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Zusammenfassung

Die Kernporenkomplexe der eukaryotischen Zellen sind riesige Proteinkomplexe,
die Doppelmembran des Zellkerns eingebettet sind und den Transport von Molekullen
zwischen dem Zytoplasma und dem Kern erlauben. Ein Kernporenkomplex setzt sich
aus ~30 verschiedenen Nukleoporinen zusammen, die in mehrfacher Anzahl in einer
Kernpore vorkommen. Die meisten Nukleoporine sind in stabilen Subcomplexen or-
ganisiert. Viele dieser Module wurden bereits charakterisiert, aber die Struktur des
tetrameren Nup82-Nup159C-Nsp1C-Dyn2 Komplex, welcher sich auf der zytoplasma-
tischen Seite des Komplexes befindet und der am Export von mRNA aus dem Kern

beteiligt ist, ist bisher unbekannt.

Daher untersuchte ich in meiner Doktorarbeit diesen wichtigen Subkomplex mit dem
Fokus auf die konservierte C-terminale Domane von Nup159. Nup159-C tragt eine es-
sentielle a-helikale Domane (H1), welche Gber sogenannte coiled-coil Interaktionen ein
Homo-Dimer ausbilden kann. Mutationen in dieser konservierten Doméane unterdriicken
die Homo-Dimer Ausbildung und den Aufbau des tetrameren Nup82-Komplexes. Es
konnte gezeigt werden, dass der Bereich zwischen der H1-Untereinheit und der Dynein-
interagierenden-Doméne (DIDyyp1s9) Kritisch fAVar die Bindung von Dyn2 an das DIDnyp159
Motiv ist. Es zeigte sich, dass DIDnyp159 und H1 einen bestimmten Abstand zur Bindung
von Dyn2 brauchen um eine effiziente Assemblierung des Nup82 Komplexes und Ein-

bau in das Kernporengerust zu gewahrleisten. Um den Nup82 Komplex strukturell un-

Vi
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tersuchen zu kénnen, habe ich diesen Komplex ohne seine flexiblen FG Domanen in
Hefezellen rekonstitutiert und anschlie3end isoliert. Biochemische, biophysikalische
und elektronen-mikroskopische Untersuchungen zeigten, dass der Nup82 Komplex eine
20 nm langliche Struktur mit einer assymetrischen 'Kopf’-Struktur ausbildet. Die Kopf-
struktur ist aus den a-helikalen C-Domé&nen von Nup159 und Nsp1, sowie vier Nup82
Molekile mit unterschiedlichen Eigenschaften aufgebaut. aufgebaut ist aus einem 20
nm langem Stab, bestehend aus dem DIDyy159-Dyn2 Anteil, und einer assymetrischen
"Kopf’- Struktur, welche vier Nup82 Molekule mit unterschiedlichen Eigenschaften und
die a-helikalen C-Doméanen von Nup159 und Nsp1 beinhaltet. Mit dieser Zusammenset-
zung hat der Komplex insgesamt ein Molekulargewicht im Bereich von einem Megadal-
ton. Desweiteren konnte Uber quervernetzende Massenspekirometrie eine Interaktion-
skarte zwischen den vier Untereinheiten des Komplexes erstellt werden.

Die Arbeit gibt somit zum ersten Mal Einblicke in die dreidimensionale (3D) Ar-
chitektur des Nup82-Nup159C-Nsp1C-Dyn2 Komplexes der Kernpore in welchem die

Nup159-C Domane ein selbst-dimerisierendes Element bildet.
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Abstract

Nuclear pore complexes (NPCs) are huge, proteinaceous assemblies, embedded
in the nuclear envelope that act as gateways between the cytoplasm and nucleoplasm.
A single NPC is formed from ~30 different nucleoporins, present in multiple copies.
The vast majority of nucleoporins is organized in distinct subcomplexes. A number
of NPC modules have been described in the past, but the structure of the tetrameric
Nup82-Nup159C-Nsp1C-Dyn2 complex, located at the cytoplasmic side of the NPC
and involved in nuclear mRNA export, remained elusive.

My PhD study has focused on the conserved C-domain of Nup159, the key sub-
unit of the Nup82 complex. Nup159-C harbors an essential a-helical sub-domain (H1),
which is able to homo-dimerize through a coiled-coil interaction. Mutation in this region
disturbs homo-dimerization and Nup82 complex assembly. The linker sequence prior
to the essential H1 sub-domain turned out to be critical for dynein light chain (Dyn2)
recruitment at the DIDyp159 motif (dynein light chain interacting domain), which binds
five Dyn2 dimers. This finding suggests that DIDyp159 @and H1 require a certain distance
for Dyn2 binding to ensure the efficient Nup82 complex assembly and incorporation into
the NPC scaffold. To gain more insight into the structure of the Nup82 complex, | have
applied a method to reconstitute in vivo and subsequently isolate the essential structural
core of the Nup82 module devoid of flexible FG repeats. Biochemical, biophysical and
electron microscopy analysis unravelled that the Nup82 complex consists of a 20 nm

stalk formed by the DIDyyp159-Dyn2 and an asymmetric 'head’ structure that contains
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0. Abstract

four Nup82 molecules with different properties and the a-helical C-domains of Nup159
and Nsp1, leading to a large assembly with a molecular mass in the megadalton range.
Furthermore, cross-linking mass spectrometry allowed to map the interaction regions
between four subunits of the complex.

Interestingly, orthologous Nup88-CAN/Nup214 complex of the human NPC is also
asymmetrically located at the cytoplasmic side of the pore and allowed to speculate
about possible orientation of the yeast Nup82 complex. Based on this data, the first
structural model of the conserved Nup82 complex was developed, explaining how this
cytoplasmically located module is anchored to the NPC scaffold and at the same time
can protrude its FG repeats towards the central transport channel to participate in the
nucleocytoplasmic transport. Moreover, both NUP88 and CAN/NUP214 in human are
linked to cancer, thus the first structural insight in the Nup82 complex could help to
better understand the Nup88-/Nup214-associated tumorogenesis mechanism.

In conclusion, the study revealed for the first time the 3D architecture of the Nup82-
Nup159C-Nsp1C-Dyn2 complex with Nup159 C-domain forming the key self-dimerizing

scaffold.



1 Introduction

The evolutionary tree of life consists of three primary branches: bacteria, archea
and eukaryota. The distinctive feature of eukaryotic cells is the presence of organelles
separated by lipid membranes (nucleus, nucleolus, mitochondria, Golgi apparatus, en-
doplasmic reticulum, vacuoles etc.). A remarkable example of cell’'s compartmental-
ization is the nucleus, containing the genomic DNA, separated from the cytoplasm by
a double membrane called the nuclear envelope (NE), which is continuous with the
endoplasmic reticulum (ER). The existence of the nuclear membrane resulted in spa-
tial and temporal separation of transcription and translation. To allow information ex-
change between the nucleus and the cytoplasm, a transport mechanism had arisen.
Bi-directional exchange of molecules occurs via large, proteinaceous structures, known
as nuclear pore complexes (NPCs), spanning the inner (INM) and outer nuclear mem-
brane (ONM) (Fig. 1.1). They are composed of proteins called nucleoporins (Nups).
The main structural features of the NPC are cytoplasmic filaments and a nuclear bas-
ket emanating from the central framework. The central scaffold of the nuclear pore
complex is formed by cytoplasmic, nuclear and spoke rings, encircling the transport
channel. The inside of the pore is filled with unstructured stretches of phenylalanine-
glycine (FG) repeats present in nucleoporins, surrounding the transport channel and
directly involved in the nucleocytoplasmic transport [Adams and Wente, 2013]. The
function of the NPC is to allow active transport of large cargo against a concentration

gradient as well as passive diffusion of ions and small molecules. The active transit
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Figure 1.1: Model of the nuclear pore complex (NPC).
Schematic representation of the nuclear pore complex (NPC), integrated in the nuclear envelope (NE).
The scheme depicts the central spoke-ring (SR), cytoplasmic and nuclear rings, the cytoplasmic fila-
ments protruding into the cytoplasm and the nuclear basket structure facing the nucleus. The eight-fold

symmetry of the NPC occur along the central axis. ONM - outer nuclear membrane, INM - inner nuclear
membrane, modified from [Fahrenkrog and Aebi, 2003].

of large macromolecules requires energy and nucleocytoplasmic transport receptors,
which recognize transport signals and move the cargo through the NPC. Transport sig-
nals provide crucial information for the correct transport direction: proteins targeted to
the nucleus can harbour a nuclear localization sequence (NLS), while proteins exported
from the nucleus carry a nuclear export signal (NES) [Lange et al., 2007]. Apart from
the role in nucleocytoplasmic transport a number of nuclear pore proteins are reported
to be involved in chromatin organization, gene regulation and DNA repair [Malillet et al.,
1996, Casolari et al., 2004, Brickner and Walter, 2004, Zhao and Blobel, 2005, Cabal
et al., 2006]. Thus, knowledge of the structural organization of the nuclear pore com-
plex (NPC) is key for understanding the mechanisms of nucleocytoplasmic transport

and other nuclear functions mediated by NPCs.
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1.1 The structure of the Nuclear Pore Complex

The NPC forms a large macromolecular assembly, composed of about 30 different
nucleoporins in yeast [Hurt, 1988, Davis and Fink, 1990, Nehrbass et al., 1990, Doye
and Hurt, 1997, Fabre and Hurt, 1997, Grandi et al., 1995b, Grandi et al., 1995a, Rout
et al., 2000]. The NPC exhibits a characteristic structural appearance with an octag-
onal symmetry along the central transport channel axis, perpendicular to the nuclear
membrane plane and asymmetric substructures located at the cytoplasmic and nucle-
oplasimc sides of the NPC [Goldberg and Allen, 1993, Kiseleva et al., 2004] (Fig. 1.1).
Electron microscopy (EM) studies of amphibian oocytes have shown porous structures
perforating the nuclear envelope [Gall, 1967]. Initially, EM analysis of NPCs obtained
from the Xenopus laevis, revealed the symmetric framework of eight subunits, called
spokes, protruding into the central channel. The spoke-ring scaffold surrounds the chan-
nel, through which the nucleocytoplasmic transport takes place [Fahrenkrog and Aebi,
2003]. Cryo-EM, electron tomography (ET) and three-dimensional (3D) reconstruction
maps of obtained images provided further details of the NPC’s structure and allowed to
determine an approximate molecular mass (120 MDa) of the vertebrate NPC. In addition
to the central transport channel, eight peripheral channels have been observed, which
were suggested to provide a path for diffusion of ions and small molecules [Reichelt
et al., 1990, Hinshaw et al., 1992, Goldberg and Allen, 1993, Akey and Radermacher,
1993, Stoffler et al., 2003].

Lately, the high-resolution 3D structures of NPCs derived from intact nuclear en-
velope of Dictyostelium discoideum, Xenopus laevis and human fibroblast cells have
been obtained with cryo-electron tomography technique [Beck et al., 2004, Beck et al.,
2007, Frenkiel-Krispin et al., 2010, Maimon et al., 2012, Bui et al., 2013]. These electron
microscopic analyses revealed the arrangement of the NPC’s central scaffold, which

is sandwiched between cytoplasmic and nucleoplasmic rings, from which filamentous
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structures project into the nucleoplasm and cytoplasm. On the nucleoplasmic side of
the NPC, eight long filaments extend and form a ring-like structure named nuclear bas-
ket, whereas on the cytoplasmic side, cytoplasmic filaments protrude from eight knobs
(Fig. 1.2 A-B) [Hinshaw et al., 1992, Goldberg and Allen, 1993, Fahrenkrog and Aebi,
2003, Beck et al., 2004, Kiseleva et al., 2004].

A 125 nm

60 nm
—

cytoplasmic filaments

4
= cytoplasmic ring
= lumenal spoke ring
0 nuclear ring
\
4
€
= nuclear basket
(o)
\

distal ring

Figure 1.2: Scheme of the nuclear pore complex obtained from Dictyostelium dis-
coideum

(A) An overview of the main features of the NPC with typical dimensions. Cytoplasmic filaments and
the nuclear basket with its distal ring are highlighted. Modified from [Beck et al., 2004]. (B) Cut-away
overview of the NPC with octagonal symmetry along the transport axis. (C) Cross-section view of the
NPC with the tripartite architecture: cytoplasmic (CR), spoke (SR) and nuclear rings (NR). White dots
represent the fused inner and outer nuclear membrane (INM, ONM) and black dots represent the spoke
structure. Lumenal space (LS) between ONM and INM with supporting lumenal connectors. Adapted
from [Beck et al., 2007].
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The isolation of nuclei from yeast and subsequent enrichment of obtained NPC
fraction were performed to describe the structural organization as well as composition
of Saccharomyces cerevisiae NPCs [Rout and Blobel, 1993, Yang et al., 1998, Kise-
leva et al., 1998, Kiseleva et al., 2004]. Observed NPCs are smaller in yeast than
in vertebrates ( ~100 nm in diameter and ~40 nm in height in yeast as opposed to
~130 nm x ~80 nm for vertebrates), with molecular mass of ~60 MDa [Rout and Blo-
bel, 1993, Elad et al., 2009]. Although differences between yeast and vertebrate NPCs
were observed (e.g. lack of distinct nuclear and cytoplasmic rings), the overall archi-
tecture of NPCs is conserved (Fig. 1.2 A). Both yeast and vertebrate NPCs exhibit the
inner spoke-ring (SR) structure, surrounding the central transport channel, which is an-
chored to the nuclear envelope in a similar way [Yang et al., 1998, Beck et al., 2007].
The interaction between the inner spoke-ring and the nuclear membrane was shown on
a cut-away view of the Dictyostelium discoideum NPC. Each spoke is attached to the
fused outer and inner nuclear membrane (Fig. 1.2 C). The cytoplasmic ring (CR) contin-
uously contacts the ONM, while the nuclear ring (NR) is continuous with the spoke-ring
(SR) and INM. An intriguing structure is the lumenal connector, bridging the outer an in-
ner nuclear membrane in the lumenal space (LS), nearby the NPC. It has been proposed
that it has a role in stabilization of the fused NE (Fig. 1.2 C) [Beck et al., 2007, Maimon
et al., 2012, Bui et al., 2013].

1.2 An overview of the NPC composition

Nucleoporins were identified by combination of biochemical approaches, employ-
ing antibodies raised against nuclear pore-specific epitopes and genetic screens, which
confirmed their physical interaction and function in the NPC [Hurt, 1988, Davis and Fink,
1990, Rout and Blobel, 1993, Doye and Hurt, 1995, Panté and Aebi, 1996, Siniossoglou
et al., 1996, Doye and Hurt, 1997, Elad et al., 2009]. Due to the octagonal symmetry of
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the NPC, each of ~30 nucleoporins occur in eight or multiples of eight copies per pore,
resulting in approximately 500-1000 Nups per single NPC [Rout et al., 2000, Hoelz
et al., 2011]. The majority of nucleoporins is conserved from yeast to human and ar-
ranged in stable sub-complexes (see Section 1.3) [Grandi et al., 1995a, Grandi et al.,
1995b, Doye and Hurt, 1997, Rout et al., 2000]. Nucleoporins can be classified accord-
ing to various properties including their localization within the NPC and domain architec-
ture. The localization of particular nucleoporins within the NPC was analyzed by indirect
immunofluorescence and immunoelectron microscopy of protein A-tagged strains [Hurt,
1988, Davis and Fink, 1990, Nehrbass et al., 1990, Grandi et al., 1993, Rout et al.,
2000]. Based on their location in the NPC nucleoporins are divided into two groups:
(1) symmetrically distributed channel nucleoporins and integral membrane proteins of
the nuclear envelope, (2) asymmetrically localized nucleoporins at nucleoplasmic or cy-
toplasmic side of the NPC [Rout et al., 2000, Cronshaw et al., 2002, Brohawn et al.,
2009]. Immunogold microscopy showed that most of yeast Nups are symmetrically dis-
tributed within the NPC, with a few localized asymmetrically (e.g. Nup1, Mip1/2, Nup42,
Nup159, see Fig. 1.3) [Fahrenkrog et al., 1998, Rout et al., 2000]. Another classifica-
tion groups nucleoporins according to their main structural domains: a-solenoids (e.g.
Nup192, Nup188), coiled-coils (MIp1/2), B-propellers (e.g. Seh1, Sec13), FG repeats
(e.g. Nup42, Nup1, Nup2, Nsp1), transmembrane helices (Pom34, Pom152, Ndc1), and
autoproteolytic domain of Nup98 (Nup145N, Nup100, Nup116) (Fig. 1.3). Many Nups
harbour more than one fold type, thus are classified into more than one category. Nev-
ertheless, the principal structural domain feature, used when classifying nucleoporins,
is the presence or absence of the unstructured FG repeat domains.

The most frequent domain types, found in nucleoporins, comprise of unstructured
FG domains, a-helical coiled-coil domains, mediating hydrophobic protein-protein inter-
actions, B-propellers and combination of B-propellers with a-helical solenoids, occurring

in the scaffold proteins (Fig. 1.3). Nucleoporins, containing Phe-Gly (FG)-rich repeat
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Figure 1.3: Domain architecture and location of nucleoporins

The comparision of yeast and vertebrates nucleoprin inventory. Nucleoporins are classified according to
their location in the NPC. ACE1 - Ancestral Coatomer Element 1 [Fabre and Hurt, 1997, Devos et al.,
2006].(details in text). Modified from [Brohawn et al., 2009].
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sequences, play an important role in the nucleocytoplasmic transport (see Section 1.4).
FG domains are natively unfolded and form a non-ordered cohesive meshwork, which
is a selective permeability barrier, that lines the inside channel of the NPC. FG domains
can interact with transport receptors, facilitating the translocation of larger cargo. Some
FG-nucleoporins are found on either cytoplasmic (Nup42, Nup159) or nucleoplasmic
(Nup145N, Nup1, Nup2) side of the NPC, while the Nsp1-Nup57-Nup49 complex is
symmetrically distributed across the central transport channel (Fig. 1.4) [Fabre and
Hurt, 1997, Ho et al., 2000, Rout et al., 2000]. FG domains vary in sequence and
length (from 150 to 700 residues), consisting of hydrophobic arrays of FG motifs (FG,
FXFG, GLFG, SAFG or PSFG), separated by linkers of hydrophilic residues. Assuming
that 11 FG-nucleoporins are present in 8-32 copies in each NPC, it results in ~10,000
of FG dipeptides per single NPC, thus FG domains account for approximately 12%
of the NPC’s mass [Rout et al., 2003, Denning et al., 2003, Strawn et al., 2004, Pe-
ters, 2009a, Eisele et al., 2013]. Although FG Nups are required for nucleocytoplasmic
transport, most of FG repeat domains are not essential. Deletion analysis of different
FG repeat domains in S. cerevisiae revealed that up to half of FG domains mass can
be deleted without viability loss and only specific combination of FG repeat sequences
mutations disturb cell viability, suggesting a substantial redundancy in the FG domain
meshwork [Strawn et al., 2004, Terry and Wente, 2009]. Moreover, FG domains of one
asymmetrically located Nup (e.g. Nup1) can be substituted by FG repeat sequences
from another asymmetric Nup (e.g. Nup159) [Zeitler and Weis, 2004].

Second domain type occurring in nucleoporins is the coiled-coil motif, containing
a characteristic a-helical fold, where a-helices are coiled together like strands of rope.
Upon folding, the hydrophobic surface is buried inside the a-helical segments, providing
a thermodynamic force for the multioligomerization (two-stranded and three-stranded
coiled-coils are the most common). Primary amino-acid structure contains a conserved

heptad repeat pattern hxxhcxc, where h is hydrophobic and ¢ charged residue [Ma-
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son and Arndt, 2004]. The a-helices may be parallel or anti-parallel and usually adopt
a left-handed super-coil [Harbury et al., 1993]. The largest coiled-coil domains were de-
scribed in yeast MIp1 and MIp2 proteins (homologoues of vertebrate Tpr), which are the
components of long intra-nuclear filaments, attached to the nuclear basket structure of
the NPC. MIp1 and MIp2 interact with nucleoporins (Nup1, Nup60, Nic96) [Strambio-de
Castillia et al., 1999, Kosova et al., 2000] and are involved in the NPC-associated mRNA
quality control [Casolari et al., 2004, Galy et al., 2004, Fasken and Corbett, 2009]. In
the central channel of the nuclear pore, six nucleoporins harbour predicted coiled-coil
domains (Nsp1, Nup159, Nup82, Nup49, Nup57 and Nic96). The Nsp1 is present in
two sub-complexes of the NPC (Nsp1-Nup49-Nup57 and Nup82-Nup159-Nsp1) and in
both, coiled-coil interactions are crucial for the complex formation (see Section 1.3.2)
[Bailer et al., 2001, Grandi et al., 1995b, Solmaz et al., 2011].

Another domain type occurring in nucleoporins is a circular arrangement of four
to eight anti-parallel B-strands blades of disk-shaped B-propeller. To date six out of
nine yeast B-propellers have been structurally characterized (seven-bladed: Nup133,
Nup120, Nup159, Nup82, six-bladed: Seh1, Sec13). PB-propellers coordinate multi-
protein complex assemblies throughout the pore and recruit auxiliary proteins, such as
the mRNA export factor Dbp5 to the B-propeller of Nup159 at the cytoplasmic side of
the NPC [Debler et al., 2008, Hsia et al., 2007, Weirich et al., 2004].

A big part of the scaffold nucleoporins is folding into non-coiled-coil a-helical sole-
noids [Devos et al., 2006]. The classical a-solenoid structure is characterized by nearly
identical two- or three-helix units, repeatedly stacked forming an elongated, super-
helical domain observed in nuclear transport receptors. In nucleoporins, three novel o-
helical topologies have been described [Brohawn et al., 2009]. The first, well determined
atypical a-helical arrangement of Nic96 revealed its tripartite J-like topology, composed
of 28 a-helices, termed the Ancestral Coatomer Element 1 (ACE1) [Schrader et al.,

2008, Brohawn et al., 2008]. ACE1 structure is organized into three joined modules:



1.3 The arrangement of the NPC modules 1. Introduction

a crown, a trunk and a tail with flexible hinges, connecting them, thus allowing slight
movement. A distinguishing feature of ACE1 compared to helical repeat structures, is
the rigidity of the trunk module and U-turns arrangements within the crown module. The
ACE1 fold form an a-helical scaffold of Nic96, Nup145C, Nup85 and Nup84 proteins
[Devos et al., 2006, Brohawn et al., 2008, Onischenko and Weis, 2011]. The second
type of a-helical topology is found in human Nup133 and yeast Nup170, which are char-
acterized by an extended and stretched a-helical stack at the carboxy-terminus [Whittle
and Schwartz, 2009]. Finally, a distinct a-helical fold was described in the segment
of Nup120 from Nup84 complex, which integrates an a-helical domain with a B-blade
insertion, completing its amino-terminal seven-bladed B-propeller structure [Hsia et al.,

2007, Brohawn et al., 2009, Seo et al., 2009].

1.3 The arrangement of the NPC modules

A hallmark of the NPC is its complexity in organization and composition of diverse
modules (sub-complexes) [Grandi et al., 1993, Grandi et al., 1995b, Fabre and Hurt,
1997, Rout et al., 2000, Lutzmann et al., 2002, Devos et al., 2006]. A combination of bio-
chemical, genetic and EM studies has been applied to determine the NPC architecture
in atomic detail. The progress in obtaining crystal structures of many nucleoporins has
revealed the molecular organization of modules building the NPC [Hoelz et al., 2011].
Nevertheless, the interaction network between neighbouring Nups sub-complexes has
not been completely described yet [Alber et al., 2007b, Debler et al., 2008, Onischenko
and Weis, 2011]. The nucleoporins arranged into distinct modules are classified into
three main layers or zones, according to their function and location across the NPC and
function: ‘'membrane’, 'scaffold’ and ’barrier’ [Schwartz, 2005]. The 'membrane’ layer
is formed by integral pore membrane proteins (POMs), containing transmembrane do-

mains, which anchor and position the whole NPC in the nuclear envelope. In yeast three
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transmembrane nucleoporins (Ndc1, Pom34 and Pom152) exist. The structural link be-
tween 'membrane’ and neighbouring ’scaffold’ layer is formed by two yeast nucleoporins
(Nup53 and Nup59), which can directly interact with the nuclear membrane (Nup53), but
also with nucleoporins forming the ’'scaffold layer’ (Nup170, Nup192, Nic96). This layer
is formed by large nucleoporins (Nup170, Nup188, Nup192) that constitute a central
framework of the inner pore module and links two remaining layers via Nic96 [Flemming
et al., 2009, Amlacher et al., 2011]. The ’scaffold’ nucleoporins are composed mainly
of a-solenoids and B-propellers domains (Nup170, Nup133, Nup120, Nup84, Nup85,
Nup145C etc.). The ’scaffold’ layer consist of the most stably associated nucleoporins,
forming the core of the NPC, where the inner pore module is sandwiched between two
rings of Y-shaped Nup84 complex (Fig. 1.4 and Section 1.3.1).

Finally, the ’barrier’ layer fills the central channel with nucleoporins containing pre-
dominantly FG-rich repeats and coiled-coil domains (Nup49, Nsp1, Nup57, Nup159,
Nup100, Nup116, Nup145N, Nup60 etc.) (Fig. 1.4), [Grandi et al., 1995b, Devos et al.,
2006, Onischenko and Weis, 2011]. Except for the Nsp1-Nup49-Nup57 complex (see
Section 1.3.2) located inside the transport channel, the ’barrier’ nucleoporins are pe-
ripherally associated with either cytoplasmic (Nup82-Nup159-Nsp1-Dyn2 complex see
Section 1.3.3) or nucleoplasmic (Nup60, Nup2, Nup1, Mip1/2) side of the NPC (Fig.
1.4) [Grandi et al., 1995a, Hurwitz et al., 1998, Schrader et al., 2008, Amlacher et al.,
2011].

A more detailed arrangement of the NPC, based on combined affinity-purified sub-
complexes and biocomputational calculation to integrate weak inter-subcomplexes inter-
actions with more stable intra-subcomplexes interactions, was described by Rout and
coworkers [Alber et al., 2007a, Alber et al., 2007b]. The sub-complexes were arranged
in cylindrical rings, formed by eight connected spokes. The central spoke ring of the
NPC is a fundamental symmetry unit, among a membrane ring, two outer rings repre-

sented mainly by Y-shaped Nup84 complex and inner rings. Additionally, linker nucleo-
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Figure 1.4: The arrangement of nucleoporins into NPC modules in yeast and verte-
brates

Scheme displays the composition and approximate location of yeast (left) and vertebrate right) nucleo-
porin sub-complexes across the NPC. The Nup84 complex (blue), the inner pore ring complex (magneta),

the Nsp1-Nup49-Nup57 complex (gray), the Nup82 complex (yellow) and transmembrane nups (green)
are shown (details in text). Modified from [Schwartz, 2005, Brohawn et al., 2009].

porins and FG nucleoporins have been defined (Fig. 1.5) [Schwartz, 2005, Alber et al.,
2007b]. A detailed immunoprecipitation analysis of nucleoporins showed that most of
them are organized in biochemically stable building blocks, leading to a higher order
organization of the NPC (Fig. 1.5) [Bailer et al., 2000, Rout et al., 2000, Alber et al.,
2007b].

1.3.1 The Y-shaped Nup84 complex

The best characterized NPC module is the Nup84 complex, which has been ex-
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Figure 1.5: The overview of NPC’s substructures and their nucleoporin composition
Nucleoporins grouped into five distinct rings: outer rings (yellow), the inner ring (dark blue and magneta),

membrane rings (orange), the linker nucleoporins (light blue and pink) and the FG nucleoporins (green).
The pore membrane is shown in grey. Modified from [Alber et al., 2007a].

tensively studied in yeast (homologous to vertebrate Nup107-Nup160 complex). All
members of the hetero-heptameric complex are conserved, but the vertebrate Nup107-
Nup160 complex has two additional components (Nup37, Nup43) and associated pro-
tein ELYS/Mel-28, required for proper cell division and nuclear pore assembly [Doucet
and Hetzer, 2010, Rasala et al., 2006]. Electron microscopy studies revealed an un-
usual Y-shaped triskelion-like structure of yeast Nup84 complex [Siniossoglou et al.,
2000, Lutzmann et al., 2002], composed of seven subunits, which exhibit a certain level

of flexibility. In 2002 Lutzmann and coworkers in vitro reconstituted the entire com-
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plex from recombinantly expressed subunits in E.coli (Fig. 1.6 A), which exhibited the
characteristic Y-shaped topology in electron microscopy. All components of the Nup84
complex have been crystallized (either full length proteins or domains) and localized in
the 3D map of the Y-shaped complex. The core of the complex is composed of Nup84,
Seh1-Nup85 hetero-dimer and Nup145C-Sec13 hetero-dimer with peripherally located
Nup120 and Nup133 (Fig. 1.6 B) [Kampmann and Blobel, 2009, Nagy et al., 2009].
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4 Seh1-Nup85 =&
oF ??.& ) e Nup120"™
NUp1 45C0 — ) ’\'? ; g ';;_2\.‘(;“\\\'5
Sec13 ¥ B by
Nup84 "’ Nup84 subcomplex Sec13 «%
Nup145C b
B seht 55 Nupaa™
Nup85  Nup120 AN
p S/ hsNup107¢™ &
Ngﬂlﬁgc‘ ! _— &l hsNup133°¢T0H¥
+ " ‘
Nup84 i
Nup84-Nup133 LR [N
Nup133 & pcompI(Fa)x P hsNup133NTodE A

Figure 1.6: Topology of the Nup84 complex

(A and B) Protein arrangement within the Y-shaped hexameric Nup84 complex without (A) and with (B)
Nup133 protein [Lutzmann et al., 2002]. (C) Docking of crystal structures into the EM 3D volume of the
hetero-heptameric Nup84 complex and a 90°-rotated view is shown on the right. Two flexible hinges of the
heptamer stem are formed by the contact sites of Nup145C-Nup84 (blue and yellow) and Nup133-Nup84
(yellow and red). Adapted from [Nagy et al., 2009].

The Nup84 complex is localized symmetrically on both sides (outer rings) of the pore
- sandwiching the inner pore module (Fig. 1.5) [Alber et al., 2007b, Bui et al., 2013].
Nup84, Nup85 and Nup145C contain the ACE1 domain described above [Brohawn
et al., 2008]. Nup120 and Nup133 harbour seven-bladed B-propellers at the N-termini
and a-helices at the C-termini (see Fig. 1.3 and section 1.2). The crystal structure of

the Nup133 N-terminal domain revealed a seven-bladed B-propeller with two a-helical

insertions and a disordered loop. The characteristic feature of this loop is a membrane
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curvature-sensing motif, named ALPS (ArfGAP1 lipid packing sensor), suggesting that
Nup133 is involved in an early stage of NPC biogenesis and shows specificity for curved
lipid membranes [Drin et al., 2007, Doucet et al., 2010]. Thus, the Nup84 complex has
been proposed to act as a ‘'membrane-curvature module’ similarly to the coat protein
complexes (COPI, COPII and clathrin coat) [Devos et al., 2004, Drin et al., 2007]. NPCs
and COPII vesicles share a common component - Sec13, which interact in a similar
way with Nup145C and the coat protein Sec31. Six-bladed B-propeller of Sec13 inter-
acts with three o-helices of Nup145C (named Nup145CPM - domain invasion motif),
which form additional seventh blade of Sec13, similarly to Seh1 and Nup85 hetero-
dimer [Siniossoglou et al., 1996, Lutzmann et al., 2002, Brohawn et al., 2008, Hsia
et al., 2007, Kampmann and Blobel, 2009]. Nup145C is a product of an auto-proteolytic
cleavage of precursor protein Nup145. The second product of this post-translational
maturation, Nup145N, has the FG repeats domain and contributes to the ’barrier’ layer
of the NPC (see Fig. 1.4). Similarly, the vertebrate homologues of Nup145N (Nup98)
and Nup145C (Nup96) are also products of alternative splicing of Nup98-Nup96 precur-
sor mRNA [Teixeira et al., 1999].

1.3.2 The Nsp1 complex

The Nsp1-Nup49-Nup57 complex forms a ’barrier’ layer inside the transport channel
of the NPC. It is attached to the scaffold of the NPC via interaction with amino-terminal
coiled-coil domain of Nic96 (Fig. 1.4) [Grandi et al., 1995b, Schrader et al., 2008]. All
three components of the complex have FG repeat domains in their N-termini and coiled-
coil regions in C-termini, which mediate the complex formation (Fig. 1.3 and Fig. 1.7
A). Nsp1 is also a component of the cytoplasmic Nup82-Nup159-Nsp1 complex (see
below) [Grandi et al., 1993, Grandi et al., 1995a, Schlaich et al., 1997]. The coiled-coil
domain of Nsp1 is organized into four a-helices (coil 1-4). In vitro reconstitution study,

revealed that coiled-coil region 2 of Nsp1 binds to Nup57 and Nup82 in a competitive
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manner. Moreover, temperature-sensitive mutation in coil 1, leads to a strong mRNA
export defect, while mutations in coil 3 and coil 4 cause lack of Nic96 association with
the Nsp1-Nup49-Nup57 complex [Bailer et al., 2001]. The orthologous Nup62-Nup58-
Nup54 complex in vertebrates has similar organization to yeast Nsp1 module and as-
sociates with Nic96 homologue - Nup93 [Grandi et al., 1997]. The crystal structures
of coiled-coil domains of Nup58-Nup54 and Nup62-Nup54 hetero-dimers, have shown
that Nup58 and Nup62 interact with two distinct regions of Nup54 and weak interaction
of Nup58-Nup54 allows the sliding movement between two conformations of formed
oligomers. According to this observation it has been proposed that upon rearrange-
ment of Nup58-Nup54 ring the diameter of the central channel can expand from ~20
nm to ~40 nm, allowing the translocation of larger cargo through the NPC [Melcék et al.,

2007, Solmaz et al., 2011, Solmaz et al., 2013].

1.3.3 The Nup82 complex forms a cytoplasmic gate of the NPC

Another well-characterized NPC module, the Nup82 complex, is exclusively located
at the cytoplasmic side of the NPC and predominantly involved in nuclear mRNA export
[Grandi et al., 1995a, Kraemer et al., 1995, Del Priore et al., 1997, Belgareh et al.,
1998, Ren et al., 2010, Noble et al., 2011]. Initially, the purified Nup82 complex (Fig. 1.7
A) was suggested to consist of three subunits (Nup82, Nsp1 and Nup159), which bind
each other through their carboxy-terminal a-helical domains via intermolecular coiled-
coil interaction [Grandi et al., 1995a, Gorsch et al., 1995, Hurwitz and Blobel, 1995,
Belgareh et al., 1998, Rout et al., 2000]. Later on, additional components interacting
with the Nup82 complex such as Nup116, Gle2 [Bailer et al., 2000, Ho et al., 2000],
Dbp5 and Gle1 [Hodge et al., 1999, Weirich et al., 2004, Noble et al., 2011], as well
as Dyn2 [Stelter et al., 2007] were discovered. It has been shown that the largest
protein of the Nup82 complex - the Nup159 carries a conserved B-propeller domain at

its amino-terminus, recruiting the cytoplasmic DEAD-box RNA helicase Dbp5 and its

16



1.3 The arrangement of the NPC modules 1. Introduction

cofactor Gle1, thus is involved in termination of the mRNA export at the cytoplasmic
pore filaments [Hodge et al., 1999]. The ATPase activity of Dbp5 is triggered by inositol
hexakisphosphate (InsPg)-bound Gle1 to mediate dismantling of mMRNA-protein (MRNP)
complexes [Grandi et al., 1995a, Noble et al., 2011, Montpetit et al., 2011].

The Nup159’s a-helically predicted C-terminal domain is essential for its targeting
to the Nup82 module and complex assembly [Del Priore et al., 1997, Belgareh et al.,
1998]. Between a-helical C-domain and amino-terminal seven-bladed B-propeller (Fig.
1.7 C) the Nup159 molecule has a long unstructured region, consisting of repeated FG
stretches, which are not necessary for the efficient mRNA transport (Fig. 1.7 A) [Del Pri-
ore etal., 1997, Weirich et al., 2004, Tran et al., 2007]. Similar to Nup159, Nup82 carries
a B-propeller at the N-terminus, which has been crystallized together with an autocat-
alytic domain of Nup116 and a short tail peptide of Nup159 (Fig. 1.7 B). The extensively
decorated seven-bladed B-propeller of Nup82 anchors both an amphipathic a-helix of
Nup159 and the B-stranded arrangement of Nup116’s carboxy-terminal part, without di-
rect contact between Nup159 and Nup116 fragments [Yoshida et al., 2011]. Besides the
B-propeller, Nup82 possesses a predicted a-helical segment on the carboxy-terminal,
involved in Nup82 complex assembly [Grandi et al., 1995b, Hurwitz and Blobel, 1995].
Nup82 was proposed to act as a docking site for a core complex composed of FG
repeat domain-containing nucleoporins Nup159 and Nsp1. Deletion within the carboxy-
terminal domain of Nup82 destabilizes its interaction with Nsp1 and Nup159, but does
not affect the interaction between Nup159 and Nsp1 [Belgareh et al., 1998]. Nsp1 is
the third member of the Nup82 complex, also present in the Nsp1-Nup49-Nup57-Nic96
module (see Section 1.3.2) [Hurt, 1988, Grandi et al., 1995a, Solmaz et al., 2011].

In yeast, the small protein dynein light chain (Dyn2), involved in cytoskeleton forma-
tion, turned out to be the forth component of the Nup82 complex [Stelter et al., 2007].
Dyn2 binds to a series of five short linear motifs (DIDnyp159 - Dynein light chain Inter-

acting Domain) inserted between the FG repeats and C-domain of Nup159 (Fig. 1.7
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Figure 1.7: The architecture of yeast Nup82 complex and human Nup214/CAN

(A) Schematic organization of the yeast Nup82 complex and human Nup214/CAN homologue of Nup159.
DID, dynein light chain interacting domain of Nup159; CTE domain, C-terminal extended peptide seg-
ment. The human Nup214 is longer than yeast Nup159 and its FG repeat domain is at the C-
terminus. CTE domain is phosphorylated, marked with P in circles. Prepared according to [Bailer et al.,
2001, Weirich et al., 2004, Napetschnig et al., 2007, Yoshida et al., 2011]. (B) The crystal structure
of the Nup82 amino-terminal B-propeller with Nup116 C-terminal domain and short peptide of Nup159
(tail). The Nup82 B-propeller (blue), anchors the carboxy-terminal fragment of Nup116 (green) and the
carboxy-terminal tail of Nup159 (red), NTD - N-terminal Domain. Adapted from [Yoshida et al., 2011].
(C) The crystal structure of the Nup159 B-propeller. Ribbon-represented structure of the amino-terminus
seven-bladed B-propeller of Nup159, involved in mRNA export. Adapted from [Weirich et al., 2004].

A). Electron microscopy showed that upon binding of five Dyn2 dimers to recognition
motifs of DIDnyp159, @ ~20 nm long rigid rod-like structure of two dimerized DIDyyp159
stretches is formed, which could help to protrude Nup159’s FG repeats and B-propeller
from the NPC into the cytoplasm [Stelter et al., 2007]. Nup159 molecule harbours six
linear Dyn2 recognition motifs with characteristic QT (glutamne, threonine) residues,
separated by short linkers. Only five out of six motifs bind Dyn2 dimers in vivo. Dyn2
is a yeast orthologue of the molecular hub protein DLC8 (dynein light chain), present

in dynein motor complex [Vallee et al., 2004] and is abundantly interacting with a wide
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spectrum of proteins not related to microtubule-based transport. DLC8 binds preferably
to disordered parts of proteins, often in the proximity of coiled-coil domains, increas-
ing their stability [Wang et al., 2004, Rapali et al., 2011, Nyarko et al., 2013]. Upon
binding, DLC8 dimers promote self-association of disordered proteins and its structural
rearrangement [Barbar, 2008].

A newly developed pulse-chase method, monitoring the time-dependent assembly
of the Nup82 complex in vivo, revealed that Dyn2 was incorporated into the Nup82
complex with a 5-10 minutes delay. This finding suggests that Dyn2 recruitment oc-
curs after incorporation of the entire module into the NPC [Stelter et al., 2012]. Thus,
Dyn2-stabilized dimerization of the Nup82 complex may be an indicator for final as-
sembly into the NPC scaffold. Previously, additional roles of the Nup82 complex has
been described, such as inheritance of the NPC from yeast mother to daughter cells
[Makio et al., 2013]. Moreover, Nsp1 and Nup159 were reported to be susceptible for
oxidative stress-dependent degradation, which allows distinction between undamaged
and damaged NPCs during yeast budding [Mason et al., 2005]. This finding implies
that yeast Nup82 complex is also involved in NPC quality control during segregation of
newly assembled NPCs into the daughter cells.

In higher eukaryotes, the vertebrate homologue proteins of Nup82 (Nup82), Nup159
(Nup214/CAN) and Nsp1 (Nup62) are thought to constitute an orthologous Nup88 com-
plex, but biochemical evidence for such a hetero-trimer does not exist (apart from
the association between Nup88 and Nup214/CAN) [Kraemer et al., 1994, Wu et al.,
1995, Fornerod et al., 1997, Martinez et al., 1999]. Nup88 and Nup214 have a similar
domain organization with amino-terminal B-propellers and C-terminal a-helical domains
when compared to the yeast Nup82 and Nup159, respectively. However, in Nup214 FG
repeat sequences are attached to the C-terminus of a-helical domain (Fig. 1.7 A). The
human protein Nup214/CAN has another domain, named CTE (C-terminal extended

peptide segment), which undergoes phosphorylation events important for regulation of
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Nup214/CAN function [Napetschnig et al., 2007].

Both NUP214 and NUP88 in human are often linked to cancer [Kéhler and Hurt,
2010], such that Nup88 is overexpressed in a broad spectrum of human malignant
tumors [Martinez et al., 1999], and NUP214 is frequently found in a chromosomal re-
arrangements related to leukemia [Lindern et al., 1992]. Additionally, Nup358/RanBP2,
which only exists in higher eukaryotes and is absent from fungi, interacts with Nup88
and constitutes a 36 nm long and 5 nm thick cytoplasmic filament of the NPC, providing
a multi-binding site for the nucleoplasmic transport machinery (see Fig. 1.4) [Delphin
et al., 1997, Bernad et al., 2004, Lin et al., 2013]. Nup214 is involved in nuclear mRNA
export and recruits the DEAD-box helicase (Ddx19), which is analogous to Dbp5 re-

cruitment to the Nup159 [Napetschnig et al., 2007, Montpetit et al., 2011].

1.4 Nucleocytoplasmic transport across the NPC

The permeability barrier of the NPC, formed by nucleoporins harbouring the FG re-
peat domains (see Section 1.2), enables molecules bigger than ~40 kDa to be actively
transported with the help of nuclear transport receptors (B-karyopherins) and small GT-
Pase Ran. Molecules smaller than 40 kDa (ions, small proteins etc.) passively diffuse
across the NPC [Terry and Wente, 2009]. Nuclear transport receptors bind cargo either
directly or via adaptor proteins, shuttle between cytoplasm and nucleoplasm via tran-
sient interaction with FG repeat domains, while passing the NPC and release their cargo
into the cytoplasm or the nucleus [Bayliss et al., 1999, Chook and Blobel, 1999, Gérlich
and Kutay, 1999, Lee et al., 2000, Bayliss et al., 2000]. To impose directionality of the
transport a gradient of RanGTP/RanGDP must be retained across the nuclear mem-
brane. This state is controlled by the Ran GTPase factors: small G protein - Ran, GTP,
GDP, GEF (guanine nucleotide exchange factor) and GAP (GTPase activating protein).

Ran can switch between a GDP- and GTP-bound states, with the help of two effectors
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GAP (converting RanGTP into RanGTP) and GEF (exchanging GDP for GTP). Ran
GTP-hydrolysis is the source of energy for the nuclear transport machinery (Fig. 1.8)

[Nachury and Weis, 1999, Fried and Kutay, 2003, |zaurralde et al., 1997].
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Figure 1.8: Simplified model of RanGTP/RanGDP-mediated transport across the NPC
The direction of the karyopherin-mediated transport, through the NPC (blue rings), is determined by the
RanGTP/RanGDP gradient. Exportins (light blue) bound to RanGTP (orange) transport cargo (violet)
out of the nucleus, while importins transport NLS-cargo (dark green) into the nucleus. Ran GTPase
contributes to the transport process by modulating the transport receptor-cargo interaction. Ran has two
homologues in yeast, termed Gsp1 and Gsp2 [Gdrlich and Kutay, 1999]. Modified from [Aitchison and
Rout, 2012].

The nucleocytoplasmic transport starts with the formation of the transport receptor-
cargo complex, which is translocated through the NPC via FG repeats meshwork. Im-
portins bind their cargo in the cytoplasm, transport and release it in the nucleus, upon
RanGTP binding and conformational changes. RanGTP is concentrated in the nucleus
due to the Ntf2-mediated nuclear import of RanGDP, which is then converted to RanGTP
by RanGEF (Fig. 1.8) [Ribbeck et al., 1998, Bayliss et al., 1999]. In addition, RanGTP
can bind to the exportin-cargo complex and facilitate its export outside the nucleus. In

the cytoplasm, binding of RanGAP and RanBP1 stimulates the GTP hydrolysis and re-

21



1.4 Nucleocytoplasmic transport across the NPC 1. Introduction

leases the cargo and RanGDP into the cytoplasm [lzaurralde et al., 1997, Gérlich and
Kutay, 1999, Guttler and Gérlich, 2011].

Karyopherins transport most of the proteins, macromolecules and ribonucleopro-
teins (RNPs), whereas the mRNA export requires a different transport receptor Mex67-
Mtr2 [Segref et al., 1997, Katahira et al., 1999, Strasser et al., 2000], which contains
a characteristic NTF2 (nuclear transport factor 2) fold. Mex67-Mtr2 in yeast (TAP-p15 or
NXF1-NXT1 in metazoan) is also involved in the export of pre-60S ribosomes during the
ribosome biogenesis (together with Arx1 and Xpo1) [Yao et al., 2007, Bradatsch et al.,
2007].

The arrangement of the FG repeat domains in the central channel and transloca-
tion mechanism through the NPC are still under debate. The unfolded FG domains are
characteristic for intrinsically disordered protein domains, observed in proteins under-
going structural rearrangements upon ligands binding. The FG domains adopt different
configurations (globular, collapsed coil or dynamic, extended coil) and can inter- and
intra-interact with each other [Yamada et al., 2010, Tetenbaum-Novatt and Rout, 2010].
Several transport models have been proposed and each of them postulates the impor-
tance of the temporary contacts of nuclear transport receptors-cargo complexes with
the FG-rich repeat sequences [Fried and Kutay, 2003, Peters, 2009a].

The 'Brownian affinity gate model’ was proposed by Rout and coworkers, suggest-
ing that FG-nucleoporins, located at the cytoplasmic and nucleoplasmic sides of the
NPC, serve as initial docking sites for the nuclear transport receptors (NTR). Once NTR-
cargo complexes enter the aqueous channel, they become trapped, and the probability
of passing the channel by Brownian motion rises. This model depends on the concen-
tration of NTR-cargo complexes at the entrance of the NPC, but does not clearly explain
the movement of large cargo through the narrow translocation channel. Moreover, it was
demonstrated that docking sites at the cytoplasmic side of the NPC are not required for

efficient protein import (Fig. 1.9) [Rout et al., 2000, Walther et al., 2002, Rout et al.,
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2003].

The ’selective phase model’ of Ribbeck and coworkers suggests the existence of a
selective layer inside the channel, formed by FG nucleoporins self-interacting via their
disordered FG repeat domains. Transport receptors with cargo can permeate this bar-
rier by interacting with phenylalanine-glycine residues, thus dismantling the Phe-Gly
meshwork. It has been shown that recombinant FG domains can form a hydrogen-like
phase, which is able to rapidly transverse NTR-cargo complexes [Ribbeck and Gérlich,

2001, Frey et al., 2006].

1. Brownian affinity model 3. Reverse FG domain collapse model

Figure 1.9: Models of cargo translocation across the NPC

1. The 'Brownian affinity model’ proposes that the nuclear transport receptor-cargo complex (blue and
red) initially binds to the cytoplasmic filaments of the NPC, increasing probability of the entrance into the
interior.

2. The ’selective phase model’ claims the flexible meshwork of ’barrier’ nucleoporins, forming a self-
interacting FG repeat network, which is dissolved by the NTR-cargo complex passing the channel.

3. In reverse FG domain collapse model’ FG domains forms a 'brush’-like barrier around the NPC’s en-
tries, which collapses locally upon NTR-cargo binding.

4. The ’reduction of dimensionality (ROD) model’ postulates the co-existence of ~10 nm wide central
channel surrounded by flexible layer of FG repeat domains, being pushed aside by the NTR-cargo com-
plex during the translocation process. Modified from [Fried and Kutay, 2003].

The third hypothesis, the ‘reverse FG domain collapse model’ of Lim and cowork-
ers postulates that the surface-tethered FG repeat domains form ’brush’-like structures,

undergoing a reversible, local collapse upon the NTR-cargo complex binding (Fig. 1.9).
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Inside the transport channel, the transport complex temporarily binds FG domains until
it reaches the transport channel exit and is released by the interaction with RanGTP
[Lim et al., 2007].

The ’reduction of dimensionality (ROD) model’ proposes that the selective phase of
FG domains form one coherent layer on the transport channel wall, leaving an open 10
nm wide tube. This allows free diffusion of small molecules and simultaneous facilitated
translocation through the channel of transport complexes, which bind to the FG repeat
surface and pass a permeable layer of the FG meshwork. Additionally, this organiza-
tion assumes certain flexibility of the central channel and allows large assemblies, like

ribosomes, to pass the NPC [Peters, 2009b, Terry and Wente, 2009].
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1.5 The Aim of the PhD

The ’entrance’ question for my doctoral studies had arisen from an earlier discovery
in the Hurt lab that dynein light chain (Dyn2) is part of the Nup82 complex in Saccha-
romyces cerevisiae, but the exact function of this interaction remained unknown. How-
ever, it had been suggested that dynein light chain, when assembled into the Nup82
complex, could help to position and expose the natively unfolded Phe-Gly domains of
Nup159 into the NPC transport channel [Stelter et al., 2007]. During my initial studies in
collaboration with Dr. Philipp Stelter in the lab, we noticed that Dyn2 enters the Nup82
complex in vivo with certain delay. This finding could be obtained with a novel pulse-
chase approach, monitoring de novo synthesized Nup82 [Stelter et al., 2012].

Although the Nup82 complex has been genetically and biochemically studied over
the past two decades, its structure remained elusive. Only partial structural data were
obtained for the B-propeller domains of Nup159 and Nup82 [Weirich et al., 2004, Yoshida
et al., 2011]. Therefore, | aimed to perform a structural characterization of the yeast
Nup82 complex, which was reconstituted in vivo and subsequently isolated by affin-
ity purification. This achievement finally allowed me to analyze the essential carboxy-
terminal domain of Nup159, which turned out to be the structural platform for assembly

of the Nup82 complex.
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2 Resulis

2.1 Bioinformatic analysis of the structurally important
regions of Nup159, an essential component of the

Nup82 complex

All three nucleoporins of the Nup82 complex - Nup159, Nup82 and Nsp1 are es-
sential in yeast, but only its predicted coiled-coil domains are required for cell viability
[Del Priore et al., 1997]. Moreover, biochemical studies revealed that through these
C-terminal coiled-coil domains all three subunits of the Nup82 complex interact (Fig.
2.1) [Belgareh et al., 1998, Bailer et al., 2001]. Additionally, Nup82 was proposed to be
a platform recruiting the FG-repeat-containing components of the complex (Nsp1 and
Nup159) to the NPC [Del Priore et al., 1997, Yoshida et al., 2011]. | focused my inter-
est on Nup159, which may play a role in forming the higher-order structure of the NPC
[Stelter et al., 2012]. Nup159 consists of four domains: an amino-terminal 3-propeller,
the FG domain, the DID motif (dynein light chain interacting domain) and the a-helical
C-domain that includes coiled-coil motifs (Fig. 2.1). The FG domains of both Nup159
and Nsp1 are dispensable for cell viability, while deletions of crystallized B-propellers
of either Nup159 or Nup82 lead to temperature-sensitive phenotype [Nehrbass et al.,

1990, Grandi et al., 1995a, Weirich et al., 2004, Yoshida et al., 2011].
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component of the Nup82 complex 2. Results
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Figure 2.1: Architecture of a-helical domains of Nup159, Nup82 and Nsp1
Domain organization of three components of the Nup82 complex. Amino acid positions are indicated
above each scheme and architecture of the C-terminal domains of Nup159, Nup82 and Nsp1 is depicted

on the enlarged schemes. The a-helical sub-domains were defined according to secondary structure
predicitions (not in scale).

To gain insight into Nup82 complex assembly, | analysed the essential C-terminal
domain of Nup159 (Nup159-C), which anchors it to the NPC. To determine which part of
the Nup159-C domain is involved in the assembly into the Nup82 complex,
| performed a bio-computational analysis, which defined shorter sub-regions of
Nup159-C: a Linker sequence after the DIDyyp159 motif, a-helically predicted regions
1-4 (H1-H4) and previously crystallized tail peptide (tail), bound to the B-propeller of
Nup82 (Fig. 2.2).
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Nup159-C

Chaetomium thermophilum/1102-1481 1102 AEEQVL V| 1QQ I LQSKVEPTLRMNEFLAVDTKLAPMKP - - - -GRDDVPNACETLWRD INRMIDRLGLNSRSLQSF | LGHTSHG 1185
Neurospora crassa/1085-1470 1085 AEAQAL YV 1QQLLAAE V| PTLTMNEFLVVDSKLEIYHAFSSKPSSEVFAAV TLWRD | NRMADRLGLNSRSLASF I LGHTKFA 1172
Sordaria macrospora/1075-1459 1075 AEAQAL V | QQLLAADVEPTLAMNEFLVVDSKLEFHRSPSSKPSSEVPAAVETLWRD I NRMADRLGLNSRSLASF | HGHTQFA 1162
Podospora anserina/1128-1493 1128 EAKQAL V] IQQLLRSKIEPTLQIDEFLATDTRLKE | EKR GENE IPAACEALWRDINRMIDRLGLNSRALQSFILGHETLR 1212
Magnaporthe oryzae /1227-1607 1227 PTLELAEFTPNIGSAPEAGR - AMYRD INRMVDTLGLNARHLKENX | LGHMGKL 1307
Aspergillus niger/1084-1455 1084 PVPTLDPFLPHQDYAGETSKP RLYRDINSMVDTLG I NARSLASFVLYRQKQP - 1164
Aspergillus clavatus/1102-1475 1102 RLYRDINSMIDTLG INSRALSSFLLYQKQSS 1183
Aspergillus terreus/1082-1454 1082 FVPTLDPFLFHQDY KLY¥RDINSMVDTLG INSRSLSSFLLFRQQQE- 1161
Emericella nidulans/1010-1383 1010 PVPTLDPFLPHQDY RLYRDINSMVDTLG INARSLSSFLLYRQQKS- 1089
Pichia stipitis/920-1203 920 IEDMISTIFOQNFTGQLK I LERNSBPKI IGFIDEHD- -Y 997
Zygosaccharomyces rouxii/1183-1475 1183 LGEQ.RPKPMPEYFSGASVTN I K.S -LKsI RT.HYVSAELSVLME I SGL D.FFQD ICFEH 1262
Candida glabrata/1215-1501 1215 LS IQNKPNFDTRY VGAN.KGMSIT -VQLMEKTVQLIDAELSVLFD| I.I LDRNFKD| -TN 1293
Ashbya gossypii/1248-1528 1248 LSEQNAPRREEKFYTEAYLAD I K MKAVEKTCHVINAELSTLRSNISNIGKFIDD@S - KS 1326
Kiuyveromyces lactis/1181-1465 1181 | AER¥LPEMPSAFXYSTAELKEFS -VQAVEKTNAQVLANIQVLRSNIBNIGKF IGDHS - QN 1259
Lachancea thermotolerans/1314-1599 1314 LAQQYAPKK I G.FF I GAKLLQKP -MKR| ATFNVVSSEL.VLEG L NI GE F | ND] - KN 1392
Vanderwaltozyma polyspora/997-1295 997 VALCHKPSTLKPFFTGAT | KEMK -LRIVI ST.NF IEAELLVLSL INMDE FL VD TTY 1076
Saccharomyces cerevisiae/1167-1460 1167 LAEQCKPK.L KEY.TSAKVSN | PFV -------- STFQTVMEAEFTVLME] NMD.FFTD S|P 1246
Linker
Chaetomium thermophilum/1102-1481 1186 KPGG- - - - - - RQKDDLEKPBDWVL IEAYDLGDMIDNKLARELEAGR I KDV| TMAAIHNLG - KLENAQVDPDQ | 1266
Neurospora crassa/1085-1470 1173 KAGG- - - - -RIKEDL NPEDWVLVEASELTKL IDGQLARELEEGRIKDIAETQATLDKVS - KLFAAQTBPEQ! 1253
Sordaria macrospora/1075-1459 1163 KKGG- - - - KEDLETPEDWVLLEASELTRLIDGQLTQELEEGRIKDVAETQGTLDKIS - KLFATQTBPEQ| 1243
Podospora anserina/1128-1493 1213 KEDG- - - - - -HDQDDLEHPBDWVLVEAEDLGK | IDSQLSRRLEEGRIQEIBDRVEDE|ISGLM- K | IMA.V PDQV 1293
Magnaporthe oryzae /1227-1607 1308 RAPGTPP- - -KISEDL IPBDWI LCDAENVGTVLDQELRVELEDGRVKN VLEACQELS - KTIMSRIBPSQA 1391
Aspergillus niger/1084-1455 1165 - QSADWVELLNKEHPAA | LDEKLLLHD IEKLDDAVVMLAGS LEQQRVQGV! KLKACQELLS KTLDAHTDAAA | 1251
Aspergillus clavatus/1102-1475 1184 KDSENWIQ| LKIDHF]I LDEKVLLCEVEKLDDAVHMLAKSLEEQRVQGVI KLDACRELLS KTLDAHT AA L 1271
Aspergillus terreus/1082-1454 1162 -EDSDWVQTLEGDQPAD | QBRNLRLSQIEKLDDGVTLLVSLLENQRLQGV! KLKGCQPLL S RTLDAYTDAAA| 1248
Emericella nidulans/1010-1383 1090 - TDSNWIN| LRIDSF EKLLLRQIEDLD-VSVLAESL KHRVMQGV| KLESCRELLG| KTLDAXYTBDAAS | 1176
Pichia stipitis/920-1203 998 ETSYS- - - -DAALKYP YWHLAS.HNIGILAKEEIQDITAI |EQAELQETKSKKLEDE V| IQLDKL | SHLS | ISK.ETD 1078
Zygosaccharomyces rouxii/1183-1475 1263 PVK| - - - - NESSITNMYQWRIPBASKLQT/ILA- -EKNKFMKELIGQV.STSGKVS LTE INKL | VIIDE.SNLEKLSHE 1341
Candida glabrata/1215-1501 1294 VMHK - - - - SRSL.LINIWRM QTEMTILD - -DLVEKIQIY ADRLGESDE|INAFKL ERCDAVVSKLAR.SILMTS 1372
Ashbya gossypii/1248-1528 1327 PYPK- - - - AESLCNVGGWR | AEAAQLMD I VK - - - - - - QATFND.FNA IKKLDTESQL SIL LKSEYMLEDY¥LQLNCLNKE 1401
Kluyveromyces lactis/1181-1465 1260 LFKR- - - - EKTVP | VSSWRLGEAATLLDILT- - - - - SKAKQS.ELKQSYQRLADS.SAVTNFDMLITT--L RQ)| DILEL.NRT 1333

Lachancea thermotolerans/1314-1599 1393 PFSR- - - -
Vanderwaltozyma polyspora/997-1295 1077 | EKR~- - - -
Saccharomyces cerevisiae/1167-1460 1247 LVKR- - - -

AETLFLNYTWRLEEASVLNSFVK- -ELFEEGGPTFAEVSSLMCDAENLRD| LV.L.SNQFS EYFCQLKTLCEQ 1471
DKTLNNI'Y IWRLNESK | LVDILS - -QKVESCASQFSKQBBL L LRVDELTER- I KKNVDEK | KFKEF INTLDEI VNG 1154
VRSIENNLY TWRIIPEAE | LLN[EQNN-TKCEQMQ | TNANIQBL KEKVT IAQII TEDVANA| EE.LFLMHFDDA 1326

H2

Chaetomium thermophilum/1102-1481 1267 AL TKAL PLSAEGL ACBNELRRs¥ASFEK L I TEAEEAL TVLRAKLAS ANAARGRREAGA - VBATTRIINKMESMAEKR 1347
Neurospora crassa/1085-1470 1254 AT | KAQPLSREQSVQQ | ELRRSYAQFTKQLAEA KIAARATEKGAVSLAG- VEAVMKT | KMETMAEKR 1335
Sordaria macrospora/1075-1459 1244 AT | KAQPLSREQSVOBAEL AQFTKQLAEA VEAVMRT | KM TMAEKR 1326
Podospora anserina/1128-1493 1294 NVAKSLPLSAEQAAQGNELRRSFATFSGLLAGA VDA LRT I QKMESMAEKR 1369
Magnaporthe oryzae /1227-1607 1392 DALRSLPLSAEQAAQOADLRKQF TSFSKLLAEA AKMATAGGLDGRRNGSVGGAGSGANGVP VDAVLRT IMKMTSMAEKR 1479
Aspergillus niger/1084-1455 1252 AEQANL@QPLRTASTDIQAKLABLESAVSLLRAKIADAPRPDGTESRQAM- - - -RRPTVEAVIEST | ATMENMAESK 1329
Aspergillus clavatus/1102-1475 1272 AEQANLGOPLRSAFTDIQAKLABLESAVSLLRAKIAEAPRTD- - GGRQPT - - -KRPTVEAVEST | ATMMNMAESK 1347
Aspergillus terreus/1082-1454 1249 AEQANLQQDL AITNIQAKLA LESAVSLL - - -KRPTVEAVIST | ATMMNMAESK 1324
Emericella nidulans/1010-1383 177 AEQANLGQDL. VEIQTKLAELESAVSLL - - -RRPEVEAVEST I ATMMNMVESK 1252
Pichia stipitis/920-1203 1079 PLLKSRPLDLANEAL@VS I RKKLTRVKSLEREL | SKMMPL! - - -LEKVELKLHSNVADQ 1146
Zygosaccharomyces rouxii/1183-1475 1342 FQKAF GGLRYHBLDKASELRNKMFKESETIQHIEELLQ) L -- .VVKLAREAAD;INL 1410
Candida glabrata/1215-1501 1373 QSAALP - LERS@EALRNTIROKMQSAVNKLERL@T I LD ---MIANIEEKYLSHIEL 1440
Ashbya gossypii/1248-1528 1402 SDNVLRDLSLPAMK I RNS I RSKLVNLESRI KEL TNMI QM - - - IVRKLMNDEMERGSL 1469
Kluyveromyces lactis/1181-1465 1334 SNHSNRKLSWS HISTMV RKLEEVS/SKLDEIRE - - -VQQLSLNGG | GRENL 1402
Lachancea thermotolerans/1314-1599 1472 NETFKRGLTFRI RKLRSKI'SSVQNL | HNMGGT L RVL ---LVSRLIES§SRRGDL 1539
Vanderwaltozyma polyspora/997-1295 1155 KEERVRDLTLY| NNLRNKIRVL EKINR“E VNI L ---LVSRLIAESVSRGNL 1223
Saccharomyces cerevisiae/1167-1460 1327 SS@Y VKDLSTH FRM KTLRQKLFDVSAKINHTEELLNI L - - -LVAKLAKESLARDGL 1395

H3 H4

Chaetomium thermophilum/1102-1481 1348 SGDIDVLES@MRKLRIGSLGPAG- - - TPNGNGVGAG- TVVPATPGGGGRSRESSPFVTPQSSRRAMFMSPGSVGTATPRGLLAATGTP 1431
Neurospora crassa/1085-1470 1336 SGDVDLLEMQ I QRLKLSQSQSREGGSAAESREGTPTPNPLKASTASLRSSTTFTPRDSVRIELSQSHSPGAFSASVRSNT - - TATTPS 1421
Sordaria macrospora/1075-1459 1327 SGDVDLLEAQIQRLKLS - SQSRE - TSEGREGTPTLNPLKASTASLRSSMTFTPRDS IRSIRSES-SQSLFSASVRSTTPGTSAAPS 1409
Podospora anserina/1128-1493 1370 SGD I DVLENQMRRLRLG - - TPAR SREGSPFVGGGGPATPTP - NNRRSLLMSP - - GRGESPFGASVRMGS VEGPGGGGGAGPS - - - - 1445
Magnaporthe oryzae /1227-1607 1480 SGBDVDVLENQLRKLRLQQGL GG - TANGSRENSPFSTPQKHQHRLSRS-VFSP- - - - - GASSLMGASMALTSSVASYNGSPARSVT 1557
Aspergillus niger/1084-1455 1330 RSPIDVLEMQLK - - LG | DTSAP AAASREGSPFTTPRKGMGRFPTTPGSDG- - - -PNSAYHTPDSATRG- - FRSS INGSARASRL 1406
Aspergillus clavatus/1102-1475 1348 SSPIDVLEVQLK - -KLG I DTSG- TPGSREGSPFTTPKKGMARLPTTPGSRGS | DMPVSAYHTPDSASR- - - FRSS INGSAKASRL 1426
Aspergillus terreus/1082-1454 1325 SSPIDVLEAQLR- - IGIDTTG- SPASREGSPFTTPRKPAGRLPATPGSRGS | DEBGVSAYHTPESATRGVNFRSSVNGSARASRL 1406
Emericella nidulans/1010-1383 1253 SGDIDVLEVAMK - - KLGFDTSA - APPSREGSPFTTPRKGLSRVPATPGSRGTLEDPVSSYHTPDSSSRG I NMRSS I NGSAKASRL 1334
Pichia stipitis/920-1203 1147 RARIBDVLLKEVEELSVN 1163
Zygosaccharomyces rouxii/1183-1475 1411 LQEI ARLREDIRNLNLK - - - - - - 1427
Candida glabrata/1215-1501 1441 LDT INRVEKKIQSLELG - --- 1458
Ashbya gossypii/1248-1528 1470 LEII Q) LRQ VSRLA | AN R 1487
Kluyveromyces lactis/1181-1465 1403 LT LRE IsvL RS 1419
Lachancea thermotolerans/1314-1599 1540 LEAIQALRSEVAEL | R- .- ... 1556
Vanderwaltozyma polyspora/997-1295 1224 LDII KSLREGDLNKFRAN- - - - - 1247
Saccharomyces cerevisiae/1167-1460 1396 LKEIKL LRE@VSRL LEEKGKKA - ... 1418

H4

Chaetomium thermophilum/1102-1481 1432 SPTKKKL SM| KRELRARE AKRKAFILRMLRESLARVEGPNVVRLRBDD 1481

Al
Neurospora crassa/1085-1470 1422 PSPRKK | SMFTEEERQE | RAREARRKGKLAL LRKALEKQGPRVERLSBD - 1470
Sordaria macrospora/1075-1459 1410 PSPRKKVSMFTEEERKE | RARETRRKGKLAL LRKALEKQGPRVERLGBDD 1459
Podospora anserina/1128-1493 1446 - - PRKKLSQFSEEEKKVLRERERRRKNVLGL LRGSLERTGGNVSRLRBDE 1493
Magnaporthe oryzae /1227-1607 1558 NSPRKK L SG¥SDDBKKHIRARLGKRSAA I TKLRDSVEKAGPNVWRMTBED 1607
Aspergillus niger/1084-1455 1407 RNVEGVGE L VIREES TQWKTKRQRRQH I VGBS L KKA I GEKKSKVRGVDPIL - 1455
Aspergillus clavatus/1102-1475 1427 RS | ENVGE L ATREE T AQWKSRMSRRQH I VSDL KRV I GEKKSKVRGVDPIL - 1475
Aspergillus terreus/1082-1454 1407 RNIETTTGLATK - ESAQWKAKMQRRQQ I VGGL KQA | EQKKSKVRGVDBV - 1454
Emericella nidulans/1010-1383 1335 RL VEL VNDGGDRREVAQWKAKMQRKQHLMGS L RKAIEEKETKVRSVDB | - 1383
Pichia stipitis/920-1203 1164 - EKKEIPLI.ASYN SIKAIAKTRLS - NBLKDSSKVTKVKF - 1203
Zygosaccharomyces rouxii/1183-1475 1428 DERALEPKErAAVANGI S 1EVVQVBLKLNTKRQLEGEMLKKRTNIET - - 1475
Candida glabrata/1215-1501 1459 LRSKKTAVDENABEVDTNIGK IDI TSLSMKVDTRKQIGDYFKHE- - - - - - - 1501
Ashbya gossypii/1248-1528 1488 - - - - - TPVD-EVSGALSERD IDSTA I VKETLTLNVKHQLBEFFKSRI - - - 1528

Kluyveromyces lactis/1181-1465 1420 - - - AEKPNQLEP, NLLINTASTSLPLLE.TLELYTRAQLGDFFSSKLST- 1465
Lachancea thermotolerans/1314-1599 1557 - - DRSL | KF.DA SATREAP | SELKLKEDTKQ@ 1 BQVLMNR- LQNI - 1599
Vanderwaltozyma polyspora/997-1295 1248 ESTSAEQTALA IRKGNSLNS IKVAETSLRLNTKQQLGL FFEKMVSVQ. - 1295

Saccharomyces cerevisiae/1167-1460 1419 - - - - - sSFDASss | TKDMBGFKVVEVGLAMNTKKQIGDFFKNL - NMAK - - 1460

tail

Figure 2.2: a-helically predicted carboxy-terminal domain of Nup159 is conserved
among fungi

Multi-sequence alignment and secondary structure predictions were used to identify shorter sub-regions

of yeast Nup159-C domain (bottom sequence), regurally interrupted by proline residues: Linker, a-helical
sub-domains H1-H4 and tail fragment are indicated. Prepared with T-Coffe and Jalview.
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2.2 An essential a-helical sub-region of Nup159-C is required for the Nup82 complex
assembly 2. Results

Within all four a-helical segments of Nup159-C domain, heptad repeat patterns were

observed, which are characteristic for coiled-coil interactions.

2.2 An essential a-helical sub-region of Nup159-C is

required for the Nup82 complex assembly

To identify, which sub-region of the Nup159-C is required for its targeting to the
Nup82 complex, | made deletions within the Nup159-C domain and tested them for
complementation of the nup159A shuffle strain. Cells were transformed with plasmids
carrying nup159 mutants, under the native NUP159 promoter. Next, they were spot-
ted in 10-fold serial dilutions on SDC+5-FOA plates, to obtain cells, which have lost the
URAGS3 shuffle plasmid, expressing the wild-type NUP159 gene. When grown at different
temperatures, some nup159-C mutants showed a temperature-sensitive growth defect
(Fig. 2.3 A). To exclude that observed defects were caused by reduced amounts of
nup159 mutant proteins, | tested their expression levels and those were comparable to
the wild-type (Fig. 2.7 C). Most of nup159 mutants were viable, except for nup159AH1
(A1210-1244) mutant which exhibited lethality at all tested temperatures (Fig. 2.3 A).
Thus, the essential region of Nup159-C domain, crucial for yeast cell viability, was iden-
tified. This 33 amino-acid long sequence, called helix 1, has a typical heptad repeat
pattern (hxxhcxc, h - hydrophobic and ¢ - charged amino-acid residues) frequently ob-
served in coiled-colil interacting a-helices (Fig. 2.2). Interestingly, deletion of the helix
2 (H2) region caused a severe growth inhibition at all tested temperatures. When two
shorter sub-regions of H2 were removed (helix 2A or helix 2B), | observed less severe
growth defects (Fig. 2.3 A, lanes 4, 5, 6). From these experiments | conclude that yeasts
are able to tolerate severe mutations in the essential Nup159-C domain, except for the
H1 domain, which is fundamental for Nup159 function.

To check if mutations of the Nup159-C influence the Dyn2-mediated dimerization of
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Figure 2.3: Dot spot analysis of nup159 mutants in wild-type or dyn2A background
(A, B) Yeast growth was tested in a nup159A shuffle strain, transformed with the indicated nup159 mutant
constructs under the control of the endogenous NUP159 promoter in either Dyn2 (A) or dyn2A (B) back-

ground. Cells were spotted in 10-fold serial dilutions to SDC+5-FOA plates and incubated at indicated
temperatures for 5 days.

the Nup82 complex, | tested for genetic interaction between Dyn2 and nup159 mutants.
Deletion of either Dyn2 (dynein light chain) or Dyn2 Interaction Domain (DIDyyp1sg) in
yeast is not causing a growth defect [Stelter et al., 2007]. Therefore, plasmids carry-
ing corresponding nup159 mutations were expressed in dyn2A strain and analyzed on
plates for growth (Fig. 2.3 B). Either none or slight growth inhibition was observed for
all tested constructs, except for sub-regions H2, H2B and H3 (Fig. 2.3 B, lanes 4, 6,
7), which exhibited growth defects at 30 °C. Moreover, when combining deletion of two,

non-essential regions of Nup159-C (e.g. H3-H4 or H4-tail), the observed growth defect
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was enhanced at 23 °C (Fig. 2.3 B, lanes 10 and 11). Strikingly, nup159 mutant lacking
the Linker sub-domain adjacent to DIDyyp159 motif did not exhibited growth defect (Fig.
2.3 B, lane 2). Similarly, deletion of both DIDny1s9 @nd Linker regions did not affect
yeast cell growth either in wild-type or dyn2A strains (Supplemental Fig. 7.1).

In summary, deletions of Nup159-C sub-regions in dyn2 A strain, caused only slight
growth defect in yeast, which implies that Dyn2 does not interact genetically with

nup159-C mutants.

2.2.1 Mutant lacking the a-helical (H1) sub-region of Nup159-C

loses its association with the NPC

To test, if deletions of particular sub-domains of Nup159-C influence association
of Nup159 with the NPC, each mutant protein was tagged with a GFP (green fluores-
cent protein) and checked for cellular localization in yeast cells. The full-length GFP-
Nup159 exhibited a characteristic nuclear rim staining, indicative of NPC localization
(Fig. 2.4). Similarly, mutants lacking either Linker, H2, H3 or tail sub-domains also
showed nuclear rim staining, with a concomitant mild NPC clustering phenotype (see
Fig. 2.4, nup159AH2). In contrast the nup159AH1 mutant, lacking the essential do-
main of Nup159, exhibited cytoplasmic staining. This indicates that a-helical region (H1)
of Nup159-C is important for targeting to the NPC.

Next, | sought to characterize the essential function of the a-helical domain (H1)
for Nup159. For this purpose, | performed site-directed mutagenesis of H1 domain to
disturb the heptad repeats in the coiled-coil region. | obtained seven mutants with sin-
gle, double or triple point mutations, in which hydrophobic residues were substituted by
charged amino-acids (Fig. 2.5 A). Four out of seven created mutants had no growth
defects at any of tested temperatures (Fig. 2.5 B). Two mutants exhibited a lethal phe-

notype at all temperatures (nup159 h1-6 and nup159 h1-7), suggesting that residues
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Figure 2.4: In vivo localization of GFP-nup159-C mutants

Cells expressing GFP-labelled wild-type Nup159 and nup159 mutants, lacking indicated fragments of
carboxy-terminal domain, were expressed under the control of an exogenous NOP1 promoter and grown
at 30°C in YPD. The nup159AH1 mutant was expressed in the presence of wild-type NUP159 and
showed mis-localization into the cytoplasm. The scale bar, 2 um.

Leu-1228 and Met-1235 are crucial for H1 domain function. The nup159 h1-5 mutant,
when grown at elevated temperature, showed strong temperature-sensitive phenotype,
thus it was further tested for cellular localization and incorporation into the Nup82 com-
plex.

Cells expressing GFP-tagged nup159 h1-5 mutant lost the nuclear rim staining, in-
dicating defect in targeting to the NPC (Fig. 2.5 C). To find out if nup159 h1-5 mutant is
assembled into the Nup82 complex, it was affinity-purified and checked for Nup82 and

Nsp1 co-enrichment (Fig. 2.5 D). The isolated nup159 h1-5 mutant co-purified neither
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Figure 2.5: The essential H1 subdomain of Nup159-C is required for the Nup82 com-
plex assembly

(A) Multi-sequence alignment of Nup159-C fragment from the indicated fungi species, shows conserved
heptad repeats of Nup159-H1 domain. Red digits 1 and 4 with arrows (below the S. cerevisiae sequence)
indicate mutated hydrophobic residues in the nup159-h1 mutants. (B) Growth analysis of nup159A
shuffle strain, transformed with nup159-h1 plasmids, bearing single, double or triple point mutations in H1
domain of Nup159, expressed under control of an endogenous NUP159 promoter. Two mutants (nup159
h1-6 and nup159 hi1-7) exhibited lethality and one (nup159 h1-5) grew slower at elevated temperatures.
(C) GFP-location of wild-type NUP159 and mutant nup159 h1-5, both expressed under control of an
exogenous NOP1 promoter in nup159A strain (grown at 30°C), shows that nup159 h1-5 mutant has
lost the characteristic nuclear rim staining. Scale bar, 2 um. (D) Affinity-purified ProtA-TEV-Flag-Nup159
eluates from cells expressing either wild-type or mutant nup159 h1-5 bait proteins were analyzed by
SDS-PAGE and Coomassie-staining (grown at 30°C). The Nup159 h1-5-Flag mutant shows defective
Nup82 complex assembly.
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Nup82 nor Nsp1, hence it was not incorporated into the complex. From these experi-
ments | conclude that double point mutations in Nup159-H1 region disturb assembly of
the Nup82 complex.

To determine the physico-chemical properties of Nup159-H1 domain and learn more
what could be disturbed in the nup159 h1-5 mutant, | expressed in E. coli a minimal con-
struct containing the last two Dyn2 binding (QT) motifs within DIDyyp1s9, followed by the
Linker sequence and the H1 domain (see Fig. 2.1). Recombinant proteins (Nup159
QT45-Linker-H1 and nup159 QT,5-Linker-h1-5) were subjected to circular dichroism
(CD) in the absence of Dyn2 (experiment performed in collaboration with the laboratory
of Dr. Elisar Barbar, Oregon, USA). This analysis showed that the construct expressing
the wild-type H1 domain forms an a-helical structure with a melting temperature charac-
teristic for coiled-coils (above 50 °C, Fig. 2.6 A). Consistent with this observation the size
exclusion chromatography combined with multiangle light scattering (SEC-MALS) mea-
surement revealed that Nup159-QT,.5-Linker-H1 can self-interact, forming most likely
a homo-tetramer, while the h71-5 mutant construct (Nup159 QT ,.s-Linker-h1-5) was fully
disordered and monomeric (Fig. 2.6 B-C).

Taken together this analysis showed that the essential H1 sub-region of Nup159-C is
able to self-interact and form a four-stranded coiled-coil in vitro. Thus, self-dimerization
of Nup159 in vivo and its optimal position in respect to DIDyyp159 motif may be important

for assembly of the Nup82 complex.

2.2.2 Recruitment of dynein light chain (Dyn2) is disturbed in
nup159-C mutants

Next, | wanted to investigate if assembly of the Nup82 complex is altered in vivo in
nup159 mutants. Nup82 complexes were affinity-purified from cells expressing differ-

ent nup159-C mutant proteins in the nup159A null strain. In addition, the amount of
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Figure 2.6: Heptad repeats within the Nup159-H1 sub-domain are crucial for self-
dimerization in vitro

(A) Far UV circular dichroism spectra of affinity-purified Nup159-QT,.5-Linker-H1 (closed circles) and
nup159-QT4.5-Linker-h1-5 mutant proteins (open circles), expressed in E. coli. Protein harbouring wild-
type Nup159-H1 domain has an a-helical structure as shown by two minima at 208 and 222 nm. In
contrast, the nup159-QT4.5-Linker-h1-5 mutant was found fully disordered, as observed by a single sig-
nal at 203 nm and the absence of signal at 222 nm. (B, C) Size-exclusion chromatography (upper
panels) coupled with multiangle light scattering measurements (lower panels) of affinity-purified wild-
type Nup159-QT4.5-Linker-H1 (B) and h7-5 mutant (C) constructs, indicate a homo-oligomerization of
Nup159-H1 sub-domain. Differential refractive index (blue), light scattering (red) and UV (green) are plot-
ted against the elution volumes of Superdex 200 Increase 10/300 GL (GE Healthcare) gel filtration column
Nup159-QT4.5-Linker-H1 construct eluted as a homo-tetramer according to the MALS measurement (52
kDa), whereas h1-5 mutant was monomeric (13 kDa) or aggregated.

Dyn2, which co-purifies with Nup159 in vivo, was monitored by western blot (Fig. 2.7 A-
B). The wild-type Nup159 was assembled into the Nup82 complex and recruited Dyn2
(lane 1); whereas deletion of H2, H2A, H2B or H3 domain caused a severe impairment
of the Nup82 complex assembly (Fig. 2.7 A, lanes 3-6). Some of the mutants such as
nup159AH4-tail (lane 11) or nup159Atail (lane 12) were impaired in Nup82 complex
assembly, while nup159ALinker and nup159AHA4, still co-purified normal amounts of
the Nup82-Nup159-Nsp1 complex (Fig. 2.7 B, lanes 9 and 10). Nup159 devoid of the
FG repeats was also affinity-purified as a control to monitor proper Nup82 complex for-
mation and Dyn2 recruitment (Fig. 2.7 A, lane 7). Interestingly, the ability to recruit Dyn2

by the nup159ALinker mutant, was completely disturbed (Fig. 2.7 A, lane 2, repeated
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Figure 2.7: Mutations in the Nup159-C domain affect the proper Nup82 complex as-
sembly in vivo
(A, B) Affinity-purified Nup82-Flag-TEV-ProtA eluates derived from cells expressing either wild-type or
indicated nup159-C mutants followed by SDS-PAGE and Coomassie-staining (upper panels) or Western
blotting using anti-Flag (to detect Nup82) and anti-Dyn2 antibodies (lower panels). Nup159, Nsp1 and
Nup82-Flag bands are indicated on the right; x - TEV protease. (C) Expression levels of Nup159 wild-
type and nup159-C mutant proteins of the yeast whole cell extracts (WCE) used in this study, analyzed by

SDS-PAGE and Western blotting using anti-Nup159 antibody, and anti-Arc1 antibody as loading control.
All nup159 mutants were properly expressed when grown at 30 °C.

in Fig. 2.7 B, lane 9). This unexpected finding suggests that the Linker sequence up-
stream of H1 sub-domain is critical for DIDyp159-Dyn2 interaction, which indicate that
DIDnyp1s9 and H1 require a certain distance for optimal Dyn2 recruitment.

To further investigate impaired binding of Dyn2 to the Nup159ALinker mutant,
| checked if Dyn2 recruitment could be restored in the strain overexpressing Dyn2
(Fig. 2.8 A). Cells expressing Nup159, nup159ADID and nup159ALinker proteins were
affinity-purified via Nup82-Flag-TEV-ProtA (Fig. 2.8 B) from strains in which Dyn2 ex-
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Figure 2.8: Overexpression of Dyn2 restores its binding to the nup159ALinker mutant
(A) Growth analysis of yeast strain expressing the GAL7-Dyn2 plasmid in 2% galactose for 3.5 days on
SGD-Leu plates. (B) Tandem affinity-purified Nup82-Flag-TEV-ProtA eluates derived from cells express-
ing the GAL1-Dyn2 plasmid for Dyn2 overexpression and either wild-type or nup159-C mutant proteins,
were analyzed by SDS-PAGE and Coomassie-staining (upper panel) or Western blotting using anti-Flag
(to detect Nup82) and anti-Dyn2 antibodies (lower panel). Co-purified Nup82-Flag, Nup159, Nsp1 bands
are marked on the right; « - TEV protease. Cells were grown with (plus) or without (minus) presence of
2% galactose. (C) Expression levels of Nup82 (anti-protein A antibody) and Dyn2 proteins, detected by

Western blot of the whole cell extracts (WCE). Dyn2 expression levels were monitored before (minus) or
after (plus) galactose addition.

pression was under control of the inducible GAL1 promoter. Consistently with earlier
results, Dyn2 recruitment by the nup159ALinker mutant was disturbed (Fig. 2.8 B, lane
5), but it could be reversed by Dyn2 overexpression in vivo (Fig. 2.8 B, lane 6).

To sum up, some nup159 mutants (e.g. nup159AHZ2) exhibited severe defects in
the whole complex formation, whereas in others (e.g. nup159ALinker) only Dyn2 re-
cruitment was reversibly disrupted. These data indicate that mutations in Nup159-C
domain influence assembly of the Nup82 complex, suggesting multiple interactions of

Nup159-C with Nup82 and Nsp1.
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2.3 Structural analysis of the yeast Nup82 complex

2.3.1 Reconstitution of simplified Nup82 complexes from the yeast

Saccharomyces cerevisiae

In order to gain insight into the structural arrangement of the Nup82 complex, we
considered to express simplified Nup82 complexes in budding yeast. Although tandem
affinity-purification of the endogenous Nup82 complex from yeast resulted in
a biochemically stable assembly, it did not allow us to determine its precise molecu-
lar mass and subunit stoichiometry, due to the presence of the natively unstructured
and flexible FG repeat sequences of Nsp1 and Nup159 (see Fig. 2.1). To determine
the exact molecular mass, | sought to obtain the Nup82 complex devoid of FG repeats.
For this purpose, | co-expressed in yeast four genes encoding full-length Nup82 (tagged
with Flag-TEV-ProtA), Nup159AFG, Nsp1-C (lacking the FG repeats) and Dyn2 under
the control of inducible GAL1 promoter (see Materials and Methods and Table 4.1).
This approach enabled in vivo reconstitution of simplified Nup82 complexes. Subse-
quent affinity purification resulted in biochemically stable Nup82-Nup159AFG-Nsp1C-
Dyn2 complex devoid of FG repeat sequences (Fig. 2.9 B, lane 3). | was also able to
reconstitute Nup82 complexes lacking the FG repeats and the B-propeller of Nup159
(Nup159-C) or lacking FG repeats, Nup159’s B-propeller and the short tail domain of
Nup159 (Nup159-CAtail), which is known to interact with the Nup82 B-propeller (Fig.
2.9 B, lanes 1 and 2, respectively). Interestingly, the Nup159-C fragment lacking the
tail fragment (Nup159-CAtail) still assembled into the Nup82 complex, which supports
previous observation that Nup159-C is involved in multiple interactions with Nup82 and
Nsp1.

To find out whether these Nup159 constructs are functional and incorporated into
the NPC, | checked a complementation of nup159A null strain and intracellular location

of GFP-Nup159 wild-type and mutant alleles under galactose-induced growth condi-
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Figure 2.9: Reconstitution and purification of simplified Nup82 complexes
(A) Scheme of Nup159-C sub-domains. (B) Nup82 complexes devoid of FG repeat domains of Nsp1 and
Nup159 were overexpressed and affinity-purified via Nup82-Flag-TEV-ProtA (lane 3). Lane 1 shows the
Nup82-Flag-Nup159C-Nsp1C-Dyn2 complex, missing the B-propeller of Nup159, while lane 2 shows the

Nup82-Flag-Nup159-CAtail-Nsp1C-Dyn2 complex, where Nup159-C additionally lacks the tail fragment
(expressed Nup159 proteins are marked with red dots).

tions (Fig. 2.10 A-B). All three constructs (nup159AFG, nup159-C and nup159-CAtail)
were complementing the non-viable nup159A null strain (Fig. 2.10 A). The nup159AFG
construct complemented noticeably better than nup159-C and nup159-CAtail. Cells ex-
pressing either nup159-C or nup159-CAtail constructs grew slower, due to lack of the
amino-terminal B-propeller domain involved in the mRNA export. The absence of this
domain leads to defects in termination of mMRNA export, which results in nuclear accu-
mulation of poly(A)* RNA and inhibition of cell growth [Del Priore et al., 1997]. GFP-
tagged Nup159AFG and Nup159-C proteins were localized to the nuclear periphery,
indicating their assembly into the NPC (Fig. 2.10 B). In contrary, the nup159-CAtail

construct, which did not rescue the growth of otherwise lethal nup159A null strain at
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Figure 2.10: The in vivo reconstituted Nup82-Nup159C-Nsp1C-Dyn2 and Nup82-
Nup159AFG-Nsp1C-Dyn2 complexes are functional and incorporated
into the NPC

(A) Growth analysis of yeast nup159A shuffle strain, transformed with LEUZ2 plasmids harbouring wild-
type NUP159 or mutant constructs under control of the GAL1 promoter, which were used in biochemical
and EM studies. The URA3-NUP159 shuffle plasmid was shuffled out on galactose-containing SGD+5-
FOA plates, yeast colonies were spotted onto YPG plates and grown for 5 days. (B) The cellular local-

izations of GAL1-induced GFP-Nup159 variants, grown at 30 °C under complementing YPG conditions,
were visualized in live cells using fluorescence microscopy. Scale bar, 2 um.

30°C, was not incorporated into the NPC under tested conditions. From these experi-
ments | conclude that both nup159AFG and nup159-C constructs were functional and

assembled into the NPC in contrast to Nup159-CAtail.

Simplified Nup82 complexes exhibit unexpectedly large molecular masses

In order to determine the subunit composition of simplified Nup82 complexes, they
were affinity-purified and fractionated on the size exclusion column (SEC). First, | ana-
lyzed the Nup82-Nup159C-Nsp1C-Dyn2 complex which eluted early from the column,
suggesting much higher molecular mass than expected for a dimerized complex (Fig.

2.14 A, Table 2.1). Hence, to determine the exact molecular mass of this complex, inde-
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pendently of elongated shape caused by DIDyyp159-Dyn2 stalk, it was subjected to size
exclusion column coupled to multiangle light scattering measurements (SEC-MALS).
Precise calculations of molecular weights during MALS measurement are based on the
hydrodynamic size of analyzed macromolecules and depend on samples homogeneity.
Our reconstitution method of Nup82 complexes in yeasts enabled us to purify ug quan-

tities of simplified Nup82 complexes, required for meaningful MALS measurements.
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Figure 2.11: SEC-MALS analysis of the Nup82-Nup159C-Nsp1C-Dyn2 complex.

(A) The complex was co-expressed in yeast, affinity-purified via Nup82-Flag-TEV-ProtA and subjected
to size exclusion column (Superdex 200 Increase 10/300 GL column, GE Healthcare). Gel filtration
profile (Aogonm) of the Nup82-Nup159C-Nsp1C-Dyn2 complex with protein standard (670 kDa, upper
panel). Indicated fractions were analyzed by SDS-PAGE and Coomassie staining (bottom panel). (B)
Multiangle light scattering measurement. Differential refractive index (blue), light scattering (red) and UV
(green) graphs are plotted against the elution volumes. Two individual Nup82 complex preparations were
analyzed by SEC-MALS, yielding a molecular mass of 64543 and 672+5 kDa, respectively, with average
molecular weight of 658+4 kDa. This value implies a 4:2:4:10 stoichiometry of the Nup82:Nup159-
C:Nsp1-C:Dyn2 molecules (calculated molecular weight of Nup82, Nup159-C, Nsp1-C and Dyn2 = 82,
50, 28.5 and 10 kDa, respectively).

The theoretical molecular weight of the Nup82 complex composed of 2 copies of
Nup82, 2 copies of Nup159-C, 2 copies of Nsp1-C and 10 copies of Dyn2 equals
421 kDa, while the experimentally determined molecular mass of the Nup82-Nup159C-

Nsp1C-Dyn2 complex amounted to ~660 kDa (Fig. 2.11 B). Based on this result and
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the prediction that two copies of Nup159-C molecules are required for Dyn2-mediated
dimerization of the complex, | concluded that more than two copies of Nup82 and Nsp1
may be present in the complex (Table 2.1). The calculated theoretical molecular weight
of the complex containing 4 copies of Nup82, 2 copies of Nup159-C, 4 copies of Nsp1-C
and 10 copies of Dyn2 molecules (642 kDa) indeed corresponds to the value obtained
from two independent MALS measurements (645+3 and 672+5 kDa), suggesting a
4:2:4:10 stoichiometry of the isolated Nup82-Nup159C-Nsp1C-Dyn2 complex.

Table 2.1: Calculations of theoretical molecular weight of the Nup82-Flag-Nup159C-
Nsp1C-Dyn2 complex.

Theoretical molecular weights: Mryypg2=82 kDa, Mryyp159c=50 kDa, Mrysp1c=28.5 kDa, Mrpyn=10 kDa.

Nup82:Nup159-C:Nsp1C:Dyn2 Ratio = Theoretical Molecular Weight [kDa]

2:2:2:10 421
4:2:4:10 642
4:2:2:10 585
2:2:4:10 478

Next, the Nup82-Nup159AFG-Nsp1C-Dyn2 complex, which includes the N-terminal
B-propeller domain of Nup159, was analyzed by SEC-MALS. As expected the complex
was correspondingly larger (Mrnyp1soarc=100 kDa) with a molecular mass of 746+7
kDa (Fig. 2.12 A). This result suggests the 4:2:4:10 stoichiometry of the Nup82 com-
plex, since the calculated theoretical molecular mass of dimer with a predicted 2:2:2:10
stoichiometry only adds up to 521 kDa for the Nup82-Nup159AFG-Nsp1C-Dyn2 com-
plex.

In addition, a pentameric Nup82 complex, which harbours also the Nup116 autocat-
alytic C-domain, known to bind to the B-propeller of Nup82 [Yoshida et al., 2011], was
reconstituted and isolated from yeast cells. SEC-MALS analysis indicated co-elution of
all 5 subunits and a molecular mass of 693 kDa for this complex (Fig. 2.12 B). The differ-

ence between molecular masses of the Nup82-Nup159C-Nsp1C-Dyn2 and pentameric
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Figure 2.12: Molecular mass determination of reconstituted Nup82-Nup159AFG-
Nsp1C-Dyn2 and Nup82-Nup159C-Nsp1C-Dyn2-Nup116C complexes
by SEC-MALS
(A) The affinity-purified Nup82-Nup159AFG-Nsp1C-Dyn2 complex, revealed a molecular mass of 746
kDa (calculated molecular weight of Nup159AFG, Nup82, Nsp1 and Dyn2 equal 100, 82, 28.5 and
10 kDa, respectively) by SEC-MALS analysis. Differential refractive index (blue), light scattering (red)
and UV (green) were plotted against the elution volume from the Superdex 200 Increase 10/300 GL
(GE Healthcare) column. (B) SEC-MALS analysis of the affinity-purified, pentameric Nup82-Nup159C-

Nsp1C-Dyn2-Nup116C complex, revealed a molecular weight of 693+3 kDa (calculated molecular weight
of Nup116-C equals 18 kDa).

complex with Nup116-C (~ 33 kDa) suggests two copies of Nup116-C (Mrnyp116-c=18
kDa) bound to only two out of four copies of Nup82 B-propellers. In conclusion, the re-
constitution of simplified Nup82 complexes in yeast allowed us to determine its molec-
ular weight and estimate subunits composition. Remarkably, all purified Nup82 com-
plexes resulted in large molecular masses (> 650 kDa), indicating a hetero-oligomeric

assembly.
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The Nup159-C domain is required to form the hetero-oligomeric Nup82 complex

To gain more detailed insight into the Nup82 complex organization, | tested minimal
Nup82 complexes, expressed in yeast. First, | checked whether the stably associated
Nup82-Nsp1C sub-complex homo-dimerizes without Nup159 molecules. The Nup82-
Flag-Nsp1C sub-complex was affinity-purified and subjected to the SEC-MALS mea-
surement (Fig. 2.13 A). During size exclusion chromatography the aggregated Nup82-
Flag protein was found in the void volume, while the soluble Nup82-Flag-Nsp1C sub-
complex resulted in molecular weight of 117 kDa, suggesting a hetero-dimeric assembly

(Fig. 2.13 A).
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Figure 2.13: SEC-MALS analysis of minimal Nup82 sub-complexes

(A) The affinity-purified Nup82-Flag-Nsp1C sub-complex, co-expressed in yeast, was subjected to size
exclusion chromatography combined with the multiangle light scattering measurement (SEC-MALS). De-
termined molecular mass of the Nup82-Flag-Nsp1C sub-complex corresponds to hetero-dimer of 117
kDa (Mr=111 kDa). (B) The Nup82-Nsp1C-Nup159tail-Flag co-purifies as a hetero-trimeric complex with
the molecular weight of 114 kDa, determined by SEC-MALS (theoretical Mr of 123 kDa). Differential
refractive index (blue), light scattering (red) and UV (green) are plotted against the elution volume from
the Superdex 200 Increase 10/300 GL (GE Healthcare) gel filtration column.

Next, | tested the in vivo assembly of the core Nup82-Nsp1C sub-complex co-

expressed with the short Nup159-tail-Flag peptide, known to bind Nup82's B-propeller
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[Yoshida et al., 2011]. The isolated hetero-trimeric complex behaved as a soluble
monomer with MALS-determined molecular weight of 114 kDa (Fig. 2.13 B). This result
indicates a 1:1:1 stoichiometry of Nup82-Nsp1C-Nup159tail-Flag sub-complex, due to
its theoretical molecular weight of 123 kDa. From these experiments it became evident
that the Nup159-C domain not only dimerizes the Nup82 complex but also recruits four
Nup82-Nsp1C sub-complexes. Although the tail fragment of Nup159 improved solubility
of the Nup82-Nsp1C sub-complex, it did not cause its dimerization. Hereby, assembly

of ~660 kDa Nup82 complex requires the remaining part of the Nup159-C domain.

2.3.2 The structure of simplified Nup82 complexes revealed by

electron microscopy

To gain insight into the organization of subunits within the Nup82-Nup159C-Nsp1C-
Dyn2 complex, it was subjected to negative staining electron microscopy (EM), per-
formed in collaboration with Dr. Dirk Flemming (BZH, EM Facility). EM analysis of en-
dogenous Nup82 complexes (containing FG repeats) did not allow us to obtain clear-cut
particles, possibly due to interference of the natively unfolded and flexible FG repeats
with the staining procedure (see Fig. 2.1). Therefore, we analyzed the Nup82 complex
lacking FG repeats and the N-terminal B-propeller of Nup159 (Nup82-Nup159C-Nsp1C-
Dyn2) or the Nup82 complex devoid only of FG repeat sequences (Nup82-Nup159AFG-
Nsp1C-Dyn2) by EM. Affinity-purified complexes were subsequently fractionated either
on size exclusion column or on a glycerol-glutaraldehyde gradient, with gentle protein
cross-linking (GraFix method, for details see Materials and Methods). Afterwards, frac-
tions containing isolated Nup82 complexes were negatively stained and visualized by
EM. Obtained micrographs were used to select thousands of single particles, from which
two-dimensional (2D) class averages of Nup82 complexes were calculated (Fig. 2.14

A, 2.15 A and 2.16 A).
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Figure 2.14: Negative staining electron microscopy of the affinity-purified Nup82-
Nup159C-Nsp1C-Dyn2 complex subjected to size exclusion column
(A) Overview and gallery of representative 2D class averages (determined by multivariate statistical anal-
ysis performed by Dr. Dirk Flemming) of the affinity-purified Nup82-Flag-Nup159C-Nsp1C-Dyn2 complex
followed by size exclusion chromatography and negative staining EM. Scale bar, 50 nm; window size of

class averages box, 67.8 nm. (B) The affinity-purified complex after size exclusion column was analyzed
by SDS-PAGE and Coomassie staining. Fractions 15-16 were analyzed by EM (A).

Both EM analyses of either cross-linked (GraFix) or uncross-linked (unfixed) speci-
mens revealed an elongated (~30 nm long) structure of the Nup82 complex. The most
prominent feature of the Nup82 complex is a 20 nm long stalk, which is attached to
a globular 'head’ structure (Fig. 2.14 A and 2.15 A). The stalk is formed by two dynein
interaction domains of Nup159 (DIDyyp1s9), dimerized upon binding of dynein light chain
(Dyn2). Five dimers of Dyn2 are aligned like pearls on a string between two extended
DIDnup1s9 motifs, forming a rigid DIDnyp159-Dyn2 rod, as previously described [Stelter
et al., 2007]. After the affinity purification followed by size exclusion chromatography

and negative staining we observed high flexibility of the 'head’ structure when com-
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pared to a cross-linked (GraFix-treated) Nup82 complex (compare Fig. 2.14 and Fig.
2.15).
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Figure 2.15: The EM structure of the Nup82-Nup159C-Nsp1C-Dyn2 complex

(A) Overview of affinity-purified and GraFix-treated Nup82-Flag-Nup159C-Nsp1C-Dyn2 complex (left
panel) and representative 2D class averages obtained by EM (right panel, prepared by Dr. Dirk Flem-
ming). Scale bar, 50 nm, window size of the 2D class averages box, 50 nm. (B) Fractions collected after
glycerol gradient centrifugation were analyzed by SDS-PAGE and Coomassie staining. Corresponding
fractions of parallel glycerol-glutaraldehyde gradient (17-18) were used for EM (A).

2D classes of the GraFix-treated Nup82 complex revealed its unusual structure,
which resembles an alphabetic letter 'P’. The observed asymmetric ’head’ region of the
complex forms a ring structure with the ’spur’-like extension, resembling the head of
a rapier. The ’head’ is formed by the full length Nup82 (composed of 3-propeller and
o-helical domain) and a-helically predicted parts of both Nup159-C and Nsp1-C (see
Fig. 2.1). On some of the 2D classes we could distinguish 3-4 clearly visible globular
masses (bright dots, Fig. 2.15 A), which according to their size (5-6 nm in diameter)

could correspond to B-propellers of Nup82 [Yoshida et al., 2011].
The EM structure of affinity-purified and GraFix-treated Nup82-Nup159AFG-Nsp1C-
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Figure 2.16: The EM structure of the Nup82-Nup159AFG-Nsp1C-Dyn2 complex
(A) Overview of electron micrograph and gallery of representative 2D class averages of the affinity-
purified and GraFix-treated Nup82-Flag-Nup159AFG-Nsp1C-Dyn2 complex. Scale bar, 50 nm, size of
the class averages box 50 nm. (Prepared with Dr. Dirk Flemming). (B) SDS-PAGE and Coomassie
staining analysis of fractions collected after glycerol gradient centrifugation. Corresponding fractions of
glycerol-glutaraldehyde gradient (15-16) were analyzed by EM (A). Note that due to the bigger size of

the complex, centrifugation was 2 hours shorter than during the Nup82-Nup159C-Nsp1C-Dyn2 complex
preparation.

Dyn2 complex, containing the N-terminal B-propeller domain of Nup159, was also deter-
mined (Fig. 2.16). It resembles the EM structure of the Nup82-Nup159C-Nsp1C-Dyn2
complex, although has two additional globular masses preceding the DIDnyp159-Dyn2
stalk, corresponding to Dbp5-recruiting B-propellers of Nup159 [Weirich et al., 2004].
Taken together, analyses of simplified Nup82 complexes reconstituted in yeast cells,
allowed us to visualize the EM structure of the NPC module and confirmed that the com-
plex consists of two Nup159-C and four copies of Nup82, contributing to the molecular

mass obtained by MALS measurements.
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The Nup82-Nup159C-Nsp1C-Dyn2 complex contains four copies of Nup82 with

distinct properties

To determine if the four observed copies of Nup82 in the complex exhibit different
biochemical properties, the Nup82-Nup159AFG-Nsp1-Flag-Dyn2 complex was affinity-
purified under increased ionic strength, which affects the surface charge of proteins,

leading to dissociation of less tightly bound subunits of the complex.
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Figure 2.17: Purification of the Nup82-Nup159AFG-Nsp1C-Flag-Dyn2 complex under
low and high salt concentrations

(A) The in vivo reconstituted and affinity-purified Nup82-Nup159AFG-Nsp1C-Flag-Dyn2 complex in
buffer containing either 2.5 mM Mg?* (standard) or 100 mM MgCl, was analyzed by SDS-PAGE and
Coomassie-staining. For calculating the Nup82:Nup159AFG ratio, intensities of stained bands were de-
termined by Imaged software, considering different molecular weights of Nup159AFG (100 kDa) and
Nup82 (82 kDa). (B) The comparison of size exclusion chromatography profiles of Nup82-Nup159AFG-
Nsp1C-Flag-Dyn2 complexes treated wither with low (upper pannel) or high (lower pannel) Mg?* concen-
trations. The shift in elution volume is indicated by a red box.

Predicting that only two out of four copies of Nup82 would bind to the two available
Nup159 tail domains, the remaining two Nup82 may exhibit other type of interactions.
Therefore, | affinity-purified the Nup82-Nup159C-Nsp1AFG-Dyn2 complex via Nsp1-C-
Flag-TEV-ProtA under low and high MgCl, concentrations (Fig. 2.17).

To be able to directly compare amounts of co-purified Nup82 in respect of Nup159AFG,
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| used Nsp1-C as a bait protein to avoid the enrichment of either Nup82 or Nup159AFG.
Purification of the complex at low Mg?* concentration (2.5 mM in the standard TAP
buffer) resulted in 2:1 Nup82:Nup159AFG ratio. An increase of the Mg?* concentration
to 100 mM caused a Nup82:Nup159AFG ratio drop to approximately 1:1 (Fig. 2.17
A). This result indicates that half of the Nup82 molecules present in the complex were
dissociated by 100 mM MgCl,.

Next, Nup82-Nup159C-Nsp1AFG-Dyn2 complexes purified in the presence of low
and high Mg?* concentration, were subjected to size exclusion column (Fig. 2.17 B).
The complex isolated at high Mg?* concentration shifts one fraction to the right in com-
parison to the complex purified under low Mg?* concentration (Fig. 2.17 B, red box).
The observed change in the molecular weight was caused by dissociation of two Nup82
molecules from the complex. Therefore, | conclude that the Nup82 complex is formed
by four copies of Nup82, two of them bind to the complex less strongly and can be dis-
sociated upon 100 mM MgCl, treatment, while the other two are stably associated with
the complex.

To clarify the function of the Nup159-tail fragment in the Nup82 complex organi-
zation, | affinity-purified the complex, in which the tail fragment was deleted (Nup159-
CAtail, see Fig. 2.9, lane 2). The Nup82-Nup159-CAtail-Nsp1C-Dyn2 complex was
assembled in vivo, but during gel filtration chromatography it eluted broadly (in a range
of 100-670 kDa) from the column (Fig. 2.18 A, left panel). Next, | analyzed how this
complex behaves in low and high Mg?* concentration. When purified in low Mg?* con-
centration the complex still contained four copies of Nup82, only when purified in the
presence of 100 mM MgCl, two of them were dissociated as evident from the SEC
analysis (Fig. 2.18 A, right panel). Afterwards, | analyzed the GraFix-treated Nup82-
Nup159Atail-Nsp1C-Dyn2 complex by negative staining EM. The obtained 2D class av-
erages revealed the EM structure with typical DIDyyp159-Dyn2 stalk, however the charac-

teristic ring-like ’head’ structure was distorted with a collapse of the 'head’ part towards
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Figure 2.18: The structure of the Nup82-Nup159-CAtail-Nsp1C-Dyn2 complex ob-

served by EM

(A) The Nup82-Nup159-CAtail-Nsp1C-Dyn2 complex affinity-purified in either standard or high concen-
tration of Mg?*, followed by size exclusion chromatography. Note that the complex under standard buffer
conditions eluates broadly from the column (left panel). The observed shift in elution fractions from 19
to 20 of the Nup82-Nup159-CAtail-Nsp1C-Dyn2 complex purified in 100 mM Mg?* in respect to 2.5 mM

Mg?*, corresponds to the loss of two copies of Nup82 (see also Fig. 2.17). (B) Negative

staining EM

of the GraFix-treated Nup82-Nup159Atail-Nsp1C-Dyn2 complex, affinity-purified under standard buffer
condition. Overview picture (left panel) and a gallery of class averages determined by multivariate statis-
tical analysis (right panel) are shown. Scale bar of the overview, 50 nm. Window size of class averages,

50 nm. Prepared by Dr. Dirk Flemming. (C) Fractions collected after glycerol gradient were

analyzed by

SDS-PAGE and Coomassie staining. Corresponding fractions of glycerol-glutaraldehyde gradient (18-19)

were used for EM analysis (B).
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the DIDnyp1s9-Dyn2 rod (Fig. 2.18 B and C).

This result confirms that the tail fragment of Nup159 is not essential for Nup82
complex assembly [Yoshida et al., 2011], but contributes to the three-dimensional (3D)
organization of the complex, allowing the formation of a ring-like 'head’ structure and

correct positioning of other binding partners (Nup82 and Nsp1).

2.3.3 Cross-linking mass spectrometry of the Nup82-Nup159C-
Nsp1C-Dyn2 complex to map interaction surfaces between

the subunits

To identify protein interfaces within the Nup82-Nup159C-Nsp1C-Dyn2 complex, ex-
posed for interactions, a cross-linking mass spectrometry (XL-MS) was performed in col-
laboration with the laboratory of Dr. Martin Beck (EMBL, Heidelberg, Germany). For this
purpose, the affinity-purified complex was incubated with a non-cleavable, two comple-
mentary isotope-coded cross-linkers (disuccinimidyl-suberate, DSS or disuccinimidyl-
glutarate, DSG), specific for primary amines (lysines and N-termini). The size of cross-
linkers enables identification of spatial restraints of two different lengths: up to 35 A for
DSS (long cross-linker) and up to 30 A for DSG (short cross-linker), measured from the
Ca to Ca of cross-linked lysines [Walzthoeni et al., 2012]. Subsequently, 90 inter and
154 intra protein links, at a false positive discovery rate of 5%, were identified using
mass spectrometry [Walzthoeni et al., 2012] (performed by Alexander von Appen, PhD
student in the Beck laboratory).

Cross-links occur in the proximity of interaction domains and correspond to regions
accessible for soluble cross-linkers. The cross-linking experiment confirmed the inter-
action surface between the Nup159-tail and the B-propeller of Nup82 [Yoshida et al.,
2011]. We have also found cross-links between the B-propeller region of Nup82 and the

H3 and H4 carboxy-terminal domains of Nup159-C using long and short cross-linkers
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Figure 2.19: Cross-linking mass spectrometry analysis of the Nup82-Nup159C-
Nsp1C-Dyn2 complex
(A, B) Linear representation of Nup82 complex subunits analyzed by the cross-linking mass spectrometry
with either long (disuccinimidyl-suberate, DSS) (A) or short (disuccinimidyl-glutarate, DSG) (B) cross-
linker, inter-protein cross-links are represented by orange lines. Blue arches correspond to intra-proteins
cross-links, within the same protein. Red arrows indicate homo-dimeric cross-links, connecting two in-

stances of the same lysine residue within self-interacting proteins. Visualization of cross-links was pre-
pared with the xiNET tool from the Rappsilber laboratory (http://crosslinkviewer.org/index.php).

(Figure 2.19). Fewer cross-links to Nup82-C and Nup159 H3-H4 were observed for
Nsp1-C (known to bind Nup82-C, [Bailer et al., 2001]). Noticeably, Nup159 H1-H2 re-
gion exhibited very few cross-links, which is in agreement with previous finding, that
H1 domain is forming a self-dimerizing coiled-coil domain (see Fig. 2.5 and Fig. 2.6).
Furthermore, the Nup159-H1 sequence has only one lysine available for cross-linkers,
which is cross-linked to the Nup82-C domain (Fig. 2.19 A). We have also found distinct
restraints formed between Dyn2 and the Nup82-C domain. These cross-links indicate
that the a-helical part of one Nup82 is located in proximity of DIDyyp159-Dyn2 stalk.
Taking into consideration that four copies of Nup82 and four copies of Nsp1-C are

present, it has proven to be difficult to distinguish between cross-links from each copy
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of Nup82, since the identified intra-protein cross-links (Fig. 2.19, blue arches) can in
principle account for both lysine contact sites within a protein or across two copies of
the same protein. Exceptions are cross-links formed across two lysines of the same
peptide, which must account for restraints within a homo-dimer (Fig. 2.19, red arrows).
We identified four of such restraints, which helped to understand the homo-dimerization
interfaces within the Nup82 complex, namely K1343, K1414 (H3-H4) of Nup159 and
K541, K580 (H1-H2) of Nup82. Since Nup82 occurs in four, but Nup159 only in two
copies within the complex, we speculate that two different interaction interfaces of four
Nup82 molecules must exist, which could be confirmed biochemically (see Fig. 2.17).
The cross-linking data imply that one homo-dimer interface of Nup82 is formed by helical
interactions of the C-terminal region (H1-H2), while the second interface is mediated by
the Nup159 C-terminus [Yoshida et al., 2011]. Thus, Nup159 likely homo-dimerizes in
the H3-H4 C-terminal region, in addition to the N-terminal region in which dimerization
interface is built by the DIDnyp159-Dyn2 rod and H1 domain.

In summary, we were able to map the protein surfaces accessible for soluble cross-
linkers. The XL-MS data thus confirm the biochemical analysis described above and
reveal an interaction hub of all three subunits.

To test whether the presence of Nup159-H3-H4 sub-domains would lead to dimer-
ization of the Nup82-Nsp1C-Nup159-H3-H4-tail sub-complex, it was reconstituted in
vivo and subsequently affinity-purified. Unexpectedly, isolated complex contained the
Nup159-H3-H4-tail protein as well as the shorter Nup159-H4-tail fragment, lacking the
H3 sub-region (as confirmed by mass spectrometry). After size exclusion chromatog-
raphy the purified complex was separated into two pools: (1) the complex containing
the longer Nup159-H3-H4-tail fragment, which was aggregated and eluted in the void
volume and (2) the complex with the shorter Nup159-H4-tail fragment, which formed
a soluble hetero-trimeric assembly (Fig. 2.20, left panel). The molecular weight of this

soluble Nup82-Nsp1C-Nup159-H4-tail complex, obtained from MALS measurement,
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corresponds to 130 kDa, while theoretical value equals 123 kDa (Fig. 2.20, right panel).
The a-helical H3 sub-region of Nup159, which is largely cross-linked to the Nup82-C do-
main, contributes to the second homo-dimerization interface of the Nup159 (Fig. 2.19

red arrow), which stabilizes the Nup82-Nup159 interaction within the Nup82 complex.
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Figure 2.20: SEC-MALS of affinity-purified Nup82-Flag-Nsp1C-Nup159-H3-H4-tail
complex

(A) Fractions eluted from the gel filtration column were analyzed by SDS-PAGE and Coomassie staining.
Next, Nup159 bands were identified by mass spectroscopy, to confirm sequences of obtained fragments.
The Nup159-H4-tail fragment is protected from proteolysis by interaction with Nup82-Nsp1C hetero-dimer
(fractions 23-24), while the Nup159-H3-H4-tail fragment aggregates and elutes with the void volume from
the gel filtration column (fractions 18-19). (B) The MALS-determined molecular mass of the Nup82-
Flag-Nsp1C-Nup159-H4-tail complex corresponds to 130 kDa. Differential refractive index (blue), light
scattering (red) and UV (green) are plotted against the elution volume from the Superdex 200 Increase
10/300 GL column (GE Healthcare).

2.3.4 3D electron tomography of the Nup82 complex

Due to complicated asymmetric topology of the Nup82 complex’s ’head’ structure,
we sought to obtain more detailed insight into its architecture using three-dimensional
(3D) electron microscopy in collaboration with the Beck laboratory (EMBL, Heidelberg,
Germany). To acquire a 3D model of the Nup82 complex, we first collected 91 tomo-
grams of negatively stained complex, then prepared two-dimensional (2D) projections
and class averages, used for subsequent calculation of 3D volume. To better resolve the
structure of the Nup82 complex we focused the single particle alignment on the 'head’

region, while the DIDyyp159-Dyn2 element was averaged out (Fig. 2.21 A). The 3D re-
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2.3 Structural analysis of the yeast Nup82 complex 2. Results

construction approach revealed a highly asymmetrical structure with the ring-like ’head’
region, which consists of three globular domains and a peripheral 'spur’ element (Fig.
2.21 B). The dominant feature of the structure is a rod-shaped connector bridging the
'spur’ to the most distant globular domain 3. In addition, an elongated ’loop’ connects
the globular domain 3 to the DIDy,p159-Dyn2 stalk, forming the characteristic 'P’-shaped

structure of the Nup82 module (Fig. 2.21 B, see also Fig. 2.15 A).

A B Globular

Domain2  Globular
Domain 3

Globular
Domain 1

| 90° | 90°

=.om. DID,,,.-Dyn2 Stalk S0

Figure 2.21: 3D structure of the Nup82-Nup159C-Nsp1C-Dyn2 complex determined
by negative staining electron tomography

(A) 3D volume of the Nup82-Nup159C-Nsp1C-Dyn2 complex, obtained by electron tomography in collab-
oration with the Beck laboratory. Affinity-purified Nup82-Nup159C-Nsp1C-Dyn2 complex was fixed with
GraFix method, negatively stained and subjected to electron microscopy. Three 90° turned views of the
volume representation of the Nup82 complex are shown. Part of the DIDnyp159-Dyn2 rod is averaged out
to resolve more details of the ’head’ region. (B) Representative class of the Nup82-Nup159C-Nsp1C-
Dyn2 complex obtained by 3D electron microscopy. Three distinct globular domains and the ’spur’ ele-
ment orthogonal to the stalk form the backbone structure of the complex. The globular domains 1 and 3
are connected by a rod’ element.

According to MALS measurements, four Nup82 B-propellers should be present in
the dimeric Nup82 complex. Based on this prediction, we tried to fit the available crystal
structure of the Nup82NTP-Nup159-tail hetero-dimer (PDB ID code 3PBP) [Yoshida et al.,
2011] into the tomographic 3D volume of the Nup82 complex (see Discussion, Fig. 3.4).
In this way, it was possible to place two Nup82 B-propellers into globular domains 1 and
3 of the 3D volume. In this fit, extra density for the one further Nup82 B-propeller in

globular domain 2 would be still available. Finally, the last Nup82 could be placed into
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2.3 Structural analysis of the yeast Nup82 complex 2. Results

the ’spur’ or in front of the globular domain 1 (Fig. 2.21 B).

To sum up, electron tomography of the Nup82 complex revealed a 3D topology of the
’head’ domain, which enabled us to identify four sites in the 3D volume of the complex,
most likely occupied by Nup82 B-propellers. Final proving of the proposed model has to

await high resolution structural analysis of the Nup82 module.
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3 Discussion

Structural characterization of the NPC’s sub-complexes is crucial to understand how
individual proteins contribute to the function and overall architecture of the nuclear pore
complex. In my PhD thesis, | structurally and functionally investigated the Nup82 com-
plex from yeast Saccharomyces cerevisiae. First, | characterized the carboxy-terminal
domain of Nup159 (Nup159-C) and narrowed down its essential part to a 33 amino-
acids long sequence, called Nup159-H1. This domain turned out to be required for
an efficient Nup82 complex assembly and incorporation into the NPC scaffold. | also
analyzed viable nup159-C mutants, carrying deletions of subsequent Nup159-C frag-
ments, which exhibit defects in assembly into the Nup82 complex in vivo. Finally, the
negative staining EM unravelled structural details of the Nup82 complex of which high
resolution information was not yet available. A hallmark of the Nup82 complex is its elon-
gated and asymmetric appearance, formed by 4 copies of Nup82, 2 copies of Nup159-
C, 4 copies of Nsp1-C and 10 copies of Dyn2. The structure of the complex exhibits
certain flexibility which assures movements of FG repeats during the nucleocytoplas-
mic transport.

The results presented in this PhD thesis revealed, for the first time, the structural
organization and stoichiometry of the Nup82 complex from Saccharomyces cerevisiae
and allowed us to identify interaction surfaces between three components of the com-

plex, which led to the structural model of the Nup82 module.
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3.1 The Nup159-C domain is an interaction platform organizing the subunits of the
Nup82 complex 3. Discussion

3.1 The Nup159-C domain is an interaction platform

organizing the subunits of the Nup82 complex

The essential role of the Nup159-C domain for the Nup82 complex assembly and
function has been investigated by biochemical, biophysical and microscopic methods.
A major finding was that the Nup159-C domain serves as a scaffold of the Nup82 com-
plex, onto which the other subunits (Nup82, Nsp1 and Dyn2) are assembled. Mutational
analysis of a-helical regions of the Nup159-C domain has shown that only its essential
sub-domain (Nup159-H1) is important for targeting to the NPC in vivo (see Results, Fig.
2.3 and 2.4). We have also found that the essential H1 sub-domain homo-dimerizes
in vitro via coiled-coil interaction. Thus, we speculate that homo-dimerization of this
essential coiled-coil domain is necessary for an optimal organization of the Nup159-C
domain, which allows assembly of the Nup82 complex.

Previous studies revealed that dynein light chain (Dyn2) in yeast forms a rigid rod
upon dimerization of two Nup159 molecules, which organizes the natively unfolded FG
repeats [Stelter et al., 2007]. Our studies suggest that homo-dimerization of Nup159 via
H1 domain cooperates with DIDyyp159-Dyn2 interaction. Analogous to the human dynein
light chain (DLC8), which promotes self-association of intermediate chains (IC) in the
dynein motor complex, Dyn2 in yeast may stabilize the a-helical regions of Nup159-C
[Barbar, 2008, Morgan et al., 2011, Nyarko and Barbar, 2011]. Specifically, we pro-
pose that the homo-dimerization of two Nup159-H1 regions in addition to the binding
of five Dyn2 dimers into five QT motifs of DIDyyp1s9 increases the stability of coiled-coil
interactions. Although both Dyn2 and DIDyyp159 are dispensable in yeast, the optimal
positioning of the DIDyyp159-Dyn2 stalk in respect to the Nup159-H1 domain appears
key for the function and organization of the Nup82 complex.

In contrast to the yeast complex, vertebrate homologues of Nup82/Nup88 com-

plexes, in which the DID motif is missing, may form stronger and more stable coiled-coll
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3.1 The Nup159-C domain is an interaction platform organizing the subunits of the
Nup82 complex 3. Discussion

domains, hence it appears that they do not require a DIDyyp159-Dyn2 dimerization de-
vice. Indeed, C. thermophilum and human have typical heptad repeats pattern within
the H1 region of Nup214/Nup159, which could strengthen the coiled-coil interaction (see
Results, Fig. 2.2).

Sequence analysis of the coiled-coil H1 domain in yeast Nup159 reveals the pres-
ence of conserved hydrophobic residues at positions 1 and 4 of the heptad repeat pat-
tern (hxxhcxc, h - hydrophobic and ¢ - charged amino-acid residues). However, charged
residues at typical positions in classic coiled-coils are less prominent (see Results, Fig.
2.2), indicating that the self-interaction of Nup159-H1 domain may be partially compro-
mised and hence may require additional stabilization mechanisms. We propose that
homo-dimerization of the Nup159-H1 coiled-coil is supported by the DIDyyp159-Dyn2
interaction, as observed in the cytoplasmic dynein-dynactin complex [Morgan et al.,
2011].

This studies demonstrated that the Nup159-C is a backbone, which recruits the
Nup82-Nsp1 sub-complexes. The Nup82, Nsp1 and Nup159 interaction is mediated by
conserved coiled-coil domains of their essential a-helical carboxy-termini. We observed
that mutations within the Nup159-C had a less severe defects on yeast viability and as-
sembly of the Nup82 complex, than the essential H1 sub-domain. Thus, it is conceivable
that these sub-regions of Nup159-C domain are less crucial for its function in organizing
the Nup82 complex. Moreover, these a-helical sub-regions are regularly interrupted by
helix-breaking residues (e.g. prolines) (see Results, Fig. 2.2, Supplemental Fig. 7.2,
and 7.3), thus we expect that they fold into a stack of antiparallel helices, instead of
forming elongated rod-like structures of typical coiled-coil proteins (e.g. lamins, spec-
trins or Tpr). As a result, deletions of Nup159-C sub-regions variously influence the
Nup82 complex formation, suggesting a redundancy of a-helical interactions between
Nup159, Nup82 and Nsp1. Our cross-linking data indicated that a-helical domains of

all three subunits of the complex form a complicated interaction network, which involves
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3.2 The conserved Nup82 complex forms an asymmetric assembly 3. Discussion

multiple copies of each subunit (see Results, Section 2.3.3).

3.2 The conserved Nup82 complex forms a megadalton

large and asymmetric assembly

My PhD also brought insight into the structure of the Nup82 complex. It is formed
by an elongated DIDyp159-Dyn2 stalk and globular 'head’ domain with prominent 'spur’
and ’loop’ elements. In the course of studying the Nup82 complex we determined its
stoichiometry consisting of four copies of Nup82, which are associated with only two
copies of Nup159-C domains per complex. This is consistent with the EM structure
displaying one visible DIDyyp159-Dyn2 stalk (Fig. 3.1). Although the exact number of
Nsp1-C copies per complex is difficult to estimate due to its small molecular weight
(28.5 kDa), the observation that Nup82 forms a stable homo-dimer with Nsp1-C (see
Results, Fig. 2.13) led to the conclusion that four copies of Nsp1-C are present in the
Nup82 complex.

Reports characterizing the stoichiometry of the yeast NPC, giving relative amount
of each nucleoporins are consistent with our model, although the absolute numbers of
Nup82 and Nup159 copies observed in the Nup82 complex are twice as big as pre-
sented by Rout and coworkers [Rout et al., 2000, Dreyfus et al., 2012]. They showed
that only 1 copy of Nup159 and 2 copies of Nup82 were found per spoke in the yeast
NPC [Rout et al., 2000]. The observed discrepancies in obtained results may be caused
by different approaches used to determine the stoichiometry of the Nup82 complex.
Rout and coworkers analyzed all nucleoporins present in the purified yeast cell fraction,
highly enriched for NPC proteins, which could contain reduced amounts of peripherally
located nucleoporins. Similarly, the relative amounts of the yeast Y-shaped Nup84 com-
plex components, proposed by Rout [Rout et al., 2000], were shown to be doubled in

the mammalian NPC due to dimerization of the Nup84 complex [Hoelz et al., 2011, Bui
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3.2 The conserved Nup82 complex forms an asymmetric assembly 3. Discussion

etal., 2013, Ori et al., 2013]. Nevertheless, a 1:2 ratio of Nup159:Nup82 in the complex,
reported for the yeast NPC is in agreement with our results. If the complex is present
once in all 8 spokes of the NPC, we may deduce that the full-length complex containing
FG repeats have a molecular weight of 1.24 MDa. Notably, 8 copies of the Nup82 com-
plex sum up to a total mass of ~10 MDa, which is one sixth of the entire NPC in yeast

[Reichelt et al., 1990, Doye and Hurt, 1997].

p-propelllers

\\

Figure 3.1: Class averages of the Nup82-Nup259C-Nsp1C-Dyn2 complex obtained by
GraFix-EM

(A-C) Representative class averages of the Nup82 complex with characteristic features: loop, spur,
B-propellers and DIDnyp159-Dyn2 stalk. The scale bar, 20 nm.

Surprisingly, the Nup82 complex exhibits a structural asymmetry, observed quite
rarely in homo-dimeric assemblies. The 3D volume of the obtained Nup82-Nup159C-
Nsp1C-Dyn2 complex, gives a few possibilities for the overall arrangement of the Nup82
complex. We predict that the Nup82-Nsp1 sub-complex is present in four different
copies, organized around the circular backbone of the homo-dimerized Nup159-C core.
Our results suggest that from four Nup82 molecules present in the 'P’-complex (Nup82),
the two salt-resistant Nup82 have a different interaction site, hence are differently bound
to the assembly (see Fig. 3.2; present in globular domain 1 and 3, shown in green). We
propose a model wherein two Nup82 molecules bound to the Nup159-tail fragment form

one interaction surface, while the remaining two Nup82 molecules may be recruited to
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3.2 The conserved Nup82 complex forms an asymmetric assembly 3. Discussion

the complex via another interaction. Notably, three B-propellers of Nup82 are clearly
distinguishable in some of the 2D class averages (Fig. 3.1 C), while four B-propellers
were observed only by EM of the uncross-linked complex (see Results, Fig. 2.14 A),
thus the fourth Nup82 B-propeller presumably overlaps with one of the observed glob-
ular masses. We cannot exclude that in the three dimensional arrangement, the fourth
B-propeller lays in front of one of the other three B-propellers, hence is not visible in ob-
served EM classes. An alternative possibility is that the prominent 'spur’ of the structure
corresponds to the fourth B-propeller of Nup82 (Fig. 3.1 and 3.2, shown in grey). Con-
sistent with this model, a stable association of monomeric Nup82-Nsp1C hetero-dimer
can be observed in vivo, however the Nup159-tail fragment, involved in Nup82 binding
[Yoshida et al., 2011], is required for optimal solubility and contributes to the asymmetric
organization of the Nup82 complex, by positioning two out of four B-propellers of Nup82
(see Results, Fig. 2.18).

A recent study identified only 11 assymetric complexes out of 223 analyzed homo-
oligomeric structures [Swapna et al., 2012]. Six out of eleven complexes bind nucleic
acids, where a specific RNA or DNA sequence provides an asymmetric scaffold onto
which multiple copies of the same proteins are assembled in structurally distinct con-
formations. Besides, a-helical coiled-coils can also induce asymmetry as observed
in tropomyosin, where the coiled coil sequence directs its hinge-like bending [Brown,
2010]. In the case of the Nup82 complex, it seems that the C-terminal coiled-coil do-
mains of Nup159 and possibly Nsp1 provide such asymmetric scaffold, which is dec-
orated with at least two structurally distinct subunits of Nup82. Thus, the observed
asymmetry driven by hetero-oligomerization of the complex may have an implication for
the function of the Nup82 module. In particular, the presence of at least two structurally
distinct subunits of Nup82 suggests that they can have different roles in the context of
the NPC. We speculate that two salt resistant Nup82-Nsp1 hetero-dimers are involved in

the Nup82 complex assembly to the NPC scaffold, while the additional two Nup82-Nsp1
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Figure 3.2: Structural model of the Nup82-Nup159C-Nsp1C-Dyn2 complex architec-
ture
Structural model of the Nup82-Nup159C-Nsp1C-Dyn2 complex. Four B-propellers of Nup82 are shown
in green and gray (globular domains 1-3 and the spur). The predicted a-helices (H2-H4) of Nup159-C
were modelled with I-TASSER [Zhang, 2008] (shown in blue and orange) and combined with the Nup159-
H1 domain (grey helices), which may proceed through the ’loop’ towards DIDnyp159-Dyn2 stalk (only two
of five Dyn2 dimers are shown). Two Nup159-H1 domains reside closely to the DIDyyp159-Dyn2 stalk,

separated by flexible Linker. The ’spur’ and globular domain 2 might be occupied by two additional copies
of Nup82. The scale bar, 5 nm.

sub-complexes may fulfil another role (e.g. recruitment of Nup116 and Gle2 involved
in the nucleocytoplasmic transport). Alternatively, two additional Nup82-Nsp1 hetero-
dimers may be recruited to the complex after conformational change upon delayed Dyn2
recruitment to the nascent complex in the NPC [Stelter et al., 2012]. We speculate that
this event may be crucial to previously reported role of the essential Nup82 complex
in the export of ribosomal subunits [Moy and Silver, 1999, Gleizes et al., 2001] or the

transport processes.
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3.3 The Nup82 complex locates in the cytoplasmic ring

and protrudes into the central channel of the NPC

Based on the previously reported cytoplasmic location of the human Nup88/Nup214
complex (homologous to the Nup82 complex) [Maimon et al., 2012, Bui et al., 2013], we
sought to fit the yeast 'P’-complex to the cytoplasmic protrusions of the human NPC
(Fig. 3.3 A). Although it is still unclear whether topologies of the human and yeast NPC
are similar, the protrusion specific to the cytoplasmic ring of the human NPC provided
sufficient space for docking the 3D structure of the conserved Nup82-Nup159C-Nsp1C-
Dyn2 complex (Fig. 3.3 B). The obtained 3D reconstitution of the 'P’-complex (see Fig.
Results, 2.21 A) allowed a reasonable fit into the cytoplasmic ring of the human NPC
map. For this, we arranged the DIDyyp159-Dyn2 stalk in a way that it protrudes into
the transport channel (Fig. 3.3 B, dashed arrow) while the ’spur’ protrudes to a side,
perpendicularly to the stalk. This arrangement would place the Nup82 B-propellers
inside the cytoplasmic ring and expose FG repeats into the central channel of the NPC,
where they can interact with the shuttling transport receptors. In such an orientation the
B-propeller of Nup159 would also be accessible for binding of Dbp5 in order to terminate
the mRNA export [Hurwitz et al., 1998, Schmitt et al., 1999, Noble et al., 2011].

The weak protein contacts between modules of the NPC were analysed by Rout’s
group in detail [Alber et al., 2007a], indicating that the Nup82 complex is located closely
to the outer ring of the NPC, where Nup159-H1 sub-domain could contact other modules
(inner pore ring module and the Nup84 complex). This concept is in agreement with
the tomographic map of the human NPC, where Nup88/Nup214 complex localizes in
close proximity to the Nup85 and Nup188 nucleoporins [Maimon et al., 2012, Bui et al.,
2013]. In addition, the Nup159-H1 structure may undergo conformational change upon
Dyn2 recruitment to the DIDyyp159, thus playing a governing role in the Nup82 complex

assembly and function. Difficulties in obtaining any structural information about the
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Figure 3.3: Docking of the Nup82-Nup159C-Nsp1C-Dyn2 within the tomographic map
of the human NPC.
(A) The human Nup214/Nup88 complex occupies a cytoplasmic ring protrusion, facing the central chan-
nel of the NPC, black arrow (upper panel) [Bui et al., 2013]. The tomographic 3D map of the yeast Nup82
complex (bottom panel) was dock into the human NPC volume. (B) The potential position of the Nup82-
Nup159C-Nsp1C-Dyn2 complex within the human NPC. Direction of the DIDnyp159-Dyn2 stalk is indicated

by dashed arrow, along with the FG repeats of Nup159 protrudes into the central channel of the NPC.
Figures were prepared together with Alexander von Appen (Beck Group, EMBL, Heidelberg, Germany).

complex suggest its high flexibility, which was also observed by EM of the uncrosslinked
Nup82 complex.

In the future, our first insights into the structure of Nup82 complex will help to under-
stand its interaction with the NPC’s scaffold. Our reconstitution method of the simplified
Nup82 complex could be extended to investigate interaction of the Nup82 complex with

neighbouring modules of the NPC (e.g. inner pore ring module).
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4 Materials and Methods

4.1 Molecular biology and genetic methods

4.1.1 DNA manipulation and plasmid construction

Recombinant DNA manipulation including polymerase chain reaction (PCR), restric-
tion enzyme digest of PCR products and plasmids, separation of DNA fragments by
agarose gel electrophoresis in TAE buffer and ligation reactions were performed as pre-
viously described by [Sambrook and Russell, 2001]. All DNA manipulation was done in
Escherichia coli DH5a. competent cells. PCR products were amplified using Phusion
polymerase (Thermo Fisher Scientific) and purified with GeneElute™ PCR Clean-Up
or Gel Extraction kits (Sigma Aldrich). Oligonucleotides were synthetized by Sigma
Aldrich (Steinheim, Germany). Restriction enzymes were obtained from Thermo Fisher
Scientific and New England Biolabs, while subsequent ligation reactions were done us-
ing T4 DNA ligase (NEB). Plasmid DNA was isolated from E. coli using Miniprep (HP)
kit (Sigma Alrdrich). Competent E. coli cells for plasmid transformation were prepared
following the protocol for DH5a cells [Inoue et al., 1990]. Plasmids were verified by
restriction digestion and by DNA sequencing (performed by Eurofins MWG; Ebersberg,

Germany). Plasmids used in this study are listed in Table 4.1.
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Table 4.1: Plasmids used in this study

Plasmid Comment(s) Reference

pRS414-Nup159
pRS414-nup159ADID

endogenous promoter, ADH terminator
as above, Nup159 lacking residues 1086-1185

[Stelter et al., 2007]
[Stelter et al., 2007]

pRS414-nup159 A Linker as above, Nup159 lacking residues 1179-1210 lab collection
pRS414-nup159AH1 as above, Nup159 lacking residues 1210-1244 lab collection
pRS414-nup159AH2 as above, Nup159 lacking residues 1245-1330 lab collection
pRS414-nup159AH2A as above, Nup159 lacking residues 1245-1275 this study
pRS414-nup159AH2B as above, Nup159 lacking residues 1276-1330 this study
pRS414-nup159AH3 as above, Nup159 lacking residues 1331-1380 lab collection
pRS414-nup159AH4 as above, Nup159 lacking residues 1381-1425 this study
pRS414-nup159 Atail as above, Nup159 lacking residues 1425-1460 this study
pRS414-nup 159 A H4-tail as above, Nup159 lacking residues 1381-1460 this study
pRS414-nup159AH3-H4 as above, Nup159 lacking residues 1331-1425 this study
pRS414-nup159ADID-Linker as above, Nup159 lacking residues 1086-1210 this study
pRS414-nup 159 ADID-Atail as above, Nup159 lacking residues 1086-1185 and 1425-1460 this study
pRS414-nup159AFG as above, Nup159 lacking residues 459-1083 this study
YEplac351-GAL1-Dyn2 LEU lab collection
PRS414-nup159 H1-1(L1228>E) nup159 point mutation Leu to Glu at residue 1228 this study
PRS414-nup159 H1-2(11232>D) nup159 point mutation Iso to Asp at residue 1232 this study
pRS414-nup159 H1-3M1235>E) nup159 point mutation Met to Gin at residue 1235 this study
PRS414-nup159 H1-4(L1228>E , 11232>D) nup159 point mutations Leu to GIn at residue 1228 and Iso to Asp at residue 1232 this study
PRS414-nup159 H1-5(11232>D , M1235>E) nup159 point mutation Iso to Asp at residue 1232 and Met to Gn at residue 1235 this study
pRS414-nup159 H1-6L1228>E , M1235>E) nup159 point mutation Leu to GIn at residue 1228 and Met to Gin at residue 1235 this study

pRS414-GFP-Nup159

PNOP1 promoter, ADH terminator

[Stelter et al., 2007]

pRS414-GFP-nup159A Linker as above, Nup159 lacking residues 1086-1185 this study
pRS414-GFP-nup159AH1 as above, Nup159 lacking residues 1210-1244 this study
pRS414-GFP-nup159AH2 as above, Nup159 lacking residues 1245-1330 this study
pRS414-GFP-nup159AH2A as above, Nup159 lacking residues 1245-1275 this study
pRS414-GFP-nup159AH2B as above, Nup159 lacking residues 1276-1330 this study
pRS414-GFP-nup159AH3 as above, Nup159 lacking residues 1331-1380 this study
pRS414-GFP-nup159AH4 as above, Nup159 lacking residues 1381-1425 this study
pRS414-GFP-nup159 Atail as above, Nup159 lacking residues 1425-1460 this study
YEplac195-P1 g4, -Dyn2-P2-Nup159C bicistronic yeast expression, galactose induced, 2u, Nup159-C residues 1082-1460 this study
YEplac181-P1 g4, -Nsp1C-P2-Nup82-FTP as above, Nsp1-C residues 573-823, Nup82-Flag-TEV-ProtA this study
YEplac195-P1 54, -Dyn2-P2-Nup159 Atail as above, Nup159CAT residues 1082-1426 this study
YEplac195-P1 54, -Dyn2-P2-Nup159AFG as above, Nup159-AFG lacking residues 459-1083 this study
YEplac112-P1 54, -Nsp1C-P2-Nup82-FTP as above this study
YEplac181-P1 54, -HIS-Nup159tail-Flag as above, HIS-nup159tail-Flag residues 1425-1460 this study
YEplac181-P1 54, -HIS-Nup116C as above, Nup116-C residues 967-1113 this study
YEplac181-P1 54, -Nsp1C-FTP-P2-Nup82 as above this study
pProEX HTb GST-TEV-Dyn2 PCR amplified, cloned Ndel/BamH| this study
pET-15b-HIS-TEV-nup159-QT4.5-Linker-H1 PCR amplified, cloned Ndel/BamHI, 1153-1241 aa this study
pET-15b-HIS-TEV-nup159-QT4.5-Linker-h1-5 PCR amplified, cloned Ndel/BamHI, residues 1153-1241 this study
YEplac195-P154, -Dyn2-P2-Nup159 Atail HIS-Nup159 residues 1082-1419 this study
YEplac195-P1 g4, -Dyn2-P2-Nup159H3-T as above, HIS-Nup159 residues 1322-1460 this study
YEplac195-P1 g4, -Dyn2-P2-Nup159H4-T as above, HIS-Nup159 residues 1381-1460 this study
YEplac195-P1 54, -Dyn2-P2-Nup159tail as above, HIS-Nup159 residues 1424-1460 this study

cerevisiae

4.1.2 Reconstitution of Nup82 complexes in Saccharomyces

To perform simultaneous expression of multiple genes of interest in the yeast sys-

tem, the coding sequences of nucleoporins devoid of FG repeats were inserted into ap-
propriate yeast expression vectors. The multiple cloning site of the YEplac series was
exchanged, to contain the opposite oriented, inducible GAL7 and GAL10 promoters,
to allow over-expression of two genes from one vector (bicistronic). Next, new multi-
ple cloning sites were introduced flanking this promoter for cloning of two open reading
frames into one vector, carrying either the LEUZ2, URA3 or TRP1 marker cassette. The

constructs were co-expressed in yeast by addition of 2% galactose to the medium.
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4.1.3 Construction of yeast strains and basic yeast methods

Yeast strains used in this study are listed in Table 4.2. Genomic deletion disrup-
tion and C-terminal Flag-TEV-ProtA (FTP) tagging of genes were done by homologous

recombination method as described before [Longtine et al., 1998, Janke et al., 2004].

Table 4.2: Yeast strains used in this study

Strains Genotype Reference
Ds1-2b MAT «a, leu2-A1, trp1-A63, his3-A200, ura3-52 [Grandi et al., 1995b]
nup159A shuffle MAT a, nup159::NT2, trp1-A63, his3-A200, [Gorsch et al., 1995]
ura3-52, leu2-A1, pLG4-URA3-NUP159
nup159A shuffle/dyn2 A MAT a, nup159::NT2, trp1-A63, his3-A200, ura3-52, [Stelter et al., 2007]
leu2-A1, dyn2::kanMX, pLG4-URA3-NUP159
nup159A shuffle, Nup82-FTP  MAT a, nup159::NT2, trp1-A63, his3-A200, ura3-52, this study

leu2-A1, Nup82-FTP::HIS3, pLG4-URA3-NUP159

Transformation of S. cerevisiae with plasmid DNA was performed as previously de-
scribed [lto et al., 1983], using a rapid lithium acetate method. Briefly, exponentially
growing cells were harvested, washed with distilled water (dH.O) and resuspended in
a buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 100 mM LiAc), then added to the mix-
ture of DNA (100-500 ng), 10 pl freshly boiled herring sperm carrier DNA 2 mg/ml and
34% PEG-4000 in a buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 100 mM LiAc). The
mixture was rotated on a turning wheel for 30 min at room temperature (RT), followed
by a 15 minutes heat shock at 42 °C. Transformed cells were centrifuged, resuspended
in 50 pl of water and plated on appropriate plates for selection of transformants. When
transforming with PCR cassettes containing resistance genes (ClonNAT and geneticin)
for homologous recombination, cells were grown in YPD for at least 3 hours to allow
expression of the resistance genes prior to plating on selective plates.

Genomic DNA was isolated according to the method of Hoffman and Winston, 1987.
Cells from a 10 ml overnight culture were collected by centrifugation, resuspended in
500 pul of dH,O and transferred to a 1.5 ml microcentrifuge tube, centrifuged again and
resuspended in the residual liquid. 200 pl of Genomic DNA lysis buffer (2% Trition X-
100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCI (pH 8), 1 mM EDTA), 200 pl of a 1:1
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ratio of phenol:chlorophorm and approximately 100 pl of glass beads were added. The
cells were lysed by vortexing for 4 min, then 200 ul of TE buffer (10 mM Tris-HCI pH
7.5, 1 mM EDTA) was added and centrifuged at maximum speed. The DNA-containing
top phase was transferred to a fresh tube, 1 ml of 100% ethanol was added, mixed by
inversion and pelleted for 2 min at maximum speed. The supernatant was removed and
the pellet was resuspended in 400 ul of TE buffer and 3 ul of RNase A (10 mg/ml). After
incubation at 37 °C for 5 min DNA was precipitated with 10 pl of 4 M NH;Ac and 1 ml of
100% ethanol. DNA was collected by centrifugation for 2 min at maximum speed and

resuspended in 50 pl dH,O after air drying.

4.2 Microbiological methods

4.2.1 Media for S. cerevisiae and E. coli growth

Yeast cells were grown at 30°C in rich YPD medium (1% yeast extract, 2% pep-
tone, 2% glucose) or synthetic defined complete (SDC) medium (2% glucose, 0.67%
yeast nitrogen base) complemented with all necessary amino acids excluding those
required for selection. The concentration of amino acids was used as described previ-
ously [Sherman et al., 1991]. For counter-selection of cells harbouring URA3 plasmids,
SDC supplemented with all amino acids and 2 mg/ml of 5-fluoro-orotic acid (5-FOA),
was used. For selection of yeast clones, containing antibiotic resistance, following con-
centrations were used: 0.2 mg/ml of geneticin and 100ug/ml neurseothricin (ClonNAT).
For galactose induction, yeast cells were grown in synthetic raffinose complete (SRC)
medium, lacking selective amino acid and shifted to 2% galactose for 6 hours in YPG
medium (1% yeast extract, 2% peptone, 2% galactose). E. coli cells were grown at 37 °C
in Luria-Bertani (LB) medium (0.5% yeast extract, 1% tryptone, 0.5% sodium chloride)

supplemented with antibiotics for plasmids expressing heterologous proteins (100 pg/mi
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ampicillin, 30pg/ml kanamycin, 34ug/ml chloramphenicol). Cell density in liquid culture

was estimated by optical density measurement at a wavelength of 600 nm (ODgqo).

4.2.2 Analysis of yeast cells growth (dot spots)

Exponentially growing yeast cultures were spotted onto agarose plates in 10-fold
serial dilution steps (first spot contained cell suspension of ODgyo 1). Plates were in-
cubated at the indicated temperatures for 2-5 days. To analyze functionality of trun-
cated proteins, shuffle strain deletion mutants, carrying wild-type copy protein on the
URA plasmid and truncated version on TRP plasmids, were spotted on 5-FOA plates.
5-fluoro-orotic acid (5-FOA) is converted into a toxic 5-fluorouracil in the presence of
URA plasmid, thus only viable mutants, which had lost the URA plasmid can grow in
the presence of 5-fluoro-orotic acid. Double amount of cells were spotted (first spot of

ODgqo 2) onto 5-FOA plates.

4.3 Biochemical methods

4.3.1 Whole yeast protein extract

To analyse total protein expression, yeast extracts were prepared either by chemical
lysis, according to the previously described protocol [Yaffe and Schatz, 1984] or by glass
bead lysis. Yeast cells (ODgoo 1-3) were harvested by centrifugation at maximum speed
for 1 min, washed once with 1 ml of dH,O, resuspended in 400 pl of ice-cold 20% TCA
(trichloroacetic acid) and about 100 pl of cold glass beads was added. After vortexing
for 3 min at RT, the precipitated protein was centrifuged for 5 min at 13000 rpm, 4 °C.
The supernatant was discarded and the pellet was washed with 1 ml of 100% ice-cold
ethanol, centrifuged again, dried for at least 10 min and resuspended in 100 pl of 4x

sample buffer and 1 pl of 1M Tris-HCI (pH 9.4). After vortexing for 1 min, samples were
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boiled at 95°C for 3 min. From the supernatant 5-15 pul of the sample were loaded on

an SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis).

4.3.2 Reconstitution and affinity purification of Nup82 complexes

The tandem affinity purification (TAP) method was performed according to protocols
[Puig et al., 2001, Rigaut et al., 1999]. Yeast cells were grown over night at 30°Cin 2 L
YPD or selective medium. Cultures were harvested at ODggq of 2.0 to 3.0 at 4000 rpm
for 5 min at 4 °C and washed once with 30 ml cold buffer (20 mM Tris-HCI or Hepes, pH
7.5, 150 mM NacCl, 50 mM K(OAc), 2 mM Mg(OAc)., 5% glycerol), centrifuged again,
frozen in a liquid nitrogen and stored at -20°C.

Pellets were thawed in a water bath at 37 °C, 20 ml of cold buffer, supplemented with
protease inhibitor mix FY (Serva, Heidelberg, Germany), 1 mM phenylmethylsulfonyl flu-
oride (PMSF), 1 mM dithiothreitol (DTT) and 0.1% NP-40 (lysis buffer) and 25 ml of cold
glass beads were added. Cells were lysed with a beater mill at 4 °C, with program: 500
rpm, 4 min, 1 min break, 2 repetitions (Pulverisette, Fritsch, Idar-Oberstein, Germany).
The cell lysate was separated from the glass beads and collected by pressing the mix-
ture through a 50 ml syringe (Beckton Dickinson), followed by washing the beads with
10 ml of lysis buffer. Lysates were first centrifuged at 4000 rpm for 10 min at 4°C and
then the supernatant was centrifuged at 17500 rpm for 30 min at 4°C. After second
centrifugation step, the supernatant was incubated with 300 pl of IgG Sepharose beads
(IgG Sepharose™ 6D Fast Flow, Amersham Bioscience) for at least 2 hrs, at 4°C on
a turning wheel. Prior to use, beads were washed twice with 10 ml of buffer (without
protease inhibitors) and collected by centrifugation at 1300 rpm for 3 min.

After IgG binding step, lysate was removed by centrifugation at 1300 rpm for 5 min
at 4°C and beads were washed with 10 ml of buffer with 0.01% NP40 (wash buffer),
collected by centrifugation as previously and transferred to 2.5 ml Mobicol™ minispin

column (MoBiTec, Germany). The beads were washed 2 times with 5 ml of wash buffer
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by gravity flow. Afterwards, the column was plugged and 350 pul of wash buffer, supple-
mented with 0.5 mM DTT and 10 pl (approximately 1 mg/ml) of recombinant tobacco
etch virus (TEV) protease were added and incubated for 90 min at 16 °C on a turning
wheel. The TEV eluate was collected in a 1.5 ml microcentrifuge tube by centrifuga-
tion at 2000 rpm for 1 min and 300 pl was transferred to a new 0.8 ml column Micro
Bio-Spin™ (Bio-Rad), containing 30ul pre-washed Flag M2 agarose (ANTI-FLAG M2
Affinity Gel, Sigma Aldrich). The rest of TEV eluate was TCA precipitated (10%) for 15
min on ice, freezed and kept for later. The column was sealed and placed on a turning
wheel for 1 hr at 4°C. The flow through was collected by centrifigation at 1000 rpm
for 1 min and Flag M2 agarose was washed with 5 ml of wash buffer. Proteins were
eluted from the agarose with 1xFlag peptide (Sigma Aldrich) resuspended in 200 pl of
wash buffer for 45 min at 4 °C on a turning wheel and eluted into a microcentrifuge tube
by centrifugation at 2000 rpm for 1 min at 4°C. The Flag eluate was used for further
studies or was precipitated with 10% TCA on ice and centrifuged for 15 min at 13000
rom, 4°C. After washing once with 100 % acetone (0.5 ml), pellet was air dried and
resuspended in 50 pl of 1x sample buffer (250 mM Tris-HCI (pH 6.8), 9.2% SDS, 40%
glycerol, 0.2% Bromophenol blue and 100 mM DTT added just before use) and sep-
arated on 4-12% gradient or 12% NuPAGE Novex Bis-Tris Gels (Invitrogen, Carlsbad,
USA) electrophoresis.

To extract the 2 loosly bound Nup82 molecules from the Nup82 complex, MgCl, was
added to a final concentration of 100 mM during affinity-purification of Nsp1-Flag-TEV-
ProtA as previously described [Schafer and Hurt, 2006] and eluates were analyzed
by size exclusion chromatography and multiangle laser light scattering (SEC-MALS).
Complexes were separated on a Superdex 200 Increased 10/300 GL column attached

to an the Akta-Basic-System (Amersham Biosciences).
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Protein staining and mass spectrometry

Proteins were stained with Brilliant Blue G colloidal Coomassie (Sigma Aldrich) or
with a filtered solution of Coomassisie Brilliant Blue R-250 (1.5 g/l) in 30% ethanol and
10% acetic acid, performed as previously described by [Sambrook and Russell, 2001].
After staining procedure, bands were excised from the gel, trypsin digested and identi-

fied by mass spectrometry (BZH Facility, Heidelberg, Germany).

4.3.3 Western blot analysis

Proteins were transferred to nitrocellulose membrane by semi-blot system as de-
scribed before [Sambrook and Russell, 2001]. Transfer of proteins was performed in a
transfer buffer (48 mM Tris-HCI, 39 mM glycine, 1.3 mM SDS and 20% methanol) for 60
min at 12 V. After the transfer, proteins were visualized with Ponceau S (Serva, Heidel-
berg, Germany) to ensure the quality of transfer and the molecular weights of protein
standards were marked (Page Ruler™ Unstained Protein Ladder, Thermo Fisher Sci-
entific). The membrane was washed with dH,O and blocked in a blocking buffer (1x
PBS (phosphate-buffered saline), 5% milk, 0.1% Tween-20) for 2 hrs at RT or over night
at 4 °C with gentle shaking. After blocking, the membrane was incubated with a primary
antibody in a blocking buffer for 1 hr at RT. Three washing steps of 10 min each at RT
with PBS-T (1x PBS, 0.1% Tween-20) were performed, to wash away unspecific anti-
body binding. Secondary antibody, conjugated with horseradish peroxidase (HRP) was
added, if required, and incubated for 1 hr at RT with gentle shaking. Dilutions of used
antibodies are listed in Table 4.3. The nitrocellulose membrane was washed 3 times
and detection of HRP-conjugated antibodies bound to proteins was performed, using
enhanced chemiluminescence (ECL) solution (Amersham Bioscience). The lumines-

cent signals were documented using an ImageQuant Las4000mini (GE Healthcare).
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Table 4.3: Antibody dilutions

Primary antibody Secondary antibody

o-protA (1:5000)

a-Flag (1:3000) -
o-Arc1 (1:5000) a-rabbit (1:2000)
o-GFP (1:3000) a-mouse (1:3000)
o-Dyn2 (1:2000) o-rabbit (1:2000)
o-Nsp1 (1:5000) o-rabbit (1:2000)
o-Nup159 (1:5000) «a-rabbit (1:2000)

4.3.4 Expression and purification of recombinant Nup159

constructs from E. coli for circular dichroism measurements

Recombinant Nup159 QT,s-Linker-H1 and Nup159 QT,4s-Linker-h1-5 were
expressed in E. coli BL21 Codon Plus. Specifically, cells were transformed with pET15b-
HIS-Nup159-QT,.5-Linker-H1 or pET15b-HIS-Nup159-QT,4.5-Linker-h1-5 and grown in
LB medium at 37 °C to an ODgq of 0.5. Expression was induced with 0.1-0.5 mM IPTG
for 3 hrs at 23°C. Cells were lysed in buffer containing 20 mM Hepes pH 7.5, 150 mM
NaCl, 5% v/v glycerol, 1 mM B-mercaptoethanol and 10 mM imidazole at pH 8.0 sup-
plemented with protease inhibitor (Serva) and by high-pressure cavitation (Microfluidics
Corp., MA, USA) and cleared (17,000 rpm for 15 min at 4°C). 6HIS-tagged proteins
were purified from the supernatant with Ni-NTA affinity column (Qiagen) for 2 hrs at
4°C. After three washing steps with buffer including 10 mM imidazole, 6HIS-tagged
proteins were eluted with buffer including 50-250 mM imidazole gradient.

CD spectra of the protein samples were obtained on a Jasco J-720 spectropolarime-
ter using a water bath and water-jacketed cells for temperature control. Samples for CD
measurements were prepared in 10 mM sodium phosphate, pH 7.0 in the protein con-
centration range of 3-10 muM. Thermal unfolding was measured by monitoring the CD
signal at 222 nm in the temperature range of 5°C - 80 °C. Reversibility was determined

by comparing measurements taken at 5°C before and after thermal unfolding.
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4.4 Microscopic methods

4.4.1 Fluorescence microscopy

Cells expressing GFP-tagged proteins were grown to an early log phase at 30°C
in YPG or selective media and then shifted to 23°C or 37°C for 2-4 hrs. Subse-
quently, exponentially growing cells were pelleted, washed, applied onto glass slides
(Roth, Karlsruhe, Germany) and examined by fluorescence microscopy without fixa-
tion, using Imager Z1 microscope (Carl Zeiss, Inc.), equipped with a 100x/63x NA 1.4
Plan-Apochromat oil immersion lens. Pictures were acquired with a camera (AxioCam

MRm;Carl Zeiss, Inc.) and AxioVision 4.3 sofware (Carl Zeiss, Inc.).

4.4.2 Electron microscopy

For single particle EM analysis of the complex, Flag-TEV-ProtA (FTP) tagged Nup82,
together with Nsp1-CTD, Nup159-CTD and Dyn2 were over-expressed in bicistronic ex-
pression system under GAL promoter, grown in 2-12 L selective media, induced with
2% galactose and purified as described above. Flag eluate was further purified by size
exclusion chromatography (Superdex 200 10/300 GL or Superdex 200 Increase 10/300,
GE Healthcare) in a buffer (20 mM Tris-HCI or Hepes, pH 7.5, 150 mM NaCl, 50 mM
K(OAc), 2 mM Mg(OAc),) with 5% glycerol, no NP-40.

Stabilization and purification of Nup82 complexes using the GraFix protocol

To improve sample quality and resolution for structure determination by single-
particle electron microscopy, sample preparation procedure, called GraFix, was applied
[Kastner et al., 2008]. Two glycerol gradients with and without cross-linking agent were
prepared according to standard protocols. Briefly, filtered solutions of buffers containing

glycerol (10-30%) were prepared in a centrifuge tubes with the use of gradient for-
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mer (Gradient Master 107, BioComp Instruments, Canada). 0.15% glutaraldehyde (EM
grade 25%, Science Services GmbH, Munich, Germany) was added to the 30% glycerol
solution. The freshly prepared gradients were kept at 4 °C for one hour before sample
loading. 200 pl of Flag eluate was directly applied onto a 200ul cushion of 7.5% (v/v)
glycerol in a Hepes-NB buffer (20mM Hepes pH 7.5, 150 mM NaCl, 50 mM K(OAc),
2 mM Mg(OAc)., 5% glycerol), followed by a linear 10-30% (v/v) glycerol and 0-0.15%
glutaraldehyde (GA) gradient in a centrifuge tube and centrifuged in a SW 60 Ti Rotor
Beckman Coulter) at 50000 rpm, at 4 °C for 16-18 hours (Beckman Coulter). Gradients
were run with and without fixation reagent (GA) in parallel as a reference of particle
sedimentation. After centrifugation, 200 pl fractions were collected. The non-fixed ref-
erence gradient was and analysed on SDS-PAGE. Undiluted fractions containing fixed

complexes were negative stained and analyzed by a negative staining EM.

2D negative staining electron microscopy and image processing

Negative staining EM of the Nup82-Nup159C-Nsp1C-Dyn2 complex was performed
as described before [Lutzmann et al., 2005]. For negative staining, 5 pl of diluted sam-
ple were placed on a freshly glow-discharged, carbon-coated grid, allowed to absorb to
the carbon for 10 s, washed three times with water, stained with uranyl acetate (2% w/v)
and dried for 5-10 min. Micrographs were recorded with a Tecnai F20 (FEI) electron
microscope with a 'Eagle’ bottom mounted 4K, HS CCD camera at a nominal mag-
nification of 50.000, operating at 200 kV. 4000 particles for Nup82-Nup159C-Nsp1C-
Dyn2 complex, 3416 particles for unfixed Nup82-Nup159C-Nsp1C-Dyn2 complex, 5029
particles for Nup82-Nup159AFG-Nsp1C-Dyn2 complex, and 2577 particles for Nup82-
Nup159Atail-Nsp1C-Dyn2 complex were selected manually using 'Boxer’ [Ludtke et al.,
1999]. Subsequent image processing was carried out in IMAGIC-4D [van Heel et al.,
1996], following the program’s standard procedures. Particles were band-pass filtered

and normalized in their grey value distribution and mass-centred. Alignment, iterative
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refinement of class averages, and the calculation of the three-dimensional (3D) maps

followed the procedures described in [Lutzmann et al., 2005].

4.5 Size exclusion chromatography

Affinity-purified bait proteins were analysed by size exclusion chromatography (SEC)
in a buffer without NP-40 (20 mM Tris-HCI or Hepes at pH 7.5, 150 mM NaCl, 50 mM
K(OAc), 2 mM Mg(OAc),, 5% glycerol). They were separated on a Superdex 200 10/300
GL or Superdex 200 Increase 10/300 GL column attached to the Akta-Basic System
(Amersham Biosciences). Next, 500 pl fractions were collected and analyzed by SDS-

PAGE and standard Coomassie staining protocol.

4.6 Multiangle light scattering (MALS)

The chromatography system was connected in series with an eight-angle light scat-
tering detector from DAWN HELEOS (Wyatt Technology Corp., Santa Barbara, CA) with
a light scattering SEC-3010 refractometer for dRI (differential refractive index) detection
(WGE Dr Bures, Dallgow-Doeberitz, Germany) was used to determine the molecular
mass of complexes. Data were collected at a flow rate of 0.5 mL/min at 4 °C. Measure-
ment analysis were carried out using the ASTRA 6.1 software and Zimm light scatterin
model (Wyatt Technology Corp. Santa Barbara, CA), yielding the molar mass and mass

distribution (polydispersity) of the sample.

4.7 Cross-linking mass spectrometry

100 pg (0.5 pg/ml) of the affinity purified Nup82 truncated complex was cross-

linked by addition iso-stoichiometric mixture of H12/D12 isotope-coded di-succinimidyl-
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suberate (DSS) or disuccinimidyl-glutarate (DSG, Creative Molecules) to a final con-
centration of 1.6 mM. After 30 min at 37°C, the reaction was quenched with 50 mM
ammonium bicarbonate for 10 min 37 °C. Cross-linked samples were further processed
and analyzed with a LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Scientific)
as previously described [Walzthoeni et al., 2012]. The mass spectrometric data was
analyzed using xQuest/xProphet software and the false discovery rate was set to 5%

[Walzthoeni et al., 2012].

4.8 3D EM Data Acquisition

Tomograms of the negatively stained Nup82 complex were collected using a PO-
LARA (300kv FEG, FEI, Einhoven) operated at 100 kV and equipped with Gatan Cam-
era 2k x2k and GIF 2002 energy filter (Gatan, California) using FEI Batch Tomography
Software. In total 90 tomograms were collected over a tilt range of +/- 60 degrees with
an angular increment 3 degrees at binning 2 using SerialEM [Mastronarde, 2005], re-
sulting in a nominal pixel size of 6.06 A. The defocus was 1.5 to 3 mm and the total
dose was 300 e-/A2. The 3D structure of Nup82 subcomplex was obtained using a pre-
viously described protocol [Bui et al., 2013]. Briefly, the subtomograms of the acquired
tomograms from negatively stained Nup82 particles were projected for two-dimensional
classification and the resulting classes were subjected to subtomogram averaging. We
manually picked 5,941 particles (subtomograms). Subtomograms were projected along
the missing wedge axis in order to create an equivalent number of 2D images for sub-
sequent 2D classification using k-means clustering in SPIDER, which resulted in 20
classes. A 3D structure corresponding to each class was then calculated using subto-
mogram averaging. The resolution of all classes as determined by FSC varied and was

36 A for the best class.
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4.9 Miscellaneous

4.9.1 Protein alignments and secondary structure prediction

Protein sequences were aligned using T-Coffee (http://tcoffee.vital it.ch/apps/
tcoffee/do:regular) and Jalview [Waterhouse et al., 2009], and manually edited to high-
light conserved domains. Conserved secondary structures were predicted using Jpred
(http://www.compbio.dundee.ac.uk/www-jpred) and analyzed with Chimera 1.8.1

(http://www.cgl.ucsf.edu/chimera).

4.9.2 Structural modelling

Models for the C-terminal, a-helical part of Nup159 were generated using the I-
Tasser webserver [Roy et al., 2010]. Five top-ranking clusters were generated. The two
best clusters (according to their c-scores [Zhang, 2008]) shared a common fold for the
C-terminal, a-helical part of Nup159 (including parts of H2, H3, H4 and the tail region;

residues 1286-1434) resembling an a-helical bundle.
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5 Abbreviations

Table 5.1: List of Abbreviations A-F

A-F

ACE1 Ancestral Coatomer Element 1

ALPS ArfGAP1 Lipid Packing Sensor

ArfGAP1  GTPase-Activating Protein (GAP) for Arf1
ATP Adenosine-5-Triphosphate

CD Circular Dichroism
Cryo-ET  Cryo Electron Tomography
COPI/II Coat Protein Complex I/11

CTD Carboxy-Terminal Domain

3D Three-Dimensional

DAPI 4’, 6-Diamidino-2-phenylindole

DEAD Aspartic Acid(D)-Glutamic Acid(E)-Alanine(A)-Aspartic Acid(D)
DID Dynein Light Chain Interacting Domain
DIM Domain Invasion Motif

DMSO Dimethyl Sulfoxide

DNA Deoxyrybonucleic Acid

DSG Disuccinimidyl-Glutarate

DSS Disuccinimidyl-Suberate

DTT Dithiothreitol

Dyn2 Dynein Light Chain (DYL1_YEAST)

EDTA EthyleneDiamineTetraacetic Acid

EM Electron Microscopy

ER Endoplasmic Reticulum

FG Phenylalanine-Glycine

5-FOA 5-Fluoro-Orotic Acid

FRAP Fluorescence Recovery After Photobleaching
FTP Flag-TEV-Protein A

FXFG Phenylalanine-any Amiono Acid-Phenylalanine-Glycine
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Table 5.2: List of Abbreviations G-N

G-N

GA
GAP
GDP
GEF
GFP
GLFG
GraFix

GTP
GTPase
HCI

hr

HRP

INM
IPTG

kDa
LB

MDa
MES
mg
min

ml

Mip
mM
MOPS
mRNA
mRNP

pl

NE
NES
NLS
nm
NPC
NTD
NTF2
NTR

Glutaraldehyde

GTPase Activating Protein
Guanosine-5’-Diphosphate

Guanine Nucleotide Exchange Factor
Green Fluorescent Protein
Glycine-Leucine-Phenylalanine-Glycine
EM Sample Preparation Procedure With Density Gradient
And Weak Chemical Fixation
Guanosine-5’-Triphosphate
Guanosine-5’-Triphosphate Hydrolase
Hydrochloric Acid

Hour

Horseradish Peroxidase

Inner Nuclear Membrane
Isopropy! B-D-1thiogalactopyranoside

kilodalton
Luria-Bertani medium

Megadalton

2-(N-morpholino) ethanesulfonic acid
miligram

minute

mililiter

Myosin-Like Protein

milimolar

2-(N-morpholino) propanesulfonic acid
Messenger RNA

Messenger Ribonucleoprotein Particle
microliter

Nuclear Envelope

Nuclear Export Sequence
Nuclear Localization Signal
Nanometer

Nuclear Pore Complex
Amino(N)-Terminal Domain
Nuclear Transport Factor 2
Nuclear Transport Receptor
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Table 5.3: List of Abbreviations O-Z

0-Z

oD
ORF
ONM

pA
PBS
PCR
PMSF

Ran
RanBP1
RNA
RNP
rem

RT

SDC
SDS-PAGE
SV40

TAE
TAP
TBS
TCA
TEV
Tpr
ts

WCE
WT

YPD

Optical Density
Open Reading Frame
Outer Nuclear Membrane

Protein A

Phosphate Buffered Saline
Polymerase Chain Reaction
Phenylmethylsulphony! Fluoride

RAs-related Nuclear Protein
Ran Binding Protein 1
Rybonucleic Acid
Ribonucleoprotien
Revolutions Per Minute
Room Temperature

Synthetic Defined Complete (Medium)
Sodium-Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis
Simian Virus 40

TRIS Acetic Acid EDTA

Tandem Affinity Purification

TRIS Buffered Saline

Trichloroacetic Acid

Tobacco Etch Virus

Translocated Promoter Region (NPC-Associated Protein TPR)
Temperature-sensitive

Whole Cell Extract
Wild-type

Yeast Peptone Dextrone
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7 Supplemental Figures
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Figure 7.1: Growth analysis of dyn2A, nup159ADIDyyp159 and nup159ALinker mu-
tants

(A, B) Dot spot analysis of wild-type and nup159 deletion strains in Dyn2 or dyn2A background. The
nup159A shuffle strain was transformed with the indicated nup159 mutant constructs under the control
of the endogenous NUP159 promoter in Dyn2 (A) or dyn2A (B) background. Cells were spotted in 10-fold
serial dilutions onto SDC+5-FOA plates and incubated at the indicated temperatures for 3 days.
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tHQ2TZHI|Q2TZH9_ASPOR/1-886 785 ETLSESFGDSRQ - - -RDNGQQLSERLETVHKE | AADLLAEAKS|IAVKAPSPTEPGSPASPGGSQPRVPQRLQ 854
tHRIXF47|RIXF47_ASHAC/1-672 592 KNQA I SFNDYVL@S----------- AQLRDELAFLENELESLPEHRQHDRQEEEPF---------------- 641

tlQ6FPB3|Q6FPB3_CANGA/1-716 638 RSV IEFNSMVRKA- - - - - - - - - - - STNHQELEF I KEQQAQ I ANBKPDIISSENGKE - - - « = = =« =« =« -« - = - 686
tG8C1T5|G8CITS_TETPH/1-721 644 KQVL | ENDAVNRQ- - - - - - - - - - - QEQQEAIKFL@TELNN]I IEQP - AQSHDA | | DSBED 696
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Figure 7.2: Multi-sequence alignment of the a-helically predicted C-domain of Nup82
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7. Supplemental Figures
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Figure 7.3: Multi-sequence alignment of the a-helically predicted C-domain of Nsp1
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