cells 9, 556. (2020). https://doi.org/10.3390/ce
11s9030556

Tiapko, O. & Groschner, K. TRPC3 as a Target of Novel Therapeutic Interventions. Cells 7, 83. (2018). https://doi.org/10.3390/cel
157070083

Erkan-Candag, H. et al. Diacylglycerols interact with the L2 lipidation site in TRPC3 to induce a sensitized channel state. EMBO
Rep. 23, €54276. https://doi.org/10.15252/embr.202154276 (2022).

Dietrich, A., Kalwa, H., Rost, B. R. & Gudermann, T. The diacylgylcerol-sensitive TRPC3/6/7 subfamily of cation channels:
functional characterization and physiological relevance. Pflugers Arch. - Eur. J. Physiol. 451, 72-80. https://doi.org/10.1007/50042
4-005-1460-0 (2005).

Dietrich, A. et al. Functional characterization and physiological relevance of the TRPC3/6/7 subfamily of cation channels. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 371, 257-265. https://doi.org/10.1007/s00210-005-1052-8 (2005).

Freichel, M. et al. Functional role of TRPC proteins in vivo: lessons from TRPC-deficie t mouse models. Biochem. Biophys. Res.
Commun. 322, 1352-1358. https://doi.org/10.1016/j.bbrc.2004.08.041 (2004).

Becker, E. B. E. et al. Candidate Screening of the TRPC3 Gene in Cerebellar Ataxia. Cerebellum 10, 296-299. (2011). https://doi.o
rg/10.1007/s12311-011-0253-6

Yang, S. L., Cao, Q., Zhou, K. C,, Feng, Y. ]. & Wang, Y. Z. Transient receptor potential channel C3 contributes to the progression
of human ovarian cancer. Oncogene 28, 1320-1328. https://doi.org/10.1038/0nc.2008.475 (2009).

Kitajima, M. A unifi d theory of action selection and memory. In Memory and Action Selection in Human-Machine Interaction
(John Wiley & Sons, Inc.), 1-9. https://doi.org/10.1002/9781119268628.ch1. (2016).

Ilatovskaya, D. V. & Staruschenko, A. TRPC6 channel as an emerging determinant of the podocyte injury susceptibility in kidney
diseases. Am. J. Physiology-Renal Physiol. 309, F393-F397. https://doi.org/10.1152/ajprenal.00186.2015 (2015).

Selvaraj, S., Sun, Y. & Singh, B. TRPC Channels and their Implications for Neurological Diseases. CNSNDDT 9, 94-104. (2010).
https://doi.org/10.2174/187152710790966650

Xiao, X., Liu, H. X,, Shen, K., Cao, W. & Li, X. Q. Canonical Transient Receptor Potential Channels and Their Link with Cardio/
Cerebro-Vascular Diseases. Biomolecules Ther. 25, 471-481. https://doi.org/10.4062/biomolther.2016.096. (2017).

Harada, M. et al. Transient Receptor Potential Canonical-3 Channel-Dependent Fibroblast Regulation in Atrial Fibrillation.
Circulation 126, 2051-2064. (2012). https://doi.org/10.1161/CIRCULATIONAHA.112.121830

Numaga-Tomita, T. et al. TRPC3-GEF-H1 axis mediates pressure overload-induced cardiac fibrosis. Sci. Rep. 6, 39383. https://doi
.0rg/10.1038/srep39383 (2016).

Thodeti, C. K., Paruchuri, S. & Meszaros, J. G. A TRP to cardiac fibroblast differentiation. Channels 7, 211-214. https://doi.org/10
4161/chan.24328 (2013).

Trebak, M. The puzzling role of TRPC3 channels in motor coordination. Pflugers Arch. - Eur. J. Physiol. 459, 369-375. https://doi.
0rg/10.1007/500424-009-0740-5 (2010).

Fogel, B. L., Hanson, S. M. & Becker, E. B. E. Do mutations in the murine ataxia gene TRPC3 cause cerebellar ataxia in humans?
Letters: new observations. Mov. Disord. 30, 284-286. https://doi.org/10.1002/mds.26096 (2015).

Wang, M. et al. TRPC3 channel confers cerebrovascular remodelling during hypertension via transactivation of EGF receptor
signalling. Cardiovasc. Res. 109, 34-43. https://doi.org/10.1093/cvr/cvv246 (2016).

Hu, Y. et al. High-salt intake increases TRPC3 expression and enhances TRPC3-mediated calcium influx and systolic blood
pressure in hypertensive patients. Hypertens. Res. 43, 679-687. https://doi.org/10.1038/s41440-020-0409-1 (2020).

Chang, H. H., Cheng, Y. C., Tsai, W. C., Tsao, M. J. & Chen, Y. Pyr3 induces apoptosis and inhibits migration in human glioblastoma
cells. Cell. Physiol. Biochem. 48, 1694-1702. https://doi.org/10.1159/000492293 (2018).

Wang, Q. & Qi and Tsang TRPC3 Regulates the Proliferation and Apoptosis Resistance of Triple Negative Breast Cancer Cells
through the TRPC3/RASA4/MAPK Pathway. Cancers 11, 558. (2019). https://doi.org/10.3390/cancers11040558

Oda, K. et al. Transient receptor potential cation 3 channel regulates melanoma proliferation and migration. J. Physiol. Sci. 67,
497-505. https://doi.org/10.1007/s12576-016-0480-1 (2017).

Hartmann, J. et al. TRPC3 channels are required for synaptic transmission and motor coordination. Neuron 59, 392-398. https://
doi.org/10.1016/j.neuron.2008.06.009 (2008).

Scientific Reports |

(2025) 15:28562 | https://doi.org/10.1038/541598-025-13218-6 nature portfolio


https://doi.org/10.1016/S0092-8674(00)81233-7
https://doi.org/10.3390/cells9091983
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1007/978-3-319-26974-0_5
https://doi.org/10.1111/j.1582-4934.2010.01168.x
https://doi.org/10.1111/j.1582-4934.2010.01168.x
https://doi.org/10.1038/nrm1155
https://doi.org/10.1007/978-3-319-26974-0_3
https://doi.org/10.1007/978-3-319-26974-0_3
https://doi.org/10.1016/j.ceca.2019.02.007
https://doi.org/10.1073/pnas.1612263114
https://doi.org/10.1038/16711
https://doi.org/10.1038/16711
https://doi.org/10.1038/sj.jid.5700352
https://doi.org/10.1038/s41589-018-0015-6
https://doi.org/10.3389/fphar.2019.01487
https://doi.org/10.3389/fphar.2019.01487
https://doi.org/10.1042/BJ20051246
https://doi.org/10.7554/eLife.36852
https://doi.org/10.1038/s41422-018-0038-2
https://doi.org/10.1038/s41422-018-0038-2
https://doi.org/10.3390/cells9030556
https://doi.org/10.3390/cells9030556
https://doi.org/10.3390/cells7070083
https://doi.org/10.3390/cells7070083
https://doi.org/10.15252/embr.202154276
https://doi.org/10.1007/s00424-005-1460-0
https://doi.org/10.1007/s00424-005-1460-0
https://doi.org/10.1007/s00210-005-1052-8
https://doi.org/10.1016/j.bbrc.2004.08.041
https://doi.org/10.1007/s12311-011-0253-6
https://doi.org/10.1007/s12311-011-0253-6
https://doi.org/10.1038/onc.2008.475
https://doi.org/10.1002/9781119268628.ch1
https://doi.org/10.1152/ajprenal.00186.2015
https://doi.org/10.2174/187152710790966650
https://doi.org/10.4062/biomolther.2016.096
https://doi.org/10.1161/CIRCULATIONAHA.112.121830
https://doi.org/10.1038/srep39383
https://doi.org/10.1038/srep39383
https://doi.org/10.4161/chan.24328
https://doi.org/10.4161/chan.24328
https://doi.org/10.1007/s00424-009-0740-5
https://doi.org/10.1007/s00424-009-0740-5
https://doi.org/10.1002/mds.26096
https://doi.org/10.1093/cvr/cvv246
https://doi.org/10.1038/s41440-020-0409-1
https://doi.org/10.1159/000492293
https://doi.org/10.3390/cancers11040558
https://doi.org/10.1007/s12576-016-0480-1
https://doi.org/10.1016/j.neuron.2008.06.009
https://doi.org/10.1016/j.neuron.2008.06.009
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

40.

Becker, E. B. E. et al. A point mutation in TRPC3 causes abnormal Purkinje cell development and cerebellar ataxia in moonwalker
mice. Proc. Natl. Acad. Sci. U.S.A. 106, 6706-6711. (2009). https://doi.org/10.1073/pnas.0810599106

41. Neuner, S. M. et al. TRPC3 channels critically regulate hippocampal excitability and contextual fear memory. Behav. Brain. Res.
281, 69-77. https://doi.org/10.1016/j.bbr.2014.12.018 (2015).

42. Guo, W. et al. Structural mechanism of human TRPC3 and TRPC6 channel regulation by their intracellular calcium-binding sites.
Neuron 110, 1023-1035e5. https://doi.org/10.1016/j.neuron.2021.12.023 (2022).

43. Dietrich, A. et al. N-Linked protein glycosylation is a major determinant for basal TRPC3 and TRPC6 channel activity. J. Biol.
Chem. 278, 47842-47852. https://doi.org/10.1074/jbc.M302983200 (2003).

44. Kiselyov, K., Shin, D. M. & Muallem, S. Signalling specific ty in GPCR-dependent Ca2 +signalling. Cell. Signal. 15, 243-253.
https://doi.org/10.1016/S0898-6568(02)00074-8 (2003).

45. Clarke, A. et al. Coordinating the regulatory dance: how PIP2 modulates TRPC3 activity via TRP helix and S4-S5 linker. (2023).
https://doi.org/10.21203/rs.3.rs-3552323/v1

46. Bondar, A. N. & Keller, S. Lipid membranes and reactions at lipid interfaces: theory, experiments, and applications. J. Membrane
Biol. 251, 295-298. https://doi.org/10.1007/s00232-018-0039-6 (2018).

47. Guillet, P. et al. Hydrogenated Diglucose Detergents for Membrane-Protein Extraction and Stabilization. Langmuir 35, 4287-4295.
(2019). https://doi.org/10.1021/acs.langmuir.8b02842

48. Mabhler, E, Meister, A., Vargas, C., Durand, G. & Keller, S. Self-Assembly of Protein-Containing Lipid-Bilayer Nanodiscs from
Small-Molecule Amphiphiles. Small 17, 2103603. (2021). https://doi.org/10.1002/smll.202103603

49. Boussambe, G. N. M. et al. Fluorinated diglucose detergents for membrane-protein extraction. Methods 147, 84-94. https://doi.or
g/10.1016/j.ymeth.2018.05.025 (2018).

50. Hunte, C. & Michel, H. Crystallisation of membrane proteins mediated by antibody fragments. Curr. Opin. Struct. Biol. 12, 503-
508. https://doi.org/10.1016/S0959-440X(02)00354-8 (2002).

51. Seddon, A. M., Curnow, P. & Booth, P. ]. Membrane proteins, lipids and detergents: not just a soap opera. Biochimica et biophysica
acta (BBA) - Biomembranes 1666, 105-117. (2004). https://doi.org/10.1016/j.bbamem.2004.04.011

52. Garavito, R. M. & Ferguson-Miller, S. Detergents as tools in membrane biochemistry. J. Biol. Chem. 276, 32403-32406. https://do
i.org/10.1074/jbc.R100031200 (2001).

53. Le Maire, M., Champeil, P. & Moller, J. V. Interaction of membrane proteins and lipids with solubilizing detergents. Biochimica et
Biophysica Acta (BBA) - Biomembranes 1508, 86-111. (2000). https://doi.org/10.1016/S0304-4157(00)00010-1

54. Privé, G. G. Detergents for the stabilization and crystallization of membrane proteins. Methods 41, 388-397. https://doi.org/10.10
16/j.ymeth.2007.01.007 (2007).

55. Tiapko, O. et al. Lipid-independent control of endothelial and neuronal TRPC3 channels by light. Chem. Sci. 10, 2837-2842.
https://doi.org/10.1039/C8SC05536] (2019).

56. Oluwole, A. O. et al. Solubilization of membrane proteins into functional Lipid-Bilayer nanodiscs using a diisobutylene/maleic
acid copolymer. Angew Chem. Int. Ed. 56, 1919-1924. https://doi.org/10.1002/anie.201610778 (2017).

57. Oluwole, A. O. et al. Formation of Lipid-Bilayer Nanodiscs by Diisobutylene/Maleic Acid (DIBMA) Copolymer. Langmuir 33,
14378-14388. (2017). https://doi.org/10.1021/acs.langmuir.7b03742

58. Baron, J. et al. FULL-MDS: fluorescent universal lipid labeling for microfluidic diffusional sizing. Anal. Chem. https://doi.org/10.1
021/acs.analchem.2c03168 (2022). acs.analchem.2c03168.

59. Sierra-Valdez, E, Azumaya, C. M., Romero, L. O., Nakagawa, T. & Cordero-Morales, J. E Structure-function analyses of the ion
channel TRPC3 reveal that its cytoplasmic domain allosterically modulates channel gating. . Biol. Chem. 293, 16102-16114.
https://doi.org/10.1074/jbc. RA118.005066 (2018).

60. London, E. & Brown, D. A. Insolubility of lipids in triton X-100: physical origin and relationship to sphingolipid/cholesterol
membrane domains (rafts). Biochimica et biophysica acta (BBA) - Biomembranes 1508, 182-195. (2000). https://doi.org/10.1016
/80304-4157(00)00007-1

61. Clarke, A., Groschner, K. & Stockner, T. Exploring TRPC3 Interaction with Cholesterol through Coarse-Grained Molecular
Dynamics Simulations. Biomolecules 12, 890. (2022). https://doi.org/10.3390/biom12070890

62. Garten, M., Aimon, S., Bassereau, P. & Toombes, G. E. S. Reconstitution of a Transmembrane Protein, the Voltage-gated Ion Channel,
KvAR, into Giant Unilamellar Vesicles for Microscopy and Patch Clamp Studies52281 (JoVE, 2015). https://doi.org/10.3791/52281

63. Doleschal, B. et al. TRPC3 contributes to regulation of cardiac contractility and arrhythmogenesis by dynamic interaction with
NCX1. Cardiovascular. Res. 106, 163-173. https://doi.org/10.1093/cvr/cvv022 (2015).

64. Clarke, A. et al. PIP2 modulates TRPC3 activity via TRP helix and S4-S5 linker. Nat. Commun. 15, 5220. https://doi.org/10.1038/s
41467-024-49396-6 (2024).

65. Cole, B. A. & Becker, E. B. E. Modulation and Regulation of Canonical Transient Receptor Potential 3 (TRPC3) Channels. Cells 12,
2215. (2023). https://doi.org/10.3390/cells12182215

66. Itsuki, K. et al. Voltage-sensing phosphatase reveals Temporal regulation of TRPC3/C6/C7 channels by membrane
phosphoinositides. Channels 6, 206-209. https://doi.org/10.4161/chan.20883 (2012).

67. Liu, H. et al. TRPC3 channel gating by lipids requires localization at the ER/PM junctions defi ed by STIML. J. Cell Biol. 221,
€202107120. https://doi.org/10.1083/jcb.202107120 (2022).

68. Zitt, C. et al. Expression of TRPC3 in Chinese hamster ovary cells results in Calcium-activated cation currents not related to store
depletion. J. Cell Biol. 138, 1333-1341. https://doi.org/10.1083/jcb.138.6.1333 (1997).

69. Vanaken, T., Foxall-Vanaken, S., Castleman, S. & Ferguson-Miller, S. [3] Alkyl glycoside detergents: Synthesis and applications to
the study of membrane proteins. In Methods in Enzymology (Elsevier), pp. 27-35. (1986). https://doi.org/10.1016/S0076-6879(86
)25005-3

70. Lund, S. et al. Detergent structure and associated lipid as determinants in the stabilization of solubilized Ca2+-ATPase from
sarcoplasmic reticulum. J. Biol. Chem. 264, 4907-4915. https://doi.org/10.1016/S0021-9258(18)83677-8 (1989).

71. Fleming, K. G., Ackerman, A. L. & Engelman, D. M. The effect of point mutations on the free energy of transmembrane a-helix
dimerization. J. Mol. Biol. 272, 266-275. https://doi.org/10.1006/jmbi.1997.1236 (1997).

72. Gohon, Y. & Popot, J. L. Membrane protein-surfactant complexes. Curr. Opin. Colloid Interface Sci. 8, 15-22. https://doi.org/10.1
016/S1359-0294(03)00013-X (2003).

73. Gulamhussein, A. A., Uddin, R., Tighe, B. J., Poyner, D. R. & Rothnie, A. J. A comparison of SMA (styrene maleic acid) and
DIBMA (di-isobutylene maleic acid) for membrane protein purifi ation. Biochim. Et Biophys. Acta (BBA) - Biomembr. 1862,
183281. https://doi.org/10.1016/j.bbamem.2020.183281 (2020).

74. Knowles, T. J. et al. Membrane proteins solubilized intact in lipid containing nanoparticles bounded by styrene maleic acid
copolymer. J. Am. Chem. Soc. 131, 7484-7485. https://doi.org/10.1021/ja810046q (2009).

75. Sharma, K. S. et al. Non-Ionic Amphiphilic Homopolymers: Synthesis, Solution Properties, and Biochemical Validation. Langmuir
28, 4625-4639. (2012). https://doi.org/10.1021/1a2050261r

76. Danielczak, B. et al. A bioinspired glycopolymer for capturing membrane proteins in native-like lipid-bilayer nanodiscs. Nanoscale
14, 1855-1867. https://doi.org/10.1039/DINR03811G (2022).

77. Glueck, D. et al. Electroneutral polymer nanodiscs enable Interference-Free probing of membrane proteins in a Lipid-Bilayer
environment. Small 18, 2202492. https://doi.org/10.1002/smll.202202492 (2022).

78. Danielczak, B. & Keller, S. Collisional lipid exchange among DIBMA-encapsulated nanodiscs (DIBMALPs). Eur. Polymer J. 109,
206-213. https://doi.org/10.1016/j.eurpolymj.2018.09.043 (2018).

Scientific Reports|  (2025) 15:28562 | https://doi.org/10.1038/s41598-025-13218-6 nature portfolio


https://doi.org/10.1073/pnas.0810599106
https://doi.org/10.1016/j.bbr.2014.12.018
https://doi.org/10.1016/j.neuron.2021.12.023
https://doi.org/10.1074/jbc.M302983200
https://doi.org/10.1016/S0898-6568(02)00074-8
https://doi.org/10.21203/rs.3.rs-3552323/v1
https://doi.org/10.1007/s00232-018-0039-6
https://doi.org/10.1021/acs.langmuir.8b02842
https://doi.org/10.1002/smll.202103603
https://doi.org/10.1016/j.ymeth.2018.05.025
https://doi.org/10.1016/j.ymeth.2018.05.025
https://doi.org/10.1016/S0959-440X(02)00354-8
https://doi.org/10.1016/j.bbamem.2004.04.011
https://doi.org/10.1074/jbc.R100031200
https://doi.org/10.1074/jbc.R100031200
https://doi.org/10.1016/S0304-4157(00)00010-1
https://doi.org/10.1016/j.ymeth.2007.01.007
https://doi.org/10.1016/j.ymeth.2007.01.007
https://doi.org/10.1039/C8SC05536J
https://doi.org/10.1002/anie.201610778
https://doi.org/10.1021/acs.langmuir.7b03742
https://doi.org/10.1021/acs.analchem.2c03168
https://doi.org/10.1021/acs.analchem.2c03168
https://doi.org/10.1074/jbc.RA118.005066
https://doi.org/10.1016/S0304-4157(00)00007-1
https://doi.org/10.1016/S0304-4157(00)00007-1
https://doi.org/10.3390/biom12070890
https://doi.org/10.3791/52281
https://doi.org/10.1093/cvr/cvv022
https://doi.org/10.1038/s41467-024-49396-6
https://doi.org/10.1038/s41467-024-49396-6
https://doi.org/10.3390/cells12182215
https://doi.org/10.4161/chan.20883
https://doi.org/10.1083/jcb.202107120
https://doi.org/10.1083/jcb.138.6.1333
https://doi.org/10.1016/S0076-6879(86)25005-3
https://doi.org/10.1016/S0076-6879(86)25005-3
https://doi.org/10.1016/S0021-9258(18)83677-8
https://doi.org/10.1006/jmbi.1997.1236
https://doi.org/10.1016/S1359-0294(03)00013-X
https://doi.org/10.1016/S1359-0294(03)00013-X
https://doi.org/10.1016/j.bbamem.2020.183281
https://doi.org/10.1021/ja810046q
https://doi.org/10.1021/la205026r
https://doi.org/10.1039/D1NR03811G
https://doi.org/10.1002/smll.202202492
https://doi.org/10.1016/j.eurpolymj.2018.09.043
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

79. Lee, H. ], Lee, H. S., Youn, T, Byrne, B. & Chae, P. S. Impact of novel detergents on membrane protein studies. Chem 8, 980-1013.
https://doi.org/10.1016/j.chempr.2022.02.007 (2022).

80. Mio, K., Ogura, T., Hara, Y., Mori, Y. & Sato, C. The non-selective cation-permeable channel TRPC3 is a tetrahedron with a cap on
the large cytoplasmic end. Biochem. Biophys. Res. Commun. 333, 768-777. https://doi.org/10.1016/j.bbrc.2005.05.181 (2005).

81. Baumann, K., Adelantado, N., Lang, C., Mattanovich, D. & Ferrer, P. Protein trafficking, ergosterol biosynthesis and membrane
physics impact Recombinant protein secretion in Pichia pastoris. Microb. Cell. Fact. 10, 93. https://doi.org/10.1186/1475-2859-1
0-93 (2011).

82. Hirz, M., Richter, G., Leitner, E., Wriessnegger, T. & Pichler, H. A novel cholesterol-producing Pichia pastoris strain is an ideal host
for functional expression of human Na,K-ATPase a3p1 isoform. Appl. Microbiol. Biotechnol. 97, 9465-9478. https://doi.org/10.10
07/s00253-013-5156-7 (2013).

83. Nikolaev, Y. A. et al. Mammalian TRP ion channels are insensitive to membrane stretch. Journal of Cell Science, jcs.238360. (2019).
https://doi.org/10.1242/jcs.238360

84. Nadtsaari, L. et al. Deletion of the Pichia pastoris KU70 homologue facilitates platform strain generation for gene expression and
synthetic biology. PLoS ONE. 7, €39720. https://doi.org/10.1371/journal.pone.0039720 (2012).

85. Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods. 6, 343-345. https://doi
.org/10.1038/nmeth.1318 (2009).

86. Lin-Cereghino, J. et al. Condensed Protocol for Competent Cell Preparation and Transformation of the Methylotrophic Yeast
Pichia Pastoris. BioTechniques 38, 44-48. (2005). https://doi.org/10.2144/0538 1BM04

87. Bernauer, L. et al. Sterol interactions influence the function of Wsc sensors. J. Lipid Res. 64, 100466. https://doi.org/10.1016/j.jlr.2
023.100466 (2023).

Acknowledgements

We are grateful to Dr. Cenek Kolar (Glycon Biochemicals, Luckenwalde, Germany) for providing DDM, DIB-
MA, and Carboxy-DIBMA. We also thank Luca Schmid (Medical University of Graz) for negative-stain electrin
microscopy. Th s work was funded by the Austrian Science Fund FWF (projects P33263 and PAT 9543223 to
K.G., P35291 to O.T., SFB F73 [F7313] and P 32225 to ER., 5359 N to S.K. and 10.55776/F73 (P09) to R.BG.),
BioTechMed-Graz (Young Researcher Group ‘Stemp’ A.E-A.; LabRotation to L.B. and O.T.) and MEFOgraz
GESUNDHEIT3000 to O.T. We gratefully acknowledge the support of the PhD programs Molecular Medicine
(MOLMED) to J.B.

Author contributions

Conceptualisation, J.B., O.T.; Methodology, ].B., O.T,, S.K,, ER,, L.B, G.D., M.S,, G.L.,, C.V,, M.L,, A.E-A., L.B,,
V. D,, M. S., RBG.; Software, M.G.; Validation, J.B., O.T.; Formal Analysis, ].B.; Investigation, J.B., O.T., PW,;
Resources, S.K., ER,, R.S., K.G., O.T; Data Curation, ].B., S.K., O.T,; Writing - Original Draft, ].B., O.T.; Writing -
Review & Editing, ER., S.K,, A.E-A., G.L,, G.D., M.S., K.G,, R.S; Visualisation, ].B.; Supervision, S.K., R.S., O.T.;
Project Administration, O.T.; Funding Acquisition, S.K., ER,, L.B., G.L., A.E-A,K.G,,R.S,, O.T.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-13218-6.

Correspondence and requests for materials should be addressed to J.B. or O.T.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access Ths article is licensed under a Creative Commons Attribution 4.0 International License, 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 Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:28562 | https://doi.org/10.1038/s41598-025-13218-6 nature portfolio


https://doi.org/10.1016/j.chempr.2022.02.007
https://doi.org/10.1016/j.bbrc.2005.05.181
https://doi.org/10.1186/1475-2859-10-93
https://doi.org/10.1186/1475-2859-10-93
https://doi.org/10.1007/s00253-013-5156-7
https://doi.org/10.1007/s00253-013-5156-7
https://doi.org/10.1242/jcs.238360
https://doi.org/10.1371/journal.pone.0039720
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.2144/05381BM04
https://doi.org/10.1016/j.jlr.2023.100466
https://doi.org/10.1016/j.jlr.2023.100466
https://doi.org/10.1038/s41598-025-13218-6
https://doi.org/10.1038/s41598-025-13218-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Utilizing native nanodiscs to isolate active TRPC3 channels and expand structural analysis capabilities
	﻿Results
	﻿Fusion of YFP and 3x Flag tags has no significant impact on TRPC3 activity
	﻿DIBMA and DDDG exhibit similar TRPC3 solubilization efficiencies compared to DDM
	﻿DDDG and DDM are suitable for TRPC3 purification under native conditions
	﻿Purified and reconstituted TRPC3 exhibits native-like single-channel features

	﻿Discussion
	﻿Methods
	﻿Cloning of constructs
	﻿Plasmid DNA Preparation
	﻿Expression of TRPC3 in HEK293 cells
	﻿Expression of TRPC3 Expi293F cells
	﻿Fluorescence Microscopy Imaging
	﻿Cell membrane preparation from HEK293 and Expi293F cells
	﻿﻿Cloning and strain production of﻿ ﻿K. phaffii﻿ ﻿overexpressing pPpT4 - TRPC3–3F6H﻿
	﻿﻿Cell cultivation﻿,﻿ TRPC3 expression﻿,﻿ and isolation of the microsomal fractions from﻿ ﻿K. phaffii﻿
	﻿Immunoblot analysis of TRPC3-3F6H
	﻿﻿Extraction of TRPC3 from﻿ ﻿K. phaffii﻿, ﻿HEK293﻿,﻿ and Expi293F cell membranes﻿
	﻿Protein precipitation for SDS-PAGE analysis
	﻿Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
	﻿Western Blot analysis
	﻿Protein purification
	﻿Silver staining
	﻿Negative stain electron microscopy (nsEM)
	﻿Lipidomics of purified TRPC3 samples with DDM and DDDG
	﻿Electrophysiology of purified TRPC3
	﻿Electrophysiology of TRPC3 in adherent HEK293 cells
	﻿Whole-cell configuration
	﻿Single channel configuration
	﻿Statistics analysis


	﻿References


