<]
TUDelft

Delft University of Technology

Electro-Mechanical Conductance Modulation of a Nanopore Using a Removable Gate

Zhao, Shidi; Restrepo-Pérez, Laura; Soskine, Misha; Maglia, Giovanni; Joo, Chirlmin; Dekker, Cees;
Aksimentiev, Aleksei

DOI
10.1021/acsnano.8b09266

Publication date
2019

Document Version
Accepted author manuscript

Published in
ACS Nano

Citation (APA)

Zhao, S., Restrepo-Pérez, L., Soskine, M., Maglia, G., Joo, C., Dekker, C., & Aksimentiev, A. (2019).
Electro-Mechanical Conductance Modulation of a Nanopore Using a Removable Gate. ACS Nano, 13(2),
2398-2409. https://doi.org/10.1021/acsnano.8b09266

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1021/acsnano.8b09266
https://doi.org/10.1021/acsnano.8b09266

Electro-Mechanical Conductance Modulation of a Nanopore Using a Removable
Gate

Shidi Zhao**, Laura Restrepo-Pérez*®, Misha Soskine ¢, Giovanni Maglia ¢, Chirlmin Joo °, Cees
Dekker ° and Aleksei Aksimentiev ®

* Center for Biophysics and Quantitative Biology, Department of Physics and Beckman Institute
for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana,
Ilinois 61801, USA.

E-mail: aksiment@illinois.edu

b Department of Bionanoscience, Kavli Institute of Nanoscience, Delft University of Technology,
van der Maasweg 9, 2629 HZ Delft, The Netherlands.
E-mail: c.dekker@tudelft.nl, c.joo@tudelft.nl

¢ Groningen Biomolecular Sciences & Biotechnology Institute, University of Groningen, 9747
AG Groningen, The Netherlands.

*These authors contributed equally to this study.
ABSTRACT

Ion channels form the basis of information processing in livings cells by facilitating exchange of
electrical signals across and along cellular membranes. Applying the same principles to man-
made systems requires development of synthetic ion channels that can alter their conductance in
response to a variety of external manipulations. By combining single-molecule electrical
recordings with all-atom molecular dynamics simulations, we here demonstrate a hybrid
nanopore system that allows for both a stepwise change of its conductance and a non-linear
current-voltage dependence. The conductance modulation is realized by using a short flexible
peptide gate that carries opposite electric charge at its ends. We show that a constant
transmembrane bias can position, and in a later stage remove, the peptide gate right at the most
sensitive sensing region of a biological nanopore FraC, thus partially blocking its channel and
producing a stepwise change in the conductance. Increasing or decreasing the bias while having
the peptide gate trapped in the pore stretches or compresses the peptide within the nanopore, thus
modulating its conductance in a non-linear but reproducible manner. We envision a range of
applications of this removable-gate nanopore system, e.g. from an element of biological

computing circuits to a test bed for probing the elasticity of intrinsically disordered proteins.
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Lipid membranes play a crucial role in eukaryotic cells, as they separate the cell’s cytoplasm
from the outside environment and from the interior of the intracellular organelles, leaving the job
of transporting signals and nutrient across the membranes to membrane-embedded proteins
called membrane channels.' One particular class of membrane channels — ion channels —
facilitate transmembrane transport of specific ion species, enabling, among many other
biological functions, neuronal activi‘[yz’3 and the senses of sound, smell, sight, taste, and touch. A
critical feature of an ion channel’s function is gating, i.e., the ability of an ion channel to change

its conductance in response to external stimuli.

Gating of a membrane channel usually involves the opening or closing of the transmembrane
pore that connects the opposite sides of a membrane with a water-filled passage that allows for
ion transport across it. Diverse mechanisms have evolved to regulate the membrane channel’s
conductance in response to external stimuli (Fig. 1), which include a change of the
transmembrane voltage, ligand binding, pH, light, temperature, and tension.* A voltage-gated
ion channel opens its transmembrane pore when the transmembrane voltage exceeds a threshold
value.” Fig. la. Closing of a voltage-gated channel can proceed as a reversal of its opening or
involve an additional inactivation mechanism such as, for example, in sodium channels.® In a
ligand-gated channel, binding of a specific chemical compound to a binding site at the channel’s
surface results in a conformational transition that can either open or close the transmembrane
pore, Fig. 1b. Mechanosensitive channels control the passage of ions and solutes through the
cellular membrane in response to mechanical forces generated by other proteins or the membrane
itself.”® Fig. 1c. With the exception of a few channel types,” gating of a biological membrane

channel involves changes in the physical structure of the channel.'

Selective transport and gating of biological membrane channels has inspired biomimicry
efforts.”'""” Using a focused, high-energy ion or electron beam, nanopores of controlled

. . . . . 18.19
dimensions were produced in a variety of solid-state membranes. ™

Because of their symmetric,
uniformly charged and rigid structure, the vast majority of such nanopores exhibit a linear
current-voltage dependence, which nevertheless can sensitively depend on the chemical state of
the nanopore surface and thus be exploited to demonstrate pH,* light*' and ligand** gating of ion

conductance and rectification phenomena.”® Nonlinear voltage-dependent phenomena can also



occur in nanometer-diameter pores in ultra-thin synthetic membranes,”* where quantized ion

25,26 - 2 - -
?* and water-compression gating”’ have been reported. Nanopores in multilayer

conductance
membranes offer voltage gating functionality via additional electrodes that control the
electrostatic potential within the membrane® and thereby the nanopore surface charge.”

Ligand®® and voltage®'™*

gating was realized in synthetic nanopores made from DNA origami.
Furthermore, biological pores that were initially non-gating were modified to incorporate

synthetic covalently-linked gating elements, such as DNA constructs®® and proteins.’*

Here, we demonstrate another approach to modulation of a membrane channel’s conductance:
the inclusion of a removable gate that can be the electromechanically stretched by an applied
voltage, Fig. 1d. In contrast to the gating of a biological channel which typically involves a
change of the channel’s conformation, or gating in a solid-state nanopore which typically
involves a change of the electrostatic environment, we modulate the conductance by first
trapping a bipolar molecular gate® and then alter its conformation by varying the magnitude of
the transmembrane bias. Our single-molecule electrophysiology recording and all-atom
molecular dynamics (MD) simulations show that stretching of the molecular dipole can alter the
ionic conductance of the assembly in a controllable and reproducible way. Our work sets the
stage for development of artificial nanopore systems with programmable voltage-current
responses, which could, for example, be used to introduce an action potential-like response into a

network of synthetic cells.”

RESULTS

To demonstrate the working principle of our removable gate, we used a wild-type Fragaceatoxin
C (FraC) nanopore as our model system (Fig. 2a). As revealed by its crystal structure,’’ FraC is a
conically-shaped octameric transmembrane pore. At the frans opening of the pore, eight alpha
helices form a V-shaped channel that ends in a narrow pore constriction of 1.4 nm. Because of its
narrow constriction and conical shape, FraC has been successfully used for the analysis of a wide

range of peptides and proteins®® as well as DNA.Y

Figure 2a shows our measurement set up. We first experimentally characterized the pore in its

open state by measuring the current-voltage response of the channel (/-V curve) in the -120 to



120 mV range (Fig. 2b). All our measurements were performed in a buffer containing 1 M NacCl,
10 mM Tris and 1mM EDTA at pH 7.5. Our reference electrode was located in the cis
compartment while the working electrode was placed in the trans compartment. Figure 2b shows
I-V recordings for nine FraC nanopores, all of which feature a persistent rectifying behavior. In
addition to the current-voltage dependency, we also analyzed the conductance of individual
channels in an extensive set of pores (n=93). At an applied voltage of 50 mV, we observe a
consistent conductance value of 1.76 + 0.15 nS for positive bias and 2.39 + 0.07 nS for negative

bias, Fig. 2c.

Reproducing the experimental setup, we constructed an all-atom model of the FraC nanopore
embedded in a lipid bilayer and solvated in 1M NaCl solution, Fig. 2a; see Methods for detailed
description of the structural model and simulation protocols. The resulting model was
equilibrated in a 80 ns MD simulation, reaching a stable conformation characterized by the
average root mean squared deviation from the crystallographic coordinates of about 3A, SI Fig.
S1 and SI Movie 1. The all-atom model of the open-pore FraC system was then simulated under
a -100 mV transmembrane bias for 48 ns, which revealed the distribution of the electrostatic
potential within and around the channel, Fig. 2d. Similar to electrostatic potential maps of alpha-
hemolysin* and MspA,*' the transmembrane voltage is found to vary sharply within the

constriction of the channel.

By repeating the simulation at several values of the transmembrane voltage and recording the
resulting displacement of ions, we obtained the in silico I-V curve of the FraC nanopore, Fig. 2e.
SI Movie 2 illustrates the ion conductance process. The simulated /- curve reproduced many
features of the experimentally determined /-V curve, in particular the ionic current rectification
experimentally observed and its dependence on the voltage magnitude. Furthermore, the
simulated ionic conductance values appear to be in quantitative agreement with the
experimentally determined conductance values, with 1.76 nS at +50 mV and 2.39 nS at -50 mV
(Fig. 2¢). The current rectification in FraC is of inverse polarity to that previously observed for
large conical solid-state and polymeric nanopores.*”* Such an inversion of the current
rectification was reported previously for nanopores with similar characteristics to FraC, i.e., a
pore diameter that is comparable to the width of the electric double layer and strong ion

selectivity.***” Indeed, under our simulation conditions, the current through FraC nanopore was



cation-selective, with Na' ions carrying 55 to 75% of the total current, in broad agreement with
Irying g

ion selectivity established earlier for KC1.*

The selective conductance produced an electro-
osmotic effect: the direction and magnitude of the water flux through FraC followed the direction
and magnitude of the current of Na' species. The plot of the electrostatic potential along the
symmetry axis of the nanopore, Fig. 2f top, exhibits a sharp drop across the FraC constriction.
Interestingly, the concentration of chloride ions within the FraC constriction is reduced whereas
the concentration of sodium ions is enhanced, Fig. 2f bottom. The variation of the electrostatic
potential is more gradual at a reverse bias polarity (SI Figure S2), whereas the concentration

profiles remain largely unchanged. The observed distributions of the ionic species within FraC

are well explained by the overall negative charge of the FraC constriction.

Having established the ion conductance properties of the FraC nanopore, we experimentally
characterized the effect of the electromechanical gate on the FraC conductance. Our
electromechanical gate was a 30-amino acid bipolar peptide containing ten negatively charged
amino acids at its N-terminus and ten positively charged amino acids at its C-terminus. A
flexible linker region, consisting predominantly of glycine (G) and serine (S) residues, connected
the two charged regions. The bipolar peptide gate was added to the cis compartment in
concentrations of 0.3 to 0.5 pM. Upon applying a negative bias to the trans compartment,
frequent and pronounced current blockades were observed at voltage biases in the -20 to -110
mV range, Fig. 3b. At a fixed bias voltage, the event rate was found to increase with the peptide
concentration, whereas the dwell time remained constant (SI Fig. S3), confirming our
interpretation of current blockades as being produced by the interaction of individual peptide

gates with the FraC nanopore.***

We suggest that the peptide traverses the pore with its
positively-charged end first, but, after the negatively charged end enters the FraC vestibule, the
two charged regions are pulled in opposite directions by the transmembrane bias. Together with
the force exerted by the electro-osmotic flow (EOF), this creates a tug-of-war mechanism that
stalls the peptide at the position where the forces on the probe balance each other. The

exceptionally long translocation times (>1 s) observed at some voltages confirm this hypothesis.

The residence time of the bipolar gate in the FraC pore has a pronounced dependence on voltage,
Fig. 3c, spanning the range from a few milliseconds (1.88 ms at -110 mV) up to few seconds (2.7

s at -40 mV). At low applied potentials, with a magnitude below -40 mV, the dwell time is



observed to increase with voltage, while at higher voltages the dwell time decreases with voltage.
This biphasic behavior of the dwell time has been previously reported by others and is typically
associated with two different regimes of the analyte interaction with the nanopore.****>* The first
regime, where the dwell time increases with voltage, is generally attributed to events in which
the molecule exits the pore through the cis opening. The second regime, where the dwell time
decreases with voltage, is generally attributed to molecules that translocate the pore and exit
through the frans side. We hypothesize that in our FraC system, at higher voltages (> 40 mV by
magnitude) the increased EOF exerts increasing forces to the peptide towards the frans side of

the pore, thus facilitating translocations and decreasing its residence time in the pore.”

The effect of the positive and negative charges of the peptide gate was further confirmed by
carrying out nanopore translocation experiments using a modified version of the peptide gate in
which the polyanionic fragment of the peptide was removed. Upon the addition of the modified
peptide to the cis compartment, we observed very fast translocations, with a translocation time of
the order of hundreds of microseconds. At -30 mV, for example, the average residence time of
the modified peptide was 208 ps compared to 2.12 s for the bipolar gate, a difference of four
orders of magnitude. These results demonstrate that both charged ends are necessary to establish

trapping of the peptide gate.

To obtain a microscopic interpretation of the peptide translocation experiment, we constructed
three all-atom models of the FraC nanopore system differing by the structure and conformation
of the peptide, Fig. 4a. In the first system, the bipolar peptide was placed in the FraC vestibule
having its polycationic end proximal to the constriction. After initial energy minimization and 19
ns equilibration, the system was simulated under a -1.2 V bias, which produced rapid capture and
transport of the polycationic tag through the FraC constriction. The translocation, however,
halted after the polycataionic tag passed through the constriction, see SI Movie 3 and Fig. 4b,
which plots the z-coordinate of the peptide’s center of mass (CoM) as a function of the
simulation time. Fig. 5a shows a representative conformation of the trapped peptide system. A
qualitatively different outcome was observed when the simulation was repeated using a version
of the peptide lacking the polyanionic part: the peptide completed the translocation in 10 ns
leaving the FraC constriction, SI Movie 4 and Fig. 4b. To investigate the robustness of the

entrapment mechanism with regard to the initial conformation of the peptide, the peptide was



simulated in 1M NaCl solution for 50 ns in the absence of the FraC nanopore. The conformation
of the peptide was observed to change from an initially extended, disordered structure into an
alpha-helical hairpin, held together by electrostatic interactions between the polycationic and
polyanionic parts (SI Movie 5). Next, we repeated the nanopore translocation simulation starting
from the full length bipolar peptide in the hairpin conformation. Similar to the outcome of the
previous simulation, the polycationic part of the bipolar peptide was seen to pass through the
FraC constriction, unfolding the hairpin (SI Movie 6). Interestingly, the translocation halted
when the peptide reached approximately the same location within the FraC nanopore as in the
simulation that initiated starting from a stretched conformation, Fig. 4b, which confirmed

robustness of the trapping mechanism.

Next, we investigated the effect of the applied bias on the ionic current blockade. Figure 5b
shows the scatter plot of relative blockade vs. dwell time obtained experimentally for a range of
voltages between -50 and -110 mV. The relative blockade is calculated as the current blockade
(Al) divided by the open pore current (/). It is clear from the plot that the relative blockade
decreases at increasing bias, indicating that the fraction of the pore that is blocked by the peptide
gate changes depending on the applied bias. These results are confirmed by the current-voltage
relation presented in Fig. Sc: a superlinear behavior is observed for this /-V curve indicating a

change in resistivity of the peptide/FraC system at different voltages.

Complementing these experiments, we probed the dependence of the nanopore ionic current
blockade produced by the bipolar gate on the transmembrane voltage in MD simulations. The
conformations of the trapped peptide obtained at the end of the nanopore capture and
translocation simulations (Fig. 4a,b) were used to initiate four independent simulations, each
lasting about 150 ns, at -250, -100, and -50 and 0 mV. The final state of the 0 V run was then
used to run three independent simulations at -250, -100, and -50 mV to obtain at least two
independent trajectories for each bias condition. SI Figure S4 illustrates the change in the
location of the peptide’s central fragment during these simulations whereas SI Movie 7 illustrates
one such trajectory. While the bipolar peptide remains trapped within the nanopore, water and
ions can flow through the gate. Quantitative analysis of the MD trajectories confirms our earlier
conjecture about the presence of the EOF, Fig. 5d, and shows that the EOF magnitude indeed

increases with the magnitude of the voltage bias, pushing the peptide, on average, toward the



trans side. Figure 5e shows the simulated dependence of the blockade current on voltage: the
current increases superlinearly with the voltage for both types of initial conditions, as in the
experiments. The simulated relative blockade current is found to decrease with the bias,
similarly to the dependence seen experimentally. By plotting the peptide residue density inside
the constriction region of FraC (defined by residues Ala5 and Leu23) as a function of voltage,
Fig. 5f, we find a lower peptide density under higher voltage, a manifestation of the polar gate
stretching in electric field. A set of simulations carried out at a fixed conformation of the gate
peptide yielded a linear I-V dependence (SI Figure SS5), validating our assertion that peptide
stretching is responsible for the non-linear behavior. Based on the results of simulation and
experiment, we arrive at a model where higher transmembrane bias stretches the removable gate,
thereby occupying less volume inside the FraC constriction, which lets more ions to pass

through, i.e. the conductance is electro-mechanically modulated.

The above results confirm the working mechanism of our electromechanical gate, where the
fraction of the pore occupied by the gate can be modulated as the peptide is stretched to varying
degrees at different applied voltages. However, the data presented in Fig. 5b,c were obtained by
averaging over hundreds of single-molecule experiments, where individual peptides were
captured at a constant applied voltage. To demonstrate dynamic electromechanical modulation of
the ionic current at the true single-molecule level, we trapped individual peptides, one at a time,
in the FraC nanopore and subsequently modulated the conformation of the captured peptide by
changing the magnitude of the applied voltage. Figure 6a shows a typical ionic current trace
recorded from such measurements. First, we apply a low bias of -30 mV until a single peptide is
captured by the FraC pore. Panel 1 represents the open pore current upon applying -30 mV and
panel 2 shows the moment when the peptide is captured. At this voltage, the relative blockade of
the peptide is 0.77 + 0.05 indicating that a large portion of the pore current is obstructed. We
subsequently apply steps of -50, -70, and -90 mV while the peptide remains trapped inside the
nanopore. As expected, a current increase is observed after each voltage step, as can be observed
in panels 3, 4, and 5. Interestingly, when the relative blockade is calculated for each of the

voltage intervals, we find a relative blockade of 0.73 + 0.04 for -50 mV, 0.61 £ 0.02 for -70 mV

and 0.48 + 0.02 for -90 mV. Thus, the relative blockade reduces with increasing bias for an
individual molecule, indicating that the peptide is stretched further with each voltage step. As
shown in the traces of Fig. 6b, a trapped peptide can also be continuously stretched (top trace), or
it can be first stretched and then compressed (bottom trace). Importantly, we observed well-

defined, reproducible levels of blockade currents regardless of the direction of the voltage ramp.



To verify the correspondence between current modulations observed at the single-molecule level
and those measured previously from the ensemble measurements at constant bias conditions, we
plot in Fig. 6¢ the histograms of the relative blockade currents obtained for the two types of
experiments. The peaks of the relative blockade current are seen to occur at the same values at
the same voltage bias in both single molecule and ensemble measurements. Altogether, our
results prove that our electromechanical gate can be used to modulate pore conductivity both

dynamically and at a true single-molecule level.

CONCLUSIONS

In this work, we combined ionic current measurements with MD simulations to demonstrate a
mechanism for the modulation of a membrane channel conductance: electromechanical
stretching of a removable gate. Our gate was a peptide containing a fragment of ten negative
amino acids at the N-terminus and ten positive amino acids at the C-terminus. Subject to
opposing electrophoretic forces pulling both ends of the peptide in different directions, the
peptide is transiently stalled in the nanopore for a time interval that greatly exceeds typical
peptide translocation time and can reach seconds. The magnitude of the ionic current flowing
through the nanopore blocked by the removable gate was found to increase superlinearly with the
magnitude of the applied bias. Our simulations determined such a peculiar conductance
modulation to originate from differential stretching of the peptide under applied biases. The
peptide can therefore act as a gate that modulates the pore conductance in a voltage-dependent
manner. Additionally, true single-molecule experiments were performed, where an individual
peptide was stalled within the pore and voltage steps were applied to gradually stretch and
compress the peptide, yielding relative blockades that matched those obtained in ensemble

measurements involving several hundreds of peptides.

This mechanism of channel conductance modulation could be used for several applications. For
example, ion channel blockers or modulators are often used to control ion transport through
channels for therapeutic purposes in diseases such as multiple sclerosis or epilepsy. A peptide
gate could be modified with a recognition amino acid sequence to target a specific family of
channels for therapeutic purposes. Additionally, this system could work as an interface between
gene expression and ionic current, where expression (and translation) of gate peptides affects

membrane potential, which may be useful for creation of regulatory circuits in synthetic biology



and for a realization of natural computing.”® The properties of the gate can obviously be fine-
tuned by changing the peptide sequence. Different peptide sequences would result in different
elastic response and baseline current, potentially fulfilling any range. The initial hairpin
conformation of the peptide can be exploited such that a threshold bias is necessary for hairpin
rupture. Finally, the long observation times offered by the dipolar peptide constructs may allow
for extended examination of the central region of the peptide, which could be used for the

analysis of amino acids and their post-translational modifications.

METHOD

General MD Methods. All simulations were performed using the classical MD package
NAMD,”’ periodic boundary conditions, and a 2 fs integration time step. The CHARMMS36 force
field® was used to describe proteins, dioctadecatrienoylphosphatidylcholine (DPhPC)
phospholipids, TIP3P water, and ions along with the CUFIX corrections applied to improve
description of charge-charge interactions® RATTLE® and SETTLE®' algorithms were applied to
covalent bonds that involved hydrogen atoms in protein and water molecules, respectively. The
particle mesh Ewald (PME)** algorithm was adopted to evaluate the long-range electrostatic
interaction over a 1 A-spaced grid. Van der Waals interactions were evaluated using a smooth
10-12 A cutoff. Langevin dynamics were used to maintain the temperature at 295 K. Multiple
time stepping was used to calculate local interactions every time step and full electrostatics every
three time steps. The Nose-Hoover Langevin piston pressure control® was used to maintain the
pressure of the system at 1 atm by adjusting the system's dimension. Langevin thermostat®* was
applied to all the heavy atoms of the system with a damping coefficient of 0.1 ps™ to maintain

the system temperature at 295 K.

MD Simulations of FraC Nanopores and Peptides. An all-atom model of the FraC protein was
constructed starting from its crystallographic structure, Protein Data Bank entry 4TSY"’ taking
into account the crystallographic symmetry of the structure. Atoms missing in the
crystallographic structure were added using the psfgen tool of VMD.® The structure was then
aligned to be coaxial with the z-axis of our coordinate system. The protein was embedded in a
pre-equilibrated 16 nm x 16 nm patch of dioctadecatrienoylphosphatidylcholine (DPhPC)
bilayer. The lipid bilayer membrane was aligned with the x-y plane and shifted along the z-axis

to have the Trp112 residues of the protein located within the same plane as the head groups of



the nearest lipid leaflet. Lipid and water molecules that overlapped with the protein were
removed. One molar solution of NaCl was added on both sides of the membrane using the
solvate and autoionize plugins of VMD, respectively, producing an electrically neutral system of
357,243 atoms. Following assembly, the system was minimized in 1,200 steps using the
conjugate gradient method and then equilibrated for 80 ns at a constant number of atoms,
pressure and temperature (NPT) ensemble performed while keeping the ratio of the system’s size
along the x and y axes constant. During the initial stage of equilibration, all alpha-carbon atoms
of the protein were restrained to their initial coordinates using harmonic potentials; the spring
constant (kspring) of the potentials was set to 1.0 kcal mol! A for the first 30 ns and then
decreased to 0.8, 0.5 and 0.1 kcal mol" A in 5 ns steps, following which the system was
equilibrated in the absence of any restraints for 35 ns. All subsequent simulations of the FraC
protein under applied electric field were performed using the protein structure obtained at the end

of last stage of the restrained (kspring = 0.1 kcal mol™ A™?) equilibration.

The simulations under a transmembrane bias were performed in a constant number of particle,
volume and temperature (NVT) ensemble, restraining the protein’s alpha carbon coordinates
(kspring = 0.1 kcal mol! A'z) to the crystallographic values. For the NVT simulations, the
system’s dimensions were set to the average dimensions observed within the last 5 ns of the
restrained NPT equilibration. An external electric field E= -V*L; was applied along the z-axis
(normal to the membrane) to produce a transmembrane bias V, where Lz is the dimension of the

simulated system in the direction of the applied electric field.**®

The all-atom structure of the bipolar peptide was obtained by extracting a relatively straight 30-
residue fragment from the FraC structure (reside 4 to 34) and mutating the amino acid sequence
of the fragment to EEEEEEEEEECGSGSGSKGSRRRRRRRRRR using the psfgen tool. The
peptide was solvated in a 7 nm X 7 nm x 6.5 nm volume of 1 M NaCl (28,862 atoms) and
equilibration for 50 ns in the NPT ensemble. Two microscopic conformations of the bipolar
peptide (stretched and hairpin) were obtained from this MD trajectory by extracting the protein
coordinates 1.6 and 50 ns, respectively. The structure of the truncated peptide was obtained by
truncating ten terminal glutamate residues from the stretched structure. Each peptide was placed

at the cis entrance of the FraC protein, having the CoM of the terminal arginine residue located



15 A above (toward the cis side) of the CoM of the FraC’s transmembrane part (defined as
residues 4 to 29). Lipid and 1 M NaCl solution were added following the same protocols as
above. SI Movies 3,4 and 6 illustrate the starting conformations of the three systems. Each
system was minimized 1200 steps and then equilibrated under constant ratio NPT ensemble for
4.8 ns having all alpha-carbon atoms of the protein and the peptide restrained to their initial
coordinates (kspring = 0.1 kcal mol! A'z). After equilibration, the systems were simulated under

applied electric field in the NVT ensemble following the same protocol as described above.

Ion Current Calculation. Prior to ionic current calculations, frames from the MD trajectory
were aligned using protein coordinates to correct for the drift in the x-y plane and lipid bilayer

coordinates to correct for the drift along the z-axis. The ionic current was calculated as:

N
1
10 =5 Z 4,62, (t)
]=

where 0z;(?) is the displacement of ion j along the z direction during the time interval 6¢ = 4.8 ps
and q; is the charge of ion j. To minimize the effect of thermal noise, the current was calculated
within an /.= 48 A thickness slab centered at the mid-plane of the lipid bilayer membrane (the

slab spanned the entire simulation system in the x-y plane).

Calculation of Electrostatic Potential. To visualize the electrostatic potential in our systems,
we averaged the instantaneous distributions of the electrostatic potential over the MD trajectory
using a previously described method,* implemented in the PMEpot plugin of VMD. Each atom

of the system was approximated by a spherical Gaussian:
B s _pprr,
pir) = i e P

where 3 was the Gaussians’ width. The instantaneous distribution of the electrostatic potential
corresponding to the instantaneous charge configuration was obtained by solving the Poisson

equation:

V2H(r) = 4w ) pi(r)



To obtain the average distribution of the potential in a given MD simulation, instantaneous
distributions of the potential were averaged over the entire MD trajectory. Three-dimensional
(3D) electrostatic potential maps were obtained by averaging the last 48 ns fragments of MD
trajectories; P=0.1 A~!was used for these calculations. One-dimensional profiles of the
electrostatic potential through the nanopores were obtained by taking values from the 3D profiles

along the z-coordinate, which is also the nanopore axis in our coordinate system.

Calculations of Residue Density. The residue density of the peptides confined to the FraC
constriction region was computed as the ratio of the number of peptide residues located within
the FraC constriction to the height of the constriction, 2.8 nm. The constriction region was
defined by the average z coordinate of residues Ala5 and Leu23. The number of peptide residues
within the constriction was determined as the ratio of the number of peptide backbone atoms
within the constriction to the number of backbone atoms in one peptide residue. The peptide

density was averaged over the last 72 ns of the respective MD trajectory.

Peptide Design and Synthesis. The peptides used in this work were a peptide with sequence
EEEEEEEEEECGSGSGSKGSRRRRRRRRRR (HPLC purity= 95.8%, MW= 3678.9 Da), and
the truncated peptide with sequence SGSGCGSKGSRRRRRRRRRR (HPLC purity= 99.1% ,
MW= 2387 Da). Peptides were synthesized by Biomatik Corporation (Cambridge, CA). The
synthesis was performed using standard solid-phase methods and the peptides were further
purified using reverse phase HPLC and analyzed by mass spectrometry (Biomatik). Peptides
were kept lyophilized or, when necessary, aliquoted to a final concentration of 10 mg/ml at -20°

C.

FraC Expression and Purification. WT FraC was expressed and purified as described
before.”®*” E. cloni® EXPRESS BL21(DE3) cells were transformed with the pT7-SC1 plasmid,
containing the FraC gene with an N-terminus His6-tag. Transformed cells were moved into
200 ml fresh 2-YT media with 100 mg/l ampicillin. The cell culture was grown at 37° C with
shaking at 220 rpm, until it reached an optical density of 0.8 at 600 nm. 0.5 mM IPTG was added
to the culture to induced FraC expression, after which the growth was continued overnight at 25°

C. Cells were harvested by centrifugation at 2000xg for 30 min, and the pellets were stored at -



80° C. The pellets (derived from 50-100 mL of bacterial culture) were thawed and resuspended
in lysis buffer containing 15 mM Tris base pH 7.5, | mM MgCl,, 4 M Urea, 0.2 mg/ml lysozyme,
and 0.05 units/ml DNase. The culture was sonicated to fully disrupt the cells and the crude lysate
was then centrifuged at 5400xg for 20 minutes at 4°C. The supernatant solution was mixed with
100 ul of NiNTA slurry (Qiagen) at room temperature for one hour with gentle mixing. The
mixture was spun down at 2000xg for 5 minutes at 4° C. The pellet containing the resin and the
protein bound was transferred to a spin column (BioRad). The beads were washed once and
eluted with 300 mM imidazole. Protein concentration was estimated using NanoDrop. The

monomers were stored at 4° C until oligomerized.

Sphingomyelin and DPhPC (Avanti Polar Lipids) were mixed in a 1:1 ratio and dissolved in 4 ml
pentane (Sigma-Aldrich) with 0.5% ethanol. The mixture was placed in a rounded flask and
rotated slowly to evaporate the solvent and allow the lipid film to deposit in the walls of the
flask. The lipid film was resuspended using a sonicator bath in a buffer containing 150 mM
NaCl, 15 mM Tris-HCI (pH 7.5) to a final lipid concentration of 10 mg/ml. The liposomes were
stored at -20° C.

Monomeric FraC was mixed with the liposomes in a lipid:protein ratio of 10:1. The mixture was
briefly sonicated and incubated for 30 minutes at 37° C. The proteo-liposomes were solubilized
with 0.6% LDAO and then diluted 20 times with buffer containing DDM (150 mM NacCl, 15 mM
Tris base, pH 7.5, 0.02% DDM). A second round of purification was performed using Ni-NTA
beads. Ni-NTA slurry was incubated with the protein/lipid mixture for 1h with gentle shaking.
Afterwards, the mixture was loaded into a spin column, washed and eluted using 200 mM
EDTA, 75 mM NaCl, 7.5 mM Tris base, pH 8, 0.02% DDM. Oligomers are kept at 4° C for

several months.

Electrical Recording in Planar Lipid Membranes. Electrical recording was performed using
planar lipid membranes (BLMs) as has been described before. °”-*® Briefly, a 25 um-thick Teflon
film (Goodfellow Corporation, Pennsylvania USA) containing an orifice of approximately 70 um
separates the cis and trans compartments. To form the membranes, 10 ul of 5% hexadecane in

pentane is added to the Teflon film and the pentane is allowed to evaporate. The reservoirs are



filled with buffer and 10 ul of 10 mg/ml DPhPC in pentane. Membranes were spontaneously
formed using the Montal-Mueller method. Ag/AgCl electrodes are placed in each compartment,
with the ground electrode in the cis side. WT FraC oligomers are added to the cis side of the
chamber. Upon pore insertion, the pore is characterized by measuring traces at different voltages
and taking an /- curve. For the single-channel conductance measurements, nanopores were
measured at 0, -50 and 50 mV. The substrate was added to the cis side of the chamber and

measured at multiple voltages.

Single-Peptide Stretching and Compressing Experiments. For the single-peptide stretching
experiments, a protocol that generates steps at different voltages was created using the pPCLAMP
software from molecular devices. Two main modalities were recorded. The first one is a
stretching protocol in which the voltage starts at 0 mV, then decreases to -30 mV for 500 ms for
peptide capture, and sequentially decreases to -50, -70 and -90 mV for 5 ms at each voltage. The
second protocol was a stretching and compressing protocol in which the voltage starts at 0 mV,
then decreases to -30 mV for 500 ms, and then is sequentially decreased down to -70 mV and
increased again to -30 mV in steps of 10 mV for 5 ms in each step. For the experiments peptide

was added to the cis side of the chamber and both voltage protocols were applied and recorded.

Data Acquisition and Analysis. Nanopore recording were collected using a patch-clamp
amplifier (Axopatch 200B, Molecular Devices, USA) at a filtering frequency of 100 kHz. The
data was digitized using a Digidata 1550B (Molecular Devices, USA) at a sampling frequency of
500 kHz. The signal was low-pass filtered at 5 kHz and processed using the Clampfit software, a

Matlab script, and the software package Transalyzer.”
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containing a fixed-conformation gate, and animations of MD trajectories.

REFERENCE

1. Boyle, J.; Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.,
Molecular Biology of The Cell, 5th edition Biochem. Mol. Biol. Educ. 2008, 36, 317-318.

2. Hille, B., lon Channels of Excitable Membranes. Sinauer Sunderland, MA: 2001; Vol.
507.

3. Camerino, D. C.; Tricarico, D.; Desaphy, J.-F., lon Channel Pharmacology.
Neurotherapeutics 2007, 4, 184-198.

4. Beckstein, O. Principles of Gating Mechanisms of Ion Channels. University of Oxford,
2004.

5. Schmidt, D.; MacKinnon, R., Voltage-Dependent K* Channel Gating and Voltage Sensor
Toxin Sensitivity Depend on the Mechanical State of the Lipid Membrane. Proc. Natl. Acad. Sci.
2008, 705, 19276-19281.

6. West, J. W.; Patton, D. E.; Scheuer, T.; Wang, Y.; Goldin, A. L.; Catterall, W. A., A
Cluster of Hydrophobic Amino Acid Residues Required for Fast Na(+)- Channel Inactivation.
Proc. Natl. Acad. Sci. 1992, 89, 10910-10914.

7. Khalili-Araghi, F.; Gumbart, J.; Wen, P.-C.; Sotomayor, M.; Tajkhorshid, E.; Schulten,
K., Molecular Dynamics Simulations of Membrane Channels and Transporters. Curr. Opin.
Struct. Biol. 2009, 19, 128-137.

8. Chang, G.; Spencer, R. H.; Lee, A. T.; Barclay, M. T.; Rees, D. C., Structure of the MscL
Homolog from Mycobacterium Tuberculosis: A Gated Mechanosensitive Ion Channel. Science
1998, 282, 2220.

9. Zhu, F.; Hummer, G., Drying Transition in the Hydrophobic Gate of the GLIC Channel
Blocks Ion Conduction. Biophys. J. 2012, 103, 219-227.

10.  Watson, H., Biological Membranes. Essays in biochemistry 2015, 59, 43-69.

11. Siwy, Z. S.; Howorka, S., Engineered Voltage-Responsive Nanopores. Chem. Soc. Rev.
2010, 39, 1115-1132.

12. Siwy, Z.; Fulinski, A., Fabrication of a Synthetic Nanopore Ion Pump. Phys. Rev. Lett.
2002, 89, 198103.

13. Zhu, F.; Schulten, K., Water and Proton Conduction through Carbon Nanotubes as
Models for Biological Channels. Biophys. J. 2003, 85, 236-244.

14. Mamad-Hemouch, H.; Ramoul, H.; Abou Taha, M.; Bacri, L.; Huin, C. c.; Przybylski, C.
d.; Oukhaled, A.; Thiébot, B. n. d.; Patriarche, G.; Jarroux, N., Biomimetic Nanotubes Based on
Cyclodextrins for lon-Channel Applications. Nano Lett. 2015, 15, 7748-7754.



15. Ying, Y.-L.; Zhang, J.; Meng, F.-N.; Cao, C.; Yao, X.; Willner, I.; Tian, H.; Long, Y.-T.,
A Stimuli-Responsive Nanopore Based on a Photoresponsive Host-Guest System. Sci. Rep.
2013, 3, 1662.

16. Gao, R.; Ying, Y.-L.; Hu, Y.-X.; Li, Y.-J.; Long, Y.-T., Wireless Bipolar Nanopore
Electrode for Single Small Molecule Detection. Anal. Chem. 2017, 89, 7382-7387.

17. Decker, K.; Page, M.; Aksimentiev, A., Nanoscale lon Pump Derived from a Biological
Water Channel. J. Phys. Chem. B. 2017, 121, 7899-7906.

18. Li, J.; Stein, D.; McMullan, C.; Branton, D.; Aziz, M. J.; Golovchenko, J. A., Ion-Beam
Sculpting at Nanometre Length Scales. Nature 2001, 412, 166.

19. Apel, P. Y.; Korchev, Y. E.; Siwy, Z.; Spohr, R.; Yoshida, M., Diode-Like Single-lon
Track Membrane Prepared by Electro-Stopping. Nucl. Instrum. Methods Phys. Res. 2001, 184,
337-346.

20. Yeh, L.-H.; Zhang, M.; Qian, S., Ton Transport in a pH-Regulated Nanopore. 4Anal.
Chem. 2013, 85, 7527-7534.

21. Ma, T.; Walko, M.; Lepoitevin, M.; Janot, J. M.; Balanzat, E.; Kocer, A.; Balme, S.,
Combining Light-Gated and pH-Responsive Nanopore Based on PEG-Spiropyran
Functionalization. Adv. Mater. Interfaces 2018, 5, 1701051.

22. Powell, M. R.; Sullivan, M.; Vlassiouk, I.; Constantin, D.; Sudre, O.; Martens, C. C.;
Eisenberg, R. S.; Siwy, Z. S., Nanoprecipitation-Assisted Ion Current Oscillations Nat.
Nanotechnol. 2008, 3, 51.

23. Vlassiouk, I.; Siwy, Z. S., Nanofluidic Diode. Nano Lett. 2007, 7, 552-556.

24, He, Z.; Zhou, J.; Lu, X.; Corry, B., Bioinspired Graphene Nanopores with Voltage-
Tunable Ion Selectivity for Na+ and K+. ACS Nano 2013, 7, 10148-10157.

25. Zwolak, M.; Lagerqvist, J.; Di Ventra, M., Quantized Ionic Conductance in Nanopores.
Phys. Rev. Lett. 2009, 103, 128102.

26. Feng, J.; Liu, K.; Graf, M.; Dumcenco, D.; Kis, A.; Di Ventra, M.; Radenovic, A.,
Observation of Ionic Coulomb Blockade in Nanopores. Nat. Mater. 2016, 15, 850.

27. Wilson, J.; Aksimentiev, A., Water-Compression Gating of Nanopore Transport. Phys.
Rev. Lett. 2018, 120, 268101.

28. Gracheva, M. E.; Vidal, J.; Leburton, J.-P., p—n Semiconductor Membrane for
Electrically Tunable Ion Current Rectification and Filtering. Nano Lett. 2007, 7, 1717-1722.

29. Shankla, M.; Aksimentiev, A., Modulation of Molecular Flux Using a Graphene
Nanopore Capacitor. J. Phys. Chem. B. 2017, 121, 3724-3733.

30. Fert, A.; Cros, V.; Sampaio, J., Skyrmions on the Track. Nat. Nanotechnol. 2013, 8, 152.
31. Plesa, C.; Ananth, A. N.; Linko, V.; Giilcher, C.; Katan, A. J.; Dietz, H.; Dekker, C.,
Ionic Permeability and Mechanical Properties of DNA Origami Nanoplates on Solid-State
Nanopores. ACS Nano 2013, 8, 35-43.

32. Gopfrich, K.; Zettl, T.; Meijering, A. E. C.; Hernandez-Ainsa, S.; Kocabey, S.; Liedl, T.;
Keyser, U. F., DNA-Tile Structures Induce Ionic Currents Through Lipid Membranes. Nano
Lett. 2015, 15, 3134-3138.

33. Howorka, S.; Bayley, H., Probing Distance and Electrical Potential Within a Protein Pore
with Tethered DNA. Biophys. J. 2002, 83, 3202-3210.

34, Movileanu, L.; Howorka, S.; Braha, O.; Bayley, H., Detecting Protein Analytes that
Modulate Transmembrane Movement of a Polymer Chain Within a Single Protein Pore. Nat.
Biotechnol. 2000, 18, 1091.



35. Asandei, A.; Chinappi, M.; Kang, H.-K.; Seo, C. H.; Mereuta, L.; Park, Y.; Luchian, T.,
Acidity-Mediated, Electrostatic Tuning of Asymmetrically Charged Peptides Interactions with
Protein Nanopores. ACS Appl. Mater. Interfaces 2015, 7, 16706-16714.

36. Maglia, G.; Heron, A. J.; Hwang, W. L.; Holden, M. A.; Mikhailova, E.; Li, Q.; Cheley,
S.; Bayley, H., Droplet Networks with Incorporated Protein Diodes Show Collective Properties.
Nat. Nanotechnol. 2009, 4, 437.

37. Tanaka, K.; Caaveiro, J. M.; Morante, K.; Gonzalez-Maiias, J. M.; Tsumoto, K.,
Structural Basis for Self-Assembly of a Cytolytic Pore Lined by Protein and Lipid. Nat.
Commun. 2015, 6, 6337.

38. Huang, G.; Willems, K.; Soskine, M.; Wloka, C.; Maglia, G., Electro-Osmotic Capture
and lonic Discrimination of Peptide and Protein Biomarkers with FraC Nanopores. Nat.
Commun. 2017, 8, 935.

39. Wiloka, C.; Mutter, N. L.; Soskine, M.; Maglia, G., Alpha-Helical Fragaceatoxin C
Nanopore Engineered for Double-Stranded and Single-Stranded Nucleic Acid Analysis. Angew.
Chem. 2016, 55, 12494-12498.

40.  Aksimentiev, A.; Schulten, K., Imaging a-Hemolysin with Molecular Dynamics: lonic
Conductance, Osmotic Permeability, and the Electrostatic Potential Map. Biophys. J. 2005, 88,
3745-3761.

41. Bhattacharya, S.; Yoo, J.; Aksimentiev, A., Water Mediates Recognition of DNA
Sequence via Ionic Current Blockade in a Biological Nanopore. ACS Nano 2016, 10, 4644-4651.
42. Wei, C.; Bard, A. J.; Feldberg, S. W., Current Rectification at Quartz Nanopipet
Electrodes. Anal. Chem. 1997, 69, 4627-4633.

43. Siwy, Z., Ion-Current Rectification in Nanopores and Nanotubes with Broken Symmetry.
Adv. Funct. Mater. 2006, 16, 735-746.

44, Siwy, Z.; Heins, E.; Harrell, C. C.; Kohli, P.; Martin, C. R., Conical-Nanotube Ion-
Current Rectifiers: the Role of Surface Charge. J. Am. Chem. Soc. 2004, 126, 10850-10851.

45. Yameen, B.; Ali, M.; Neumann, R.; Ensinger, W.; Knoll, W.; Azzaroni, O., Single
Conical Nanopores Displaying pH-Tunable Rectifying Characteristics. Manipulating Ionic
Transport with Zwitterionic Polymer Brushes. J. Am. Chem. Soc. 2009, 131, 2070-2071.

46. Yan, Y.; Wang, L.; Xue, J.; Chang, H.-C., Ion Current Rectification Inversion in Conic
Nanopores: Nonequilibrium Ion Transport Biased by lon Selectivity and Spatial Asymmetry. J.
Chem. Phys. 2013, 138, 044706.

47. Momotenko, D.; Cortés-Salazar, F.; Josserand, J.; Liu, S.; Shao, Y.; Girault, H. H., Ion
Current Rectification and Rectification Inversion in Conical Nanopores: a Perm-Selective View.
Phys. Chem. Chem. Phys. 2011, 13, 5430-5440.

48.  Hughes, A. B., Amino Acids, Peptides and Proteins in Organic Chemistry: Analysis and
Function of Amino Acids and Peptides. John Wiley & Sons: 2013; Vol. 5.

49.  Pollard, T. D., A Guide to Simple and Informative Binding Assays. Mol. Biol. Cell 2010,
21,4061-4067.

50. Soskine, M.; Biesemans, A.; Maglia, G., Single-Molecule Analyte Recognition with
ClyA Nanopores Equipped with Internal Protein Adaptors. J. Am. Chem. Soc. 2015, 137, 5793-
5797.

51. Movileanu, L.; Schmittschmitt, J. P.; Scholtz, J. M.; Bayley, H., Interactions of Peptides
with a Protein Pore. Biophys. J. 2005, 89, 1030-1045.



52. Alibakhshi, M. A.; Halman, J. R.; Wilson, J.; Aksimentiev, A.; Afonin, K. A.; Wanunu,
M., Picomolar Fingerprinting of Nucleic Acid Nanoparticles Using Solid-State Nanopores. ACS
Nano 2017, 11,9701-9710.

53. Biesemans, A.; Soskine, M.; Maglia, G., A Protein Rotaxane Controls the Translocation
of Proteins Across a ClyA Nanopore. Nano Lett. 2015, 15, 6076-6081.

54. Asandei, A.; Chinappi, M.; Lee, J.-k.; Ho Seo, C.; Mereuta, L.; Park, Y.; Luchian, T.,
Placement of Oppositely Charged Amino Acids at a Polypeptide Termini Determines the
Voltage-Controlled Braking of Polymer Transport Through Nanometer-Scale Pores. Sci. Rep.
2015, 5, 10419.

55. Boukhet, M.; Piguet, F.; Ouldali, H.; Pastoriza-Gallego, M.; Pelta, J.; Oukhaled, A.,
Probing Driving Forces in Aerolysin and a-Hemolysin Biological Nanopores: Electrophoresis
Versus Electroosmosis. Nanoscale 2016, 8, 18352-18359.

56.  Nunes de Castro, L., Fundamentals of Natural Computing: An Overview. Phys. Life Rev.
2007, 4, 1-36.

57. Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.;
Skeel, R. D.; Kale, L.; Schulten, K., Scalable Molecular Dynamics with NAMD. J. Comput.
Chem. 2005, 26, 1781-1802.

58. Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian,
E.; Guvench, O.; Lopes, P.; Vorobyov, I.; Mackerell, A. D., Jr., CHARMM General Force Field:
A Force Field for Drug-Like Molecules Compatible with the CHARMM All-Atom Additive
Biological Force Fields. J. Comput. Chem. 2010, 31, 671-690.

59. Yoo, J.; Aksimentiev, A., New Tricks for Old Dogs: Improving the Accuracy of
Biomolecular Force Fields by Pair-Specific Corrections to Non-Bonded Interactions. Phys.
Chem. Chem. Phys. 2018, 20, 8432-8449.

60.  Andersen, H. C., RATTLE: A ‘Velocity’ Version of the SHAKE Algorithm for
Molecular Dynamics Calculations. J. Comput. Phys. 1983, 52, 24-34.

61. Miyamoto, S.; Kollman, P. A., Settle: An Analytical Version of the SHAKE and
RATTLE Algorithm for Rigid Water Models. J. Comput. Chem. 1992, 13, 952-962.

62. Darden, T.; York, D.; Pedersen, L., Particle Mesh Ewald: An Nllog(N) Method for
Ewald Sums in Large Systems. J. Chem. Phys. 1993, 98, 10089-10092.

63. Martyna, G. J.; Tobias, D. J.; Klein, M. L., Constant Pressure Molecular Dynamics
Algorithms. J. Chem. Phys. 1994, 101, 4177-41809.

64.  Briinger, A. T., X-PLOR: Version 3.1: a System for X-Ray Crystallography and NMR.
Yale University Press: 1992.

65. Humphrey, W.; Dalke, A.; Schulten, K., VMD: Visual Molecular Dynamics. J. Mol.
Graph. 1996, 14, 33-38.

66. Gumbart, J.; Khalili-Araghi, F.; Sotomayor, M.; Roux, B., Constant Electric Field
Simulations of the Membrane Potential Illustrated with Simple Systems. Biochim. Biophys. Acta.
2012, 1818, 294-302.

67. Maglia, G.; Heron, A. J.; Stoddart, D.; Japrung, D.; Bayley, H., Analysis of Single
Nucleic Acid Molecules with Protein Nanopores. In Methods Enzymol., Elsevier: 2010; Vol.
475, pp 591-623.

68. Gutsmann, T.; Heimburg, T.; Keyser, U.; Mahendran, K. R.; Winterhalter, M., Protein
Reconstitution Into Freestanding Planar Lipid Membranes for Electrophysiological
Characterization. Nat. Protoc. 2015, 10, 188-198.



69. Calin, P.; Cees, D., Data Analysis Methods for Solid-State Nanopores. Nanotechnology
2015, 26, 084003.



Figure Captions:

Figure 1. Mechanisms of membrane ion channel gating. (a) Voltage-gated ion channel
changes its conformation in response to an increase of the transmembrane bias. (b) Ligand-gated
channel opens or closes its transmembrane pore in response to ligand binding. (c)
Mechanosensitive channel opens when the membrane tension exceeds a threshold value. (d) The
electromechanical gating by an insertable peptide gate investigated in this work.

Figure 2: Ionic conductivity of the FraC nanopore. (a) All-atom model of a FraC nanopore
(blue cut-away surface) embedded in a DPhPC membrane (grey lines and orange spheres) and
submerged in 1 M NaCl solution (pink and yellow spheres representing Na* and CI ions,
respectively). A bias of transmembrane electric potential is applied to produce a current of ions
through the FraC nanopore. (b) Experimentally measured current-voltage dependence of nine
FraC nanopores. (c) Experimentally determined distribution of the FraC conductance value under
a negative (top) and positive (bottom) bias of 50 mV. Green arrows denote the conductance
values obtained using the MD method. (d) Electrostatic potential map of FraC obtained from
MD.*" The potential map was produced by averaging the instantaneous distributions of the
electrostatic potential over a 48 ns MD trajectory obtained at a -100 mV transmembrane bias. A
2D cross section (parallel to the pore axis) of the 3D map is shown. (e) Simulated current-voltage
dependence of the FraC nanopore. (f) Simulated profiles of the electric potential (top) and of the
Na" and CI concentrations (bottom) along the central axis of the FraC nanopore. The data were
obtained by averaging instantaneous configurations over a 48 ns MD trajectory.

Figure 3: Experimental detection of the bipolar peptide translocation through FraC. (a)
Schematic of the peptide translocation experiment. The sequence of the bipolar peptide is listed
above the molecular graphics image of the nanopore. Negative bias is applied to the trans side of
the nanopore. (b) Typical current traces observed after adding 0.4 uM of bipolar peptide to the
cis compartment. Transient reductions of the current indicate interactions of the individual
bipolar peptides with the FraC nanopore. (c¢) Average duration of the current blockade (dwell
time) produced by the bipolar peptide as a function of the transmembrane bias. Below
approximately -40 mV, the dwell time increases with voltage indicating transient entrapment of
the peptide and, likely, subsequent escape through the cis entrance of the nanopore. At voltages
higher by magnitude than -40 mV, the dwell time decreases with the voltage indicating that the
peptide exits the pore to the trans side. (d) Schematic representation of a control measurement
performed using a truncated version of the bipolar peptide lacking the negatively charged
segment (ten glutamate residues). (e) Typical current traces observed after adding 0.5 uM of the
truncated peptide variant to the cis compartment. (f) Average residence time of the truncated
peptide versus transmembrane bias.



Figure 4: MD simulation of peptide translocation through the FraC nanopore. (a) Setup of MD
simulations that examined the effect of the peptide sequence and conformation on electric field-
driven translocation of model peptides. Molecular graphics images illustrate initial
conformations of the peptides: two conformations of the bipolar peptide (stretched, left, and
forming a hairpin, middle) and one conformation of the truncated peptide (right). In each
simulation, one peptide construct was placed at the cis entrance of the FraC nanopore and
simulated under a transmembrane bias of -1.2 V. (b) Center of mass coordinate of the
“CGSGSGSKGS” central segment of the three peptides versus simulation time. The z coordinate
is defined in panel a. After about 10 ns, the bipolar peptides remain trapped within the FraC
nanopore regardless of their initial conformations, whereas the truncated peptide exits the FraC
pore toward the trans side.

Figure 5: Effect of transmembrane bias on relative current blockade. (a) Representative
microscopic configuration observed at the end of an MD simulation where a bipolar peptide was
captured and trapped by a transmembrane bias. The amino acids of the bipolar peptide are
colored according to their charge: negative, positive, and neutral residues are shown in red, blue,
and green, respectively. The constriction region of FraC is marked by horizontal dashed lines
corresponding to average z coordinate of the eight Ala5 and eight Leu23 residues. (b) Average
blockade current experimentally measured upon trapping of the bipolar peptides within the FraC
nanopore as a function of transmembrane bias. Inset images illustrates the proposed voltage-
induced stretching of the peptide trapped within the nanopore. (c) Relative blockade current,
Iy/Iy, versus dwell time for bipolar peptides trapped within the FraC nanopore at several biases.
(d) Average flux of water molecules through FraC nanopore blocked by the peptide gate. Data
shown in different colors correspond to two independent simulations differing by the initial
conformations of the bipolar peptides. (e) Average blockade currents measured from MD
simulations of trapped bipolar peptides as a function of transmembrane bias. Data shown in
black and green correspond to two independent simulations of the blockade currents differing by
the initial conformations of the bipolar peptides. (f) The relation between peptide stretching and
blockade current. Blue bars (left axis) show the simulated relative blockade whereas orange bars
(right axis) show the peptide density within the FraC constriction.

Figure 6: Electro-mechanical modulation of FraC conductance. (a) Schematic of the
single-peptide capture and stretching. Level 1 represents the open pore current. Level 2
represents the peptide captured at low voltages (-30 mV). Level 3, 4 and 5 represent peptide
stretching at -50, -70 and -90 mV consecutively. (b) Current trace corresponding to the capture
and stretching of a single peptide. The very first part of the recording shows capture of the FraC
nanopore. (c) Current traces of individual peptides being stretched (top), or stretched and
consequently compressed (bottom). (d) Example histogram of the current values corresponding
to stretching a single peptide within FraC nanopore by -50, -70 and -90 mV voltages (top).
Histogram of current blockade values obtained from multiple measurements of multiple peptides,
each carried out at one of the following fixed value of the applied voltage: -50, -70, and -90 mV
(bottom).



