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Abstract:  
 
VDAC, the most abundant protein in the outer mitochondrial membrane, plays a central role in 
mitochondrial physiology. Its oligomerization has been contemplated to be involved in critical 
processes such as mtDNA release and apoptosis, yet the underlying molecular mechanisms remain 
poorly defined. VBIT-4, a small molecule widely used as a VDAC1 oligomerization inhibitor, has seen 
extensive applications over the past five years without proper mechanistic characterization. Using 
high-speed atomic force microscopy, we directly visualized VDAC1 oligomerization in planar lipid 
membranes and examined the effects of VBIT-4. Unexpectedly, VBIT-4 partitioned into lipid bilayers 
at micromolar concentrations and disrupted membrane structure even in the absence of VDAC1. 
Complementary approaches—including single-channel electrophysiology, microscale thermophoresis, 
and coarse-grained molecular dynamics—confirmed the membrane partitioning and destabilizing 
effects of VBIT-4. The compound also induced VDAC1-independent cytotoxicity in HeLa cells at 
concentrations above 10�µM. Our findings demonstrate that VBIT-4 disrupts membrane integrity by 
partitioning into lipids and inducing membrane defects rather than specifically inhibiting VDAC1 
oligomerization, highlighting the need for caution when interpreting results and the importance of 
revisiting conclusions drawn from its prior use. 
 

Introduction: 
 
The Voltage-Dependent Anion Channel (VDAC) is a pivotal protein in the mitochondrial outer 
membrane (MOM), constituting more than 50% of its total protein content1,2. As the primary gateway 
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between the mitochondria and the cytosol, VDAC facilitates the transport of ions and metabolites, 
such as ATP and ADP, playing a central role in cellular energy metabolism. Beyond its transport 
function, VDAC regulates diverse mitochondrial functions, including apoptosis3–6, calcium 
homeostasis7–10mitochondrial DNA release11, and lipid scrambling12. VDAC also acts as a 
mitochondrial anchor, recruiting and coordinating interactions with many cytosolic proteins13–15. In 
mammals, there are three VDAC isoforms—VDAC1, VDAC2, and VDAC3, each capable of 
transporting ions and metabolites16,17 yet contributing uniquely to mitochondrial function through 
distinct protein interactions and pathway involvement.  
 
VDAC is often highlighted as a promising drug target due to its involvement in numerous pathological 
pathways18–20. However, its central role in mitochondrial physiology and the absence of a “well-
defined catalytic cleft”20 make it a challenging target, as modulating its activity could affect several 
cellular pathways. Additionally, the incomplete understanding of VDAC’s multifaceted functions—
from metabolite exchange to apoptosis regulation—remains a major obstacle to designing effective 
therapeutics. Among these functions, the propensity of VDAC to form higher-order assemblies has 
emerged as a particularly intriguing aspect, raising interest in its oligomerization as a more selective 
therapeutic entry point. 
 
VDAC oligomerization is now recognized to underlie essential physiological functions, including 
mitochondrial DNA release11, lipid scrambling12, mitochondrial organization21, and  interaction  with 
MOM proteins22 — processes central to mitochondrial dynamics and stress adaptation. In recent years, 
VDAC oligomerization has attracted increasing interest as a therapeutic target. However, these so-
called "oligomers" are in fact heterogeneous lipid–protein clusters rather than well-defined 
assemblies1,2,23, making them challenging to target specifically. 
 
In 2016, Ben-Hail et al. developed VBIT-4—a small molecule inhibitor of VDAC1 oligomerization—
using a combination of cross-linking and cell survival assays24. Since its development, VBIT-4 has 
been employed to probe the role of VDAC1 oligomerization in various diseases, including lupus 
erythematosus11, atrial fibrosis25, amyotrophic lateral sclerosis (ALS)26, inflammatory bowel disease27, 
Alzheimer’s disease (AD)28, diabetic vasculopathies29, ß-cell dysfunction30, diabetic retinopathy31, 
chronic pain32, and epilepsy33. However, despite its broad use, the precise mechanism by which VBIT-
4 modulates VDAC1 and its oligomerization remains unresolved. 
  
High-speed atomic force microscopy (HS-AFM) recently enabled nanometer-scale visualization of  
VDAC1 oligomerization in real time under near-physiological conditions23, revealing that lipids are 
key regulators of VDAC1 assembly and that disruption of physiological lipid composition destabilizes 
native-like VDAC1 clusters. Here, using a planar lipid bilayer system and the unique capabilities of 
HS-AFM, we directly examined the effects of VBIT-4 on VDAC1 oligomerization. Unexpectedly, 
micromolar concentrations of VBIT-4 caused pronounced membrane permeabilization and bilayer 
defects—even in the absence of VDAC1. Complementary analyses—including single-channel 
electrophysiology, microscale thermophoresis, and molecular dynamics simulations—confirmed that 
VBIT-4 partitions into the lipid bilayer and perturbs its physical properties, independently of VDAC. 
 
Results: 

VBIT-4-Induces Perturbations in VDAC1-Containing Membranes 

 
HS-AFM allows label-free, real-time imaging of nanoscale dynamics under near-physiological 
conditions, making it ideal for assessing small molecule effects on membrane integrity and VDAC 
oligomerization. We used it to examine the impact of VBIT-4  on well-characterized VDAC1 clusters 
in POPC:POPE:cholesterol (PC/PE/chol 60:32.5:7.5, w:w ratio) membranes, reconstituted with or 
without VDAC1, and adsorbed onto a mica substrate23.  
Before VBIT-4 addition, membranes containing VDAC1 exhibit a well-defined topography (Figure 
1A): they display extended honeycomb assemblies interspersed with lipid-rich zones, where the 
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protein establishes an optimal lipid-protein ratio23. At 1 µM VBIT-4, the first signs of structural 
disruption appear as small perforations a few nanometers wide and deep (Figure 1B*), indicating 
localized lipid bilayer destabilization without structural alteration of VDAC1 clusters. Analysis of the 
height profile (bottom) allows us to differentiate between the height of VDAC1 and the defects 
induced by VBIT-4 (*), which are located deeper, indicating possible local insertion or disorganisation 
of the membrane. At 10 µM VBIT-4, the effect intensifies, with an increased number and size of 
perforations (Figure 1C*). High-resolution AFM images show a clear morphological distinction 
between the pores of VDAC1, which retain a well-organised honeycomb structure (Box 1), and the 
irregular defects caused by VBIT-4. VBIT-4-induced perforations are deeper, primarily in the lipid 
domains adjacent to VDAC1. The high-resolution AFM images show a clear morphological 
distinction between the pores of VDAC1, which retain a well-organised honeycomb structure (Box 1), 
and the irregular defects caused by VBIT-4 (confirmed by section 2. The height profiles (i and ii) 
confirm that the VBIT-4 pores are wider and deeper than those formed by VDAC1. The absence of 
major structural changes in VDAC1 clusters suggests that VBIT-4 preferentially targets the lipid 
matrix rather than modifying VDAC1 assemblies. 

VBIT-4-Induced Membrane Perturbation in Protein-Free Lipid Bilayers   

To examine the impact of VBIT-4 on lipid bilayers properties by HS-AFM, we next tested protein-free 
membranes. Control membranes exhibited a homogeneous topography without apparent defects 
(Figure 1D). Addition of 1 µM VBIT-4 already modifies the membrane structure by inducing isolated 
protrusions up to tens of nanometers in diameter (height profile in box, Figure 1E). This observation 
suggests the formation of higher-order oligomers or aggregates of VBIT-4 (Supplementary Figure 1), 
rather than individual molecules (VBIT-4 is ~2×0.5�nm when neutral and ~1.2×0.5�nm when 
charged). At 5�µM, these features became more prominent, producing extensive membrane 
deformations, including transmembrane defects (Figure 1F). At 50�µM—the concentration used in 
cellular assays—the disruptions intensified, and at 100�µM, HS-AFM revealed nanometer-scale 
perforations consistent with membrane rupture (Figure 1G,H). Height profile analysis confirmed that 
VBIT-4 induces defects sufficient to compromise bilayer integrity. Thus, in the absence of VDAC1, 
VBIT-4 alone is capable of progressively destabilizing the membrane, ultimately leading to structural 
failure at high concentrations. 
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Figure 1. VBIT-4 induces defects in POPC:POPE:Chol (60:32.5:7.5) bilayers, independently of 
VDAC1 presence. VDAC1 reconstituted into liposomes was adsorbed onto a mica surface for AFM 
imaging. Upper panels: AFM image and associated height profile before (A) and after addition of 1µM 
(B) and 10µM (C) VBIT-4 molecule to lipid bilayers deposited on mica in the presence of VDAC1. * 
indicate VBIT-4 pores and some VDAC locations are highlighted in green circles. C. Left: AFM image of 
VDAC1 after addition of 10µM VBIT-4, with a height profile showing the difference between the mica 
surface, VBIT-4-induced pores, and VDAC1 pores. Right: AFM image with a height profile highlighting 
the morphological differences between pores formed by VBIT-4 and those by VDAC1 pores (3). Section 
(1) shows a zoomed-in high resolution AFM images revealing the honeycomb-like structure of VDAC1. 
Section (2) is a time-lapse sequence of AFM images capturing the dynamic and the pores by VBIT-4 into 
the membrane (i and ii highlight the distinct morphologies of the pores induced by VDAC1 and VBIT-4). 
Bottom panels: D. The AFM image of a lipid membrane (without VDAC) on a mica substrate shown 
before the injection of the VBIT-4 molecule. Addition of VBIT-4 at different concentrations: 1µM (E), 
5µM (F), 50µM (G) and 100µM (H). The height of the false-color scale in all images was 12 nm.  

VBIT-4 partitions into lipid bilayers and induces membrane defects 

The HS-AFM results prompted us to further characterize VBIT-4’s membrane interaction and disruptive 
effects using complementary biophysical approaches. We first used microscale thermophoresis (MST), a 
sensitive technique for detecting molecular interactions in solution. Titration of VBIT-4 into lipid 
nanodiscs produced a Temperature-Related Intensity Change (TRIC) of fluorescence (Fig.�2A), yielding 
an average dissociation constant (Kd) of 60�µM, comparable to reported affinities of VBIT-4 for VDAC in 
detergent micelles24,34. Control experiments confirmed that this interaction was membrane-specific: 5% 
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DMSO alone had no effect, and MSP1D1 in the absence of lipids showed no signal change (Supple-
mentary Fig.�2). The variability across replicates (Figure 2A and previously published titrations24,34) 
likely reflects VBIT-4’s stochastic partitioning into the membrane, consistent with a lack of a specific 
binding site.  

To evaluate the impact of VBIT-4 on membrane integrity, we used laurdan, a polarity-sensitive dye 
whose emission red-shifts in response to increased water penetration or lipid phase transitions. 
Laurdan was incorporated into PC:PE:cholesterol liposomes, which showed an emission maximum at 
440�nm under baseline conditions. VBIT-4 addition led to a dose-dependent decrease in laurdan gen-
eralized polarization (GP) (Figure�2B), indicating increased water accessibility and membrane per-
meability (Supplementary Fig.�3). These changes were consistent with VBIT-4 partitioning into the 
bilayer and perturbing its structure. Taken together, these data demonstrate that VBIT-4 inserts into 
lipid bilayers and disrupts their physical properties in a concentration-dependent manner. 

 

Figure 2. VBIT-4 partitions into lipid bilayers. A. MST analysis of VBIT-4 with dye labelled-MSP1D1 
nanodiscs. The plot represents normalised fluorescence 650nm at a 2.5s ON-time at increasing VBIT4 
concentrations. An average Kd of 60 µM was obtained. Error bars represent the standard deviations of n = 4 
replicates. B. Laurdan GP analysis of PC:PE:Chol (62.5:30:7.5) liposomes with VBIT-4. The plot shows a 
VBIT-4 concentration dependent decrease in laurdan generalised polarisation of 2 biological and 4 
technical replicates. 
 
VBIT-4 induces leakage in planar lipid membranes 
 

Having established that VBIT-4 inserts into lipid bilayers and disrupts membrane structure, we next 
assessed its functional impact on membrane permeability by recording transmembrane currents across 
planar lipid membranes (PLMs) using voltage-clamp electrophysiology. Starting from 10�µM of 
VBIT-4 addition to the cis side (grounded compartment) or both sides of the membrane, membrane 
conductance consistently increased with VBIT-4 concentration, inevitably resulting in membrane 
rupture at VBIT-4 concentrations of 20 – 50 µM (Figure 3A, B), depending on experimental 
conditions. VBIT-4 is a  hydrophobic molecule whose membrane partitioning might depend on 
membrane composition. To test this, we studied the effect of VBIT-4 on PLMs of three different lipid 
compositions: PC/PE/Chol (60:32.5:7.5)—the same composition as was used in our AFM 
experiments; the soybean polar lipids extract (PLE)—lipid composition which better reflects the 
composition of MOM35; and diphytanoyl-phosphatidylcholine (DPhPC), the lipid which, to our 
experience, forms the most stable planar membranes. The results are summarized in Supplementary 
Table 1 and show that VBIT-4 essentially similarly permeabilizes phospholipid membranes of different 
lipid compositions, while the VBIT-4-induced conductances vary substantially even between 
membranes of the same lipid composition in different experiments (Figure 3C, Supplementary Table 
1). In the two representative experiments shown in Figure3, membranes were formed from PC/PE/chol 
and PLE (Figure 3A and B, respectively). In both experiments, membrane conductance gradually 
increased with VBIT-4 concentration, reaching ~ 3.5 nS at 30 μM VBIT-4, in PC/PE/chol membrane 
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(Figure 3A) and ~5 nS at 25 μM VBIT-4 in PLE membrane (Figure 3B) before ultimately causing 
membrane rupture. Typically, large fast current fluctuations preceded membrane rupture as shown for 
both experiments in Figures 3A and 3B.  Such behavior is indicative of the formation of ion-
conductive, nonspecific defects or “lipidic pores” in PLM36–38. These structures lack discrete unitary 
conductance and show irregular concentration dependence, reflecting their heterogeneous amphiphile–
lipid composition. Similar behavior has been reported for various amphiphilic compounds, detergents, 
and peptides, that typically produce noisy current traces without well-defined discrete conductance 
levels39–43. Consistent with this, VBIT-4-induced defects displayed linear (Ohmic) current-voltage 
relationships, symmetric across voltage polarity (insets (a) and (b) in Figures 3A and 3B), regardless 
of VBIT-4 addition to one or both sides of PLM. By contrast, native VDAC channels—β-barrel pores 
~1.4�nm in diameter—display a well-defined conductance of ~0.7�nS under the same ionic 
conditions (150 mM KCl)44. The significantly higher and irregular conductance observed with VBIT-4 
thus reflects membrane disruption, not channel activity. Therefore, our results suggest that VBIT-4 at 
concentrations above 20 μM potentially permeabilize cellular membranes.  
In the original work by Ben-Hail et al.24, where the inhibitory effect of VBIT-4 on VDAC1 
oligomerization was first reported, 40 μM of VBIT-4 did not induce membrane permeabilization. 
However, in this work, a different method of planar membrane formation was used, producing the so-
called “painted” membranes or Mueller’s method, in which the lipid bilayer contains a significant 
amount of organic solvent, such as decane. To determine whether the difference in PLMs (“dry” 
membranes versus “painted” membranes) accounts for the variation in VBIT-4's effect on 
permeability, we conducted a series of experiments on painted membranes using the widely adopted 
Orbit mini system (Nanion Technologies, Munich, Germany; see Methods). Our results revealed that, 
starting from 5 μM, VBIT-4 consistently induced leakage in the painted planar membranes composed 
of DPhPC and PLE in decane (Supplementary Figure 4), mirroring its effect on “dry” membranes.  
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Figure 3. VBIT-4 permeabilizes planar lipid membranes. (A) Representative current traces obtained on 
the same PLM made from PC/PE/chol (60:32.5:7.5) before and after consequent additions of 20 and 30 μM 
of VBIT-4 to the cis compartment of the chamber at 80 mV of applied voltage. (B) Representative current 
records obtained on the PLM made from PLE before and after the addition of 15, 20, and 25 μM of VBIT-4 
to both sides of the membrane at 50 mV applied voltage. Large fast fluctuations of the conductance at 30 
μM (A) and 25 μM (B, inset (i) at the right) of VBIT-4 preceded the membrane rupture shown by upward 
black arrows. Inset (i) shows the current trace at 25 μM of VBIT-4 at a finer current scale.  Dashed gray 
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lines indicate a zero current. The membrane bathing solutions consisted of 150 mM KCl buffered with 5 
mM HEPES at pH 7.4. The current was digitally filtered using a 500 Hz Bessel (8-poles) filter for 
presentation. Insets (a, b): The current-voltage (I/V) curves obtained in experiments shown in (A) and (B), 
respectively, at different VBIT-4 concentrations. Gray lines are linear regressions indicating the Ohmic 
behavior of VBIT-4-induced conductances. (C) Conductance of planar membrane increases with VBIT-4 
concentration. PLM were made from PC/PE/chol as in (A) and from PLE as in (B). Membrane conductance 
was calculated from the corresponding I/V curves.  The dashed lines are exponential fit to guide the eye. 
Error bars are ±SD from measured conductances at different voltages.  
  
VBIT-4 does not affect VDAC channel properties 

 

VBIT-4 has been reported to inhibit VDAC oligomerization. To examine its effect on VDAC1 
conductance and voltage gating, we performed single- and multichannel recordings in the presence of 
5–30�µM VBIT-4. In contrast to Ben-Hail et al.24, we observed no irreversible decrease in VDAC 
conductance or changes in voltage gating in eight independent experiments. Instead, VBIT-4 addition 
led to a dose-dependent increase in membrane conductance, as shown in the representative experiment 
on a single VDAC1 channel in Figure 4A. In control, VDAC1 has a typical conductance of ~4 nS in 1 
M KCl. Addition of VBIT-4 led to a dose-dependent gradual increase in membrane conductance up to 
6.7 nS at 30 µM VBIT-4 (Figure 4A). The observed conductance increase likely reflects a VBIT-4-
induced nonspecific membrane leak, independent of VDAC presence, as shown in Figures 3A and 3B. 
Membrane rupture that follows the conductance increase, further supports this conclusion. The 
magnitude of the increase of membrane conductance in the presence of VDAC depended on PLM lipid 
composition and was on average higher in PLE than in DPhPC membranes, similarly to VBIT-4-
induced conductance of the corresponding unmodified membranes (Figure 3). 

To further investigate the nature of this additional conductance, we performed multichannel 
measurements. The addition of 5 µM VBIT-4 led to a slight increase in the minimum normalized 
conductance (Gmin) at high potentials (Figure 4B), consistent with leakage induced by VBIT-4 
observed previously (Figure 3). However, the open probability (Popen = (G - Gmin) / (Gmax - Gmin)), 
which reflects the voltage-dependent component of conductance, remained unchanged in the presence 
of VBIT-4. These findings show that the additional conductance induced by VBIT-4 is not voltage-
gated and therefore not attributable to VDAC activity. Taken together, these results demonstrate that 
VBIT-4 increases membrane permeability independently of VDAC1 and does not affect VDAC’s 
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intrinsic conductance or voltage-gating properties. 

 
Figure 4. VBIT-4 does not affect the channel properties of VDAC1.  (A) Representative single-channel 
current traces obtained with VDAC1 reconstituted in PLM formed from PLE before (control) and after the 
addition of 5 and 30 μM VBIT-4 to the cis compartment. Addition of VBIT-4 and the time of the recordings 
after additions are indicated by small upward arrows. The jumps in the current correspond to the 
application of 10 mV voltage following the application of 0 mV. The record was obtained on the membrane 
with the same single channel of 4 nS conductance in the control. The gray dash line indicates zero current 
(I=0). The dashed blue lines indicate the current through the open single channel. Addition of 30 μM VBIT-
4  induced a monotonic increase of membrane conductance, leading to membrane rupture. Current records 
were digitally filtered using an averaging time of 0.2 ms. (B, C) Characteristic bell-shaped plots of 
normalized average conductance (B) and open probability (C) as functions of the applied voltage obtained 
in multichannel experiment with VDAC1 in a PLE membrane in control and after addition of 5 and 10 μM 
VBIT-4. In all panels, the membrane bathing solutions consisted of 1 M KCl buffered with 5 mM HEPES 
at pH 7.4.  
 
 
Mechanistic Insights into VBIT-4–Mediated Lipid Bilayer Destabilization from Coarse-Grained 
Simulations 
 
Having established that VBIT-4 partitions into membranes and disrupts their integrity independently of 
VDAC1, we turned to MD simulations to gain mechanistic insight into its membrane interactions. MD 
simulations offer a powerful means to access atomic-level details of these dynamic processes, which 
remain challenging to capture experimentally. To access longer timescales and larger spatial 
dimensions, we use coarse-grained (CG) simulations, which simplify molecular representations to 
reduce computational cost while preserving key interactions. For this, we use the Martini 3 force 
field45, a widely validated CG model known for its accuracy in simulating membrane dynamics and 
interactions with biomolecules, including proteins, carbohydrates, and small molecules like VBIT-4. 
Martini has also been extensively used to study the biophysical properties of VDAC, including its lipid 
interactions and membrane behavior46,47. 
 
The CG VBIT-4 model was parameterized from reference all-atom (AA) simulations following 
Martini 3 parametrization guidelines, as detailed in the methods section (Figure 5A). VBIT-4 likely 
exists in an equilibrium between its neutral and protonated states; since each adopts distinct 
conformations, we developed separate Martini CG models to analyze their effects individually (see 
Methods for details). Although both states likely coexist in vivo, accurately capturing this equilibrium 
computationally remains challenging. 
 
VBIT-4 readily inserts into lipid bilayers  
 
Unbiased MD simulations of a single VBIT-4 in water show that it readily inserts into lipid bilayers, 
consistent with its hydrophobic character (Figure 5D,E), a behavior well captured by the Martini 3 
forcefield. The logP(oct/water) scale measures a molecule’s hydrophobicity, with values below 0 
indicating polar, water-soluble molecules (e.g., glucose, logP ~ -3.248), and values above 0 indicating 
apolar, lipophilic molecules (e.g., cholesterol, logP > ~ 849). A predicted logP of ~3.5 places VBIT-4 in 
the moderately hydrophobic range (Figure 5E), similar to ibuprofen (logP ~ 3.950), meaning it readily 
partitions into lipid membranes. Consistent with this, unbiased simulations of VBIT-4 in water show 
that it readily self-aggregates into micelle-like clusters or aggregates, regardless of its charge state 
(Supplementary Figure 1). 
 
To determine whether VBIT-4 can translocate across biological membranes—which is expected in 
cells to reach the mitochondrial membranes—we performed umbrella sampling simulations to 
compute the Potential of Mean Force (PMF), which quantifies the free energy profile along the 
translocation pathway. As expected, the neutral form of VBIT-4 has a significantly lower translocation 
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barrier (~30 kJ/mol) compared to the charged form (~55 kJ/mol, Figure 5C). Although we anticipate 
VBIT-4 to be predominantly deprotonated when deeply inserted into the hydrophobic region of 
membranes, the translocation barrier remains relatively high. While this level of resistance may reduce 
the frequency of spontaneous permeation events, it is still compatible with passive translocation under 
physiological conditions. The process could be further facilitated by several factors such as membrane 
defects or transient pore formation — especially under conditions of elevated local VBIT-4 
concentration — which are known to lower local energetic barriers. These effects may enhance the 
likelihood of translocation events in a cellular context. It is important to note that the energy barrier 
estimated here applies to a single VBIT-4 molecule and does not account for cooperative or 
concentration-dependent effects.  Overall, these CG-MD simulations show that VBIT-4 not only 
partitions into the membrane but also has the potential to translocate across it.  
 

 

 

Figure 5. VBIT-4 is a hydrophobic molecule that can partition and cross membranes. (A) VBIT-4 
Chemical structure and Martini 3 model mapping. Atom-to-bead mappings are indicated by the coloured 
shapes.  Assigned Martini 3 bead names are indicated for each bead as overlaid bold text, with the 
corresponding bead types in italic text. Protonable group is highlighted (⋆). (B) VBIT-4 Martini 3 CG 
model.  (C) Potential Mean Force (PMF) of VBIT-4 insertion into coarse-grained MOM membranes. 
Free energy profiles are shown for both the neutral (blue) and protonated (+1 charge, red) forms of 
VBIT-4. (D) Snapshots of the insertion of neutral VBIT-4 at different distances from the bilayer center 
(ξ); lipid PO4 beads are represented in orange, and VBIT-4 in grey/red/blue. (E) Predicted octanol–water 
partition coefficient (Log�P) values for VBIT-4. VBIT-4 hydrophobicity was estimated using several 
computational predictors (gray) and the Martini 3 coarse-grained model developed in this study (blue). 
Higher Log�P values indicate greater lipid solubility. The dashed black line shows the consensus value 
across predictors, while the orange dashed line marks the Log�P of ibuprofen (~3.9), a well-known 
hydrophobic drug used here for comparison. 

 
VBIT-4 partitions into lipid membranes and induces membrane destabilization 
 
To test the impact of VBIT-4 on the biophysical properties of lipid membranes, we simulated a MOM 
mimic membrane at increasing VBIT-4 concentrations (ranging from 1:16 to 1:1.5 VBIT-4-to-lipid 
ratio), in both charged (Figure 6A) and neutral forms (Figure 6B). VBIT-4 molecules were initially 
placed in the solvent and subsequently inserted into the membrane during equilibration, with equal 
distribution across both leaflets. For each condition, 3 replicas of at least 10�µs were simulated. We 
then analyzed general membrane biophysical properties—such as area per lipid, bilayer thickness, and 
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lipid order—as well as indicators of membrane integrity, including water permeation (leakiness), lipid 
flip-flop (loss of asymmetry), and tail protrusion (packing defects). Notably, the CG-Martini force 
field is known to overstabilize membranes as evidenced by the dramatic underestimation of polar 
defect formation in Martini51, suggesting that any observed destabilizing effects likely underestimate 
the actual impact on biological membranes. 
At lower VBIT-4-to-lipid ratios (<1:3), the insertion of both neutral and protonated VBIT-4 increases 
the area per lipid (APL) (Figure 7A) — the average surface area occupied by each lipid in the 
membrane plane — and decreases both membrane thickness (Figure 7B) and lipid order (Figure 7C). 
A significant rise in membrane water permeability is also observed (Fig. 7E). However, no notable 
membrane undulations or defects indicative of major membrane disruption are detected. 
At higher VBIT-4-to-lipid ratios (>1:3), the behavior of the neutral and protonated forms of VBIT-4 
diverges. Neutral VBIT-4, upon reaching a critical concentration, aggregates significantly, forming a 
pore-like structure in the membrane. The core of the pore is mostly dry, with only a few water beads 
being pulled in, but no distinct water channel forms. This is evident from the stabilization of water-
crossing events observed at neutral pH (Figure 7E). However, this formation causes a significant 
number of lipids to be drawn toward the center of the bilayer , inducing extensive lipid flip-flop 
(Figure 7F)and lipid tail protrusion events (Figure 7D). In contrast, charged VBIT-4 does not 
spontaneously form this pore-like structure; instead, at high concentrations, it induces a dramatic 
increase in membrane water permeability (Figure 7E). 
These simulations are influenced by two limitations: (i) the charge state of VBIT-4 and (ii) the 
overestimation of lipid bilayer stability in Martini. Given that the pKa of the piperazine group is close 
to physiological pH, VBIT-4 is unlikely to exist solely in a fully charged or fully neutral state. Instead, 
its charge state will depend on the surrounding environment—likely neutral when deeply inserted into 
the membrane and charged when near the phosphodiester/glycerol region. Therefore, the observed 
behavior is likely a combination of both charge states. If a pore-like structure forms upon reaching a 
critical concentration, it is probable that while the outermost layer of deeply inserted VBIT-4 
molecules remains neutral, those near the PO4 layers and potentially within the pore core may be 
charged, facilitating the formation of water defects. To better approximate a realistic scenario, we also 
simulated a 50:50 mixture of charged and neutral VBIT-4 molecules. These simulations still showed 
aggregation and the formation of structures, similar to those observed with neutral VBIT-4, while 
exhibiting membrane behavior intermediate between the fully charged and fully neutral conditions 
(Supplementary Figure 5). Since Martini is known to over-stabilize lipid bilayers, while in these 
simulations we do not observe definitive signs of VBIT-4 induced water-permeable pores, the 
structures formed by phase-separation at high concentrations of neutral VBIT-4 likely represent the 
observed defects reported in AFM and electrophysiology. 
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Figure 6. VBIT-4 forms pore-like structures through phase separation. Representative snapshots 
showing the impact of increasing VBIT-4 concentrations on MOM membrane mimics after 10 μs of CG 
MD simulation. (Lipid phosphate beads are shown in orange; VBIT in grey, with chemically distinct 
beads highlighted in red and blue). Top and side snapshots are shown for both charged (A) and neutral 
(B) VBIT-4 forms at increasing VBIT:Lipid ratios (0, 1:16, 1:8, 1:3, 1:1.5). 

 

 

 

 

Figure 7. VBIT-4 disrupts membrane stability in a concentration-dependent manner. Lipid 
biophysical properties of MOM mimic membranes were evaluated in the presence of increasing VBIT-4 
concentrations, either in the charged (red) or neutral (blue) form. We monitored several indicators of 
membrane integrity: (A) Area per lipid, (B) Bilayer thickness and (C) POPC acyl-chain order 
(membrane packing and organization); (D) Lipid tail protrusion (packing defects); (E) Bilayer water 
crossing (membrane permeability); and (F) Lipid flip-flop (bilayer asymmetry). Each system was 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2025. ; https://doi.org/10.1101/2025.06.30.661942doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.661942
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

simulated for 10�µs in triplicate, and error bars represent the standard deviation across replicas.Data for 
the 50:50 charged:neutral mixed form are displayed in Supplementary Figure 6. 

 

VBIT-4 facilitates the formation of polar defects in lipid bilayers  
 
To clarify the role of VBIT-4 in the stability of lipid bilayers, we examined its impact on the energy 
required to induce polar defects. Polar defects in lipid bilayers occur when water molecules and polar 
lipid headgroups penetrate the hydrophobic core of the membrane. The energy required to form such 
defects determines membrane stability, with higher barriers preventing disruption and lower barriers 
making the membrane more susceptible to perturbation. To this end, we utilized the pore-formation 
reaction coordinate developed by Jochen Hub and applied umbrella sampling to probe this effect52. 
The Martini 3 force field has been shown to overestimate the energy barriers for polar defect 
formation in reference membranes by more than 200 kJ/mol. Therefore, as expected, the Potential of 
Mean Force (PMF) calculated for the control system (without VBIT-4) reveals a high barrier of 
approximately 250 kJ/mol for polar defect formation. In comparison, all-atom simulations of DPPC 
membranes typically show much lower barriers around 50 kJ/mol, with a metastable pore forming 
when the reaction coordinate (ξ) reaches near 1. This significant difference of approximately 200 
kJ/mol can be attributed to the stabilizing effects of the Martini 3 force field, which artificially 
increases the barrier for defect formation compared to all-atom simulations. 
 
When comparing the PMF for both charged and neutral VBIT-4 molecules at a ~1:3 VBIT-to-lipid 
ratio to the control system without VBIT-4 (Figure 8A), we observe a decrease of approximately 60 
and 100 kJ/mol, respectively, in the energy required to induce polar defect formation in the membrane. 
Although these barriers, around 150 kJ/mol, are still too high for spontaneous defect formation in 
Martini, it is important to note that the Martini 3 force field overestimates these barriers by more than 
200 kJ/mol in reference membranes. Therefore, these results suggest that VBIT-4 can destabilize lipid 
bilayers and promote the formation of polar defects (Figure 8B). One limitation of these simulations is 
that the small system size used in the umbrella sampling does not allow for a sufficient number of 
VBIT-4 molecules to fully assemble into the pore-like structures seen in larger unbiased MD 
simulations. In larger systems, where VBIT-4 concentrations are higher, the barrier for polar defect 
formation may be further reduced. 
Consistent with these findings, our unbiased MD simulations also reveal clear changes in membrane 
biophysical properties—including increased area per lipid, reduced thickness, enhanced water 
permeability, and more frequent lipid tail protrusions and flip-flop events—all of which indicate 
reduced membrane integrity with increasing VBIT-4 concentrations and support the formation of 
bilayer defects, in agreement with the polar defect formation PMF profiles. 
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Figure 8. VBIT-4 facilitates the formation of polar defects in model membranes.  (A) Potential 
Mean Force (PMF) profiles for polar defect formation in coarse-grained MOM membrane systems, 
shown as a function of the pore formation reaction coordinate ξ, for membranes without VBIT-4 (grey), 
with charged VBIT-4 (red), and with neutral VBIT-4 (blue).  Curve uncertainty (in the single-digit kJ 
mol-1 range) is represented by shading in the same colours along the corresponding curve (for some 
points at the edges of the reaction coordinate range, an error could not be estimated). (B) Representative 
snapshots of the membrane systems in the presence of neutral VBIT along the reaction coordinate; lipid 
PO4 beads are represented in orange, cholesterol ROH in dark orange, water beads in blue (only those in 
the vicinity of the lipid headgroups or the established defect are represented), and VBIT-4 in grey. 

 
 

VBIT-4 increases membrane permeability and cytotoxicity in HeLa cells 
 
Given the membrane-disrupting effects of VBIT-4, its partitioning into membranes could potentially 
contribute to cellular cytotoxicity. We assessed its cytotoxicity in live cells using a fluorescence-based 
assay that reports on both membrane integrity and cell death. This dual measurement approach pro-
vides a comprehensive evaluation of the cytotoxic effects of VBIT-4, allowing us to directly correlate 
membrane disruption with cellular damage. An IC50 of 25.91 ± 3.55 µM and 29.84 ± 2.68 µM was 
calculated for VBIT-4 from the fluorescence data for cell viability and cytotoxicity, respectively (Fig-
ure 9). Notably, the VDAC1 knockout (KO) did not affect the IC50 values (Supplementary Figure 7), 
suggesting that the action of VBIT-4 on HeLa cells is independent of VDAC1. 
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Figure 9. VBIT-4 decreases viability and increases cytotoxicity in HeLa cells. Graph representing the 
decrease in cell viability (blue) and increase in cytotoxicity (red) with increasing concentration of VBIT-4 
measured using GF-AFC and bis-AAF-R110, respectively. Data normalized to the maximum fluorescence 
from three independent experiments with 3-4 repeats each were included for the fitting, and the error bars 
represent the standard deviation. 
 

Discussion 

VBIT-4 was introduced in 2016 as an inhibitor of VDAC1 oligomerization, proposed to directly bind 
VDAC1 and prevent oligomerization and apoptosis in cells treated with selenite and cisplatin24. Since 
then, VBIT-4 has been widely used to investigate VDAC oligomerization in various cellular pathways 
and disease models (e.g., lupus-like disease11, ALS26, Alzheimer’s disease28, epileptic seizure53). 
Despite its broad use, the molecular mechanism of VBIT-4 remains unclear, and its specificity for 
VDAC1 oligomers has generally been accepted without thorough validation. Given its widespread 
applications, a detailed understanding of VBIT-4’s mode of action is essential. 

Our study shows that VBIT-4 primarily partitions into lipid membranes rather than binding directly to 
VDAC1. Using AFM, we visualized VBIT-4 localizing to protein-free lipid regions and disrupting 
bilayer integrity without altering VDAC1 clusters. This conclusion is supported by microscale 
thermophoresis, which showed that VBIT-4 partitions into lipid nanodiscs in the absence of VDAC, 
with affinities comparable to those reported for VDAC in detergent micelles24,34. Laurdan-based polar-
ity measurements further confirmed both membrane insertion and perturbation, showing a dose-
dependent decrease in generalized polarization consistent with increased water penetration and lipid 
disorder, and yielding a membrane partition coefficient characteristic of a hydrophobic compound. 
Importantly, VBIT-4 not only inserts into bilayers but also disrupts their structure: our MD simula-
tions show that it induces lipid flip-flop, increases area-per-lipid, reduces bilayer thickness, and pro-
motes water permeation and tail protrusion. At higher concentrations, it drives lateral phase separation 
and the formation of pore-like defects. These findings were corroborated by electrophysiological re-
cordings, which demonstrated that VBIT-4 causes  membrane permeabilization in a concentration-
dependent manner, becoming prominent around 20�μM—within the range commonly used in both in 
vitro and cellular assays24,26,28,54. These findings reveal that VBIT-4 acts as a membrane-active com-
pound, underscoring the importance of including lipid-only controls when evaluating small molecules 
targeting membrane proteins, as their hydrophobic nature can lead to membrane destabilization. 

 

 

Despite its involvement in multiple pathological pathways, VDAC is a challenging therapeutic target 
due to its central role in mitochondrial physiology and the absence of a well-defined catalytic cleft20. 
VDAC oligomerization, although implicated in key cellular processes—including lipid scrambling12, 
mitochondrial organization21, apoptosis55,56, and  interaction with cytosolic46,57,58  and MOM 
proteins22—is also a poor target. Except for a few defined dimeric interfaces involved in specific 
processes (e.g., e.g., β17-19–β1-3 lipid scrambling12 or β4–β6 pH sensing59), VDAC does not form 
discrete oligomers with  stable protein–protein interfaces. Instead, it assembles into heterogeneous 
lipid–protein clusters1,2,23, whose size and compaction are tightly regulated by the surrounding lipid 
environment23. This lipid dependence introduces inherent variability, making selective disruption of 
VDAC “oligomerization” both conceptually and technically problematic. 

Our data demonstrate that VBIT-4 is not a specific VDAC inhibitor but rather a membrane-perturbing 
agent that indirectly alters VDAC clustering. AFM imaging showed that VBIT-4 partitions into lipid-
rich, protein-free regions, and our biophysical and simulation data confirmed that it disrupts bilayer 
integrity. The impact of VBIT-4 on VDAC “oligomers” or clusters is generally investigated by cross-
linking and SDS-PAGE. Since VDAC clustering is highly sensitive to bilayer composition23, even sub-
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cytotoxic concentrations of VBIT-4 could alter lipid packing and shift the balance between more 
compact and lipid-rich clusters. Such changes would directly influence VDAC cross-linking, which is 
the primary method used in several studies to assess VDAC oligomerization11,24,60,61. These changes 
likely account for the reduced VDAC cross-linking observed in VBIT-4–treated cells11,24, as cross-
linking requires direct protein–protein contact, which is lost in lipid-expanded clusters. Importantly, 
while such reorganization may affect VDAC’s interaction with partners like hexokinase, Bak, or Bax, 
it does not imply specific inhibition of VDAC oligomerization. 

The proposed membrane-centric mechanism of action implies that VBIT-4 may affect numerous 
membrane-bound pathways beyond VDAC. Because membrane lipids critically govern protein 
localization, clustering, and function, nonspecific perturbation of bilayer structure—such as that 
induced by VBIT-4—can trigger diverse cellular responses. As such, attributing the cellular 
phenotypes observed in VBIT-4–treated cells solely to inhibition of VDAC oligomerization is 
unwarranted. VBIT-4’s broad activity underscores the need to incorporate lipid-based controls when 
evaluating candidate drugs targeting membrane proteins. 

More generally, membrane-active compounds pose distinct challenges for drug development. Lipid 
environments vary widely across organelles and cell types, complicating the prediction of drug 
distribution, efficacy, and toxicity. Drugs such as licofelone—a dual COX/5-LOX inhibitor—failed in 
clinical trials in part due to off-target membrane effects62, while others like omeprazole intercalate into 
DPPC membranes and modulate lipid domains63. These cases exemplify how membrane interactions, 
if not properly accounted for, can obscure our understanding of drug action. Incorporating analyses of 
drug–membrane interactions into early-stage development may therefore enhance both mechanistic 
insight and clinical translatability. 

Toxicity assays in wild-type and VDAC1 knockout HeLa cells revealed increased cell death at 
concentrations >10�μM, consistent with previous reports by Belosludtsev et al.64, who observed 
cytotoxicity above 15�μM. Notably, the authors suggested that the observed in their experiments on 
isolated mitochondria Ca2+ retention capacity decrease at 30 μM VBIT-4 may indicate that VBIT-4 is a 
mitochondrial pore inducer. The membrane defects and pore formation seen across our in vitro 
systems likely underlie this toxicity. Upon cellular exposure, VBIT-4 is expected to first partition into 
the plasma membrane and then redistribute across intracellular membranes—including those of the 
ER, Golgi, mitochondria, and other organelles—based on its hydrophobicity and lipid affinity. Its 
intracellular accumulation is further influenced by membrane potential; as a lipophilic cation, VBIT-4 
may concentrate in polarized compartments by Nernstian behavior, akin to dyes like TPP, TMRM, or 
MitoSOX65. Supporting this, Belosludtsev et al.64 detected VBIT-4 in the mitochondrial inner 
membrane, where it inhibited respiratory complexes I, III, and IV, reinforcing its broad, non-specific 
membrane activity.  

In contrast, Oflaz et al.61 reported no increase in cell death at 20�μM. This discrepancy may reflect 
differences in assay sensitivity, cell lines, modes of compound delivery, or the stability of VBIT-4. 
Notably, the compound is hydrophobic and chemically unstable, reportedly degrading within a month 
at –20�°C in DMSO (Selleckchem datasheet), which could significantly impact its bioactivity. 
Furthermore, most published studies used VBIT-4 at concentrations between 10-20�μM, which may 
avoid overt cytotoxicity but not necessarily prevent membrane perturbation or other VDAC-
independent effects. 

In several disease models—including ALS26, lupus11, and apoptosis24,61—VBIT-4 has been reported to 
rescue cell viability. However, pathological states often involve altered membrane composition and 
protein expression, and VBIT-4 may counteract some of these changes by modulating membrane 
properties. Given that its precise mechanism at the membrane level in vivo remains poorly defined, 
these protective effects cannot be straightforwardly attributed to the inhibition of VDAC 
oligomerization and should be interpreted with caution.  
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Conclusions: 

Although VBIT-4 was developed and widely used as a VDAC1 oligomerization inhibitor, its precise 
mechanism of action remained uncharacterized. Our findings challenge its specificity, demonstrating 
that VBIT-4 disrupts membrane integrity by integrating into lipid bilayers, altering lipid organization, 
and inducing permeabilization independently of VDAC. These membrane-centric effects raise 
significant concerns about its off-target action, indicating that VBIT-4 is unsuitable for probing VDAC 
oligomerization or related pathways. Conclusions from previous studies employing VBIT-4 should 
therefore be re-evaluated. While our study focused on VBIT-4, similar membrane-disruptive properties 
are likely to extend to related compounds such as VBIT-3, VBIT-12, and NSC1536424,60. 
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Methods: 
 
mVDAC1 purification: 
mVDAC1 production and purification was described in details in 66. 
 
AFM and HS-AFM data acquisition 
 
To form a homogeneous protein containing supported lipid bilayer (SLB), a mixture of 15 μl of the 
proteoliposome suspension (1 mg/ml) and 85 μl of “Incubation buffer” (10 mM HEPES pH 7.4, 100 
mM NaCl, 15 mM CaCl2) was incubated 1 hour at room temperature on a freshly cleaved mica under 
a humid hood. The sample was rinsed 10 times in ultrapure water (MilliQ) and imaged by AFM/HS-
AFM in “Imaging buffer” (10 mM HEPES pH 7.4, 100 mM NaCl, 5 mM CaCl2) at 35 °C to check the 
homogeneity of the formed membrane. All conditions have been performed in triplicates. 
Conventional AFM imaging was performed in contact mode with a Nanoscope IIIe Multimode AFM 
(Bruker, Santa Barbara, CA, USA) using OTR4 probes of k=0.1 N/m. The scan rate, gains and 
deflection setpoint were adjusted during acquisition to optimise the quality of acquired images.  
HS-AFM movies were acquired in amplitude modulation mode optimized high–resolution imaging 
parameters with a modified HS-AFM (SS-NEX, RIBM, Tsukuba, Japan)67. The apparatus is equipped 
with our custom-made digital high-speed lock-in amplifier coded on a reconfigurable FPGA using 
LabView (National Instruments, Austin, USA). Short cantilevers (length ~7 µm) designed for HS-
AFM, presenting an electron beam deposition (EBD) tip, were used (USC-F1.2-k0.15 Nanoword, 
Switzerland). They are characterized by a nominal spring constant k = 0.15 N/m, a resonance 
frequency in liquid of 500 kHz, and a quality factor Qc ~ 2 (in liquid). HS-AFM sensitivity to probe 
the deflection was 0.1 V/nm. The imaging amplitude setpoint was set to ~90% of the free amplitude 
(~10 Å). All experiments were performed at 35 °C, by introducing the HS-AFM microscope  into a 
temperature-controlled box. 
 
Image analysis 
 
Acquired images were plane-fit and flattened using the AFM processing and analysis software 
provided by the instrument manufacturer. HS AFM image treatment was limited to the correction of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2025. ; https://doi.org/10.1101/2025.06.30.661942doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.30.661942
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

XY drift and a first-order X-line fit. Image analysis was performed using the general distribution of 
ImageJ68 and of WSxM69. 
 
Preparation of nanodiscs 
 
MSP1D1 membrane scaffold protein was produced and purified as described by Ritchie, T. K. et 
al.70. Chloroform-solubilised lipids (Chicken egg phosphatidylcholine) were dried under nitrogen gas 
and re-solubilised in 20 mM Tris pH 8.0 buffer containing 50mM sodium cholate at a final 
concentration of 25 mM lipid. Lipids and MSP were mixed at a 65:1 molar ratio at 4°C for 1 hour. 
Bio-Beads SM2 were added at a 10x excess (weight) of total detergent, and the mix was incubated 
overnight at 4 °C on agitation. The nanodiscs were filtered through a 0.2 µm sterile syringe filter and 
centrifuged at 100,000 x g for 30 minutes at 4 °C. The supernatant was subjected to size exclusion 
chromatography on a Superdex 200 increase 10/300 GL column in 20 mM HEPES pH 7.4, 100 mM 
NaCl. The nanodisc-containing fractions were concentrated and labelled as described in the MST 
experiments. 
 
Microscale Thermophoresis (MST) experiments  
       
MST experiments were performed using a NanoTemper Monolith NT.115. Briefly, MSP1D1 lipid 
nanodiscs were labelled using the Protein Labelling Kit RED-NHS 2nd Generation from NanoTemper 
(NT-L021) at a 1:1.5 protein:dye molar ratio in 20 mM HEPES buffer pH 7.4, 100 mM NaCl for 2 
hours at 4°C in the dark. Excess dye was removed using a Micro Bio-Spin P6 column equilibrated in 
the same buffer. The degree of labelling was determined using UV-Vis spectrophotometry at 650 nm 
and 280 nm according to the manufacturer’s instructions. The degree of labelling was between 0.6-
0.75 (εnanodisc = 36,900 M-1 cm-1, εdye = 195,000 M-1 cm-1) across the replicates. VBIT-4 (Selleckchem 
#S3544) was dissolved in DMSO at a concentration of 10 mM and sub-stocks of 1 mM were made in 
buffer containing 10 % DMSO. 15 µL of labelled nanodiscs were incubated with 15 µL of VBIT-4 
(0.25 - 500 µM) and incubated for 20 minutes at room temperature as performed by Ben-Hail et. al.23. 
Following a short spin at 10,000 x g, 10 µL of the samples were loaded into 12 glass capillaries 
(NanoTemper premium capillaries, MO-K022) and thermophoresis was performed (60% excitation 
power, medium MST power). The final concentration of DMSO in the capillaries was maintained at 
5%. Thermophoresis experiments were performed as described by the manufacturer and data were 
analysed at 650 nm at a laser ON-time of 2.5s. Data were fitted by the system for n=4 replicates.  
 
Laurdan generalised polarisation experiments: 
       
Laurdan-containing liposomes were prepared by mixing chloroform-solubilised lipids (PC:PE:Chol, 
62.5:30:7.5) at a concentration of 1 mM total lipids with chloroform-solubilised laurdan at a 
lipid:laurdan molar ratio of 1:1000. Lipid mixtures were dried under nitrogen gas in the dark. 
Liposomes were formed by resuspending dried lipids in 200 µL of 20 mM HEPES buffer pH 7.4 
containing 100 mM NaCl and vortexing. Liposomes were sonicated with 10 pulses at 10% power, 
10% ON/OFF cycle to form SUVs of diameter 50 nm or 100 nm as verified by dynamic light 
scattering. Laurdan-containing liposomes were diluted 10x in buffer and added to a quartz cuvette 
(pathlength 3 mm) at a final volume of 150 µL. Sub-stocks of VBIT-4 in DMSO were made such that 
the final volume added to the cuvette would be a constant 0.6 µL. Control samples contained the same 
volume of DMSO. The excitation wavelength was set to 375 nm and the emission scan range was 
from 400-600 nm. Excitation slit width - 10nm, emission slit width - 5nm. Data were recorded at a 
scanning speed of 600 nm/min at 26 °C on a Cary Eclipse fluorescence spectrometer.  
Generalised polarisation was calculated as GP = (I440 – I490) / (I440 + I490). GP was plotted as a function of 
VBIT-4 concentration on Python using a partitioning model, and the partitioning coefficient (Kp) was 
calculated from the equation y = Fmin + (Fmax - Fmin) / (1 + Kp * x).  
 
 
Planar lipid bilayer measurements 
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Planar lipid membranes (PLM) were formed by two different techniques: 1) using “dry” membranes 
formed by the lipid monolayer opposition technique on a circular aperture in a Teflon partition 
dividing two ~1.5 mL (cis and trans) compartments of the experimental chamber, as previously 
described71, and 2) using “painted” membranes from lipid solution in decane using Orbit mini system 
(Nanion Technologies, Minich, Germany)72. Lipids dioleoyl-phosphatidylcholine (DOPC), dioleoyl-
phosphatidylethanolamine (DOPE), diphytanoyl-phosphatidylcholine (DPhPC), polar lipid extract 
from soybean (PLE), and cholesterol (Avanti Polar Lipids) were used for PLM preparations. Aqueous 
solutions consisted of 150 mM KCl buffered with 5 mM HEPES at pH 7.4. In the first method of PLM 
formation, the 5 mg/mL lipid mixtures in pentane were used. The aperture in the Teflon partition was 
pretreated by 1% hexadecane in pentane before PLM formation, thus leaving only a residual amount 
of hexadecane in the bilayers. The current recordings were performed as described previously71, using 
Axopatch 200B amplifier (Axon Instruments) in the voltage-clamp mode. Data were filtered by a low-
pass 8-pole Butterworth filter (Model 900 Frequency Active Filter, Frequency Devices) at 15 kHz, 
digitized with a sampling frequency of 50 kHz, and analysed using pClamp 10.7 software (Axon 
Instrument). For data analysis, digital filtering using a 1 or 0.5 kHz low-pass Bessel filter was applied. 
Potential is defined as positive when it is greater on the cis side, the side of VBIT-4 and VDAC1 
addition. In the second method, lipid bilayers were formed by painting the chips (Ionera, Freiburg, 
Germany) with the 5 mg/mL lipid mixtures in decane. Multi Electrode Cavity Array (MECA4) chips 
were filled with 150 μL of 150 mM KCl solution at pH 7.4. VBIT-4 in DMSO solution was added to 
the bilayer in both experimental setups after PLM was formed, and its conductance of less than 0.1 pS 
was verified. All measurements were performed at room temperature of 21 ± 1ºC. 
 
VDAC conductance measurements 
 
Recombinant mouse VDAC1 was expressed, refolded, and purified as described previously73. Channel 
insertion was achieved by adding 0.1-1.5 μL of VDAC diluted in buffer containing 10 mM Tris, 50 
mM KCl, 1 mM EDTA, 15 % (v/v) DMSO, 2.5% (v/v) Triton X-100, pH 7.0. Current recording and 
its analysis were performed as described previously74. VDAC voltage-gating properties were assessed 
following the previously described protocol 75 under the application of a slow symmetrical 5 mHz 
triangular voltage wave of ±60 mV amplitude from an Arbitrary Waveform Generator 33220A 
(Agilent). Data were acquired at a sampling frequency of 2 Hz and analyzed as described previously75 
using an algorithm developed in-house and pClamp 10.7 software. In each experiment, current records 
were collected from membranes containing 10-50 channels in response to 5–10 periods of voltage 
waves to ensure data collection from more than 50 channels per experiment. Only the part of the wave, 
during which the channels were reopening, was used for the subsequent analysis76. 
 
VBIT-4 CG parameterization.  
 
VBIT-4 charge state. VBIT-4 contains a piperazine group with two nitrogen atoms. These are typically 
protonable under physiological conditions, with pKa values usually in the range of 7–9. Out of these 
two, the most protonable nitrogen is the one closer to the hydroxyl (-OH) and amide (-CONH-) 
groups. The nitrogen near the benzene ring is both sterically hindered and electronically less basic due 
to the -OCF3 group's electron-withdrawing effect. The nitrogen near the amide and hydroxyl is both 
more exposed and more basic, making it the preferred protonation site. Given the significant confor-
mational differences observed between the neutral and protonated versions of VBIT-4 in our reference 
AA simulations, we developed a Martini CG model for each state and analyzed their effects separate-
ly. 
 
All-atom reference simulations. VBIT-4 Martini 3 models were based on simulations of all-atom coun-
terparts, parameterized using the OPLS-AA force field via LigParGen77–79. Each system was simulated 
for 500 ns in water. Each system was minimized using steepest descent with 5000 steps, followed by a 
relaxation of 250 ps using a 1 fs timestep, and a production run of 500 ns using a 2 fs time step. The 
temperature and pressure were held constant at 298 K and 1 bar using the Berendsen thermostat and 
barostat80 for the relaxation step and the V-rescale thermostat81 and Parrinello-Rahman barostat82  for 
the production run. The pressure coupling was isotropic with a compressibility of 4.5 × 10−5 bar−1. The 
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temperature was coupled using � = 1 ps during both the relaxation and production run. For pressure 
coupling, � = 1 ps was set during relaxation and 5 ps during production. The electrostatics were treated 
with the PME algorithm83 using a cutoff of 1.2 nm, while the van der Waals interactions were truncat-
ed, smoothly switching the force to zero between 1.0 and 1.2 nm84. Bonds involving hydrogen atoms 
were restricted using the LINCS algorithm85. 
 
Coarse-grained model parameterization. Martini CG models were then obtained according to the 
parametrization rules of Martini 3, as described elsewhere86. In short, atomistic simulations were 
mapped into CG resolution using MD Analysis87,88 . The bonded terms were then measured and the 
distributions plotted. The molecule was then modelled in CG and simulated in water. Bonded distribu-
tions were fitted onto the corresponding atomistic distributions. Bead types and sizes were selected 
according to Martini 3 parametrization guidelines, ensuring consistency with default bead assignments 
for specific chemical groups86. These choices were validated by estimating CG octanol/water partition-
ing free energies, which were compared to predictors obtained via SwissADME89 (iLOGP90, 
XLOGP391, WLOGP92, MLOGP93, SILICOS-IT). The calculated partitioning free energies were ob-
tained by thermodynamic integration as described elsewhere86. 
 
 
VBIT-4 Martini CG MD Simulations. 
 
Unbiased CG MD. Membrane bilayers were constructed with COBY94, which also solvated the sys-
tem, neutralized it and added ions to obtain a 150 mM NaCl concentration. COBY also added the ap-
propriate number of VBIT-4 molecules in solution. All systems were subject to the same relaxation 
and production protocol. First, a minimization of 5000 steps using steepest descent, followed by 10 ns 
of relaxation and finally at least 5 �s production run. A complex membrane composition mimicking 
the mitochondrial outer membrane was used 
(8:25:17:13:4:9:3:8:4 CHOL:POPC:DOPC:DPPC:POPE:DOPE:DPPE:POPS:POPI:DPPI) in a 15 × 
15 × 17.5 nm3 system. Prior to production, the systems underwent 5000 energy minimization steps, 
followed by equilibration for 10 ns using a 10 fs time step. During equilibration, VBIT-4 molecules 
were pulled into the membrane using flat-bottom potentials to avoid sampling the membrane adsorp-
tion process. These potentials were not applied during production run. The production runs for each 
system were carried out for 10 µs. Throughout the simulations, the temperatures of the lipids (includ-
ing VBIT-4) and solvent (including ions) were independently maintained at 300 K using the v-rescale 
thermostat (τt = 1 ps)81, and the pressure was kept at 1 bar using the c-rescale barostat (τp = 4 ps)95 with 
semi-isotropic pressure coupling applied during both equilibration and production phases. Compressi-
bility was set to 3 × 10-4 bar-1. As suggested by Kim et al.96, the cut-off distance for the short-range 
neighbor list was set to 1.35 nm for proper neighbor list updates. 
 
Membrane translocation PMF. Similarly to the unbiased CG MD systems, COBY was used to build a 
smaller 7 × 7 × 13.5 nm3 system, fully solvated with water and 150 mM NaCl. One VBIT-4 molecule 
was placed 4 nm away (determined from the center of geometry of VBIT-4) from the bilayer center 
along the bilayer normal and overlapping water molecules were removed. Minimization and equilibra-
tion were performed as with the unbiased simulations. At the end of the equilibration, initial configu-
rations for the umbrella sampling windows were generated by pulling the VBIT-4 molecule through 
the bilayer center at a rate of 0.0001 nm/ps and a force constant of 3000 kJ/mol/nm2. In each umbrella 
sampling window, a harmonic potential was applied to keep the VBIT-4 molecule in its pre-defined 
distance from the bilayer center with a force constant ranging from 1000 to 2000 kJ/mol/nm2. A total 
of 52 windows were simulated for 2 μs and the data from the first 200 ns were discarded before apply-
ing the weighted histogram analysis method to estimate the free energy profile using GROMACS. The 
translocation PMF of the molecule was computed along the entire membrane normal from z = 5.25 to 
z = -5.25. For each replica, the PMF was symmetrized by splitting it at the membrane center and aver-
aging both halves. The final PMF and standard deviation were obtained by averaging the symmetrized 
profiles across all replicas.  
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Polar defect formation PMF. Polar defect formation PMF was determined as described by Hub and 
Awasthi52. Small 10 × 10 × 14 nm3 membrane bilayer systems were built using COBY, as described 
for the unbiased MD systems. Minimization and equilibration were performed as with the unbiased 
simulations. The initial frames for the umbrella sampling simulations were extracted from constant 
velocity pulling simulations. In these simulations, the systems were pulled from the reaction chain 
coordinate52,97 �ch = 0.25 to �ch = 1 over 1000 ns using a force constant of 5000 kJ mol-1. Nineteen um-
brella windows were employed, with reference positions ranging from �ch = 0.1 to 1 in increments of 
0.05, where 1 is the fully formed pore. The force constant was set to 8000 kJ mol-1. Each window was 
simulated for 1 �s, with the initial 500 ns excluded for equilibration. Three replicas of each window 
were run. The potential of mean force was computed using the weighted histogram analysis method 
(WHAM)98. 
 
 
Cell toxicity assay 
 
HeLa WT and VDAC1 knockout cells from Synthego were seeded at 2,500 cells/well in a 96-well 
plate (ThermoFisher Scientific, 165305) in DMEM (Gibco, 15607) supplemented with 10% FBS 
(Gibco, 10437). 200 mM VBIT-4 was prepared by adding 54.6 µL DMSO to 5 mg VBIT-4 
(Selleckchem.com, S3544) and was added to the cells at a final concentration of 0-200 µM VBIT-4. 
After 48 hours at 37 °C and 5% CO2, GF-AFC and bis-AAF-R110 substrates from the MultiTox-Fluor 
Multiplex Cytotoxicity Assay kit (Promega, G9201) were added to the cells following the 
manufacturer's protocol and incubated for 30 minutes at 37 °C. Viability and cytotoxicity were 
measured using 400/505 nm and 485/520 nm excitation/emission filters, respectively, in a 
CLARIOstar plate reader. Nonlinear regression curve fit was applied to calculate the IC50 for VBIT-4 
using GraphPad Prism (version 10.1.2).  
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