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In eukaryotic cells, physical separation of the nucleus and cytoplasm 
by the nuclear envelope necessitates a conduit for nucleocytoplasmic 
molecular traffic. This gateway is solely provided by NPCs, proteina-
ceous channels that stud the nuclear envelope1–4. NPCs are among the 
largest assemblies in the cell, at ~50 MDa, and have crucial roles in cellu-
lar homeostasis. The overall structure of the NPC is generally conserved 
across species5. NPCs have a central scaffold ~30–50 nm in height, with 
approximately eight-fold rotational symmetry about the transport axis, 
an outer diameter of ~100 nm, a central transport channel ~40 nm in 
diameter and attached cytoplasmic and nucleoplasmic filaments6–8. The 
NPC is a modular structure composed of multiple copies of ~30 prot-
eins (nucleoporins, or Nups) arranged into distinct subcomplexes4,9,10. 
It is also dynamic, with components possessing widely ranging resident 
times11,12. The most stable nucleoporins form the structural scaffold 
and are largely organized in the heteromeric Nic96 subcomplex and 
the heptameric Y complex. The scaffold connects to the nuclear enve-
lope through interaction with transmembrane nucleoporins; it anchors 
phenylalanine-glycine repeat–containing nucleoporins that form an 
extended meshwork projecting into the central pore channel that con-
stitutes the main transport barrier13,14.

Considering its central role in transport and other cellular processes, 
a high-resolution structure of the NPC is much sought after. Significant 
effort has focused on elucidating the central scaffold architecture. Its 
fundamental importance is evident, as assembly defects and transport 
deficiencies result from knockout or knockdown of scaffold compo-
nents15–20. Still, the arrangement of the Nic96 subcomplex (includ-
ing Nic96, Nup53, Nup59, Nup157, Nup170, Nup188 and Nup192; 
nomenclature is from Saccharomyces cerevisiae unless noted) remains 
largely enigmatic. However, the structures of major portions of Nic96, 
Nup157/Nup170 and Nup53/Nup59 are now available and com-
bined with functional data will help narrow down the problem21–25.  
Organization of the Y complex (composed of Nup133, Nup84, 

Nup145C, Sec13, Nup120, Nup85 and Seh1) is better understood  
(Fig. 1a). The complex is tightly associated and forms a Y, as observed 
by EM, with two short arms and a long kinked arm connected at a 
central hub18,19,26–28. High-affinity connections within the Y complex 
involve binary interactions between -helical domains of its constitu-
ents27,29,30. The long arm terminates with a flexibly attached N-terminal 

-propeller of Nup133 followed by an irregular -helical stack domain 
that interacts end-to-end with Nup84 (refs. 21,30,31). Nup84 in turn 
 interacts with Nup145C. Nup120 and Nup85 form the short arms of the  
Y complex, with the C-terminal region of Nup120 forming the central 
hub that interacts with the C-terminal tail modules of Nup145C and 
Nup85 (ref. 32). Nup145C and Nup85 bind the related -propeller 
proteins Sec13 and Seh1, respectively, by addition of an N-terminal 
insertion blade to complete the open six-bladed -propellers  
in trans29,33,34. Although crystallographic data on single proteins and 
some binary complexes are available, we are still lacking a detailed 
structural description of the entire Y complex, notably including all 
domain-domain and protein-protein interfaces.

A common evolutionary origin of the NPC and vesicle coats has 
been proposed based on their shared role in stabilizing curved mem-
branes and predicted similarities in fold composition of constitu-
ent proteins35. Structural evidence of a common ancestor has been 
obtained, as the nucleoporins Nic96, Nup85, Nup145C and Nup84 
are homologous to the COPII vesicle coatomer Sec31 and together 
constitute the unique fold class ACE1 (ancestral coatomer element 1;  
ref. 29). In the COPII vesicle coat lattice, two molecules of the  
ACE1 protein Sec31 interact to form edge elements, whereas the  

-propellers of Sec31 and Sec13 interact to form vertex elements36,37. 
We proposed that the NPC structural scaffold forms a similar lat-
tice-like coat for the nuclear envelope29,38. However, the absence of 
structural knowledge of ACE1 organization in the NPC precluded any 
direct comparison of the NPC and COPII lattices.
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Molecular architecture of the Nup84–Nup145C–Sec13 
edge element in the nuclear pore complex lattice
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Nuclear pore complexes (NPCs) facilitate all nucleocytoplasmic transport. These massive protein assemblies are modular, with 
a stable structural scaffold supporting more dynamically attached components. The scaffold is made from multiple copies of the 
heptameric Y complex and the heteromeric Nic96 complex. We previously showed that members of these core subcomplexes 
specifically share an ACE1 fold with Sec31 of the COPII vesicle coat, and we proposed a lattice model for the NPC based on this 
commonality. Here we present the crystal structure of the heterotrimeric 134-kDa complex of Nup84–Nup145C–Sec13 of the 
Y complex. The heterotypic ACE1 interaction of Nup84 and Nup145C is analogous to the homotypic ACE1 interaction of Sec31 
that forms COPII lattice edge elements and is inconsistent with the alternative ‘fence-like’ NPC model. We construct a molecular 
model of the Y complex and compare the architectural principles of COPII and NPC lattices.
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We set out to determine the molecular architecture of an edge element 
in the NPC lattice and here present the 4.0-Å crystal structure of the  
heterotrimeric Nup84–Nup145C–Sec13 unit of the Y complex of the 
NPC from S. cerevisiae. The ACE1 interaction between Nup84 and 
Nup145C is architecturally related to the Sec31 edge element in the 
COPII lattice. As in the COPII coat, the edge element in the NPC lattice 
is arranged in a manner consistent with its role in stabilizing mem-
brane curvature at the nuclear envelope. We further present a composite 
atomic model of the Y complex, propose how it is arranged in the NPC, 
and compare the NPC lattice architecture to that of vesicle coats.

RESULTS
Structure of Nup84–Nup145C–Sec13 trimeric complex
We solved the crystal structure of a trimeric complex between Nup84, 
Nup145C and Sec13 from S. cerevisiae by multiple isomorphous 
replacement with anomalous scattering using selenomethionine 
and tantalum bromide derivatives (Fig. 1 and Table 1). The crystal-
lized construct includes Nup841–424, Nup145C109–555 and full-length 
Sec13. Despite modest resolution and relatively high B factors, initial 
phase estimates were excellent and resulted in high-quality electron 
density maps (Supplementary Fig. 1). Still, confident model build-
ing at this resolution was aided by the availability of high-resolution 
models of fragments of the structure39. To this end, we crystallized 
a complex of the minimal interaction domain of Nup145C109–179 in 
complex with full-length Sec13, solved the structure by molecular  
replacement at 2.6-Å resolution, and refined it to an Rwork/Rfree of 
21.7%/25.4%. We placed this partial model and Nup145C180–555 
from the S. cerevisiae–Homo sapiens hybrid Nup145C–Sec13 struc-
ture33 into the map using real-space methods. Phase improvement 
using the experimental data with the partial model resulted in clearly  

interpretable maps into which we built the final Nup84–Nup145C–
Sec13 model and refined it to an Rwork/Rfree of 28.2%/32.9%.

The trimeric complex has the approximate shape of a kinked rod, 
with dimensions ~150 ! 30 ! 30 Å (Fig. 1). Nup84 and Nup145C both 
form -helical blocks with dimensions ~65 ! 30 ! 30 Å that interact 
at the kink in the rod, creating a 2,040-Å2 interface. The N terminus of 
Nup145C forms an insertion blade that completes the open six-bladed 

-propeller of Sec13 in trans. The higher-resolution fragments both 
superimpose well with the same regions in the trimeric structure, with 
mostly minor deviations observed (see Online Methods). In comparison  
to the hybrid human Sec13–yeast Nup145C structure33, there is a ~10° 
rotation of the propeller unit about its central axis. This may be indicative  
of flexibility of the -propeller unit relative to the ACE1 domain, which 
could be important in the assembly of the NPC lattice, as has been 
demonstrated in the COPII lattice37 (see below).

ACE1 nucleoporins Nup84 and Nup145C interact crown to crown
As predicted by structural modeling, Nup84 adopts an ACE1 fold 
despite very low sequence homology to other ACE1 members29 
(Supplementary Fig. 2). ACE1 is a tripartite, J-shaped helical fold 
composed of three modules: crown, trunk and tail.

The Nup84–Nup145C–Sec13 structure contains the trunk and 
crown modules of Nup145C and Nup84 (Supplementary Fig. 2). 
The two proteins form an extensive interface between their crown 
modules, with 6, 7 and 8 of Nup84 packing antiparallel to 6, 7 
and 8 of Nup145C, completely burying 7 from each protein in the 
interface (Fig. 2a). The surfaces of helices 6, 7 and 8 in each pro-
tein are distinctly hydrophobic and highly conserved (Supplementary 
Fig. 3). Homodimerization of Sec31 is similarly accomplished by the 
antiparallel interaction of helices 6, 7 and 8 (ref. 36; Fig. 2b). 
Notably, a domain swap between crown helices 5, 6 and 7 from 
each Sec31 monomer is observed in the crystal structure. Whether this 
is the physiologically relevant manner of interaction is unclear, but a 
long loop that allows for the domain swap is conserved in length in 
Sec31. Regardless, the interaction likewise juxtaposes and buries 7 
from each Sec31 molecule.

Unique features of each ACE1 unit in the Nup84–Nup145C–Sec13 
structure form additional interaction sites that frame the primary sur-
face of 6, 7 and 8 (Supplementary Fig. 3). Two extended and con-
served loops in Nup84 (between 3 and 4, and between 7 and 8)  
pack against the long and kinked helix 4 of Nup145C. On the oppo-
site side of the 6, 7 and 8 interface, Nup84 has an insertion of three 
short helices between ACE1 helices 4 and 5 ( 4a, 4b and 4c)  
that together form an interface with two crown loops (between 6 
and 7, and between 8 and 9) of Nup145C.

Structural evidence for lattice model of NPC
By analogy to the Sec31 interaction in COPII coats, Nup84 and Nup145C 
have been predicted to interact through their crown modules29. Point 
mutation resulting in surface residue alterations in Nup145C 7 (V321E, 
S324E and Y325A) and corresponding alterations in the then-predicted 
Nup84 helix 7 (I206D and M210D) abrogate high-affinity binding. The 
structure presented here definitively shows that the interaction between 
Nup84 and Nup145C occurs through ACE1 crown modules and allows 
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Figure 1 Structure of Nup84–Nup145C–Sec13. (a) Y complex of the 
NPC. The crystallized trimeric segment is colored. (b) Overall structure 
of the heterotrimeric Nup84–Nup145C–Sec13 complex, with Nup84 in 
green, Nup145C in blue and Sec13 in light orange. -propeller composed 
of blades 1–6 from Sec13 and blade 7 from Nup145C is labeled.  
(c) Structure is rotated by 90°, with secondary structure elements of 
Nup84 and Nup145C labeled.
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the mutant data to be explained from a structural perspective. The 
altered sites on each protein are intimately involved in the interaction 
surface: Ile206 and Met210 account for 11% of the total area of Nup84 
buried (223 of 2,024 Å2), whereas Val321, Ser324 and Tyr325 form 12% 
of the total area of Nup145C buried (257 of 2,059 Å2). Introduction of 
charged residues into, or loss of large side chains from, the hydrophobic 
and complementary interaction surface is highly destabilizing, result-
ing in specific disruption of the interaction. That these point mutations 
eliminate binding indicates that the 6, 7 and 8 surface is the primary 
binding determinant, and the secondary framing interactions are insuf-
ficient to independently maintain interaction.

The Nup84–Nup145C–Sec13 structure presented here fully 
 supports our lattice model for the NPC and provides conclusive 
 evidence against the alternative ‘fence-like’ model, based primarily 
on crystal contacts observed in the yeast Nup145C–human Sec13 
hybrid structure33. In that crystal, Nup145C–Sec13 units stack by 
homotypic crown-crown interaction of Nup145C. Superposition of 
the Nup145C interaction observed in that crystal with the Nup84–
Nup145C interface reported here shows that formation of the two 
interfaces is mutually exclusive (Supplementary Fig. 4).

Comparison of edge elements in NPC and COPII coat
The similarity between the Nup84–Nup145C–Sec13 structure and the 
Sec13–Sec31 edge element in the COPII cage is immediately apparent 
(Fig. 3), so we refer to the Nup84–Nup145C unit as an edge element in 
the NPC lattice. The shared binding mode between crown modules in 
the two structures results in analogous relative orientations of the inter-
acting ACE1 units. The interface between Nup145C and Nup84 creates 
an angle of ~120° between ACE1 units. The interface between Sec31 
molecules is ~165° in the crystal structure, though it was modeled to 
be ~135° by normal mode analysis for fitting into both COPII coat 
EM reconstructions36,37. A hinge movement about the crown-crown 
interface was thus postulated to be one mechanism that allows the coat 

to adapt its size to vesicles of different diameters36. EM reconstructions 
of the Y complex have similarly shown plasticity in the angles of the 
long arm28. A similar hinge at the Nup84–Nup145C interface could be 
used in rearrangements of the NPC lattice in assembly and transport. 
Consistently, we observed hinge movement at the crown-crown inter-
face in normal mode analysis of the Nup84–Nup145C–Sec13 structure 
(data not shown).

The insertion blade interaction between Sec13 and Nup145C or 
Sec31 is very similar in the two structures (data not shown). However, 
the different orientations of the insertion blade with respect to the 
ACE1 trunks result in Sec13 being positioned differently with respect 
to the edge elements. In the Sec31–Sec13 structure, the Sec13 propeller 
sits against the end of the Sec31 trunk, capping the edge element. In 
the Nup84–Nup145C–Sec13 structure, Sec13 is rotated ~45° forward 
toward the trunk and clockwise (viewed from the vertex) and rests 
on top of the Nup145C trunk. It remains to be determined whether 
additional interactions of Sec13 in the context of the entire NPC  
scaffold result in a conformational change from this position.

DISCUSSION
The Nup84–Nup145C–Sec13 structure presented here, together with 
the previously reported structures of Nup85–Seh1, Nup84–Nup133 
and Nup120 (refs. 30,31,32) allows for the generation of a composite 
model for the majority of the Y complex at high resolution, includ-
ing relative orientations of components in the long arm (Fig. 4). The 
last four trunk helices of Nup84 need to be modeled to connect the 
Nup84–Nup145C–Sec13 and Nup84–Nup133 crystal structures. 
As these helices adopt identical topologies in other ACE1 struc-
tures and are predicted to be the only secondary structure elements 
present in Nup84 in this region, we can model their structure with 
high confidence (data not shown). This allows us to place the tail 
of Nup84 interacting with the full helical region of Nup133 rela-
tive to Nup84–Nup145C–Sec13. The position of the -propeller of 
Nup133 is unknown and is probably flexible31. The tail modules of 
both Nup145C and Nup85 can be confidently modeled29, but the 
C-terminal interaction domain of Nup120 cannot and is not shown. 
Although the relative positions of the short arms with respect to the 
long arm of the Y complex cannot be assigned unambiguously, we 
have chosen to model the -propellers of Sec13 and Seh1 in close prox-
imity to one another by analogy to the interactions of -propellers at 
the vertex elements in the COPII coat36,37.

Our model is in general agreement with the recently reported  
EM reconstruction of the Y complex from yeast28. The angles of the 
Nup84–Nup145C and Nup84–Nup133 interfaces in our model correspond 

Table 1 Data collection and refinement statistics

Nup145C109–179–
Sec13 native

Nup84–Nup145C–
Sec13 seleno- 
methionine

Nup84–Nup145C–
Sec13 [Ta6Br12]2+

Data collection
Space group P21212 P6222 P6222
Cell dimensions
 a, b, c (Å) 68.3, 93.9, 55.0 170, 170, 271 170, 170, 270
 , ,  (°) 90, 90, 90 90, 90, 120 90, 90, 120
Resolution (Å) 40–2.6 (2.66–2.6)a 50–4.0 (4.14–4.0) 50–4.4 (4.56–4.4)
Rsym (%) 12.6 (64.9) 17.2 (97.4) 17.0 (79.9)
I / I 12.4 (2.0) 10.6 (1.5) 8.6 (1.3)
Completeness (%) 97.9 (96.9) 99.9 (99.9) 92.2 (76.6)
Redundancy 3.5 (3.3) 5.9 (5.0) 3.7 (2.2)

Refinement
Resolution (Å) 35–2.6 50–4.0 —
No. reflections 11,148 37,016 —
Rwork/Rfree 21.7/25.4 28.2/32.9 —
No. atoms
 Protein 2,621 8,671 —
 Water 67 0 —
B factors (Å2)
 Protein 71 189 —
 Water 70 — —
R.m.s deviations
 Bond lengths (Å) 0.003 0.004 —
 Bond angles (°) 0.679 0.762 —
aValues in parentheses are for highest-resolution shell.
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Figure 2 The crown-crown interaction of Nup84–Nup145C is analogous 
to that of Sec31–Sec31. (a) ACE1 crown-crown interaction between 
Nup145C and Nup84. (b) The same interaction between two Sec31 
molecules (PDB 2PM6; ref. 36). The Sec31 interaction is shown without 
domain swapping, and the rest of the molecules are removed for clarity  
(see Results). Analogous juxtaposition of crown helices 6, 7 and 8  
is observed in both a and b.
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to those found in the highest-frequency EM class average. Here we incor-
porate ~0.5 MDa (of 0.58 MDa) of atomic models into a composite  
Y-complex model. Most notably, the connecting Nup84–Nup145C–
Sec13 structure allows for the incorporation of relative orientations of 
the proteins into the Y-complex model. Analysis of the Y-complex model 
reveals a number of functionally important implications.

Given the high degree of conservation between edge element struc-
tures in the NPC and COPII lattices, we predict the same inner con-
cave surface of the edge element will face the membrane in the NPC 
(Figs. 3b and 4). In this orientation, the N-terminal -propeller– -
helical domain of Nup120 and the C-terminal -helical domain of 
Nup133 point toward the membrane. These domains could serve 
as attachment sites for additional nucleoporins that could connect 
the Y complex to the membrane-proximal and membrane-spanning 
nucleoporins. Consistently, Nup120 interacts in vitro with Nup157, 
a member of the Nic96 subcomplex that can provide a link to trans-
membrane nucleoporins23,40. The ACE1-containing Nup85 is posi-
tioned away from the membrane, where it may form interactions to 
propagate the NPC lattice. The N terminus of Nup145C is also oriented 
away from the membrane, allowing its binding partner Nup145N to 
project its phenylalanine-glycine repeats into the pore channel41.

The branch point in the Y complex has the -propeller proteins 
Sec13 and Seh1 available to generate potential vertex interactions in 
the NPC lattice, similar to the Sec31 -propeller vertex interactions 
in COPII coats. In contrast, at the opposite side of the NPC edge  
element, Nup84 (unlike Nup145C, Nup85 and Sec31) does not interact 
with a -propeller. The loss of a -propeller, combined with the acqui-
sition of the Nup133 ‘cap’, might have evolved as a way to terminate 
lattice propagation in this direction of the Y-complex long arm. The 
utility of this type of arrangement is unique to the cytoplasmic- and 
nucleoplasmic-facing sides of a NPC lattice, as it does not form self-
enclosed structures observed in vesicle coats.

Our model is consistent with a role for the NPC edge element in 
stabilizing membrane curvature. In other membrane coating systems, 
proteins that directly contact membranes display a positively charged  
surface for electrostatic interactions with membrane phospholipids42–44.  
Like clathrin and Sec31–Sec13, the NPC edge element does not  
display such a surface (Supplementary Fig. 5) and is likely to coat to 

stabilize, but not directly interact with, curved membranes. To date, 
the NPC has been shown to be architecturally related only to COPII 
coats; its relationship to clathrin coats45 is limited to a shared fold 
composition of components46. Notably, an ALPS motif in human 
Nup133 has been shown to associate with membranes and has been 
suggested to initiate membrane curvature47, though it has not been 
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Figure 3 Comparison of edge elements in the 
NPC and COPII lattices. (a,b) The lattice edge 
element Nup84–Nup145C in the NPC and 
Sec31–Sec31 (PDB 2PM6; ref. 35) in the 
COPII vesicle coat are shown as cartoons in a 
half-transparent surface. The two ACE1 units 
in each edge element are colored by module, 
with trunks orange and crowns blue. Yellow lines 
indicate the interface between crown modules. 
The structures are shown from a top view in a  
(rotated 180° from Fig. 1a) and a side view 
rotated by 90° in b. The analogous crown-crown 
interactions result in edge elements that share 
a common architectural arrangement. Viewed 
from the top, the Nup84–Nup145C edge 
element is bent ~10° from horizontal, whereas 
the Sec31–Sec31 edge is essentially straight. 
Viewed from the side, the crystal structures 
of the edge elements show markedly different 
angles, with the Nup84–Nup145C edge 45° 
more acute than that of Sec31–Sec31.  
The angle observed in the Nup84–Nup145C 
edge corresponds closely to the angle to  
which the Sec31–Sec31 interface was  
modeled for fitting into the EM reconstructions of the COPII cage and coat36,37. The proposed position of the nuclear envelope membrane relative to  
the NPC edge element shown in b is analogous to the known position of the COPII vesicle membrane relative to the COPII edge element.

Cytoplasm

Nuclear envelope

Nucleus

Figure 4 Nup84–Nup145C 
is a membrane curvature–
stabilizing edge element 
in the NPC lattice. A 
composite atomic model for 
the Y complex of the NPC, 
emphasizing the role of the 
Nup84–Nup145C edge 
element as a membrane 
curvature–stabilizing unit 
analogous to the Sec31–
Sec31 edge element in COPII 
vesicle coats. The long arm of 
the Y complex is a composite 
model from crystal structures 
and is shown with Nup145C 
in blue, Sec13 in orange, 
Nup84 in green and Nup133 
in yellow. The relative position 
of the N-terminal propeller of 
Nup133 (yellow) and the short 
arm components Nup120 
(blue) and Nup85–Seh1 
(blue–orange) are more 
tentatively placed and shown 
half-transparent (see Results for details). The long axis of the Y complex is 
oriented along the positively curved nuclear envelope membrane, with the 
concave face of the Nup84–Nup145C edge element facing the lipid bilayer. 
This orientation is analogous to that of the Sec31–Sec31 edge element in 
the COPII coat and is consistent with the evolutionary relationship between 
the NPC and COPII vesicle coat lattices. Notably, although the Y complex is 
shown facing the membrane, it is not predicted to directly contact the nuclear 
envelope. Rather, other nucleoporins are predicted to have roles that correspond 
to adaptor complexes in other vesicle coating systems that link the membrane 
curvature–stabilizing coat (the Y complex) to the nuclear envelope.
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found in S. cerevisiae. This site is far enough removed from the ACE1 
edge element that the Y complex could have both roles: a curvature 
initiator at the distal end of the long arm, and a lattice-integral stabi-
lizer at the ACE1 edge element.

We favor a model in which the membrane-facing edge element of 
the Y complex is oriented parallel to the transport axis and serves 
to stabilize the positive membrane curvature of the nuclear enve-
lope, consistent with the evolutionary relationship with the COPII 
edge element that stabilizes positive vesicle membrane curvature. 
As more high-resolution structures of components are solved, they 
could be integrated to generate a more precise overall NPC structure. 
Fundamental to this goal will be the elucidation of potential vertex 
and inter-subcomplex interactions in the NPC lattice.

METHODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/nsmb/.

Accession codes. Protein Data Bank: The atomic coordinates for 
Nup84–Nup145C–Sec13 and Nup145C109–179–Sec13 have been 
deposited with accession codes 3JRO and 3JRP, respectively.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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ONLINE METHODS
Construct generation. We cloned the trimeric complex of Nup84 (residues  
1–424), Nup145C (109–555) and Sec13 from S. cerevisiae into a bicistronic bacterial  
expression vector. Nup841–424 was N-terminally fused with a cleavable 6 ! His 
tag. Nup145C109–555 was C-terminally fused to Sec13 with a flexible nine-residue 
linker to increase complex stability without affecting chromatic behavior com-
pared to the separate chain complex29 (data not shown). The trimeric complex is 
referred to as Nup84–Nup145C–Sec13 for simplicity. The completed -propeller 
construct of Sec13 was generated by fusing the insertion blade of Nup145C (resi-
dues 109–179) C-terminally to full-length Sec13 through a flexible nine-residue 
linker. Sec13 was N-terminally fused with a cleavable 6!His tag.

Protein production and purification. Proteins were expressed in Escherichia coli 
BL21-RIL(DE3) cells and purified as described29. Eluted protein was dialyzed 
against 50 mM HEPES-NaOH (pH 7.4), 200 mM NaCl, 1 mM DTT and 0.1 mM 
EDTA. The tag was cleaved with protease overnight and purified on a HiTrapS 
column (GE Healthcare) using a linear NaCl gradient followed by size-exclu-
sion chromatography. Nup145C109–179–Sec13 was purified using a Superdex S75 
26/60 column (GE Healthcare) run in 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 
1 mM DTT and 0.1 mM EDTA. Nup84–Nup145C–Sec13 was purified using a 
Superdex S200 26/60 column (GE Healthcare) run in 10 mM Tris-HCl (pH 8.0), 
200 mM NaCl, 1 mM DTT and 0.1 mM EDTA. Selenomethionine-derivatized 
Nup84–Nup145C–Sec13 was prepared as described29 and purified as the native 
version, with reducing agent concentration at 5 mM in all buffers.

Crystallization. Small crystals of Nup145C109–179–Sec13 grew in hanging drops 
of 0.5 l of protein at 85 mg ml"1 and 0.5 l of precipitant (0.1 M Tris-HCl  
(pH 8.3), 26.5% (w/v) PEG 4000 and 0.25 M LiCl) at 16 °C in 3 d and were then 
processed for seeds. Diffraction-quality crystals grew as large plates (300 ! 300 
! 10 m) in hanging drops of 0.2 l of seed dilution, 0.5 l of protein at 38 mg 
ml"1 and 0.5 l of precipitant (0.1 M Tris-HCl (pH 8.3), 22% (w/v) PEG 4000 
and 0.25 M LiCl) at 16 °C in 3 d. Crystals were cryoprotected by briefly soaking 
in precipitant with 25% (v/v) glycerol and flash-frozen in liquid nitrogen.

Diffraction-quality crystals of Nup84–Nup145C–Sec13 grew as half-cylinders 
25–50 m in height with a radius of 50–200 m in hanging drops of 0.25 l of 
protein at 22.5 mg ml"1 and 0.25 l of precipitant (1.15 M sodium malonate, 
pH 5.7) at 22 °C in 2 d. Selenomethionine-derivatized protein crystallized under 
identical conditions. [Ta6Br12]2+-derivatized crystals were obtained by transfer-
ring crystals into a 0.5- l drop of 1.17 M sodium malonate (pH 5.7) and 200 M 
[Ta6Br12]2+ ! 2 Br" (Jena Biosciences) and incubating for 1–2 h. Crystals were 
cryoprotected by briefly soaking in precipitant with 22.5% (v/v) ethylene glycol 
and flash-frozen in liquid nitrogen.

Data collection and structure determination. iMosflm48 was used for data col-
lection strategies, HKL2000 (ref. 49) was used to reduce data, and model building 
and refinement were carried out with Coot50 and Phenix51.

A 20- m aperture beam was used to collect data from separate spot regions 
of the Nup145C109–179–Sec13 crystals because diffraction quality varied over 
their volume. Molecular replacement was accomplished with Phaser52 using 
Sec13 (PDB 2PM6; ref. 36) as a search model. The final model is missing 
the first two residues of Sec13, as well as loop residues 158–167. The final 
model has Ramachandran plot values of 95.4% favored, 4.3% allowed  
and 0.3% outliers.

The structure of Nup84–Nup145C–Sec13 was solved with multiple isomor-
phous replacement with anomalous scattering using selenomethionine and 
[Ta6Br12]2+ derivatives. Twelve of 13 selenium sites and 4 [Ta6Br12]2+ sites were 
found with SHELXC/D/E53 and refined in SHARP54. Nup145C109–179–Sec13 (this 
work) and Nup145C180–555 (PDB 3BG1; ref. 33) were placed into the solvent-
 flattened map from SHARP with BrutePTF55. PhaserEP52 was used to refine sele-
nium sites and the partial model. Discussion refers to the final selenomethionine 
crystal, as it had a lower B factor and more interpretable maps than did native 
crystals, without any appreciable differences in the overall structure (data not 

shown). Residues 3–7 of Sec13, 554–555 of Nup145C and 1–32 of Nup84 are not 
modeled, in addition to residues missing in Nup145C109–179–Sec13. The absence 
of observed density for 1 of Nup84 may result from the absence of ACE1 helix 

17 in the crystal construct, which typically interacts with helix 1 in ACE1 
proteins. The final model has Ramachandran plot values of 87.9% allowed, 10.9% 
allowed and 1.2% outliers.

The high-resolution structure fragments superimpose well with the cor-
responding regions in the complete Nup84–Nup145C–Sec13 structure. 
Nup145C109–179–Sec13 aligns with the same region in the trimeric structure, 
with an average r.m.s. deviation of 0.75 Å. The major difference is the orientation 
of the N-terminal 11 residues of Sec13. In the Nup145C109–179–Sec13 structure, 
this region is extended away from the molecule, and amino acids 3–8 from Sec13 
form a strand E zipper closure with strand D from blade 2 of a neighboring 
Sec13 molecule. A short strand is formed from part of the loop connecting Sec13 
and Nup145C and forms strand F. In the Nup84–Nup145C–Sec13 crystal, this 
interaction is not possible, as there is not a symmetry-related Sec13 molecule  
in an equivalent position. Instead, the N terminus of Sec13 extends toward the  
N-terminal helix of Nup145C, though it is not modeled. We presume  
that the zipper interaction of two Sec13 molecules and the linker in the 
Nup145C109–179–Sec13 structure is a crystal-packing artifact. Nup145C–Sec13 
in the trimeric structure overlays well with the reported S. cerevisiae–H. sapiens 
hybrid structure, with an average r.m.s. deviation of 1.2 Å. The major difference 
between the two structures is a rotation of the Nup145C insertion blade–Sec13 
unit of ~5–10° about the propeller axis. Whether this is a relevant movement  
of the molecules remains to be determined. Some rearrangement in the crown of 
Nup145C is observed in the current structure that is accounted for by reordering 
to form the interaction site for Nup84.

Structure analysis. Structure figures were made in PyMol. Interface calculations 
were done using the PISA server56. Alignments were made with MUSCLE57 and 
analyzed in Jalview58. Figures were produced with Aline59. Structural superposi-
tions were done with Coot60 and Cealign61.

URL. PyMol, http://www.pymol.org.

48. Leslie, A.G.W. Recent changes to the MOSFLM package for processing film and 
image plate data. Joint CCP4 ESF-EAMCB Newslett. Protein Crystallogr. 26, 27–33 
(1992).

49. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in 
oscillation mode. Methods Enzymol. 276, 307–326 (1997).

50. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta 
Crystallogr. D Biol. Crystallogr. 60, 2126–2132 (2004).

51. Adams, P.D. et al. PHENIX: building new software for automated crystallographic 
structure determination. Acta Crystallogr. D Biol. Crystallogr. 58, 1948–1954 (2002).

52. McCoy, A.J. et al. Phaser crystallographic software. J. Appl. Cryst. 40, 658–674 
(2007).

53. Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. A 64, 112–122 (2008).
54. Vonrhein, C., Blanc, E., Roversi, P. & Bricogne, G. Automated structure solution 

with autoSHARP. Methods Mol. Biol. 364, 215–230 (2007).
55. Strokopytov, B.V. et al. Phased translation function revisited: structure solution of 

the cofilin-homology domain from yeast actin-binding protein 1 using six-dimensional 
searches. Acta Crystallogr. D Biol. Crystallogr. 61, 285–293 (2005).

56. Krissinel, E. & Henrick, K. Inference of macromolecular assemblies from crystalline 
state. J. Mol. Biol. 372, 774–797 (2007).

57. Edgar, R.C. MUSCLE: multiple sequence alignment with high accuracy and high 
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Nup84 Nup145C Sec13

Supplementary Figure 1 –  structure. 

Phase combined 2Fo-Fc 4.0 Å electron d , shown in gray. 

) and 4 

). The model  trace. 
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ACE1

Supplementary Figure 2 – Nup84 is an ACE1-containing protein. 

Structural alignment of the canonical ACE1 fold, Nup145C, and Nup84. The 28 

conserved ACE1 helices are colored in a blue-white gradient from N to C terminus, 

protein-specific elaborations in Nup145C and Nup84 are in yellow. Nup145C contains an 

additional N-terminal helix, the Sec13-interacting insertion blade, and a -hairpin 

following 1, Nup84 contains a few short 1-3 turn -helices following 3, 4, and 7. 

The canonical ACE1 structure was generated for illustrative purposes by superimposing 

the crown, trunk, and tail modules of ACE1 structures individually and constructing the 

conserved helices and intervening loops in the most frequently observed position. The 

145C 

and Nup84. The characteristic -helical architecture of the ACE1 fold is clearly observed 

in Nup145C and Nup84.  
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Supplementary Figure 3 – The hydrophobic and highly conserved Nup84•Nup145C 

interface. The Nup84•Nup145C interface is shown in an “open-book” view relative to 

Figure 1B/C. In (A), the surface buried upon interaction is yellow and contributing helices 

and residues from each protein are labeled. Residues mutated on the surface of helix α7 

in each protein that eliminate binding in vitro and in vivo 28 are labeled in red. The 

interface is highly complementary and largely hydrophobic. In (B), the buried surface of 

each protein is outlined in black and the protein surface is colored by conservation from 

white (not conserved) to orange (highly conserved). Surface corresponding to the 

residues mutated to abolish binding is indicated by an inner black outline. A sequence 

alignment from budding yeast for each protein from α6-α8 is shown in (C) and colored as 

the surface in (B). A plot of buried surface area vs. residue is shown as a bar graph 

above the alignment. The mutations made are indicated above the appropriate residues 

(I206D/M210D in Nup84 and V321E/S324E/Y325A in Nup145C). The mutated residues 

are all among the largest contributors to buried surface area and most conserved in the 

interface. 
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Supplementary Figure 5 – The Y-shaped complex does not display a positively 

charged surface characteristic of membrane interaction. The surface of a composite 
structure of the long arm of the Y-complex (Nup133•Nup84•Nup15C•Sec13) is shown 

colored according to electrostatic potential from red (-7 kT/e) to blue (+7 kT/e) in four 
views consecutively rotated 90°. The top view corresponds to the view in Figure 3B. The 

second view is of the concave face of the Nup84•Nup145C edge element predicted to 
face the membrane by analogy to the orientation of the Sec31•Sec31 edge element in 

the COPII lattice. 
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