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ABSTRACT

The nuclear envelope (NE) is one of the least studied membranes in plant cells.
Genes encoding NE protein homologues are absent from currently available
Séquenced plant genomes. To produce a specific marker for the plant NE and in
view of previous positive results with heterologously expressed proteins in plant
cells, mammalian NE proteins were considered in order to find a marker for the
plant NE. Green fluorescent protein (GFP) was chosen to label the protein of

interest as it provides a non-invasive method of monitoring protein location and

movement in vivo.

The lamin B receptor (LBR) is the most extensively studied of the mammalian
inner NE (INE) proteins. It is an INE protein that binds lamin B, chromatin and
chromatin-associated proteins. A LBR-GFPs construct was produced and placed in
a plant expression vector. Transient expression of the LBR-GFPs protein in tobacco
leaf epidermal cells showed labelling of the NE, with minimal labelling of the
endoplasmic reticulum (ER). The construct was used to produpe stably transformed
tobacco plants and tobacco BY-2 cells. NE labelling was observed in the majority
of tissues stably expressing the protein, with NE location confirmed by electron
microscopy. In BY-2 cells the construct showed NE location during interphase,
with co-localisation with an ER marker, sporamin signal peptide YFP-HDEL
(spYFP-HDEL) during mitosis. Similar labelling of the ER with NE proteins is
S€eN in mammalian cells during division. This, in combination with the targeting
and retention of LBR-GFPS at the plant NE suggests a conservation of mechanisms

for INE targeting and retention in plant and animal NEs.

Preliminary evaluation of the nature of LBR retention at the NE was conducted
. using a set of LBR-GFPs mutants. Labelling of the NE was perturbed with some of

the mutants, indicating that similar domains contribute to LBR retention in plant
and animal cells.
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Chapter 1.

1. INTRODUCTION

1.1  THE NUCLEAR ENVELOPE

The nuclear envelope (NE) is a unique feature of eukaryotic cells. It consists of a
concentric double membrane that encloses the nucleoplasm, séparating the genome
from the cytoplasm (Dingwall and Laskey 1992). Its lumen is continuous with that
of the endomembrane system (Gerace and Burke 1988, Malviya and Rogue 1998,
Mattaj 2004). Traffic into and out of the nucleus occurs via pores either by passive
diffusion or by active transport, using ATP and GTP as an energy source, and
requiring a nuclear localisation sequence for import (Hicks and Raikhel 1995,

Stehno-Bittel ef al. 1995).

The NE is supported by a network of intermediate filaments termed the nuclear
matrix; the matrix associates with the NE via several types of receptor (Dingwall
and Laskey 1992) and has a similar filamentous ultrastructure in animal and plant
cells (Moreno Diaz de la Espina 1995, Rose ef al. 2003). It is the lamina that holds
the NE in position forming the characteristic spherical nuclear profile seen in many

eukaryotic cells (Vaughan et al. 2000).

The outer nuclear envelope (ONE) is continuous with the endoplasmic reticulum
(ER), being covered with ribosomes (Stachelin 1997). It haé been shown to contain
proteins native to the ER, and as such can be considered as a sub-compartment of
the ER. Each of the nuclear membranes has a set of intrinsic and peripheral
proteins, characteristic of that particular membrane (Collas and Courvalin 2000)
e.g. IPy rec_ebtors and sarcoplasmic/ER calcium ATPase (SERCA) at the ONE

2
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(Humbert et al. 1996) and the lamin B receptor (LBR), lamin-associated
polypeptides (LAPs), emerin, nurim, MAN1, matefin, IP; receptors (Humbert et al.
1996), Myne 1, the nesprin family, ring-finger-binding protein (RFBP), Luma and
UNC 84 (Holaska et al. 2002) at the inner nuclear envelope (INE; see diffusion
retention and NE protein sections for more information). This array of proteins
appears to differ between plant and animal cells, with homologues to mammalian
NE proteins not as yet identified in plants (Hicks and Raikhel 1995, Meier 2001,
Rose et al. 2004). Studies of plant nuclear architecture are limited due to inherent
difficulties of working with plant cells. Intact plant nuclei are difficult to obtain in
large numbers, and many techniques used in animal systems are not applicable to

plants due to the cell wall (Moreno Diaz de la Espina 1995).

1.1.1 Nuclear Pores

All nuclear envelopes contain nuclear pores situated where inner and outer nuclear
membranes join. The pore consists of multiple copies of around 30 proteins that
form the nuclear pore complex (NPC) (Rout et al. 2000). The pore channel is
approximately 10 nm in diameter and 100 nm long (Panté and Aebi 1994), NPC
size \;aries between species with the Xenopus pore complex around 120nm wide,
compared to 100nm in yeést (Stofﬂer et al. 1999). Small molecules, between 20
and 70 kD, can passively difﬁlsev through the pore aperture, though this is
'dependent on cellytype, and time taken for diffusion may also differ (Bustamante et
al. 1995). Larger molecules require nuclear location sequences for transport. Their
translocation is driven by ATP and GTP hydrolysis and can require chaperones,
such‘ as Hsp 70 (Dingwall and Laskey 1992), and other accessory factors (Melchior

~ and Gerace 1995).



Chapter 1.

The pore complexes in animal cells are attached to the nuclear lamina, and hence
are not dependent on the phospholipid membrane for maintaining their structure
(Lyman and Gerace 2001). The use of nucleoporins fused to green fluorescent
protein (GFP) has allowed the visualisation of NPC dynamics in vivo in animal
cells. Daigle ef al. (2001) produced nucleoporin GFP fusions of POM121, an
integral membrane protein localised to the ring spoke regioh, and Nup153, a
peripheral membrane protein found in the nuclear fibrils (forming part of the basket
like structural portion of the NPC). These proteins demonstrated different dynamics
through the cell cycle, suggesting that the NPC has a core set of proteins with low
turnover such as POM121 and other proteins such as Nup153 that show rapid

cycling (Daigle et al. 2001).

The physical presence of NPCs in plant cells has been known for sometime, as
demonstrated by freeze fracture of tobacco cells (Heese-Peck and Raikhel 1998).
However, as yet no plant nuclear pore proteins have been characterised (Meier
2001, Rose et al. 2004). A recent survey of plant genome daﬁbases has revealed 3
proteins which bear similarity to mammalian nucleoporins Nup98 and gp210 (Rose
et al. 2004). A 100 kDa nuclear matrix protein was recognised by antibodies
against/animal and yeast nucleoporins; however this protein has not been identified
(Scofield et al. 1992). The production of plant NPC markers would provide a
'valuable tool for studying nuclear membrane dynamics in planta. A random cDNA
“cloning approach to isolate GFP-tagged proteins that label novel structures
~(Escobar et al. 2003) gave rise to a construct that labelled punctate structures at the

NE, similar to pore labelling observed in mammalian cells. Results of attempts to
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fuse the cDNA to yellow fluorescent protein (YFP) and use it in a binary vector are

shown in Appendix 2.

1.1.2 Lamins

Lamins are type V intermediate filaments that form the nuclear lamina in animal
cells. Lamins are divided into 2 subtypes, A and B, characterised by sequence,
mitotic behaviour and tissue specific expression (Vaughan et al. 2000). The lamina
forms a dynamic peripheral meshwork attached to cytoskeleton (Moreno Diaz de la
Espina 1995). They are bound to the inner nuclear membrane by several types of
integral membrane protein; these include the LBR (rfor B type lamins) and LAPs 1
and 2 (for A and B type lamins). The lamin network provides support to the inner
nuclear membrane, and as such helps to maintain nuclear size and shape. When
lamin assembly is prevented cells contain very small fragile nuclei (Ellis et al.
1997). Lamins are involved in NE organisation; NPCs are abnormally distributed
in mutant Drosophila with depletion of a lamin B homologue. In addition to this,
the first stages of NE assembly are also disturbed in the mutaﬁt flies (Lenz-Bohme
et al. 1997). Experiments in cell free systems have suggested that lamins or their
inner nuclear membrane receptors are involved in targeting nuclear membrane
vesiclesr to chromatin at telophase, thereby suggesting a structural link between

chromatin and the NE (Ulitzur ez al. 1997).

‘Plant genomes sequenced to date do not contain lamin homologues (Rose et al.
12003, 2004). However previous work using pea nuclear fractions showed immuno-
| labelling with mammalian anti-lamin B and anti-intermediate filament (IF)

antibodies, thus demonstrating the presence of lamin and IF protein epitopes in

“
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plant cells (McNulty and Saunders 1992). Short sequences from intermediate
filament (IF) type proteins isolated from plant cells show some sequence similarity
to animal lamins (Blumenthal et al. 2004). A protein (NMCP1) approximately
twice the length of animal lamins containing a long a-helical coiled-coil domain
(Masuda et al. 1997) has been identified in carrot and Arabidopsis. Due to its
domain structure and presence in the nuclear matrix,. the protein is a possible
candidate for a lamin equivalent in plants. A novel plant protein, termed nuclear
matrix protein 1 (NMP1) containingv o helical coiled-coil domains similar to
intermediate filaments has been identified and is present in many plant types (Rose
et al. 2003). In addition the protein is found in the nuclear matrix fraction, the
nuclease resistant, insoluble nuclear substructure that persists after soluble and
chromatin-bound proteins and DNA have been removed from the nucleus.
Although NMP1 is present in the nuclear matrix it is mainly located in the
cytoplasm, differing from animal matrix proteins which are predominantly in the
nucleus. Some animal proteins show both cytoplasmic cytoskeletal and nuclear
functions and this may be the case with this protein. The differing location may

imply a dual cytoskeletal role.

A faﬁxily of long coiled-coil proteins, the structural motif seen in intermediate
ﬁlaments, have recently béén éharacterised from tomato, Arabidopsis and rice and
have been named filament-like plant proteins (FPP; Gindullis er al. 2002). The
| proteins were shown to interact with MAF1 (MFP1 associated factor 1; see section
- 1.4), a NE associated plant protein, in a yeast two-hybrid assay. The lack of lamin

homologues in the Arabidopsis genome and interactions of the FPPs with a NE
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associated protein suggests that these proteins may perform the function of lamins

in plants.

1.1.3 Microtubules

Microtubules (MTs) are fundamental in many cellular processes and have been
studied extensively in animal and plant cells by electron microscopy,
immunohistochemistry and more recently using fluorescently labelled tubulin and
confocal microscopy (Ueda et al. 1999, Hasezawa et al. 2000, Lloyd and Hussey

2001, Kumagai et al. 2003).

Plant MTs display four distinct assemblies that do not have homologues in animal
cells and also differ in not having distinct microtubule organising centres (MTOCs)
as seen in animals (Lloyd and Hussey 2001). In non-dividing plant cells, cortical
microtubules are involved in cell morphology, determining cellulose microfibril
deposition (Lloyd and Hussey 2001). During cell division the MTs form 3 distinct
arrangements, the preprophase band (PPB), the plant spindle and the phragmoplast.
The PPB forms during G2, (see Figure 1.1 for phases of the cell cycle) forming a
cortical ’ring of MTs. This structure depolymerises before metaphase but accurately
marks the site of cell plate formation after nuclear division. The spindle is
predominantly the same structure as its animal counterpart, except the poles tend to
be larger and there are no astral MTs in plant cells. The phragmoplast forms in
‘anaphase as a bundle of MTs which becomes a rapidly growing double ring, the
- fast growing ends of the MTs associate in the midline of this structure and form the

basis on which the new cell wall is laid down (Lloyd and Hussey 2001).
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In animal cells the mechanism of nuclear envelope breakdown (NEBD) has been

shown to be a result of spindle MT-induced tearing of the nuclear lamina

(Beaudouin et al. 2002). This has not been shown in plant cells as the interaction

between nuclear structures, the nuclear envelope and MTs has yet to be studied in

unison. The Arabidopsis o tubulin gene, TUA6 has been fused to GFP and used to

visualise MTs in vivo (Ueda ef al. 1999).

»  Chromosomes divide > two
daughter nuclei

= Followed by cytokinesis (division of
cytoplasm, organelles and
production of cell wall)

Mitosis

Cell division

Chromosome
condensation
PPB formation

Gl

Interphase

S
(DNA synthesis)

Cells increase in size
Synthesis of organelles,
proteins and RNAs
High metabolic rate
Ends with the G1/S
checkpoint where the
cell can remain or
proceed to S phase

=  Synthesis of DNA and histone proteins. At the end of this phase
the cell contains two chromatids formed from each chromosome.

Figure 1.1 The Phases of the Cell Cycle.

1.1.4 The nuclear envelope and endomembrane system

Higher plant cells contain machinery for the synthesis, modification and export of a

variety of products. Proteins and many carbohydrates are processed in the

endomembrane system, a dynamic functional continuum of the nuclear envelope,
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endoplasmic reticulum, Golgi apparatus (GA) and the vacuolar and plasma
membranes. The different membrane compartments are inter-connected and
materials flow through the pathway, either by direct connections or vesicles. For
example, calreticulin is seen in the ER lumen as well as the lumen of the NE
(Roderick ef al. 1997). The molecular composition and function of the stage of the
pathway from ER to GA is well described in animal cells (e.g. Lippincott-Schwartz
et al. 1989, 2001) and is becoming more defined in plants (Andreeva et al. 2000,
Brandizzi et al. 2002c), however transport between the NE and the ER has not been

studied in detail in many organisms.

1.2 THE NUCLEAR ENVELOPE AT MITOSIS

The NE is unique in breaking down during cell division and re-forming around the
chromatin of the daughter cells (Yang ef al. 1997). There are two theories that aim
to describe the fate of the nuclear membrane during mitosis; vesiculation or ER

absorption (Buendia et al. 2001, review).

The vesiculation theory is based mainly on work using cell free systems.
Experiments with Xenopus cell free extracts have shown that the nuclear
membranes form vesicles which re-form around chromatin (Vigers and Lohka
| 1991). The production of cell extracts inherently leads to membrane vesiculation,
* the presence of vesicles with different proteins and binding characteristics may be
due to micro-domains within disrupted continuous membranes i.e. the ER (Buendia
et al. 2001). In vitro nuclear reconstitution in a plant cell free system has been
achieved using carrot cell cytosol extract, membrane vesicles extracted from

‘

Xehopus eggs and demembranated sperm chromatin (Zhao et al. 2000). In this
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system a double membrane layer formed around sperm chromatin and the re-
assembled nuclei showed nucleosomal structures as demonstrated by DNA
laddering on digestion with micrococcal nuclease, which is not observed with the
chromatin alone. The formation of nuclei is clearly triggered by factors present in
the carrot cytosolic extract the information. Extrapolation to NE assembly in vivo
in plant cells, is limited as the membranes used were not from plants so do not
contain native plant proteins that may act in a different way during NE reformation.
Nuclear assembly including nucleosome formation has been shown using cell free
extracts from tobacco ovules and demembranated Xenopus sperm chromatin (Lu
and Zhai 2001). Thus plant membranes are capable of in vitro nuclear reassembly
in a manner similar to that seen with animal models, suggesting similarity in NE

formation between the two systems.

In vivo studies have provided evidence for the ER absorption theory. Use of
fluorescently labelled NE proteins has shown that labelling persists and moves into
mitotic ER membranes followed by subsequent NE re-formation, with fluorescence
moving from mitotic ER to the daughter NE in vivo in animal cells (Ellenberg ef al.
1997, Haraguchi et al. 2000). The mechanism and sorting of NE membrane
proteins during this process has not been studied in plants (Collas and Courvalin

2000). Further evidence for ER absorption is discussed below.

Protein phosphorylation or dephosphorylation has been implicated in NE
disassembly during mitosis in animal cells (Foisner and Gerace 1993, Gerace and

Foisner 1994, Collas and Courvalin 2000, Otto et al. 2001). Lamins are

depolymerised orf phosphorylation by p34°“* kinase, the B form of protein kinase C

10
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and mitogen activated protein kinase (MAPK) (Goldberg et al. 1999). LAP2
binding of lamin B and chromatin is disrupted by mitosis specific phosphorylation,
and LBR is known to undergo phosphorylation at mitosis by kinases such as
p34°“? kinase and SR protein specific kinase (SRPK) (Gerace and Foisner 1994,
Nikolakaki et al. 1996, Takano et al. 2002, 2004). Such protein phosphorylation
changes are thought to allow reversible dissociation of inner nuclear membrane
proteins and their ligands, effectively removing their anchorage to the nuclear

structures and so allowing movement into the ER membranes (see section 1.3.1).

The production of constructs consisting of part of LBR, a mammalian endogenous
INE protein and GFP, plus applications of confocal microscopy techniques such as
fluorescence recovery after photobleaching (FRAP) and fluorescence loss in
photobleaching (FLIP) has allowed study of nuclear membrane dynamics during
mitosis in animal cells (Ellenberg et al. 1997, Ellenberg and Lippincott-Schwartz
1999, Terasaki et al. 2001). Such studies were not previously possible using

immunocytological methods.

FRAP is a microscopical technique that involves exposing a specific area or areas
of a cell to brief, intense and localised laser beam pulses to bleach the region, with
subsequent monitoring of return of fluorescent proteins to the bleached area (see
Figure 1.2A). Photobleaching leads to fluorochromes in the bleached area losing
‘their ability to fluoresce. If recovery occurs in a bleached area it is due to
Iﬁovement of new fluorochromes into the exposed area, replacing the bleached
protéins. The speed at which recovery occurs provides insight into the dynamics of

14

the fluorescently labelled protein in the membrane.

11
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FLIP involves exposing a specific area of a cell to a continuous laser beam (see
Figure 1.2B). This will eventually lead to total ablation of fluorescence in the cell if
the fluorochrome is freely diffusible in the membrane/cytoplasm. However, if the
protein of interest is immobilised it will not pass through the bleached area and so
will not lose fluorescence. This technique provides inforrﬁation on the continuity of
membranes and demonstrates the location of immobile fluorescently tagged

proteins in transformed cells.

The dynamics of the GFP tagged proteins in animal cells have provided clear
evidence for NE protein migration to the ER membranes during mitosis, as
demonstrated by co-localisation of the LBR-EGFP construct with known ER
markers during cell division (Ellenberg et al. 1997). This has also been
demonstrated with other NE proteins fused to GFP (full length LBR, emerin,
RanBP2, Nupl53; Haraguchi er al. 2000). Immunofluorescence and confocal
images were used to observe the inner NE proteins LAP1, LAP2 and gp210 (a NPC
membrane protein) which were shown to co-localise with ER markers at mitosis

(Yang et al. 1997).

The NE reforms in a step-Wise. fashion with membranes binding to late anaphase
chromosomes. These membranes fuse to form a fenestrated cisternal structure that
encloses the nucleus and finally the assembly of the NPCs and lamins at late

‘telophase (Gerace and Foisner 1994, Haraguchi et al. 2000).

12
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Figure 1.2 Determination of NE/ER protein dynamics using photobleaching
techniques. Schematic diagram of the NE/ER continuum. A. Fluorescence
Recovery After Photobleaching (FRAP). B. Fluorescence Loss In
Photobleaching (FLIP).

Early electron microscopy studies in plants (de la Torre er al. 1979) showed a
growth in NE from G1 to G2 and a concomitant increase in pore number from Gl
to mid S phase inferring that NE structure is related to nuclear activity. In more
recent studies, use of fluorescent constructs has provided information about cell
signalling proteins, RanGAP and the NE (Rose and Meier 2001, Pay ez al. 2002),

plant nuclear matrix associated proteins and their respective cellular locations

. (Gindullis and Meier 1999, Gindullis ef al. 1999, Harder et al. 2000, Samaniego et

13
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al. 2001) and MT dynamics in relation to NEBD (Dixit and Cyr 2002). The
dynamics of the NE in higher plants throughout mitosis have not been studied

using specific NE markers.

1.3  NUCLEAR ENVELOPE PROTEIN TARGETING AND RETENTION

The outer nuclear envelope (ONE) can be considered a sub-compartment of the ER
as it is in direct continuity with the ER membranes. The ONE contains the same
proteins as the ER and is studded with ribosomes and there is no barrier to
diffusion between ONE and ER. In contrast, the inner nuclear envelope (INE) is
spatially separated from the ER by the NPCs and contains a range of proteins
specific to the membrane, that show different diffusional mobilities to those present

only in the ER (Mattaj 2004).

1.3.1 The ‘diffusion-retention’ model

The ‘diffusion-retention’ model for INE protein targeting was proposed by Soullam
and Worman (1995). In the model, proteins are synthesized on the ER and are
freely' diffusible within the membrane, including the ONE, the proteins move
through lateral channels of the NPCs within the nuclear pore membrane. Once in
the INE the protein becomes immobilised via interactions with specific ligands that
lie close to the NE e.g. for LBR; lamin B, heterochromatih protein 1 (HP1)
orthologues, chromatin (Wu ef al. 2002) and possibly histones H3/4 (Polioudaki et
- val. 2001), LAP 2; lamins and chromatin, emerin; lamins (Wu et al. 2002). This
immobilisation - is observed as a decrease in lateral diffusion constant, as
determined by FRAP, between the ER and INE which has been seen with LBR

- (Ellenberg et al. 1997), emerin (Ostlund ez al. 1999) and MAN1 (Wu et al. 2002).

14
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During mitosis the dynamics of INE proteins change from predominantly
immobile to freely diffusible, with diffusion constants comparable to those of ER
proteins (Wu ef al. 2002). This change can be ascribed to three major events which
occur at the start of cell division; the depolymerisation -of the lamina, chromatin
condensation and NPC disassembly. These changes lead to dissociation of INE
proteins with the constituents that immobilise them at the NE; as such the proteins

are then free to diffuse within the mitotic ER membranes.

1.3.2 Trans-membrane domains

Trans-membrane (TM) domains contribute to membrane retention; this has been
observed in mammalian membranes (Bretscher and Munro 1993, Nilsson and
Munro 1994) and in plant membranes, where it was demonstrated that TM domain
size affects targeting within the endomembrane system due to membrane thickness
(Brandizzi et al. 2002a). The TM domain of LBR was shown to contribute to NE
targeting of the protein (Smith and Blobel 1993, Soullam and Worman 1995).
However proteins with similar TM domains to LBR but which lack the N-terminal
nucleopiasmic domain fail to stay at the NE. This suggests that the specific
interaction between the nucleoplasmic domain and binding partners within the

nucleus is the main factor contributing to the retention of LBR at the INE.

,1'3'3 Protein size
" The NPCs provide a spatial barrier between the INE and ONE/ER. The lateral
channels of the NPC, that the INE proteins must diffuse through in order to enter
the nucleoplasmic face of the NE, have a diameter of around 10nm and are located

' at the edge of the NPC adjacent to the pore membrane (Hinshaw ef al. 1992). The

15
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channel allows diffusion of nucleo/cytoplasmic globular proteins up to 60kDa
between the NE and ER. When native INE proteins such as LBR (Soullam and
Worman 1995) and MAN1 (Wu et al. 2002) are enlarged they fail to target the NE
and hence are retained in the ER. Hence the NPCs play a fundamental role in

excluding proteins from the NE and differentiating the INE from the ONE and ER.

1.3.4 Nuclear envelope targeting

Sequences that may target proteins to the INE in animal cells have recently been
reported (Meyer et al. 2002). From LBR the motif SRSRSR, was suggested to be
responsible for INE localisation. This ‘RS repeat region’ has been associated with
chromatin binding (Takano et al. 2002), which would immobilise the protein in the
INE. The SR motif is present in many chromatin-associated proteins e.g. splicing
factors present in mammalian and plant cells (Lazar et al. 1995) as well as kinases
and phosphatases, and in proteins involved in transcription and cell structure
(Boucher et al. 2001). Whether the RS sequence serves as a specific targeting
signal in its own right, or simply contributes chromatin binding and hence, in the
case of LBR, retention of the protein at the NE (see section 1.3.1 and Chapter 5), is

yet to be established.

1.3.5 Nuclear localisation sequences

Proteins destined for the nucleus are translated in the cytoplasm and have to be
" translocated into the nucleus via nuclear pore complexes. For this to occur the
proteins have to contain nuclear location sequences (NLSs). These sequences tend
to have é high basic amino acid content, usually arginine and lysine, though proline

" is also observed in some cases. Such sequences are not cleaved by proteases, which

16
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allows the proteins to exit and re-enter the nucleus without modification, thus
allowing resident proteins back to the nucleus after nuclear membrane dissipation

during mitosis.

There are three general classes of NLS, the most extensively studied being that
originally found in the SV40 T-antigen (named the SV40-like NLSs). This class of
sequence consists of a single peptide region of basic amino acids (Pro-Lys-Lys-
Lys-Arg-Lys-Val) (Kalderon et al. 1984). Proteins targeted to the nucleus using the
SV40-like NLS have been reported in animals, yeast and plant systems (Hicks and

Raikhel 1995).

The second class, which is thought to be the most common targeting mechanism, is
the bipartite nucleoplasmin signal (Dingwall et al. 1988). It incorporates two basic
peptide regions separated by a ten amino acid spacer, though this spacer region can
vary in length. There have been many bipartite NLSs identified in plants as well as

animals and yeast.

The third class is a basic N ferrﬁinal sequence seen in the yeast protein Mat o2 and
maize transcription factor R. This sequence contains basic and hydrophobic amino
lacids, with as yet undefined function. This form of NLS does not appear to work in
‘mammalian cells (Hicks and Raikhel 1995). There are also undefined NLSs that do
not conform to the criteria listed above as shown in proteins targeted to the nucleus

but lacking any of the above NLSs.
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Proteins also contain nuclear export signals (NES), important in shuttling of
proteins in and out of the nucleus. NESs are composed of short amino acid
sequences and provide an export signal independent of their position within the
protein. The geminivirus squash leaf curl virus (SqQLCV) encodes viral movement
proteins including BR1. The BR1 amino acid sequence showed homology to a NES
found in HIV Rev protein, Xenopus transcription factor IIIA and other proteins that
shuttle in and out of the nucleus. The BR1 NES (LEKDTLLIDL), contains
hydrophobic residues and several leucine residues that are essential for its function.
(Ward and Lazarowitz 1999). When the SqQLCV BR1 NES was replaced with the
NES from Xenopus, transcription factor IIIA nuclear export and viral movement
were unaffected, indicating that the pathway of nuclear export is conserved
between plants, animal and yeast (Ward and Lazarowitz 1999); however the

machinery of nuclear export is yet to be identified.

1.4  PROTEINS ASSOCIATED WITH THE PLANT NUCLEAR ENVELOPE

The plant NE has received relatively little attention in comparison to its
mammalian and yeast counterparts. This is mainly due to a lack of markers
available for the NE for use in plant cells. However, some work has been done on

" proteins involved in nuclear transport and architecture.

MAF1 is a novel plant protein located at the NE but not directly attached to it. It is
a 152 amino acid protein with a predicted molecular weight of 16.2 kD (Gindullis
et al. 1999). It is hydrophilic with alternating acidic and basic domains and a high
serine and threonine content and is coded for by a single gene in tomato. A MAF1-

mGFP-MAF1 sandwich construct was shown to localise at the nuclear periphery
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with low expression seen in the cytoplasm and nucleoplasm (Gindullis ef al. 1999).
This was confirmed by immunocytochemistry where MAF1 was predominantly
found in a ring like structure around the nucleus, either in or near the NE. After
treatment with Triton X-100, which removes most of the outer NE, MAF1 was still
found to be tightly associated with the nucleus implying that it is associated with
the nuclear matrix. MAF1 and MFP1 (matrix attachment region binding filament-
like protein 1) show near identical localisation (Gindullis and Meier 1999) and
behave in the same way during nuclear matrix isolation, implying that they are part
of the same of strongly interacting nuclear structure. Recent work has shown that
MFP1 is predominantly a nucleoid binding protein present in plastids (Jeong et al.
2003). The apparent NE labelling previously reported for the protein (Meier et al.
1996, Gindullis and Meier 1999, Gindullis et al. 1999) was ascribed to the close
proximity of plastids to the nucleus in tobacco suspension cells, but the presence of

an isoform in the nucleus has not been discounted (Jeong ef al. 2003).

MAF1-mGFP-MAF]1 has been used as a marker of the NE to validate the use of a
Golgi rﬁarker, N-acetylglucosaminyl transferase, fused to RFP (Nag-RFP) for
studies of NEBD and PPB disappearance (Dixit and Cyr 2002). At present the
continuous dynamics of MAF1 or MFP1 during the plant cell cycle have yet to be

-studied.

1.5 NUCLEAR ENVELOPE PROTEINS
At the initiation of this project, a range of possible markers for plant NE and ER
protéins were identified by literature survey. Fluorescent constructs of these

. proteins would allow study of the different sub-compartments of the NE in plant
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cells at mitosis. Candidate cDNAs include LBR (Ellenberg and Lippincott-
Schwartz 1999), a Ca**-ATPase, ECA1 (Liang et al. 1997, Downie et al. 1998; see
Appendix 1) and a possible nuclear pore marker (Escobar et al 2003; see
Appendix 2). Movement of NE proteins during mitosis.using GFP constructs has
been visualised in animal cells (Ellenberg and Lippincott-Schwartz 1999, Yang et

al. 1997), but not in plant cells.

1.5.1 Lamin B receptor

LBR is a constitutively expressed integral membrane protein found in the INE and
present in animal cells (Worman ez al. 1990). It is a 637 amino acid/58kD protein
with a large globular N terminal nucleoplasmic domain which is hydrophilic and
rich in basic amino acids, and a hydrophobic C terminus consisting of eight
transmembrane segments which show high homology to C-14 sterol reductases
across plant (Schrick et al. 2000) and animal species (Holmer et al. 1998). For this
reason it has been suggested by Kasbekar (1999) that sterol changes could have a
role in NEBD and reformation. The N-terminus of LBR binds to chromatin (Ye
and Worman 1994, Pyrpasopoulou et al. 1996, Duband-Goulet and Courvalin
2000, Takano et al. 2002) which may be of importance in nuclear membrane
r.eassembly at the end of mitosis. LBR also interacts with lamin B (Ye and Worman
1994, Wu et al. 2002, Dreger et al. 2002) in most, but not all cases (Mical and
Monteiro 1998). Binding of LBR and HP1 (Ye et al. 1997) does occur, although
the interaction of LBR with HP1 may be indirect, via histones H3/4 (Polioudaki et

al. 2001).
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To determine the regions of LBR responsible for nuclear localisation a variety of
constructs were made using full, truncated and chimeric constructs of chicken LBR
(Smith and Blobel 1993). The amino terminal domain, specifically the first TM
domain, containing a uncleaved bipartite type nuclear signal sequence, was found
to be responsible for targeting the receptor to the nuclear membrane (Smith and

Blobel 1993, Soullam and Worman 1993, Soullam and Worman 1995).

NE lumen

INE

Figure 1.3 Spatial diagram of the full lamin B receptor, indicating regions of
importance, sterol reductase region in green box, nucleoplasmic region in red box.

Extensive work has been carried out by Ellenberg ez al. (1997) using the N terminal
238 amino acids of the lamin B receptor fused to EGFP in animal cells. COS-7
cells were transfected by microinjection or electroporation with an LBR-EGFP
construct and its activity observed at mitosis using confocal microscopy. To gain a
greater insight into LBR-EGFP, FRAP (see section 1.2) was used to determine
whether the tagged protein was freely diffusible in the membranes or immobilised
in some way. The LBR-EGFP was targeted to NE membranes in mammalian cells
at interphase. There were two populations of LBR-EGFP observed in the cells,
‘which showed differential diffusional mobility in interphase; an immobilised NE
population, possibly through binding to lamins or chromatin and a small pool of

LBR-EGFP that was freely diffusible in the ER. During mitosis the LBR-EGFP of
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the NE becomes highly mobile and disperses to the ER. Nuclear membrane
reformation was viewed using time lapse confocal imaging. This showed a
redistribution of LBR-EGFP from diffusely distributed ER to membranes tightly
associated with chromatin and subsequent expansion to the spherical NE at
interphase. When the construct was expressed at high levels i.t clearly localised

with DNA producing NE invaginations.

At the outset of the present study, the question was posed: would LBR localise to
the NE in plants as it does in animals and what dynamics would it display in a plant
system? To investigate this, the LBR-EGFP construct required modification to
allow expression in plants, with the exchange of EGFP for GFPs, a GFP variant

optimised for use in plants.

1.6  TOOLS FOR THE IN VIVO STUDY OF THE PLANT NUCLEAR ENVELOPE

In order to study the NE in living plant cells, an in vivo marker for proteins of
interest, a method of expression and suitable plant material are required. Constructs
that label other parts of the plant cell are also necessary to compare the location of

different proteins.

1.6.1 Fluorescent Proteins

Green fluorescent protein (GFP) is a naturally fluorescent protein from the jellyfish
Aequorea victoria that has been used to create fluorescent protein chimeras in
"intact cells and whole organisms to study many aspects of protein location and
movement (Chalfie et al. 1994, Tsien 1998, Brandizzi et al. 2002b). Creating such

a chimera involves identifying and isolating a gene sequence of interest (e.g. for a
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NE or ER located protein), generating a construct in which this DNA is fused to the
GFP sequence and using a DNA delivery system (for instance that from
Agrobacterium tumefaciens). This allows transformation of cells or production of
whole plants expressing the chimeric protein which can be viewed in vivo by
fluorescence microscopy. There are a number of GFP spectral derivatives which
fluoresce at different wavelengths e.g. yellow fluorescent protein (YFP) and cyan
fluorescent protein (CFP) which can also be used to make constructs for protein
marking. The range of colours allows the tagging of a number of different proteins
and subsequent viewing of their interactions and respective location within the
same cell and in real time. NE of animal cells have been extensively studied in this
way (Ellenberg et al. 1997, Ellenberg and Lippincott-Schwartz 1999, Terasaki et
al. 2001). Extensive literature searching has shown that the in vivo dynamics of the

plant NE with specific markers have not been studied.

Several fluorescently labelled proteins have been used as markers of the NE in
plants. The relationship between NEBD and preprophase band disappearance
(PPB), a plant specific microtubule structure, in tobacco Bright Yellow-2 (TBY-2)
suspehsion cells used a Golgi apparatus (GA) protein, N-acetylglucosaminyl
transferase I (Nag), which also localises around the nucleus, as a marker for the
onset of NEBD (Dixit and Cyr 2002). The location of plant proteins MFP1 and
MAF]1 (described in more detail in section 1.4), which are associated with the
‘ONM and nuclear matrix, have been studied using fluorescent constructs (Gindullis
| and Meier 1999, Gindullis ez al. 1999, Harder et al. 2000, Meier 2000, Samaniego

et al. 2001, Rose and Meier 2001). These fluorescent constructs have been used for

F
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localisation and protein interaction studies but have not been used to investigate

membrane dynamics during mitosis.

1.6.2 Other probes available

In addition to the NE probes described, it is useful to have a range of other
fluorescent markers. The use of well characterised fluorescent probes for other
regions of the cell such as the ER, alongside a NE marker would allow
confirmation of the NE probe destination i.e. whether what appears to be ER
location of ‘a NE probe at mitosis is in fact ER and not another structure. There is a
range of ER probes fused to GFP or YFP that can be used for co-localisation with
tagged NE proteins available in the laboratory. See table 1.1 for details of markers

routinely used in our laboratory.

Table 1.1 ER markers available for use in plants.

Protein Location Source

Sporamin signal peptide/KDEL  ER lumen Boevink et al. (1999)

Arabidopsis ERD-2 (H/KDEL ER and Golgi Boevink et al. (1998)

receptor)

Calreticulin o ER and NE lumen Brandizzi and Hawes
' (unpublished)

Calnexin ER and NE membrane Brandizzi and Hawes

(Irons et al. 2003)

- 1.6.3 Agrobacterium-mediated plant transformation
Agrobacterium tumefaciens is a gram-negative bacterium that causes crown gall

disease in many plants in the natural environment. Crown gall disease is produced
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by the integration of Agrobacterium T-DNA (transferred DNA), from a large
tumour inducing (Ti) plasmid in the bacteria, into the plant genome. There are a
range of genes in the T-DNA region, for example, genes responsible for tumour
growth induce changes in expression of plant growth factors e.g. éuxin and
cytokinin which alter normal cell differentiation patterns leading to the formation
of crown gall tumours. Research into T-DNA transfer showed that there were three
important factors required for successful transfer. Firstly the presence of T-DNA
border sequences which flank the T-DNA region, the border sequences consist of
direct repeats and are 24 or 25bp long (Van Haaren et al. 1988). In general all
DNA between the border regions is transferred to the plant genome. Virulence (vir)
genes are also essential for gene transfer, they are present on the Ti plasmid, but lie
outside the T-DNA region (reviewed by Hooykaas and Beijersbergen 1994). The
vir genes are responsible for transcriptional activation of the vir operons and T-
DNA processing, transfer into the plant cell and once in the plant, targeting to the
nucleus and correct integration into the plant genome. Finally some genes encoded
on the bacterial chromosomal are required for bacterial attachment to the plant

cells.

As the content of the T-DNA has no bearing on transfer it is possible to change the
original genes for other genes of intérest which will be incorporated and expressed
in the plant genome. In addition, the removal of the T-DNA biosynthetic genes
stops tumour formation as there is no stimulus for a change in hormone levels.
Thus Ti plasmid based vector systems for expressing specific genes in plant cells
have developed for Agrobacterium-mediated plant transformation. In a binary

o’

vector system (such as pVKH18En6) new genes of interest are cloned into a
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plasmid containing non-oncogenic T-DNA. This plasmid is transformed into an
Agrobacterium strain (e.g. GV3101 containing the Ti plasmid, pMP90) containing

a Ti plasmid with vir genes but lacking T-DNA.

1.6.4 Plant material for study of NE and mitosis

Agrobacterium containing a binary vector with a gene of interest fused to GFP can
be used to transiently and stably transform plant material. Transient expression in
Nicotiana tabacum leaves allows rapid identification of clones that successfully
express in plants. Such transformation involves the high pressure infiltration of
Agrobacterium tumefaciens containing the construct of choice into the underside of
leaves via a needle-less syringe. After three days the fluorescent construct can be
observed by fluorescence microscopy (Batoko et al. 2000). Production of stably
transformed plants provides information about protein location in multiple tissue

types that is not possible by transient transformation methods.

Tobacco BY-2 cells are easily transformed with Agrobacterium to form stable cell
lines expressing fluorescent constructs. TBY-2 cells are amenable to
synchronisation of mitosis by the DNA polymerase o inhibitor, aphidicolin
(Ikega;mi et al. 1978). Aphidicolin halts cells in G1 phase of the cell cycle and also
traps any cell in S-phase. “On -release from aphidicolin treatment, cells continue
through S phase to G2 and into mitosis with greater synchrony than non-treated
;:ells. Using this technique TBY-2 cells provide an ideal system to study mitotic
events in stably transformed cells. It is also possible to express multiple fluorescent
constructs in the same cell to compare their respective behaviour and interaction in

vivo.
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1.7 AIMS

The lack of markers for the plant NE has led to a lack of in vivo research on the NE
in higher plants. The aim of my research was to address this gap in knowledge by
identifying possible candidate proteins and producing - and characterising
fluorescent protein chimaeras that specifically label the NE in plant cells. Having
identified and produced such a construct the aim of the project was to use the
marker to investigate the fate of constituents of the NE during cell division in plant
cells. An initial investigation into the nature of the mechanism of protein retention

at the NE was also undertaken.
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CHAPTER 2.

MATERIALS AND METHODS
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2. MATERIALS AND METHODS

2.1 MATERIALS

See Appendix 4 for Strains table.

2.1.1 Water

Water purified by reverse osmosis by an Elgastat Option 3 water purifier (Elga
LabWater UK, High Wycombe, UK) was used for making all solutions except
plant culture media, which required ultra-pure water (Elga Maxima ultra-pure
water purifier). Sterile ultra-pure water (prepared by autoclaving for 20 min at

121°C, 15 p.s.1.) was used for molecular biology protocols.

2.1.2 Chemicals
Chemicals were obtained from Fisher Scientific Supplies (Loughborough, UK),

Sigma (Gillingham, UK), and DIFCO (from Beckton Dickinson, Sparks, USA).

2.1.3 Molecular biology reagents
Molecular biology reagents (restriction enzymes, Vent polymerase, dNTPs and T4
DNA - ligase) were obtained from New England Biolabs (Hitchin, UK).

Oligonucleotides were made by Invitrogen custom primer service (Inchinnan, UK)

2.1.4 Antibiotics

Antibiotics used for bacterial selection and tissue culture were supplied by Melford
- Laboratory Supplies, Suffolk, UK. Timentin™ (20 mg/ml stock) and carbenicillin,
disodium salt (100 mg/ml stock) were dissolved in AnalaR grade methanol.

Ampicillin, sodium salt (100 mg/ml stock), kanamycin monosulfate (100 mg/ml
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stock) and hygromycin B (40 mg/ml stock) were made up in sterile ultra-pure

water. All antibiotics were filter sterilised and stored at —20°C.

2.1.5 Kits

PCR product, DNA and gel band isolation and purification Were carried out using
an Amersham Pharmacia (Piscataway, USA) GFX™ PCR, DNA and Gel Band
Purification kit.

An Amersham Pharmacia Enhanced Chemical Luminescence (ECL) detection
system was used to visualise bands on Western blots, according to manufacturer’s

instructions.

2.1.6 Plant material

Nicotiana tabacum plants (see Appendix 4) were grown in a greenhouse at 21°C,
with natural day length illumination, supplemented to 16 h with sodium lighting.
For experimental use, plants were transferred to a plant growth room, 24°C with a

14 h light, 10 h dark lighting regime.

Tobacco BY-2 (TBY-2) cells (see Appendix 4) were maintained in Murashige and
Skobg (M and S) basal medium pH 5.8, supplemented with sucrose, 2,4-
‘dichlorophenoxyacetic acid (2,4-D) and KH;PO4 (see below). Cells were sub-
cultured each week (see plant cell culture section) and shaken on an orbital shaker

- at130 r.p.m., at 24°C with a 14 h light, 10 h dark lighting regime.
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2.1.6.1 Plant growth media

All plant media (see below) was sterilised in an autoclave (121°C, 15 p.s.i, 20
minutes). Antibiotics were added when agar was hand hot, and liquid media at
room temperature. Media was stored at 4°C and warmed to room temperature

before use. All transformed plant material was autoclaved prior to disposal.

2.1.6.2 Stable plant media

Initial incubation medium (all amounts for 1 litre of medium):

M and S powdered basal medium (2.2 g; without sucrose, indole acetic acid,
kinetin, agar; ICN Biomedicals, Costa Mesa, USA), 20 g sucrose. For solid
medium 1% w/v DIFCO BactoAgar was added.

Shooting medium:

M and S basal medium (2.2 g), 20 g sucrose, 0.8 mg/L benzylaminopurine
(BAP), 1.0 mg/L indolebutyric acid (IBA), 1% DIFCO BactoAgar plus 40 pg/ml
hygromycin, 20 pg/ml timentin and 100 pg/ml carbenicillin. |
Rooting medium:

M and S basal medium (2.2 g), 20 g sucrose, 0.05 mg/L IBA, 1% DIFCO
BactoAgar plus 20 pg/ml timentin and 100 pg/ml carbenicillin. Hygromycin may

impair root growth so was excluded from the medium.

2.1.6.3 Tobacco BY-2 cell medium

For 1 litre: 30 g sucrose, 4.3 g M and S medium, 200 pl 1 mg/ml 2,4-D and 3.4 pl
.10() mg/ml KH,PO4. pH adjusted to 5.8 with KOH. DIFCO BactoAgar (1%) was
added for solid medium. Hygromycin (40 pg/ml) was added to liquid and solid

media prior to use:
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2.1.7 Bacteria

2.1.7.1 Escherichia coli DH5Q, strain

The DHS5a strain of E. coli (see Appendix 4) was used to amplify plasmids. E. coli
were grown in Luria-Bertini broth (LB), Bacto-tryptone (DIFCO) 10 g/L, Bacto-
Yeast extract (DIFCO) 5 g/L, NaCl 10 g/L, adjusted to pH 7 with NaOH,
autoclaved at 121°C, 15 p.s.i for 20 minutes prior to use. Solid medium was made
by adding 1% w/v agar technical no. 3 (Oxoid Ltd., Basingstoke, UK) before

autoclaving; antibiotics were added when agar was hand hot.

2.1.7.2 Agrobacterium tumefaciens strain GV3101::pMP90

The A. tumefaciens strain (see Appendix 4) used contains a helper Ti plasmid with
resistance to gentamycin (10 pg/ml), that is necessary to incorporate the T-DNA
regions from the binary plasmid (e.g. pVKHI8En6) into the plant genome. A4.
tumefaciens cultures were grown in Yeast Extract Broth (YEB); with (per litre) 5 g
beef extract (DIFCO), 1 g Bacto-Yeast extract (DIFCO), 5 g peptone, 5 g sucrose,
2mM MgS0,.7H,0, autoclaved at 121°C, 15 p.s.i for 20 minutes prior to use. Solid
medium was made by adding 1% w/v Bacto-agar (DIFCO) before autoclaving;

antibiotics were added when agar was hand hot.

All bacterial suspensions were discarded in Presept disinfectant (Presept
effervescent disinfectant tablets, Johnson and Johnson Medical Ltd., Ascot, UK; 1
x 2.5g tablet in 600 ml water). Contaminated glass and plastics were autoclaved

prior to washing or disposal.
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2.1.8 DNA gel electrophoresis reagents

Gels were cast using BioRad (Hemel Hempstead, UK) gel electrophoresis tanks.
TBE at a working concentration of 0.5x was used for DNA gel electrophoresis
(Sambrook and Russell 2001). Gels were prepared using 0.5x TBE and
electrophoresis grade agarose, the percentage of agarose used depended on the size
of DNA fragment being visualised (Sambrook and Russell 2001). Ethidium
bromide (50 pg/ml) was added to the agarose before casting the gel. Samples were
mixed with 6x DNA electrophoresis gel loading buffer IV (0.25% w/v
bromophenol blue, 40% w/v sucrose; Sambrook and Russell 2001) prior to loading

onto the gel. Loading buffer was stored at —20°C.

2.1.9 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western
blotting reagents
Gels were cast in a BioRad Mini Protean II unit. Goggles and nitrile gloves were

worn when handling acrylamide.

Separating gels were poured simultaneously; for 2 mini-gels, 6 ml 30% w/v
acrylamide (National Diagnostics Ultra pure Protogel. Atlanta, Georgia, USA), 2.1
ml 3M TrisCl pH 8.8, 150 pl 10% w/v SDS solution, 6.7 ml H,0, 8.3 nl TEMED
- (N,N,N’,N’-tetramethylethylenediamine) and 50 pl 10% APS (ammonium
persulfate). A layer of methanol was placed over the gel while it was polymerising

to prevent oxygen from diffusing into gel thus preventing polymerisation.

A stacking gel was poured over the separating gels when they had set. For 2 mini-

gels, 1.25 ml 30% w/v acrylamide, 500 pl TrisCl 1M pH 6.8, 5 ml 20% w/v
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sucrose solution, 75 pl 10% w/v SDS solution, 650 ul H>O, 10 ul TEMED and 19
pl 10% w/v APS were mixed and poured over the separating gel and the comb
inserted. When the stacking gels had polymerised they were wrapped in damp

paper towels and placed at 4°C in a sealed plastic container until required.

Gels were run using stocks of 2x SDS gel loading buffer, 5x stock Tris-glycine
electrophoresis buffer (used at 1x working concentration), made and used as
described in Sambrook and Russell (2001). Western blotting was carried out using
10x Transfer buffer stock, 10x PBS (1x concentration), 1x PBS Tween (PBST), 1x
PBS and blocking solution (1x PBST plus 5% w/v skimmed milk powder), also

made and used as in Sambrook and Russell (2001).

2.1.10 Constructs/Vectors

The plant binary vector pVKH18En6 (Batoko et al. 2000) was used to transform
plants via Agrobacterium-based methods (see section 2.2.2). The pVKH18En6
vector is based on the pVKH18 vector (Moore et al. 1998), with the methotrexate
resistance marker replaced by a hygromycin selectable marker. The multiple
cloning site is flanked by a 35S mosaic virus promoter, which is enhanced six times
(En6), and a nopaline synthase terminal sequence. The plasmid provides

- kanamycin resistance in transformed bacteria (E. coli and A. tumefaciens).

2.1.10.1 pVKH18En6-LBR-GFPs
The pVKHI8En6-LBR-GFPs plasmid (Irons er al. 2003) was constructed by
digesting the pVKH18En6 ERD2-GFPs vector with BamHI and Sacl, to excise the

ERD2-GFPs construct. The BamHI/Sacl cut LBR-GFPs overlapping PCR product
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was ligated into the cut vector. Further information regarding the production of the
LBR-GFP;s fusion can be found in chapter 3 and appendix 5. The LBR-GFPs
mutants were cloned in the same manner (details in chapter 5 and appendices 4 and

5).

2.1.10.2 pVKH18En6-sp-EYFP-HDEL

The spYFP-HDEL construct (Irons ef al. 2003) was kindly provided by Féderica
Brandizzi (Oxford Brookes University). The VER-targeted yellow fluorescent
protein (spYFP-HDEL) was generated by insertion of a c-myc tagged EYFP
(Clontech) downstream of a sporamin signal peptide at a Sall/Sacl site of an
existing sporamin signal peptide-GFPs-HDEL construct cloned into pVKH18En6

binary vector (see Appendix 4).

2.1.10.3 pVKH18En6-sp-GFPs-Calnexin TM

The GFPs-calnexin construct (Irons ef al. 2003) was kindly provided by Federica
Brandizzi (see Appendix 4). GFPs fused at the 5' end to a sporamin signal peptide
and bearing a glycosylatable region (Batoko ez al. 2000) was fused to the last 236
base péirs of Arabidopsis calnexin (Huang et al. 1993). A spacer of seven amino
acids was inserted between the GFPs and the calnexin sequence. The construct was

‘inserted between the BamHI and Sacl sites of pVKH18En6 (Batoko et al. 2000).
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2.2 METHODS

2.2.1 Molecular cloning
Standard molecular biology techniques were adopted (Sambrook and Russell

2001).

2.2.1.1 Polymerase Chain Reaction (PCR)

PCR was performed using a MJ Research, Inc. (Weltham, USA) PTC-100
Programmable Thermal Controller. PCR reaction mixture was: 1 pl template DNA,
10 pl Thermopol buffer, 1 pl 100 mM MgSOy4, 3 pl 100 mM dNTP mix, 1 pl 100
pmol forward primer, 1 pl 100 pmol reverse primer, 82 pl sterile distilled water and
1 pl Vent polymerase. The reaction mixture was held for 3 minutes at 95°C before
adding the polymerase. Vent polymerase was used for all cloning to as it has higher
fidelity, due to proof reading activity, than conventional Taq polymerase; thus the

likelihood of mis-incorporated bases is reduced.

The PCR cycles used are shown in table 2.1. The annealing temperature and
elongation times for specific products are provided in the relevant results chapters
(LBR; éhapter 3, mutants; chapter 5). Annealing temperature of oligonucleotides
was determined using the formula 3(GC)+2(AT) = Ty,. For PCR a temperature 2-
5°C lower than the calculated Twm of the oligonucleotides was used for the annealing

stage (annealing - temperature was optimised for each PCR to get maximal

specificity).
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Table 2.1 Details of the PCR cycles.

Temperature Time Number of cycles | Stage
95°C 5 minutes 1 Denature
95°C 20 seconds 20-30 Denature
Depends on oligo | 30 seconds Anneal
Tm (normally
between 50 and
60°C)
20 Depends on Elongation
length of product
(~1000 bp/min)
12°C 5 minutes 1 Elongation

The oligonucleotide sequences used in the production of the constructs are shown

in Table 2.2, details of their use are given in the relevant results chapters (LBR;

chapter 3, mutants; chapter 5, appendix 5).

Table 2.2 Oligonucleotide sequences used in construct production. Red letters

represent restriction sites. Pink letters represent point mutations.

Construct Oligo | Oligo sequence (5°)
name
LBR-GFPs SI16 | GTCGGCGGATCCATGCCAAGTAGGAAATTTG
CC
SI17 | GCGTCCGAGCTCTTATTTGTATAGTTCATCCA
TGCC
SI13 CCAGTCGACGTGGGATCTTTCTGTTTACACAT
CAACAGC
Si14 CAGAAAGATCCCACGTCGACTGGAGAACTTG
TTTCAAATGG
A1-60LBR-GFPs SI37 GACCGTGGATCCATGAGGCAAAGGAAAGGT
GGC
LBR S80A-GFPs PMI | CGAGGGAGTCGAGCAAGGTCACGCTCC
PM2 | GGAGCGTGACCTTGCTCGACTCCCTCG
LBR S82A-GFPs PM3 | AGTCGATCAAGGGCACGCTCCCGATCC
PM4 | GGATCGGGAGCGTGCCCTTGATCGACT
LBR S84A-GFPs PMS5 TCAAGGTCACGCGCCCGATCCCCTGGT
PM6 | ACCAGGGGATCGGGCGCGTGACCTTGA
LBR S86A-GFPs PM7 | TCACGCTCCCGAGCCCCTGGTCGACCA
‘ PM8 | TGGTCGACCAGGGGCTCGGGAGCGTGA
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Overlapping PCR was used to produce fluorescent protein fusions. Two PCRs were
performed to amplify the fluorescent protein and protein of interest (PCR 1 and 2
in Figure 2.1). Oligonucleotides used in these reactions (B and C in Figure 2.1)
were designed to have overlapping complementary ends that would anneal in a
third PCR (PCR 3 in Figure 2.1), where the two previous products would be joined

together using the 5” and 3’ terminal oligonucleotides (A and D in Figure 2.1).

The first two PCRs were carried out as described for general PCR. The overlapping
reactions contained the two template DNAs from the previous PCR reactions,
overlapping PCR reaction mixture (I pl PCR 1, 1 pl PCR 2, 10 ul Thermopol
buffer, 1 pl 100 mM MgSOy, 3 pl 100 mM dNTP mix, 1 pl 100 pmol forward
primer, 1 pl 100 pmol reverse primer, 81 pl sterile distilled water, 1 pl Vent
polymerase). The reaction mixture was held for 3 minutes at 95°C before adding

the polymerase.

PCR 1

PCR 2

PCR.3

Overlapping PCR product

Figure 2.1 Schematic diagram showing the stages of an overlapping PCR. The
homologous overlapping region is enclosed in the orange box. Oligonucleotides are
_denoted A-D.
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The first two PCRs were carried out as described for general PCR. The overlapping
reactions contained the two template DNAs from the previous PCR reactions,
overlapping PCR reaction mixture (1 pl PCR 1, 1 ul PCR 2, 10 pl Thermopol
buffer, 1 pl 100 mM MgSOy, 3 pl 100 mM dNTP mix, 1 nl 100 pmol forward
primer, 1 pl 100 pmol reverse primer, 81 pl sterile; distilled water, 1 pl Vent
polymerase). The reaction mixture was held for 3 minutes at 95°C before adding

the polymerase.

2.2.1.2 Ligations

PCR products were designed to incorporate specific restriction sites at their 5° and
3’ ends (LBR-GFPs and mutants — BamHU/Sacl). The sites chosen were dependent
on the sequence of the gene and the restriction sites in the multiple cloning site of
the pVKH18En6 binary vector (the restiction sites in pVKHI18EnG, in 5’ to 3’ order
are; Xbal, BamHI1, Smal, Kpnl, Sacl). The PCR products were cleaned using a GFX
PCR clean up kit (Amersham Pharmacia), digested with the appropriate restriction
enzymes and run on an agarose gel, the fragment of interest was excised from the
gel and cleaned using a GFX PCR and gel clean up kit and eluted in 50 pl sterile
water. (The pVKH18En6 plasmid was digested with the same enzymes. The cut
plasrhid was run on a gel, isolated and kit cleaned as above. The cleaned insert and
vector were then ligate'd uéing T4 DNA ligase, following manufacturer’s
instructions, overnight at 16°C. The ligation reaction was then used in a heat shock

transformation of E. coli.
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2.2.1.3 Production of competent Escherichia coli DHSo

A 100p1 aliquot of stock competent cells was used to inoculate 5 ml LB (no
antibiotics), the culture was shaken at 200 r.p.m. overnight at 37°C. From the
overnight culture 4 ml was used to inoculate 400 ml fresh LB (in conical flask),
shake for ~2 hours (or until optical density reached between 0.2 and 0.3 at 600nm
against LB blank). During the incubation RF1 and RF2 solutions were prepared
(see below) and 8 x 50 ml tubes chilled on ice.

RF1 (low Ca")

Chemical concentrations For 100 ml (for 200 ml cells)

100mM KCl 0.7460 g

50mM MnCl,.4H,0 0.9895 g

30mM CH;COOK (Potassium acetate) 3 ml (from 1M CH;COOK pH 7.5
stock)

10mM CaCl,.2H,0 0.1470 g

15% wi/v glycerol 15g

Add KCl, MnCl,, CaCl,, CH;COOK pH to 5.8, add glycerol and filter sterilise.

RF2 (high Ca*")

Chemical concentrations For 50 ml (for 200 ml cells)

10mM MOPS 0.1047 g

10mM KCl 0.0373 g

75mM CaCl,.2H,0 0.5513 g

15% w/v glycerol 75g

Add MOPS, KCl and CaCl; pH to 6.8 with NaOH, add glycerol and filter sterilise.

When tile correct optical density was obtained, cells were decanted into cooled
tubes and incubated on ice for 15 minutes. The tubes were then centrifuged (10
rhinutes, 3000 r.p.m., 4°C) and the supernatant was discarded to hypochlorite. The
pellets were gently resuspended in 5 ml RF1, then a further 15 ml RF1 was added
and the suspensions combined to 4 tubes. Tubes were incubated on ice for 15
minutes, then centrifuged (10 minutes, 3000 r.p.m., 4°C) supernatant was discarded

and each pellet very gently resuspended in 8 ml RF2. The cells were divided into

a
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aliquots of 200-400 pl, in chilled 1.5 ml microfuge tubes, and were snap frozen in

liquid nitrogen and stored at —70°C.

2.2.1.4 Heat shock transformation of E. coli

Competent E. coli cells were thawed on ice and added to a 1.5 m! tube containing
plasmid DNA or ligation reaction (50-100ng plasmid or 20 pl ligation reaction to
200 ul cells). The E. coli were incubated on ice for 20 minutes and then placed into
a 42°C water bath for 2 minutes. LB (600 pl) was added to the heat shocked cells
which were incubated with shaking (100 r.p.m.) at 37°C for 1 hour. Cells were then
pipetted onto a LB agar plate (supplemented with appropriate antibiotic;
pVKHI18En6 — kanamycin 100 pg/ml) at room temperature and spread with a

flame-sterilised glass spreader. Plates were incubated overnight at 37°C.

2.2.1.5 Plasmid preparation

Colonies were picked from antibiotic plate using a sterile pipette tip and placed in 5
ml LB supplemented with antibiotic (pVKH18En6 — kanamycin 100 pg/ml). The
inoculated tubes were incubated at 200 r.p.m. on a shaking incubator for up to 16
hours at 37°C. The plasmids were extracted from the liquid cultures using the

alkaline lysis mini DNA preparation method described.

2.2.1.6 Alkaline lysis mini DNA preparation using Qiagen buffers —
;Minipreps’

Cultures (5 ml) were precipitated by centrifugation for 5 minutes at 3,000 r.p.m. in
a Sorvall 6,000D centrifuge. Supernatant was discarded to bleach. Each pellet was

resus;;ended in 250 ul buffer P1 (30 mM Tris, 10 mM ethylenediaminetetraacetate
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(EDTA) pH 8.0, 100 pg/ml RNaseA), transferred to sterile 1.5 ml tubes and
incubated on ice for 10 minutes. P2 buffer (250 pl; 200 mM NaOH, 1% SDS) was
added and gently inverted to mix. Buffer P3 (350 ul; 3 M potassium acetate pH
5.5) should be added no longer than 5 minutes after adding the P2, andvthe tubes
were centrifuged for 10 minutes at 13000 r.p.m at 4°C in a Heraeus microfuge
Fresco (Bishop’s Stortford, UK). Supernatant was transferred to fresh tubes and
425 pl of ice-cold isopropanol was added. Tubes were centrifuged for 20 minutes
at 13000 r.p.m. at 4°C. Supernatant was removed and the pellet was washed twice
with 300 pl ice cold 70% ethanol, with 5 min, 4°C, 13000 r.p.m. centrifugations
between each wash. Finally the pellets were dried at 37°C for around 30 minutes

and resuspended in 30 pl sterile distilled water.

2.2.1.7 DNA gel electrophoresis

PCR products, plasmid samples and restriction enzyme digests were separated on
agarose gels (see section 2.2.1.6 for materials) containing ethidium bromide,
against DNA ladders of known fragment sizes (100 bp and 1 kb ladders, NEB).
Samples were mixed with 6x DNA electrophoresis gel loading buffer IV (see

section 2.1.8) prior to loading onto the gel. Gels were run between 30 and 70 V.

Bands were visualised using a Flowgen UV light box (Lichfield, UK) and images

captured using a Uvitec Uvisave gel documentation system (Cambridge, UK).

2.2.1.8 Sequencing reactions
The plasmids were digested to determine the correct size of insert was in place.

Two positive clones for each construct were sequenced using BigDye terminators
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version 3 (Applied Biosystems, Warrington, UK). Sequencing was performed by
the University of Oxford, Department of Biochemistry DNA Sequencing
Laboratory (see Appendix 5 for details). The sequenced plasmids were used to

transform A. tumefaciens.

2.2.1.9 Production of competent Agrobacterium (GV3101 : :pMP90)

A single colony was picked using a sterile pipette tip and placed in 5 ml YEB plus
10 pg/ml gentamycin. The culture was placed in shaking incubator at 28°C, 150
r.p.m. and grown to saturation (around 20 hours). A 200 pl aliquot was taken from
the 20 hour culture and used to inoculate 20 ml fresh YEB plus antibiotic. The
culture was incubated overnight shaking at 28°C. From the 20 ml overnight culture
16 ml used to inoculate 400 ml of fresh medium'(400 ml in 2 L flask or 2 x 200 ml

in 1 L flasks). The culture was grown for ~3 hours shaking at 28°C.

Cells were transferred to 50 ml falcon tubes and chilled on ice, then harvested by
centrifugation (15 minutes, 3500 r.p.m., 4°C). The pellet was gently resuspended in
200 ml (combine to 4 tubes) ice cold ImM HEPES buffer pH 7.5 (filter sterilised).
Cells were centrifuged (15 minutes, 3500 r.p.m., 4°C) and the pellet gently
resuspénded in 100 ml ice cold 1mM HEPES buffer pH 7.5 (combine cells to 2
tubes, 50 ml/tube). Cells wefe pelletgd by centrifugation (15 minutes, 3500 r.p.m.,
4°C) and resuspended in 10 ml (5 ml/tube) ice cold 1mM HEPES/10% glycerol pH
7.5 (filter sterilised). The cells were collected again by centrifugation (15 minutes,
3500 r.p.m., 4°C) and gently resuspended in 1.6 ml (800 pl/tube) ice cold 1mM
HEPES/10% glycerol pH 7.5. Aliquots of 40 ul resuspended cells were placed into

1.5 ml microfuge tubes, snap frozen in liquid nitrogen and stored at —70°C.
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2.2.1.10 Heat shock transformation of Agrobacterium

Competent Agrobacterium were thawed on ice, mixed gently with 0.5-1 pg DNA
and incubated on ice for 5 minutes. The cells were then placed in liquid nitrogen
for 5 minutes and then transferred to a 37°C incubator for 5 minptes. 1 ml of YEB
was added and the cells shaken at 150 r.p.m. at 28°C for 2-4 hours. A 200 pl
aliquot of the cells was then plated onto YEB agar plates containing an appropriate
antibiotic (e.g. 100 pg/ml kanamycin for pVKH18En6 plus 10 ng/ml gentamycin)
and incubated for 2 days at 28°C. From these plates, liquid cultures were
established by picking colonies with a sterile pipette tip and placing in a 30 ml
sterile tube containing 5 ml YEB plus selectable antibiotic. The cultures were

shaken at 150 r.p.m overnight at 27°C.

2.2.2 Agrobacterium-mediated transformation of plant material

2.2.2.1 Agrobacterium-mediated transient transformation of Nicotiana tabacum
The optical density of the Agrobacterium culture was determined against YEB at
600 nm absorbance using a Perkin Elmer (Boston, USA) UV/Vis Lambda 3B
Spectrophotometer. The culture was diluted 1:2-1:5 culture:fresh medium to
produqe'readings within range for the spectrophotometer. The optical density of
bacterial culture was then palcglated so each culture was infiltrated at the same

density (0.1 for LBR and mutants, 0.02-0.05 for calnexin).

Agrobacterium suspended in infiltration medium was taken up into a 1 ml sterile
syringe. The syringe tip was placed firmly against the underside of a leaf and the
syringe plunger gently pressed, thereby forcing the bacterial culture through the

stomata and into the leaf mesophyll. The suspension can be seen diffusing through
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the leaf. Infiltration was repeated in different areas of the leaf until the 1 ml

suspension was used up.

2.2.2.2 Transformed Agrobacterium stocks

To make frozen stocks of transformed Agrobacterium 1.5 ml overnight suspension
culture was placed into a sterile microfuge tube and centriguged for 5 minutes at
6000 r.p.m. The supernatant was removed using a Gilson pipette fitted with a
sterile P1000 tip and the pellet resuspended in 1 ml infiltration medium (see media
section). The bacteria were centrifuged for 5 minutes at 6000 r.p.m. The
supernatant was removed, the pellet was resuspended in 600 pl infiltration medium
plus 400 pl autoclaved glycerol, mixed thoroughly and snap frozen in liquid
nitrogen. The frozen stocks were stored at -80°C. The frozen samples were used to
re-establish liquid Agrobacterium cultures without re-transforming cells. To start
cultures from frozen stabs a sterile pipette tip was used to transfer a small amount
of frozen culture to a 30 ml sterile tube containing 5 ml YEB plus selectable

antibiotic which was then shaken overnight at 27°C.

2.2.2.3 Agrobacterium-mediated stable transformation of Nicotiana tabacum

Stably transformed plants were generated via Agrobacterium tumefaciens mediated
transformation as described by Hadlington and Denecke (2001). See Figure 2.2 for
ﬂow diagram of the transformation process. All procedures wefe carried out in a
laminar flow hood unless stated otherwise. Sterile leaf squares (lower epidermis on
the medium) were incubated with 400 pl of an overnight agrobacterium culture in
initiall incubation medium (see section 2.1.6.2), whilst gently agitated (50 r.p.m. in

shaking incubator), at 28°C for 20 minutes. Leaf squares were then plated on solid
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initial incubation medium with no antibiotics and incubated in the dark for 3 days

at 28°C.

STERILE LEAF SQUARES INCUBATED WITH
TRANSFORMED AGROBACTERIA CULTURE

50 R.P.M. FOR 20 MINUTES AT 28°C

-

LEAF SQUARES PLATED ON STERILE SOLID MEDIA
(NO ANTIBIOTICS)

3 DAYS IN DARK AT 28°C

-

LEAF SQUARES MOVED TO STERILE SOLID
SHOOTING MEDIUM (PLUS ANTIBIOTICS)

7 DAYS IN LIGHT AT 28°C

-

LEAF SQUARES PASSAGED EVERY 7 DAYS.

SHOOTS ARISE AFTER 3-4 WEEKS

-

SHOOTS EXCISED AND PLATED
ONTO SOLID ROOTING MEDIUM

ROOTING OCCURS IN 5-10 DAYS

-

PLANTLETS MOVED TO LARGER VESSELS
(STERILE ROOTING MEDIUM OR SOIL)

Figure 2.2 Flow diagram of the stable transformation of Nicotiana tabacum

After 3 days, the leaf squares were moved to solid shooting medium (see section
2.1.6.2), supplemented with 40 pg/ml hygromycin (to select transformed plant
cells) and 100 ng/ml carbenicillin and 20 pg/ml timentin (to control Agrobacterium

"

growth). Incubation -continued at 28°C in light conditions. Leaf squares were
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moved to fresh plates every 7 days, and excess bacteria were removed by blotting

leaf squares on sterile filter paper.

When shoots appeared, they were excised and plated onto rooting medium (see
section 2.1.6.2). Rooting occurred in 5-10 days. The plantlets were moved to
Phytatrays (Sigma, Gillingham, UK) containing rooting medium. The plants were
then either moved to soil or grown in larger sterile culture vessels. When the plants

finished flowering, seeds were collected, bagged and stored for future use.

2.2.2.4 Agrobacterium-mediated stable transformation of tobacco BY-2 cells

Stable BY-2 cell transformation was achieved as described in Saint-Jore et al.
(2002). In summary, 1 ml of 3 day old N. tabacum BY-2 suspension culture cells
were incubated with 50 pl of a 20 h Agrobacterium culture for 2 days. The cells
were then washed by pipetting cells into sterile tubes where they sank to the
bottom. The excess medium was removed and the cells were gently resuspended in
fresh autoclaved media. The sinking/resuspension sequence was repeated twice,
finally resuspending cells in 1 ml medium. The washed cells were spread onto solid
TBY-2 medium containing the appropriate selective antibiotics (for pVKH18En6;
40 pg/ml hygromycin, 100.pg/ml carbenicillin and 20 pg/ml timentin). After a
Iflonth, micro-calli appeared. The micro-calli were moved onto fresh plates (9 calli
per plate) of solid TBY2 medium supplemented with appropriate antibiotics. Calli
were passaged every month onto fresh plates of TBY-2 solid medium
supplemented with antibiotics. Transformed calli were identified with a Leica
stereo fluorescence microscope using UV illumination and GFP1 and GFP3 filters.

After 3 passages selected calli were used to establish suspension cultures. Calli
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used for suspension were passaged onto three separate plates (rather than the usual

two as used for routine passage of calli) prior to starting the suspensions.

Double transformation was achieved as described in Saint-Jore et al. (2002). Wild
type TBY-2 cells were incubated with 50 nl each of two Agrobacterium cultures,
transformed with different constructs, for two days. The cells were washed, plated

onto antibiotic plates, and selected as previously described.

2.2.3 Synchronisation of mitosis in tobacco BY-2 cells using aphidicolin

Cells (1ml stationary phase, 4 or more days after passage) were passaged into 20
ml fresh medium including 5 pg/l aphidicolin (stock 5 mg/ml in DMSO) and
hygromycin (40 pg/l). Cells were incubated for 24 hours at 27°C with shaking at
~130 r.p.m. The cells were washed with 500 ml of fresh medium using a sterile fine
nylon filter; cells were poured onto the filter and immersed in medium. Washing
was achieved by gentle agitation of the nylon filter in the washing medium, which
was frequently changed. Cells were resuspended in 20 ml of medium plus
hygromycin, and shaken at 28°C for 10 hours (peak cell division after release from
aphidi'coiin block occurs 10-12 hours post release) prior to observation using the

confocal laser scanning microscope (CLSM, see below).

2.2.4 Preparation of living plant tissue for observation using the confocal
laser scanning microscope

For imaging expression in leaves, a lcm square piece of leaf was excised and
placed with the lower epidermal surface facing upwards on a glass slide (20 x 70

mm, Fisher). A drg)p of water was placed on the leaf surface and a coverslip (22 x
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55mm, O thickness, Fisher) gently lowered on to the sample. Excess water was

removed by gently placing a tissue on one edge of the coverslip.

For imaging TBY-2 cells, 50-100 pl of cells were taken from a suspension culture
and put on a slide prior to observation. Samples were analysed at room

temperature.

2.2.5 Imaging

Confocal imaging was performed using an inverted Zeiss (Welwyn Garden City,
UK) LSM 510 Laser Scanning Microscope fitted with 40x and 63x oil immersion
objectives. For imaging expression of GFP constructs alone or in combination with
YFP we used the single- and multi-track facilities of the confocal microscope,
respectively as described by Brandizzi et al. (2002c). For imaging GFP and
ethidium bromide (EthBr), the 488 nm excitation line of an argon ion laser (GFP)
and the 543 nm excitation line of the helium laser (EthBr) were used alternately.
Fluorescence was detected using a 488/543 nm dichroic beam splitter and 505-530
nm banq pass filter for GFP and 560 nm long pass filter for EthBr. Image
processing (image manipulation, addition of scale bars) was accomplished with the
LSM 5 Image Browser (Zeisé) and Adobe (San Jose, USA) PhotoShop 5.5

software.

Ethidium bromide staining involved incubation of leaf tissue or BY-2 suspension
cultures with EthBr (50 pg/ml) and 50 pg/ml RNase A (Sigma) for 30 minutes at

room temperature (Brandizzi and Caiola 1998).

"’
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2.2.6 Membrane and protein isolation and analysis

2.2.6.1 Protein isolation

It was important to establish whether the LBR-GFPs construct was membrane-
integral. This was assessed using Triton X-114 (TX-114) partitibn as described by
Bordier (1981). 0.2 - 1.0 mg/ ml of protein in a crude extract of leaf tissue and BY-
2 cells in 10 mM Tris-HCI, 150 mM NaCl, 0.5-1.0% TX-114 on ice, prepared as

described below.

2.2.6.2 Pre-condensation of Triton X-114

Prior to use, the TX-114 was condensed to remove hydrophilic molecules as
described by Bordier (1981). In brief, 20 g of TX-114 plus 16 mg butylated
hydroxytoluene was added to 980 ml 10 mM Tris-HCI pH 7.4, 150 mM NaCl. The
mixture was placed at 0°C, mixed using a magnetic stirrer until the solution
cleared. The flask was then incubated overnight at 30°C and the solution separated
into two phases — a large aqueous phase and a smaller detergent phase. The
aqueous phase was removed and replaced by fresh 10 mM Tris-HCI pH 7.4, 150
mM NaCl. This condensation was repeated a further 2 times. Finally the enriched
TX-114 phase was removed and used as the stock for subsequent experiments. The
concentration of the stock TX-1 i4 was determined by measuring absorbance at 277
nm (using a Perkin Elmer (Boston, USA) UV/Vis Lambda 3B Spectrophotometer
with UV light and quartz cuvettes against a buffer blank). A 1% TX-114 solution

has an absorbance of ~28 at 277 nm.
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2.2.6.3 Phase separation of membrane proteins using Triton X-114

Stably or transiently transformed leaf tissue or 2 ml BY-2 cells (0.5-1.0 g) were
crushed on ice with 50 pl extraction buffer (10 mM Tris HCI, 150 mM NaCl, 0.5-
1.0% Triton-X114). Samples were centrifuged for 3 min at ‘full speed at 4°C.
Supernatant was decanted to a new tube and the volume brought up to 250 pl with

buffer. Sample (50 pl) was retained for total protein content evaluation.

Protein sample was gently overlaid on a 300 pl sucrose cushion containing: 6%
sucrose, 10 mM Tris HC], 150 mM NaCl, 0.06% Triton-X114. Samples were
incubated for 3 minutes at 30°C, then centrifuged for 3 minutes at 30°C at 300 g
using a Sorvall 6000D (Bishop’s Stortford, UK) with swinging bucket rotor. The
detergent phase was a small ‘oil drop’ at bottom of tube under the sucrose cushion.
The upper aqueous phase was removed to a new tube. Fresh Triton-X114 (0.5%
w/v) was added and dissolved at 0°C, and the sucrose cushion tube retained. The
protein mixture was overlaid on the old sucrose cushion and incubated for 3
minutes at 30°C. The tubes were centrifuged for 3 minutes at 30°C at 300 g. The
aqueous phase was rinsed with 2% Triton-X114 (samples were shaken and allowed
to sepérate) and this detergent fraction was discarded. Triton-X114 and buffer were
added to aqueous and detefgent. phases to obtain approximately equal volumes and
concentrations of salt and surfactant. Proteins were precipitated before separation

by SDS-PAGE as the presence of Triton interferes with separation of proteins.

2.2.6.4 Protein precipitation
Boviﬂe serum albumin (BSA; 20 pl of 10 mg/ml stock) was added to 600 pl

protein. Saturated ammonium sulphate solution (900 pl) was added and mixed by
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inversion. The tubes were incubated on ice for a minimum of 2 hours. The tubes
were then centrifuged for 10 minutes, 13000 r.p.m. at 4°C in a benchtop microfuge.
Supernatant was removed carefully, the tubes were centrifuged for 10 minutes at
13000 r.p.m. at 4°C. The supernatant was carefully removed. Buffer TE 50/2 (120
pl; 50 mM Tris, 2 mM EDTA) was added to the pellet and incubated on ice for 30
minutes. The pellet was then gently resuspended. Protein samples were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; see section 2.1.9 for

reagents and below for method).

2.2.6.5 SDS-polyacrylamide gel electrophoresis

An equal amount of 2x SDS gel loading buffer (Sambrook and Russell 2001) was
added to the protein samples, which were then heated at 94°C for 5 minutes.
Samples were the placed on ice and then immediately centrifuged at 13000 r.p.m.
for 1 minute at room temperature. Samples (15 pl) were loaded onto the pre-

prepared gel (see section 2.1.9 for details).

Electrophoresis was performed in denaturing conditions using a discontinuous
buffer system (Laemmli 1970). SDS polyacrylamide gels (12%, pH 8.8) with
stacking gels (pH 6.8) were prepared using a BioRad Mini Protean II unit (see

section 2.1.9).

The gels were prepared for use by removing the gel combs, and washing the wells
with deionised water to remove unpolymerised acrylamide and the well walls were
straightened with a blunt needle where necessary. Gels were then mounted in the

electrophoresis apparatus. 1x Tris-glycine electrophoresis buffer was added to the
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middle reservoir and then the tank and, the apparatus agitated to remove air
bubbles. Wells were washed out with electrophoresis buffer using a bent
hypodermic needle. The gels were then loaded using a 15 pl Hamilton syringe, the
syringe being washed between samples using buffer from the bottom reservoir.
Any unused wells were loaded with 1x loading buffer. The gels were run at 100 V
until the dye front reached the running gel at which point the current was increased
to 180 V. The run was complete when the dye front reached the end of the gels,
approximately 1 h. The gels were stained with Coomassie blue dye to reveal
proteins present, or electrophoretically transferred to nitrocellulose membrane

(Western blotted) for immunostaining.

2.2.6.6 Western blotting

Western blotting (Sambrook and Russell 2001) was performed using the BioRad
mini-blot system for wet blotting, with transfer for 1 h at 100 V onto Schliecher
and Schuell 0.45 pm nitrocellulose membrane. The membranes were blocked with
PBST 5% skimmed milk powder, then immersed in primary antibody in PBST 5%
skimmed milk powder (anti-GFP 1:3000 dilution) overnight at 4°C. Primary
antibody was washed off and a secondary antibody added (goat anti rabbit
conjugated to horse radish péroxidasc (HRP) 1:10,000 in PBST 5% milk). Proteins
were visualised using an ECL detection system (Amersham. Pharmacia, UK)

according to manufacturer’s instructions.
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2.2.7 Electron microscopy
Two embedding methods were employed, LR White resin to retain antigenicity for

immunogold labelling and Spurr resin for preservation of ultrastructural features.

2.2.7.1 Fixation for immunogold labelling

Leaf material was prepared for electron microscopy using the progressive lowering
of temperature (PLT) technique as described by Gunawardena et al. (2001) with
the exception of the fixative used. In the present study, leaf material was fixed for 1
h in 1% paraformaldehyde/1% glutaraldehyde in 0.1 M Na-Cacodylate buffer (pH

6.9).

For immunogold labelling, sections were treated as described in Gunawardena et
al. (2001) using as anti-GFP primary antibody (Molecular Probes, Leiden, The
Netherlands) diluted 1:3000 in PBS BSA (1%). Control grids were incubated in the
absence of primary antibody. Sections were then washed (3 x 10 min.) in PBS BSA
1% fish gelatin before incubation for 1h at room temperature in secondary antibody
(10 nm-gold conjugated goat anti-rabbit secondary antibody, British Biocell,
Cardiff, UK) diluted 1: 20 with 1% fish gelatin in PBS BSA (1%). Sections were
then poét-stained using uranyl acetate and lead citrate (Reynolds 1963) before
examination. Sections were then viewed using a JEOL 1200 EXII transmission

electron microscope (Welwyn Garden City, UK).

2.2.7.2 Fixation for ultrastructural study
Leaf samples were processed at room temperature and embedded in Spurr resin

(TAAB Laboratories, Reading, UK). Leaf discs (2 mm diameter) were fixed for 40
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minutes in 1% glutaraldehyde, 1% paraformaldehyde in 0.1 M sodium cacodylate
buffer pH 6.9 plus 2% sucrose, a small amount of polyoxyethylene laurly ether
(Brij 35) and 1 mg/ml CaCl,. Discs were washed 4 x 10 minutes with 0.1M sodium
cacodylate buffer pH 6.9, then transferred to 1% aqueous osmium tetroxide for 1 h.
Samples were then washed 4 x 10 minutes with filtered ultra-pure water and
incubated overnight at 4°C in 0.5% uranyl acetate. Saﬁlples were rinsed for 10
minutes with ultra-pure water then dehydrated in a water/ethanol (v/v) series 10%,
20%, 30%, 50% for 30 minutes each,‘70% 2 x 30 minutes, 90 1 x 30 minutes,
100% and 100% dried ethanol (over anhydrous sodium sulphate) each 3 x 20

minutes.

Samples were then infiltrated with increasing levels of Spurr resin (pre-mixed
medium grade from TAAB Laboratories). Infiltration began with 25% resin v/v
with dried ethanol at room temperature for 1 h, then 50%, 75% and 100% for 1 h
each and overnight in 100% resin. Samples were kept in 100% resin for 8 h,
changing the resin periodically, then left overnight and for a further 8 h. Specimens
were placed in fresh resin before placing in silicone embedding moulds for

polymerisation.

Specimens were placed in a 70°C oven for 10 hours to polymerise. Samples were
tﬁen removed from the moulds prior and prepared for sectioning. Sections were cut
using Reichert-Jung (Vienna, Austria) Ultracut E, and RMC (Boeckeler
Instruments Inc., Tucson, USA) MT XL microtomes using glass knives for thick
sections and a diamond knife (Drukker International, Cuijk, The Netherlands) for

thin and ultra-thin sections.

#
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3. PRODUCTION, AND CHARACTERISATION OF LBR-
GFP; PROTEIN EXPRESSION IN PLANT CELLS

3.1 INTRODUCTION

The NE, a concentric double membrane perforated by nuclear pores, .is a unique
feature of eukaryotic cells. The ONE is in continuum with perinuclear ER and
hence the components of the ER and ONE membranes and lumen are very similar.
The INE contains a functionally distinct group of proteins, which include those
involved in maintaining the structure of the nucleus by their interaction with the

nuclear lamina (Schuler ef al. 1994, Ye and Worman 1994).

To date there has been little research concerning NE organisation and protein
composition in plants (see Meier 2001 for a review). The absence of markers
specifically localised to the plant NE for use in in vivo studies has impeded
progress in the area. Thus there is little information regarding the dynamics of the
plant NE during progression through the cell cycle as shown by specific markers in

living cells, an area studied in depth in mammalian cells (see Introduction 1.2).

Searches of the higher plant protein and DNA sequence databases do not show
plant homologues to INE proteins identified in mammals, for instance, LBR,

nurim, emerin and MAN1.

~ Previous GFP and immuno-labelled plant proteins (e.g. RanGAP, MAF1, MFP1;
Rose and Meier 2001, Gindullis and Meier 1999) that are located at the plant NE

were also found to localise with other subcellular structures and thus lack the
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specificity needed for exclusive analysis of the properties of the NE. Work using
RanGAP-GFP fusions in Arabidopsis showed a discontinuous distribution of |
fluorescence suggestive of nuclear pore association, rather than NE membrane (Pay
et al. 2002). This is consistent with its role in nuclear transport.
Immunofluorescence labelling during mitosis showed RanGAP co-locélising with
microtubules. Immunolabelling of the protein-degrading 26S proteasome showed
NE labelling, as well as labelling of other structures (Yanagawa et al. 2002).
During mitosis the proteasome labelling co-localised with the microtubules of the

mitotic spindle.

The dynamics of the mammalian NE have been successfully investigated using a
GFP-fusion with the N-terminal lamin-B receptor domain (Ellenberg et al. 1997).
The LBR is a constitutively expressed 58kDa integral membrane protein of the INE
(Worman et al. 1990, Holmer er al. 1998). It is present in animal, but not plant or
fungal cells. The C-terminal domain is very similar to the sterol reductase family
found in plants (Schrick et al. 2000) but this domain is not necessary for targeting
of LBR to the NE in animal cells (Smith and Blobel 1993). The protein has 8
transmembrane domains and a large N-terminus in the nucleoplasm to which the
lamins énd chromatin bind (Ye and Worman 1994, Schuler et al. 1994, Takano et
al. 2002). These protein-protein and protein-DNA interactions are responsible for
its retention in the INE (Soullam and Worman 1993, 1995). The carboxyl-terminal
-domain binds to B-type lamins and HP1-type chromatin proteins (Ye and Worman
_1994, 1996, Ye et al. 1997). Studies using truncated LBR indicate that the N-
terminus contains a bipartite nuclear localisation signal (NLS) and that the first TM

domain is necessary and sufficient for protein targeting to the INE (Soullam and

“
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Worman 1993, 1995, Smith and Blobel 1993). The NE targeting of human LBR
has also been demonstrated in yeast (Smith and Blobel 1994). When the N-tenninali
238 amino acids of the LBR, comprising the nucleoplasmic N terminal region and
one TM domain, was fused to enhanced GFP (EGFP) the fusion localised to the NE
and to a lesser extent the ER, on expression in COS-7 cells (Ellenberg et al. 1997).
This LBR-EGFP chimaera has allowed the in vivo dynamics of interphase and
mitotic cells in mammalian cells to be followed (Ellenberg et al. 1997, Gerlich et

al. 2001, Beaudouin et al. 2002). See Introduction 1.2 for more detail.

Successful targeting of heterologous proteins in plants has been previously
reported. The C-terminal 52 amino acids of the rat sialyltransferase (ST), which is
absent in plants, was sufficient to localise a GFP fusion to the plant Golgi in
tobacco plants and BY-2 cells (Boevink et al. 1998, Saint-Jore ef al. 2002). In the
light of this positive targeting, the use of a mammalian INE protein as an in vivo

marker in plant cells was explored.

To obtain a potential in vivo marker for studying the dynamics of the plant NE, the
human LBR-EGFP chimaera (Ellenberg ef al. 1997) was optimised for expression
in plaﬁt cells by the replacement of EGFP by GFPs (Haseloff et al. 1997). The
fusion construct was transiently and stably expressed in tobacco plants and the

location and dynamics of the encoded protein evaluated.
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3.2 RESULTS

3.2.1 Production of the LBR-GFPs construct

The LBR-GFPs cDNA fusion was produced by overlapping PCR (reaction
conditions described in Materials and Methods section 2.2.1.1). LBR was amplified
from the LBR-EGFP plasmid (donated by Dr J. Ellenberg, EMBL Heidelberg) by
PCR using oligonucleotides SI16 (5'gtcggcggatccatgccaagtaggaaatttgee) and SI13
(5" ccagtcgacgtgggatcttictgtttacacatcaacage) with an annealing temperature of 58°C
and elongation time of 40 seconds. GFPs was amplified using oligonucleotides
SI14 (5°cagaaagatcccacgtcgactggagaacttgtttcaaatgg) and SI17
(5" gegtecgagctcttatttgtatagttcatccatgee) with an annealing temperature of 62°C and
elongation time of 40 seconds. These products were then used as templates in a
third PCR in which the two coding regions were fused together and amplified using
oligonucleotides SI16 and SI17 (annealing temperature 52°C and elongation time
of 1 min 25 sec). The fusion construct was designed to have 5’ BamHI and 3’ Sacl

restriction sites for insertion into the polycloning site of pVKH18En6 (Figure 3.1).

The pVKHI8En6 LBR-GFPs plasmid was cloned using standard molecular
techniques (Materials and Methods 2.2.1 and Appendix 5) and was used to
transf;orm an A. tumefaciens strain containing a disarmed Ti plasmid (pMP90;
Iptroduction 1.6.3). The Uénsgenic Agrobacterium strain was used to transiently

express the LBR-GFP;s protein in N. tabacum leaf epidermal cells.

3.2.2 Transient expression of LBR-GFPs in tobacco leaf cells
The subcellular location of the LBR-GFPs protein in tobacco leaf cells was

deterfnined using a Zeiss LSM 510 Laser Scanning Microscope (see Materials and
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Methods 2.2.5). Leaf segments were observed three days after infiltration with
transformed A. tumefaciens culture. Fluorescence was found to localise at the
periphery of the nucleus in interphase (marked by a white arrow, Figure 3.2A). The
NE location of fluorescence in the ceils was confirmed by staining chrqmatin with
ethidium bromide (shown in red, Figure 3.2B). On imaging, GFP fluorescence was
clearly observed surrounding the ethidium bromide labelled nuclear contents,
consistent with labelling of the NE (Figure 3.2C). Chloroplast autofluorescence
was also present and is indicated by a white arrow in Figure 3.2C. In single cells
the LBR-GFPs construct clearly labelled the - NE (Figure 3.2D) with low
fluorescence in the cortical ER (Figure 3.2E). The level of NE labelling differed
between cells due to the nature of the transient expression system. The transient
expression system allows rapid screening of constructs, however there is no way of
controlling how much protein each cell will produce as they are likely to have been
infected with a different number of bacteria, thus producing varying levels of
protein expression. A low level of ER labelling was frequently observed in cells

that were expressing high levels of the fusion protein.

3.2.3 Comparison of LBR-GFP;s location with ER markers

The subcellular distribution of LBR-GFPs labelling in cells transiently expressing
the LBR-GFPs protein (Figuré 3.3A-B) was compared with cells expressing a
GFPs-calnexin fusion (spGFPsCX, Figure 3.3C-D) and ER targeted/retained GFPs
(spGFPs-HDEL; Figure 3.3E-F), which are ER membrane and soluble markers,

respectively (see Introduction 1.6.2 and Materials and Methods 2.1.10).
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Fluorescence of LBR-GFPs located predominantly to the nuclear periphery (Figure .
3.3A). Overall there was minimal fluorescence observed at the cell cortex in cells
expressing LBR-GFPs (Figure 3.3B); however, a small subset of transformed cells
displayed a low level of ER fluorescence when greatly over-expressing the LBR-

GFPs protein.

In cells expressing a truncated form of calnexin, an ER resident integral membrane
protein, (Irons ef al. 2003) GFP fluorescence was present at the NE as well as the
ER in accordance with the continuity of NE and ER membranes (Figure 3.3C). In
contrast to the LBR-GFPs labelling these cells also contained a clearly labelled
cortical ER network (Figure 3.3D). The ER lumen marker spGFP-HDEL gave
similar patterns of fluorescence to calnexin, with GFP fluorescence located at the

NE (Figure 3.3E) and in a clearly defined cortical ER network (Figure 3.3F).

3.2.4 Stable expression of LBR-GFPs in Nicotiana tabacum

Plants stably expressing LBR-GFPs protein were produced in order to study the
location of the chimaera in different cell types. Stable plants originate from a single
transformed cell and as such every cell in a stable plant should express the labelled

protein at the same level when controlled by a constitutive promoter.

When tobacco epidermal cells stably expressing LBR-GFPs were analysed with the
imaging settings for GFP fluorescence, bright fluorescence was localised at the rim
of the nuclei (a typical NE labelled with GFP is indicated by a white arrow),
strongly indicating labelling of the NE (Figure 3.4A and C). The NE in the stable

plants‘ showed a uniform level of GFP fluorescence. On staining with ethidium

”
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bromide these cells showed intense red fluorescence localised at the nucleoplasm -
(Figure 3.4B-C). At higher magnification, NE labelling was observed in single
cells stably expressing the LBR-GFPs protein (Figure 3.4D). Ethidium bromide
staining of the same cell provided clear labelling of the nucloplasm (Figure 3.4E).
When the GFP and ethidium bromide images were merged GFP labelling was
specific to the nuclear rim, with nucleoplasmic GFP fluorescence not apparent
(Figure 3.4F). Fluorescence was not detected in the cortical endoplasmic reticulum

(Figure 3.4G).

Stable expression allows the imaging of cell types that are not amenable to the
transient transformation method. The guard cells of the stomata show NE
localisation of the LBR-GFPs protein (Figure 3.4H), confirmed by the dual imaging
of GFP and ethidium bromide (Figure 3.41). In petal cells NE labelling was also
observed, together with some cortical ER labelling (Figure 3.4J). An
autofluorescent chromoplast is also present (white arrow, Figure 3.4J). Pollen
granules on the petals also showed NE labelling with LBR-GFPs (Figure 3.4K;
autofluorescent structures were also present within the pollen granules indicated by
arrows). In root cells, fluorescence was present in the vacuole and excluded from

the nucleus (Figure 3.4L; nucleus marked with white arrow).

3.2.5 Mobility of LBR-GFPs determined by FRAP

The diffusional mobility of LBR-GFPs and spGFPsCX were determined by
monitoring fluorescence recovery after photobleaching (FRAP; as described in
Introduction 1.2). LBR-GFPs showed a slow recovery of fluorescence after

photobleaching with a recovery curve gradient of 2.07 (for curve see Figure 3.5A),
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compared to spGFPsCX with a steeper curve (Figure 3.5B) and gradient of 1.58. "
The gradient represents the rate of fluorescence recovery, from time of
photobleaching to the time at which a steady state of recovered fluorescence is
established, with a gradient of 1 showing faster rate of recovery than a gradient of
2. The slower recovery of LBR-GFPs suggests that an immobile fraction of
fluorescently tagged protein is present at the NE. SpGFPsCX shows a faster
recovery of fluorescence than LBR-GFPs, supporting previous descriptions of the

protein being freely mobile within the membrane but membrane integral.

3.2.6 Location of the LBR-GFPs protein by immunogold labelling

In order to investigate further the sub-cellular localisation of the LBR-GFPs
chimaera an uitrastructural study was undertaken by electron microscopy.
Antibodies to GFP and immunogold immunocytochemistry were used to detect the
location of the expressed protein in the stable transformants. Gold particles were
localised at the NE in leaf epidermal cells expressing the construct (Figure 3.6A)
but not in non-transformed controls (Figure 3.6B). It was not possible to
discriminate between INE, ONE and NE lumenal staining because in the indirect
immunostaining technique a secondary antibody to GFP was used for detection.
The GFP domain of the construct is anticipated to be in the NE lumen, anchored to
the membrane by the LBR domain. However, the combined size of the primary and

secondary antibodies limit the resolution of the technique.

3.2.7 Phase separation of integral membrane proteins using Triton X-114
LBR is an integral membrane protein in mammalian cells (Soullam and Worman

1993, 1995). As plant cells were used as a heterologous system for LBR-GFPs
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expression it was necessary to establish whether the protein was also membrane
integral in plants. To assess this a phase separation assay (Bordier 1981) was
performed. The assay is based on partitioning total cellular extracts between an
aqueous phase and a detergent phase obtained by extraction with the detergent
Triton X-114 (TX-114); membrane integral proteins partition into the detergent
enriched phase, while soluble proteins partition with the aqueous phase. As
membrane and soluble markers of the endomembrane system, spGFPsCX and sp-

GFPs-HDEL were adopted respectively.

SDS-polyacrilamide gel electrophoresis (SDS-PAGE) was performed on aliquots
from the total protein, soluble and TX-114 phases for each of the constructs.
Samples were transferred to a nitrocellulose membrane by electrophoresis (Western
blotting) and they were then labelled with an anti-GFP primary antibody followed
by a HRP conjugated secondary antibody. Proteins were then visualised using an

ECL system (see Materials and Methods 2.2.6.6).

Figure 3.7 shows the separated and transferred proteins visualised by ECL. The
LBR-GFPs and spGFPsCX protein bands partitioned in the detergent phase,
confirming that the constructs are membrane integral. The dual bands in LBR-
GFPs and spGFPs-CX total and TX-114 fraction lanes (lanes 1 and 3, and 4 and 6,
respectively) are likely to be the result of incomplete protein glycosylation. The
spGFPs-HDEL fusion partitioned in the aqueous phase, as expected, while LBR-
'GFPs was absent from this phase. The dual bands seen in HDEL total and aqueous
lanes are a result of degradation. Both LBR-GFPs and spGFPsCX soluble protein

phases also contained clear bands of the same molecular weight as free GFP. The
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presence of this soluble GFP is likely to be due to the degradation of the fusion |

constructs.

3.3 DISCUSSION

The amino terminal 238 amino acids of the human LBR were fused to GFPs in
order to produce a possible in vivo marker for the plant NE. Characterisation of
LBR-GFPs by confocal microscopy of plant tissue transiently (Figure 3.2) and
stably (Figure 3.4) expressing the protein indicated that this fusion was an
appropriate marker for the study of NE dynamics as it showed NE localisation,
with minimal labelling of other sub-cellular structures. Electron microscopy
confirmed the location of the GFP fusion to the NE. Biochemical investigations
indicated that LBR-GFPs expressed heterologously in plants was membrane

integral, as it is in animal cells.

By stably expressing the chimaeric protein in whole plants under a 35S constitutive
promoter the location of LBR-GFPs in a variety of tissues was assessed (Figure
3.4). In most cells (leaf epidermis, pollen) NE location was observed, with some
ER labél]ing present in petal cells. Root cells showed clear fluorescence in the
vacuole lumen. This vacuolar fluorescence present in root, but not in leaf, cells is
likely to be due to the exposure of the aerial plant growth to blue light. When GFP
absorbs blue light at acidic pH the fluorophore becomes susceptible to proteinase
attack, resulting in protein degradation and quenching of fluorescence (Tamura et
“al. 2003). This explanation is corroborated by the observation of soluble protein
bands of the same molecular weight as GFP found when protein extracts from cells

expressing GFP labelled proteins were subjected to phase partition using TX-114.
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The ONE is considered to be a domain of the ER and in functional continuum with |
it. Thus ONE and ER proteins, and ER and NE lumenal proteins can be expected to
show very similar, if not identical distribution (Mattaj 2004). However, when LBR-
GFP;s distribution was compared with the ER marker calnexin, a clear difference in
distribution was observed, with calnexin localised in the ER and NE, while LBR
was largely restricted to the NE. This suggests that the LBR-GFPs is localised to

and retained in the INE.

The targeting of the amino-terminal 238 amino acids of the human LBR to the
higher plant NE shows that NE protein targeting and anchoring mechanisms can be
achieved in plant cells. Previous studies have shown that the LBR N terminus
located in the nucleoplasm, contains a bipartite NLS together with one TM domain,
is necessary for retention at the INE (Smith and Blobel 1993, Soullam and Worman
1993). It is thought that LBR is retained at the mammalian INE by a diffusion-
retention mechanism in which LBR binds to lamin B and chromatin (Soullam and
Worman 1995, see Introduction 1.5.1). By using FRAP the retention of LBR-EGFP
at the NE during interphase has been demonstrated (Ellenberg et al. 1997). The
dissociation of the protein and resulting diffusion within the ER during mitosis has
also been observed with this.method (Ellenberg et al. 1997). The ‘diffusion-
retention’ mechanism has been demonstrated in animals and, in the present study,
suggested to occur in plants. When the recovery rates of LBR-GFPs and spGFPsCX
were compared using FRAP, the gradient of the calnexin fluorescence recovery
* curve was greater than that of LBR, showing a faster rate of fluorescence recovery
for calnexin. The difference in recovery implies that there is an immobile (bound)

population in the”total pool of LBR, whose fluorescence is restored when the
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unbleached protein dissociates from its binding interactions and is replaced by new
fluorescent protein. The recovery process will take longer for a bound protein in
comparison to an unbound one, as unbound protein is freely mobile in the
membrane, and as such can move away from the bleached area and be replaced

with unbleached protein.

Use of the phase partition (Bordier 1981) procedure to separate integral membrane
and soluble proteins showed that spGFPs-CX, a known membrane protein,
partitioned to the TX-114 fraction and behaved in the same way as LBR-GFPs.
This strongly suggests that LBR-GFPs is present as an integral membrane protein
in plant cells. SpGFPs-HDEL, which is not membrane-integral, was present in the

aqueous fraction only, further corroborating the validity of the technique.

For each of the fluorescent constructs used in the phase separation assay, the
subsequent blots contained protein bands with a similar molecular weight to
soluble GFP. These GFP bands are likely to be due to the degradation of the fusion
proteins, with the resulting degradation products being found in the vacuole lumen,
as observed in root cells expressing LBR-GFPs. The presence of a single GFP
band, rather than a ladder of degraded protein, is suggested to be due to the high
stability of GFP in acid and proteolytic conditions found in the vacuole, whilst the
protein of interest is less resistant and hence is degraded rapidly leaving the free

GFP (Tamura ef al. 2003).

The sub-cellular distribution of LBR-GFPs raises several questions regarding the

targeting of proteins to NE in plants. Database searches reveal that plants do not
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have identifiable molecular homologues of LBR and other mammalian NE
proteins. Yet the basic architecture of the nucleus consisting of a roughly spherical
form enclosed by a double membrane, appears to be similar in plants, animals and
yeast. The lack of INE protein homology between plants, animals and ﬁingi raises
the possibility of different evolutionary routes of gross nuclear architecture, as well
as the finer aspects of protein targeting and retention strategies employed in

different organisms.

Plants have nuclear intermediate-filament like proteins with structural motifs
similar to mammalian nuclear lamins (see Introduction 1.1.2), but with different
amino acid sequences (Gindullis et al. 2002, Rose et al. 2003). Immunolabelling
using anti-vertebrate lamin antibodies has produced nuclear labelling in plant cells.
This implies the presence of a common epitope in animals and plants (Beven et al.

1991, McNulty and Saunders 1992, Minguez and Moreno Diaz de la Espina 1993).

The presence of intermediate-filament like proteins and concomitant lack of lamin
genes in plants (see 3.1 Introduction) suggests that the plant NE may have a unique
composi’tion that has developed in a different way to the vertebrate NE. Yeast also
lacks lamins and as such may have nuclear structure closer to plants than animals.
The lack of protein homology could also indicate a divergence of NE architecture
in plants, mammals and fungi, with the presence of a rigid cell wall affording some
protection to the nucleus and as such leading to reduced structural complexity and
protein interactions at the NE. Alternatively the architecture of the nucleus may be
common to plants, mammals and fungi, but with plants having evolved a different

array of proteins that produce a comparable end result. Another possible
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explanation for failure to detect homologues of the mammalian lamins in plants
may result from the failure of current plant databases to fully represent all plant

genes.

Using confocal and electron microscopy and biochemical techniques the LBR-
GFP;s fusion has been shown to label the plant NE in vivo. The production of this
marker facilitates the study of the dynamics of the NE in plant cells during mitosis
(Chapter 4). By mutating specific amino acids in the LBR protein the domains
responsible for the targeting and retention of LBR at the plant NE may be

identified (Chapter 5).
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Figure 3.1 LBR-GFPs pVKH18En6 cloning site map.

RB - right border, pA - poly A, Hyg® — hygromycin resistance gene encoding
hygromycin phosphotransferase (in plants), PNOS — nopaline synthase promoter,
Km® - kanamycin resistance gene encoding neomycin phosphotransferase II
(bacteria), TNOS — nopaline synthase terminator, 35S En6 — 6 times enhancer 35S

promoter, LB — left border.
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Figure 3.2 Transient expression of the LBR-GFPs protein in tobacco leaf

epidermal cells.

A. GFP fluorescence in tobacco leaf epidermal cells transiently expressing LBR-
GFPs, nuclear rim labelling marked with arrow.

B. Ethidium bromide stained tobacco leaf epidermal cells (same cells as A).

C. Merged image of A and B, GFP and ethidium bromide labelling in epidermal
cells transiently expressing LBR-GFPs. Autofluorescent plastid marked with
arrow.

D. GFP fluorescence in single leaf epidermal cell expressing LBR-GFPs.

E. Same cell as D, view of cell cortex showing GFP labelling of ER in leaf

epidermal cell expressing LBR-GFPs.

Scale bars = 10 pm.
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Figure 3.3 Comparison of NE and ER labelling of LBR-GFPs and ER resident
proteins spGFPs-HDEL and spGFPs-Calnexin on transient expression in

tobacco leaf epidermal cells.

A. LBR-GFPs located at the NE in leaf epidermal cell.

B. Same cell as A, view of cell cortex showing LBR-GFPs located in ER in leaf
epidermal cell.

C. SpGFPs-Calnexin located at the NE in leaf epidermal cell.

D. Same cell as C, view of cell cortex showing spGFPs-Calnexin GFPs located in
the ER in leaf epidermal cell.

E. SpGFPs-HDEL located at the NE in leaf epidermal cell.

F. Same cell as E, view of cell cortex showing spGFPs-HDEL GFPs located in the

ER in leaf epidermal cell.

Scale bars = 10 pm.
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Figure 3.4 Stable expression of the LBR-GFPs protein in a range of tobacco cell

types.

m m 9 onow »

= Q

'P—'i

GFP location in leaf epidermal cells stably expressing LBR-GFPs.

Same cells as A, ethidium bromide stained leaf epidermal cells.

Merged image of A aﬁd B.

GFP location in single leaf epidermal cell stably expressing LBR-GFPs.

Same cells as D, ethidium bromide stained leaf epidermal cell.

Same cell as D showing GFP labelling and ethidium bromide staining.

View of cell cortex of leaf epidermal cell stably expressing LBR-GFPs.

GFP labelling in stomatal guard cells stably expressing LBR-GFPs.

Same cell as H, GFP and ethidium bromide labelling in guard cell.

GFP location in petal cells stably expressing LBR-GFPs, autofluorescent plastid
marked with arrow.

Higher magnification of petal cells expressing LBR-GFPs, autofluorescent
structure marked with arrow.

GFP location in root cells stably expressing LBR-GFPs, nucleus marked with

arrow.

Scale bars = A-C, G 20 pm, D-F, H-L 10 pm.
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Figure 3.5 Mobility of LBR-GFPs as determined by fluorescence recovery after

photobleaching (FRAP).

A. Graph showing fluorescence recovery after photobleaching of LBR-GFPs in NE
of transiently transformed tobacco leaf epidermal cell.
B. Graph showing fluorescence recovery after photobleaching of spGFPsCX in NE

of transiently transformed tobacco leaf epidermal cell.
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Figure 3.6 Electron microscope immunocytochemistry of LBR-GFPs
distribution at the nuclear envelope of a stably expressing LBR-GFPs tobacco

leaf epidermal cell.
A. Sections were stained with anti-GFP primary antibody, followed by secondary
10nm gold antibody. Arrows indicate the position of gold particles. The position

of the inner NE (INE) and outer NE (ONE) are indicated.

B. Control in which no primary antibody was added.

Scale bars = 100 nm.
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Figure 3.7 Western blot of GFPs protein constructs extracted from plant
material, separated using a Triton X-114 phase separation assay and visualised

by ECL blot.

Lane 1. LBR-GFP;s total protein extract.
Lane 2. LBR-GFPs aqueéus fraction.

Lane 3. LBR-GFPs Triton X-114 fraction.
Lane 4. SpGFPs-CX total protein extract.
Lane 5. SpGFPs-CX aqueous fraction.

Lane 6. SpGFPs-CX Triton X-114 fraction.
Lane 7. SpGFPs-HDEL total protein extract.
Lane 8. SpGFPs-HDEL aqueous fraction.

Lane 9. SpGFPs-HDEL Triton X-114 fraction.
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CHAPTER 4.
STUDY OF NUCLEAR ENVELOPE DYNAMICS DURING

MITOSIS IN PLANT CELLS USING LBR-GFP;
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4. STUDY OF NUCLEAR ENVELOPE DYNAMICS DURING

MITOSIS IN PLANT CELLS USING LBR-GFP5

4.1 INTRODUCTION

In the previous chapter it was shown that when the amino terminal 238 amino acids
of the mammalian LBR were fused to GFPs and expressed in plant cells, NE
localisation of the construct was observed. This in vivo NE marker facilitates the
study of the dynamics of the NE during the cell cycle in plant cells, previously not

possible due to a lack of markers specific to the plant NE.

The proteins of the mammalian INE are well described (reviewed by Holmer and
Worman 2001). With the use of fluorescent protein fusions and microscopy
techniques such as FRAP and FLIP (Introduction 1.2) it has been demonstrated that
all of the INE proteins examined to date are immobilised at the NE during
interphase (e.g. LBR; Ellenberg ef al. 1997, emerin; Ostlund ef al. 1999, nurim;
Rolls et al. 1999, MAN1; Wu et al. 2002). This immobility supports the diffusion-
retention model, which proposes that proteins are bound at the INE by interactions
with 'liéands within the nucleoplasm. During mitosis these interactions are
uncoupled through changes in" phosphorylation (Worman and Courvalin 2000),
Which allows formerly tethered proteins to diffuse within the membrane continuum
(Soullam and Worman 1993, 1995). Live cell imaging of dividing cells expressing
LBR-EGFP showed that the fluorescent protein chimaera migrated to the ER
during division and was present in a freely diffusible form, in contrast to its
predominantly immobilised interphase state (Ellenberg et al. 1997). The location of

LBR-EGFP throuéh‘ the ER membranes during mitosis provides evidence to
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dispute the theory that the breakdown of the NE during mitosis is due to
vesiculation (see Introduction 1.2), as proposed from in vitro experiments using

fractionated Xenopus oocytes (Vigers and Lohka 1991).

The association of plant endomembranes with the niitotic apparatus has been
demonstrated by electron microscopy (EM) in a range of plants, including barley
(Hepler 1980), Tradescantia stamen cells (Hepler 1985) and maize root (Hawes et
al. 1981). These studies provided a wealth of information about spindle
architecture and enabled informed speculation as to the dynamic membrane
changes that occur during mitosis. Imaging of biological specimens presents a
dichotomy; whilst EM provides excellent ultrastructural resolution, this detail is
gained with the loss of the ability to observe membranes in vivo. In contrast, live
cell imaging allows the observation of membrane dynamics in real time, but with
significant loss of spatial resolution compared to EM. In the case of mitosis, it has
been suggested, on the basis of EM images, that the NE joins the ER membranes
during mitosis (Hepler 1980, Hawes ef al. 1981). However this absorption has not
been visualised in vivo due to the lack of specific markers for the NE for EM or

light miéroscopy.

As previously detailed (Introduction 1.4) research on plant NE dynamics has been
hindered by a lack of readily available markers that specifically target the NE.
Fluorescent protein chimaeras that target the ER and ER/Golgi (e.g. spYFP-HDEL,
ERDZ-GFP, spGFPs-CX), also highlight the NE (see chapter 3). This labelling is
due to the direct continuity of the NE and ER membranes and lumen and is not due

to specific targeting or retention at the NE. An ER/Golgi marker was used as a
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marker for NE breakdown in a study of PPB formation and division in tobacco BY-
2 (TBY-2) cells, providing interesting information on microtubule (MT) interaction

with the NE and on MT changes during mitosis (Dixit and Cyr 2002).

Tobacco BY-2 cells have been used to study many‘ aspects of plant cell and
molecular biology through the cell cycle including cytokinesis (Samuels ef al.
1995), proteasome location (Yanagawa et al. 2002), MT dynamics (Dixit and Cyr
2002, Kumagai et al. 2003) and gene expression (Breyne et al. 2002, Dambrauskas
et al. 2003). TBY-2 cells are amenable to mitotic synchronisation using aphidicolin
(Nagata er al. 1992, Nagata and Kumagai 1999), a DNA polymerase a inhibitor
(Ikegami et al. 1978) that arrests cells at the G1/S boundary together with any cells
that are in S-phase. On removal of the aphidicolin the majority of the cells are
released from G1 and the cell cycle progresses to S phase and into division. This
provides a population of cells in which a significant proportic_)n are dividing at the
same time and hence is an ideal system to use when studying cell division. TBY-2
cells are also easy to transform using 4. tumefaciens, producing cells stably

expressing protein chimaeras (Geelen and Inzé 2001).

The LBR-GFPs chimaera was ‘used as a vital marker to specifically follow NE

dynamics during the cell cycle in plant cells in vivo.
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4.2 RESULTS

Tobacco BY-2 cells were stably transformed with LBR-GFPs alone, and in
combination with spYFP-HDEL and the location of fluorescence of the constructs

followed through mitosis (see Materials and Methods 2.2.2.3).

4.2.1 LBR-GFP;s location in interphase tobacco BY-2 cells

In TBY-2 cells stably expressing LBR-GFPs bright fluorescence was found to
localise mainly at the NE (Figure 4.1A). Faint labelling of the cortical ER was also
detected. TBY-2 cells stably transformed with LBR-GFPs showed a similar level of
NE labelling as the previously described for stably transformed plants (Chapter
3.2.4). On repeated passage of the TBY-2 cultures the level of ER labelling
increased. This meant that only cells that had undergone less than 4 passages were
used for the studies described in this thesis. ER labelling with LBR-GFPs was
found on transient expression in tobacco leaf cells and has also been observed in

mammalian cells (Ellenberg et al. 1997).

4.2.2 LBR-GFP;s highlights NE dynamics in tobacco BY-2 cells

The distribution of LBR-GFPs was observed during mitosis at different stages of
division in several cells (Figures 4.1-4.3). In interphase cells, NE fluorescence was
éonsistently observed (Figure 4.1A). With the NE intact, at prophase the NE begins
to break down. GFP fluorescence was observed around the condensed prophase
chromosomes (Figure 4.1B), as labelled with ethidium bromide (shown in red,
| Figure 4.1C and D). GFP fluorescence was present in tubular structures connecting
the NE to the cortical ER at the periphery of the cell (indicated by arrow, Figure

4.1D). In prbmetaphase the defined labelling typical of the NE was no longer
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present, with fluorescence distributed throughout the membranes of the mitotic
spindle (Figure 4.2A). During metaphase the LBR-GFPs fluorescence continued to
be located in a membranous meshwork which was continuous with ER, with the
chromosomes aligned on the metaphase plate visible as an area of membrane
exclusion (metaphase plate indicated by arrow, Figure 4.2B). As the daughter
chromosomes migrated to opposite poles of the cell in anaphase, fluorescence was
observed in tubular structures resembling tubular ER (tubular ER indicated with
arrow, Figure 4.3A) at the division plate between the two daughter nuclei. In early
telophase, as new NEs form around the new daughter nuclei, recruitment of LBR-
GFPs fluorescence around the nuclei was observed (marked with arrow, Figure
4.3B), with labelling of the mitotic membranes also remaining. As telophase
progressed the fluorescence around the new NE became more pronounced, with a
decrease in peripheral membrane network labelling. The NEs at this stage appeared
crenalated in form, with a uniform distribution of fluorescence (as indicated by
arrow, Figure 4.3C). Labelling of the phragmoplast was also observed between the
new daughter nuclei. Towards the end of telophase as the daughter NE became
more rounded, the strong labelling of the phragmoplast persisted as the new
dividiné cell wall formed between the daughter cells (marked by arrow, Figure

4.3D).

4.2.3 Fluorescence distribution in a single cell during division

Using TBY-2 cells stably expressing LBR-GFPs and synchronised with
aphidicolin, it was possible to follow single cells undergoing division. A typical
example (3 cells were observed undergoing division) of fluorescence distribution in

a cell progressing from late metaphase to the end of telophase is shown in Figure
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4.4. The sequence shown took approximately one hour, consistent with the

observation that mitosis takes around 2 hours in TBY-2 cells (Vos et al. 1999).

As in the cell shown in figure 4.3D, the late metaphase cell expressingALBR-GFP5
showed fluorescence distributed through the ER memBranes (time 0-1216s, Figure
4.4). Tubular membranous structures were observed through the mitotic apparatus
(indicated with arrow, Figure 4.4, time 1274-1507s). As division progressed
through anaphase the fluorescence of the membranes moved towards opposite
poles as the chromosomes separated (time 0-1536s, Figure 4.4). In telophase the
ER membranes encircled the newly formed daughter nuclei (1624s, Figure 4.4),
with new NE forming around each nucleus in the middle of the membranous
networks (2069s, Figure 4.4). Fluorescence of the phragmoplast (marked with
empty arrow, Figure 4.4), the structure which is the basis for forming the dividing
cell wall, forms between the nuclei and develops rapidly across the cell as more
wall is assembled (2069-3585s, Figure 4.4). The newly re-formed nuclei
partitioned into the two daughter cells and appeared to become closer to the
phragmoplast with time (2069-3585s, Figure 4.4). The animated version of the

dividing cell shown in Figure 4.4 is included as an AVI movie (Appendix 3).

4.2.4 Double labelling of TBY-2 cells with LBR-GFPs and spYFP-HDEL

. TBY-2 cells co-expressing LBR-GFPs (Figure 4.5A and B) and spYFP-HDEL
(Figure 4.5C and D), a soluble ER marker, showed similar levels of GFP and YFP
- fluorescence at the NE (Figure 4.5A and C respectively). Within the ER a higher

level. of YFP fluorescence (Figure 4.5D and F) was observed in comparison to

-
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LBR-GFPs (Figure 4.5B and F). This confirms the specificity of NE labelling by

LBR-GFPs.

TBY-2 cells expressing LBR-GFPs and spYFP-HDEL were observed during
mitosis. At interphase both GFP and YFP ﬂuoresceﬁce were located at the NE
(Figure 4.6A-C). The GFP was also observed in bright immobile punctate
structures (marked with an arrow (Figure 4.6A). At prophase both fluorochromes
were found to label the dissipating NE (Figure 4.6D-F). In metaphase, indicated by
chromosome alignment at the midline of the cell, GFP and YFP fluorescence were
co-localised throughout the membranes of the mitotic spindle (Figure 4.6G-I). GFP
labelling was again present in punctate structures (denoted by arrow, Figure 4.6G).
In anaphase, co-localisation of LBR-GFPs and spYFP-HDEL continued (Figure
4.6J-L) and punctate structures were present in the GFP labelled membranes (as
marked by arrow, Figure 4.6J) and were absent from the YFP population (Figure
4.6K). The tubular membrane between the separating chromosomes structures
(marked by arrow, Figure 4.6L and as previously seen in Figure 4.3A and 4.4) was
labelled with both the fluorescent markers. During telophase, labelling of the re-
formed'daughter NE and phragmoplast by both GFP and YFP was observed
(Figure 4.6M-0). This co-localisation of LBR-GFPs with spYFP-HDEL through
cell division provides further evidence that the NE protein locates to the ER during

mitosis.

4.3 DISCUSSION

The LBR-GFPs fusion protein was used as a specific marker of the NE to follow

the féte of the NE during mitosis in plant cells. Expression of the protein in TBY-2
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cells showed NE fluorescence similar to that previously described in transient and
stable expression in leaf epidermal cells (Chapter 3). During mitosis the
fluorescence was observed in the membranes of the mitotic apparatus (Figure 4.1-
3), on co-expression with spYFP-HDEL an ER lumenal marker, co-localisation of
GFP and YFP labelling was seen (Figure 4.5 and 4.6). The results indicate that
after NE breakdown LBR-GFPs is found in the membranes of the ER, and that the
protein is recruited into the new NE of the daughter cells from this ER membrane

population.

The location of LBR-GFPs through mitosis in TBY-2 cells suggests that
components of the plant NE migrate to the ER pool after NE breakdown, and that
the NE of the daughter cells re-forms from that pool. This migration of NE protein
to the ER during mitosis has been previously observed in mammalian cells
(Ellenberg ef al. 1997) and as such shows conservation in the fate of the NE in
plant and animal cells during mitosis. The association of ER derived membranes
with the plant mitotic spindle has been well described in early ultrastructural EM
studies (Hepler 1980, Hawes ef al. 1981), DIC microscopy (Hepler 1985, Vos et al.
2000) aﬁd more recent immunolabelling of calreticulin and RanGAP (Denecke et
al. 1995, Pay et al. 2002) and fluorescently labelled live cell imaging of ER and
Golgi apparatus proteins (Nebenfiihr et al. 2000, Saint-Jore et al. 2002). The use of
LBR-GFPs to mark the NE has provided a tool to visualise the association of NE
and ER elements during mitosis in vivo; such associations have not been
conclusively proven previously due to constraints imposed by the use of fixed, and
hence dead, specimens (EM and immunofluorescence) or through observation of

non-labelled live cells by DIC microscopy and the lack of specific NE markers.
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Comparison of the timing of mitosis in TBY-2 cells expressing LBR-GFPs with.
other cell types, both transformed and wild-type, indicates that expression of the
fusion protein does not appear to perturb the duration of mitosis. Mitosis in TBY-2
cells has been shown to take around 2 hours (see table 4.1). In cells ‘expressing
LBR-GFPs the progression from anaphase to the end of cytokinesis took 1 hour,
comparable for the same stages in TBY-2 cells expressing y-tubulin fused to GFP
(Kumagai et al. 2003). Compared with Tradescantia, the duration of division is
similar, with anaphase to cytokinesis in Tradescantia taking 50 minutes (Vos et al.
2000), slightly shorter than observed in TBY-2 cells, in this and other studies (see

Table 4.1).

Table 4.1 Duration of cell division in a range of cell types.

Organism Duration of mitosis Labelling Reference
Tradescantia Prophase — anaphase = DIC images - Hepler (1985)
stamen hair cells (~35 minutes)
Tradescantia Anaphase — DIC images Vos et al. (2000)
stamen hair cells cytokinesis (~50 min)
TBY-2 cells (plant ~ 2h Hoechst stain ~ Herbert ez al.
suspension culture) for MI (2001)
untransformed

TBY-2 cells Anajjhasé to LBR-GFP; This thesis

‘ cytokinesis (~1h)

- TBY-2 cells Prophase — GFP-y-tubulin  Kumagai ef al.

cytokinesis (~2h 25 (2003)

min; Anaphase to
cytokinesis 1h)

Plant cells contain unique structural features during mitosis; these include the

-

preprophase band and the phragmoplast (see Introduction 1.1.3). The phragmoplast
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is the site of synthesis for the cell wall that divides the daughter cells and its site is.
predicted by the site of the preprophase band (Lloyd and Hussey 2001). Electron
micrographs of dividing maize cells have shown that the phragmoplast is a site of
extensive membrane congregation (Hawes et al. 1981). The location of part of the
mitotic ER protein population within the phragmoplasf indicates that it is a site of
extreme membrane activity, with apparently non-specific proteins being trapped
within the membrane mass. The absence of labelling at the cell wall on completion
of cell division indicates the redistribution of proteins to their specific destinations,

or subsequent degradation.

The fluorescent spot-like structures found in TBY-2 cells, present during interphase
and mitosis (Figure 4.6), are thought to be an artefact of protein over-expression.
Such structures have also been observed in yeast cells expressing an avian form of
LBR (Smith and Blobel 1994). In these cells LBR was found to be located at the
NE and was also observed as punctate brightly-labelled structures that were shown
to be stacks of membrane, as visualised by immunofluorescence and transmission
electron microscopy (Smith and Blobel 1994). It was suggested that these
membra;ne stacks were the result of accumulation of membrane containing over-
expressed LBR when the NE was saturated with the protein (Smith and Blobel
1994). The increase in ER labelling observed after repeated passages of TBY-2
cells expressing LBR-GFPs may also be due to over-expression of the fusion
‘protein leading to a ‘backing-up’ of excess protein into the ER membranes. This
~ was previously suggested to occur in plant cells over-expressing protein leading to

dilated NE and ER membranes (Crofts et al. 1999).
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Labelling of plant NE by a mammalian NE protein and the subsequent labelling of |
the ER during mitosis as in animal cells may point to similarities between
mammalian and plant nuclei. As previously considered in Chapter 3 the labelling of
the plant NE by the LBR-GFPs fusion may be due to cons‘ervationrof nuclear
architecture but in view of the lack of protein similarify between plant and animal
cells, via a different evolutionary path to that which resulted in the animal nucleus
(see General Discussion). The finding that LBR-GFPs is localised in the ER during
mitosis in plant cells, as in animal cells, implies a level of conservation in the way
in which the NE is disassembled in the different kingdoms, with continuity of NE
and ER persisting through mitosis, rather than membrane disappearance by
vesiculation. It is possible that protein breakdown and synthesis contributes to
breakdown of the NE. However the continued high level and steady presence of
fluorochrome which is seen throughout mitosis suggests that it is the original

protein pool that is present through mitosis.

It has been suggested that recruitment of LBR around the daughter nuclei after
division is initially due to chromatin binding during the mid-part of anaphase
(Ellenbérg et al. 1997, Haraguchi et al. 2000), which occurs before reformation of
the nuclear lamina (Ellenberg et al. 1997). It is likely that the binding of chromatin
is the main factor that retains LBR at the NE in plants: LBR has been shown to
bind chromatin in a non-sequence specific manner (Duband-Goulet and Courvalin
2000, Takano et al. 2002). As such, if LBR is correctly folded and inserted into the
ER membrane then the chromatin-binding region of the protein will be exposed to
the nucleoplasm and chromatin, thus providing a way for the LBR protein to be

anchored via chromatin interactions. In chapter 3 it was shown that extraction of
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LBR-GFPs from plant cells expressing the protein yielded an integral membrane
protein, which indicates that the protein is correctly folded in plant cells. In
mammalian cells, LBR has been shown to interact with lamin B and
heterochromatin protein 1 (HP1) as well as chromatin (Ye and Wofman 1994,
1996, Ye et al. 1997). Plants lack homologues to marﬁmalian lamins (Meier 2001,
Rose et al. 2004), but do contain HP1 homologues (Gaudin et al. 2001; more
details Chapter 5), therefore HP1 interactions may play a part in LBR retention in
plant cells.»Expression of a human HP1 isoform in TBY-2 cells showed interaction
with histone H3, and indicated conservation of chromatin organisation between
plants and animals (Fass et al. 2002). The presence of HP1 homolgues in plants
means that interactions may occur between HP1 and LBR in the plant nucleoplasm
as has been shown in animal cells (Ye and Worman, 1996, Ye et al. 1997). LBR

interactions in the plant nucleus are reported in Chapter 5.

When LBR-GFPs was used as a marker of the NE in dividing tobacco TBY-2 cells
fluorescence was found to localise in the ER during division, as demonstrated by
co-expression of spYFP-HDEL, a known ER marker. Such ER location of LBR-
EGFP during mitosis has previously been described in mammalian cells (Ellenberg
et al. 1997) so the data presented here strongly suggest that the plant NE is
absorbed into the ER during division as in animal cells. Reformation of the NE
-around daughter nuclei is also observed to follow a similar pattern to that which is
seen in mammalian cells, being recruited around the mid anaphase chromatin. As
such, it seems likely that the NE reassembles in a similar fashion to its mammalian
counterpart. The interactions that contribute to the localisation of LBR to the NE in

plant cells are examined in Chapter 5.
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Figure 4.1 Location of fluorescence in tobacco BY-2 cells stably expressing

LBR-GFP;s at interphase and prophase.
A. An interphase TBY-2 cell expressing LBR-GFPs.
B. A TBY-2 cell in prophase cell expressing LBR-GFPs.

C. Same cell as B, stained with ethidium bromide.

D. Merged image of B and C, NE-ER tubule indicated with white arrow.

Scale bars = 10 pm.
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Figure 4.2 Location of fluorescence in tobacco BY-2 cells stably expressing

LBR-GFP;s at prometaphase and metaphase.

A. A TBY-2 cell in prometaphase expressing LBR-GFPs, NE-ER tubule indicated
by white arrow.

B. Metaphase in a TBY-2 cell expressing LBR-GFPs, metaphase plate indicated

by white arrow.

Scale bars = 10 pm.
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Figure 4.3 Location of fluorescence in tobacco BY-2 cells stably expressing

LBR-GFPs at anaphase and telophase.

A. A TBY-2 cell in anaphase expressing LBR-GFPs, tubular ER indicated by

white arrow.

B. A TBY-2 cell in late anaphase expressing LBR-GFPs, the forming NE is
indicated by a white arrow.

C. A TBY-2 cell in telophase expressing LBR-GFPs, re-formed NE indicated by
white arrow.

D. A TBY-2 cell in late telophase expressing LBR-GFPs, phragmoplast indicated

by white arrow.

Scale bars = 10 pm.
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Figure 4.4 Location of LBR-GFP;s fluorescence in a single cell during mitosis,

from late metaphase.

Numbers refer to time, in seconds, elapsed from start of images. Cells in late
metaphase expressing LBR-GFPs show fluorescence distributed through the ER
membranes (time 0-1216s). Tubular membranous structures form through the
mitotic apparatus (arrow, time 1274-1507s). As division progresses the membranes
move towards opposite poles as the chromosomes separate (time 0-1536s). The ER
membranes encircle the newly formed daughter nuclei (1624s). The NE begins to
form around each nucleus (2069s). The phragmoplast (marked with empty arrow),
which is the basis for the cell wall formation in dividing the cells, forms between

the nuclei. It grows radially across the cell as more wall is assembled (2069-3585s).

Scale bar = 20 pm.
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Figure 4.5 Fluorescence location of LBR-GFPs and spYFP-HDEL expressed in

the same cell, at the nuclear envelope and cortical endoplasmic reticulum.

A. LBR-GFPs labelling at the NE in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL.

B. LBR-GFPs labelling at the ER in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL.

C. spYFP-HDEL labelling at the NE in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL.

D. spYFP-HDEL labelling at the ER in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL.

E. Merged GFP and YFP fluorescence at the NE in a TBY-2 cell expressing LBR-
GFPs and spYFP-HDEL.

F. Merged GFP and YFP fluorescence at the ER in a TBY-2 cell expressing LBR-

GFPs and spYFP-HDEL.

Scale bars = 10 pm.
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Figure 4.6 Fluorescence location of LBR-GFPs and spYFP-HDEL in tobacco

BY-2 cells at different stages of mitosis.

&
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LBR-GFPs labelling of the NE at interphase in a TBY-2 cell expressing LBR-
GFPs and spYFP-HDEL. Arrow indicates bright punctate fluorescent structure.
spYFP-HDEL labelling of the NE at interphase in a TBY-2 cell expressing
LBR-GFPs and spYFP-HDEL (same cell as A).

Merged GFP and YFP fluorescence at the NE in an interphase TBY-2 cell
expressing LBR-GFP;s and spYFP-HDEL (same cell as A and B).

LBR-GFPs labelling of the NE at prophase in a TBY-2 cell expressing LBR-
GFPs and spYFP-HDEL.

spYFP-HDEL labelling of the NE at prophase in a TBY-2 cell expressing LBR-
GFPs and spYFP-HDEL (same cell as D).

Merged GFP and YFP fluorescence at the NE in a prophase TBY-2 cell
expressing LBR-GFPs and spYFP-HDEL (same cell as D and E).

LBR-GFPs labelling at metaphase in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL. Arrow indicates bright punctate fluorescent structure.
spYFP-HDEL labelling at metaphase in a TBY-2 cell expressing LBR-GFPs
and spYFP-HDEL (same cell as G).

Merged GFP and YFP fluorescence in a metaphase TBY-2 cell expressing
LBR-GFPs and spYFP-HDEL (same cell as G and H).

LBR-GFPs labelling at anaphase in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL. Arrow indicates bright punctate fluorescent structure.
spYFP-HDEL labelling at anaphase in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL (same cell as J).

Merged GFP and YFP fluorescence in an anaphase TBY-2 cell expressing
LBR-GFPs and spYFP-HDEL (same cell as J and K). Arrow indicates labelling
of tubular ER structures.

. LBR-GFPs labelling at telophase in a TBY-2 cell expressing LBR-GFPs and

spYFP-HDEL.

spYFP-HDEL labelling at telophase in a TBY-2 cell expressing LBR-GFPs and
spYFP-HDEL (same cell as M). ‘

Merged GFP and YFP fluorescence in a telophase TBY-2 cell expressing LBR-
GFPs and spYFP-HDEL (same cell as M and O). Arrow indicates dual labelling
at forming phragmoplast.

Scale bars = 10 pm.
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CHAPTER 5.
MUTATIONS IN THE LBR-GFP;5 PROTEIN REVEAL
DETAILS OF RETENTION OF LBR AT THE

PLANT NUCLEAR ENVELOPE
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3. MUTATIONS IN THE LBR-GFP;5; PROTEIN REVEAL
DETAILS OF RETENTION OF LBR AT THE PLANT NUCLEAR

ENVELOPE

5.1 INTRODUCTION

As described in the introduction (1.4), at the outset of this project the lack of
identified endogenous plant NE proteins led to the search for a heterologous protein
marker for in vivo visualisation of the plant NE. In the preceding results chapters it
has been shown that GFPs fused to the amino terminal domain of the mammalian
LBR was an effective marker for the plant NE. This marker was employed as a tool
to study the dynamics of the NE during mitosis, which had previously not been
specifically labelled in vivo. The labelling of the plant NE with this non-native

protein indicates that NE targeting and retention mechanisms may exist in plant cells.

S.1.1 Protein targeting to the nucleus

Most nuclear proteins contain nuclear localisation signals (NLSs; see Introduction
1.3.5,7 Hicks and Raikhel 1995) that are functional in animal, fungal and plant cells
(Hicks and Raikhel 1995). The motifs are recognised by receptors that form part of
the nuclear pore compleX'and' allow transport into the nucleus. The transport of LBR
may be by simple diffusion through the lateral channels of the NPC. Alternatively,
~ the bipartite NLS in the nucleoplasmic domain of LBR may be recognised by NLS
- receptors and the nucleoplasmic domain transported through the nuclear pore,
‘dragging’ the TM domains along the pore channel membrane and into the INE as it
goes (Soullam and Worman 1993). Once in the NE, proteins that reside there are

proposed to be anchored in place, predominantly by binding to ligands in the nucleus
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such as chromatin, chromatin associated proteins and lamins (Ye and Worman 1994,

and see Holmer and Worman 2001 for a review).

5.1.2 Retention of the lamin B receptor at the nuclear en>velope in animal cells

Several regions of LBR have been suggested to contribute to the anchoring of LBR
at the NE in mammalian cells. These include a putative lamin binding region in the N
terminal 60 amino acids (Worman et al. 1988, Ye and Worman 1994, Dreger et al.
2002), a chromatin binding region encoded in amino acids 53-88, including an RS
repeat region (Ye and Worman 1994, Duband-Goulet and Courvalin 2000, Takano et
al. 2002, 2004) and a putative HP1 association site between amino acids 88 and 211

(Ye and Worman 1996, Ye et al. 1997).

The binding of LBR to chromatin and proteins is linked to phosphorylation status,
with protein phosphorylation leading to dissociation of the LBR from chromatin
(Takano et al. 2002, 2004), nuclear proteins p34/p32 (Nikolakaki ef al. 1997) and
HP1 (Ye et al. 1997). Such phosphorylation events occur at the onset of mitosis and
are likely to contribute to the breakdown of the NE at prometaphase (Burke and
Elle'nl;erg 2002, review) and may prevent premature reassembly of the NE
(Nikolakaki et al. 1997). At the end of mitosis de-phosphorylation events occur
| (Courvalin et al. 1992). These changes, which make the LBR competent to bind
* chromatin, lamin B and HP1 lead to the recruitment of membrane around the
~ daughter nuclei (Chaudhary and Courvalin 1993, Ye and Worman 1994). LBR is one
of the first proteins to be found at the re-forming NE during anaphase in mammalian
cells (Foisner and Gerace 1993, Chaudhary and Courvalin 1993, Haraguchi et al.

-

2000).
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5.1.2.1 Lamin binding

The interactions between LBR and lamin B were first demonstrated in vitro during
the early characterisation of the protein (Worman et al. 1988, Ye and Worman 1994).
The association was also observed on heterologous expréssion of LBR in yeast
(Smith and Blobel 1994). More recently, a domain-presenting expression system
used to demonstrate nucleus specific interactions showed that lamin B recruited LBR
(and vice versa) to vimentin bodies (aggregates formed from a temperature sensitive
filament forming protein) thus indicating an in vivo interaction between the two
proteins (Dreger ef al. 2002). Some data have been presented which indicates that
LBR does not bind lamin B, and that the lamina associates with the NE by a CAAX
motif alone (Mical and Monteiro 1998). During mitosis, lamin B is thought to remain
associated with membranes by interaction of the protein’s C-terminal farnesyl motif
with the membrane, the association of lamin B with LBR and other NE proteins may
also persist through division (Meier and Georgatos 1994). Phosphorylation within
parts of the RS region (see Chromatin binding section 5.1.2.2) of LBR in mitosis

does not affect binding to lamin B (Nikolakaki et al. 1997).

Lamin sequence homologues have not been identified in the plant genomes
sequenced to date (Mewes et al. 2002, Rose et al. 2004). Plant genomes do encode
proteins with o helical coiled-coil motifs similar to lamins but with different peptide
- sequences (Gindullis et al. 2002, Rose et al. 2003). These proteins may be
. functionally analogous to mammalian lamins, possibly forming part of the lattice-like

nuclear matrix that can be isolated from plant cells (Samaniego ef al. 2001).
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5.1.2.2 Chromatin binding

Expression and immunofluorescent detection of a truncated form of LBR,
comprising amino acids 1-203 of the protein lacking a TM domain, showed uniform
nucleoplasmic labelling consistent with binding to chromatiﬁ, rather than the nuclear
rim staining that would occur if LBR was binding with lamin B alone (Smith and
Blobel 1993, Soullam and Worman 1993). Early studies of LBR demonstrated that
the protein could bind to double stranded DNA in vitro (Ye and Worman 1994).
More recently the RS motif (shown in red, Figure 5.1) within the protein has been
shown to bind chromatin in biochemical studies (Takano ef al. 2002, 2004). Serines
in the RS region (Ser’®, Ser’®, Ser®, Ser®’, Ser®) are phosphorylated by a
serine/arginine kinase, whilst an upstream Ser’' is phosphorylated by p34°“* kinase,
an important kinase in mitotic events (Nikolakaki ez al. 1997). The phosphorylation
is likely to modulate the interactions of LBR with other proteins e.g. p34/32, the
effect on chromatin binding remains unresolved (Nikolakaki et al. 1997). Some
evidence suggests that phosphorylation of Ser’' contributes to dissociation of LBR

and chromatin (Takano et al. 2002).

The N-terminal domain of LBR also contains Ser/Thr-Pro-X-X motifs (example
highlighted in green in Figuré 5.1) which are involved in DNA binding (Worman ef
al. 1990, Smith and Blobel 1993), and are found in histones and proteins involved in

~ gene regulation (Suzuki 1989).

5.1.2.3 Heterochromatin protein 1
Heterochromatin protein 1 (HP1) is part of a family of gene regulators. The protein

has been shown to associate with transcriptional regulators and proteins involved in
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chromatin remodelling (Kourmouli et al. 2001) as well as LBR (Ye and Worman
1996, Ye et al. 1997). During mitosis, phosphorylation of threonine residue 68 of
LBR by p34°“? protein kinase, upstream of RS region may disrupt HP1 binding (Ye
et al. 1997). HP1 interaction with LBR is thought to occuf in the globular protein
domain, between amino acids 88 and 211 (Ye et al. 1997, Takano et al. 2002). A role
has been suggested for HP1 and LBR interaction in membrane targeting to chromatin

at the end of mitosis (Buendia and Courvalin 1997).

An in vitro binding assay showed that LBR preferentially associates with histones

H3/H4 leading to the proposal that binding of LBR to HP1 was indirect via these
histones (Polioudaki ez al. 2001). In plant cells expressing human HP1vy fused to
GFP, HP1y was located in discrete domains in interphase nuclei and in the cytoplasm
during mitosis (Fass et al. 2002). In vitro HP1y was shown to bind to plant histone
H3 prepared from tobacco celis (Fass et al. 2002). Homologues of HP1 are present in
plants, mutations in this gene result in altered plant development - possibly as a result

of its role in gene regulation (Gaudin et al. 2001).

5.1.2.4 Other nuclear envelope targeting determinants
‘ At a fundamental physiéal Barrier level, nucleoplasmic domain size effects NE
location with proteins of ~45kD size able to freely enter the nucleus, whilst domains
| of ~67kD and above are excluded (Soullam and Worman 1995). Full length LBR is

- 56kD and as such falls below the exclusion size.

It has been suggested that LBR may be retained within the INE by homodimerisation

of TM domains, thereby forming complexes that are too large to diffuse through the
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lateral nuclear pore channels and preventing the exit of the protein from the INE by

way of complex size (Smith and Blobel 1993).

Trans-membrane domain length is also implicated in protein targeting to the NE,
although not in retention (Smith and Blobel 1993, Soullam and Worman 1993). TM
domain length has been shown to have a role in protein targeting to parts of the plant

endomembrane system, though not specifically the NE (Brandizzi et al. 2002a).

5.1.3 Aims

The identification of possible factors that contribute to the labelling of the NE by
LBR was addressed by the production of a range of LBR-GFPs fusions. These
contained mutations or deletions in regions that are involved in the retention of the
protein in animal cells in order to identify binding regions holding the protein at the

plant NE.

5.2 RESULTS

5.2.1  Deletion of the lamin binding domain of LBR

The’ﬁrst 60 amino acids of LBR were removed from the LBR-GFPs fusion by PCR
“directed truncation, usiﬁg oiigonucleotides SI17 and SI37 with an annealing
temperature of 50°C and an elongation time of 1 min 18 seconds. The truncated
| fusion was cloned into binary vector pVKH18En6 in BamHl/Sacl sites (see
~ Appendix 5. Construct referred to henceforth as A1-60LBR-GFPs). The pVKH18En6
A1-60LBR-GFPs vector was used to transform A. tumefaciens, which were used to
uan;iently transform tobacco leaf epidermal cells by pressure infiltration (see

~ Materials and Methods). Cells were imaged three days after infiltration using an

103



Chapter 5.

inverted Zeiss LSM 510 confocal laser scanning microscope. Preparation of samples

for imaging is described in Materials and Methods 2.2.4.

5.2.2 Location of lamin binding deletion mutant

On observation of transiently expressed Al1-60LBR-GFPs in tobacco leaf epidermal
cells a range of subcellular distribution was observed. Some cells showed NE
labelling similar to wild type, and in many cases the NE was slightly distended
(marked with arrow; Figure 5.2A, also C). Clear ER labelling was observed in these
cells (Figure 5.2B and D). The NE lumen appeared enlarged in some cells (Figure
5.2C) with the ER showing a normal labelling (Figure 5.2D). Nucleoplasmic
labelling was observed in a significant subset of transformed cells (Figure 5.2E and
G). In cells where nucleoplasmic labelling was observed, clear ER labelling was also
apparent (Figure 5.2F), in some instances the cortical ER showed altered morphology
with MT-like labelling' (Figure 5.2G and H). Some punctate fluorescent mobile

structures were also seen in a number of cells (marked with arrow, Figure 5.2H).

5.2.3 Production of RS mutants

The‘ RS region mutations were designed to impair phosphorylation of the serines
.within the RS motif; these résidues have been shown to play a role in chromatin
association (see section 5.1). To achieve this, a set of point mutations were
| introduced by PCR directed mutagenesis to replace the serines (polar amino acid)
- with alanines (a small non-polar amino acid). The LBR wild type RS motif and
mutated sequence (mutated bases and amino acids highlighted in red) for each of the

point mutations are shown in Figure 5.3.
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The mutations were incorporated into a set of oligonucleotide primers (named PM1-
8; see Materials and Methods 2.2.1.1) which were used in a three-step overlapping
PCR procedure to produce a single nucleotide change. Primer pairs PM 1 and 2
(S80A), 3 and 4 (S82A), 5 and 6 (S84A), 7 and 8 (S86A) were used to produce
single point mutation with primers for the original LBR-GFPs sequence (SI16 and
SI17 Materials and Methods 2.2.1.1, also see Figure 5.4 for details of overlapping
PCR). The mutated LBR-GFPs fusions were ligated in to the BamHI/Sacl site of
pVKHI18En6 and used to transform Agrobacterium and tobacco as the A1-60LBR-

GFPs mutant (see start of results section, Chapter 2 section 2.2.2 and Appendix 5).

5.2.4 Localisation of RS mutants: S§0A

LBR-GFPs with a single S80A point mutation was found to localise in the NE and
ER of some cells (Figure 5.5A and B). In 71% of cells (n = 89) expressing the
construct, highly fluorescent inclusions within the nucleus were observed (Figure
5.5C and F). On staining of DNA with ethidium bromide (shown in red; Figure 5.5D
and G) the fluorescent structures excluded chromatin as indicated by a lack of
ethidium bromide labelling in regions where GFP fluorescence was apparent
(ma‘rked with arrow, Figure 5.5D and G). When the GFP and ethidium bromide
_images are merged chrofnatin was clearly seen within the fluorescent structures
(Figure 5.5E and H). Stacked images taken through nuclei with inclusions showed
that some of the structures were tube-like, going completely through the nucleus or
- contained within the nucleoplasm (Figure 5.6), whilst others showed a punctate
morphology, and all were immobile within the nucleus (but the nuclei were moving
as 1¥sual). Preliminary FRAP data indicated the inclusions did not show recovery

after photobleaching (Figure 5.7).
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Ultrastructural observation by electron microscopy of cells expressing the S80A
mutated protein showed that the inclusions were formed by multiple membrane
layers (Figure 5.8A-E). The structures observed enclosed chromatin (marked with
arrows, Figure 5.8B and C). Membrane invaginations traversing the nuclei in cells

expressing the mutated protein were also observed (Figure 5.8F and G).

A variety of Agrobacterium infiltration concentrations were used to see if the
appearance of the inclusions was dosage dependent. Inclusions appeared with similar
frequency at each concentration (from 0.010D to 0.5) and resulted in no appreciable

change in expression or transformation level.

5.2.5 Localisation of RS mutants: S82A

Tobacco leaf epidermal cells expressing LBR-GFPs with a S82A point mutation
showed fluorescence distributed at the NE (Figure 5.9A and C) and within the ER
(Figure 5.9B and D). This is similar to the non-mutated wild-type protein location. In
some cells nucleoplasmic labelling (Figure 5.9E) and tubular cortical ER (Figure
5.9F) was seen. Nuclear inclusions were not observed in cells expressing this mutant

protein.

5.2.6 Localisation of RS mutants: S84A and S86A

| Expression levels of LBR-GFPs fusion proteins with mutations at S84A or S§86A
- were very low with only a few cells showing observable fluorescence. Cells
transformed with LBR-GFPs S84A mutant protein showed weak NE labelling
(Figﬁre 5.10A, NE marked with arrow). No discernible ER labelling was observed,

but in some instances small mobile punctate structures were observed (Figure 5.10B,
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punctate structure marked with arrow). Cells expressing LBR-GFPs S86A mutant
protein showed WT LBR-GFPs-like NE and ER labelling (Figure 5.10C and D
respectively). A variety of infiltration concentrations were used to increase labelling,

but resulted in no appreciable change in expression or transformation level.

5.3 DISCUSSION
The incorporation of a range of amino acid changes in the LBR-GFPs protein and
subsequent localisation of the proteins in vivo has provided information on the nature

of protein retention at the plant NE, and possibly protein over-expression in plant

cells. A summary of the mutant protein locations is included in Table 5.1.

Table 5.1 Summary of LBR-GFPs mutant location.

Mutant Putative binding region Location/effect
A1-60LBR-GFPs; Lamin binding region Nucleoplasmic labelling, altered
cortical ER morphology
S80A Chromatin binding region  Nuclear inclusions and NE
labelling
S82A Chromatin binding region =~ WT-like NE labelling
S84A Chromatin binding region ~ Low expression, WT-like NE
labelling, some small punctate
structures
. S86A Chromatin binding region = Low expression, WT-like NE
labelling

5.3.1 Lamin binding domain deletion A1-60LBR-GFPs
Cells expressing’ the lamin binding domain deletion A1-60LBR-GFPs mutant
showed two locations. A subset of cells exhibited WT LBR-GFPs-like NE labelling,
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with apparent distension of the NE lumen in many cells (Figure 5.2). This
enlargement of the NE may be a result of protein over-expression and such
enlargement has been observed in the ER of cells over-expressing an unlabelled
protein (Crofts et al. 1999). A significant number of cells showed labelling of the

nucleoplasm as well as the NE.

Nucleoplasmic labelling has been observed in cells where the ERAD (ER associated
degradation) pathway is active (Brandizzi et al. 2003). The possibility of ERAD
activity is supported by the presence of ER labelling, which in ERAD is due to
association of the over-expressed protein with BiP (Brandizzi er al. 2003). The
labelling may also be due to proteasome activity. Proteasomes break down
misfolded, ubiquitinated proteins. In plant cells they have been located at the nuclear
rim and within the cytoplasm (Yanagawa et al. 2002). Whether the labelling is due to
ERAD or proteasomal activity the different labelling is likely to be due to protein
degradation as a result of protein over-expression or misfolding as a result of the
truncation. The labelling may be a result of altered location due to the truncation,
however the presence of a subset of cells in which WT labelling is seen may

contradict this idea.

The ER tubule structure formation may be a form of stress reaction to over-
expression of the protein. The tubular pattern may also be a cellular change
- associated with the cell ceasing to function correctly possibly preceding cell death or
necrosis. Structural changes symptomatic of apoptosis include disappearance of the
nuclear condensation and plasma membrane blebbing (Greenberg 1996), changes in

ER formation are not indicated in the literature.

108



Chapter 5.

The punctate structures observed in the cytoplasm of cells showing fluorescence of
the tubular ER were not as large as Golgi bodies, and attempts at dual labelling
provided little clarification as the detection channel for GFP had a large signal to
noise ratio that made the small punctate structures difficult to identify. The structures
may be vesicles transporting protein to the nucleoplasm, vacuole or other destination

for degradation.

5.3.2 Mutation in the chromatin binding region of LBR: S80A

The nuclear inclusions observed in a significant subset of cells expressing S80A bear
striking similarity to tubular nuclear bodies observed in mammalian cells over-
expressing the nuclear pore protein POM121 (Soderqvist ef al. 1996). The POM121
structures were proposed to be a result of protein over-expression. Over-expression
of LBR-EGFP in mammalian cells also showed changes in NE structure, with
invaginations extending into the nucleoplasm (Ellenberg et al. 1997). Hence the
structures seen in cells expressing the S80A mutant protein may be a result of protein
over-expression. The formation of the inclusions within the nucleus may be a method
of sgquestering excess membrane protein in order to prevent accumulation elsewhere
in the cell. The presence of the membrane structures within the nucleus and the
-subset of transformed cells showing WT labelling suggests that NE targeting and
| retention is still occuring with the S80A point mutation. If the protein’s chromatin
binding ability was perturbed this would be likely to manifest itself in a lack of
association with the NE, effectively turning the protein into an ER membrane
protein. However the formation of inclusions within the nuclei would suggest that the
protein reaches its NE destination, with the over-expression leading to the expansion

. of INE surface area to cope with the excess protein. The constraint of the size of the
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nucleus would force the extra membrane to form compact structures such as the
observed membrane stacks, to minimise cellular disruption of nuclear contents. As
the inclusions were only observed in cells expressing the SS0A mutant protein it is
possible that the amino acid change alters the protein’s interactions, maybe
increasing its ability to bind substrate, hence the increase in NE area within the
inclusions. However this does not account for the close membrane stacks, with no
substrate in between the layers. Possibly the protein self-associates, which may
explain these stacks. When nuclear inclusions were photobleached they did not show
recovery of fluorescence (Figure 5.7). This may indicate a lack of membrane
continuity between the NE and the inclusions, thus preventing exchange of bleached
and fluorescent protein. Alternatively the membrane stack arrangement may impair

protein movement, preventing recovery of fluorescence.

The nuclear inclusions observed on expression of the S80A mutant bear some
resemblance to images captured by light micrscopy of aggresomes in mammalian
cells. Aggresomes are aggregates of misfolded ubiquitinated proteins, which are
thought to form when the proteasome is saturated with proteins destined for
degradation (Johnston et al. 1998), their presence has not been reported in plant cells.
- These aggregates are usually juxta-nuclear and are associated with MTOCs, with MT
| mediated transport of proteins to the structure (Johnston ef al. 1998, Garcia-Mata et
al. 1999). As aggresomes have been shown to form as a result of protein over-
| expression their formation in plant cells could theoretically occur. Plant cells are
generally acentriolar, with the surface of the nucleus acting as a site for MT
nucleation (although nucleation also occurs at the cell cortex). The association of

. aggresomes with MTOCs would mean that such an aggregate in a plant cell could
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occur anywhere, but is likely to be membrane-adjacent as the complexes that form
nucleation sites assemble on membranes. The ultrastructural composition of the
S80A inclusions, consisting of structures formed from multiple membrane layers,
sometimes encircling chromatin, bears no similarity to the ultrastructure of
aggresomes, which consist of a protein mass surrounded by a MT cage, with a few

vesicles as the only membrane present.

A range of Agrobacterium infiltration concentrations were used to determine if the
appearance of inclusions was dosage dependent. The inclusions appeared with
similar frequency at each concentration. As such this may suggest that the inclusions
are the result of a property of the mutant protein. In addition, use of the same
concentration range for the WT and other mutant proteins did not give rise to

inclusions, even at the highest concentration level.

5.3.3 Mutation in the chromatin binding region of LBR: S82A

The incorporation of the S82A point mutation resulted in no obvious change in
labelling from the WT protein. This result suggests that S82 does not seem to be
crucial for retention of LBR at the plant NE, as altering this amino acid has no effect
" on location of the protein. Nucleoplasmic labelling observed .in a small number of
~ cells may be due to protein over-expression (as discussed in lamin binding deletion

section 5.3.1).

5.3.4 Mutation in the chromatin binding region of LBR: S84A and S86A
The lack of discernible fluorescence with mutants S84A and S86A, even at high

infiltration concentration levels may indicate that these serine residues are crucial for
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LBR targeting and retention at the NE as altering these amino acids dramatically
alters fluorescence levels. In the few cells that did show labelling a weak signal was
observed at the NE. Possibly the alteration these amino acids act as a signal to
increase breakdown of the proteins, explaining why minimal fluorescence is
observed even at high concentrations of infiltration. The punctate structures observed
in cells expressing S84A (Figure 5.10) may be vesicles transporting protein for
degradation. The mutations could alter the folding of the protein leading to a
decrease in fluorescence, maybe causing the LBR protein to associate with the GFP

preventing correct formation of the fluorophore.

5.3.5 Other factors that may contribute to LBR targeting and retention at the
plant nuclear envelope

In mammalian cells and in vitro assays, binding of LBR to HP1 has been
demonstrated. Plants contain HP1 homologues (Gaudin ef al 2001), so the
association of LBR and HP1-like proteins may contribute to anchoring of LBR at the
plant NE. Disruption or deletion of the proposed HP1 binding region would be a
valuable future avenue of investigation for factors that play a part in LBR binding.
There are reports of LBR interacting with histones 3/4 (Polioudaki et al. 2001), as
" such histones could act as a binding site for LBR in plant cells. TM domain length
~ has been shown to play a role in protein targetting at later stages of the
endomembrane system in plants (Brandizzi e al. 2002a) and has been linked to LBR
targeting to the NE in animal cells. Therefore TM domain size may be a contributing

factor to LBR retention at the plant NE.

-
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It is apparent from published research that retention of LBR at the NE is due to a
variety of interactions (chromatin; Pyrpasopoulou et al. 1996; Lamin B; Ye and
Worman 1994, Dreger et al. 2002; HP1; Ye et al. 1997). Introducing single
mutations may not significantly effect retention as other binding mechanisms could
be sufficient to retain the protein at the NE. If this is the case however, it suggests
that the LBR in plants is retained by at least two interactions, suggesting a high
degree of conservation of binding mechanisms. This is all the more interesting given

the absence of lamin and LBR homologues in plants.

In summary, mutations were introduced into the LBR-GFPs construct in order to gain
information on the factors that function to target and retain the protein at the plant
NE. Deletion of the protein’s lamin binding region produced a combination of WT
location and others showing clear nucleoplasmic labelling, with some changes in ER
morphology. The altered location maybe due to protein over-expression leading to
degradation, as the ERAD pathway shows nucleoplasmic labelling. Point mutations
incorporated into the RS region of the protein produced a range of fluorescence
locations. S80A produced nuclear inclusions, such structures have been observed in
mammalian cells and have been ascribed as a strategy to cope with protein over-
" expression. WT-like labelling was also seen in a subset of S80A cells, hence the
amino acid doesn’t appear to be crucial for the LBR retention at the NE. S82A gave
only WT-like NE labelling, as such this amino acid doesn’t seem to affect the
protein’s retention. Mutations S84A and S86A showed very weak labelling, this

absence may be due to changes in retention as a result of the amino acid alterations.

-
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Figure 5.1 Amino acid sequence of LBR chromatin binding region.
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Figure 5.2 Location of fluorescence of A1-60LBR-GFPslamin binding domain

deletion mutant.

A. Multiple cells expressing Al-60LBR-GFPs lamin binding deletion mutant,
located at NE (mafked by white arrow).

B. Same cells as A, view of cell cortex.

C. Single cell expressing A1-60LBR-GFPs lamin binding deletion mutant.

D. Same cell and C, view of cell cortex showing ER labelling.

E. Multiple cells expressing A1-60LBR-GFPs lamin binding deletion mutant
showing nucleoplasmic labelling.

F. Same cells as E, view of cell cortex showing tubule-like ER.

G. Single cell expressing A1-60LBR-GFPs lamin binding deletion mutant showing
nucleoplasmic labelling.

H. Same cell as G, view of cell cortex showing tubule-like ER labelling. Punctate

mobile structure marked by arrow.

Scale bars = A, B, E, F20 ym, C, D, G, H 10 pm.
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Figure 5.3 Amino acid (@.4.) and nucleotide (n7) sequences of the wild type RS
motif of LBR and directed point mutations (nucleotides altered to produce

amino acid change and mutated amino acids, highlighted in red).
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Figure 5.4 Schematic representation of overlapping PCR used to produce the

RS mutants.
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Figure 5.5 Transient expression of the LBR-GFPs S80A mutant protein in

tobacco leaf epidermal cells.

A. Multiple cells expressing LBR-GFPs S80A mutant protein. Cells contain
brightly fluorescent nuclear inclusions and WT-like NE labelling (marked with
white arrow).

B. WT-like NE labelling with LBR-GFPs S80A mutant protein.

C. LBR-GFPs S80A mutant protein labelled nuclear inclusions.

D. Same cell as C, stained with ethidium bromide. Chromatin enclosed within
fluorescent structure marked with white arrow.

E. Same cell as C/D, merged GFP and ethidium bromide labelling.

F. LBR-GFPs S80A mutant protein labelled nuclear inclusions.

G. Same cell as F, stained with ethidium bromide. Chromatin enclosed within
fluorescent structure marked with white arrow.

H. Same cell as F/G, merged GFP and ethidium bromide labelling.

Scale bars = A 20 pm, B 10 pm, C-H 2 pm.
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Figure 5.6 Reconstructed Z-stack of nuclear inclusions in a nucleus transiently
expressing the LBR-GFPs; S80A mutant protein in tobacco leaf epidermal

cells.
A. Single cell expressing LBR-GFPs S80A mutant protein, with brightly

fluorescent nuclear inclusions

B. Z-stack reconstruction of nucleus in A, showing tubular structure of the

inclusions.

Scale bars = 5 pm.
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Figure 5.7 Fluorescence recovery after photobleaching of nuclear inclusions

LBR-GFPs S80A mutant protein.
Graph showing fluorescence recovery after photobleaching of a LBR-GFPs S80A

mutant protein labelled nuclear inclusion in transiently transformed tobacco leaf

epidermal cell (green line). Fluorescence of an unbleached inclusion (red line).
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Figure 5.8 Electron micrographs of ultrastructural features of LBR-GFPs

S80A mutant protein transiently expressed in tobacco leaf epidermal cells.

A. Nucleus expressing LBR-GFPs S80A mutant protein with nuclear inclusions.

B. Higher magnification image of inclusion marked with cross in image A, the
structure encloses chromatin (marked with arrow).

C. Higher magnification image of inclusion marked with star in image A, the
structure encloses chromatin (marked with arrow).

D. Higher magnification image of C, showing membrane layers.

E. Higher magnification image of B, showing membrane layers.

F. Nucleus expressing LBR-GFPs S80A mutant protein with invagination of NE.

G. Higher magnification image of F.

Scale bars = A, F 1 pm; B, G 200 nm; C 400 nm; D 50 nm; E 100 nm.
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Figure 5.9 Transient expression of the LBR-GFPs S82A mutant protein in

tobacco leaf epidermal cells.
Single cell expressing LBR-GFPs S82A mutant.

A.

B. Same cell as A, view of cell cortex.

C. Single cell expressing LBR-GFPs S82A mutant.
D

. Same cell as C, view of cell cortex.
E. Single cell expressing LBR-GFPs S82A mutant showing nucleoplasmic
labelling.

F. Same cell as G, view of cell cortex.

Scale bars = 10 pm.
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Figure 5.10 Transient expression of the LBR-GFPs S84A mutant protein in

tobacco leaf epidermal cells.

A. Single cell expressing LBR-GFPs S84A mutant protein, NE marked with white

arrow.

B. Same cells as A, view of cell cortex. Punctate structure marked with small

white arrow.
C. Single cell expressing LBR-GFPs S86A mutant protein showing WT LBR-
GFPs-like NE labelling.

D. Same cell as C, view of cell cortex.

Scale bars = 10 pm.
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6. GENERAL DISCUSSION AND FUTURE WORK

6.1  INTRODUCTION

When a truncated form of the mammalian INE protein LBR was fused to a
modified form of GFP and expressed in tobacco cells it localised to the NE. This
targeting was significant for a number of reasons. Firstly, the location of the LBR-
GFPs protein at the plant NE is the first instance of a specific in vivo marker for this
membrane in plant cells (see Chapter 3 and below). With this novel tool it was
possible to study the movement of the NE protein during the cell cycle (see
Chapter 4 and below). Secondly, plant genomes sequenced to date do not contain
any homologues to LBR or one of its binding partners, the B-type lamins (Rose et
al. 2004). As such, the targeting of LBR to the NE in plant cells raises questions
about protein targeting and retention to the NE in plants, as well as wider issues
regarding the structure of the plant nucleus compared to its mammalian

counterparts.

6.2 LBR AS A PLANT NUCLEAR ENVELOPE MARKER

Visﬁalisation of the LBR-GFPs protein expressed in tobacco leaf epidermal cells
through transient and stable transformation methods, showed uniform fluorescence
localised to the nuclear rim, consistent with labelling of the membranes of the NE
(Chapter 3). Observation of a range of cell types stably expressing the protein also
showed NE labelling, with the notable exception of cells in the root which showed

high levels of GFP in the vacuole.
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To examine labelling of the NE at a higher resolution, leaf tissue stably expressing
LBR-GFPs was observed by transmission electron microscopy, with GFP labelled
indirectly with gold conjugates (Chapter 3). Gold particles were found associated
with the INE, NE lumen and ONE. With the secondary antibody labelling
technique used there is a spatial separation between the gold particle and the
epitope that it is labelling; as the INE, NE lumen and ONE are in close proximity it
is not possible to distinguish between them with this technique. The technique does
demonstrate that the construct is found associated with the NE and no other

structures.

The LBR-GFPs protein was shown to be membrane-integral in a phase separation
procedure using Triton X-114 (Chapter 3), thus demonstrating successful
translation, folding and membrane insertion of the protein in plant cells. A
population of free GFP was detected in the soluble protein fraction; this is likely to
correlate with the fluorescence observed in the vacuole of root cells. Vacuolar
fluorescence is ablated on exposure to light therefore free GFP was not seen in the

vacuoles of leaf cells (Tamura et al. 2003).

Taken in combination, the lecation of the LBR-GFPs protein as demonstrated by
- confocal and electron microscopy and the protein’s membrane-integral status

confirms that LBR-GFPs can be considered a specific NE marker in plants.

Attempts to produce other in vivo NE markers are described in Appendices 1 and 2:
Production of a fluorescently tagged ER calcium ATPase, ECAI, failed at the

cloning stage as it did not grow in E. coli (see Appendix 1). A construct that gave
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speckle-like labelling similar to nuclear pore localisation seen in mammalian cells,
identified from a random cDNA fusion approach (Escobar ez al. 2003) did not give
reproducible  labelling using the binary vector/Agrobacterium-mediated

transformation method (see Appendix 2) and was not investigated further.

6.2.1 What targets and retains LBR in the plant nuclear envelope?

Current hypotheses suggest that in order for a protein to be retained at the NE, it
needs to bind to a nucleoplasmic constituent like chromatin, lamins, HP1, histones,
other nucleoplasmic proteins or to be retained by virtue of TM domain length or
formation of large multimeric complexes, either with different proteins or by self-
association (Mattaj 2004). The targeting and retention of LBR-GFPs at the plant
NE indicates that INE targeting can occur in plant cells; this suggests conservation

between animal and plant NE protein targeting and retention mechanisms.

In vitro and in vivo studies have shown that LBR binds to chromatin
(Pyrpasopoulou et al. 1996, Duband-Goulet and Courvalin 2000, Takano et al.
2002), B-type lamins (Ye and Worman 1994, Wu et al. 2002, Dreger et al. 2002),
HP1 (Polioudaki ez al. 2001, Wu et al. 2002) and other proteins within the nucleus
(Polioudaki et al. 2001). The plant genomes sequenced to date lack lamin-B
" homologues (Mewes et al. 2002, Rose et al. 2004); hence one factor which
contributes to LBR retention in animal nuclei is apparently not present in plant

cells.

Plants do contain long filament-like plant proteins (FPPs; Rose e al. 2003) with

similar structural domains to lamins. Early immunolabelling studies of plant nuclei
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using anti-lamin antibodies gave positive labelling suggesting a common epitope to
lamins may be present in the plant nuclei (McNulty and Saunders 1992). Recently,
peptide fragments isolated from Pisum sativum L. have been demonstrated to have
a degree of similarity to lamins and the proteins that gave rise to the fragments
showed positive labelling with anti-lamin antibodies (Blumenthal et al. 2004).
These results do not constitute sufficient evidence for the presence of lamins in
plants. The apparent lack of lamins in plants would imply that retention of LBR at
the plant NE is due to interactions with chromatin, HP1 or some other nuclear

protein.

To investigate whether the lamin binding domain (amino acids 1-60) was involved
in LBR retention at the plant NE the domain was deleted from the LBR-GFPs
chimaera (Chapter 5). Expression of the truncated protein showed altered
distribution to that of the WT protein, with labelling .of the nucleoplasm and
changes in cortical ER morphology. This altered location suggests that the domain
does play a part in the retention of LBR at the plant NE. This could be due to
binding to the presence of lamin-like epitopes within the nucleus, like those which
have been recognised by anti-lamin immunolabelling of plant cells (McNuity and
Saunders 1992). The short regions within plant nuclear intermediate filaments (IF)
" that bear similar amino acid composition to animal lamins and keratins
(Blumenthal ef al. 2004) may mediate interaction with the lamin binding domain of
LBR. Alternatively, the domain may be interacting with a non-IF type protein, or
proteins, in a manner different to that previously described for the domain in

animal cells.
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The binding of LBR to chromatin is important for a number of reasons; in
recruitment of LBR to re-forming NEs, in retaining the protein at the NE in
interphase thus contributing to the overall structural integrity of »the nucleus and
chromatin organisation, with cessation of binding dt the onset of mitosis
contributing to NE breakdown. The RS region of LBR has been shown to bind
chromatin in in vitro studies, with binding dependent on phosphorylation status
(Takano et al. 2002, 2004). To determine whether interactions within the RS region
were mediating LBR retention at the plant NE a set of point mutations were
introduced into the protein and its location observed in plant cells (Chapter 5). The
mutations produced a range of protein locations, from NE labelling similar to WT-
LBR labelling, to nucleoplasmic labelling, nuclear inclusions and altered ER
morphology. These alterations strongly suggest that chromatin interactions are
involved in LBR retention as extreme phenotypes were produced by single point
mutations. As DNA is present in all organisms and previous work which suggests
that LBR binds to DNA secondary structures (Duband-Goulet and Courvalin
2000), chromatin is an obvious candidate for LBR interaction within the plant
nucleus. The perturbed localisation of some of the RS mutants suggests that
speciﬁc chromatin interactions, which the point mutations disrupted, are occurring

in the RS region.

Whilst the mutation work shown here has provided an initial insight into the
possible mechanisms of LBR retention at the plant NE, other interactions e.g. with
HP1 or histones, may be contributing to the protein’s retention which have not
been addressed here. Indeed, the multiple associations that LBR maintains in

animal cells may mean that removing a single interaction may not overtly affect
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protein location. For each of the mutants the possibility of mis-targeting of the
protein as a result of protein misfolding cannot be discounted. How such issues

could be addressed is considered in ‘Future work’ (6.4).

In summary, it appears that LBR-GFP;s is retained in the plant NE by a variety of
mechanisms including chromatin binding, though further work is required to

confirm this and to explore other factors that contribute to retention.

6.2.2 Mitosis as visualised with LBR in plant cells

The expression of LBR-GFPs in tobacco BY-2 cells allowed the fate of a NE
constituent to be examined. It was found that LBR-GFPs co-localised with an ER
marker during mitosis (Chapter 4), such ER absorption has been demonstrated for a
number of NE proteins in animal cells (Ellenberg ef al. 1997, Haraguchi et al.
2000). This provides evidence against the theory that the NE breakdown is due to
vesiculation and supports the ER absorption theory (Introduction 1.2). As both
mammalian cells and the suspension cultured plant cells observed here show ER
absorption at mitosis it may mean that the mechanism of NEBD is conserved
betv&;een kingdoms. Thus LBR-GFPs suggests that plant, like animal NE are

absorbed into mitotic ER, from which new NE reforms at late anaphase/telophase.

The data obtained in this study (Chapter 4) suggests that LBR appears to assemble
around newly reforming daughter nuclei in a uniform fashion in plant cells during
anaphase/telophase. In animal cells, recruitment has been shown to be more
localised, with LBR found at the top of chromosomes, and emerin tending to

associate with the central regions of the chromosomes (Haraguchi er al. 2000).
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Such differences are thought to be due to differing concentrations of binding
partners, which become uniform as the nucleus matures (Haraguchi et al. 2000).
This may have an effect on the localisation pattern of LBR in plant cells, which
lack at least some of LBR’s binding partners e.g. lamins. Remarkably,
immunolabelling of a Ca’’-ATPase, LCAl, in tomato root cells undergoing
division showed labelling of specific regions of the mitotic apparatus (MA), as well
as clear NE labelling during interphase (Downie et al. 1998). This specificity of
location during division is in contrast to the uniform distribution of fluorescence
throughout the membranes of the MA observed with LBR-GFPs. Such specificity
of location could be due to the requirement of fine control of calcium levels during
mitosis (Hepler 1992, 1994), which could require specific localisation of Ca®*-
ATPases to produce such Ca®* fluxes. As LBR has no specific role in the plant cell,
perhaps a uniform distribution within the MA should be expected. The finer events
of NE reformation will only be uncovered as knowledge of the components of the
plant NE increases. [dentifying native plant NE markers may be expected to be

central to this.

The léck of lamins or analogous IF proteins in yeast, in combination with the fact
that yeast undergo closed mitosis (NE breakdown does not occur during cell
" division), unlike the animal and plant open mitosis, suggests that lamins, or
. proteins analogous to lamins, are necessary for open mitosis to occur. On

expression of LBR in yeast the protein targeted the NE, suggesting that a nuclear

lamina (or equivalent) is not necessary for retention of LBR at the NE.
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6.3  THE MISSING PROTEINS OF THE PLANT NUCLEAR ENVELOPE

A synopsis of current descriptions of animal, plant and yeast nuclear structure is
shown in Table 6.1. The table highlights the lack of knowledge of nuclear
architecture in plants and yeast. It also emphasises somé fundamental differences
between organisms, e.g. animal cells contain lamins that form the nuclear lamina,
plants have intermediate filaments that appear to form a structure morphologically
similar to the animal lamina, but lack sequence homologues to the lamins and yeast
appear to lack such a filamentous network. There are also similarities in the
organisation of chromatin between plants, animals and yeast, which all contain
histones, HP1 and high mobility group (HMG) proteins. The organisms also all
have NPCs, with animal and yeast examples showing similarity in protein
composition. A few homologues to NPC proteins have been identified in the plant
genomes, but they have yet to be characterised (Rose et al. 2004). In view of the
similarities and differences in nuclear structure it appears there has been
evolutionary divergence resulting in evolution of different nuclear structures as
seen in plants, animals and yeast, whilst all retain proteins involved in chromatin
organisation. It appears that the complexity of the NE may have been
unde;restimated, as recent work has identified at least 8 previously unknown NE

integral membrane proteins isolated from animal cells (Schirmer ef al. 2003).

What is the reason for the current failure to identify NE proteins in plants? One
explanantion is that plants contain a set of functionally homologous NE proteins
that lack sequence homology to their animal counterparts. A second possibility is
that discrepancies in, and lack of completeness of, the sequence data available for

plants means that their genes have yet to be identified. A final possibility is an
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inherent lack of NE proteins encoded in the plant genome. If the latter is the case,
however, a subsequent question is: how is the structure of the nucleus maintained

in plant cells?

Nuclear pores have been visualised in plant cells by electron microscopy (Heese-
Peck and Raikhel 1998). A proteomic approach to the characterisation of yeast
(Rout et al. 2000) and mammalian (Cronshaw ef al. 2002) NPCs has led to the
current proposal that the NPC consists of multiple copies of 30 proteins, rather than
100-200 different proteins as was previously thought (Melchior and Gerace 1995).
Three Arabidopsis proteins, which bear partial similarity to mammalian

nucleoporins, have recently been identified by database mining (Rose et al. 2004).

Increasing numbers of animal NE proteins are being identified (Schirmer et al.
2003). As such, homologous proteins may be present in animal and plant genomes,
which are as yet undescribed. The first example of a yeast NE membrane integral
protein has recently been described (Beilharz et al. 2003). The protein, Prm3, was
found to be involved in membrane fusion, a requirement for karyogamy (Beilharz
et al. 2003). Whilst the Arabidopsis genome is fully sequenced and apparently
lacks NE proteins, it méy not be fully anotated, hence genes may be present but are

unidentified.

The third possibility — that plants lack unique INE proteins seems unlikely. If so, it
might be speculated that their unique structure (being walled cells) means that
nuclear structure can be maintained by a combination of cytoskeletal proteins and

their interactions with membrane proteins not unique to the INE. This would,
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however, lead to a number of further questions, including the mechanism of NE

breakdown and re-formation.

6.3.1 Laminopathies

Rapid progress in identifying animal NE proteins has been as a result of the
characterisation of proteins involved in human diseases linked to mutations within
nuclear membrane proteins and lamins (so called ‘laminopathies’). A mutation in
the C-terminal domain of LBR is linked to Greenberg skeletal dysplasia due to
altered sterol reductase activity (Waterham et al. 2003). Pelger-Huet anomaly,
which has a phenotype of abnormal nuclear shape and chromatin organisation in
blood granulocytes, has been linked to reduced LBR expression and mutations
within the LBR gene (Hoffman er al. 2002). Mutations or absence of the INE
protein, emerin results in Emery-Dreifuss muscular dystrophy (EDMD; Manilal et
al. 1996, Nagano et al. 1996), a similar phenotype to EDMD is also observed in
cells with mutations in the lamin A/C gene (Bonne et al. 1999). The production of
extreme phenotypes as a result of the loss of a single protein emphasises the
importance that the nuclear proteins play in maintaining the structural integrity of
the nucleus — which can in turn affect the cell and ultimately the whole organism.
In many instances, it hés nét been clear why the disease phenotype results from
mutation of NE or nuclear proteins and the discovery of NE proteins by this means
has therefore been suprising. It is not clear what phenotype a plant laminopathy or
INE protein mutant would show; as the number of known plant nuclear proteins is
‘currently limited and an appreciation of their functions even more so, it is difficult
to extrapolate the effects of ‘laminopathies’ to plant cells. In the only example,

mutations in the plant HP1 homologue, LHP1, leads to alteration of plant structure
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and flowering time (Gaudin et al. 2001), showing that mutation of a plant nuclear
protein results in an altered phenotype. As plant nuclear protein research is in
relative infancy, mutants that can be traced back to al_tered INE proteins or IF
proteins have not been described, but if and when identified are likely to offer
valuable information into protein function. The mechanical stress that animal cells
are exposed to differ to those experienced by plant cells, as such impaired nuclear
integrity may not produce such severe effects as the plant nuclei may be afforded
protection from mechanical damage by the cell wall. Plant nuclei show high
mobility within certain cells (Chytilova ef al. 2000, Van Bruaene ef al. 2003) such
movement is not seen in animal cells, and as such may indicate different structural
and functional features which allow mobility and a certain degree of elasticity in

plant nuclei compared to animal nuclei.

6.4  SUGGESTIONS FOR FUTURE WORK

Comparison of various aspects of animal, yeast and plant nuclear research (see
Table 6.1) indicates that characterisation of the plant nucleus, including the NE is
some way behind that of other organisms. As such this field is a relatively blank

canvas, with great potential for future research.

6.4.1 Further investigation using the LBR-GFPs fusion and derivatives

As has been demonstrated in the preceeding chapters, LBR-GFPs can serve as a
specific marker for the plant NE. The construct has been used to highlight the
distribution of the marker during cell division and through the use of dual labelling,
to demonstrate co-localisation with an ER marker. Further multiple protein

expression studies would allow the visualisation of different cell constituents to

135



Chapter 6.

examine their interaction with the NE (as labelled with LBR) during different
stages of the cell cycle. Candidates for co-expression include H2B-YFP (Boisnard-
Lorig et al. 2001), microtubule units e.g. TUA6 (Ueda et al. 1996), y-tubulin
(Kumagai et al. 2003) or microtubule binding protein (MBD; Dixit and Cyr 2002),
filament-like plant proteins (Rose et al. 2003) and putative nucleoporins (Rose et

al. 2004).

Labelling of H2B allows in vivo visualisation of DNA without the application of
stains (like ethidium bromide) that perturb cell function, and as such would allow
accurate evaluation of cell cycle stage. Co-expression of MTs would allow further
investigation into the MT-induced tearing of the NE as demonstrated in animal
cells (Beaudouin et al. 2002) and preliminarily described in plant cells (Dixit and
Cyr 2002). The possibility of FPPs (Gindullis et al. 2002) or other IF-type proteins
(nuclear IF-protein; Blumenthal et al. 2004, NMCP1; Masuda et al. 1997, MFP1;
Samaniego et al. 2001, nuclear matrix proteins [NMPs]; Rose et al. 2003) found in
the plant nuclear matrix being analogous to mammalian lamins and their relative
localisation to the NE during mitosis would be an interesting study to undertake.
This work could provide information about the fate of IF proteins during division
in plants, and when c.o.mp.ared to animal proteins, may allow an insight into
similarity or lack thereof, in nuclear IF protein function between the two kingdoms.
The localisation of putative nucleoporins to the NE using LBR as a marker could

also be used to highlight the fate of NPCs during mitosis in plant cells.

The combination of a range of fluorescent protein variants and advances in

microscopy is beginning to permit the labelling of 3 or more constructs in unison.
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As this technology becomes more readily available, the relative location of
different proteins at the NE and within the nucleus should become easier to

determine.

Chromatin immunoprecipitation (ChIP) is a technique that preserves the
interactions of chromatin and proteins through biochemical isolation procedures
(Wang et al. 2002). By using this method on plant tissue expressing LBR-GFPs,
and using anti-GFP antibody for immunoprecipitation, it may be possible to
demonstrate whether LBR interacts with chromatin in the plant cell. In addition,
the procedure may show if LBR associates with other proteins, which may be
precipitated in complexes with LBR and as such may be a way to identify proteins

found at the plant NE.

In relation to the factors that contribute to targeting and retention of LBR-GFPs at
the NE much further work can be accomplished with the mutants described in
Chapter 5. Analysis of the mutant protein’s diffusional mobility using
photobleaching methods (see Introduction section 1.2) could provide information
on changes in protein retention. Ultrastructural observation of the cells expressing
the mutant proteins wouid p;’ovide an insight into alterations in cellular architecture
produced on expression of the mutants e.g. the altered ER morphology (showing a
tubular formation) and nucleoplasmic labelling observed in the lamin binding
domain deletion mutant. The production of further mutants, for example, deletion
of the HP1 binding domain and directed mutations within the lamin binding
dorhain, would allow further elucidation of the regions involved in LBR retention

at the NE in plants. Production of plants or suspension culture cells stably
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expressing the mutant proteins may show if the mutations alter plant growth, and
would provide a consistent level of expression to compare cells in the same plant

(unlike the variety of expression levels that transient expression provides).

6.4.2 Identification of plant NE proteins

The identification of native plant INE proteins would be an ideal way forward in
the study of the NE. Recent technical advances have added new tools that may aid
in this discovery. A process termed ‘subtractive proteomics’ has been used as a
way to comprehensively describe the complement of nuclear proteins isolated from
liver cells (Schirmer et al. 2003). This method identified all previously described
INE proteins and a multitude of, as yet undescribed membrane proteins (Schirmer
et al. 2003). This technique applied to plant cell extracts would provide a good
method for identifying proteins that have evaded prior isolation attempts. The ChIP
method (see section 6.4.1) could be used in combination with the subtractive
proteomics approch to identify membrane proteins that associate with chromatin. In
addition, the characterisation of aberrant plant phenotypes may lead to the

identification and elucidation of function of NE proteins.
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APPENDIX 1.

PRODUCTION OF AN ECA1-GFP5 FUSION
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Appendix 1.

APPENDIX 1. PRODUCTION OF AN ECA1-GFP; FUSION

Immunolabelling of the tomato Ca’**-ATPase LCA1 showed localisation at the nuclear
rim (Chapter 1 and 6, and Downie ef al. 1998). A homologue of the protein, ECAI1,
was cloned from Arabidopsis (Liang er a/. 1997). In an attempt to use this plant
protein as a possible NE marker the cDNA encoding the full length ECA1 was fused
to GFPs using overlapping PCR and the fusion ligated into the binary vector
pVKH18En6. The ligation reactions were used to transform E. coli, in order to
produce colonies to be screened for clones carrying the construct, which could then be
sequenced and used for in planta expression. However over several attempts, the
ECA1 ligations produced no positive clones despite varying the transformation
method, E. coli stocks and strains, ligation reaction conditions and reagents and DNA

preparation prior to ligation.

On communication with other research groups trying to clone Ca**-ATPases it was
found that the proteins can be lethal to E. coli strains unless under the control of a
chemical promoter (reviewed by Gatz 1997, Gatz and Lenk 1998) or by using a
truncated form of the Ca®**-ATPase. An alternative method using a truncated version
of the ECAIl, which would theoretically render the protein non-functional was

produced, and again yielded no positive clones.
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APPENDIX 2.

ADAPTION OF A PUTATIVE NUCLEAR PORE MARKER
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APPENDIX 2. ADAPTION OF A PUTATIVE NUCLEAR PORE

MARKER

Libraries of random cDNA sequences fused to GFP were produced at the Scottish
Crop Research Institute and expressed using a viral vector system, which allowed a
high throughput approach for localization of unknown proteins (Escobar et al.
2003). A clone designated 5’-026 was found to localise in discrete punctate
structures at the nuclear rim, suggestive of nuclear pore complex association. Using
the sequence of the open reading frame that contained the cDNA fragment start and
stop codons were identified which corresponded to the sequence of the 5°-026
fragment. Oligonucleotide primers (see table A2.1 below, restriction sites 5° Xbal
in SI38 and 3’ Sacl in SI41, included for cloning in to pVKHI18En6 vector shown
in red) were designed to amplify this sequence and in a subsequent PCR reaction
fuse it to EYFP for use in dual expression studies with GFP-fused proteins.

Table A2.1 Sequence of oligonucleotides used for production of nuclear
pore-YFP fusion by PCR.

Nuclear pore-YFP | SI38 | GGCTGCTCTAGAATGGGCAACCAACATAGCA

GC

SI39b | GAGGAAGAAGATGCGATCCGAGCGGCCGCT
GGGTCGACTGTG

SI40b | CTCCTCGCCCTTGCTCACAGTCGACCCAGCG
GCCGC

SI41 CGACTGGAGCTCTTACCAATCCTCCTCAGAG
ATAAG

Several positive clones were produced from the ligation, 2 of which were
seduenced and contained no mutations. The two sequenced clones were used to

transform Agrobacterium which was used to transiently transform tobacco leaf
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epidermal cells. Expression of the YFP fused putative nuclear pore marker showed

nucleoplasmic labelling (see Figure A2.1).
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Figure A2.1 Location of a putative nucleoporin, after fusion to YFP and

ligation in to pVKH18En6.
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APPENDIX 3.
DIVIDING TOBACCO BY-2 CELL MOVIE

(oNC.D.)
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APPENDIX 5.
PRODUCTION AND VALIDATION OF LBR-GFP;

AND RELATED CONSTRUCTS
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APPENDIX 5. PRODUCTION AND VALIDATION OF LBR-GFP;

AND RELATED CONSTRUCTS

AS.1 Production of the LBR-GFP;s constructs

Images of agarose gels showing LBR-GFPs aﬂd mutants bands are shown in Figure
A5.1. The LBR-GFPs and RS mutants (S80A, S82A, S84A, S86A), shown in
Figure A5.1. A and B, all show bands of ~1500 bp on BamHI/Sacl restriction
enzyme digest of plasmids. The A1-60LBR-GFPs BamHl/Sacl fragment, shown in
Figure AS.1. C, is ~1300 bp long. Examples of cut and uncut pVKH18En6 are also

shown in Figure A5.1. C.

AS.2 Sequencing

Sequencing was undertaken using the conditions prescribed by the Univeristy of
Oxford sequencing lab. The reaction samples were prepared as follows: 0.5 pg
plasmid, 1 pl primer (oligonucleotide concentration 3.2 pmol/nl), 4 nl BigDye, 4pl
sequencing buffer (200mM Tris SmM MgCl, pH 9.8), water to final volume of 20
pl in 0.2 ml tubes. Reaction mix was vortexed, briefly centrifuged and placed in

thermal cycler for the following programme:

Table A5.1 Thermal cycler programme for ABI BigDye terminator sequencing
reactions

Temperature (°C)  Time (min:sec) ~ Number of cycles

95 2:00 1
95 0:30

50 0:15 25
60 4:00

4 hold -
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Once the programme reached the 4°C hold stage samples were remoifed and
precipitated. For each reaction 2 pl 1.5M sodium acetate 250mM EDTA, pH 8 and
50 pl 100% ethanol were added, briefly vortexed and incubated at room
temperature for 15 minutes. Samples were then centrifuged at 16°C at maximum
speed in a microcentrifuge for 20 minutes and supernatant carefully removed and
discarded. The pellet was washed with 200 pl 70% ethanol, briefly vortexed and
centrifuged for 10 minutes, all supernatant was removed to waste and the pellet
dried gently (30 minutes at 37°C). Dried samples were delivered to the Oxford

Uhiversity Sequencing lab for analysis.

The oligonucleotides used for the sequencing reactions are detailed in Table A5.2

and Figure AS.2. Sequencing results are shown in Figure A5.3.

Table A5.2 Oliogonucleotides used for DNA sequencing of LBR-GFPs and related
mutant constructs.

Oligonucleotide Direction  Anticipated sequence coverage
SI3’ 3’ Large part of LBR, including the start of the
protein
SI6" 5 The majority of LBR and the fusion area
. between LBR and GFPs
- FB92* 3 The fusion region and most, if not all of the
LBR sequence

¥ See Table 2.2 for oligo sequence.
* FB92 oligonucleotide sequence: 5 GTGTTGGCGATGGAACAGGTAG

AS.3 Domain information and sequences

Anotated nucleotide and amino acid sequences for LBR-GFPs are shown in Figures

AS5.4 and AS5.5, respectively.

153



Appendix 5.

Figure AS.1 Images of agarose gels showing BamHI1/Sacl restriction enzyme

digests of LBR-GFPs and mutant plasmids.

A. LBR-GFPs and RS mutants (S80A, S82A, S84A), all show bands of ~1500 bp on
BamH]I/Sacl restrjction enzyme digest of plasmids, against 100 bp ladder. Lane 1,
100 bp ladder; Lanes 2 and 3, BamHI/Sacl cut LBR-GFPs; Lanes 4 and S,
BamHI/Sacl cut SB0A LBR-GFPs; Lanes 6 and 7, BamHI/Sacl cut S§2A LBR-
GFPs; Lanes 8 and 9, BamHI/Sacl cut S84A LBR-GFPs.

B. LBR-GFPs S86A, bands of ~1500 bp on BamHIl/Sacl restriction enzyme digest
of plasmids, against 100 bp ladder. Lane 1, 100 bp ladder; Lanes 2 and 3,
BamHl/Sacl cut S§6A LBR-GFPs.

C. A1-60LBR-GFPs BamHI/Sacl fragment, ~1300 bp long (lane 4). Examples of cut

(lane 2) and uncut (lane 3) pVKHI18En6 are also shown, against 1 kb ladder.
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Figure A5.2 Schematic representation of regions to be sequenced in LBR-GFPs

and related mutants.
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Figure A5.3 LBR-GFPs and related mutants sequencing results (nucleotide

sequence translated to amino acid sequence).
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Appendix 5.

Figure A5.4 LBR-GFPs nucleotide sequence.

Colour code:

LBR (N-terminal 238 amino acids)
N-glycosylation site

GFPs

T domain

Restriction sites

RS region

157



(sared aseq 6/ 1)

UuUmmmmmuMMMUMuMUommmummmumommuMUmomuummmmuomuommomMumuuummmuuUuuooummumomoommmmm
mmmmmmommoooummmmmmouuuooomuou@momu@oUumuUUGUUMUUMMUMOMUUMuuuuooumuooommummommuummoouomummmmom
moumuumoummuomouommUmumommommommwmmuumommomoomvuommmmouuommoommmmoumommommmmmmmommmommoommumou
GOMumumommomooouomGUMuommomummmmuummmomoommouooumommmmmummmmmmmmouuummvummmmmmmuuommmoummmmomm
UumouooomommmmummmuuummmoummmmuomumomommmMUMuU@@@@@U@@U@@@@MUUuouuoumoUmmmmmmmmmomuGUMummmmmmu
oomumoomommmmmouuouuUmmUmommvmmmmuMumoummmUUUMuMGMMUUuuuomummouumummumuuououuuvmuumoumuuomUmmo
UmmumoouumuoomuommmmmmuomUomomuuumuuu@@@puUuomUuommmmmoumuMUmwomummummmmmummmmmmmmummUumuouuup
mmmomommmummuumummummummmuummmuumuuouummoooumuu@@@@uo@ouuuuo@@@@@@@@@@@@ummouuuUM@UMUUOUUMuumo

omm@mummmouuumuuomm@mmmuummoumo@ooUummmmmmmummmumumummuumuomuumuoouuououuumumuoomuuommuuumumou

mououuumumummuoo@ummmmmmmuuummmmuuUmmmmmmommmooumooooommummmmuuuoommmmmummommuo@@@@@@@o@uu@o@u
mmmmmmmmmmmmuouu@@@u@@@@@@@@uummmoummmmmmmmmmmmmmuoumouuoom®umummomommommumUMUummommmmmmmomoum
uuummouummmmmmmmomUMUMMMMMUmouoomomommummmmmmmmuumumommmuoommmmmmummumummmommoumommummmmmuuumo
ommmmuouummuomoouommuu@@@uummmmmumGMOGOMGOMMUmmMOOMMuumommovmmmoomooouuomuvuuomuoummoomooomumm
mMMUoUmoommoummuoUUOuwmvoouumomuummmmoummuummmmmmmoomummmoouuUooouu@@umuuo@@ouommummmmmmmmmmom
mmuuuoouuommuuuoommmUumummummmmmmmmmuummmuuommmmommmmu@@@@@u@ummmmumuomUMUuuommooouoomommvmmom
Uommmuouu@@@@@u@@@@u@uu@uuuOMUuummmmmuoommummou@@@@@@ummummmmummummoomuuu@@@@@@ummmoomumooummm

S

AINANOIS AALLOATINN SJAD-UIdT



Appendix 5.

Figure A5.5 LBR-GFPs amino acid sequence.

Colour code:

LBR (N-terminal 238 amino acids)
N-glycosylation site

GFPs

TM domain

Lamin binding domain

chromatin binding domain

RS region
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