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ABSTRACT

Since the proposal of the fluid mosaic model of a cell membrane, substantial
scientific evidence has shown that the cell membrane is not simply an inert structure with
the sole role of separating two chemically different environments. The cell membrane
dynamically satisfies basic needs, such as water, ion and nutrient transport, without
which the cell could not survive. It is a structure which actively participates in a great
variety of physiological functions. The activity of the cell membrane is responsible for
the contraction of our muscles and information processing in our brain. In order to
participate in such a wide range of biological processes, the cell membrane incorporates
an extensive variety of protein transporters in its structure. These transporters are highly
regulated and contribute to the selective barrier function of the membrane.

It is this regulation that enables certain complex physiological functions. The
mechanisms of regulation of membrane transporters are obvious in the case of ion
channels, which are transmembrane protein transporters facilitating controlled transport
of specific ions across the membrane. Their regulation is mediated by specific physical or
chemical stimuli, of which voltage, ligands, temperature, light and pressure are most
common. However, recent reports indicate that regulation of such transporters may also
be achieved by other environmental factors which are not easy to identify in the complex
biochemical environment of the cell. Understanding these novel environmental factors
and how they modulate the transport across membranes may be a crucial step to better

understand the functionality of transmembrane transporters in health and disease.
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In this respect, the work presented here employs a highly regulated
transmembrane transporter, lysenin, which is a pore-forming toxin extracted from red
earthworms. Lysenin shares many of the fundamental features of ion channels, such as
voltage and ligand regulation. In addition to these features, lysenin accumulates in lipid
rafts (which are ubiquitous in animal cells). This model transporter offers opportunities to
investigate novel regulatory pathways that are otherwise very difficult to identify in a
living cell. In the work presented in this dissertation, | investigated how specific physical
and chemical determinants of the membrane and surrounding solution, as well as the
gating mechanism itself, may contribute to the emergence of unexpected cellular
functionalities.

In this endeavor, | showed that increasing the local density of lysenin channels in
a target membrane substantially changed the voltage-induced regulation, and that this
density can be simply manipulated by altering the membrane’s lipid composition. Next, |
demonstrated that the macroergic molecule ATP plays an important role in adjusting the
conductance of pore-forming transporters and modulates their biological activity. These
observations expand the well-established role of ATP as a signaling molecule, which has
been proposed and well-studied for the last several decades. Finally, based on
experimental observations that lysenin is endowed with molecular memory, |
hypothesized a gating mechanism capable of explaining such a novel and unexpected
feature. For these investigations, | focused my work on understanding the influence of
multivalent cations on lysenin, which are capable of modulating the voltage-induced
gating by electrostatic screening of the voltage domain sensor. The proposed gating

mechanism, in which the voltage domain sensor moves into the hydrophobic core of the
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membrane upon gating, is supported by experimental evidence showing that anion
binding to the channel lumen presents qualitative and quantitative differences in voltage
regulation, as opposed to binding to the voltage domain sensor.

Therefore, the work presented here advances our knowledge with respect to how
transmembrane transporters are influenced by frequently overlooked environmental
factors, and how this may significantly contribute to the achievement of novel
physiological functions. This level of understanding may prove crucial for determining
potential connections between metabolic pathways and channelopathies that are

commonly attributed to genetic defects of ion channels.
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CHAPTER ONE: MOTIVATION AND BACKGROUND

Transmembrane transporters are crucial elements of the cellular machinery
responsible for paramount cellular functionalities. Water, ions, molecules and nutrient
transport, creation and maintenance of electrochemical gradients, communication, and
information transmission are essential cellular functions that are achieved through
membrane transport [1-6]. There is little doubt that alterations of transmembrane
transport may result in serious cell malfunction, potentially culminating in life-
threatening diseases [7]. The importance of transmembrane transporters is well reflected
in the resources dedicated to their synthesis. Up to half of the bacterial genome encodes
genetic information for transmembrane transporters, and these large numbers are typical
of all living cells [8].

Since all of life’s fundamental processes require controlled transport across
membranes, all transporters are regulated by simple or complex physical and chemical
determinants. The determinants of controlled transport are most obvious for ion channels,
which are protein channel transporters specializing in the diffusion of ions across the
membrane down electrochemical gradients [9]. The correct functionality of excitable
cells such as neurons or muscle cells is predominantly determined by the precise
physiology of ion channels. In fact, the utilization of transmembrane transporters is a
ubiquitous cellular necessity for ensuring homeostasis and other essential functions. All
known ion channels share three fundamental features [3, 6]; high transport rate (essential

for swift response to environmental changes), selectivity (required for specialized



transport of particular solutes), and regulation (which provides control of transport
activities, and is a major focus of my research).

Regulation is paramount for the correct functionality of transmembrane
transporters. In select cases, a simple concentration gradient may trigger directed
transport, while in many others, more specific physical and chemical stimuli are required
to elicit a response. In simple terms, ‘regulation’ means that the transport is controlled by
specific modulators. Such complex regulation is necessary because the cell membrane
separates two environments characterized by very different chemical compositions. For
example, unregulated ion channels would allow uncontrolled, free diffusion of ions, with
catastrophic consequences for the cell. Therefore, ion channels are structurally and
functionally endowed with gating mechanisms that allow passage of ions only under
well-determined conditions. Mechanistically, gating involves a conformational change of
the channel between a high-conducting state (open) and a low-conducting state (closed)
[6]. This toggle between states is modulated by physical and chemical stimuli such as
voltage, temperature, pressure, light, or ligands. The scientific community has dedicated
decades to understanding the mechanisms of gating and their physiological implications.
In spite of tremendous progress in this field, we typically lack structural data which might
elucidate the biophysical aspects of gating. Consequently, there is still much that is not
understood about transporter regulation. Although the patch-clamp technique introduces
an innovative approach for studying ion channels [10], the simultaneous exposure to very
complex chemical and physical environments presents convoluted interactions, which

may obscure the response to distinct stimuli. Therefore, it is largely recognized that a



bottom-up approach, which reduces confounding variables, may be more fruitful for
better understanding the biophysical mechanisms of regulation.

Such an approach requires a simplified model system, devoid of all the complex
interactions occurring in a natural cellular environment. Transporter reconstitution into
artificial bilayer membranes is an appropriate approach for deciphering distinct gating
mechanisms, yet its application to ion channels (or other transporters) is severely limited.
Most ion channels are not commercially available in pure form. The few that have been
made available by genetic engineering often have poor stability. Further, reconstitution in
artificial membrane systems is problematic and technically difficult. These drawbacks
seriously limit not only the characterization of classic gating mechanisms, but also the
discovery of novel mechanisms that have been either neglected or difficult to identify in
complex biological and biochemical systems.

To alleviate these major roadblocks, scientists look towards the use of other
protein channels that share many features of ion channels for revealing the details of
regulation and potential physiological implications. In the quest for the discovery of
novel regulatory mechanisms, we exploited one such alternative model channel
transporter: lysenin. Lysenin is a pore-forming protein consisting of 297 amino acids,
extracted from the coelomic fluid of a common red earthworm, Eisenia fetida. Lysenin is
strongly hemolytic and cytolytic, and therefore is classified as a pore-forming toxin
(PFT) [11]. To exert Iytic activity, lysenin self-oligomerizes as a nonameric pore in
natural and artificial membranes containing sphingomyelin [12-14]. Recent structural
data reveals a long B-barrel channel of ~3 nm diameter and ~11nm length (Fig. 1) [15-

17].
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Fig. 1. General properties of the lysenin channel. (a) Profile of the channel radius.
(b) Side view of the electrostatic surface (red used for negative potential and blue
used for positive). (c) The distribution of Threonine (blue-red) and Serine (yellow-
red) residues throughout the pore. (d) Overhead view of the electrostatic surface
(colors are as in b). (e) Hydrophobic residue distribution (green). (f) Relative
fractional uptake measured by HDX-MS mapped to the surface of lysenin pore.
Left: top view, right: side view. Adapted from Podobnik, M.; et al. Nature
Communications 2016, 7, 11598 [17]. Available under Creative Common License.

Lysenin channels are able to self-insert into membranes with consistent
orientation, so that the direction of the external electric field is identical for all channels.

Lysenin’s large conductance yield large ionic currents that are easier to measure



experimentally. Additionally, lysenin channels are very stable within a lipid membrane,
remaining functional for days [18, 19]. Each of these characteristics qualifies lysenin as
an excellent model for studying high-rate and stable channel transporters reconstituted in
artificial membrane systems. Moreover, lysenin possesses complex regulatory functions,
which are unique among known PFTs [20, 21]. As one such unique feature, lysenin
channels strongly and asymmetrically gate in response to voltage changes [22, 23] upon
insertion into artificial lipid membranes composed of asolectin, cholesterol, and
sphingomyelin. This voltage-induced gating manifests at transmembrane voltages well
within physiological ranges. In typical electrophysiology experiments, when inserted
from the ground side, a population of lysenin channels shows a linear, ohmic I-V
characteristic for a large range of negative transmembrane voltages (i.e., -100 mV : - 0
mV). This linearity is maintained through low positive-voltages, indicative of fully open
channels. However, as membrane polarization progresses over ~10 mV, significant
changes in linearity occur. The I-V characteristic shows a decrease of the current at large
positive voltages, indicative of a diminished macroscopic conductance. The transition
between high and low conducting states is realized through a dynamic negative
conductance region [20].

Analysis of the voltage response using single channels has shown that membrane
depolarization elicits sudden, stepwise changes of the ionic currents, indicating
conformational changes and gating [20, 23]. The voltage-induced gating process is well
described by considering a Boltzmann distribution of the conformational states within a
two-state model (i.e., open — close) [20], which is similarly used for ion channel gating

behavior [4, 6]. This biophysical feature clearly indicates the usefulness of lysenin as a



model voltage-gated channel that shares basic structural and functional traits of ion
channels. Additionally, studies have shown that lysenin channels are ligand-gated [21,
241, which is another fundamental regulatory feature of ion channels with critical
physiological implications. Lysenin channels also present a strong hysteresis in
conductance [18], which may constitute a source of molecular memory in many cells, an
essential feature that may explain memory functions in the absence of a brain. These
fundamental regulatory properties of lysenin are completed by the experimental
observations that the voltage-induced gating manifests only for particular membrane
compositions, requiring anionic lipids in the target membrane [20, 21, 23]. When
replaced with electrically neutral lipids, the voltage induced gating is abrogated and the
channels remain in the open conformation for a large range of hyperpolarizing and
depolarizing bias voltages [20, 21, 23], indicating a role for the lipid composition of the
membrane as a regulator of lysenin’s voltage-induced gating.

Given the complex behavior of lysenin channels, we undertook this work in an
attempt to use this model transporter for investigating how novel regulatory mechanisms,
hidden in the complex biochemical milieu of biological systems, may modulate
transmembrane transport and potentially influence cell functionality. We focused on: i)
understanding how self-congestion of transporters in the membrane may modulate their
activity by non-specific crowding effects (Chapter 2), ii) demonstrating the role of
purines as channel conductance modulators by electrostatic binding to specific sites
within the conducting pathway of transporters (Chapter 3), and iii) further developing
models of voltage-induced gating that explain novel functions such as hysteretic

conductance and memory (Chapter 4).



Chapter 2 investigates how the voltage regulation of lysenin channels
reconstituted in artificial membrane systems is strongly affected by crowding, which is a
fundamental feature of any biological environment [25-32]. Both the cytosol and
membrane are fully packed with molecules that may be chemically inert for a specific
chemical interaction yet occupy physical space in the local environment [25, 27, 28, 32].
Excluded volume plays an important role in modulating essential physical interactions
and biochemical reactions. This was successfully demonstrated by an in vitro replication
of crowded cellular environments [25, 32-37]. However, the impact of such
environmental factors on membrane protein activity is not well understood due to the
difficulty of precisely controlling experimental conditions designed to reveal excluded
surface effects [31, 38-43]. Fortunately, lysenin presents several crucial features that
make it an ideal candidate for such explorations. Self-insertion of lysenin in an artificial
membrane system facilitates control of the number of channels within the membrane (i.e.
the density of channels), and constitutes an appropriate platform for experimentally
determining the effects of congestion on transporter activity. More importantly, lysenin
has been shown to target sphingomyelin-rich lipid rafts [11, 12, 44-47], which is common
for many ion channels expressed in biological membranes [48, 49]. Using this
controllable setup, we show that self-congestion of lysenin within a target membrane
significantly modulates the transport properties by altering the voltage-induced gating. In
addition, we show that the membrane’s lipid composition may facilitate self-congestion
by influencing lipid raft formation. Therefore, we successfully relate channel function

and regulation to both chemical composition and self-organization of the membrane.



In Chapter 3, we focus on the regulation of lysenin conductance by purinergic
signaling. Purines are best known as macroergic molecules and nucleic acid substrates.
The study of their role as signaling molecules has slowly gained momentum, despite high
initial skepticism [50, 51]. Currently, purinergic signaling is recognized as one of the
most ubiquitous and potentially earliest intercellular signaling mechanisms [52, 53]. The
majority of the work dedicated to understanding such an important signaling mechanism
focuses on purines acting as ligands for their receptors (i.e. the purinergic receptors) [54-
56]. Recent studies have expanded the role of purines by showing that the hemolytic
function of some exogenous PFTs is dependent on autocrine signaling upon release of
Adenosine 5'-triphosphate (ATP) directly through the toxin pore [57-62]. Similar to
purinergic regulation of ion channel receptors, there may be a more direct regulatory
mechanism in which purines act as ligands of PFTs. The work presented here
demonstrates that purines can directly regulate lysenin, and possibly other PFTs, by
binding to a specific site on the protein structure. The binding process is cooperative,
strongly influenced by the net charge of the binder molecules, and affected by
electrostatic screening. Further, this binding induces changes in the transport properties
of lysenin channels by reversibly modulating their macroscopic conductance and voltage-
gating profile.

In Chapter 4, our work focuses on understanding how voltage-regulated channels
may achieve novel biological functions through a particular gating mechanism. In brief,
we investigate conductance hysteresis, bi-stability, and molecular memory of lysenin
channels and expand the findings into a gating model capable of explaining such unique

features.



Customarily, bi-stability in response to oscillatory voltage stimuli is considered a
dynamic consequence of a characteristic relaxation time (i.e., the time required by the
channels to achieve equilibrium at a given voltage) unmatched to the period of the
driving voltage [63-67]. The general mathematical model developed for a qualitative
description of the hysteresis in conductance predicts bi-stability that vanishes for two
limiting cases of the oscillatory voltage: very fast and very slow [67]. Previous work
performed by our group identified a dynamic hysteresis in conductance, dependent on the
speed at which the driving voltage changes, and vanishing at high speeds [18]. However,
lysenin channels also show a static hysteresis in conductance, which persists for periods
of the voltage oscillations extending to several hours [18] which greatly exceeds the
channel’s relaxation time. Apparently, the source of hysteresis in bi-stability stems from a
particular mechanism of voltage-induced gating, characterized by an invariant
reactivation pathway (channel reopening after complete closure by external voltages)
[18]. Prompted by this unusual behavior, we hypothesized that the voltage domain
sensor, upon exposure to external electric fields, moves from the ionic, agueous
environment into the hydrophobic core of the membrane, which excludes bound ions and
water molecules. We present experimental evidence in support of this hypothesis by
investigating the voltage-induced gating of lysenin channels exposed to solutions of
monovalent or multivalent metal cations of increasing ionic strengths. For both cases,
electrostatic screening of the voltage domain sensor induces a substantial rightward shift
of the open probability when the driving voltage closes the channel, as predicted by the
biophysical model. Voltage sweeps generated to reactivate (reopen) the previously closed

channels (i.e., from large positive transmembrane voltages to zero) show an invariant
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reactivation pathway, which suffers only negligible changes in the open probability,
irrespective of the ionic strength of the bulk solution. To further demonstrate the role
played by ionic screening of the voltage domain sensor in the gating mechanism, we
analyzed how ATP, which does not bind to the voltage domain sensor but rather to a
different site in the channel lumen [68], adjusts the open probability as a function of
voltage for open-close and close-open transitions. In support of the central hypothesis, we
found that ATP addition, unlike metal cations, obliterates the invariant reactivation
pathway of lysenin channels and induces significant changes of the open probability for
both directions of the voltage sweeps, while still presenting hysteretic conductance.

In conclusion, the presented work exploits the regulatory biophysical features of
lysenin channels for a better understanding of how overlooked or difficult to isolate
environmental factors may contribute to the regulation of transmembrane transporters.
This work sheds more light on the intricate regulation of lysenin channels, which may
help decipher their obscure physiological role, and may be easily extrapolated to other
pore-forming proteins possessing regulatory mechanisms. The great functional and
mechanistic similarities between lysenin and ion channels warrant its use as a functional
model, capable of revealing unexpected connections between novel biological
functionalities and environmental factors not yet accounted for.
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Abstract

All cell membranes are packed with proteins. The ability to investigate the
regulatory mechanisms of protein channels in experimental conditions mimicking their
congested native environment is crucial for understanding the environmental
physicochemical cues that may fundamentally contribute to their functionality in natural
membranes. Here we report on investigations of the voltage-induced gating of lysenin
channels in congested conditions experimentally achieved by increasing the number of
channels inserted into planar lipid membranes. Typical electrophysiology measurements
reveal congestion-induced changes to the voltage-induced gating, manifested as a
significant reduction of the response to external voltage stimuli. Furthermore, we
demonstrate a similar diminished voltage sensitivity for smaller populations of channels
by reducing the amount of sphingomyelin in the membrane. Given lysenin’s preference
for targeting lipid rafts, this result indicates the potential role of the heterogeneous
organization of the membrane in modulating channel functionality. Our work indicates
that local congestion within membranes may alter the energy landscape and the kinetics
of conformational changes of lysenin channels in response to voltage stimuli. This level
of understanding may be extended to better characterize the role of the specific
membrane environment in modulating the biological functionality of protein channels in
health and disease.

Keywords; lysenin; crowding; lipid rafts; sphingomyelin; open probability;

voltage gating
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Introduction

The conformational changes by which protein channels exercise precise control
over membrane permeability are central to life-sustaining processes. The basic science of
membranes has demonstrated relationships between protein channel functionality and
multiple environmental cues unrelated to variations in their primary structure. All cell
membranes are packed with proteins, which may occupy up to 50% of the membrane
surface area [11, 25, 39]. This congested environment may promote specific and non-
specific interactions originating from molecular crowding (excluded-surface effects) and
confinement [39], changes to membrane elasticity [30, 34], hydrophobic mismatch [8],
membrane bending [30] or direct interactions between membrane species [7, 9, 12]. The
two-dimensional configuration of the membrane further restricts spatial arrangements,
promoting congestion and self-congestion of identical molecular species [2, 39]. The
heterogeneous organization of the membrane into lipid rafts [10, 26, 29] adds another
level of complexity since many membrane components, including protein channels, have
specificity for accumulation into lipid rafts [3, 6, 20, 22, 27], consequently promoting
local congestion with fewer molecules.

Excluded surface effects, electrostatic, and membrane-elasticity mediated
interactions each has a dependency on local channel density, ultimately determining the
distance between protein channels and allowing short or long-range interactions to
manifest [12, 30, 39]. Although a synergetic contribution from all of these environmental
cues is expected to influence channel functionality, previous reports have limited their
investigative scope to individual factors. Nonetheless, the common denominator of

congestion is the change of the free energy of the system, which in turn may be
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experimentally observable as changes in the kinetics of the protein channel
conformational transitions [9, 12, 21, 25, 34, 39]. The scarcity of experimental reports on
the behavior of protein channels in congested conditions originates from the lack of an
adequate experimental platform to control channel population densities. lon channels are
not readily available and are not easily reconstituted in artificial systems in controlled-
density conditions. Pore-forming toxins may provide a better in vitro platform for
experimental realization of congestion conditions. However, they often lack regulation
and their biological activity is not necessarily determined by a specific response to
external stimuli that induce conformational changes observable as alterations of their
functionality. In this line of inquiries, we focused our investigations on the effects of
congestion within a membrane by analyzing changes in the gating behavior of lysenin
channels inserted into artificial planar bilayer lipid membranes (BLMs). Lysenin is a 297
amino acid pore-forming protein extracted from the coelomic fluid of Eisenia fetida that
self-inserts to form ~3 nm diameter channels in membranes containing sphingomyelin
(SM) [13, 17, 18, 36]. Although lysenin is not an ion channel, it constitutes an excellent
experimental model for studying the effects of congestion on regulated protein channels
irrespective of their structure and biological function. Lysenin channels exhibit salient
features of ion channels such as high transport rate and regulation by voltage [13, 17].
Their response to voltage stimuli has been well characterized within a two-state (open-
close) model, and changes in the energy landscape can be identified through established
relationships between channel gating and Boltzmann statistics [13] similar to ion
channels [5, 16, 24]. Lysenin’s ability to self-insert stable channels into artificial

membranes facilitates establishing congested conditions by successively increasing the
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number of channels inserted into the BLM, which is expected to influence the voltage-
induced gating. In addition, lysenin has been shown to favor insertion into SM-rich lipid
rafts [1, 22, 35-38], which facilitates further self-congestion conditions by manipulating
the surface area of the rafts through changes in the SM amount in the membrane [1, 20,
28].
Materials and Methods

Dry asolectin (Aso) from soy bean (Sigma-Aldrich), powder brain SM (Avanti
Polar Lipids), and powder cholesterol (Chol) from Sigma-Aldrich were dissolved in n-
decane in a 10:1:5 weight ratio for the 10% SM solution, and a 10:5:5 weight ratio for the
50% SM solution. The percentage indicates SM weight relative to Aso. Lyophilized
lysenin (Sigma-Aldrich) was prepared as a 0.3 uM stock solution by dissolving it in a
solution containing 100 mM KCI, 20 mM HEPES (pH 7) and 50% glycerol and used
without further purification.

The experimental setup consisted of two 1 ml PTFE reservoirs separated by a thin
PTFE film with a ~70 um diameter aperture acting as a hydrophobic frame for BLM
formation. Each reservoir was filled with buffered electrolyte (50 mM KCI, 20 mM
HEPES, pH 7.2) and a planar BLM was formed by painting small amounts of one of the
lipid mixtures over the aperture. The electrical connections were established via two
Ag/AgCl electrodes embedded in the electrolyte solution on each side of the BLM, and
connected to the headstage of an Axopatch 200B amplifier (Molecular Devices). The data
was digitized and recorded through a DigiData 1440A Digitizer (Molecular Devices), and
further analyzed by using Clampfit 10.2 (Molecular Devices) and Origin 8.5.1

(OriginLab) software packages. After a stable BLM was achieved, small amounts of
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lysenin (~0.3 nM final concentration in the reservoir) were added to the ground side of
the BLM under continuous stirring with a low-noise magnetic stirrer (Dual Dipole
Stirplate, Warner Instruments). Channel insertion was monitored by measuring the ionic
currents through the BLM in voltage clamp conditions at negative transmembrane
potentials and a 1 kHz low-pass hardware filter (Electronic Supplementary Material Fig.
S1 and Fig. S2). Successive addition of increased amounts of lysenin to the ground side
of the BLM provided additional channels to facilitate congested conditions (Electronic
Supplementary Material Fig. S3), and ensured consistent channel orientation [13]. After
each lysenin addition, the system was monitored to ensure completion of channel
insertion before each data measurement, as indicated by a steady-state open current
usually achievable in less than 1 hour (Electronic Supplementary Material Fig. S3) [15].
All of the experiments were performed at room temperature (22.5 + 0.5° C).
Results and Discussion

We hypothesized that experimental congestion conditions may be achieved by
increasing the number of lysenin channels inserted into planar BLMs. However, large
channel populations in this study were expected to yield ionic currents exceeding the 200
nA limit of the instrumentation at practical transmembrane voltages. To circumvent this
limitation, we decreased the conductance of the support electrolyte by using 50 mM KCI
and characterized the insertion and functionality of individual lysenin channels to ensure
consistent behavior among experimental conditions. Using BLMs comprised of 50% SM
weight ratio relative to Aso, the addition of lysenin to the ground reservoir at -30 mV
transmembrane potential produced discrete changes in the open current (Electronic

Supplementary Material Fig. S1) indicative of individual channel insertions [17]. The
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stepwise open current distribution for four inserted channels yielded a unitary
conductance of 0.391 + 0.025 nS/channel, consistent with previous reports [14, 17, 23].
The 1-V curves recorded in response to voltage ramps ranging from -100 to 100 mV at
0.2 mV/s demonstrated the linear behavior in the negative voltage region (hence absence
of conformational changes and a constant conductance in the negative voltage range),
followed by voltage induced gating at positive potentials [15, 17] (Electronic
Supplementary Material Fig. S1). Therefore, we concluded that the low ionic
concentration did not affect the insertion, the transport capabilities, and the voltage
regulation of lysenin channels.

After the insertion of lysenin channels into the 50% SM BLMs, the gating
behavior was assessed by measuring the ionic current in response to a slow voltage ramp
(0.16 mV/s) ranging from 0 mV to 100 mV. Incorporating more lysenin from the stock
into the grounded bathing solution facilitated additional channel insertions into the BLM,
increasing the density of channels within the membrane (Electronic Supplementary
Material Fig. S3). The number of channels in the population was approximated from the
ratio of the total membrane conductance determined from the ionic current measured at -
60 mV (when all of the channels were open) to the unitary single channel conductance
measured during the initial insertion events (~0.39 nS/channel). Effects due to the
increased population were identified from the analysis of the I1-V curves recorded for
different numbers of inserted channels. As shown in Fig. 1a, the I-V curves revealed a
significant increase in the voltage required for the channels to gate as the number of
inserted channels increased. Each I-V plot shown in Fig. 1 is the average of three

consecutive runs for the same experimental setup. Although multiple parallel experiments
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indicated an identical behavior (i.e., increase of voltage required to initiate gating),
assuring identical experimental conditions by exact control of the number of inserted

channels was elusive.
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Fig. 1. The number of lysenin channels inserted into a planar lipid membrane
containing 50% SM affects the I-V characteristics (a) and induces a rightward shift
of the experimental open probability Popen (D). Each 1-V and Popen plot is the average
of three individual recordings for the same experimental setup and all data points in
the graphs are experimental values with standard errors < 5%.

To further analyze the gating behavior, linear fits of the 1-V curves in the low

positive voltage range (when all of the channels were in the open state [15]) were used to
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determine a theoretical maximum current Imax for each voltage as if channel gating was
not observed, and the probability of finding a channel in open state (Popen) Was

determined from [4, 33]:

LD

I:)open = |
max

where | is the actual measured current at each voltage in the 1-V curve. The plot
of the open probabilities, shown in Fig. 1b, demonstrated the rightward shift of Popen With
increased channel population. lonic currents larger than the instrument’s limit recorded
for increased channel populations consequently limited the maximum number of channels
that could be investigated. Analysis of the -V curves shown in Fig. 1a indicated that
subsequent increases to the channel population would yield currents outside of the
measurable range of the instrument, making the open probability calculations unfeasible.

One may argue that the actual transmembrane voltage decreased for large channel
populations due to the increased voltage drop across the serial resistance of the bulk
electrolyte. Each reservoir can be approximated as a cube of 1 cm side length, and the
measured electrolyte solution was 6.5 mS/cm thus yielding a total conductance for the
two reservoirs of ~13 mS. Since each channel contributes to the membrane conductance
by ~ 0.39 nS, the total conductance of 10,000 inserted channels of ~3.9 uS is ~3300 times
smaller than the electrolyte conductance. Therefore, any change in the actual
transmembrane voltage due to increased voltage drop on the serial resistance of the
electrolyte is negligible. Hence, we attribute the changes observed in the voltage response
of lysenin channels to the increased population in the target membrane. Given the
approximate surface area occupied by one channel [36] (~10*um?) and the relatively

large area of the BLM (~1,900 pm? for a 25 um radius) it is difficult to link the observed
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shift in gating to excluded-surface effects [39] even for a population of 10,000 inserted
channels. In addition, the average inter-channel distance for a uniform distribution of
channels within the membrane (roughly estimated at ~ 400 nm for 10,000 channels
inserted into a 1,900 pm? membrane) may be sufficiently large to prevent manifestation
of any specific interactions between channels. However, lysenin channels prefer insertion
into lipid rafts [18, 22], which promote localized accumulation and increased local
channel density. Lysenin clustering into SM-rich domains and formation of 2-D arrays in
supported lipid membranes has been clearly demonstrated by using high-speed Atomic
Force Microscopy [37, 38] and these studies revealed that rafts are the first target for
oligomerization. However, at very high lysenin concentration, pore assembly has been
shown to gradually expand into the disordered phase following exclusion of SM and Chol
from the SM-rich domain. Nonetheless, our experiments comprised much lower amounts
of lysenin added to the solutions and, implicitly, a significantly reduced number of
inserted channels. Therefore, we may assume that our experimental conditions describe
the functionality of lysenin channels located into lipid rafts. Since SM is a major
component of the lipid rafts and SM depletion may modulate the lipid raft size and
distribution [1, 20, 28], we expanded our investigations to a BLM with a lower SM
concentration (10% weight ratio relative to Aso) in the same ionic conditions. Given the
importance of SM for the lysenin pore formation and insertion [17], we questioned if the
reduced SM concentration affects the functionality of individual lysenin channels.
Similar to the 50% SM conditions, the open current recorded after addition of lysenin to
the ground reservoir changed in discrete steps (Electronic Supplementary Material Fig.

S2), and the stepwise distribution of the open current for the four inserted channels
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yielded a unitary conductance of ~0.394 + 0.015 nS, comparable to the 50% SM
conditions. The I-V plot recorded in response to voltage ramps from -100 to 100 mV also
exhibited the familiar linear behavior in the negative voltage region, followed by voltage
induced gating at positive potentials [15] (Electronic Supplementary Material Fig. S2).
Therefore, we concluded that the reduced SM concentration did not affect the insertion,
the conductance properties or the voltage regulation of lysenin channels.

We then introduced additional lysenin from the stock into the grounded bathing
solution, which permitted further channel insertions into the BLM, consequently
increasing the density of channels within the membrane. Experimentally, the conditions
and methods were identical to the higher SM concentration BLMs, and the open
probability was calculated in the same manner. The I-V curves and the open probability
for increasing numbers of channels in the lower SM concentration membranes are shown

in Fig. 2a and 2b, respectively.
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Fig. 2. (a) The I-V plots for increasing numbers of lysenin channels inserted into
planar lipid membranes containing 10% SM. (b) A more significant rightward shift
in the open probability is observed for the reduced SM concentration compared to
the 50% SM condition shown in Fig. 1. Each I-V and Pgpen plot is the average of
three individual recordings for the same experimental setup and all data points are
experimental values with standard errors < 5%.

As with the higher SM concentration membranes, increases in channel population
shifted the gating toward higher voltages. However, the shift was more significant for the
10% SM conditions compared with the 50% SM conditions. To gain further insight into
the effect of SM ratio, we considered a simple biophysical model of gating. The
conformational changes of lysenin channels in response to transmembrane voltages are

considered transitions between two conduction states, i.e open and close [13].
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Accordingly, the theoretical probability of finding a channel in the open state at

equilibrium is described by Boltzmann statistics as [24, 30]:

1 1 1 @

1+K: —AG vy,
1+ekeT  14eMT |

I:)open =

where K is the equilibrium constant of the open-close transition, AG is the
difference in free energy between the open and closed state, q is the gating charge, ks is
the Boltzmann constant, T is the absolute temperature, and Vo is the half-activation
voltage, i.e. the voltage where Popen = 0.5 [32, 33]. Equation (2) establishes the
relationship between kinetics and free energy; the changes in Popen reflect changes in
Kinetics which are indicative of changes in the free energy due to all of the specific and
non-specific interactions arising from local congestion, which may include excluded
surface effects originating in crowding, electrostatic interactions, or changes in the
mechanical properties of the membrane [12, 30, 32, 39]. Next, our analysis focused on
the changes of the half-activation voltage, indicative of the balance between the energy
supplied by the external electric field and all the other energies in the system [32]. The
experimental Vos values for 50% SM BLMs increased by ~30 mV over the
approximately 20-fold increase in channel population (Fig. 3). The smaller populations of
channels (less than 2,000 channels) exhibited negligible changes of the Vo5 values, and
indicated that smaller numbers of channels did not establish a congested environment to
significantly alter channel functionality. The shift toward higher voltages for the
increasing population of channels suggested that the congested conditions make the

channels less sensitive to voltage.
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Fig. 3. The half-activation voltage Vo5 (mean + SD, n=3) as a function of the number

of lysenin channels inserted into similar-size planar lipid membranes undergoes

more pronounced changes for bilayers containing 10% SM (open squares), 20% SM

(open triangles), and 50% SM (open circles).

For 10% SM, the values of Vo5 induced by an approximately 25-fold increase in
channel population shifted by ~72 mV (Fig. 3). Again, smaller populations of channels
(~210 and ~580) did not exhibit significant changes in the Vo5 values of the open
probability, indicating that small numbers of channels did not constitute a congested
environment in which significant changes in functionality manifest. Consistent with these
observations, a parallel experiment comprising lysenin channels inserted into BLMs
containing 20% SM (weight ratio relative to the amount of Aso) shows that for similar
number of inserted channels the Vo5 values are situated between the extreme values
determined for the 10% SM and 50% SM (Fig. 3). A reasonable explanation for such
behavior may consider the role played by lipid rafts as a target for lysenin channel
insertion [1, 18, 19, 22]. A BLM containing a smaller concentration of SM was theorized
to create smaller lipid rafts where lysenin channels will insert. This, therefore, led to a
greater local density of channels from the decreased raft area. Comparing the lower-

concentration to the higher-concentration SM membranes, we observed that for a given
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number of channels, the bilayers containing the lower SM concentration yielded greater
values of Vos. However, for low numbers of channels, Vo5 was approximately the same
for both concentrations. As the number of channels in the populations increased, the
BLMs containing a lower concentration of SM exhibited a more significant increase in
Vo.s. Once again, the higher density of channels, presumed to originate in the reduced
surface area of the lipid rafts, produced a prominent congestion effect manifested as a
significant change in the voltage gating.

The behavioral changes for channels in congested conditions, observed as
changes in the voltage gating profile, indicates an altered kinetics of the conformational
transitions. Our analysis implies that the measured open probability was independent of
time, thus was estimated from open currents measured at equilibrium. However, the slow
equilibration of lysenin channels in response to transmembrane voltages [15] may
prevent accurate estimations of the open probability as a representative of the steady state
for each of the experimental conditions. For small populations of inserted channels, the
low voltage ramp rate used to plot the I-V characteristics (0.16 mV/s) suffices to
approximate each current as descriptive of a true steady state [15]. A more thorough
analysis would require either using extremely slow voltage rates [15] or determining the
time evolution of the ionic currents in response to step voltages. Neither of these
approaches is feasible owing to membrane lifetime and technical limitations. Irrespective
of the steady-state approximation, our results suggest that high density conditions alter
channel functionality by changing the free energy landscape of conformational

transitions.
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The open probabilities of the small populations show the presence of a minimum
threshold in the number of channels required to initiate observable changes in gating,
consistent with congestion effects dependent on inter-channel distance. We also observed
that low SM ratio conditions exhibit a more abrupt relationship between Vo5 and the
number of channels, providing further evidence that the behavioral effects could be
attributed to the more congested conditions. Since only minor changes in gating were
observed for low numbers of channels irrespective of SM concentration, this suggests
that the congested conditions were dependent on the local density of the channels in the
BLM. We assumed that as the channels were inserted into the membrane, smaller rafts
produced more noticeable effects on the gating than when the channels were allowed to
spread out in the higher SM concentration membrane. To further analyze the behavior of
lysenin channels at low densities, we estimated Vo5 for populations ranging from 3 to
943 channels inserted into 50% SM BLMs (Fig. 4). Although each Vs represents the
average value determined for a particular number of inserted channels, each point was
determined from an independent experiment. Very low number of inserted channels (<
20) yielded a spurious signal owing to the large contribution to the open current of
individual closing events. In order to avoid the large experimental errors achievable in
such conditions, at least ten -V plots were averaged for each analysis, while for larger
number of channels the average was calculated from at least three 1-V plots. We found no
change in the values of Vo (within the errors) for the channel populations in this range,
reinforcing our assertion that suggests a minimum inter-channel distance is required to

manifest changes in the energy landscape.
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Fig. 4. The half-activation voltage Vos undergoes negligible changes for low number
of lysenin channels inserted into 50% SM lipid membranes. Each Vos was
determined from independent parallel experiments and the data are reported as
mean = SD, n=3-10.

A better analysis of the experimental results should include the average distance
between channels, instead of number of inserted channels. However, such calculations
are seriously impeded by the current lack of knowledge with regards to the size of the
rafts as a function of lipid composition. Lipid rafts are not exclusively composed of SM
therefore the area occupied by rafts for a given SM concentration may not be accurately
determined. It is estimated that only 20-30% of the SM is actually included into lipid rafts
[22, 31], which may significantly contribute to a reduced raft area, higher channel density
and shorter inter-channel distance.

We reported on changes in lysenin channel voltage-induced gating exclusively
prompted by congestion effects within a planar BLM. The origins of these effects are
hypothesized to stem from changes in the energy landscape, which resulted in modified
channel-state kinetics and/or equilibrium. Our work illustrates how congested conditions

typical of cell membranes influence the performance and behavior of voltage-gated
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channels. Although the precise physiological role of lysenin remains unknown, our work
revealed functional relationships between micro-environmental conditions and regulated
protein channels. Lysenin is not an ion channel but its response to external voltage
stimuli is satisfactorily described by two-state models commonly used for ion channels.
This mechanistic similarity may prove crucial for deeper insights into ion channel
physiology since all ion channels are crowded proteins in their native environments and
many are known to have specificity for accumulation in lipid rafts [3, 6, 20, 27]. This
extra layer of complexity and the connection between biological functionality and local
environment may be expanded to explain the biological activity of porins, malfunctioning
of ion channels, impaired signaling, or the development of serious diseases [20, 28].
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Fig. 5 Low ionic concentration does not affect the functionality of lysenin channels.
(&) Insertion of identical lysenin channels in a lipid membrane containing 50%
sphingomyelin (weight ratio relative to the amount of asolectin) and bathed by 50
mM KClI is indicated by the stepwise increase of the open current. (b) The current
distribution of the open current indicates a unitary conductance increase of ~0.391 +
0.025 nS/channel. (c) The I-V plot recorded at 0.2mV/s indicates the voltage-induced
gating at positive transmembrane potentials and demonstrates the functionality of
lysenin channels in low ionic concentration conditions.
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Fig. 6 Sphingomyelin depletion does not affect the functionality of lysenin channels.
(@ Insertion of identical lysenin channels in a bilayer containing 10%
sphingomyelin (weight ratio relative to asolectin) and bathed by 50 mM KCI. (b)
The current distribution of the open current indicates a unitary conductance
increase of ~ 0.394 £ 0.025 nS/channel. (c) The I-V plot recorded at 0.2mV/s
indicates the voltage-induced gating at positive transmembrane potentials and
demonstrates the functionality of lysenin channels in sphingomyelin-depleted
conditions.
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Fig. 7 Consecutive addition of lysenin for achieving increased number of inserted
channels into the target lipid membrane. a) Channel insertion after addition of
lysenin to a pristine membrane biased by - 60 mV is indicated by changes in ionic
current. The completion of insertion is indicated by a steady state is achieved in ~ 40
minutes. b) After recording the I-V plots, a new lysenin addition promotes further
insertion and leads to an increased number of channels in the membrane.
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Abstract

Lysenin, a pore-forming protein extracted from the coelomic fluid of the
earthworm E. fetida, 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. lonic 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 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
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oversimplification of the lytic mechanism employed by the PFTs. Recent studies have
clearly demonstrated that some PFTs may trigger an 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 Ca?* [22, 26, 27, 34]. This multistep 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
Iytic 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 Eisenia 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
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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 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.
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Materials and Methods

Reagents and Solutions

Ten milligram asolectine (Sigma Aldrich), 4 mg porcine brain SM (AvantiLipids),
and 4 mg cholesterol (Sigma Aldrich) in powder form were dissolved in 200 pL n-decane
(TCI America) for lipid-membrane preparation. If not otherwise indicated in the main
text, 135 mM KCI (Fisher 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 1 M KCI electrolyte solutions containing 1
% agarose (Fisher Scientific). A stock solution of lysenin (Sigma Aldrich) of 1 uM final
concentration was obtained by dissolving it in 100 mM KCI /50% glycerol solution. One
molar 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 polytetrafluoroethylene (PTFE) reservoirs, each capable of
accommodating ~1 mL electrolyte solution. The two reservoirs were separated by a thin
PTFE film (~120-m thickness) in which a small central hole of ~60-um 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
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ground of the electrophysiology amplifier Axopatch 200B (Molecular Devices) for data
recording and analysis in conjunction with the DigiDatal440A 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 solution exchanger was employed in
experiments requiring fast exchange of the support electrolyte. All experiments were
performed at room temperature (22 + 0.5 °C).

Experimental Protocols and Models

After a stable BLM was produced by the painting method (as indicated by
capacitance and seal resistance measurement), the 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
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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.

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.
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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.

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 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
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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.
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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.

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
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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 (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.
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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.

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
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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/Go, where Go is the conductance measured in the absence of
inhibitor, and G is the conductance measured after each 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
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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.
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Fig. 4 Changes in relative conductance induced by the addition of ATP, ADP, or
AMP. The relative macroscopic conductance Gy 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: 1Cso =4.53 £ 0.07 mM, and n = 4.15
+ 0.2, (ii) ADP: ICs0 = 8.92 £ 0.07 mM, and n = 3.43 + 0.16, and (iii) AMP: 1Cs=
13.43 £0.08 MM and n = 1.62 + 0.17.
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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 Gy induced by inhibitors [55, 56]:

Gr 21—(1—Gmin) [):]]n @)
[1Cso]" +x]"

where Gnmin is the relative current measured at saturation (i.e., full occupancy of
the binding sites), I1Cxo 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 experimental data to the Hill equation
(Fig. 4) provided the following values: (i) ATP: ICso = 4.53 £0.07 mM, and n =4.15 +
0.2; (ii) ADP: ICs0=8.92 £ 0.07 mM, and n = 3.43 + 0.16; and (iii) AMP: ICso= 13.43 +
0.08 mM, and n =1.62 £ 0.17. Both parameters, i.e. ICsg and n, varied with the chemical
identity of the inhibitor. 1Cso 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.
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lonic 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 G, of lysenin channels
exposed to electrolyte solutions containing 50, 135, and 500 mM KCI. 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 KCI, and by ~52
% for 135 mM KCI; but for the 500 mM KCI, 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 1Cso. As expected, the lowest ionic concentration (50 mM KCI) elicited the lowest
screening efficacy, promoted binding, and yielded the lowest ICsp (3.83 £ 0.05 mM). At
135 mM KCI, the ICsp increased to 4.36 £ 0.07 mM, indicative of more efficient

screening and weaker interactions. This trend was maintained at 500 mM KCI, for which
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the estimated 1Cso 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.
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Fig. 5 lonic screening reduces ATP inhibitory effects. The relative conductance
indicates that ionic screening elicited by the addition of KCI affected the
conductance changes induced by ATP addition. The lowest KCI concentration (50
mM) promoted electrostatic interactions, increased binding, and enhanced the ATP-
induced inhibition. Increased KCI 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 KCI: I1Cso = 3.83 £ 0.05 mM, n = 4.11 *+ 0.16; (ii) 135mM
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KCI: I1C50=4.36 £ 0.07 mM, n =4.14 £ 0.2; and (iii) 500 mM KCI: ICs0=6.94 £ 0.07
mM, n=4.1+0.14.

ATP and AMP Affect the VVoltage-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 most and
the least efficient inhibitor, respectively) on the gating of lysenin channels inserted into
planar membranes exposed to 50 mM KCI electrolyte solutions by analyzing the I-V

curves in the range -60 to 60 mV (Fig. 6).
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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 Pgpen (€) plots. The changes induced by AMP (b 1-V curves, and d Popen)
were minimal. All data points are experimental values, with the symbols added
solely to aid in discriminating between different experimental conditions.

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 1-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



62

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]:

L (2)

I:)open = |
max

where | 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 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 1-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 1-V

characteristics maintained linearity between 0 and -10 mV in the presence of inhibitor,
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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 Figs.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 Figs. 3 and 4). For this small negative voltage range, the 1-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 adding dATP (1 mM final concentration) to the
ground side of a membrane containing lysenin channels bathed by 135 mM KClI, 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 1 mM
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
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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.
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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.

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
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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 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 1Csq’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 KCI promoted screening and weakened the electrostatic
interactions; consequently, screening diminished the ATP inhibition potency, as indicated
by the significant increase of the 1Cso 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 1Csos, which we initially assumed to reflect solely the different net

charge of the inhibitors. However, besides charge, the size of the inhibitors may vary
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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 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 AP2X4-
C-ATP co-crystals reveal a unique binding motif favoring extensive hydrophilic
interactions with B-phosphates and y-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
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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 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
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voltage rate (0.2 mV/s) used to plot the 1-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 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. fetida. 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].
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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 dJATP 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 uM 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 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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Fig. 8 The experimental setup consisted of a custom-made planar bilayer lipid
membrane chamber, which was comprised of two PTFE reservoirs, each capable of
accommodating ~1 mL electrolyte solution. The two reservoirs were separated by a
thin PTFE film (~120 pm thickness) in which a small central hole of ~60 pm
diameter was produced by an electric spark. The agarose/Ag/AgCl electrodes
immersed into the electrolyte solutions were connected through flexible wires to the
electrophysiology amplifier.
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Fig. 9 ATP inhibits the macroscopic currents through lysenin channels inserted
into planar lipid membranes irrespective of the addition side. Addition of ATP to
the headstage-wired solution yielded a significant decrease of the ionic currents in a
concentration-dependent manner, similar to what was observed after ATP addition
to the ground side (see the main text). 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 by the amount indicated in the figure.



79

CHAPTER FOUR: INSIGHTS INTO THE VOLTAGE REGULATION MECHANISM

OF THE PORE-FORMING TOXIN LYSENIN

Sheenah Lynn Bryant 2, Tyler Clark , Christopher Alex Thomas !, Kaitlyn
Summer Ware !, Andrew Bogard 2, Colleen Calzacorta !, Daniel Prather ! and Daniel

Fologea 12*

!Department of Physics, Boise State University, Boise, ID 83725, USA,
sheenahbryant@boisestate.edu (S.L.B.); tylerpatrickclark@gmail.com (T.C.);
christopherthomas908 @boisestate.edu (C.A.T); kware@u.boisestate.edu (K.S.W.);
andybogard@boisestate.edu (A.B.);
colleenpoulton@u.boisestate.edu (C.C.); danielprather@u.boisestate.edu (D.P.)

2Biomolecular Sciences Graduate Program, Boise State University, Boise, 1D
83725, USA

Correspondence:

*DanielFologea@boisestate.edu; Tel.: +1-208-426-2664

Reprinted with permission from Copyright Clearance Center: Springer Nature,

Toxins, Insights into the voltage regulation mechanism of the pore-forming toxin lysenin,
Bryant et al, (2018)

https://www.mdpi.com/2072-6651/10/8/334



https://www.mdpi.com/2072-6651/10/8/334

80

Abstract

Lysenin, a pore-forming toxin (PFT) extracted from Eisenia fetida, inserts
voltage-regulated channels into artificial lipid membranes containing sphingomyelin.
The voltage-induced gating leads to a strong static hysteresis in conductance, which
endows lysenin with molecular memory capabilities. To explain this history-dependent
behavior, we hypothesized a gating mechanism that implies the movement of a voltage
domain sensor from an aqueous environment into the hydrophobic core of the
membrane under the influence of an external electric field. In this work, we employed
electrophysiology approaches to investigate the effects of ionic screening elicited by
metal cations on the voltage-induced gating and hysteresis in conductance of lysenin
channels exposed to oscillatory voltage stimuli. Our experimental data show that
screening of the voltage sensor domain strongly affects the voltage regulation only
during inactivation (channel closing). In contrast, channel reactivation (reopening)
presents a more stable, almost invariant voltage dependency. Additionally, in the
presence of anionic Adenosine 5'-triphosphate (ATP), which binds at a different site in
the channel’s structure and occludes the conducting pathway, both inactivation and
reactivation pathways are significantly affected. Therefore, the movement of the voltage
domain sensor into a physically different environment that precludes electrostatically

bound ions may be an integral part of the gating mechanism.

Keywords: lysenin; pore forming toxins; voltage gating; hysteresis; electrostatic

screening
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Key Contribution: This study investigates the voltage regulation of the pore
forming toxin lysenin and proposes a gating mechanism that implies the movement of a
voltage domain sensor from an aqueous environment into the hydrophobic core of the

membrane upon voltage-induced conformational changes.
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Introduction

Lysenin, a pore forming toxin (PFT) found in the coelomic fluid of the red
earthworm E. fetida, induces cytolysis and hemolysis of cells that contain sphingomyelin
in their plasmalemma [1-5]. Electrophysiology [2,6,7] and atomic force microscopy [8—
10] investigations of lysenin inserted into artificial membrane systems have shown that
this lytic activity stems from self-insertion of large conducting pores in the target
membrane. The physiological role of lysenin is still obscure; nonetheless, lysenin
channels possess a great variety of intricate biophysical properties which are commonly
shared with ion channels, including large transport rate and selectivity [2,7].
Additionally, lysenin is endowed with unique regulatory mechanisms that set it apart
from other PFTs. For example, when reconstituted in artificial membrane systems,
lysenin channels show reversible ligand-gating induced by multivalent cations [11,12].
Remarkably, the ligand-induced gating is influenced by the charge density of the ligands;
small and highly charged ions (e.g., trivalent metal cations) bind the channel protein at a
specific site and induce conformational changes that switch the channel’s conductance
between open (fully conducting) and closed (non-conducting), while divalent or
voluminous polycations force the channel into a sub-conducting state [11,12]. The
macroscopic conductance of the channels is also reversibly modulated by purines (e.g.,
adenosine phosphates), for which the mechanism of conductance reduction stems from
anions binding to a specific site inside the channel’s lumen and impeding the ionic flow
[13]. This mechanism of channel occlusion is fundamentally different from ligand-

induced gating, which employs a cation-binding site to induce conformational changes.
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The most striking feature of lysenin channels is their unique voltage regulation,
which has been extensively explored in multiple studies [2,6,7,14,15]. Voltage regulation
is a fundamental feature of many PFTs, which generally present symmetrical voltage
gating at large transmembrane potentials [16]. In contrast, lysenin channels displays
asymmetrical voltage induced gating, which occurs at low transmembrane voltages [6,7]
and resembles a basic feature of voltage-gated ion channels. Specifically, lysenin
channels are in a high-conductance state (open) for a large range of negative voltages and
at low positive voltages. At transmembrane potentials exceeding ~10-20 mV, the lysenin
channels transition to a closed conformation characterized by negligible conductance
[6,17].

For a population of lysenin channels, the open-close transition is described by a
Boltzmann distribution within a two-state model for which the transition is relatively
slow, being characterized by a relaxation time of several seconds [17]. The slow response
to applied voltages creates premises for dynamic hysteresis in conductance which occur
when applying variable voltages that change too fast to be followed by conformational
changes of the channels [18]. This non-equilibrium leads to distinct pathways for channel
inactivation (channel closing induced by increasing, ascending voltage ramps) and
reactivation (channel reopening during decreasing, descending voltage ramps). Dynamic
conductance hysteresis, which may be a source of molecular memory, is a fundamental
feature of voltage-gated ion channels exposed to oscillatory voltages for which the period
of the stimulus is comparable to the relaxation time [18]. However, this phenomenon fails
to account for the behavior of lysenin. Lysenin presents a large, static hysteresis in

conductance [14,17], which is not common among ion channels or pore forming proteins.
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While dynamic hysteresis vanishes when the period of the voltage stimulus greatly
exceeds the characteristic relaxation time (i.e., when the channels are at equilibrium at
any given time during voltage stimulation), lysenin channels retain conductance
hysteresis over voltage ramps lasting several hours [17], much larger than their relaxation
time.

This unusual feature may be related to the mechanism by which lysenin channels
respond to voltage stimuli. In experiments investigating the effects of temperature on
lysenin gating [17], it has been found that higher temperatures elicit a strong shift of the
voltage-induced gating during ascending voltage ramps. In contrast, temperature has
negligible influence on channel reactivation (descending voltage ramps) and the open
probability (Popen) IS invariant. This stable reactivation pathway leads to a static hysteresis
[17], which could be better understood by gaining more insights into the gating
mechanism. This may be possible by considering recent structural data of the lysenin
channels [19-21], which in conjunction with novel explorations may shed more light on
lysenin’s intricate voltage-induced gating and molecular memory.

It has been suggested that lysenin channels alter their conformation by the movement
of a gate coupled to a charged voltage domain sensor when under the influence of an
external electric field [6], which is functionally similar to many voltage-gated ion
channels [22-28]. Structural data reveals the presence of hinge-like, flexible structures
essential for pore formation [19-21] which may allow the elusive voltage domain sensor
to move. Since both ionic strength and pH strongly modulate the voltage-induced gating
of lysenin channels [6], it is natural to assume that the charged voltage domain sensor is

exposed to the bulk ionic solution at rest (the state in which all the channels are open at
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zero transmembrane potential), and screened. To explain the invariant reactivation
pathway, we hypothesized that conformational changes, leading to channel closing, move
the voltage domain sensor into an environment for which novel physical properties
influence how the channels will further respond to voltage stimuli, such as the
hydrophobic core of the membrane. Irrespective of different nomenclatures used to define
the protein domains, available X-ray and Cryo-EM structural data [19,21] show a
mushroom-shaped channel comprising a head and a -barrel long pore (stem). One may
surmise that the voltage domain sensor could be located in the head region since those
domains are more prone to movement. In addition, the same structural data indicates the
presence of multiple charged sites capable of binding both anions and cations, and
lysenin presents such capabilities [11-13,29].

The present work was undertaken to produce evidence for the hypothesis that the
voltage domain sensor moves into a physically different environment during gating. Our
investigations considered electrostatic screening elicited by monovalent and multivalent
metal cations acting as counterions for the voltage domain sensor. A simple two-state
gating model that assumes a Boltzmann distribution of the states [6,30-32] allowed us to
estimate the midway voltage of activation (Vos, the voltage at which the Popen equals 0.5)
and the number n of elementary gating charges in various experimental conditions
comprising electrostatic screening induced by counterions. Our results show that
electrostatic screening has a major influence on channel inactivation, while the
reactivation pathway is basically invariant. However, investigations conducted by
employing ATP, which modulate the macroscopic conductance by binding to the channel

lumen and partially occluding the conducting pathway [13], show a quantitatively and
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qualitatively different influence on voltage-induced gating, in support of the hypothesized
gating mechanism.
Results and Discussions

2.1. Monovalent Metal Cations Modulate the VVoltage-Induced Gating of Lysenin

Channels During Inactivation, while Minimally Influencing the Reactivation Pathway

The macroscopic ionic currents through a large population of lysenin channels,
which were inserted into the bilayer membrane and exposed to increasing monovalent ion
concentrations, underwent visible changes with regards to their magnitude and voltage
required to initiate the open-close transitions during ascending voltage ramps (channel
closing, or inactivation, Figure 1a), as our group reported in a previous study [6].
Addition of KCl yielded larger slopes of the linear portion of the current—voltage (1-V)
curves recorded at low voltages (i.e., a larger macroscopic conductance, equal to 1/V),
which follows the increase of the support electrolyte’s ionic conductivity. In addition, we
observed a significant shift in the voltage required to initiate voltage-induced gating,
which was also dependent on the ionic concentration of the bulk [6]. This shift suggests
that the voltage domain sensor of the channel was exposed to the external ionic solution
and addition of counterions enhanced electrostatic screening and reduced the gating
charge. Consequently, larger transmembrane voltages and electric fields were required to
actuate the gate and close the channel. In contrast, the ionic currents recorded for
descending voltage ramps (channel reopening, or reactivation, after voltage-induced
closing) show both a different qualitative and quantitative response to monovalent ion
addition (Figure 1b). To facilitate direct comparison with the ionic currents recorded

during ascending ramps, an identical range for the y axis was used to plot the |-V
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characteristic corresponding to descending voltage ramps. For identical ionic
concentrations, the maximal currents recorded during the descending ramps are clearly
smaller than what was recorded for the ascending ramps, demonstrating the previously
observed hysteresis in conductance [14,17]. In brief, for the same transmembrane
voltage, the macroscopic current may have different values depending on the channel’s
history (previously open, or previously closed, respectively). Nonetheless, when the
decreasing transmembrane voltages approached ~10 mV, the channels fully reopened and
their initial conductance was fully reinstated; as inferred from the |-V plots recorded at
low transmembrane voltages for all ionic concentrations and ramp directions, the currents
and the slopes of the I-V plots at low transmembrane potentials were identical for the
two cases, indicating full channel reopening. However, unlike what was observed for
ascending voltage ramps, monovalent cation addition did not significantly alter the
voltage at which the close-open transition occurred during descending ramps, irrespective

of the ionic concentration.
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Figure 1. Effects of KCI addition on the 1-V characteristics of a population of
lysenin channels. (a) The 1-V plots recorded during ascending voltage ramps
indicated changes of the macroscopic conductance (I/V) and voltage required to
initiate gating. (b) The I-V plots corresponding to descending voltage ramps showed
similar changes in the macroscopic conductance of open channels but less
dependence of the close-open transition on the ionic concentration, along with
hysteresis in macroscopic conductance. Each trace in the panels represents a single,
typical run for each particular concentration. All the points in the plots are
experimental points; the symbols have been added as a visual aid to discriminate
between ionic concentrations.

These differences in response to applied voltages, ramp direction, and ionic
conditions were also observed in the experimental Popen plots (Figure 2), constructed as
described in the Materials and Methods section. The very low-voltage experimental
points presented large deviations of the Popen (due to the very low currents and large
noise, which may imply division by near zero numbers), and these points were not
represented in the plots. KCl addition yielded a significant rightward shift of the Popen for
ascending voltage ramps (Figure 2a), while only minor changes were observed for the
descending voltage ramps (Figure 2b). These results show a steady, almost invariant
channel reactivation pathway, resembling what our group has reported in experiments

exploring the effects of temperature on lysenin channel voltage-induced gating [17].
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Figure 2. KCl influence on lysenin channels’ experimental open probability. (a)

The open probability of lysenin channels as a function of voltage underwent a
substantial rightward shift for the ascending voltage ramps as the KCI
concentration increased. (b) In contrast, negligible changes of the open probability
occurred during channel reactivation (descending voltage ramps), irrespective of the
bulk KCI concentration. Each plot represents a typical curve of the experimental
open probability calculated for each particular concentration. All the points in the
plots are experimental points, with the symbols added to allow identification of the
ionic conditions.

For both ramps, we estimated the midway voltage of activation, Vos, from the Popen
plots [31,33]. Figure 3a shows that Vo s increased monotonically from ~20 mV to ~35
mV upon KCI addition during ascending voltage ramps. As we already surmised from the
Popen plots, only negligible changes of Vo5 were observed for the descending voltage
ramps. The Vo5 values were next introduced into the Boltzmann distribution equation
(see Materials and Methods: Equation (2)) to calculate the number of elementary gating
charges n (depicted in Figure 3b).

As predicted from the channel inactivation Popen plots, monovalent ion addition led to
major variation of the gating charge, which decreased with increasing ionic strength from
~7.5 e to ~4.5 e; the non-linear decrease resembles an exponential decay, in accordance

with surface screening [34]. However, the descending voltage ramps yielded a much
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smaller variation of the gating charge, and were slightly greater (up to ~8 e) for all

experimental ionic strengths.
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Figure 3. Variation of the midway voltage of activation Vos and number of

elementary gating charges n as a function of KCI concentration. (a) The
experimental values of Vo5 calculated for ascending voltage ramps presented a
significant increase with added KCI, while only a weak influence was encountered
for descending voltage ramps. (b) The values of n calculated from the fit of the
Boltzmann distribution equation, for each KCI concentration, suggested strong
electrostatic screening of the voltage domain sensor for channel inactivation; only
minor changes were estimated for channel reactivation. Each experimental point is
represented as mean + SD from three independent experiments.

These intricate results show that the history of channel conformation (i.e., closed or
open state) influences its further response to applied voltages, which is the essence of
molecular memory [17]. This may be realized by dynamic changes in the energy
landscape elicited upon conformational changes. The more stable, almost invariant
reactivation pathway may provide some clues for understanding the mechanism of the
gating process. The strong influence of ionic strength on the gating charge estimated for
the inactivation pathway, together with the minimal influence observed during
reactivation, suggests that the voltage domain sensor may be exposed to very different

environmental conditions during transitions. For a channel in the open state, the voltage
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domain sensor appears to be exposed to the external electrolyte solution. Therefore, KCI
addition promoted electrostatic screening of the gating charge, which led to the rightward
shift of the Popen during the ascending voltage ramps in a concentration-dependent
manner. Channel closure is accompanied by conformational changes and movement of
the voltage domain sensor that acts on the gate. This process may result in positioning of
the voltage domain sensor into a low polarity environment (i.e., the hydrophobic core of
the membrane), from which both water and bound counterions are excluded by the large
Born energy penalty [35-38]. Therefore, irrespective of the ionic strength, the voltage
domain sensor will be mostly stripped of electrostatically bound counterions upon gating.
Consequently, after channel closing, the voltage domain sensor is characterized by a
larger gating charge less influenced by the ionic strength of the bulk solution, which may
explain the more stable reopening (reactivation) pathway. This proposed mechanism is
well-established for ion channels, for which the movement of a charged voltage domain
sensor into the hydrophobic core of the bilayer has been reported [39-43]. Therefore, the
“paddle in oil” concept, which consists of large movements of the voltage domain sensor
into the hydrophobic core of the membrane [41], is accepted as a valid model of ion
channel gating.

2.2. Multivalent Metal Cations Influence the Voltage Regulation of Lysenin Channels

Similarly to Monovalent lons

Electrostatic screening is dependent on ionic strength, which increases with the
second power of the electrovalence [44,45], and thus one may expect an even greater
influence on the channel’s response upon exposure to multivalent ions. However, our

group has reported that multivalent ions induce channel closure by a ligand-induced
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gating mechanism [11,12], which may introduce roadblocks for such investigations. For
example, trivalent metal cations (especially lanthanides) reversibly close lysenin channels
and annihilate their macroscopic conductance at ~100 uM bulk concentration [11,12].
Although pmolar addition of La®* may elicit only minor changes of the macroscopic
conductance, such small concentrations may not sufficiently screen a gating charge which
is simultaneously exposed to substantially larger concentrations of monovalent ions in the
support electrolyte. However, it appears that the binding of multivalent ions is more
specific and much stronger than monovalent ions [11,12]. This may aid in achieving
significant changes of the gating charge without major changes of the macroscopic
conductance (owing to significant ligand-induced gating), even upon simultaneous
exposure to relatively high concentrations of monovalent ions. Therefore, we investigated
the effects of La®* ions on the voltage gating of lysenin channels while using the same
experimental approaches adopted for KCI. Addition of small amounts of La** (no more
than 2 pL of various stock LaClz solutions with concentration in the range 0.1 mM-1
mM for each addition) to the bulk electrolyte (1 mL of 100 mM KCI) to achieve target
La®* concentrations (up to 1.4 uM) elicited great changes in the 1-V characteristics
plotted for ascending voltage ramps (Figure 4a). As we observed that, for the case of
KCI, La®* addition required greater transmembrane voltages to initiate voltage-induced
gating. For all the La®" concentrations used in these experiments, almost identical slopes
of the I-V curves at low transmembrane potentials (the linear, ohmic portion of the
curves) indicated that La®* addition elicited negligible changes with respect to the
solution conductivity or ligand-induced gating. Comparative analysis of the I-V curves

(Figure 4) revealed that, similar to KCI, the voltage required for reopening the channels
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during descending voltage ramps was smaller than what was required for closing, and

that the reopening occurred at similar voltages irrespective of the amount of added La3*.
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Figure 4. LaCls influence on the I-V characteristics of lysenin channels. (a) The

I-V plots recorded for ascending voltage ramps indicated LaClsz induced changes of
the voltage required to initiate gating. (b) The I1-V plots corresponding to
descending voltage ramps indicated a minimal influence from the multivalent
cations. Each trace in the plots for both panels represents experimental points, with
the symbols added as a visual aid.

These features were also observed in the experimental Popen plots constructed for
both ascending and descending voltage ramps recorded upon La®*" addition (Figure 5).
The multivalent metal cations induced a significant rightward shift of the Pqpen for
ascending voltage ramps, while the effects presented by the same ions on the Popen
corresponding to descending voltage ramps were minimal. Therefore, we concluded that
the reactivation pathway suffered little influence from the multivalent ions and
maintained invariance. In addition, these experimental data show that the influence of
La®" manifests even in the presence of much larger concentrations of monovalent ions in
the bulk solution, suggesting a greater affinity for their binding sites. We concluded that

both monovalent and multivalent cations may compete for the same binding sites since
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counterion binding is greatly diminished in the presence of very large concentrations of

monovalent cations [13].
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Figure 5. Changes of the experimental open probability (Popen) Of lysenin

channels induced by addition of LaCls. (a) The voltage-dependent open probability
of the lysenin channels shifted substantially rightward for the ascending voltage
ramps as the LaCls concentration increased. (b) Conversely, and as with addition of
KCI, minor changes were observed during descending voltage ramps. Each trace
was constructed from experimental points, with the symbols added for better
discrimination between ionic conditions.

The experimental Vo5 (Figure 6a) and n (Figure 6b) estimated from the best fit of the
Popen curves for ascending voltage ramps increased significantly (from ~18 mV to ~26
mV) upon sub-pumolar La®* addition, showing great screening effectiveness compared to
KCI. Such a result was expected, based on the assumption that both monovalent and
multivalent cations elicit ionic screening. Nonetheless, steadier values of Vo5 and n were
obtained during descending voltage ramps, similar to KCI. This constitutes
supplementary evidence for a gating mechanism that implies the movement of the voltage
domain sensor into a more hydrophobic environment and supports the hypothesis that
multivalent and monovalent cations act similarly, but with different affinities with respect

to electrostatic binding to the voltage domain sensor.



95

401 104

] =0k Inactivation
354 —C~ Reactivation

] 8:{TT_
o __.r---o EE% }%"%“%

25-‘ Lm- E’E— 64 \%\§

S -
E 204 ] T~ ﬁ
ot =
>§ 15:%§§’§'§_"“§_*"§ 44
10- ‘
f 24
5_ -
O -l(a) T T T 1 0 (b)
0 400 800 1200 1600 0 400 800 _ 1200 1600
[La®"], nM [La>], nM
Figure 6. The dependence of Vos and n on the bulk LaCls concentration. (a)

Addition of LaCls induced significant increases of the Vos calculated for ascending
voltage ramps, while having yielded little change for the descending voltage ramps.
(b) The total number of elementary charges indicated effective electrostatic
screening of the voltage domain sensor upon addition of LaClz during channel
inactivation, while insignificant changes occurred during reactivation. Each
experimental point is represented as mean = SD from three independent
experiments.

2.3. ATP Binding to Lysenin Channels Modulates the VVoltage-Induced Gating and

Affects Both the Inactivation and Reactivation Pathways

The above experiments comprised addition of cations capable of electrostatic
interactions with the voltage domain sensor, hence eliciting ionic screening of the gating
charge. However, lysenin channels are also capable of interacting with large anions, such
as adenosine phosphates, whose interaction manifests as changes in the macroscopic
conductance in a concentration dependent manner [13]. Unlike multivalent cations, which
most probably bind to a negatively charged site on the voltage domain sensor, purines
most likely bind a positively-charged region in channel lumen and elicit physical
occlusion of the conducting pathway. Moreover, the binding of purines is a cooperative
process, and is most prominent for the highly charged ATP [13]. Therefore, we

questioned whether ATP binding to a different site may have a similar influence on the
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voltage gating profile of lysenin channels, which would challenge the movement of the
voltage domain sensor into a more hydrophobic environment as a valid hypothesis.

To answer these questions, we investigated the effects of ATP addition on the
lysenin channel voltage-induced gating in similar experiments comprised of ascending
and descending voltage ramps. The experimental -V plots (Figure 7) show that ATP
addition to the 135 mM KCI bulk slightly decreased the macroscopic conductance of the
open channels in a concentration dependent manner [13], as indicated by the reduced
slopes of the linear portions of the I-V curves at low voltages. ATP addition induced a
significant shift of the voltage required to close the channels during ascending voltage
ramps, similar to monovalent and multivalent metal cations. The response to voltage in
the presence of ATP recorded for descending voltage ramps (Figure 7b) was
fundamentally different. The hysteresis in conductance remained, and manifested as a
different, history-dependent macroscopic current recorded at identical transmembrane
voltages. However, the reactivation pathway in the presence of ATP was not invariant, as

concluded from the changes observed in the I-V plots.
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Figure 7. ATP affects the I1-V characteristics of lysenin channels in a

concentration dependent manner. (a) The I-V plots recorded during ascending
voltage ramps showed that ATP addition modulated the macroscopic conductance
and voltage-induced gating of lysenin channels. (b) Opposite to metal cations, ATP
induced similar significant changes during descending voltage ramps. Each trace in
the panels of the plots represents experimental points, and the symbols have been
added to allow easy identification of experimental concentrations.

These features are better observed in the experimental Popen curves (Figure 8), which
were devoid of any influence from the changes in the macroscopic conductance of open
channels. Channel inactivation during ascending voltage ramps show a strong rightward
shift with ATP addition (Figure 8a), similar to what was observed for both monovalent
and multivalent cations. What is striking is that the Popen for descending voltage ramps
presented a significant concentration-dependent rightward shift (Figure 8b), which is very
different from the invariant curves recorded for metal cation addition. Moreover, both I
V and Pqpen plots suggested that a maximal influence of ATP manifests in the 4 mM-10
mM concentration range, while outside this range the induced changes were smaller. This
is consistent with the cooperative binding of ATP to lysenin channels, as described in a

previous report [13].
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Figure 8. Increased ATP concentration shifted the voltage-dependent open

probability of lysenin channels. Addition of ATP induced a rightward shift of the
experimental open probability during both (a) ascending and (b) descending voltage
ramps. Each plot represents a typical curve of the experimental open probability
calculated for each particular concentration. All the points in the plots are
experimental points, and the symbols have been added to allow easy identification of
the ATP concentrations. For representation, the Popen Curves have been smoothed
with the Savitsky—Golay protocol (23 smoothing points).

Differences between metal cations and ATP were also observed in the estimated Vos
and n calculated at different concentrations (Figure 9). Both Vo5 and n followed similar
patterns of change with ATP concentration, as expected from the summary analysis of the
Popen and 1-V plots. Also, the particular sigmoidal shape of the plots is in agreement with
the cooperative binding of ATP to lysenin [13]. Interestingly, the Vo5 value measured at
0 mM ATP (i.e., ~12 mV) was the smallest recorded from all the experiments described
in this work. This may be explained by considering the consistently lower number of
channels inserted in the membrane for the ATP experiments; previous studies reported
that crowding in the membrane plane (achievable at large channel densities) may
influence the voltage gating of lysenin channels [15]. In the case of the ATP experiments,
a different lysenin batch was used, which consistently provided a lower number of

inserted channels that gated at lower transmembrane voltages.
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Figure 9. ATP addition alters Vos and n for both inactivation and reactivation

voltage ramps. For the ascending and descending voltage ramps, both Vs (a) and n
(b) varied with the concentration of ATP. Each experimental point is represented as
mean + SD from three independent experiments.

We presented evidence in support of the hypothesis that the voltage domain sensor of
the lysenin channel moves into a different physical environment upon voltage-induced
gating. Based on earlier evidence presented for ion channels, we assumed that the gating
charge, exposed to the aqueous environment at rest, may penetrate deep into the
membrane and exclude the bound ions. Before closing, the voltage domain sensor is
electrostatically screened by cations; therefore, ionic strengths significantly modulate the
voltage-induced gating. Channel reopening after closing comprises a voltage domain
sensor which is minimally screened and results in a more stable reactivation pathway.
From investigating the influence of ATP on voltage gating, we concluded that anions act
in a very different manner than cations because they do not bind to the same sites of the
channel. The cations bind to the voltage domain sensor, which then undergoes
conformational changes and penetrates into a more hydrophobic environment from which
water and ions are excluded. For ATP, which binds a different site, the influence on the

voltage induced gating may be explained by long range electrostatic interactions between
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the bound anions and the voltage domain sensor, which may manifest even when the
voltage domain sensor is in a nonpolar environment. The proposed gating mechanism is
supported by experimental data but we may not overlook some experimental and
theoretical limitations. In this work, we consistently used a reasonably-long period for the
driving voltage stimulus (20 min), which is much larger than the characteristic relaxation
time of lysenin channels (seconds). However, addition of cations or anions may
substantially change the relaxation time, and therefore the 1-V and Popen plots may not
represent true steady states. Nonetheless, in such situations, the channels that closed at
lower voltages resided for longer times in the closed state, yet the reactivation pathway
was invariant. Also, the Boltzmann distribution considered in this work (and similar
approaches [31]) did not account for dynamic changes of the energy landscape during
gating. In spite of these limitations, both the similarities and differences between the
voltage-induced gating of lysenin channels exposed to cations and anions support a
model in which the voltage domain sensor moves into the membrane, and may explain
the persistent hysteresis in conductance.

Materials and Methods

3.1. Bilayer Lipid Formation, Channel Insertion, and lonic Addition

The vertical bilayer membrane chamber consisted of two polytetrafluoroethylene
(PTFE) reservoirs (~1 mL volume each) separated by a thin PTFE film in which a small
hole (~ 70 um diameter) was pierced by an electric spark. The reservoirs were filled with
electrolyte solutions (50 mM KClI, if not otherwise noted, buffered with 20 mM HEPES,
pH 7.2) and connected to the Axopatch 200B electrophysiology amplifier (Molecular

Devices, San Jose, CA, USA) via Ag/AgCl electrodes. The analog signal of the amplifier
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was further digitized and recorded with the DigiData 1440A digitizer controlled by the
pClamp 10.6.2.2 software package (Molecular Devices, San Jose, CA, USA). The bilayer
was produced using a mixture of 1 mg asolectin (Sigma-Aldrich, St. Louis, MO, USA),
0.4 mg cholesterol (Sigma-Aldrich, St. Louis, MO, USA), and 0.5 mg sphingomyelin
(Avanti Polar Lipids Inc., Alabaster, AL, USA) in 100 uL n-decane (TCI America,
Portland, OR, USA). The bilayer integrity was verified by both capacitance and
conductance measurements. Channel insertion was performed by addition of small
amounts of lysenin (0.3 pM final concentration, Sigma-Aldrich, St. Louis, MO, USA) to
the ground reservoir under continuous stirring with a low noise magnetic stirrer (Warner
Instrument, Hamden, CT, USA). Individual channel insertion was monitored by
observing the discrete, step-wise changes of the ionic current through the membrane
biased by -60 mV transmembrane potentials [7]. After completion of insertion, observed
as a steady value of the ionic current, the free lysenin was removed by flushing the
ground reservoir with fresh buffered electrolyte. Lysenin gating at positive potentials was
observed from -V plots recorded in the range 0 mV: +60 mV by exposing the channel-
containing membrane to voltage ramps created with the digitizer. We observed that
different batches of lysenin presented slight differences with respect to voltage-induced
gating (i.e., variations of the voltage required to initiate gating), therefore we used
identical batches of lysenin for each independent experiment focused on investigating the
influence of a particular ion on the gating profile.

Stock solutions of KCI (Fisher Scientific, Pittsburgh, PA, USA), LaCls (Alpha Aesar,
Tewksbury, MA, USA), and ATP (Sigma-Aldrich, St. Louis, MO, USA) were prepared

by dissolving the powders in 20 mM HEPES (pH 7.2). To achieve the target
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concentrations in the bulk, corresponding amounts of stock solutions were added to both
reservoirs under continuous stirring. This procedure was repeated for all target
concentrations achieved for the experiments.

3.2. Data Collection, Analysis, and Mathematical Modelling

For each ionic concentration, the voltage-induced gating of lysenin channels was
investigated by recording the ionic currents in response to linear, triangle-shaped voltage
ramps. The ramps were created with the pClamp 10.6.2.2 software package (Molecular
Devices, San Jose, CA, USA) and delivered to the electrophysiology amplifier via one of
the digitizer’s outputs. Each voltage ramp stimulus had a period of 20 min (10 min for
ascending, and 10 min for descending) in the range 0 mV: +60 mV, at a sampling rate of
minimum 1 s, with a 1 kHz hardware filter. Each recording was saved as a separate file
and further analyzed with Origin 8.5.1 (OriginLab, Northampton, MA, USA), pClamp
10.6.2.2 (Molecular Devices, San Jose, CA, USA) and Mathematica 10.4 (Wolfram
Research, Champaign, IL, USA).

For analysis and modelling, we considered that the voltage-induced gating of lysenin

channels is described by a two-state model [6]:
Open < Close (1)

Within this model, the open probability Popen Of the channels in response to applied

voltages is described by the Boltzmann distribution [31,46]:

1
Popen =~ eros vy (2)
l+e RT

Where n is the total number of elementary gating charges e of the voltage domain sensor

(e =1.6 x 10™° C), Vos is the midway voltage of activation (the voltage at which Popen =
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0.5), V is the applied voltage, R is the universal gas constant (8.34 J/K), F is Faraday’s
number (F = 96485.33 C/mol), and T is the absolute temperature (T = 295 K).
Within the two-state model, the experimental open probability for each applied

voltage was derived from [23,32,47]:

Popen =7 (3)

where 1 is the ionic current measured for a particular voltage, and Imax is the ionic current
that would be recorded at the same voltage if all the channels were open. For each
particular voltage, Imax Was estimated from a straight line constructed by fitting the linear
portion of each |-V curve recorded at low transmembrane voltages (when all the
channels are open).

The midway voltage of activation was experimentally determined from the Popen,
plotted for each of the ionic conditions, and further used in the theoretical model to
determine n. Since even a closed lysenin channel may present a small leakage current
[6,17], this was corrected in the experimental Popen ONnly for the two highest KCI
concentrations used in our experiment, which presented visible leakages. No other
correction was performed for experimental data. All graphs have been prepared using the
Origin 8.5.1 software.
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