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Abstract

Nuclear pore complexes (NPCs) are highly selective gateways that mediate
nucleocytoplasmic transport (NCT) in eukaryotic cells. Recent discoveries have shown that
leaky NPCs and defective NCT are linked to aging, neurodegenerative disorders, and viral
pathogenesis. Nevertheless, their exact underlying cause(s) are unknown, reflecting an
incomplete understanding of the key regulatory aspects of NPC function. At the heart of this
problem lies the NPC permeability barrier, whose behavior has been largely modeled after the
in vitro behavior of intrinsically disordered proteins termed phenylalanine-glycine nucleoporins
(FG Nups). Nonetheless, this view is puzzling since certain key soluble nuclear transport
receptors called B-karyopherins (KapBs) are strongly enriched within NPCs in vivo.

The experimental results reported in this thesis show that two major KapBs, Kapp1
(importinB) and CRM1 (exportinl) are essential for fortifying the NPC permeability barrier
against defective NCT and nuclear leakage in vivo. A further surprise is that CRM1 partially
compensates for KapB1 upon depletion of the latter from the NPC, which suggests that Kapp1
and CRM1 engage in a balancing act to reinforce NPC barrier function. Combining ex vivo and
biophysical experimentation, as well as computational modeling, we further show how the
occupancy of different KapBs at the NPC is constrained by their size, cellular abundance, binding
avidity to the FG Nups, and competition with other Kaps, such as demonstrated for another
KapB, Importin-5 (Imp5). Taken together, these findings provide important intersection points
and raise new questions with respect to the causes of NPC leakage and defective NCT in aging

and cellular pathologies.

Xiii






Chapter 1

Introduction

Adapted from

On the asymmetric partitioning of nucleocytoplasmic transport —
recent insights and open questions

Joanna Kalita, Larisa E. Kapinos and Roderick Y. H. Lim

Published in Journal of Cell Science, 134(7), jcs.240382 (2021)






1.1 Nucleocytoplasmic transport

Eukaryotic cells feature a protective double-layered membrane known as the nuclear
envelope (NE) that encapsulates the nucleus within the cytoplasm. NE separates the genome
from the protein synthesis machinery and thus enables spatiotemporal control of transcription
and translation. However, this requires key macromolecular cargoes, such as transcription
factors and mRNA, to be selectively shuttled into or out of the cell nucleus. Understandably,
neurodegeneration (Kim and Taylor, 2017), aging (Cho and Hetzer, 2020), cancer (Cagatay and
Chook, 2018; Dickmanns et al., 2015), and viral pathogenesis (Fulcher and Jans, 2011; Miorin
et al., 2020; Yarbrough et al., 2014) are associated with a dysregulation of this intracellular
trafficking process, which is termed nucleocytoplasmic transport (NCT) (Stewart, 2007,
Strambio-De-Castillia et al., 2010) and proceeds through nanoscale conduits in the NE known
as nuclear pore complexes (NPCs) (Beck et al., 2007; Eibauer et al., 2015; Kim et al., 2018; von
Appen et al., 2015).

NCT is unprecedentedly selective and efficient within the complex biological milieu.
To appreciate its importance, range, and complexity, at least 17% of all eukaryotic proteins are
deemed to be imported into the nucleus (Cokol et al., 2000) with over 1000 cargoes being
exchanged through each NPC every second (Ribbeck et al., 1998). In the past three decades,
the key soluble factors that orchestrate NCT have been identified (Christie et al., 2016; Gorlich
and Kutay, 1999; Macara, 2001; Weis, 2003). Intensive efforts have also been devoted to
understanding how these factors actively facilitate the speed, selectivity, and direction of NCT
through the permeability barrier of the NPC (Stewart, 2007). These comprise members of the
B-karyopherin family (collectively termed KapPs), which include importins that usher diverse
cargoes bearing nuclear localization signals (NLSs) into the nucleus (Boulikas, 1994; Cokol et al.,
2000) and exportins, which escort cargoes bearing nuclear export signals (NESs) out of it
(Fig. 1.1A) (Xu et al., 2012), (Baade and Kehlenbach, 2019). Additionally, certain KapBs can
exhibit both import and export functionalities (Twyffels et al.,, 2014). By convention, NES-
containing cargoes are termed NES-cargos and NLS-containing cargoes are termed NLS-cargos.
Another essential factor, the 25 kDa GTPase Ran, cooperates with Kapfs to regulate the
delivery and accumulation of cargoes in an asymmetric, compartment-specific manner

(Fig. 1.1B) (Gorlich et al., 1996; Moore and Blobel, 1993).
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Figure 1.1 Mechanism of nucleocytoplasmic transport

(A) NLS-cargoes are selectively trafficked through the NPC by a major Kap8, karyopherin beta 1 (Kap81;
also known as importin-8) and its adaptor karyopherin o (Kapa also called importin-a). The binding of
RanGTP to KapB1 within the nucleus leads to the disassembly of Kap81-Kapa and NLS-cargo release.
The return of RanGTP-KapB1 to the nucleus is unimpeded by NPCs. This is followed by the hydrolysis of
RanGTP to RanGDP by RanGAP, which frees KapB1 to undertake another import cycle. In comparison,
the nuclear export of Kapa is facilitated by exportin 2 (cellular apoptosis susceptibility protein or CAS)
and RanGTP. Upon exiting the NPC, the RanGTP-CAS-Kapa export complex disassembles in the
cytoplasm following the hydrolysis of RanGTP by RanGAP. CAS is then free to return to the nucleus for
another export cycle. The same mechanism applies generally to all Kap68s, except that Kapa binding is
not required by importins other than Kap81. (B) The RanGTP/GDP cycle is tightly regulated by NTF2,
RanGAP and RanGEF (RCC1). This generates a steep energy gradient across the NE that dictates the
directionality of NCT. See text for more details. Scheme adapted from Stewart, 2007.

Ran-guanosine triphosphate (RanGTP) is ~200 times more highly concentrated
(i.e., partitioned) in the nucleus than in the cytoplasm (Gorlich et al., 2003; Kalab et al., 2002;
Smith et al., 2002). During import, NLS-cargo—importin complexes entering the nucleus are
disassembled upon binding of RanGTP to the respective importin (Fig. 1.1A) (Jakel and Gorlich,
1998). This serves to retain the NLS-cargo in the nucleus as the NPCs hinder its return to the
cytoplasm. This stems from the presence of several intrinsically disordered proteins known as
phenylalanine-glycine (FG)-rich Nups (FG Nups) that function as a permeability barrier in the
central channel. At the same time, the binding of RanGTP—importin complexes to the
FG-Nups facilitates their return to the cytoplasm. RanGTP is then hydrolyzed to RanGDP by
SUMOylated RanGTPase-activating protein 1 (RanGAP1) together with Ran-binding protein 1
2



(RanBP1) and Ran-binding protein 2 (RanBP2, also known as Nup358) (Koyama and Matsuura,
2010; Lounsbury and Macara, 1997; Monecke et al., 2013; Vetter et al.,, 1999). Thereafter,
RanGDP is freed from the importin, which is then able to undertake another cargo import cycle
(Stewart, 2007). Similarly, GTP hydrolysis mediated by RanGAP1 disassembles ternary
NES-cargo—exportin—RanGTP complexes to complete their nuclear exit (Fig. 1.1A). RanGDP is
then recycled back to the nucleus by its specific carrier nuclear transport factor 2 (NTF2; also
known as NUTF2) (Fig. 1.1B) (Ribbeck et al., 1998). The Ran loop is finally closed by the
chromatin-bound enzyme regulator of chromosome condensation 1 (RCC1; also known as
RanGEF), which recharges RanGDP to RanGTP (Fig. 1.1B) (Klebe et al., 1995; Renault et al., 2001,
Ribbeck et al., 1998). As such, the Ran gradient regulates NCT directionality, cargo partitioning,
and Kap recycling (Clarke and Zhang, 2008; Gorlich et al., 1996; Izaurralde et al., 1997) using
GTP as the energy source to power NCT. In this manner, NCT maintains essential functions
within the nucleus and the cytoplasm without compromising the compositional integrity of

either compartment (Terry et al., 2007).

1.2 NCT is impaired in aging and cellular pathologies

Importantly, NPC leakage and decreased NCT function are common pathological
defects in neurodegeneration (Kim and Taylor, 2017) and viral infections (Yarbrough et al,,
2014), while low expression levels of nucleoporins and Kapfs are observed in senescence (Kim
etal., 2010). Likewise, the downregulation of RanBP17, an importin that is enriched within NPCs
in neurons, has been linked to age-dependent disruption of nucleocytoplasmic
compartmentalization (Mertens et al., 2015). Moreover, phosphorylated Tau protein
in Alzheimer’s disease (Eftekharzadeh et al.,, 2018) and mutant huntingtin in Huntington’s
disease (Grima et al., 2017) sequester and mislocalize FG Nups. A similar defect is observed
in amyotrophic lateral sclerosis and frontotemporal dementia (ALS/FTD) (Hayes et al., 2020),
where NCT is disrupted by sequestering Kapfs into cytoplasmic aggregates by TAR DNA-binding
protein-43 (TDP-43)(Chou et al., 2018). NCT can be also impaired during viral pathogenesis. This
concerns the degradation of FG Nups (Gustin and Sarnow, 2002; Watters and Palmenberg,
2011), or the inhibition of specific nuclear import pathways as is the case for SARS-CoV (Frieman
et al., 2007) and SARS-CoV-2 (Miorin et al., 2020). Additionally, oxidative stress has been shown
to affect NPC permeability as a consequence of increased proteolysis of KapBs (Kodiha et al.,

2004). Likewise, nuclear leakage has been discovered during postmitotic (chronological) cell



aging (D'Angelo et al., 2009; Rempel et al., 2019; Rempel et al., 2020). Lastly, NCT dysregulation

is one of the hallmarks of carcinogenesis (Jans et al., 2019; Parikh et al., 2014).

1.3 Karyopherins (KapBs) orchestrate NCT

Importins and exportins (O'Reilly et al., 2011) are major factors that control NCT (Table
1.1). As a point to note, KapBs traverse NPCs with exquisite selectivity and speed that proceeds
in a matter of milliseconds (Dange et al., 2008) by engaging in multivalent interactions with the
FG Nups that reside in the inner channel of the NPC (Fig. 1.5) (Allen et al., 2001; Bayliss et al.,
2000b; Davis et al., 2021; Kapinos et al., 2014; Port et al., 2015). KapBs are evolutionarily
clustered into 15 subfamilies and representatives of each subfamily can be found in all
Eukaryotes (except for exportin-6/XP0O6) (O'Reilly et al., 2011; Quan et al., 2008). Altogether,
20 KapPs are known in vertebrates and 14 in Saccharomyces cerevisiae (Chook and Suel, 2011;
Kimura and Imamoto, 2014). Limiting the number of cargoes assigned to each Kapf reduces
potential errors during NCT. Although all KapBs can bind to their cargoes directly, the canonical
import pathway regulated by importin KapB1 (also known as importin 1, KPNB1) relies on the
formation of a heterodimeric complex consisting of KapB1- Kapa (Fig. 1.1A). In cells, Kapa is
present in seven isoforms (KPNA1-KPNA7) and serves as a cargo adaptor that recognizes and
binds to specific cargoes that harbor NLSs (Lange et al., 2007; Pumroy and Cingolani, 2015).
Moreover, for the import of small nuclear ribonucleoproteins, KapB1 recruits snurportin-1
(SPN1, also known as SNUPN (Mitrousis et al., 2008). In both cases, SPN1 and Kapa bind to
KapB1 through their N-terminal importin B-binding (IBB) domains (Lott and Cingolani, 2011).

1.3.1 Conformational flexibility of KapBs

Secondary and tertiary structures of Kapfs are highly conserved (Neuwald and Hirano,
2000) across subfamilies and species (Conti et al., 2006), even though they exhibit low
sequence homology (only 15-20% within the N-terminus) and interact with different binding
partners. KapPs comprise 19 to 21 consecutive HEAT (Huntingtin, elongation factor 3
(EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1) repeats each formed by
a pair of amphiphilic a-helices connected via a short linker. Thus, KapBs constitute highly
flexible right-handed solenoids that vary in curvature, diameter, and pitch (Fig. 1.2A) (Conti et
al., 2006; Fukuhara et al., 2004). By this means, KapBs exhibit a conformational versatility to
bind to different ligands, such as NLS-cargoes, NES-cargoes, Kapa and RanGTP (Cingolani et al.,

2000; Fukuhara et al., 2004; Kappel et al., 2010; Monecke et al., 2013; Port et al., 2015;
4
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Yoshimura et al., 2014). Importantly, these structurally distinct partners interact with various
binding sites of a given Kap causing allosterically propagated changes in the conformation of
the entire molecule (Fig. 1.2B) (Cingolani et al., 2000; Cingolani et al., 1999; Fukuhara et al.,
2004). Considering the high structural flexibility of Kaps, supported by a variety of accessible
crystal structures and SAXS studies (Fukuhara et al., 2004), it has been suggested that the
known structures represent only snapshots from the continuum of conformations that Kapps
adapt in vivo (Kappel et al., 2010; Yoshimura et al., 2014; Zachariae and Grubmuller, 2008).
In addition, adjacent HEAT motifs harbor several hydrophobic pockets that facilitate multivalent
binding interactions with FG-repeats (Bayliss et al., 2000a; Davis et al., 2021; Isgro and Schulten,
2005; Port et al., 2015). Taken together, this suggests that the binding avidity (i.e., the apparent
binding affinity of a multivalent molecule) of KapBs to FG-Nups may depend on the resulting

conformation that each respective Kapp adopts during cargo-loading.

A KapB1 CRM1 Imp5

PDB#: 3ND2 4FGV 6XTE

KapB1-Ran KapB1 ;SREBPZ KapB1l—-Nuplp KapB1-IBB
Figure 1.2 Structure and conformational flexibility of Kap8s

(A) Crystal structures of KapB1, CRM1, and Imp5. Despite significant differences in amino acid
sequences, all KapBs form flexible right-handed solenoids of different geometrical parameters.

The convex surface of each Kap8 contains multiple FG motif-binding pockets that promote their
multivalent and promiscuous interactions with the FG Nups. (B) The structure of a given Kap8
fluctuates depending on the binding partner. All Kap8s crystal structures are colored from blue
(N-terminus) to red (C-terminus). Interacting molecules (Ran, SREBP2 (Sterol Regulatory Element
Binding Transcription Factor 2), Nup1p, IBB (Importin 6 binding domain)) are shown in grey. Panel (B)
adapted from Conti et al., 2006.



1.3.2 Kapp transport kinetics within NPCs

Depending on the carried cargo, the dwell times of Kapfs in the NPC range between
5 and 20 ms (Kubitscheck et al., 2005; Tu et al., 2013; Yang et al., 2004) but can reach 180 ms
for mRNA (Griinwald and Singer, 2010). Interestingly, higher concentrations of Kapf1 enhances
cargo transport efficiency through the NPC and decreases cargo dwell times (Yang and Musser,
2006). The latter might be due to a reduction of available FG repeats and the frequency of their
interactions with individual KapBs (Kapinos et al., 2017; Kapinos et al., 2014; Lowe et al., 2015;
Schleicher et al., 2014; Wagner et al., 2015). Nevertheless, import cargo dwell times also
depend on the binding of RanGTP to importins and are not a priori equivalent to KapP residence
times. Thus, successful import depends on the accessibility of RanGTP to importin—cargo
complexes on the nuclear side of the NPC, whereas successful export depends on GTP
hydrolysis by RanGAP1 on the cytoplasmic side (Fig. 1.1).

Within the NPC, KapB complexes exhibit Brownian diffusion that is facilitated by
interactions with the FG-repeats, also termed facilitated diffusion, which seems to expedite
their translocation through the central channel (Cardarelli et al., 2011; Yang et al., 2004).
However, whether and how the crowding of KapBs within the NPC affects their kinetic
interactions with the FG-Nups and their dynamic movements within the pore remains unclear.
To gain a physical understanding of such effects, the behavior of Kapf1-functionalized colloidal
beads was studied on surface-tethered FG-Nup layers. The beads transitioned from being
immobile to exhibiting two-dimensional diffusion when the amount of soluble Kapp1 was raised
from low to physiologically relevant concentrations, which resulted in an enrichment of soluble
KapB1 within the FG-Nup layer (Schleicher et al., 2014). In contrast, non-specific control beads
exhibited three-dimensional diffusion that transiently impinged on the FG-Nup layer without
binding (Schleicher et al., 2014). This demonstrates that fast and selective transport can be
achieved when FG Nups are saturated with Kapp molecules, as observed in vivo (Chapter 2).
Nevertheless, it remains to be determined how Kapp complexes can exhibit rapid movements

in the NPC while reinforcing the permeability barrier at the same time.

1.3.3 Variety of Kap3 cargoes
Numerous NLSs and NESs greatly expand the repertoire of cargoes being recognized by each
KapP (Fig. 1.3) (Table 1.1). The best -characterized ‘classical’ nuclear import pathway consists

of NLS-cargoes that typically form transport complexes with Kapo—KapfB1, that is
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NLS-cargo—Kapo—KapB1 (Fig. 1.1A) (Lange et al., 2007). Classical NLSs harbor multiple lysine (K)
and arginine (R) residues as exemplified by the NLS of monopartite SV40 T-antigen
(26PKKKRRV!3?) (Kalderon et al., 1984; Kosugi et al., 2009; Lange et al., 2007) or the bipartite
NLS of nucleoplasmin (**>KRPAATKKAGQAKKKK!”?) (Lange et al., 2007; Robbins et al., 1991).
Nevertheless, substantial sequence variations exist across NLSs (Boulikas, 1994) that utilize the
Kapa—KapB1 complex (Kosugi et al., 2009) and those that directly bind to KapB1 (Cokol et al.,
2000; Lee et al., 2003). Some cargoes, such as myocardin-related transcription factors (MRTFs)
(Pawlowski et al., 2010) may even harbor individual NLSs that are recognized by different Kapa
isoforms (Goldfarb et al., 2004), although with varying affinities (Friedrich et al., 2006; Pumroy
and Cingolani, 2015). Certain cargoes can contain multiple NLSs which associate with different
Kapas or KapPs, for instance, hypoxia-inducible factors (HIFs) (Chachami et al., 2009; Depping
et al., 2008). Other KapPBs such as transportin 1 (also termed KapP2) recognize cargoes via a
consensus NLS-motif that contains proline (P) and tyrosine (Y) residues (termed PY-NLS cargoes
(Lee et al., 2006). In terms of exportins, chromosomal maintenance 1 (CRM1; also known as
exportin 1, Expl, or Xpol) recognizes a consensus leucine-rich NES (b-Xo-3-d-X-3-p-X-d, where
¢ is Lys, Val, Ille, Phe or Met, X is any amino acid, and the numbers denote the number of
repeats) (Dong et al., 2009; Kosugi et al., 2014). This clearly indicates that NLSs and NESs are

diverse and that not all comply with consensus motifs (Cokol et al., 2000).
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@ Table 1.1 Function and cellular localization of Kap8s

(Imp12, TNPO3,
IPO12, TNP-SR)

SFRS2 (recognized by phosphorylated RS domains, i.e.
arginine-serine rich domains).

Kuo et al. 2003, Maertens,
Cook et al. 2014)

Vertebrate Yeast Function in NCT/cargos References Cellular References
(KapB function) localization* | (IF data)**
Nuclear import
Kapp1 (KPNB1) KAP95 Import of IBB, NLS-cargo and Kapa isoforms (Chi, Adam et al. 1995, C/NE (Mingot, Kostka et al. 2001,
Gorlich, Vogel et al. 1995) Guttinger, Muhlhausser et al.
2004)
Imp4 (IPO4, Import of histone H3/H4-Asfla complex, ribosomal protein | (Yoon, Kim et al. 2018) C n.d.
RANBP4, IMP4B) KAP123 | S3a, the vitamin D receptor, hypoxia Inducible factor-a,
epididymis protein4
Imp5 (IPO5, KAP121 | Import of ribosomal proteins, such as RPL23A (17.7 kDa), (Jakel and Gorlich 1998) C (Guttinger, Muhlhausser et
RANBPS, IMP5B) RPS7 (17.7 kDa) and RPL5 (34.4 kDa), and histones: H2A (14 al. 2004, Spits, Janssen et al.
kDa), H2B (14 kDa), H3 (11.4 kDa) and H4 histones (11.4 2019, Zhang, Lu et al. 2019)
kDa)
Imp7 (IPO7, KAP114 | Import of ribosomal proteins (RPL23A, RPS7 and RPL5) and | (Jakel and Gérlich 1998) C/NE (Gorlich, Dabrowski et al.
RANBP7) histones (H1, H2A, H2B, H3 and H4) together with Kapf1 1997, Mingot, Kostka et al.
2001, Wei, Li et al. 2014)
Imp8 (IPOS, KAP120 | Import of SRP19 (signal recognizing particle 19) (Dean, von Ahsen et al. C/NE (Gorlich, Dabrowski et al.
RANBPS8) 2001) 1997, Wei, Li et al. 2014, Hu,
Kan et al. 2018)
Imp9 (IPO9*, IMP9, | KAP114 | Import of ribosomal proteins (RPS7, RPL18A (20.8 kDa), (Jakel and Gorlich 1998) C (Guttinger, Muhlhausser et
KIAA1192, RANBP9, RPL6 (32.7 kDa)), histones (H2A, H2B) and actin (by al. 2004, Padavannil, Sarkar
HSPC273) similarity); Prevents the cytoplasmic aggregation of RPS7 et al. 2019)
and RPL18A by shielding exposed basic domains
Imp11 (IPO11, KAP120 | Import of UBE2E3 and RPL12 (Strambio-De-Castillia, N (Plafker and Macara 2000)
RANBP11) Niepel et al. 2010)
Transportin-2 KAP104 | Import of NLS-cargos (by similarity) / n.d. (Gaudet, Livstone et al. N (Guttinger, Muhlhausser et
(KapB_2B, TNPO?2) 2011) al. 2004)
Transportin-3 - Import of splicing factor SR proteins RBM4, SFRS1 and (Lai, Lin et al. 2001, Lai, n.d. n.d.




Nuclear export

Expl (CRM1, XPO1)| CRM1 Export of NES cargos (Fornerod, Ohno et al. N/NE (Stade, Ford et al. 1997)
1997, Ossareh-Nazari,
Bachelerie et al. 1997,
Stade, Ford et al. 1997,
Haasen, Kohler et al. 1999)
Exp2 (CAS, XPO2, | CSE1 Export of Kapa (Kutay, Bischoff et al. N (Kutay, Bischoff et al. 1997)
CSE1L) 1997)
Exp4 (XPO4 - Export of Smad3 (Boulikas 1994, Cokol, Nair | N (Lipowsky, Bischoff et al.
KIAA1721) et al. 2000) 2000)
Exp5 (XPO5, MSN5 Export of micro-RNA precursors, synthetic short (Allen, Huang et al. 2001, N n.d.
RANBP21) hairpin RNAs and specific dsRNAs Gwizdek, Ossareh-Nazari
et al. 2004, Lund,
Guttinger et al. 2004, Vi,
Doehle et al. 2005, Okada,
Yamashita et al. 2009, Xu,
Farmer et al. 2012)
Exp6 (XPO6, - Export of actin and profilin-actin complexes in somatic | (Gorlich, Seewald et al. n.d. n.d.
KIAA0370, cells 2003)
RANBP20)
Exportin-T (XPOT) | LOS1 Export of tRNA (Kutay, Lipowsky et al. 1998,| N (Kuersten, Arts et al. 2002)
Kuersten, Arts et al. 2002)
Bidirectional transport (import and export)
Transportin-1 KAP104 | Import of M9-containing proteins; (Arnold, Nath et al. 2006, N (Siomi, Eder et al. 1997,

(TNPO1, KPNB2,
MIP1, TRN)

Binds to a beta-like import receptor binding (BIB)
domain. Export of hnRNP A1/A2

O'Reilly, Dacks et al. 2011)

Guttinger, Muhlhausser et al.
2004)




Imp13 (IPO13* MTR10 Import of UBCY, the RBM8A/MAGOH complex, PAX6; (Mingot, Kostka et al. C/nucleoli (Mingot, Kostka et al. 2001)
(KIAAQ724, Export of elF-1A (release is triggered by IPO13) 2001, Ploski, Shamsher et

RANBP13) al. 2004)

Exp7 (XPO7, KAP123 | Export of approx. 200 cargos, e.g. RhoGAP1 and 14-3-3 | (Bayliss, Littlewood et al. n.d. n.d.

KIAAQ745, o, a- and B-tubulin, and import of approx. 30 cargos 2000, Aksu, Pleiner et al.

RANBP16) 2018)

Ran-binding - May function as a transporter (by similarity) - n.d. n.d.

protein 17

(RANBP17)

- sal3 Import of Cdc25 (Chua, Lingner et al. 2002) | n.d. n.d.

*Based on immunofluorescence (IF) data; **See also Human Cell Atlas: https://www.proteinatlas.org/humanproteome/cell

Abbreviations:

N - nucleus; C— cytoplasm; NE — nuclear envelope (i.e. localization at the NPCs); n.d. —no data;

Recommended protein names and abbreviations for vertebrate transport receptors: KapB1 - karyopherin beta-1, Imp4 - importin-4, Imp5 - importin-5, Imp7 - importin-
7, Imp8 — importin-8, Imp9 - importin-9, Imp11 - importin-11, Imp13 — importin-13, Expl - exportin-1, Exp2 - exportin-2, Exp4 - exportin-4, Exp5 - exportin-5, Exp6 -

exportin-6, Exp7 - exportin-7. See the UniProtkB database (see https://www.uniprot.org/uniprot) for alternative protein names and gene names as indicated in the

brackets.

For simplicity, yeast transport receptors are listed by gene name: KAP95 - karyopherin 95, KAP104 - karyopherin 104, KAP114 - karyopherin 114, KAP120 - karyopherin
120, KAP121 - karyopherin 121, KAP123 - karyopherin 123, CRM1 - chromosome region maintenance protein 1, CSE1 - chromosome segregation proteinl, MSN5 -

Protein MSN5, LOS1 - loss of suppression, MTR10 - mRNA transport defective 10; sal3 - Importin subunit beta-3.


https://www.proteinatlas.org/humanproteome/cell
https://www.uniprot.org/uniprot

1.4 The Nuclear Pore Complex

NPCs are massive complexes (~¥60 MDa in yeast (Rout and Blobel, 1993), ~110-125 MDa
in Xenopus laevis (Reichelt et al., 1990)) that span across the NE and exert the primary means
of control over NCT as the exclusive sites of nucleocytoplasmic exchange (Fig. 1.4). Each NPC s
assembled from multiple copies of ~30 proteins known as nucleoporins (Nups) (Fig 1.5)
(Cronshaw et al., 2002; Rout et al., 2000) that surround an aqueous central channel measuring

~40-60 nm in diameter (Eibauer et al., 2015; Kim et al., 2018; von Appen et al., 2015).
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Figure 1.4 Overall structure of the NPC.

(A) Cryo-EM reconstruction of the NPC symmetric core. Top, detailed view of the cytoplasmic face;
bottom, a cross-section of the NPC showing specific sub-structures. NE is shown in grey; proteins are
color-coded according to the attached key. Reproduced from Lin et al., 2016. Transmission Electron
Microscopy (TEM) images of cytoplasmic (B) and nuclear (C) sides of the NPCs embedded in the NE.
The density distribution of the NPCs as well as the differences in the morphology of both NPC sides are
clearly visible. Cytoplasmic (D) and nuclear (E) surfaces of the NPC as visualized by the Atomic Force
Microscopy (AFM). Numbers in (D) indicate eight, rotationally symmetrical NPC sub-domains. Modified
from (Lim et al., 2006). Scanning Electron Microscopy (SEM) micrographs of NPCs from various
eukaryotes (F). The characteristic cytoplasmic and nuclear surface features are conserved across the
species, as is the octagonal symmetry. Adapted from Brohawn et al., 20009.

11



Interestingly, only about 50% of the Nups by mass form structured domains, while the other
half consists of FG-Nups (Fig. 1.5) (Wente and Rout, 2010). Despite differences in the copy
number of Nups and NPC size across species, NPC's triple-ring structure with eight-fold
symmetry is highly conserved (Fig. 1.4B-F) (Brohawn et al., 2009; Cronshaw et al., 2002). The
following architectural sub-structures can be distinguished within each NPC (Fig. 1.5):

A) The cytoplasmic ring is formed by peripheral filamentous structures and consists of

FG-rich Nups (in vertebrates Nup214, Nlp1, and Nup358 (RanBP2) (Fig. 1.4B, D, Fand 1.5)
(Grossman et al., 2012; Sakiyama et al., 2016). This NPC substructure is involved in e.g.,
docking of KapBs (Sabri et al., 2007), RanGTP-cycle, and initiation of translation
(Strambio-De-Castillia et al., 2010).

Cytoplasmic FG-Nups and filaments

Yeast: Plants: Vertebrates:
nar ring Nuns e - Nup358
Yeast: Plants:  Vertebrates: k'{ 3s Nup159 2“”9214 N:Jp214
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Nup188  Nup188  Nupi88 membrane

Transmembrane ring Nups
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Nup 100 - = Yeast: Plants: Vertebrates: Nup145C  Nup96 Nup96
Nsp1 Nup62 Nup62 Nup60 Nup136 ~ Nup153 Nup85 Nup75 Nup75
{ Nup57 Nup54 Nup54 Nup1 Nup1 Nup153 Nup84 Nup107  Nup107
Nup49 Nup58 Nup58/Nup45 Nup2 Nup50 Nup50 f.j;,[ Seh1 Seh1 Seh1
% (. Nup53  Nup35 Nup35 { [erﬂ Nua Tpr ¥47| sec13 Sec13 Sec13
Nup59 = Mip2 Nup43 Nup43
- Nup37
Aladin Aladin
7 W,
i %{f‘c §3 .
( 1) N =
\f %;} (ﬁ?
|
| a-solenoid B-propeller TM helix FG Cadherin fold Coiled coil RRM fold Nup98 fold

Figure 1.5 Diversity and localization of nucleoporins (Nups) within the NPC.

Structural components of the NPC, i.e., Nups grouped by their structural features and location.
The inner core consists of symmetrically distributed outer ring Nups, transmembrane Nups,
linker Nups, inner ring Nups, and FG Nups in the center. Nups and FG Nups that assemble into
the nuclear basket and cytoplasmic ring are asymmetrically distributed along the main NPC axis.
NE is shown in grey; the depictions of the predicted structural motifs are shown next to each Nup
and explained in the legend. Figure reproduced from Grossman et al., 2012.
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B) The nuclear ring consists of eight filaments formed by FG Nups (Nup153 and Nup50) and

nucleoporin Trp (Beck et al., 2007; Grossman et al., 2012; Lim and Fahrenkrog, 2006).
They extend into the nucleoplasm and fuse into the so-called nuclear basket
(Fig. 1.4C, E, F, and 1.5) which is an interaction site for KapBs (Sabri et al., 2007).

C) The central (inner) ring is located between two rings described above (Beck et al., 2004;

Beck et al., 2007). This part is built from the inner ring Nups that form the structural core,
transmembrane Nups that ensure NPC anchoring to the NE (Antonin et al., 2008), linker
Nups that provide the physical connection between central and outer rings, and lastly,
central FG Nups (Fig. 1.4 and Fig. 1.5) that are involved in transport selectivity and
contribute to the prevention of the unrestricted mixing between nucleus and cytoplasm

(Grossman et al., 2012; Strambio-De-Castillia et al., 2010).

1.5 Nature of the permeability barrier

Each NPC is equipped with ~200 FG-Nups that are thought to function as a filter-like
permeability barrier that permits small molecules below ~40 kDa (or 5 nm in diameter) to
passively diffuse through the NPC while suppressing the passage of larger non-specific
cargoes, which are not recognized by Kaps (Paine et al., 1975; Popken et al., 2015; Timney
et al., 2016). Nevertheless, up to 50% of FG Nups can be deleted in vivo without a noticeable
impact on NPC permeability (Strawn et al., 2004). However, the exact form of the NPC
permeability barrier remains unclear (Huang and Szleifer, 2020; Lemke, 2016). This is due in
part to the inherent flexibility and dynamic fluctuations of the FG-Nups (Sakiyama et al., 2016)
which precludes structural characterization within NPCs. Consequently, NPC barrier models
have mainly derived from studies with purified FG Nups whose behavior can vary depending
on length scale and experimental design (See Chapter 1.4) (Hoogenboom et al., 2021). This
ranges from tethered molecular layers (Eisele et al., 2012; Eisele et al., 2010; Kapinos et al.,
2014; Schleicher et al., 2014; Schoch et al., 2012; Zahn et al., 2016), liquid droplets (Celetti et
al., 2020), and gel-like (Frey et al.,, 2018; Schmidt and Gorlich, 2015) to more solid-like
hydrogels (Frey and Gorlich, 2007, 2009; Milles et al., 2013). Findings provided by these
studies motivated the formulation of multiple permeability barrier models:

A) The Selective Phase Model

This model assumes that the FG Nups form a sieve-like meshwork (hydrogel) established by

their cohesive interactions (Fig. 1.6A) (Ribbeck and Gorlich, 2001). Kapps, by directly binding
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to the FG repeats and dissolving the cross-links, can penetrate the barrier, while the
permeation of unspecific cargos is restricted. However, this model does not account for
distinct transport routes observed for KapB-dependent and passively diffusing cargoes
(Hulsmann et al., 2012). Additionally, a saturation of the hydrogel with KapBs hinders the
motility of KapB-cargo complexes (Frey and Gorlich, 2009) which contradicts the finding
that KapBs saturation expedites transport rates (Schleicher et al., 2014; Yang and Musser,
2006).

Polymer Brush Model

Here, the FG Nups form a surface-tethered brush with extended conformations (Fig. 1.6B)
(Lim et al.,, 2007). This is due to the small grafting distance of their anchoring points
(i.e., surface density), which consequently leads to the size-exclusion and thus extension
of FG Nups (Milner, 1991). Therefore, at the NPC periphery, FG Nups may form an entropic
barrier that stops unsolicited entry, while KapPs are allowed because of their direct
interactions with FG Nups (Lim et al., 2006). However, such binding also causes a reversible
collapse of the FG Nups which brings KapBs and their complexes into the pore.
The subsequent change of the Kap binding site releases previously occupied FG Nups and
their re-extension, while newly bound FG Nups collapse. Since the relaxation of disordered
domains is reversible and fast, the integrity of the entropic barrier is maintained
(Chattopadhyay et al., 2005). Moreover, the conformational change of FG Nups may
explain the KapB-dependent transport path along the NPC wall. However, this model is
based on experiments that were performed below physiological KapB concentrations,
while more recent studies show that the FG Nups collapse is rescued by increasing
receptors concentration (Schoch et al., 2012).

Reduction of Dimensionality Model (ROD)

The ROD model is founded on the observation that FG Nups collapse upon KapB binding
(Fig. 1.6C) (Peters, 2005). Thus, the NPC-anchored FG Nups would occupy a permanently
collapsed state under saturating KapB conditions in vivo (Chapter 2.2) (Peters, 2009a;
Peters, 2009b). As such, FG Nups create a hydrophobic lining of NPC, to which Kaps can
bind (Peters, 2009a). In the ROD model, Kapfs translocation along NPC is ensured by their
transient multivalent interactions with FG Nups, however, their motility is restricted to
a two-dimensional random walk. On the other hand, the movement of non-specific cargoes

would resemble a three-dimensional
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Figure 1.6 Models of NPC selective barrier.

(A) In the hydrogel model, FG Nups located in the central channel of the NPC form a gel-like meshwork
that can be dissolved by the transport receptors due to their direct binding to the FG Nups.
Non-specific molecules are halted by means of size exclusion. (B) The small grafting distance of FG
Nups tethered at the NPC walls causes their extension and formation of a brush-like structure.
Non-specific cargoes are entropically excluded from the translocation, while NCT factors bind to the FG
Nups causing their reversible collapse. (C) Reduction of dimensionality envisions collapsed FG Nups as a
sort of molecular velcro lining the NPC’s inside walls. Here, NCT components slide along the FG Nups to
which they can bind, while other molecules translocate through the middle of the pore, exploring the
entire available volume (3D diffusion). (D) Forrest (trees and bushes model) assumes FG Nups in two
conformational states, collapsed (gel-like) and extended (brush-like). In this model, Kap8s and their
complexes translocate through both types of assemblies, while non-specific cargoes are more inclined
to pass through the less dense regions. Figure adapted from Griinwald et al., 2011.

diffusion restricted by a narrow tube, i.e., NPC’s inner channel. Moreover, this
interpretation accounts for the observation that KapBs seem to travel along the NPC walls,
while non-specific cargoes are mostly found in the central channel (Ma et al., 2012).
D) Forest Model

In this model, three different conformations of the FG Nups are considered, namely
(i) globular collapsed coil (cohesive), (ii) extended coil (non-cohesive), and (iii) FG Nups
which combine both of the aforementioned conformations, thus approximated as the
canopy and trunk of a tree (Fig. 1.6D) (Yamada et al., 2010). This approximation allows for
conceptual separation of the NPC into two different regions: the central one surrounded

by the cohesive ‘canopies’ that form a gel-like structure, and the peripheral one created
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by the “trunks’ that are more brush-like (see “Polymer Brush Model”), but lined with
shrubs (i.e., more cohesive FG Nups). As such, the model permits diffusion of non-specific
cargo through both regions, while large, KapB-dependent cargoes travel along the central
zone. Finally, the translocation of standalone Kaps or their complexes with small cargoes
proceeds through the peripheral region which acts as an entropic barrier. These
assumptions, however, contradict experimental observations which show preferential
localization of small non-specific cargos in the NPC’s central channel (Hulsmann et al.,
2012).

Regardless of the exact nature of the NPC permeability barrier, the role of the NPCs
in vivo is to prevent unsolicited mixing between nucleus and cytoplasm, while favoring delivery
of specific cargoes. However, studies have shown that NPCs lack a defined threshold for
passively diffusing cargoes. Rather, its filtering ability can be described as a soft barrier that
increases progressively as the molecular weight of the cargo increases (Timney et al., 2016).
As such, cargoes larger than 60 kDa can diffuse across the NPC and equilibrate between
compartments if given enough time (Popken et al., 2015; Wihr et al., 2015). Although the
molecular mass seems to have the biggest impact on limiting passive translocation of cargoes,
a recent study has demonstrated that surface properties of molecules can explain leakage of
large cargoes and complexes into the nuclei (Frey et al., 2018). Therefore, one should consider

how specific cargoes influence their own transport rates.

1.6 Aim of the Thesis

Over the last decade, our understanding of the NPC permeability barrier has evolved
from models that rely almost exclusively on the properties of the FG Nups, to being perceived
as a dense phase of KapBs mixed with FG Nups and water (i.e., mixed ternary phase) (Kapinos
et al., 2017; Kapinos et al., 2014; Lim et al., 2015; Schleicher et al., 2014; Schoch et al., 2012;
Zilman, 2018). This so-called ‘Kap-centric model’ stipulates that although FG Nups are essential
for establishing the permeability barrier, its complete functionality is achieved in cooperation
with KapPs. In this manner, the Kap-centric model addresses the mechanistic and kinetic
aspects of the NPC barrier (see Chapter 2.2).

The cellular studies reported in this thesis reveal that certain Kapfs, specifically Kapp1
and CRM1, display a distinct steady-state localization at the NE. This signifies that their binding
to FG Nups facilitates their enrichment at the NPCs (Kalita et al., 2021) (Fig. 2.1 and Fig. 2.3).

16



The objective of this thesis is to investigate whether, how, and to what extent Kapf1
and CRM1 regulate NPC barrier function in comparison to other KapPs, such as Importin-5
(Imp5). Additionally, we aim to examine the ability of different KapBs to co-exist at the NPC and
the extent of their mutual influence on the occupancy of certain Kapfs. By experimenting
across biophysical, ex vivo, and in vivo regimes, we show that KappB1 and CRM1 are essential for
fortifying the NPC barrier against defective NCT and nuclear leakage in vivo. We demonstrate
that other KapBs are prone to displacement by KapB1 and CRM1 as a result of their faster
dissociation rate from the FG Nups, as evidenced for Imp5. Taken together, our work sheds
light on how KapP enrichment at the NPC is constrained by their size, cellular abundance,
FG Nup binding affinity, and competition with other Kapps. Finally, evidence of increased NPC
permeability and nuclear leakage of both specific- and non-specific cargoes upon KapB1
reduction is presented. The experimental results described in this thesis show that Kapf1 and

CRM1 engage in a balancing act to reinforce NPC barrier function.
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2.1 Asymmetric partitioning of Kapfs

The asymmetric partitioning of KapPs is one of the most striking and, perhaps least
understood hallmarks of NCT. Kapfs freely translocate between cytoplasm and nucleus due to
their direct interactions with FG Nups. Since KapPs lack NLS or NES signals, intuitively their
shuttling should lead to an equal distribution in both compartments. Yet, most importins tend
to localize in the cytoplasm (except for importin-11 (Imp11, also known as IPO11)), whereas
exportins reside in the nucleus, and transportins can be distributed in the nucleus or cytoplasm,
depending on their primary function (Fig. 2.1A). Quantitative analysis by compartment-based
mass spectrometry of X. laevis oocytes revealed that the nuclear-to-cytoplasmic ratio (N:C) of
KapB1is ~1:10, while the N:C ratio for both CAS and CRM1 is almost 2:1 (Fig. 2.1B) (Kirli et al.,
2015). Presumably, the compartmentalization of KapPs directly impacts their transport
efficiency. For example, the prominent cytoplasmic presence of KapB1 ensures that all NLS- or
IBB- cargos efficiently are targeted to the NPCs. The same logic applies to the assembly of
export complexes in the nucleus, where a high concentration of exportins and RanGTP
facilitates the formation of exportin-cargo-RanGTP triple assemblies. Sequestering transport-
specific cargos is crucial, especially for small cargos (e.g., ribosomal proteins) whose size is
below the NPC exclusion limit (<40 kDa) (Fig. 2.2). For example, Importin-5 (Imp5, also known
as IPO5 or RANBP5) (Jékel and Gorlich, 1998; Swale et al., 2020) is responsible for the import
of several ribosomal proteins, such as RPL23A (17.7 kDa), RPS7 (17.7 kDa), and RPL5 (34.4 kDa),
and RNA binding proteins into the nucleus (see Table 1.1) (Chook and Stiel, 2011). Theoretically,
these proteins should be able to diffuse freely through the NPCs, but the high cytoplasmic
concentration of Imp5 (also Importin-7 or Importin-9) (Jakel and Gorlich, 1998) (Table 1.1) may
play a role in preventing their return into the cytoplasm (Fig. 2.2).

The mechanism(s) that regulates the partitioning of exportins in the nucleus remains
elusive despite noted associations between exportins and cancer (Cagatay and Chook, 2018).
For example, CRM1 is involved in the export of NES-cargos (Johnson et al., 2002) including
MRNA complexes and ribosomal subunits (Chao et al., 2012; Jdkel and Gorlich, 1998; Spits et
al., 2019; Sutherland et al., 2015), as well as a tumor suppressor and regulatory proteins such
as BRCA1 (Brodie and Henderson, 2012) and p53 (Kanai et al., 2007). In cancer, CRM1

overexpression enhances the nuclear export of such tumor suppressor proteins, resulting in
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Figure 2.1 Asymmetric partitioning of Kap8s and their enrichment at NPCs in cells

(A) Immunofluorescence reveals that importins localize predominantly in the cytoplasm, while
exportins are found in the nucleus. Nuclear rim stainings indicate that Kap681 and CRM1 are highly
enriched at NPCs. Endogenous Kap61 was co-stained with Imp4, Imp7, Imp9, Imp13, Expl (CRM1),
Exp2 (CAS), or Exp6 in Hela cells using a standard protocol (Kapinos et al., 2017). The following
antibodies were used: anti-Kap81 (abcam, Cat # ab2811), anti-Imp4 (abcam, Cat # ab 181046), anti-
Imp7 (abcam, Cat # ab15840), anti-Imp9 (abcam, Cat # ab52605), anti-Imp13 (abcam, Cat # ab95993),
anti-CRM1 (abcam, Cat # ab24189), anti-CAS (abcam, Cat # ab96755), anti-Exp6 (Bethyl, A301-205A).
Scale bar is 5 um. Courtesy of Dr. Larisa Kapinos. (B) Nuclear to cytoplasmic ratios of KapB8s obtained
from quantitative mass spectrometric analysis of fractionated X. laevis oocytes correlate with the
immunofluorescence shown in panel (A). The bar plot was created based on the mass spectrometry
data from Kirli et. al., 2015 under the terms of a Creative Commons Attribution license (CC BY 4.0).
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their mislocalization and functional inactivation in the cytoplasm (Azmi et al., 2021). This has
led to the development of selective inhibitors of nuclear export (SINE) that prevent the binding
of such NES-cargoes to CRM1 (Azizian and Li, 2020; Parikh et al., 2014; Sun et al., 2016).
CAS, whose role is to export Kapa back to the cytoplasm to sustain nuclear import, is another
exportin that is overexpressed during cancer progression and metastasis (Jiang, 2016).
It is therefore pertinent to account for how exportins are asymmetrically partitioned in the
nucleus and to address how impairing this behavior leads to downstream defects in NCT with
relevance to disease. Thus far, only one study has linked the nuclear localization of exportin-T
(Xpo-t) to the RanGTP gradient (Kuersten et al., 2002) whereby Xpo-t was mislocalized when its

interactions with RanGTP were impaired.

2.2 Kapp enrichment at NPCs supports the Kap-centric control model

Besides their partitioning characteristics, KapB1 and CRM1 exhibit a marked enrichment
at the NPCs, which is visible as a distinct nuclear rim staining (Fig. 2.1 and Fig 2.3) (Heaton
et al., 2019; Kalita et al., 2021; Kapinos et al., 2017; Lim et al., 2015; Lowe et al., 2015). In other
words, NPCs are predominantly crowded with KapBs that could potentially modulate FG Nup
behavior to impact NPC function (Zilman, 2018). This observation supports the Kap-centric
model, which argues that the NPC permeability barrier comprises of KapBs, FG-Nups, and water
(Vovk et al.,, 2016; Zilman, 2018). In this form, Kapf occupancy in the NPCs could modulate the
biophysical behavior of FG Nups and impact on permeability barrier function (Kapinos et al.,
2014; Vovk et al., 2016; Zahn et al., 2016). Recent experimental results show to support this
model, although the extent of how Kapfs might impose control in the NPC remains
incompletely understood. As a case in point, in vitro FG Nup studies report permeability barrier
properties that facilitate Kapp passage but exclude non-specific cargoes irrespective of their
different material characteristics. Moreover, it was shown that KapB1l depletion ex vivo
abrogates NPC barrier function against non-specific cargoes, whereas adding back Kapp1l
rescues it (Kapinos et al., 2017).

Additionally, recent results suggest that the enriched pool of KapB1 at NPCs preserves
the steep Ran gradient by binding freely diffusing RanGTP (Fig. 2.2, ‘Recapture’) (Barbato et al.,
2020). Indeed, a substantial leakage of Ran from the nucleus was reported when NPCs lacked
KapB1 enrichment. This KapBl1-driven retention mechanism is biochemically specific for

RanGTP, as passive molecules of a comparable (e.g., GFP) could still traverse the NPC (Barbato
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et al., 2020). Such a retention mechanism might further explain the steady-state accumulation
of Ran at NPCs (Abu-Arish et al., 2009; Smith et al., 2002; Yang and Musser, 2006). More
generally, it was suggested that Kapp1 enrichment at the NPCs increases the efficiency of NCT
by minimizing RanGTP losses from the nucleus. In this manner, also small NLS-cargoes may be
prevented from returning to the cytoplasm by binding to KapBs that are enriched within the
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Figure 2.2 Recapture at NPCs facilitates nucleocytoplasmic partitioning

(A) Left - RanGAP1 and RanGEF activity in the absence of enriched Kap8s at NPCs results in a poor Ran
gradient due to the leakage of RanGTP and RanGDP between compartments. Right - An enrichment of
KapBs at the NPC facilitates the recapture of RanGTP to minimize leakage and preserve the steep Ran
gradient. (B) The mechanistic steps necessary for maintaining nucleocytoplasmic partitioning are as
follows: I. Importins partition in the cytoplasm and shuttle NLS-cargoes through NPCs into the nucleus.
II. NLS-cargo is released into the nucleus following RanGTP-importin binding at the NPC exit. Ill.
RanGTP-importin complexes traverse NPCs to return to the cytoplasm. IV. RanGAP hydrolyses RanGTP
into RanGDP, which frees the importin in the cytoplasm for another import cycle. V. RanGDP is returned
to the nucleus through NPCs by NTF2. VI. RanGEF converts RanGDP back to RanGTP. VIl. RanGTP
enables the formation of NES-cargo-exportin-RanGTP complexes that circulate back through the NPC.
VIIl. Upon reaching the cytoplasm, RanGAP again hydrolyses RanGTP into RanGDP, which disassembles
the NES-cargo-exportin-RanGTP complex. Additional remarks: 1. The partitioning of exportins in the
nucleus results from an as yet unknown mechanism. 2. Both importins and exportins enrich at NPCs.

3. RanGDP, RanGTP, and other small cargoes are recaptured by Kap6s that are enriched inside the NPC
to minimize non-specific leakage between compartments. 4. NCT translocation processes are diffusive.
5. NCT directionality is conferred by the RanGTP gradient. 6. Nucleocytoplasmic exchanges might
occur in close spatial proximity to the NE so that Kap68s are rapidly re-circulated back through the NPC.
7. Large non-specific cargoes are repelled from the NPC.
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NPC. One could speculate that a similar retention mechanism could be sustained by exportins
for the prevention of leakage of small NES-cargoes (Fig. 2.2, ‘Recapture’), however,

no experimental evidence has been provided so far.

2.3 Subcellular localization of fluorescently-tagged KappBs
Immunofluorescence (IF) staining (Fig. 2.1) is not applicable for in vivo experimentation.
Moreover, it is limited by the ability of antibodies to permeate into cells and organelles. The
final staining outcome also depends on the specificity and sensitivity of a given antibody, which
can be a limiting factor, especially when working with samples of non-human origin. Thus, to
overcome these limitations and confirm the subcellular localization of the KapPs of interest, we
created fluorescently tagged constructs of Kapf1l, CRM1, and Imp5 using the pcDNA3.1(-)
vector suitable for mammalian expression. Indeed, the subcellular localization pattern of
KapB1-EGFP, EGFP-CRM1, or Imp5-mCherry in transiently transfected MDCK cells matches IF
results well (Fig. 2.1 and Fig. 2.3A). Both Kapf1 and CRM1 exhibit a nuclear rim staining that
coincides with the edges of the DAPI signal (Fig. 2.3B). This is also reflected in the NE to
cytoplasm (NE:C) and NE to nucleus (NE:N) fluorescent ratios of KapB1 and CRM1, respectively,
whose values reach above 1 (Fig. 2.3C, D). Imp5, on the other hand,
has a NE:C ratio equal to 1, thereby indicating that it is predominantly cytoplasmic and does
not substantially enrich NPCs (Fig. 2.3A-C). We note that the overexpression of Imp5 does not
shift its steady-state distribution, which theoretically could lead to its partial accumulation in

the NPCs.
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Figure 2.3 Kap8s enrichment in vivo

(A) Transient transfections of MDCK cells with Kap81-EGFP, EGFP-CRM1, and Imp5-mCherry constructs
reveal the subcellular localization of KapBs in vivo. KapB81 and CRM1 show visible nuclear rim staining
indicating their enrichment at the NPCs whereas Imp5 does not. Scale bar, 10 um. (B) Fluorescence
profiles were obtained along the dashed lines shown in (A). Kap81-EGFP and EGFP-CRM1 show
fluorescence spikes (black) that coincide with the edges of the nuclear DAPI staining (blue) whereas
similar features are lacking in the Imp5-mCherry signal. Line plots were created using Fiji after
smoothing the images with the median filter (2-pixel radius) to minimize signal noise. (C) NE to
cytoplasm (NE:C) and (D) NE to nucleus (NE:N) fluorescence ratios of the constructs shown in (A). For
importins and exportins, accumulation in the NPCs is indicated by NE:C>1 and NE:N>1, respectively.

2.4 Persistence of KapBs at the NPCs

Next, we investigated the persistence of Kapf1, CRM1, and Imp5 at the NPC. To do so,
we permeabilized transiently transfected Hela cells with digitonin followed by the application
of Ran mix to deplete endogenously expressed KapPs (i.e., fluorescent and native ones) from
the NPCs (Fig. 2.4A) (Adam et al., 1990; Barbato et al., 2020; Kapinos et al., 2017; Pulupa et al.,
2020). Subsequent quantification of the NE fluorescent signal reveals that only around 8% of
KapB1-EGFP (Fig. 2.4B, E) and 3% of EGFP-CRM1 (Fig. 2.4C, F) remain at the NPCs after such
treatment. In marked contrast, only a residual signal of Imp5-mCherry could be detected after
the first incubation step (Fig. 2.4D).

Since the fluorescently tagged KapBs serve as a proxy for the behavior of endogenous

KapPs, these experiments ultimately show to which extent Ran mix is able to remove Kapfs
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from the NPCs and that KapBl is even more persistent than CRMI.
The long KapB1 residence time is consistent with in vitro measurements where at low
concentrations, KapB1 departure from the FG Nup layers is characterized by small dissociation
rates (Kapinos et al., 2014). It is also likely that a persistent fraction of KapB1-EGFP associates
with a pool of karyopherina2 (Kapa2; importinal) that binds with Nup153 and Nup50 through

non-FG repeat interactions (Makise et al., 2012; Ogawa et al., 2012).
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Figure 2.4 Retention of KapB81-EGFP, EGFP-CRM1, and Imp5-mCherry at NPCs following digitonin
permeabilization and Ran mix treatments.

(A) Experimental sequence. (B) Images of intact and post-treatment Hela cells transfected with Kap81-
EGFP. Ran mix treated cells are shown with original and brightness-adjusted settings for improved
visualization. (C) Pre- and post-digitonin treatment of HelLa cells transfected with EGFP-CRM 1. Original
as well as brightness-adjusted images of Ran mix treated cells are shown. (D) Any retention of Imp5-
mCherry in digitonin-permeabilized Hela cells lies below the detection limit as shown with brightness
adjustment. The brightfield image confirms that cells were not removed from the field of view during
the treatment. Further quantification of Imp5-mCherry has been omitted (E) Quantification of Kap61-
EGFP fluorescence signal at the NE (Fne). Each data point represents a single cell. Ran mix causes a
~90% reduction in the signal of Kap81-EGFP. Data points were normalized to the Fne of each intact cell
(F) EGFP-CRM 1 fluorescence quantification at the NE. Ran mix reduces the EGFP-CRM 1 signal by over
95%. Each series of images shown in (B), (C) and (D) was collected using the same imaging conditions.
Error bars denote minimum and maximum measured values. Scale bar: 10 um.
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2.5 Cellular abundance of KapBs in MDCK cells

Although not all KapB—FG-Nup interactions have been characterized, the known values
of their apparent dissociation constant (Kp) typically fall in the sub-micromolar range (Kapinos
et al., 2014; Schoch et al,, 2012; Tan et al., 2018; Tetenbaum-Novatt et al., 2012). Hence, the
amount of each KapP that populates the NPC should be proportional to its cellular
concentration, which varies from the nanomolar to micromolar range (Kirli et al., 2015; Nguyen
et al, 2019; Wang et al.,, 2015; Wihr et al.,, 2015). In MDCK cells, KapB1, Imp5, CRM1,
Importin-7 (Imp7, IPO7), and Transportin-1 (TNPO1) are the five most abundant KapBs (Fig.
2.5). Given that KapB1 and CRM1 colocalize at NPCs (Fig. 2.1 and Fig. 2.3) suggests that their
presence might modulate the multivalent interactions between the FG-Nups and other Kapfs.
Indeed, this so-called binding promiscuity is relevant to how intrinsically disordered proteins
interact with multiple partners simultaneously (Uversky, 2013) as has been shown for the

binding of KapB1 and NTF2 to the FG Nups (Wagner et al., 2015).
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Figure 2.5 Absolute abundance of Kap8s in MDCK cells

Cellular concentration of KapB8s that govern import, export, or bidirectional transport was obtained via
mass spectroscopy-based proteomics. (Abbreviations: KPNB1 — karyopherin beta-1, IPO5- importin-5,
IPO7-importin-7, TNPO3- transportin-3, IPO4- importin-4, IPO9- importin-9, IPO11- importin-11,
TNPO2- transportin-2, IPO8- importin-8, TNPO1- transportin-1, XPO7- exportin-7, IPO13- importin-13,
XPO1- exportin-1, NXF1- nuclear RNA export factor 1, NXT2- NTF2-related export protein 2,

XPOT- exportin-T, XPO5- exportin-5, XPO4- exportin-4).
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2.6 Conclusions

The nature of NCT requires different KapBs to traverse the NPCs in a continuous manner
to transport their specific cargoes. Hence, in vivo NPCs are predominantly crowded with Kapfs,
especially with KapB1 and CRM1 (Fig. 2.1 and Fig 2.3). This observation agrees with the ability
of KapBs to permeate and enrich within the FG Nups in vitro (Celetti et al., 2020; Frey and
Gorlich, 2007, 2009; Jovanovic-Talisman et al., 2009; Kapinos et al., 2014) and supports the
Kap-centric model (Kapinos et al., 2017; Lim et al., 2015; Zahn et al., 2016). For example, Kap
enrichment at the NPC may not only serve to facilitate signal-specific cargo transport but may
also hinder the unsolicited entry of non-specific cargoes and prevent the leakage of Ran and
other small specific cargoes between compartments (Barbato et al., 2020).

Still, it is not obvious why Imp5, being more abundant than CRM1 is less pronounced at
the NPC (Fig. 2.3). Hence, it appears that the steady-state enrichment of Kapfs at the NPC is
not purely concentration-driven. Subtler features such as FG Nup-binding characteristics, size
of each KapPs, the number of FG-repeat binding pockets, molecular flexibility, and shape
(Christie et al., 2016; Conti et al., 2006) could also influence their binding. Finally, there exists
a subset of persistent KapB1, and to a smaller extent CRM1, molecules, that remain at NPCs
following Ran mix treatment. The mechanism that underlies competition of different Kapfs for

FG Nup binding will be discussed in Chapter 3.

2.7 Materials and Methods

2.7.1 Cell culture

MDCK cells (a kind gift from |. N"athke, University of Dundee, Dundee, UK) were cultured in
Minimum Essential Medium (MEM; Sigma Aldrich, Cat. No. M4655) and Hela S3 cells in high-
glucose Dulbecco's Modified Eagle Medium (DMEM) with GlutaMAX™ Supplement
(ThermoFisher Scientific, Cat. No. 61965026) both supplemented with 10% fetal bovine serum
(FBS; ThermoFisher). Cells were maintained at 37°C with 5% CO?2.

2.7.2 Mammalian cell transfection
KapB1-EGFP, EGFP-CRM1, and Imp5-mCherry constructs were cloned into the pcDNA3.1(-)
vector. The transfections were carried out using jetPRIME reagent (Polyplus-transfection® SA)

according to the manufacturer’s instructions.
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2.7.3 Immunofluorescence

MDCK cells were plated on the glass coverslips (#1.5) allowing them to adhere for ~24h.
Afterward, cells were rinsed twice with PBS (Sigma Aldrich) and fixed in
4% paraformaldehyde (PFA) (Sigma Aldrich, Cat. No. HT501128) for 15 min at room
temperature (RT). Next, samples were washed three times for 5 min with PBS and
permeabilized with 0.2 % Triton-X (in PBS). After three more washes with 1% BSA (Sigma
Aldrich, Cat. No. A9647) in PBS for 5 min each, coverslips were left for >1h in 1% BSA solution
for blocking. Subsequently, the primary antibodies against Kapf1 (abcam, Cat. No. ab2811
(3E9)) and CRM1 (rabbit antibody, kind gift from R. Kehlenbach, University of Gottingen,
Gottingen, Germany) (in 1% BSA) were applied for 1h at RT. Following another triple washing
step (3x5 min in 1 % BSA), the samples were incubated with secondary antibodies (goat
anti-mouse Alexa-568 (Thermo Fisher Scientific, Cat. No. A11004); goat anti-rabbit Alexa-488
(Thermo Fisher Scientific, Cat. No. A11034) and DAPI (Thermo Fisher, Cat. No. 62248) solution
in 1 % BSA for 1 h at RT and protected from light. After the last washing step (3x5 minin 1 %
BSA), coverslips were mounted onto glass slides with Vectashield medium (H-1000, Vector
Laboratories) and sealed with nail polish. A similar procedure was applied in the case of
transiently transfected cells (Chapter 2.4), except Triton permeabilization and antibody

incubation steps were omitted.

2.7.4 Permeabilized cell assay

Hela cells were plated into 8-well ibidi dishes and transfected with the fluorescent constructs
of KapB1-EGFP, EGFP-CRM1, or Imp5-mCherry one day before experimentation. On the day of
the experiment, cells were washed twice with PBS and permeabilized for 5 min with 40 pg/ml
digitonin as reported previously (Adam et al., 1990). After three 5 min washes with PBS, cells
were incubated with Ran mix (2 mM GTP, 0.1 mM ATP, 4 mM creatine phosphate, 20 U/ml
creatine kinase, 5 UM RanGDP, 4 uM NTF2, and 1 mM DTT) for 1h at RT to estimate the level of
Kapp retention at the NPCs. In the final step, cells were washed three times to remove Ran Mix
and leftover Kaps. At each step of the treatment, the fluorescence signal of exogenous KapBs

was monitored using confocal microscopy (Fig. 2.4).

2.7.5 Confocal microscopy, imaging, and analysis
Fluorescence images of fixed samples were obtained at RT using the LSM880 inverted confocal

microscope with an oil-immersed 63x/1.4 NA PLAN APO objective. The system was equipped
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with a widefield camera and an Airyscan detector (ZEISS). Fluorescence quantification of cells
transfected with Kapp constructs was performed using CellProfiler software (Kamentsky et al.,
2011). DAPI channel was used for initial image segmentation and nuclear envelope, nucleus,
and cytoplasm regions of interest (ROIls) were created by shrinking or expanding the original
DAPI-defined regions. The ROls were used to quantify the mean fluorescence intensity across
all channels. The number of analyzed cells per condition is specified in the figures. The
quantification of NE fluorescence intensity from the permeabilized cells assay was performed

using hand-drawn ROls.

2.7.7 Global proteome analysis

2.7.6.1 Cells collection for MS

Control and siRNA-treated MDCK cell samples were collected as in other experiments, 48 h
after transfection. Cells were washed with PBS, trypsinized (Sigma Aldrich, Cat. No. T3924-
100ML) and automatically counted (LUNA-FL™ Dual Fluorescence Cell Counter, Logos
Biosystems) following the Tryptan Blue (Sigma Aldrich, Cat. No. T8154) staining protocol. Next,
200 000 cells from each sample were collected and washed twice with cold PBS followed by

5 min spin at 10000 x g at 4 °C. Cell pellets were frozen at -80 °C until needed.

2.7.7.2 Sample preparation

Once all necessary biological replicates were collected, samples were processed according to
the whole cell lysis and digestion using SDC, CAA, and PreOmics Cartridges for LC-MS/MS
protocol. MDCK cells were thawed on ice and lysed in 50 ul lysis buffer (1% sodium
deoxycholate (SDC), 0.1 M TRIS, 10 mM TCEP, pH = 8.5) using strong ultra-sonication (10 cycles,
Bioruptor, Diagnode). Protein concentration was determined by BCA assay (Thermo Fisher
Scientific) using a small sample aliquot. Sample aliquots containing 50 pg of total proteins were
reduced for 10 min at 95 °C and alkylated at 15 mM chloroacetamide for 30 min at 37 °C.
Proteins were digested by incubation with sequencing-grade modified trypsin (1/50, w/w;
Promega, Madison, Wisconsin) overnight at 37°C. Then, the peptides were purified via solid-
phase extraction using PR-Sulfonate Cartridges (SDB-RPS, PreOmics). First, 5% TFA was added
to the samples followed by the addition of the wash buffer 1 (1% TFA in 2-propanol). In the
next step, samples were transferred into the cartridges, spun down, and washed two more
times with wash buffer 1. Then two washes were performed with wash buffer 2 (0.2% TFA

in water) and purified peptides were eluted in two steps with the elution buffer (1% (v/v)
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ammonium hydroxide, 19% water, and 80% acetonitrile). Collected eluates were dried under

vacuum and stored at -20°C until further use.

2.7.7.2 LC-MS/MS

Dried peptides were resuspended in 0.1% aqueous formic acid and subjected to LC-MS/MS
analysis using an Orbitrap Fusion Lumos Mass Spectrometer fitted with an EASY-nLC 1200 (both
Thermo Fisher Scientific) and a custom-made column heater set to 60°C. Peptides were
resolved using an RP-HPLC column (75um x 36cm) packed in-house with C18 resin (ReproSil-
Pur C18-AQ, 1.9 um resin; Dr. Maisch GmbH) at a flow rate of 0.2 uLmin-1. The following
gradient was used for peptide separation: from 5% B to 12% B over 5 min to 35% B over 90 min
to 50% B over 25 min to 95% B over 2 min followed by 18 min at 95% B. Buffer A was 0.1%
formic acid in water and buffer B was 80% acetonitrile, 0.1% formic acid in water.

The mass spectrometer was operated in DDA mode with a cycle time of 3 seconds between
master scans. Each master scan was acquired in the Orbitrap at a resolution of 120,000 FWHM
(at 200 m/z) and a scan range from 375 to 1500 m/z followed by MS2 scans of the most intense
precursors in the linear ion trap at a “Rapid” scan rate with an isolation width of the quadrupole
set to 1.4 m/z. Maximum ion injection time was set to 50ms (MS1) and 35 ms (MS2) with an
automatic gain control (AGC) target set to 1e6 and le4, respectively. Only peptide ions with
charge states 2 — 5 were included in the analysis. Monoisotopic precursor selection (MIPS) was
set to Peptide, and the Intensity Threshold was set to 5e3. Peptides were fragmented by HCD
(Higher-energy collisional dissociation) with collision energy set to 35%, and one microscan was
acquired for each spectrum. The dynamic exclusion duration was set to 30s.

The acquired raw files were imported into the Progenesis Ql software (v2.0, Nonlinear
Dynamics Limited), which was used to extract peptide precursor ion intensities across all
samples applying the default parameters. The generated mgf-files were searched using
MASCOT against a decoy database containing normal and reverse sequences of the predicted
SwissProt entries of Canis Lupus familiaris (www.ebi.ac.uk, release date 2019/06/11) and
commonly observed contaminants (in total 51,776 sequences) generated using the
SequenceReverser tool from the MaxQuant software (Version 1.0.13.13). The search criteria
were set as follows: full tryptic specificity was required (cleavage after lysine or arginine
residues, unless followed by proline); 3 missed cleavages were allowed; carbamidomethylation
(C) was set as fixed modification; oxidation (M) and acetylation (Protein N-term) were applied

as variable modifications; mass tolerance of 10 ppm (precursor) and 0.6 Da (fragments).
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The database search results were filtered using the ion score to set the false discovery rate
(FDR) to 1% on the peptide and protein level, respectively, based on the number of reverse
protein sequence hits in the datasets. The relative quantitative data obtained were further
normalized, statistically analyzed, and translated to absolute protein estimates (iBAQ values)

using our in-house script (PMID:27345528).

2.7.7.3 Targeted LC-MS analysis

Targeted MS quantification was carried out as recently described (PMID: 32870689). Parallel
reaction-monitoring  (PRM)  (DOIl:  22865924) assays were generated from
a mixture containing 50 fmol of each proteotypic heavy reference peptide (VAAGLQIK* and
VLANPGNSQVAR*, JPT Peptide Technologies GmbH). Therefore, the 100 fmol of peptides were
analyzed using a Q-Exactive HF coupled to an EASY nano-LC 1000 system (both Thermo Fisher
Scientific), equipped with a heated RP-HPLC column (75 um x 30 cm) packed in-house with
1.9 um C18 resin (Reprosil-AQ Pur, Dr. Maisch). Peptides were analyzed per LC-MS/MS run
using a linear gradient ranging from 95% solvent A (0.15% formic acid, 2% acetonitrile) and 5%
solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent B over 60 minutes at
a flow rate of 200 nl/min. Mass spectrometer was operated in DDA mode with a cycle time of
3 seconds between master scans. Each master scan was acquired in the Orbitrap at a resolution
of 120,000 FWHM (at 200 m/z) and a scan range from 300 to 1600 m/z followed by MS2 scans
of the most intense precursors in the orbitrap at 30,000 FWHM (at 200 m/z) resolution with an
isolation width of the quadrupole set to 1.4 m/z. Maximum ion injection time was set to 50 ms
(MS1) and 50 ms (MS2) with an AGC target set to 1e6 and 1e5, respectively. Only peptides with
charge states 2 — 5 were included in the analysis. Peptides were fragmented by HCD (Higher-
energy collisional dissociation) with collision energy set to 28%, and one microscan was
acquired for each spectrum. The dynamic exclusion duration was set to 30s.

The acquired raw files were searched using the MaxQuant software (Version 1.6.2.3) against
the same Canis Lupus familiaris database mentioned above using default parameters except
for protein, peptide, and site FDR were set to 1, and Lys8 and Argl10 were added as variable
modifications. The best 6 transitions for each peptide were selected automatically using an
in-house software tool and imported into SpectroDive (version 10, Biognosys, Schlieren).
An unscheduled mass isolation list containing all peptide ion masses was exported from

SpectroDive and imported into the Orbitrap Lumos operating software for PRM analysis.
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Here, to each peptide sample, an aliquot of a heavy reference peptide mix containing
chemically synthesized proteotypic peptides (Spike-Tides, JPT, Berlin, Germany) was spiked into
each sample at a concentration of 2 fmol of heavy reference peptides per 1ug of total
endogenous protein mass.

Aliquots containing 1 ug of peptides were subjected to targeted LC-MS analysis using
Q-Exactive HF coupled to an EASY nano-LC 1000 system (both Thermo Fisher Scientific),
equipped with a heated RP-HPLC column (75 um x 30 cm) packed in-house with 1.9 um C18
resin (Reprosil-AQ Pur, Dr. Maisch). Peptides were analyzed per LC-MS/MS run using a linear
gradient ranging from 95% solvent A (0.15% formic acid, 2% acetonitrile) and 5% solvent B (98%
acetonitrile, 2% water, 0.15% formic acid) to 30% solvent B over 60 minutes at a flow rate of
200 nl/min. For MS2, the resolution of the orbitrap was set to 120,000 FWHM (at 200 m/z), the
fill time was set to 250 ms to reach an AGC target of 3e6, the normalized collision energy was
set to 28%, the ion isolation window was set to 0.4 m/z and the first mass was fixed to
100 m/z. An MS1 scan from 350-1600 m/z at 120,000 resolution (at 200 m/z), AGC target 3e6
and fill time of 100 ms were included in each MS cycle. All raw files were imported into
SpectroDive for protein/peptide quantification using default settings. To control for variation
in injected sample amounts, the total ion chromatogram (only comprising ions with two to five
charges) of each sample was determined using Progenesis as described above and used for
normalization. All follow-up peptide abundance calculations were performed in Microsoft
Excel, given that MDCK cells contain ~20% proteins per cell volume (Erlinger and Saier, 1982)

and that protein cellular concentration is 300 mg/ml (Wisniewski et al., 2014).
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