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ABSTRACT: Biological nanopores are emerging as powerful tools for single-molecule analysis and sequencing. Here, we
engineered the two-component pleurotolysin (PlyAB) toxin to assemble into 7.2 × 10.5 nm cylindrical nanopores with a low level of
electrical noise in lipid bilayers, and we addressed the nanofluidic properties of the nanopore by continuum simulations. Surprisingly,
proteins such as human albumin (66.5 kDa) and human transferrin (76−81 kDa) did not enter the nanopore. We found that the
precise engineering of the inner surface charge of the PlyAB induced electro-osmotic vortices that allowed the electrophoretic
capture of the proteins. Once inside the nanopore, two human plasma proteins could be distinguished by the characteristics of their
current blockades. This fundamental understanding of the nanofluidic properties of nanopores provides a practical method to
promote the capture and analysis of folded proteins by nanopores.
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■ INTRODUCTION

Nanopore currents allow identifying and studying unlabeled
analytes lodged inside the nanopore at the single-molecule
level in real time and under physiological aqueous
conditions.1−5 Many initial efforts focused on using biological
nanopores to detect unfolded polymers such as PEG,6−9

DNA,10−16 unfolded proteins,17,18 peptides19−30 and small
analytes.31 Despite ingenious solutions where sensing elements
were attached to nanopores,32−35 folded proteins have long
resisted direct nanopore analysis, mainly because the biological
nanopores available for analysis (e.g., α-hemolysin) were too
small to allow the entry of large molecules. Among the few
biological nanopores with known crystal structure that are
large enough to accommodate folded proteins, only the α-
helical cytolysin A (ClyA) has been used thus far.36−43 It has
been shown that proteins up to ∼40 kDa remain trapped
between the roughly cylindrical 5.5 × 10 nm (diameter ×
height) vestibule region and the narrower 3.3 nm trans
entrance.44 In turn, this allowed the real-time observation of
protein conformation changes and function dynamics such as
enzyme catalysis and binding with small metabolite mole-

cules.39,43,45 However, globular proteins larger than the ClyA
lumen cannot be studied using this method.
Nanopores with a variety of sizes can now be fabricated in

synthetic materials and have been employed extensively for
folded protein detection and analysis.46 Notably, it was shown
that the shape47,48 and the conformational flexibility49,50 of
proteins can be deduced from correlation analysis of their
current blockades and that small proteins such as ubiquitin
(8.5 kDa) can be detected using 3 nm nanopores.51 However,
the analysis of folded proteins using solid-state nanopores is
challenging. Proteins often clog the pore,52 most likely because
of unspecific absorption to the inorganic nanopore sur-
face.53−56 In addition, proteins might stall at various locations
inside the pore,57 and they often translocate too quickly to
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allow accurate analysis.58 Finally, the surface charge of solid-
state nanopores, which plays a major role in the nanofluidic
properties of the pore,59−61 cannot be easily engineered with
atomic precision. This contrasts with protein nanopores, whose
proteinaceous nature allows introducing, removing, or
reversing individual charges at specific locations within the
pore.26,62−64

In this study, we engineered pleurotolysin (PlyAB, Figure
1a) oligomers to form nanopores into lipid bilayers with low-
noise electrical properties. PlyAB consists of two distinct
components.65,66 Pleurotolysin A (PlyA, 16 kDa) acts as a
scaffold to recruit the second component pleurotolysin B
(PlyB, 54 kDa), which spans the lipid bilayer. Cryogenic
electron microscopy revealed a nanopore with a cis entry of
∼10.5 nm, a trans entry of ∼7.2 nm, and a constriction with a
diameter of ∼5.5 nm.66 Proteins come with a variety of

charges, sizes, and shapes, and one of the main challenges in
nanopore analysis is to promote the capture of proteins.26

Here, we describe the engineering of PlyAB nanopores to
enable the capture of large folded proteins that otherwise
would not enter the nanopore. Using continuum simulations,
we were able to unravel the differences of the nanofluidic
properties of these engineered pores, most notably the electro-
osmotic flow, that allow folded protein capture.

■ RESULTS AND DISCUSSION

Engineering the Electrical Properties of PlyAB Nano-
pores. The overexpression of PlyB in E. coli leads to inclusion
bodies. Hence, we used directed evolution to improve soluble
expression (Figure S1) and obtained PlyB-E1 (Figure 1b,
Table S1). After oligomerization with PlyA using sphingomye-

Figure 1. Engineering of PlyAB nanopores. (a) Cut through of the surfaces of PlyAB-E2 (left) and PlyA-R (right) nanopores with the mutations
relative to the wild type shown as spheres on top of the overlaying cartoon representation. The surface is colored according to the electrostatic
potential at 1 M salt, as computed by the adaptive Poisson−Boltzmann solver (APBS). (b) 12% sodium dodecyl sulfate−polyacrylamide gel
electrophoresis of PlyB-WT and PlyB-E1 monomers. (c) Typical gating events for PlyAB-E1 nanopores under −50 mV applied bias. (d) 30 s open
pore traces of PlyAB-E2 nanopores at −50 and −150 mV bias potentials. (e) Single channel distributions of PlyAB-E2 and PlyAB-R in 1 M NaCl at
pH 7.5. (f) I−V curves of PlyAB-E2 and PlyAB-R collected in 1 M NaCl at pH 7.5. (g) Reversal potentials (Vr) measured for the PlyAB-E2 and
PlyAB-R at pH 7.5, which correspond with the ion selectivities of 1.07 ± 0.02 and −0.94 ± 0.04, respectively (eq S1, Table S4). The ionic
concentration was 500 mM NaCl in trans and 2 M NaCl in cis. Solutions were buffered with 15 mM Tris−HCl (pH 7.5). Error bars represent the
standard deviations calculated from a minimum of three repeats.
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lin−cholesterol (1:1 mass ratio) liposomes (Figure S2),67

PlyAB-E1 nanopores were reconstituted into an artificial lipid
bilayer. We found that the PlyAB in proteoliposomes inserted
efficiently into planar lipid bilayers in 1 M NaCl solutions but
much less so in 300 mM NaCl. The majority of nanopores
showed spontaneous opening and closing (gating, Figure 1c,
Figure S3), which could not be suppressed by two additional
rounds of directed evolution (Figure S4, Table S1).
Simultaneously, we replaced the cysteine residues in both
PlyA (PlyA-C62S-C94S, or PlyA-S) and PlyB (PlyB-E1-
N107D-G218R-C441A, or PlyB-E2, Figure 1a). Interestingly,
PlyA-S readily oligomerized with cysteine-free PlyB-E2,
producing nanopores that routinely remained open at −150
mV for tens of seconds (Figure 1d). Oligomers formed with
PlyA-S and PlyB-E1, the latter containing a cysteine residue at
position 441, were also stable (Figure S4a), while oligomers

formed using PlyA (with cysteine residues) and PlyB-E2
(cysteine-less) often gated (Figure S4b). Unexpectedly,
therefore, the electrical stability in PlyAB is most likely
inferred by removing the cysteine residues in PlyA, which are
located at the interface with the lipid membrane and are
known to be involved in the lipid binding.68,69

In planar lipid bilayers, oligomers formed by PlyA-S and
PlyB-E2 (PlyAB-E2 nanopores) showed an average con-
ductance of 15.4 ± 0.3 nS in 1 M NaCl buffered with 15
mM Tris−HCl (pH 7.5, −50 mV, Figure 1e, Table S2) and
slightly asymmetric I−V curves (Figure 1f, Table S3), with
higher currents recorded under a negatively applied bias. The
reversal potential, which was measured using asymmetric salt
concentration in cis and trans (trans/cis: 0.5 M NaCl/2 M
NaCl), allowed calculating the ion selectivity of the nanopore
(PlyAB-E2: PNa+/PCl− = 1.07 ± 0.02, Figure 1g; PlyAB-E1:

Figure 2. Computational modeling of PlyAB at +100 mV bias voltage and in 1 M NaCl. (a) Heatmaps of the relative Na+ and Cl− ion
concentrations (ci/cbulk) inside PlyAB-E2 (left) and PlyAB-R (right). The coloring inside the pore represents the computed electric potential (V),
expressed as units of thermal voltage. The geometry of the pore and bilayer is shown as a gray outline. Radially averaged ion concentrations for (b)
Na+ and (c) Cl− inside PlyAB for both the E2 and R variants at reservoir ionic strengths of 0.3 and 1.0 M NaCl. Values were computed by
averaging the concentration within 2.5 nm distance from the longitudinal axis or the pore. (d) Contour plots of the electro-osmotic flow velocity
field magnitude (U) of PlyAB-E2 (left) and PlyAB-R (right). The white field lines indicate the direction of the flow and reveal the existence of
vortices in the cis and trans chambers of PlyAB-R. (e) Radially averaged vertical water velocity (Uz,c, computed as in part b) at reservoir ionic
strengths of 0.3 and 1.0 M NaCl. (f) Heatmap with streamlines showing the electric field vector magnitude (E) and its directionality inside the
electrolyte for PlyAB-E2 (left) and PlyAB-R (right). The electric field inside the pore and bilayer is not shown for clarity. (g) Average vertical
electrical field (Ez,c) inside both PlyAB variants at reservoir ionic strengths of 0.3 and 1.0 M NaCl. All values were obtained with 2D-axisymmetric
models of PlyAB-E2 and PlyAB-R by solving the extended Poisson−Nernst−Planck Navier−Stokes (ePNP-NS) equations, implemented in the
software package COMSOL Multiphysics, using the finite element method. Detailed information can be found in the Supporting Information.
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PNa+/PCl− = 1.08 ± 0.02, Figure S5, Tables S4 and S5). The
reversal potential (1.24 ± 0.2 and 1.10 ± 0.28 for PlyAB-E1
and PlyAB-E2, respectively, Table S4) suggests that pleuro-
tolysin nanopores are slightly cation selective, as expected from
the negatively charged lumen of these nanopores (Figure 1a).
In nanopores, the degree of ion selectivity and the direction of
the electro-osmotic flow are often correlated, as they both
result from the interaction of the electrolyte ions with the fixed
charges on the nanopore walls. Hence, inspired by previous
work with FraC70 and ClyA,40,64 while exploring the stability of
PlyAB-E1 nanopores, we also exchanged the negative charges
at the constriction of PlyB-E1 with positively charged residues
by site-directed mutagenesis (E260R, E261R, and E270R) with
the aim of creating an altered electro-osmotic flow (EOF).
Unfortunately, these new PlyB proteins were not soluble.
Hence, three additional rounds of directed evolution were
performed to obtain a mutant with a sufficiently high solubility
to justify further electrophysiological characterization. A
selected PlyB variant (PlyB-R, Figure 1a, Table S1) displayed
the desired positively charged constriction (E260R, E261R,
E270R), together with an additional compensating mutation
(K255E), the original PlyB-E1 mutations (N26D, A328T,
A464V), and the removal of a cysteine (C441A). Nanopores
formed by PlyA-S and PlyB-R (PlyAB-R) were stable and
displayed a slightly asymmetric conductance, with higher
currents at positive applied bias (Table S3). The current
asymmetry was more accentuated at lower ionic strengths
(Figure S6). Rewardingly, the pore was weakly anion selective
(PlyAB-R, PNa+/PCl− = 0.94 ± 0.04, Figure 1g). PlyAB-R and
PlyAB-E2 showed a similar single channel distribution (Figure
1e) and power spectra (Figure S7).
Nanofluidic Properties of PlyAB Nanopores. The

opposite ion selectivity of PlyAB-E2 and PlyAB-R suggests
that the direction of their electro-osmotic flows might also be
reversed. To investigate their nanofluidic behavior, we set up a
computational model of both pores, in which we solved the
extended Poisson−Nernst−Planck and Navier−Stokes (ePNP-
NS) equations,71 a continuum simulation framework geared
toward simulating biological nanopores (eqs S2−S15), with
the finite element method (COMSOL Multiphysics v5.4).
These simulations enabled us to obtain detailed distribution
profiles of the ion concentrations inside the pore (Figure 2a−
c), the electro-osmotic flow velocity (Figure 2d and e), and the
electric field (Figure 2f and g). To increase the computational
efficiency of our simulations, we reduced the geometry and
charge distribution of the full atomic structures of both pores
from a 3D- to a 2D-axisymmetric representationa reasonable
approximation given PlyAB’s high degree of rotational
symmetry (13 identical subunits). We defined the 2D-
axisymmetric geometry as the 25% density line of the radially
averaged atomic density map (eq S16 and Figure S8a) and the
charge density as the summation of all atomic partial charges,
represented by 2D-Gaussian functions, on a single plane (eq
S17 and Figure S8b,c). As validation, we found the
experimental and simulated I−V curves to be in excellent
agreement (Figure S9). Furthermore, the electrostatic potential
profiles obtained from the ePNP-NS equations closely
matched those computed directly from the full-atom model
using the adaptive Poisson−Boltzmann solver (APBS, Figure
S10), justifying our 2D-axisymmetric approximation a
posteriori.
Plotting the ion concentrations inside the pore at 1 M NaCl

bulk ionic strength (Figure 2a) revealed an excess of cations

(Na+) and a depletion of anions (Cl−) along the walls of the
trans lumen for both PlyAB-E2 and PlyAB-R. For PlyAB-E2,
this results in a positively charged electrical double layer
(EDL) that continues inside the cis constriction. The
additional arginine residues introduced at the constriction of
PlyAB-R, however, promoted the accumulation of anions and
induced a negatively charged EDL. These ion distributions
correspond with the fixed charges of the pore and the resulting
electrostatic potential (Figure 2a). Our simulation results show
that, at positive applied bias voltages, PlyAB-E2 exhibits a
strong unidirectional water flow (≈12.8 nm3·ns−1·V−1, Figure
S11) from trans to cis (Figure 2d, left). Opposite electro-
osmotic flow rates are observed at negative applied potentials
(Figure S12). The electro-osmotic flow originates from the
predominantly negatively charged interior lining of the pore
and is consistent with the observations of other negatively
charged pores such as ClyA.40,64 This can be explained by the
excess of cations in the EDL of both the cis constriction and
the trans lumen (Figure 2a−c), which results in a net force
exerted on the fluid from trans to cis at positive potentials. In
the case of PlyAB-R, the charge reversal of the constriction
results in a more complex flow profile (Figure 2d, right).
Notably, the net volumetric flow rate is reduced ≈7-fold (≈1.8
nm3·ns−1·V−1, Figure S11) compared to PlyAB-E2 and the
unidirectional flow inside the lumen of the pore is replaced by
a vortex. The positively charged cis constriction now attracts a
negatively charged EDL, which in turn exerts on the liquid an
opposing force compared to the force on the water in the
lumen of the pore. These two opposing flows mix right below
the constriction, and the conservation of the momentum of the
fluid gives rise to the observed vortices. Such nanoscale
vortices have also been observed recently in truncated
pyramidal nanopores and can significantly impact the capture
frequency of proteins.72

The reduction of the flow rate is also reflected by the average
vertical water velocity (Uz,c, i.e., the average value within 2.5
nm distance from the center of the pore, Figure 2e). For
PlyAB-E2, Uz,c is positive (Figure 2e) along the entire length of
the pore, with peak values of ≈60 mm·s−1 at the cis and trans
entries and a velocity of ≈40 mm·s−1 inside the trans chamber.
The water velocities observed in PlyAB-R are significantly
lower, with values of ≈10 mm·s−1 at the entries of the pore.
Moreover, the vortex in the trans chamber results in a negative
(i.e., Figure 2e) velocity of ≈−5 mm·s−1. In contrast to the
electro-osmotic flow, the electric fields (E) of PlyAB-E2 and
PlyAB-R at 1 M NaCl and +100 mV bias are primarily
determined by the geometry of the pore (Figure 2f). Our
simulations reveal a relatively constant value inside the trans
chamber of ≈5 mV·nm−1 and a larger value inside the
constriction of ≈10 mV·nm−1 (Figure 2g). The location of the
maximum electric field magnitude is modulated by the charge
at the constriction and is shifted 0.7 nm upward (i.e., closer to
cis) for PlyAB-R relative to PlyAB-E2 (Figure 2g).
At lower ionic strengths (e.g., 0.3 M NaCl bulk ionic

strength), the ionic enhancements and depletions are
significantly more prominent, as shown by the radially
averaged (within a 2.5 nm radius from the center)
concentration profiles along the longitudinal axis of the pore
(Figure 2b and c). Higher accumulation and depletion,
coupled with a reduced ionic screening at lower salt
concentrations, in turn results in faster water velocities (Figure
2e) and stronger fluctuations of the electric field inside the
nanopore for both PyA-E2 and PlyA-R nanopores (Figure 2g).
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An overview of the distribution of ion concentrations,
electrostatic potential, water velocity, and electric field for
PlyAB-E2 and PlyAB-R at 0.15, 0.3, and 1.0 M NaCl and for
+100, 0, and −100 mV bias voltages can be found in the
Supporting Information (Figures S13−S16).
Protein Capture with PlyAB Nanopores. The ability of

PlyAB nanopores to capture and analyze proteins was tested in
1 M NaCl and at pH 7.5 solutions using two proteins with
different sizes: β-casein (24 kDa, pI = 5.1, net charge −5.8)
and bovine serum albumin (BSA, 66.5 kDa, pI = 4.7, net
charge −18.5). Protein blockades to PlyAB-E2 nanopores were
only observed with β-casein and only when the protein was
added to the trans side under positive applied potentials (at
trans) (Figure 3a). Although we cannot exclude that under
certain conditions proteins translocate across the nanopore too
quickly to be observed, it is likely that the entry of proteins
inside PlyAB is governed by a fine balance between
electrophoretic and electro-osmotic forces. Under “capturing”
conditions, the EOF promotes the entry of the protein, while
the electrophoretic force (EPF) acts in the opposite direction.
It is likely that for β-casein, which is smaller than the nanopore
constriction, the competition between the electrophoretic and

electro-osmotic forces allows the trapping of the protein within
the lumen of the nanopore. By contrast, when using PlyAB-R,
both β-casein and BSA blockades were observed, and proteins
could be captured from either side of the nanopore according
to the direction of the EPF. During trans capture, β-casein
blockades in PlyAB-R (dwell time: 1.6 ± 0.1 ms, −50 mV)
were shorter than those in PlyAB-E2 (25.0 ± 6.3 ms, +50 mV,
Table S6) or PlyA-E1 (8.1 ± 1.3 ms, +50 mV, Table S6),
suggesting that the competition between electrophoretic and
electro-osmotic forces is important for obtaining long
residence times inside the nanopore.
BSA, which could not be captured by PlyAB-E2 nanopores,

entered PyAB-R nanopores, although only at relatively high
applied potentials (e.g., > +100 mV, Figure 3b). Most likely,
the large electrophoretic and entropic barriers of BSA (net
charge −18.5 at pH 7.5, 66.5 kDa) compared to β-casein (net
charge −5.8 at pH 7.5, 24 kDa) prevented BSA entry into
PlyAB-E2 nanopores. Once the electro-osmotic flow is
reduced, BSA can be electrophoretically captured by the
nanopore, although the electro-osmotic vortices observed in
PlyAB-R (Figure 2d) are also likely to play a role in trapping
BSA inside the nanopore. Notably, we found that cis capture

Figure 3. Protein capture with PlyAB nanopores in 1 M NaCl at pH 7.5. (a) β-casein (24 kDa, pI 5.1) and bovine serum albumin (BSA, 66.5 kDa,
pI 4.7) were measured with PlyAB-E2 nanopores. The PlyAB-E2 constriction is negatively charged and shown in red in the cartoon. β-Casein
(green) and BSA (purple) were added to the trans and cis sides separately and tested by applying both positive and negative biases to the trans side.
The direction of electrophoretic force (EPF) and electro-osmotic flow (EOF) are shown with blue and yellow arrows, respectively. (b) β-Casein
and BSA were also measured with PlyAB-R nanopores (cyan constriction) from both sides. Recordings were collected with a 50 kHz sampling rate
and a 10 kHz low-pass Bessel filter.
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was more efficient than trans capture (Table S6), possibly
reflecting the larger capture radius of the cis side. Increasing the
applied potentials, BSA blockades became longer and multiple
levels were observed within individual blockades (Figure S17),
suggesting that the protein does not translocate the nanopore
and that multiple residence sites might be occupied by BSA
inside PlyAB-R. The latter was observed for the residence of
thrombin inside ClyA nanopores.73 Finally, the duration of the
BSA blockade was different depending on the direction of
entry, suggesting that the interaction between the constriction
and the protein during translocation plays a role.
Discrimination of Human Plasma Proteins with

PlyAB-R Nanopores. PlyAB-R nanopores were used to
identify two plasma proteins: human albumin serum (HSA,
66.5 kDa, pI = 4.7), which accounts for 55% of blood protein
and behaves as an important transporter for many substrates
like lipids, steroid hormones, and drugs, and human transferrin
(HTr, 76−81 kDa, pI = 5.8), which is a glycoprotein that
controls the level of iron in biological fluids. Because the
electro-osmotic flow influences the capture and the residence
of proteins inside the nanopore, we used 300 mM NaCl
solutions, which are expected to increase the relative force of
the electro-osmotic flow (Figure 2e) and improve the
detection of the plasma proteins. Blockades were characterized
by measuring the Ires%, which is defined as the ionic current
associated with a protein-blocked pore IB divided by the open
pore current IO percent. Homogeneous and well-defined single
current blockades were observed with PyAB-R nanopores for
both HSA and HTr (Figure 4a and b, Tables S7 and S8) from
the cis side. Higher applied potentials were required to observe
blockades when HTr and HSA were added to the trans side
(Figure S18), reflecting the higher entropic barrier for trans
entry compared to that for cis entry. Under +50 mV, HSA and

HTr added to the cis side showed distinct Ires% (46.3 ± 0.9 and
33.5 ± 1.1%, respectively), which reflected the different
volumes excluded by the two proteins. HSA showed longer
dwell time blockades (118.5 ± 43.0 ms) than HTr (30.3 ± 5.4
ms), possibly reflecting the different electrostatic interaction
between the two negatively charged proteins with the
positively charged constriction of PyAB-R, although entropic
contributions might also play an important role. Importantly, a
HSA and HTr mixture could be identified on the bases of
individual blockades (Figure 4c). Notably, protein blockades in
solid-state nanopores with similar dimensions to PlyAB
typically induce microsecond long blockades,58 which
complicates protein identification.74−77 The millisecond long
blockades recorded here for HSA and HTr (118.5 ± 43.0 and
30.3 ± 5.4 ms, respectively, at +50 mV) indicate that the
precise engineering of the nanopore surface is important to
allow protein analysis.

■ CONCLUSIONS

It has been shown that biological nanopores can be used as
sensors for the identification of proteins or studying single
enzymes.4,39,44,45 This approach is advantageous because it
does not require the labeling of proteins and allows monitoring
conformational changes for extended periods of time. One of
the main challenges in nanopore analysis is to obtain biological
nanopores with a wide range of sizes and shapes that allow
accommodating different proteins. In this work, we engineered
the pore forming toxin PlyAB for single-molecule analysis. This
β-barrel nanopore comprises two communicating reaction
chambers: a cylindrical trans chamber (7.2 nm × 12 nm,
diameter × height) and a truncated cone cis chamber (10.5 nm
× 5.5 nm × 4 nm, large diameter × small diameter × height),
describing the largest biological nanopore available for protein
analysis.
Surprisingly, large proteins such as BSA, HSA, and HTr

could not overcome the entropic and electrostatic energy
barrier to enter the nanopore. This is because for negatively
charged proteins the electro-osmotic flow across the nanopore
opposes the electrophoretic force. We found, however, that the
precise engineering of the nanopore inner surface charge
allowed overcoming this limitation. Our simulations showed
that the introduction of positive charges into the inner
constriction of PlyAB created an electro-osmotic vortex that
greatly reduced the electro-osmotic flow across the nanopore.
This enabled the electrophoretic capture and the unambiguous
identification of human serum proteins by analysis of their
blockade currents.
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Figure 4. Electrical recordings of human albumin (HSA) and
transferrin (HTr) using PlyAB-R nanopores. On the left are typical
traces under +50 mV applied potential, on the right are the
probability density histogram distribution of the Ires%. (a) HSA
blockades, (b) HTr blockades, (c) mixture of HTr and HSA
blockades (0.15 μM HSA and 0.375 μM HTr). Recordings were
conducted in 300 mM NaCl at pH 7.5, with a 50 kHz sampling and a
10 kHz Bessel filter.
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