
Comprehensive Structure and Functional Adaptations of
the Yeast Nuclear Pore Complex

Christopher W. Akey*,1,�, Digvijay Singh*,2, Christna Ouch*,1,3, Ignacia Echeverria*,4,12, Ilona Nudelman5,
Joseph M Varberg9, Zulin Yu9, Fei Fang6, Yi Shi6, Junjie Wang7, Daniel Salzberg4, Kangkang Song3, Chen Xu3,

James C. Gumbart8, Sergey Suslov2, Jay Unruh9, Sue L Jaspersen9,10, Brian T. Chait7, Andrej Sali4,13,14,
Javier Fernandez-Martinez5,�, Steven J. Ludtke11,�, Elizabeth Villa2,15,�, and Michael P. Rout5,�

-——————————————————————————————————————————————————————————————————————————
.NThese authors contributed equally

1Department of Physiology and Biophysics, Boston University School of Medicine, 700 Albany Street, Boston, Massachusetts 02118, USA.
2Section of Molecular Biology, Division of Biological Sciences, University of California San Diego, La Jolla, CA, 92093, USA.

3Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, 364 Plantation St , Worcester, MA 01605.
4Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco, San Francisco, CA, USA.

5Laboratory of Cellular and Structural Biology, The Rockefeller University, New York, NY, 10065, USA.
6Department of Cell Biology, University of Pittsburgh, Pittsburgh, PA, USA.

7Laboratory of Mass Spectrometry and Gaseous Ion Chemistry, The Rockefeller University, New York, NY, USA.
8School of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA.

9Stowers Institute for Medical Research, Kansas City, MO, USA.
10Department of Molecular and Integrative Physiology, University of Kansas Medical Center, Kansas City, KS, USA.

11Verna and Marrs McLean Department of Biochemistry and Molecular Biology, Baylor College of Medicine, 1 Baylor Plaza, Houston, Texas 77030, USA
12Department of Cellular and Molecular Pharmacology, San Francisco, San Francisco, CA 94158, USA.

13Quantitative Biosciences Institute, University of California San Francisco, San Francisco, CA 94158, USA.
14Department of Pharmaceutical Chemistry, University of California San Francisco, San Francisco, CA 94158, USA.

15Howard Hughes Medical Institute, University of California San Diego

Nuclear Pore Complexes (NPCs) mediate the nucleocytoplasmic
transport of macromolecules. Here we provide a structure of the
yeast NPC in which the inner ring is resolved by cryo-EM at -
helical resolution to show how flexible connectors tie together
different structural and functional layers in the spoke. These
connectors are targets for phosphorylation and regulated dis-
assembly in cells with an open mitosis. Moreover, some nucle-
oporin pairs and karyopherins have similar interaction motifs,
which suggests an evolutionary and mechanistic link between
assembly and transport. We also provide evidence for three
major NPC variants that foreshadow functional specializations
at the nuclear periphery. Cryo-electron tomography extended
these studies to provide a comprehensive model of the in situ
NPC with a radially-expanded inner ring. Our model reveals
novel features of the central transporter and nuclear basket,
suggests a role for the lumenal ring in restricting dilation and
highlights the structural plasticity required for transport by the
NPC.
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Introduction
Nuclear pore complexes (NPCs) are cylindrical assem-
blies with 8-fold symmetry that form a gateway in the
nuclear envelope (NE) for the highly selective exchange
of macromolecules between the cytoplasm and nucleus.
These multifaceted transport machines stabilize a pore in
the NE, termed the pore membrane, and are key players in
RNA processing and chromatin organization (1–4). Given
this central role, it is not surprising that defects in NPC
components are linked to many diseases and that nuclear
transport is a valid target for therapeutics (5, 6). NPCs
from the yeast Saccharomyces are smaller (52 MDa) (7)

than their vertebrate cousins (∼109 MDa) (8); however,
both scaffolds are composed of about 30 conserved proteins
termed Nucleoporins (Nups). Depending upon the Nup and
species, these proteins may be present in 8, 16, 32 or 48
copies per NPC (7, 8)

In the yeast NPC, ∼550 Nups are arranged in several
coaxial rings: an inner ring (IR) with 8 massive subunits
(termed spokes) is divided into two nearly perfect half-
spokes, which are flanked by cytoplasmic and nuclear outer
rings to form the core scaffold. A lumenal ring is anchored at
the midline of the membrane pore and is formed by Pom152
(7). Finally, a cylindrical basket extends from the nuclear
side and in concert with a cytoplasmic platform comprised
of the Nup82 complex, forms a pipeline for RNA processing
and export (9, 10). The cylindrical scaffold provides anchor
points for an array of Nups with intrinsically disordered
Phe-Gly (FG) repeat domains that project inwards to form
the central transport path (7, 11); these FG domains provide
binding sites for the bi-directional, facilitated diffusion of
nuclear transport factors with their macromolecular cargos
(12–14)

To better understand NPC function, positional informa-
tion for yeast Nups was determined by integrative modeling
with biochemical and physical restraints to create a "nearest-
neighbor" map (15). In subsequent work, human (16–18)
and algal (19). NPCs were studied with cryo-electron
tomography (cryo-ET) and sub-tomogram averaging to
provide 3D maps at 23-30 Å resolution. Molecular models
for human and algal NPCs were then determined by compu-
tational docking of ∼25 Nup domain crystal structures and
homology models (17, 19, 20). In addition, cryo-electron
microscopy (cryo-EM) of Xenopus oocyte NPCs and single
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Fig. 1. Architecture and structure of the isolated yeast NPC. A. A composite 3D map of the isolated NPC is viewed along the 8-fold axis from the cytoplasmic side.
Major components are labeled and color coded: double nuclear outer ring (OR, gold), inner ring of spokes (IR, light blue), hook ring/Nup82 complex (blue; note that the full
cytoplasmic outer ring has not been resolved), Pom152 ring density (grey), pore membrane remnant (white), central transporter (pink) and spoke-transporter connections
at a lower threshold (outlined transparent density, marked "C"). B. Side views are shown of the isolated NPC. (top) Full composite 3D map with hook ring/Nup82 complex
(Nup82c) indicated. (bottom) A central cross-section is shown with the inner ring (IR, OD=860 Å, ID=450 Å), double outer ring (OD=1160 Å), lipid-detergent ring (ld-ring; a
remnant of the pore membrane; ID ∼860 Å), Pom152 ring (average diameter=950 Å) and the uncut central transporter. C. A view from the nuclear side shows the double
outer ring formed by pairs of Y-shaped Nup84 complexes. D. (top) One half of the inner ring (oriented as in panel A) is shown with 2-fold axes (labeled 2) that align with
membrane anchor complexes (MAC) for Nup170 and Nup157. (bottom) A cross-section of the inner ring shows α-helical resolution throughout (also see panel E). E. (top)
A single spoke colored at two thresholds (blue and light gray) reveals α-helices in this feature. (bottom) A central, horizontal slice through the spoke, as viewed from the
cytoplasmic side shows the inner and outer spoke domains (ISD, OSD). A gap between them is indicated and large hollows are marked (*). F. A cross-section of the NPC
is shown with models for three docked spokes and 3 pairs of Y-shaped molecules in the outer ring (oriented as in panel B, bottom). A guide for Nup coloring is presented in
panel G and Fig. 2, β-propellers in the Y-complexes are in light blue. G. A close-up of a modeled spoke is viewed from the front along the central 2-fold axis. H. When viewed
from the top (a cytoplasmic view), the spoke is radially separated into two spoke domains (dashed lines, gap; labeled ISD, OSD) that reflect their distinctive functions. I. A thin
slab viewed along the central 2-fold axis of the spoke reveals a vertical separation of the OSD (dashed lines) into top and bottom halves.
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particle analysis have revealed domains of the cytoplasmic,
double outer ring at α-helical resolution and provided details
of the lumenal ring (21, 22). For the yeast NPC, cryo-ET and
integrative structure determination were used to generate a
model of the purified assembly (7) that in turn, was used to
help model the in situ complex (23).

When taken together, the data have revealed a remark-
able structural redundancy and plasticity that underlies
construction of the NPC (7). For example, a lateral offset is
present between Nup pairs or paralogs in each half-spoke,
that places similar Nups in non-equivalent environments
(7, 15, 17, 20, 24). Structural redundancies are also
present elsewhere in the NPC (9, 16, 19), as exemplified by
multi-tasking Nups that reside in different sub-complexes
(16, 18, 25–27). In addition, the number and composition of
outer rings can vary between species (7, 16, 19). In human
NPCs, large variations in diameter occur in situ (28) and
cell cycle dependent changes in the functional size of the
transport channel have been observed (29). More recently,
3D studies of NPCs with cryo-ET of focused ion beam (FIB)
milled cryo-sections from C. reinhardtii and S. cerevisiae
have revealed large-scale changes in the scaffold that involve
a radial expansion of the inner ring (19, 23).

Even with these steps forward, our understanding of
NPC structure and its role in transport remain far from
complete. To address this issue, we applied a multi-pronged
strategy to build a comprehensive model of the NPC. We
determined a 3D structure of isolated yeast NPCs with
cryo-EM and single particle analysis to resolve the inner ring
in a radially contracted conformation at α-helical resolution.
Structure-based modeling with this map was augmented
by a novel, integrative threading method to reveal Nic96
connectors in unprecedented detail within the spoke and the
resulting model was validated with crosslinking data. In
addition, a complete model was built for a novel, double
outer ring at 11 Å resolution. To extend this work, we used
cryo-ET and sub-tomogram analysis to determine a 3D struc-
ture for the in situ NPC in a radially dilated conformation.
Collectively, our data provide new insights into the structure,
assembly, transport mechanism and evolution of the NPC.

Results
A composite structure of the isolated NPC. The large
size, flexibility and dynamic properties of the NPC in the
cell present a formidable challenge to structural studies.
Thus, a divide and conquer approach with different meth-
ods is needed to determine a comprehensive structure of
this massive transport machine. We started with isolated
NPCs to allow the collection of single particle data with
cryo-EM. S. cerevisiae cells present a tractable system
to study isolated NPCs as they lack a nuclear lamina;
hence, NPCs can be released gently from the nuclear
envelope (NE) with detergent-extraction of a cell cryo-lysate
and purified with a single affinity step (7), a process that
has been significantly improved upon in this work (Methods).

For this project, we reasoned that multi-body process-
ing with density subtraction, focused classification and 3D
refinements might achieve α-helical resolution, as a step
forward. To minimize domain movements, we used mild
DSS crosslinking after a buffer optimized, one-step pullout
of NPCs tagged on Mlp1, a major protein in the nuclear
basket (Fig. S1A) (7). Cryo-grids were prepared with NPCs
exhibiting a wide range of views while supported on a thin
carbon film (Fig. S1B, left and right panels), as verified by
2D classification (Fig. S1C). Initial 3D maps were refined
with C8 symmetry (Fig. S2A, S2B), followed by focused
refinement with appropriate masks to sharpen ring density
(Fig. S2C, S2D). After multi-body processing of extracted
C8 rotational subunits (C8 protomers) and step-wise refine-
ments of the spoke (Fig. S3, left), the reassembled inner
ring had a global resolution of ∼7.6 Å resolution, with
8-fold symmetry along z and two nearly perfect, local 2-fold
symmetry axes located 22.5 degrees apart in the xy-plane
(Fig. 1A,C,D and Fig. S4A-D).

A similar multi-body approach was used on the ring of
“hood-shaped” densities (Fig. S2A) to resolve overlapping,
Y-shaped Nup84 complexes (30, 31)(Fig. S3, right). This
analysis revealed a flat, double outer ring on the nuclear side
with a resolution of ∼11.3 Å (Fig. 1A-C and S4E-4H). Other
regions of the isolated NPC were visualized at lower reso-
lution including the export platform, comprised of flexible
Nup82 complexes on the cytoplasmic face (23), the lumenal
Pom152 ring and the central transporter with connections to
the inner ring (Methods, Fig. S4I-4L). These density maps
were combined to create a composite 3D map (Fig. 1A-C);
integrative structures of NPC components (7, 15) and crystal
structures of the Nup84 complex (32) were then docked into
the maps to create models for major sub-assemblies of the
isolated yeast NPC (Fig. 1F-I ). This has resulted in a model
of the yeast NPC based on the highest resolution structures
to date (7-11 Å; versus 23-28 Å for previous tomographic
models (7, 23). An overview of Nups in the C8 protomer and
scaffold is shown in Fig. S5.

Functional domains of the inner ring at α-helical
resolution. A majority of the ∼715 α-helices in a spoke
were resolved in the single particle structure (Fig. 1D-E
). Thus, 28 Nup domains were modeled within the spoke
(Fig. 1F-I , S6) with an average root mean square deviation
(rmsd) of ∼8Å for Cα main chains, when compared to an
earlier integrative model (7); this model is independently
supported by the mapping of 206 relevant NPC crosslinks to
the inner-ring with a 95 % satisfaction (Fig. S8B, 8C). In this
model, the protomer of the inner ring is resolved into an inner
spoke domain (ISD), comprising two layers, and an outer
spoke domain (OSD) with a single layer (see dashed line in
Fig. 1H). The ISD is composed of symmetry-related pairs of
laterally-offset Nsp1 heterotrimer complexes (Nsp1, Nup49
and Nup57) in the inner layer and two pairs of Nup188
and Nup192 in the adaptin-like layer, with an array of
"orphan" densities that correspond to connectors (Fig. 2, see
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Fig. 2. A diagram of the yeast spoke at α-helical resolution. The yeast spoke is comprised of 3 layers that are visualized with segmented 3D maps and docked Nups
as ribbons. Inter-connecting dashed lines show the relationship between various Nups in the spoke. A.The outer spoke domain is comprised of the membrane interacting
layer (center) and contains 2-fold relatedNic96 CTD pairs linked by a Nup53-Nup59 heterodimers (left) and two Nup157-Nup170 pairs (right). B. In the inner spoke domain,
a central adaptin-like layer contains two copies of laterally-offset Nup188-Nup192 pairs with bound connector helices. Nup192 CTDs form a central column (middle). C. The
full spoke is shown with segmented 3D maps (left) and ribbons (center). D.(left) The inner layer contains pairs of laterally offset Nsp1 complexes related by two-fold symmetry
to form the inner face of the spoke. This layer can be further sub-divided into extended trimers that face into the central channel and two diagonal walls, which are formed by
shorter, 3-helix bundles. (right) Ribbons for Nsp1 complexes and connector rods are docked into transparent 3D maps. Note the large internal gap that is present between
the diagonal walls (asterisk).
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next section). The OSD contains four C-terminal domains
(CTDs) of Nic96, which form keystone supports of the inner
ring (7); they provide an interaction scaffold for Nup157
and Nup170 (2 copies each) in the membrane interaction
layer, while Nup53 and Nup59 heterodimers form bridges
between Nic96 CTDs (Fig. 2A and S6C, top left). The OSD
can be further delineated into top and bottom halves relative
to the central spoke 2-fold axis (dashed line in Fig. 1I,
Fig. 2A, middle), with contacts formed by loops extend-
ing from α-helical solenoids belonging to Nic96 and Nup170.

The separation of the spoke into two domains with 3
layers is correlated with function (Fig. 1H, Fig. 2C). The ISD
forms a scaffold for the transport path; lateral interactions
between adjacent Nups stabilize the inner ring and position
FG domains from Nsp1, Nup57 and Nup49 within the
central transporter. In contrast, the OSD is largely devoted to
shaping and stabilizing the pore membrane (7, 17, 20). Thus,
Nups 157 and 170 in the membrane interacting layer have
amphipathic membrane binding motifs (MBMs) in their
β-propellers, while Nup53 contains an additional C-terminal
membrane interaction motif (33) (Fig. 2A). In the middle
layer, Nups 192 and 188 contain α-helical, adaptin-like
domains (Fig. 2B, Fig. S6B) (34, 35) that stabilize the spoke
by connecting the inner layer of Nsp1 complexes to the
membrane interacting layer (Fig. 2B-D). By comparison
with crystal structures and homology models, the CTDs
of Nup192 and Nup188 in our α-helical resolution map
flex and rearrange when they interact with partner Nups
and connectors; for example Nup192 CTDs are bent and
stack tail-to-tail to form a central column (Fig. 2B, center
panel). The quality of the 3D map is documented further in
Fig. S6. On the inner face of the spoke elongated, α-helical
coiled coil trimers from four Nsp1 complexes align with
their neighbors to create a ring with an inner diameter
of ∼425 Å that defines the central channel (7, 17, 20)
(Fig. 1F, Fig. 2D). Each of the four Nsp1 complexes also
contributes a pair of 3-helix bundles that extend inwards
in pairs to form two diagonal walls (Fig. 2D and S6A).
Thus, each wall is composed of four 3-helix bundles (3HBs)
that originate from two Nsp1 heterotrimers, with one pair
of 3HBs coming from the top half of the spoke and one
pair of 3HBs from the bottom half. This unusual alignment
creates a local 2-fold axis for structural elements in each wall.

A detailed examination of the inner ring supports the
idea that the NPC evolved for flexibility (7, 36–38), which
allows movements both within and between the spokes (this
work, (7, 19, 23)) that are facilitated by gaps and voids
between Nups (see asterisks in Fig. 1E, bottom panel).
Regions in close proximity to the pore membrane exhibit
lower resolution (Fig. S4D), due to flexibility that accrues
from the architectural division of the spoke and the loss of an
intact pore membrane. Multiple contacts between adjacent
spokes are formed by limited edge-wise interactions, and
provide flexible hinge-like contacts (7). A comparison of
our structure with NPCs that have a dilated inner ring in

growing S. cerevisiae cells (this work, (23), suggests that
the radially-contracted inner ring may represent a "relaxed"
conformation. Moreover, our model for the yeast spoke can
be docked accurately into cryo-ET maps of human, algal and
yeast NPCs with only local changes (17, 19, 23).

The role of Nic96 connectors in NPC structure and
assembly. Biochemical and structural data have begun to
fill in the puzzle of how flexible connectors belonging to
Nic96, Nup53/59 and their partners may stabilize the spoke
(7, 19, 20, 39, 40). Major structural modules of the NPC
are held together by flexible connectors that provide strength
and resilience in the manner of a suspension bridge (7). In
particular, two conserved sequence motifs, known as SLiMs
(short linear motifs), have been recognized in the N-termini
of yeast Nic96 and its human homolog, Nup93. The first
motif is thought to interact with the Nsp1 and human Nup62
complexes, respectively, which are located in the inner layer
(20, 33, 41), while the second motif is ambidextrous and
interacts with Nup188/Nup192 or human Nup188/Nup205
in the middle, adaptin-like layer (Fig. S7A; (20, 39, 42)).

At the current resolution, orphan densities were revealed
that could not be accounted for by docking crystal structures
and homology models into the cryo-EM map. In brief, three
orphan densities interact with α-helical bundles from each
of the four Nsp1 complexes in the diagonal walls and a gap
at the center of each wall is filled by 4 orphan densities
(Fig. 2D, Fig. 3A-B and S6A), which accounts for 20 orphan
elements. We also identified 3 orphan helices that bind to
Nup192 and two orphan helices that bind to Nup188, and
these Nups are present in two copies each within the spoke.
Thus, 30 orphan densities have been mapped within the
spoke that arise from flexible connectors.

An accurate identification and topology map of these
connectors is needed to understand how the OSD and the
ISD are tied together. To solve this problem, we applied an
integrative threading approach (43) to compute Nup identity,
copy identifier, and sequence segments for each of the struc-
ture elements (SEs) that occupy orphan densities (Fig. S7,
Methods, Table S2). This resulted in 28 of the 30 orphan
SEs being confidently assigned to contiguous sequences in
four copies of the Nic96 NTD (Fig. S7E). In our model, the
topology of the first group of 3 orphan densities (Fig. 3C,
group of 3) is similar to that of a helix-strand-helix motif in
the crystal structure of a Nic96 SLiM bound to the CtNsp1
complex (PDB 5CWS; Fig. S8F) (33). Differences between
our model and the X-ray structure include a repositioning
of the C-terminal 3-helix bundles of each Nsp1 complex
within the diagonal wall, and this alters the packing of the
Nic96 helix-strand-helix motif. Two closely paired α-helices
at the center of the wall (group of 2, Fig. 3C) immediately
follow the helix-strand-helix motif in the Nic96 N-terminus
(Fig. 3C, S7 and S8A). The final two orphan helices in each
Nic96 NTD bind to CTDs of Nup188 or Nup192: these
-helix pairs originate from the same sequence region in the
outer and inner copies of Nic96, respectively, and contain
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Fig. 3. Assignment of orphan structural elements in the spoke and interaction motifs for Nup192 and Nup188 with Nic96 NTDs A. Three-helix bundles from Nsp1
complexes and orphans from Nic96 NTDs form two diagonal walls, which are shown as a green iso-surface with the inwards facing, extended trimers of the Nsp1 complex
removed. Color coding and orientation as in Fig. 2. B. Four connector α-helices from Nic96 (gold and blue cylinders) form a bridge between opposing half walls, while other
connectors bind to 3-helix bundles (green ribbons) in the walls. C. Orphan helices and strands are superimposed on Nups 188 and 192 (in white) near the spoke center.
Connectors from the inner and outer copies of the Nic96 CTD are colored in gold and blue with overlayed density for these features. Each Nic96 NTD forms a group of 3
structure elements, followed by a group of 2 helices, which are linked to two helices that interact with an NTD of Nup192 or Nup188. A remaining orphan helix in each half
spoke is shown in pink. D. An overview of connector interactions with Nup α-helical domains is shown. Outer and inner Nic96 CTDs (blue, light blue) form keystone supports
behind Nups 192 and 188. CTD tails of Nup192 form IBB-like motifs with Nic96 connector helices and interact with each other at the central 2-fold axis (black ellipse). Nic96
NTD α-helices are shown as cylinders (gold and blue as in panel C). E.A close-up is shown of symmetry-related Nup192 IBB-like motifs at the spoke center with the 2-fold
axis in the plane. F.Two views are shown of a Nup192-IBB motif with the 3D density map super-imposed. A small C-terminal connector helix has been omitted for clarity. G.
(left) An overlay is shown of a Nup192-IBB motif with a human importin β- IBB crystal structure (in tan, PDB 1QGR). Helices in the arch-like walls have a similar topology.
(right) An overlay is shown for a Nup192 motif with the human importin β-snurportin 1 IBB motif (in grey, PDB 2Q5D). H.Two views are shown of the Nup188 CTD-Nic96 motif
with overlayed 3D density map. The extended arch-like tail of Nup188 binds two consecutive Nic96 N-terminal α-helices in a groove; the binding site for the shorter helix is
reminiscent of a transport factor IBB motif. I.Two views are shown of a novel interaction motif formed by the Nup192 NTD with a single long helix that may originate from an
N-terminal tail of Nup59 (but see Main text). Panels E-I are shown at the same scale.
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Fig. 4. A double outer ring in a subset of yeast NPCs A. A nuclear view is shown of the isolated yeast NPC with a double outer ring segmented into proximal (gold) and
distal (tan) rings. Density features for putative Nup188/192 molecules (red) and basket anchors (silver) are also shown. An individual C8 protomer for the double ring is
outlined (dashed box, "icon view"). B. A model of the double outer ring is shown with an overlayed, transparent density map. C. (Upper panel) Three paired Nup84 complexes
are shown after segmentation from the 3D density map. A gap is present between neighboring Y-complexes in the distal ring (in tan). (Lower panel) Three pairs of Nup84
complex models in the density map. D. Single Nup84 Y-complexes are shown from distal (left) and proximal (right) outer rings along with a staggered pair which forms the
C8 protomer for the double ring. A torus-like bulge and an extended Nup133 spur are present in respective tails of the distal and proximal Y-complexes. E. A Y-complex
pair is shown with a putative Nup188/192 molecule and basket anchor along with an icon view to orient the point of view, relative to panel A. F-G. (left) Schematic of the
split-GFP system used to visualize outer ring complexes at the nucleoplasmic face of the NPC using a nuclear-localized GFP11-mCherry-Pus1 reporter or at the cytoplasmic
face using a GFP11-mCherry-Scs2TM reporter localized to the outer nuclear membrane. Interaction of the GFP11 reporter with Nup84-GFP1-10 results in reconstitution
of GFP (rGFP) and fluorescence; (middle and right), representative images and 2D density plots of Nup84-rGFP and Nic96-mTurq2 fluorescence intensities from strains
expressing the nucleoplasmic (panel F) or the ONM (panel G) GFP11 reporter. Equivalent reconstitution of rGFP signal for both reporters shows that all NPCs have outer
ring complexes on both their nuclear and cytoplasmic sides. A total of 662 (panel F) and 2720 NPCs (panel G) were analyzed. R, Pearson’s correlation coefficient. H. (left)
A representative image of cells expressing Nup84-GFP1-10, Nic96-mTurq2 and Mlp1-mCherry with a nucleoplasmic GFP11-Pus1 reporter. (middle and right) Density plots
showing the distribution of Nup84-rGFP intensities (normalized to Nic96-mTurq2 intensities) for NPCs with Mlp1 intensities greater than (”High”) or below (”Low”) the mean
Mlp1 intensity value. Additional rGFP signal in the “High” Mlp1 NPCs for only the nuclear reporter shows that those NPCs have additional nuclear outer rings. A total of 4277
(nucleoplasmic reporter) and 4202 (ONM reporter) NPCs were analyzed. Schematics for panels F-H created with BioRender.
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helices of different lengths (Fig. 3C-E, Fig. 3H, S7 and S8A).
Thus, our analysis highlights a remarkable plasticity that
allows the same sequence of Nic96 to form two distinctive,
-helix pairs that function as connectors and bind to either
Nup188 or Nup192 in the spoke. In total, the N-termini of
four Nic96 molecules contribute 28 connectors to each spoke
with 24 α-helices and 4 strands, while two additional orphan
helices are bound to the NTDs of Nup192 (Fig. 3C, S7B,
Fig. 7F). These long connectors may originate from Nup59
instead of Nup53, as Nup59 and Nup192 are found in the
same sub-complex with affinity capture data (15). However,
alternative assignments include connectors from Nup100,
Nup116, Nup145N, and possibly from Ndc1 and Pom34,
instead of Nup59 (Fig. S7G).

The 30 connectors that have been resolved in our study
play important roles in spoke architecture. First, we showed
that Nic96 interacts with every other Nup in the inner
ring, to form an essential keystone that holds much of this
structure together (7); here, we find that N-termini from
Nic96 are critical for the recruitment of Nsp1 complexes and
tie together the three layers of the spoke (Fig. 2, Fig. 3A-C).
This network of connectors could provide the inner ring with
enough flexibility to sustain expansion-contraction motions
that may occur during transport (see below). Second, our
structure also provides key insights into the mechanism by
which NPCs assemble and disassemble. Rapid assembly
of the interphase NPC may be dependent in part on the
ability of flexible connectors to form extensive interactions
between Nups in different layers, tying these components
together quickly and efficiently into the mature inner ring.
Moreover, homologous regions in human Nups are hyper-
phosphorylated at mitosis, including the NTD connectors
of Nup93 (see predicted sites, Fig. S8A), in a process that
disrupts interactions within the spoke and promotes NPC
dis-assembly (44–46) (see Discussion).

Nucleoporins and transport factors share common in-
teraction mechanisms. The extended α-helical solenoids
of Nup188 and Nup192 are structurally similar to the karyo-
pherin family of nuclear transport factors, which indicates
that Nups and Karyopherins share a common evolutionary
origin (15, 24, 34, 35, 47, 48). Here, we show that pair wise
interactions are formed by CTDs of Nup192 and Nup188
with α-helices from Nic96 NTDs. These data provide further
insight into how the NLS recognition system may have arisen
in nucleocytoplasmic transport through divergent evolution
and point to a link between spoke assembly and transport.
In particular, a long -helix of Nic96 is cupped by a spiral of
α-helices in the Nup192 CTD; this structural motif resembles
the interaction between karyopherin β and -adaptors for
cargo molecules (49, 50). In addition, an adjacent, short
helix may stabilize this interaction (Fig. 3D, Fig. 3E), which
occurs twice at the spoke center (Fig. 3D-F). This novel
motif is overlaid with a crystal structure of karyopherin
/ importin β1 and the α-helical NLS-like IBB (importin
beta binding) domain of karyopherin / importin (Fig. 3G,
left panel, PDB 1QGK in tan) (50). A second comparison

is shown for the karyopherin / importin β1 complex with
the β-snurportin 1 IBB (Fig. 3G, right panel; PDB 3LWW
in grey) (49). Importantly, the topology of α-helices in
the arch-like walls of the Nup192 CTD and β-importin
are similar although some divergence has occurred at the
C-terminus of Nup192, because this region interacts with
another copy of itself at the spoke center.

The curved C-terminal tail of Nup188 also interacts
with two consecutive α-helices from the flexible NTD
of Nic96 (see blue rods in Fig. 3D, Fig. 3H, S7). Once
again, the curved topology of the Nup188 CTD and its
juxtaposition with the shorter Nic96 -helix is reminiscent
of a transport factor-IBB interaction (49, 50). The α-helical
domains in C-termini of Nup192 and Nup188 were adjusted
from previous models to fit the electron density map and
to accommodate partner helices from Nic96. As noted, a
second novel interaction is formed between the NTD of
Nup192 and a long orphan helix (Fig. 3C, Fig. 3D, Fig. 3I).

A double outer ring in a subset of yeast NPCs. The
outer rings in yeast NPCs are formed by the head-to-tail
arrangement of 8 Y-shaped Nup84 complexes to form single
cytoplasmic and nuclear rings (15, 23, 30, 32, 51). In
detergent-solubilized yeast NPCs the outer rings are rather
disordered (7), due to inherent flexibility and the loss of
stabilizing interactions with the pore membrane. However,
we identified a subset of isolated NPCs (∼20%) with a
double outer ring of Y-complexes and solved this structure
at ∼11.3 Å resolution (Fig. S3, Fig. S4E-H). The double
outer ring rests in a flat orientation relative to the inner ring
(Fig. 1A-C) and sits on the side opposite to density assigned
to the Nup82 complex. Hence, the double ring is present
on the nuclear surface - as confirmed by in situ fluorescence
quantitation (see next section). Although a double outer ring
of Nup84 Y-complexes has been observed on the nuclear
face of the NPC in other species (16, 19, 21), this is the first
time two such NPC variants have been identified in the same
organism: one with two single outer rings and a second with
a single outer ring and a double outer ring.

We modeled 14 Nups (two Y-shaped Nup84 complexes)
in the C8 protomer of this novel double ring, starting with
Nup domain crystal structures (32). The complete model
provides a snapshot of Y-complexes in two different ring
geometries (Fig. 4A-D); the ring proximal to the membrane
is continuous while the distal ring contains a gap between
adjacent Y-complexes (Fig. 4C, top). The two Y-shaped
molecules in the C8 protomer form typical staggered con-
tacts (Fig. 4C) that are visible in the offset between V-shaped
regions consisting of Nup120 and Nup85/Seh1 (Fig. 4D,
right side). Distinct conformations of the Nup84 complex
are present in the two rings: the proximal Y-complexes
are extended and curved at the ends (when viewed from
the side), while the distal Y-complexes are kinked with a
different tail conformation (Fig. 4D, left side).

Structural plasticity is exhibited by Y-complexes in
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NPCs from different species (7, 18, 19, 21, 23); however,
by comparison with vertebrates and algae, the tail of the
distal Y-complex in the yeast double outer ring shows a
more extreme adaptation to changes in local geometry. The
β-propellers of Nup120 and Nup133 contain amphipathic
MBMs; however, only three of the four β-propellers in
each protomer of the double ring may be involved in direct
membrane contacts. Flex points located in Nup84 and
Nup133 allow sub-domains to form a torus in the tail of the
distal Y-complex (Fig. 4D, left) that pulls the N-terminal
β-propeller of the distal Nup133 upwards from the putative
membrane surface. Instead, the Nup133 β-propeller makes
a direct contact with an α-helical domain of Nup133 in an
adjacent Y-complex to stabilize the double ring (Fig. 4D,
right).

We then identified two additional components within
orphan densities that associate with Y-complexes in the
double outer ring. First, an orphan density runs along the
top of the distal Y-complex (Fig. 4A, Fig. 4E, in red) that
strongly resembles the paralogous Nup188 and Nup192.
We were able to dock a copy of Nup188 into this density
(Fig. 4E), while Nup192 did not fit as well. This unexpected
moonlighting by Nup188/192 parallels earlier observations
that Nup205 and/or Nup188 are present in vertebrate double
outer rings (16, 17, 20, 21). However, yeast Nup188/192
sits on the upper surface of the flat double ring, whereas
two binding sites for vertebrate homologs in their highly
tilted double rings occupy inward facing regions on the
underside of the Y-complexes (21). While the function of
this moonlighting subunit in the yeast double ring is not
known, we hypothesize that Nup188/192 may stabilize the
unusual tail conformation of the distal Y-complex and confer
additional rigidity to the double ring. Second, we found a
density rod (∼100 Å long) adjacent to Nup84 and Nup133
in the membrane proximal Y-complex that could be modeled
with a two-helix coiled coil (Fig. 4E). We tentatively identify
this orphan density as a basket anchor because a similar
feature is observed in the in situ NPC (see below), and this
feature is consistent with the fact that these NPCs were
purified by pulling on genomically-tagged-Mlp1, a major
basket protein. Together, these observations highlight the
remarkable structural versatility of the outer ring.

Each nucleus contains NPC variants with single or
double outer rings on their nucleoplasmic faces.
Previous measurements of Nup stoichiometry for isolated
and in situ NPCs are consistent with two single outer rings
per NPC with one ring on each face (7, 15, 52). This raises
the question of how NPCs with additional outer rings may
be compatible with these measurements, an issue we have
addressed with quantitative fluorescence measurements in
yeast cells (53). First, we asked whether all NPCs have outer
rings on both their nuclear and cytoplasmic faces. We tagged
Nup84 (an outer ring component) with one module of a split
GFP to monitor the outer rings: the remaining module on a
reporter was specifically localized to either the nucleoplas-
mic or cytoplasmic side of the NE. In this way, the presence

of an outer ring on either the nuclear or cytoplasmic face of
the NPC could be determined by measuring reconstitution of
the full fluorescent GFP signal with appropriately localized
reporters (Methods, Fig. 4F-G) (53). The distribution of
GFP signal indicates that indeed, all NPCs have outer
rings on their nuclear and cytoplasmic sides, in agreement
with previous structural and stoichiometry data (Fig. 4F-G)
(7, 23, 52, 54).

Yeast nuclei are divided into two morphologically and
functionally distinct regions: the nucleolus, which fills
roughly one-third of the nucleus and forms a dense cres-
cent appressed to the inner nuclear membrane, while the
remaining region is filled with non-nucleolar chromatin.
The NEs over these two regions can be distinguished, as
NPCs localized over the dense crescent are depleted in the
basket protein Mlp1 (55–57). We confirmed that there is a
population of NPCs located over the dense crescent with
low levels of Mlp1 and a population that is excluded from
the dense crescent with higher levels of Mlp1. Moreover,
isolated NPCs with a sub-population containing a double
outer ring were purified by using Mlp1 as an affinity handle.
We therefore hypothesized that Mlp1 abundance may be
correlated with NPCs that carry a double outer ring. To
test this, we measured the abundance of Nup84 as a marker
for Y-complexes in NPCs with “high” Mlp1 signal versus
those with “low” Mlp1 signal. Moreover, by using a reporter
that specifically localized to either the nucleoplasmic or
cytoplasmic side, we could ascertain the side with additional
Nup84. Signal distribution curves show that a subset (∼20%)
of the “high” Mlp1 NPCs have, on average, more outer ring
signal than “low” Mlp1 NPCs, and that this extra outer ring
signal is on the nuclear side. Thus, the data are consistent
with double outer rings being located on the same side as
the nuclear basket. It is important to note that most NPCs
(>70%) do not display the extra Nup84 signal attributed to
Y-complexes in the outer ring. Our estimate of 20% for
isolated particles with a double nuclear outer ring, based
on single particle 3D classification and in cell fluorescence,
likely represents an upper bound and is consistent with the
precision of previous stoichiometry measurements (7, 52),
such that a 1:1 arrangement of nuclear and cytoplasmic outer
rings reflects the predominant form of the NPC.

When taken together, the data are consistent with the
presence of at least three NPC variants in yeast cells. One
form has two single outer rings that frame the inner ring
(Form I), while a second form has a single outer ring on
the cytoplasmic surface paired with a double outer ring on
the nuclear surface (Form II), and both forms have nuclear
baskets. A third NPC variant (Form III) has two single outer
rings, lacks the nuclear basket and is located over the dense
crescent. Notably, we find that different populations of NPCs
co-exist within individual cells, rather than in different cell
types.

A comprehensive structure of the yeast NPC in situ.
Our analysis of the isolated NPC has provided detailed
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Fig. 5. An overview of the core scaffold in the cryo-ET map of the in situ NPC A. (panels 1-3) Cytoplasmic, tilted and side views are shown for the in situ yeast
NPC reconstituted from the 1.5X protomer density map. Segmented features correspond to the inner ring (blue), the outer rings (tan) including the cytoplasmic outer ring
(C-ring) and nucleoplasmic outer ring (N-ring), the Pom152 ring (red-brown), pore membrane (transparent white) and basket anchors (silver). Putative connections from Nsp1
complexes to FG domains in the central channel are indicated with black dots. The radial offset in diameter of the outer rings (∼50 Å per side) is indicated with grey dashed
lines. (panels 4-6) The core scaffold is shown with the lumenal Pom152 ring and is separated into component rings. B. A front view of a nearly complete protomer is shown
with docked models for the spoke, outer rings and Nup82 complex (Nup82c). Panels B, D, and E-G are at the same scale. C. A cross-section of the in situ NPC is shown
with molecular models for 3 protomers, the pore membrane and Pom152 ring. D. A side view is shown of a nearly complete protomer with molecular models. Approximate
positions of membrane binding motifs (MBMs) in the β-propellers are indicated (*). E./F. A molecular model for the tilted, cytoplasmic outer ring (C-ring) is shown along with
the Nup82 complex (Nup82c). Approximate positions of MBMs are indicated (*). In panel F, Nups are labeled along with colored dots for N-terminal FG domains of Nup159
and Nsp1. G. A tilted side view is shown of the nucleoplasmic outer ring with docked models. A gap is present between adjacent Y-complexes and approximate positions of
MBMs are indicated (*).
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information about the fine structure, arrangement and con-
nectivity of Nups. However, the NPC is a dynamic assembly
that has long been understood to undergo conformational
changes with a range of effective diameters (28, 29, 58), and
recent studies have shown that the inner ring can undergo a
significant dilation in cells (19, 23). To provide a comprehen-
sive picture of the NPC, we used cryo-ET of cryo-FIB milled
yeast cells harvested in mid-logarithmic phase (Fig. S9A-H
and subtomogram analysis to generate a 3D density map
of the in situ NPC. First, we aligned full NPCs and then
performed symmetry expansion of individual C8 protomers,
which were refined to a local resolution of ∼30-40 Å for the
core scaffold (Methods; Table S3, Fig. S10A-B). Features
in our map are comparable to those in a recently published
structure (23), (Fig. S10C-D, Methods) and importantly, our
analysis reveals additional features including nuclear basket
anchors, connections to FG domains in the central channel,
and pore membrane contacts.

We leveraged models for the spoke and Nup84 com-
plex from the isolated NPC, along with an integrative model
of the Nup82 complex (9) and data from a recent study (23)
to build a nearly complete model of the in situ NPC. In this
synergistic analysis, the inner and outer rings were modeled
as rigid bodies, starting with conformations observed in
isolated NPCs, followed by manual rebuilding and MDFF
refinement (59). We then segmented relevant rings from
the 3D density map to create a composite map of the in
situ NPC. An overview of the in situ NPC with the pore
membrane is shown in Fig. 5A (panels 1-3) along with an
exploded view of the core scaffold and its constituent rings
(Fig. 5A, panels 4-6).

The canonical yeast NPC has single outer rings on
both faces of the inner ring and our 3D map of the in situ
complex captures this major form. The inner ring has a
radially-expanded configuration (Fig. 5A, panel 1) (19, 23)),
with a concomitant expansion of the pore membrane and
Pom152 ring (Fig. 5A, panel 6). A direct comparison of
isolated and in situ NPC structures provides insights into
membrane contacts of the scaffold (Supplementary Results
and Discussion; Fig. S10A-F) and suggests that the Pom152
ring, which is linked to the spokes at 8 points (Fig. S11G,
Fig. S11H), may act as a belt to restrict the extent of dilation
by the inner ring and pore membrane (shown schematically
in Fig. S8E). Moreover, there is a striking difference in
the geometry and diameter (∼100 Å) of the opposed outer
rings in the in situ NPC (see radial offset, Fig. 5A, panel
3). The cytoplasmic outer ring is tilted relative to the plane
of the NE, due to interactions with the Nup82 complex,
while the outer ring on the nuclear face is much flatter as
it spans the interface between the membrane surface and
inner ring. Three C8 protomers in our model show the
relationship between the inner and outer rings (Fig. 5C),
which is revealed in more detail in two views of a single
protomer (Fig. 5B, Fig. 5D). In the spoke, 3-helix bundles
from opposing Nsp1 complexes extend into the interior

to form two diagonal walls which tie the top and bottom
halves together (Fig. 6A, panels 1, 2). A cavity is located
between the diagonal walls and lies in front of a central
column formed by Nup192 CTDs (Fig. 6A, panels 2-4),
while the membrane interacting layer is resolved at higher
radius (Fig. 6A, panel 5). A local asymmetry in the spoke
may arise in part from differential contacts to the outer rings
(Fig. S6B, right panel). Thus, half spokes are in slightly
different environments with regards to the outer rings and
pore membrane. For example, Nup188 in the cytoplasmic
half of the spoke has undergone a larger upwards movement
toward the cytoplasmic outer ring, relative to its symmetry
mate.

The Nup82 complex interacts with Nup85 in the Y-
complex of the cytoplasmic outer ring and overhangs the
central channel (Fig. 5E, Fig. 5F). We also modeled three
Dyn2 dimers with bound Nup159 peptides containing DID
repeats (10, 60) in a prominent, vertically-extended feature
of the Nup82 complex; however, the precise rotational
alignment of the Dyn2 dimers has not been determined.
This feature may direct the unstructured, N-terminal FG
domains of Nup159 into a region above the central channel
along with Nup42 and Dbp5, an RNA helicase. In addition,
connector density extends from a pair of Nsp1 molecules
into the transport path (Fig. 5F, see FGs; (23)). Conversely,
the single outer ring on the nuclear side in our model has
an unusual conformation: the ring of Nup84 complexes is
incomplete (Fig. 5G) with a significant gap between adjacent
Y-complexes that is bounded by the β-propellers of Nups
133 and 120. These gaps increase the circumference and
diameter of the outer ring on the nuclear side, relative to
the outer ring on the cytoplasmic side (Fig. 5A, panel 3). A
possible explanation for the role of these gaps is provided
by our analysis of putative basket anchors (see next section).
Unexpectedly, both the N-terminal β-propeller and spur
domain of Nup133 appear to interact with the surface of the
pore membrane (Fig. 5G). Finally, we note that a 3D map of
the in situ NPC with a double outer ring has not been deter-
mined, due to the low frequency of this feature in our data set.

A comparison between aligned inner rings of the iso-
lated and in situ NPC underscores this assembly’s inherent
plasticity. The spoke, and by inference the pore membrane
(7, 17), undergo a significant (∼80 Å) radial movement dur-
ing dilation of the inner ring (Fig. 6B). Hence, the diameter
of the central transport conduit is increased by ∼160 Å,
which nearly doubles the volume that is accessible to FG
domains which project from the scaffold into the central
channel. Gaps are formed between adjacent spokes in the
inner ring in situ (Fig. 6B, right panel) and lateral contacts
observed in the isolated NPC are lost, while four Nsp1
complexes in each spoke remain roughly aligned and face
into the central channel. Nup170 β-propellers in adjacent
spokes reorient through changes in their α-helical domains to
maintain contact with the displaced pore membrane and with
each other, while the NTD of Nup192 and a CTD of Nic96
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Fig. 6. Architecture of the in situ spoke, dilation of the inner ring and identification of putative basket anchors A. Cross-sections are shown through the in situ spoke
in 6 panels, as viewed along the central 2-fold axis (2) with docked molecular models for the Nups. The quality of the electron density is sufficient to identify two diagonal
walls with a central hollow, a central column formed by Nup192 CTDs and to delineate most of the Nups. B. Aligned inner rings from the isolated (left) and in situ NPC (right)
are overlaid in the center panel. The radial dilation that occurs between the two conformations is indicated by a vertical arrow. Note that the isolated inner ring has been low
pass filtered to match the resolution of the in situ ring and retains part of the ld-ring at higher radius. The approximate diameter of the central channel is indicated for both
configurations, as measured from a central protrusion of the Nsp1 complexes. In addition, radial expansion of the inner ring creates a small rotational offset between the local
2-fold axes of opposing spokes (right panel). C. The nuclear outer ring with basket anchor complexes (in grey) is viewed from the nucleoplasm. Two anchor motifs (in silver)
are present for each Y-complex (dashed oval). D. Basket anchor complexes are divided into two similar structural motifs (in red and blue) that were mapped with 2-helix coiled
coils (as rods). Each motif contains a 4-piece feature shaped like a "bent T" and an extended 3-piece structure element. Sites used for docking these anchor motifs onto the
Nup84 complex are indicated by colored asterisks and their contact points are labeled. E. A tilted view of a Nup84 Y-complex in the N-ring is shown with associated basket
anchor motifs (in red and blue).
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reorient to make an inter-spoke contact.

The structural plasticity exhibited by the yeast inner
ring may be facilitated by a lack of extensive linkers between
the spokes and outer rings, by limited interactions between
adjacent spokes and by internal gaps within each spoke.
The aligned models of isolated and in situ spokes have
an average rmsd of ∼9.5Å for Nup C backbones (after
excluding Nup170). Hence, radial displacement of the spoke
during dilation is accompanied by small but significant local
changes in Nup positions, coupled with larger rearrange-
ments at the periphery. In retrospect, the conformation of
the inner ring is not determined solely by the presence or
absence of the pore membrane, as NPCs in isolated NEs
have a contracted conformation (17, 20), rather than the
expanded configuration observed in situ (19, 23). We suggest
that a radially-dilated configuration of the inner ring with
an expanded membrane pore may represent a "tense state",
which can relax back to a more compact conformation as
typified by isolated NPCs (7, 17, 20).

Basket anchor pairs on the nuclear outer ring. The
presence of a nuclear basket has been established in multiple
organisms, including yeast, although with little structural
detail (61, 62). The paralogs Mlp1 and Mlp2 are the major
basket components in yeast and are predicted to be coiled
coil proteins (57, 63). The improved resolution of our 3D
map revealed a pair of bifurcated densities that associate
with each Nup84 Y-complex in the outer ring and point
down towards the nuclear interior (Fig. 5A, panel 3, in
silver; Fig. 6C, dashed ellipse). Their extended shape
and position on the nuclear outer ring suggests that these
features may correspond to anchor regions of the flexible
nuclear basket. We traced the paths of these putative basket
anchors and docked 14 segments containing two-helix coiled
coils into the density (Fig. 6D), which may correspond to
anchoring regions in Mlp1 and Mlp2 (63). The resulting
model contains two similar motifs (Fig. 6D, in red and blue),
each with a "bent T" feature that anchors this density to
the Y-complex and an elongated, structural element with
3 segments that extends from a binding site on the outer
ring (Fig. 6D; contact sites are marked with red and blue
asterisks). A close-up view shows how the red anchor motif
is linked to a Y-complex: the base of the bent T interacts with
the Nup85-Nup145C interface and a head-on interaction
occurs between the elongated structural element and Nup84
(Fig. 6D, Fig. 6E, red asterisks). The blue anchor motif
also has two anchor points on the Y-complex but only one
is visible in this view (Fig. 6E, blue asterisk). In this case,
we placed a short coiled-coil from the base of the "bent T"
into an orphan density associated with the Nup145C-Nup84
interface that is located over the V-shaped region, while the
elongated element originates from a gap between adjacent
Y-complexes, which is bounded by β-propellers of Nups 133
and 120. Thus, our model for the basket anchors provides a
rationale for the presence of gaps between adjacent Nup84
Y-complexes that increase the diameter of the nuclear outer
ring.

The topology of the basket anchors suggests that coiled
coils and segments from multiple proteins, including
Mlp1/2, Nup145N and Nup60 (7), could contribute to
these features. At this stage, the docked rods serve only
to highlight density features in our model. However, the
striking observation of two topologically similar motifs
that associate with each Y-complex serves to validate these
features and also suggests that the recurring theme of Nup
duplicates or paralog pairs within the NPC may pertain to
the basket anchors (e.g. Mlp1 and Mlp2) (7, 15, 24, 47).

Nsp1 complex connections to FG domains in the cen-
tral channel. The central transporter and connections from
the inner ring have been visualized previously in isolated
vertebrate and yeast NPCs (7, 64–66). However, the central
transporter has been described as a "ghost in the machine"
due to its variable appearance (Akey, 2010). Importantly, the
NPC scaffold contains anchor points for flexible FG repeat
domains that extend radially into the central channel to form
the transporter (7, 11). In this study, the central transporter
was observed in individual NPCs and 2D class averages
(Fig. S1B-C). In addition, visible connections span a ∼50-80
Å gap between the spokes and central transporter in 2D class
averages (Fig. S1C).

We focused initially on connections in the isolated NPC
that link Nsp1 complexes to their flexible N-terminal FG
domains, which account for ∼38% of FG mass in the central
channel (Table S4; (7)). Focused classification provided an
improved 3D density map in which the connections were
resolved at ∼20Å resolution (Fig. S4K, Fig. S4L). Four
connections are present in two groups per spoke that span
the gap at the waist of the central transporter, with one
group located at the central 2-fold axis of the spoke and
a second group at the boundary between spokes (Fig. 1A,
Fig. 1C, Fig. 7A, Fig. 7C). Visualizing individual links will
require higher resolution data; however, three rods per Nsp1
complex were readily docked into the density map – as
linear markers – to track these features (Fig. 7A, Fig. 7C,
red and blue rods). This connection pattern can be explained
by trimeric coiled coils from Nsp1 complexes that form a
cylindrical array in the inner ring. In brief, their N-termini
are positioned accurately in our 3D map at 7.6 Å resolution
and the pattern of connections arises from the lateral off-set
between each Nsp1 complex in the half spoke, convolved
with the local 2-fold symmetry (7). This places N-termini of
the Nsp1 complexes at the connection densities where their
flexible FG repeats may extend into the transport path.

Our 3D map of an in situ NPC also displays prominent
connections from each spoke that extend into the central
channel but with a different configuration (Fig. 7B, Fig. 7D,
see asterisks). This pattern of connections (again modeled
with linear markers) can be explained as follows: in the
transition from a contracted to a dilated configuration, each
spoke moves radially outwards and a gap opens between
adjacent spokes and Nsp1 complexes within the cylindrical
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Fig. 7. Nsp1 complex connections to FG repeats in the central channel A. A top view is shown for a consensus 3D density map of the isolated NPC scaffold (in white) with
the outer C-ring density removed. The central transporter (in silver) is present with a threshold appropriate to the intermediate resolution of the map, while the connections
are displayed at a lower threshold. Extended trimers of the Nsp1 complex form a ring (in green) with their N-termini colored in dark blue; connecting bridges are modeled
with 3 red and 3 blue rods that were used to map linkers from Nsp1-complexes located above and below the central plane. Local resolution maps for the transporter and
connections are shown in Fig. ??4 (page 2). B. A cytoplasmic view of the in situ NPC scaffold without the outer C-ring reveals connecting bridges from Nsp1 complexes
that extend into the central channel. C. Well resolved connections between the inner ring of the isolated core scaffold and waist of the central transporter are aligned with
N-termini (dark blue) of Nsp1 heterotrimers (in green) at local 2-fold axes (2). D. Connections in the inner ring of the in situ NPC originate from three points on each spoke
(*) that align with the N-termini of Nsp1 complexes (dark blue). Radial expansion creates a gap between adjacent spokes and separates the extended, coiled coil trimers of
adjacent Nsp1 complexes; this leads to a local rearrangement of the connections and a new lateral contact between adjacent spokes at the gap.

array (compare Fig. 7C, Fig. 7D). This causes paired connec-
tions at the interface between adjacent spokes in the radially
contracted inner ring to split laterally and creates a visible
bridge for each Nsp1 complex at the lateral edges of each
spoke, with their N-termini facing the gap. At the same time,
connections in the center group remain intact as they leave
the spoke and then split as they enter the central channel.
Thus, dilation of the inner ring creates a pattern of visible
connections for each spoke that once again can be accounted
for by the distribution of Nsp1 complexes. Moreover, the
reorganization of FG connections during radial dilation
provides a new lateral contact between adjacent spokes that

may compensate for interactions that are lost within the gap
(dashed line, Fig. 7D).

For the isolated NPC, we were able to calculate a global
average of the central transporter after focused 3D classi-
fication to eliminate noisy particles. This region is viewed
at a higher threshold to provide a realistic view, due to
its low resolution, flexibility and the entrapment of cargo
complexes (7) (Fig. 1A-C). The central transporter has two
cylindrical, high density regions with a less dense, central
waist (∼310 Å diameter by ∼460-500 Å height) and con-
necting densities from the spokes encircle the waist (Fig. 7A,
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Fig. 7C). Based on local resolution (Fig. S4I, Fig. S4J),
transporter density is less ordered near the central 8-fold axis
and at regions facing into the cytoplasm and nucleoplasm.
This is consistent with the expected behavior of flexible
FG domains as they extend from their connection points
into the upper and lower halves of the central transporter
(7, 67). In addition, domains from other FG Nups probably
contribute to cylindrical regions of the transporter (Table S4).

Collectively, our data suggests that the hour-glass shaped
transporter is created by densely-packed FG domains within
the central transport conduit, along with transport factors
and cargo complexes that may be trapped on- or near-axis
within the FG domains (7). We note that heterogeneous
density is present for the central transporter in our 3D map
of the in situ NPC after per particle refinement; however, a
much larger data set will be required to resolve this feature.
Even so, the transition from a radially contracted inner ring
to a dilated configuration increases the volume of the central
channel by ∼2-fold. We suggest that this dramatic expansion
of the inner ring may alter the distribution of FG domains
within the in situ NPC to facilitate transport (Fig. 8D).

Membrane interactions of the inner ring. Interactions
with the NE are critical for assembly and for maintaining the
correct positioning of the NPC within the pore membrane
aperture. In the isolated NPC, a large remnant of detergent-
resistant lipids and detergent form a ring that encircles the
inner ring at a radius of ∼430 Å (ld-ring, Fig. 1A-B). This
ld-ring is centered at the midline and interactions with the
transmembrane nucleoporins Pom152, Pom34 and Ndc1
can be identified, as density is partly resolved for their
transmembrane domains (TMDs) (Fig. 1D, dashed ovals in
S11A, top view, S11B). Fig. 2g

The data show a clustering of amphipathic MBMs in
β-propellers from Nup157 and Nup170 (68–71) located on
the outer surface of the inner ring where they contact the
pore membrane. These sites alternate around the periphery
at 16 equispaced positions that correspond to local 2-fold
axes (Fig. 1D and S11), and their interactions are consistent
with the protocoatomer hypothesis (7, 24). Our 3D density
map for the isolated NPC, along with peptide crosslink data
from mass spectrometry (7), indicates that β-propellers in
Nup157 interact with Pom152 near the central 2-fold axis of
the spoke (black asterisks, Fig. S11). Based on the size of the
TMDs in the 3D map, Nup170 β-propellers and Nup53-59
heterodimers from adjacent spokes appear to interact with
Ndc1 dimers in the isolated NPC (blue asterisk, Fig. S11)
as suggested by previous studies (72, 73). The membrane
interacting layer of the spoke is formed by two pairs of
Nups 157 and 170, four Nic96 CTDs and two Nup53-59
heterodimers. In the isolated NPC, these layers are arranged
in a nearly continuous band on the membrane-facing surface
of the inner ring with MBMs from Nups 157 and 170 near
the midline (Fig. S11, red dots). Similar membrane contacts
are present in the in situ NPC, although with a noticeably
larger spacing between adjacent membrane interacting layers

(Fig. S11, Fig. S11E, red dots in Fig. S11F). We surmise that
MBMs in Nup157 and 170 may interact with the membrane,
they may bind to membrane protein anchors or they could
have both functions.

Paralog pairs of Nup53-59 are located between adja-
cent Nic96 CTDs in each half spoke and have amphipathic
helices at their C-termini that help tether the inner ring to
the pore membrane (cf. Fig. S22 in (20); (7, 74)). Thus,
Nup53 in each Nup53-59 heterodimer is positioned in close
proximity to the ld-ring in isolated NPCs (Fig. S11C, green
dots ) and direct membrane contacts are visualized in the
in situ pore complex (Fig. S11E, S11F, green asterisks and
dots). However, a local asymmetry is present in the spoke
at higher radius that may alter membrane interactions, as
contacts for Nup170, Nups 53-59 and Nup157 are more
extensive on the left side of the spoke, when viewed from the
cytoplasm (see asterisks, Fig. S11E). Thus, our data suggest
that spoke contacts with Pom152 and Ndc1 may follow
the local 2-fold symmetry of the radially-contracted inner
ring, while these interactions may be altered during radial
expansion.

In the isolated NPC, two Pom152 molecules are an-
chored to the outer rim of each spoke and their CTDs form a
lumenal ring at the midline of the scaffold (7) (Fig. 1A). Each
Pom152 has 10 immunoglobulin-like repeats (75, 76) in a
CTD that overlaps with a neighbor in an anti-parallel manner
to form a lumenal arch. In total, 8 arches create a sinusoidal
ring (Fig. S11G, bottom half, in silver). The Pom152 CTD is
connected to a transmembrane domain that crosses the pore
membrane and an N-terminal cytoplasmic domain, which
interacts with the spoke (7); Fig. 8D; thus, the Pom152 ring
and inner ring are linked together. Crosslinking data suggests
that Pom34 may associate with the transmembrane domain
of Pom152 at the central 2-fold axis of the spoke (7).

The Pom152 ring in the isolated NPC has an outer
contour length of ∼400 Å for each repeat, while dilation
of the inner ring expands the ring into an octagonal profile
with a repeat distance of ∼440 Å (Fig. S11G, bottom
half). In addition, the expanded Pom152 ring is in close
contract with the lumenal surface of the pore membrane
(Fig. 5C-D). Integrative methods were used to create models
for the lumenal rings based on crosslinking data, models of
the Ig-like domains in Pom152 (76) and low resolution 3D
density maps (Fig. S11G, top half). In each model, a ribbon
is formed by two anti-parallel strands of Ig-like domains that
are aligned roughly in a side-by-side manner (Fig. S11H).
However, the plane of the two-stranded ribbon in the isolated
NPC is tilted when viewed from above, whereas the ribbon
is viewed nearly edge-on in the expanded conformation.
In the in situ Pom152 ring, the two strands appear to slide
relative to each other to compensate for the ∼40 Å increase
in the contour repeat. The position, robust construction, and
anchoring of the Pom152 ring to the spokes suggests that this
belt-like feature may help limit the extent of radial expansion

Akey*, Singh*, Ouch*, Echeverria* et al. | Comprehensive Structure and Functional Adaptations of the Yeast Nuclear Pore Complex bioRχiv | 15

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 3, 2021. ; https://doi.org/10.1101/2021.10.29.466335doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.29.466335
http://creativecommons.org/licenses/by-nc-nd/4.0/


by the inner ring and pore membrane in the NPC.

Discussion
In this work, a multi-pronged approach has been used to pro-
vide the most comprehensive picture of an NPC in any organ-
ism to date. This in turn, has produced novel insights into the
architectural principles, evolutionary origins and structure-
function relationships of the NPC.

A layered organization and flexible connectors sug-
gest a mechanism for reversible NPC assembly. We
resolved the inner ring of the NPC at α-helical resolution and
have identified 28 novel connectors from Nic96 NTDs that
tie together the inner and outer domains of the yeast spoke.
Our improved models support the idea that the NPC contains
a layered organization of Nup folds that reflect its evolution.
The outermost layer contains Nups that interact with the
pore membrane, including Y-shaped Nup84 complexes in
the outer rings and Nups in the membrane interacting layer
of the inner ring. Many of these Nups share similar folds
with the COPI and COPII families of clathrin-like vesicle
coating proteins that probably merged to form a proto-NPC
at an early point in its evolution (Field and Rout, 2019). The
β-propellers in these Nups contain MBMs that help anchor
the NPC to the pore membrane. Moving radially inwards,
the next layer is comprised of two adaptin-like proteins,
underscoring the common evolutionary origin of vesicle
coating proteins and the NPC. These proteins share structural
homology with nuclear transport factors. The innermost
layer contains coiled-coil, heterotrimeric Nsp1 complexes
that form two diagonal walls and provide anchor points to
position N-terminal FG domains within the central transport
path (Fig. 8A).

A key question in cell biology is "how can huge NPCs
assemble and disassemble so quickly"?. We find that flexible
connectors from Nic96 “tie together” multiple layers in the
inner ring of the NPC (see wiring diagram, Fig. 8A), which
suggests that they may play a crucial role in eukaryotes dur-
ing assembly of new NPCs and during mitosis. Connectors
in the NTD of Nic96 (and its homolog Nup93) are known
targets for reversible phosphorylation in eukaryotes that have
a rapid mitotic dis-assembly and re-assembly of the NPC,
along with SLiMs of Nup53/Nup59, Nup100, Nup116, and
Nup145N. (45, 46, 77). In brief, the disassembly process may
be correlated with a phosphorylation-dependent “untying”
of these connectors due to their extensive biochemical mod-
ification (see red stars for human sites mapped onto Nic96
NTDs, Fig. 8A). In addition, the extent of phosphorylation
may determine the degree of dis-association of interacting
Nups within the spoke. For example, human Nup93 can be
isolated in two sub-complexes with known partners from
the inner ring in mitotically-arrested cells. Thus, Nup93
interacts with the p62 complex along with Nup188/Nup205
and forms a second sub-complex with Nup188/Nup155 (78).
In yeast, this would be equivalent to Nic96 interacting with
the Nsp1 complex and Nup188/Nup192, while forming a

second complex with Nup188 and Nup157/Nup170, which
are homologs of Nup155. In actuality, the pattern of free
Nups and thier complexes could vary between different cell
types, tissues or organisms during mitotic disasembly.

NPC reassembly would involve a “re-tying” together of
Nups within the spoke at the end of telophase, which may
occur upon dephosphorylation (see (79)). In the simplest
model, Nic96 CTDs may associate with Nup157 and
Nup170 to create the membrane interacting layer at the
pore membrane (79). This would provide anchor points for
flexible Nic96 NTDs that connect the membrane interacting
layer with the central adaptin-like layer and the inner layer,
thereby guiding assembly and helping to stabilize the spoke.
This process could use individual Nups, sub-complexes
or a mixture of the components and a similar, stepwise
assembly may occur for new NPCs. The presence of these
flexible connectors may also allow the NPC to accommodate
large changes in diameter and adapt to local stresses during
transport and other processes.

A link between nucleoporin assembly and NLS medi-
ated transport. Our analysis of the inner ring at α-helical
resolution suggests that spoke assembly may be dependent
on interaction motifs that are similar to those found between -
and β-transport factors (shown schematically in Fig. 8B). Nu-
cleoporins and nuclear transport factors share common struc-
tural features and we now show that they share interaction
mechanisms. Thus, Nup structural motifs mimic interactions
of -adaptors with β-transport factors at several levels. First
the α-helical solenoid of the Nic96 CTD is structurally sim-
ilar to karyopherin (34). Second, Nup192 and Nup188 may
share a common ancestor with β-karyopherins based on their
structural homology (34, 80, 81). Third, interactions of the
N-terminal domain of Nic96 with Nup192 and to a lesser de-
gree with Nup188, strongly resemble the binding of the IBB
domain of karyopherin with karyopherin β1 (Fig. 8B; (50),
and are similar to other NLS – karyopherin β interactions
(49). These observations have significant implications for the
origin of nuclear transport; not only do transport factors and
nucleoporins share structural similarities, but our higher res-
olution model now reveals that NPC assembly and transport
factor interactions with cargo use similar mechanisms. This
provides structural evidence for a common evolutionary ori-
gin of the NPC and its soluble transport machinery.

NPCs are modular structures with multiple forms in
yeast nuclei. The high degree of structural conservation in
the spoke is in contrast to an expanding list of NPCs from
different species with variable configurations for the outer
rings. These differences are achieved by altering the copy
number of Y-complexes, by the addition of side specific
Nups and by repurposing Nups for alternate structural roles
as linkers or structural elements in the outer rings (18).
When taken together, these factors account for most of the
differences in the size and mass of human and yeast NPCs
(7, 17). A single outer ring in the yeast NPC consists of
eight copies of the Y-shaped, seven-protein Nup84 complex
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Fig. 8. Summary of major functional results on the yeast NPC A. A wiring diagram of extended, flexible connectors from Nic96 that tie together the three major structural
and functional layers of the yeast spoke. These connectors extend from Nic96 CTDs in the membrane interacting layer to the diagonal walls of the inner layer. and may play
important roles in assembly. Red stars indicate approximate positions of phosphorylation sites in the human Nup93, a Nic96 homolog, that are involved in the regulation of
mitotic disassembly and reassembly. Color coding: blue-purple for membrane interacting layer with Nic96 CTD, red - adaptin-like layer and green for the inner layer. The
extended trimers of the Nsp1 complex have been truncated in laterally to allow visualization of the two diagonal walls that are deeper within the spoke.. B. Cartoon comparing
similar interaction motifs for Importin-β/karyopherin β1 and the IBB helix from importin-/karyopherin , with Nic96 N-terminal helices bound to Nup192 and Nup188. The
similarities suggest a common evolutionary lineage for Nups in the NPC scaffold and transport factors. C. Structural and functional variants of NPCs are present in the same
yeast cell including: Form I with singe outer rings and a basket, Form II with a single cytoplasmic outer ring and a double nuclear outer ring plus basket, and Form III with
two single outer rings and no basket (the latter is localized over the nucleolus). D. A diagram of two conformations of the yeast NPC highlights major changes that occur
upon dilation of the inner ring, including radial expansion of the spokes with formation of gaps between adjacent spokes; this is accompanied by a displacement of the pore
membrane and distention of the Pom152 ring. Radial expansion of the in situ NPC nearly doubles the accessible volume in the central channel for FG domains that extend
from the spokes via a zone of connections. The Pom152 ring may act like a belt to help restrict the extent of radial expansion.
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arranged in a circular "head-to-tail" arrangement. We
showed previously that two such rings are generally found in
the yeast NPC, with one on the nuclear side and one on the
cytoplasmic side (15, 23, 30, 32, 51).

In this study, we addressed a crucial question that has
been asked in cell biology for decades, namely: are all
NPCs in the same cell and nucleus fundamentally the
same? Remarkably, the answer we find here is a clear:
“No”. Thus, we show that nuclear double outer rings are
present in a subset of yeast NPCs, while the majority of
particles have single rings. This large scale pleomorphism
contributes to three structural variants that coexist in the
same nucleus and localize to distinct regions of the NE
(summarized in Fig. 8C); These variants may foreshadow
functional adaptations of the NPC in local regions of the
nuclear periphery. This finding requires the NPC to be
viewed as a modular assembly with a “Lego”-like ability
to have major scaffold elements added, reorganized and/or
removed. Differences in the number of outer rings could
affect the overall rigidity of the NPC scaffold; this property
may be adapted to the requirements of a particular cell
type and organism or even a distinct region at the nuclear
periphery. It also seems reasonable to suggest that these
structural variants may represent functionally distinct NPCs
that might be specialized in transporting specific cargos
or in performing regulatory roles, such as transcriptional
control or directing chromatin organization (2, 82). The
additional nuclear outer ring may, for example, provide extra
anchor sites for regulatory factors. We speculate that the
outer rings have evolved for adaptability both within and
between species (37). This variation may be germane to
the large number of nuclear transport-related diseases and
developmental disorders (5, 83, 84).

Dynamic alterations of the NPC play a central role in
transport. The NPC is a dynamic assembly with a range
of effective diameters (28, 29, 58) and recent studies have
revealed that the inner ring can dilate in cells to create
a larger central channel (19, 23). Our analysis provides
additional structural evidence for changes that occur in the
inner ring, as NPCs transition from a constricted to a radially
dilated conformation of the spokes. This radial movement
of the spokes is coupled with a similar displacement of the
pore membrane and alterations in the lumenal ring formed
by Pom152 (see Fig. 8D); these changes may reflect a
transition from a relaxed to a tense configuration of the
inner ring. We also provide new insights into the roles of
membrane protein interactions that anchor the inner ring
within the membrane pore to stably position this transport
machine. Spoke interactions with the pore membrane are
mediated by Pom152, Pom34 and Ndc1; these interactions
are 2-fold symmetric in the isolated NPC but may be altered
locally during radial dilation of the inner ring. The lumenal
Pom152 ring is also connected to the spokes and thus, may
function like a belt to limit the extent of radial dilation of
the inner ring, which in turn may modulate transport activity
(Discussion).

Our comprehensive model of the in situ NPC reinforces
the idea that local duplication and structural plasticity play
critical roles in the assembly and function of this transport
machine. The local 2-fold symmetry of the inner ring is
broken by the outer rings and their associated components
including the cytoplasmic Nup82 complex and the nuclear
basket. The latter extends into the nucleoplasm and plays
an important role in targeting and pre-processing of nuclear
export complexes, including mRNPs, and may serve other
unknown functions. For the first time, we mapped pairs of
basket anchors which extend from the nuclear outer ring and
show that these motifs appear to follow the structural theme
of local duplication established for the NPC scaffold. Hence,
the duplication of Nups or the presence of paralog pairs
within a rotational unit of the NPC may extend to basket
anchor complexes and thus, into the basket itself (Fig. 8E).

Finally, the two configurations of the inner ring display
distinctive patterns for connections from Nsp1 complexes
to FG domains in the central channel. This transition
is associated with an approximate 2-fold increase in the
volume of the central channel (see Fig. 8D), which may help
explain changes in nuclear transport induced by mechanical
forces (85–87). In both configurations, the central channel
may be partitioned into distinct regions including a zone
of connections and a zone of FG repeats. We suggest that
the packing density of FG domains in the central channel
must be altered during inner ring dilation, which will have
important consequences for transport. Indeed, fundamental
principles that govern dynamic FG domain organization
remain to be uncovered in this "undiscovered" country.
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Methods
Yeast strains and materials. Unless otherwise stated, all
S. cerevisiae strains used in this study were grown at 30°C
in YPD media (1% yeast extract, 2% bactopeptone, and 2%
glucose).

Immuno-purification of the endogenous S. cerevisiae
NPC. Intact S. cerevisiae NPCs were isolated following the
method described (7). To minimize local domain movements,
purified NPCs were mildly cross-linked by the addition of
DSS (DiSuccinimidylSuberate, Creative Molecules) to yield
a final concentration of 0.5 mM and incubated for 30 min
at 25°C with gentle agitation in a shaker (900 rpm). The
reaction was then quenched by addition of ammonium bi-
carbonate to a final concentration of 50 mM. After Cysteine
reduction, cross-linked samples were separated by NuPage
SDS-PAGE (4-12%, Invitrogen) for quality control and con-
centration estimation. Gels were briefly stained by GelCode
Blue Stain Reagent (Thermo Fisher Scientific) to enable the
visualization of the protein complex. Aliquots of crosslinked
NPCs (∼0.3 mg/ml) were flash frozen and stored at -80º C
in small aliquots in buffer: 20 mM HEPES (pH7.5), 50 mM
Potassium acetate, 20 mM NaCl, 2 mM MgCl2, 1 mM DTT,
0.1% Tween 20) supplemented with 10% glycerol. Samples
were thawed only once prior to making grids for data collec-
tion.

Chemical cross-linking and MS (CX-MS) analysis
of affinity-purified yeast NPCs.. NPCs were immuno-
purified from Mlp1 tagged S. cerevisiae strains (7). After
native elution, 1.0 mM disuccinimidyl suberate (DSS) was
added and the sample was incubated at 25ºC for 40 min with
shaking (1,200 rpm). The reaction was quenched by adding
a final concentration of 50 mM freshly prepared ammonium
bicarbonate and incubating for 20 min with shaking (1,200
rpm) at 25ºC. The sample (50 µg) was then concentrated
and denatured at 98ºC for 5 min in a solubilization buffer
(10% solution of 1-dodecyl-3-methylimidazolium chloride
(C12-mim-Cl) in 50 mM ammonium bicarbonate, pH
8.0, 100 mM DTT). After denaturation, the sample was
centrifuged at 21,130 g for 10 min and the supernatant
was transferred to a 100 kDa MWCO ultrafiltration unit
(MRCF0R100, Microcon). The sample was quickly spun at
1,000 g for 2 min and washed twice with 50 mM ammonium
bicarbonate. After alkylation (50 mM iodoacetamide), the
cross-linked NPC in-filter was digested by trypsin and lysC
O/N at 37ºC. After proteolysis, the sample was recovered
by centrifugation and peptides were fractionated into 10-12
fractions by using a stage tip self-packed with basic C18
resins (Dr. Masch GmbH). Fractionated samples were
pooled prior to LC/MS analysis.

Desalted cross-link peptides were dissolved in the sam-
ple loading buffer (5% Methanol, 0.2% FA), separated with
an automated nanoLC device (nLC1200, Thermo Fisher),
and analyzed by an Orbitrap Q Exactive HFX (Pharma
mode) mass spectrometer (Thermo Fisher) as previously
described (88, 89). Briefly, peptides were loaded onto an
analytical column (C18, 1.6 µm particle size, 100 Å pore
size, 75µm×25cm; IonOpticks) and eluted using a 120-min
liquid chromatography gradient. The flow rate was approx-
imately 300 nl/min. The spray voltage was 1.7 kV. The QE
HF-X instrument was operated in the data-dependent mode,
where the top 10 most abundant ions (mass range 380 –
2,000, charge state4 - 8) were fragmented by high-energy
collisional dissociation (HCD). The target resolution was
120,000 for MS and 15,000 for tandem MS (MS/MS)
analyses. The quadrupole isolation window was 1.8Th; the
maximum injection time for MS/MS was set at 200ms.

The raw data were searched with pLink2 (90). An ini-
tial MS1 search window of 5 Da was allowed to cover all
isotopic peaks of the cross-linked peptides. The data were
automatically filtered using a mass accuracy of MS1 10
ppm (parts per million) and MS2 20 ppm of the theoretical
monoisotopic (A0) and other isotopic masses (A+1, A+2,
A+3, and A+4) as specified in the software. Other search
parameters included cysteine carbamidomethyl as a fixed
modification and methionine oxidation as a variable modi-
fication. A maximum of two trypsin missed-cleavage sites
was allowed. The initial search results were obtained using
a default 5% false discovery rate (FDR) expected by the
target-decoy search strategy. Spectra were manually verified
to improve data quality (7, 71). Cross-linking data were
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analyzed and plotted with CX-Circos (http://cx-circos.net).

Mapping Nic96-Nup188/192 interactions by in vitro re-
constitution. Full length (FL) Nic96 along with C and N-
terminal truncations were constructed and purified as previ-
ously described (7, 30). Affinity purified and natively eluted
full length Nup188 and Nup192 (30) were incubated with
the indicated affinity matrix-bound Nic96 complexes in bind-
ing buffer (20 mM Hepes-KOH pH 7.4, 50 mM potassium
acetate, 20 mM sodium chloride, 2 mM magnesium chlo-
ride, 0.1% Tween-20, 1 mM DTT, 1/250 PIC) for 1 hour at
4ºC. After appropriate washes, the bound complexes were re-
solved by SDS-PAGE and stained with Coomassie R-250.

Quantitative fluorescence imaging. Standard PCR tech-
niques were used to generate strains expressing C-terminally
tagged Nup fusion proteins. The outer ring component
Nup84 was tagged with the GFP1-10 fragment of split-GFP,
and plasmids expressing GFP11 reporters localized to
the nucleoplasm (GFP11-mCherry-Pus1) or outer nuclear
membrane/ER (GFP11-mCherry-Scs2-TM) were used to
reconstitute GFP fluorescence and visualize rings on the
nucleoplasmic and cytoplasmic faces of the NPC indepen-
dently. Nic96-mTurquoise2 was used to detect and segment
NPCs during analysis (see below).

Cells were grown in synthetic complete media lacking
leucine (SC-leu; 6.7 g Yeast Nitrogen Base without amino
acids, 2.0 g SC-Leu supplement mixture (Sunrise Scientific),
2% Glucose, pH 5.8) overnight at 30°C, back diluted and
grown to an OD600 of 0.6-0.8 prior to harvesting. Cells
were then pelleted for 3 min at 3000 x g and resuspended in
1 mL of 4% paraformaldehyde, 100 mM sucrose and fixed
for 15 min at room temperature. Following three washes
with 1 mL 1xPBS, the cell pellet was resuspended in 20 µL
Prolong Diamond mounting media (Invitrogen) and slides
were prepared by applying 3 µL of cells between slides and
number 1.5 glass cover slips. Slides were cured overnight at
room temperature and stored at 4 degrees until imaging.

Image stacks covering the entire nuclear volume were
acquired with sub-Nyquist sampling and 0.126-0.220 nm
step sizes on a Leica SP8 confocal microscope equipped
with a HC PL APO CS2 100x, 1.40 NA objective. 458 nm,
496 nm and 561 nm lasers were used to excite mTurqu-
osie2, rGFP and mCherry respectively, and emission for
the corresponding channels were in the ranges of 463-495
nm, 505-550 nm and 566-660 nm. Pinhole size was set to
0.6 Airy unit to increase resolution, and raw images were
automatically processed with default HyVolution settings.
Individual nuclei were manually cropped from deconvoluted
image stacks and analyzed with custom plugins written in
ImageJ (NIH). Downstream analysis and data visualization
was performed using R (v. 3.6.1) and RStudio (v. 1.1.442).
All original data and custom code used for analysis can
be accessed from the Stowers Original Data Repository at
http://www.stowers.org/research/publications/libpb-1583.

NPCs were detected in three dimensions using a “track
max not mask” approach. Briefly, the brightest voxel in
the image was found and a spheroid with a diameter of
12 pixels in x and y and 3 slices in z was masked around
that voxel. This process was repeated until no voxels were
left unmasked above 20% of the maximum intensity in
the image. Next the average intensities of these presump-
tive NPCs were measured with a spheroid of diameter 8
pixels in x and y and 2.5 slices in z. Average intensity
measurements for each image and channel were normalized
to the average NPC intensity for the entire image. After
normalization, foci with an intensity less than 0.35 in the
Nic96-mTurqouise2 channel were removed to avoid poorly
detected NPCs and background regions. For analysis of
Nup84 levels with respect to Mlp1 intensity, NPCs were
classified as either “high” or “low” based on whether the
normalized Mlp1-mCherry intensity was above or below
the mean Mlp1 intensity (1.0). The ratio of Nup84-rGFP to
Nic96-mTurqouise2 was used for measurement purposes as
it corrects for potential detection efficiency issues that are
shared across fluorescence channels.

Cryo-EM single particle data collection and movie
processing. Sample grids were optimized to obtain a range
of NPC views with a high loading; thus, particles were
adsorbed on a carbon film overlayed onto Quantafoil 400
mesh carbon holey grids (2/2, hole diameter 2.4 uM). Grids
were glow discharged followed by an extended floatation
with carbon side down on 5 µL drops in a humid chamber.
This was followed by 3 stepwise transfers onto 20 µL drops
of blotting buffer (NPC buffer without glycerol) supple-
mented with 0.1% DeoxyBigChaps (wt/wt), while keeping
the backside of the grids dry. Each grid was mounted in a
Mark III Vitrobot at 10º C and 100% relative humidity, blot
buffer was removed with a manual blot from the bottom edge
of the grid through a side port in the humid chamber; an
appropriate volume of blot buffer was pipetted immediately
onto the grid, which was double blotted and plunge frozen in
liquid ethane cooled by liquid N2.

Super-resolution movies were collected as LZW com-
pressed tiffs (2 movies per hole, 4015 in total) using
SerialEM (Mastronarde, 2005) on a Titan-Krios at 300 kV
with a K2 Summit direct electron detector (Cryo-EM Core,
University of Massachusetts Medical School). A physical
pixel size of 2.66 Å (corrected magnification 37,651) was
used to target the 6-9 Å resolution range with these particles
(∼1100 Å diameter by 600 Å height). To check particle
distribution and contamination, a script written by Dr. Chen
Xu was used to automatically collect test images that covered
∼9 holes at 200 um defocus from each candidate grid mesh
with the attached CCD. Medium magnification montages
were then collected for good meshes at a much lower dose to
minimize total exposure. Navigator parameters were set to
have 6-7 groups of holes per mesh, with one focus spot per
group using an in-house script. For the movies, 40 frames
were collected with 0.5 second exposure/frame, a total dose
of 40 e/Å2 and a calculated defocus range of -1.5 to -3.8 um
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with a K2 Summit direct electron detector in super-resolution
counting mode (Gatan Inc.) with a Bioquantum GIF and
20 eV slit width. Image quality was monitored "on the fly"
using a script (Dr. Xu), which does local motion correction
with IMOD (91) on the imaging computer and creates
power-pair jpegs with a motion-corrected micrograph image
paired with the fitted power spectrum from CTFFIND4.

After data collection, movies were decompressed, gain
corrected and aligned with Motioncor2 (v1.2.3) (92) to
produce dose corrected micrographs, which were used to
estimate per micrograph contrast transfer function (CTF)
parameters with GCTF (93). Manual triage was done with
Motioncor2/GCTF power-pairs using the "eye of Gnome"
viewer (eog) and awk scripts to eliminate poor micrographs
(3218 remained; ∼80%). After parameter optimization,
NPCs were picked with Gautomatch (http://www.mrc-
lmb.cam.ac.uk/kzhang/) using an image stack of equi-spaced
projection views that were calculated from our tomographic
model with C8 symmetry ((7); EMD-7321) using EMAN2
(e2project3d.py (94). For initial screening, particles were
extracted in 310 x 310 boxes with a pixel size of 5.32 Å to
remove outliers with 2D and 3D Maximum likelihood-based
classification in RELION 2.0 (Scheres), which resulted in
26049 selected NPCs.

Single particle processing. Spokes and co-axial rings- To
evaluate the overall quality and angular coverage, the data
set was processed initially with particles extracted at 5.32
Å/pixel. Refinements with C8 symmetry and a low pass
filtered starting model from tomography (7), gave a structure
with RELION that was virtually identical to the published
map but with many more features (global resolution 24 Å).
Subsequent refinements with imposed C8 symmetry used
particle images after subtraction of the central transporter
density and local soft masks that focused respectively on
the inner ring and each of the two distal rings (ring of
cobra hood features and the hook ring). This resulted in a
composite 3D map with a local resolution range of 14.4 to 30
Å in which features of the double outer ring began to emerge.

For multi-body refinements with density subtraction,
we started with particles at 5.32 Å/pixel and after test
refinements in RELION 3.0 (95), re-centered NPCs were
extracted at 2.66 Å/pixel in 620 x 620 boxes. In brief,
we divided the processing into two sequential multi-body
cycles to avoid memory limitations due to the requirement
for multiple masks, coupled with the large box size of
the particles (Fig. S3). The first cycle identified the best
protomers and was centered on ∼1.5x subunits within
the full particle in the original box, wherein a subunit is
comprised of a spoke and distal ring "features" located on
either surface. Following subunit extraction and re-centering
within a smaller box, a second multi-body refinement step
focused on three regions within the protomer. Refinements
in which masks were centered on the spoke 2-fold axis
were of noticeably higher quality than those centered on
the 2-fold axis that passes between spokes. To start, we

expanded particle line entries in the consensus C8 alignment
star file for the full NPC, by duplicating every particle line
entry 8x with a cyclic permutation of the first Euler angle
in 45º increments (relion_particle_symmetry_expand). This
8-fold expanded particle star file and the original image
stack were used to generate an expanded image stack
with relion_image_handler to give ∼208K images. A C1
refinement was then done with the expanded particle stack
to bring each protomer into a common alignment and 2D
classification was used to eliminate bad subunits (tau=2).

For the first multi-body refinement step, we created a
soft mask that covered the remaining protomers (∼6.5x) in
the ring-like particle, along with the central transporter using
a C8 symmetrized 3D map and then subtracted the density
within this mask from the particle stack in each refinement
iteration by using a zero alignment flag in the multi-body
star file. After refinement, density subtracted image stack
files for the entire ∼1.5x protomer were written out and
used for focused 3D classification with local refinements
to eliminate any remaining damaged subunits. A local C1
consensus refinement was then done for the re-centered
and density subtracted protomers, which were subjected
to a second round of multi-body refinement with three
overlapping masks that covered the spoke and each outer
ring. We then focused on the spoke and appropriate images
were re-extracted and a local 3D classification with a soft
mask was run (+/- 9 degrees) to further clean the data
set. Refinements with C1 symmetry and a mask produced
a map for the spoke at ∼8 Å resolution (local range 7.9-11Å).

NPCs were imaged on a thin carbon support film that
dominates the CTF estimation and this value reflects a
particles position along the optical axis relative to true focus.
Hence, the median value of the CTF for the particle center
is dependent on its orientation on the carbon film. For the
NPC, this offset will become more significant at higher
resolution. We created a script based on the geometry of the
particles and the Euler angles (96) to calculate the z-offset
(median defocus change) to each NPC center. An ambiguity
in sign and thus, the direction of z-change was resolved by
carrying out two separate 3D refinements with all per particle
CTF values calculated with the same directional offset: the
resolution of the final map was used as an indicator of the
correct orientation. This resulted in a refined spoke 3D map
with an improved local resolution range (corrected 6.6-11
Å), but the median FSC0.143 improved by only 0.1 Å with a
larger mask. Per particle CTF corrections improved the best
ordered, central 60-70% of the map, while more peripheral,
flexible regions were slightly worse, accounting for the small
global change in FSC0.143. This spoke map was 2-fold
symmetrized and normalized in EMAN2 (e2proc3d.py
–process=normalize.local), which allows densities across the
map to be represented more equally at a single threshold.

A similar two-step multi-body approach with particles
at 3.99 Å/pixel was used to process the outer ring with
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a cobra hood shape and revealed a double outer ring of
Nup84 Y-complexes. We found that overlapping V-shaped
regions from Nup120, Nup85 and Seh1 in two offset Nup84
complexes were combined to create the hood shape in
the original 3D maps. In the second round of multi-body
refinement, two masks were applied to the image stack with
density subtracted transporter; the zero subtraction mask
contained the inner ring, membrane density and hook ring
density, while the second alignment mask covered ∼1.5x
subunits in the double outer ring. After re-extraction of
centered outer ring particles, 3D classification with tau 8 and
local refinement in multiple steps with gradually improved
masks identified particles with a double outer ring (∼20%)
and gave a final 3D map with a global resolution of ∼11.3 Å
using a generous mask.

Maps from final refinements for the spoke and double
outer ring were cloned to create 8 copies and aligned within
the best 3D density map of the full NPC in Chimera (97),
rotated appropriately and added together to create complete
rings. A visual inspection with docked models in Coot did
not reveal anomalous features at subunit boundaries in the
reassembled 3D maps at the current resolution. Final 3D
maps were masked in EMAN2 and dusted in Chimera to
remove noise. The co-axial ring with hook shaped units
could not be improved further with a multi-body approach
due to its flexibility. The structure determination for the
inner ring and double outer rings is summarized in Fig. S3
and Table S1.

Central transporter and spoke connections. The central
transporter and spoke connections were analyzed separately;
an image stack at 5.32 Å/pixel was used for a C8 refinement
in RELION. To focus on the transporter, a 3D classification
with 8 classes was done with the skip-align option and a
mask which included the central transporter and a small re-
gion of the surrounding spoke. Two classes with low density
were eliminated and the remaining 6 classes were grouped
together, auto-refined and post-processed. To focus on con-
nections between the spokes and transporter, a 3D classifi-
cation with 6 classes was carried out with skip-align and a
mask that eliminated the central region of the transporter,
both distal rings and part of the membrane remnant. Particles
in the two best classes were merged, auto-refined and post-
processed with C8 symmetry. Unfortunately, signal for the
lumenal Pom152 ring was too delocalized to identify a better
ordered subset with 3D focused classification in the isolated
NPC.

Modeling the spoke and double outer ring. We started
with an integrative model of the yeast spoke (PDB-
DEV_00000012) that was based on ∼25 crystal structures
(see (7)) and docked 28 Nups within the spoke 3D den-
sity map as rigid bodies in Chimera. We then used man-
ual modeling in Coot (98), Chimera, Phenix realspace_refine
(99) and molecular dynamics flexible fitting (MDFF; (59))
to create a model based on a majority of the ∼715 α-helices
within the spoke. We included flexible connectors from N-

termini of four Nic96 molecules and 2 orphan helices to give
26 novel α-helices and 4 strands, along with tail domains
with altered conformations from six Nups (two copies each
of Nups 192, 188 and 170); the full spoke model contains
∼15,600 residues in the ordered domains (∼1.69 MDa). A
novel Integrative threading was used to position sequences of
Nic96 N-termini within the orphans (see below, (43)), which
was followed by an additional round of refinements to cre-
ate a final model (PDB 7N85; EMD-24232). Nup domains
in the structure have undergone local movements and re-
arrangements with an average Cα rmsd of ∼8Å, when com-
pared to an earlier integrative model of the spoke (7), with
larger changes at Nup contacts and due to rearrangements of
the Nsp1 complex. For the double outer ring, 14 Nups were
docked into the repeating unit (∼1.1 MDa) using yeast ho-
mology models based on 5 crystal structures (32) that were
split into 22 domains with a total of ∼10,000 residues. The
improved resolution allowed us to model complete paths for
two Y-complexes within the double ring along with a copy
of Nup188/192 and a putative basket anchor in a rod-like or-
phan density. Initial models were subjected to manual re-
modeling in Coot, Chimera, and refinements with Phenix
realspace_refine (while ensuring that perturbations of the β-
propellers did not occur from over-refinement). Final fitting
steps used MDFF: a gscale value of 0.6 was used for medium
resolution models (7-10Å), while flexible fitting into lower
resolution maps used values of 0.15-0.3. Typical restraints
were used for protein geometry in refining the double ring
model (PDB 7N84, EMD-24231).

Mapping cross-links to the NPC structures. A total of
2,053 DSS and EDC crosslinks were obtained previously for
the isolated NPC (7). To assess whether the crosslinks agree
with NPC structure, these crosslinks were mapped on to the
cryo-EM structure by determining the Cα–Cα distance of
crosslinked residue pairs. A DSS or ECD crosslink was clas-
sified as satisfied by the structure if the corresponding Cα–Cα
distance is less than 35 or 30 Å, respectively (Fig. S8B-E).

Initial model for 30 orphan densities within the spoke.
A total of 30 orphan densities were identified in the spoke
that likely arise from N-termini of Nic96 and Nup53/Nup59,
functional orthologs of CtNup53 and possibly from other
Nups. We identified 20 orphans combined in the two diago-
nal walls. In addition, 10 orphan helices are associated with
two copies Nup192 and two copies of Nup188. Physical,
biochemical and structural restraints were used to create
an initial model for connectors in the orphan densities.
Previous work showed that a large connector is present in
the N-terminus of CtNup53 which interacts with the NTD of
Nup192 (20). We observed a long helix associated with the
NTD of Nup192 that may be attributed to Nup59 because
this protein interacts with Nup170 and Nup192 in pullout
experiments and thus, behaves like CtNup53. This left
28 orphans in a spoke that may be contributed by connec-
tors from four Nic96 N-termini with 10 in each diagonal wall.

The Nic96 N-terminus contains 204 residues, so the

22 | bioRχiv Akey*, Singh*, Ouch*, Echeverria* et al. | Comprehensive Structure and Functional Adaptations of the Yeast Nuclear Pore Complex

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 3, 2021. ; https://doi.org/10.1101/2021.10.29.466335doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.29.466335
http://creativecommons.org/licenses/by-nc-nd/4.0/


sum of orphan structural elements + linker residues in each
modeled chain should not exceed this value. Moreover, the
distance between diagonal walls is too great to allow a single
Nic96 N-terminus to be located in both walls. Previous work
identified two conserved sequence motifs in the N-termini
of Nic96 and its homolog, Nup93 that interact with Nsp1
and p62 complexes, respectively and with the C-terminal
tails of Nup188 and Nup192/Nup205 (20). The 5 orphans
in each diagonal half-wall are present in two groups with
linker density visible at a lower threshold for some pairs:
a group of three structural elements (two helices and a
strand) and a group of two helices. After manual docking
of poly-Ala α-helices and strands in Chimera and Coot, we
found that the topology of the group of 3 structural elements
is similar to the helix-strand-helix motif of a Nic96 SLiM
observed in a crystal structure with a Ct-Nsp1 heterotrimer
((33); PDB 5CWS; Fig. S8F). Structure prediction of the
Nic96 N-terminus also suggested that two helices may
be positioned between the group of 3 structural elements
and a pair of helices located near the end of the NTD that
are bound to Nup192 or Nup188. Thus, the final pair of
connectors from the innermost copy of Nic96 may interact
with a CTD of Nup192 while connectors from the outer
copy of Nic96 probably bind to the Nup188 CTD. Manually
docked helices and strands without linkers were refined with
Phenix realspace_refine (99) and these coordinates were
used as input to an integrated threading approach to test all
possible structure element orientations and sequences from
Nups as connectors within the orphan densities; this analysis
did not use the crystal structure of the Nic96 SLiM (33).

Integrative threading of Nup sequences into spoke
orphan structure elements. A novel integrative threading
approach (7, 43, 100–102) was applied to determine the
protein, its copy identifier, and the sequence of orphan
structure elements (SE) in the inner ring. All possible
arrangements derived from the spoke C2-symmetry were
considered, but only one resulted in a model that sufficiently
satisfied the input data: this option splits the 30 orphan
into two symmetric subsets of 15 orphan densities each.
Integrative modeling proceeded through the standard four
stages, as follows:
Stage 1 - Gathering information- The data used for integra-
tive structure modeling is summarized in Table S2.
Stage 2 - Representing subunits and translating data into
spatial restraints We represent the NPC model using a
threading representation. The representation defines the
degrees of freedom of the model whose values are fit to input
information.

Threading representation: We first identified a total of
30 orphan densities in the inner-ring cryo-EM density map.
These densities most likely correspond to distinct SEs,
including α-helices and β-strands. A poly-Ala sequence
of suitable length was manually fit into each rod-like
orphan density, followed by refinement using Phenix re-
alspace_refine as described. Each SE is defined by four
degrees of freedom that map it to specific residues in the

sequence: 1) Start Residue, defining the first residue in the
sequence to which the SE is mapped; 2) Length, the number
of residues in the sequence overlapping with the SE; 3)
Offset, the index of the first SE residue that is assigned to the
sequence; and 4) Polarity, which defines the direction of the
mapping between the SE and the sequence (Fig. S7C).
Coarse-grained structural representation of the NPC scaffold:
If an atomic structure of a protein segment is present in the
isolated NPC structure described above, it was represented
by the corresponding rigid body configurations of a fine- and
coarse-grained representation of 1- and 10-residue beads,
respectively (Table S2, (7), references therein).

Scoring function for threading representation: Alterna-
tive models are ranked via a scoring function. The scoring
function is a sum of terms, each one of which restrains some
aspect of the model based on a subset of input information
(e.g., stereochemistry, cross-links, sequences). We impose
three scoring terms that restrain the four degrees of freedom
(43) for each of the 30 SEs. First, the secondary structure
restraint is computed by comparing the secondary structure
assignment in the model with the secondary structure
propensity predicted from the input sequence. Second, the
loop end-to-end distance (i.e., C- to N-termini distance
between two sequentially adjacent SEs) restraint relies on
the relationship between the model loop length and it’s
end-to-end distance as derived from the CATH 3D structural
database. Third, the SE crosslinking restraint corresponds
to a harmonic upper-bound on the distance spanned by
two cross-linked residues. When one or both crosslinked
residue(s) have undefined position(s), we compute the
distance from inferred localization volumes.

Stage 3 - Enumeration of threading solutions to pro-
duce an ensemble of structures that satisfy the restraints.
Sequences from appropriate Nups were threaded through
the backbone of the 30 SEs in a spoke. We improved the
efficiency of threading by explicitly considering the C8- and
C2-symmetries of the inner ring (Fig. 1).

Symmetry: We defined the coordinate system such that
the C2-symmetry is imposed simply by cloning a bead in
the C2-symmetry unit at (x, y, z) to (x, y,z) (equivalent
to a rotation of 180° around the x axis). In addition, a
second 2-fold axis was considered for sequence threading
of the orphan densities (Fig. S7B). Based on symmetry, we
grouped the SEs into five groups: 1) SEs 1-3 that bind to the
Nsp1/Nup49/Nup57 coiled-coils, 2) SEs 4 and 5 that localize
between copies of the Nsp1/Nup49/Nup57 coiled-coils, 3)
SE 6 that binds to the Nup188 CTD, 4) SE 6 that binds
to Nup192 CTD, and 5) SE 7 that binds the Nup192 NTD
(Fig. S7B). All possible symmetry arrangements derived
from the spoke C2-symmetry were considered, such that 30
orphan SE were split into two symmetric subsets of 15 SEs
each.

Threading enumeration: We constructed all possible
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sequence assignments of a subset of sequences to positions
of the SEs by enumerating of the threading degrees of
freedom. The subset of sequences included Nic96 (residues
1-205), Nup53 (residues 1-247), Nup59 (residues 1-265),
Nup100 (residues 551-815), Nup116 (residues 751-965), and
Nup145N (residues 201-458). These segments correspond
to regions that have previously been modeled as flexible
beads and do not contain FG repeats (Table S2) (7). The
enumeration begins by assigning a protein identity and copy
number to each of the five SE groups. Next, the scoring
function is evaluated for all possible assignments of the four
SE keys described above. For each SE group, identical keys
are applied to all symmetry copies of the group (Fig. S7).

Stage 4 - Analyzing and validating the model ensemble
Model validation follows five steps (43, 103, 104): (i) se-
lection of models for validation; (ii) estimation of sampling
precision; (iii) estimation of model precision, (iv) quantifica-
tion of the match between the model and information used to
compute it, and (v) quantification of the match between the
model and information not used in the computation. Next,
we discuss each one of these validations separately.

(i) Model selection. Models were filtered to find mod-
els that sufficiently satisfy the input information; a secondary
structure restraint is satisfied if the RaptorXProperties score
for the sequence-to-SE mapping is higher than 0.6; a loop
end-to-end distance restraint is satisfied if the distance
between the termini of two sequential SEs is violated by
less than 3 times the standard deviation parameter used to
evaluate the restraint; similarly, a crosslink restraint is also
satisfied when an evaluated distance is violated by less than
3 standard deviations.

(ii) Sampling precision. Because threading solutions
were enumerated, no sampling precision needed to be
calculated.

(iii) Model precision. Model precision (uncertainty) is
defined by the variation among the filtered models; the pre-
cision of each SE in each cluster was assessed by computing
the standard deviation of its starting residue over all models
in the cluster.

(iv) Information used in modeling. By selection, fil-
tered models satisfy the input information.

(v) Information not used in modeling. Perhaps the most
convincing test of a model is by comparing it to information
not used in the computation (a generalization of cross-
validation). We compared the structure of the Nic96 NTD
bound to the Nsp1/Nup49/Nup57 coiled-coil domain to the
X-ray structure of the same sub-complex from Chaetomium
thermophilum (33) (Fig. S8F). Additionally, the mapping
of known Nic96 NTD phosphorylation sites from different
species to the integrative threading model rationalized how
these site modifications might regulate NPC disassembly and

reassembly (Fig. S8A), further increasing our confidence in
the modeling. Phosphorylation sites were retrieved from the
PhosphoSitePlus server (105), a manually curated database
of experimentally confirmed phosphorylation sites. Finally,
the models are consistent with biochemical considerations as
described in the initial modeling section (20).

In situ tomography of S. cerevisiae NPCs- data
collection and pre-processing. W303 yeast cells were
harvested during log-phase growth and diluted to an 0.8 x
107 cells/mL in YPD media. Five µL of this diluted sample
was applied to glow-discharged 200-mesh, Quantafoil R2/1
grids (Electron Microscopy Sciences), excess media was
manually blotted from the grid back side (opposite to the
carbon substrate where the cells were deposited) and the grid
was plunge frozen in a liquid ethane-propane mixture (50/50
volume, Airgas) using a custom-built vitrification device
(Max Planck Institute for Biochemistry, Munich). Frozen
grids were clipped into AutoGrids with a notch to allow
milling at shallow grazing angles (Thermo Fisher Scientific).
The cryogenic, FIB milling was performed in an Aquilos
DualBeam (Thermo Fisher Scientific). Clusters of a few
yeast cells (Fig. S9) were marked for milling at an angle of
∼11-14° (corresponding to stage tilts of 18-21°). Lamellae
of ∼11-18 µm in width and thicknesses ranging from 120 to
180 nm were prepared using rectangular milling patterns as
noted previously (106).

Grids containing lamellae were loaded into a Titan
Krios G3 (Thermo Fisher Scientific) operated at 300 kV.
First, lamellae were identified in low magnification TEM
images and their coordinates were stored. At a nominal
magnification of ∼2250X or 3600X, the eucentricity at each
of the lamellae coordinates was determined and another set
of images at a nominal magnification of 8700X was used to
generate montages of each lamella in SerialEM (107). The
nuclear membrane and NPCs were identified and marked
in these montages as targets for data acquisition. Tilt series
were acquired on the Krios equipped with a post-column
energy filter and a K2 Summit direct detector in counting
and dose fractionation modes (Gatan). Typical tilt-series
parameters were as follows: tilt range: ∼± 60°, nominal
magnification 42000X, tilt increment 3°(4-5° for some
samples), pixel size of 3.43 Å and an effective defocus
range of -2 to -11 µm. All image-acquisition was done using
SerialEM software (107) (Table S3). Frames of the tilt-series
movies were motion-corrected using Motioncorr2 (92).
Non-dose weighted and motion-corrected image stacks were
imported into EMAN2 for subsequent processing, including
CTF estimation, reconstruction, sub-tomogram, and sub-tilt
refinement (108).

Sub-tomographic analysis of in situ NPCs. Data pro-
cessing, beginning with collected tilt series, followed the
standard sub-tomogram analysis workflow in EMAN2.9
(108). Briefly, a few tilt series were automatically recon-
structed at 4x down-sampling (1k x 1k x 512). Automatic
CTF processing was used to check handedness and deter-
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mine the correct choice of tilt-axis. Once the tilt axis was
determined, all tilt series were automatically aligned and
reconstructed at 4x down-sampling using e2tomogram.py
followed by automatic, tilt-aware CTF determination. NPCs
were manually selected from 930 tomograms, avoiding
partial NPCs that were cut by the FIB milling, yielding
518 particles. Complete NPCs were re-extracted and recon-
structed from the raw tilt series at 2x down-sampling (6.9
Å/pix). The relatively low yield resulted from a compromise
between preparing thin lamella to increase data quality and
the goal of including complete NPCs, which are comparable
in diameter to the optimal lamella thickness.

Numerous alignment runs were completed on whole
NPCs and on individual protomers with a variety of different
focused masks to identify regions of high variability and to
determine the optimal approach for final refinement. In the
end, we used a single mask centered on a protomer without
additional focused refinements. For the final refinement
NPCs were iteratively and globally aligned. The final
alignment soft mask covered the spoke ring extending into
the membrane and included parts of the cytoplasmic and
nucleoplasm rings. Then, 8-fold symmetry was imposed,
considering the clear symmetry in the scaffold of the NPC.
Based on the alignment, NPCs were mapped back into the
tomograms. A few particles (24) were found to lie outside
the plane of the nuclear envelope, and thus were considered
misaligned and were discarded. During alignment, other
particles were placed with the cytoplasm and nucleoplasm
inverted; these particles (91, ∼18%) were flipped. This
was followed by another round of whole-NPC alignment
with rotation and translation constrained to 10 pixels and 24
degrees of rotation in all three Euler angles.

Final NPC orientations from this refinement were used
to extract 8 protomers from each NPC (C8 symmetry
expansion), each in a box large enough to contain all of the
density in a 90 degree wedge (one protomer plus two halves),
centered on a spoke and extending just past the center of the
NPC. These 3656 particles, which were pre-aligned based
on the overall NPC alignment, were then iteratively refined
using a single alignment soft mask focused on the spoke
and outer rings. This protomer alignment was constrained
to a maximum of 5 degrees of rotation and 8 pixels of
translation per iteration with a classkeep of 0.8 (an EMAN
parameter to limit the fraction of particles to include in
the average for the next iteration). The final average was
performed under a simple spherical mask extending well into
the membrane. Per-particle and per-tilt CTF refinement did
not yield useful results for the NPC, presumably due to the
inherent flexibility and the small number of particles.

Local resolution was estimated using the EMAN2 im-
plementation of mFSC (109) following the ’gold standard’
refinements and indicates a range of 30-50 Å in the spoke,
outer rings and Pom152 domains. Maps were locally Wiener
filtered as part of the mFSC calculation, which computes an

FSC curve for every voxel in the map. Reliable visual detail
(comparison of even/odd maps) matches or exceeds that of
EMD10198 for the yeast NPC, which claims 25 Å resolution.
We hypothesize that this difference is due to masking used
in the earlier structure, but cannot assess this as even and
odd maps were not deposited. Furthermore, we provide a
direct comparison of our tomographic 3D map with selected
views of EMD10198 (Fig. S10C-D). As reported in this
work, additional peripheral features are clearly resolved in
our 3D map including: connections from Nsp1 complexes in
the spoke and from the Nup82 complex, along with orphan
densities and basket anchor complexes on the nuclear outer
ring, improved Pom152 ring density and spoke contact sites
on the pore membrane. These differences may arise from
masking steps required to divide the protomer into three
overlapping regions for separate alignments and from local
filtering and reassembly of the C8 protomer that occurred in
previous work (23), whereas we used a strategy that aligns
the entire protomer within a wedge containing two subunits.
Alternatively, the amplitudes of Fourier components in this
resolution range may be weak; thus, resulting 3D maps may
not differ significantly in this resolution range. In fact, some
combination of these factors may relate to the observed
differences in estimated resolution.

Refinement of the Pom152 ring from the in-situ NPC.
The NPC is an intrinsically flexible assembly, and thus
refinements of one segment may smear out the density of
other segments. To refine the Pom152 ring (lumenal ring),
the 3656 C8 protomers, as described above (pre-aligned
based on the overall NPC alignment), were iteratively refined
using a soft alignment mask that focused on the double
nuclear membrane region. For these iterative refinements,
the rotation and translation of the pre-aligned protomer
particles were constrained to 8 pixels and 5 degrees of
rotation in all three Euler angles. The final average was
performed under a simple soft mask that covered the entire
asymmetric subunit of the protomer and extended into the
membrane regions. Composite maps and modeling of the in
situ NPC

The final 3D density map for the in situ NPC was used
to create models for spokes in the inner ring and for Nup84
Y-complexes in the outer rings, using methods already
described. Additional components were docked manually
in Chimera including: the Nup82 complex with 3 pairs of
Dyn2 dimers bound to sequential DID repeats of Nup159
(60) in the cytoplasmic outer ring, connections from Nsp1
in the Nup82 complex and from Nsp1 complexes in the
inner ring that extend into the central channel, which used
rods as linear markers, along with 14 2-helix coiled coil
segments in basket anchor densities that emanate from each
Y-complex in the nuclear outer ring. Docked models were
cloned to form complete rings and used to segment the
map by zoning in Chimera with a 20 Å radius to capture
additional, nearest neighbor densities and these mini-maps
were used for figures. SEGGER (110) was used to seg-
ment the Pom152 ring prior to integrative structure modeling.
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To compare maps of the isolated and in situ NPCs seg-
mented inner rings were used for an initial alignment: the
inner ring from the isolated NPC was scaled, low pass filtered
and boxed in EMAN2.1 to give a comparable resolution
with the same pixel and box size as the inner ring in the
in situ 3D map. Both inner rings were then aligned for D8
symmetry (which is approximate for the in situ inner ring)
with e2symsearch3D.py, and the spoke 2-fold along the
x-axis. The 8-fold symmetrized, inner ring for the in situ
NPC was then aligned to the D8 symmetrized map from
this feature to create mutually-centered 3D maps for the two
configurations. Outer rings were then placed in the correct
orientation relative to their respective, aligned inner ring
maps in Chimera.

Integrative modeling of the lumenal Pom152 ring. In-
tegrative modeling of the Pom152 ring in isolated and in
situ NPCs proceeded through the standard four stages as de-
scribed above (7, 100–102). The data used for integrative
structure modeling of the Pom152 rings is summarized in
Supplementary Table S2. Each the 10 Pom152 Ig-like do-
mains was represented as a rigid body using a 1-residue-
per-bead representation; all other regions were represented
as flexible strings of beads (Table S2). We modeled 6 copies
of Pom152 spanning 3 spokes. The scoring terms that re-
strain the spatial degrees of freedom included: first, cross-
link restraints based on total of 1425 DSS and EDC. The
same set of cross-links was used for modeling the isolated
and in situ Pom152 ring because only small conformational
changes are expected (111). Second, the EM density restraint
corresponding to a cross-correlation between the Gaussian
Mixture Model (GMM) representation of the Pom152 sub-
units and the GMM representation of the cryo-EM or FIB-
milled cryo-ET density maps for the lumenal ring (i.e., EM
maps; Table S2) (112); third, transmembrane domain re-
straints that localize the coarse beads in the predicted trans-
membrane domains (Pom152111–200) within the pore mem-
brane (7); fourth, Pom152 peri-nuclear restraints applied to
the CTD of Pom152 (residues 201–1337). Finally, excluded
volume and sequence connectivity restraints were applied to
all components (7). Structural models were computed using
Replica Exchange Gibbs sampling, based on the Metropo-
lis Monte Carlo (MC) algorithm (71, 113). Each MC step
consisted of a series of random transformations (i.e., rota-
tions and/or translations) of the flexible beads and rigid bod-
ies (Table S2). We improved the efficiency of structural sam-
pling by explicitly considering the C8- and C2-symmetries
of the inner ring. Analysis and validation of the structural
models of the Pom152 rings followed the previously pub-
lished five steps (114) and results from this validation are
summarized in (Table S2). The integrative structure mod-
eling protocol (i.e., stages 2, 3, and 4) was scripted using
the Python Modeling Interface (PMI) package and our open-
source Integrative Modeling Platform (IMP) package (102),
version 2.8 (https://integrativemodeling.org). Files contain-
ing input data, scripts, and output results are available at
https://github.com/integrativemodeling/NPC_3.0 and in the

worldwide Protein Data Bank (wwPDB) PDB-Dev reposi-
tory for integrative structures (pdb-dev.wwpdb.org).
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