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HIV caninfect non-dividing cells because the viral capsid can overcome the selective
barrier of the nuclear pore complex and deliver the genome directly into the
nucleus* Remarkably, the intact HIV capsid is more than 1,000 times larger than
the size limit prescribed by the diffusion barrier of the nuclear pore®. This barrier in

the central channel of the nuclear pore is composed of intrinsically disordered
nucleoporin domains enriched in phenylalanine-glycine (FG) dipeptides. Through
multivalent FG interactions, cellular karyopherins and their bound cargoes solubilize
in this phase to drive nucleocytoplasmic transport*. By performing anin vitro
dissection of the nuclear pore complex, we show that a pocket on the surface of the
HIV capsid similarly interacts with FG motifs from multiple nucleoporins and that
thisinteraction licences capsids to penetrate FG-nucleoporin condensates. This
karyopherin mimicry model addresses a key conceptual challenge for the role of the
HIV capsid in nuclear entry and offers an explanation as to how an exogenous entity
much larger than any known cellular cargo may be able to non-destructively breach

the nuclear envelope.

Allretroviruses establish infection by converting their single-stranded
RNAintodouble-stranded DNA and integrating it into host chromatin
inthe nucleus. For most retroviruses, mitosis provides the opportunity
to interact with chromosomal DNA during nuclear envelope break-
down. However, lentiviruses, which include HIVs, have evolved to infect
non-dividing cells. To do so, these viruses must navigate the gatekeeper
of nuclear entry, the nuclear pore complex (NPC).

The human NPC is a 110 MDa complex composed of 30 different
nucleoporin proteins (Nups), which occur in stoichiometries ranging
from eight to 48 copies per NPC’. Movement through the NPC central
transport channel is restricted by size. The vast majority of proteins
larger than around 40 kDa must recruit karyopherins to facilitate their
nuclear transport®. The selectivity barrier in the central channel gating
nuclear entryis formed fromintrinsically disordered Nup domains that
are enriched in phenylalanine-glycine (FG) motifs. These FG-repeat
domainsarefoundinaround onethird of Nups (FG-Nups) and contribute
in excess of 5,800 individual FG motifs to a single NPC.

The ability of HIV to infect non-dividing cells maps to the capsid
protein (CA). CA self-assembles into a metastable lattice to form a
closed ‘shell’ of around 40 MDa that contains the genomic RNA and viral
enzymes. Although the CA lattice was originally thought to disassemble
shortly after entry into the host cell, it isnow broadly accepted that its
integrity is vital for cellular trafficking and reverse transcription, and
for protecting the viral genome from cytoplasmic nucleic acid sensors
and nucleases® 8. Furthermore, recentimaging studies have captured
intact capsids as they transit the NPC?and have demonstrated intact
capsids in the nucleus® .

Critically, it has been unclear how the HIV capsid can overcome the
selectivity barrier of the NPCwhenitis more than 1,000 times greater
insize than the passive diffusion limit. Transportersin the karyopherin
family can carry large cargoes through the NPC by specifically interact-
ing with the FG motif's of the diffusion barrier. The efficiency of this
cargo transportrelies on the presence of multiple FG-binding sites on
the karyopherin. Theinteractions are highly specific but weak and with
rapid exchange kinetics, enabling the karyopherin and its bound cargo
to partitioninto the selectivity barrier and rapidly diffuse through the
NPC*. Cocrystalstructures have shown that the HIV capsid exterior also
possesses an FG-binding pocket, which recruits the cellular cofactors
Sec24C", Nup153 (ref.15), and cleavage and polyadenylation specific-
ity factor subunit 6 (CPSF6)™. Although these proteins are structurally
distinct and found in different cellular compartments, each of their
interactions with the HIV capsid depends on an FG motif that buries
itselfinto a pocket in the CA amino-terminal domain.

HIV capsids bind FG-repeat Nups

Given that each CA molecule carries an FG-binding site, complete
capsids carry more than 1,200 such sites and therefore have a high
capacity to interact with proteins carrying multiple FG motifs. We
hypothesized that many CA:FG-Nup interactions may occur inaddition
to those previously described (Supplementary Table 1) and that even
weak interactions at this site have the potential to be significant owing
tomultivalency. We recently developed anin vitro technique based on
fluorescence fluctuation spectroscopy (FFS) toscreen for interactions
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between the HIV capsid and cellular proteins". In brief, putative binders
areexpressed as GFP fusions ina cell-free system. After the addition of
fluorescent capsid-like particles (CLPs; CA ,,04c cross-linked assemblies
labelled with Alexa Fluor 568), binding is determined by two-colour
coincidence detection as individual CLPs pass through a confocal
volume generating fluorescence fluctuations (for gel electrophore-
sis images of cell-free and recombinant proteins, see Supplementary
Figs.1and 2; for sequences of all proteins used, see Supplementary
Table 2; and for cryo-electron tomography (cryo-ET) images of all CLPs
used, see Extended Data Fig.1). Observations are made directly in the
cell-free extract, which we have found to be a powerful approach for
screening difficult-to-purify putative capsid binders such as the highly
disordered FG-Nups. Furthermore, the use of CLPs as the binding plat-
form has three critical advantages: (1) CLPs show a mix of cone, tube
and sphere morphologies bearing both CA hexamers and pentamers,
andtherefore they present all possible CA interfaces; (2) the presence
of a CA lattice gives high sensitivity to the measurement by physi-
cally concentrating binders on the CLP, thereby enabling detection
of interactions well below the dissociation constant (Kj); and (3) the
CLPIattice can engage binders that rely on multivalent CA contacts to
make detectable capsid interactions. This assay therefore provides a
platform for systematic investigation of potentially weak but specific
CA:Nup interactions for all FG-Nups across the NPC.

To ‘dissect’ the NPC, we individually expressed GFP fusions of the
ten FG-repeat NPC components (Nup42, Nup50, Nup54, Nup58,
Nup62, Nup98, Nup153, Nup214, Nup358 and Pom121; each with 5-42
FG motifs), along with Nup35, Nup88 and Nup133, which do not have
FG-repeat domains (for details, see Extended Data Table1and Supple-
mentary Information). Wealso included known CAbinders CPSF6, CypA
andthe cyclophilin domain of Nup358 (Nup358;,4-32,4). For Nups that
did not express as full-length proteins, we either truncated the trans-
membrane domain (Pom121,_1,49) Or expressed only the FG-repeat
domain (Nup98,_,96, Nup214,,05090)- Nups either remained as mono-
meric protein (as exemplified by POM121, Fig. 1a, flat blue trace) or
spontaneously oligomerized (as exemplified by Nup98, Fig. 1b, fluc-
tuating blue trace). This latter behaviour was not unexpected, given
that FG-repeat proteins are known to phase separate in vitro™®, Binding
was identified by the recording of ‘mirror plots’ after the addition of
CLP (Fig.1a,b and Extended Data Fig. 2, orange traces, represented as
negative values for clarity), showing that capsid and Nup were colo-
cated. The degree of coincidenceis reported as the ‘Nup/CLP intensity
ratio’. The positive controls (CPSF6, CypA and Nup358;.4-3,,4) Were
recruited tothe CAlattice as expected (Extended DataFig.2), whereas
the non-FG-repeat Nups (Nup35, Nup88 and Nup133) showed no detect-
able binding (Fig. 1c,d and Extended Data Fig. 2). Of the monomeric
Nups, those with the most FG motifs in unstructured FG domains, Nup58
(14 FGs), Pom121 (24 FGs) and Nup214 (42 FGs), showed the clearest CLP
binding (Fig.1cand Extended DataFig.2), whereas Nup62 (six FGs) also
bound. A similar trend was observed for the oligomeric Nups, with
Nup42 (12FGs), Nup153 (29 FGs) and Nup98 (40 FGs) all binding (Fig. 1d
and Extended DataFig. 2). When we accounted for stoichiometry, the
seven Nups that showed CLP binding were found to contribute 83%
of the total FG-repeat motifs in the NPC (Fig. 1e). Furthermore, these
Nups were found to be distributed throughout the NPC, including in
the cytoplasmic filaments (Nup42, Nup62, Nup98 and Nup214), the
central transport channel (Nup58, Nup62, Nup98 and Pom121) and
the nuclear basket (Nup153) (Fig. If). The clear coincidence between
CLPs and Nup98 was particularly striking, as this Nup is present at 48
copies per NPC, making it the most significant contributor of FGs to
the diffusion barrier.

FGrepeats bind a specific pocket on CA

FG-containing peptides are known to have different capsid-binding
modes. Previous crystal structures have shown that the short peptides
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Fig.1|FG-Nupsbind to the HIV-1capsid. a,b, FFS traces of GFP-Pom121 (a) and
GFP-Nup98 (b), alone or mixed with AF568 CLPs (blue, Nup channel; orange,
CLP channel).c¢,d, Nup/CLP fluorescence intensity ratios calculated for
monomeric (c) and oligomeric (d) Nups (grey background denotes canonical
FG-repeat Nups with the number of FG motifs per Nup in parentheses). Error
barsindicate the standard deviation of the mean. e, Relative FG motif
contributions to the diffusion barrier based on published Nup stoichiometries
(seealso Extended Data Table1). *Due toits size, the FG domain of Nup358

was expressed as two fragments, as denoted by the dotted line. f, HIV capsid
interacts with Nups distributed throughout the NPC. Nups identified to bind
to CLPsare highlighted inbold. n, number of scans per sample.

Nup153,407-1423and CPSF 6,5 5,, bury their respective FG motifsin the CA
N-terminal domain. Although these FG motifs are conformationally
identical, the peripheralinteractions differ. Nup153,,0;.14,; adoptsalin-
ear conformation that bridges two CAmonomers, whereas CPSF6;,; 5,
forms a more compact structure that packs predominantly against a
single CA protomer (Fig. 2a). Notably, in both cases, CA residue N57
forms two critical hydrogen bonds with the main-chainNH and O of the
buried phenylalanine. Mutation of CANS57 therefore disrupts binding
of both cofactors. However, mutation of residue N74 or A77 only dis-
rupts CPSF6 binding, leaving Nup153 unaffected'. CLP mutants (N57D,
N74D or A77V) reproduced these binding specificitiesin our FFS assay
(Fig.2b,cand Extended DataFig. 3), whereas binding of a CypA control
was unaffected by these mutations, demonstrating these CLPs to be
otherwise competent for assembly and binding (Extended DataFig. 3).

To investigate how the capsid recognizes FG repeats, we exam-
ined interactions of CA mutants with our identified binders (Nup-
4'Zt“ull-lengthr Nupssfull-length' Nup62full-lengthr NUp981,499, Pom12126671249 and
Nup214,,9-090)- These FG-Nups demonstrated similar profiles to the
Nup153-peptide (Fig. 2d-iand Extended Data Fig. 4). In each case, bind-
ing was significantly reduced by N57D but unaffected (and possibly even
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Fig.2|HIV-1CAspecifically recruits FG-repeat domains. a, Hydrophobic
pocket of CA (cartoon) with Nup153 (top, blue; PDB 4UOC) and CPSF6 (bottom,
purple; PDB4UOB) peptides bound. Buried FG motifs are shownin orange,
withkey CAresiduesingreen.b-i, Binding of CLPs (wild-type or mutant)

t0 CPSF633_35; (b), Nup153,4471423 (€), Nup42 (d), Nup58 (e), Nup62 (f), Nup98,_4s,
(g), Pom121,4¢ 1540 (h) Or Nup2145,9 5000 (i), as measured by FFS. j, Domain
architectures of Nup214, Pom121 and Nup98. FG motifs are shown as black bars.

enhanced) by N74D or A77V. Theresults obtained with these CLP muta-
tionsindicate that the FG-Nupsinteract with CANS57 inthe FG-binding
pocket, and that the binding footprints more closely resemble that of
Nup153,407-142; than that of CPSF6,,;_5,,. These observations may explain
why capsid N74D and A77V (CPSF6-binding mutants) retain the abil-
ity to infect non-dividing cells®**%, as they maintain FG interaction
and use of the NPC, whereas N57 mutants (FG-binding mutants) are
dependent on cell division for maximal infectivity'*.

Nup98, Pom121and Nup214 have distinct domain architectures, each
possessing a clearly defined FG-repeat domain with 44, 24 and 40 FG
motifs, respectively (Fig. 2j). To determine whether the FG domains
were solely responsible for CA binding, we performed side-by-side
FFS measurements comparing the FG and non-FG domains. Strikingly,
binding was observed for all three FG domains, whereas there was no
detectable interaction for any non-FG domain (Fig. 2k and Extended
Data Fig. 5). To probe whether binding was driven predominantly by
specific FG-containing motifs (asis the case for Nup153 (refs.15,16)), we
chosethe strongest binder, Nup98, and further dissected the FG domain
intothreeregions, each containing 13 FGs. Each of the three FG-repeat
fragments bound robustly to the wild-type capsid but not N57D (Fig. 2l
and Extended DataFig. 5). CLP interaction with representative Nup98
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CTE, C-terminally extended peptide; TM, transmembrane domain; NE, inner
nuclear envelope-binding region; NLS, nuclear localization signal; GLEBS,
Gle2-binding sequence; APD, autoproteolytic domain. Domain boundaries of
truncation constructs areshown inyellow. k, Binding of truncated constructs
of Nup214, Pom121and Nup98 to CLPs as measured by FFS. FG-repeat domains
areshowninred.l, Binding of Nup98 peptides and fragments of Nup98 to CLPs.
Error bars show standard deviation of the mean; n, number of scans per sample.

peptides containing only asingle FG motif (representing both GLFG and
FGFG types) was below the detection limit for FFS (Fig. 21), indicating
that capsid binding to Nup98 may be driven by weak but FG-specific
interactions enhanced by multivalency.

CA exhibits karyopherin-like properties
Directinteraction between CA and the FG-Nupsindicates that the HIV
capsid may engage with the diffusion barrier of the NPC. Furthermore,
these interactions are reminiscent of the low-affinity multivalent FG
binding exhibited by karyopherins, which are uniquely capable of
crossing the FG-rich diffusionbarrier along with their bound cargoes.
Akeyadvanceinthe understanding of karyopherin-mediated trans-
port came with the observation thatisolated FG-Nups spontaneously
formliquid-liquid phase-separated condensates that retain the selec-
tive properties of the diffusion barrier of the NPC'®*, Although semi-
nalforamechanistic understanding of nucleocytoplasmic transport,
these FG-Nup condensates have not previously been used to study viral
nuclear entry. We therefore sought to produce them to explore the
interplay between the HIV capsid and the NPC diffusion barrier. Nup98
was chosen as our model system, as it plays a vital partin maintenance
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of the integrity of the NPC* and contributes the most FGs (Fig. 1e), and,
among the phase-separating FG-Nups, it produces condensates that
most accurately recapitulate the selectivity properties of the diffusion
barrier invitro®**», Notably, of the Nups, Nup98 was also the clearest
CAbinder in our FFS assay (Fig. 1b,d).

We produced the unstructured FG domain of Nup98 (residues 1-499)
under denaturing conditions and observed spontaneous formation
of spherical, phase-separated condensates (average diameter 1.3 um)
after shock dilutioninto aqueous buffer (see Methods for details). We
tested these condensates for their selective properties by mixing them
immediately after formation (when they still maintained liquid-like
characteristics) with mCherry fused to the importin-B-binding domain
ofimportin-a (IBB-mCherry). IBB-mCherry (33 kDa) was excluded from
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the Nup98 phases (Fig. 3a and Extended Data Fig. 6) but was trans-
portedinto the condensates within minutes of addition of importin-3
(Fig. 3b and Extended Data Fig. 6). These results demonstrate that
our Nup98 condensates exhibit two essential functions of the NPC
permeability barrier, passive exclusion and karyopherin-facilitated
transport. Furthermore, the addition of importin-f3 did not resultin
uptake of wild-type mCherry (27 kDa; Extended Data Fig. 6), show-
ing that the presence of importin-f does not affect the size-selective
properties of the Nup98 condensates. To test whether CA could also
enter the FG-Nup phase, we fused mCherry to the carboxyl terminus
of CA (CA-mCherry, 52 kDa). At the concentrations used in our assay
(45 uM), we expected CA-mCherry to exist in equal amounts as mono-
mer and dimer (K approximately 40 uM)?, with the latter carrying two
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FG-binding sites. Strikingly, CA-mCherry rapidly partitioned into the
Nup98 condensates (Fig. 3c and Extended Data Fig. 6), whereas dif-
fusion into the condensate was almost entirely abolished after N57A
mutation (Fig. 3d,g and Extended Data Fig. 6). Next, we produced
a cysteine cross-linked hexamer (CApex,mer-mCherry)? carrying an
average of one CA-mCherry per hexamer. At 182 kDa, this construct
is well beyond the size limit for passive diffusion across the NPC but
presents six FG-binding sites appropriately positioned relative to their
neighbouring CA protomers. Again, we observed CA . mer-MCherry
partitioning into the condensates (Fig. 3e and Extended Data Fig. 6),
an effect that was again significantly reduced by N57A (Fig. 3f,g and
Extended Data Fig. 6).

Tofurther probe the functional relevance of the FG-binding pocket,
we sought to test whether known cofactors could compete for CA bind-
ing and therefore influence Nup penetration. The recently developed
drug lenacapavir binds the FG pocket but was not amenable to study
inour systemsasitresultedin CA clustering, consistent withits known
overassembly effect?. As an alternative, we used the host cofactor
CPSF6, which had no such confounding effects. CPSF6,,;_5,, peptide
preferentially binds to CA,eamer (Kg =50 pM) over unassembled CA
(Kyapproximately 700 uM)'. As expected, pretreatment with 500 pM
CPSF6,,,_5,, had no observable effect on CA-mCherry (Extended Data
Fig.7), whereas it abolished the ability of CA;c.ame-mCherry to parti-
tion into the Nup98 condensates (Fig. 3h,j and Extended Data Fig. 7).
This effect was specific to the interaction with the FG pocket, because
CPSF6,,;_5,, had no effect on CA(N74D), exame:-MCherry, which does not
bind CPSF 6, 5,, (Fig. 3i,jand Extended Data Fig. 7). Posttreatment with
CPSF6,;_3,;also removed CAcxamer-mCherry from the Nup98 conden-
sates. These effects of CPSF6 support the role of the FG-binding pocket
in mediating capsid entry into Nup98 condensates; moreover, the
pretreatment and posttreatment results indicate that competing cofac-
tors may be able to influence both NPC engagement and disengage-
ment. Indeed, these results are consistent with the proposed ‘ratchet’
mechanism by which CPSF6 extracts the capsid from the nuclear face
of the NPC’.

Whereas these resultsindicate that CA may be able to enter the NPC
autonomously, previous studies have suggested that the karyopher-
insimportin-a3 (ref. 29), transportin-1(TNPO1)*® and transportin-3
(TNPO3)* each play a part in HIV-1 nuclear entry through a direct
interaction with the capsid. However, we observed no specific bind-
ingbetween capsid andimportin-a, TNPO1or TNPO3 by FFS (Extended
DataFig. 8). Furthermore, rather than enhancing CA entryinto Nup98
condensates, these karyopherins reduced entry under our experimen-
tal conditions (Extended Data Fig. 8), consistent with the prediction
that CA and karyopherins would compete for FG binding and therefore
have asimilar mechanism of action. Notably, a fully assembled capsid
with more than 1,000 FG-binding sites is likely to be a much stronger
competitor for the FG motifs than CAhexamers. Thus, we argue that our
observation of CA penetrating FG condensates and facilitating the entry
of an mCherry pseudo-cargo demonstrates that the HIV capsid pro-
tein possesses intrinsic karyopherin-like properties and can function
independently of the canonical nucleocytoplasmic transport factors.

HIV capsids enter Nup98 condensates

To chaperone the viral genome and enzymes across the nuclear enve-
lope, the HIV capsid must be capable of entering the NPC intact. To
investigate the FG-Nup-penetration properties of complete capsids, we
induced coassembly of CA(A204C) with CA(A204C)-mCherry ataratio
0f200:1. These fluorescent CLPs formed the expected heterogeneous
mix of lattice structures that model the pleiomorphic capsids found
in HIV virions (Extended Data Fig. 1). Confocal microscopy showed
that after the addition of CLPs, fluorescent puncta were recruited to
the periphery of the Nup98 condensates (Fig. 4a and Extended Data
Fig.9) but could not resolve whether these structures had penetrated
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of Nup98alone (b), inthe presence of CLP WT (c) and or CLPN57D (e). Scale
bars, 100 nm.d,f,Zoomed images from ¢ (d) and e (f), showing an average of
fiveslices with atotal thickness of 5.2 nm. Scale bars, 100 nm. g, Populations (n)
of WTand N57D CLPs excluded from (light grey) or partitioned into (dark grey)
condensates. h, Penetration depths of (n) CLP WT, measured from the edge of
eightunique condensates.

the condensates, nor whether the structural integrity of closed CA
cones or spheres was maintained after entry.

To examine whether complete HIV-1capsids can penetrate the Nup98
condensates, we turned to cryo-ET, atechnique that (in contrast to pre-
vious measurements) also allowed us to study CA-Nup98 condensate
interactionsin alabel-free context. We ensured that the condensates
were electron transparent by reducing the Nup98 concentration,
resulting in smaller condensates (diameter 400 nm to 1 um), which
we imaged with and without CLPs introduced immediately before
freezing. In the absence of CA, Nup98 condensates had a uniform,
featurelessinternal texture, consistent with aphase-separated, intrinsi-
cally disordered protein (Fig. 4b and Extended DataFig. 9). Strikingly,
after addition of wild-type CLP to preformed Nup98 condensates, we
observed internalized pleomorphic substructures, including conical
structures similar to authentic HIV capsids (Fig. 4c¢,d and Extended
DataFig.9). These structures carried an electron-dense exterior with
evidence of arepetitive lattice structure. Internal negative space con-
firmed that wild-type CLPs were empty, showing that the integrity of
the CLPs was not affected even when they were fullyimmersed in the
FG-motif-dense condensates. Conversely, CLPs carrying the N57D
mutation were not internalized and were observed either at the sur-
face of the Nup98 condensates or in the bulk solution (Fig. 4e-g). Fur-
thermore, the median penetration depth of wild-type CLPs was 65 nm
(Fig.4h), whichis greater thanthe 50 nmrequiredto cross the central
transport channel of the NPC2. These results show that complete HIV
capsids have properties that enable them to sufficiently penetrate and
enter the key material of the diffusion barrier of the NPC, specifically
via the FG-binding pocket, while preventing disordered Nups from
infiltrating the capsid interior.



Discussion

There are several reasons the HIV:NPC interaction has remained poorly
understood. In cellulo approaches can be confounded by both the
essentiality of the Nup genes and the complex interactome of the
NPC. Protein depletion approaches may be incomplete and/or result
in changes in the abundance and/or mislocalization of other Nups,
whereas pulldown assays can yield false positives owing to Nup-Nup
interactions”. Nevertheless, more than one third of Nups have previ-
ouslybeenimplicatedinvarious aspects of the HIV lifecycle using these
methods®*%3% (Supplementary Table1). Despite similar approaches,
the consistency withwhich specific Nups areidentified varies consider-
ably. By performing an in vitro screen of the CA:Nup interactions, we
have circumvented the cellular challenges to show that the capsid spe-
cifically engages with the multitude of FG motifs found within the NPC
diffusion barrier. Notably, we observe interactions with Nups located
inthe cytoplasmic filaments, throughout the central transport chan-
nel and in the nuclear basket, implying that capsid:Nup interactions
can, in principle, occur at all points along the translocation pathway.

FG repeats have been classified into two main types based on the
residues immediately upstream, FXFG/FG and GLFG. We observe that
the HIV capsidinteracts withboth. The two types are thought to segre-
gateinthe NPC, with FXFG/FGrepeats enriched at the cytoplasmicand
nuclear peripheries, and GLFG repeats enriched in the central channel
where they function as the main component of the diffusion barrier®.
The only GLFG-containing Nup in the human NPC is Nup98, which is
thus a crucial barrier that any foreign entity must overcome to enter
thenucleus. Itis therefore striking that Nup98is the clearest CAbinder
inour assays and that Nup98 condensates readily take up HIV capsids.

Structural studies of karyopherins have shown that they possess
multiple surface pockets for binding FG dipeptides, and it is these
FG interactions that enable karyopherins and their bound cargoes to
selectively cross the diffusionbarrier. Several karyopherins have been
shown to interact directly with FG motifs of Nup42, Nup62, Nup98,
Nupl153 and Nup214 (refs. 38-42); notably, all of these Nups have been
identified as CA binders in our study. The remarkable structural and
functional similarities between CA:Nup and karyopherin:Nup inter-
actions imply that rather than engaging with host nuclear transport
receptors, the HIV capsid has evolved to become the karyopherin for
the protected HIV genome.

Thereductionist system of Nup98 condensates allows us to demon-
strate the principle of FG-mediated phase partitioning and probe the
specific sites on the capsid that permitit to be a client of these phases.
We acknowledge that the human NPCis one of the most complex mac-
romolecular assemblies known. The diffusionbarrier itself has defied a
consensus physicochemical description owingtoits intrinsic disorder,
multicomponent composition and tethered nano-environment*™,
Indeed, although it is at present one of the best-known examples of
ademixed aqueous environment in the cell, the nuanced complexity
means that experimental models are always approximations and limi-
tations should be recognized when extrapolating precise details con-
cerning nuclear entry®. In the case of HIV, the concept that the capsid
has the ability to partitioninto FG-containing liquid-liquid phases has
severalimportantimplications for viralinfection. Insuch aframework,
molecular weight does not represent a barrier to nuclear entry. Any
assembly should be able to enter the nucleus provided that its dimen-
sionsdonot exceed those of the central transport channel and thatitis
notexcluded from the FG-Nup phase. Notably, recent cryo-ET images of
intact HIV-1 capsids travelling through nuclear pores showed that the
central channel can become wider than previously thought to accom-
modate the width of the complete capsid®. On the basis of acombination
ofthese cryo-ET studies with our work presented here, the HIV capsid
satisfies both criteria of appropriate size and penetration capability.

Furthermore, the collective effects of FG interactions can be recast
in terms of surface energies and, in the simple case of the threefold

intersection between capsid-condensate, capsid-cytosol and con-
densate-cytosolinterfaces, awetting angle. Thisisimportant because
alongside the geometries of the capsid and the central transport chan-
nel, the surface energies determine the capillary forces thatact on the
capsid*¢, with potential to shed light on how capsids orient relative to
the NPC, and possibly explain why, among the retrovirus family, only
those that traverse the NPC (that is, the lentiviruses) adopt a conical
capsid morphology.

The HIV capsid is also likely to encounter other cellular compart-
ments that could be described as phase separated. One of the best-
characterized capsid binders, CPSF6, is known to partitioninto mem-
braneless compartmentsinthe nucleus, where it plays an essential part
in targeting HIV integration®**8, Impairment of the CA:CPSFé6 interac-
tion (through A77V,N74D mutations or CPSF6 knockdown®3#) results
inarrest of CAatthe nuclear membrane and integration at the nuclear
periphery, indicating that the capsid may not be able to properly dis-
engage from the NPC. Furthermore, cytoplasmic mislocalization of
CPSF6 (through either ectopic expression of CPSF6 lacking a nuclear
localization signal or depletion of the dedicated CPSF6 karyopherin,
TNPO3) prevents the HIV capsid from entering the nucleus®*°. Our data
are consistent with amodel in which cytoplasmic CPSF6 competes for
FG-Nup binding, thereby preventing nuclear entry, while nuclear CPSF6
helpstoextract the capsid out of the NPC into the nucleus and directs it
towards the sites of active transcription before integration. Itis worth
noting that endogenous karyopherins similarly require assistance to
disengage from the NPC. Importin-f, for example, is released from the
NPC by Ran-GTP*. Thus, nuclear CPSF6 probably has an analogous
release functioninthe karyopherin mimicry model of capsid-mediated
nuclear entry. We also note that Nups can be found in other compart-
ments of the cell, such as annulate lamellae, and in condensates in
the nucleus®?. Although their relevance to HIV is yet to be established,
our data indicate that non-canonical Nup function could potentially
influence early infection.

Whether the HIV capsid maintains its structural integrity while
embedded in FG-containing phases (the NPC or CPSF6-rich compart-
ments such as speckle-associated domains) remains an open question.
Furthermore, it has been proposed that the capsid ultrastructure may
remodel after transit of the NPC>™, Although we have not explic-
itly addressed this question with our cross-linked capsid model, the
high concentration of FGs in the NPC (more than 100 mM*) indicates
that many FG pockets are likely to be occupied simultaneously. High
occupancy of the FG pocket with capsid-targeting drug lenacapavir
or related compound PF74 affects capsid integrity and CA lattice
stability®. It is therefore conceivable that effects observed only near
saturation (such as changes to the capsid ultrastructure) may indeed
take place during NPC transit and/or after arrival in CPSF6-containing
nuclear compartments. The role of phase partitioning in HIV uncoat-
ing has not previously been considered and will probably provide key
insights into this enigmatic process.

Insummary, we propose amodelin which the HIV capsid mimics the
karyopherin mechanism of transiting the NPC by solubilizing in the
diffusion barrier through specific, multivalent FG interactions. This
mechanism of nuclear entry is likely to be conserved in other medi-
callyimportant viruses, which may prove to be treatable by astrategy
analogous to the use of lenacapavir in HIV. Certainly, further study of
the HIV capsid will continue to provide a paradigm for viralinfectionand
nuclear transport mechanisms and reveal opportunities for improv-
ing lentiviruses as gene delivery vectors, along with new therapeutic
approaches that may be extended to unrelated viruses.
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Methods

Constructs

Nup42, Nup50, Nup54, Nup62, Nup88, Nup133 and Nup214 in the
pDONR221 gateway master vector were purchased from DNASU and
clonedintothe cell=free expression vector pCellFree_03 (ref. 55), using
the Gateway method, to produce fusion proteins with an N-terminal
GFPtag (see Supplementary Table 2 for details). Nup35, Nup58, Nup98,
Nup358 and Pom121 were cloned from complementary DNA (cDNA)
prepared from HEK293T cells. Briefly, RNA was extracted using an Iso-
late IRNA minikit (Bioline), and cDNA was synthesized using oligo(dT)
primers and SuperScript IV (Thermo Fisher Scientific). Target genes
werethen clonedinto pCellFree_03 using the Gibson assembly protocol
(New England Biolabs). Nup98 and Pom121 fragments were purchased
as gBlocks from IDT and cloned into pCellFree_03. pET28a vectors
containing mCherry2-Nup98 fragments, as well as pGEX-6P-3 vec-
tors containing importin-&, TNPO1 and TNPO3 were purchased from
GenScript. Cell lines (HEK239T) were only used for cDNA preparation
in this study, with gene identity subsequently confirmed by Sanger
sequencing.

Protein expression and purification

HIV-1 CA proteins. HIV-1 CA proteins (K158C, A204C, R18G/A204C,
N57D/A204C,N74D/A204C,N77V/A204C) were expressed in Escheri-
chia coli C41 or Rosetta2 cells and purified as previously described*®.
HIV-1 CA K158C was labelled with Alexa Fluor 568-C5-maleimide
(AF568, Thermo Fisher Scientific, A20341) and mixed in an approxi-
mately 1:200 ratio with unlabelled HIV-1 CA A204C before assembly.
CA lattice assembly was carried out as described by Lau et al. " with
the modification of a 15 min incubation at 37 °C and no overnight
incubation. CAc.amer» CAnexamer-MCherry and CA-mCherry were pu-
rified based on previously described protocols?. Briefly, CAcamers
CA\exame-mCherry (pOPT) and CA-mCherry (pET21a) were expressed
in E. coli C41 cells. Cells were grown at 37 °C, protein expression was
induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)
atan optical density of 0.6, and cell growth was continued overnight
at 18 °C. Cells were collected (4,000g, 10 min, 4 °C), and the cell pel-
lets were resuspended in lysis buffer (purification buffer 50 mM Tris
pH 8,50 mM NaCl, 2 mM dithiothreitol (DTT); +cOmplete EDTA-free
Protease Inhibitor (Roche)) and lysed by sonication. The lysate was
cleared by centrifugation (16,000g, 60 min, 4 °C), and anammonium
sulfate (20% w/v) precipitation was carried out on the soluble fraction.
Afterstirring for 30 minat4 °C, the precipitated material was pelleted
(16,0008, 20 min, 4 °C). CAjexamer Was further purified by resuspend-
ing the pellet in 100 mM citric acid pH 4.5,2 mM DTT and dialysed
against the same buffer three times. The precipitated protein was
pelleted (16,000g, 20 min, 4 °C), and the soluble fraction was col-
lected for further purification. CA . .me-mCherry and CA-mCherry
could not be purified with citricacid precipitation owing to a possible
loss of mCherry fluorescence. The ammonium-sulfate-precipitated
pellets were resuspended in 8 ml purification buffer per litre culture,
run over a 20 ml Hi-TRAP Q column in purification buffer and eluted
ina1-100% gradient with buffer B (50 mM Tris pH 8, 500 mM NaCl).
Protein-containing fractions were pooled.

CA-mCherry was further purified by gel filtration (Superdex 200
in purification buffer), and fractions containing clean protein were
pooled and snap frozen to be stored at -80 °C.

To assemble the final cross-linked hexameric CAj,¢amer-mCherry,
CAexamer aNd CAamer-mCherry were mixed in a 5:1 ratio and assem-
bled by means of the following dialysis steps: twice against 50 mM
Tris pH 8,1,000 mM NaCl, 2 mM DTT; twice against 50 mM Tris pH 8,
1,000 mM NacCl; and twice against 50 mM Tris pH 8,40 mM NaCl. The
assembled CA,...me-mCherry was finally purified with gel filtration
(5200), and fractions containing hexameric CA;..me-mCherry carry-
ing one mCherry were pooled and snap frozen to be stored at -80 °C.

Cell-free expression. Cell-free expression of GFP fusion proteins was
performed as described by Lau et al.”. Briefly Leishmania tarentolae
extract was supplemented with RnaseOUT (1:1,000, Invitrogen) onice.
pCellFree_03-Nup plasmids (150 ng pl™) were then added to the expres-
sion mix, followed by incubation at27 °Cfor 3 h. Following incubation,
the undiluted extract was mixed 1:1 with NuPAGE LDS loading buffer
(Thermo Fisher Scientific), 10 mM DTT, and the purity and degrada-
tion of the expressed Nup were assessed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis in-gel fluorescence.

Importin-, IBB-mCherry, Nup98. The mCherry protein was kindly
provided byJ. Goyette. Importin-p and IBB-mCherry in pET11a (Gen-
Script) were expressed as His-fusion proteins in E. coli Rosetta2 cells.
Cellsweregrownat37 °C, protein expression was induced with 0.5 mM
IPTG at an optical density of 0.6, and cell growth was continued over-
night at 18 °C. Cells were collected (4,000g,10 min, 4 °C), and the cell
pellets were resuspended in lysis buffer (purification buffer: 20 mM
Tris pH7.5,150 mM NaCl, 2 mM DTT; +cOmplete EDTA-free Protease
Inhibitor (Roche)) and lysed by sonication. The lysate was cleared by
centrifugation (16,000g, 45 min, 4 °C), and the supernatant was bound
to Ni-beads (NiSepharose High Performance, Cytiva) preincubatedin
purification buffer; then,imidazole wasadded to the protein-Nislurry
to afinal concentration of 10 mM, and the mixture was incubated for
2 hat4°C. The beads were washed with 20 column volumes of wash
buffer (purification buffer + 20 mMimidazole) and eluted in 2 ml frac-
tions with elution buffer (purification buffer + 500 mM imidazole).
Protein-containing fractions were pooled, and cleavage of the His-tag
was achieved with TEV (IBB-mCherry) or SUMO (importin-p) in over-
night dialysis against TEV-cleavage buffer (50 mM TrispH 7.5,1mMDTT)
or SUMO-cleavage buffer (50 mM Tris pH7.5,150 mM NaCl,1 mMDTT).
Cleaved proteins were added to Ni-beads, and the flow-through was
collected. Proteins were finally purified by size-exclusion chromatog-
raphy (SEC; HiLoad16/60 Superdex 200) in purification buffer. Clean
protein fractions were pooled and snap frozen to be stored at —80 °C.
Nup98 in pET28a was purified as described above with the following
changes: the buffers used were purification buffer (6 M GuHCI, 50 mM
TrisHCIpH7.5,2 mM DTT), wash buffer (6 M GuHCI, 20 mMimidazole
pH 8) and elution buffer (500 mM GuHCI, 500 mM imidazole pH 8).
After induction with IPTG, cells were grown further for 3 h at 30 °C
before being collected. Sufficient purity of the protein was achieved
with affinity chromatography; consequently, no SEC was performed.
The His-tag was not removed. The protein—-Nislurry was stored at 4 °C
for phase-separation assays.

Importin-a, TNPO1, TNPOS3. Importin-a, TNPOland TNPO3 were ex-
pressed as GST-fusion proteins from E. coli Rosetta2 cells, as described
above for importin-f3 and IBB-mCherry. Cell pellets were then resus-
pendedin25mM Tris pH7.5,500 mM NaCl,1 mMDTT, 10% glycerol and
1x cOmplete EDTA-free Protease Inhibitor (Roche) and lysed by sonica-
tion. Cell lysates were subjected to centrifugation (18,000g, 60 min,
4 °C).Clarified lysates were bound to GSH-resin and washed with 25 mM
Tris pH7.5,150 mM NaCl, 1 mM DTT, 10% glycerol. On-column cleav-
age of the GST-tag was achieved with PreScission Protease. Cleaved
proteins were subjected to SEC over a Superdex 200 26/600 (Cytiva)
and equilibrated in 50 mM Tris pH 7.5,200 mM NaCl,1 mM DTT, 10%
glycerol. Eluted proteins were concentrated, snap frozen and stored
at-80°C.

Fluorescence fluctuation spectroscopy

FFS was performed as described by Lau et al.”. Briefly, cell-free
expressed GFP-Nup proteins (approximately 50 nM; equivalent to
approximately 2,500 photon count) or AF488 peptides (100 nM) were
mixed with AF568-HIV-1 CA assemblies (12 pM) in 50 mM Tris, pH 8,
150 mM NacCl. Fluorescence traces were recorded for 15 s per trace in
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1 ms bins using a scanning stage operated at 1 pm s™. Typically, meas-
urements were repeated 10-15 times per sample.

Determining the number of FGs in relative solvent accessibility
FG motifaccessibility was determined by calculating per-residuerela-
tive solvent accessibility (RSA) from AlphaFoldDB structures to deter-
mine order and disorder”. RSA-based order and disorder for all Nups
except Nup358 were accessed through Mobi-DB,

Owing to the length of Nup358, AlphaFold2 predictions were per-
formed as three FG-containing sections (982-2004, 2005-3043 and
3058-3224), with their per-residue RSA-based disorder propensity cal-
culatedlocally. Binary designations of order and disorder were assigned
using athreshold optimized on Critical Assessment of Protein Intrinsic
Disorder (CAID) data (0.581)%".

Phase separation

For phase-separation assays, the Nup98-saturated Ni slurry (‘Pro-
tein Expression and Purification’; Nup98 binding capacity Ni-beads
40 mg ml™ medium) was mixed with Alexa Fluor 488-C5-maleimide
(AF488, Thermo Fisher Scientific; final concentration 10 uM), fol-
lowed by incubation for 5 min. We aimed for as little labelling with
AF488 as possible with enough signal to noise to avoid confounding
effects from the fluorophore for phase separation. The slurry was
washed with 10 column volumes of wash buffer 2 (500 mM GuHCI,
20 mM imidazole pH 8) +2 mM DTT, followed by a second wash step
with wash buffer 2 without DTT to remove the DTT and residual fluo-
rophore. The labelled protein was eluted with elution buffer for afinal
protein concentration of approximately 4 mg ml™ (estimated from
sodium dodecyl sulfate polyacrylamide gel electrophoresis against
abovine serum albumin standard), and phase separation of Nup98
was induced by 1:10 shock dilution into assay buffer (50 mM Tris pH
7.5,150 mM NacCl). We observed the most ‘fluid’ condensates using
shock dilution; these condensates ‘hardened’ within minutes of form-
ing, as tested with an importin-p:IBB-mCherry control. This resulted
in limited equilibration of the condensates with some fluorescent
substrates (for example, as seen for CA...me-mCherry). Fluorescent
substrates were added to the phase-separated Nup98 condensates and
immediately imaged.

Confocal microscopy

Imaging was performed with a Zeiss LSM 880 inverted laser scanning
confocal microscope using a x63 oil immersion objective (numerical
aperture = 1.4) (Leica). The substrate-Nup98 reaction mixes were trans-
ferredintoal2-wellsilicone chamber (Ibidi) ona170 + 5 umcover slide.
Z-stacks were taken around the centres of the phase-separated Nup98
condensates (position with highest diameter) with sequentialimaging
at 488 and 568. Images were processed using ImageJ2 v.2.9.0/1.53t,
MATLABR2020a and Prismv.9.4.1.

Nup98 condensate-CA experiments were performed with
mCherry-labelled CA (CA-mCherry and CA,.,,me-mCherry), as it has
previously been reported that fluorescent dyes such as Alexa568 can
non-specifically interact with Nup condensates®.

Experimental details for Fig. 3a-f and Extended Data Figs. 6 and 7:
Nup98 condensates were immediately mixed with the following pro-
teins: mCherry and IBB-mCherry (200 puM), importin-:IBB-mCherry
and importin-f3 + mCherry (both 100 uM), CA-mCherry and CA
N57A-mCherry (45 pM), CAexamer-MCherry and CANS7A, . .mer-MCherry
(65 uM). The mixed Nup98-protein samples were imaged after around
5Sminincubation onthe coverslip.

Experimental details for Fig. 3h,i and Extended Data Figs. 8-10: for
the CPSF6, preincubation sample, CA-mCherry, CApeamer-MCherry
and CAN74D; c.ame-mCherry (65 pM final) were incubated with CPSF6
(500 pM final) for 10 min, followed by mixing with Nup98 conden-
sates and imaging after around 5 minincubation on the coverslip. The
control sample and the CPSF6 postincubation sample wereincubated

with MQW for 10 min, followed by mixing with Nup98 condensates
and imaging after around 5 min incubation on the coverslip. For the
CPSF6 postincubationsample, CPSF6 was added to the sample onthe
coverslip and imaged after 5,10, 15 and 20 min.

Experimental details for Extended Data Fig. 8c-j: CA-mCherry
and CA,.ame-mCherry (final 25 uM) were incubated with importin-
oa:importin-3, TNPO1 and TNPO3 (all final 2.5 pM), respectively, for
10 min, followed by mixing with Nup98 condensates and imaging after
around 5 minincubation on the coverslip.

Experimental details for Fig. 4 and Extended Data Fig. 9b-d:
CLP-mCherry was assembled with a ratio of 1:100 CA-mCherry (final
0.4 uM) to CA (final 40 pM) by addition of NaCl (final 1 mM) and 15 min
incubation at 37 °C. After assembly, the sample was spun down hard
(18,000g, 7 min) to separate the assemblies from non-assembled mono-
mer. The pellet was resuspended in assay buffer (50 mM Tris pH 7.5,
150 mM NaCl; resuspension volume the same as the original sample
volume), followed by a slow spin of the resuspended pellet (4,000g,
5 min) to remove aggregates. Nup98 condensates were immediately
mixed with CA-mCherry assemblies (1 M monomer concentration)
and imaged after around 5 minincubation on the coverslip.

Radial intensity profiles

Averaged radial intensity profiles were obtained using the plugin
Radial Profile in ImageJ. Z-slices were chosen at the centres of the
phase-separated Nup98 condensates (position with largest diameter).
Profiles were background subtracted. The edge of a condensate was
defined from the 488 channel as the first intensity value greater than
5. Then, 200 nm was subtracted from this value to account for point
spread function of the fluorescent pixel. This point was defined as
point 0 pminthe radial averaged intensity graphs (Fig.3 and Extended
DataFigs. 6-8).

Cryo-electron microscopy

Nup98 condensates were prepared as for confocal microscopy with the
following modifications. To induce the formation of smaller conden-
sates, the unlabelled Nup98 was diluted two-fold in 500 mM GuHClI,
500 mMimidazole pH 8, before a1:10 shock dilution into assay buffer
(50 mM Tris pH 7.5,150 mM NacCl).

Unlabelled CLPs were prepared as described above. A two-step cen-
trifugation protocol was performed as for confocal microscopy. Equal
volumes of CLP suspension were mixed with freshly shock-diluted con-
densates, immediately before to plunge freezing to minimize sample
aggregation.

Frozen-hydrated sample preparation. A mixture (4.5 pl) of freshly
mixed Nup98 condensate and capsid with protein A-gold (10 nm) was
applied onto aglow-discharged Quantifoil R2/2 copper grid (Quantifoil
Micro Tools). The grid was blotted in the front for 2.5 sat 15 °C with 90%
relative humidity and then plungedinto liquid ethane usingaLeciaEM
GP device (LeciaMicrosystem). The vitrified grids were then stored in
liquid nitrogen before cryo-ET imaging.

Cryo-ET imaging and reconstruction. The grids were imaged on a
Talos Arctica electron microscope (Thermo Fisher Scientific) oper-
atedat200 kV acceleration voltage. Cryo-ET datawere collected with
single-axistilt onaFalconlll direct electron detector (Thermo Fisher
Scientific) in linear mode at a magnification of 28,000 with a pixel
size of 5.23 A. Tilt series were collected using the dose-symmetric
scheme®® from-60 to 60° at 3° intervals using Tomography software
(Thermo Fisher Scientific) with the defocus value set to —10 um. To-
tal dose for each tilt series ranged from 60-70 e/A% Images of tilt se-
ries were binned two-fold before tomograms were reconstructed.
Three-dimensional reconstructions from tilt series were generated
with the IMOD package®. Fiducial tracking was used to align the stack
of tilted images.



Statistics and reproducibility

Confocal microscopy images and graphs in Fig. 3 and Extended Data
Figs. 6-8 show representative data from at least three independent
experiments with similar results. Confocal microscopy imagesin Fig.4a
and Extended DataFig. 9 are representative of three independent exper-
iments with similar results. Cryo images and graphs in Fig. 4b-h and
Extended DataFig. 9 show representative datafrom twoindependent
experiments with similar results.

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

Data availability

The experimental data that support the findings of this study are avail-
able at Dryad with the following identifier: https://doi.org/10.5061/
dryad.b2rbnzsmO. Source data are provided with this paper.

Code availability

FFStraces were analysed using custom software TRISTAN freely avail-
able at https://github.com/lilbutsa/Tristan.
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CLP N57D CLPWT

CLP N74D

CLP A77V
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Extended DataFig.1|Cryo-electron micrographs of CLPsused in thisstudy. a, CLPs used for FFS. b, CLPs used for confocal microscopy imaging. Scalebar=200 nm.



- c d a0 -CLP l +CLP 1xto+ CYPA+CLP o
§ 151 cLe 215 2 ___._..__.—_—____m_L 3
82 ] i < 2o — —— £
5 € = £
SE ywy 4 IB‘T"7 gro g-1 . [T
I f § 1x10‘ -CLP ) +CLP {x10:CPSF8+CLP o
Time (s) 305 4 :
(8} <] 1 <
3 © = o
[} w i °
b POM121,55 5,5+ CLP NUPO8, + CLP 200 G &0 1 ] i 2
1 120 1x10,., 20 o o g i .
- 0
% £ 1 CLP ) + CLP ° Nﬁal-sps "
- |
& & 5 120 - P0G
3 j SR A
0 cLp  1x10° 0 cLp 1x10* © 0 1 o}
S 24 6 ﬁf 2 7 T/VE 2
[<% . 4 @
=
z 4 ] 1 ,
Time (s) 0 cp qxio*
e Monomeric f Oligomeric
1x10t Nup35+CLP -
o -CLP +CLP . Nup133+CLP i 108 -CLP +CLP goe L - . -50
11 50 1 <
= 2 0 R
5 ofFmrr 5 ; : 2 775 4 & _ I
] I"!.I O | . 0 CLP  qxi0*
-1 - 0 CLP  1x10* T Nup54+CLP
4 xto¢ -CLP +CLP {xi0r Nup88+CLP ; x10¢ -CLP +CLP e _ 20
a - - i :
@ B B < > - | | I - | | |
@ - =
% 0 T T T T - § % L§ g 0 "_'_'_'_—'_'ﬂ N
z 1724 6" ] 5| : z g |2 "4 56 6
| i | oc,
-1 N 0 eP qmi g-- "
«or  -CLP +CLP 410+ NUpSO+CLP 8 xiot -coLp +CLP yxig Nup42+CLP
177 1 20 3 ll I In {
o B 4 o o a
= < 3 (3
R ] 2 ST ]
= 2 4 6 '3'1"'6]"5 = 2 4 6 ”1 4 11
- . 0o o B . 0o i
1x
g0 T CLP +CLP w10 NUpS2+CLP X0 -CLP +CLP
7 7 [20
(52}
o - - 1 0 4
Q . T = -hLH.M
s ey 2 =3 0
2 _go 2 4 6 Hihﬁ 11 s 2 374 "6 }%2 I=4 Jﬁ
S 1 Emasing ] e
4] 4 _ o -1 0 oP o
ot _CLP +CLP 0 CLP  qx10* Time (s)
5 X0 _ 4xq0r NUpSBCLP
- 3 1 1 I 20
n 92 | L
S S o . : ;
zZ T 2 4 6 46|
-1 A J o
- 0 CLP  qx10¢
2 - CLP ) +CLP el
§ 1 1 +CLP 20
< ] ] 5 -
- 00— e
N =4
=3 ] 2 4 6 ] &
=,
-1 - 4 = o
-CLP +CLP 0 Gl e
x10* Nup358,
: 175 ] el ™ 150
at)g 0. I}
a 27 % 6 2 "4 :
% 4
z 1] | o
-CLP +CLP o o g
- 1 x10¢ 10¢NUP358 105 045
s ] 1 +CLP 150
008 0 o}
0 -ﬂ_‘_f—'T °
{ ] 2 4 1 12 'F I 8' 5
=]
=z 4 ] [emmmm——— b
Time (s) 0 CLP  qxi0*
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a

Extended DataFig. 3 | FFS datafor known cofactors with wild-type and
mutant CLPs. a, FFS traces for GFP-controlsin the absence and presence of
wild-type and mutant AF568-CLPs. Blue, Nup channel; orange, CLP channel.

CPSF6,,, .., CypA

NUp1 531407-1423

CPSF8,,,,, CypA

Nup1 531407-1423

. x10* -CLP + CLP + CLP N57D + CLP N74D + CLP A77V
0 ‘ T T T ‘ T T 1 ‘ T
1 2 4 & _Tm’lwr’rfﬂ "E"'_"ElllF"I'FL F|1‘ 6
-1 J J J
% x10* -CLP +CLP + CLP N57D + CLP N74D + CLP A77V
§ 17 ] | | ] ]
€ 4 i i 1 i
5 2 4 6 mw” “YH‘IW" e T "ﬁ' o '?l"i‘llq
g i i ]
(7]
Q -1 J ] n ]
S
L ,4p -CLP +CLP + CLP N57D + CLP N74D +CLPA77V
17 . -
] _-Ll._-ll_.-..L-L_J i :LILL. 1 T ‘.LU....I.-..__LL.
0 T T 7 1 ‘
17274 s mmz'"ﬂe v'mm Wﬁ 6 _T[rf"hr"'r]r‘e
-14d i J
Time (s)
C
+ CLP N57D + CLP N74D + CLP A77 .
1 . 1 10* 1x10‘ 1x10‘ ﬁ —
50 0 20 20 [y
| 23
£ £ £ £ G o
c c c c c
© © © © o 8
2 ? ? ? i=}
[
aE
0 0 0 0 Q5
0 568 nm 1x10* O 568 nm {1x10* O 568 nm {x10* 0 568 nm  1x10* ‘é_ £
>
+CLP + CLP N57D + CLP N74D + CLP A77V o
1 10* B 1 104 1x10‘ 1x10‘
50 50 50 50
£ £ £ £ ‘
[ [ = c
© - © © o]
2 5 2 ? 2
== = o e SRS
0 0 0
0 568 nm {x10* 0 s68nm {x10* O 568nm 1x10* 0  5egnm 1 x?o‘
+CLP + CLP N57D + CLP N74D + CLP A77V
1x10‘ 1x10‘ 1x10‘ 1x10‘
20 20 20 . |0
E
8
0 0 0
0 568 nm 1x10‘ 0 568nm {x10' 0 s68nm 1x10° 0 568 nm  {x10*

b, Corresponding coincidence heatmaps used to calculate NUP:CLP

fluorescenceintensity ratioin cand Fig. 2b, c. Error bars show standard

deviation of the mean. N=number of scans per sample.



+CLP + CLP N57D + CLP N74D +CLPA77V
1 X
o
<
Q
3
-1
X104 -CLP +CLP +CLP N57D +CLP N74D + CLPA77V
1% - -
& J ] ]
n b
g_ 0l A ]
z 1 2 4 6 | ia EWT 2 4 ] | 21 'ﬁ 6
-1 1 ] J
X10¢ -CLP +CLP + CLP N57D +CLP N74D +CLPA77V
1% - . -
g 1 ] 1 ] ) P S,
S 0 H—————— ] 1
AT TR R T T
14 J J J
X10¢ -CLP +CLP + CLP N57D + CLP N74D +CLPA77V
g 17 1 1
m; 1 1 1
g ol LA A Ll SREIW N
2 § 1 2 4 6 | jETF 67 :F?'_'WQF
=
@ -1- - -
g
8 g0 -CLP +CLP +CLP N57D +CLP N74D +CLPA77V
2 @ 1% - .
g0
2 8 ] ] ]
¢ 3 N AL Ij Wl A
&t ofF—/—V—7"71 b
E 1 2 4 6 ' 2 Hf l?ﬁ ] ﬁ F‘—Y;i 4 ]1 ﬁ TTG
o
a 1] ] ]
104 -CLP +CLP + CLP N57D +CLP N74D +CLPA77V
2 17 1
3 ] ] I
< 0T
& 2 4 6 [FI”? 6 ' 6
N ] ]
=]
— 11 ]
Time (s)
+ CLP N57D + CLP N74D +CLPA77V
110 ) w0 T 5o
% E i £
S g3 2 2
z ¥ 2] 2|
k o < 0 L o
[ 0 568 nm  {x10 0  568nm  qx10* 0  568nm  qxi0*
+CLP N57D + CLP N74D +CLPA77V
1x1 1x10¢ 1x10° 1x10¢
20 20 120
@
8 ¢ £ £l £
S g3 2 2 2
z ° 2 2 [,/éfi 2.
= i o . ) = o
0  568nm qxi0* 0 568 nm  {x10 1x10¢ 0  568nm  qx10*
+CLP + CLP N57D + CLP N74D + CLP A77V
1x10¢ 1310t - 1x10* 1x10¢
20 20 20 20
o
g £
3 5
e [} o
0 568nm  1x10* [ 568nm  {x10
+ CLP N74D +CLPA77V
1x10¢ e, " 180
: TRRAE 120 . i R (120
g
g £ £ £
2 2 2
g g H
=z
. o . 0 o o
0 “se8nm 1x1® 0 se8nm 1x10* 0 se8nm 1x1® O segnm  {xi0*
+CLP + CLP N57D + CLP N74D +CLPA77V
10t 1x10¢ 1x10¢ 1x10
20 20 50 20

Pom121,.; .0
488 nm
488 nm
488 nm
488 nm

o o ks o
0 568nm 1x10° 0 s568nm {x10* 0 se8nm  {x10*

+CLP N57D + CLP N74D +CLP A77V
1x10¢ 0 T 2 T

e ————

2

Nup214,,0; 2000
488 nm

o 4 = o £ o
0 se8nm {x1 0 se8nm x10° O segnm  {x1® O seBAm  qxi0*

Extended DataFig.4|FFS datafor Nup binders with wild-type and mutant coincidence heatmaps used to calculate NUP:CLP fluorescence intensity ratio
CLPs. a, FFStraces for GFP-Nupsin the absence and presence of wild-type and inFig.2d,e,f,andg.
mutant AF568-CLPs. Blue, Nup channel; orange, CLP channel. b, Corresponding



Article

a b
Nup214, . +CLP Pom121 +CLP
yxt0t -CLP 1510 +CLP 110 Ko 5 1 X10° -CLp xtor +CLP xtor 2060 .
< € - €
N L s N 0+—————— O <
8 a6 80 3 3 T 2 | 24 68 | 2 g
= ] e B A =
-17 R S— 1} 8- - b
1 0  568nm 1x10* % 0 568nm 1x10*
2 Nup214, +CLP
g o CLP o +CLP h 10? 4511209 % -CLP +CLP ﬁ?orp12156942‘9+CLP
2 5 11 120 2 81 x10* 1_x10‘ 20
%‘ e 4 ¢ 0 I |l |
@ € g2 o 1 1 I3
¥ o oFV—/—m—m—m—m c = 2 [ee————————— 1 B
N 5 ] 2 46 8 8 = L0573 % 0]2‘]”! e" 3
=] 17} o 4
_ o
=z g - -1 |, o 4 47 o
= 0 568 nm  1x10* 0 568nm  {x10*
- -CLP +CLP Nup214,,,. ... +CLP Time (s)

s 1 x10 1.x10¢ 1x10¢ 20 c " oL
g 1 : -CLP +CLP g PO *OLP
< o= E R 1 X0 40 } 20

5 274768 = 55 ]
S ] ? o 1 ] EIR
D
=z -1- -1 - o % 2 04— O § 5
Time (s) 0 se8nm 1x10* =z g 1 2 4 6 1 4 i
e -1- -1- 0  568nm 1x10*
[0
e -CLP +CLP a0 PPBioncoqtCL
8 1 _)(10‘ 1 x10¢ n20
& 2 ] g
'S +r—r——r— )
2 72 4 6 8 2 8 e
= 0
-1 -1 0 10¢
Time (s) b
d
-CLP +CLP + CLP N57D Nup98,, . +CLP  Nup98, . +CLP N57D
q-x10¢ 4 x0¢ 1 10¢ 1 20 1710 20
2 SR ] g g
& o 0 0 3 8
53 2 4 6 8 8 2l 4 ¥ 2
= ] ] ] l | I = - p———
-1 -1 -1 0 0
0 568nm 1x10* 0 568 nm  1x10*
-CLP +CLP + CLP N57D Nup98,,, ,.-+CLP Nup98,,, .. +CLP N57D
) 410 4 x10° 410 1y r20 11 20
g ] ] £ E
g —r—— O e - : 01 “— 3 8
s 2 4 6 8 2 14 )
2 ] ] [ ' r r - I ‘
- - R ] 0 o
% e 1- i 0 568nm 1x10* 0 568 nm  1x10*
[ =3
e £
é -CLP +CLP +CLP N57D Nup98, , +CLP  Nup98, . +CLP N57D
c 1_x10‘ 1 10 1110‘ 10t . 20 1 o 120
. 8
. ] T £
& 5 o o - ol— - 3
Egl 2 4 6 8 J" 2 4 6|8 2 4 pls ¥
=z 1 ]
-1 -1 -14 0 0 0
568nm 1x10* 0 568 nm  1x10*
Nup98, . ,..+CLP Nup98, . .. +CLP N57D
- -CLP o +CLP ot CLP N57D O e 0 20
;;; ] 1l l LL 1] Y £ £
« L T T T 8 -] e
g 3726 " 8%Te 4]§|sc flz'4 5 8% F |
= 1- 1 1 " :
- L -1 0 s568nm {x10* O  s568nm  {x10°
-CLP +CLP +CLP N57D Nup98,, ,+CLP Nup98,,. ,..+CLP N57D
13010° 4 x10° 4 x10° 10 s neo 111 720
I ] I “| (AT | £
3 0 0 0- @ @
D T T T T 3 3 ? -
§ 1 2 4 6 a_le{e s_l'Eiz 6 8 | o™
1] -1 ima () 1] o o
0 568nm 1x10* 0 568 nm  {x10*
Extended DataFig. 5| FFS datafor Nup fragments with wild-type CLPand peptidesintheabsenceand presence of AF568-CLP (WT or N57D) (d).eas a-d,

CLPNS57D. a-d, FFS traces and associated coincidence heatmaps for truncation withmCherry2-Nup98 fragments and AF569-CLP. For all FFS traces: blue, Nup
constructs of GFP-Nup214 (a), GFP-Pom121 (b), GFP-Nup98 (c), and AF488-Nup98  channel; orange, CLP channel.



a X-mCherry composite
outside inside

S 150 240 D
> 5 = o
£ < 100{ =36 160 &
: 8 >
o o 507 80 5
5 5 0 S
— @©
@ S 501+ =80 B
g 10 00 10 £
b S 200 250 D
Py s 2
E) % 150 n=39 200 &
N - © -1 [N
Q 1001 %%
< E g F100S
g % s 501 / t50 &
== 5 0+ —r0 2
g 40 o0 10 £
(o - 3 200 250 D
5 < 150{ =75 / tewod
('.C) B / 150 2
> 100 3
£ o 100
< & 507 Lso
o £ od—r=t——rlo B
g 10 o0 10 £
deg
E 3 200 250
(&) = 150{ n=82 200 &
IS 8 150 2
; > 1004 3
'<\( =] 100 -
10 s 501 50 @
z N =0 ®
S § 10 00 10 £
o g - . £
€ o S 200
5 250 D
1 Qo
= P < 150] n=25 k200 &
X o 8 L150 2
L c 3 150 £
< . 1001 / a
<@ 2 / 1007
o F L /\ lso 8
5 O+—r=r——0 ¥
N £ 10 00 10 £
f £
] S 200 250 B
> < 200 &
_CICJ o 1504 n=37 53
>4 8 H150 2
< 2 . 1004 a
R o 100 ¢
Z < & 50 / 50 &
(@) @ " 2
S E S 0t —lo B
O % & 40 00 10 £
Dist. from edge (um)
g — outside inside
3 0] 200 g
2 ST 190 100 &
2 8 59 2
Q ® o < o %
> ]
© @
- S B
h g 10 o0 10 £
3 200 P
> ©.100 =%
® g | L100 o
< © 50 2
O © 3
E 2 o = 0 i
g 5 3
3 £ 1008
- g 10 00 10 £
Dist. from edge (um)
Extended DataFig. 6 | Confocal fluorescence microscopy (all channels) cross-linked CA hexamer-mCherry carrying N57A (f), mCherry (g) and control
with Nup98 condensates and mCherrylabelled controls or CA-constructs. Importin-Band mCherry (h). Background subtracted radially averaged
a-h, Single z-plane images (cyan, 488-Nup channel; magenta, protein-mCherry fluorescence intensity across condensates for 488-Nup channel (cyan) and
channel) of control fusion protein IBBmCherry (a), control complex Importin- protein-mCherry channel (magenta). Mean intensity curves showninbold.
B:IBBmCherry (b), unassembled CA-mCherry (c), unassembled CA-mCherry Scale bar 5 pm (main),1 pm (inset). N=number of condensates analysed per

carrying FG pocket mutation N57A (d), cross-linked CA hexamer-mCherry (e), sample.
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Extended DataFig.7 | Confocal fluorescence microscopy (all channels)

of Nup98 condensates and CA-mCherry, CA;,ame.-mCherry or CA
(N74D)p,cxamer-mCherry in the presence of CPSF6. a-c, Single z-plane images
(cyan,488-Nup channel; magenta, protein-mCherry channel) of CA-mCherry
without CPSF6 (a), with CPSF6 pre-incubated for 10 min (b), with CPSFé6 post-
incubated 20 min (c). d, Background subtracted radially averaged fluorescence
intensity across condensates for 488-Nup channel (cyan) and protein-mCherry
channel (magenta). Meanintensity curves showninbold. Scale bar 5 um (main),
1um (inset). e, Intensity values (568) at 400 nm from edge of condensates.

f-k, Single z-plane images (cyan, 488-Nup channel; magenta, protein-mCherry
channel) of CAexamermCherry (f) or CA (N74D)y,examermCherry (1) without CPSF6,
with CPSF6 pre-incubated 10 min (g andj), with CPSF6 post-incubated 20 min
(handk).Background subtracted radially averaged fluorescence intensity
across condensates for 488-Nup channel (cyan) and protein-mCherry channel
(magenta). Meanintensity curves showninbold.Scalebar 5 pm (main), 1 pm
(inset). N=number of condensates analysed per sample. Error bars show
standard deviation of the mean. Statistical test for panel e is one-way ANOVA.
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8| FFS of CLPs and confocal fluorescence microscopy
(all channels) of CLPs and Nup98 condensatesin the presence of the
karyopherins Importin-a:Importin-g, TNPO-1and TNPO-3.a, FFStraces
(left) of AF488-labelled karyopherinsin absence or presence of AF568-CLP and
anexcess of unlabelled karyopherin; associated coincidence heatmaps (right)
ofkaryopherinto CLP fluorescenceintensity used to calculateb, fluorescence
intensity ratios. Error bars show the standard deviation of the mean. N=number
of'scans per sample. c-f, Single z-plane images (cyan, 488-Nup channel;
magenta, protein-mCherry channel) of CA-mCherry (c), CA-mCherry and
Importin-a:Importin-f (d), CA-mCherry and TNPO-1(e), CA-mCherry and
TNPO-3 (f). g-j, Single z-plane images (cyan, 488-Nup channel; magenta,

protein-mCherry channel) of CA;examerMCherry (g), CApexamermCherry and
Importin-a:Importin-B (h), CAjexamer-mMCherry and TNPO-1 (i), CApeyamermCherry
and TNPO-3 (j). Background subtracted radially averaged fluorescence
intensity across condensates for 488-Nup channel (cyan) and protein-mCherry
channel (magenta). Meanintensity curves showninbold. Nup98 signal was
reducedinthe presence of karyopherins, suggesting that binding of
karyopherins to FG-motifs reduced the compactness of the condensates.
Selective properties of the condensates were still maintained (compare
Extended DataFig. 6). Scale bar 5 pm (main), 1 pm (inset). N=number of
condensates analysed per sample.
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Extended DataFig. 9 | Confocal fluorescence microscopy (allchannels)and 568 nm (magenta) and composite. Scalebar 500 nm.b-d, Representative slices
cryo-electrontomography of CLPsbound and partitioned into Nup98 from cryo-electron tomograms of Nup98 alone (b), in the presence of CLPWT
condensates. a, Confocal fluorescence microscopy images of CLPs (puncta) (c),or CLPN57D (d). Scale bars 100 nm. Tomograms are binned by 2 and
recruited to Nup98 condensates. Single z-plane images for 488 nm (cyan), displayed as anaverage of 5slices with atotal thickness of 5.2 nm.



Extended Data Table 1| Total Number of FGs and accessible FGs, calculated using AlphaFold2 RSA (relative solvent

accessibility), per Nup tested in this study

Accessible
Name Uniprot Acc FG per Nup (Alpic:‘old- Stoichiometry Total ?cc;;essmle
RSA)

Nup98 P52948 40 40 48 1920
Nup153 P49790 29 29 32 928
Nup214 P35658 44" 44 16 704

Nup358* P49792 22 19* 32 608

Nup58 Q9BVL2 14 14 32 448
Pom121 Q96HA1 24 24 16 384

Nup54 Q7Z3B4 9 9 32 288

Nup62 P37198 6 6 48 288

Nup42 015504 12 11 8 88

Nup50 Q9UKX7 5 5 16 80

Nup35 Q8NFH5 3 1 32 32
Nup133 Q8WUMO 3 1 32 32

Nup88 Q99567 3 0 16 0

Accessible
FGs
* NUP358 FG per Nup (Alphafold-
RSA)
Nup358_0982-2004 11 11
Nup358_2005-3043 8 8
Nup358_ 3058-3224 3 0
Total 22 19
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