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Natural proteinaceous pore-forming agents can bind and permeabilize cell membranes, leading to ion dysho-
meostasis and cell death. In the search for antidotes that can protect cells from peptide toxins, we discovered that
the polyphenol epigallocatechin gallate (EGCG) interacts directly with melittin from honeybee venom, resulting
in the elimination of its binding to the cell membrane and toxicity by markedly lowering the extent of its solvent-
exposed hydrophobicity and promoting its oligomerization into larger species. These physicochemical parame-
ters have also been shown to play a key role in the binding to cells of misfolded protein oligomers in a host of
neurodegenerative diseases, where oligomer-membrane binding and associated toxicity have been shown to
correlate negatively with oligomer size and positively with solvent-exposed hydrophobicity. For melittin, which
is not an amyloid-forming protein and has a very distinct mechanism of toxicity compared to misfolded oligo-
mers, we find that the size-hydrophobicity-toxicity relationship also rationalizes the pharmacological attenuation
of melittin toxicity by EGCG. These results highlight the importance of the physicochemical properties of pore
forming agents in mediating their interactions with cell membranes and suggest a possible therapeutic approach
based on compounds with a similar mechanism of action as EGCG.

1. Introduction

Cell homeostasis requires the maintenance of the integrity of the
plasma membrane, which separates the intracellular and extracellular
spaces and allows for the passage of essential molecules and ions into
and out of the cell [1]. Pore-forming agents, misfolded protein oligo-
mers, and other biotoxins can disrupt cell homeostasis by embedding
themselves in the membrane, disrupting cellular receptors, and causing
ion dyshomeostasis [2-4]. Many systemic and neurodegenerative dis-
eases are also characterized by the inability of the cell to adequately
repair or remove damaged cell membranes. Protecting cell membranes
is therefore a possible strategy towards combatting these pathologies
[1].

Biological threats have become a prevalent concern in modern

warfare [5]. Although very rarely used, they have the potential to cause
catastrophic harm to Soldiers and civilians. Biological threat agents can
include bacteria, viruses, fungi, other microorganisms and the toxins
they produce that have the ability to adversely affect human health [6].
Many of these toxins occur in the natural environment, but have the
potential to be weaponized, which emphasizes the need for methods to
detect and counteract biological threat agents. Herein, we investigated
pore-forming toxins (PFTs), a broad group of peptides and proteins that
interact with the cell to form transmembrane pores, as a model biolog-
ical threat agent.

PFTs can be classified as a or § based on the secondary structure
composition of a-helices or p-barrels when embedded in the cell mem-
brane [3,7-9]. Some PFTs target bacterial cells, and can be used as
antimicrobial agents [4]. Other PFTs target the cell membrane of
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eukaryotic cells and, in extreme cases, can be deadly to the organism
[10]. General therapeutic approaches for these toxins include inhibition
of pore formation and non-toxic PFT-based vaccines [3]. Pore formation
can be inhibited by small molecules or engineered antibodies designed
to target specific sites in the PFTs that are required for binding to the
membrane or pore assembly [3]. Additionally, small molecules can
target specific membrane receptors and prevent the recruitment of the
PFTs to the membrane to impair pore formation, and vaccines against
PFTs can create an immune response that sequesters the toxins in
nanoparticles, therein preventing membrane binding [3].

In addition to exogenous agents like PFTs, other toxins can be pro-
duced endogenously within an organism through numerous pathways,
including oligomers formed by endogenous proteins that fail to remain
soluble and self-assemble to form misfolded protein oligomers [2]. In
fact, over 50 protein misfolding diseases have been characterized by the
misfolding and aggregation of proteins occurring either systemically or
in the central nervous system [2]. Within these pathologies, Alzheimer’s
disease (AD) is the most common, and it is the leading cause of dementia
worldwide [11]. In AD, monomers of the amyloid-f peptide (Ap) misfold
and form misfolded protein oligomers. A minority of oligomers act as
primary nuclei and grow to become fibrillar species, which are a hall-
mark of AD [2,12]. It is now commonly accepted that oligomeric forms
of Af, markedly more so than fibrillar aggregates, are the dominant
cytotoxic species formed in the Af aggregation process [13]. For several
types of misfolded protein oligomers, cytotoxicity has been shown to
positively correlate with membrane dysfunction, which can be further
induced by oligomers of smaller size and a greater extent of
solvent-exposed hydrophobicity [14]. The hydrophobicity of these
oligomers allows them to embed in the lipid bilayer of the cell mem-
brane and disrupt the function of the membrane [14]. Similarly, small
size allows oligomers to diffuse more readily to the membrane and
correlates with a higher propensity to bind to the phospholipid bilayer
[15]. Tuning these physicochemical properties with molecular chaper-
ones has been shown to mediate the interaction of oligomers with cell
membranes and lower their toxicity [16-18].

In an effort to understand how PFTs damage cells and to concomi-
tantly develop medical countermeasures that can attenuate their
toxicity, we took advantage of the information gained from studies on
misfolded protein oligomers and leveraged these key physicochemical
properties to investigate the relationship between size, hydrophobicity,
the extent of membrane binding, and cytotoxicity using melittin.
Melittin, the active component of honeybee venom, is an extensively
studied membrane-active peptide frequently used for its ability to model
other pore-forming peptides [19-25]. It is a 2.85 kDa, amphipathic
26-residue peptide (Fig. 1a) that exhibits a random coil structure in
solution and can adopt an a-helical secondary structure upon its inter-
action with membranes (Fig. 1b) [26,27]. Indeed, monomeric melittin
readily interacts with phospholipids in the plasma membrane, acquiring
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Fig. 1. Sequence and structure of melittin and EGCG. (a) Amino acid sequence
of melittin. (b) a-Helical structure of recombinant melittin in an environment

that induces the formation of secondary structure (PBD: 6DST). (¢) Chemical
structure of epigallocatechin gallate (EGCG).
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an o-helical structure that segregates its hydrophobic and hydrophilic
residues [28]. The monomer consists of two helical segments joined by a
coil containing a proline [26]. Melittin can interact with the cell mem-
brane in either a parallel or perpendicular orientation, the former of
which is innocuous and prevents the docking of additional peptides,
whereas the latter alignment facilitates the formation of ~4.4 nm
transmembrane pores [25]. These pores can induce membrane per-
meabilization, membrane disruption, ion dyshomeostasis, and cell death
[25,27,29,30].

Our previous work has shown that claramine, a brain-permeable
aminosterol, protects brain and kidney cells from two structurally
diverse PFTs [31]. This was not found to be achieved by directly
impacting their structures, but rather by changing the physicochemical
properties of the plasma membrane in a way that prevented the docking
of these toxins [31]. In addition to targeting the properties of the cell
membrane, it is also possible to alleviate PFT-mediated cytotoxicity by
targeting the toxin directly. To realize this strategy experimentally, we
leveraged the polyphenol EGCG (Fig. 1¢), a common catechin in green
tea that is the ester of epigallocatechin and gallic acid. Various beneficial
effects have been suggested for these tea catechins, and many have
undergone or are currently undergoing clinical trials, including for the
treatment of cancer, Alzheimer’s and Parkinson’s diseases, decreasing
cholesterol absorption, increasing cardiovascular and metabolic health,
and promoting weight loss and weight maintenance [32-38]. Tea cat-
echins have been shown to have antioxidant, anti-inflammatory, and
antiviral properties [39-42], and EGCG can cross the blood brain barrier
[43]. Many of the aforementioned diseases are associated with a chronic
inflammatory response and cellular oxidative stress. EGCG has previ-
ously been shown to inhibit key cytokines involved in the inflammatory
response, such as tumor necrosis factor o (TNF-a) and interleukin-1p
(IL-1B), and to modulate the diseases related to their chronic production
[44,45]. In this report, we studied the protective effects of EGCG against
melittin, a non-amyloid forming peptide with a distinct mechanism of
action compared to misfolded protein oligomers, with a focus on the
size-hydrophobicity-cytotoxicity relationship for protein-small molecule
interactions.

2. Results
2.1. EGCG neutralizes the toxicity of melittin

We initially sought to measure the impact of increasing concentra-
tions of EGCG on the toxicity induced by melittin (MEL). We therefore
first conducted 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assays on SH-SY5Y human neuroblastoma
cells. Cells were exposed to melittin at a concentration of 2.5 pM
(equivalent to 7.1 pg/mL) for 30 min in the absence and presence of
increasing concentrations of EGCG ranging from 5 uM to 100 pM, cor-
responding to super-stoichiometric ratios of MEL:EGCG of 1:2 to 1:40,
respectively. A well-defined dose-dependent decrease in melittin
toxicity, or increase in cell viability, was observed with increasing
concentrations of EGCG. Melittin caused a decrease in cell viability to 42
4 3% relative to untreated cells (mean = standard error of the mean, s.e.
m., p < 0.001) and cells treated with MEL and 40-fold excess of EGCG
(100 pM) had a viability of 88 + 5% of untreated cells (p < 0.001
relative to MEL-treated cells without EGCG) (Fig. 2a). We have shown
previously that the toxicity of melittin was similar whether SH-SY5Y
cells were treated for 30 min or 24 h, and we therefore only studied
the 30 min treatment time herein [31].

To gain a better understanding of the acute effects of EGCG in pre-
venting the toxicity of melittin, we next assessed the extent of reactive
oxygen species (ROS) production in SH-SY5Y cells. We explored lower
concentrations of melittin in the more sensitive ROS assay because an
increase in ROS production is usually more rapid and intense than a
decrease of MTT reduction. Cells were seeded on glass coverslips and
treated for 5 min with 0.33 pM melittin in the absence or presence of



J.M. Gabriel et al. Chemico-Biological Interactions 371 (2023) 110307

a b Untreated 0.33 uM MEL

0.072

<0.001 <0.001

<0.001 <0.001 <0.001 <0.001 <0.001 0418 >0.999

‘Illlll\

>0.999 0992 0999 0010 <0.001

0.33 uM MEL + 0.33 uM MEL +
1:20 EGCG 1:40 EGCG

MTT Reduction
(% of untreated cells)
ROS-derived fluoresence
(% of untreated cells)

Fig. 2. The cytotoxicity induced by the pore-forming peptide melittin is attenuated by EGCG. (a) MTT viability assays after SH-SY5Y cells were exposed to 2.5
pM melittin (MEL) in the absence (red bar) or presence of increasing concentrations of EGCG (blue bars) for 30 min. Solutions of melittin with and without EGCG
were incubated for 1 h at 37 °C under quiescent conditions prior to their exposure to cells. As control, cells were also exposed to 100 pM EGCG alone (gray bar).
10,000 cells per data point (n = 6). Data are representative of three biologically independent experiments. (b) ROS measurements when 0.33 pM melittin was
incubated with SH-SY5Y cells for 5 min in the absence or presence of two ratios of MEL:EGCG (1:20 and 1:40). Cells treated with 13.33 uM EGCG in the absence of
melittin showed similar levels of ROS compared to untreated cells (Supplementary Fig. 1). The fluorescence of CM-H,DCFDA, general oxidative stress indicator, was
used to measure the extent of ROS production in the various conditions. A superimposition of 1.0 pm thick sections spanning the height of the entire cell generated
the shown representative images. Scale bar, 10 pm. Corresponding semiquantitative values of green fluorescence are shown. Bars indicate mean =+ standard error of
the mean (s.e.m.) of 38-130 cells per condition. Data shown are representative of two biologically independent experiments. In all panels, conditions were analyzed
by one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test relative to untreated cells or cells treated with melittin, as indicated.
Untreated cells and cells treated with 100 pM EGCG were analyzed by an unpaired, two-tailed Student’s t-test.
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Fig. 3. EGCG attenuates the membrane permeabilizing effect of melittin. Ca>" influx measurements when 1 uM melittin was incubated with SH-SY5Y cells for 5
min in the absence or presence of two ratios of EGCG (1:20 and 1:40). Solutions of melittin with and without EGCG were incubated for 1 h at 37 °C under quiescent
conditions prior to their exposure to cells. Cells treated with 40 uM EGCG in the absence of melittin showed similar levels of Ca®* influx compared to untreated cells
(Supplementary Fig. 2). The fluorescence of Fluo-4 AM was used to measure the extent of Ca®* influx in the various conditions. A superimposition of 1.0 um thick
sections spanning the height of the entire cell generated the shown representative images. Scale bar, 10 pm. Corresponding semiquantitative values of green
fluorescence are shown. Bars indicate mean + standard error of the mean (s.e.m.) of at least 150 cells per condition. Data shown are pooled from two biologically
independent experiments. Conditions were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test or an unpaired, two-
tailed Student’s t-test, as indicated.
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1:20 and 1:40 ratios of EGCG. The extent of ROS production was probed
using 6-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-
HoDCFDA) and was quantified using confocal microscopy. Melittin
caused a significant increase in ROS production to 449 + 5% of un-
treated cells (mean + s.e.m., p < 0.001), which was reduced to 217 +
13% and 148 + 8% of untreated cells for 1:20 and 1:40 ratios of MEL:
EGCG, respectively (p < 0.001) (Fig. 2b). Cells exposed to the highest
concentration of EGCG alone (13.33 pM) in the absence of MEL did not
exhibit a notable difference in ROS levels from that of untreated cells
(Supplementary Fig. 1).
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2.2. Melittin induces membrane permeabilization to Ca®*, which is
attenuated by EGCG

Past studies have shown that the pore-forming agent melittin is
capable of permeabilizing cell membranes [46]. To confirm this effect
and the ability of EGCG to protect cell membranes from melittin, we next
assessed the rapid influx of Ca®" from cell culture media into the cell
following treatment with melittin in the absence or presence of EGCG
using Fluo-4 AM, a fluorescent probe that enters cells and produces
green fluorescence upon binding to intracellular Ca". Ca®" influx
following membrane destabilization is thought to be one of the first
events in the induction of cytotoxicity, for example upon the exposure of
the cells to toxic protein misfolded oligomers of a variety of proteins
[47]. Melittin caused a significant increase in Ca®* influx to 207 + 7% of
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Fig. 4. The physicochemical properties of hydrophobicity and size for melittin are changed by EGCG. (a) 10 pM melittin was incubated for 1 h at room
temperature with increasing concentrations of EGCG (MEL:EGCG ratios of 100:1-1:40), after which time 30 pM ANS was added to probe the solvent-exposed hy-
drophobicity of melittin. Free ANS is shown for reference (gray). Error bars indicate the s.e.m. (n = 3). Data shown are representative of four independent ex-
periments. (b) Wavelength of maximum fluorescence (Amay) from (a). Bars indicate mean =+ s.e.m. (n = 3). Samples containing melittin and EGCG were analyzed by
one-way ANOVA followed by Dunnett’s multiple comparison test. (¢) Turbidity absorbance measurements for 10 pM melittin incubated with the same conditions
shown in (a) (n = 3). Data shown are representative of four independent experiments. (d) Static light scattering measurements of the same conditions shown in (a).
Bars indicate mean + s.e.m. (n = 3). Samples containing melittin and EGCG were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test. (e)
Dynamic light scattering measurements of the same conditions shown in (a). (f) Melittin was incubated in the absence and presence of a 1:40 ratio of EGCG and
measured using atomic force microscopy (AFM). Scale bars, 500 nm. (g) Representative cross-sectional heights are shown, as indicated in the color plots.
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untreated cells (mean + s.e.m., p < 0.001), indicating it strongly in-
creases the permeabilization of SH-SY5Y cells. The extent of Ca®" influx
was reduced to 146 + 5% and 145 + 6% of untreated cells for 1:20 and
1:40 ratios of MEL:EGCG, respectively (p < 0.001) (Fig. 3). As control,
cells exposed to the highest concentration of EGCG alone (40 pM) in the
absence of MEL did not exhibit a notable difference in Ca®" levels
relative to untreated cells (Supplementary Fig. 2). Overall, the MTT,
ROS production, and Ca?* influx assays are in good agreement and
indicate that EGCG neutralizes the toxicity of melittin in a
dose-dependent manner at super-stoichiometric ratios.

2.3. EGCG decreases the hydrophobicity of melittin

To understand the mechanism by which EGCG attenuates the toxicity
of melittin, we next assessed its effect on the solvent-exposed hydro-
phobicity of melittin using an 8-anilino-1-naphthalenesulfonic acid
(ANS) binding assay. 10 pM melittin and increasing ratios of EGCG
(100:1-1:40 ratios of MEL:EGCG) were probed for solvent-exposed hy-
drophobicity using ANS. As expected by the fact that melittin has a
hydrophobic N-terminal region, we observed that a 10 pM concentration
of melittin induced a blue shift and increase in fluorescence intensity
relative to the unbound dye, indicating the binding of ANS to a solvent-
exposed hydrophobic portion of the peptide (Fig. 4a). Higher concen-
trations of EGCG caused clear decreases in the hydrophobicity of
melittin as indicated by the decrease in the intensity of ANS fluorescence
of these conditions, until the curve was approximately comparable to
that of ANS alone (Fig. 4a). The ANS signal was not overtly changed at
the highest concentration of EGCG in the absence of melittin (Supple-
mentary Fig. 3). Typically, a change in protein hydrophobicity is
determined through the analysis of the wavelength of maximum ANS
fluorescence (Amax), Which shifts to blue and red wavelengths upon
increasing or decreasing protein solvent-exposed hydrophobicity,
respectively. We found that higher ratios of MEL:EGCG (1:5 and 1:40)
were necessary to induce a red shift in Apax (p = 0.197 and 0.001,
respectively) to the value of ANS alone (Fig. 4b). Across multiple ex-
periments, greater than a 5-fold excess of EGCG was consistently
necessary to cause a significant change in An,y under these conditions.

2.4. EGCG increases the size of melittin

To determine the effect of EGCG on the oligomerization of melittin
and size of the resulting assemblies, the same samples measured in the
ANS assay were also subjected to turbidity absorbance measurements.
Similar to the effect seen in ANS experiments, the 1:5 and 1:40 ratios of
MEL:EGCG clearly increased the absorbance signal of melittin, indi-
cating an increase in size of particles in solution (Fig. 4c). At the highest
concentrations of EGCG alone, small increases in turbidity absorbance
were observed. We therefore carried out a subsequent analysis where
spectra for EGCG alone were subtracted from the spectra containing
MEL and corresponding concentrations of EGCG (Supplementary Fig. 4).
Both analyses show that the absorbance of melittin is increased as a
function of increasing EGCG concentration.

Static light scattering (SLS) measurements were also carried out at a
constant attenuator to further understand the impact of EGCG on the
size of melittin in solution in the absence of an additive agent like ANS
(Fig. 4d). We found that at the higher ratios of EGCG (1:5 and 1:40), the
count rate of scattered photons increased significantly, indicating the
presence of larger particles in solution (p < 0.001). Subsequently, dy-
namic light scattering (DLS) measurements were carried out using an
automatic attenuator setting. Our DLS experiments showed that as the
ratio of EGCG to melittin increased, the hydrodynamic radius of the
aggregates in solution increased (Fig. 4e). With 400 pM EGCG alone (the
highest concentration of EGCG used corresponding to the 1:40 ratio),
the size of the particles in solution were similar to the those observed
with melittin alone, which excludes the effect of EGCG alone on the
observed size increase of melittin in the samples containing both EGCG
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and melittin (Supplementary Fig. 5).

We also performed atomic force microscopy (AFM) measurements of
10 pM melittin in the absence and presence of a 1:40 ratio of MEL:EGCG
(Fig. 4f). The majority of the AFM peaks for melittin alone indicate a
height of ca. 1 nm, in agreement with the expected size of monomeric
melittin [31] and with the value measured for melittin without EGCG in
our DLS measurements. In agreement with the turbidity, SLS, and DLS
data, we observed the appearance by AFM of markedly larger and dis-
tended aggregates for melittin in the presence of a 40-fold excess of
EGCG (Fig. 4g). Collectively, our data support that EGCG induces a
dose-dependent increase in the size of melittin, which can be rational-
ized by the formation of clusters of melittin in solution at higher ratios of
EGCG. In such clusters, the majority of the solvent exposed patches are
sequestered in the interior of the species, therein rationalizing the
reduction in ANS binding.

2.5. EGCG does not impact the secondary structure of melittin

We next sought to measure the secondary structure of melittin upon
its EGCG-induced clustering. Circular dichroism (CD) spectroscopy was
conducted using 10 pM melittin in the absence and presence of 5:1 to 1:5
ratios of MEL:EGCG. The far-UV CD spectrum of melittin demonstrated a
minimum at 205 nm and a shoulder near 215-230 nm, indicative of a
largely unstructured peptide in solution with residual secondary struc-
tures. The melittin spectrum was largely unchanged in the presence of
increasing concentrations of EGCG (Fig. 5a). p structure selection
(BeStSel) analysis [48,49] of the spectra corroborated that the secondary
structure composition of melittin was largely unchanged in the presence
of increasing concentrations of EGCG (Fig. 5b). Two-way ANOVA
analysis found no significant differences between the secondary struc-
ture compositions of melittin alone and any of the samples of melittin
with varying concentrations of EGCG. Greater than 50 pM concentra-
tions of EGCG were not tested in the CD measurements, as the mean
residue ellipticity fluctuated greatly above this concentration, even in
the absence of MEL, indicating a high optical absorption of the com-
pound at these high concentrations and interference with CD signal.

2.6. EGCG attenuates the binding of melittin to cell membranes

We next explored the mechanism by which EGCG attenuates the
toxicity of melittin to SH-SY5Y cells. It has previously been shown that
the binding of misfolded protein oligomers to cell membranes is directly
related to toxicity [50]. To determine the extent of the interaction of
melittin with cell membranes, we labeled melittin with an Alexa Fluor
488 NHS ester (A488). Adherent SH-SY5Y cells were treated for 5 min at
37 °C with 0.33 uM A488-labeled melittin in the absence or presence of
varying concentrations of EGCG, after which time cells were counter-
stained with Alexa Fluor 633-conjugated wheat germ agglutinin (WGA,
to visualize cell membranes) and fixed.

A488-MEL bound extensively to the cell membrane, as indicated by
the green fluorescence of the probe (Fig. 6). The extent of melittin
binding was visualized at the apical and medial planes to determine the
distribution of melittin on the exterior of the cell membrane and interior
of the cell, respectively. Melittin was readily observed in the apical and
medial planes of the cell, indicating that it not only binds to the cell
membrane, but also enters the cell. Relative to the condition incubated
with melittin alone, the addition of a 1:10 ratio of EGCG reduced
melittin binding to cell membranes to 61 + 2% (p < 0.001), and the
addition of a 1:40 ratio of EGCG reduced melittin binding to 46 + 1% (p
< 0.001) (Fig. 6). The 1:2 ratio of melittin to EGCG did not cause a
significant change in the binding of melittin to the cell membrane (p =
0.998). The extent of melittin binding correlates very well with the cell
viability data, because both the binding and toxicity of melittin are
decreased in a dose-dependent manner upon the addition of increasing
concentrations of EGCG.
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traces shown in (a). Statistically significant differences were not observed for the samples containing EGCG relative to melittin alone (p > 0.999 by two-way ANOVA,

main row effect).
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Fig. 6. EGCG attenuates the binding of melittin to cell membranes. Representative images and semi-quantitative bar plot of SH-SY5Y cells treated for 5 min with
0.33 pM melittin (MEL) in the absence (red bar) or presence of 1:2, 1:10, and 1:40 ratios of MEL:EGCG (blue bars). Solutions of melittin with and without EGCG were
incubated for 1 h at 37 °C under quiescent conditions prior to their exposure to cells. Untreated cells exposed only to cell culture media are shown for comparison
(white bar). In the images, red and green fluorescence correspond to the cell membrane labeled with wheat germ agglutinin (WGA) and A488-labeled melittin,
respectively. The apical row corresponds to melittin bound to the exterior of the cell membrane. The medial row corresponds to melittin internalized into the cytosol
of the cell. A superimposition of 1.0 pm thick sections spanning the height of the entire cell generated the all planes row. Scale bar, 10 um. The bar plot shows the
colocalization of melittin with the cell membrane. All samples were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test relative to un-
treated cells. Samples containing melittin and EGCG were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test relative cells treated with
melittin alone. Bars indicate mean + s.e.m. of at least 190 cells per condition. Data shown are representative of two biologically independent experiments.

2.7. Validation of the clustering-based mechanism by skipping the 1 h
EGCG-melittin incubation step

We next conducted MTT cell viability assays without the 1 h incu-
bation of melittin with EGCG at 37 °C under quiescent conditions. Based
on our model, the protective effects of EGCG under these conditions is
expected to be diminished, because melittin can interact with the cell

membrane without having its physicochemical properties changed by a
1 h interaction with EGCG. SH-SY5Y were treated as before with melittin
in the absence and presence of EGCG (1:10 to 1:40 ratios of MEL:EGCG),
except the cells were exposed to these solutions immediately upon their
formulation. As predicted, the ability of EGCG to neutralize the toxicity
of melittin was clearly weakened by a factor of approximately 3.5 at a
40-fold excess concentration of EGCG (Supplementary Fig. 6a) relative
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to the case with the incubation step (Fig. 2a). We also found that the
hydrophobicity and size of melittin were less changed in the absence of
the pre-incubation step. Specifically, the hydrophobicity of melittin was
not significantly changed by EGCG under these conditions, as assessed
by Amax of ANS fluorescence (Supplementary Figs. 6b and c), and the
increase in size of the melittin-EGCG species was clearly reduced, as
assessed by both turbidity absorbance (Supplementary Fig. 6d) and
dynamic light scattering measurements (Supplementary Fig. 6e) relative
to the case with the incubation step (Fig. 4). These results add evidence
for the proposed mechanism of action, and illustrate that the formation
of the MEL-EGCG clusters is not instantaneous.

2.8. EGCG also neutralizes the toxicity of a-hemolysin

We next sought to determine if the protective effects of EGCG extend
to another pore-forming protein that interacts with the cell membrane
through a different mechanism. We used a-hemolysin, which is a
significantly larger pore-forming protein produced by Staphylococcus
aureus [51,52]. It has a molecular weight of 33.2 kDa in its monomeric
form and 232.4 kDa in its homo-heptameric, f-barrel form that can
puncture the cell membrane [51]. The heptamer pore in the cell mem-
brane is large enough to cause the aberrant passage of small molecules
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Fig. 7. The cytotoxicity induced by the pore-forming protein a-hemolysin
is attenuated by EGCG. MTT viability assay after cells were exposed to 50 pg/
mL o-hemolysin for 30 min in the absence (red) or presence of increasing
concentrations of EGCG ranging from 10 to 100 pM (molar ratios of 1:6.7 to
1:66.7, represented with various blue colors). Solutions of a-hemolysin with
and without EGCG were incubated for 1 h at 37 °C under quiescent conditions
prior to their exposure to cells. As control, cells were also exposed to 100 pM
EGCG alone (gray). n = 10,000 cells per data point (n = 5). Conditions were
analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test
relative to untreated cells or cells treated with a-hemolysin, as indicated. Un-
treated cells and cells treated with 100 pM EGCG were analyzed by an unpaired,
two-tailed Student’s t-test. Data shown are representative of two biologically
independent experiments.
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and ions across the cell membrane [53].

We incubated SH-SY5Y cells with 50 pg/mL (corresponding to
approximately 1.5 pM, in monomer equivalents) a-hemolysin in the
absence or presence of increasing concentrations of EGCG for 30 min.
Cells were analyzed using the MTT assay in the same manner as con-
ducted in the melittin experiments with the 1 hr incubation step. Similar
to the case with melittin, the toxicity of a-hemolysin was significantly
decreased in a dose-dependent manner upon the addition of increasing
concentrations of EGCG (Fig. 7). a-Hemolysin alone decreased cell
viability to 54 + 1%, whereas the addition of 100 pM EGCG increased
cell viability to 73 + 3% (p < 0.001) (Fig. 7). Although EGCG was found
less protective against a-hemolysin than MEL (compare Figs. 2a and 7),
these results indicate that the decrease in toxicity caused by EGCG is not
specific to only melittin and may extend to other PFTs and biological
threat agents that act by dysregulating the cell membrane.

3. Discussion

The findings that we have reported support the conclusion that EGCG
binds to melittin in a manner that induces the creation of larger, less
hydrophobic clusters in a dose-dependent fashion, as seen in the ANS
and complementary sizing techniques. The EGCG-induced modulation
of these physicochemical properties for melittin rationalizes the
observed suppression of its membrane affinity and cytotoxicity (Fig. 8),
preventing its disruption of the integrity of the membrane and preser-
ving homeostasis within the cell.

Considering that the hydrophobicity of melittin was significantly
reduced at greater than a 5-fold excess of EGCG (as seen in the ANS
binding assay results), and that its size was significantly increased
beginning at a 5-fold excess of EGCG (as seen in the turbidity and SLS
results), these data suggest that while the increase in size and decrease in
hydrophobicity both contribute to the observed changes in cytotoxicity,
a minimum threshold concentration appears to exist for these physico-
chemical changes to translate to a biological effect. Indeed, cell viability
changes were not evident until higher super-stoichiometric ratios of
EGCG were used; in particular, a 1:20 ratio of MEL:EGCG was necessary
to cause a significant change in cell health relative to the condition in the
absence of EGCG in both the MTT, ROS, and Ca?" influx experiments.
This is likely a result of insufficient sequestration of the highly cytotoxic
melittin at ratios of EGCG below a 20-fold excess to adequately attenuate
its toxicity towards neuronal cells. Indeed, our melittin-membrane
binding data support the conclusion that clusters of melittin of inter-
mediate size and hydrophobicity are still membrane active and toxic
until their hydrophobicity and size are both adequately decreased and
increased, respectively.

An increase in Ca" and ROS levels was clearly observed when cells
were exposed to melittin. The apical and medial planes of the binding
experiments showed that melittin binds to the cell membrane and enters
the cell, respectively. For all these experiments, a treatment time of 5
min was used. This suggests that melittin stresses the cell by both dis-
rupting the cell membrane leading to ion dyshomeostasis, as well as by
interacting with endogenous structures in the cytosol, such as the
mitochondrial membrane, and cause an increase in ROS production
within the cell. The attenuation of membrane-melittin binding caused by
EGCG suggests that by changing the physicochemical properties of
melittin, EGCG prevents melittin from binding to the cell membrane,
forming transmembrane pores, and entering the cell.

The intrinsic anti-inflammatory and antioxidant properties of EGCG
[39-42] suggest that it has the potential to improve cell viability in ROS
or MTT experiments through a separate mechanism from the direct
neutralization of melittin. While we cannot exclude a contribution from
the antioxidant effects of EGCG, its impact was limited through short
treatment times, specifically 30 min for the MTT assay and 5 min for the
Ca?* and ROS assays. Indeed, in both viability assays, a difference was
not appreciated between the viability of the untreated cells and those
treated with EGCG alone.
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Fig. 8. Schematic for the mechanism by which the toxin melittin disrupts cell membranes and creates pores. Melittin (orange) binds the cell membrane in
either a parallel (yellow) or perpendicular (pink) orientation, the latter of which leads to pore formation [26] and ultimately cell death. EGCG causes melittin to
clump into larger, less hydrophobic clusters (blue) that show attenuated binding to the cell membrane and, consequently, reduced cytotoxicity. Figure created with
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Our results suggest that similar properties can control PFT cytotox-
icity in comparison to neurodegenerative diseases. In the context of
protein misfolding diseases, the binding affinity of oligomers to the cell
membrane is an important initiator of cellular stress through diverse
actions on cellular receptors and intracellular targets [2,50]. For mis-
folded protein oligomers, a clear correlation between the fraction of
oligomers bound to the membrane and the resulting cytotoxicity has
been established [50,54]. Our results also demonstrate the existence of a
similar relationship between the binding affinity of melittin and cellular
stress, as increased melittin binding correlated directly with decreased
cell health as quantified by the ROS, Ca®" and MTT assays. Furthermore,
the relationship between key physicochemical properties and cytotox-
icity investigated herein resembles the relationship previously estab-
lished in studies on misfolded oligomers, where an increase in size and
decrease in solvent-exposed hydrophobicity were also directly linked to
decreased cytotoxicity [14].

Various small molecules, antibodies, and other molecular species can
reduce the toxicity of oligomers associated with neurodegenerative
diseases by changing their physicochemical properties and shifting the
aggregation of the misfolded protein away from the oligomeric state
[55]. One of these compounds is EGCG, which can suppress toxic olig-
omer formation by binding to natively unfolded monomers of amyloid-p
and a-synuclein to prevent amyloid aggregation, by promoting forma-
tion of nontoxic oligomers with buried hydrophobic groups or by
remodeling mature amyloid fibrils into larger, nontoxic aggregates [47,
56-61]. In tandem with our results herein, these studies collectively
raise the possibility that compounds with mechanisms of action similar
to that of EGCG could work to neutralize other protein-based biological
threat agents through modulating the physicochemical properties
responsible for their deleterious membrane interactions.

In a series of related studies, we have previously shown that the
aminosterol claramine protects the cell from PFTs without changing the
physicochemical properties of these toxins, and instead functions by
modulating the properties of the cell membrane to prevent the
membrane-toxin interaction [31]. Other aminosterols, squalamine and
trodusquemine, have been shown to protect cells from misfolded olig-
omers associated with Alzheimer’s and Parkinson’s diseases by an
analagous mechanism [54,62-66]. The findings of this study suggest a
new approach to protect the cell from PFTs that focuses on modulating
the physicochemical properties of the toxins directly, rather than pro-
tecting the cell membrane from their action.

4. Conclusions
In summary, claramine and EGCG highlight two different mecha-

nisms of lowering the cytotoxicity of pore-forming toxins (PFTs). The
first is binding to cell membranes and protecting them from the

interaction with PFTs, and the second is binding to the PFTs and causing
their oligomerization and hydrophobic collapse so that, again, they
cannot interact with cell membranes. These results suggest the possi-
bility of developing multiple therapeutic strategies in the protection of
cell membranes from a variety of toxins. The results on EGCG, in
particular, add further support the notion that the physicochemical
properties of biological threat agents impact their ability to bind cell
membranes and induce cell death. Overall, our study highlights the
importance of physicochemical properties in regulating protein-
membrane interactions with shared features between misfolded pro-
tein oligomers and non-amyloid forming PFTs, and suggest possible
pharmacological approaches based on rational small molecule-protein
interactions to neutralize biological toxins.

5. Methods

Reagents. EGCG (at least 95% purity) was acquired from Sigma-
Aldrich (MO, USA). Aliquots were prepared at a concentration of 1
mM in water and stored at —20 °C. Melittin (at least 85% purity) was
acquired from Sigma-Aldrich (MO, USA) and aliquots were prepared at a
concentration of 1 mM in water and stored at —20 °C. a-Hemolysin
(>60% protein by Lowry, >10,000 units/mg protein) was acquired from
Sigma-Aldrich (MO, USA), and aliquots were prepared at a concentra-
tion of 500 pg/mL in water and stored at —20 °C. Samples containing
pore-forming agents were handled and disposed of with care and ac-
cording to the manufacturer’s recommendations and guidelines. All
samples containing proteins were prepared or stored in Eppendorf
LoBind Tubes (Hamburg, Germany).

Neuroblastoma cell culture. Human SH-SY5Y neuroblastoma cells
(ATCC, VA, USA) were cultured in DMEM/F-12 with i-glutamine,
HEPES, and Phenol Red (11330032, ThermoFisher Gibco, MA, USA) and
supplemented with 10% FBS and 1.0% antibiotics (Penicillin-Strepto-
mycin, ThermoFisher Gibco, MA, USA). Cell cultures were maintained in
a 5% CO2 humidified atmosphere at 37 °C and grown until they reached
80% confluence for a maximum of 20 passages [62,67]. The cell line was
authenticated and tested negative for mycoplasma contamination.

MTT reduction assay. Melittin (2.5 pM, in monomer equivalents)
was added to cell culture medium in the absence of cells and incubated
with or without increasing concentrations of EGCG for 1 h at 37 °C under
quiescent conditions, and then added to SH-SY5Y cells seeded in 96-well
plates for 30 min. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma-Aldrich, MO, USA, and the
MTT reduction assay was performed as previously described [68]. In a
separate set of experiments, the assay was conducted without the 1 h
incubation step of MEL with EGCG to validate the mechanism of action.

Measurement of intracellular ROS. Melittin (0.33 pM, monomer
equivalents) was added to the cell culture medium of SH-SY5Y cells
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seeded on glass coverslips (Corning BioCoat Poly-D-Lysin/Laminin, NY,
USA) for 5 min in the absence or presence of 1:20 and 1:40 ratios of
EGCG. Solutions of melittin with and without EGCG were incubated for
1 h at 37 °C under quiescent conditions prior to their exposure to cells.
To detect intracellular ROS production, cells were loaded with 10 pM 6-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (CM-
H,DCFDA, Life Technologies, CA, USA) during the aforementioned
treatment. The resulting fluorescence was analyzed by a Nikon C2
scanning laser confocal microscopy system (Nikon Instruments, NY,
USA). A series of 1.0 pm thick optical sections (1024 x 1024) were taken
through the cells using a Nikon Eclipse Ti inverted microscope (Nikon
Instruments) equipped with a 60x oil immersion objective (Nikon In-
struments) and then projected as a single composite image by super-
imposition. The confocal microscope was set at optimal acquisition
conditions, e.g., pinhole diameters, detector gain and laser powers.
Settings were maintained constant for all image acquisitions.

Measurement of Ca?t influx. Melittin (1 puM, monomer equiva-
lents) was added to the cell culture medium of SH-SY5Y cells seeded on
glass coverslips (Corning BioCoat Poly-D-Lysin/Laminin, NY, USA) for 5
min in the absence or presence of 1:20 and 1:40 ratios of EGCG. Solu-
tions of melittin with and without EGCG were incubated for 1 h at 37 °C
under quiescent conditions prior to their exposure to cells. To detect
Ca?* influx, cells were then loaded with 10 pM Fluo-4 AM (Thermo-
Fisher Scientific, CA, USA) [47] for 10 min at 37 °C and analyzed using
the aforementioned confocal microscopy system, excitation at 488 nm,
and overall experimental settings.

Melittin binding to the cellular membrane. To label melittin, 300
pM Alexa Fluor 488 NHS ester (Invitrogen, ThermoFisher Scientific, CA,
USA) was incubated with gentle shaking for 2 h with 900 pM melittin in
0.1 mM sodium bicarbonate buffer (pH 8.0, Sigma-Aldrich, MO, USA). It
was previously shown that cells exposed to either labeled or unlabeled
melittin from 1 to 4 pM exhibited comparable toxicity levels towards SH-
SYS5Y cells [31]. SH-SY5Y cells were seeded on glass coverslips (Corning
BioCoat Poly-D-Lysin/Laminin, NY, USA) and treated for 5 min with
0.33 pM labeled melittin in the absence or presence of 1:2, 1:10, and
1:40 ratios of MEL:EGCG. Samples were prepared as described for the
MTT assay. After incubation, the cells were washed with
phosphate-buffered saline (PBS) and counterstained with 5 pg/ml Alexa
Fluor 633-conjugated wheat germ agglutinin (Life Technologies, CA,
USA) [31]. After washing with PBS, cells were fixed in 2% para-
formaldehyde. Fluorescence emission was detected after double exci-
tation at 488 nm and 633 nm by the above-described scanning confocal
microscopy system using a 60x oil immersion objective (Nikon In-
struments). A series of 1.0 pm thick optical sections (1024 x 1024) were
acquired and analyzed as indicated. ImageJ (NIH, Bethesda, MD, USA)
was used to calculate the percentage of colocalization between cell
membranes and melittin.

Circular dichroism spectroscopy. Samples containing 10 pM
melittin in the absence and presence of up to 50 pM EGCG were prepared
in 20 mM sodium phosphate buffer, pH 7.4. The samples were placed in
a clean 1 mm macro cell 110-QS quartz cell and measurements were
obtained using a Jasco J-810 CD spectropolarimeter. Scans were ac-
quired in 25 °C, 50 nm/min, over 20 accumulations with a data pitch of
0.5 nm. Data was blank subtracted and normalized to mean residual
ellipticity. The BeStSel model [48,49] was used to quantify secondary
structure of MEL.

ANS binding measurements. Solutions with melittin (10 pM) in
Dulbecco’s phosphate-buffered saline (DPBS) were aliquoted after in-
cubation for 1 h at room temperature in the absence or presence of EGCG
up to 400 pM, and 30 pM 8-anilinonaphthalene-1-sulfonate (ANS,
Sigma-Aldrich, MO, USA) was subsequently added from a 1.5 mM
concentrated stock. Emission spectra were recorded using a plate reader
(BioTek Synergy H1, VT, USA) with excitation at 380 nm. Spectra were
background subtracted to the buffer alone. In a separate set of experi-
ments, the assay was conducted without the 1 h incubation step of MEL
with EGCG to validate the mechanism of action.
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Turbidity measurements. Samples from the ANS preparation were
analyzed for absorbance using a plate reader (BioTek Synergy H1, VT,
USA) with spectral scanning. Spectra were acquired from 350 to 650 nm.
All traces were background subtracted against buffer alone or to corre-
sponding concentrations of EGCG, as indicated in the text. In a separate
set of experiments, the assay was conducted without the 1 h incubation
step of MEL with EGCG to validate the mechanism of action.

Static light scattering. Solutions with melittin (10 pM) in DPBS
were aliquoted after incubation for 1 h at room temperature in the
absence or presence of EGCG up to 400 pM. Static light scattering
measurements were performed with fixed parameters for attenuator
(11), as determined from the sample of melittin, and cell position of 4.65
mm at 25 °C using the Malvern Zetasizer Nano S instrument (Malvern
Panalytical Ltd, Malvern, UK). A low volume (70 pL) disposable cuvette
was used (BRAND, Wertheim, Germany).

Dynamic light scattering. Dynamic light scattering was performed
using the same materials and conditions described for static light scat-
tering measurements, but with automatic settings for the attenuator and
cell position for each sample. In a separate set of experiments, the assay
was conducted without the 1 h incubation step of MEL with EGCG to
validate the mechanism of action.

Atomic force microscopy (AFM) of melittin. Samples were pre-
pared as described above. AFM sample deposition was carried out at
room temperature by depositing a 10 pL drop of protein at a concen-
tration of 10 pM in the absence and presence of a 1:40 ratio of EGCG for
2 min to a freshly cleaved mica surface (AGF7013, Agar Scientific, Essex,
United Kingdom). Salt was washed with high purity water and the
surface was dried with a gentle stream of nitrogen gas. Samples were
stored in a sealed container until imaging using a Bruker Multimode 8
AFM (MA, USA) using tapping mode with scan rates <0.5 Hz and a
silicon tip with an 8 nm nominal radius (Model RSTEP, MPP-11100,
Bruker, MA, USA). Positively charged melittin in DPBS at pH 7.0-7.3
was easily absorbed to the negatively charged mica substrate without
the need for functionalizing the mica substrate and unbound EGCG was
washed away during the water rinses.

Statistics. Data were analyzed using GraphPad Prism 9 (CA, USA)
using unpaired, two-tailed Student’s t-tests, two-way ANOVAs, or one-
way ANOVAs followed by Dunnett’s post comparison test relative to
untreated cells or samples containing pore-forming peptides, as indi-
cated in the corresponding figure legends.
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