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Abstract

The nucleocytoplasmic transport represents a crucial checkpoint of all signal
pathways leading to the gene expression, the cell cycle maintenance, and RNA export
processes. It is mediated by nuclear pore complexes (NPC) anchored in double nuclear
membrane. The NPC structure and the basic architecture of the transport regulations
are evolutionarily highly conserved across eukaryotic kingdoms; however, some
significant differences and specifics exist in plants. In this thesis, | describe the
contemporary level of our knowledge of the nucleocytoplasmic transport regulation and

its actors in animalia generally and in planta in detail.
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Abstrakt

Transport mezi jadrem a cytoplasmou predstavuje dulezity regulaéni bod vSech
drah vedoucich k expresi genud, kontrole bunéfného cyklu a exportu RNA. Je
zprostiedkovan komplexy jaderného poru (NPC), které jsou ukotvené v dvojité jaderné
membrané. Struktura jaderného péru a zakladni zplasoby regulace transportu jsou
v eukaryotickych organismech evoluéné vysoce konzervované, avSak v rostlinnych
bunkach lze nalézt nékteré vyznamné rozdily. V této praci shrnuji sou¢asné poznatky o
regulaci transportu mezi jadrem a cytoplasmou. Zvlastni pozornost vénuji témto

procestm v rostlinnych burikach.
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Glossary:
CGC: Central gated channel of nuclear pore complex.

FG-Nups  Nucleoporins with phenylalanine-glycine repeats tails.

NPC: Nuclear pore complex.

NTF2: Nuclear transport factor 2, the acceptor of RanGDP/cargo import complex
in nucleoplasm.

Nups: Nucleoporins.

RanBP1: Activator of RanGAP1.

RanBP2: Nucleoporin 358 serves as docking site for RanGAP1; present at
cytoplasmic face of nuclear pore complex.

RanBP3: Activator of RanGEF.

RanGAP: Soluble, exclusively cytoplasmic RanGTPase activating protein; increases
GTPase activity of Ran.

RanGAP1u: SUMOylated RanGAP1, bound to RanBP2.

RanGEF: Ran guanine nucleotide exchange factor; increases Ran exchange rate of
GDP for GTP in nucleus. RanGEF is also called RCCH1.



1. Introduction

During the evolution of life, eukaryotic and some prokaryotic cells have shown
that compartmentalization may be a beneficial means of organisation of the cell.
Complex eukaryotic organisms usually possess larger coding regions in their genomes
than organisms with simpler cell construction, and operate with larger number of
different proteins and RNAs during their life cycle. The large amount of genes and
proteins implies the use of more sophisticated regulations and signaling pathways when
“housekeeping”, reproducing and interacting with environment and other cells. For these
regulations, it is useful to divide the cell into spatially and functionally different
compartments.

The nucleus is one of these compartments. It separates replication and
transcription from translation processes. The nuclear membrane represents a
checkpoint of many signal pathways, mainly those of transcription. It provides a strictly
controlled, enabled or prohibited exchange of material between cytoplasm and
nucleoplasm through the nuclear membrane via nuclear pore complexes (NPC). Mainly,
proteins regulating and executing transcription are imported, and mRNAs and small
regulatory RNAs are exported. Also, the nuclear membrane serves as a scaffold for
DNA bound to lamins, and finally, it protects the genome from pathogens and chemical
damage.

Due to more intense research in animal cells than in plant cells in the past, our
current knowledge of nucleocytoplasmic transport in plants is smaller. Recently, valuable
papers reviewing nucleocytoplasmic transport have been published; for example Sorokin
et al. (2007) reviews nucleocytoplasmic transport in yeast and animals, and Xu, Meier
and Brkljacic (2007 and 2009) review new features of nucleocytoplasmic transport in
plants.

In this thesis, | briefly describe structures and mechanisms of nucleocytoplasmic
transport at the contemporary level of understanding and its regulation and role in the
cell, with respect to plant-specific structures.



2. The nuclear pore complex

The nuclear pore complex (NPC) is a very large, 40-125 MDa protein complex
connecting inner nuclear membrane (IM) and outer nuclear membrane (OM) of
eukaryotes. NPC size, composition and morphology vary across the plant, fungal and
animal kingdoms. It consists of nucleoporins (Nups), which are usually present in large
numbers in one NPC. These proteins have structural, regulatory and cargo complex
docking/movement functions.

The yeast NPC is constructed of about 30 different nucleoporins, and in the
human NPC, about 20 nucleoporins have been identified so far (Stoffler et al. 1999).
Nucleoporins forming NPC are present in multiple copies and the amount of nucleoporin
copies is dividable by 8 due to the symmetry of the NPC. The total number of
nucleoporins is estimated to be 500-1000 per NPC (Cronshaw et al., 2002).
Nucleoporins can be divided into three morphological categories — 1) FG nucleoporins
with phenylalanine (F)-glycine (G) repeats and hydrophobic linkers, 2) nucleoporins with
WD (tryptophan-aspartate) repeats and a B-propeller motif (Cronshaw et al., 2002;
Devon et al., 2004), 3) transmembrane nucleoporins, which fasten NPCs to the nuclear
membrane.

In general, the NPC has a circular, 8-fold symmetry with three main substructures
— central core with central gated channel (CGC), 50 nm long cytoplasmic fibrils and a
nuclear basket with 100 nm long fibrils, which merge in a basket-like structure. The NPC
diameter ranges from 95 nm (yeast; Kiseleva et al., 2004) to 120 nm (animals; Goldberg
and Allen, 1996); the plant NPC has a diameter of about 105 nm (FiSerova et al., 2009).

The NPC allows molecules smaller than ~30 kDa to pass through by passive
diffusion; larger molecules require nuclear localization sequence (NLS) to be imported
into the nucleus or nuclear export sequence (NES) to be exported out from the nucleus.



2.1 The animal and the yeast NPC

Consistent with the fact that the yeast NPC is simpler than the animal NPC, the
yeast NPC mass has been estimated by scanning transmission electron microscopy to
be only 55-66 MDa (Yang et al., 1998) and the animal NPC mass to be 125 MDa.

Based on the scanning electron microscopy approach, the NPC of animal cells
(Xenopus laevis oocyte) can be divided into following parts (Figure 1): the plug
(transporter) (12 MDa), heavy ring (32 +/- 5 MDa), light ring (21 +/- 4 MDa), plug-spoke
complex (66 +/- 8 MDa) and spoke complex (52 +/- 3 MDa) (Reichelt et al., 1990).
Generally, 125 MDa for animal cells’ NPC and ~60 MDa for yeast cells’ NPC is the
highest estimate of the NPC mass. However, it is proposed that the scanning electron
microscopy specimens contained transport factors and transported cargo proteins
entrapped in the studied NPCs during fixation. Consequently, other studies suggest
significantly smaller NPC mass — 60 MDa for rat liver cells and 40 MDa for yeast cells
(Rout et al., 2000).
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Figure 1. The nuclear pore complex. (from http:/course.1.winona.edu)
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Figure 2. The comparison of plant and animal nuclear pore complex; except for the
WIP/WIT/WPP/RanGAP1 and NUA(AtTPR)/ESD4 complex (shown in blue boxes) all localization and
association information for plant Nups is deduced from their mammalian counterparts. Plant Nups
identified solely by sequence similarity to their animal counterparts are shown in white. Unit colors indicate
homologous complexes, based either on sequence or on functional similarity (WIP/WIT and RanBP2).
(modified, from Current opinion in plant biology, Meier and Brkljacic, 2009)



2.2 Plant NPC and the comparison with animal NPC

The localization and function of RanGAP represents the best described difference
between animal and plant NPC. Besides this, the function of most nucleoporins is
unknown in both animal and plant cells thus other functional differences between animal
and plant cells remain hidden. For nucleoporin composition of the animal and plant NPC,
see Figure 2.

Recent findings discovered many structural details of the plant NPC using an in-
lens feSEM (FiSerova et al., 2009). Firstly, significant morphological differences between
the NPCs of the plant cells in different phases of the cell cycle were found (Figure 3a).
The nuclei of 3-day old and 10-day old BY-2 cells (Nicotiana tabacum) show different
content of particular NPC categories (Figure 3b). Categories | and Il resemble animal
NPC intermediate structures in Xenopus and Drosophila, and it is suggested that
categories Ill and IV represent mature, fully active NPCs. It is also suggested that the
different NPC types transport different cargos. It is important to note that cytoplasmic
filaments of the NPC have not been observed in each NPC, meaning these filaments are
either difficult to preserve or that not each plant NPC contain the cytoplasmic filaments

in vivo.
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Figure 3. a) Morphological categories of NPCs in 3-day and 10-day old BY-2 cells observed by an
in-lens feSEM. b) Different content of particular NPC categories in 3-day and 10-day old BY-2 cells

(reproduced from FiSerova et al., 2009).
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Secondly, a filament-like structure under the nuclear envelope has been found.
This is an important discovery since the organization of the nuclear envelope of plants is
very poorly understood. These filaments are 5-13 nm thick and interconnect the NPCs.
The structure of these plant nuclear filaments resembles of animal nuclear lamina,
therefore it was named “plamina”. At last, it was shown that NPCs of BY-2 cells are not
placed randomly in the nuclear membrane but form 5-30 NPC-long rows (FiSerova et al.,
2009).

2.3 The FG-network and cargo translocation

When a cargo is transported through an NPC, it interacts with FG-Nups of CGC.
The way of translocation of cargo complex through the CGC is not clear at all. There are
two dominant models attempting to describe the dynamics of the process. The first
model, selective phase model (Ribbeck and Gorlich, 2001) suggests weak hydrophobic
interactions between FG domains, resulting in sieve-like physical barrier inside the CGC.
The transport complex has to “melt through” this hydrogel (Frey and Gorlich, 2007).
Another model, Brownian affinity model (Rout et al., 2000) describes Brownian-like
movement of the cargo complex through the FG-Nups network of CGC while peripheral
structures would function as docking sites for the cargo complex to help overcome the
energetic demands of the CGC. There are other models, the affinity gradient model for
instance (Ben-Efraim and Gerace, 2001).

FG-Nups may also serve as a regulatory point due to selective binding of the
cargo complex to different FG domains.

3. Actors of nucleocytoplasmic transport
The nucleocytoplasmic transport of proteins of a mass higher than ~30 kDa

(cargo) requires NLS or NES in the amino acid sequence of the cargo protein.

Nucleoporins of the NPC represent a “scaffold” for all the events happening during the
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translocation of cargo. Most of the cargo proteins need to be chaperoned through the
NPC by karyopherins (importins and exportins) during their transport. The transport also
requires energy in certain steps of the procedure. This energy is provided by small
GTPase protein Ran (Ras-related nuclear protein), which belongs to Ras (Rat sarcoma)
protein family. Some proteins may require additional specific factors not related to
karyopherins or RanGTP.

3.1 Nuclear localization sequences

A NLS is an aminoacid sequence recognized by importins-a. This sequence does
not have to be continuous; it often contains spacers of amino acids not recognized by
importins or can be located in distant parts of the protein. A protein can have more than
one NLS. There are two main groups of NLSs — classic NLS (cNLS) and non-classic
NLS.

cNLSs consist of positively charged aminoacids, eventually interrupted by a
spacer. For example, nucleoplasmin, one of the first proteins shown to be transported to
the nucleus, has a NLS that consists of two clusters of positively charged aminoacids
interrupted by a spacer (positively charged aminoacids are highlighted in bold): KR-
(10AA)-KKKL. Large T antigen (SV40 virus protein) NLS is represented by a simple
repeat of positively charged aminoacids PKKKRKYV (Jans et al., 2000). These NLSs are
very conservative and frequent. For example in plants, maize protein Rab28 NLS has an
amino acid sequence of QPRRP (Niogret et al., 1996).

Non-classic NLSs are recognized by importins-a (also called karyopherins-a) or
directly by importin-p (also called p97 or karyopherin-f, see chapter 3.3.1) and they
comprise a much more diverse group than classic NLSs. For example, the yeast
repressor a2 protein NLS contains polar aminoacids interspersed with non-polar ones
(polar aminoacids are underlined): VRILESWFAKNIENPYLDT (Hall et al., 1990). In
contrast, the c-Myc protein NLS has a positively charged aminoacid cluster with proline
and aspartate on the boundaries: PAAKRVKLD (Dang and Lee, 1988).
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3.2 Nuclear export sequences

Hydrophobic leucine-rich NES with 3 or 4 hydrophobic aminoacids belongs to the
most common NESs. The hydrophobic NES is found in nucleocytoplasmic proteins of all
eukaryotes, for example the HIV protein Rev NES (LPPLERLTL) (Fischer et al., 1995) or
human TFIIIA protein NES (LSTVAVLTL) (Guddat et al., 1990). These hydrophobic
NESes are recognized by exportins (see chapter 3.3.2), especially by exportin Crm1,
which is able to transport substrates with or without other transport factors in the
presence of RanGTP (Paraskeva et al., 1999).

Some proteins without the classic hydrophobic NES are exported by other
exportins. For instance, karyopherin Msn5p exports protein Pho4, which does not
possess a hydrophobic NES (Komeili and O'Shea, 1999).

Analogically to imported proteins, exported proteins often have more than one
NES. Our laboratory identified 3 NESs in the molecule of B-tubulin: LQLERINV,
ICFRTLKL and LNSDLRKLAV (Schwarzerova et al., 2006).

3.3 Karyopherins

In the history of nucleocytoplasmic research, proteins have been named
regarding their nuclear import or nuclear export regulatory functions — importins or
exportins. However, it has been shown that many exportins have nuclear import function
as well and vice versa, therefore a general name “karyopherin” was established.
Karyopherin is literally a “transporter related to the nucleus”, thus RanGTP/GDP has to
be considered karyopherin as well. In this work, | use the old-fashioned name
importin/exportin as much as possible for better comprehensibility of the text.
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3.3.1 Importins

Importins comprise two families — importins-o and importins-f. For the import of a
cargo, importins-a bind the cNLS of the cargo. Importins-f1 bind cargos with non-classic
NLSs or an importin-a/cNLS cargo complex. This selective affinity of different importins
to NLSs is the main difference in the shuttling of cNLS and non-cNLS proteins. It has
been shown that importins-f3 can adopt a number of different conformations, thus they
can bind various different cargos including diverse importin-a/cNLS cargo complexes
(Cingolani et al., 2002). At the same time, importins-$ interact with FG-repeats of the
NPC (Radu et al., 1995; Gorlich et al., 1994), functioning as a linker between the NPC

and the cargo complex.

3.3.2 Exportins

One of the most important exportins is Crm1, which recognizes classical,
hydrophobic NESs. Crm1 also exports RanBP1 from the nucleus, thus maintaining the
proper concentrations of RanBP1 in the nucleus and the cytoplasm. Apart from proteins,
also various RNAs are exported from the nucleus. Exportin-t is responsible for export of
tRNA and exportin-5 exports tRNA as well as microRNA recognizing a part of its
structure as NES (Zeng and Cullen, 2004; Kim, 2004).

Export of mRNA proceeds without exportins, using TAP/NXF1 (nuclear export
factor) proteins (Kang and Cullen, 1999; Herold et al., 2000).

A notable exportin CAS (Cselp) exports importin-f, thus recycling this import
factor back to cytoplasm (Kinzler and Hurt, 1998).

3.4 RanGTPase and other regulatory proteins

RanGTPase is 25 kDa large protein which binds GTP and hydrolyzes it very
weakly. Number of other regulatory proteins that regulate (increase or decrease) the rate
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of GTP hydrolysis or GDP exchange for GTP on Ran exist. Therefore, rich possibilities
of various regulations exist, which help to control the function of RanGTPase.

In order to explain nucleocytoplasmic transport mechanisms, it is necessary to
describe these Ran-regulating proteins. All proteins that bind Ran contain specific Ran-
binding domains (RanBD). The Ran-regulating proteins are: 1) RanGAP1 (RanGTPase
activating protein) and its activator — RanBP1 (Ran binding protein); 2) RanGEF (Ran
guanine nucleotide exchange factor) and its activator RanBP3. Whereas RanGAP1 is
present in the cytoplasm or on the outer nuclear membrane, RanGEF interacts with
chromatin and is localized solely in the nucleus. The most important consequence of
RanGAP1 localization in the cytoplasm and RanGEF in the nucleus is that GDP form of
Ran is dominantly present in the cytoplasm, whilst concentration of GTP form of Ran is
very high in the nucleus. When an import cargo complex with RanGTP is docked at the
cytoplasmic face of NPC, the GTP of Ran is hydrolyzed by RanGAP1 very quickly, while
after crossing the central gated channel of the NPC, the GDP of Ran is exchanged for
GTP immediately by RanGEF. The crucial fact is that NTF2 (see chapter 4.1), the
transporter of the cargo complex from cytoplasm to the nucleus, binds the cargo
complex with RanGDP only and has no affinity to RanGTP. On the contrary to the import
to the nucleus, exportins bind cargoes with RanGTP only. Therefore, the selective
affinity of Ran-binding proteins to various forms of Ran together with the gradient of
RanGTP and RanGDP across the nuclear membrane ensure the unidirectionality of
import and export processes.

RanGAP1 enhances the Ran GTP hydrolysing activity 10000 times or 100000
times, if RanBP1 is present (Bischoff et al., 1995). RanGAP1 is present in the cytoplasm
only, and its SUMOylation (a conjugate with SUMO-1 protein) ensures RanGAP1
interaction with fibrils of the cytoplasmic side of the NPC through its binding to Nup358
(RanBP2) (Mahajan et al., 1997).

RanBP1 shuttles between the cytoplasm and the nucleus and is predominantly
localized to the cytoplasm due to its active export from nucleus by Crm1 (Kinzler et al.,
2000). Besides enhancing the RanGAP1 activity, it raises accessibility of the complex
cargo-RanGTP to RanGAP1.
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RanGEF (also called RCC1) is present in the nucleus in a complex with histones
H2A and H2B. It increases the exchange rate of the GDP for GTP on Ran 10 000 times,
thus providing the restoration of RanGTP pool (Bischoff and Postingl, 1991).

RanBP3 is localized mainly in the nucleus and binds with RanGDP to the
RanGEF, boosting its activity 10 times (Nemergut et al., 2002).

Regarding the type of interactions with Ran, Ran binding proteins can be
categorized in three groups: 1) proteins with about 150 amino acids long N-terminal
sequences which interact with RanGTP but not with RanGDP and inhibit nucleotide
exchange and/or hydrolysis — RanBP5, RanBP7, RanBP8, importin-f1, exportin-t, Crm1,
and CAS; 2) proteins which bind RanGTP at a different site — RanBP1, RanBP2 and
RanBP3. These proteins inhibit nucleotide exchange but not GTP hydrolysis (Gérlich et
al.,, 1997; Dingwall et al., 1995); 3) Ran binding proteins containing other unique Ran
binding sequences, diverse from those of the first and the second group. For example,
transportin-1 probably belongs to this group (Pollard et al., 1996).

It is important to note that proteins of the first and of the second group do not
compete for Ran, thus they can form ternary complexes with Ran together (Deane et al.,
1997).

Members of the first two groups participate in translocation of proteins with NLS
or NES in complexes with importin- while not interacting with the cargo directly.

Proteins of the third group interact with the cargo directly.

3.5 Nucleoporins

Nucleoporins, components of the NPC, are the last group of proteins involved in
the nucleocytoplasmic transport | take as important to mention. The NPC is composed of
approximately 30 different nucleoporins, of which some are still poorly described,
especially in plants. Nucleoporins directly related to the nucleocytoplasmic transport and
plant-specific pathways are described in detail in chapters 4 and 7, respectively. These
are Nup62, Nup153, Nup214, Nup358 and Nup 85, Nup 96, Nup133, Nup160.

16



4. Mechanisms of nucleocytoplasmic transport in animal cells

Naturally, there are plenty of translocation modifications for particular proteins.
The most common model include RanGTP as a necessary element, although Ran-
independent transport is described as well.

As to passive diffusion of small molecules and ions, there is high controversy
about this topic. It is not certain whether passive diffusion and active nucleocytoplasmic
transport are spatially separated processes or not. Evidence exists for both ways
(Kramer et al., 2007, Keminer and Peters, 1999, FiSerova and Goldberg, 2010)

4.1 Ran-dependent import to the nucleus

Firstly, importin-o. binds to the cNLS-containing protein. The importin-a/cargo
complex is then connected with the NPC by importin-B. In case of non-classic NLS
proteins, there is just one main difference — the NLS is recognized directly by importin-3.

After the assembly of importin-o/cNLS-protein/importin-p, the complex binds to
Nup358 (RanBP2), which is a part of cytoplasmic fibrils (Yokoyama and Hayashi, 1995).
RanGAP1 binds to Nup358 too. In a free form, importin-3 prevents connection of
RanGTP to RanGAP1, thus unbound RanGTP does not hydrolyze its GTP (Floer and
Blobel, 1996).

Consequently, the importin-o/cNLS-protein/importin-p/RanGTP cargo complex
approaches the central gated channel (CGC) of the NPC.

It is suggested that the distance of 40 nm from the cytoplasmic fibril to the CGC
may be overcome by bending of the fibril (Panté and Aebi, 1996). After GTP hydrolysis
by RanGAP1, the cargo complex is released in proximity of the CGC. The journey
through the CGC is still shrouded by many questions. An actual simplified concept is as

follows: after the release from the fibril, the cargo complex binds to Nup p62 and NTF2
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Figure 4. Docking of cNLS cargo complex to the NPC.

After the assembly of the importin-a/cNLS cargo/importin-f complex in cytoplasm, the cargo
complex and RanGTP binds to RanGAP1u bound to Nup358. Consequently, cytoplasmic NPC fibril with
the cargo complex probably bends towards the CGC (central gated channel) of the NPC. Then hydrolysis
of GTP on Ran takes place, the cargo complex is released from the fibril and binds to Nup p62 and to

NTF2 which transports the cargo complex via CGC. (modified, from http://stke.sciencemag.org)

(nuclear transport factor) protein on the cytoplasmic face of the CGC (Paschal and
Gerace, 1995); NTF2 is a small homodimer protein which binds to RanGDP only, not to
RanGTP. As a result, unidirectionality of RanGDP-cargo complex transport to the
nucleus is maintained, because RanGDP changes to RanGTP immediately after
reaching the nuclear space. When reaching the nucleoplasm after crossing the CGC,
the cargo complex binds to Nup153, where it breaks up (Shah et al., 1998, figure 4). To
describe the mechanism of translocation of the cargo complex through the network of

FG Nups of the CGC, more research is needed; for further details see chapter 2.3.
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Disassembly of the importin-a/cNLS protein/importin- complex has three stages:
1) Nup153 binds importin- of the cargo complex by FG repeats. The connection of
importin-g with FG repeats is broken, when GTP and a soluble factor, most probably
RanGTP, is present. 2) RanGTP, being in the nucleus in high concentration, binds to
importin-B of the cargo complex causing it to be released from the complex (Floer et al.,
1997). 3) The release of importin- renders importin-o/cNLS protein complex unstable,
thus the cargo cNLS protein is released to the nucleoplasm. Like Nup153, Tpr protein
binds to the complex too (Shah et al., 1998). Its role is still unclear but recent studies
show that Tpr binds importin-p complexes, suggesting it plays a direct role in import
and/or recycling of importin-B (Ben-Efraim et al., 2009). It is probable that Tpr keeps
importin-p in proximity to the NPC. This is consistent with the fact importin-p is not
present in the nucleoplasm after crossing the NPC (Gérlich et al., 1995; see Figure 5 for
scheme).

At least two aspects remain unclear: it has not been shown when NTF2 leaves
the transport complex — if it is released right after reaching nucleoplasmic face of the
NPC or after destabilization of the complex by RanGTP. Further, it remains to elucidate
when RanGDP is released from the transport complex. It is not clear if the complex with
RanGDP breaks up by action of another Ran molecule with bound GTP, or if the
RanGDP of the complex is changed to GTP form, thus destabilizing the complex.
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Figure 5. Release of the cNLS cargo to the nucleoplasm.

It is not clear whether NTF2 is still a part of the complex at this moment; NTF2 is not shown. After
passing through the central gated channel of the NPC, the transport complex binds to Nup153 where it
undergoes disassembly by RanGTP. It is not known if this RanGTP comes from the nucleoplasm or is
created of the RanGDP of the transport complex due to nuclear RanGEF. Tpr protein, which binds

importin-f is not shown, its role remains unclear (modified, taken from http://stke.sciencemag.org).
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4.2 Ran-dependent export from the nucleus

The nuclear export has been described poorly so far. It is not known how the
export complex travels through the central gated channel of the NPC and how the export
process is terminated.

The export of proteins with NES out from the nucleus requires RanGTP and
exportin. The association of exportin with RanGTP is broken only if RanGTP hydrolyzes
its GTP. Thus, RanGAP1, the Ran GTPase activity stimulating protein located at the
cytoplasmic side, should be involved. RanBP1 and RanBP3 are also implicated —
RanBP1 raises accessibility of RanGTP/exportin/NES cargo complex for RanGAP1
outside the nucleus and RanBP3 enhances RanGEF nucleotide exchange activity
during nuclear import (Nemergut et al., 2002) and raises the affinity of exportin to
RanGTP and proteins with hydrophobic NES in the nucleus during nuclear export
(Lindsay et al., 2001). The transition through the central gated channel of the pore may
proceed by low affinity associations of the exportin with FG repeats of the NPC (Ribbeck
and Gorlich, 2001).

Afterwards, the complex breaks up by RanGTP hydrolysis stimulated by
RanGAP1 (Paraskeva et al., 1999) or by release of RanGTP from the transport complex
(Kehlenbach et al., 1999). RanGDP returns to the nucleus with NTF2, and RanBP3 is
imported back to the nucleus by importin-a3 (Welch et al., 1999). NTF2 can freely travel
between the cytoplasm and the nucleus due to free diffusion, because it is only a 28 kDa
large protein. NXT, NTF2-related export protein (also called p15), is also involved in
nuclear export. It binds to the export complex in the nucleoplasm and facilitates the final
substrate release from the transport complex in the cytoplasm (Black et al., 2001). As
well as in import, Tpr protein plays a direct role in nuclear export; it has been shown that
Tpr binds to CRM1 in export complex with NES cargo (Ben-Efraim et al., 2009).

Both import and export factors have to be “recycled” back to the
cytoplasm/nucleus after the transport procedure. For example, recycling of import
factors proceeds either by binding RanGTP, which is exported from nucleus, or by

functioning as an export factor. For instance, importin 13 imports proteins Pax6, RBM8
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and hUbc9 to the nucleus while exports protein elF1A from it (Mingot et al., 2001). In
yeast, importin-o. is exported from the nucleus in a complex with RanGTP and Cselp
protein, a homologue of human CAS (cellular apoptosis susceptibility protein) (Kinzler
and Hurt, 1998).

4.3 Ran-independent transport

Ran-independent transport has been described for importin-o,, importin-B1,
exportin-t, Crm1, transportin-1, hnRNP K, B-catenin, protein kinase A inhibitor (PKI),
calmodulin, TIAR, STAT family proteins and many other proteins.

STAT proteins (signal transducers and activators of transcription) normally
undergo a Ran-dependent translocation between the nucleus and the cytoplasm (Meyer
and Vinkemeier, 2004), but this translocation may be Ran- and exportin- independent,
without any additional factors or energy, because STAT1 can directly interact with FG-
nucleoporins Nup153 and Nup214 (Marg et al., 2004).

In vitro, B-catenin does not need any additional factors to be transported and it is
inhibited if importin-B1 is present. Hence, binding sites for B-catenin and importin- on
the NPC probably overlap. The transport of B-catenin is also NES-independent (Fagotto
et al., 1998).

RNA-binding proteins TIAR and TIA-1 possess three RNA recognition motifs
(RRM), which are also responsible for nuclear import and export. RRM2 is needed for
import of these proteins and RRMS3 is required for their export. The export is Ran-
independent, while the import is Ran-dependent (Zhang et al., 2005).

In the case of glucocorticoid receptor, a Ran-dependent, but Crm1-independent
transport alternative was revealed - calreticulin binds to the NES of the glucocorticoid
receptor in the nucleus and exports it in complex with RanGTP, substituting Crm1
(Holaska et al., 2002).
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5. The regulation of nucleocytoplasmic transport

Since there are a huge amount of different interactors in nucleocytoplasmic
transport, a vast number of various regulations of the transport exist. Many proteins
have their unique regulations or additional regulatory functions; therefore | describe the

general means of regulations only.

5.1 Hiding the substrate NLS/NES from recognition by importin/exportin

The hiding of NLS/NES motifs is the most widespread mechanism of
nucleocytoplasmic regulation. The mechanism is based on NLS or NES decreased
accessibility for importin/exportin factor due to unfit conformation of the importin/exportin
binding site or due to unsuitable electrical charge of the site.

Hiding or unveiling of the NLS/NES is caused by a comformational change due to
binding of another protein, by phosphorylation or due to binding of other non-protein
ligand. For example, human integrase interactor 1 (INI1) has its NES masked by C-

terminus of the protein (Craig et al., 2002).

5.2 Regulation by changing the strength of binding of importin/exportin to the
NLS/NES

Nucleocytoplasmic transport can be regulated by different affinity of
importin/exportin to NLS/NES. An example of such regulation may be the SV40 virus
large T antigen. After phosphorylation by CKIl kinase at Ser111, which lies in proximity
of the NLS, the affinity of the importin-o/importin-B1 complex to the T-antigen grows 100
times (Hubner et al., 1997).
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5.3 Regulation by co-transport and changing the binding sites of importin/exportin

Each importin/exportin binds many different substrates. Also, many cargo proteins
bind other cargo proteins to get in or out from the nucleus (Leslie et al., 2004). This is
consistent with the fact that some proteins have to be in exact ratio in order to regulate a
cell process. This can also be achieved by transport of two or more different proteins by
one importin/exportin at once. Such type of transport was described for histones H2A
and H2B and their chaperone Napip (hucleosome assembly protein) by importin
Kap114p (Mosammaparast et al., 2002). Kap114p has four overlapping substrate
binding sites for H2A, H2B, Nap1p and Sua7p as well as binding sites for RanGTP and
nucleoporins. Kap114p containing both H2A and H2B and Sua7p cannot be formed,
while Kap114p with both Sua7p and Naplip was found during the experiments.
However, when the Kap114p/Sua7p/Napip complexes were present, the
Kap114p/H2A/H2B/Sua7p complexes have been assembled (Hodges et al., 2005). This
may have two reasons: either H2A/H2B conformation is changed due to connection with
Kap114p/Sua7p/Napip complex or upon binding one substrate, the karyopherin

conformational change could create another binding site for other cargo.

5.4 Regulation by retention in the nucleus or cytoplasm

The nucleocytoplasmic transport of a molecule can be prohibited or enabled if the
molecule is kept in the cytoplasm or in the nucleus. For example, the tumor suppressor
p53 seems to be retained in cytoplasm by Parc protein (Parkin-like ubiquitin ligase) —
when Parc is suppressed, the p53 is imported to the nucleus (Nikolaev et al., 2003).

Cytoplasmic or nuclear retention can be regulated by phosphorylation. The
chicken anemia virus protein 3 (apoptin) is normally nuclear, because its NES is
disabled by phosporylated Thr108. The mutation of the Thr108 renders the site unable
to be phosphorylated and consequently, apoptin concentration in the nucleus is
significantly reduced (Poon et al., 2005).
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5.5 Regulation by availability of importins and exportins

The level of expression of any nucleocytoplasmic transport regulator influences
thus regulates the transport. The expression of transport regulators is often tissue-
specific. For instance, importin-o. genes expression in mouse is different across the
tissues — importin-. mSRP1 is present mainly in brain and cerebellum, whereas
mPendulin importin-a. levels are high in thymus and spleen (Prieve et al., 1996).
Importin-a hSRP1y represents 1% of all the proteins in skeletal muscle myocytes, but is

absent in heart, kidney and spleen (Nachury et al., 1997).

5.6 Regulation by changing the variety of nucleoporins

Nucleoporins have different specifity or affinity to various importins and exportins
(Allen et al., 2001) or to the cargoes directly; also, the contents of the NPC is diverse
across the tissues (Fan et al., 1996). For example, nucleoporin Nup BS-63, a splice
variant of Nup358, interacts with Ran, importin-B2 and the chromatin remodeling factor

aF10, but it is present in germinal cells of testis only (Cai et al., 2002).

6. Nucleocytoplasmic transport mechanism differences between animals
and plants

The nucleocytoplasmic transport mechanisms are highly conserved in both, but
differences do exist. There is not much known about plant nucleocytoplasmic transport
uniques. The best described known difference between animals and plants is plant
RanGAP1, which shows a plant-specific interaction with nuclear membrane, which is

substantially different from its animal counterpart.
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6.1 Plant RanGAP1

Ran is present mostly in the GTP form in the nucleus due to nuclear RanGEF
activity and in the GDP form in the cytoplasm because of cytoplasmic RanGAP activity
(Izaurralde et al., 1997). In order to maintain the RanGDP pool in the cytoplasm in close
proximity to the NPC, the RanGAP1 has to be localized close to the NPC. This is
provided by SUMOylation on C-terminus of vertebrate RanGAP1; SUMOylated
RanGAP1 (RanGAP1u) binds to Nup358 in cytoplasmic fibrils of the NPC.

It is notable that Saccharomyces cerevisiae RanGAP does not concentrate near
the nuclear envelope and it lacks the SUMOylation domain (Hopper et al., 1990;
Melchior et al., 1993). The Aspergillus nidulans RanGAP is not associated with the
nuclear envelope either (de Souza et al.,, 2004). The dispensability of element
concentrating the RanGAP at the nuclear envelope might be caused by higher
concentration of RanGTP in general, or by smaller cell size, which would imply lower
diffusion of RanGTP out from the nuclear periphery.

Unlike vertebrate RanGAP1, Arabidopsis RanGAP1 (AtRanGAP1), although
localized on the nuclear periphery, does not have the C-terminal sequence, which can
be SUMOylated. Thus, the protein cannot be tethered to Nup358 in a vertebrate fashion.
As mentioned above, the plant NPC was not found to possess Nup358 (RanBP2).

However, AtRanGAP1 contains unique plant-specific WPP domain (with Trp-Pro-
Pro motif) at the N-terminus, which serves for tethering AtRanGAP1 to the nuclear
membrane. An interactor with WPP was found; the protein was named WPP-domain
interacting protein 1 (WIP1). It binds to the N-terminal WPP domain of AtRanGAP1 via
its C-terminal domain. Two homologues of WIP1 in Arabidopsis were discovered — WIP2
and WIP3. All the WIP proteins have, apart from the WPP-interacting domains, C-
terminal transmembrane tails (TMD), which are necessary for the connection with the
nuclear envelope (Meier, 2000).
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7. Specific pathways in planta involving nucleocytoplasmic transport

7.1 Nucleoporins in plant-microbe interactions

An Arabidopsis homolog of mammalian Nup96, a part of the Nup107-160
complex, is important for the NPC assembly (Zhang and Li, 2005; Walther et al., 2003).
This nucleoporin, the product of MOS3 gene, seems to be important for pathogen
defence of the plant, because plants with mos3 mutation are more susceptible to some
pathogens like Pseudomonas syringae. Proteins of which nucleocytoplasmic transport
might be affected by Nup96, are NPR1 (disease resistance protein), PAD4 (protein
arginine deiminase), bZIP10 (basic leucine zipper transcription factor) and EDS1
(enhanced disease susceptibility protein) (Wiermer et al., 2007).

In Lotus japonicus and Medicago truncatula, two nucleoporins related to
mycorrhiza have been found — Nup133 and Nup85, both part of the Nup107-160
complex. Loss-of-function mutants of these two nucleoporins have a temperature
sensitive deficiency in mycorrhizal colonization and nodule formation, and their seed

production is reduced (Kanamori et al., 2006; Saito et al., 2007).

7.2 Hormone signaling

AXR1 is a subunit of RUB-activating protein, which is a part of the pathway, which
leads to auxin-dependent degradation of the Aux/IAA repressors. Two suppressors of
AXR1 have been found — SAR1 and SAR3, homologues of animal Nup160 and Nup96.
Apart from influencing the AXR1, these nucleoporins also play a role in import of AXR3

(auxin transcriptional repressor) to the nucleus (Parry et al., 2006).
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7.3 Cold-stress resistance

The defect in Arabidopsis Nup160 renders plants more susceptible to cold stress
and disrupts acquired freezing tolerance. The ICE1 cold response regulator is not
affected and it is possible that the lowered cold stress resistance is caused by abnormal
mMRNA export as described below (Chun-Hai Dong et al., 2006).

7.4 Flowering time regulation

All the plant nucleoporin mutants mentioned (disrupted Nup85, Nup96, Nup133
and Nup160) flower early and have other defects like impaired stamens, stunted shape
and abnormal transition from juvenile to adult. A very early-flowering phenotype is
observed in NUA (nuclear pore anchor) mutant. NUA is an inner nuclear envelope
protein associated with nuclear basket of the NPC. NUA (also called AtTpr) is
homologous to human Tpr and yeast Mip1/MIp2 (Xu et al, 2007 /76/). When mutated,

NUA suppresses the expression of the FLC floral repressor (Jacob et al., 2007).

7.5 mRNA export

The mRNA export from the plant nucleus has been described very poorly so far.
The only available information is that the described mutants of nucleoporins of the
Nup107-Nup160 complex accumulate mRNA in the nucleus, as well as NUA protein,
los4-1 (low expression of osmotically responsive genes) and los4-2 mutants do (the
above mentioned references and Gong and Dong, 2005; Dong et al., 2006; Xu et al.,
2007 /80/). Also it is known that mRNA export and quality control of the exported RNAs
is related to SUMOylation.
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8. Methods and approaches used in nucleocytoplasmic transport studies

Methods used in studies of the nucleocytoplasmic transport differ by the choice of
the structure examined.

The transport itself is usually studied by observation of molecules involved in the
transport tagged by a fluorescent tag like fluorescein or fusion with GFP. For instance,
MRNA export defects have been determined by exposing the cells to oligo(dT) probes
tagged by fluorescein. These probes bind to poly(A) ends of the mRNAs thus making
them visible using fluorescence microscopy. The consequent comparison of wild type
cells with the cells containing mutation in mMRNA export effector shows significant
difference in fluorescein signal in the nucleus and the cytoplasm (Gong and Dong,
2005).

Another factor used in the study of transport mechanisms is wheat germ aglutinin
(WGA, lectin) and leptomycin B. WGA binds to N-acetyl glycosylated nucleoporins and
inhibits them, therefore, WGA-sensitive transport is dependent on N-acetyl glycosylated
nucleoporins. Leptomycin B inhibits specifically exportin Crm1 (Kudo et al., 1999). Thus,
in order to determine if the export of a molecule is dependent on Crm1, the use of
leptomycin B may be sufficient.

The 3D structure of the NPC is studied using electron microscopy, more precise
cryo-electron microscopy and X-ray crystallography. The most advanced approach is
cryo-electron tomography, which requires less purified material.

9. Conclusion

The role of the nucleocytoplasmic transport in plants is obvious — it is a
checkpoint in signaling pathways, which usually lead to the gene expression or it
represents a quality-control of exported messenger RNAs and other RNAs.

The regulation of nucleocytoplasmic transport is a less clear topic. There are
many common regulation patterns operating in cells, but there are plenty unique,

uncategorizable regulations as well. Therefore, it is complicated to describe “regulation”
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of such a huge and complicated signaling pathway checkpoint as of the
nucleocytoplasmic transport.

Contemporary biology of the plant nucleocytoplasmic transport is clearly still in its
childhood. Fortunately, recently there is a stronger interest in plants too. As the human
population grows (and surely will grow) and tries harder to fight with the growing need
for food, | think we can expect a higher influx of resources to the biology of the plants. |
am convinced that even the beginning of efforts to colonize extraterrestrial planets will
bring a significant contribution to the biology of the plant cell, because plants provide us
with food, oxygen, materials, as well as beautiful visual percepts and many other
essentials.

The study of the nucleocytoplasmic transport also enriches the available
evolutionary data by new homologous structures across the kingdoms. | take import to
mention the evolutionary relationships because science is subjectively devaluated by the
orthodox creationism, which still exists in a considerable portion of the world and has a

significant impact on the view of science.
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