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Alpha-hemolysin nanopore allows discrimination
of the microcystins variants+t
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Dijanah C. Machado,? Victor H. Rusu,? Juliana P. Aguiar®®
and Claudio G. Rodrigues (2

Microcystins (MCs) are a class of cyclic heptapeptides with more than 100 variants produced by
cyanobacteria present in surface waters. MCs are potent hepatotoxic agents responsible for fatal
poisoning in animals and humans. Several techniques are employed in the detection of MCs, however,
there is a shortage of methods capable of discriminating variants of MCs. In this work we demonstrate
that the a-hemolysin (aHL) nanopore can detect and discriminate the variants (LR, YR and RR) of MCs in
aqueous solution. The discrimination process is based on the analysis of the residence times of each
variant of MCs within the unitary nanopore, as well as, on the amplitudes of the blockages in the ionic
current flowing through it. Simulations of molecular dynamics and calculation of the electrostatic
potential revealed that the variants of MCs present different charge distribution and correlated with the
three patterns on the amplitudes of the blockages in the ionic current. Additionally, molecular docking
analysis indicates different patterns of interaction of the variants of MCs with two specific regions of the
nanopore. We conclude that aHL nanopore can discriminate variants of microcystins by a mechanism
based mainly on electrostatic interaction. Finally, we propose the use of nanopore-based technology as
a promising method for analyzing microcystins in aqueous solutions.

Introduction

Microcystins (MCs) are constituted by cyclic heptapeptides con-
taining several non-proteinogenic amino acids, and represent
a class of exotoxins produced by cyanobacteria species commonly
present in surface waters of tropical regions in the northern and
southern hemispheres."” MCs general sequence is cyclo-(D-Ala1-
X2-D-MeAsp3-Z4-Adda5-D-Glu6-Mdha7) where the numbers
indicate the position of a given amino acid in the sequence
(Fig. 1). The modified residues MeAsp (Masp), Adda and Mdha
corresponds  to  p-erythro-beta  methylisoaspartic  acid,
(25,35,88,9S5)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-

(4E,6E)-dienoic acid and methyldehydroalanine, respectively.
Positions X2 and Z4 are occupied by variable r-amino acids,
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resulting in variants with different toxicity profiles.* Currently
over 100 variants of MCs have been described which differ from
each other with respect to the identity of the two variable residues
and chemical modifications in the other amino acids.* The
variant Microcystin-LR (MC-LR, 995 Da) containing the residues
Leu2 and Arg4 is the most common and toxic of MCs."*

MCs are potent hepatotoxic and nephrotoxic agents, which
have been associated to liver, digestive and skin diseases,
neurological impairment and death.® It has been associated
with most of the poisoning incidents worldwide.® In February
1996, one of the largest toxic diseases caused by MCs in humans
occurred in Caruaru in the Northeast of Brazil, resulting in the
deaths of 60 patients.” MCs exert their toxicity via irreversible

Ox M /
oy O
I/YI\[HI\ !
N
BN 1
X o %S:
)
{e]
X N4 CHy Hy
H H
s N N
MO
ﬁ\'g)j\
ol SO0 He cHy
4 2
3

Fig. 1 Structure of microcystin-LR. Variants differ with respect to the
identity of L-amino acids in position 2 and 4. Numbers represent the
position of the amino acid residue.
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inhibition of protein phosphatases 1 and 24, affecting mainly
liver cells, which can lead to death.® Additionally, long-term
exposure to low concentrations of MCs has been implicated in
tumour growth promotion.” The World Health Organization
(WHO) recommends an upper limit of 1 pg L' of MCs in
drinking water for human health protection.'® Eutrophication
and climatic changes has led to the rapid proliferation and
dominance of harmful blooms of cyanobacteria in freshwater
and marine ecosystems.''> Temperatures ranging between 15—
30 °C can selective promote cyanobacterial proliferation as the
growth rates of these bacteria are optimal at relatively high
temperatures.”* MCs are a growing threat to the use of fresh-
water ecosystems and reservoirs for drinking water, irrigation,
and fishing. Therefore, fish and water consumption can be an
important route of microcystin exposure for humans.**

The low concentration and large number of variants repre-
sent a considerable challenge for the monitoring of MCs in
water bodies, to which several analytical methods have been
employed.” Among the most sensitive techniques are high
performance liquid chromatography coupled with mass spec-
trometry (HPLC-MS), enzyme-linked immunosorbent assay
(ELISA) and phosphatase assay. Some of these techniques offer
excellent sensitivity and specificity but at high cost, time-
consuming sample preparation procedures and lengthy anal-
ysis.’ Furthermore, the use of HPLC-MS for the detection and
identification of unknown MCs in environmental samples is
hampered mainly by the lack of analytical standards for many
MC variants.>'® In addition, HPLC-MS requires highly skilled
personal and expensive equipment. Protein phosphatase inhi-
bition assays are susceptible to high rates of false-positive
results, and cannot distinguish between different MC vari-
ants.>"” Likewise, immunoassay techniques may present cross
reactivity to MCs variants."” Therefore, there is a critical demand
for the development of low-cost analytical devices for MC
monitoring in water, which features high sensitivity and spec-
ificity, easiness to use and great portability. Nanopore based-
systems have been successfully employed in the stochastic
biosensing'®" Stochastic biosensing is an approach that relies
on the observation of individual binding events between analyte
molecules and a single bioreceptor.”® Recently, solid-state
nanopore with a diameter of approximately 10 nm was used
to detect MC-LR via aptamer-conjugated with gold nano-
particles.”” In here, we used a-hemolysin (¢HL) nanopore with
diameter approximately 1 nm to discrimination microcystins
variants.” Nanopore formed by Staphylococcus aureus a-hemo-
lysin («HL) is the most commonly protein nanopore employed
in the stochastic biosensing technology.?® Because these pores
are so small, their interaction with an analyte can alter the ionic
current that would otherwise flow freely. This nanopore can be
used as analytical tools for a wide variety of analytes (e.g. mass
spectrometry of polymers,” DNA sequencing, detection of
enantiomers,* cocaine® and poly(ethylene glycol)).>® In this
work we study the interaction of MCs with the a«HL-nanopore,
aiming to develop a system for the detection and characteriza-
tion of these cyanotoxins in aqueous systems. The choice of
variants (LR, RR, YR) is due to higher occurrence in environ-
mental water and also higher toxicity.
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Results and discussion

oHL nanopores exhibited uniform single-channel conductance
state of long duration at both negative and positive trans-
membrane potentials.>® In 40 mV an unobstructed o«HL nano-
pore has a constant current of approximately 150 pA and
conductance of ~4 nS in KCI 4 M, pH 7.5, and the values of
these parameters are in agreement with several previous
reports.”****® The addition of MC-LR, MC-RR or MC-YR to the
trans side of nanopore induces reversible partial blockades of
the ionic current, and similarly to studies with other analytes,
this clearly indicates that this nanopore is capable of detecting
MCs, so it works as a molecular counter®* (Fig. 2).

The profile of the microcystin-induced ionic current block-
ages differ considerably from those reported in other studies
using synthetic linear peptides with a number of amino acids
similar to microcystins, suggesting that the nanopore is capable
of discriminating the analytes by the molecular configura-
tion.*** Although the MCs variants differ in only a single amino
acid (Fig. 2A), each variants exhibits a typical characteristic
blockages of the ionic current (Fig. 2B). Observe that the
amplitude of the blockages of the ionic current caused by MC-
YR is larger compared to the other variants (Table 1, right
column). The MC-YR has blocked about ~91.6% of the ionic
current, followed by ~81.6% of the MC-RR and ~70.1% of MC-
LR, respectively. Then, the magnitude of the ionic current
blockages amplitude in the nanopore depends on the MC
variant. As expected the percentage reduction in ionic current
induced by microcystin is higher than that of acyclic peptides.**

In order to rationalize the molecular basis of specific
blockage types for each MCs by the HL nanopore, molecular
docking experiments were conducted. Such approach is the
most common method employed to model the interaction
between a small molecule and a protein at the atomic level,
allowing the characterization of ligands behaviour in the
binding site of target receptors, and generating novel informa-
tion to help elucidating biological and biotechnological
processes.*® Molecular docking is conducted through two steps:
(1) sampling conformations of the ligand in the active site of the
protein, which should be able to reproduce the experimental
binding mode; and (2) ranking these conformations via
a scoring function, which should also rank it highest among all
generated conformations.’” From our calculations, the lowest
energy docked conformations for each of the three MCs indeed
fitted the region of constriction of the «HL nanopore (Fig. 3B),
in which the Arg residues in MCs would interact with Glu111
residues. Such site of interaction was also experimentally
observed and/or proposed for other compounds by previous
studies.>*¢

Aiming to correlate the molecular docking results and the
experimental findings, a volume exclusion assumption based
on “Solvent Extractor” tool output in “Voss Volume Volexator”
website was performed.*®* Such approach conceit that the
volume not occupied by MCs should be available to allow water
molecules and ionic current. A similar approach was employed
for the biological nanopore MspA, by characterizing the amount

This journal is © The Royal Society of Chemistry 2019
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Fig.2 a-Hemolysin nanopore detects microcystins. (A) Structural representation of variants MC-RR, MC-LR and MC-YR with residues at position
X2 highlighted in black, (arginine), blue (leucine) and red (tyrosine) circles, respectively. (B) The profile of the microcystin-induced ionic current
blockages differs to the MCs variants. Solution: 4 M KCl, 5 mM Tris—HCL, (MC-RR, 1 uM; or MC-LR, 1 uM; or MC-YR, 1 uM), pH 7.5. Transmembrane
potential, 40 mV. The all-point histograms are shown at the right of each record and can be used to give the mean value of blockage amplitudes.

Table1l aHL nanopore constriction region volume as a function of MCs interaction and experimental values of the blocking percentage of MCs

Percentage of pore
obstruction (theoretical)

Nanopore state Volume® (A*)

Percentage of the ionic current
blockages amplitude (experimental)

Unoccupied 1113 —

Occupied with LR 548 51%
Occupied with RR 115 90%
Occupied with YR 80 93%

70.1%
81.6%
91.6%

“ A total of 84 residues were considered for theoretical analysis, embracing amino acids 110 to 115 and 145 to 150 from the seven ¢HL monomers.

of bulky-like water molecules in the protein constriction region,
along with DNA molecules, during molecular dynamics simu-
lations.*® For our molecular docking poses, a quantitative
correlation was observed for MC-YR in terms of percentage of
pore obstruction (93%), while both MC-RR (90%) and MC-LR
(51%) presented the same trend (Table 1, third column). We
can observe that the theoretical data are in agreement with the
experimental results, as shown in more detail in the Table 1.
Additionally, when three MCs variants are added simulta-
neously at equimolar concentrations, resulting in three block-
ages pattern (Fig. 3A). Amplitude of each of these three blocking
patterns is like the results shown in Fig. 2B. So, «HL nanopore
can distinguish different MCs variants simultaneously present
in aqueous solutions.

To analysing the dynamics of the interaction between
microcystins and nanopore, we considering the process as on
a simple bimolecular complexation reaction.>*® A potential of
—180 to 180 mV was applied at increments of 20 mV and
measure the dwell time (7.¢) of the MCs variants within the «HL
nanopore (Fig. 4). For MC-RR, 7. is the highest among the MCs
variants at the voltage of 100 mV (1o = 38.96 + 3.80 ms)

This journal is © The Royal Society of Chemistry 2019

(Fig. 4B). In relation to the variants LR and YR, on the potential
of —40 mV the values of this parameters were (¢ = 3.50 £ 0.65
ms) (Fig. 4A) and (7o = 4.54 £ 0.63 ms) (Fig. 4C), respectively.

These results show a voltage-dependent behaviour of the
residence time of MC variants within «HL nanopore. Analysis of
the dwell times (7.¢) for the three MC variants has been per-
formed at the same transmembrane potential (Fig. 5A). It
indicates that the MCs variants interact differently with the
nanopore. It is known that the nanopore presents the negatively
charged trans region due to the presence of the amino acid
lysine and aspartic acid.**** So, we resolved to evaluate the
contribution of electrostatic forces in the interaction of micro-
cystin with the nanopore and for this we performed calculations
of electrostatic potential of these molecules. Electrostatic
potential and molecular docking calculations were performed
for the oHL nanopore and MCs variants to elucidate the
molecular basis of their differential interactions. The basal
region on the trans side of the nanopore is rich in negatively
charged residues, so, a potential of 100 mV applied on the same
side as the microcystin was added, may influence their inter-
action with the nanopore (Fig. 5B and C). Since the net charge of

RSC Adv., 2019, 9, 14683-14691 | 14685
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Fig. 3 a-Hemolysin nanopore is capable of discriminating MCs variants. (A) The profile of the microcystin-induced ionic current blockages for
the three MC variant simultaneously in solution: 4 M KCl, 5 mM Tris—HCl, (MC-RR, 1 uM; and MC-LR, 1 uM; and MC-YR, 1 uM). The coloured lines
indicate the blockage pattern for to MC-LR (blue), MC-RR (green) and MC-YR (red). (B) Docked MCs variants in the region of constriction of the
aHL nanopore. In the upper structures, the MC-nanopore complexes are represented as surface in the context of the entire protein. In the lower
images, the MC-RR, MC-LR and MC-YR molecular structures are shown as they interact with Glu111 residues of the region of constriction of the

aHL nanopore.

the MC variants differs, these molecules will exhibit different
interaction patterns with the nanopore, but also with the
applied electrical field. In our experimental solution of pH 7.5,
the net charge of MC-RR is 0 whereas while MC-YR and MC-LR
have a net charge of —1.** The electrostatic potentials calculated
for the two latter variants are similar though quite dissimilar
from the potential obtained for MC-RR (Fig. 5D-F).

The variant MC-RR shows a mostly positive potential due to
the presence of two Arg residues while the electrostatic potential
generated by MC-YR and MC-LR are negative. In fact, the
molecular docking poses at Fig. 3B indicate that each of the two
Arg residues in MC-RR interact with two Asp127 residues in
opposite sides of the nanopore, thus possibly increasing the
MCs-nanopore interaction and residence time with respect to
MC-YR and MC-LR. This is entirely consistent with the
measurements of 7oy (Fig. 5A) and suggests an electrostatic
interaction between MC-RR and aHL nanopore, in agreement
with the experimental data. As the inner surface (lumen) of the
nanopore is positively charged, then the MC-RR, is more likely

to remain longer in the entrance than in the intermediate
region of the nanopore (Fig. 5C). Moreover, the predominantly
negative potential surface of MC-YR and MC-LR should be less
attractive to the negative potential in the t¢rans side of the
nanopore, in which their Arg residue interacts with a single
Asp127 residue. As depicted in Fig. 5B, the basal region of the
nanopore (trans side) is rich in aspartic acid residues, which
gives a net negative charge of the ¢rans end of the nanopore.***

Additionally, recent studies have shown that lithium can
shield charges in base of the stem region of the aHL nanopore.**
Based on this knowledge, we have changed the bath solution
(KCl 4 M to LiCl 4 M), in order to shielding the charges of the
stem region of nanopore and verified their influence on the
residence time of the MC-RR. We can observe in Fig. 5A that
there was a decrease in the residence time of the MC-RR, since
without the negatively charged region, the electrostatic contri-
bution of the interaction between the MC-RR and the nanopore
is lower. Furthermore, we observed a significant increase in
residence time of MC-LR, so negatively charged (Fig. 5A), by
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Fig. 4

Influence of the transmembrane potential in the dwell time (zo¢) of MCs variants within aHL nanopore. (A) MC-LR, (B) MC-RR, (C) MC-YR.

Concentration of MCs variants is 1000 pM in solution (4 M KCl, Tris—=HCL 5 mM, pH 7.5). The result of at least three independent experiments

(mean + SE) is presented in each case.
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4 M or LiCl 4 M. The microcystin was added on the same side (cis or trans of the nanopore) in which the potential of 100 mV was applied. (B)
Electrostatic potential represented in VMD for the outer surface of the a-HL nanopore. (C) Electrostatic potential represented in VMD for the
inner surface (lumen) of the a-HL nanopore. (D—F) Electrostatic potential represented in VMD for the MCs variants. Electrostatic potentials are

shown at isosurfaces of 5 kTe (blue) to —5 kTe (red).

simply changing the experimental condition, by adding the MC-
LR to the cis side of the nanopore. It is noteworthy that the MD-
generated structural ensembles of the MC variants are quite
similar with respect to the backbone conformation. The back-
bone conformation is maintained due to the presence of stable
intra-ring hydrogen bonds between residue pairs (p-Masp : O3-
pGlu : NH, p-Masp : O3-ADDA : NH, pGlu : O-X : NH where X is
either Arg, Tyr or Leu) (Fig. 1). These interactions are persistent
throughout the 10 ns simulation time. Therefore, the calculated
electrostatic potentials for the MC variants are representative of
the average conformation of these cyclic peptides in solution.

Although the MC-LR and MC-YR present a similar electro-
static potential, their residence times were different (Fig. 5A),
suggesting that non-electrostatic factors also influence the
interaction of these toxins with the nanopore.

Aiming to elucidate the contribution of non-electrostatic
factors in the interaction of microcystin with nanopore, we
decided to analyse the role of hydration in the interaction of the
analyte with the nanopore. In this case, we adopt the same
approach of our previous studies,**® in which we show that the
larger hydration of the analyte decreases the probability of
formation and stabilization of analyte-nanopore complex. So,
presence of the leucine residue gives greater hydrophobicity to
MC-LR, leaving it less hydrated and increasing its residence
time.

Another important parameter to analysing the kinetic
process is the association rate constant (k). This parameter is
correlated with the frequency of blockages caused by

This journal is © The Royal Society of Chemistry 2019

analytes.**** The k,, was calculated by assuming on a simple
bimolecular complexation reaction between MCs and «HL
nanopore at the single-molecule level, so that ko, = 1/(Ton X
[MC]), where [MC] is the MC concentration and 7,, is the
characteristic time between successive blockages.*®* The
frequency of blockages of the «HL nanopore decrease with the
increasing potential for MC-LR and MC-YR, but not for MC-RR
(Fig. 6). This behaviour can be expected based on the distinct
net charge of the MC variants. It is known that under the
solutions conditions used in our experiments (pH 7.5) the MCs
LR, YR and RR exhibit net charges of —1, —1 and 0, respec-
tively.*>*> However, our results indicate that MC-RR can acquire
a positive charge (Fig. 6A). We suggest that this may occur
because MC-RR forms complex with K', such as occurs with
some neutral molecules in the presence of 4 M KCL.>**** In this
context is possible to use the nanopore as molecular tool for the
rapid probing of the capabilities of different MCs variants to
form complexes with different ions. One of the parameters used
to evaluate the sensing capacity of the aHL nanopore is to
evaluate the behaviour of the transition rate as a function of
analyte concentration.”* In our case, the slope of the transition
rate-MC concentration increases linearly and depends on the
MC variant (Fig. 6B), thus providing a basis for quantifying
these cyanotoxins.

Recently method based in solid-state nanopore was used to
detect MC-LR via aptamer-conjugated with gold nanoparticles
and showed sensing capacity at nanomolar level.* Our case,
oHL nanopore method detected microcystin in the micromolar

RSC Adv., 2019, 9, 14683-14691 | 14687
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range above the levels of microcystins usually found in ambient
waters. On the other hand, this method does not involve
labelling, modifying or conjugating microcystins with nano-
particles or antibodies, simplifying the assay procedures and
reducing the time of analysis. Furthermore, several strategies,
for example change in the ionic solution composition,* may be
used in future studies for improvements in the present sensing
capacity of the «HL nanopore.

Experimental
Materials and methods

Materials. All chemicals and solvents were of analytical-
grade and used as received, without further purification.
High-purity water was obtained after a Milli-Q plus (Billerica,
USA) treatment. The wild type of Staphylococcus aureus o-
hemolysin was purchased from Calbiochem (Madison, WI,
USA). 1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)
was purchased from Avanti Polar Lipids (Alabaster, AL, USA).
The microcystins LR, RR and YR were purchased from Wako
(Wako Pure Chemical Industries Ltd, Japan). 2-Amino-2-
hydroxymethyl-1,3-propanediol (TRIS) and citric acid was from
Fluka (Buchs, Switzerland). KCI was purchased from SIGMA (St.
Louis, MO, USA). Hexane was purchased from (J. T. Baker,
Phillipsburg, NJ).

Planar lipid bilayer membranes, single channel current
recording and data analysis. Solvent-free planar bilayer lipid
membranes, with a capacitance of 40 pF, were formed by the
lipid monolayer apposition technique, using DPhPC in hexane
at 25 £+ 1 °C, was described previously.* Because it was recently
shown that the elevated KCl concentrations considerably
improve single molecule identification by unitary protein
nanopores,*>*® in this study membrane-bathing solutions con-
tained 4 M KCl in 5 mM Tris adjusted to pH 7.5 with citric acid.
Experiments were carried out using an Axopatch 200B amplifier
(Axon Instruments, Foster City, CA) in voltage clamp mode.
Membrane potential was maintained using silver/silver chloride
(Ag/AgCl) electrodes in 3 M KCl 2% agarose bridges assembled
within standard 200 mL pipette tips. Currents were filtered by

14688 | RSC Adv., 2019, 9, 14683-14691

a low-pass eight-pole Butterworth filter (model 9002; Frequency
Devices, Haverhill, MA) at 15 kHz and directly saved into the
computer memory with a sampling frequency of 50 to 100 kHz.
Data analysis of molecular signature parameters (mean dura-
tion and amplitude of the blockage), transition rate, and kinetic
constants of the MC-nanopore interactions were done essen-
tially as described by Rodrigues et al.*® Briefly, the on-rate
constant, kon, was defined as 1/(Cyc X Ton). The characteristic
time, 7., was obtained from the collected time intervals
between the end of one blockade event and the onset of the
next. The off-rate constant, k¢, was defined as 1/7¢, where 744
is the characteristic time of MCs staying in the pore.
Molecular dynamics (MD) simulations. Atomic coordinates
of the microcystin cyclic heptapeptide were taken from the
Protein DataBase (code id 1LCM).** MD simulations were per-
formed for microcystin MC-LR and variants where the arginine
residue in position 2 was replaced by an arginine (MC-RR) or
tyrosine (MC-YR). Protonation states were assigned accordingly
to pH 7. Simulations were carried out using the GROMOS force
field force parameter set 53A6 (ref. 47) in conjunction with the
software package GROMACS v.4.5.4, with double precision.***°
The systems were placed in cubic boxes with dimension 8 x 8 x
8 nm?, treated for periodic boundary conditions, and solvated
with explicit SPC model water molecules.>® The total charge of
the system was neutralized by adding Na' counterions, and
subsequently Na* and Cl~ counterions were added to yield an
ionic strength of 150 mM. Simulations were carried out in the
NPT ensemble, and a time step of 2 fs were used to integrate the
equations of motion based on the Leap Frog algorithm. The
temperature of the solute and solvent were separately coupled
to the Berendsen thermostat at 300 K with a relaxation time of
0.4 ps. The pressure was maintained at 1 atm by isotropic
coordinate scaling via the Berendsen barostat with a relaxation
of 0.4 ps.>* The bond lengths and angles were constrained by
using the P-LINCS algorithm, and the geometry of the water
molecules was constrained using the SETTLE algorithm, both
with a tolerance of 10~*. A reaction field correction and a cutoff
of 1.4 nm were used for both vdW and long-range electrostatic
interactions with a permittivity dielectric constant of 66. In all

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10384d

Open Access Article. Published on 10 May 2019. Downloaded on 7/25/2025 12:32:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

cases, the pair list for short-range non-bonded and long-range
electrostatic interactions was updated with a frequency of 10
fs. Configurations of the trajectory were recorded every 0.002 ps.
Atomic coordinates were visualized with the software VMD
1.92.%

Electrostatic potential calculations. The electrostatic poten-
tial of the aHL nanopore and the microcystin variants were
calculated by solving the linearized Poisson-Boltzmann equa-
tion with the Adaptive Poisson-Boltzmann Solver package.>
The Poisson-Boltzmann equation describes the electrostatic
charge &(r) in a medium with a dielectric scalar field ¢(r) and
with a charge density p(r). The solute and the solvent are rep-
resented by distinct dielectric continuums. The charge density
is divided into the fixed interior charge distribution of the
molecule, pin(r), and a mobile exterior charge density of the
solvent and ions. The exterior is modelled as a dielectric
continuum with the mobile ion density approximated by
a Boltzmann distribution at temperature 7. The linear Poisson—
Boltzmann equation is defined as:**

Ve(r)\VO(r) = —4Tpind(r) + AP D(r) (1)

where ¢(r) is the dielectric constant of the solute or the solvent
and 2 equals 1 for ion-accessible regions and 0 elsewhere. * is
the modified Debye-Hiickel parameter defined as:

8TTNAL
2 A
= 1000kT )

where, k is the Boltzmann constant, N, is Avogadro's number
and I is the ionic strength of the medium. Hydrogens were
added to the crystallographic coordinates with the PDB2PQR
software.®® Partial charges and atomic radii were taken from the
PARSE force field.>® The solute and solvent were assigned
a dielectric constant of 2 and 78.5, respectively. The ionic
strength of monovalent ions was set to 0.200 M with an ion
exclusion radius of 2 A and a temperature of 298 K. The finite-
difference Poisson-Boltzmann calculations employed grids
with 257 x 257 x 257 (¢HL) and 33 x 33 x 65 (MCs) points in x,
Y, z directions, respectively.

Molecular docking studies. Atomics coordinates for the aHL
heptameric channel was retrieved from PDB ID 7AHL,* while
representative structures from the microcystins were retrieved
from MD simulations. The molecular dockings were performed
in two protein regions, (1) the constriction and (2) the “trans”
pore exit, using Dockthor online portal® with the standard
program docking parameters. Briefly, its built-in genetic algo-
rithm was employed in a total of 30 runs, each one with an
initial population of 1000 random individuals, and a maximum
number of 1.0 x 10’ energy evaluations. The atomic coordi-
nates of the lowest energy conformations were clustered based
in a root-mean-squared-deviation (RMSD) of 2.0 A. The output
conformers for the three MCs, which showed favourable inter-
action energies with oHL, were sorted in order of increasing
energy, and the lowest energy docked conformations were
retrieved for further analysis. The volume analyses were per-
formed using the “Solvent Extractor” tool in “Voss Volume
Volexator” website, using the standard program parameters.*
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Conclusions

In summary, we demonstrate that the «HL nanopore can detect
and discriminate three structural variants (LR, YR, RR) of
microcystins simultaneously, by the difference in the blocking
profiles in the ionic current induced by each of the variants.
Using computational methods, it was found that electrostatic
interactions contribute to the interaction between MCs and the
base of the stem region nanopore. The positively charged profile
acquired by MC-RR facilitates their interaction with the nano-
pore, which does not occur with the MCs LR and YR. In addi-
tion, being less hydrated, MC-LR has more interaction with the
nanopore than the MC-YR. Finally, we concluded that aHL
nanopore discriminates variants of microcystins by a mecha-
nism based mainly on electrostatic interaction. Therefore, we
propose the use of the nanopore-based technology as an auxil-
iary method of MCs analysis in aqueous solutions.
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