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Karyopherins regulate nuclear pore complex barrier
and transport function
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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 Kapa facilitates Kapp1 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 under-
pinned by the binding affinity of Kapp1 to phenylalanine-glycine nucleoporins (FG Nups), which is comparable with
RanGTP-Kapp1, but stronger for Kapa-Kapp1. On this basis, RanGTP is ineffective at releasing standalone Kapp1 from
NPCs. Depleting Kapa-Kapp1 by RanGTP further abrogates NPC barrier function, whereas adding back KapB1 rescues
it while KapB1 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.

Introduction

Nuclei physically segregate transcription from the cytoplasmic
translation machinery in eukaryotic cells. Hence, gene expres-
sion relies on a controlled exchange of proteins and mRNA
between the nucleus and cytoplasm. This is known as nucle-
ocytoplasmic transport (NCT; Nigg, 1997; Gorlich and Kutay,
1999; Stewart, 2007; Christie et al., 2016), which is regulated
by three key elements: cargo-carrying karyopherin (Kap) re-
ceptors (specifically importins and exportins), the GTPase
Ran, and aqueous channels that perforate the nuclear enve-
lope (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; Tim-
ney et al., 2016). Tethered inside each NPC are several highly
dynamic, intrinsically disordered proteins that impede the pas-
sage 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 Kapp family in humans, the 97-kD import
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receptor karyopherinf1 (Kapp1 or importin-f) regulates the ca-
nonical NCT pathway of diverse cargoes that comprise classi-
cal NLSs (NLS-cargo; Kimura et al., 2017). Kapp1 itself does
not bind classical NLS-cargoes directly but recruits a 58-kD
adapter known as karyopherina (Kapa or importin-a; Pumroy
and Cingolani, 2015) that contains a C-terminal NLS-binding
domain and an N-terminal autoinhibitory importin-f—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 mat-
ter of debate whether the FG Nups resemble a gel-like perme-
ability barrier (Frey and Gorlich, 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
Kapf1 by a rapid succession of multiple low-affinity interac-
tions (Hough et al., 2015; Milles et al., 2015). Nevertheless,
at equilibrium timescales, these manifest multivalent interac-
tions 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 direc-
tions (Ribbeck et al., 1998), where 100 Kapp1 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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to accommodate large numbers of Kapf1 molecules depending
on Kapf1 concentration (Kapinos et al., 2014). At physiological
Kapf1 concentrations in particular, i.e., ~10 uM (Paradise et
al., 2007), we found that a pool of strongly bound Kapp1 mol-
ecules occupies the FG Nups along with a more weakly bound
pool that engages a reduced number of FG repeats. Indeed, ev-
idence of these two pools can be found in the bimodal kinetics
of exogenous KapP1 in digitonin-permeabilized cells (Lowe
et al., 2015) and mRNA export in living cells (Griinwald and
Singer, 2010). We therefore proposed a mechanism known as
Kap-centric control whereby KapP1 occupancy in the FG Nups
plays a role in regulating NPC barrier selectivity and transport
speed (Lim et al., 2015).

Although NLS-cargo-Kapa-Kappl complexes exhibit
facilitated diffusion through the NPC (Yang et al., 2004), the
release and accumulation of NLS-cargo in the nucleus is en-
ergetically activated. This is regulated by the small GTPase
Ran, which has GTP- and GDP-bound forms that are asymmet-
rically distributed in the nucleus and cytoplasm, respectively
(Gorlich et al., 1996; Weis et al., 1996; Lyman et al., 2002).
Importantly, RanGTP functionally releases both NLS-cargo and
Kapa in the nucleus upon binding Kapp1 (Goérlich et al., 1996;
Catimel et al., 2001; Stewart, 2007), after which RanGTP-
Kappl 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 Kapf1, which binds
Kapa 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 influ-
ence the entire transport continuum. One peculiarity pertains to
Kapf1 turnover, where a prevailing notion claims that RanGTP
concomitantly promotes Kapp1 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 abol-
ishes Kapp1-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-Kapf1 complex would itself resemble
a nonspecific cargo whose export via NPCs (i.e., Kappl turn-
over) violates NCT selectivity. To add to the confusion, recom-
binant Kapf1 is typically retained at the NE of permeabilized
cells, whereas Kapa and NLS-cargoes accumulate within the
nucleoplasm when RanGTP is present (Gorlich et al., 1995;
Moroianu et al., 1995).

In this work, we have combined biophysical quantita-
tion and functional permeabilized cell assays to explore the
molecular interconnections between NPC barrier function,
Kapp1 occupancy, turnover, and NLS-cargo release. First, we
used surface plasmon resonance (SPR) to measure the effect
of RanGTP on the binding affinities of Kapf1l, Kapa-Kappl,
and MG-NLS-Kapa-Kapp1 (where MG-NLS is a 76-kD malt-
ose-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 de-
pendence and stoichiometry of different Kapfl complexes
and their combined influence on FG Nup binding. Third, we
validated the respective in situ behaviors using digitonin-per-

meabilized cells. Our results show that Kapa-Kapf1 exhibits
a pronounced binding and occupancy at the NPCs. RanGTP
triggers the release of both Kapa and NLS-cargo by convert-
ing Kapa-Kapp1 to RanGTP-Kapf1, which binds the FG Nups
more weakly and leads to reduction in total Kapf1 occupancy.
However, RanGTP has no eluting effect on standalone Kapp1
because RanGTP-Kapf1 shares the same binding affinity to the
FG Nups as Kapp1. Finally, depleting Kapa-Kapp1 by RanGTP
abrogates NPC barrier function, which is rescued by adding
back either Kapp1 or Kapa-Kapp1. Still, under active transport
conditions, Kapp1 turnover leads to a softening of the barrier.
It therefore follows that Kapa mediates Kapp1 occupancy and
turnover in a RanGTP-dependent manner to impart Kap-cen-
tric control at the NPC.

SPR was used to correlate in situ equilibrium and kinetic as-
pects of RanGTP-Kapp1 binding to conformational changes in
Nup214, Nup62, Nup98, and Nupl53 (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 trans-
port complexes were characterized in aqueous solution using
isothermal titration calorimetry (ITC), microscale thermopho-
resis (MST), and circular dichroism (CD; Fig. S2). This gave
an equilibrium dissociation constant of K; = 35 + 12.5 nM for
RanGTP-Kapp1, which compares well with previous estimates
(Bednenko et al., 2003; Hahn and Schlenstedt, 2011; Lolodi et
al., 2016). Thereafter, we applied RanGTP-Kapp1 (1.5:1) rang-
ing from 10 nM to 20 uM Kapp1, giving RanGTP-Kapp1 frac-
tions of 25% up to 100% for the SPR experiments (Fig. 1 A).
Thus, the FG Nups typically interacted with RanGTP-Kapf1 in
a diminishing background of free Kapfl (and RanGTP) with
increasing Kapf1 concentration. Upon completion of a binding
sequence (Fig. 1 B), each FG Nup layer was regenerated by
NaOH treatment to remove RanGTP-Kapp1. We then measured
how RanGTP binds to standalone Kapp1-FG Nup complexes to
compare the two scenarios.

RanGTP-Kapf1-FG Nup binding is accompanied by an in-
cremental increase in the FG Nup layer height that plateaus at the
highest RanGTP-Kapp1 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 Kapfp1 (Ka-
pinos et al., 2014) that signifies FG Nup saturation at micromolar
RanGTP-Kapf1 concentrations. Nevertheless, there is a slight
height increase for RanGTP-Kapf1 over standalone Kapf1 be-
cause of the larger hydrodynamic diameter of RanGTP-Kapf1
(9.6 £ 1.3 nm) compared with standalone Kapfp1 (6.8 + 1.8 nm;
Table S1). Moreover, RanGTP binding to preformed Kapf1-
FG Nup layers elicits further increases in height, as opposed to
a decrease as one would expect if RanGTP-Kapf1 would sub-
sequently unbind. Hence, it is evident that RanGTP does not
facilitate the release of standalone Kapf1 from the FG Nups.

Next, we sought to determine how Kapa-Kapp1 complexes in-
teract with the FG Nups and how RanGTP might affect their
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Figure 1. RanGTP does not dissociate standalone Kapf1 from the FG Nups. (A) Calculated solution binding isotherm for RanGTP/Kapp1 at a ratio of
1.5:1 with Ky = 35 nM. (B) SPR response curves for RanGTP-Kapp1 binding to different FG Nups followed by injections of Kapp1 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 dis-
sociation constant of K; =210 + 77 nM for Kapa-Kapf1 bind-
ing (Fig. S2 B), in good agreement with previous values (Falces
et al., 2010). At a mixing ratio of 1.5:1, ~40% Kapa-Kapf1
was expected to form at 100 nM Kapp1, and this reaches ~80%
at 1 uM and 95% at 10 uM Kappl (Fig. 2 A). Therefore, in
our SPR assay, Kapa-Kapp1 complexes interacted with the FG
Nups in a background of free Kapa and Kapp1, which dimin-
ished as Kapa-Kapf1 concentration increased.

After reaching 20 uM Kapa-Kapp1, up to 15 uM RanGTP
was added to test its efficacy to dissociate Kapa. In marked
contrast to Fig. 1 C, RanGTP led to reductions in both the
Kapa-Kappl-FG Nup binding response and layer height
(Fig. 2, B and C), except for cNup98, potentially because of
its lower capacity to bind Kapp1 than the other FG Nups (Ka-

pinos et al., 2014). We attribute this decrease to the release of
Kapa after the conversion of Kapa-Kapp1l to RanGTP-Kapf1.
This is reasonable given that the exchange of Kapa (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-Kapa-Kapf1 was bound to cNup153, indicating that
RanGTP-Kapf1 binding triggered the release of MG-NLS and
Kapa from the FG Nup layer (Fig. S3).

Separately, we found that RanGTP-Kapf1 exhibited pro-
miscuous binding interactions (Wagner et al., 2015) with pre-
formed Kapo-Kapp1-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-Kapfp1 and Kapa-Kapp1 can
simultaneously bind and coexist within the FG Nups without
directly interacting with one another.

Karyopherins regulate nuclear pore function

36811

/102 ‘6 J8quiaaoN uo Bio'ssaidni-gol woly pspeojumoq


http://jcb.rupress.org/

3612

A Kapa + Kapp1 2 Kapa-Kap1
— T 10 T LI LR | T T T T Ty T L R LR A | T T rrrrro
OZ§ 0.8] — KapaKappt=15:1 ]
C o= 1 1
Sy 3 06 ]
©gQ 0.4 -
© j i
ra&c 02] ]
X 00l —— -
10-10 1079 1075
B 20
+ Kapa-KapB1 ' ' S |[ +RanGTP'"  -Kapa ' ' '
o [ oNupiss s B (EZEEE2EEEEes 2
D | — cNup62 = 2> /7 25 F 3 5 R B w0 @ e 2 |
T 15 cNup98 s s =3 s %‘\ | ‘ i “L..]L_JH_-HL_J FJ]L(_VJ_ _'\
) — cNup214 = € 3 P e S R | N T e
2 s 2 g8 " aMt N DN N v |
x 10} 28 o |- nNie 1
) 28 2 ¢ | A~ [ N
n -E'_E [sV] P . T T i S R e e
c = = © /
= A 1
2 stz 5] 1 -
g sy :
Ve e i
0 T 1 L 1 N 1 s 1 N 1 L I s 1 " I A
0 0.5x10% 1.0x10% 1.5x10% 2.0x1040 0.5x10% 1.0x10* 1.5x10% 2.0x10%
Time (s)

(@)

5| +KapaKapp1

Relative height change

T

+RanGTP - Kapa

R AL

AT

s

T Tes e

Concentration (M)

Figure 2. RanGTP dissociates Kapa from FG Nup-bound Kapa-Kapg1. (A) Solution binding isotherm calculated for Kapo/KapB1 at a ratio of 1.5:1 with
Ky =210 nM. (B) SPR response curves for Kapa-Kapp1 binding to different FG Nups show that Kapa 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.

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 enti-
ties exhibit two-phase binding interactions with the FG Nups
with distinct affinities at the ~0.1 pM (strong) and ~10 uM
(weak) ranges. These two binding regimes are also distinguish-
able by their kinetic behavior (Fig. S4 B), where (a) strong
binding (lower K;) is associated with fast on-rates (k,,) and
slow off-rates (k,;), thereby suggesting that uptake into unsatu-
rated FG Nup layers is rapid and stable; and (b) weak binding
(higher K,) of near-saturated FG Nup layers comes from a re-
duction in k,, and increase in k,;being a characteristic of more
transient interactions.

Interestingly, Kapa-Kappl has a 10-fold higher affin-
ity (lower K,) in the strong binding phase than Kappl and
RanGTP-Kapp1, which are overall similar. This indicates that
Kapa-Kapp1 complexes are more stable when binding FG
Nups than Kappl or RanGTP-Kapp1. However, this is unex-
pected because Kapa itself does not bind the FG Nups (Fig. S4
C) with the exception of cNup153, which binds Kapa weakly,
ie., Ky=1.3 +0.1 uM because of an NLS-like sequence at its
C terminus (Makise et al., 2012; Ogawa et al., 2012). Nev-
ertheless, Kapa-Kapfl complexes seem to be less flexible
than free Kapp1l molecules, and this might serve to stabilize
the binding of Kapa-Kapf1 to the FG Nups (Cingolani et al.,
2000; Tauchert et al., 2016). Still, MG-NLS-Kapa-Kapp1-FG
Nup binding is not measurably stronger than Kapo-Kapfpl
(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 Kapa-Kapp1 more strongly than Kapp1 and RanGTP-Kapf 1, which are similar. (A) FG Nup binding of Kapp1 and related trans-

port complexes are characterized by two distinct equilibrium dissociation constants at ~0.1 pM (strong) and ~10 pM (weak). In all cases, Kapa switches the
KapB1 complex to a quantitatively higher binding affinity (lower Kj). RanGTP lowers the binding state to a value that is comparable with standalone Kapp1.
MG-NLS cargo does not significantly affect Kapa-Kapp1 binding to Nup153 and Nup62. **, P < 0.01; Student's t test (see Table S3). (B) Kapa-Kapp1
and MG-NLS-Kapa-Kapp1 have a quantitatively higher binding affinity (lower Ky) than Kapp1 when binding mixed FG Nups. To aid comparison, dashed
lines at Ky values of 40 and 400 nM show that Kapa-Kapp1 or MG-NLS-Kapa-Kapp1 binds the FG Nups 10-old stronger than standalone Kapp1. ****,
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 combina-
tions. As before, we observed a similar ~10-fold higher affin-
ity of Kapa-Kappl and MG-NLS-Kapa-Kapp1 over standalone
Kapp1, regardless of the FG Nup layer composition (Fig. 3 B).
Based on these results, we hypothesized that Kapa release is
essential for Kapp1 turnover because Kapp1-FG Nup affinity
is most effectively reduced when RanGTP replaces Kapa to
bind Kapf1 (i.e., RanGTP-Kapf1 > K, > Kapa-Kapp1). Impor-
tantly, this provides further evidence that RanGTP does not fa-
cilitate the release of standalone Kapp1 from the FG Nups (i.e.,
RanGTP-Kapp1 ~ K, ~ Kapp1).

RanGTP concomitantly liberates Kapa and NLS-cargoes upon
binding Kappl. However, it remains unclear to what extent
RanGTP-Kapf1 dissociates from the FG Nup layer. A techni-
cal limitation of SPR is that the relative amount of different
Kapf1 complexes that bind the FG Nups is not obvious. To be
precise, the overall binding response at equilibrium (R,,) is pro-
portional to the amounts of standalone Kapp1, Kapa-Kapp1,
and MG-NLS-Kapa-Kappl complexes that coexist in solu-
tion and their respective affinities to the FG Nups (Fig. S5
A). This is further determined by their respective binding iso-
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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
Kapp1, which has a minimal impact on Kapp1-FG Nup bind-
ing. Second, RanGTP converts Kapa-Kapp1 to RanGTP-Kappl,
which facilitates Kapp1 dissociation and concomitantly elutes
Kapa. Third, RanGTP elutes Kapa and MG-NLS cargo by
converting MG-NLS-Kapa-Kapp1 to RanGTP-Kapp1, which
likewise promotes KapP1 dissociation from the FG Nups. To
correlate these behaviors, we tested the effect of 5 uM RanGTP
on increasing ratios of MG-NLS/Kapa/Kapfl (ranging from
1:1:4 to 10:10:1) against cNup153 (Fig. S5 E). Moreover, this
was repeated at three specific Kapfl concentrations (Cy,p1):
10, 100, and 1,000 nM (Fig. S5, E-G). We note that the change
in the normalized equilibrium binding response (AR,,,,,) at each
Kapp1 concentration would then depend solely on the ratio be-
tween different Kapp1 complexes because the absolute number
of Kapp1 molecules remains the same.

Overall, RanGTP elicited the largest reduction of total FG
Nup-bound mass at 100 nM Kapf1, which diminishes below
~10 nM and above 1 uM Kapf1. This nonmonotonic behavior
agrees qualitatively with equilibrium calculations (Fig. 4 and
Fig. S5 G), which explain that (a) the number of Kapf1-FG
binding complexes is small at 10 nM Kapp1; (b) total Kappl
reduction at the FG Nups is greatest at 100 nM, being close
to the affinity (K;) of RanGTP-Kapf1, Kapa-Kappl, and MG-
NLS-Kapa-Kapf1; and (c) reduction is diminished at 1 uM
Kapf1 because of a saturation of Kappl complexes. More-
over, the reduction in binding response (AR,,,,) scales with the
amount of eluted Kapa and MG-NLS as well as RanGTP-Kapf1
dissociation (AKapp1) as defined by MG-NLS/Kapa/Kapp1 ra-
tios. Hence, Kapp1 dissociation from the FG Nups is directly
coupled to Kapa/NLS-cargo release by the action of RanGTP.

With the biophysical insights noted above, we sought to confirm
whether Kapa did indeed play a role in facilitating the release
of Kappl from functional NPCs in a series of digitonin-per-
meabilized cell assays (Fig. 5 A). We had previously shown
that a pool of endogenous Kapf1 (endoKapf1) persisted at the
NE for a prolonged duration after permeabilization (Lim et al.,
2015). Upon confirming that endogenous Kapa (endoKapa) co-
localizes with endoKapp1 at the NE, we used Ran mix, which
reinstates the soluble transport machinery to power NCT in per-
meabilized cells (Gorlich et al., 1995). This consisted of 5 uM
RanGDP, 4 uM 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 treat-
ment, immunofluorescence assays showed that endoKapf1 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 Kapfl (i.e., Kappl-Alexa
Fluor 568; hereafter denoted as exoKapp1) followed by a sec-
ond Ran mix treatment to evaluate exoKapf1 turnover. Inter-
estingly, standalone exoKapp1l was poorly displaced from the
NPCs (Fig. 5 C), thereby corroborating our biophysical anal-
yses showing that RanGTP does not facilitate the turnover of
standalone Kapp1 (Fig. 1).
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Figure 4. FG Nup binding efficiency depends on MG-NLS/Kapa/
Kapp1 ratio, concentration, and RanGTP. Relative decrease of FG Nup-
bound KapB1 due to RanGTP at different MG-NLS/Kapa/Kapp1 ratios.
A maximal reduction of Kappl occurs when MG-NLS/Kapa/Kappl =
10:10:1. Varying MG-NLS/Kapa/Kapp1 ratios at constant Cygppy = 10,
100, and 1,000 nM enables comparisons between experiment (AR .
colored dots) and equilibrium calculations (AKapp1; colored lines). For
more information, see Fig. S5.

Thereafter, we wanted to verify that exoKapa was required
for facilitating exoKapp1 turnover at NPCs using RanGTP. We
then incubated endoKap-depleted permeabilized cells in 10:1
ratios of exoKapa (i.e., Kapa—Alexa Fluor 488) and exoKapp1
for Cy,ppr = 10 nM and 100 nM and a 4:1 ratio for Cy,p =
1 uM, with a calculated coupling efficiency of 30, 80, and 95%,
respectively, to remain consistent with our biophysical anal-
yses. Before Ran mix treatment, exoKapp1 was distinctly lo-
calized to the NE, whereas exoKapa was located both at the
NE and within the nucleus as observed previously (Fig. 5 D;
Gorlich et al., 1995). This can be attributed to the slow natu-
ral dissociation of exoKapa from exoKappl in the absence of
RanGTP (Catimel et al., 2001). After Ran mix treatment, how-
ever, both exoKapa and exoKapp1 reduced in a nonmonotonic
manner (as predicted by our equilibrium calculations) with a
maximum reduction of ~50% at Cy,, = 100 nM (Fig. 5, E and
F). This therefore confirms that Kapa facilitates Kapf1 turnover
in a RanGTP-dependent manner.

Next, we asked whether the retained pool of endoKapa-endo
Kapp1 might play a role in reinforcing the FG Nup barrier,
as we had hypothesized previously (Lim et al., 2015). Sepa-
rately, we applied 1 uM MG (MBP-GFP) nonspecific cargoes
that lacked the NLS and 1 uM MG-NLS specific cargoes to
test for nuclear leak-in (Fig. 6 A). Indeed, both cargoes did
not permeate into the nucleus when endoKapa-endoKapf1
was present (Fig. 6 B). Surprisingly, however, both cargoes
readily entered into the nucleus upon depleting the NE of
endoKapa-endoKappl by Ran mix (Fig. 6 C). Moreover,
adding back only 100 nM exoKapp1 sufficiently restored
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Figure 5. Kapa facilitates the RanGTP-mediated release of Kapf1. (A) Cartoon illustration of the experiment. (B) Immunofluorescence reveals that en-
doKapa and endoKapp1 are retained and colocalize at the NE after permeabilization. Ran mix treatment effectively leads to a reduction in both endoge-
nous pools. (C) ExoKapp1 is not reduced by Ran mix after repopulating endoKap-reduced NPCs with 100 nM exoKapf1. (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 Kappl occupancy regulates NPC barrier function by
reinforcing the FG Nups against the passive transport of
macromolecular cargoes.

Then, we sought to correlate the active transport of MG-NLS
into the nucleus with the RanGTP-dependent reduction of exo
Kapp1 and release of exoKapa 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 perme-
abilized cells with 10:1 ratios of exoKapa and exoKapp1 for
Ckuppt = 10 nM and 100 nM and a 2:1 ratio for Cy,pp = 1 uM,
supplemented with 1 uM MG-NLS. The MG-NLS concentra-
tion was fixed to facilitate direct comparisons with respect to
their nuclear uptake between experiments. Consequently, Ran
mix affected exoKappl in the same nonmonotonic manner
as when MG-NLS was absent (Fig. 5 E), leading to a max-
imum reduction of 41% at 100 nM exoKapf1 (Fig. 7, B and
C). Even so, Ran mix treatment did not completely dissociate
exoKapa from the NE (Fig. 7 D). This may be explained by
complex formation with its export receptor, cellular apop-
tosis 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 exoKapa/exoKapp1 concentra-
tion before Ran mix treatment, which is consistent with the
findings of Yang and Musser (2006). After this, Ran mix fa-
cilitated 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, MG-
NLS signal increase is more apparent at 100 nM exoKappl1,
but less so at 1 uM exoKapf1, because of the use of a 2:1
ratio of exoKapa/exoKapfl in the latter experiment. Still,
neither exoKappl reduction nor an active uptake of MG-
NLS proceeded in control experiments that excluded exo
Kapa (Fig. 7, F and G). Hence, Kap1 turnover at NPCs is fa-
cilitated by Kapa and is directly coupled to NLS-cargo release.

Finally, we wanted to ascertain the fate of nonspecific cargoes
under the same exogenous conditions. As before with only exo
Kappl at the NE (Fig. 6 D), passive nuclear entry of MG was
forbidden in permeabilized cells pretreated with exoKapa-exo
Kapf1. However, in the presence of Ran mix, we observed a
marginal uptake of MG correlated to exoKapf1 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).

Kapa 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-Kapa-Kapp1 complexes
populate the NPCs in vivo rather than their standalone equiv-
alents. Beyond its role as an adapter for NLS-cargo, Kapa ap-
pears functionally important for switching on the high-affinity
state of Kapp1 toward the FG Nups to promote NLS-cargo im-
port. RanGTP then downgrades this complex to a state of lower
affinity to facilitate the turnover of RanGTP-Kapp1 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-Kapa-Kapp1 and
RanGTP-Kapf1 can co-exist in a dynamic equilibrium at the
NPC to maintain nucleocytoplasmic transport.

At the molecular level, MG-NLS-Kapa-Kapf1, Kapa-Kapfl1,
RanGTP-Kapf1, and standalone Kap1 can all bind FG Nups,
though MG-NLS-Kapa-Kapp1 and Kapa-Kapp1 exhibit a higher
affinity for the FG Nups than RanGTP-Kapf1 and standalone
Kapp1, which are similar (Fig. 3). This is consistent with the in-
creased binding of IBB-Kap95 to the FG Nups over standalone
Kap95 and RanGTP-Kap95 (Eisele et al., 2010). However, it dis-
agrees with the notion that RanGTP either completely (Delphin
etal., 1997; Floer et al., 1997; Ben-Efraim and Gerace, 2001) or
partially (Allen et al., 2001; Pyhtila and Rexach, 2003) dimin-
ishes FG repeat interactions with standalone Kapf1 to facilitate
its release from NPCs. Previously, we had reported that Kapf1
binding induced a conformational compaction in cNup153 that
was reversible with excess RanGTP (Lim et al., 2007). Given
our present insights, RanGTP likely facilitated Kapp1 release
as a result of the extremely low binding efficiency of Kapp1 to
cNup153 at the sub-nanomolar concentrations used.

From a structural perspective, Kapf1 is a flexible a-helical so-
lenoid 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 Grubmiiller, 2008; Yoshimura
et al., 2014). Not surprisingly, the Kapf1 structure is sensitive
to solvent conditions (Forwood et al., 2008, 2010; Halder et
al., 2015) and Kapo/IBB (Cingolani et al., 1999, 2000; Lee
et al., 2005). Because of their overlapping binding sites on
Kapp1, RanGTP is known to trigger structural rearrangements
within Kappl to release Kapa/IBB (Conti et al., 2006), but
how it modulates the affinity of Kappl toward the FG Nups

exoKapp1 after repopulating endoKap-reduced NPCs with exoKapa-exoKapp1 (Kapa/Kapp1l = 10:1; C¢app = 100 nM). (E) From D, exoKapp1 refention
at the NE after Ran mix (light red) shows qualitative agreement with equilibrium calculations (solid line) as a function of exoKapp1 concentration. To aid
comparison, these values were normalized by preRan mix values (dark red). (F) From D, exoKapa 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 stan-
dard deviation, including outliers. Bars, 5 pm. In C and D, an endogenous protein-specific antibody that does not cross react with exoKapf1 was used to

immunostain for endoKapB1. See Materials and methods for details.
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remains unclear. Previous studies show that Kapo-Kapf1 is
more structurally compact than RanGTP-Kapfp1 (Cingolani et
al., 1999; Fukuhara et al., 2004; Lee et al., 2005), and this
might stabilize FG repeat binding on the outer Kapfp1 surface
(Bayliss et al., 2000; Bednenko et al., 2003; Isgro and Schul-
ten, 2005). It may be that the flexibility of RanGTP-Kapf1
or standalone Kapp1 incurs a higher entropic penalty for FG

» »
..

5tbefore Ran mix 4

—
after Ran mix

Relative amount of MG-NLS in nucleus
(]

repeat binding. In any case, there is no obvious structural evi-
dence that argues against the accessibility of FG repeats to bind
RanGTP-Kapf1. Furthermore, NLS-cargo does not impact on
KapP1-FG Nup binding because Kapa mediates their interac-
tion. 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 8. Kapa-facilitated turnover of Kapp1 softens the NPC transport barrier against nonspecific cargoes. (A) Carfoon illustration of the experiment. (B)
Kapp1 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 pm.

Quantitative analysis reveals that the occupancy of each Kapf1
complex at the NPC depends on its binding affinity with the FG
Nups and the extent to which Kapf1 is depleted by RanGTP
(Fig. 4). In turn, the concentration of each molecular partner
and its binding isotherm with Kappl will determine the rela-
tive amounts of Kappl complexes (Fig. S5). To further vali-
date this, permeabilized cell assays show that RanGTP reduces
both Kapa-Kapp1 (Fig. 5, D and E) and MG-NLS-Kapa-Kapp1
(Fig. 7, B and C) in a nonmonotonic manner that depends on the
concentration of Kapf1.

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 behav-
ior (Rout et al., 2000; Frey and Gorlich, 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 Kapa-Kapf1 in
permeabilized cells (Fig. 5 B), which had not been accounted
for previously. This likely represents the physiological steady-
state population of endoKapa-Kapp1 at the NPC that reinforces
the NPC barrier (Fig. 6 B). Interestingly, the unobstructed per-
meation of MG and MG-NLS into the nucleus (Fig. 6 C) was
contingent on the removal of endoKapa-Kappl by Ran mix
(Fig. 5 B). Still more remarkable is that adding back exoKapf1
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 trans-
port 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 pos-
tulate 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 efficien-
cies and faster transport times. Indeed, Fig. 7 E shows that the
passive entry of MG-NLS into the nucleus increases with in-
creasing exoKapp1 (and exoKapa) concentrations. In marked
contrast, any passive uptake of nonspecific MG cargoes re-
mains blocked (Fig. 8 B; compare with Fig. 6, C and E). Hence,
Kap-centric control encapsulates both NPC barrier and selec-
tive transport characteristics.

Although RanGTP binds Kapf1 to release Kapa and
NLS-cargoes from the NPC, it is less clear how RanGTP-
Kapf1 returns to the cytoplasm. If RanGTP also dissoci-
ates Kapfpl from the FG Nups (Rexach and Blobel, 1995),
RanGTP-Kapp1l 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-Kapa-Kapp1 to
the lower binding state of RanGTP-Kapf1 to enable Kapf1
turnover. Importantly, this is directly correlated to the con-
comitant release of Kapa (Fig. 5, D and F; and Fig. 7 D) and
the nuclear accumulation of MG-NLS (Fig. 7, B-E). On this
basis, RanGTP-Kapp1 efflux is still specific in nature.

A key attribute of Kap-centric control may be to regulate the
Ran gradient (Gorlich et al., 2003; Riddick and Macara, 2005;
Kopito and Elbaum, 2009). Because of its higher affinity for
Kapp1, RanGTP likely outcompetes Kapa for Kapp1 within the
nucleus. This prevents it from traversing further into the NPC
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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 Kapa, which promotes NLS-cargo-Kapa-Kapf1 import by switching the transport complex into a high-affinity FG Nup binding state.
Upon reaching the nucleus, RanGTP switches Kapp1 back to its lower affinity state while concomitantly releasing NLS—cargo and Kapa. At steady state,
RanGTP-KapB1 export is sustained because it does not cross react with Kapa-Kapp1 within the NPC. The model is constructed according to the equilibrium

dissociation constants summarized in Table S4.

on its own, which might explain why RanGTP-Kapf1 complex
formation only occurs at the nuclear basket (Lowe et al., 2015).
Upon reaching the cytoplasmic periphery, the chemical poten-
tial established by RanGAP (RanGTPase-activating protein) to
hydrolyze GTP into GDP (Bischoff et al., 1994) followed by
the release of RanGDP from Kapf1 is what sustains RanGTP-
Kapp1 export (Moroianu and Blobel, 1995). To further under-
score the importance of Kapa, we postulate that Kapa-Kapf1
also helps to outcompete and release RanGTP-Kapp1l from
the FG Nups there. Then, after GTP hydrolysis, the higher
affinity of RanGDP toward NTF2 in comparison with Kapf1
(Chaillan-Huntington et al., 2000; Forwood et al., 2008;
Lonhienne et al., 2009) (Table S4) ensures that predomi-
nantly RanGDP-NTF2 complexes form in the cytoplasm for
import into the nucleus.

Still, 19 other members consisting of importins and ex-
portins exist in the Kapf family that bind signal-specific car-
goes directly (Chook and Siiel, 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 Kapp1 directly may provide a good starting
point to explore the role of Kapa-independent pathways.

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 reg-
ulate the shuttling of karyopherins and their cargoes. To oper-
ate the NPC, Kapa mediates Kapf1 turnover and occupancy
in a RanGTP-dependent manner that simultaneously regulates
NLS-cargo release and NPC barrier function. Thus, a deregula-
tion of Kap-centric control could lead to a malfunction in NCT
and disease (Kau et al., 2004).

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 measure-
ments or Bradford assay.

WT Ran and RanQé9L 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 Zu-
rich, Zurich, Switzerland) (Kutay et al., 1997b). A WT Ran construct
was derived from the aforementioned plasmid using site-directed mu-
tagenesis (primers 5'-GTATGGGACACAGCCGGCCAGGAGAAA
TTCGGTGGACTG-3" and 5'-CAGTCCACCGAATTTCTCCTGGCC
GGCTGTGTCCCATAC-3"). His-tagged Ran WT and RanQ69L full-
length 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 NacCl,
5 mM DTT, 5 mM MgCl,, and 20 mM imidazole with addition of
40 pul DNase (10 mg/ml), Pefobloc, and lysozyme. Finally, Ran WT
and RanQO69L were purified using a nickel-nitrilotriacetic acid (Ni-
NTA) 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 MgCl, was added to ensure MgCl,
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 MgCl, and isolated
using an Akta Purifier on a column (Superdex 200 HiLoad 16/60; GE
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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.

Kapp1 and Kapa expression and purification

Full-length human KapP1l was cloned, expressed, and purified as de-
scribed previously (Kapinos et al., 2014). The plasmid (pQE70) con-
taining a full-length Xenopus laevis Kapa construct was a gift from
U. Kutay. A full-length human Kapa construct (Addgene template
pCMVTNT-T7-KPNA2; plasmid 26678) was cloned into the same
pQE70 vector using EcoRI-BamlI restriction enzymes. Both constructs
have a His tag at its C terminus with a short linker (-GSRSHHHHHH)
that does not affect the complex formation of this protein with Kapp1.
Kapa was subsequently purified using an Ni-NTA column (Roche). Fi-
nally, Kapa monomers were separated and isolated using a Superdex
200 column, and the collected fractions were stored at —80°C. The final
purity of the Hisq-tagged Kapo and Kapp1 was analyzed by 12% PAGE
at 0.1% SDS (Fig. S2), and their concentration was determined by ab-
sorption measurements at 280 nm.

MG and MG-NLS expression and purification

Sequences of MG-NLS and MG (maltose-binding protein modified at
its C terminus with GFP with and without an NLS sequence, respec-
tively) 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, Gronin-
gen, Netherlands). The expression and purification of these constructs
were done as described for Kapp1l. The N-terminal Hisg-tagged pro-
teins 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.

Dynamic light scattering

The hydrodynamic radii of the purified proteins were measured by dy-
namic light scattering (Zetasizer Nano) as previously described (Kapi-
nos et al., 2014). See Table S1 for details.

ITC

The equilibrium binding constants of RanGTP-Kappl and
Kapa-Kappl 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-car-
boxyethyl)phosphine, and 1 mM MgCl,. To measure RanGTP-Kapf1
complex formation, 21 uM RanGTP was titrated into 3 uM Kapp1 in
the measurement cell (30 injections). To measure Kapoa-Kappl com-
plex formation, 49 uM Kapa was titrated into 6 uM Kapp1 in the mea-
surement cell (30 injections).

MST

The equilibrium dissociation constant of Alexa Fluor 488-
Kapa-Kappl was measured in PBS, pH 7.2, at 25°C using a micro-
electrophoresis (Monolith  NT.115;
Temper Technologies; Fig. S2 D). Kappl was mixed with the
Alexa Fluor 488—Kapa and placed into capillaries (16 samples; 50
nM Alexa Flour 488-labeled Kapa mixed with 11.4 nM to 5 uM
Kapp1). The equilibrium dissociation constant of MG-NLS with the
Kapa-Kappl complex was measured in the same manner (Fig. S2).
Kapa-Kappl was mixed with MG-NLS and placed into capillaries
(16 samples; 50 nM MG-NLS mixed with 0.06 nM to 4 uM Kapf1
and 0.12 nM to 8 uM Kapa).

scale instrument Nano

CcD

The CD spectra of 5 uM Kapa, 5 uM Kapp1, and 2.5 uM Kapa-Kapf 1
complexes were measured in 10-mm quartz cuvettes using a CD spec-
trometer (Chirascan; Applied Photophysics; Fig. S2) in PBS, pH 7.2.

SPR measurements

All SPR measurements were performed at 25°C in PBS, pH 7.2 (GIB
CO by Life Technologies), with I mM MgCl, in a four flow cell instru-
ment (Biacore T100; GE Healthcare) as described previously (Schoch
et al., 2012; Kapinos et al., 2014). In brief, C,;H;3,0,S (hydroxyl-termi-
nated tri[ethylene glycol] undecane thiol, HS-[CH,]-[OCH,CH,];-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. Be-
fore experimentation, the proteins were dialyzed into PBS, pH 7.2. Ex-
periments 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 pm) and degassed before use. We note that both
RanGTP (n = 4) and RanQ69L-GTP (n = 12) were used in these exper-
iments. However, both variants gave similar results and are henceforth
referred to as RanGTP for brevity.

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 x 36 (k,, k)
pairs was populated, and their fractional abundance was depicted as
color intensity in k,, versus K, and k,; versus K. Each interaction map
averaged over ~10 individual sensograms. Calculations and visualiza-
tions were generated using Matlab (MathWorks) and Python.

Permeabilized cell assays

HeLa cells were washed with transport buffer and then permeabilized
with 40 pg/ml digitonin in transport buffer for 5 min as described pre-
viously (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 utM RanGDP, 4 uyM NTF2, and 1 mM DTT;
Lowe et al., 2015). For endogenous Kapa and Kapp1 detection, cells
were fixed with 2% PFA for 15 min and stained with anti-Kapa (Santa
Cruz), anti-Kapp1 (3E9; Abcam), and DAPI (Sigma-Aldrich; Fig. 5 B).
For the exogenous Kap repopulation assay, exoKapa was conjugated
with Alexa Fluor 488 (Thermo Fisher; degree of labeling [DOL] 1.5) or
Alexa Fluor 647 (DOL 1.4), whereas exoKapp1 was conjugated with
Alexa Fluor 568 (DOL 2.89). Either exoKapfl or exoKapa-Kapfl
(preincubated for 30 min at RT) was applied for 1 h at the concentra-
tions 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-Kapf1 for endoKapp1, whereas exoKapf1 or exo
Kapa was detected by Alexa Fluor labeling (Fig. 5, C and D). In this
regard, anti-Kapf1 (3E9) recognizes only endoKapp1 but not exoKapf1
according to product-specific information. All other experiments involv-
ing MG, MG-NLS, and/or exogenous Kaps were conducted by separat-
ing a respective batch of cells into parallel sets after the first Ran mix
treatment. This was to facilitate (a) immunostaining of endoKapa and
endoKapp1 in the absence of exoKaps and (b) detection of exoKapa
and/or exoKapp1, MG, and MG-NLS after subsequent Ran mix treat-
ments (i.e., not requiring endoKap staining). To investigate NPC barrier
function, the nuclear accumulation of 1 uM MG or 1 uM MG-NLS was
first measured in permeabilized cells or Ran mix—treated cells after 1-h
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incubation. The cells were then treated with 100 nM exoKapf1 together
with MG-NLS or 100 nM exoKapp1 followed by MG for another 1 h
(Fig. 6 B-D). To test for Kapp1 turnover, MG-NLS coincubated with
either exoKapa-Kapp1 or exoKapf1 alone was introduced to Ran mix—
treated permeabilized cells followed by a second step (Fig. 7). In com-
parison, Ran mix—treated permeabilized cells were sequentially treated
with exoKapa-Kapf1 and then MG or MG and Ran mix together to
check whether the NPC barrier softened during Kapp1 turnover (Fig. 8).
In all cases, cells were then fixed and stained with DAPI.

Fluorescence image analysis

Fluorescence images were obtained at RT with Zen 2010 software using
an LSM700 upright confocal microscope (Zeiss) with an oil-immersed
63x/1.4 NA PLAN APO objective and two photomultiplier tube detec-
tors (Hamamatsu). Nuclear rim staining quantification was performed
using ImagelJ software (National Institutes of Health). Raw data for
both DAPI and Kapp1 channels were first duplicated. The nuclear rim
of each permeabilized cell was then defined as a region of interest by
converting the DAPI channel into a binary image, followed by the pro-
cesses of (a) filling holes (to fill up the whole nucleus), (b) outlining (to
obtain the nuclear rim outline), and (3) dilating (to generate an ~700-
nm width for the nuclear rim). This region of interest was then applied
to measure the mean fluorescence intensity of endoKapf1 or exoKapp1
in the Kapp1 channel as well as in the Kapa channel. The intensity of
Ran mix—treated samples was normalized to transport buffer—treated
control samples. The mean fluorescence intensity of MG-NLS or MG
was measured from the nuclear region defined by the DAPI channel.
Similarly, the intensity was normalized to the control samples. Ana-
lyzed cell numbers are specified in respective figure legends.

Online supplemental material

Fig. S1 explains the SPR experimental procedure. Fig. S2 presents a
summary of ITC, MST, SDS-PAGE, and CD characterization of Kapp1
and its related complexes in solution. Fig. S3 shows SPR measurements
that compare and contrast the effect of RanGTP on the binding of MG-
NLS-Kapa-Kappl and standalone Kappl complexes to cNupl53,
as well as the promiscuous FG Nup binding of RanGTP-Kapf1 and
Kapa-Kapp1. Fig. S4 shows equilibrium Langmuir isotherm and ki-
netic analysis of standalone Kappl, RanGTP-Kappl, Kapa-Kappl,
and MG-NLS-Kapa-Kapp1 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 ¢ test results that val-
idate the significance of the observed differences indicated in the box
plots of Fig. 3. Table S3 summarizes Student’s ¢ 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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