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The approximately 120 MDa mammalian nuclear pore complex (NPC) acts as a
gatekeeper for the transport between the nucleus and cytosol'. The central channel
ofthe NPCis filled with hundreds of intrinsically disordered proteins (IDPs) called

FG-nucleoporins (FG-NUPs)*?. Although the structure of the NPC scaffold has been
resolved in remarkable detail, the actual transport machinery built up by FG-NUPs—
about 50 MDa—is depicted as an approximately 60-nm hole in even highly resolved
tomograms and/or structures computed with artificial intelligence* ™. Here we
directly probed conformations of the vital FG-NUP98 inside NPCs in live cells and in
permeabilized cells with anintact transport machinery by using a synthetic biology-
enabled site-specific small-molecule labelling approach paired with highly time-
resolved fluorescence microscopy. Single permeabilized cell measurements of the
distance distribution of FG-NUP98 segments combined with coarse-grained molecular
simulations of the NPC allowed us to map the uncharted molecular environmentinside
the nanosized transport channel. We determined that the channel provides—in the
terminology of the Flory polymer theory?—a ‘good solvent’ environment. This
enables the FG domain to adopt expanded conformations and thus control transport
between the nucleus and cytoplasm. With more than 30% of the proteome being
formed from IDPs, our study opens awindow into resolving disorder-function
relationships of IDPs in situ, which are important in various processes, such as cellular
signalling, phase separation, ageing and viral entry.

IDPs are flexible, dynamic macromolecules that lack a fixed tertiary
structure and can adopt arange of conformations to perform various
functionsacrossthe cell. IDPs are highly relevant for human physiology
and have central roles, among others, in neurodegenerative ageing
diseases and cancer. IDPs are also key players in phase separation and
areinvolved in the formation of biomolecular condensates™ . In the
nanosized NPC, which has a total molecular weight of approximately
120 MDain mammals, there are hundreds of IDPs enriched in phenylala-
nine (F) and glycine (G) residues, known as FG-NUPs'. The FG-NUPs form
apermeability barrier in the central channel of the NPC, which regulates
nucleocytoplasmictransport by restricting the passage of large cargo
unless it presents a nuclear localization sequence or a nuclear export
sequence®®. Nuclear transport receptors can specifically recognize
these sequences and efficiently shuttle the cargo through the barrier.
With recent advances in cryo-electron tomography, crystallography,
proteomics and artificial intelligence (Al)-based structure predic-
tion, approximately 70 MDa of the NPC scaffold enclosing the central
channel has been resolved with near-atomic resolution*™. However,
signals from the highly dynamic FG-NUPs are by and large not acces-
sible to those structural biology techniques, and the actual transport

machineryinside the central channel—another approximately 50 MDa—
is not captured, leaving an approximately 60-nm hole in the centre
of the scaffold structure. Consequently, the protein conformational
stateinside the NPC remains elusive, which hasled to several partially
conflicting hypotheses for the morphologies of the FG domainsin their
functional state?*, With approximately 30% of the entire eukaryotic
proteome being intrinsically disordered, the problem that the con-
formational state is not easily studied in cells extends far beyond NPC
biology. Besides magnetic resonance and scattering techniques™*,
single-molecule fluorescence of purified and labelled proteins has
become a powerful tool for probing the conformations of proteins
insolution; advanced studies have even shown that this is possible in
cellsifsuch probes are microinjected®*. However, the NPC is assem-
bled only in late mitosis and during nuclear growth in interphase®,
and its labelling thus requires genetic encoding. Established fluores-
cent protein-based technologies such as GFP or self-labelling protein
tags such as SNAP-tag®, however, do not readily enable the extraction
of multiple distance distributions for the same protein, owing to the
sheer size of the fluorescent label and the inherently limited freedom
of labelling.
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In this study, we developed a method to probe distance distribu-
tions of FG-NUPs inside the NPCs by combining fluorescence lifetime
imaging of fluorescence resonance energy transfer (FLIM-FRET) with
asite-specific synthetic biology approach. We show that the methods
deliver quantitative results when using permeabilized cells with func-
tional transport machinery, and offer sound agreement with qualitative
measurements from live cells. We focused on NUP98 because it is the
essential constituent of the NPC permeability barrier andis accessible
to this technology®*¢. By measuring the distance distribution for 18
labelled chain segments of NUP98 in the NPC using FLIM-FRET, we
showed that the FG domain is exposed to—in the terminology of the
Flory polymer model>—‘good solvent’ conditionsinside the NPC. This
enables the protein to adopt much more extended conformations in
the functional state thanin the highly collapsed state of single chainsin
solutionat ‘poor solvent’ conditions. We combined our residue-specific
measurements with coarse-grained molecular dynamics (MD) at resi-
due resolution. This enabled us to integrate the distance distribution
data and the recently solved scaffold structure’ into a molecular pic-
ture of FG-NUP distribution and motion in the central channel of a
functional NPC.

In-cell site-specific labelling of NUP98

High-precision fluorescence measurements of the conformation of
FG-NUPsin their functional state require theintroduction of labelling
tags with minimal linkage errors and minimal disruption of the struc-
tures and functions of the labelled proteins. To this end, we performed
site-specific labelling with a non-canonical amino acid (ncAA) using
genetic code expansion (GCE)¥. We used the pyrrolysine orthogonal
tRNA-synthetase suppressor pair to reassign the amber stop codon
(TAG) to incorporate the ncAA trans-cyclooct-2-en-L-lysine (TCO*A)
at that site. The chemical functionality of this ncAA residue can then
bereacted with an organic fluorophore containing a tetrazine moiety
to undergo an inverse-electron-demand Diels—Alder reaction (click
chemistry®). Thus, the dye is stably attached to the protein viaasmall
chemical linker, causing minimal disruption to the protein structure
and its function. One potential downside of this technique is that it is
not mRNA-specific, leading to background labelling of untargeted pro-
teins with their naturally occurring stop codons being suppressed. To
circumvent this problem, we utilized our recently developed film-like,
synthetic orthogonally translating organelles (OTOs) to forma distinct
proteintranslational machinery on the outer mitochondrialmembrane
surface®. These organelles exclusively reassigned two amber codons
for the target FG-NUP and incorporated TCO*A at the two specified sites
with high selectivity, ensuring minimaliinterference with endogenous
protein translation and negligible background staining (see Fig. 1a
and Extended Data Fig. 1 for the improved contrast when comparing
OTO technology with conventional GCE). The incorporated ncAAs
were reacted with a mixture of donor and acceptor dyes for FRET
measurements. This results in FRET species mixed with donor-only
and acceptor-only species. Therefore, the chosen measurement
method must be able to distinguish the FRET species from the other
two. Furthermore, quantitative high-precision FRET measurements
have high requirements on the properties of the FRET dye pair, such
as photostability, Forster radius, monoexponential decay of fluores-
cence lifetime and fluorescence emission clearly distinguishable from
background.

We first performed live-cell labelling of NUP98. We co-transfected
COS-7 cells with plasmids encoding NUP98 with an amber codon
(NUP98*#2I™%) and the OTO-GCE system, and treated the cells with
various cell-permeable dyes, includingJF549-tetrazine, JF646-tetrazine,
silicon rhodamine-tetrazine and TAMRA-tetrazine (see Methods).
We could hardly identify a clear nuclear envelope due to the low
signal-to-noise ratio (from nonspecific dye sticking), unless we highly
overexpressed NUP98 (Extended Data Fig. 2).

We also performed labelling with cell-impermeable dyes, which are
more hydrophilic and show less nonspecific sticking. To deliver the dyes
to the nuclear envelope, we permeabilized the cells with low-dosage
digitonin, in which the plasma membrane was selectively permeabi-
lized while leaving the nuclear membrane and endoplasmic reticulum
intact*®. We chose a FRET dye pair of AZDye594-tetrazine (orange)
and LD655-tetrazine (red) for their exceptional photostability and
suitable Forster radius (R, -~ 7.7 nm; see Methods), and because they
are spectrally distinct from typically green cellular autofluorescence.
To verify that our procedure did not perturb the functionality of the
NPC, we performed a transport assay on permeabilized COS-7 cells
labelled with LD655-tetrazine* (Fig. 1b and Extended Data Fig. 3).
Alargeinert cargo (70-kDa FITC-labelled dextran) was excluded from
the nucleus, suggesting that both the permeability barrier and the
nuclear envelope were intact, whereas IBB-MBP-GFP (a triple fusion
oftheimportin-B-binding domain (whichis recognized by the import
receptor importin-f3) with maltose-binding protein (to make the con-
struct bigger) and green fluorescent protein) supplied with transport
mixtures (which contained the nuclear transport receptorimportin-f3;
see Methods) was actively imported into the nucleus, demonstrating
that NPCs containing labelled NUP98 in the permeabilized cells were
fully functional. Therefore, we performed the following FRET meas-
urements of the NUP98 FG domain with AZDye594 and LD655, unless
otherwise stated.

FLIM-FRET measurements of NUP98

FLIM-FRET is exquisitely sensitive to the spatial distance between
pairs of donor and acceptor fluorescent dyes. As one of the few FRET
methods that provide quantitative FRET information without a priori
knowledge about the actual labelling stoichiometry, FLIM-FRET is also
independent of fluorophore concentration and excitation intensity,
providing an ideal tool for probing the dimension of FG-NUPs in the
cellular milieu*’. By quantifying the decrease in donor fluorescence
lifetime whenitundergoes FRET coupling withanacceptor molecule,
we determined the average spatial distances between the dyes. The
robustness of the method was further enhanced by combining FLIM-
FRET measurements with acceptor photobleaching, from which we
could measure the fluorescencelifetime of the donor-only population
and the cellular background with high precision. Inthe Supplementary
Text (equations (15-17)) and Supplementary Figs.1and 2, we further
detail how the combination of FLIM-FRET and acceptor photobleach-
ing increases robustness of the analysis.

To make sure that the spectral properties of the chosen dye pair are
independent of the labelling site, we labelled 19 different positions of
the NUP98 FG domain with only the donor dye. Extended Data Fig. 4
shows that the donor fluorescence lifetimes and anisotropies were
similar for each labelling site, demonstrating that the fluorophores
experience a similar microenvironment within the NPC and that the
dyes are mobile enough to allow for high-precision FRET distance meas-
urements. Another concern is that intermolecular FRET could occur,
thatis, FRET between different NUP98 molecules in the same NPC,
owing to the high FG-NUP density in the nanosized central channel. To
verify that nointermolecular FRET was measured, we transfected COS-7
cells with a plasmid encoding NUP98 with only a single amber codon
(NUP98"?21™) and treated them with a mixture of donor and accep-
tor dyes, such that each modified copy of NUP98 could only be singly
labelled with either donor or acceptor dye. We selected nuclear enve-
lopes with an acceptor intensity per pixel (excited by a 660-nm laser)
below a determined threshold at which to measure FRET to eliminate
risks of intermolecular FRET (see Methods; Fig. 2 and Supplementary
Fig.3). We then measured the average fluorescencelifetime of the donor
dye before and after acceptor photobleaching. If FRET occurs, the
donor intensity and the fluorescence lifetime will increase when the
acceptor isbleached selectively by a high-power laser*®. We found the
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Fig.1|Site-specificlabelling of NUP98in the functional stateinside the NPC
and comparisonwith phase-separated condensatesin vitro. a, Schematic

of site-specificlabelling of target NUP98 inside the NPC. The genetic code was
exclusively expanded for target NUP98.ncAAswereintroduced into NUP98 at
specificsites by synthetic orthogonal translating organelle-enabled genetic
code expansion (OTO-GCE). Tetrazine-modified dye molecules were added to
thecellsand reacted with ncAAs (click chemistry). b, Passive exclusion (70-kDa
dextranwas excluded) and facilitated assay, or active transportassay (IBB-MBP-
GFP supplied with transport mixture was imported) showing that the NPCs
were functional with site-specific labelled NUP98in permeabilized COS-7 cells

donor signal to be unchanged in the permeabilized cells, thus exclud-
ing the existence of intermolecular FRET (Fig. 2b). However, when
we performed the same assay on the living cells labelled with JF549
andJF646, where we could identify a clear nuclear rim, we noticed an
increase of donor lifetime after acceptor photobleaching (Fig. 2c). This
indicates the presence of intermolecular FRET under live-cell labelling
conditions, where due to the poorer signal to noise, nuclear rims could
only be identified when NUP98 was highly overexpressed. Inter-
molecular FRET does not permit to measure at the same time quanti-
tativeintramolecular FRET, and thus we continued with permeabilized
cellmeasurements for the rest of the work.

Next, we conducted the acceptor photobleaching assay on the
permeabilized cells expressing double-amber-mutated NUP98
(NUP98A22ITAG-A3IZTAG, Ejor ), We observed anincrease in both the donor
intensity on the nuclear rim and its average fluorescence lifetime when
the acceptor was photobleached, confirming the occurrence of FRET.
With theseresults, we validated the experimental setup as sufficiently
sensitive for measuring FRET between two labelled sites of NUP98 in
the permeabilized cells with a functional transport machinery.

We then created a series of NUP98 mutants to form a set of chain
segments of different length between the labels for FLIM-FRET meas-
urements. We chose A221TAG as thereference site and kept it constant
while varying the second site along the FG domain (Fig. 2e). We define
N,sasthenumber of amino acid residues between the two labelled sites
and R; asthe root-mean-square inter-residue distance between the fluo-
rophores at these sites. We measured 18 chain segments in COS-7 cells
using our developed pipeline (Fig. 2aand Supplementary Figs.3-6; see
Methods for details). In brief, our pipelineinvolved auto-segmentation
toselectthenuclearrimfromeach cell asaregion ofinterest and extrac-
tion of measured donor fluorescence intensity profiles before and
after acceptor photobleaching, defined as /(¢) and I'(¢), respectively.
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(with the plasma membrane selectively permeabilized with low-dosage
digitonin). Scalebars, 20 pm. ¢, Purified NUP98 FG domain was phase-
separatedinvitroby rapidly diluting a denatured highly concentrated stock
solutioninto physiological buffer. The permeability of the droplet-like
condensates formed was measured rapidly where they still obeyed liquid-like
characteristics®®. The droplets recapitulated the function of the permeability
barrier,asshownin the passive exclusion and facilitated transport assays.
Scalebars, 5 pum.Forb,c, n =3 experiments were repeated independently with
the same conclusion.

By subtracting/(¢) from /'(¢), the signals from the donor-only population
and the background were eliminated, and the difference was taken as
the pure FRET population (here we refer to the FRET population as the
NUP98 chains specifically labelled with a pair of donor and acceptor
dyes). We directly observed the differencesin FRET efficiencies among
all mutants in the lifetime fluorescence decay profiles (Fig. 2e). We
detected aclear trend by whichasmaller N, showed alarger difference
before and after acceptor photobleaching, indicating a higher FRET
efficiency and smaller R;. To further visualize and compare the fluo-
rescence lifetimes across cells, we converted individual fluorescence
decay curves from the time domain into a phasor plot—a graphical
view enabling a cell-by-cell analysis of the complicated lifetime curves
(Fig. 2f and Extended Data Fig. 5; see Methods)**. Each point in the
phasor plot represents the fluorescence decay of the nuclear envelope
ofasingle cell. The phasor plot revealed not only some heterogeneity
across cells but also an overall trend, in which greater N, exhibited
more left-shifted phasor values, corresponding to longer fluorescence
lifetime and greater R;. These results suggested that FLIM-FRET could
besuccessfully used to spatially distinguish and map the chain dimen-
sions of the NUP98 FG domain.

Extracting chain dimensions of NUP98

We determined the chain dimensions of the NUP98 FG domain in situ
according to the polymer scaling law, R; - N,.;’, which relates the
root-mean-square inter-residue distance R; to the chain length N,,,,
where vis the scaling exponent®. In Flory’s homopolymer theory®,
v~0.3indicates that the polymer is very compact, as self-interactions
dominate over interactions with the poor solvent; at v= 0.5 those
interactions are balanced, and atv - 0.6, the interactions between the
polymer segments and the solvent are maximized. Disordered protein
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Fig.2|FLIM-FRET measurements of the NUP98 FG domaininside the NPC.
a, Schematic of the FLIM-FRET analysis pipeline. Different chain segments
ofthe NUP98 FG domain were labelled with a FRET dye pair, and the donor
fluorescenceintensity was measured on a cell-by-cell basis. Each nuclear rim
wasselected asaregion of interest, and the measured donor fluorescence
intensity profiles before and after acceptor photobleaching were extracted
and analysed.b,c, Acceptor photobleaching assays were performed for asingle-
amber-mutated sample (NUP98*22'™€) in permeabilized cells labelled witha
AZDye594-LD655 mixture (b) and living cells labelled with aJF549-JF646
mixture (c). Inb, the average fluorescencelifetime of the donor dye did not
changebefore and after acceptor photobleaching, indicating the absence of
intermolecular FRET.Inc, the average fluorescence lifetime of the donor dye
changed before and after acceptor photobleaching changed, indicating that
intermolecular FRET was detected in highly overexpressing living cellswitha

chains thus expand in good solvent conditions (v > 0.5) and compac-
tify in poor solvents (v < 0.5)*. Flory’s theory can be further extended
to describe densely grafted polymer brushes where v ~ 1 (ref. 46).
Note that the scaling law is derived for infinitely long homopolymers.
Despite its limiting definition, the law has been applied to calculate
an apparent scaling exponent for finite-length proteins®®*. In brief,
the apparent scaling exponent captures a complex distance dis-
tribution in one number and thus provides excellent economy in
describing how protein conformational changes are tuned by their
environment.

Here, we measured lifetime decay curves for the 18 chain segments of
NUP98, probing the FG domain (Extended Data Fig. 5a), and globally fit-
ted themto the Gaussian chain model to extract the scaling exponent v
(see Supplementary Text). Gratifyingly, the lifetime decays showed
qualitative agreement between living cells and permeabilized cells
(Extended Data Fig. 6). However, as concluded before, we refrained
from quantitively analysing the scaling law for living cells due to the

brightnuclearrim.d, Acceptor photobleaching assay was performedfora
double-amber-mutated sample (NUP98*221TAGA312TAG) [ahe|led with the AZDye 594 -
LD655 mixture. The average fluorescence lifetime of the donor dye changed
before and after acceptor photobleaching, validating the presence of
intramolecular FRET. Forb-d, n = 5experiments were repeated independently
with the same conclusion; scalebars, 5 pm. e, Fluorescence decay profile before
photobleaching was subtracted from the one after photobleaching for the

18 different chain segments of the NUP98 FG domain. Each profile represents
anaveragedresult of approximately 100 cells. The higher peak shows agreater
differenceintheintensity profiles, indicating higher FRET efficiency and smaller
inter-residue distance. f, Phasor plot showing donor lifetimes of the measured
18 chainsegments on asingle-cell basis (here approximately 2,000 cellsin total),
inwhicheach pointrepresents the fluorescence decay of one nuclear rim.

The left-shifted points represent longer lifetimes.

co-existence of intermolecular and intramolecular FRET. In the per-
meabilized cells, we obtained ascaling exponentv=0.56 + 0.03 (more
than 0.5) using a global fit that makes use of the data obtained fromall
measured cells (approximately 2,000). This indicates that the probed
NUP98 FG domainadopted arather extended conformationinside the
NPCin cells (Fig.3). We also performed a mutant-by-mutant analysis, in
whichnoscaling law modelis assumed a priori, but the erroris higher,
as only approximately 100 cells go into the average of each mutant.
Reassuringly, we obtained a scaling exponent v=0.55 + 0.05, which
agrees well with the global fitting (see Supplementary Text and Sup-
plementary Figs. 7 and 8 for the details of the analysis as well as the
error estimate). Encouraged by these results, we further performed a
globalfitting of our datato aself-avoiding walk-vmodel, which provides
abetter description of protein chains under good solvent conditions*s.
We obtained a scaling exponent v=0.56 + 0.001 (see Extended Data
Fig.7 and Supplementary Text), showing the robustness of our scaling
exponent for different polymer models.
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Fig.3|Scalinglaw of the NUP98 FG domain. On the left, the NUP98 FG domain
showed more extended conformationsinside the functional NPC (scaling
exponentv=0.56+0.03)and inthe phase-separated condensate (NUP98FG
dropletsoncoverslips) (v=0.56 + 0.04). The NUP98 FG domain at picomolar
concentration showed a more collapsed conformationin physiological buffer
onasingle-moleculelevel (v=0.29 + 0.01). Three referencelines at the theta-
solventstate (v=0.5; dashed grey lines) are plotted, because the prefactor of
thescalinglawis unknown for aheteropolymer under different solvent
conditions. The NUP98 FG domaininthe NPC was labelled with AZDye594
tetrazineand LD655 tetrazine. The purified NUP98 FG domainin the phase-
separated condensate and in the solution was labelled with Alexa Fluor 594
maleimide and LD655 maleimide. On the right, schematics show the
conformations of FG-NUPs inside the NPC associated with extreme scaling
exponents.Ifv~1, FGdomains behave like densely grafted polymer brushes.
Ifv- 0.3, FGdomains adopt acollapsed conformation.

Theresultinside the NPC contrasts withourin vitro single-molecule
FRET measurements on the purified NUP98 FG domain at picomolar
concentration (Extended Data Fig. 8), for which the scaling exponent
wasv=0.29 + 0.01 (less than 0.5). With water acting as a poor solvent
for the hydrophobic side chains, the single NUP98 FG chain tends
to become buried in a globule-like protein conformation in vitro.
By contrast, the central channel of the NPC is enriched with other
FG-NUPs, whose mutual attractive interactions establish conditions
of agood solvent with expanded chains (v> 0.5), reminiscent of the
chain conformations in polymer melts'. On top of that, the presence
of nuclear transport receptors, which exist in large quantities in the
NPC* (Extended Data Fig. 3e,f), and post-translational modifications
(for example, glycosylation® and phosphorylation), as well as trans-
port cargos such as proteins and RNAs, could also contribute to good
solvent conditions.

Inreconstituted condensates, NUP98 FG domains tend to gelate over
time, potentially by forming B-structures®°*2, During the required
FLIM-FRET measurement time of approximately 5 min, the resulting
distance could thus be affected by condensate ageing despite using
freshly prepared FG droplets. With this caveat, we obtained a scaling
exponentof v=0.56 + 0.04 for FG condensates, consistent with good
solvent conditions (Fig. 3) and with the ability to function as a perme-
ability barrier (Fig. 1c and Extended Data Figs. 3b and 9). However, the
large prefactor of 7.8 A in the scaling fit, compared with 5.5 A in the
self-avoiding walk-v model, indicates heterogeneities in the ageing
condensate.

FG-NUP motions revealed by modelling

The FLIM-FRET experiments assist MD simulations in providing us with
a3Dview of the organization of FG-NUPs in functional NPCs. The dis-
ordered FG domains are grafted onto the NPC scaffold via folded
domains. Therecently published structure of the human NPC scaffold’
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Fig.4|Coarse-grained MD simulations of FG-NUPsinNPC model II.
a,Root-mean-squareinter-residue distances R of beads on the same NUP98 FG
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with different effective NUP-NUP interaction strength € on linear and (inset)
log-scale. The symbolsanderror barsrepresent the average and standard error
of the mean, respectively, as estimated from four blocks of size 10*z. Lines are
guidestotheeye. The distances obtained from FLIM-FRET experiments (Exp.)
arerepresented by filled circles, which overlap with the simulations for € = 0.42.
b, Top and side views of the NPC at the end of the MD simulations with € = 0.35
(left), &€ =0.42 (middle) and € = 0.44 (right) (scaffold is shown in blue, NUP98 is
inyellowand other FG-NUPs areinred). Scale bar,20 nm. See Supplementary
Table 3 for details on NPC model Il and Supplementary Fig. 18 for aview of the
48NUP98 chainsalone.

enabled us toanchor FG-NUPs with the correct positions, orientations
and grafting densities. This allowed us to build a coarse-grained bead-
spring polymer model® and perform MD simulations of the so-far
elusive FG domains attached to the NPC scaffold (see Methods). We
first parameterized the effective NUP-NUP interaction strength as
€ = 0.44 (defined in equation (14) in the Methods) by matching the
phase behaviour of in vitro-reconstituted NUP98 FG condensates that
mimic the permeability barrier?”** (Extended Data Fig. 10 and Sup-
plementary Video 1). However, if the same interaction strength of
€ = 0.44 was applied to the whole-NPC simulations, the inner-ring
FG-NUPs collapsed onto the scaffold to form surface condensates,
despite only weak direct interactions between FG-NUPs and the scaf-
fold (€,.,01a = 0.1). The surface condensates left a void at the centre of
the pore with a diameter of approximately 20 nm, which would not
seem consistent with the function of the NPC to block the unaided
passage of large cargo. After a slight adjustment of the interaction
strengthto € = 0.42, the FG-NUPs recovered the R, matching our FLIM-
FRET data (Fig. 4a, Supplementary Figs. 9-11and 18 and Supplementary



Videos 2-7). We observed that under such a condition, the FG-NUPs
formed extended coil configurations and the inner-ring FG-NUPs fluc-
tuated extensively toform a dynamicbarrier across the central channel
(Fig.4band Supplementary Video 3). Remarkably, the optimal FG-NUP
interaction strength determined in this way nearly coincides with the
critical strength € = 0.42 at which condensation occurs. The large
FG-NUP motions seen in the MD simulations thus amount to critical
fluctuations that create a highly dynamic polymer network well suited
for the rapid but selective molecular transport in the permeability
barrier®8, In an NPC model with explicit solvent (Supplementary
Table 4), the extension of NUP98 follows the experimental FRET
measurement at aninteraction strength of € = 0.42, again close to the
respective critical value of €, = 0.41 (see Supplementary Text and Sup-
plementary Figs.12and 13). We note that € should be considered effec-
tive, asitaccounts, for example, for the presence of cargo and nuclear
transport receptors unresolved in our in situ experiments. Phospho-
rylation, glycosylation®® and other post-translational modifications
of the FG-NUPsinthe NPC will alter € and may in turnimpact their state,
given the sensitivity to € for states close to the critical point (Supple-
mentary Fig.12).

We probed for the possible effects of sequence heterogeneity by
adapting the stickers-and-spacers concept®® for our MD simulations.
Inthe FYW model, we treated aromatic residues (F, Y and W) as mutu-
ally attractive stickers separated by weakly interacting spacer regions
(see Supplementary Text and Supplementary Fig. 14). As for the
homopolymer models, we calibrated the effective sticker interaction
strength €pyy, against the FLIM-FRET measurements of the NUP98 FG
domainandappliedit to all FG-NUPs in the NPC. We obtained very good
agreement of the calculated NUP98 extension with the FLIM-FRET
datafor €y, = 3.5, which againlies just close to the critical value (Sup-
plementary Figs.15-17), asin the homopolymer models. We conclude
that a more detailed model accounting for sequence heterogeneity
does not substantially alter the conclusions.

We further explored the possibility of heterogeneity in the chain
ensembles by comparing the calculated extensions of the 8 x 6 =48
NUP98 chains grafted to the 8-fold symmetric NPC scaffold at six
non-symmetry-equivalent positions (Supplementary Figs.19 and 20).
Consistently across the homopolymer models I and Il (Supplemen-
tary Tables 2 and 3) and the heteropolymer FYW model, we found
that the NUP98 chains at the UCc positions in the cytoplasmic ring
are somewhat more extended than at the Uno positions in the inner
ringonthe nuclear side (Supplementary Fig. 20). Our MD simulations
thusindicate some heterogeneity in NUP98 chain extension depend-
ing on their precise ‘grafting’ point within the NPC, including in the
scaling behaviour (Supplementary Fig. 20d). A detailed account of
electrostaticinteractions could further enhance the heterogeneity®.
The unimodal distributions of the inter-residue distances provide no
indication of co-existing collapsed and extended populations (Sup-
plementary Fig. 21).

Discussion

Here we developed an experimental approach using site-specific
fluorescent labelling of IDPs in mammalian cells and FLIM to directly
decipher their plasticity by FRET measurementsin the functional state.
We showed that this approach works for the sub-resolution perme-
ability barrier of the NPC, a nanocavity with a diameter of approxi-
mately 60 nm, filled with approximately 50 MDa of highly concentrated
FG-NUPs. By measuring the inter-residue distances of different seg-
ments ofthe labelled FG-NUP98 using FLIM-FRET in permeabilized cells
withfunctional transport machinery, we obtained the distribution from
which we could estimate an apparent scaling exponent and revealed
that the intact NPC environment provides a good solvent (v > 0.5) in
which the FG domains adopt extended conformations compared with
the collapsed solution state in vitro.

Owing to recent advances in determining the structure of the NPC
scaffold, the actual grafting points for the FG domains are now known
with high confidence*™. We synergistically combined our residue-
specific FLIM-FRET measurements with computational modelling and
investigated the conformational behaviour and interaction mecha-
nisms of FG-NUPs at the molecular level with residue resolution. We
found that a simple polymer model could capture the motions of
FG-NUPs. The modelreproduced the FLIM-FRET results atanear-critical
interaction strength, which defines the energetic threshold for form-
ing protein condensates and is associated with large fluctuations in
the dynamic polymer network. For weaker interactions, the FG-NUPs
were too loose to generate a polymer network. For stronger interac-
tions, the FG-NUPs formed asurface condensate, the collapse of which
onto the scaffold was driven by the geometry of the grafting points,
notby the weak directinteractions with the scaffold. Indeed, the chain
extension is exquisitely sensitive tothe NUP-NUP interaction strength
€ inthe NPC (Fig. 4a), whereas in bulk condensates, this dependence
isnegligible (Extended Data Fig.10b).

A key finding is that the ensembles of FG-NUPs within functional
nuclear pores inside cells are distinct from the chain ensembles sam-
pled in solution, untethered from the pore. The intriguing inference
presented is that the apparent solvent quality of the nuclear poreis bet-
ter thanthat of abulk, aqueous solvent, with conformational statistics
measured in the pore resembling what one would observeinatleasta
theta solvent (v=0.5) and more closely, a good solvent (v>0.5). Our
study removes much speculation about the conformational state of
FG-NUPsinthe NPC and provides a sound coarse-grained model with
amino acid precision to explain the function of the permeability barrier.
The measured apparent scaling exponent v=0.56 + 0.03 disaccords
with, for example, the polymer brush model* (v - 1) and the forest
model* (v~ 0.3), which describes the low charge-content, cohesive
FG domain as a globular structure. Remarkably, we also showed that
the parameterization based on in vitro reconstitution studies failed
to reproduce a functional pore. Despite having similar permeability
barrier properties as the intact NPC, the bulk condensate formed from
phase separating NUP98is anincomplete approximation of the actual
permeability barrier, the materials properties of which are modulated
by the anchoring of a distinct number of FG-NUPs with 3D precision
on a half-toroidal NPC scaffold. In terms of nuclear transport selec-
tivity, there are consequences: whereas a surface condensate would
leave a substantial hole at the centre, we found the hole to be filled by
FG-NUPs at near-critical conditions (Fig. 4b). These results emphasize
the importance of interrogating the permeability barrier in situ to
reconcile different transport models and understand the molecular
basis for nuclear transport.

In this work, arange of technologies have been used, which finally
enabled us to measure the distance distribution of a key FG-NUP
inside the functional transport machinery of the NPC. The combi-
nation of fluorescent lifetime technologies and chemical synthetic
biology tools compensates for the weaknesses or ambiguities that
can originate from either of the methods alone. We show that our
labelling technology is also live-cell compatible at the cost of alower
signal-to-noise ratio, which originates from stronger background
sticking of the tested membrane-permeable dyes (Extended Data
Fig. 2). Although this problem might not be an issue for studying
biological systems that are more abundant, for the NPC we could only
solveit byincreasing expression levels. However, owing to the fact that
48 NUP98 chains are cramped into the nanosized cavity of the NPC,
withapproximately 250 FG-NUPs in total (Fig. 4), intermolecular FRET
canbecomeaconcern. We show aprocedure to detect intermolecular
FRET; with this, the method should be generally extendable to other
systems. To avoid intermolecular FRET within the nanosized NPC, we
had to work at very low expression levels. Sufficient signal-to-noise
was then ensured by mild permeabilization of the plasma membrane,
which enabled us to use hydrophilic dyes that stick less. At the same
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time, we validated that the nuclear transport machinery is still intact
in situ. Owing to the potential protein truncation problem arising
from translation termination at the reassigned codon in GCE**!,
we refrained from probing the FG-NUPs with N-terminal anchoring
domains (for example, FG-NUP214), where the truncated proteins
could dock on the nuclear pore and interfere with labelling or even
transport functionality. We currently could only infer the molecular
behaviours of other FG-NUPs by MD simulations. Itis highly desired to
experimentally probe all FG-NUPs in living cellswhen more advanced
GCE and highly fluorogenic cell-permeable dyes compatible with
GCE are available in the future. However, as NUP98 has been shown
to be the only NUP that is vital to reconstitute functional transport
activity ofintact NPCs*, our study captures fundamental properties
of NPC function.

The most advanced computational modelling tools, such as the
Al-based AlphaFold, canvery precisely predict the structures of folded
proteins. However, when applied to IDPs, they still require experimental
constraints and validation®. It is necessary to probe IDPs with in situ
experimental measurements. As we showed here, a protein chain with
globular-like character in vitro canadopt amuch more expanded con-
formationin the functional state due to the cellular environment. Our
workisanexample of how the structural knowledge from cryo-electron
tomography—whichrevealed the anchoring sites of IDPs—paired with
in situ FLIM-FRET—which revealed the conformational state of the
proteinsinside the nanosized NPC—canyield acomplete coarse-grained
picture of a cellular machine enriched in IDPs inside a cell. The tools
developed here could be applied generally to study the plasticity and
functions of many other IDPs in the cell, filling a major technology
gapinthefield.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-05990-0.

1. Lin, D. H. & Hoelz, A. The structure of the nuclear pore complex (an update). Annu. Rev.
Biochem. 88, 725-783 (2019).

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

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

4.  Zimmerli, C. E. et al. Nuclear pores dilate and constrict in cellulo. Science 374, eabd9776
(2021).

5. Schuller, A. P. et al. The cellular environment shapes the nuclear pore complex architecture.
Nature 598, 667-671(2021).

6. Akey, C. W. et al. Comprehensive structure and functional adaptations of the yeast
nuclear pore complex. Cell 185, 361-378 (2022).

7. Mosalaganti, S. et al. Al-based structure prediction empowers integrative structural
analysis of human nuclear pores. Science 376, eabm9506 (2022).

8.  Petrovic, S. et al. Architecture of the linker-scaffold in the nuclear pore. Science 376,
eabm9798 (2022).

9. Zhu, X. et al. Structure of the cytoplasmic ring of the Xenopus laevis nuclear pore complex.
Science 376, eabl8280 (2022).

10. Bley, C. J. et al. Architecture of the cytoplasmic face of the nuclear pore. Science 376,
eabm9129 (2022).

1. Fontana, P. et al. Structure of cytoplasmic ring of nuclear pore complex by integrative
cryo-EM and AlphaFold. Science 376, abm9326 (2022).

12.  Flory, P. J. The configuration of real polymer chains. J. Chem. Phys. 17, 303-310 (1949).

13.  Dyson, H. J. & Wright, P. E. Intrinsically unstructured proteins and their functions. Nat. Rev.
Mol. Cell Biol. 6, 197-208 (2005).

14. Oldfield, C. J. & Dunker, A. K. Intrinsically disordered proteins and intrinsically disordered
protein regions. Annu. Rev. Biochem. 83, 553-584 (2014).

15. Das, R. K., Ruff, K. M. & Pappu, R. V. Relating sequence encoded information to form
and function of intrinsically disordered proteins. Curr. Opin. Struct. Biol. 32,102-112
(2015).

16.  Hyman, A. A., Weber, C. A. & Julicher, F. Liquid-liquid phase separation in biology. Annu.
Rev. Cell Dev. Biol. 30, 39-58 (2014).

17.  Elbaum-Garfinkle, S. et al. The disordered P granule protein LAF-1 drives phase separation
into droplets with tunable viscosity and dynamics. Proc. Natl Acad. Sci. USA 112,
7189-7194 (2015).

168 | Nature | Vol 617 | 4 May 2023

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Folkmann, A. W., Putnam, A., Lee, C. F. & Seydoux, G. Regulation of biomolecular
condensates by interfacial protein clusters. Science 373, 1218-1224 (2021).

Bremer, A. et al. Deciphering how naturally occurring sequence features impact the phase
behaviours of disordered prion-like domains. Nat. Chem. 14, 196-207 (2022).

Patel, A. et al. A liquid-to-solid phase transition of the ALS protein FUS accelerated by
disease mutation. Cell 162, 1066-1077 (2015).

Bergeron-Sandoval, L.-P. et al. Endocytic proteins with prion-like domains form viscoelastic
condensates that enable membrane remodeling. Proc. Natl Acad. Sci. USA 118,
€2113789118 (2021).

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).

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).

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

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).

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

Najbauer, E. E., Ng, S. C., Griesinger, C., Gérlich, D. & Andreas, L. B. Atomic resolution
dynamics of cohesive interactions in phase-separated Nup98 FG domains. Nat. Commun.
13,1494 (2022).

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

Lerner, E. et al. FRET-based dynamic structural biology: challenges, perspectives and an
appeal for open-science practices. eLife 10, 60416 (2021).

Fuertes, G. et al. Decoupling of size and shape fluctuations in heteropolymeric sequences
reconciles discrepancies in SAXS vs. FRET measurements. Proc. Natl Acad. Sci. USA 114,
E6342-E6351(2017).

Konig, I. et al. Single-molecule spectroscopy of protein conformational dynamics in live
eukaryotic cells. Nat. Methods 12, 773-779 (2015).

Otsuka, S. et al. A quantitative map of nuclear pore assembly reveals two distinct
mechanisms. Nature 613, 575-581(2023).

Liu, S., Hoess, P. & Ries, J. Super-resolution microscopy for structural cell biology. Annu.
Rev. Biophys. 51, 301-326 (2022).

Wau, X. et al. Disruption of the FG nucleoporin NUP98 causes selective changes in nuclear
pore complex stoichiometry and function. Proc. Natl Acad. Sci. USA 98, 3191-3196
(2001).

Ratner, G. A., Hodel, A. E. & Powers, M. A. Molecular determinants of binding between
Gly-Leu-Phe-Gly nucleoporins and the nuclear pore complex. J. Biol. Chem. 282,
33968-33976 (2007).

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).
Nikic, I. et al. Debugging eukaryotic genetic code expansion for site-specific click-PAINT
super-resolution microscopy. Angew. Chem. Int. Ed. 55, 16172-16176 (2016).

Blackman, M. L., Royzen, M. & Fox, J. M. Tetrazine ligation: fast bioconjugation based

on inverse-electron-demand Diels-Alder reactivity. J. Am. Chem. Soc. 130, 13518-13519
(2008).

Reinkemeier, C. D. & Lemke, E. A. Dual film-like organelles enable spatial separation of
orthogonal eukaryotic translation. Cell 184, 4886-4903.e21(2021).

Adam, S. A., Marr, R. S. & Gerace, L. Nuclear protein import in permeabilized mammalian
cells requires soluble cytoplasmic factors. J. Cell Biol. 111, 807-816 (1990).

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

Periasamy, A., Mazumder, N., Sun, Y., Christopher, K. G. & Day, R. N. in Advanced Time-
Correlated Single Photon Counting Applications (ed. Becker, W.) 249-276 (Springer, 2015).
Lakowicz, J. R. Principles of Fluorescence Spectroscopy (Springer, 2006).

Redford, G. I. & Clegg, R. M. Polar plot representation for frequency-domain analysis of
fluorescence lifetimes. J. Fluoresc. 15, 805-815 (2005).

Hofmann, H. et al. Polymer scaling laws of unfolded and intrinsically disordered proteins
quantified with single-molecule spectroscopy. Proc. Natl Acad. Sci. USA 109, 16155-16160
(2012).

de Gennes, P.-G. Conformations of polymers attached to an interface. Macromolecules
13,1069-1075 (1980).

Kohn, J. E. et al. Random-coil behavior and the dimensions of chemically unfolded proteins.
Proc. Natl Acad. Sci. USA 101, 12491-12496 (2004).

Zheng, W. et al. Inferring properties of disordered chains from FRET transfer efficiencies.
J. Chem. Phys. 148, 123329 (2018).

Kalita, J. et al. Karyopherin enrichment and compensation fortifies the nuclear pore
complex against nucleocytoplasmic leakage. J. Cell Biol. 221, €202108107 (2022).

Tan, P. S. et al. Two differential binding mechanisms of FG-nucleoporins and nuclear
transport receptors. Cell Rep. 22, 3660-3671(2018).

Ibafiez de Opakua, A. et al. Molecular interactions of FG nucleoporin repeats at high
resolution. Nat. Chem. 14, 1278-1285 (2022).

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

Kremer, K. & Grest, G. S. Dynamics of entangled linear polymer melts: a molecular-
dynamics simulation. J. Chem. Phys. 92, 5057-5086 (1990).

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

Milles, S. et al. Plasticity of an ultrafast interaction between nucleoporins and nuclear
transport receptors. Cell 163, 734-745 (2015).

Raveh, B. et al. Slide-and-exchange mechanism for rapid and selective transport through
the nuclear pore complex. Proc. Natl Acad. Sci. USA 113, E2489-E2497 (2016).


https://doi.org/10.1038/s41586-023-05990-0

57.

58.

59.

60.

61.

62.

Hough, L. E. et al. The molecular mechanism of nuclear transport revealed by atomic-scale
measurements. elLife 4, 10027 (2015).

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).

Wang, J. et al. A molecular grammar governing the driving forces for phase separation of
prion-like RNA binding proteins. Cell 174, 688-699.e16 (2018).

Zeng, X., Ruff, K. M. & Pappu, R. V. Competing interactions give rise to two-state behavior
and switch-like transitions in charge-rich intrinsically disordered proteins. Proc. Natl
Acad. Sci. USA 119, 2200559119 (2022).

Reinkemeier, C. D., Girona, G. E. & Lemke, E. A. Designer membraneless organelles enable
codon reassignment of selected mRNAs in eukaryotes. Science 363, eaaw2644 (2019).
Tesei, G., Schulze, T. K., Crehuet, R. & Lindorff-Larsen, K. Accurate model of liquid-liquid
phase behavior of intrinsically disordered proteins from optimization of single-chain
properties. Proc. Natl Acad. Sci. USA 118, €2111696118 (2021).

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) 2023

Nature | Vol 617 | 4 May 2023 | 169


http://creativecommons.org/licenses/by/4.0/

Article

Methods

Cell culture, transfection and labelling

Cell culture. COS-7 cells (87021302, Sigma) were maintained in
Dulbecco’s modified eagle medium (41965-039, Thermo Fisher) supple-
mented with10% v/v fetal bovine serum (F7524, Sigma), 1% penicillin-
streptomycin (15140-122, Thermo Fisher), 1% L-glutamine (25030-081,
Thermo Fisher) and 1% sodium pyruvate (11360-070, Thermo Fisher) at
37 °Cand 5% CO,, and passaged every 2-3 days up to 15-20 passages.
The COS-7 cells were authenticated by the manufacturer, validated
by morphology and regularly tested for mycoplasma contamination,
with negative results.

Cell transfection. Cells were trypsinized (trypsin-EDTA; 25300-054,
Thermo Fisher) and seeded into a 35-mm imaging dish (81158, ibidi)
24 h before transfection. The cells were transfected at a confluency
of 60-70% with plasmids of interest listed in Supplementary Table 1
inSupplementary Information (foramber suppression with synthetic
organelles, for example, pcDNA3.1-hsNUP98™C-BoxB and pcDNA3.1-TO
M20-FUS-Ay,,-PyIRS(AF)-tRNA at a mass ratio of 1:1) using jetPRIME
according to themanufacturer’s protocol. After 4-5 h, the mediumwas
changed, and 10 mM HEPES with 50 uM trans-cyclooct-2-en-L-lysine
(TCO*A; SciChem; for in-cell labelling) or ¢-butyloxycarbonyl-L-lysine
(BOC; Iris Biotech; for control measurements) were added, respectively.

Live-cell labelling with cell-permeable dyes. At 20-24 h post-
transfection, COS-7 cells were washed with fresh culture medium sup-
plemented with 50 pM BOC and 10 mM HEPES and incubated at 37 °C
for2 htogetrid of the excessive TCO*A. Then, the cells were incubated
with 250 nM cell-permeable dye (Janelia Fluor 549-tetrazine (Tocris),
Janelia Fluor 646-tetrazine (Tocris), silicon rhodamine-tetrazine
(Spirochrome) or TAMRA-tetrazine (click chemistry tools)) in the
serum-free culture medium at 37 °C for 45 min. After the labelling,
the cells were washed with fresh culture medium four timesin2 h at
37 °C. Cells were imaged immediately at room temperature in the
phenol red-free culture medium supplemented with 10 mM HEPES.
The lid of the imaging dish was kept closed for the duration of cell
imaging for2h.

Cell labelling with cell-impermeable dyes. At 20-24 h post-
transfection, COS-7 cells were washed twice with transport buffer*°
(TB;20 mMHEPES, 110 mM KOAc, 5 mM NaOAc, 2 mM Mg(OAc),, 1 mM
EGTAand2 mM DTT, pH7.3, supplemented with PEG6000 (5 mg ml™)
to avoid osmotic shock*), and permeabilized for 2 min with 20 pg ml™
digitonin (A1905, AppliChem) in TB. After the permeabilization, cells
were washed twice with TB to remove digitoninand labelled withadye
solution containing 33.3 nM AZDye594-tetrazine (Click Chemistry
Tools) and 66.6 nM LD655-tetrazine (Lumidyne Technologies) in TB for
2 min. Here we optimized the molar ratio between donor and acceptor
dyes as 1:2 to reduce the donor-only population. To remove residual
dyes, the cells were washed in TB and incubated at 37 °C for 30 min.
Cells were imaged immediately at room temperature. The lid of the
imaging dish was kept closed for the duration of cellimaging for 2 h.

Passive exclusion assay and active transport assay for labelled cells
Passive exclusion assay. COS-7 cells were transfected, permeabilized
and labelled with 100 nM LD655-tetrazine as described above. After the
last wash, theimaging dish was mounted on the custom-built confocal
microscope. After gently removing the washingbuffer, 0.5 pM of 70-kDa
FITC-dextran (53471, Sigma) in TBwasadded to the dish, incubated for
10 min and the cells were imaged.

Active transport assay. To allow theimport complex to form, 0.5 pM
IBB-MBP-GFP cargo was first pre-incubated with 1 pM importin-f3 on
ice for 10 min, and then combined with the rest of the transport mix

(5uMRanGDP,4 pMNTF2and 2 mM GTPin TB, where importin-, Ran
and NTF2 were purified as previously described*>®®). After that, the
completeimport mixture was added to the permeabilized and labelled
COS-7 cellsas described above.

To ensure that the NPC was functional during the 2-h time window
of FLIM-FRET measurements for each imaging dish, passive exclu-
sionassay and active transport reactions were performed for both the
freshly labelled cells and the cellsincubated in TB at room temperature
for 2 h after the labelling steps (Extended Data Fig. 3¢c,d).

Immunostaining of endogenous importin-f

After labelling with 100 nM LD655-tetrazine in TB as described above,
the COS-7 cells were immediately fixed with 2% PFA in PBS for 10 min
orkeptatroomtemperature for 2 hand then fixed. After washing with
PBS twice, the cells were permeabilized with 0.5% Triton X-100 in PBS
for 15 min. Then, the cells were washed with PBS twice and incubated
with blocking buffer (3% BSA in PBS) for 90 min. The cells were subse-
quentlyimmunolabelled with anti-KPNB1antibody (ab2811, Abcam; at
1:1,000) and anti-mouse Alexa Fluor 488 secondary antibody (A-11001,
Thermo Fisher; at 1:1,000). Immunofluorescence demonstrated that
endogenous importin-f3 colocalized at the nuclear envelope after per-
meabilization and was retained during the 2-h time window of FLIM-
FRET measurements (Extended Data Fig. 3e,f).

Protein expression, purification and labelling

NUP98 FG domain purification. Homo sapiens NUP98 FG domain
(1-505aminoacids, with or without the Gle2-binding domain (GLEBS;
157-213 amino acids), a structured domain in between the two FG
domains) was cloned into pQE-14his-TEV vectors. We also designed a
construct without GLEBS, because the structured GLEBS domain might
misfold and trigger aggregation when rapidly changing the buffer
condition from denaturing to native in the droplet assay (see ‘In vitro
droplet assay and FLIM-FRET measurements’). The GLEBS domain
is outside the residue segments probed by the in-cell experiments.
Unless otherwise stated, we used the NUP98 construct without GLEBS
forinvitro experiments.

Escherichia coli BL21 Al cells containing NUP98 FG construct with
or without GLEBS were grown in terrific broth medium containing
50 pg ml™ of kanamycin at 37 °C and 200 rpm, and protein expression
wasinduced with 0.02% (w/v) arabinose and 1 mMIPTG at OD, = 0.6.
After 16 h of expression at 18 °C, cells were harvested by centrifuga-
tion and lysed in a cell disruptor (CF1, Constant Systems) in the lysis
buffer containing 6 M GdmClI, 0.2 mM Tris(2-carboxyethyl)phosphine
(TCEP), 20 mM imidazole and 50 mM Tris-HCI, pH 8. The lysate was
centrifuged for 1hat12,000g at 4 °C to remove cell debris, and the
supernatant was incubated with Ni-beads for2 hat 4 °C. The Ni-beads
withlysate wereloadedin polypropylene tubes (Qiagen), washed twice
with2 M GdmCl and 20 mM imidazole, pH 8, and eluted with buffer
containing2 M GdmCl and 500 mM imidazole, pH 8. To remove the
His-tag, the elution was dialysed in 0.5 M GdmCl and 50 mM Tris-HClI,
pH 8, and cleaved overnight with TEV protease at room temperature.
Proteins were incubated again with Ni-beadsin2 M GdmCland 50 mM
Tris-HCI, pH 8, to remove cleaved His-tags, TEV protease and nonspe-
cific proteins with Ni-bead affinity. The flow-through containing the
NUP98 FG domainwas collected and further purified by size-exclusion
chromatography (Superdex 200, Akta pure protein purification system,
Cytiva) in2 M GdmCl, 0.2 mM TCEP and 50 mM Tris-HCI, pH 8. Frac-
tions were analysed by SDS-PAGE and stained with Coomassie blue.
Pure fractions were pooled and concentrated to around 15 mg ml™in
4 M GdmCl using 3-kDa MWCO centrifugal filters (Merck Millipore),
with the concentration measured by a BCA protein assay kit (Thermo
Fisher). The proteins were flash-frozen and stored at =80 °C.

NUP98 FG domain labelling in vitro. For labelling, the purified NUP98
FG domain with single or double cysteine mutations was exchanged



to4 M GdmcCl, 1x PBS, 0.1 mM EDTA and 0.2 mM TCEP, pH 7. Label-
ling with Alexa Fluor 594 maleimide (A10256, Thermo Fisher) and
LD655-maleimide (Lumidyne Technologies) was done at the molar ratio
of1:2 (dye:protein) overnight at4 °C. The reaction was quenched with
10 MM DTTin4 M GdmCland1x PBS, pH7. Unreacted dye was washed
off using a 3-kDa MWCO centrifugal filter, and the labelled protein
was further purified with Superdex 200. Pure fractions were chosen,
pooled and concentrated as described above, and the final concentra-
tion was measured by the absorbance spectrometer Duetta (Horiba).
The proteins were flash-frozen and stored at —80 °C.

FLIM-FRET imaging setup

The custom-built FLIM-FRET imaging setup (Supplementary Fig. 6) was
equipped with picosecond pulsed laser diode headsincluding the wave-
lengths of 485 nm (LDH-D-C-485, PicoQuant), 560 nm (LDH-D-TA-560,
PicoQuant) and 660 nm (LDH-D-C-660, PicoQuant). The laser heads
were controlled through a multichannel picosecond diode laser
driver (Sepia Il PDL 828, PicoQuant). The beams were coupled into
asingle-mode polarization-maintaining optical fibre (KineFLEX-P-2-
S-405/640-2.5-2.5-p2) and fibre coupler (60FC-4-RGBV11-47, Schifter +
Kirchhoff). The beam travelled through a Glan-laser polarizer
(Thorlabs) and was directed into a laser scanning system (FLIMbee,
PicoQuant). The three galvo mirrorsinthe scanning system wereimaged
onto the backfocal plane of the objective (x60 SRPlan Apo IR, 1.27 NA;
Nikon) with 200-mm tube lens. The fluorescence emission was focused
ontoapinhole (100 pm for cellmeasurements, 50 pm for droplet meas-
urements and 100 pum for single-molecule FRET measurements), and
then separated into parallel and perpendicular components using a
50/50 polarizing beam splitter (Thorlabs). Each component was further
separated by two sets of beamsplitters (ZT561 RDC and T647 LPXR,
Chroma), passed through three sets of bandpass filters (green chan-
nels: 525/50 BrightLine HC; orange channels: 609/57 BrightLine HC,
Semrock; red channels: ET700/75m, Chroma), and focused onto the
single-photon counting detectors (green channels and orange chan-
nels: PMA Hybrid 40, PicoQuant; red channels: T-SPAD, PicoQuant). The
signals from the photon detectors were recorded by a TCSPC system
(HydraHarp 400, PicoQuant) atatime resolution of 16 ps. Data acquisi-
tion was carried out with SymPhoTime 64 software v2.6 (PicoQuant).

Determination of Forster radius R,
The Forster radius R, is the distance between a pair of fluorophores at
which the FRET efficiency is 50%, which was calculated as*?,
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where k2 is the orientation factor, nis the refractive index (n = 1.375 for
cellmeasurements®, and n =1.426 for in vitro condensates®), ¢, is the
quantumyield of the donor without energy transfer, and J(A) is the
overlapintegral between the donor emission and acceptor absorption
spectraat wavelength A, given by*,

J=[ BWe,wA*dr/ [ F,Mdr @)

where F, (1) is the radiation emission intensity of the donor at
wavelength A, and g, (1) is the extinction coefficient of the acceptor.
The emission spectra of the donor and the excitation spectrascan of
the acceptor were measured on a Leica SP8 STELLARIS microscope
using xyA or xyA acquisition mode, for single-labelled cells with
the donor or the acceptor, respectively. The acquired spectra were
then compared with the spectra measured for free dyes in TB using
an absorbance spectrometer (Duetta) and no spectral shift was
detected. k* can be assumed to be approximately two-thirds when
the dyes can freely rotate, which is expected to be the case as all our
dyes have a C5flexible linker between the conjugating group and the

chromophore. Here we assumed near-parallel excitation and emission
dipoles. We also measured the fluorescence anisotropies for the sam-
plelabelled with the donor dye inside the NPC (0.27 + 0.015), in the
FG condensates in vitro (0.28 £ 0.003), and in the solution on a
single-moleculelevel (0.15 + 0.003). The measured anisotropies were
found tobe smaller than 0.3 inall cases, and the errorin the distance
measurements was shown to be below 10% in such aregime®. The R,
for in cell measurements was determined as 77.1 A, and for in vitro
condensate measurements was 77.3 A. Note that the apparent scaling
exponentis robust to the errorin Rymeasurements (see Supplemen-
tary Fig. 7).

FLIM-FRET for cell measurements

The average power of laser excitation was optimized to collect enough
photons fromthe cell withinareasonable time but avoid photon pile-up
and other artefacts in the fluorescence lifetime measurements. The
instrument response function was measured on a daily basis using
afreshly prepared saturated solution of Kl and erythrosine B®. The
temporal offsets of the parallel and perpendicular detectors were
pre-aligned by the measured instrument response functions. The cell
measurements were performed using the following imaging settings:
pixel size of 100 nm, image size of 256 x 256 pixels, pixel dwell time of
150 ps and the timeresolution of 16 ps. The fluorescence photons were
detectedin T3 mode and collected from the perpendicular and parallel
detectors for each colour individually.

To measure FLIM-FRET, the morphology of the labelled cell was
first checked with 660-nm laser excitation to ensure that no GLFG
bodies (normally a sign of overexpressed NUP98 in the cell’) existed
inthe nucleus. The acceptor intensity per pixel of the nuclear rimwas
then checked with 660-nm laser excitation to further assess the
expression level of the mutant NUP98, ensuring that cells with similar
expression levels and not highly overexpressed mutant NUP98 were
chosen. Specifically, we determined such an acceptor intensity range
based on the criteria that, on the nuclear rim, the relative FRET effi-
ciency (that is, the proximity ratio, £, = ﬁ; 1, and I are the total
acceptor and donor fluorescence intensities, respectively, excited
by a 560-nm laser) did not correlate with the acceptor intensity per
pixel excited by a660-nm laser (Supplementary Fig. 3). This intensity
threshold was further verified by acceptor photobleaching assays on
cells that expressed single-amber-mutant NUP98 and labelled with
donor and acceptor dye mixture. The average fluorescence lifetime
of the donor dye did not change before and after acceptor pho-
tobleaching as shown in Fig. 2b, indicating that no intermolecular
FRET could be detected.

After checking the expression level of the mutant NUP98 with 660-nm
laser excitation, we imaged the selected cell for 5 min using 560-nm
laser excitation with an average power of 40 pW at 40 MHz, and then
for30 susing 660-nm laser excitation withan average power of 35 pW
at 40 MHz. Next, the acceptor labelling was photobleached using
660-nm laser excitation with an average power of 300 pW at 40 MHz
for 2 min. The donor signal was measured again post-photobleaching
for 5 minusing 560-nm laser excitation with an average power of 40 pW
at40 MHz.

Therecorded images were processed using an automatic segmenta-
tion pipeline developed based on the software package PAM in
MATLAB®, The nuclear rim was selected as a region of interest (ROI)
using athresholding algorithmaccordingto the intensity and average
lifetime of each pixel. The time-resolved donor fluorescent intensity
profiles before and after acceptor photobleaching were extracted from
the selected ROI, respectively. The total fluorescence decay was cal-
culated by combining the parallel and perpendicular fluorescence
decays (/,and /,, respectively)®,

16) = (1= 3L, GI(6) + (2= 3L)I,(0) 3)
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where [;and L, are factors accounting for polarization mixing caused
by the high numerical aperture objective lens, and G is the factor
accounting for the difference in the detection efficiencies n between
parallel and perpendicular polarization, given by,
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G 4)

The detected fluorescence decays in parallel and perpendicu-
lar channels, D, and D,,, respectively, for a reference sample are
expressed as®*

Dy(6) = %Doexp(—t/r) {1 ¥ %(z - 3L1)exp(—t/p)} )

Dyer() = %Doexp(—t/r) {1 - %(1 - 3L2)exp(—t/p)} (6)

To determine L, and L,, the fluorescence decays of YFP with known
fluorescence rotational relaxation time (p = 16 ns)”° was measured and
globally fitted with equations (5 and 6).

G factor was determined as a ratio of the average intensities of the
perpendicular and parallel donor channels when measuring asolution
of Tris(2,2’-bipyridyl)dichlororuthenium(ll) chloride ([Ru(bpy);ICl,).
For eachmutant, the total fluorescence decays for approximately 100
cellswereadded up for further fitting analysis (see the sections about
FLIM analysis methods and fitting the scaling law for NUP98 FG in the
NPCin the Supplementary Text).

Invitro droplet assay and FLIM-FRET measurements

The purified and labelled NUP98 FG domain was mixed with unlabelled
proteinatamolar ratio of1:5,000in 2 M GdmCland 1x PBS, pH7. Of such
amixture, 1 plwas then quickly mixed with 24 pl TB supplemented with
5 mg mI PEG6000 in achambered coverslip (81507, ibidi) and imaged
immediately with the custom-built confocal microscope. The final
total concentration of NUP98 in the system was 10 uM for unlabelled
and 2 nM for labelled. The trace amount of GdmCl left in solution was
80 mM (a negligible level).

For the passive exclusion assay and the facilitated/active transport
assay on the phase-separated condensates, unlabelled NUP98 and
the LD655-labelled condensates were mixed with the ratio described
above, to avoid the crosstalk with the fluorescently labelled cargos
(thatis, FITC or GFP). After mixing the protein with TB for 5 min, the
buffer was carefully replaced by 0.5 puM 70-kDa FITC-dextranin TB or
0.5 uM IBB-MBP-GFP in the transport mixture as described for the
labelled cells avoiding disturbing the condensates on the coverslip
surfaces and imaged immediately.

Tomeasure FLIM-FRET on the NUP98 FG condensates, we focused on
thefirst 5 minasthe condensates behaved more liquid-like during this
time? (for example, FG-droplets merged quickly as shown in Extended
Data Fig. 9a). We applied the same conformation distribution model
(that s, the Gaussian chain model) to fit the lifetime curves of the FG
condensates as we used for in cell measurements (see Supplementary
Text).

The formed condensates were measured for 5 min using 560-nm
laser excitation with an average power of 70 uW at 40 MHz, and the
imaging settings were as follows: pixel size of 200 nm, image size of
256 x 256 pixels, pixel dwell time of 100 ps and time resolution of 16 ps.
Thefluorescence photons were detected in T3 mode and collected from
the perpendicular and parallel detectors for each colour individually.
The FG-droplets were selected as the ROl based on the intensity and
average lifetime in the SymPhoTime 64 software. The time-resolved
donor fluorescentintensity profiles were extracted from the ROl pixels
for analysis.

Toensurethatnointermolecular FRET was detected, single-cysteine-
mutated NUP98 was labelled with either the donor dye or with the mix-
ture of donor and acceptor dyes. The labelled protein was then mixed
withtheunlabelled protein with the same concentration as described
aboveto performthe droplet assay. The donor fluorescence lifetimes
of the donor-only and the donor-acceptor mixture showed no dif-
ference, indicating that no intermolecular FRET could be detected
(Extended DataFig. 9b,c).

Phasor transformation of FLIM data

To analyse the lifetime decays on a single-cell basis, the raw intensity
profile I(t) of each selected nuclear rim was plotted as a single point
in a phasor plot by applying the Fourier transform to the measured
decay data, given by”
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where g(w) and s(w) are the xand y coordinates of the phasor plot,
respectively, mand ¢ are the modulation and the phase delay of emis-
sionwithrespecttothe laser excitationthat has therepetitionrate of f,
thatis, 40 MHz, and Tis the repeat frequency of the acquisition, that
is, 25 ns. To establish the correct scale for the plotted phasor points,
the coordinates of the phasor plot were first calibrated by applying
Fourier transform to the measured instrument response function trace
andsettingitasthe zerolifetime”. Each phasor point from the acquired
FLIM data was then calibrated accordingly using the same calibration
parameters so that the final phase plot was referenced relative to the
calibration standard. The above procedure was performed with a
self-written code in MATLAB.

Single-molecule FRET measurements

Single-molecule FRET measurements were performed with the
custom-built confocal microscope mentioned above. The sample
wasilluminated with 560-nm and 660-nm lasersin pulsed interleaved
excitation mode at arepetition rate of 32 MHz. Photon counts were
recorded witharesolution of 16 ps. Purified and double-labelled NUP98
was diluted to the final protein concentration of 50 pMin 1x PBS sup-
plemented with 10 mM fresh DTT. The donor dye was excited with a
560-nm laser at an average power of 70 pW and a 660-nm laser at an
average power of 20 uW. Data acquisition was carried out with the
SymPhoTime 64 software (Picoquant).

Acquired data were analysed with the PAM software package® for
burst search, and the identified bursts were further analysed in the
BurstBrowser. The FRET efficiency Ein a burst is defined as’,
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and the stoichiometry Sis defined as®,
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where /5 is the acceptor fluorescence detected upon donor excitation,
1% is the donor fluorescence upon donor excitation, /4 is the acceptor
fluorescence detected upon acceptor excitation, and y,,, is the factor
accounting for the detection efficiency of the acceptor and donor
channels. After performing the correction for the leakage of donor
fluorescenceinto the acceptor channel (a =1.00) and direct acceptor



excitation (6 = 0.30) and confirming minimal variation of quantum
yields among different mutants, the y.,, parameter was extracted
from the apparent FRET efficiency, £,,,, and the apparent stoichiom-
etry, S, (ref.72). Alinearfittoaplot of 1/S,,, versus E,,, yields intercept
aandslope b, whichrelates to y, in the following way,

Voor =(@=1)/(@a+b-1) (1)

We determined the y,, parameter of labelled NUP98 in 1x PBS to
be 2.51. Single-molecule transfer efficiency histograms are shown
in Extended Data Fig. 8. Each dataset shows the donor-only species
at zero FRET efficiency (owing to incomplete labelling or photo-
physically inactive acceptor such as due to bleaching) and a FRET
population. The FRET population was selected and fitted with an
asymmetric Gaussian function to determine the centre of the popu-
lation while accounting for non-linear effects at high FRET efficiency.
The fitted values were taken as the average FRET efficiency, which s
defined as™,
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where p(r) describes the distance distribution of the inter-residue
distance. A typical single-molecule FRET (smFRET) experiment does
not contain enough information to retrieve a model-free distance
distribution, and one must therefore choose a model to fit. Here we
adopted the Gaussian chain model, which assumes that the monomers
occupy zero volume and excluded volume effects are not considered.
Despite its simplicity, it is commonly used for the analysis of IDPs**7*,
The distance distribution function takes the form given by the Gaussian
chain model as™
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where the root-mean-square inter-residue distance/ (r*) = Rg. By com-
paringthefitted (E) with the calculated average FRET efficiency derived
from the model, R was obtained for each mutant.

MD simulation methods

We performed MD simulations to model the large-scale conformations
and motions of FG-NUPs in the NPC and inin vitro-reconstituted NUP98
FG condensates. To ensure efficient sampling, we used a coarse-grained
polymer model, in which each amino acid is represented by a single
bead without local structure.

Composition and structure. The model complements the recently
resolved scaffold structure’ of the human NPC with a nearly com-
plete set of FG-NUPs. In our model I, we did not include NUP153 and
POM121, whose anchor positions are not yet resolved with high con-
fidence (see Supplementary Table 2). In our model I, we included
NUP153 and POM121 (see Supplementary Table 3). The FG-NUPs
were grafted onto the NPC scaffold in the constricted state (PDB
ID: 7R5K) at established positions as indicated’. The NUP98 simu-
lation models included the GLEBS domain, which is outside the
residue segments whose distances were probed in simulations or
experiments.

Energy function. We used a FENE potential Ugy> to describe the dis-
ordered FG-NUPs, Lennard-Jones (L)) interactions U,;between the CG
beads, and a potential confining NUP98 chains. The total potential
energyis
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Thelengthandinteraction energy scales of the L] potential between
apairofbeadsiandjareoandé€; respectively. Thelatter isnormalized
by the thermal energy k; T, where kg is the Boltzmann constantand T
isthe system temperature. We fixed the interaction strength between
scaffold and FG beads at &; = &,.4¢014= 0.1, which ensures that chains
donotstick tothescaffold. Theinteraction strength between FG beads
is given uniformly by €, = € The sums over i,j =i +1) extend over the
bonded beads of the FG-NUPs. The bond contraction and stretching
are controlled by the repulsive LJ and logarithmic terms, whose maxi-
mumbond limitis Ry = 1.50 with ki = 80 k; 7. To mimic the membrane
envelope underneath the scaffold, we applied an axial confinement
on NUP98-FG and POM121-FG beyond a radius of R, = 810=48.6 nm,
wherer,, = /x*+y? and k.= 80 k;T.

MD simulations. We used the LAMMPS software package” to simulate
the polymeric systems. The systems were thermalized with aLangevin
thermostat’ (at k7 =1) with a damping coefficient of 107. We used a
uniform mass m for all monomers and a characteristic time scale
7=./mo?/kyT . The time step of all simulations was set to 0.01 7 for the
single-chainand condensate simulations and to 0.001 7 for NPC simu-
lations. We used block averaging with four non-overlapping blocks to
estimate uncertainties. In the MD simulations of the FG-NUPs attached
tothe NPCscaffold, the residues of the FG-NUPs grafted to the scaffold
(see Supplementary Tables 2 and 3 for details) and the scaffold itself
were kept frozen.

We determined the bond length by matching the root-mean-square
inter-residue distance distribution of the CG model of a single NUP98
FG chain (1-499) to that in the Martini 2.2 level of coarse graining””’s.
With a focus on the geometric extensibility, we worked in the limit of
weak non-bonded interactions between distant amino acids. For the
Martini simulations of the single chain, we used a-scaling (o= 0.1)"",
and for the CG model, a weak cohesive strength between FG beads
(€=0.1). The Martini MD simulations were performed with GROMACS
2020.6 (refs. 80,81). The first 499 N-terminal amino acids of NUP98
were converted into a Martini coarse-grained model using the marti-
nize.py python script’”’®. A cubic simulation box of length 30 nm was
built and solvated with coarse-grained Martini water and 10%
anti-freezing water. lons were added to neutralize the system. The
systemwas initially energy minimized and then equilibrated for 500 ns
in NVT and NPT ensembles, respectively, using the velocity scaling
thermostat® and the Berendsen barostat® at temperature 7=300 K
and pressure P=1atm. The time constant of the thermostat was 1ps,
and that of the barostat was 5 ps witha compressibility of 3 x 10™*bar™.
Foral0-pslong productionruninthe NPT ensemble, we used a veloc-
ity scaling thermostat®and a Parrinello-Rahman barostat® with time
constants of 1 ps and 12 ps, respectively. As shown in Supplementary
Fig. 9b, the probability distribution of the end-to-end distance of the
Martini model peaked at the same position as that of the CG model
witho=0.6nm, and the averaged end-to-end distance of both models
wereequal. Inthefollowing, we fixed the FENEbond lengthato=0.6nm

Inasecond step, we adjusted the interaction energy between the FG
beads (€) by matching the model to the measured thermodynamic


https://doi.org/10.2210/pdb7R5K/pdb

Article

properties of the NUP98 FG chain (1-499) condensate formation®>*.
Asshown in Extended data Fig.10a, 500 chains were simulated inside
asimulation box size of 360 x 90 x 90 ¢>. We adjusted the interaction
strength € to match the experimentally measured concentration of a
NUP98 FG condensate?** (see Extended data Fig. 10b). We note that
inthis way, we also got a good fit to the measured concentration of the
dilute phase and thus the transfer free energy. The simulations of the
condensate and NPC systems were performed for durations exceeding
1.8 x10° rand 6 x 10* 7, respectively. We used the VMD software to
visualize all systems®.

Comparison to smFRET and FLIM-FRET experiments. We calculated
theroot-mean-square distances between the labelled sites across NUP98
FG chains and simulation trajectories to compare to the smFRET and
FLIM-FRET experiments. Asin the experiments, we kept one site fixed
(amino acid position 221 for NUP98 in the NPC) and swept across the
C-terminal residues. Foranisolated NUP98 FG (1-499) chain, the results
areshowninSupplementary Fig. 9c. We found that the experiments are
best explained with a NUP-NUP interaction strength of € = 0.5, which
ismostlyinthe collapsed state (Supplementary Video 8). According to
the radius of gyration of single chains (Supplementary Fig. 9a), the
midpoint of the coil-globule transition is at € = 0.44. We conclude that
isolated NUP98 FG chains in aqueous solution are mostly collapsed.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The NPCscaffold used inthe MD simulation is PDBID: 7R5K. The source
dataforthe main and extended data figures as well as the coordinates
for MD simulations are provided in Supplementary Information. All
other data are available in the main text or Supplementary Informa-
tion. Source data are provided with this paper.

Code availability

Initial configurations and trajectories of the MD simulations are avail-
ableat https://doi.org/10.5281/zenodo0.7648957 under CC-BY license.
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Extended DataFig.1|Comparison of genetic code expansion (GCE) using
cytoplasmic and orthogonal translating film-like organelles (OTOs).
(a) Schematic of the OTOs that form adistinct protein translational machinery
onthe outer mitochondrial membrane surface. The OTOs preferably expanded
thegenetic codon of the target NUP98, ensuring minimal interference with the
endogenous protein translationin the cytoplasm. Non-canonical amino acids
(ncAAs) wereintroduced into NUP98 at the sites specified by amber mutation.
The genetically encoded NUP98 withncAAsincorporated into the nuclear pore
complex. The ncAAs were labelled with tetrazine-modified organic dyes via
click chemistry. (b) Schematic showing sample preparation pipeline including
cellseeding, cell transfection with NUP98 and OTO-GCE plasmids, labelling the
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incorporated ncAAswith clickable dyes, and fluorescent lifetime imaging of
labelled NUP98 on the nuclear rims using the custom-built FLIM-FRET optical
setup. COS-7 cells were co-transfected with NUP98*?'™C.boxB plasmid and (c)
OTO-GCEsystemor (d) cytoplasmic GCE systemin the presence of trans-cyclooct-
2-en-L-lysine (TCO*A, anncAAthat canbelabelled) or t-butyloxycarbonyl-L-lysine
(BOC, acontrolncAA that cannotbelabelled), and labelled with LD655-tetrazine.
Clearer nuclear rims and less off-target-amber-suppression-induced background
labelling were observedin OTO-GCE system compared to the cytoplasmic GCE
system. The BOC control groups prove that the observed off-target-labelling was
notonly duetonon-specificsticking of the dye molecules. (Scale bars: 50 pm).
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Extended DataFig. 2| Labelling of NUP98?*'™¢ with various cell-
impermeable and cell-permeable tetrazine dyes in COS-7 cellsin the
presence of TCO*A or BOCornoncAA. Thereporter protein was expressed
inthe presence of trans-cyclooct-2-en-L-lysine (TCO*A, anncAA that can be
labelled) or t-butyloxycarbonyl-L-lysine (BOC, a control ncAA that cannot be

JF549-tz

AZ594-tz 5
LD655-tz =

labelled). Cells are labelled with the cell-permeable dyes (JF549,JF646, SiR,
and TAMRA) under live cell conditions. For the cell-impermeable dyes
(AZDye594 and LD655), we permeabilized the plasma membrane with low-
dosage digitoninin order to deliver the dyes across the plasma membrane.
(Scalebars:20 um).
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Extended DataFig. 3 | Control experiments of transport functional assay.
IBB-MPB-GFP cargoin the transport mixture withoutimportin-f and RanGTP
was notimportedinto (a) the labelled COS-7 cells (Scale bars: 20 um) or (b) the
invitroNUP98 FG-condensates. (Scale bars: 5pum.) 2 hrs after labelling, the
permeabilized COS-7 cells maintained their transport functionsin (c) passive
exclusion assay (70 kDa dextran was excluded) and (d) facilitated/active

Zoom

transportassay (IBB-MBP-GFP supplied with transport mixture wasimported).
Immunofluorescencereveals thatendogenous importin-f colocalized at the
nuclear envelope directly after (e) permeabilization and labelling, and (f) was
retained after 2 hrs. For each condition, n =3 experiments were repeated
independently with same conclusion.
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Extended DataFig.4|Measurements of donor fluorescence lifetime
and anisotropy among differentlabelled sitesinside the NPC. Different
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dyeinside the NPC (n=9 cells for each mutant), indicating the fluorophores at
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Extended DataFig. 5|Fluorescent lifetime analysis of the eighteen FLIM- totalsignal /(¢) in (a) by using Supplementary equation15. (c) Extended phasor
FRET chainsegments probed within the NUP98 FG domaininside the NPC. plot for Fig.2f where the lifetime decays of NUP98 encoded withanonreactive
(a) Normalized total fluorescence intensity profiles of the donor channel /(¢) ncAABOCarealsoincluded. Thelifetime decays of the FRET samples could be
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Extended DataFig.9|FLIM-FRET analysis of NUP98 FG condensates invitro.
(a) Time-lapse images showing phase separation of the purified NUP98 FG
domaininvitro. The early stage of the formed condensates demonstrated
liquid-like behavior where fast merging events were observedinline with other
observations of the early state of NUP98 FG droplets before they harden out to
gels?. Scale bar 5um. (b) Normalized donor fluorescence intensity profiles of
six NUP98 double-mutantsin phase-separated condensates that were allowed to
settleonthe coverslip (n =5independent experimental repeats). N,  refersto the
number of amino acid residues between the two labelled sites. The normalized

donor fluorescenceintensity profiles of the single-mutant NUP984?*'“ |abelled
with donor only or donor and acceptor mixture showed no difference, indicating
nointermolecular FRET was detected and the lifetime differences detected in
the double-mutants were due tointramolecular FRET. (c) Phasor plot showing
the donor lifetimes of the six double-mutants for individual experimental repeats
(n=35).0nthesame phasor plot, the lifetimes for the single-mutantlabelled with
donor-only and amixture of donorand acceptor were also compared, which
showed no difference, ensuring nointermolecular FRET wasinvolved during the
measurements.



Article

a

0.47

0.46

0.45

0.44

0.43

0.42

= Simulation ~
0.41F 1 Flory-Huggins theory | € = 0.417 1
== Experiment
0.40 . . . L =
10 102 10" 10° 10! 102 108
Concentration ¢ (mg/mL)
b 250 T T T T d T T
al] $E=045 .

- tE€=044 150 | ® o
—E' 200 [ €=1043|]

) $€=042

£

o 150 ] -

c < 100 } .
] w

E i 1 x

£ 100 +€=0.40

] - +E=042

R U O ¥ I et %0 +E=044 '
o CINLTTTeeee7] L 0 Exp. w GLEBS

o ® Exp. w/o GLEBS
-100 -50 0 50 100 0 100 200 300
X (nm) Nres (aa)

Extended DataFig.10|Coarse-grained MD simulations of NUP98 FG
condensates. (a) Condensate formation of homopolymer model of NUP98 FG
chainat different cohesive interaction strengths €. Shown are side-views of an
elongated simulation box (blue outline) with 500 NUP98-FG (1-499) chains
(red). (b) Concentration profiles of the NUP98 FG system at different cohesive
interactionstrengths. The symbolsand error barsrepresent the average and
standard deviation, respectively, of time-averaged density profiles over 3x10°7.
For€=0.42,atthecritical interaction strength, the condensate is not stable and
the chains are rather uniformly distributed inside the system. (c) Phase diagram
ofthe NUP98 FG condensate in the plane of cohesive interaction strength € and
the concentration c of coexisting phases. The solid black lineis the result of Flory-
Huggins theory forahomopolymer of alength N=499. The symbolsand error
barsrepresenttheaverage and standard deviation, respectively, of time-averaged
densities of dense and dilute phases over 3x10°7. The critical cohesive strength

isobtained as €.~ 0.417.For € = 0.45, no chain escaped the condensate during
the MD simulation. Based on capillary wave theory, we estimated the dilute-
phase density by fitting adouble error function to the averaged concentration
profile, c(x) = Aferf[(x + B)/w]-erf[(x - B)/wl}+ Cyiute Where A = (Cgense™Cattuce)/
2erf(B/w).For € = 0.45, we obtained Cyenee = 227.7 mg/mL, Cgjpee = 0.13 mg/mL,
B=30.69 nmand w = 6.41 nm. The experimental values of the dense and dilute
phases are markedingreen bars?”*, (d) Root-mean-square inter-residue-
distance R of beads onthe same NUP98 FG chaininside the condensate as a
function of residue separation V,,. The symbols and error barsrepresent the
average and standard error of the mean, respectively, as estimated from four
blocks of size 8x10*z. Issues with condensate aging and gelation during the
FLIM-FRET experiments (empty circles: with GLEBS; filled circles: without
GLEBS) likely explainthe larger distances compared to the simulations.
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