
 Nanoscale
rsc.li/nanoscale

ISSN 2040-3372

 PAPER 
 Shouqin Lü, Mian Long  et al.  
 Mapping the morphological identifi ers of distinct 
conformations  via  the protein translocation current in 
nanopores 

Volume 13
Number 12
28 March 2021
Pages 5923-6270



Nanoscale

PAPER

Cite this: Nanoscale, 2021, 13, 6053

Received 16th October 2020,
Accepted 11th February 2021

DOI: 10.1039/d0nr07413f

rsc.li/nanoscale

Mapping the morphological identifiers of distinct
conformations via the protein translocation
current in nanopores†

Mingkun Zhang, a,b,c,d Shenbao Chen,a,b Jinrong Hu,a,b Qihan Ding,a,b Linda Li,a,b

Shouqin Lü*a,b and Mian Long *a,b

Conformational changes of proteins play a vital role in implementing their functions and revealing the

underlying mechanisms in various biological processes. It is still challenging to monitor protein confor-

mations with temporal fingerprints of current–resistance pulses in the nanopore technique. Here the

low-resolution morphologies of different conformations of a typical integrin, αxβ2, were estimated via

relative blockade currents simulated from all-atom molecular dynamics (MD). Distinct conformational

states of αxβ2 were directly explained by the volume and shape identifiers. Protein modulation in ionic

current was analyzed from the conductivity distribution inside the protein-blocked nanopore. Combining

a discrete model with spheroidal approximation, a MD-based approach was developed to theoretically

predict the volume and shape of the nanopore for sensing αxβ2. This method was also applicable in speci-

fying morphological identifiers of six other proteins, and the theoretical predictions are in good agree-

ment with the experimental measurements. These results potentiated the validity of this method for the

conformational identification of proteins in nanopores.

Introduction

A protein usually adopts multiple conformations in imple-
menting its biological functions and also undergoes dynamic
allostery upon external stimuli or endogenous signaling.1,2

Identifying the conformational states using biophysical or bio-
chemical approaches is a basic issue to elucidate the structural
bases and the latent functions. As a state-of-the-art technique,
the nanopore-based assay is advantageous with single mole-
cule resolution, label-free, high-throughput, and physiological
aqueous detection.3,4 When a membrane containing a nano-
pore separates two electrolyte solutions and a voltage is
applied on the membrane, the translocation of a single mole-
cule or particle through the nanopore induces a measurable
change in the conductance in a short time.5–7 The variation of
electric current provides the dynamic process of molecular
translocation, unraveling the physical and chemical infor-
mation of the molecule in the pore. Indeed, this nanopore
technique has been successfully applied to characterize a
single native protein,8,9 protein unfolding10,11 and receptor–
ligand binding.12,13 To date, different conformational states of
calmodulin,14 maltose binding protein15 and ubiquitin
dimers16 have been recognized well by the temporal widths
and intensities of resistive pulses in the nanopores.

Unfortunately, several issues still remain challenging when
applying this technique to recognize the conformational states
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of large-sized, non-spherical proteins. First, the morphological
features of conformations of proteins cannot be directly visual-
ized by the nanopore sensing characteristics of the blocked
current strength and dwell duration.14–16 Second, the blockade
currents are also modulated by the orientations of proteins
during translocation, bringing up the complexity to resolve the
specific conformational information from the current
pulse.17,18 Third, the relationship between the protein volumes
and the relative blockade currents is established by assuming
that the proteins are spherical.8,19 This hypothesis ignores the
effect of the non-spherical shape and orientation of the
protein on the current, resulting in the inability to describe
the authentic conformational shape of a non-spherical
protein.

These days it is possible to estimate the volume and low-
resolution shape of a hydrated protein by analyzing the prob-
abilistic distribution of blockade currents during protein
translocation.20–22 Based on Maxwell expression,23 a protein can
be approximated to a spheroid24–26 and the shape of the protein
is characterized by analyzing the orientation-dependent modu-
lation of ion current.27,28 This provides an opportunity for nano-
pore-based identification of different conformations of a
protein via volume and shape identifiers. However, it is quite
complicated to sense experimentally the dependence of ionic
current on the orientation of a non-spherical protein during
translocation. For example, biocompatible small molecules are
necessarily coated on the synthetic nanopore surface to effec-
tively reduce the non-specific adsorption of the protein of inter-
est on the pore wall.29–32 Meanwhile, high-bandwidth current
recordings are required to unravel the current modulation by
orientation when the protein rotates in the pore.20,21 These tech-
nical difficulties have resulted in only a few successful experi-
ments. Theoretically, an ideal molecular dynamics (MD) simu-
lation system can natively avoid noise current interferences in
the experimental measurement, which is beneficial to clearly
explore the current modulations of protein conformation and
orientation.18,33–35 In addition, MD simulation is also helpful
to investigate the microscopic mechanisms of a protein
that affect the blockade current.36 Theoretical models based on
MD simulations are capable of estimating the blockade
current of a protein in the nanopore from the molecular
configuration.18,37–39 Therefore, MD simulation is expected to
decouple the respective contributions of conformation and
orientation in modulating the ionic current from the theoretical
viewpoint and uncover the physical mechanisms of the block-
ade current for denoting the morphological signatures of the
protein.

As a typical family of cellular adhesion molecules, integrins
mediate the adhesion between leukocytes and other blood or
endothelial cells and play a key role in biological processes40

such as inflammatory cascade41 and tumor metastasis.42 They
are heterodimeric transmembrane proteins, and each of them
is formed by α and β subunits via non-covalent bonds. The
overall configuration of integrin ectodomains displays a large
head supported by two long legs. Three global conformations
of bent-closed, extended-closed and extended-open states are

proposed for several integrin members, which bind to the
corresponding ligand with low affinity (LA), intermediate
affinity (IA) and high affinity (HA),43–45 respectively.
Unfortunately, the protein is often chemically or physically
modified in mechanical or fluorescent approaches and
additional labeling could alter the intrinsic properties of the
protein, which prevent the subsequent measurements from
representing the native conformations in the physiological
environment.44–47 With features of the three distinct confor-
mational states of different ligand binding affinities, the integ-
rin molecule serves as an ideal model, with large-sized,
volume- and shape-varied morphology, to test the applicability
of nanopore-based conformational identification.

Here we conducted MD simulations of the blockade cur-
rents for three conformational states of a typical integrin of
αxβ2 during protein translocations and evaluated their effects
by estimating the approximate shapes of different confor-
mations via relative blockade currents. Conductivity distri-
bution in the nanopore was then analyzed, and the major
factors regulating ionic currents in different conformational
states were screened. Combining the discrete model adopted
from the literature18 and spheroidal approximation,23–26 a
theoretical method was proposed for directly predicting the
low-resolution shapes of αxβ2 conformations from their crystal
structures in nanopore sensing. Finally, the application of this
nanopore-based identification of protein morphology was
extended for six other proteins.

Results and discussion
All-atom MD simulations of nanopore-based αxβ2
identification

To quantify the effect of αxβ2 blocked in the nanopore on the
ionic current, we first tested the dependences of the electric
field and pore diameter on ionic currents and their applica-
bility in recognizing distinct conformations and orientations
of αxβ2. Here all-atom MD simulations were built to estimate
the ionic current through a silicon nitride nanopore blocked
by an αxβ2 (Fig. 1a). The protein was placed in the nanopore
with its centroid at the center of the cylindrical channel and
rotated along the X, Y, Z-axes by α, β, γ angles, respectively, to
obtain different orientations (Fig. 1b). Typically, the confor-
mation of LA and two orientations of IA αxβ2 were applied to
test the electric field dependence at a given 30 nm diameter
nanopore (Fig. 1c). The LA and one of the IA αxβ2 were further
used to test the pore diameter dependence at a given 50 mV
nm−1 electric field (Fig. 1d, for the LA state). The ionic current
was increased with electric field and the current differences
between the absence and presence of the αxβ2 become transi-
ently considerable (Fig. S1a–d†). Moreover, perfect linear corre-
lation between the open pore current and electric field
(Fig. S1e,† line fitted using eqn (1)) yielded a constant conduc-
tivity of the plain electrolyte in the nanopore, and the blockade
current ΔI of αxβ2 embedded in the nanopore also presented
an almost linear function of the electric field (Fig. 1e, lines
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fitted using eqn (2)). The trends of linear fittings indicated
that the higher the electric field, the more obvious the differ-
ence of blockade currents between distinct conformations or
orientations.

Meanwhile, additional observations that the average root-
mean-square deviations (RMSDs) of the αxβ2 structures
increased with electric field (Fig. S2†) implied obvious confor-
mational fluctuations of αxβ2 at the high electric field. Hence,
a large applied electric field would induce obvious fluctuations
in protein conformations and short dwell durations, which are
not conducive to nanopore sensing. Given this, an external
electric field of 50 mV nm−1 was adopted in the following
simulations. Moreover, since the numbers of water molecules
and ions in simulations with identical pore diameter are the
same, the electrical conductivity σ of a blocked nanopore fitted
using eqn (2) only depends on the occupancy of αxβ2. These
linear fittings illustrated that the different conformations or
orientations of αxβ2 resulted in distinct conductance of the
nanopore (Fig. 1e).

The current for a plain electrolyte increased with the pore
diameter, mainly attributed to the enhanced cross-sectional

area for the ions passing through the pore (Fig. S3a–d†).
Similarly, perfect quadratic correlation between the open pore
current and pore size was observed (Fig. S3e,† line fitted using
eqn (1)), yielding a constant conductivity for the diameter-
varied pores filled with plain electrolyte alone. Relative block-
ade current ΔI/I0 of the αxβ2-embedded pore presented a nega-
tive quadratic relationship with the pore diameter (Fig. 1f,
lines fitted using eqn (3)), implying that the lower the pore dia-
meter, the greater the relative blockade effect presented for the
two conformations. Since small-diameter nanopores cannot
provide enough space for arbitrary orientations of αxβ2, a
30 nm diameter nanopore was used in the following simu-
lations to unravel the correlation between protein orientation
and ionic current. The fittings in Fig. 1f also indicated that the
Maxwell expression23,27,28 is suitable to formulate the resis-
tance of the protein with the ionic current in the nanopore.
Collectively, combined with MD simulations and theoretical
analyses, the conformations and orientations of the embedded
protein are well correlated with the ionic currents of the nano-
pores in terms of the space-occupied effects. MD simulations
also provided a basis to bridge the gap between spheroidal

Fig. 1 Effects of electric fields and pore diameters on the ionic currents of solid-state nanopores. (a) The nanopores (semitransparent ochre) are
shown for clarity with 1 M KCl electrolyte solution (semitransparent ice blue) filled inside the pore. An αxβ2 (colored on the secondary structure) was
located at the center of the nanopore. An electric field was applied along the axis of the cylindrical channel. (b) The centroid of the protein was
located at the origin of the coordinate. The protein was rotated by the α, β, γ angles along the X, Y, Z axes, respectively, to obtain different orien-
tations. (c) Schematics of αxβ2 with different conformations and orientations in a 30 nm diameter nanopore: the low-affinity (LA, red, left) state and
the intermediate-affinity (IA) states with two orientations of small (IA-O1, blue, middle) or large (IA-O2, magenta, right) projected area in the radial
plane of the nanopore. Upper, vertical view; lower, front view. (d) Schematics of LA αxβ2 in the nanopores with different diameters: 25 nm (left),
20 nm (middle), and 15 nm (right). Upper, vertical view; lower, front view. All nanopores are 30.5 nm in thickness. (e) Blockade current ΔI versus elec-
tric field intensity when placing an αxβ2 inside a 30 nm diameter nanopore. Circles, upper triangles and lower triangles are the simulated currents of
αxβ2 depicted in panel c. Lines are the fittings from eqn (2). (f ) Relative blockade current ΔI/I0 versus nanopore diameter at 50 mV nm−1 when
placing an αxβ2 inside the nanopore. Curves are the fittings from eqn (3). The data point and error bar in panels e and f are the mean value and the
standard deviation (SD) of two medians of Gaussian fitting (as described in ESI Fig. S1 and S3†) from two independent 10 ns simulations in each case.
R2 in panels e and f is the determination coefficient (R-squared) for each fitting.
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approximation and the discrete model applied in nanopore
sensing of protein conformation, as discussed below.

Conformational identification based on MD simulation and
spheroidal approximation

To identify the protein conformations from the blockade cur-
rents in the nanopore, we attempted to decouple the confor-
mation and orientation of an embedded αxβ2 from the ionic
current. Each conformational state was performed for seven
orientations with two independent simulations. It was seen
from all the sampled currents and the related Gaussian fittings
(Fig. S4a†) that different conformations of αxβ2 cannot be dis-
tinguished from their statistics of the sampling currents.
Mean ionic currents (Fig. S4b†) and relative blockade currents
(Fig. S4c†) were also obtained by averaging the medians of the
total fourteen Gaussian fittings for each conformation, con-
firming the indifferences of blockade currents or relative
blockade currents among three conformations. When the
ionic current is modulated by the combined effects of the pro-
tein’s conformation and orientation, the current distribution
fails to directly identify different conformations, as observed
also in a typical asymmetric protein α3D.18

As a typical non-spherical protein, the orientation of αxβ2
obviously regulates the ionic current. To decouple the modu-
lation of ionic current from varied orientations, we approxi-
mated the shape of αxβ2 to a spheroid with an oblate or a
prolate shape (see the ESI Note 1† for details), as the spheroi-
dal approximation had been made in the literature.23–26 Here
seven orientations with maximal and minimal projected areas
and five randomly selected orientations were simulated for
each conformation of αxβ2 in a 30 nm diameter nanopore.
Based on the definitions of the orientation angle of the
protein (Fig. 2a and the ESI eqn (S1)†), the maximal or
minimal projected area of the αxβ2 crystal structure denotes an
orientation of oblate or prolate shape at θ = 0° (Fig. S5†). The A
and B values, defined as the respective lengths in the
rotational axis and the diameter in the equatorial axis of the
approximate spheroid, were then obtained by fitting eqn (S1)–
(S6) and are summarized in Table S1.† The spheroid with a
high determination coefficient was selected as the optimal
shape for each conformation, yielding oblate, prolate and
oblate shapes for LA, IA and HA αxβ2, respectively (Fig. 2b–d).
These spheroidal approximations were compared with the
respective atomic-level structures (Fig. 2e), illustrating the
excellent estimations of protein shapes, particularly for the LA
state that closely resembles a globoid. Evidently, distinct αxβ2
conformations were identified from the differences in the
occupied volumes and/or length-to-diameter ratios (Fig. 2f),
symbolizing the morphological identifiers for the confor-
mation of each affinity state. Taken together, these results indi-
cated that as the orientation of αxβ2 significantly modulates
the ionic current, it is hard to directly distinguish the different
conformations from the statistics of ionic currents in the case
of an αxβ2 translocating nanopore with diverse orientations. In
contrast, the shape approximation-based analysis is able to
decouple the modulations between protein conformation and

orientation on ionic current, potentiating the identification of
different conformational states of αxβ2. Maxwell expression
and spheroidal approximation can explain the condition that
the two conformations of a protein can be unambiguously dis-
tinguished directly from the time-lapsed sampling currents,
such as Trp-cage and HP35.18 That is, the products of volumes
and electrical shape factors in eqn (3) of different confor-
mations are never overlapped at any orientation. This method-
ology is meaningful in the nanopore sensing technique. It is
expected to distinguish different conformations of various pro-
teins with remarkable couplings of their conformations and
orientations.

Correlation of conductivity distribution with ionic current in
the nanopore

To further elucidate the microscopic mechanisms of blockade
current dependence on protein occupancy in the nanopore,
the conductivity in the nanopore was decomposed and
counted along the radial direction (see the ESI Note 2† for
details).18,48,49 The conductivity in the open pore exhibited a
transition with an initial jump from the pore wall, followed by
an almost stable state in the bulk region up to the symmetry
axis of the pore (Fig. 3a and grey lines in Fig. S6†). In the pres-
ence of a typical LA αxβ2 blockade, the conductivity distri-
bution was similar to that in the open pore at the pore wall
and in partial the bulk region but different in the region close
to the protein occupation, where the conductivity decreased
sharply (Fig. 3b). Together with the homogeneous conductivity
distribution patterns from all other conformations and orien-
tations (Fig. S6†), these simulations indicated that αxβ2 only
regulates the conductivity of the bulk region within its occu-
pancy but does not modulate the conductivity outside its occu-
pied region.

To specify the differential contributions of distinct
domains, the radial distribution of the conductivity in the
pore can be divided into three regions when a protein blocks
the ionic current (Fig. 3a–c). First is the pore wall region where
the conductivity is only affected by the pore wall if the dia-
meter of the protein contour is not as large as the diameter of
the pore. Second is the bulk region where the conductivity is
relatively stable and not affected by the presence of the
protein. Third is the protein region where the conductivity is
mainly affected by the protein. Eqn (4) was used to fit the con-
ductivity along with the radial distance from the pore wall for
the nanopore filled with plain electrolyte alone (Fig. S7†),
yielding the consistency between MD simulations (points) and
the fitting estimation (line). Moreover, the conductivity near
the protein was fitted using eqn (5) for all the orientations of
three αxβ2 conformations each (Fig. S8†). Similar to those
dependences previously described for DNA50 and protein,18

the ion conductivity sharply decreases adjacent to the αxβ2
surface and reaches the bulk value in a smooth-step form at a
distance of 7–8 Å. Two fitting parameters of ap and bp were
estimated from eqn (5) for three conformational states of αxβ2
(Fig. 3d) and found to be ∼3.7 Å and ∼1.9 Å, respectively,
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Fig. 2 Analytical solution of ΔI/I0 versus orientation angle θ from the spheroidal approximation when placing an αxβ2 in three conformations inside
a 30 nm diameter nanopore filled with 1 M KCl electrolyte at 50 mV nm−1. (a) Definition of the orientation angle of the protein. Gray cartoon
denotes the orientation of LA αxβ2 with the maximal projected area in the radial plane of the nanopore. Given that the normal axis (gray thick rod) of
grey orientation coincides with the Z-axis (blue thin rod with arrow), the orientation angle θ of red orientation is the angle between the normal axis
(red thick rod) the Z-axis when the gray one rotates to the red one. (b) Circles represent the relative blockade current measured by MD simulation of
a LA conformation and the red line is an oblate fitting. (c) Triangles denote the relative blockade current of an IA conformation and the blue line is a
prolate fitting. (d) Diamonds depict the relative blockade current of a high-affinity (HA) conformation and the purple line is an oblate fitting. The
value and error bar of each point in panels b–d are the mean and SD of medians of Gaussian fittings for two independent 10 ns simulations, respect-
ively. The spheroidal fitting was done using ESI eqn (S1)–(S6),† and R2 is the R-squared for each fitted curve. (e) Comparisons of the approximate
spheroids of three conformations of αxβ2 with atomic-level structures. All proteins and approximate ellipsoids are shown on the same scale as indi-
cated by the scale bar. (f ) Volume (Λ) and length-to-diameter ratio (η) of the approximate spheroid of each conformation in panels b–d.
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which is consistent with the value of 3.9 Å for the former but
much larger than the value of 0.8 Å for the latter averaged
from several proteins.18 This is because the ion concentrations
were calculated at a constant water concentration of 55.5 mol
l−1 in the literature,18 whereas the water concentration near
the protein was quite different from the bulk region with a
sharp decrease in the current work (Fig. S9†). With reference
to the assumed constant concentration of water molecules, the
ion concentrations near proteins could be overestimated,
leading to an overestimation of the steepness of the variation
in ionic conductivities near proteins. Evidently, the values of
ap and bp of HA αxβ2 were statistically smaller than those of
the other two affinity states, indicating that the thickness of
the hydration shell modulated by the HA state is thinner and
the step rate of the conductivity adjacent to the HA state is
larger (Fig. 3d and S10†). Thus, the distributions of ionic con-
ductivities near αxβ2 present respective conformational specifi-
cities, which produces specific modulations on ionic currents

and serves as one of the origins of nanopore-based identifi-
cation for distinct proteins or different conformations.

To simplify the conductivity calculation, the ionic currents in
the nanopore in the absence or presence of αxβ2 were estimated
using a discrete model (Fig. S11 and ESI Note 3†).18 The currents
predicted by the model were identical for αxβ2 absence and within
the mean and maximal deviations of 0.4% and 1.0% for αxβ2 pres-
ence, as compared to those obtained by MD simulations (Fig. 3e).
Moreover, the model also well estimated the relative blockade
current compared to the statistical accuracy of MD simulations
(Fig. 3f). Collectively, the volume and shape of the αxβ2 occupied
nanopore and the distribution of conductivity of the hydration
shell around the protein are the main factors causing the charac-
teristic blockade current of the protein, which serve as the micro-
scopic mechanisms for nanopore-based identification of αxβ2 in a
region-dependent manner. This decomposition of nanopore con-
ductivity also laid the foundation for the discrete model to predict
the blockade current via protein configuration.

Fig. 3 Electrical conductivity distributions and ionic currents obtained from the discrete model18 in a 30 nm diameter nanopore filled with 1 M KCl
electrolyte at 50 mV nm−1. (a) Typical radial distribution of conductivity in a nanopore filled with plain KCl electrolyte alone. Data were obtained
from smoothing the conductivity of the open pore (grey lines) in Fig. S6.† For open pore with electrolyte alone, the conductivity is divided into the
wall-associated region where the conductivity changes rapidly and the bulk region where it remains almost stable. (b) Typical radial distribution of
conductivity in a protein-blocked nanopore by a LA αxβ2 in electrolyte (red line in Fig. S6c†). The immersed protein only modulates the electrical
conductivity of its occupied region ranged between zero and the bulk conductivity. (c) Enlarged distribution of the conductivity around an immersed
LA αxβ2 on the central radial section of the nanopore. The black shaded area represents the area occupied by the protein skeleton. Data were
obtained from smoothing the conductivity around the immersed protein (red circle in Fig. S8c†). (d) Parameters ap and bp were averaged from two
independent simulations for seven orientations of each conformation. Here ap defines the distance from the protein surface when the conductivity
rises from zero to the half of the plateau value, and 1/bp stands for the rate of conductivity variation with the distance in the hydration shell. The
mean values and SDs of the fitted parameters of three conformations are ap = 3.74 ± 0.14 and bp = 1.88 ± 0.13. (e) Square represents a pore filled
with plain electrolyte alone. Circles, triangles and diamonds represent the ionic currents of a LA, IA and HA αxβ2, respectively, blocked at the center
of the nanopore. The current from MD simulation is presented as the mean ± SD of two independent simulations for each case. Solid lines denote
the linear fittings with the proportional function with a slope k and a determination coefficient R2. (f ) Relative blockade currents recalculated from
the model or MD simulation with the same data sets in panel e.
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Integration of the discrete model with the spheroidal
approximation of αxβ2

For large-sized proteins such as αxβ2, all-atom simulation for a
protein translocation in a nanopore filled with an aqueous
electrolyte reserves high computational cost. Only limited
numbers of blockade currents with multiple orientations were
simulated at a given conformation (cf. Fig. 2). Hence, it is
almost impossible to characterize the occupied volume and
shape of the protein by simulating hundreds even thousands
of blockade currents of different orientations, as done in the
experimental measurements. Fortunately, the ionic currents of
more orientations in the nanopore can be predicted by the dis-
crete model18 to correlate the relative blockade currents and
the orientation angles. As shown in Fig. 1b, each conformation
of αxβ2 was randomly rotated by α, β, γ angles to obtain 1000
random orientations, in which the two typical orientations
with the minimal and maximal blockade currents were con-
sidered to form the two extreme shape factors of f⊥ and f∥ in
eqn (S1).† For oblate approximations of LA and HA states, the
orientation angle of the maximal blockade current equals 0
while the angle of the minimal blockade current is 0 for the
prolate approximation of the IA state (ESI Note 1 and Fig. S5†).
The remaining orientation angles were obtained by superim-
posing protein crystal structures and calculating the polar
angles along the electric direction (cf. Fig. 2a). Here 1000
random orientations obtained from the discrete model were

used to correlate the relative blockade currents and the orien-
tation angles (Fig. 4a–c). The fitting curves of spheroidal
approximation obviously matched the dependences of ΔI/I0 on
the θ of LA and IA αxβ2 (Fig. 4a and b). Since the configurations
of these two conformations are almost compact objects
(cf. Fig. 2e), the ellipsoidal estimation provides excellent
descriptions of their morphological features. In contrast, this
dependence for HA αxβ2 somewhat deviated from the fitting
curve depicted by spheroidal approximation (Fig. 4c), present-
ing a bifurcated shape that cannot be well approximated by
an ellipsoidal shape. Rather, it is preferable to use a linker of
two or three spheroids for HA αxβ2 to describe the superposed
effects of the linked ellipsoids on the relative blockade
current with varied orientations. Thus, it is required to
develop a complicated approximation with multiple spher-
oids linked together in future works. Nevertheless, the occu-
pied volumes of these three conformations estimated from
the discrete model were quite consistent with the values from
MD simulations with the mean and maximal deviations of
4.0% and 6.5%, respectively (Fig. 4d). The length-to-diameter
ratios were in good agreement with the reference values for
LA and HA αxβ2, with a mean deviation of 7.7% of these two,
but highly deviated for IA αxβ2 with a deviation of 40.9% to
the reference (Fig. 4e). Thus, the integration of the discrete
model with the spheroidal approximation coincides well with
MD simulations, at least, in identifying LA and HA
conformations.

Fig. 4 Spheroidal approximation of three conformations of αxβ2 placed inside a 30 nm diameter nanopore upon the relative blockade current pre-
dicted by the discrete model at 50 mV nm−1. (a–c) Relative blockade currents ΔI/I0 of 1000 randomly-oriented LA (red circles), IA (blue triangles) or
HA (purple diamonds) conformations generated by the discrete model. The curves were obtained by an oblate (a), a prolate (b) or an oblate (c)
fitting, respectively, using eqn (S1)–(S6).† (d) Comparisons of the spheroidal volumes of αxβ2 estimated with the MD data and those predicted with
the discrete model. Solid line denotes a linear fitting with the fitted slope k and the determination coefficient R2. (e) Similar comparisons in panel d
but for the length-to-diameter ratios η. Dotted line stands for a proportional reference with a slope of 1 for clarity.
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In fact, the modulation of pore conductivity by protein-
occupied effect can be segregated into two parts: one is for the
protein skeleton whose conductivity is 0 and the other is for the
hydration shell around the protein whose conductivity is
affected by the protein and lower than the bulk region. Thus,
the respective contributions of these two parts were decom-
posed by the discrete model to resolve the modulation of ionic
currents by the αxβ2 skeleton only (Fig. S12†). Here the conduc-
tivity of the hydration shell was assumed to be unaffected by
the embedded αxβ2 and behaved as bulk conductivities. In this
way, αxβ2 only modulated the conductivities of those discrete
meshes occupied by its own skeleton. The blockade currents of
the αxβ2 skeleton were predicted for each conformation with
1000 random orientations, and the shapes of the three skel-
etons were estimated by the spheroidal approximation from the
modeled currents (Fig. S12a–c†). Compared with Fig. 4a–c, the
current blockades originated from the protein skeleton
accounted for 20–30% of the total blockade currents of the
hydrated αxβ2. The volumes of the approximate ellipsoids of
αxβ2 skeletons were ∼25% of the ellipsoidal volumes of the
hydrated αxβ2 (Fig. S12d†). The shapes of αxβ2 skeletons in
spheroidal approximation were extremely consistent with the
homologous hydrated shapes (Fig. S12e†). Thus, most of the
blockade current during protein translocation originates from
the space-occupied effect of the hydration shell around protein.

Prediction of other proteins via nanopore-based identification

To further confirm the feasibility of volume and shape predic-
tion in the nanopore-based identification of proteins, six pro-
teins of streptavidin (SA), anti-biotin immunoglobulin G1
(IgG), L-lactate dehydrogenase (L-LDH), bovine serum albumin
(BSA), α-amylase (Amylase) and glucose-6-phosphate dehydro-
genase (G6PDH) were tested using the discrete model com-
bined with the spheroidal approximation. From the conduc-
tivity distributions in the nanopore illustrated in Fig. 3, the
blocked protein only affects the conductivity in the bulk region
of the nanopore, thus MD systems can be simplified. Each
protein was dissolved in a three-dimensional periodic cubic
box filled with aqueous electrolyte solution (Fig. S13a† for
typical IgG and G6PDH). The conductivity distributions in
hydration shells were computed and the characteristic para-
meters of ap and bp were fitted using eqn (5) (Fig. S13b for IgG
and Fig. S13c for G6PDH†). There were almost no significant
statistical differences in conductivity distributions among the
six proteins (Fig. S13d†), coinciding with the uniform distri-
butions of the conductivities in the hydration shells for small
proteins and especially for their folded states.18 Moreover, the
averaged values of ap and bp shown in Fig. 3d and Fig. S13d†
were almost identical, which further supports that the nano-
pore walls in MD simulations have little effects on the conduc-
tivities of the proteins and hydration shells,18 and confirms
the reasonability of the simplified systems used here.

Moreover, the ionic currents of 1000 random orientations
of each protein blocked inside a nanopore with 30 nm dia-
meter and 30.5 nm thickness were theoretically measured by
the discrete model. Here the conductivity distributions for the

open pore and for the hydration shell yielded those fitting
parameters in Fig. S7 and S13d,† respectively. Two shapes were
approximated as oblate or prolate for each protein with the
relevant parameters summarized in Table S2.† The optimal
shape with higher coefficient of determination in approximate
ellipsoids was selected for each protein (Fig. 5a–f ). In contrast
to the crystal structures of those proteins with low-resolution
shapes characterized by nanopore sensing (Fig. 5g), the pro-
teins with similar configurations to the compact spheroidal
shape, such as L-LDH and Amylase, yielded relatively tight
current distributions and high correlation coefficients in
shape fittings (Fig. 5c and e). The variation patterns of block-
ade currents with orientation angles vividly reflected the fea-
tures of current modulations by spheroid rotation in the nano-
pore. For those proteins with extreme deviation from the
compact spheroidal shape, such as IgG (Fig. 5g), it has a bifur-
cated structure similar to HA αxβ2. The current was seemingly
dispersed with the change of the orientation angle, presenting
relatively weak correlation with the fitting curve (Fig. 5b).
Thus, comparisons of approximate shapes with respective
crystal structures for six proteins (Fig. 5g) suggest that nano-
pore sensing is reasonable to estimate the volumes and shapes
of embedded proteins, especially for those with spheroid-like
configurations.

It is worth mentioning that experimental data for character-
izing the volume and shape of BSA in nanopore sensing seem
still controversial. A hydrated BSA was predicted to be an
oblate shape with a volume of 133.0 nm3 in this work, which is
consistent with the measured volume and shape,20,21,30 but
not with an almost double volume8,19 and a hypothetical
prolate shape.9,22 The 262 nm3 volume and the prolate shape
of the BSA dimer predicted by our theoretical methods
(Fig. S14†) suggest that the experimental results for the latter
were most likely derived from the dimeric BSA molecules,
since a low pH value of solution could induce BSA to form
dimers.51 In fact, the volumes of proteins in the nanopore
were accurately predicted by the model currents, with compar-
able deviations compared to the uncertainties of experimental
errors (Fig. 5h). In this work, the mean deviation of predicted
volumes from experiments was 11.3%. It was also found, from
the length-to-diameter ratio (η) predictions, that a spherical
protein like SA (orange) was reasonably estimated, but it was
less reasonable for an oblate (olive) or prolate protein (pink)
with higher or lower η values than those measured in experi-
ments (Fig. 5i). In other words, these estimations of proteins’
length-to-diameter ratios from our model are less extreme
than those from experimental measurements (Table S3†). The
shapes predicted by the model tend to be more spherical,
suggesting the applicability and limitation of this prediction
method for varied proteins in shape identification. Besides,
these comparisons are quite qualitative mainly due to the
differences in detecting parameters, nanopore size/shape,
environmental condition and even the time scale between
experiments and simulations.

Evidently, the theoretical method proposed in this work
seems to work well in identifying the conformations of αxβ2
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and other proteins. While nanopore sensing was known
to distinguish different proteins12,13 and different
conformations14–16,18 of proteins by blockade currents, the
current-based characterization cannot retrieve the morpho-
logical features of proteins. Recently, only a few works have
used the characteristic current signals in nanopore sensing

to derive the physical descriptors of protein itself, such as
volume, shape, dipole moment and others.20–22 Such charac-
terization requires finely-machined cylindrical nanopores,
chemically-modified pore surfaces and signal collectors with
high temporal resolution, which limits the extensive and
mature applications of this technique in nanopore sensing

Fig. 5 Prediction of distinct proteins by the discrete model using the approximate spheroid in a 30 nm diameter nanopore filled with 1 M KCl at
50 mV nm−1. (a–f ) Correlations between relative blockade currents ΔI/I0 obtained from the discrete model and the orientation angles θ of typical
streptavidin (SA, a), anti-biotin immunoglobulin G1 (IgG, b), L-lactate dehydrogenase (L-LDH, c), bovine serum albumin (BSA, d), α-amylase (Amylase,
e) and glucose-6-phosphate dehydrogenase (G6PDH, f ), respectively. Points were generated by the discrete model and black curves represent the
fitting using spheroidal approximation by eqn (S1)–(S6).† (g) Comparison of the approximate spheroids of six proteins predicted from panels a–f with
corresponding crystal structures from Protein Data Bank (SA, 3RY1; IgG, 1HZH; L-LDH, 2ZQY; BSA, 3 V03; Amylase, 1BLI; G6PDH, 4EM5). The spheri-
cal, oblate and prolate shapes were colored in orange, olive and pink, respectively. All proteins and their ellipsoidal approximations are shown on the
same scale, as indicated by the scale bar. (h and i) Comparison of the spheroidal volumes Λ and length-to-diameter ratios η predicted by the discrete
model and those obtained from nanopore sensing experiments. Experimental data were adopted from reference for six proteins20 and reference for
the BSA dimer19 (Fig. S14†), and the accurate values are shown in ESI Table S3.† Solid black line in panel h denotes a linear fitting with the slope k
and the determination coefficient R2. Solid olive and pink lines in panel i are the linear fittings for oblate and prolate ellipsoids, respectively. Dotted
line stands for a proportional reference with a slope of 1.
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of protein. While further elaboration of these experimentally-
related techniques is one of the key issues in improving
nanopore-based identification, these theoretically-based ana-
lyses are indispensable for optimizing the experiment
measurements of protein conformations.

Conclusions

For the typical large-sized, non-spherical proteins such as αxβ2,
the modulation of protein orientation hinders the direct reco-
gnition of multiple conformations by ionic current pulses.
Herein, the identification of different conformational states of
αxβ2 was achieved by decoupling the conformational and
orientational modulations on ionic currents using MD simu-
lation and the spheroidal approximation. The discrete model
was supplemented to analyze the regional conductivity distri-
butions in the nanopore, revealing the microscopic mecha-
nisms of αxβ2-modulated ionic currents. Combined with the
modified discrete model and the spheroidal approximation, a
theoretical prediction method was developed to characterize
protein volumes and shapes, presenting high sensitivity and
specificity in recognizing different conformations of αxβ2. This
method is also applicable in identifying the volumes and
shapes of six other protein conformations, which are in good
consistence with the experimental measurements. These ana-
lyses are expected to promote the theoretical and experimental
determinations of single-molecule physical fingerprints in
nanopore sensing.

Materials and methods
Theoretical bases for quantifying ionic currents and
conductivities

Assuming that there is no apparent access resistance present
in the current MD simulations, which is typically present in
the experimental measurements52–54 (see the details in
Fig. S15†), the ionic current of the nanopore in the absence of
the protein, I0, is calculated as:

I0 ¼ σ0πdp2E
4

ð1Þ

where σ0 is the conductivity of the nanopore with plain electro-
lyte alone, dp is the nanopore diameter, and E is the applied
electric field. When a protein is present in the nanopore, the
relative blockade current ΔI caused by the protein blockade is
calculated as:

ΔI ¼ I0 � I ¼ σ0 � σð Þπdp2E
4

ð2Þ

where I and σ are the ionic current and the conductivity of a
protein-blocked nanopore, respectively.

In the case of a single particle placed inside a pore, the
Maxwell expression23,27,28 is appropriate to describe the magni-
tude of ΔI and the space-occupied volume Λ of an insulating

particle. Combined with Ohm’s law at a constant voltage, it
reads:

ΔI
I0

¼ ΔR
R

¼ f
Λ

Ω
¼ 4Λf

πdp2lp
ð3Þ

where R and ΔR are the resistance of the particle-free pore and
the resistance difference between the presence and absence of
a particle, respectively, Ω is the volume of the pore, f is the
electrical shape factor of the particle, and lp is the thickness of
the pore.

To estimate the electrical conductivity in the pore, a hyper-
bolic tangent function48,49 combined with the quadratic func-
tion is adopted:

σ rwð Þ ¼ 1
2
σc 1þ tan h

rw � aw
bw

� �� �
� Δσ rw � r0ð Þ2 ð4Þ

where σc is the conductivity at the symmetry axis of a cylindri-
cal pore, aw and bw are the effects of the pore wall on the con-
ductivity, describing the location and steepness of the step
function, respectively, Δσ is the conductivity variation in the
bulk region, and rw and r0 are the respective distance from the
pore wall and the radius of the channel. In particular, a
similar hyperbolic tangent function48,49 is applied for estimat-
ing the conductivity attributed by ions around the protein:

σ rp
� � ¼ 1

2
σ0 1þ tan h

rp � ap
bp

� �� �
ð5Þ

where σ0 is the bulk electrolyte conductivity and rp is the dis-
tance from the protein surface.

Based on the modulations of the pore wall and protein on
the conductivity of electrolyte, a theoretical model is modified
to predict the ionic current of the nanopore from the atomic
coordinates of the protein. Since there is no access
resistance52–54 in this model (see the details in Fig. S15†), the
ionic current is calculated as:

I ¼ UG ð6Þ
where U is the applied bias and G is the conduction of the
nanopore calculated by the method of discrete and
summation18,55 (see the ESI Note 3† for details).

General MD methods

All-atom MD simulations were performed using the NAMD
software package.56 The CHARMM27 force field57 was adopted
to describe amino acids, TIP3P water and ions. van der Waals
and short-range electrostatic forces were evaluated with a
smooth 10.0–12.0 Å cutoff. The Particle Mesh Ewald (PME)
method58 was applied to compute long-range electrostatic
interactions over a 1.0 Å-spaced grid. Langevin dynamics was
used to maintain the temperature at 295.0 K with a damping
coefficient of 5.0 ps−1. For NPT simulations, the Langevin
piston method was performed at 1 atm with an 800.0 fs period
and a 400.0 fs decay. Covalent bonds involving hydrogen
atoms in the protein and water molecules were constrained as
rigid bonds.59,60 The integration timestep was 2.0 fs in all
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simulations. Multiple time stepping was used to calculate
short-range nonbonded interactions every two timesteps and
full electrostatics every four timesteps.

All-atom MD simulations of proteins in nanopores

Following a method described previously,18,61 here we replicated
a Si4N3 unit cell in three directional dimensions to form a
rhombic crystal. This crystal was then cut into a regular
hexagon. Atoms on six hexagonal sides of the prism were
bonded with the corresponding periodic mirrors, and the peri-
odic boundary condition was established for these hexagonal
sides. A cylindrical nanopore was drilled through the cross
section of the hexagonal prism by removing nitrogen and
silicon atoms, satisfying the condition x2 + y2 < R2 where x and y
are the coordinates of the atoms and R is the target radius of
the pore. The force field obtained from the Hessian biased
approach62 was adopted for silicon nitride, and the charges of
all nitrogen atoms were adjusted to make the net charges of the
nanopore neutral. An αxβ2 protein (PDB code: 3K6S) in the bent
LA state with ∼1700 residues and a molecular mass of
∼194 kDa was then placed in the middle of the nanopore, with
its centroid located at the center of the cylindrical pore.
Corresponding extended IA and leg separated HA confor-
mations were obtained using steered molecular dynamics
before nanopore MD simulations.63 The combined silicon
nitride–protein system was solvated using TIP3P water, and
then neutralized and ionized with potassium and chloride ions
to a KCl concentration of 1 M (Fig. 1a). The systems of different
conformations and orientations of αxβ2 have the same number
of water molecules and ions in the same diameter pore. Each
nanopore is 30.5 nm thick with ∼2.0 nm electrolyte layers at
two ends of its axial orifices, resulting in the overall thickness
of a hexagonal simulation system of ∼34.5 nm. The hexagonal
side is 10.6 nm for 15 nm diameter pore with ∼1 000 000 atoms,
13.7 nm for 20 nm diameter pore with ∼1 660 000 atoms,
16.7 nm for 25 nm diameter pore with ∼2 490 000 atoms and
19.7 nm for 30 nm diameter pore with ∼3 480 000 atoms.

Periodic boundary condition was applied in three dimen-
sions. All modeling processes were performed via the scripts
in the VMD package.64 It is speculated that the initial protein
conformations have already reached their equilibrium states,
and it should take only a few nanoseconds to achieve the
physical equilibrium, that is, to achieve the stabilities of temp-
erature, pressure and ionic current. Briefly, the systems were
minimized for 5000 steps and then heated to 295.0 K, followed
by 4 ns NPT equilibration at 1 atm pressure where only the
dimension along the Z-axis was allowed to fluctuate (Fig. 1a).
Resulted systems were then equilibrated for 5 ns in the NVT
ensemble. Then another 5 ns was served to further equilibrate
the systems under an external electric field forward the
Z-direction. MD simulations were then continued under the
applied electric field in the NVT ensemble for 10 ns. In all
simulations, the coordinates of those silicon nitride atoms
were fixed to their initial positions. For each protein-blocked
nanopore, two independent simulations were performed. The
replicated simulation started from the NVT equilibrium pro-

cedure until the second 10 ns simulation under the applied
electric field was obtained.

MD simulations of proteins in periodic electrolyte cells

Six proteins for nanopore-based prediction were simulated in
periodic electrolyte cells. To provide sufficient dynamic space
and efficient equilibrium process, streptavidin (SA, PDB:
3RY1), L-lactate dehydrogenase (L-LDH, PDB: 2ZQY), bovine
serum albumin (BSA, PDB: 3V03), α-amylase (Amylase, PDB:
1BLI) and glucose-6-phosphate dehydrogenase (G6PDH, PDB:
4EM5) were dissolved in the middle of 19.6 nm electrolyte
cubes containing ∼760 000 atoms while anti-biotin immuno-
globulin G1 (IgG, PDB: 1HZH) was dissolved in the middle of a
24.6 nm electrolyte cube containing ∼1 490 000 atoms. These
systems were neutralized and ionized with potassium and
chloride ions to a KCl concentration of 1 M. Periodic boundary
condition was applied in the three orthogonal dimensions.
After energy minimization of 5000 steps, the systems per-
formed NPT equilibration of 4 ns at 1 atm pressure, followed
by 5 ns NVT equilibration. Three additional 5 ns NVT equili-
brations were implemented with an external electric field of
50 mV nm−1 along the forward direction of the X, Y or Z-axis,
respectively. Three independent 10 ns simulations were then
further performed for current samplings.

Ionic current calculation from MD trajectory

Coordinates of all atoms in the systems were recorded every
50 ps. The ionic current was calculated as:61,65

I tþ Δt
2

� �
¼ 1

Δtlz

XN
i¼1

qi ziðtþ ΔtÞ � ziðtÞ½ � ð7Þ

where zi and qi are the Z-coordinate and the charge of atom i,
respectively, Δt is the sampling period, and lz is the thickness
of the simulated system in the Z-direction. The sum runs over
all ions.
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