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SUMMARY

The nuclear pore complex, composed of proteins
termed nucleoporins (Nups), is responsible for nucle-
ocytoplasmic transport in eukaryotes. Nuclear pore
complexes (NPCs) form an annular structure com-
posed of the nuclear ring, cytoplasmic ring, a mem-
brane ring, and two inner rings. Nup192 is a major
componentof theNPC’s inner ring.Wereport thecrys-
tal structure of Saccharomyces cerevisiae Nup192
residues 2–960 [ScNup192(2–960)], which adopts an
a-helical fold with three domains (i.e., D1, D2, and
D3). Small angle X-ray scattering and electronmicros-
copy (EM) studies reveal that ScNup192(2–960) could
undergo long-range transition between ‘‘open’’ and
‘‘closed’’ conformations. We obtained a structural
modelof full-lengthScNup192basedonEM, thestruc-
ture of ScNup192(2–960), and homology modeling.
Evolutionary analyses using the ScNup192(2–960)
structure suggest thatNPCsandvesicle-coatingcom-
plexes are descended from a common membrane-
coatingancestral complex.Weshowthat suppression
of Nup192 expression leads to compromised nuclear
transport and hypothesize a role for Nup192 in modu-
lating the permeability of the NPC central channel.

INTRODUCTION

Nuclear pore complexes (NPC) are large, octagonally symmetric,

cylindrical macromolecular assemblies formed at the fusion of

the inner and outer nuclear envelope membranes. The NPC is
Struct
responsible for the rapid, active, and selective exchange of

macromolecules between the nucleus and cytoplasm (Aitchison

and Rout, 2012; Grossman et al., 2012). As both the gatekeepers

of nucleocytoplasmic transport and a platform for the organiza-

tion of numerous nuclear activities, NPCs contribute to the

regulation of myriad physiological processes, including gene

expression, cell cycle control, and spindle and kinetochore

assembly (Wozniak et al., 2010). The typical diameter of the

central channel of the NPC is �35 nm, which allows for the

passive diffusion of small molecules and proteins with molecular

weights less than �40 kDa. However, the passage of higher

molecular weight cargo proteins requires that the cargo be

recognized by cognate transport factors, most of which belong

to the karyopherin family (Peters, 2009). This transport is active

and mediated by the interaction of karyopherins with the ‘‘FG’’

repeat-containing nucleoporins, which line the central channel

of the NPC (Terry et al., 2007).

Each yeast NPC is an�50MDa assembly made of at least 456

protein molecules represented bymultiple copies of�30 distinct

protein types, termed nucleoporins (Nups; Rout et al., 2000).

The core scaffold of the NPC is composed of almost half of

the NPC’s Nups. It is an annular structure comprising two

outer rings (the nuclear and cytoplasmic rings) and two inner

rings and serves to anchor the peripheral Nups. (Alber et al.,

2007a, b). Computational and crystallographic analyses have

revealed that the core scaffold Nups are predominately

composed of b-propeller and a-solenoid-like folds or con-

secutive arrangements of b-propeller domains followed by

a-solenoid-like folds (Brohawn et al., 2009; DeGrasse et al.,

2009; Devos et al., 2006). The ‘‘Y-shaped’’ Nup84 complex,

composed of seven core scaffold Nups, is the major com-

ponent of the outer rings of the yeastNPCand represents a struc-

turally well-characterized subcomplex (Brohawn et al., 2009;
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Table 1. Crystallographic Statistics

Data Collection ScNup192(2–960)

PDB code 4IFQ

space group P43212

unit-cell dimensions (Å) a = 134.6, b = 134.6, c = 234.8

Matthew’s coefficient (Å3/Da) 4.79

solvent content (%) 74

wavelength (Å) 0.9791

resolution (Å) 50.00–3.25 (3.29–3.25)a

number of unique reflections 64,698 (2,186)b

completeness (%) 99.1 (98.8)

Rsymm (%) 13.6 (96.9)b

multiplicity 8.4 (8.4)b

<I/s(I)> 17.5 (2.6)b

Refinement

number of reflections 32,643

number of reflections in test set 1,930

R-factor (%) 18.8

Rfree (%) 24.3

root-mean-square deviations from

ideal values

bond length (Å) 0.0137

bond angles (�) 1.7551

Ramachandran plot

MolProbity (Chen et al., 2010) residues in

favored region (%) 92.5

allowed region (%) 99.9
aValues in parentheses correspond to the highest resolution shell.
bBijvoet pairs are not merged.
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Fernandez-Martinez et al., 2012; Hoelz et al., 2011; Lutzmann

et al., 2002). High-resolution crystal structures (Jeudy and

Schwartz, 2007; Schrader et al., 2008) are also available for

Nic96, the S. cerevisiae homolog of vertebrate Nup93 believed

to play a key role in linking together Nups within the core scaffold

of the NPC to the FG Nups. The inner ring components are also

highly conserved (DeGrasse et al., 2009; Kosova et al., 1999)

and, in yeast, consist of four large Nups: Nup192, Nup188,

Nup170, and Nup157. Nup192 (1,683 amino acids; 191,535 Da)

is essential for cell growth, and studies have revealed extensive

interaction networks between Nup192 (Nup205 in vertebrates),

Nup170 (Nup155 in vertebrates), Nic96 (Nup93 in vertebrates),

Nup53, and membrane-ring Nups, such as Pom152 and Ndc1,

underscoring the importance of inner ring Nups in anchoring

the NPC to the nuclear envelope and in maintaining its structural

integrity (Amlacher et al., 2011; Fahrenkrog et al., 2000; Flem-

ming et al., 2009; Gomez-Ospina et al., 2000; Hawryluk-Gara

et al., 2005; Mansfeld et al., 2006). In yeast, Nup192 and

Nup188 compete for a predicted a-helix near the N terminus of

Nic96, supporting the existence of distinct Nup192:Nic96 and

Nup188:Nic96 binary complexes (Flemming et al., 2012). Dele-

tion of S. cerevisiae Nup170 and Nup188 in both S. cerevisiae

and Xenopus has been shown to affect the permeability of the

NPC (Shulga et al., 2000; Theerthagiri et al., 2010). Similarly, in

the case of Caenorhabditis elegans, depletion of Nup205 and

Nup93 (Nup192 and Nic96 homologs, respectively) resulted

in nuclear accumulation of nonnuclear macromolecules of

�70 kDa, suggesting a role for inner ring Nups in modulating

the permeability of the NPC’s central channel (Galy et al., 2003).

Recent studies have improved our biochemical and functional

understanding of the interactions between the inner ring Nups

and the rest of the NPC. However, high-resolution structures are

not available for the core scaffold Nups of the NPC’s inner ring,

except for the C-terminal domain of Nup170 (Whittle and

Schwartz, 2009). Here, we report the crystal structure of the

N-terminal half of S. cerevisiae Nup192, consisting of residues

2–960 [ScNup192(2–960)] at 3.25 Å resolution, revealing an

a-helical fold with three structural domains, namely, D1, D2, and

D3. Small angle X-ray scattering (SAXS), negative-stain electron

microscopy (EM), and normal mode analyses revealed flexibility

of the D1 and D3 domains relative to the D2 domain, resulting in

‘‘open’’ and ‘‘closed’’ conformations. A structural model of full-

length ScNup192 (ScNup192FL) was constructed based on EM

density maps and sequence-structure threading, illustrating the

extendeda-solenoid-likestructureof thewholeprotein.Structural

analyses showed similarity between ScNup192(2–960) and kar-

yopherins, b-catenins, and adaptins, elaborating on our under-

standing of the potential evolutionary link between vesicle-

coating complexes and the NPC (Alber et al., 2007b; Dacks and

Field, 2007; Devos et al., 2004, 2006; Field et al., 2011). Finally,

we show that suppression of Nup192 expression leads to

compromised nuclear transport, suggesting a role for Nup192 in

modulating the permeability of the NPC’s central channel.

RESULTS

Structure Determination of ScNup192(2–960)
The construct encompassing residues 2–960 [ScNup192(2–

960)], corresponding to the N-terminal half of ScNup192, yielded
2 Structure 21, 1–12, April 2, 2013 ª2013 Elsevier Ltd All rights reser
crystals (resolution �3.25 Å) that belong to the tetragonal space

group P43212 with one molecule in the asymmetric unit. The

structure was determined by Se-single-wavelength anomalous

dispersion (SAD) with the high solvent content (�75%) of the

crystals resulting in an excellent quality electron density map

(Figure S1 available online). ScNup192(2–960) also crystallized

in a hexagonal form, which diffracted only to 4.75 Å resolution.

Structure solution obtained by molecular replacement showed

that only one molecule is present in the asymmetric unit of the

crystals belonging to theP3221 space group. Structural analyses

revealed that, while the overall fold of the protein is similar

between the two crystal forms, the molecular arrangement

across the symmetry axes are different, even though some of

the interfaces involved in the crystal contacts are retained

(data not shown). The final model of ScNup192(2–960) in the

tetragonal form contains 850 out of 959 residues andwas refined

to R and Rfree values of 18.8% and 24.3%, respectively (Table 1).

The Overall Architecture of ScNup192(2–960)
The overall structure of ScNup192(2–960) reveals an a-solenoid-

like fold containing tandem repeats of 49 helices and a short

b-hairpin near the N terminus (Figure 1A) with dimensions of

84 Å 3 78 Å 3 98 Å. The structural arrangement of helices

suggests that ScNup192(2–960) can be described in terms of
ved



Figure 1. Structure and Surface Properties of ScNup192(2–960)

(A) Overall structure of ScNup192(2–960) is shown as a cartoon representation with the D1, D2, and D3 domains colored cyan, green, and gold, respectively.

Interdomain loops comprising residues 204–211 and 663–670 are marked by arrows. Residues at the boundaries of the disordered loops are depicted as gray

spheres, and the beginning of these loops are marked as L1, L2, L3, and L4. Side panels show individual D1, D2, and D3 domains as the blue to red rainbow from

N to C terminus. Secondary structure elements are shown as defined by the DSSP (Kabsch and Sander, 1983) program. Strands of the b-hairpin are labeled in

blue; additionally, helices are numbered consecutively with 310 helices treated as a helices for simplicity. See also Figure S1.

(B) Representations of the front, rear, convex, and concave views of the ScNup192(2–960) are illustrated with the D1, D2, and D3 domains colored cyan, green,

and gold, respectively.

(C) The top row shows electrostatic potential of ScNup192(2–960) plotted onto its solvent accessible surface. Missing side chains and charges were assigned for

ScNup192(2–960) structure using Protein Data Bank (PDB) 2PQR (Dolinsky et al., 2007), and electrostatic surface was calculated using APBS (Baker et al., 2001)

within PyMOL. Negative (�7 kT/e) and positive (+7 kT/e) potentials are shown in red and blue, respectively. The bottom row shows conservation of 11 different

fungal Nup192 sequences plotted onto the surface of ScNup192(2–960) structure with least to absolutely conserved residues colored as a gradient from white to

orange. See also Figure S2.
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three distinct structural domains, namely, D1, composed of

residues 2–202; D2, composed of residues 210–660; and D3,

composed of residues 665–949 (Figure 1A). Secondary structure

elements do not cross over between the domains and are

arranged in a sequential manner from the N terminus to C

terminus. The D1 and D3 domains appear slightly twisted toward

each other in opposite directions relative to the central D2

domain, resulting in a bowl-like shape with distinct convex and

concave surfaces (Figure 1B).

The N-terminal D1 domain is made up of a b-hairpin formed by

two short b strands and nine a helices (a1–a9). Two long helices,

a8 and a9, form a helical bundle (Figure 1A). The central D2

domain of ScNup192(2–960) is composed of 25 helices, from

a10 to a34, which pack against each other. The D2 domain

contains two long loops: (L1) a long, �100 amino acid (residues

328–424) loop that seems to adopt a mostly random coil confor-

mation, within which residues 363–416 could not be modeled in

the electron density maps and (L2) an�30 amino acid loop (resi-

dues 575–601) that could not be modeled in the electron density

maps. The D3 domain of ScNup192(2–960) has a globular shape

composed of 15 helices (from a35 to a49) and includes two

disordered loop regions (residues 799–813 between a41 and

a42 [L3], and residues 850–856 between a44 and a45 [L4]).

The D3 domain folds over the central D2 domain via interactions

between helices a34 and a37 and a33 and a35 (Figure 1A).

Surface Properties and Sequence Conservation
of ScNup192(2–960)
Amultiple sequence alignment of ScNup192(2–960) with 11 other

Nup192 sequences of fungal origin reveals segments of con-

served residues across the entire length of the protein (Figure S2).

A noticeable sequence divergence is seen within the loop L1 of

the D2 domain. These divergences seem to be due to insertions

and deletions between residues 363 and 416, which are disor-

dered in the crystal structure. Aside from this, the D2 domain

shows a higher degree of conservation compared to both the

D1 and D3 domains. Mapping sequence conservation and

electrostatic potential onto the surface of ScNup192(2–960)

reveals the following: (1) the surface of ScNup192(2–960) is largely

negatively charged and possesses several conserved grooves

and invaginations (Figures 1B and 1C); (2) a negatively charged

‘‘funnel’’ contoured by residues from helices a11, a15, and a22

with domain D2, although distinct, is somewhat less conserved

at its entrance (Figures 1B and 1C, front view); (3) residues from

helices a23, a24, a28, and L2 loop connecting helices a23 and

a24 are highly conserved, resulting in a large patch of conserved

surface (Figures 1A and 1C, rear and convex views) that is pre-

dominantly negatively charged. It is noteworthy that this surface

includes the conserved sequence AFLLTK-X-K-D/N-D/E-

EEDSLLSGED-L/F-X-LD-D/E-I/V between residues 447 and 471,

dominated by acidic side chains (Figure S2); and (4) the concave

surface of ScNup192(2–960), which shows a uniform charge

distribution, is only moderately conserved compared to the

convex surface (Figures 1B and 1C, convex and concave views).

Structural Dynamics of ScNup192(2–960) Revealed
by SAXS and EM
A noticeable feature during crystallographic model building is

that the D1 domain of ScNup192(2–960) is apparently more
4 Structure 21, 1–12, April 2, 2013 ª2013 Elsevier Ltd All rights reser
mobile than the D2 and D3 domains, which indicates a possible

conformational flexibility. Accordingly, the average main-chain

B-factor for the D1 domain is 104 Å2 compared to that of 74 Å2

and 78 Å2 for the D2 and D3 domains, respectively. Elastic

network model analysis using HingeProt (Emekli et al., 2008)

suggested a long-range motion of D1 and D3 domains relative

to the central D2 domain about the hinge residues of Ile196

and Leu675 (which are the near end of the D1 and D2 domains,

respectively). This motion was also identified by elNémo (Suhre

and Sanejouand, 2004) as one of the top normal modes

(Figure 2A) of ScNup192(2–960). Such conformational dynamics

might play a role in regulating the diameter of the central

pore of the NPC. Therefore, we probed the dynamics of

ScNup192(2–960) in solution using both SAXS and EM.

Indeed, the experimentally measured SAXS profile (Table S1)

of ScNup192(2–960) in solution (black in Figure 2B) did not

match the theoretical SAXS profiles computed from either the

crystal structure (c = 4.03, red in Figure 2B) or a ‘‘complete

model’’ (c = 3.84, green in Figure 2B), which fully complemented

the crystal structure by MODELLER (Sali and Blundell, 1993).

Further, the experimentally determined radius of gyration (Rg)

of 39.30 ± 0.45 Å in the Guinier plot (subset in Figure 2B) was

11%–18% higher than the Rg values of 33.33 Å and 35.41 Å

computed from the crystal structure and the ‘‘complete model’’,

respectively. Similarly, the maximum particle size (Dmax) of 123 Å

was 25.5% larger than the maximum dimension of 98 Å from the

crystal structure. Accordingly, both the crystal structure and the

‘‘complete model’’ did not match the more extended ab initio

shape (Figures 2C and S3A) computed from the experimental

SAXS profile.

To study the flexibility of the ScNup192(2–960) structure in

solution, conformational sampling by molecular dynamics was

carried out by BILBOMD (Pelikan et al., 2009; Movies S1, S2,

S3, and S4). The analysis of the resulting 110,000 conformations

using the minimal ensemble search (MES) indicated that a 3:2

mixture of only two conformations (‘‘open’’ and ‘‘closed’’) was

sufficient to explain the experimental SAXS profile within its error

bars (c = 1.45, blue in Figures 2B and S3B). In addition, the

mixture of the two conformation envelopes also agrees well

with the ab initio shape computed from the SAXS profile

(Figure 2D). The ‘‘open’’ and ‘‘closed’’ conformations of

ScNup192(2–960) support the long-range motion indicated by

HingeProt and elNémo (Figure 2A).

EM analysis of ScNup192(2–960), using the iterative stable

alignment and clustering (ISAC) method (Yang et al., 2012)

revealed 44 class averages (Figures S4A–S4D, top row) that

represent 83% of the entire data set. The ScNup192(2–960) in

these classes shows a bowl-like shape that agrees with the over-

all architecture of the crystal structure. However, numerous

class averages may correspond to different conformational

states of ScNup192(2–960). We thus explored if the conforma-

tions identified by SAXS are consistent with these EM class

averages. In particular, we quantified the overlap of projections

of the ‘‘complete model’’, ‘‘open’’, and ‘‘closed’’ conformations

with each of 44 EM class averages. The best matching models

were determined for each class average. As expected, the 44

class averages are not explained by a single conformation.

Moreover, several class averages could not be explained by

any of the conformations (Table S2). However, a number of class
ved



Figure 2. Conformational Flexibility of ScNup192(2–960)

(A) Stereoview of the top normal mode predicted by elNémo (Suhre and Sanejouand, 2004) is shown, depicting themotion of D1 andD3 domains relative to the D2

domain of ScNup192(2–960). Residues in the hinge regions 204–211 and 663–670, between the domains, are colored in black.

(B) Comparison of the merged experimental SAXS profile (black) of ScNup192(2–960) with the calculated SAXS profiles from the crystal structure (c = 4.03, red),

the ‘‘complete model’’ (c = 3.84, green), and the 3:2 mixture of ‘‘open’’ and ‘‘closed’’ conformations (c = 1.45, blue) are shown. The lower plot presents the

residuals (calculated intensity/experimental intensity) of each calculated SAXS profile. The upper inset shows the SAXS profiles in the Guinier plot with an Rg fit of

39.30 ± 0.45 Å. The maximum particle size (Dmax) is 123 Å.

(C) The crystal structure shown as cylinders (in red, front and top views) was fitted to the ab initio shape (represented as a gray envelope) computed from the

experimental SAXS profile. This comparison reveals extra volume in solution. See also Figure S3A.

(D) The ‘‘open’’ (in blue) and ‘‘closed’’ (in cyan) conformations of ScNup192(2–960) were fitted with the ab initio shape (represented as a gray envelope) computed

from the experimental SAXS profile. The mixture of two conformation envelopes agrees well with the ab initio shape. See also Figure S3B and Movies S1, S2,

S3, and S4.

(E) Selected negative stain EM class averages are shown along with the projections of the ‘‘complete model’’, ‘‘open’’, and ‘‘closed’’ conformations. The em2D

scores are shown in the bottom of each projection. See also Figure S4, showing 44 EM class averages along with projection of the ‘‘complete model’’, ‘‘open’’,

and ‘‘closed’’ conformations, and Figure S5, illustrating histogram of em2D scores for selected class averages.

See also Tables S1 and S2.
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averages could be assigned to either the ‘‘complete model’’,

‘‘open’’, or ‘‘closed’’ conformations (Figures 2E, S4, and S5;

Table S2). Taking these diverse data in aggregate, it appears

that ScNup192(2–960) is a rather dynamic molecule with long-

range flexibility in the range of 10 Å–20 Å in solution.

Structural Homologs of ScNup192(2–960)
Nucleoporins share a common fold pattern with vesicle-coating

complexes and likely share an evolutionary origin with clathrin,
Struct
COPI, and COPII (Alber et al., 2007b; Dacks and Field, 2007;

Devos et al., 2004, 2006). Although such distant relationships

are not detectable by primary sequence comparisons, they

can be revealed by sequence-structure threading and struc-

tural comparisons. To investigate these relationships, the

ScNup192(2–960) structure was compared with 59 publicly

available structures of similarly sized fragments from a-helical

proteins representing ten functional groups. Structural align-

ments were carried out using Dali (Holm and Rosenström,
ure 21, 1–12, April 2, 2013 ª2013 Elsevier Ltd All rights reserved 5



Figure 3. Structural Relatives of ScNup192(2–960)
(A) The heat map shown above illustrates the structural relationship of ScNup192(2–960) with selected a-helical proteins representing ten functional groups.

Standardized scores for Dali, CE, and Multiprot alignments represented as a yellow to red gradient; red indicates stronger alignment scores (Table S2). The

structure dendrogram is computed by hierarchical clustering using pairwise distances between alignment Z scores. The bar on the left shows the protein class for

each structure, showing that karyopherins, b-catenin, and adaptin proteins are closest to Nup192. See also Figures S6B and S6C and Tables S4 and S5 for

analyses on Nup85 and Nup170 structures.

(B–E) Structural superpositions of Nup192(2–960) with karyopherin 60 (PDB: 1EE4, chain A), karyopherin 95 (PDB: 1IBR, chain B), b-catenin (PDB: 1QZ7, chain A),

and adaptor protein 1 (PDB: 1W63, chain A), respectively, are illustrated based on DALI alignments. These were the top structural alignment hits among the

karyopherin alpha, karyopherin beta, b-catenin, and adaptin protein families. The D1, D2, and D3 domains of ScNup192(2–960) structure are shown in cyan,

green, and gold, respectively, and the superposed molecules are in gray. See also Figure S6A.

See also Table S3.
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2010), CE (Shindyalov and Bourne, 1998), and Multiprot

(Schneidman-Duhovny et al., 2010), andwe combined standard-

ized scores from these three methods into a composite Z score

(Figure 3A; Table S3). The resulting scores and trees suggested

that Nup192(2–960) is most closely related to karyopherins,

b-catenins, and adaptins (Figures 3B–3E). Notably, the overall

fold of ScNup192(2–960) does not show strong structural simi-

larity to other a-solenoid-like Nups. Many of the structural simi-

larities between ScNup192 and other a-solenoid-like Nups are

limited only to relatively short segments (i.e., structural coverage
6 Structure 21, 1–12, April 2, 2013 ª2013 Elsevier Ltd All rights reser
of only �10% of ScNup192), reducing confidence in these (Fig-

ure S6A). In addition, we also performed similar analyses on the

structures of yeast Nup85 (Figure S6B; Table S4) and Nup170

(Figure S6C; Table S5). In contrast to Nup192, Nup85 appears

more closely related to COPII and the COPII-like Nups, as ex-

pected (Brohawn et al., 2008; Devos et al., 2004; Hsia et al.,

2007), while Nup170 shows closer similarity to clathrin (ter

Haar et al., 1998; Whittle and Schwartz, 2009). This suggests

that the different a-solenoid Nups might have evolved from

several distinct coating protein architectures.
ved



Figure 4. Structural Model of the

ScNup192FL

The EM reconstruction of ScNup192FL refined at

26 Å resolution, represented as envelope, is

shown in two distinct views. The crystal structure

of ScNup192(2–960) and a homology model of

ScNup192 C-terminal region, residues 961–1,683,

were fitted on the EM map using Chimera (Pet-

tersen et al., 2004). The D1, D2, and D3 domains of

ScNup192(2–960) are shown in cyan, green, and

gold, respectively. The homology model of

ScNup192 C-terminal region is shown in gray.

See also Figure S7 and Table S6.
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Electron Microscopy and Structural Model of Full-
Length ScNup192
To assess that the structural features shown by the recom-

binant ScNup192(2–960) are reflected in the native protein,

ScNup192FL was isolated (Figure S7A; Fernandez-Martinez

et al., 2012) and analyzed by EM. The random conical tilt method

was used to reconstruct an initial three-dimensional structure

(Radermacher, 1988). Analysis of ScNup192FL untilted particles

by ISAC resulted in 23 class averages that accounted for 676

images (33% of the entire data set). The tilted counterparts of

three class averages were used for reconstruction of an initial

model for refinement. The resolution of the final structure of

ScNup192FL was �26 Å (Figure S7B). An angular coverage

plot at the final angular interval of 10 degrees is nearly complete

(Figure S7C). The three-dimensional structure of ScNup192FL

exhibits a twisted S-like morphology (Figure S7D), similar to the

Chaetomium thermophilum Nup192 homolog (Amlacher et al.,

2011) or yeast Nup188 (Flemming et al., 2012). The overall struc-

ture of ScNup192FL, which is 18 nm in length and 10 nm inwidth,

displays a pronounced semicircle followed by an extended arm.

Comparison with the crystal structure of the ScNup192(2–960)

(Figure 1A) clearly shows that the ‘‘semicircle’’ corresponds to

the N terminus and the ‘‘extended arm’’ to the C terminus of

the molecule (Figure 4). To generate a structural model, the

C-terminal region of ScNup192FL, comprising residues 961–

1683, was modeled using sequence/structural homology-based

methods (Table S6). Indeed, both the crystal structure of

ScNup192(2–960) and the homology model of the C-terminal

region could be docked into the ‘‘semicircle’’ and the ‘‘extended

arm’’ of the EM structure of ScNup192FL, respectively (Figure 4).

The cross-correlation value for docking of ScNup192(2–960)

crystal structure to the ‘‘semicircle’’ of ScNup192FL is 0.754.

Thus, we obtained an atomicmodel for ScNup192FL that reveals

the architecture of this key piece of the NPC inner ring complex.

ScNup192 Plays a Role in Modulating Transport through
the NPC
Flexibility in components of the structural core of the NPC may

be necessary to allow the NPC channel to dilate during transport

events. Removing such Nups may alter transport through the

NPC. To address this, we generated a strain where chlorotetra-

cyline can block the biogenesis of Nup192 and examined the

consequences on basic NPC function. We measured the distri-

bution of a fusion protein of the nuclear localization sequence

(NLS) of Nab2 to mCherry. The nuclear to cytoplasmic ratio

(N/C) of such a reporter represents the equilibrium of active

import into the nucleus and passive permeability leaking
Struct
outward (Shulga et al., 2000; Timney et al., 2006). Images were

collected of Tet-Nup192 cells expressing the fluorescent

reporter either immediately after addition of chlorotetracyline or

after 24 hr of repression (Figure 5A). N/C ratios of the reporter

protein were measured from the image data of these cells,

normalized to that of identically treated wild-type (WT) control

cells (Figure 5B). The N/C ratio of NLS-mCherry was reduced

to a statistically significant �50% of the wild-type distribution,

indicating a partial loss of NPC function due to either a reduced

import rate or increased permeability. Repression of Nup145 and

Nup82, both also essential Nups, caused either a lesser effect

on import/permeability or no measureable effect, respectively.

This indicated that import/permeability defects, such as those

observed upon Nup192 depletion, are not a general effect of

the depletion of any nucleoporin.

DISCUSSION

Nup192 (themetazoan homolog of vertebrate Nup205) is amajor

component of the NPC’s inner ring subcomplex, together with

Nup188, Nup170, and Nup157 (Alber et al., 2007a, b). So far,

only a few structural insights into the functional role of inner

ring Nups have been gained (Amlacher et al., 2011; Flemming

et al., 2012; Whittle and Schwartz, 2009). Our crystal structure

of ScNup192(2–960) may eventually improve our understanding

of the NPC at atomic-level resolution. Moreover, through com-

plementary techniques, such as SAXS and EM, we have been

able to reveal the conformational dynamics and overall architec-

ture of ScNup192. The structure of ScNup192(2–960) does not

closely resemble that of any other a-helical Nups solved to

date (though it is expected that Nup188 will be similar; Devos

et al., 2006; Flemming et al., 2012). Predictive algorithms

suggest the concave and convex surfaces of Nup192 might

mediate protein-protein interactions within the NPC (data not

shown). Thus, they may resemble the situation in karyopherins,

whose concave and convex surfaces interact with cargoes

and nucleoporins, respectively (Chook and Blobel, 2001; Conti

et al., 2006; Wente and Rout, 2010), and have also been shown

to be flexible (Forwood et al., 2010; Fukuhara et al., 2004).

Our structural analyses reveal that ScNup192(2–960)

achieves conformational flexibility through the rigid-body

movements of D1 and D3 domains relative to the central D2

domain. This flexibility is imparted by two short inter-domain

loops comprising residues 204–211 and 663–670, which serve

as hinges, and may mediate several possible functions. First, it

may insulate the structure of the NPC from morphological

changes of the nuclear envelope during cell division and growth.
ure 21, 1–12, April 2, 2013 ª2013 Elsevier Ltd All rights reserved 7



Figure 5. Steady State Localization of Transport Reporter after

Depletion of Nup192

(A) The different panels show the localization of the Nab2NLS-mCherry-PrA

NPC function reporter protein in strains where Nup192, Nup145, or Nup82

levels were repressed with chlortetracycline. Example images of these strains

are shown after 0 or 24 hr of repression.

(B) The N/C ratios of the reporter were quantified from�100 cells per condition

and normalized to a WT N/C value of 1 at the respective time point. These
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Such flexibility in the NPC has been suggested by prior high-

resolution EM studies (Akey, 1995; Yang et al., 1998). Second,

this flexibility may be required during the biogenesis of NPC in

order to interlock various nucleoporins (Melcák et al., 2007;

Solmaz et al., 2011). Nup192 is known to form multiple interac-

tions with other Nups (Alber et al., 2007a, 2007b; Amlacher

et al., 2011), and it has been suggested that it can wrap around

the linker-Nup Nic96 (Amlacher et al., 2011). A related possibility

that should also be considered is that, once assembled into the

mature NPC, Nup192 could be preferentially stabilized in one of

the two conformations described in this work. Third, the integrity

of the NPC permeability barrier is particularly sensitive to muta-

tion or deletion of inner ring components (Galy et al., 2003;

Shulga et al., 2000), and flexibility in the region may contribute

to allowing bulky cargoes to pass through the restricted central

channel in this region of the NPC.We tested a potential contribu-

tion of ScNup192 to maintaining the permeability barrier by

depleting it and compared the results in a nuclear transport

assay to the depletion of similarly essential components of the

outer ring and cytoplasmic filaments. Though the assay cannot

formally discriminate between effects on active import versus

passive NPC permeability, previous studies indicated that gross

NPC permeability, not import, was affected by depletion of inner

ring components Nup170, Nup188, or Nup205 (Galy et al., 2003;

Shulga et al., 2000); therefore, it seems likely that NPC perme-

ability is also increased in cells depleted in Nup192. This perme-

ability may be a direct result of alteration in the diameter of the

inner ring due to Nup192 loss or indirectly through loss of inter-

actions through Nup192 that maintain the core scaffold’s contri-

bution to the NPC’s permeability barrier. Further research should

address the detailed role of Nup192 flexibility on NPC function.

Strikingly, weak but potentially significant structural similari-

ties are observed between ScNup192(2–960) and karyopherins,

b-catenins, and adaptins, though our structural analyses did not

reveal the canonical ARM and HEAT repeats considered charac-

teristic of these proteins. In our original protocoatomer hypoth-

esis, we noted that the NPC’s core scaffold is made of a set

of cage-like structures containing Nups composed entirely of

either a b-propeller fold, an a-solenoid-like fold, or a distinctive

arrangement of both—a combination otherwise unique to the

proteins that coat transport vesicles. These similarities sug-

gested a common evolutionary origin for NPCs and vesicle-

coating complexes, such as the COPI, COPII, and clathrin/

adaptin complexes in an early membrane-curving module that

led to the formation of the internal membrane systems in modern

eukaryotes (Alber et al., 2007a, 2007b; Devos et al., 2004, 2006).

Our discovery of an a-solenoid-like fold variant in the NPC,

resembling that of both karyopherins and adaptins, provides

additional information regarding the protocoatomer hypothesis.

We now see three distinct coating protein architectures spread

between the NPC and vesicle-coating complexes: clathrin/

COPI-like, characterized by a b-propeller N terminus followed by

an extended a-solenoid leg (Lee and Goldberg, 2010; ter Haar

et al., 1998); COPII-like, in which a C-terminal a-solenoid-like
mean values are plotted with error bars of the standard error of the normalized

means. Reported p values were the result of a Mann-Whitney rank sum test,

comparing the distributions of normalized N/C values with or without repres-

sion. See also Figure S8.

ved



Figure 6. Evolutionary Relationship between Membrane-Coating Complexes

Two possible evolutionary scenarios based on the structural relationship of ScNup192(2–960) with the karyopherin, b-catenin, and adaptin protein families are

shown in (A) and (B). The a-solenoid-like and b-propeller folds are represented as rods and circles, respectively. See Discussion for the explanation.
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polypeptide folds back on itself to form a compact rod, often with

a b-propeller N terminus as well as a b-blade for binding to

a separate b-propeller subunit (Brohawn et al., 2008; Fath

et al., 2007; Hsia et al., 2007); and karyopherin/adaptin-like,

with the whole protein length characterized by a serpentine,

continuous a-solenoid-like fold (Conti et al., 2006; Owen et al.,

2004). Presuming the veracity of the protocoatomer hypothesis,

the first possibility for the evolutionary origin of these architec-

tures is that an original b-propeller/a-solenoid protocoatomer

molecule diverged to form three separate coating complexes,

each characterized by a specific molecular architecture—

namely COPI-like, COPII-like, and adaptin-like (Figure 6A). How-

ever, modern NPCs and coating complexes carry mixtures of

these three architectures. This may have arisen through a com-

plicated series of reintegration of these separate coating

complexes into hybrid complexes (Figure 6A) or through an elab-

orate convergent evolution process. Alternatively, a more parsi-

monious scenario is one in which these three architectures

evolved together within a single ancestral complex (Figure 6B),

which then diverged and specialized into the separate NPC

and vesicle-coating complexes of modern eukaryotes, each

complex retaining various aspects of the original three architec-

tures (Figure 6B). Further high-resolution structural work on

membrane-coating complexes is needed to distinguish these

possible scenarios.
EXPERIMENTAL PROCEDURES

Purification, Crystallization, and Structure Determination

of ScNup192(2–960)

The Se-Met-labeled ScNup192(2–960) with a C-terminal His-tag was ex-

pressed in BL21(DE3) Codon+RIL E. coli cells (see Supplemental Information).

ScNup192(2–960) was purified using Ni-NTA pull-down followed by a gel filtra-

tion over Superdex 200 column equilibrated with 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid pH 8.0, 500 mM NaCl, 10% (v/v) glycerol, and

5 mM dithiothreitol, containing four complete protease inhibitor tablets in

400ml (protein storage buffer). The sample (crystal number 1) used for phasing
Struct
by SAD appeared in the presence of 14% polyethylene glycol 3350 (PEG3350)

and 200 mM potassium sulfate, and the sample (crystal number 2) used for

final refined structure at 3.25 Å resolution grew in the presence of 10%

PEG3350 and 100mMpotassium iodide. Diffraction data sets were processed

with HKL3000 (Minor et al., 2006), and structure solution was obtained using

AutoSol (Terwilliger et al., 2009) in Phenix (Adams et al., 2010). An initial model

assembled using AutoBuild (Terwilliger et al., 2008) and Buccaneer (Cowtan,

2008), as implemented in CCP4 (Winn et al., 2011), was refined against the

data set from crystal number 2. Subsequent model completion involved

several rounds of manual building in COOT (Emsley et al., 2010) and refine-

ment using Refmac5 (Murshudov et al., 1997).

Small Angle X-Ray Scattering

SAXS profiles of ScNup192(2–960) were obtained at concentrations of 0.4,

1.0, 1.5, 2.0, and 2.5 mg/ml in the protein storage buffer at 15�C, and

twenty-four 1 s exposures were made for each protein sample (Table S1).

The buffer SAXS profile was obtained in the same manner and subtracted

from a protein profile. The merged experimental SAXS profile was com-

pared with SAXS profiles calculated using both the crystal structure of

ScNup192(2–960) and for the ‘‘complete model’’, in which disordered compo-

nents and eight Se-Met residues were built using MODELLER (Sali and Blun-

dell, 1993) with FoXS (Schneidman-Duhovny et al., 2010).

Conformational Sampling Analysis Using Molecular Dynamics

The ‘‘complete model’’ of ScNup192(2–960) was subjected to energy minimi-

zation and heated up to 1,500 K in the CHARMM (Brooks et al., 1983) force

field. The D1 and D3 domains were allowed to move relative to the D2 domain

about the inter-domain loop residues 204–211 and 663–670, subject to a Rg

constraint of 30 Å to 50 Å. Disordered loops not present in the crystal

structure were also allowed to move. The resulting 110,000 conformations of

ScNup192(2–960) were analyzed to identify a minimal ensemble of conforma-

tions that reproduce the experimental SAXS profile, using the MES (Pelikan

et al., 2009) and the FoXS (Schneidman-Duhovny et al., 2010) program. We

tried larger ensembles of up to ten conformations to avoid oversimplification,

and the MES results revealed that an ensemble of two conformations is suffi-

cient to explain the experimental SAXS profile (Figure S3B).

EM Analyses of ScNup192(2–960)

Purified ScNup192(2–960) was applied to glow-discharged carbon-coated

copper grids and stained with 0.75%–1% uranyl formate. Images were

collected on a Tecnai F20 (FEI, USA) transmission electron microscope.

Particles were selected using Boxer from EMAN (Ludtke et al., 1999). The
ure 21, 1–12, April 2, 2013 ª2013 Elsevier Ltd All rights reserved 9
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contrast transfer function (ctf) of the images was determined using ctfit and the

phases flipped accordingly. The particles were normalized and were then sub-

jected to the ISAC (Yang et al., 2012) technique to produce stable class aver-

ages. We quantified, based on the em2D score, the overlap of projections of

the ‘‘complete model’’ and the 110,000 molecular dynamics-generated

conformations of ScNup192(2–960) with each of 44 EM class averages using

the EMageFit application (Velázquez-Muriel et al., 2012) of the IMP software

package (Russel et al., 2012) (Figure S4; Table S2). The em2D score is defined

as one minus the cross-correlation coefficient between the image and the

best-matching projection. The histograms of the em2D scores for all class

averages were generated to determine the best matching conformation (or

subset conformations), while selected histograms are shown (Figure S5).

Three-Dimensional EM Construction of Native ScNup192FL

Native ScNup192FL, isolated by affinity purification and sucrose gradient,

as described previously (Fernandez-Martinez et al., 2012), was applied to

glow-discharged carbon-coated copper grids and stained with 0.75%–1%

uranyl formate. The random conical tilt reconstruction method was used to

create an initial model of ScNup192FL (Frank and Radermacher, 1992). The

untilted images were aligned and classified using the ISAC method (Yang

et al., 2012). Three-dimensional (3D) reconstructions were made from three

class averages, aligned, and averaged, and this combined reconstruction

was used as an initial model for reference-based alignment in SPIDER (Frank

et al., 1996).

Functional Analysis of ScNup192

Tetracycline-repressible mutants of Nup192, Nup145, and Nup82 were engi-

neered by inserting three tetracycline-binding aptamers from pTDH3-tc3-

3xHA upstream of the corresponding open reading frames. These conditional

mutant strains and WT cells were transformed with a Nab2NLS-mCherry-PrA

yeast constitutive expression plasmid (pBT054). These strains were grown,

treated with chlortetracycline to inhibit Nup translation, and imaged as

described in the Supplemental Information. Nuclear and cytoplasmic regions

from all cells in these images were segmented using purpose-built MatLab

scripts and the mean pixel intensities used to calculate each cell’s N/C

reporter-protein ratio.

ACCESSION NUMBERS

The Protein Data Bank accession code for the coordinate and structure

factor of ScNup192(2–960) is 4IFQ. The Electron Microscopy Data Bank

accession code for ScNup192FL is 5556. The NYSGRC target identifier for

the PSI:Biology target S. cerevisiae Nup192 is NYSGRC-019330.

SUPPLEMENTAL INFORMATION

Supplemental Information includes eight figures, four movies, six tables, and

Supplemental Experimental Procedures and can be found with this article

online at http://dx.doi.org/10.1016/j.str.2013.02.005.
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(2009). Two structurally distinct domains of the nucleoporin Nup170 cooperate

to tether a subset of nucleoporins to nuclear pores. J. Cell Biol. 185, 387–395.

Flemming, D., Devos, D.P., Schwarz, J., Amlacher, S., Lutzmann,M., and Hurt,

E. (2012). Analysis of the yeast nucleoporin Nup188 reveals a conserved S-like

structure with similarity to karyopherins. J. Struct. Biol. 177, 99–105.

Forwood, J.K., Lange, A., Zachariae, U., Marfori, M., Preast, C., Grubmüller,

H., Stewart, M., Corbett, A.H., and Kobe, B. (2010). Quantitative structural

analysis of importin-b flexibility: paradigm for solenoid protein structures.

Structure 18, 1171–1183.

Frank, J., and Radermacher, M. (1992). Three-dimensional reconstruction of

single particles negatively stained or in vitreous ice. Ultramicroscopy 46,

241–262.

Frank, J., Radermacher, M., Penczek, P., Zhu, J., Li, Y., Ladjadj, M., and Leith,

A. (1996). SPIDER and WEB: processing and visualization of images in 3D

electron microscopy and related fields. J. Struct. Biol. 116, 190–199.

Fukuhara, N., Fernandez, E., Ebert, J., Conti, E., and Svergun, D. (2004).

Conformational variability of nucleo-cytoplasmic transport factors. J. Biol.

Chem. 279, 2176–2181.

Galy, V., Mattaj, I.W., and Askjaer, P. (2003). Caenorhabditis elegans nucleo-

porins Nup93 and Nup205 determine the limit of nuclear pore complex size

exclusion in vivo. Mol. Biol. Cell 14, 5104–5115.

Gomez-Ospina, N., Morgan, G., Giddings, T.H., Jr., Kosova, B., Hurt, E., and

Winey, M. (2000). Yeast nuclear pore complex assembly defects determined

by nuclear envelope reconstruction. J. Struct. Biol. 132, 1–5.

Grossman, E., Medalia, O., and Zwerger, M. (2012). Functional architecture of

the nuclear pore complex. Annu. Rev. Biophys. 41, 557–584.

Hawryluk-Gara, L.A., Shibuya, E.K., and Wozniak, R.W. (2005). Vertebrate

Nup53 interacts with the nuclear lamina and is required for the assembly of

a Nup93-containing complex. Mol. Biol. Cell 16, 2382–2394.

Hoelz, A., Debler, E.W., and Blobel, G. (2011). The structure of the nuclear pore

complex. Annu. Rev. Biochem. 80, 613–643.

Holm, L., and Rosenström, P. (2010). Dali server: conservation mapping in 3D.

Nucleic Acids Res. 38(Web Server issue), W545–W549.

Hsia, K.C., Stavropoulos, P., Blobel, G., and Hoelz, A. (2007). Architecture of

a coat for the nuclear pore membrane. Cell 131, 1313–1326.

Jeudy, S., and Schwartz, T.U. (2007). Crystal structure of nucleoporin Nic96

reveals a novel, intricate helical domain architecture. J. Biol. Chem. 282,

34904–34912.
Structu
Kabsch, W., and Sander, C. (1983). Dictionary of protein secondary

structure: pattern recognition of hydrogen-bonded and geometrical features.

Biopolymers 22, 2577–2637.
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