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Materials and Methods
Cell Culture and Transport Conditions. A HeLa cell line stably ex-
pressing the GFP-conjugate of POM121 was used, and freshly
split cells were grown overnight on coverslips in DMEM supple-
mented with 10% FBS. For microscopy, flow chambers were con-
structed with a top cover-slip and two lines of silicone grease as
spacers. Cells were washed with transport buffer (20 mMHEPES,
110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, 1 mM EGTA,
pH 7.3), permeabilized for two minutes with 40 μg∕mL digitonin
in transport buffer, and washed again with transport buffer sup-
plemented with 1.5% polyvinylpyrrolidone (PVP; 360 kDa). PVP
was included in all transport buffer solutions after digitonin treat-
ment to prevent osmotic swelling of the nuclei. For single-mole-
cule measurements of transport receptors and passive diffusion
of various molecules, 1 nM intrinsic fluorescent or dye-labeled
substrates were used. For the efficient nuclear import of 1 nM
labeled NLS-2xGFP at 0.5 μM, 3 μM and 15 μM Imp β1, the buf-
fer contained the import cofactors 1 mM GTP, 2 μM Ran, 1 μM
NTF2 and 0.5 μM, 3 μMor 15 μM Imp β1 and Imp α, respectively.
More details can be found in previously published methods (1–5).

Dyes, Dextran, Proteins, and Labeling. Fluorescein, Alex Fluor 647
and dye-labeled dextrans were purchased from Invitrogen. Insu-
lin and α-lactalbumin were bought from Sigma-Aldrich. N-term-
inal His-tagged GFP, NTF2, Imp β1 and transportin proteins were
expressed in Escherichia coli and purified by Ni-NTA Superflow
(Qiagen), MonoQ and Superdex 200 (Amersham) chromatogra-
phy. The model substrate of NLS-2xGFP and the other transport
cofactors were purified as described in previous reports (1–5),
unless specified in Materials and Methods. The solvent-accessible
cysteines on the proteins were labeled with 20-fold molar excess
Alexa Fluor 647 maleimide dye (Invitrogen) for 2 h at room tem-
perature in 50 mM sodium phosphate, 150 mM NaCl, pH 7.5.
Reactions were quenched with β-mercaptoethanol, and the pro-
ducts were dialyzed to remove the free dyes. The labeling ratio is
1 dye per protein molecule for GFP, NTF2, insulin and α-lactal-
bumin, 2 dyes per transportin molecule, and 4 dyes per protein
molecule for Imp β1 and NLS-2xGFP.

Dye Effect on the Function of Imp β1 and the Import Cargo Complex.
The effect of dyes on the interactions between the labeled import
cargo complex and the NPC have been previously investigated
using transport rate measurements and shown to be negligible
(1–4). By the same method, import rates of NLS-2xGFP in the
presence of unlabeled or labeled-Imp β1 molecules were mea-
sured, and the same transport rates were obtained in both cases.
Therefore, the labeled dyes on Imp β1 or NLS-2xGFP are unli-
kely to affect the functions of the substrates through interactions
with the FG repeats along the NPC.

Single-GFP-POM121 Cell Line. By conjugating GFPs with POM121,
the middle plane of the nuclear envelope can be determined
(1, 2). However, multiple-GFPs-conjugate-POM121 NPCs have
enhanced transport time and efficiency compared to that of wild-
type (WT) NPCs (4). Following the same experimental proce-
dure, the transport time and efficiency for single-GFP-POM121
NPCs was measured, and it was found that nuclear transport was
not enhanced by a single GFP-conjugate. Therefore, experiments
were conducted with a single-GFP-POM121 cell line, and GFP
fluorescence was utilized to localize the centroid of indivi-
dual NPC.

Orientation of a Single NPC. The position of the nuclear envelope
(NE) was localized by fitting GFP fluorescence of POM121 as
follows: The pixel intensities within a row or a column approxi-
mately perpendicular to the NE were fit to a Gaussian. The peak
position of the Gaussian for a particular set of pixel intensities
was considered the NE position for that row and column. The
peak positions of a series of such Gaussians were then fit with
a second-degree polynomial, yielding the path of the NE within
the entire image (1).

Two rules were then used to select a single NPC oriented per-
pendicularly to the NE on the equator of the nucleus and to the y
direction of the Cartesian coordinates (x, y) in the CCD camera:
(i) Choose a fluorescent NPC on the equator of the nucleus such
that the tangent of the NE at the location of this NPC should be
parallel to the y direction of the Cartesian coordinates (x, y) in the
CCD camera; and (ii) examine the ratio of Gaussian widths in the
long and short axes of the chosen GFP-NPC fluorescence spot.
The ratio needs to fall between 1.74 and 1.82. Within this range,
an illuminated NPC only has a free angle of 1.4° to the perpen-
dicular direction to the NE (1).

Instrumentation. The SPEED microscope includes an Olympus
IX81 equipped with a 1.4 NA 100× oil-immersion apochromatic
objective (UPLSAPO 100X, Olympus), a 35 mW 633 nm He-Ne
laser (Melles Griot), a 120 mW ArKr tunable ion laser (Melles
Griot), an on-chip multiplication gain charge-coupled device
camera (Cascade 128+, Roper Scientific) and the Slidebook soft-
ware package (Intelligent Imaging Innovations) for data acquisi-
tion and processing. An optical chopper (Newport) was used to
generate an on-off mode of laser excitation. Fluorescein, GFP,
Alexa Fluor 488 and Alexa Fluor 647 fluorescence were excited
by 488 nm and 633 nm lasers, respectively. The two lasers were
combined by an optical filter (FFF555/646 Di01, Semrock), col-
limated and focused into an overlapped illumination volume in
the focal plane. The green and red fluorescence emissions were
collected by the same objective, filtered by a dichroic filter (Di01-
R405/488/561/635-25x36, Semrock) and an emission filter (NF01-
405/488/561/635-25X5.0, Semrock) and imaged by an identical
CCD camera. The system error of alignment between red and
green fluorescence channels is 3.0� 0.1 nm, determined by mea-
suring 230 immobile Alexa Fluor 647-labeled GFP fluorescent
molecules on the surface of a cover-slip.

Localization Precisions of Isolated Fluorescent Spots.The localization
precision for fluorescent NPCs, immobile fluorescence molecules
and moving fluorescence molecules was defined as how precisely
the central point of each detected fluorescent diffraction-limited
spot was determined. For immobile molecules or fluorescent
NPCs, the fluorescent spot was fitted to a 2D symmetrical or
an elliptical Gaussian function, respectively, and the localization
precision was determined by the standard deviation of multiple
measurements of the central point. However, for moving mole-
cules, the fluorescent spot was fitted to 2D elliptical Gaussian
functions, but the localization precision (σ) was determined by

an algorithm of σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
N þ a2

12N þ 8πs 4b2

a2N 2

q
, where N is the number

of collected photons, a is the effective pixel size of the detector,
b is the standard deviation of the background in photons per pix-
el, and s is the standard deviation of the point spread function (6).

To justify the precision obtained by the standard deviation of
multiple measurements and the algorithm, both methods were
used to determine the localizations of immobile fluorescent
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molecules (Alexa Fluor 647-labeled-Imp β1 absorbed on the
surface of a cover-slip) and fluorescent NPCs. A total of 155 im-
mobile labeled-Imp β1 molecules were measured, and the two
methods yielded a difference of 0.4� 0.1 nm. Based on 24 NPCs,
the two methods generated a difference of 0.3� 0.1 nm. As
shown in Table S1, the localization precision is approximately
9–12 nm for the immobile molecules and 10–13 nm for the mov-
ing molecules when around 1,100 photons were collected from
the targeted molecule.

Determination of Molecular Diameter. Permeation probes used as
in this paper meet a number of criteria: (i) For proteins, a
compactly folded domain with nearly spherical shape and no
interactions with NPC are needed. (ii) For dyes or dextran
molecules, they have been used to test the NPC permeability
before. (iii) Their molecular diameters have been measured ex-
perimentally by gel filtration or size exclusion column. (iv) Con-
tribution of labeled dyes on the substrate for the final size of
substrate was determined by the relationship between diameter
(d) and molecular weight (MW) with (w) or without (o) labeled
dyes as dw

do
¼ ðMWw

MW 0
Þ−3.

Gaussian Fittings in the Determination of Dimensions for Transport
Routes in the NPC. The obtained spatial probability density distri-
bution of transiting molecules in the NPC were fitted by one or
multiple Gaussian functions. From the Gaussian fittings, the spa-
tial dimension of transport route was determined. For example,
as shown in Fig. 3, the length and diameter of the central passive
diffusion channel in the NPC were determined by Gaussian fit-
ting. However, the obtained Gaussian width cannot be directly
used to characterize the dimension of transport passageway, and
the effects of single-molecule localization precision and the
molecular size should be included in the final determination
of dimensions of transport pathways. Thus, in detail, the e−1, full
width at half maximum (FWHM) or e−2 width (Wo) of a Gaus-
sian function was corrected by including the localization precision
of single molecules (σs) and the molecular diameter (ds) as

follows:Wc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W 2

O − σ2
S

q
þ ds, whereWc is the corrected width.

For passive diffusion of small molecules,Wc represented the dia-
meter or the length of the central channel. However, the dia-
meters of the tubes rarely occupied by Imp β1 and the import
cargo complexes were further determined by Wc and the peak
position (P) of Gaussian fitting of probability density distribution
of interactions sites in the NPC. Finally, the diameter of unoccu-
pied tube was obtained as 2P −Wc.

As indicated by Gaussian fittings in both axial and radial direc-
tions for passive diffusion routes in Fig. 3 A–C (the detected tran-
siting molecules were included in the e−1, FWHM, and e−2

widths of Gaussian fitting with approximately 68%, 76%, and
95% probability, respectively), the determined diameter and
length of the central channel strongly depended on the molecular
size and the dependency relationships were subsequently fitted by
exponential functions (Fig. 3D). For example, those larger mole-
cules (approximately 3–7 nm in diameter) passively diffused
through the NPC via a central channel with approximately
17–19 nm in diameter at the narrowest point (11–12 nm and
12–13 nm at the e−1 and FWHM widths, respectively) and about
140–179 nm in length based on the e−2 width of Gaussian fit
(70–89 nm and 83–106 nm at the e−1 and FWHM widths, respec-
tively) (Fig. 3D and Table S2). The above determined dimensions
of the central channel agree with previous results obtained from
EM measurements or bulk nucleocytoplasmic transport rates
(8–11). However, smaller molecules (< ∼ 3 nm in diameter)
further diffused beyond such a spatial definition and could parti-

tion into more or even entire space of the peripheral FG-Nups-
transport receptor interacting regions in either the axial or the
radial direction inside the NPC (Fig. 3D). Additionally, the
farther diffusion of smaller molecules may suggest that the cen-
tral channel unlikely has an “impermeable solid wall” but rather a
“permeable selective wall.”

Determination of the Effective Viscosity of Medium in the Central
Passive Diffusion Channel. Comparisons between the measured
nucleocytoplasmic transport time (τ) and the calculated time
(t) of various small molecules showed that the effective viscosity
(ηpore ¼ τ

t � ηaqueous) of the medium in the central passive diffusion
channel ranged from 1.6–3.4 cp, which is much larger than the
viscosity of our import buffer ðηaqueous ¼ 1 cpÞ in an aqueous
open channel (Fig. 3 E and F). In detail, the diffusion time (τ)
of small molecules through the NPC was measured by counting
the dwell time in the NPC based on their single-molecule tracking
trajectories (as τ in Fig. 1G). The calculated time (t) was deter-

mined from the mean squared displacements as t ¼ hδ2
axisðtÞi

2AcDaxis
, where

δaxis is a instantaneous moving distance projected along the axis of
NPC, hδ2

axisðtÞi is the measured length of central channel,Ac is the
spatial confinement effect of the nuclear pore on inserted mole-

cules (7), and Daxis

�
∝ 1

ηaqueous

�
, is the projected diffusion coeffi-

cient of transiting substrates through an aqueous channel
along the NPC axis. Obviously, 3D dimension of the central pas-
sive diffusion tube varied for different-sized passively transiting
molecules. Based on the ratio of measured and calculated trans-
port times, we further found that the viscosity of the medium in
the central passive diffusion tube for smaller molecules (approxi-
mately 1–3 nm in diameter) (ηpore) increased approximately two
times than that for larger molecules (approximately 3–7 nm in
diameter) (Fig. 3F and Table S2).

Intervenes Between Passive and Facilitated Transport. Intervenes be-
tween passive and facilitated transport in the NPC were observed
in some studies but not in others (12–14). The obtained data in
this paper can provide the following insight into this dispute: (i)
Though passive diffusion and facilitated translocation possess
mainly separate pathways in the NPC, these two transport zones
are not completely forbidden areas to each other. The overlapped
space between them depends on the size of transiting molecules.
For example, the routes between larger facilitated translocation
cargo complex and smaller passively diffusion molecules would
have more overlaps; thus, they could affect each other more
significantly under the circumstance. (ii) Concentrations of trans-
port receptors (i.e., Imp β1) and RanGTP presented in the trans-
port system can greatly affect the dimensions of passageways and
the transport rates for both passive and facilitated transport.
Thus, different concentrations of transport receptors adopted
in the previous experiments could make completely different con-
clusions, although the same type of transport receptors were used
in those experiments.

Deconvolution and Image Processing. The detailed deconvolution
process used to obtain the 3D spatial distribution of transiting
molecules in the NPC was described in our previous publication
(1). The three-dimensional, surface-rendered visualizations in
Figs. 2–4, Figs. S3–S6, and Movies S6–S10 were treated with
Amira 5.2 (Visage Imaging).

Standard Error. Experimental measurements are reported as
means� standard errors of the mean unless otherwise noted.
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Fig. S1. Single-molecule trajectories of typical nucleocytoplasmic transport events of Imp β1 and import cargo complex Imp α/Imp β1/NLS-2xGFP obtained by
SPEED microscopy. (A) A typical nuclear import event of Imp β1 molecules from the cytoplasm to the nucleus. First, a single GFP-NPC (green spot) was visualized
in the illumination volume. Then, a single fluorescent Imp β1 molecule (red spot) entered the illumination volume, started in the cytoplasm (C), interacted with
the NPC and entered the nucleus (N). Numbers denote time in millisecond. Scale bar: 1 μm. (B) Single-molecule trajectories of the import event in A. Based on
the centroid (red dot) and the dimensions of the NPC, the spatial locations of Imp β1 molecule from 1.2 ms to 2.4 ms was within the NPC. (C and D) Individual
video frames and the corresponding single-molecule trajectories of a typical export event for Imp β1. (E and F) Individual video frames and the corresponding
single-molecule trajectories of a typical import event for the import cargo complex.
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Fig. S2. Illumination of single NPCs at the bottom of NE by SPEED microscopy. (A) An off-axis 488-nm excitation laser beam was focused by objective to form
an inclined illumination point spread function (iPSF forms an angle of 45° to the z direction) in a cell. C, cytoplasm; N, nucleus. (B) Only a single GFP-NPC (green
spot) inside the iPSF was excited in all xyz dimensions at the bottom plane of HeLa cell nucleus in the focal plane (between the double light blue lines inA). Scale
bar: 1 μm. (C and D) The fluorescent spot of the single illuminated GFP-NPC was fit well by a Gaussian function in both x and y directions. (E) Single-molecule
imaging and tracking of transiting molecules through the only illuminated GFP-NPC. Followed the same beam path, a second laser was introduced to image
and track single transitingmolecules (red dots) through the illuminated NPC (blue). C, cytoplasm; N, nucleus. (F) Single transiting molecules inside or outside the
NPC (moving in z direction) were strictly determined based on their Gaussian widths. The relationship between the locations and the Gaussian widths of single
transitingmolecules in z direction indicated that they stayed inside the NPC (−100 to +100 nm as shown by purple lines) if their Gaussian widths are smaller than
0.83 pixel (240 nm per pixel) in SPEED microscopy. Gaussian widths of single molecules changed steeper along the z direction in SPEED microscopy (red line
and square symbols) than in laser confocal microscopy (LCM, black line and round dots). C, cytoplasm; N, nucleus. (G) The obtained 2D spatial locations of Imp
β1 molecules in the NPC located at the bottom of NE. To highlight the distribution in radial (R) dimension, 16 concentric rings with 5-nm gaps between neigh-
boring rings was superimposed on the 2D spatial distribution. (H) The corresponding 2D probability density map of the spatial locations in G. (I) The histogram
of densities along the R dimension was fit by multiple Gaussian functions. The peak position and the width (in brackets) at e−2 of the Gaussian width were
obtained by the fit. (J–L) The 2D spatial locations, probability density map and histogram for 10-kDa dextran molecules in the NPC.
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Fig. S3. Three-dimensional pathways for Imp β1, transportin, and NTF2 in native NPCs obtained by SPEED microscopy. Superimposed on the NPC structure,
3D probability density maps (green cloud; brighter color indicates higher density) for Imp β1 (A), transportin (B), and NTF2 (C) in native NPCs were shown in both
top view and side view as central slice along the nucleocytoplasmic axis. The cylindrical coordinate system of (x, R, θ) is shown. C, the cytoplasmic side of NPC. N,
the nucleoplasmic side of NPC.

Fig. S4. Superimposed transport routes of passive diffusion and facilitated translocation. (A) Length of passive diffusion channel in the NPC. The passive
diffusion channels of 0.3 kDa fluorescein (red) and 29 kDa GFP (blue) in the NPC used as examples were determined at the e−2 Gaussian width. (B) Central
slice along the nucleocytoplasmic axis of the 3D probability density maps of 217 kDa labeled import cargo complex of NLS-2xGFP/Imp α/Imp β1 (green cloud),
0.3 kDa fluorescein (red cloud), and 29 kDa labeled GFP (blue cloud), superimposed onto the NPC structure. The cross sections along the R dimension in five
distinct regions were marked from I to V with relative distances from the centroid of NPC. All numbers are in nanometers. C, the cytoplasmic side of NPC. N, the
nucleoplasmic side of NPC. (C) Histograms of probability spatial densities for the above three transiting molecules along the radii (R) at the cross-section of NPC
in the range I to V. Major peaks and e−2 widths (in brackets) for import cargo complex (green), fluorescein (red) and GFP (blue) were obtained from Gaussian
fittings of histograms of probability spatial densities.

Fig. S5. Three-dimensional pathways of the import cargo complex at 0.5 μM, 3 μM, and 15 μM Imp β1. (A) Cut-away view of the 3D spatial density map for the
import cargo complex of Imp α/Imp/β1/NLS-2xGFP (green cloud; brighter color indicates higher density) superimposed on the NPC architecture (blue) at 0.5 μM
Imp β1. The length of the pathway and the diameter of the rarely occupied tube are labeled in nanometers. (B) Cut-away view of the 3D pathways for import
cargo complex (green cloud; brighter color indicates higher density) superimposed on the NPC architecture (blue) at 3 μM Imp β1. (C) Cut-away view of the 3D
spatial density maps for the import cargo complex (green cloud; brighter color indicates higher density) superimposed on the NPC architecture (blue) at 15 μM
Imp β1.
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Fig. S6. Nucleocytoplasmic transport route of 70 kDa-dextran molecules at the presence of either 0 μM or 15 μM Imp β1 in permeabilized HeLa cells captured
by SPEED microscopy. (A) 1-nM labeled 70 kDa-dextran molecules without addition of Imp β1. Superimposed plots of spatial localizations of single dextran
molecules located primarily within a rectangular area of 240 x 160 nm around the centroid of NPC. With a 2D to 3D deconvolution process (1), the 3D prob-
ability density map (red cloud; brighter color indicates higher density) was obtained and shown in side view superimposed on the NPC architecture (blue). C, the
cytoplasmic side of NPC. N, the nucleoplasmic side of NPC. (B) Two-dimensional spatial locations and 3D probability density map of 1-nM labeled 70 kDa-
dextran molecules with addition of 15 μM Imp β1. (C) Percentages of spatial locations of dextran molecules on either side of the NPC at 0 μM (black) or
15 μM Imp β1 (red). The NPC became more permeable for 70-kDa-dextran at 15 μM Imp β1 and 20% more molecules diffused through the central scaffold
region. C, the cytoplasmic side of NPC. N, the nucleoplasmic side of NPC. (D) The length of central passive diffusion channel at the presence of either 0 μM
(black) or 15 μM Imp β1 (red). Based on the Gaussian fits, the length of central channel became longer at the presence of 15 μM Imp β1, and also the peak
position of spatial density of dextran molecules along the x dimension shifted from 17±1 nm at 0 μM Imp β1 to 10±1 nm at 15 μM Imp β1 in the NPC. C, the
cytoplasmic side of NPC. N, the nucleoplasmic side of NPC.

Movie S1. This movie shows a typical import event of Imp β1 from the cytoplasm to the nucleus in a eukaryotic cell. Individual frames of this movie are shown
in Fig. S1A. Pixels are 240-nm square; each frame was acquired in 400 μs; and the playback speed is 2500X slower than real time. The compartment on the left
side of the NPC (the green fluorescent spot) is the cytoplasm (C), and the right side is the nucleus (N). The Imp β1molecule (the red fluorescent spot) starts in the
cytoplasm, interacts with the NPC and ends in the nucleus.

Movie S1 (MOV)

Ma et al. www.pnas.org/cgi/doi/10.1073/pnas.1201724109 6 of 11

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201724109/-/DCSupplemental/SM01.mov
http://www.pnas.org/cgi/doi/10.1073/pnas.1201724109


Movie S2. This movie shows a typical export event of Imp β1 from the nucleus to the cytoplasm in a eukaryotic cell. The acquisition time and playing speed are
the same as those of Movie S1. The Imp β1 molecule (the red fluorescent spot) starts in the nucleus (N), interacts with the NPC (the green fluorescent spot) and
ends in the cytoplasm (C). Individual frames of this movie are shown in Fig. S1C.

Movie S2 (MOV)

Movie S3. This movie shows a typical import event of cargo complex Imp α/Imp β1/NLS-2xGFP from the cytoplasm to the nucleus in a eukaryotic cell.
The acquisition time and playing speed are the same as those of Movie S1. The cargo complex molecule (the red fluorescent spot) starts from the cytoplasm
(C), interacts with the NPC (the green fluorescent spot) and ends in the nucleus (N). Individual frames of this movie are shown in Fig. S1E.

Movie S3 (MOV)

Movie S4. This movie shows a typical import diffusion event of 10 kDa-dextran from the cytoplasm to the nucleus in a eukaryotic cell. The acquisition time
and playing speed are the same as those of Movie S1. The dextran molecule (the red fluorescent spot) starts from the cytoplasm (C), diffuses through the NPC
(the green fluorescent spot) and ends in the nucleus (N). Individual frames of this movie are shown in Fig. 1E.

Movie S4 (MOV)
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Movie S5. This movie shows a typical export diffusion event of 10 kDa-dextran from the nucleus to the cytoplasm in a eukaryotic cell. The acquisition time
and playing speed are the same as those of Movie S1. The dextran molecule (the red fluorescent spot) starts from the nucleus (N), diffuses through the NPC
(the green fluorescent spot), and ends in the cytoplasm (C). Individual frames of this movie are shown in Fig. 1E.

Movie S5 (MOV)

Movie S6. This movie shows a cut-away view of the 3D diffusion pathway for 10 kDa-dextran through the NPC at 1 nM Imp β1 (red cloud; brighter color
indicates higher spatial density) superimposed on the NPC architecture (blue). C, the cytoplasmic side of the NPC. N, the nucleoplasmic side of the NPC. Five
regions were marked from I to V with the relative distances from the centroid of NPC. Numbers denote distance (nm).

Movie S6 (MOV)
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Movie S7. This movie shows a cut-away view of the overlapped 3D pathways of 0.3 kDa-dextran, GFP, and Imp β1 (red, blue, and green clouds for dextran, GFP,
and Imp β1, respectively; brighter color indicates higher spatial density) superimposed on the NPC architecture (gray). Based on the spatial locations of effective
interaction sites between Imp β1 and the FG-Nups, the NPC can be divided into five regions marked from I to V with the relative distances from the centroid of
NPC. Numbers denote distance (nm). C, the cytoplasmic side of NPC. N, the nucleoplasmic side of NPC.

Movie S7 (MOV)

Movie S8. This movie shows a cut-away view of the overlapped 3D pathways of 0.3 kDa-dextran, GFP, and the import cargo complex (Imp α/Imp β1/NLS-2xGFP)
(red, blue, and green clouds for dextran, GFP, and Imp β1, respectively; brighter color indicates higher spatial density) superimposed on the NPC architecture
(gray). Based on the spatial locations of effective interaction sites between the import cargo complex and the FG-Nups, the NPC can be divided into five regions
marked from I to V with the relative distances from the centroid of NPC. Numbers denote distance (nm). C, the cytoplasmic side of NPC. N, the nucleoplasmic
side of NPC.

Movie S8 (MOV)
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Movie S9. This movie shows a cut-away view of the overlapped 3D pathways of 10 kDa-dextran and Imp β1 at 3 μM Imp β1 (green and red clouds for Imp
β1 and dextran, respectively; brighter color indicates higher spatial density) superimposed on the NPC architecture (blue). Based on the spatial locations of
effective interaction sites between Imp β1 and the FG-Nups, the NPC can be divided into five regions marked from I to V with the relative distances from the
centroid of NPC. Numbers denote distance (nm). C, the cytoplasmic side of NPC. N, the nucleoplasmic side of NPC.

Movie S9 (MOV)

Movie S10. This movie shows a cut-away view of the overlapped 3D pathways of 10 kDa-dextran and Imp β1 at 15 μM Imp β1 (green and red clouds for Imp
β1 and dextran, respectively; brighter color indicates higher spatial density) superimposed on the NPC architecture (blue). Based on the spatial locations of
effective interaction sites between Imp β1 and the FG-Nups, the NPC can be divided into five regions marked from I to V with the relative distances from the
centroid of NPC. Numbers denote distance (nm). C, the cytoplasmic side of NPC. N, the nucleoplasmic side of NPC.

Movie S10 (MOV)

Ma et al. www.pnas.org/cgi/doi/10.1073/pnas.1201724109 10 of 11

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201724109/-/DCSupplemental/SM09.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201724109/-/DCSupplemental/SM10.mov
http://www.pnas.org/cgi/doi/10.1073/pnas.1201724109


Table S1. Localization precision for immobile and moving
substrate molecules obtained at excitation optical density of
500 kW∕cm−2 and CCD exposure time of 400 μs

Molecule

Localization
precision (nm)

Immobile Moving

Fluorescein 12 ± 1 13 ± 1
Alexa Fluor 647 10 ± 1 11 ± 1
Alexa Fluor 488 labeled 3 kDa-dextran 9 ± 1 10 ± 1
Alexa Fluor 647 labeled insulin 10 ± 1 11 ± 1
Alexa Fluor 647 labeled 10 kDa-dextran 10 ± 1 11 ± 1
Alexa Fluor 647 labeled a-lactalbumin 10 ± 1 11 ± 1
Alexa Fluor 647 labeled GFP 12 ± 1 13 ± 1
Fluorescein labeled 40 kDa-dextran 12 ± 1 13 ± 1
Fluorescein labeled 70 kDa-dextran 9 ± 1 10 ± 1
Alexa Fluor 647 labeled NLS-2xGFP 9 ± 1 10 ± 1
Alexa Fluor 647 labeled NTF2 10 ± 1 11 ± 1
Alexa Fluor 647 labeled transportin 10 ± 1 11 ± 1
Alexa Fluor 647 labeled-Imp b1 9 ± 1 10 ± 1

Table S2. Characterization of axial central passive diffusion channel in NPC

Molecular name
MW
(kDa)

Diameter
of

molecule
(nm)

Diameter of the
central channel

(nm)

Length of the
central channel

(nm)
Confinement

effect

Calculated
time
(ms)

Measured
time
(ms)

Viscosity
(cp)e−1 FWHM e−2 e−1 FWHM e−2

Fluorescein 0.3 1.4 19 ± 1 22 ± 1 37 ± 1 44 ± 5 51 ± 5 88 ± 9 1.00 ± 0.02 0.05 ± 0.01 0.2 ± 0.2 3.4 ± 2.1
Alexa Fluor 647 1.3 2.3 13 ± 1 15 ± 1 24 ± 1 63 ± 4 74 ± 5 125 ± 8 1.00 ± 0.02 0.16 ± 0.01 0.5 ± 0.2 3.4 ± 0.7
Alexa Fluor 488

labeled 3 kDa-
dextran

4 3.4 11 ± 1 12 ± 2 19 ± 2 70 ± 5 83 ± 6 140 ± 10 0.73 ± 0.06 0.41 ± 0.05 0.8 ± 0.2 2.0 ± 0.4

Alexa Fluor 647
labeld insulin

7 4.0 11 ± 1 12 ± 1 19 ± 1 83 ± 5 98 ± 6 166 ± 10 0.64 ± 0.04 0.74 ± 0.08 1.2 ± 0.2 1.6 ± 0.2

Alexa Fluor 647
labeled 10 kDa-
dextran

11 4.6 12 ± 1 13 ± 1 18 ± 1 84 ± 6 99 ± 7 168 ± 12 0.55 ± 0.05 1.08 ± 0.15 1.7 ± 0.2 1.6 ± 0.2

Alexa Fluor 647
labeled
a-lactalbumin

15 5.1 11 ± 1 12 ± 1 16 ± 2 84 ± 2 99 ± 2 167 ± 3 0.46 ± 0.04 1.41 ± 0.14 2.2 ± 0.2 1.6 ± 0.2

Alexa Fluor 647
labeled GFP

29 6.3 12 ± 1 13 ± 1 17 ± 1 89 ± 4 106 ± 4 179 ± 7 0.40 ± 0.03 2.34 ± 0.22 4.0 ± 0.2 1.7 ± 0.2

Alexa Fluor 647
labeled 10 kDa-
dextran

at 0 μM Imp β1 11 4.6 9 ± 1 11 ± 1 18 ± 2 84 ± 6 99 ± 7 168 ± 12 0.55 ± 0.05 1.08 ± 0.15 1.7 ± 0.2 1.6 ± 0.2
at 3 μM Imp β1 11 4.6 14 ± 1 16 ± 1 27 ± 2 73 ± 3 86 ± 4 146 ± 6 0.69 ± 0.02 0.64 ± 0.04 0.9 ± 0.2 1.3 ± 0.3
at 15 μM Imp β1 11 4.6 18 ± 1 21 ± 1 35 ± 2 46 ± 4 54 ± 5 92 ± 8 0.78 ± 0.02 0.23 ± 0.03 0.3 ± 0.2 1.3 ± 0.9

The length and diameter of the central channel varied depending on either the size of small molecules or the added Imp β1 concentrations. The detailed
description of determination of molecular size and dimension of passive diffusion channel were included in “Determination of Molecular Diameter” and
“Gaussian Fittings in the Determination of Dimensions for Transport Routes in the NPC.” Confinement effect of a small tube on insert diffusing
molecules was derived from ref. 7. For details of transport time and the effective viscosity of the medium in the channel, see the main text.
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