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Karyopherins regulate nuclear pore complex barrier
and transport function
Larisa E. Kapinos,* Binlu Huang,* Chantal Rencurel, and Roderick Y.H. Lim

Nucleocytoplasmic transport is sustained by karyopherins (Kaps) and a Ran guanosine triphosphate (RanGTP) gradient
that imports nuclear localization signal (NLS)–specific cargoes (NLS-cargoes) into the nucleus. However, how nuclear
pore complex (NPC) barrier selectivity, Kap traffic, and NLS-cargo release are systematically linked and simultaneously
regulated remains incoherent. In this study, we show that Kapα facilitates Kapβ1 turnover and occupancy at the NPC in
a RanGTP-dependent manner that is directly coupled to NLS-cargo release and NPC barrier function. This is underpinned by the binding affinity of Kapβ1 to phenylalanine–glycine nucleoporins (FG Nups), which is comparable with
RanGTP·Kapβ1, but stronger for Kapα·Kapβ1. On this basis, RanGTP is ineffective at releasing standalone Kapβ1 from
NPCs. Depleting Kapα·Kapβ1 by RanGTP further abrogates NPC barrier function, whereas adding back Kapβ1 rescues
it while Kapβ1 turnover softens it. Therefore, the FG Nups are necessary but insufficient for NPC barrier function. We
conclude that Kaps constitute integral constituents of the NPC whose barrier, transport, and cargo release functionalities
establish a continuum under a mechanism of Kap-centric control.
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Introduction
Nuclei physically segregate transcription from the cytoplasmic
translation machinery in eukaryotic cells. Hence, gene expression relies on a controlled exchange of proteins and mRNA
between the nucleus and cytoplasm. This is known as nucleocytoplasmic transport (NCT; Nigg, 1997; Görlich and Kutay,
1999; Stewart, 2007; Christie et al., 2016), which is regulated
by three key elements: cargo-carrying karyopherin (Kap) receptors (specifically importins and exportins), the GTPase
Ran, and aqueous channels that perforate the nuclear envelope (NE), known as nuclear pore complexes (NPCs; Eibauer
et al., 2015; von Appen et al., 2015). Together, they facilitate
the selectivity, transport efficiency, and accumulation of diverse
cargoes in the nucleus.
NPCs are permeable to small molecules, but the entry of
large, nonspecific entities is hindered (Popken et al., 2015; Timney et al., 2016). Tethered inside each NPC are several highly
dynamic, intrinsically disordered proteins that impede the passage of nonspecific macromolecules (Sakiyama et al., 2016).
These so-called phenylalanine–glycine nucleoporins (FG Nups)
also harbor numerous FG repeats that bind Kaps (Rexach and
Blobel, 1995; Bayliss et al., 2000; Allen et al., 2001), which
achieve selective transport within milliseconds (Kubitscheck
et al., 2005; Yang and Musser, 2006; Tu et al., 2013). Out of
20 members of the Kapβ family in humans, the 97-kD import
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receptor karyopherinβ1 (Kapβ1 or importin-β) regulates the canonical NCT pathway of diverse cargoes that comprise classical NLSs (NLS-cargo; Kimura et al., 2017). Kapβ1 itself does
not bind classical NLS-cargoes directly but recruits a 58-kD
adapter known as karyopherinα (Kapα or importin-α; Pumroy
and Cingolani, 2015) that contains a C-terminal NLS-binding
domain and an N-terminal autoinhibitory importin-β–binding
(IBB) domain (Christie et al., 2016).
Current NPC models are FG centric and rely on the notion
that the FG Nups reject nonspecific cargoes while promoting
Kap-regulated transport. As a consequence, it remains a matter of debate whether the FG Nups resemble a gel-like permeability barrier (Frey and Görlich, 2007), a virtual gate (Rout
et al., 2000) consisting of polymer brushes (Lim et al., 2007),
or a mixture of gel and brush conformations (Yamada et al.,
2010). In terms of their binding, individual FG repeats engage
Kapβ1 by a rapid succession of multiple low-affinity interactions (Hough et al., 2015; Milles et al., 2015). Nevertheless,
at equilibrium timescales, these manifest multivalent interactions that enhance binding affinity through avidity (Schoch et
al., 2012; Kapinos et al., 2014). Approximately 1,000 selective
translocation events ensue per NPC per second in both directions (Ribbeck et al., 1998), where 100 Kapβ1 molecules are
estimated to occupy the pore at steady state (Paradise et al.,
2007; Tokunaga et al., 2008; Lowe et al., 2015). We ourselves
had shown that FG Nup layers undergo conformational changes
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meabilized cells. Our results show that Kapα·Kapβ1 exhibits
a pronounced binding and occupancy at the NPCs. RanGTP
triggers the release of both Kapα and NLS-cargo by converting Kapα·Kapβ1 to RanGTP·Kapβ1, which binds the FG Nups
more weakly and leads to reduction in total Kapβ1 occupancy.
However, RanGTP has no eluting effect on standalone Kapβ1
because RanGTP·Kapβ1 shares the same binding affinity to the
FG Nups as Kapβ1. Finally, depleting Kapα·Kapβ1 by RanGTP
abrogates NPC barrier function, which is rescued by adding
back either Kapβ1 or Kapα·Kapβ1. Still, under active transport
conditions, Kapβ1 turnover leads to a softening of the barrier.
It therefore follows that Kapα mediates Kapβ1 occupancy and
turnover in a RanGTP-dependent manner to impart Kap-centric control at the NPC.

Results
Binding of RanGTP·Kapβ1 to FG Nups

SPR was used to correlate in situ equilibrium and kinetic aspects of RanGTP·Kapβ1 binding to conformational changes in
Nup214, Nup62, Nup98, and Nup153 (denoted as cNup214,
cNup62, cNup98, and cNup153). As before, this uses BSA to
probe FG layer height (Fig. S1; Schoch et al., 2012; Kapinos
et al., 2014). Before SPR experimentation, all Kaps and transport complexes were characterized in aqueous solution using
isothermal titration calorimetry (ITC), microscale thermophoresis (MST), and circular dichroism (CD; Fig. S2). This gave
an equilibrium dissociation constant of Kd = 35 ± 12.5 nM for
RanGTP·Kapβ1, which compares well with previous estimates
(Bednenko et al., 2003; Hahn and Schlenstedt, 2011; Lolodi et
al., 2016). Thereafter, we applied RanGTP·Kapβ1 (1.5:1) ranging from 10 nM to 20 µM Kapβ1, giving RanGTP·Kapβ1 fractions of 25% up to 100% for the SPR experiments (Fig. 1 A).
Thus, the FG Nups typically interacted with RanGTP·Kapβ1 in
a diminishing background of free Kapβ1 (and RanGTP) with
increasing Kapβ1 concentration. Upon completion of a binding
sequence (Fig. 1 B), each FG Nup layer was regenerated by
NaOH treatment to remove RanGTP·Kapβ1. We then measured
how RanGTP binds to standalone Kapβ1–FG Nup complexes to
compare the two scenarios.
RanGTP·Kapβ1–FG Nup binding is accompanied by an incremental increase in the FG Nup layer height that plateaus at the
highest RanGTP·Kapβ1 concentrations (Fig. 1 C). This behavior,
which differs quantitatively between FG Nups, likely originates
from differences in their intrinsic properties. However, there are
qualitative similarities to the binding of standalone Kapβ1 (Kapinos et al., 2014) that signifies FG Nup saturation at micromolar
RanGTP·Kapβ1 concentrations. Nevertheless, there is a slight
height increase for RanGTP·Kapβ1 over standalone Kapβ1 because of the larger hydrodynamic diameter of RanGTP·Kapβ1
(9.6 ± 1.3 nm) compared with standalone Kapβ1 (6.8 ± 1.8 nm;
Table S1). Moreover, RanGTP binding to preformed Kapβ1–
FG Nup layers elicits further increases in height, as opposed to
a decrease as one would expect if RanGTP·Kapβ1 would subsequently unbind. Hence, it is evident that RanGTP does not
facilitate the release of standalone Kapβ1 from the FG Nups.
Influence of RanGTP on Kapα·Kapβ1–FG
Nup binding

Next, we sought to determine how Kapα·Kapβ1 complexes interact with the FG Nups and how RanGTP might affect their
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to accommodate large numbers of Kapβ1 molecules depending
on Kapβ1 concentration (Kapinos et al., 2014). At physiological
Kapβ1 concentrations in particular, i.e., ∼10 µM (Paradise et
al., 2007), we found that a pool of strongly bound Kapβ1 molecules occupies the FG Nups along with a more weakly bound
pool that engages a reduced number of FG repeats. Indeed, evidence of these two pools can be found in the bimodal kinetics
of exogenous Kapβ1 in digitonin-permeabilized cells (Lowe
et al., 2015) and mRNA export in living cells (Grünwald and
Singer, 2010). We therefore proposed a mechanism known as
Kap-centric control whereby Kapβ1 occupancy in the FG Nups
plays a role in regulating NPC barrier selectivity and transport
speed (Lim et al., 2015).
Although NLS-cargo·Kapα·Kapβ1 complexes exhibit
facilitated diffusion through the NPC (Yang et al., 2004), the
release and accumulation of NLS-cargo in the nucleus is energetically activated. This is regulated by the small GTPase
Ran, which has GTP- and GDP-bound forms that are asymmetrically distributed in the nucleus and cytoplasm, respectively
(Görlich et al., 1996; Weis et al., 1996; Lyman et al., 2002).
Importantly, RanGTP functionally releases both NLS-cargo and
Kapα in the nucleus upon binding Kapβ1 (Görlich et al., 1996;
Catimel et al., 2001; Stewart, 2007), after which RanGTP·
Kapβ1 complexes are exported back to the cytoplasm (i.e.,
turned over) for eventual reuse.
Whereas the aforementioned processes define individual
aspects of NCT, the manner by which NPC barrier selectivity,
Kap exchange, and NLS-cargo release function simultaneously
under equilibrium conditions remains incoherent. As a matter
of fact, each of these processes involves Kapβ1, which binds
Kapα in the cytosol to ferry NLS-cargoes, FG Nups to bypass
the NPC, and RanGTP in the nucleus to deliver cargo. Hence,
the binding of one partner may well impact on another to influence the entire transport continuum. One peculiarity pertains to
Kapβ1 turnover, where a prevailing notion claims that RanGTP
concomitantly promotes Kapβ1 dissociation from the FG Nups
after cargo delivery into the nucleus (Rexach and Blobel, 1995).
This is based on in vitro evidence showing that RanGTP abolishes Kapβ1–FG Nup interactions (or more exactly, Kap60
from Kap95 in some cases; Rexach and Blobel, 1995; Floer et
al., 1997; Ben-Efraim and Gerace, 2001; Lyman et al., 2002;
Lim et al., 2007). When lacking FG Nup binding, however,
the as-formed RanGTP·Kapβ1 complex would itself resemble
a nonspecific cargo whose export via NPCs (i.e., Kapβ1 turnover) violates NCT selectivity. To add to the confusion, recombinant Kapβ1 is typically retained at the NE of permeabilized
cells, whereas Kapα and NLS-cargoes accumulate within the
nucleoplasm when RanGTP is present (Görlich et al., 1995;
Moroianu et al., 1995).
In this work, we have combined biophysical quantitation and functional permeabilized cell assays to explore the
molecular interconnections between NPC barrier function,
Kapβ1 occupancy, turnover, and NLS-cargo release. First, we
used surface plasmon resonance (SPR) to measure the effect
of RanGTP on the binding affinities of Kapβ1, Kapα·Kapβ1,
and MG-NLS·Kapα·Kapβ1 (where MG-NLS is a 76-kD maltose-binding protein (MBP)–GFP-NLS cargo fusion protein)
to the FG Nups along with associated conformational changes
in FG Nup layers. Second, we analyzed the concentration dependence and stoichiometry of different Kapβ1 complexes
and their combined influence on FG Nup binding. Third, we
validated the respective in situ behaviors using digitonin-per-
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Figure 1. RanGTP does not dissociate standalone Kapβ1 from the FG Nups. (A) Calculated solution binding isotherm for RanGTP/Kapβ1 at a ratio of
1.5:1 with Kd = 35 nM. (B) SPR response curves for RanGTP·Kapβ1 binding to different FG Nups followed by injections of Kapβ1 and RanGTP after a
NaOH regeneration step. Vertical signals correspond to triple BSA injections that are used to measure FG Nup layer height. RU, resonance units. (C)
Corresponding height changes to the FG Nup layer with respect to B. n = 10 per FG Nup. Error bars denote standard deviation.

binding. As before, ITC determination gave an equilibrium dissociation constant of Kd = 210 ± 77 nM for Kapα-Kapβ1 binding (Fig. S2 B), in good agreement with previous values (Falces
et al., 2010). At a mixing ratio of 1.5:1, ∼40% Kapα·Kapβ1
was expected to form at 100 nM Kapβ1, and this reaches ∼80%
at 1 µM and 95% at 10 µM Kapβ1 (Fig. 2 A). Therefore, in
our SPR assay, Kapα·Kapβ1 complexes interacted with the FG
Nups in a background of free Kapα and Kapβ1, which diminished as Kapα·Kapβ1 concentration increased.
After reaching 20 µM Kapα·Kapβ1, up to 15 µM RanGTP
was added to test its efficacy to dissociate Kapα. In marked
contrast to Fig. 1 C, RanGTP led to reductions in both the
Kapα·Kapβ1–FG Nup binding response and layer height
(Fig. 2, B and C), except for cNup98, potentially because of
its lower capacity to bind Kapβ1 than the other FG Nups (Ka-

pinos et al., 2014). We attribute this decrease to the release of
Kapα after the conversion of Kapα·Kapβ1 to RanGTP·Kapβ1.
This is reasonable given that the exchange of Kapα (58 kD) to
RanGTP (26 kD) leads to a reduction in total FG Nup–bound
mass (Fig. 2 C). Likewise, we observed similar behavior when
MG-NLS·Kapα·Kapβ1 was bound to cNup153, indicating that
RanGTP-Kapβ1 binding triggered the release of MG-NLS and
Kapα from the FG Nup layer (Fig. S3).
Separately, we found that RanGTP·Kapβ1 exhibited promiscuous binding interactions (Wagner et al., 2015) with preformed Kapα·Kapβ1–FG Nup layers, which led to an increase
in both the SPR signal and layer height (Fig. S3, D and E).
Hence, this indicates that RanGTP·Kapβ1 and Kapα·Kapβ1 can
simultaneously bind and coexist within the FG Nups without
directly interacting with one another.
Karyopherins regulate nuclear pore function • Kapinos et al.
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Figure 2. RanGTP dissociates Kapα from FG Nup–bound Kapα·Kapβ1. (A) Solution binding isotherm calculated for Kapα/Kapβ1 at a ratio of 1.5:1 with
Kd = 210 nM. (B) SPR response curves for Kapα·Kapβ1 binding to different FG Nups show that Kapα is eluted by RanGTP. Vertical signals correspond
to triple BSA injections that are used to measure FG Nup layer height. RU, resonance units. (C) Corresponding height changes to the FG Nup layer with
respect to B. n = 10 per FG Nup. Error bars denote standard deviation.

Comparing Kapβ1, Kapα·Kapβ1, MGNLS·Kapα·Kapβ1, and RanGTP·Kapβ1
binding to FG Nups

Fig. 3 A summarizes the affinities associated with the binding
of each transport complex to the FG Nups as determined from
Langmuir isotherm analysis (Fig. S4 A). Indeed, all four entities exhibit two-phase binding interactions with the FG Nups
with distinct affinities at the ∼0.1 µM (strong) and ∼10 µM
(weak) ranges. These two binding regimes are also distinguishable by their kinetic behavior (Fig. S4 B), where (a) strong
binding (lower Kd) is associated with fast on-rates (kon) and
slow off-rates (koff), thereby suggesting that uptake into unsaturated FG Nup layers is rapid and stable; and (b) weak binding
(higher Kd) of near-saturated FG Nup layers comes from a reduction in kon and increase in koff being a characteristic of more
transient interactions.
3612
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Interestingly, Kapα·Kapβ1 has a 10-fold higher affinity (lower Kd) in the strong binding phase than Kapβ1 and
RanGTP·Kapβ1, which are overall similar. This indicates that
Kapα·Kapβ1 complexes are more stable when binding FG
Nups than Kapβ1 or RanGTP·Kapβ1. However, this is unexpected because Kapα itself does not bind the FG Nups (Fig. S4
C) with the exception of cNup153, which binds Kapα weakly,
i.e., Kd = 1.3 ± 0.1 µM because of an NLS-like sequence at its
C terminus (Makise et al., 2012; Ogawa et al., 2012). Nevertheless, Kapα·Kapβ1 complexes seem to be less flexible
than free Kapβ1 molecules, and this might serve to stabilize
the binding of Kapα·Kapβ1 to the FG Nups (Cingolani et al.,
2000; Tauchert et al., 2016). Still, MG-NLS·Kapα·Kapβ1–FG
Nup binding is not measurably stronger than Kapα·Kapβ1
(Fig. 3 and Fig. S4 D), which suggests that MG-NLS does not
influence their binding.
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Figure 3. FG Nups bind Kapα·Kapβ1 more strongly than Kapβ1 and RanGTP·Kapβ1, which are similar. (A) FG Nup binding of Kapβ1 and related transport complexes are characterized by two distinct equilibrium dissociation constants at ∼0.1 µM (strong) and ∼10 µM (weak). In all cases, Kapα switches the
Kapβ1 complex to a quantitatively higher binding affinity (lower Kd). RanGTP lowers the binding state to a value that is comparable with standalone Kapβ1.
MG-NLS cargo does not significantly affect Kapα·Kapβ1 binding to Nup153 and Nup62. **, P < 0.01; Student’s t test (see Table S3). (B) Kapα·Kapβ1
and MG-NLS·Kapα·Kapβ1 have a quantitatively higher binding affinity (lower Kd) than Kapβ1 when binding mixed FG Nups. To aid comparison, dashed
lines at Kd values of 40 and 400 nM show that Kapα·Kapβ1 or MG-NLS·Kapα·Kapβ1 binds the FG Nups 10-fold stronger than standalone Kapβ1. ****,
P < 0.0001; Student’s t test. Box plots denote the median, first, and third quartiles. Error bars denote standard deviation, including outliers.

To more closely mimic binding in the NPC, we also
tested mixed layers comprised of different FG Nup combinations. As before, we observed a similar ∼10-fold higher affinity of Kapα·Kapβ1 and MG-NLS·Kapα·Kapβ1 over standalone
Kapβ1, regardless of the FG Nup layer composition (Fig. 3 B).
Based on these results, we hypothesized that Kapα release is
essential for Kapβ1 turnover because Kapβ1–FG Nup affinity
is most effectively reduced when RanGTP replaces Kapα to
bind Kapβ1 (i.e., RanGTP·Kapβ1 > Kd > Kapα·Kapβ1). Importantly, this provides further evidence that RanGTP does not facilitate the release of standalone Kapβ1 from the FG Nups (i.e.,
RanGTP·Kapβ1 ≈ Kd ≈ Kapβ1).

Equilibrium analysis of RanGTP·Kapβ1
dissociation from the FG Nups

RanGTP concomitantly liberates Kapα and NLS-cargoes upon
binding Kapβ1. However, it remains unclear to what extent
RanGTP·Kapβ1 dissociates from the FG Nup layer. A technical limitation of SPR is that the relative amount of different
Kapβ1 complexes that bind the FG Nups is not obvious. To be
precise, the overall binding response at equilibrium (Req) is proportional to the amounts of standalone Kapβ1, Kapα·Kapβ1,
and MG-NLS·Kapα·Kapβ1 complexes that coexist in solution and their respective affinities to the FG Nups (Fig. S5
A). This is further determined by their respective binding isoKaryopherins regulate nuclear pore function • Kapinos et al.
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RanGTP facilitates Kapβ1 turnover at
NPCs by eluting Kapα

With the biophysical insights noted above, we sought to confirm
whether Kapα did indeed play a role in facilitating the release
of Kapβ1 from functional NPCs in a series of digitonin-permeabilized cell assays (Fig. 5 A). We had previously shown
that a pool of endogenous Kapβ1 (endoKapβ1) persisted at the
NE for a prolonged duration after permeabilization (Lim et al.,
2015). Upon confirming that endogenous Kapα (endoKapα) colocalizes with endoKapβ1 at the NE, we used Ran mix, which
reinstates the soluble transport machinery to power NCT in permeabilized cells (Görlich et al., 1995). This consisted of 5 µM
RanGDP, 4 µM NTF2, and an energy-regenerating system
(2 mM GTP, 0.1 mM ATP, 4 mM creatine phosphate, and 20
U/ml creatine kinase) in transport buffer. After Ran mix treatment, immunofluorescence assays showed that endoKapβ1 was
significantly depleted at the NE (Fig. 5 B). Importantly, this
ensured that the NPCs were as close as possible to a ground
state, i.e., vacant, to minimize interference with the binding and
retention of its exogenous counterparts. We then incubated the
permeabilized cells in exogenous Kapβ1 (i.e., Kapβ1–Alexa
Fluor 568; hereafter denoted as exoKapβ1) followed by a second Ran mix treatment to evaluate exoKapβ1 turnover. Interestingly, standalone exoKapβ1 was poorly displaced from the
NPCs (Fig. 5 C), thereby corroborating our biophysical analyses showing that RanGTP does not facilitate the turnover of
standalone Kapβ1 (Fig. 1).
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Figure 4. FG Nup binding efficiency depends on MG-NLS/Kapα/
Kapβ1 ratio, concentration, and RanGTP. Relative decrease of FG Nup–
bound Kapβ1 due to RanGTP at different MG-NLS/Kapα/Kapβ1 ratios.
A maximal reduction of Kapβ1 occurs when MG-NLS/Kapα/Kapβ1 =
10:10:1. Varying MG-NLS/Kapα/Kapβ1 ratios at constant CKapβ1 = 10,
100, and 1,000 nM enables comparisons between experiment (ΔRnorm;
colored dots) and equilibrium calculations (ΔKapβ1; colored lines). For
more information, see Fig. S5.

Thereafter, we wanted to verify that exoKapα was required
for facilitating exoKapβ1 turnover at NPCs using RanGTP. We
then incubated endoKap-depleted permeabilized cells in 10:1
ratios of exoKapα (i.e., Kapα–Alexa Fluor 488) and exoKapβ1
for CKapβ1 = 10 nM and 100 nM and a 4:1 ratio for CKapβ1 =
1 µM, with a calculated coupling efficiency of 30, 80, and 95%,
respectively, to remain consistent with our biophysical analyses. Before Ran mix treatment, exoKapβ1 was distinctly localized to the NE, whereas exoKapα was located both at the
NE and within the nucleus as observed previously (Fig. 5 D;
Görlich et al., 1995). This can be attributed to the slow natural dissociation of exoKapα from exoKapβ1 in the absence of
RanGTP (Catimel et al., 2001). After Ran mix treatment, however, both exoKapα and exoKapβ1 reduced in a nonmonotonic
manner (as predicted by our equilibrium calculations) with a
maximum reduction of ∼50% at CKapβ1 = 100 nM (Fig. 5, E and
F). This therefore confirms that Kapα facilitates Kapβ1 turnover
in a RanGTP-dependent manner.
Kapβ1 depletion abrogates NPC
barrier function

Next, we asked whether the retained pool of endoKapα·endo
Kapβ1 might play a role in reinforcing the FG Nup barrier,
as we had hypothesized previously (Lim et al., 2015). Separately, we applied 1 µM MG (MBP-GFP) nonspecific cargoes
that lacked the NLS and 1 µM MG-NLS specific cargoes to
test for nuclear leak-in (Fig. 6 A). Indeed, both cargoes did
not permeate into the nucleus when endoKapα·endoKapβ1
was present (Fig. 6 B). Surprisingly, however, both cargoes
readily entered into the nucleus upon depleting the NE of
endoKapα·endoKapβ1 by Ran mix (Fig. 6 C). Moreover,
adding back only 100 nM exoKapβ1 sufficiently restored
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therms that vary as a function of their molar concentrations and
ratio (Sun et al., 2013).
Three parallel reactions then proceed in the presence
of RanGTP (Fig. S5, B–D). First, RanGTP binds standalone
Kapβ1, which has a minimal impact on Kapβ1–FG Nup binding. Second, RanGTP converts Kapα·Kapβ1 to RanGTP·Kapβ1,
which facilitates Kapβ1 dissociation and concomitantly elutes
Kapα. Third, RanGTP elutes Kapα and MG-NLS cargo by
converting MG-NLS·Kapα·Kapβ1 to RanGTP·Kapβ1, which
likewise promotes Kapβ1 dissociation from the FG Nups. To
correlate these behaviors, we tested the effect of 5 µM RanGTP
on increasing ratios of MG-NLS/Kapα/Kapβ1 (ranging from
1:1:4 to 10:10:1) against cNup153 (Fig. S5 E). Moreover, this
was repeated at three specific Kapβ1 concentrations (CKapβ1):
10, 100, and 1,000 nM (Fig. S5, E–G). We note that the change
in the normalized equilibrium binding response (ΔRnorm) at each
Kapβ1 concentration would then depend solely on the ratio between different Kapβ1 complexes because the absolute number
of Kapβ1 molecules remains the same.
Overall, RanGTP elicited the largest reduction of total FG
Nup–bound mass at 100 nM Kapβ1, which diminishes below
∼10 nM and above 1 µM Kapβ1. This nonmonotonic behavior
agrees qualitatively with equilibrium calculations (Fig. 4 and
Fig. S5 G), which explain that (a) the number of Kapβ1–FG
binding complexes is small at 10 nM Kapβ1; (b) total Kapβ1
reduction at the FG Nups is greatest at 100 nM, being close
to the affinity (Kd) of RanGTP·Kapβ1, Kapα·Kapβ1, and MGNLS·Kapα·Kapβ1; and (c) reduction is diminished at 1 µM
Kapβ1 because of a saturation of Kapβ1 complexes. Moreover, the reduction in binding response (ΔRnorm) scales with the
amount of eluted Kapα and MG-NLS as well as RanGTP·Kapβ1
dissociation (ΔKapβ1) as defined by MG-NLS/Kapα/Kapβ1 ratios. Hence, Kapβ1 dissociation from the FG Nups is directly
coupled to Kapα/NLS-cargo release by the action of RanGTP.
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Figure 5. Kapα facilitates the RanGTP-mediated release of Kapβ1. (A) Cartoon illustration of the experiment. (B) Immunofluorescence reveals that endoKapα and endoKapβ1 are retained and colocalize at the NE after permeabilization. Ran mix treatment effectively leads to a reduction in both endogenous pools. (C) ExoKapβ1 is not reduced by Ran mix after repopulating endoKap-reduced NPCs with 100 nM exoKapβ1. (D) Ran mix effectively reduces
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the NPC barrier to prevent the passive transport of both
cargoes into the nucleus (Fig. 6, D–F). Hence, this proves
that Kapβ1 occupancy regulates NPC barrier function by
reinforcing the FG Nups against the passive transport of
macromolecular cargoes.
Kapβ1 turnover at NPCs is coupled to
NLS-cargo release

Kapβ1 turnover softens the NPC barrier

Finally, we wanted to ascertain the fate of nonspecific cargoes
under the same exogenous conditions. As before with only exo
Kapβ1 at the NE (Fig. 6 D), passive nuclear entry of MG was
forbidden in permeabilized cells pretreated with exoKapα·exo
Kapβ1. However, in the presence of Ran mix, we observed a
marginal uptake of MG correlated to exoKapβ1 reduction at the
NE (Fig. 8), though not to the same extent as when the NPCs
were vacant (Fig. 6 C). This indicates that the NPC barrier is
less rigid under active transport conditions, which is consistent
with in vivo observations of nonspecific transport (Popken et
al., 2015; Timney et al., 2016).

Kapα facilitates Kapβ1 turnover to regulate
NPC function

Kapα plays a key role in unifying selective barrier, transport,
and cargo release functionalities at the NPC to regulate NCT.
We anticipate that mainly NLS-cargo·Kapα·Kapβ1 complexes
populate the NPCs in vivo rather than their standalone equivalents. Beyond its role as an adapter for NLS-cargo, Kapα appears functionally important for switching on the high-affinity
state of Kapβ1 toward the FG Nups to promote NLS-cargo import. RanGTP then downgrades this complex to a state of lower
affinity to facilitate the turnover of RanGTP·Kapβ1 from the
NPC. Interestingly, the softening of the NPC barrier (Fig. 8, B
and C; Popken et al., 2015; Timney et al., 2016) that follows
might place an upper limit on space constraints within the pore
to maintain transport speed and accessibility. Still, because of
their lack of cross-reactivity, both NLS-cargo·Kapα·Kapβ1 and
RanGTP·Kapβ1 can co-exist in a dynamic equilibrium at the
NPC to maintain nucleocytoplasmic transport.
Kapβ1–FG Nup binding affinity depends on
Kapα and RanGTP

At the molecular level, MG-NLS·Kapα·Kapβ1, Kapα·Kapβ1,
RanGTP·Kapβ1, and standalone Kapβ1 can all bind FG Nups,
though MG-NLS·Kapα·Kapβ1 and Kapα·Kapβ1 exhibit a higher
affinity for the FG Nups than RanGTP·Kapβ1 and standalone
Kapβ1, which are similar (Fig. 3). This is consistent with the increased binding of IBB·Kap95 to the FG Nups over standalone
Kap95 and RanGTP·Kap95 (Eisele et al., 2010). However, it disagrees with the notion that RanGTP either completely (Delphin
et al., 1997; Floer et al., 1997; Ben-Efraim and Gerace, 2001) or
partially (Allen et al., 2001; Pyhtila and Rexach, 2003) diminishes FG repeat interactions with standalone Kapβ1 to facilitate
its release from NPCs. Previously, we had reported that Kapβ1
binding induced a conformational compaction in cNup153 that
was reversible with excess RanGTP (Lim et al., 2007). Given
our present insights, RanGTP likely facilitated Kapβ1 release
as a result of the extremely low binding efficiency of Kapβ1 to
cNup153 at the sub-nanomolar concentrations used.
Structural evidence for the enhanced
binding of Kapα·Kapβ1

From a structural perspective, Kapβ1 is a flexible α-helical solenoid consisting of 19 tandem HEAT repeats (Cingolani et
al., 1999, 2000; Bayliss et al., 2000; Fukuhara et al., 2004;
Lee et al., 2005; Zachariae and Grubmüller, 2008; Yoshimura
et al., 2014). Not surprisingly, the Kapβ1 structure is sensitive
to solvent conditions (Forwood et al., 2008, 2010; Halder et
al., 2015) and Kapα/IBB (Cingolani et al., 1999, 2000; Lee
et al., 2005). Because of their overlapping binding sites on
Kapβ1, RanGTP is known to trigger structural rearrangements
within Kapβ1 to release Kapα/IBB (Conti et al., 2006), but
how it modulates the affinity of Kapβ1 toward the FG Nups

exoKapβ1 after repopulating endoKap-reduced NPCs with exoKapα·exoKapβ1 (Kapα/Kapβ1 = 10:1; CKapβ1 = 100 nM). (E) From D, exoKapβ1 retention
at the NE after Ran mix (light red) shows qualitative agreement with equilibrium calculations (solid line) as a function of exoKapβ1 concentration. To aid
comparison, these values were normalized by preRan mix values (dark red). (F) From D, exoKapα retention at NE before (dark green) and after Ran mix
(light green). **, P < 0.01; ***, P < 0.001. Student’s t test (see Table S3). Box plots denote the median, first, and third quartiles. Error bars denote standard deviation, including outliers. Bars, 5 µm. In C and D, an endogenous protein-specific antibody that does not cross react with exoKapβ1 was used to
immunostain for endoKapβ1. See Materials and methods for details.
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Then, we sought to correlate the active transport of MG-NLS
into the nucleus with the RanGTP-dependent reduction of exo
Kapβ1 and release of exoKapα from NPCs (Fig. 7 A). A key
objective was to elicit comparisons between permeabilized
cell assays and the equilibrium analyses (Fig. 4 and Fig. S5).
As mentioned above, we incubated endoKap-depleted permeabilized cells with 10:1 ratios of exoKapα and exoKapβ1 for
CKapβ1 = 10 nM and 100 nM and a 2:1 ratio for CKapβ1 = 1 µM,
supplemented with 1 µM MG-NLS. The MG-NLS concentration was fixed to facilitate direct comparisons with respect to
their nuclear uptake between experiments. Consequently, Ran
mix affected exoKapβ1 in the same nonmonotonic manner
as when MG-NLS was absent (Fig. 5 E), leading to a maximum reduction of 41% at 100 nM exoKapβ1 (Fig. 7, B and
C). Even so, Ran mix treatment did not completely dissociate
exoKapα from the NE (Fig. 7 D). This may be explained by
complex formation with its export receptor, cellular apoptosis susceptibility protein (CAS) and RanGTP (Kutay et
al., 1997a) at the NPC.
In parallel, the passive transport of MG-NLS into
the nucleus increased with exoKapα/exoKapβ1 concentration before Ran mix treatment, which is consistent with the
findings of Yang and Musser (2006). After this, Ran mix facilitated an active nuclear uptake of MG-NLS (Fig. 7 E).
However, this had a rather low significant difference, likely
because of dilution inside the nucleus. In any case, MGNLS signal increase is more apparent at 100 nM exoKapβ1,
but less so at 1 µM exoKapβ1, because of the use of a 2:1
ratio of exoKapα/exoKapβ1 in the latter experiment. Still,
neither exoKapβ1 reduction nor an active uptake of MGNLS proceeded in control experiments that excluded exo
Kapα (Fig. 7, F and G). Hence, Kapβ1 turnover at NPCs is facilitated by Kapα and is directly coupled to NLS-cargo release.

Discussion

Figure 6. FG Nups are necessary but insufficient for NPC barrier function. (A) Cartoon illustration of all experiments. (B) Nuclear entry of
MG and MG-NLS is prohibited in the presence
of endoKapα and endoKapβ1 immediately
after digitonin permeabilization. (C) Depleting endoKapα and endoKapβ1 by Ran mix
abrogates NPC barrier function and facilitates
the passive entry of MG and MG-NLS into the
nucleus. (D) Adding back 100 nM exoKapβ1
sufficiently rescues NPC barrier function to
prohibit MG and MG-NLS from entering the
nucleus. (E) Fluorescence quantitation of MG
in the nucleus at each of the above conditions.
(F) Fluorescence quantitation of MG-NLS in the
nucleus at each of the above conditions. n =
3 per experimental condition with a total of at
least 26 cells each. ****, P < 0.0001; Student’s t test. Box plots denote the median, first,
and third quartiles. Error bars denote standard
deviation, including outliers. Bars, 5 µm.

Downloaded from jcb.rupress.org on November 9, 2017

Karyopherins regulate nuclear pore function • Kapinos et al.

3617

remains unclear. Previous studies show that Kapα·Kapβ1 is
more structurally compact than RanGTP·Kapβ1 (Cingolani et
al., 1999; Fukuhara et al., 2004; Lee et al., 2005), and this
might stabilize FG repeat binding on the outer Kapβ1 surface
(Bayliss et al., 2000; Bednenko et al., 2003; Isgro and Schulten, 2005). It may be that the flexibility of RanGTP·Kapβ1
or standalone Kapβ1 incurs a higher entropic penalty for FG
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repeat binding. In any case, there is no obvious structural evidence that argues against the accessibility of FG repeats to bind
RanGTP·Kapβ1. Furthermore, NLS-cargo does not impact on
Kapβ1–FG Nup binding because Kapα mediates their interaction. However, it is possible that very large NLS-cargoes may
limit the occupancy of the transport complex within the FG
Nups (Vovk et al., 2016).
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Figure 7. Kapβ1 turnover at NPCs is directly
coupled to NLS-cargo release. (A) Cartoon
illustration of all experiments. (B) Ran mix effectively reduces exoKapβ1 after repopulating
endoKap-reduced NPCs with MG-NLS·exo
Kapα·exoKapβ1. (C) ExoKapβ1 retention at
the NE after Ran mix (light red) shows qualitative agreement with equilibrium calculations
(solid line) as a function of exoKapβ1 concentration. To aid comparison, these values
were normalized by preRan mix values (dark
red). (D) ExoKapα retention at NE before
(dark green) and after Ran mix (light green).
(E) Comparison of passive (dark purple) and
Ran mix–activated (light purple) accumulation
of MG-NLS in the nucleus. (F) Neither passive
nor Ran mix–activated nuclear entry of MGNLS was permitted in NPCs repopulated with
exoKapβ1 (no exoKapα). ExoKapβ1 does not
turn over under these conditions. (G) Fluorescence quantitation of nuclear MG-NLS before
(dark purple) and after Ran mix (light purple)
from F. n = 3 per experimental condition with
a total of 10–12 cells each. **, P < 0.01;
****, P < 0.0001; Student’s t test. Box plots
denote the median, first, and third quartiles.
Error bars denote standard deviation, including outliers. Bars, 5 µm.
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Figure 8. Kapα-facilitated turnover of Kapβ1 softens the NPC transport barrier against nonspecific cargoes. (A) Cartoon illustration of the experiment. (B)
Kapβ1 turnover is coupled to a softening of the NPC transport barrier with Ran mix–activated transport. (C) Fluorescence quantitation after Ran mix shows
that MG entry into the nucleus is marginally increased. n = 3 per experimental condition with a total of at least 13 cells being analyzed each. ****, P <
0.0001; Student’s t test. Box plots denote the median, first, and third quartiles. Error bars denote standard deviation, including outliers. Bars, 5 µm.

Quantitative analysis of Kapβ1 turnover in
permeabilized cells

Quantitative analysis reveals that the occupancy of each Kapβ1
complex at the NPC depends on its binding affinity with the FG
Nups and the extent to which Kapβ1 is depleted by RanGTP
(Fig. 4). In turn, the concentration of each molecular partner
and its binding isotherm with Kapβ1 will determine the relative amounts of Kapβ1 complexes (Fig. S5). To further validate this, permeabilized cell assays show that RanGTP reduces
both Kapα·Kapβ1 (Fig. 5, D and E) and MG-NLS·Kapα·Kapβ1
(Fig. 7, B and C) in a nonmonotonic manner that depends on the
concentration of Kapβ1.
Kap-centric versus FG-centric control

Kap-centric control departs from prevailing FG-centric views of
the NPC (Fig. 9), which have attempted to explain the form and
function of the NPC selective barrier in terms of FG Nup behavior (Rout et al., 2000; Frey and Görlich, 2007; Lim et al., 2007;
Yamada et al., 2010). Key evidence for Kap-centric control lies
with the NE retention of an endogenous pool of Kapα·Kapβ1 in
permeabilized cells (Fig. 5 B), which had not been accounted
for previously. This likely represents the physiological steadystate population of endoKapα·Kapβ1 at the NPC that reinforces
the NPC barrier (Fig. 6 B). Interestingly, the unobstructed permeation of MG and MG-NLS into the nucleus (Fig. 6 C) was
contingent on the removal of endoKapα·Kapβ1 by Ran mix
(Fig. 5 B). Still more remarkable is that adding back exoKapβ1
restored barrier function against these substrates (Fig. 6, D–F).
Thus, the FG Nups are necessary (to bind Kaps) but insufficient
for establishing NPC barrier function. This might explain why
FG repeat deletions did not have any significant impact on NPC
permeability (Strawn et al., 2004).
As we have shown, the process of selective cargo transport is facilitated in a Kap concentration-dependent manner that
determines the overall occupancy of Kap–cargo complexes in

the NPC. This is most likely facilitated by the highly flexible
and dynamic FG Nups (Sakiyama et al., 2016) that would be
able to respond and adapt to local changes in the pore. We postulate that strongly bound Kaps saturate the FG Nups to allow
a weakly bound pool to pass (Kapinos et al., 2014), which is
consistent with Yang and Musser (2006), who showed that
higher Kap concentrations promoted higher transport efficiencies and faster transport times. Indeed, Fig. 7 E shows that the
passive entry of MG-NLS into the nucleus increases with increasing exoKapβ1 (and exoKapα) concentrations. In marked
contrast, any passive uptake of nonspecific MG cargoes remains blocked (Fig. 8 B; compare with Fig. 6, C and E). Hence,
Kap-centric control encapsulates both NPC barrier and selective transport characteristics.
Although RanGTP binds Kapβ1 to release Kapα and
NLS-cargoes from the NPC, it is less clear how RanGTP·
Kapβ1 returns to the cytoplasm. If RanGTP also dissociates Kapβ1 from the FG Nups (Rexach and Blobel, 1995),
RanGTP·Kapβ1 would itself resemble a large nonspecific
cargo in the absence of FG Nup binding that contradicts the
selective transport criteria. To retain its specificity to the FG
Nups, we find that the action of RanGTP subtly switches
the high-affinity binding state of MG-NLS·Kapα·Kapβ1 to
the lower binding state of RanGTP·Kapβ1 to enable Kapβ1
turnover. Importantly, this is directly correlated to the concomitant release of Kapα (Fig. 5, D and F; and Fig. 7 D) and
the nuclear accumulation of MG-NLS (Fig. 7, B–E). On this
basis, RanGTP·Kapβ1 efflux is still specific in nature.
Implications of Kap-centric control

A key attribute of Kap-centric control may be to regulate the
Ran gradient (Görlich et al., 2003; Riddick and Macara, 2005;
Kopito and Elbaum, 2009). Because of its higher affinity for
Kapβ1, RanGTP likely outcompetes Kapα for Kapβ1 within the
nucleus. This prevents it from traversing further into the NPC
Karyopherins regulate nuclear pore function • Kapinos et al.
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on its own, which might explain why RanGTP·Kapβ1 complex
formation only occurs at the nuclear basket (Lowe et al., 2015).
Upon reaching the cytoplasmic periphery, the chemical potential established by RanGAP (RanGTPase-activating protein) to
hydrolyze GTP into GDP (Bischoff et al., 1994) followed by
the release of RanGDP from Kapβ1 is what sustains RanGTP·
Kapβ1 export (Moroianu and Blobel, 1995). To further underscore the importance of Kapα, we postulate that Kapα·Kapβ1
also helps to outcompete and release RanGTP·Kapβ1 from
the FG Nups there. Then, after GTP hydrolysis, the higher
affinity of RanGDP toward NTF2 in comparison with Kapβ1
(Chaillan-Huntington et al., 2000; Forwood et al., 2008;
Lonhienne et al., 2009) (Table S4) ensures that predominantly RanGDP·NTF2 complexes form in the cytoplasm for
import into the nucleus.
Still, 19 other members consisting of importins and exportins exist in the Kapβ family that bind signal-specific cargoes directly (Chook and Süel, 2011; Kimura et al., 2017).
Although it remains to be ascertained if and how they contribute
to Kap-centric control, IBB-cargo such as SREBP2 (Lee et al.,
2003) that binds Kapβ1 directly may provide a good starting
point to explore the role of Kapα-independent pathways.
Conclusion

Our work reveals how NPC function is controlled by
karyopherins that shuttle cargoes between the nucleus and the
cytoplasm. This disagrees with the view that the FG Nups regulate the shuttling of karyopherins and their cargoes. To operate the NPC, Kapα mediates Kapβ1 turnover and occupancy
in a RanGTP-dependent manner that simultaneously regulates
NLS-cargo release and NPC barrier function. Thus, a deregulation of Kap-centric control could lead to a malfunction in NCT
and disease (Kau et al., 2004).
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Materials and methods
FG Nup expression and purification

Cysteine-tagged FG domains of four human nucleoporins, Nup62,
Nup214, Nup98, and Nup153, were cloned, expressed, and purified as
described previously (Kapinos et al., 2014). All proteins were dialyzed
into the appropriate buffer (see below) before experimentation. The
concentration of these proteins was determined using UV measurements or Bradford assay.
WT Ran and RanQ69L expression, purification, and loading with GTP
or GDP

A plasmid (pQE32) with a full-length human RanQ69L construct (the
nonhydrolyzing mutant of Ran) was a gift from U. Kutay (ETH Zurich, Zurich, Switzerland) (Kutay et al., 1997b). A WT Ran construct
was derived from the aforementioned plasmid using site-directed mutagenesis (primers 5′-GTATGGGACACAGCCGGCCAGGAGAAA
TTCGGTGGACTG-3′ and 5′-CAGTCCACCGAATTTCTCCTGGCC
GGCTGTGTCCCATAC-3′). His-tagged Ran WT and RanQ69L fulllength proteins were induced by 0.5 M IPTG and expressed in BL21
competent cells at 24°C overnight. The cells were lysed for 1 h at 4°C
using the following buffer: 50 mM Hepes-KOH, pH 7, 100 mM NaCl,
5 mM DTT, 5 mM MgCl2, and 20 mM imidazole with addition of
40 µl DNase (10 mg/ml), Pefobloc, and lysozyme. Finally, Ran WT
and RanQ69L were purified using a nickel–nitrilotriacetic acid (NiNTA) column (Roche) in an imidazole gradient (10–500 mM). The
purified protein was dialyzed into 10 mM Hepes buffer, pH 7.2, with
100 mM NaCl. Then, Ran WT and RanQ69L were incubated for 30
min at 4°C with 10 mM EDTA and 1 mM GTP or GDP nucleotides.
Consequently, 25 mM of excess MgCl2 was added to ensure MgCl2
and GTP (or GDP) binding to nucleotide-free Ran. Finally, Ran WT
and RanQ69L loaded with GTP was dialyzed into PBS buffer, pH 7.2
(GIBCO by Life Sciences), in the presence of 1 mM MgCl2 and isolated
using an Åkta Purifier on a column (Superdex 200 HiLoad 16/60; GE
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Figure 9. FG-centric versus Kap-centric NPC transport models. (Left) FG-centric models explain that an FG Nup barrier regulates selective transport through
the NPC without invoking Kap occupancy. (Right) Kap-centric control argues that NPC barrier and transport function is regulated by Kaps in the pore.
This is mediated by Kapα, which promotes NLS-cargo·Kapα·Kapβ1 import by switching the transport complex into a high-affinity FG Nup binding state.
Upon reaching the nucleus, RanGTP switches Kapβ1 back to its lower affinity state while concomitantly releasing NLS-cargo and Kapα. At steady state,
RanGTP·Kapβ1 export is sustained because it does not cross react with Kapα·Kapβ1 within the NPC. The model is constructed according to the equilibrium
dissociation constants summarized in Table S4.

Healthcare). Protein purity was analyzed by 12% PAGE at 0.1% SDS
(Fig. S2), and Ran WT and RanQ69L concentrations were determined
by absorption measurements at 280 nm and correcting it for the GTP
or GDP absorption within this region.

CD

Kapβ1 and Kapα expression and purification

SPR measurements

Full-length human Kapβ1 was cloned, expressed, and purified as described previously (Kapinos et al., 2014). The plasmid (pQE70) containing a full-length Xenopus laevis Kapα construct was a gift from
U. Kutay. A full-length human Kapα construct (Addgene template
pCMVTNT-T7-KPNA2; plasmid 26678) was cloned into the same
pQE70 vector using EcoRI–BamII restriction enzymes. Both constructs
have a His6 tag at its C terminus with a short linker (-GSRSHHHHHH)
that does not affect the complex formation of this protein with Kapβ1.
Kapα was subsequently purified using an Ni-NTA column (Roche). Finally, Kapα monomers were separated and isolated using a Superdex
200 column, and the collected fractions were stored at −80°C. The final
purity of the His6-tagged Kapα and Kapβ1 was analyzed by 12% PAGE
at 0.1% SDS (Fig. S2), and their concentration was determined by absorption measurements at 280 nm.

All SPR measurements were performed at 25°C in PBS, pH 7.2 (GIB
CO by Life Technologies), with 1 mM MgCl2 in a four flow cell instrument (Biacore T100; GE Healthcare) as described previously (Schoch
et al., 2012; Kapinos et al., 2014). In brief, C17H36O4S (hydroxyl-terminated tri[ethylene glycol] undecane thiol, HS-[CH2]-[OCH2CH2]3-OH,
abbreviated as PUT; Nanoscience) and the cysteine-modified FG Nup
domains were semicovalently grafted onto a gold sensor surface via
thiol binding in cell 1 (reference) and cell 2 (sample; Fig. S1). 1% (wt/
vol) BSA (Sigma-Aldrich) solution was prepared in PBS, pH 7.2. Before experimentation, the proteins were dialyzed into PBS, pH 7.2. Experiments with mixed layers were performed by premixing different
FG Nup domains in equimolar ratios before being grafted onto the gold
sensor surface. All protein and reagent solutions were centrifuged for
15 min at 16,000 g to remove particles and bubbles. Buffer solutions
were filtered (0.22 µm) and degassed before use. We note that both
RanGTP (n = 4) and RanQ69L-GTP (n = 12) were used in these experiments. However, both variants gave similar results and are henceforth
referred to as RanGTP for brevity.

Sequences of MG-NLS and MG (maltose-binding protein modified at
its C terminus with GFP with and without an NLS sequence, respectively) were cloned into pPEP-TEV vector using Sac1–Kpn1 restriction
enzymes. The template plasmid containing MG sequence was a gift
from L.M. Veenhoff (University Medical Center Groningen, Groningen, Netherlands). The expression and purification of these constructs
were done as described for Kapβ1. The N-terminal His6-tagged proteins were purified using a Ni-NTA column (Roche) and then were
separated and isolated using a Superdex 200 column, and the collected
fractions were stored at −80°C. The quality and quantity of MG-NLS
or MG were verified using 12% SDS-PAGE.
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MG and MG-NLS expression and purification

The CD spectra of 5 µM Kapα, 5 µM Kapβ1, and 2.5 µM Kapα·Kapβ1
complexes were measured in 10-mm quartz cuvettes using a CD spectrometer (Chirascan; Applied Photophysics; Fig. S2) in PBS, pH 7.2.

Kinetic analysis of multivalent interactions

All kinetic analyses were carried out as described previously (Kapinos
et al., 2014; Wagner et al., 2015). In brief, a set of 36 × 36 (kon,i,koff,i)
pairs was populated, and their fractional abundance was depicted as
color intensity in kon versus Kd and koff versus Kd. Each interaction map
averaged over ∼10 individual sensograms. Calculations and visualizations were generated using Matlab (MathWorks) and Python.
Permeabilized cell assays

Dynamic light scattering

The hydrodynamic radii of the purified proteins were measured by dynamic light scattering (Zetasizer Nano) as previously described (Kapinos et al., 2014). See Table S1 for details.
ITC

The equilibrium binding constants of RanGTP·Kapβ1 and
Kapα·Kapβ1 were measured using a microcalorimeter (VP-ITC;
MicroCal, LLC; Fig. S2). All measurements were done at 25°C in a
buffer of 20 mM Tris-HCL, pH 7.5, 200 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine, and 1 mM MgCl2. To measure RanGTP·Kapβ1
complex formation, 21 µM RanGTP was titrated into 3 µM Kapβ1 in
the measurement cell (30 injections). To measure Kapα·Kapβ1 complex formation, 49 µM Kapα was titrated into 6 µM Kapβ1 in the measurement cell (30 injections).
MST

The equilibrium dissociation constant of Alexa Fluor 488–
Kapα·Kapβ1 was measured in PBS, pH 7.2, at 25°C using a microscale electrophoresis instrument (Monolith NT.115; Nano
Temper Technologies; Fig. S2 D). Kapβ1 was mixed with the
Alexa Fluor 488–Kapα and placed into capillaries (16 samples; 50
nM Alexa Flour 488–labeled Kapα mixed with 11.4 nM to 5 µM
Kapβ1). The equilibrium dissociation constant of MG-NLS with the
Kapα·Kapβ1 complex was measured in the same manner (Fig. S2).
Kapα·Kapβ1 was mixed with MG-NLS and placed into capillaries
(16 samples; 50 nM MG-NLS mixed with 0.06 nM to 4 µM Kapβ1
and 0.12 nM to 8 µM Kapα).

HeLa cells were washed with transport buffer and then permeabilized
with 40 µg/ml digitonin in transport buffer for 5 min as described previously (Adam et al., 1990). After permeabilization, the cells were
washed with PBS three times for 5 min each and then incubated with
Ran mix for 1 h (2 mM GTP, 0.1 mM ATP, 4 mM creatine phosphate,
20 U/ml creatine kinase, 5 µM RanGDP, 4 µM NTF2, and 1 mM DTT;
Lowe et al., 2015). For endogenous Kapα and Kapβ1 detection, cells
were fixed with 2% PFA for 15 min and stained with anti-Kapα (Santa
Cruz), anti-Kapβ1 (3E9; Abcam), and DAPI (Sigma-Aldrich; Fig. 5 B).
For the exogenous Kap repopulation assay, exoKapα was conjugated
with Alexa Fluor 488 (Thermo Fisher; degree of labeling [DOL] 1.5) or
Alexa Fluor 647 (DOL 1.4), whereas exoKapβ1 was conjugated with
Alexa Fluor 568 (DOL 2.89). Either exoKapβ1 or exoKapα·Kapβ1
(preincubated for 30 min at RT) was applied for 1 h at the concentrations specified in the main text. Cells were subsequently treated with
transport buffer or Ran mix for 1 h. Subsequently, the cells were fixed
and stained with anti-Kapβ1 for endoKapβ1, whereas exoKapβ1 or exo
Kapα was detected by Alexa Fluor labeling (Fig. 5, C and D). In this
regard, anti-Kapβ1 (3E9) recognizes only endoKapβ1 but not exoKapβ1
according to product-specific information. All other experiments involving MG, MG-NLS, and/or exogenous Kaps were conducted by separating a respective batch of cells into parallel sets after the first Ran mix
treatment. This was to facilitate (a) immunostaining of endoKapα and
endoKapβ1 in the absence of exoKaps and (b) detection of exoKapα
and/or exoKapβ1, MG, and MG-NLS after subsequent Ran mix treatments (i.e., not requiring endoKap staining). To investigate NPC barrier
function, the nuclear accumulation of 1 µM MG or 1 µM MG-NLS was
first measured in permeabilized cells or Ran mix–treated cells after 1-h
Karyopherins regulate nuclear pore function • Kapinos et al.
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incubation. The cells were then treated with 100 nM exoKapβ1 together
with MG-NLS or 100 nM exoKapβ1 followed by MG for another 1 h
(Fig. 6 B–D). To test for Kapβ1 turnover, MG-NLS coincubated with
either exoKapα·Kapβ1 or exoKapβ1 alone was introduced to Ran mix–
treated permeabilized cells followed by a second step (Fig. 7). In comparison, Ran mix–treated permeabilized cells were sequentially treated
with exoKapα·Kapβ1 and then MG or MG and Ran mix together to
check whether the NPC barrier softened during Kapβ1 turnover (Fig. 8).
In all cases, cells were then fixed and stained with DAPI.

physical experiments and quantitative analysis. B. Huang carried out
all permeabilized cell assays, including confocal microscopy and
image analysis. C. Rencurel cloned, expressed, and purified proteins.
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Online supplemental material

Fig. S1 explains the SPR experimental procedure. Fig. S2 presents a
summary of ITC, MST, SDS-PAGE, and CD characterization of Kapβ1
and its related complexes in solution. Fig. S3 shows SPR measurements
that compare and contrast the effect of RanGTP on the binding of MGNLS·Kapα·Kapβ1 and standalone Kapβ1 complexes to cNup153,
as well as the promiscuous FG Nup binding of RanGTP·Kapβ1 and
Kapα·Kapβ1. Fig. S4 shows equilibrium Langmuir isotherm and kinetic analysis of standalone Kapβ1, RanGTP·Kapβ1, Kapα·Kapβ1,
and MG-NLS·Kapα·Kapβ1 binding to cNup153, cNup62, cNup214,
and cNup98, respectively. Fig. S5 summarizes the quantitative binding
analysis by equilibrium calculations and SPR at different mixing ratios
and concentrations. Table S1 shows the hydrodynamic diameters of the
relevant proteins and transport complexes as determined by dynamic
light scattering. Table S2 summarizes Student’s t test results that validate the significance of the observed differences indicated in the box
plots of Fig. 3. Table S3 summarizes Student’s t test results that validate
the significance of the observed differences indicated in the box plots
of Figs. 5, 6, 7, and 8. Table S4 provides a comprehensive summary of
all complex interactions and their equilibrium dissociation constants.
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