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Nuclear pore complexes regulate the selective exchange of RNA
and proteins across the nuclear envelope in eukaryotic cells1.
Biomimetic strategies offer new opportunities to investigate
this remarkable transport phenomenon2. Here, we show selec-
tive transport of proteins across individual biomimetic nuclear
pore complexes at the single-molecule level. Each biomimetic
complex is constructed by covalently tethering either Nup98
or Nup153 (phenylalanine-glycine (FG) nucleoporins) to a
solid-state nanopore3. Individual translocation events are mon-
itored using ionic current measurements with sub-millisecond
temporal resolution. Transport receptors (Impb) proceed with
a dwell time of ∼2.5 ms for both Nup98- and Nup153-coated
pores, whereas the passage of non-specific proteins is strongly
inhibited with different degrees of selectivity. For pores up to
∼25 nm in diameter, Nups form a dense and low-conducting
barrier, whereas they adopt a more open structure in larger
pores. Our biomimetic nuclear pore complex provides a quanti-
tative platform for studying nucleocytoplasmic transport
phenomena at the single-molecule level in vitro.

The nuclear pore complex (NPC) is the sole connection between
the nucleus and the cytosol of eukaryotic cells. By connecting the
genetic material and the protein-synthesizing apparatus, this remark-
able ‘gatekeeper’4 regulates all nucleocytoplasmic transport. The NPC
acts as a selective sieve that is permeable to ions and small solutes (up
to �40 kDa), while macromolecular access is reserved for transport
receptors (karyopherins) that ferry cargo. Vertebrate NPCs have a
total mass of �120 MDa and are composed of �30 distinct protein
subunits (nucleoporins or Nups)5. Approximately one-third of
these Nups contain natively unfolded FG domains6 that are rich in
mainly FxFG or GLFG repeat motifs (F-Phe; G-Gly; L-Leu; x-any
amino acid). Importantly, the FG-domains are believed to constitute
the key NPC components that regulate the selective access of recep-
tor–cargo complexes across the NPC channel7.

There is a need to test the various models that have been pro-
posed for the mechanism of transport. Current NPC transport
models include the ‘virtual-gate’8,9, ‘polymer-brush’10, ‘selective-
phase’11,12 and ‘reduction-of-dimensionality’13 models. It has been
argued that both brush-like (less cohesive FxFG domains) and
meshwork-like (more cohesive GLFG domains) Nup conformations
are present in the NPC14. Despite recent experimental efforts15, it
remains a challenge to discriminate between NPC models due to
the complexity of the cellular environment. It would be useful to
reconstitute the large NPC in vitro, where conditions and par-
ameters can be changed systematically, but this has proven imposs-
ible. It has thus remained a challenge to probe selective transport at
the relevant length and time scales.

In this Letter, we take a bottom-up approach that enables single-
molecule transport studies on a biomimetic ‘minimalist NPC’

in vitro. We constructed biomimetic NPCs by tethering FG Nups
to individual solid-state nanopores. This follows bulk selective
transport experiments through parallel (�1 × 108) artificial NPCs
constructed from polymeric membranes2 and functionalized long
nanochannels16–19. The first step in our bottom-up approach20

involved drilling a small hole (nanopore) in a thin free-standing
silicon nitride (SiN) membrane with a focused transmission electron
microscope (TEM) beam (see Fig. 1a and Methods)3,21.
Subsequently, Nup functionalization of the nanopore was per-
formed in a three-step process similar to the immobilization of
DNA to silicon surfaces22 (see Supplementary Information for
details). Representative TEM images (Fig. 1c) confirmed the pres-
ence of organic material after coating a nanopore with Nups.
Note that we worked with truncated versions of Nup98 and
Nup153 that are limited to the relevant FG domains (see
Materials and Methods). The SiN membrane was placed in a micro-
fluidic flow cell where a single nanopore formed the only connection
between two compartments (Fig. 1b). Subsequently we measured
the transport properties of our biomimetic NPC. In the past, electri-
cal measurements were performed on the nuclear envelope23,24, but
these remain subject to dispute in the light of technical issues with
sealing of the nuclear membrane.

Ion current measurements through a 40 nm pore in near-physio-
logical salt conditions (Fig. 1d) revealed an increased resistance
(decreased conductance) on coating the pore with Nup98, which
partially blocks the pore and reduces the ion conductance. The
strictly linear current–voltage (I–V) characteristics indicate that
the Nups are not aligned by the applied electric field (in accordance
with their low charge; Supplementary Table T1 and Section S5),
which merely acts as a non-invasive probe. We estimate the Nup
density to be �1 Nup per 50 nm2 along the circumference of the
pore (Supplementary Section S3). Given the hydrodynamic diam-
eter of these proteins (�11 nm) this is a very-high-density (close
to monolayer) coverage. Current power spectral densities25 show
comparable noise levels at high frequencies with an increased
1/f-type low-frequency noise for the NPC mimics compared to
the bare pores (Supplementary Section S6). This can probably be
attributed to the dynamic fluctuations of Nups, similar to reports
for the motion of polymeric subunits in a nanopore26.

Figure 2a compares the measured conductance for bare (black
squares), Nup98- (green circles) and Nup153-coated pores (inset,
red triangles) over a wide range of pore diameters. Three obser-
vations stand out. First, the conductance decreases in the presence
of Nups regardless of pore size. Second, Nup98 has a stronger
effect on lowering the conductance than Nup153. Third, and sur-
prisingly, the pore conductance remains almost negligible up to
�25 nm, followed by a rise with a slope that is roughly similar to
that of bare pores.
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We discuss two simple models that may potentially account for
these data. In model 1, the pore is filled with a Nup meshwork with
multiple channels of some characteristic size, corresponding to the
selective-phase model11,12 (Fig. 2c). This gives rise to a finite ionic
permeability, which is a material parameter that is independent

of nanopore diameter. Accordingly, model 1 exhibits a linear con-
ductance27 as a function of pore diameter (Fig. 2a, dashed line) as
given by G(r)¼ gG0(r), where G0 is the bare pore conductance,
g is a fraction that denotes the reduction of the conduction, and
r is the pore radius. This yields an effective ion permeability of
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Figure 1 | Biomimetic NPC. a, Side-view schematic showing the device consisting of a 20 nm thin, free-standing silicon nitride window (blue layer)

embedded in a silicon wafer (light green). A nanopore is drilled using a highly focused electron beam (yellow). b, Sketch showing the experimental concept.

The biomimetic NPC is engineered by attaching FG-Nups to a solid-state nanopore, and transport of Impb is measured by monitoring the trans-pore current.

c, TEM images of the same nanopore with a diameter of 20 nm (top) or 40 nm (bottom) before (left) and after (right) coating with Nup98. d, Example of a

current–voltage (I–V) curve before (red) and after (blue) coating a 40 nm nanopore with Nup98, showing an increased resistance due to the coating.
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Figure 2 | Conductance measurements and models. a, Measured conductance versus pore diameter for bare pores (black points), Nup98-coated (green)

and Nup153-coated (inset, red) pores. For all pores, the pore conductance decreases upon coating. Coloured lines are linear fits of two models (see text).

Model 2 (solid lines) is found to fit the data much better than model 1 (dashed lines). b–d, Schematics showing small- and large-pore regimes for models 1

and 2, as discussed in the text. Fitting to model 2 yields a Nup layer thickness tNup98¼ 15+1 nm and tNup153¼ 8+1 nm along the circumference of the pore

for Nup98 and Nup153, respectively.
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g¼ 50% for Nup98 and g¼ 67% for Nup153 (defining the per-
meability of a bare pore as 100%). However, this provides a very
poor fit to the data with a normalized reduced sum of squared
residuals x2¼ 16.7 and 8.1 for Nup98 and Nup153, respectively.

In model 2, the Nups coat the circumference of a pore with a
dense layer of thickness t (that we assume, to first order, not to sig-
nificantly conduct ions), leaving an open channel through the
central pore axis that is available for ion conduction (Fig. 2d). For
small pores (r , t), the high density of Nups occludes the entire
channel, thereby blocking ion conduction (G ≈ 0). For large pores
(r . t), a more open central channel is formed based on the
difficulty for opposing Nups to stretch and crosslink each other
across the pore. This conductance is given by G(r)¼G0(r–t),
that is, a linear dependence on pore diameter beyond an offset of
29+2 nm for Nup98-coated pores and 16+2 nm for Nup153-
coated pores (solid lines in Fig. 2a and inset). Model 2 fits the data
much better, with x2¼ 3.8 and 3.6 for Nup98 and Nup153, respect-
ively. The horizontal offsets correspond to tNup98¼ 15+1 nm and
tNup153¼ 8+1 nm along the pore circumference. Note that these
two models are limiting cases only. Other Nup arrangements with
equal excluded conducting areas are also possible (Supplementary
Fig. S8). Indeed, the Nups could resemble some subtle mixture of
models 1 and 2, where some low density of dynamic Nups is
present at the pore centre. Nevertheless, model 2 is close to recent
descriptions of Nups within the NPC28,29.

An important question is whether these minimal hybrid nano-
pores indeed mimic NPCs. To test for the most discriminating
characteristic, selectivity, we compared the transport properties of
Impb (97 kDa) and bovine serum albumin (BSA, a 66 kDa protein
with similar charge and isoelectric point, see Supplementary
Section S4) through 40-nm-diameter pores. Using first a bare pore

as a control, we observe downward spike-like changes in the
open-pore conductance after adding either Impb or BSA to the
cis side (Fig. 3a). Each spike signals the translocation of an individ-
ual protein3,30. Subsequently, we repeated these experiments on
Nup-modified pores. Figure 3b shows representative traces of
Impb translocations through Nup98-coated pores (and similarly,
Supplementary Fig. S9 for Nup153-coated pores). Short temporal
depressions in the current again appear after adding Impb. To
our knowledge, these are the first single-molecule measurements
of protein transport across individual biomimetic NPCs. An analysis
of inter-event times (see Supplementary Section 9) indicates that
�86+4% of the observed events (spikes) are indeed translocations
rather than binding events where the protein does return to the cis
chamber. This corresponds well with single-molecule fluorescence
studies that showed that �20% of Impb translocations were
aborted after entering into the NPC31.

We continue with a detailed quantification of the amplitudes and
dwell times of these translocation events, using a standard event-
fitting algorithm as described previously32 (Supplementary
Table T2). Each event is plotted in a scatter diagram of DG versus
t, where DG is the conductance blockade amplitude and t the
dwell time (Fig. 3c–f). Note that the average DG for Impb is similar
for a bare (0.59+0.12 nS), a Nup98-coated (0.56+0.12 nS) and a
Nup153-coated pore (0.50+0.10 nS). This is expected because DG
is a measure of the size of the translocating object. The Impb dwell
time through a bare pore is short: a log-normal fit to the data gives
190+40 ms (Fig. 3e, top histogram), in good agreement with
previous reports of translocations of similar-sized proteins
through solid-state nanopores30. As expected, comparable values
(0.47+0.19 nS; 170+70 ms) were obtained for BSA translocation
through a bare pore (Fig. 3d).
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Figure 3 | Single-molecule translocation events. a, Representative ion current trace before and after addition of Impb in a bare pore. Downward spikes

appear in the current trace upon addition of Impb. Each spike is a single-molecule event. The lower panel shows zoom-ins on a number of events. b, As in a,

but for a Nup98-coated pore. c, Scatter diagram for Impb translocation in a bare (red) and Nup98-modified (black) pore, where each point represents an

individual event. Event amplitudes are similar (�0.6 nS), but the dwell times differ by more than an order of magnitude (�200 ms versus �3 ms). d, Scatter

diagram for BSA translocation through bare (green) and Nup98 pores (black). e, As in c, but for a Nup153 pore. f, As in d, but for a Nup153-modified pore.
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Interestingly, we measured much longer dwell times for the
passage of Impb through Nup-coated pores: 2.7+0.3 ms (average
value from independent measurements on three different pores,
N¼ 3) for a Nup98-coated pore (Fig. 3e) and 2.2+0.3 ms (also
N¼ 3) for a Nup153-coated pore (Fig. 3f). This is more than a
10-fold increase in dwell time compared to the bare pore.
Remarkably, these values are in close agreement with the �5 ms
dwell time of Impb in NPCs obtained by single-molecule fluor-
escence in vivo33 and in permeabilized cells28,34,35 (Supplementary
Fig. S12). This indicates that Impb interacts with the Nups for a sub-
stantial amount of time before exiting the pore. An important
control is our observation that the dwell time is independent of
the applied voltage (Supplementary Fig. S5b). This contrasts with
conventional biomolecular transport through bare pores where
the dwell time is inversely proportional to the applied voltage36,
and it shows that the �2.5 ms time is intrinsically due to the
Impb–Nup interaction.

It is noteworthy that our simple biomimetic NPCs display the
exclusive selectivity of native NPCs. A comparison of the event
rates of BSA and Impb translocation through a 46 nm pore before
and after Nup98 modification is shown in Fig. 4. Most strikingly,
the passage of BSA shows a dramatic 60-fold reduction in event
rate, yielding 0.21 events/s in a bare pore but only 0.0035 events/s
in the Nup98-coated pore. In contrast, the event rate for Impb is
similar in bare pores and Nup98-coated pores (0.27 versus
0.21 events/s). The biomimetic Nup98-coated pore thus very effec-
tively blocks the passage of BSA, while the event frequency for
Impb is not significantly affected. For a 42-nm-diameter Nup153-
coated pore, translocation of BSA and Impb yielded rates of 0.05
and 0.25 events/s, respectively. This indicates that Nup98 hinders
BSA transport more strongly than Nup153, although both Nups
support similar Impb event rates. Indeed, sequence analysis14 indi-
cates that Nup98 is more cohesive than Nup153 (Supplementary
Table T3), providing for a more effective physical barrier. The
reduced selectivity is also consistent with our finding (Fig. 2d)
that the layer of Nup153 was thinner than that of the
Nup98-coated pore. Nevertheless, our findings indicate that a
single Nup is enough to form a barrier, and that intrinsic differences
between Nups result in varying barrier effectiveness. Additional

enhancement of transport selectivity might be achieved through
competition of transport receptors and non-specific cargo2,37,38.

Finally, we used Alexa488-labelled Impb to verify that Impb pro-
teins actually translocate through our Nup-coated pores to the trans
chamber. Here we translocated proteins for 20 h through an array of
61 parallel Nup98-coated nanopores with diameters of 43+3 nm
(Fig. 5a and Supplementary Section 13) to maximize the amount
of translocated Impb in the trans chamber. Subsequently, buffer
from the 20 ml trans chamber was deposited on a cover slide for
total internal reflection fluorescence (TIRF) imaging (see
Methods). Fluorescent proteins are clearly observed (Fig. 5b), corre-
sponding to an amount of �1 pM of Impb that translocated to the
trans chamber. This is in good agreement with the expected value of
�2 pM (Supplementary Section 14).

To conclude, we have built a de novo designed ‘minimalist NPC’
that faithfully reproduces the essential feature of selectivity of the
NPC. We have used electrophysiology as a new technique to
measure ion and protein transport across the biomimetic pore
with single-molecule resolution. We have found that translocation
events through such biomimetic NPCs are indeed observed for
transport receptors (Impb), whereas the passage of non-specific
proteins (BSA) is strongly inhibited. Importantly, our approach
has the advantage of revealing intrinsic differences between Nups
that can determine the selectivity barrier. Future work may
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encompass a stepwise expansion of the complexity of the system, as
well as measurement of forces on transport factors during transloca-
tion using an integrated nanopore-optical tweezers setup39.

Methods
Cloning and expression of recombinant Nup153 and Nup98. The 601aa
C-terminal FG-repeat domain of human Nup153 (aa 874–1,475, Nup153-C) was
PCR-cloned into bacterial expression vector pGEX 6P-1 (GE Healthcare), which
contains a N-terminal glutathione-S-transferase (GST) and C-terminal His-tag.
The nucleotide sequence encoding the FG-domains of human nucleoporin Nup98
(aa 1–505) was cloned into pPEP-TEV vector at the BamHI and EcoRI restriction
sites using the prokaryotic expression vector pPEP-TEV40. This construct contains a
N-terminal His-tag followed by 36 residues of a short laminin linker and a TEV
protease cleavage site. To allow attachment of the recombinant Nup153 or Nup98
fragments to the gold surfaces, three cysteines were added to the N-terminus in both
cases. The recombinant Cys-Nup153 and Cys-Nup98 were expressed in Escherichia coli
BL21 (DE3) competent cells (Novagen). The expressed FG-domains were purified
under denaturing conditions (8 M urea, 100 mM Na2HPO4, 10 mM DTT and
10 mM Tris-HCl, pH 8.5) using a Ni-NTA column. A PreScision protease (GE
Healthcare) was used to cleave both the N-terminal glutathione-S-transferase (GST)
and C-terminal His-tag from Cys-Nup153-C after purification. TEV protease was
used to remove the His-tag from Cys-Nup98. After cleavage, the recombinant
fragments of Nup98 carry a pre-sequence of GlyGlySer before the three cysteines at
the N-terminus. Some additional residues were also present in the Cys-Nup153-C
construct at both termini after cleavage. Subsequently, all FG-domains were purified
under denaturing conditions as done previously11. The His-tag-free protein
fragments were than eluted with a buffer containing 8 M urea, 100 mM Na2HPO4,
10 mM DTT and 10 mM Tris-HCl, pH 8.5. The final protein purity was analysed
by 12% PAGE at 0.1% SDS. The protein concentration was determined by
Bradford assay and verified by estimation of protein amounts on Commassie
Brilliant Blue-stained SDS-PAGE (12% acryl amide) (Supplementary Fig. S2).
Alternatively, the protein concentration was also calculated from the
absorption at 280 nm. An extinction coefficient of the protein fragment
was calculated using the ProtParam program (available at ExPaSy homepage,
http://us.expasy.org/sprot/).

Cloning and expression of Impb. Full-length human Impb was amplified by PCR
and inserted into a NcoI–BamHI digested pETM-11 expression vector (EMBL
Protein Expression and Purification Facility). N-terminal His6-tagged Impb was
expressed in E. coli BL21 (DE3) cells at 30 8C overnight and purified on a Ni-NTA
column (50 mM TrisHCl, pH 8, 100 mM NaCl, 1 mM DTT; eluted with
80–300 mM imidazole) followed by gel-filtration using Superdex 200 column (GE
Healthcare). Purified protein was analysed by SDS–PAGE (Supplementary Fig. S2)
and selected fractions containing Impb were pooled, dialysed against PBS and
concentrated. Impb was also labelled with Alexa Fluor488 sulphodichlorophenol
esters (Alexa Fluor488-5-SDP ester) using a standard labelling procedure of
Invitrogen Protocols for amine-reactive probes (http://products.invitrogen.com/
ivgn/product/A30052). Labelling was carried out in PBS buffer with pH 7.2. Under
these conditions, dye molecules couple mainly to the N-terminus (primary amine)
of Impb, and the amine groups of the side chains remain mainly unlabelled. This
minimizes any effects that might alter the biochemical properties and structure of
Impb. The degree of labelling was 2.8 dyes per Impb.

Fabrication of solid-state nanopores. The devices consisted of a nanometre-sized
hole in a thin silicon nitride (SiN) membrane3,21. Briefly, a thin layer of SiN was
deposited on a silicon (100) wafer, followed by electron-beam lithography, reactive
ion etching and a KOH wet etch to create a 20 nm thin free-standing membrane of
low-stress SiN. The free-standing membrane was then placed in a transmission
electron microscope (TEM) operated at 300 kV. Formation of a nanopore resulted
from the exposure of the membrane to a tightly focused electron beam. The diameter
of the pore could be tuned with subnanometre accuracy with direct visual
feedback21. For this study, we used pores ranging in diameter from 10 to 85 nm.
After drilling, the pores were stored in a solution containing 50% ethanol and 50%
ddH20. A more detailed description of the nanopore fabrication process is
given elsewhere41.

Chemical modification of solid-state nanopores. The surface treatment used to
immobilize Nups at the pore is schematically depicted in Supplementary Fig. S1.
Both sides of the sample were subjected to oxygen plasma for �30 s. This process
removed any organic contaminants and resulted in oxidation of the surface, yielding
SiO2. The membranes were then (step 1) immersed into a 5% solution of
(aminopropyl)triethoxysilane (APTES; obtained from Pierce) in pure methanol for
3–6 h, followed by rinsing for 10–15 min in pure methanol, drying under N2 and
baking at 100 8C for 30 min. This left exposed amine groups42. Subsequently (step 2),
the amine groups were activated with a water-soluble, non-cleavable
heterobifunctional crosslinker sulphosuccinimidyl-4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate (sulfo-SMCC; 2 mg powder tablets were obtained from
Pierce) to introduce maleimide groups. The crosslinkers had an amine-reactive
NHS-ester (NHS esters react with primary amines at pH 7–9 to form stable amide

bonds), in addition to a thiol-reactive maleimide (maleimides react with sulphhydryl
groups at pH 6.5–7.5 to form stable thioether bonds). ‘No-weigh’ powder tablets
(2 mg) of sulfo-SMCC were dissolved in 1.5 ml phosphate-buffered saline (PBS),
pH 7.2. Membranes were then immersed overnight in the resulting solution.
Subsequently, they were rinsed with Milli-Q filtered water (Millipore), acetone,
ethanol, 2-isopropanol and Milli-Q again. In parallel, Nup98 and Nup153 were
dialysed from buffer containing 8 M urea into PBS, and 1 mM of TCEP was added
into their solutions for 30 min to reactivate the SH-groups. Finally, each membrane
was incubated for 3 h in solutions containing 3 mg Nup98 or Nup153 (step 3), which
attached to the pore via the maleimide moieties. Ellipsometry on coated SiN
membranes confirmed the presence of the three layers.

Data acquisition and analysis. Ionic currents were detected by Ag/AgCl electrodes
connected to an amplifier operating in resistive feedback mode (Axopatch 200B,
Axon Instruments). All ion current measurements were performed at 150 mM KCl
and 10 mM Tris-HCl, pH 8.0. Current traces were measured at a bandwidth of
100 kHz and digitized at 500 kHz. When necessary, low-pass filtering was applied:
bare pore data were low-pass-filtered at 5 kHz, and Nup-coated pore data at 2 kHz.
The upper trace in Fig. 3b was low-pass-filtered at 0.5 kHz for display purposes. The
concentrations used in the nanopore experiment were 4.2 mM for BSA and 2.9 mM for
Impb (13 mM for the experiment with the array). The selectivity measurements were
all performed with pores with dimensions of 44+2 nm. The event-fitting algorithm
used to analyse and label the translocation events was the same as one described
elsewhere32. Error bars mentioned in the text denote the standard deviation of the
distribution. Only events exceeding six times the standard deviation of the open-pore
root-mean-square noise were considered. To avoid the effects of possible baseline
fluctuations, we also limited ourselves to events for which the current before and
after the event did not change more than 10% of the event amplitude.

Importin-b TIRF imaging. Glass microscope cover slips (22 × 22 mm, no. 1) were
incubated with Poly-L-lysine solution (0.1% (w/v), Sigma-Aldrich) for 5 min
and washed with PBS. A solution with Alexa-Fluor488-labelled Importin-b
(Impb-Alexa488), extracted from a diluted solution or from the trans-chamber in
the translocation experiment, was then added at indicated concentrations and
allowed to non-specifically adhere to the coated cover slips for 30 min. Following
this, the fluorescence from individual molecules was detected by a TIRF microscope.
The fluorescence signals from these surface-anchored Impb were excited with a
491 nm diode-pumped solid-state laser (Cobolt) in a total internal reflection
geometry, and fluorescence emission from Alexa-488 was detected with a ×60,
1.45 NA, oil immersion objective (Olympus), filtered with a 525/50 filter (Chroma
Technology) and imaged onto a CCD camera (Andor iXon 897). Custom-written
software was then used to identify single Impb proteins on the cover slip and to
monitor the Alexa-488 fluorescence at these positions.
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