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Structural and functional analysis of Nup133
domains reveals modular building blocks of the

nuclear pore complex

lan C. Berke, Thomas Boehmer, Ginter Blobel, and Thomas U. Schwartz

Laboratory of Cell Biology, Howard Hughes Medical Institute, The Rockefeller University, New York, NY 10021

uc|eocytop|qsmic transport occurs through nuclear
pore complexes (NPCs) whose complex architec-
ture is generated from a set of only ~30 proteins,
termed nuc|eoporins. Here, we exp|ore the domain struc-
ture of Nup133, a nucleoporin in a conserved NPC sub-
complex that is crucial for NPC biogenesis and is believed
to form part of the NPC scaffold. We show that human
Nup133 contains two domains: a COOH-terminal domain
responsible for its interaction with its subcomplex through

Introduction

Macromolecular exchange between the cytoplasm and nucleus
is a vital process involving a mobile phase of transport proteins
and regulatory factors, and a stationary phase comprised of nu-
clear pore complexes (NPCs) embedded in the nuclear enve-
lope (NE). Structural studies of mobile phase components have
revealed the molecular details of cargo binding, regulation by
Ran GTPase, and how transport factors interact with the NPC
(Chook and Blobel, 2001), but the enormity of the stationary
phase of nucleocytoplasmic transport has so far frustrated such
efforts. Nonetheless, a low-resolution picture of the NPC and
its organization is emerging. NPCs have a conserved eightfold
symmetric framework with peripheral fiberlike extensions into
both the cytoplasm and nucleus (Suntharalingam and Wente,
2003). An NPC has an estimated mass of 125 MD in verte-
brates and 55-72 MD in yeast, yet is comprised of only ~30
proteins termed nucleoporins (Rout et al., 2000; Cronshaw et
al., 2002). Nucleoporins are organized in subcomplexes that
can be isolated from mitotic extracts or through biochemical
extraction of the NE. These modular units are present in multi-
ple copies arranged around two- and eightfold axes of symme-
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Nup107; and an NHy-terminal domain whose crystal
structure reveals a seven-bladed B-propeller. The surface
properties and conservation of the Nup133 B-propeller
suggest it may mediate multiple interactions with other
proteins. Other B-propellers are predicted in a third of all
nucleoporins. These and several other repeat-based motifs
appear to be major elements of nucleoporins, indicating a
level of structural repetition that may conceptually simplify
the assembly and disassembly of this huge protein complex.

try and are believed to generate discrete structures within the
NPC (Suntharalingam and Wente, 2003).

The nonameric Nup107-160 subcomplex in vertebrates
(Loiodice et al., 2004) forms part of the peripheral circular core
structure of the NPC and is located in close vicinity to the sharp
bend between the outer and inner nuclear membranes (Bel-
gareh et al., 2001). Immunodepletion of this subcomplex from
Xenopus laevis egg extracts prevents reformation of even par-
tial NPCs in nuclear reconstitution assays (Harel et al., 2003;
Walther et al., 2003). Targeted depletion of Nup107 by RNA
interference prevents integration of the subcomplex member
Nup133, but allows other proteins of the subcomplex to be
incorporated. Nupl107-depleted NPCs were slightly compro-
mised in their ability to export mRNA but did not affect the
overall growth rate of cells (Boehmer et al., 2003; Galy et al.,
2003; see, however, Walther et al., 2003).

In yeast, the homologous heptameric Nup84 subcomplex
has been assembled in vitro from recombinant dimers and trim-
ers produced in Escherichia coli (Lutzmann et al., 2002). By
negative staining electron microscopy, the subcomplex has a
Y-shaped structure with Nup133 located at the base of the stalk
and Nup84 (the yeast homologue of Nup107) being its nearest
neighbor. Nup133 depletion in yeast causes temperature-sensitive
growth and mRNA export defects and clustering of NPCs at one
pole of the NE (Doye et al., 1994; Pemberton et al., 1995).

Although an essentially complete inventory of nucleoporins
is at hand and their organization into subcomplexes estab-
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lished, little information is available about the structural details
of NPC architecture. Except for a 160-residue COOH-terminal
fragment of Nup98 (Hodel et al., 2002), there is no other
atomic structure of a nucleoporin available. Nup98 has been
proposed to be a “mobile” nucleoporin from studies with GFP-
tagged protein and FRAP experiments (Griffis et al., 2002). In
contrast, members of the Nup107-160 subcomplex are stably
associated with the NPC during interphase (Belgareh et al.,
2001). Given the importance of this subcomplex in NPC as-
sembly, its stability and its Y-shaped structure, the Nup107-
160 subcomplex and its homologues have been proposed to
form a portion of the central scaffold of the NPC (Belgareh et
al., 2001; Harel et al., 2003). Here, we show the subcomplex
member Nup133 contains two domains: a COOH-terminal do-
main (CTD) that anchors Nup133 via Nupl07 to its subcom-
plex, and an NH,-terminal domain (NTD) that folds into a
seven-bladed 3-propeller structure determined crystallographi-
cally at 2.35 A. The discovery of a B-propeller domain unex-
pected by sequence analysis prompted us to examine other nu-
cleoporins for this fold. Candidate B-propeller domains were
found in three nucleoporins in addition to the six previously
identified by their sequence repeats (Table I). High symmetry,
modular subcomplexes built from a small component set, and
high frequency of some structural modules show that the high
degree of complexity in NPC organization is generated from
multiple levels of modularity.

a ao/p o

hNup133(67-478) ©

mAb414

hNup133(502-1156)

mAb414

Figure 1.

Examination of the 1,156-residue human Nup133 by second-
ary structure prediction, disordered region prediction, and se-
quence conservation among homologues identified two do-
mains: an NH,-terminal o/f3 domain of ~400 residues and an
all helical CTD of ~640 residues (Fig. 1 a). Reconstitution of
recombinant yeast Nup84 subcomplex revealed that Nup133
is anchored to the subcomplex via its direct interaction with
Nup84, the yeast homologue of NuplO7 (Lutzmann et al.,
2002). Accordingly, Nup133 failed to assemble into NPCs of
vertebrate cells depleted of Nup107 (Boehmer et al., 2003). In
vitro binding experiments, performed with recombinant GST-
Nupl107 and in vitro transcribed and translated Nup133 pro-
teins, show that the Nup133 CTD binds Nupl07 (Fig. 1 b).
GFP-tagged hNup133 (502-1156) shows punctate nuclear rim
staining consistent with integration into the Nup107-160 sub-
complex and the NPC (Fig. 1 ¢).

In yeast two-hybrid screens using Nup133 as bait, the ex-
treme COOH terminus of hNup107 was sufficient for their in-
teraction (Belgareh et al., 2001), suggesting Nupl33 and
Nup107 interact in a tail-to-tail fashion. Nup133 is an elon-
gated and curved molecule at the base of the yeast Y-shaped
Nup84 assembly (Lutzmann et al., 2002). Given this shape and
the tail-to-tail interaction with Nup107, the Nup133 NTD may
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Domain structure of Nup133. (o) Two domains were predicted, with the NTD having helical and sheet content, and the CTD being all helical.

The construct used for crystallization is boxed. (b) In vitro binding of hNup133 domains to recombinant GST-hNup107. Top and bottom panels show the
bound and unbound fractions of various [**S]methionine-labeled Nup133 translation products incubated with recombinant GST-Nup 107 immobilized on
affinity resin. (c) Localization of EGFP-tagged hNup 133 domains in Hela cells. The CTD shows punctate rim staining that overlaps with the mAb414 signal.
The NTD shows diffuse EGFP-signal, with a weak concentration at the nuclear rim.



be positioned at the very end of the Nup107-160 subcomplex,
allowing it to mediate interactions to adjoining nucleoporins or
associated proteins. Experiments that prevent Nup133 incor-
poration by depleting its nearest neighbor Nup107 cause a sub-
set of peripheral nucleoporins (Nup153, Nup214, Nup358, and
TPR) to be depleted, whereas more centrally located nucle-
oporins are not affected (Boehmer et al., 2003). GFP-tagged
hNup133 (67-478) in HeLa cells is dispersed throughout the
cell with a slight concentration at the nuclear rim (Fig. 1 ¢). If
the unknown NTD binding sites are of low affinity, dynamic
binding of the overexpressed GFP-NTD would result in an
equilibrium between NPCs, cytoplasmic and nucleoplasmic
pools, and the dispersed staining observed (Fig. 1 ¢). Competi-
tion with endogenous NTDs tethered to the NPC via their
CTDs would further reduce nuclear rim staining. In yeast,
Nup133 containing a deletion in the NTD complements RNA
export and temperature-sensitive growth defects of Nupl33
null mutants, but not an NPC clustering phenotype (Doye et
al., 1994). Therefore, the Nup133 NTD may be involved in
mediating interactions whose disruption compromises yeast
NPC distribution.

Structure of the Nup133 NTD reveals a
B-propeller fold

We expressed the NTD of hNup133 (residues 67-514) in
E. coli, crystallized it, and solved the structure to 2.35 A.

Figure 2. Architecture of hNup133 NTD. (a) Ribbon representation of
hNup133 NTD B-propeller, top view. The four strands of each blade are
labeled A-D. Blades are labeled 1-7 and colored red through purple
with helical insertions shown in pink. The disordered loops are repre-
sented as fransparent tubes. (b) Side views of the propeller related
~120° to each other. Figures were prepared with Dino (http://www.
dino3d.org) and Povray (http://www.povray.org).

hNup133 NTD is a B-propeller with seven, four-stranded
[-sheets arranged face to face around a central water-filled cav-
ity (Fig. 2, a and b; and Video 1, available at http://www.jcb.org/
cgi/content/full/jcb.200408109/DC1). The polypeptide chain
enters each propeller blade from the innermost strand and folds
in an antiparallel manner (Fig. 2 a and Fig. 3 a, strands labeled
A-D). Blade 7 of the propeller consists of the innermost three
strands from the COOH terminus with the blade completed by
the NH, terminus of the domain. This 3 + 1 molecular clasp ar-
chitecture is a common feature for stabilizing B-propellers (Pa-
oli, 2001). The repeating antiparallel structure results in a top
surface composed of the loops connecting strand D of one
blade to strand A of the next (DA loop) as well as the BC loop
within each blade, whereas the bottom surface is composed of
the AB and CD loops. Two significant a-helical insertions are
present in DA loops (Fig. 2, a and b, pink). The a1 helix inserts
between the interface of blades 7 and 1, displacing blade 7
away and blade 1 toward the central axis. Blade 5 is extended
and curls around helix a2 located in the DA loop connecting
blades 4 and 5. This helical “wing” juts out from the core of the
propeller by 15 A. A disordered 20-residue insertion is present
in the DA loop connecting blades 3 and 4 (DA;,). The propeller
has an overall diameter of 45-50 A and the B-sheet core is
~25-A thick. Blade 2 has a short 3y helix just before strand 2A
that projects into the top of the inner channel (Fig. 2 a; and Fig.
3 a, orange) and strand 2A is oriented away from the pseudo-
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sevenfold axis such that the bottom of the channel is wider than
the top. The inner channel is oval shaped, being 12-16 A wide
at the top and 12-20 A at the bottom (C, to C,), and contains
many ordered water molecules.

B-Propellers are repeat proteins believed to have evolved
multiple times by gene duplication and fusion of proto-40-50-
residue B-sheets (Paoli, 2001). Support for this hypothesis
comes from the existence of 4-, 5-, 6-, 7-, and 8-bladed propel-
lers, their wide distribution in function and phylogeny, and the
existence of sequence repeats within some of these proteins.
Structural alignment of each blade from hNup133 NTD shows
no absolutely conserved residues (Fig. 3 ¢). The blades super-
impose very well with a root mean squared deviation of 1.29 A
over 21 aligned C, atoms (Fig. 3, a and b, spheres). The se-
quence pattern of strand B is the most conserved, with a hydro-
phobic core flanked on both sides by polar residues stabilizing
the AB and BC loops by hydrogen bonding to the peptide back-
bone or to a neighboring blade. The tight 3-turn in the BC loop
is conserved except for the extended blade 5 that contains two
sequential turns in its loop (Fig. 3, a and b, cyan). Though more
variable than the BC loop, the AB loop also tends to be short
with the exception of the flexible AB loop of blade 2 (Fig. 3 b,
orange). As in most propellers, strand D is the most variable in
length and sequence (Paoli, 2001) and most notably strand 7D
has an irregular bulge that contributes to the packing interface

a BC loop b

between blade 7, a1, blade 1, and its CD loop (Fig. 2 b, left;
and Fig. 3 a, purple). A Dali search for the nearest structural
homologues revealed that Tupl, transducin, and clathrin NTD
B-propellers align with root mean squared deviations of 3.5,
3.4, and 3.9 A over 278, 272, and 278 C,, atom, respectively.
Tupl and transducin are WD-repeat propellers characterized by
an electrostatic network of residues (D-H-S-W) that stabilize
the strands within a blade (Paoli, 2001). No such networks are
found in the Nup133 NTD propeller, and the Trp-Asp residues
at the end of strand C that WD repeats are named for are not
conserved. The sequence of Nup133 NTD blades appear more
like that of clathrin NTD blades (ter Haar et al., 1998), with
mainly a pattern of hydrophobic residues marking the repeats
(Fig. 3 ¢).

Conserved features suggest multiple
interactions and a regulatable

interaction motif

Proteins with the B-propeller fold have diverse functions rang-
ing from catalysis, intra- and extracellular signaling, vesicular
sorting, and DNA binding (Paoli, 2001). The wide range of
functional possibilities for this fold reflects the variety of inter-
action surfaces in the 3-propeller scaffold: top and bottom sur-
faces are composed of variable loops that can serve as a dock-
ing platform for other proteins; the side surface is composed of

75°
s
c AB loop CD loop
D
hNup133NTD A B . C =
Bld7a 75 v - v esvnYdvktfgsslpv...[13]... 90
B1dl 104 ...qL...tInId..........egg.wACLVC....ke........kKLIIW.kIalsp.itklsvckeLq..LPp....[3]... 146
Bld2 150 ...hwSAdLVALsysspsgeahstqgaVaVMVAT....reG....... sIryWpsLag€...... dtyteaf...vd....[5]... 202
Bld3 208 ...t¥s..fLtaV.......... qgg.SFILSS....sgS.......qLIRL.ipessg....kIhghiLpgggGm...[21]... 251
Bld4d 273 ...tLs..sV1wD...ecooow rers.SFYSLT....SSeeececes nIskW.eLddss....EkhaYsw...dIn...[24]... 313
B1ld5 338 vnIrYl..DLkgN...........cd.gLVILAAAWhsadnpclIyYSLITI.edngcq...msdavtvev...Tq...[10]... 392
Bld6é 403 ..Il1C...qLtVP........ nfsnq.TAYLyn....€S...cue.. AVyVC.sTgtgk...fSlpgekiv...fn....[4]... 445
Bld7b 450 ...SHL..GBOEC.ccccccccss GG VEIREES  « « +XNSccovees gLVSI.tsre 477
ClathrinNTD
cth7a 1 magilPIrfgehlqLgnlgInpa..... 23
cthl 24 .nIgfs..tLtMesd........... KkFECTEEKVge.ccccv .. gqaqVvII.dmn..... dpsnpirrPis.cccececccecces 67
cth2 68 oo sA..SEIENDA . ssvos e SKVIEEEEEAG . c o 000000000 ktBgEE .nI€..cc 0 mkskmkahtMtdd...eeeeeeen 107
cth3 108 ....Vt..fWkWIsl......... ..ntVALVTd........ ....nAVyhW.sme......gesqgPvkmfdrhssLa........ 149
cth4 150 .gCqIi..nYrtDa.......... kgkwLLLTGisaqqg....nrvvGaMQLy.Svd....... rKVSQPi€.eeeeeeeeenennn 195
cth5 196 ....Gh..aASFAgFkmeg..NaeeStLFCfAvrgg........ agGkLhIi.eVgtpptgNgpFpkkavdVEFppeAq....... 267
cth6é 268 .nDfPv..aMgISek.......... HAVVFLITK .. eeeeoonns yGyIHLY.DLe...... tGtcIymnrisge..ceeeeeeens 301
cth7b 302 ...tIf..vTAphea.......... taGIIGVUNr..ccceceoee kGQVLSV.CVe 330

Figure 3. Structural alignment of the seven blades in the Nup133 p-propeller. (a and b) Superposition of 21 C, positions from each blade calculated by
the program MultiProt (http://bioinfo3d.cs.tau.ac.il/MultiProt/). Gray spheres mark the aligned C, atoms from blade 3. Strand A lines the inner channel
of the propeller and is roughly parallel to the pseudo-sevenfold axis. Blade 2 (orange), blade 5 (cyan), and blade 7 (purple) contain insertions. (c) Struc-
ture-based sequence alignment of Nup133 NTD blades. Conserved hydrophobic positions are shaded yellow. Clathrin NTD propeller blades are shown
for comparison. The sequence is shown in Joy formatting (http://www-cryst.bioc.cam.ac.uk/~joy/). B-Strands are shown in blue, 310 helices are shown in
maroon, capitalized residues are solvent inaccessible, bold indicates a sidechain-backbone amide H-bond, underline indicates sidechain-backbone carbonyl
H-bond, and italics indicates a residue with positive phi values. Gray residues were not built in the model. Bracketed numbers refer to residues not depicted.
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grooves at the (3-sheet interfaces often involved in peptide in-
teractions; and the inner cavity potentially provides a space for
sequestering ligands from bulk solvent. The lack of structural
constraints on the evolution of a (-propeller’s primary se-
quence makes this an extremely adaptable module. Mapping
the conservation of Nup133 NTDs from six vertebrate species,
two insects, and two worms on the hNup133 propeller surface
reveals conserved patches that extend along its circumference
from blade 5 through blade 2 (Fig. 4 a, left and middle; and Fig.
S1, alignment, available at http://www.jcb.org/cgi/content/full/
jcb.200408109/DC1). The interface between blade 5 and a2-3
forms a conserved groove that is flanked at either end by nega-
tive charges (Fig. 4, a and b). The strongest surface conserva-
tion is centered on the al insert and a conserved hydrophobic
groove runs between a1 and blade 7 (Fig. 4 a). Rotating around
the pseudo-sevenfold axis of the propeller, a long disordered
but conserved loop (DA34) follows strand 3D (Fig. 4 a, tube
representation; and Fig. 4 c, sequence alignment). The loop lies
above the entrance to a pocket in the interface between blades 3
and 4 (Fig. 4 b, right).

Conserved

a1/bld7 groove
a2-3/bld5 groove

\\'--o

>

p3C 3D
H.sapiens
230 240 250

H.sapiens SGSQLI LIPES}N SIHQHILP[OGQE. . . .
R.norvegicus VGSQLVEILIPEGEEISIHQHVLPEGO[. . . .
G.gallus SRGQLVEILIPDSEIA4THQHALPMGOfE. . . .
X.laevis EKNHLV}: LTPDA‘J' ISINQRILP[EIGQe. . . .
D.rerio YRGHLL|VSADS| LHHRPVQ[IGQ[e. . . .
T.nigroviridis VKNRLL VSPDA‘K‘ LQCRALM{EIGOf. . . .
D.melanogaster TCNLVFARVGLTRIESIYTLHHKTE . I}4PAT S}y
A.gambiae TCSLMRIANVHLOQRMMGRYV I VPEILIJ4PPSGi3
C.elegans TSGTNMY| LNGKGiV AKTGALEESNKWAGRE
C.briggsae TSGTIYIHINGEG)Y GKTGTLE[EHKWIGRE

WO EE B e e

A common theme shared by many B-propeller domains
is their ability to organize dynamic multiprotein complexes.
Clathrin forms cages around budding vesicles with their 3-pro-
pellers recruiting cargo and adaptor complexes, resulting in a
supramolecular coat over the membrane (ter Haar et al., 2000;
Miele et al., 2004). As in clathrin, the Nup133 3-propeller is at-
tached to a structural scaffold. The most conserved patches of
residues in the Nup133 B-propeller (Fig. 4 a, left and middle)
are located at some distance from one another and may partici-
pate in separate peptide-in-groove interactions similar to the
clathrin box motif association with clathrin NTD (ter Haar et
al., 2000). Moreover, the high conservation of the DA, loop
suggests it has a functional role in interacting with other pro-
teins even though it is disordered. An emerging paradigm in the
regulation of protein interactions is the importance of disor-
dered regions that become ordered upon binding (Dunker et al.,
2002). Disorder—order transitions allow low affinity and high
specificity interactions and regulation of binding through post-
translational modifications such as phosphorylation. The loop
contains a protein kinase A consensus site that is conserved

Variable

DA, loop

pac p4D
0 279 289 299
FFFIc1HSPSSELT. . .. ... LSEvLWDRERESFYSETSEN
PR OGILSPTSPILM. . .. ... LAEJVLWDRGNEISFYTIAT SN
S GILSPGSPEMQ....... ISEVLWDKEREISFYMMT SEEIN
EWAG ILSPAVEST. . .. ... LcvLwbkGDlcFYTHTDE S
NG IRGQPADLS . . . . ... VFEVLWVKAS[HcLyYsissfEc
P GILSPPVIDA. . .. ... LufvLwvacafcLyTHTNER
S A I GMNTGANKDQTLVGM . CCR{SNLESGERMI VAVIASDIA
P SdIGMNSGQRRENKLVKMSCERdI SHNPTE|JHV T VAADHW
PESNFG. . .GEEKE. . .. ... sTHLITN. . .[rouofkDl .
S FSSGNGLEKE. . . . ... NPELVTN. . . AFsFEFKNNA

Figure 4. Conserved features of the Nup133 NTD propeller. (a) Surface representation showing conservation of residues on the propeller sides. Each
view is an ~120° rotation about the pseudo-sevenfold axis beginning from the NH, and COOH termini in blade 7 and is the same as in Fig. 2 b. The tube
marks the region of the disordered DA;4 loop. Conservation scores were calculated using the ConSurf Server (http://consurf.tau.ac.il/) and colored
maroon (most conserved) to cyan (most variable). (b) Electrostatic potential of the Nup 133 B-propeller. Orientation is as in part a. Red indicates negative
regions of the potential and blue indicates positive regions. (c) Sequence alignment of the DAy, loop across representative metazoans. Position of the
conserved protein kinase A consensus site is boxed and potential phosphorylated residues are marked by yellow stars. Green triangles mark conserved

hydrophobic positions.
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among metazoans (Fig. 4 ¢, boxed residues) and two conserved
serines (Fig. 4 ¢, yellow stars) are located just before conserved
hydrophobic residues (Fig. 4 ¢, green triangles). Phosphoryla-
tion of nucleoporins affects their disassembly during open mi-
tosis (Macaulay et al., 1995; Favreau et al., 1996). Interestingly,
fungi, which do not undergo an open mitosis, do not have con-
served serines or threonines in this region of Nup133 (Fig. S1).

Modularity of the NPC

NPC organization seems to be simplified at several structural lev-
els. At the multiprotein level, a high degree of symmetry reduces
the number of proteins required to generate such a large complex.
In addition, these proteins are organized into modular subcom-
plexes, simplifying the number of interactions that need to be
regulated for NPC assembly and disassembly to just those that
mediate inter-subcomplex association. The structural modularity
of Nup133 and the unexpected finding of a 3-propeller domain in
it led us to examine other nucleoporins. Fold recognition algo-
rithms predict 3-propellers in nine additional nucleoporins (Table
I), making this domain a common module of the NPC. Systems
specific to eukaryotes have been shown to be enriched in proteins
derived from repeating elements (Marcotte et al., 1999), and
other repeat modules are predicted or known to exist in the NPC
including coiled-coils (Bailer et al., 2001), helical-solenoid—
forming repeats (Devos et al., 2004), and phenylalanine-glycine
sequence repeats. Each class of repeat provides a scaffold with
advantages for different modes of interaction (Andrade et al.,
2001): helical solenoids have a large solvent-accessible surface
well suited for large or tandem protein interfaces; coiled-coils are
excellent mediators of oligomerization; compact, stable repeat
structures such as (3-propellers are ideal for forming reversible in-
teractions with several partners; and phenylalanine-glycine re-
peats provide disordered peptides for low-affinity, high-specific-
ity interactions with karyopherins. Before the proteomic analysis
of the yeast and vertebrate NPCs, it was estimated that at least
100 nucleoporins existed. In much the same way as the true com-

Table I. Nucleoporins containing -propeller domains

Nucleoporin Residues References
Nup107-160 complex
Nup133 76-478
Nup160 (yNup120) Devos et al., 2004
Sec13b Cronshaw et al., 2002
Seh1b Cronshaw et al., 2002
Nup37°< Cronshaw et al., 2002
Nup43°< Cronshaw et al., 2002
Nup214 complex
Nup214 (yNup159)° 1-455
Nup88 [yNup82)° 50-550
Other
Aladinb© Cronshaw et al., 2002
Nup155 (yNup170)° 50-550

9400-500-residue domains predicted to contain mostly B-sheet structure were
submitted to the SAM-TO2 server (HMM based; http://www.cse.ucsc.edu/
research/compbio/HMM-apps/T02-query.html) and Fugue Server (environment
specific score matrices; http://www-cryst.bioc.cam.ac.uk/~fugue/prfsearch.html)
for fold prediction.

5WD-repeat protein.

“No yeast homologue identified.
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ponent set was found to be simplified, perhaps the set of struc-
tural motifs within the NPC is also more basic, with a limited set
of repeat modules mixed and matched to generate the startling
structural and dynamic complexity observed.

Materials and methods

Sequence analysis

Secondary structure prediction of human Nup133 was performed with the
PredictProtein server (http://cubic.bioc.columbia.edu/predictprotein), dis-
ordered region prediction with Pondr (http://www.pondr.com), and multi-
ple alignment of homologous Nup133 sequences with ClustalW. Regions
of secondary structure and homology separated by disordered, nonhomol-
ogous regions of >40 amino acids were considered separate domains.

In vitro binding assays

Fulllength and mutant Nup133 proteins (amino acids 1-1156, 1-514,
and 497-1156) were in vitro transcribed and translated in the presence
of [**S]methionine by a coupled reticulocyte lysate transcription/translo-
tion system (TNT T7; Promegal). Binding assays were performed essentially
as described previously (Yaseen and Blobel, 1999) using recombinant full-
length Nup107 fused to GST and in vitro transcribed/translated Nup133
proteins as indicated in the figure legends. Bound and unbound fractions
were resolved by SDS-PAGE and analyzed by autoradiography.

Transfection and immunofluorescence microscopy

Hela cells were grown in DME (Invitrogen) supplemented with 10% FBS,
penicillin, and streptomycin. For transfections and immunofluorescence mi-
croscopy, cells were grown on coverslips and transfected using Effectene
(QIAGEN| following the manufacturer’s instructions. 24 h later, cells were
washed twice with PBS and fixed/permeabilized in 100% methanol at
—20°C for 5 min. Costaining with mAb414 (BAbCO) was performed as
described previously (Boehmer et al., 2003) except that CY5-conjugated
donkey a-mouse IgG antibodies (Jackson ImmunoResearch Laboratories)
were used as secondary antibodies. Samples were examined using a
spectral confocal microscope (model TCS SP; Leica). Images were pro-
cessed in Adobe Photoshop CS.

Protein preparation and crystallization

Residues 67-514 of human Nup133 with a Hiss tag and thrombin cleav-
age site at the NH, terminus were expressed in E. coli strain BL21 Codon-
Plus(DE3)-RIL cells at 23°C. Nup133 NTD was purified using a nickel affin-
ity resin followed by thrombin cleavage overnight. The protein was further
purified on a HiTrap Q anionic exchange column and gel filiration on a
Superdex 75 column. Before crystallization, hNup133 NTD was concen-
trated to 10 mg ml~" in 20 mM Tris-Cl, pH 8.0, 150 mM NaCl, and 3
mM dithiothreitol. The protein was crystallized at 4°C with the hanging
drop vapor diffusion method by mixing 2.5 pl of protein with 2.5 ul of
precipitant solution, containing 17-19% (wt/vol) PEG 3350, 100 mM Bis-
Tris, pH 5.6-6.2, and 200 mM Li;SO,. Crystals were cryo protected in
paraffin oil and frozen in liquid N,. Selenomethionine-substituted deriva-
tives were prepared according fo published protocols (Doublie, 1997).

Data collection, structure determination, and refinement

A SAD data set (to 2.5 A) of an SeMet derivative was collected at 100 K at
the 8.2.1 beamline of the Advanced Light Source. Two selenium sites (out of
five possible) were identified with the program Shake-and-Bake (Weeks and
Miller, 1999) and an additional two sites were found using the program
SHARP (de la Fortelle and Bricogne, 1997). The resulting solventflattened
electron density map was used to build an initial model that was refined us-
ing CNS (Brunger et al., 1998) and REFMACS. The resulting model was re-
fined against native data collected to 2.35 A. The quality of the final model
was validated using the program PROCHECK of the CCP4 suite (Collabora-
tive Computational Project Number, 1994) and contains residues 75-162,
170-201, 206-251, and 270-477 and 97 water molecules. Coordinates
and native structure factors were submitted to the Protein Data Bank with ac-
cession code 1XKS. Final statistics are provided in Table S1 (available at
http://www.jcb.org/cgi/content/full /jcb.200408109/DCT1).

Online supplemental material

Data and refinement statistics for the determination of hNup133 NTD are
provided in Table S1. Video 1 shows the hNup133 B-propeller rotating
top to bottom, and then around its circumference. A multiple sequence
alignment of Nup133 NTDs across representative vertebrates, insects,



worms, and fungi is provided in Fig. S1. Online supplemental material is

available at http://www.jcb.org/cgi/content/full /jcb.200408109/DC1.
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