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Nuclear pore complexes (NPCs) fuse the inner and outer membranes of the nuclear
envelope. They comprise hundreds of nucleoporins (Nups) that assemble into
multiple subcomplexes and form large central channels for nucleocytoplasmic
exchange'?. How this architecture facilitates messenger RNA export, NPC biogenesis
and turnover remains poorly understood. Here we combine in situ structural biology
and integrative modelling with correlative light and electron microscopy and
molecular perturbation to structurally analyse NPCs in intact Saccharomyces
cerevisiae cells within the context of nuclear envelope remodelling. We find anin situ
conformation and configuration of the Nup subcomplexes that was unexpected from
theresults of previous in vitro analyses. The configuration of the Nup159 complex
appears critical to spatially accommodate its function as an mRNA export platform,
and as amediator of NPC turnover. The omega-shaped nuclear envelope herniae that
accumulate in nup1164 cells® conceal partially assembled NPCs lacking multiple
subcomplexes, including the Nup159 complex. Under conditions of starvation,
herniae of a second type are formed that cytoplasmically expose NPCs. These results
point to amodel of NPC turnover in which NPC-containing vesicles bud off from the
nuclear envelope before degradation by the autophagy machinery. Our study
emphasizes theimportance of investigating the structure-function relationship of

macromolecular complexesin their cellular context.

NPCs are giant macromolecular assemblies with an intricate archi-
tecture. About 30 different Nups assemble in multiple copies to form
eight-fold rotationally symmetric NPCs, comprising approximately 550
protein building blocks in yeast'. The NPC consists of two outer rings,
also called nuclear (NR) and cytoplasmic (CR) rings, which are located
distally to theinner ring (IR). Scaffold Nups contain folded domains and
forma cylindrical central channel. This channelis lined with FG Nups,
which harbour intrinsically disordered Phe and Gly (FG)-rich repeats
that interact with nuclear transport receptors. The Y-complex forms
the outer rings, whereas the inner ring complex builds the IR% The
yeast Nup159 complex associates asymmetrically with the Y-complex
at the CR and facilitates the terminal steps of mRNA export. Its core
consists of two Nup159-Nup82-Nsp1l heterotrimers that dimerize into
acharacteristic P-shaped structure*”,

Genetic perturbation of Nup159 complex-associated Nup116°® and
Gle2° or nuclear envelope proteins such as Apq12’ lead to the formation
of clustered nuclear envelope herniae, omega-shaped morphologies
that have been linked to neurological diseases such as dystonia®’. Her-
niae engulfamembrane opening and contain Nups at their neck®’; how-
ever, whether they engulfan entire or partial NPC remains unknown'.

It has been suggested that herniae could be the result of inside-out
assembly events of NPCs in which the fusion of the two nuclear mem-
branes failed, or alternatively, the could comprise defective NPCs that
were sealed off with membranes by the ESCRT machinery'. Recently,
an autophagy pathway was described that degrades NPCs by direct
interaction of the ubiquitin-like autophagosomal protein Atg8 with
thecytosolic filament Nup159, which serves asanintrinsic autophagy
receptor™. However, it remains unknown whether the formation of
herniae is functionally related to the selective autophagy of NPCs.

Understanding how Nup subcomplexes are positioned relative
to each other in cells requires the convergence of in vitro and in situ
approaches®. Insitustructural analysis is available for vertebrates and
algae, and has revealed that key features of the NPC architecture are
not conserved"”, suchas the stoichiometry of Y-complexes within the
outer rings. Notably, the P-shaped outline of the yeast Nup159 complex®
was not apparent in any of the cryo-electron microscopy (cryo-EM)
maps, suggesting either structural diversity, or questioning its physi-
ological relevance.

Thereremains alack of in situ structural analysis of the S. cerevisiae
NPC, which has been extensively studied asamodel organism for Nup
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Fig.1|In-cellstructure of S. cerevisiaeNPC. a, Cryo-tomographicslice of a

S. cerevisiae cell during division. n=240 tomograms of S. cerevisiae wild-type
cellswereacquired fromgrids prepared on four different days from different
cellcultures (biological replicates). ER, endoplasmicreticulum. Scale bar,

200 nm.b, Segmentation of the cryo-EM map of the S. cerevisiae NPC cutin half
along the central axis. ¢, Tilted view of the entire NPC showing both the
cytoplasmic (left) and the nucleoplasmic (right) faces.

structure, NPC architecture, biogenesis, surveillance and turnover,
and the mechanism of mRNA export****, An integrative model of the
entireS. cerevisiae NPC architecture based on extensive experimental
analysisinvitro has been recently put forward®, but it remains unknown
to what extent the native architecture of the NPC has been preserved.

Structure of the NPCin the cellular context

To characterize the architecture of S. cerevisiae NPC in situ, we pre-
pared thin cryo-focused ion beam (cryo-FIB) lamellae™ of cells in the
exponential growth phase. We acquired 240 cryo-electron tomograms
(Fig.1a) containing around 500 NPCs and determined the structure by
subtomogram averaging. The resulting cryo-EM map at approximately
25 A resolution (Extended Data Fig. 1a, b, Extended Data Table 1) pro-
vides a detailed overview of the native configuration and conforma-
tion of subcomplexes of actively transporting NPCsin cells (Fig. 1b, c,
Extended Data Fig. 1b, ¢). A visual inspection of the structure reveals
marked disparities, not only compared with the previously analysed
structures of the algal” and human' NPCs, but also compared with pre-
vious analysis of isolated S. cerevisiae NPC* (Extended DataFig. 1c, d).
With minor refinements, the integrative model of one asymmetric unit
of the IR" fits unambiguously into the observed density (P=1.6 x10™2)
(Extended DataFig.2), but theentire IR has tobe dilated by about 20 nm
in diameter, thereby spatially separating the eight individual spokes
(Extended Data Fig. 3a). This analysis underlines the plasticity of the
NPC within cells®*, which might be physiologically relevant for the
transport of large cargos and inner nuclear membrane proteins.

As expected™®,16 nuclear and cytoplasmic copies of the Y-complex
are apparent in our cryo-EM map (Fig. 1c, d, Extended Data Fig. 1c).
The crystal structures and homology models of the yeast Y-complex
vertex® (Sec13-Nupl145C-Nup84-Nup120-Seh1-Nup85) or its frag-
ments fit into the observed Y-shaped density (Extended Data Fig. 2).
We used an integrative modelling procedure taking into account the
more extended in situ conformation and obtained complete structures
of Y-complexes (Extended Data Fig. 3b, c, Supplementary Video 1). At
the NR, additional densities appear at the connection to the IR and
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Fig.2|Nupl59 complex architecture. a, Individual spoke of the NPC
(colour-coded asinFig.1). The Nup159 complexis highlighted with a dotted
frame. b, The Nup159 complexregion of the in-cell NPC map (grey mesh)
superimposed with the top-scoring systematic fit (see Methods) of the
negative-stain map of the Nup159 complex® (yellow surface). ¢, Same as bbut
superimposed with thein-cell NPC map of a nup116A4 straingrown at permissive
temperature (yellow surface). d, Spatial model of how mRNA exportis
accommodated by the orientation of the Nup159 complex. A poly-A mRNA with
transport factors Mex67-Mtr2 (red) and proteins that protect the poly-Atail
from degradation (light green) docks to the unstructured region of the basket
Nups®® (grey box with blue filaments). The Nup159 N-terminal domain that
mediates therelease of the transport factors from the mRNA> is anchored at
the cytoplasmicside.

around the Y-complex, in particular after local masking (Figs. 1b, c,
2a, Extended Data Fig. 3d). The densities around the Y-complex form
arod that probably corresponds to fragments of the nuclear basket
coiled-coil filaments as in the structure in ref.”*, but anchored to the
Y-complex vertex.

Aprominent feature of the electron microscopy map is the P-shaped
density inthe CR that is highly reminiscent of the previous analysis of
the isolated, negatively stained Nup159 complex*® (Fig. 2). System-
atic fitting of the Nup159 complex negative-stain map® into our in situ
structure confirmed this assignment (Fig. 2b, P=0.0027; Extended
Data Fig. 4a). On the basis of the top resulting fit, we superimposed a
representative integrative model of the Nup159 complex*" and locally
fitteditinto our cryo-EM map (Extended Data Fig. 4b, Supplementary
Video 1). The Nup82 3-propellers are positioned towards the inner
ring, but nevertheless the previously published crosslinks® between
the Nup159 and Y-complexes that map to the structure are satisfied
(Extended DataFig. 4e). The arm of the P-shape that consists of Nup159
DID tandem repeats binding multiple Dyn2 dimers>?is clearly apparent
insitu. Incontrast to the previous model®, it projects towards the cyto-
plasmatan angle of around 45° with respect to the nucleocytoplasmic
axis (Fig. 2, Extended Data Fig. 4b).

nupl1164 confirms the orientation of Nup159 complex

Nupl16 is one of the three yeast homologues of the essential verte-
brate Nup98 and akey Nup for the NPC permeability barrier?>*, mRNA
export??, pre-ribosome traslocation? and ring connectivity'>>?¢,
Superposition ofthe crystal structure?” of Nup116(966-1111)-Nup82(1-
452)-Nup159(1425-1458) with the respective parts of two copies of
Nup159 and Nup82 contained in the P-complex (Extended DataFig. 4c,d)
suggested that the autoproteolytic domain of Nup116 is located in
unassigned densities projecting towards the Nup188intheIR. To vali-
date this assignment, we structurally analysed the NPC in nup116A
cells at permissive temperature (25 °C, see Methods), at which NPCs
have a normal morphological appearance®. The nup1164 structure is
overall similar to the map of the wild type (Extended Data Fig. 6a, c,
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Fig.3|NPC-concealing hernia. a, Cryo-tomographicslice of anuclear
envelope with NPC-concealing herniae (nupl164,4 hat37 °C); N, nucleus; C,
cytoplasm; asterisks mark densities at the neck of the herniae subjected to
subtomogram averaging Scale bar,100 nm. b, Segmentation of the cryo-EM
map of the partial NPC found at the basis of NPC-concealing herniae. Colour
codeasinFig.1.c,Phase-contrast and maximum-intensity projections of
deconvoluted wide-field microscopy stacks showing the nuclear envelopein
wild-type (WT) and nup1164 cells at 25 °C or 37 °C with markers Nup84 and
Nupl59. Yellow circles show the nuclear size (results quantified in Extended
DataFig. 6e).Right, the mars/eGFP ratio shows the significantloss of Nup159

Supplementary Video 2), but lacks density at the positions proximate
tothe Nup159 complex and Nup188 as predicted (Fig. 2c, Extended Data
Fig. 4c). This finding corroborates the spatial positioning of Nup116
and the orientation of the Nup159 complex (Extended Data Fig. 5a,
b). Previous crosslinking analysis® and biochemical data suggesting
that Nup116 links to Nup188 and Nup192 of the IR*?® agree well with
this configuration (Extended Data Figs. 4e, 5a, b). The position proxi-
mate to the SH3 domain of Nup188?%in the NR also loses some density
(Extended Data Figs. 5c, 6¢, Supplementary Video 2), which would be
inline with a cytoplasmically biased localization of Nup116%.

Several studies have highlighted that the accurate positioning of the
Nupl59 complex with respect to the central channel at the cytoplasmic
face of the NPCis critical for the spatial organization and directional-
ity of mRNA export**°3., Our model of NPC architecture accommo-
dates extensive biochemical analysis of mMRNP export*2°*, Indeed,
DbpS5 and the N terminus of Nup159—which facilitate the terminal
release of Mex67—are positioned towards the cytoplasm®, whereas
the FGrepeats of Nsplthatinteract with Mex67 earlier during export,
are placed towards the IR. (Fig. 2d). Nup159 itself also contains the
Atg8-family interacting motif (AIM), whichis located proximateto the
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signalin nup1164 at 37 °C (three biologicallyindependent replicates with
n=300nucleieach, evaluated with Kruskal-Wallis test followed by Dunn’s
multiple comparisonstest).d, Quantification of number of NPC-concealing
herniae from300 nmtomograms of S. cerevisiae cells (plastic sections) e,
Quantification of number of NPCs not at the herniae from 300 nm tomograms
acquiredasind.Ind, e,n=70 tomogramson average for each condition, see
Supplementary Table 2; one-way ANOVA with Dunn’s multiple comparisons
test.Inbox plots (c-e), box centres are the median, box edges represent first
and third quartiles and whiskers show minimum and maximum values.

DID-Dyn2 armand facilitates autophagic NPC turnover upon nitrogen
starvation™. This AIM is exposed towards the cytosolic site, allowing
access of Atg8 (Fig. 4a).

Herniae enclose partially assembled NPCs

Although the previousimplications of the Nup159 complexinnuclear
envelope herniae formation and selective autophagy suggest a func-
tional link to membrane remodelling during NPC assembly and turno-
ver, their exact relationship remains to be determined. We structurally
analysed the membrane openings at the bases of the herniae formed
in the nupl164 strain at non-permissive temperature® (37 °C) (Fig. 3a,
Supplementary Video 3) by subtomogram averaging (Fig. 3b, Extended
DataFig. 6a,b). We found that the necks of the herniae enclose partial
NPCs that have asmaller diameter compared with the wild type (15nm
difference). Concurrently, the fused nuclear membranes areless curved
(about 84°instead of 180°, on average; Fig.3b, Extended Data Fig. 6a).
The cryo-EM map reveals that the entire cytoplasmic ring, including
the Nup159 and Y-complexes, and adjacent parts of the inner ring
are missing (Fig. 3b, Extended Data Fig. 6a, ¢). Light microscopy data
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Fig.4 |NPC-exposinghernia.a, Domainstructure of Nup159 with
corresponding region of the cryo-EM map showing the position of the
Atg8-interacting motif (AIMY). cc, coiled coil domain. b, Three dimensional
cryo-CLEM of Nup159-Atg8-split Venus (red) nup120A cells after 5.5 h of
starvation, shown as cryo-EM overview of the lamella (left; scale bar, 2 pm;
fiducials in magenta) and cryo-tomographicslice (right; relevantarea framed
red; scalebar,100 nm).n=2tomograms were acquired intwoindependent
sessions. R, ribosome. ¢, Tomographicslice from 300 nm plastic sections of
wild-typeand atg84 S. cerevisiae nuclei after 24 h of starvation (scale bar,

200 nm).n=75tomograms ofindependent nuclei (technical replicates) were
acquired.SD-N, synthetic minimal medium lacking nitrogen. d, Phase-contrast
and deconvoluted wide-field maximume-intensity projection of the same
strainsimaged live before and after 24 h of starvation (three biologically
independentreplicatesand n=300 perreplica). e, Tomographicslice (plastic
section), corresponding segmentation and isosurface rendering of NPC-
containing nuclear vesicles in the cytoplasm from S. cerevisiae atg154 cells
starved for approximately 24 h. Vesicles are surrounded by ribosomes and two
membranes. Nuclear content (Nu) in cyan, double membrane in green.
V,vacuole; L, lipid droplet. n=5tomograms from different cells (technical
replicates) wereacquired. Scale bar,200 nm. f, Cryo-tomographic slices of
NPC-containing nuclear vesiclesin the vacuole from S. cerevisiae atg15A cells
starved for 24 h. The vesicles are surrounded by ribosomes and only one
membrane. Scalebar,100 nm. n=35 vesicles (technical replicates) showan NPC
diameter of 97.4 + 6.5nmand anuclear vesicle diameter of 291+ 50 nm
(meanzs.d.).

confirm that the Nup159 complex fails to integrate into NPCs under
these conditions (Fig. 3¢). Quantification of the tomographicelectron
microscopy datarevealed thatin nup1164 cells at 37 °C, herniae accu-
mulate over time at the nuclear envelope concomitantly with a decrease
of non-herniated NPCs (Fig. 3d, e). Even at permissive temperature
(25 °C) the nuclear envelope of nup116A cells in our cryo-tomograms
containasignificantly increased number of mushroom-shaped evagi-
nations of the inner nuclear membrane (Extended Data Fig. 6d). This
nuclear envelope morphology is reminiscent of interphase assembly
intermediates in human cells®.

Three differentlines of evidence, (1) the appearance of evaginations,
(2) the fact that partial NPCs are enclosed in herniae, and (3) the inter-
dependence of herniae and NPC number, strongly support models that

conceptualize herniae as a consequence of failed, inside-out interphase
assembly®. They pointtoadirect orindirect contribution of Nup116 to
the fusion of the two nuclear membranes during NPC assembly that if
compromised, prevents the association of the cytoplasmic NPC com-
ponents. Although herniae should not be conceived as ‘on-pathway’
intermediates of NPC assembly, some Nup interactions relevant for NPC
biogenesis might be preserved. We built the structural model refining
the WT S. cerevisiaeNPC model into this map (Supplementary Video 4),
which confirms that only the Y-complexes of the NR and partial IR are
confidently assigned. The Y-complexes of the NR take up a conforma-
tioninwhich the Nup85arm contacts the IRin the Nic96 region, form-
ing a continuous coat across NR and IR* that was not observed in any
of the previously published NPC structures (Extended Data Fig. 6c,
Supplementary Video 4).

NPC-exposing herniae are subject to autophagy

The reduction of functionally assembled NPCs under nup1164 condi-
tions is concurrent with an increased nuclear size®* (Extended Data
Fig. 6e, f), emphasizing the association between the accumulation
ofthe herniae, a consequent defective nuclear transport activity and
nuclear size control®. Since binding of Atg8 to Nup159 is an essential
prerequisite for autophagic clearance of NPCs, our structural analy-
sis predicts that herniae of nup116A cells shifted to non-permissive
temperature cannot be cleared by selective autophagy because their
NPCs are not accessible to the cytoplasm and they do not include the
AIM-containing Nup159 complex (Fig. 3a, b, Extended Data Fig. 6a,
Supplementary Videos 3-4). Indeed, the degradation of NPCs upon
nitrogen starvation was strongly reduced in nup1164 cells at 30 °C as
compared to 25 °C (Extended Data Fig. 7a).

Toinvestigate how the autophagy machineryisrecruited tothe NPC,
we used a split-Venus approach to visualize the Nup159-Atg8 inter-
action” (Extended Data Fig. 8a) using correlative light and electron
microscopy*”*® (CLEM) in an NPC-clustering background (nup1204™)
that was shown toinduce hernia-related structures in which many NPCs
are cytoplasmically exposed®. After 5.5 h of nitrogen starvation, we
identified the regions of interest (Fig. 4b, Extended Data Fig. 8b) and
acquired electron tomograms at positions of NPCs engaged in Atg8
interaction. Although interaction between receptors and Atg8 does
notrequire prior lipidation of Atg8 to the phagophore*®#, these data
revealed agglomerates of herniae similar to those described in ref.*,
surrounded by additional membrane sheets (Fig. 4b, Extended Data
Fig.8b, Supplementary Videos 5,8-10). These additional membranes
were seen in several but not all tomograms, which is expected, given
the transient nature of this intermediate of the autophagy pathway.
Nevertheless, the structures we observed were often connected to
the nuclear envelope and may represent endoplasmic reticulum that
contributes toisolation-membrane formation***, As expected, under
these conditions, herniae expose NPCs to the cytosol and thus the AIM
motifs are accessible to the selective autophagy machinery. We there-
fore distinguish between ‘NPC-concealing herniae’, Q-shaped nuclear
envelope morphologies observed under nup1164 conditionsat37 °C,
and ‘NPC-exposing herniae’, nuclear membrane blebs that cytoplasmi-
cally expose NPCs containing the Nup159 complex, as observed under
nup1204 conditions.

To clarify whether ‘NPC-exposing herniae’ are typical for selective
autophagy of NPCs during nitrogen starvation or rather a peculiarity of
the nup1204, we analysed atg84 cellsinwhich the respective autophagy
machinery cannot be recruited to the NPC and Nup degradation by
autophagy isinhibited. Under these conditions, we observed a promi-
nentaccumulation of deformed nuclei (Fig.4c, d, Extended Data Fig. 7c,
d) with larger NPC-exposing herniae compared with nup120A4; NPCs
were mildly clustered (Extended Data Fig. 7e) and very dense material
accumulated inside them (Supplementary Video 6). A considerably
less pronounced phenotype was observed uponinterference with the
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ESCRT machinery* (Extended DataFig. 7b, f). Together, our results sup-
portamodelinwhichNPC-exposing herniae accumulate at the nuclear
envelope under conditions in which selective autophagy is triggered
(nitrogenstarvation), but the autophagy machinery is missing (Fig. 4c,
d, Extended DataFig. 7b-d, f, g). This model predicts that a piece of the
nuclear envelope containing clustered NPCs buds off into cytoplasmic
intermediates of NPC degradation. To test this prediction, we analysed
atglSA cells in which lipid degradation in the vacuole is perturbed™.
Indeed, NPC-containing nuclear vesicles surrounded by ribosomes
and double membranes typical of autophagosomes were observed in
the cytosol, disconnected from the nuclear envelope (Fig. 4e, Supple-
mentary Video 7). They are also found in the vacuole, as shown in ref.,
I surrounded by a single membrane. Cryo-ET analysis revealed that
the diameter of NPCs contained in such nuclear vesicles is similar to
those in the wild type (Fig. 4f).

Conclusions

Our insitu structural analysis of the S. cerevisiae NPC highlights the
physiological relevance of the orientation of the Nup159 complex with
respect to the NPC scaffold, which accommodates the terminal steps
of mRNA exportand enables the exposure of the intrinsic AIM. Indeed,
our data suggest that the accessibility of the Nup159 complex at the
NPC-exposing herniais critical for nuclear envelope budding and selec-
tive autophagy of NPCs, whereas NPC-concealing herniae are probably
aresult of failed NPC assembly (Extended DataFig. 9), although some of
theindividual steps need to be investigated in more detail. Whether the
material contained in the NPC-containing vesicles and NPC-exposing
herniae can be attributed to specific cargos or is simply unspecific
nuclear content remains to be determined. Our structural models of
the WT and nup1164 S. cerevisiae NPC reveal conformational changes
andinteractions previously unobservedin NPC structures, suggesting
that NPC assembly might be facilitated by dedicated Nup interactions
betweenthe NRand the IR, which require further investigation. Finally,
our findings highlight the power of in-cell cryo-EM to provide insights
into fundamental processes of eukaryotic cell biology.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were notrandomized. The investigators were notblinded
to allocation during experiments and outcome assessment.

Yeast strains, growth conditions, fluorescence imaging
Strainsused in thisstudy arelisted in Supplementary Table 1. Genotypes
were verified using PCR and by selectable markers. Cells were grown
atindicated temperatures (25 °C, 30 °C and 37 °C) to mid-log phase
in YPAD (1% yeast extract, 2% peptone, 0.04% adenine, 2% dextrose).
Nitrogen starvation was carried out by switching cells grown at OD,
~0.5with YPAD into synthetic minimal medium lacking nitrogen (SD-N
medium) (0.17% yeast nitrogen base, without amino acids and ammo-
nium sulfate, supplemented with 2% glucose) for indicated times.

Fluorescence microscopy

For fluorescence microscopy, yeast cellswere growninlow-fluorescence
synthetic growthmedium (yeast nitrogen base without amino acids and
without folic acid and riboflavin (FORMEDIUM)) supplemented with all
essential amino acids and 2% glucose. The next day, cells were diluted
to OD 0.1and grown to mid log phase (0.5-0.8 OD) before imaging.
Microscopy slides were pretreated with1mg ml™ concanavalin A (ConA)
solution. The wide-field imaging was performed at the Imaging Facility
ofthe Max Planck Institute of Biochemistry (MPIB-IF) on a GE DeltaVi-
sion Elite system based on an OLYMPUS IX-71inverted microscope, an
OLYMPUS (100x1.40 NAUPLSAPO and 60x1.42 NAPLAPON) objective
and a PCO sCMOS 5.5 camera. Images were deconvolved using the
softWoRx Software (default values except: method, additive enhanced,
20 iterations). For Extended Data Fig. 8a, images were acquired using
awide-field fluorescence microscope (Olympus IX81) equipped with
an Olympus PlanApo100x1.40 NA oil-immersion objectiveand aCCD
camera (Orca-ER; Hamamatsu Photonics). All light microscopy figures
were analysed in FJI*. For quantifying nuclear size fold increase in
Extended Data Fig. 6e, round nuclei from maximum-intensity projec-
tions were circled asshownin Fig. 3c to calculate area and the radius (r)
using FIJI. The volume was extrapolated using the formula (4/3) x 7.
For fluorescentintensity quantifications in Extended Data Fig. 8a, cell
background was subtracted from each intensity measurement.

Immunoblot techniques

We collected 3 x107 cells (OD1.5) at 25 °C and 30 °C (at 37 °C the nup116A
strain is not viable under starvation conditions) for the indicated time
points, and total cell protein extracts were obtained using alkaline lysis
(2MNaOH and 7.5% (v/v) 2-mercaptoethanol for 15min onice) followed
by trichloroaceticacid precipitation (to afinal concentration of 22% for
10 minonice). Protein pellets were collected by centrifugation (14,000
rpm, 20 min), solubilizedinHU loading buffer (8 M urea, 5% SDS,200 mM
Tris-HCIpH 6.8,20 mM dithiothreitoland 1.5 mMbromophenol blue) and
disrupted by vortexing with an equal volume of acid-washed glass beads
(425-600 um) for 6 min. The samples were thenincubated at 65 °C (1,400
rpm) for 10 min. Proteins were separated using NUPAGE 4-12% gradient
gels (Invitrogen), transferred onto polyvinylidene fluoride membranes
(Immobilon-P) and then analysed using the specific antibodies. Mono-
clonal antibody against Dpm1 (1:10,000; clone 5C5A7) was purchased
from Invitrogen. The monoclonal GFP antibody (1:500; clone B-2) was
purchased from Santa Cruz Biotechnology. To calculate degradation of
eGFP-fused proteinlevels (%), the intensity of the full-length eGFP-fused
protein was normalized to theintensity of the respective loading control,
and shown as relative to wild-type cells at O h. To calculate degradation
of eGFP’ (eGFP resistant to vacuolar degradation) levels (fold change),
the intensity of the free eGFP’ was divided by the intensity of the Dpm1
loading control; values are shown relative to that in WT cells (always
normalized to the longest starvation time point of the WT cells).

Correlative fluorescence and electron tomography in plastic
sections

CLEM analysis was conducted as previously described®*. S. cerevisiae
cells were high-pressure frozen after -5 h of starvation (HPMO10, Abra-
Fluid) and freeze substituted (EM-AFS2, Leica) with 0.1% uranyl acetate
in acetone for 55 hat —90 °C. The temperature was then increased to
-45°Cat3.5°C h'and samples were further incubated for 5 h. After
rinsinginacetone, the samples were infiltrated in Lowicryl HM20 and
theresin was polymerized under UV light. Sections 300 nm thick were
cutwithamicrotome (EMUC?7, Leica) and placed on carbon coated 200
mesh copper grids (S160, Plano). The fluorescence microscopy imag-
ing of the sections was carried out as previously described**” using a
wide-field fluorescence microscope (Olympus IX81) equipped with an
Olympus PlanApo 100x 1.40 NA oil-immersion objective and a CCD
camera (Orca-ER; Hamamatsu Photonics). After fluorescence imaging,
grids were post-stained with uranyl acetate and lead citrate. Protein
A-coupled gold beads (15 nm) were also added as fiducial markers used
for overlayinglow-mag with high-mag tomograms. Tilt series of the cells
of interest (60°to 60°) were acquired semi-automatically on a Tecnai
F30 (Thermofisher, FEI) at 300 kV with Serial-EM*® at 20,000x and at
4,700xtofacilitate ease of correlation. Tomograms were reconstructed
automatically with IMOD batchruntomo®. Tilts were aligned by patch
tracking. IMOD* was used for manual segmentation of the tomograms.
Overlays of fluorescence spots and tomograms was performed with
the ec-CLEM Plugin®® in ICY*! by clicking manually on corresponding
pairs of notable features in the two imaging modalities.

2D and 3D electron microscopy

S. cerevisiae cells upon starvation were high-pressure frozen as
described above and freeze substituted with 0.2% uranyl acetate 0.1%
glutaraldehydeinacetone for 60 hat-90 °C. The temperature was then
increased to-45°Cat 3 °C h™ and samples were further incubated for
9 h. After rinsing in acetone, the samples were infiltrated in Lowicryl
HM20 resin and the resin was polymerized under UV light. Grids were
poststained as described above. Acquisition was performed with a Tec-
nai F30 (Thermofisher, FEI) at 300 kV.NPC-concealing hernia, NPCs and
NPC-exposing hernia counting was performed using 3D tomographic
volumes after acquisition of tilt-series from 300-nm sections with Serial
EM*, See Supplementary Table 2 for number of tomograms for each
strain. Box plots were drawn with Graphpad Prism 6.0. For NPC density
calculations (NPCs per um?), nuclear surface was calculated inIMOD*
after nuclei segmentation.

Cryo-FIB milling and cryo-CLEM

S. cerevisiae strains were grown in YPAD liquid medium to an OD,,
of 0.2 at 30 °C, then transferred to SD-N liquid medium or toa 37 °C
incubator accordingly. Per grid, 3.5 pl of cell suspension were applied
on200 mesh copper grids coated with R2/1holey carbon or SiO, films
(Quantifoil Micro Tools) and plunge frozenin liquid ethane at -—186 °C
using a Leica EM GP grid plunger. The blotting chamber conditions
were adjusted to 30 °C, 95% humidity and 1.5-2 s blotting time. For
cryo-CLEM, Crimson FluoSpheres Carboxylate-Modified Microspheres,
1.0 um, Crimson fluorescent (625/645), were washed in 1x PBS and
added to the cell suspension at1:20 dilution, and 1 s blotting time was
used. The frozen grids were fixed in modified autogrids to allow milling
atashallow angle®and transferred into an Aquilos (cryo-FIB-SEM dual
beam, Thermofisher). For correlative studies, the clipped grids were
imaged ona prototype Leica cryo-confocal microscope based on Leica
TCSSP8 CFS equipped with a Cryo Stage (similar to the commercially
available EM Cryo CLEM Widefield system). Imaging was performed
usinga50x objective, NA 0.90, 552-nm laser excitation, and detecting
simultaneously at 560-620 nm and 735-740 nm. In the Aquilos, samples
were sputter-coated with inorganic platinum and coated with an orga-
nometallic protective platinum layer using the Aquilos gas-injection
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system®>, Lamellae were produced using the Galliumion beamat 30 kV
and stage tilt angles of 17°-19° by milling in two parallel rectangular
patterns. Thelamella preparation was conducted in a stepwise fashion,
gradually reducing the current of theion beam until the final polishing
ofathinslab of biological material of around 150-250 nm. For correla-
tive studies, beads (5to10) were picked inthe squares of interested and
overlaid with fluorescence signals coming from the confocal stacks
using 3DCT inboth the electronand ion beamimages®. After choosing
the signal of interest in the confocal stacks, 3DCT provides the position
to place the milling patterns in x, y and z coordinates. Milling is then
performed as described above after choosing grid squares with intact
film. After polishing, the signal of interest is retained in the lamellae.
Autogrids with lamellae were unloaded and placed in storage boxes.
Insome cases, afurther inorganic platinum layer was added to reduce
charging during transmission electron microscopy imaging.

Cryo-electron tomography data collection and processing
Gridswithlamellae wereloaded into the Krios cassette. Cryo-electron
tomographic tilt series (TS) were acquired on a Titan Krios (Ther-
mofisher FEI) operating at 300 kV equipped with a Gatan K2 summit
directelectron detector and energy filter. The autogrids were carefully
loaded withthe lamella orientation perpendicular to the tilt-axis of the
microscope before TS acquisition. Lamellae were mapped at low mag
(2 nm per pixel, 30 kV slit) and for correlative studies the maps were
overlaid with the electron beam images from the Aquilos using serial
EMregistration points. Spots of interested were chosen accordingly. All
datawas collected using the K2 operating in dose-fractionation mode
at4k x4k resolution with anominal pixel size of 0.34 nm. TS collection
was automated at using a modified version of the dose-symmetric
scheme®* taking the lamella pre-tilt into account. Defocus TS were
acquired over a tilt range of +65 to —45 for a positive pre-tilt with a tilt
increment of 2-3°, atotal dose of -140 e” A2 and a targeted defocus of
around2to 4.5 pum.

Allimages were pre-processed and dose-filtered as described in®.
Tilt-series alignment was performed using IMOD software package
4.9.2% by patch tracking function onbin4 image stacks. Initial tilt series
alignment was manually inspected and improved by removing contours
showinglarge deviations (thatis, alarge meanresidual error) fromthe
alignment model function. The software package gCTF** was used for
CTF estimation. The 3dCTF correction and tomogram reconstruction
was performed with NovaCTF®’,

Subtomogram alignment and averaging

Subtomogram alignment and averaging was performed with slight
modifications fromapreviously described workflow* using the Matlab
TOM package re-implemented in C++. In brief, particle coordinates
and initial orientations were manually picked and assigned. Initial NPC
alignment was performed on 8 and 4 times binned subtomograms fol-
lowed by amanualinspection and curation of the initial alignment for
each particle. From the whole aligned NPCs all 8 spokes were assigned
according to an eightfold rotational symmetry and the subunits were
extracted from the tomograms removing subunits which are located
outside of the lamellae. Subunits were further aligned. The align-
ment was once more manually inspected and all misaligned subunits
were removed. Final alignments were done binning two times the
subtomograms using focused masks on the cytoplasmic, inner and
nucleoplasmic ring of the NPC. In the S. cerevisiae wild-type dataset
~500 NPCs (4,000 asymmetric units) were initially picked from -240
tomograms, -250 NPCs (2,000 asymmetric units) from 145 tomograms
for the nup1164 strain at permissive temperature and ~60 NPCs from
~70 tomograms for the nup1164 strain at not-permissive temperature
(37 °C). The particles were split in two half datasets for gold-standard
processing. After alignment and manual curation ~2,000 subunits
were used in the final average for the wild-type NPC and ~1,300 for the
nuplléA at permissive temperature and 450 for the nup116A4 strain at

37 °C. For the latter NPCs, SIRT-like filtered volumes generated with
IMOD* were used for alignment and weighted back projection vol-
umesto get the final structure. Gold standard Fourier shell correlation
(FSC) was calculated with the Fourier shell correlation server (www.ebi.
ac.uk/pdbe/emdb/validation/fsc/results/) with half-maps as inputs.
Local resolution was calculated with Resmap*®, B-factor sharpening
was estimated empirically as in ref. V. Difference maps were calculated
using USCF Chimera®®.

Systematic fitting of NPC components to the cryo-ET map
Anunbiased systematic (global) fitting approach was performed using
structural models of various S. cerevisiae NPC subcomplexes derived
from previously published structures*”. All structural models were
low-pass filtered to 40 A prior the fitting. The resulting model maps
were then independently fitted into the NPC cryo-EM map from this
study using global fitting as implemented in UCSF Chimera®®. The fit-
ting of the Y-complex structures and Nup159 complex was performed
for CR and NR segments of the in-cell cryo-EM NPC map. The nuclear
envelope density was erased before the fitting with the tool ‘volume
eraser’ from UCSF Chimera®. The regions of the nuclear envelope
distant from apparent contact points between membrane and protein
densities were erased before the fitting to eliminate fits overlapping
with the membrane. All fitting runs were performed using 100,000
random initial placements and the requirement of at least 30% of the
model map to be covered by the NPC density envelope from this study
defined atlow threshold. For each fitted model, this procedure yielded
between 500 and 17,000 fits with unique conformation after clustering.
For fitting the filtered atomic models, the cross-correlation about the
mean (camscore, equivalent to Pearson correlation) score from UCSF
Chimera® was used as a fitting metric as in our previous works™'"*:

cam= (u- Uaver V™ Vave>
lu- uave”V - Vavel
where u,,. is a vector with all components equal to the average of the
components of uandyv,,. is defined analogously.
The negative-stain map of the Nup159 complex was fitted using UCSF
Chimera’s cross-correlation about zero (equivalent to cosine similar-
ity) score (cc):

_ {u,v)
[ullv]

This score was used instead of the cam score since the cam score
tests the linear dependence of the two fitted maps, which is not the
case when fitting negative-stain maps, which contain the signal of the
electron density at the surface of the complex.

The Nup159 complex was also fitted using the Colores program
from the Situs package® with settings appropriate for low-resolution
negative-stain maps (thatis, using Laplacian filtering that emphasizes
on contour matching over interior volume matching).

For eachfitting run, the statistical significance of the fits was assessed
as a Pvalue calculated from the normalized cross-correlation scores.
To calculate the Pvalues, the cross-correlation scores were first trans-
formed to z-scores (Fisher's z-transform) and centred, from which
two-sided Pvalues were computed using standard deviation derived
froman empirical null distribution (derived fromall obtained unique
fits and fitted using fdrtool®* R-package). All Pvalues were corrected
for multiple testing using Benjamini-Hochberg procedure®. Figures
were made using UCSF Chimera®® and Xlink Analyzer®*.

Integrative modelling

Tobuild the integrative model of S. cerevisiae NPC, the IR model from
ref. P was first fitted as a rigid body using the procedure described
above (systematic fitting). The fit was statistically significant but
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was nevertheless further refined to optimize the fitting of individual
domains. For the refinement, the structure of the IR was divided into
rigid bodies corresponding to the original crystal structures used as
modelling templates from ref. ™ and the positions of the rigid bodies
were optimized using a custom refinement protocol implemented
with Integrative Modelling Platform (IMP)® v.2.12.0, similar to the
procedure used inref. . The protocol employs aMonte Carlo simulated
annealing optimization of the rigid bodies’ rotations and translations
and anintegrative scoring function, which consisted of the linear com-
bination of the following restraints: (1) cross-correlation to the EM
map (FitRestraint of IMP), (2) connectivity distance between domains
neighbouring in sequence, (3) clash score (SoftSpherePairScore of
IMP), and (4) asoft restraint favouring approximate twofold symmetry.
The structures were simultaneously represented at two resolutions: in
Ca-only representation and a coarse-grained representation, in which
each ten-residue stretch was converted to abead. The ten-residue bead
representation was used for the clash score and the electron micros-
copy and symmetry restraint to increase computational efficiency, the
Ca-only representation was used for domain connectivity restraints.
Five-hundred independent Monte Carlo optimizations were run until
convergence and the best scoring model was selected as the final
model. The models of the Y-complex fitted into CR and NR could not
be obtained by rigid body fitting of the published models®™. Therefore,
we have divided the available crystal structures and homology mod-
els®into smaller (six for the CR and seven for the NR Y-complex) rigid
bodies (with cut points corresponding to boundaries of published
crystal structures of Y-subcomplexes) and fitted them simultaneously
into the NR and CR segments of the cryo-EM S. cerevisiae NPC map
from this study using the integrative modelling procedure described
previously>**® using IMP®® version develop-54df7231ec. At first, each
ofthe rigid bodies has been independently fitted to the NPC cryo-EM
map using UCSF Chimera®® as described above to generate libraries
of alternative non-redundant fits for each rigid body. Then, we gener-
ated configurations of all the rigid bodies by recombining the afore-
mentioned fits using simulated annealing Monte Carlo optimization.
Each configuration was generated by an independent Monte Carlo
optimization comprising 60,000 steps resultingin total 20,000 mod-
els and scored. The scoring function for the optimization was a linear
combination of the EM fit restraint represented as the P values of the
precalculated domain fits (from systematic fitting as described above),
domain connectivity restraint, aterm preventing overlap of the Y com-
ponents withthe nuclear envelope and the assigned Nup159 complex
density, and clash score (see ref. *. for the implementation details).
Thesstructures were simultaneously represented at two coarse-grained
resolutions 1and 10 as above for the refinement of the IR. Since the
Pvalues were derived from the original EM fits generated with UCSF
Chimera, the EM restraint can be regarded as an EM restraint derived
from the full atom representation. For the CR, the top scoring model
was selected for visualization and proposed as final. For the NR, the final
model was additionally refined using the above refinement procedure
and additional restraints to anchor membrane-binding domains to
the nuclear envelope (see below) and the second best scoring refined
model was selected for visualization (the top scoring model exhibited a
clearly erroneous displacement of one of the rigid bodies, concerning
the Nup84-Nupi133interface, but had similar score and conformation
of other rigid bodies).

The maps of the NPCs in the mutant strains were built by first rig-
idly fitting the Y and IR models of the wild-type NPC and then refining
the model using the refinement protocol as for the IR in the wild-type
NPC. For the nup1164 25 °C NPC map, both Y-complexes and all four
IR subcomplexes (the complexes of Nup(157-170)-Nup(188-192)-
Nic96-Nspl-Nup57-Nup49) could be fitted at the rigid body fitting
step and were used for the refinement. In the case of the nup116A4 37 °C
NPC map, only the outer nuclear copy out of the four IR subcomplexes
fitted to the IR with a poor fit of the Nsp1-Nup57-Nup49 coiled-coil.

Therefore, only the single copy of Nup157-Nup188-Nic96 was refined
and included in the final model. Additional restraints were used that
(1) favoured preservation of the WT inter-subunit interactions using
an elastic network of harmonic distance restraints between interface
beads of interacting domains, (2) penalized overlap of protein mass
withthe nuclear envelope. Also, no symmetry restraint was used for the
knockout maps. For the nup1164 37 °C NPC map, an additional restraint
favouringinteractions of the Nup157 3 -propeller with the nuclear enve-
lope was used (derived using MapDistanceTransform of IMP).

Supplementary Videos1, 2,4 were created with UCSF Chimera®. Sup-
plementary Videos 3, 5, 6-10 were prepared with IMOD* and Movavi
Video Editor 15.

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

Data availability

The three cryo-EM maps associated with this manuscript have been
depositedinthe Electron Microscopy Data Bank under accession num-
bers EMD-10198, EMD-10660 and EMD-10661. The integrative models
of S. cerevisiae NPC are available at Zenodo at https://doi.org/10.5281/
zenodo.3820319 and the PDB-Dev database under accession numbers
PDBDEV_00000051, PDBDEV_00000052 and PDBDEV_00000053.
Unprocessed western blots are available in Supplementary Fig. 1.
Because of their size, original imaging data are available from the cor-
responding author upon request.

Code availability

The input data and the scripts used for modelling are available at
Zenodo at https://doi.org/10.5281/zenodo.3820319.
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Extended DataFig.1|In-cell structure of theS. cerevisiaeNPCvs
detergent-extracted NPC (EMD-7321). a, Gold standard FSCs of in-cell
cryo-EM map of the S. cerevisiaeNPC. All the curves (nuclear ring NR,
cytoplasmicring CR, inner ringIR) intersect the 0.143 criterium at around
25Aresolution. b, Local resolution analysis® with colour-coded bar. ¢, In-cell
cryo-EM map (grey, average of n=250 NPCs) in comparison to cryo-EM map of
detergent-extracted S. cerevisiae NPCs (blue, EMD-7321 at the suggested

contour level) showsignificant differencesin diameterandininterpretable
features. The nuclear membranes and the Y-complexes are clearly discerned in
thein-cell cryo-EM map, in contrast to EMD-7321. d, Tomographicslices
through the mapsshownincatthelevel of the cytoplasmic (CR) and inner rings
(IR) and anindividual spoke (Sp). Lines in cindicate slicing position shownind.
Arrowheadsindicateblurred featuresin the outer rings. Scale bar: 50 nm.
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Extended DataFig.2|Systematicfitting ofinner and outerring
componentsinto thes. cerevisiaeNPC map. Each row shows the visualization
ofthe topfits (left), the histogram of raw scores (middle), and a plot of the top
five Pvalues (right). Inthe Pvalue plots, the statistically significant fits are
colouredred (P<0.05; Pvalues were calculated using the two-sided test as
implementedin fdrtool R-package, see Methods). All Pvalues were adjusted for
multiple comparisons using Benjamini-Hochberg procedure. The top fitsare
indicated in the histograms with anarrow and the score value. The number of
sampled fits used to calculate Pvalues after clustering of similar solutions was

14,348,1,015,1,039,1,479,1,354,and 1,183 for the rows from top to bottom. For
theIR, theintegrative model of the single spoke of the IR® was used as the fitted
structure. For the outer rings (CRand NR), the crystal structure of the yeast
Y-complex was fitted or its parts corresponding to subcomplexes. The
structures were fitted by an unbiased global search using UCSF Chimera® and
scored using the cross-correlation score about the mean as explainedinthe
Methods. The IR complex was fitted to the entire spoke map, while the other
structures were fitted to individual CR and NR segments.
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a b

80 nm

Extended DataFig. 3 | Architectural model of S. cerevisiaeNPC.

a, Comparison offitted (to the S. cerevisiae NPC map from this study, depicted
ingrey) integrative inner ring complex models (red ribbons) from"”® with 20 nm
diameter difference. b, Representative integrative structural models of CRand
NRY-complex (blue ribbons) builtin this work (see Methods) shown with the
integrative model of P-complex (yellow ribbons) and refined IR (red ribbons)
from*fitted to the allocated density of the in-cell map (grey density) from this
study. The Y-complexes are more extended as compared to reference® version
by-40 A.c, Representative integrative structural models of CR and NR
Y-complex (blue ribbons), P-complex (yellow ribbons) and IR (red ribbons)
from® (PDB-Dev ID: PDBDEV_00000010) fitted to the S. cerevisiae NPC map
(grey density) from this study, with respect to spatial reference frame from®,
d, Representative integrative structural model of NR Y-complex (blue ribbons)
builtinthis work shown together with the integrative model of therefined IR
(redribbons) from®fitted to the allocated density of the S. cerevisiae NPC map
(grey density). The localization probability densities of MIp1, MIp2 and Mip1/

MIp2 ensemble from* are displayed in orientation relative to the NR Y-complex
asin. Local mask refinement of n=250 NPCs recovers extra densities in the NR
thatlocate around the Nup120-Nupl145C junction and the Nupl07-Nup133 stem
(leftdark dotted frame). Most likely these densities account for parts of the
basketsince it resembles afilamentous structure®. Itanchors to the regions of
the Y-complex that crosslink to Mlpl or MIp2"¥ and connects to the Nup85-Sehl
armas proposed by the previous model', but contrary to', the filamentous
region centresat the Y-complex vertex rather thanat the Nup85arm.Onthe
right panel residues crosslinking to MIpl or MIp2'* are shownin sphere
representation and coloured according to their confidence score (from'S) with
yellow - P<0.01, green - P<0.1, magenta P>0.1. The shownresidues, together
with the yetunmodelled crosslink to residue 2 of Nup85%, emphasize that the
highest confidence crosslinks are associated to the Y-complex, while the lowest
confidenceonesareassociated to theIR. Asecond density (right dark dotted
frame) remains unassigned, being proximate to residues crosslinking with
Nupll6, Nup100, Nup145N (see Extended Data Fig. 5¢c).
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Extended DataFig. 4 | Validation of the orientation of the Nup159 complex.
a, Systematic fitting of the negative stain map of the Nup159 complex (yellow)
intothe S. cerevisiae NPC map (grey) using UCSF Chimera®® and Colores
program from the Situs package®. As anegative control, also the mirrorimage
ofthe negative stainmap was fitted but did not lead to significant scores,
furtherunderlining the unambiguous nature of the fits. Each row shows the
visualization of the top fits (left), the histogram of raw scores (middle), and a
plotofthetop five Pvalues (right). In the Pvalue plots, the statistically
significant fitsare coloured red (P<0.05; Pvalues were calculated using the
two-sided testasimplemented in fdrtool R-package, see Methods). All Pvalues

were adjusted for multiple comparisons using Benjamini-Hochberg procedure.

Thetop fitsareindicated in the histograms withanarrow and the score value.
Thenumber of sampled fits used to calculate Pvalues after clustering of similar
solutions was 585,599, and 2243, for top, middle, and bottom rows
respectively. b, Representative integrative Nup159 complex model from*
inside thein-cell S. cerevisiae NPC map (grey mesh) in the orientation
determined in this work (left) versus the previously published orientation

(right). The Nup159 complex modelis shown in orange ribbons within yellow
localization probability density from* locally fitted with UCSF Chimera®. The
previous orientation was reproduced by first fitting the entire model from' to
thein-cell cryo-EM map and then locally fitting the Nup159 complex to the
density (whichwas needed to bring the Nup159 complexinto the density and
preservethe orientation). The dashed grey lineindicates the flipping axis
between the twofits. ¢, Superimposition of the crystal structure 3PBP? onto
the Nup82 B-propellers from the representative integrative Nup159 complex
model from®”inthe revised orientation predicts the position of Nupl116, as
confirmed by our knockout study (Fig. 2c).d, Visualization of two of the top
resulting systematic fits of the 3PBP crystal structure into the cryo-ET map
presented in this study confirms our nup1164 structure (Fig. 2c). e, Crosslinks
between the Nup159 complex and the Y-complex from* support the new
orientation (left) compared to the published orientation (right). Satisfied and
violated crosslinks are depicted as blue and red bars respectively while the
Nup159 complex and the Y-complex from" are depicted within the relevant
localization probability densities from®.
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Extended DataFig. 5| Nupl16 positioning and possible Nup188 SH3-like
domaininteractions. a, New positioning of the Nup116 versus b, previously
publishedintegrative model (PDB-DevID: PDBDEV_00000010 from®, right).
Thetwo S. cerevisiae NPC models were superimposed such thattheIRs are
aligned tothe samereference frame. The Nupl16 positionis showneitheras the
density assigned to Nupl16 based on the Nup116 knockout structurein the CR
(a) oraslocalization probability densities retrieved from reference' model (b).
The major structural elements of the NPC areindicated. The Nupl16 connector
cableinthein-cellmodel (a) has been taken from reference*based onits
positionrelatively to the IR. Blue bars represent crosslinks from Nupl16 to
other Nups®. For thein-cellmodel, the cryo-ET map is displayed; for the model

from®, thelocalization probability densities (notan EM map) are shown
instead. ¢, SH3-like domain (magenta ribbons and dotted frames) of Nup1882®
(yellowribbons) bridges the interactions between theinner and the outer
rings. The positions of Nup188 crosslinking to Nup116 (the number of times
thatsome Nup188residues crosslink with more than one Nuplié residues are
denotedinthelabelsin parenthesis), Nupl00 and Nupl45Nareindicatedin
sphererepresentation (red spheres) and their location suggests that they link
the connectinginterfacesbetweenthe IR and the outer rings: NRbrown dotted
frame corresponds to an unassigned density, CRgreen dotted frame
corresponds to Nupll16 density, NR green dotted frame correspondstoa
second Nupl16 density, see Extended Data Fig. 6¢.
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Extended DataFig. 6 | nup116A NPC structure and nuclear envelope
remodelling. a, In-cell structure of nup1164 NPC cut in halfalong the central
axis,at25°Contheleftandat37 °Contheright. At25°Cdiameter and general
dimensions are alike the WT structure of Fig. 1b. The red dashed square
indicates the position of the missing densities at neck region corresponding to
Nupll6 (seealso Fig.2c and Extended DataFig. 5a). b, FSCs of nup116A NPC at
25°Cafter masking the threerings (NR, IR, CRrespectively nuclear, inner and
cytoplasmicring). The curvesintersect 0.143 at around 35 A resolution. On the
right FSC of nup116A NPC at 37 °C calculated with amask enclosing both the IR
andthe NR. The average was performed with a pixel size of 13.8 A (original pixel
size 4 times binned). The resolutionis -50 A. ¢, Structural differences in the NR
ofthesS. cerevisiaeNPC from WT (left), and nup116A cells at the permissive
(25°C, middle) and non-permissive (37 °C, right) temperatures. The grey
enveloperepresents the overlay of EM maps generated with two different
masks - oneenclosing theentire NRand IRand the second centred at theregion
ofthe extradensities around the Y-complex. The regions of the major
differences areindicated with dashed frames. A shift of the Nup85 arm away
fromthelRisindicated with ablack dashed arrow. The difference density
around the Nup85armbetween the NPC maps from nup116425°Cand WT cells
isshownintheinsetinredandindicatesa putative nuclear copy of Nupl16 and
the conformational shift of the Nup85arm. Due to the low resolution, the IR of
the nup116437 °Cis shown as segmented densities assigned based on the
fitting of the outer nuclear copy of the IR subcomplex. Question marks indicate

predicted assignments based on similarity to the WT map but with a poor
density insufficient for fitting. The HideDust tool of UCSF Chimera®® was used
forclarity.d, Cryo-tomographicslice of nuclear envelope with inner nuclear
membrane evaginations marked with asterisks in nup116A NPCat 25°C.The
histograms show that the number of inner nuclear membrane evaginationsis
significantly higherin the nuclear envelope of the mutantcells (32inn=145
cryo-tomograms, 42 lamellae) in comparisonto WT envelopes (1inn=240 cryo
tomograms,100 lamellae); centre values represent the meanand error bars the
SD; P<0.0001 (Mann-Whitney test, two-tailed); N marks the nucleus and C
marks cytoplasm, scale bar:100 nm. e, Box plot showing the increase in nuclear
sizeinnup1164 cellsincomparison to WT cells (-2.5-fold increase in volume)
and a4 tofivefoldincreaseincomparisonto WT uponshiftto37 °C.Light
microscopy data of Nup84-eGFP, shownin Fig.3c, were used to quantify the
differenceinnuclear volume as explained in the methods section.n=100
nucleiwere measured for each strain from fourindependent biological
replicates (filled circles represent averages of the independent biological
replicates). The statistical significance was evaluated with by one-way ANOVA
with Dunn’s multiple comparisons test; centre values represent the mean and
error barsthe SD; ***P<0.0002,****P<0.0001).f, Cartoon model depicting the
summary of the results coming from Fig. 3¢, d, eand Extended Data Fig. 6d, e.
NPCarerepresented as black cylinders, NPC-concealing herniae as black
circles,anuclear membrane evagination is shown as semicircle.
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Extended DataFig.7 | NPCdegradation and nuclear envelope reshaping
uponstarvation.a, westernblotand quantification of the degradation of
Nupl33,Nupl88upon Nitrogenstarvationat25°Cand 30 °Cin WT and nupl16A
strain. eGFP was measured using anti-eGPFimmunoblotting. eGFP’ denotes
vacuolar eGFP remnant. Dpml was used as aloading control. Centre values
representthe meananderrorbarsthes.d. of n=3biologicallyindependent
replicates. At30 °C, Nup133, Nup188 are degraded fourfold less in comparison
to WT. b, Typical tomographic plastic section of WT, atg84 S. cerevisiae nuclei
after Oh of starvation (negative control of Fig. 4c) or of ups4A S. cerevisiae
nucleiafter O or 24 h of starvation. Quantification of number of NPC-exposing
herniae at 0, 5and 24 h of starvation is shown for ups44 cells. We show an
example of around nucleus and of an NPC-exposing hernia from those cells.
n=_85tomograms of nuclei for WT; n=84 for ups44; n=83 for atg84; n= 62 for
vps4A24hstarved; n=64 for ups44 Shstarved; see Supplementary Table2. N
marks the nucleus. Scale bar,200 nm. ¢, Quantification of of NPC-exposing

herniae from plastic sectiontomogramsasinFig.4cat5hand 24h of starvation.

After 24h, 82% of nucleiin the atg84 cells contain NPC-exposing herniae (n=78
tomogramsinaverage for each condition, see Supplementary Table 2).

d, Quantification of deconvoluted wide-field maximum intensity projection
images asinFig.4d fromthree biologically independent replicatesand n=300
perreplica. e, Quantification of NPC density (NPCs/pum?) from plastic sections
tomograms asin cshows clustering of NPCs in NPCs-exposing hernia. The
statistical significance was evaluated with one-way ANOVA with Dunn’s
multiple comparisonstest (n=20 tomograms per strain except vps44 NPC-
exposing herniae where n=5tomograms; the average nuclear envelope surface
measured per strain is 20 pm?, except atg84 NPC-exposing herniae where is 11
pum?and ups44 NPC-exposing herniae where is 3.5 um? ****P<0.0001; centre
values represent the mean and error bars the SD). f, Phase contrast and
deconvoluted wide-field maxintensity projection of WT, ups44 and atg8A4 cells
imaged live before and after 24h of starvation with eGFP-tagged Nup192 as
marker. The quantificationis derived from three independent biological
replicates where fiveimages with atleast n=250 nuclei per replicate; central
barsrepresentthe meanand errorbarsthes.d. The trend of nucleus
deformationisthesameseeninb.g, Sameascfor WT and atg84 cells, but with
theinner nuclear membrane marker Nsgl. Dataare derived from three
independentbiological replicates with at least n=250 nuclei per replicate.
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Extended DataFig. 8 |Interaction Nup159-Atg8 uponstarvation.

a, Fluorescence intensity analysis of nup1204, Nup170-Mars, Nup159-Atg8-split
Venus nucleispots before and after 5.5 h of starvation. The ratio Mars/Venus
shows the significantincrease in Venus signal ascompared to Mars signalin this
starved strain. Three biological replicates and n=100 spots per replicate were
measured (P<0.00001, Mann-Whitney, two-sided; box centres represent the
meananderrorbarsthes.d.).b, Tomographicslice (plastic section) overlaid

withwide-field fluorescentimage obtained by on section-CLEM** of the strain
inaupon-~6hofstarvation.n=36 correlated tomograms (technical replicates)
were acquired and 24 (75%) had similar results. 8 spots come fromuranyl
autofluorescenceinthe cytoplasm. Venus signal is shownin yellow. Nup170-
Marsisshowninred. The cyandashedrectangleindicates the areazoomed into
the two right panels showing tomographicslices at two different Z-heights (N
marks the nucleus, scale bar: 200 nm). See also Supplementary Videos 9, 10.
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Extended DataFig.9|Model of membrane remodellingin NPC-concealing
and NPC-exposing hernia. a, Plausible inside-out assembly intermediate* or
inner nuclear membrane evaginations (Extended Data Fig. 6d) progressinto

b, NPC-concealing herniae (Fig. 3a, Supplementary Video 3) which accumulate
over time (Fig. 3d), concomitantly withincreasing nuclear size (Extended Data
Fig. 6€;%). Black lines indicate dark material presentin cryo tomograms,
possibly poly-A mRNA3. amaturesinto ¢, fully assembled NPCs as structurally
analysedin cells frozenin exponential growth phase (Fig. 1b, c, Extended
Fig.3d).d, Whenautophagy is triggered by nitrogen starvation, NPCs cluster at
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the NPC-exposing herniaasin atg84 (Fig. 4c,d, Extended DataFig. 7c-e,
Supplementary Video 6). e, NPC clustering allows high avidity between Atg8
and Nupl59 (Fig. 4b, Extended Data Figs. 7e, 8a, b, Supplementary Videos 5, 8,9,
10) causing nuclear envelope budding depictedinf.f, Autophagosomes
harbouring NPC-containing nuclear vesicles (Fig. 4e, Supplementary Video 7)
aretransported through the cytosol for degradationin the vacuole (gasin
Fig.4f). Colour-code asinFig.4e except that nuclear envelope membranes are
depicted pink. Ribosomes are depicted asred circles; nuclear material as blue
circles.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

#1 SCSNPC WT
(EMDB-10198)

#2 SCNPC nup116A 25°C
(EMDB-10660)

#3 SCNPC nup116A 37°C
(EMDB-10661)

Data collection and processing
Magnification
Voltage (kV)
Electron exposure (e—/A?)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)
Map resolution (A)

FSC threshold
Map resolution range (A)

42.000x
300

~140
-2t0-4.5
3.37
Cc8/Cl
~500 NPCs / ~4000 AU
~2000 AU
25

0.143
20-30

42.000x

300

~140

-2t0-4.5

3.37

C8/Cl

~250 NPCs/ ~2000 AU
~1300 AU

35

0.143

42.000x

300

~140

-2to0-4.5

3.37

C8/Cl

~60 NPCs/ ~480 AU
~450 AU

50

0.143
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in reporting. For further information on Nature Research policies, seeAuthors & Referees and theEditorial Policy Checklist .

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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E] The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
E] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

E] The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

D A description of all covariates tested
E] A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

E] A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

E] For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

D For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

D For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Used software are described in the methods. Serial EM is an open source software regularly updated

Data analysis Used software are described in the methods. Fiji, IMOD (regurarly updated), SoftWoRx (regularly updated) ICY 2.0.0.0, NovaCTF, Gctf
1.06, 3DCT, UCSF Chimera 1.13 are open source. Graph Pad Prism is a commercially available software available at https://
www.graphpad.com/scientific-software/prism/. MATLAB is a commercial software available at https://www.mathworks.com/
downloads/. Movavi Video Editor 15 is a commercially available software at https://www.movavi.com/mac-video-editor/. The input data
and the scripts used for modeling are available at Zenodo (https://zenodo.org/) under the DOI: 10.5281/zenodo.3820319.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The three EM maps associated with this manuscript have been deposited in the Electron Microscopy Data Bank (EMD-10198, EMD-10660, EMD-10661). The
integrative models of SCNPC are available at Zenodo (https://zenodo.org/) under the DOI: 10.5281/zenod0.3820319.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E] Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size were chosen from to the practical limitation of the methodology used it was sufficient to interpret the data in a robust way
according to standard statistical tests like ANOVA or Mann-Whitney and to previous publications

Data exclusions  No data was excluded from the analyses

Replication A minimum of three biological replicates were performed for the light microscopy and western blot experiments. Electron microscopy data
comes from EM grids prepared in different days from different cell cultures (biological replicates). All attempts of replication were successful

Randomization  All light microscopy and electron microscopy data comes from randomly selected cells

Blinding Blinding is not relevant for this study because cells are randomly distributed

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

Antibodies [x]|[] chip-seq

Eukaryotic cell lines E] D Flow cytometry
Palaeontology E] D MRI-based neuroimaging
Animals and other organisms

Human research participants
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Clinical data

Antibodies
Antibodies used Monoclonal antibody against Dpm1 (1:10,000; clone 5C5A7) was purchased from Invitrogen (Catalog # A-6429)
EGFP (1:500; clone B-2) was purchased from Santa Cruz Biotechnology
Validation The antibodies used in this study were used and validated in previous studies of S. cerevisiae (DOI:10.1038/s541556-019-0459-2).

The antibodies are against GFP (clone B-2, Santa Cruz, https://www.scbt.com/p/gfp-antibody-b-2) and against Dpm1 (clone
5C5A7, Invitrogen, https://www.thermofisher.com/antibody/product/DPM1-Antibody-clone-5C5A7-Monoclonal/A-6429).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Mating_type / Strain_Name / Genotype / Created
1) alpha,WT MATaq, his3-A200, leu2-3,2-112, lys2-801, trp1-1(am), ura3-52 Fig. 1, 2; Extended Data Fig.1-4
2)a WT MATa his3-A200, leu2-3,2-112, lys2-801, trp1-1(am), ura3-52 Fig. 4c, Extended Data Fig.7b
3)alpha Split-Venus-Nup159-Atg8 nup120A MATa his3-A200, leu2-3,2-112, lys2-801, trp1-1(am), ura3-52 Nup159-
VC::HIS3MX6, natNT2::ADH::VN-Atg8, Nup170::mars::kanMX4, nup120A::hphNT1 Lee et al, 2020 Fig. 4b, Extended Data Fig.
8b

4) alpha Split-Venus-Nup159-Atg8 MATa his3-A200, leu2-3,2-112, lys2-801, trp1-1(am), ura3-52 Nup159-VC::HIS3MX6,
natNT2::ADH::VN-Atg8, Nup170::mars::kanMX4 Lee et al, 2020 Revisions

5) a nup116A MAT a nup116::HIS3 ade2 his3 leu2 trpl ura3 kind gift by Hurt lab Fig. 2, 3; Extended Data Fig. 5, 6

6) a atg15A Nup192p-yeGFP Nup159p-mars MATa atgl5::HIS3MX6 NUP192GFP::kanMX6 NUP159mars::natNT2 or atg15A
Nup192p-TagGFP Nup159p-mars, his3-A200, leu2-3,2-112, lys2-801, trp1-1(am), ura3-52 Lee et al, 2020 Fig. 4e, f
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Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

7) alpha nup116A Nup188p-yeGFP nup116::natNT2 NUP188GFP::kITRP1 This study Fig. 3f

8) alpha Nup188p-yeGFP NUP188GFP::kITRP1 This study Fig. 3f

9) a nup116A Nup133p-yeGFP nupl116::natNT2 NUP133GFP::kITRP1 This study Extended Data Fig. 7a
10) alpha Nup133p-yeGFP NUP133GFP::kITRP1 This study Extended Data Fig. 7a

11) alpha Nup120p-yeGFP NUP120GFP::kITRP1 This study Fig. 4d

12) alpha atg8A atg8::KAN kind gift by Lusk lab Fig. 4c, Extended Data Fig. 7b

13) alpha atg8A Nup120p-yeGFP atg8::kanMX6 NUP120GFP::kITRP1 This study Fig. 4d

14) alpha atg8A Nup192p-mars Nsglp-yeGFP atg8::kanMX6 NUP192Mars::natNT2 NSG1GFP::HIS3MX6 This study Extended
Data Fig. 7d

15) alpha Nup192p-mars Nsglp-yeGFP NUP192Mars::natNT2 NSG1GFP::HIS3MX6 This study Extended Data Fig. 7d

16) alpha vps4A vps4::HYG kind gift by Lusk lab Extended Data Fig.7b

17) alpha vps4A Nup192p-yeGFP vps4::natNT2 NUP192GFP::kITRP1 This study Extended Data Fig. 7c

18) alpha atg8A Nup192p-yeGFP atg8::kanMX6 NUP192GFP::kITRP1 This study Extended Data Fig. 7c

19) alpha Nup192p-yeGFP NUP192GFP::kITRP1 This study Extended Data Fig. 7c

20) alpha Nup84p-yeGFP Nup159p-mars NUP84GFP::kITRP1 NUP159mars::hphNT1 This study Fig. 3c, Extended Data Fig. 6e

21) a nup116A Nup84p-yeGFP Nup159p-mars nup116::natNT2 NUP84GFP::kITRP1 NUP159mars::hphNT1 This study Fig. 3c,
Extended Data Fig. 6e

Authentication of cell lines not created in this study was done on the basis of the expected phenotype of the line (PMID:
32029894)

No test was needed since only S. cerevisiae strains were used

No commonly misidentified cell lines were used
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