
- SI-1 - 

SUPPLEMENTARY INFORMATION 
 
 

SUPPLEMENTARY MATERIALS AND METHODS 
 

Cell Line.  A plasmid expressing GFP N-terminally linked to rat Pom121 
(GFP-rPom121) was made by replacing the hNUP37 gene in a plasmid encoding 
EGFP-hNUP37 with the rPom121 gene from a plasmid encoding rPom121-3EGFP 
using HindIII and MfeI restriction sites.  Plasmids expressing rPom121-3EGFP and 
EGFP-hNUP37 were gifts from J. Ellenberg (European Molecular Biology Laboratory, 
Heidelberg, Germany) (2).  The EGFP-rPom121 coding sequence was confirmed by 
DNA sequencing.  HeLa cells were transfected with the EGFP-rPom121 plasmid as 
described previously (4).  Stable transformants were selected with Geneticin (0.4 
g/500 mL, Invitrogen).  A single colony was chosen and amplified to yield a stable 
cell line.  Transfected HeLa cells were grown at 37°C, 5% CO2 in Dulbecco’s 
Modified Eagle Medium (D-MEM, GIBCO) containing 10% fetal bovine serum 
(GIBCO) and 0.4 g/L Geneticin. 

Microscopy.  Confocal and narrow-field epifluorescence images were obtained 
on the same inverted microscope setup (Zeiss Axiovert 200M) using a 1.46 NA 100X 
oil-immersion objective (Zeiss alpha Plan-Apochromat).  Attached to the left 
side-port was a spinning-disk confocal unit (Yokagawa CSU-X1) equipped with an 
optical fiber for the excitation beam and a 512x512 EMCCD camera (Andor iXon 
DU-897) for image acquisition.  On the right side-port was a 128x128 EMCCD 
camera (Roper Scientific Cascade 128) used for narrow-field epifluorescence 
imaging (5).  A 2.5 W ArKr mixed-gas ion laser (Spectra-Physics) was used for 488 
and 647 nm excitation.  Green (GFP, NPCs) and dark red (Alexa647, cargo) 
narrow-field epifluorescence images were collected at 40 and 500 Hz, respectively, 
on the same EMCCD camera.  A typical single molecule experiment was comprised 
of a series of green-dark red-green images all collected within 1 min to minimize error 
due to stage drift (0.2 ± 0.04 nm/s).  The NPC images at the beginning and end of 
the image series were compared to ensure that sample movement did not occur 
during acquisition.  Permeablized HeLa cells were prepared as described previously 
(5), and import experiments were performed in transport buffer [20 mM Hepes (pH 
7.3), 110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, 1 mM EDTA, 1.5% 
polyvinylpyrrolidone (360 kDa, Sigma), and 2 mM dithiothreitol].  Photobleaching 
time for M9-βGal-8C was ~600 ms for most of the dyes (~80% reduction of initial 
emission intensity) and 800-1200 ms for complete photobleaching.  Thus, 
photobleaching was essentially non-existent during imaging of NPC interaction times, 
which were < 10 ms. 

Image Alignment. The image alignment error between fluorescence channels as 
determined with 0.1 um Tetraspeck microspheres (Invitrogen) was 4±3 nm (n = 24).  
The low error likely results from the small fields aligned, an objective (Zeiss 
440782-9800-000 alpha Plan-Apochromat 100x/1.46) with lower aberrations than 
previously used (1, 4, 5), and the use of a multibandpass dichroic/emission filter 
combination (Semrock Di01-R405/488/561/635-25x36 and FF01-446/523/ 
600/677-25), which obviated a filter change between fluorescence channels.  
Density maps were generated using the "Contour" function of OriginLab software.  

Spatial Resolution.  Static spatial precision was determined by repeated 
position measurements of single coverslip-adsorbed molecules.  Due to 
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photobleaching, the static spatial precision of M9-βGal-8C was ~15 nm in the first ~80 
ms of observation and ~17-19 nm in the first 200 ms.  The diffusion constant of 
M9-βGal-8C labeled with eight Alexa647 molecules was 0.81±0.09 µm2/s within the 
NPC (Figure S1), indicating that the average distance traveled during acquisition of 2 
ms images was ~40 
nm.  Thus, the local- 
ization precision for 
moving M9-βGal-8C 
molecules was ~43- 
44 nm, estimated as 
described earlier (3). 

 
 
 

 
The M9-β-Galactosidase Model Cargo.  M9-βGal fully-labeled with 16 dye 

molecules translocated into nuclei in a signal-independent manner, indicating that 
large numbers of dye molecules can promote transport through the NPC.  In addition, 
since  β-Galactosidase is a disaccharide hydrolase (6), we were concerned that 
binding to and potential hydrolysis of polysaccharides within the NPC (7) would yield 
heterogeneous results and complicate interpretation. To address these issues, we 
reduced the number of dye labeling sites to 8 via two mutations (C76A and C1021S), 
and we reduced the βGal catalytic activity (kcat) by ~105-fold and increased the KM by 
~50-fold with two mutations, E537Q and W999L (8, 9).  We found that all four 
mutations were required to prevent signal-independent uptake of M9-βGal (Figure 
S2). 

Transport Complexes.  Gel filtration (Superose 6, Amersham-Pharmacia, 
optimal separation range 5-5000 kDa) was used to separate transport complexes 
from mixtures of transportin and M9-βGal-8C (unlabeled).  When combined in ~25:1 
ratio (transportin:cargo, T/C = 25), three major protein (A280) peaks eluted between 11 
mL and 16 mL (Figure S3A, black curve), which roughly correlate to molecular 
weights of ~1 MDa, ~500 kDa and ~100 kDa, respectively, based on the elution 
profile of protein standards (Gel Filtration Calibration Kits, GE Healthcare).  The two 
lower molecular weight peaks are identified as M9-βGal-8C and transportin, 
respectively, based on the elution profiles of the pure proteins (Figure S3A, light blue 
(β) and orange (T) curves).  The highest molecular weight peak (T4β) is consistent 
with M9-βGal-8C + 4 transportin molecules.  Note that the largest protein standard 
used was thyroglobulin (670 kDa), and therefore, higher molecular weight peak 
assignments are approximate.  To further support the T4β peak assignment, elution 
profiles of two additional mixtures were examined.  For T/C = 1, the main peak 

Figure S1.  Single-molecule diffusion measurements.  The diffusion constant of M9-βGal-8C 
labeled with eight Alexa647 molecules was obtained as described (1).  (A) Frequency distribution of 
the distance traveled by an M9-βGal-8C molecule (saturated with transportin) in 2 ms within the 
cytoplasmic compartment of permeabilized cells (within ~5 µm of the NE).  The data were fit to p(δ, τ, 
D) = A*p(δ, τ, D), yielding a diffusion constant D = 5.8±0.2 µm2/s.  (B) Frequency distribution of the 
distance traveled in 2 ms from the trajectories in Figure 3C.  Data were fit to p(δ, τ, D0, D2) = A*p(δ, τ, 
D0) + B*p(δ, τ, D2), yielding D0 = 5.8±0.6 µm2/s (61%) and D2 = 0.81±0.09 µm2/s (39%).  Since D0 is 
identical to the cytoplasmic diffusion constant obtained in (A), it is assumed that D2 represents the 
diffusion constant of M9-βGal-8C when bound to the FG-network.  [M9-βGal-8C] = 0.1 nM; [NTF2] = 
1 µM; [RanGDP] = 0.5 µM; [GTP] = 1 mM; [transportin] = 1 µM. 
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eluted at ~600 kDa, consistent with M9-βGal-8C + 1 transportin molecule (Figure S3B, 
dark blue curve, T1β).  For T/C = 3, the main peak eluted at ~900 kDa, consistent 
with M9-βGal-8C + 3 transportin molecules (Figure S3B, green curve, T3β).  No free 
transportin was found for these low T/C mixtures, consistent with a high binding 
affinity (KD ≈ 42 nM (10)).  These data indicate that the M9-βGal-8C is able to 
simultaneously bind 3-4 transportin molecules, and the transport complexes are 
stable enough to be resolved by size exclusion chromatography. 

As an alternative approach to determine how many transportin molecules 
simultaneously bound to M9-βGal-8C, purified complexes were analyzed by stepwise 
photobleaching experiments (3).  Transportin was modified at the C-terminus with a 
ybbR tag.  This ybbR tag was covalently and specifically modified with a single 
CoA-Alexa647 dye molecule using Sfp phosphopantetheinyl transferase (11, 12).  
After enzymatic labeling of transportin-ybbR, the majority (>90%) of the unlinked 
CoA-Alexa647 was removed by one passage through a Zeba desalting column (2 mL, 
7K MWCO, Thermo Scientific).  The labeled transportin yields two fluorescent peaks 
upon Superose 6 gel chromatography (Figure S3C, red curve), consistent with 

Figure S2.  Effects of Decreasing the Number of Dye Labels and Reducing Sugar Binding and 
Hydrolase Activities on the Nuclear Transport of M9-βGal.  Nuclear envelopes were visualized by 
EGFP-rPom121 fluorescence (green) and M9-βGal was visualized by Alexa647 fluorescence (red) 
using confocal microscopy.  Fully-labeled wild-type M9-βGal (16C) binds to NPCs and enters the 
nucleoplasm of digitonin-permeabilized HeLa cells in the absence of transportin.  Enzymatic 
mutations (E537Q and W999L) and cysteine mutations (C76A and C1021S), yielding M9-βGal-8C, are 
both required to prevent signal-independent nuclear uptake.  See text for details.  [M9-βGal] = 0.25 
µM.  Scale bar, 10 µm. 
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transportin-ybbRAlexa647 (T') and free (unreacted) CoA-Alexa647 (CoA).  Three 
protein elution peaks were observed when M9-βGal-8C and transportin-ybbRAlexa647 
were mixed (Figure S3C, violet curve, T/C = 8).  The two lower molecular weight 
peaks are consistent with Sfp (~30 kDa) and free transportin-ybbRAlexa647 (~100 kDa).  
The major peak at ~1 MDa is consistent with M9-βGal-8C + 3-4 transportin molecules 
(T'3β-T'4β).  The proteins in this peak were spread onto a microscope coverslip and 
imaged under stepwise photobleaching conditions (3) within 15 min after elution from 
the Superose 6 column (Figure S3D).  Four distinct photobleach steps (and no more 
than 4) were observed for some fluorescent spots, supporting the hypothesis that 
M9-βGal-8C molecules can simultaneously bind up to four transportin molecules.  
The large number of spots that exhibited less than four photobleach steps is 
explained by incomplete dye labeling of transportin and/or complex decomposition 
after elution from the gel filtration column. 
 
 

Figure S3.  Size Exclusion Gel Chromatography and Stepwise Photobleaching of M9-βGal-8C 
NTR-Cargo Complexes.   (A)-(C) Superose 6 gel filtration chromatography of transportin and the 
M9-βGal-8C cargo.  Molecular weights based on 9 standard proteins (670 kDa to 13.7 kDa) are 
identified by the y-scale on the top, with the reliable region highlighted by the blue bar.  The grey 
arrow indicates the void volume (> 5 MDa).  Proteins were detected at 280 nm, unless otherwise 
indicated.  The elution buffer was 50 mM Tris-HCl, 50 mM NaCl, 5 mM DTT (pH = 7.2).  (A) Elution 
profile of a transportin:M9-βGal-8C mixture (T/C = 25, black).  Elution profiles of M9-βGal-8C alone 
(light blue) and transportin alone (orange) are shown for comparison.  (B) Elution profiles of T/C = 1 
(dark blue) and 3 (green) transportin:M9-βGal-8C mixtures.  The T/C = 25 elution profile from (A) is 
also shown (black) for comparison.  (C) Elution profile of a transportin-ybbRAlexa647:M9-βGal-8C 
mixture (T/C = 8, violet).  The elution profile of transportin-ybbRAlexa647 monitored at 650 nm (detecting 
the Alexa647 dye) is shown for comparison (red).  (D) Histogram of stepwise photobleaching events 
(3) observed for the T'3β-T'4β peak in (C) (N = 65).  See text for details. 
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SUPPLEMENTARY DISCUSSION 
 
 
EQUILIBRIUM THERMODYNAMICS OF MULTIVALENT BINDING 
 

Multivalent Affinity (Avidity).  Multivalency effects can be estimated as follows.  
This derivation is an extension of the approach followed by Yang et al (13).  It is first 
assumed that each transportin molecule can interact with a single FG repeat.  The 
result will then be expanded to multiple FG interactions per transportin molecule.  
For simplicity, it is assumed that the NTR-cargo complex of interest is the 
M9-βGal-8C cargo bound to four transportin molecules.  If the NTR-cargo complex is 
in a homogeneous sea of FG repeats, the equilibria for the four sequential FG binding 
interactions are: 

 
                 (3) 
 
 
                 (4) 
 

 
                 (5) 
 
 
                 (6) 
 
 
where C and F represent the NTR-cargo complex and the FG repeats, respectively.  
Mass balance yields: 
 
                 (7) 
 
where C0 represents the initial concentration of the NTR-cargo complex.  Solving in 
terms of [C] and [F] using Eqs. 3-6 yields: 
 
                 (8) 
 
 
With a single transportin molecule in the NTR-cargo complex, the fraction of 
complexes bound to an FG repeat is given by: 
 
 
                 (9) 
 
which is obtained by substituting [C] = C0 – [CF1] into Eq. 3, and is a typical Langmuir 
binding isotherm. Here we include a parenthetical 1 in the KD1 term to indicate the 
binding affinity when there is only one transportin molecule in the NTR-cargo complex.  
As discussed below, the value of KD1 depends on the number of NTRs in the cargo 
complex.  Analogously, the fraction of NTR-cargo complexes containing four 
transportin molecules that are bound to at least one FG repeat is: 

   C + FCF1

   CF1 + FCF2

   CF2 + FCF3

   CF3 + FCF4
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                 (10) 
 
or, using Eq. 8: 
 
 
                 (11) 
 
 
where we have used KD1(4), which represents the initial binding affinity when there are 
four transportin molecules in the NTR-cargo complex.  Formally, as described below, 
parenthetical numbers should be used for all the KD's, but most are omitted for clarity.  
Eq. 11 is of the same form as Eq. 9, indicating that the apparent KD, which describes 
the apparent affinity of an NTR-cargo complex with four transportin receptors for the 
FG-network, is: 
 
 
                 (12) 
 
or: 
 
 
                 (13) 

 
Note that Kapp depends on each of the individual binding affinities and the FG 
concentration.  Eq. 13 correspons to Eq. 1 in the main text. 

Binding and Unbinding Rates.  Differences in affinities implies differences in 
the local binding and unbinding rates of the NTR-cargo complexes from the 
FG-network.  The equilibrium constants can be written in terms of kinetic rate 
constants as follows: 
 
                 (14) 
 
 
                 (15) 
 
where koff and kon are the intrinsic off- and on-times of a single FG repeat for a single 
binding site, and where, as mentioned earlier, the parenthetical numbers reflect the 
number of transportin molecules in the NTR-cargo complex.  The on-rate for the 
NTR-cargo complex with four transportin molecules is four times higher due to the 
additional binding sites, which explains the differences in interaction frequencies at 
different transport:cargo ratios (Figure 2E).  Similarly, the on-rates and off-rates for 
other binding and unbinding events is determined by the number of available FG 
binding sites: 
 
                 (16) 
 
                 (17) 
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The relationships between KD2, KD3, and KD4 can be estimated from Eqs. 16 and 17: 
 
                 (18) 
 
                 (19) 
 
The apparent affinity, which includes the effect of multivalent interactions, can be 
written as: 
 
                 (20) 
 
where kapp is the overall rate of release of all forms of the bound complexes to yield 
the FG-free complex.  The ratio of off-times (τ = 1/k) at high and low transportin 
concentrations can be estimated as:  
 
                 (21) 
 
Thus, Kapp/KD1 provides a measure of the effect of multivalency not only on the 
equilibrium binding affinity but also on the local unbinding times.  If Kapp/KD1 < 1, 
multivalent interactions lead to a higher binding affinity and a slower release rate.  
Combining Eqs. 13, 18, 19, and 22, the ratio of off-times in the presence and absence 
of multivalency is given by: 
 
                 (22) 
 
 
which is equation (2) in the main text, and which agrees with Hlavacek et al. (14).  
Note that the local fluctuations in [F] due to the dissociation of FG-FG interactions as 
the FG-network undergoes structural rearrangements to accommodate the cargo 
complex has not been accounted for here.  These effects are expected to be small 
relatively to the major enthalpic effects of multivalency that are described by the 
multiple K's.  The multivalency effects for multiple [F] and KD2 values are 
summarized in Figure 4. 

Effect of Multiple FG Binding Sites on a Transportin Molecule.  It is certainly 
possibly that transportin molecules contain more than one FG binding motif.  
Molecular dynamics simulations suggest that NTRs contain ≥ 6 sites that weakly 
interact with FG repeats (15-17), although only one primary and one secondary 
binding site were detected in crystallographic experiments on importin β1 (18).  If 
one binding motif dominates over all others, multivalent effects should be largely 
predicted by the simple one binding site model (Eq. 22).  On the other hand, if the 
multiple binding sites have similar affinities, the derivation is readily extended by 
increasing the number of binding equilibria.  The general form of Eq. 22 is: 

 
 
 

                 (23) 
 
where n is the number of FG binding sites on a transportin molecule.  Following the 
lead for a similar derivation (14), Eq. 23 can also be written in terms of K (= koff/kon), 

  

τapp

τoff

=
koff

kapp

=
KD1

Kapp
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which is the intrinsic affinity of a single binding site on an NTR-cargo complex for an 
FG repeat: 

 
 
                 (24) 
 
The effect of additional binding sites is illustrated in Figure S4.  Comparison of 
Figure S4A with Figure 4 illustrates that the relationship between [F] and KD2 is much 
more important in determining τapp/τoff than the number of FG binding sites on the 
NTR.  In contrast, the number of FG binding sites significantly modulates the effect 
of K on τapp/τoff (Figures S4B and S4C). 

Implications.  While the lifetimes in Eqs. 22-24 describe the average time for the 
complex to release from the FG-network, they do not accurately reflect the time 
required to escape from the NPC (which is what is obtained from interaction time 
measurements in single molecule experiments) since the latter includes the time to 
diffuse through and out of the FG-network in the NPC, which could be significant.  
Nonetheless, Eqs. 22-24 indicate conditions under which multivalency is expected to 
be significant, namely, when [F] > KD2.  The data in Figure 2D reveal similar lifetimes 
for NTR-cargo complexes with 1-4 bound transportin molecules, indicating similar 
off-times, and thus, that multivalency effects are weak for the M9-βGal-8C cargo 
bound to four transportin molecules.  This presents a serious conundrum since the 
total FG concentration in the central pore is normally estimated to be around 30 mM 
(19, 20) and NTR affinities for an FG repeat are typically estimated to be in the 
micromolar range or less (21-28).  The solution may include some combination of 
the following:  1) the accessible or apparent FG concentration in the NPC is 
significantly lower than the total predicted FG concentration, e.g. due to FG-FG 
interactions, immobility, and/or a larger (less dense) FG cloud than anticipated; and 2) 
the FG affinity is strongly dependent on context, e.g., on the structural arrangement 
within the network and/or the energetic cost of disrupting the FG-network.  

Figure S4.  Effect of [F] on τapp/τoff.  (A) τapp/τoff vs KD2 for n = 4 according to equation 23.  
Compare with Figure 4.  (B & C) τapp/τoff vs K for n = 1 and n = 4, as indicated, according to equation 
24.  Note the different abscissa scale for C.  The different [F] values for the various curves are 
identified in color.   
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DIFFUSION IN AN EFFECTIVE POTENTIAL 
 

 Transport Efficiency.  We assume that the movement of a cargo molecule 
through the NPC can be described as simple diffusion in an effective potential (Figure 
6).  There are several ways to calculate transport efficiency for this model that are 
more or less equivalent up to numerical prefactors that depend on the detailed 
assumptions of the dynamics near the pore entrance.  The transport efficiency, i.e., 
the probability that a particle at y1 reaches position y5 (as opposed to y0), is given by 
the following expression (29, 30): 
 
 
                 (25) 
 
 
where U is the potential energy and D is the diffusion constant of the particle.  In the 
absence of RanGTP, 
 
 
                 (26) 
 
 
where D0, D1, and D2 are the diffusion constants in the cytoplasm and the 
nucleoplasm, in the cytoplasmic and nucleoplasmic vestibules, and in the central 
permeability barrier, respectively. In the presence of RanGTP, 
 
 
                 (27) 
 
 
where we have assumed that RanGTP starts to act, on average, in the middle of the 
nucleoplasmic vestibule (Figure 6B).  Assuming D0 = 5.8 µm2/s and D2 = 0.8 µm2/s 
(Figure S1), and that D1 is approximately an average of D0 and D2 (i.e., 3.3 µm2/s), Ptr 
is shown for various well depths and barrier heights in Figures 6 and S5 in both the 
absence and presence of RanGTP. 

Interaction Time.  An NTR-cargo complex's average interaction time with the 
NPC was described by Zilman et al (29).  The mean interaction time, τ(U), depends 
both on the translocation time of cargos that pass through the pore and the time that 
cargos undergoing abortive transport spend at the pore, as described earlier (29-31).  
Here, we use the alternate expression: 

 
                 (28) 
 
where the limits refer to the model in Figure 6.  Eq. 28 reduces to equation S(1) in 
the Zilman et al. paper after some term rearrangements.  The mean interaction 
times in the absence and presence of RanGTP, respectively, are given by: 
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                 (29) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 (30) 
Assuming the diffusion constants discussed earlier, τ is shown for various well depths 
and barrier heights in Figures 6 and S5 in both the absence and presence of 
RanGTP. 

Axial Length of the 
FG-Nup "Cloud."  In 
the discussion thus far, 
we have assumed that the 
axial length of the FG-Nup 
"cloud," the distance 
between the edges of the 
cytoplasmic and 
nucleplasmic vestibules 
furthest from the NPC 
center, is 200 nm, i.e., 2x1 
+ 2x2 = 200 nm.  We also 
examined the predicted 
effect of multivalency on 
transport efficiency and 
interaction times for 2x1 + 
2x2 = 80 nm (Figure S6).  
The central barrier width 
was again assumed to be 
20 or 40 nm, but the 
vestibule widths were 
changed to 30 or 20 nm, 
respectively.  These 
narrower vestibules may 
more accurately reflect 
the arrangement of the 
FG-Nup cloud within the 
NPC if all of the 

Figure S5.  Transport efficiency (Ptr) and mean interaction 
time (τ) as a function of the barrier height (Eb) for various well 
depths (Ev), assuming a barrier width (2x2), vestibule width 
(x1), and escape distance (x0) of 20, 90 and 25 nm, 
respectively.  Comparison with Figure 6, in which a 40 nm 
barrier width was assumed, reveals only small differences. 
Experimentally determined values (Table S1) are indicated for low 
and high transportin (Tr) concentrations in the presence and 
absence of RanGTP by the horizontal dashed lines, as indicated.  
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FG-polypeptides are tethered to the core NPC scaffold and none are tethered to the 
cytoplasmic filaments or nuclear basket.  Comparison with the data suggest barrier 
heights in the presence and absence of RanGTP similar to what was obtained earlier 
for the wider vestibules, but the vestibule depths are ~1-1.5 kBT deeper.  The depths 
and widths of the vestibules primarily control interaction time, as this is where the 
cargo complexes spend most of the time, and transport probability is controlled 
primarily by the barrier height. 
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40 nm Barrier 
 

20 nm Barrier 
 

Figure S6.  Transport efficiency (Ptr) and mean interaction time (τ) as a function of the barrier 
height (Eb) for various well depths (Ev), assuming an FG-Nup cloud of 80 nm.  (A) The barrier 
width (2x2), vestibule width (x1) and escape distance (x0) are 40, 20 and 25 nm, respectively.  (B) The 
barrier width (2x2), vestibule width (x1) and escape distance (x0) are 20, 30 and 25 nm, respectively.  
Experimentally determined values (Table S1) are indicated for low and high transportin (Tr) 
concentrations in the presence of absence and RanGTP by the horizontal dashed lines, as indicated.  
Comparison with Figures 6, S5 and S6, in which the FG-Nup cloud was 200 nm, reveals similar barrier 
heights under the various experimental conditions, but vestibule depths ~1-1.5 kBT lower. 
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Table S1:  Single Molecule Statistics for Nuclear Import of M9-βGal-8C at Different Transportin Concentrations1 
Transportin to 
M9-βGal-8C 

Ratio 

RanGTP2 Interaction 
Time 
(ms) 

N3 Import 
Efficiency 

(%) 

N4 NE Interaction 
Frequency 

(events µm-1 
s-1) 

N5 Cargo Oligomerization 
State6 

C:CT1:CT2:CT3:CT4 
(% of total) 

CT2 + CT3 + CT4 

(% of total) 

0:1 +     0.08 ± 0.03 4   
1:4 + 4.8 ± 0.4 198 3 ± 2 59 0.8 ± 0.1 4 78：20：2.0：0.09：< 0.01 2.1 % 
1:4 -     0.2 ± 0.1 3   

1:4 (pre-washed 
with RanGTP)7 

+     0.6 ± 0.2 3   

1:4 (pre-washed 
with RanGTP)7 

-     0.1 ± 0.1 3   

1:1 + 6.1 ± 0.5 212 13 ± 3 103 1.3 ± 0.2 3 32：42：21：4.5：0.36 26 % 
4:1 + 7.5 ± 0.6 200 21 ± 3 151 2.0 ± 0.3 3 0.04：0.97：8.9：36：54 99 % 

5,000:1 + 7.3 ± 1.2 77 21 ± 3 136 2.3 ± 0.2 3 < 0.01：0.17：3.1：24：72 99% 
10,000:1 + 8.7 ± 0.8 198 24 ± 4 135 2.2 ± 0.1 3 < 0.01：0.03：0.90：14：85 100% 
10,000:1 - 7.5 ± 0.6 238 16 ± 3 129 2.3 ± 0.4 4   
10,000:1 

(pre-washed with 
transportin)8 

- 5.6 ± 0.5 185 15 ± 5 62 0.8 ± 0.3 3   

1Unless otherwise noted, concentrations during single molecule import experiments were:  [M9-βGal-8C] = ~0.1 nM, [NTF2] = 1 µM.  
2When present, the RanGTP concentration was 0.5 µM (shorthand notation for 0.5 µM RanGDP + 1 mM GTP). 
3N (number of events) for the interaction time. 
4N (number of events) for the import efficiency. 
5N (number of cells) for the interaction frequency. 
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6Theoretical cargo oligomerization states were calculated based on a binomial distribution using an M9-transportin dissociation 
constant of 42 nM (10) to estimate binding probability.  For the two highest transportin:cargo ratios, the cargo was simply diluted 
into transport buffer containing 0.5 or 1 µM transportin, and incubated for ≥ 20 min on ice before adding to permeablized cells.  For 
the three lowest ratios, transportin and cargo were first mixed at a higher concentration (0.2-2 µM transportin) to speed binding and 
mitigate loss by adsorption to the vessel walls.  After a ≥ 20 min incubation on ice, the solution was diluted to a final cargo 
concentration of ~0.1 nM, and experiments were completed within 3 min after dilution.  The oligomerization state distribution was 
calculated for the higher concentration, and therefore conservatively estimates the number of M9-transportin interactions (highest 
possible number of interactions, disregarding potential dissociation upon dilution). 

7Permeabilized cells were preincubated with 0.5 µM RanGTP for 10 min. 
8Permeabilized cells were preincubated with 0.5 µM transportin for 10 min.  Pre-incubation of nuclei with transportin to dissociate 
endogenous RanGTP from NPCs resulted in a shorter interaction time and decreased interaction frequency, but did not affect the 
import efficiency.  These data indicate that some import events are RanGTP independent.  Under these conditions, excess 
transportin that binds to NPCs dissociates slowly (not shown), suggesting that RanGTP is not required for transportin to dissociate 
from NPCs, and that transportin accumulates at NPCs in the absence of RanGTP.  The decreased interaction frequency can be 
explained by NPC-bound transportin interfering with the binding of incoming cargo complexes. 
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Videos 

For both videos, the pixel size is ~240 nm, each frame was acquired in 2 ms, and 

playback speed is 5 frames per second. 

 

Video 1)  Movie of the abortive event shown in Fig. 1C (top).  (green) GFP 

(EGFP-rPom121) fluorescence intensity; (red) cargo 

(M9-βGal-8C-Alexa647) fluorescence intensity. 

 

Video 2)  Movie of the entry event shown in Fig. 1C (bottom).  (green) GFP 

(EGFP-rPom121) fluorescence intensity; (red) cargo 

(M9-βGal-8C-Alexa647) fluorescence intensity. 

 

 

 

 

 

 


