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Abstract 

Lysenin, a pore-forming protein extracted from the coelomic fluid of the earthworm E. 

foetida, manifests cytolytic activity by inserting large-conductance pores in host membranes 

containing sphingomyelin. In the present study, we found that adenosine phosphates control the 

biological activity of lysenin channels inserted into planar lipid membranes with respect to their 

macroscopic conductance and voltage-induced gating. Addition of ATP, ADP, or AMP 

decreased the macroscopic conductance of lysenin channels in a concentration-dependent 

manner, with ATP being the most potent inhibitor and AMP the least. ATP removal from the 

bulk solutions by buffer exchange quickly reinstated the macroscopic conductance and 

demonstrated reversibility. Single-channel experiments pointed to an inhibition mechanism that 

most probably relies on electrostatic binding and partial occlusion of the channel conducting 

pathway, rather than ligand gating induced by the highly charged phosphates. The Hill analysis 

of the changes in macroscopic conduction as a function of the inhibitor concentration suggested 

cooperative binding as descriptive of the inhibition process. Ionic screening significantly reduced 

the ATP inhibitory efficacy, in support of the electrostatic binding hypothesis. In addition to 

conductance modulation, purinergic control over the biological activity of lysenin channels has 

also been observed to manifest as changes of the voltage-induced gating profile. Our analysis 

strongly suggests that not only the inhibitor’s charge, but also its ability to adopt a folded 

conformation, may explain the differences in the observed influence of ATP, ADP, and AMP on 

lysenin’s biological activity.  

 

Keywords: Adenosine phosphates; pore-forming toxins; lysenin; voltage-gating; 

purinergic control  
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Introduction 

Purinergic signaling, broadly defined as modulation of short- and long-term signaling 

functions presented by purines and pyrimidines [1, 2], is widely recognized as a fundamental 

mechanism of control at the molecular and cellular level in all kingdoms of life [3, 4]. 

Neurotransmission, secretion, transduction, cell proliferation, motility, and differentiation are 

typical examples of biological functions modulated by nucleotides or nucleosides acting as 

extracellular signaling molecules [5-11]. Burnstock’s early hypothesis that ATP, the major 

intracellular molecule providing the energy required for multiple biochemical and biophysical 

processes, may actually function as an extracellular non-adrenergic and non-cholinergic 

signaling molecule [12, 13] was received with great skepticism [14, 15]. After several decades of 

extensive work, the scientific community came to the realization that ATP is widely employed as 

a signaling molecule in multiple biological processes in both normal and pathophysiological 

conditions [9, 11, 16-24]. The rapid progress in understanding and deciphering multiple 

molecular mechanisms of signaling revealed that ATP is a potent mediator of multiple signaling 

cascades, which may act through binding to, and non-hydrolytic activation of, P2X ionotropic 

receptors or G-protein coupled P2Y receptors [1, 3, 19, 21, 23-28]. Although multiple past 

studies focused on understanding the implications of ATP-controlled signaling with respect to 

endogenous transmembrane transporters such as ion channels [17, 19, 20, 24, 28-31], there is a 

sustained recent interest in understanding how ATP controls the lytic action of pore-forming 

toxins (PFTs) [22, 26, 27, 32-34]. PFTs introduce unregulated conducting pathways into the host 

cell plasmalemma [35-39], which is expected to yield direct cytolysis. However, the 

generalization of direct cytolytic activity might be an oversimplification of the lytic mechanism 

employed by the PFTs. Recent studies have clearly demonstrated that some PFTs may trigger an 
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early acute release of intracellular ATP through the inserted pores, which further activates the 

ionotropic P2X receptors and consequently leads to later lysis via the increase of overall 

membrane permeability to cations such as K+ and Ca2+ [22, 26, 27, 34]. This multi-step 

mechanism is supported by studies in which PFT-mediated ATP transport across artificial vesicle 

membranes (which are devoid of any other channels or transporters) has been observed, whereas 

the direct lytic activity presented by the PFTs was minimal [22]. In addition, inhibition of cell 

lysis in the presence of ATP-receptor antagonists demonstrated that a purinergic signaling 

pathway is responsible for the cell damage [26]. Nonetheless, many PFTs have a high potential 

to affect biological functions simply by introducing large-conductance pathways within the cell 

membrane, thus dissipating the electrochemical gradients, which may cause serious damage and 

even cell death [37, 38, 40]. 

In this line of investigation, we asked whether or not ATP may directly interfere with the 

transport properties of PFTs and alter their function, without the requirement of activating 

ionotropic receptors. To answer this question, we focused our attention on lysenin, a 297 amino 

acid PFT extracted from E. foetida, which inserts hexameric pores (~ 3 nm diameter) in artificial 

and natural lipid membranes containing sphingomyelin (SM) [41-45]. Several remarkable 

features make lysenin an excellent candidate for such studies. Lysenin’s cytolytic and hemolytic 

activity has been extensively studied [45, 46], and its capability to tamper with the barrier 

function of artificial lipid bilayers is well-documented [42, 43, 47, 48]. The complete structure of 

the oligomeric pore inserted into membranes is not yet resolved; however, relatively recent 

structural data of lysenin interacting with SM in a pre-pore state indicates the existence of a 

positively charged domain [49] which may promote specific electrostatic interactions with 

negatively charged adenosine phosphates, similar to the ionotropic P2X receptors [19, 50, 51]. In 
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addition, unlike many other PFTs, lysenin is endowed with regulatory mechanisms by voltage 

and ligands [41-43, 52-54], which are in fact remarkable features of ion channels. Lysenin 

channels present voltage regulation manifested as voltage-induced gating at positive 

transmembrane voltages greater than ~ 20 mV [41, 54]. Therefore, one may expect that binding 

of highly charged adenosine phosphates will change the local charge distribution and influence 

the voltage-induced gating by overall adjustment of electrostatic interactions with the 

transmembrane electric fields. 

Our study reports on the molecular mechanisms of interaction between lysenin channels 

and adenosine phosphates. The reversible inhibition in macroscopic conductance, the absence of 

a ligand-induced gating mechanism, the shift of the voltage-induced gating, and the correlation 

between the observed effects and the charge of the inhibitors led to the hypothesis of electrostatic 

binding as a central interaction mechanism. Our experimental results suggest that the inhibitor’s 

ability to undergo conformational changes may modulate the interaction with lysenin channels 

and adjust their functionality. Although the physiological relevance of our work is obscured by 

the lack of information with regards to lysenin’s physiological role, it is suggested that 

intracellular ATP may play a protective role against the lysenin’s lytic action. 

 

Materials and Methods 

 

Reagents and solutions  

10 mg asolectine (Sigma Aldrich), 4 mg porcine brain SM (AvantiLipids), and 4 mg 

cholesterol (Sigma Aldrich) in powder form were dissolved in 200 µL n-decane (TCI America) 

for lipid-membrane preparation. If not otherwise indicated in the main text, 135 mM KCl (Fisher 
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Scientific) was used as the support electrolyte solution. Irrespective of their final concentration, 

all electrolyte solutions were buffered at pH 7 with 20 mM Hepes (Fisher Scientific). Ag/AgCl 

reference electrodes for the electrical connections with the recording device were prepared using 

chlorinated Ag wires of 1 mm diameter housed in fine pipette tips filled with 1M KCl electrolyte 

solutions containing 1% agarose (Fisher Scientific). A stock solution of lysenin (Sigma Aldrich) 

of 1 µM final concentration was obtained by dissolving it in 100 mM KCl / 50% glycerol 

solution. 1M stock solutions of ATP, ADP, and AMP (all from Sigma Aldrich) were produced 

by dissolving the powders in deionized water. dATP was purchased as a 0.1 M stock solution 

from Thermo Scientific.    

 

Bilayer lipid membrane setup 

The experimental setup consisted of a custom-made planar bilayer lipid membrane 

(BLM) chamber in vertical configuration (Supplemental Fig. 1), which comprised two PTFE 

reservoirs, each capable of accommodating ~1 mL electrolyte solution. The two reservoirs were 

separated by a thin PTFE film (~120 µm thickness) in which a small central hole of ~60 µm 

diameters was produced by an electric spark. The agarose/Ag/AgCl electrodes immersed into the 

electrolyte solutions were connected through flexible wires to the headstage and the ground of 

the electrophysiology amplifier Axopatch 200B (Molecular Devices) for data recording and 

analysis in conjunction with the DigiData1440A digitizer (Molecular Devices). Full control of 

the recording setup, including the stimulation waveforms, was assured using the pClamp 10.2 

software package (Molecular Devices). The solutions in the reservoirs were continuously mixed 

using a low noise Bilayer Stirplate (Warner Instruments) magnetic stirrer. A custom-made 
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solution exchanger was employed in experiments requiring fast exchange of the support 

electrolyte. All experiments were performed at room temperature (22 ± 0.5 0C).  

 

Experimental protocols and models 

After a stable BLM was produced by the painting method (as indicated by capacitance 

and seal resistance measurement), addition of small amounts of lysenin (0.3 nM final 

concentration) into the ground reservoir in voltage-clamp conditions (-60 mV applied to the 

headstage-wired reservoir) produced a step-wise variation of the ionic current, indicative of 

channel insertion [42, 54]. When a steady state of the ionic current was achieved (after ~40 

minutes) [54], which was indicative of insertion completion, the buffered electrolyte in the 

grounded reservoir was exchanged to remove the unincorporated lysenin. When required by the 

experiments, the insertion of only few lysenin channels was achieved by the same exchange 

procedure performed immediately after insertion was observed. The integrity of the inserted 

channels and their correct functionality was assessed by analyzing the response to positive and 

negative voltage stimuli [54]. The macroscopic conductance of a population of inserted channels 

in response to addition of adenosine phosphates was estimated from the slopes of the linear I-V 

curves recorded from 0 to -10 mV upon each addition [53], and the data was fitted to the Hill 

equation [55, 56]. The changes in the voltage-gating profile induced by the addition of adenosine 

phosphates was assessed from the I-V curves recorded in response to voltage ramps ranging from 

-60 to 60 mV, at a rate of 0.2 mV/s [54]. The experimental open probability was fitted with the 

Boltzmann equation using a two-state gating model [41]. All experimental data have been 

analyzed by using pClamp 10.2, Origin 8.5.1 (OriginLab), and Matlab (MathWorks) software 

packages. 
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Results 

 

ATP reversibly reduces the macroscopic conductance of lysenin channels via a non-gating 

mechanism 

Our first experiment aimed at demonstrating that ATP interacts with lysenin channels and 

alters their macroscopic conductance. After completing the insertion of lysenin channels into a 

planar BLM biased by -60 mV and achieving a steady state current of ~ -1.7 nA, ATP was 

carefully added to the reservoir on the ground side of the membrane under continuous stirring. 

Each addition increased the ATP concentration by 1 mM and produced a sudden decrease of the 

open current amplitude, indicative of concentration-dependent changes in the macroscopic 

conductance (Fig.  1). Similar inhibition of the ionic current has been observed when ATP was 

added to the headstage reservoir (Supplemental Fig. 2), pointing out ATP’s ability to modulate 

the macroscopic conductance irrespective of the addition side. However, to mimic the presence 

of purines in the extracellular environment, we added the adenosine phosphates only to the 

ground side of the membrane.    

The observed decrease in current may be explained by several mechanisms triggered by 

ATP interaction with lysenin channels, such as pore destabilization, binding and ligand-induced 

gating, or binding and occlusion. The interaction between lysenin and ATP may destabilize, 

reversibly or irreversibly, the oligomeric arrangement of the monomers composing the channel, 

thereby eliciting a decrease in the total macroscopic conductance. Therefore, we investigated 

whether or not ATP removal from the bulk solution could reinstate the conductance properties. 

In an experiment consisting of adding ATP (20 mM final concentration) to the ground reservoir 

of the BLM containing a large population of inserted lysenin channels and biased by -60 mV, a 
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sudden drop in the open current occurred in less than 10 s (Fig. 2). Complete buffer exchange of 

the solution into the ground reservoir with 10 mL fresh ATP-free electrolyte reinstated the 

macroscopic conductance of the lysenin channels. We concluded that, irrespective of the origin 

of interactions between ATP and lysenin channels, the process was reversible. The recovery in 

macroscopic conductance after buffer exchange suggests that the proteins were not removed 

from the membrane into the bulk as a result of interaction with ATP. A mechanism implying 

removal of channels from the membrane by ATP addition, followed by their free diffusion back 

into the support membrane and pore re-formation, is not supported by the fast recovery observed 

immediately after starting the buffer exchange procedure. Consequently, the hypothesis of an 

inhibition mechanism relying on strong pore destabilization after interaction with ATP was not 

confirmed by our experiments.          

 The next mechanism of conductance inhibition considered in our studies was ligand-

induced gating. Lysenin channels have been shown to reversibly gate in a voltage-independent 

manner by specifically interacting with multivalent metal and organic cations [52, 53]. This 

ligand-induced gating is identified in single-channel experiments as sudden single-step variations 

of the ionic current, indicative of fast conformational changes in response to multivalent cations 

[52, 53]. We therefore asked whether or not highly charged anions such as ATP might trigger a 

similar gating mechanism after interacting with lysenin channels. To test this, we inserted only 

two lysenin channels into the planar BLM by adding minute amounts of monomer (~0.3 pM final 

concentration) to the ground reservoir. Each of the two inserted channels indicated an open 

current of ~28 pA/channel at -60 mV bias potential (Fig. 3). Fast buffer exchange of the 

monomer-containing solution with lysenin-free electrolyte prevented further insertion. Following 

addition of ATP (6 mM final concentration) to the ground reservoir, fast sampling-rate recording 
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(10 ms/sample) indicated a decrease of the open current by ~60 % in less than 20 s (Fig. 3). 

Unlike what has been observed for multivalent cations, i.e., gating indicated by a fast step-wise 

decrease of the ionic current [52, 53], ATP addition yielded a slow and monotonic variation. This 

suggests that ligand-induced gating is not the mechanism responsible for the observed 

conductance inhibition.  

 

ATP, ADP, and AMP inhibit the macroscopic conductance of lysenin channels in a charge-

dependent manner by partially occluding the conducting pathway upon cooperative 

binding  

ATP is a relatively voluminous molecule, with a hydrodynamic radius of ~0.55 nm [57]; 

therefore, its binding to the open channel may partially interrupt the current flow. The inhibition 

presented by ATP, the observed reversibility, and the absence of gating support the hypothesis of 

an electrostatic interaction between lysenin and ATP; upon binding, ATP partially occludes the 

conducting pathway owing to its relatively large size. If this mechanism is correct, one may 

assume that other adenosine phosphates carrying less charge (e.g., ADP and AMP) may present 

similar yet weaker inhibitory effects. Therefore, our experiments aimed to identify the influence 

of the anion charge on the conducting properties by employing macroscopic conductance 

measurements on lysenin channels exposed to various amounts of ATP, ADP, and AMP (Fig. 4). 

Each conductance was estimated from the average slope of six I-V curves, recorded in response 

to linear voltage ramps ranging from 0 to -10 mV after inhibitor addition in three independent 

experiments. For ease of comparing the changes in conductance in experiments comprising 

different number of channels, Fig. 4 depicts the relative conductance Gr = G/G0, where G0 is the 

conductance measured in the absence of inhibitor, and G is the conductance measured after each 
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inhibitor addition. The common feature identified upon closer inspection of the experimental 

results is that each of the inhibitors decreased the macroscopic conductance in a concentration-

dependent manner, and the approach of saturation was observed irrespective of the inhibitor’s 

chemical identity. The inhibition curves indicated that ATP was the most effective inhibitor, 

decreasing the conductance more than 50 % at saturation concentrations (> 15 mM). However, 

ADP showed a maximal decrease in conductance similar to ATP, but with a somewhat less steep 

inhibition curve, and a saturation concentration greater than 30 mM. Among the three inhibitors, 

AMP was the least potent, and decreased the conductance by only ~20 %, while requiring a 

saturation concentration greater than 60 mM. The observed dependency of the inhibitory effects 

on the anion charge supports the hypothesis that electrostatic interactions are responsible for the 

observed decreased in conductance, which may result from binding and partial occlusion of the 

channel conducting pathway.  

Next, we attempted to quantify the inhibitory potency of the adenosine phosphates based 

on a pertinent model of interaction. If lysenin channels present one or more independent binding 

sites, the inhibition curve may be hyperbolic in shape. However, each inhibition curve in Fig. 4 

exhibits a sigmoidal response, suggesting not only the existence of multiple binding sites, but 

also cooperativity between binding events. Therefore, we adapted the Hill equation to describe 

the changes in the relative conductance Gr induced by inhibitors [55, 56]:  
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where Gmin is the relative current measured at saturation (i.e., full occupancy of the binding 

sites), IC50 is the inhibitor concentration for which the relative conductance is half-way between 

Gmin and Gmax (which is the maximal relative conductance measured in the absence of inhibitor), 

[x] is the inhibitor concentration, and n is the Hill (cooperativity) coefficient. The direct fit of the 
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experimental data to the Hill equation (Fig. 4) provided the following values: i) ATP: IC50 = 4.53 

± 0.07 mM, and n = 4.15 ± 0.2; ii) ADP: IC50 = 8.92 ± 0.07 mM, and n = 3.43 ± 0.16; and iii) 

AMP: IC50= 13.43 ± 0.08 mM, and n = 1.62 ± 0.17. Both parameters, i.e. IC50 and n, varied with 

the chemical identity of the inhibitor. IC50 increased (indicative of a lower binding affinity) and n 

decreased as the net charge of the inhibitor decreased. Among the three inhibitors, AMP 

demonstrated a much smaller binding affinity and a reduced cooperativity compared to the other 

two.  

  

Ionic screening reduces ATP’s inhibition efficiency 

Electrostatic interactions between charged molecules may be significantly affected by 

ionic screening, which depends on the ionic strength of the bulk solutions [58]. Consequently, 

the electrostatic binding that leads to conductance inhibition may be adjusted by introducing 

additional monovalent ions into the electrolyte solutions. We chose monovalent ions because 

they do not interfere with the conducting properties of lysenin channels at negative 

transmembrane voltages [53]. We estimated the inhibitory effect of ATP by measuring the 

relative macroscopic conductance Gr of lysenin channels exposed to electrolyte solutions 

containing 50, 135, and 500 mM KCl. The inhibition plots shown in Fig. 5 clearly indicate that 

the higher ionic strength limited the reduction in conductance, and thus diminished the inhibition 

efficiency associated with ATP. At 10 mM added ATP, the ionic conductance decreased by ~72 

% for 50 mM KCl, and by ~52 % for 135 mM KCl; but for the 500 mM KCl, only a modest 

decrease of ~12 % was recorded. The Hill analysis revealed that screening significantly 

modulated the ATP influence on conductance by affecting the binding affinity, as inferred from 

the changes to the IC50. As expected, the lowest ionic concentration (50 mM KCl) elicited the 



13 

 

lowest screening efficacy, promoted binding, and yielded the lowest IC50 (3.83 ± 0.05 mM). At 

135 mM KCl, the IC50 increased to 4.36 ± 0.07 mM, indicative of more efficient screening and 

weaker interactions. This trend was maintained at 500 mM KCl, for which the estimated IC50 

was the highest (6.94 ± 0.07 mM), which correlates to the highest ionic strength and maximal 

screening. However, irrespective of the ionic strength, all Hill coefficient values determined 

from the fit (Fig. 5) were around 4.2, indicating that the cooperativity factor underwent 

negligible changes owing to screening. Since the anion charge alone yielded greater changes of 

the Hill coefficient (as shown in Fig. 2), not only charge but also other parameters related to the 

molecular identity and structure may be relevant for explaining the observed differences in the 

binding affinity of the inhibitors; we will expand upon this in the Discussion section.  

 

ATP and AMP affect the voltage-induced gating 

Lysenin channels exhibit asymmetrical voltage-induced gating at transmembrane 

voltages within physiological range [42, 43, 54]. Although this is an ubiquitous feature of 

voltage-gated ion channels [59], it is not common among PFTs. The gating mechanism is not 

known, but previous studies suggest that specific interactions between a charged voltage-sensor 

domain and external electric fields may be responsible for conformational changes that lead the 

channels to adopt either an open or closed configuration [41, 54]. Within this two-state model, 

the open probability of the channels is well described by a Boltzmann distribution, which 

accounts for changes in free energy originating in electrostatic interactions [41, 53]. Therefore, 

we supposed that the binding of highly charged anions within the channel’s structure can adjust 

the electrostatic interactions with external electric fields and consequently affect the voltage-

induced gating. To demonstrate this assumption, we studied the influence of ATP and AMP (the 
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most and the least efficient inhibitor, respectively) on the gating of lysenin channels inserted into 

planar membranes exposed to 50 mM KCl electrolyte solutions by analyzing the I-V curves in 

the range -60 to 60 mV (Fig. 6).        

In the absence of inhibitors, lysenin channels have shown the well-known response to 

transmembrane voltages [54], and adopted the open state at negative voltages, as indicated by the 

linear I-V characteristic. This ohmic behavior was preserved in the positive voltage range, up to 

~10 mV. As the membrane depolarization advanced, lysenin channels underwent voltage-

induced gating, and their closing was indicated by a significant reduction in the ionic current [54] 

(Fig. 6). The addition of inhibitors affected how lysenin channels responded to transmembrane 

voltages, and the chemical identity of the inhibitors strongly influenced the changes. ATP 

addition significantly right-shifted the voltage required to achieve gating in a concentration-

dependent manner (Fig. 6a). In contrast, AMP addition resulted in only a modest influence on the 

voltage-induced gating, and elicited only minor changes in the I-V plots in the positive voltage 

range (Fig. 6b). These changes were similarly reflected in the open probability plots (Fig. 6c, d), 

calculated for the positive voltage range by assuming a Boltzmann distribution of open states 

[54]. Linear fits of the I-V curves in the low positive voltage range (when all of the channels 

were in the open state [54]) were used to determine a theoretical maximum current Imax for each 

voltage in the absence of channel gating, and the probability of finding a channel in the open 

state (Popen) was determined from [54, 59, 60]: 

maxI

I
Popen 

   (2) 

 

where I represents the actual measured current at each voltage in the I-V curve. The rightward 

shift of the open probability presented by ATP (Fig. 6c) is strong evidence of purinergic 
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influence on channel gating; i.e, binding affects the interactions of the voltage-domain sensor 

with the external electric field. AMP addition yielded less significant changes in the open 

probability profile (Fig. 6d), which was expected since the I-V curves indicated only small 

changes in the voltage-induced gating in similar conditions.     

 We observed that besides the modulation of voltage-induced gating at positive voltages, 

addition of ATP and AMP affected the quasi-linear response observed in the absence of 

inhibitors in the negative voltage range (Fig. 6a, b). Nonetheless, the I-V characteristics 

maintained linearity between 0 and -10 mV in the presence of inhibitor, while non-linearity was 

enhanced by membrane hyperpolarization. This observation explains why the decrease in the 

ionic currents measured upon ATP addition at -60 mV (see Fig.1 and 2), was larger than the 

decrease in conductance estimated at saturation in otherwise similar conditions from I-V curves 

recorded in the range of 0 to -10 mV (as shown in Fig. 3 and 4). For this small negative voltage 

range, the I-V characteristics maintained linearity, and the ionic currents were not influenced by 

the supplementary voltage-dependent inhibition manifested at -60 mV.    

 

dATP inhibits the macroscopic conductance of lysenin channels 

Studies presented by Hattori and Goaux on ATP binding and channel activation in P2X 

receptors [19] reveal structural details of the binding site, stressing the importance of hydrogen 

bonding in modulating the interactions between ATP and amino acids lining the binding pocket. 

Our experiments on lysenin included adenosine derivatives for which the number of phosphate 

groups varied, thus neglecting interactions presented by the base or the sugar. Therefore, we 

further asked whether or not changes in the chemical identity of the sugar influence the 

inhibitory action of the purines. In this line of inquiry, we performed an inhibition experiment by 
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adding dATP (1 mM final concentration) to the ground side of a membrane containing lysenin 

channels bathed by 135 mM KCl, buffered with 20 mM Hepes and biased by -60 mV.  In the 

presence of dATP, the macroscopic conductance of lysenin channels decreased by a significant 

~75% (Fig. 7). None of the other adenosine phosphates used in our experiments demonstrated 

such great inhibition potency in similar experimental conditions; their inhibition efficiency at 

1mM concentration was barely observable. However, in spite of an increased inhibitory potency, 

the interaction with dATP was much slower then what was observed for its counterparts. Under 

continuous mixing conditions, the macroscopic currents reached steady-state in a matter of 

seconds following ATP addition (as shown in Fig. 1, 2, and 3), while dATP addition required 

several hours for equilibration (Fig. 7). Furthermore, our experiments indicated a monotonic and 

smooth decrease of the open currents through single lysenin channels following ATP addition 

even at high temporal resolution (Fig. 3). In contrast, addition of dATP yielded multiple discrete 

changes of the open current, suggesting that lysenin channels may undergo gating at negative 

voltages in the presence of dATP.     

 

Discussion 

Intricate interactions between lysenin channels and adenosine phosphates were 

manifested as changes of both macroscopic conductance and voltage-induced gating. The 

experimental evidence presented by our work suggests a mechanism of interaction driven 

primarily by electrostatic attraction between inhibitors and positive charges, delineating multiple 

binding sites within the channel’s structure. Although multivalent cations interacting with 

lysenin channels induce conformational changes upon binding to negatively charged binding 

sites [53], an eventual gating mechanism triggered by the addition of large anions was not 
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supported by our experimental data. The observed inhibition in conductance induced by ATP 

was quickly reversed by buffer exchange, which was indicative of the absence of permanent 

changes to the channel’s structure induced by the interactions. The existence of multiple binding 

sites within a channel’s structure was suggested by the excellent fit of the inhibition curves with 

the Hill equation, accounting for positive cooperativity. The IC50’s estimated for ATP, ADP, and 

AMP from the Hill fit correlated the binding affinities to the net charge of the inhibitors. ATP 

showed the most prominent influence on the macroscopic conductance, while AMP had a much 

lower influence on both the conductance and voltage-induced gating, which may be explained in 

part by its smaller charge. The hypothesis of electrostatic interactions was further sustained by 

the analysis of lysenin response to ATP with varying ionic strength of the electrolyte solutions 

bathing the channels by the addition of monovalent salts. The addition of KCl promoted 

screening and weakened the electrostatic interactions; consequently, screening diminished the 

ATP inhibition potency, as indicated by the significant increase of the IC50 upon salt addition. 

However, the increased ionic strength did not affect the cooperativity coefficient, which 

maintained a value of ~ 4.2 irrespective of the ionic strength. The inhibition curves recorded for 

ATP, ADP, and AMP in identical salt conditions clearly indicated different values of the 

cooperativity coefficients and the IC50’s, which we initially assumed to reflect solely the 

different net charge of the inhibitors. However, besides charge, the size of the inhibitors may 

vary with the additional phosphate groups. Given the large size of adenosine, the relative size 

variation with the number of phosphate groups may be considered less significant. Therefore, the 

ionic current decrease would be expected to be similar upon individual binding of either of the 

charged phosphates. As depicted in Fig. 4, ATP and ADP yielded similar decrease in 

conductance at saturation, but ADP showed a slightly lower binding affinity. In contrast, AMP 
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showed a much lower binding affinity and elicited only a modest decrease in conductance at 

saturation. This apparent inconsistency may be explained by considering eventual changes in the 

inhibitor’s shape induced by polyphosphate binding to specific sites, which was irrefutably 

demonstrated for P2X ionotropic receptors [19]. Inspection of the electronic density maps 

derived from ∆P2X4-C-ATP co-crystals reveal a unique binding motif favoring extensive 

hydrophilic interactions with β- and γ-phosphates of the U-shaped ATP molecule [19, 50]. 

Therefore, besides the inhibitor’s charge, its ability to fold may also play an essential role in 

determining the binding affinity and cooperativity. This observation may explain why AMP, 

which has limited folding capabilities [19] presented such distinct behavior in terms of inhibition 

efficiency when compared to either ATP or ADP. 

The inhibitory effect presented by dATP adds another layer of intricacy to the 

interactions between adenosine phosphates and lysenin channels. Structurally, ATP and dATP 

are similar and the net charge distribution generated by the phosphate groups at identical pH is 

expected to be the same. The major structural difference between the two molecules is the 

presence of a hydroxyl group at the 2’Carbon position of the ribose, which presents potential for 

supplementary hydrogen bonding. If this extra hydrogen bonding is part of the interaction 

mechanism, one would expect a stronger interaction between lysenin and ATP and therefore a 

stronger inhibitory effect. However, our results indicated a greater yet slower inhibition 

presented by dATP. To reconcile this apparent discrepancy, a closer inspection of the evolution 

of the macroscopic currents following dATP addition may offer a plausible answer. In the 

presence of dATP, the changes of the ionic current were more discrete, and the step-wise 

variation suggested gating as part of the inhibitory mechanism. Although many of the sudden 

changes in current were much larger than what would be expected from the gating of a single 
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channel, it is possible for multiple channels to undergo gating within the large sampling time 

interval used for data recording (1 s). The greater inhibitory efficiency observed for dATP could 

be due to a concerted mechanism implying both occlusion and gating, without implying an 

interaction with the binding site that is stronger than ATP.  However, the lack of structural 

details of the lysenin oligomeric pore prevents any clear elucidation of the potential role of 

hydrogen bonding in modulating the purine’s binding ability and the channel’s conductance.  

In addition to macroscopic conductance, the voltage-induced gating was affected by 

addition of inhibitors in a charge- and concentration-dependent manner. AMP induced 

insignificant changes in the voltage-gating profile. In contrast, ATP showed a more prominent 

influence on the voltage response, which may be explained by its increased charge and improved 

folding capability. The changes in the voltage gating profile suggest an altered kinetics and/or 

equilibrium of the conformational transitions. Our analysis tacitly assumed that the open 

probability was estimated from open currents measured at equilibrium, and it is well-known that 

lysenin channels respond slowly to changes in the transmembrane voltage [54]. In the absence of 

adenosine phosphates from bulk, the low voltage rate (0.2 mV/s) used to plot the I-V curves and 

to estimate the open probabilities suffices for approximating each experimental point as 

descriptive of a truly steady state [54]. However, this assumption may not be true for the 

experiments comprising ATP addition, which may change the kinetics and increase the time 

required for the channels to adjust their conformation in response to changes of the 

transmembrane voltage. Whatever the case, the experimental results indicate alterations of 

channel functionality induced by ATP addition. 

Our studies support the concept of purinergic control over the biological activity of 

exogenous transmembrane transporters. Adenosine phosphates interfered with the functionality 
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of lysenin channels and promoted changes in their macroscopic conductance and voltage induced 

gating. The use of lysenin channels inserted into artificial membrane systems begs fundamental 

questions regarding the potential physiological relevance of the findings. Answering those 

questions is not a trivial task since the physiological role of lysenin itself in its native 

environment is still obscure. As a matter of fact, lysenin is not even a transmembrane protein in 

E. foetida. Nonetheless, potential physiological clues may be inferred from the well documented 

biological activity of lysenin channels inserted into natural or artificial membranes. Lysenin acts 

as a PFT when interacting with membranes containing SM and presents strong cytolytic and 

hemolytic activity. This fundamental physiological aspect is common to other PFTs presenting 

high structural similarities to lysenin [61]. Our experiments comprised inhibitor addition to the 

ground side of the membranes, which mimics the extracellular environment. The in vivo 

concentration of extracellular ATP is much smaller than what has been used in our work to 

induce observable changes in the transport properties of lysenin channels [57, 62]. However, we 

observed a similar decrease of the ionic currents when ATP was added to the headstage side 

(Supplemental Fig. 2). Since lysenin resembles a cytolytic toxin, and the average amount of 

intracellular ATP is within the range for which sustained conductance inhibition was observed in 

our experiments [57, 62], we conclude that intracellular ATP could play a protective role of 

limiting the lytic activity of toxins. While the inhibitory effect of dATP was even more 

pronounced than the one of ATP, this potency may not translate into a protective role since the 

intracellular or extracellular dATP concentration is usually in the μM range [63]. In addition to 

the lytic activity, lysenin shares fundamental features of ion channels, such as voltage-induced 

gating. The binding of adenosine phosphates to the lysenin channel tampered with the 

electrostatic interactions responsible for gating. Such alterations in functionality could prove 
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pivotal for understanding the molecular mechanisms determining the biological activity of ion 

channels in vivo. While a limited number of ion channels present specific receptors for purines 

within their structure, many others may present charged domains acting as non-specific binding 

sites for adenosine phosphates. Changes in local distribution of the electric field induced by 

electrostatic binding of purines or pyrimidines may modulate the response of ion channels to 

electric or chemical stimuli, thereby affecting their biological activity. In this respect, current 

work is underway to broaden the pharmacological perspective of our findings by considering 

metabolically stable analogs and polyphosphates acting as ecto-nucleosidases capable of 

controlling the flow of ions and molecules through cell membranes.            
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Figures 

 

 

Fig. 1 ATP inhibits the macroscopic currents through lysenin channels inserted into planar 

BLMs. Addition of ATP to the electrolyte solutions bathing the lysenin channels yielded a 

significant decrease of the ionic currents in a concentration-dependent manner. The experiment 

was recorded at -60 mV transmembrane potential at a sampling rate of 1s, with a 1 kHz hardware 

filter and a 0.1 kHz software filter. Each ATP addition (indicated by arrows) increased the ATP 

concentration into the bulk by 1 mM  
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Fig.  2 Changes in macroscopic conductance induced by ATP addition are reversible.  Addition 

of 20 mM ATP to the ground reservoir decreased the ionic current by ~80 %. Buffer exchange 

quickly reinstated the macroscopic conductance and demonstrated reversibility 
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Fig. 3 The mechanism of ATP-induced conductance inhibition does not imply ligand-induced 

gating. a) The insertion of two lysenin channels in the BLM was observed from the unitary step-

wise variation of the open current produced upon each insertion. b) ATP addition to the ground 

reservoir yielded a slow and monotonic decrease of the ionic current by ~60 %. The absence of 

transient changes in the open current upon ATP addition suggests that gating is not a valid 

mechanism for explaining ATP’s inhibitory action 
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Fig. 4 Changes in relative conductance 

induced by the addition of ATP, ADP, or 

AMP. The relative macroscopic conductance 

Gr indicates that ATP (a) and ADP (b) were 

more efficient inhibitors compared to AMP 

(c). The relative conductance values 

represented by symbols in the plots are 

reported as mean ± SD from three 

independent experiments. The conductance 

data, fitted to the Hill equation (full line), 

yielded the following parameters:  i) ATP: 

IC50 = 4.53  ± 0.07 mM, and n = 4.15 ± 0.2; 

ii) ADP: IC50 = 8.92 ± 0.07 mM, and n = 3.43 

± 0.16; and iii) AMP: IC50= 13.43 ± 0.08 mM 

and n = 1.62 ± 0.17 
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Fig. 5 Ionic screening reduces ATP inhibitory effects. The relative conductance indicates that 

ionic screening elicited by the addition of KCl affected the conductance changes induced by ATP 

addition. The lowest KCl concentration (50 mM) promoted electrostatic interactions, increased 

binding, and enhanced the ATP-induced inhibition. Increased KCl concentrations (135 mM and 

500 mM, respectively) diminished the ATP-induced inhibition by weakening the electrostatic 

interactions and the binding affinity. The experimental conductance data (symbols) are presented 

as mean ± SD from six traces recorded for each of the experiments. The average conductance 

data fitted to the Hill equation (full lines) yielded the next parameters: i) 50 mM KCl: IC50 = 3.83 

± 0.05 mM, n = 4.11 ± 0.16; ii) 135mM KCl: IC50 = 4.36 ± 0.07 mM, n = 4.14 ± 0.2; 500 mM 

KCl: IC50 = 6.94 ± 0.07 mM, n = 4.1 ± 0.14 
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Fig. 6 ATP and AMP alter the voltage-induced gating of lysenin in a concentration-dependent 

manner, simultaneous with conductance inhibition. ATP addition induced a rightward shift of the 

voltage-induced gating, which was observed in the I-V (a) and Popen (c) plots. The changes 

induced by AMP (c: I-V curves, and e - Popen) were minimal. All data points are experimental 

values, with the symbols added solely to aid in discriminating between different experimental 

conditions 
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Fig. 7 dATP inhibits the macroscopic currents through lysenin channels inserted into planar 

BLMs. Addition of 1 mM dATP to the electrolyte solutions bathing the lysenin channels yielded 

a significant yet slow decrease of the ionic currents. The inset shows step-wise variations of the 

open current, suggesting a possible gating mechanism. The experiment was recorded at -60 mV 

transmembrane potential at a sampling rate of 1s, with a 1 kHz hardware filter and a 0.1 kHz 

software filter  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


