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Nuclear pore complexes (NPCs) mediate cargo traffic

between the nucleus and the cytoplasm of eukaryotic

cells. Nuclear transport receptors (NTRs) carry cargos

through NPCs by transiently binding to phenylalanine-

glycine (FG) repeats on intrinsically disordered polypep-

tides decorating the NPCs. Major impediments to under-

stand the transport mechanism are the thousands of FG

binding sites on each NPC, whose spatial distribution is

unknown, and multiple binding sites per NTR, which

leads to multivalent interactions. Using single molecule

fluorescence microscopy, we show that multiple NTR

molecules are required for efficient transport of a large

cargo, while a single NTR promotes binding to the NPC but

not transport. Particle trajectories and theoretical model-

ling reveal a crucial role for multivalent NTR interactions

with the FG network and indicate a non-uniform FG repeat

distribution. A quantitative model is developed wherein the

cytoplasmic side of the pore is characterized by a low

effective concentration of free FG repeats and a weak

FG-NTR affinity, and the centrally located dense permeabil-

ity barrier is overcome by multivalent interactions, which

provide the affinity necessary to permeate the barrier.
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Introduction

Nuclear pore complexes (NPCs) facilitate bidirectional

macromolecular traffic across the nuclear envelope (NE)

(for reviews, see Stewart, 2007a; Wente and Rout, 2010 and

Jamali et al, 2011). Hundreds of proteins, RNA particles, and

metabolites interact with and/or pass through each NPC

every second (Hurt et al, 2000; Ribbeck and Görlich, 2001).

The vertebrate NPC is B120 nm in diameter and extends

B200 nm along the transport axis due to cytoplasmic fila-

ments and a nuclear basket structure (Stoffler et al, 1999;

Fahrenkrog and Aebi, 2003). In humans, the hourglass-

shaped central pore (or channel) has a minimum diameter

of B50 nm and a length of B85 nm (Maimon et al, 2012). A

network of B250–300 intrinsically disordered polypeptide

domains anchored to the NPC scaffold occupies the central

channel and decorates the internal and external openings

(Suntharalingam and Wente, 2003; Lim et al, 2008b; Peleg

and Lim, 2010). Together, these disordered nuclear pore

proteins (nucleoporins or Nups) contain thousands of

phenylalanine-glycine (FG) repeats to which soluble nuclear

transport receptors (NTRs) transiently bind during transport.

The FG network has an effective mesh size of B4–5 nm,

allowing small molecules (oB30 kDa) to diffuse through in a

signal-independent manner (Mohr et al, 2009). Larger cargos

are carried through NPCs by NTRs, after recognition of a

cargo’s nuclear localization signal (NLS) or nuclear export

signal (Chook and Süel, 2011; Güttler and Görlich, 2011). In

the nucleus, RanGTP promotes disassembly of import

complexes, freeing the cargo and allowing NTRs to diffuse

back to the cytoplasm (Chook and Blobel, 2001). In the

cytoplasm, export complexes are disassembled by RanGAP

and Ran binding proteins (RanBPs) (Bischoff et al, 1994;

Bischoff and Görlich, 1997; Kutay et al, 1997).

Numerous models describing the spatial distribution, con-

formations, and possible interactions of the FG polypeptides

have been proposed to explain the NPC transport mechan-

ism. There are several basic principles on which all these

models agree, such as the facts that the intrinsically unfolded

FG polypeptides provide the necessary binding sites for NTR–

cargo complexes, and that these polymers are arranged on a

scaffold of approximately cylindrical geometry. However,

several points of contention remain. The polymer brush

model postulates that the FG polypeptides are largely non-

interacting, extended, and unentangled (Lim et al, 2006). In a

contrasting model, the polymers are posited to exhibit a

significant interstrand affinity, which results in a connected

network resembling a hydrogel (Frey and Görlich, 2007). In

addition, the arrangement of the FG polypeptides on the NPC

scaffold and the distribution in space of their extended

unfolded domains are still unclear, although it is clear that

their density is quite high, at least in some regions. If all of

the FG polypeptides were located within the central pore of

the NPC, then they would occupy B20% of the available

space (hydration would increase the occupied volume

significantly) (Peleg and Lim, 2010; Tu and Musser, 2010).

Proposed mechanisms of transport also make specific

assumptions regarding the distribution of the FG polypep-

tides within the NPC. In the hydrogel model, the FG network

is distributed throughout the whole cross-section of the

central pore of the NPC, and small cargos diffuse through

spaces within the flexible meshwork (Ribbeck and Görlich,

2001; Mohr et al, 2009). An alternative hypothesis is that

small cargos diffuse through a relatively un-occluded region
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of B10 nm diameter in the middle of the central channel

(Keminer and Peters, 1999; Yamada et al, 2010; Ma et al,

2012). It is also important to consider the nuclear and

cytoplasmic edges of the NPC, where the conformation and

arrangement of the FG polypeptides can differ significantly

from those in the middle of the pore. These edge regions are

important since transport complexes are assembled and

disassembled during transport at both the nuclear and

cytoplasmic openings (Stewart, 2007b; Sun et al, 2008,

2013; Jamali et al, 2011). For instance, integrating

biophysical and bioinformatics data, the two-gate model

(Patel et al, 2007) postulates brush-like structures on both

cytoplasmic and nuclear sides of the NPC, suitable for

binding and (dis)assembly reactions, and a central cohesive

structure in the centre of the pore that provides the

permeability barrier. Consistent with this picture, immuno-

gold electron microscopy studies on the yeast NPC

demonstrated that more than half of the FG-Nups are

distributed on the two sides of the NPC at a distance of

B20–60 nm from the centre (Rout et al, 2000).

A major question is how NTR–cargo complexes (especially

large ones), consisting of cargo and NTR molecule(s), are

able to rapidly and locally displace the FG network allowing

for fast translocation without collapsing the permeability

barrier. For instance, the nuclear protein nucleoplasmin,

which mediates nucleosome assembly, is a pentamer, and

thus contains five NLSs, each of which can bind an NTR.

Pentamers with a single NLS enter nuclei at about a 10-fold

slower rate than those with five NLSs (Dingwall et al, 1982).

The importance of multiple transport signals was also

examined with a synthetic cargo containing two different

NLSs that recognize different NTRs. In this case, both NTRs

were required for rapid transport (Ribbeck and Görlich,

2002). For both of these studies, it is unclear whether

slower nuclear uptake was a consequence of slower

translocation through the pore (which could block or

hinder the transport of other molecules) or whether cargos

with only one NTR were largely rejected by the pore (aborted

transport).

Single molecule studies are ideally suited to directly ad-

dress this question. We demonstrate here using single particle

tracking that large cargos with a single NTR readily bind to

the cytoplasmic face of the NPC, but that efficient transport

through the permeability barrier requires multiple NTRs.

Surprisingly, however, a major increase in import efficiency

is not accompanied by a substantial increase in residence

time, indicating, as we show, that little time is spent transiting

the permeability barrier region.

Results

The approach

We used narrow-field epifluorescence (Yang et al, 2004; Yang

and Musser, 2006b) to directly monitor the nuclear import of

a beta-galactosidase (bGal) model cargo in permeabilized

cells with a 500-Hz imaging rate and B44 nm resolution

(Supplementary Methods; Supplementary Figure S1). Fully

labelled wild-type M9-bGal-16C cargo (Lyman et al, 2002)

transported through NPCs in a signal-independent fashion

(Supplementary Figure S2), and hence was unsuitable for our

experiments. Therefore, a suitable signal-dependent model

cargo was generated by four point mutations that reduced the

catalytic and binding activity towards disaccharides and

lowered the number of cysteines available for fluorescent

dye labelling (Materials and methods; Supplementary Figure

S2). The resulting cargo, M9-bGal-8C, is an B500 kDa tetra-

mer (B18�15� 9 nm) with four M9 NLSs that are recog-

nized by the transportin (importin b2) NTR. Gel filtration

chromatography and single molecule photobleaching experi-

ments indicate that up to four transportin molecules can

simultaneously bind to M9-bGal-8C (Supplementary Figure

S3). Nuclear import of M9-bGal-8C, labelled with eight

Alexa647 dye molecules, requires transportin but not

RanGTP (Figures 1A and B). NPCs were fluorescently tagged

with GFP at the N-terminus of the pore membrane protein,

Pom121, a centrally located Nup (Brohawn et al, 2009). The

N-terminus of Pom121 is not accessible to antibodies in

permeabilized cells, suggesting that this portion of the

protein is located in the ER lumen, and hence, not within

the FG network (Söderqvist and Hallberg, 1994), and

therefore, that GFP tags on this part of Pom121 are unable

to interfere with the binding of NTR–cargo complexes within

the FG network. Cargo transport trajectories were determined

relative to the NE using the GFP fluorescence of labelled

Pom121 (Figure 1C, Supplementary videos 1 and 2).

Single-molecule nuclear import experiments were per-

formed largely as described earlier (Yang et al, 2004; Yang

and Musser, 2006a, b), with minor modifications as described

in detail in Materials and methods and Supplementary data.

Three major experimental parameters were measured:

(1) interaction time was obtained by fitting a histogram of

NPC residence times to a first-order exponential equation;

(2) import efficiency (defined as the (number of entry

events)/(number of abortive and entry events)) is the per-

centage of NPC binding events for which a cargo enters the

nucleus; and (3) interaction frequency is the number of NPC

interaction events per mm of NE per second.

The import efficiency of M9-bGal-8C is lower than that

of M9-2xGFP

The interaction time of M9-bGal-8C with the NPC in the

presence of exogeneous RanGTP and 1 mM transportin was

8.7±0.8 ms, which is similar to that observed for a signifi-

cantly smaller cargo (2xGFP, B60 kDa, 6.8±0.9 ms) with the

same M9 NLS (Figure 2A). However, the import efficiency of

M9-bGal-8C is B50% lower (Figure 2B), consistent with the

hypothesis that a larger cargo has more difficulty crossing the

permeability barrier.

A single transportin receptor promotes binding but is

insufficient for efficient nuclear transport

We next investigated the import of M9-bGal-8C as a function

of the transportin:cargo ratio. In these experiments, the

cargo concentration was fixed at B0.1 nM. To preassemble

transportin:cargo complexes, transportin and M9-bGal-8C

were incubated together on ice for at least 20 min before

addition to permeabilized cells (see Supplementary Table S1

for additional details). As the transportin:cargo (mol:mol)

ratio was increased from 1:4 to 10 000:1, the import efficiency

increased B8-fold, from 3±2 to 24±4% (Figure 2C;

Supplementary Table S1). In contrast, the interaction time

increased only B2-fold, from 4.8±0.4 to 8.7±0.8 ms

(Figure 2D; Supplementary Table S1). Note that there was

little difference in import efficiency and interaction time for a
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transportin:cargo ratio of 4:1 and higher, suggesting that any

potential accumulation of transportin in the NPC that might

have occurred at high transportin concentrations did not

affect these parameters. These findings have important im-

plications regarding the spatial conformations and distribu-

tion of the FG-Nups in the NPC (described later).

In the absence of exogeneous transportin, the NPC inter-

action frequency decreased by Z10-fold, and therefore was

essentially non-existent (Figure 2E; Supplementary Table S1).

Thus, transportin is required for the cargo to bind to the NPC.

Pre-treatment with RanGTP did not significantly reduce the

NPC interaction frequency, confirming that binding resulted

from the exogeneous transportin rather than residual NTRs

within the permeabilized cells (Supplementary Table S1). At

a transportin:cargo ratio of 1:4, at most B20% of the cargo

molecules had a single transportin molecule bound (calcu-

lated using the binding affinity of the cargo for the NTR), and

no more than B2% of cargo molecules had two transportin

molecules bound (Figure 2F; Supplementary Table S1). These

data support a picture in which a single transportin molecule

is sufficient for binding, but not for transport.

Surprisingly, NPC binding at the 1:4 transportin:cargo ratio

was very low in the absence of RanGTP, precluding determi-

nation of an interaction time and import efficiency under

these conditions. For an unknown reason, substantially fewer

cargos reached the cytoplasmic space near the NE under

these conditions, possibly due to unknown binding interac-

tions within the cytoplasmic compartment. Pre-treatment of

permeabilized cells with RanGTP to wash away any NTRs

bound at cytoplasmic locations far away from the NE did

not increase the NPC interaction frequency (Supplementary

Table S1).

Location of the permeability barrier

By analysing many transport trajectories, the locations within

the NPC that are accessible to NTR–cargo complexes can be

determined. Two-dimensional histograms were generated by

calculating the frequency with which single molecule posi-

tions were observed at locations in and around an NPC. The

peaks in these histograms indicate regions where the inter-

acting particles spend most of the time. Specifically, we

analysed the abortive trajectories at both high and low

transportin:cargo ratios in order to determine the approxi-

mate location of the permeability barrier (Figure 3). It was

not practical to obtain frequency maps for the nuclear entry

events due to the infrequency of such events, especially at

Figure 1 Nuclear import of M9-bGal-8C. (A) Transportin-dependent nuclear import of M9-bGal-8C. Bar, 10 mm. (B) Kinetics of nuclear import
of M9-bGal-8C in the presence and absence of transportin and RanGTP, as indicated. For (A, B), images were obtained by confocal microscopy.
[transportin]¼ 1.0 mM, [RanGDP]¼ 0.5mM, [GTP]¼ 1 mM, [NTF2]¼ 1mM, and [M9-bGal-8C]¼ 0.25 mM. (C) Images (2 ms integration time)
from abortive and entry events obtained via narrow-field epifluorescence microscopy. The green colour reveals the positions of NPCs in the NE
of a permeabilized HeLa cell from the fluorescence of EGFP-rPom121, and the red colour arises from the M9-bGal-8C cargo. Numbers are time
in milliseconds. Particle trajectories for the abortive and entry interactions are shown aligned to the NE position. Protein concentrations are the
same as in the bulk experiments, except that [M9-bGal-8C]E0.1 nM. Bar, 1mm.
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low transportin concentrations. Construction of true density/

concentration profiles requires knowing the accessible

volume within the various regions, which likely varies

based on the location along the transport axis due to struc-

tural constraints, and is unknown and difficult to obtain.

Nonetheless, these data suggest that the permeability barrier

is centrally located, estimated to be B0±20 nm from the

reference plane determined by the location of Pom121. This is

consistent with the recent finding that the permeability

barrier involves Nup98, a centrally located cohesive Nup

(Hülsmann et al, 2012).

Analysis of the effect of multivalency on import

efficiency and transport time

Figure 2 indicates that M9-bGal-8C bound to multiple trans-

portin receptors has a clear advantage in import efficiency.

What is the source of this advantage? An obvious answer is

that the cargo’s overall affinity for the pore is higher due to

multivalent interactions, that is, several transport receptors

on the NTR–cargo complex can bind simultaneously to the

FG network, and that this allows for easier penetration of the

permeability barrier. The affinity due to multivalent inter-

actions is known as ‘avidity’ (Kindt et al, 2007).

The expectation for an NTR–cargo complex with multiple

simultaneous binding interactions with the FG polypeptides

is that its rate of release from the FG network, and thus from

the NPC, should be slower than that of a molecule with

a single binding interaction (see Supplementary data).

Surprisingly, however, similar NPC interaction times were

observed for M9-bGal-8C cargo complexes with either one or

multiple bound transportin molecules (Figure 2D). One inter-

pretation of this finding is that RanGTP is sufficiently avail-

able on the cytoplasmic face of the NPC and effectively

controls the rate of cargo release from the NPC. While

RanGTP could leak through the NPC, this interpretation

appears to be invalid since the M9-bGal-8C interaction time

is statistically identical in the presence and absence of

RanGTP (Figure 2A; Supplementary Table S1). An alternative

explanation is therefore necessary to explain the similar

interaction times at different transport concentrations.

Mathematical description of multivalent affinity

(avidity) and implications

The paradoxical behaviour of multivalent NTR–cargo com-

plexes in our experiments indicates several important proper-

ties of the nuclear transport process. To understand these, a

mathematical description of the binding affinity of multi-

valent cargos is needed. To simplify the discussion, we

assume that each transportin molecule on an M9-bGal-8C

cargo complex can bind a single FG repeat. As described in

Supplementary data, the results are readily extended and do

not change substantially with multiple binding sites per NTR

(Supplementary Figure S4). At any moment, a cargo with

four bound transportin molecules can bind to one, two, three,

or four FG repeats with each individual binding event char-

acterized by the binding affinities (equilibrium dissociation

constants) KD1, KD2, KD3, and KD4, respectively. In this situa-

tion, the apparent affinity (also known as avidity) of the

complex for the FG network depends on the local availability,

and thus the concentration, [F], of the FG repeats. This

apparent affinity is characterized by the apparent dissociation

constant, Kapp (see the derivation of Eq. S13 in

Supplementary data for details):

Kapp ¼
KD1

1þ F½ �
KD2
þ F½ �2

KD2KD3
þ F½ �3

KD2KD3KD4

ð1Þ

Figure 2 Import efficiency and interaction time of M9-bGal-8C and 2xGFP cargos. (A, B) Comparison of interaction times and import
efficiencies for M9-2xGFP and M9-bGal-8C in the presence and absence of RanGTP. (C, D) Dependence of interaction time and import efficiency
for M9-bGal-8C on the transportin concentration. (E) Interaction frequencies. These data indicate that M9-bGal-8C cannot bind to NPCs in the
absence of transportin. (F) Distribution of the number of bound transportin molecules in NTR–cargo complexes based on the binomial
distribution. Important statistically different values at the 95% level (two-tailed Welch’s t test—see Materials and methods) are identified by the
stars (*) and brackets. See Supplementary Table S1 for details. Conditions of Figure 1C for all panels, unless otherwise indicated.
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where KD1 is the binding affinity for the first FG repeat

when there are four transportin molecules in the NTR–

cargo complex. As discussed in Supplementary data, the

values of the KD’s depend on the number of NTRs in the

NTR–cargo complex.

The local dissociation time is also affected by multivalent

binding. The average time required for the NTR–cargo com-

plex with four transportin molecules to dissociate from all

bound FG repeats, tapp, relates to the average time for an

NTR–cargo complex with only one transportin molecule to

dissociate from a bound FG repeat, toff, as follows (see the

derivation of Equations 21 and 22 in Supplementary data

for details):

tapp

toff
¼

KD1

Kapp
¼ 1þ

F½ �
KD2

� �
þ

4

9

F½ �
KD2

� �2

þ
2

27

F½ �
KD2

� �3

ð2Þ

Thus, both the apparent affinity and the local off-time depend

on the concentration of the FG repeats and the FG-NTR

interaction strength. The physics behind this dependence

can be understood by examining two limits. If [F]/KD2oo1

(i.e., tapp/toffE1 and Kapp/KD1E1) (colloquially denoted as

the ‘low avidity’ regime), then multivalency does not have

significant effects on the binding affinity, because, on average

and at any given time, only one of the NTRs in the complex

is bound to an FG repeat. In the other limit, [F]/KD241

(i.e., tapp/toff 441 and Kapp/KD1oo1), all four NTRs are

bound simultaneously to the FG repeats resulting in a higher

apparent affinity (‘high avidity’ regime). The value of

tapp/toff is illustrated in Figure 4 as a function of KD2 and [F].

Figure 3 Location of the permeability barrier. (A) Overlay of entry (red) and abortive (blue) trajectories obtained at a low transportin:cargo
ratio (1:4) (N¼ 37). Under these conditions, most of the M9-bGal-8C molecules are bound to a single transportin molecule (Figure 2F).
Trajectories were aligned as described in Supplementary data. (B, C) Density maps of M9-bGal-8C positions for abortive events at low (1:4)
(B) and high (10 000:1) (C) transportin:cargo ratios (N¼ 34 and 41, respectively). The map in (B) is from the data in (A). Abortive cargos spend
very little time within the nuclear basket region, but a significant time within the cytoplasmic filament region. (D) Density map of M9-2xGFP
positions for abortive events at a high (10 000:1) transportin:cargo ratio (N¼ 54). For (B–D), an NPC schematic is shown approximately
to scale.

Figure 4 Effect of FG concentration and NTR-FG affinity on the
multivalent affinity of NTR–cargo complexes. The relationship
between KD2 and toff/tapp, according to Equation (2). The different
FG concentrations, [F], for the various curves are identified in
colour.
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While the lifetimes in Equation (2) describe the average

time to release from the last FG repeat, they differ from the

overall NPC interaction times since the latter include the time

to diffuse out of and away from the FG network, which could

be significant. Nonetheless, Equation (2) indicates conditions

under which multivalency is expected to be significant. For

example, when [F]EKD2, tapp/toffE2.5. Thus, the data in

Figure 2D suggest that [F]oKD2 for NTR–cargo complexes

with 1–4 bound transportin molecules, indicating similar off

times and thus weak multivalency effects for the M9-bGal-8C

cargo with four transportin molecules. This presents a serious

conundrum since the total average FG concentration in the

central pore is expected to be in the order of B30 mM

(Stewart, 2007a; Peleg and Lim, 2010) and NTR affinities for

an FG repeat are typically estimated to be in the micromolar

range or less (Bayliss et al, 1999, 2002; Ben-Efraim and

Gerace, 2001; Ribbeck and Görlich, 2001; Pyhtila and

Rexach, 2003; Tetenbaum-Novatt et al, 2012). A solution to

this issue is described below.

NTR-FG affinities and the distribution of FG repeats

Multiple transportin molecules are necessary for the M9-

bGal-8C cargo complexes to efficiently cross the permeability

barrier. A reasonable interpretation is that in order to effi-

ciently penetrate the FG network, the enthalpic cost of

disrupting any intra- or inter-polypeptide interactions and

the entropic cost of disturbing the network must be compen-

sated for by interactions of the NTR–cargo complex with the

FG polypeptides. According to this picture, an NTR–cargo

complex with multiple NTRs forms more compensating inter-

actions, thus allowing it to more easily penetrate the barrier.

More precisely, the total free energy of an NTR–cargo com-

plex within the FG network is lower if the complex has a

higher affinity for it. This concept is closely related to

solubility, as pointed out earlier (Ribbeck and Görlich,

2001), regardless of the molecular description and the

specific properties of the permeability barrier. To say that a

molecule is soluble in a solvent or a heterogeneous material

implies that the free energy of its interaction with it is

negative (favourable). A major prediction of this model,

however, is that an increased number of favourable

interactions is expected to decrease the probability of

release, and thus increase the residence time of the

interaction. That is, multivalent interactions are expected to

result in a substantially higher overall affinity for the NPC,

which should result in substantially longer interactions times.

This was not observed, as pointed out earlier, as interaction

times varied by only B2-fold (Figure 2D) between low and

high NTR:cargo conditions.

This discrepancy can be resolved if there is a spatially

inhomogeneous distribution of the FG-Nups in the NPC. The

trajectory data reveal that the overall interaction region of

M9-bGal-8C with the NPC is significantly wider than the

static spatial error (o20 nm) of our measurements, even for

molecules that cannot penetrate the permeability barrier

(Figure 3), indicating that aborted transport does not result

simply from binding to and release from the surface of the

permeability barrier. This indicates that the NTR–cargo com-

plex can interact with FG polypeptides over an extended

region of space at the cytoplasmic periphery of the pore

(the cytoplasmic ‘vestibule’) before encountering the perme-

ability barrier. In this picture, this ‘vestibule’ is characterized

by a relatively sparse, low-density distribution of FG poly-

peptides (potentially with few inter-polypeptide interactions).

In contrast, the central region is densely packed with FG

polypeptides, thus establishing the permeability barrier. The

free energy cost of penetrating this barrier can arise both from

the entropic cost of displacing the dense FG-Nups and from

the enthalpic cost of breaking a high number of cohesive

interactions involving GLFG repeats (Patel et al, 2007)

(Figure 5). As a consequence of these regions of different

FG densities, multivalent interactions of the NTR–cargo

complex with the FG network are expected when it is within

the permeability barrier, while most of the transport time is

spent in the low density cytoplasmic vestibule, where mono-

valent interactions dominate. Thus, although the multivalent

interactions decrease the permeability barrier and signifi-

cantly enhance the import efficiency, their effect on transport

times is low. A quantitative description of this model is given

in the next section.

Considering the bidirectional traffic through the NPC and

the similar functions of the cytoplasmic filaments and the

nuclear basket, it is likely that a nucleoplasmic vestibule

exists, which, like the cytoplasmic vestibule, is characterized

Figure 5 Models of the distribution and density of FG polypeptides. Efficient binding but low import efficiency of the M9-bGal-8C cargo at a low
transportin concentration indicates that the initial binding region and the permeability barrier are distinct entities with different properties. In
these models, the permeability barrier comprises a relatively dense network of FG polypeptides in the central pore, whereas the cytoplasmic and
nucleoplasmic vestibules contain sparser distributions of FG polypeptides. One possibility is a network that completely occludes the pore (A).
Since the M9-bGal-8C cargo (18�14� 9 nm) (Jacobson et al, 1994) is too large to penetrate unassisted, a relatively unoccluded region in the
middle (B10 nm diameter) is consistent with our data (B). See text for details.
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by a low density distribution of FG polypeptides. This picture

is consistent with numerous established results, including:

(1) the accumulation of transport cargos at both the cyto-

plasmic and nucleoplasmic exits of the NPC (Feldherr et al,

1984; Richardson et al, 1988); (2) the regions of transport

complex assembly and disassembly identified in single

molecule fluorescence resonance energy transfer

experiments (Sun et al, 2008, 2013); and (3) the density

distribution map for mRNA molecules undergoing export

(Siebrasse et al, 2012), which looks similar, except in

reverse, to the maps in Figure 3. Note that this model predicts

that transport complexes have easy access to soluble factors

in the nucleoplasmic and cytoplasmic vestibules, which have

been shown to be important for complex assembly and

disassembly during transport (Sun et al, 2008, 2013).

From a structural standpoint, the FG domains as intrinsi-

cally unfolded chains are likely to adopt relatively diffuse,

low density conformations at the pore peripheries, free from

the confining effect of the structural scaffold (de Gennes,

1979). The specific molecular underpinning of the

permeability barrier—whether a brush or gel or something

else (Lim et al, 2008a), or whether the network is continuous

across the pore or there is a relatively open hole (e.g.,

Figure 5)—is not critical to the model described herein.

Quantitative formulation of the model as diffusion in a

double-well potential

In order to put the structural model outlined above onto a

quantitative footing, we modelled cargo transport as diffusion

in an effective free energy potential. The local values of the

effective potential depend on the physical properties of the

NTR–cargo complex and its interaction with the FG-Nups,

and they are determined by the interaction strength of the

NTR–cargo complex for the local FG network, and any

enthalpic or entropic cost(s) of disrupting the network

(Zilman et al, 2007). We assumed the effective potential

shown in Figure 6, which has the following characteristics.

In the absence of binding, the centrally located dense dis-

tribution of FG-Nups mounts an effective potential barrier of

height Eb1 due to the entropic cost of displacing the FG

polypeptides, and possibly, the enthalpic cost of breaking

FG–FG interactions. A lower barrier, Ev1, is present within the

cytoplasmic and nucleoplasmic vestibules due to the sparser

distribution of FG polypeptides. For simplicity, we assume

that the cytoplasmic and nucleoplasmic vestibules are sym-

metrical. However, this is not essential for our conclusions,

and the model can be readily modified. Binding interactions

of NTRs with the FG repeats (largely enthalpic) lower the

energy barrier felt by the NTR–cargo complex by an amount

that depends on the number of bound NTRs, the affinity of

the interaction(s), and the density of the FG repeats. Roughly

speaking, the magnitude of the barrier reduction due to the

binding interactions is proportional to � kBTln(Kapp), where

Kapp is the local apparent affinity within the barrier region, as

described by Equation (1). An important feature of the model

is that because the density of the FG-Nups is low in the

vestibule region, the reduction in the barrier in this region is

similar for the cargos with one or more NTRs (Kapp/KD1E1).

However, in the permeability barrier region, the barrier

reduction is more significant for the cargos with four bound

NTRs due to multivalent binding, as follows from

Equation (1). This leads to the significant enhancement of

import efficiency for cargos with multiple NTRs.

As the exact values of the NTR–FG interaction free energies

and the valencies of the interactions in the various regions are

not fully known, we investigated the predicted transport

probabilities (efficiencies) and times as a function of Ev, Eb

and the widths of the different regions (see Supplementary

data for details). The results are graphically summarized in

Figure 6 and Supplementary Figures S5 and S6. Comparison

of the experimental data with the theoretical calculations

suggests that the height of the central permeability barrier,

Eb, is of the order of 1–2 kBT for the cargos with one NTR and

is reduced by about 3 kBT to about � 1 kBT for the cargos

with many NTRs. The well depth of the vestibules, Ev, is

affected less and decreases from about � 2.5 to � 4 kBT at

low transportin concentration to about � 3 to � 4.5 kBT at

high transportin concentration. This is the expected mathe-

matical consequence of a similar average number of NTR–FG

interactions in the vestibule regions for cargos with one or

more NTRs. Similar values were obtained in the presence and

absence of RanGTP. Thus, RanGTP does not substantially

affect the binding interactions in the cytoplasmic vestibule or

the central permeability barrier, as expected, but it can

promote transport by catalysing complex disassembly within

the nucleoplasmic vestibule, releasing the free cargo, which is

unable to transit back to the cytoplasm. All of these values

are consistent with the general picture outlined in the last

paragraph and shown schematically in Figure 6. Note that

this double-well potential model is a refinement of previous

single-well potential models (Frey and Görlich, 2007; Zilman

et al, 2007; Tu and Musser, 2010).

Discussion

The results reported here, combined with the theoretical

analyses, quantitatively elucidate the energetics of transport

through the NPC. In addition, they provide important insights

regarding the strength of FG–NTR interactions and the spatial

distribution of the FG-Nup density within the NPC. Though

central to fully understanding the energetics of transport, it is

difficult to estimate the true transportin–FG interaction

strength from the values discussed above since it is masked

by other components of the free energy, that is, the cost

associated with the displacement of the FG-Nups or other

conformational changes and the potential costs of breaking

any FG–FG interactions. In principle, the change in barrier

height with the transportin concentration provides a measure

of the binding energy of the additional NTR(s). However, it is

unclear whether the change in barrier height from low to high

transportin concentration is due to the binding of an addi-

tional 1, 2, or 3 transportin molecules. While four transportin

molecules can feasibly be attached to the M9-bGal-8C cargo

(Supplementary Figure S3), a relatively open region un-

occluded by FG repeats (Figure 5B) (Keminer and Peters,

1999; Yamada et al, 2010; Ma et al, 2012) may make it difficult

for all four NTRs to simultaneously bind to FG repeats. The

cytoplasmic vestibule depth at a low transportin:cargo ratio

provides a more direct measure of the enthalpy of an

individual transportin–FG–Nup interaction, as there is likely

a minimal displacement cost associated with binding in this

region. Our free energy potential model predicts the strength

of an individual transportin–FG interaction to be oB10 kBT,
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corresponding to a tens of micromolar to millimolar dissocia-

tion constant. This range of interaction strengths is consistent

with the results of recent computational studies of the

energetics of the transport through the NPC (Tagliazucchi

et al, 2013) and the 25-mM affinity for a single FG repeat

estimated for NTF2 (Chaillan-Huntington et al, 2000). A weak

transportin–FG interaction strength is required in our model

to obtain millisecond transport times consistent with

the data.

Numerous literature values for the affinities of NTRs for

FG-Nups are substantially stronger (by an order of magnitude

or more) than those derived from the quantitative analysis of

the data by our model. Although varying considerably

between different measurement methods, the dissociation

constants typically lie in the micromolar to nanomolar

range (Bayliss et al, 1999, 2002; Ben-Efraim and Gerace,

2001; Pyhtila and Rexach, 2003; Tetenbaum-Novatt et al,

2012), in particular, B4mM for transportin (Ribbeck and

Görlich, 2001). The discrepancy between rapid translocation

times and equilibrium affinities has been noted previously

(Tetenbaum-Novatt et al, 2012). Several explanations for

these discrepancies are possible. First, as discussed earlier,

the apparent affinity of FG–NTR interactions depends on

the density of the FG repeats. It is unclear how in vitro

measurement conditions compare to in vivo densities of the

FG-Nups, which are significantly lower in the cytoplasmic

and nucleoplasmic vestibules. Moreover, not all FG repeats

may be simultaneously accessible, for example, for structural

reasons or because they self-associate (Ribbeck and Görlich,

2001). And second, many in vitro binding affinities for NTRs

likely do not reflect the affinity of a single FG repeat for an

NTR, but rather significantly overestimate the strength of this

binding interaction due to multiple interactions. To address

this issue, a multivalent binding model used to explain

nanomolar affinities predicted a substantially weaker

affinity for a single NTR–FG interaction, even as weak as

millimolar (Tetenbaum-Novatt et al, 2012), consistent with

the weak NTR–FG interaction strengths predicted by our

model.

The data and the analyses reported here also place con-

straints on existing models. For the nuclear import of M9-

bGal-8C to occur rapidly, any interactions of the FG repeats

with themselves, as required for the selective-phase/hydrogel

model (Ribbeck and Görlich, 2001; Frey and Görlich, 2007),

must be at most of similar magnitude to the interactions of FG

repeats with transportin. If the FG–FG interactions were

stronger, then transportin–FG interactions would not be

strong enough to compensate for breaking FG–FG inter-

actions, and the permeability barrier would be largely im-

penetrable. Nonetheless, even weak FG–FG interactions can

significantly modulate FG–NTR interactions through density-

dependent effects. The human NPC has B3600 FG repeats

Figure 6 Double-well diffusion model. The models in Figure 5 describe a significant free energy barrier for entry into the central region of the
pore, and a relatively low barrier for entering the cytoplasmic and nucleoplasmic vestibules (dashed black). The cytoplasmic and
nucleoplasmic vestibules are assumed to impart similar thermodynamic barriers, resulting in a symmetric potential in the absence of
RanGTP (A). M9-bGal-8C requires multiple transportin molecules to efficiently lower and cross the central barrier (red), though binding and
entry to the cytoplasmic vestibule is easily accomplished with a single transportin molecule (solid black). RanGTP promotes dissociation of
import complexes, by strongly binding to the NTRs. This is modelled as a free energy sink in the nuclear basket region (B). The various yi
values indicate the boundaries of the regions with different properties along the transport axis and the xi values indicate their widths. The
barrier region width (2x2), vestibule width (x1), and escape distance (x0) are assumed to be 40, 80, and 25 nm, respectively (see Supplementary
Figures S5 and S6 for other values). The RanGTP binding energy was assumed to be B12 kBT (B7 kcal/mol). Since GTP hydrolysis does not
occur until recycling of the NTR back to the cytoplasm, this only approximates the binding energy. The results are relatively insensitive to the
magnitude of this value, as long as it is large (X B6 kBT). The graphs show the import efficiency (Ptr) and mean interaction times (t) as a
function of the barrier height (Eb) for various well depths (Ev) for a particle initially at y1, as calculated in Supplementary data. Predicted values
for Eb and Ev according to the experimental data vary by B0.5–1 kBT if the barrier width is 20 nm (Supplementary Figures S5 and S6), as might
be expected for the model in Figure 5B. Experimentally determined values (Supplementary 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. See text for details.
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(Stewart, 2007a; Peleg and Lim, 2010), which corresponds

to a concentration of B10–30 mM, depending on the

assumptions about the spatial distribution of the FG

repeats. For an FG–FG dissociation constant of KDE1 mM

and a total FG concentration of B30 mM, B80% of the FG

repeats would interact with each other at any given moment,

yielding a low millimolar concentration of free, but not

necessarily accessible, FG repeats. Lowering the concentra-

tion of free FG repeats in this way would reduce multivalent

effects, reducing the apparent binding affinity. However, our

multivalency picture and free energy potential model are also

consistent with an alternative hypothesis in which FG self-

interactions are minimal. For example, the permeability

barrier could primarily result from the density of the FG

polypeptides, e.g., confined in a polymer brush configuration

(Lim et al, 2006). In such a model, FG–NTR interactions are

necessary to overcome the entropic cost of displacing the FG

polypeptides.

In the picture developed here, relatively weak interactions

are needed to overcome the permeability barrier, thus pre-

dicting that various types of different weak and/or non-

specific interactions would be sufficient for overcoming this

barrier. Consistent with this idea, it has been shown that

relatively small changes in the hydrophobicity of a protein are

sufficient to overcome the permeability barrier (Naim et al,

2009), in agreement with our finding that an excess number

of hydrophobic dye labels on the large M9-bGal cargo is

sufficient to penetrate the permeability barrier (Supple-

mentary Figure S2). In addition, weak charge interactions

have been suggested to be important for NPC permeability

(Colwell et al, 2010; Tagliazucchi et al, 2013). The overall

interaction strength is likely to be determined by a

combination of these and other relatively weak effects, such

as the disruption of water solvation layers around FG repeats

and NTRs during binding (Levy and Onuchic, 2006).

However, the physical chemistry of these interactions is still

poorly understood. Future investigations are required to

further define the requirements for penetration into the FG

network and to connect them to a molecular interactions

picture. We hope that this work will encourage more

controlled measurements of NTR–FG affinities.

Materials and methods

The M9-bGal-8C cargo
Beta-galactosidase (bGal) is a homotetrameric sugar hydrolase
(Juers et al, 2001). An M9 signal peptide was genetically linked to
the N-terminus of each monomer (Lyman et al, 2002). To eliminate
complications arising from binding to and/or hydrolysis of sugars
within the NPC, two residues, E537Q (GAA-CAA) and W999L
(TGG-CTG), at the catalytic site were mutated to reduce catalytic
activity (kcat) by B105-fold and increase the KM by B50-fold
(Yuan et al, 1994; Huber et al, 2003). Two surface cysteines, C76A
(TGC-GCC) and C1021S (TGT-TCT), were mutated to reduce the
total number of surface accessible cysteines in the tetramer. All
mutations were generate by the QuikChange protocol (Agilent
Technologies), and were confirmed by DNA sequencing. The
optimized cargo, M9-bGal-8C, has four M9 NLSs and is labelled
with up to eight dye molecules under saturating conditions.

Protein purification and labelling
Ran, NTF2, M9-bGal, and transportin were expressed and purified
as described previously (Izaurralde et al, 1997; Lyman et al, 2002;
Yang et al, 2004), except that for M9-bGal-8C, a French press was
used to break cells and a Superose 6 size-exclusion column (10/300,
GE Healthcare) was used as the last purification step. Transportin-

ybbR has a C-terminal ybbR13 tag (DSLEFIASKLA), confirmed by
DNA sequencing. Alexa647 was enzymatically attached to the ybbR
tag as described (see Supplementary data) (Yin et al, 2005, 2006).
Protein concentrations were determined by SDS–PAGE using BSA as
a standard. M9-bGal-8C was labelled with a 225-fold molar excess
of Alexa647 maleimide (Yang et al, 2004). After labelling, the excess
free dye was removed with Ni-NTA resin (Superflow, Qiagen). The
eluate was concentrated with a 50-kD spin column (Microsep, Life
Science) and further purified by Superose 6 size-exclusion
chromatography. Cargo purification and labelling was performed
within a single day to minimize aggregation. The mean labelling
ratio was B7.5 dye molecules per tetramer, as determined by
comparing the dye concentration (from the absorbance at 650 nm).
to the protein concentration.

Permeabilized cell assay
Cells were permeabilized and prepared for microscopy as pre-
viously described (Izaurralde et al, 1997; Lyman et al, 2002; Yang
et al, 2004). In short, HeLa cells were grown on coverslips
overnight, and B20 ml flow chambers were constructed from
high-vacuum grease and a top coverslip. Cells were permeabilized
by incubation with 40 mg ml digitonin in import buffer (20 mM
Hepes, 110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, 1 mM EGTA,
pH 7.3) for 2 min. Permeabilized cells were washed three times with
import buffer containing 1.5% (w/v) polyvinylpyrrolidone (PVP,
B360 000 g/mol). The reagent mix for import experiments was
1 mM GTP, 0.5mM RanGDP, 1mM transportin, 1mM NTF2, and
cargo (250 nM in bulk and B0.1 nM in single molecule
experiments) in import buffer with 1.5% (w/v) PVP, unless
otherwise indicated. RanGDP is converted into RanGTP by
chromatin-bound RanGEF (RCC1) after transport into nuclei by
NTF2 (Bischoff and Ponstingl, 1991).

Microscopy
Confocal and narrow-field epifluorescence images were obtained on
the same inverted microscope set-up (Zeiss Axiovert 200M) using a
1.46 NA � 100 oil-immersion objective (Zeiss alpha Plan-
Apochromat). A spinning disk confocal microscopy attachment
(Yokogawa) equipped with a CCD camera (Andor) was used to
determine bulk nuclear import rates. Narrow-field epifluorescence
microscopy (300mm excitation pinhole; B1 kW/cm2 at 647 nm)
(Yang and Musser, 2006b) was used for single molecule
experiments. In short, the illumination area in a wide-field
microscope set-up was confined to B7mm by the pinhole,
increasing the signal-to-noise ratio sufficiently for single molecule
detection. Green and far-red fluorescence channels were aligned to
B4 nm. Static precision for M9-bGal-8C was B15–19 nm (see
Supplementary data).

Trajectory alignment
The criteria and methods used to select NPC interaction events and
align trajectories were similar to those described previously (Yang
et al, 2004; Yang and Musser, 2006a, b), with a few important
changes, which we now describe. To determine the location of NPCs
via fluorescence microscopy, a stable HeLa cell line was generated
in which NPCs were tagged with GFP-rPom121, which consists of
GFP N-terminally linked to rat Pom121 (see Supplementary data).
The NE location was determined as described previously (Yang
et al, 2004; Yang and Musser, 2006b), using the GFP fluorescence
from EGFP-rPom121. Due to the very low observed transport
efficiencies under some conditions, the trajectory selection rules
were modified. Instead of selecting only trajectories that
approached within 100 nm of a verified NE crossing point (at
which at least one particle was observed to cross the NE),
particles that approached within 100 nm of the measured NE
position were considered to interact with an NPC. This approach
will include some particles that do did not interact with NPCs, but,
based on control experiments without transportin, such events
accounted for o10% of those observed (Supplementary
Table S1). Three types of abortive transport trajectories were
observed: (i) particles that interacted at an NE location (within
100 nm) at which another particle crossed the NE, clearly establish-
ing the presence of an NPC (B25%); (ii) particles that crossed the
NE and returned to the cytoplasm (B50%); and (iii) particles that
did not cross the NE plane, but did approach within 100 nm of the
NE (B25%). The NPC central axis was aligned to the above three
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categories of trajectories as follows, respectively: (i) the NE crossing
point for the entry event particle(s); (ii) the centroid of the trajec-
tory points that were on the nuclear side of the NE; and (iii) the
point of closest approach to the NE. Note that the location of the
points at the beginning and the end of trajectories was often poorly
defined due to diffusive motion. Only trajectories for which the
location of trajectory end points vis-à-vis the NE was clearly
identifiable were included in the analysis. However, poorly resolved
end points were not included in trajectory overlays (Figure 3).

Error analysis
Interaction time, import efficiency, and interaction frequency errors
are standard errors of the mean (SD/N1/2). The standard deviation
(SD) for the interaction time was determined from the graphing
program (Origin) fitting routine. The SD for the import efficiency
was calculated as [p(1� p)]1/2 according to the binomial distribu-
tion, where p is the experimentally measured import probability.
The SD for the interaction frequency was calculated in the normal
way from multiple measurements. For statistical significance, we
used a two-tailed Welch’s t test, which compares the mean of two
populations that may have unequal variances.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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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. 



- SI-3 - 

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 + FCF1

   CF1 + FCF2

   CF2 + FCF3

   CF3 + FCF4
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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. 



- SI-17 - 

 
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. 



- SI-18 - 

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. 
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