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Nuclear pore complexes (NPCs) mediate selective exchange of
macromolecules between the nucleus and cytoplasm, but the organization
of their transport barrier has been a matter of debate. Here we used
high-speed atomic force microscopy, complemented with orthogonal

invitroand invivo approaches, to probe the dynamic behaviour of the NPC
central channel at millisecond resolution. We found that nuclear transport
factors dynamically remodelintrinsically disordered phenylalanine-glycine

(FG) domains tethered within the NPC channel, partitioning the barrier
into two zones: a rapidly fluctuating annular region and a highly mobile
central plug. Increased FG-repeat density in mutant NPCs dampened
barrier dynamics and impaired transport. Notably, NPC-like behaviour was
recapitulated in DNA origami nanopores bearing transport factors and
correctly tethered FG domains but notininvitro FG hydrogels. Thus, the
rotationally symmetric architecture of NPCs supports a nanoscopic barrier
organization that contrasts with many of the bulk properties of in vitro
FG-domain assemblies.

Intrinsically disordered proteins (IDPs) display arepertoire of dynamic
behaviours that are crucial to diverse biological processes'. Without
astable structure IDPs can exist as an ensemble of multifaceted and
interconvertible conformations, enabling context-dependent behav-
iours®. However, capturing the in situ behaviour of IDPs at length and
time scales inherent to their biological functions remains a major
challenge’. A notable example is the nuclear pore complex (NPC)*”?,
which regulates the rapid exchange of signal-specific cargoes across
thenuclear envelope during nucleocytoplasmic transport'*". EachNPC
isassembled from multiple proteins termed nucleoporins (Nups) that
form an eightfold-rotationally symmetric core scaffold surrounding

anapproximately 50-nm-wide conduit termed the central transporter
(CNT). Asubset of different Nups possess large intrinsically disordered
domains adorned with FG repeats projecting from anchor sites on
the core scaffold into the CNT**’. These so-called FG domains can be
categorized into less cohesive ‘FXFGs’ and more cohesive ‘GLFGs’, dif-
feringin their in vitro characteristics (Supplementary Table 1). FXFG
domains are asymmetrically positioned near the nuclear or cytoplas-
micperipheries ofthe NPC, whereas GLFG domains are symmetrically
distributed across the CNT midplane (Supplementary Fig.1). Together,
the FG domains create atransport barrier that obstructs non-specific
molecules™ while their FG repeats engage in multivalentinteractions
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with cargo-carrying nuclear transport factors termed karyopherins
(Kaps)® ™. These interactions mediate NPC transport selectivity and
speed, with transit times of up to 200 ms for messenger RNA and
approximately 10 ms for proteins'® 2

Despite having mapped the core scaffold structure*® and the
trajectories of individual Kap-cargo complexes'®” with nanometre
precision, the organization of the NPC transport barrier remains
obscure due to its dynamic and disordered nature?* >, This issue is of
fundamental interest given that NPC dysfunction is linked to several
diseases” including cancer and neurodegeneration®. NPC transport
models are largely informed by in vitro studies of FG-domain assem-
blies and in particular polymer brushes”°, liquid-like biomolecular
condensates®*?and macroscopic hydrogels® %, Surface-tethered poly-
mer chains, including those with free, sticky end-groups®, can elongate
into nanoscopic polymer brushes at sufficiently high surface coverage
to repel passive macromolecules from surfaces*>*! and nanopores*.
Biomolecular condensates form through phase separation under
specific thermodynamic conditions, driving a density transition that
organizes macromolecules into dense dynamic liquid-like assemblies
that exist in a state of continuous exchange with a dilute phase* . In
contrast, macroscopic hydrogels describe rigid percolated networks
with amyloid-like characteristics***°. Consequently, the composition,
dynamics and transport functions of the NPC transport barrier remain
controversial. Another question is how Kap enrichment modulates
FG-domain conformation”®*°~** to enhance NPC transport barrier
function, asKap depletion compromises its integrity>>. The identity and
function of a dense amorphous structure within the CNT**, termed
the central plug (CP), also remain unsettled despite suggestions that
it comprises a crosslinked meshwork of FG domains™.

Here we used high-speed atomic force microscopy (HS-AFM)* and
line scanning (HS-AFM-LS)®°, complemented by orthogonalinvivo and
invitrostudies, to elucidate the insitu dynamic organization of the NPC
transportbarrier of the budding yeast Saccharomyces cerevisiae with a
temporal resolution of approximately 1 ms, which closely match trans-
porttimescales'**??, We previously used HS-AFM to visualize dynamic
FG-domain behaviour within NPCs using spread Xenopus laevis oocyte
nuclear envelopes® % Inthe current work we investigated the CPidentity,
the impact of transport barrier dynamics on in vivo NPC function and
corroborated these attributes usinginvitro FG-domain assemblies and
invivo assays. We show that Kaps remodel in situ FG-domain behaviour
by stabilizing their dynamic fluctuations at the pore centre, mediating
the formation of a mobile cluster that accounts for the nanosized CP.
Mutant NPCs withincreased FG content showed reduced barrier dynam-
icsandimpaired nuclear localization signal (NLS)-cargo transportin vivo
despite elevated Kap95 enrichment at the pore, suggesting its sensitiv-
ity to FG composition and an overtightening of the transport barrier.
In contrast, overexpressed Nup FG domains (NupFGs) did not readily
concentrateat NPCsin vivo, indicating poor coalescence with the trans-
port barrier. To benchmark our findings against in vitro NPC models,
we examined FG-domain hydrogels and found that they formed static
amyloid-like aggregates, revealing irregularly shaped holes (approxi-
mately 50 nminsize), yielding a sponge-like architecture that contrasts
sharply with the dynamic nanostructures of native NPCs. In contrast,
DNA origaminanopores bearing scaffold-tethered FG domains®* suc-
cessfully recapitulated NPC-like behaviour, including the formation of
CP-like nanoclusters and dynamic barrier properties.

Results

High-speed atomic force microscopy analysis of isolated

yeast NPCs

To enable gentle tapping on specimensinaqueous environments with
forces below 50 pN, HS-AFM uses a nanometre-sharp tip oscillating
atabout 0.5 MHz with a10% attenuation of its 2-3 nm free oscillation
amplitude®®. In this way HS-AFM s adept at capturing dynamic biomo-
lecular movements at scan rates of approximately 100 ms per image

frame, achieving nanometre resolution in the xy plane and approxi-
mately 0.1 nm precision in the zdirection”. At these extreme frequen-
cies, theimpulse or energy transferred to the specimen is negligibly
small, ensuring that mechanical disturbances to delicate biological
specimens, such as individual IDP molecules, are minimized®. This
contrasts sharply with conventional AFM techniques, as the impulse
applied to NPCs by HS-AFM in the current work is at least four orders
of magnitude smaller than in previous AFM studies’®"",

Isolated native yeast (wild type, WT) NPCs effectively maintainthe
in vivo CNT environment and are well-suited for direct examination
of the transportbarrier*>”. They represent the contracted form of the
normal range of NPC diameters, retain an intact configuration of FG
domains and bind Kaps’. After isolation, essentially all WT NPCs bore
adense CP (termed +CP WT NPCs) measuring 26.4 + 8.0 nmindiameter
(Fig. 1a and Extended Data Fig. 1). Central plugs have been identified
inbothisolated and insituNPCs*®, and their presence in NPCs lacking
the core nuclear basket proteins Mlpland MIp2 (ref. 73) confirms that
the CPand the nuclear basket are distinct’ (Extended DataFig.1). The
overall size and eightfold rotational symmetry of +CP WT NPCs were
also analysed using negative-stain electron microscopy and were found
tobe consistent with our published cryo-electron microscopy maps*>’
(Extended DataFig.1). It was, however, not possible to determine their
nucleocytoplasmic orientation as the nuclear basket is notastructur-
ally well-defined stable feature in a majority of NPCs**””* Nevertheless,
FG-repeatasymmetry is not essential for nucleocytoplasmic transport
invivo as FXFG domains can be either inverted” or deleted® without dis-
rupting NPC function. Therefore, NPC orientation should not influence
our analysis, which focuses onthe symmetric CNT core predominantly
occupied by the GLFG domains**’ (Supplementary Fig.1).

Finer details were captured by zooming into the CNT of +CP
WT NPCs at 150 ms per frame and an imaging force of 30-40 pN
(‘zoomed-in image’; Fig. 1b). This revealed FG domain fluctuations
that radiated from the core scaffold into the CNT where they collided
into, fused with and then detached from the CP, exposing transient
voidsinthe protein density (Supplementary Video1). Such behaviour
evokes highly dynamic liquid-like behaviour that is consistent with
multivalent interactions between the Kaps and FG domains"”™ being
continuously broken and formed. Inline with this view, 60% of isolated
NPCs lacked detectable CPs after 72 h in buffer (~CP WT NPCs) but
the average diameters of +CP and —~CP WT NPCs remained unchanged
(Fig.1cand Extended DataFig.1). Closer examination of -CP WT NPCs
revealed that extended FG domain fluctuations intermingled within
the CNT but lacked significant cohesion when the CP was absent, sug-
gesting a more open state (Fig. 1d and Supplementary Video 2). This
indicates that inter-FG-domain interactions and dynamic FG-domain
fluctuations are not mutually exclusive behaviours.

Capturing NPC transport barrier dynamics at millisecond

time scales

HS-AFM captures each pixel sequentially in arastering ‘zig-zag’ pattern,
which means that different portions of animage correspond to slightly
different time points. Thus, changes in molecular conformations or
positions occurring at or above the HS-AFM imaging speeds can lead
to dataasynchronicity and image distortions’”. To examine this effect,
we performed Brownian dynamics simulations of Nsp1 FG domains
(Nsp1FG) in a simplified 22-nm-diameter toroidal nanopore, which is
distinct from the NPC, and computationally sampled it in a manner
mimicking HS-AFM (Supplementary Fig. 2 and Supplementary Video 3).
The simulated images displayed continuous features along horizontal
lines, reflecting the capture of the collective motion of Nsp1FG along
the HS-AFM fast-scan axis (x axis). In contrast, image data along verti-
callines seemed more discontinuous due to asynchronicity along the
HS-AFM slow-scan axis (y axis). This demonstrates that HS-AFM more
accurately captures dynamic molecular movements withinindividual
horizontal lines than across them.
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Fig.1|Direct visualization of the insitu NPC transport barrier by HS-AFM.
a, Averaged eightfold symmetric structure (numbered) of a+CP WT NPC.

b, Zoomed-inimage of a+CP WT NPC showing a CP surrounded by FG-domain
fluctuations within the CNT. ¢, Averaged ~CP WT NPC resolved by HS-AFM.
a,c, >3 independentisolations, n=15NPCs.d, Zoomed-inimage of a—-CPWT
NPC revealing FG-domain fluctuations within the CNT. b,d, HS-AFM-LS data
were collected from left to right (small arrow denotes scan direction). Large
tilted arrowheads symbolise the HS-AFM tip. e, HS-AFM-LS kymograph of a
+CP WT NPC displaying FG-domain fluctuations and CP motion tracking (solid
red line; top). Average distribution of CP positionin+CP WT NPCs (bottom; >3
independentisolations, n =10). f, HS-AFM-LS kymograph detects FG domain
fluctuationsina-CP WT NPC. g, Mean cross-sectional height profiles of +CP
(=3independentisolations, n =10) and —-CP (=3 independent isolations, n =12)
WTNPCs. The CNT isbounded by vertical dashed lines. Kap95 restores the
CPinadose-dependent manner: 0.1 uM (two independentisolations,n=9
NPCs), 0.5 uM (three independent isolations, n =9 NPCs) and 1.0 uM (three
independentisolations, n =10 NPCs). Thes.d. is shaded. Inset: relative height
difference measured along the pore axis at each Kap95 concentration compared
with+CPWTNPCand -CP WT NPCs. h, Average decay time within the CNT

(demarcated ing) as a function of the distance from the pore centre for +CP
WTNPCs (=3 independentisolations, n =10 NPCs) and following the addition

of 1pM Kap95 (=3 independent isolations, n =9 NPCs) to ~CP WT NPCs (=3
independentisolations, n=12NPCs). The s.e.m. is shaded. i, Relative enrichment
of proteins associated with +CP and —CP WT NPCs, determined by label-free mass
spectrometry. Proteins showing twofold-higher depletion (dashed red line) in -
CPWT NPCs are shown in blue (proteasome components not labelled) and

Nups in orange; n =2 biological replicates. Inset: estimated copy numbers of
Kap95in+CPand —~CP WT NPCs.j,1 pM Kap95 restores the CPin —-CPWT NPCs
(=3independentisolations, n =8 NPCs). k, Zoomed-inimage of the restored CP in
a+Kap95 WT NPC. HS-AFM-LS data were collected from left to right (small arrow
denotes scan direction). Large tilted arrowhead symbolises the HS-AFM tip.

1, HS-AFM-LS kymograph enables tracking of a restored CP in a +Kap95 WT NPC
(solid red line; top) giving its average positional distribution (>3 independent
isolations, n =9 NPCs; bottom). a-d j k, Scale bars, 50 nm (a,c,j) and 10 nm

(b,d k). Allzoomed-in HS-AFM images were obtained at 0.15 s per frame (b,d k).
Allkymographs were obtained at 1.875 ms per line (e,f1). Source numerical data
are provided.

Informed by this analysis, we applied HS-AFM-LS®’ to quantify the
dynamic behaviour within the CNT and reserved HS-AFM images for
visualization purposes. Our methodology leveraged therotational sym-
metry ofthe NPCto create kymographsreaching atemporal resolution

of1.875 ms per line (Fig. 1e,f). Thisapproachimproved the experimental
time resolution by more than two orders of magnitude, effectively
harmonizing it with many NPC transport time scales'®*>. Kymograph
dataalso allowed for tracking CP movements (Fig. 1e), measuring the
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vertical range of both +CP and —~CP WT NPC transportbarriers (Fig.1g)
and extracting a decay time (7) using an autocorrelation function (ACF)
analysis workflow®”*’ as a readout for dynamic behaviour (Fig. 1h and
Extended Data Fig. 2). We further characterized the raw oscillation
damping and feedback control signals during HS-AFM-LS, comparing
data from —~CP WT NPCs with holey defects in lipid bilayers and bare
DNA origami nanopores as quality controls (Extended Data Fig. 3).

HS-AFM-LS kymographs revealed dynamic FG domain fluctua-
tions alongside CPsin+CP WT NPCs that preferentially localized at the
pore centre despite showing sufficient mobility to explore its width
(Fig. 1e). In contrast, random ‘bursts’ corresponding to FG-domain
fluctuations were evident along the pore scaffold in —CP WT NPCs
(Fig.1f). Subsequent ACF analysis showed that +CP WT NPCs exhibited
slower dynamics within a radius of approximately 15 nm of the pore
axis, reflecting the larger CP mass (Fig. 1h). When the large CP mass
was absent, ~CP WT NPCs exhibited faster dynamics in this region
(lower correlation, smaller T) but slower dynamics near the scaffold.
Thisinversionin dynamicbehaviour probably reflects compaction of
FG domains towards their tethering sites', resulting inreduced barrier
height and amore open pore conformation (Fig. 1g,h).

Karyopherins reconstitute a central plug-like structure in
the NPC
Label-free quantitative mass spectrometry revealed that, following
isolation, +CP WT NPCs contain approximately 15-20 Kap95 mole-
cules, the primary nuclear import factor’. In contrast, over half of this
long-lived endogenous Kap95 fraction, along with its adaptor Kap60,
was displaced from -CP WT NPCs (Fig. 1i), consistent with a slow appar-
ent dissociation rate'®*? (Extended Data Fig. 4). Reduction was also
observed for proteasome components, messenger-ribonucleoprotein
remodelling factors, Tho/TREX complex members as well as Nup2
and Nup42, which are rapidly exchanging, non-essential FG Nups’>”®.
Although mRNA export factors such as Mex67, Mtr2 and Yral were not
significantly depleted’’?, they seem to reside at the NPC periphery dur-
ing transport’®, suggesting alesser role in CP formation. Importantly,
the quantities of all other NPC components remained stable within
the method'’s precision. Thus, a persistent fraction of Kaps seems to
be strongly associated with the CP, which protrudes out of the CNT in
+CP WT NPCs and retreats by about 20 nm into the CNT core in —CP
WT NPCs (Fig. 1g). Hence, the CP substantially increases the vertical
range of the transport barrier.

Providing support for this observation, exogenous Kap95 (O,
0.1, 0.5 and 1.0 pM) restored a dose-dependent CP-like structure”*°
in —CP WT NPCs, highlighting a scaling relationship between Kap95
concentration and CP formation (Fig.1g,j-1and Extended Data Fig. 4).
At1.0 pM, Kap95 effectively reproduced the qualitative behaviour and
verticalrange of the +CP WT NPC transportbarrier. However, the overall
dynamics of thisreconstituted structure were notably faster than those
of +CP WT NPCs (Fig. 1h), suggesting that additional nuclear transport
factors and other constituents contribute to the native CP mass.

Increasing FG-repeat concentration attenuates mutant NPC
barrier dynamics

Subsequently, we employed HS-AFM to investigate two NPC mutants,
each with specific alterations in their FG-repeat concentration. The
first mutant was the septuple nup42AFG nup159AFG nup60AFxF
nuplAFxFG nup2AFxFG nsplAFGAFxFG maximal FG-deletion NPC™®
(SWY3062; abbreviated AFG NPC), which contained mainly symmetric
GLFG domains, namely Nup100, Nup116, Nup49, Nup57 and Nup145N
(Fig. 2a-f and Supplementary Fig.1). The AFG NPCs have a theoreti-
cal FG-repeat concentration of about 27 mM, 51% below the 53 mM
FG-repeat concentration in isolated WT NPCs, assuming similar CNT
volumes®” (Supplementary Table 2). For the second NPC mutant, we
generated a yeast strain that features double FG-domain-length Nsp1
constructs (amino acids (1-591)-(2-565)-(592-end); termed Nsp1FGx2;

Fig. 2g-1and Extended Data Fig. 5). Nspl, the most abundant FG Nup,
contains both FG and FXFG repeats and the theoretical FG-repeat con-
centrationin Nsp1FGx2 NPCs is approximately 69 mM, surpassingWT
NPCs by 30% (Supplementary Table 2).

After isolation, +CP AFG NPCs and +CP Nspl1FGx2 NPCs retained
the dimensions, morphology and non-FG-containing Nup composi-
tion of WT NPCs (Fig. 2e k and Extended Data Figs. 1,5). Both mutants
also harboured CPs that were comparable insize, location and height
profile (Extended Data Fig. 1). Interestingly, shorter fluctuations
were observed along the inner scaffold in —~CP AFG NPCs, suggesting
increased GLFG domain cohesion reminiscent of a dense GLFG ring®
(Fig. 2c,d and Supplementary Video 4), which might account for the
slower dynamics adjacent to the CPin+CP AFG NPCs (Fig. 2f and Sup-
plementary Video 5). In contrast, hyperextended FG-domain fluctua-
tions resembling an intertwined sieve-like meshwork®™* dominated
—CP NsplFGx2 NPCs and coalesced with the CPin+CP Nsp1FGx2 NPCs
(Fig. 2g-j and Supplementary Videos 6,7). These hyperextended FG
domainsresultedininverted dynamic behaviours compared with +CP
WT NPCs, with slower fluctuations dominating the pore, exceptinthe
central CNT region (Fig. 2I).

Increasing FG-domain entanglement impairs
nucleocytoplasmic transportinvivo

Wethentested whether the above mutations altered NPC permeability
invivo. Phenotypic analyses showed afitness defectinboth mutantsin
comparisonto WT cells, which was milder in Nsp1FGx2 and more severe
in AFG (Extended Data Fig. 5d). Given that Kaps play arole in reinforc-
ing the transport barrier’*=?, we expressed Kap95-mNeonGreen in
mutantstrains and WT cells to ascertain the level of its enrichment at
NPCsinvivo (Fig.3a). The nuclear envelope:nucleoplasm (NE:N) ratio
of Kap95-mNeonGreen decreased by 17% in AFG NPCs but increased
by 11% in Nsp1FGx2 NPCs compared with WT, aligning with our mass
spectrometry analysis (Extended Data Fig. 5b,c). In turn, this lowered
the nuclear:cytoplasmic (N:C) ratios of Kap95-mNeonGreen in both
mutant strains compared with the WT. These behaviours demonstrate
how variations in FG-repeat concentration affect the binding avidity
of Kap95 at NPCs, potentially influencing its nucleocytoplasmic par-
titioning®. One possibility is that AFG NPCs may be more kinetically
accessible toKap95due to fewer FG repeats resulting from diminished
avidity. Conversely, anincrease in the number of FG repeatsin Nsp1FGx2
NPCs increases Kap95 avidity and crowding, reducing the transloca-
tion efficiency. Providing support for this hypothesis, a simian virus
40 NLS (SV40NLS)-green fluorescent protein (GFP)-protein A (PrA)
fusion reporter gave a steady state N:C ratio in Nsp1FGx2 cells that
24% lower than WT cells (Fig. 3b), signifying a transport defect in the
Kap60-Kap95import pathway. For passive permeability, the N:Cratio
of a maltose binding protein-4xGFP fusion protein (MG4; 150 kDa)"
was also less in Nsp1FGx2 cells than WT cells (Fig. 3¢). In comparison,
AFGNPCsdisplayed selective and passive permeabilities comparable
to WT NPCs, as previously demonstrated™'. These results show that
additional FG-domain density impairs nucleocytoplasmic transport
by an apparent overtightening of the NPC transport barrier.

FG domains traverse WT and mutant NPCs
Next, we investigated whether GFP-fused NupFGs expressed in vivo
exhibit enrichment at NPCs comparable to expressed Kap95, given
the known tendency of FG domains to phase separate® in vitro into
condensates®* or form hydrogels®* . We then overexpressed different
GFP-tagged NupFGsin WT cells, including both cohesive (Nupl0OFG,
hNup153FG and Nup116FG) and non-cohesive (Nup159FG, Nsp1FG and
Nup60FG) variants'>®, Although non-cohesive NupFGs were evenly
distributed throughout the cell without forming foci, cohesive NupFGs
formed distinct punctate foci (Extended Data Fig. 6a).

As arepresentative example, NuplOOFG, the yeast homologue
of Nup98 in higher eukaryotes, formed foci exhibiting liquid-like
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+CP Nsp1FGx2 NPC displaying FG-domain fluctuations and CP motion tracking
(red; top). Average distribution of CP positions in +CP Nsp1FGx2 NPCs (=3
independentisolations, n =10 NPCs; bottom). i, Hyper-elongated FG-domain
fluctuations resembling ameshworkina-CP NsplFGx2 NPC.j, HS-AFM-LS
kymograph reveals hyper-elongated FG-domain fluctuations in a —CP Nsp1FGx2
NPC.k, Mean cross-sectional height profiles of +CP and ~CP (>3 independent
isolations, n =10 NPCs each) Nsp1FGx2 NPCs. The CNT is bounded by vertical
dashed lines. Shading indicates thes.d. 1, Average decay time within the CNT
(bounded ink) as a function of distance from the pore centre for +CP and -CP (=3
independentisolations, n =10 NPCs each) NsplFGx2 NPCs. Shading indicates
thes.e.m.a,c,g,i, Scale bars, 10 nm. Zoomed-in HS-AFM images were obtained
at 0.15 s per frame. All kymographs were obtained at 1.875 ms per line. Source
numerical data are provided.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article https://doi.org/10.1038/s41556-025-01812-9
a b c
Kap95-mNeonGreen NLS-GFP-PrA MG4
WT Parental
Mlp1ppxPrA Nsp1FGx2 (Mlp1ppxPrA) Nsp1FGx2 (W303) Nsp1FGx2
85 251 EET TS 0 e 1.0 IS
30L *kkkk RS 9 — r NS
- — Kk kA sl * 0.8 !
20 r— .
251 *kkkk 7 r
o [ 0.64 0.63
= o 2 6r L 06+ ) -
® 20r 3 1‘5—E 1.42 3 i 3 0.58
P 1.65 [ [
I 15t 1.49 Q 115 2.,r 2 o4l
z 123 Zz10r 108 z 4 351 3.23 =0
10 F -+ 3 ’ 2.67 I
05 05 | 2 r 02—
. N |
© N\ © N\ © N\ ° 5 9
& @ & G &0 @ & @
S S R S R S AS &R
N A N A N A NG
N N N @
&\ &\ &\ Q@
d GFP-Nup100FG mCherry-WALP Bright field NPC
5 . punctate  Nucleus Cytoplasm NE
k)
59
S =
E=
70 o
60 .
o 50+
2 -y
z 405) 40 .
£a 8 304 —
= % & 204 .
i
0 T T T
NPC punctate Nucleus Cytoplasm  Nuclear
envelope
[ Parental (W303) O AFG
O WT (MlplppxPrA) [ NsplFGx2
(O]
o
<
N
x
(O]
[
a
(2]
z

Fig. 3| Examination of Kap95 and GFP-Nup100FG domain behavioursin

WT and mutant yeast NPCsin vivo. a-c, In vivo localization of Kap95-
mNeonGreen (a; n=109,119 and 138 cells; NE:N, P=1.3 x 10° for both; N:C,
P=1.98 x107°(left) and 1.3 x 10" (right)), NLS-GFP-PrA (b; n = 99,132 and 215
cells from left to right; P=0.023 (left) and 1.3 x 10° (right)) and MG4 (c; n =120
forallgroups; P=0.98 (left) and 3.2 x 10"(right)) in the indicated strains (n = 4
biological repeats). NE:N and N:C fluorescence intensity ratios are provided.
a,b, MIplppxPrAisencoded by the WT strains. ¢, The nuclear envelope-
endoplasmic reticulum marker mCherry-L-TM was used to locate the nucleus
(white dotted circles). a-c, Boxplots: the median (horizontal line; exact values
are provided next to the line), and the first and third quartiles (box boundaries)
are shown; the whiskers represent the minimum and maximum values. Pvalues
were obtained using an ordinary one-way analysis of variance (ANOVA) test.

d, Cellular localization of GFP-Nup100FG, overexpressed for 1 h, in the indicated

strains (left). Constitutively expressed mCherry-WALP-HDEL (red) was used
asanuclear envelope-ER marker. Maximal projection of four z-stacks, 0,2 pm
interval. From left to right, representative images of GFP-Nup100FG condensates
inthe nucleus, cytoplasm and nuclear envelope (upper right). For comparison,
NPC punctate signifies full-length Nup100-GFP. Percentage of GFP-Nup100FG
localized at theindicated locations in a cell (lower right; three biological
replicates, n =150 cells for each strain, datarepresent the mean +s.d.; P= 0.012,
0.0073 and 0.026 from left to right). Condensates were classified into mutually
exclusive categories; in cells with multiple condensates, each was scored
independently; 100-200 condensates were analysed in each replicate. Statistical
analysis was performed using a two-tailed unpaired Student’s t-test.1,6HD
controls and expression levels are in Extended Data Fig. 6. Scale bars, 2 pm (a-c)
and 5 pm (d).*P< 0.05; *P< 0.0L; ****P < 0.00001; NS, not significant (P> 0.05).
Source numerical dataare provided.
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condensate behaviour, with approximately 90% dissolving in
1,6-hexanediol (1,6HD; Extended Data Fig. 6c). The Nupl0OFG
foci were predominantly located in the cytoplasm and nucleo-
plasm and less frequently adjacent to the nuclear envelope
(Fig. 3d). However, NuplOOFG also lacked the punctate nuclear
rim staining typically seen with NPC-associated proteins such as
GFP-tagged full-length FG Nups, including Nup100-GFP (Fig. 3d
and Extended Data Fig. 6d). Even Nupl, which is present in eight
copies per NPC (Extended Data Fig. 6d), showed clear nuclear rim
staining when fluorescently labelled”®, suggesting that significantly
fewer than eight copies of NuplOOFG were stably retained or present
at any moment per NPC. Nuclear rim stainings of Nup10OFG were
also absent in AFG NPCs that contained only cohesive GLFG Nups
and Nsp1FGx2 NPCs that displayed a substantially larger FG-repeat
concentration (Fig. 3d). These results suggest that: (1) only asubset
of FG domains can form condensates in vivo, (2) their presence in
both the nucleoplasm and cytoplasm indicates they can traverse
the CNT, potentially aided by Kaps, and (3) their lack of enrichment
atthe nuclear rim, unlike Kap95 (Fig. 3a), indicates that FG domains
inthe CNT do not form the same type of condensates as visible else-
wherein the same cell, even when the NPC compositionis altered to
potentially foster such condensation.

FG hydrogels are holey and heterogeneous

Next, we compared thein situ characteristics of the NPC transport bar-
rier with those of in vitro FG hydrogels*™, also termed FG phases’. We
generated 5% fluorescein-5-maleimide (FMAL)-labelled invitro hydrogel
particles from Nupl0OFG and Nup116FG, which formed near-spherical
particlesthat were selectively permeable to Kap95 but excluded bovine
serum albumin (BSA) passive reporters, mirroring the behaviour of
other FG hydogels*?***~® (Fig. 4a). The Nup100FG and Nup116FG par-
ticles were not dissolved by 1,6HD, which disrupts the NPC transport
barrier®>* (Extended DataFig. 7). However,1,6HD prevented hydrogel
formation®® (Extended Data Fig. 7), confirming that, once formed,
NuplOOFG and Nupl16FG hydrogels become increasingly insoluble.
Inthis context, in vitro FG hydrogels display properties that are mark-
edly different fromthose of in vivo NupFG foci (Extended Data Fig. 6¢),
emphasizing the need to differentiate between the two.

Subsequent photobleaching quantification revealed that neither
Kap95 nor 1,6HD altered the mobile fractions or recovery half-lives
of Nup116FG itself within the hydrogels. Of the Kap95 molecules that
selectively partitioned into the Nup116FG hydrogels, amean fraction
of approximately 55% remained mobile (Fig. 4b). We then analysed the
particle morphology using HS-AFM, achieving spatial and temporal
resolution comparable to NPC behaviours. The Nup116FG hydrogel
surfaces formed a static assembly resembling granular aggregates with

large variations in height and surface roughness (Fig. 4c-e). Further-
more, their surfaces were densely punctuated by irregularly shaped,
holey structures at a density of approximately 80 holes pm™and an
average width of approximately 50 nm, with many coinciding with or
exceeding the CNT diameter (Fig. 4f), validating previous reports®.
Although HS-AFM-LS was challenging due to surface roughness, the
corresponding HS-AFM images suggested FG-domain-like fluctuations
inside these holes (Fig. 4g).

Consistent with other FG hydrogel studies***” was the presence
of approximately 1-um-long, 25-nm-thick amyloid-like fibrils*’ that
protruded from Nup100FG hydrogels (Extended Data Fig. 8). We also
added Kap95 to examine how hydrogels facilitate selective transport
but found no evidence of CP-like structures or dynamic remodelling
such as local ‘unfastening’, ‘dissolving’ or ‘melting’ of crosslinks*%,
or any increase in hole formation. Instead, the height of the hydro-
gelincreased, probably due to Kap95 binding to surface-exposed FG
repeats”’ (Extended Data Fig. 8i).

These findings demonstrate that the static amyloid-like mes-
ostructure of in vitro FG hydrogels***"*’ contrasts sharply with the
dynamic nanoscopic mechanismofthe NPC transportbarrier (Fig.4h,i),
highlighting morphological qualities thatareinherently non-scalable
from bulk in vitro FG-domain assemblies. Interactions between Kaps
and FG domains, shaped by the rotationally symmetric architecture of
the NPC (Fig. 1), instead suggest that the transport barrier is spatially
organized into two temporal zones: a mobile CP and a surrounding
annular region characterized by dynamic FG-domain fluctuations.

46,47

AnNPC architectural mimic recapitulates the appearance and
dynamics of abona fide NPC

Finally, we investigated whether the geometric organization of FG
domains imposed by the NPC scaffold influences Kap binding and
whether this behaviour results in CP formation. To test this hypoth-
esis, we tethered 32 copies of Nsp1FG inside a 60-nm-wide, 30-nm-tall
DNA origami channel to produce ‘Nups organized on DNA’ (NuPODs;
Fig. 5a and Supplementary Table 2), which closely replicate the size,
octagonal cross-section and selective barrier function of NPCs®’,
HS-AFM-LS kymograph analysis revealed fluctuations within NuPODs
that were qualitatively comparable to —-CP WT NPC behaviour but
absent in empty DNA origami scaffolds (Fig. 5b,c). Although Nsp1FG
chains previously showed sustained cohesionin NuPODs with awidth
of about 40 nm, the NuPODs generated here, which were approxi-
mately 20 nm larger than earlier versions®, did not exhibit similar
behaviour. Nevertheless, the addition of Kap95 to NuPODs induced
amobile, CP-like structure with dose-dependent changes in height
and dynamics (0.1 pM versus 1 pM), qualitatively resembling the
behaviour whenKap95wasaddedto-CPWT NPCs (Figs. 5d-gand 1g).

Fig.4|FG hydrogels are static and display a holey irregular morphology.

a, Nup116FG domains (5% FMAL-labelled) form hydrogel particles that are
selectively permeable to Kap95 but exclude BSA. Incubation of Nup116FG
hydrogelsin1,6HD had no discernible effect on their shape or their exclusionary
property against BSA. The associated 1,6HD data are in Extended Data Fig. 7.
AF568, Alexa Fluor 568; AF647, Alexa Fluor 647.b, Fluorescence recovery after
photobleaching (FRAP) analysis of the mobile fraction (left) and recovery

times (right) of Nup116FG within Nup116FG hydrogels under the indicated
conditions (=3 experimental replicates; n =10 control, 15 +Kap95 and 16 +1,6HD
hydrogel particles). The corresponding values for Kap95 within the Nup116FG
hydrogels are also shown (4 experimental replicates; n = 11 hydrogel particles).
Boxplots: the median (horizontal line), and the first and third quartiles (box
boundaries) are shown; the whiskers represent the minimum and maximum
values. Statistical analysis was performed using an ordinary one-way ANOVA test;
mobile fraction, P=0.71(left) and 0.21 (right); recovery times, P= 0.22 (left) and
0.99 (right); NS, not significant (P> 0.05). ¢, Zoomed-out (left) and zoomed-in
(right) HS-AFM images of a spherical Nup116FG hydrogel. d, HS-AFM images
show that the surface morphology of Nup116FG hydrogels is static, irregular

and holey (dashed circles). These images were obtained by high-pass filtering
thezoomed-inimagein c. e, Surface roughness of Nup116FG hydrogels (three
experimental replicates; n = 18 hydrogel particles; mean + s.d. = 8.6 + 3.2 nm).

f, Nup116FG hydrogel hole diameters (three experimental replicates; n =80
holes; mean +s.d. =54.6 +15.3 nm). g, Selection of zoomed-in images showing
Nupl116FG hydrogel holes of irregular size and shape obtained at 0.15 s per
frame. h, Geometry, architecture, size and protein composition define the
context-dependent dynamics of NPC barrier function. A subset of Kaps/cargoes
binds dynamic FG domains (red arrows emphasise motion) forming a mobile CP
along the pore axis. This remodelling increases FG-domain connectivity near
the pore centre toimprove passive exclusion (dark blue), directing facilitated
transport through the annular region of the CNT (light blue). i, In vitro FG
hydrogels are static amyloid-like aggregates that do not scale to the NPC'’s
nanoscopic organization; irregular holes and uneven FG-domain distribution
can create spurious, selectively permeable channels. a,c,d,g, Scale bars, 2 um
(a), 500 nm (left ¢),200 nm (right ¢,d) and 10 nm (g). Source numerical dataare
provided. Credit, i: Yeung Mai (https://www.crinklepack.com.au).
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This indicates that the NPC transport barrier mechanism is critically
dependent on the dimensions and geometry of the CNT (Fig. 5d-gand
Extended Data Fig. 9). Although our assay did not directly quantify
the number of Kap95 molecules residing within the NuPODs, approxi-
mately 20 Kap95 molecules were found within Nsp1FG-coated NPC
mimics of comparable size¥, aligning with our findings in +CP WT
NPCs’ (Fig. li and Extended Data Fig. 5b,c).
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Fig. 5| Binding of Kap95 reconstitutes a CP-like structure in Nsp1IFG-NuPODs.
a, Schematic description of the DNA origami scaffold. b-e, Averaged HS-AFM
images (top) of anempty DNA origami scaffold (b; n =13 NuPODs), an Nsp1FG-
functionalized DNA origami scaffold, thatis, NuPOD (c; n =12 NuPODs) as well
asNuPODsin 0.1 uM (d; n=10) and 1 uM (e; n =12) Kap95.d,e, CP-like features
canbe observed. Scale bars, 20 nm. HS-AFM-LS kymographs (middle) showing
an empty DNA origami scaffold lacking FG-domain fluctuations (b) and Nsp1FG
fluctuations within a NuPOD (c) as well as NuPODs with Nsp1FG fluctuations and
CP-like movements (red) in the presence of 0.1 uM Kap95 (d) and 1 uM Kap95 (e).
Average positional distribution of CP-like movements in 0.1 uM (n =10 NuPODs;

-15 -5 0 5 15 25 35

Distance from centre (nm)

-35  -25
d (bottom)) and 1 uM Kap95 (e (bottom); n =12 NuPODs). f, Mean cross-sectional
height profiles comparing empty DNA origami scaffolds (n = 6), NuPODs alone
(n=11), NuPODs in 0.1 uM Kap95 (n =10) and NuPODs in1 pM Kap95 (n =12).
Shadingindicates thes.d. g, Average decay time within NuPODs (area bounded
by vertical dashed lines in f) as a function of distance from the pore centre of
standalone NuPODs (n =11), NuPODs in 0.1 piM Kap95 (n =10) and NuPODs in
1uMKap95 (n =12). Tau analysis of empty DNA origami scaffolds is inadmissible.
Shadingindicates the s.e.m.; >3 independent replicates for all experiments.
Allkymographs were obtained at 1.875 ms per line. More data and controls in
Extended Data Fig. 9. Source numerical dataare provided.

centre*’, evoking polymer brush-like behaviour??*® (Fig. 4h). This
creates a highly turbulent environment of fluctuating FG domains
within the CNT, consistent with a confined liquid state® that persists
for days (Fig. 1d,f), in marked contrast to their rapid aggregation to
hydrogel and amyloid states in vitro®*2, Even AFG NPCs dominated
by symmetric GLFG domains remain fluid at the CNT centre (Fig. 2f).
Thisunderscores how the correct environment seems to be critical for
observing bona fide FG-domain behaviour. However, the open pore

state in —~CP WT NPCs (Fig. 1c-f) suggests that FG domains alone are
not sufficient to maintain an effective transport barrier, explaining the
loss of selectivity following Kap depletion®*>%,

We previously postulated that differencesin Kap-FG-domainbind-
ing avidity partition the CNT into regions of varying Kap mobility asa
function of local occupancy'®*°~**°~%!, To enhance the NPC transport
barrier, a pool of nuclear transport factors and other molecular con-
stituents probably meld together through high-avidity interactions
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with FG repeats concentrated near the pore centre, forming a mobile
CP structure. On average, the CP would preside near or at the pore
centre, spanning approximately 30 nmin diameter and atleast20 nm
inheighton onelobe of the NPC (Fig. 1e,g). Extending across both lobes
of the pore, the entire CP reaches nearly 40 nm in height, consistent
with NPC cryo-electron tomographic reconstructions*. The CP may
serve a dual purpose: to create a central exclusion zone that blocks
nucleocytoplasmic traffic along the central axis of the pore (Fig. 1g,h)
and todirect facilitated transport’®°*through anannular lower density
region®””, shaped by the FG-domain fluctuations radiating towards
the CP (Fig. 1b,g,h). In this way, Kaps remodel FG-domain behaviour
through CP formation, which acts as a ‘keystone’ establishing dynamic
FG-domain connectivity at the pore centre.

Our model strongly complements three-dimensional (3D) minimal
photon flux microscopy (MINFLUX) tracking of Kaps through individ-
ual NPCs, which revealed transport-active Kaps traversing an annular
region of the NPCbut not along its central transport axis®. Although the
approach by Sauand colleagues provided single molecule-resolution
tracking, it did not directly resolve the structure or dynamics of the
NPC transport barrier. In contrast, our study directly captures these
features in detail. We show that the CP—comprising a persistent pool
of endogenous Kaps®'—forms a sterically restrictive structure that
establishes the central exclusion zone within the NPC. Given that their
experiments were performed in permeabilized cells'®?, the presence
of this CP-bound pool of endogenous Kaps probably prevented exog-
enous Kaps from accessing the central exclusion zone. In parallel,
selective transport may proceed through the surrounding annular
region of dynamic FG domains. For this reason, reduced dynamics
dueto overcrowding within the annular region of +CP Nsp1FGx2 NPCs
(Fig. 2l) probably suppressed selective transport (Fig. 3a—c). Together,
these findings underscore the need to account for endogenous Kaps
in future NPC studies.

The CP may also serve additional roles such as acting as adynamic
reservoir of Kaps that exchange with other regions of the NPC dur-
ing large structural transitions, such as pore dilation. Conversely,
dilated NPCs may recruit additional Kapsto the CP to compensate for
a20% reduction in FG-domain concentration relative to constricted
NPCs>*%?* (Supplementary Table 2), thereby stabilizing the central
exclusion zone and maintaining transport barrier function.

The dynamic nature of the NPCis further evidentin how NupFGs
traverseitstransportbarrierinvivo (Fig. 3d and Extended DataFig. 6a).
Thisenvironmentacts asa‘good solvent’ for cohesive FG domains like
Nup98, allowing it to adopt an expanded conformation within NPCs
compared with its collapsed state in solution®’. Similarly, Nup100FG
traverses the NPC without significant enrichment in WT, AFG or Nsp-
1FGx2NPCs despiteits tendency to form condensatesin vivo. Whereas
invitro NupFG condensates and hydrogels rely on homotypicinterac-
tions of single-component FG domains®-*, the NPC environment is
defined by a diverse ensemble of FG domains and Kap-cargo com-
plexes engaging in multifaceted interconvertible interactions essential
for CNT function. Quinary interactions within the cellular milieu can
also attenuate inter-FG-domain interactions”. Additional structural
factors, including scaffold tethering that constrains the mobility of
FG domains, pore geometry that defines their spatial arrangements,
and the confined nanoscale volume, crucially also suppress NupFG
phase separation’®. These defining characteristics underscore the
context-dependent behaviour of the NPC transport barrier, often
overlookedininvitro assemblies and in vivo NupFG condensates.

The CP was previously proposed to form a pore-spanning
sieve-like meshwork or ‘selective phase™®, grossly approximated by
macroscopic FG hydrogels*~#, with FG-domain concentrations in
NPCs being expected to exceed 200 mg ml™ (ref. 38). Here we found
that the CP is labile and can dissociate without loss of core FG Nups,
indicating that it is not primarily comprised of FG domains. Instead,
CP loss correlates with a depletion of transport factors and cargo,

and can be reconstituted by the addition of a single type of transport
factor (Fig. 1g-1and Extended Data Fig. 4e-g). Thus, the CP is mainly
comprised of transport factors and cargo associating dynamically
with FG repeats, consistent with previous findings’. It is further evi-
dent that the dynamic nanoscale organization of the NPC is inher-
ently context-dependent and not directly scalable from bulk in vitro
FG-domain assemblies**** (Fig. 4 and Extended Data Fig. 8). Still, how
might FG hydrogels exhibit NPC-like characteristics? One possibility
is that the holes of approximately 50 nm may serve as FG-gated pas-
sageways allowing even large cargoes to access the hydrogel interior”
(Fig.4d-gand Extended DataFig. 8). However, their irregular, asymmet-
ric geometries and non-uniform FG-domain organization would pre-
clude the formation of CP-like structures following Kap binding (Fig. 4i).
Tobeclear, these holes should not be conflated with the hypothesized
‘meshes’ of the selective phase model*®, which are thought to be an
order of magnitude smaller®*~¢, Notably, adding Kap95 did not induce
the melting or ‘resealing’ of FG hydrogels (Extended Data Fig. 8i), which
presents a divergence from model predictions.

By contrast, the dynamic intercalation of FG domains within
Nsp1FGx2 NPCs more closely approximates a sieve-like meshwork
(Fig. 2i). Yet, excessive FG-domain concentration overtightens the
transport barrier and reduces transport efficiency in vivo (Fig. 3a-c).
Hence, conditions that exceed a threshold FG-domain concentration
or constrain the NPC’s dynamic state, such as FG-domain ageing and
aggregation®*?, may contribute to pathological outcomes®*®. Indeed,
Kaps, molecular chaperones and even FG Nups such as Nspl canmodu-
late FG-domain phase separation®°*°° and may assist in maintaining
theliquid-dynamic properties of the NPC transport barrier. Additional
uncertainty remains as to whether the NPC transport barrier mecha-
nism canbe unambiguously distinguished as a putative FG phase® from
withinthe broader continuum of condensate behaviours, ranging from
liquid- to solid-like, hydrogel and aggregated amyloid states'"'°2, How
these phases compare with macroscopic percolated network hydro-
gels that form independently of phase separation remains unclear®.
Notably, highly idealized mutations can convert Nup98 from a solid
hydrogel toaliquid state'®. Hence, greater clarity is needed to deline-
ate these behaviours.

Based on the current evidence, the CP probably represents a
liquid-like nanocluster that forms under subsaturating conditions
of nuclear transport factors and other constituents'°*1% albeit
one that is confined within the NPC scaffold by FG-domain tethers
(Fig.4h). Although the molecular structure of the CP remains unknown,
recombinant Kap95 restored CP-like structures in —CP WT NPCsin a
dose-dependent manner (Fig. 1g and Extended Data Fig. 4e-g) as well
as in NuPODs'% (Fig. 5 and Extended Data Fig. 9). This finding cor-
roborates data from other NPC mimics®'°“1°% (Fig. 5) and supports the
role of Kaps in reinforcing the NPC transport barrier against passive
macromolecules®™ >, Promiscuous interactions between FG domains
and other nuclear transport factors’® may allow the native CP mass
to vary, facilitating a range of dynamic behaviours. To traverse the
pore, large cargoes such as viruses with multiple FG-binding sites'*’ or
Kap-conjugated vesicles for drug delivery"® would then outcompete
FG domains, displacing and replacing the CP.

Our findings support amodelin which a pool of Kaps, rather than
FG-domaingelation or phase separation, organizes and reinforces NPC
transport barrier dynamics, reconciling single-molecule tracking'®*
andstructural studies**’. Achieving optimal transport conditions prob-
ably requires a precise balance of FG-domain arrangement, quantity
and composition within the nanopore geometry of the NPC, alongside
Kaps, in line with theoretical predictions™. These nanoscopic insights
provide adeeper context-dependent understanding of IDP complexes,
transcending phenomenological, bulk-averaged interpretations. How
the CP might adapt nucleocytoplasmic transport to cellular needs,
such as by integrating other nuclear transport factors into the CP, are
compelling questions for future research.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-025-01812-9

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41556-025-01812-9.

References

1.

10.

mn

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dunker, A. K. et al. Intrinsically disordered protein. J. Mol. Graph.
Modell. 19, 26-59 (2001).

Holehouse, A. S. & Kragelund, B. B. The molecular basis for
cellular function of intrinsically disordered protein regions. Nat.
Rev. Mol. Cell Biol. 25, 187-211 (2024).

Galvanetto, N. et al. Extreme dynamics in a biomolecular
condensate. Nature 619, 876-883 (2023).

Akey, C. W. et al. Implications of a multiscale structure of the yeast
nuclear pore complex. Mol. Cell 83, 3283-3302.e3285 (2023).
Akey, C. W. et al. Comprehensive structure and functional
adaptations of the yeast nuclear pore complex. Cell 185, 361-378
(2022).

Allegretti, M. et al. In-cell architecture of the nuclear pore and
snapshots of its turnover. Nature 586, 796-800 (2020).

Kim, S. J. et al. Integrative structure and functional anatomy of a
nuclear pore complex. Nature 555, 475-482 (2018).

Schuller, A. P. et al. The cellular environment shapes the nuclear
pore complex architecture. Nature 598, 667-671(2021).
Zimmerli, C. E., et al. Nuclear pores dilate and constrict in cellulo.
Science 374, eabd9776 (2021).

Wing, C. E., Fung, H. Y. J. & Chook, Y. M. Karyopherin-mediated
nucleocytoplasmic transport. Nat. Rev. Mol. Cell Biol. 23, 307-328
(2022).

Petrovic, S., Mobbs, G. W. & Hoelz, A. Structure, function and
assembly of nuclear pore complexes. Nat. Rev. Mol. Cell Biol.
https://doi.org/10.1038/s41580-025-00881-w (2025).

Yamada, J. et al. A bimodal distribution of two distinct categories
of intrinsically disordered structures with separate functions in FG
nucleoporins. Mol. Cell Proteom. 9, 2205-2224 (2010).

Popken, P., Ghavami, A., Onck, P. R., Poolman, B. & Veenhoff, L. M.
Size-dependent leak of soluble and membrane proteins through
the yeast nuclear pore complex. Mol. Biol. Cell 26, 1386-1394
(2015).

Timney, B. L. et al. Simple rules for passive diffusion through the
nuclear pore complex. J. Cell Biol. 215, 57-76 (2016).

Hough, L. E. et al. The molecular mechanism of nuclear transport
revealed by atomic scale measurements. eLife 4, 10027

(2015).

Kapinos, L. E., Schoch, R. L., Wagner, R. S., Schleicher, K. D. &
Lim, R. Y. H. Karyopherin-centric control of nuclear pores based
on molecular occupancy and kinetic analysis of multivalent
binding with FG nucleoporins. Biophys. J. 106, 1751-1762 (2014).
Milles, S. et al. Plasticity of an ultrafast interaction between
nucleoporins and nuclear transport receptors. Cell 163, 734-745
(2015).

Chowdhury, R., Sau, A. & Musser, S. M. Super-resolved 3D
tracking of cargo transport through nuclear pore complexes. Nat.
Cell Biol. 24,112-122 (2022).

Dange, T., Grunwald, D., Grunwald, A., Peters, R. & Kubitscheck, U.
Autonomy and robustness of translocation through the nuclear
pore complex: a single-molecule study. J. Cell Biol. 183, 77-86
(2008).

Griinwald, D. & Singer, R. H. In vivo imaging of labelled
endogenous [-actin mRNA during nucleocytoplasmic transport.
Nature 467, 604-607 (2010).

Sau, A. et al. Overlapping nuclear import and export paths
unveiled by two-colour MINFLUX. Nature 640, 821-827 (2025).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

Yang, W. & Musser, S. M. Nuclear import time and transport
efficiency depend on importin 3 concentration. J. Cell Biol. 174,
951-961 (2006).

Lemke, E. A. The multiple faces of disordered nucleoporins.

J. Mol. Biol. 428, 2011-2024 (2016).

Musser, S. M. & Griinwald, D. Deciphering the structure and
function of nuclear pores using single-molecule fluorescence
approaches. J. Mol. Biol. 428, 2091-2119 (2016).

Zilman, A. Aggregation, phase separation and spatial
morphologies of the assemblies of FG nucleoporins. J. Mol. Biol.
430, 4730-4740 (2018).

Coyne, A. N. & Rothstein, J. D. Nuclear pore complexes—a
doorway to neural injury in neurodegeneration. Nat. Rev. Neurol.
18, 348-362 (2022).

Lim, R. Y. H. et al. Nanomechanical basis of selective gating by the
nuclear pore complex. Science 318, 640-643 (2007).

Lim, R. Y. H. et al. Flexible phenylalanine-glycine nucleoporins as
entropic barriers to nucleocytoplasmic transport. Proc. Natl Acad.
Sci. USA 103, 9512-9517 (2006).

Peleg, O. & Lim, R. Y. H. Converging on the function of intrinsically
disordered nucleoporins in the nuclear pore complex. Biol. Chem.
391, 719-730 (2010).

Rout, M. P. et al. The yeast nuclear pore complex: composition,
architecture, and transport mechanism. J. Cell Biol. 148, 635-651
(2000).

Celetti, G. et al. The liquid state of FG-nucleoporins mimics
permeability barrier properties of nuclear pore complexes. J. Cell
Biol. 219, €201907157 (2020).

Yu, M. et al. Visualizing the disordered nuclear transport
machinery in situ. Nature 617, 162-169 (2023).

Frey, S. & Gorlich, D. FG/FxFG as well as GLFG repeats form a
selective permeability barrier with self-healing properties. EMBO
J. 28, 2554-2567 (2009).

Frey, S. & Gorlich, D. A saturated FG-repeat hydrogel can
reproduce the permeability properties of nuclear pore
complexes. Cell 130, 512-523 (2007).

Frey, S., Richter, R. P. & Gorlich, D. FG-rich repeats of nuclear pore
proteins form a three-dimensional meshwork with hydrogel-like
properties. Science 314, 815-817 (2006).

Hilsmann, B. B., Labokha, A. A. & Gérlich, D. The permeability

of reconstituted nuclear pores provides direct evidence for the
selective phase model. Cell 150, 738-751(2012).

Labokha, A. A. et al. Systematic analysis of barrier-forming FG
hydrogels from Xenopus nuclear pore complexes. EMBO J. 32,
204-218 (2012).

Schmidt, H. B. & Gorlich, D. Nup98 FG domains from diverse
species spontaneously phase-separate into particles with nuclear
pore-like permselectivity. eLife 4, e04251(2015).

Li, W. & Balazs, A. C. Cluster formation in grafted polymers with
interactive end-groups. Mol. Simul. 13, 257-265 (1994).

Milner, S. T. Polymer brushes. Science 251, 905-914 (1991).

Zhao, B. & Brittain, W. J. Polymer brushes: surface-immobilized
macromolecules. Prog. Polym. Sci. 25, 677-710 (2000).
Andersson, J. et al. Pore performance: artificial nanoscale
constructs that mimic the biomolecular transport of the nuclear
pore complex. Nanoscale Adv. 4, 4925-4937 (2022).

Alberti, S., Gladfelter, A. & Mittag, T. Considerations and
challenges in studying liquid-liquid phase separation and
biomolecular condensates. Cell 176, 419-434 (2019).
Brangwynne, C. P. et al. Germline P granules are liquid droplets
that localize by controlled dissolution/condensation. Science
324, 1729-1732 (2009).

Mittag, T. & Pappu, R. V. A conceptual framework for
understanding phase separation and addressing open questions
and challenges. Mol. Cell 82, 2201-2214 (2022).

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-025-01812-9
https://doi.org/10.1038/s41580-025-00881-w

Article

https://doi.org/10.1038/s41556-025-01812-9

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ader, C. et al. Amyloid-like interactions within nucleoporin FG
hydrogels. Proc. Natl Acad. Sci. USA 107, 6281-6285 (2010).
Milles, S. et al. Facilitated aggregation of FG nucleoporins under
molecular crowding conditions. EMBO Rep. 14, 178-183 (2013).
Schmidt, H. B. & Gorlich, D. Transport selectivity of nuclear
pores, phase separation, and membraneless organelles. Trends
Biochem. Sci. 41, 46-61(2016).

Halfmann, R., Wright, J. R., Alberti, S., Lindquist, S. & Rexach, M.
Prion formation by a yeast GLFG nucleoporin. Prion 6, 391-399
(2012).

Barbato, S., Kapinos, L. E., Rencurel, C. & Lim, R. Y. H. Karyopherin
enrichment at the nuclear pore complex attenuates Ran
permeability. J. Cell Sci. 133, jcs238121(2020).

Kalita, J. et al. Karyopherin enrichment and compensation fortifies
the nuclear pore complex against nucleocytoplasmic leakage.

J. Cell Biol. 221, 202108107 (2022).

Kapinos, L. E., Huang, B. L., Rencurel, C. & Lim, R. Y. H.
Karyopherins regulate nuclear pore complex barrier and
transport function. J. Cell Biol. 216, 3609-3624 (2017).

Lowe, A. R. et al. Importin-3 modulates the permeability of the
nuclear pore complex in a Ran-dependent manner. elLife 4,
e04052 (2015).

Akey, C. W. Interactions and structure of the nuclear-pore
complex revealed by cryo-electron microscopy. J. Cell Biol. 109,
955-970 (1989).

Rush, C., Jiang, Z., Tingey, M., Feng, F. & Yang, W. Unveiling the
complexity: assessing models describing the structure and
function of the nuclear pore complex. Front. Cell Dev. Biol. 11,
1245939 (2023).

Stoffler, D. et al. Cryo-electron tomography provides novel
insights into nuclear pore architecture: implications for
nucleocytoplasmic transport. J. Mol. Biol. 328, 119-130

(2003).

Unwin, P. N. & Milligan, R. A. A large particle associated with the
perimeter of the nuclear pore complex. J. Cell Biol. 93, 63-75
(1982).

Ribbeck, K. & Gorlich, D. Kinetic analysis of translocation through
nuclear pore complexes. EMBO J. 20, 1320-1330 (2001).

Ando, T., Uchihashi, T. & Scheuring, S. Filming biomolecular
processes by high-speed atomic force microscopy. Chem. Rev.
114, 3120-3188 (2014).

Matin, T. R., Heath, G. R., Huysmans, G. H. M., Boudker, O. &
Scheuring, S. Millisecond dynamics of an unlabeled amino acid
transporter. Nat. Commun. 11, 5016 (2020).

Sakiyama, Y., Mazur, A., Kapinos, L. E. & Lim, R. Y. H.
Spatiotemporal dynamics of the nuclear pore complex transport
barrier resolved by high-speed atomic force microscopy. Nat.
Nanotechnol. 11, 719-723 (2016).

Sakiyama, Y., Panatala, R. & Lim, R. Y. H. Structural dynamics of
the nuclear pore complex. Semin. Cell Dev. Biol. 68, 27-33 (2017).
Fisher, P. D. E. et al. A Programmable DNA origami platform for
organizing intrinsically disordered nucleoporins within nanopore
confinement. ACS Nano 12, 1508-1518 (2018).

Ketterer, P. et al. DNA origami scaffold for studying intrinsically
disordered proteins of the nuclear pore complex. Nat. Commun.
9, 902 (2018).

Shen, Q. et al. Modeling HIV-1 nuclear entry with
nucleoporin-gated DNA-origami channels. Nat. Struct. Mol. Biol.
30, 425-435 (2023).

Shen, Q. et al. DNA-origami NanoTrap for studying the selective
barriers formed by phenylalanine-glycine-rich nucleoporins. J.
Am. Chem. Soc. 143, 12294-12303 (2021).

Stanley, G. J. et al. Quantification of biomolecular dynamics inside
real and synthetic nuclear pore complexes using time-resolved
atomic force microscopy. ACS Nano 13, 7949-7956 (2019).

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Ando, T. High-speed atomic force microscopy and its future
prospects. Biophys. Rev. 10, 285-292 (2018).

Kodera, N. et al. Structural and dynamics analysis of intrinsically
disordered proteins by high-speed atomic force microscopy. Nat.
Nanotechnol. 16, 181-189 (2021).

Kramer, A. et al. Apoptosis leads to a degradation of vital
components of active nuclear transport and a dissociation of the
nuclear lamina. Proc. Natl Acad. Sci. USA 105, 11236-11241 (2008).
Vial, A. et al. Structure and mechanics of the human nuclear
pore complex basket using correlative AFM-fluorescence
superresolution microscopy. Nanoscale 15, 5756-5770 (2023).
Hakhverdyan, Z. et al. Dissecting the structural dynamics of the
nuclear pore complex. Mol. Cell 81, 153-165 (2021).

Niepel, M. et al. The nuclear basket proteins Mlp1p and Mlp2p
are part of a dynamic interactome including Esc1p and the
proteasome. Mol. Biol. Cell 24, 3920-3938 (2013).

Singh, D. et al. The molecular architecture of the nuclear basket.
Cell 187, 5267-5281.e5213 (2024).

Zeitler, B. & Weis, K. The FG-repeat asymmetry of the nuclear pore
complex is dispensable for bulk nucleocytoplasmic transport

in vivo. J. Cell Biol. 167, 583-590 (2004).

Strawn, L. A., Shen, T. X., Shulga, N., Goldfarb, D. S. & Wente, S. R.
Minimal nuclear pore complexes define FG repeat domains
essential for transport. Nat. Cell Biol. 6,197-206 (2004).

Kubo, S., Kato, S., Nakamura, K., Kodera, N. & Takada, S. Resolving
the data asynchronicity in high-speed atomic force microscopy
measurement via the Kalman Smoother. Sci. Rep. 10, 18393 (2020).
Ben-Yishay, R. et al. Imaging within single NPCs reveals NXF1’s role
in MRNA export on the cytoplasmic side of the pore. J. Cell Biol.
218, 2962-2981(2019).

Jaggi, R. D. et al. Modulation of nuclear pore topology by
transport modifiers. Biophys. J. 84, 665-670 (2003).

Stanley, G. J., Fassati, A. & Hoogenboom, B. W. Atomic force
microscopy reveals structural variability amongst nuclear pore
complexes. Life Sci. Alliance 1, e201800142 (2018).

Dekker, M. et al. Kap-centric Nsp1-mediated nuclear transport at
full amino-acid resolution. Preprint at bioRxiv https://doi.org/
10.1101/2024.06.23.600256 (2025).

Dekker, M., Van der Giessen, E. & Onck, P. R. Phase separation of
intrinsically disordered FG-Nups is driven by highly dynamic FG
motifs. Proc. Natl Acad. Sci. USA 120, €2221804120 (2023).
Kuiper, E. F. E. et al. The chaperone DNAJB6 surveils
FG-nucleoporins and is required for interphase nuclear pore
complex biogenesis. Nat. Cell Biol. 24, 1584-1594 (2022).

Davis, L. I. & Fink, G. R. The NUP1 gene encodes an essential
component of the yeast nuclear pore complex. Cell 61, 965-978
(1990).

Barrientos, E. C. R., Otto, T. A., Mouton, S. N., Steen, A. &
Veenhoff, L. M. A survey of the specificity and mechanism of 1,6
hexanediol-induced disruption of nuclear transport. Nucleus 14,
2240139 (2023).

Ribbeck, K. & Gorlich, D. The permeability barrier of nuclear pore
complexes appears to operate via hydrophobic exclusion. EMBO
J. 21, 2664-2671(2002).

Fragasso, A. et al. Transport receptor occupancy in nuclear pore
complex mimics. Nano Res. 15, 9689-9703 (2022).

Rout, M. P,, Aitchison, J. D., Magnasco, M. O. & Chait, B. T. Virtual
gating and nuclear transport: the hole picture. Trends Cell Biol.
13, 622-628 (2003).

Lim, R. Y. H., Huang, B. L. & Kapinos, L. E. How to operate a nuclear
pore complex by Kap-centric control. Nucleus 6, 366-372 (2015).
Wagner, R. S., Kapinos, L. E., Marshal, N. J., Stewart, M. &

Lim, R. Y. H. Promiscuous binding of karyopherin 31 modulates
FG nucleoporin barrier function and expedites NTF2 transport
kinetics. Biophys. J. 108, 918-927 (2015).

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1101/2024.06.23.600256
https://doi.org/10.1101/2024.06.23.600256

Article

https://doi.org/10.1038/s41556-025-01812-9

91. Schleicher, K. D. et al. Selective transport control on molecular
velcro made from intrinsically disordered proteins. Nat.
Nanotechnol. 9, 525-530 (2014).

92. Ma, J., Goryaynov, A. & Yang, W. Super-resolution 3D tomography
of interactions and competition in the nuclear pore complex. Nat.
Struct. Mol. Biol. 23, 239-247 (2016).

93. Eibauer, M. et al. Structure and gating of the nuclear pore
complex. Nat. Commun. 6, 7532 (2015).

94. Elosegui-Artola, A. et al. Force triggers YAP nuclear entry by
regulating transport across nuclear pores. Cell 171, 1397-1410
(2017).

95. Wall, K. P. & Hough, L. E. In-cell NMR within budding yeast reveals
cytoplasmic masking of hydrophobic residues of FG repeats.
Biophys. J. 115, 1690-1695 (2018).

96. Zhao, W., Yau, W.-M. & Tycko, R. Effects of nanopore confinement
on the conformational, dynamical, and self-assembly properties
of an FG-repeat peptide. Preprint at bioRxiv https://doi.
org/10.1101/2025.09.11.675621 (2025).

97. Fu, L. etal. HIV-1 capsids enter the FG phase of nuclear pores like
a transport receptor. Nature 626, 843-851(2024).

98. Lin, Y. et al. Toxic PR poly-dipeptides encoded by the C9orf72
repeat expansion target LC domain polymers. Cell 167, 789-802
(2016).

99. Prophet, S. M. et al. Atypical nuclear envelope condensates linked
to neurological disorders reveal nucleoporin-directed chaperone
activities. Nat. Cell Biol. 24,1630-1641(2022).

100. Otto, T. A. et al. Nucleoporin Nsp1 surveils the phase state of
FG-Nups. Cell Rep. 43, 114793 (2024).

101. Alberti, S. & Hyman, A. A. Biomolecular condensates at the nexus
of cellular stress, protein aggregation disease and ageing. Nat.
Rev. Mol. Cell Biol. 22, 196-213 (2021).

102. Michaels, T. C. T. et al. Amyloid formation as a protein phase
transition. Nat. Rev. Phys. 5, 379-397 (2023).

103. Ng, S. C., Guttler, T. & Gorlich, D. Recapitulation of selective
nuclear import and export with a perfectly repeated 12mer GLFG
peptide. Nat. Comm. 12, 4047 (2021).

104. Kar, M. et al. Phase-separating RNA-binding proteins form
heterogeneous distributions of clusters in subsaturated solutions.
Proc. Natl Acad. Sci. USA 119, €2202222119 (2022).

105. Kusumi, A., Tsunoyama, T. A., Suzuki, K. G. N., Fujiwara, T. K. &
Aladag, A. Transient, nano-scale, liquid-like molecular assemblies
coming of age. Curr. Opin. Cell Biol. 89, 102394 (2024).

106. Feng, Q. et al. Channel width modulates the permeability of DNA
origami-based nuclear pore mimics. Sci. Adv. 10, eadq8773 (2024).

107. Jovanovic-Talisman, T. et al. Artificial nanopores that mimic the
transport selectivity of the nuclear pore complex. Nature 457,
1023-1027 (2009).

108. Kowalczyk, S. W. et al. Single-molecule transport across an
individual biomimetic nuclear pore complex. Nat. Nanotechnol. 6,
433-438 (2011).

109. Paci, G., Zheng, T. T., Caria, J., Zilman, A. & Lemke, E. A. Molecular
determinants of large cargo transport into the nucleus. eLife 9,
55963 (2020).

10. Zelmer, C. et al. Organelle-specific targeting of polymersomes
into the cell nucleus. Proc. Natl. Acad. Sci. U.S.A. 117, 2770-2778
(2020).

M. Zheng, T. & Zilman, A. Self-regulation of the nuclear pore complex
enables clogging-free crowded transport. Proc. Natl Acad. Sci.
USA 120, €2212874120 (2023).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

'Biozentrum, University of Basel, Basel, Switzerland. 2Swiss Nanoscience Institute, University of Basel, Basel, Switzerland. *Laboratory of Cellular and
Structural Biology, The Rockefeller University, New York, NY, USA. “lkerbasque, Basque Foundation for Science, Bilbao, Spain. ®Instituto Biofisika (UPV/
EHU, CSIC) and Fundacion Biofisica Bizkaia/Biofisika Bizkaia Fundazioa (FBB), University of the Basque Country, Leioa, Spain. °European Research Institute
for the Biology of Ageing, University of Groningen, University Medical Center Groningen, Groningen, Netherlands. ’School of Computer Science and
Engineering, The Hebrew University of Jerusalem, Jerusalem, Israel. ®Laboratory of Mass Spectrometry and Gaseous lon Chemistry, The Rockefeller
University, New York, NY, USA. °Department of Bioengineering and Therapeutic Sciences, University of California, San Franscisco, San Francisco, CA, USA.
"°Department of Pharmaceutical Chemistry, University of California, San Francisco, San Francisco, CA, USA. "Quantitative Biosciences Institute, University
of California, San Francisco, San Francisco, CA, USA. ?Nanobiology Institute, Yale University, West Haven, CT, USA. ®*Department of Cell Biology, Yale
School of Medicine, New Haven, CT, USA. “Department of Biomedical Engineering, Yale University, New Haven, CT, USA. ®Present address: Centro
Andaluz de Biologia del Desarrollo, Universidad Pablo de Olavide-Consejo Superior de Investigaciones Cientificas-Junta de Andalucia, Sevilla, Spain.
®Present address: Lawrence Livermore National Laboratory, Livermore, CA, USA. "Present address: Pentapharm AG, Aesch, Switzerland. ®These authors

contributed equally: Toshiya Kozai, Javier Fernandez-Martinez.

e-mail: rout@mail.rockefeller.edu; roderick.lim@unibas.ch

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1101/2025.09.11.675621
https://doi.org/10.1101/2025.09.11.675621
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:rout@mail.rockefeller.edu
mailto:roderick.lim@unibas.ch

Article

https://doi.org/10.1038/s41556-025-01812-9

Methods

Yeast strains and materials

All S. cerevisiae strains used in this study are listed in Supplemen-
tary Table 3. Unless otherwise stated, the strains were grown at 30 °C
in YPD medium (1% yeast extract, 2% bactopeptone and 2% glucose)
supplemented with adenine hemisulfate (40 mg |™; Sigma).

Construction of yeast strains

Yeast strains were constructed using standard molecular genetic meth-
ods™. For the construction of the AMIp1AMIp2 mutant, the genomic
loci of W303 of Mlp1 and MIp2 were replaced with the URA3 and LEU2
markers, respectively. For the construction of the Nsp1FGx2 mutant,
the NspI open reading frame was knocked out from a strain carrying
plasmid PLPC19 using a cassette amplified from plasmid pAG25 that
introduces a nourseothricin resistance marker (ANsp1)'”. Using NSP1
from the S288C reference genome as a basis, a gene was constructed
to effectively double the FG region of Nsp1 by repeating residues 2-565
betweenresidues 591and 592, resulting in the sequence: Nsp1(1-591)-
(2-565)-(592-824) (Nsp1FGx2).Inthe Nsp1FGx2 gene, the NSPlintron
was removed and the gene was codon optimized and synthesized by
Twist Bioscience. The Nsp1FGx2 gene was cloned into the p410 plasmid
under control of the Adhl promoter and terminator. ANspl yeast were
transformed with the p410-Adh1-Nsp1FGx2 and plated on YPD + G418.
Single colonies were passaged three times on YPD + G418 at 30 °C
and then plated on SC-Ura and SC + 5-FOA plates. Colonies that had
naturally lost the PLPC19 plasmid (SC-Ura negative, SC + 5-FOA posi-
tive) were chosen for downstream analysis. The sequences for all the
oligonucleotides and vectors used inthis study are available on request.

Fitness and growth assays
Toanalyse their fitness at different temperatures, strains were cultured
overnight inliquid YPD medium at 30 °C. The cells were counted and
diluted to afinal concentration of 2 x 10* cells mI™. Four tenfold serial
dilutions were made and spotted on YPD plates that were incubated at
25,30and 37 °Cfor1-2 d. Threebiological replicates of each experiment
were performed. A ANspl + Nspl strain was also analysed to ensure no
deleterious effect of the gene deletion background (not shown). Plates
wereimaged using a Versadocimaging system (linear detection range;
BioRad).Semiquantitative estimation of fitness was performed using
Image] (National Institutes of Health)"* as described previously™.
For growth curves, strains were cultured as biological replicates
as described in the previous paragraph, inoculated in 96-well plates
(150 pl) and cultured with 19 Hz agitation at each of the different tem-
peratures for 30-50 h in a Biotek Synergy HT microplate reader. The
0D, reads were calibrated"® and transformed into cell counts for
plotting the curves.

Affinity purification of endogenous S. cerevisiae NPCs

We used our previously published method for the isolation of endog-
enous whole NPCs from S. cerevisiae>”"". Briefly, Mlp1 was genomically
tagged in each strain with PrA preceded by the human rhinovirus 3C
protease (ppx) target sequence (GLEVLFQGPS). The cells were cultured
at30 °Cin YPD mediumuntil they reached the mid-log phase (approxi-
mately 3 x 107 cells mI™), harvested, frozen in liquid nitrogen and cryo-
genically lysedinaplanetary ballmillPM100 (Retsch; https:/www.ncdir.
org/protocols/). Affinity purification was performed in resuspension
buffer (20 mM HEPES-KOH pH 7.4, 50 mM potassium acetate, 20 mM
NaCl, 2 mM MgCl,, 0.5% (wt/vol) Triton X-100, 0.1% (wt/vol) Tween-20,
1mM dithiothreitol (DTT), 10% (vol/vol) glycerol and 1/500 (vol/vol)
protease inhibitor cocktail (Sigma)). Native elution by protease cleav-
age was achieved in a similar buffer without Triton X-100 or protease
inhibitors. Proteaseinhibitors wereadded tothe purified NPCs and either
conservedat4 °Corfrozeninliquid nitrogen and stored at—80 °C. For the
AMIp1AMIp2 and WT comparison NPCs, Nup84 was genomically tagged
with Protein A and the NPCs were purified in the same way.

Successful incorporation of Nsp1FGx2 was determined by SDS-
PAGE analysis and western blotting of purified NPCs as follows. NPCs
from Nsp1FGx2, MIp1-PPX-PrA cells cultured and lysed as described
earlier (previous paragraph) were purified using a citrate resuspen-
sion buffer 20 mM HEPES pH 7.4, 150 mM NaCl, 250 mM sodium cit-
rate, 1% (vol/vol) Triton X-100 and 1xprotease inhibitor cocktail)’.
Affinity-captured NPCs were eluted from beads by adding 20 pl of
1xlithium dodecyl sulfate loading buffer (Thermo Fisher) and vortex-
ing for 10 min at room temperature. The eluted NPCs were run on an
NuPAGE 4-12% gel for 60 min and analysed by Coomassie staining or
western blot. For the western blots, the NPCs were transferred over-
night onto polyvinylidene difluoride membranes at 4 °C, blocked with
5% powdered fat-free milk in tris-buffered saline with 0.1% Tween-20
(TBST) and probed overnight with primary antibody monoclonal mouse
anti-Nsp1(1:5,000; ab4641, Abcam). The membranes were washed with
TBST, reprobed with secondary antibody (anti-mouse; 1:5,000) for1 h
atroomtemperature, which were then detected with ECL westernblot
substrate and imaged using an ImageQuant 4000 LAS system.

Recombinant protein expression and purification of Kap95
Yeast Kap95 was recombinantly purified in-house from Escherichia
coli BL21DE3. The protein was purified from a Ni-NTA column. First,
31 BL21DE3 bacteria at optical density at 600 nm (ODg,,) = 0.6 were
induced with 0.5 mMisopropyl 3-D-1-thiogalactopyranoside and over-
night incubation at 21 °C. After harvesting, the bacteria were lysed in
lysis buffer (10 mM Tris pH 7.5,100 mM NaCl, 1 mM DTT and 10 mM
imidazole containing DNase, lysozyme, Pefabloc and protease inhibi-
tor cocktail complete) for 1 h at 4 °C. The lysate was sonicated with a
stab-sonicator (Branson Digital Sonifier SFX 550) at 30% amplitude,
3 spulseand 4 s off, for atotal of 5 min pulse. The supernatant fromthe
lysate was separated from unlysed debris after centrifugation at 25,000g
and4 °Cfor1h. The supernatant wasloaded onto a5 mINi-NTA column
(GE Healthcare). After the flow-through and wash steps, the proteins
were eluted in alysis buffer supplemented with 500 mM imidazole.

Quantitative mass spectrometry analysis of affinity-purified
NPCs

The affinity-captured NPCs (5 pg per sample) were concentrated by
pelleting at 98,884g (40,000 rpm) at 4 °C for 20 minina TLA 55 rotor
(Beckman). The pelleted NPCs were solubilized with a final concentra-
tion of IXNuPAGE LDS sample buffer (Invitrogen) and 50 mM DTT, and
incubated at 72 °C for 10 min. The samples were then cooled to room
temperature and treated with a30 mM (final concentration) iodoaceta-
mide (Sigma) atroom temperature in the dark for 30 min. The samples
were then loaded into 4% (37.5:1) stacking acrylamide SDS-PAGE gels
preparedin-house. Theresulting stacked bands (gel plugs) were stained
with Coomassie brilliant blue, excised and processed for quantitative
mass spectrometry analyses.

Proteins in gel plugs were digested and peptides were extracted
as described previously"®. The purified peptides were bound to C18
StageTips. Peptides eluted from the StageTips were analysed using an
LCMS Easy-nLC system coupled toa Thermo Orbitrap Exploris mass spec-
trometer (Thermo Fisher). The SpectroMine (version 2.8.210609.47784,
Biognosys AG) software was used to identify and quantitate the mass
spectrometric data by means of label-free quantitation"®. The protein
label-free-quantitation outputs from SpectroMine were further analysed
with Microsoft Excel. The absolute stoichiometries of the proteins were
determined by normalizing the summed copies of Nup192, Nup188,
Nup170, Nup157, Pom152 and Nic96 per NPC to 112 copies (that is, 16
for Nup192, Nup188, Nup170, Nup157 and Pom152, and 32 for Nic96).

Negative-stain transmission electron microscopy and

image processing

For negative-stain analysis of purified yeast NPCs, 5 pl purified sample
was adsorbed onto400-mesh carbon-coated grids rendered hydrophilic
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using a glow-discharger at low-vacuum conditions. The grids were
washed withthree drops of water or TEM buffer 20 mM HEPES, 20 mM
NaCland1 mM DTT) and subsequently stained with 5-pl drops of 2% (wt/
vol) uranylacetate. The samples were examined with a Tecnai G2 Spirit
(FEICompany; operating at 80 kV accelerating voltage) or Talos L120C
(ThermoFisher; operating at120 kV) transmission electron microscope.
Onthe Tecnai G2 Spirit, transmission electron microscopy images were
recorded with an Olympus Veleta camera 4k using the EMSIS Radius
software at nominal magnification of x49,000. On the Talos L120C
TEM, images wererecorded with aCetal6 M Pixel CMOS camerausing
the TIA software at anominal magnification of x28,000. The software
packages cryoSPARCv4 (ref.119) and RELION v.3.1.2 (ref. 120) were used
for particle picking and two-dimensional (2D) classification.

High-speed atomic force microscopy measurements

Al HS-AFM data in this study were acquired using a HS-AFM 1.0 sys-
tem (RIBM) operating in tapping mode with a dynamic proportional-
integral-derivative controller using a standard scanner with a xy
scan range of 6 x 6 um? For scan areas smaller than 80 x 80 nm?
(80 x 80 pixels; ‘zoomed-in’ images) the scan speed was 150 ms per
frame. For scan areas larger than 200 x 200 nm? (200 x 200 pixels;
‘zoomed-out’ images) the scan speed was 1-2 s per frame. Pristine
QUANTUM-ACI10-SuperSharp cantilevers (nanotools GmbH) bearing
atip radius of <2 nm, nominal spring constant of 0.1 N m™, resonant
frequency of approximately 0.5 MHz and a quality factor of about2in
buffer were used in all experiments. The typical set-point amplitude
(A,.0) was 80-90% of the free cantilever oscillation amplitude A,
which was set to 2-3 nm (refs. 68,121).

Droplets (3 pl) containingisolated NPCs were dispensed on freshly
cleaved mica surfaces for 3 min at room temperature. Any excess was
removed by rinsing the sample with buffer 20 mM HEPES-KOH pH 7.4,
20 mM NaCl and 2 mM MgCl,). As an exception, isolated AFG NPCs
were immobilized on 3-aminopropyltriethoxy silane-functionalized
mica, which was prepared by incubating a droplet (3 pl) of 0.1%
3-aminopropyltriethoxy silane onafreshly cleaved mica surface for 5 min,
followed by thorough rinsing with pure water. For CP-reconstitution
experiments, —CP WT NPCs were monitored in situ and in real time by
HS-AFM while Kap95 was added to the imaging buffer, achieving a final
concentration of 0.1, 0.5 or 1.0 pM Kap95. The images were obtained
30 minafter the addition of Kap95. For DNA origami pores, more details
are provided in the “Sample preparation for HS-AFM measurements on
DNA origamipores”section. Forinvitro FG hydrogels, details are provided
inthe “In vitro phase separation of FG hydrogels for HS-AFM” section.

High-speed atomic force microscopy line scanning
measurements

During HS-AFM-LS, the slow-scan axis is disabled and only the fast-scan
axis operates. An NPC or DNA origami pore is first centred during
HS-AFMimaging before switching to line scanning so that the centre of
the NPC or DNA origami pore undergoes repetitive scanning, resulting
inakymographthat spans the pore diameter. Line scans were recorded
over 80 pixels (1 nm per pixel for NPCs, 0.625 nm per pixel for empty
DNA origami pores and 0.75 nm per pixel for NuPODs) in the fast-scan
axis at 1.875 ms per line. At this scan speed, the tip spends 0.9375 ms
moving from left to right, then returnsin another 0.9375 ms along the
sameline. Asstandard practice, only the left-to-right datawere analysed
to ensure data consistency. Atan oscillation frequency (f;) of approxi-
mately 0.5 MHz with 2-ps periods, each approximately 1-nm-sized
pixelis tapped approximately six times with a tip-sample contact time
of 200 ns per tap and 0.1 nm lateral spacing between taps due to the
continuous lateral-scanning motion of the tip (Extended Data Fig. 3).

Nucleoporins organized on DNA origami
NuPOD assembly. MBP-Nsp1-DNA®* (50 mM Tris pH 8.0,300 mM NaCl
and 0.2 mM TCEP) was added to 60 nm DNA origami channels with

32 handles® (100 mM Tris—HCI, 20 mM EDTA and 15 mM MgCl,) at
double excess over the number of handles (for example, 5 nM origami
with 32 handles mixed with320 nM MBP-Nsp1-DNA) and incubated for
2hat37°C. The MBP was then cleaved through the addition of TEV
protease and 1mM DTT for 1.5 h at 30 °C. The product is a mixture of
free MBP, Nsp1FGs and NuPODs.

Negative-stain transmission electron microscopy, image
processing and data analysis of NuPODs. Samples (5 pl) were
adsorbed on 400-mesh carbon-coated grids rendered hydrophilic
using a glow-discharger at low-vacuum conditions. They were sub-
sequently stained using 5-pl drops of 2% (wt/vol) uranyl acetate. The
grids were examined ina Talos L120C G2 (Thermo Fisher Scientific)
transmission electron microscope operating at 120 kV. Images were
recorded using a Ceta CMOS camera at a nominal magnification of
x73,000. The images used in the calculation of the intensity ratios
between inside and outside underwent a rolling-ball background
subtractionto accommodate for unevenstaining. A250 nm x 250 nm
area without pores was selected as the average background refer-
ence in each image. The average intensity of the area inside the
60 nm pores was measured witha40-nm-diameter circle. The values
were analysed in GraphPad Prism 10.2.3. Statistical significance was
calculated using an ordinary one-way ANOVA with Tukey’s multiple
comparisons test.

Sample preparation for HS-AFM measurements on DNA origami
pores. Supported lipid bilayers were prepared as described®. Dipal-
mitoylphosphatidylcholine (DPPC, Avanti Polar Lipids) and didode-
cyldimethylammonium bromide (DDAB, Avanti Polar Lipids) lipids
were dissolved in chloroform and combined in a 3:1 molar ratio
(DPPC:DDAB). The solvent was evaporated under a steady nitrogen
streaminside afume hoodfor1 h, followed by vacuum exposure for at
least4 h. Theresulting dry lipid film was resuspended in MilliQ water to
achieve a concentration of approximately 1 mg ml™. This solution was
thenplacedinanultrasonic bath (Elmasonic p30H, Elma Schmidbauer
GmbH) maintained at 65 °C. The disruption of large multilamellar
vesicles occurred through sonication treatments lasting 15 min using
the pulse setting at 80 kHz. The lipid dispersion solution was loaded
into an Avanti mini-extruder kit (Avanti Polar Lipids) while ensuring
thatthe temperature remained at 65 °C. The lipid solution was passed
through a100-nm-pore-diameter Nucleopore Track-Etch membrane
supported by two PE drain discs (Global Lifesciences Solutions UK Ltd).
Repeating the extrusion process at least 20 times then yielded small
unilamellar vesicles.

A 2.7 pl droplet of vesicle buffer (55.5 mM MgCl, and 55.5 mM
CaCl,) was placed onto a freshly cleaved mica sheet. Next, 0.3 pl of
small unilamellar vesicles were then gently mixed into the droplet. The
sample stage was then subjected to 65 °C for 20 min. After that, the
temperature was gradually reduced back toroom temperature over a
span of 20 min. This led to the rupture of vesicles, resulting in the for-
mation of a positively charged gel-phase-supported lipid bilayer. Any
surplus vesicles presentinthe supernatant were washed away by initial
rinsing with water and then exchanged with 10 mM phosphate buffer
(PB, pH7.0) containing 40 mM MgCl,. Toensure a pristine and uniform
lipid surface, this rinsing process was gently repeated 3-5times before
introducing 2-4 pl of NuPODs (0.5-1 nM) for subsequent imaging
purposes. Free NsplFG and MBP in solution was removed by first wash-
ing the sample with Tris-EDTA buffer (100 mM Tris-HCI, 20 mM EDTA
and 40 mM MgCl,) and a subsequent buffer exchange with PB before
imaging them using HS-AFM. The estimated concentration of Nsp1FG
per nanopore is approximately 0.6 mM (Supplementary Table 2).
Dose-dependent binding was examined by incubating NuPODs in
0.1 or 1 pM Kap95, followed by rinsing before HS-AFM analysis and
negative-stain transmission electron microscopy. The images were
obtained 30 min after the addition of Kap95.
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HS-AFM data processing
All HS-AFM 2D images were corrected for drift using an in-house
Python-based software that also converted the file into TIFF format®’.
HS-AFMimages were analysed in ImageJ (1.53c) and self-written analysis
routines in Python. Image filtering, contrast adjustment and height/
diameter measurements were performed by ImageJ. First, a flatten-
ing filter with first-order polynomial plane was applied to all HS-AFM
images to compensate for xy-tilting. Subsequently, the heights of
all HS-AFM images are set relative to the NPC or NuPOD scaffold by
subtracting the average height of the scaffold. Displayed HS-AFM
zoomed-in images were treated by a 2D Gaussian filter with a s.d. of
1pixel, followed by bicubic interpolation with a scale factor of two in
thexandydirection. HS-AFM images of NupFG hydrogels (Fig. 4d and
Extended Data Fig. 8d) were processed with a20-nm high-passfilter.
HS-AFM-LS data were processed by self-written routinesin Python.
Full kymographs were separated into 600-ms segments, followed by
autocorrelation function analysis (details in subsequent sections),
corrected for drift in zand tilt in the fast-scan axis, and set the height
relative to the NPC or NuPOD scaffold. Inaddition, aFast Fourier trans-
form filter was applied to eliminate periodic noise at frequencies of 50
and 150 Hz, which had root mean square (RMS) amplitudes of approxi-
mately 0.09 and 0.08 nm, respectively. These amplitudes (about 8% of
the value at the centre of the NPC) are negligibly small and thus have no
discernible impact on the HS-AFM-LS dynamic analysis.

Average HS-AFM images of NPCs and NuPODs

We manually selected image stacks of NPCs scanned with a pixel
size of 1 nm per pixel. After drift correction, the raw images in each
stack were averaged over a corresponding pixel position. The aver-
age images were then rotated and aligned to the reference image by
phase cross-correlation. Subsequently, allimages were averaged over.

Estimation of decay times from autocorrelation functions in

HS-AFM-LS data

Eachkymographwasdivided into 600-ms segments before ACF analy-

sis, that is, 320 lines. This segmentation was chosen to align with the

short time scalesunderlying FG-domain dynamics. The ACFs G(7) were

applied to allkymographs to quantify height changes, expressed as®”:
N-m

Gm=3

n=1

(Zn - 2)(Zn+m - 2)
N—m

where m and n refer to the number of scan lines in the kymograph,
T = mAt, Nisthetotalnumber of scanlines, z, is the pixel intensity at the
given scanline and z is the mean value of z,. The larger the m, the lower
the number of data points that are available to compute the ACF. There-
fore, time-lag length of ACF was limited to less than N/ 2 for the ACF
accuracy. Each ACF was normalized to the value at lag zero and an ACF
heat map was generated from each kymograph. Giventhat the centre of
the kymograph on the fast-scan axis is the centre of the NPC, the heat
map was split at the centre and averaged over the corresponding radii
toproduce anaveraged heat map. Theyandxaxis aretheradiusandtime
lag, respectively. Subsequently, the average ACF plot at eachradius was
fitted with a single exponential decay model to estimate a decay time
(t; Extended DataFig. 2). To exclude possibleintrinsic HS-AFM noise, the
average ACF plot was fitted starting at lag one because the autocorrela-
tion coefficient at this point is primarily influenced by intrinsic noise.
Furthermore, given that autocorrelation coefficients become less reli-
ablewithincreasing time lag, only those lying above the 95% confidence
interval threshold were fitted'”. To illustrate average T values as a func-
tion of distance from the centre, the T values estimated from each
HS-AFM line scan were averaged over distance intervals of 1 nm.

Measurements of NPC and central plug diameters
The NPCand CP diameters were measured from ‘zoomed-out’images
of individual NPCs (for example, Extended Data Fig. 1) using Fiji.

Cross-sectional line profiles were extracted across opposing pairs of
octants, yielding four scaffold profiles per NPC. The NPC diameters
were determined by measuring peak-to-peak distances across the
highest points of the scaffold. The CP diameters were measured from
the same line profiles. The resulting NPC and CP diameter values were
plotted as histograms and fitted with a single Gaussian function to
obtain the mean and standard deviation.

Average height profiles

The average cross-sectional profile of the NPC (Figs. 1g and 2e k) was
obtained by averaging over all cross-sectional line profiles extracted
from four opposing pairs of octants per NPC, across all NPCs. All
average height profiles at the CNT were extracted from kymographs
at each distance from the pore centre and averaged along the time
axis. This process was repeated across multiple NPCs. The resulting
average height profile was then overlaid onto the scaffold’s aver-
age profile. An exception was made when calculating the average
cross-sectional profiles of the CNT in Fig. 1g because HS-AFM images
and not kymographs were obtained insome instances. In this case the
average cross-sectional profile of the CNT was obtained by averaging
all cross-sectional line profiles extracted from four opposing pairs of
octants per NPC, across all NPCs in each condition.

Central plug-tracking and positional distribution

Custom Pythonroutines were employed to track the movement of the
CPorKap95alongthe fast-scan axis in the kymograph (line-by-line). A
low-pass filter was first applied to the kymographs along the fast-scan
axis, facilitating efficient identification of the local maximum posi-
tion of the CP or Kap95 over time. Furthermore, the detection range
along the line is limited specifically to the CT region, excluding the
scaffold region. Assuming movement of the CP or Kap95 within the
line, the following criteria were employed. If only one local maximum
was detected, its position was taken. In cases where two or more local
maxima were detected, the position of the highest local maximum
was taken. If no local maximum was detected, the line was skipped.
Trajectories from all kymographs were then plotted as a histogram
depicting the distribution as a function of distance from the centrein
nanometres, based on the pixel size.

HS-AFM-LS signal analysis

HS-AFM control signals were extracted using a PicoScope 5000 series
5444DMSO oscilloscope (Pico Technology) and its software (PicoScope
v7.1.50) from supported lipid bilayers (on mica) with holes, bare DNA
origami pores and —~CP WT NPCs. The holey lipid bilayer and the bare
DNA origami pore feature pore-like depressions and were chosen as
quality controls for the—CP WT NPC (Extended Data Fig. 3).

Estimation of applied force. The average magnitude of tip force, F,
exerted onto each sample was calculated using the equation

2
F= kcAfree 1-— (Areal )
2Q Afree '

where k. is the HS-AFM cantilever spring constant (0.1N m™) and Qis its
quality factor (approximately 2)*. A,.. and A,., are the free cantilever
oscillation amplitude and the real-time cantilever amplitude, respec-
tively, where A, is typically 6 nm (Extended Data Fig. 3d).

Estimation of energy loss. To assess the impact of tip-sample contact,
themean energy loss per tap of each HS-AFM cantilever oscillation (F)
canbe calculated using'®

2

E= kcAfree 1— (Areal )2
2Q Afree
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For A;.. =3 nm, the average energy losses are about 16 k; T for
lipid bilayer holes, and 6 k;T for bare DNA origami pores as well
as —CP WT NPCs (where kg is Boltzmann constant and T is 298 K;
Extended Data Fig. 3). For comparison, the repulsive energy barrier
associated with the FG domains of NPCs is estimated to be approxi-
mately 10 k; T (refs. 124,125). This allows for the HS-AFM to reliably
image the ‘soft’ NPCbarrier without energetically altering it. The energy
transferred fromthe tip disperses among multiple degrees of freedom
into the surrounding buffer*®®®, Intrinsically disordered proteins,
with more degrees of freedom than ordered proteins, distribute this
energy more efficiently, reducing their susceptibility to tip-sample
contact damage®.

Invitro phase separation of FG hydrogels for HS-AFM
NuplOOFG and Nupl16FG hydrogels were prepared as previously
described®’. Nup100FG (100 pM; amino acids 1-580) and Nup116FG
(110 pM; amino acids 1-725) were purified® and kept in a storage buffer
(100 mM Tris-HCI, 2 M guanidine-HCI, pH 8.0 and 10% glycerol). For
HS-AFM experiments, NuplOOFG or Nup116FG assemblies were formed
by placingadroplet (2.9 or 3.2 pl) of TBS buffer (150 mM NaCland 50 mM
Tris—HCI, pH 8) on freshly cleaved mica, followed by mixing with 0.1 pl
0f 100 pM NuplOOFG or 110 pM Nupl16FG, respectively. This yielded
afinal concentration of 3.3 uM for each protein. The samples were
incubated at room temperature for 1 h and then gently rinsed with the
same buffer used for dilution before immediate imaging. Subsequent
HS-AFM measurements were carried out on particles with average hole
densities of approximately 31 holes pm™ (n =14) for Nupl00FG and
87 holes pum™2 (n = 9) for Nup116FG. In some cases, Kap95 was added
to theimaging buffer to achieve a final concentration of 1 uM Kap95.

FG-hydrogel permeation assay

FG hydrogels were prepared as described earlier with unlabelled
Nupl0OOFG or Nup116FG supplemented with 5% of their FMAL-labelled
counterparts (NuplOOFG-FMAL and Nupll6FG-FMAL) at the
carboxy-terminal cysteine. The total NupFG concentrationin droplets
containing phase-separated hydrogel particles was 3.3 uM, consistent
with samples prepared for HS-AFM. The NupFG concentration within
hydrogel particles was estimated by fluorescence calibration of FMAL'*®,
yielding 9.9 + 6.1 mM for NuplOOFG and 16 + 7 mM for Nup116FG. Kap95
was labelled with AlexaFluor 568 C5 maleimide (A20341, Thermo Fisher;
Kap95-AF568) and purified ona spin column (Princeton separations).
Thelabelling degree was1:1, verified using aNanoDrop spectrophotom-
eter (Thermo Fisher). For transport and FRAP assays, Kap95-AF568 in
150 mMNaCland100 mM Tris pH 8 was added to the solution containing
preformed NupFG particles. The final concentration of Kap95-AF568
in Nup116FG particles was 1.58 + 0.2 uM, confirmed using fluorescent
calibration of Kap95-AF568. As a control, 30 pM BSA labelled 1:1 with
Alexa Fluor 647 C2 maleimide (A20347, Thermo Fisher; BSA-AF647)
was used. Hydrogel solubility was tested by adding 10% 1,6HD (Sigma)
to NuplOOFG-FMAL or Nup116FG-FMAL particles. Separately, 9.7 pl
0f10%1,6HD in TBS was mixed with 0.3 pl of 110 uM Nup100FG-FMAL
or Nupl16FG-FMAL to assess whether 1,6HD interfered with hydrogel
formation. Solubility tests were also performed in TBS buffer containing
10% polyethylene glycol 3350 (Sigma-Aldrich, P4338-2KG) to examine
the effects of crowding agents on hydrogel stability.

Fluorescence recovery after photobleaching

Apoint-scanning confocal LSM880 inverted microscope with an Airy-
scan detector (Zeiss) built on a Zeiss Axio Observer stand (Intelligent
Imaging Innovations GmbH) was used to perform FRAP measure-
ments. The system is equipped with a 1.4 numerical aperture (NA)
x63 Plan-Apochromat oil-immersion objective (Plan-Apochromal
x63/1.4 Oil DIC M27), an EMCCD camera (Evolve(R) 512, Photomet-
rics) and a humidified climate control system at 25 °C. A round 1 pm?
regionwithin each condensate was chosen for bleaching. Bleaching was

performed using three 10-ms pulses per pixel with a solid state 488 nm
laser (10 mW) for Nupl0OFG-FMAL and Nup116FG-FMAL or a 555 nm
laser (10 mW) for Kap95-AF568. Sequential images were acquired at
intervals of 5s, capturing five frames before and 115 images after the
bleaching event. The sample was illuminated at 30% power (10 mW)
with either the 488 nm or 555 nm laser, as appropriate.

Image analysis was conducted using ImageJ, ensuring that movies
were free of oversaturated pixels (HiLo) and corrected for conden-
sate mobility (stack registration). For each frame, time stamps and
fluorescent intensities of the bleached area, whole condensate and
background were extracted and compiled in an EXCEL file. Recovery
curves were plotted and analysed using the easyFRAP software'?”'%%,

In vivo nucleocytoplasmic transport reporter assays

Strains expressing SV40NLS-GFP-PrA were cultured at 30 °C on syn-
thetic dropout medium supplemented with 0.25 mg ml™ adenine
hemisulfate. Strains expressing Kap95-mNeonGreen were cultured
at 30 °C on YPD supplemented with 0.2 mg ml™” adenine hemisulfate.
Overnight cultures with an OD,, of 0.6-1.0 were diluted 20-fold into
fresh medium and cultured for 4 h. The cells were collected at 23g for
5 min, resuspended in a small amount of fresh medium, placed into
eight-well poly-L-lysine-coated slides (Ibidi GmBH) and visualized
using a point-scanning confocal LSM880 inverted microscope withan
Airyscandetector (Zeiss) built on a Zeiss Axio Observer stand. Passive
permeability for MG4 in the W303, AFG and Nsp1FGx2 strains was deter-
mined as described®. For the Anspl p410-Nsp1FGx2:KanMX strain, the
mediumwas supplemented with 200 pg ml™ G418. Before microscopy
analysis, 1 ml cell yeast culture was centrifuged and a fraction of the
cellswere resuspended and mounted on glass slides.

In vivo localization assay of NupFG domain biomolecular
condensates

Strains and growth conditions. The budding yeast S. cerevisiae strains
used in this study are listed in Supplementary Table 3. To assess the
localization of the overexpressed NupFG domains, cells containing
the pGAL-GFP-NupFG::His3 plasmids were cultured at 30 °C for one
day onsynthetic defined (SD) medium lacking histidine, containing 2%
glucose (wt/vol), and then cultured for one day on medium containing
2% raffinose (wt/vol) as the carbon source. On the day of the experi-
ment, NupFG expression was induced in exponentially growing cells
with1% (wt/vol) D-galactose for1 h. pACMO021-GFP plasmid backbone,
derived from pUG34, was used for the overexpression of the different
NupFG domains. FG domain segments were selected as described”,
including Nup153FG** (details in Supplementary Table 4).

To assess the localization of the different full-length FG Nups
tagged with GFP at the C terminus and expressed under their endog-
enous promoters, cells were cultured in 2% D-glucose SD medium
lacking histidine.

To assess the localization of the overexpressed GFP-Nupl00FG
in the W303, Mipl, AFG and Nsp1FGx2 stains, cells containing the
genome-integrated TEFF-mCherry-WALP-HDEL::Leu2 (nuclear enve-
lope-endoplasmic reticulum marker) and the replicative plasmid
pGAL-GFP-Nupl0OOFG::Ura3 were cultured in SD medium lacking
leucine and uracil. For the ANspl p410-Nsp1FGx2:KanMX strain,
the medium was supplemented with 200 pg mlI™ G418. Overexpres-
sion of Nupl0OFG was induced as explained previously (1% (wt/vol)
D-galactose for 1 h) before imaging.

For assessing the solubility of GFP-Nup100FG condensates, GFP-
Nupl0OFG was overexpressed for 1 hintheindicated strains and cells
were treated for 10 min with 10% 1,6HD (240117, Sigma-Aldrich), an
aliphatic alcohol that dissolves liquid particles, before imaging.

Imaging and data analysis. Imaging was done ona DeltaVision decon-
volution microscope (Applied Precision (GE)) using InsightSSITM
solid state illumination at 488 and 594 nm and an Olympus UPLS Apo
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x100 oil objective with 1.4 numerical aperture (NA). Detection was
done with a PCO-edge sCMOS camera (Photometrics). Image stacks
(30 stacks of 0.2 um) were deconvolved using soft WoRx (Cytiva,
Resolve3D soft WoRx-Acquire version 7.0.0 release RC6). Data were
analysed using ImageJ. Unless otherwise stated, three independent
repeats of each experiment were performed. For assessing Nupl100FG
localization, condensates of fifty cells were analysed for each replicate
using ImageJ. For assessing Nupl100FG solubility to 10% 1,6HD, the
condensates of untreated cells and cells treated with 10% 1,6HD were
quantified. Further details about the number of samples can be found
in the corresponding figure legends. Graphs and statistical analyses
were generated using the Prism software (GraphPad, version10.4.2).

Expression levels. To assess GFP-Nupl0OFG protein levels by western
blotting, budding yeast cells overexpressing GFP-NuplOOFG for1h
were collected by centrifugation, washed with PBS and frozenin liquid
nitrogen. Cell pellets were resuspended in HEPES buffer (50 mM HEPES
pH 7.5,100 mM NacCl, 2.5 mM MgCl,, 10 mM DTT and 10% glycerol)
supplemented with protease inhibitors (10 mM phenylmethylsulfonyl
fluoride and cOmplete-EDTA protease inhibitor cocktail) and broken
with glass beads using a fast-prep homogenizer. The lysate was clarified
by centrifugationat1,500gfor 3 min. The concentration of total protein
inwhole-cell extracts was determined using a Pierce BCA protein assay
kit (10678484, Thermo Scientific).

Equalamounts of whole-cell lysates of the strains W303, MIp1, AFG
and Nsp1FGx2 were diluted in 2xprotein loading dye buffer and boiled
for 15 min. Subsequently, the samples were separated via SDS-PAGE
(Stain free gels, 1610183, BioRad) and transferred to polyvinylidene
difluoride membranes for1 h. The membranes were blocked with 2.5%
BSA in PBS-T (PBS containing 0.1% Tween-20), incubated overnight
with primary (monoclonal mouse anti-GFP; 1:2,500; sc-9996, Santa
Cruz) and secondary (anti-mouse; 1:2,500; sc-516102, Santa Cruz)
antibodies, and revealed with ECL using the Chemidocimaging system
(BioRad). Band intensities following immunoblotting and detection
using chemiluminescence reagents (ECL) were quantified withImage)
(1.54p). Individual results from all three repeats are shown together
with the mean and s.d. For statistical analysis, we used an unpaired
Student’s ¢-test. Further details on the number of samples can be found
inthe corresponding figure legends.

Depletion and rebinding of Kap95 at isolated WT NPCs
Depletion of endogenous Kap95. Endogenous Kap95 (endoKap95)
was analysedin NPCsisolated from an MIplppxPrA pNup84-mCherry
strain expressing Kap95-GFP under its native promoter. The iso-
lated NPCs were incubated in PBS buffer at 4 °C for 0, 24, 48 and
72 h. After each incubation, a 4-pl droplet containing isolated NPCs
was deposited onto a clean poly-L-lysine (0.01%)-treated coverglass
along with 0.2-pm TetraSpeck beads (T7280, Thermo Fisher) as posi-
tional markers. The samples were incubated at room temperature
for 10 min, followed by BSA passivation and immunostaining. For
staining, the samples were first incubated with monoclonal mouse
anti-mCherry (1:100; (4B3) MA5-32977, Thermo Fisher) conjugated
to AF568 maleimide (A20341, Thermo Fisher), followed by gentle
rinsing with PBS buffer. Next, polyclonal rabbit antibodies to eGFP
(1:20; CAB4211, Thermo Fisher) conjugated to AF647 hydroxylamine
(A30632, Thermo Fisher) were applied for 1 h at room temperature,
followed by afinal rinse in PBS buffer. To assess the non-specific bind-
ing of the anti-mCherry and anti-eGFP antibodies, control samples
were subjected to the same protocolin the absence of isolated NPCs
(Extended Data Fig.4a,b).

Rebinding of exogenous Kap95. The capacity to rebind exogenous
Kap95 (exoKap95) was analysed in NPCsisolated from an MlplppxPrA
Nup82-GFP strain after incubation in PBS buffer at 4 °C for 0, 24, 48
and 72 h. After each incubation, a 4-ul droplet containing isolated

NPCs was deposited onto a clean poly-L-lysine (0.01%)-treated cover-
glass along with 0.2-pm TetraSpeck beads as positional markers. The
samples were incubated for 10 min at room temperature, followed
by BSA passivation and immunostaining. For staining, the samples
were firstincubated with monoclonal mouse antibodies to GFP (1:20;
11814460001, Roche) and secondary antibodies (AF568-conjugated
anti-mouse; 1:200; A11004, Thermo Fisher), followed by gentle rins-
ing with PBS buffer. Next, 100 nM Kap95 labelled with FLUX680
maleimide (FX680-0003-1MG, abberior; exoKap95-FLUX680) was
applied for 30 min at room temperature and rinsed with PBS buffer.
To assess the non-specific binding of monoclonal mouse anti-eGFP,
AF568-conjugated anti-mouse and Kap95-FLUX680, control samples
were subjected the same protocol in the absence of isolated NPCs
(Extended DataFig. 4c,d).

Microscopy. Samples were chemically fixed with 4% formaldehyde
before measurements. Confocal measurements were performed
using a point-scanning confocal LSM880 inverted microscope with
anAiryscan detector (Zeiss) built on a Zeiss Axio Observer stand. The
system is equipped with a 1.4 NA x63 plane apochromat objective
(Plan-Apochromal x63/1.4 Oil DIC M27), EMCCD camera (Evolve(R)
512, Photometrics) and a humidified climate control system at 25 °C.
The images were taken using 2% power of solid state 488 nm laser
(10 mW) for GFP or 555 nmlaser (10 mW) for AF568-labelled antibod-
ies and 0.5% power of 633 nm laser (5 mW) for Kap95-FLUX680. The
collected images were analysed using Image). The mean fluorescence
was measured within the regions of interest where the signals for
NPCs (laser 568 nm) and endoKap95 or exoKap95 (laser 633 nm) were
detected and co-localized. The region-of-interest selection was done
partially using the ImageJ plug-in ‘particle analysis’ or additionally
verified manually.

Analysis of endoKap95 depletion. Mean fluorescence intensi-
ties of anti-eGFP-AF647 were measured at NPCs co-localized with
anti-mCherry-AF568. The observed signals were significantly higher
than the baseline signal of the anti-eGFP-AF647 signal when NPCs
were absent (Extended Data Fig. 4a-d), confirming specificity. The
dissociation of the persistent endoKap95 fraction fromisolated NPCs
follows the equation:

2

[endoKap95], = [endoKap95], x e

where [endoKap95], represents the remaining endoKap95in NPCs after
an incubation time ¢, [endoKap95], is the initial amount of strongly
boundendoKap95att=0andt,,is the half-life of the bound complexes.
Assuming the anti-eGFP-AF647 signal linearly scales with [endoKap95],
att=0,24,48and 72 h, the fitted half-life is ¢,, = 20.1 h, which is com-
parable to previous estimates’.

Analysis of exoKap95 rebinding. Mean fluorescence intensities of
exoKap95-FLUX680 co-localized with anti-mouse-AF568 were meas-
ured at isolated NPCs incubated in PBS for ¢ =0, 24,48 and 72 h. The
capacity for NPCs to rebind exoKap95 after depleting endoKap95 can
be modelled by:

[exoKap95], = [exoKap95],+

In2
([exoKap95], — [exoKap95]o) x (1 —e )

where [exoKap95], represents the amount of exoKap95 that bound to
NPCsthat had been pre-incubated in PBS for a time ¢ (the y- and x-axis
variables shownin Extended Data Fig. 4d, respectively), [exoKap95], is
the initial amount bound to NPCs at ¢ = 0, [exoKap95] , is an extrapo-
lated value that estimates the saturated amount of bound exoKap95
and ¢, is fixed to 20 h (from “Analysis of endoKap95 depletion”).
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Simplified NPC model

Asimplified NPC model wasimplemented in our open-source Integra-
tive Modeling Platform'® software (http://integrativemodeling.org)° %2
using a previously published protocol for Brownian dynamics
simulations™*'*, The simulated components include a static toroidal
ring, the nuclear envelope and 32 flexible FG domains enclosed within
abounding box 0f150 x 150 x 150 nm?>. The configuration of these com-
ponentsis fully specified by a configuration vector X thatincludes their
spatial coordinates, their orientation vectors and the values of some
auxiliary variables, as detailed in the section “Interactions among model
components”. The nuclear envelope was represented as a 30-nm
slab with a toroid pore (major radius, r,,,, =11 nm; minor radius
I'minor = 7.3 NM). The FG domains were anchored across the torus sym-
metrically in four layers, each consisting of eight FG domains. Each FG
domain was represented as a flexible string of beads (spherical parti-
cles), eachone of which hasaradius of 8 Aand encompasses 20 residues.
AnFG domainwas divided into 12 FxFG-like beadsin the C terminus and
four GLFG-like beads in the amino terminus and was anchored tothe C
terminus of its globular anchor domain. Each bead also has a single
specific interaction site on its surface, representing an FG motif that
may interact with other FG motifs. Molecular weights were computed
from bead radius (r,.,4) by assuming a uniform protein density (p) of
1.38 g cm™ (ref. 134), resulting in molecular weight = %nrbeafp kDa.
Alternatively, the bead radius could beinterpreted as the Stokes radius
ofthe molecule, resulting in molecular weight = (rpeaq/6.6)°kDa (ref.135),
leading to nearly identical values for the molecular weight.

Interactions among model components

Interactions among the model components were quantified using
a coarse-grained potential energy function U(X)"*’, where X is the
configuration vector:

U(x) = Uexcluded + UFG—ponmer + UFG—cohesiveness

where X was omitted on the right side of the equation for simplicity.
We now explain each one of these termsin turn.

Excluded volume term.
Uexc]uded = _kex (Zi,j\fj,»‘j<0di’j + Zi\a,»,NE<0di’NE + Zi‘ai’BB<0di,BB)

Ueciugeq iS @ linear excluded-volume potential that penalizes over-
laps between model components. The minimal distance between the
surfaces of the ith and,jth particles (withradiir,and r;, respectively) is
denotedby d, ;;itisequaltod;,; —r; — r;, takinga negatwe value when
the two particles intersect and zero when they touch externally. Simi-
larly, d; gz denotes the minimal distance between the surface of the ith
particle and the simulation bounding box. The minimal distance
between the surface of the ith particle and the nuclear envelope is
denoted by d; xzand k., is aforce constant of 10 kcal mol™ A™, allowing
asoft overlap of 1-2 A between the coarse-grained representations of
the model components.

FG polymer term.

ngg—1

UFG-polymer =05 2 Z [kbl(di,i+1 - d,)z + kbz(d' - d,)z]
FGeFGs i=0
Urc-polymer i @ harmonic bonded interaction potential accounting
for the spring-like nature of flexible polymers in general™® and disor-
dered FG-repeat domains in particular’®?>?$137138 The distance
between the centres of the ith and (i + 1)th beads in a single FG-repeat
domainisdenotedby d;,,,. Theindirect coupling of d;,,, to ¢’ via d’ was
used to include information about the empirical relaxation time for
the end-to-end distance between consecutive repeats, analogously to

the coupling of fast-moving variables to auxiliary slow-moving varia-
blesintemperature-accelerated molecular dynamics simulations™'°,
The value of @’ was typically set to 30.4 A. The value of the first coupling
coefficient k,; was set to guarantee a small standard deviationg, =2.0 A
of thedifferencebetweend;;,;and @’; ;,,. The value of k,; was computed
by equating the normal and Boltzmann distributions of the spring
length, e=0-5in=d/of = @=0.5kn(disi=d)/ksT From this equality, we inferred
that ky, = k3 T- 0,72 and 0, = |/ k3 Tk;| . Distance-dependent contribu-
tions to configurational entropy to the right-hand term can be
neglected because d;;,, — d’ < d,,, . Similarly, the value of the second

i+1°
coupling coefficient ky, was ty[l)lcally set to 0.0075 kcal mol A2 to

guarantee a standard deviation of |/ ks Tk, =8.9 A for the distance
between two consecutive beads in the FG-repeat domains. The diffu-
sion coefficient D;;,, of the auxiliary variable @’ wassetto kg 7- ! - Ky
A2fs™, whereris the estimated relaxation time of the distance between
two consecutive FG repeats; it was typically set to 50 ns (50 x 10° fs) for
all FG repeats unless stated otherwise. This computation is based on
the relaxation time of a polymer chain being equal to - ky, " (ref.136),
where { is the hydrodynamic friction coefficient of the Brownian
dynamics, whichis equal to k, T - D;;,; " (‘Dynamics of the model’).

FG cohesiveness term.

UFG cohesiveness — Z L(dlg Jo
ij

Urc-conesiveness IS an isotropic non-bonded linear interaction potential
representing cohesive interactions between pairs of interaction sites
onFGrepeats. L(d;, ; )isatruncatedlinearrestraintond, ;,thedistance
betweentheinteractionsitesontheithandjth FGbeads, respectively.
Itis equal to 0.5(ky, + ky)d;, j, when d; ;; < 0.5(Ry, + Ry,) or zero other-
wise, where ;and ¢, are the flavours of the ithand jth FG beads, respec-
tively; ky, and &, are the force coefficient for the corresponding
flavours, parameterized as K¢, peie = 1.47 kcal mol™ A™ and Kpgeg e = 1.
32 kecal mol™ A™; and Ry, and Ry, are the maximal range for cohesive
interaction of FGrepeats for the corresponding flavours, parametrized
to 6 A for all FG flavours.

Dynamics of the model

Brownian dynamics simulations'' were implemented in IMP as
described previously”*'*. All simulations were conducted at 297.15 K.
The force vector f(X;) is acting on the ith particle with coordinates X;.
Itis equal in magnitude and opposite in direction to the gradient VU(X;).
The coordinates of all non-static particles were updated at each time
step using the following discrete integration equation:

Xi(t+ AD) = X,(O) + kir AHR(X;) + V2DAR
B

where tdenotestime, Atistheintegration timestep, Dis a translational
diffusion coefficient assigned to each bead in units of A fsand Ris a
standard normal random variable withamean of zeroand as.d. of one.
The term — lS denotedby ¢, the hydrodynamic friction coefficient for

the dlffusmg particles. Torques betweeninteraction sites on FG repeats
wereintegrated similarly to the integration of translational forces but
using a rotational diffusion coefficient D, instead of D, specified in
units of rad? fs'. The sum of the torques was multiplied by éTDmtAt,

followed by addingit to arandomrotation about a uniformly sampled
rotation axis; the magnitude of therotationis anormal randomvariable
with mean zero and s.d. of 1/6D,,,At, approximating an independent
rotation around three rotational degrees of freedom of magnitude
\2D,,.At each.

To approximate the differences between diffusion rates of mol-
ecules of different sizes, we defined the Stokes radius of each bead to
equalitsradiusr. We then assigned each bead a translational diffusion
coefficientinunits of A2 fs ' using the Stokes-Einstein equation, D = :B—T

’
nr
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where n = 0.92mPa:s is the dynamic viscosity of water at 297.15K.
Eachbead was also assigned arandom rotational diffusion coefficient
Dyor = é:f—’; in units of rad?fs™, using the Einstein-Stokes-Debye
equation and multiplying n by a constant factor of 3.33 to account for
increased viscosity in the crowded molecular environment'*2,

NPC simulator

We conducted a total of 50 independent simulations of the NPC, each
lasting a minimum of 200 ps following a warm-up time of 10 ps. The
warm-up time was discarded from the HS-AFM analysis to allow the
system to reach equilibrium. In total, we simulated the system for at
least 10 ms across 300 independent simulations, using some 5,000 h
of CPU time on the Hebrew University School of Computer Science and
Engineering Phoenix HPC cluster of Linux computers.

HS-AFM simulator

We developed an HS-AFM simulator that computes simulated HS-AFM
images fromeach NPC simulation trajectory. The simulator mimics the
HS-AFMrasterization process, where the HS-AFM tip scans the surface
of the NPC pixel after pixel and line after line (Supplementary Fig. 2).
The simulated HS-AFMimages were computed as follows. First, the full
simulation trajectory was brokeninto consecutive trajectory intervals
of time length r;, = 10 ns, to account for the tip movement times. Sec-
ond, a3D density map was computed for each of the consecutive trajec-
tory intervals; the density map is computed from the distribution of
particle positions in an ngq X ngiq x ngig Voxel grid, with a voxel size of
1x1x1nm> Third, an ngq x ngqq 2D non-rasterized height map was
computed from each density map; the height at each (x, y) coordinate
corresponds tothe hypothetical HS-AFM signal expected if the tip would
be positioned at that coordinate. Finally, arasterized HS-AFM image is
computed from consecutive non-rasterized height maps, by simulating
the scanning moving of the tip over the xyplane. Thetipinitiatesat the
origin point (0, 0) and advances horizontally along the axis at arate of
T4p NS per pixel. We note that the HS-AFM tip is not simulated explicitly,
andit does not physically interact with the molecules. Thus, asimplify-
ing assumption of the HS-AFM simulator is that the HS-AFM image
acquisition does not influence the NPC dynamics.

Density map computation

The density maps are computed from the corresponding trajectory
interval of length 1y, as follows. Space is discretized into a voxel grid
Of ngriq X Ngrig X Ngriq around the centre of the pore. A3D array of the
samesize, delineating the densities, is initialized with all entries set to
zero. Foreach simulation component (for example, FGbead), the value
ofthe voxel corresponding to the centre of the component in the grid
isincremented by one, occurring twice per 1y, interval.

Generation of 2D height maps
The 2D height maps were computed from the density maps as follows.
First,a Gaussianfilter was applied to the raw density map. This procedure
was employed to emulateatip radius of 1.5 nm, surpassing the dimension
ofanindividual pixel (1 nm). Thefiltering process entails the utilization
of a3 x3square convolution kernel with a s.d. (o) of one. Within each
vertical column, we emulated the descent of the tip by aggregating the
densities of individual componentsin the simulations. This summation
proceeds fromthe top and progresses downward along the column until
reachingthe central plane of the pore. Each density is assigned aweight,
contingent on the original component type and other pertinent factors.
The Zvalue assigned to a columnis the maximum height at which
the cumulative sum of weighted densities surpasses a pre-determined
threshold D,,, = 0.001, as stipulated by the following formula.
Foracertaintimeinterval:

80 ngg
Z(x.y) = max{z € (40,41, .80} : 3> Weg(i) Drc (.. 1)) > Dinax

Jj=zi=1

where n is the number of FG chains, Dy (x,y, z, i) is the density of ith
FG chaininthe voxelx,y, zand w(i) is its weight.

FG chain weights

To address the absence of vertically aligned FG chains in realistic
HS-AFM images, a penalty is imposed. This penalty is quantified
through theintroduction of a‘verticality score’. This score is computed
onaper-FG-chainbasis during each statistical interval. Itis determined
by the z-axis distance between the highest and lowest voxels
wherein the density of the FG chain exceeds zero within the specified
time interval. As we would like to penalize high verticality scores,
this verticality score is then substituted into the density function
fy, of the normal distribution N(,0?). The mean g; was set to
zero so that horizontal chains are the most heavily weighted
and o; was set to the root-mean-square end-to-end distance
01 = VMbeads — 1lese = V15 % (30.4) = 117.738 A, where n,..,q is the number
of beads per FG chainand /. is the resting length between two beads.
The final weighting for the ith FG chain with a verticality score of v(i)is
given by weg(i) = fp, (V(D).

Tip movement along xy

In our imaging process, we simulated the movement of a scanning tip
across the sample surface, resultinginrasterized images. The tip initi-
atesat the origin point (0, 0) and advances horizontally along the x axis
at arate of r,, = 10 ns per pixel. This speed, although faster than the
experimental HS-AFM speeds, was chosen to balance resolution with
practical processing time considerations. The pixel at coordinatex=0,
y=0is obtained from the first non-rasterized map corresponding to
time interval 0-10 ns (assuming 7, = 10 ns), the pixel at coordinate
x=1,y=0iscomputed from the next map corresponding to time inter-
val10-20 nsand so on until the entire line of n,4is complete. Onreach-
ingthe horizontal boundary of the image, the tip ascends one pixel on
they axis and resets to the x-axis origin. The horizontal return time to
the starting position is equal to the forward traversal time and thus
takes ngiq X Tip = 400 ns. The reset time between consecutive images
was also setat 400 ns.

Calculation of next-neighbour distance for WT and AFG NPCs
We extracted the anchor point coordinates for the FG-repeat domain
fromtheintegrative localization map of the yeast NPC, which has a pre-
cision of 9 A (ref. 7). For the WT analysis, we included the anchor sites
of Nup1.601-636 (that is, residues 601-636 of Nup1), Nup2.301-350,
Nup49.201-269, Nup57.201-286, Nup60.351-398, Nup100.551-575,
Nup116.751-775, Nup145.201-225 and Nup159.1082-1116; we omit-
ted the anchor site of Nup42 from the analysis because it is likely to
fluctuate spatially. Inaddition, the anchor sites of Nsp1, Nup159, Nupl
and Nup60 were omitted in the deletion-mutant analysis. For asingle
anchor site, the nearest-neighbour distance is the minimum Euclidean
distance to any other anchor site within a single spoke of the NPC,
including other copies of the same anchor site.

Statistics and reproducibility

The datawere tested for normality using abuilt-in function of GraphPad
Prismsoftware (version10.4.20r10.6.1). Pvalues were obtained using
anunpaired two-tailed Student’s t-test or an ordinary one-way ANOVA
test,as appropriate; details are provided in the figure legends. No sta-
tistical methods were used to pre-determine sample size. No datawere
excluded from the analyses. The experiments were not randomized.
The investigators were not blinded to allocation during experiments
and outcome assessment. All experiments were repeated indepen-
dently at least three times unless otherwise stated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Yeast strains and plasmids generated in this study will be distributed
without restriction on request. Additional data related to this paper
can be found in the following public repositories: HS-AFM data files
are available via Zenodo at https://doi.org/10.5281/zenodo.15684361
(ref.143) and mass spectrometry datafiles are available in PRIDE (acces-
sionno.PXD069104).Source data are provided. All other datasupport-
ingthe findings of this study are available on reasonable request from
the corresponding authors.

Code availability

The full code for the HS-AFM simulator can be found in https://
github.com/ravehlab/HS-AFM-Simulation. Codes used for CP
tracking are available at https://github.com/toshiya-kozai/
Single-Particle-tracking-on-AFM-kymograph.
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Extended Data Fig. 1| WT and mutant NPCs retain their overall structure. a,
Raw zoom out image showing three NPCs. Scale bar,100 nm. Corresponding
zoom-inimages identify two —CP WT NPCs and a single +CP WT NPC. Scale bar,
50 nm.b, 2D class average negative-stain TEM images of +CP (upper; n=172
NPCs) and —CP (lower; n =76 NPCs) WT NPCs. ¢, Collage of raw HS-AFM images
of +CP (upper) and -CP (lower) WT NPCs. d, Peak-to-peak diameters for +CPWT
NPCs (black; meanvalue + s.d. = 61.8 + 6.8 nm; n = 21NPCs) and -CP WT NPCs
(grey; mean value +s.d. = 63.0 + 5.9 nm; n =22 NPCs). Statistical significance was
determined using a two-tailed unpaired t-test (p = 0.108). e, CP diameters (mean
value +s.d.=29.4 + 7.7 nm; n=52NPCs). f, 2D class average negative-stain TEM
images of +CP (upper; n =133 NPCs) and —CP (lower; n =17 NPCs) AFG NPCs.

g, Collage of +CP (upper) and —CP (lower) AFG NPCs. h, Averaged HS-AFM images
of +CP (upper; n=12NPCs) and —CP (lower; n = 11 NPCs) AFG NPCs. i, Peak-to-
peak diameters for +CP AFG NPCs (black, meanvalue + s.d. = 59.7 + 6.6 nm;
n=17NPCs) and —~CP AFG NPCs (grey, meanvalue +s.d. =59.0 + 7.5 nm; n=10
NPCs). Statistical significance was determined using a two-tailed unpaired ¢-test

(p=0.321).j, CP diameters (mean value is 26.5 +10.5 nm; n = 60 NPCs). k, 2D
class average negative-stain TEM images of +CP (upper; n =29 NPCs) and -CP
(lower; n=62NPCs) NsplIFGx2 NPCs. 1, Collage of +CP (upper) and -CP (lower)
Nsp1FGx2 NPCs. m, Averaged HS-AFM images of +CP (upper; n =10 NPCs)

and -CP (lower; n =9 NPCs) NsplFGx2 NPCs. n, Peak-to-peak diameters for

+CP Nsp1FGx2 NPCs (black, meanvalue + s.d. = 62.7 + 7.0 nm; n=19) and -CP
NsplFGx2 NPCs (grey, mean value *s.d. = 60.2 + 7.0 nm; n =16 NPCs). Statistical
significance was determined using a two-tailed unpaired ¢-test (p = 0.98). 0, CP
diameters (mean value + standard deviation=22.2 + 7.5 nm; n = 28 NPCs). Scale
bars (btom), 50 nm. p, SDS-PAGE analysis of WT and AMIp1AMIp2 NPCs purified
via Nup84 affinity purification shows loss of Mlp protein band (*). q, Left, 2D
class average negative-stain TEM images of +CP (upper; n =156) and —CP (lower;
n=>57) AMIpI1AMIp2 NPCs. Right, Average distribution of NPCs from AMIp1AMIp2
between +CP and -CP class averages from total of 1,266 NPCs. Source numerical
dataand unprocessed blots are provided.
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Extended Data Fig. 2| Autocorrelation function (ACF) analysis workflow.

a, HS-AFM image of an NPC showing the location where the HS-AFM tip captures
continuous line scans (HS-AFM-LS) at a rate of 1.875 ms/line (dashed line with
arrow heads). Note: Only unidirectional data (for example, left-to-right) is
captured. b, Corresponding kymograph capturing time-dependent height
changes along the specified measurement line. ¢, Three representative time
courses (height fluctuations over time) extracted along the black dashed lines

inbdenoted by AA’, BB’ and CC'.d, Normalized autocorrelation coefficients
were computed from individual time courses using the ACF equation, averaging
between values that correspond to similar radial positions (for example, AA’and
CC’). The decay time constant (Tau) was obtained by fitting the ACF by a single-
exponential decay model. Only coefficients above the 95% confidence threshold
(red band) were fit to ensure reliability. e, Average Tau plot calculated across
multiple NPCs. See Methods for further details.
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Extended Data Fig. 3| HS-AFM-LS signal characterization. All signals were
obtained on (i) holey supported lipid bilayers (on mica), (ii) bare DNA origami
pores, and (iii) -CP WT NPCs. a, Example HS-AFM image indicating the position
and left (L)-to-right (R) trace direction of HS-AFM-LS (white dashed arrow). Scale
bar, 20 nm. b, Plot of feedback output (magenta) versus time over 3 consecutive
linescans (1linescan=1trace-retrace cycle; Trace=LtoR; Retrace=RtoL).Each
traceis numbered. Also included are the corresponding deflection (grey) and
X-scanning signals (green). Black arrows denote the position within each hole/
pore where fluctuationsin the feedback output signal are analysed. See e.

¢, Single trace data (Trace 1) showing feedback output (magenta), deflection
(grey) and error (blue) signals. White asterisks denote a position outside the
hole/pore where fluctuations in the feedback output signal are also analysed.
Seee.d, Average cantilever motion calculated over several consecutive

oscillation cycles. The degree of oscillation damping at the setpoint (4,.,; orange)
is contrasted against the free oscillation of the same cantilever in solution

(Aees cyan). The applied force (F) and the energy loss per tap (E) are shownin the
figure. See Methods for details. e, Position-specific fluctuations in the feedback
outputsignal obtained over several traces (Trace 1, Trace 2, Trace 3, ...; black
arrowsinband c; white asteriskin ¢). The signal distribution is shownin the
accompanying histogram. The RMS amplitude measures the average magnitude
of each fluctuation. f, Position-specific height fluctuations obtained during HS-
AFM-LS asindicated in the accompanying kymographs. The height distribution
is shown in the accompanying histogram. Note the general agreement between
the RMS amplitude in the feedback output signal (e) and the RMS height values
inthe HS-AFM-LS kymographs, that is, the height signal is the mirror image of the
feedback output signal. Source numerical data are provided.
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Extended Data Fig. 4 | Depletion of Kap95 from +CP WT NPCs and its rebinding
restores the CPin—CP WT NPCs. a,b, Loss of endoKap95-GFP at Nup84-mCherry
NPCs determined after 0, 24,48 and 72 hincubation in buffer.

a, Representative images at 0 and 72 hare shown together with a “no NPC”
control to determine the background fluorescence caused by non-specific
binding. b, Violin plots show mean intensities of anti-eGFP-647 that co-localized
with anti-mCherry-568 at each pre-incubation. Horizontal dotted line indicates
background fluorescence as shown in a. Mean values are indicated. P values
fromleft toright: 1.9 x107°,1.9 x 10™° and 1.9 x 107°. Statistical significance

was analysed using ordinary one-way ANOVA (****P < 0.0001). No. of biological
replicates =3;n=1,977,1,299,944 and 1,102 co-localized spots from left to right.
The half-life of endoKap95-GFP depletion was determined as t,, = 20.1 h by curve
fitting. Error bars =s.d. c¢,d, Capacity for endoKap95-depleted Nup82-GFP NPCs
to rebind exoKap95-FLUX680 after incubation in buffer for 0,24,48 and 72 h.

¢, Representative images at 0 and 72 hare shown together with a “no NPC”

control.d, Violin plots show mean intensities of Kap95-FLUX680 at each time
point that co-localized with anti-GFP/secondary anti-mouse-568 after each
pre-incubation. Horizontal dotted line indicates background fluorescence as
shownin c. Mean values are indicated. p values from left to right: 1.8 x 107°,

1.8 x10™°and 1.8 x 10'°, Statistical significance was analysed using ordinary
one-way ANOVA (***P < 0.0001). No. of biological replicates =3;n=1,794, 2,341,
3,430 and 1,354 co-localized spots from left to right. Close agreement between
the predicted behaviour (overlaid dashed curve) and experimental dataindicates
the NPC’s capacity to rebind Kap95-FLUX680 following endoKap95 depletion,
consistent with the slow apparent dissociation rate of the CP-forming Kap95
fraction. See Methods for details. e-g, Representative HS-AFM images showing
—CP WT NPCs before and after the addition of varying concentrations of Kap95
(e;0.1puM, f; 0.5 pM and g; 1 uM). Scale bar, 50 nm. Source numerical data

are provided.
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Extended Data Fig. 5| Characterization and fitness of Nsp1FGx2 mutant

cells compared with WT and AFG strains. a, Expression and molecular weight
ofthe Nsp1lFGx2 mutant protein in affinity-purified NPCs shown by Coomassie
staining (left) and western blot using an anti-Nspl antibody (right). Asterisks
indicate the position of the wild-type Nspl and mutant Nsp1FGx2 proteins.

b,c, Comparative relative stoichiometry of Nups and main associated proteins
within affinity-purified NPCs’ between wild-type (blue bars), (b) AFG and

(c) NsplFGx2 NPC mutants (orange bars), as determined by label-free MS
quantification (at least 5 peptides per protein). Proteins are grouped by
functional categories or membership of discrete macromolecular assemblies
(in some cases only a selection of components are shown). The bars for Nspland
Yralwere shortened for presentation purposes, with their actual value indicated
above. Inthe Nsp1FGx2 plot, two values are provided for Nsp1 (highlighted
withred square), indicating the values obtained when only analysing peptides
originated from the C-terminal anchor site of the protein (NSP1-C), or peptides
originated only from the FG region of the protein (NSP1-FG), reflecting the levels
ofincorporated protein and FG repeats within the NPCs respectively.

The handle used for the affinity purification (MIp1) is not shown. No. of biological
replicates = 3. Error bars =s.d. d, Spot growth tests at different temperatures
(23°C,30°Cand 37 °C) for the parental (w303) and mutant strains MIplppxPrA,
NsplFGx2 MlplppxPrA and AFG MIp1ppxPrA strains. Serial 10-fold dilutions of
cells were spotted on YPD plates and grown at the indicated temperatures for

1-3 d. Each growing phenotype was quantified by semiquantitative methods (see
Methods), and the obtained value (in arbitrary units [AU]) is shown on the right
of each column. Plotted fitness value (mean value + s.d.) for each measurement
isshown on theright. e, Growth curves for the same strains and temperatures
asind measured in 96-well plates for the times indicated. OD4,, measurements
were transformed to cells ml™ (x107) asindicated in the Methods section. Number
of biological replicates for the parental (w303) strain =5 (23 °C); 5 (30 °C); and

6 (37 °C). Number of biological replicates for the MIp1ppxPrA strain =7 (23 °C);
7(30°C); and 6 (37 °C). Number of biological replicates for the Nsp1IFGx2
MlIplppxPrAstrain =4 (23 °C);3 (30 °C); and 6 (37 °C). Number of biological
replicates for the AFG MIplppxPrA strain =3 (23 °C); 3 (30 °C); and 6 (37 °C).
Error bars =s.d. Source numerical data and unprocessed blots are provided.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-025-01812-9

Nup100FG Nup153FG Nup116FG Nup159SFG

Brightfield

GFP-NUpFG

b v

NupB0FG o &
S &L K

W F kDa

[E= =T

R1 56

70

70

aGFP

Nsp1FG

GFP:Nup100FG
protein levels (a.u.)

1/8 intensity

c Parental (W303) WT (Mlp1ppxPrA)

WO

10% 1,6HD

d Nup100GFP Nup133GFP Nup159GFP

Brightfield

Nup-GFP

Extended DataFig. 6 | Characterization of in vivo FG Nup domains.

a, Cellular localization of different FG domains tagged with GFP at the
N-terminus, overexpressed for 1 h. Maximal projection of four z-stacks, 0.2 pm
interval. Scale bar, 5 pm. The bottom images have 8-fold (Nup100OFG, hNup153FG,
and Nup116FG) and 4-fold (Nup159SFG, Nsp1FG, and Nup60FG) lower intensity
compared to the upper panels. Upper panels serve to assess if a punctate NPC
signal becomes visible under the same imaging conditions used ind for imaging
full-length Nups. b, Western blot analysis of GFP-Nup100FG overexpressed
for1hintheindicated strains. Bar plot represents the quantification of GFP-
NuplOOFG protein levels relative to protein loading (stain free staining) (no. of
biological replicates = 3; data are the mean value + s.d.; Pvalues from top to
bottom, 1.81x107?,1.8 x 1073). Statistical analysis was performed by two-tailed
unpaired Student’s ¢-tests. Primary ab: mouse anti-GFP (1:2,500); secondary

ab: anti-mouse (1:2,500). ¢, GFP-Nupl0OFG was overexpressed for 1 hin the
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asfollows: W303 (WO, n=337;1,6HD, n = 647), MIplppxPrA (WO, n = 375;1,6HD,
n=631), AFG (WO, n=548;1,6HD, n = 667),and NsplFGx2 (WO, n=576;1,6HD,
n=769; dataare the mean value + s.d.; Pvalues for W303, AFG and Nsp1FGx2 are
0.0882,0.0745 and 0.2471, respectively). Statistical analysis was performed by
two-tailed unpaired Student’s t-tests. All comparisons to the WT (MIp1ppxPrA)
were non-significant. Scale bar, 5 um. d, Localization of different full-length

FG Nups, tagged with GFP at the C-term, expressed under their endogenous
promoter. Note: A nuclear rim staining is also visible for Nup1GFP, which s
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Scale bar, 5 pm. Source numerical data and unprocessed blots are provided.
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No. of hydrogel particles, n =10 (ctr), 4 (+1,6HD), and 8 (+1,6HD during particle
formation). No. of experimental replicates in the presence of 10% PEG = 3;

No. of hydrogel particles, n= 6 (ctr), 3 (+1,6HD), and 4 (+1,6HD during particle
formation). d, Nupl0OFG particle counts for each of the conditions shown. No. of
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experimental replicates in the absence of PEG = 3; No. of hydrogel particles, n = 14
(ctr), 8 (+1,6HD), and 10 (+1,6HD during particle formation). No. of experimental
replicates in the presence of 10% PEG = 3; No. of hydrogel particles, n =13 (ctr), 7
(+1,6HD), and 15 (+1,6HD during particle formation). Error bars = s.d. Pvalues for
Nup116FG without PEG are from left to right: 0.648 and 4.64 x 10°°, and with PEG:
0.521and 8.36 x 1073, respectively. Pvalues for NuplOOFG without PEG are from
left to right: 0.906 and 5.61 x 107, and with PEG: 0.139 and 7.12 x 105, respectively.
Statistical analysis was performed by an ordinary one-way ANOVA test (ns refers
toP>0.05,**P<0.01,and ***P < 0.0001). Source numerical data are provided.
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to Kap95but exclude BSA. Incubating Nup100FG hydrogelsin1,6HD has no
discernible effect on their shape nor their exclusionary property against BSA.
Scale bars, 2 um. See Extended Data Fig. 7 for associated 1,6HD data. b, FRAP
quantification of mobile fraction and recovery times of Nupl0OFG within
NuplOOFG hydrogels at the conditions indicated. Number of experimental
replicates > 3; No. of hydrogel particles, n =18 (ctr), 12 (+Kap95), and 13 (+1,6HD).
Corresponding values for Kap95 within the Nupl0OOFG hydrogels are also shown
(Number of experimental replicates = 4; n =11 hydrogel particles). Boxplots
denote the median, first and third quartiles. Whiskers represent the minimum
and maximum values. P values were obtained using an ordinary one-way ANOVA
test (nsrefersto P> 0.05). Pvalues from left to right: 0.93418 and 0.99377 for
mobile fraction, 0.69337 and 0.18885 for recovery times. ¢, Zoomed-out

(left; scale bar, 500 nm) and zoomed-in (right; scale bar, 200 nm) HS-AFM images
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show that the surface morphology of NuplOOFG hydrogels is static, irregular and
holey. Same zoomed-out image as in c(right) but high-pass filtered. Scale bar,
200 nm. e, Surface roughness of Nup100FG hydrogels. No. of experimental
replicates = 5; n =22 hydrogel particles; mean value +s.d. =11.8 £ 4.5 nm.
f, Nupl0OFG hydrogel hole diameters. No. of experimental replicates = 5; n = 82
holes; meanvalue + s.d. =52.4 + 31 nm. g, Selection of HS-AFM images showing
NuplOOFG hydrogel holes of irregular size and shape (scale bar, 10 nm) obtained
at 0.15 s/frame. h, Zoom-in of the amyloid fibrils and thickness as seen in the
corresponding cross-sectional profile (white dashed line). Scale bar, 100 nm.
i, Plot of Nupl0OFG hydrogel surface height versus time monitored by HS-AFM
before (leftimage) and after incubation in 1 uM Kap95 (right image). Asterisks
denote the measurement position. Scale bar, 50 nm. Source numerical data
areprovided.
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Extended Data Fig. 9| Visualization of NuPODs by HS-AFM and
negative-stain TEM. a-d, HS-AFM collages of a, empty DNA origami pores,

b, Nsp1FG-functionalized DNA origami pores (NuPODs), ¢, NuPODs + 0.1 pM
Kap95and d, NuPODs +1pM Kap95. Scale bars, 20 nm. e, TEM images of

empty, empty +1 UM BSA, empty + 1M Kap95 DNA origami pores, showing
that binding of BSA and Kap95 to empty pores was not observed. Scale bars,

20 nm. f, TEM images of NuPODs and NuPODs + 1 uM BSA, showing that binding
of BSA to Nsp1FG was not observed. Scale bars, 20 nm. g, h, TEMimages of g,
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NuPODs + 0.1 pM Kap95 and h, NuPODs +1 pM Kap95, showing that Kap95 binds
to Nsp1FG and forms a CP-like structure in NuPODs. i, Inside/outside intensity
ratios obtained for the conditions shown (n =10 NuPODs for each condition;
allexperiments >3 independent replicates). Boxplots denote the mean, first
and third quartiles. Whiskers represent the minimum and maximum values.
Statistical significance was analysed using ordinary one-way ANOVA. Source
numerical data are provided.
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Antibodies

Antibodies used Monoclonal antibody mouse Anti-NSP1 (1:5000 dilution) (Abcam, ab4641), Rabbit 1gG affinity purified (Innovative Research,
IRBIGGAP500MG), Monoclonal antibody mouse anti-GFP (1:2500 dilution) (Santa Cruz, sc-9996), Monoclonal antibody anti-mouse m-
1gGk BP-HRP (1:2500 dilution) (Santa Cruz, sc-516102), Monoclonal antibody mouse anti-mCherry (1:100 dilution) (ThermoFisher,
(4B3)MA5-32977), Monoclonal antibody mouse anti-GFP (1:20 dilution) (Roche, 11814460001), Alexa Fluor 568-conjugated antibody
anti-mouse (1:200 dilution) (ThermoFisher, A11004), Polyclonal antibody rabbit anti-eGFP (1:20 dilution) (ThermoFisher, CAB4211)

Validation Antibodies were validated by the manufacturers. For Anti-NSP1, see https://www.abcam.com/products/primary-antibodies/nsp1-

antibody-32d6-ab4641.html; for anti-GFP (Santa Cruz), see https://www.scbt.com/p/gfp-antibody-b-2; for anti-mouse m-lgGk BP-
HRP, see https://www.scbt.com/p/m-igg-kappa-bp-hrp; for anti-mCherry, see https://www.thermofisher.com/antibody/product/
mCherry-Antibody-clone-4B3-Monoclonal/MA5-32977; for anti-GFP (Roche), see https://www.sigmaaldrich.com/CH/en/product/
roche/11814460001?srsltid=AfmB0005-4C9eie)ScKh75j3GNulzljif1U740_fR_PHBVxIkI7r4x09_; for Alexa568 anti-mouse, see https://
www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11004; for
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