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ARTICLE INFO ABSTRACT

Keywords: Dynorphin A (DynA) is an endogenous neuropeptide that besides acting as a ligand of the k-opioid receptor,
Bilayer lipid membrane presents some non-opioid pathophysiological properties associated to its ability to induce cell permeability
Peptide similarly to cell-penetrating peptides (CPPs). Here, we use electrophysiology experiments to show that amphi-
Membrane transport philic DynA generates aqueous pores in neutral membranes similar to those reported previously in charged
Electrophysiology

membranes, but we also find other events thermodynamically incompatible with voltage-driven ion channel
activity (i.e. non-zero currents with no applied voltage in symmetric salt conditions, reversal potentials that
exceed the theoretical limit for a given salt concentration gradient). By comparison with current traces generated
by other amphiphilic molecule known to spontaneously cross membranes, we hypothesize that DynA could
directly translocate across neutral bilayers, a feature never observed in charged membranes following the same
electrophysiological protocol. Our findings suggest that DynA interaction with the cellular membrane is
modulated by the lipid charge distribution, enabling either passive ionic transport via membrane remodeling and
pore formation or by peptide direct internalization independent of cellular transduction pathways.

1. Introduction Subsequent MD simulations demonstrated how the interaction of several

peptides with negatively charged phosphatidylserine (PS) molecules

Although DynA canonical function is being substrate for the k-opioid
receptor [1], this peptide has a non-opioid physiological activity [2] that
can result in neurodegeneration and neuronal death [3]. The patho-
physiological mechanisms of DynA could be mediated by non-opioid
receptors [1,4,5] or by peptide-induced changes in membrane
morphology [6]. In a recent study we used electrophysiology in planar
bilayers to show that DynA induces the formation of aqueous pores in
negatively charged membranes with a notable diversity of conducting
levels and lifetimes [7]. Remarkably, the fact that positively charged
DynA peptides induce cation-selective pores indicates that negative lipid
charges are necessarily involved in the channel structure [8,9].

allows the proteo-lipidic structure to stabilize towards the hydrophobic
core forming a water-filled pore able to conduct ions [7].

DynA shares common properties with the so-called Cell Penetrating
Peptides (CPP) [2,10] such as having short amino acid chains with a
high content of basic residues (see Materials and Methods for DynA
sequence) [11,12] and displaying the ability to penetrate into mem-
branes, even translocating themselves and/or delivering a wide variety
of cargos into cells [13,14]. Indeed, the ability of CPPs to cross living
cells, either by means of energy-independent (the so-called direct
translocation) or by energy-dependent mechanisms (endocytosis) has
been a matter of intense debate [15-17]. Note that in this context, the
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term “direct translocation” specifically pertains to a mechanism that
operates independently of cellular machinery. However, it does not
imply the absence of changes in molecule structure or dynamics, self-
association or interactions with the lipid. In fact, as elaborated later in
the paper, it is expected that several of these properties would undergo
significant alterations to accommodate spontaneous transport. Although
evidence of DynA direct translocation has been already reported using
techniques such as confocal fluorescence microscopy/immunolabeling
and linked to interneuronal communication [18], no electrophysiolog-
ical evidence of it was found in our previous study in charged mem-
branes [7]. Here, we extend our investigation with DynA to neutral
phosphatidylcholine (PC) membranes where, besides membrane pora-
tion similar to that found in PS, we detected the existence of uncorre-
lated fluctuations patterns in noise analysis and other events non-
compatible with voltage driven ion channel activity, namely the appa-
rition of current without the need for applied voltage in symmetrical
conditions, and also measured reversal potentials that exceed the
theoretical limit established by Nernst potential. Recently [19], it has
been reported that the anionic small metallacarborane cobaltabis
(dicarbollide) molecule (abbreviated as [0-COSAN] ™) displays surfac-
tant behavior without a head and tail design. By comparison with
electrophysiological recordings of this amphiphilic [0-COSAN]™ mole-
cule that is experimentally known to cross membranes spontaneously by
a mechanism kinetically controlled by membrane partition [20], we
show that our results are consistent with direct translocation of DynA
molecules across the lipid membrane.

2. Materials and Methods
2.1. Planar bilayer formation and electrical measurements

Planar membranes were obtained by apposition of two monolayers
in a Teflon chamber separated in two 1.6 mL compartments (so-called cis
and trans) by a 15 um-thick Teflon film with a 70-100 um diameter
orifice, using a modified solvent-free Montal-Mueller technique [21,22].
In brief, the lipid was prepared by dissolving diphytanoyl-
phosphatidylcholine (PC) (Avanti Polar Lipids, Inc., Alabaster, AL) in
pentane at 5 mg/mL after chloroform evaporation. Aliquots of 10-20 pL
of lipid in pentane were added onto salt solution subphases at both the
cis and trans compartments. The orifice was pretreated with a 1% solu-
tion of hexadecane in pentane. After pentane evaporation, the level of
solutions in each compartment was raised above the hole so that the
planar bilayer was formed by monolayer apposition. pH of salt solutions
was adjusted by adding HCl, KOH (for KCl solutions) or NaOH (for NaCl
solutions) and monitored during experiments with a GLP22 pH meter
(Crison).

DynA peptides in HCI salt with sequence Tyr-Gly-Gly-Phe-Leu-Arg-
Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln were purchased from
Pepmic Co. (Suzhou, China) in powder and dissolved in MilliQ® water.
DynA-induced currents were achieved by adding 1-50 uL of a 500 mg/
mL solution of DynA peptides at the cis or trans (in separate experiments)
side of the chamber, which corresponds to a DynA peptide final con-
centration of 0.31-15 mg/mL. The sodium salt of the anionic small
metallacarborane cobaltabis(dicarbollide) molecule ([o-COSAN] ) was
synthesized as reported previously [23]. [0-COSAN]™ is an inorganic,
icosahedral boron cluster negatively charged molecule with chemical
formula (Na[3,3-Co(1,2-CoBgHi1)2]) (see Figure S2 for a schematic
representation of the molecule). [0-COSAN]™ was dissolved in MilliQ®
water at a stock concentration of 10 mM and added to the cis side of the
chamber to a final concentration of 100 pM. Supplementary Table S1
shows a comparison of basic physicochemical properties for both com-
pounds, DynA and [0-COSAN] .

An electric potential was applied using Ag/AgCl electrodes in 2 M
KCl, 1.5% agarose bridges assembled within standard 250 uL pipette
tips. The potential was defined as positive when it was higher on the cis
side, whereas the trans side was set to ground. An Axopatch 200B
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amplifier (Molecular Devices, Sunnyvale, CA) in the voltage-clamp
mode was used to measure the current and the applied potential. Cur-
rent was filtered with a 10 kHz 8-pole in-line Bessel filter and digitized
with a Digidata 1440A (Molecular Devices, Sunnyvale, CA) at 50 kHz
sampling frequency. For better visualization, all traces shown in this
manuscript were further filtered with a digital 500 Hz 8-pole Bessel filter
before representation. The membrane chamber and the head stage were
isolated from external noise sources with a double metal screen (Amu-
neal Manufacturing Corp., Philadelphia, PA).

2.2. Current fluctuation analysis

The power spectral density (PSD) of current fluctuations was ob-
tained directly from the measured current traces with the pClamp 10.7
software (Molecular Devices, LLC.). The power spectrum generates a
frequency domain representation of the time domain data, revealing the
power levels of different frequency components in the signal. PSD was
measured by calculating the Fast Fourier Transform from the digitized
signal. The PSD spectral resolution used was 0.76 Hz and, for each
signal, the available spectral segments were averaged. PSD voltage-
dependence was assessed by averaging in the 5-15 Hz (DynA experi-
ments) or 1-4 Hz ([0-COSAN]~ experiments) band the obtained PSDs at
each applied potential. Only traces in which the current histogram could
be represented by a single peak for each applied voltage, were used.
When analyzing traces with a non-zero current at V = 0, only fragments
with the same baseline current were analyzed together.

2.3. Ion selectivity measurements

The cation versus anion preference of DynA-induced currents was
assessed by measuring the reversal potential (RP), defined as the applied
voltage needed to precisely cancel the current measured when a given
salt concentration gradient is applied to the system. For these RP ex-
periments, PC planar membranes were formed under a salt concentra-
tion gradient (100/500 mM, or 500/100 mM or 200/100 mM), and the
molecule of interest (DynA or [0-COSAN] ") was added to the cis side of
the membrane. The net ionic current obtained was manually set to zero
by adjusting the applied potential. This potential was then corrected by
the liquid junction potential of the electrode salt bridges [24-26] to
obtain the RP.

3. Results and discussion
3.1. DynA peptides induce a variability of currents in neutral bilayers

Once the PC neutral bilayer was formed and its impermeability was
checked, DynA peptides were added to the solution, either at the cis or
trans side of the membrane. A significant part of the current observed in
symmetrical salt conditions was voltage-driven similar to that found in
PS membranes [7], showing a diversity of conductive levels (see Fig. 1)
with random transitions between open and closed states (Fig. 1A),
somewhat stable albeit noisy currents (Fig. 1B) or successive channel
insertions (Fig. 1C) were also recorded. Traces in Fig. 1 were selected
from a large number of separate experiments, although it was possible to
obtain the different types of currents interchangeably during the same
experiment. Usually, after more stable currents like the one in Fig. 1B
arose, membrane had to be reformed to obtain again a non-conducting
membrane, then apply voltage and wait for new events to appear.

However, additional assays yielded non-zero currents with no
applied potential (V = 0), so that the recorded currents were positive
(Fig. 2 A-B) when DynA was added only to the cis side of the chamber
and negative (Fig. 2 C-D) when added to the trans side. Interestingly,
these current traces do not correspond to the progressive membrane
disintegration characteristic of the so-called “detergent effect” of pep-
tides disrupting the lipid packing [27,28]. On the contrary, a variety of
current levels was found: variable multilevel (Fig. 2 A-C) or stepwise
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Fig. 1. DynA induces pore formation in neutral membranes. Representative
current versus time traces of DynA peptide showing a variety of currents
recorded at 50 mV, as indicated below each trace. (A) Noisy currents with fast
flickering between two conductance levels obtained at positive voltage. (B)
More stable currents with well-defined conductance levels independent of po-
larity. (C) Step-like currents recorded at both positive and negative applied
voltages. Solutions consisted of 150 mM KCl buffered with 5 mM HEPES at pH
7.4, membrane formed of PC lipid.

currents resembling successive channel insertions and retractions (Fig. 2
B-D). Remarkably, this type of currents were never obtained with
charged membranes [7]. Given the thermodynamic impossibility of
acquiring non-zero current when V = 0 in passive pores separating
symmetric solutions [29,30], we hypothesize that the origin of the
events depicted in Fig. 2 lies on the asymmetric addition of DynA (only
in one cell side) so that the peptide could become a charge carrier
crossing the membrane. We base this conjecture on DynA translocation
already reported in the plasma membrane of neuronal and non-neuronal
cells using confocal fluorescence microscopy/immunolabeling [10] as
commented before. At this point we may wonder whether the amount of
DynA added in our protocol (several ul of 500 mg/ml DynA solution is
about 10'” DynA molecules) is compatible with the transferred charge Q
shown in traces of Fig. 2. For instance, Fig. 2A yields Q ~ 300 pC
(calculated as the integral of the current over time), which would
roughly corresponds to 10° DynA translocating molecules, a number
considerably lower that the added amount of DynA. Note however, that
our hypothesis raises some questions. On the one side, if the currents in
Fig. 2 are carried exclusively by peptides, it suggests a strong coopera-
tive behavior of DynA molecules during translocation, either in form of
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self-aggregation or via DynA/lipid structures able to induce transient
membrane defects. On the other side, our results cannot discriminate
between current carried by proteins and salt ions, so that it is possible
that protein translocation could involve the simultaneous formation of
conducting structures in which salt ions are dragged together with the
peptides. In fact, the coexistence of both mechanisms might explain the
striking resemblance between traces in Fig. 1 and Fig. 2.

3.2. Noise analysis of current traces shows events compatible with
uncorrelated fluctuations

DynA-induced currents contain additional information other than
ionic conductance, namely information coming from the open channel
noise analysis that we examine via the power spectral density (PSD) of
recorded currents. The exploration of the frequency-dependence of PSD
in the context of membrane transport is extremely complex because
several mechanisms can potentially generate similar PSD [31,32], such
as random diffusion processes [33], transitions between conductive
states [34,35] and also self-organized criticality [36]. In view of that, we
focus here only on how the calculated PSDs depend on applied voltage
(and hence in current) in relatively quiet traces (current histograms can
be represented by a single peak, see Materials and Methods) that provide
a clear I-V relationship (this is not possible in traces with highly dynamic
behavior).

The different panels in Fig. 3 display I-V curves, the corresponding
PSDs and how the low frequency band of these PSDs depends on I, for
experiments carried out in neutral membranes where non-zero currents
were observed at V = 0. DynA-induced spontaneous currents at V =
0 were I > 0 when DynA was added only to the cis side (upper panel A),
whereas I < 0 was found when the protein was added only to the trans
side (lower panel B). The application of voltage leads to approximately
ohmic I-V curves and 1/f spectra are observed for the PSD in the low
frequency limit. Interestingly, PSDs are current-independent (PSD/I% ~
1/1%) indicating that these spectra correspond to uncorrelated fluctua-
tions [37,38]. This suggests that the PSD contains different sources of
noise that are not interdependent, as could be the mechanism underly-
ing the spontaneous DynA translocation and the voltage-driven trans-
port superimposed over it.

Other DynA-induced currents yielded 1/f-like spectra with an aver-
aged PSD at low frequencies showing a roughly parabolic dependence
on I, which is more similar to the results obtained in charged membranes
[7]. This behavior is characteristic of equilibrium correlated fluctuations
[35,37,39,40].

3.3. Ion selectivity experiments yield anion- and cation-selective pores
and voltages exceeding the Nernst theoretical limit

To further characterize DynA-induced currents in neutral mem-
branes, the ionic selectivity was obtained by measuring the reversal
potential (RP) (see Materials and Methods) in experiments involving a 5-
fold KCI concentration gradient across the membrane. As shown in
Fig. 4, measurements in neutral lipid show considerable dispersion in
comparison with the data obtained for DynA in charged membranes [7].
Measured RP in PC goes from a minority showing anionic preference (in
agreement with the peptide positive net charge) up to a majority
compatible with cationic selectivity (Fig. 4A and Fig. 4B). Such prefer-
ence for cations is hard to reconcile with proteolipidic pores formed by
basic peptides and neutral lipids. Furthermore, certain RP values exceed
the corresponding Nernst potential [41,42] for a 5-fold concentration
gradient (Fig. 4C). Again, thermodynamic limits urge to consider al-
ternatives to purely diffusive salt transport across membrane pores,
pointing to DynA translocation across the membrane. The spontaneous
transport of DynA positively charged peptides from the side of addition
to the other side would account for the observed cationic selectivity, and
would explain why this transfer of charge is not affected by the Nernst
limit corresponding to the salt concentration gradient.
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Fig. 2. DynA induces currents with no applied voltage in neutral membranes. (A-B) Positive recorded currents and (C-D) negative recorded currents showing
multilevels (A-C) as well as step-like transitions (B-D). Experimental conditions as in Fig. 1, except for the voltage, which was always 0 mV, as indicated below

each trace.
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3.4. Amphiphilic [o-COSAN] ™ provides an electrophysiological
fingerprint of direct translocation across the planar membrane

The translocation of protein peptides has been assessed in vesicles
and liposomes using different methods involving fluorescence or FRET
[43,44]. However, such methodologies or conventional analytical
techniques are extremely difficult to combine with electrophysiology at
the single peptide level due to the low number of molecules involved.
For this reason, we use as a case study the interaction between [o-
COSAN]™ and planar phospholipid membranes that are prepared using
the same procedure as that used in the electrophysiological experiments
described above. The reason to use this boron-based molecule is that in
resemblance to DynA, [0-COSAN] ™ is amphiphilic, but in contrast to
DynA, after [0-COSAN]~ addition in one side of the chamber separating

a planar membrane, [0-COSAN] ™ concentration in the other side can be
determined by inductively coupled plasma mass spectrometry (ICP-MS)
[20], directly demonstrating its translocation. Using [0-COSAN]™ in
different salts it was shown that in all cases the permeation rate was
independent of the initial concentration (which in all experiments was
100pM or higher) without affecting membrane integrity [20]. Such zero-
order kinetics suggests that translocation could occur via the sequence of
absorption at the solution-membrane interface, movement across the
lipid phase and desorption at the membrane- solution interface, being
the rate-determining step the partitioning of [0-COSAN] ™ into the lipid
phase and not [0-COSAN] " diffusion [20].

Interestingly, [0-COSAN] ™ translocation shows all characteristics
incompatible with voltage-driven transport across passive pores
mentioned in previous sections dealing with DynA in neutral
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Fig. 4. DynA selectivity experiments yield a high
variability of results. (A) Representative traces of

DynA-induced currents obtained in PC membranes
displaying anionic selectivity (upper trace, RP
-31.2 mV), cationic selectivity (middle trace, RP =
19.6 mV) and a reversal potential that exceed the
theoretical Nernst limit (lower trace, RP = 56.3 mV).
The dashed line indicates the zero-current level. The

applied voltage in millivolts is shown above each
piece. (B) Current vs voltage curves of the traces
shown in (A). (C) Box plot showing the reversal po-
tential of DynA-induced pores in different lipid com-
| positions. Data for PS reported in [7]. The boundary
of the box closest to zero indicates the 25th percen-
tile, a line within the box marks the median, and the
boundary of the box farthest from zero indicates the

75th percentile. Error bars indicate SD (n = 49 for PS
and n = 14 for PC). The dashed line indicates the
theoretical limit (Vyernst) and the solid line shows the
| threshold between anionic and cationic selectivity. In
all panels, solutions consisted of a 5-fold gradient of
KCl (100 mM/500 mM KCI) buffered with 5 mM
HEPES at pH 7.4.
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membranes. As shown in Fig. 5A, [0-COSAN] -induced currents appear
without the need of an applied voltage as a result of the asymmetric
addition of the molecule. Also, when voltage is superimposed to the
spontaneous transport to obtain an I-V curve, the corresponding PSDs
show 1/f-like spectra (Fig. 5B). In addition, the low frequency band of
normalized PSDs (red circles in Fig. 5C) point to uncorrelated noise in
agreement with DynA in PC membranes (blue points) and in contrast
with correlated noise characteristic of DynA in PS membranes (green
points) previously reported [7]. As for the nature of uncorrelated fluc-
tuations in [0-COSAN] ", we interpret this pattern as the coexistence of
two independent noise sources, one independent of the concentration of
current carriers (zero-order kinetics) and other that depends linearly on
carrier concentration (drift generated by applied voltage). As regards
selectivity experiments, when negatively charged [0-COSAN] ™ is added
in presence of a concentration gradient in neutral membranes, RP
measurements become inconsistent because they suggest anion selective
pores without the presence of any positive charges (black dots in
Fig. 5D) or even the measured RP surpasses the corresponding Nernst
potential (red dots in Fig. 5D).

Note also that the sodium salt of [0-COSAN] " is soluble both in water
and oils because of its amphiphilic nature at the price of involving huge
conformational changes in terms of structure and self-association, as
shown by transmission electron cryomicroscopy (CryoTEM) measure-
ments [20]. In view of the similarities between [0-COSAN]™ and DynA,

PC

we may wonder whether DynA translocation actually involves similar
steps to those proved for [0-COSAN] . Interestingly, atomistic simulations
of a-helical peptides with different lengths and amphiphilicity suggest a
similar itinerary for translocation peptides: adsorption to the membrane
interface / tilting to reach transmembrane orientation / adsorption to the
second leaflet [45]. Along this process, it is shown how there is an optimal
ratio of hydrophilic/hydrophobic content that allows peptides to trans-
locate the easiest [45]. In addition, experimental and theoretical studies
provide evidence that DynA peptide is likely unfolded in an aqueous
environment, but it adopts a stable a-helical conformation in the mem-
brane with a tilted orientation that may facilitate DynA translocation in
particular conditions [4,46-49]. Also, as mentioned in the discussion of
Fig. 2, it is important to consider that the translocation of DynA probably
involves a strong cooperative behavior of DynA molecules. In this sense, it
has been reported that the self-assembly of amphiphilic peptides leads to a
variety of nanostructures that are stabilized in water in form of nanotubes
by hydrogen bonding and in membrane environment by the hydrophobic
effect yielding micelles [50].

As noted before, the events compatible with DynA translocation in
neutral membranes were never observed in charged membranes
following the same protocol [7]. In this sense, recall that MD simulations
emphasized the crucial role of negatively charged lipids in forming
stable proteo-lipidic structures together with the positively charged
DynA peptides [7]. We might speculate that neutral lipids are less
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Fig. 5. Electrophysiological fingerprint of [o-
COSAN] ™ translocation across the planar membrane.
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(A) Representative current trace obtained after 100
UM [0-COSAN] ™ addition to the cis side of the mem-
brane with no applied voltage. Right after addition,
there is a peak of negative current, then the current
decreases until it stabilizes at a negative value after
some minutes. Traces were filtered with a 500 Hz 8-
pole Bessel filter. The solutions were prepared using
symmetrical 10 uM NaCl at pH 6, which were the
same as those utilized in [20]. (B) PSDs of current
traces at different applied voltages after [0-COSAN] ™~
addition at the same conditions as in (A). Data were

107 10°

acquired at least 20 min after addition to assure a
steady zero-voltage current. The inset shows the cor-
responding I-V curve. (C) Relative averaged noise
amplitude (PSD/1?) vs square of the current 1) for
[0-COSAN] ™ (red circles, same conditions as in A,B),
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100 NacCl (red), pH 6. The RP is highlighted for each
curve. Solid lines are linear fittings of the experi-
mental data.
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capable to stabilize the DynA-induced pores and hence facilitate the
peptide translocation. However, this intuitive reasoning could seem
insufficient in view of the extended leakage studies of DynA indicating
that peptide-membrane interactions are ruled by a complex interplay of
factors such as membrane composition, peptide hydrophobicity, total
charge and number of arginines [2,6,51]. Similar results were obtained
by Bjorneras and coworkers [11] for bicelles by circular dichroism and
nuclear magnetic resonance (NMR) spectroscopy.

4. Conclusions

By means of electrophysiological experiments, we show that DynA
generates two kinds of permeabilization events in neutral membranes.
On the one side, ion channel-like pores similar to those previously re-
ported are observed in charged membranes. On the other side, unprec-
edented events thermodynamically incompatible with voltage-driven
transport in passive pores are obtained (i.e. currents without applied
voltage, selectivity calculated from the reversal potential that goes
beyond the theoretical limit) that we ascribe to DynA direct trans-
location. The coexistence of voltage-driven transport corresponding to
first-order kinetics with translocation phenomena ruled by zero-order
kinetics is revealed through uncorrelated fluctuation patterns. By com-
parison with another translocating amphiphilic molecule (metal-
lacarborane [0-COSAN] ") that can be assessed by analytical techniques,
we hypothesize that DynA translocation occurs via a mechanism that
includes absorption/reorientation/desorption steps in which the
amphiphilic properties of the peptide and the membrane composition
play a capital role in agreement with previous experimental and
computational studies. Understanding how peptides with specific
properties (CPPs, antimicrobial peptides, etc.) can cross biological
membranes without the help of cellular machinery is essential for the
rational design of novel therapeutics where translocating peptides could
be used directly or as carriers of other complexes [45].

20 40 60
V (mV)
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