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Abstract

®

CrossMark

Proteins perform a huge number of central functions in living organisms, thus all the new
techniques allowing their precise, fast and accurate characterization at single-molecule level
certainly represent a burst in proteomics with important biomedical impact. In this review,

we describe the recent progresses in the developing of nanopore based devices for protein
sequencing. We start with a critical analysis of the main technical requirements for nanopore
protein sequencing, summarizing some ideas and methodologies that have recently appeared in
the literature. In the last sections, we focus on the physical modelling of the transport phenomena
occurring in nanopore based devices. The multiscale nature of the problem is discussed and, in
this respect, some of the main possible computational approaches are illustrated.

Keywords: single-molecule sensing, electrohydrodynamics, biomolecule translocation,

nanofluidics, peptides

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanopores displayed a great versatility in the framework of
bio-analytical applications, as they can work as single-mol-
ecule sensors able to detect, analyze and even manipulate
nanoscale constructs. The working principle of nanopore
sensing system is quite simple. A nanopore is embedded in a
membrane that separates two chambers of a micro/nanofluidic
device. The molecules to be analyzed are added to the solu-
tion in one of the chambers. When a single molecule interacts
with the nanopore, e.g. translocating through it or bumping
its entrance, it alters one, or more, properties of the system
that can be recorded by appropriate instruments. In the last
years, nanopore sensors have emerged as powerful, alternative
tools for the detection and the analysis of various chemical
compounds and biomolecules, such as RNA, DNA, peptides
and proteins at single molecule level. The most relevant suc-
cess of nanopore sensing is the DNA sequencing. A nanopore
based device, commercialized few years ago, represented a
turning point in the nucleic acid sequencing for its portability
and capability to get long reads (hundreds of kilobases) [1].
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The next obvious step in the research, that apparently seemed
at hand, was adapting nanopore sensing to another class of
important macromolecules: the proteins. This goal has proven
to be more challenging than expected. The present review
aims at presenting the state of the art of the nanopore pro-
tein sequencing field and at discussing the open issues from
the side of physical modelling of transport phenomena at the
nanoscales.

Nanopores employed for single molecule analysis can
have different sizes and shapes. The length of biological chan-
nels is comparable to (or slightly larger than) the thickness
of the lipid membrane in which they are embedded, ~4nm,
while solid state nanopores in Silicon Nitride (SiN) are usu-
ally drilled in 10-20 nm thick substrates, see figures 1(c)—(g).
Regardless of the actual pore length, a crucial element is
the effective length of the so called sensing region. Indeed,
although usually several monomers can engage the pore at the
same time, only few of them notably affect the measurement.
This is particularly relevant for techniques involving the pore
conductance measurement (resistive pulse approach), where,
the electrical field is more intense at the narrowest section of
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Figure 1. Nanopore sensing. ((a)—(b)) The interaction of a molecule with a pore induces variations in the system properties (i.e. ionic
conductance of the pore, transverse current) that can be recorded by appropriate instruments. Generally, the signal is mainly influenced by
the interaction of the molecule with a specific region of the pore, termed sensing region. Ideally, for sequencing purposes the size of the
sensing region has to be comparable to monomer size. When amino acids enter the pore sequentially, the signal trace will show a series of
steps each one of them corresponding to a single monomer. ((c)—(h)) Examples of nanopores. In the resistive pulse approach, the sensing
region coincides with the pore constriction, as the electric field is higher in that section. For 2D nanopores the sensing region is the whole
pore and, in principle, both transverse current along the membrane and ionic current through the pore can be simultaneously measured.
Panel (h) is reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology [2], copyright 2016. Crystal structure for
Mspa, aHL, FraC and Aerolysin are taken from OPM database [3] based on the PDB entries IUUN [4], 7AHL [5], 4TSY [6] and SJZT
[7]. VMD [8] software was used to draw panels (c)—(g). Positive and negative residues (at physiological pH) are indicated in blue and red,

respectively.

the pore and, consequently, despite the number of mono-
mers that can occupy the pore is quite large (a 10nm pore
has room for ~30 amino acids) the signal is dominated by the
relatively small number of monomers in the constriction. For
instance, for the Mspa channel, the estimated sensing region
is ~0.6nm and, for the DNA, the signal is due to four adja-
cent nucleotides only [9]. The same argument applies to solid
state nanopores drilled in SiN membranes, where the pore
has a hourglass shape that focuses the electric field inside its
narrowest section [10]. Remarkably, 2D substrates such as
graphene [11-14] or Molybdenum disulfide, MoS,, [15, 16]
sheets have sub-nanometer sensing regions able, in principle,
to accommodate just a single monomer.

The presence of the molecule in the sensing region can
affect different properties of the pore that can be potentially
used to discriminate the residues. The two most explored pos-
sibilities are the ionic current flowing through the pore (resis-
tive pulse) and the transverse tunneling current along the
substrate plane [17-19]. In addition, other approaches have
been recently proposed, such as measurement of ionic trans-
verse currents [20] and of mechanical stress along the mem-
brane [21] and combined optical-electrical recording [22].

In this review, we focus on the resistive pulse that, to
date, is the most popular technique. Nevertheless, some dis-
cussions (e.g. translocation and capture control) can be, in
principle, extended to other sensing strategies. The typical
set-up in a resistive sensing is reported in figure 2. A single
nanopore connects the two chambers of an electrolytic cell.
When a voltage AV is applied across the two chambers, posi-
tive and negative ions migrate towards negative and positive

electrodes, respectively, generating an electric current 1. If
the pore surface is charged, the positive and negative ion dis-
tributions differ. In particular, the pore walls attract ions of
opposite charge (counterions) and repel ions of the same
charge (coions). In this condition, the unbalance between the
positive and the negative charge fluxes gives raise to a net
water motion: the electroosmotic flow. When a macromol-
ecule interacts with the pore, the above scenario is drastically
altered. The main mechanism is the reduction of the effec-
tive pore cross section, resulting in a decrease of the current
(current blockade). In addition, the charges on the molecule
surface perturb the ion distributions, and, accordingly, modify
the electrohydrodynamics close to the pore. Figure 2 sketches
aresistive pulse set-up for a positively charged pore for which
the negative ion flux J~ is more intense than the positive one
J*. Consequently, the electroosmotic velocity u is opposite to
the electrical field E. Beyond electrohydrodynamical effects,
the scenario is more complex as macromolecules can chemi-
cally interact with the pore.

Resistive pulse nanopore based approaches have been
employed for several protein and peptide analysis such as
determination of the folding state [23, 24], analysis of struc-
tural changes [25-27] and protein or peptide aggregation
[28, 29]. To date, despite the efforts of the wide and hetero-
geneous community, a nanopore based protein sequencing
protocol is still not available.

The two main ideal requirements that a nanopore sequencing
device has to fulfill are (i) signal-to-monomer matching; each
signal has to be unambiguously associated to a specific posi-
tion in the protein sequence and (ii) distinguishability; the
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Figure 2. Resistive pulse. The nanofluidic device for resistive
pulse is constituted by two chambers of an electrolytic cell which
are connected by a single nanopore. Molecules to be analyzed
are released in one of the chambers. In general, surface charges
are present at the pore walls, hence, the ion distribution close to
the nanopore is not homogeneous. An applied external voltage
AV generates a non-homogeneous electrical field E. Assuming
an isolating membrane, the electrical field lines converge into the
pore and, the magnitude of E is larger inside the pore. In such

an electroosmotic system, several transport phenomena occurs,
such as: (i) positive (negative) ions migration toward the negative
(positive) electrode resulting in an average ions flux J© (J7) (ii)
each ion drags its surrounding water shell, hence, if the ionic
fluxes are unbalanced (J~ # J™) a net water flux of velocity u
(electroosmotic flow, EOF) sets in. The figure reports the case

of a positively charged pore so that EOF direction is opposed to
the external electrical field. (iii) macromolecules can move under
the effect of E (electrophoresis or dielectrophoresis) and under
electroosmotic flow (Stokes drag). Moreover, macromolecules can
chemically interact with the pore surface. When macromolecules
are close to the pore, they strongly modify the ionic and the electro-
osmotic flux, either directly by steric hindrance or indirectly by
affecting the ion distribution near the pore.

signal level associated to a single amino acid (AA) has to
allow the unambiguous identification of the AA. The next
two sections will review the recent results and the proposed
approach for both signal-to-monomer matching and distin-
guishability. Then, we briefly discuss the protein capture and
the translocation control, while the last section is dedicated
to the possible theoretical and computational approach to the
study of transport phenomena relevant for nanopore protein
sequencing.

2. Signal-to-monomer matching

The unambiguous correspondence between a specific interval
of the signal trace and a single amino acid (AA) in a pro-
tein chain is a desirable requirement for protein sequencing.
An ideal scenario would consider the protein placed in one
of the two sides of the electrolytic chamber which unfolds
and sequentially translocates towards the other side. Once the
unfolded protein engages the pore, the translocation needs to
be strictly progressive, that is, a monomer that left the sensing

region, should not come back. The translocation speed has to
be as uniform as possible allowing, in principle, to segment
the current trace into regular intervals corresponding to the
different AAs.

Several issues make this ideal scenario quite challenging
to be achieved. First, proteins are not uniformly charged, thus
electrophoresis cannot be straightforwardly used to control
translocations. Proteins with net (positive or negative) charge
can enter the pore and, eventually, translocate under the action
of an external field. Nevertheless, the inhomogeneous charge
does not guarantee that the translocation speed is uniform and
that the same residue does not cross the sensing region back
and forth several times. Second, different portions of the same
protein chain can interact with the pore with different affini-
ties making the translocation rate not constant even for a con-
stant drive.

An interesting method to overcome these obstacles was pro-
posed by Kennedy et al [2]. They employed sodium dodecyl
sulfate (SDS), an anionic compound that, in combination with
heat and reducing agents (e.g. BME (-mercaptoethanol) is
able to denaturate the protein providing a negative charged
shell to its backbone. Although the exact structure of the SDS-
protein aggregate is not available, a recent computational and
experimental work [32] indicates that SDS induces a con-
siderable loss of the protein structure and that SDS-treated
proteins translocate through the nanopore in the direction
prescribed by the applied electrical field. Kennedy et al [2]
showed that current trace occurring in a sub-nanometer solid
state nanopore, figure 3(a), presents a number of peaks that
is close to the number of AAs of the analyzed protein, see
figures 3(b) and (c). This evidence suggests that proteins actu-
ally translocated across the pore and that the ionic current
fluctuations carry information on the protein sequence. More
specifically, the authors related the current blockade to the
volume of quadromers (four consecutive AAs in the sequence)
and developed an algorithm to infer the protein sequence from
the current trace. Although the proposed approach is not sen-
sitive enough to discriminate among all the AAs it can be suc-
cessfully employed for protein identification [33].

Another recent proposed strategy amounts to using
protein-pore interaction to control translocation. Stepwise
translocation of polypeptides inside graphene nanopores has
been analyzed via atomistic simulation by Wilson et al [30].
The authors show that hydrophobic residues of an unfolded
polypeptide systematically adhere to a graphene sheet. After
adhesion, charged peptides can be unidirectionally driven
inside the nanopore by a voltage bias AV, while a pressure
bias is needed for translocating neutral peptides. Figure 3(d)
displays a snapshot of the simulated system. The pore sub-
strate is a three-layer graphene sheet and the peptide is consti-
tuted by a regular repeat of a hydrophobic AA (Phenylalanin,
F, cyan) and a negatively charged AA (Aspartic Acid, D,
red). The time evolution of the number of AAs transported
through the pore by an electric field is reported in figure 3(e).
The results of [30] suggest that a proper calibration of the
ratio between hydrophobic and charged residues can be used
to tune the translocation speed. Such a calibration can be
achieved by altering the pH of the solution that would result
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Figure 3. Signal-to-monomer matching and translocation control. (a) Nanopore employed in Kennedy ef al [2], nominal diameter 0.7
nm: TEM images (a;), multislice simulations (a;;), 2D projections (a;;) and 3D representations (a;,). (b) and (c) Current blockage traces
Al/ly = (Iy — I) /Iy, where I, indicates the open pore current associated to the translocation of CCL5 (68 AA peptide chain) and CXCL1
(71 AAs). The grey trace represent the raw data, the black line is the smoothed data and the orange circles are the peaks in the trace. The
numbers of peaks are Nccrs = 67 and Nexcr1 = 69 in good agreement with the number of AAs in the peptides. The images were reprinted
by permission from Macmillan Publishers Ltd: Nature Nanotechnology [2], Copyright 2016. (d) Sketch of the simulation set-up from
Wilson et al [30]. A polypeptide translocate through a graphene nanopore. Grey: three layer graphene substrate; cyan: Phenylalanin; red:
Aspartic Acid; spheres: K+ and CI™ ions (only one of ten is reported). Water molecules are not shown. (¢) Time evolution of the number
of amino acids transported through the pore in presence of an electric field E for three simulation replicas. Adapted from [30] John Wiley
& Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Tandem pore scheme proposed by Sampath [31], the peptide
chain enters the upstream pore (UNP) and it is sequentially cut by an exopeptidase enzyme. The cut and isolated AAs then engage the

downstream pore (DNP).

in a change of the AA charges without affecting the hydro-
phobic/hydrophilic nature of the residues. Recently, the
same principle was tested via all-atom molecular dynamics
simulation for a Molybdenum Disulphide (MoS;) nanopore
[16]. Wilson et al [30] simulations also allowed to partially
associate the current trace with the identities and the confor-
mations of residues inside the pore. This hints that stepwise
translocation of an unfolded peptide can produce a ionic cur-
rent carrying information on the AA sequence. This positive
outcome is currently challenged by two observations reported
in [30]: (i) different current levels can be associated with the
same sequence of residues inside the pore but in different con-
formations and (ii) the number of residues inside the pore is
not constant. Both these issues can be perhaps solved with a
proper tailoring of the nanopore (e.g. a smaller pore might
accommodate a quite constant number of residues and reduce
the number of possible conformations).

An alternative strategy to preserve the chain order of
translocating monomers is to sequentially cut single AAs
from one protein terminal and then to import them one by
one in a nanopore where the electric signal is measured.
This approach, inspired by the exonuclease DNA nanopore
sequencing method of [34], was recently theoretical ana-
lyzed by Sampath [31]. The proposed device is sketched in
figure 3(f). The idea is based on a tandem nanopore system
where a first nanopore (upstream nanopore, UNP) unfolds
the protein and pushes it toward an exopeptidase that cuts the
last AA, that, in turn, is imported in a second pore (down-
stream nanopore, DNP) where the current signal is recorded.
Although recently deviced double nanopore set-up [35] and
double-barrel capillary system [36] can potentially alleviate

the technical difficulties in fabricating the tandem cell device
proposed by Sampath [31], practical obstacles make the above
approach very challenging. First, it relies on the existence of
exopeptidases able to cut residues regardless their identity.
Then, the different diffusivities and charges of AAs do not
guarantee that the translocation from UNP to DNP preserves
the chain order. The latter issue could be tackled by tuning
the pH of the solution to confer charges of the same sign to
all the AAs, or by generating a net solvent flow, for instance,
using pressure gradients or electroosmosis. Another limiting
factor lies in the long-tail nature of the arrival time statistics of
the monomers at the entrance of the second nanopore. In this
respect, the theoretical analysis by Maulbetsch er al [37] on
the probability of Brownian particle reshuffling can be useful
in selecting suitable parameters.

As a final comment, we would like to mention several tech-
niques to control and to slow down translocation that, although
still not directly applied to protein sequencing, can be likely
adapted in the near future. Methods to increase the residence
time in the pore include the employment of a pressure-voltage
biased pore [38], the control of the balance between electro-
phoretic and electroosmotic flow [39—41], the employment of
protein unfoldase [42], plasmonic trapping [43], DNA capture
and transport in heated nanopores [44].

3. Distinguishability

Nanopore protein sequencing strictly requires that each AA
has to be unambiguously associable to a specific current
level. To clarify which are the practical issues implied by this
requirement, we consider the following ideal situation. In an
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Figure 4. Distinguishability. (a) Current blockade distribution

for two monomers. Red (blue) curve corresponds to by = 0.93
(0.98), 04,5 = 0.03 (0.025). (b) Ratio between the current
blockade difference for two residues, Ab, and its statistical error,

g, as a function of the residence time 7 from the simplified model
discussed in section 3, equation (2). Each dashed line corresponds
to a different value of Ab. The value of Ab/e provides a first
indication on the capability of the sensing system to distinguish
between two amino acids: low Ab/e, indistinguishable, high Ab/e
distinguishable. The red shaded area corresponds to an intermediate
range where the amino acid calling would depend on the statistical
threshold selected for significance. The curve is drawn at a sampling
frequency f = 10 KHz and a relative noise ¢ = 0.02, that are typical
values for a-hemolysin.

experiment, the current trace is a time series I(t;), sampled
with frequency f at times #; = i/f. Let I.(¢;) indicate the cur-
rent trace when the residue x engages the sensing region. We
define

10 — Ix(ti )

be(t;) = T (1

the relative current blockade trace due to monomer x, with I,
the average open pore current. In the following, b, and o, will
indicate the average and standard deviation of equation (1),
respectively.

In general, the probability distributions of b,(#;) for two
different residues may overlap, see figure 4(a). In this respect,
the distinguishability question can be addressed as follows:
‘Given amino acids A and B, what are the values of b4, bg and
o4, 0p, for which A and B can be distinguished?’ This issue
cannot be solved without taking into account the residence
times 74, 7 that residues A and B spend into the pore sensing
region (residence times).

To answer this question, we need to estimate the sta-
tistical error of the average current blockade b, that reads
€x = 0,/+/T:f, assuming 7.f independent samples. For the
sake of simplicity, we take o4 = o =0 and T4 =75 = T.

Two residues are distinguishable if the ratio of the difference
Ab = |bs — bp| between their average current blockades over
the statistical error € lies above a certain threshold. Figure 4(b)
reports the ratio

Ab  Ab
— == @)
g

€

as function of the residence time 7 for different values of Ab
where we assumed f= 10 KHz, 0 ~ 0.02 (i.e. the noise is
2% of the open pore signal), that are typical values for an
experimental aw—hemolysin set-up [45]. The dashed lines
correspond to different values of Ab. The criterion for dis-
tinguishability amounts to choosing a given threshold for
Ab/e according to the following rule of thumb: generally,
for Ab/e < 3 averages are not considered significantly dif-
ferent; for Ab/e > 5 distinction is considered certain, while,
in between, any claim might be ambiguous. For example, with
reference to figure 4(b), taking a reference time 7 = 10 ms
(that would allow to sequence a single protein in few seconds)
we find that AAs are distinguishable when Ab > 0.01, i.e. dif-
ference in the current levels of just 1% of the open pore current
can be resolved. For a ten time faster sequencing, residence
time 7 =1 ms, Ab > 0.03. These values pose challenges
concerning the actual possibility to sequence proteins with
biological pores by resistive pulse approach. Indeed, also in
the ideal case in which the sensing region is occupied only
by a single residue, the average current blockade b, of all the
20 AAs should be sufficiently different. This could be par-
ticularly challenging for the isomers Leucine and Isoleucine
(same formula but different structure) that can give rise to
very similar current blockades, also for small residues (e.g.
Alanine, Glycine and Serine) that are expected to provide
weak signals.

As a final comment, we point out that, in general, the rig-
orous formulation of the distinguishability problem is more
complex than what reported here. An interesting discussion
can be found in [20].

3.1. Amino acid fingerprinting

A first step to assess the protein sequencing capability of a
specific pore is determining the average current blockade b,
for each AA. A route to get this preliminary information, is
to set-up experiments where a stretched homopeptide, i.e. a
chain composed by a repeat of the same AA, is trapped inside
the pore sensing region for a residence time long enough
to lower the error on the estimation of the current blockade
by. A strategy to achieve this goal was recently proposed by
Asandei et al [46]. The approach requires a certain polarity of
the molecule, a condition that can be achieved, for instance,
by attaching a positive and a negative tail to the ends of a
neutral chain resulting in a tri-block molecule, see figure 5(a).
The capture of the molecule is favored by the artificial dipole
which tends to align along the field lines focused into the
pore. Indeed, as soon as the molecule approaches the pore, it
experiences a gradually increasing importing force due to the
larger electrical field. When also the other charged tail enters
inside the pore, an opposite couple of forces generates a sort
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of ‘tug-of-war’ resulting in a stable trapping of the central part
of the molecule into the pore. Another convenient effect of the
artificial polarity is the stretching of the chain along the pore
axis. Since the intensity of the electrical field can be easily
controlled by changing AV, both capture and escape rates can
be properly tuned. A crucial point of this technique is that the
residence time increases with AV. In term of the above dis-
cussion on distinguishability, working with larger AV has a
twofold advantage: on the one hand, it enhances the signal
to noise ratio, on the other hand, it increases the number of
samples as the residence time becomes longer. Last, but not
least, also the capture rate increases with AV.

The experimental proof of principle by Asandei et al [46]
used two polypeptides made of three consecutive blocks of 12
identical monomers each, namely (E);; — (N)12 — (R)12 and
(E)12 — (Q)12 — (R)12, where E,N,R and Q indicate Glutamin
Acid, Asparagine, Arginine and Glutamine, translocating in
an aHL pore. The central portion, (N);, or (Q);, is neutral
while the two ends, (E);; and (R)|,, carry opposite charges
at physiological pH. The average current blockades b, for
the two peptides were found different beyond the statistical
error: by = 0.092 4 0.002 and by = 0.097 & 0.001. More
recently, a similar experiment [47] was repeated with other
peptides where the central neutral residues were Alanine and
Triptophan. Also in this case, significant differences in cur-
rent blockage b where associated to the different peptides
[47]. These results were also supported by atomistic simula-
tions. A detailed analysis of the current trace revealed a richer
behavior: for both Ala- and Trp-peptides, the current trace
shows a characteristic two-level signal. The interpretation of
the two-level fingerprint and its possible application to pep-
tide recognition are currently open issues.

Interestingly, very recently Piquet er al [48] showed that
Aerolysin nanopore is able to discriminate between two dif-
ferent ten-residue long homopeptides made by Arginine
(R) and Lysine (K) and one heteropolymeric peptides,
(K)_5-(R)_5). The authors also show that the same set-up
allow a very precise accurate size-discrimination between
Arginine homopeptides of different length mixed in solution.

4. Capture rate

The control of the capture rate from the bulk to the pore is
a further challenge in nanopore protein analysis. Two main
effects contribute to the molecule transport: diffusion and
external forcing. To assess which is the prevailing one, it is
customary to introduce the Péclet number as

Td

P:
= 3)
where
T—E 7'—i 4
d_D 5 f_vf ()

are the diffusive and forcing time scales with D the protein
diffusion coefficient, vy the velocity induced by the external
forcing and [ the scale distance between the protein position
and the pore entrance.
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Figure 5. Amino acid fingerprinting. (a) A neutral homopeptide can
be trapped inside a nanopore by adding a positive and a negative
tail (nanopore tweezer, dielectrophoretic trapping [46, 49]). (b)

For such a construct, capture rate (filled upper triangles) increases
with AV while escape rate (empty lower triangles) decreases.
Hence, at high AV the residence time increases. The data refer

to the 36AA polypeptide (E)12(N)12(R)12 and are adapted from
Asandei et al [46]. ((c), (d)) The same approach was also used for
the 30AA peptides (E)12(A)s(R)12 and (E)12(W)e(R) 12 where the
central region is constituted by Alanine (A) or Tryptophan (W).
The current blockade results more intense for W (by ~ 97%) with
respect to Alanine (by ~ 94%). Interestingly, the current trace of
both A and W presents two different levels that, in principle, could
be employed to set-up additional analysis for characterizing the
residues. All atom molecular dynamics simulations suggest that the
main contribution to current blockade is the clogging of the sensing
region. The panels (e)—(f) show a top view of the aHL constriction
(green region) where the grey surfaces correspond to the 3 residues
(A or W) closer to it. Panels (c)—(f) are adapted with permission
from [47]. Copyright 2017 American Chemical Society. VMD
software was used for panels (e)—(f) [8].

For electrophoretic forcing, the particle velocity can be
estimated as
o = pgE )
where ¢ is the protein charge, p its mobility and E the magni-
tude of the electrical field. It is worth mentioning that, for high
conducting electrolytes, g is not the bare charge as screening
effects have to be taken into account. This topic goes beyond
the aim of the present review. Equation (5) is obtained by
balancing the viscous and electrical forces acting on the mol-
ecule. If the membrane can be assumed isolating, the stream-
lines of the electrical field E(x) focus into the pore and, as a
consequence, away from it, the magnitude of E decreases with
I%, see figure 6. As a first approximation, considering the pore
entrance as a spherical electrode [50], we have
AV d?

E~—— 6
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Figure 6. Time and length scales. (a) Far from the pore, external forces are small and the molecule motion is driven by Brownian diffusion.
Once a molecule enters the capture region (size /), a net force, due to electro-phoresis, dielectrophoresis and/or fluid advection, brings

the molecule close to the pore. In this region, the dynamics is the result of a competition between forcing (that attracts the molecule
towards the pore) and diffusion. (b) Typical time and length scales for the different transport phenomena involved in protein sequencing.
The rearrangements of the single amino acids in the pore sensing region occur at molecular scale (ns and nm). The ionic currents flowing
through the pore are usually sampled at decades/hundreds of KHz, so the typical time scale to get a stable signal is ~10 ps <+ 1 ms, while

a complete translocation of an unfolded protein requires several milliseconds [2]. Capture scale /. is decades of nm (see text) and the
associated time scale is 1 = 10 ys, while the time scale between captures can be estimated as 7, = ll-2 /D, where [; is the inter-molecule

distance in the bulk, see section 5.

d and L being the diameter and length of the pore®. Hence, the
Péclet number reads

d*uq AV qd®> AV
DI L lkgT L~
where in the last equality we employed the fluctuation-dissi-
pation relation D = pkgT with kg the Boltzmann constant and
T the temperature. Far enough from the pore (large /) Pe < 1,
thus the transport is dominated by diffusion. Near the pore
Pe > 1 and the transport become dominated by the driving
forcing. The crossover between these two regimes is found by
setting Pe ~ 1then defining the size /. of the capture region as

Pe @)

2
oo WLV ®)
B

The corresponding time scale can be estimated as 7, = I2/D.
As an example, for an a«—hemolysin pore, d >~ 2 nm, L ~ 10
nm, and considering AV = 100 mV and a charge of ¢ = 10e
(with e the electron charge), we obtain a capture length
I, ~ 13 nm.

A similar argument can be repeated also when the main
external drive is not electrophoretic, but, dielectrophoretic
or advective transport. For dielectrophoresis, the average
velocity induced by a applied (not-uniform) electrical field E
on a molecules of dipole p can be approximatively expressed
as [51]

3 Equation (6) is derived assuming that (i) the electrical field intensity inside
the pore is E = AV/L a condition that is strictly valid only if access resist-
ance are neglected and the pore section is constant, (ii) the pore entrance is
a spherical electrodes of diameter d and (iii) outside the pore, the field lines
are radial. In addition, equation (6) is valid only ‘far’ from the pore, i.e. for
1> d[49].

vi~ up-VE. ©)

The dipole can be either permanent, the molecule is intrinsi-
cally polar, or induced by the external field (dielectric polariza-
tion). In the following, only permanent dipoles are considered,
therefore, the size of the capture region is

Leay) P AV
kgT L

where p = |p| and |p - VE| = pE/I,. The value of I, strongly
depends on the dipole moment of the molecule. Just to set
the order of magnitude, for a single AA, assuming the two
terminals were both charged (one positive and one negative),
p~05x 1072 Cm and for AV = 100 mV, d = 2nm and
L = 10nm, the capture region size is [, ~ 5 nm.

Molecules can be also advected towards the pore by a net
water flow generated either by electroosmosis or by an applied
pressure gradient. As inertia is negligible, the particle velocity
ve swiftly settles to the flow velocity u. Indicating the volu-
metric flow rate as Q, [u] goes as Q/lz, thus, imposing Pe ~ 1,
the size of the capture region can be estimated as

Q

[0~ D
For a spherical particle of diameter d = 5Snm, the diffusivity
amounts to D = 3mvpd ~ 10~ m? s~! with y and p being
the kinematic viscosity and density of water. Using as a ref-
erence value for electroosmotic flow O ~ 3 x 10719 m? 57!
from [52]*, we get I, ~ 6 nm.

(10)

(1D

#The value is calculated for AV = 100 mV using the data reported in [52]
for the order of magnitude of the electroosmotic conductance.
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In several cases, for protein capture, all the three men-
tioned effects are relevant and can compete or cooperate each
other. An example of competition between electroosmosis
and electrophoresis was recently presented in [41] where the
electroosmosis was shown to induce peptide capture against
electrophoresis.

A small capture region implies low capture rates and, con-
sequently, from a practical point of view, it means that the
protein concentration in solution has to be high enough to
enhance the number of translocation events. A way to widen
the capture length /. is by increasing the effective protein
charge g. In this respect, the method proposed in the already
mentioned work by Kennedy et al [2], section 2, based on the
the employment of SDS molecules, is particularly promising.
Similarly, chemical modifications of chain termini by adding
charged tails, as shown by Rodriguetz-Larrea and Bayley [53]
and Nivala and Akeson [42] are able to confer a net charge to
the proteins which allows the capture of even folded struc-
tures. In this scenario, the click addition of a single strand
DNA tail to a peptide terminal introduced by Biswas et al
[54], can potentially play a crucial role in the field. In prin-
ciple, the Biswas et al [54] technique can be employed for
adding a positive tail (e.g. a Hystidine or Lysine tail) on the
other peptide termini creating the strong dipole needed for
nanopore tweezer approach [46, 49] presented in section 3.1.
The Biswas et al [54] technique can also be applied to the
‘selectivity tags’ method recently proposed by Hoogerheide
et al [55], where two regions of different but uniform charge
density at the ends of the polypeptide enable the discrimintion
between polypeptide translocation and retraction.

5. Theoretical modelling

Resistive pulse involves several concomitant mass and charge
transport phenomena occurring at different time and length
scales. The discussion of section 4 showed that the external
driving is relevant only in a small region near the pore (cap-
ture region). Hence, far from the pore, the motion is domi-
nated by diffusion. Since diffusion is a too slow process, in
practical situation, relatively high values of protein concen-
tration are used to enhance the capture rate. For instance, for
pM concentration, the average inter-molecule distance turns
to be I; = p° ~ 10*> nm with p,, the number density of the
proteins, leading to a time scale 7, = £#/D ~ 0.01 = 1 ms,
where we used D = 1072 = 10~"'m?2 s=1 [56]. On the con-
trary, when the molecule is in the capture region, the dynamics
is dominated by the direct transport (electrophoresis, dielec-
trophoresis or advection) that contrasts diffusion. Once the
protein engaged the pore, chemical and local electrical inter-
actions become so strong that the dynamics is ruled by atom-
istic details acting on scales of ns and nm.

Figure 6(b) reports the different phenomena on a time-scale
length-scale chart. The violet shaded region includes all phe-
nomena that somehow are accessible to the simulation of the
dynamics upon choosing a proper time and space scale reso-
lution (atomistic, coarse grained or continuous). In the most
commonly employed classical atomistic force fields [57-59]

the shortest time and length scales that need to be solved are
fractions of picoseconds and Angstroms. To date, it is possible
to (relatively easily) perform all-atom simulations for systems
of characteristic size of few decades of nanometers for dec-
ades/hundreds of nanoseconds. For instance, in the simula-
tions by Wilson et al [30], discussed in section 2, the system
has a hexagonal cell of inner radius ~5nm and height 13nm
and the typical run covers 250 ns. Similarly, during the cap-
ture stage, where atomistic details are less relevant, one can
simplify the molecule as a rigid-body (or a bead-and-spring
chains) where the tiniest relevant length scale is the size of
the molecule (or the bead). Also in this case, it is possible
to explore the full time evolution and catching the interesting
information.

The computational approach is more critical in the yellow
region of the chart where the phenomena still involve nanom-
eter scale but occur at time scales which are not accessible
to the atomistic simulations. In such conditions, one-to-one
matching between experiments and simulations is not pos-
sible and other approaches are needed. Remarkably, the
yellow area just includes effects that are fundamental for
protein sequencing. In the following, we present a discussion
on three commonly employed approaches for the description
of nanopore systems and their recent applications to protein
sequencing.

5.1. Atomistic simulation

In a typical classical all-atom molecular dynamics (MD) sim-
ulation of a nanopore system, the membrane containing the
nanopore separates two liquid reservoirs filled by water and
ions. For computational reasons, periodic boundary condi-
tions are used in x,y and z direction and, the application of a
voltage difference AV between the two reservoirs is replaced
by a constant and homogeneous electrical field of intensity
E = AV/L,, with L, the size of the period box perpendicular
to the membrane. Although these computational setting does
not strictly correspond to the experimental conditions, a wide
literature showed that crucial quantities, such as the open pore
conductance [52, 60, 61] reasonably match with experimental
data.

Early simulations of ions transport through nanopore dates
back to the beginning of the century. Crozier et al [62] carried
out simulations of ion transport through a model nanopore,
while Aksimentiev et al [63] and Yeh and Hummer [64] per-
formed the first simulations of nucleic acid transport through
solid state nanopores. The ability of MD to provide molecular
interpretations of experimental data [32, 65-67] and to pro-
pose new ideas in nanopore sensing [21, 30, 68], can be hardly
underestimated. Beside the above mentioned control strategy
by Wilson et al [30], MD was employed to explore the pos-
sibility to combine electrical and mechanical signals [21], to
unravel the multistep translocation of proteins in nanopores
[65, 69, 70] to quantify electroosmotic flow [52, 71-73], and
to test the structural stability of oligomeric pores [74].

A crucial factor limiting the employment of MD simula-
tion in nanopore protein sensing is the computational cost.
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Although dedicated supercomputers allow the dynamics of
proteins to be simulated on ms time scales [75, 76], the typical
runs span length scales of 5-30nm and time scales of 10-500
ns. In the framework of nanopore sensing, this means that also
the quantitative estimation of current blockade intensities at
experimental AV remains a hard problem. Indeed, to achieve
a sufficiently low error to discriminate different current levels
at the voltage used in experiments, one should perform runs
of milliseconds which is far from standard available compu-
tational resources. The viable option is increasing the external
driving in order to get a larger current signal. This enforces to
work with AV that are, in some cases, one order of magnitude
larger that experimental ones.

The inaccessibility to long enough time scales of all-atom
MD involves another fundamental issue. The protein-pore
interaction is often characterized by the presence of several
long-standing metastable states where proteins may get stuck in
specific conformations. In principle, the correct sampling on the
conformational space can be achieved with free-energy calcul-
ations [77] however, often these methods are out of the compu-
tational capabilities of currently available computational power.
Hence, researchers rely on empirical ad-hoc approaches that,
hopefully, lessen the sampling problem. A brute-force solution,
is running replicas of the same set-up [65, 69] and clustering
the resulting conformations in order to extract the relevant and
reproducible structural features. Approach based on the parallel
running of several replicas, have been successful in character-
izing translocations and ion current blockades of DNA through
Mpsa pore [76, 78]. Another possibility consists in using a pre-
calculated electrostatic field acting only on the translocating
molecule [79]. This approach, dubbed Grid-Steered MD, was
shown to induce the translocation of polymers on computa-
tional simulable time scales reducing the strain of the solute
conformation that is usually introduced by other translocation
protocols [79]. Beside the above mentioned difficulties, dif-
ferent blockade intensities were recently observed for different
peptides dwelling in aHL [47], see section 3, and an ongoing
research are exploring the capability of aHL to distinguish
among different homopeptides [80].

5.2. Coarse-graining and mesoscale approach

To overcome the time and length scale limitation of all-atom
MD technique one acceptable compromise is resorting to
coarse-graining models (CGM) that introduce a drastic sim-
plification in the finer chemical details of both pores and bio-
polymers. In CGM, atomic force fields are replaced by the
so-called united-atom force fields, where a single unit (par-
ticle) replaces a group of atoms by incorporating their chem-
ical, mechanical and physical properties [81]. This approach
results reliable as long as, over the time scales of interest, the
neglected degrees of freedom can be considered as ‘frozen’. In
the essence, the speed-up of simulations is pursued by aban-
doning the atomic description at the price of a more qualita-
tive, yet meaningful, picture.

We often question the actual power of CGM in the biolog-
ical problems and, in particular, in biopolymer sequencing. It

is in fact undeniable that CGMs, due the drastic simplification,
neglect important chemical details which may be crucial fac-
tors to distinguish the single monomers of the biopolymers. A
possible role of CGM in protein sequencing is the exploration
of strategies for controlling sequential polymers translocation
(signal-to-monomer matching, see section 2) and to study the
polymer capture, see section 4. Both problems can be tackled
via non-equilibrium runs, where an external forcing, mim-
icking for instance the applied voltage, acts on the polymer, or
by analyzing the free-energy profile associated to the protein
transport through the nanopore.

5.83. Non equilibrium CG simulations

A common approach describes the protein as a chain of N
interacting beads the dynamics of which is governed by the
Langevin equation

mif; = =i + B+ B+ F o, (12)
where rj indicates the position of the ith bead, m; its mass, ; the
friction and m); the noise (satisfying the fluctuation-dissipation
relation). The total force is decomposed into the contribution
FP°™ due to the pore-protein interaction, the external forcing
F™ and the intra-chain interaction F™™. For unfolded pro-
teins, Ff»"t can be modelled as a simple bead and spring chain
plus excluded volume interactions, while for folded proteins
more complex approaches [82] such as the Go-like models
[83, 84] and the Sorenson—Head-Gordon (SHG) model [85]
are needed. The electrolytic solution is not explicitly taken
into account: it only acts on the system as a thermal bath.
CGMs were widely employed in studying the polymer capture
and translocation [86-91]. Although quantitative information
on the time scales is lost, useful qualitative transport proper-
ties are captured (we refer the interested reader to [92] for
a thorough discussion on CGM for polymers and colloids).
Due to the relatively small computational cost of a single run,
unlike all-atom MD, CGMs allow collecting a huge statistics
of events, therefore, they are particularly suitable for charac-
terizing the statistical properties of translocations.

5.4. Free-energy profies

The relatively small computational cost of CGMs makes
it convenient their employment for calculating free-energy
landscapes of translocation processes. In polymer capture and
translocation, usually a single collective variable Q describing
the stage of the translocation (e.g. Q = 0, untranslocated mol-
ecule, QO = 1 complete translocation) can be used. Hence, the
free-energy profile G(Q) readily provides information on the
energy barriers and on possible metastable states that trans-
locating molecules can experience along their pathway along
the pore. A crucial choice is the definition of the proper reac-
tion (collective) coordinate Q, which must be as much as rep-
resentative of the system evolution, in order to monitor the
presence of on-pathway intermediates. There are different
computational methods able to reconstruct a free-energy pro-
file as a function of Q, a detailed description goes beyond the



J. Phys.: Condens. Matter 30 (2018) 204002

M Chinappi and F Cecconi

a)

high salt

Figure 7. Computational approaches. (a) Sketch of an all-atom MD simulation of a Tryptophan homopeptide in an aHL pore [80]. An
external homogeneous and constant electrical field acts orthogonal to the lipid membrane. Water molecules are not explicitly shown. (b)
Coarse grained models. The protein is represented as a sequence of beads, each corresponding to an amino acid. (¢c) Example of free-energy
profiles reported in Polson et al [90] showing the sensitivity to the sliding of a polymer constituted by N = 20 monomers inside a pore.
Data refer to different pore length L. Each bump corresponds to the sliding of a single monomer through the pore. The collective variable QO
is defined as Q = 1/N va Q; where Q; = 0 for monomers still outside the pore, Q; = 1 for translocated monomers, while, for monomers
inside the pore, Q; = z;/L with z; being the axial coordinate along the pore. Reprinted with permission from [90]. Copyright 2013, AIP
Publishing LLC. (d) Finite element simulation of electroosmotic flow for a 15 nm diameter pore for 10 mM (Low salt) and 100mM (High
salt). Yellow and white bars correspond to 200 nm and 50 nm, the arrows indicate flow direction. Panel (d) is adapted with permission from
[94]. Copyright 2014 American Chemical Society. VMD [8] software was used for panel (a).

purpose of the present review, the interested reader can refer
to the following works [77, 86, 93].

From simple physical considerations, one may expect the
following general properties of G(Q): (i) G(Q) increases as
the polymer becomes increasingly confined by the nanopore
as a result of the reduction in conformational entropy; (ii)
after polymer has filled the nanopore, G(Q) should remain
approximately constant and local minima indicate the pres-
ence of metastable states in which the protein can be trapped;
(iii) the height of the free-energy barrier grows with pore
length L, as, the longer the pore the larger its confinement
power. Point (i) results crucial to the capture phase. Indeed,
the higher the entrance free-energy barrier, the lower the
probability to be captured. Point (ii), instead, is important to
both signal-to-residue matching and distinguishabilty. Indeed,
the presence of minima separated by barriers larger than the
thermal energy, kg7, indicates that the protein can stall into
the pore. Remarkably, Polson et al [90], have shown that a
free-energy profile can exhibit oscillations with a period that
corresponds to a longitudinal movement of one monomer
through the pore, see figure 7(c). The magnitude of the oscil-
lations depends on the geometry of the pore. It is interesting
to remark, as Polson and coworkers did, that when the pore
longitudinal size exceeds the chain length, the wiggling effect
is lost, indicating that shorter pores can be effective also for
short peptides. This feature suggests that a unidirectional and
step-like translocation is possible.

5.5. Continuum modelling

Continuum models do not take into account neither the motion
of individual molecules of the fluid (water and ions) nor the
Brownian motion of the macromolecules. This is, potentially,
a strong limitation to their direct application to the analysis
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of the flow inside the nanopore and of the macromolecule
capture. However, as we will see, continuum models can be
successfully employed in nanopore sensing research down to
nanometer scale to get crucial qualitative insight on the shape
of electric and fluid dynamics field and to formulate prelimi-
nary quantitative models.

5.5.1 Electrohydrodynamics formulation. For simplicity, let
us consider an electrolyte where only two ion species are pres-
ent. At the continuum level, fluid velocity u, pressure p, ion
number densities nt and ™, electrical potential ® and electric
field E = —V® are ruled by the following set of partial differ-
ential equations [51, 95]:

V-ou=0 (13)
Ou 1 Pe
— +u-Vu=—-Vp—vViu+ “E 14
or o VP P (14)
on* + +o, + + + +
W—&-u-Vn = -V [D*Vn* +ntptez"E| (15)
V2<I>=—% (16)

where, p and v are the density and the kinematic viscosity of the
solvent (both assumed to be constant and homogeneous), 1+
and 4~ the ion mobilities, D¥ = uTkgT and D~ = u~kgT
their diffusion coefficients, z™ and z~ their ionic valences, e
the electron charge, € = €gpe,, with €y the vacuum dielectric
constant and e, the relative permittivity of the solution and
pe =e(|zT|nt — |z7|n7) is the local charge. The complete
system is often referred as Navier—Stokes Poisson—Nernst—
Planck (NS-PNP) [94, 96]. If more than two ionic species are
present, it is sufficient to add appropriate transport equations in
the form of equation (15) and the corresponding contributions
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to the local charge p.. Since all the fluid properties (v, €,, p)
are taken to be constant (i.e. independent of the charge carrier
concentrations) and equal to solvent one (water), the model
is strictly valid for dilute solutions. In addition, usually, the
non linear term u - Vu in the Navier—Stokes equation is negli-
gible at low Reynolds number and, if no fast external forcing
occurs, also the time derivative can be ignored, thus the equa-
tions (13)—(16) can be solved for the steady state.

Appropriate boundary conditions have to be provided.
Concerning the fluid, in micro and nanofluidic devices a suit-
able expression for the tangential component of the velocity
u is given by the partial slip Navier boundary condition [97],
which for planar walls reads Vy = L;0u,. /On where V; is the
fluid velocity with respect to the wall, u,: the tangential comp-
onent of the velocity field, n the direction normal to the wall
and L, the so called slip length [97]. Atomistic simulations
and experiments suggest that the L, for water on smooth sur-
faces hardly exceeds 1-2nm [98-100]. In the systems we are
interested in for biopolymer sensing, the diameter of the pore
is on the nanometer scale, hence, slip lengths of the order of
L; ~ 1 nm can lead to relevant modifications of the flow pat-
tern. However, in general, the materials usually employed for
fabricating the nanopore are hydrophilic [101], thus allowing,
as a first approximation, to safely assume the usual no-slip
boundary condition.

Concerning the Poisson equation (16), Gauss’s law implies
the tangential component of E to be continuous at the liquid-
solid interface and a jump in the normal component

eocE, - n= coewEy, - n -+ 9w » a7

where the subscript e and w denote the electrolyte and the
solid wall and g,, is the surface charge distribution at the inter-
face. In our case, €, ~ 80 for liquid water while €,, ~ 5 for the
wall (e, >~ 7.5 for silicon nitride and ¢,, ~ 3 for lipid mem-
branes [102]), hence, as a first approximation we can reduce
equation (17) to

02 4w
on  epe,

(18)

Analytical solutions of the NS-PNP model exist only in few
simple cases. In particular, for planar or circular channels with
homogeneous charge and an electrical field applied along the
channel axis, analytical expressions are found for both ionic
and electroosmotic flows [51]. For general systems, numerical
solutions are needed [94, 96]. Although continuum models
cannot be directly employed to analyze the protein capture
and translocation, they can be used to get a reliable estimation
of the force acting on proteins in the capture region. Indeed,
following [96], for colloid transport in conical nanopore, it
is possible to solve a set of steady state simulations with the
protein in different position and, for each of them, to calculate
the electrophoretic and electroosmotic forces. As an example,
figure 7(d) reports the results for an electrohydrodynamic
simulation for a electrolytic KCl solution in a glass nanopore
[94]. The surface is negatively charged and, as expected, the
flow inside the pore is directed outward. However, interest-
ingly, the direction of the flow outside the pore depends on the
salt concentration.

1

It is worth noting that Poisson—Nernst-Planck (PNP)
system, i.e. equations (15) and (16) with no advection, possibly
modified to include ion size effects or wall repulsion, have
been widely applied to nanopores [103—105]. PNP models pro-
vide useful insights when electroosmotic effect are negligible,
a condition that is often associated with a low surface charge,
however, for high surface charge the electrosmotic flow can be
so high to overwhelm the ionic currents [106, 107].

As a final comment, we can mention that continuum
models are also employed for deriving approximated analyt-
ical expressions that are widely used in the interpretation of
experimental results. For instance, reduced continuum models
provide approximated analytical expression for field inside
and outside the pore [49, 50] and for electroosmotic flow
[108] and, hence, can be useful in preliminary analysis of pro-
tein capture. Another common employment of reduced model
is to provide a first estimation of the size of the molecule mon-
omers associated to a current blockade level. However, due to
the lacking of several crucial ingredients (the main one being
the atomistic nature of the ionic flow in the sensing region),
these models hardly goes beyond the intuitive results that cur-
rent blockade increases with the size of the amino acids clog-
ging the sensing region.

6. Conclusions

Although several recent advances in peptide translocation
control and nanopore fabrication have been proposed in the
last few years, the goal of nanopore sequencing of proteins is
not yet at hand. In this short review, we tried to summarize the
principal theoretical approaches and the corresponding issues
that researchers have to tackle when dealing with a problem
proven to be so challenging already at a theoretical and com-
putational level, where, in principle, all the variables and the
various components can be kept under control. Technical
innovations and novel device design can hopefully help to
find reliable solutions to both the two fundamental require-
ments we discussed (signal-to-monomer matching and distin-
guishability) and the effort of a wide and multidisciplinary
community is highly needed. On the nanopore fabrication
side, possible innovation stems from recently proposed ‘zero-
depth’ pore architecture, obtained by the intersection of two
crossed superimposed parallelepiped channel, by Arjmandi-
Tash et al [109]. These new-generation of pores can poten-
tially be employed for reducing the size of the sensing region.
Similarly, combined approaches that merge two different
signals (e.g. longitudinal and transversal current) can help in
improving the signal distinguishability.

The pathway towards nanopore protein sequencing is rich
of possible intermediate achievements that can be beneficial
or even ground-breaking for other parallel proteomic employ-
ment of nanofluidic devices. Among others, it is worth men-
tioning the single-molecule protein identification [33, 110],
and detection of post-translational modifications [111, 112]
and DNA-protein interaction [113]. In such a burgeoning
field, a crucial role can be played by a more fundamental
understanding of the electrodynamical transport phenomena
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under confinement. Indeed, it is undeniable that a reliable
sequencing protocol based on current measurements can not
disregard a robust knowledge of the complex electrochemical
phenomena taking place when a protein crosses a nanopore.
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