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A quantitative map of nuclear pore assembly
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Understanding how the nuclear pore complex (NPC) is assembled is of fundamental
importance to grasp the mechanisms behind its essential function and understand
itsrole during the evolution of eukaryotes'*. There are at least two NPC assembly

pathways—one during the exit from mitosis and one during nuclear growthin
interphase—but we currently lack a quantitative map of these events. Here we use
fluorescence correlation spectroscopy calibrated live imaging of endogenously
fluorescently tagged nucleoporins to map the changes in the composition and
stoichiometry of seven major modules of the human NPC during its assembly in
single dividing cells. This systematic quantitative map reveals that the two assembly
pathways have distinct molecular mechanisms, in which the order of addition of two
large structural components, the central ring complex and nuclear filaments are
inverted. The dynamic stoichiometry data was integrated to create a spatiotemporal
model of the NPC assembly pathway and predict the structures of postmitotic NPC
assembly intermediates.

The nuclear pore complex (NPC) is the largest non-polymeric pro-
tein complexin eukaryotic cells. It spans the double membrane of the
nucleus—the nuclear envelope—and mediates macromolecular trans-
portbetween the nucleus and the cytoplasm. To achieve this essential
function, the NPC forms an octameric proteinaceous channel com-
posed of multiples of 8 of more than 30 different nucleoporins (Nups)
that form 6-8 protein modules, the NPC subcomplexes'? Therefore,
morethan 500 individual proteins have to come together to assemble
one nuclear pore, which has the mass of tens of ribosomes. NPCs are
thought to represent a key step in the evolution of endomembrane
compartmentalization that allowed ancestral eukaryotes to separate
their genome from the cytoplasm®*,

In proliferating cells that undergo open mitosis, there are two main
pathways by which NPCs assemble. During nuclear assembly after
mitosis, NPCs form together with nuclear membranesto rapidly build
new nucleiin the daughter cells—this process is called postmitotic
NPC assembly. During nuclear growth in interphase, NPCs continue
to assemble continuously for homeostasis—this is referred to as
interphase assembly. Research over the past decade hasrevealed that
postmitotic and interphase NPC assembly possess distinct kinetic,
molecular and structural features® %, suggesting that two fundamen-
tally different mechanisms build the same protein complex. In postmi-
totic assembly, several thousand NPCs assemble within afew minutes
duringsealing of the initially fenestrated nuclear membranes, whereas
interphase NPC assembly occurs more sporadically, requires about
one hour, and involves a new discontinuity in the double membrane
barrier of the nuclear envelope. Studies using molecular depletions

have shown that the Nup ELYS isrequired for postmitotic assembly but
appears dispensable for interphase assembly®, whereas the membrane
curvature-sensing domain of Nup133¢, Pom121 and Sun1®, theimport
of Nup153into the nucleus®, and Torsins'® seem to be required only for
interphase assembly. Recent studies correlating real-time imaging with
3D electron microscopy have revealed that postmitotic NPC assembly
proceeds by radial dilation of small membrane openings", whereasin
interphase, assembly induces an asymmetric inside-out fusion of the
inner and outer nuclear membranes®.

However, how several hundred proteins self-organize to form the
NPC channel via these two distinct assembly pathways has remained
largely unknown. It is technically challenging to locate the transient and
rare assembly events, which has prevented investigation of the struc-
ture of assembly intermediates by either cryo-electron microscopy
(cryo-EM) tomography or super-resolution microscopy. In addition,
thelarge number of building blocks and their cooperativity often leads
to complex nonlinear kinetics that can only beinterpreted mechanisti-
cally using computational modelling of the structures formed during
assembly. Although we have some information about the dynamic
addition of Nups after mitosis™*, only sparse dynamic datais available
for interphase assembly™¢. Notably, these earlier studies could not
distinguish between postmitotic and interphase assemblies, whose
co-occurrencein different regions of the nucleus was only discovered
later; moreover, these studies provided only qualitative descriptions,
as they relied on ectopic expression of fluorescently tagged Nups.
Kinetic data about NPC assembly that can distinguish between the
postmitotic and interphase pathways is required, including the copy
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Fig.1|Quantitative imaging of GFP-knock-in Nup celllines. a, Confocal
microscopy of genome-edited HeLa cells withhomozygous expression of
mEGFP-tagged Nups. Fluorescence intensity was converted to protein
concentration (colour bar) using FCS-calibrated imaging??. Images were
filtered with a median filter (kernelsize: 0.25 x 0.25 um) for presentation
purposes. Scale bar,10 pm. b,c, Stimulated emission depletion (STED)

numbers of Nups that assemble into forming NPCs over time. Such
datawould enable modelling of the assembly process and enable us
to understand the two assembly mechanisms.

Quantitative imaging of ten Nups

To quantitatively analyse the changes in concentration of Nups at the
nuclear envelope during exit from mitosis and nuclear growth in G1,
we genome-edited HeLa cells, homozygously tagging the endogenous
genes encoding different Nups with mEGFP or mCherry. Building on
previous work™21718 we created aset of ten endogenously tagged Nups
that systematically represent the major building blocks of the fully
assembled pore, including the nuclear filament protein Tpr, the nuclear
Nupl53, the Y-complex members Nup107 and Sehl, the central ring
complex members Nup93 and Nup205, the central channel protein
Nup62, thetransmembrane protein Pom121, as well as the cytoplasmic
filament proteins Nup214 and Nup358. Homozygous tagging was veri-
fied by careful quality control of the genome-edited monoclonal cell
lines', ensuring that the tagged subunit was localized to the NPC and
that cell viability and mitotic progression were normal (Figs.1and 2).
Tagged Nup153, Pom121and Nup358 were expressed at subphysiologi-
callevels (Extended Data Figs.1and 2; detailsin Discussion). The fusion
proteins are likely to be functional, given that most Nups show strong
phenotypes upon knockout or depletion®.

To characterize the fluorescently tagged Nups, we first performed
super-resolution (STED) microscopy to determine the NPC density
in fully grown nuclei of the knock-in cell lines, showing that homozy-
gous tagging had little effect on NPC density, which was within a15%
range between all cell lines, with an average of 10.1 NPCs per um?
(Fig.1b,c), in good agreement with our previous estimates from elec-
tron microscopy studies on HelLa cells'>. We then used fluorescence
correlation spectroscopy (FCS) calibrated confocal microscopy**to
determine the concentration and total number of Nups at the nuclear
envelope in living cells (Supplementary Table 1; details in Methods).
Using the measured NPC density and the Nup concentration at

576 | Nature | Vol 613 | 19 January 2023

Copy number per pore

80
64 1 5
48
2
E o
3 i
: e ]
16 -ér i % e
0 T T T T T T T T
A D H ] 42 ™ S >
RO - A G IS
S TIEFFEE TS

microscopy of genome-edited cells stained with Nup62 antibody. Cells were
imaged (b) and the density of nuclear pores was quantified (c). n = 6 (Nup107),
6 (Seh1), 6 (Nup205), 5 (Nup93), 6 (Nup62), 6 (Nup214), 6 (Tpr) and 4 (Nup358)
cells.Scalebar,1pm.d, Calculated copy number of Nups per nuclear pore.
n=241(Nupl07),37 (Sehl),41 (Nup205),20 (Nup93), 41 (Nup62), 26 (Nup214),
55(Tpr) and 28 (Nup358) cells. The horizontal line represents the median.

the nuclear envelope, we were able to calculate the average copy
number of each Nup per NPC (Fig. 1d). These data showed that the
investigated Nups were present in 16, 32, or 48 copies per pore on
average, as expected from the eight-fold symmetry of the complex
and arein good overall agreement with previous estimates from mass
spectrometry®.

Dynamic change of Nup numbers

We then used our cell line resource to quantitatively image the Nups
during both postmitotic and interphase NPC assembly, from metaphase
untiltheend of the rapid nuclear growth phasein G1,2 hafter anaphase
onset. Tothis end, we performed systematic FCS-calibrated 3D confocal
time-lapse microscopy” (Fig. 2). Using the single-molecule fluctua-
tion calibration, the 4D imaging data could be converted into maps of
subcellular protein concentration (Fig. 2). Counterstaining live nuclei
with silicon-rhodamine (SiR)-DNA* enabled computational image
segmentation to measure the soluble cytoplasmic pool and the nuclear
envelope-associated pool over time”. Temporal alignment to anaphase
onset then enabled us to compare the dynamic association of all Nups
with the nuclear envelope over time (Fig. 2). Overall, the investigated
Nupsare presentin250,000t01,200,000 copies per human metaphase
cell. After mitosis, this building material is split between the daughter
cells with little detectable new protein synthesis in the first hour after
anaphase onset (Extended Data Fig. 3). Notably, 34-53% of the soluble
pool presentinthe cytoplasmin metaphase was rapidly re-localized to
the nuclear envelope during the first hour after exit from mitosis (43,
38,47,37,41,44,53 and 34% for Nup107, Seh1, Nup205, Nup93, Nup62,
Nup214, Tpr and Nup358, respectively) (Extended DataFig. 3), indicat-
ing that NPC assembly initially relies almost entirely on the pool of
buildingblocksinherited from the mother cell to formthe first 4,000
t05,000 NPCs™ "2, We confirmed that the observed GFP-tagged Nups are
indeed recruited specifically to NPCs and not to the nuclear envelope
surface in general by imaging of single NPCs using STED microscopy
(Extended DataFig. 4a,b).
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Fig.2|Dynamic concentration maps of Nups after anaphase onset. HelLa
cellswhose Nups are endogenously tagged with mEGFP or mCherry were
imaged every 30 sby 3D confocal microscopy. Single confocal sections are
shown.Images were calibrated by FCS to convert fluorescence intensities into
cellular protein concentration (colour bars). Nupl53is heterozygously tagged

Quantification of assembly kinetics

Postmitotic and interphase NPC assembly canbe observedinthe same
living cellin different regions of the nuclear envelope within thefirst2 h
after mitosis'>. Whereas postmitotic assembly dominates the peripheral
‘non-core’ regions of the nuclear envelope, the central ‘inner-core’
areais populated with NPCs only after exit from mitosis®, when dense
spindle microtubules have been removed from the DNA surface?. Using
computational segmentation and assignment of the inner-core and
non-core regions (Extended Data Fig. 5a; details in Methods, modified
fromref.'?), we measured the changesin concentration of the ten Nups
inthese tworegions separately. A two-component model of a fast (post-
mitotic) and aslow (interphase) assembly process fits the experimental
datawell, enabling us to kinetically unmix the two assembly processes
foreach Nup (Extended Data Figs. 5b-d and 6). In this way, we were able
to performanintegrated analysis of the real-time kinetics of absolute
concentration changes of Nups in all major NPC modules during the
two assembly processes at the nuclear envelope (Fig. 3a). This analysis
immediately revealed that the overall duration of the two processes is
very different, with postmitotic assembly essentially complete 15 min
after anaphase onset, whereas interphase assembly only reaches a
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and Nup358 and Pom121are subphysiologically expressed (Extended Data
Figs.1and2). The bottom colour baris for Nup153 and Pom121; the top colour
barisfortherest of the Nups. Images were filtered with amedian filter (kernel
size:0.25x 0.25um). Scale bar,10 pm.

plateau after 100 min, consistent with our previous estimates based
on live-cell imaging®'® and correlative electron microscopy™'2. Both
processes reached the same final ratios between the different Nups
and thus presumably formed identical NPCs. However, the temporal
orders in which components were added were distinct, including—
for example—an earlier assembly of Pom121 relative to the Y-shaped
complex during interphase assembly, consistent with our previous
observations®.

To comprehensively investigate the molecular differences between
the two assembly processes, we relied on the constant NPC density
and changes in nuclear surface area® to convert the nuclear enve-
lope concentrations of all investigated Nups into their average copy
number per assembling NPC over time (Fig. 3a). This resultin turn
enabled us to estimate changes in subunit stoichiometry of the com-
plex during its assembly in living cells. To facilitate the compara-
tive analysis of the assembly kinetics between the two pathways, in
which ten components assemble with different speeds and orders,
we first reduced the dimensionality of the kinetic data. To this end,
we assigned a single characteristic time point of assembly to each
Nup by sigmoidal fitting of its full kinetic signature (Extended Data
Fig.7a).Plotting the copy number against the median assembly time
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Fig.3| The molecular assembly order and maturationkinetics aredistinct
for postmitotic and interphase assembly. a, The average copy number per
nuclear pore computed from mathematical modelling for postmitotic (left)
andinterphase (right) assembly (detailsin Methods and Extended Data Figs. 5
and 6). For Nupl53 and Pom121 (dashed lines), the absolute amount was

provides an overview of the major molecular differences between the
two assembly pathways (Fig. 3b).

Whereas the Y-complex, Pom121and Nup153 formacore of the first
modules that assemble almost simultaneously within one minute in
postmitotic assembly, these components are stretched outinto a
clear temporal order of first Nup153, second Pom121 and third the
Y-complex (notably with its two investigated subunits also assembling
simultaneously in interphase) over more than ten minutes in inter-
phase assembly. The end of assembly is marked for both processes by
the addition of the large cytoplasmic filament protein Nup358. The
major difference is thus not in initiation or termination of assembly,
butratherinthe middle of the two assembly pathways. During postmi-
totic assembly, the Y-complex is rapidly combined with components
ofthe central ring, building the inner core of the pore withinjust three
minutes before addition of either cytoplasmic or nuclear filament
proteins, which follow later. By contrast, during interphase assembly,
the Y-complexis first combined with the nuclear filament protein Tpr
andthebase of the cytoplasmic filament Nup214, and the central ring
complexisadded later. This observation clearly shows that postmitotic
and interphase NPC assembly proceed with different speeds and fol-
low different molecular mechanisms, with inverted molecular orders
between the central ring and nuclear filaments (Fig. 3b and Extended
DataFig. 7b,c).

Tovalidate whether Tprindeed assembles earlier in the interphase
assembly pathway, we used immunostaining of assembling NPCs
with antibodies against Tpr and a later-assembling Nup, Nup62,
and visualized them by 3D STED super-resolution microscopy. This
single-NPC imaging demonstrated that a large number of assem-
bling NPCs in the inner-core region in early G1 contain Tpr but not
Nup62, whereas most of the assembled NPCs in the non-core region
of the same cells contain both Tprand Nupé62 (Fig. 4a,c), confirming
the surprisingly early recruitment of Tpr in the interphase assem-
bly pathway. In addition to cells in early G1, we also examined cells
later in interphase during S and G2 phase. Consistently, we found
that a substantial number of NPCs also contain Tpr but not Nup62
(Fig. 4b,c), indicating that interphase assembly at later cell cycle
stages follows the same order.
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estimated using the copy number determined from a previous study? (32 for
Nup153and 16 for Pom121). b, The average copy number of individual Nups per
nuclear pore are plotted along their median assembly time in postmitotic and
interphase assembly pathways. Boxes highlight the Nups that show marked
differencesin their order of assembly between the two pathways.

Integrative modelling of postmitotic assembly

To obtain a more comprehensive mechanistic view, we computed a
spatiotemporal model of the macromolecular assembly pathway on
the basis of our dynamic multimolecular stoichiometric datain com-
bination with the available ultrastructural data about NPC assembly"
and the partial pseudoatomic model of the mature human NPC?2,
We modelled only the postmitotic assembly, as it showed the kinetic
hallmarks of asequential process and is known to proceed by dilating
an existing membrane pore with a smoothly growing proteinaceous
density". We focused on the Nups contained in the structural model of
thehumanNPC, including Nup107 and Seh1for the Y-complex as well as
Nup93, Nup205 and Nupé2 for the central ring or channel complex*,
We constrained their copy numbers with our stoichiometry data for
the time points for which correlative electron tomography data are
available", enabling us to use the membrane shapes and associated
protein densities from electron tomography to model the Nup configu-
rations at these time points. To compute a spatiotemporal model of the
assembly pathway, we generalized our integrative modelling method
for determining static structures of macromolecular assemblies*?,
In outline (see Methods for details), we first computed ensembles of
Nup configurations at discrete time points, connected pairs of these
configurations atadjacent time pointsinto assembly trajectories, and
finally ranked the alternative trajectories by fit to our data.

We focused on the best fitting macromolecular assembly pathway
that accounted for over 85% of the posterior model likelihood (the
second-scoring model accounted for only 14.5%; Fig. 5 and Extended
DataFig. 8). This trajectory starts with the formation of asingle nuclear
ring, composed of eight Y-complexes, concomitantly with an initial
accumulation of the FG-repeat protein Nup62 and the inner-ring com-
plexes (the Nup93-Nup188-Nup155and Nup205-Nup93-Nupl55com-
plexes and Nup155) in the centre of the membrane hole (Fig. 5, 5 and
6 min). We experimentally validated that Nup155 and Nup188 assemble
asthe model predicted (Extended DataFigs. 9 and 10 and Supplemen-
taryFig.1). The cytoplasmic Y-complexis thenadded on the cytoplas-
micside, before the second set of the Y-complex ring assembles on the
nuclear side, again one eight-membered ring after another (Fig. 5,8 and
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Fig.4|Observation of single nuclear pores by super-resolution microscopy
confirmstherecruitment of Tpr precedes Nup62intheinterphase
assembly pathway. a,b, Three-dimensional STED imaging of Nup62-mEGFP
genome-edited cells stained witha GFP nanobody and an anti-Tpr antibody at
mid/latetelophase (a) and interphase (b). Scale bars: left, 10 um; right, 1 pm.
Theregionsofthe nuclearenvelopeindicated by white lines (left) are flattened
and displayed (right). Nuclear pores that contain only Tpr or Nup62 are
indicated by red and green arrows, respectively. ¢, The frequency of nuclear
poresthat containboth Tprand Nup62, only Tproronly Nup62 ateachcell
cyclestage. Dataare from10 cells for each stage. Dataare mean +s.d.
***p=0.000017 (mid/late telophase) and ****P=0.000080 (interphase),
unpaired two-tailed t-test.

10 min). In the centre of the pore, Nup62 dilates from an amorphous
massintoasmall ring and associates with inner-ring Nups to form the
central ring complex. This ‘nuclear-ring-first’assembly mechanismis
consistent with the observation of an eight-fold symmetric protein
density on the inner nuclear membrane at early stages of assembly™.

Discussion

Our datarevealed that the two NPC assembly pathways are markedly
different. Although it had previously been shown that postmitotic
and interphase assembly pathways have different molecular require-
ments® 2, very little was known about the interphase pathway owing
toits rare and sporadic nature. Although relative kinetics were avail-
able for some Nups®™'¢, how key Nups composing cytoplasmic fila-
ments, central channel, and nuclear basket, or multiple subunits of
the Y-shaped and inner-ring complexes assemble ininterphase had not
been studied. Here we provide measurements on subunit composition
and stoichiometry for both postmitotic and interphase assembly for
ten Nups that represent allmajor building blocks of the NPC. Our data
thus systematically reveal the main molecular differences between the

two assembly pathways. During postmitotic assembly, the Y-complex
israpidly combined with components of the central ring, building the
inner—and at this time already transport competent*—core of the
pore before the addition of either cytoplasmic or nuclear filament
proteins. By contrast, during interphase assembly, the Y-complex is
first combined with the nuclear filament protein Tpr and the base of
the cytoplasmic filament Nup214, whereas the central ring complex
isadded much Iater.

The molecular pathway that we observed for interphase assembly
makes new predictions about its unique, inside-out evaginating, mecha-
nism. The cell first builds the two nuclear Y-rings and accumulates the
material for their cytoplasmic counterparts and then combines them
with the nuclear filament proteins, all preceding membrane fusion’.
This mechanism suggests that the cytoplasmic Y-rings, including the
base of the cytoplasmic filament Nup214, are already ‘prebuilt’ within
the inner membrane evagination, where the small available volume
would predict that they must be present in a very different structure
thaninthe fully mature pore after fusion. Surprisingly, the central ring
complex—whichisacore structural element between the nuclear and
cytoplasmic Y-ringsin the mature pore, isadded later—suggesting that
during interphase assembly, nuclear transport control is added after
the membrane fusion step. The unexpectedly early presence of Tpr
suggests—although it does not prove—apotential role of Tprintheini-
tiation of interphase assembly. This long coiled-coil multimeric protein
component could beinvolved in bending the inner nuclear membrane
to create the invagination, potentially providing force by unfolding or
restructuringa coiled-coil bundle!* Conversely, considering previous
reportsthat Tprtogether with the kinase ERK is required to control the
spacing between NPCs*, Tpr-based signalling might also be important
inassembly site selection to prevent simultaneous assembly of multiple
NPCs in close proximity with each other, which would probably result
inabnormal distortions of the inner nuclear membrane.

Ourdataoninterphase assembly in humancells furthermore revealed
striking differences with budding yeast, which undergoes a closed
mitosis and lacks the postmitotic pathway®% (1) the Tpr homologues
MIp1/2 assemble late in yeast; (2) human cells exhibit a synchronous
assembly of the Y-complex components, whereasin yeast, the stem (for
example, Nup107) and the head (for example, Seh1) of the Y-complex
donotassemble simultaneously; and (3) the central ring components
assemble after the Y-complex components in human cells, whereas
they assemble together in yeast®?. These differences could be owing
tothe fundamental differencesin structure (such asthe presence of a
nuclear lamina) and/or cell cycle remodelling of the nuclear envelope
(closed versus open mitosis) between human and yeast cells.

Our dynamic stoichiometry data, combined with previous electron
tomography dataon membrane topology and protein volume, enabled
us to predict the structures of the NPC assembly intermediates using
integrative spatiotemporal modelling. We focused on the topologically
simpler postmitotic assembly. The resulting model enables multiple
new mechanistic predictions regarding postmitotic assembly that
will help guide future work. For example, the model suggests that the
central ring complex might be needed to prevent sealing of holes in
the endoplasmic reticulum after mitosis, and that the hydrophobic
FG-repeats of central channel Nups might have arolein the dilation of
the smallmembrane hole into the larger, NPC-sized channel. Our path-
way model was constrained by the fully assembled NPC structure??
containing 16 copies of Nup205 and 32 copies of Nup62; thus, it does
not address how additional copies of Nup205 and Nup62 that have
beenreportedinrecent structural studies and a proximity-dependent
biotin identification study*>*> may be assembled.

Our combined experimental and computational approach for deter-
mining macromolecular assembly pathways is likely to benefit from
additional experimental data provided by emerging methods, such
as 3D super-resolution microscopy for imaging the molecular archi-
tecture of the NPC intermediates®**” and dynamic super-resolution
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Fig.5|Integrative model of the postmitotic NPC assembly pathway.

a, Protein density (grey) overlaid with the nuclear envelope surface (wireframe
model, grey) at each time point'? used for integrative modelling. C, cytoplasm;
N, nucleoplasm. The dome-like density in the nucleoplasmicsideat5and 6 min
isthe noise from electron tomography. b, The best-scoring model of the
postmitotic assembly pathway (top and side views). The uncertainty of each
Nuplocalizationisindicated by the density of the corresponding colour.
TheY-complexisshowningreen; anisolated fraction of Nupl55 thatis not
forming acomplex with Nup93, Nup188 and Nup205is shownin orange;
Nup93-Nupl88-Nupl55and Nup205-Nup93-Nupl55complexesareinblue;

methods for mapping structural changes in real time®. We expect that
thisadditional information will enable higher resolution modelling of
evenmore complex assembly mechanisms, such as the interphase NPC
assembly that involves much more substantial changes in membrane
topology and protein conformation.

The need for better methods to determine dynamic and variable
copy numbers of Nups reliably at the level of single protein complexes
under physiological conditions is further highlighted by the fact that
our live-cell-based approach resulted in copy number estimates that
differ from estimates derived by other approaches for four out of the
ten investigated Nups. The main methods used in the field, including
quantitative mass spectrometry from cell populations?, fitting of sin-
gle protein structures into highly averaged cryo-EM densities****, as
well as calibrated imaging of fluorescently tagged knock-in proteinsin
single living cells as used in our study, currently all have limitationsin
thisregard. For example, cryo-EM based averaging often selects ‘com-
plete’ NPCs, to obtain a ‘fully occupied’ average NPC model, whereas
live-cell imaging data average NPC stoichiometry from all pores in
one cell and thus include pore-to-pore variability, which can result in
lower estimates. By contrast, whereas homozygous genome editing
ofafluorescenttagensures close tocomplete labelling and biological
function of the fusion protein, it can still affect the expression level,
which could lead to a different occupancy within the NPC.

Four out of the ten investigated Nups are relevant to discuss in the
light of these methodological limitations—Nup153, Pom121, Nup205,
and Nup358. For the first two, our estimates were much lower than
expected from the structural model of the fully assembled state that
we imposed as the end-state of our pathway model (Fig. 2 and Extended
DataFigs.1and 2). We therefore regarded them as effectively expressed
at subphysiological levels and normalized their stoichiometry to the
expected number of copies in the mature pore for comparison with
other Nups (Fig. 3a). For Nup205 and Nup358, our copy number esti-
mates were 40-50% lower than expected, even though for Nup205 our
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and the Nup62-Nup58-Nup54 complexisin purple.c, The enlargement

of one of the spokes. The model hasamuch higher score than all the other
lower-scoring pathways (Extended Data Fig. 8). The pseudoatomic model

of the native NPC structure??® we imposed as the endpoint of the assembly
pathway does notinclude the Y-complex-bound fraction of Nup205 or the
Nup214-bound fraction of Nup62, and thus contains only 16 of the 40 copies of
Nup20533*and 32 of the 48 copies of Nup62* in the fully mature NPC. How the
remaining 24 copies of Nup205 and 16 copies of Nup62 are assembled remains
elusive.

cell lines express physiological levels of the fusion protein, whereas
for Nup358 this correlates to areduced level of expression (Extended
DataFig.2). More workis needed to reliably measure the dynamic and
variable composition of the NPC, especially during its assembly, and
incorporate these data into modelling.

Beyond the assembly mechanism, the two pathways that we have
mapped herebegintoshedlight ontherole of the NPC during the evolu-
tion of the endomembrane systemin eukaryotes®*. We speculate that
themodern NPC combines ancient membrane bending (for example,
coiled-coil filaments, such as Tpr) and membrane hole plugging or
dilation (for example, central ring complex and FG-repeat proteins)
modules that were potentially previously used separately for extruding
the cell surface or keeping transport channels openin the endomem-
branes around the genome. The key evolutionary innovation might
lie in combining and controlling these activities, potentially by the
eight-membered ringarchitecture of the nuclear Y-complex. In future,
comparing NPC assembly pathways in different species on the eukary-
oticevolutionary tree might help us to understand how the assembly of
complex modern protein machines reflects their evolutionary origins.
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Methods

Cell culture
Wild-typeHeLaKyotocells(RRID:CVCL_1922)wereagiftfromS.Narumiya;
their genome was sequenced previously®. Cells were grown in high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) containing
4.5 g1 p-glucose (Sigma Aldrich) supplemented with 10% fetal calf
serum (FCS),2 mML-glutamine,1 mM sodium pyruvateand 100 pg ml™
penicillin and streptomycin at 37 °C and 5% CO,. Cells tested negative
for mycoplasma contamination by PCR every 2 or 3 months.

Genome editing

Monomeric enhanced GFP (mEGFP) and mCherry were inserted into
the genome using zinc finger nucleases, CRISPR-Cas9 nickases, or Alt-R
S.p. HiFiCas9 Nuclease V3. The following six cell lines had been gener-
ated and published previously: Nup62-mEGFP'®, mEGFP-Nup107%,
mEGFP-Nup205", mEGFP-Nup214, mEGFP-Nup358 (also called
RanBP2) and Tpr-mEGFP". The following five cell lines were generated
inthis study: mEGFP-Sehl, Nup93-mEGFP, mEGFP-Nup153, Nup188-
mEGFP and Pom121-mCherry. The guide RNA (gRNA) sequences used
togenerate these cell lines are summarized in Supplementary Table 2.
Forthe Nup93-mEGFP cellline, CRISPR-Cas9 nickases and the donor
plasmid were transfected by electroporation (Neon Transfection Sys-
tem, Thermo Fisher Scientific) instead of a polymer-mediated trans-
fection reagent.

Westernblot

Cells were lysed onice in RIPA buffer (50 mM Tris-HCI, 150 mM Nacl,
1.0% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,2 mM EDTA, pH
7.5),supplemented with complete EDTA-free protease inhibitor cocktail
(Sigma Aldrich), PhosSTOP (Sigma Aldrich), and 0.1 mM phenylmethyl-
sulfonyl fluoride (Sigma Aldrich). The cell lysates were snap-frozenin
liquid nitrogen and quickly thawed at 37 °C two times. The lysates were
then centrifuged at16,000g at 4 °C for 10 min and the supernatant was
used forimmunoblot analysis. Protein concentration was quantitated
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). For
Nup188 (Extended DataFig.10b), the cell lysates were run on NuPAGE
4-12% Bis-Tris Gels (Novex Life Technologies) and transferred onto
PVDF membrane using the Bio-Rad transfer system. After blocking with
4% milk solution (nonfat milk powder in PBS +0.05% Tween 20), the pro-
teins were labelled with anti-Nup188 (A302-322A, Bethyl Laboratories,
1:5,000) and anti-y-tubulin (T5192, Sigma Aldrich, 1:1,000) antibodies.
Subsequently anti-rabbit IgG horseradish peroxidase (HRP)-conjugated
secondary antibody (W4011, Promega) was used to detect the protein
ofinterest with chemiluminescence reaction. For Nup205 and Nup358
(Extended DataFig. 2), lysates were run on NuPAGE 3-8% Tris-acetate
gels (Novex Life Technologies), and anti-Nup205 (ab157090, Abcam,
1:1,000), anti-Nup358 (HPA023960, The Human Protein Atlas, 1:1,000),
and anti-vinculin (ab219649, Abcam, 1:1,500) antibodies were used
to detect the proteins. Simple western assays were also performed
inaJess instrument (ProteinSimple) using 66-440 kDa capillary car-
tridgesinaccordance with the provider’sinstructions. The anti-Nup205,
Nu358, and y-tubulin antibodies were used at 1:50 dilution. For Nup205,
mouse anti-y-tubulin antibody (T5326, Sigma) was used instead of
the rabbit anti-y-tubulin antibody to adjust the signal intensity. The
secondary antibodies used were the ones provided by the company
at aready-to-use dilution (goat anti-mouse HPR-conjugated second-
ary antibody, 040-655, Bio-Techne; goat anti-rabbit HPR-conjugated
secondary antibody, 040-656, Bio-Techne).

FCS-calibrated live-cell imaging and estimation of Nup copy
numbers per NPC

Live-cellimaging was performed using wild-type cells, wild-type cells
transfected with mEGFP using Fugene6 (Promega), mEGFP-Nup107
genome-edited cells, or cells of another mEGFP-Nup genome-edited

cell line. Cells were seeded in 8-well Lab-Tek Chambered Coverglass
(Thermo Fisher Scientific). On the day of live-cellimaging, DMEM was
replaced with imaging medium: CO,-independent medium without
phenol red (Invitrogen) containing 20% FCS, 2 mM L-glutamine, and
100 pg ml™ penicillin and streptomycin. The imaging medium was
supplemented with 50 nM SiR (Hoechst) to stain DNA*. Cells were
incubated inside the microscope-body-enclosing incubator at 37 °C
for atleast 30 min beforeimaging. For Nup188-mEGFP genome-edited
cells, the following medium was also used instead of the imaging
medium: 30 mM HEPES pH 7.4 containing 9.3 g "' minimum essential
medium Eagle (Sigma Aldrich),10% FCS, 1% MEM non-essential amino
acids (Thermo Fisher Scientific, Gibco), and 100 pug ml™ penicillin and
streptomycin.

Calibrated imaging using FCS was carried out as described?,
using Fluctuation Analyzer 4G 150223 (https://www-ellenberg.embl.
de/resources/data-analysis), FCSFitM v0.8 (https://git.embl.de/
grp-ellenberg/FCSAnalyze), FCSCalibration v0.4.2 (https://git.embl.
de/grp-ellenberg/FCSAnalyze), RStudio 1.1.383, R 3.4.1, and Python
v3.6.8.Inbrief, the confocal volume was determined by performing FCS
using a dye with known diffusion coefficientand concentration (Alexa
Fluor 488 NHS ester; Thermo Fisher Scientific for mEGFP). To convert
fluorescence intensity to the concentration, FCS was performed in
cellsthat transiently express mEGFP alone, and a calibration curve was
obtained by plotting the fluorescence intensity against concentration.
Thebackground fluorescence signal was measured in cells not express-
ing fluorescent proteins and subtracted.

To measure the concentration of Nups, mEGFP-Nup genome-
edited cells in interphase were imaged in 3D using a confocal micro-
scope (LSM780; Carl Zeiss, Oberkochen, Germany) and a40x 1.2 NA
C-Apochromat water immersion objective (Carl Zeiss) at 37 °Cin a
microscope-body-enclosing incubator, under the following condi-
tions: 21 optical sections, section thickness of 2.0 pm, z-stacks every
1.0 um, and xy pixel size of 0.25 pm. When the nuclear envelope is not
perpendicular to the confocal plane of the 3D stacks, the fluorescence
intensity at the nuclear envelope is non-isotropic in the point-spread
function (PSF), whichresultsin underestimation of the signal. To avoid
such underestimation, a single plane was selected that contains the
largest nuclear area in which the nuclear envelope is perpendicular
to the imaging plane and thus isotropic in the PSF. The fluorescence
intensity of Nups was quantified on this single plane using the nuclear
envelope mask with the width of three pixels (0.75 um) that was gener-
ated froma SiR-DNA channel. Background fluorescence intensity was
measured in wild-type cells without expressing any fluorescent proteins
and subtracted. The Nup fluorescence intensity on the nuclear enve-
lope was converted to the concentration using the calibration curve
generated by FCS above. The number of Nups per pum?was calculated
from the concentration and then divided by the NPC density per pm?
measured by STED microscopy. This absolute quantification of Nup
copy number with FCS calibration was done using 47 mEGFP-Nup107
genome-edited cells in interphase. For other mEGFP-Nups genome-
edited cells, their Nup fluorescent intensities on the nuclear envelope
were directly compared with the ones of mMEGFP-Nup107 genome-
edited cells on the same 8-well Lab-Tek Chambered Coverglass, and
then their concentrations were determined using the intensity ratios
to the mean intensity of mMEGFP-Nup107 without using a FCS calibra-
tion curve. For Pom121-mCherry, the copy number was quantified
independently by performing FCS using Alexa Fluor 568 NHS ester
(Thermo Fisher Scientific) to measure the confocal volume and using
the cells that transiently express mCherry alone to convert fluorescence
intensity to the concentration.

Measurement of nuclear pore density by STED microscopy

Cells were fixed with 2.4% formaldehyde (Electron Microscopy Sci-
ences) in PBS for 10 min, extracted with 0.4% Triton X-100 (Sigma
Aldrich) in PBS for 5 min, and blocked with 5% normal goat serum (Life
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Technologies) in PBS for 10 min at room temperature. Subsequently,
the cells were incubated overnight at 4 °C with a mouse anti-Nup62
(610497; BD Biosciences, 1.25 pg ml™) antibody, and then with an
Abberior Star Red-conjugated anti-mouse IgG (Abberior, 0.5 pg ml™)
for 30 min at room temperature. For Extended Data Fig. 4b, anti-GFP
(Roche, 1:200) and anti-Elys (The Human Protein Atlas, 0.5 pg ml™)
antibodies, Star Red-conjugated anti-rabbit IgG (Abberior, 0.5 ug ml™)
and Star 580-conjugated anti-mouse IgG (Abberior, 0.5 pg ml™) were
used. After multiple washes in PBS, cells were mounted in Vectashield
(H-1500, Vector Laboratories). Super-resolution imaging was per-
formed onaLeica SP8 3X STED microscope as described™. Images were
takenwith afinal optical pixel size of 20 nm, z-stacks of every 250 nm,
and optical section thickness of 550 nm. Images were filtered with a
Gaussian filter (kernelsize: 0.5x 0.5 pixels) for presentation purposes.
The shrinkage of the nucleus caused by formaldehyde fixation and/
or Vectashield mounting was quantified by comparing the volume of
the nuclei of live cells with the ones of fixed cells. The shrinkage was
9.1+2.6% (mean +s.e.m.,n =236 cells). The NPC density was corrected
for the nuclear shrinkage for the calculation of Nup copy number per
NPCinFig.1d.

To quantify NPC density, the raw STED data were processed in
ImageJ*° withamean filter (kernel size: 2 x 2 pixels) and asliding parabo-
loid (radius: 5 pixels) for background subtraction. Detection of central
peak positions for individual NPCs was carried out with the plugin
TrackMate*, using DoG detector and adjusting the detection threshold
asthe spot diameter size. The resulting 3D NPC coordinates were used
tovisualize and determine flat and curved regions of the nucleus. Using
thismap, circular and ellipsoidal regions of interest (ROIs) could then
beselectedinthe flatter parts containing central NPC positions within
the z-depth of approx. 500 nm, which corresponds to 2-3 microscopic
slicesinthe images. The remaining signal outside the ROls, asin curved
regions or cytoplasmic structures were discarded from further analysis.
NPC densities were calculated for each cell separately by dividing the
number of NPCs within the selected ROIs by the corresponding ROI
areas. For each cell line, the values were combined to calculate the
mean and median NPC density values.

3D STED microscopy for visualizing single nuclear pore
assembly intermediates

Cells were coated on 18 x 18 mm no. 1.5 square coverslips and syn-
chronized by double thymidine arrest. After 10 h release from the
second thymidine treatment, cells were fixed with 2.4% formalde-
hyde in PBS for 15 min, extracted with 0.25% Triton X-100 (Sigma
Aldrich) in PBS for 15 min, and blocked with 2% bovine serum albu-
min (A2153; Sigma Aldrich) in PBS for 30 min at room temperature.
Subsequently, the cells were incubated overnight at 4 °C with rab-
bit anti-Tpr (HPA019661; The Human Protein Atlas, 1:100) and a GFP
nanobody (FluoTag-X4 anti-GFP nanobody Abberior Star 635P;
N0304-Ab635P-L; NanoTag Biotechnologies, 1:50), and then with
an Alexa Fluor 594 goat anti-rabbit IgG (A-11037; Life Technologies,
1:250) for 30 minat room temperature. After multiple washesin PBS,
cells were mounted in ProLong Gold Antifade Mountant (P10144;
Invitrogen). Super-resolution imaging was performed on an Abbe-
rior STED/RESOLFT Expert Line microscope. Samples were imaged
with an UPlan-S Apochromat 100x 1.4 NA oil-immersion objective
on an IX83 stand (Olympus). Stimulated depletion was performed
using a 775 nm pulsed laser (40 MHz) in combination with 594 and
640 nm pulsed excitation lasersin line switching mode. Fluorescence
signal was detected using two separate Avalanche photo diodes with
bandpassfilters of 605-625 and 650-720 nm. The images were taken
with afinal optical pixel size of 35 nm, z-stacks of every 200 nm, and
optical section thickness of 1,000 nm. For presentation purposes,
images were filtered with PureDenoise plugin*?in Image), and lines
withwidth of 175 nm were drawn along the nuclear envelope, flattened
and shown in the figures.

Quantification of Nup copy number inthe cytoplasm and the
nucleoplasm and in non-core and core regions of the nuclear
envelope

Mitotic cells were imaged and monitored from anaphase onsetfor2 h
in3D by confocal microscopy. The microscopy setup and theimaging
conditions are described above. Time-lapse imaging for mEGFP-tagged
Nups was performed every 30 s. Photobleaching was negligible and
thusnot corrected. Time-lapse imaging for Pom121-mCherry was car-
ried out every 60 s, and photobleaching was corrected by measuring
afluorescence signal decay in a neighbouring cell in the same field of
view. Visualization of the chromosome surface in 3D was done in the
Amira software package®.

Tomeasure Nup accumulation onthe nuclear envelope, single planes
were selected that contain the largest nuclear area at individual time
points to avoid underestimation of the signal as mentioned earlier.
The Nup intensity was quantified on the nuclear envelope mask with
the width of 0.75 um that was generated from aSiR-DNA signal at each
time point. Except for Nup107 and Sehl, the Nup signal in the cyto-
plasm and nucleoplasm was measured and used as background. For
Nup107 and Seh1, only the cytoplasmic signal was used as background
because of their localization at kinetochores. These background values
were quantified atindividual time points and subtracted from the Nup
intensities on the nuclear envelope. The measured Nup intensity was
converted into the concentration and then multiplied with nuclear
surface area to calculate the total number of the Nups on the nuclear
envelope. For Nup153 and Pom121, we did not convert the fluorescence
intensity to the concentration as the cell lines were not fully validated
to be homozygously tagged.

The Nup copy number was also calculated in the cytoplasm and the
nucleoplasm during the first 2 h after anaphase onset. The cytoplasm
mask was created by subtracting amask of the nucleus generated froma
SiR-DNA signal from a mask of the whole cell generated from a mEGFP-
Nup signal. The mask for the nucleoplasm was created by eroding three
pixels of the nuclear mask generated from a SiR-DNA signal. The Nup
fluorescence intensity was quantified onthese cytoplasmic and nucleo-
plasmic masks over time and then converted into the concentration.
Tocalculate the total number of Nupsin the cytoplasm and the nucleo-
plasm, the measured concentration was multiplied by the volume of the
respective compartments. Cytosol volume at metaphase was quanti-
fied using the cytosolic signal of the Nups. The cytosolic GFP signal
of some of the Nups (for example, Nup205, Nup214, Tpr and Nup358)
were too low to precisely segment the cytosol in the z-slices close to
the glass surface due to the relatively high background fluorescence
signal. Therefore, we measured the cell volume using the brightest
Nup62-mEGFP cellline (4,900 + 330 um® (mean + s.d. from 8 cells)), and
for the other Nup cell lines, we measured the cytosol area on amiddle
z-slice plane and calculated the ratios to the area for the Nup62 cell line
(theratioswere 0.97,0.97,1.09,1.14,1.03,1.07 and 1.02 for Nup107, Sehl,
Nup205, Nup93, Nup214 and Nup358, respectively). From the measured
volume of the Nup62 cell and the ratios of cytosol areato the Nup62 cell,
we estimated the volume for the other cell lines (4,670, 4,660, 5,550,
6,030, 5,110, 5,420 and 5,080 pm? for Nup107, Seh1, Nup205, Nup93,
Nup214 and Nup358lines, respectively). For the cytoplasm volume after
anaphase, we used the data that were measured previously in histone
H2b-mCherry-expressing HeLa cells using fluorescently labelled dex-
tran”. Assuming that the cell volume changes in the same degree during
mitosis exit as the H2b-mCherry cell, we calculated the cytoplasmic
volume of the Nup cell lines using the ratio to the volume at metaphase
(5,300 pm? for the H2b-mCherry cell”). The nucleoplasmic volume
was quantified in each mEGFP-Nup knock-in cellline using a SiR-DNA
signal at every time points as described previously™.

Coreregions were predicted on the nuclear envelope based on a
previously described protocol using the core marker Lap-2a%. In brief,
nuclear volume was segmented using SiR-DNA fluorescence signals
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that were processed with a3D Gaussian filter and a multi-level thresh-
olding. Nuclear volume was thendivided intoinner and outer volumes
using the cutting plane that was constructed from the largest eigen-
vector and the second one orthogonal to the first vector of the pixel
coordinates of the nuclear volume. Surface area of each nucleus was
calculated and utilized to adjust the size of the inner and outer-core
regions at individual time points. The previously defined criteria for
being core and non-core regions>was applied. The position of inner and
outer core was determined with respect to the intersection point of the
largest eigenvector on the nuclear surface. The coreregion prediction
was done in MATLAB (MathWorks).

Mathematical modelling for the nuclear pore assembly kinetics
Previous EM data showed that within 2 h after the onset of anaphase,
postmitotic assembly is the dominant processin the non-coreregion,
whereas slower interphase assembly predominates in the core region™.
Assuming that this relationis alsoreflected inthe live-cell Nup dynam-
ics, we derived amathematical model. We assumed that the observed
total fluorescence intensity in the non-core, n(t), and core region, c(t),
attime tafter anaphase onsetis alinear combination of the postmitotic,
pm(t), and interphase assembly, ip(¢), according to

n(@) =f,pm() + (1-£)ip() )

c(© =£,pm(®) + (1-£)ip(©). @

Thefraction of postmitotic assembly in the non-core and core regions
are denotedf, andf, respectively. To test this assumption and obtain
an estimate of the fractions, we used a model that accounts for the
observed sigmoid-like kinetics
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andpm(t<d,,) =ip(t<d,,) = 0.The parameters n,, K,and n; K;char-
acterize the postmitotic and interphase kinetics, respectively. The
parameter d,,. accounts for an additional delay in NPC initiation. In
the non-core region we assumed d, = O; in the core region due to the
presence of kinetochore microtubule fibres, d. > 0. The model is used
toderive the underlying postmitotic and interphase assembly kinetics.
Using equations (1and 2), we obtain
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Parameter estimation. For each Nup, there are two parameters that
define the interphase (n;, K;) and postomitic (1, K,,) assembly, respec-
tively. The fractionsf,and f,and the delay d.in the core region were es-
timated globally for all Nups. In total, we have 43 parameter, 4 x 10 =40
parameters describing the assembly kinetics and 3 global parameters,
fitted to 4,446 data points.

In detail, to find the model parameters we minimized the mean
squared distance between data and model for all the time points M

(7)
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N(¢) andC (¢;)are the meanbackground-subtracted and normalized
fluorescenceintensities in the non-core and core region with standard
deviation gy (t;) and o (t;), respectively, at time point ¢ = ¢, We sub-
tracted a background computed from the average of the first 3 time
points. The datawere normalized with the average value between 100
and 120 min after anaphase. In a first step, for each protein and cell
line, we estimated the postmitotic fractions in the core and non-core
region and the kinetic parameters. Overall, we computed 61 param-
eters (6 parameters per protein plus one delay parameter). For the
postmitotic fractions, we obtained on average f, = 0.857 [0.76, 0.95]
and f,=0.295[0.17, 0.4], where the number in brackets indicates the
95% confidence interval estimated using the profile likelihood
method*. Importantly, the obtained postmitotic fractions are wellin
agreement with the previously reported estimates obtained from EM
data'. The delay in pore formation between core and non-core region
was estimated by systematically varying d.from 0 to 6 minin steps of
1min. A value of d, =2 min, gave optimal result. In a second step, we
used the previously estimated average postmitotic fractions, f, and

f..and d.and recomputed the kinetics parameters for each protein.
The model with reduced parameters well agrees with the data
(Extended Data Figs. 5 and 6, R?> 0.99). To verify if the choice of
common postmitotic fractions for all Nupsis valid, we computed the
Baysian information criterion (BIC)*. The difference in BIC between
the model withreduced parameters, 43 parameters, compared to the
full model, 61 parameters, was -7, indicating that the model with
reduced parameters is justified. The obtained parameter values are
listed in Supplementary Table 3.

Median assembly time and duration of assembly. One can think of an
assembly curve as acumulative distribution function andits derivative
as the corresponding probability density function (PDF) for binding
events. The median assembly time, i.e. the time where 50% of binding
events have occurred, is K;and K, for the interphase and postmitotic
assembly respectively. We consider the time intrinsic to the assembly
mechanismandindependent of theinitiation delay d.. We further define
the duration of assembly as the time interval where 80% of binding
events occur, i.e. from a fraction of a; = 0.1 up to a, = 0.9, one obtains
(see also Extended Data Fig. 7a)
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The duration of assembly quantifies the width of the binding events
PDF.

InExtended DataFig.7c we see astrong positive correlation between
median assembly time and duration of assembly for the postmitotic
assembly. This suggests asequential assembly mechanism. The ration-
aleis that for a strict sequential pathway, the binding events PDF for
subsequent Nup is a convolution of all previous binding events PDF
andsowill broaden for later binding proteins. For example, if anearly
protein hasanassembly duration of 1 h, within this time window bind-
ing sites for the subsequent protein will continue to appear. Therefore,
the subsequent protein in the sequence will also accumulate for at
least1h.

For the simplified case of irreversible sequential assembly and linear
rate constants, a positive correlation can be demonstrated. This cor-
relation is independent on whether the initiation is synchronous or
spread within a time-period. For simplicity reasons, we omit the fact

(8)

9)



that each Nup binds in multiple copies to the NPC. A Nup ,;binds with
rate constant x;to a NPC intermediate X;; according to the reaction
schemein Supplementary Fig. 2.

The corresponding system of ordinary differential equationsis

ax,
dr % =g(t) - kX,
‘:1); kX_1— k.. X, forn>i>0
dx
dtn = annfl

with X(0) =0, k; = k;P{"*¢, and an excess of free Nup P ~ constant. The
function gaccounts for the appearance of NPC initiation sites after
anaphase. We assume that NPC initiation is completed within a finite
time after anaphase and neglect the slowly and continuous appearance
of pores in Gl1—that is,f g (t)dt=constant. The amount oflth Nup
boundtoacomplexisP,= Z, ; X;anditstimederivative f (¢) = " = kX,
isproportional tothe bindmg events PDF. We can quantlfy the assem-
bly time 7;and assembly duration 8;by the mean and standard deviation
of the binding events PDF, respectively*®,

j o (t)de
j £ (dt

and

I (0de
| Jof 0dt

2
i

After integration by parts, one obtains

i
1
:Tg+ z ?

(10)
j=1 %
and
i

1
Z 2 1)

i kj

- =2
Where ¢ _Jo 0 = I": gl 72 arethe mean and standard
g J" g J‘Og(t)d[ 8

deviation of the mltlation function, respectively. From equations (10
and1l),itisclear thatt, ;> zand 8,,,> 6,for any parameter combinations
andindependently on how synchronoustheinitiation of poresis. This
showsthat forastrictly sequential pathway alinear correlation between
assembly time and duration is expected.

Integrative modelling of the NPC assembly pathway

A model of the assembly pathway is defined by a series of static struc-
tures, including a static structure at each sampled time point along
the assembly process. Therefore, we model the NPC assembly by first
modelling static structures at each time point, independently from
each other. We thenenumerate alternative assembly pathways and rank
thembased onthe static structure scores and plausibility of transitions
between successive static structures.

Integrative modelling of static structures at each time point. The
staticstructures are modelled by standard integrative structure mod-
elling®® as follows.

Representing a static structure model. The time points correspond
to times with available electron tomography protein densities™: 5 min,
6 min, 8 min, 10 min and 15 min after anaphase onset. We divide the
mature NPC structure (PDB: 5A9Q and 51JO) into eight spokes and
further divide each spoke into a set of rigid subcomplexes, including
the Y-complex, the inner-ring Nup205-Nup155-Nup93 subcomplex,
the inner-ring Nup93-Nup188-Nup155 subcomplex, and the central
channel Nup62-Nup58-Nup54 subcomplex. For each domain, we
coarse-grained the structure by grouping ten consecutive amino acid
residuesinto asingle bead at the centre of mass of those residues. Each
subcomplex is represented as arigid body. The nuclear envelope is
represented as afixed toroid surface embedded in two parallel planes.
Thus, the variables of the model include the Euclidean coordinates of
the Nup subcomplexes and the copy number of each Nup subcomplex.

Weset theinner pore diameter and minor radius of the pore ateach
time point to the mean of previously determined nuclear envelope cross
sections" with a pore diameter of 51.5 nm, 58.4 nm, 72.7 nm, 84.6 nm,
79.8 nmand 87 nm; and minor radius of21.4 nm, 21.2 nm, 21.5,20.3 nm,
17.1 nm and 15 nm for time points at 5min, 6 min, 8 min, 10 min, 15min
and the mature pore, respectively.

Scoring a static structure model. The copy numbers of the NPC sub-
complexes at each time point were restrained by a Gaussian function
with mean and variance determined by the single-cell traces presented
inthisstudy. Therelative likelihood of a set of copy numbers is propor-
tional to the product of individual Gaussian likelihoods.

Distances between pairs of Nups thatarein contact with each other
in the native NPC structure?? were restrained by a harmonic Go-like
model”. Inter-subcomplex contacts within 5 nmin the mature structure
were restrained by a harmonic function (strength 0.01 kcal mol™ A).
Each Go-like scoring term was scaled at each time point, from zero
at the first time point to full strength at the mature pore time point.
Distances between all pairs of Nups were also restrained by aharmonic
excluded volume restraint (strength 0.01 kcal mol™ A™). Proximity
between Nup domains containing amembrane interacting ALPS-motif
andthe nuclear envelope was restrained by aharmonic term (strength
0.1kcal mol™ A™), based on their sequences. Overlap between the Nups
and nuclear envelope surface was avoided by imposing a harmonic
repulsion between the Nups and nuclear envelope surface (strength
of 0.01kcal mol ™ A™Y).

The shape of astatic structure was restrained by a correlation coef-
ficient between the modeland electron tomography protein density™.
The forward model density was represented by fitting each Nup sub-
complex with a Gaussian mixture model of two components per sub-
complex copy using the gmconvert utility*s. Similarly, the electron
tomography protein densities at each time point were represented
with a Gaussian mixture model with 150 components fit to the experi-
mental density.

Sampling static structure models. A state of the NPC at any given
time pointis defined by the copy numbers and coordinates of its com-
ponents. Only copy number assignments and structures consistent
with the C-8 symmetries were sampled. The assumption that the sub-
complexes preform with 8-fold multiplicity before assembling into
the NPC is supported by our previous electron microscopy analysis™.
Theaveraged electron tomograms of the intermediates demonstrated
8-fold symmetry of the outer-ring complexat5, 6, 8,10, and 15 min after
anaphase onset and 8-fold symmetry of the inner-ring complex at 10
and 15 min after anaphase onset”, indicating that the majority of inter-
mediates have approximate 8-fold symmetry for the outer- and inner
rings. However, there are likely to be variations in the copy numbers at
the single pore level. We only sampled structures for the top 20-scoring
Nup copy number combinations. Each sampling started with the mature
pore structure, followed by applying 10 Monte Carlo moves. These
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moves included rotational and translational perturbations to each
Nup subcomplex, drawn from a uniformdistributionin the range from
-0.04to +0.04 radians and from -4 to +4 A, respectively.

Modelling the assembly pathway. With the static structure modelsin
hand, we connect theminto complete alternative assembly pathways,
as follows.

Each pathway is represented by a static structure at each sampled
time point, starting with ¢ =5 minand culminating in the native struc-
ture; we do not model the completely disassembled NPC. The score
of a pathway is the sum of the scores for the static structures on the
pathway (defined above) and transitions between them. A transition
score is uniform for all allowed transitions. A transition between two
successive static structures is allowed if the subcomplexesin the first
structure are included in the second structure. All possible pathways
were enumerated, scored, and ranked. The best-scoring pathways
were extracted for further analysis (Fig. 5). Molecular visualization
was performed with UCSF ChimeraX*.

Immunofluorescence for visualizing Nup155 during assembly
Cellsweretreated, fixed and blocked as described inthe previoussection
(STED microscopy for visualizing single nuclear pore assembly interme-
diates). Afterwards, cells were incubated overnight at 4 °C with rabbit
anti-Nup155 (HPA037775; The Human Protein Atlas, 1:100), and then
with an Abberior Star 635P goat anti-rabbit IgG (ST635P-1002-500UG,
Abberior GmbH, 1:250) for 30 min at room temperature. After mul-
tiple washes in PBS, cells were mounted in ProLong Gold Antifade
Mountant with DAPI (P36941, Invitrogen). Imaging was performed in
3D using a confocal microscope (LSM780; Carl Zeiss) and a 63x 1.4 NA
Plan-Apochromat objective (Carl Zeiss) under the following condi-
tions: 31 optical sections, section thickness of 0.7 pm, z-stacks of every
0.39 um, and xy pixel size of 0.13 um.

Sample size determination and statistical analysis

For quantitative imaging in Fig. 1a,d, the datawere from 4, 4,4, 2,3,2,
3 and 2 independent experiments for Nup107, Seh1, Nup205, Nup93,
Nup62, Nup214, Tprand Nup358, respectively. STED imaging in Fig.4aand
Extended DataFig.4aandliveimagingin Extended DataFig.10 were from
twoindependent experiments. For dynamic quantitativeimagingin Fig.3,
the datawerefrom4, 4,4,2,3,4,3,2,2 and 4 independent experiments
for Nup107,Sehl, Nup205, Nup93, Nup62, Nup214, Tpr, Nup358, Nup153
and Pom121, respectively. STED imaging in Figs. 1b,c and 4b, Southern
blotting in Extended Data Fig. 1 and immunofluorescence microscopy
inExtended DataFig. 9 are from single experiments. Statistical analyses
were performed only after all the data were taken. Sample sizes for each
experiment are indicated in figure legends. Sample sizes were based on
pilot experiments to determine the number of cells required to observe
stable population averages with high Pearson’s correlation between
replicates. No blinding and randomization was done, as this study does
notinvolve animals or human participants. Samples were organizedinto
groups based on cell lines. Cells were imaged in randomly chosen fields
of view per experiment. Allimaged cells were further analyzed. Videos of
dividing cells with rotating nuclei are removed from the analysis, because
we cannot properly assign the non-core and core regions.

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

Data availability

Fluorescence images were deposited to the Image DataResource (IDR;
https://idr.openmicroscopy.org/) under accession number idrO115.

Our integrative spatiotemporal model of the postmitotic assembly of
the human NPC hasbeen deposited to the nascent database of integra-
tive structures PDB-Deyv (https://pdb-dev.wwpdb.org/) under acces-
sionnumber PDBDEV_00000142. Source data are provided with this

paper.

Code availability

Allsource codeis accessible on Github repository (for quantifying Nup
intensity incore and non-coreregions: https://github.com/mjhim22/
Quantitative_map_nups_Otsuka_Nature_2022; for decomposing post-
mitotic and interphase assembly kinetics: https://github.com/manero-
toni/npc_assembly_Otsuka_2022). Integrative Modeling Platform (IMP)
isan open-source program freely available under the LGPL license at
http://integrativemodeling.org; allinput files, scripts, and output files
are available at http://integrativemodeling.org/npcassembly.
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Pom121(d), as well as GFP (a-c) and mCherry (d). The size of the fragments and
the probe-bindingregions areillustrated in the bottom panels. The clones
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indicated inred were used for this study. We regarded the clone #32 of
Pom121-mCherry as subhomozygous because the protein abundance was
much less thanexpected although the blotindicated homozygous tagging.
The following Nup cell lines were validated tobe homozygously-taggedin
previousreports (Tpr, Nup214 and Nup358"; Nup107'%; Nup205™; Nup62%).
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Extended DataFig.2|Immunoblot analysis of mMEGFP-Nup205 (a,b) and
mEGFP-Nup358 (c,d) cell lysates. The membranes were cut at the position of
around 200 kDa. The membranes above 200 kDa were blotted with antibodies
against Nup205 (a) and Nup358 (c), and the membranes below 200 kDa were
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endogenous) from 4 and 3independent experiments, respectively. The mean
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Extended DataFig.3|NPCassembly relies on and consumes almost half of
the materialinherited from the mother cell within one hour after mitosis.
FCS-calibrated 3D confocal microscopy was performed asin Fig.2,and the Nup
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Extended DataFig. 4| GFP-tagged Nups arerecruited to the NPCsrather
thannonspecifically accumulated onthe NE. a, Three-dimensional
stimulated emissiondepletion (3D-STED) imaging of aNup62-mEGFP
genome-edited cell at early telophase. The region of the nuclear envelope
indicated by awhitelineinthe top imageis flattened and shownin the bottom.
Scalebars,1um. The density of the Nup62 spots was 14.6 + 2.6 NPCs/um?(from
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6 cells), whichis consistent with our previous EM observation of the NPC
density of12-16 NPCs/pum?in early telophase cells". b, 2D-STED imaging of a
mEGFP-Nup107 genome-edited cell at early telophase that were stained with
anti-GFP and anti-Elys antibodies. Enlarged images indicated by white boxesin
thetopimagesareshowninthebottom panel.Scalebars, 1pm.
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Extended DataFig. 6 | Kinetic decomposition of the two assembly 13 cells for Nup107, Seh1, Nup205, Nup93, Nup62, Nup214, Tpr, Nup358,
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Extended DataFig.7 | Computed parameters for the nucleoporinassembly
kinetics and the remarkable difference between postmitoticandinterphase
assembly. a, Anexample of computed quantities (Nup358, interphase assembly).
b, lllustrations of median assembly time of nucleoporins in postmitotic (left) and
interphase (right) assembly superimposed onto asimplified scheme of the NPC.
Themedian assembly time ofindividual nucleoporinsare displayed on a pseudo-
colourscale. ¢, Plots of Nup assembly duration along the median assembly time
for postmitotic and interphase assembly pathways. The crossesindicate the
95% confidenceintervals. The dots are the mean values. Values arelisted in

Supplementary Table 3. The long straight line shows the result of alinear
regression to the meanvalues. The gray areais the 95% confidence interval of
thelinearregression. Theoretically, for asequential assembly mechanism
wherelate steps depend on early steps, the observed ensemble kinetics of alate
binding protein must contain the history of all previous events (see Methods
for details). Indeed, postmitotic assembly showed a strong positive linear
correlation, indicating a sequential assembly mechanism, which for example
implies that Nupé62isincorporatedinto the NPC before Tpr can bind.



Best scoring pathway (the posterior model likelihood: 85.4%)

5 min

Extended DataFig. 8| The variations oftheintegrative models for postmitotic  complexes (blue),and Nup62-Nup58-Nup54 complex (purple). The posterior

assembly pathway. Detailed views of the best and lower-scoring pathways. modellikelihood for each pathway isindicated (see Methods for details). The
Theside views of the 3 spokes areshown. The NE surfaceisindicated by variationsin the structural models for the intermediates at 5and 6 min after
wireframe model (grey). The uncertainty of each Nup localizationisindicated anaphase onset would be dueto their lower protein density (lower signal-to-noise
by the density of the corresponding color: The Y-complex (green), isolated ratio) intheelectrontomography images.

fraction of Nup155 (orange), Nup93-Nupl88-Nup155and Nup205-Nup93-Nupl55
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Late-anaphase Early/mid-telophase

DNA

Nup107

Nup155

Extended DataFig.9|Nupl55assemblesatasimilar timingtoNup62in
postmitotic assembly pathway. a,b, Immunofluorescence with an anti-
Nupl55antibody and a GFP-Nanobody. Cells at anaphase and telophase were

b
Early-telophase Early/mid-telophase
DNA f 7
Nup62
Nup155

imaged by confocal microscopy. mEGFP-Nupl07 (a) and Nup62-mEGFP
(b) genome-edited cells were used. The cell nuclei were stained with SiR-DNA.
Scalebars,10 pm.
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Extended DataFig.10|Postmitotic assembly kinetics of Nup188issimilar
tootherinnerring components. a, Digital PCR analysis of Nup188-mEGFP
genome-edited cells for assessing the homozygous tagging. Allele copy numbers
of GFPintegrations and on-target GFP integrations are quantified. The dataare
from2and 3 measurements for wild-type and Nup188-mEGFP genome-edited
HeLacells. Error barsrepresent thes.d. of the mean. b, Immunoblot analysis of
Nup188-mEGFP cells using antibodies against Nup188 and y-Tubulin. Uncropped
immunoblot dataareshowninSupplementary Fig. 1. ¢, Calculated copy
number of Nup188 per nuclear poreasinFig.1. The plotis from 20 cells. The

medianisdepictedasaline.d, Time-lapse 3D imaging of Nup188-mEGFP
genome-edited cell. The cell nuclei were stained with silicon-rhodamine
(SiR)-DNA. Single confocal sections of SiR and GFP channels are shown. Images
were filtered with amedian filter (kernel size: 0.25 x 0.25 um). Scale bar, 10 pm.
Time after AOisindicated. e, Postmitotic assembly kinetics of Nup188 was
decomposed asinExtended DataFig. 5. Dots represent the average and s.d. of
measurements from 16 cells. The kinetics of Nupl07, Nup93 and Nup214 are
also shown for comparison.
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spatiotemporal model of the postmitotic assembly of the human NPC is deposited to the nascent database of integrative structures PDB-Dev (https://pdb-
dev.wwpdb.org/) under accession number PDBDEV_00000142. All source code is accessible on Github repository (for quantifying Nup intensity in core and non-core
regions: https://github.com/mjh1m22/Quantitative_map_nups_Otsuka_Nature_2022; for decomposing postmitotic and interphase assembly kinetics; https://
github.com/manerotoni/npc_assembly_Otsuka_2022). Integrative Modeling Platform (IMP) is an open source program freely available under the LGPL license at
http://integrativemodeling.org; all input files, scripts, and output files are available at http://integrativemodeling.org/npcassembly.
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Life sciences study design

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

Sample size Sample sizes were based on pilot experiments to determine the number of cells required to observe stable population averages with high
Pearson's correlation between replicates. Sample sizes are indicated in figure legends.

Data exclusions  Videos of dividing cells with rotating nuclei are removed from the analysis, because we cannot properly assign the non-core and core regions.

Replication For quantitative imaging in Fig. 1a, d, the data were from 4, 4, 4, 2, 3, 2, 3, and 2 independent experiments for Nup107, Seh1, Nup205, Nup93,
Nup62, Nup214, Tpr and Nup358, respectively. STED imaging in Fig. 4a and Extended Fig. 4a and live imaging in Extended Fig. 10 were from 2
independent experiments. For dynamic quantitative imaging in Fig. 3, the data were from 4, 4, 4, 2, 3, 4, 3, 2, 2, and 4 independent
experiments for Nup107, Seh1, Nup205, Nup93, Nup62, Nup214, Tpr, Nup358, Nup153, and Pom121, respectively. STED imaging in Fig. 1b, c
and Fig. 4b, southern blotting in Extended Data Fig. 1 and immuno-fluorescence microscopy in Extended Data Fig. 9 are from single
experiments.

Randomization  No randomization was done, because this study does not involve animals or human participants. Samples were organized into groups based
on cell lines. Cells were imaged in randomly chosen fields of view per experiment. All imaged cells were further analyzed. Appropriate controls

were included in all experiments.

Blinding No predefined group allocation was performed. All data that passed QC (described in data exclusion section above) were analyzed. The
analysis was performed in a reproducible and automated fashion for all experiments as described in Methods.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Antibodies used Mouse anti-Nup62 (Cat. No. 610497; BD Biosciences, Franklin Lakes, NJ), anti-Tpr (Cat. No. HPAO19661; The Human Protein Atlas), a 3
GFP-nanobody (FluoTag®-X4 anti-GFP nanobody Abberior® Star 635P; Cat. No. NO304-Ab635P-L; NanoTag Biotechnologies, &Y
Gottingen, Germany), rabbit anti-Nup155 (Cat. No. HPA037775; The Human Protein Atlas), rabbit anti-Elys (Cat. No. HPA0O31658; The <
Human Protein Atlas), Abberior® STAR RED-conjugated goat anti-mouse 1gG (Cat. No. 2-0002-011-2, Abberior GmbH, Goéttingen,
Germany), Abberior STAR635P goat anti-rabbit IgG (Cat. No. ST635P-1002-500UG, Abberior GmbH), and Alexa Fluor 594 goat anti-
rabbit IgG (Cat. No. A-11037; Life Technologies), rabbit anti-Nup188 (Catalog No. A302-322A, Bethyl Laboratories, Montgomery, TX),
rabbit anti-Nup205 (Catalog No. ab157090, Abcam, Cambridge, UK), anti-Nup358 (Catalog No. HPA023960, The Human Protein
Atlas), rabbit anti-gamma-Tubulin (Cat. No. T5192, Sigma Aldrich), mouse anti-gamma-Tubulin (Cat. No. T5326, Sigma Aldrich), anti-
Vinculin (Cat. No. ab219649, Abcam), anti-rabbit IgG horseradish peroxidase (HRP)-conjugated secondary (Cat. No. W4011,
Promega), anti-mouse HPR-conjugated secondary (Catalog No. 040-655, Bio-Techne) and anti-rabbit HPR-conjugated secondary
(Catalog No. 040-656, Bio-Techne) antibodies.
Validation Antibodies for genome editing are validated by Western Blot for sensitivity and specificity (see Koch et al. Nature Protocols, vol. 13:

1465-1487 (2018), doi: 10.1038/nprot.2018.042).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Wildtype Hela Kyoto cells (RRID: CVCL_1922) were a kind gift from Prof. Narumiya, Kyoto University. All the cell lines used in
this study are derivatives of this parental Hela cell line.

Authentication Hela Kyoto cells were authenticated by sequencing.
Mycoplasma contamination Cells were screened for mycoplasma contamination by PCR before use. It was always negative.

Commonly misidentified lines  cell line is not listed in the list of commonly misidentified cell lines.
(See ICLAC register)
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