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Nucleocytoplasmic transport occurs through the nuclear
pore complex (NPC), which in yeast is a �50 MDa complex
consisting of �30 different proteins. Small molecules can
freely exchange through the NPC, but macromolecules
larger than �40 kDa must be aided across by transport
factors, most of which belong to a related family of pro-
teins termed karyopherins (Kaps). These transport fac-
tors bind to the disordered phenylalanine-glycine (FG)
repeat domains in a family of NPC proteins termed FG
nups, and this specific binding allows the transport fac-
tors to cross the NPC. However, we still know little in
terms of the molecular and kinetic details regarding how
this binding translates to selective passage of transport
factors across the NPC. Here we show that the specific
interactions between Kaps and FG nups are strongly
modulated by the presence of a cellular milieu whose
proteins appear to act as very weak competitors that
nevertheless collectively can reduce Kap/FG nup affini-
ties by several orders of magnitude. Without such mod-
ulation, the avidities between Kaps and FG nups mea-
sured in vitro are too tight to be compatible with the
rapid transport kinetics observed in vivo. We modeled
the multivalent interactions between the disordered re-
peat binding sites in the FG nups and multiple cognate
binding sites on Kap, showing that they should indeed
be sensitive to even weakly binding competitors; the
introduction of such competition reduces the availability
of these binding sites, dramatically lowering the avidity
of their specific interactions and allowing rapid nu-
clear transport. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.013656, 31–46, 2012.

Eukaryotic cells segregate their genetic material with a
double-layered nuclear envelope, which protects the genomic
DNA of the cell and enables highly regulated gene expression
but also creates a barrier that a wide range of biomolecules
must cross to maintain cell viability. All known transport in and
out of the nucleus occurs through nuclear pore complexes

(NPCs)1 embedded in the nuclear envelope. Although NPCs
can be permeable to molecules below �9 nm in diameter (1),
macromolecules and macromolecular complexes are typically
actively carried across by transport factors. One family of
such transport factors is the karyopherins (Kaps). Kaps can
shuttle through the NPC on their own (2) or laden with cargo
to be imported or exported (3–12) (reviewed in Refs. 13–15).
Kaps interact with their cargo in a RanGTP-dependent man-
ner, binding and releasing transported molecules on the ap-
propriate side of the nuclear envelope (3–12) (reviewed in
Refs. 13–15). The selectively permeable barrier of the NPC is
formed by a family of proteins containing characteristic dis-
ordered phenylalanine-glycine (FG) repeats, termed FG nups
(reviewed in Refs. 16–20), which surround and line the central
channel of the NPC (21, 22) and which have been the focus of
much study (2, 9, 13, 17, 23–28). These proteins interact
specifically with Kaps and other transport factors, through
multivalent interactions between the FG repeats and multiple
binding sites along each transport factor (29–47). It has re-
cently been shown in artificial nanoporous NPC mimics that,
as long suspected, the interaction between transport factors
and FG repeats is sufficient for transport (48–51); thus, a key
to understanding transport through the NPC lies in under-
standing the interactions between FG nups and transport
factors.

The FG repeat regions of FG nups have no stable structure
and thus, like other such intrinsically disordered proteins
(IDPs), are refractory to many conventional structure-based
approaches (52–55). IDPs are extremely prevalent in eu-
karyotes: �30% of the eukaryotic proteome is predicted to
contain significant intrinsically disordered domains (56). Much
has been learned about these IDPs (recently reviewed in Refs.
52 and 57–61), which are often involved in interactions with
multiple partners that require high specificity and low affinity
(i.e. fast off-rates), such as those involved in signaling (52).
Thus, this family of proteins is well suited for the job of gating
transport across the NPC, a process that requires numerous
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rapid yet specific interactions. IDPs, however, are often diffi-
cult to purify (37) and can be very sensitive to buffer condi-
tions (62). Thus, connecting in vitro observations to in vivo
behavior and the function of IDPs is not straightforward.

Transport through the NPC occurs rapidly, with �1000
transport events per pore per second (23) and individual Kap/
cargo complexes crossing the NPC in �30 ms (63, 64). Even
large mRNPs can cross the central channel of the NPC in
5–20 ms (65). During this time, individual Kaps may interact
with as many as 40 FG nups (13, 23). Therefore, interactions
between Kaps and FG nups are expected to be very weak,
with rapid on-off rates and predicted affinities on the order of
micromolar to millimolar (13, 23). Crystal structures (31–34,
66) and molecular dynamic simulations (41, 42, 67) indicate
that these interactions occur via the phenylalanine side chains
of FG nups inserting into hydrophobic pockets on the surface
of Kaps. It is suggested that the multiple binding sites on each
Kap are appropriately spaced to enable binding from multiple
phenylalanines from the same FG repeat region (41, 42, 67).
Measurements typically probe the avidity resulting from the
combined binding strengths of these multiple simultaneous
interaction sites rather than the affinity between individual
phenylalanines and the Kap binding pockets.

Unfortunately, there exists a fundamental problem in our
understanding of nucleocytoplasmic transport. Reported
Kap/FG nup affinities, measured in vitro, range from �51 pM

(37) to �2 �M (68), with an average reported affinity of 270 nM

(36, 37, 68, 69). These measured affinities are all too tight to
explain the rapid transport through NPCs observed in vivo for
two reasons. First, yeast contains 14 Kaps and other transport
factors, at a total concentration of �20 �M (68, 70–72). These
Kap concentrations are several hundred fold higher than the
measured in vitro affinities between Kaps and FG nups, which
would mean that FG domains in living cells are completely
saturated with transport factors, a situation not seen in vivo
(73). Second, given a diffusion-limited on-rate, an interaction
with a 1 nM Kd would exhibit an off-rate of �0.1 s�1, which is
many orders of magnitude too slow to explain the �30-ms
transport times observed in vivo (23, 63, 64) (Fig. 1). Thus, the
in vitro measurements reported in the literature seem incom-
patible with transport rates seen in vivo.

Here, we sought to investigate this issue. We first sought to
determine whether the tight binding affinities measured were
dependent on the assay chosen or on the particular subset of
proteins studied. We therefore systematically surveyed bind-
ing strengths between three different Kaps and ten FG nups
from the model organism, Saccharomyces cerevisiae (yeast)
using two distinct binding assays: a bead binding and an
overlay assay. Our results indicated that in isolation, Kap/FG
nup interactions are indeed generally very tight. However, we
also show a surprising dependence of nucleocytoplasmic
transport kinetics on environmental factors not previously
experimentally studied.

EXPERIMENTAL PROCEDURES

Assay Design: The Bead Binding Assay—We chose to study the
simplest possible transport reaction consisting of the fewest compo-
nents necessary to support specific nucleocytoplasmic transport.
Because transport factors have been shown to readily cross NPCs
and artificial NPC mimics on their own (74–77), any kinetic explana-
tion of nuclear transport must be able to account for the facilitated
translocation of empty transport factors through a channel filled with
FG repeats, without invoking any kind of modulation by cargo or Ran.
We therefore chose to study the binding of unladen Kaps to FG nups.
We designed our main assay (Fig. 2) to recapitulate many features of
the interactions between Kaps and FG nups in the context of the NPC
and explored different environments trying to best mimic the actual
conditions faced by these proteins in the NPC.

In vivo, Kaps freely move about the nucleus and cytoplasm,
whereas one end of each FG nup is anchored to the inner surface of
the central channel of the NPC. To mimic this surface attachment of
FG nups, as our main assay, we used a binding assay in which Kaps
were free in solution, whereas His-tagged FG nups were bound to the
surface of magnetic beads. Excess His-tagged GFP was bound to
the beads along with the FG nup to ensure that all His-binding sites on
the beads were occupied. We incubated the immobilized FG nup and
GFP with at least a 3-fold molar excess of Kap (to ensure, as in vivo,
the Kap is never limiting), over a subnanomolar to micromolar range
of Kap concentrations. To simulate the well studied interactions in-
volved in transport of unladen Kaps (78), neither cargo nor Ran was
present in these binding reactions. After the binding reaction reached
equilibrium, the beads were washed very quickly to remove unbound
material, and bound proteins were eluted. The elutions were run on an
SDS-PAGE gel, and Coomassie Blue-stained bands corresponding to
the Kap and FG Nup were quantified by densitometry. Each Kap band
was normalized to the corresponding FG nup band, and the results
(Kapbound, in arbitrary units) were plotted against Kap concentration
([Kap], in nM) (Fig. 2). To combine results from multiple repeats, each
curve was normalized to 100% maximum binding, and the normalized
intensities were averaged across all repeats. The normalized, aver-
aged curve was then fit to determine a measure of avidity (Kd) using
Equation 1 (79),

Kapbound �
Bmax[Kap]

Kd � [Kap]
(1)

FIG. 1. Current in vitro measurements are inconsistent with
nucleocytoplasmic transport. Relationship between Kd and half-life
of a binary complex (red line). Physiological on-rates for protein-
protein interactions usually range from 104 to 106 M�1 s�1 (gray lines
flanking red line). However, the measurements of Kd between Kaps
and FG nups typically fall in the low nanomolar range, giving a range
half-lives (purple region) that are inconsistent with half-lives expected
for known transport rates of �30 ms (green region).
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where Kapbound is the normalized Coomassie intensity of the Kap
band at each concentration of Kap; Bmax is the value to which the
curve saturates, the maximum normalized Coomassie intensity of the
Kap band; [Kap] is the concentration of Kap; and Kd is the resulting
avidity.

Choice of Proteins—We produced milligram quantities of full-
length Kaps and FG nups by specific modifications of bacterial ex-
pression techniques, greatly increasing the yield of protein over pu-
rification of endogenous or even overexpressed protein from yeast.
Bacterially expressed Kaps and FG nups have previously been shown
to be functional and to recapitulate many of the key behaviors of the
native proteins. For example, like the endogenous proteins, bacteri-

ally expressed FG nups are natively unfolded (24, 27, 28) and interact
specifically with Kaps and other transport factors (2, 36, 68, 80–83).
Indeed, these recombinant proteins have even been shown to mimic
selective nuclear transport through a functionalized nanopore (48, 49).
Correspondingly, all of the recombinant Kaps and FG nups used in
this work were shown to be fully competent for specific binding
(supplemental Figs. 1 and 2). We studied three of the best character-
ized Kaps: Kap95, Kap123, and Kap121 (8, 34, 37, 40, 43, 45, 68, 72,
83, 85–90). Unless otherwise noted, all FG nup constructs used in this
study contained the full amino acid sequence, including the NPC
attachment domain and the natively unfolded FG domain(s). All of the
yeast FG nups were included in this survey except for Nup2, Nup116,
and Nup159.

Recombinant Protein Expression and Purification—Plasmids en-
coding Kap95 in pGEX-2TK and Kap121 in pGEX-4T1 were a kind gift
from John Aitchison (see supplemental Table 1 for a list of Kap
plasmids). Kap123 was codon-optimized for expression in bacteria
(GenScript) and cloned into the BamHI site of pGEX-Tev (a kind gift
from Yuh Min Chook). These plasmids were transformed into
BL21DE3 pLys or RIL cells and grown with the following protocol.
Growth medium consisted of TB (12.5 g/L tryptone, 25.5 g/L yeast
extract, 5.6 g/L glycerol) and TBB (11.5 g of KH2PO4 and 62.5 g of
K2HPO4 per 500 ml). One colony of cells was inoculated into 27 ml of
TB � 3 ml of TBB � antibiotics and incubated overnight shaking at
37 °C. The 30-ml culture was spun down, resuspended in 45 ml of
TB � 5 ml of TBB � antibiotics and incubated shaking at 37 °C for
8 h. The 50-ml culture was spun down, resuspended into 1–2 ml of
TB, and inoculated into 900 ml of TB � 100 ml of TBB � antibiotics.
This 1-liter culture was incubated with shaking at 37 °C for 5 h. The
cells were then induced with 1 mM isopropyl 1-thio-�-D-galactopy-
ranoside and incubated for 16 h at 30 °C (for Kap95 and Kap121) or
37 °C (for Kap123). The cells were pelleted and stored at �80 °C until
ready for use.

Cell pellets from 1 liter of culture were thawed and resuspended in
20 ml of TBT buffer (20 mM Hepes, pH 7.4, 110 mM KOAc, 2 mM

MgCl2, 0.1% Tween 20, 10 �M CaCl2, 10 �M ZnCl2) plus 2 mM DTT,
18 mg/liter PMSF, and 0.4 mg/liter pepstatin A. The cells were lysed
by passing several times through a Microfluidizer� (Microfluidics), and
the lysate was clarified by spinning 90 min at 40,000 rpm (145,000 �
gav) in a Ti50.2 rotor (Beckman) at 4 °C. The lysate was then filtered
through a 0.22-�m filter and incubated with 25–50 ml of glutathione-
Sepharose Fast Flow (GE Healthcare) or 10 ml of ProCatch Glutathi-
one Resin (Miltenyi Biotech) for 2 h at 4 °C. The resin was then
washed with five bed volumes of cold (4 °C) TBT � 1 mM DTT � 18
mg/liter PMSF � 0.4 mg/liter pepstatin A; once with five bed volumes
of cold (4 °C) TBT � 0.5–1 M NaCl � 1 mM DTT � 18 mg/liter PMSF �
0.4 mg/liter pepstatin A; once with five bed volumes of room temper-
ature TBT � 100 �M ATP � 1 mM DTT � 18 mg/liter PMSF � 0.4
mg/liter pepstatin A; and once with five bed volumes of cold (4 °C)
TBT � 1 mM DTT (no protease inhibitors). For Kap95 and Kap121, the
GST-Kaps were eluted from the glutathione-Sepharose resin with 10
mM reduced glutathione (Sigma) in 100 mM Tris, pH 7.4. Buffer was
changed by dialysis into TBT without glutathione, and the GST was
cleaved off using the thrombin cleavage capture kit (Novagen) follow-
ing the manufacturer’s instructions. Kap123 was eluted by on-resin
overnight cleavage of the GST using Tev protease (purified as a
His-tagged fusion (91)) in 20 mM Tris, pH 7.5, 150 mM NaCl, 20 mM

B-mercaptoethanol � 0.1 mM EDTA � 20% glycerol at 4 °C. Flow-
through containing cleaved Kap123 and His-Tev was collected and
incubated with TALON-Sepharose to remove the His-Tev. The final
Kap123 was dialyzed into TBT. Kaps were stored at �80 °C for long
term storage or at 4 °C for �1 month. Kaps were centrifuged for 2 h at
55,000 rpm (112,000 � gav) in a TLA55 rotor (Beckman) at 4 °C imme-
diately prior to use to ensure that no microaggregates were present.

FIG. 2. Measurement of Kap/FG nup affinities in vitro. Top panel,
schematic of the bead binding assay. Dynabeads TALON (light gray)
are saturated with His-tagged FG nups (turquoise) and GFP (dark
gray). The beads are then incubated with increasing concentrations of
Kap (dark blue). Middle panel, protein eluted from the beads is run on
an SDS-PAGE gel and stained with Coomassie Blue. Band intensities
are quantified by densitometry. Quantification is shown on the top of
the gel. Molecular mass markers (in kilodaltons) are shown to the left.
Bottom panel, the normalized and averaged data from eight meas-
urements of the Kap95/Nup57 interaction are plotted (error bars
showing standard deviation), and the best fit as calculated by Sigma
Plot using Equation 1 is shown as a black line. The inset shows the
data on a log/linear scale.
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The genes encoding FG nups were amplified from either genomic
DNA or a plasmid containing the gene and inserted into vectors of the
pET family. The His6 tag was positioned on the structured anchor end
of the FG nups (92). The plasmid encoding the non-FG domain of
Nup100 (amino acids 571–960) was a kind gift from Josef Franke.
These plasmids were then transformed into BL21DE3 Gold cells,
which were found to give the best expression with minimal proteolysis
of the expressed proteins. Expression conditions were determined for
each individual protein, varying induction times from 1–16 h and
induction temperatures from 22–37 °C. Some FG nups cleaved in vivo
at all of the expression conditions tested. However, many of these
nups expressed full-length when coexpressed with Kap95. Nups in a
kanamycin-resistant plasmid were coexpressed with Kap95 in pGEX-
2TK, whereas nups in an ampicillin-resistant plasmid were coex-
pressed with Kap95 in pET24. After the appropriate induction, the
cells were harvested and stored at �80 °C until ready for purification
(see supplemental Table 1 for FG nup plasmids and supplemental
Table 2 for FG nup expression conditions).

Cell pellets were defrosted and resuspended in four volumes of
lysis buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl) plus 8 M urea � 18
mg/liter PMSF � 0.4 mg/liter pepstatin A. The urea was necessary to
keep the FG nups soluble and should not interfere with their function
because the FG domains are natively unfolded, and we directly tested
that the non-FG portion of Nup100 does not directly interact with
Kap95 (supplemental Fig. 5) (24). The cells were lysed by passing
several times through a Microfluidizer� (Microfluidics). The lysine
mimic 6-amino-n-caproic-acid (Sigma) was added to a final concen-
tration of 5 mg/ml to minimize proteolysis, and cell debris was spun
down in a Ti50.2 Rotor (Beckman), 40,000 rpm at room temperature.
The supernatant was put through a 0.22-�m filter, and the clarified
lysate was incubated for �2 h at room temperature with TALON-
Sepharose resin (Clontech). The resin was washed with more than five
bed volumes of lysis buffer � 0.8 M urea � 18 mg/liter PMSF � 0.4
mg/liter pepstatin A, and protein was eluted in lysis buffer � 0.8 M

urea � 18 mg/liter PMSF � 0.4 mg/liter pepstatin A � 150 mM

imidazole. Glycerol was added to 10%, and the enriched FG nups
were stored at �80 °C until ready for use.

Preparation of His-depleted Escherichia coli and Yeast Lysate—1
liter of BL21 DE3 RIL cells with were grown in LB to an A600 of 0.8 and
incubated for 16 h at 37 °C. 1 liter of BL21 DE3 RIL cells containing
the plasmid Kap95 in pET24a (to express untagged Kap95) were
grown in LB to an A600 of 0.8, induced with 1 mM isopropyl 1-thio-�-
D-galactopyranoside, and incubated for 4 h at 30 °C. The cells were
harvested, resuspended in TBT � 18 mg/liter PMSF � 0.4 mg/liter
pepstatin A, and lysed by passing through a Microfluidizer. 6 liters of
wild-type DF5� yeast were grown in YPD to log phase at 30 °C. The
cells were harvested and mechanically lysed using a planetary ball
mill as described (93). Yeast powder was resuspended in �4 volumes
of TBT � 18 mg/liter PMSF � 0.4 mg/liter pepstatin A. Yeast and
bacterial lysates were clarified with a 90-min spin at 145,000 � gav in
a Ti50.2 rotor (Beckman) at 4 °C. To ensure that no nonspecific
interactions to the Dynabeads TALON would occur, this clarified
lysate was incubated with 3 ml of fresh TALON-Sepharose three
times. The lysate was then stored at 4 °C until ready for use. Imme-
diately before each use, the lysate was passed through a 0.22-�m
filter, and an additional 18 mg/liter PMSF � 0.4 mg/liter pepstatin A
was added.

Bead Binding Assay to Measure Kap/FG Nup Affinity—Dynabeads
TALON (Dynal Biotech; Invitrogen) or Dynabeads His tag isolation and
pulldown (Invitrogen) were equilibrated in TALON wash buffer (50 mM

NaH2PO4, 300 mM NaCl, 0.1% Tween 20). 0.5 mg of beads was used
per data point, i.e. 6.5 mg of beads for a 13-point curve. The beads
were then resuspended in TALON wash buffer � 0.8 M urea � 25%
saturated ammonium sulfate � 18 mg/liter PMSF � 0.4 mg/liter

pepstatin A, and protein was added as appropriate. For our standard
assays, for each data point 15–50 pmol of FG nup and 25 �g of
GFP-His6 were combined and added to 0.5 mg of beads. The large
amount of GFP ensured that no empty TALON surface remained.
Based on Coomassie Blue staining intensity of the bead complete
eluate (analyzed by SDS-PAGE), we estimate that �1 �g of FG nup
was bound for each data point. The density of the beads was �2.5 �
108 beads/mg, and each bead had a surface area of 3.8 �m2 (Invit-
rogen; Dynabead product information). Therefore under these condi-
tions, each FG nup was separated from its neighbor by �6.6 nm. For
dilute conditions, three times as many beads and three times as much
GFP were used, such that each FG nup was separated from its
neighbor by �9 nm. For crowded assays, (supplemental Fig. 12) the
beads were separated into two aliquots. The appropriate amount of
FG nup was incubated with Dynabeads such that there was 1 �l of
Dynabeads/�g protein. The remaining beads were saturated with
GFP. The two aliquots were washed separately and then mixed
together, so that the FG nups and GFP each saturated a subset of
those beads. Under these conditions, each FG nup was separated
from its neighbor by �2 nm. In all cases, the beads were incubated
with the protein for �10 min at room temperature to bind the His-
tagged proteins to the beads. The beads were then washed three
times with TALON wash buffer � 18 mg/liter PMSF � 0.4 mg/liter
pepstatin A, combined if necessary (for “crowded”), and divided
equally among tubes of Kap solutions of various concentrations. Kap
solutions were made in TBT � 0.3% PVP (a blocking agent (94)) � 18
mg/liter PMSF � 0.4 mg/liter pepstatin A (plus competitor proteins
when appropriate), and the volumes were adjusted so that at all
concentrations there was always greater than 3-fold molar excess of
Kap over nup. To ensure adequate mixing, the volumes were never
below 0.3 ml for Dynabeads TALON and never below 3 ml for Dyna-
beads His tag isolation and pulldown. The beads were incubated with
Kap solutions overnight on a rotating wheel at 4 °C. After incubation,
the beads from each data point were washed twice with 1 ml of
TBT � 18 mg/liter PMSF � 0.4 mg/liter pepstatin A and resuspended
in 20 �l of SDS-PAGE sample buffer. The beads were heated for 10
min to 95 °C, and 15 �l of the supernatant was loaded on a Novex
4–20% TG gel. The gels were stained with Coomassie Blue R-250, the
images were digitized, and background-subtracted band intensities
were quantified using ImageJ (95). Kd values were calculated by fitting
the resulting curves to Equation 1 in SigmaPlot (Systat Software).

The distribution of FG nup and GFP on the beads was confirmed by
fluorescence microscopy. The FG domain of Nsp1, Nsp1FG-Cys-
His6, was expressed and purified as described previously (48), dia-
lyzed into PBS, and labeled with Alexa 633 (Invitrogen) according to
the manufacturer’s instructions. The beads were prepared as de-
scribed above for visual examination. The images were collected with
a Hamamatsu C4742-95 cooled CCD camera attached to a Zeiss
Axioplan 2 microscope, using a 63� objective lens (NA 1.4). GFP and
Alexa 633 were imaged using FITC and CY5 excitation/dichroic/
emission filter sets, respectively, by Chroma. The images were ac-
quired, colorized, and combined using OpenLab microscopy soft-
ware (Improvision). The linear contrast was optimized using
Photoshop (Adobe), without altering the gamma values.

Overlay Assay—As FG nups are natively unfolded (24), they can be
run on a denaturing SDS-PAGE gel, transferred to nitrocellulose, and
still be recognized by Kaps (46, 47, 88, 96). We took advantage of this
ability to probe the interactions between transport factors and FG
nups. For these assays, enriched Kaps were dialyzed into PBS buffer
and labeled with Alexa Fluor 488 or 633 (Invitrogen) according to the
manufacturer’s instructions. FG nups were diluted to 0.05 mg/ml in
SDS-PAGE sample buffer and heated for 10 min at 95 °C. 10 �l (0.5
�g) was loaded per lane in 10-well 4–20% Novex TG gels (Invitrogen).
The proteins were transferred to nitrocellulose overnight at 35 V using
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standard procedures. The membranes were stained with Ponceau S
to mark the location of the FG nup bands, dried, and cut into strips
with two gel lanes per strip. Strips were blocked with 2 ml of TBT �
0.3% PVP for �1 h at room temperature. The strips were then
incubated overnight in the dark on a rocker at 4 °C with solutions of
fluorescent Kaps (48). Kap solutions were made in TBT � 0.3% PVP,
and volumes were adjusted so that there was always greater than
3-fold molar excess of Kap over FG nup. To ensure proper coverage
and agitation of the membrane strip, the volume of the Kap-contain-
ing solution was never less than 900 �l. The membranes were washed
with TBT � 0.3% PVP three times quickly and then three times for 5
min each. The strips were then scanned at on a Typhoon 9400
variable imager (Amersham Biosciences, Rockefeller University Pro-
teomics Resource Center) at the appropriate settings for Alexa 488 or
633. Band intensities were quantified in ImageJ as above.

Additional Validation Experiments—Control experiments indicated
that Kap does not bind to beads coated with only GFP; therefore the
binding observed was specifically between Kaps and FG nups (sup-
plemental Fig. 3). We ensured that there was no bias from the gel
loading order (supplemental Fig. 4). It has been shown that the FG
repeat domains of the FG nups are necessary and sufficient for
interaction with Kaps (19, 37, 80–82). Our findings agreed with this;
full-length Nup100 and the isolated FG domain interact similarly with
Kap95 (supplemental Fig. 5). To further ensure that the urea did not
lead to nonspecific binding of Kaps to the normally structured anchor
domains of the FG nups (92), we measured Kap binding to the
isolated non-FG domain of Nup100. Although Kaps bound to full-
length Nup100, they showed no significant binding to the non-FG
portions of Nup100 when it was purified under either native or dena-
turing conditions (supplemental Fig. 5). Therefore, the binding ob-
served in these assays appears to be specifically between Kaps and
just the natively unfolded FG domains of FG nups.

We tested different incubation periods in our assay and found that
the assays were not sensitive to incubation time. Binding between
Kap/FG nup starts rapidly and saturates after several hours. As ex-
pected, although the total amount of Kap binding increases with time,
the apparent Kd did not change (supplemental Fig. 6). However, to
ensure that the binding reactions had reached equilibrium and to
maximize the signal, Kaps and FG nups were allowed to bind over-
night. Controls using fluorescently tagged FG nups indicated that
there was minimal mixing of proteins from bead to bead during the
incubation with Kap (supplemental Fig. 7).

RESULTS

To address the apparent discrepancy between in vitro and
in vivo measurements of Kap/FG nup interactions (Fig. 1), we
set out to systematically measure the apparent affinities be-
tween three representative Kaps and ten yeast FG nups. To
ensure there was no bias because of the experimental design,
we used two different well established assays to measure
these affinities: a bead binding assay (Fig. 2) (37, 68, 82) and
a far Western assay (88). A detailed description of both
assays and their controls can be found under “Experimental
Procedures.”

The apparent affinities between Kap95, Kap121, and
Kap123 with the 10 FG nups are presented in Figs. 3 and 4
and supplemental Table 1 and Figs. 8 and 9 and are consist-
ent in range with previous findings (36, 37, 68, 69). These
measurements were robust to the presence or absence of
reducing agent and a range of salt (0–150 mM) or detergent
(0.01–0.1%) concentrations (supplemental Table 1). Impor-

tantly, all of the experiments were done in the presence of
excess of blocking agents (PVP and Tween 20) (94), and we
correspondingly saw no nonspecific binding to beads with no
FG nup. Moreover, these blocking agents work to prevent
nonspecific sticking and would therefore affect the nonspe-
cific background binding but would not impact the apparent
affinity. Addition of another standard blocking agent (BSA)
also did not change either the apparent affinity (see below) or
the total amount of Kap bound per unit nup at saturation (data
not shown).

Interestingly, all of the Kap/FG nup interactions in our study
appear to saturate at roughly a 1:1 stoichiometry, because the
gel bands of Kaps and FG nups saturate at approximately the
same Coomassie Blue intensity (Fig. 2), although without fur-
ther quantitation this can only be considered very approxi-
mate. Nevertheless, excessive stoichiometries of many Kaps
binding per FG nup seem unlikely.

Kap/FG Nup Affinities as Measured in Vitro Are All Very
Tight—Importantly, the measured affinities in our hands are
still several orders of magnitude tighter than the ��M to �mM

Kd values expected from in vivo transport kinetics (13, 23, 63,
64). This difference could be due to (i) experimental design, (ii)
important differences between the arrangement of FG nups in
our experiment compared with in the NPC, (iii) specific, pre-
viously unidentified cofactor(s) missing in the in vitro set-up,
or (iv) the fact that the proteins are not being studied in their
native environment. The problem is very unlikely to be in the
specific experimental design used here, because tight
Kap/FG nup affinities have been observed by numerous clas-
sic and careful studies using a wide range of in vitro tech-
niques (microtiter binding (36), surface plasmon resonance
(69), experiments using Sepharose beads (37, 38, 68), overlay
assays, and experiments using Dynabeads (this work)).
Hence, the effect must be due either to the arrangement of the
FG nups or effects from cofactors or the environment. We set
out to identify the influence of both of these factors on Kap/FG
nup binding by altering our experimental conditions to better
mimic the native environment that these proteins experience
in a living cell.

The Presence of Other Macromolecules Has a Major Effect
on Kap/FG Nup Binding Affinities—Nucleocytoplasmic trans-
port in vivo occurs in the presence of many specific transport
cofactors and a cellular milieu of concentrated macromole-
cules. To examine the effect of cytosolic proteins present
during normal transport, we measured the apparent affinities
of recombinant Kap123 and Nup100 in the presence or ab-
sence of varying concentrations of clarified �Kap123 yeast
lysate, which contains all of the soluble factors seen by
Kap123 in vivo, but the only Kap123 available was exoge-
nously added. We found that a significant reduction in the
apparent affinity of Kap123 for Nup100 was produced by as
little as 0.1 mg/ml yeast lysate, which is 1000� more dilute
than in living cells (97) (Fig. 5). Thus, yeast cytosol acts as a
competitor that weakens the apparent affinities between Kaps
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and FG nups in vivo and has a significant effect even in the
presence of a �30-fold excess of blocking agent.

We then investigated whether the effect on apparent
Kap/FG nup affinity is due to competition from other transport
factors in particular or from yeast cytosol more generally. To
best represent the bulk cellular proteins without introducing
additional Kaps, FG nups, or NLS (Nuclear Localization Sig-
nal) cargo, we used lysate from E. coli as the competitor. As
prokaryotes, E. coli contain many analogs of the components
of eukaryotic cytoplasm but do not contain any proteins that

function in nucleocytoplasmic transport. We found that the
addition of bacterial lysate also caused a dramatic reduction
in apparent Kap/FG nup affinities. We saw this effect for all
three Kaps, and all examples of FG nups tested; these include
nups classified as predominantly containing FXFG, GLFG, FG,
and SAFGXPSFG repeats (98) (showing the effect was not
specific to a certain subset of FG nups) and both symmetric
and asymmetric nups (showing that those nups normally ex-
posed only to the cytoplasm or nucleoplasm are not immune
to the effect). Again, our experiments routinely used lysate
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concentrations that were 1000-fold lower than found in vivo
(97). Nevertheless, even this small amount of competitor pro-
tein reduced all of the apparent affinities between Kaps
and FG nups by between 1 and 2 orders of magnitude (sup-
plemental Table 3 and Fig. 6). The higher the concentration of
lysate added, the greater the effect on apparent Kap/FG nup
affinity (Fig. 6). Increasing concentrations of lysate also de-
creased the total amount of Kap bound per unit nup at satu-
ration (data not shown). Therefore, we suggest that compo-
nents in yeast and bacterial lysates have hydrophobic
patches on their surface (or other transiently adherent moi-

eties) and are thus able to interact specifically with either the
Kaps and/or the FG nups. This distinguishes the effect of
competitor protein (lysate) from a blocking agent (PVP/Tween
20 or BSA; see above), because a blocking agent would not
change the measured affinities between Kaps and FG nups,
whereas a competitor would. Indeed, these assays were done
in the presence of an excess of blocking agent (PVP/Tween 20)
relative to lysate, showing that the only the latter acts as a
competitor. We further confirmed that the decrease in apparent
affinity was not due to degradation of the FG nups by proteases
from the lysate (supplemental Fig. 8), was independent of assay

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 2500 3000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0

1.2 

0 500 1000 1500 2000 2500 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 2500 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 2500 3000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 200 400 600 800 1000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 50 100 150 200 250 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

0 500 1000 1500 2000 
0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 2500 3000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 100 200 300 400 500 600 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 500 1000 1500 2000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

0.0 

0.4 

0.8 

1.2 

0.1 1 10 100 1000 

 Kd = 28±7

 R2 = 0.92

n = 3 

 Kd = 13±3

 R2 = 0.88

n = 7 

 Kd = 1±0.3

 R2 = 0.89

n = 4 

 Kd = 8±1

 R2 = 0.92

n = 5 

 Kd = 10±2

 R2 = 0.92

n = 7 

 Kd = 11±2

 R2 = 0.94

n = 3 

 Kd = 14±6

 R2 = 0.79

n = 7 

 Kd = 1.1±0.2

 R2 = 0.82

n = 6 

 Kd = 1.3±0.6

 R2 = 0.68

n = 5 

 Kd = 8±1

 R2 = 0.87

n = 8 

 Kd = 3±0.6

 R2 = 0.93

n = 6 

 Kd = 1.7±0.6

 R2 = 0.73

n = 2 

 Kd = 1.8±0.4

 R2 = 0.91

n = 2 

N
up

57
N

up
59

N
up

60
N

up
10

0
N

up
14

5N
Kap95 Kap121 Kap123b

FIG. 3—continued.

Competition and Nuclear Transport Reactions

Molecular & Cellular Proteomics 11.5 37

http://www.mcponline.org/cgi/content/full/M111.013656/DC1
http://www.mcponline.org/cgi/content/full/M111.013656/DC1
http://www.mcponline.org/cgi/content/full/M111.013656/DC1


design (supplemental Fig. 9), and is not a specific competitor (as
the effect occurs with both prokaryotic and eukaryotic lysates),
and the effect was likely due to protein rather than small mole-
cules or nucleic acids (supplemental Fig. 10).

Heterogeneous extracts like E. coli lysates have been used
as blocking agents for protein-protein interactions (99–101).
The addition of these lysates typically reduces nonspecific,
i.e. off target, interactions, but not the specific interaction
affinities. This is the basis of blocking agents in all biological
assays. For example, we found that E. coli lysate had no
effect on the binding of protein A to rabbit IgG in our assays
(supplemental Fig. 9). The overwhelming consensus that in

vitro assays can be used to elucidate in vivo behavior neces-
sitates that most macromolecular interactions are relatively
insensitive to the normal cellular milieu; were all interactions
so sensitive, it is hard to imagine how the integrity of most
cellular processes could be maintained. The tremendous sen-
sitivity of specific Kap-FG nup interaction to such additives as
seen here is thus very surprising; however, it is consistent with
the recent finding that interactions with the cytosol stabilize
the disordered state of a natively unfolded protein (102), be-
cause the FG repeats are themselves such disordered protein
regions. The sensitivity of Kap/nup interactions to competitors
is also consistent with the documented tendency of Kaps to
bind cytosolic proteins nonspecifically (72).

0.1 

1 

10 

100 

Nsp
1 

Nup
1 

Nup
42

 

Nup
49

 

Nup
53

 

Nup
57

 

Nup
59

 

Nup
60

 

Nup
10

0 

Nup
14

5N
 

A
pp

ar
en

t K
d 

(n
M

 K
ap

) 

0.
7±

 0
.1

 n
M

, n
 =

 9
4±

1 
nM

, n
 =

 7

7±
2 

nM
, n

 =
 4

5±
1 

nM
, n

 =
 3

5±
2 

nM
, n

 =
 3

9±
2 

nM
, n

 =
 5

1 ±
0.

4 
nM

, n
 =

 4

11
±2

 n
M

, n
 =

 1
3

8 ±
2 

nM
, n

 =
 6

54
± 8

 n
M

, n
 =

 1
1

16
± 3

 n
M

, n
 =

 4

8 ±
1 

nM
, n

 =
 8

10
±2

 n
M

, n
 =

 7
3 ±

0.
6 

nM
, n

 =
 6

28
±7

 n
M

, n
 =

 3
11

±2
 n

M
, n

 =
 3

1.
7 ±

0.
6 

nM
, n

 =
 2

13
±3

 n
M

, n
 =

 7
14

±6
 n

M
, n

 =
 7

1 ±
0.

3 
nM

, n
 =

 4
1.

1±
0.

2 
nM

, n
 =

 6
1.

7±
0.

4 
nM

, n
 =

 2
8 ±

1 
nM

, n
 =

 5
1.

3±
0.

6 
nM

, n
 =

 5

nd nd nd nd nd8±
2 

nM
, n

 =
 1

Kap95 
Kap121 
Kap123 

FIG. 4. Summary of the Kap/FG nup affinities as measured by
bead binding assay. Kd values and the number of repeats are indi-
cated below the plot. The error bars are the error of the fit as calcu-
lated by Sigma Plot using Equation 1. For clarity, the data are shown
on a log/linear scale.

1.2

0.8

0.4

0.0
1 10 100 1000 10000

nM KapK
ap

 b
ou

nd
 p

er
 u

ni
t n

up

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0 200 400 600 800 1000

nM Kap

K
ap

 b
ou

nd
 p

er
 u

ni
t n

up

no competitor

yeast lysate

E. coli lysate

FIG. 5. The presence of competitor significantly influences ap-
parent affinities between Kap123 and Nup100. Kd curves of
Kap123/Nup100 as measured without competitor (blue diamonds) or
in the presence of 0.1 mg/ml yeast (green triangles) and bacterial
(orange squares) lysate. The inset shows the same data presented on
a log/linear scale.

FIG. 6. Lysate, but not crowding or BSA, significantly decreases
the apparent affinities between all Kaps and FG nups measured.
A, Kap/FG nup affinities as measured with and without indicated
competitor. The pale blue bars are Kap95, and the dark blue bars are
Kap121. B, plot of the measured affinity using the bead binding assay
in unmodified (x axis) and modified (y axis) conditions: 0.1 mg/ml
E. coli lysate, 0.3 mg/ml E. coli lysate, and 0.3 mg/ml E. coli lysate �
Kap95 (dark, medium, and pale purple data points, respectively), 30
mg/ml BSA (red), and in the crowded condition (blue) (supple-
mental Fig. 12). The dotted line shows where the affinities would be if
they were equal in the two conditions. Increasing FG nup density on
the beads slightly increases the measured affinities, while adding
small quantities of lysate significantly reduced the measured affinities.
Adding up to 30 mg/ml BSA did not significantly change the affinity
between Kap121 and Nup49, whereas merely 0.1 mg/ml of lysate did.
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The Apparent Affinity between Kaps and FG Nups Does Not
Strongly Depend on Either FG Repeat Composition or the
Location of the FG Nup within a NPC—Given the strong
influence of lysate on the apparent affinities between Kaps
and FG nups, we looked to see what else may impact Kap/FG
nup apparent affinities (Fig. 7). There may be a slight correla-
tion between the number of FG repeats and affinity (although

we did not explore this relationship further). We found no
correlation between apparent affinity and location within the
NPC (36, 68), again arguing against an affinity gradient as a
general mechanism for transport; although it is known that
very high affinity docking sites at the nucleoplasmic or cyto-
plasmic extremes of the NPC are important in terminating
import or export, respectively, of particular cargoes (36, 68),
they were not explored here. In vivo Kap concentration or FG
nup amino acid composition either in the absence or pres-
ence of lysate as a competitor also did not correlate with
apparent affinity and location within the NPC (Fig. 7). This is
consistent with the finding that empty Kap95 seems to shuttle
back and forth through the NPC with no directional bias in vivo
(103). Directionality of cargo transport therefore is likely solely
because of the binding and unbinding of cargo caused by the
presence or absence of RanGTP on either side of the nuclear
envelope (13, 104–106) and not because of a gradient of
affinity between Kaps and FG nups.

Neither Additional Kaps nor FG Nup Packing Density Has a
Significant Effect on Apparent Affinity—In addition to compet-
itor proteins in the nucleoplasm and cytoplasm, Kaps and FG
nups in living cells are also exposed to other Kaps and other
FG nups. Each yeast Kap is present at roughly 1–5 �M in the
cytoplasm (72). We probed the influence of other transport
factors within the cellular milieu by using E. coli lysate con-
taining an overexpressed, recombinant, untagged Kap95 as a
competitor. This lysate showed a similar response in modu-
lating the interaction between Kap123/Nup100 to lysate with-
out transport factor, indicating that lysate itself is potent com-
petitor (Fig. 6). FG nups in vivo are also highly concentrated,
on the order of many �M, with �130 FG domains occupying
the limited space within the NPC (21, 37, 98). We therefore
examined the effect of altering distribution of FG nup on the
surface of the beads, to see whether this could also be
contributing to the apparent discrepancy between in vivo and
in vitro apparent affinity measurements with Kaps. Under the
normal conditions of our binding assays, each FG nup mole-
cule is spaced from its neighboring FG nup molecules by 6.6
nm (see methods). The FG domains, being natively unfolded,
are somewhat less dense than ordered proteins. Their Stokes
radii have been determined by size exclusion chromatography
to be between 3 and 6 nm. Thus, in our standard condition,
there may already be some overlap between the FG Nups on
the surface (28). We further concentrated the nups on a small
subset of the beads while saturating the remaining beads with
GFP, still maintaining the same total amount of nup and GFP
as in the regular condition, such that each nup is spaced from
its neighbors by �2 nm. This is close enough to form cohesive
interactions between the FG repeats (80). We finally diluted
the same amount of nup among three times more beads fully
pacivated with three times more GFP (Fig. 6 and supple-
mental Fig. 11), each FG nup in this condition being spaced
from other FG nups by �9 nm. It should be emphasized that
the amount of FG nup (as well as the ratio of GFP to beads)
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present in each experiment was the same in all three condi-
tions; only the distribution of the FG nup differed. We found
that for the FG nups tested, the apparent affinity for Kap95
and Kap121 were modestly but significantly tighter in the
crowded condition and that there was no significant differ-
ence between the regular and dilute conditions (Fig. 6). This
modest increase in avidity might be expected for an in-
crease in the local concentration of binding sites but seems
inconsistent with models in which packing of individual FG
nups induces a phase change into an alternative state that
binds with a dramatically reduced apparent affinity to trans-
port factors. Although we acknowledge that we cannot
achieve the exact level of crowding in the living NPC,
changes in packing density or interactions between FG
repeats appear to be unable to explain the apparent dis-
crepancy between in vitro apparent affinities and the rapid
in vivo transport kinetics.

Interpretation of Our Findings with Simple Mathematical
Models—Our data on Kap/FG nup binding have revealed
unexpected behaviors that we wish to understand to explain
key features of nucleocytoplasmic transport. To do this, we
constructed models of the interactions between Kaps, FG
nups, and competitors that, although simplified, nevertheless
capture key features of these interactions.

Kaps and FG Nups Bind through Multivalent Interactions—
Because we know that each Kap molecule can bind multiple
FG repeats (29, 34, 66, 67, 86, 107), the tight Kap/FG nup
binding affinities observed in vitro appear to be the result of
combined monovalent interactions between individual FG re-
peats and their multiple cognate Kap binding sites. Multiva-
lency results in multiple weaker monovalent interactions com-
bining to produce a stronger collective interaction (108, 109).
These monovalent interactions are potentially in competition
with interactions made by proteins found in the cellular milieu.
This is because the monovalent site on FG nups is a flexible
hydrophobic ligand capable of interacting not only with spe-
cific binding pockets on transport factors but also with ex-
posed hydrophobic patches found on many other proteins;
similarly, FG repeats could possibly the binding pockets on a
Kap can be potentially occupied by hydrophobic motifs other
than the FG repeats (32, 67, 110, 111).

We chose to consider in detail the Kap95/Nup100 interac-
tion, which had an apparent Kd in vitro of 1 nM (Fig. 4). We
modeled this interaction by a series of differential rate equa-
tions (supplemental material) in which we considered the
stepwise binding of each FG repeat in Nup100 into a Kap95
binding pocket (Fig. 8). There are four experimentally verified
and six additional proposed FG repeat binding sites on Kap95
(67, 86), and so we considered cases of between one and ten
binding pockets. We incorporated the observed competition
caused by lysate in our model as a single competitor making
only monovalent interactions with each repeated hydrophobic
Phe ligand, although this is also functionally equivalent in our

calculations to competitors binding instead to single hydro-
phobic pockets on Kaps.

We assume that each binding site has the same off-rate,
koff

AB (s�1). For simplicity we assume that the first binding event
occurs with a first order rate constant, kon

AB (M�1 s�1) of the
equivalent monovalent Kap/FG interaction (Fig. 8). Based on
the work of Whitesides and co-workers (108), we express the
zero order rate of formation of higher valency interactions as
kon

AB [Beff], where [Beff] can be thought of as the effective local
concentrations of FGs in the vicinity of each subsequent
cognate Kap binding pocket. In this model, the presence of
other proteins can have two independent effects on Beff. First,
the competitor can directly bind to the repeats, reducing the
concentration of available Fs to bind a Kap, i.e. reducing Beff.
Second, because FG nups should be as exquisitely sensitive
to their environment as other natively unfolded proteins stud-
ied so far (for review, see Ref. 62), proteins in the cellular
milieu likely change the structure and behavior of the protein
(102) and thus change Beff. In the model, the individual mon-
ovalent Kap/FG nup binding sites are indistinguishable, and
the maximum valency is N, which for simplicity is taken to be
the same value for both the Kap and the FG nup (Fig. 8). For
this model, there are therefore only two parameters: the sin-
gle-site dissociation constant (Kd

single � koff
AB/kon

AB), and Beff as
described above. In the limit of high Beff (i.e. strongly tending
toward the fully bound state), the apparent multivalent disso-
ciation constant is approximately Kd

app � Beff(Kd
single/Beff)

N. To
compare different valencies, we assumed that Beff was inde-
pendent of N. We approximated Beff as 150 mM based on the

FG Nup (B)

Competitor (C)

Kap (A)

kon [C]BCBCkoff

kon [A]AB

koff
AB

kon [A]AB

koff
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kon [Beff]
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koff
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kon
AB

koff
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kon [Beff]
AB

koff
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kon [C]BCBCkoff
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kon [C]
ACACkoffkon [C]ACACkoff

kon [B]AB

koff
AB

kon [A]AB

koff
AB

[Beff]

FIG. 8. Schematic of the model. A diagram showing an example
(number of Kap/FG nup binding sites, N � 3) of the rate equations
used in the mathematical model of Kap/FG nup binding. See text and
supplemental materials for a detailed description.
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observation that 43 repeats of the FG region of Nup100 oc-
cupy a �5-nm radius sphere (28). For each value of N, we
calculated Kd

single so as to reproduce the value of Kd
app � 1 nM

measured for this interaction. Although we cannot indepen-
dently determine Kd

single and Beff exactly, it is important to note
that this model proved relatively insensitive to the exact val-
ues chosen.

The Strength of the Monovalent Competitors Depends on
the Degree of Valency—We began by modeling the effect of
competing monovalent interactors on Kap/FG nup binding for
different values of N (Fig. 9). As expected, in the absence of
competitor, as the number of Kap/FG nup binding sites in-
creased, the affinity of each individual FG binding (Kd

single) site
necessary to reproduce the measured apparent affinity de-
creased (Fig. 9), such that at N � 5, Kd

single � 3.5 mM. Notably,
this value of Kd

single is of the same order of magnitude as Kd

estimates for nonspecific protein-protein interactions (72,
112); thus, such nonspecific interactions could significantly
modulate Kap/FG nup binding.

To model direct monovalent competition, one could either
incorporate the effect of competition from the cytosol into Beff

(see above) or explicitly and separately include it. Although
both are equivalent, we initially chose the latter as a more
straightforward representation. To this end, we allowed each

FG repeat binding site to interact with either a Kap binding
pocket (Kd

single) or a monovalent competitor protein (Kd
BC). The

limiting case of N � 1 is a simple competitor model, where
Kap and competitor binding to the nup are mutually exclusive.
In our model, we assumed that the lysate behaved as one
averaged protein and used the empirically determined aver-
age molecular mass of 50 kDa to determine the competitor
concentration (thus 0.1 mg/ml � 2 �M). We first reproduced
the Kap95/Nup100 binding affinity as measured in the pres-
ence of 0.1 mg/ml lysate, using different values of N in the
model. We found that as the number of Kap/FG nup binding
sites increased, the affinity between monovalent competitor
and FG nup necessary to reproduce this experimental data
dramatically decreased (Fig. 9). For example, for the limiting
case of N � 1, the monovalent competitor must bind with an
unreasonably high affinity of Kd

BC � 35 nM (i.e. in the same
apparent affinity range as specific interactions). However,
when N � 5, well in the range of the estimated number of
binding sites between Kaps and FG nups (67, 86), a protein
interacting monovalently need only have the weak and phys-
iologically reasonable binding affinity of Kd

BC � 1 �M to suc-
cessfully compete with Kap/FG nup interactions.

If Kd
single is similar for all of the Kap/FG nup interactions,

then the strongest Kap/FG nup interactions would therefore
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FIG. 9. Plots illustrating results from the simple model. A, calculated values of Kd
single required to reproduce the experimental data for

different numbers of Kap/FG nup binding sites (N) for Beff � 150 mM. B, calculated Kap/competitor affinities needed to reproduce the
experimental affinities for different values of N, showing that competitor has a stronger effect for higher valency interactions. C, experimental
Kap/FG nup affinities depend strongly on concentration of competitor protein (red dots), which is fit with our model (black line) by allowing Beff
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single required to reproduce the
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have the highest valency and so would be most sensitive to
competitor. We can therefore test our model, by determining
whether there is a direct relationship between the strength of
Kap/FG nup interaction and the sensitivity to competitor. In-
deed, such a relationship was observed (Fig. 9).

Modeling Environmentally Induced Conformational
Changes—The simple competition model predicts that the
relationship between apparent affinity and competitor con-
centration should depend on the valency of the interaction. If
there are N binding sites for competitor, then Kd

app � [C]N. In
other words, we should see an exponential relationship be-
tween competitor concentration and the measured Kd. We
therefore experimentally determined this relationship for
Kap95/Nup100 binding. However, our data show that this
relationship is approximately linear (Fig. 9) over a 50-fold
range in competitor concentration, supporting the idea that
direct competitive binding is not the only effect of competition
(see above); the presence of competitor proteins in the cellular
milieu thus may also lead to conformational changes in the FG
nup (and/or Kap), changing Beff and thus altering the strength
of the Kap/FG nup interaction. Even though we do not know
the exact nature of these environment-induced conforma-
tional changes, we can represent them in our model by allow-
ing Beff to depend on the concentration of competitor. Indeed,
we can reproduce our experimental data (Fig. 9) by fitting Beff

for each competitor concentration given a fixed Kd
single in the

absence of an explicit competitor. We find that increasing the
concentration of competitor decreases Beff. Recall that in
the limit of high Beff, Kd

app � Beff
1�N, and so, as in the case of

the simple competition model, the higher the valency of the
interaction (the higher N), the more sensitive the interaction is
to changes in competitor, as we saw for the model with fixed
Beff above.

DISCUSSION

Competition and the Kinetics of Nuclear Transport—Several
models have been proposed to explain how the disordered
FG repeat regions cooperate to mediate nucleocytoplasmic
transport. It has variously been suggested that FG domains
reduce access to all or part of the central channel by occlud-
ing it as a polymer brush (9, 22, 25, 26, 113–116), as a series
of physiochemically and functionally distinct quasi-structured
regions (27, 28, 82, 83), as a hydrophobic gel/“hydrogel” (2,
80, 81, 117), as a reversibly collapsible mesh (114, 115), and
as a layer of collapsed domains around the sides of the
channel (118). Our current work provides insight into details of
transport that are not dependent on nor included in any of
these models and can provide a conceptual framework for
understanding the kinetics of transport through the NPC.
Importantly, this framework only depends on well established
features regarding the nature of Kap/FG nup binding that are
common to all proposed molecular mechanisms (9, 13, 82,
117–119) and on the presence of competitors during
transport.

Several lines of evidence support the idea that the transport
pathway of NPCs in living cells are crowded with proteins, at
concentrations comparable with or exceeding those in the
surrounding cellular milieu (Fig. 10) (76). First, the FG repeats
are known to extend tens of nanometers into the nucleoplasm
and cytoplasm, mingling with macromolecules in both the
nucleoplasm and cytoplasm (22, 120) Second, the nonspe-
cific flux of macromolecules across the NPC has been well
documented, and multiple types of proteins up to �40 kDa
can diffuse with some alacrity through the NPC (76) providing
a substantial pool of potential competitors within the central
channel. Third, although cargos are being specifically trans-

Transport factor

Cargo

excluded from central channel

FG nup

A)

B)

C)
Nuclear pore
complex

FIG. 10. Potential implications of our results for nucleocytoplasmic transport. A, in the absence of monovalent competitors, Kaps bind
tightly to the FG Nups, preventing rapid exchange. B, however, monovalent competitor reduces the valency and so avidity of Kaps for FG Nups,
allowing a rapid and dynamic exchange of the two (a zoomed example of competitor interacting with FG repeats is shown; competitor
interaction with Kap is also possible). C, within the nuclear pore complex, Kaps and FG nups are in contact with other FG nups, transport
factors, cargo, and small proteins that can rapidly diffuse through the central channel. All of these factors contribute to rapid and effective
transport of Kap/cargo complexes through the NPC and serve to block the passage of non-Kap-bound macromolecules.
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ported, they themselves make no specific interactions with
FG nups and thus themselves can act as competitors occu-
pying space within the central channel. Fourth, the FG repeats
are themselves highly concentrated in the NPC, potentially
transiently interacting with each other, and competing with
each other for space and binding (27, 28, 121). Although we
cannot replicate exactly the geometry or environment of the
NPCs in our in vitro assay, we have examined the influence of
specific and nonspecific competitor proteins to try and mimic
the in vivo conditions as closely as possible. The increased
crowding within the cylindrical channel of the NPC will likely
increase the influence of competition, as predicted by Zilman
(121).

Notably, we have previously shown another example—also
involving Kaps—where competition from the cellular milieu
modulates a specific interaction. In this case, competition of
cytosolic proteins for Kaps and cargo is a key step that limits
the efficiency of NLS-mediated nuclear import (72). By con-
trast, in the case of Kaps and FG nups, competition serves to
facilitate rapid passage of the Kap across the NPC. However,
both Kap/NLS and Kap/FG nup interactions share the fea-
tures of multivalent binding through relatively weak monova-
lent interactions with high off-rates (122, 123).

We have previously discussed how competition might in-
fluence transport, that because the multivalency of Kap/FG
nup binding provides a stronger interaction than those of
monovalent competitors, competition for binding sites and
space in the central channel of the NPC will facilitate Kap-
mediated transport at the expense of the passage of the
competitors (124–126). Many groups have also emphasized
the importance of the multivalency of Kap/FG nup binding to
nuclear transport (2, 17, 24, 42, 67, 84, 86, 114, 125). Here we
expand upon these ideas, introducing evidence that compe-
tition actually modulates the effective affinity of a transport
factor for the NPC. The hypothesis, supported by our data
and modeling, that such competition effects profoundly influ-
ence the transport process, potentially resolves several con-
tradictions between observed behaviors of nucleocytoplas-
mic transport in vivo and observed affinities in vitro, and with
respect to Kap/FG nup interactions may add significant in-
sights into the likely behavior of transport factors as they
cross the NPC. First, if one only considers the in vitro meas-
ured nanomolar Kap/FG nup affinities and the estimated mi-
cromolar concentration of transport factors in vivo (72), the
NPC in living cells would be fully saturated at all times with
transport factors, blocking efficient transport. However, by
invoking competition, our data and model suggest that in-
stead the other cellular proteins reduce Kap/FG nup effective
affinities and so prevent such NPC saturation. Second, nano-
molar Kap/FG nup affinities would also mean very slow off-
rates, of the order of hours, precluding rapid exchange of
Kaps across the NPC. However, in our model, competition
dramatically increases the off-rates—and so transport
rates—of Kaps at the NPC. Third, as with NLS/Kap interac-

tions (72), the primary influence on Kap/FG nup affinity is
interactions with the cellular cytosol rather than direct com-
petition from other transport factors, such that Kaps need not
significantly compete with each other in the NPC for FG nups.
Fourth, the local concentration of available FG repeats from a
given FG nup (Beff) could be lowered enough such that a Kap
could not distinguish between a nearby repeat on the same
FG nup and a repeat on neighboring FG nups. This would
enable Kaps to easily and quickly jump from FG nup to FG
nup through the NPC.

Conclusions—To understand the in vivo binding kinetics of
nucleocytoplasmic transport, much work has been done us-
ing classic, tried and tested approaches that have worked so
well in the past: binding assays between pairs of interactors in
defined, proven biologically compatible buffers. However, we
show here that in the case of the FG nups, and likely for many
natively unfolded proteins, such assays can be misleading
with respect to their actual behavior in the living cell. NPCs
exist in the crowded environment of a living cell and them-
selves present a crowded environment to macromolecules in
transit; based on the results presented here, these multiple
weak competitors in the cellular milieu likely act collectively
and significantly impact the binding behavior of Kaps and FG
nups. Therefore, to truly understand how these proteins func-
tion in vivo, future studies must examine these proteins in as
close to their native context as possible.
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