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ABSTRACT: The nuclear pore complex (NPC) is the
proteinaceous nanopore that solely mediates molecular
transport across the nuclear envelope between the nucleus
and cytoplasm of a eukaryotic cell. Small molecules (<40 kDa)
diffuse through the large pore of this multiprotein complex. A
passively impermeable macromolecule tagged with a signal
peptide is chaperoned through the nanopore by nuclear
transport receptors (e.g., importins) owing to their interactions
with barrier-forming proteins. Presently, this bimodal transport
mechanism is not well understood and is described by
controversial models. Herein, we report on a dynamic and spatially resolved mechanism for NPC-mediated molecular transport
through nanoscale central and peripheral routes with distinct permeabilities. Specifically, we develop a nanogap-based approach
of scanning electrochemical microscopy to precisely measure the extremely high permeability of the nuclear envelope to a small
probe molecule, (ferrocenylmethyl)trimethylammonium. Effective medium theories indicate that the passive permeability of 5.9
× 10−2 cm/s corresponds to the free diffusion of the probe molecule through ∼22 nanopores with a radius of 24 nm and a length
of 35 nm. Peripheral routes are blocked by wheat germ agglutinin to yield 2-fold lower permeability for 17 nm-radius central
routes. This lectin is also used in fluorescence assays to find that importins facilitate the transport of signal-tagged albumin mainly
through the 7 nm-thick peripheral route rather than through the sufficiently large central route. We propose that this spatial
selectivity is regulated by the conformational changes in barrier-forming proteins that transiently and locally expand the
impermeably thin peripheral route while blocking the central route.

■ INTRODUCTION

The nuclear pore complex (NPC) solely mediates the
nucleocytoplasmic transport of both small molecules and
macromolecules to play pivotal roles in gene expression1 and
delivery2 as well as offer a model of biomimetic nanotransport
systems.3 The NPC is composed of ∼30 distinct proteins called
nucleoporins (nups) with a total mass of ∼120 MDa. This
multiprotein complex perforates the double-membraned
nuclear envelope (NE) that separates the nuclear and
cytoplasmic compartments of a eukaryotic cell.4 The molecules
that are smaller than 40 kDa diffuse through the large nanopore
with a diameter of ∼50 nm and a length of ∼35 nm in the part
spanning the NE (Figure 1A).5 The interior of the NPC is
nanostructured by transport barriers to block the passive
transport of larger molecules into and out of the nucleus.
Barrier-forming nups are rich in hydrophobic phenylalanine-
glycine (FG) repeats and are highly conserved from yeast to
metazoans both in structure and in sequence. Interestingly,
passively impermeable macromolecules that are tagged with a
nuclear localization signal (NLS) peptide can be chaperoned
through the nanopore by nuclear transport receptors (e.g.,
importins) as an even larger receptor complex.6 This signal-
and importin-dependent transport is somehow facilitated by
interactions between importins and FG domains.

Presently, the mechanism for bimodal molecular transport
through the NPC is not well understood despite its broad
significance in biology, medicine, and nanoscience. Available
transport data are controversial and do not unambiguously
decide whether pathways for passive and facilitated transport
are spatially distinct, partially shared, or entirely overlapping.7

Subsequently, both the spatial distribution and the permeability
of transport barriers in the nanopore are inconsistent among
representative models (Figures 1B−D).7f,8 For instance, the
“forest” model was recently proposed for the yeast NPC to
hypothesize that the nanopore is concentrically divided into
central and peripheral zones by intrinsically disordered FG
domains (Figure 1B).8a Cohesive FG domains collapse and
cluster through the central zone and also cover the pore wall.
The coils of noncohesive FG domains serve as springs to
separate the aqueous peripheral zone from the hydrophobic
central zone. This model predicts that the transiently
expandable peripheral route mediates the importin-facilitated
transport of an NLS-tagged cargo while both routes are
permeable to passive transport. By contrast, the “oily spaghetti”
model hypothesizes the transport of importin−cargo complexes
through the central aqueous channel surrounded by the coils or
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brushes of FG domains as the entropic barriers extended from
the pore wall (Figure 1C).8b A similar concentric architecture
has also been considered in the reduction of dimensionality
model8c and the self-regulated viscous channel model.7f These
models, however, hypothesize that hydrophobic FG domains in
the peripheral route are permeable to importin−cargo
complexes, while the aqueous central channel mediates passive
transport. On the other hand, the selective phase/hydrogel
model uniquely hypothesizes the homogeneous distribution of
FG-rich nups in the nanopore (Figure 1D).8d Thus, the mesh
or hydrogel of FG domains in the entire nanopore is permeable
to both passive and facilitated transport.
In this work, we studied the distinct permeabilities and

nanoscale dimensions of central and peripheral routes through
NPCs to show a dynamic and spatially resolved mechanism for
this highly elaborate transport system. Significantly, this new set
of information allows us to fully assess representative transport
models (Figures 1B−D) and propose the spatial distribution
and permeability of transport barriers at the nup level.
Specifically, we investigated the passive transport of a small
probe molecule (ferrocenylmethyl)trimethylammonium
(FcTMA+) through NPCs by scanning electrochemical
microscopy9 (SECM) as described below. Molecular transport
through central and peripheral routes was resolved by
selectively blocking the latter route with wheat germ agglutinin
(WGA; lectin from Triticum vulgaris).10 With the aid of
effective medium theories,11 the nanoscale dimensions of
central and peripheral routes were determined from SECM
permeability data in the presence and absence of WGA.
Further, we performed fluorescence transport assays to
demonstrate that NLS-tagged bovine serum albumin (BSA) is
chaperoned by importins mainly through the peripheral route

and nearly completely blocked in the presence of WGA. The
dimensions of the transport routes were compared with those
of importins and BSA to propose that the thin peripheral route
expands transiently and locally to accommodate the large
importin−BSA complex selectively. In comparison with the
peripheral route, the large central route is poorly permeable to
the protein complex. Interestingly, each of these unique
requirements for the proposed transport mechanism can be
satisfied with specific FG-rich nups.
Importantly, we developed the nanogap-based approach of

SECM12 to precisely measure the extremely high permeability
of the NE to the small probe molecule, FcTMA+, thereby
yielding reliable dimensions for the transport routes. The
formation of a nanometer-wide gap between an SECM tip and
the NE was required to achieve high mass transport
conditions13 as well as to reduce uncertainties in gap width
and, subsequently, permeability.11d So far, the application of the
powerful nanogap-based SECM approach for the measurement
of fast interfacial kinetics has been limited to nonbiological
systems12a−g with the exception of the passive transport of
lipophilic molecules across cell membranes.12h We enabled this
challenging nanoscale measurement at the soft NE by
developing a small and sharp Pt tip12e and a new SECM cell.
With this setup, the local permeability of the NE under the tip
was reliably measured in the SECM-induced transfer
mode11c,d,13,14 (Figure 2). The functional dimensions of the

transport routes thus determined from SECM transport data
confirmed their structural dimensions as measured by cryo-
electron tomography5 and super-resolution fluorescence micro-
scopy.10b Advantageously, SECM allows for the transport study
of an intact NE in an aqueous solution,13 where the large
nucleus is readily isolated from a Xenopus laevis oocyte. By
contrast, the NE of this widely used nucleus sample has been
fixed or dried in the structural studies of NPCs using various
microscopy techniques.5,10,15 This study confirms the relevance
of the high-resolution structures of pretreated NPCs to the
transport properties of untreated NPCs, as studied by SECM
under more physiological conditions.

■ EXPERIMENTAL SECTION
Chemicals. Poly(vinyl pyrrolidone) (PVP; average molecular

weight, 40 kDa) was obtained from Sigma-Aldrich (St. Louis, MO).
The hexafluorophosphate salt of FcTMA+ was prepared by the
metathesis of its iodide salt (Strem Chemicals, Newburyport, MA) and
ammonium hexafluorophosphate (Strem Chemicals). Other reagents

Figure 1. (A) The NPC (gray) with a barrier region (green),
cytoplasmic filaments (wavy line), and a nuclear basket (dotted line)
embedded in the NE. C and N represent the cytoplasmic and nucleus
sides, respectively. (B−D) Top and side views of the barrier region
with cohesive (green meshes) and noncohesive (red wavy lines) FG
domains (see the main text for the corresponding models).

Figure 2. SECM-induced transfer mode for the measurement of
passive NE permeability to FcTMA+. The blue circles represent the
oxidized form of FcTMA+.
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were used as received. All aqueous solutions were prepared with 18.3
MΩ·cm−1 deionized water (Nanopure, Barnstead, Dubuque, IA).
Nucleus Isolation. A large nucleus (∼380 μm in diameter;

Supporting Information Figure S-1A) was isolated from the stage VI
oocyte of a X. laevis frog in the isotonic solution of mock intracellular
buffer (MIB) at pH 7.4.13 The isotonic MIB solution contained 15 g/L
PVP in addition to 90 mM KCl, 10 mM NaCl, 2 mM MgCl2, 1.1 mM
EGTA, 0.15 mM CaCl2, and 10 mM HEPES. Oocytes were extracted
from the ovary cluster of an adult female frog16 (NASCO, Fort
Atkinson, WI) and stored at 18 °C for less than three days prior to use.
Nucleus in the SECM Cell. The intact nucleus isolated from a

Xenopus oocyte (Supporting Information Figure S-1A) was swollen in
a newly developed SECM cell (Figure 3A) to smoothen the wrinkled

and rough NE. The fabrication of the SECM cell based on three Si
frames and the preparation of the NE sample in the cell are detailed in
Supporting Information. Briefly, the isolated nucleus was swollen in
the SECM cell filled with the hypotonic MIB solution of 5.5 g/L PVP
to expand and smoothen the NE, which was detached from the
nucleoplasm (Supporting Information Figure S-1B). In this cell, only a
small patch of the self-standing NE was exposed to the tip through the
center of the 10 μm × 10 μm opening at the 1 μm-thick Si3N4
membrane of the top Si frame. The small opening was milled using
focused ion beam (FIB) technology (SMI3050SE FIB-SEM, Seiko
Instruments, Chiba, Japan) without breaking the thin Si3N4 membrane
(Supporting Information Figure S-2). The expanded NE made contact
with the top Si3N4 membrane to stabilize the exposed NE patch. A
high-resolution digital video microscope (VZ-400, CALTEX Scientific,
Irvine, CA) was used to confirm the contact (Figure 3B). Preliminary
SECM experiments demonstrated that a tip approached closer to the
NE exposed from a smaller square opening with edges of 10 μm, than
of 25 μm. In addition, the edges of the 570 μm × 570 μm aperture of
the middle Si frame supported the self-standing NE (Figure 3A).
Overall, the nucleus was incubated in the hypotonic MIB solution for

70−90 min before SECM measurements (see below) to obtain
reproducible approach curves.

Fabrication and Characterization of the SECM Tip. A small
and sharp Pt tip with a radius of ∼0.5 μm and an outer borosilicate-
glass radius of ∼1 μm was fabricated as reported elsewhere.12e Each tip
was milled by FIB and characterized by FIB, SEM, and cyclic
voltammetry (Supporting Information Figure S-3).

SECM Approach Curve Measurement. An SECM instrument
with closed-loop piezoelectric positioners (CHI 910B, CH Instru-
ments, Austin, TX) was used for approach curve measurements. The
microscope was placed on a vibration isolation platform (model 63−
533, TMC, Peabody, MA). A two-electrode setup was employed with
an FIB-milled Pt tip and a 1 mm-diameter AgCl-coated Ag wire as a
reference/counter electrode. The SECM cell (Figure 3A) was filled
with the hypotonic MIB solution of 0.3 mM FcTMA+, where 1.0 g/L
WGA was also added when its blocking effect on NE permeability was
studied. Before the tip approached the NE, the tip end was positioned
above the center of the 10 μm × 10 μm opening of the top Si3N4
membrane as confirmed using a pair of high-resolution video
microscopes from the x and y directions. The tip end was positioned
just above the center of the square opening when a grid line on the
monitor connects the tip end with its reflection through the center of
the front edge of the square opening in each direction (see Figure 4A
with blue grid lines for the x direction). All SECM measurements were
taken at room temperature.

Fluorescence Transport Assay. General procedures for the
fluorescence microscopy assay of NE permeability to BSA have been
reported elsewhere.13 The transport medium was based on the
hypotonic MIB solution of 0.5 μM sulforhodamine-labeled and NLS-
tagged BSA (Sigma-Aldrich) with or without 0.5 μM importin α2
(Novus Biological, Littleton, CO), 0.5 μM importin β1 (Sigma-
Aldrich), and energy mix (2 mM ATP, 25 mM phosphocreatine, 30
units/mL creatine phosphokinase, 200 μM GTP). The nucleus was
swollen in the hypotonic MIB solution for 35 min, transferred and
incubated in the transport medium with or without 0.3 mM FcTMA+

for 10 min, rinsed with a small volume of the hypotonic MIB solution,
and then imaged in a microchamber filled with the hypotonic MIB
solution. The importin-facilitated transport of NLS-attached BSA was
also studied using the swollen nucleus that was incubated in the
hypotonic MIB solution containing 1.0 g/L WGA (Sigma-Aldrich) for
25 min.

■ RESULTS AND DISCUSSION
SECM Approach Curves at the NE. An SECM approach

curve was measured at the large NE of an isolated Xenopus
oocyte nucleus to characterize its passive permeability to
FcTMA+. The isolated nucleus was swollen in the SECM cell
(Figure 3A) to expose only the patch of the expanded and self-
standing NE through the 10 μm × 10 μm opening of the cell.
The resultant smooth and stable NE allowed for the formation
of a nanometer-wide gap under a small and sharp Pt tip with a
radius, a, of ∼0.5 μm as surrounded by a thin glass sheath with
an outer radius, rg, of ∼1 μm. The tip surface was milled using
FIB technology to be smoothened and perpendicular to the
length of the tip body12e (Supporting Information Figure S-
3A,B). This nanofabricated SECM tip with high quality can
approach ∼25 nm from a flat SiO2 substrate without contact
(Supporting Information Figure S-4). When the tip was
positioned far from the NE, the stable amperometric current
based on the diffusion-limited oxidation of FcTMA+ was
obtained as given by

= *∞i xnFD c a4T, w (1)

where x is a function of RG (= rg/a),
17 n is the number of

transferred electrons (= 1) in the tip reaction, and Dw (= 5.4 ×
10−6 cm2/s) and c* (= 0.3 mM) are the diffusion coefficient
and concentration of FcTMA+ in the hypotonic MIB solution,

Figure 3. (A) The SECM cell with a swollen nucleus. (B) Video
microscopic image of the NE in contact with the top Si3N4 membrane
of the cell.
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respectively. The tip radius was determined from iT,∞ using the
rg value in the FIB image of each milled tip (Supporting
Information Figure S-3B).
A well-defined approach curve was obtained during the tip

approach to the NE in the absence of WGA. The tip was
positioned at ∼25 μm above the center of the opening (Figure
4A) and moved toward the NE through the opening to contact
the NE, and then push it (Figure 4B). The amperometric tip
current, iT, decreased significantly at tip displacements of >24
μm, where the ∼0.5 μm-radius tip approached within ∼1 μm of
the NE (red line in Figure 4C). The tip current decreased
because the diffusional flux of FcTMA+ induced by its oxidation
at the tip was mediated only through NPCs and was blocked by
the remainder of the NE (Figure 2). This decrease in the tip
current is not due to a negative feedback effect from an
insulating edge of the 10 μm × 10 μm opening (Figure 3A)
because the tip moved through the center of the opening. Its
edges were too far (∼5 μm) from the Pt tip to exert a negative
feedback effect on the tip current. In fact, an edge of the
opening made contact with the tapered glass sheath
surrounding the tip to disrupt the tip current when the Pt tip
moved through the opening within a feedback distance (<1

μm) from the edge. By contrast, the contact between the NE
and the glass sheath surrounding the tip is seen at a tip
displacement of 25.26 μm, which corresponds to the inflection
point of the approach curve (Figure 3A). This tip position
corresponds to a very short distance of ∼130 nm between the
NE and the Pt disk as confirmed theoretically (see below).
Further tip movement lowered the tip current because the
diffusion of FcTMA+ to the tip was hindered more by the
tighter coverage of the tip with the NE. Afterward, the tip
current was nearly unchanged until the tip stopped. This result
indicates that the tip pushed the NE rather than penetrated it,
where the tip would have been exposed to the fresh MIB
solution of FcTMA+ in the nucleus to recover iT,∞.

18

An approach curve was also measured at the NE in the
presence of 1.0 g/L WGA as a blocker of the periphery of the
NPC nanopore10 (blue line in Figure 4C). In comparison with
the WGA-free condition, the tip current dropped quickly near
WGA-bound NPCs and reached a lower level after the tip−NE
contact, where the tip was covered with a less permeable NE.
More quantitatively, the normalized tip current in the presence
and absence of WGA levels off at 0.34 and 0.40, respectively.
The respective currents correspond to the normalized tip−NE
distance of 0.08 and 0.07 (see the theoretical analysis below).
This difference in the normalized tip−NE distance is equivalent
to an actual difference of only ∼5 nm and can be attributed to a
difference in the roughness of the NE and the tip or in their
alignment. Importantly, the slightly different distances after
tip−NE contact did not affect the NE permeability, which was
determined from the portion of an approach curve prior to
contact. Noticeably, tip displacements at the tip−NE contact
were different only by ∼1 μm for the two independent
approach curves. This result indicates that the initial tip
positions were precisely controlled within ∼1 μm using high-
resolution video microscopes. With such high precision, the tip
was positioned over the center of the 10 μm × 10 μm opening
(Figure 4A) to avoid a negative feedback effect from its edges.

Determination of NE Permeability to FcTMA+ through
Finite Element Simulation. The extremely high permeability
of the NE to FcTMA+ with and without 1.0 g/L WGA was
determined by fitting experimental approach curves to
theoretical curves. These theoretical curves were obtained by
the finite element simulation of a two-phase SECM diffusion
problem13,14b (see Supporting Information). In this work, 3D
simulation was required for defining the square opening
through the top Si3N4 membrane in the SECM cell. The tip
current was calculated from the simulated concentration profile
of FcTMA+ at various tip−NE distances, d (Figure 5A). In this
simulation, the NE was treated as a laterally homogeneous
membrane with unique permeability, kNE, as given by (see also
eq S-4),11c,d,13

+ +H IooFcTMA (outer solution) FcTMA (nucleus)
k

k

NE

NE

(2)

where the equal permeability for the passive import and export
of FcTMA+ corresponds to the same equilibrium concentration
of FcTMA+ in the bulk outer MIB solution and the nucleus
swollen with the outer solution. Since FcTMA+ freely diffuses
through NPCs (see below), a kinetic effect on an approach
curve is exerted from the impermeable region of the NE
(Figure 2A). This kinetic effect is seen as the locally
discontinuous profile of the FcTMA+ concentration across
the NE under the tip (Figure 5A). This simulation result also
shows that the concentration profile was not affected by the

Figure 4. Video microscopic images of a FIB-milled Pt tip positioned
(A) above and (B) in the 10 μm × 10 μm opening of the SECM cell.
(C) Approach curves at the NE in the hypotonic MIB solution of 0.3
mM FcTMA+ with and without 1.0 g/L WGA. Tip potential, 0.55 V vs
Ag/AgCl. Tip approach rate, 0.30 μm/s.
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edges of the opening of the top Si3N4 membrane because the
edges were far from the tip. In fact, the negative approach curve
simulated for an impermeable membrane in place of the NE
agreed well with the theoretical approach curve based on the
negative feedback effect from a flat insulating substrate17b

(Figure 5B).
Experimental approach curves in the absence and presence of

WGA agreed very well with simulated approach curves (Figure
5B) to yield a passive NE permeability, kNE, of 5.9 × 10−2 and
3.1 × 10−2 cm/s, respectively. The lower permeability in the
presence of WGA was still high because of the partial blockage
of the NPC nanopore by the binding of WGA to the pore
periphery.10 The numerical analysis also shows that the contact
of the tip with the NE occurred at nanoscale separations of
∼130 nm. Importantly, these nanoscale tip−NE distances were
required to resolve the approach curves as obtained in the
presence and absence of WGA. In this distance range, the tip
current decreased more rapidly when the tip approached WGA-
bound NPCs. In addition, a mass transfer coefficient, Dw/d, of
∼4.5 × 10−1 cm/s across the nanoscale tip−NE gap was several
times higher than the kNE values, thereby confirming the
reliability of these high permeability values. In our previous
SECM study,13 such nanoscale tip−NE distances were not

achievable by approaching larger Pt tips (2−10 μm in
diameter) with a thick glass sheath (RG = 10) to the wrinkled
and rough NE of the Xenopus oocyte nucleus isolated in the
isotonic MIB solution (Supporting Information Figure S-1A).
Subsequently, not only were approach curves limited by the
diffusion of probe molecules but also NE permeability was
overestimated (>0.69 cm/s for FcTMA+) because of the
significant uncertainty of the tip−NE distance.11d In fact, the
NE permeability determined by nanogap-based SECM in this
work is much lower and is consistent with the expected size and
density of the NPC (see below).
Noticeably, the NE permeability thus determined from

approach curves possesses an uncertainty of 20% owing to
nonzero distances at the tip−NE contact. This offset distance
can be increased (or decreased) by <20% to fit the
experimental curve with theoretical curves with <20% lower
(or higher) permeability values. This systematic error in the
data analysis corresponds to the ranges of (4.7−7.1) × 10−2

cm/s and (2.5−3.7) × 10−2 cm/s for kNE values without and
with WGA, respectively. These kNE values with and without
WGA are significantly different because experimental curves
with (or without) WGA do not fit well with theoretical curves
as simulated using the range of the kNE values determined from
approach curves without (or with) WGA. On the other hand,
the uncertainties of the concentration and diffusion coefficient
of FcTMA+ in the swollen nucleus do not significantly affect the
kNE values, which were determined from kinetically limited
approach curves.14b In fact, the identical kNE values were
obtained when the finite element analysis was performed using
the lower concentration and diffusion coefficient of FcTMA+

(90 and 94% of the respective values in the MIB solution) as
measured for the protein-rich and viscous nucleoplasm of the
nonswollen nucleus.13

Nanoscale Dimensions of Central and Peripheral
Routes. The permeabilities of the NE to FcTMA+ as measured
by nanogap-based SECM were related to the nanoscale
dimensions of central and peripheral routes through the NPC
nanopore (Table 1). A theoretical relationship between the

passive permeability and structural properties of a nanoporous
membrane is given by effective medium theories as (see
Supporting Information)

π σ
=

+
k

ND r
l r f

2
2 / 1/ ( )NE

w

(3)

with11b

Figure 5. (A) Cross section of the concentration profile of FcTMA+

around the tip−NE nanogap as simulated by the finite element
method with d/a = 0.3 in Supporting Information Figure S-5A. (B)
Experimental and simulated approach curves at the NE with and
without 1.0 g/L WGA. The respective simulation curves employed a =
0.44 and 0.42 μm with RG = 2.5. The theoretical negative approach
curve was calculated for RG = 2.5.17b

Table 1. Passive Permeability of the NE to FcTMA+ with and
without WGA and the Corresponding Dimensions and
Density of the NPC

WGA kNE, cm/s Dw/DNPC r, nm l, nm N, μm−2

− 0.059a 1 24 35 40
+ 0.031a 1 17 35 40
− 0.029b 3 24 35 40
+ 0.015b 3 17 35 40

aDetermined from experimental approach curves at the NE and
related to r, l, and N values using eq 3. bCalculated using eq S-8 with
the assumption of a three times smaller diffusion coefficient of
FcTMA+ in the NPC nanopore, DNPC, than in the hypotonic MIB
solution.
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(4)

where a planar membrane is randomly perforated by cylindrical
nanopores with a radius of r and a depth of l at a density of N,
and σ (=πr2N) is the membrane porosity. Equation 3 is based
on the assumption that passive permeability is controlled by
three diffusion steps at a pore (Figure 6A). These steps are the

diffusion of a transported molecule (i) from the solution to the
pore orifice, (ii) through the pore, and (iii) from the opposite
pore orifice to the adjacent solution. In addition, it is assumed
that the diffusing molecule is blocked by the pore wall but not
by cytoplasmic filaments, nucleoplasmic baskets, and transport
barriers in the pore. This assumption also leads to the same
diffusion coefficient of FcTMA+ in the nanopore and MIB. The
validity of the equal diffusion coefficient is discussed in the
following section.
Equation 3 provides good agreement between the kNE value

in the absence of WGA and the structural properties of the
NPC determined by high-resolution microscopy techniques.
The high NE permeability of 5.9 × 10−2 cm/s to FcTMA+ in
the absence of WGA corresponds to N = 40 NPCs/μm2 in eq 3
with r = 24 nm and l = 35 nm for the NE-spanning part of
NPCs (Table 1). These r and l values agree with those
measured through the cryo-electron tomography of the nucleus
isolated from a mature Xenopus oocyte.5 Moreover, the NPC
density is consistent with a typical density of ∼46 NPCs/μm2

for a Xenopus oocyte nucleus as determined by AFM.19 This
result also indicates that ∼22 NPCs with an external diameter
of ∼140 nm (Figure 1A) are closely packed under the 0.42 μm-
radius Pt tip during approach curve measurement. In fact, the
NE permeability of a mature Xenopus oocyte nucleus is
extremely high because of its exceptionally high NPC density.19

The nanoscale dimensions of central and peripheral routes in
the NPC were determined from the NE permeability to
FcTMA+ in the presence of WGA. Since peripheral routes are
blocked by WGA,10 the resulting lower permeability of
3.1 × 10−2 cm/s is due to the passive transport of FcTMA+

through central routes (Figure 6B). This permeability value
corresponds to a radius of 17 nm for the central route in eq 3
when the density and length of the NPC nanopore are
unchanged by the binding of WGA to the peripheral zone
(Table 1). The difference between the radii of the entire
nanopore and central route gives a thickness of 7 nm for the
peripheral route.
Remarkably, the dimensions of central and peripheral routes

thus determined from SECM permeability data agree very well

with those determined through the super-resolution fluores-
cence microscopy of single NPCs.10b In super-resolution
images, fluorescence-labeled WGA was located at ∼20 nm
from the center of the NPC of a Xenopus oocyte nucleus.
Therefore, a radius of 17.5 nm is estimated for the WGA-free
central zone when the location and radius (2.5 nm20) of WGA
are considered. The peripheral route with a thickness of 7.5 nm
is left in the range of 17.5−25 nm from the pore center.
Overall, the blockage of this thin peripheral route is consistent
with the small change in the approach curve by the addition of
WGA (Figure 5B), where the resultant change in the NE
permeability corresponds to a decrease of 7 nm in the pore
radius.

Free Diffusion of FcTMA+ through the Entire Nano-
pore. Our SECM data indicate that FcTMA+ diffuses through
the entire region of the NPC nanopore as freely as it does in
the aqueous solution. The lower but significantly high
permeability of the WGA-bound NE to FcTMA+ (Figure 5B)
demonstrates that both central and peripheral routes mediate
this passive transport. Additionally, a good agreement between
SECM permeability data and structural data validates the
assumption for eq 3, i.e., FcTMA+ freely diffuses through the
entire nanopore without significant interactions with any
component of the NPC including transport barriers. In fact, a
Stokes radius of 0.43 nm for FcTMA+ is much smaller than the
passive limit of ∼2.6 nm Stokes radius for the NPC.7c

Moreover, the charged regions of FG-rich nups8a are screened
by the pore-filling MIB solution with a high ionic strength of
∼0.11 M, thereby exerting a negligible electrostatic effect on
FcTMA+.
The free diffusion of FcTMA+ through the entire NPC

nanopore apparently contradicts the slow passive transport
localized through the central zone as observed by single-
molecule fluorescence microscopy.7f For instance, the passive
transport of single fluorescein molecules with a radius of 0.7 nm
was localized around the central zone and was approximately
three times slower than expected from their diffusion
coefficients in the aqueous solution. Significantly lower kNE
values, however, are expected for FcTMA+ when its diffusion
coefficient in the nanopore is three times smaller than that in
the hypotonic MIB solution (Table 1; see Supporting
Information for the calculation of lower kNE values). Moreover,
an even lower kNE value and no effect of WGA on kNE are
expected if the passive transport of FcTMA+ is localized around
the central zone. We speculate that the slow and localized
passive transport of single fluorescein molecules is due to their
adsorption to FG-rich nups in the central zone. This adsorption
effect is enhanced when all adsorption sites are free and
available for a single molecule in the absence of already
adsorbed molecules.21 By contrast, these sites may not absorb
FcTMA+ or may be saturated with FcTMA+ at the
concentration of 0.3 mM used in our SECM experiments.

Facilitated Transport of BSA through the Peripheral
Route. We also performed fluorescence transport assays to
demonstrate that the signal- and importin-dependent transport
of BSA is mainly mediated through the peripheral route. The
NE of a swollen nucleus was incubated with rhodamine-labeled
and NLS-tagged BSA and investigated using fluorescence
microscopy. No fluorescence was seen in the nucleus incubated
in the BSA solution containing no importin (Figure 7A)
because BSA (∼67 kDa) is larger than the passive limit of the
NPC. This result also confirms that the self-standing NE
detached from the nucleoplasm of a swollen nucleus

Figure 6. Three-step diffusion of FcTMA+ through the NPC in the
(A) absence and (B) presence of WGA. Each step is explained in the
text.
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(Supporting Information Figure S-1B) is intact and is not leaky.
Furthermore, NLS-tagged BSA was transported into a swollen
nucleus in the presence of importin α2 and importin β1 (Figure
7B). In this case, the former served as an adaptor, binding to
both the latter and the NLS peptide of BSA to form an NPC-
permeable complex.6 Signal- and importin-dependent transport
as expected for physiological NPCs was also observed in the
presence of FcTMA+ (Figures S-1C and D).
Importantly, the facilitated import of NLS-tagged BSA was

poorly mediated by the NPCs incubated with WGA to yield
very weak fluorescence in the nucleus (Figure 7C). This result
indicates that an importin−BSA complex is transported
primarily through the peripheral route, which is selectively
blocked by the binding of WGA to the periphery of the NPC
nanopore.10 We ascribe the weak fluorescence to the slow
transport of importin−BSA complexes through the incom-
pletely blocked peripheral route of the NPCs in the MIB
solution nearly saturated with 1.0 g/L WGA. In fact, 5 g/L of
fluorescence-labeled WGA was used to observe its binding to
the whole peripheral region of the NPCs by super-resolution
fluorescence microscopy.10b Also, the weak fluorescence may be
due to the low permeability of the central route to importin−
BSA complexes. Nevertheless, much stronger fluorescence from
the WGA-free nucleus (Figure 7B) indicates that the peripheral
route is the primary route for the facilitated transport of BSA.
Assessment of Controversial Models Based on the

Spatial Distribution of Passive and Facilitated Trans-
port. Our SECM and fluorescence studies showed the spatial
distribution of both passive and facilitated transport through
the NPC to support the forest model8a (Figure 1B) among
controversial transport models. As confirmed experimentally,
the forest model hypothesizes that passive and facilitated
transport shares the peripheral route, while the central route is
permeable mainly to passive transport. Other models are not
fully supported by our results. The peripheral route is dominant
for facilitated transport in the self-regulated viscous channel
model7f and the reduction of dimensionality model.8c These
models, however, hypothesize that passive transport is localized
through the central route, which contradicts the results of our
SECM study. Moreover, the hypotheses of facilitated transport
through the central route in the “oily spaghetti” model8b

(Figure 1C) and both routes in the selective phase/hydrogel
model8d (Figure 1D) are rejected by the results of our
fluorescence transport assays.
A Dynamic Mechanism for Importin-Facilitated Trans-

port. With the aid of the forest model,8a we propose a dynamic
transport mechanism at the nup level to explain how importins
chaperon a passively impermeable macromolecule primarily
through the thin peripheral route rather than through the large
central route (Figure 8A). In this mechanism, we considered

the central transport barrier composed of the FG-rich nups of
the Xenopus NPC (Figure 8B), while the forest model was
originally proposed for the yeast NPC (see ref 8a for the forest
model based on specific yeast nups). The dynamic transport
mechanism was shown by comparing the dimensions of the
transport routes with those of BSA and importins as discussed
below. Approximately, BSA is an oblate ellipsoid with
dimensions of 14 nm × 4.2 nm × 4.2 nm,22 while the
heterodimer of importin α (62 kDa) and importin β (98 kDa)
possesses the maximum dimension of 19 nm and a radius of
gyration of 5.7 nm.23 Noticeably, the transport of a passively
impermeable macromolecule through the 7 nm-thick peripheral
route is blocked by both the central and the peripheral FG
domains in our model.
In the proposed mechanism, the 7 nm-thick peripheral route

is transiently and locally expanded during the translocation of a
large importin−BSA complex by the conformational changes of
Nup54 and Nup58. The analysis of the crystal structures of
these FG-rich nups predicted that their oligomers form a
flexible ring at the pore midplane (Figure 8B) and dynamically
change their conformations to fluctuate the ring radius between
∼10 and ∼20 nm.24 With an internal pore radius of 24 nm, the
respective ring radii correspond to thicknesses of ∼14 and ∼4
nm for the peripheral route. The thickness of the expanded
peripheral route is comparable even to the largest dimensions
of BSA and the dimers of importin α and importin β (see
above). In addition, it was proposed that this structural change
is modulated by the interactions of importins with the helices of
Nup54 and Nup62 projected up and down from either side of
the midplane ring (Figure 8B).24

Overall, we propose that a part of the midplane ring formed
by the oligomers of Nup54 and Nup58 contracts upon
interaction with the importin of its BSA complex to locally
open the adjacent region of the peripheral route and,
subsequently, mediate the translocation of the complex (Figure
8B). In this model, the peripheral route can also be blocked by
the binding of WGA to the N-acetylglucosamine groups of
Nup62,10c which forms the periphery of the central barriers.

Figure 7. Fluorescence microscopic images of swollen nuclei in the
hypotonic MIB solution of rhodamine-labeled and NLS-tagged BSA
(A) without and (B and C) with importins and energy mix. In part
(C), the nucleus was incubated with 1.0 g/L WGA before the
fluorescence transport assay.

Figure 8. Side and top views of the barrier region of the NPC based
on the forest model. Green meshes represent cohesive FG domains. In
part (B), the central transport barriers are composed of the FG-rich
nups of the Xenopus NPC. Nup98 is anchored to the pore wall through
Nup214 (not shown).25
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Moreover, the most stable radius of ∼18 nm as estimated for
the midplane ring24 is consistent with a radius of ∼17 nm for
the central route as determined from our SECM permeability
data. The importin-driven change in the ring diameter was
originally proposed for the gating of the central route.24 This
route, however, is poorly permeable to an importin−BSA
complex.
We also propose that the large central route is blocked by

Nup98 to be poorly permeable to the facilitated transport of
BSA (Figure 8B). This FG-rich nup is attached to Nup62 on
the cytoplasmic side and located above the midplane ring of the
Xenopus NPC.25 Recently, the impermeability of Nup98 to BSA
was demonstrated using a solid-state nanopore modified with
Nup98, while this biomimetic NPC was permeable to importin
β1.

3b We speculate that the FG domains of Nup98 are poorly
permeable to the importin−BSA complex because the energy
gained from the interactions of importin β1 with the FG
domains is not enough to compensate for the energy required
to break the cohesive domains for BSA and carry this aqueous
protein through the resultant hydrophobic pathway (Figure
8A). By contrast, the expanded peripheral route provides a
more aqueous pathway, where the hydrated protein complex is
less exposed to hydrophobic FG domains during its trans-
location (Figure 8A). Noticeably, Nup98 of the natural NPC
may be impermeable even to importin α and importin β
because their transport is completely blocked by WGA.26

■ CONCLUSIONS

In this study, we obtained a new and comprehensive set of
transport data to show a dynamic and spatially resolved
mechanism for bimodal molecular transport through the NPC.
The greater mechanistic understanding of this pivotal transport
system at the nup level is broadly significant. Specifically, the 34
nm-diameter and 7 nm-thickness of central and peripheral
routes, respectively, were determined by employing the
nanogap-based approach of SECM with a FIB-fabricated tip
and cell. In addition, we performed fluorescence assays to
demonstrate the extremely high preference of the peripheral
route for the importin-facilitated transport of NLS-tagged BSA.
Altogether, we propose that the central transport barriers are
nanostructured by the FG-rich nups that are structurally flexible
and poorly permeable to an importin−BSA complex. The
dynamic structure of the central barriers is required for
expanding the thin peripheral route to facilitate the transport of
the large protein complex through the resultant aqueous
pathway. Apparently, this requirement is satisfied with the
flexible ring formed by the oligomers of Nup54 and Nup58 in
the midplane of the Xenopus NPC. This midplane ring is as
large as the central route and is located under Nup98.
Subsequently, the cohesive and hydrophobic FG domains of
Nup98 dramatically slow down the transport of the aqueous
protein complex through the large midplane ring. By contrast,
the analysis of SECM permeability data using effective medium
theories indicates that FcTMA+ freely diffuses through the
central FG domains without significant steric or electrostatic
interactions. The further application of this nanogap-based
SECM approach to the probe molecules of various charges,
sizes, and hydrophobicities11d will show the corresponding
chemical natures of FG-based transport barriers.
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