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HIV-linfection requires nuclear entry of the viral genome. Previous evidence suggests
that thisentry proceeds through nuclear pore complexes (NPCs), with the 120 x 60 nm
capsid squeezing through an approximately 60-nm-wide central channel' and crossing
the permeability barrier of the NPC. This barrier can be described as an FG phase?® that
is assembled from cohesively interacting phenylalanine-glycine (FG) repeats® and is
selectively permeable to cargo captured by nuclear transport receptors (NTRs). Here
we show that HIV-1 capsid assemblies can target NPCs efficiently inan NTR-independent

manner and bind directly to several types of FG repeats, including barrier-forming
cohesiverepeats. Like NTRs, the capsid readily partitions into anin vitro assembled
cohesive FG phase that can serve as an NPC mimic and excludes much smaller inert
probes suchas mCherry. Indeed, entry of the capsid proteininto such an FG phase is
greatly enhanced by capsid assembly, which also allows the encapsulated clients to
enter. Thus, our dataindicate that the HIV-1capsid behaves like an NTR, with its interior
servingas a cargo container. Because capsid-coating with trans-acting NTRs would
increase the diameter by 10 nm or more, we suggest that such a ‘self-translocating’
capsid undermines the size restrictions imposed by the NPC scaffold, thereby bypassing
an otherwise effective barrier to viral infection.

Toestablishinfection, retroviruses mustintegrate a DNA copy of their
reverse transcribed RNA genomes into a host chromosome. The nuclear
envelope (NE) is thus abarrier to retroviral infection. Most retroviruses
rely on mitotic NE breakdown for nuclear entry and therefore only infect
proliferating cells. However, lentiviruses, such as HIV-1, are exceptional
in that they infect non-dividing cells with intact NEs. Here, passage
through nuclear pore complexes (NPCs) is an obligatory step.

NPCs have a mass of about 100 MDa and provide a channel for
nucleocytoplasmic transport*® which is controlled by a permeability
barrier®®. Nuclear transportreceptors (NTRs) enable active transport,
cross NPCsin a facilitated manner and circulate between the nucleus
and cytoplasm”°. Members of the importin 8 superfamily represent
the largest NTR class. They draw energy from the RanGTPase system,
bind cargoes in a RanGTP-controlled fashion and translocate them
across the NPC barrier. NPCs are built from about 30 different nucle-
oporins (Nups), including about ten so-called FG-Nups that anchor
barrier-forming phenylalanine-glycine (FG) repeat domains to the NPC
scaffold.

FG domains have low sequence complexity, are intrinsically dis-
ordered and harbour numerous FG dipeptide motifs which bind
NTRs during facilitated translocation' . To explain how this inter-
action favours the NPC passage of NTRs, several models have been
proposed, including the ‘reduction in dimensionality model’”, the
‘affinity gradient model®, the ‘Brownian affinity gate model’” and
models that see FG domains as (non-interacting) entropic brushes®.

By contrast, the ‘selective phase model”® considers that FG repeats can
also confer multivalent cohesive interactions and reversibly cross-
link FG domains to a sieve-like FG phase" . It assumes that NTRs and
NTR-cargo complexes ‘melt’ through such a phase by binding and
competinginter-FG-repeatinteractions, whereasinert macromolecules
are rejected by the sieve structure, unless NTRs recognize them as
valid cargo.

The FG domain of Nup98 and its homologues'>** are special in that
they occur in very high copy numbers and contribute the most FG
mass per NPC?. They have the highest count (about 50) and density
(about one per 12 residues) of FG motifs per domain. Water is a poor
solvent for these FG domains; therefore, they readily phase-separate
from dilute aqueous solutions to form a very protein-dense (about
400 mg ml™) FG phase®. The resulting cohesive FG phases reca-
pitulate nuclear transport selectivity very well, fully excluding inert
molecules such as GFP or mCherry while allowing entry of NTRs and
their cargo complexes with very high partition coefficients. Further-
more, the partition coefficient of a mobile species in a cohesive FG
phase is an excellent predictor of its NPC passage rate, with the two
parameters correlating well over arange of four orders of magnitude®.
Such aninvitro reconstituted FG phase thus provides a convenient
way to study the properties of the NPC barrier and its interactions
with NTRs.

Early steps in HIV-1 infection, namely surface receptor binding
and membrane fusion, deliver the viral capsid into the cytoplasm of
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Fig.1| Autonomous targeting of HIV-1capsid species to NPCs.

a, Representative negative-stain electron micrographs of HIV-1 capsid
preparations used in this study. b, HeLa cells were grown in multiwell slides

and permeabilized with 30 pg mi™ of digitonin to perforate their plasma
membranes®*¢, releasing soluble transport factors and allowing entry of the
indicated fluorescent species: EGFP (3 uM), amonomeric CA-EGFP fusion
(200 nM) or 40 nm capsid spheres (about 2.8 nM with15% of the CA protomers
being fused toaC-terminal GFP). After 30 min ofincubationatroom temperature,
confocallaser scans were taken directly through the live samples. Note that the
assembled capsid spheres bound very efficiently to NPCs and colocalized

with the NPC marker (an Alexa647-labelled anti-Nup133 nanobody*’). The
monomeric CA-EGFP fusion gave no discernible NPCsignal. Scan settings

the target cell”. The capsid is composed of about 1,500 capsid pro-
tein (CA) molecules, arranged in approximately 250 hexameric and
12 pentameric capsomeres?. The capsid encloses two copies of
genomic RNA (chaperoned by the NC protein), as well as the initially
required viral enzymes, reverse transcriptase and integrase®. It has long
been thought that the capsid uncoatsinthe cytoplasm. One argument
was that previous structural models of the NPC had a central channel
width of only 40 nm (refs. 30,31)—too narrow to accommodate an intact
cone-shaped HIV-1capsid of 60 x 120 nm. This concept has recently
been challenged by studies indicating capsid uncoating inside the
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were adjustedindividually. ¢, Targeting of 40 nm capsid spheres to NPCs was
performed asinbbut higher resolutionimages were taken by Airy scansona
Zeiss LSM880 microscope. d, Experiments were performed asinbbutincluded
controlincubations with3 uMRanGTPwhichwaslockedinits GTP statebya
Q69LAC double mutation.RanGTP displaces cargo fromimportins, which
normally happensinside nuclei. The mutant, however, triggers this dissociation
prematurelyinthe cytoplasm. The RanGTP resistance of capsid binding to
NPCsindicatesimportin-independent targeting. By contrast, the NPC
targeting of the IBB-GFP-importin  complex (0.2 puM) was completely abolished
by the Ran mutant. Scan settings were identical for corresponding +RanGTP
pairs. Experiments were repeated independently withidentical outcomes
(b,n=7;¢,d:n=3).Scalebars,100 nm (a), 10 um (b,d), 1 pm (c).

nucleus®**, by new in situ NPC structures showing a channel that is

around 60 nm wide***> and by electron tomographic reconstructions
of an HIV-1capsid trapped in the central NPC channel'. However, how
the capsid partitions into the FG phase remained unclear. If it were
carried by NTRs, as are conventional cargoes, the extra NTR layer
would increase the effective diameter of the capsid, making passage
through the constrained NPC scaffold even less likely. This problem
iswellillustrated by the fact that the HIV-1capsid aloneis muchlarger
than the experimentally determined approximately 36 nm size limit
for NTR-mediated cargo transport®.
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Fig.2| CAhexamers are general FGrepeatbinders. a, BLI experiments to
testbinding of CA hexamers to various FG-domain fragments that had been
immobilized on BLIsensor tips. Sensorgrams show time courses of binding
and subsequent dissociation of disulfide-stabilized CA hexamers as an analyte.
CAhexamer concentration steps are indicated. The FG-domain fragments
were chosen to sample domains along the NPC transport channel. Rapid and
dynamicinteraction was observed with all FG probes, although quantitative
differencesareevident.b, Control experiments withimportin  as the analyte

Importin-independent NPC targeting of HIV-1 capsids

We reasoned that a solution to this conundrum might be related to
the observation that the CA protein binds specialized FG motifs in
the nuclear RNA polyadenylation factor CPSF6 (ref. 36) and Nup153
(ref. 37), enhanced through hydrophobic binding pockets created by
hexamerization®*° and further augmented when binding to mature
HIV-1lattices*. While these specific FG units in CPSF6 and Nup153
have been explored in great detail, other studies have also indicated
interactions with further FG-Nups®****, Therefore, it seemed possible
that FG binding of the capsid might allow it to ‘melt’ into the FG phase
through an NTR-like mechanism, eliminating the need for assistance
fromhost NTRs.

To test thisidea, we assembled 40 nm capsid spheres from CA cap-
someres* (labelled at 1:6 molar ratio with a GFP tracer fused to the CA
carboxy terminus and pointingto the capsid interior). Electron micros-
copy confirmed their correct assembly (Fig. 1a). We incubated these
fluorescent assemblies with digitonin-permeabilized HeLa cells®*¢ and
observed efficient and clean targeting to NPCs, as indicated by colo-
calization of the capsid-GFP signal with an anti-Nup133 NPC marker*’

show thatitbindsindiscriminately to three different FG-domain fragments, as
expected foran NTR. CA hexamer mimics this binding behaviour. ¢, Control
experiment with CA hexamers and CA-N57A mutant hexamers binding to three
different FG-domain fragments. The CA-N57A mutationis known to strongly
reducethebindingto the established Nup153 and CPSF6 FG peptides at the
FG-binding pocket on the CA hexamer***°, The mutation also abolished CA
hexamer binding to the Nup98 FG repeats but had only amoderate effect on
theinteractionwithNup62 and NupS8 FG repeats (dashed curves).

(Fig.1b,c). ThisNPC targeting required the assembly of the CA protein
into a capsid (Fig.1b) but not the addition of NTRs, even though NTRs
aredepleted from permeabilized cells*. Furthermore, the capsid tar-
geting to NPCs was resistant to the RanQ69L (GTP) mutant (Fig. 1d,
left), whichis locked inits GTP state and prematurely displaces cargo
fromimportins before import can occur*. This excludes importins as
capsid NTRs and suggests that the capsid has self-translocating proper-
ties. The corresponding control, in which the importin -dependent
NPC targeting of an IBB-GFP fusion is blocked by RanQ69L(GTP), is
shownin Fig. 1d (right).

General, direct FG repeat interactions of capsomeres

To probe for directinteractions between CA and FG domains, we used
biolayer interferometry (BLI) with disulfide-stabilized CA hexamers*
as the analyte and various biotinylated FG regions immobilized on
streptavidin sensor chips. We tested eight FG regions originating from
five different Nups (Nup98, 62, 58, 50 and 358), encompassing 60-110
residues with several FG-dipeptides each and representing diverse
types of FG repeats: with GLFG and FXFG motifs and both cohesive
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Fig.3|Efficient FG phase entry of HIV-1capsid spheres. a,b, FG phases were
assembled by phase-separating a well-characterized, cohesive GLFG repeat
domain (ref. 50; Supplementary Fig. 1for FG-domain sequences) and then
probed forentry of indicated fluorescent species. Non-fused GFPs and mCherry
remained firmly phase-excluded, whereas 40 nm capsid spheres accumulated
to high partition coefficients. Partially assembled (hexameric) capsomere-
sinGFP4afusions showed only faint surface binding (visible in high-sensitivity
scans). Phase separation wasinitiated by rapidly diluting FG domains (ImMin
2Mguanidinium-HCI) with 25 volumes of buffer (50 mM Tris/HCIpH 7.5,250 mM
NaCl,1 mM1P6), followed 5 minlater by a further fourfold dilution in buffer with
indicated fluorescent probes. Confocal scans were taken after another hour,
whenthe FG particles had settled to the slide bottom. Fluorescent probes:
mCherry (3 uM), free EGFP or sinGFP4a (3 M), capsomeres (0.4 uM), 40 nm
capsid spheres (10 nM, with15% EGFP- or sinGFP4a-labelled CA protomers).

and non-cohesive repeats (Extended DataFig.1). The recorded sensor-
grams (Fig. 2) showed rapid and dynamic binding of CA hexamers toall
tested FG repeats—qualitatively similar to the specialized FG motifs of
the Nup153 and CPSF6 controls (Extended Data Fig. 2), although with
noticeable individual variations. The binding was specific, as judged by
reductions in interaction with the CA-N57A mutation (Fig. 2c), which
is known to impede the interaction with FG motifs from Nup153 and
CPSF6 (refs. 36,40) (Extended Data Fig. 2a). The observed FG binding
of hexameric CAwas also qualitatively similar to that of the prototypic
NTR, importin 3 (Fig. 2b). Thus, the FGinteraction sites of a CAhexamer
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Scansettings were adjusted individually. ¢,d, Quantification ofa,bbut with
larger datasets. For each datapoint (representing one FG particle), theintegrated
intraparticle signal (in) was compared to outside regions (out). Note the
log-linear scale and that free GFP derivatives are well excluded. Capsid spheres
accumulated to very high partition coefficients (in:out =300-500) which are
stillunderestimated because the outside signals were as low as the background
(background fluorescence +instrumental noise) and this background was
notsubtracted (to avoid division by zero). The ‘in-value’ for the capsomere
partitioning refers to the intraphase signal, excluding the rim. Numbers are
means; barsindicate mean +s.d. N=number of quantified FG particles and
outside areas, respectively. e, FG phase entry of free mCherry and 40 nm capsid
sphereswas probed asina,bbutusing SLFGrepeats, FSFG repeats or FG repeats
from T. bruceiNupl58. Experiments were repeated with identical outcomes
(@a,n=4;b,n=13;e,n=4).Scalebars,10 pm.

confer NTR-like and apparently multivalent interactions with a wide
range of FG repeats.

Autonomous FG phase entry of HIV-1 capsid species

To assess whether these FG interactions are productive in terms of
facilitated translocation, we next asked whether the capsid assemblies
were able to enter the permeability barrier and specifically into an
invitro reconstituted FG phase (Fig. 3). For the initial experiments,
we used a well-characterized FG domain comprising 52 GLFG 12mer
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Fig.4|The CA-N57A mutationimpedes capsid passage through NPCs.

a, Targeting of capsid spheres (4 nM; wild type or CA-N57A mutant) to HeLa
cellNPCswas tested asin Fig.1. The mutation reduced the capsid signal at
NPCs.b, The40 nm capsid spheres were tested for partitioning into the GLFG
phase asdescribed in Fig. 3. The wild-type spheres entered the FG phase
completely. CA-N57A mutant spheres, however, bound only to the surface of
the phase, indicating that their FGinteractions are not strong enough to melt
cohesive, barrier-forminginteractionsin the FG phase. Numbers are means;
barsindicate mean +s.d. N=number of quantified FG particles and outside
areas, respectively.c, The40 nm capsid spheres (wild type or N57A) were
injected (together withatetrameric tCherry) into either the cytoplasmor the
nucleoplasm of fully grown mouse oocytes. Images show confocal laser scans
25 minafterinjection, after reaching the endpoint distributions. Cytoplasmically
injected wild- type capsids not only bound to the NEbutalso traversed NPCs

repeat units*® (with the sequence GGLFGGNTQPAT; Supplementary
Fig.1). It represents a generic FG phase model, originally derived by
the regularization of a ciliate Nup98 FG domain, which excludes any
specific adaptations of HIV-1. We also chose this model because it
avoids complications such as O-glycosylation or amyloid formation
and because it is very well characterized and known to recapitulate
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and accumulatedinintranuclear foci (indicated by white arrows); the tCherry
injection marker remained cytoplasmic, indicating properinjections and
intact NEand NPC barriers. N57A mutant spheres enriched only at the NE but
failed tocomplete NPC passage and to reach the nuclear interior. The nuclear
injection confirmed that the mutant would have bound to the intranuclear
fociifit had reached the nucleoplasm.Images show the full nucleus and its
surrounding cytoplasm. Nuclear (N) and cytoplasmic (C) regions can be
distinguished by theinjection marker (in magenta). NEand nucleolus are
indicated by linesin the merged images. See Extended DataFig. 7 for z-stacks
and Extended DataFig. 6 foracomplete oocyte imaged after cytoplasmic
injection of wild-type 40 nmspheres. Scan settings were identical for each wild
type and N57A mutant pair. Experiments were repeated independently with
identical outcomes (a,b,c: n=3).Scalebars, 10 pm.

importin- and exportin-mediated cargo transport, response to the
RanGTPase system, as well as NTF2-mediated retrieval of RanGDP to the
nucleus®.

Inallexperiments, we firstinitiated the (instantaneously occurring)
phase-separation reaction and then added fluorescent permeation
probes. As expected, mCherry (26 kDa, diameter 5 nm) remained firmly
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excluded from the phase with a very low partition coefficient (in:out) of
0.05or less (Fig.3a,b). The 40 nm capsid spheres, however, completely
entered the FG phase, accumulating to a partition coefficient of 300 or
more with essentially no signal above background remaining outside
the phase (Fig. 3a,c). Consistent with smaller particles having a larger
relative surface area for absorption, intraphase accumulation was
higherin smaller FG particles, indicating also that intraphase diffusion
wasrate-limiting. Nevertheless, the 40 nm capsid spheres reached the
centre ofabout 5 pm-sized FG particles within1 h ofincubation (Fig. 3a),
which corresponds to a diffusion distance more than ten times longer
thanthe transport path through NPCs. Given that transport time scales
withthesquare of the distance, it can be estimated that the actual capsid
entry into the NPC could happen within 1 min if only the partitioning
into the FG phase were rate-limiting.

NPCs have long been known to act as sieves, with exclusion scal-
ing with the size of the mobile species®. Given that the spheres are
very large in mass (6 MDa) and diameter (40 nm), their efficient FG
phase entry may seem surprising. However, this can be explained by
(1) the cooperation of hundreds of FG-binding sites on the surface of
the homopolymeric capsid spheres and (2) by the burial of FG-repellent
elements®,suchastherelativelycharged CA‘interior’andthe C-terminally
fused GFP.

In support of this, we observed that FG phase entry of the capsid
remained highly efficient when the standard GFP was replaced by the
super-inert (and thus highly FG-repellent) sinGFP4a variant® (Fig. 3b
and Extended DataFig. 3). This seems to be possible only when sinGFP4a
is completely enclosed by the capsid and thus not in contact with the
FG phase. Indeed, the control with sinGFP4a-tagged hexameric cap-
someres (with one exposed sinGFP4a) showed only adistinct binding
to the phase surface and failed to enter the phase efficiently (Fig. 3b
and Extended DataFig. 3), eventhough this species is 30 times smaller
than the capsid spheres.

The capsid spheres also entered other types of FG phases, suchasa
cohesive phase with SLFG or FSFG motifs® (Fig. 3e), which represent
different, common FG types. Likewise, we observed efficient capsid
partitioning into the FG phase of human Nup98itself and the Saccha-
romyces cerevisiae Nup98 homologue Nup116 (Extended Data Fig. 4).
Note that the hNup98 FG domain lacked the modulating O-GIcNAc
modification®, resulting in a phase that was hypercohesive, allowing
only very effective translocators to enter. The capsid spheres thus
belong to this category of translocators.

Moreover, the capsid spheres efficiently partitioned into an FG
phase derived from an evolutionarily very distant Nup98 homologue,
Trypanosoma bruceiNupl158 (Fig.3e), whose FG domain is dominated
by less hydrophobic GFG motifs that occur at a higher-than-usual
density?. In all cases, complete phase entry seemed to depend on
complete capsid assembly (Fig. 3 and Extended Data Figs. 3, 4 and 5).
This confirms that the HIV-1capsid can generally traverse condensed
FG phases and, in this context, is not adapted to a specific FG repeat
sequence.

Complete NPC passage by capsid spheres

Inanextstep, weinjected the 40 nm capsid spheresinto the cytoplasm
of mouse oocytes*® and observed not only a prominentbinding to the
lobulated NE but also nuclear entry and accumulation atintranuclear
foci within 25 min (Extended Data Fig. 6). The effect was specific, asa
muchsmaller, co-injected tetrameric tCherry remained entirely cyto-
plasmic. Thus, the 40 nm capsid spheres can traverse NPCs completely
inthis cell-based assay.

Coincidence of FG binding and NPC passage defects

The CA-N57A mutation is deleterious for HIV-linfection* and for bind-
ing of CA hexamers to FG motifs of Nup153 and CPSFé6 (refs. 36,40;
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Fig.5|CLPsactas cargo containers, partitioning an encapsulated client
intoadense FG phase.a, AGLFG phase (asin Fig.3) was probed for entry of
freemCherry or of mCherry that had been encapsulatedin40 nmcapsid
spheresorinmuchlarger (about 60-80 nm x 100-180 nm) CLPs (Fig.1a). Scan
settings were adjusted individually. Experiments were repeated independently
with the same conclusion (n =5).b, Quantification of aasin Fig.3c,d. Note that
CLP-encapsulated mCherry had an atleast 10,000-fold higher partition
coefficient than the firmly excluded free (non-encapsulated) mCherry.
Numbers are means; barsindicate mean +s.d. N=number of quantified FG
particlesand outside areas, respectively. Scale bar, 10 um.

Extended DataFig. 2a). The interaction of mutant CA hexamers with FG
repeats of Nup62 and Nup58 was also reduced (Fig. 2c). The mutation
diminished, but did not abolish, the targeting of 40 nm capsid spheres
toNPCs of HeLa cells (Fig. 4a). Likewise, the mutant capsid still bound
fromthe cytoplasmic side to the NE/NPCs of mouse oocytes (Fig. 4c).
Together this indicates that the capsids can contact FG domainsin
several ways.

However, the mutation severely reduced the Nup98 FGinteraction,
as measured by BLI (Fig. 2c), as well as the partitioning of the capsid
spheresintothe condensed FG phasein vitro system, with only distinct
surface binding remaining (Fig. 4b). And, strikingly, it blocked the
passage of cytoplasmically injected capsid spheres through NPCs into
oocytenuclei (Fig. 4cand Extended DataFig. 7). This confirms that the
partitioning of amobile speciesintoan Nup98 FG phase (which forms
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astricter barrier than other FG domains of animal NPCs*) isa valid pre-
dictor for facilitated NPC passage. Taken together, these experiments
suggest that the NTR-typical direct FG interactions of the capsid are
not just a coincidence but a requirement for its NPC passage and for
the overall infection process.

A cargo container for enclosed clients

Atthis point, we wondered whether the assembled capsid would remain
completely intact when entering the FG phase. As a stringent test, we
assembled capsid spheres in the presence of a high concentration of
non-fused mCherry. This way, mCherry molecules are encapsulated
in the capsid spheres. Free mCherry was removed by a gel filtration
step (Extended DataFig. 8). In this setup, mCherry remains inside the
capsid only as long as the capsid stays intact. Again, it was striking
that the capsid-encapsulated mCherry entered the phase efficiently
and reached a rather uniform intraphase distribution, whereas free
sinGFP4a, added as an internal control to the same sample, remained
phase-excluded (Fig. 5a,b). Thus, the HIV-1capsid behaves likean NTR
whichentersand traverses an otherwise strictly selective FG phase. The
interior of the capsid provides space for transported clients—in our
‘engineered’ case aninert fluorescent protein, in the case of lentiviral
infection a payload of genomic RNA. Moreover, the capsid spheres
seemto be thermodynamically and kinetically stable in the Nup98-like
GLFG phase.

Up to this point, we have studied 40 nm capsid spheres assembled
froma CA-N21C A22C double mutant**. Although this type of assembly

Multi-interaction sites
with FG motifs

Nuclear import

%%,
. ) gi900
s,
o '?l’ﬁ"@ggﬁgw v
L4
T c
o op@
IV
g
o WQ _—— =752 Cytoplasm
o
7 }}m

Nucleus

B

T2 Cytoplasm

\ Nucleus

Instead, itengages directly with FG contacts, ‘melting’into the FG phase and
allowing the encapsulated viral genome to cross the barrier without an
exposure to the cytoplasmic antiviral surveillance machinery. Cohesive
inter-FGinteractions areshownasbrown dots, NTR/capsid-FGinteractions
areshowninred.

is easy to produce, robust, disulfide-bridged and thus very stable, it
differs fromthe actual viral capsid by its smaller size and its higher rela-
tive content of CA pentamers (with 12 pentamers and 30 hexamers®).
By contrast, capsid-like particles (CLPs) are assembled from wild-type
CA, have the typical cone shape and are similar in size to the authentic
HIV-1capsid (about 40 MDa). We produced CLPs*** with encapsulated
(non-fused) mCherry (Extended Data Fig. 8). Electron microscopy
analysis showed them to be larger (about 60-80 nm x 100-180 nm)
thanthe CAspheres (Fig.1a). Nevertheless, this assembly species readily
partitioned into our invitro FG phase model system (Fig. 5), reaching a
partition coefficient of more than or equal to 750—which is on par with
or even higher than the partitioning of the 40 nm capsid spheres and
about 15,000 times higher than non-encapsulated mCherry.

The larger size of the CLPs should result in a higher energetic bar-
rier to phase entry but this seems to be well compensated for by the
proportionally larger number of favourable FG contacts. Moreover,
this experiment suggests that the FG phase per se has essentially no
upper size limit for the entry of an NTR-like species.

Discussion

Nuclear entry of the viral genome is a key step in HIV-1 infection. It
occursthrough NPCs of anintact NE, with the capsid apparently squeez-
ing through the NPCscaffold’ and the barrier-forming FG phase. Interac-
tions between CA hexamers and specific FG motifs, in particular from
CPSF6 and Nupl153, have been reported and studied in depth3¢ 442,
NPC passage requires, however, the crossing of all barrier layers that
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originate from about ten different FG domains. This scenario is now
well supported by our observations that the capsid is a general FG
repeat binder (accepting all principal FG motifs) and FG phase tra-
verser (Figs.1-5and Extended DataFigs. 2-5). Itis further supported by
capsid spheres binding efficiently and directly to human NPCs (Fig. 1)
and rapidly crossing the NE and entering nuclei following injectioninto
the cytoplasm of mouse oocytes (Fig. 4 and Extended Data Fig. 6). Also,
itis consistent with the earlier evidence supporting capsid uncoating
as anuclear event®™,

Despite all these data, it is important to emphasize that several
aspects of HIV-1 capsid passage remain to be understood. Here, we
used CLPs and capsid spheres, not bonafide (RNA-filled) HIV-1 capsids.
Could the peculiar cone-shaped structure of the real HIV-1 capsid be
important for NPC transport? For example, does it matter whether
the HIV-1 capsid enters with its pointy or wide end or is it arbitrary?
Furthermore, our FG phase model systems use rather homogeneous
cohesive FGrepeats, whereas real NPCs harbour amuch more complex
mixture of many different FG repeats which mutually interactin ahighly
complex manner thatis far frombeing fully understood. Thus, several
transport aspects await further investigation.

The elementary interactions between an FG repeat and an NTR are
extremely weak and transient. They are amplified to physiological
relevance by avidity effects resulting from the many (about 10-50)
repeat units per FG domain and the several FG contact sites present
in NTRs?****°, An HIV-1 capsid can be expected to contain hundreds of
FG-binding sites®®*°, Immersing the capsid into a phase containing
up to 400 mg ml? of FG repeats will maximize the FG-capsid contacts
(Fig. 6). Consequently, the capsid should be drawninto the central NPC
channel until it reaches aresting position with maximized FGinterac-
tions. Release of the capsid from this energy well and thus the comple-
tion of the NPC passage, would be slow, unless energy is supplied to
the process. In contrast to import by importins, there is no obvious
coupling to the RanGTPase system. However, binding of any nuclear
factor that competes with capsid-FGinteractions would have the same
effect. CPSF6 is an excellent candidate for such competition®® 2,

Our findings add to the list of functions of the HIV-1 capsid during
infection®. Not only does it shield the viral genome from cytoplasmic
surveillance by innate antiviral factors, it also targets its concealed
payload to NPCs, allowing it to cross the permeability barrier of NPC.
For directed nuclear import, cellular cargoes rely on dedicated NTRs
that mediate FGinteractions and thus NPC passage; after cargo delivery,
they returntothe cytoplasmforanother round ofimport. Why does the
HIV-1capsid deviate from this scheme and act as its own NTR? We see
two explanations. First, there is no need for multiround transport with
asustained recycling reaction, given that a single successful nuclear
import event of the viral genome can already establish an infection.
Second, thebottleneck may be the size limit of NPCs, which canbe seen
as acellular safeguard against large viral invaders. This limit is set by
the NPC scaffold structure to an approximately 60 nm wide opening
atits narrowest point. Passage of the 60 nm HIV-1 capsid cone might
already enforce structural changes to the scaffold. However, a coat-
ing of the capsid with a layer of NTR molecules would add another
10 nmor so to the diameter and probably sterically prohibit NPC pas-
sage. Bypassing the NTR requirement by direct FG-capsid interac-
tions thus seems to be a tailored strategy of the virus to undermine
the NPC size limit, which is otherwise an effective cellular antiviral
defenceline.
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Methods

Recombinant protein expression

Supplementary Table 1lists plasmids used for recombinant expression.
Unless noted otherwise, expression and purification were as detailed
inthe references (this study, and refs. 21,25,26,50,64).

Assembly and purification of HIV-1CA hexamers
Disulfide-stabilized CA hexamers were prepared as described in
ref. 49. An amino-terminal His,, tag for Ni(ll) chelate affinity purifica-
tion and a Brachypodium distachyon (bd)SUMO tag® were added for
solubility to the CAPWAMC/E4SC/WISSAMISSA oy eant, Recombinant expres-
sionwas in Escherichia coliLOBSTR-RIL(DE3) (Kerafast) cells®®. Liquid
cultures were induced with 0.5 mM IPTG at 18 °C for 16 h. Cells were
collected by centrifugation, resuspended in lysis buffer (50 mM Tris/
HCIpH 8.0,500 mM NacCl,20 mMimidazole,1 mM TCEP, 2 mM PMSF)
and lysed using a high-pressure cellhomogenizer (Microfluidics LM20).
The lysate was cleared by centrifugation at 8,500g for 30 min. The
soluble fraction was incubated with Ni Sepharose 6 Fast Flow beads
(GE Healthcare) for1h at 4 °C. The beads were subsequently washed
with wash buffer (50 mM Tris/HCI pH 8.0,40 mM imidazole, 300 mM
NaCl,1 mM TCEP). Proteins were eluted from the beads by tag cleavage
with2-5 pg ml” of bdSenP1in cleavage buffer (50 mM Tris/HCl pH 8.0,
150 mM NaCl, 0.5 mM TCEP) for 3 hat 4 °C.

Assembly was performed in a high-salt buffer containing 50 mM
Tris/HCl pH 8.0,1 M NaCl, 100 pM IP6 (myo-inositol hexaphosphate)
for 24 hataprotein concentration of 10-15 mg ml™ at room tempera-
ture. The sample was then dialysed against 50 mM Tris/HCI pH 8.0.
Hexamers wereisolated by size exclusion chromatography (SEC) using
aSuperdex 200 increase column (Cytiva) in 20 mM Tris/HCI pH 8.0,
150 mM NacCl,100 puMIP6. Samples were flash-frozen in liquid nitrogen
andstored at-80 °Cfor later use. Protein purity was validated by SDS-
polyacrylamide gel electrophoresis.

Purification and assembly of 40 nm capsid spheres

For assembly of 40 nm capsid spheres, His;;-bdSUMO-tagged
CAPWN2IC/A2C was purified as described above and concentrated to
approximately 15 mg ml™. Assembly was performed in 50 mM Tris/HCI
pH 8.0,1MNaCland 0.1 mMIP6 for 2-48 h. The 40 nm capsid spheres
were concentrated and isolated from unassembled CA by ultracentrifu-
gation at 280,000g for 2.5 h. The pellet was washed and resuspended
in assembly buffer. Capsid spheres were further purified by SECon a
Superose 6 10/300 increase column equilibrated in 50 mM Tris/HCI
pH 8.0,500 mMNaCland 0.5 mMIP6. Assembly was performedin the
presence of 2 mM soluble mCherry or with the addition of CA-sinGFP4a
or CA-EGFP fused tracers (at one-sixth of the molar concentration of
the non-fused CA).

Purification and assembly of CLPs

For assembly of CLPs, untagged CA"* was overproduced in E. coli
LOBSTR-RIL(DE3) cells (Kerafast). Cells were collected by centrifuga-
tion and resuspended in lysis buffer (50 mM Tris/HCI pH 8.0, 50 mM
NaCl,4 mM TCEP,2 mM PMSF and Turbo Nuclease). Cells were lysed and
cleared by centrifugation at 20,000g for 60 min. CA was precipitated
fromthe cleared lysate withammonium sulfate at a final concentration
of25% saturation for 30 min. Precipitated protein was collected by cen-
trifugationat 9,000gfor 20 min. The supernatant was discarded and the
pelletresuspended inlysis buffer and dialysed overnight against20 mM
Tris/HCIpH 8.0 and 1 mM TCEP. CAwas further purified by injecting on
aHiTrapQ columnand eluting it with20 mM Tris/HCI pH 8.0,100 mM
NaCl, 1 mM TCEP. The column was regenerated with 50 mM Tris/HCI
pH 8.0,2.0 MNaCl,1 mM TCEP to remove nucleic acid contaminations.
The eluted CA was buffer exchanged by SEC (Superdex 200 10/300
increase) into 25 mM Tris/HCl pH 8.0. Fractions were pooled and con-
centrated to approximately 19.0 mg ml™.

CLPs containing mCherry cargo were prepared in the presence
of 650 pM of mCherry in the assembly reaction and by warming the
protein mixture to 37 °C for initially 5 min. Assembly was induced by
bringing the final assembly mixture to 25 mM Tris/HCI pH 8.0, 50 mM
NaCl, 5 mMIP6 and 1 mM TCEP at a CA concentration of 12 mg ml™ for
1-2hat37°C. Assembled CLPs were then transferred toice and larger
tube aggregates were removed by centrifugation at 20,000g for 5 min.
CLPs were further isolated from unassembled and tube particles by
SEConaSuperose 610/300increase columnin25 mM Tris/HCI pH 8.0,
100 mM NaCl,1mMIP6 and 1 mM TCEP.

Negative-stain electron microscopy

Atotal of 4 pl of purified CA hexamer, CA-N21C/A22C capsid spheres
and CLPsat 0.025,0.1and 0.25 mg ml™, respectively, were adsorbed for
1minoncarbon-coated 300-mesh copper grids (EMS) glow-discharged
for1minat-15 mAusing aPELCO easiGlow instrument. Sample droplets
wereblotted with filter paper held perpendicularto the grids. The grids
were then quickly washed three times in 25 pl MilliQ water droplets,
followed by staining in 25 pl droplets of 2% uranyl acetate solution for
10 sand againfor1 min, withblottingbetween droplets. After the final
staining, grids were thoroughly blotted with filter paper and allowed to
air dry beforeimaging. Micrographs were collected ona FEI Tecnai G2
Spirit TWIN 120 kV transmission electron microscope equipped with
a Gatan Ultrascan 2k x 2k CCD detector. Representative micrographs
wereimaged withadefocus range of -1to -2 pm at nominal magnifica-
tions of x52,000 for CA hexamers or x15,000 for capsid spheres and
CLPs with pixel sizes of 4.15and 1.25 A, respectively.

Digitonin-permeabilized cell assays

HelLa-K cells were obtained from the European Cell Culture Collection
(RRID:CVCL_1922), authenticated by the manufacturer and tested nega-
tive for mycoplasma. Cells were grownin Dulbecco’s Modified Eagle’s
Medium (DMEM, high-glucose), supplemented with fetal calf serum
and antibiotics (AAS, Sigma-Aldrich) on 8-well p-slides (IBIDI) to 70%
confluence. Plasma membranes were permeabilized by treating the
cellswith 30 pg mi™ of digitonin (water-soluble fraction) in transport
buffer (20 mM HEPES/KOH pH 7.5, 110 mM potassium acetate, 5 mM
magnesium acetate, 0.5 MM EGTA, 250 mM sucrose) for 3 minat25°C
(with gentle shaking), followed by three washing steps in transport
buffer. Permeabilized cells were thenincubated for 30 min with 40 nM
Alexa647-labelled anti-Nup133 nanobodies*” and EGFP (3 uM), CA-EGFP
(0.2 uM), 40 nm viral capsid spheres (2.8 nM) or a complex formed
with200 nM IBB-GFP and 400 nM importin . Where indicated, 3 pM
of aRanQ69L fragment comprising residues 1-180 and charged with
GTP was also added. The samples were then directly scanned with a
Leica SP8 confocal laser-scanning microscope (equipped with a x63
oil objective and HyD GaAsP detectors), using the 488 and 638 nm
laser lines sequentially for excitation. Such live scan directly reads the
distributions of the analysed probes between bulk buffer and NPCs—
although local concentration at NPCs is underestimated because of
the diffraction-limited resolution.

Expression and purification of peptides for biolayer
interferometry

Peptides were expressed recombinantly in E. coli LOBSTR-RIL(DE3)
(Kerafast) cells. Cultures were induced with 0.2 mM IPTG and grown
at 18 °C overnight. Cells were collected through centrifugation at
6,000g, resuspended in lysis buffer (50 mM Tris/HCI pH 8.0, 500 mM
NaCl, 30 mM imidazole). Cells were lysed through a microfluidizer
at 18,000 psi. Then 0.2 mM PMSF and Turbo Nuclease were added to
lysate. Lysates were spun at 8,500g for 30 min. The soluble fraction was
combined with NiSepharose 6 Fast Flow beads (Cytiva) andincubated
forl1hat4 °Cwithgentleagitation. Samples were spunto collect Ni-NTA
protein bound beads. Beads and bound protein were washed withwash
buffer (50 mM Tris/HCI pH 8.0, 300 mM NaCl, 40 mM imidazole).


https://scicrunch.org/resolver/CVCL_1922/

Beads were washed with 6 column volumes of elution buffer (50 mM
Tris/HCIpH 7.4,300 mM NaCl, 250 mMimidazole). The eluted protein
was dialysed into buffer (50 mM Tris/HCI pH 7.5,150 mM NaCl). Samples
were flash-frozen with liquid nitrogen and stored at —80 °C for later
use. Purified proteins were validated by SDS-PAGE.

BLI assays and analyses

High-precision streptavidin biosensor tips were pre-incubated for
10 minin BLIbuffer (20 mM Tris/HCIl pH 8.0,300 mM NacCl, 0.1% (w/v)
bovine serum albumin, 0.02% (v/v) Tween-20). Tips were then dipped
into BLI buffer for 60 s. Next, biotinylated, N-terminally Avi-tagged
ligands prepared in BLI buffer solution were immobilized to a thick-
ness of 1 nm for 30-45 s. Ligand-loaded tips were then dipped into
wells containing BLIbuffer for 60 s, after which they were moved into
asolution of HIV-1CA hexamer in BLI buffer. Association was recorded
for180-300 s, followed by a200-300 s dissociation step in wells con-
taining BLIbuffer. All binding sensorgrams were recorded onaforteBIO
OctetRED96 instrument. A reference sensor wasincluded and used to
subtract background noise. Data were normalized to the baseline step
and aligned to the dissociation start point using the Octet data analysis
software. Data were plotted using PRISM.

Microinjections

Mouse oocytes were obtained from ovaries of 9-week-old CD1 mice
which were maintained in a specific pathogen-free environment accord-
ing to the Federation of European Laboratory Animal Science Asso-
ciation guidelines and recommendations, as previously described®.
Fully grown oocytes were kept arrested in prophase inhomemade M2
medium supplemented with250 pM dibutyryl cyclic AMP under paraf-
fin oil (NidaCon) at 37 °C. Labelled 40 nm capsid spheres (along with the
tetrameric Cherry injection marker Sin_tCherry2; ref.26) were micro-
injected into cytosol or nucleus of oocytes, as previously described*.
Oocytes were imaged about 25 min after injection.

FG phase assays

The assays were performed as previously described®*° with minor
modifications. Inbrief, phase separation was initiated by rapidly dilut-
ingalmM FG domain stock with 25 volumes (for GLFG) or 50 volumes
(for the others) of assay buffer (50 mM Tris/HCI pH 7.5,250 mM NacCl,
1mMIP6), followed by another fourfold dilution in buffer containing
theindicated fluorescent probes. The resulting mixture was placed on
collagen-coated p-slides 18-well (IBIDI) and FG particles were allowed
to sediment to the bottom of the slides for 1 h before confocal scans
were taken.

The GLFG stock was dissolved in2 M guanidinium hydrochloride and
the other FG stocksin4 M guanidinium hydrochloride. Assay buffer for
human Nup98-FGs and yeast Nup116-FGs was 50 mM Tris/HCI pH 7.5,
150 mM NaCl,1mM IPé6.

Partition coefficients were calculated as the raw signal inindepend-
ent FG particles (in) divided by the reference areas in outside regions
(out). Plots are shown for representative FG particles (with 4-7 pm
diameters). Images were analysed in FJ1 2.9.0 and the exported data
were further processed in GraphPad Prism 9.5.1.

The sequences of FG domains used in FG phase assays are shown in
Supplementary Fig. 1.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available in the article
and its Extended Data and Supplementary Information. Source data
are provided with this paper.
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sinGFP4a-labeled

Capsomeres 40 nm spheres Capsomeres 40 nm spheres

' 1
Callx QL%
s s
:
N
7349,

-~

2 <
Ty O
I\

-
%

Bright field

mCherry

(exclusion marker)

GFP

H.sapiens Nup98-FG S.cerevisiae Nup116-FG

Extended DataFig. 4 |Partition of capsid spheresinto Nup98-related FG phases from yeast and human. FG phase partitioning experiments were performed
asinFig.3,usingtheindicated FG phases and capsid species. Experiments were repeated independently with the same outcome (n=4).



Article

sinGFP4a-labeled

Capsomeres 40 nm spheres Capsomeres 40 nm spheres Capsomeres 40 nm spheres

Bright field

mCherry
(exclusion
marker)

Merge

SLFG FSFG T.brucei Nup158-FG
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capsomere-sinGFP4afusion. Experiments were repeated independently with the same outcome (n = 4).
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scans 25 min after injection, when the endpointdistribution had already been
reached. Note that theinjection marker remainedin theinjected compartment,
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repeated independently with the same outcome (n = 3). b, Scheme of a fully
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