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INTRODUCTION: The nucleus harbors and pro-
tects the genetic information in eukaryotes. It
is surrounded by the nuclear envelope, which
separates the nucleoplasm from the cytosol. The
double-membrane system of the nuclear envelope
is physically connected to the cytoskeleton and
chromatin on either side. It senses and signals
mechanical stimuli. Nuclear pore complexes
(NPCs) mediate nucleocytoplasmic exchange.
They fuse the inner and outer nuclear mem-
branes of the nuclear envelope to form an aque-
ous central channel. Their intricate cylindrical
architecture consists of ~30 nucleoporins. The
nucleoporin scaffold embraces the membrane
fusion topology in a highly dynamic fashion.
Variations in NPC diameter have been reported,
but the physiological circumstances and the
molecular details remain unknown.

RATIONALE: To investigate the dynamics of NPC
conformation in vivo, we structurally analyzed

NPCs in Schizosaccharomyces pombe cells. We
used cryo-electron tomography with subse-
quent subtomogram averaging to quantify the
diameter of NPCs in cells exposed to different
stress stimuli. We found a dilated NPC scaffold
in exponentially growing cells that constricted
under conditions of energy depletion and
hyperosmotic shock. Structural analysis in
combination with integrative structural model-
ing revealed that the NPC scaffold underwent
large-scale movements and bending during
constriction. Thereby, the volume of the cen-
tral channel was lessened to about one-half.
Reduced nucleocytoplasmic diffusion was ap-
parent. Scaffold nucleoporins do not have any
known motor activity that would allow them
to exert forces. Thus, it appears likely that
the observed dynamics of the diameter of the
NPC were the result of forces that are laterally
applied within the nuclear envelope. Under
conditions of both energy depletion and hyper-
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NPCs constrict under conditions of cellular energy depletion and hyperosmotic shock. Cryo—electron
microscopy maps of different NPC conformations are shown isosurface rendered as seen from the cytosol
in exponentially growing (light gray), hyperosmotically shocked (yellow), and energy-depleted cells (blue)
(top). Nuclear membranes are shown in dark gray. Cartoons indicate the respective conformational changes.
Upon exposure to hyperosmotic shock and energy depletion, NPCs constrict to smaller central channel
diameters. The nuclear volume is decreased, and the distance between the inner and outer nuclear
membranes is reduced (bottom), which is indicative of a loss of nuclear envelope membrane tension. INM,
inner nuclear membrane; ONM, outer nuclear membrane.
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osmotic shock, cellular and nuclear volumes
were reduced such that nuclear shrinkage led
to an excess of nuclear membranes. We
therefore hypothesized that the NPC scaffold
is mechanosensitive. We surmised that a reduc-
tion of nuclear envelope membrane tension
resulted in a consequent NPC constriction into
a conformational ground state.

RESULTS: We outline several predictions of a
conceptual model in which nuclear envelope
membrane tension regulates NPC diameter.
In such a scenario, nuclear volume and NPC
diameter should be dependent on each other.
The rigidity of the NPC scaffold should coun-
teract its dilation. On the basis of membrane
elastic theory, we predicted that osmotic pres-
sure in the nuclear envelope lumen and mem-
brane tension in the nuclear envelope act
equivalently. As a consequence, the distance
between the inner and outer nuclear mem-
branes should grow linearly with both. We set
out to test those predictions experimentally.
We found that nuclear shrinkage correlated
with NPC constriction. Recovery experiments
established that this behavior was reversible.
Constricted NPCs dilated when shifted back to
normal medium. Nuclear volumes recovered,
and cells remained viable. In exponentially grow-
ing cells, genetic perturbation of the NPC scaf-
fold resulted in further dilation. We segmented
the inner and outer nuclear membranes in
cryo—-electron tomograms and quantified their
distance. As expected, the diameter of the NPC
directly correlated with the distance between
the inner and outer nuclear membranes.

CONCLUSION: Our data strongly suggest that
the NPC scaffold is mechanosensitive and that
membrane tension regulates its diameter. The
data link the conformation of the NPC to the
mechanical status of the nuclear envelope.
This finding has implications for various cel-
lular processes during which the nucleus may
be exposed to mechanical forces. This includes
cell differentiation and migration, nuclear en-
velope maintenance in mechanically active
tissues, the import of very large cargos such as
viral capsids, metastasis, and changing os-
motic conditions. Under such conditions, nu-
clear envelope membrane tension will change
globally or locally. The resulting changes in
the diameter of the NPC may have functional
consequences that remain to be investigated
further in the future.
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In eukaryotic cells, nuclear pore complexes (NPCs) fuse the inner and outer nuclear membranes

and mediate nucleocytoplasmic exchange. They are made of 30 different nucleoporins and form a
cylindrical architecture around an aqueous central channel. This architecture is highly dynamic in space
and time. Variations in NPC diameter have been reported, but the physiological circumstances and
the molecular details remain unknown. Here, we combined cryo-electron tomography with integrative
structural modeling to capture a molecular movie of the respective large-scale conformational changes in
cellulo. Although NPCs of exponentially growing cells adopted a dilated conformation, they reversibly
constricted upon cellular energy depletion or conditions of hypertonic osmotic stress. Our data point to a
model where the nuclear envelope membrane tension is linked to the conformation of the NPC.

uclear pore complexes (NPCs) bridge

the nuclear envelope (NE) and facilitate

nucleocytoplasmic transport. Across the

eukaryotic kingdom, ~30 different genes

encode for NPC components, termed nu-
cleoporins (Nups). Although specialized Nups
have been identified in many species, exten-
sive biochemical and structural studies have
led to the consensus that the core scaffold in-
ventory is conserved. It consists of several Nup
subcomplexes that come together in multiple
copies to form an assembly of eight asymmetric
units, called spokes, that are arranged in a rota-
tionally symmetric fashion (7). The Y-complex
(also called the Nup107 complex) is the major
component of the outer rings [the nuclear ring
(NR) and the cytoplasmic ring (CR)], which
are placed distally into the nuclear and cyto-
plasmic compartments. The inner ring complex
scaffolds the inner ring [(IR) also called the
spoke ring] that resides at the fusion plane
of the nuclear membranes. It consists of the
scaffold Nups 35, 155, 188, and 192 as well
as the Nspl complex. The IR forms a central
channel lined with phenylalanine-glycine (FG)
repeats containing Nups that interact with
cargo complexes. The Nup159 complex (also
called the P-complex) asymmetrically associ-
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ates with the Y-complex of the CR and me-
diates mRNA export. Despite these common
features of quaternary structure, in situ struc-
tural biology studies have revealed that the
higher-order assembly is variable across the
eukaryotic kingdom (7, 2).

NPC architecture is conformationally highly
dynamic, and variations in NPC diameter have
been observed in various species and using dif-
ferent methods (3-7). Dilated states have been
observed in intact human cells (3, 8, 9), con-
trasting with the constricted state in semi-
purified NPCs (10-12). It has been shown that
dilation is part of the NPC assembly process
(18, 14). However, it remains controversial
whether NPC dilation and constriction play a
role during active nuclear transport (15) and
whether the dilation is required to open up
peripheral channels for the import of inner nu-
clear membrane (INM) proteins (16-18). It has
been argued that the constricted state may be
a result of purification (4, 8). It is difficult to
conceive that such large-scale conformational
changes can occur on similar time scales as
individual transport events (19, 20), which
would be the essence of a physical gate. Never-
theless, several cues that potentially could affect
NPC diameter have been suggested, such as ex-
posure to mechanical stress, mutated forms
of importin B, varying Ca®* concentrations, or
exposure to hexanediol (7, 21-26). The biolog-
ical relevance of these cues remains elusive be-
cause the analysis of NPC architecture under
physiological conditions is experimentally very
challenging. These previous studies did not ex-
plore NPC dilation and constriction and its
functional cause and consequences within in-
tact cellular environments, nor did they struc-
turally analyze the conformational changes of
nuclear pores in high molecular detail.

Here, we demonstrate that Schizosaccharomyces
pombe NPCs (SpNPCs) constrict in living cells
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under conditions of energy depletion (ED) or
hyperosmotic shock (OS), which is concomi-
tant with a reduction of NE membrane ten-
sion. Using in cellulo cryo-electron microscopy
(cryo-EM) and integrative structural modeling,
we captured a molecular movie of NPC con-
striction. Our dynamic structural model sug-
gests large-scale conformational changes that
occur by movements of the spokes with respect
to each other but largely preserve the arrange-
ment of individual subcomplexes. Previous
structural models obtained from isolated NEs
(10-12, 27-29) thereby represent the most con-
stricted NPC state.

In cellulo cryo-EM map of the SpNPC

To study NPC architecture and function in
cellulo at the best possible resolution and
structural preservation, we explored various
genetically tractable model organisms for
their compatibility with cryo-focused ion beam
(cryo-FIB) specimen thinning, cryo-electron
tomography (cryo-ET), and subtomogram av-
eraging (STA). Saccharomyces cerevisiae cells
were compatible with high-throughput gen-
eration of cryo-lamellae and acquisition of
tomograms. STA of their NPCs resulted in
moderately resolved structures (4). By con-
trast, a larger set of cryo-tomograms from
Chaetomium thermophilum cells did not yield
any meaningful averages, possibly because
their NPCs displayed a very large structural
variability. We therefore chose to work with
S. pombe cells that are small enough for thor-
ough vitrification; offer a superior geometry for
FIB milling compared with C. thermophilum,
with the advantage of covering multiple cells;
and, compared with S. cerevisiae, have a higher
number of NEs and NPCs per individual cryo-
lamella and tomogram, leading to increased
data throughput (fig. S1).

To obtain a high-quality cryo-EM map of
SpNPCs, we prepared cryo-FIB-milled lamel-
lae of exponentially growing S. pombe cells
and acquired 178 tomograms from which we
extracted 726 NPCs. Subsequent STA resulted
in an in cellulo NPC average of very high qual-
ity in both visible features and resolution (Fig. 1
and figs. S2 and S3). Systematic fitting of the
S. pombe IR asymmetric unit model, built
based on the S. cerevisiae NPC, resulted in
precisely one highly significant fit, as expected
(figs. S4A and S5A and Materials and meth-
ods). The subsequent refinement with integra-
tive modeling led to a structural model that
explains most of the observed EM density in
the IR (Fig. 1B, fig. S5B, and movie S1). The
IR architecture appears reminiscent to NPC
structures of other eukaryotes (fig. S6), further
corroborating its evolutionary conservation
(2, 30) (see table S1 for nomenclature of Nups
across different species). Systematic fitting
revealed that the NR of the SpNPC is composed
of two concentric Y-complex rings (Fig. 1A,
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Fig. 1. In cellulo cryo-EM map of A
the SpNPC. (A) Isosurface

rendered views of the SpNPC

eightfold assembly as seen

from the cytoplasm (left) and

the nucleoplasm (right) (with
membranes in dark gray

and protein in light gray). Note,

the eightfold symmetric assembly
represents an artificial NPC
conformation; within living cells,

NPCs adopt more-flexible
conformations deviating from a

perfect circle. Although the

cytoplasmic view (left) reveals

eight disconnected protein entities
instead of a CR, the nuclear

view (right) shows two concentric
nuclear Y-complex rings. Scale

bar, 50 nm. (B) Same as (A) but
shown as a cutaway view. Although B
the asymmetric curvature of the
nuclear membranes and the
arrangement of the cytoplasmic
side is unprecedented in other
species, the IR architecture is
highly conserved, as highlighted in
the inset (see also fig. S6). Scale R

bar, 50 nm. The inset shows

one individual asymmetric IR unit

map as obtained during STA NR \
(see Materials and methods); the

density threshold is chosen at a

level comparable to the entire

eightfold assembly. In the side view

(inset, below), the membrane is

shown for reference. Fitting of the

IR Nup homology models explains

most of the observed electron

optical density.

cytoplasmic
side

fig. S4B, and movie S1) as in vertebrates and
algae but as opposed to the single ring ob-
served in S. cerevisiae (fig. S3A) (4, 11, 31). In-
tegrative modeling of the entire Y-complex in
the NR revealed a Y-complex architecture with
the typical head-to-tail oligomerization (Fig. 2A).
It recapitulates the domain orientations and
interactions known from other species. How-
ever, S. pombe Y-complex Nups do localize to
the NR, in contrast to previous proposals (32).

Closer inspection of the cytoplasmic side of
the cryo-EM map revealed an unanticipated
architectural outline—it did not form an ap-
parent ring. Instead, we observed eight spa-
tially separated entities (Fig. 1A), which serve
as anchor points for the mRNA export plat-
form (4, 33), the Nup159 complex (Fig. 2B).
Although the dynein-arm characteristic for the
S. cerevisiae NPC (34) is lacking, the Nup159
complex resembles its S. cerevisiae counter-
part in shape (fig. S7A). Systematic fitting
and subsequent refinement with integrative

Zimmerli et al., Science 374, eabd9776 (2021)

cytoplasmic view

nuclear view

modeling revealed that only a single Y-complex
vertex fits into the density observed at the
cytoplasmic side (Fig. 2B, fig. S4C, and movie
S1). The density potentially accounting for
Nup107 and SpNup131-SpNup132 was miss-
ing (figs. S4D and S7B) and could not be
recovered by local refinement (fig. S7C). To
independently confirm the identity of the
observed vertex-like density, we analyzed
nup37A and nup37A-ely5A strains. The bind-
ing of both Nup37 and Ely5 to Nup120 has
been shown previously in vitro (35, 36), and, as
expected, density was missing in the respec-
tive positions of all Y-complexes (Fig. 2, C and
D, and figs. S8 and S9). A density that could
accommodate the Ely5 homology model was
missing also in the cytoplasmic Y-complex,
suggesting that Ely5 is present in S. pombe at
both sides, unlike its human counterpart Elys
(11, 37) (Fig. 2D and movie S1). Otherwise,
the NPC architecture remained mostly un-
changed, despite some increased flexibility in
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the Nup120 arm of the outer nuclear Y-complex
pointing to a decreased NR stability under
knockout conditions. These results indepen-
dently identify the cytoplasmic structure as
bona fide Y-complex vertex but lacking the EM
density beyond the edge of SpNup189C. This
is consistent with previous work suggesting
a split of the SpNup189C-Nup107 interface
(32, 38). Alternatively, this observation may
be explained by flexibility, although hinges
within the Y-complex were identified at dif-
ferent locations (10, 39).

ED is concomitant with a constriction of the
central channel

Previous cryo-EM structures of NPCs ob-
tained from isolated NEs (10-12, 27-29) or by
detergent extraction (40) had a smaller di-
ameter compared with those obtained from
intact cells (3, 4, 31, 41). We therefore hypoth-
esized that NPC diameter may depend on the
biochemical energy level, which is diminished
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Fig. 2. Architecture of SpNPC
outer rings. (A) Systematic fitting
and integrative modeling of all

S. pombe Y-complex Nups reveal a
head-to-tail arrangement with
two concentric Y-complex rings on
the nuclear side of the SpNPC,
as in the human NPC (11). The
cryo-EM map of a NR segment is
shown rendered as an isosurface
in transparent light gray. The
adjacent inner Y-complexes are
shown in gray, and the outer
Y-complexes are shown in orange.
The homology models of
SpNup131 and SpNupl32 fit

to the Y-complex tail region
equally well, rendering these two
proteins indistinguishable by

our approach. (B) Integrative
model of the cytoplasmic protein Cc
entities. The fit of the Y-complex
vertex explains most of the
observed density. The mRNA
export platform as identified in
(4, 33) is segmented in yellow.
(C) The nup37A cryo-EM map is
shown in blue (threshold: 0.1)
and overlaid with the difference
map (yellow; threshold: 0.175)
of the WT and nup37A maps,

B =
. Nup37

[] Nup12o [ sent [ nup1soc [T Nupi31/Nupi32
[]Nupss  [I sects [] Nupto7

90°

=

Lo

both filtered to 27 A. The missing density in the long arm of the Y-vertex coincides with the position of Nup37 (indicated by the dark red dagger symbol) in the
Y-complex vertex (dark gray) (see also fig. S8). (D) The nup37A-ely5A double knockout map (blue; threshold: 0.08) overlaid with the corresponding difference
map (yellow; threshold: 0.188) comparing the WT and double knockout map at 34 A. Differences are apparent at the location of both Nup37 (dark red dagger symbol)

and Ely5 (light red number symbol) with respect to the fitted Y-complex model (dark gray) (see also fig. S9).

in preparations of isolated NEs or NPCs but
may also be reduced within intact cells—e.g.,
during stress conditions. We first set out to
analyze NPCs in S. pombe cells under condi-
tions of ED, namely after 1 h of exposure to
nonhydrolyzable 2-deoxy-glucose in combi-
nation with the respiratory chain inhibitor
antimycin A, as previously established (42)
(see Materials and methods). Recovery exper-
iments demonstrated the viability of cells ex-
posed to ED, and the subcellular architecture
of the respective cells remained intact, as ap-
parent by cryo-ET (fig. S10). Cells of various
organisms including S. pombe show a rapid
shut down of active nuclear transport and
mRNA export when depleted of adenosine
5'-triphosphate (ATP) because of a concom-
itant reduction of guanosine 5'-triphosphate
(GTP) levels, which leads to the loss of the
nucleocytoplasmic RanGTP-RanGDP (GDP,
guanosine diphosphate) gradient (43-46). To
confirm a loss of active nucleocytoplasmic
transport under ED conditions, we used live-
cell imaging of S. pombe cells expressing a
green fluorescent protein (GFP) variant tagged
with a nuclear localization signal (NLS) or nu-
clear export signal (NES) on its N and C terminus

Zimmerli et al., Science 374, eabd9776 (2021)

(NLS-GFP-NLS or NES-GFP-NES), which show
a nearly exclusive nuclear or cytoplasmic lo-
calization under control conditions (fig. S11,
Ato D). After 30 min of ED, most of the NLS-
GFP-NLS localized to the cytoplasm, whereas
NES-GFP-NES equilibrated into the nucleus
(fig. S11, A to D). This was reverted in the vast
majority of cells when recovered in glucose
control medium (fig. S11, E to G), thus under-
lining their viability.

We analyzed 292 NPCs structurally by STA
under these conditions and found a consider-
able constriction of the central channel diam-
eter. However, the averages appeared blurred,
and manual inspection of the data indicated
a large variation of diameters. To generate a
conformationally more-homogeneous ensem-
ble, we manually assigned the NPCs from the
ED dataset into two classes with central chan-
nel diameters of <50 nm and >50 nm and re-
fined them separately (corresponding to 533
and 1012 subunits, respectively) (Fig. 3 and
fig. S12, A to C). Both conformations of the ED
state showed a smaller NPC diameter com-
pared with the conformation observed in
NPCs of exponentially growing cells, from here
on referred to as control conditions. The inter-
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mediate conformation was ~65-nm wide at
the IR compared with ~70 nm under control
conditions, whereas the most-constricted con-
formation showed a diameter of ~50 nm, com-
parable to the diameter observed in isolated
NEs (10-12, 27-29).

To better understand how NPCs accommo-
date such massive conformational changes
on the molecular level, we systematically fitted
individual subcomplexes (fig. S13) and built
structural models of the three different diam-
eter states on the basis of the cryo-EM maps
(fig. S14)) using integrative modeling (fig. S5B).
Both systematic fitting and integrative model-
ing showed that the relevant subunits are
present in the control state and the ED states.
At the cytoplasmic side and the NR, changes in
the curvature of the Y-complexes and inward
bending of the mRNA export platform toward
the center of the pore were apparent (movies
S4 to S6). By contrast, the central channel
constriction of the IR is more elaborate and
mediated by a lateral displacement of the
eight spokes that move as independent entities
to constrict or dilate the IR (fig. S14 and movies
S4 to S6). In the control state, ~3- to 4-nm-wide
gaps are formed in-between the neighboring
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cytoplasmic view

control

ED intermediate

ED constricted

osmotic shock

nuclear view

Fig. 3. NPCs constrict during ED and 0S. Cytoplasmic and nuclear views of NPC conformations during control, intermediate, and fully constricted ED and OS
conditions, illustrating the overall conformational change leading to a central channel diameter constriction from ~70 to <50 nm. The cytoplasmic and IR spokes move as
individual entities and contribute the most to the central channel diameter change, whereas the NR constricts to a lesser extent. Scale bar, 50 nm.

spokes. By contrast, in the constricted state,
the spokes form extensive contacts (Fig. 4, A
and B) equivalent to those in the previously
published structures of the human NPC in
isolated NEs (12). It is plausible that such
opening and closing of peripheral gaps may
regulate the translocation of INM proteins
(16-18). Notably, under conditions of ED, ad-
ditional density is arching out into the lumen
of the NE (Fig. 4, A, B, and D), contrasting
control conditions. It has been previously pro-
posed that such luminal structures are formed
by Pom152 (ScPom152 or HsGP210) (47, 48).
In terms of their shape, the observed arches
are reminiscent of those observed in isolated
Xenopus laevis NEs (28). Our data imply that
the luminal ring conformation becomes more
prominent upon constriction. Whether this
has any mechanical benefits to keep NPCs
separated (28), or limit the maximal dilation
or constriction, remains unclear.

Hyperosmotic shock results in constriction of
the central channel

We noticed that ED was concomitant with a
substantial reduction of nuclear size and spec-
ulated that it could be functionally related to
NPC constriction. To test this hypothesis, we
triggered nuclear shrinkage independently

Zimmerli et al., Science 374, eabd9776 (2021)

from ED. We caused a OS by exposing cells
to 1.2 M sorbitol. This treatment leads to a
pronounced loss of cellular and nuclear
volume (49). A cryo-EM map from 200 NPCs
(Fig. 3; Fig. 4, C and D; and fig. S15A) re-
vealed a strongly constricted conformation.
Individual structural features, such as tight
lateral packing of IR segments and arching
out of the luminal domain, were very similar
to those observed with ED, with one notable
exception: The N-terminal domain of Nup107
was now clearly resolved at the cytoplasmic
side, with the expected angle of engagement
of the Nup189C-Nup107 interface (fig. S15B)
and consistent with the previously described
hinge of the Y-complex (39). This observation
may be interpreted as either compositional
rearrangement or reduced flexibility. Notably,
our findings emphasize that nuclear shrinkage
correlates with NPC constriction independent
of ED.

Passive nucleocytoplasmic transport is
reduced under ED and OS conditions

To assess whether the NPC constriction under
OS and ED conditions correlates with re-
duction of passive transport across the NE, we
performed fluorescence recovery after photo-
bleaching (FRAP) experiments of nuclei at

10 December 2021

different time points after ED in cells express-
ing freely diffusing GFP, as compared with con-
trol conditions (Fig. 5, A and B, and fig. S16,
A and B) (see Materials and methods). GFP
diffusion rates into the nucleus were signif-
icantly decreased upon ED (Fig. 5C), contrast-
ing a minor, negligible effect observed within
the cytoplasm (fig. S16C). Recovery experi-
ments restored the initially observed diffusion
rates (fig. S16D). Under OS conditions, nucleo-
cytoplasmic diffusion decreased to a much
lesser extent (Fig. 5, D to F). In contrast to ED,
cytoplasmic diffusion also decreased (fig. S16,
E to I) in line with previous reports, which
demonstrate that OS strongly increases cellu-
lar crowding (42, 50). Because ED also leads to
a considerable cellular reorganization, includ-
ing solidification of the cytoplasm, pH-shift,
and water loss (42, 51-53), it is difficult to
disentangle whether the observed reduction
in passive exchange rates is a direct conse-
quence of NPC constriction. How exactly NPC
constriction affects the passive and active
transport of different types of cargos remains
to be determined.

NE tension regulates NPC diameter

Scaffold Nups do not have any known motor
activity that would allow them to exert forces.
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Fig. 4. Conformational changes of the luminal ring and IR during NPC constriction. (A to C) Central
slice through an isosurface representation of NPCs under control (A), most-constricted ED (B), and

0S (C) conditions. Under control conditions, IR spokes are clearly separated by 3- to 6-nm gaps and form
extensive contacts during NPC constriction (white arrowheads). Luminal densities (black arrowheads)

are arching into the NE lumen during NPC constriction. Scale bar, 50 nm. (D) Horizontal slices through the
IR of cryo-EM maps of control, intermediate, and most-constricted ED and OS conditions (left to right).
NPCs reveal the appearance of an arch-like density (black arrowheads) during constriction, likely
corresponding to the C-terminal domains of Pom152, whereas the N terminus is attached to the NPC

(48), which is consistent with previous work on isolated NEs (28). Dashed lines indicate the position of the
orthogonal slices (below) with the luminal density marked by arrowheads. The cartoons (bottom) indicate
how a constriction of the nuclear pore membrane (blue) leads to an arching out of Pom152 C-terminal luminal
domains (red), whereas the N termini remain closely attached to the NE. Scale bar, 50 nm; slice thickness,
1.35 to 1.38 nm. In control conditions, the luminal densities are directly proximal to the NPC and thus

not easily discernible from the membrane.

Thus, it appears more likely that NPC diam-
eter changes result from mechanical forces
that are applied externally. Membrane ten-
sion, as the energetic cost to expand the mem-
brane area, results in lateral forces within
the NE. We hypothesized that the rigidity of
the NPC scaffold counteracts lateral forces
imposed by NE tension. In such a scenario,
an excess of membrane induced by nucle-
ar shrinkage during OS and ED conditions
would reduce tension and result in NPC
constriction. This would be consistent with
the fact that the most constricted confor-
mation of NPCs is observed in isolated NEs
where no mechanical forces act on the scaf-
fold (10-12, 27-29, 40).

A model in which membrane tension pulls
apart the NPC scaffold to dilate the central

Zimmerli et al., Science 374, eabd9776 (2021)

channel makes several predictions: (i) Pertur-
bation of the structural integrity of the NPC
scaffold should cause NPC dilation; (ii) the
more rigid parts of the S. pombe scaffold, such
as the NR, should be less responsive to lateral
forces and constrict less compared with the
more fragile part, namely the IR and cyto-
plasmic side, which in S. pombe does not form
arigid ring; (iii) nuclear shrinkage and de-
formation that are indicative of reduced NE
tension (54, 55) should coincide with NPC
constriction; (iv) a reduced distance between
the INM and outer nuclear membrane (ONM)
should directly correlate with NPC constric-
tion; and (v) recovery of nuclear volume, shape,
and INM-ONM distance should restore the
initial, dilated NPC diameters. Regarding the
latter two predictions, it had been proposed
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that a reduced distance between the INM and
ONM is indicative of reduced pressure within
the NE lumen (56). Using membrane elastic
theory, we show that osmotic pressure in the
NE lumen and membrane tension in the NE act
equivalently (supplementary text) and that the
INM-ONM distance grows linearly with both.

To test predictions (i) and (ii), we systemat-
ically measured the NPC diameter across all
investigated conditions based on centroids of
opposite asymmetric subunits as obtained by
STA (Fig. 6A and fig. S17, A to F) (see Materials
and methods). Knockouts of the scaffold Nups
Ely5 and Nup37 caused a dilation of the scaf-
fold (Fig. 6A). We quantified the diameters of
each ring under NPC-constricting conditions
and found that although all three rings con-
strict significantly, the conformational changes
are considerably smaller at the NR that has a
more elaborate scaffold as opposed to the cyto-
plasmic side that does not form a closed ring
(Fig. 6B and movies S4 to S6). These findings
are consistent with our model.

To test a relationship of nuclear shrinkage
and deformation with NPC diameter [pre-
diction (iii)], we quantified nuclear volume
and shape on the basis of three-dimensional
(3D) reconstructions of nuclear membranes
from confocal fluorescence light microscopy
z-stacks and segmentation of nuclear mem-
branes in cryo-electron tomograms for ED-
and OS-treated cells. The nuclear volume was
reduced in both cases and was reverted when
cells were recovered from ED (Fig. 7, A to D,
and fig. S18A). Nuclear shrinkage should
lead to an excess of nuclear membranes if
the total nuclear surface area remains con-
stant, which we verified by quantification of
the number of NPCs per NE surface in elec-
tron tomograms (Fig. 7E). Under conditions
of OS, nuclei were also considerably deformed
(Fig.7, B, F, and G, and fig. S18, B and C). Thus,
nuclear shrinkage is concomitant with NPC
constriction in both OS and ED conditions
(Fig. 7TH). Nuclear deformation coincides with
NPC constriction during OS but is less ap-
parent during ED (Fig. 7, A and I, and fig. S18,
C and D), which we attribute to the missing
energy-dependent nuclear deformation forces
derived from microtubules (57, 58). Alterna-
tively, the more consistent response of cells to
OS compared with ED conditions may explain
this effect.

Next, we investigated a relationship be-
tween the distance between the INM and
ONM and the NPC diameter [prediction (iv);
supplementary text]. Under both ED and OS
conditions, the average INM-ONM distance
was reduced from 22.6 nm in control cells to
15.8 and 19.5 nm, respectively, and reverted
to control levels upon recovery from OS, fur-
ther underlining a loss of NE tension (56, 59)
(Fig. 7J) and in agreement with our theoret-
ical model (supplementary text). On the level
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indicate means of individual replicates (n = 24 cells in control and n = 154 cells in
ED time series). Unpaired t test; ****P < 0.0001. (D and E) Representative
snapshots of passive nucleocytoplasmic transport in control (top) and 0S
conditions (bottom) (D) and corresponding FRAP curves (E). The orange
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three experiments, and triangles indicate means of individual replicates

(n = cells 24 in control and n = 22 cells in 0S).

of individual tomograms, the average NPC
diameter correlated strongly with the average
INM-ONM distance (Spearman correlation
coefficient = 0.4803) (Fig. 7K).

Finally, we established that NPC constric-
tion is reversible [prediction (v)]. Because
OS conditions lead to a strong and homo-
geneous constriction of NPC diameters, we
performed an OS recovery experiment. We
analyzed 278 NPCs structurally by STA from

Zimmerli et al., Science 374, eabd9776 (2021)

cells that were previously exposed to a OS
and shifted back to glucose control medium.
Measurements of individual NPC diameters
confirmed NPC diameter reversibility (Fig. 6A).
As expected, the INM-ONM distance and nuclear
volume recovered concomitantly, whereas the
nuclear membrane surface-to-NPC ratio re-
mained constant (Fig. 7, E, J, and K, and fig.
S18D). These findings further underscore a
model in which increasing NE tension causes

10 December 2021

NPC dilation, whereas a reduction of NE ten-
sion allows the NPC scaffold to relax and con-
strict (Fig. 8).

Conclusions

Our study reveals that NPCs within living cells
populate a much larger conformational space
than previously anticipated. Massive confor-
mational changes mediate NPC constriction
and dilation in response to physiological cues,
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such as the energy status of the cell or ex-
posure to OS. Notably, ED resulted in a large
heterogeneity of NPC constriction levels and
two subpopulations with intermediate and
strongly constricted NPC diameters. The
average diameter observed under OS condi-
tions was more defined at ~55 nm, with a
relatively small standard deviation (Fig. 6A).
This finding is consistent with the idea that
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(nup37A-elybA), n = 271 NPCs
(ED), n = 141 NPCs (0S),

and n =197 NPCs (OS recovery)].
One-way analysis of variance
(ANOVA) and Sidak’s multiple
comparison test; ****P < 0,0001;
***P < 0.001; *P < 0.05 (see
also fig. S17). (B) Same as Fig. 3
but shown as cutaway side view
and overlaid with diameter
measurements of individually
aligned rings. Measurements are
taken at the INM-ONM fusion
points (dashed horizontal lines)
and the most centrally exposed
scaffold points (solid horizontal
lines). Positions outlining the
central channel were chosen
corresponding to the tip of the
mRNA export platform in the
cytoplasmic side, the equatorial
center of the IR subcomplex,

and the tip of the inner nuclear
Nup85 arm. The vertical lines
represent the positions of the
respective measurement points in
the control conformation.

Data are from one or more
experiments (means + SDs;

n =270 NPCs in control,

n =136 NPCs in intermediate
ED, n = 68 NPCs in most
constricted ED, and n = 141
NPCs in 0S).

control

intermediate

D
constricted

osmotic

- shock

OS affects membrane tension more directly
than ED.

The observed conformational changes in-
volve stretching the Y-complexes but are par-
ticularly pronounced at the IR, where the
spokes move alongside the fused INM and
ONM. Notably, the spokes do not move en-
tirely as rigid bodies, but some conformational
changes occur within the Nup155 and Nspl

10 December 2021

complex regions (movies S7 and S8). Those
are, however, distinct from the previously
proposed conformational sliding (75) and con-
sistent with an overall preserved intrasubcom-
plex arrangement (19, 20).

It has been suggested that mechanical forces
directly applied to the NE could regulate trans-
port of mechanosensitive cargo and alter NPC
diameters (25, 60, 61). Our data point to a
model where NE tension regulates NPC di-
ameter (Fig. 8). During OS and ED, NPC con-
striction is dependent on nuclear shrinkage
and a reduction in INM-ONM distance, which
both indicate a reduced NE tension (Fig. 7).
Furthermore, the conformational changes of
the NPC scaffold appear to be dictated by the
movement of the nuclear membranes. During
dilation and constriction, the IR spokes move
strictly together with the fused INM and
ONM. Finally, the knockout of the nonessen-
tial Y-complex members Nup37 and Ely5 leads
to an increased flexibility and NPC dilation
compared with control cells (Fig. 6A), suggest-
ing that the NPC counteracts lateral forces
imposed by NE tension, which keep it in an
open conformation. Thus, the loss of NE ten-
sion leads to a relaxation and constriction in
both ED and OS conditions.

The unexpected split Y-complex arrange-
ment of S. pombe breaks the long-standing
dogma of a three-ringed architecture. This
differential cytoplasmic and nuclear archi-
tecture, however, helps in assessing how the
double-Y-complex arrangement contributes
to the mechanical robustness of NPC archi-
tecture. The double-Y-complex ring arrange-
ment of the NR constricts much less than the
IR and the cytoplasmic structures. Knockouts
of Y-complex components within the head-to-
tail contact region destabilize the NR and lead
to NPC dilation. These findings suggest that
the Y-complex ring arrangement provides ri-
gidity to the overall cylindrical architecture. It
thus appears plausible that mechanical stress
load on the NE—e.g., during cell migration
or in osmotically variable environments that
may result in unfavorable NE rupture events—
imposed an evolutionary selection pressure
for higher numbers of Y-complexes and ring
formation in mammals or algae. By contrast,
organisms less exposed to mechanical NE
stresses, such as S. cerevisiae or S. pombe,
reduced their Y-complex copy numbers and
head-to-tail contacts during evolution. The NPC
scaffold may have a wider range of functions
beyond providing grafting sites for FG-Nups.
It conformationally responds to mechanical
cues and thus may have stabilizing but also
mechanically sensory functions (25, 60, 61).

Materials and methods
S. pombe culture and cryo-EM grid preparation

Frozen stocks of S. pombe cells were freshly
thawed and maintained on YES-agar plates
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Fig. 7. NE tension is reduced during ED and OS and leads to NPC constriction.
(A) Maximum projections of Nup60-mCherry channel from live-cell imaging
confocal stacks of NLS-GFP-NLS and Nup60-mCherry—expressing cells used for
nuclear shape and volume analysis. Scale bar, 5 um. (B) Same as (A) but for
cells expressing ubiquitous sfGFP and Nup60-mCherry under OS conditions.

(C and D) Quantification of nuclear volume based on 3D reconstructions of Nup60-
mCherry signal corresponding to (A) and (B). Data are from three experiments,
and triangles indicate means of individual replicates (means + SDs; n = 300 nuclei
per condition under ED and n = 300 nuclei per condition under OS conditions).
One-way ANOVA and Dunnett's multiple comparison test; ***P < 0.001;
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**P < 0.01. (E) Number of NPCs per estimated NE surface area under control,
ED, 0S, and OS recovery conditions (see Materials and methods). Data are from
one or more experiments (means + SDs; n = 71 tomograms under control,

n =72 tomograms under ED, n = 33 tomograms under OS, and n = 53 tomograms
under OS recovery conditions). One-way ANOVA and Sidak’s multiple comparison
test; ns indicates not significant, P > 0.05. (F and G) Deconvolved slice through
representative tomograms under control (F) and OS conditions (G). N marks

the nucleus, and arrowheads mark NPCs. Scale bars, 200 nm. (H) Mean NPC
diameter (see also Fig. 6A) plotted against mean nuclear volume [same as (C) and
(D)] under and control and 60 min after ED and OS conditions. Linear regression
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(red line) of mean nuclear volume values against scattered distribution of NPC
diameters with means + SDs and n values from (Fig. 6A) indicates a correlation
between nuclear volume and NPC diameter. Data are from one or more
experiments [coefficient of determination (R?) = 0.3598]. (1) Deconvolved slice
through representative tomograms under ED conditions. N marks the nucleus,
and arrowheads mark NPCs. Scale bar, 200 nm. (J) Measurement of median
INM-ONM distance per tomogram under control, ED, and OS conditions shows a
clear decrease of INM-ONM distance during ED and a slight decrease during
0S. Data are from one or more experiments (means + SDs; n = 71 tomograms

(YES-broth from Formedium +20 g agarose/L)
at 30°C for maximum 3 days and re-streaked
on fresh YES-plates before liquid culture inocu-
lation. Five to 10 ml YES-broth were inoculated
with individual colonies and incubated over
night at 30°C shaking at 200 rpm, where ODg(
(the optical density of a sample measured at
a wavelength of 600 nm) was kept below 1.0.
Cryo-EM grid preparation was performed with
a Leica EM GP plunger with a set chamber
humidity of >90% and temperature of 30°C.
A volume of 3.5 to 4 ul cell suspension with
previously adjusted ODgq( to 0.3 were applied
to Cu200 or Au200 mesh R2/1 SiO, grids
(Quantifoil) glow discharged on each side
for 45 s before sample application. The grids
were blotted with Whatman 597 paper for
1to 2 s and plunge-frozen in liquid ethane or
a mix of ethane-propane (60 and 40%) at
—-189°C or -194°C, respectively. A list of all
yeast strains and their source used in this
study can be found in table S2.

C. thermophilum culture and cryo-EM
grid preparation

C. thermophilum (La Touche) var. thermophilum
[from DSMZ, Braunschweig, Germany (no.
1495)] mycelium was maintained on CCM-
plates, as described in (62). For cryo-EM grid
preparation, Au200 mesh R2/1 SiO, grids
(Quantifoil) were glow discharged on both
sides for 45 s and placed on the CCM-plates
at the edge of the mycelium growth rim with
the SiO, foil facing up. Plates were incu-
bated at 55°C until the mycelium covered at
least half of the grid, typically 2 to ~3.5 hours.
Grids were then mounted in the chamber of
a Leica EM GP plunger with a set chamber
humidity and temperature at >90% and 55°C,
respectively. Before plunge freezing in lig-
uid ethane at -186°C, 3.5 ul plunging phos-
phate buffer (5% trehalose, 0.013 M Na,HPO,,
0.045 M KH,PO,, pH 6.5) were applied to
the sample and blotted for 2 s with Whatman
597 paper.

Generation of knockout and fluorescently tagged
S. pombe strains

A nup37A knockout cassette containing a
clonNat resistance marker corresponding to
pFA6a-natMX6 (63), flanked by 70-basepair-
long homologous sequences to the nup37 gene
was synthesized by Geneart and transformed
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in a K972 h- wild-type (WT) S. pombe strain
after a modified protocol from (64).

The nup37A-ely5A strain was generated
by crossing the nup37A strain with an ely5A
strain (36), provided by the Schwartz labo-
ratory at MIT in Cambridge, Massachusetts,
USA. Sporulation was triggered on sporula-
tion plates prepared from SpoVB salts con-
taining 8.2 g NaAc, 1.9 g KCl, 2.9 ml MgSO,
1M, and 4.1 ml 5 M NaCl and 20 g agarose
in 1 L H,0. Tetrads of sporulated colonies
were dissected in 40 pl sorbitol 1 M with 10 ul
zymolyase-T100. Selected colonies were replica
plated on selection plates containing 100 pg/ml
clonNat (Jena Bioscience) or 100 ug/ml G418
(Sigma-Aldrich) and double gene knockout
was confirmed by polymerase chain reac-
tion (PCR).

To generate the strains CZ001 [expressing
ubiquitous free super-folder GFP (sfGFP) with
a Nup60-mCherry marker for FRAP analy-
sis] and CZ007 (expressing NES-sfGFP-NES
construct with a Nup60-mCherry marker), a
Nup60-mCherry tagging cassette was am-
plified by PCR from isolated genomic DNA of
the GD250 strain (65), provided by the Baum
laboratory at MRC LMCB London, UK. The
product was transformed into the sfGFP or
the NES-sfGFP-NES expressing strain (AV0890
and AV1201, respectively) (66) obtained from
the Yeast Genetic Resource Center (YGRC),
as described above.

ED of S. pombe cells

Overnight cultures of S. pombe cells were grown
at 30°C in 5 ml dextrose-free Edinburgh mini-
mal medium (EMM) supplemented with 20 mM
glucose (glucose-control medium) while cell
density was kept below ODg( 0.8. Cells were
collected and adjusted to obtain a cell amount
of ~1 ml of cells with ODgg ~0.3 by centrifuga-
tion in Eppendorf tubes at 4000 rpm for 3 min
at room temperature. Cells were then washed
three times with 1 ml of ED buffer [20 mM
2-deoxy-glucose (Sigma-Aldrich) in dextrose
free EMM and 10 uM antimycin A (Sigma-
Aldrich)] and resuspended in 1 ml of ED buf-
fer. Control samples were washed three times
in glucose control medium. For EM-grid prep-
aration cells were incubated for 1 hour at 30°C
on a table-top shaker at 900 rpm. The cell con-
centration was adjusted to an ODg of 0.2 be-
fore EM-grid preparation, as described above.
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under control, n = 72 tomograms under ED, n = 33 tomograms under OS, and

n =53 tomograms under OS recovery conditions). One-way ANOVA with
Tukey's multiple comparison test; ****P < 0.0001; ns, P > 0.05. (K) The mean
NPC diameter per tomogram plotted against the median INM-ONM distance

per tomogram shows a strong positive correlation. Data are from one or more
experiments (n = 71 tomograms under control, n = 72 tomograms under ED,

n = 33 tomograms under 0S, and n = 53 tomograms under OS recovery conditions).
Spearman correlation coefficient () and P values are plotted, and the black line
represents a simple linear regression line.

ED recovery experiments and colony counting
viability assays

For recovery experiments, cells were energy
depleted as described above and shifted
back to glucose control medium ~1 hour after
ED. Light microscopy experiments were per-
formed ~20 min after shift back to energy rich
medium.

For colony counting, three biological repli-
cates of WT cells were cultivated and energy
depleted for 1 hour, as described above. The
corresponding control samples were washed
in glucose control medium. All samples were
then washed and taken up in glucose control
medium and 1000 cells were plated on fresh
YES plates in duplicates. Colonies were counted
after incubation at 30°C for 3 days, and values
were reported as mean survivability corrected
for plating efficiency in control conditions. For
spot assays replicates were prepared as de-
scribed above and the concentration of each
sample was adjusted to ODggo = 0.1. A serial
dilution with 10x dilution steps was then
spotted on a fresh YES plate.

0S of S. pombe cells

OS experiments were performed with S. pombe
cells expressing ubiquitous sfGFP and mCherry-
tagged Nup60 (strain CZ001). Cells were grown
at 30°C in 5 ml dextrose-free Edinburgh min-
imal medium (EMM) supplemented with
20 mM glucose (glucose-control medium)
while cell density was kept below ODgg 0.8.
Cells for plunge freezing were grown to ODggo
of 0.6 and concentrated 2x in 1.5 ml Eppendorf
tubes by centrifugation at 4000 rpm for 3 min
before OS, whereas cells for light microscopy
analysis were grown to ODg( 0.4 before OS
exposure. The OS was induced by diluting
the cell suspension 1:1 with glucose control
medium containing 2.4 M sorbitol, result-
ing in a OS exposure to 1.2 M sorbitol. Be-
fore plunge freezing cells were checked by
fluorescent light microscopy to confirm the
OS reaction and cryo-EM grids were sub-
sequently prepared as described above 1 to
12 min after OS exposure. Light microscopy
experiments were performed as described
below. In OS recovery experiments cells were
treated with 1.2 M sorbitol for ~10 min as
described above and subsequently shifted
back to glucose control medium where
they were allowed to equilibrate for 30 to

9 of 15

€202 ‘ST 13nBny Uo A18100S Moue|d Xe|A Te 610°30us10s"Mamm//:sdny Wol) papeojumoq



RESEARCH | RESEARCH ARTICLE

nuclear size
INM-ONM distance

nuclear envelope tension

energy depleted

Ead e

active metabolism

B Q-

s T

\
-

[
K P

hyperosmotic shock

29 QR

™~

o0

~
@ >
N\

=

Fig. 8. Conceptual model of how of NE tension regulates NPC diameter. (A) NPCs adopt a dilated
conformation in metabolically active cells. (B and C) Both ED (B) and OS (C) lead to a shrinkage of
nuclear volume, a reduced INM-ONM distance, and an increased nuclear deformation, all of which point to
a reduction in NE tension under both conditions. Such reduced NE tension leads to a constriction of the
NPC scaffold architecture, where the central channel volume is reduced to approximately half compared with

that in metabolically active cells.

40 min before cryo-EM grid preparation, as
described above.

Live-cell fluorescence microscopy and

FRAP imaging

Ibidi p-Slide eight-well Ibidi-treat dishes were
coated with 1 mg/ml Concanavalin A (Sigma-
Aldrich) in phosphate-buffered saline (PBS)
for 10 to 40 min at room temperature and

Zimmerli et al., Science 374, eabd9776 (2021)

washed three times with ddH,0. Then, 300 ul
of energy-depleted cells were seeded into the
Ibidi p-Slide dish and 150 pl of control cells
were seeded and topped up with 150 pl glu-
cose control medium to lower the amount of
seeded cells and allow cells to keep dividing.
Time of ED was measured from the first
wash in ED buffer, typically ~12 min before
finalizing the final wash and seeding eight-

10 December 2021

well dishes. Live-cell imaging and FRAP exper-
iments were all performed on a laser scanning
confocal microscope Zeiss LSM-780 equipped
with an incubation chamber maintained at
30°C. All images were acquired with a Plan-
Apochromat 63x/1.40 Oil differential interfer-
ence contrast (DIC) objective.

For live-cell imaging of GD250 and CZ007
1532x1532 pixel z-stacks were acquired with
a pixel size of 0.0887 um, an optical section
of 0.8 um, and z-step of 0.38 um using sequen-
tial line scanning and two line averaging
rounds with 0.426 us pixel-dwell time. GFP
was excited with a 488 nm line of argon laser
and detected with GaAsP spectral detector
in the range 500 to 550 nm. mCherry was
excited with a DPSS laser at 561 nm and de-
tected with GaAsP spectral detector in the
range 568 to 620 nm. Per image stack, 15 to
17 z-slices were acquired to cover the entire
S. pombe cells. In total, three independent
biological replicates were acquired in three
independent experiments with each contain-
ing about five individual z-stacks. For energy-
depleted cells, z-stacks were acquired at time
intervals of 30 to 50 min, 55 to 70 min, and
150 to 180 min after ED (after first wash
with ED buffer), and control conditions were
acquired more than 2 hours after sample prep-
aration. For energy-depleted cells, data ac-
quisition of each time point was started with
the first z-stack the given time point after ED.
Z-stacks of osmotically shocked CZ001 cells
were acquired 1 to 16 min after hypertonic
medium exposure.

FRAP measurements of bleached nuclear
and cytoplasmic GFP signal in the CZ001
strains were performed to measure passive
nuclear transport and cytoplasmic diffusion,
respectively.

Passive nucleocytoplasmic transport was
measured by individual FRAP experiments
performed in the GFP channel consisting of
a time series of 140 152x90 pixel (13.6 um x
8.1 um) frames acquired over 138.45 s with an
interval of 1 s between different frames, a frame
time of 0.17 s, and a pixel size of 0.09 um. The
488 nm line of the argon laser was used both
for bleaching and for excitation during time
lapse imaging. Bleaching was performed af-
ter acquiring 10 images. One bleaching itera-
tion of 1.2 s was performed in a circular area
with a diameter of 33 pixel (2.97 um), previ-
ously assigned manually based on the Nup60-
mCherry NE outline to cover the nuclear area.
Per individual biological replicate indepen-
dent time series were acquired on individual
cells over a period 30 to 210 min after ED, i.e.,
after the first wash with ED buffer. In total,
48 to 55 FRAP experiments per biological
replicate were performed consecutively with
an interval of ~3 to 5 min between the in-
dividual measurements. Control measure-
ments were performed after completion of
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data acquisition on energy-depleted cells i.e.,
>210 min after sample preparation.

To measure cytoplasmic diffusion, FRAP data-
sets were acquired in the GFP channel with
image dimensions of 80x30 pixel (13.6 pm x
5.1 um), a pixel size of 0.17 um, and 140 frames
over a period of 2.11 s with a time interval be-
tween frames equal to 0.03 s. A rectangular
area covering around half of the S. pombe cyto-
plasm and excluding the nucleus was bleached
after acquiring 20 initial images. One bleach-
ing iteration was performed in 20 ms with
100% power of 488 laser line and additional
40% of 405 nm laser line. In three indepen-
dent biological replicates each, eight individ-
ual FRAP experiments at time points 30 min
(27 to 44 min), 60 min (55 to 68 min), and
>150 min (155 to 168 min) after ED were re-
corded on individual cells. Control measure-
ments were performed after 180 min of sample
preparation. FRAP experiments of CZ001 cells
exposed to a OS were performed as described
above for ED with the following modifica-
tions: Each measurement was performed in
three biological and eight subsequent tech-
nical replicates ranging over a timeframe of 3
to 25 min after OS exposure. To accommodate
for the significantly slower cytoplasmic diffu-
sion upon OS, the imaging parameters described
above for nuclear FRAP were used where a
33x33 pixel square was bleached within the
cytoplasm and recovery was measured over
120 s with a 1-s interval.

Quantification of fluorescence microscopy
images and FRAP analysis

To quantify the localization of NLS-GFP in
GD250, z-stacks were maximum projected
and the ratio of the average pixel intensity
of a circular area within the nucleus compared
with a similar area in the cytoplasm was mea-
sured manually in Fiji (67). The nuclear posi-
tion was determined in the Nup60-mCherry
channel. Cells that were not well attached to
the eight-well dish and moving during z-stack
acquisition or not entirely contained within
the z-stack were removed before analysis, and
cytoplasmic areas of clearly visible vacuoles
were avoided. NES-GFP localization signal
was quantified similarly as described above for
NLS-GFP. To avoid signal bias from above and
below the nucleus, only a single image slice
approximately at the central plane of each cell
was quantified.

Nuclear volume and sphericity of GD250 and
CZ001 z-stacks were quantified based on 3D
reconstructions of individual n of the Nup60-
mCherry (with excluded areas of cells moving
or not entirely contained within the imaged
volume) using the 3DMembraneReconstruc-
tion (68) workflow in Mathwork’s MATLAB.

FRAP curves were analyzed with FRAPAnalzer
2.1.0 (69). In brief, a double normalization was
carried out normalizing against the back-
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ground and the entire cellular surface as ref-
erence. Recovery half-life times were extracted
by fitting a one exponential recovery equa-
tion to the normalized data. In the case of
nuclear FRAP experiments under OS con-
ditions, a two-exponential fitting was per-
formed to account for the first (fast) recovery
most likely corresponding to recovery of mole-
cules bleached outside of the nucleus and a
second (slower) recovery corresponding to
the nuclear fluorescence recovery, the half-
life time of the latter was reported as nuclear
fluorescence half-life time. Moving cells and
cells where the nuclear signal did not recover
to a plateau were excluded from analysis.

Cryo-FIB milling

Plunge-frozen sample grids were FIB milled in
an Aquilos FIB-SEM (Thermo Fisher) as pre-
viously described (4). In brief, samples were
sputter coated with inorganic platinum at
10 KV voltage and 10 mPa argon gas pressure
for ~10 s (Pt-sputtering). Subsequently a pro-
tective layer of organometallic platinum was
deposited using the gas injection system (GIS-
coating) for ~12 s. If needed, a second round of
Pt-sputtering was performed to avoid charging
during FIB milling. Between 5 and 10 lamellae
per grid were milled in a step-wise fashion and
polished to a final thickness of <280 nm using
decreasing FIB current steps of 1 nA, 0.5 nA,
0.3 nA, and 50 pA. Before unloading the sam-
ple, an additional layer of Pt was deposited for
1 s to avoid charging effects during subsequent
imaging in the transmission electron micro-
scope (TEM).

Automated tomogram acquisition

The majority of WT S. pombe tomograms
(136/178) as well as all tomograms from knock-
out strains were acquired on a Titan Krios G3
(Thermo Fisher), operating at 300 keV and
equipped with a Gatan K2 Summit direct elec-
tron detector and energy-filter. All tilt-series
(TS) were acquired in dose-fractionation
mode at 4k x 4Kk resolution at a nominal
pixel size of 3.45 A. Automated TS acquisition
was performed as described previously (4)
using a dose-symmetric acquisition scheme
(70) with an effective tilt range of —50° to 50°,
considering a tilt-offset to compensate for
the lamella angle (typically positive or nega-
tive 8° to 13°) (4), a 3° tilt increment, a total
dose of 120 to 150 e/A2, and target defocus of
-1.5 to —4.5 pm.

The remaining 42 WT tomograms and 15 of
the total 76 tomograms from energy-depleted
S. pombe cells were acquired on a Titan Krios
(Thermo Fisher) equipped with a Gatan K2
Summit direct electron detector and energy-
filter and a Volta potential phase plate (VPP)
(71). Automated dose-symmetric tilt series
acquisition was performed in 4k x 4k dose-
fractionation mode with a nominal pixel size
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of 3.37 A using a total dose of 100 to 125 e/A?
distributed over a tilt range of —-60° to +60°
or —50° to 50° with and a tilt step interval of
3° or 2° respectively, a defocus range of -2 to
—4 um, and conditioning the VPP by exposure
to the electron beam up to 5 min. An addi-
tional 11 tomograms of ED S. pombe cells were
acquired using the same parameters but with-
out usage of the VPP. All 57 tomograms of cells
exposed to a OS were acquired with similar
parameters including an effective tilt range
of —50° to 50°, considering a tilt-offset to com-
pensate for the lamella angle, a 3° tilt increment,
a total dose of 120 to 150 e/A2, and target de-
focus of -2 to —5 um.

The remaining 50 tomograms of ED S. pombe
cells were acquired on a Titan Krios G3 (Thermo
Fisher) operating at 300 keV equipped with a
Gatan K3 direct electron detector and energy-
filter operated in dose-fractionation mode
and 5.7k x 4Kk resolution with a nominal pixel
size of 3.425 A. Automated dose-symmetric tilt
series acquisition was performed with a nomi-
nal defocus range of -2 to —3.5 um, an effective
tilt range of —50° to 50° including a tilt offset
to compensate for the lamella pretilt, a tilt step
increment of 39 and a total dose of 133 /A2

All 78 tomograms of cells recovered from a
OS were acquired on a Titan Krios G2 (Thermo
Fisher) equipped with a Gatan K3 direct elec-
tron detector and energy-filter with similar
parameters as above including an effective
tilt range of —-50° to 50° considering a tilt-
offset to compensate for the lamella angle,
a 3° tilt increment, a total dose of 142 e/A?,
atarget defocus of —2 to —5 um, and a nominal
pixel size of 3.372 A. C. thermophilum tomo-
grams were acquired as described above for
WT S. pombe tomograms with a total dose of
130 to 140 e/A? and a target defocus range of
-2 to -4 pum.

Image preprocessing and tomogram
reconstruction

Images were preprocessed, and contrast trans-
fer function (CTF) was estimated as described
previously (4). Tilt series were aligned auto-
matically in a tailored workflow using the
IMOD package including the patch-tracking
functionalities (72). In detail, four-times binned
(pixel size: 1.348 nm) and dose-filtered TS were
low-pass filtered with seven empirically pre-
defined low-pass filter parameters and seven
initial patch-tracking attempts using 7x7 patches
per tilt were performed in IMOD. The filter-
set and patch tracking output yielding the
lowest alignment residuals during the initial
round of patch-tracking was selected for fur-
ther iterative refinement. At each iteration, the
contour with the largest residual error was re-
moved before the next round of patch-tracking.
This process was repeated until the overall
residual dropped below 0.5 pixel or until a
ratio of known/unknown in the IMOD tilt
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align program dropped below a threshold of
10. The final aligned TS were reconstructed
using the SIRT-like filtering option in IMOD
(73) and manually inspected. Only tomograms
yielding a high-quality alignment, both, vis-
ually and in terms of overall residual error
(typically better than 1 pixel) were used for
3D CTF correction using the phase-flipping
option in novaCTF (74) and subsequent STA
workflow.

NE segmentation and tension analysis

Four-times binned 3D CTF-corrected tomo-
grams were deconvolved in MATLAB using
tom_deconv function (https://github.com/
dtegunov/tom_deconv) and subsequently seg-
mented using the convolutional neural net-
work (CNN)-based tomogram segmentation
workflow in EMAN2.2 (75) using a custom
trained CNN to recognize NEs. The resulting
segmentation was improved by applying the
tensor voting-based membrane segmenta-
tion workflow TomoSegmemTV (76). The fi-
nal binary segmented volume was manually
inspected and curated, whereby false posi-
tive density such as NE connected ER was
removed and tomograms resulting in overall
inferior segmentation quality were excluded.
Binary segmented NE volumes were subse-
quently loaded into MATLAB where a sphere
was fitted to the coordinates of each individual
segmentation. On the fitted sphere surface a
sampling grid was defined with a kernel size
(distance between sampling points) of 20 pixel
(resulting in a subdivision of the spherical
surface in ~27 nm x 27 nm patches). At each
sampling point several measurements were
performed.

First, at each sampling point the mean radius
of all segmented voxels within a 20-pixel thick
ray extending form the center of the fitted
sphere through the sampling point were mea-
sured and the difference between the resulting
mean NE radius and the fitted sphere radius
was reported as deviation of the NE form a
perfect sphere at each given sampling point.
For each individual tomogram the variance
or standard deviation of the deviation form a
perfect sphere was then used as a measure of
NE wobbliness (how much the NE deviates
form a perfect sphere).

Second, the INM-ONM distance at each
sampling point was measured by analyzing
the distribution of radii of all voxels belonging
to the NE segmentation within the 20-pixel-
thick ray at each sampling point. Only radius
distributions which showed a bimodal distri-
bution were further used to perform a K-means
clustering and obtain the mean NE radius of
two classes. Sampling points which did not
show a bimodal radius distribution were
omitted. The shorter radius was then attributed
to the INM radius, whereas larger value de-
scribed the ONM radius at the given sampling
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point. The difference between the INM and
ONM radius was reported as INM-ONM dis-
tance at any given sampling point, and the
median over the entire tomogram was used
as INM-ONM distance measurement for each
individual tomogram.

Third, the total segmented NE surface was
estimated by projecting the segmented NE
voxels on the fitted sphere surface. Subse-
quently all sampling points covering at least
one NE voxel within the 20-pixel radius were
counted as 729 nm? (27 nm x 27 nm) mem-
brane patch each and summed up to yield the
total estimated NE surface. The number of ini-
tially picked NPCs (see below) per tomogram
was divided by the corresponding estimated
NE surface area to estimate the number of
NPCs per square micrometer of NE.

Particle identification and STA

NPC coordinates and initial orientations were
determined manually in four-times binned
SIRT-like filtered (73) tomograms as described
earlier (4). Additionally, a model describing the
lamella slab geometry was generated manually
by picking the coordinates of all eight corners
of the lamella slab for each tomogram. Parti-
cle extraction, subtomogram alignment, and
averaging (STA) was performed with novaSTA
(77) from 3D CTF-corrected tomograms, as
described previously (4). Initial alignment of
NPCs was carried out using eight- and four-
times binned particles. After obtaining an ini-
tial four-times binned average, coordinates
of the eight individual NPC spokes were iden-
tified for symmetry-independent alignment,
as described before (6). In brief, the coordi-
nates of an individual subunit within the eight-
fold average was defined manually, and the
remaining asymmetric subunit positions were
calculated based on the eightfold symmetry
(fig. S2A). The coordinates were then used to
extract each individual asymmetric subunit
form the original tomograms, where only sub-
units with coordinates retained in the lamella
slab geometry model were retained to avoid
the inclusion of subunits lying outside the FIB-
milled lamellae. The individually extracted
asymmetric subunits were then used for fur-
ther alignment using a mask covering the en-
tire asymmetric unit (cytoplasmic side, IR, and
NR) (fig. S2B). After an initial subunit align-
ment, each subtomogram and its assigned
orientation was inspected manually and mis-
aligned or remaining false positive particles,
i.e., subunits extracted outside of the FIB-
milled lamellae, were removed. Subtomogram
alignment was further continued using four-
and two-times binned subtomograms, where
the alignment was focused on the CR, IR, or
NR using localized masks (fig. S2C). VPP data
were excluded from further STA of the WT
averages at the transition from bin4 to bin2
processing. If needed, the particle boxes were
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recentered around the individual rings to
achieve better subtomogram alignment. In
case of the WT subtomogram average, par-
ticles with low final cross correlation scores
were removed for the final average. All sub-
tomogram averages of WT, OS, and knockout
datasets were b-factor sharpened empirically
(I1) and filtered to the given resolution de-
termined on gold-standard FSC calculations
at the 0.143 criterion. For ED averages, in-
stead of b-factor sharpening, the amplitude
of the final averages (containing VPP and
defocus data) were matched to the ampli-
tudes of a corresponding average generated
by averaging only the defocus type subset
of data (excluding all VPP data) with the
EMAN?2 (78) e2proc3d.py -matchto function,
to overcome a previously described low-pass
filter-like artifact occurring during STA of VPP
data (79).

To generate the eightfold symmetric assem-
blies, the final individual ring maps were first
fit to the initially aligned whole asymmetric
unit map to find their correct relative position.
The root mean square density value of all in-
dividual maps were scaled to similar values to
allow appropriate representation of all three
rings at a common threshold level. The result-
ing asymmetric unit was then assembled to an
eightfold symmetric assembly based on the
coordinates defined during the initial subunit
extraction (see above).

Details about tomogram and particle num-
bers of each average can be found in table S3.

Difference map calculation

To calculate the difference map of the nup37A
and nup37A-ely5A knockout to the WT, the
maps of the individual knockout rings were
filtered according to their reported resolution
(nup37A cytoplasmic side: 27 A, IR: 27 A, and
NR: 31 A; cytoplasmic side: 35 A, IR: 35 A, and
NR: 34 A of nup37A-ely5A, respectively) (table
S3 and figs. S8 and S9), and WT maps were
filtered to the corresponding knockout resolu-
tion. To account for different b-factors and
amplitudes, the power spectra of the WT maps
were adjusted to the corresponding knockout
map using RELION (80) relion_image_handler
-adjust_power command. To obtain compara-
ble difference maps across the density of the
individual knockout rings, the WT cytoplasmic
and nuclear map were scaled to match the root
mean square of the corresponding WT IR map.
The WT and corresponding knockout maps
were then brought to the same reference frame
by fitting the maps against each other and
difference maps of the individual rings were
calculated in UCSF Chimera (81). The final
maps are shown at the same threshold and
overlaid with the difference map (WT minus
knockout) and the inverse (negative thresh-
old) of the difference map, respectively (Fig. 2
and figs. S8 and S9)
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NPC diameter and volume measurements

NPC diameters were measured with an in-
house MATLAB script based on the final co-
ordinates and orientations obtained for each
individual subunit during STA. First a feature
of interest in the subunit average was identi-
fied in UCSF Chimera (81) by placing a 1-voxel
sphere mask on the point of interest. The off-
set between the center of the average and
the mask was then used to calculate the co-
ordinates of the area of interest within each
averaged subunit in respect to the original
tomograms. To calculate the diameter of each
individual NPC, only NPCs with a subunit-
occupancy of five or more were considered.
For each individual NPC, vectors were de-
rived connecting the opposing subunits. Based
on those vectors, the center of each NPC was
defined as the center of the intersection area
between all vectors corresponding to a given
NPC. The average distance between the newly
identified center and each respective SU was
chosen as a representative NPC radius for the
given pore. By this means, an accurate average
NPC radius measurement for a specific fea-
ture of interest within each individual NPC
is obtained. Additionally, the z-translation
of each subunit from the NPC center plane
and the pairwise distance opposing subunits
based on coordinates obtained from whole
asymmetric subunit alignment were reported
(fig. S17, A to G).

Homology modeling

Modeling templates were detected and selected
using HHpred server (82). Sequence align-
ments for modeling were refined in Swiss PDB
Viewer (83). The models were built based on
the templates and alignments using Modeller
(84). The templates used for modeling are listed
in table S4.

Systematic fitting of SpNPC rigid bodies to
cryo-ET maps

To assign the number of Y-complexes and IR
subcomplexes, and to prepare the input for
integrative modeling (fig. S5A), an unbiased
global fitting approach was applied using sev-
eral SpNPC structural models. Two of them
were experimental x-ray structures previous-
ly published (35, 36), whereas the remain-
ing were homology modeled on the basis of
S. cerevisiae and C. thermophilum NPC com-
ponents (20, 85-88) (table S4). All the afore-
mentioned high-resolution structures were
filtered to 40 A before fitting. The resulting
simulated model maps were subsequently
fitted into individual segments of the SpNPC
cryo-EM maps from this study by global fitting
as implemented in UCSF Chimera (81). More
precisely, structures of the Y-complex were
fitted into cytoplasmic and NR segments of
the cryo-EM SpNPC maps while the IR model
was fitted in the IR. The segmented maps that
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were used for fitting did not include NE den-
sity to eliminate the possibility of fits subs-
tantially overlapping with the membrane.

All fitting runs were performed using 100,000
random initial placements with the require-
ment of at least 30% of the simulated model
map to be covered by the SpNPC density en-
velope defined at a low threshold. For each
fitted model, this procedure resulted in ~250 to
17,200 fits with nonredundant conformations
upon clustering. The cross-correlation about
the mean (cam score, equivalent to Pearson
correlation) score from UCSF Chimera (81)
was used as a fitting metric for each atomic
structure, similarly to our previously pub-
lished works (4, 11, 12, 31). The statistical sig-
nificance of every fitted model was evaluated
as a P value derived from the cam scores. The
calculation of P values was performed by first
transforming the cross-correlation scores to
z-scores (Fisher’s z-transform) and centering,
from which subsequently two-sided P values
were computed using standard deviation
derived from an empirical null distribution
[based on all obtained nonredundant fits and
fitted using fdrtool (89) R-package]. Finally,
the P values were corrected for multiple testing
with Benjamini-Hochberg (90). Figures were
produced by UCSF Chimera (87) and UCSF
ChimeraX (91).

Integrative modeling

Structural models of the SpNPCs were built
using the integrative procedure (fig. S5) im-
plemented in our Assembline software (92).
Assembline implements a custom modeling
pipeline based on Integrative Modeling Plat-
form (IMP) (93) version 2.14:and Python Model-
ing Interface (PMI) (94). The pipeline is similar
to the one we used previously for human and
S. cerevisiae NPCs (4, 12). The modeling pro-
cedure consisted of three steps (fig. S5B).

Step 1

First, ensembles of alternative models of the
individual rings in the control NPC were con-
structed. To model the cytoplasmic Y-complexes
and NR, the input homology models were di-
vided into smaller rigid bodies (with cut points
corresponding to boundaries of published
crystal structures) and simultaneously fitted
to the cryo-ET map using the global optimi-
zation step in Assembline. In this step, first,
libraries of alternative nonredundant fits for
each rigid body were generated using the sys-
tematic fitting procedure described above.
Then, the rigid bodies were fitted simulta-
neously to the maps of individual rings by
sampling alternative fits from these libraries
using the simulated annealing Monte Carlo
method. To cover a large landscape of possible
models, the optimization was repeated 4000
and 40,000 times for the cytoplasmic side and
NR, respectively, with each repetition leading
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to a candidate model. To achieve convergence
and sampling exhaustiveness [assessed using
the procedure by Viswanath et al. (95)], each
repeat run was composed of 130,000 (cyto-
plasmic side) and 271,000 (NR) Monte Carlo
steps at decreasing temperatures. The high-
er number of steps and models for NR was
used because of the higher number of rigid
bodies in this ring. The scoring function for
the modeling optimization was a linear com-
bination of the EM fit restraint represented
as the P values of the precalculated rigid-
body fits (from systematic fitting as described
above), clash score (SoftSpherePairScore of
IMP), connectivity distance between domains
neighboring in sequence, a term preventing
overlap of the protein mass with the NE, a
restraint promoting the membrane-binding
loops of Nup131, Nup132, and Nup120 to in-
teract with the envelope, implemented using
MapDistanceTransform of IMP [predicted by
similarity to known or predicted ALPS motifs
in human and S. cerevisiae homologs (1, 96)],
the restraint for Ely5 localization in the region
identified based on the difference between
the nup37A and nup37A-ely5A knockout NPC
maps to the control NPC, and restraint for bio-
chemically characterized interaction restraint
between Ely5 and Nup120 (36). For the NR, a
restraint promoting Nup37 localization from
the difference between the nup37A NPC and
the control NPC was also used. During the
optimization, the structures were simulta-
neously represented at two resolutions: in
Ca-only representation and in a coarse-grained
representation, in which each 10-residue stretch
was converted to a bead. The 10-residue bead
representation was used for all restraints
to increase computational efficiency except
for the domain connectivity restraints, for
which the Co-only representation was used.
Because the P values used for the EM restraint
were derived from the original EM fit libraries
generated with UCSF Chimera, the EM re-
straint can be regarded as an EM restraint
derived from the full atom representation.
Owing to high structural conservation of the
IR as determined by the systematic fitting, this
ring was modeled by fitting a homology model
of the entire IR built based on S. cerevisiae
NPC, followed by the refinement with 50,000
Monte Carlo steps at a single temperature. The
refinement involved the Monte Carlo simulated
annealing optimization of the rigid bodies’
rotations and translations, but this time
without using the libraries of alternative non-
redundant fits, allowing the rigid bodies to
move in the EM map with small rotation and
translation increments. The scoring function
consisted of cross-correlation to the EM map
(FitRestraint of IMP), domain connectivity re-
straint, the clash score, the envelope exclusion
restraints as above, and a restraint for the
membrane-binding loop of Nup155 (12).
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Step 2

The above steps led to ensembles of separate
models for the cytoplasmic side, NR, and IR.
To build the model of the full NPC, the alter-
native fits of each subunit in the cytoplasmic
side and NR models were extracted into a new
set of fit libraries. Then, together with the top-
scoring model of the IR, the global optimi-
zation step was repeated using the new fit
libraries and now fitting all subunits from all
three rings of the NPC simultaneously. The
resulting models were refined as above for
the IR, leading to an ensemble of models of
the full NPC. An elastic network restraint was
used to keep the Ely5-Nup120 orientation sim-
ilar in all rings.

Step 3

To generate the models of the ED NPCs, the
1000 top-scoring models of the NPC under
control conditions were fitted into the ED
EM maps and optimized using the refinement
procedure. The scoring function comprised
the same restraints as for the refinement of
the individual rings except for the restraint
for Nup37 localization in the difference den-
sity. Each of the 1000 starting models was
refined with 150,000 steps at five tempera-
ture levels leading to an ensemble of 1000 al-
ternative models.

Model analysis

To assess convergence and exhaustiveness
of sampling, and to assess the precision of
sampling and of the models, we used the pro-
cedure by Viswanath et al. (95). The quantities
were assessed at each modeling step of the
procedure (fig. S5B). The sampling precision
for the control, ED medium, and constricted
diameter were 8.4, 12.6, and 12.8 A, respec-
tively. At this sampling precision, we obtained
two to four clusters of models with the model
precision between 7.2 and 9.7 A (fig. S5B). The
clusters differed mostly in the orientations
of Ely5, Nup120, and the N-terminal propeller
of Nup133. The model with the orientation of
Ely5 consistent with the model of the human
NPC (1) was used as a representative model
for the figures. For clarity, a single model was
shown in the figures and the top 10 models for
each ensemble were shown in fig. S5.
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Nuclear pores dilate and constrict in cellulo
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Mechanosensitive nuclear pores

The nucleus of eukaryotic cells is enclosed by the nuclear envelope, a double membrane punctuated with nuclear pore
complexes (NPCs). These giant channels in the nuclear envelope mediate nucleocytoplasmic exchange. Zimmerli

et al. show that the mechanical status of the nuclear membranes controls their nuclear pore diameter. Pulling forces
imposed through nuclear membranes lead to stretching of NPCs and dilation of their diameter, whereas relief of

such forces causes NPC constriction. Thus, the control of nuclear size and shape is functionally linked with NPC
conformation and nucleocytoplasmic transport activity. —SMH
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