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Abstract

Abstract

Proteins that need to actively enter the nucleus are thought to be transported by a
specific nuclear transport receptor (NTR), depending on the type of the nuclear
localization signal (NLS). Some cargoes are reported to be transported by several
NTRs, like Histones, HIV-1-Rev or FUS. In a recent proteomic screen for importin 13
cargoes, Lipin 1 and NOSIP were found as potential import cargoes. However, both
cargoes had been suggested to be imported by importin a/p. In this study the role of
importin 13 and other NTRs in the nuclear import of Lipin 1 and NOSIP was analyzed.
Lipin 1 has a dual function as transcriptional coactivator and as phosphatidate
phosphatase. For both functions, the subcellular localization is important. Lipin 1
directly interacted with importin 13 and importin o/p. Further, importin o/ was
confirmed as the preferred NTR for Lipin 1. However, importin 13 could partially
rescue an importin  knockdown, suggesting that importin 13 is involved in the nuclear
import of Lipin 1 as well, perhaps under specific conditions or in specific cell types.
Moreover, the region comprising amino acids 398-414 was found to contain a CRM1-
dependent NES.

The best characterized function of NOSIP is the regulation of eNOS activity by
translocating the membrane bound enzyme to the cytoskeleton, specifically in the G2
phase of the cell cycle. For this, NOSIP itself has to translocate from the nucleus to
the cytoplasm. The strong nuclear accumulation of NOSIP was shown to depend on
active nuclear import, whereas export depends only on passive diffusion. The
cytoplasmic enrichment of NOSIP seemed to be regulated through phosphorylation.
A phosphomimic mutant of NOSIP was enriched in the cytoplasm, but the nuclear
transport was not affected, pointing to a retention of NOSIP through binding to a
cytoplasmic binding partner. Moreover, NOSIP specifically interacted with multiple
NTRs in a RanGTP-dependent manner. In competition assays, transportin 1 was able
to replace all other NTRs from binding to NOSIP. In addition, knockdown experiments
showed that transportin 1 is the major NTR for NOSIP. Interestingly, NOISP binds
transportin 1 in an unusual binding-mode. The binding-site of NOSIP on transportin 1
was mapped to the N-terminal arch using crosslinking combined with mass
spectrometry and interaction studies. This is in contrast to typical PY-NLS or RG/RGG-
motif containing transportin 1 cargoes, which bind to the C-terminal arch of
transportin 1. This N-terminal binding to NTRs was also observed for importin 3 and
importin 13.

No specific region or NLS like sequence of NOSIP could be identified. Instead, using
different NOSIP fragments for binding assay and localization studies in cells, showed
that several regions are important for the nuclear localization of NOSIP, suggesting
that folded domains of NOSIP function as nuclear localization signals
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1 Introduction

1.1 Nuclear Transport

1.1.1 Compartmentalization

In eukaryotic cells, the genetic material in the nucleus is surrounded by a phospholipid-
bilayer. Through this compartmentalization, the processes of transcription and
translation is locally separated, which leads to a higher organization of eukaryotic cells
compared to prokaryotes. Separating both processes is advantageous, since
transcribed mRNA is not translated in parallel, as it can be observed in prokaryotes.
Based on this separation, proteins with functions in the nucleus, for instance
polymerases, transcription factors or histones need to be transported into the nucleus,
while at the same time various RNAs or some proteins need to be transported out of
the nucleus. The transport of proteins and RNAs between cytoplasm and nucleus
occurs through nuclear pores complexes (NPC), which are embedded in the nuclear
membrane and are the sole connection between the cytoplasm and the nuclear
compartment. NPCs form a barrier for macromolecules, while smaller macromolecules
can passively diffuse through these pores, large macromolecules need to be actively
transported by specific soluble transport proteins, so-called nuclear transport
receptors (NTR). The nuclear transport machinery needs to be tightly regulated to
adjust to the cellular environment and this adjustment is mediated through the
transport of proteins involved in gene regulatory processes. For instance, under
physiological conditions, gene expression differs from that under starvation or
oxidative stress requiring a distinct set of transcription factors. Therefore, a subset of
transcription factors needs to be transported into the nucleus, whereas another subset
needs to be exported. The localization of those proteins is regulated through specific
transport signals within the sequence of proteins. Those signals differ depending on
the NTR used for nucleocytoplasmic shuttling, which will be explained in detail in the
next sections. The transport machinery in cells is precisely orchestrated and a
deregulation of this process plays a role in various diseases. Therefore, it is crucial to
understand the complex network of nuclear transport under physiological or

deregulated conditions.
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1.1.2 Nuclear pore complex

The nuclear pore complex was first identified in 1950 (CALLAN and TOMLIN 1950)
and further described as a pore embedded in the nuclear membrane, which consists
of an inner- and outer-nuclear membrane, connecting the nucleoplasm with the
cytoplasm in interphase cells (WATSON 1955). The NPC itself is an enormous
multiprotein complex with a mass of ~110 MDa in vertebrates (Ori et al. 2013) and ~52
MDa in yeast (Kim et al. 2018). Consisting of around 30 different nucleoporins (Nup),
each present in multiple copies of eight, the NPC assembles up to ~1000 protein
molecules in total (Cronshaw et al. 2002). A single NPC mediates up to 103
translocation events per second, which corresponds to a mass of ~80-90 MDa. Under
physiological conditions, a mass of ~15-40 MDa is transported through a single NPC
between the nucleoplasm and cytoplasm (Ribbeck and Gérlich 2001). To deal with the
huge mass of proteins, which need to be translocated to the different compartments
within a short time, the nuclear membrane of human cells is decorated with 2000-4000
NPCs (Maul and Deaven 1977). In S. cerevisae, ~120 NPCs can be found per nucleus,
while X. laevis shows ~3500 NPCs (Maul and Deaven 1977). In the last years, NPC
structure and composition have been extensively studied in various organisms, e.g.
S. cerevisae (Allegretti et al. 2020), X. laevis (Huang et al. 2020; Fontana et al. 2022),
H. sapiens (Bui et al. 2013) or C. reinhardtii (Mosalaganti et al. 2018). The overall
structure (Figure 1, A) shows to be well conserved throughout these species with a
certain variability regarding the composition. Those structural studies are conducted
using electron microscopy (EM) and X-ray crystallography. Overtime, these
techniques have developed to a very powerful tool and have improved the
understanding of the atomic structure up to a resolution of ~20 A (Appen and Beck
2016; Lin and Hoelz 2019). The understanding of the NPC structure further improved
by combining crystal structures of Nup-subcomplexes with tomographic maps of cryo-
EM structures and in connection with experimental data, for instance mass-
spectrometry derived crosslinking data or NMR (nuclear resonance spectroscopy)
data (Hoelz et al. 2011; Kelley et al. 2015; Appen and Beck 2016; Lin et al. 2016;
Huang et al. 2020). Moreover, this NPC structures have improved very recently by
using the bioinformatic tool AlphaFold (Fontana et al. 2022; Mosalaganti et al. 2022).
The AlphaFold software is an artificial intelligence system, which predicts protein 3D-

structures of the whole human proteome, based on the amino-acid sequences of
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proteins (Jumper et al. 2021; Tunyasuvunakool et al. 2021). It is used to predict high
accuracy models of Nups, which are then placed in missing gaps of the tomographic
map of X. laevis to further complete the picture of the NPC (Fontana et al. 2022;

Mosalaganti et al. 2022).

The dimensions of a human NPC range from ~800 A in height and a diameter of
~1200 A with a central opening of about ~425 A in diameter (Figure 1 B) (Lin and
Hoelz 2019). In yeast, the NPC shows smaller dimensions with a diameter of ~950 A,
a height of ~600 A, but a central channel of about ~450 A in diameter like human NPCs
(Lin and Hoelz 2019). Nevertheless, these dimensions are not rigid. Instead the NPC
is dynamic and can dilate or constrict the width of the central channel (Mosalaganti et
al. 2022). Basically, the NPC shows an 8-fold rotational symmetry and a 2-fold
rotational symmetry along the nuclear envelope axis (Gall 1967; Lin and Hoelz 2019).
Nucleoporins building up the NPC tend to organize into subcomplexes and are found
in different regions of the NPC depending on their structural properties (Hoelz et al.
2011). Structurally, Nups are built of B-propellers, a-helical repeats and coiled-coill
domains, which are important for their interactions with other Nups (Hoelz et al. 2011).
A few nucleoporins contain transmembrane domains, namely POM121, gp210 and
Ndc1, which anchor the NPC within the nuclear membrane (Onischenko et al. 2009;
Mitchell et al. 2010; Upla et al. 2017). Additionally, around one third of the Nups
contain long intrinsically disordered regions containing polar residues and several FG
(phenylalanine-glycine)-repeats, so called FG-Nups (Rout and Wente 1994). The FG
repeats comprise of multiple FG-, GLFG- or FxFG-peptides, which are highly
hydrophobic (Patel et al. 2007). FG-Nups are mainly present in the inner ring, facing
their FG-repeat domains towards the central channel and form the permeability barrier
of the NPC (Figure 1, red) (Frey and Gorlich 2007; Najbauer et al. 2022). Additionally,
they are found to be important for nuclear transport regulation through interactions
with soluble transport factors in the cytoplasm and nucleoplasm (Radu et al. 1995;
Bayliss et al. 2000; Isgro and Schulten 2005; Hutten et al. 2008).

The overall structure of the NPC comprises the inner scaffold, including a permeability
barrier in the central channel, and the inner and outer ring structures. Peripheral Nups
are attached to the outer and inner structures and build the cytoplasmic filaments and

nuclear basket (Schematic structure see Figure 1 A) (Lin and Hoelz 2019). The major
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scaffold building block of the NPC is the Y-complex, also called Nup107-Nup160
subcomplex, which is named by its shape (Kelley et al. 2015; Stuwe et al. 2015;
Kosinski et al. 2016). This subcomplex contains 10 Nups in humans, namely Nup160,
Nupl107, Nup133, Nup96, Nup75, Nup37, Nup43, sehl, secl3 and ELYS (Loiodice et
al. 2004; Kelley et al. 2015). It builds the inner ring coat of the scaffold (Figure 1,
orange), which is anchored by the transmembrane Nups mentioned above
(Onischenko et al. 2009; Mitchell et al. 2010; Upla et al. 2017). A further cylindrical
layer around the Y-complex is the adaptor nucleoporin containing Nup93 subcomplex
(Figure 1, green and blue) (Amlacher et al. 2011; Kosinski et al. 2016). Followed by a
third cylindrical layer, the Nup62 subcomplex. It is formed by channel Nups, which
contain FG-repeats, forming the permeability barrier of the NPC (Figure 1, red) (Finlay
et al. 1991; Kita et al. 1993; Lin et al. 2016). The cytoplasmic filaments (CF)
nucleoporins are FG-repeat containing Nups and thus more flexible. They are
connected to the scaffold ring, protrude towards the cytoplasm (Figure 1, cyan),
interact with soluble transport factors and are therefore important for the nuclear
transport (Kehlenbach et al. 1999; Hutten et al. 2008; Hoelz et al. 2011; Lin and Hoelz
2019). Nups in the CF include Nup214, Glel, ALADIN, Nup88, Rael, Nup98, Nup62
and Nup358 (Lin and Hoelz 2019; Fontana et al. 2022), where the latter one is specific
for metazoa (Wu et al. 1995). Nup98 and Nup62 are found in various subcomplexes
as linker molecules (Griffis et al. 2003; Lin and Hoelz 2019; Fontana et al. 2022). The
nuclear basket, named by its basket like structure, comprises Nup153, Nup50 and Tpr,
and decorates the nuclear side of the NPC (Figure 1, purple) (Jarnik and Aebi 1991;
Panté et al. 1994). The nuclear basket is important for anchoring of the NPC and for
proper nuclear transport (Walther et al. 2001), since blocking of Nup153 using
antibodies leads to an abolished nuclear export of some proteins and RNAs (Ullman
et al. 1999). Most of the mentioned human nucleoporins can be found as homologues
in yeast or other species in a high structural and functional similarity, despite a low

sequence similarity (Suntharalingam and Wente 2003).

Nucleoporins do not only function in the context of nuclear transport but also play a
role in various cellular processes (Fahrenkrog et al. 2004). Some Nups directly
stimulate the expression of genes. Nup50 and Nup98, for instance, regulate the

expression of developmental or cell-cycle genes (Kalverda et al. 2010). Further, Nups
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are involved in chromatin organization through interaction with histone-modifying

proteins (reviewed in (Kuhn and Capelson 2019))
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Figure 1: Structure of the nuclear pore complex (NPC). (A) Schematic view of the cross-section of a NPC, structures
are colored as indicated. Graphic adapted from (Lin and Hoelz 2019). (B) Schematic view of a cross-section of a
human NPC with indicated dimensions. Graphic adapted from (Lin and Hoelz 2019).

1.1.3 Nuclear Transport

Nuclear transport describes the process of proteins crossing the nuclear envelope
through the NPC, the direct connection gateway between nucleoplasm and cytoplasm
(WATSON 1955). Despite this direct connection, nucleoplasm and cytoplasm are well
separated by the permeability barrier built of FG-Nups, which are responsible for
controlled nuclear shuttling (Frey and Gorlich 2007; Patel et al. 2007). The selectivity
of the permeability barrier is thought to be dependent on the size or roughly on the
mass of the cargo. Cargo molecules smaller than ~30-60 kDa in size or ~5 nm in
diameter can enter or exit the nucleus upon passive diffusion (Mohr et al. 2009).
Macromolecules above this size limit are assumed to need assisted diffusion through
the permeability barrier (Wing et al. 2022). The detailed composition and regulation of
the permeability barrier remains unclear, but several models are proposed to describe
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this barrier. The models differ in their description how FG-Nups interact with each other
or with transporter molecules. For example, the “selective phase model” describes the
diffusion barrier as a meshwork of FG-Nups, that crosslink to each other to form a
three-dimensional sieve-like meshwork, which excludes larger molecules from
diffusion (Ribbeck and Gorlich 2001; Frey et al. 2006). In this model, NTRs can
penetrate the channel by disrupting FG-Nup crosslinks to pass through this transiently
opened meshwork (Ribbeck and Gérlich 2001; Frey et al. 2006). Another model is the
“virtual gate model”, where Rout and Co-workers postulate that FG-Nups protrude into
the channel like brushes in a non-interacting way (Rout et al. 2003). To facilitate
translocation of macromolecules above the size limit, NTRs are assumed to lose
entropy when entering the channel and release binding-energy upon interaction with
FG-regions, which lowers the activation energy required for the entry in the channel.
Inert molecules above the size limit do not interact with FG-regions and are avoided
from entering, since entropy costs are too high (Rout et al. 2003). In a third model
named “forest model”, it is assumed that FG-Nups behave heterogeneously, meaning
some FG-regions attract each other forming collapsed coils, whereas others repulse
from each other forming more relaxed and extended coils. This heterogeneity is
suggested to resemble topological trees and shrubs and forms two zones, called
transporter, the central transporter for bigger macromolecules and the lateral
transporter for smaller macromolecules (Yamada et al. 2010). For several models,
indirect experimental evidence is shown, but analysis is mostly performed in in vitro

systems or in reconstituted FG-Nup gel-like structures, but not in vivo.

The transport machinery for assisted active nuclear transport through the NPC
requires the RanGTPase system and the soluble nuclear transport receptors. The
directionality of nuclear transport is driven by the RanGTP-gradient in the cells, which
is maintained by the RanGTPase system (lzaurralde et al. 1997). It is composed of
Ran (small GTP-binding protein Ran), RanGEF (guanosine nucleotide exchange
factor) and RanGAP (RanGTP activating protein) (Bischoff and Ponstingl 1991,
Bischoff et al. 1994). The high levels of RanGTP within the nucleus are a result of the
presence of chromatin bound RCC1 (RanGEF), which loads Ran with GTP (Bischoff
and Ponstingl 1991; Renault et al. 2001). High RanGTP levels favor the formation of
nuclear export complexes and trigger the release of nuclear import complexes

(Richards et al. 1997). In the cytoplasm, RanGAP bound to the cytoplasmic filament
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nucleoporin Nup358 and RanBP1, mediates hydrolysis of RanGTP to RanGDP
(Bischoff et al. 1994, Bischoff and Gorlich 1997; Kehlenbach et al. 1999), which leads
to a 200-fold lower RanGTP level in the cytoplasm compared to the nucleus (Kalab et
al. 2002). The hydrolysis of RanGTP to RanGDP leads to the dissociation of nuclear
export complexes and the low levels of RanGTP allow the binding of nuclear transport
receptors to import-cargoes (Gorlich et al. 1996; Kehlenbach et al. 1999; Koyama and
Matsuura 2010). Some nuclear transport receptors are called karyopherins (Kaps) and
belong to the importin-B superfamily (Gorlich and Kutay 1999; Chook and Siel 2011).
Kaps are conserved from yeast to humans (Strom and Weis 2001; O'Reilly et al. 2011).
In humans, 20 Kaps are known and are originally divided into two groups, classified
by the directionality of transport (Wing et al. 2022). Importins are named through their
ability to import cargoes out of the cytoplasm into the nucleus, while exportins are
named by their ability to mediate nuclear export of cargoes to the cytoplasm
(GORLICH 1994; Stade et al. 1997). Later on, some Kaps have been classified as bi-
portins by the capability of mediating both, nuclear import and export (Mingot et al.
2001; Gontan et al. 2009; Aksu et al. 2018). In humans, importins (imp) contain imp 3,
imp 4, imp5, imp 7, imp8, imp9, imp 11 and TNPO (transportin) 1, TNPO 2 and
TNPO 3 (Wing et al. 2022). Exportins include exportin 1 (CRM1), exportin 2 (CAS),
exportin 3 (exportint), exportin5 and exportin 6. Proteins, which function as
bidirectional NTRs, are imp 13, exportin 4 and exportin 7 (Mingot et al. 2001; Gontan
et al. 2009; Aksu et al. 2018; Wing et al. 2022), while the function of RanBP6 and
RanBP17 is currently unknown (Wing et al. 2022).

Nuclear transport is a well-studied process within cells (Figure 2). For nuclear import,
importins bind their cargo depending on a nuclear localization signal (NLS) in a direct
manner or with the help of cargo-adaptor proteins, known as importin a proteins
(seven isoforms are known for Kap o (karyopherin o)) 1-7) (Miyamoto et al. 2016). This
import complex is transported through the permeability barrier of the NPC, while
engaging in multivalent interactions with the FG-nucleoporins and finally dissociates
in the nuclear compartment upon RanGTP binding to importin (Gérlich et al. 1996;
Bayliss et al. 2000; Allen et al. 2001; Lee et al. 2005; Hahn and Schlenstedt 2011).
Importins bind cargoes or RanGTP in a mutually exclusive manner with a much higher
affinity of RanGTP to karyopherins compared to the import-cargo karyopherin binding

affinity (Lee et al. 2005). The free import cargo is retained in the nucleus, the import
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receptor bound to RanGTP is recycled to the cytoplasm. In case of a ternary transport
complex out of karyopherin 3, karyopherin a and cargo, the cargo-adaptor protein
karyopherin a is recycled by exportin 2 (CAS) (Kutay et al. 1997; Weis 1998). After
hydrolysis of RanGTP to RanGDP, which is mediated by RanGAP, importins are
released and ready for another round of import (Bischoff et al. 1994). RanBP1, a
cofactor of RanGAP, promotes the hydrolysis of RanGTP (Bischoff et al. 1995;
Kehlenbach et al. 1999). Furthermore, the interaction of RanGAP with Nup358, also
known as RanBP2, at the cytoplasmic site of the NPC promotes this hydrolysis (Hutten
et al. 2008; Koyama and Matsuura 2010). RanGDP is then recycled back into the
nucleus by a specific transporter protein, named NTF2 (Nuclear transport factor 2), for
recharging of RanGDP by chromatin-bound RCC1 to RanGTP (Ribbeck et al. 1998;
Renault et al. 2001). For the process of nuclear export, exportins bind cooperatively
to RanGTP and cargoes containing a nuclear export signal (NES) (Monecke et al.
2013). This trimeric complex (exportin-RanGTP-export-cargo) shuttles through the
NPC and terminates in the cytoplasm upon RanGTP hydrolysis (Koyama and
Matsuura 2010). Free RanGDP and free exportin are recycled back to the nuclear
compartment and free export cargo is retained in the cytoplasm. RanGDP is then
recharged to RanGTP in the nucleus and the free exportin can export another cargo
(Bischoff and Ponstingl 1991). The energy used for nuclear translocation against a
concentration gradient indirectly results from hydrolysis and recharging of the small
GTP-binding protein Ran. Next to this regular nuclear transport via Kaps, some
proteins above the size threshold enter the nucleus in a RanGTP- and karyopherin-
independent manner (Yokoya et al. 1999; Kumeta et al. 2012), e.g. B-catenin (Yokoya
et al. 1999) and actinin-4 (Kumeta et al. 2010). The NTR-independent nuclear
translocation process depends on the surface hydrophobicity of the respective protein.
This was shown for chemical modified BSA, which is able to diffuse into the nucleus

after increasing the hydrophobicity of the surface (Naim et al. 2009).

The process of nucleocytoplasmic transport (NCT) is tightly orchestrated, and proteins
are transported as soon as they are recognized through their signaling sequence.
Nonetheless, different proteins need to be re-localized depending on cell-cycle phase
or extracellular stimuli, thus, transport needs to be fine-tuned. Regulation of NCT can
be achieved by switching on or off respective localization signals or through altering

the NTRs. A common feature to pass down signals in cells are posttranslational
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modifications (PTM) like phosphorylation, acetylation, ubiquitination or sumolyation
(Weinberg 2014). These modifications are known to alter the affinity of cargoes to
NTRs when within or near to signaling sequences (reviewed in (Nardozzi et al. 2010;
Wang et al. 2012). Nuclear import of CTP—phosphocholine cytidylyltransferase
(CCTa) is blocked by ubiquitination (ub), which disrupts the binding of importin a
(Chen and Mallampalli 2009). Contrary to CCTa, ubiquitination of the tumor
suppressor PTEN (suppresses phosphatase and tensin homolog on chromosome 10)
leads to its nuclear import, whereas a mutation of the ubiquitination-site causes a
disposition in the cytoplasm (Trotman et al. 2007). Phosphorylation of cargoes also
functions as enhancer or inhibitor of nuclear transport, e.g. phosphorylation within or
upstream of the NLS of EBNA1 (Kitamura et al. 2006) or SV40 large T-antigen (Hubner
et al. 1997), respectively, increases nuclear import, whereas nuclear import of PTHrP
is impaired upon phosphorylation of its NLS (Lam et al. 1999). In addition to the direct
activation or inactivation of signaling sequences, phosphorylation of STAT leads to its
homodimerization and conformational changes, which expose a dimer-specific NLS
(Meyer et al. 2002). Not only modification of cargoes can regulate transport activities,
but also phosphorylation of NTRs, as it is shown for importin 13, which showed
resulting in reduced nuclear import activity when modified at Serine 193 (Liu et al.
2018).
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Figure 2: Schematic overview of the nucleocytoplasmic transport pathway. For the process of nuclear import,
Importins recognize their cargoes through nuclear localization signals. The Importin-cargo complex passes the
nuclear pore complex (NPC) and upon RanGTP-binding to the Importin in the nucleus, the import-cargo is released.
The Importin bound to RanGTP shuttles then back to the cytoplasm and is released upon RanGTP hydrolysis to
RanGDP. The hydrolysis is mediated by RanGAP. The free Importin mediate another round of import and RanGDP
is imported into the nucleus and recharged to RanGTP by RanGEF. For nuclear export, Exportins form a ternary
export complex (Exportin-RanGTP-cargo) in the nucleus. This export complex is then transported through the NPC
into the cytoplasm, where it dissociates upon hydrolysis of RanGTP. The free Exportin and RanGDP are then
recycled back into the nucleus for another round of export and recharging of RanGDP. This figure was created with
Adobe lllustrator 6 and is inspired by (Monecke et al. 2014)
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1.1.4 Nuclear transport receptors (NTRS)

Nuclear transport receptors enforce nucleocytoplasmic transport by binding to their
cargoes via specific localization signals. The dissection of the nuclear transport
machinery is challenging since isolation of intact nuclei is difficult. The first functional
assay to analyze soluble transport receptors have been established in 1990 by using
digitonin to selectively permeabilize the plasma membrane of mammalian cells,
whereas the nuclear membrane remains intact (Adam et al. 1990). With this
simplification, several proteins involved in nuclear transport have been identified, e.g.
NTF2 (nuclear transport factor 2), importin f or Ran (Moore and Blobel 1993; Adam
and Adam 1994; Paschal and Gerace 1995). Further identification of soluble transport
factors and the structural and functional characterization of those lead to their
classification into three classes. One class is the NTF2 family named after its most
prominent member, since all share striking similarity in their tertiary structure to NTF2,
but low sequence homology (Fribourg et al. 2001; Eberhardt et al. 2013). Another
protein of this family that is involved in nuclear transport, precisely in mRNA export, is
NXT1 (NTF2-related export protein 1), which shows the same characteristic structure
of extensive B-sheets flanked by a-helices (Bullock et al. 1996; Katahira et al. 1999).
NXT1 is an mRNA export receptor, which is only functional as a heterodimer with TAP
(tip-associated protein) (Fribourg et al. 2001; Fried and Kutay 2003). TAP (Mex67 in
yeast) is part of the second class of NTRs, namely NXF family. It contains a NTF2-like
domain in its C-terminal half, which is necessary for heterodimerization with NXT1
(Herold et al. 2000; Dickmanns et al. 2015). The NXF (nuclear export factor) family
constitutes of proteins involved in RNA export, comprising in humans NXF 1-6, where
NXF1 is also called TAP (Herold et al. 2000). All NXF proteins are multidomain
proteins consisting an overall structure of a NTF2-like domain, an UBA (Ubiquitin
associated)-domain, a RNA-binding domain and 4 leucine-rich repeat (LRR) domains
(Herold et al. 2000; Liker et al. 2000; Fribourg et al. 2001).

The third class is the karyopherin (Kap) B superfamily. This class constitutes of 20
members in humans (Wing 2020). The overall structure of karyopherin Bs is well
conserved, despite a low sequence homology with the highest homology in the N-
terminal part (Cook et al. 2007; Wing et al. 2022). Structurally, karyopherin Bs are

mainly a-helical proteins consisting of 18-20 so-called HEAT-repeats (Wing et al.
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2022). HEAT-repeats have first been described in four proteins, from which the motif
name originates, namely Huntingtin, elongation factor 3, PR65/A subunit of protein
phosphatase 2A and the lipid kinase Torl (Andrade et al. 2001). A HEAT-repeat
consist of 30-50 amino acids (aa), which comprise a secondary structure of two
antiparallel oriented a-helices, connected by a short linker (Figure 3 A) (Yoshimura
and Hirano 2016). The two a-helices of the HEAT motif interact with further HEAT
motifs in a parallel manner, forming a stacked super helical structure (Figure 3 B)
(Andrade et al. 2001; Yoshimura and Hirano 2016). This stacked super helical
structure shows a right-handed twist for karyopherin Bs. This twist is based on the tilt
between two HEAT motifs (Groves et al. 1999; Lee et al. 2000; Yoshimura and Hirano
2016). Despite this structural difference, some regions of both, PR65/A and
karyopherin 1, show some structural similarity in the arrangement of their HEAT-
repeats (Vetter et al. 1999).

Overall, this super helical packing results in a two-layered arrangement of the a-
helices, which can be more S-shaped or O-shaped (Figure 3 C-D) (Yoshimura and
Hirano 2016). The outer convex surface comprises the A-helices of the HEAT motifs
and the inner concave surface of the solenoid consist of the B-helices (Figure 3 C)
(Cingolani et al. 1999; Yoshimura and Hirano 2016). The convex outer side interacts
with the intrinsically disordered FG-repeat containing regions of Nups (Yoshimura and
Hirano 2016). Crystal-structures of importin 8 with FXFG or GLFG peptides show that
the FG-peptides bind to a hydrophobic grove at the A-helices of HEAT motif 5 and 6
(Bayliss et al. 2000; Bayliss et al. 2002).

X-ray crystal structures of NTRs with transport-cargoes or Ran show that they bind in
the inner concave surface of Kap s, containing the B-helices (Chook and Blobel
1999; Cingolani et al. 1999). More precisely, most transport cargoes bind to the C-
terminal arch of Kap B, as it is shown in crystal structures of importin § with SREBP 2
(sterol regulatory element-binding protein 2) (Lee et al. 2003) or IBB-domain
(Importin B-binding domain of importin a) (Cingolani et al. 1999), and of transportin 1
(Kap B2) binding to hnRNP D, JKTBP or hnRNP A (Imasaki et al. 2007). The N-
terminal half is the conserved binding site for RanGTP among Kap Bs (Gorlich et al.
1997; Chook and Blobel 1999; Lee et al. 2005). N-terminal binding of import-cargoes

to kap Bs is only shown for a few proteins, e.g. for c-Fos and the HIV(human
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immunodeficiency virus)-1 Rev protein binding to transportin 1 (Arnold et al. 2006a,;
Arnold et al. 2006b), for PTHrP (parathyroid hormone-related protein) binding to
importin B (Cingolani et al. 2002) and for Ubc9 binding to importin 13 (Grinwald and
Bono 2011).

A
B-helix
A-helix
e
(concave)
C

Transportin 1

Figure 3: Structure of karyopherin g superfamily members. (A) Single HEAT-repeat consisting of two antiparallel
a-helices, helix A (grey) and helix B (blue), which are connected by a linker (green). (B) Several HEAT-repeats
stacked, showing a right-handed twist. Both helices and the linker are colored as in A HEAT-motifs taken from
transportin 1 crystal structure (PDB:2z5j). (C) Whole crystal structure of transportin 1 (PDB: 2z5j), inner concave
surface consisting of B-helices is depicted in blue and outer convex surface formed by A-helices is depicted in
grey. (D) Comparison of importin 13 (PDB: 3zkv) and transportin 1 (PDB: 2z5j) crystal structures, tightly packed
vs. loosely packed. Graphics were created using Chimera X1-3 software.

The mechanisms of cargo recognition and release from karyopherins is explained in
detail in section 1.1.5. Import-cargo release is based on a structural rearrangement of
the importin upon RanGTP binding, which replaces cargoes and locks importins in
positions, unable to bind import-cargoes ((Lee et al. 2005; Griinwald et al. 2013; Wing
etal. 2022), reviewed in (Wing et al. 2022)). This mechanism is based on the structural
flexibility of NTRs as seen in SAXS (small angle X-ray scattering)-analysis and crystal
structures of NTRs in bound and unbound states (Lee et al. 2005; Forwood et al. 2010;
Grunwald et al. 2013). The flexibility of NTRs is based on their HEAT-repeats, which
are highly flexible structures. Upon different interactions, with Ran or cargoes, HEAT-
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repeats can flexible adjust to the size of the bound cargoes (Andrade et al. 2001,
Tsytlonok et al. 2013; Yoshimura and Hirano 2016).

Another karyopherin family is the karyopherin a-family with 7 constituents in humans
(Kelley et al. 2010; Miyamoto et al. 2016). Importin a is an adaptor protein, which binds
to classic nuclear localization signals (NLS) of transport-cargoes and to importin 8 via
its IBB-domain (Adam and Gerace 1991, Cingolani et al. 1999). Like Karyopherin f3s,
Karyopherin as are mainly a-helical proteins, but one major difference is the
composition of the a-helices. Importin as consist of Armadillo (ARM) repeats, which
are similar to HEAT-repeats, but consist of three a-helices, referred to as 1-3 (Conti
and Kuriyan 2000; Andrade et al. 2001). Importin a interacts in a unique way with

importin B and mediates translocation of NLS-bearing cargoes (Wing et al. 2022).

1.1.5 -Cargo binding modes of karyopherin s

Assisted transport of macromolecules across the nuclear envelope requires a specific
localization sequence, which is bound by specific nuclear NTRs. For import into the
nucleus, a NLS (nuclear localization signal) is necessary and for export into the
cytosol, a NES (nuclear export signal). The NLS sequence has been described first
for the simian virus large T-antigen (SV40) as a linear sequence rich in basic residues,
which is required for its nuclear import (Kalderon et al. 1984). Importin a is identified
to bind these linear NLS and to mediate the import into the nuclei of mammalian cells
in concert with Importin B (Adam and Gerace 1991; Adam and Adam 1994). This first
import signal is the classical NLS (cNLS) with the consensus sequence K-K/R-X-K/R
(where X is every residue), which can be 4-8 basic amino acids long (Kalderon et al.
1984). The identification of further cargoes and the characterization of their regions
important for nuclear translocation revealed more types of signaling sequences. The
classical NLS can be split into two parts, which is defined as bi-partite NLS. This type
of NLS has the consensus sequence K/R-K/R-X10-12-K/R3-5 with a first cluster of basic
residues, separated by a linker of 10-12 residues (where X can be any amino acid)
from a second basic cluster of 3 to 5 residues (Robbins et al. 1991; Lu et al. 2021).
Classic/bi-partite NLSs are recognized by the adaptor protein importin a, which
contains two well conserved binding sites on its concave inner surface (Conti et al.

1998), a minor and a major binding site. The latter is mainly bound by cNLSs, whereas
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bi-partite NLS bind to both sites on importin a (Conti et al. 1998; Fontes et al. 2003).
Importin a then binds to importin B on the C-terminal site, using its N-terminal I1BB-
domain (Cingolani et al. 1999). This formation of a ternary import-complex is a
cooperative interaction, since binding of the IBB-domain to importin 3 opens the NLS
binding sites of importin a (Kobe 1999). The NLS binding sites of importin a are
autoinhibited by its NLS bearing IBB-domain (Kobe 1999; Harreman et al. 2003). This
autoinhibitory function is important for the cargo release of importin a. RanGTP
binding to importin B triggers the dissociation of importin a and the freed NLS of the
importin a IBB-domain replaces the cargo in the nucleus (Strom and Weis 2001).
Additionally, free importin a is recycled by the exportin CAS, which further prevents
the rebinding rebinding of import-cargoes in the nucleus (Kutay et al. 1997). importin 3
does not only import cargoes in concert with importin a, but can also bind directly to
cargoes or as a heterodimer with importin 7 (Cingolani et al. 2002; Ivic et al. 2019).
The interaction of importin 8 and cargoes is based on intrinsically disordered regions
(IDR), enriched in mainly hydrophobic and basic amino acids (Cingolani et al. 1999;
Cingolani et al. 2002). PTHrP binds directly to importin B through those IDRs
(Cingolani et al. 1999; Cingolani et al. 2002). Localization signals different to those of

classic NLSs are categorized as ‘non-classical NLS’.

A second class of linear NLS is the PY-NLS or M9-sequence, first described for
hnRNP Al to be responsible for the binding of transportin 1 (Lee et al. 2006). The M9-
sequence is also bound by transportin 2 and has the consensus sequence of two
regions, an N-terminal hydrophobic or basic cluster, followed by a R/K/H-X2-5-P-Y/¢
motif (where X can be every residue and ¢=hydrophobic can also be H (histidine), L
(leucine) or P (proline)) (Lee et al. 2006; Suel et al. 2008). Analysis of transportin 1
crystal structures with different PY-NLS-peptides revealed three binding epitopes
(referred as epitope 1-3) on transportin 1 (Cansizoglu et al. 2007). This three epitopes
are defined as binding sites, A and B in the C-terminal arch of transportin 1
(Cansizoglu et al. 2007). The first epitope, defined as binding site A, contacts the N-
terminal hydrophobic/basic patch. Binding site B contains the second epitope, which
binds the ‘R/K/H’-residue in front of the PY-motif and epitope 3, which binds the PY-
motif (Cansizoglu et al. 2007; Suel et al. 2008; Mboukou et al. 2021). Studies using
untypical PY-NLS revealed that not all 3 epitopes need to be contacted, if the lack of

one is compensated by strong interactions to the other epitopes (Soniat and Chook
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2016). For instance, TAP (NXF1) binds only to epitope 2 and 3 of transportin 1 or the
N-terminal tail of histone H3 resembles a PY-NLS, which lacks the characteristic PY-
motif (Imasaki et al. 2007; Soniat and Chook 2016). The release of cargoes from
transportin 1 in the nucleus is based on conformational changes of transportin 1 upon
RanGTP binding. Here, the characteristic H8 loop (present in importin 3, transportin
1, transportin 3, CAS and Kapl21 (importin 5 yeast homolog) (Wing et al. 2022)),
which is a long acidic disordered loop, undergoes a conformational change upon
RanGTP binding and binds to binding site B (epitope 1) to replace the PY-NLS at this
site. An overlap of the H8 loop with binding site A (epitopes 2-3) then leads to the
release of the already loosened cargo (Imasaki et al. 2007). Moreover, the
conformational change prevents reloading of transportin 1 with its import cargo (Chook
and Blobel 1999; Imasaki et al. 2007). In addition to the well characterized PY-NLS,
transportin 1 recognizes another linear NLS, consisting of a RG/RGG (arginine (R)-
glycine (G)) rich region (Bourgeois et al. 2020). The RG/RGG-NLS binds transportin 1
in regions, which are overlapping with the PY-NLS binding site (Bourgeois et al. 2020).
These RG/RGG rich motifs are characteristic for RNA-binding proteins, since these
regions are additionally involved in RNA binding. This RG/RGG-NLS is observed in
FUS (fused in sarcoma) or CIRB (cold-inducible RNA-binding protein) and shown to
be important for nuclear import by transportin 1 (Bourgeois et al. 2020; Baade et al.
2021).

Transportin 3 or transportin-SR import SR (serine-arginine)-rich splicing factors upon
recognizing their RS-NLS (Lai et al. 2000; Shepard and Hertel 2009). Regions of ~50
residues with >40% RS dipeptides are defined as RS-NLS, usually following a RNA
recognition motif (RRM) in these splicing factors (Shepard and Hertel 2009; Wing et
al. 2022). These RS-NLS often need to be phosphorylated to be recognized and
imported by transportin 3 (Lai et al. 2000; Jang et al. 2019).

In contrast to the above mentioned NLS types, importin 13 binds to folded domains
rather than linear motifs of IDRs. Different import-cargoes can bind to different sites
on importin 13, which is assumed to be based on the overall substrate structure,
because mutants, impaired in the recognition of Ubc9 (import substrate), are still able
to import MAGO-Y 14 and vice versa (Griinwald and Bono 2011; Grinwald et al. 2013).

The import-cargo Ubc9 for example binds to the N-terminal arch, as well as RanGTP,
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whereas the import-cargoes MAGO-Y 14, imported as a heterodimer, binds mainly to
the C-terminal portion of importin 13 (Bono et al. 2010; Grinwald and Bono 2011).
The nuclear release mechanism of cargoes binding to the N-terminal portion of
importin 13 is obvious, since they compete with RanGTP for the same binding site,
but RanGTP with a much higher affinity (Griinwald et al. 2013). The release of cargoes
binding like MAGO-Y14 to the C-terminal arch is achieved by conformational changes
upon RanGTP binding as seen for other NTRs. Since importin 13 lacks the acidic loop,
important for the release of cargoes from transportin 1 and importin 3, the mechanism
is slightly different (Strom and Weis 2001; Lee et al. 2005; Imasaki et al. 2007,
Grunwald et al. 2013). Itis shown that RanGTP binding leads to a much tighter packing
of importin 13. When bound to RanGTP both ends have a distance of ~1 A, which
prevents rebinding of import substrates, compared to 23.8 A in unbound cytosolic
importin 13 (Granwald et al. 2013). Importin 13 bound to RanGTP then forms a ternary
export complex with export-cargoes. Binding of export-cargoes is only weak in the
absence of RanGTP (Griunwald et al. 2013).

The recognition of cargoes by other import receptors are not fully understood. Some
bind not only to linear motifs, but may recognize folded domains, for example
importin 4, -5, -7, -8, -9 and -11 (reviewed (Wing et al. 2022)). The exact rules and
mechanisms of binding cargoes are unknown due to a lack of structural studies and a
small cargo-spectrum. Only importin 5 is assumed to bind a known type of NLS, the
IK (isoleucine (1)-lysine (K))-NLS with a consensus sequence of K-V/I-X-K-X1-2-K/H/R
(where X is any residue) (Kobayashi and Matsuura 2013). This is based on studies of
Kap121, the yeast homolog of importin 5 and the conservation of residues important
for the recognition of the IK-NLS (Kobayashi and Matsuura 2013). Importin 7 is known
to form either a heterodimer with imp 3 or to import different, very basic, cargoes like
rpL6 and rpL4 (Jékel et al. 2002), the RNA methyltransferase EMG1 (Warda et al.
2016) or the histone H1 (Jakel et al. 1999). The formation of the heterodimer is based
on the interaction of imp 3 with the FG-repeat-like regions in the C-terminal tip of imp 7
(lvic et al. 2019). Cargoes of imp /7 are released upon RanGTP binding and
interaction with NPC FG-repeats, which first dissociates imp B, while imp 7 remains
bound to the cargo (Jakel et al. 1999; Ivic et al. 2019). This is suggested to prevent
the protein from aggregation before it reaches its destination (Warda et al. 2016; lvic
et al. 2019).
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All above-mentioned NTRs either bind a linear motif or a folded domain at a time. In
contrast to this, the imp /7 heterodimer bound to histone H1, through a combined
motif of the intrinsically disordered histone H1 tail in combination with some parts of
its folded globular domain (lvic et al. 2019). Another example for the use of a combined
motif is Snurprotein 1 (SPN1) bound to its export receptor CRM1 (chromosome
maintenance 1) (Monecke et al. 2009). SPN1 functions as an adaptor-protein that
binds specifically = msG-capped spliceosomal snRNPs (small nuclear
ribonucleoproteins) in concert with imp 3 for nuclear import (Huber et al. 1998). In the
crystal-structure of CRM1 bound to SPN1, SPNL1 is recognized through its N-terminal
NES and the globular m3G-cap binding domain, (Monecke et al. 2009).

CRML1 binds the only identified NES, consisting of 5 hydrophobic residues within a
peptide of up to 15 residues (Fung et al. 2017). The sequences of NESs vary strongly
in their sequence (Fung et al. 2017). The binding of export-cargoes to CRM1 is in stark
contrast to the binding of cargoes to other exportins or importins. All NTRs bind their
cargoes on the inner concave surface (see above or reviewed in (Wing et al. 2022))
but CRM1 binds the NES on its convex, outer surface in a specific groove, but
RanGTP at its concave inner surface (Fung et al. 2017). Other exportins export either
different types of RNA, folded domains in case of exportin 4 and importin 13 or a single

cargo like CAS, which exports importin a (Wing et al. 2022).

All these linear NLS motifs interact with specific nuclear transport receptors. For the
recognition of folded domains, it is not known whether these motifs are more general
and bound by several NTRs or if they bind to specific NTRs. Despite some cargoes
harbor only one type of NLS, various cargoes interact with multiple NTRs. This
redundancy of the transport machinery is reported for histones which bind multiple
NTRs. For instance histone H3-H4 binds to importin 4, -5, -7, -9, -B and transportin 1
or histone H2A-H2B interacts with importin a/B, -B, -9 and transportin 1 (reviewed in
(Bernardes and Chook 2020)). This is also reported for other cargo-proteins like FUS
(fused in sarcoma) (Baade et al. 2021), HIV-1 Rev protein (Arnold et al. 2006a), c-Fos
(Arnold et al. 2006b), c-Jun (Waldmann et al. 2007) and ribosomal proteins (Jakel and
Gorlich 1998). It remains unclear, whether these multiple interactions have any in vivo
relevance, since most cargoes prefer one NTR, FUS and c-Fos use mainly
transportin 1 (Arnold et al. 2006b; Baade et al. 2021). Binding to multiple NTRs could
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serve as a kind of backup system. Alternatively, different NTRs could bind substrates

under different cellular conditions to act in a specific cellular context.

1.1.6 Function and cargo specificity of nuclear transport receptors

As already mentioned in section 1.1.1, the hallmark of eukaryotes is the separation of
various processes like transcription and translation through compartmentalization.
This separation requires a continuous transport of various proteins, depending on cell-
cycle stage or as a respond to extracellular stimuli. Therefore, multiple NTRs have
evolved in different pathways to regulate a specific cohort of proteins to react to
various environmental needs. For some NTRs the specific function is obvious, for
example the exportin CAS specifically exports importin a (Kutay et al. 1997), NTF2
imports RanGDP (Ribbeck et al. 1998), exportin t exports tRNA (Lipowsky et al. 1999)
and exportin 5 exports miRNA (reviewed in (Wu et al. 2018)). In two studies
((Mackmull et al. 2017) and (Kimura et al. 2017)) a large set of cargoes for several
NTRs were identified and the authors tried to define the biological roles of various
NTRs based on these sets. Due to the redundancy of NTRs for various cargoes, the
allocation of specific biological pathways is not possible. Nevertheless, the authors
have been able to link more general roles to specific NTRs, since some specific routes
for functionally related proteins are identified (Kimura et al. 2017; Mackmull et al.
2017).

Recent studies show specific NTRs to be important under certain conditions. A
transcriptomic study using mouse embryonic stem cells knocked-out for importin 13
revealed that importin 13 exports the transcription factors SP1 (specificity protein 1)
and KLF4 (Krueppel like factor 4), which are important for oxidative stress related
genes (Gajewska et al. 2021). Another study linked importin 7 to mechano-
transduction, showing that the cargo YAP, an important regulator of a mechano-
transduction pathway, dominantly binds to importin 7 and outcompetes other cargos

under mechanic cues (Garcia-Garcia et al. 2022).

1.1.7 Deregulation of nucleocytoplasmic transport is linked to disease

It is not surprising that altering this orchestrated network of reactions and interactions,

which is necessary to maintain the cellular homeostasis, is linked to different human
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diseases. In general, deregulation of nucleocytoplasmic transport or disruption of NPC
structure is linked to neurodegenerative disease, genetic disorders or human
malignancies (Kau et al. 2004; Dickmanns et al. 2015; Ding and Sepehrimanesh
2021). For instance, Nup358 is overexpressed in myeloma and Nup88 in various
tumors like endometrial cancer, colorectal and breast cancer (Agudo et al. 2004; Felix
et al. 2009; Schneider et al. 2010; Zhao et al. 2010; Chow et al. 2012). Additionally,
Nup98 and Nup214 are associated with leukemia, but the underlining mechanisms
remain unclear (Gorello et al. 2010; Gough et al. 2011). Not only nucleoporins are
over-expressed in malignancies, but NTRs as well. The best studied karyopherin’s in
the context of cancer are CRM1 and importin o and importin § (van der Watt et al.
2009; Zheng et al. 2010; van der Watt et al. 2011). Over-expression leads to mis-
localization of many transport cargoes like tumor suppressors, oncogenic proteins or
proteins of the DNA damage repair system, which in turn results in abnormal activity
of those and in the development of cancer ( reviewed in (Teng et al. 2006; van der
Watt et al. 2009; van der Watt et al. 2011; Dickmanns et al. 2015). In medical research,
different drugs have been designed to target NTRs. For instance, LMB (leptomycin B)
or SINE (selective inhibitors of nuclear export) specifically inhibit CRM1 mediated
nuclear export to prevent the mis-localization of its cargoes (Yashiroda and Yoshida
2003; Zhang et al. 2013).

In addition to malignancies, deregulation of nuclear transport is linked to other
disorders in humans. Mutations of the NPC proteins ALADIN and Nup358 are found
in patients with triple A-syndrome (Allgrove syndrome) and acute necrotizing
encephalopathy (ANE), respectively (Huebner et al. 2004; Neilson 2010; Sakuma and
D'Angelo 2017). Mutations in the NLS binding-site of importin a7 are linked to Lennox-
Gastaut syndrome (Paciorkowski et al. 2014) and Glel, a transport factor in mRNA
export, is mutated and linked to Lethal congenital contracture syndrome 1 (LCCS1)
(Nousiainen et al. 2008).

Further, NCT defects are linked to neurotoxicity in neurodegenerative disease like ALS
(amyotrophic lateral sclerosis), FTD (frontotemporal dementia), Parkinson or
Alzheimer’s disease (AD) (reviewed in (Bitetto and Di Fonzo 2020)). Neuronal cells
are long-living cells, which do not divide and are therefore more susceptible for defects

in NCT. Neurodegenerative diseases are characterized by neuronal protein
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aggregates. It is still disputed whether NCT defects cause those neuronal aggregates
or if aggregates cause NCT defects, which then promote aggregate formation (Bitetto
and Di Fonzo 2020; Hutten and Dormann 2020). For instance, in many cases of FTD,
ALS or FTD/ALS, ribonucleoproteins like TDP-43 or FUS are mis-localized and form
liquid droplets, which recruit components of the NCT system, resulting in impaired
NCT activity (Gopal et al. 2017; Chou et al. 2018; Ederle et al. 2018; Lin et al. 2021).
Another link between NCT defects and AD is reported for Nup98. A characteristic of
AD is the formation of Tau aggregates, which disrupt NPCs. This is triggered by
Nup98, which in turn is mis-localized to the cytoplasm (Eftekharzadeh et al. 2019).
The mis-localization of Nup98 in an AD-mice model can be rescued by dissolving Tau
aggregates (Eftekharzadeh et al. 2019). As a last example, C9orf72 noncoding
hexanucleotide repeats result in toxic dipeptide repeats (DPR), which are linked to the
pathology of FTD (DeJesus-Hernandez et al. 2011; Jovici¢ et al. 2015). In this context,
DPR lead to NCT defects by altering the activity of Nup50, Nup153 and transportins
in nuclear import (Freibaum et al. 2015) or through binding and mis-localizing
RanGAP, an important factor of the RanGTPase system (Zhang et al. 2015). In
general, the improved understanding of the precisely orchestrated NCT machinery
and NPC structure leads to links of NCT deregulation with several human disease.
The exact pathology behind NCT defects is an emerging field for researchers and is

not fully understood by now.
1.2 Nitric-oxide synthase interacting protein (NOSIP)
Structure and function of NOSIP

The protein nitric oxide synthase interacting protein (NOSIP) a protein of 34 kDa, was
originally identified in a yeast-two-hybrid screen as an interaction partner of endothelial
nitric oxide synthase (eNOS) (Dedio et al. 2001). Furthermore, it interacts with the
neuronal nitric oxide synthase (nNOS) (Dreyer et al. 2004). Sequence analysis
revealed a high similarity to the U-box family of ubiquitin ligases (Friedman et al. 2003).
The 3D-structure of NOSIP is still unknow but has recently been predicted with high
accuracy by the AlphaFold software (Jumper et al. 2021; Varadi et al. 2022). In the
AlphaFold model of NOSIP (from now on referred as NOSIP structure), the predicted

secondary structure of the U-box domain is present, except the third beta-sheet
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(Figure 4 A). The U-box domain in general is highly similar to the RING-finger domain
of many E3-ligases and consists of three p-strands and one a-helix connected by
loops, but lacking the characteristic zinc-ion chelating residues, which are replaced by
salt bridges and hydrogen bonds to maintain the structure (Aravind and Koonin 2000).
As predicted in 2003, the conserved U-box-like domain contains conserved residues
important for its function (in NOSIP serin 49 (S49) and proline 186 (P186)) and is
atypically split by 104 amino acids behind the Ubox a-helix, which is extended into the
linker region (depicted in Figure 4 A, in cyan Ubox-domain, in blue 104 amino acid
spacer). Between both halves, the rest of the linker is predicted to be intrinsically
disordered (Friedman et al. 2003). Despite this atypical structure, the Ubox-domain is
functional. NOSIP is an active E3-ubiquitin ligase that mediates the ubiquitination of
the erythropoietin receptor (EpoR) or itself (auto-ubiquitination), which is abolished
when S49 or P186 are mutated to alanine (Friedman et al. 2003). Furthermore, NOSIP
is known to monoubiquitinate the catalytic subunit of the protein phosphatase 2A
(PP2A) and to interact with the scaffolding- (PR65a) and regulatory-subunit (PR55a)
(Hoffmeister et al. 2014). The PP2A holoenzyme is a signaling regulator through its
phosphatase activity and important during craniofacial development (Latta and
Golding 2012). Mono-ubiquitination by NOSIP regulates PP2A activity and a knockout
of NOSIP leads to increased PP2A activity, which results in craniofacial malformations
and holoprosencephaly (describing the inappropriate separation of the brain-
hemispheres) (Hoffmeister et al. 2014). Further analysis showed, that NOSIP is
involved in early neuronal development. For instance, depletion of NOSIP in Xenopus
or mice resulted in increased apoptosis and decreased proliferation leading to
decreased brain size (Hoffmeister et al. 2017). Additionally, it is important in the early
development of the eye. The eye-anlagen are formed in the neuronal plate, which is
built during early neuronal development (Flach et al. 2018). An inhibition of NOSIP
causes severe defects of eye formation (Flach et al. 2018). Further, a recent study
shows that the interaction of NOSIP with nNOS is crucial during neutrophil
differentiation (Sadaf et al. 2021).
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Figure 4: Predicted tertiary structure of NOSIP by the deep learning software AlphaFold. (A) Predicted structure of
NOSIP taken from the AlphaFold Databank (Jumper et al. 2021; Varadi et al. 2022). Both halves of the split Ubox-
domain are depicted in cyan and the 104 amino acid (aa) long spacer is depicted in blue. (B) The reported bipartite
(bp) NLS of NOSIP is marked in blue and white, blue corresponds to the two basic clusters, which are split by a
spacer of 10 aa. Depicted below is the sequence of the bp NLS (aa 78-101 defined by (Schleicher et al. 2005)).
Images were generated using Chimera X1-3 software.

In view of these crucial roles during neuronal developmental and differentiation, it is
not surprising that NOSIP is linked to various human diseases, like mental disorders
(Starnawska et al. 2017), schizophrenia (Lin et al. 2018) or Hirschsprung disease
(Tomuschat et al. 2017). Further, NOSIP is a significant hit in a genome-wide
expression study to identify genes involved in the early traits of osteoporosis and

arteriosclerosis (Mishra et al. 2021).

Most of these functions or diseases are linked to the association of NOSIP with the
nitric oxide pathway (Schleicher et al. 2005) and mitogenic signaling (Friedman et al.
2003). Nitric oxide (NO) is a very important signal transducer in many cellular
processes like neuronal signaling, angiogenesis, vascular tone, platelet aggregation,
immune defense and cell proliferation/differentiation (Gow and Ischiropoulos 2001). In
the context of cell proliferation, high NO levels block cell-cycle progression at the G1/S
transition and G2/M transition or affect mitogenic signaling receptors and their

downstream pathway (reviewed in (Villalobo 2006; Napoli et al. 2013)).

The best characterized function of NOSIP is the interaction with eNOS and thus its
role in the nitric oxide pathway. Nitric oxide synthases are the main source of cellular
NO, which need to be tightly regulated. NOSIP is an effector protein and regulates
NOS activity (Schleicher et al. 2005). The NO production is mediated by NOS
catalyzing the reaction of L-arginine, oxygen, and NADPH to the products NO and L-
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citruline (Forstermann and Sessa 2012). For sufficient NO production in endothelial
cells, eNOS needs to dimerize which is induced upon calmodulin binding, an activator
protein of eNOS, under high cellular Ca?*-levels (Fleming and Busse 2003). Under low
cellular Ca?*-levels, calmodulin dissociates from eNOS and thus decreases NO
production; this is the most rapid mechanism to trigger NO release in cells (Fleming
and Busse 2003). Nevertheless, regulation of eNOS activity is controlled through
several layers: first, on the transcriptional level, second, through posttranslational
modifications and third, by protein-protein interactions. Several effector proteins like
caveolin-1, Hsp90, Dynamin-2 , G-protein coupled receptors (GPCR), NOSTRIN and
NOSIP regulate eNOS activity (reviewed in (Michel and Vanhoutte 2010; Su 2014)).
All these interactions, except with NOSIP, are reported to take place at the plasma
membrane (PM) or the Golgi-apparatus, where eNOS is located (Fleming and Busse
2003; Su 2014). The counterpart to calmodulin, the important eNOS activator, is
caveolin-1, which suppresses eNOS activity. The binding of calmodulin and caveolin-
1 is mutually exclusive, because of overlapping binding-sites and takes place at the
PM at high Ca?* levels or at the caveolae (special invaginations of the PM) under low
Ca?* levels, respectively (Michel et al. 1997b; Michel et al. 1997a). Hsp90 (Heat shock
protein 90) co-operatively binds with calmodulin to eNOS and additionally exposes
phosphorylation sites for the Akt-kinase. Phosphorylation then increases eNOS
activity independent of Ca?*-levels (Takahashi and Mendelsohn 2003). Dynamin-2, a
Golgi-membrane associated protein, is another activating factor for the eNOS enzyme
at the Golgi-apparatus via direct interactions (Su 2014). Next to activating proteins,
several inhibitory protein interactions are known. For example, GPCRs like the
bradykinin B2 receptor directly bind to eNOS and inhibit its activity (Marrero et al.
1999). NOSTRIN, another inhibitory protein, binds co-operatively with caveolin-1 to
suppress eNOS activity. Additionally, NOSTRIN is associated with the trafficking of
eNOS to intracellular vesicular structures and is suggested to keep eNOS inactive
during its transit to other membranous structures (Su 2014). Likewise, NOSIP reduces
eNOS activity, but by a different mechanism. The inhibition is not based on directly
affecting eNOS activity because in a cell-free system, NOSIP did not alter eNOS
activity (Dedio et al. 2001). The inhibition of eNOS is based on altering its subcellular
localization from the PM to the cytoskeleton (Dedio et al. 2001; Dreyer et al. 2004;
Schleicher et al. 2005). As already mentioned, NOSIP interacts also with the neuronal

NOS and sequesters away the main NO producer in neurons from its active sites to
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attenuate NO production (Dreyer et al. 2004). The interaction of NOSIP and eNOS is
cell-cycle dependent and involves a re-localization of NOSIP itself (Schleicher et al.
2005).

Nuclear transport of NOSIP

The interaction and re-localization of eNOS takes place specifically during the G2-
phase of the cell-cycle. Thus it reduces the enzyme activity and basal NO levels in
dividing cells (Schleicher et al. 2005). This may function as a checkpoint, since higher
NO levels are known to inhibit cell-cycle progression (Napoli et al. 2013). NOSIP itself
is a predominantly nuclear localized protein in cultured cells (Kénig et al. 2002;
Schleicher et al. 2005). During G2-phase of the cell-cycle, when it reduces eNOS
activity, NOSIP itself was shown to localize more in the cytoplasm (Schleicher et al.
2005). In the same study NOSIP was identified as a nuclear shuttling protein, since
the 34 kDa protein NOSIP is below the threshold for passive diffusion through the
NPC. Because of the predominant nuclear localization, the nuclear transport of NOSIP
has been analyzed. Despite lacking a predictable NLS using the consensus
sequences from cNLS or bi-partite NLS (see 1.1.5) with respective software, the
authors suggest the region NOSIP’8101 with highly basic character as a non-
consensus bi-partite NLS (bpNLS) (Schleicher et al. 2005). This bpNLS comprises two
basic clusters separated by a 10-residue linker region (Figure 4, white linker and blue
basic patches). To validate its functionality, mutational studies have been performed
by mutating K (lysine) residues of the first basic cluster to A (alanine) or by deleting
either the second basic cluster or the whole NLS. All mutants lead to reduced nuclear
accumulation or even exclusion from the nucleus of NOSIP in HeLa cells (Schleicher
et al. 2005). In line with the identification of this unconventional bpNLS, it was shown
that importin a binds to NOSIP in a pulldown assay, using importin a as bait
(Schleicher et al. 2005). Nuclear export was analyzed using LMB, the potent CRM1
inhibitor, which shows no effect on NOSIP localization (Schleicher et al. 2005).
Therefore, NOSIP is suggested to be imported through the importin a/B pathway and

to be exported in a CRML1 independent manner or only by passive diffusion.
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1.3 Lipin1l
Functions of Lipin 1

Lipin 1 (phosphatidate phosphatase LPIN1) is a ~100 kDa protein and belongs to the
lipin protein family, consisting of three proteins, Lipin 1, Lipin 2 and Lipin 3 (Péterfy et
al. 2001). Lipin 1 is expressed in three isoforms o, B and y (Han and Carman 2010).
Lipins are conserved throughout species from yeast, with a single ortholog, to human
(Peéterfy et al. 2001; Han et al. 2006) and identified as nuclear proteins being important
during lipid metabolism (Péterfy et al. 2001). The loss or over-expression of Lipin 1 in
a mice model lead to lipodystrophy (loss of body fat) or obesity (excess of body fat)
(Péterfy et al. 2001; Phan and Reue 2005). These effects of Lipin 1 are based on its
function as phosphatidate phosphatase enzyme (Donkor et al. 2007). Lipin 1 (as well
as Lipin 2 and -3) is the main source of diacylglycerol (DAG) in most cells, since it
catalyzes the dephosphorylation of phosphatidic acid (PA) to DAG. DAG is then is
further processed to triacylglycerol (TAG), the major energy storage molecule
(Ahmadian et al. 2007; Donkor et al. 2007). Deregulation of TAG storage is linked to
human disease like type-2 diabetes, hypertension and arteriosclerosis (Ahmadian et
al. 2007; Fujiwara et al. 2022). Moreover, Lipin 1 is linked to the development of
peripheral neuropathy, which is characterized by the demyelination of Schwann cells.
The onset of this neuropathy is based on elevated PA levels, which in turn activates
the MEK-Erk pathway, leading to the demyelination (Nadra et al. 2008). In humans,
mutations or deficiency of Lipin 1 cause rhabdomyolysis in early childhood, which is

characterized by the fast loss of muscle mass (Michot et al. 2010).

In addition to the function as phosphatidate phosphatase, Lipin 1 also functions as a
transcriptional co-activator. Lipin 1 activates the fatty acid oxidative metabolism by
activation of respective genes through the transcriptional-activation of PPARa
(peroxisome proliferator-activated receptor a) (Finck et al. 2006). This is regulated
through a positive feedback loop. Lipin 1 interacts with its own transcriptional
coactivator PGC-1a (PPARy-coactivator 1a) and PPARa in a co-operative manner to
amplify the PGC-1a/PPARa pathway, which regulates fatty acid metabolism (Finck et

al. 2006). Furthermore, Lipin 1 is a transcriptional coactivator of PPARy and thereby
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amplifies the C/EBPo/PPARYy regulation pathway, which is important during

adipogenesis and during adipogenesis maintenance (Koh et al. 2008).

Since Lipin 1 acts as a transcriptional coactivator of genes involved in fatty acid
oxidation metabolism and is an important enzyme in the lipid synthesis cascade, it is
not surprising that Lipin 1 plays a role in cancer (reviewed in (Brohée et al. 2021)). In
cancer cells, the lipid metabolism is reprogrammed and cells become addicted to fatty
acids and cholesterol synthesis or uptake to scope with the lipid amount needed for
fastened cell-growth dependent membrane synthesis (Snaebjornsson et al. 2020).
The product of Lipin 1 is DAG, which is the precursor of several lipid species (Csaki et
al. 2013). An upregulation of Lipin 1, as seen in various cancer types (reviewed in
(Brohée et al. 2021)), leads to increased lipid metabolism, which is needed for
membrane synthesis (Snaebjornsson et al. 2020). This leads to the targeting of Lipin 1

as a potential anti-cancer target (He et al. 2017; Fan et al. 2018).
Structure and localization of Lipin 1

The different Lipin 1 isoforms, resulting from alternative splicing, are very similar (Han
and Carman 2010; Wang et al. 2011). It was shown that Lipin 1o and Lipin 18 have
different but similar roles, where Lipin 1a functions during the early phase of adipocyte
differentiation and Lipin 1p is primarily expressed in mature adipocytes and functions
in lipogenesis and lipid storage (Péterfy et al. 2005; Chen et al. 2015). The third
isoform, Lipin 1y, is mainly expressed in human brains and is assumed to be a specific
Lipin 1 form in brain lipid metabolism (Wang et al. 2011). Lipin 1 and Lipin 1y both
have an isoform specific insertion compared to Lipin 1a (Péterfy et al. 2005; Wang et
al. 2011). In general, Lipin 1 proteins, as well as the other Lipin-family members,
contain two well conserved regions, N-terminal and C-terminal Lipin domains (NLIP,
CLIP) (Péterfy et al. 2001). The function of the NLIP domain is currently unclear,
whereas the CLIP domain contains the two motifs, which are necessary for Lipin’'s
function. The motif ‘DXDXT’ (haloacid dehalogenase motif) is important for Lipins
function as phosphatidate phosphatase (Donkor et al. 2009), and the LXXIL motif is

important for the function as transcriptional coactivator (Finck et al. 2006).
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For both functions, as transcriptional coactivator and phosphatidate phosphatase, the
subcellular localization is crucial. The role in lipid metabolism is based on its
cytoplasmic/ER localization, whereas its activity as transcriptional co-activator
requires a nuclear localization of Lipin 1. Originally, Lipin 1 has been described as a
nuclear protein (Péterfy et al. 2001), but later has been shown to be localized more
prominent to the cytoplasm (Péterfy et al. 2005; Grimsey et al. 2008). As a protein of
100 kDa, Lipin 1 is above the threshold for passive diffusion and therefore needs to
be actively imported into the nucleus. Lipins encode a classic NLS
(***KKRRKRRRK?®®! in human Lipin 1), which is required for Lipin1 nuclear
localization, since a deletion of the NLS results in a cytoplasmic localization of Lipin 1
(Péterfy et al. 2010; Ren et al. 2010). Lipin 1 interacts with the 14-3-3 protein via a
region (218-260) harboring several 14-3-3 binding motifs (SpXP). The interaction with
14-3-3 occurs in the cytoplasm upon insulin-induced phosphorylation of Lipin 1, which
retains it in the cytoplasm (Péterfy et al. 2010). In neuronal cells, the nuclear
localization is regulated through its sumoylation status. Sumoylation of Lipin 1 drives
its nuclear localization and thereby promotes its transcriptional activity, while a
mutation of the sumoylation site leads to cytoplasmic retention of Lipin 1 (Liu and
Gerace 2009).

Nuclear export of Lipin 1 seems to be regulated, since it was shown to be LMB
sensitive, however no NES is validated (Ren et al. 2010). The import could be
mediated by importin o/p through the interaction of importin o with the classic NLS, as
validated by a GST-pulldown assay using GST-importin o (Ren et al. 2010). Recently,
a proteomic screen has identified Lipin 1 as a potential importin 13 import-cargo. It
was also shown to physically interact with importin 13 in vitro (Baade et al. 2018). The

role of importin 13 in Lipin 1 nuclear transport is currently not known.
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1.4 Aim of thesis

Recently, in a proteomic screen for importin 13 import and export cargoes, NOSIP and
Lipin 1 were found as potential cargoes of importin 13 (Baade et al. 2018). Both
cargoes had previously been suggested to be imported by the canonical importin o/

pathway.

The localization of Lipin 1 is important for its dual function as transcriptional coactivator
or as phosphatidate phosphatase. The aim of this thesis was to determine the role of
importin 13 in the nuclear import of Lipin 1 using different approaches. First, the
binding of importin 13 to Lipin 1 was analyzed. Further, inhibitors and interaction
studies were used to identify the preferred import pathway, while knock-down

experiments were then used to analyze the role of importin 13 in HelLa cells.

NOSIP is a predominantly nuclear protein, but it is known to traffic eNOS to the
cytoskeleton, specifically during the G2-phase of the cell-cycle, to inhibit the NO
production (Schleicher et al. 2005). The import of NOSIP is suggested to be mediated
by importin o/, but the cell-cycle dependent export, which is important for its function
in the cytoplasm, remains unknown. The aim of this work was to analyze the nuclear
transport of NOSIP in more detail. The interaction of NOSIP with importin 13 and other
NTRs was analyzed to understand how NOSIP interacts with different NTRs. The
nuclear transport of NOSIP was analyzed in interphase HelLa cells using various
transport assays. Additionally, it was examined how the cytoplasmic accumulation of
NOSIP, during G2-phase of the cell-cycle, is regulated. Further, the interaction with
different NTRs was analyzed and the role of the different NTRs was determined.
Moreover, the thesis focused on the identification of regions involved in the interaction
with NTRs, since only a bipartite NLS, which binds to importin o, was characterized
before (Schleicher et al. 2005).
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2 Material and Methods
2.1 Material

2.1.1 Technical equipment

Table 1: Technical Equipment

Equipment Company

Agarose gel running chamber Home-made, Workshop, UMG

Agarose gel documentation GelSTICK touch | INTAS Science Imaging
instruments

Akta column GSTprep 16/10 FF

Akta column HiLoad 16/60 Superdex 200 pg
Akta column HiLoad 16/60 Superdex 75 pg
Akta column HiLoad 26/60 Superdex 200 pg
Akta column HiLoad 26/60 Superdex 75 pg
Akta column Hisprep 16/10 FF

Akta column HisTrap™HP (5 mL)

Akta column Superdex 200 10/300 GL
increase

Akta pure

Akta purifier

Autoclave Sterilizer DX-200

Biophotometer

Akta column Capto HiRes Q 5/50

CASY 1, cell counter

Cell culture hood Herasafe™ KS
Cellculture incubator Herace II™ 150i
Centrifuge 5415R

Centrifuge 5424

Allegra X-15R Centrifuge

Confocal microscope LSM 510 meta
Decon FS-100 ultrasonic bath
Documentation system LAS-3000

Dual Gel Caster for Mini Vertical Units
EmulsiFlex-C3

Fluorescence microscope Axioskop 2
FACSCanto Il

Incubator Heraeus function line

Incubator Shaker INNOVA 4430

MBP Trap™ HP (5 mL)

Mini Trans-Blot® Cell

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare

Amersham Biosciences
Amersham Biosciences
Systec

Eppendorf

GE Healthcare

Schafer System
Thermo Scientific
Thermo Scientific
Eppendorf

Eppendorf

Beckman Coulter

Zeiss

Decon Laboratories
Fujifilm

Hoefer

Avestin

Zeiss

BD Biosciences
Heraeus

New Brunswick Scientific
GE Healthcare

Bio-Rad
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Table 1 continued

Equipment Company

Nikon Eclipse Ti2 epifluorescence microscope | Nikon
Odyssey®Sa Infrared Imaging System LI-COR

SE250 Migthy Small 1l Mini Vertical | Hoefer
Electrophoresis Unit

Spectrophotometer NanoDrop 2000c ThermoScientific
Thermocycler FlexCycler 2 Analytik Jena AG
Thermomixer comfort Eppendorf
Thermomixer compact Eppendorf

Ultracentrifuge Avanti™ J-301 with rotor
JA30.50Ti

Centrifuge J6-MI with rotor JS4.2

UV sterilizer

Mini Trans-Blot® cell

Vortexer MS2 Minishaker

Western blot incubation boxes

Water Bath model 1003

Olympus CK40 Culture Microscope

UV transilluminator

2.1.2 Chemicals, Reagents

Table 2: Table of Chemicals and Reagents

Backman Coulter

Beckman Coulter
Biometra

BioRad

IKA

LI-COR

GFL

Olympus

Uvitec

Reagent Company
2-Propanol (Isopropanol) AppliChem
Acrylamide 4K Solution (30%) Applichem

Agarose

Fisher Scientific

Adenosine 5'-triphosphate disodium salt hydrate (A3377) | Sigma -Aldrich

Amylose Resin High Flow

Bovine Serum Albumin (BSA) (20 mg/mL)
BSA, fraction V

Coulter Isoton Il diluent

Cyanogen bromide activated Sepharose 4B
Cycloheximide

DAPI (D9542)

Digitonin

New England BioLabs
ThermoScientific
AppliChem

Beckman Coulter
Cytiva

Sigma-Aldrich
Sigma-Aldrich
Calbiochem
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Table 2 continued

Reagent Company
Disodium phosphate Roth

Dimethyl sulfoxide (DMSO) Roth

dNTP Set, 100 mM Solutions ThermoScientific
EDTA Roth

EGTA Roth

Ethanol 99.9% p.a. Roth

FBS Superior Sigma-Aldrich
Formaldehyde solution min. 37% Millipore

GeneRuler 100bp DNA Ladder

GeneRuler 1kb DNA Ladder

Gibco® DMEM (1x)

Gibco® L-Glutamine

Gibco® Opti-MEM® (1x)

Gibco® Penicillin Streptomycin (Pen Strep)
Glutathione Sepharose 4 Fast Flow
Glutathione Sepharose High Performance beads
Glycerol

Guanosine 5‘-diphosphate sodium salt (G7127)
Guanosine 5'-triphosphate sodium salt hydrate (51120)
Isopropyl B-D-1-thiogalactopyranoside (IPTG)
L-Glutathione reduced

Leptomycin B

Lipofectamine 2000®

Magnesium chloride

Methanol 100%

MOWIOL® 4-88

Sodium chloride

Ni-NTA Agarose

NuPAGE® MES SDS Running Buffer (20x)
Okadaic acid

Oligonucleotides

ortho-Phosphoric acid 85% p.A.

PageRuler 1 Kb DNA Ladder

PageRuler 100 bp DNA Ladder

PageRuler Prestained Protein Ladder
PageRuler Unstained Protein Ladder

ThermoScientific
ThermoScientific
life technologies
life technologies
life technologies
life technologies
GE Healthcare
GE Healthcare
AppliChem
Sigma-Aldrich
Sigma-Aldrich
ThermoScientific
AppliChem

Enzo life sciences
Life technologies
Roth

Roth
Calbiochem
Roth

Qiagen
ThermoScientific

Enzo Biolifesciences

Sigma-Aldrich
AppliChem
ThermoScientific
ThermoScientific
ThermoScientific
ThermoScientific
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Table 2 continued

Reagent Company

Poly-L-Lysine Solution 0.1% (w/v) Sigma-Aldrich

Protein A-Sepharose Cytiva

S-Protein Agarose Novagen

SafeView™ Classic (DNA stain) Applied Biological
Materials Inc.

Staurosporine Sigma Aldrich

TALON® Metal Affinity Resin Takara Bio Company

Thymidine Sigma-Aldrich

B-mercaptoethanol Roth

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail Roche

PhosphoStop Easy pack Roche

Milk powder Sigma Aldrich

SDS Roth

Triton-X-100 Roth

2.1.3 Stock solutions

Table 3: Table of stock solutions

Solution

Composition

1,4-Dithiothreitol (DTT)
Ammonium persulfate (APS)
Ampicillin

Aprotinin

Adenosine triphosphate (ATP)

Calcium chloride buffer
Chloramphenicol
Creatine phosphokinase

Creatine phosphate
Guanosine triphosphate (GTP)

1 M in ddH20

10% APS in H20

100 mg/mL in H20

1 mg/mL in 20 mM HEPES pH 7.4

100 mM ATP in 100 mM Mg(OAc)2, 20
mM HEPES pH 7.4

250 mM CaClz in H20

34 mg/mL in ethanol

2000 U/mL in 50% glycerol, 20 mM
HEPES pH7.4

80 mg/mL in H20

100 mM
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Table 3 continued

Solution

Composition

Cytosol (ordered from IPRACELL)

Digitonin
Isopropyl
(IPTG)
Kanamycin
Leupeptin/Pepstatin
Phenylmethylsulphonyl fluoride (PMSF)
Wheat germ agglutinin/lectin (WGA)
Okadaic acid

Staurosporine

Cycloheximide

Dexamethasone

NP-40 Surfact-Amps™ -Detergent
Leptomycin B

2XHBS

b-D-1-thiogalactopyranoside

2.1.4 Enzymes

Table 4: Table of used Enzymes

14,3 mg/mL; prepared as described in
(Kehlenbach et al. 1999)

10% (w/v) in DMSO

1 Min H20

50 mg/mL in H20

1 mg/mL each, in DMSO
100 mM in 2-propanol

2 mg/mL in TPB

100 mM in DMSO

100 mM in H20

25 mg/ml in ethanol

100 puM in H20

10% (w/v)

10 pM in ethanol

50 mM HEPES, 250 mM NacCl, 1.5 mM
Na2HPOa4, pH 6.98

Enzyme Company
Benzonase Millipore
Creatine phosphokinase, Rabbit Skeletal | CALBIOCHEM
Muscle

DNAsel AppliChem

Fast alkaline phosphatase (FastAP)
Gibco® Trypsin/EDTA 0.25% (1x)

Pfu Ultra Il polymerase

Phusion High-Fidelity DNA Polymerase
PreScision Protease

Restriction enzymes

T4 DNA ligase

TEV Protease

Thermo Scientific
Thermo Scientific
Agilent
ThermoScientific
Self-made
ThermoScientific
ThermoScientific
Self-made
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2.1.5 Kits
Table 5: Table of used Kits
Kits

Company

Gibson-Assembly master mix
NucleoBond™ Xtra Midi
NucleoSpin® Gel and PCR Clean-up
NucleoSpin® Plasmid

2.1.6 Consumables

Table 6: Table of used consumables

Consumables

New England biolabs
Macherey-Nagel
Macherey-Nagel
Macherey-Nagel

Company

Amersham Protran 045 pum NC
Nitrocellulose Blotting Membrane
Amicon® Ultra Centrifugal
Ultracel®

CASY cups with lids

Cell culture consumables
Cell culture plastic ware
Centrifuge Bottle
Polycarbonate 50 mL
Gravity-flow column
Microscope cover slips (12 mm @)
Microscope slides (76x26 mm)

Filters,

Assembly,

Minisart RC 15, single use syringe filters
(0.45 pm, 0.2 pm)

Minisart single use filter units (0.45 pm,
0.2 um)

NUPAGE® Novex® 4-12%
Protein Gels (10-, 12-, 15-well)
Parafilm “M”

PD-10 columns

pH indicator strips

Reaction tubes (0.5, 1.5, 2, 15, 50 mL)
Spectra/Por®  Dialysis Membrane
(MWCO 3.5, 6-8 kDa)

Whatman gel blotting paper

Bis-Tris

GE Healthcare
Milipore

Roche Diagnostics (Fisher Scientific)
Sarstedt

Sarstedt, greiner bio-one

Beckman Coulter

BioRad

Marienfeld

Glaswarenfabrik Karl Hecht GmbH & Co
KG

Sartorius Stedim Biotech

Sartorius Stedim Biotech

Thermo fisher scientific

Bemis Company, Inc.
GE-Healthcare
Machery-Nagel
Sarstedt, greiner bio-one
Serva serving scientists

GE Healthcare Life Sciences
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Table 6 continued

Consumable

Company

Spin-X® UF Concentrator

Syringes and needles

Whatman Membrane Filters (Mixed
cellulose ester) ME25 (0.45 pM)
Whatman Membrane Filters (Mixed
cellulose ester) NL17 (0.45 uM)

2.1.7 Software

Table 7: Table of used Software

Software

Corning
Braun, servoprax
GE Healthcare Life Sciences

GE Healthcare Life Sciences

Company

Adobe lllustrator CS7

Cell Profiler 2.1.1

Chimera software

Citavi version 6

ClusPro webserver

cNLS Mapper webserver
FACSDiva 6.1.1

Fiji (v.2.1.0)

FlowJo software (v. 10.7.2.)
GraphPad Prism 9

Image Reader LAS-3000
Image Studio, Image Studio Lite 4.0.21
Lasergene 10.1.1 (3)
LocNES webserver

NIS-Elements AR 5.02
Rosetta Commons v. 3.4
Tm Calculator

Unicorn

Xwalk

Zen System (blue edition)

Adobe

Broad Institute
https://www.rbvi.ucsf.edu/chimera/
Swiss Academic Software

Vajda lab, Boston University
(Kosugi et al. 2009)

BD Biosciences

NIH

BD Biosciences

GraphPad Software Inc.

Fujifilm

LI-COR

DNASTAR

UT Southwestern Medical Center, Chook
Laboratory (Xu et al. 2015)

Nikon

Rosetta commons

Thermo Scientific

GE Healthcare

Dr. A. Kahraman, University Hospital
Zurich

Carl Zeiss
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2.1.8 Buffers, Solutions

Table 8: Table of Buffers and Solutions

Buffer

Composition

2X-YT medium

2X-YT medium plus
Carbonate buffer

Coomassie destaining solution

Coomassie fixation solution
Coomassie staining solution

Cross-linking buffer

DNA loading buffer (6x)

GST buffer

His-Buffer

Laemmli running buffer (10x)
LB medium

LB-Agar
Lysis buffer

1.6% (w/v) tryptone, 1% (w/v) yeast
extract, 0.5% (w/v) NaCl

1.6% (w/v) tryptone, 1% (w/v) yeast
extract, 0.5% (w/v) NaCl, 30 mM
K2HPO4, 5% (w/v) glycerol, pH 7.0

0.2 M NaHCO3/Na2COs, pH 8.9

10% acetic acid

40% ethanol, 10% acetic acid

10% ethanol, 2% orthophosphoric acid,
5% aluminum sulfate-(14-18)-hydrate,
0.02% CBB-G250

20mM Na2HPO4/NaH2PO4, 150 mM
NaCl, 1 mM EDTA and 5% glycerol,
pH 8.0

0.2% bromophenol blue, 0.2% xylene
cyanole, 60% glycerol, 60 mM EDTA

50 mM Tris, 300 mM NaCl, 10 mM
Mg(OAc)2, 10% (v/v) glycerol, 5 mM -
mercaptoethanol, 1 pg/mL leupeptin
pepstatin, 1 pg/mL aprotinin, 0.1 mM
PMSF

50 mM Tris, 300 mM NaCl, 10 mM
Mg(OAc)2, 10% (v/v) glycerol, 5 mM -
mercaptoethanol, 1 pg/mL leupeptin
pepstatin, 1 pg/mL aprotinin, 0.1 mM
PMSF

250 mM Tris, 1.92 M glycine, 0.5% SDS
1% (w/v) bacto-tryptone, 0.5% (w/v)
yeast extract, 1% (w/v) NaCl, pH 7.0

LB medium with 1.5% (w/v) bacto-agar
50 mM Tris, 500 mM NaCl, 10 mM
Mg(OAc)2, 5% (v/v) glycerol, 1% (v/v)
Triton-X-100, 10 mM B-mercaptoethanol,
1 pg/mL leupeptin, pepstatin, 1 ug/mL
aprotinin, 0.1 mM PMSF
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Table 8 continued

Buffer

Composition

MBP Buffer

Mowiol mounting medium

NaPi buffer

NOSIP SEC Buffer
PBS (10x)

PBS-T
Resuspension buffer (Res buffer)

SDS-sample buffer (4x)
SEC buffer

SOC-medium

TAE buffer (50x)

TFB-I

TFB-II

Transport buffer (10x)

20 mM Tris, 200 mM NaCl, 5% (v/v)
glycerol, pH 7.5, 2 mM DTT, 1 ug/mL
leupeptin, pepstatin, 1 ug/mL aprotinin,
0.1 mM PMSF

13.3% (w/v) Mowiol 4-88, 33.3% (w/v)
glycerol, 133 mM Tris-HCIl, pH 8.5,
optionally: 1 pg/mL DAPI

50 mM NaHPO4/Na2PO4, pH 8.0, 300
mM NaCl, 5 mM MgClz, 10% (v/v)
glycerol, 10 mM B-mercaptoethanol, 1
Mg/mL leupeptin, pepstatin, aprotinin, 0.1
mM PMSF

20 mM Tris, 150 mM NacCl, 1 mM MgClz,
1 mMDTT,pH 7.4

1.37 M NaCl, 27 mM KCI, 100 mM
NazHPO4, 18 mM KH2PO4, pH 7.5

1x PBS + 0.1% Tween-20

50 mM Tris, 500 mM NaCl, 10 mM
Mg(OAc)2, 5% (v/v) glycerol, 10 mM -
mercaptoethanol, 1 ug/mL leupeptin,
pepstatin, 1 pg/mL aprotinin, 0.1 mM
PMSF

125 mM Tris pH 6.8, 4% SDS, 0.02%
bromophenol blue, 10% glycerol

50 mM TRIS, 200 mM NaCl, 2 mM DTT,
pH 7.4

10 mM NaCl, 10 mM MgClz, 10 mM
MgSOs4, 2.5 mM KCI, 2% (w/v) tryptone,
0.5% (w/v) yeast extract, 0.36% (w/v)
glucose, pH 7.0

2 M Tris, 0.05 M EDTA, 5.71% acetic
acid

100 mM RbCl2, 50 mM MnClz2, 30 mM
KAc, 10 mM CaClz, 15% (v/v) glycerol,
0.5 mM LiCl, pH 5.8

100 mM RDbCI2, 50 mM MOPS, 10 mM
CaClz, 15% (v/v) glycerol, pH 7.0

200 mM HEPES, 1.1 M KoAc, 20 mM
Mg(OAc)2, 10 mM EGTA, pH 7.3
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Table 8 continued

Buffer Composition

Tris buffer 50 mM Tris, 200 mM NaCl, 2 mM -
mercaptoethanol, pH 7.5, 1 pg/mL
leupeptin, pepstatin, 1 pg/mL aprotinin,
0.1 mM PMSF

Western blot transfer buffer (10x) 250 mM Tris, 1.93 M glycine, 0.2% SDS

Western blot transfer buffer (1x) 10% 10x Western blot transfer buffer,
20% methanol in ddH20

2.1.9 Mammalian Cell lines

Table 9: Table of used Mammalian cell lines

Cell line

Description Origin

HAP1

human near-haploid cell line derived | Horizon Discovery
from the chronic myelogenous
leukemia (CML) cell line KBM-7

HeLa P4 (P4 MAGI | Human adenocarcinoma cell line that | NIH AIDS Reagent

CCR5+ Cells)
N2a

NIH 3T3 cells

expresses CD4; derived from cervix of | Program
a 31-year-old woman
Mouse neuroblastoma cell line D. Doorman
(DZNE)

Mouse embryonic fibroblasts cell line. | (Jainchill et al.
Originated from a Swiss NIH embryo. | 1969)

2.1.10 Bacterial Strains

Table 10: Table of used Bacterial strains

Bacterial strain  Genotype

BL21(DE3) F- ompT hsdS(rB- mB-) dcm+ Tetr gal | (DE3) endA Hte [argU

codon+ proL Camr]

DH5a F- ®80lacZAM15 A (lacZYA-argF) U169 recAl endAl hsdR17
(rK-,mK+) phoA supE44 A- thi-1 gyrA96 relAl

JM109 endAl ginV44 thi-1 relA1 gyrA96 recA1 mcrB+ A(lac-proAB)
el4- [F’ traD36 proAB + laclg lacZAM15] hsdR17(rK- mK+)

BL21 DE3 B F- ompT gal dcm lon hsdSg(rs"mg~) A(DE3 [lacl lacUV5-
T7p07 ind1 sam7 nin5]) [malB*]k-12(AS)

TG1 K-12 gInV44 thi-1 A(lac-proAB) A(mcrB-hsdSM)5(rk mk™) F'
[traD36 proAB™ lacld lacZAM15]

SG13009 Nals, Strs, RifS, Thi', Lac’, Ara*, Gal*, Mtl, F-, RecA*, Uvr*, Lon*

BL21(DE3)pLysS | B F- ompT gal dcm lon hsdSg(re"me~) A(DE3 [lacl lacUV5-

T7p07 ind1 sam7 nin5]) [malB*]k-12(AS) pLysS[T7p20
0rip15A](CmR)
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2.1.11 Vectors

Table 11: Table of used Vectors

Numb. Name Tag Res. Application Origin
52 pcDNA3.1(+)- | HA-Tag (C- | Amp transfection | S.Walde
HA term.)
87 pQLink-His His-Tag (C- | Amp expression | (Scheich et al.
term.) 2007)
46 pGEX-6P-1 GST-PreSicsion | Amp expression | Amersham
site (C-term.)
82 pGEX-6P-1- GST Amp expression | |. Baade
MCS2
#290 pEGFP-C1- GFP, GST Kana | transfection | S. Hutten
GST-MCS
85 pQLink-GST GST Amp expression | (Scheich et al.
2007)
78 pMal-His- His (C-term.), | Amp expression | S. Port
MCS-MBP MBP (N-term.)

Res: Resistance; Amp: Ampicillin; Kana: Kanamycin
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2.1.12 Plasmids

In Table 12, plasmids available in our lab are listed. In Table 13 plasmids that are

generated in this work are listed; oligonucleotides used are listed in Table 14.

Table 12: Table of available Plasmids

Number Name Origin

23 pRSet-His-Importin a L. Gerace
26 pET30a-S-His-ImpB M. Arnold

81 pTYB2-Importinf (aal-396) M. Arnold

82 pTYB2-Importinf} (aa304-876) M. Arnold
105 PGEX-KG-GST-I1BB M. Arnold
234 pXGmLtn-Rev-GR(aa511-795)-GFP D. Love

245 pPQE32-His-TNPO1 D. Doenecke
246 pPpGEX-GST-M9 S. Hutten
271 pMal-transportin 1 M. Arnold
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Table 12 continued

Number Name Origin

275 pMal-transportin (aa 1-517) M. Arnold

276 pMal-transportin (aa 518-890) M. Arnold

290 PEGFP-GST-MCS D. Doenecke

423 PEGFP-Reva7-116-GFP2-cNLS S. Hutten

476 pEF-HA-Importin 3 S. Hutten

687 pCS2-FLAG-Imp13 D. Doenecke

687 pCS2plus-FLAG-Imp13 D. Doenecke

813 pCS2plus-FLAG-Imp13 (aal-410) D. Doenecke

814 pCS2plus-FLAG-Imp13 (aal-669) D. Doenecke

815 pCS2plus-FLAG-Imp13 (aal-784) D. Doenecke

816 pCS2plus-FLAG-Imp13 (aal53-963) D. Doenecke

817 pCS2plus-FLAG-Imp13 (aal53-784) D. Doenecke

1155 pPQES80-His-Importin7 R. Ficner

476 pEF-HA-Importin S. Hutten

1511 PQE80-His-Importin 13 D. Doenecke

1513 pCS2plus-FLAG-Importin 13 E436R/D481R |. Baade

1514 pPET23-Ubc9 R. Geiss-
Friedlander

1527 pEX-Importin13-GST |. Baade

1569 pET328-His-zz-tev-Imp13 |. Baade

1684 pEGFP-C1-Bimax2 D. Doorman

1685 Bimax2-RFP D. Doorman

1686 pEGFP-C1-MO9M D. Doorman

1687 MOM-RFP D. Doorman

1874 pCS2plus-FLAG-Importin 13 D426R C. Spillner

1875 pCS2plus-FLAG-Importin 13 K802E/R803E C. Spillner

1893 pCDNA3-NES-mTag-BFP2-cNLS M. Blenski

1900 PcDNA3.1(+)-NOSIP-HA C. Spillner

1910 PEGFP-GST-NOSIP C. Spillner

1918 pcDNA3.1(+)-Lipin 1-HA C. Spillner/ |. Baade

1921 PEGFP-GST-Lipin 1 C. Spillner/ |. Baade

1922 pPGEX-6P1-GST-Lipin 1 C. Spillner/ |. Baade

1965 pMal-His-NOSIP-MBP |. Baade

1978 PQEB80-His10-ZZ-RanQ69L 1-180 D. Gorlich

2013 pQLink-His-NOSIP C. Spillner

2148 pET21a-CRM1-His-HA F. Lagadec

2176 pCDNA3-NES-mTag-BFP2-M9 M. Blenski

2219 pPQEB80-His-Importin7 (aal-1001) A. Dickmanns
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Table 13: Table of cloned Plasmids

Number Name cloning

2162 PEGFP-GST-NOSIP Mutagenesis with G2252 and G2253 on
K78A/K79A plasmid 1910

2185 pQLink-His-NOSIP Mutagenesis on plasmid 2013 with G2252
K78AK79A & G2253

2213 PGEX-6P-1-GST-PreSc- PCR on plasmid 1900 with G1939 &

2233

2238

2312

2348

2349

2350

2351

2352

2353

2354

2357

2358

NOSIP

PEGFP-C1-GR2-GFP-
NOSIP

pCDNA3.1(+)-HA-NOSIP
K78AK79A
PGEX-6P1-GST-Lipin 11619

pcDNA3.1(+)-HA-NOSIP
Y14E S36D
pcDNAS.1(+)-NOSIP Y14E-
HA

pcDNA3.1(+)-NOSIP
S138D-HA
pcDNA3.1(+)-NOSIP S36D
S138D-HA
pcDNA3.1(+)-NOSIP
S36D-HA
pcDNAS3.1(+)-NOSIP Y14E
S36D S138D-HA
pcDNA3.1(+)-NOSIP Y14E
S138D-HA
pQLIink-GST-Imp13
784)

(aal-

pQLIiNk-GST-Imp13
(aal153-784)

G2316, digested with EcoRI and Xhol and
cloned in vector 46

PCR on plasmid 1900 (G2317 & G2318)
digested with Bglll and Sall and cloned in
plasmid 649

Mutagenesis with G2252 & G2253 on
#1900

PCR on 1918 with G2456 & G2457 and
cloned into vector 82 (generated by G2458
& G2459) by Gibson assembly (cloned by
C. Wassong)

PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on template with G2550 & G2551 and
cloned into vector 52 by Gibson assembly
PCR on plasmid 1511 with G2359 & G2365
and cloned into vector 85 with BamHI and
Hindlll

PCR on plasmid 1511 with G2366 & G2365
and cloned into vector 85 with BamHI and
Hindlll
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Table 13 continued

Number

Name

cloning

2359

2386

2387

2388

2389

2391

2392

2393

2394

2395

2396

2397

2398

pQLIiNk-GST-Imp13
(aal53-963)

PEGFP-GST-NOSIP (aa 1-
110)

PEGFP-GST-NOSIP (aa 1-
240)

PEGFP-GST-NOSIP  (aa
111-301)
PEGFP-GST-NOSIP  (aa

111-240)

PEGFP-GST-NOSIP (aa 1-
120)

PEGFP-GST-NOSIP (aa 1-
130)

PEGFP-GST-NOSIP (aa 1-
140)

PEGFP-GST-NOSIP (aa 1-
150)

PEGFP-GST-NOSIP (aa 1-
160)

PEGFP-GST-NOSIP (aa 1-
285)

pMal-His-NOSIP-MBP
Y14E

pMal-His-NOSIP-MBP
K78AK79A

PCR on plasmid 1511 with G2366 & G2360
and cloned into vector 85 with BamHI and
Hindlll

PCR on plasmid 1900 with G2559 & G2560
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2561 & G2562
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2565 & G2566
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2563 & G2564
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2637 & G2642
and cloned into plasmid 290 via Xbal and
EcoRl

PCR on plasmid 1900 with G2637 & G2641
and cloned into plasmid 290 via Xbal and
EcoRl

PCR on plasmid 1900 with G2637 & G2640
and cloned into plasmid 290 via Xbal and
EcoRl

PCR on plasmid 1900 with G2637 & G2639
and cloned into plasmid 290 via Xbal and
EcoRl

PCR on plasmid 1900 with G2637 & G2638
and cloned into plasmid 290 via Xbal and
EcoRl

PCR on plasmid 1900 with G2635 & G2636
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2583 & G2584
and cloned with EcoRI & Xbal into vector
78

PCR on plasmid 1900 with G2583 & G2584
and cloned with EcoRI & Xbal into vector
78
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Table 13 continued

Number

Name

cloning

2401

2408

2409

2410

2411

2445

2446

2447

2448

2449

2464

2465

2466

PEGFP-GST-NOSIP
75-102)

(aa

PEGFP-GST-NOSIP Y14E

PEGFP-GST-NOSIP Y14E

S36D S138D

PEGFP-C1-GR2-GFP-

NOSIP Y14E

PEGFP-C1-GR2-GFP-

NOSIP Y14E S36D S138D

PEGFP-GST-NOSIP
75-120)

PEGFP-GST-NOSIP
75-140)

PEGFP-GST-NOSIP
75-160)

pEGFP-GST-NOSIP
75-180)

PEGFP-GST-NOSIP
75-200)

PEGFP-GST-NOSIP
25-285)

pEGFP-GST-NOSIP
55-285)

PEGFP-GST-NOSIP
75-285)

(aa

(aa

(aa

(aa

(aa

(aa

(aa

(aa

PCR on plasmid 1900 with G2609 & G2610
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 2349 with G2567 & 2568
and cloned into plasmid 290 using Hindlll &
EcoRl

PCR on plasmid 2349 with G2567 & 2568
and cloned into plasmid 290 using Hindlll &
EcoRl

PCR on plasmid 2349 with G2317 & G2318
and cloned into plasmid 649 by Bglll and
Sall

PCR on plasmid 2353 with G2317&G2318,
digested with Bglll and Sall and cloned in
plasmid 649

PCR on plasmid 1900 with G2720 & G2721
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2720 & G2722
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2720 & G2723
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2720 & G2724
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2720 & G2725
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2747 & G2636
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2748 & G2636
and cloned into plasmid 290 via Hindlll and
EcoRl

PCR on plasmid 1900 with G2720 & G2636
and cloned into plasmid 290 via Hindlll and
EcoRl
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2.1.13 Oligonucleotides

Table 14: Table of Oligonucleotides used for Cloning

Number Name Sequence (5’ to 3’)

G1939 | GST-NOSIP_EcoRI_fwd TTTGAATTCACGCGGCATGGC
AAGAAC

G2252 | NOSIP_K78A/K79A fwd GTACATTCTGCACCAGGCGGC
GGAGATTGCCCGGCAG

G2253 | NOSIP_K78A/K79A rev CTGCCGGGCAATCTCCGCCGC
CTGGTGCAGAATGTAC

G2316 | GST-NOSIP_Xhol_rev ACTCGAGTCAGGCCTGCATCA
CCGC

G2317 | GR-GFP-NOSIP_Bglll_fwd ATAGATCTATGACGCGGCATG
GC

G2318 | GR-GFP-NOSIP_Sall _rev TATGTCGACTCAGGCCTGCAT
CACC

G2359 | GST-Impl3_fwd BamHI TATAGGATCCATGGAGCGGCG
GGAGGA

G2360 | GST-Impl13_rev_Hindlll CGCAAGCTTTCAGTAGTCAGC
TGTGTAATC

G2365 | GST-Impl3 1-784 rev_Hindlll ATAAAGCTTTCAATCCCTGGG
CCCTTGCTG

G2366 | GST-Impl3 153-963 fwd_BamHI AGGATCCGAGGACTCACCAGT

GGATGGGCA
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Table 14 continued

Number Name Sequence (5’ to 3’)

G2456 | GST-LIPIN1 aal-619 fwd CTCCAAAATCGGATTCTCGAAT
GAATTACGTGGGGCAG

G2457 GST-LIPIN1 aal-619 rev GCAGAATTCGAAGCTTGAGCT
CAAGGCAGAAGAGGGAG

G2458 V82 GST LIPIN1-619 fwd GCTCAAGCTTCGAATTCTG

G2459 | V82 _GST_LIPIN1-619 rev TCGAGAATCCGATTTTGG

G2550 | NOSIP-HA mutants_fwd_HindIll_GA CTGGCTAGCGTTTAAACTTAAG
CTTATGACGCGGCATGGCAAG

G2551 | NOSIP-HA mutants_rev_BamHI_GA GCTTCGGGCGTCAGCGACGG
GATCCAGAAGCTGGGCAGCAC
TTTG

G2559 | GFP-GST-NOSIP 1-110_fwd_Hindlll AAATCGGATTCTCGAGCTCAAGCTT
TTACGCGGCATGGCAAGAACTG

G2560 GFP-GST-NOSIP 1-110 _rev_EcoRI CGCGGTACCGTCGACTGCAGAATT
CTCAGTCCTGCGAGGCCGC

G2561 | GFP-GST-NOSIP 1-240_fwd_Hindlll AAATCGGATTCTCGAGCTCAAGCTT
TTATGACGCGGCATGGCAAG

G2562 | GFP-GST-NOSIP 1-240_rev_EcoRI CGCGGTACCGTCGACTGCAGAATT
CTCACAGCACAGCGCAGGG

G2563 | GFP-GST-NOSIP 111-240 fwd_Hindlll | AAATCGGATTCTCGAGCTCAAGCTT
TTGTGCGGGGCTTCCTGG

G2564 | GFP-GST-NOSIP 111-240_rev_EcoRIl | CGCGGTACCGTCGACTGCAGAATT
CTCACCGCAGCACAGCGCA

G2565 | GFP-GST-NOSIP 111-301_fwd_Hindlll | AAATCGGATTCTCGAGCTCAAGCTT
TTGTGCGGGGCTTCCTGG

G2566 | GFP-GST-NOSIP 111-301_rev_EcoR|l | CGCGGTACCGTCGACTGCAGAATT
CTCAGGCCTGCATCACCGG

G2567 | GFP-GST-NOSIP mutants_fwd AAATCGGATTCTCGAGCTCAGATG
ACGCGGCATGGCAAG

G2568 GFP-GST-NOSIP mutants_rev CGCGGTACCGTCGACTGCAGTCAG
GCCTGCATCACCGG

G2583 His-NOSIP -MBP_fwd_EcoRl GCATCACCATCACCATCACGAATTC
ATGACGCGGCATGGCAAGAAC

G2584 | His-NOSIP -MBP_rev_Xball CTTCGATTTTCATGTCGACTCTAGA
GGCCTGCATCACCGGCCG

G2609 | GFP-GST-NOSIP 75-101 fwd_Xhol CATCCTCCAAAATCGGATTCTCGA
GTTCTGCACCAGAAGAAGG

G2610 GFP-GST-NOSIP 75-101 rev_EcoRl CGCGGTACCGTCGACTGCAGAATT
CTCACTCCTTCTGCTCCTC
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Table 14 continued

Number Name Sequence (5’ to 3’)

G2635 | GFP-GST-NOSIP 1-285 fwd_Hindlll AAATCGGATTCTCGAGCTCAAGCTT
TTATGACGCGGCATGGCAAGAACT
G

G2636 | GFP-GST-NOSIP 1-285 rev_EcoRl CGCGGTACCGTCGACTGCAGAATT
CTCAGCCCGCGAAGCCGGT

G2637 GFP-GST-NOSIP 1-X_fwd_EcoRl ATTCTCGAGCTCAAGCTTCGAATTC
TATGACGCGGCATGGCAAG

G2638 | GFP-GST-NOSIP 1-160_rev_Xbal GGCTGATTATGATCAGTTATCTAGA
CTAGGGCAGCACTTTGTCC

G2639 | GFP-GST-NOSIP 1-150 rev Xbal GGCTGATTATGATCAGTTATCTAGA
CTAAGGACCCACACTGGG

G2640 GFP-GST-NOSIP 1-140 rev Xbal GGCTGATTATGATCAGTTATCTAGA
CTAATCTGGGCTGGTGCC

G2641 | GFP-GST-NOSIP 1-130_rev Xbal GGCTGATTATGATCAGTTATCTAGA
CTATGTGAAAGGGTTGAGGGG

G2642 | GFP-GST-NOSIP 1-120 rev_Xbal GGCTGATTATGATCAGTTATCTAGA
CTAAGCCGACTCCTTCTCC

G2720 | GFP-GST-NOSIP 75-x fwd_Hindlll AAATCGGATTCTCGAGCTCAAGCTT
TTCTGCACCAGAAGAAGG

G2721 GFP-GST-NOSIP 75-120 rev_EcoRI CGCGGTACCGTCGACTGCAGAATT
CCTAAGCCGACTCCTTCTC

G2722 GFP-GST-NOSIP 75-140 rev_ EcoRI CGCGGTACCGTCGACTGCAGAATT
CCTAATCTGGGCTGGTGCC

G2723 | GFP-GST-NOSIP 75-160 rev_ EcoRl CGCGGTACCGTCGACTGCAGAATT
CCTAGGGCAGCACTTTGTC

G2724 | GFP-GST-NOSIP 75-180 rev_ EcoRl CGCGGTACCGTCGACTGCAGAATT
CCTAGGACGGCTTCTCCAG

G2725 GFP-GST-NOSIP 75-200 rev_ EcoRI CGCGGTACCGTCGACTGCAGAATT
CCTACACGGGCGTCAGGTC

G2747 GFP-GST-NOSIP 25-x fwd_Hindlll AAATCGGATTCTCGAGCTCAAGCTT
TTGCCTCGGGCTATGGGACC

G2748 | GFP-GST-NOSIP 55-x fwd_Hindlll AAATCGGATTCTCGAGCTCAAGCTT
TTGATCCTGTTGTCACCCCAGATG
GC

2.1.14 siRNAs

Small interfering RNA (siRNAs) were ordered as lyophilized powder, this powder was

dissolved in RNAse-free water to a final concentration of 100 uM. Dissolved siRNAs

were stored at -80 °C for long-term storage and for short-term at -20 °C as 20 uM

working aliquot.
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Table 15: Table of used siRNAs

Name Sequence (5’-3’) Target gene  Company
importin ACAGUGCCAAGGAUUGU UA | Importin B Eurofins
SiRNA 1 genomics
importin CUGGAAUCGUCCAGGGA Importin Sigma-Aldrich
SiRNA 2 UUAA
Importin 13 AACAAUAUCAGGAUGAUCCCT | Importin 13 Ambion
SiRNA 1
NOSIP siRNA | AAGGAGUCGGCUAUCGUGAG | NOSIP Thermo Fisher
C/ Scientific
AAGGACUUCGACUGCUGUUG
U
non-targeting UGGUUUACAUGUCGACU AA | Scrambled Dharmacon,
SiRNA (SiNT) sequence ON-TARGET
plus non-
targeting SiRNA
Transportin 1 siRNA pool transportin 1 | Santa Cruz (sc-
SiRNA 35737)

2.1.15 Antibodies
Table 16: Table of primary Antibodies

Number Name Species Origin IF Dilution WB Dilution
Ab004 | a-CRM1 goat Self-made 1:1000 1:1000
Ab013 a-FLAG mouse | Sigma 1:3000 1:1000
(M2)
Ab024 | a-Imp 9 rabbit Abcam - 1:1000
Ab029 a-lmp 13 rabbit Proteintech 1:200 1:500-1:1000
Ab080 a-GAPDH rabbit ProteinTech |- 1:2000
Ab081 a-Tubulin rabbit ProteinTech |- 1:2000
Ab140 a-His mouse | Qiagen - 1:1000
Ab186 a-HA mouse | Convance 1:1000 1:1000
Ab197 a-lmp a mouse | Millipore - 1:500
Ab198 a-TNPO 1 mouse | Millipore 1:500 1:1000
Ab208b | a-Imp B rabbit Self-made 1:600 1:1000
Ab214 | o-MBP Mouse | NEB 1:500 1:1000
Ab228 a-lmp 13 Rabbit | Self-made 1:300 1:1000
Ab246 a-lmp 11 rabbit Invitrogen - 1:1000
AB342 | a-NOSIP rabbit Self-made Unspecific 1:300
Ab411 a -NOSIP rabbit Sigma 1:200 1:500
Ab413 a-GST rabbit Sigma 1:500 1:1000
Ab430 a-lmp7 rabbit Invitrogen 1:300 1:1000
Ab424 a-Lipinl rabbit Cell signaling | 1:100 -

IF: immunofluorescence; WB:

immunoblotting
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Table 17:Table of secondary Antibodies

Name Species  Origin Application Dilution
a-mouse 680 donkey LI-COR WB 1:10.000
a-mouse 800 donkey LI-COR WB 1:10.000
a-rabbit 680 donkey LI-COR WB 1:10.000
a-rabbit 800 donkey LI-COR WB 1:10.000
a-mouse 680 1gG2a- donkey LI-COR wWB 1:10.000
specific

a-mouse Alexa Fluor® donkey Molecular IF 1:1000
488 Probes

a-mouse Alexa Fluor® donkey Molecular IF 1:1000
594 Probes

a-mouse Alexa Fluor® donkey Molecular IF 1:1000
647 Probes

a-rabbit Alexa Fluor® donkey Molecular IF 1:1000
488 Probes

a-rabbit Alexa Fluor® donkey Molecular IF 1:1000
594 Probes

a-rabbit Alexa Fluor® donkey Molecular IF 1:1000
647 Probes

2.2 Molecular Biology Methods

2.2.1 Chemical competent cells with rubidium chloride

To prepare chemically competent cells for heat-shock transformation, an aliquot of the
respective Escherichia coli (E. coli) strains was plated onto a LB-agar plate without
antibiotics and grown over-night at 37 °C. The next day, a single colony was picked to
inoculate a 5 mL over-night broth-culture. 200 mL of broth-culture were inoculated with
2 mL of over-night culture and grown at 37 °C and 150 rpm until an optical density at
600 nm (ODsoo) of 0.4 — 0.5 is reached. The culture was then incubated on ice for 10
min before harvesting in a pre-cooled centrifuge at 4000 x g for 10 min and 4 °C. The
resulting bacterial cell pellet was resuspended in 200 mL ice-cold TFB-I buffer followed
by an incubation for two hours on ice. Afterwards, the cell-suspension was centrifuged
at 4000 x g and 4 °C for 10 min. The supernatant was discarded, and the pellet was
resuspended in 8 mL ice-cold TFB-Il. The resulting cell-suspension was separated
into 100 pL aliquots and shock-frozen in liquid-nitrogen. Aliquots were stored at -80

°C for further usage.
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2.2.2 Agarose gel electrophoresis

Agarose gel electrophoresis is a method used for separating DNA-fragments
according to their size in an agarose gel. Depending on the DNA-fragment size, 0.5 —
2% agarose was dissolved in 1x TAE buffer in a microwave with shaking in between.
The dissolved agarose solution was allowed to cool down before adding Safeview ™
classic DNA stain (1:15000). After the gel was solidified, DNA samples were mixed
with 6x DNA loading dye to a final concentration of 1x and loaded to the agarose gel.
Additionally, a DNA molecular weight marker was loaded (GeneRuler 1 kb DNA
Ladder, Thermo Fisher Scientific). The gel was run at 120 V for 45 - 60 min to separate
DNA-fragments. These separated DNA-fragments were then analyzed in a GelSTICK
‘touch’ system and bands of interest were cut on an UV transillumination desk and

purified as described in 2.2.3.
2.2.3 Purification of DNA fragments from an agarose gel

To extract DNA from an agarose gel, the protocol “DNA extraction from agarose gels”
from the NucleoSpin® Gel and PCR Clean-up kit were used according to the
manufacturer’s instructions. To elute the DNA, 20-30 pL elution buffer was used and

the concentration was determined by Nanodrop.

2.2.4 Polymerase Chain Reaction (PCR)

PCR was used to amplify DNA-fragments of interest. For all PCRs Phusion™ High-
Fidelity DNA Polymerase (Thermo Scientific) was used according to the
manufacturer’s protocol. A 50 yL PCR-reaction contained 10 pL 10x HF Phusion
Buffer, 20 ng template DNA, 200 uM dNTP’s, 5 uM of each primer (Table 14: Table of
Oligonucleotides used for Cloning and 0.02 U/puL Phusion™ High-Fidelity DNA
Polymerase. PCR reactions were performed with an initial denaturation at 98 °C for
30 seconds, followed by 30-35 amplification cycles. Each cycle started with a
denaturation step at 98 °C for 10 seconds, followed by an annealing step with primer
dependent temperature (primer melting temperature -2 °C) for 30 seconds and an
extension step for 15-30 s/kb at 72 °C. The annealing temperature of all primers were
calculated using the ‘Tm calculator’ from Thermo scientific (Thermo scientific - Tm

calculator). The 30-35 amplification cycles were followed by a final extension step for
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10 min at 72 °C. Agarose-gel electrophoresis (2.2.2) was used to analyze PCR
products and bands of interest were cut and purified as described in 2.2.3.

2.2.5 Site directed mutagenesis

Site directed mutagenesis was used to introduce specific mutations into a DNA-
sequence. For mutagenesis, a 50 L reaction mix was used containing 2.5 U Pfu Ultra
HF Polymerase (Agilent Technologies), 200 uM dNTP’s, forward and reverse primer
each 0.2 uM, 100 ng template DNA and 5 pL 10x Pfu Ultra buffer. The PCR program
started with an initial denaturation step at 98 °C for 30 seconds, followed by 18-20
PCR cycles. Each PCR cycle started with a denaturation step for 30 seconds at 98
°C, followed by an annealing step for 1 min/kb with a primer melting temperature minus
5 °C and an extension step for 15 min at 68 °C. The program ends with a final
extension step for 15 min at 68 °C. To digest the template DNA, 1 uL Dpnl (10 U/uL)
was added for one hour at 37 °C. The mutated plasmid was then transformed into
chemically competent DH5a cells (2.2.9) and plated onto a LB-agar plate with
respective antibiotics and incubated over-night at 37 °C. To check for successful
mutagenesis, single colonies were picked and used to inoculate 5 mL LB-cultures and
grown over-night at 37 °C. Plasmid DNA of these over-night cultures were purified
(2.2.10) and send for sequencing (2.2.11).

For some mutations, gene fragments with respective mutations were ordered by
BioCat GmbH. These gene fragments were amplified by PCR (2.2.4) and ligated into
pcDNAS3.1(+)-HA using the Gibson assembly method. The List of ordered synthetized
gene fragments can be found in 0.

2.2.6 Digestion of DNA with restriction enzymes

For the ligation of DNA-fragments of interest into a plasmid both needed to be digested
with the same restriction enzymes. In case of the Gibson assembly method, only the
vector was digested. The digestion mix contains either 3 pg plasmid DNA or 25 uL
PCR-product, 1.5 pL of each restriction enzymes (10 U/uL) and 1x restriction enzyme
buffer (10x), resulting in a total volume of 30 to 50 pL. Digestion was performed at 37
°C for 1 h using standard enzymes or 20 min using fast-digest enzymes.

Recommended molar ratios between restriction enzymes and buffers were used
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according to the DoubleDigest Calculator (Thermo scientific - Double digest
calculator).

2.2.7 Test digestion of cloned constructs

A test analysis was performed to analyze cloning success. Therefore, plasmid DNA
from small-scale DNA purification was used and digested with restriction enzymes
used for cloning. The digestion mixture containing 8.6 puL small-scale purification DNA,
1 pL of respective buffer and 0.2 pL of each restriction enzyme was incubated at 37
°C for 1 hour. Digested DNA was then separated by agarose-gel electrophoresis
(2.2.2) and analyzed on an UV transillumination desk. Clones containing the DNA-

fragment of interest were send for sequencing (2.2.11).

2.2.8 Ligation of restricted DNA fragments

To ligate restricted DNA-fragments (insert) with restricted vectors, T4 DNA ligase
(Thermo Scientific) was used. Therefore, 80 ng of the vector were ligated with the
DNA-fragment in a molar ratio of 3:1 (DNA-fragment to vector), the amount of insert
was calculated using the formula below. In a total volume of 10 pL ligation mix, the
DNA-fragments and the vector were incubated with 1 U of T4 DNA ligase in T4 DNA
ligase buffer at room temperature for one hour, followed by transformation in
Escherichia coli (E. coli) strain DH5a (Section 2.2.9).

ng of vector * kb of insert insert 3

kb of vector

* <molar ratio ) = ng of insert

vector 1

When using the Gibson assembly method, a total of 0.02 — 0.5 pmol of DNA-fragments
(insert and vector) were used. To calculate the amount of pmols used for each DNA-
fragment, the following formula was used: pmol= (weight in ng) x 1000 / (base pairs x
650 Da). As for conventional cloning, 80 ng of vector was used and a 3-fold molar
excess of insert, the amount of insert to use were calculated using the above formula.
Respective amounts of DNA-fragments were combined, filled up to 10 puL with ddH20
and 10 pL of GibsonAssembly master mix (2x) was added. Ligation mix was incubated
at 50 °C for 20-60 min, followed by transformation into DH5a (2.2.9)
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2.2.9 Transformation of plasmid DNA into bacterial strains

For the transformation of plasmids into E. coli strains, chemical competent cells were
thawed on ice. The ligation-mix or 1 pug of plasmid DNA was added to 50 pL chemical
competent cells and incubated on ice for 20 min. To transform the plasmid DNA into
the E. coli cells, a heat-shock at 42 °C for 90 seconds was performed, followed by a
two min incubation step on ice. After that, 300 pL pre-warmed SOC-medium was
added and the cells were incubated for one hour at 37 °C under permanent shaking
(800 rpm) in a thermomixer. This transformation mix was then spread on to a LB agar-
plate with respective antibiotics, according to the plasmid’s resistance, and incubated
over-night at 37 °C.

2.2.10 Purification of plasmid DNA

Small-scale plasmid purification

For small-scale purification of plasmid DNA, the kit NucleoSpin® Plasmid was used
with the protocol ‘Isolation of high-copy plasmid DNA from E. coli’. 5 mL LB culture,
supplemented with respective antibiotics, was inoculated with a single-colony of a LB-
agar plate from freshly transformed E. coli and incubated over-night at 37 °C and
150 rpm. The plasmid purification was done according to the manufacturer’s
instructions and bound plasmid DNA was eluted with 30 pL of 70 °C hot sterile
desalted water. This plasmid DNA was sent for sequencing and used for restriction

analysis.

Large-scale plasmid purification

For large-scale purification of plasmid DNA, the protocols ‘high-copy plasmid DNA’ or
‘low-copy plasmid DNA’ from the kit NucleoBond™ Xtra Midi were used. According to
this protocols, 200 mL LB-culture, supplemented with antibiotics, was inoculated with
a single-colony of a LB-agar plate from freshly transformed E. coli. The culture was
grown over-night at 37 °C and 150 rpm. Plasmid purification was done afterwards,
according to the manufacturer’s instructions until the elution step. Dried plasmid DNA
was resuspended in 100 pL sterile desalted water and concentration of DNA was

determined by Nanodrop and adjusted to 1 pg/pL.
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2.2.11 DNA sequencing

The isolated DNA was sent for sequencing to the company Eurofins Genomics.

Sequencing primers were selected from standard primer list.

2.3 Biochemical Methods
2.3.1 SDS-PAGE

SDS-Polyacrylamide gel electrophoresis was used to separate proteins according to
their size. Acrylamide percentage (10 — 15%) of the gel was chosen depending on the
size of the protein of interest. 4x SDS-sample buffer was added to the protein samples
to a final concentration of 2x SDS-sample buffer. Samples were then boiled at 95 °C
for 5 — 10 min and loaded on to the SDS-gel. Additionally, a protein ladder (PageRuler
Unstained or PageRuler PreStained) was loaded, comprising of proteins of known
size. SDS-gels were run in 1x Laemmli running buffer using SE250 Migthy Small I
Mini Vertical Electrophoresis Units (Hoefer) with 25 mA per gel for 60 to 70 min. The
gel was further used for Western blot analysis (2.3.3) or protein bands were visualized

by Coomassie staining (2.3.2).
2.3.2 Coomassie staining of SDS-Gels

To visualize the SDS-gels, they were washed once with water and fixed with
Coomassie fixation solution for 15 — 30 min, followed by several washing steps with
water to remove residual Coomassie fixation solution. To stain the gel, Coomassie
staining solution was used for several h to over-night. Destaining of the gel was done
in desalted water or in Coomassie destaining solution until the background was clear.

The LAS-3000 documentation System (Fujifilm) was used to digitalize the gels.
2.3.3 Western blot analysis

Western blot analysis was used to detect the protein of interest with specific
antibodies. Therefore, the SDS-gel was transferred onto a nitrocellulose blotting
membrane (Amersham Protran 0.45 uM NC Nitrocellulose Blotting Membrane, GE
Healthcare) in a blotting chamber (Mini Trans Blot® Cell, Bio-Rad) for wet Western
blot. For the transfer, Western blot transfer buffer was used, and the transfer was

performed at 100 V for 90 min. Optionally, the successful transfer was tested by
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Ponceau-S staining, for which the membrane was incubated for 1-2 min in Ponceau-
S. Afterwards, the membrane was destained in 0.1% acetic acid and documented by
the LAS-3000 documentation system. For further processing, the membrane was
completely destained with 1x TBS-T. For the following immuno-detection of proteins,
the membrane was blocked in 1x TBS-T with 1% BSA or 4% milk (w/v) for one hour
at RT. Blocking of the membrane was followed by an incubation with the primary
antibody (Table 16), diluted in blocking solution, over-night at 4 °C. The next day, the
membrane was washed three times for 15 min with 1x TBS-T at RT, followed by an
incubation with the secondary antibody (diluted 1:10.000 in 1x TBS-T with 4% milk
(w/v)) for one hour at RT. Secondary antibodies were coupled to an 800 nm or 680 nm
fluorophore. Excess of secondary antibody was removed by washing three times for
15 min with 1x TBS-T. Western blots were visualized by detecting fluorescence signal

with the Odyssey®Sa Infrared Imaging System (LI-COR Biosciences).
2.3.4 Protein purification
His-NOSIP

0.5 pug of pQLink-His-NOSIP (or K78AK79A mutant) plasmid was transformed into E.
coli strain JM109 using the heat shock protocol (2.2.9) and plated on a LB-agarampicilin
plate. The next day, several colonies were picked and a LB medium pre-culture (10
mL/liter of larg-scale culture), supplemented with ampicillin, was incubated over-night
at 37 °C and 150 rpm. 10 mL of pre-culture was used to inoculate 1 L LB-medium in a
ratio of 1:100 and the cells were grown to an optical density at 600 nm (ODsoo) of 0.7.
Protein expression was then induced with 0.5 mM IPTG for 18 h at 18 °C. Bacterial
cells were harvested at 4200 rpm for 20 min at 4 °C, pellets were resuspended in 1x
PBS and spun as before to remove medium residuals. Bacterial pellets were
resuspended in lysis buffer in the 3-fold volume of the bacterial pellet and disrupted
using the EmulsiFlex-C3 system by 4-5 cycles. Lysates were cleared by ultra-
centrifugation at 30.000 x g using JLA 30.50 rotor in an Avanti™ J-30I centrifuge, the
resulting protein containing supernatant was loaded onto Ni-NTA-Agarose beads and
incubated for 1 hour at 4 °C under gentle agitation. Afterwards, unbound protein was
removed by centrifugation at 800 x g and 4 °C for 5 min and bound protein was washed

with Resuspension buffer (Res buffer) for three times (twice with 10 mM imidazole and
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once with 20 mM imidazole). One washing step comprises of a 5 min centrifugation
step at 800 x g and 4 °C, followed by a 5 min incubation step at 4 °C under gentle
agitation. To elute bound protein, Ni-beads were transferred to a gravity-flow column
and eluted using Res buffer, supplemented with 300 mM imidazole. The eluate was
concentrated to <5 mL and filtered through a Minisart RC 15 single use syringe filter
prior to size exclusion chromatography (SEC) using a Superdex 75 HiLoad 26/60 prep-
grade (GE Healthcare) column and NOSIP SEC buffer. SEC fractions were analyzed
using SDS-PAGE followed by Coomassie staining (2.3.1;2.3.2). Fractions containing
His-NOSIP were pooled and concentrated using Spin-X-UF concentrator (MWCO
(molecular weight cut-off) 10 K). Concentration was determined as described in 2.3.5
and His-NOSIP was aliquoted, shock frozen in liquid nitrogen and stored at -80 °C

until further usage.

GST-PreSc-NOSIP

For expression and purification of pGEX-6P-1-GST-NOSIP, the respective plasmid
was transformed into E. coli JM109 and plated on a LB-agara™cilin plate. Grown
colonies were used to inoculate LB-medium starter culture over-night at 37 °C and 150
rpm. LB culture was inoculated 1:100 with starter culture and grown to an ODeoo of
0.7. Protein expression was induced with 0.5 mM IPTG for 4 h at 30 °C and bacterial
cells were collected by spinning at 4200 rpm in an Avanti J6-MI Centrifuge (Rotor: JS
4.2). Bacterial pellets were resuspended in NaPi buffer, supplemented with 1% (v/v)
Triton-X-100 and lysed running 5 cycles using an EmulsiFlex-C3 system. Lysed cell
suspension was cleared by ultra-centrifugation (Avanti™ J-30I, rotor JA 30.50Ti) for
30 min at 4 °C and 30.000 x g. The cleared lysate was incubated with GST-Sepharose
4 FastFlow for 2 h at 4 °C under gentle agitation, followed by a centrifugation step at
800 x g to collect the beads and remove the unbound proteins in the supernatant.
Afterwards, beads with bound GST-NOSIP were washed three times, with NaPi buffer,
followed by a high-salt wash with NaPi buffer containing additional 500 mM NaCl and
afterwards again NaPi buffer. Each washing step started with a 5 min incubation at
4 °C under gentle agitation, followed by centrifugation for 5 min at 4 °C and 800 x g.
Beads were then transferred to gravity-flow columns and eluted using NaPi buffer with
20 mM gluthathione. Eluted GST-protein was either concentrated using Spin-X-UF

concentrator and subjected to SEC for further purification or cleaved using GST-
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PreScission protease. For SEC, concentrated protein was filtered through Minisart RC
15 single use syringe filter and applied to a Superdex 200 HiLoad 26/600 prep-grade
column equilibrated in 20 mM Tris, 100 mM NaCl, 1 mM DTT, pH 7.4. Fractions
containing GST-NOSIP were identified by SDS-PAGE (2.3.1) and Coomassie staining
(2.3.2) and concentrated using Spin-X UF concentrators (MWCO 30 K). Protein
concentration was determined as described in 2.3.5 and the protein was aliquoted for
storage at -80 °C. In case of using GST-PreScission protease to remove the GST-tag
and obtain untagged NOSIP, eluate from GST-beads was incubated with GST-
PreScission protease (1 mg/50 mg GST-protein) for 16 h at 4 °C under gentle
agitation. Cleaved NOSIP and free GST have a similar size, to separate both proteins
a Superdex 75 HiLoad 16/600 prep-grade column coupled to a GSTprep 16/10 FF
column was used. The GSTprep column binds the free GST, whereas the NOSIP
protein is in the flow-through. Fractions containing NOSIP were analyzed,
concentrated and stored as described for GST-NOSIP.

His-NOSIP-MBP

Plasmids of His-NOSIP-MBP (or respective NOSIP fragments) were transformed into
E. coli IM109 as described in 2.2.9. The next day, several colonies were picked and
used to inoculate a LB starter culture which was incubated over-night at 37 °C and
150 rpm. Starter culture was used in a ratio of 1:100 to inoculate 2xYT expression
medium. Cultures were grown to an ODeoo of 0.7 and induced with 0.5 mM IPTG for
18 h at 16 °C and 90 rpm. Cells were harvested at 4200 rpm for 30 min at 4 °C, pellets
were washed once with 1x PBS and afterwards resuspended and lysed in Res buffer,
running 4 cycles using an EmulsiFlex-C3 system. Lysates were cleared by ultra-
centrifugation at 30.000 x g at 4 °C for 30 min and then incubated with amylose resin
for 2 hat 4 °C. Amylose resin was washed three times, as described above, using Res
buffer (the 2"? step was a high-salt wash, using Res buffer supplemented with 500 mM
NaCl) and eluted with Res buffer containing 20 mM maltose. His-NOSIP-MBP eluate
was then incubated with Ni-NTA-Agarose for 1 h at 4 °C under gentle agitation,
followed by three washing steps with Res buffer (supplemented with 10-, 10- and 20-
mM imidazole). Bound His-NOSIP-MBP was eluted using Res buffer with 300 mM
imidazole and was concentrated to <1.5 mL. To remove the eluent and exchange to a
new buffer (50 mM Tris, 300 mM NacCl, 10 mM Mg(OAc)2, 5% (v/v) glycerol, 5 mM -
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mercaptoethanol, pH 7.4), protein was concentrated three times to 1 mL and fill up to
15 mL with new buffer using Spin-X-UF concentrator (MWCO 30 K). Concentrated
protein was aliquoted, shock frozen in liquid nitrogen and stored at -80 °C until further
usage. Purification success was analyzed by SDS-PAGE (2.3.1) and Coomassie

staining (2.3.2), while protein concentration was determined as described in 2.3.5.

His-Importin-13

A plasmid coding for His-Importin-13 was transformed into E. coli JM109 cells and
plated on a LB-agarampcilin plate. Several colonies were used for inoculation of the LB
starter culture which were incubated over-night at 37 °C and 150 rpm. 2xYT plus
medium large-scale cultures were inoculated 1:100 with starter culture, grown to an
ODsoo of 1-1.5, diluted 1:1 with ice-cold fresh 2xYT plus medium. Cultures were cooled
down to 16 °C, prior to the induction with 0.5 mM IPTG for 18 h at 16 °C and 90 rpm.
Cells were harvested and washed once with 1x PBS as described above, followed by
resuspension of the pellets in Res buffer and lysing using an EmulsiFlex-C3 system.
Lysates were cleared by ultra-centrifugation at 30.000 x g, 30 min and 4 °C and then
incubated with Ni-NTA-agarose beads for 1 h at 4 °C. Ni-Beads were washed three
times as described above using Res Buffer and eluted using Res buffer with 300 mM
imidazole. His-Imp13 eluate was filtered through Minisart RC 15 single use syringe
filter and applied in 5 mL batches to SEC using a Superdex 200 HiLoad 26/60 prep-
grade column with SEC buffer. Afterwards, fractions containing His-Impl3 were
identified as described for His-NOSIP, concentrated in a Spin-X-UF concentrator
(MWCO 50 K), aliquoted and stored at -80 °C.

His-Importin 7, His-Importin B and His-transportin 1

His-Importin 7 and His-transportin 1 were transformed into E. coli IM109 and His-
Importin B into BL21(DE3) codon+ and plated on LB-agar plates with respective
antibiotics. Several colonies were used to inoculate a LB starter culture. The next day
starter culture was used to inoculate large-scale cultures in a ratio of 1:100. His-
Importin B was grown in LB medium to an ODsoo of 0.8 and protein expression was
induced with 1 mM IPTG for 4 h at 26 °C and 90 rpm. His-transportin was cultured in
LB medium to an ODeoo of 0.8 and induced with 0.5 mM IPTG at 25 °C for 16 h and

90 rpm. His-Importin 7 was grown in 2xYT plus medium to an ODeoo of 0.8 and induced
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with 0.5 mM IPTG at 16 °C for 16 h at 90 rpm. Bacterial cells were harvested as
described for His-NOSIP, cell pellets were directly used for purification or flash frozen
in liquid nitrogen and stored at -80 °C. His buffer was used for His-transportin 1 and
His-Importin B and Res buffer for His-Importin-7 unless otherwise indicated. Bacterial
pellets were resuspended in respective buffer with the three-fold volume of the pellet
and lysed using the EmulsiFlex C3. Cell lysates were cleared by ultra-centrifugation
at 30.000 x g and 4 °C for 30 min. Cleared lysates were added to equilibrated Ni-NTA-
agarose beads and incubated for 1 h at 4 °C under gentle agitation and unbound
proteins were removed by centrifugation at 800 x g at 4 °C for 5 min. Ni-Beads were
washed three times using the respective buffer with increasing imidazole
concentrations (10-, 10- and 20-mM imidazole). The washing steps were performed
as described above. Afterwards, Ni-beads were transferred to a gravity-flow column
and bound protein was eluted with elution buffer (respective buffer with 300 mM
imidazole). Prior to SEC, the eluate was concentrated to <2.5 mL and filtered through
Minisart RC 15 single use syringe filter. SEC was performed using a Superdex 200
HiLoad 16/60 prep-grade column with SEC buffer, supplemented with 5% (v/v)
glycerol (for His-Importin-f and His-transportin 1 NaCl concentration was increased to

250 mM). Peaks of interest were identified and analyzed as described for His-NOSIP.

His-Importin-7 AC (AN= aa 1002-1038)

His-Importin-7 AC plasmid was transformed into E. coli SG13009 cells and plated on
an LB-agarampicilin, kanamycin plate  Several colonies were used to inoculate a 2xYT
starter culture for 16 h at 37 °C and 150 rpm. Starter culture was used 1:100 to
inoculate 2xYT medium, supplemented with 2% (w/v) glucose, and grown to an ODeoo
of 1.6-1.8. Afterwards, 2xYT medium was diluted 1:1 with ice-cold 2xYT medium to
reach an ODeoo of ~0.7-0.9 and 30 mM K2HPO4 and 4% (v/v) ethanol was added to
buffer the medium and to induce chaperone co-expression. Protein expression was
induced by adding 1 mM IPTG at 15 °C for 16 h at 90 rpm. Cells were harvested as
described for His-NOSIP. Bacterial cell pellets were resuspended in the three-fold
volume of Tris buffer and lysed using the EmulsiFlex-C3 system. Cell lysates were
cleared by ultra-centrifugation at 30.000 x g and 4 °C for 30 min. Afterwards, protein
containing supernatant was added to Ni-NTA agarose beads and incubated for 3 h at

4 °C under gentle agitation. Unbound protein was removed by centrifugation and
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pellets were washed three times using Tris buffer containing 5 mM imidazole, as
described for His-NOSIP. Ni-Beads were transferred to a gravity-flow column and
bound proteins were eluted using Tris buffer with 300 mM imidazole. The eluate was
concentrated using Spin-X-UF concentrator (MWCO 50 K) and filtered through
Minisart single use syringe filter (0.45 uM) prior to adding to SEC. For SEC, a
Superdex 200 HiLoad 26/60 prep grade column was used with SEC buffer,
supplemented with 5% (v/v) glycerol. His-Importin-7 AC containing fractions were

identified, concentrated, aliquoted and shock frozen as described for His-NOSIP.

GST-Importin-13 constructs

Plasmids coding for GST-Importin-13 constructs were transformed into E. coli IM109
and plated on LB-agara™picilin plates. A LB medium starter culture was inoculated using
several colonies and used the next day in a ratio of 1:100 to inoculate large-scale 2xYT
plus medium. Cells were grown at 37 °C and 90 rpm to an OD600 of 0.8 and induced
with 1 mM IPTG for 16 h at 18 °C. Cultures were harvested and pellets were washed
as already described. Pellets resuspended in GST buffer were disrupted using the
EmulsiFlex-C3 system and lysates were cleared as described for His-NOSIP. Protein
containing cleared lysate was incubated with Glutathione Sepharose 4 FastFlow
equilibrated in GST buffer for 2 h at 4 °C under gentle agitation. Unbound proteins
were removed by a centrifugation step (800 x g, 4 °C, 5 min) and washed once with
GST buffer, once with GST buffer, supplemented with 500 mM NaCl to remove
unspecific bound proteins, and again with GST buffer. A washing step was based on
a 5 min incubation at 4 °C, followed by 5 min centrifugation at 800 x g at 4 °C. Bound
proteins were eluted after transfer to a gravity-flow column with GST buffer containing
20 mM Glutathione. GST-Importin-13 eluate was then dialyzed over-night at 4 °C
against GST buffer using Slide-A-Lyzer Dialysis cassettes (MWCO 20 KDa), to
remove the eluent. Dialyzed protein was then concentrated using Spin-X-UF
concentrator (MWCO 30 K), aliquoted and shock frozen in liquid nitrogen. Purified
protein was analyzed by SDS-PAGE (2.3.1), followed by Coomassie staining (2.3.2)
and the concentration was determined as described in section 2.3.5.

62



Material and Methods

MBP-transportin 1 constructs

MBP-transportin 1 constructs were transformed into E. coli BL21(DE3) cells and
plated on LB-agara™pcilin plates. Plates were used to prepare a starter culture, which
were used to inoculate the large-scale LB medium cultures (1:100). Cells were
cultured to an OD600 of 0.8 and protein expression was induced using 0.5 mM IPTG
for 3-4 h at 37 °C. Cultures were harvested, washed and resuspended (in MBP buffer)
and lysates were cleared by centrifugation as described for His-NOSIP. Amylose resin
was equilibrated in MBP buffer and added to the ultra-centrifugation supernatant for
2 h at 4 °C under gentle agitation, followed by centrifugation to remove unbound
proteins. Afterwards, beads were washed three times with MBP buffer, as described
above, transferred to a gravity-flow column and MBP-proteins were eluted using MBP
buffer containing 20 mM maltose. Eluate was filtered through Minisart RC 15 single
use syringe filters and loaded onto a Superdex 200 HiLoad 16/60 prep-grade column
using 1x TPB buffer. MBP-transportin containing fractions were identified,

concentrated, aliquoted and shock frozen as described for His-NOSIP.

Ran-GTPi-180 Q69L

Expression and purification of Hisi0-ZZ-[TEV]-Rani-180 Q69L was adapted from the
protocol as depicted in (Port et al. 2015). Briefly, the plasmid was expressed in
BL21(DE3)pLysS in 2xYT medium (supplemented with ampicillin and chloramphenicol
and 2% (w/v) glucose) to an ODsoo of 0.9 while reducing the temperature gradually,
and induced with 0.5 mM IPTG for 15 h at 18 °C. Cells were harvested and
resuspended in Ran lysis buffer (50 mM HEPES, 500 mM NacCl, 5 mM MgCl2, 10%
(v/v) glycerol, 3 mM imidazole, 50 uM GTP, 1 mM DTT, pH 7.0) and incubated for
1 hour at 4 °C with benzonase. Afterwards, cells were lysed using the EmulsiFlex-C3
system and lysates were cleared by ultra-centrifugation. Cleared lysate was loaded on
a His-Trap 16/10 FF using an Akta pure system (GE Healthcare) with Ran lysis buffer.
Unbound proteins were washed-out with Ran lysis buffer and eluted in Ran lysis buffer
containing 500 mM imidazole. Eluate was then incubated with TEV-protease (1 mg
TEV-protease/50 mg protein) over-night at 4 °C to cleave the Hisio-ZZ-tag off. Cleaved
Rani-1s0 Q69L was then loaded again on the His-Trap 16/10 FF column to bind the
cleaved Hisi0-ZZ-tag and un-cleaved Hisio-ZZ-Rani-1s0 Q69L. The Rani-1so Q69L
containing flow-through was further purified by SEC using a Superdex 75 HiLoad
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16/60 prep-grade column and Ran SEC buffer (50 mM HEPES, 500 mM NaCl, 5 mM
MgClz, 10% (v/v) glycerol, 30 uM GTP, 1 mM DTT, pH 7.0). Rani-180 Q69L containing
fractions were pooled, concentrated using a Spin-X-UF concentrator (MWCO 5 K),

shock frozen in liquid nitrogen and stored at -80 °C.

GST-Lipin 1 constructs

Plasmids coding for GST-Lipin 1 (full length or aal-619) were transformed into E. coli
BL21(DE3)codon+ and plated on LB-agarA™pcilin plates. The LB medium starter culture
was inoculated using several colonies and to inoculate the large-scale LB medium in
a ratio of 1:100 the next day. Cells were grown at 37 °C and 90 rpm to an OD600 of
0.8 and induced with 0.5 mM IPTG for 4 h at 37 °C. Cultures were harvested, pellets
were washed with PBS and resuspended in GST buffer (supplemented with 0.1%
Triton-X-100. Cells were disrupted using the EmulsiFlex-C3 system and lysates were
cleared as described for His-NOSIP. Protein containing cleared lysate was incubated
with Glutathione Sepharose 4 FastFlow for 2 h at 4 °C under gentle agitation which
was equilibrated in GST buffer. Unbound proteins were removed by a centrifugation
step (800 x g, 4 °C, 5 min) and washed once with GST buffer, once with GST buffer,
supplemented with 500 mM NacCl to remove unspecific bound proteins, and again with
GST buffer. A washing step was based on a 5 min incubation at 4 °C, followed by
5 min centrifugation at 800 x g at 4 °C. Bound proteins were eluted after transference
to a gravity-flow column with GST buffer containing 20 mM Glutathione. GST-Lipin 1
was then concentrated using Spin-X-UF concentrator (MWCO 10 K), aliquoted and
shock frozen in liquid nitrogen. Purification was analyzed by SDS-PAGE followed by

Coomassie staining.

GST-PreScission protease

A plasmid coding for GST-PreScission protease was transformed into E. coli
BL21(DE3) and plated on LB-agara™Pcilin plate. Several colonies were used to
inoculate a starter culture which was grown over-night at 37 °C and 150 rpm. Starter
culture was used to inoculate large-scale LB medium cultures at a ratio of 1:100 which
were grown to an ODsoo of 0.9 and induced with 0.5 mM IPTG for 16 h at 30 °C. Cells
were harvested, washed and lysed in 1x PBS (containing 2 mM DTT, 0.1 pg/mL of
each leupeptin, aprotinin, pepstatin and 0.1 mM PMSF). Lysate cleared by ultra-
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centrifugation, was loaded onto a GST-prep 16/10 FF column, equilibrated in 1x PBS,
using an Akta pure system. Unbound proteins were removed by washing with two
column volumes (CV) of 1x PBS, followed by a high-salt wash with 1x PBS containing
500 mM NacCl to remove unspecific bound proteins. Afterwards, a washing step with
two CV of 1x PBS (with 2 mM DTT) was performed before eluting GST-PreScission
protease with 1x PBS containing 20 mM glutathione and 2 mM DTT. Fractions
containing GST-PreScission protease were dialyzed against 1x PBS with 2 mM DTT
over-night at 4 °C, followed by a concentration step, shock freezing and storage at -
80 °C.

Other proteins

His-Importin-o. was purified as described in (Weis et al. 1995) by Dr. Marina Blenski.
GST-M9 and GST-IBB (IBB: importin-B-binding domain) were expressed and purified
as described in (Arnold et al. 2006b) by Dr. M. Arnold. RanWT was expressed and
purified as described in (Melchior et al. 1995) by U. Moeller. His-Importin-5 protein
was kindly provided by Dr. A. Dickmanns.
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2.3.5 Protein concentration determination

To determine the concentration of purified proteins, two methods were used, either
the determination by Nanodrop or by densitometry. For densitometry, an SDS-gel was
loaded with 0.5, 1.0, 1.5 pg of BSA and 1, 2, 3 pL of protein solution and separated.
The gel was stained with Coomassie, documented with the LAS-3000 Documentation
system and analyzed with Fiji. BSA was used to create a standard curve and to

determine the unknown protein concentrations.

2.3.6 Loading Ran with GTP

The RanQ69L1-180 was loaded with GTP as described in (Kehlenbach et al. 1999).
Briefly, RanQ69L1-180 was expressed and purified (as described in section 2.3.4) and
the recombinant protein was incubated with TPB containing 2.5 mM GTP and 15 mM
EDTA for 30 min at RT, followed by the addition of 40 mM MgCl: for 20 min on ice to
stop the reaction. Afterwards, the buffer was exchanged to 1x TPB using PD-10
columns, according to the manufacturer’s instructions. Furthermore, the protein was

concentrated, aliquoted and shock frozen in liquid nitrogen.

2.3.7 Invitro binding assays

Binding assays using recombinant proteins:

The interaction between nuclear transport receptor (NTR) and potential cargoes was
studied using recombinant protein. Binding assays were performed with recombinant
proteins containing different tags. For GST-tagged proteins, Glutathione Sepharose
High Performance beads (GE Healthcare) were used while Amylose Resin High Flow
beads (New England BioLabs) were chosen for MBP-tagged proteins and S-protein
beads (Novagen) for S-protein-tagged proteins. The beads were washed twice with
water and twice with 1x TPB, followed by equilibration with binding buffer (1x TPB with
20 mg/mL BSA or Ovalbumin) for 30 min at 4 °C on a rotation wheel to block the
beads. Afterwards, 100 pmol of tagged proteins were immobilized per 10 pL beads for
1-2 h at 4 °C, followed by three washing steps, each with 1 mL binding buffer to
remove unbound proteins. Immobilized protein was then incubated with proteins of
interest in equimolar amounts or in excess, as indicated for the respective

experiments, in a total volume of 0.5 mL for 2-3 h at 4 °C on a rotation wheel. Then,
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the beads were washed three times with 1 mL 1x TPB to remove unbound proteins.
To elute bound proteins, 50-100 pL 4x SDS sample-buffer were added and samples
were boiled at 95 °C and 800 rpm for 10 min, followed by a centrifugation step at
800 x g and 4 °C for 5 min to pellet the beads. The protein containing supernatant was
transferred to a fresh reaction tube and analyzed by SDS-PAGE analysis (2.3.1) and
Coomassie staining (2.3.2) or Western blot analysis (2.3.3).

Binding assays using cell lysate

For binding assays with cell lysate, 600 pmol His-NOSIP-MBP (wildtype and mutants)
or MBP were immobilized to 62.5 uL equilibrated MBP-selector Beads (Nanotag
Biotechnologies) for 1 h at 4 °C using 1x TPB containing 10 mg/mL BSA, 1 pyg/mL
each of leupeptin, pepstatin and aprotinin and 2 mM DTT. Immobilized His-NOSIP-
MBP was incubated with 200 puL HeLa cytosol (Ipracell, 14.3 mg/mL) in the presence
or absence of 2000 pmol RanQ69L1-180-GTP in a final volume of 1 mL for 6 h at 4 °C
under continuous gentle rotation. Unbound proteins were removed by 4 washing
steps, each with 1 mL 1x TPB for 2 min at 800 x g and 4 °C. Bound proteins were
eluted using 150 pL of 4x SDS sample buffer at 95 °C for 10 min shaking at 800 rpm
in a Thermomixer comfort (Eppendorf). Afterwards, a centrifugation step at 16,100 x g
was used to pellet the beads and the protein containing supernatant was transferred
to a fresh tube. Samples were analyzed by SDS-PAGE (2.3.1) followed by Western
blotting (2.3.3).

2.3.8 Complex formation

To analyze if a potential cargo is forming a protein-complex with a nuclear transport
receptor, analytical size exclusion chromatography (SEC) was performed. Therefore,
20 uM of each nuclear transport receptor was mixed with equimolar (or excess amount
in case of ternary complexes) of His-NOSIP or optionally 60 uM of RanQ69L1-180-GTP
in a total volume of 250 pL and incubated for one hour on ice. Before applying this
complex to a Superdex 200 (or 75) 10/300 GL (increase) column on an Akta pure/Akta
purifier system, it was centrifuged at 16,000 x g and 4 °C for 15 min. The run was
performed with a flowrate of 0.5 mL/min and 0.5-1.0 mL fractions were collected and
analyzed by SDS-PAGE (2.3.1), followed by Coomassie staining (2.3.2).
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2.3.9 Antibody purification

The polyclonal anti-NOSIP antibody (Table 16) was purified from serum of two rabbits
which were immunized against recombinant full-length His-NOSIP by Davids
Biotechnology GmbH company. For purification of anti-NOSIP antibody, 1.2 mg of His-
NOSIP-MBP were dialyzed against carbonate buffer (0.2 M Na2COs/NaHCO3 pH 8.9)
at 4 °C over-night. Dialyzed His-NOSIP-MBP was immobilized to 1.4 g cyanogen
bromide-activated Sepharose 4B (Sigma Aldrich) for one hour at RT, followed by an
incubation over-night at 4 °C. Cyanogen bromide-activated Sepharose was prepared
by swelling in 1 mM ice-cold HCI for 1 hour, washing two times with water and brief
washing in carbonate buffer. The next day, beads were washed twice with carbonate
buffer and remaining free reactive amide groups were blocked using 100 mM
ethanolamine in carbonate buffer for one hour at RT while rotating. Afterwards, three
washing steps with carbonate buffer and one with 0.5 M NaCl in 1x PBS were
performed. Prior to adding the serum to the immobilized His-NOSIP-MBP for an over-
night incubation at 4 °C, the immune serum was diluted 1:1 with 1x PBS and filtered
through a 0.2 pm sterile filter. Beads were transferred to a gravity-flow column
(BioRad) and washed with 1x PBS containing 0.5 M NaCl until no more protein was
present in the flow-through fraction. The antibody was eluted with 0.2 M acetic acid
and 0.5 M NaCl in 1x PBS at pH 2.5 in fractions of 0.5 mL, these fractions were
immediately neutralized with 100 pL of 100 uM Tris base (pH 8). Ponceau S staining
was used to identify antibody containing fractions. First elution step was followed by a
second elution step with 100 uM Triethylamine pH 11.5 in 500 pL fractions after
neutralization of the beads by 1x PBS containing 0.5 M NaCl. Again, fractions were
checked for antibodies by Ponceau S staining, all antibody containing fractions were
combined and concentrated in a 30 K MWCO Spin-X UF concentrator to a volume of
0.5 mL. Antibodies were supplemented with 500 pL 87% glycerol and stored at -20 °C
until further use. Self-made antibodies were tested in Western blotting (2.3.3) and

indirect immunofluorescence (2.4.8).
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2.4 Cell Biology Methods

2.4.1 Cultivation of mammalian cells

Mammalian cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with Fetal Bovine Serum (10%), L-glutamine (2 mM) and
penicillin/streptomycin (each 100 pg/mL). The cells were grown in a humidified cell
incubator at 37 °C and 5% CO:z. To keep cells growing, they were sub-cultured twice
a week in fresh medium when they reached a confluency of ~80%. For cell passaging,
old medium was aspirated and the cells were washed once with 1x PBS. To detach
cells, 1 mL of pre-heated trypsin was added and incubated at 37 °C. For inactivating
trypsin, 9 mL of DMEM was added and the cell suspension was pipetted up and down
to separate cells and dissolve cell clumps. A certain amount of this cell suspension
was transferred to a new sterile 10 cm dish and supplemented with fresh DMEM to a
total volume of 10 mL. Cells were distributed equally in the dish and incubated in a
humidified cell incubator at 37 °C and 5% CO:2. HeLa P4 cells and NIH 3T3 cells were

passaged twice a week with a dilution of 1:10 up to 1:20.
2.4.2 Determination of Cell concentration

The number of cells per milliliter were determined using the CASY 1 system (Schéafer
System). Therefore, 100 uL of the detached and separated cell suspension were
added to 10 mL of Coulter ISOTON II Diluent and measured according to the

manufacture’s protocol.
2.4.3 Transfection of Plasmids

Calcium phosphate

To transfect mammalian cells with plasmid DNA, the calcium phosphate method was
used. 50.000 cells were seeded per well in a 24-well plate and cultivated in 0.5 mL
DMEM in a humidified cell incubator at 37 °C and 5% CO.. For transfection, the cells
need to be at a confluency of ~50%. 0.5-1 ug of plasmid DNA were added to 20 pL
250 mM calcium chloride and vortexed for 10 seconds. Then, 20 uL of 2x HBS buffer
was added and vortexed for 10 seconds. This transfection solution was incubated at

RT for 20 min to form phosphate-DNA complexes before adding dropwise to the cells.
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Transfected cells were grown in a humidified cell incubator at 37 °C and 5% CO: until

the next morning.

Lipofectamine® 2000

For transfection of plasmid DNA with the lipofectamine method, 80.000 cells were
seeded per well in a 24-well plate in 0.5 mL DMEM. The confluency at the day of
transfection needed to be around ~70%. Prior to the transfection with lipofectamine,
DMEM medium was changed to DMEM without penicillin and streptomycin. 0.5-1 pg
of plasmid DNA was added to 25 pL OptiMEM and 1.5 pL of Lipofectamine® 2000
were added to 23.5 pL OptiMEM, both solutions were mixed and incubated for 5 min
at RT. Then, both solutions were combined and incubated for 20 min at room
temperature to form DNA containing lipid-droplets. Afterwards, the solution was added
dropwise to the cells and cells were incubated at 37 °C and 5% COg, followed by a
medium exchange to DMEM, supplemented with penicillin and streptomycin, after 4-
5 h because of the toxicity of lipofectamine. The cells were then incubated in a
humidified cell incubator at 37 °C and 5% COa.

Lipofectamine™ RNAIMAX

Lipofectamine™ RNAiMax was used to transfect siRNA to knockdown specific
proteins. Here, 30.000 cells were seeded onto cover-slips in a 24-well plate. The next
day 50-100 nM siRNA were mixed with OptiMEM in a total volume of 25 pL, while
1.5 pL Lipofectamine™ RNAiMax were incubated with 23.5 uL OptiMEM for 5 min at
RT. Afterwards, both solutions were combined, incubated for 20 min at RT and then
added dropwise to the cells and incubated at 37 °C and 5% CO2, followed by a
medium exchange after 6 h. Optionally the next day cells were re-transfected with
50 nM of siRNA as described above. At the third day after seeding, 0.5-1 pg of
plasmids of interest were transfected using the calcium-phosphate method and
incubated at 37 °C and 5% COa.

2.4.4 Treatment of HeLa P4 cells

Cells were treated with Leptomycin B (LMB) to block CRM1 dependent nuclear export.

To analyze the effect of okadaic acid (OA), a general phosphatase inhibitor or of
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staurosporine (ST), a protein kinase inhibitor or of both on NOSIP, cells were treated
with these reagents. Therefore, cells were grown as described for the respective
application. For immunofluorescence, cells were seeded and transfection was
performed the next day, as described in 2.4.3. For cell treatment, transfected cells
were washed once with 1x PBS to replace the medium with fresh DMEM containing
the reagent. For LMB treatment, cells were incubated with 10 nM LMB (dissolved in
ethanol) for 1-4 h. In case of the Heterokaryon assay (2.4.11), cells were incubated 3
h while co-cultivation with NIH 3T3 cells and throughout the whole experiment. For
treatment with 0.1, 0.25, 0.5 uM OA or 0.5, 1 uM ST or both together, the cells were
incubated for 1-2 h at 37 °C and 5% CO2 in DMEM. After the treatment, cells were
washed twice with 1x PBS and subjected to indirect immunofluorescence (2.4.8). For
Western blot analysis, 70.000 cells were seeded in 24-well plates and the next day
cells were treated with respective amounts of OA, ST or OA/ST for 2 h at 37 °C and
5% CO2. Afterwards, cells were washed with 1x PBS and collected using 100 pL
trypsin and cells were pellet by centrifugation at 800 x g for 5 min. Cells were
resuspended and lysed in 50 pL 4xSDS-sample buffer and boiled for 10 min at 95 °C
prior to Western blot analysis.

2.4.5 Synchronization of HelLa cells by a double-thymidine block

40.000 HelLa P4 cells per well in 24 well-plates (for indirect immunofluorescence on
cover slips) were seeded and cultivated at 37 °C and 5% CO2. The next day, cells
were incubated for 18 h with DMEM containing 2 mM thymidine, followed by a release
for 8 h in DMEM lacking thymidine. For a second block, cells were again incubated
with DMEM containing 2 mM thymidine for 16 h at 37 °C and 5% CO2. Afterwards,
cells were released by washing twice with pre-warmed PBS and the addition of fresh
DMEM for another 8-9 h. Cells collected immediately after the release represent cells
in G1-phase of the cell-cycle and cells harvested after 8-9 h represent cells in G2-
phase of the cell-cycle. When harvesting cells for indirect immunofluorescence, cells
were washed twice with PBS and fixed with 3.7% formaldehyde for 10 min at RT. Flow
cytometry analysis was used to determine the stage of the cell-cycle. For this, the DNA
content was stained and analyzed, since the amount of DNA is doubled in the G2-
phase compared to the Gl-phase of the cell-cycle. For flow cytometry, cells were

washed with twice with PBS, fixed in 70% ethanol overnight at 4 °C, followed by a
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treatment with 50 pg/ul RNAse for 4 h on ice. DNA was then stained with 50 pg/mi
propidium iodide for 30 min at RT. Fluorescence was measured using a FACSCanto
Il (BD Biosciences) with FACS Diva 6.1.1 software and data were analyzed using

Flowjo software (Version 10.7.2).
2.4.6 Coating of coverslips with Poly-L-Lysine

For transport assays (described in 2.4.7), cells were grown in 24-well plates on poly-
L-Lysine coated coverslips to obtain a better attachment of the cells. Therefore,
coverslips were washed with isopropanol and were air-dried separately on filter paper.
Poly-L-Lysine was diluted to 0.01% (v/v) with sterile H2O and spread on to the
coverslips for a 30 min incubation at room temperature. Afterwards, poly-L-Lysine
solution was aspirated carefully and coverslips were washed once with sterile H20.

The air-dried cover slips were then sterilized in a UV oven with 0.12J/cm? for 3 min.
2.4.7 Invitro transport assays

To analyze the nuclear transport of specific proteins, an in vitro transport assay was
performed. The assay is based on the protocol from (Adam et al. 1990). For the
transport assay, 60.000 mammalian cells were seeded in 0.5 mL DMEM on poly-L-
Lysine coated cover slips in a 24-well plate. The cells needed to exhibit a confluency
of ~50-70% and were first washed twice with ice-cold 1x TPB. Afterwards, the plasma
membrane was permeabilized for 5 min on ice with 0.005-0.006% digitonin in 1x TPB
while the nuclear membrane remained intact (Adam et al. 1990). The efficiency of
permeabilization was checked by trypan blue staining. The permeabilized cells were
then washed 3 times with 1x TPB, each for 3 min at room temperature or 4°C, to
remove the cytosol. Afterwards, 40 uL of the transport reaction mixture were added
on top of the cover slips and the transport reaction was performed either at 4 °C on
ice or at 30 °C in a dark humidity chamber for 30 min. The transport reaction mixture
consisted of 1 uL ATP regenerating system (1 mM ATP, 5 mM creatine phosphate, 20
U/mL creatine-phosphokinase), 500 uM protein of interest, 1 mM Nuclear Transport
Receptor, 2 mg/mL BSA in 1x TPB, 4 uM RanWT and optionally instead of NTR 4 pL
cytosol (14.3 mg/mL) or 100 pg/mL WGA (wheat germ agglutinin). To stop the
transport reaction, the cells were washed three times for 5 min with ice-cold 1x TPB,

followed by a fixation step with 3.7% formaldehyde in 1x PBS for 20 min at room
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temperature. Afterwards, indirect immunofluorescence (2.4.8) was used to visualize

the proteins.

2.4.8 Indirect immmunofluorescence

Indirect Immunofluorescence was used to detect transfected or endogenous proteins
in mammalian cells. Therefore, mammalian cells grown on cover slips were washed
twice with 1x PBS the day after transfection. Afterwards, cells were fixed with 3.7%
formaldehyde for 15 min, followed by washing twice with 1x PBS, each for 5 min to
remove residual fixing solution. Then, cells were incubated with 0.5% Triton-X100 in
1x PBS for 5 min on ice to permeabilize the cells. To avoid unspecific binding of the
antibodies, cells were blocked with 1% BSA or 10% FCS in 1x PBS for 10-20 min. For
the detection of the proteins, the cover slips were placed in a dark humidity chamber
and incubated with the primary antibody (Table 16) diluted in blocking solution for one
hour at RT. To remove the excess of primary antibody, cells were washed three times
with 1x PBS for 5 min each step. Afterwards, the cells were incubated with the
secondary antibody (Table 17) diluted in blocking solution for one hour at RT. The
excess of antibody was removed by three washing steps, each with 1x PBS for 5 min.
The cover slips were air-dried in the dark after an additional washing step with sterile
water. The cover slips were then mounted in Mowiol mounting medium containing
1 pg/mL DAPI to stain the nuclei (except for constructs containing mTagBFP (blue

fluorescence protein)).
2.4.9 Microscopy

Cells transfected with fluorescently labeled proteins or stained by indirect
immunofluorescence were analyzed using either a confocal microscope (LSM 510
META system) or an epifluorescence microscope (Nikon Eclipse Ti2). When using
confocal microscopy, an Axiovert 200 M inverted microscope (Zeiss) was used, and
images were acquired using the LSM 510 META confocal imaging system. The
following objectives were used: 63x Plan-Neofluar 1.3 NA water-corrected objective
or 100x Plan-Neofluar 1.3 NA water-corrected objective. For the excitation of DAPI
and mTag-BFP2, the diode laser 405 nm was used, for AlexaFluor488 and GFP the
458/477/488/514 nm argon laser and for RFP or AlexFluor594 the 594nm HeNe laser.

For acquisition of confocal images, the Zeiss Zen System (blue edition) software was
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used. As a standard the pinhole was set to 1 airy unit. Laser intensity was set to a
level to obtain a good signal intensity and prevent bleaching effects. For image
acquisition, 4 images were averaged at a data depth of 8 bit, the scan speed was
adjusted between speed 5 and speed 7. Intensity and background signal was adjusted
using the Detector Gain and the Amplifier Offset. Images were analyzed using Fiji
(version 2.1.0) software or Cell Profiler software (2.4.12). If needed for printing,

brightness and contrast were linearly enhanced.

2.4.10 Glucocorticoid receptor assay (GR assay)

To analyze nuclear import and export, glucocorticoid-receptor assays (GR Assay) was
used, adapted from (Love et al. 1998). For this assay, 50.000 HeLa P4 cells were
grown on coverslips in 24-well plates and transfected with GR2-GFP-NOSIP (or
mutant) or Rev-GR-GFP. Upon addition of 10 uM dexamethasone in DMEM
(containing 100 pg/uL cycloheximide (CHX)) for up to 2 h at 37 °C, import of GFP-
reporter proteins was induced. To fix cells at indicated timepoints, they were washed
three times with 1x PBS, followed by a 10 min fixation step at RT in 3.7% formaldehyde
in 1x PBS. After fixation, cells were washed three times with 1x PBS and once with
sterile water prior to drying and mounting in Mowiol containing DAPI. For analysis of
nuclear export, import was induced as described above and dexamethasone was
removed. After washing three times with 1x PBS, cells were incubated in DMEM
containing 100 pg/uL CHX for up to 2 h at 37 °C. Cells were fixed and mounted at
different time-points as described above. Mounted cells were analyzed by
fluorescence microscopy using a Nikon Ti-2 eclipse with a 60x Plan Apo 1.4 NA oil
objective.

2.4.11 Heterokaryon assay

Shuttling of NOSIP was analyzed using a heterokaryon assay (HKA). 50.000 HelLa
cells were seeded on poly-L lysine coated-coverslips in 24-well plates and incubated
for 24 h at 37 °C and 5% CO2. The next day, cells were transfected with respective
plasmids coding for NOSIP-HA (wildtype and mutants), GFP-GST-NOSIP (wildtype
and mutants) or Revar-116-GFP2-cNLS, using the calcium-phosphate method (2.4.3).
After 24 h, cells were co-cultured with NIH 3T3 mouse fibroblasts in DMEM,
supplemented with 100 pg/pL CHX to stop protein translation for 3 h at 37 °C and 5%
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CO2. Afterwards, heterokaryons were formed by fusing settled NIH 3T3 cells and
HeLa P4 cells, therefore coverslips were placed on 40 pL 50% (w/v) PEG200 or on
sterile PBS as control for 3 min at RT. To remove residual PEG2000, coverslips were
washed four times extensively with 1x PBS. Fused cells were then incubated in DMEM
containing 100 pg/puL CHX for 3 h at 37 °C and 5% CO2. Afterwards, cells were
washed three times with 1x PBS, fixed in 3.7% formaldehyde in 1x PBS for 10 min at
RT and washed again three times with 1x PBS. Fluorescently labeled proteins were
directly mounted in Mowiol containing DAPI while other proteins were visualized and

analyzed by indirect immunofluorescence (2.4.8) followed by microscopy (2.4.9).
2.4.12 Image analysis using Cell profiler

Microscopy images were acquired as described in 2.4.9 and analyzed using Cell
profiler software (Carpenter et al. 2006). For analysis of the nucleocytoplasmic ratio
(N/C ratio), cell nuclei were identified by DAPI staining using the ‘Otsu thresholding’
method. The identified nuclear region was then expanded depending on the intensity
using the ‘Minimum Cross Entropy’ method and a minimal intensity of 0.01 to obtain
the whole cell region. The cytoplasmic region was then defined by subtracting the
nuclear region from the whole cell region. After the definition of the whole cell,
cytoplasmic and nuclear region, images were filtered for transfected cells in the 488
nm channel or, in the case of co-transfected cells, for 488 nm and 594 nm channel.
Therefore, cells were filtered depending on the intensity in one or both channels with
a cutoff intensity of 0.01. In filtered cells, the cytoplasmic and nuclear fluorescence
intensity were measured in the channel of interest, followed by the division of the
nuclear intensity by the cytoplasmic intensity to obtain the N/C ratio. For each
condition, 500-1000 cells were analyzed and the results were visualized in Graph Pad
Prism 9. Statistical analysis was performed using OneWay ANOVA, followed by
Bonferroni post-test. P-values <0.05 were considered as significant (*: <0.05, **: < 0.01,
*** 20.001).

For the analysis of in-vitro transport assays (2.4.7), the nuclear intensities of 50 — 100
cells per condition were measured using the Cell profiler software. Cell nuclei were
identified by their DAPI staining using the ‘Otsu thresholding’ method. The identified
nuclear region was then expanded depending on the intensity using the ‘Minimum

Cross Entropy’ method and a minimal intensity of 0.01 to obtain the whole cell region.
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Afterwards, cells were filtered for a minimum intensity of 0.01 in 488 nm (optionally
594 nm, depending on the staining) channel. The identified nuclei were shrunken by
10 pixels to measure only the fluorescence within the nucleus. The mean fluorescence
intensity was measured in the shrunken nuclear region of filtered cells. In these
transport assays, all conditions were performed at 37 °C and as control at 4 °C. To
overcome the problem of varying background intensities which depended on the
nuclear transport receptor used, the mean fluorescence of the 4 °C controls (condition
without active transport) were subtracted from respective 37 °C samples. The
corrected mean fluorescence intensity was normalized to a positive control (condition
with whole transport mix containing cytosol instead of recombinant NTR) which was
set to 1 as 100% transport. Data were plotted in Graph Pad Prism 9.

2.5 Structural Methods

2.5.1 Circular dichroism spectroscopy

CD-spectroscopy was performed to analyze whether recombinantly expressed and
purified NOSIP was folded. For this, untagged NOSIP was purified as described in
2.3.4 and the buffer was exchanged by 100 mM Na2HPO4/NaHPO4 (pH 8.0) using
SlideALyzer dialysis cassettes (10K MWCO) over-night at 4 °C. Dialyzed protein was
then centrifuged at 16,100 x g for 10 min and 4 °C to remove aggregates and was
adjusted to a concentration of 0.1 mg/mL in a total volume of 370 pL. Samples were
measured using a Chirascan™ CD spectrometer with respective cuvettes.
Measurements were acquired with the following settings: with 1 nm steps from 180-
260 nm, 0.5 s per time-point in millidegrees (mdg), at a temperature pf 20 °C and with
20 spectra repeats. Data were acquired and analyzed using Chirascan Software
v.4.2.27, a sample of buffer was used as blank. For analysis, all 20 spectra were
averaged, and the blank average was subtracted to obtain the CD-spectrum. This
resulting CD-spectrum was compared to a data bank of proteins with known structure
and CD-spectrum to calculate the amounts of secondary structure elements. Data
were plotted using GraphPad Prism 9.

2.5.2 Cross-linking of NTR-NOSIP complexes

To form NOSIP-NTR complexes, 100 uM His-NOSIP were incubated with 100 uM His-
transportin 1 or His-importin 13 for 2 h on ice in a final volume of 300 pL in Cross-
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linking Buffer (20 mM Na2HPO4/NaH2PO4 pH 8.0, 150 mM NaCl, 1 mM EDTA and
5% glycerol). Preformed complexes were purified using a Superdex 200 analytical
10/300 GL increase column (GE Healthcare) equilibrated in cross-linking buffer.
Purified complexes were used for cross-linking with bis(Sulfosuccinimidyl)Suberate
(BS3). BS3 is an amine-to-amine cross-linker, both reactive groups are separated by
a spacer-arm of 11.4 A, which crosslinks primarily lysine sidechains. Cross-linking was
performed at RT, BS3 was added in 50, 100, 200, 300, 400 and 800 -fold molar excess
and reactions were stopped by adding TRIS-buffer (pH 8.8) to a final concentration of
50 mM. Afterwards, 4x SDS-sample buffer was added and samples were analyzed by
SDS-PAGE and Coomassie staining (2.3.1, 2.3.2). Shifted bands corresponding to the

size of cross-linked proteins were subjected to LC-MS analysis.

Additionally, purified NOSIP-Importin-13 complex was crosslinked using
formaldehyde. His-NOSIP/His-Importin-13 complex was purified as described above
and incubated with 0.4, 0.8, 1 or 1.3% of formaldehyde in buffer (20 mM HEPES,
100 mM NacCl, 15% glycerol, 4 mM MgClz, 10 mM R-mercaptoethanol; pH 7.5) for 30
min at RT. Formaldehyde crosslinks everything in close proximity and cannot be
mapped to a single residue while BS3 can. To stop the crosslinking reaction, 2-fold
molar excess of TRIS compared to formaldehyde was added. Afterwards, 4x SDS
sample buffer was added to the crosslinked complex and was heated no more than
37 °C, since higher temperature break the crosslinks. After heating the samples at
37 °C for 10 min, they were separated via SDS-PAGE, followed by Coomassie
staining. Bands corresponding to the size of the complex were excised and subjected
to LC-MS-analysis. LC-MS analysis was performed by Iwan Parfentev (MPI,
Bioanalytical Mass Spectrometry, Géttingen, Prof. Dr. Hennig Urlaub group).

2.5.3 Molecular Docking

The AlphaFold structure of NOSIP (AlphaFold database: AF-Q9Y314-F1-model_v2)
was docked to the crystal structure of transportin 1 using mass spectrometry derived
crosslinking data as restrains. For transportin 1 the crystal structure of RanGppNHp-
transportin 1 (PDB: 1QBK) was used. Therefore, the RanGppNHp structure was
removed and transportin 1 was used as input for the initial docking. The structures of
NOSIP and transportin 1 were initially docked using the protein-protein docking

ClusPro webserver (https://cluspro.bu.edu/). The transportin 1 structure was used as
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receptor and the NOSIP structure as ligand. The identified crosslinked residues were
given as attraction sites for transportin 1 (K66, K81, K85, K128, K197, K385, K502,
K889) and for NOSIP (K21, K90, K100, K117, K132, K153, K155, K157, K172, K175,
K178, K289). For further analysis the model saturating the most crosslinks, the highest
ClusPro score and NOSIP positioned in the inner-concave surface of transportin 1 was
chosen. This initial model was further refined using the local docking protocol of the
Rosetta software. Prior to the local docking by Rosetta, the input complex was energy
minimized using the relax protocol generating 500 constructs. The complex with the
lowest total energy was chosen as input structure for the local docking protocol. The
docking protocol was performed using the options listed in Table 18 and the constrains
listed in Table S 1 and Table S 2. The model with the lowest energy and highest
interface score and additionally saturating the most crosslinks with a maximum
distance of 30 A was used for visualization. The complex structure was visualized
using Chimera software (Pettersen et al. 2004).

Table 18: Options used for local docking of NOSIP and transportin 1
Options
-partners B_A
-docking local refine
-dock_pert 3 8
-SsC_min
-ex1
-ex2aro
-use_input_sc
-construct 10000
-constraints:cst_file
-score:docking_interface_score 1
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3 Results

In a recent proteomic screen to identify importin 13 cargoes, several new import and
export-cargoes were identified (Baade et al. 2018). Two of these cargoes are NOSIP
and Lipin 1, which were defined as potential importin 13 import-cargoes. Here, the role
of importin 13 in the nuclear transport of NOSIP and Lipin 1 was analyzed in detail.

Lipin 1 was shown to harbor a classic NLS (***KKRRKR?%®) and to be imported by
importin o/p (Ren et al. 2010). The LMB sensitivity of Lipin 1 points to CRM1 mediated
nuclear export (Ren et al. 2010). To determine the role of importin 13 in Lipin 1 nuclear
transport, the interaction of Lipin 1 with importin 13 was analyzed. Further, the role of
importin 13 in Lipin 1 nuclear transport in HeLa cells was determined by performing

knock-down experiments.

Like Lipin 1, NOSIP was suggested to be imported through the canonical NTRs
importin o/p. However, it was found to be a potential import substrate of importin 13
with a rather high score. Therefore, the nuclear transport of NOSIP was analyzed in
more detail in this work using various assays, followed by the analysis of its interaction
with NTRs in a systematic way and a structural analysis of these interactions using
cross-linking combined with mass-spectrometry. Moreover, regulation of nuclear
transport, especially during the cell-cycle, was analyzed since NOSIP was observed

to be relocated to the cytosol in a cell-cycle dependent manner.
3.1 Characterization of Lipin-1 interaction with importin 13

Lipin 1 is an important protein in fatty acid metabolism through its action as a
transcriptional coactivator of lipid metabolic gene expression (Finck et al. 2006). Its
transport was shown to depend on importin o/f and probably CRM1 (Ren et al. 2010).
Additionally, its identification as an importin 13 cargo led to the question if importin 13
may play a role in its nuclear import. To analyze the nuclear import of Lipin 1, the
localization of endogenous Lipin 1 was compared to the localization of over-expressed

Lipin 1-HA protein in HelLa cells.
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3.1.1 Lipin 1 localization in cultured cells

First, the localization of endogenous and HA-tagged Lipin 1 in HeLa and HAP1 cells
was analyzed. Endogenous Lipin 1 was detected all over the cell with an equal
distribution between nucleus and cytoplasm. Over-expressed Lipin 1-HA was
localized in a similar way, however, with a more pronounced cytoplasmic staining
(Figure S 2). GFP-GST-Lipin 1 instead was mainly localized in the cytoplasm and only
barely detected in the nucleus. For further experiments Lipin 1-HA, which localizes
similar to the endogenous Lipin 1, was used.

To confirm the previous reports that Lipin 1 may be exported through the major export
receptor CRM1 (Ren et al. 2010), HelLa cells, transfected with Lipin 1-HA, were treated
with 10 nM LMB. As observed before, in the absence of LMB most cells showed an
equal distribution between nucleus and cytoplasm and in some cells slightly enriched
in the cytosol. When treated with 10 nM LMB for 45 min, a more pronounced nuclear
localization was observed. After 90 min of treatment, the nuclear signal increased,

indicating a CRM1 dependent nuclear export of Lipin 1 (Figure 5).

+10 nM LMB

- 45 min 90 min

Lipin 1-HA

Figure 5: Lipin 1-HA accumulates in the nucleus after LMB treatment. HeLa P4 cells were transfected with a plasmid
coding for Lipin 1-HA using the calcium phosphate method. Cells were treated with 10 nM Leptomycin B (LMB) for
up to 90 mins. Lipin 1-HA was visualized by indirect immunofluorescence using an antibody against the HA-tag.
Samples were analyzed by epifluorescence microscopy, scale bar 20 pm.

To validate the role of importin o/f in the nuclear import of Lipin 1, established peptide
inhibitors of this pathway were used, as well as transportin 1 inhibitors as a control for
the import pathway. Bimax2 is an optimized cNLS sequence, which was shown to bind
with picomolar affinity to importin oo and thereby prevents dissociation by RanGTP
(Kosugi et al. 2008). Transportin 1 is inhibited by a peptide comprising an optimized
M9 sequence, named M9M, which binds 200-fold stronger than typical M9-cargoes
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(Cansizoglu et al. 2007). For importin 13 no such inhibitors are available. In order to
analyze if the peptide inhibitors are selective for the respective pathways, shuttling
reporter proteins were used. These shuttling proteins contain an NES fused to an

mTagBFP2 (blue fluorescent protein) and either an cNLS or an M9-sequence.

The M9-shuttling construct (NES-mTagBFP2-M9, or in short BFP-M9) shows mainly
a nuclear localization under steady state conditions. Control constructs were
transfected with GFP-tagged inhibitors. The co-transfection with GFP-M9M abolished
the nuclear accumulation of BFP-M9, whereas the co-transfection with GFP-bimax2
did not alter its localization. The cNLS-shuttling construct (NES-mTagBFP2-cNLS, or
in short BFP-cNLS) showed a shift to the cytoplasm when co-transfected with GFP-
bimax2 but was not affected by GFP-M9M (Figure 6 A). This indicates the specificity
of the respective inhibitory peptides. Endogenous Lipin 1 is localized in the nucleus
and the cytoplasm but when co-transfected with GFP-bimax2 it was excluded from the
nucleus (Figure 6 B). Co-transfection of GFP-M9M lead to a weak shift to the
cytoplasm in single cells, but not as pronounced as for GFP-Bimax2. When
transfecting these peptide inhibitors in HeLa cells together with Lipin 1-HA, GFP-M9M
did not show any effect. GFP-Bimax2 led to a strong accumulation of Lipin 1-HA in the
cytoplasm, similar as for endogenous Lipin 1 (Figure 6 B). This indicates that

importin o/f plays a major role in the nuclear import of Lipin 1 in HeLa cells.
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Figure 6: Effect of the inhibitors bimax2 and M9M on Lipin 1. A) HeLa P4 cells were transfected with shuttling
constructs containing an NES, a fluorescence tag (mTagBFP2) and a cNLS or M9-signal (NES-mTagBFP2-
cNLS/M9, in short BFP-cNLS/M9) to validate the specificity of the inhibitors. MOM is an optimized M9 sequence
and established as a transportin 1 inhibitor, bimax2 is an optimized cNLS sequence, which binds and inhibits
importin . MOM or bimax2 were transfected as GFP-tagged fusion proteins, together with the shuttling constructs.
(B) Transfection of GFP-M9M or bimax2 as GFP- or RFP-tagged variants respectively. Cells were transfected
either with GFP-M9M or GFP-bimax2 alone or in combination with Lipin 1-HA. Lipin 1 was visualized by indirect
immunofluorescence using antibodies against the HA-tag or Lipin 1. Scale bar 20 pm.

3.1.2 Interaction of Lipin 1 with importin 13

Lipin 1 is known to be imported by importin o/p3 (Ren et al. 2010), which was confirmed
in this work. However, in a proteomic screen Lipin 1 was identified as a potential import
substrate of importin 13. To compare the binding of importin 13 and importin o/ to
Lipin 1, all proteins were purified and used in a binding assay. Full-length GST-Lipin 1
(aa 1-890) was barely soluble. To improve the solubility, a C-terminal truncated Lipin 1
fragments were tested (data not shown). GST-Lipin 11-61° showed the highest solubility

and bound comparable to the full-length Lipin 1 (Figure S 3). GST-Lipin 11-%1° was
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immobilized on glutathione sepharose beads and incubated with His-importin 13 and
His-importin o/ or both. To test whether importin o/ can replace importin 13 from
binding to GST-Lipin 169, the concentration of His-importin 13 was kept constant and
increasing amounts of His-importin o/ were added. Additionally, the assay was
performed in the reverse way, keeping His-importin a/p concentration constant and
increasing His-importin 13. Bound proteins were analyzed by Western blotting, since
His-importin (103 kDa) and His-importin 13 (108 kDa) have a similar size and could

not be analyzed by Coomassie staining.

When GST-Lipin 1162 was incubated with an equimolar amount of His-importin 13,
binding of importin 13 was observed (Figure 7, first lane). The addition of 2-fold or 4-
fold molar excess of His-importin o/f3 reduced the bound fraction of His-importin 13. A
10-fold molar excess abolished binding of His-importin 13 almost completely. The
band intensities of His-Importin o and His-importin B were increasing. In the reverse
reaction, where importin o/p were kept constant, neither a 2-fold nor a 4-fold molar
excess of importin 13 could compete with importin o/p for binding to Lipin 1. Only the
presence of importin 13 in 10-fold molar excess decreased the binding of importin o/
slightly (Figure 7). As a control, the GST-tag alone was immobilized and incubated
with the His-tagged NTRs. No binding of importin 13 or importin o/ to GST-alone was
observed, indicating the specificity of this reaction. This assay demonstrates that
importin 13 binds to Lipin 1 in an in vitro binding assay. However, importin 13 could
not compete with importin o/p for Lipin 1 binding. Instead, importin o/f could prevent
binding of importin 13 to Lipin 1 when present in molecular excess, indicating a higher

affinity of importin o/p under these experimental conditions.

The specificity of the binding of importin 13 or importin o/p to GST-Lipin 1%61° was
tested using Rani-1s0 Q69L-GTP, which is a Ran mutant deficient for GTP hydrolysis.
In the nucleus, RanGTP is present in a high concentration and leads to the dissociation
of import complexes. Therefore, using Rani-180 Q69L-GTP in high molecular excess
in a binding reaction should prevent or reduce the binding of importins and mediate
the binding of exportins to immobilized Lipin 1. In a binding assay, GST-Lipin 1161°
was incubated with 100 pmol of His-importin 13, CRM1-His-HA or His-importin o/f in

the presence or absence of 3-fold molar excess of Raniiso Q69L-GTP. Both,
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importin 13 and importin o/f, bound only to immobilized Lipin 1 in the absence of Ran
but not in its presence, demonstrating the specificity of this interaction (Figure S 3 B).
CRM1-His-HA bound to GST-Lipin 1*¢'°® and to GTS-Lipin 1 full-length only in the
presence of Rani-1s0 Q69L-GTP (Figure S 3 C).
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Figure 7: Competition of importin o/ fand importin 13 for Lipin 1. For the competition binding assay, 100 pmol GST-
Lipin 1161° was immobilized to glutathione sepharose beads and incubated with 100 pmol of His-importin 13 and
increasing amounts of His-importin o/ (0, 100, 200, 400, 1000 pmol) or vice versa. Unbound proteins were washed
out and bound proteins were eluted using 4xSDS-sample buffer. Eluted proteins were analyzed by SDS-PAGE,
followed by Western blotting. Importin £, importin « and importin 13 were detected using respective antibodies,
GST-Lipin 11619 was detected using an antibody directed against GST.

To analyze if importin 13 interacts with Lipin 1 in HeLa cells, transfection experiments
were performed. Cells were transfected with constructs coding for different FLAG-
tagged importin 13 mutants and Lipin 1-HA. The mutants are deficient in binding to
single cargoes, whereas other cargoes can still bind to importin 13 (Grinwald and
Bono 2011; Grunwald et al. 2013). For instance, K802E/R803E is deficient in binding
and importing MAGO-Y 14 but still can bind and import Ubc9. D426R, a mutant unable
to import and bind Ubc9, is still able to bind MAGO-Y14 and export elFla. The last
mutant is E436R/D481R, which is deficient in exporting elFla but is able to import
Ubc9 and MAGO-Y14 (Grunwald and Bono 2011; Grunwald et al. 2013).

Lipin 1-HA transfected in HelLa cells localized equally between nucleus and
cytoplasm, whereas co-transfecting FLAG-imp 13 showed a nuclear enrichment of

Lipin 1-HA. The same was observed when co-transfecting FLAG-Impl3
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K802E/R803E. Co-transfection of D426R or E436R/D481R had no effect on Lipin 1-
HA (Figure 8), indicating that the N-terminal arch of importin 13 is involved in binding
to Lipin 1. Importin 13 induced the translocation of over-expressed Lipin 1-HA to the

nucleus, showing that a NTR was rate-limiting for its localization.
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Figure 8: FLAG-Importin 13 is able to import Lipin 1-HA in HeLa P4 cells. HeLa P4 cells were transfected with
Lipin 1-HA or together with FLAG-tagged importin 13 constructs using the calcium phosphate method. Different
mutants of importin 13 were used, which are deficient in binding a specific cargo, K802E/R803E (deficient in
MAGO-Y14 import), D426R (unable to import Ubc9) and E436R/D481R (unable to export elF1a). Proteins were
visualized by indirect immunofluorescence using anti-FLAG and anti-HA antibodies. Images were acquired by
epifluorescence microscopy. Scale bar 20 pm.

3.1.3 The role of importin 13 in Lipin 1 nuclear import in HelLa cells

To examine the role of importin 13 in living cells, a knock-down was performed and
analyzed for the effect on endogenous Lipin 1, as well as Lipin 1-HA. For the knock-
down, 50 nM of siRNA or non-targeting control siRNA were transfected. The efficiency
of knock-down was validated by Western blotting (Figure 9). In parallel to importin 13,
an importin B knock-down was performed to abolish the known transport pathway of
Lipin 1. The effect on endogenous or over-expressed Lipin 1-HA was assessed using
indirect immunofluorescence. Endogenous Lipin 1 localized equally to the cytoplasm
and nucleus, the same was observed for over-expressed Lipin 1-HA (Figure 9 B).
Knock-down of importin 13 led to a shift of endogenous Lipin 1 to the cytoplasm,
whereas Lipin 1-HA was only slightly shifted to the cytosol. Knocking down importin 3
led to an exclusion of endogenous Lipin 1 from the nucleus (Figure 9 B). Lipin 1-HA

showed a similar exclusion from the nucleus.
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Figure 9: A knock-down of importin 13 or importin g alters the localization of Lipin 1 in HeLa cells. HeLa P4 cells
were transfected with 50 nM of siRNA directed against importin 13 (si imp 13) or importin S (siimp p) or else a non-
targeting control SiRNA (si non-targeting). After 48 h, cells were harvested and knock-down efficiency was analyzed
by Western blotting (A) or cells were transfected with Lipin 1-HA and the next day subjected to indirect
immunofluorescence (B). Endogenous Lipin 1 was visualized using an anti-Lipin 1 antibody and Lipin 1-HA was
detected using an anti-HA antibody. Images were acquired on an epifluorescence microscope. Scale bar 20 um.

Further, it was analyzed whether importin 13 can rescue the knock-down of importin j3,
since the availability of the NTR is a limiting factor for the localization of Lipin 1-HA
(Figure 8). Therefore, FLAG-importin 13 was co-transfected with Lipin 1 (endogenous
and Ha-tagged) in importin B knock-down cells. As shown in Figure 10 (A), co-
transfection could partially reverse the importin B knock-down and led to a re-
localization of endogenous and HA-tagged Lipin1 to the nucleus. The reverse
experiment, in which importin 13 was knocked-down and HA-importin § was co-
transfected, showed a similar rescue effect on endogenous Lipin 1, but the re-

localization of Lipin 1-HA seemed to be more pronounced (Figure 10 B).
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Figure 10: Importin 13 can rescue the importin g knock-down effect on Lipin 1-HA. A knock-down of Importin £ (A)
or importin 13 (B) was performed in HeLa P4 cells. After 48 h, cells were transfected with Lipin 1-HA and with or
without FLAG-importin 13 (A) or HA-importin £ (B). Indirect immunofluorescence was used to visualize respective
proteins using an anti-Lipin 1 antibody and anti-HA or anti-FLAG antibody. Images were acquired on an
epifluorescence microscope and analyzed using Fiji software. Scale bar 20 pm.

Taken together, the knock-down of importin § had a stronger effect on Lipin 1 than the
importin 13 knock-down. Both knock-downs could be, at least partially, rescued when
co-transfected with the other NTR, but the rescue of the importin 13 knock-down was
more efficient. These results point to a more important role of importin o/ compared
to importin 13, which was shown to play a minor role in Lipin 1 nuclear localization

under these experimental conditions.
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3.2 Characterization of NOSIP nuclear transport

3.2.1 Localization of NOSIP in cultured cells

The localization of NOSIP differs depending on cell types and tissues, but in cultured
cells it is reported to be mainly nuclear (Konig et al. 2002; Schleicher et al. 2005). To
test whether this holds true for the cell-lines used in this thesis and if the protein-tag
influences NOSIP localization, cells were transfected with different NOSIP fusion
proteins. Additionally, the localization of endogenous NOSIP was examined. Hela cells
were transfected with plasmids coding for NOSIP-HA, GFP-GST-NOSIP or GFP-GST.
The specificity of anti-NOSIP antibody was validated by knockdown of endogenous
NOSIP using siRNA directed against NOSIP (see Figure S 1). Endogenous NOSIP as
well as NOSIP tagged with HA showed mainly a nuclear localization (Figure 11 A).
This is in line with the observation for myc-tagged NOSIP transfected in normal HelLa
cells (Schleicher et al. 2005). Endogenous or HA-tagged NOSIP with 33 and 34 kDa,
respectively, is small enough to passively diffuse through the NPC. To increase the
size above the limit for passive diffusion, a GFP-GST-NOSIP (87 kDa) fusion protein
was used. This fusion protein showed a mostly nuclear localization (Figure 11 A), but
in some cells an equal distribution between nucleus and cytoplasm or even more
cytoplasmic localization could be seen. To exclude that the added GFP-GST-tag
drives the nuclear accumulation of the fusion protein, cells were transfected with GFP-
GST-tag alone. GFP-GST alone was excluded from the nucleus, showing that the
nuclear accumulation of GFP-GST-NOSIP is based on NOSIP (Figure 11 B). This

shows, at least for HeLa cells, that NOSIP localizes mainly nuclear.

A B

NOSIP

GFP-GST- GFP-GST

endogenous

Figure 11: NOSIP localization in HelLa P4 cells. HeLa P4 cells were transfected using the calcium phosphate
method (2.4.3) with NOSIP-HA, GFP-GST-NOSIP or GFP-GST-tag alone and analyzed for their localization in
cultured cells. NOSIP was visualized using the GFP-tag or by indirect immunofluorescence using antibodies
directed against the HA-tag or against endogenous NOSIP. Scale bar 20 pM.
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3.2.2 NOSIP is a nuclear shuttling protein

Based on the size of NOSIP, the protein can passively diffuse through the NPC and
one would expect NOSIP to be equally distributed. The nuclear localization of NOSIP
under steady state conditions results either from retention of NOSIP in the nucleus
upon binding to a nuclear binding partner or through continuous nuclear shuttling,
where import outbalances nuclear export. The latter was suggested by (Schleicher et
al. 2005) and co-workers using a heterokaryon assay (HKA), where NOSIP was fused
to a myc-tag, resulting in a fusion protein of 34.5 kDa, in size similar to NOSIP-HA. To
confirm this observation, the shuttling of NOSIP-HA and additionally of GFP-GST-
NOSIP was analyzed in an HKA. In this assay HelLa cells and NIH 3T3 were used,
because these can be distinguished based on their DNA staining. The localization of
NOSIP proteins or the control protein Rev (Rev#111:-GFP2-cNLS) was analyzed. A
nuclear signal of NOSIP or Rev within the nuclei of NIH 3T3 cells would indicate
shuttling out of HeLa nuclei into NIH 3T3 nuclei. As expected, the control protein Rev,
which contains a cNLS and an NES, was observed to shuttle between HelLa- and NIH
3T3-nuclei when cells were fused, but not in control cells (see Figure 12 upper lane).
This confirms the functionality of the HKA.

For NOSIP tagged with an HA-tag, small enough for passive diffusion through the
NPC, nuclear shuttling could be observed (see Figure 12 second lane). This is in line
with the observation of Schleicher and co-workers (Schleicher et al. 2005). In contrast
to NOSIP-HA, GFP-GST-NOSIP, with 87 kDa clearly above the size for passive
diffusion, did not show nuclear shuttling between HeLa and NIH 3T3 cells (Figure 12
third lane). The accumulation of GFP-GST-NOSIP within HeLa nuclei indicates that
there is no active export, at least under these experimental conditions. To further
analyze nuclear export and to exclude the possibility that the GFP-GST-tag shapes a
usually functional NES, the same assay was performed in the presence of LMB, a
potent inhibitor of the main exportin, CRML1. In the presence of LMB, nuclear shuttling
of the control protein Rev, whose nuclear export depends on CRM1, was abolished
(Figure 12 fourth lane). NOSIP-HA, on the other hand, was still able to shuttle between
nuclei and GFP-GST-NOSIP did not shuttle (Figure 12 last two lanes), indicating that
NOSIP is a nuclear shuttling protein. This showed that NOSIP is actively imported into

the nucleus, whereas nuclear export depends more likely on passive diffusion.
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- PEG 2000 + PEG 2000

GFP/HA DAPI GFP/HA DAPI

-LMB
GFP-GST-NOSIP NOSIP-HA Rev-GFP,-cNLS

Rev-GFP,-cNLS

+ LMB
NOSIP-HA

GFP-GST-NOSIP

Figure 12: NOSIP is a nuclear shuttling protein. Heterokaryon assays were performed by fusing (+ PEG 2000 or
as control — PEG 2000) HeLa P4 cells, transfected with Rev*’-116-GFP2-cNLS, NOSIP-HA or GFP-GST-NOSIP,
and NIH 3T3 cells in the presence (+LMB) or absence (-LMB) of leptomycin B. Cell nuclei were distinguished by
their DAPI staining, NIH 3T3 nuclei show several bright dots and are indicated by arrows. Proteins of interest were
detected by their fluorescence tag or in case of NOSIP-HA by indirect immunofluorescence using an anti-HA
antibody. Nuclear shuttling of fluorescently labeled proteins was analyzed by confocal microscopy. Scale bar
20 pm.
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3.2.3 Analysis of NOSIP nuclear export using the glucocorticoid receptor assay

For further analysis of NOSIP nuclear export, a nuclear transport assay was used,
where nuclear import and nuclear export can be controlled. This assay uses the
hormone responsive domain of the glucocorticoid receptor (GR, aa 511-795) (Love et
al. 1998). The glucocorticoid receptor is in absence of steroid localized in the
cytoplasm and imported into the nucleus in the presence of steroid (Picard and
Yamamoto 1987). The GR-responsive domain is fused to the protein of interest and
to GFP and the resulting chimeric protein is above the size limit for passive diffusion
(control plasmid Rev-GR-GFP, ~67 kDa and GR2-GFP-NOSIP, ~127 kDa). Upon
addition of hormone, in this assay dexamethasone, the nuclear translocation of the

fusion protein is induced (Import).
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Figure 13: NOSIP is not actively exported in HeLa cells. In this in vivo transport assay nuclear import and nuclear
export can be controlled by treatment with dexamethasone or removal of steroid, respectively. Rev protein fused
to the hormone responsive domain of the glucocorticoid receptor (GR, aa 511-795) and GFP serves as a control.
The GR fragment is bound to cytoplasmic structures in the absence of steroid and is imported upon steroid
treatment. Import was induced with 5 uM dexamethasone and cells were fixed at indicated time-points. After
removal of steroid proteins, will be exported and retained in the cytoplasm if an NES is present. Localization of
proteins was analyzed by fluorescence microscopy. Scale bar 10 uM.

To analyze nuclear export, dexamethasone was washed out by replacing the old
medium with fresh medium lacking dexamethasone to induce export. In these
controlled transport assay (or GR (Glucocorticoid-receptor) assay) the control protein,
Rev-GR-GFP, was imported within 30 min after dexamethasone addition and showed
a typical nucleoli localization. After 1 or 2 h of export, Rev was enriched in the
cytoplasm (Figure 13). The GR2-GFP-NOSIP protein was imported in the same
manner and showed a predominantly nuclear accumulation after 60 min. In contrast

to Rev, the nuclear accumulation of GR2-GFP-NOSIP could not be reversed upon
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dexamethasone wash out (Figure 13). Rev, containing an NES, showed nuclear
export, but NOSIP was not actively exported. This is in line with the observations of
the HKA above.

3.3 NOSIP interaction with nuclear transport receptors (NTR)
3.3.1 NOSIP binds to several NTRs in vitro

Recently, NOSIP was identified in a proteomic screen for importin 13 cargoes (Baade
et al. 2018), in contradiction to the report that NOSIP is transported by the canonical
NTRs importin a/p (Schleicher et al. 2005). Therefore, the interaction of NOSIP with
different NTRs was analyzed in detail. NOSIP fused to His (6x Histidine (H)) and MBP
(Maltose binding protein) was immobilized using the MBP-tag and incubated with
Hela lysate to identify binding NTRs by immuno-blotting (Western blot). To verify that
detected NTRs bind specifically, binding reactions were performed in the presence or
absence of RanGTP1-180 Q69L, a Ran mutant insensitive to GTP-hydrolysis (Klebe et
al. 1995). To exclude that NTRs interact with the His- and MBP-tag, His-MBP (referred
from here on as MBP) was immobilized as a control. As seen in Figure 14 B either
His-NOSIP-MBP or MBP were specifically immobilized to MBP-Trap, detected by
Western blotting using anti-MBP and anti-NOSIP antibodies. In the eluate of the
pulldown reactions with His-NOSIP-MBP, several NTRs were detected, namely
importin B, importin o, importin 7, importin 13 and transportin 1 (Figure 14 A). The
binding of all NTRs was reduced in the presence of RanGTP1-180 Q69L demonstrating
the specificity of their binding. The import-receptors importin 11 and importin 9 were
only detected in the input and thus not binding to immobilized NOSIP. For the nuclear
export receptor, CRM1, a strong binding was observed in the presence of RanGTP1-
180 Q69L (Figure 14 A). No NTRs were bound when MBP was immobilized instead of
His-NOSIP-MBP, further demonstrating the specificity of the interaction with NOSIP
(Figure 14 A).

Clearly, NOSIP interacted with multiple NTRs. To further analyze the binding of NTRs
to NOSIP, recombinant proteins, expressed in E. coli, were used. Again, His-NOSIP-
MBP was immobilized and incubated with purified His-tagged NTRs in the presence
or absence of RanGTP. Binding of importin 7, importin 13, transportin 1, importin 3

and importin 5 (which could not be tested in the pulldown assay, due to a lack of a
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specific antibody) could be detected and was specifically reduced in the presence of
RanGTP1-180 Q69L (Figure 14 C). Interestingly, importin § alone bound independently
of importin o to NOSIP. In a reaction with importin o, neither a binding of importin o
nor a further increase in binding of importin  could be observed (Figure 14 C). This is
contradictory to the current literature, which suggested importin o to be essential for
NOSIP nuclear import. Since the NTRs importin 7 and importin  are known to form
heterodimers and facilitate nuclear import (Jakel et al. 1999) and both were shown to
bind NOSIP individually, it was tested if they bind simultaneously. As seen in Figure
14 C, when incubating His-NOSIP-MBP with importin § and importin 7 both were
detected in the eluate, suggesting that they may form a ternary import complex. As in
the pulldown experiments, specific binding of CRM1 in the presence of RanGTP could
be observed (Figure 14 C). A control reaction, where MBP was immobilized instead of
NOSIP showed no significant binding of NTRs (Figure 14 D). Of all NTRs tested,
transportin 1 showed the strongest binding to His-NOSIP-MBP.
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Figure 14: NOSIP binds to several nuclear transport receptors. (A) Pulldown of NTRs from HelLa cytosol using His-
NOSIP-MBP. His-NOSIP-MBP or His-MBP protein (600 pmol) was immobilized on MBP-Trap and incubated with
Hela cytosol in the presence or absence of RanGTP1-180 Q69L (2000 pmol). Unbound proteins were washed out
and bound proteins were eluted using 4xSDS-sample buffer. Eluted proteins were separated by SDS-PAGE and
analyzed using Western blotting with respective antibodies as indicated. (B) To control the immobilization of MBP
or His-NOSIP-MBP, the eluate was analyzed by Western blot using anti-MBP or anti-NOSIP antibodies. (C) The
binding of purified NTRs to immobilized His-NOSIP-MBP was analyzed. His-NOSIP-MBP (100 pmol) was
immobilized on amylose resin and incubated with 100 pmol of purified His-tagged NTR in the presence or absence
of 300 pmol RanGTP1.180 Q69L. Bound proteins were eluted using 4xSDS-sample buffer and analyzed by SDS-
PAGE followed by Coomassie staining. (D) As a control, MBP-protein was immobilized instead of His-NOSIP-MBP
and incubated with His-tagged NTRs.
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3.3.2 Competition of NTRs for His-NOSIP-MBP

His-transportin 1 showed the strongest binding to immobilized His-NOSIP-MBP,
suggesting that this NTR has the highest affinity to NOSIP. This was analyzed by
performing competition binding assays, where transportin 1 competes with other
NTRs for NOSIP binding. Basically, the binding assays were performed as above: His-
NOSIP-MBP was immobilized and incubated either with 100 pmol of His-importin 13,
His-importin 7 or His-S-importin B and His-transportin 1 was added with increasing
molar ratios (0.5, 1, 2, 4, 10-fold molar excess). A nuclear transport receptor with a
higher affinity to His-NOSIP-MBP should replace or prevent binding of other NTRs. All
tested NTRs were shown to bind to His-NOSIP-MBP in the absence of transportin 1.
His-S-Importin  was already strongly reduced at a ratio of 1:0.5 (imp B:TNPO 1) and
its binding to His-NOSIP-MBP was abolished when His-transportin 1 was added in 2-
fold molar excess (Figure 15 C), indicating a lower affinity of importin B compared to
transportin 1. His-importin 13 showed a prominent reduction at a 1:1 ratio and His-
transportin 1 in a 2-fold molar excess replaced His-importin 13 (Figure 15 A),
demonstrating a weaker affinity than transportin 1. Performing the assay using His-
importin 13 at a constant concentration and increasing His-S-importin 3 concentration
up to 10-fold molar excess, showed that importin § reduced the binding of importin 13
partially (Figure S 4 A). His-importin 7 and His-importin 5, in contrast, were still
detectable when His-transportin 1 was in a 4-fold molar excess and even very weak
at a 10-fold molar excess (Figure 15 B, D). This competition assays were also
performed in a reversed way, where the His-transportin 1 concentration was kept
constant and increasing amounts of the other NTRs were added. In the reverse
experiment, importin 7, importin 13 and importin B could not compete with
transportin 1 (Figure S 4). His-importin 5, in contrast, could compete with transportin 1
and was able to replace transportin 1 at a 4-fold molar excess. When MBP protein was
immobilized instead of His-NOSIP-MBP, no binding was observed showing the
specificity of the binding to NOSIP (Figure S 4 B). His-transportin 1 was able to replace
all NTRs from NOSIP binding. Only His-importin 5 showed a similar strong binding to
NOSIP.
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Figure 15: Transportin 1 and importin 5 bind with a higher affinity to NOSIP than importin 13, importin 7 or
importin . For competition binding assays 100 pmol His-NOSIP-MBP was immobilized to amylose resin and
incubated with 100 pmol of His-tagged importin 13 (A), importin 7 (B) importin 3 (C) or importin 5 (D) and increasing
amounts of His-transportin 1 (as indicated). Unbound proteins were washed out and bound proteins were eluted
using 4xSDS-sample buffer. Eluted proteins were analyzed by SDS-PAGE followed by Coomassie staining. Lines
in B and C indicate cropping-sites of the SDS-Gel, all slices belong to the same SDS-Gel and were arranged in the
appropriate order.

3.3.3 Importin f and importin 7 are binding to NOSIP in a cooperative manner

In the previous section, His-NOSIP-MBP was shown to interact with importin § and
importin 7 when both are present in the reaction. To further analyze if they bind
simultaneously to different binding sites on NOSIP or if they bind cooperatively forming
a ternary import complex, another binding assay was performed. Again His-NOSIP-
MBP was immobilized and incubated with only one NTR or in excess of importin 3
while importin 7 remains constant or vice versa (Figure 16 A). Both importins were
observed to bind to NOSIP independently. Increasing the concentration of importin 3
to 3- or 5-fold molar excess compared to importin 7 did not affect binding of importin 7,
but more importin § bound to NOSIP. In the reverse way, increasing the concentration
of importin 7 led to an increased binding of both NTRs to NOSIP (Figure 16 A). This
could indicate a cooperative binding of both NTRs, which is limited through the amount
of importin 7.

In the previous competition assays, transportin 1 was one of the strongest binding
NTRs and was therefore used in the next assay. To test whether the heterodimer of

importin B/7 binds stronger than the individual NTRs, a competition assay was
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performed. Importin /7 in the absence of transportin 1 showed binding to NOSIP,
whereas in presence of transportin 1 in a molar ratio of 1:1 (heterodimer: TNPO 1) the
binding was strongly reduced. Increasing the molar ratio up to 5:1 (importin B/7:
TNPOL1), increased the amount of bound importin /7, but it was still less than in the
absence of transportin 1 (Figure 16 B). A 3-fold molar excess of His-transportin 1

compared to His-importin 3/7 abolished the binding of importin B/7.
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Figure 16: Importin £/7 shows a cooperative binding to NOSIP, but with a lesser affinity than transportin 1. (A) To
analyze cooperative binding of importin g/7 to NOSIP, His-NOSIP-MBP was immobilized to amylose resin and
incubated with His-imp 7 and His-S-imp g at indicated molar ratios. Unbound proteins were washed out and bound
proteins were eluted using 4xSDS-sample buffer. Eluted proteins were analyzed by SDS-PAGE, followed by

Coomassie staining. (B) Competition binding assay of importin £/7 and transportin 1 for His-NOSIP-MBP binding.
The assay was performed as described in A.

3.3.4 Imp 7,imp B, imp B/7,imp 13 and transportin 1 form stable transport complexes
with NOSIP

Various NTRs could be identified to interact with His-NOSIP-MBP in 3.3.1. These
interactions were shown to be RanGTP-dependent (Figure 14). To analyze if purified
NTRs can form a stable import-complex with NOSIP, size-exclusion chromatography
(SEC) was used. SEC is a method to separate proteins or protein-complexes
according to their size. Larger proteins or protein complexes elute earlier, and small
proteins elute later from the column. To increase the difference in size of His-NOSIP-
MBP (~ 77 kDa) to nuclear transport receptors, typically 90-120 kDa, His-tagged
NOSIP (~37 kDa), lacking the MBP-tag, was used. A complex of His-NOSIP and His-
NTR would have ~130-150 kDa in size, a complex of this size would elute earlier than
the unbound NTR.

Transport complexes were formed by incubating His-tagged NTRs with His-NOSIP on
ice, prior to injection to the analytical SEC columns. First the formation of an import
complex of NOSIP with one NTR was tested. The peaks corresponding to Importin 13

or transportin 1 in complex with NOSIP (brown curves), were shown to elute earlier
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than peaks corresponding to importin alone (blue curves) (Figure 17 A-B, graph).
Analyzing respective fractions form the SEC runs by SDS-PAGE followed by
Coomassie staining, showed that NOSIP, which eluted usually in fractions 5-6, was
detected in fractions 3-4 together with importin 13 or transportin 1 (Figure 17 A-B,
SDS-gels). To examine whether the formed complex is stable, fractions comprising
importin 13-NOSIP complex were pooled, concentrated, and reapplied to SEC. The
complex was stable, since only one peak comprising importin 13-NOSIP was
observed and addition of RanGTP1-180 Q69L resulted in disassembly of the complex.
The disassembled SEC curve comprises 3 peaks, corresponding to importin 13,
NOSIP and RanGTP1i180 Q69L (Figure S 5). Further, the specificity of the formed
NOSIP-NTR complex was tested by the addition of a three-fold molar excess of
RanGTP1-180 Q69L, similar to the conditions in binding- and pull-down assays. Addition
of Ran resulted in a dissociated NTR-NOSIP complex (green curves). The reaction
importin 13-NOSIP-RanGTP1-180 Q69L resulted in a peak comprising free NOSIP and
a peak for importin 13 bound to RanGTPi1.180 Q69L. The size of the importin 13-
RanGTP1-180 Q69L complex (127 kDa) is similar to importin 13-NOSIP (145 kDa), but
eluted later from the SEC column. The later elution can be explained by the flexibility
of NTRs and the different packing according to their bound state. Importin 13 was
reported to be tighter packed when bound to Ran and more loose when unbound in
the so-called cytosolic state or even more extended when bound to its import cargoes
MAGO-Y14 (Grunwald et al. 2013).

His-NOSIP-MBP bound to importin 7 and importin § individually as well as
simultaneously in binding assays (Figure 14). Both NTRs were used to form
complexes with His-NOSIP individually and analyzed by SEC. For both NTRs, His-
NOSIP co-eluted in the same fractions as the NTR, showing the formation of an import
complex (Figure 17 C-D). Peaks of importin 7 or importin § in complex with NOSIP
(brown curves) showed a smaller shift than imp 13 or transportin 1 bound to NOSIP
and a small shoulder eluting earlier. Further, both chromatograms showed still free
NOSIP, indicating an incomplete binding of NOSIP. Another NTR used for complex
formation with His-NOSIP was importin 5. When testing importin 5, His-NOSIP was
used in a 2-fold molar excess, since a 1:1 ratio did not result in an interaction.
Importin 5, in 2-fold molar excess, was observed to bind to NOSIP and form a

complex, as seen in the additionally appearing peak (Figure 17 E, brown curve).
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Nevertheless, still free importin 5 and NOSIP were detectable indicating that the

interaction is weak and possibly requires additional factors.
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Figure 17: NOSIP forms stable complexes with imp 7, imp 13, imp gand transportin. The transport complexes were
formed by incubating His-NOSIP with His-NTR (in a ratio of 1:1, except for importin 5, which was used in a 1:2) for
one hour on ice prior to analyses by size exclusion chromatography (SEC). Complex formation was performed
using a physiological buffer (TPB), and protein elution was followed by measuring the absorbance at 280 nm.
Fractions of eluted peaks were analyzed using SDS-PAGE, followed by Coomassie staining. Transport complexes
of His-NOSIP were formed with His-importin 13 (A), His-transportin 1 (B), His-importin S (C), His-importin 7 (D) and
His-importin 5 (E). Data were plotted using GraphPad prism 9.
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As seen in the binding assays (Figure 14), binding of importin B to NOSIP was
independent of importin o. In a previous work NOSIP was suggested to be imported
by importin o/f (Schleicher et al. 2005), therefore the possible formation of a ternary
complex of NOSIP with importin o/ was examined. Formation of a heterodimer of
importin o/p (green curve) could be observed, nevertheless the heterodimer formation
was incomplete, since there were still peaks for unbound importin o and importin p.
The curve of importin o/p with His-NOSIP were the same as for importin o/f alone,
except an additional peak of free His-NOSIP (brown curve) (Figure 18). This indicates
that no ternary complex of importin o/p and NOSIP was formed. Additionally, the SDS-
Gel showed no co-elution of importin o/ and NOSIP under these experimental
conditions (Figure 18 A, SDS-gels).

The observations that importin 7 and importin § bind simultaneously or partially
cooperatively (Figure 16) and that both formed import complexes individually,
suggests the formation of a ternary import complex with NOSIP. This hypothesis was
tested by incubating NOSIP together with both NTRs. First, the formation of an
importin B/7 heterodimer was tested. As seen in Figure 18 B (cyan curve), the peak of
importin B bound to importin 7 eluted ~1 mL earlier and contained both NTRs. This
heterodimer formed a ternary complex with His-NOSIP, as seen in the brown curve
(Figure 18 B). The addition of a 3-fold molar excess of RanGTP1-180 Q69L led to the
dissociation of His-NOSIP from the heterodimer and a partial dissociation of the
heterodimer (Figure 18 B, green curve). Furthermore, a shortened importin 7 construct
(importin 7AC) comprising importin 7 aa 1-1001 was used. This construct lacks the
last 37 residues, which were shown to be necessary for the heterodimer formation with
importin B (lvic et al. 2019). Importin 7AC did not form a heterodimer with importin
(Figure 18 D). Further, no ternary import complex with importin § and NOSIP (Figure
18 C) was formed. The eluted peak corresponds to the retention volume of the
individual NTRs bound to NOSIP (Figure 18 C), indicating the formation of a ternary
complex. All together NOSIP formed transport complexes with all tested NTRs or with

combinations of them, except a ternary complex with importin o/p.

99



Results

absorbance g9 ,m (MAuU) >

absorbance g9 nm, (MAU)

@

absorbance 289 ,m (MAu)

»)

absorbance g9 ,m (MAu)

-
o
=

—— Imp B/Imp a/NOSIP

—— ImpB/Impa
&0 A NOSIP
] ‘ - |
60 i ol
: . === Impa
40 LY
20
0
8 10 12 14 16 18 20
Volume (ml)
200
___ ImpBiimp 7/

160 —— Imp B/imp 7/NOSIP
Imp B/imp 7
1201 =renmpp
&&= Imp: 7

NOSIP/RanQ69L

80+
404
0+
18 20
Volume (ml)
200
-- NOSIP
== 1mpB
160+ — Imp 7AC/Imp B/NOSIP
= Imp 7wt/Imp B/NOSIP
120+
80
404
0+£
8
Volume (ml)
160
== Imp B
| - Imp 7AC
130 == Imp 7wt
N = Imp B/Imp 7wt
1001 1 — Imp Blimp 7AC

Volume (ml)

Imp a/B:NOSIP
12 3 45 6 7 8 fracton kpa
e — —— +Imp B :1]88:
- e—— +Impa
5 -
 www= -~ |<NOSIP
‘g Imp a/B 359
kDa £ 1 2 3 4 5 6 7 8 fraction
130
100 S S o ~— « Imp B
= -ﬂE:; +Imp a
r
Imp B/7:NOSIP
2 3 4 56 7 8 fraction kDg
- t:m% 100
ERL 55
S - - |«<NOSIP 35
‘g Imp B/7 25
kDa £ 1 2 3 4 5 6 7 8 fraction
130 = imp 7
100 S===. Eimp B
e
554
35

E E/Img 7AC:NOSIP

12 4 7

5

2

= fracton kDa

«Imp 7AC 400
“Imp B

55

35

Imp B/imp 7AC
- fraction

-
=
a

£

kDa

Imp 7AC
-0123456 7 8 fraction

‘g Imp a

£ 12 3 4 5 6 7 fraction

— — — +«Impa
<

‘g Imp B/7:NOSIP:RanQ69L

£

2 3 4 56 7 8 fraction

kDa

130
Imp 7AC 100
35

kDa
130
1004

1

— Imp 7
=|as= imb B
— =
—— . l+<RanQ69L

Imp B/Imp 7wt:NOSIP
2 3 4 56 7 8 fraction

«|lmp7
+Imp B
‘g Imp B/Imp 7wt
£ 12345 6 7 8 fraction
—— Imp 7
._ sS==—. Eimp
e
‘g Imp 7wt
£ 1 2 3 4 5 6 7 fraction
- —— |Imp 7

Figure 18: NOSIP forms a stable complex with imp £/7 but not with importin o/f. (A-D) The transport complexes
were formed by incubating His-NOSIP with His-NTR1/His-NTR2 (in a ratio of 3:1:1) for one hour on ice prior to
analyses by size exclusion chromatography (SEC). Complex formation was performed using physiological buffer
(TPB) and protein elution was followed by measuring the absorbance at 280 nm. Fractions of eluted peaks were
analyzed using SDS-PAGE followed by Coomassie staining. Transport complexes of His-NOSIP were formed with
importin o/ (A) and imp g7 (B). As specificity control of imp /7 ternary complex formation an importin 7 deletion
construct, lacking the last 37 residues (importin 74C), important for heterodimer formation with importin 5, was
used. (C) Complex formation of imp f/7 or imp f/7AC with His-NOSIP. (D) Formation of importin /7 heterodimer,
using either full-length importin 7 (Imp 7wt) or importin 74C. Data were plotted using GraphPad prism 9. wt -
wildtype
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3.3.5 Binding of NOSIP or Importin a to importin  is mutually exclusive

Importin o was suggested to bind NOSIP by a non-conventional bpNLS and to import
NOSIP in concert with importin B (Schleicher et al. 2005).This was determined by a
pull-down assay using immobilized GST-importin a. In this work a similar experiment
was performed, where His-NOSIP-MBP was immobilized and incubated with HelLa
lysate. Binding of importin o to NOSIP was detected. Nevertheless, using purified
proteins to perform binding assays, no binding of His-importin o in combination with
His-S-importin B was observed. Rather a binding of His-S-importin 3, independent of
His-importin o was detected (Figure 14). Additionally, no stable import complex of His-
importin o/ with NOSIP could be formed, but a complex of His-S-importin § with
NOSIP could be formed (Figure 17 C, Figure 18 A). In view of these results NOSIP
probably interacts with importin  directly, like PTHrP (Cingolani et al. 2002), Rev
(Truant and Cullen 1999) or SREBP (Lee et al. 2003) and therefore would compete
for binding of importin f with importin o.. The competition of importin oo and NOSIP for
importin B was analyzed in a binding assay. His-S-importin B was immobilized using
the S-protein tag and incubated with both or each binding partner individually in
different molar ratios. His-lImportin o as well as His-NOSIP bound to importin 3
individually. When His-importin o and His-NOSIP were used in a 1:1 ratio, both
proteins were binding, but His-NOSIP bound less compared to the reaction lacking
His-importin a. Increasing the amount of His-importin o to a 3- or 10-fold molar excess
prevented binding of His-NOSIP (Figure 19 A). In the reverse reaction, where His-
NOSIP was increased, binding of His-importin o was only partially decreased and His-
NOSIP, when in 10-fold molar excess, bound in a similar amount as in the absence of

His-importin o (Figure 19 A).

Since both compete for importin § binding, it was tested if they compete for the same
binding-site. Importin o binds to importin B via the IBB domain of importin o (Cingolani
et al. 1999). Therefore, the binding of His-S-importin B full-length (FL) or N-terminal
and C-terminal His-S-importin  fragments to GST-NOSIP or GST-IBB was analyzed.
The N-terminal fragment, His-S-importin BAC (aa 1-396), is deficient in binding the
GST-IBB-domain and the C-terminal fragment, His-S-importin AN (aa 304-876), is
deficient in binding RanGTP. The GST-IBB domain bound to His-S-importin BAN
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(comprising all residues shown to be important for IBB binding (Cingolani et al. 1999))
and His-S-importin B FL, but not to His-S-importin BAC, as expected. In contrast to
this, GST-NOSIP bound strongly to His-S-importin BAC or His-S-importin 3 FL and
additionally weaker to His-S-importin BAN (Figure 19 B).

In conclusion, NOSIP was shown to compete with importin o for importin 8 binding. In
contrast to importin o, NOSIP bound to the N-terminal arch of importin 3, whereas the
IBB domain of importin o bound to the C-terminal arch of importin $. The binding of
NOSIP or importin oo seems to be mutually exclusive, despite binding to different sites
on importin B. This can be explained through partially overlapping binding-sites, as
seen for NOSIP which interacts in addition to the N-terminal also weakly with the C-

terminal arch.

Beads o —
. -
NOSIP : Imp a a & g E- E- GST GST-IBB  GST-NOSIP Input 10%
o - 0 R 2 =<
- - v v - 5 0 g2 9o o o
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r} (= |
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Figure 19: Binding of NOSIP or importin « to importin £is mutually exclusive. (A) For a competition binding assay
of importin @ and NOSIP for importin £, 100 pmol His-S- importin # was immobilized on S-protein beads and
incubated with different ratios of His-NOSIP to His-importin ¢, as indicated (a ratio of 1:1 corresponds to
100 pmol:100 pmol). As control only S-Protein Beads (Beads) were incubated with His-NOSIP or His-importin .
Unbound proteins were washed out and bound proteins were eluted using 4xSDS-sample buffer, analyzed by SDS-
PAGE followed, by Coomassie staining. (B) To analyze if NOSIP and importin « bind to the same binding-site on
importin 5, GST-tagged IBB (importin f-binding domain of importin )-domain, NOSIP or GST alone were
immobilized to glutathione-sepharose beads and incubated with importin SAC (aa 1-396), importin AN (aa 304-
876) or importin g FL (full-length). Unbound proteins were washed out and bound proteins were eluted using
4xSDS-sample buffer. Eluted proteins were separated by SDS-PAGE and analyzed by Western blotting using an
anti-importin g antibody.

3.3.6 Imp 13, -7, -7/B, -p and TNPO1 can mediate nuclear import of His-NOSIP-MBP

in digitonin permeabilized HelLa cells

In the previous section it was shown that NOSIP interacts with various NTRs and forms
stable import complexes with them. To test if these import complexes can mediate
nuclear import of NOSIP, the established import-assay in digitonin-permeabilized cells
was used (Adam et al. 1990). In this assay, the plasma membrane of HeLa cells was
selectively permeabilized with digitonin, while the nuclear membrane remained intact.
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This allows for the replacement of the cytosol with a transport reaction mix, to analyze
the import of a specific protein by a specific NTR (Figure 20 A). The transport reactions
were performed at 30 °C or at 4 °C, where no or very little transport occurs. In this
assay His-NOSIP-MBP was used. In a control reaction lacking any NTRs or cytosol,
and only containing His-NOSIP-MBP and buffer, no nuclear signal was observed,
indicating that NOSIP, which is too big for passive diffusion, is not able to enter the
nucleus on its own (Figure 20 C). A transport reaction containing all components and
cytosol (cytosol) could import His-NOSIP-MBP specifically into the nucleus.
Additionally, the same reaction was performed in the presence of WGA (wheat germ
agglutinin), which binds to the N-acetylglucosamine of some Nups, and thereby
inhibits active nuclear import. The reaction with WGA led to the cytoplasmic retention
of His-NOSIP-MBP (Figure 20 C), indicating the specificity of this assay.

To analyze the import of His-NOSIP-MBP by a single NTR, the purified His-tagged
NTRs were added to the transport reaction instead of cytosol. Transportin 1 and
importin 13 were observed to import NOSIP and most cells showed a clear nuclear
signal for His-NOSIP-MBP (Figure 20 B). Importin 3, importin 7 and importin /7 were
shown to import His-NOSIP-MBP in some cells, the heterodimer more efficiently than
the monomers. Under these conditions some cells showed a nuclear signal, whereas
almost all cells showed a cytoplasmic signal for NOSIP. For importin o/3, import was
less efficient than for importin  alone, which is in line with the observation of previous
experiments that importin o/B, at least in vitro, does not play a significant role.
Importin 5 did not show any import activity, since all cells showed only a strong
cytoplasmic signal for His-NOSIP-MBP (Figure 20 B). In summary, His-NOSIP-MBP
was shown to be imported by transportin 1, importin 13, importin B, importin 7 and
importin B/7, where transportin 1 and importin 13 showed the highest efficiency

compared to the other NTRs.
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Figure 20: His-NOSIP-MBP can be imported by Imp 13, -7, -7/, - and TNPO 1 in digitonin-permeabilized HelLa
P4 cells. (A) Schematic overview of the import assay in digitonin permeabilized HeLa P4 cells. The plasma
membrane was permeabilized, while the nuclear membrane remained intact, using 0.004% Digitonin for 5 min at
4 °C. Cytosol was washed out by 1x TPB and replaced by a transport reaction mix, containing an energy-
regeneration system, Ran, BSA, 500 nM His-NOSIP-MBP and 1 uM NTR or cytosol (optionally WGA (wheat-germ
agglutinin) was added to cytosol to block active nuclear import). Cells were incubated for 30 min at 30°C or at 4 °C,
after the incubation, cells were washed three times to wash out cytosolic proteins and fixed. (B-C) Nuclear import
assay was performed as described in A and the used NTRs are indicated. His-NOSIP-MBP was visualized by
indirect immunofluorescence using an anti-MBP antibody. Scale bar 10 pM.

3.4 Characterization of the previously defined nuclear localization signal
3.4.1 Mutation of NOSIP bpNLS impairs the interaction with NTRs

A common technique to analyze nuclear transport are mutational studies, where the
residues of the NLS are mutated, mostly the basic residues lysine (K) or arginine (R)
to Alanine (A). For NOSIP a non-conventional bpNLS was suggested and shown to
be important for the localization of transiently transfected myc-NOSIP. It was shown
that mutating the bpNLS or deleting parts of it led to a cytoplasmic accumulation of
NOSIP, whereas the wildtype variant of NOSIP was localized to the nucleus
(Schleicher et al. 2005). To study the relevance of the identified bpNLS for the binding
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of NOSIP to all NTRs, a mutant, where the first basic patch was mutated was chosen
for analysis in this work. In this mutant, named NOSIPK78AK79A “two lysine residues
were mutated to alanine residues (Figure 21 A). The double mutation was inserted
into NOSIP-HA and GFP-GST-NOSIP and was shown to prevent NOSIPs nuclear
accumulation in HelLa cells (Figure 21 B). NOSIPKX78AK9A_HA showed an equal
distribution between nucleus and cytoplasm, whereas the wildtype showed mainly a
nuclear localization. GFP-GST-NOSIPK78AKI9A was excluded from the nucleus and
was localized exclusively to the cytoplasm in contrast to the wildtype which is mainly
nuclear and, in some cells, equally distributed. This demonstrates that the earlier
identified bpNLS is needed for the localization of NOSIP.

To analyze whether the altered localization of NOSIP is based on a loss of interaction
with NTRs binding assays were performed (Figure 14). Either His-NOSIP-MBP or His-
NOSIPKX78AK7T9AMBP was immobilized and incubated with respective purified NTRs.
Imp B, Imp7, Imp 7/ and Imp 13 showed a strongly reduced binding to His-
NOSIPK78AKTOAMBP compared to His-NOSIP-MBP. In contrast, the binding of
transportin 1 to His-NOSIPX78AK79A.MBP was still partially detectable (Figure 22 A).
Importin 5, which was shown to bind in a RanGTP-dependent manner to His-NOSIP-
MBP, but unable to form a stable complex or to be imported in digitonin-permeabilized
HeLa cells (Figure 17, Figure 20), bound His-NOSIPK78AKAMBP surprisingly in the
same manner as the wildtype (Figure 22 A). The main nuclear exportin, CRM1, did
not bind to His-NOSIPKX78AK79AMBP or the wildtype, as expected, since binding to the
wildtype can only be observed in the presence of RanGTP (compare Figure 14).
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Figure 21: Localization of the NOSIPK78AK79A mytant in HeLa cells. (A) Schematic overview of NOSIP. Depicted in
gray is NOSIPs conserved Ubox-like domain, which is split into two halves by 104 amino acids. The bi-partite
nuclear localization signal (NLS) comprising amino acids 78 to 101 is depicted in blue. The bi-partite NLS consist
of two basic clusters (marked in blue in the sequence), which are separated by a 10 amino acid linker (maker in
black in the sequence). In the mutant NOSIPKX78AK79A the first basic cluster, consisting of two lysine residues, is
mutated to alanine residues. (B) The mutation K78AK79A was introduced in NOSIP-HA and GFP-GST-NOSIP and
was used for transfection into HeLa cells to analyze the localization of NOSIP NLS mutant. GFP-GST-NOSIP was
visualized using the GFP-tag. NOSIP-HA was visualized by indirect immunofluorescence using an antibody against
the HA-tag. Scale bar 20 pM.

To further characterize the bpNLS, the mutation was inserted in the His-NOSIP
construct. His-NOSIPKX78AK79A \was used to form a stable complex with NTRs. His-
transportin 1 showed a strong binding and the most efficient import in the import assay
and was therefore assumed to be representative for the other NTRs that NOSIP

interacts with. For complex formation, His-NOSIPK78AK79A was used in 2-fold molar
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excess and incubated with His-transportin for 1 h on ice and then subjected to SEC.
As seen in Figure 22 (B), two peaks were eluted, one contained free His-
NOSIPK78AK79A and one His-transportin- His-NOSIPK78AKT9A = The analysis of the
fractions by SDS-PAGE showed that only a minor fraction of His-NOSIPX78AK79A ¢q-
eluted with His-transportin 1, whereas the majority of His-NOSIPK78AK79A g|yted without

His-transportin 1.
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Figure 22: Mutation of NOSIPs NLS impairs its interaction with nuclear transport receptors. (A) The binding of
purified NTRs to immobilized His-NOSIP-MBP wildtype or K78AK79A mutant was analyzed in a binding assay.
Therefore 100 pmol of His-NOSIP-MBP was immobilized on 10 pL amylose resin and incubated with 100 pmol
purified NTR as indicated. Unbound proteins were washed out and bound proteins were eluted using 4x SDS-
sample buffer and analyzed by SDS-PAGE followed by Coomassie staining. (B) 40 UM His-NOSIPK78AKT9A were
incubated with 20 uM His-transportin 1 and subjected to size exclusion chromatography. The absorbance at 280
nm was monitored and (C) fractions corresponding to peaks were analyzed by SDS-PAGE followed by Coomassie

staining.

Taken together, these results indicate that the identified bpNLS is crucial for the
interaction with nuclear transport receptors. The mutation of the first basic cluster lead
to reduced interaction with NTRs and prevents the formation of stable transport

complexes.
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3.4.2 Nuclear import of NOSIPK78AKT9A s impaired in vitro

As shown above, the bpNLS of NOSIP is crucial for the binding to importins and the
formation of transport complexes. Next, it was analyzed if the mutation had an effect
on nuclear import in digitonin-permeabilized HeLa cells. The assay was performed as
before using His-NOSIP-MBP or His-NOSIPKX78AK79A.MBP as import cargo. Overall, the
import efficiency was reduced compared to the wildtype. The controls using only buffer
or cytosol with WGA demonstrate the functionality of the assay. The positive control
with cytosol showed nuclear import of His-NOSIPK78AK9AMBP, but less efficient than
the wildtype. Transportin 1 showed still some import activity and importin 13, -B, -7/B,
-7 and -a/p showed import activity only in single cells, albeit with diminished efficiency
(Figure 23 A). Since the import efficiency varied from cell to cell, 300-1000 cells were
analyzed for their nuclear fluorescence to quantify the transport efficiency. This
guantification was done for wildtype and mutant NOSIP. The import efficiency of His-
NOSIPK78AKT9AMBP was strongly reduced when compared to wildtype His-NOSIP-
MBP (Figure 23 B).
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Figure 23: Mutation of the NOSIP bpNLS lead to diminished nuclear import of NOSIP in digitonin-permeabilized
Hela cells. (A) Nuclear import assay was performed using purified Imp 13, -7, -«, -fand TNPO 1. As a cargo either
His-NOSIP-MBP wildtype (WT) or His-NOSIPX78AK7T9A.MBP (K78A/K79A) was used and visualized by indirect
immunofluorescence using an anti-MBP antibody. Scale bar 10 pM. (B) Quantification of the results presented in
A. The mean nuclear fluorescence intensities of 4 °C reactions were subtracted from the respective 37 °C values
and normalized to the value obtained for the reaction containing cytosol of wildtype His-NOSIP-MBP, which was
arbitrarily set to 1.
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3.4.3 The non-consensus bi-partite NLS alone is not sufficient for the localization of
NOSIP

As shown previously, the bpNLS of NOSIP is important for the interaction with NTRs.
Classic NLS or bi-partite NLS are usually known to bind to importin o/p. For other
NTRs, like transportin 1 or importin 13 these are PY-NLSs and RG/RGG motifs or
folded domains, respectively. NOSIPs bpNLS was shown to be important for the
interaction with various NTRs (Figure 14-Figure 20), except for importin 5, which still
bound to His-NOSIP-MBP when the bpNLS was mutated, but was not able to import
NOSIP. To further analyze the interaction of NOSIP with its NTRs and if different NTRs
bind different regions, NOSIP fragments were used.

The following His-NOSIP-MBP fragments of NOSIP were cloned and used for binding
assays: NOSIP110 NOSIP 111-240 NOSIP1240 and NOSIP1-301 These fragments
were immobilized and incubated with His-tagged NTRs as indicated. As a specificity
control, MBP was immobilized. When immobilizing His-NOSIP-MBP FL (full-length),
all tested NTRs (imp 7, imp 3, TNPO 1 and imp13) bound, as seen before, and none
bound to immobilized MBP (Figure 24 E-F). Using the bpNLS-containing fragment,
His-NOSIP11°-MBP, binding of all NTRs was observed but to a lesser extent than to
His-NOSIP-MBP full-length (Figure 24 A). Surprisingly, the extended fragment His-
NOSIP*240-MBP bound as strongly as His-NOSIP-MBP FL to the NTRs (Figure 24 B).
For His-NOSIP1-240.MBP or His-NOSIP111-301.MBP, which lack the bpNLS (aa 78-
101), no binding was observed (Figure 24 C-D).

Assuming that the identified bpNLS is crucial for the interaction with NTRs and for the
localization of NOSIP in cells, it would be expected that the fragment His-NOSIP-110-
MBP, which contains the bpNLS, would bind to the NTRs as the FL protein. But
surprisingly it did not, instead the fragment extended to the C-terminal end His-
NOSIP240-MBP, bound to NTRs like the full-length protein.

This led to the question if the bpNLS alone, fused to a bigger protein above the size-
limit for passive diffusion, would locate in the nucleus in cells. Therefore, NOSIP75-102
containing the bpNLS, was fused to GFP and GST to increase the size to ~60 kDa.
GFP-GST-NOSIP"5192 showed an equal distribution between nucleus and cytoplasm
(Figure 25 A). The fused GFP-GST tag alone did not enter the nucleus, but the GFP-
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GST tag fused to full-length NOSIP localized predominantly to the nucleus (Figure 25

A). This showed that the bpNLS fused to GFP-GST was not sufficient to localize mainly
to the nucleus as GFP-GST-NOSIP FL did.
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Figure 24: The bpNLS is not sufficient enough for the interaction with NTRs. The binding of NTRs to different His-
NOSIP-MBP fragments was analyzed using binding assays. His-NOSIP-MBP fragments aa 1-110 (A), aa 1-240
(B), aa 111-240 (C), aa 111-301 (D), full-length (E) or His-MBP alone (F) were immobilized to amylose resin beads
and incubated with purified NTRs as indicated. Unbound proteins were washed out and bound proteins were eluted
using 4xSDS-sample buffer. Eluates were analyzed by SDS-PAGE followed by Coomassie staining. Asterisks (*)

indicate impurities resulting from the immobilized protein. Note the strength that the band intensity of immobilized
His-NOSIP- His-NOSIP¥11°-MBP is stronger, which resulted from different loading of the SDS-Gels

111



Results

To further analyze, which regions of NOSIP are important for the nuclear localization
of NOSIP, several fragments of NOSIP were used. The fragments 1-110, 1-240, 111-
240 and 111-301, were fused to GFP-GST and analyzed for their localization.
Surprisingly, the construct GFP-GST-NOSIP*110 only localized to the cytoplasm and
not as expected like the bpNLS fragment (Figure 25 A-B). The fragment GFP-GST-
NOSIP1240 aggregated within the cytoplasm. GFP-GST-NOSIP1-240  partially
localized to the nucleus, in a similar way as the bpNLS fragment (Figure 25 B). The
extended fragment GFP-GST-NOSIP1-301 |ocalized similar as GFP-GST-NOSIP11!-
240 (Figure 25 B). These results were in parts contrary to the binding assay, where
NOSIP240 hound to NTRs like the FL protein, but here it aggregated in the cytoplasm
of HeLa cells. Since the construct His-NOSIP24-MBP bound to NTRs and the
construct GFP-GST-NOSIP1-240 |ocalized partially to the nucleus, as the bpNLS, the
GFP-GST-NOSIP110 fragment was extended C-terminally. The fragment was
extended in steps of 10 amino acids up to residue 160. None of these fragments
localized to the nucleus, instead they were mainly cytoplasmic (Figure 25 C). To
exclude that N-terminal residues in front of the NLS inhibit the nuclear localization, the
bpNLS fragment starting at residue 75 was extended to residue 120, 140, 160, 180
and 200. When extended up to residues 120 or 140, the nuclear accumulation was
slightly increased, but showed still a clear signal in the cytoplasm (Figure 25 D).
Further extension resulted in a more pronounced cytoplasmic localization. In a next
step, the construct GFP-GST-NOSIP240, which was seen to bind as His-MBP-tagged
protein similar to the NTRs as the wildtype, was extended to the C-terminal end to
prevent aggregation. GFP-GST-NOSIP128 did not aggregate anymore and localized,
like the full-length protein, mainly nuclear in HeLa cells (Figure 25 E). Shortening the
N-terminal end of this construct by 25 residues (GFP-GST-NOSIP?5-28) did not affect
the localization, but shortening it to GFP-GST-NOSIP%>28 or GFP-GST-NOSIP75-285
led to a loss of nuclear NOSIP (Figure 25 E).

Overall, these constructs demonstrate that the nuclear import of NOSIP is more
complex than expected. The bpNLS of NOSIP is not sufficient for its strong nuclear
accumulation. Predicting potential cNLSs using the cNLS-Mapper (Kosugi et al. 2009)
resulted in several predictions with a very low score, only NOSIP1%0-180 resulted in a
higher score of 6.7 for a bpNLS (Table S 8). A score of 6.7 corresponds to a partially

nuclear localization. However, the construct NOSIP7>18  which includes the bpNLS
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and the potential predicted second bpNLS did not localize to the nucleus as the FL

protein. In general, some residues between the bpNLS up to residue 285, as well as

residues between 25 and 55 of NOSIP, are important for a strong nuclear

accumulation (Figure 25 F). This points to a more complex recognition by NTRs

through several interaction sites, instead of a linear sequence.
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Figure 25: Transfection of GFP-GST-NOSIP fragments in HeLa P4 cells. Plasmids coding for respective GFP-
GST-NOSIP fragments were transfected using the calcium phosphate method. (A) Transfection of GFP-GST
vector, full-length GFP-GST-NOSIP or the bpNLS fragment fused to GFP-GST. (B) Transfection of C-terminal
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deletion fragments of GFP-GST-NOSIP (1-120, -130, -140, -150, -160). (C) Transfection of extended bpNLS GFP-
GST-NOSIP fragments (75-120, -140, -160, -180, -200). (E) Transfection of different GFP-GST-NOSIP fragments
deleted for the last 16 residues or deleted for those in combination with N-terminal deletions (first 24, 54 or 74
residues). Scale bar 10 um. (F) Schematic overview of the used fragments in combination with localization to the
nucleus. Strong nuclear accumulation (++++), slightly enriched in the nucleus (++), more cytoplasmic localization
with a minor nuclear signal (+), exclusively cytoplasmic signal (-)

3.5 Transportin 1is the major nuclear transport receptor for NOSIP

As shown before, NOSIP binds to various NTRs in HeLa cell lysate or to recombinantly
expressed and purified NTRs (Figure 14). Among all the NTRs tested, the interaction
with transportin 1 was observed to be the strongest, since His-transportin 1 could
outcompete all other tested NTRs except importin 5 which was shown to bind similar
(Figure 15). Despite the similar binding of importin 5, no proper import complex could
be formed and no active import of NOSIP by importin 5 could be observed. However,
His-transportin 1, as well as His-Importin 13, were observed to import His-NOSIP-
MBP with the highest efficiency in digitonin-permeabilized HelLa cells (Figure 20 and
Figure 23).

These experiments suggest that transportin 1 is the preferred NTR for NOSIP. This is
in contrast to the literature, where importin o/ was shown to import NOSIP
(Schleicher et al. 2005). To further analyze nuclear transport of NOSIP in living cells,
HelLa cells were transfected with the established peptide inhibitors of the importin o/3

or transportin 1 import pathway, Bimax2 or MOM, respectively.
3.5.1 Inhibition of transportin 1 or importin o leads to a mis-localization of NOSIP

To analyze the effect of the peptide inhibitors MOM or bimax2, the peptide fragments
were fused to RFP (red fluorescence protein) or to GFP and transfected in HeLa cells.
Inhibitors were either transfected alone to analyze the effect on endogenous NOSIP
or together with NOSIP-HA or GFP-GST-NOSIP to analyze the effect on over-
expressed NOSIP. As specificity control for the peptide inhibitors shuttling constructs,
containing an NES fused to an mTagBFP2 (blue fluorescent protein) and either a cNLS

or an M9-sequence, were used as before (see section 3.1.1).

The nuclear accumulation of BFP-M9 was abolished by GFP-M9M, but not by GFP-
Bimax2 (Figure 26 A). The BFP-cNLS was affected by GFP-Bimax2, but not by GFP-

M9M, demonstrating the specificity of the inhibitors. Control constructs were
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transfected with GFP-tagged inhibitors, and nuclei were detected by a far-red DNA
staining using DRAQ5.

Co-transfection of NOSIP-HA with GFP-bimax2 or GFP-M9M showed an effect of both
inhibitors. In general, both inhibitors shift the mainly nuclear NOSIP-HA to an equal
distribution between nucleus and cytoplasm (Figure 26 B). For quantification, 300-
1000 cells per condition were analyzed with respect to their nucleocytoplasmic ratio
(N/C ratio). A value around 1 corresponds to an equal distribution between nucleus
and cytoplasm, above 1 to a more pronounced nuclear accumulation and below 1 to
an enrichment in the cytoplasm. For NOSIP-HA both inhibitors showed a significant
shift to an almost equal distribution between nucleus and cytoplasm. RFP-M9M co-
transfection with GFP-GST-NOSIP resulted in a pronounced shift towards the
cytoplasm, whereas RFP-bimax2 co-transfection resulted in a more equal distribution
of NOSIP between nucleus and cytoplasm. In contrast to the overexpressed NOSIP
proteins, no effect of GFP-bimax2 on endogenous NOSIP was observed. Endogenous
NOSIP showed an exclusive nuclear localization and transfection of GFP-M9M led to
a slight cytoplasmic enrichment of NOSIP. The controls were co-transfected with GFP-
tagged inhibitors, whereas GFP-GST-NOSIP with RFP-tagged inhibitors instead of
GFP-tagged inhibitors. To exclude that the tag, GFP or RFP, had an influence, NOSIP-
HA and endogenous NOSIP were additionally co-transfected with RFP-tagged
inhibitors. It was observed that there is no difference between either RFP- or GFP-
tagged inhibitors (Figure S 6).

Over-expressed NOSIP was affected by both inhibitors, whereas MO9M showed the
stronger effect for GFP-GST-NOSIP. Further, only MOM altered the distribution of
endogenous NOSIP within HelLa cells, where bimax2 had no effect. This points

towards a preference of transportin 1 for nuclear import of NOSIP in living cells.
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Figure 26: The peptide inhibitors MOM and bimax2 inhibit nuclear import of NOSIP. (A) HeLa P4 cells were
transfected with shuttling constructs containing an NES, a fluorescence tag (mTagBFP2) and a cNLS or an M9-
signal to validate the specificity of the used inhibitors. MOM is an optimized M9 sequence and established as
transportin 1 inhibitor and bimax2 is an optimized cNLS sequence which binds and inhibits importin . MOM or
bimax2 were transfected as GFP-tagged fusion proteins, together with the shuttling constructs. (B) Transfection of
NOSIP-HA or GFP-GST-NOSIP with MOM or bimax2 as GFP- or RFP-tagged variant respectively. To analyze the
effect on endogenous NOSIP, only GFP-M9M or GFP-bimax2 were transfected. NOSIP was visualized by its GFP-
tag or by indirect immunofluorescence using antibodies directed against the HA-tag or NOSIP. Scale bar 20 pm.
(C) Quantification of B using Cell Profiler software. 300-1000 cells were analyzed, the nuclear and cytoplasmic
fluorescence intensity was determined and divided to obtain the nucleocytoplasmic ratio (N/C ratio). Values of all
measured cells are depicted as black dots, the mean value of each of the three independent experiments are
depicted as bigger symbols (orange, blue, grey). For statistical analysis one-way ANOVA test with Bonferroni post-
test was used. p-values <0.05 were defined as significant (* = <0.05, ** = <0.01, *** = <0.001).
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3.5.2 Transportin 1 is important for the localization of NOSIP in vivo

The co-transfection with the inhibitory peptides, MOM and bimax2, showed that
transportin 1 seems to be the preferred NTR of NOSIP. This is in line with the
observations that His-transportin 1 bound the strongest to His-NOSIP-MBP. In order
to further analyze the role of transportin 1 and importin 8 in the nuclear import of
NOSIP, knock-down experiments were performed. In parallel to importin  and
transportin 1, an importin 13 knock-down was performed, because importin 13 and

transportin 1 showed the most efficient import in digitonin-permeabilized cells.

For knock-down experiments, cells were either transfected with SiRNA (small
interfering RNA) against the respective NTR or with non-targeting siRNA (siNT) as a
control. Knock-down efficiency was confirmed by Western blot analysis, as shown in
Figure 27 (A). The effect of knocked-down of these NTRs on endogenous NOSIP and
for over-expressed NOSIP-HA and GFP-GST-NOSIP was analyzed. Knock-down
cells were subsequently transfected with respective NOSIP constructs. The control
transfection with siNT did not alter the localization of NOSIP, all three constructs were
mainly nuclear localized as seen before (Figure 27 B). Knock-down of transportin 1
caused a shift of NOSIP-HA and GFP-GST-NOSIP to the cytoplasm. For endogenous
NOSIP, a slight shift to the cytoplasm could be observed (Figure 27 B), comparable to
endogenous NOSIP co-transfected with M9M inhibitor. Neither knock-down of
importin 13, nor of importin 3 altered the localization of endogenous NOSIP. For
knock-down of importin 13, a slight shift of NOSIP-HA or GFP-GST-NOSIP in some
cells was observed. The knock-down of Importin B had no effect on over-expressed
NOSIP-HA or GFP-GST-NOSIP (Figure 27 B).

The specific transportin 1 inhibitor, MOM, altered the localization of over-expressed
NOSIP and of endogenous NOSIP. Further, a knock-down of transportin 1 prevents
the nuclear accumulation of over-expressed NOSIP constructs and affected also
endogenous NOSIP slightly to the cytoplasm. Altogether, this points to transportin 1
as the preferred NTR for NOSIP nuclear import, at least in HeLa cells
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Figure 27: Knock-down of transportin 1 alters NOSIP localization in HeLa cells. Cells were transfected with 50 nM
SiRNA (non-targeting, TNPO 1, importin 13 or importin ) using Lipofectamine RNAIMAX, after 24 h a second
transfection of siRNA was performed. After 24 h, plasmids for NOSIP-HA or GFP-GST-NOSIP were transfected
using the calcium phosphate method. (A) Cells were lysed in 4xSDS-sample buffer and knock-down efficiency was
analyzed by SDS-PAGE followed by Western blotting with respective antibodies. An antibody directed against
Tubulin was used as loading control. (B) Cells were fixed in 3.7% formaldehyde and subjected to indirect

immunofluorescence for visualization of proteins. NOSIP was either detected by the GFP-tag or by antibodies
directed against the HA-tag or NOSIP. Cell nuclei were stained using DAPI. Scale bar 10 um.

3.6 Characterization of NOSIP — NTR interactions

In this work, it was shown that the nuclear import of NOSIP is more complex than
expected and that the identified bpNLS is not sufficient to mediate nuclear import when
fused to a GFP-GST fusion protein (Figure 25 A). Further, it was shown that the His-
NOSIP110-MBP fragment, containing the bpNLS (aa 78-101), was only weakly
binding to NTRs in a binding assay, but an extended fragment to residue 240 did bind
to NTRs as the FL protein (Figure 24). To further analyze regions involved in the

interaction with NTRs, beside the bpNLS, cross-linking combined with mass
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spectrometry (MS) was used. This is a powerful approach, where two or more
interacting proteins are linked using a chemical crosslinker and linked regions are
identified by MS analysis. A BS3 crosslinker was used, which has two amine-reactive
N-Hydroxysulfosuccinimid (NHS)-Esters separated by a spacer-arm of 11.4 A. This
crosslinker links primary amines of lysine sidechains which are in close proximity.
Crosslinked lysine sidechains of the same protein are intra-protein crosslinks and
crosslinked lysine sidechains of different proteins, here NOSIP and NTR (imp 13 or
TNPOL1) are inter-protein crosslinks. These identified interacting regions were then

further analyzed using biochemical assays.
3.6.1 Crosslinking of NOSIP with transportin 1 or importin 13

Transportin 1, which was shown to be the preferred NTR for NOSIP, and importin 13,
which was originally identified to bind to NOSIP, were used for cross-linking
experiments. For cross-linking with BS3, complexes of His-NOSIP with His-
transportin 1 or His-importin 13 were purified by gel filtration. Purified complexes were
titrated against BS3 cross-linker (Figure 28). For the transportin 1-NOSIP complex, a
band above transportin 1, corresponding to the size of complex (~140 kDa) appeared
in the presence of BS3, while the band intensities of NOSIP and transportin 1 were
decreased gradually. In contrast to this, cross-linking of importin 13-NOSIP resulted
in a weak band around 140 kDa, comprising the complex. A second more prominent
band appeared above the marker, corresponding to a much higher molecular weight
(marked with an asterisk), probably comprising multiple copies of both proteins (Figure
28 B). In case of importin 13-NOSIP, the higher and lower bands were analyzed by
MS. For further experiments, transportin 1-NOSIP complex was crosslinked with 300-
fold molar excess of BS3 and importin 13-NOSIP was crosslinked in 200-fold molar

excess.
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Figure 28: Crosslinking of transportin 1-NOSIP and importin 13-NOSIP using BS3. Mixtures of 100 uM His-NOSIP
with 100 uM His-NTR were incubated for 1 h on ice and purified by SEC. Fractions containing complex were pooled
and concentrated. Purified complexes were crosslinked with BS3 in molar excess as indicated for 30 min at RT
and reaction was stopped with 50 nM TRIS. 4xSDS-sample buffer was added to separate bands according to their
size by SDS-PAGE followed by Coomassie staining. Bands corresponding to complex, for importin 13 additionally
the higher band (marked with an asteriks, were cut out and subjected to LC-MS analysis.

Crosslinking of importin 13 and NOSIP using BS3 and formaldehyde

For importin 13, bands corresponding to the size of importin 13/NOSIP complex and
the band running much higher were cut out and subjected LC-MS analysis. For the
band corresponding to the complex, 5 inter-protein crosslinks could be identified of the
very N- or C-terminal parts of NOSIP to the C-terminal K941™p13 (Figure 29, all filtered
crosslinks are listed in Table S 3). As seen in the AlphaFold structure of NOSIP, these
residues (KGNOSIP| K19NOSIP K21 NOSIP " K289gNOSIP - K294NOSIPY gre near to each other
and are therefore defined as region-| (Figure 29 B). However, no cross-links to the
bpNLS of NOSIP were identified (marked in blue).

When analyzing the high molecular weight band, the region-I was observed to be
crosslinked, as before. In total, four lysins (K) of importin 13 were found to be
crosslinked, K117mp 13 K835imp 13 K941imp 13 K945mp 13 (Figure 29 C-D, all filtered
crosslinks are listed in Table S 4). The C-terminal residues (K835™ 13, K941'mp 13,
K945Mmp 13) of importin 13 were crosslinked to region-l of NOSIP. The N-terminal
K117™mp13 crosslinked to several lysins in the middle part of NOSIP (86-178NOSP)
including K86NOSIP | K9ONOSIP and K100N®SIP of the bpNLS. The middle part of NOSIP
consist of the long a-helix and the IDR (intrinsically disordered region) was defined as
region-ll (Figure 29 D). However, for importin 13 only a few interacting regions could
be mapped to its very N- and C-terminal ends. Crystal structures of importin 13 with
its cargoes or RanGTP showed that the cargoes usually interact with the inner

concave surface of either the N- or C-terminal arch of importin 13 (Grinwald and Bono
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2011; Grunwald et al. 2013). Since the BS3 crosslinker is limited to the presence of
lysine sidechains in near proximity to each other, regions lacking those could not be
identified. Additionally, the BS3 crosslinker with a spacer-arm of 11.4 A would be
excluded from very tightly packed regions. To identify more interacting regions,
formaldehyde was used as crosslinker. Formaldehyde crosslinks all residues in very
close proximity, since it is a small molecule (Tayri-Wilk et al. 2020).

A

Importin 13

LT
1

importin 13 NOSIP

K86

K90

K100

K117 KL

K153

K132

K153

N-Terminus KZB

N-Terminus K21
importin 13 NS;IP K835 K86
K289 =

K941 K294 b
K19 K21

5 K941 K117

K289

K945 K21

Figure 29: Crosslinking of importin 13/NOSIP using BS3. His-NOSIP/His-importin 13 complex was formed as
described before, purified by gel filtration and concentrated. Purified complex was then crosslinked using 200-fold
molar excess of BS3 for 30 min at RT, the reaction was stopped by adding TRIS pH 8 to a final concentration of
50 mM. Crosslinked proteins were seperated by SDS-PAGE and bands corresponding to the size of
importin 13/NOSIP complex (~140 kDa, lower band) (A) and a band with higher molecular weight (upper band) (C)
were analyzed by mass-spectrometry. Crosslinks were depicted in a schematic of importin 13 to NOSIP, green
lines indicate lysins of the proteins. Identified and filtered crosslinks are depicted in blue or in case of crosslinks to
NOSIP bpNLS in red. Crosslinks were filtered for a minimum score of 5 and at least two spectrum identifications.
(B, D) Lysines of NOSIP, which were crosslinked to importin 13, are depicted in red on the AlphaFold model of
NOSIP. The bpNLS of NOSIP is marked in blue and crosslinks are listed in a table (B, D).

Purified importin 13-NOSIP complex was crosslinked using 0.8% (v/v) formaldehyde,
the crosslinked complex was analyzed by SDS-PAGE followed by Coomassie staining
(Figure 30 A) and bands corresponding to complex were subjected to MS analysis. In
the SDS-Gel it could be seen that NOSIP and importin 13 bands are decreasing, while
a band above the 130 kDa marker band appeared, comprising NOSIP crosslinked to

importin 13. In contrast to BS3, the band corresponding to the expected weight of the
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complex was stronger than the heigh molecular weight band, which was here only
faint. With formaldehyde as a crosslinker, interacting peptides could be identified, and
the crosslink could not be mapped to a specific residue, as in case of BS3. In general,
formaldehyde resulted in more cross-links of NOSIP to importin 13. All filtered
crosslinked regions are listed in Table S 5 and the crosslinked residues indicated are
in the middle of the crosslinked peptides. Like BS3 crosslinking, regions around 116™?
13 867'™P 13 and 924 13 were crosslinked. In addition to this, regions at the very C-
terminal part 37'™P 13 and two additional areas in the middle of importin 13 410™ 13 and
650MP13 were crosslinked to NOSIP. Region-l (27NOSIP| 261-286N°SP) and region-II
(82-163N°SIP) of NOSIP were crosslinked to importin 13, as seen before for BS3.
Furthermore, an additional region was mapped to 200-215N°SIP | ike for BS3
crosslinking, the N-terminal site of importin 13 was mainly crosslinked to region-Il of
NOSIP. The C-terminus observed to bind mainly to region-1 of NOSIP and additionally

to some parts of region-Il.

To conclude, NOSIP binds with mainly two regions to importin 13. Region-I,
comprising of the very N- and C-terminal tips of NOSIP, was shown to interact mainly
with the C-terminal site of importin 13. The region-II, which comprises the long a-helix
and the IDR from residues 86-178N°SIP was observed to interact with the N-terminal
tip of importin 13. This is in line with the binding assay using NOSIP fragments, where
the fragment 1-110N°SP was only weakly binding to NTRs, whereas the extended

fragment 1-240N°SPhind comparable to the full-length protein.
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Figure 30: Crosslinking of importin 13-NOSIP using Formaldehyde. To identify more interacting regions of NOSIP
and importin 13, the purified complex was crosslinked using 0.4, 0.8 or 1% (v/v) of formaldehyde. (A) The
crosslinked complex was separated by SDS-PAGE and visualized using Coomassie staining. Bands corresponding
to complex were cut-out and subjected to MS analysis. (B) Identified crosslinks were mapped on the schematic
representation of importin 13 and NOSIP (lysins are marked in green), crosslinks are depicted as blue lines and
crosslinks involving the bpNLS of NOSIP are depicted in red. Note that here no specific positions could be mapped,
since with formaldehyde crosslinking only interacting peptides were identified. The crosslinks were mapped to the
middle of identified peptides. (C) Crosslinked regions of NOSIP were marked in red on the AlphaFold structure of
NOSIP and the bpNLS of NOSIP is marked in blue.

Crosslinking of transportin 1 and NOSIP using BS3

Crosslinking of His-transportin 1 with His-NOSIP using BS3 resulted in a prominent
band around 130 kDa, which was analyzed by MS. The analysis revealed that similar
regions of NOSIP were crosslinked, like for importin 13 (all filtered inter- and intra-
protein crosslinks are listed in Table S 6). Noticeable, only a few crosslinks were
observed to region-I of NOSIP, whereas more crosslinks were identified to region-II.
As seen for importin 13, residues of NOSIPs bpNLS, K90ONOSP and K100N°SIP were
crosslinked to transportin 1 (Figure 31 B, C). Of transportin 1, eight lysins were
crosslinked to NOSIPs region-1 and -1l. Mainly the N-terminal arch of transportin 1 was
crosslinked to NOSIP (Figure 31 A). This was surprising, since the conserved N-
terminal arch of NTRs is the binding-site for RanGTP (Goérlich et al. 1997; Chook and
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Blobel 1999). Cargoes usually bind to the C-terminal arch of transportin 1, as well as
for other NTRs (Lee et al. 2005; Mboukou et al. 2021). The N-terminal lysins K66 ™PO!,
K81TNPO1 K85TNPOL gnd K128™PO1 were crosslinked to NOSIP. In addition, crosslinks
of NOSIPs region-I to K385™ P01 and K502™PO1 were identified. Moreover, K889™NPOL

was crosslinked to region-I of NOSIP.
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Figure 31: Crosslinking of transportin 1/NOSIP using BS3. His-NOSIP/His-transportin 1 complex was formed as
before, purified by gel filtration and concentrated. Purified complex was then crosslinked using 300-fold molar
excess of BS3 for 30 min at RT, the reaction was stopped by adding TRIS pH 8 to a final concentration of 50 mM.
Crosslinked proteins were seperated by SDS-PAGE and bands corresponding to the size of transportin 1/NOSIP
complex (~140 kDa) were analyzed by mass-spectrometry. Crosslinks are filtered for a minimum score of 5 and at
least 2 spectrum identifications. (A) Filtered crosslinks are depicted as blue lines, or when the bpNLS of NOSIP is
involved, as red lines. Transportin 1 and NOSIP proteins are depicted as bars with lysin-residues depicted in green.
(B) Lysins of NOSIP which were crosslinked are colored in red and mapped on the AlphFold structure of NOSIP.
The bpNLS, including the spacer-arm, of NOSIP is colored in blue. (C) Table of filtered crosslinks. K is the one
letter code for lysine.

Taken together, NTRs were observed to interact mainly with region-Il of NOSIP
containing the bpNLS within the long a-helix and the IDR. For transportin 1, the
interacting region could be clearly mapped to the N-terminal arch, which contrasts with
the C-terminal binding of typical transportin 1 cargoes. Like for transportin 1, the N-
terminal RanGTP-binding site of importin 13 was observed to bind mainly to region-Il.

The C-terminal tip bound mainly to region-l and additionally to region-Il, pointing to an
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unusual binding of NOSIP to NTRs, which usually bind with the C-terminal arch to their

cargoes.
3.6.2 NOSIP binds to the N-terminal arch of transportin 1

Crosslinking of transportin 1 and NOSIP showed that NOSIP binding is clearly
different from most other transportin 1 cargoes. To validate the MS result, transportin 1
deletion constructs were analyzed for their binding to M9 or NOSIP. Either full-length
transportin 1, an N-terminal deletion (AN) or a C-terminal deletion (AC) fragments of
transportin 1 were incubated with immobilized GST-M9 or GST-NOSIP in the
presence or absence of Rani-1s0 Q69L-GTP.

In this binding assay, GST-M9 bound to transportin 1 FL in the absence of Ran and to
the C-terminal arch of transportin 1 (MBP-TNPO1 AN) in both, presence and absence
of Ran. This is explained by the lack of the N-terminal RanGTP binding-site in the
MBP-TNPO1 AN construct (Figure 32 A). MBP-TNPO1 AC did not bind to GST-M9,
as expected. In contrast to GST-M9, GST-NOSIP bound to MBP-TNPO1 AC,
comprising the N-terminal arch, to the same extent as to the MBP-TNPO1 FL.
Additionally, GST-NOSIP bound to the C-terminal arch of transportin 1 (MBP-TNPO1

AN), however to a lesser extent (Figure 32 B).
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Figure 32: NOSIP binds differently than M9 to transportin 1. Either 100 pmol GST-M9 (A) or GST-NOSIP (B) were
immobilized on glutathione sepahrose beads and incubated with 100 pmol of MBP-TNPO1 fulllength (FL, aa 1-
890), N-terminal arch (4AC, aa 1-517) or C-terminal arch (4N, aa 518-890). Unbound proteins were washed out and
bound proteins were eluted and analyzed by SDS-PAGE followed by Coomassie staining.
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3.6.3 Molecular docking of NOSIP and transportin 1 using MS-derived crosslinks as

distance restrains

NOSIP was assumed to bind to NTRs via its identified bpNLS, but here it was shown
that the bpNLS alone is not sufficient to mediate NOSIP’s nuclear import. Crosslinking
combined with mass spectrometry analysis revealed, that NOSIP bound to importin 13
and transportin 1 via region-Il (residues around 86-178N°SIP) which contains the
bpNLS and the IDR of NOSIP. In addition, NOSIP was observed to bind to the very N-
terminal arch of transportin 1, like RanGTP does. NOSIP also bound to the N-terminal
tip of importin 13, but N-terminal binding to importin 13 is reported for other cargoes
(Grinwald and Bono 2011). The binding to transportin 1 was unusual. To gain more
information about the interaction, NOSIP was docked to transportin 1 using Rosetta
software. Unfortunately, no experimental structure of NOSIP was available, but in
2021 AlphaFold, an Al (artificial intelligence) system, predicted the 3D-structures of
the whole human proteome, including NOSIP. The structure of human NOSIP was
predicted with an overall high accuracy according to the confidence score AlphaFold
provided (Figure 33 A). For transportin 1, several crystal structures in complex with

various cargoes are available.
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Comparing the AlphaFold model of NOSIP to experimental data

The predicted AlphaFold model of NOSIP was analyzed for its reliability using
experimental data. First, the AlphaFold model was compared to the secondary
structure distribution of NOSIP, which was generated using CD (circular dichroism)-
spectroscopy (Figure S 7). The secondary structure distribution of untagged NOSIP
was nearly similar to the distribution in the AlphaFold model (Figure 33 B). Additionally,
the intra-protein crosslinks of NOSIP lysin-residues to each other were mapped on the
NOSIP model using the Xwalk webserver (https://www.xwalk.org/, (Kahraman et al.
2011)). This webtool analyses the solvent accessible surface distances (SASD), which
is the shortest way between crosslinked residues, using a surface accessible way.
The Euclidean distance, which is usually used when measuring distances, was
additionally calculated and represents the shortest way in the three-dimensional room.

41 intra-protein crosslinks were identified (using the data of the transportin 1-NOSIP
complex, Table S 6) and analyzed using Xwalk. 21 of these crosslinks had a
reasonable distance <34 A SASD (the upper limit for DSS crosslinked lysin residues)
between the Cp-atoms (Figure 33 C, all measured distances are listed in Table S 7)
using the AlphaFold model. The remaining crosslinks were above the threshold of 34
A SASD. Most crosslinks above this cutoff were lysins, which are located in the IDR
region of NOSIP. The IDR region has a higher flexibility, and it can be assumed that

this region can be oriented in various positions.

In general, the CD data and the crosslinking data fit to the predicted AlphaFold model
of NOSIP, except some crosslinks of the IDR. Obviously, the IDR was only predicted
with a low accuracy in the AlphaFold model (Figure 33 A).
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Figure 33: The AlphaFold model of NOSIP. (A) The 3D-protein structure was predicted by AlphaFold using the
amino acid sequence of human NOSIP. The confidence of the model is given as a per-residue confidence score,
red residues have a confidence of >95, pale red of <90 to >70, white <70 to >50 and blue <50. (B) Comparing the
relative distribution of secondary structure elements (a-Helices, f-sheets, random (Rndm) coil) from the AlphaFold
model of NOSIP to the distribution obtained from CD (circular dichroism)-spectroscopy measurements. For CD-
spectroscopy, untagged NOSIP, present in 100 mM Na:HPO4/NaH2PO4 pH 8, was measured and secondary
structure distribution was calculated. (C) Identified intra-protein crosslinks of NOSIP are depicted on the AlphaFold
model of NOSIP. The Xwalk webserver was used to measure the solvent accessible surface distance (SASD) of
intra-protein crosslinks. Here, crosslinks with a SASD distance < 34 A are depicted as colored spheres. The
structure of NOSIP is displayed in gray with a mesh around the cartoon-structure to indicate the surface.

Docking of NOSIP to transportin 1

For docking of NOSIP to transportin 1, the AlphaFold model was used for NOSIP,
while a crystal-structure of transportin 1 was used. The structure of transportin 1
bound to Ran-GppNHp (PDB: 1QBK, GppNHp is a non-hydrolysable form of GTP)
was used, because NOSIP bound N-terminally to transportin 1, similar to Ran (Chook
and Blobel 1999). For docking, Ran-GppNHp of the crystal-structure was removed to

obtain transportin 1.

The initial docking was performed using the ClusPro webserver (https://cluspro.org)
with the option “protein-protein docking”. As input, the prepared PDB structure of
transportin 1 and the AlphaFold model of NOSIP were used. Additionally, crosslinked
residues of both, NOSIP and transportin 1, were set as attraction sites in the advanced
options (Table 19). Attraction sites are defined as regions in proximity to the binding

partner and involved in the interaction. As output, the ClusPro webserver provides
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models with the lowest energy and the most clusters. A cluster is defined as a region
with neighbors in a 9 A radius around the Ca-atoms, which bind to the binding partner.
The models are ranked according to the cluster-size and best energy score.

Table 19: Residues given as interaction-sites for ClusPro docking of NOSIP and transportin 1

Attraction sites of transportin 1 Attraction sites of NOSIP
K66 K21
K81 K90
K85 K100
K128 K117
K197 K132
K385 K153
K502 K155
K889 K157

K172
K175
K178
K289

Further, the ClusPro output was filtered for structures, where NOSIP was docked to
the inner concave surface of transportin 1, since cargoes were shown to bind to the
inner concave surface of NTRs (Cingolani et al. 1999). Additionally, the crosslinks
identified by MS analysis were used to filter for models saturating the most crosslinks.
A saturated crosslink was defined as maximum distance of 30 A between the lysin Ca-
Ca atoms. According to the literature, the maximum distance of the Ca-Ca atoms is
24 A when crosslinked by DSS (Gong et al. 2020). As the structure of NTRs is flexible
and some crosslinks involved the flexible IDR of NOSIP, an additional flexibility of 6 A
was allowed. The best model was used as initial starting model for a further refinement
using the Rosetta software (for the docking protocol see section 2.5.3.). The local
refinement protocol of the Rosetta docking protocol was used to optimize the initially

docked transportin 1-NOSIP complex.

In the final model, NOSIP was positioned within the inner-surface near to the N-
terminal end of transportin 1 with a cluster around K81™PO 1 K85TNPO 1 gnd K128TNPO
1 (Figure 34 B-C). NOSIP mainly bound with its region-Il, containing the long a-helix
and the IDR, to transportin 1, involving K9ONOSP K100NOSIP | K117NOSIP - K132NOSIP,
K155N0SIP - K172NOSIP and K175NOSIP (Figure 34 B-C). However, the long o-helix was
oriented at the very end in the cleft between the C- and N-terminal arch. The IDR,

instead, was oriented within the lumen of transportin 1 and possibly interacted with the
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acidic H8-loop of transportin 1. In this model, region-I of NOSIP was not involved in
the interaction. For instance, K21N°SIP and K889™PC 1 which were crosslinked by BS3,
were not near each other (Figure 34 A). Region-l could not be docked closer to
K889™WPO 1 hecause the IDR sterically hindered the respective orientation. Region-lI|
of NOSIP was not involved in the interaction with transportin 1 and some crosslinks
exceeded the cutoff of 30 A (Figure S 8).

IDRs are flexible structures without secondary structure elements. The IDR of NOSIP
was only predicted with a low accuracy in the AlphaFold model. In order to improve
the positioning of the accurately predicted NOSIP structure, the IDR (126-188NOSIP)
was deleted. This shortened NOSIP structure (NOSIPAIDR) was then used for
docking to transportin 1, as described before. In comparison to NOSIP, NOSIPAIDR
was oriented more luminally within the N-terminal arch of transportin 1 (Figure 35).
Additionally, region-I of NOSIP could be oriented more closely to the C-terminal arch
of transportin 1 (Figure 35 B). Region-Il was docked, as before, to the cluster around
K81TNPO 1 K85TNPO 1 and K128™PO 1, The IDR of NOSIP is probably oriented more
luminal, as it was crosslinked to K385™PO1 gand K502™PO 1 However, remodeling of
the IDR failed, because only smaller loops up to 12 residues can be modeled by the
Rosetta software. Besides, two crosslinks contrasted with this model. These crosslinks
indicate that NOSIP may be bound in different orientations. For instance, region-| of
NOSIP (K21NOSIP and K289N°SIP) was docked to the C-terminal end (K889™PC 1) and
the N-terminal end (K81™PO 1) of transportin 1 (Figure S 8 and Figure S 9).
Alternatively, NOSIP could be bound as an antiparallel oriented dimer. This would

explain the docking of NOSIP’s region-I to both ends of transportin 1.
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Figure 34: Docking of NOSIP to transportin 1 using ClusPro and Rosetta. (A-C) The AlphaFold model of NOSIP
was docked to the crystal structure of transportin 1 (PDB: 1QBK) using the MS derived crosslinks. Only the
transportin 1 structure of the PDB file was used for docking. NOSIP is depicted in gray, crosslinked lysins are
shown as red sticks. Transportin 1 is colored in green and crosslinked lysins as blue sticks. Crosslinks in a distance
of < 30 A are depicted as yellow dashed lines. Images were generated using Chimera software.
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Figure 35: Docking of NOSIP without IDR to transportin 1 using ClusPro and Rosetta. (A-B) The IDR of NOSIP’s
AlphaFold model (126-188N°SP) was removed and the modified structure was then used for docking to the crystal
structure of transportin 1 (PDB: 1QBK). Only the transportin 1 structure of the PDB file was used for docking. The
MS derived crosslinks were used as restrains during the docking process. NOSIP is depicted in gray, with the
removed IDR shown as dashed line and crosslinked lysins are shown as red sticks. Transportin 1 is colored in
green and crosslinked lysins as blue sticks. Crosslinks in a distance of < 30 A are depicted as yellow dashed line.
Images were generated using Chimera software.

132



Results

3.7 Cell-cycle regulated transport of NOSIP

NOSIP, with a size of 34 kDa, is small enough to shuttle between the nucleus and the
cytoplasm, since it is below the threshold of the NPC. Nevertheless, NOSIP was
shown to be mainly nuclear localized in HelLa or other cultured cells, as well as in
some tissues (Konig et al. 2002; Konig et al. 2005; Schleicher et al. 2005). The
prominent nuclear enrichment was shown to be based on active nuclear import, which
outbalances passive nuclear export (Figure 11 - Figure 13). The best-known function
of NOSIP takes place in the cytoplasm, where NOSIP regulates eNOS activity by
translocating the enzyme from the plasma membrane to the cytoskeleton (Schleicher
et al. 2005). This translocation occurs specifically in the G2-phase of the cell-cycle. In
addition, NOSIP itself is enriched in the cytoplasm during this phase (Schleicher et al.
2005). This raises the question of how the cytoplasmic accumulation of NOSIP during
the G2-phase of the cell-cycle is regulated. Active nuclear import is the driving force

for the nuclear accumulation of NOSIP, but active nuclear export was not observed.

It is known that nuclear transport can be regulated through posttranslational
modifications (PTM) like phosphorylation, ubiquitination, glycosylation or sumolyation
(Nardozzi et al. 2010; Wang et al. 2012). The mechanism behind this regulation is
either based on the modification of NPC components, and thus a more general effect,
or on the modification of the cargo itself. An previous study showed, that NOSIP can
be phosphorylated, when cells are treated with erythropoietin (Epo), IL 3 or G-CSF,
even though this phosphorylation was transient for 5 to 15 min (Friedman et al. 2003).
Additionally, NOSIP was shown to be an active E3-ubiquitin ligase, which can either
ubiquitinate a target protein or itself (Friedman et al. 2003). Thus, it is possible that
NOSIP is post-translationally modified in a cell-cycle dependent manner, which

causes its accumulation in the cytoplasm.
3.7.1 Cell-cycle regulated localization of NOSIP in HeLa cells

First, the cell-cycle dependent re-localization of NOSIP in HelLa cells was analyzed,
which was previously shown in another cell line (Schleicher et al. 2005). HelLa cells
were synchronized in G1-phase or G2-phase of the cell-cycle using a double thymidine
block, as depicted in (Figure 36 A). The cell-cycle stage was analyzed by flow

cytometry using PI (propidium iodide) DNA staining. For comparison, unsynchronized
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cells were analyzed, which showed 53.5% of cells in G1-phase, 19.4% in S-phase and
18.0% in G2-phase. In HeLa cells synchronized in G1-phase, 89.1% of the cells were
in G1-phase, 7.51% in S-phase and 4.92% in G2-phase. In G2-phase synchronized
cells, 73.5% were in G2-phase, 9.99% in Gl-phase and 6.65% in S-phase,

demonstrating that the synchronization was successful (Figure 36 B).

In addition to the flow cytometry analysis, cells were subjected to indirect
immunofluorescence to visualize the localization of endogenous NOSIP. In
unsynchronized Hela cells, endogenous NOSIP localized to the nucleus, as shown
before (Figure 36 C). Cells synchronized in G1l-phase of the cell-cycle showed a
similar distribution. A shift towards the cytoplasm was observed in cells synchronized
in G2-phase of the cell-cycle, where NOSIP was almost equally distributed between
cytoplasm and nucleus.
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Figure 36: Localization of endogenous NOSIP during G1- and G2-phase of the cell-cycle. (A) HelLa cells were
synchronized by a double thymidine block; a scheme of the procedure is depicted here. Cells were seeded and
after 24 h, 2 mM thymidine were added for 18 h as a first blocking step. Afterwards, cells were released for 9 h,
before another block with thymidine for 18 h was performed, followed by a release. At the beginning of the release,
cells are synchronized in G1-phase of the cell-cycle, and after 8-9 h cells are in G2-Phase of the cell-cycle. After 9
h of release, the cells enter mitosis. (B) HelLa cells were synchronized as described in A and synchronization
efficiency was analyzed by flow cytometry. Cell stages were analyzed by DNA staining with propidium iodide (PI),
since cells in G2-phase have the double amount of DNA. The Pl intensity is plotted against the cell-count. (C) Cells
were synchronized and endogenous NOSIP was visualized by indirect immunofluorescence. Scale bar 20 um.
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3.7.2 Does phosphorylation affect the localization of NOSIP?

Many steps during mitosis are regulated through PTMs, like the activation of cyclin-
dependent kinases (CDK), which are active upon autophosphorylation or due to
phosphorylation by CDK activating kinases (Welburn and Jeyaprakash 2018). A
proteomic screen analyzed the phosphorylation of the human proteome and showed
that protein phosphorylation reaches the highest level during mitosis (Dephoure et al.
2008; Olsen et al. 2010). To examine whether phosphorylation of NOSIP plays a role
for its localization, a broad-spectrum phosphatase inhibitor, okadaic acid, was used.
This inhibitor increases the level of phosphorylation in HeLa cells through the inhibition
of dephosphorylation. Further, a broad-spectrum kinase inhibitor, staurosporine, was
used to prevent phosphorylation or to reverse the increased phosphorylation of
proteins, as induced by okadaic acid (OA).

In this experiment, HeLa cells were treated with OA. The treatment with 0.5 uM OA
for 1 h led to a shift of endogenous NOSIP towards the cytoplasm to an almost equal
distribution of NOSIP compared to untreated cells (Figure 37). This effect was nearly
completely reversed, when staurosporine (St) was used in a 2-fold molar excess
(2 uM). The same was observed for transfected NOSIP-HA cells (Figure S 10). This
indicated, that increased phosphorylation levels in HeLa cells led to a shift of NOSIP
to the cytoplasm. To exclude that the protein level of NOSIP was altered upon
treatments, it was analyzed overtime. It was observed that the protein level of NOSIP

remained constant (Figure 37 B).

In order to analyze if the observed effect is specific for NOSIP, two reporter proteins,
GFP2-M9 and BFP-cNLS, for the transportin 1- and importin o/p- pathway were used.
Cells transfected with GFP2-M9 showed a mainly nuclear signal and treatment with
OA or OA/St did not affect its localization (Figure 37 A). To examine the importin o/
pathway, BFP-cNLS reporter was treated with OA and St. As observed for GFP2-M9,
OA or OA/St treatment did not alter the localization of BFP-cNLS (Figure 37), showing
that the observed effect of okadaic acid treatment on the localization of NOSIP was

not based on a general alteration of nuclear import.
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Figure 37: Okadaic acid treatment alters the localization of NOSIP in HelLa cells. (A) Cells were left untransfected
or transfected with reporter proteins GFP2-M9 and BFP-cNLS. To analyze the effect of phosphorylation on
endogenous NOSIP or reporter proteins, cells were treated with the broad-spectrum phosphatase inhibitor, okadaic
acid (OA), alone or in combination with the broad-spectrum kinase inhibitor staurosporine (St). Treatment was
performed for 1 h at 37 °C with 0.5 pM OA or with 0.5 uM OA and 1 uM St. Reporter proteins were visualized
through their fluorescence-tag and endogenous NOSIP was visualized by indirect immunofluorescence using a
specific antibody. Scale bars 10 um. (B) HelLa cells were treated over a period of 2 h with 0.5 pM OA and were
harvested at indicated time-points. Lysates were analyzed by SDS-PAGE, followed by Western blotting using
antibodies against NOSIP and Tubulin (loading control).

3.7.3 Mutation of potential phosphorylation sites of NOSIP

As seen above, phosphorylation possibly altered the nuclear shuttling of NOSIP. In
order to analyze the effect of phosphorylation on the localization of NOSIP, potential
phosphorylation sites of NOSIP were mutated to mimic the phosphate charge of a
phosphorylation. Either serine (S), threonine (T) or tyrosine (Y) residues can be
phosphorylated through specific kinases. In a proteomic screen analyzing the mitosis-
dependent phospho-proteome, S36 of NOSIP was shown to be phosphorylated during
mitosis. In addition, S107 was identified in the same screen, but not significantly
enriched (Olsen et al. 2010). Another screen analyzing the cell-cycle dependent
phosphorylation observed S138 of NOSIP to be phosphorylated (Dephoure et al.
2008). Moreover, Y14 of NOSIP was detected to be phosphorylated in various studies,
for instance after ephrin-B1 treatment (Jgrgensen et al. 2009). The study of Friedmann
and co-workers, which showed that NOSIP ubiquitinates the Epo-receptor, also

observed tyrosine phosphorylation of NOSIP (Friedman et al. 2003).
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To analyze if phosphorylation of these sites affects the localization of NOSIP, initially
S36 and S138 were mutated to aspartate (D) and Y14 to glutamate (E) to mimic the
charge of a phosphorylation. Later, S107 was additionally mutated, albeit it was not a
significant hit, but it is localized close to the bpNLS. Phosphorylation upstream or
downstream of an NLSs can enhance or impair its recognition by NTRs (reviewed in
(Nardozzi et al. 2010)). The mutations were introduced into NOSIP-HA and some of
them also into GFP-GST-NOSIP. The mutations Y14E, S36D and S138D were all
combined to double or triple mutations, the mutation S107D was only used as a single

mutation.

HelLa cells were transfected with plasmids coding for wildtype (WT) or mutated
NOSIP-HA (WT, Y14E, S36D, S138D, S36D/S138D, Y14E/S36D, Y14E/S138D,
Y14E/S36D/S138D, S107D). As observed earlier (Figure 11), NOSIP-HA localized
mainly to the nucleus and, in some cells, partially in the cytoplasm. Mutation of S36D
or S138D did not alter the localization of NOSIP and showed the same distribution as
the WT (Figure 38 A). The double mutation S36D/S138D did not have an effect, as
the single mutations. Interestingly, the mutation Y14E resulted in a clear shift of
NOSIP-HA towards the cytoplasm. Combining the mutation of Y14E with either S36D,
S138D or both, resulted in an almost equal distribution between nucleus and
cytoplasm, as the Y14E mutation alone (Figure 38 A). To clearly determine the effect
of the mutants on the localization of NOSIP, the nucleocytoplasmic ratio (N/C ratio) of
NOSIP was analyzed. In the quantification, the mutations S36D, S138D and S36D
S138D showed a clear nuclear localization of NOSIP, similar to the WT (Figure 38 B).
All mutants containing the mutation Y14E showed a shift of NOSIP to the cytoplasm,
which was statistically significant (Figure 38 B).

The mutations Y14E and Y14E S36D S138D were introduced into the GFP-GST-
NOSIP construct. Transfection of GFP-GST-NOSIP Y14E showed a pronounced
enrichment in the cytoplasm, whereas GFP-GST-NOSIP WT localized mainly to the
nucleus and only in single cells more to the cytoplasm (Figure S 11). The Y14E S36D
S138D mutation introduced into GFP-GST-NOSIP, resulted in stronger cytoplasmic
localization than Y14E alone (Figure S 11).

The mutation NOSIP-HA S107D led to an increased localization in the cytoplasm

(Figure 38 A). This was confirmed by quantification, but the cytoplasmic enrichment
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was lesser than for NOSIP-HA Y14E (Figure 38 B). This showed that both mutations,
Y14E and S107D, altered the cellular localization of NOSIP, which was based on the

introduced positive charge at these respective residues.
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Figure 38: Y14E mutation mimics phosphorylation and shifts NOSIP to the cytoplasm in HeLa P4 cells. (A) NOSIP
S36, S107, S138 were mutated to asparagine (D) and Y14 was mutated to glutamate to mimic the charge of a
phosphorylation. These mutations were introduced into NOSIP-HA either alone or in combinations with each other
and transfected in HelLa cells using the calcium phosphate method. NOSIP-HA was visualized by indirect
immunofluorescence using an HA antibody and analyzed by epifluorescence microscopy. Scale bar 10 pm. (B)
Images, acquired in A, were used and the nuclear and cytoplasmic fluorescence were measured and divided to
obtain the nucleocytoplasmic ratio (N/C ratio). Data was plotted in GraphPad prism 9. For each condition, 350-
1000 cells were analyzed. All data points are plotted as small black symbols, the red line represents the mean of
three independent experiments, bigger symbols (blue, orange, grey) represent the mean values of each
experiment. Cells were analyzed using CellProfiler software. For statistical analysis a one-way ANOVA with
Bonferroni post-test was done. P-values <0.05 were considered as significant (ns >0.05; *** = <0.001; **** =
<0.0001)
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3.7.4 The Y14E mutation does not affect the interaction of NOSIP with NTRs

The mutation Y14E caused a shift of NOSIP to the cytoplasm. Y14E mimicked the
negative charge of a phosphorylation at this residue. In the context of nuclear
transport, it was observed that phosphorylation can enhance nuclear import of a cargo,
as seen for SV40 T-antigen (Hubner et al. 1997), or to impair import activities, like in
the case of PTHrP (Lam et al. 1999). Alternatively, it is possible that the
phosphorylation does not impair the nuclear import of NOSIP, but instead promote
interaction with a cytoplasmic binding partner, which in turn retains NOSIP in the
cytoplasm. In order to analyze how the mutation Y14E caused the increased

cytoplasmic localization, transport assays and binding assays were performed.

First, the binding of NOSIP to NTRs was analyzed by a pull-down and a binding assay,
which were performed as described before. Immobilized mutant or WT His-NOSIP-
MBP were incubated with HeLa lysate and an excess of RanQ69L1-180-GTP was used
as specificity control. When immobilizing His-NOSIP-MBP, all tested NTRs (importin -
a, -B, -7, -13 and transportin 1) bound in the absence of Ran, but not in its presence
as before (compare Figure 14 A). CRM1 bound in the presence of Ran, but not in its
absence (Figure 39 A). The same was observed for His-NOSIP-MBP Y14E. In the
binding assay, using purified NTRs, all tested His-tagged NTRs (importin -/, -B/7, -
B, -7, -13, -5, transportin 1), except CRM1, bound to WT and mutant NOSIP. This
indicates that the mutation Y14E did not affect the interaction with NTRs (Figure 39
B).

Since the binding of NTRs to His-NOSIP-MBP Y14E was not affected, it was tested if
the mutant protein was able to form stable complexes with NTRs. As a representative
NTR, transportin 1 was chosen and a complex was formed with His-NOSIP-MBP
Y14E or the WT protein. Complex formation was analyzed by size exclusion
chromatography. His-NOSIP-MBP has a molecular weight of ~78 kDa and His-
transportin 1 of ~105 kDa. The similar size of both proteins led to partially over-lapping
elution peaks of the proteins (Figure 40 A, C). A complex of His-NOSIP-MBP and His-
transportin 1 would elute earlier from the column, based on the increased size of ~183
kDa.
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Figure 39: NOSIP Y14E is not impaired in its binding to NTRs. (A) Pulldown of NTRs out of HeLa cytosol using
His-NOSIP-MBP WT (wildtype) compared to Y14E mutant. His-NOSIP-MBP WT or mutant or His-MBP protein
(600 pmol) were immobilized on MBP-Trap and incubated with HelLa cytosol in the presence or absence of
RanGTPi1-180 Q69L (2000 pmol). Unbound proteins were washed out and bound proteins were eluted using 4x
SDS-sample buffer. Eluted proteins were separated by SDS-PAGE and analyzed by Western blotting approach
with respective antibodies as indicated. For the bottom blot, anti-MBP antibody was used to control the
immobilization of MBP or His-NOSIP-MBP. (B) The binding of purified NTRs to immobilized His-NOSIP-MBP (WT
or Y14E) was analyzed using a binding assay. His-NOSIP-MBP (WT or MT) (100 pmol) was immobilized on
amylose resin and incubated with 100 pmol of purified His-tagged NTR. Bound proteins were eluted using 4x SDS-
sample buffer and analyzed by SDS-PAGE, followed by Coomassie staining.

His-NOSIP-MBP and His-transportin 1 were co-eluted from the SEC column,
indicating that a complex was formed (Figure 40 A, B). However, His-NOSIP-MBP
(WT and mutant) were used in a 2-fold molar excess, because His-NOSIP-MBP Y14E
partially precipitated during the incubation time. Like His-NOSIP-MBP WT, the mutant
formed a stable complex with His-transportin 1 (Figure 40 A black curve, B). As seen
in the respective SDS-gels, (Figure 40 B) the total amount of His-NOSIP-MBP Y14E
formed a complex with His-transportin 1, whereas in the complex His-NOSIP-MBP
with His-transportin 1 free His-NOSIP-MBP was detectable. This was due to the
precipitation of His-NOSIP-MBP Y14E. Nevertheless, this demonstrates that His-
NOSIP-MBP Y14E was still able to form a complex with NTRs.
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Figure 40: His-NOSIP-MBP Y14E formed a complex with His-transportin 1. (A) 20 pM His-transportin 1 were
incubated with 40 pM His-NOSIP-MBP WT (wildtype) or Y14E for 1 h on ice in 1x TPB. Formed complexes and
single proteins, as controls, were analyzed by gel filtration, while continously monitoring the absorbance at 280
nm. Note that His-NOSIP-MBP Y14E tended to precepitate during the incubation step on ice. Fractions were
analyzed by SDS-PAGE, followed by Coomassie staining. (B) SDS-gels of His-transportin 1 and His-NOSIP-MBP
(upper gel) or Y14E (lower gel) and of (C) His-transportin 1 (left gel) or His-NOSIP-MBP (right).

3.7.5 Characterization of the effect of NOSIP Y14E on nucleocytoplasmic transport

As shown before, NOSIP containing the mutation Y14E was not impaired in its
interaction with NTRs (Figure 39) and formed a complex with His-transportin 1 (Figure
40). Hence, the increased cytoplasmic localization was not based on a reduced
interaction with NTRs. To test if the efficiency of the nuclear import of NOSIP was

altered, a heterokaryon assay and a GR-Assay were performed.

First, NOSIP-HA or GFP-GST-NOSIP containing the mutations Y14E and Y14E S36D
S138D were used for a heterokaryon assay. NOSIP-HA Y14E and NOSIP-HA Y14E
S36D S138D shuttled between NIH 3T3 and HeLa nuclei, similar to NOSIP-HA (Figure
41). Of note, the increased cytoplasmic localization of both mutants remained after
fusion of cells and only the nuclear fraction of NOSIP-HA originating from HelLa nuclei
was equally distributed between both nuclei. GFP-GST-NOSIP mutant proteins did
not shuttle in this assay, indicating that the GFP-GST-NOSIP mutants were not
actively exported, as the GFP-GST-NOSIP WT. Again, the cytoplasmic fraction of
NOSIP before fusion of HeLa and NIH 3T3 cells remained after the fusion. Performing
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the same assay in the presence of LMB did not alter the shuttling of NOSIP-HA or
GFP-GST-NOSIP mutants (Figure S 12).
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Figure 41: Y14E and Y14E S36D S138D mutations did not alter the nucleocytoplasmic shuttling of NOSIP. The
heterokaryon assay was performed by fusing (+ PEG 2000 or as control — PEG 2000) HelLa P4 cells, transfected
with NOSIP-HA or GFP-GST-NOSIP (Y14E or Y14E S36D S138D), and NIH 3T3 cells. Cell nuclei were
distinguished by their DAPI staining, NIH 3T3 nuclei show several bright dots and are indicated by arrows. Proteins
of interest were detected by their fluorescence tag or, in case of NOSIP-HA, by indirect immunofluorescence using
an anti-HA antibody. Nuclear shuttling of fluorescently labeled proteins was analyzed by confocal microscopy.
Scale bar 20 pm.

Second, the GR assay was used to analyze if the Y14E mutation led to increased
nuclear export. In addition, the impact of the Y14E mutation on the transport efficiency
could be analyzed, since the import and export could be controlled. Both, GR2-GFP-
NOSIP WT and Y14E, were retained in the cytoplasm through the fused GR fragment
in the absence of dexamethasone. After 10 to 20 min of induced import, both proteins
accumulated already partially in the nucleus. For GR2-GFP-NOSIP WT Y14E, the
import activity seemed to be reduced in some cells (Figure 42). After 40 to 60 min of
nuclear import, GR2-GFP-NOSIP WT accumulated exclusively in the nucleus,
whereas GR2-GFP-NOSIP WT Y14E showed a cytoplasmic retention in some cells
(Figure 42). This indicates either slower import activity or an incomplete nuclear import
in some cells. When nuclear export was induced, GR2-GFP-NOSIP WT and Y14E
were not exported, as observed before (compare Figure 13). Some cells, which were
transfected with GR2-GFP-NOSIP Y14E, showed a cytoplasmic signal after 120 min
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of export. This was also seen for some cells after 60 min of import, suggesting that
these cytoplasmic signals were based on an incomplete import reaction, instead of
mediated active export. This is supported by the fact, that in the majority of cells GR2-
GFP-NOSIP Y14E was retained in the nucleus after 120 min of export.

Import Export

- Import 10 min 20 min 40 min 60 min 120 min

GR,-GFP-NOSIP
wT

GR,-GFP-NOSIP
Y14E

Figure 42: GR-assay using GR2-GFP-NOSIP WT vs. Y14E mutant. Here, the import and export of NOSIP WT
(wildtype) vs. Y14E was analyzed. In this in vivo transport assay, nuclear import and nuclear export can be
controlled by treatment with steroid (dexamethasone) or removal of steroid, respectively. The GR fragment is bound
to cytoplasmic structures in the absence of steroid and is imported upon steroid treatment. For import 5 uM
dexamethasone were added and cells were fixed at indicated time-points to analyze import. After removal of
steroid, proteins, if an NES is present, will be exported and retained in the cytoplasm again. Arrows indicate cells
showing lower nuclear import of GR2-GFP-NOSIP Y14E compared to the WT. Localization of proteins was
analyzed by fluorescence microscopy. Scale bar 20 uM.

Third, nuclear import of His-NOSIP-MBP Y14E was analyzed in digitonin-
permeabilized cells. The assay was performed as described before. As before
(compare Figure 20), transportin 1 and importin 13 imported His-NOSIP-MBP most
efficiently and importin B, importin 7 and importin /7 also imported His-NOSIP-MBP,
however, with a lower efficiency (Figure 43 A). When using His-NOSIP-MBP Y14E,
the import efficiency was reduced and import was only observed in some cells (Figure
43). Again, controls using buffer only, cytosol or cytosol with WGA were performed to
test the specificity of the assay (Figure 43 C). Of note, the positive control using cytosol
showed a reduced nuclear import of His-NOSIP-MBP Y14E compared to His-NOSIP-
MBP. Like His-NOSIP-MBP, His-NOSIP-MBP Y14E was imported most efficiently by
transportin 1 and importin 13, but with a reduced efficiency compared to His-NOSIP-
MBP (Figure 43 B). The import efficiency of importin 3, -7 and - /7 was already
reduced for His-NOSIP-MBP and was further reduced for His-NOSIP-MBP Y14E. This

pointed to a reduced nuclear import efficiency, but this result needs to be interpreted
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with caution, since His-NOSIP-MBP Y14E was patrtially precipitating, as seen for the

complex formation (Figure 43 B).

Taken together, mutant NOSIP proteins were observed to shuttle, as wildtype NOSIP,
in a heterokaryon assay (Figure 41). Further, the GR-assay showed a slightly reduced
nuclear import of the NOSIP Y14E mutant (Figure 42). In digitonin-permeabilized cells,
performed with His-NOSIP-MBP WT and Y14E, the mutant was observed to enter the
nucleus less efficiently (Figure 43). Taken together, NOSIP containing the mutation
Y14E was still imported into the nucleus, but the experiments point to a reduced

nuclear import.
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Figure 43: The import of His-NOSIP-MBP Y14E was lower compared to His-NOSIP-MBP WT in digitonin-
permeabilized HeLa cells. (A) Nuclear import assay was performed using purified Imp 13, -7, -, - and TNPO 1.
As cargo, either His-NOSIP-MBP WT (wildtype) or His-NOSIPY**E-MBP were used and visualized by indirect
immunofluorescence using an MBP antibody. All reactions were carried out at 30 °C and at 4 °C, as control.
Nuclear import was analyzed by confocal microscopy, scale bar 10 pM. (B) Quantification of the results are
presented in A. The mean nuclear fluorescence intensities of 4 °C reactions were subtracted from the respective
30 °C values and normalized to the value obtained for the reaction containing cytosol of wildtype His-NOSIP-MBP,
which was arbitrarily set to 1.
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4 Discussion

4.1 Nuclear transport of Lipin 1

Lipin 1 functions as a transcriptional co-activator and in lipid metabolism and the
subcellular localization is essential for both functions(Finck et al. 2006; Ren et al.
2010) The nuclear transport of Lipin 1 is very complex and regulated through multiple
interactions or PTMs. In general, the nuclear localization of Lipin 1 is mediated by
importin o/f through the interaction with an NLS (Ren et al. 2010). This could be
confirmed in HeLa cells by knockdown experiments and the usage of inhibitors (Figure
6 and Figure 9). Interestingly, the interaction of Lipin 1 with importin 13 was also
confirmed (Figure 7 and Figure 8). However, importin a/p was shown to be the
preferred import pathway under physiological conditions. Nonetheless, importin 13
rescued the phenotype of an importin B knockdown, indicating a possible role of
importin 13 in Lipin 1 nuclear import. The role of importin 13 could depend on specific
cellular conditions. For instance, importin 13 is reported to play a key role in the
transcriptional response of oxidative stress (Gajewska et al. 2021). Moreover, Lipin 1
expression is upregulated under oxidative stress conditions (Seo and Shin 2017). If
importin 13 is involved in the oxidative stress-induced upregulation of Lipin 1 needs to

be analyzed in the future.

Instead of regulating the nuclear import of Lipin 1 under specific cellular conditions,
the preferred NTR can be tissue specific. In HeLa cells, importin 13 is only of low
abundance, but in neuronal tissues importin 13 is expressed to higher levels. Lipin 1
nuclear localization in neuronal cells was shown to be regulated through sumoylation
(Liu and Gerace 2009). A sumoylation depended nuclear import of Lipin 1 in HelLa
cells was not observed, indicating that this regulation is tissue depended (data not
shown). However, the specific NTR in neuronal tissue mediating the nuclear import of
Lipin 1 was not analyzed. Lipin 1 can possibly be imported tissue specifically in

neuronal cells by importin 13.

The nuclear export of Lipin 1 is CRM1 depended, since LMB treatment led to the
accumulation of over-expressed Lipin 1 within the nuclei of HeLa cells (Figure 5 and
(Ren et al. 2010). However, no functional NES is experimentally characterized.

Predicting  potential NESs using the LocNES  prediction  server
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(http://prodata.swmed.edu/LocNES, (Xu et al. 2015)) resulted in two potential regions
with a high-score, Lipin 1398414 or Lipin 15624640 (Table S 10). CRM1 bound to GST-
Lipin 1 FL and GST-Lipin 1619, which lacks the second potential NES, indicating that
the first region Lipin 13%-414 may function as an NES for Lipin 1. To verify this region

as true NES, mutational studies and export assays should be performed.

Taken together, the nuclear transport of Lipin 1 is mediated through importin o/p under
physiological conditions. Importin 13 binds to Lipin 1 and can partially rescue an
importin B knock down, indicating a role of importin 13 probably under certain
conditions. Further, the observations indicate that the NES of Lipin 1 may be in region
Lipin 1398414 (398y| DDLTDMDPEVAAL*4),

4.2 Nucleocytoplasmic transport of NOSIP
4.2.1 Nuclear shuttling of NOSIP

NOSIP functions as an inhibitor of the eNOS enzyme (Dedio et al. 2001; Kdnig et al.
2002; Konig et al. 2005; Schleicher et al. 2005). eNOS is relocated from the plasma
membrane to the cytoskeleton through the interaction with NOSIP (Schleicher et al.
2005). NOSIP, as a protein of 34 kDa, is small enough for passive diffusion through
the NPC and should be present in the cytoplasm and nucleus. However, NOSIP shows
a strong accumulation in the nucleus of cultured cells, which points to a higher active
import rate compared to export (Dedio et al. 2001; Konig et al. 2002; Schleicher et al.
2005). For its function as an inhibitor of eNOS, NOSIP itself was shown to relocalize
to the cytoplasm (Schleicher et al. 2005). This raised the question of how the

subcellular localization of NOSIP is regulated.

Therefore, the nuclear transport of NOSIP was characterized in general and in a cell-
cycle dependent manner, discussed in section 4.2.2. Various transport assays were
used to examine the nuclear transport of NOSIP. In a HKA and GR assay, NOSIP was
shown to accumulate in the nucleus. Further, the nuclear import of His-NOSIP-MBP
can be reconstituted in digitonin permeabilized HelLa cells, indicating that NOSIP is
actively imported into the nucleus by NTRs. This can explain the nuclear accumulation
in the nucleus of cultured cells. However, several points exclude the possibility of
active nuclear export in interphase HelLa cells. First, NOSIP with fused GFP-GST-tag,
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to increase the size above the limit for passive diffusion, prevented any shuttling in
HKA (Figure 12). Second, in the GR assay, GR-GFP-NOSIP was retained in the
nucleus, whereas the control protein showed export activity, excluding active export
of NOSIP (Figure 13). Third, NOSIP, neither HA-tagged, GFP-GST-tagged nor
endogenous NOSIP, was affected by LMB treatment, ruling out CRM1 as an export
receptor under these experimental conditions. However, in interphase Hela cells,
NOSIP was shuttling passively between nucleus and cytoplasm and was additionally
imported actively into the nucleus. This showed that active and passive nuclear import
outbalance passive nuclear export, leading to the strong nuclear accumulation of
NOSIP.

4.2.2 Nuclear transport during G2-phase/mitosis

As mentioned above, NOSIP is enriched in the cytoplasm during G2-phase of the cell-
cycle. Additionally, NOSIP was found to be phosphorylated during mitosis in proteomic
screens (Dephoure et al. 2008; Olsen et al. 2010). This raised the possibility that
phosphorylation regulates the cell-cycle dependent localization of NOSIP. These
identified phosphorylation sites were mutated to mimic the charge of a phosphorylation
to analyze the effect on NOSIPs localization. The phosphomimic mutants Y14E and
to a lower extent S107D were enriched in the cytoplasm of HelLa cells. NOSIP-HA
Y14E showed an equal distribution within cells and GFP-GST-NOSIP Y14E was
partially excluded from the nucleus (Figure 38, Figure S 11). The cytoplasmic retention
of NOSIP could be based on reduced or inhibited nuclear import within HeLa cells. For
PTHrP it was shown that its nuclear import is reduced upon phosphorylation of its NLS
(Lam et al. 1999). Y14NOSIP is not in the proximity of the bpNLS of NOSIP, but this can
be a mechanism for residue S107N°SP which is close to the bpNLS (see section 3.4).
The Y14E mutant in HKA or GR assay did not change nuclear transport/shuttling of
NOSIP (Figure 41 and Figure 42). The reduced import efficiency in the import assay
using digitonin permeabilized HelLa cells needs to be interpreted with caution, since
His-NOSIP-MBP Y14E was partially precipitating (Figure 43). Thus, Y14E did not

affect the nuclear transport of NOSIP.

Cytoplasmic retention of NOSIP seems to be based on the interaction with a
cytoplasmic binding partner and this binding is likely stimulated through

phosphorylation. A similar scenario is known for Lipin 1, where insulin induced
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phosphorylation of Lipin 1 promotes the interaction with the 14-3-3 protein and retains
it in the cytoplasm (Péterfy et al. 2010). This interaction would sequester NOSIP away
from the nuclear transport machinery. All NOSIP constructs, which contain the Y14E
mutation, showed an equal distribution between nucleus and cytoplasm (see section
3.7). This equal distribution could be also observed in cells used for HKA or GR-assay.
Surprisingly, the cytoplasmic fraction of NOSIP-HA Y14E remained in fused cells. This
indicated that only the nuclear fraction of NOSIP, originating from HelLa nuclei, was
distributed between both nuclei (Figure 41). In the GR-assay using GR-GFP-NOSIP
Y14E some cells showed a cytoplasmic retention after induced nuclear import. This
indicates that NOSIP is retained in the cytoplasm, when Y14 phosphorylation is

mimicked.

Interestingly, eNOS enriched in a Triton X-100 insoluble fraction after stimulation with
tyrosine phosphatase inhibitors (Fleming et al. 1998). The interaction of NOSIP and
eNOS is based on the relocalization of eNOS to the cytoskeleton, which is known as
the triton-insoluble fraction. The Y14NOSIP mutation to E, to mimic phosphorylation,
lead to a localization of NOSIP to the cytoplasm, which could be explained through
the interaction with eNOS. Phosphorylation of Y14 leads to the cytoplasmic retention
of NOSIP, possibly through increased binding to eNOS. This binding leads to a shift
of eNOS, which was bound to NOSIP, to the cytoskeleton and in turn prevented the

nuclear import of NOSIP.

Another possibility is that the phosphorylation of NOSIP uncovered an NES, leading
to active nuclear export or blocked the NLS, which leads to abolished import,
increasing cytoplasmic NOSIP that interacts with eNOS. However, during G2-phase
of the cell-cycle the balance between import and export seemed to be unchanged,
pointing to the retention of NOSIP in the cytoplasm upon interaction with a binding

partner, probably eNOS.
4.2.3 Interaction of NOSIP with CRM1

Surprisingly, NOSIP specifically interacted with CRM1 in a RanGTP-dependent
manner. Despite this interaction, no active export was shown under our experimental
conditions. It is likely that the export of NOSIP was based on passive diffusion in

interphase cells (see section 4.2.1). The binding of NOSIP to importin 3, transportin 1
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and importin 13 was based on the interaction with the N-terminal arch, which is also
the binding region of RanGTP (Chook and Blobel 1999; Vetter et al. 1999; Grinwald
et al. 2013). The binding of CRM1 and NOSIP depended on the presence of RanGTP,
indicating that the interaction of NOSIP and CRML1 is different. Using the NES
prediction server LocNES (http:/prodata.swmed.edu/LocNES), NOSIP98-214 was only
predicted as potential NES with a low score of 0.145 —-0.172 (Table S 9). Nonetheless,
LMB did not affect NOSIPs localization (Figure 12) in HelLa cells. If NOSIP was
exported by CRM1, the binding would be LMB independent. An LMB independent
binding to CRM1 is reported for the CDK (cyclin dependent kinases) inhibitor p27. p27
binds to CRM1 through an unconventional NES to the classic NES cleft and an
additional region, which is suggested to be responsible for the LMB insensitivity
(Connor et al. 2003).

In the context of NOSIP’s cellular function as a suppressor of eNOS activity, CRM1
could play a role in NOSIP’s cytoplasmic accumulation during the G2-phase of the
cell-cycle. During cell-cycle progression, NO levels need to be reduced, as elevated
NO levels were shown to block the cell-cycle progression at G1/S or G2/M stage
(Napoli et al. 2013). The progression of the cell-cycle is driven by phosphorylation
through CDKs. Mimicking phosphorylation of some residues of NOSIP led to an
accumulation of NOSIP in the cytoplasm (Figure 38). Cell-cycle dependent
phosphorylation of NOSIP, as found in proteomic screens, could lead to active nuclear
export of NOSIP. Phosphorylation of NOSIP can possibly induce a conformational
change, which uncovers an NES like sequence, leading to the binding of an exportin
and active export. A similar mechanism was observed to induce nuclear import. For
instance, phosphorylation of the ERKS5 NES prevents its export and lead to increased
nuclear import (reviewed in (Nardozzi et al. 2010)). Alternatively, phosphorylation of
NOSIP could lead to homodimerization, which could expose a dimer-specific NES.
Likewise, STAT1 phosphorylation induces its homodimerization and exposes a dimer-
specific NLS (reviewed in (Nardozzi et al. 2010)). To examine this, some functional
assays are required or structural studies of a CRM1-NOSIP-RanGTP complex.
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4.3 Interaction with NTRs
4.3.1 Interaction of NOSIP with multiple NTRs

NOSIP was reported to be imported into the nucleus by importin o/f (Schleicher et al.
2005). Here it was shown that NOSIP interacts with and is imported by multiple NTRs,
but importin o did not seem to be involved. A previous study showed, that NOSIP from
a cell lysate binds to immobilized GST-importin o (Schleicher et al. 2005). Such a
binding was confirmed in a pulldown assay (Figure 14 A). In vitro no direct binding of
importina to NOSIP was observed (Figure 14 C). Instead, importin § bound
independently of importin o to NOSIP and the binding of importin oo and NOSIP to
importin B was mutually exclusive (Figure 19) through distinct but maybe partially
overlapping binding sites. Thus, the detection of importin o in the pulldown assay in
both studies may be explained by the presence of additional factors in the cytosol.
NOSIP as E3-ubiquitin ligase is probably interacting with several proteins, since E3
enzymes often function as scaffold proteins in the ubiquitination process. Binding of
importin a was only observed in the presence of cytosol, but not in vitro using purified
proteins, leading to the assumption that NOSIP interacts with importin o cargoes and
is through this interaction detected in the pulldown assays. The indirect import of
proteins, which bind through another cargo to importin a, is called piggybacking. This
is known for cargoes like PP1 (protein phosphatase 1) (Lesage et al. 2004) and
possibly plays a role in NOSIP nuclear import. This can explain the effect of the
importin o/ inhibitor, Bimax2, which had an effect on over-expressed NOSIP only. In
these experiments, NOSIP was highly expressed and the preferred NTR was the rate-
limiting factor. The excess of NOSIP was then transported by other NTRs or

piggybacked by importin o/p.

All other tested NTRs interacted specifically with NOSIP, since the binding was
observed to be sensitive to RanGTP (Figure 14). Further, all NTRs in vitro, except
importin 5, were able to specifically import NOSIP (Figure 20). The binding to multiple
NTRs was already reported for other cargoes like c-Fos (Arnold et al. 2006b), HIV-1-
Rev protein (Arnold et al. 2006a), FUS (Baade et al. 2021) and histones (Bernardes
and Chook 2020). This redundancy of NTRs is also reflected in proteomic screens,

where NTRs show over-lapping cargo-spectra (Kimura et al. 2017; Mackmull et al.
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2017; Baade et al. 2018). Nevertheless, most cargoes show a preference for a specific
NTR, e. g. HIV-1-Rev protein for importin B (Arnold et al. 2006a) and FUS for
transportin 1 (Baade et al. 2021). NOSIP was shown to have a preference to
transportin 1 (section 3.5). The interaction of several NTRs with NOSIP may result
from its high conservation between species. It is well conserved between
dinoflagellates, X. laevis, D. rerio and H. sapiens (Figure S 13). The high conservation
of NOSIP is based on its involvement in the regulation of NOS, at least in mammals
(Dedio et al. 2001). Like NOSIP, NTRs are well conserved in their structure, especially
in the N-terminal part (Ran binding site) (Chook and Blobel 1999), where NOSIP binds.
Since NOSIP binds to the well conserved N-terminal region of NTRs, it is possible that
NOSIP bound to an ancestor of the NTRs. Cingolani and co-workers suggested, that
the N-terminal arch, consisting of HEAT-repeat 1-11, is the ancestor of the NTRs,
which retained during evolution to some degree (Cingolani et al. 2002). During time
the NTR evolved to the NTRs known today, with specified cargo recognition sites at
the C-terminal arch. NOSIP may represent and ancestral type of NLS, which binds the

well-conserved N-terminal, this was also suggested for PTHrP (Cingolani et al. 2002).

Alternatively, NOSIP is transported in a tissue-specific manner by different import
pathways. Here, nuclear transport of NOSIP was mainly analyzed in HeLa cells. It is
known that the abundance of NTRs differs between tissues. Importin 13, for example,
is of low abundance in most tissues, but higher expressed in the brain and testis. In
line with this, NOSIP was shown to be important during brain development
(Hoffmeister et al. 2014) and involved during the early development of the eye-anlagen
(Flach et al. 2018). Importin 13 plays a role in developmental processes through the
import of Arx (aristaless-related homeobox) (Lin et al. 2009), important during the
development of the forebrain (Friocourt et al. 2006). Importin 13 itself is
developmentally regulated in rat fetal lung (Tao et al. 2004). Perhaps, NOSIP is
specifically transported by importin 13 in neuronal cells or during developmental
processes. As transportin 1 is not tissue specifically expressed, it is probably the

preferred pathway in most cells.
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4.3.2 The bpNLS of NOSIP is not sufficient for the nuclear import of NOSIP

The bpNLS differs slightly from the consensus sequence of a bipartite NLS (Schleicher
et al. 2005). Deletion or mutation of the bpNLS was shown to prevent the binding of
NOSIP to importin o or the nuclear localization (Schleicher et al. 2005). This was
confirmed by using the K78AK79A mutant of NOSIP (Figure 22). However, fusing the
bpNLS to GFP-GST, only a weak nuclear accumulation was observed (Figure 21). A
His-NOSIP-MBP construct comprising residues 1-110, including the bpNLS, bound
only weakly to NTRs. Extending this fragment to residue 240, increased the binding of
NTRs, indicating that some additional regions may promote its nuclear accumulation.
In experiments using different fragments, the minimum residues for a clear nuclear
accumulation were NOSIP?5-285 (Figure 25). This experiment showed that the residues
NOSIP?¢-%5 promoted the nuclear accumulation, since the deletion led to a reduced
nuclear accumulation. Additionally, NOSIP111-240 ‘which lacks the bpNLS, was required
for the nuclear localization of NOSIP, because this construct localized like the bpNLS
alone. Taken together, several regions are necessary for the strong nuclear
accumulation of NOSIP. This points to a recognition of NOSIP through its folded
structure, maybe through the exposure of an NLS-like domain. In the AlphaFold model,
the bpNLS located in the beginning of the long a-helix. The lysins K172NOSIP,
K175NOSIP and K178NOSIP are located in the antiparallel IDR of NOSIP at the height of
the bpNLS (Figure 44 A). This could increase the local concentration of positively
charged residues, which are important for the interaction with NTRs (Figure 44 B).
This hypothesis is supported by the fact that NOSIP*11° bound only weakly to NTRs,
whereas the construct NOSIP1-240, containing respective lysins, bound as strong as
full-length NOSIP (Figure 24).
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Figure 44: NOSIPs nuclear localization signal. (A) The AlphaFold model of NOSIP is depicted in grey. The two
basic clusters of the bipartite NLS are marked in blue and the linker in white. Lysins and arginine are depicted as
sticks, additionally the lysins K172, K175 and K178 are depicted as blue sticks. (B) The surface potential of the
area from A is depicted. Positively charged regions are shown in blue and negatively charged regions in red.
Images were generated using Chimera software.

4.3.3 Unusual binding-mode of NOSIP to NTRs

Interestingly, NOSIP bound mainly to the N-terminal arch of transportin 1, importin 13
and importin 3, which is in contrast to the majority of cargoes (Figure 19, Figure 29,
Figure 30, Figure 32). Most established cargoes bind to the C-terminal arch of the
NTRs (Mboukou et al. 2021; Wing et al. 2022). The N-terminal arch, where RanGTP
binds, is also referred as CRIME domain (CRM1, importin § etc.) (Monecke et al.
2014). RanGTP mainly binds to HEAT-repeats (H) 1-7 of the NTRs, one interface
binds H 1-3 and the opposite site of Ran binds H 5-7, including the acidic H8-loop of
NTRs (Chook and Blobel 1999; Vetter et al. 1999).

Only a few cargoes are known to bind to the N-terminal arch of importins. For instance,
PTHrP to importin 3, Ubc9 to importin 13 (Grinwald and Bono 2011) and the HIV-1-
Rev protein and c-Fos to transportin 1 (Arnold et al. 2006a; Arnold et al. 2006b).
PTHrP binds in an extended conformation to H2-11 of importin § and overlaps partially
with the IBB binding site (H 7-19). Despite overlapping sites both were shown to bind
simultaneously (Cingolani et al. 2002; Marfori et al. 2011). The importin B fragments
used in this work comprise H 1-9 (importin B AC) and H 8-19 (importin B AN). Thus,
the interaction of NOSIP with both fragments can be explained if NOSIP binds to H 2-
11 of importin B, similar to PTHrP (Cingolani et al. 2002). The importin  AC fragment
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contains H 2-8 of the PTHrP binding site and bound strongly to NOSIP, while binding
of NOSIP to the importin AN fragment, containing H 8-11, was weaker (Figure 19).

The HIV-1-Rev protein and c-Fos are reported to bind to an N-terminal fragment of
transportin 1 (H 1-11) and, weaker, to the C-terminal fragment H 12-19 (Arnold et al.
2006a; Arnold et al. 2006b). For both proteins a similar binding to importin 3 fragments
(N-terminal H 1-9 and C-terminal H8-19) was observed, but c-Fos bound exclusively
N-terminal to importin B (Arnold et al. 2006b). Like c-Fos and HIV-1-Rev, NOSIP
bound to both transportin 1 fragments, but stronger to the N-terminal fragment (Figure
32). Despite the interaction with transportin 1, none of the mentioned cargoes contain
a PY-NLS nor an RG/RGG-rich motif. All proteins showed a strong binding to the N-
terminal arch of transportin 1, which is clearly different from the typical cargo binding
site on the C-terminal arch. However, a weak binding to the C-terminal arch, which
contains the binding site for transportin 1 cargoes (for more information see
introduction 1.1.5) (Cansizoglu et al. 2007), was observed, indicating that the N-
terminal binding cargoes are bound to some extent to the C-terminal arch. When
crosslinking the transportin 1-NOSIP complex, some crosslinks of the C-terminal arch
of transportin 1 (K502™PO 1 and K385™PC 1) to K178NOSIP were identified (Figure 31).
K502T™NPO1 and K385™PO 1 gre |located within binding site B of PY-NLS cargoes, near
to epitope 2 and epitope 3, respectively (Soniat and Chook 2016). Epitope 2 and 3 are
usually occupied by the R-X25-PY part of the PY-NLS, where R binds to epitope 2 and
the PY-motif to epitope 3 (Mboukou et al. 2021). Nevertheless, the binding to the C-
terminal arch is not necessary for a strong interaction and has probably a stabilizing
effect for the N-terminal bound cargo. To map the exact binding regions on

transportin 1, further binding assays are needed as well as mutational studies.

However, NOSIP and HIV-1-Rev protein both bind importin  and transportin 1
fragments and both lack a typical PY-NLS sequence. This suggests a more common
localization signal, which is rather based on a three-dimensional conformation than on

a linear sequence. This point is further addressed in the next section.
4.3.4 Does NOSIP contain a three-dimensional NLS?

NOSIP, HIV-1-Rev, c-Fos and c-Jun bind to transportin 1 but lack a typical PY-NLS,
as well as an RG/RGG-rich region (Arnold et al. 2006a; Arnold et al. 2006b; Waldmann
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et al. 2007). This is not surprising, since these proteins, except c-Jun, were observed
to bind to the N-terminal arch of transportin 1. Thus, the question arises of how these
proteins interact with transportin 1. Comparing the amino acid sequences, no
similarities were found. For HIV-1-Rev, c-Fos and c-Jun, basic regions, described as
NLSs, are responsible for the interaction with various NTRs. The same was observed
for NOSIP in this work. The need of a basic region for the interaction with all NTRs is
expected, since the inner concave surface of NTRs is highly acidic. All mentioned
proteins bind to NTRs at the N-terminal site. To examine if there was a common
feature, the AlphaFold models of these proteins were compared. Only for HIV-1-Rev

protein a partial experimental structure was available.

c-Jun and c-Fos, which can form the transcription factor AP-1 (Chiu et al. 1988), are
structurally very similar. Both contain a long a-helix with a leucine-zipper domain
through which they form a coiled-coil to bind DNA (Figure 45, A-B). The residual
structure of the transcription factors is predicted to be unstructured. Like the
transcription factors, NOSIP contains a long a-helix and an antiparallel oriented
disordered region (Figure 45 C). For the HIV-1-Rev protein, no AlphaFold model was
available, but a partial crystal structure including the NLS region (Daugherty 2010).
The structure consists of two antiparallel oriented a-helices, which are connected by
a short turn (Figure 45 D). Interestingly, c-Fos, c-Jun and NOSIP partially share a
striking structural similarity. All proteins bind through a very basic region within the
long a-helices (regions marked with a circle Figure 45) to NTRs. Further, closely
located to this basic a-helical region, unstructured loops can be found, which have a
basic character (as seen in the electrostatic depiction in Figure 45). c-Fos binds
through this unstructured loop to transportin 1 and through the basic a-helical region
to importin B (Arnold et al. 2006b). In general, all N-terminal binding cargoes interact
with the NTRs via the very basic a-helix, whose positive charge is increased locally

through surrounding loops.

Some NLSs are reported to be linear sequences and overall unstructured, but become
partially ordered when bound to NTRs, like M9-sequences or classic and bipartite
NLSs (Wing et al. 2022). The IBB-domain is a special kind of NLS, which is thought to
be exclusive for adaptor proteins like importin o (Lott and Cingolani 2011). The IBB-

domain consist of a short N-terminal a-helix, followed by a loop and a long a-helix.
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The long a-helix has a very basic character with 40% basic residues (Lott and
Cingolani 2011). The structure of the IBB domain is similar to the regions of c-Jun, c-
Fos, NOSIP and HIV-1-Rev, which are reported to be important for the interaction with
NTRs. But in contrast to the C-terminal binding IBB-domain, these proteins bind N-
terminal to transportin 1 or importin 3. These proteins may represent a class of
proteins, containing a three-dimensional NLS, which is structurally similar to the well-
defined IBB-domain. For further characterization of this NLS class, structural studies

of these complexes are necessary to understand the interactions at an atomic level.

A

6 >0 >0 <0

HIV-Rev

Figure 45: Structure comparison of N-terminal binding proteins. Predicted AlphaFold structures colored in per-
residue confidence score (upper structure) and depicted electrostatic potential (lower structure) of c-Fos (A), c-Jun
(B) and NOSIP (C). Per-residue confidence score, red residues have a confidence of >95, pale-red of <90 to >70,
white <70 to >50 and blue <50. (D) Crystal-structure of the HIV-1-Rev protein (residues 1-70), PDB: 3LPH. Lower
structure shows the electrostatic potential. (A-D) Regions identified as NLS binding to NTRs are marked with black
circles. c-Fos aal38-160 (circle 2) binds to importin fand aall1-124 binds to transportin 1 (Arnold et al. 2006b);
c-Jun aa273-276 binding to several NTRs (Waldmann et al. 2007); HIV-1-Rev aa34-50 binding to NTR (Arnold et
al. 2006a); NOSIP aa78-101 binding to several NTRs.

4.3.5 Docking of NOSIP to transportin 1

The identified crosslinks allowed an unambiguous placement of NOSIP to the N-
terminal arch of transportin 1 (Figure 31). However, the IDR of NOSIP, which is
predicted with a low accuracy, could not be modeled sufficiently. The modelling
algorithms of Rosetta and ClusPro dock proteins to each other with a rigid backbone.
Some NLSs are known to be unstructured and to adopt a more ordered conformation,
when binding to an NTR (Wing et al. 2022). It will need to be analyzed if the IDR of
NOSIP adopts a different conformation upon binding to an NTR. Despite the clear

positioning of NOSIP to the N-terminal Heat-repeats 1-4 of transportin 1, some
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crosslinks cannot be explained. Either NOSIP can be bound in different orientations,
with region-I facing up or down, close to the very N-terminal a-helices, or NOSIP can
be bound as a dimer. Homodimerization of NOSIP would be likely through the long a-
helices forming a coiled-coil. An orientation of region-I on opposite sides would
correspond to the crosslinking of region-l to the very N- and C-terminal ends of
transportin 1. Additionally, the crosslinks of both ends of the long a-helix to the cluster
around K81™PO1 gand K85™POL could be explained. A dimerization of purified His-
NOSIP was only observed for a minor fraction (data not shown). Purified NOSIP-NTR
complexes showed a retention time, corresponding to a bound monomer. In vivo
additional factors or PTMs possibly can induce dimerization of NOSIP, which cannot

be reconstituted in vitro.

However, this model needs to be interpreted carefully, since no experimental structure
of NOSIP is available. Furthermore, the packing of NTRs can vary when bound to
different cargoes and transportin 1 could adopt a more open conformation, allowing
enough space for a homodimer, or in a more closed conformation. To test the model

for its reliability, mutational studies need to be performed in the future.
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5 OQutlook

NOSIP was shown to bind to multiple NTRs, thus it should be analyzed, whether
different NTRs transport NOSIP depending on the tissue. This could be tested by
knocking-down different NTRs in various cell lines and analyzing the effect on
endogenous NOSIP. Further, nuclear transport assays, in respective cell lines, should
be performed to analyze the tissue dependency of NTRs by analyzing the transport

efficiency.

An alternative hypothesis, stating that NOSIP is transported by different NTRs
depending on the cellular conditions like oxidative stress, could be tested in a similar
way. In a first step, it could be analyzed if different cellular stress conditions affected
the binding of NOSIP to different NTRs. To determine the effect on NOSIPs cellular
localization, cells should be exposed to such stress conditions and analyzed by

indirect immunofluorescence.

Furthermore, it should be analyzed, if the phosphorylation at Y14 leads to a
cytoplasmic retention of NOSIP through mediated binding to eNOS. This could be
done by identifying the binding region of NOSIP on eNOS. This binding region should
be mutated, the eNOS mutant and NOSIP Y14E mutant should be co-transfected and
analyzed, if NOSIP still shows the cytoplasmic retention. Further, it could be interesting
to test, if additional PTMs led to the cell-cycle dependent cytoplasmic retention of
NOSIP. This could be determined by analyzing NOSIP out of cell lysates from G2-

phase or G1l-phase, for PTMs using mass spectrometry.

Structural studies, like crystallization, could be done to get more insight into the
interaction of NOSIP with transportin 1 or other NTRs. Unfortunately, crystallizing His-
tagged or untagged full-length NOSIP with importin 13 or transportin 1 failed. A
deletion of the first 37 or the last 13 residues of NOSIP did not work either. In further
trials, NOISP’5>18  containing the a-helix and the IDR, or NOSIP?5-28 could be used.
It would be of great interest to identify the binding motif of NOSIP, which leads to the
N-terminal NTR binding. Moreover, structural studies of c-Fos and HIV-1-Rev should

be done to determine if there was a binding motif or three-dimensional NLS.
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The role of importin 13-dependent nuclear import of Lipin 1 should be further
analyzed. Lipin 1 is upregulated under oxidative stress conditions (Seo and Shin 2017)
and importin 13 plays a key role in the transcriptional response to oxidative stress
(Gajewska et al. 2021). It could be tested if different cellular conditions, especially

oxidative stress, led to importin 13-dependent nuclear import.
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Appendix

Synthesized gene fragments

In the following, ordered gene fragments from BioCat GmbH are listed. Mutated
nucleotide, compared to the wildtype sequence, are marked in uppercase letters.

NOSIP fragment (aa 1-165)
>Y14E S36D S138D

atgacgcggcatggcaagaactgcaccgcaggggcecgtcGAGacctaccacgagaagaagaaggacacagcggcectcg
ggctatgggacccagaacattcgactgGACcgggatgccgtgaaggacttcgactgetgttgtctctcectgcagecttgecac

gatcctgttgtcaccccagatggctacctgtatgagegtgaggccatcctggagtacattctgcaccagaagaaggagattgecc

ggcagatgaaggcctacgagaagcagcggggeaccecggcgecgaggagcagaaggagcttcagecgggeggcctcgeagg
accatgtgcggggcttcctggagaaggagtcggctatcgtgageecggeccctcaaccctttcacagccaaggcecctetcgggea
ccGACccagatgatgtccaacctgggceccagtgtgggtcctccaagtaaggacaaggacaaagtgetgcccagcettctggat

ccegt

>Y14E S138D

atgacgcggcatggcaagaactgcaccgcaggggccgtcGAGacctaccacgagaagaagaaggacacagcggcctcg
ggctatgggacccagaacattcgactgAGCcgggatgccgtgaaggacttcgactgctgttgtctctccctgcagcecttgecac
gatcctgttgtcaccccagatggctacctgtatgagcgtgaggcecatcctggagtacattctgcaccagaagaaggagattgecc
ggcagatgaaggcctacgagaagcagcggggcacccggcgcgaggagcagaaggagcttcagcgggeggcectcgeagg
accatgtgcggggcttcctggagaaggagtcggctatcgtgagccggeccctcaaccctttcacagccaaggcecctctcgggea
ccGACccagatgatgtccaacctgggcccagtgtgggtcctccaagtaaggacaaggacaaagtgctgcccagcttctggat

ccegt
>Y14E S36D

atgacgcggcatggcaagaactgcaccgcaggggccgtcGAGacctaccacgagaagaagaaggacacagcggcctcg
ggctatgggacccagaacattcgactgGACcgggatgccgtgaaggacttcgactgctgttgtctctcecctgcagcecttgecac

gatcctgttgtcaccccagatggctacctgtatgagcgtgaggcecatcctggagtacattctgcaccagaagaaggagattgecc
ggcagatgaaggcctacgagaagcagcggggcacccggcgcgaggagcagaaggagcttcagcgggeggectcgeagg
accatgtgcggggcttcctggagaaggagtcggctatcgtgagccggeccctcaaccctttcacagccaaggcecctctcgggea
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ccAGCccagatgatgtccaacctgggcccagtgtgggtcctccaagtaaggacaaggacaaagtgctgeccagcttctggat
ccegt

>Y14E

atgacgcggcatggcaagaactgcaccgcaggggccgtcGAGacctaccacgagaagaagaaggacacagcggcecteg
ggctatgggacccagaacattcgactgAGCcgggatgccgtgaaggacttcgactgetgttgtctctcectgcagecttgecac

gatcctgttgtcaccccagatggctacctgtatgagcgtgaggcecatcctggagtacattctgcaccagaagaaggagattgecc

ggcagatgaaggcctacgagaagcagcggggeaccecggcgcgaggagcagaaggagcttcagecgggeggectcgeagg
accatgtgcggggcttcctggagaaggagtcggctatcgtgagecggeccctcaaccctttcacagccaaggecctcetcgggea
ccAGCccagatgatgtccaacctgggceccagtgtgggtectccaagtaaggacaaggacaaagtgetgcccagcettctggat

ccegt

>5138D

atgacgcggcatggcaagaactgcaccgcaggggccgtc TACacctaccacgagaagaagaaggacacagcggcctcg
ggctatgggacccagaacattcgactgAGCcgggatgccgtgaaggacttcgactgetgttgtctctcectgcagecttgecac
gatcctgttgtcaccccagatggctacctgtatgagegtgaggccatcctggagtacattctgcaccagaagaaggagattgecc
ggcagatgaaggcctacgagaagcagcggggeaccecggcegcgaggagcagaaggagcttcagecgggeggectcgeagg
accatgtgcggggcttcctggagaaggagtcggctatcgtgageecggeccctcaaccctttcacagccaaggcecctetcgggea
ccGACccagatgatgtccaacctgggceccagtgtgggtectccaagtaaggacaaggacaaagtgetgcccagcettctggat

ccegt

>S36D S138D

atgacgcggcatggcaagaactgcaccgcaggggccgtcTACacctaccacgagaagaagaaggacacagcggcctcg
ggctatgggacccagaacattcgactgGACcgggatgccgtgaaggacttcgactgcetgttgtctctccctgcagcecttgecac
gatcctgttgtcaccccagatggctacctgtatgagcgtgaggcecatcctggagtacattctgcaccagaagaaggagattgecc
ggcagatgaaggcctacgagaagcagcggggcacccggcgcgaggagcagaaggagcttcagegggeggcectcgeagg
accatgtgcggggcttcctggagaaggagtcggctatcgtgagccggeccctcaaccctttcacagccaaggecctctcgggea
ccGACccagatgatgtccaacctgggcccagtgtgggtcctccaagtaaggacaaggacaaagtgctgcccagcttctggat

ccegt

>S36D

atgacgcggcatggcaagaactgcaccgcaggggccgtcTACacctaccacgagaagaagaaggacacagcggcctcg
ggctatgggacccagaacattcgactgGACcgggatgccgtgaaggacttcgactgctgttgtctctcecctgcagcecttgecac
gatcctgttgtcaccccagatggctacctgtatgagcgtgaggcecatcctggagtacattctgcaccagaagaaggagattgecc

ggcagatgaaggcctacgagaagcagcggggeaccecggcgcgaggagcagaaggagcttcagecgggeggectcgeagg
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accatgtgcggggcttcctggagaaggagtcggctatcgtgagccggeccctcaaccctttcacagccaaggecctcetcgggea
ccAGCccagatgatgtccaacctgggcccagtgtgggtcctccaagtaaggacaaggacaaagtgctgeccagcttctggat
ccegt
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Figures
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Figure S 1: Validation of anti-NOSIP antibody form Sigma (Ab411). (A) HeLa P4 cells were transfected with 50 nM
siRNA against NOSIP or 50 nM nontargeting siRNA (siNT) using RNAIMax. NOSIP was visualized by indirect
immunofluorescence using the NOSIP antibody (Ab411), cell nuclei were visualized using DAPI. Scale bar 20 uM.
(B) Knockdown success was analyzed by Western blotting using antibodies against NOSIP and Tubulin (loading
control)

Hela P4 HAP1
DAPI Lipin 1/HA/GFP DAPI Lipin 1/HA/GFP

endog. Lipin 1

Lipin 1-HA

GFP-GST-Lipin 1

Figure S 2: Localization of Lipin 1 in HeLa cells and HAP1 cells. The localization of endogenous, HA-tagged and
GFP-GST-tagged Lipin 1 was analyzed in HelLa cells and in HAP1 cells. Respective plasmids were transfected
using the calcium phosphate method. Endogenous Lipin1 and Lipin 1-HA were visualized by indirect
immunofluorescence using antibodies against Lipin 1 or HA, respectively. GFP-GST-Lipin 1 was visualized by its
fluorescence tag, images were acquired by epifluorescence microscopy. Scale bar 20 um.
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Figure S 3: Importin 13, CRM1 and importin «/f are binding to Lipin 1 in a binding assay. To analyze the binding
of importin 13 and importin o/ to Lipin 1, either 100 pmol GST-Lipin 1 FL (full-length) (A) or GST-Lipin 1%-61° (B)
were immobilized on glutathione sepharose beads. Immobilized Lipin 1 was incubated with 100 pmol His-
importin 13, His-importin o/ or His- importin S in presence or absence of 300 pmol RanQ69L1-180-GTP. Unbound
proteins were washed out and bound proteins were eluted using 4xSDS sample buffer. Eluted proteins were
analyzed by SDS-PAGE, followed by Coomassie staining. Protein purification and these binding assays were
performed by Carmen Wassong. (C) GST-Lipin1 FL or GST-Lipin 1'62° were immobilized on glutathione
sepharose beads and incubated with 100 pmol His-HA-CRM1 in presence or absence of 300 pmol RanQ69L 1-180-
GTP. Bound proteins were eluted and analyzed as in A and B.
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Figure S 4: Competition of NTRs for NOSIP. (A) His-NOSIP-MBP was immobilized to amylose resin and incubated
with His-imp 13 or His-S-imp g or both at indicated molar ratios. Unbound proteins were washed out and bound
proteins were eluted in 4xSDS-sample, analyzed by SDS-PAGE, followed by Coomassie staining. Since both NTRs
have a similar size and running at a similar height in SDS-Gels, a Western blot using respective antibodies was
performed to distinguish bound NTRs. (B) His-MBP was immobilized on amylose resin and incubated with His-
tagged NTRs. Bound proteins were eluted and analyzed by SDS-PAGE, followed by Coomassie staining. (C-D)
Competition binding assay of transportin 1 (TNPO 1) and other NTRs for NOSIP. His-NOSIP-MBP was immobilized
as above and incubated with NTRs at indicated molar ratios. Bound proteins were eluted and analyzed by SDS-
PAGE, followed by Coomassie staining.
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Figure S 5: The complex of importin 13-NOSIP is stable over-time. The complex of His-importin 13-His-NOSIP was
formed by incubating 50 M His-imp13 with 100 puM His-NOSIP in 1x TPB for 1 h on ice. The formed complex was
centrifuged at 16100 x g prior to size exclusion chromatography using a Superdex 200 10/300 GL. Fractions
containing His-imp13-His-NOSIP were pooled and concentrated using a Spin-X-UF concentrator (10K MWCO, 0.5
mL). The half of the concentrated complex was again subjected to SEC to validate the stability of the complex
(orange curve). The other half was first incubated with 30 pM Rani-1s0 Q69L-GTP for 1 h on ice, as specificity
control, and then reapplied to SEC (green curve). Note, here another analytical SEC column (Superdex 200 10/300
GL vs. Superdex 200 10/300 GL increase) was used as in the experiments in Figure 17, curves are not directly
comparable. Runs were performed using an Akta purifier, data were plotted using GraphPad prism 9.

+ bimax2 + MOM
NOSIP bimax2 NOSIP MOM

Figure S 6: Transfection of endogenous or HA-tagged NOSIP with RFP-tagged peptide inhibitors. HeLa P4 cells
were transfected with RFP-tagged bimax2 or MOM which are peptide inhibitors of importin «/f or transportin 1,
respectively. The effect of the inhibitors on endogenous NOSIP or co-transfected NOSIP was analyzed, therefore

NOSIP was detected by indirect immunofluorescence using antibodies directed against NOSIP or the HA-tag. Cells
were analyzed by epifluorescence microscopy, scale bar 20 pum.
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Figure S 7: CD-spectrum of untagged NOSIP. For analysis untagged NOSIP with a concentration of 0.1 mg/mL in
100 mM Na2HPO4/NaH2PO4 was measured at 20 °C using a Chirascan™ CD spectrometer. Depicted is the
average of 20 spectra. Data was plotted in GraphPad prism 9. mdeg — millidegrees.

~
V4
Ki
~ ~:8~
- - e
K153
K117 &8
K66
N-Terminus
K132

Figure S 8: Docking of NOSIP to transportin 1 using ClusPro and Rosetta. (A-C) The AlphaFold model of NOSIP
was docked to the crystal structure of transportin 1 (PDB: 1QBK) using the MS derived crosslinks. Only the
transportin 1 structure of the PDB file was used for docking, the structure of Ran was removed. NOSIP is depicted
in gray, crosslinked lysins are shown as red sticks. Transportin 1 is colored in green and crosslinked lysins as blue
sticks. Crosslinks in a distance of > 30 A are depicted as dark blue dashed line. Images were generated using

Chimera software
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C-Terminus 4

i

Figure S 9: Docking of NOSIPAIDR to transportin 1 using ClusPro and Rosetta. (A-B) The IDR of NOSIPs
AlphaFold model (126-188N°SP) was removed and the modified structure was then used for docking to the crystal
structure of transportin 1 (PDB: 1QBK). Only the transportin 1 structure of the PDB file was used for docking, the
structure of Ran was removed. The MS derived crosslinks were used as restrains during the docking process.
NOSIP is depicted in gray, with the removed IDR shown as dashed line and crosslinked lysins are shown as red
sticks. Transportin 1 is colored in green and crosslinked lysins as blue sticks. Crosslinks in a distance of > 30 A
are depicted as dark blue dashed line. Images were generated using Chimera software
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Figure S 10: Treatment of NOSIP with okadaic acid and staurosporine. HeLa cells were transfected with NOSIP-
HA or untransfected cells were used. Cells were then treated with okadaicacid (OA) (250 or 500 nM) and with or
without staurosporine (St) (1 uM) for 1 h. Afterwards cells were subjected to indirect imunofluorescence to detect
endogenous NOSIP or NOSIP-HA using respective antibodies. Images were acquired by epifluoresence

microscopy. Scale bar 20 uM.
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Figure S 11: Localization of GFP-GST-NOSIP phosphomimic mutants in HeLa P4 cells. HeLa P4 cells were
transfected with plasmids coding for GFP-GST alone or GFP-GST-NOSIP WT (wildtype), Y14E and Y14E S36D
S138D using calcium phosphate method. Localization of NOSIP was analyzed by confocal microscopy, Scale bar

20 pm.
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Figure S 12: NOSIP Y14E and Y14E S36D S138D showed still nucleocytoplasmic shuttling in presence of LMB.
The heterokaryon assay was performed by fusing (+ PEG 2000 or as control — PEG 2000) HeLa P4 cells,
transfected with NOSIP-HA or GFP-GST-NOSIP (Y14E or Y14E S36D S138D), and NIH 3T3 cells in the presence
of 10 nM Leptomycin B (LMB). Cell nuclei were distinguished by their DAPI staining, NIH 3T3 nuclei show several
bright dots and are indicated by arrows. Proteins of interest were detected by their fluorescence tag or in case of
NOSIP-HA by indirect immunofluorescence using an anti-HA antibody. Nuclear shuttling of fluorescently labeled
proteins was analyzed by confocal microscopy. Scale bar 20 pm
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Figure S 13: Multiple sequence alignment of NOSIP from different species. The sequence of NOSIP from Homo
sapiens (H. sapiens), Xenopus laevis (X. laevis), Danio rerio (D. rerio) and Symbiodinium pilosum (Dinoflagellate)
were aligned using the PRALINE multiple sequence alignment webtool
(https://www.ibi.vu.nl/programs/pralinewww/). Residues are depicted from red to blue, according to their
conservation from high to low, respectively.
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Tables

Table S 1: Table of constrains used for local docking of NOSIP and transportin 1 using Rosetta (see Figure 34)

Protein 1 Residue 1 Protein 2 Residue 2
transportin 1 K66 NOSIP K117
transportin 1 K66 NOSIP K132
transportin 1 K81 NOSIP K21
transportin 1 K81 NOSIP K100
transportin 1 K81 NOSIP K117
transportin 1 K81 NOSIP K132
transportin 1 K81 NOSIP K153
transportin 1 K81 NOSIP K155
transportin 1 K81 NOSIP K157
transportin 1 K81 NOSIP K172
transportin 1 K81 NOSIP K175
transportin 1 K81 NOSIP K178
transportin 1 K81 NOSIP K289
transportin 1 K85 NOSIP K90
transportin 1 K85 NOSIP K172
transportin 1 K85 NOSIP K175
transportin 1 K128 NOSIP K90
transportin 1 K128 NOSIP K175
transportin 1 K197 NOSIP K117
transportin 1 K197 NOSIP K132
transportin 1 K197 NOSIP K157
transportin 1 K385 NOSIP K178
transportin 1 K502 NOSIP K178
transportin 1 K889 NOSIP K21

Table S 2: Table of constrains used for local docking of NOSIPAIDR and transportin 1 using Rosetta (see Figure

35)

Protein 1 Residue 1 Protein 2 Residue 2
transportin 1 K66 NOSIP K117
transportin 1 K81 NOSIP K21
transportin 1 K81 NOSIP K100
transportin 1 K81 NOSIP K117
transportin 1 K81 NOSIP K289
transportin 1 K85 NOSIP K90
transportin 1 K128 NOSIP K90
transportin 1 K197 NOSIP K117
transportin 1 K889 NOSIP K21
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Table S 3: Filtered crosslinks of His-importin 13 His-NOSIP complex crosslinked by BS3 (lower band) (see Figure
29)

Protein 1 Residue 1 Protein 2 Residue 2 type Spectral
count

NOSIP 21 Importin 13 9241 Inter-Protein 46
NOSIP 289 Importin 13 9241 Inter-Protein 36
NOSIP 294 Importin 13 9241 Inter-Protein 43
NOSIP 19 Importin 13 941 Inter-Protein 10
NOSIP 6 Importin 13 941 Inter-Protein 4
NOSIP 294 Importin 13 945 Inter-Protein 1
NOSIP 294 Importin 13 941 Inter-Protein 1
NOSIP 100 NOSIP 175 Intra-Protein 11
NOSIP 90 NOSIP 178 Intra-Protein 10
NOSIP 21 NOSIP 294 Intra-Protein 6
NOSIP 117 NOSIP 175 Intra-Protein 2
NOSIP 289 NOSIP 21 Intra-Protein 9

Importin 13 757 Importin 13 921 Intra-Protein 11
NOSIP 175 NOSIP 90 Intra-Protein 12
NOSIP 117 NOSIP 90 Intra-Protein 4
NOSIP 175 NOSIP 100 Intra-Protein 7
NOSIP 86 NOSIP 178 Intra-Protein 18
NOSIP 289 NOSIP 178 Intra-Protein 2
NOSIP 190 NOSIP 178 Intra-Protein 2
NOSIP 100 NOSIP 90 Intra-Protein 8

Importin 13 835 Importin 13 921 Intra-Protein 3
NOSIP 21 NOSIP 90 Intra-Protein 4
NOSIP 294 NOSIP 175 Intra-Protein 2
NOSIP 132 NOSIP 90 Intra-Protein 3
NOSIP 100 NOSIP 178 Intra-Protein 3
NOSIP 100 NOSIP 86 Intra-Protein 1
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Table S 4: Filtered crosslinks of His-importin 13 His-NOSIP complex crosslinked by BS3 (upper band) (see Figure

29)
Protein 1 Residue 1 Protein 2 Residue 2 type Spectral
count
NOSIP 21 Importin 13 941 Inter-Protein 18
Importin 13 835 NOSIP 6 Inter-Protein 4
Importin 13 835 NOSIP 21 Inter-Protein 2
NOSIP 289 Importin 13 941 Inter-Protein 32
Importin 13 835 NOSIP 86 Inter-Protein 1
NOSIP 117 Importin 13 941 Inter-Protein 4
NOSIP 294 Importin 13 941 Inter-Protein 12
Importin 13 42 NOSIP 117 Inter-Protein 2
Importin 13 835 NOSIP 294 Inter-Protein 2
Importin 13 835 NOSIP 175 Inter-Protein 2
Importin 13 117 NOSIP 178 Inter-Protein 13
Importin 13 941 NOSIP 178 Inter-Protein 1
NOSIP 21 Importin 13 945 Inter-Protein 3
Importin 13 117 NOSIP 86 Inter-Protein 15
Importin 13 117 NOSIP 90 Inter-Protein 18
Importin 13 117 NOSIP 100 Inter-Protein 17
NOSIP 117 Importin 13 117 Inter-Protein 3
NOSIP 289 Importin 13 937 Inter-Protein 1
NOSIP 153 Importin 13 117 Inter-Protein 7
NOSIP 132 Importin 13 941 Inter-Protein 1
NOSIP -20 NOSIP 21 Intra-Protein 10
NOSIP 289 NOSIP 21 Intra-Protein 27
Importin 13 835 Importin 13 941 Intra-Protein 55
NOSIP 21 NOSIP 117 Intra-Protein 4
NOSIP 175 NOSIP 90 Intra-Protein 21
NOSIP 6 NOSIP 21 Intra-Protein 19
NOSIP 21 NOSIP 294 Intra-Protein 14
NOSIP 19 NOSIP 21 Intra-Protein 11
NOSIP 132 NOSIP 117 Intra-Protein 10
NOSIP 90 NOSIP 178 Intra-Protein 14
NOSIP 100 NOSIP 175 Intra-Protein 12
NOSIP 172 NOSIP 90 Intra-Protein 11
NOSIP 117 NOSIP 175 Intra-Protein 12
NOSIP 172 NOSIP 178 Intra-Protein 9
NOSIP 117 NOSIP 100 Intra-Protein 12
NOSIP 21 NOSIP 175 Intra-Protein 9
NOSIP 117 NOSIP 86 Intra-Protein 3
NOSIP 175 NOSIP 100 Intra-Protein 19
NOSIP 157 NOSIP 175 Intra-Protein 3
NOSIP 6 NOSIP 178 Intra-Protein 2
NOSIP 78 NOSIP 178 Intra-Protein 20
NOSIP 132 NOSIP 175 Intra-Protein 5
Importin 13 937 Importin 13 941 Intra-Protein 13
NOSIP 253 NOSIP 257 Intra-Protein 2
NOSIP 117 NOSIP 178 Intra-Protein 24
NOSIP 6 NOSIP 20 Intra-Protein 1
NOSIP 117 NOSIP 90 Intra-Protein 17
NOSIP 78 NOSIP 86 Intra-Protein 22
NOSIP 21 NOSIP 90 Intra-Protein 13
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Table S 4 continued

Protein 1 Residue 1 Protein 2 Residue 2 type Spectral
count

NOSIP 289 NOSIP 20 Intra-Protein 1
NOSIP 21 NOSIP 178 Intra-Protein 12
NOSIP 78 NOSIP 175 Intra-Protein 8
NOSIP 289 NOSIP 178 Intra-Protein 14
NOSIP 289 NOSIP 175 Intra-Protein 6
NOSIP 86 NOSIP 178 Intra-Protein 15
NOSIP 132 NOSIP 178 Intra-Protein 12
NOSIP 21 NOSIP 190 Intra-Protein 2
NOSIP 132 NOSIP 86 Intra-Protein 1
NOSIP 294 NOSIP 175 Intra-Protein 7
NOSIP 100 NOSIP 86 Intra-Protein 1
NOSIP 132 NOSIP 100 Intra-Protein 1
NOSIP 289 NOSIP 19 Intra-Protein 3
NOSIP 19 NOSIP 90 Intra-Protein 2

Importin 13 835 Importin 13 937 Intra-Protein 6
NOSIP 132 NOSIP 90 Intra-Protein 19
NOSIP 20 NOSIP 78 Intra-Protein 1

Table S 5: Filtered crosslinks of His-importin 13 His-NOSIP complex crosslinked by formaldehyde (see Figure 30)

Protein 1 Residue 1 Protein 2 Residue 2 type

importin 13 116 NOSIP 106 Inter-Protein
importin 13 924 NOSIP 110 Inter-Protein
importin 13 93 NOSIP 162 Inter-Protein
importin 13 924 NOSIP 106 Inter-Protein
importin 13 116 NOSIP 272 Inter-Protein
importin 13 37 NOSIP 205 Inter-Protein
importin 13 37 NOSIP 124 Inter-Protein
importin 13 37 NOSIP 106 Inter-Protein
importin 13 410 NOSIP 110 Inter-Protein
importin 13 924 NOSIP 272 Inter-Protein
importin 13 867 NOSIP 286 Inter-Protein
importin 13 93 NOSIP 118 Inter-Protein
importin 13 924 NOSIP 205 Inter-Protein
importin 13 109 NOSIP 118 Inter-Protein
importin 13 15 NOSIP 138 Inter-Protein
importin 13 924 NOSIP 200 Inter-Protein
importin 13 93 NOSIP 163 Inter-Protein
importin 13 15 NOSIP 144 Inter-Protein
importin 13 924 NOSIP 29 Inter-Protein
importin 13 93 NOSIP 261 Inter-Protein
importin 13 924 NOSIP 124 Inter-Protein
importin 13 37 NOSIP 110 Inter-Protein
importin 13 924 NOSIP 215 Inter-Protein
importin 13 793 NOSIP 106 Inter-Protein
importin 13 116 NOSIP 124 Inter-Protein
importin 13 650 NOSIP 27 Inter-Protein
importin 13 15 NOSIP 162 Inter-Protein
importin 13 116 NOSIP 82 Inter-Protein
importin 13 793 NOSIP 205 Inter-Protein
importin 13 924 NOSIP 82 Inter-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type

importin 13 914 NOSIP 27 Inter-Protein
importin 13 37 NOSIP 278 Inter-Protein
importin 13 37 NOSIP 28 Inter-Protein
importin 13 389 NOSIP 118 Inter-Protein
importin 13 410 NOSIP 106 Inter-Protein
importin 13 58 importin 13 79 Intra-Protein
importin 13 15 importin 13 37 Intra-Protein
importin 13 56 importin 13 79 Intra-Protein
importin 13 924 importin 13 928 Intra-Protein
importin 13 914 importin 13 924 Intra-Protein
importin 13 15 importin 13 924 Intra-Protein
importin 13 109 importin 13 924 Intra-Protein
importin 13 410 importin 13 650 Intra-Protein
importin 13 867 importin 13 924 Intra-Protein
importin 13 37 importin 13 109 Intra-Protein
importin 13 37 importin 13 93 Intra-Protein
importin 13 15 importin 13 284 Intra-Protein
importin 13 23 importin 13 389 Intra-Protein
importin 13 650 importin 13 924 Intra-Protein
importin 13 15 importin 13 410 Intra-Protein
importin 13 -7 importin 13 15 Intra-Protein
importin 13 93 importin 13 621 Intra-Protein
importin 13 37 importin 13 412 Intra-Protein
importin 13 393 importin 13 927 Intra-Protein
importin 13 15 importin 13 56 Intra-Protein
importin 13 37 importin 13 928 Intra-Protein
importin 13 -8 importin 13 16 Intra-Protein
importin 13 184 importin 13 924 Intra-Protein
importin 13 37 importin 13 867 Intra-Protein
importin 13 389 importin 13 924 Intra-Protein
importin 13 389 importin 13 410 Intra-Protein
importin 13 924 importin 13 935 Intra-Protein
importin 13 15 importin 13 63 Intra-Protein
importin 13 184 importin 13 284 Intra-Protein
importin 13 22 importin 13 93 Intra-Protein
importin 13 -7 importin 13 914 Intra-Protein
importin 13 79 importin 13 109 Intra-Protein
importin 13 410 importin 13 928 Intra-Protein
importin 13 14 importin 13 37 Intra-Protein
importin 13 15 importin 13 79 Intra-Protein
importin 13 37 importin 13 389 Intra-Protein
importin 13 855 importin 13 914 Intra-Protein
importin 13 389 importin 13 571 Intra-Protein
importin 13 15 importin 13 793 Intra-Protein
importin 13 410 importin 13 914 Intra-Protein
importin 13 116 importin 13 928 Intra-Protein
importin 13 116 importin 13 389 Intra-Protein
importin 13 99 importin 13 389 Intra-Protein
importin 13 23 importin 13 914 Intra-Protein
importin 13 621 importin 13 914 Intra-Protein
importin 13 412 importin 13 621 Intra-Protein
importin 13 855 importin 13 928 Intra-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type
importin 13 793 importin 13 914 Intra-Protein
importin 13 37 importin 13 914 Intra-Protein
importin 13 284 importin 13 914 Intra-Protein
importin 13 438 importin 13 474 Intra-Protein
importin 13 15 importin 13 621 Intra-Protein
importin 13 171 importin 13 186 Intra-Protein
importin 13 928 importin 13 942 Intra-Protein
importin 13 -8 importin 13 15 Intra-Protein
importin 13 -10 importin 13 22 Intra-Protein
importin 13 23 importin 13 109 Intra-Protein
importin 13 37 importin 13 184 Intra-Protein
importin 13 420 importin 13 571 Intra-Protein
importin 13 93 importin 13 924 Intra-Protein
NOSIP 26 NOSIP 124 Intra-Protein
NOSIP 106 NOSIP 118 Intra-Protein
NOSIP 27 NOSIP 106 Intra-Protein
NOSIP 27 NOSIP 110 Intra-Protein
NOSIP 261 NOSIP 280 Intra-Protein
NOSIP 124 NOSIP 163 Intra-Protein
NOSIP 124 NOSIP 166 Intra-Protein
NOSIP 82 NOSIP 118 Intra-Protein
NOSIP 261 NOSIP 272 Intra-Protein
NOSIP 118 NOSIP 272 Intra-Protein
NOSIP 27 NOSIP 280 Intra-Protein
NOSIP 272 NOSIP 286 Intra-Protein
NOSIP 110 NOSIP 264 Intra-Protein
NOSIP 103 NOSIP 118 Intra-Protein
NOSIP 124 NOSIP 261 Intra-Protein
NOSIP 100 NOSIP 124 Intra-Protein
NOSIP 110 NOSIP 118 Intra-Protein
NOSIP 118 NOSIP 215 Intra-Protein
NOSIP 215 NOSIP 261 Intra-Protein
NOSIP 110 NOSIP 286 Intra-Protein
NOSIP 106 NOSIP 187 Intra-Protein
NOSIP 27 NOSIP 200 Intra-Protein
NOSIP 118 NOSIP 182 Intra-Protein
NOSIP 26 NOSIP 110 Intra-Protein
NOSIP 163 NOSIP 272 Intra-Protein
NOSIP 73 NOSIP 106 Intra-Protein
NOSIP 110 NOSIP 261 Intra-Protein
NOSIP 106 NOSIP 162 Intra-Protein
NOSIP 27 NOSIP 215 Intra-Protein
NOSIP 27 NOSIP 82 Intra-Protein
NOSIP 124 NOSIP 144 Intra-Protein
NOSIP 99 NOSIP 106 Intra-Protein
NOSIP 222 NOSIP 261 Intra-Protein
NOSIP 261 NOSIP 278 Intra-Protein
NOSIP 86 NOSIP 124 Intra-Protein
NOSIP 106 NOSIP 295 Intra-Protein
NOSIP 187 NOSIP 215 Intra-Protein
NOSIP 73 NOSIP 110 Intra-Protein
NOSIP 106 NOSIP 261 Intra-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type
NOSIP 124 NOSIP 263 Intra-Protein
NOSIP 82 NOSIP 286 Intra-Protein
NOSIP 29 NOSIP 118 Intra-Protein
NOSIP 89 NOSIP 272 Intra-Protein
NOSIP 118 NOSIP 184 Intra-Protein
NOSIP 110 NOSIP 166 Intra-Protein
NOSIP 89 NOSIP 110 Intra-Protein
NOSIP 272 NOSIP 292 Intra-Protein
NOSIP 26 NOSIP 205 Intra-Protein
NOSIP 106 NOSIP 163 Intra-Protein
NOSIP 106 NOSIP 267 Intra-Protein
NOSIP 104 NOSIP 118 Intra-Protein
NOSIP 200 NOSIP 286 Intra-Protein
NOSIP 215 NOSIP 263 Intra-Protein
NOSIP 178 NOSIP 280 Intra-Protein
NOSIP 26 NOSIP 280 Intra-Protein
NOSIP 26 NOSIP 37 Intra-Protein
NOSIP 118 NOSIP 124 Intra-Protein
NOSIP 27 NOSIP 37 Intra-Protein
NOSIP 99 NOSIP 110 Intra-Protein
NOSIP 27 NOSIP 124 Intra-Protein
NOSIP 176 NOSIP 280 Intra-Protein
NOSIP 110 NOSIP 143 Intra-Protein
NOSIP 263 NOSIP 280 Intra-Protein
NOSIP 26 NOSIP 272 Intra-Protein
NOSIP 37 NOSIP 73 Intra-Protein
NOSIP 37 NOSIP 118 Intra-Protein
NOSIP 110 NOSIP 176 Intra-Protein
NOSIP 138 NOSIP 278 Intra-Protein
NOSIP 176 NOSIP 272 Intra-Protein
NOSIP 26 NOSIP 278 Intra-Protein
NOSIP 82 NOSIP 163 Intra-Protein
NOSIP 106 NOSIP 138 Intra-Protein
NOSIP 99 NOSIP 215 Intra-Protein
NOSIP 86 NOSIP 200 Intra-Protein
NOSIP 205 NOSIP 286 Intra-Protein
NOSIP 205 NOSIP 261 Intra-Protein
NOSIP 124 NOSIP 286 Intra-Protein
NOSIP 26 NOSIP 106 Intra-Protein
NOSIP 178 NOSIP 272 Intra-Protein
NOSIP 162 NOSIP 205 Intra-Protein
NOSIP 82 NOSIP 261 Intra-Protein
NOSIP 110 NOSIP 187 Intra-Protein
NOSIP 278 NOSIP 295 Intra-Protein
NOSIP 118 NOSIP 280 Intra-Protein
NOSIP 138 NOSIP 205 Intra-Protein
NOSIP 162 NOSIP 215 Intra-Protein
NOSIP 86 NOSIP 110 Intra-Protein
NOSIP 106 NOSIP 264 Intra-Protein
NOSIP 272 NOSIP 295 Intra-Protein
NOSIP 124 NOSIP 178 Intra-Protein
NOSIP 29 NOSIP 286 Intra-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type
NOSIP 118 NOSIP 200 Intra-Protein
NOSIP 100 NOSIP 110 Intra-Protein
NOSIP 187 NOSIP 272 Intra-Protein
NOSIP 110 NOSIP 178 Intra-Protein
NOSIP 124 NOSIP 143 Intra-Protein
NOSIP 110 NOSIP 267 Intra-Protein
NOSIP 163 NOSIP 205 Intra-Protein
NOSIP 110 NOSIP 292 Intra-Protein
NOSIP 163 NOSIP 200 Intra-Protein
NOSIP 124 NOSIP 295 Intra-Protein
NOSIP 106 NOSIP 286 Intra-Protein
NOSIP 280 NOSIP 292 Intra-Protein
NOSIP 264 NOSIP 280 Intra-Protein
NOSIP 118 NOSIP 267 Intra-Protein
NOSIP 100 NOSIP 278 Intra-Protein
NOSIP 118 NOSIP 278 Intra-Protein
NOSIP 29 NOSIP 264 Intra-Protein
NOSIP 110 NOSIP 138 Intra-Protein
NOSIP 176 NOSIP 215 Intra-Protein
NOSIP 166 NOSIP 182 Intra-Protein
NOSIP 73 NOSIP 82 Intra-Protein
NOSIP 163 NOSIP 278 Intra-Protein
NOSIP 178 NOSIP 278 Intra-Protein
NOSIP 99 NOSIP 272 Intra-Protein
NOSIP 178 NOSIP 200 Intra-Protein
NOSIP 163 NOSIP 280 Intra-Protein
NOSIP 176 NOSIP 278 Intra-Protein
NOSIP 73 NOSIP 200 Intra-Protein
NOSIP 73 NOSIP 272 Intra-Protein
NOSIP 37 NOSIP 162 Intra-Protein
NOSIP 29 NOSIP 187 Intra-Protein
NOSIP 200 NOSIP 261 Intra-Protein
NOSIP 26 NOSIP 82 Intra-Protein
NOSIP 162 NOSIP 278 Intra-Protein
NOSIP 267 NOSIP 278 Intra-Protein
NOSIP 124 NOSIP 187 Intra-Protein
NOSIP 26 NOSIP 182 Intra-Protein
NOSIP 27 NOSIP 205 Intra-Protein
NOSIP 280 NOSIP 295 Intra-Protein
NOSIP 82 NOSIP 166 Intra-Protein
NOSIP 215 NOSIP 267 Intra-Protein
NOSIP 143 NOSIP 215 Intra-Protein
NOSIP 267 NOSIP 286 Intra-Protein
NOSIP 200 NOSIP 267 Intra-Protein
NOSIP 82 NOSIP 100 Intra-Protein
NOSIP 26 NOSIP 215 Intra-Protein
NOSIP 27 NOSIP 278 Intra-Protein
NOSIP 82 NOSIP 176 Intra-Protein
NOSIP 86 NOSIP 278 Intra-Protein
NOSIP 73 NOSIP 124 Intra-Protein
NOSIP 124 NOSIP 176 Intra-Protein
NOSIP 205 NOSIP 267 Intra-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type
NOSIP 106 NOSIP 166 Intra-Protein
NOSIP 37 NOSIP 267 Intra-Protein
NOSIP 28 NOSIP 138 Intra-Protein
NOSIP 182 NOSIP 286 Intra-Protein
NOSIP 162 NOSIP 272 Intra-Protein
NOSIP 200 NOSIP 292 Intra-Protein
NOSIP 37 NOSIP 261 Intra-Protein
NOSIP 26 NOSIP 200 Intra-Protein
NOSIP 118 NOSIP 222 Intra-Protein
NOSIP 124 NOSIP 138 Intra-Protein
NOSIP 13 NOSIP 28 Intra-Protein
NOSIP 124 NOSIP 162 Intra-Protein
NOSIP 263 NOSIP 297 Intra-Protein
NOSIP 215 NOSIP 286 Intra-Protein
NOSIP 73 NOSIP 215 Intra-Protein
NOSIP 103 NOSIP 138 Intra-Protein
NOSIP 162 NOSIP 200 Intra-Protein
NOSIP 82 NOSIP 295 Intra-Protein
NOSIP 110 NOSIP 263 Intra-Protein
NOSIP 108 NOSIP 118 Intra-Protein
NOSIP 138 NOSIP 184 Intra-Protein
NOSIP 82 NOSIP 143 Intra-Protein
NOSIP 118 NOSIP 205 Intra-Protein
NOSIP 267 NOSIP 295 Intra-Protein
NOSIP 29 NOSIP 100 Intra-Protein
NOSIP 26 NOSIP 267 Intra-Protein
NOSIP 178 NOSIP 267 Intra-Protein
NOSIP 187 NOSIP 205 Intra-Protein
NOSIP 29 NOSIP 263 Intra-Protein
NOSIP 29 NOSIP 261 Intra-Protein
NOSIP 138 NOSIP 200 Intra-Protein
NOSIP 29 NOSIP 138 Intra-Protein
NOSIP 99 NOSIP 124 Intra-Protein
NOSIP 27 NOSIP 272 Intra-Protein
NOSIP 267 NOSIP 272 Intra-Protein
NOSIP 215 NOSIP 292 Intra-Protein
NOSIP 106 NOSIP 144 Intra-Protein
NOSIP 176 NOSIP 200 Intra-Protein
NOSIP 110 NOSIP 163 Intra-Protein
NOSIP 200 NOSIP 263 Intra-Protein
NOSIP 89 NOSIP 104 Intra-Protein
NOSIP 26 NOSIP 29 Intra-Protein
NOSIP 82 NOSIP 144 Intra-Protein
NOSIP 118 NOSIP 295 Intra-Protein
NOSIP 37 NOSIP 286 Intra-Protein
NOSIP 26 NOSIP 104 Intra-Protein
NOSIP 162 NOSIP 280 Intra-Protein
NOSIP 82 NOSIP 187 Intra-Protein
NOSIP 215 NOSIP 295 Intra-Protein
NOSIP 37 NOSIP 163 Intra-Protein
NOSIP 82 NOSIP 162 Intra-Protein
NOSIP 166 NOSIP 205 Intra-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type
NOSIP 29 NOSIP 295 Intra-Protein
NOSIP 99 NOSIP 278 Intra-Protein
NOSIP 100 NOSIP 205 Intra-Protein
NOSIP 11 NOSIP 29 Intra-Protein
NOSIP 82 NOSIP 138 Intra-Protein
NOSIP 166 NOSIP 215 Intra-Protein
NOSIP 29 NOSIP 267 Intra-Protein
NOSIP 82 NOSIP 267 Intra-Protein
NOSIP 162 NOSIP 267 Intra-Protein
NOSIP 175 NOSIP 278 Intra-Protein
NOSIP 110 NOSIP 144 Intra-Protein
NOSIP 29 NOSIP 162 Intra-Protein
NOSIP 143 NOSIP 200 Intra-Protein
NOSIP 163 NOSIP 267 Intra-Protein
NOSIP 100 NOSIP 280 Intra-Protein
NOSIP 86 NOSIP 267 Intra-Protein
NOSIP 89 NOSIP 124 Intra-Protein
NOSIP 29 NOSIP 143 Intra-Protein
NOSIP 264 NOSIP 278 Intra-Protein
NOSIP 166 NOSIP 200 Intra-Protein
NOSIP 205 NOSIP 264 Intra-Protein
NOSIP 106 NOSIP 176 Intra-Protein
NOSIP 215 NOSIP 264 Intra-Protein
NOSIP 124 NOSIP 292 Intra-Protein
NOSIP 82 NOSIP 178 Intra-Protein
NOSIP 29 NOSIP 176 Intra-Protein
NOSIP 99 NOSIP 114 Intra-Protein
NOSIP 27 NOSIP 267 Intra-Protein
NOSIP 28 NOSIP 118 Intra-Protein
NOSIP 124 NOSIP 267 Intra-Protein
NOSIP 267 NOSIP 292 Intra-Protein
NOSIP 99 NOSIP 200 Intra-Protein
NOSIP 86 NOSIP 205 Intra-Protein
NOSIP 37 NOSIP 263 Intra-Protein
NOSIP 143 NOSIP 278 Intra-Protein
NOSIP 29 NOSIP 73 Intra-Protein
NOSIP 267 NOSIP 283 Intra-Protein
NOSIP 73 NOSIP 205 Intra-Protein
NOSIP 106 NOSIP 263 Intra-Protein
NOSIP 176 NOSIP 267 Intra-Protein
NOSIP 144 NOSIP 278 Intra-Protein
NOSIP 29 NOSIP 163 Intra-Protein
NOSIP 166 NOSIP 278 Intra-Protein
NOSIP 37 NOSIP 86 Intra-Protein
NOSIP 175 NOSIP 185 Intra-Protein
NOSIP 182 NOSIP 267 Intra-Protein
NOSIP 144 NOSIP 205 Intra-Protein
NOSIP 82 NOSIP 89 Intra-Protein
NOSIP 138 NOSIP 182 Intra-Protein
NOSIP 264 NOSIP 272 Intra-Protein
NOSIP 138 NOSIP 272 Intra-Protein
NOSIP 176 NOSIP 187 Intra-Protein
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Table S 5 continued

Protein 1 Residue 1 Protein 2 Residue 2 type
NOSIP 166 NOSIP 280 Intra-Protein
NOSIP 89 NOSIP 200 Intra-Protein
NOSIP 106 NOSIP 122 Intra-Protein
NOSIP 163 NOSIP 182 Intra-Protein
NOSIP 118 NOSIP 297 Intra-Protein
NOSIP 106 NOSIP 143 Intra-Protein
NOSIP 205 NOSIP 263 Intra-Protein
NOSIP 144 NOSIP 272 Intra-Protein
NOSIP 143 NOSIP 205 Intra-Protein
NOSIP 98 NOSIP 118 Intra-Protein
NOSIP 26 NOSIP 99 Intra-Protein
NOSIP 143 NOSIP 272 Intra-Protein
NOSIP 110 NOSIP 295 Intra-Protein
NOSIP 163 NOSIP 215 Intra-Protein
NOSIP 99 NOSIP 118 Intra-Protein
NOSIP 86 NOSIP 106 Intra-Protein
NOSIP 29 NOSIP 86 Intra-Protein
NOSIP 98 NOSIP 138 Intra-Protein
NOSIP 37 NOSIP 187 Intra-Protein
NOSIP 138 NOSIP 280 Intra-Protein
NOSIP 110 NOSIP 162 Intra-Protein
NOSIP 28 NOSIP 267 Intra-Protein

importin 13 116 NOSIP 106 Inter-Protein
importin 13 924 NOSIP 110 Inter-Protein
importin 13 93 NOSIP 162 Inter-Protein
importin 13 924 NOSIP 106 Inter-Protein
importin 13 116 NOSIP 272 Inter-Protein
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Table S 6: Filtered crosslinks of His-transportin 1 His-NOSIP complex crosslinked by BS3 (see Figure 31)

Protein 1 Residue 1 Protein 2 Residue 2 type Spectral
count
NOSIP 117 transportin 1 81 Inter-Protein 67
transportin 1 85 NOSIP 175 Inter-Protein 42
NOSIP 172 transportin 1 81 Inter-Protein 28
NOSIP 21 transportin 1 81 Inter-Protein 31
transportin 1 128 NOSIP 175 Inter-Protein 12
NOSIP 157 transportin 1 81 Inter-Protein 50
NOSIP 132 transportin 1 66 Inter-Protein 6
transportin 1 85 NOSIP 90 Inter-Protein 20
NOSIP 117 transportin 1 66 Inter-Protein 20
transportin 1 85 NOSIP 172 Inter-Protein 17
NOSIP 21 transportin 1 889 Inter-Protein 8
transportin 1 385 NOSIP 178 Inter-Protein 70
NOSIP 155 transportin 1 81 Inter-Protein 24
NOSIP 289 transportin 1 81 Inter-Protein 5
NOSIP 132 transportin 1 81 Inter-Protein 33
transportin 1 81 NOSIP 175 Inter-Protein 116
transportin 1 502 NOSIP 178 Inter-Protein 9
transportin 1 128 NOSIP 90 Inter-Protein 8
transportin 1 81 NOSIP 100 Inter-Protein 157
NOSIP 153 transportin 1 81 Inter-Protein 23
NOSIP 117 transportin 1 197 Inter-Protein 26
NOSIP 132 transportin 1 197 Inter-Protein 9
transportin 1 81 NOSIP 178 Inter-Protein 10
NOSIP 157 transportin 1 197 Inter-Protein 4
NOSIP 78 NOSIP 175 Intra-Protein 4
NOSIP 6 NOSIP 21 Intra-Protein 34
NOSIP 78 NOSIP 178 Intra-Protein 27
transportin 1 128 transportin 1 85 Intra-Protein 14
NOSIP 100 NOSIP 90 Intra-Protein 10
NOSIP 100 NOSIP 175 Intra-Protein 12
NOSIP 289 NOSIP 21 Intra-Protein 41
NOSIP 117 NOSIP 100 Intra-Protein 66
NOSIP 253 NOSIP 257 Intra-Protein 31
NOSIP 100 NOSIP 178 Intra-Protein 57
NOSIP 90 NOSIP 178 Intra-Protein 15
NOSIP 41 NOSIP 289 Intra-Protein 5
NOSIP 175 NOSIP 100 Intra-Protein 11
NOSIP 132 NOSIP 100 Intra-Protein 26
NOSIP 132 NOSIP 157 Intra-Protein 6
transportin 1 42 transportin 1 66 Intra-Protein 13
NOSIP 78 NOSIP 117 Intra-Protein 3
NOSIP 21 NOSIP 175 Intra-Protein 6
NOSIP 172 NOSIP 90 Intra-Protein 9
NOSIP 132 NOSIP 117 Intra-Protein 29
NOSIP 6 NOSIP 289 Intra-Protein 14
NOSIP 21 NOSIP 294 Intra-Protein 30
NOSIP 21 NOSIP 178 Intra-Protein 18
NOSIP 289 NOSIP 175 Intra-Protein 9
NOSIP 172 NOSIP 178 Intra-Protein 2
NOSIP 132 NOSIP 155 Intra-Protein 4
NOSIP 157 NOSIP 100 Intra-Protein 10
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Table S 6 continued

Protein 1 Residue 1 Protein 2 Residue 2 type Spectral
count
NOSIP 78 NOSIP 86 Intra-Protein 19
NOSIP 289 NOSIP 178 Intra-Protein 11
transportin 1 327 transportin 1 502 Intra-Protein 16
NOSIP 117 NOSIP 178 Intra-Protein 19
NOSIP 19 NOSIP 21 Intra-Protein 12
NOSIP 132 NOSIP 175 Intra-Protein 3
NOSIP 117 NOSIP 157 Intra-Protein 4
NOSIP 132 NOSIP 90 Intra-Protein 4
NOSIP 132 NOSIP 178 Intra-Protein 9
NOSIP 157 NOSIP 117 Intra-Protein 5
NOSIP 6 NOSIP 20 Intra-Protein 2
NOSIP 117 NOSIP 90 Intra-Protein 8
NOSIP 155 NOSIP 100 Intra-Protein 19
NOSIP 153 NOSIP 178 Intra-Protein 3
NOSIP 117 NOSIP 139 Intra-Protein 7
transportin 1 128 transportin 1 81 Intra-Protein 9
transportin 1 5 transportin 1 42 Intra-Protein 2
NOSIP 21 NOSIP 117 Intra-Protein 2
NOSIP 175 NOSIP 90 Intra-Protein 10
NOSIP 21 NOSIP 90 Intra-Protein 5
NOSIP 172 NOSIP 100 Intra-Protein 3
NOSIP 153 NOSIP 100 Intra-Protein 18

Table S 7: Xwalk measured distances of NOSIP intra-protein crosslinks from transportin 1/NOSIP crosslinking (see
Figure 33)

. . Dist. in Euclidean SAS distance
Residue 1 Residue 2 sequence distance (A) (A)
LYS-19 LYS-21 2 7,3 8,4
LYS-253 LYS-257 4 7,8 11,4
LYS-41 LYS-289 248 12,9 13,3
LYS-78 LYS-86 8 12,7 17,2
LYS-172 LYS-90 82 15,6 17,6
LYS-175 LYS-90 85 13 18,6
LYS-78 LYS-178 100 16,4 20,1
LYS-172 LYS-178 6 18,1 21
LYS-21 LYS-294 273 16,4 21,2
LYS-100 LYS-90 10 16,1 21,3
LYS-100 LYS-175 75 17,7 21,5
LYS-90 LYS-178 88 12,9 22,5
LYS-100 LYS-178 78 20,6 23,5
LYS-172 LYS-100 72 17,8 25,2
LYS-6 LYS-20 14 23,7 28
LYS-132 LYS-117 15 25,8 28,7
LYS-117 LYS-100 17 26,1 31,4
LYS-78 LYS-175 97 23,9 31,6
LYS-289 LYS-21 268 25,2 31,9
LYS-6 LYS-21 15 25,7 32,3
LYS-117 LYS-157 40 26,6 33,4
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Table S 7 continued

. . Dist. in Euclidean SAS distance
Residue 1 Residue 2 sequence distance (A) (A)
LYS-289 LYS-175 114 34,9 -3
LYS-132 LYS-157 25 37,7 -3
LYS-117 LYS-90 27 40,9 -3
LYS-117 LYS-178 61 43,2 -3
LYS-21 LYS-175 154 45,9 -3
LYS-153 LYS-178 25 46 -3
LYS-21 LYS-178 157 48,7 -3
LYS-132 LYS-100 32 51 -3
LYS-21 LYS-90 69 52,5 -3
LYS-132 LYS-175 43 57,7 -3
LYS-78 LYS-117 39 58 -3
LYS-132 LYS-90 42 64,1 -3
LYS-132 LYS-178 46 65,7 -3
LYS-21 LYS-117 96 76,7 -3
LYS-155 LYS-100 55 26,8 -1
LYS-157 LYS-100 57 30,1 -1
LYS-289 LYS-178 111 32,6 -1
LYS-78 LYS-100 22 32,9 -1
LYS-132 LYS-155 23 33,1 -1
LYS-6 LYS-289 283 37,9 -1
Table S 8: Predicted bipartite NLSs for NOSIP using cNLS Mapper
Amino acid
position Sequence of NOSIP Score
18-45 EKKKDTAASGYGTQNIRLSRDAVKDFDC 2,1
77-105 QKKEIARQMKAYEKQRGTRREEQKELQRA 2,1
124-158 RPLNPFTAKALSGTSPDDVQPGPSVGPPSKDKDKV 3
150-177 PPSKDKDKVLPSFWIPSLTPEAKATKLE 2,9
150-180 PPSKDKDKVLPSFWIPSLTPEAKATKLEKPS 6,7
154-180 DKDKVLPSFWIPSLTPEAKATKLEKPS 3
249-279 ECVEKLIRKDMVDPVTGDKLTDRDIIVLQRG 2,1
264-294 TGDKLTDRDIIVLQRGGTGFAGSGVKLQAEK 2,8
Table S 9: Predicted NESs for NOSIP using LocNES
Amino acid position Sequence of NOSIP Score

188-202
198-212
200-214

SGKPLRMSDLTPVHF
TPVHFTPLDSSVDRV
VHFTPLDSSVDRVGL

0.005
0.145
0.172
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Table S 10: Predicted NESs for Lipin 1 using LocNES

Amino acid position

Sequence of Lipin 1

Score

1-13
14-18
22-36
43-57
346-360
347-361
350-364
385-399
398-412
400-414
447-461
452-466
515-529
624-638
626-640
715-729
774-788
807-821
828-842
838-852

MNYVGQLAGQVFV
VGQLAGQVFVTVKEL
LNPATLSGCIDIIVI
LQCSPFHVRFGKMGV
EDLETLGAAAPLLPM
DLETLGAAAPLLPMI
TLGAAAPLLPMIEEL
RDKRSRHLGADGVYL
YLDDLTDMDPEVAAL
DDLTDMDPEVAALYF
VDSGVESTSDGLRDL
ESTSDGLRDLPSIAI
NWTTAAPLLLAMQAF
YKKTLRLTSEQLKSL
KTLRLTSEQLKSLKL
NGYKFLYCSARAIGM
KFKVQCLTDIKNLFF
SYKQVGVSLNRIFTV
VQEHAKTNISSYVRL
SYVRLCEVVDHVFPL

0.018
0.020
0.007
0.009
0.195
0.209
0.105
0.036
0.768
0.719
0.139
0.196
0.207
0.212
0.437
0.021
0.015
0.009
0.026
0.009
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