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ABSTRACT: Proteins subjected to an electric field and
forced to pass through a nanopore induce blockades of ionic
current that depend on the protein and nanopore character-
istics and interactions between them. Recent advances in the
analysis of these blockades have highlighted a variety of
phenomena that can be used to study protein translocation
and protein folding, to probe single-molecule catalytic
reactions in order to obtain kinetic and thermodynamic
information, and to detect protein—antibody complexes,

proteins with DNA and RNA aptamers, and protein—pore interactions. Nanopore design is now well controlled, allowing the

development of future biotechnologies and medicine applications.

he nanopore, coupled with an electric detection meth-

0d,"~ is a powerful tool to investigate fundamental
biological or physical problems at the single-molecule level.””
Some of these issues have been thoroughly studied, such as
protein translocation,'™"¢ protein folding,"’~>° DNA replica-
tion," and enzymatic kinetic reactions.”*”>° Recently strategies
have been developed to detect native proteins with aptamers
covalently attached to the nanopore.**”>® Upcoming applica-
tions of this method concern biotechnology and medicine,” for
example, fast sequencing of DNA and RNA,***! bacteria® and
virus detection,*** single-molecule mass spectrometry,®® and
analysis of macromolecular complexes: antibody protein,®”>*
DNA protein.*® An electrical potential difference is applied to
both sides of a lipid or solid-state membrane, separating two
isolated chambers, inducing an ionic current through a single
pore in the presence of a salt solution. The nanopore is a protein
channel or a hole drilled by electron or ion beams.*>*' Its
diameter varies from 2 to 100 nm. A macromolecule passing
through this hole induces a decrease in the electrical current by
partially blocking the ions, according to the nature of the
molecule and the pore characteristics: size, conformation,
structure, net charge, geometry, and interactions.** The lifetime
of an experiment ranges from a few hours, with a lipid bilayer
membrane setup, to several hours or a few days, with solid-state
membranes.

The study of proteins by single-nanopore recording is a good
example of interdisciplinarity: the biology, physics, chemistry,
biochemistry, and nanotechnology communities working
together. This application of nanopore technology provides a
way to probe fundamental biophysical questions and could lead
to new biotechnology applications. We review the method to
detect protein or protein—ligand complexes using nanopore
sensors and how to perform data analysis. We discuss recent
results and the great interest for future applications.
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One of the main difficulties of the single-nanopore recording
technique is to discriminate between the pulses of electric current
and the noise and to sort the information from the electrical
signal without error due to filter effects. In the first part, we
present a detailed efficient data analysis method for protein
experiments (Figure 1) and the filter effects on data analysis
(Figure 2). The nanopore design and fabrication are crucial for
sensing proteins with good sensitivity and also to control
dynamics. In the second part, we outline the different nanopores
used and the latest strategies to improve these pores (Figure 3),
and then we discuss their advantages and limitations. We develop
the results and strategies to control protein translocation and
interactions (Figure 4) in the third part. The understanding of
protein folding remains a challenge. For the past few years,
researchers working with nanopores have been exploring this
field because this technique allows the observation of individual
molecules in different conformations. In the last part, we present
studies about protein unfolding and folding (Figure S) using
nanopores. To conclude, we discuss the potential of these
applications.

B METHOD FOR PROTEIN DATA ANALYSIS AND
FILTER EFFECTS

A nanopore connects two compartments filled with an
electrolyte solution, separated by a membrane. The application
of an electric potential difference via two Ag/AgCl electrodes
generates an jonic current through the pore. The net charge of a
protein is positive or negative according to the pH of the
solution. Here, we consider that the driving force is the electric
force (Figure la). When a protein is driven into the nanopore
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Figure 1. Method for counting individual proteins. (a) Experimental setup. A nanometer hole is drilled into a solid-state membrane, or one channel is
inserted into a lipid bilayer, separating two chambers containing electrolytes and where physicochemical conditions are controlled. The membrane is
submitted to an electric potential difference that induces an ionic current in the nanopore. The negative electrode of the cis side of the compartment,
minus sign in the figure, is connected to the ground. We apply the voltage to the electrode of the trans side, plus sign in the figure, in order to control the
positive potential difference, and then the electrically charged protein (here the protein has a net negative charge) is driven by the applied electrical force
toward the trans side. (b) Current trace through the nanopore in the presence of unfolded proteins. When a polypeptide chain is transported through the
nanopore or interacts with the channel, a decrease in current is observed, because the molecule partially blocks the ions; (I) = 11.90 nA is the mean
open-pore current, ¢ = 0.05 nA standard deviation. The first threshold is defined by th1 = (I;) — 20'= 11.80 nA, the second one by th2 = (I;) —36=11.75
nA. (c) Current distribution. We observe two peaks: the first one centered at (I,) is due to the open-pore current, the second small one is due to the
dwelling of proteins. To distinguish the current blockades from the noise, we use both thresholds th1 and th2 (vertical dotted lines). (d) Scatter plot of
current variation Di of each event versus its dwell time T,. Three characteristic parameters are defined in the inset: T; is the inter-event time, and D; the
current variation is due to the dwell of the protein into the nanopore, characterized by the dwell time T,. (e) Distribution of inter-event intervals T;. The
continuous line is an exponential fit, allowing the calculation of the event frequency f = 19 + 2 Hz. (f) Logarithmic distribution of the dwell times. The
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Figure 1. continued

curve is a logarithmic normal fit f(x) = A exp(—[In(x/x,)]?/w) where A is the amplitude, and x, the center and w the width of the distribution; the
maximum of the distribution defines the most probable dwell time of 4.9 + 0.3 ms (short events) and 15.6 + 1 ms (long ones). (g) (Left axis) Linear
distribution of the dwell times, the lines are exponential fits with a characteristic dwell time of 3.2 + 0.3 ms (short events) and 6.5 + 0.6 ms (long events).
(Right axis) Integrated curve of the dwell time distribution (green color); the red dotted lines are exponential fits with a characteristic dwell time 2.9 +
0.4 ms (short events) and 5.9 + 0.5 ms (long events). The experimental conditions are [protein] = 1.56 uM with V=75 mV, [KCl] = 1 M, at pH = 7.6,

pore diameter 20 nm."

and likely through it or interacts with the channel, the recorded
current decreases suddenly (Figure 1b). In the case of the
Axopatch 200B current amplifier, the cutoff frequency of the
internal filter is usually set to f. = 10 kHz (100 ys). Using the
Nyquist—Shannon sampling theorem, the acquisition frequency
fag 1s at least equal to 2f.. Experimentally, it is usually set to f,, =
250 kHz (4 us). These frequency parameters are usually
appropriate for protein translocation or folding experiments.
However, we can increase the acquisition frequency (f,q > 1
MHz) according to the capabilities of the acquisition card. In that
case, it could be recommended to similarly increase the cutoff
frequency of the internal filter of the amplifier. The signal noise is
also proportional to the membrane capacitance, which depends
mainly on the dielectric constant of the material used in the case
of solid-state nanopore and mainly on the hole size on which the
lipid bilayer was painted. For instance small holes drilled on
conical glass developed by White** and used by Reiner* provide
a more stable and resistance bilayer with a low capacitance. The
data processing is based on statistical methods. The baseline
corresponds to the noisy ionic current through the empty
nanopore defined by its mean value (I,) (Figure 1b) and its
standard deviation (). We separate the pulses of electric current
from the noise by imposing that a pulse height must be larger
than a given threshold in order to be considered as significant. A
first threshold th1 is defined by (I,) — 26 in order to avoid around
95% of the noise fluctuations.>*? This threshold, however, is not
strong enough; the proteins can approach the pore and just block
the current partially. Consequently, it is necessary to apply a
higher threshold th2 = (Ij) — 30 in order to distinguish these
blockades from the ones due to the dwell events (Figures 1b).
This second threshold is checked from the histogram of the
electric current of the whole trace. We observe two distinct
populations: the first one is associated with the fluctuating
baseline current, and the second one corresponds to the
blockades (Figure 1c). The width of the pulses T, is measured
at the crossing with the first threshold thl. These spikes are
characterized by their frequency (1/T}), duration T,, and current
variation D; (Figure 1d). From the time position of each event,
we plot the distribution of the inter-event time T; between two
consecutive events (Figure le). As there is no correlation
between events and the interactions between the analyte and the
nanopore can be regarded as a reversible chemical reaction,” the
inter-event distribution corresponds to an exponential described
by a Poisson’s law. From its exponential fit, we calculate a
characteristic inter-event time, which is precisely the inverse of
the event frequency f (Figure le). The plot of the current
variation Di of each spike as a function of its own duration or
dwell time T, is an indication of the protein dynamics into the
nanopore: bumping, transport, or interaction events. Interpret-
ing different kinds of blockade signatures caused by RNA
interacting with a nanopore was first described by Kasianowicz et
al® In the case of proteins, in Figure 1d, each scatter is also
characterized by a non-specific interaction between a native
protein (the maltose binding protein or MBP) and a 20-nm
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diameter solid-state nanopore. We observe two scatters. The first
one, characterized by long durations and low blockades, is
explained by the dwelling of one single protein that interacts with
the inner side of the nanopore (Figure 1d). This type of event is
depicted in the inset of Figure 1d. The second one, with short
duration and large blockades, is described by the dwelling of two
proteins entering the nanopore in single file: a first protein is
entering the pore (a first short gap is observed in the trace of
Figure 1d), and just after, it is followed by a second one (second
gap in the trace). In this last case, we do not observe interactions
between the proteins and the nanopore (short duration), but the
current blockade duration is twice that of the first scatter (two
proteins are dwelling together). We can study the dwell times
more precisely using different distributions and plots. With a
logarithmic distribution (Figure 1f) we clearly observe two peaks
corresponding to short and long current blockades that
characterize both situations described above'® (Figure 1d).
Other Gaussian-like functions could be used, such as the
“exponentially modified Gaussian” function.* Whatever the
function type, the center of the distribution must be located to
define the most probable dwell time (Figure 1f). This method is
very useful when the amount of data is low, typically around 200
events, as it is usually the case for experiments using solid-state
nanopores. However, if the number of events is great enough,
around 1000 events, we can plot a linear time distribution
(Figure 1g). This representation also allows us to observe both
scatters.”” For duration times other than the most probable
times, each time distribution is well fitted by a decreasing
exponential function as previously observed with DNA
molecules***® and with other polymers.*”*” From these fits,
we calculate the characteristic dwell time of each peak, which
could differ from the most probable time. These times
correspond to the “temporal dispersion” of dwell times.
Sometimes, if the current signal is too noisy or if the number
of measured events is too low, we prefer integrating these time
distributions in order to decrease the influence of the noise.
These integrated distributions (green curve in Figure 1g) are
again well fitted by an exponential function, allowing the
calculation of the characteristic times. The values of the
characteristic times obtained from the time distributions or
from the integrated ones have the same magnitude within the
error bars. Whatever the chosen time duration (most probable or
characteristic time), we note that both time behaviors are the
same and that they are proportional.

We now discuss the effects of the filter on data analysis. In the
case of small chains, the dwell times are shorter than 100 us. As
the amplifier behaves as a low-pass filter with a cutoff frequency f,
= 10 kHz (T = 100 ps) and the acquisition time is 250 kHz (T,
= 4 ps), we can suppose that events shorter than T, = 100 us are
clearly reduced. In the case of the Axopatch 200B Capacitor
Feedback Patch Clamp Amplifier, the filter is a 4-pole Bessel low-
pass filter. We have modeled the two types of signal obtained
from the data acquisition card. The first one is not reduced by the
filter (red trace in Figure 2a,b), and the second one shows the
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Figure 2. Data analysis and filter effects. Effects of 10 kHz filter on raw data. (a, b) Modeling of the current trace of events. The raw data is in red, and the
10kHz filtered data is in blue. The modeling of the acquisition time is 4 s (250 kHz). The events are 38 + 2 s long in panel a or 186 + 2 ys long in panel
b. (c) Current variation of each event as a function of its dwell time of raw data (red circles) or filtered data (blue squares). (d) Detected dwell times of
filtered signal as a function of the detected dwell time of the raw signal. The straight line is a linear fit y = a + bx, where a =9 + 0.3 ys and b = 1.003 +

0.002.

signal reduced by the Bessel filter (blue trace in Figure 2 a,b). If
we look at the shape of both traces, we do not observe any
difference if the blockade is 38 & 2 or 136 + 2 us long. The high
frequency noise is merely smoothed by the filter. Nevertheless,
the noise measurements could be relevant. In 1993, it was
demonstrated that the spectral density of an open protein
channel depends on the ionization of this channel.* The first
experiments on the transport of neutral polymers through an
alamethicin protein channel were conducted using this technique
based on noise fluctuation*” and allowed the first measurements
of a chain diffusion coefficient through the channel. The 1/fnoise
measurements were used to separate the maltoporin channel
fluctuations from maltose translocation.’® Recently, these
methods were applied to solid-state nanopores (SiN) where
the noise reduction, probed by the magnitude of the power
spectrum, is a common subject of interest.”' ~>* Nevertheless, we
observe the same problem for polyethylene terephthalate or glass
micropores,” nanopores through Al,O; membranes,* or single
conical nanopores obtained by chemical etching of a single ion-
track in polymer film.>”

In this review, we focus solely on the analysis of individual
current blockades. We must take filter effects of the amplifier into
account. The method used for the characterization of each event
is very important.”® In our method, the average open pore signal
value is I, with a standard deviation (o). All of the current
variations larger than 20 are selected, but we consider only those
deeper than 3c. The duration of each event is calculated from the
intersection between the event trace and the I, — 26 threshold.
This method avoids the rise or fall time effects.® The current
variation is calculated from the average of the current trace. An
example of filter effects is shown in Figure 2c: we consider a
computed signal composed of a distribution of blockade
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durations, increasing continuously from 4 to 200 us. We plot
the measured current variation of each blockade versus its
duration (dwell time) in both cases. Both plots are similar if the
dwell time is larger than S0 us (Figure 2c). We can note that this
time is half the characteristic time of the filter (T. = 100 us).
Moreover, we can clearly detect the events between 30 and 50 us,
even if they are partially reduced, but this is not the case for the
dwell times. We draw the dwell time of the filtered signal versus
that of the raw signal (Figure 2d): it is linear with a slope equal to
1. From these calculations, we show that the accuracy of the
amplifier filter allows only the detection of blockades half the
length of its characteristic time T'. Similar results can be found by
another method.>®

B BIOLOGICAL AND BIOMIMETIC NANOPORES

Many proteins need to be transported or translocated across
membranes through channels to reach their final location in the
cell.*? Protein translocation usually occurs in an unfolded state
and plays an important role in many biological processes: protein
import or export toward or from the nucleus, a process that does
not require protein unfolding since the nuclear pore is very large
(<35 kDa) and protein synthesis and degradation. In general,
proteins need to be correctly folded to be functional. Different
natural systems of protein transport through lipid membranes are
known, but the transport mechanism is still discussed.*>®'
Protein transport through the translocon is associated with
protein synthesis, either co-translational or post-translational
(Figure 3a). Mimicking these processes artificially at single-
molecule level is a challenge. Electrophysiological methods were
used to demonstrate the existence of protein-conducting
channels.®>®* Simpler passive channels, generally pore-forming
toxins,** are used in experiments to explore the field of proteins
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Figure 3. Nanopores used and possibilities for protein sensing. Natural nanopores: (a) Translocation machinery (protein complex) in cells: nascent
polypeptides are transported through the membrane of endoplasmic reticulum. Side view of (b) alpha-hemolysin and (c) aerolysin pore; adapted from
refs 68 and 73, respectively. These pores are mainly used to study protein translocation, folding, and interactions, because the ionic current of the empty
pore is stable. Artificial nanopores: Solid-state nanopores offer the advantage of customized pore diameters and exhibit high mechanical resistance
compared that of to natural nanopores inserted in lipid bilayers. d) Image of solid-state nanopore drilled in SiN membrane by an electron beam. (e)
Conical nanotube showing its dimensions; adapted from ref 37. Hybrid nanopores: The decoration of solid-state nanopores by direct insertion of natural
nanopores or by chemical functionality holds great promise for new applications regarding the sensing of proteins. (f) A solid-state nanopore coated with
a fluid lipid bilayer containing ligands attached to the surface that slow down the protein translocation; adapted from ref 14. (g) OmpF porin inserted
into a nanopipette containing a lipid bilayer offering high mechanical stability; adapted from ref 89. (h) Alpha-hemolysin channel inserted into a SiN
nanopore by attaching a double-strand DNA tail to the channel, which guides the pore into the silicon membrane when voltage is applied; adapted from
ref 90.

and nanomedical applications.” These experiments consist of The main advantage of the last method is the control of the
inserting a single channel into a model lipid membrane. Most number of inserted pores, one single pore, without needing to
frequently a film of a 1% solution of lipid in decane or other perfuse in order to prevent insertion of other channels. For an
organic solvent is spread across a micrometric wide hole, drilled overview of fabrication methods of lipid bilayers including
in a polysulfone or Teflon wall separating the two compartments supporting membrane, fusion of giant vesicles, and droplet
of a chamber.®® After thinning of the decane film and formation interface bilayers, see ref 67. These membranes are described as a
of a planar bilayer, the channel is inserted by adding a few capacitor and a resistor connected in parallel. A great advantage
nanomoles of pore protein. It is also possible to insert a single of these lipid bilayers is that we can check their thickness by
channel directly by mechanically approaching a hydrogel probe, measuring the capacitance (inversely proportional). We usually
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coated with a layer of protein channels near to a lipid bilayer. observe the insertion of one channel when the membrane is
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thinner than 7 nm. Membranes are stable for several hours. The
most used channel is the alpha-hemolysin (Figure 3b) from
Staphylococcus aureus.”® This channel is very stable and has been
studied in a large range of pH,* temperature,”® salt
concentration,71 and denaturing agents such as urea.”” Never-
theless, other channels such as aerolysin” (Figure 3b) from
Aeromonas hydrophila or the porin’* Tom40”° are also used. The
advantage of these biological channels is that their behavior is
stable and does not vary throughout the experiment. Their
sensitivity is high and their excellent reproducibility is probed by
I-V curves. A major advantage of using these channels is that we
can make recombinant nanopores by mutagenesis or nanopores
modified by covalent and non-covalent chemical modifications.”®
With lipid membranes, the applied voltage is limited to medium
voltages (up to 200 mV), since membranes are sensitive to
osmotic pressure and chaotropic agents. In general, lipid bilayers
break down after 1—10 h of experiment, depending on the
solvent used. To bypass this limitation, the biological membranes
are replaced by solid-state membranes (Figure 3d); see refs 8 and
77 for some excellent reviews. Different types of membranes can
be used, such as silica membranes (SizN,, SiO,, AL,Os), polymer
membranes, and recently, graphene membranes. ® The know-
how comes directly from the clean-room of the semiconductor
industry. It is possible to obtain solid-state membranes with a
thickness between 10 and 50 nm. The nanopore is drilled into the
membrane with a diameter between 2 and 100 nm.

For an overview of fabrication techniques and current state of
the art methods for nanopore production including sculpting
methods, direct drilling, as well as lithographic methods and ion
track etching, see ref 79. Two drilling methods are mainly used.
The first one uses a gallium focus ion beam (FIB), which hits the
surface and drills a nanopore.*® This FIB is equipped with a
feedback mechanism allowing the control of membrane drilling.
Alternatively, the ion dose must be calibrated in order to obtain
the correct hole size.** This technique allows the drilling of both
small and large nanopores (3—200 nm). Nevertheless, gallium
ions could be inserted into the top few nanometers of the SiN
substrate®' and could charge the inner surface of the nanopore.
We can cite another ion source, such as helium, which is focused
into a small hole and could allow the fabrication of a nanopore a
few nanometers large.** This last method promises to produce in
one step and in a few minutes large amounts of solid-state
nanopores drilled in the same membrane with high production
capabilities and the possibility to integrate these fabricated
devices into microfluidic devices. The second technique is the
most common one: transmission electron microscopy (TEM). A
focused electron beam with a spot size less than 10 nm is used to
drill a nanopore in a thin membrane. The advantage of the TEM-
based technique is the possibility to obtain pores with smaller
diameters (up to 1 nm) while watching the pore being drilled.*!
Conical long nanopores are obtained by chemical etching of
membrane-based polymers®”>”** (Figure 3e). This kind of pore
has various specific transport characteristics, exhibiting high
current rectification compared to the solid-state nanopore. A
recent original system is the nanopipette obtained by pulling
standard glass capillaries.** The first setup comes from a classical
Coulter counter device®*® with capillaries of diameters from 2
to 6 um. By undergoing pulling and heating cycles, the capillaries
are thinned and the diameter decreases to 45 nm. The inner side
of the nanopipette can be functionalized by several recognition
elements.*” More recently, nanopores are decorated by natural
fluids'*"® (Figure 3f) or by metal deposition®® in order to control
protein translocation and selectivity or by polymer deposition®®
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in order to enhance pore selectivity. The solid-state nanopores
and nanopipettes allow the use of a hybrid setup (Figure
3gh).*" An elegant idea has been tested recently: one
preassembled protein channel (alpha-hemolysin) attached to
DNA is electrophoretically inserted into a narrow hole of a solid-
state membrane (Figure 3h). The membrane is very stable for a
few days and allows the use of high voltage (up to 900 mV).
However, the channel sizes cannot be tailored easily: each
nanopore type is characterized by a specific diameter. Electric-
field-induced wetting and dewetting in single hydrophobic
nanopores due to condensation and evaporation of water in the
nanopore has been reported recently.”*

B BACKGROUND TO UNDERSTAND PROTEIN
TRANSLOCATION AND PROTEIN—-PORE
INTERACTIONS

Here we describe how to access some physical parameters
relevant in the protein and nanopore field.

Protein-Pore Interactions. If the mean inter-event time
(T,) is linearly dependent on protein concentration (c) and the
mean residence time (T,) is independent of protein concen-
tration, one can assume that the protein partitioning in the pore
is governed by a bimolecular interaction between protein and
pore. The kinetic rate constant of dissociation (k) and
association (k,,) are related to the above measurable character-
istic temporal parameters of the binding events T, and T, via kg
(s = 1/T, and k,, M™' s71) = 1/(cT,). The dissociation
constant is given by Ky (M) = k.g/k.,, and the association
constant is given by K, (M™") = 1/Kj, allowing the calculation of
the partitioning coefficient 7 for the protein between the bulk
and the pore, 7 = K, where ¢, (M) is the effective molar
concentration of a protein inside the pore. It also allows the
calculation of the standard free energy AG® = —RT In K. The
free energy of the protein—pore interaction F to overcome the
entropic costs of squeezing a protein into a narrow pore can be
estimated from the measurable characteristic temporal param-
eters T, and the total recording time Ty, F = kgT In(Ty/ Tyora),
where T,/ Ty is the measured residence probability (Pr) of the
protein within the pore. By measuring the residence probabilities
(Pr1), (Pr2) respectively for two proteins of length L1 and L2
within the pore, the variation of the free energy, of entropic
origin, is obtained by the relation F = kT In(Pr2/Prl). By
following the temperature dependence of the association
constant at the single molecule level, the standard enthalpy
and entropy of the protein-pore interaction can be obtained.

Protein Translocation. If the mean residence time T, and
the mean inter-event time T; decrease with increasing applied
force, T; decreases with increasing protein concentration, and the
residence time increases with increasing peptide length, one can
assume that the polypeptide chain is transported through the
nanopore. However, if the transport is governed by electro-
phoresis effects, the mean residence time is expected to be
inversely proportional to the applied force. Otherwise, trans-
locating polypeptide chains are traveling in a complex energy
landscape with a well-defined energy barrier, and one expects an
exponential dependence of the translocation time on the applied
force.

If the mean residence time increases linearly as the inverse of
the applied voltage increases, the electrophoretic transport
theory describes the phenomenon well. Data supporting this
concept was provided in ref 3 for single-stranded DNA. The
electrophoretic velocity v of protein is related to the electrical

field strength by v = (IzleE) / (671r) where e (C) is the elementary
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exponentially with applied electric force at low and medium voltage; adapted from refs 13 and 105. At high voltage the transport time is inversely
proportional to the applied voltage.'® The voltage dependency of the dwell time is well described by the Fokker—Planck model (left). (c) Protein
dynamics through solid-state nanopore controlled by electroosmosis flow versus electrophoresis; adapted from ref 12. The translocation direction of
proteins can be predicted according to the difference in zeta potentials, {,,orein = Cpores At PH = 10 (10l 3> 1€, 1einl)- Electroosmosis clearly dominates
over electrophoresis. At pH = 2 electroosmosis flow weakens the electrophoretic movement, but electrophore51s still dominates. (d) A PEG-
functionalized conical gold nanotube can detect and differentiate proteins and protein/antibody complexes because they lead to different current
blockade distributions as shown in the scatter plot, adapted from ref 37. (e) Bioinspired synthetic nanopore: (left) with bilayer-coated walls used to slow
down translocation of specific proteins after binding to ligands on lipid anchors; adapted from ref 14; (right) with nucleoporins coated-pore in order to
make the pore more selective mimicking the nuclear pore complex; adapted from ref 16.

charge, E (V m™") the electrical field strength proportional to V/ residence time within the pore of length L, reads as T, = 7 =
Lyore (Lyore being the pore length), 17 (Pa s) the viscosity of the (kTLpore")/(I12leDgiV) allowing an estimate of the diffusion
solution, and r (m) the radius of the protein. The diffusion coeflicient of protein in confined geometry. Note that if the
coefficient of the protein in solution calculated from the Stokes— transport is purely diffusive the residence time can be estimated

Einstein equation is given by Dyg = kzT/ (671r). The mean by 7 = Lyowe’/Dyigr = (6707r) / (kg T) Lpore ™
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If the mean residence time decreases exponentially with the
applied force, the chain dynamics are associated with a free-
energy barrier. A detailed theory for the effects of the applied
potential, which is related directly to the applied force on PEG-
induced blockades is provided in ref 42. The data of mean
residence time scales as 7= a exp(—V/V,) where a (s), V. (V) can
be extracted from the fit. V., = (kgT)/(zinsae€) is the critical
potential to overcome the entropic costs of squeezing a
polypeptide chain into a narrow pore, allowing the estimation
of the effective charge z;,4. of the polypeptide inside the pore.

Generally the frequency data varies exponentially with applied
voltage V and is well-described by f = f, exp(IV1/V;) according to
the Van't Hoff Arrhenius law f; = (CDggA/L,q,.) exp(—=U*/
ks T);">** where C (M) and A (m?) are the polypeptide chain
concentration and sectional area of the pore, respectively; f,
(s7!) is an extrapolated frequency at 0V and V;, (V) = (ks T) /(2ze)
is the applied potential allowing a charged polypeptide to
overcome the Brownian motion; this allows us to estimate the
effective charge z at the entrance of the pore. The experimentally
obtained value leads to an estimate of the activation energy U* of
entropic and electrostatic origins.

Electro-osmotic (EO) Effects. Electro-osmotic flow (EOF)
is a movement of solvent across a charged artificial channel
induced by an applied electric potential. The solvent velocity is
given by the Smoluchowski equation v, (m/s) = (—£€o{,0re/1)E,
where (... (V) is the zeta potential of the channel walls; 7 is
solvent viscosity; €, £, (F m™") are the dielectric constant of water
and the vacuum permittivity, respectively; and E is the applied
electric field. Electro-osmotic flow causes a net solvent flow
through the channel that is opposite that of the applied electric
field. The electrophoretic (EP) velocity of protein under an
external electric field, in the Helmholtz—Smoluchowski limit, is
given by v, (m/s) = (£€o{,0r/1)E; the total velocity of protein
therefore reads as v (m/s) = Vorot + Vs = ((‘26015/17)(4'},“,t = Chore)-

Pore Conductance and Determining the Size of
Proteins with Nanopores. The pore conductance G (S) is
the reciprocal of the pore resistance R (), it reads for a
cylindrical or conical pore by a series of resistance R = p f dz/
A(z), p (Q.m) is the electrolyte resistivity, the z-axis is oriented
perpendicular to the membrane surfaces, and A(z) is the cross-
sectional area of the pore. Thus, the pore diameter can be
estimated from measured current—voltage (I—V) characteristics.
The translocation of a protein (assumed to be spherical) through
a cylindrical nanopore reduces the current D; through the pore,
directly proportional to the conducting volume excluded by the
protein A (m?), which is approximately equal to the volume of
the protein, D; ~ (E/ pLPm)A . The histogram of the current
variation D is used to estimate the size of the protein. Significant
work on this topic for other polymers is reported in refs 42 and
94.

Bl CONTROLLING PROTEIN TRANSLOCATION AND
INTERACTIONS

One of the main difficulties of studying protein translocation by a
nanopore method is to be sure that the current measurement
ata, which provide indirect proof, are associated with a true
data, which provide indirect proof, iated with a t
protein transport and not due to non-specific protein binding/
unbinding to the protein channel or solid-state nanopore. In the
past 10 years, many experiments have been performed with
- 1. 109596 - 11,17,19,97,98 g
peptides, proteins, or protein—ligand com-
plexes'**”** in order to control the dynamics through the
nanopore or specific interactions and also to study enzymatic
kinetic reactions.”>”>® These experiments are performed by
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changing physical parameters, nanopore design and protein
structures or net charges®””” and by pore surface modification.*”
At the same time, some theoretical work has been performed on
biopolymer translocation,'® peptides, and proteins.'®"'%>
Models are based on statistical mechanical principles, and
biomolecule translocation is described as a diffusion mechanism
over energy barriers with two kinds of regime: a capture regime of
entropic origin when low force is applied, and a drift regime when
high force is applied. Up to now, computer simulations are
limited, because biological or experimental time scales of protein
transport through channels are several orders of magnitude
slower than translocation times accessible to fully atomistic
simulations. For example, the transport time of one amino acid
through a translocon is estimated at 1—4 ns, and the experimental
time is about 1 us. However, a coarsed-grained approach'®®
allows simulations of protein translocation across a nanopore to
be performed.'*"'%>1%*

The first experiment with a passive nanopore (alpha-
hemolysin) concerns the structure of peptides investigated by a
protein channel.'® Single, double, or collagen-like triple helical
motifs are associated with different spikes, dwell times, and
blockade currents. The first study on peptide—pore interaction,
with cationic a-helical synthetic peptides and a protein channel
(alpha-hemolysin), shows that the association and dissociation
rate constants (cf. above paragraph) are strongly dependent on
voltage and peptide length. An increase in event frequency has
been observed due to an increase in applied voltage and a
decrease in event frequency for longer peptides. The different
levels of blockade current allow the characterization of these
interactions: each level is attributed to a specific chain
conformation inside the nanopore, as it was observed with
polynucleotides through alpha-hemolysin channel* or stretched
unfolded proteins through solid state nanopore.'® Advances in
the understanding of protein—pore interactions are due to the
development of protein pore engineering.”® Chemical mod-
ification of the S barrel of alpha-hemolysin promotes an
electrostatic interaction between the peptide and the pore,
reducing the energetic cost of entering the pore (cf. above
paragraph), thereby facilitating the translocation of peptides.'%
An elegant study was performed to analyze the mechanism by
which a protein containing a single positively charged N-terminal
target sequence, similar to the peptide signal sequence necessary
for protein transport in the cell, interacts with negatively charged
traps engineered within the channel. The electrostatic binding
sites at the entry and exit of the pore monitor kinetics of
proteins”® (Figure 4a) and catalyze polypeptide translocation.'®”
Furthermore, the engineered pore equipped with aromatic
binding sites also facilitates translocation of aromatic peptides
and slows down the translocation velocity.'”” An engineered
channel was also used to probe enzymatic peptide cleavage.”
The binding affinity of negatively charged a-helical peptides can
also be controlled by the structure and the net charge of the
pore.'®

Other strategies have been developed in order to control the
dynamics of proteins through nanopores: protein charge
inversion by modulation of the pH,'"'% controlling the
electro-osmotic flow (above paragraph) by modification of
both the zeta potential of globular proteins and nanopore,12
electrical driving force modulation,'*'>'%  chemical surface
modifications, and coating nanopore walls with bioinspired
fluids."*'®3® Recent technical developments allow the inves-
tigation of pell)tide translocation under (MegaHertz) alternating
current field."'® We give some examples of these experiments and
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the associated results. Electroosmotic flow regulation by
controlling pore walls and protein surface charge allows the
modulation of protein dynamics through a solid-state nanopore
as a function of pH and positive or negative applied voltage'”
(Figure 4c). Electroosmotic transport enhances or dominates
and could reverse electrophoretic transport (Figure 4c). The
translocation direction of proteins can be predicted according to
the difference between the zeta potentials ({protein — Cpore);
protein diffusion could therefore dominate the transport when
the electrophoretic and osmotic forces cancel each other out
(above paragraph) (Figure 4c). We can also control the entry and
transport of unfolded proteins through protein nanopores with
the electric driving force.">'® The entry of proteins is described
by a Van't Hoff-Arrhenius law associated with an activation
barrier (above paragraph). This dependency has been previously
observed with DNA,”” polyelectrolytes''" with protein channels,
and recently with DNA''* and proteins'>'% with solid-state
nanopores. Recently, it was demonstrated experimentally that
the transport of unfolded protein through a narrow solid-state
nanopore could be controlled by electric driving force. The
protein dwell time decreases exponentially at medium voltage
and is inversely proportional at high voltage."® This result is
consistent with the translocation mechanism where the protein is
confined into the pore creating an entropic barrier, followed by
electrophoretic transport (Figure 4b). The transport time of
unfolded proteins through an aerolysin pore decreases
exponentially when the applied voltage increases (Figure 4b),
the same dependency was observed with a beta-hairpin peptide
through alpha-hemolysin pore.'"® For a double-sized protein,
this time is twice that obtained for the single protein at the same
voltage."® At low voltage, translocating proteins travel in a
complex energy landscape with a well-defined energy barrier. At
high voltage, the dynamics is dominated by electrophoretical
transport (cf. above paragraph).'** With solid-state nanopores,
protein event durations are found many orders of magnitude
longer than the electrophoretic transport time.' "' ¥'*'>™!5 Thjs
anomalous dynamics is due to the electro-osmotic and protein-
pore interaction effects.

Another elegant approach to increase protein or protein—
antibody complex captures''®''” and to reduce the translocation
velocity was to coat the pore walls with polymer®”'¢ or natural
molecules.'*'**® The coating is usually created with neutral
polymers,®” and the signature of the protein and complexes is
detected by the difference in the dwell time and the blockade
current’” (Figure 4d). Recently, natural lipid bilayers containing
anchored mobile ligands have been used to increase temporal
and spatial resolution leading to increased protein detection
(Figure 4e) and to distinguishing various proteins based on
current blockade distribution."* The kinetic of beta-amyloid
aggregation is also probed by the dynamics of translocation of
oligomers and fibril proteins. Nuclear pore proteins are attached
to solid-state nanopores (Figure 4e) in order to demonstrate the
selective transport of proteins across individual biomimetic
nuclear pore complexes. Transport events through the
biomimetic nanopore are observed for receptors (Impf),
whereas the passage of non-specific proteins (BSA) is strongly
inhibited.'® Metallized silicon nitride nanopores, chemically
modified with receptors, are used to detect subclasses of IgG
antibodies.*® Antibodies are identified according to their specific
interaction times with the receptor (protein A). Single nanopore
recording was also used to measure protein—DNA interaction
with a force spectroscopy setup.”® This approach allows the
determination of association and dissociation rates under
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equilibrium and non-equilibrium conditions. In particular, it
has been used for the measurement of real-time DNA
replication.”’ Recently a modified alpha-hemolysin nanopore,
by Cu**-phenanthroline attached covalently to the channel via a
cystein, has been used to detect enantiomers of phenylalanine
and aspartic amino acids."'® The current of blockade of each
amino acid is different in a mix of these enantiomers.

Chemical modification of the protein channel and genetic
engineering has been developed to detect also protein activities
and to measure kinetic parameters.”> >® The alpha-hemolysin
channel is chemically modified with a single protein kinase
inhibitor peptide attached at the trans entrance of the pore. In the
presence of the catalytic subunit of cAMP-dependent protein the
current traces are altered.”” From the spikes analysis the kinetic
and thermodynamic constants, the peptide—protein interaction
are determined. The chemical method is limited because it does
not allow to obtain all of the altered subunits in the heteromeric
pores modified with one peptide. Genetic engineering was
developed to generate heteroheptameric pore containing a single
copy of the inhibitor sequence.”® This elegant approach is
powerful tool for the detection of activated kinases and kinase
inhibitors. A semisynthetic ion channel or an engineered protein
channel were also used to study phosphatase,”* protease
activity,”* and enzymatic peptide cleavage.”® In each case the
Michaelis constant of the reaction and the rate constant have
been determined from current traces analysis. Recently a
redesigned stable nanopore fhuA resistant to temperature and
acidic pH, in an open state, has been used to probe
immunoglobulin G proteolysis by pepsine in acidic buffer
solution.”® During the enzymatic digestion the event frequency
of long current blockades decreases, immunoglobulin degrada-
tion, as a function of time and the short ones increase, product of
digestion, up to the time resolution limit.

Bl PROTEIN FOLDING

The understanding of protein folding remains a great
challenge.""”~'**> Most experiments to study protein folding in
vitro are performed in bulk and probe only the average behavior
of an ensemble of molecules. However, recent develolpments in
single molecule methods, fluorescence spectroscopy,'**'** and
force spectroscopy AFM'>® and tweezers'*” allow the observa-
tion of individual molecules along their folding pathway and give
the possibility to explore regions of the energy landscape that are
inaccessible to bulk measurements. These techniques provide
information on the mechanical stability of proteins, the
dynamics, the unfolding intermediates, thermodynamic energy
parameters, unfolding rates, and transition state loca-
tions, 124126128

Recently, single-nanopore recording has appeared as a new
powerful method at single-molecule resolution to study protein
folding."”"*® This technique offers the opportunity to exper-
imentally explore the phase space, to detect rare events, folded
proteins with e1ptamers,26_28 to separate native, unfolded and
partially folded conformations,">'”'***13% to obtain unfolding
curves,'?%'?% to observe protein mutations,"®*° to study protein
channel stability’®”” and intrinsically disordered proteins.'®"*"

Since 2007, electrical detection has been used to observe
protein denaturation through a single alpha-hemolysin channel
as a function of the concentration of chemical denaturing agents,
guanidium-HCI'” (Figure 5a). The ionic current measurements
exhibit short and long ionic current blockades (Figure Sb,c). The
short blockades are due to the passage of unfolded proteins; their
duration remains constant as a function of the concentration of
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Figure S. Electrical detection of protein folding. (a) Negatively charged
proteins are added to one compartment of the chamber, and the
unfolding agent, here guanidium chloride (Guanidium-HCl), a chemical
denaturant, is in both compartments at the same concentration. The
electric force is the driving force. (b) Detection of unfolded or (c)
partially folded protein. (d) Event frequency of current blockades as a
function of guanidium chloride concentration. We compare the
unfolding of a destabilized variant protein through the vestibule and
stem side entry of the alpha-hemolysin pore and the denaturation of the
wild type protein (MalEwt). (e) Unfolding curves for wild type protein
obtained with an aerolysin pore and an alpha-hemolysin pore and for the
destabilized variant; figures adapted from ref 20. (g) Divalent cations
induce a compaction of the extended protein. (h) The unfolded or
intrinsically disordered protein (myelin basic protein) can translocate
the alpha-hemolysin pore. In the presence of divalent cations (Cu*") the
proportion of event translocation (high blockade current) is reduced,
and there is a corresponding increase in bumping events (low blockade
current); figures adapted from ref 18.

the denaturing agent. Their frequency increases as the
concentration of denaturing agent increases following a
sigmoidal denaturation curve (Figure Sd). The long blockades
are due to the existence of partially folded conformations that
block the passage of the proteins (Figure Sc). Their duration
decreases as the concentration of denaturing agent increases, and
the proteins become more unfolded. This variation of the long
blockade as a function of denaturant concentration is adjusted by
a Vogel-Tamman—Fulcher law. Models of glass transition,
where the variable is the temperature, the distribution of lifetimes
is a stretched exponential and the averaged lifetime is given by the
Vogel—Tamman—Fulcher law, t = t, exp[A/(T — T,)]. At the
transition temperature, the lifetime diverges. This temperature is
called the Vogel—Fulcher temperature, T, Here, we use a
Vogel—Fulcher representation by using as a variable the
denaturant concentration (C), guanidium, instead of temper-
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ature; 7 = 7, exp[A/(C — C,)], 7 are the long dwell times of
partially folded proteins. These times are the times needed to
unfold the protein structures at the pore entrance under the
electric driving force. The effect of denaturant on Hydrogen
bonds and solvent quality was the same as the one obtained by
increasing the temperature. The Vogel—Fulcher law gave the
best fit of our data. This is an experimental argument for a
possible glassy behavior."**"'** We try to give a qualitative
explanation of the physical effects involved in the dynamic of the
partially unfolded protein mechanism rather than a complete
theoretical description. In order to evaluate the accuracy of the
denaturation transition analysis, an unfolding study of a
destabilized protein variant was performed recently, where
proteins could enter either by the vestibule or stem side of the
pore (Figure 5d). When the proteins enter via both sides, the
frequency of events follows an identical sigmoidal variation
(Figure 5d). But experiments showed a shift of the curves of the
destabilized variant toward the lower values of the denaturant
agent concentrations compared to the wild type protein. Data
normalization showed that the unfolding transition in the
denaturation curves does not depend on the pore entry side,
geometry, net charge, or structure, applied voltage, or protein
concentration (Figure Se). The unfolding curve obtained with a
different nanopore, aerolysin channel, is similar to that obtained
with the alpha-hemolysin one.”® The thermal unfolding
transition of a protein has been studied through these two
channels. A similar sigmoid normalized event frequency
evolution for both nanopores is observed, and the same melting
temperature using bulk and single molecule techniques is
obtained.’?® Otherwise, it has been observed that the
conformation of elastin-like polypeptides attached to alpha-
hemolysin pore is sensitive to temperature variations.">> This
paper shows that the current blockades depend on the loop
conformation, below the transition temperature the polypeptide
is in an expanded conformation and above in a collapse state.
Single solid-state nanopores were also used to study protein
unfolding. For the different conformations, folded, partially
folded, and unfolded protein (lactoglobulin), the calibrated
excluded volumes are estimated from the measure of the
amplitude of current blockades, as a function of denaturant
concentrations (urea).'’” Data analysis suggests that the
measured events are consistent with linear translocation and
looped translocation of proteins, even under folded conditions. It
was claimed that the nanopore appears to perturb the
distribution of protein conformation states in favor of extended
conformations. It was shown recently that intrinsically
disordered proteins could be studied by a nanopore method'®"*!
(Figure 5f). Metal ions induced a folding of small proteins (with
zinc finger, myelin basic protein). The transition from disordered
to folded protein is probed by the evolution of the ionic current
blockades and blockade times according to the nature of the
divalent cations and the metal ion concentration. Generally, for
disordered molecules, a histogram of current blockades shows
one peak centered around 70% of normalized current blockade
with long blockade times, probably due to protein transport
through the alpha-hemolysin channel (Figure Sg). In the
presence of divalent cations, Cu*, we can observe a decrease
in the population of transport events and the appearance of a new
peak centered around 20% with short blockade times, associated
to a folded protein bumping event. The addition of EDTA, which
chelates metal ions, induces the unfolding of the small protein
and restores the event profiles to 100% of transport events. It has
been shown that the conformation of the prion protein (PrP)
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and prion peptides can be modulated by binding divalent metal
jons.'%¢ Depending on the setup, it is also possible to observe
binding events for unfolded protein with protein channels.”>">”
The stability of a pore-forming toxin inside a lipid bilayer as a
function of a chemical denaturing agent’” or temperature’® was
probed. Either the alpha-hemolysin pore is formed before urea
denaturation, or the alpha-hemolysin monomer is incubated with
urea prior to insertion into a lipid bilayer. For both experimental
conditions, the pore remains in the membrane up to high urea
concentrations (7.2 M) and channel formation is observed only
up to medium denaturant concentrations (4.6 M). A sigmoidal
decrease in current amplitude as a function of urea concentration
and a loss of current asymmetry are observed, probably
associated with vestibule protein denaturation of the channel.
Three pores (alpha-hemolysin, Luk and OmpG) were examined
as a function of temperature, the channels are formed before
temperature increasing. The current increased linearly when the
temperature increases up to 93 °C, the changes in single-channel
currents are reversible”

Recently strategies have been developed to detect native or
folded proteins with aptamers attached to the nanopore.”*"** An
oligonucleotide is attached to the pore entrance, vestibule side, of
the alpha-hemolysin channel with a disulfide bond. A thrombin
aptamer is associated with DNA hybridization to the pore. In the
presence of thrombin protein the current level and the frequency
of current blockades are altered. Kinetics and thermodynamics
parameters determined by the protein—aptamer interaction
depend on the aptamer used.”” Two different DNA aptamers for
the binding of thrombin and lysozyme were covalently attached
to the cis side ClyA nanopore entry. This pore allows the entry of
small folded protein inside the channel. In the presence of the
aptamers, the selectivity is increased then the frequency of
transport events increases for each protein.”® A robust
redesigned nanopore fthuA was used to study the interaction of
nucleocapsid viral, NCp7, with different DNA aptamers
sequences.”® Nanopore experiments show that the binding
affinity between the nucleocapsid and aptamer depends on the
DNA loop sequence.

Bl CONCLUSIONS AND PERSPECTIVES

Nanopores are powerful tools to address fundamental questions
about protein dynamics at the single-molecule level and to
develop future applications. Each molecule, or complex, is
detected by an electric signature via the nanopore. Methods to
analyze the electric current data are now well established for
studying protein translocation, protein unfolding—folding and
misfolding, and protein conformation modified by the presence
of ligands, to detect both protein-pore interaction and protein—
ligand complexes, and to probe enzymatic reaction. However,
remaining challenges need to be resolved in order to develop the
high potential for biotechnology and medical applications. Up to
now, with an electric signal, we have had only indirect proof of
the transport of unfolded or native proteins through narrow-
diameter nanopores: protein channels, solid-state nanopores, or
biomimetic nanopores. We need to prove directly at the
nanopore exit the presence of unfolded or folded proteins. We
must develop an industrial process to fabricate synthetic
nanopores with a perfect control of pore diameters at around
1—2 nm and their hydrophilic properties. It will also be necessary
to precisely control the velocity of the protein translocation,
without non-specific interactions observed with solid-state
nanopores in order to increase the sensitivity. Surface
modification with natural fluid is very interesting, as well as
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chemical functionalization to increase the protein selectivity.
Electric and fluorescence signal coupling could be used for
protein detection as well used for DNA translocation.'*®

Nanopore sensing could be used to make portable chips at low
cost to detect pathologies, misfolded proteins, or antigen—
antibody complexes at the single-molecule level. Industrial
activity concerning recombinant proteins is an important part of
the market of high value-added proteins. However, this
production is limited by the incomplete or imperfect folding of
the proteins produced. A possible assisted protein refolding
through nanopores by perfectly controlling translocation could
be used in an industrial process of recombinant protein
production. Many pore-forming proteins are involved in
human diseases. We can control the formation and the stability
of these toxin channels inside a lipid membrane model as a
function of the several and different pore environments. This
provides a possible future approach to testing antitoxin drugs
using nanopore recording techniques in order to prevent toxin
formation or to test the level of pathogenicity of a new toxin or
variant toxins. Recently, a small viral genome sequencing by
nanopore has been performed by the Oxford Nanopore
Company. We can plan in the future to develop a setup for the
sequencing of peptides and proteins.
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