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Preface

In a presentation to the Linnean Society of London in November 1831, the Scottish
botanist Robert Brown (perhaps better known for his discovery of Brownian
motion) mentioned almost as an afterthought that in orchid epidermal cells, asingle
“circular areola’ could be seen, a “nucleus of the cell as perhaps it might be
termed.” Thus, the term “nucleus’ (from Latin nucleus or nuculeus, “little nut” or
kernel) was born for the compartment of the eukaryotic cell that contains the major-
ity of genetic information.

One hundred and seventy-seven years later, we know that the nucleusis the site
where genetic information is stored in the form of DNA, and where it is protected
from damage, duplicated, divided, recombined, repaired, and “expressed.” For the
latter, the genetic information is faithfully transcribed from DNA to RNA, then
released from the nucleus into the surrounding cytoplasm. Most likely trandated
into polypeptide chains, the information re-enters the nucleus in the form of diverse
proteins that function in the processes listed above.

These fundamental events of life rely on a multitude of tightly interconnected
processes which make the nucleus by far the most complex organelle. The nucleus
is surrounded by the nuclear envelope, a double membrane enclosing the entire
organelle and separating its contents from the cellular cytoplasm. This membrane
isimpermeable to most molecules; nuclear pores, therefore, are necessary to allow
for the controlled movement of molecules across the envelope. Nuclear transport is
fundamental to all cell function, as movement through the poresis required for both
nuclear and cytoplasmic transactions.

While the nucleus was first identified in a plant, we know now far less about the
plant nucleus than we know about its equivalent in animals or in fungi, because the
field of nuclear biology has been predominantly driven by the non plant model
systems. More recently, however, plant biology has begun to catch up as research
groups worldwide actively address the processes that define the plant nucleus. As
in other areas of molecular cell biology, it is becoming increasingly evident that
spatial organization of nuclear processes is also of crucia importance; in other
words, for many processes the question “where?’ is as important as the question
“how?’

| would like to thank all the contributors for having risen to this editor’s challenge
to “envision as the overarching theme of the book the integration of mechanistic and

vii



viii Preface

organizational aspects of nuclear biology” and for having delivered timely, rich,
thought-provoking, and highly informative contributions on their respective
topics. | would aso like to acknowledge the series editor Dr. David Robinson for his
invitation to edit this volume, aswell as Dr. Christina Eckey and Anette Lindquist at
the Springer editorid office for their great assistance and tireless help in hunting
down yet another email exchange | had misplaced. | also wish to thank the National
Science Foundation for generoudly supporting my own research in this field.

September 2008 IrisMeier
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Functional Organization of the Plant Nucleus

IrisMeer

Abstract For many years, the molecular processes in the eukaryotic nucleus were
believed to occur randomly within the nuclear space, without functionally impor-
tant spatial organization. Recently, much progress has been made in establishing
that nuclear spatial organization is indeed important, and that many nuclear
processes deserve the question “where?’ as much as the question “how?’ While the
eukaryotic nucleus was first discovered in plants, the predominant progress in the
field of its functiona organization has been made in non-plant models. Recently,
however, plant molecular biologists have begun to address the connection between
structure and function and the integration of mechanistic and organizational aspects
of the plant nucleus, too. While some aspects, such as the histone code, appear to
be highly conserved between plants and animals, others, such as the composition
of the nuclear pore, appear to differ profoundly. Here, we address various aspects
of plant nuclear biology with the specific emphasis on the relationship between
structure and function. We compare and contrast findings from plants and non-plant
model systems and point out exciting future research directions.

1 Introduction

The first description of a subcellular structure termed “the nucleus’ can be found
in a paper first delivered to the Linnean Society of London in November of 1831.
In his paper, the Scottish botanist Robert Brown — perhaps better known for his
discovery of Brownian motion — concludes his observations on Orchids as follows.

I. Meier

Department of Plant Cellular and Molecular Biology and Plant Biotechnology Center,

Ohio State University, 244 Rightmire Hall, 1060 Carmack Road, Columbus, OH 43214, USA
e-mail: meier.56@osu.edu

Plant Cell Monogr, doi:10.1007/7089_2008_24 1
© Springer-Verlag Berlin Heidelberg 2008



2 |. Meier

Hementionsthat “in each cell of the epidermis of agreat part of thisfamily, especially
of those with membranaceaus |leaves, a single circular areola, generally somewhat
more opake than the membrane of the cell, is observable... This areola, or nucleus
of the cell as perhapsit might be termed, is not confined to the epidermis, being also
found not only in the pubescence of the surface... The nucleus of the cell is not
confined to Orchideae, but is equally manifest in many other Monocotyledonous
families; and | have found it, hitherto however in very few cases, in the epidermis
of Dicotyledonous plants’ (Brown 1833).

To the satisfaction of those currently interested in plant nuclear organization, the
nucleus was thus indeed first described in plants. Nevertheless, it cannot be ignored
that since John Brown’s first observations, the field of nuclear biology has been
mostly driven by non-plant model systems. More recently however, plant nuclear
biology has begun to catch up and an active group of researchersis now addressing
the connection between structure and function and the integration of mechanistic
and organizational aspects of nuclear biology in higher plants. The chapters in this
volume give an overview of our current understanding and highlight exciting new
insights, emerging areas, as well as open questions.

2 Establishing Boundaries: Separation of Cytoplasm
and Nucleoplasm

The first proposal of a membrane barrier that separates the nucleoplasm from the
cytoplasm was published in 1913 based on micromanipulation studies of animal
and plant cells (Kite 1913). Later, electron micrographs revealed that the nuclear
envelope (NE) consists of two parallel membranes. At the same time, nuclear pores
were identified that penetrate both membranes and it was demonstrated that such
pores exist in a number of different tissues and cell types of rat, thus establishing
nuclear pores as a general feature of the NE (Watson 1955).

Since those early studies, much has been learned about the composition and
function of the nuclear envelope, while at the same time a number of important
guestions still await answering. Important are the recent advances in cataloging the
proteins associated with the three types of NE membranes, the outer nuclear mem-
brane (ONM), nuclear pore membrane, and inner nuclear membrane (INM).
Proteomic approaches have identified about 30 different nucleoporins in the yeast
and mammalian nuclear pore complex (NPC) and similarly, the number of known
ONM and INM proteins has increased dramatically over the past few years
(Schirmer and Gerace 2005). In all three cases, a concept emerges of a subgroup of
proteins directly associated with the membranes, such as the integral membrane
proteins emerin at the INM, gp210 at the nuclear pore, or Nesprin at the ONM.
Other proteins assemble based on protein—protein interactions, with an exciting
new concept being the crosstalk between ONM and INM complexes through
protein—protein interactions in the NE lumen (Crisp et al. 2006). All three sub-
classes of NE proteins in turn interact with proteins beyond the nuclear periphery.
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NPC proteins are contacting chromatin-associated proteins and the complexes
involved in mRNA processing and export. INM proteins are in touch with chroma-
tin aswell, while ONM proteins contact elements of the cytoplasmic cytoskeletons
(Crisp et al. 2006; Starr and Han 2003; Stewart et a. 2007).

While progress in understanding the composition and function of &l three parts
of the NE appears to have entered the exponential growth phase in yeast and animal
model systems, much remains to be learned about the equivalent structures in
plants. In this volume, Evans et a. discuss our current understanding of the func-
tional composition of the plant NE. While the structures of the NE and NPC appear
similar in plants and other eukaryotes, knowledge cannot simply be transferred
from the non-plant model systemsto plants. Thisis clear aready from the fact that
plants (like yeast) do not possess recognizable orthologs of the proteins that consti-
tute the animal nuclear lamina, a protein meshwork underlying the INM. We can
only begin to speculate what this implies for plant nuclei in terms of the emerging
functions of the nuclear lamina for chromatin association with the NE, physical
stability of the nuclear envelope, and the cellular functions disrupted in the lamin-
opathies (Capell and Collins 2006). Is this entire functional complex missing from
plants, or is the analogous function simply still unrecognized, because the individ-
ual proteins are structurally not similar to their animal counterparts? An exciting
entry point into this question is the recent finding that depleting members of a
somewhat “lamin-like” group of plant proteins (NMCPs) leads to a stunning reduc-
tionin nuclear size in Arabidopsis (Dittmer et a. 2007). Moreno Diaz de la Espina
in this volume discusses this and other evidence that suggests that a “lamina-like”
structure might exist in plants, but must be rather different in its molecular compo-
sition from its animal counterpart.

3 Nucleocytoplasmic Transport: The Insand Outs of It

One of the great functional differences between eukaryotes and prokaryotes is the
spatial separation of transcription and translation in eukaryotic cells. This alone
implies a large amount of traffic between the two compartments in which these
processes reside, the nucleus and the cytoplasm. As far as we know, al macromo-
lecular traffic occurs through the nuclear pore. Much traffic of small molecules
might use this passage too, however comparatively little is known about small-
molecule traffic into and out of the nucleus, afield with great potential aswe begin
to learn more about the subcellular compartmentalization of regulatory small molecules
and ions.

While a number of the core components of nuclear import and export appear to
be conserved in plants, some differences are also apparent. Structurally, the plant
nuclear pore closely resemblesthe animal or yeast nuclear pore, including the well-
known eightfold symmetry (Roberts and Northcote 1970). Rose describes in this
volume our current understanding of shared topics as well as unique aspects of the
plant nuclear pore composition, protein nuclear import, and its accessory proteins
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such as the components of the Ran cycle. In another chapter, Merkle discusses our
knowledge of plant nuclear export of proteins and RNA.

Recently, nuclear pore proteins and members of the import and export machinery
have received significant attention from the plant community, when they surfaced in
mutant screens of developmental and environment-response pathways. The respective
pathways include the regulation of flowering time, hormone and stress responses,
as well as plant—microbe interactions (reviewed in Xu and Meier 2008). While the
precise role of nucleoporins and import or export components is currently not
known, the emerging picture is that in all cases important factors of the pathways
must become limiting either in the nucleus or in the cytoplasm. These new mutants
might help to address a long-standing question in the nucleocytoplasmic trafficking
field, namely whether there are components (such as individual members of the
importin alpha family) that are specific for the transport of specific molecules or
mol ecule subclasses. Stunningly, it has been recently demonstrated that substituting
the prevalent importin aphain a pluripotent human cell type with the one dominat-
ing in differentiated neural cells was sufficient to induce the expression of neuron-
specific transcription factors (Yasuhara et a. 2007). In further approaching this
guestion now in plants, it will be important to distinguish between true specificity
and threshold effects, for example that some pathways might be more sensitive than
others to a generic reduction in nucleocytoplasmic trafficking.

4 Intranuclear Architecture: Whereto Hang Your HAT

Not too long ago, it was still generally assumed that chromatin-associated proc-
esses such as transcription and replication occurred randomly within the nucleus,
with no apparent spatial organization. The past decade has fundamentally changed
this view with technical advances from chromatin painting to epigenomics and we
begin to see that nuclear processes are indeed architecturally organized within the
highly complex nuclear landscape.

These advances also alow reinvestigation of the old concept of the “nuclear
matrix” or “nucleoskeleton.” Moreno Diaz de la Espina in this volumes reviews
past evidence for such a structural framework of the nucleus and compares and
contrasts it with the more recent concepts of subnuclear organization. While the
“nuclear matrix” has been atopic of hot debate, the effects of the complementary
DNA elements (Matrix Attachment Regions, MARS) have been established beyond
doubt. Interestingly, this field has been kept very active from the onset by plant
groups, originally driven by the problem of large variation in gene expression levels
in individua transgenic plant lines, undesired for the development of robust trans-
genic crop plants (Allen et al. 2000).

As pointed out by Allen in this volume, much research in plants has therefore
focused on how to best reduce variation in gene expression by adding well-defined
MARSs to transformation vectors. In contrast, in the yeast and animal fields more
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emphasis has been placed on understanding the role MARs play in higher-order
chromatin structure and nuclear architecture. The questions for plant researchers
are now obvious and include whether MARs are involved in creating higher-order
chromatin structures in the plant nucleus, the relationship between MARs and
histone-modification sites, the possible association of MARs with the nuclear pore,
and the connection between MARS and transcriptional and post-transcriptional
gene silencing. With much knowledge accumulated about individua plant MARS,
the time has come to move this field now to the next level and use MARS as a tool
to probe into the different aspects of plant chromatin organization. Most relevant
for this paradigm shift will be the recent approaches to map MARS genome wide
in the model plants Arabidopsis and rice and to correlate and functionally connect
their distribution with other aspects of epigenomics such as histone modification
and DNA methylation patterns, as discussed by Allen in this volume.

One of the most exciting discoveries of the past decade was that of the histone
code, as the sum of all covalent modifications of the histone tails on the surface of
the nucleosomes is now generaly called. While it has been known since the 1970s
that the core histones can be covalently modified, the function of these modifications
and their relevance for epigenetic regulation have only become evident over the past
10 years (Turner 2000). Histone tails are modified by histone acetyl transferases
(HATs) and histone methyl transferases, and are phosphorylated or ubiquitinated.
Histone deacetylases (HDACSs) and the respective enzymes for the other modifica-
tions can remove the individual tags. Individual modifications increase or decrease
the likelihood of second nearby modifications, and different modifications of the
same residue exclude each other. The resulting complex code is“read” by chroma
tin-binding proteins with affinity for the modified surfaces of the nucleosomes,
such as bromodomain or chromodomain proteins. These proteins then lead to a
series of eventsthat might result in active, euchromatic or inactive, heterochromatic
chromatin domains and can target DNA methyltransferases to chromatin. DNA
methylation isthustightly connected to histone modifications and methylated DNA
can in turn recruit histone-modifying enzymes.

Reviewing the current literature in this field as well as his own body of work,
Fransz in this volume concludes that plants and animals do not show large differ-
ences in the underlying epigenetic modules. Variations, however, exist in the com-
bination of protein modules in the proteins that read the histone code, which might
in turn reflect different interpretations of the epigenetic code.

Much has been learned recently about chromosome territories and chromocenters
in plants, and in this field, comparison between species with small and large
genomes will likely further our understanding of the role of the vast intergenic
regions of some plant species. A major subnuclear domain is the nucleolus and
exciting work is forthcoming about its chromatin organization. Together with
recent proteomic studies of purified nucleoli (Pendle et al. 2005), we begin to see
that the nucleolus might be far more than a ribosome biogenesis machine. Both for
plants and animals aike, thisfield will likely surprise uswith exciting new functions
of this long-known sub-nuclear compartment.



6 |. Meier

5 Strategic Invaders: How to Conquer a Plant Nucleus

The use of the soil bacterium Agrobacterium tumefaciens for stabile genetic trans-
formation of plants was first established in the 1980s. It takes advantage of a
preexisting process that allows Agrobacterium to insert afragment of its own DNA
(the T-DNA) into the plant genome and re-program the respective plant cells to
grow into undifferentiated tissue and provide nutrients for the bacteria (crown gall
disease). It has by now become such commonplace procedure in most plant labs
that only the rare and exceptional graduate student will still reflect on its molecular
process. Those who do will soon natice that while much is known about the nature
of the T-DNA that istransferred from Agrobacteriumto the plant, the actual process
of itstrafficking from the plant cytoplasm to the nucleus and its subsequent integra-
tion into the plant genome are an area of active, exciting research with a significant
number of unknowns.

As discussed by Danfi-Yelin et a. in this volume, we have only appreciated in
the past few years how complex the process of integrating the T-DNA into the plant
nucleus really is. We begin to understand to what degree the process relies on host
factors supplied by the plant, as well as the plant’s genome structure and DNA-
repair machinery. For example, the nuclear import of the proteir-DNA complex
harboring the T-DNA (the T-complex) relies on both the Agrobacterium proteins
Vire2 and VirD2 and on the host protein VIP1, which is taken hostage by the
T-complex to provide part of the nuclear import signal required for traffic through
the nuclear pore.

Once inside the nucleus, more host proteins are recruited to allow integration
into the plant genome, among them avariant of plant histone H2A and a number of
proteins involved in DNA repair. While there are currently still competing models
for the exact T-DNA integration process, it is aready apparent that the processis
complex, and that its detailed study will likely teach us much not only about
T-DNA integration but also about the host mechanisms involved in it.

6 Outlook: The Road Ahead

While much progress has been made during the past decade to further our under-
standing of plant nuclear functional organization, several areas have still been
barely addressed or are till understudied. A long-standing open question in the
field is the molecular nature of the plant equivalent of the animal centrosome. It is
known that the outer surface of the nuclear envelope has microtubule nucleating
activity and it has been proposed that it has centrosome-like activity (Vaughn and
Harper 1998). However, how this feature exactly relates to plant spindle organiza-
tion and what the molecular playersareis still unclear. Similarly, while the dynamic
changes of the metazoan nuclear envelope during cell division is now an active area
of research (Anderson and Hetzer 2008), a comparable understanding of the processes



Functional Organization of the Plant Nucleus 7

that govern the orchestration of open mitosis in plants is an exciting field yet to
emerge. Related to the fate and role of the nuclear envelope during mitosis is the
function of nuclear pore proteins in the process. In animals, a number of nuclear
pore components have been shown to traffic to the kinetochores and to be involved
in the kinetochore checkpoint (Arnaoutov and Dasso 2003). It will be important to
perform similar studies for the plant proteins to establish how similar or different
their function is during plant mitosis. During interphase, the small ubiquitin-like
protein modifier SUMO is gaining increasing importance as a protein tag likely
involved in subnuclear localization and possibly in regulated nucleocytoplasmic
trafficking. Understanding its precise function in a variety of important nuclear
processes is currently a wide-open and challenging field in any system and there-
fore an exiting area for the early and timely involvement of plant biologists.
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The Plant Nuclear Envelope

David E. Evans (), Sarah L. Irons Katja Graumann, and John Runions

Abstract The nuclear envelope isan important but poorly studied dynamic mem-
brane system in plants. In particular, surprisingly little is known about the proteins
of the higher plant nuclear envelope and their interactions. While structurally similar
to the nuclear envelope of other kingdoms, unique properties suggest significant
differences. For instance, plants lack sequence homologues of the lamins and
instead of centrosomes the entire nuclear envelope surface acts as a microtubul e-
organising centre. This chapter reviews the structure of the nuclear envelope in
relation to its protein domains, namely the inner and outer membrane, and the pore
domain. Recent advances in the characterisation of novel proteins from these
domains are presented. In addition, new insights into mechanisms for the targeting
and retention of nuclear envelope proteins are discussed. The nuclear envelopeis of
importancein cell signalling and evidence for physical nucleo-cytoskeletal linkage
and for the nucleoplasm and periplasm as calcium signalling pools are considered.
Finally, the behaviour of inner nuclear membrane proteins during the breakdown
and reformation of the nuclear envelope in mitosisis discussed.

1 Introduction

The nuclear envelope (NE) is a complex structure separating cytoplasm from
nucleoplasm and is a defining characteristic of eukaryotic cells. In electron micro-
graphs it appears as a two-membrane system with the lumen perforated by nuclear
pores, but static images do not convey its complexity and dynamic interactions with
the nucleoplasm and nucleoskeleton and with the cytoplasm and cytoskeleton.

D.E. Evans

School of Life Sciences, Oxford Brookes University, Headington Campus,
Oxford, OX3 0BP, UK

e-mail: deevans@brookes.ac.uk

Plant Cell Monogr, doi:10.1007/7089_2008 22 9
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Such interactions require an array of proteins with complex binding interactions as
well as mechanisms for transport through the pores, traffic and targeting within the
membrane, breakdown and reformation during cell division and for positioning the
nucleus within the cell.

Detailed study of the proteins of the plant NE has only recently been undertaken
and this chapter will consider advances in knowledge and understanding of its pro-
tein constituents and their binding partnerslargely achieved over the last five years.
Large gaps in knowledge remain; in particular key “missing” links whose presence
is suggested by current data. This means that it remains an important and under-
researched area. There are a humber of unique features of the plant NE; hence
knowledge from other organisms cannot be generalized to plants. In particular,
plants lack structures analogous to centrosomes and the entire outer NE serves asa
microtubule-organising centre (MTOC) (Shimamura et a. 2004). The plant NE is
associated with the cytoskel eton and nucleoskel eton, but plant nuclei lack sequence
homologues of the nuclear lamins (see Morena Diaz de la Espina 2008; and
Brandizzi et a. 2004). Thus, understanding the interactions of the plant NE with
elements of both cytoskeleton and nucleoskeleton is a particularly important area.

2 Nuclear Envelope Domains

The nuclear envelope is a double membrane surrounding the nuclear materia. Init,
three separate but linked domains have been identified; the outer nuclear membrane
(ONM), theinner nuclear membrane (INM) and, the membrane connection between
them, the pore membrane (POM) within the nuclear pore complex (NPC). In addi-
tion, invaginations collectively called the nucleoplasmic reticulum (see Prunuske
and UlIman 2006) or transnuclear strands (Fricker et al. 1997; Collings et al. 2000)
penetrate the nucleoplasm and greatly increase the surface area of the INM and its
proximity to chromatin in certain cell types. The nuclear pore complexes are
involved in maintaining the individual composition of the three membrane domains
as proteins can only diffuse into the INM through them (Mattaj 2004). Thereis an
increasing body of evidence to suggest that INM proteins require a nuclear target-
ing sequence recognised for passage through the pore (Lusk et al. 2007). In addi-
tion, protein binding aso strongly influences the constituents of each of the
domains with protein—protein interactions acting to anchor and thereby enrich
proteins within them.

3 The Outer Nuclear Membrane

The ONM isin close association with perinuclear endoplasmic reticulum (PNER)
and is linked to it through junctional regions that allow traffic of PNER proteins
into the ONM and vice versa (Staehelin 1997). The ONM isa so frequently decorated
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with ribosomes and functions in protein synthesis (Gerace and Burke 1988). The
ONM appears to share most of its protein constituents with the PNER, but the two
proteomes, while over-lapping, are not identical and proteins predominantly located
at the ONM have been identified (Schirmer and Gerace 2005). The abundance of
proteins also differs between the two domains, though their proximity and close
connection makes separating them for biochemical quantification difficult if not
impossible. It is suggested that the presence of physical constrictions of 25-30 nm
in diameter in the junctional regions restrict protein movement from endoplasmic
reticulum (ER) to ONM (Craig and Staehelin 1988; Staehelin 1997).

The proteins of the ONM play a vital role in connecting the nucleus to the
cytoskeleton, for nuclear positioning, maintaining the shape of the nucleus, signal-
ling and cell division. The bridge between the INM and ONM described in animal
systemsinvolves proteins of the LINC (L Inker of Nucleoskeleton and Cytoskel eton)
complex (Crisp et al. 2006). In the LINC complex, proteins possessing atransmem-
brane domain spanning the ONM interact via a conserved binding domain with
partners that span the INM and interact with nucleoskeletal proteins. These interac-
tions prevent the ONM protein from moving back into the PNER thereby retaining
it in the ONM. The LINC complex is considered in detail later in the chapter.

While definite protein constituents of the plant ONM still remain elusive, one
possible candidate is DMI1 (doesn’t make infection 1). This putative ion channel
of Medicago truncatula was found in a screen for proteins essential in establishing
symbiotic relationships between plants and nitrogen-fixing bacteria (Riely et a.
2006). It was shown to be involved in generating perinuclear calcium oscillations
in response to Nod factor signalling. Nod factor is released by nitrogen-fixing bac-
teriaand the corresponding cellular ion fluxes, calcium spikes, lead to the activation
of early nodulation genes, which result in root hair nodulation and thus the symbi-
otic interaction between the plant root and the bacteria (Riely et a. 2006; Peiter
et al. 2007). Although DMI1 is an ion channel it is not thought that Ca?* from the
periplasmic space uses this channel to efflux into the cytoplasm. Instead, DMI1 has
a C-terminal RCK (Regulator of the Conductance of K*) domain, which when
deleted abolishes calcium spikes and interferes with nodule formation. A Green
Fluorescent Protein (GFP) fusion to DMI1 was used to localise the protein to the NE.
Intriguingly, Lotus japonicus homologues CASTOR and POLLUX are localised to
plastid membranes in onion and pearoots (Riely et a. 2006; Peiter et a. 2007).

In addition to ONM intrinsic proteins there are also a number of peripheral and
soluble proteins that associate with the cytoplasmic face of the outer nuclear
membrane. For instance, RanGAP (see Rose 2008 ) has been shown to decorate the
plant ONM. While it has been long known that the entire surface of the plant NE
has microtubule (MT) nucleating activity (Stoppin et al. 1996) only recently two
proteins were identified to be essential for this function. While animal cells have one
MTOC that nucleates MTs, plant cells have so far been shown to have at least three
distinct regions with such a function — the NE surface, the cortex underlying the
plasma membrane and branching points of pre-existing MTs (Starr and Han 2003).
Intrinsic to eukaryotic MT nuclegation sites is the gamma-tubulin ring complex
(gamma-TuRC), which consists of five gamma-tubulin complex proteins (GCP) and
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gamma-tubulin itself (Fava et al. 1999; Murphy et a. 2001). The plant proteins
AtGCP2 and AtGCP3 are homologues of Drosophila and yeast GCP2 and 3, and
have been shown to form a soluble complex with gamma-tubulin that associates
with the plant ONM (Seltzer et al. 2007). Intriguingly, both have NE targeting
domains that are thought to target the gamma-TuRC to the NE, which is then
retained there by associating with an as yet unknown ONM intrinsic protein
(Seltzer et a. 2007).

4 The Pore Membrane

The proteins of the nuclear pore and the mechanisms of transport through it have
been discussed in detail elsawhere in this volume (Rose 2008). The discussion here
will therefore be limited to the proteins and role of the pore membrane. The pore
membrane is the only membrane connection between INM and ONM and therefore
all proteins destined for the INM must pass through it. It is also the point of anchor-
age of the proteins of the pore and isimportant in nuclear pore (and therefore NE)
formation.

A number of pore domain proteins have been identified in metazoans and yeast.
In a comparative genomic study, Mans et al. (2004) identified five pore membrane
proteins (POMS); Pom34, Pom152, Pom 210, Ndclp and Pom121. They observed
that Pom34 and Pom152 were restricted to fungi, Pom121 was unique to verte-
brates and only Pom210 and Ndc1 were present in animals, fungi and plants.

Pom34 and Pom121 contain two transmembrane domains that span the pore
membrane. Both the N-terminus and the C-terminus of Pom34 reach into the pore
and are involved in the molecular organisation of the pore complex (Miao et al.
2006). On the other hand, Pom121 is required for NE formation. Depletion of
Pom121-containing membrane vesicles does not affect vesicle binding to chroma-
tin but fusion to form a closed NE does not occur (Antonin et a. 2005) Thus, it
appears that Pom121 links formation of the nuclear pore complex with the reas-
sembly of the NE.

Glycoprotein 210 (Pom210/gp210) is amajor component of the nuclear pore com-
plex (Courvalin et a. 1990). It contains a large perinuclear N-terminal domain that
comprises 95% of its mass and contains an Ig-fold domain, which alows interactions
between gp210 and other NE components (Greber et al. 1990; Mans et a. 2004). A
single transmembrane (TM) segment anchors the protein into the pore membrane and
isfollowed by a short C-terminal cytoplasmic tail. The TM domain is thought to con-
tain anuclear targeting signal asit is essential and sufficient for correct localisation of
gp210 (Wozniak and Blobel 1992). For it to properly function, gp210 forms homodim-
ers (Mans et d. 2004). Homologues of gp210 are present in Arabidopsis and are pre-
dicted to be structuraly similar to the mammalian and Caenorhabditis elegans
proteins, with a C-termind transmembrane region (Cohen et a. 2001).

Ndc-1, a 74-kDa protein with six transmembrane domains, has been identified
in the pore membranes of animals and yeast (Winey et al. 1993; Chial et al. 1998).
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Stavru et al. (2006) demonstrated that it is also present in spindle pole bodies of
S cerevisiae. Ndcl interacts with soluble Nups such as Nup53 and is therefore
essential for anchoring the nuclear pore complex (NPC) to the membrane (Mansfeld
et a. 2006). It also plays arolein NPC assembly, in particular in correct assembly
of Nups with FG repeats that are implicated in cargo trafficking through the pore
(Stavru et a. 2006). On the basis of homology, Mans et a. (2004) suggest that an
Ndc1 homologueis present in plants; its localization and interactions, however, are
as yet unknown.

Apart from gp210 and Ndcl, plants also possess a family of unique pore
membrane proteins. Two of the three WIPs (WPP interacting protein) localise
to the ONM/pore membrane in Arabidopsis and homologues have also been
found in other plant species (Xu et al. 2007). The WPP domain and its impor-
tance in RanGAP targeting has been discussed elsewhere (see Rose 2008).
Similar to gp210, WIPs1-3 contain a TM domain and nuclear targeting signal
that ensure correct localisation to the ONM and pore membrane. A coiled-coil
domain at the cytoplasmic side is thought to mediate both dimerisation and
association with the WPP domain of RanGAP. Whether the WIPs are also
involved in the assembly, anchorage and maintenance of NPC is asyet unsolved.
While all three WIPs seem to functionally overlap, a triple knockout abolishes
NE anchorage of RanGAP. Curiously, this only occurs in Arabidopsis root tips
and does not affect the development and growth of the plant. Xu et al. (2007)
therefore speculate that RanGAP may be dispensable in root tip nuclear trans-
port and suggest that the members of the WIP family are fairly newly evolved
plant ONM/pore membrane proteins. It certainly demonstrates that RanGAP
anchorage to the NE can be cell-type specific, a phenomenon that has not been
shown in animals so far (Xu et a. 2007).

Thus, there appearsto be adivergence between kingdomsin the protein composition
of the pore membrane and therefore the anchorage of pore proteins. In plants, only
Pom210 and Ndc1 have thus far been identified as components of this ring, though
others may yet be discovered. This places one protein with six transmembrane
domains and a second single pass protein with avery large luminal domain into this
region; it is suggested that they are arrayed in a ring beneath the nucleoporins. As
referred to above, al inner nuclear membrane proteins have to traffic through this
domain to either enter or leave this membrane and mechanisms for this traffic are
therefore of particular interest.

5 Thelnner Nuclear Membrane

A number of proteins of the inner nuclear membrane have been characterised in
animal cells. Excitement in this field stems, at least in part from the growing
number of human diseases such as muscular dystrophies, lipoatrophy, skeletal
defects and epilepsy stemming from INM protein mutations (e.g. Wilkie and
Schirmer 2006). The variety and function of INM proteins is significant. For
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instance, LEM domain proteins (Lamin Associated Proteins (LAPs), Emerin, Man)
interact with BAF (barrier to autointegration factor) and are involved in gene
silencing (Gruenbaum et al. 2005). In addition, emerin associates nuclear actin to the
INM and Man plays an antagonising role in the TGF-beta (transforming growth fac-
tor beta) signalling cascade (Gruenbaum et a. 2005; Bengtsson 2007). ASI1-3
(amino acid sensor independent) are also signal transducing proteins that prevent
inappropriate expression of amino acid permeases (Zargari et a. 2007). Another
well-studied mammalian INM protein isthe lamin B receptor (LBR). It hasits own
multimeric protein complex and apart from a sterol reductase activity binds to
lamin B, chromatin and is involved in RNA splicing (Chu et al. 1998; Nikolakaki
et a. 1997). Other INM proteins connect with the nucleoskeleton, in particular the
lamina, and SUN (Sad1/Unc84) proteins even link the nucleoskeleton with the
cytoskeleton viathe LINC complex (Crisp et al. 2006; see below). Overall, the INM
and its proteins are implicated in nucleic acid metabolism, signal transduction,
NPC spacing and the tethering of nuclear matrix and chromatin. Most of these
functions also involve the lamina as the laminais tightly associated with the animal
INM and is essentia for its integrity (Gruenbaum et al. 2005). As no plant homo-
logues of lamins seem to exist (Irons et a. 2003; Rose et a. 2004; Graumann et al.
2007; aso see Moreno Diaz de la Espina 2008) it is not surprising that many of
the well-characterised animal INM proteins do not appear to have plant homo-
logues either — apart from two notable exceptions (Table 1).

Firstly, two Arabidopsis homologues of the yeast SUN protein Sadl were identi-
fied by Van Damme et a. (2004) in a screen for proteins implicated in plant cyto-
kinesis and phragmoplast formation. GFP fusions of AtSadla and AtSad1b showed
them to be localised to the NE in interphase and a putative bipartite nuclear locali-
sation signal suggests that both may be present in the INM portion of the NE (van
Damme et a. 2004; Graumann K, unpublished observations). Van Damme et a.
(2004) also used the GFP fusions to examine for the first time the fate of plant NE
proteins in mitosis. Prior to NE breakdown AtSadla was observed in dots associ-
ated with the nuclear rim and close to the plasma membrane. After NE breakdown
the construct surrounded the spindle and phragmoplast. Interestingly in metaphase
the proteins had accumulated in afew bright dots at both ends of the spindle, which
resembled yeast Sadl bodies. From this van Damme et a. (2004) argue that
AtSadlaand AtSadlb may be involved in MT nucleation during mitosis as well as
other functions that the SPB and MTOC fulfil in dividing yeast and animal cells
respectively, such as telomere clustering. Our findings that AtSadla and AtSadlb
contain the highly conserved SUN domain (see LINC complex) would support such
a hypothesis (Graumann and Evans, unpublished results).

The second family of plant INM proteinsis in fact not membrane intrinsic but
strongly associates with the NE very much like the earlier described components of
the Ran cycle. The Aurora kinase family members regulate mitotic processes and
two of the three Arabidopsis homologues have been found to localise to the NE
(Kawabe et a. 2005). GFP fusions of these were followed throughout mitosis and
were found to be present at the mitotic spindle, centromeres and the cell plate
(Demidov et a. 2005; Kawabe et al. 2005). As serine-threonine kinases they have



Table 1 Proteins of the nuclear envelope and their putative plant homologues

Protein Organisation Function Plant homologue Reference
LAP1 and LAP2 (lamin LAP1A/B/C isoforms LEM interacts with BAF (barrier to auto integra- None Foisner (2001);
associated proteins) LAP2B/y/8/s/E isoforms tion fgctor), v_vhi ch cross links DNA with LEM  LEM domain restricted to ~ Gruenbaum et al.
domain proteins metazoa (2005)

All have LEM (Lamin, Emerin, L .
DNA replication and expression

Man) domain - .
NE expansion after mitosis
Emerin LEM domain Interacts with nuclear f-actin, lamins and BAF None Gruenbaum et al. (2005)
Transcriptional regulator, death promoting repressor
Manl LEM domain Binds BAF and Smads and transcriptional regulators None Bengtsson (2007)
Antagonises TGF 3 signalling
LBR (lamin B receptor) Eight TM with sterol reductase N-terminus associates with b-type lamins, chroma=  None Chu et al. (1998)
activity tin and other components of its own multimeric
N’ terminal binds lamin and complex and isinvolved in RNA splicing
chromatin and chromatin organisation
Nurim (nuclear rim) Six TM Tightly associates with nuclear matrix None Hofemeister and O’ Hare
Is hypothesised to have enzymatic action on lamins (2005)
Nesprins Nesprins-1/2/3 In ONM part of the LINC complex None Wilhelmsen et al. (2006)

Predominately ONM proteins  In INM interacts with emerin and lamins
but isoforms present in INM  Speculated involvement in lamina organisation

RFBP (ring finger bind- Ring finger binding domain Phospholipid transporting AT Pase Four putative ArabidopsisMansharamani et al.
ing protein) Sub nuclear trafficking of transcription factors homologues — (2001)
Type IV p-type ATPase with Ring domain ALAA4/5/11/12 GI’aL.jmann K. (unpub-
lished observation)?
SUN (Sad/UNC-84  SUN1 and SUN2 Interact with lamins on nucleoplasmic side Two putative Arabidopsis Tzur et a. (2006b); Van
homol ogy) C-terminal SUN domain and nesprin at periplasmic side homologues AtSadla  Damme et a. (2004)
Involved in nucleo-cytoskeletal bridging and AtSad1lb Graumann et al. (unpub-
lished results)
NCX — sodium calcium Facilitate transport of Ca?* from nucleoplasm to None Ledeen and Wu (2007)
exchangers perinuclear space

Interactions with GM 1 potentiate exchange

aBLAST search of rabbit RFBP identified hitsin Medicago truncatula, Oryza sativa and Arabidopsis thaliana; four of the six Arabidopsis homologues have putative
bipartite nuclear localisation signals (Motif Scan) and one (ALAS) is predicted to be nuclear (WoLF PSORT)
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been shown to phosphorylate histone H3 and in view of their cellular locations they
have been implicated in chromosome segregation and cytokinesis (Demidov et al.
2005; Kawabe et al. 2005).

So far AtSadla, AtSadlb and the Aurora kinases are the only identified plant
INM components. Clearly with the plant INM implied in a variety of important
nuclear and cellular functions there is great potentia for discovering more of its
components. A lack of lamins in plants suggests that other lamin-like proteins
functionally replace laminsin plants (see Moreno Diaz de la Espina 2008) and that
the plant NE proteome may vary considerably from its animal and yeast counterpart
(Meier 2001; Brandizzi et a. 2004).

6 Targeting and Retention of INM Proteinsin Plants. Studies
with the Lamin B Receptor

Bi-directional transport of RNAs and soluble proteins through the NPC are
explained in detail in the chapters by Merkle (2008) and Rose (2008). This highly
regulated process enables the cell to control the type and amount of molecules that
enter and exit the nucleus and therefore DNA and RNA metabolism as well as
tranglation and protein synthesis. This ultimately affects all aspects of nuclear and
cellular function. It seems rational to argue that transport of INM proteins would
also be regulated as they play crucial roles in chromatin organisation (Lusk et al.
2007). A basic model for correct INM protein localisation is the targeting-retention
model (Mattaj 2004). It suggests that INM proteins are co-transglationally inserted
into the ER membrane and from there diffuse through the ER-ONM-pore mem-
brane continuum into the INM, where they are tethered by protein interactions and
thus accumulate. Other membrane intrinsic proteins such as ER and ONM proteins
would diffuse out of the INM and are not retained there due to alack of interaction
partners. This model has since been expanded by growing research that pointsto a
more controlled approach of INM protein targeting similar to that of soluble pro-
teins (Lusk et al. 2007). It isthought that INM protein targeting already commences
during co-trandational insertion into the ER membrane. Both mammalian INM
proteins LBR and nurim aswell asviral INM proteins were shown to have a sorting
signal in their first TM domain, which is recognised by the components of the
translocation channel and results in active targeting of the INM proteins to the NE
mediated by importin beta (Saksena et al. 2004; Saksena et al. 2006). How the INM
proteins pass the pore membrane is still not clear but it has been demonstrated that
the process requires energy and results in restructuring of the NPC (Ohba et al.
2004; King et al. 2006; Lusk et al. 2007). Lusk et al. (2007) suggest a bimodal
system in which membrane proteins with a cytoplasmic/nucleoplasmic domain
smaller then 25 kDa may diffuse through the pore but proteins with larger domains
are actively transported. Nuclear localisation signals (NLS) previoudly found in
soluble proteins have also been identified in INM proteins such as LBR and SUN2



The Plant Nuclear Envelope 17

and it isthought that NL S and karyopherin-mediated transport is advantageous and
even essential for INM proteinimport (Lusk et a. 2007). In addition to karyopherins,
interactions with certain Nups might also be crucial. For instance, deleting Nup170
disrupts INM protein but not soluble protein import (Lusk et a. 2007). Once INM
proteins arrive at their destined membrane, binding interactions with lamins, chro-
matin and other INM proteins are thought to retain them in the INM.

Using atruncated LBR fused to GFP the authors have also studied INM protein
targeting in plants (Irons et a. 2003, Graumann et a. 2007). The full length LBR
protein has eight transmembrane domains but the N-terminal nucleoplasmic
domain and first transmembrane domain are sufficient for INM localisation in ani-
mal cells (Ellenberg et al. 1997). When this truncated mammalian LBR containing
a bipartite NLS and single transmembrane domain is expressed in a plant system,
it localises to the NE (Irons et al. 2003; Fig. 1). Our recent studies suggest that the
mechanisms for targeting LBR to the INM are conserved between kingdoms and
traffic through the plant pore membrane occurs in the same way as in mammalian
cells (Graumann et al. 2007). In addition, it has reveal ed that strong binding interac-
tionsinthe INM are not necessary for retention. In mammalian cells the N-terminal
domain of LBR bindsto lamin B and chromatin, and thereby becomesimmobilised
at the INM. However, lamin B homol ogues do not exist in plants and FRAP analysis
showed that LBR-GFP is highly mobile in the plant INM (Graumann et al. 2007).
The authors favour amodel in which LBR istrapped inthe INM as so far no nuclear
export signal (NES) could be identified in its entire sequence. Building on the
theory that INM proteins require NLS and karyopherins for import like soluble
proteins it can be hypothesised that an NES and exportins may be involved in
export of the protein. Instead, the INM protein remainsin the INM and may eventu-
ally be degraded by a proteasome pathway (Graumann et al. 2007).

Fig. 1 LBR-GFP locates to the NE when transiently expressed in tobacco leaf epidermal cells
(a); when a putative binding domain is mutated the protein is relocated to inclusions inside the
nucleus (b). Scale bar = 10 um. Graumann, K., unpublished
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7 TheLumen and the LINC Complex

Although the NE separates the chromatin from the cytoplasm, the nucleus is not
isolated from the rest of the cell. While NPCs provide agueous channels for mole-
cules to be exchanged between nucleus and cytosol, LINC complexes connect the
cytoskel eton with the nucleoskel eton thereby presenting a further route of commu-
nication between the nucleus and the cell (Crisp et al. 2006). The composition and
function of these bridging complexes have been subject to recent investigations in
animal and yeast systems (Starr and Han 2003; Starr and Fischer 2005; Tomita and
Cooper 2006; Tzur et a. 2006b; Wilhelmsen et a. 2006; Worman and Gundersen
2006), however very little is known about their existence in plants.

The key components of the LINC complex are ONM located proteins with a
highly conserved KASH (Klarsicht/ANC-1/Syne Homology) domain and SUN
domain proteins of the INM. The KASH domain in the perinuclear space then
interacts with the SUN domain to create a bridge across the two membranes. This
connection interlinks cytoplasmic microtubules, filamentous actin and intermedi-
ate filaments with nuclear lamins (Starr and Fischer 2005; Wilhelmsen et al.
2006; Crisp et a. 2006). To interact with the cytoskeletal components KASH
domain proteins have large coiled-coil domains or spectrin repeat regionsthat can
protrude up to 500 nm into the cytoplasm. Indeed, KASH domain proteins are
huge molecules with the largest, human nesprin-1, being just over 1 MDa in
size (Zhang et al. 2002; Padmakumar et al. 2004). Actin-binding KASH pro-
teins, such as C. elegans ANC-1 protein, have two additional calponin domains
at the N-terminus to directly associate with f-actin (filamentous actin) (Starr and
Fischer 2005; Wilhelmsen et al. 2006; Worman and Gundersen 2006).
Schizosaccharomyces pombe Kmsl, C. elegans ZY G-12 and Drosophila Klarsicht
proteins are examples of KASH domain proteins that associate with components
of the MT cytoskeleton, in particular dynein (Mosley-Bishop et al. 1999; Starr
and Fischer 2005; Wilhelmsen et al. 2006). Human nesprin-3 is the only KASH
domain protein that has so far been shown to interact with intermediate filaments
(Wilhelmsen et al. 2005). On the nuclear side of the LINC complex SUN domain
proteinsinteract with lamins and chromatin. The transmembrane domain, nuclear
localisation signals and lamin binding domains but not the highly conserved
C-terminal SUN domain are necessary for INM localisation of the proteins. SUN
domain proteins also have coiled-coils, which are thought to be involved in
homo- and heterodimerisation so that multiple cytoskeletal and nuclear compo-
nents can be cross-linked (Tzur et al. 2006a). Thus, coupling the nucleus to the
cytoskeleton allows for controlled movement, positioning and anchorage of the
nucleusinside the cell. The LINC complex also associates centrosomes and spindle
pole bodies (SPB) to the NE in animal and yeast cells respectively (Starr and Han
2003; Starr and Fischer 2005) and is involved in centrosome duplication (Kemp
et al. 2007). The physical connection between cytoskeleton and chromatin via
KASH and SUN proteins has been shown to be necessary for clustering of telom-
eres and the formation and anchorage of the meiotic chromosome bouquet at the
NE (Chikashige et al. 2006; Tomita and Cooper 2006; Schmitt et al. 2007).
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Components of the LINC complex are also part of signalling pathways (Starr
and Fischer 2005), for example during apoptosis (Tzur et al. 2006a). To date
SUN and KASH domain homologues have been identified in the model organ-
isms Schizosaccharomyces pombe, Saccharomyces cerevisiae, Caenorhabditis
elegans, Drosophila melanogaster, Mus musculus and Homo sapiens (Starr and
Han 2003; Starr and Fischer 2005; Tomita and Cooper 2006; Tzur et al. 2006a;
Wilhelmsen et al. 2006; Worman and Gundersen 2006). However, very little is
known about their existence in plants. Our recent investigations suggest that
while KASH domain proteins may be less conserved in plants, SUN domain
homologues exist (Graumann and Evans, unpublished observations). Their iden-
tification and characterisation should allow the first insights into the workings of
apossible plant LINC complex.

8 The Nucleoplasmic Reticulum and Nucleoplasmic Signalling

The nucleoplasmic reticulum existsin many cells asinvaginations of both inner and
outer nuclear envelope, often traversing the nucleus. As their lumen is connected
directly to the cytoplasm, they greatly increase the surface area of the nucleus and
provide regions within the nucleus where nucleoplasm and cytoplasm are in close
proximity (Fricker et a. 1997; Broerset al. 1999; Echevarriaet al. 2003). They may
be branched and contain nuclear pore complexes and are surrounded by the nuclear
lamina. The nucleoplasmic reticulum is involved in nucleoplasmic signalling and
has been shown to be a site of calcium release (Lui et a. 1998; Echevarria et a.
2003). It may aso be involved in the organisation of chromatin via lamin-DNA
contacts. Broers et al. (1999) and Lagace and Ridgway (2005) showed that prolif-
eration of the nucleoplasmic reticulum in a number of animal cell types was stimu-
lated by CTP: phosphocholinecytidyltransferase-a, akey enzymeinthe CDP-choline
pathway for phosphatidylcholine synthesis that shows fatty acid-stimulated locali-
sation to the NE.

The NE and nucleoplasmic reticulum play a key role in intranuclear signalling
involving calcium and the inositol trisphosphate pathway. The nucleoplasm acts as
a separate signalling domain from adjacent cytoplasm with the NE achieving
attenuation of signalling (Al-Mohanna et al. 1994). Calcium signals in the nucleus
influence DNA repair and gene transcription and the nuclear envelope and nucleo-
plasmic reticulum as a calcium signaling pool (Marius et a. 2006); several
Ca-responsive proteins have been identified in the nucleus including annexin, tran-
scription factors, calmodulin, and calcium-dependent protein kinases and phos-
phatases (Bouche et al. 2005; Kalo et al. 2005).

In animals the nuclear envelope contains a number of key components of
Casignalling pathways:. inositol 1,4,5-trisphosphate receptors, ryanodine receptors
and Ca-ATPase activity. Inositol 1,4,5-trisphosphate receptors initiate localised
nuclear InsP3-mediated calcium signals and the Casignal generated resultsin move-
ment of nuclear protein kinase C to the nuclear envelope (Santella and Kyozuka
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1997; Bootman et al. 2000; Marius et a. 2006). In plants, the nucleoplasm has been
shown to act as a separate Ca-signalling domain (Pauly et al. 2000). Nuclear Ca
responds to temperature and to mechanical stimulation and transient receptor poten-
tial (TRP)-like Ca channels have been suggested to be present (Xiong et al. 2004).
Patch-clamping isolated red beet nuclei show that non-selective voltage-dependent
Ca-channels are present (Grygorczyk and Grygorczyk 1998). Mathematical analysis
of Catransport in the nucleus suggests a model in which the lumen of the NE acts
as a Casignaling pool into which Ca is accumulated by active transport and
released by Ca channels (Briere et al. 2006). In this model, channels in the inner
nuclear membrane release Cainto the nucleoplasm. A calcium transporter located in
the inner membraneis predicted to pump Caback into the lumen. The author’s labo-
ratory provided immunocytochemica evidence for a Ca-ATPase localised at the
nuclear envelope (Downie et a. 1998) but it has not been possible to prove an INM
location and the pump may be restricted to the ONM. Further evidence for such a
pump at the ONM has been provided (Bunney et a. 2000).

9 TheNuclear Envelope and Mitosis

Plants in common with most eukaryotes, with the notable exception of fungi,
undergo open cell division, whereby the NE breaks down at the onset of mitosisand
reforms around the nuclei of the new daughter cells. Through the use of fluorescent
protein fusions and live cell imaging it has been shown that some NE proteins relo-
cateto the ER during NE disassembly in cultured animal (Ellenberg et al. 1997) and
plant cells (Irons et a. 2003; Fig.2). In the animal cells it was shown that the NE
marker (LBR-EGFP) exhibits a significant change in mobility between interphase
and mitosis, with LBR being predominantly immobile within the intact NE in con-
trast to showing a high diffusion rate within mitotic membranes (Ellenberg et a.
1997). The presence of NE proteins in the ER during mitosis has also been shown
by immunolabelling of native proteins in mammalian cells (Yang et al. 1997). In
plant cells the NE/ER mitosis story remains to be fully described as, despite the
clear specific location of the protein to the NE, recent photobleaching data suggests
that LBR-GFP shows a high level of mobility within the NE membranes at inter-
phase, and apparently lacks the significant fraction of immobilised protein present
in mammalian cells (Graumann et a. 2007).

The possible mechanisms responsible for NE breakdown (NEBD) have been
well described in animal cells and to some extent in plants. In animal cells NEBD
is the result of microtubule-dependent stretching of the nuclear lamina which
causes deformation of the NE and changes in nuclear pore distribution (Beaudouin
et a. 2002; Sdlinaet al. 2002). Initial tearing of the NE occurs on the opposite side
of the nucleuswherethetensileforces are at their greatest; thetearing is possibly linked
to the localised disassembly of nuclear pores creating a focal point for the mem-
brane perforation. After theinitial tearing of the nuclear membrane, structure of the NE
islost rapidly. Intobacco BY-2 cells co-expressing amicrotubule marker (GFP-MBD)
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Fig. 2 Cell cycle in BY-2 cells expressing LBR-GFP as a nuclear envelope marker. Cell cycle
progression is indicated in seconds as elapsed time from the start of the sequence. A metaphase
BY-2 cell transformed with LBR-GFP (Irons et a. 2003) shows fluorescence distributed through-
out the ER (time = 0-1,216 s). During the cycle progression, tubular membranous structures form
through the MA (arrowhead, time 1,274-1,507 s). Subsequently, the ER membranes encircle
the newly formed daughter nuclei (1,624 s) and the NE forms around each nucleus (2,069 s).
The phragmoplast (empty arrowhead) forms between the nuclei and grows across the cell as more
wall is assembled (2,069-3,585 s). Scale bar = 20 um. Reproduced from Irons et al. (2003) with
permission

and an ER/Golgi marker (Nag-DsRed) to highlight the NE it was observed that
NEBD occurred before the disappearance of the pre-prophase band (PPB), a MT
structure characteristic of plant cell division (Dixit and Cyr 2002). The breakdown
of the NE followed ruffling of the nuclear membranesin the area of the NE in clos-
est proximity to the PPB. The spatio-temporal link between the loss of the PPB and
breakdown of the NE in plant cells suggests that plant NE breakdown is initiated
by membrane tearing and involves the attachment of MTs to the surface of the NE
(Dixit and Cyr 2002).
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A current topic of recent interest in the animal NE field is the process of NE
re-formation at the end of mitosis. It has been known for some time that the NE
assembles in a stepwise manner, with recruitment of INM proteins preceding that
of pore proteins (Chaudhary and Courvalin 1993; Haraguchi et al. 2000). The finer
mechanisms of this reassembly are now being elucidated. The INM protein SUN1
has been shown to be recruited at a very early stage to the condensed chromatin of
the daughter nuclei (Chi et al. 2007). The protein was shown to associate with a
histone acetyltransferase, in addition, when SUN1 expression was reduced, hyper
acetylation of histones and delayed chromosome decondensation was observed.
As such it suggests a possible functiona role for SUN proteinsin NE assembly.

Two recent publications using Xenopus egg extracts to study NE reassembly have
dealt with the physical aspects of membrane recruitment and expansion to produce
the new NEs. The recruitment of NE membranes around chromatin has been shown
to arise from the intact tubular ER network in vitro (Anderson and Hetzer 2007).
The ends of ER tubules were shown to bind directly to DNA and it is proposed that
by virtue of the highly dynamic and mobile nature of the ER the membranes can
quickly spread over the surface of the chromatin, with the membranes expanding
and forming flattened sheets (Anderson and Hetzer 2007). In another study, Baur
et a. (2007) demonstrated that, as for other membrane binding and fusion eventsin
the cell, NSF and SNARE proteins are necessary for NE formation and successful
pore complex assembly. As with many aspects of the plant NE in cell division there
has been very little work undertaken on the process of plant NE reassembly; once
again lack of native plant marker proteinsis aclear problem.

Examples of location of native plant NE and NE-associated proteins during
mitosis are gradually increasing. As previously mentioned immunolabelling of a
tomato Ca-ATPase gave a strong NE signal, when studied in dividing cells the
protein was found to localise in discrete domains within the mitotic membranes
(Downie et al. 1998). This could suggest a possible role for the LCA-1 Ca-ATPase
in regulating the calcium signalling pool in the mitotic apparatus (MA). Such tar-
geting to specific regions of the MA raises interesting questions regarding the
organisation of discrete domains within mitotic membranes.

Plant RanGAPs, the proteins that activate RanGT Pase allowing the conversion
of RanGTP to RanGDP, thus aiding the maintenance of the Ran gradient and direc-
tionality of nuclear import/export, are located at the outer side of the NE during
interphase (Rose and Meier 2001; Pay et al. 2002). During mitosis these proteins
are found associated with M Ts within the mitotic apparatus (Pay et al. 2002), and
are al so associated with the phragmoplast at the end of division (Jeong et al. 2005).
A specific N-terminal WPP domain in the plant RanGAP mediates the novel loca
tion of this protein during mitosis, which differs from that observed for animal cells
(Jeong et al. 2005). An antibody raised against the Arabidopsis Ran2 protein also
differed from the location seen for mammalian cells at interphase, the plant protein
being found in the perinuclear and NE region but not in the nucleoplasm whereas
the animal Ran proteins are usualy present in the nucleus (Ma et a. 2007). These
subtle differences in protein location between plant and animal Ran and Ran-
associated proteins and kingdom-specific targeting domains highlights the fact that
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the plant NE clearly differsfrom that of its animal counterpart and as such provides
a tantalising indication of the novel aspects of the plant nucleus that may be
unveiled in the future.

10 Summary and Future Directions

Whilst the importance of the nucleusiswell recognised in plant biology, research
into its membranes and related protein constituents’ remains in its infancy. Some
information can be extrapolated from animal and yeast systems, but striking dif-
ferences, such as the lack of plant homologues to lamins and to the vast majority
of known animal nuclear membrane proteins point to the interesting possibility
that the plant nuclear membranes contain novel proteins that contribute to an
overall nuclear structure similar to that seen in other eukaryotic cells. Approaches
using fluorescent proteins to localise novel candidates to the nuclear envelope
and to describe their behaviour in processes involving it are proving fruitful in
characterising this fascinating and important membrane structure. However, use
of multiple approaches, including proteomics, mutagenesis and reverse genetics
are needed to further the field. Given the role of the nuclear envelope and its
interactions in processes as significant as cell division and in control of gene
expression, the field must be considered an important one for future development.
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Nuclear Poresin Plant Cédlls: Structure,
Composition, and Functions

Annkatrin Rose

Abstract The nuclear pores form the gateways connecting the nucleoplasm of
eukaryotic cells with the cytoplasm. They are essentially fusions of the inner and
outer nuclear membranes forming a connecting pore membrane and a “hol€” in
the nuclear envelope. They are organized and anchored by a multi-protein com-
plex termed the nuclear pore complex (NPC), which facilitates and regulates the
transport of molecules across the barrier provided by the nuclear envelope. While
proteomics analysis has unravel ed the molecular composition of the vertebrate and
yeast NPC, our knowledge of the plant nuclear pore is till far from comprehensive.
However, severa components of the plant NPC and nucleocytoplasmic trans-
port machinery have emerged in recent mutant screens and were found to affect
diverse processes ranging from plant—microbe interactions and hormone and stress
responses to development and the regulation of flowering time. Taken together,
these studies illustrate the importance of the NPC and nucleocytoplasmic transport
in the regulation of plant growth and responses to the environment.

1 Structure of the Nuclear Pore

Nuclear poreswere first discovered nearly six decades ago via el ectron microscopy
of the isolated nuclear envelopes of amphibian oocytes (Callan and Tomlin 1950).
Subsequent studiesin the 1960s and early 1970s demonstrated that the microscopic
structure of plant nuclear pores resembles that of animal pores (Roberts and
Northcote 1970). In al three kingdoms of eukaryotes, the microscopic structure of
the nuclear pores shows an eightfold symmetry, and its overall architecture appears
to be evolutionarily conserved although the overall dimension of the NPC may vary
between species (Evans et a. 2004; Heese-Peck and Raikhel 1998; Lim et al.
2008). The pore structure has been most extensively studied in the Xenopus laevis
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oocyte system. In electron micrographs, Xenopus nuclear pores appear with an
overall cylindrical shape of 120-nm diameter and 70 nm in height spanning the
nuclear envelope. They exhibit an eightfold rotational symmetry viewed from the
top and a tripartite asymmetrical structure in a side view (Heese-Peck and Raikhel
1998; Reichelt et a. 1990). NPCs from both mono- and dicotyledonous plants
appear structured according to the same symmetrical arrangements (Heese-Peck
and Raikhel 1998; Roberts and Northcote 1970).

The central part of the pore contains eight spokes known as the spoke complex
connecting a cytoplasmic and a nucleoplasmic ring. Rod-like fibrils extend from
the cytoplasmic ring into the cytoplasm, while a nucleoplasmic basket extends from
the nuclear ring. These structures are thought to serve as docking sites for import
and export substrates, respectively (Heese-Peck and Raikhel 1998; Panté and Aebi
1996). Filaments extending from the nuclear basket into the nucleoplasm link
neighboring NPCs together (Ris 1997). The NPC core forms a central channel with
afunctional diameter of up to 26-39 nm and eight smaller channels with 8-9-nm
diameter that alow the passive diffusion of small molecules (Feldherr and Akin
1990; Hinshaw et al. 1992; Panté and Kann 2002).

2 Molecular Composition of the Nuclear Pore

Nuclear pores connect the outer with the inner nuclear membrane, thus forming
three distinct membrane domains within the NPC which can be distinguished func-
tionally and biochemically (Drummond and Allen 2004). The outer nuclear mem-
brane (ONM) is continuous with the endoplasmic reticulum. In metazoans, the
ONM contains specific proteins, such as the spectrin-like nesprins that connect the
nucleus with the actin cytoskeleton (Zhang et al. 2001), while the inner nuclear
membrane (INM) is attached to the nuclear lamina, a meshwork of lamin interme-
diate filaments and interacting proteins underlying the nuclear envelope. This pro-
tein meshwork provides a means of association of the INM with the nuclear matrix
and chromatin inside the nucleus (Goldberg et a. 1999). Nesprins and lamins
appear to be unique to metazoans and no homologs have been identified in plants
(Mans et al. 2004). The pore membrane (POM) constitutes the fusion membrane
between the ONM and INM and contains pore-specific integral membrane proteins
that facilitate assembly and anchoring of the NPC in the nuclear envelope (Gerace
and Foisner 1994).

On a molecular level, the nuclear pore complex is a multi-protein complex of
about 125 MDain size in animals and about 50-80 MDain yeast cells (Evanset al.
2004). Despite the size difference, the nuclear pores of yeast and mammals share many
similar morphological features. Proteomic studiesin animals and yeast have revealed
about 30 proteins, termed nucleoporins (Nups) and typically referred to by their
molecular weight, as building blocks of the nuclear pore complex (Cronshaw et d. 2002;
Rout et al. 2000). The larger size of the vertebrate nuclear pore results from multiple
copies of these proteins rather than increased complexity of the NPC proteome.
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Many nucleoporins occur in copies of eight, reflecting the eightfold symmetry of
the nuclear pore observed in electron micrographs. Some nucleoporins preferentially
occur on either the cytoplasmic or nucleoplasmic side of the pore, while most are
arranged symmetrically on both sides (Dreger and Otto 2004).

The composition of the plant nuclear pore complex is still largely unknown. For
about half of the nucleoporins identified in the metazoan NPC, sequence similarity
searches have failed to identify plant homologs. Only half of the nucleoporinsiden-
tified so far in plants have been characterized experimentally while the remaining
proteins are only inferred through sequence similarity with animal or yeast nucle-
oporins (Xu and Meier 2007). For asummary of the known Arabidopsis nucleopo-
rins, see Table 1.

2.1 Nuclear Pore Subcomplexes and Plant Nucleoporins

The nuclear pore complexes are anchored in the pore membrane via integral pore
membrane proteins (Poms). In vertebrates, the proteins Pom210 (also referred to as
gp210 for glycoprotein 210), Pom121, and NDC1 are involved in the anchoring of
the nuclear pore and reformation of nuclear pores after mitosis (Cronshaw et al.
2002; Mansfeld et al. 2006). Three anchoring integral membrane proteins have
been identified in yeast, Pom34p, Pom152p, and Ndclp (Rout et a. 2000).
Pom152p is similar to Pom210/gp210 and in addition to anchoring the nuclear pore
complex also appearsto be an integral part of the nuclear envelope-embedded spindle
pole body in yeast (Chial et a. 1998). A putative ortholog of Pom210/gp210 has
been identified in plants and is predicted to contain a C-termina transmembrane
domain (Cohen et a. 2001). In addition to Pom210/gp210, conservation of NDC1
in plants can be inferred from sequence similarity (Xu and Meier 2007).

Seven additional proteins form the spoke ring and the central transport channel
of the NPC core. Compared with the metazoan NPC, only one protein of the central
channel, Nup62, and none in the spoke complex appear to have sequence homologs
in plants (Xu and Meier 2007). This central core is flanked on both sides of the
nuclear envelope by symmetrical cytoplasmic and nuclear rings, which share the
same nucleoporin composition of roughly a dozen different proteins. The majority
of proteins in these coaxia ring complexes appears conserved in plants, with the
exception of Nup37, Nup214, and Sehl (Xu and Meier 2007). In the metazoan
NPC, this complex, aso referred to as the Nup107-160 complex, is considered to
form a central scaffold of the pore required for nuclear pore assembly (Harel et al.
2003b; Walther et a. 2003a). Interestingly, while depletions of nucleoporinsin this
complex severely reduce the number of pores per nucleusin animal cells and muta-
tions are often lethal, several viable Arabidopsis and lotus mutants have recently
been isolated that involve plant nucleoporins putatively located within these sym-
metrical ring complexes (Dong et a. 2006; Kanamori et a. 2006; Parry et a. 2006;
Saito et a. 2007; Zhang and Li 2005). The comparatively mild effect of these muta-
tions in plants is surprising and might indicate yet to be uncovered redundancy in



Table 1 Plant nucleoporins, associated mutant phenotypes and putative orthologs

Arabidopsis Mammalian
Protein gene(s) Putative location®  Seguence motifs Mutant phenotypes ortholog Yeast ortholog®
WIPL, 2, 3 AT4G26450 ONM/POM TMD, coiled-coil Loss of RanGAP attachmentto None None
AT5G56210 the NPC in triple mutants (Xu
AT3G13360 et al. 2007a)
gp210/ AT5G40480 POM TMD Embryo defective: arrest at pre-  Gp210 None
EMB3012 globular stage
NDC1 AT1G73240 POM TMD NDC1 (Stavru  Ndclp
et al. 2006)
ALADIN AT3G56900 Cytoplasmic fibrils WD repeat ALADIN None
Nup88/MOS7  unpublished Cytoplasmic fibrils Suppression of sncl, defectsin - Nup88 Nup82p
basal and systemic acquired
resistance (Wiermer et al.
2007)
Nup98 AT1G10390 Coaxial rings FG repeat Nup98 Nup145N, Nup116p, Nup100p
AT1G59660
Nupl60/SAR1 AT1G33410 Coaxial rings, Suppression of axrl, early Nup160 Nup120p
Nup107-160 flowering, retarded growth
(Cernac et al. 1997; Dong
et a. 2006; Parry et a. 2006)
Nup96/MOS3/ AT1G80680 Coaxia rings, Suppression of sncl and axrl,  Nup96 Nupl145C
SAR3/PRE Nup107-160 early flowering (Parry et a.
2006; Zhang and Li 2005)
Nup85 AT4G32910 Coaxia rings, Allele-specific defectsin sym-  Nup75 Nup85p
Nup107-160 biotic interactions, reduced
number of seeds (Saito et a.
2006)¢
Nupl107 AT3G14120 Coaxial rings, Leu zipper Nup107 Nup84p
Nup107-160
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Nup133 AT2G05120
Nup43 AT4G30840
Sec13 AT2G30050

AT3G01340
Nup62/ AT2G45000

EMB2766

Nup155 AT1G14850
Tpr/NUA AT1G79280

Coaxia rings,
Nup107-160

Coaxial rings,
Nup107-160
Coaxial rings

Central channel

Nuclear basket
Nuclear basket

Temperature-sensitive nodulation Nup133
deficiency, absence of myc-
orrhiza, reduced number of
seeds (Kanamori et a. 2006)¢

WD repeat Nup43
Sec13R
FG repeat, coiled- Embryo defective Nup62
coil
Nup155
Coiled-coail Early flowering, stunted growth, Tpr

changes in phyllotaxy,
reduced fertility, suppression
of axrl (Jacob et al. 2007;
Xu et a. 2007h)

Nup133p

None
Sec13p
Nsplp

Nup157p, Nup170p
Mlplp, Mip2p

aputative locations within the NPC and components of the Nup107-160 complex are inferred from known locations and interactions of vertebrate homologs;
nuclear envelope localization has been confirmed experimentally for the following proteins. WIP family (Xu et a. 2007a), Nup160 (Dong et a. 2006), MOS3/
SAR3 (Parry et a. 2006; Zhang and Li 2005), Nup133 (Kanamori et a. 2006), and NUA (Xu et al. 2007b)
bYeast orthologs of mammalian Nups according to Cronshaw et al. 2002, unless cited otherwise

°Phenotype curated by ABRC (www.arabidopsis.org( based on results from the SeedGenes project (Tzafrir et a. 2003)

4Phenotype observed in Lotus japonicus; all other phenotypes observed in Arabidopsis
ONM, outer nuclear membrane, POM, pore membrane, TMD, transmembrane domain
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the plant NPC or that the involved mutant aleles are not null aleles and retain
partia functions of the affected nucleoporins (Xu and Meier 2007).

On the nucleoplasmic side of the pore, a huclear pore basket extends from the
nuclear coaxial ring. In metazoan cells, the filaments of the nuclear basket are formed
by the long coiled-coil protein Tpr (Cordes et a. 1997; Paddy 1998; Zimowska et al.
1997), which is connected to the nuclear coaxial ring via the nucleoporin Nupl153
(Krull et a. 2004). Nup153 aso serves as an anchor for the SUMO protease SENP2
(Hang and Dasso 2002). Other proteins of the nuclear basket in metazoan cells
include Nup155 and Nup50. Of these proteins, only Tpr and Nupl55 appear con-
served in plants (Xu and Meier 2007). Loss-of-function alleles of Nup 154, the
Drosophila homolog of Nup155, are lethal while milder alleles cause sterility (Kiger
eta. 1999). Mutationsin Arabidopsis Tpr (or NUA for NUCLEAR PORE ANCHOR)
have pleiotropic phenotypes similar to those caused by mutants affecting the coaxial
ring complexes. Because no homolog of Nup153 exists in plants, it is unclear how
plant Tpr isanchored at the pore. In Arabidopsis, the SUMO protease ESD4 interacts
directly with NUA/Tpr (Xu et a. 2007b), thus linking the SUMO pathway to the
nuclear basket of the plant NPC but in a manner different from mammalian cells and
more similar to the interaction between the SUMO protease Ulplp and the Tpr
homologs MIplp and MIp2p in yeast (Zhao et a. 2004).

On the other side of the pore, cytoplasmic fibrils extend from the cytoplasmic
coaxial ring. The protein composition of these is even less conserved between
metazoans and plants than that of the nuclear basket. Only Nup88 was found to
have ahomolog in plants and was isolated in a screen for mutants defective in plant
pathogen response (Wiermer et a. 2007). The cytoplasmic fibrils of the mammalian
NPC contain RanBP2 (Nup358), which serves as the anchor for RanGAP attach-
ment (Mahajan et al. 1997). No RanBP2 sequence homolog exists in plants or
yeast, however plant nuclear pores contain another group of nucleoporins termed
WPP-domain Interacting Proteins (WIPs) which anchor RanGAP to the plant
nuclear pore (Xu et a. 2007a). As with the SUMO pathway, a connection between
the Ran cycle and the nuclear pore exists in plants as well as animals, however
utilizing different mechanisms of attachment suggestive of convergent evolution.

The exact molecular composition of the plant NPC is not yet known, and it is
therefore possible that additional plant Nups remain to be discovered. It will be
interesting to see whether the plant NPC contains plant-specific Nups to “fill the
gaps’ in the complexes lacking homologs to mammalian or yeast proteins. The only
plant-specific nucleoporins identified so far are the putative nucleoporins of the
WIP family involved in RanGAP attachment (Xu et al. 20074).

2.2 Functional Motifs and Modifications

Nucleoporins can be classified into families sharing specific sequence or structure
motifs, which often suggest a common function. A subset of nucleoporins contains
phenylalanine- and glycine-rich sequences in the form of FG repeats (Dreger and
Otto 2004). It has been estimated that there are approximately 10,000 of these FG
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repeats or similar hydrophobic motifs in each NPC (Drummond and Allen 2004).
These FG nucleoporins are thought to act as transient, low-affinity binding sites for
the attachment of transport complexes trafficking through the nuclear pore (Mattgj
and Englmeier 1998) and have been shown to be natively unfolded to provide flex-
ibility to the transport channel of the pore (Denning et a. 2003; Lim et al. 2008).
The direct interaction of transport factors with these phenylaanine-rich domainsis
essential for the translocation through the pore (Bayliss et al. 1999; Fribourg et a.
2001; Strasser et al. 2000). Putative orthologs of the FG-repeat-contai ning nucleop-
orins Nup98 and Nup62 can also be identified via sequence similarity in plant
genomes (Rose et al. 2004; Xu and Meier 2007).

Another motif recurrent in nucleoporins is the WD repeat, which consists of an
about 40-60 amino acid long repeat ending in WD (tryptophan-aspartate) and is
found in a wide variety of proteins in multiple cellular contexts. On the basis of
crystallography, the WD repeat islikely to adopt a circularized beta-propeller struc-
ture (Drummond and Allen 2004; Li and Roberts 2001) and act as a protein—protein
interaction platform in the assembly of protein complexes (van Nocker and Ludwig
2003). Several WD repeat proteins have been identified as components of the ver-
tebrate NPC and a homolog of the mammalian WD nucleoporin Nup43 can aso be
identified in the Arabidopsis genome (Xu and Meier 2007).

Nucleoporins in animals and plants may be glycosylated. In both plants and
animals, N-acetylglucosamine (GIcNAc) residues were identified as nucleoporin
modifications and have been used to isolate putative nucleoporins via specific inter-
action with wheat germ agglutinin (Heese-Peck and Raikhel 1998; Miller et al.
2000). It has been suggested that the possible function of this modification may
involve competition with phosphorylation as hyperglycosylation caused by block-
ing the enzymatic removal of GIcNAc residues leads to hypophosphorylated pro-
teins (Haltiwanger et al. 1998). In the context of the mammalian nuclear pore,
severa glycosylated nucleoporins such as Nup153, Nup214, Nup358 and gp210
become hyperphosphorylated during mitosis, thus disrupting protein—protein inter-
actions in the disassembly of NPCs (Favreau et a. 1996; Macaulay et a. 1995). In
contrast to animal nucleoporins that contain just one GIcNAc residue, the tobacco
nucleoporin gp40 contains chains of five or more residues (Heese-Peck et al. 1995).
The interaction of WGA with nucleoporins inhibits nuclear protein import in ver-
tebrates, but only affects the import of large complexesin plants (Hicks et al. 1996).
The longer chain length of the GIcNAc polysaccharide providing more space for
smaller proteins to pass between the NPC and WGA in plant cells might offer a
possible explanation for this phenomenon (Heese-Peck et al. 1995). However, rice
importin o.1a can release the WGA inhibition of nuclear protein import in permea-
bilized HeLa cells, suggesting a direct link to plant importin o rather than the NPC
(Yamamoto and Deng 1999). The functional significance of the different glycosyla-
tion chain lengths in animal and plant cellsis not known.

In mammalian and yeast cells, the nucleoporins Nup98/N-Nupl145p and Nup96/
C-Nup145p, respectively, are generated through the autocatalytic cleavage of a
larger poly-protein precursor (Rosenblum and Blobel 1999; Teixeira et a. 1997).
This autoproteolysis is essentia for the localization of both proteins (Fontoura
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et al. 1999). In contrast to this processing step conserved in yeast and animals,
plants appear to encode homologs of these two nucleoporins as separate polypep-
tides. SAR3/MOS3, the Arabidopsis homolog of Nup96, encompasses a region of
homology to the entire Nup96 protein as well as the C-termina 196 amino acids of
Nup98 at the N-terminus of SAR3/MOS3 (Parry et a. 2006). In addition, the
Arabidopsis genome a so encodes two proteins related to Nup98 (At1g10390 and
At1g59660). Interestingly, al three polypeptides contain the proteolytic motif
present at the C-terminus of mammalian Nup98, but are encoded by separate genes
in Arabidopsis (Parry et a. 2006). It is unclear whether any of the Arabidopsis
nucleoporins undergo autoproteolytic cleavage as a form of protein maturation.

3 Functions of the Plant Nuclear Pore Complex

The NPC primarily functions as the site of nucleocytoplasmic transport. Recent
studies have provided an increasing body of evidence for diverse functions of
nuclear poresin plant cells. Genetic screens have identified nucleoporins and com-
ponents of the transport machinery to be involved in diverse processes including
plant—microbe interactions, auxin response, tolerance to cold stress, and the regula-
tion of flowering time (Dong et a. 2006; Jacob et a. 2007; Kanamori et al. 2006;
Parry et a. 2006; Saito et a. 2007; Xu et a. 2007b; Zhang and Li 2005).

3.1 Nucleocytoplasmic Transport

The main function of the nuclear poresisto alow for the diffusion of small mole-
cules and the active transport of macromolecules across the nuclear envelope. In
human HelL a cells, the rate of transport across the nuclear pore has been measured
at ten import and ten export events per second per pore, which corresponds to about
600,000 ribosomes being transported per nucleus per minute (Goérlich and Kutay
1999; Macara 2001; Mattaj and Englmeier 1998). Molecules smaller than 30 kDa
can readily diffuse through the nuclear pores (Gasiorowski and Dean 2003; Stoffler
et a. 1999), and passive transport across the pore is possible for molecules up to
60 kDa (Gerace and Burke 1988). The transport of larger molecules requires active
transport across the pore. This transport system through the pore is directed by the
Ran cycle and transport receptors called karyopherins in combination with nuclear
localization or export signals on the molecules being transported (Pemberton and
Paschal 2005). The components controlling Ran-mediated active nucleocytoplas-
mic transport appear conserved in all eukaryotic kingdoms and some have been
shown to function in heterologous systems. Three major types of nuclear localiza
tion signals (NLS) identified in animals also function in plants and are recognized
by Arabidopsisimportin o (Smith and Raikhel 1999; Smith et al. 1997). Components
of the Ran cycle and karyopherin homologs have been identified in plants and
shown to complement the corresponding yeast mutants (Ach and Gruissem 1994;
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Ballas and Citovsky 1997; Hunter et al. 2003; Merkle et al. 1994; Pay et a. 2002).
This suggests a high degree of evolutionary conservation for the basic machinery
responsible for nucleocytoplasmic transport. Translocation of the transport com-
plex is thought to involve interaction of the import complex with FG-repeat con-
taining nucleoporins and an affinity gradient for importin B across the NPC
(Ben-Efraim and Gerace 2001; Lim et al. 2008).

3.1.1 Nuclear Import in Plants

Nuclear import in plants shows unique features in contrast to other eukaryotes. In
animals, importin o serves as the receptor for the NLS on the cargo protein while
importin B interacts with the NPC. Thus, the formation of a ternary complex of
cargo-importin a-importin 3 in the cytoplasm precedes and is required for facilitat-
ing transport across the nuclear envelope (Merkle 2001; Pemberton and Paschal
2005; Stewart 2007). In contrast to animal systems where depletion of the cyto-
plasm from perforated cells abolishes nuclear import due to depletion of import
factors, protoplasts from higher plants were found to retain importin o and their
ability for protein import when permeabilized (Hicks et al. 1996; Merkle et al.
1996). Further studies uncovered that plant importin o is strongly associated with
the nuclear envelope (Hicks et a. 1996; Smith et al. 1997) and is sufficient to medi-
ate protein import into rat nuclei independently of interaction with importin 3
(HUbner et al. 1999).

3.1.2 TheRan Cycle

Nucleocytoplasmic transport is facilitated by the Ran cycle, which provides the
molecular signals to distinguish between cytoplasm and nucleoplasm. This distinc-
tion takes the form of a sharp concentration gradient of the GTP and GDP bound
forms of the small GTPase Ran across the nuclear envel ope. Ran shuttles between the
cytoplasm and nucleoplasm and cycles between the two nucleotide-bound states
depending on accessory proteins in each compartment (Meier 2007; Stewart 2007).
Ran GTPase activating protein (RanGAP) islocalized on the cytoplasmic side of the
NPC, therefore facilitating the conversion of Ran-GTP to Ran-GDP outside the
nucleus. As a conseguence, the cytoplasm is characterized by high Ran-GDP concen-
tration. The Ran nucleotide exchange factor is sequestered to chromatin and therefore
present in the nucleus where it catalyzes the conversion of Ran-GDP to Ran-GTP.
The nuclear compartment is therefore characterized by a high Ran-GTP concentration.
The Ran-GTP concentration gradient provides the spatial information for nucleocyto-
plasmic transport. Import complexes consisting of importin o/ and cargo forminthe
cytoplasm. Upon trand ocation through the NPC, the binding of Ran-GTP to importin
B inside the nucleus causes the dissociation of the import complex, thus releasing the
cargo protein (for a recent review, see Stewart 2007). Conversely, export complexes
are stabilized by Ran-GTP and dissociate upon hydrolysis to Ran-GDP outside the
nucleus (see Merkle 2008).
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Most of the components of the Ran cycle have also been identified in plants,
with the exception of the Ran nuclectide exchange factor, RCC1, which may have
diverged beyond the evolutionary look-back horizon for sequence similarity
searches (Meier 2007). RanGAP associates with the NPC in both vertebrates and
plants, but utilizes different targeting domains and binding partners at the pore.
Vertebrate RanGAP contains a C-terminal targeting domain that binds to Nup358/
RanBP2 upon SUMOylation (Mahgjan et al. 1998; Matunis et a. 1996). Plant
RanGAP utilizes an N-terminal targeting domain termed WPP domain, after a con-
served tryptophan-proline-proline motif, that binds to the WIP family of nucleop-
orins (Jeong et a. 2005; Rose and Meier 2001; Xu et al. 20074).

Besides facilitating transport through the nuclear pores, the Ran cycle aso
affects their assembly. A genetic screen for NPC assembly mutantsin yeast identi-
fied four complementation groups corresponding to different components of the
Ran cycle (Ryan et al. 2003). Importin B was found to negatively affect NPC assembly
in vertebrates where either increase of Ran-GTP or decrease in importin 3 triggered
the formation of NPC-containing membrane structures (Harel et al. 2003; Walther
et al. 2003a,b).

In addition to NPC assembly, the Ran cycle is centrally involved in regulating
spindle formation, kinetochore attachment, and nuclear envelope assembly during
mitosis (Arnaoutov and Dasso 2005; Ciciarello et a. 2007; Clarke and Zhang
2004). These processes also appear to involve nucleoporins and their interaction
with karyopherins and components of the Ran cycle. In vertebrates and yeast,
RanGAP and components of the NPC, such as Nup358/RanBP2 of the cytoplasmic
fibrils and the entire Nup107-160 complex of the central pore, are relocated during
mitosis to the kinetochores (Belgareh et al. 2001; Joseph et al. 2004; Loiodice et a.
2004). Vertebrate Tpr interacts with importin § during nucleocytoplasmic transport
(Shah et al. 1998). During mitosis, importin 3 is relocated to the spindle poles where
it regul ates Ran-dependent spindle assembly (Ciciarello et a. 2004). The Drosophila
Tpr homolog Megator appears to be involved in forming a spindle matrix during
mitosis (Qi et al. 2004), and its yeast homolog MIp2p is a component of the spindle
pole body (Niepel et a. 2005). So far, the mitotic location of only two plant Nups
has been shown. Arabidopsis Tpr islocated in the vicinity of the spindle, suggestive
of afunctiona similarity to Drosophila Megator during mitosis (Xu et a. 2007b).
Two members of the WIP family of nucleoporins, WIP1 and WIP2a, colocalize
with plant RanGAP at the cell plate in Arabidopsis (Xu et al. 2007a), suggestive of
plant-specific functions of the Ran cycle and nucleoporins in membrane fusion
events during plant cell division.

3.2 Signal Transduction and Developmental Regulation

Several mutations in plant nucleoporins have been identified that affect a variety of
signaling pathways and devel opmental processesin plants, often leading to pleiotropic
phenotypes. Interestingly, further investigations into the molecular defects in these
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mutants indicate that multiple molecular mechanisms may be involved in causing
the corresponding phenotypes. For example, auxin hormone signaling appears to
require protein trandocation into the nucleus, while cold stress signaling depends
on RNA export, and plant—symbiont interactions involve the generation of a
calcium signal at the nuclear envelope. Developmental processes may be affected
by micro RNA and SUMO homeostasis.

3.21 Hormone Signaling

Mutations in nucleoporins have been found to be involved in the suppression of
auxin hormone resistance in Arabidopsis. The auxin-resistantl (axrl) mutation
prevents the ubiquitin-mediated degradation of the nuclear Aux/IAA transcriptional
repressors of the auxin signaling pathway, thus conferring a constitutive repression
of the hormone signal. The gene codes for a subunit of RUB-activating protein,
which is the first enzyme in a pathway conjugating the ubiquitin-like protein RUB
to cullin proteins. This processing step is required for the formation of afunctional
SCF complex in the auxin-dependent protein degradation pathway. Two suppressor
of axrl (sar) mutations that restore auxin response in the axr1 mutant background
were found to involve components of the plant NPC (Parry et a. 2006). SAR1 and
SARS are homologs of vertebrate Nup160 and Nup96, respectively, both compo-
nents of the conserved symmetrical scaffolding complex critical for nuclear pore
assembly in vertebrates (Walther et al. 2003a). Both mutants partialy restore the
morphological and molecular phenotypes of axrl plants with additional shared
phenotypes epistatic to the axrl phenotype such as early flowering, but are not
capable of restoring the decreased levels of RUB-modified cullins (Parry et al.
2006). When crossed with other auxin-resistant mutants, sar1 and sar3 are able to
partially suppress mutations in other genes of the RUB conjugation pathway, such
as the rcel mutation affecting a RUB-conjugating E2 enzyme, but sar1 was found
to have no effect on the aux1-7 mutation in the auxin influx carrier, indicating that
the suppression effect is pathway-specific (Cernac et a. 1997; Parry et a. 2006).
Sar1 sar3 double mutant show several defectsin nucleocytoplasmic transport on
a molecular level. They are deficient in mMRNA export and accumulate poly(A)*
RNA in the nucleus, which might contribute to their pleiotropic phenotype, but it
appears likely that the axrl suppression mechanism is more directly connected to
protein import rather than RNA export. A GUS-reporter for the auxin-responsive
transcriptional repressor IAA17 was found to be increased in the sarl and sar3
single and double mutants compared to wild-type. However, its nuclear localization
in wild-type plants was changed to a distribution throughout the cell in the mutants,
indicating that SAR1 and SAR3 nucleoporins are required for its transport or reten-
tion in the nucleus (Parry et al. 2006). Since the axr1 phenotype is due to reduced
nuclear degradation of auxin-responsive transcriptional repressors such as 1IAA17,
it appears logical that prevention of the nuclear translocation of these repressorsin
the sar1 and sar3 mutants would constitute a mechanism of suppressing the axrl
mutation. Since IAA17 degradation is expected to occur in the nucleusin wild-type
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plants, the reduced translocation rate in sar 1 and sar3 mutants also provides a pos-
sible mechanism for the observed increased protein stability due to lack of degrada-
tion (Parry et a. 2006).

However, other mutants impaired in auxin signaling point to RNA export mech-
anisms as well, suggesting that possibly both types of transport processes may be
involved in auxin signaling (also see Merkle 2008). Mutants of the Arabidopsis
homolog of Tpr/MIplp/MIp2p, components of the nuclear basket in animals, yeast,
show similar phenotypes to the sar1 and sar3 mutants, impairment of RNA export,
and can restore auxin sensitivity in the axr1 mutant background (Jacob et al. 2007;
Xu et a. 2007b). Arabidopsis attpr mutant plants show similar reductionsin micro-
RNA levels as the hasty (hst) mutant of the Arabidopsis homolog of exportin5,
whichisalsoimpaired in auxin signaling (Jacob et al. 2007; Park et al. 2005). Most
notably, miR159, miR165, and miR393 are reduced significantly in the attpr mutant.
The targets of miR393 are F-box auxin receptor genes, including transport inhibitor
responsel (TIR1), which is part of the functional SCF complex in the auxin-
dependent protein degradation pathway and therefore acts in the same pathway as
AXR1, thus providing a strong link between miRNA metabolism and defects in
auxin signaling (Sunkar and Zhu 2004). Globa gene expression anaysis in a
MiR165 overexpressor line also revealed atered expression of genes involved in
auxin signaling (Zhou et a. 2007), suggesting that several miRNAs affected in
attpr may provide a putative link between RNA processing and export and auxin
signal transduction.

3.22 Cold and Stress Response

Another signal transduction pathway in plants that can be affected by mutations
in nucleoporins is the cold stress response. Cold tolerance and response involves
the regulation of the expression of CBF cold-responsive transcription factors by
the positive regulator ICE1 and the negative regulator HOS1 (Chinnusamy et al.
2003; Ishitani et al. 1998; Lee et a. 2005). A genetic screen designed to identify
regulatory components of cold tolerance in transgenic Arabidopsis carrying a
CBF3-LUC reporter gene uncovered a mutation in nupl60, which is alelic to the
auxin resistance suppressor mutation sarl (Dong et a. 2006). This mutation
affects the expression of the cold-inducible CBF3-LUC reporter gene and renders
the plants sensitive to chilling and freezing stress. Like sarl plants and the sarl
sar3 double mutant, this independently isolated mutant also showed pleiotropic
effects of stunted plant growth and early flowering, accompanied by a defect in
MRNA export on the molecular level. However, in contrast to the sar mutants
affecting the nuclear import of the transcription factor IAA17 (Parry et a. 2006),
the transcriptional activator 1CE1, the upstream regulator of CBF3 expression,
was not affected in its nuclear import in the cold-sensitive nup160 mutant (Dong
et a. 2006). Therefore, the reduced CBF3 expression in the mutant is likely
caused by a different molecular mechanism rather than alack of ICEL transloca-
tion to the nucleus.
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An intriguing candidate mechanism is the mRNA export defect observed in the
mutant. Other mutants with altered cold-stress response were found to aso involve
proteins of the RNA export machinery. Mutants of the LOS4 DEAD-box RNA heli-
case phenotypically resemble different nucleoporin mutations defective in RNA
export (Gong et al. 2002, 2005). Since the los4-2 mutation affects a protein impli-
cated in mRNA transport but not a structural component of the nuclear pore, it
appears likely that the shared cold response and developmental phenotypesin these
mutants are linked directly to the RNA export deficiency rather than a protein
import defect (Xu and Meier 2007; also see Merkle 2008).

3.2.3 Plant Innate Immunity and Symbioses

Mutations in nucleoporins and nucleocytoplasmic transport factors have also been
found in screens for defectsin plant—-microbe interactions. Plants have the ability to
react to microbes in their biotic environment in several ways. Pathogens trigger the
plant defense system while rhizobia or mycorrhizal fungi trigger symbiotic signa
transduction leading to the formation of rood nodules or mycorrhiza, respectively.

Plants possess two types of pathogen recognition and defense systems. a hon-
specific basal resistance or innate immunity and a specific pathogen response via
resistance (R) proteins recognizing pathogens in a gene-for-gene resistance. Both
mechanisms lead to the accumulation of reactive oxygen species and the activation
of defense genes. The transcriptional reprogramming of plant cells in response to
bacterial or fungal pathogen attack can be extensive and involve up to 12% of genes
in Arabidopsis (Thilmony et al. 2006). While basal resistance confers only a weak
response, R-gene resistance typically leads to a stronger hypersensitive response
and cell degth at the infection site (Shen and Schulze-Lefert 2007).

Recent evidence suggests a critical role for nuclear protein import in plant
defense mechanisms. A gain-of-function mutation in Arabidopsis sncl leads to a
constitutively active R protein and therefore chronically activated defense response
(Zhang et al. 2003). Three modifier of sncl (mos) suppressor mutants with restored
pathogen susceptibility in the sncl mutant background were found to affect com-
ponents of the NPC and nuclear import machinery. MOS3, which is identical to
SARS, is homologous to the mammalian nucleoporin Nup96 and localizes to the
nuclear periphery when fused to GFP (Parry et al. 2006; Zhang and Li 2005).
Vertebrate Nup96 and its yeast homolog C-Nupl145p serve as components of the
conserved symmetrical scaffolding complex critical for nuclear pore assembly
(Walther et a. 2003a). MOS6 isimportin 0.3, one of eight Arabidopsisimportin o
homologs, suggesting a requirement for nuclear protein import in plant defense
(Palma et a. 2005). MOS7 is homologous to Nup88 and its mutation affects not
only SNC1-mediated defense responses, but also basal resistance and systemic
acquired resistance (Wiermer et a. 2007). Several candidate proteins have been
proposed as targets for MOS3, MOS6, and MOS7 mediated translocation during
pathogen defense, including the ENHANCED DISEASE SUSCEPTIBILITY1
(EDSL) protein and itsinteraction partners PHY TOALEXIN DEFICIENT3 (PAD4)
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and SENESCENCE ASSOCIATED GENE101 (SAG101), the transcription factor
bZIP10, the NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1
(NPR1) protein, and the autoactive sncl protein itself (Shen and Schulze-Lefert
2007; Wiermer et a. 2007). Interestingly, mice with reduced Nup96 levels are more
susceptible to vira infection and impaired in interferon-mediated protein expres-
sion (Faria et a. 2006), while the Drosophila homolog of Nup88, members only
(mbo), is required for immune response activation after bacterial infection (Uv
et a. 2000). Taken together, these findings suggest a functional conservation of the
role of certain nucleoporins in immune responses in plants as well as animals.

Plant nucleoporins were also identified in screensfor plant—symbiont interaction
mutants. Nodulation induced by nitrogen-fixing Rhizobium bacteria and coloniza-
tion of roots by arbuscular mycorrhizal fungi are regulated by a common symbiosis
pathway in legumes (Kistner and Parniske 2002). Mutations in several NPC pro-
teins were found to affect both types of plant—microbe interactions in the model
legume Lotus japonicus. Nup133 mutants resulted in a temperature-sensitive nodu-
lation deficiency as well as absence of mycorrhizal colonization (Kanamori et al.
2006). Nup85 mutants similarly showed allele-specific defects in both symbiotic
interactions (Saito et al. 2007). In vertebrates, the homologs of these nucleoporins
essential for microbial symbiosis in lotus are part of the same complex as the
MOS3 homolog Nup96 involved in pathogen response, suggesting ageneral role of
this NPC subcomplex in plant responses to microbes (Wiermer et al. 2007). A com-
mon feature of the symbiotic response is Nod-factor-induced calcium spiking. A
mutation affecting symbiosis in Medicago truncatula, DMI1 (Doesn't Make
Infections 1), was found to encode a putative ion channel localized at the nuclear
envelope, providing a possible link between ion transport and the nuclear envel ope
during symbiotic signal transduction (Riely et al. 2007). Both nup133 and nup85
mutants lack the calcium-spiking response to Nod-factor, suggesting a role for
these nucleoporinsin the transduction of the calcium signal at the nuclear envel ope.
The molecular mechanism of this signal transduction is still unclear. However,
activation of calcium channels in the nuclear envelope in Xenopus has been shown
to lead to structural changesin the conformation and diameter of the NPC, possibly
altering its transport capabilities (Erickson et al. 2006).

3.2.4 Flowering Control and Development

Many of the recently identified mutants affecting nucleoporins and components of
the nucleocytoplasmic transport machinery in plants have pleiotropic phenotypes,
including early flowering, reduced fertility, and characteristic growth defects. Sarl
mutant plants show a pleiotropic phenotype and are shorter than wild-type with
reduced cell division in the root, altered leaf morphology and early flowering
(Cernac et al. 1997). The independently identified nup160 mutant allele of sarl was
also associated with early flowering and retarded seedling growth (Dong et al.
2006). The phenotype of sar3 mutants is similar, and the allelic mos3 mutant was
reported to show dlightly earlier flowering (Parry et a. 2006; Zhang and Li 2005).
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Sarl sar3 double mutants are more severely affected in development and can be
roughly divided into a seedling-lethal group and a non-lethal group of dwarf plants
showing very early flowering, changesin phyllotaxy of siliques, and impaired seed
production (Parry et a. 2006). Severa mutant alleles of attpr and nuclear pore
anchor (nua), the Arabidopsis homolog of Tpr/MIplp/MIp2p, aso show early
flowering, stunted growth, reduced fertility and changes in silique arrangements
(Jacob et a. 2007; Xu et a. 2007b). While no early flowering phenotype was
reported for mutants of the nucleoporins identified from lotusin genetic screensfor
defects in symbiotic interactions, nup85 and nupl33, both mutants had a reduced
number of seeds (Kanamori et a. 2006; Saito et al. 2007).

A common theme for many of these mutants is RNA accumulation inside the
nucleus, which has been reported for mutant aleles of sar1/nup160 and sar3/mos3
and their double mutant, as well as nua/attpr (Dong et a. 2006; Jacob et a. 2007,
Parry et a. 2006; Xu et a. 2007b). Components of the RNA export machinery have
been implicated in similar processes. The mutants of hasty (hst) and paused (psd),
two exportins of the importin B family implicated in the export of small RNAs such
as micro RNAs and tRNAs, show phenotypes similar to nucleoporin mutantsinclud-
ing reduced growth, aberrant phyllotaxy and early flowering (Bollmann et al. 2003;
Hunter et al. 2003; Li and Chen 2003; Perk et al. 2005). Los4 mutants of a DEAD-
box RNA helicase involved in RNA export also phenotypically resemble different
nucleoporin mutations with stunted growth and extremely early flowering (Gong
et a. 2002, 2005). It is striking that a defect in RNA export appears to only affect
certain devel opmental processesin plants and do so consistently across awide range
of mutants. Recent advancesin regulatory RNA research have uncovered the impor-
tance of micro RNAs (miRNAS) in developmental processesin plants. Two mutants,
attpr and hst, have been shown to influence miRNA homeostasis, suggesting that
interference with miRNA processing and/or transport might be a mechanism com-
mon to the observed phenotypes (Jacob et a. 2007; Park et al. 2005).

Changes in miRNA homeostasis have been found in the attpr mutant and involve
significant reduction of miR159, miR165, and miR393 (Jacob et d. 2007). The targets
of miR159 are gibberellic acid-responsive MY B-like transcription factors, MYB33
and MYBG65, involved in the regulation of flowering. Overexpression of miR159
delays flowering in short days by reducing LEAFY transcript levels (Achard et al.
2004), while a double loss-of -function mutation of miR159 and miR159b has pleio-
tropic morphological defectswith stunted growth, curled leaves, and reduced fertility
leading to small siliques and seeds (Allen et a. 2007). The targets of mMIRNA165 are
homeodomain leucine zipper (HD-ZIP) genesinvolved in shoot development, and its
overexpression causes a pleiotropic phenotype including loss of the shoot apical mer-
istem, altered organ polarity and abnormal carpels, and defects in the devel opment of
the vascular tissue (Zhou et a. 2007). As mentioned in the context of auxin signaling,
mMiR393 targets F-box proteins, including the auxin-dependent protein degradation
pathway. It is aso involved in the regulation of genera stress responses and its
expression is strongest in the inflorescence, indicating a possible role in silencing
genes in reproductive tissues, and upregulated by cold, dehydration, NaCl, and ABA
treatments (Sunkar and Zhu 2004). Bacterid dlicitors can lead to an increase in
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miR393 in the case of pathogen attack, which contributes to bacterial resistance via
repression of auxin signaling (Navarro et a. 2006).

In addition to the changes observed in attpr, the hst mutant also affects miRNA
processing. Changes in hst mutant background include a reduction of miR156,
miR159, and miR171 (Park et al. 2005). The targets of miR156 are several members
of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family of
transcription factors. Constitutive expression of miR156-insensitive forms of SLP3,
SPL4, and SPL5 was found to promote early flowering, while constitutive expres-
sion of miR156a delayed flowering (Gandikota et a. 2007; Wu and Poethig 2006).
miR171 was found to be upregulated by stress and targets auxin-responsive
SCARECROW-like transcription factors (Sunkar and Zhu 2004).

In summary, many of the phenotypes observed in mutants of nucleoporins or the
nucl eocytoplasmic transport machinery may be linked to changesin miRNA homeo-
stasis similar to those observed in attpr and hst plants, thus providing an attractive
hypothesis for a general mechanism leading to the observed pleiotropic develop-
mental phenotypes. However, it still remains to be shown whether this link actually
exists and whether it is mediated through impaired miRNA export or impaired
import of miRNA processing factors into the nucleus. The transport and processing
location of mMiRNAsin plantsis so far poorly understood, but arecent study showed
that three processing proteins, Dicer-like 1 (DCL1), HYPONASTIC LEAVESL
(HYL1) and SERRATE (SE), colocalized with miRNA primary transcript and cgja
body marker proteins in distinct bodies inside Arabidopsis nuclei (Fujioka et al.
2007). It istherefore also possible that reduced miRNA processing could be a con-
sequence of a deficiency in protein import in plants.

Another pathway implicated in the early flowering and pleiotropic devel opmental
phenotype is SUMO homeostasis. SUMOylation of nuclear proteins is essential in
Arabidopsis and has been suggested to play a key role in development and stress
response (Saracco et a. 2007). Nua mutant alleles of the Arabidopsis Tpr homolog
phenocopy the early in short days4 (esd4) mutation and both mutations lead to an
accumulation of SUMO conjugates (Murtas et al. 2003; Xu et a. 2007b). ESD4 isa
SUMO protease concentrated at the nuclear envelope and has been shown to interact
with NUA in ayeast two-hybrid assay (Reeves et al. 2002; Xu et a. 2007b).

In the attpr/nua and esd4 mutants, the expression levels of several key regulators
of flowering control are affected, providing alink between gene expression changes
and phenotype. The transcript level for the floral repressor FLOWERING LOCUS
C (FLC) is decreased, with a concomitant increase in the transcript levels of its
downstream targets, the floral activators FLOWERING LOCUS T (FT) and
SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1), suggesting that early
flowering in these mutants is at least in part mediated through the FL C-dependent
autonomous pathway (Jacob et al. 2007; Reeves et al. 2002; Xu et a. 2007b).
However, attpr and nua mutants show a more severe early flowering phenotype
compared to the flc mutant, indicating that additional mechanisms are likely
involved aswell (Jacob et al. 2007; Xu et al. 2007b). Winter annuals of Arabidopsis
contain an epistatic vernalization pathway to delay flowering until spring, which
involves the FRIGIDA (FRI) gene upregulating FLC expression and thus delaying
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flowering. Interestingly, both attpr and the sar3 nucleoporin mutant are capable of
suppressing the late-flowering phenotype of FRI, suggesting that a common path-
way might exist through which NPC deficiencies might affect flowering time
(Jacob et a. 2007).

In summary, many developmental processes are affected in mutants of the NPC
and nucleocytoplasmic transport machinery, including flowering time in a wide
range of mutants. Gene expression data suggests that the flowering change might
be due to a combination of FLC-dependent and FL C-independent mechanisms.
Potential links between the NPC and gene expression changes leading to the
observed phenotypes might involve RNA export, miRNA processing, and SUMO
homeostasis. The available data suggests that likely for each mutation a variety of
common processes are involved, affecting a diverse pool of nuclear proteins and
thus leading to the observed pleiotropic phenotypes.

4 Evolution of the Nuclear Pore Complex

In the evolution of eukaryotes, the formation of a nuclear envelope surrounding the
cellular genome necessitated the evolution of nuclear pores to facilitate the trans-
port across the barrier between the nuclear and cytoplasmic compartments of the
cell. Comparative genomics analysis of nuclear envelope and NPC proteins sug-
gests a combination of evolution from prokaryotic precursors, divergence from
eukaryotic paralogs, and de novo generation of low complexity (such as repeat
amplification) led to the compositions of the nuclear envelope and pore proteomes
of modern eukaryotic cells (Mans et a. 2004).

Based on the phylogeny of eukaryotic organisms assuming a “crown group”
consisting of plants, fungi, and animals, the last common eukaryotic ancestor would
have possessed a core set of nucleoporins and karyopherins and aminimal Ran cycle
and ribosomal subunit export system to drive nucleocytoplasmic transport. It has
been estimated that these early nuclear poreswere already highly complex structures
composed of about 20 proteins (Mans et a. 2004). The nuclear import system in
these early eukaryotes likely included the karyopherins importin oo and 3, which
have additional functions in spindle formation and nuclear envelope and pore com-
plex assembly, respectively (Askjaer et a. 2002; Harel et a. 2003a; Zhang et al.
2002). Subsequent evolution then involved multiple duplications of nucleoporins
and karyopherins as well as recruitment of novel nucleoporins through domain
assembly or late horizontal gene transfer from bacteria (Mans et a. 2004).

The NPC shares a number of protein domains with the COPII vesicle coat sys-
tem of the endoplasmic reticulum. Most notably, components of the Sec13p-Sec31p
COPII subcomplex are also part of the NPC (Enninga et al. 2003; Siniossoglou et al.
1996), while karyopherins share HEAT domains closely related to proteinsinvolved
in vesicle formation at the ER (Mans et a. 2004). In fact, the central core scaffold
of the NPC is structurally analogous to vesicle-coating complexes and utilizes a
surprisingly simple architecture of only two different domain folds to coat the surface
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of the curved pore membrane (Alber et al. 2007). This apparent link between the
NPC and cytoplasmic vesicle biogenesis and coating complexes supports the
hypothesis that the nuclear envelope and NPC likely evolved from or co-evolved
with the ER and the use of phagotrophy in the early eukaryote (Cavalier-Smith 2002).
The architecture of modern eukaryotic NPCs appears highly modular and consists
of repeating structural units that might have formed through gene duplication and
divergence events. Thus, the primordial NPC might have consisted of a much sim-
pler structure containing only a minimum of modules, which subsequently dupli-
cated and expanded during the evolution of eukaryotes, giving rise to the more
complex NPCs of modern eukaryotes (Alber et a. 2007).

A pivota event in the evolution of the nuclear envelope and pores likely was the
radiation of the Ras family of signaling GTPases leading to the development of the
Ran cycle (Mans et a. 2004). Not only isthe Ran cycle required for nucleocytoplas-
mic transport through the pore, but aso for the assembly of the nuclear envelope and
NPC (Ryan et al. 2003; Walther et a. 2003b). Ran-GTP recruits vesicles to chroma-
tin and promotes their fusion to form the double membrane of the nuclear envelope
(Clarke and Zhang 2004). An interesting example of convergent evolution by
domain tinkering can be observed in the Ran GTPase activating protein (RanGAP).
RanGAP is attached to the nuclear pore in both higher plants and vertebrates, but not
in yeadt, via different targeting domains and interaction partners at the NPC. The plant
and animal RanGAP targeting domains are attached to opposite termini of the
protein and are not functionally interchangeable (Jeong et a. 2005). Targeting of
mammalian RanGAP requires SUMOylation of its C-terminal targeting domain to
associate with Nup358, an animal-specific nucleoporin (Mahajan et al. 1998;
Matunis et a. 1996). On the other hand, targeting of plant RanGAP requires its
N-terminal domain and interaction with the plant-specific WIP family of nucleopo-
rins (Xu et a. 20074). This suggests that the targeting of RanGAP to the NPC
evolved independently after the divergence of the major eukaryotic kingdoms, likely
as an adaptation to the evolution of open mitosis in the plant and animal kingdoms
in which the nuclear envel ope disassembles (Rose and Meier 2001).

5 Conclusions and Outlook

While our understanding of the molecular composition of the plant nuclear poreis
till in its beginning stages, the recent emergence of nucleoporins and components
of the nucleocytoplasmic transport machinery as developmental and signal trans-
duction mutants is providing a tantalizing glimpse into the involvement of this
structure in avariety of processesin plant cells. The fact that these mutations prove
viablein plants provides valuabl e tools for the future study of not only plant nuclear
pore structure and function, but by inference possibly yet unknown functions of the
homologous vertebrate and yeast proteins. Future studies may reveal additional
plant-specific nucleoporins as well as further pinpoint the pore activities required
to control developmental and signal transduction pathways in plant cells.
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Nuclear Export of Proteins and RNA

Thomas Merkle

Abstract Several nuclear export receptors that facilitate the export of proteins and
small RNAsfrom the nucleus to the cytoplasm have been functionally characterized
in Arabidopsis thaliana in the past few years. With the specific cargo molecules
they transport, the export receptors supply the cytoplasm with information, result-
ing in changes in cellular events. In this way, nuclear export receptors contribute
to signal transduction that is highlighted in mutants with impaired export activity.
In addition, nuclear export of proteinsis part of a control layer for gene expression
that is unique to eukaryotes, namely nucleocytoplasmic partitioning of regulatory
proteins. This is revealed by growing evidence for shuttling proteins that partici-
pate in different signaling cascades, including phytohormone signaling. Although
a plant mRNA export receptor is still missing in plants, several genes encoding
protein factors that function in mRNA export to the cytoplasm were characterized
by their mutant phenotypes. These findings show that cold, stress, or phytohormone
signaling cascades and the control of flowering are especially sensitive to impaired
MRNA biogenesis and export.

1 Introduction

Fast and efficient transport of molecules and macromolecular complexes across the
nuclear envelope via the nuclear pore complexes (NPCs) is required to exchange
materials and information between the nucleus and the cytoplasm in aliving cell.
Not long ago nucleo-cytoplasmic transport was largely regarded as a necessary
consequence of the spatial separation of trandation in the cytoplasm and transcription
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in the nucleus, only. Thus, karyophilic proteins have to be imported into and RNAs
need to be exported from the nucleusto allow proper function of cellular processes.
However, this simplified picture has changed dramatically. As for nuclear import,
nuclear export provides numerous points for control and regulation.

In this chapter, | will first introduce the nuclear export machinery in general
and compare it with the current knowledge in plants. Second, | will discuss the
importance of nuclear export of proteins for regulation of specific cellular
processes and for signaling. Then, the impact of nuclear export of small RNAs
and of mRNA on regulation of growth and development will be exemplified by
specific plant mutants, complemented by the discussion of proteins that may be
implicated in RNA export in plants, based on their homology with yeast or
vertebrate proteins.

2 Nuclear Export Receptors

2.1 Two Receptor Classes

In general, there are two different classes of nuclear export receptors. Members of
the first class are characterized by their ability to interact with the small GTPase
Ran, which is why they are also referred to as Ran-binding proteins (RanBPs). In
contrast, members of the second class do not bind to Ran and are structurally unre-
lated to the members of the first class of proteins.

Nuclear transport receptors that interact with Ran form a family of related pro-
teins that was named after their founding member Importin beta (or Karyopherin
beta). Depending on whether they facilitate cargo import or export, members of this
family are called importins or transportins and exportins, respectively (reviewed in:
Gorlich and Kutay 1999; Merkle 2003; Pemberton and Paschal 2005) (Fig. 1). In
the Arabidopsis genome, 17 genes encode Importin beta-like nuclear transport
receptors (Fig. 2), whereas the human genome contains at least 21 genes. In inter-
phase, Ran regulates directionality of nuclear transport processes that depend on
Importin beta-like receptors. In other words, Importin beta-like receptors make use
of positional information that is created by the Ran GTPase system in the cell. The
GTPase cycle of Ran is distributed between the nucleus and the cytoplasm because
its regulatory proteins show distinct localizations within the cell. While Ran itself
shuttles between the nucleus and the cytoplasm, the nuclectide exchange factor that
catalyzes GTP loading of Ran (Regulator of Chromosome Condensation 1, RCC1
in humans) is associated with chromatin. Thus, a high concentration of the GTP-
bound form of Ran (RanGTP) marks the position of the chromosomes in the cell,
which corresponds to the nuclear compartment in interphase. Exportins are charac-
terized by a high affinity to their cargo substrates in the presence of RanGTP that
becomes a part of the export complex that forms in the nucleus. On the other hand,
localization of the proteins that act together to catalyze GTP hydrolysis on Ran,
namely Ran-binding protein 1 (RanBP1) and the GT Pase-activating protein for Ran
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Fig. 1 Nuclear export by Importin beta-like receptors. The RanGTP gradient over the nuclear
envelope drives nuclear export by Exportin 1 (Xpol), shown as an example here. Xpol binds
directly to many substrates containing a leucine-rich nuclear export signal (NES), co-operatively
with RanGTP that is abundant in the nucleus. This export complex docks to the nuclear pore
complex (NPC), and is translocated to the cytoplasmic side via direct interactions of Xpol with
FG-nucleoporins. Here, the export complex encounters two cytoplasmic regulators of the Ran
GTPase cycle, Ran-binding protein 1 (RanBP1) and Ran GTPase-activating protein (RanGAP)
that act together to hydrolyze GTP on Ran. As a consequence, the export complex disassembles
and the export cargo is released into the cytoplasm. Since RanGTP concentrations are very low in
the cytoplasm, and since Xpol shows very low affinity to cargoes in absence of RanGTP, Xpol
recycles back to the nucleus on its own due to its ability to interact with FG-nucleoporins. Some
export cargoes, like the pre-60S ribosomal subunit, need an adapter protein (Adapt.) that bridges
its interaction with the export receptor. In the case of the pre-60S ribosomal subunit this adapter
protein is designated NMD3 (Zemp and Kutay 2007), and it contains an NES that recruits Xpol.
Nuclear export proceeds as described above. The export adapter has then to be recycled to the
nucleus by an import receptor. NE, nuclear envelope

(RanGAP) isrestricted to the cytoplasm and these proteins concentrate at the cyto-
plasmic side of the nuclear envelope. In humans, the large nucleoporin RanBP2 (or
NUP358, which is missing in plants) performs a similar function to RanBP1. It is
localized at the cytoplasmic face of the NPC and, like RanBPL, is an example for a
RanBP that is implicated in nuclear transport but has no receptor function. As a
conseguence of these topological arrangements, GTP hydrolysis on Ran occurs
when an export complex reaches the cytoplasmic side of the nuclear envelope after
its passage through the NPC. Since the affinity of exportins for their cargo sub-
stratesis very low in the absence of RanGTP, GTP hydrolysis on Ran results in the
dissociation of export complexes and hence leads to the release of export cargo,
RanGDP, and the exportin into the cytoplasm (Fig. 1). Complementarily, importins
have very low affinity for their cargo substratesin the presence of RanGTP, and inter-
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Fig. 2 How many proteins of the Importin beta family are experimentally characterized and how
many of them act as exportins in plants? The phylogenetic tree shows al 17 Arabidopsis Importin
beta-like nuclear transport receptors, labeled with the AGI locus designation and the Arabidopsis
protein designation, if applicable, or with the designation of the human protein (in parenthesis) that
shows highest similarity. Functionally characterized plant importins are indicated by a boxed label,
whereas plant exportins are designated with a dark grey box. Putative plant exportins are given with
a question mark in a light grey box. Functionally characterized plant nuclear transport receptors:
SAD2 (Zhao et . 2007), Exportin 2 (Haasen and Merkle 2002), Transportin 1 (Ziemienowicz et al.
2003), Importin beta (inrice; Jiang et al. 1998), Exportin 1 (Haasen et a. 1999), Exportin-T (Hunter
et a. 2003), and Exportin 5 (Bollman et al. 2003; Park et al. 2005). Protein alignments were done
with full-length protein sequences using ClustalW2 (www.ebi.ac.uk/Tools/clustalw?), and the phy-
logenetic tree was constructed with TreeCon using Poisson correction and neighbor joining, taking
insertions and deletions into account (Van de Peer and De Wachter 1997). Xpo4 was used to root the
tree. Distance bar and bootstrap values are given at the top left and at the internodes, respectively
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Fig. 3 Comparison of the general architecture of nuclear export receptors of the (a) import beta
family (example: CRM 1/Xpo1l) and of the (b) TAP/NXF1 family (example: human TAP). RanBD,
Ran-binding domain that confers interaction with RanGTP; CRM1_C, C-terminal domain of
Exportin 1 that is involved in NES substrate binding; HEAT repeats, Importin beta-like proteins
consist mainly of these modules with loose consensus that fold into two typical helices (Conti and
|zaurralde 2001); RRM, RNA recognition motif; LRR, leucine-rich repeats; NTF2, nuclear trans-
port factor 2-like domain that mediates heterodimerization with p15; TAP-C, C terminal domain
of TAP that mediates nucleo-cytoplasmic shuttling via interaction with FG-nucleoporins. The
length bar indicates 100 amino acid residues

action of RanGTP with importins favors dissociation of import complexes and
inhibits their stable re-formation in the nucleus. By coupling nuclear transport by
Importin beta-like receptors to the irreversible hydrolysis of GTP on Ran, the char-
acteristic features of the Ran GTPase cycle are exploited to drive directionality of
these processes. |n addition, the input of metabolic energy allows for accumulation
of cargo substrates in one compartment against concentration gradients.

Proteins of the second class that act as nuclear export receptors are completely
unrelated to RanBPs (Fig. 3). They are designated TAP (for Tip-Associated
Protein)/NXF1 (for Nuclear RNA Export Factor 1) and p15/NXT1 (for NTF2-like
Export Factor 1) in humans, and form TAP-p15 heterodimers to facilitate export of
mMRNA out of the nucleus (Cullen 2003; Rodriguez et al. 2004). These proteins are
conserved in yeast, where they were designated Mex67 and Mtr2 (mRNA Transport
Regulator 2), respectively. The designations TAP and p15 will be used from here
on to avoid confusion. The common feature of TAP, p15 and related proteins seems
to be aconserved domain, termed NTF2-like domain that is primarily important for
protein—protein interaction (Suyama et al. 2000). The domain designation origi-
nates from NTF2 (Nuclear Transport Factor 2), a small protein that essentialy
consists of this domain, forms homodimers, and acts as a nuclear import receptor
for RanGDP (Ribbeck et al. 1998; Smith et al. 1998). p15, like NTF2 is a small
protein that consists of an NTF2-like domain, only. In contrast to NTF2, p15 does
not form homodimers and does not interact with RanGDP. Instead, it bindsto TAR,
a protein containing several specific domains (Katahira et al. 2002; Wiegand et al.
2002). Apart from an NTF2-like domain that is necessary for heterodimerization
with p15, TAP contains a non-canonical RNA recognition motif (RRM), leucine-
rich repeats (LRRs), and the so-called TAP-C domain. This domain, as its name
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implies, islocated at the very C terminus of the protein, belongs to the superfamily
of UBA-like domains, and together with the NTF2-like domain is important for
binding to FG repeat-containing nuclear pore proteins (Fribourg et a. 2001;
Levesgue et al. 2006). The TAP/p15 heterodimer does not make direct use of the
topological information provided by the RanGTP gradient across the nuclear enve-
lope. Thus, directionality of nuclear export of mRNA has to be achieved by other
means. However, the RanGTP gradient is needed for the re-import of proteins
involved in mRNA export after they dissociate from their cargo (Izaurralde et al.
1997). While thereis only one protein in yeast, a small gene family encoding TAP-
like proteinsis present in humans (Herold et al. 2000).

2.2 Plant Export Receptors

In general, nuclear transport and the nuclear transport machinery are well-conserved
between species. Thisis demonstrated by the findings that Arabidopsis and tobacco
Ran, Arabidopsis Xpol (Haasen et a. 1999), Xpo-t (Hunter et al. 2003), RanGAP1
(Pay et a. 2002), and NTF2a (Zhao et a. 2006) are functiona in yeast as well as
by the fact that many additional plant proteins show considerable high sequence
similarity to members of the vertebrate or yeast nuclear transport machinery
(Merkle 2001, 2003). There are, however, also many plant-specific features, and
many putative plant orthologs of the vertebrate or yeast nuclear transport machinery
are not characterized functionally to date or even seem to be missing in plants.

As mentioned above, the Arabidopsis genome contains 17 genes that code for
Importin betarlike nuclear transport receptors (Fig. 2). How many of these are
exportins? Arabidopsis Exportin 1 is encoded by two genes that produce two very
similar proteins (Xpola, Xpolb) with high sequence similarity to the vertebrate and
yeast nuclear export receptors CRM1/Xpol (Fig. 3). Arabidopsis Exportin 1 inter-
acts with RanGTP and confers nuclear export of proteins that contain a leucine-rich
nuclear export signal (NES; Haasen et a. 1999). The notion that the function of
Exportin 1 is conserved in plants is underlined by the finding that the NES of the
HIV protein Rev is recognized by Arabidopsis Xpol and that the Rev NES confers
rapid nuclear export of a plant protein. In addition, both Arabidopsis Exportin 1
proteins contain the conserved cysteine residue that is the site of modification by
leptomycin B (LMB; Haasen et al. 1999; Kudo et al. 1999). Mutation of this residue
into threonine results in loss of LMB sensitivity of Exportin 1-mediated nuclear
export in plant cells, like with S. cerevisiae Crm1p (Haasen et a. 1999 and unpub-
lished results). Exportin 2 was the second Arabidopsis exportin that was functionally
characterized (Haasen and Merkle 2002). Exportin 2 is also designated CAS for
Cdlular Apoptosis Susceptibility Protein or CSEL for Chromosome Segregation 1
for the effects of mutations in the vertebrate and yeast genes. It is also known as
Importin a phare-exporter, which describesitsimmediate cellular function. Importin
alpha proteins are import adapters that recruit many different karyophilic proteins
containing a basic nuclear localization signa (NLS) and link them to the import
receptor Importin beta for nuclear import (Hood and Silver 1998; Kinzler et al.
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1998; Kutay et a. 1997; Solsbacher et a. 1998). Arabidopsis contains at least eight
genes encoding different Importin alpha proteins (Merkle 2001), and four of them
(Impal-4) were shown to interact with Arabidopsis CAS, which also binds to Ran
(Haasen and Merkle 2002). Importin apha and the NLS cargo are released into the
nucleus after import by Importin beta, and Importin a pha hasto be recycled into the
cytoplasm by an export receptor since it cannot cross the NPC barrier on its own
(Gorlich and Kutay 1999). CAS ensures bulk recycling of Importin alpha proteinsto
the cytoplasm, and this function of CAS seems to be conserved in plants.

Two Arabidopsis exportins were identified in genetic screens as mutants showing
pleiotropic developmental phenotypes, and later it turned out that the mutated genes
encode Importin beta-like nuclear export receptors. Interestingly, the gene that
encodes the Arabidopsis ortholog of the export receptor for tRNAS, Exportin-t or
Xpo-t, was identified in genetic screens for mutants in different developmental path-
ways (Hunter et a. 2003; Li and Chen 2003), and was designated Paused (PSD).
Arabidopsis PSD/Xpo-t shares high sequence similarity with its vertebrate and yeast
orthologs and was characterized for its immediate cellular function by interaction
with the GTPase Ran and by complementation experiments using expression of the
Arabidopsis PSD gene in yeast strains that carried a temperature-sensitive alele of
Losl, the gene encoding yeast Xpo-t (Hunter et al. 2003). The second gene was also
identified in a genetic screen for developmental mutants and found to encode a pro-
tein with high sequence similarity to Exportin 5 (Bollman et a. 2003). This gene was
designated Hasty (HST) since the Arabidopsis mutant showed an accelerated change
from the juvenile to the adult phase. However, this mutant showed also other pheno-
types, and the finding that human Exportin 5 is the export receptor for double-
stranded RNA (dsRNA) molecules including precursor microRNAS (pre-miRNAS)
drew experiments in that direction. HST was characterized to interact with Ran, to
bind to dsRNA, and to be involved in the export of miRNAs to the cytoplasm
(Bollman et a. 2003; Park et a. 2005), indicating that Exportin 5 function is con-
served in plants. However, there are plant-specific features that are discussed below.

Apart from these five proteins that were experimentally characterized as exportins,
there are three more proteins of the Arabidopsis Importin beta family that are func-
tionally uncharacterized to date and that may also act as nuclear export receptors (Fig.
2). At3g04490 shows high similarity to human Exportin 4 that functions as an export
receptor for eukaryotic trandation initiation factor elF5A (Lipowsky et a. 2000).
Furthermore, At5g06120 shows high similarity to human RanBP16 and RanBP17,
two highly similar proteins. Since Arabidopsis contains only one such protein, and
since RanBP16 has been designated Exportin 7 because it confines pSORhoGAP and
14-3-3s to the cytoplasm, in addition to exporting other substrates from the nucleus
(Mingot et a. 2004), the Arabidopsis protein may also act as an exportin. For another
human export receptor, Exportin 6/RanBP20 that exports profiling-actin complexes
out of the nucleus (Stiiven et al. 2003), there seems to be no Arabidopsis counterpart.
Finally, there is Importin 13/RanBP13 that imports a number of different substrates
into the nucleus, but was also shown to be able to act as an export receptor for el F1A
(Mingot et al. 2001). At1g12930 shows high similarity to human Importin 13. Since
these speculations are solely based on similarity to human exportins functional cate-
gorization of the plant proteins has to await experimental characterization.
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3 Nuclear Export of Proteins and Implication
for Plant Signaling

Not all proteinsthat areimported into the nucleus, however, should smply accumul ate
in this compartment. To be able to perform their cellular function some proteins
have to shuttle continuously between the nucleus and the cytoplasm. Nuclear export
and import receptors of the Importin beta family are examples of such proteins, but
they are able to cross the NPC in both directions on their own due to their ability to
interact with FG-nucleoporins. All other proteins that need to shuttle between the
nucleus and the cytoplasm and that are unable to cross the NPC barrier on their own
require a nuclear export pathway to leave the nucleus after their import. Examples
of this kind of protein are the import adapters Importin alpha and Snurportin
(Gorlich and Kutay 1999; Merkle 2003). Both adapters recruit import substrates in
the cytoplasm and link them to the Importin beta pathway. After nuclear import,
binding of RanGTP to Importin beta induces the dissociation of the import com-
plexes. In contrast to the import adapter proteins, Importin beta |eaves the nucleus
on its own in complex with RanGTP. Importin alpha requires the CAS nuclear
export pathway to recycle to the cytoplasm, in the case of Snurportin the export
receptor is CRM1/Xpol (Paraskeva et al. 1999).

CAS represents one nuclear export pathway for proteins, for which the receptor
has been characterized in plants (Haasen and Merkle 2002). To dateit is not known
whether or not CAS transports any substrates other than Importin alpha proteins.
An argument for the existence of an exclusive nuclear export pathway for Importin
alpha adapter proteins is the high number of different cargo substrates including
various transcription factors and the high rate of nuclear import processes that
depend on the Importin apha/beta heterodimer (Gérlich and Kutay 1999). This
argument is in line with the importance of this nuclear import pathway for growth
and development, and it also emphasizes highly dynamic exchange of proteins and
information between the nucleus and the cytoplasm. Efficient bulk recycling of
Importin apha proteins to the cytoplasm by CAS is thus important for effective
nuclear import of NLS proteins because this cellular process is needed at all times
during interphase. It is not known to date what kind of phenotypes might arise from
mutations in the single Arabidopsis CAS gene, or whether or not a null mutant
would be lethal. If vital mutants of the CAS gene exist in Arabidopsis, one would
expect a pleiotropic phenotype since an impaired functionality of CASwould result
in considerabl e shortage of NL S-containing proteinsin the nucleus, including many
transcription factors. Many plant signaling cascades include regulated nuclear
import of a protein, for example a transcription factor, at a certain time point in
development or after an exogenous stimulus that transports information to the
genome in order to induce changes in gene expression as a response (Merkle 2003).
If this signaling molecule depends on the Importin alpha/beta heterodimer for
nuclear import, a decrease in or a failure of this response would be expected in a
plant carrying a mutant CAS allele. In addition, in the light of Importin alpha and
Importin beta having additional important functions during mitosis (Weis 2003),
one can envisage phenotypes related to defects in these functions as well.
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Another aspect of nuclear export pathwaysisthat they are used to ensure distinct
localization of specific proteins and restrict them to the cytoplasm. This was
reported for many eukaryotic translation factors (Bohnsack et al. 2002; Calado
et al. 2002), RanBP1 (Gorlich and Kutay 1999), and the above-mentioned proteins
pPS0RhoGAP and 14-3-3s that are confined to the cytoplasm by Exportin 7 (Mingot
et al. 2004), to mention a few examples. The finding that most human translation
initiation factors, all elongation factors and the termination factor eRF1 are actively
excluded from the nucleus is a strong argument against the existence of nuclear
translation (Dahlberg and Lund 2004). Nuclear exclusion of these factors is
accomplished by severa exportins, including Exportin 1, Exportin 5, and RanBP13
(Bohnsack et al. 2002; Calado et al. 2002). In the case of RanBP1, that is also
actively excluded from plant nuclei by Xpol (Haasen et al. 1999), this mechanism
ensuresthat RanBP1 is able to serve as afunctional marker for the cytoplasmic side
of the NPC and to act, together with RanGAP, as a dissociation factor for export
complexes of Importin beta family members.

Other proteins are only temporarily excluded from the nucleus or show changes
in their relative abundance in the nucleus versus the cytoplasm. There are numerous
examples in metazoa and in yeast that demonstrate how nucleo-cytoplasmic parti-
tioning of specific proteinsis exploited as aregulatory mechanism to control signal-
ing to the nucleus, the classic examples are the transcription factors NF-kappaB in
humans and Pho4 in yeast (Kaffman and O’ Shea 1999; Turpin et al. 1999). In gen-
eral, both nuclear import and nuclear export may be subject to regulation. In many
cases, these proteins contain both an NLS and an NES, and their steady state locali-
zation in these two compartments is a function of the rate of nuclear import versus
the rate of nuclear export. The steady state localization of such a protein may then
be changed by different mechanisms that affect localization signal activity. Taking
nuclear export as the example, this change may be achieved by protein modifica-
tions that interfere with exportin interaction. Alternatively, protein modifications
may lead to conformational changes that mask or unmask the NES of a protein
(intramolecular masking), a process that may also be induced by changes in redox
potential. Finally, interaction with another protein may mask or unmask the NES
(intermolecular masking) or may confine the protein to one compartment (anchoring).
All these different mechanisms that result in changes in protein localization may be
triggered by endogenous or exogenous signals, and hence result in regulated
nucleo-cytoplasmic partitioning of specific proteins (Poon and Jans 2005).

In most reports, the nuclear transport receptors that are involved in regulated
nucleo-cytoplasmic partitioning are Importin beta and Exportin 1, in yeast also the
exportin Msn5 that is structurally but not functionally similar to Exportin 5. They
are considered as being outstanding among nuclear transport receptors with regard
to the diversity and to the high number of different cargo proteins they transport
across the nuclear envelope. Exportin 1, like Importin beta, directly interacts with
many different cargoes and uses adapter proteins to recruit additional cargoes or
complexes. Examples of Exportin 1 adapters are NMD3 and PHAX that serve as
export adapters for large ribosomal subunits and UsnRNAS, respectively (Johnson
et al. 2002; Ohno et al. 2000; Thomas and Kutay 2003). Arabidopsis Xpol shares
similar properties with its mammalian and yeast orthologs with regard to the high
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number of different transport substrates. To date, many different plant proteinswere
shown or are discussed to be linked directly or indirectly to Xpol, and these pro-
teins are implicated in different signaling pathways (Table 1). In addition, proteins
encoded by plant viruses were reported to use the Exportin 1 pathway, including the
nuclear shuttle protein NSP from the geminivirus Squash leaf curl virus (Carvalho
et a. 2006), and RNA-3 encoded viral protein p25 (Vetter et a. 2004), and RNA-3
encoded viral protein p26 (Link et al. 2005) of Beet necrotic yellow vein virus.
These findings raise the possibility that Xpol may be used for viral reproduction
and/or spread between plant cells. The variety of different proteins in this list
clearly shows that plant Xpol has a similar broad cargo spectrum to its orthologs
in metazoa and yeast.

Recent reports of nucleo-cytoplasmic partitioning of an Arabidopsis signaling
protein (Gampalaet al. 2007; Ryu et al. 2007) and itsrice ortholog (Bai et al. 2007)

Table 1 Plant cargo substrates for Exportin 1

Protein Locus Pathway Reference
RanBP1 AT1G07140 Nucleo-cytoplasmic Haasen et al. (1999)
AT2G30060 transport
AT5G58590

Transcriptional AT1G75080 Brassinosteroid signal  Ryu et a. (2007)
repressor BZR1 transduction

bZIP10 AT4G02640 Basal defense and cell Kaminaka et a. (2006)

death

High mobility group AT5G23405 Chromatin structure  Grasser et al. (2006)
type B protein, and remodeling
HMGB

Cyclin-dependent AT2G23430 Cell cycleregulation  Jacoby et al. (2006)
kinase inhibitor
ICK /KRP1

Tomato heat shock Heat stressresponse Heerklotz et a. (2001)
transcription
factor Hsf2a

Rice bZIP transcription  0S12G06520 Gibberellin signal Igarashi et al. (2001)
factor RSG transduction

Tobacco and rice Nucleosome Dong et a. (2005)
nucleosome assembly,
assembly proteins chromatin
(NAP1) remodeling

SR splicing factor AT4G31580 mRNA processing Tillemans et a. (2006)
RSzp22 and export

FHY1 AT2G37680 Phytochrome A signal  Zeidler et al. (2004)

transduction

Chaperone DjC6 AT5G06910 Protein folding Suo and Miernyk (2004)

Ribonuclease I11-like ~ AT3G20420 Double-stranded Comellaet a. (2007)
protein RTL2 RNA binding

LHY/CCA1-like 1 AT5G02840 Circadian clock Martini et a. (2007)

(LCLY)
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serve as an excellent example to demonstrate the potentia of this regulatory mechanism
in plants. Brassinosteroids (BRs) are a group of phytohormones that are implicated
in the regulation of plant growth and development. Plants that are defectivein BR
synthesis or signaling show growth characteristics in the dark that are normally
associated with photomorphogenesis and remain dwarf in light as compared to wild
type. BRs are perceived by areceptor kinase complex in the plasma membrane that
contains BRASSINOSTEROID INSENSITIVE 1 (BRI1; Ryu et a. 2007 and refer-
ences therein). Binding of BR to the receptor BRI1 results in dissociation of a
repressor and dimerization of BRI1 with BRI1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1). This complex then activates a signal transduction pathway that
modulates the activity of two related proteins that are the key transcription factors
in BR signaling. Ryu et al. (2007) analyzed one of them, Brassinazole Resistant 1
(BZR1), and show that its nucleo-cytoplasmic localization and its phosphorylation
status are regulated in a BR-dependent manner. BR induces rapid dephosphoryla-
tion of BZR1 in the cytosol by a plant-specific phosphatase named BSU1 and this
correlates with nuclear accumulation of BZR1, where it acts as a transcriptional
repressor. The nuclear import pathway of BZR1 is not clear to date, however, the
presence of abasic motif inits N terminus that resembles a bipartite NL S suggests
import via Importin alpha/beta heterodimers. In contrast, phosphorylation by the
nuclear kinase BIN2 of several residues at two different sites of BZR1 directly
inhibits DNA binding and induces nuclear export by Xpol and cytosolic retention
of BZR1. Interestingly, 14-3-3 proteins interact with BZR1 in a phosphorylation-
dependent manner and are implicated in nuclear export and/or cytosolic retention
of BZR1 (Gampalaet a. 2007; Ryu et al. 2007). Similar findings were reported for
the bZIP transcription factor RSG in rice (Igarashi et a. 2001; Ishida et a. 2004).
Taken together, BR regulates the transcriptional activity of BZR1 by controlling its
nucleo-cytoplasmic partitioning by a switch involving the opposing actions of the
nuclear kinase BIN2 and cytosolic phosphatasesincluding BSU1. Such amechanism
allows for quick responses to environmental and developmental signals triggered
by BR without de novo synthesis of BZR1. In addition, Ryu et al. (2007) aso
showed that there is a temporal and spatia regulatory component, since the kinase
BIN2 shows tissue- and devel opmental-specific expression.

4 Nuclear Export of RNA and RNPs

4.1 Export of Small RNAs

Two genes encoding Importin beta-like nuclear transport receptors that directly
bind to RNA were characterized in mutant screens in Arabidopsis. Paused (PSD)
encodes the ortholog of the export receptor for tRNAsS, Exportin-t or Xpo-t in
vertebrates and Losl in yeast. It was identified in screens for mutations that affect
meristem initiation during embryogenesis and in screens for mutations resulting in
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adult characteristicsin the first two normally juvenile leaves (Hunter et a. 2003) as
well as in a genetic modifier screen for enhancers of the weak class C loss-of-
function phenotype of hual-1 hua2-1 double mutant Arabidopsis plants (Li and
Chen 2003). In line with its identification in three different genetic screens, psd
mutants show a pleiotropic phenotype. In psd mutants phase change is affected, the
plants display adult characteristics on leaves that are juvenile in wild-type plants.
They aso show defects in the shoot apical meristem that were already detectable at
embryo stages, and in the phyllotaxis of the inflorescence, they are delayed in the
transition to reproductive development, in root growth, lateral root initiation, and
they aso show significantly reduced fertility (Hunter et a. 2003). Interestingly
enough for a defect in an export pathway for bulk cargoes like tRNAs, psd plants
are viable. tRNAs may be also exported from the nucleus by human Exportin 5
(Bohnsack et al. 2002; Calado et a. 2002). Plants that carry mutations in the PSD
and in the HST/Exportin 5 gene are also viable, show a combination of the hst and
psd mutant phenotypes (see below), and are further decreased in size as compared
to plants carrying a single mutation (Hunter et al. 2003). The authors speculate that
this may indicate the existence of another nuclear export pathway for tRNA that is
unknown to date. However, tRNAs may also |eave the nucleus by passive diffusion
or in a piggy-back mechanism, and these very inefficient processes may be enough
for survival of single and double mutant plants. A defect in a pathway that effi-
ciently supplies the cytosol with an important substrate like tRNA may influence
all aspects of plant growth and development. The phenotypes observed in psd
mutants may thus hint to developmental processes that are especially sensitive for
an under-representation of specific protein factors.

The HASTY (HST) gene was identified in a screen for mutations that affect the
transition from the juvenile to the adult phase of vegetative development as well
(Bollman et al. 2003; Telfer and Poethig 1998). hst mutant plants a so show apleio-
tropic phenotype with defects in many different processes in Arabidopsis develop-
ment, including the size of the shoot apical meristem, accelerated vegetative phase
change, the transition to flowering, disruption of the phyllotaxis of the inflores-
cence, and reduced fertility. In addition, hst seedlings have an abnormally short
hypocotyl and primary root. Interestingly, the leaves of hst plants are curled
upwards, and the abaxia layer of leaf mesophyll cells resembles the adaxia layer.
This defect in organ polarity was also obviousin carpels (Bollman et a. 2003), and
this phenotype is reminiscent of the polarity defectsin leaves caused by deregula
tion of miR165/miR166-control of the transcript levels of class |11 homeodomain-
leucine zipper transcription factors (Mallory et a. 2004, and references therein).
Cargo substrates for human Exportin 5 are eEF1A viatRNA (Bohnsack et a. 2002;
Calado et al. 2002), small RNAs that contain a double-stranded mini-helix domain
and associated RNA-binding proteins (Gwizdek et a. 2003, 2004), and precursor
microRNAS (pre-miRNAs; Bohnsack et al. 2004; Lund et a. 2004; Yi et al. 2003).
These findings suggested that Arabidopsis HST/Exportin 5 may also act in miRNA
biogenesis in plants. However, there are major differences between plants and
metazoa regarding the miRNA pathway. Two RNase I11-like activities are involved
in metazoan MiRNA biogenesis that perform different functions and show different
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subcellular localizations (Jones-Rhoades et a. 2006). Droshain the nucleus sets the
first cut in the primary miRNA that givesrise to the pre-miRNA and already defines
one end of the mature miRNA. After export of the pre-miRNA from the nucleus to
the cytoplasm by Exportin 5, cytosol-localized Dicer sets the second cut that pro-
duces a duplex intermediate containing the mature miRNA and miRNA*. In
Arabidopsis, there are four Dicer-like (DCL) proteins that are implicated in the
production of small regulatory non-coding RNAs, and DCL1 is the major RNase
[1-like protein that is responsible for miRNA biogenesis (Jones-Rhoades et .
2006). As a consequence, plant DCL1 is responsible for both processing steps.
Since DCL1 islocalized predominantly in the nucleus, plant pre-miRNAS are very
short-lived intermediates and mature single-stranded miRNAs are already produced
in the plant nucleus (Papp et al. 2003; Park et al. 2005). It is unclear whether HST
binds to and facilitates nuclear export of single-stranded miRNAs or of the
mMiRNA:miRNA* duplexes (Park et al. 2005). PSD does not transport miRNAS to
at least partially compensate impaired HST function, since miRNA biogenesis is
not affected in psd mutants, whereas hst mutants have reduced accumulation of
most miRNAs. On the other hand, in psd mutants, the biogenesis of a tRNA was
impaired, but this pathway was not affected in hst plants (Park et a. 2005). Does
then another as yet unknown nuclear export receptor exist in Arabidopsis that is
able to partially compensate HST malfunction? Or may miRNAs find their way to
the cytoplasm by other means as well, abeit |less efficiently than with a functional
HST gene? It is possible that miRNAS exit the nucleus by association with proteins,
in complex with mRNPs, or even in complex with their mMRNA targets, as proposed
by Park et a. (2005). It is also unknown whether or not plant miRNAS are already
associated with components of the RNA-induced silencing complex in the nucleus
or when they are transported to the cytoplasm. Park et al. (2005), however, found
indirect evidence for nuclear activity of miRNA-dependent mRNA cleavage. Taken
together, a pleiotropic phenotype is to be expected from a mutation in a nuclear
export pathway that directly and indirectly affects many different cellular processes
including growth and development. In addition, the Arabidopsis DCL1 gene is
subject to feedback regulation by miR162 (Xie et a. 2003). As discussed above
certain hst phenotypes may hint at deregulated expression of specific genes and at
pathways that are especially sensitive to such effects. Since so many different path-
ways are potentially impaired, however, conclusions are difficult.

4.2 Export of mRNA

Research from many laboratories in yeast and vertebrate cells revealed that nuclear
export of MRNA is a very complex process. There is a high degree of integration
of processes that are implicated in gene expression including chromatin remode-
ling, transcription, pre-mRNA processing, nuclear export, and onset of trandation.
It is thought that the tight linkage of these processes enables surveillance mecha
nisms to ensure that only completely and accurately processed mRNAS reach the
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cytosolic tranglation machinery and are trandated into proteins. Pree-mRNA is
already bound by proteins co-transcriptionally, forming large ribonucleoprotein
complexes (MRNPS), including proteins that accompany the mRNA to the cyto-
plasm, and some of them also have important functions in mRNP export. In addi-
tion, some actively transcribed genes are positioned at the nuclear periphery where
they are already tethered to the NPCs during transcription. Research on these dif-
ferent aspects of mMRNA biogenesis in yeast and vertebrates has been covered in
severa excellent reviews (Cole and Scarcelli 2006; Cullen 2003; Stutz and
|zaurralde 2003; Vinciguerra and Stutz 2004). The focus of this chapter is to dis-
cuss plant proteins that are implicated in mRNA export. In plants, there are several
reports on genes that, when mutated, result in defects in RNA transport and/or
encode proteins with high similarity to yeast or vertebrate proteins with a function
in MRNA export.

During transcription, many different proteins associate with nascent pre-mRNA,
among them poly(A)-binding proteins (PABPs). While yeast has one and humans
three genes encoding PABPs that are highly conserved in eukaryotes, Arabidopsis
contains a small gene family of eight members (Belostotsky 2003). Yeast Pabl is
implicated in mMRNA biogenesis and export, regulation of mRNA turnover, and
initiation of translation. Arabidopsis PAB3 binds to RNA and rescues an otherwise
lethal phenotype of the yeast pabl mutant. In addition, PAB3 over-expression in a
yeast strain carrying the nab2-1 mutation (a gene encoding a shuttling hnRNP pro-
tein that is required for mRNA export) suppressed the export defect. This indicates
that PABPs share an evolutionary conserved function in mRNA biogenesis and
export (Chekanova and Belostotsky 2003). However, Arabidopsis PAB3 is not the
ortholog of yeast Pabl (Chekanova et al. 2001). Arabidopsis PABPs may recruit
several other proteins to the mRNP, including other RNA-binding proteins (Bravo
et al. 2005).

After capping of the 5 end of the mRNA, the cap-binding complex (CBC) forms
at the cap structure and accompanies mRNPs to the cytoplasm. Arabidopsis con-
tains two single genes that encode homologs of the large and the small subunit of
the CBC, termed CBC80 and CBC20, respectively (Kmieciak et al. 2002).
Arabidopsis ABH1/CBCB80 was identified as a mutant that confers abscisic acid
(ABA)-hypersensitive regulation of seed germination, stomatal closure, and
cytosolic calcium increase in guard cells. The authors concluded that mRNA
processing factors act as negative regulators for ABA signaling. The recent identi-
fication of the RNA-binding protein and flowering regulator FCA as one of at least
two ABA receptorsisin line with this (Razem et a. 2006). ABH1 is mainly local-
ized in the nucleus at steady state, but a dight cytosolic localization was also
detected, indicating nucleo-cytoplasmic shuttling in view of its putative function
(Hugouvieux et a. 2002). In addition, mutations in the ABH1 gene suppress the
FRIGIDA-mediated delay in flowering (Bezerra et a. 2004). The authors show that
this phenotype is caused by the inability of FRIGIDA to increase mRNA levels of
the floral repressor FLC in the abhl mutant. Interestingly, mutations in genes
encoding NUPs aso show flowering phenotypes (see below). A mutation in
Arabidopsis CBC20 was also characterized phenotypically (Papp et a. 2004).
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The mutant shows a pleiotropic phenotype, confers drought tolerance in plants,
and, like the abh1 mutant, shows defectsin ABA signaling.

Serine/arginine-rich (SR) proteins are splicing regulators and also have a func-
tion in MRNA export. The Arabidopsis SR protein RSZp22 shows high intra
nuclear dynamics, contains an NES and shuttles between the nucleus and the
cytoplasm (Tillemans et al. 2006). Moreover, proteomic analysis of the Arabidopsis
nucleolus identified SR proteins and many components of the post-splicing exon-
junction complex that functions in mRNA export and surveillance (Pendle at al.
2005). These findings suggest that plant nucleoli are implicated in these processes.
Arabidopsis aso contains four homologs of vertebrate ALY /REF proteins (Uhrig
et al. 2004). They are highly conserved RNA-binding proteins that function in
MRNA export as adaptersto recruit other proteins to the mRNP, most notably TAP/
p15 (Stutz et al. 2000; Stutz and |zaurralde 2003). Zhao et a. (2006) characterized
the Arabidopsis NTF2 ortholog, the import receptor for RanGDP. Arabidopsis con-
tains three genes encoding similar proteins, two of which interact with Ran (termed
NTF2a and NTF2b), whereas the third one does not (termed NTL for NTF2-like;
Zhao et a. 2006). The function of this protein is uncharacterized to date, and it is
a candidate for the Arabidopsis homolog of vertebrate p15. In contrast, there is no
obvious homolog of TAPin the Arabidopsisgenome. A recent report by Hernandez-
Pinzon et al. (2007) characterized SDE5 as a functional component in the produc-
tion of trans-acting short interfering RNAs (tasiRNAS) that isrequired for transgene
silencing. The sequence similarity to TAP that is discussed, however, is very wesk,
and in the absence of further functional data it is too early to state that SDE5 may
be a putative homolog of the human mRNA export factor.

On its way to the cytoplasm, the mRNP contacts the NPC via specific NUPs.
Recently, several mutations in Arabidopsis genes encoding NUPS have been
described (reviewed in: Xu and Meier 2008). The vertebrate NUP TPR (for
Translocated Promoter Region) is located at the filaments of the nuclear basket of
the NPC and serves as adocking site for mRNPs. The Arabidopsis gene AtTPR was
identified in a screen for suppressors of the floral repressor Flowering Locus C
(FLC; Jacob et a. 2007). Attpr mutants are characterized by an eightfold increase
of poly(A) + RNA in the nucleus. In addition, microarray analyses showed that
homeostasis between nuclear and cytoplasmic RNA is disturbed, as revealed by a
loss in correlation of transcript abundance, but not transcript composition, of the
nuclear versus the total RNA pool. Furthermore, a pleiotropic phenotype indicates
that several signaling pathways are affected, including the flowering pathway
according to the design of the screen. Attpr mutants are early flowering, and show
defects in smal RNA abundance and auxin signaling (Jacob et al. 2007).
Interestingly, attpr and hst mutants have similar negative effects on the abundance
of many miRNAs, whereas siRNAs are not affected. This finding suggests that
HST-dependent nuclear export of miRNAS needs functional AtTPR and the export
complex interacts with this NUP. Xu et a. (2007) aso described the characteriza-
tion of a mutation in the same gene, which they named NUA for NUCLAR PORE
ANCHOR. Accumulation of poly(A) + RNA and an early flowering phenotype was
also described for nua mutants. NUA was localized to the inner surface of the
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nuclear envelope. Since nua mutants phenocopy the effects of a mutation in the
gene EARLY IN SHORT DAYSA (ESD4) that encodes a SUMO protease, interaction
of the two proteins was tested in yeast two-hybrid experiments (Xu et a. 2007).
The positive outcome of this experiment, the nua and esd4 phenotypes, and reports
from yeast and mammals that MIpl/MIp2 and TPR, respectively, also bind a
SUMO protease strongly suggests that thisis also the case in Arabidopsis, and that
AtTPR/NUA and ESD4 play arole in Arabidopsis mRNA export.

Like in attpr mutant plants (Jacob et al. 2007), defects in auxin signaling were
also described in the sar3 mutant (Parry et al. 2006). This gene was characterized
as SUPPRESSOR OF AUXIN RESSTANCE 3, and encodes another Arabidopsis
NUPR, the homolog of mammalian NUP96. Both sar3 and attpr mutants are strong
suppressors of the axrl mutant that lacks auxin sensitivity. Also similar to attpr
mutants, sar3 mutants are early flowering. Yet another Arabidopsis mutant shows
accumulation of poly(A) + RNA in the nucleus. The athup160-1 mutant wasidenti-
fied in a screen for mutations that impair cold-induced transcription of a reporter
gene (Dong et al. 2006). The atnup160-1 mutation renders plants more sensitive to
chilling stress. It encodes the Arabidopsis homolog of mammalian NUP160, and
was also isolated as sarl mutant in a screen for suppressors of auxin resistance
conferred by the axr1 mutation (see above; Parry et a. 2006). Nuclear accumula
tion of poly(A) + RNA in the mutant and nuclear rim localization clearly link the
Arabidopsis NUP160/SAR1 with the export of mRNA. Again, the flowering path-
way is also affected since the atnup160-1 mutant is early flowering.

Interestingly, in two more Arabidopsis mutants, export of poly(A) + RNA from
the nucleus is blocked. The cryophyte/los4-2 mutation was identified as a mutation
that conferslow expression of osmatically sensitive genes and, like mutationsin the
Arabidopsis NUP160/SAR1 gene, shows a defect in cold signaling. It confers cold
and freezing tolerance to plants, but renders them more sensitive to heat stress
(Gong et a. 2005). In addition, los4-2 mutants are hypersensitive to ABA, which is
reminiscent of mutationsin the ABH1/CBCB80 gene. The mutation isallelic with the
los4-1 mutation that was identified earlier (Gong et al. 2002). However, los4-1
mutants show an opposite phenotype since this mutation renders the plants more
cold-sensitive. los4-1 mutants show accumulation of poly(A) + RNA at low and
high temperatures, whereas in los4-2 mutants RNA export is blocked at warm and
high temperatures, only (Gong et al. 2005). This suggeststhat |0s4-2 isatemperature-
sensitive allele of the DEAD box RNA helicase that is encoded by this gene.
The los4 phenotypes again show that temperature and phytohormone signaling are
especially sensitive to impaired mRNA export. In yeast, Dbp5 associates with
MRNA early in the nucleus and accompaniesiit to the cytoplasmic side of the NPC
whereit concentrates by binding to NPC filaments. Dbp5 is thus a hucleo-cytoplasmic
shuttle protein. Its ATPase activity is activated by interaction with Glel, an RNA
export factor that is also associated with the cytoplasmic side of the NPC, and
inositol polyphosphate IP,, and this activity leads to mRNP re-modeling and prob-
ably congtitutes a crucial step for dissociation of specific RNP factors to impose
directionality on mRNP export (see Fig. 4; Cole and Scarcelli 2006; Stewart 2007).
Dbp5 is highly conserved between organisms, and, although Arabidopsis contains
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Nucleus PABPs

TAP/pl5
heterodimer

Cytoplasm

Fig. 4 Nuclear export of mMRNA. Simplified model to highlight plant proteins that may be impli-
cated in this pathway and to indicate a possible mechanism that is discussed to create directionality
in MRNA export. Adapted from Cole and Scarcelli (2006) and Stewart (2007). mMRNA associates
in the nucleus with cap-binding complex (CBC) consisting of CBC80 and CBC20 (single genes
each in Arabidopsis), with poly(A) binding proteins (PABPs, multigene family in Arabidopsis
containing eight members), with Dbp5 (candidate homolog in Arabidopsis: LOS4), and with the
RNA export receptor TAP/p15 (TAP is missing in Arabidopsis; the candidate homolog of p15in
Arabidopsis is NTL). The mRNP contacts the nuclear pore complex (NPC) via AtTPR/NUA, a
nucleoporin located the nuclear basket of the NPC, and via the nucleoporin NUP160/SAR1 (not
shown). Once the mRNP-associated Dbp5 has reached the cytoplasmic side of the NPC, it associ-
ates with cytoplasmic nucleoporins of the NPC and with Glel, which in turn activates the ATP-
dependent helicase of the Dbp5. This may result in the removal of RNA-binding proteins, among
them the TAP/p15 heterodimer, thereby preventing the return of the transport complex to the
nucleus. Many other proteins and protein complexes associate with mRNPs in the nucleus and/or
in the cytoplasm but were omitted for clarity

a multigene family encoding highly related DEAD box RNA helicases, LOSA is
most similar to yeast Dbp5. In addition, Gong et al. (2005) demonstrated nuclear
rim localization of LOSA-GFP.

To date, export of other RNA species is characterized in yeast and vertebrates,
only. Interestingly, many RNA/RNP speciesincluding 5SrRNA, pre-40S and pre-60S
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ribosomal subunits, signal recognition particle (SRP; Grosshans et al. 2001), and U
snRNA rely on the Exportin 1 nuclear export pathway, again highlighting the
importance of this export receptor. In all of these cases, adapter proteins are impli-
cated that recruit Exportin 1 to the respective RNP (reviewed in: Cullen 2003;
Zemp and Kutay 2007). The yeast ortholog of the vertebrate RNA export receptor
heterodimer TAP/p15, however, is also implicated in exporting pre-60S subunits to
the cytoplasm (Yao et a. 2007). This suggests that, for important and complex
cargoes, several nuclear transport receptors co-operate.

5 Conclusion

Analysis of the effect of mutations in genes encoding plant nuclear export receptors
provides an effective means to characterize their function. Since many different
cellular pathways are affected directly and indirectly dueto impaired nucleo-cytoplasmic
trafficking of different cargo substrates, however, it is difficult to draw conclusions
solely based on the analysis of mutants. Not surprisingly, mutations in genes encod-
ing nuclear transport receptors and proteins that have a general function in nuclear
transport show a pleiotropic phenotype including defectsin growth and devel opment.
What is more surprising is the finding that such mutations do not cause lethality.
While this may not be true in general, it suggests partia redundancy of the nuclear
transport machinery and/or other compensatory mechanismsthat are, according to the
phenotypes, of poor efficiency but alow survival under standard conditions. Having
in mind their cellular function, the phenotypes of mutations in nuclear export recep-
tors may hint to specific signaling pathways or cellular processes that are sensitive to
reduced supply of (a) specific factor(s), in a temporal and spatial fashion. This may
be a way to gain information on the dynamics of cellular processes. In this line of
argument, it is very interesting that amost all mutations in genes encoding proteins
that function in MRNA biogenesis and export identified so far show defects in the
signaling of cold, stress, and phytohormones as well asin flowering.
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The Nucleoskeleton

Susana Moreno Diaz de la Espina

Abstract The nucleoskeleton (NSK) is the dynamic nuclear network that provides
support for nuclear organization and functioning. It is composed of numerous inter-
acting structural proteinsthat provide adynamic platform for the multimeric nuclear
complexesinvolved in the regulation of replication, transcription/splicing, chromatin
remodelling, nuclear transport, signalling, formation of structural elements, etc. Its
protein composition is complex. Its main components are the lamins and the lamin-
associated proteins (LAPs) that form a multimeric complex or lamina; the long
expandabl e proteins of the endoskeleton such as EA ST, megator, skeletor, chromator
and nuance; and actin and its associated proteins; while the nucleolar domain hasits
own organization and composition. This chapter focuses on the organization, com-
position and roles of the nucleoskeleton and summarizes the data on the organization
and specific protein composition of the plant nucleoskel eton.

1 The Nucleoskeleton: An Intranuclear Frame for Chromatin
and Nuclear Organization and Functioning?

In eukaryotic cells, gene organization and expression are controlled at several levels
from the molecular to the higher-order organization of the genome. The nucleusis
organized in structural and functional domainsthat have their own organization and
protein composition, and perform specific functions (Albiez et al. 2006). The
nuclear envelope (NE) separates the nucleus from the cytoplasm and contains
the nuclear pore complexes (NPCs) that regulate bi-directional molecular transport
between them. In animals, the NPCs are anchored to a complex structural lamina
containing lamin-dependent protein complexes formed with different architectural,
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regulatory and signalling partners (Gruenbaum et al. 2005; Vicek and Foisner
2007). The laminais essentia for proper nuclear organization and functioning and
has essential rolesin nuclear positioning, NPC organization, intranuclear topogenesis,
NE breakdown and reassembly during mitosis, chromatin organization, DNA
replication, gene expression and signalling (Bridger et al. 2007; Gruenbaum et al.
2005). The NE also links the nuclear interior with the cytoskeleton (CSK) through
giant protein complexes of lamins with integral proteins of the inner nuclear mem-
brane (INM) that form protein bridges across the NE which bind cytoplasmic actin
and microtubules and serve as mechanical adaptors and nuclear receptors (Houben
et a. 2006; Tzur et a. 2006). Lamins also form stable complexes with interna
nuclear proteins forming a highly dynamic intranuclear network. Some are archi-
tectural proteins like NUMA, titin and nesprins as well as regulatory elements such
as pRb and BAF, LAPs or actin (Barboro et al. 2003; Bridger et a. 2007; Margalit
et a. 2007; Vlcek and Foisner 2007).

The nuclear genome partitions into separate domains called chromosome territo-
ries (CTs) (Albiez et al. 2006; Cremer et al. 2006). Individual chromosomes occupy
relatively static non-random discrete territories through interphase, with individual
chromatin domains extending far from their edges into the interchromatin domains
(ICDs). Nuclear organization is a major epigenetic regulator of chromatin function
(Shaklai et a. 2007). The fixed relative positions of genes in the nucleus condition
their spatial and temporal sequence of expression and replication. Some gene clus-
ters associate in nuclear domains, as do the tandem repeats of rDNA genes from
different chromosomes that coalesce in a single nucleolar domain (Chakalova et a.
2005; Pliss et a. 2005). Nuclear positioning of individual genes depends on tran-
scriptional activity, with distant genes co-localizing to the same transcription factory,
which supports that active genes do not de novo assemble their own transcription
factories but rather migrate to pre-assembled transcription sites shared with other
genes that might assemble on the underlying NSK (Chakalova et a. 2005).

The interchromatin domains (ICDs) are dynamic distinct nuclear compartments
that contain the transcription, replication and repair factories and are functionally
linked with the CTs (Albiez et al. 2006). They contain nuclear filaments, speckles
of interchromatin granules, splicing/transcription complexes and different types of
nuclear bodies with specific functions, such as Cagjal bodies (CBs). The border zone
between the ICDs and the compact CTs constitutes the perichromatin domain
that contains decondensed chromatin engaged in replication, transcription and
co-transcriptional splicing (Fakan 2004).

The nucleolus, the most conspicuous nuclear domain, houses the rDNA genes,
uses specific transcriptional and post-transcriptional machineries, has its own
organization and performs specific functions (Shaw and Doonan 2005). Besides
rDNA expression, the nucleolus is aso essential for snRNP maturation, nuclear
trafficking, cell-cycle regulation, and sequestration of proteins (Shaw and Doonan
2005). The nucleolus has specific subdomains for rDNA transcription and replica-
tion and later assembly of preribosomal particles, and other less well-defined
elements, such as fibrillar centres, associated bodies and cavities (Kruger et al.
2007; Pliss et a. 2005; Shaw and Doonan 2005). The architectural organization of
the nucleolus is epigenetically regulated (Espada et a. 2007).
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Nuclear organization depends on protein modification and affects gene expression
(Espada et a. 2007; Heun 2007). The chromatin is organized in loop domains,
attached to the NSK at their bases by specific DNA regions called matrix attachment
regions (MARS), which play crucial functions in chromatin organization, gene
expression and transgene stability. Heterochromatin, a domain especially prominent
in plants, forms large clusters to which temporarily silenced genes associate (Albiez
et a. 2006). Nuclear functioning relies on a constant flow of proteins and RNAs
between compartments, and interactions between specific addressing protein
domains are essentia for intranuclear topogenesis. The complexity of genome and
nuclear organization suggests the existence of an underlying dynamic structural
framework that would contribute to spatially coordinate the multiple nuclear compo-
nents and factors, and to establish its general organization. Micromanipulation dem-
onstrates that subnuclear structures and chromatin are interconnected. Besides, after
NSK isolation protocols the distinct nuclear domains remain in place after removal
of soluble proteins and chromatin (Nickerson 2001).

The discovery of expandable proteins in metazoa involved in the assembly of a
contractile endoskeleton and the direct observation of their incorporation into this
structure in living cells by dynamic fluorescence microscopy have resolved the
controversy about the underlying NSK (Nalepa and Harper 2004; Nickerson 2001).
Nevertheless its exact nature, composition and roles are not well defined, although
the NSK isthought to mediate nuclear structure, DNA replication and transcription,
binding of splicing factors, chromatin folding, nuclear envelope anchoring, etc.

NSK, nuclear matrix and nuclear scaffold are the terms used to refer to this
intranuclear non-chromatin network that is observed in fixed cells, extracted
nuclear structures and aso in vivo (Barboro et a. 2003; Moreno Diaz de la Espina
1995; Nickerson 2001), whose molecular identity remains largely unknown.
The term NSK will be used to refer to this structure from here onwards.

1.1 Ultrastructural Organization and Composition

The NSK forms a branched filamentous network with a consistent architecture from
mammals to plants. It contains a peripheral lamina, an endoskeleton formed by a net-
work of intermediate filament (IF)-like core filaments of unknown composition,
nucleolar- and nuclear body-remnants and interchromatin granule clusters (Fig. 1a
Barboro et a. 2003; Nickerson 2001; Yu and Moreno Diaz de la Espina 1999).
Resinless electron microscopy (EM) of cells after either electroelution of chromatin,
or sequential extraction with detergent, DNase and 2M sdlt, revealed a branched inter-
nal NSK connected to the CSK. It is made of 11-nm filaments with an axial repesat of
23 nm similar to IFs (Jackson and Cook 1988; Nickerson 2001), forming an RNA-
stabilized intranuclear web (He et al. 1990) that consists of 3-5-nm lamin filaments to
which NUMA idands are anchored (Barboro et a. 2003). Recently, a cell-type specific
MRNA-like component of the NSK, Gomasu, has been reported (Sone et al. 2007).
This filamentous network is composed of many interacting structural proteins
that provide dynamic platforms for the protein—protein and nucleic acids—protein
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Fig. 1 Ultrastructure of the nucleoskeleton of onion meristematic root cells. a: Conventional EM
section of an isolated NSK displaying its overal organization with a peripheral laminarlike structure
(lam), the endoskeleton network and the nucleolar skeleton (NoSK). b: Higher magnification of an
NSK showing the delicate organization of the endoskeleton, NoSK and aresidual Cajal body (CB).
¢. Resinless section displaying the intricate network of the beaded filaments of the endoskeleton.
d: Higher magnification of the lamina displaying an associated pore complex (arrow). e The univer-
sal anti-IF antibody 1FA localizes IF-type proteins in the lamina and the endoskeleton. Bars= 1 um

interactions involved in genome organization, DNA replication and repair, chromatin
remodelling, transcription and co-transcriptional splicing, signalling, transport, etc.,
and houses the corresponding macromolecular complexes (Bettinger et al. 2003;
Shumaker et a. 2003; Vicek and Foisner 2007). The proteomic analysis reveals a
complex composition of the isolated NSK whose profile varies according to the cell
type, differentiation state, extraction procedure, etc. Its main structural protein com-
ponents are members of the same families as those in the CSK: lamins, actin, and
their associated proteins (Gruenbaum et a. 2005; Shumaker et a. 2003).

1.1.1 ThelLamina

The lamina is a network of fibrous polypeptides of lamins and a complex set of
lamin-binding proteins forming the nuclear exoskeleton. Lamins are its major
components that also form stable complexesin the nuclear interior. They are type V
intermediate filament proteins with a long o-helical coiled-coil rod domain that
mediates head-to-tail dimerization and higher-order assembly; a short N-terminal
head domain and a globular tail domain containing the nuclear localization signal
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(NLS), an Ig fold and aterminal CAAX sequence, which is atarget for isoprenyla-
tion and carboxyl methylation (Gruenbaum et a. 2005; VIcek and Foisner 2007).

Unicellular organisms lack lamin genes, as do plants. Invertebrates have single
B-type lamin genes; except for Drosophila that also have an A-type one (Melcer
et a. 2007). Vertebrates have three genes for lamins that encode for seven proteins,
belonging to types A and B that have different sequences, biochemical features and
expression patterns, and do not form heteropolymers. A-type lamins A and C are
generated by alternative splicing of a single gene, have neutral isoelectric points,
are soluble during mitosis and incorporate to the reassembling lamina later than
B-type lamins. B-type lamins B1 and B2 are essential, encoded by different genes,
have acidic isoelectric points and remain membrane-bound during mitosis. Both
types are trandated as pre-lamins and undergo modifications of the C-terminal
CAAX box including farnesylation, cleavage of the AAX tripeptide and car-
boxymethylation. A and B lamins have separate assembly pathways in vivo, but
their specific architectural organization is unknown.

Lamins bind to DNA and its associated proteins but also interact with many
nuclear membrane and nucleoplasmic LAPS, forming polymers that constitute the
lamina and confer mechanical strength to the nucleus (Table 1; Bridger et a. 2007;
Dorner et a. 2007; Houben et al. 2006; Schirmer and Foisner 2007; Vicek and
Foisner 2007).

Some of the LAPs are architectural partners that form stable complexesin inter-
phase and have known structural roles. Amongst them are integral membrane pro-
teins such as the LEM-domain proteins LAP2, lamin B receptor (LBR), emerin,
LEM2 and MAN1; the SUN-domain proteins; titin; actin that interacts with emerin
and spectrin and proteins of the nesprin family with amodular structure containing
multiple spectrin repeats and calponin homology (CH) domains for actin binding,
that enable them to interact with different components. The small isoforms of
nesprin-2 bind to lamin A and emerin in the lamina. Others are chromatin partners
such as histones and BAF; gene regulators such as several transcription factors and
repressors like MOK2 and pRb; signalling proteins such as protein kinase C
(Dorner et al. 2007; Schirmer and Foisner 2007; Vlcek and Foisner 2007). LAPs
function as assembly elements for multiprotein complexes integrating structural
and regulatory proteins, splicing factors, epigenetic modifiers and signalling mol-
ecules, indicating that the lamin-LAP complexes may serve as scaffold structures
for nuclear architecture and nuclear reassembly after mitosis; large-scale chromatin
organization, gene regulation and signalling (Dorner et al. 2007; Margalit et a.
2007; Schirmer and Foisner 2007).

Thelaminaalso linksthe nuclear interior with the CSK through complexes of lamins
with integral proteins of the INM such as LAPs, emerin and LBR; transmembrane
proteins of the INM like SUN-domain proteins; and large nesprin isoforms of the outer
nuclear membrane (ONM) containing the KASH-domain that interact with al the
three major cytoskeletal components: actin, intermediate filaments and microtubules.
The linking of KASH-domain proteins to mechanical internal nuclear proteins occurs
through A-type lamins and emerin. Nuclear actin and spectrin filaments crosdlinked by
protein 4.1 form a cortical network anchored by emerin (Holaska et al. 2004; Tzur



84

Table1l Main components of the NSK in plants and animals
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Nucleoskeleton domain Animals Plants
Lamina Lamins A—C Lamin-like proteins
Lamin B NIFs
Emerin NMCP1
LBR NMP1
LEM-2 Spectrin-like proteins
MAN-1
LAP1L
LAP23
Nesprin 1o
SUN domain proteins
Endoskeleton Lamin A Lamin-like proteins

Nucleolar skeleton

Lamin B
LAP2 B
Nesprin2
NuMA
Actin
Titin
EAST
Megator
Skeletor
Chromator
P41

Nucleolin
Fibrillarin
SURF-6
Skeletor
Nop 25

NIFs
NMCP1
Spectrin-like proteins
NuMA-like proteins
Actin
MAP190

P 105

MFP1
NALP1
NMP1
AHPL

AHL1
AHM1
Nucleolin
Fibrillarin
SURF-6
Actin

ASE-1

UBF
MARBP1
MARBP2
AtMARBP61
NO-76

et al. 2006; Vlcek and Foisner 2007). All of them form a link complex between the
NSK and CSK that connect cytoplasmic and nucleoplasmic activities (Houben et al.
2006; Tzur et a. 2006; 2006; VIcek and Foisner 2007).

1.1.2 The Endoskeleton

The endoskel eton is less defined than the laminain terms of both protein composi-
tion and function. Its more relevant components besides internal lamins and their
associated LAPs, are the giant proteins with extended coiled-coil domains that form
an expandable network in the ICDs, such as megator and EAST; the proteins associated
to chromatin and chromosomes, such as chromator and skeletor; NuMA; actin and
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some nuclear actin-related proteins (ARPS) and actin-binding proteins (ABPs)
(Table 1). All of them have important functions in chromatin organization and
remodelling, transcription and RNA processing, and intranuclear transport; and
some are also components of the macromolecular complex that forms the mitotic
spindle matrix (Fabian et a. 2007; Zheng and Tsai 2006).

Lamins form intranuclear scaffolding multiprotein complexes involved in cru-
cial nuclear functions, such as chromatin organization, DNA replication, transcrip-
tion, apoptosis, etc. (Dorner et a. 2007; VIcek and Foisner 2007). Fluorescence
recovery after photobleaching reveals that they are more mobile than those in the
lamina, but the mechanisms of their internal targeting or assembly are not clear.
Little information exists about the structural and functional features of the internal
lamins. A subfraction of A-type lamins are assembled into tight intranuclear foci
and form alamininternal RNA-dependent scaffold associated with NUMA (Barboro
et al. 2002; Dorner et a. 2007), suggesting the existence of afunctional interactive
intranuclear lamin network.

A small subfraction of A-type lamins and LAP20. form stable complexes in
intranuclear foci that also contain specific LAPs, transcription factors and regula-
tors (Bridger et al. 2007). LAP2a. is a nucleoplasmic LEM-domain protein that
interacts directly with DNA and BAF, an essential protein involved in nuclear
assembly, chromatin structure and gene expression (Margalit et a. 2007), and
mediates LAP20. interaction with chromatin that would promote heterochromatin
formation. The interaction with another LAP2o partner, LINT-25, would involve
the complexesin cell-cycle regulation (Naetar et al. 2007). The lamin A/C-LAP2a
complexes also interact with retinoblastoma protein (pRb) and actin. Altogether,
these complexes would have potential functions in chromatin organization, gene
expression and cell-cycle regulation in different pathways mediated by their differ-
ent interactions (Dorner et a. 2007).

The expandable giant protein Titin with three isoforms higher than 1 Mdais a
partner of nucleoplasmic A and B laminsin Helacells. It contains multiple Ig-folds,
fibronectin-type 3 domains, and one PEVK domain and is essential for mitotic
chromosome condensation and segregation. Titin might link lamins to chromatin
and/or nuclear actin during interphase, and its regulated detachment from lamins
could help coordinating chromosome condensation and nuclear disassembly
(Zastrow et a. 2006).

The giant Nesprin-2 isoform NUANCE, consisting of paired N-terminal CH
domains, a central extended rod domain and a C-terminal KLS domain, co-localize
with lamins at intranuclear foci and heterochromatin and binds nuclear actin poly-
mers and could contribute to actin-dependent nuclear functions (Zhang et a. 2005).

EAST is a 253-KDa component of the expandable nuclear ICD containing seven
potential NLSs and 12 potentiad PEST proteolytic signals, but no other previously
characterized functional domains. EAST promotes the preferential accumulation of
actin and CP60 in the nucleoplasm and modul ates the spatial arrangement of chromo-
somes (Wasser and Chia 2000, 2005). EAST is in the same protein complex as
Megator (Mtor), an ortholog of mammalian Tpr, a nuclear pore complex component
(Qi et d. 2005). Mtor isan essentid 260-K Da protein with an N-termina long coiled-coil
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domain responsible for self assembly and polymerization, and a C-terminus involved
in nuclear and spindle matrix targeting and localization. In interphase both Mtor and
EAST interact to form an endoskeleton (Qi et a. 2004, 2005).

Skeletor is an 81-KDa essentia protein with a bipartite NLS and serine- and
histidine-rich regions, but without any significant homologies. It is not a structural
component, but forms part of a multiprotein complex. Skeletor directly interacts
with chromator, a 130-KDa essential chromodomain protein. The Chromator—
Skeletor complex functions in two different molecular complexes, one associated
with the spindle matrix and the other with nuclear chromatin in interphase.
Chromator has afunctional role in interphase chromatin organization and chromo-
some segregation (Rath et al. 2004, 2006; Walker et a. 2000). In interphase both
proteins localize to chromosomes and chromatin, although skeletor is also present
in the nucleolus.

NuMA isalong, 200-240-kDa conserved vertebrate coiled-coil protein. No NuMA
orthologs are found in invertebrates (Abad et a. 2004), although a paralog with similar
domain architecture has been reported in Drosophila (Bowman et al. 2006). NUMA
has a very long central a-helical coiled-coil domain that mediates dimerization, a CH
domain in the N-terminus and a globular C-terminus with the NLS; binding sites for
LGN, tubulin and protein 4.1, several consensus sitesfor different protein kinases and
multiple aternative splicing sites (Abad et a. 2007; Harborth et a. 2000). Its
C-terminus controlsthe oligomerization of NUMA dimersinto arm oligomeres by self-
assembly, while the N-terminus controls the assembly of the latter into lattices prob-
ably by post-trandational modifications by specific protein kinases and phosphatases,
co-factors and binding proteins (Harborth et a. 1999). NUMA minilattices in the
endoskeleton associate to internal lamins depending on RNA (Barboro et a. 2002),
providing mechanical stability and compartmentalization.

NUMA has several interacting partners in nuclear multiprotein complexes, such
as lamins; the transcription factor GASAL; protein 4.1 that stabilizes its interaction
with actin, and the protein remodelling complex INI1 that contain ARPs viaits CH
domain (Mattaggjasingh et al. 1999).

Theinterphasic functions of NUMA are not well defined. Its flexibility, capacity
to form lattices and ability to bind to different structural and regulatory proteins and
to MAR seguences, as well as its association with the core filaments of the
endoskeleton, indicate that NUMA plays a structural role, defines nuclear shape and
mechanical rigidity and has an active role in the reformation of the postmitotic
nucleus (Barboro et al. 2003). Its interaction with GAS41 involves NUMA in the
regulation of gene expression, probably providing a framework for transcription
(Harborth et al. 2000). NUMA is also involved in chromatin organization, differen-
tiation and apoptosis (Abad et al. 2007).

Some endoskel etal componentsintegrate in the mitotic spindle matrix independ-
ently of MT polymerization, playing important roles in its assembly and function.
Among them are EAST, Mtor and NuMA from the ICDs, the chromosomal proteins
Skeletor and Chromator, titin and a small subfraction of lamin B (Fabian et al.
2007; Wasser and Chia 2005; Zheng and Tsai 2006). NUMA has also severa inter-
acting partners in the multiprotein complexes of the mitotic spindle, like Arpl that
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mediates NUMA association to the dynein—dynactin motor protein complex; LGN,
the mammalian Pins homolog that plays a role in spindle pole organization and
tubulin (Du et a. 2002).

Thepool of nuclear actin contains monomeric, oligomeric and polymeric formswith
unconventional conformations (Jockusch et a. 2006; McDonad et al. 2006;
Schonenberger et a. 2005) that might contribute to its multiple nuclear functions in
transcription, chromatin remodelling, transport and signd transduction between nucleus
and cytoplasm, nuclesr structure, etc. (Bettinger et a. 2004). Actin playsan integral role
in nuclear function and is associated with the nucleoskeleton. Many functional and
structural nuclear proteins have CH-domains for actin association. The nuclear ABPs
such as nuclear myosin | (NMI), profilin, cofilin, emerin, lamin A, p4.1, nesprins and
exportin 6 control the dynamics of actin in the nucleus (Blessing et d. 2004).

Actinisanintegral component of several nuclear macromolecular complexes. In
transcription complexes actin is essential for the formation of the preinitiation
complexes of the polymerases, and during elongation polymeric actin acts as a
molecular motor with NMI necessary for maintenance of active transcription (Ye et
al. 2008). Actin is also involved in RNA processing and associates to hnRNP pro-
teins. Actin—profilin complexes are functional components of the spliceosome that
co-localizes with Sm and SR proteins in nuclear speckles and CBs, and is aso
involved in the export of small nuclear ribonucleoproteins through the NPC.
In chromatin remodelling and histone acetyl transferase complexes, monomeric
actin functions in actin/Arp modules that interact with chromatin and other pro-
teins. In them, the solubility of chromatin modifying proteins depends on the
polymerization state of actin (Blessing et a. 2004; Chen and Shen 2007).

As a nucleoskeletal component actin associates with lamin A, emerin, protein
4.1, and nesprins. Theselast proteins have the ability to bind both lamin A and actin
and could be bridging elements between the two types of important nucleoskel etal
components in the lamina and the endoskeleton, contributing to the formation of a
well-organized actin-containing structural network in the nucleus (Kiseleva et a.
2004; Shumaker et al. 2003). Nuclear actin and p 4.1 co-localize in intranuclear
filaments that are necessary for proper nuclear assembly in vitro (Krauss et al.
2003). The identification of more actin- and Arp-binding nuclear proteins would
provideimportant information about the role of actin in nuclear architecture and the
interconnections of chromatin remodelling, transcription and RNA processing
complexes with the nucleoskel eton.

1.1.3 The Nucleolar Skeleton

The nucleolusis a complex subnuclear domain with specific subdomains housing
the machineries for rRNA transcription, processing and preribosome assembly.
Its stability after isolation, and the specificity of its ultrastructural organization
and protein composition in relation to other nuclear domains (Lam et al. 2004,
Pendle et al. 2005; Shaw and Doonan 2005), suggest that the nucleolus is a self-
assembly structure.



88 S. Moreno Diaz de laEspina

A differentiated residual nucleolar skeleton (NoSK) with an exclusively fibrillar
structure, has been demonstrated by EM (Nickerson 2001), but very little informa-
tion exists about its protein composition and molecular organization. Most of the
structural proteins of the endoskeleton, except for skeletor, are not present in the
NoSK. A few proteins have been reported in this structure and they mediate RNA—
protein and protei n—protein interactionsin the nucleolus (Table 1), such as SURF-6,
afamily of nucleolar proteins with adistinct conserved C-terminal domain mediat-
ing these interactions (Magoulas et al. 1998; Polzikov et al. 2005) and nucleolin, a
conserved multifunctional nucleolar protein involved in al steps of ribosome
biogenesis (Goztmann et al. 1997).

Recently, some proteins involved in the assembly of the nucleolus have been
identified. Most of them are RNA-binding proteins associated with rRNA transcrip-
tion and processing machineries, such as Nop 25, whose N-terminus binds to
nucleolar components to maintain nucleolar assembly (Suzuki et a. 2007) and
UBF, a primary architectural element of active NORs (Prieto and McStay 2007).
Two RNA binding proteins from the FRGY 2/YB1 family that contain N-terminal
motifs for sequence-specific RNA binding and a C-termina BA island for non-
selective RNA association, disassemble the nucleolus by sequestering the multi-
functional nucleolar phosphoprotein B23 (Gonda et al. 2006). Interactions of
nucleolin with other nucleolar proteins such as B23 and fibrillarin are also impor-
tant for nucleolar structure (Ma et a. 2007). SURF-6 has a distinct domain that
mediates protei n—protein interactions, co-localizes with B23 and fibrillarin, and has
high affinity for nucleic acids (Polzikov et al. 2005). Besides, two members of the
condensin complex (Peg7 and XCAP-E) co-localize with B23 and fibrillarin in
the nucleolar granular component suggesting a role in spatial organization of the
nucleolus (Uzbekov et al. 2003). All these results suggest that both protein—protein
and RNA—protein interactions are involved in the organization of the NoSK, and
that the multifunctional phosphoprotein B23 could be an important mediator of
nucleolar disorganization. Epigenetic modification by DNA methyltransferase 1
(Dnmtl) is aso involved in the spatial organization of the nucleolar structure
removing fibrillarin and Ki-67 protein from this structure (Espada et a. 2007).

2 The Plant Nucleoskeleton

2.1 Organization and Ultrastructure of the Plant NSK

Monocot and dicot plants have an underlying NSK similar to that in animal cells.
It consists of a well-organized peripheral lamina-like structure with attached pore
complexes; an endoskeleton formed by a branched network of knobbed filaments
displaying associated interchromatin granules; a compact fibrillar NoSK and other
distinct subdomains such as CB and MFP1-bodies (Fig. 1a,b; Masuda et al. 1993,
1997; Minguez and Moreno Diaz de la Espina 1993; Moreno Diaz de la Espina
1995; Yu and Moreno Diaz de la Espina 1999).
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Although the ultrastructural organization of the plant NSK is well established,
information about its componentsis very scarce. The Arabidopsis genome contains
genes for actin and a calponin—spectrin superfamily (Meagher and Fechheimer
2003), but homologs of most animal nucleoskeletal proteins cannot be identified in
plants by sequence homology searches. Nevertheless, the structural and functional
similarities of the animal and plant nucleus and NSK, and the presence of immuno-
logically related nucleoskeletal proteins in plants, suggest that plants have func-
tional equivalents of the known animal nucleoskel etal proteins that have diverged a
lot from their animal counterparts.

The NSK proteome of Arabidopsis is a complex with up to 300 spots from
which 36 have been identified by mass spectroscopy. The fraction is enriched
in proteins of the nucleolar domain such as fibrillarin, nucleolin and the MAR-
binding proteins Nop 56 and Nop 57 (Calikowski et al. 2003). The use of sera
against animal nucleoskeletal proteinsin plant nuclel unveiled the presence of pro-
teins immunologically related to lamins (McNulty and Saunders 1992; Minguez
and Moreno Diaz de la Espina 1993; Moreno Diaz de la Espina 1995), spectrin
repeat-proteins (de Ruijter et al. 2000; Perez Munive et al., unpublished results),
NUMA (Yu and Moreno Diaz de la Espina 1999), actin (Cruz et a. 2007), nucleolin
(Minguez and Moreno Diaz de la Espina 1996), etc.

2.2 ThePlant Lamina

The plant NSK contains a lamina ultrastructurally similar to the vertebrate's one
that contains the pore complexes and is associated with the INE and endoskeleton
(Fig. 1a, d; Masuda et al. 1993, 1997; Minguez and Moreno Diaz de la Espina
1993; Moreno Diaz de la Espina 1995). The plant lamina contains | F-type proteins
and proteins antigenically related to lamins (Table 1; Fig. 1le; Blumenthal et a.
2004), athough the plant genomes lack orthologs of lamins and their associated
proteins. The lack of lamin orthol ogs doesn’t mean that plants lack lamin functions,
as lamins are involved in fundamental nuclear processes (see Sect. 1.1.1) that are
similar in vertebrates and plants. Using A/C and B2 lamins as query sequences,
several potential Arabidopsis proteinswith moderate similarity werefound. Theaign-
ment is predominantly with the a-helix rod domain, but some of the plant sequences
also contain a homolog of the NLS (Meagher and Fechheimer 2003). The plant
lamin-like proteins would have conserved domains necessary for essential lamin
functions, but also other plant-specific ones can be functional rather than structural
homologs of lamins. This occurs in coilin, the organizing protein of CBs, that in
Arabidopsis is encoded by a distant coilin homolog and shows limited homology
with the vertebrate proteins but has the same nuclear localization and functionality
(Collier et a. 2006).

Monocot and dicot plants have NE-associated coiled-coil proteins sharing antigenic
determinants with vertebrate lamins that also have similar Mr (molecular mass), pl
(isoelectric point) values and nuclear distribution in both the exoskeleton and
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endoskeleton (Figs. le and 2ae; McNulty and Saunders 1992; Minguez and
Moreno Diaz de la Espina 1993), and are specificaly cleaved in apoptosis (Chen
et a. 2000), but their sequences are not available.

Although lamin-associated proteins are not conserved in plants, BY-2 tobacco
cellstransformed with an N-terminal fragment of the LBR that anchors the protein
to the INM, direct the transformed protein to the NE. Binding mutants of the pro-
tein have atered targeting and retention suggesting that the transocation mecha
nism for the LBR is conserved in plants that also have proteins that weakly bind to
it (Graumann et al. 2007).

Besides lamin-like proteins, the plant lamina contains other plant-specific proteins
that could be structural components of this structure such as nuclear intermediate
filament proteins (NIFs) (Blumenthal et a. 2004), NMCP1 (Masuda et al. 1993,
1997), and NACs (nuclear acidic coiled-coil proteins) (Blumenthal et al. 2004).

At least three NIFs sharing antigenic determinants with chicken lamins, human
keratins and | Fs have been detected in the NSK of pea, Arabidopsis (Blumenthal
et a. 2004) and onion (Pérez-Munive et al., unpublished results). They have Mr
values of 65, 60 and 57 kDa and display multipleisoelectric formswith pls between
4.8 and 6.0. Peptide sequencing showed short regions of similarity with lamins B
and A that would explain their crossreactivity, with keratins and with Arabidopsis
proteins containing long coiled coils such as NAC, FPP3 and MFP1 (Blumenthal

Fig. 2 Specific distribution of some protein components of the onion NSK revealed by immun-
ofluorescent staining. a—b: nuclei. c—f: NSK. a: Lamin-like proteins localize to the laminalike
structure and a delicate intranuclear network. b: Spectrin-like proteins have a discontinuous dis-
tribution in the laminaand aso in the ICDs. c: Actin reveals a delicate endoskeleton similar to that
of NuMA (d), with some discrete foci. e: NIFs distribute in the lamina-like structure and the
endoskeleton. f: MFP1 associates with the filaments of the endoskeleton and is enriched in specific
residual nuclear bodies
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et a. 2004), although the last three proteins have predicted Mrs larger than the pea
NIFs. The purified NIFsform 6-12 filamentsin vitro. In situ they show a peripheral
and internal nuclear distribution (Fig. 2e; Blumenthal et al. 2004). Thus, plant NIFs
although different from animal lamins could have lamin-like regions and be func-
tional homologs of lamins.

NMCPL1 isa134-kD conserved protein of the carrot NE, which shows similar-
ity to myosin, tropomyosin and IFs. It has a central coiled-coil domain, flanked
by non-helical short head and long tail domains. The terminal domains contain
potential NLS and many recognition motifs for protein kinases, including the
CDK1 kinase and PKC. NMCP1 has asimilar pl (5.6-5.8) to lamins, although its
sizeis almost twice that of lamins (Masudaet al. 1993). Orthologs of NMCP1 are
also present in the Arabidopsis and rice genomes but not in mammals or yeast
(Moriguchi et al. 2005). The sequenced NMCPL isastructural protein of the plant
lamina, although neither the phylogenetic relationship between NMCP1 and lam-
ins nor its polymerization abilities, its association with integral nuclear membrane
proteins and ability to bind DNA are resolved. An Arabidopsis gene family
(LINC) encoding proteins with extended coiled-coil domains related to carrot
NMCP1 has been described. LINC1 localizes to the nuclear periphery, LINC2 is
nucleoplasmic, LINC3 nucleolar and LINC4 plastidic. Mutation of LINC1 and
LINC2 affect nuclear size and organization, chromocentre number and also whole
plant morphology, and both are important determinants of plant nuclear structure
(Dittmer et al. 2007).

Significantly related sequences to the members of the cal ponin—spectrin super-
family, were detected in the Arabidopsis database, but none of them are clear
homologs of the query sequences (Meagher and Fechheimer 2003). Spectrin-like
proteins of 220240 and 60 kDa have been detected in the nucleus of carrot, pea
(de Ruijter et a. 2000) and onion (Fig. 2b) cells by immunolabelling. Their distri-
bution is discontinuous in the nuclear periphery. In the ICDs their distribution is
either spotted or track-forming, they are practically absent from the nucleolus, and
show partial co-localization with actin (Pérez-Munive et a. unpublished results).
Spectrin-like proteins are also intrinsic components of the NSK (de Ruijter et al.
2000; Pérez-Munive et al., unpublished results). According to their Mr values and
distribution, the spectrin-like proteins could be homologous to nesprins (see
Sect. 1.1.2) that play an important structural role in the NSK.

2.3 The Endoskeleton

Plant cells have awell developed and highly stable endoskeleton that resists RNase
digestion, and also LIS extraction without heat stabilization (Moreno Diaz de la
Espina 1995). It basically corresponds to the residual ribonucleoprotein network of
the ICDs (Fig. 1ab). The endoskeleton is composed of a branched network of
beaded filaments with 25 + 2.5-nm knobs spaced by 15 + 2-nm interknobs as
revealed by EM of resinless sections (Fig. 1c; Yu and Moreno Diaz de la Espina
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1999). In EM of conventional sections it appears as a loose fibrogranular network
containing IGs that connect the lamina with the residual nucleolus and nuclear
bodies (Fig. 1b,d).

In contrast with its ultrastructure, the protein composition of the plant endoskel-
eton is poorly defined. Its more relevant components are the internal lamin-like
proteins, NIFs and spectrin-like proteins that are major components of this struc-
ture as stated above, and distribute in an endoskeletal network but not in the NoSK
(Fig. 2a,b,e). In addition, large proteins that associate to both the endoskel eton and
the spindle matrix during mitosis such as NUMA and MAP190, actin, and several
plant specific proteins like DNA- and MAR-binding proteins, ankyrin3, and
coiled-coil proteins have been reported in the plant endoskeleton (Table 1). No
expansible proteins similar to those in the animal endoskel eton have been reported
in plants, although recently NUA, the plant homol og of mammalian and Drosophila
Tpr or Mtor (see Sect. 1.1.2) has been reported in Arabidopsis with a similar Mr.
It is nuclear in interphase and associates with the spindle in mitosis like its animal
homologs (Xu et al. 2007). Although its presence in the NSK has not been inves-
tigated yet, it should be very interesting to check whether this protein is also a part
of the contractile endoskeleton in plants.

Three NuMA homologs of 210, 220 and 230 kDa with different solubilities were
identified in the onion endoskeleton by their crossreactivity with human and Xenopus
NUMA (Fig. 2d; Yu and Moreno Diaz de la Espina 1999). They show the same distri-
bution as vertebrate NUMAsin an intranuclear network (excluding the nucleolus), and
in the spindle matrix during mitosis which probably contributes to the stabilization of
the MT bundles. Immunolabelling on resinless sections demonstrate that the proteinis
associated with the filaments of the endoskeleton (Yu and Moreno Diaz de la Espina
1999), that along with the potentia of NUMA oligomers to form higher-order struc-
tures would indicate a structura role for NUMA in plant nuclear organization.

MAP190 isa MT- and actin-binding protein, involved in both nuclear and spin-
die organization in plants. MAP190 has been isolated from tobacco BY2 cells
(Igarashi et al. 2000) and the gene is conserved in Arabidopsis. A MAP190 pre-
dicted sequence does not contain any actin filament- or microtubule (MT)-binding
domains. It hasan N-terminal ER-membrane retention signal; aC-termind calmodulin-
likedomain; aRED repeat, essentia toforming nuclear aggregates; three GHK AEQQY
repeats; and several NL S and phosphorylation sites (Hussey et al. 2002; Igarashi et
al. 2000). MAP190 shares some functional and distribution features with NUMA,
though their sequences and secondary structures are different. It localizes in small
dots in the nucleus, similar to nesprin-like proteins, NUMA and actin. After NE
breakdown, MAP190 associates with the spindle and the daughter nuclei after
mitosis. It appears to be involved in nuclear formation and maintenance of spindle
MTs (like skeletor) and also in the cross binding of actin and MTsin the phragmo-
plast (Hussey et al. 2002).

The nuclear proteomes of Arabidopsis and rice lack actin, which has been
revealed only in chickpea (Pandey et al. 2006). Besides, plants lack orthologs of the
main structural nuclear ABPs (see Sect. 1.1.2) although they have functional lamin
homologs and NMI was detected in the nucleolar proteome of Arabidopsis (Pendle
et a. 2005). In contrast with the results of the proteomic anaysis, conformation-
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specific antibodies for nuclear actin forms reveal ed the presence of actin formswith
different solubility in isolated onion nuclei, one of them tightly bound to the NSK.
Actin associates with the filaments of the onion nucleoskeleton, with a different
distribution from that at transcription sites suggesting a structural role in the plant
NSK (Fig. 2c; Cruz et a. 2007).

Another protein of the endoskeleton is the rice ankyrin3 homolog NALP1 that
contains three ankyrin repeats and a Gly/Arg-rich domain at the N-terminus, but no
other known domains or motifs. OsSNALP1 and its counterpart AtAnkyrin3 are
much smaller (28 and 27 kDa) than human Ankyrin3 (480 and 270 kDa). This sug-
gests that they are probably plant specific proteins of the NSK containing the
ankyrin motif (Moriguchi et al. 2005).

NMPL1 is a plant specific highly conserved 36-kDa protein with a predominant
o-helica structure with multiple stretches of short amphipathic regions. The pro-
tein localizes to the cytoplasm and nucleus, the latter fraction being associated with
the internal NSK (Rose et al. 2003).

Severa specific DNA- and MAR-binding proteins have been described in asso-
ciation with the plant NSK. Some of them lack coiled-coil domains and contain
AT-hook motifs such as OsAHP1 (Moriguchi et al. 2005), AtAHL 1 (Fujimoto et al.
2004), AHM1 (Morisawa et a. 2000), etc. These are probably not constitutive
structural elements of the NSK but are proposed to be involved in the organization
and attachment of chromatin fibres to this structure.

MFP1 is a conserved plant-specific, long coiled-coil protein with non-specific
DNA binding activity and a dua localization in the nucleus and chloroplast
(Samaniego et al. 2006). The protein consists of an N-terminus containing two con-
served hydrophobic domains, acentral coiled-coil rod domain and a C-terminuswith
a terminal DNA-binding domain and an NLS. It contains several conserved CK2
motifs (Meier et al. 1996). ACMFP1 is abasic phosphoprotein that distributes in the
border zone between the condensed chromatin and ICDs and also in a new category
of nuclear bodies. Its association with the NSK is regulated by CK2. Its distribution,
expression and the modulation of its binding to the NSK suggest that MFPL1 is not
likely a basic component of the expansible nucleoskeleton but more probably is
involved in chromatin binding to this structure (Fig. 2f; Samaniego et a. 2006).

The interchromatin granule network is a differentiated domain of the plant
endoskeleton that would provide physical support for the organization of the mul-
timeric complexes involved in splicing. Their specific structural protein p105 is
also a component of this structure (Moreno Diaz de la Espina 1995) although its
association to the NSK and functionality are unknown.

2.4 The Nucleolar Skeleton

The plant nucleolus shows a high stability and maintains its subdomain organization
after isolation, suggesting that it is a self-assembling organelle (Fig. 3ab). Theisolated
NoSK also maintains an organized structure after fractionation supporting the exist-
ence of an underlying structure (Fig. 3c; Novillo et al., unpublished results).
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The proteome of the ArabidopsisNSK isenriched in nucleolar residua proteinssuch
asfibrillarin, nucleolin, Nop 56 and Nop 58, etc. (Calikowski et a. 2003), and the plant
NSK contains a prominent differentiated nucleolar subdomain in close contact with the
endoskeleton (Moreno Diaz de la Espina 1995) with a different ultrastructure from that
of the lamina and the endoskeleton (Fig. 1a,b). Its fibrils display a denser organization
than those in the endoskel eton network and lack associated granules (Figs. 1b and 3c).
The gtability of the nucleolar domain of the NSK in plants differs from thet in anima
cells, asit survives RNase digestion prior to high salt extraction and does not depend on
disulphide bond stabilization (Moreno Diaz de la Espina 1995).

The polypeptide pattern of the NoSK is complex and different from that of the
nucleolus and the NSK. It displays up to 127 different polypeptide spots after sil-
ver-staining demonstrating a complex rather than a simple skeletal organization,
and is enriched in acidic proteins most of which are not mgjor nucleolar components.
The NoSK shares a subset of 23 protein spots with the nucleolus and 18 with the
NSK (Moreno Diaz de la Espina 1995). These proteins account for ahigh proportion
of the NSK proteins, as the NoSK is a massive domain compared with the lamina
and the endoskeleton (Calikowski et al. 2003).

The only nucleoskeletal protein so far detected in the plant NoSK is actin. It
shows a diffuse distribution enriched at its periphery, different from that at nucleolar
transcription foci in intact nucleoli (Fig. 3e; Cruz et al. 2007) and would have a
structural role in the NoSK.

Fig. 3 Organization of the onion nucleolar skeleton. a: Isolated nucleoli purified in a sucrose
gradient. b, c: EM images of an isolated nucleolus (b) and NoSK (c). The latter shows a looser
fibrillar organization than the isolated nucleolus. d—f: Confocal immunofluorescent sections of
isolated NSK s displaying the peripheral localization of some components of the NoSK. d: ASE-1,
e: Actin, f: SURF-6. EM bars = 1 um. Confocal microscopy bars =5 pum
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The major nucleolar proteins nucleolin and fibrillarin are enriched in the plant
NoSK (Calikowski et al. 2003; Minguez and Moreno Diaz de la Espina 1996;
Moreno Diaz de la Espina and Minguez 1996). Nucleolin is an essential protein
with three structural multifunctional domains: an acidic N-terminus with several
phosphorylation sites, a central region with RNA binding domains and a C-terminal
GAR domain. Besidesits essentia rolesin the different steps of ribosome biogenesis,
nucleolin aso controls nucleolar organization (Pontvianne et al. 2007). Fibrillarin
is a highly conserved nucleolar methyltransferase involved in rRNA methylation
that associates with snoRNAs and is a component of the rRNA maodification and
assembly complexes. Fibrillarin isa NoSK component also involved in the recruit-
ment of rRNA processing complexes by PNBs in the NSK (Moreno Diaz de la
Espina and Minguez 1996).

Other putative proteins of the plant NoSK are MAR-binding proteins with mul-
tifunctional roles in rRNA processing and chromatin organization such as
NtMARBP61 (Fujiwara et a. 2002) and pea MARBP1 and MARBP2 (Hatton and
Grey 1999).

Severa pol |-associated proteins have been identified by immunolabelling in the
plant NoSK such as ASE-1 (Fig. 3d), the architectural transcription factor UBF, and
SURF-6 (Fig. 3f) (see Sect. 1.1.3), and NO-76 that forms a peripheral scaffold in
the nucleolus (Corben et al. 1989).

3 Concluding Remarks

The long controversy about the existence of an underlying NSK that spatially
organizes the nuclear metabolism has been resolved in the last few years mainly by
its in vivo observation through dynamic fluorescence techniques, the discovery of
expandable proteins that form the contractile NSK and the determination of many
architectural partners between the proteins of the NSK. The present evidence sug-
gests that lamins and other structural proteins are linked by a variety of bridging
proteins and molecular mechanisms that provide the dynamic structural framework
for the organization of nuclear function that constitutes the NSK.

The architectural organization of the NSK in plantsis well established and similar
to that in animals. In contrast with that thereislittle information about its composition.
The plant genomes lack orthologs of the genes that codify for some of its main struc-
tural proteinsin animal cells, such aslamins and LAPs, nesprins, skeletor and NUMA,
although in some of these cases they have immunologicaly related proteins.

Plants have functional homologs of lamins such as NIFs. Also the ability of
transformed plant cells to direct the LBR to the NE and the presence of proteins
that associate weakly with it demonstrate that the sequences and mechanisms
involved in its targeting are conserved in plants. Plants probably have developed
distant homologs of lamins and LAPs that would contain conserved essential
domains but also other plant specific ones, and would be functiona rather than
structural homologs of lamins, as occurs with other nuclear proteins such as coilin,
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the structural protein of CBs. Actin is present in the plant NSK but not the main
structural ABP lamins, emerin and nesprins that would bridge actin with other
structural proteinsin the NSK.

Besides that, plants seem to have evolved unique IF-like nuclear proteins such
as NMCP1, MFP1 and NMP1, to solve the problems of nuclear architectural
organization and function. The recent discovery of the implications of NMCP1-like
proteins of Arabidopsisin nuclear organization and chromatin packaging opens the
door to the investigation of the mechanisms of nuclear organization in plants.

In the future, the identification and characterization of more plant-specific
nucleoskeletal proteins would clarify the molecular architecture of the plant NSK,
and determine the characteristics and functions of the plant-specific subsets of pro-
teins forming the lamina and endoskeleton. The use of mutants of NSK proteins
would be a so helpful in the determination of the functions of these proteinsin NSK
organization and function.
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The Role of Nuclear Matrix Attachment
Regionsin Plants

George C. Allen

Abstract Regions of DNA that bind to the nuclear matrix, or nucleoskeleton,
are known as Matrix Attachment Regions (MARs). MARs are thought to play
an important role in higher-order structure and chromatin organization within the
nucleus. MARs are also thought to act as boundaries of chromosoma domains
that act to separate regions of gene-rich, decondensed euchromatin from highly
repetitive, condensed heterochromatin. Herein | will present evidence that MARs
do indeed act as domain boundaries and can prevent the spread of silencing into
active genes. Many fundamental questions remain unanswered about how MARsS
function in the nucleus. New findings in epigenetics indicate that MARs may also
play an important role in the organization of genes and the eventual transport of
their mMRNAs through the nuclear pore.

1 Introduction

For many years it has been known that the expression of a transgene in eukaryotic
organisms can vary widely between independent transformants (Allen et al. 1988).
The unpredictable, varied expression found in transgenic plants has been called
“chromosomal position effects,” and is attributed to the characteristics of the site of
integration (Alberts and Sternglanz 1990; Dean et al. 1988; Nagy et a. 1985).
Chromosomal position effects are primarily due to transgene integration events that
can occur within euchromatin, which contains the majority of expressed genes, or
condensed chromatin, such as heterochromatin (reviewed in Taddei et al. 2004).
The pre-existing chromatin structure at the site of integration ultimately determines
the transgene expression level, either negatively (silenced) or positively (enhanced).
Transgene expression can be highly variable since transgene integration cannot yet
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be easily targeted to a specific genomic location with a favorable chromatin
structure.

There are many examples that complicate both the use of transgenes as research
tools and their application in plant-improvement programs (De Neve et al. 1999;
Gepts 2002; James et a. 2004). Variability due to silencing and related processes
requires the evaluation of many transformation “events,” or independent transform-
ants, in order to interpret the phenotypic effects of transgenes. This, in turn,
increases the cost of labor and cause for regulatory concern. Because silencing can
occur spontaneously in later generations of linesinitially showing good expression,
selecting stably expressing lines from a population of independent transformants,
or even from the T1 generation, does not guarantee stability of expression over
subsequent generations (Bourdon et al. 2002; Bregitzer and Tonks 2003;
Chareonpornwattana et al. 1999; Levin et al. 2005; Vain et a. 2002). In order to
avoid mgjor problems, a number of candidate lines must be maintained through
multiple generations before it is possible to select those showing stable and pre-
dictable expression.

In this chapter | explore ideas why MARS! improve the transformation fre-
guency and reliability of transgene expression in some cases but seem to have no
effect in other cases. | discuss practical strategies for preventing undesirable
gene silencing and provide examples showing that MARS are, counterintuitively,
beneficial for enhancing transgene RNA silencing (RNAI) when a gene knockout
(knockdown) is desired. | also describe the other critical roles that MARs play
in regulating nuclear structure and genome organization, beyond their role in
gene expression.

In order to understand several controversial ideas regarding MARS it is impor-
tant to understand the nuclear matrix, which is also known as the nuclear scaffold,
or nucleoskeleton. A detailed description of the nucleoskeleton is provided in an
accompanying chapter in this book by Moreno Diaz de la Espina. It is thought that
the effect of MARS on gene expression is achieved through their impact on chro-
matin structure. | briefly describe the role of histone modifications with particular
emphasis upon the replacement histone H2A.Z. Increasingly, such histone variants
are being recognized as mediators that can act in concert with boundary elements
to separate active from inactive chromatin. The reader is also referred to accompa-
nying chapters in this book that describe work on nuclear pores (A. Rose) and on
chromatin domains (P. Fransz).

1t is important to note that during the past twenty 20 plus years various nomenclature have been
used for MARs which include Scaffold Attachment Region (SAR) (Allen et a. 1996; Bode and
Maass 1988), Boundary Elements (Cuvier et a. 2002; Mlynarova et a. 2003; Pathak et a. 2007),
certain types of Chromatin Insulators (Istomina et al. 2003; Valenzuela and Kamakaka 2006), or
a combination of both (SSMAR) (Goetze et al. 2005; Heng et al. 2004). These terms are used
interchangeably throughout this chapter.
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1.1 Chromosomal Loop Domains

Early studies with animal cell lines demonstrated that the “chromosomal position
effect” could be prevented if the transgene was flanked by “Matrix Attachment
Regions” (MARS?), which are DNA elements that bind to the nuclear matrix®
(Mirkovitch et a. 1984). Electron microscopy studies from Paulson and Laemmli
(1977) provided an elegant demonstration that when the core histones are removed,
DNA from metaphase chromosomes becomes unpackaged and reveals higher-order
structure. A series of large DNA loops is bound at their bases to a core structure,
which had been identified earlier as the nuclear matrix by Berezney and Coffey
(1974). When the data from higher-order structure was combined with gene expres-
sion studies, a new model, known as the loop domain model, was developed
(Bodnar 1988; Cockerill and Garrard 1986; Cook 1989; Gasser and Laemmli 1986;
Stief et al. 1989).

According to the loop domain model, MARs act as a barrier to the effect of sur-
rounding chromatin (Fig. 1). When applied to transgenic plants, this model would
effectively make the transgene domain independent. A major prediction of the loop
domain model is that a transgene, flanked by the “protecting” MARS, remains
active independently of the local chromatin state. A corollary prediction is that
transgenes |acking MARs are susceptible to theimpact of the surrounding chromatin
structure and their expression level is dependent upon the local chromatin state. By
acting independently, each transgene domain would contribute equally to transgene
expression, which would increase in proportion to the number of transgenes. Thus,
if more copies of a MAR-flanked transgene are integrated, a proportional increase
in the expression of the transgene will result. Such predictions made from the loop
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Fig. 1 Loop domain model. Active genes are within the open loops with an open chromatin
structure. The open loops are bounded at their base by Matrix Attachment Regions (MARS) that
bind to the nuclear matrix (grey). The chromatin structure at the MAR isin a transition zone that
separates the open loop from the closed loops. The closed loops contain compact nucleosome

2MARs aso called SARs (Scaffold Attachments Regions) or SMARs.
3Nuclear matrix is also called nucleoskeleton or nuclear scaffold.
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domain model were supported by the results from the early animal cell studiesin
which transgenes flanked by MARs from either the human -globin gene (Grosveld
et al. 1987) or the chicken lysozyme A-element (Phi-Van et a. 1990; Stief et a.
1989) resulted in transgene expression that was proportional to transgene number.

2 TheRoleof MARsin Higher-Order Chromatin Structure
in the Plant Nucleus

2.1 Packaging the Genome

2.1.1 DNasel| Sensitive Sites

Genomic DNA must be carefully folded in an organized manner in order to fit
within the interphase nucleus. The packaging of chromatin is accomplished at sev-
eral levels starting with the interaction of double-stranded DNA with two molecules
of each of the core histones H2A, H2B, H3, and H4 to form the 11-nm chromatin
fiber. The 11-nm fiber is further packaged by interacting with H1, the linker his-
tone, to form the condensed 30-nm nucleosome. The details of the subsequent
packaging steps to form the higher-order condensed structures are still largely
unknown. It is generally thought that chromatin loops of up to 300 nm are bound
at their base by MARS to a non-histone protein-RNA core, which is believed to be
the nuclear matrix as shown in Fig. 2. When the core histones are removed, the
~300-nm loops are unpackaged. Measurements by Paulson and Laemmli (1997)
estimated that these histone-free loops averaged 10-12 um in length in Drosophila
metaphase chromosomes, which represents an increase in length of 30-40-fold.
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Fig. 2 Chromatin packaging. The packaging of chromatin is accomplished at several levels start-
ing with the interaction of double-stranded DNA with two molecules of each of the core histones
H2A, H2B, H3, and H4 to form the 11-nm chromatin fiber. The 11-nm fiber is further packaged
by interacting with H1, the linker histone, to form the condensed 30-nm nucleosome. It is gener-
aly thought that chromatin loops of up to 300 nm are bound at their base by MARs to a non-
histone protein-RNA core, which is believed to be the nuclear matrix
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The different levels of chromatin structure can shorten a double-stranded molecule
of DNA by up to 50,000-fold (Alberts et al. 2002).

When a geneis activated, the chromatin structure becomes less compact and the
DNA becomes more accessible to DNase | (Spiker et al. 1983; Weintraub and
Groudine 1976). MARs are thought to function as the boundaries of the chromatin
loop domains and to demarcate active chromatin from inactive chromatin (Bode
and Maass 1988; Bonifer et a. 1991; Gasser and Laemmli 1986; Gromova et al.
1995). Paul and Ferl (1998) used differences in chromatin accessibility to DNase
| to compare the higher-order chromatin structure in both Arabidopsis and maize
nuclei. They found that DNase | cleavage at “ super-hypersensitive” sites resulted in
domains that averaged 45 kb for maize and 25 kb for Arabidopsis. They proposed
amodel that these larger domains represent a fundamental structural loop domain
bound to the nuclear matrix at “loop basements,” or LBARS.

It is now well recognized that gene-coding sequences alone do not provide
answers to how the genome isregulated. A new effort to understand the function of
the epigenome (Crawford et a. 2006) has been initiated with the goal of under-
standing the function of the non-coding regions of the human genome, which
includes mapping the DNase | hypersensitive sites using tiled microarrays (Giresi
and Lieb 2006; Sabo et a. 2006). Because of the size of the human genome,
researchers are limited to focusing on selected regions, which only encompass
approximately 1% of the entire genome (Greally 2007). In contrast, Arabidopsis,
with such a small genome, offers tremendous advantages for such studies. In prin-
ciple, either entire chromosomes or even the entire genome could be studied in
detail. Unfortunately, while the analytical capability does exist, the mapping of
DNase | hypersensitive sites in Arabidopsis has to date been limited to relatively
small regions.

Kodama et al. (2007) mapped DNase | hypersensitive sites in an 80-kb region
from Chromosome 5 of Arabidopsis thaliana that contains 30 genes with expres-
sion levels that vary greatly. A total of 40 DNase | hypersensitive sites were found
and all were located at the 5" and 3" ends of 28 of the 30 genes. These data suggest
that the average size of aDNase | “hypersensitive domain” within the 80-kb region
is~2 kb. If such DNase | hypersensitive sites found by Kodama et a. (2007) repre-
sent true chromosomal domains, then the size is much smaller than the DNase
I hypersensitive domains found in either animal studies or even the 25-kb estimate
for Arabidopsis by Paul and Ferl (1998). It is important to note that the apparent
difference in DNase domain size may simply be due to the use of an 80-kb region
(Kodamaet al. 2007) versus a 130,000-kb region (Paul and Ferl 1998). Furthermore,
the Kodama et al. (2007) result seemsto differ from previous studies that show that
DNase | hypersensitivity varies depending upon the expression of the gene. For
example, Vega-Palas and Ferl (1995) note that DNase |-hypersensitive sites in the
5 flanking region of transcriptionally active genes are associated with the presence
of transcriptional regulatory factors, which also reflects a de-condensation of the
chromatin. Although more studies will certainly follow, the Kodama et al. study
suggests that DNase | hypersensitivity does not reflect transcriptional activity, which
is likely to be controversial.
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2.1.2 MARsand Histone M odification

In eukaryotic nuclei the domains defined by differences in DNase | sensitivity
are also characterized by the differences in post-translational modifications of
the histones within the domain. Histone modificationswithin DNase |-accessible
and transcriptionally active domains are typically characterized by hyper-
acetylation and di- or trimethylation of the lysine-4 of H3. Conversely, tran-
scriptionally inert or inactive chromatin is tightly packaged and thus insensitive
to DNase I, and the lysine-9 of H3 is hypoacetylated and methylated (Johnson
et al. 2002; Soppe et a. 2002; Tamaru and Selker 2001; and reviewed in Tariq
and Paszkowski 2004). Whole genome analysis of Arabidopsis using Chromatin
Immunoprecipitation (ChlP) analysis has confirmed that transcriptionally
activeregions are highly enriched with H3 lysine-4 di- or trimethylation, whereas
inactive heterochromatic regions are enriched in H3 lysine-9 trimethylation
(Gendrel et al. 2005).

As noted earlier, MARs, or boundary elements, are proposed to define chro-
mosomal domains and to prevent transcriptionally active regions from being
silenced by the spread of condensed heterochromatic regions (Martienssen
2003). While it is now clear that the inactive and active chromosomal domains
are enriched in specific forms of modified histones, it is not known what type
of histone is actually associated with MARs. The Grey lab has dissected the
chromatin structure of the pea PET gene and the initia studies identified a
downstream MAR region (Slatter et al. 1991). Further studiesidentified an A/T-
rich region in the promoter that bound to High Mobility Group I/Y (HMG)
proteins (Pwee et al. 1994). Transgenic plant studies showed that the A/T-rich
region enhanced the expression of a b-glucuronidase (GUS) reporter gene and
that when the 31-bp A/T core was included, the reporter gene expression also
increased (Sandhu et al. 1998). Chua et al. (2001) then tested the pea PetE locus
for changes in nuclease sensitivity and H3 and H4 acetylation during three dif-
ferent transcriptional states (roots, etiolated shoots, and green shoots). As
expected, the DNase | sensitivity increased during activation, and H3 and H4
from PetE were hyperacetylated in the green shoots, and were particularly
enriched in the promoter/enhancer region.

A subsequent study by Chuaet al. (2003) found that the A/T-rich transcriptional
enhancer of the pea Pet1 bound to the nuclear matrix when either anin vitro binding
assay or in vivo enrichment in the matrix fraction in the transgenic tobacco was
used. Because MARs are defined as DNA elements that bind the matrix, this
enhancer was a'so a MAR. Transgenic tobacco transformed with an enhancer Petl
promoter fragment controlling GUS (E-Pet1:GUS) had higher GUS expression
levels than the plants transformed with the same construct lacking the enhancer
(Pet1:GUS). Differencesin the H3 and H4 acetylation patterns reflected the expres-
sion differences with the pea EPet1: GUStransformants showing increased levels of
H3 and H4 acetylation that spread into the 5 end of GUS. These data are consistent
with amodel for MARs being associated with open chromatin that has the increased
H3 and H4 acetylation patterns expected for active genes.
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2.1.3 TheTransition Zone: MARs, Boundaries and Histone Variants

Studies to understand the transition, or boundary zone between inactive and active
chromosomal domains have become increasingly important as intergenic, non-
coding genomic regions are recognized for controlling critical processes such as
transcription, DNA replication, cell division, differentiation, and development. In
the popular press the genome sequence and how it is regulated has been compared
to a computer; with the primary sequence referred to as the hardware and the epig-
enome referred to as the software. While changes in genomic sequence are gener-
ally thought to occur slowly, changes to the epigenome can occur rapidly, which
may help the organism to readily adapt to environmental change.

It is now known that nearly the entire genome is transcriptionally active, which
includes non-coding regions that can produce regulatory RNAs. These results were
initially found using the fission yeast Schizosaccharomyces pombe (Hall et al.
2002; Volpe et al. 2002) and showed that centromeric heterochromatin is main-
tained by RNAI. The same, or a closely related mechanism is also responsible for
forming (Martienssen 2003; Zilberman et al. 2004) or maintaining (Gendrel et al.
2002; May et a. 2005) heterochromatin in higher eukaryotes (reviewed by
Henderson and Jacobsen 2007; Lippman and Martienssen 2004; Martienssen et a.
2005; Zaratiegui et al. 2007). However, major questions remain regarding the com-
position and regulation of genomic boundary regions and how they function to
separate the active from inactive chromosomal domains, preventing the spread of
transcriptionally inactive, condensed chromatin into the transcriptionaly active,
de-condensed chromatin.

The process of how gene silencing spreads has been an enigma for many years.
Itiswell known that the proximity of atransgene integration site to heterochroma-
tin can result in silencing of the transgene (Assaad et al. 1993; Dorer and Henikoff
1997; and reviewed in Henikoff 1998 and Jacobsen 1999). In addition, the organi-
zation of a transgene locus also is known to play a major role, particularly when
multiple copies integrate at a single site (Jorgensen et a. 1996; Stam et al. 1997;
and reviewed in Allen et al. 2000 and Thompson et al. 2006). For instance, most
transgene integrations that result in an inverted repeat structure become silenced and
form condensed chromatin (Martienssen 2003; Muller et al. 2002; Pecinka et al.
2005). Condensed chromatin is thought to be able to spread by a self-propagated
RNAi-mediated process, unless it is physicaly blocked by either a bound protein
or achange in the chromatin structure (Bi et al. 2004; and reviewed in Richards and
Elgin 2002; Talbert and Henikoff (2006); and Gaszner and Felsenfeld 2006).

Recent studies in budding yeast (Saccharomyces cerevisiae) have shown that the
histone variant H2A.Z is found at the transition zones between active and inactive
chromatin (Meneghini et al. 2003). Nucleosomes that include both histone variants
H2A.Z (H1Z in S cerevisiae), and another variant, H3.3, are more susceptible to
disruption (Jin and Felsenfeld 2007), leading to an increase in local chromatin acces
sibility. Of particular interest isthe finding by Meneghini et a. (2003) that the interac-
tion of H2A.Z with boundary elements can act synergisticaly to block the spread of
heterochromatin. To date, the only studies to demonstrate the H2A.Z-insulator block



108 G.C. Allen

have been done in S cerevisiae. While the role of H2A.Z is less clear in higher
eukaryotes (Wong et al. 2007), it is necessary for viability in Tetrahymena
thermophila, Drosophila melanogaster, and mice (Sarcinella et al. 2007).

Arabidopsis thaliana H2A.Z (H2A.F/Z) is highly conserved (Kamakaka and
Biggins 2005; Meneghini et al. 2003) and appeared very early in evolution (Callard
and Mazzolini 1997). This raises the possibility that Arabidopsis H2A.Z may have
retained similar functions, to bind to boundary elements and block the spread
of heterochromatin. In yeast, H2A.Z (H1Z) is a replacement histone for H2A.
The replacement is catalyzed by SWRI1C, a member of the SWI2/SNF2 super-
family with orthologs in Arabidopsis. In Arabidopsis, flowering in long day condi-
tions is contingent upon the successful establishment of epigenetic silencing of
FLC, arepressor of the transition to flowering. Thisis achieved by histone trimeth-
ylation at H3 lysine 27 and deacetylation and is maintained by proteins that estab-
lish a Polycomb-like chromatin regulation (Greb et al. 2007). Mutations in FLC
cause early flowering, the same phenotype as various mutants of Arabidopsis thal-
iana with defective SWR1C (Choi et al. 2007). Deal et a. (2005) showed that muta-
tionsin SUF3 (ARP6 in yeast), which isanuclear actin-related protein and also part
of the SWR1 chromatin remodeling complex, aso result in an early flowering phe-
notype, similar to the FLC mutations. Finally, studies by Deal et a. (2007) showed
that Arabidopsis thaliana H2A.Z is required to suppress flowering by activating
FLC. Such observations that H2A.Z potentiates transcription are similar to the
proposed role of H1Z in the yeast.

214 Do MARsand Boundary Elements Associate with the Nuclear
Pore Complex?

The nuclear pore alows communication between the interior of the interphase
nucleus and the exterior cytoplasm, as described in detail in a separate chapter in
this book (A. Rose). It is generally assumed that mMRNA must be exported in order
to be transcribed but given the packaging constraints of nuclear DNA, mRNA
export is unlikely to occur by simple diffusion or stochastic interactions. Here |
briefly describe a possible role for the nuclear pore in the localization of active
genes (Aguilera 2005; Cabal et a. 2006; Casolari et a. 2004; Ishii et al. 2002;
Taddel et a. 2006). In yeast, mRNA transport from an actively transcribing gene
has been shown to “track” from the nuclear interior to the nuclear pore. However,
data from recent studies with both yeast and Drosophila have also shown that chro-
matin redistribution or movement may contribute to the transport process. H2A.Z
has been proposed to facilitate this process providing active genes access to the
nuclear pore. The molecular intermediates that control this process could interact
with MARs or use MARs as a type of DNA tether to shuffle parts of the chromo-
some into territories with access to a nuclear pore.

Data from a recent study by Brickner et a. (2007) indicate that H2A.Z can
interact with promoter regions of an active gene, thereby localizing the genes to
the nuclear pore. Interestingly, even recently repressed genes retain bound H2A.Z
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and remained associated with the nuclear pore complex (NPC). Chromatin immu-
noprecipitation (ChlP) experiments have been used to show that transcriptionally
active genes can occur in a complex that includes components of the nuclear pore
complex, such as Nup2. Brickner et a. (2007) suggest that Nup2 may recruit or
“tether” H2A.Z and its associated genes, to the nuclear pore to enable rapid re-
activation (Dilworth et al. 2005; Ishii et a. 2002). Such “tethering” may promote
boundary activity, thus preventing the spread of condensed chromatin into tran-
scriptionally poised regions. Brickner et al. (2007) also note that previous data with
mutants lacking either H2A.Z, or Nup2 show an increase in the spread of silent
chromatin (Dilworth et a. 2005; Meneghini et a. 2003). Boundary elements are
thought to associate with the NPC, allowing active genesto be correctly positioned
for either active transcription or to be poised for transcription. Thus, H2A.Z binding
allows for both proper localization of a gene to the NPC, and proper demarcation
of heterochromatic silencing by itsinteractionwith boundary elements. Furthermore,
by remaining associated with recently active chromatin, H2A.Z confers epigenetic
memory (Brickner et al. 2007).

One cavest that remains to be addressed isthat all of the studies that have shown
H2A.Z association with the nuclear pore have been donein S cerevisiae. While most
of the cellular processesthat arefound in S. cerevisiae aso occur in higher eukaryotes,
there are afew important exceptions. In addition to the small size of its genome and
nucleus, post-transcriptional gene silencing appears to be lacking in S cerevisiae
while some form of this silencing occurs in ailmost all other eukaryotes, including
quelling in fungi (Valenzuela and Kamakaka 2006). Additionally, homologous
recombination readily occursin S cerevisiae. Although many questions remain from
the S cerevisiae studies, the processisthought to be highly conserved across eukaryotes
(Cole and Scarcelli 2006; Ragoczy et a. 2006). Taken together as a general model,
tethering of active or recently active gene regulatory regions by MAR-bound proteins,
such as H2A.Z, to the NPC may both block the spread of condensed chromatin and
facilitate the transport of MRNA from the nucleus. However, questions will remain
until experiments are done in plants to directly test this model.

3 TheUseof MARsto Prevent Transgene Silencing

3.1 MARsand Transgene Expression

Encouraging results from animal studies (Grosveld et al. 1987; Phi-Van et a. 1990;
Stief et al. 1989) suggested that MAR-flanked transgenes would be an important
tool for preventing chromosomal position effectsin plants (Allen et al. 1993, 1996;
Breyne et al. 1992; Mlynarova et al. 1994; Schoffl et al. 1993). A diversity of pro-
moters and MAR sequences have been used to test the level of expression of the
B-glucuronidase (GUS) reporter gene. Allen et a. (1993) used the GUS gene
driven by the strong CaMV 35S promoter, which was flanked by either the
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yeast ARS-1% (Allen et al. 1993), which is known to beaMAR (Amati and Gasser
1988), or atobacco MAR from the Rb7-3 gene (Allen et al. 1996; Hall et al. 1991).
Breyne et a. (1992) used GUS driven by the weaker nopaline synthase promoter
and MARsfrom either the soybean lectin gene or the human p-globin locusto flank
the transgene cassette. Mlynarova et al. (1994) used a GUS reporter gene driven
by the promoter from apoprotein 2 of the light harvesting complex of photosystem
| of the potato (Lhca3) promoter, which was flanked by MARs from the chicken
lysozyme A element. Schoffl et al. (1993) also used a GUS reporter transgene,
which was controlled by the heat-shock inducible promoter from the heat-shock
inducible Gmhspl7.3-B gene from soybean. A 395-bp MAR from adifferent soybean
heat shock gene (Gmhsp 17.6L) flanked the transgene cassette.

When NT1 tobacco suspension culture cell lines were transformed with the
ARS-1 MAR-flanked GUS gene, they had 12-fold greater GUS expression when
compared to the control transgenic lines with transgenes lacking MARs (Allen
et a. 1996). When a plant MAR from the RB7 gene was used, there was nearly
60-fold greater expression. An important result from both of these experiments was
that transgene expression levels were not generally proportional to the transgene
copy number. When the yeast MAR ARS-1 was used, expression appeared to
be proportiona to copy number until a“threshold” of 20 copies was reached (Allen
et al. 1993) and transgene expression drastically decreased. The resultswere similar
when the Rb7 MAR was used; lines with greater than ten copies (Allen et al. 1996)
had greatly reduced expression. In contrast, when either the human B-globin MAR
(Breyne et a. 1992) or the chicken lysozyme A-element MAR (Mlynarova et al.
1994) was used, a modest increase GUS expression was seen but the expression
between transformants was less variable. In apparent contrast to the results of both
groups, Schoffl et al. (1993) found that including flanking Gmhspl 7.6-L MARs
resulted in expression levels that were both proportional to transgene copy number
and five- to ninefold higher in expression following heat shock induction.

A comparison of the experimental designs used for each experiment reveals
important differences. Allen et al. (1993, 1996) used microprojectile bombardment,
a procedure that results in higher transgene copy numbers, and co-transformation,
which in principle physically separates the reporter transgene from the selectable
marker (see Sect. 3.1.1). Higher transgene copy numbers typicaly results in a
higher probability of gene silencing. Allen et a. (1993, 1996) found that lines with
genes lacking MARSs showed much higher levels of silencing than the lines that
contained MARs. The mgjority of the transformed lines that were studied aso had
multiple copies of 35S.GUS that were frequently at the same locus regardless of
whether MARs were present or absent (Allen et al. 1993, 1996).

Studies during the past decade have generally concluded that the effect of flank-
ing a transgene with MAR seguences is positive, although variation is still high.
| have not included a detailed comparison of al of the MAR studies in plants

4Autonomously Replicating Sequence (ARS-1) from Saccharomyces is known to act as a SAR
(MAR).
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because a comprehensive comparison of these experiments has been published
elsawhere by Allen et a. (2000) and more recently by Thompson et al. (2006). In
the following sections, | try to add some understanding for why such apparent vari-
ation can be explained by RNAI, which is not measured when transgene mRNA
abundance or protein levels are used to assess the effect of MARs. Thus, if the
RNAi-mediated reduction in transgene expression were to be taken into account an
entirely different interpretation may result. Increasingly it is being recognized that
MARSs seem to prevent gene silencing in cis, but do not appear to be effective on
gene silencing in trans. With this knowledge, new strategies are being devel oped
that combine the use of MARSs for preventing or reducing RNA-mediated cis-
silencing with new methods for reducing RNA-mediated trans-silencing.

3.1.1 MARsDo Not Prevent Trans-Silencing: Transcriptional Silencing

A simple interpretation of the loop domain model isthat MARSs protect a transgene
from transcriptional gene silencing. However, these predictions need to be modified
to explain the results from a series of experiments. As noted above, the original
experiments using animal cell lines demonstrated that a transgene flanked by
MARSs is expressed at levels proportional to transgene copy number. However,
Allen et a. (1993) and a subsequent study, which used animal cells (Poljak et al.
1994), demonstrated that lines with many transgene copies were not protected from
silencing, even when MARSs flanked the transgene.

Thefinding that MARS, at high copy humber, do not prevent gene silencing sup-
ports a model in which homology-dependent gene silencing played a major role,
especially when the transgene copy number was increased above a “threshold
level.” Vaucheret et a. (1998) crossed a variety of transgenic plants transformed by
MAR-flanked transgenes with V271, a*“super-silencer” plant that transcriptionally
silences any “target” transgene that is driven by a CaMV 35S promoter (Vaucheret
1993). V271-mediated silencing occurred in trans, irrespective of the different
target locations or the presence of MARS, suggesting that SSIRNAs corresponding to
the 35S promoter may have been actively recruiting transcriptional silencing
machinery to the transgene loci.

Ascenzi et a. (2003) used asimilar strategy and crossed lineswith additional domi-
nant (or trans-based) silencer loci with lines expressing “target” 35S transgene loci at
various genomic locations (Ulker et al. 1999). In dl of the crosses, the target loci were
silenced, regardiess of whether or not the Rb7 MAR flanked the target locus. Nuclear
run-on assays, which test transcriptional activity, showed that two of the dominant
silencer loci, with transgenes lacking MARs (control lines), appeared to be transcrip-
tionally inactive, even though they were able to silence other 35S genesin trans. Since
siRNAsare needed to maintain heterochromatic areas at centromeres and other regions
(Dunoyer et d. 2007; Howell et a. 2007; Kavi et al. 2005), which are not known to be
transcribed at detectable levels, asimilar mechanism may bein place for the dominant
silencing loci. Perhaps during cell division SRNAs are transcribed to help re-establish
heterochromeatin after DNA replication.



112 G.C. Allen

In a separate experiment, Ascenzi et a. crossed the F1 progeny of the dominant
silencing linex 35S gene (now silenced) line with aplant expressing P1-HCPro, avird
suppressor of silencing. P1-HCPro is known to reverse RNA-silencing of transgenes
(Anandalakshmi et al. 1998 and reviewed in Allen et a. 2000) and isthought to reverse
Pogt-transcriptional Gene Silencing (PTGS) but not Transcriptional Gene Silencing
(TGS). In the presence of P1-HCPro, silencing was eliminated in the 35S target genes
if they were flanked with MARS. In contrast, silencing could not be reversed in the
lines transformed with transgenes lacking the MARs (control lines). These data pro-
vide strong evidence that MARs protect againgt transcriptional gene silencing, perhaps
by impeding the formation of heterochromatin. Thus, when MAR-flanked transgenes
aresilenced, the silencing islikely due to RNAI that targets the transgene mRNA, or a
portion of the promoter. In contrast a transgene that lacks MARs is susceptible to a
different form of RNAI that istargeted to the transgene promoter (Park et d. 1996) and
results in transcriptional silencing. Transgenes that are located in large DNA loops
away from the matrix may be more accessible to heterochromatin machinery, and both
the gene and the promoter may become silenced. In both cases, silencing requires the
presence of RNA that is homologous to either the promoter or the transcribed region.
One possibility for the difference in silencing response is that MARs may have pre-
vented RNA polymerase read-through into the promoters of adjacent genes (reviewed
in Allen et al. 2000 and in Thompson et a. 2006).

3.1.2 MARsDo Not Prevent Trans-Silencing: Post-Transcriptional Silencing

Such data lead to a predication that if MARS prevent a transgene from being tran-
scriptionally silenced, then MAR-flanked transgenes could be expressed at a level
that is copy-number dependent if RNAI that istargeted towards the highly expressed
transgene mMRNA is eliminated. Several Arabidopsis thaliana mutants have been
found that are atered in the RNAI response (Dalmay et al. 2000; Elmayan et a.
1998). Butaye et al. (2004) transformed mutant A. thaliana sgs2° and sgs3° plants
(Mourrain et a. 2000) with 35S:GUS transgenes either flanked, or not flanked by
the chicken lysozyme A element MAR (Phi-Van et a. 1990; Stief et al. 1989). The
MAR-flanked transgenes increased GUS expression by fivefold in sgs2 and 12-fold
in sgs3 plants. Transgene protein levels reached nearly 10% of the total soluble
protein in some of the plants.

Butaye et al. (2005) also found that transgene expression in wild-type plants
transformed with the MAR-flanked transgene was only 60% of the expression seen
in plants transformed with the transgene lacking MARs. While the majority of stud-
ies in plants have reported a positive effect on transgene expression when MARS
are included in the transgene (reviewed in Allen et al. 2000; and Thompson et a.

5sgs2 isrdr6 or RNA Dependent RNA Polymerase 6.
659s3 is a plant- specific protein that is frequently associated with RNA-silencing.
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2006), an increase in transgene expression is not always seen. In fact, adecreasein
transgene protein or mRNA would be expected if transcription rates drastically
increased due to the flanking MARs and RNAi-mediated silencing was triggered.
However, when RNAIi cannot occur due to amutation, the full stimulatory effect on
expression due to the flanking MARs is revealed (Butaye et a. 2004).

In order for RNAI to occur, atarget RNA must be present. However, if ageneis
inducible or tissue/cell-specific, the target RNA may not be present at the sametime
or in the same cell as the silencing signal. If transcriptional activity causes silenc-
ing, then transgenes with inducible promoters, such as the tetracycline-inducible
3X promoter (Gatz et a. 1992), may be less susceptible to silencing. In order for
RNAI to continue, the process must be actively maintained. To test this hypothesis,
Abranches et al. (2005) used an inducible luciferase (LUC) reporter transgene with
or without flanking Rb7 MARs. The LUC transgene was transformed into NT1
tobacco suspension cells using microprojectile bombardment (Allen et a. 1996).
The transformed lines were grown either under conditions for continuous transcrip-
tion of LUC, or conditions where LUC transcription was initialy inactive but
induced after approximately 50 cell generations’ (Gao et a. 1991). Delaying the
induction resulted in an initial “burst” in LUC expression in the lines with the
MAR-flanked LUC transgene, which was then followed by adecrease in expression
to levels that were similar to the levels seen in the lines with the continually tran-
scribed 3X:LUC. Expression results from the continually expressed transgene were
similar to earlier experiments when a 35S:GUS transgene was used. Regardless of
transcriptional activity, expression of the 3X:LUC was higher in lines with MAR-
flanking transgenes than in the lines with either aA DNA-flanked spacer control or
the control lacking spacer DNA. These data confirmed that the process of transcrip-
tion increases silencing, as previously noted (Baulcombe 1996; English and
Baulcombe 1997; Que et al. 1997; Vaistij et a. 2002; van Blokland et al. 1997;
Vaucheret et al. 1997), especially in the absence of the flanking Rb7 MAR. In addi-
tion, the MAR-flanked transgenes could be transcriptionally activated following
prolonged inactivity, suggesting that MARs can prevent a transgene from being
transcriptionally silenced by the spread of condensed chromatin or from siRNAs
produced by readthrough from adjacent genes.

One of the original studies on the use of MARs in plants was by Schoffel et al.
(1993), who demonstrated one of the clearest examples of position-independent
transgene expression in plants with up to six transgene copies. Schoffl et al. (1993)
also used Agrobacterium transformation and found a strong effect from a MAR
from the soybean heat shock gene Gmhspl 7.6-L. With some exceptions, reports of
strong MAR effects (~3-fold or greater) on plant transgene expression are less fre-
guent when Agrobacterium transformation is used (Annadana et al. 2002; Breyne
et al. 1992; Butaye et a. 2004; De Bolle et a. 2003; Halweg et al. 2005; Holmes-
Davis and Comai 2002; Kim et a. 2005; Levee et al. 1999; Maximova et al. 2003;
Mlynarova et al. 1995, 1994, 2002; Oh et al. 2005; Sidorenko et al. 2003; Van der

"NT1 generation time is approximately 17 hours.
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Geest et al. 1994; Van Leeuwen et a. 2001). In principle, use of induction following
several rounds of cdl division is similar to the approach used by Abranches et al.
(2005). Schoffl et al. (1993) excised tobacco leaves, which were treated with a 2-h
heat shock at 40°C. In contrast to genes that are constantly being transcribed and
therefore more susceptible to RNAI, the use of induction results in a transgene
being transcribed in the absence of RNAI targeted towards the transgene. The flank-
ing MARs act to prevent the spread of silencing through the transgene, thus keeping
it poised for transcription following induction.

3.1.3 MARsPrevent Cis-Silencing

The model presented for how MARs improve transgene expression can best be
described as minimizing gene silencing (reviewed by Allen et a. 2000). Until
recently, the only data available for how MARs function has been circumstantial.
For example, silencing can be reversed in lines that contain MARs flanking their
transgene when crossed with plants expressing the viral suppressor of RNA VIGS,
P1-HCPro (Anandalakshmi et al. 1998). In addition, MAR-flanked transgenes are
expressed at a higher level than the same transgenes lacking MARSs when trans-
formed into A. thaliana with mutations in some of the key components of the RNAI
pathway for sense-transgene silencing (Butaye et al. 2004). Additional data that
support the model include findings that MARS do not protect against trans-silencing
(Vaucheret et a. 1998) and that MAR-flanked transgenes are silenced when the
transgene copy number reaches a threshold value (Allen et al. 1996; Allen et al.
1993). While these data are suggestive, they still only correlate MARs with protec-
tion against transgene silencing.

Conclusive data would require being able to examine a transgene with and
without MARs at a defined position within the genome to avoid the possible vari-
ation due to differences in the chromatin structure at the site of integration.
Regardless of how many transgenic lines are tested, it has not been possible to test
MARs at specific locations in the genome due largely to the extremely low effi-
ciency of gene targeting in higher plants (Britt and May 2003; Hanin and
Paszkowski 2003; Kumar et al. 2006). However, it is possible to excise DNA with
the use of site-specific recombination. Fiering et al. (1993) used the site-specific
Flp recombinase that can excise DNA when the FIp Target Recognition (FRT)
sites flank the DNA in direct repeats. This strategy allowed Fiering et al. (1993) to
compare the effect of various regulatory regions from the B-globin Locus Control
Region on the expression of a transgene. Initially, the transgene and regulatory
region flanked by FRT was transformed into the genome. The transgene expres-
sion levels and other characteristics, such as DNase | sensitivity, can then be
tested. The FlIp recombinase is then expressed in the cell by transient expression,
to excise the particular regulatory element being tested. Transgene expression and
the other characteristics can then again be analyzed at the same location. The dif-
ference in expression can then be directly attributed to the presence or absence of
the regulatory element.
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Mlynarovaet al. (2003) transformed tobacco with a 35S:GUS reporter gene with
the chicken lysozyme A element MAR. The MARs flanked both the 35S:GUS
reporter and the sel ection gene, nos promoter:nptll. One flanking MAR was flanked
by the wild-type loxP and the second MAR was flanked by a mutated form of
loxP (lox511). In principle the wild-type loxP can only recombine with wild-type
loxP and the lox511 can only recombine with lox511. In the presence of Cre recom-
binase, which had been introduced by re-transformation with 35S:Cre, either loxP
or lox511 self-recombination would result in the excision of the specific MAR
flanking each transgene, GUS and nptll. It was anticipated that the resulting progeny
would be missing a MAR from either flank of the reporter gene-selection gene
domain. In many of the progeny the mutated lox511 and wild-type loxP had recom-
bined, however, it was possible to find one progeny line was missing asingle MAR,
line AGCNA-61 (see Fig. 3).

A comparison of the AGCNA-61 GUSexpression showed that when the 3" MAR
was present GUS expression was retained throughout the life of the plant. However,
AGCNA-61 plants in which the MAR had been excised showed several character-
isticsthat are typically found in plants silenced by RNAI. For example, acomparison
of GUS expression at different times showed that after 3 months the AGCNA-61
plants lacking the MAR showed a strong loss in GUS activity, and the silencing
was intensified in homozygous plants. Nuclear run-on assays confirmed that the
35S:GUS transgene in AGCNA-61 plants remained transcriptionally active even when
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Fig. 3 MARs prevent readthrough transcription and Cis silencing. (Top) The 35S:GUS transgene
with a nos polyadenylation signal (pA). Transcripts are produced as shown by arrows a, b, and c.
The A element chicken lysozyme MAR at the 3" end of the transgene cassette blocks readthrough
transcript a from continuing into the highly condensed plant DNA (W) flanking the transgene. The
mutant loxP511 sites (wide arrows) are organized as direct repeats to flank the MAR. (Bottom) In
the presence of Cre recombinase the directly repeated |oxP511 sites recombine and the MAR is
excised from the genome. Transcript a readthrough continues into the highly condensed plant
flanking DNA. Small RNAs (small arrows) produced within the flanking DNA form double-
stranded RNA with homology to readthrough the 3’ end of transcript a and RNAI (grey oval) is
initiated, which spreads into and silences the 35S:GUS transgene
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the MAR was absent. When the same plants were tested by Real Time-Polymerase
Chain Reaction (RT-PCR), the AGCNA-61 plants lacking the MAR had a grestly
reduced level of GUS mRNA. Importantly, when the same plants were compared for
the presence of SRNAs for GUS, only the AGCNA-61 plants lacking the MAR
showed 21-24-bp RNAS. The presence of the 21-24-bp RNAsisfound in plants that
have active RNAi (Hamilton and Baulcombe 1999; Hamilton et al. 2002), which in
this case was targeted against the GUSmRNA. Thisfinding supports the hypothesis
that MARs protect transgenes from cis-silencing by RNAi. As noted earlier, RNAI
has been shown to be key for the initiation and maintenance of heterochromatin.

3.1.4 Agrobacterium Transformation and Selection Bias

As noted in the previous section, one reason why MARS appear to improve trans-
gene expression from some gene cassettes used for transformation but have no
effect in others may be explained by the different types of gene silencing that
MARs prevent. However, differences in the method of transformation may also
play an important role. The greatest increases in transgene expression seen in
experiments have resulted from transformants produced by direct DNA transforma
tion, such as microprojectile bombardment. It is generally thought that the use of
direct DNA transformation results in a higher transgene copy number than when
Agrobacterium transformation is used. It is well known that higher transgene copy
numbers have an increased probability of being silenced, or have greater expression
variation (Hobbs et al. 1990, 1993; Koprek et a. 2001).

The use of direct DNA transformation does have an important advantage for
studying the effect of MARS on transgene expression because the selectable
marker transgene and the reporter transgene can be physically separated and a
co-transformation procedure can be used in which the separate marker and the
reporter genes are mixed prior to transformation. By unlinking the selection and the
reporter genes, the transformation process for each is independent, and there is no
selection biasfor strong or against weak gene expression. In practice, transformants
are first identified by resistance to the selective agent and then are measured for
reporter gene activity. By physically unlinking the selection and the reporter gene, inte-
gration of the reporter gene can occur into different genomic locations and still be
recovered so that possible differences in transgene copy humber are meaningful.

While co-transformation can also be done using Agrobacterium (Komari et a.
1996; De Neve et a. 1997; Iradani 1998; Vain et a. 2003), all of the MAR studies
to date have been done using binary vectors with the selection and reporter trans-
genes physically linked (reviewed in Allen et a. 2000; and Thompson et al. 2006).
A typical Agrobacterium transformation involves infection of the competent plant
tissue, killing of the Agrobacterium, and selecting for cells that can survive the
antibiotic or herbicide due to the presence of the selection transgene. It is critical
that the selectable marker transgene be expressed in order for the cells to survive
and proliferate. Cells that are “transformed” but do not express the selectable
marker are routinely discarded. The use of selection therefore creates a bias by
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selecting only for transformants with active transgenes which must be integrated
into regions of the genome that are transcriptionally active at the time of selection,
such as euchromatin. Of course, the linked reporter transgene integrates into the
same active genomic region and thus the integration sites cannot be random.

According to the loop domain model, the importance of flanking MARs
becomes most evident when atransgene integrates into inactive, condensed regions
of the genome, such as heterochromatin. If a method of identifying transformed
cellsthat does not rely on selection is used it then becomes possible to achieve more
random integration. A recent study by Francis and Spiker (2005) demonstrated how
selection bias may impact our interpretation by using a PCR method to identify
transgenic plants with integrated nptll selection and GUS reporter genes. When
transformants that had been identified by PCR were tested for kanamycin resist-
ance, which requires nptll expression, approximately 30% were sensitiveindicating
that the selection and linked reporter gene had integrated into a region of the
genome that was prone to gene silencing. These results were confirmed recently by
Kim et a. (2007) who transformed A. thaliana Col-O suspension cells in the
absence of selection. Transformants were identified with T-DNA integration events
that had a higher probability of occurring in heterochromatic regions, such as cen-
tromeres, telomeres, and rDNA repeat regions.

3.1.5 Do MARsImpact Transgene Integration Events?

Selection requires active expression of the selection gene. When selection is used,
transgene integration is highly likely to occur in transcriptionally poised or active
genomic regions. If MARs are associated with regions of active transcription,
would a higher percentage of the selection-derived transformants integrate in close
proximity to endogenous MARs, especially when the transgene construct used
lacks flanking MARS? Second, if transformants could be identified without the use
of selection, would such transgenes be found in genomic regions lacking local
endogenous MARs? Of course, for truly random integration to occur, it would be
necessary to assume that the endogenous MARS do not enhance integration site
preference. Interestingly, severa studies have found either predicted (Makarevitch
et a. 2003), or experimentally tested MARs (Dietz et al. 1994; Iglesias et a. 1997,
Sawasaki et al. 1998; Takano et al. 1997) in close proximity to the site of transgene
integration, but selection has typically been used to identify these transformants.
The interpretation from such results is that transgenes integrate near endogenous
MARSs, but to truly address these questions, it is necessary to study integration sites
from transformants identified without selection bias.

Koprek et a. (2001) described a novel approach that may provide some of the
answers to this question. The Agrobacterium transformation included a selection
step to identify the primary transformants with the transgene integrated at the
“launchpad” integration site. However, an AC/DS transposon system was then used
to generate novel genomic integration sites, resulting from transposition, without
using selection. This procedure allows the DS element, carrying a Bar gene (Basta



118 G.C. Allen

resistance), to randomly integrate into new genomic positions during the transposition
process. Initialy the Bar transgene, flanked by inverted-repeat DS ends (Bar-DS),
was transformed into barley using Agrobacterium and transformants were selected
on the herbicide Basta. The Basta-resistant transformants were then crossed with a
plant expressing the AC transposase gene and the F, progeny were then self-pollinated.
TheF, plants were then re-tested for Basta resistance. When transposition occurred,
25% of the new integration sites were unlinked from the original site, indicating
that Bar had integrated into different chromosomes.

A subsequent study by Zhao et al. (2006) mapped the initial Bar-DS integration
sites and the new integration sites following transposition. Sequence analysis of the
initial T-DNA integration sites, which were selected for by Basta, found a sevenfold
greater preference for integration into non-redundant, gene-rich regions of the bar-
ley genome versus non-gene regions. In contrast, when the new sites resulting from
DS elements were mapped, a preference for regions containing endogenous MARS
was found. It is possible that the DS transposon prefers more accessible chromatin
with MARs, or that regions containing MARSs are generally favored sites for the
integration of new DNA. This could occur, for example, if DNA repair enzymes
were more likely to be found in active parts of the genome.

Petersen et a. (2002) transformed barley with 35S:GUS transgenes flanked by
either the PL MAR from soybean (Breyne et a. 1992) or the Transformation
Booster Sequence (TBS) MAR from petunia (Buising and Benbow 1994; Galliano
et a. 1995; Meyer et a. 1988). In vitro MAR binding assays using nuclear matrix
isolated from barley leaves showed that the PL MAR bound strongly whereas the
TBSMAR binding wasinsignificant. Interestingly, both MARs increased the trans-
formation efficiency by approximately twofold, but only the P1 MAR increased
expression (12- to 13-fold). The mechanism for how both the PLMAR and the TBS
MAR stimulate transformation is unknown but not completely unexpected.
Because, as Zhao et a. (2006) noted, though DS elements integrate preferentially
near endogenous MARS, the converse may aso be true: MARS that are associated
with transgenes may facilitate integration.

4 The Use of MARsto Improve the Stability of Transgene
Expression

4.1 MARsfor Protein Overexpression

Much of the research on MARs has focused on their practical use as tools for pre-
venting the cis-silencing of transgenes. MARs can be used in combination with
other strategies such as plants with mutations in silencing components (Butaye
et al. 2004) or plantstransformed withviral suppressorsof silencing (Anandal akshmi
et al. 1998; Marathe et al. 2000) that block, in trans, RNA silencing and achieve
high levels of transgene expression. Several examples have been published that
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have used MARSs in combination with a gene of interest for practical applications
such as reducing photorespiration to improve photosynthesis and biomass produc-
tion (Kebeish et a. 2007; Khan 2007; Leegood 2007; Niessen et a. 2007), increas-
ing expression of a starch-branching enzyme (Kim et al. 2005), or increasing
stilbene synthase expression (Jin et al. 2004). While MARs can be used for increas-
ing the level of expression of a useful gene product, very high expression levels
may also show an increased likelihood of initiating RNA silencing. It is highly
likely that reports from various labs in which MARSs have little or even negative
effects in certain transformation experiments are due to post-transcriptional gene
silencing (Baulcombe 1999).

4.2 MARsfor Stabilizing RNAI

Ironically, according to the model, including MARs in a transgene construct may
be one of the best ways to stabilize trans-silencing through post-transcriptional
gene silencing, or RNAI. Gene knockdown through RNAI isincreasingly becoming
important as a method for understanding gene function (McGinnis et al. 2007;
Waterhouse and Helliwell 2003) and for metabolic pathway engineering (Chen et &l.
2005; Kotting et al. 2005; Kusaba 2004; Tang and Galili 2004). Many recent appli-
cations use RNAI constructs to knockdown the expression of an endogenous gene
through the use of hairpin constructs (Waterhouse and Helliwell 2003). In order for
RNAI to continue to function it is necessary for the hairpin construct to continue to
be transcriptionally active. In some cases the RNAI vector becomes transcription-
aly silenced, leading to loss of the knockdown phenotype (Fojtova et a. 2003;
Kerschen et al. 2004). MARs work well for preventing cis-silencing of the pro-
moter and have been shown to stabilize the transcriptional activity of cassettes
containing viral genesfor silencing incoming viral sequences vectors for producing
virus-resistant plants (Robertson 2004).

One specific example of the benefit of using MARs to stabilize silencing comes
from work in tobacco, testing resistance to the tospovirus Tomato Spotted Wilt
Virus (TSWV) (Levin et a. 2005). A transgene cassette designed for constitutive
expression of the TSWV 35S: nucleocapsid protein gene, TSWV-N with and with-
out flanking Rb7 MARs was used to transform tobacco. When a total of 79 MAR
and 66 non-MAR events were tested in the field over four generations, the MAR-
containing plants showed significantly higher levels of resistance to TSWV, which
is transmitted throughout the field season by thrips. These findings validate the
prediction that PTGS plays an active role in the final expression levels of MAR-
flanked genes and that before concluding that MARs themselves have a negative
effect on gene expression, silencing must be tested or eliminated as a variable.
Levin et a. (2005) showed that resistant lines produced small RNAs of 21-25 bp
and that they maintained transcriptional activity as demonstrated by nuclear run-on
assays. The Levin et al. experiment clearly demonstrates the value of MARs for
preserving transcriptional activity and maintaining virus resistance.
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5 Conclusion

Much of our current understanding of the role MARSs play in higher-order chroma-
tin structure and nuclear architecture comes from research with yeast and animal
cells, while the research on MARs in plants has been primarily limited to whether
including MARs in transgene constructs can be used as atool to stabilize transgene
expression. While understanding whether MARS improve transgene expression is
important, MARs are al so thought to be important for other basic nuclear processes
such as DNA replication and nuclear organization. New research shows that the
non-coding regions of the genome that were previoudy called “junk DNA" are
critical for controlling the expression of genes.

Genome sequencing has enabled researchers to begin to see how genes and non-
coding regions are organized and to begin to make predictions based on similarity.
However, much work remains to be done in order to understand how the sequences
are arranged in athree-dimensional space. A computer algorithm has been devel oped
to predict MARs (Rudd et al. 2004; Tetko et al. 2006) and it has been used to pre-
dict the MARs in the Arabidopsis thaliana genome. However, when the algorithm
was used to predict known plant MARSs only 60% were “found.” In contrast, an
earlier algorithm, called MAR-finder (Singh et al. 1997) was able to predict nearly
80% of the known plant MARs. A magjor limitation for both algorithms is the lack
of experimental data. New genomic approaches that alow the identification and
mapping of large numbers of sequences that bind to the matrix may eventually
provide such data (Linnemann et a. 2007).

Finally, the field of nuclear organization and the nuclear matrix remains contro-
versial and much of the controversy is fueled by our lack of knowledge about the
nuclear matrix and whether it even exists as a discrete entity (Pederson 2000). New
tools are desperately needed to compare the properties of the nuclear matrix in dif-
ferent tissues, over time, and as the nucleus changes shape and/or undergoes
endoreduplication. What is the role of nuclear actin? What role does RNA play in
the nuclear matrix? How are MARS recognized, and what is the biological signifi-
cance of MARs with different binding affinities? New methods will be needed to
examine large-scale protein—protein interactions in living cells, and to begin to
unravel therole of RNA both asa catalyst and as astructural component (Rozowsky
et al. 2007; Washietl et al. 2007). With the current rate of advances in technology
and information processing, the future for understanding how basic units of genetic
information are maintained in three-dimensional space, over time, and how their
structure relates to function, is very promising.
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Chromatin Domains and Function

Paul Fransz

Abstract The inheritance of biological traits involves not only the transfer of
genetic information in the form of DNA, but also epigenetic information. The latter
is encrypted in a DNA component, methylation of cytosine residues, and in non-
DNA components such as histone modifications, non-histone proteins, and RNA.
Chromatin comprises both genetic and epigenetic information. The chromatin
state determines which gene will be expressed, at which stage and in which cell.
This concept forms the basis for cell differentiation during the development of
a eukaryotic organism. It entails a high flexibility of chromatin with respect to
molecular composition, biochemical modification, and physical organization.
Indeed, chromatin is highly dynamic, showing continuous changes at different
levels of organization and occupies different subdomains of the nucleus, each with
specific functions. In this chapter, an overview will be given of chromatin states and
nuclear domains in which chromatin resides.

1 Introduction

The generation of alarge variety of cell typesfrom asingle zygotic céll isintrinsic
to the inheritance of both genetic and epigenetic information. All cellsin a multi-
cellular organism have the same genetic constitution, yet their appearance and
function may differ enormously, due to differences in the nuclear program. These
differences are established by epigenetic changes during development. In al cells
the same DNA sequence directly or indirectly interacts with different combinations
of regulatory elements, such as transcription factors, histone modifiers, chromatin
remodeling complexes, and other control elements. Consequently, there is a con-
stant change in the composition of molecular visitors at any DNA sequence locus.
Frequency, succession, and nature of the visits determine if the chromatin region is
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permissive for the next interaction and eventually change its activity. The dynamic
structure of chromatin is therefore fundamental in genome management. The stor-
age of genetic information in the nucleus involves the packing of long chromatin
fibers. A fundamental condition is that the information must be retrievable upon
request by the regulatory system. Moreover, the genetic information should be
available in a cell type and stage-specific manner. This demands a highly efficient
packing of chromatin. Some genes, such as household genes, are aways transcribed,
while other genes are switched off during most of the life time of an organism.
In between these extremes, there is a range of gene activity levels. With respect to
the control of genetic information, three hierarchical levels can be considered (van
Driel et al. 2003). These comprise (1) the DNA level, i.e. the linear organization of
transcription units and cis-regulatory sequences, (2) the chromatin level, which
involves the eukaryotic interface between DNA seguence and the functiona state
of the locus and (3) the nuclear level, which includes the dynamic three-dimen-
sional organization of the genome. The latter facilitates a proper environment for
chromatin changes, but is also the result of variable chromatin states. Hence, the
nuclear architecture is dependent on the functiona state of chromatin, which inturn
is controlled by histone modifications in cross-talk with DNA methylation and
RNAI (reviewed by Fransz et a. 2006). Sequence specificity, however, is established
by cis-regulatory elements (enhancers, boundary elements, promotors), repeat organ-
ization, transcription factors, and SIRNA. This chapter focuses on the relation between
the epigenetic code of chromatin and the organization of subnuclear domains.

2 Chromatin

2.1 Nucleosome Folding

Chromatin consists of a constantly changing complex of DNA associated with
proteins and RNA. The basic unit of chromatin is formed by the nucleosome, an
octamere configuration of two times four core histones, H2A, H2B, H3, and H4,
around which 146 pairs of the DNA helix are wrapped in ~1.7 superhelica turns.
Adjacent nucleosomes are connected vialinker DNA stretches. An array of nucleo-
somes gives the typical “beads on a string” appearance, which has been visualized
by electron microscopy (Oudet et al. 1975) and atomic force microscopy (Jimenez-
Garcia and Fragoso-Soriano 2000; Leuba et al. 1994). However, we do not know if
this level of organization existsin living cells, since these observations were made
from an artificia situation. In addition, in living cells the association of linker his-
tones (histone H1) will generaly lead to a more compacted state of chromatin.
Moreover, non-histone protein complexes will decorate the “naked” nucleosome
fiber and generate higher levels of chromatin organization. The first compaction
level of chromatin in living cells is likely the 30-nm fiber (Finch and Klug 1976;
Thomaet d. 1979). The thickness of the 30-nm fibers may show variation depending
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on the average length of the linker DNA. Two helical models have been proposed
for the 30-nm fiber. The one-start helix (solenoid) islinearly arranged, whereas the
two-start helix (zig-zag) is arranged as two nucleosomal rows in such a way that
following nucleosomes alternate from one to the other row. Linker histones are
located in the interior of the fiber. The zig-zag model implies adouble helical structure
in which aternative nucleosomes become interacting partners. Recent experimental
data, including crystal structure analysis, reveal two stacks of nucleosomes, which
strongly favors the two-start model (Dorigo et al. 2004; Schalch et al. 2005). The
variable topology of the two-start model not only allows maximum packing density,
but also facilitates transitions between folded and unfolded chromatin (Wu et al.
2007). A critical factor in the two-start helix isthe length of the linker DNA, which
is generally short in active chromatin and long in tightly packed chromatin such as
in spermatids. Interaction between core histones from adjacent nucleosomes in
different rows has been shown for histone H2A and the N-termina tail of histone
H4 (Luger et al. 1997; Schalch et al. 2005). Moreover, acetylation of the histone H4
tail affects the formation of the 30-nm fiber (Shogren-Knaak et al. 2006).
Consequently, histone modifications can directly affect the compaction of the
chromatin fiber.

2.2 Histone Code at the Surface of the Nucleosome

Histone folding enables histone-histone interactions and the binding to the DNA
helix, while histone amino-terminal tails pass over and between the openings of the
DNA superhelix to contact nearby molecules (Luger et a. 1997). The typical fold-
ing properties of histones are therefore essential for histone modification and con-
sequently for higher-order structure of chromatin fiber and the accessibility of
DNA. Since the early 1970s it has been known that core histones can be covaently
modified at their tails via phosphorylation, methylation, acetylation, and ubiquityla-
tion. But it was only during the last decade that their crucial role in gene regulation
became evident. At the turn of the century the histone code was proposed to expli-
cate the crucial role of histone modifications in epigenetic gene regulation (Strahl
and Allis 2000; Turner 2000). It comprises that specific modifications at the histone
tails establish a molecular code at the nucleosome surface that is recognized by
effector proteins to induce downstream events. By that time several modifications
were known, of which the best studied was acetylation of lysine residues. A major
breakthrough came later in 2000 when the group of Jenuwein demonstrated that the
SET (Suvar3-9, Enhancer-of-zeste, Trithorax) domain of SUVH39, the human
homolog of Su(var)3-9, the dominant suppressor of position effect variegation in
Drosophila, is responsible for histone H3 methyltransferase (HMT) activity (Rea
et a. 2000). This SET domain is highly conserved among yeast, animals, and
plants. The authors also demonstrated interdependence of site-specific histone tail
modifications. Acetylation of H3K9 and phosphorylation at H3S10 both prevented
H3K9 methylation, whereas phosphorylation of H3S10 was inhibited when H3 was
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already methylated at lysine 9. A positive interaction was found between acetylated
H3K 14 and H3S10 phosphorylation. The histone code hypothesis was tested by
Agadlioti et al. (2002), who mutated the lysine residues in histones H3 and H4 that
were known to be acetylated during a viral infection. They discovered a biochemi-
cal cascade for gene activation at the IFN-b gene through ordered recruitment of
transcription complexes by acetylation of specific lysines. H4K8AC recruits SWI/
SNF, while H3K9A ¢ and H3K14Ac recruit TFIID. The authors provided evidence
that information contained in the DNA sequence (i.e. enhancer) istransferred to the
histone tails by the formation of molecular sites that can interact with transcription
complexes.

In the past few years many more modified residues have been established
including acetylation, methylation, phosphorylation, ubiquitylation, and sumoyla-
tion (for reviews see Berger 2007; Margueron et a. 2005), al of which contribute
to the variation of the molecular code laid down at the surface of the nucleosome.
The number of modulations of the histone code is extended by the level of post-
transcriptional modifications. For example, lysines can become mono-, di-, or
tri-methylated, while acetylation can occur up to the tetra-level. It follows that a
group of residuesin onetail can increase the variation in the histone code. Indeed,
using chromatography and high-resolution tandem mass spectrometry Garciaet al.
(2007) characterized over 150 different modified isoforms of human histone H3.2,
implicating as many distinct “histone codes” for histone H3.2. The authors further
predicted the existence of many hundreds of differently modified forms of histone
H3 variant in human cells.

2.3 Histone Variants Expand the Histone Code

In addition to histone modification, eukaryotes have developed more tools to
modify the epigenetic state of chromatin. Canonical histones can be replaced by
variant histones, which have a different amino-acid sequence. Accordingly, they
have different biophysical characteristics, which ater the properties of nucleo-
somes. Unlike the major histones, histone variants are generally deposited into
nucleosomes during the G1 or G2 phase, rather than during DNA replication.
Furthermore, histone variants localize to specific regions of the chromosome,
giving rise to distinct changes in chromatin function. For example, the canonical
histone H3 (H3.1) is replaced at the centromere region by the centromere-specific
variant CENH3 (CENP-A), which directs the assembly of the kinetochore ensuring
proper segregation of the sister chromatids to the daughter cells (Ahmad and
Henikoff 2002; Blower et a. 2002). In fact, the functional centromere is determined
by the presence of CENH3 rather than the DNA seguence. Moreover, in a recent
study it is suggested that differential cytosine methylation of the functional centro-
mere and flanking regions plays an important role in the binding of CENH3 to the
centromere core (Zhang et a. 2008). Another variant of histone H3 is histone H3.3.
Since this variant is enriched in euchromatin at active genes, it is supposed to be
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incorporated into active chromatin during transcription (McKittrick et al. 2004).
Histones H2A.Z and H2A.X are variants of histone H2A, present in most eukaryotes,
while MacroH2A and H2A-Bbd have only been found in animals. Histone H2A.
X plays a role in double-strand break repair (Li et a. 2005), whereas H2A.Z is
functional in different processes including gene activation and repression (Bruce et
al. 2005; Meneghini et al. 2003; Rangasamy et al. 2003). Using reversed-phase chro-
matography and tandem mass spectrometry Bergmuller et a. (2007) present the first
detailed characterization of H2B-variantsisolated from Arabidopsis. In addition, they
discovered several novel modifications, including methylation of N-termina
alanine residues. The histone variants further increase the number of combinations
in the histone code.

2.4 DNA Methylation Provide More Epigenetic Variation

Apart from the histone code there is a DNA methylation code, which is based on
the methylation of cytosine residues at position 5, located in the major groove of
the DNA helix. In contrast to histone modifications and histone variants, which
leads to either activation or repression, DNA methylation is mainly associated with
repression of genes and transposon repeats. Plants can methylate cytosines in the
symmetric CpG or CpNpG context, but also at asymmetricdl CpNpNp sites
(reviewed in Bender 2004; Fransz et al. 2006). In comparison, mammals only have
CpG methylation, except in embryonic stem cells where non-CpG methylation is
prevalent (Ramsahoye et a. 2000). Drosophila and yeast on the other hand hardly
have any DNA methylation or no DNA methylation at all. DNA methylation is
therefore not as universal as histone modification. DNA methylation in Arabidopsis
is established by four different DNA methyltransferases with partially separated
and overlapping functions. DRM1 and DRM2 (domains rearranged methyltrans-
ferase) are de novo methyltransferases, responsible for virtually all de novo DNA
methylation. MET1 (methyltransferase) is a maintenance DNA methyltransferase,
responsible for CpG methylation at hemimethylated sites. CMT3 (chromomethyl-
transferase) is involved in de novo methylation at non-CpG positions and also
maintains CpNpG methylation. DNA methylation may affect gene activity in a
direct or indirect way. The presence of methylated cytosines likely aters the hydro-
phobic environment in the major groove, thereby affecting the binding of transcrip-
tion factors to a regulatory sequence and inhibiting transcription. Indirectly,
methylated cytosines can be recognized by MBD (methyl-CpG-binding domain)
proteins, which can recruit co-repressors such as histone deacetylases or histone
methyltransferase leading to gene silencing (see below). Furthermore, the repres-
sive control of DNA methylation over methylated H3K4 has been demonstrated at
intragenic sites (Lorincz et a. 2004; Okitsu and Hsieh 2007). In addition, it has
been demonstrated that the histone code can direct DNA methylation in yeast
(Tamaru and Selker 2001), mammals (Lehnertz et al. 2003), and plants (Jackson
et al. 2002), indicating that the two codes can cross-talk and reinforce each other.
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The selective manner of cytosine methylation, the replacement of canonical histones
by histone variants and the histone code together form the epigenetic code.

2.5 Reading the Epigenetic Code

Histone modifications, histone variants, and methylated cytosines mark the
genomic sites that require attention from the regulatory system to direct effector
molecules. In order to affect DNA processes (transcription, replication, and repair),
the effectors must change or maintain the functional state of chromatin via catalytic
activity and/or aphysical change, such as folding. Conseguently, to give the epige-
netic code functional significance the epigenetic marks need to be recognized. At
least three main classes of chromatin binding domains (CBD) are instrumental in
reading the epigenetic code. The methyl-CpG-binding domain (MBD) interacts
with methylated cytosines, the chromodomain recognizes methylated histones and
the bromodomain binds to acetylated histones. Effector proteins are either recruited
to their target by CBD proteins or they may contain a CBD. The combination of
effector domains and CBDs provides an enormous variation in the interpretation of
the epigenetic code (Seet et al. 2006). In addition, among members of a class there
is variation in target specificity and target affinity. For example, al bromodomains
can interact with active chromatin due to their affinity to acetylated histones.
However, preferential binding to specific targets has been reported. In a pull-down
assay with bromodomains of seven different co-activators, it was found that the
bromodomain of SWI2/SNF2, the ATP-dependent nucleosome remodeller, inter-
acts with several acetylated histones H3 and H4. In contrast, the bromodomain of
the histone deacetylase in the Gen5 complex interacts only with acetylated H3 and
with tetra-acetylated H4 tails, while the bromodomain of the histone acetyltrans-
ferase Spt7 in the SAGA complex interacts weakly with acetylated H3 and not with
acetylated H4 at al (Hassan et al. 2007).

A similar difference in the specificity of targeting was found for chromodo-
mains. The chromodomain of the Heterochromatin Protein 1 (HP1) binds specifi-
cally to methylated H3K9 creating a heterochromatic state for repeat regions, while
the chromodomain of the Polycomb (Pc) protein, involved in maintaining repres-
sion of homeotic genes, interacts with methylated H3K27. By swapping the chro-
modomain regions of HP1 and Pc Fischle et a. (2003) demonstrate that the
chromodomain is sufficient to switch the nuclear pattern of these chromatin pro-
teins. The experiment illustrates the essentia role of these domains in reading the
histone code. Moreover, even within the family of Pc proteins, the chromodomain,
despite a high degree of conservation, displays a remarkable difference in affinity
for H3K27me3 and H3K9me3 (Bernstein et al. 2006). In this context it is remark-
able that the plant homolog of HP1, Like Heterochromatin Protein (LHP1), has
affinity for both methylated H3K9 and H3K27 (Zhang et a. 2007). It has been
proposed by several authorsthat LHP1 does not have the samerolein plantsas HP1
has in animals (Jackson et a. 2002; Johnson et al. 2004; Libault et al. 2005;



Chromatin Domains and Function 137

Lindroth et al. 2004; Nakahigashi et a. 2005). Strikingly, LHP1 co-localizes with
H3K27 genome-wide (Turck et al. 2007; Zhang et a. 2007), which strongly sup-
ports the view that LHP1 functions as a Pc protein, because of its chromodomain
(see below).

The conserved region of proteins binding to methylated cytosine is the methyl-
CpG-binding domain, which shows high similarity between plant and human
seguences. The Arabidopsis genome contains 12 MDB proteins divided into seven
subclasses (Berg et a. 2003; Scebba et al. 2003; Zemach and Grafi 2003). Not all
of these proteins possessing an MBD protein bind to methylated cytosine. Similar
to the bromodomain and chromodomain, MBDs show target specificity. AtMBD6
and AtMBD?7 bind only to methylated CpG targets, while AtMBD5 can bind to
both methylated cytosines in CpG and CpNpN contexts. The classes containing
these three MBD proteins are unique to dicots (Springer and Kaeppler 2005).
Considering that DNA methyltransferases show significant conservation between
plants and animals, while MBD proteins are only conserved within the MBD motif,
eukaryotes may have evolved different mechanisms to interpret the DNA methyla-
tion code.

Recently, the SRA (SET and RING associated) domain, a non-MBD domain,
has been identified to bind to methylated DNA (Johnson et al. 2007; Woo et al.
2007). This motif was discovered in several histone methyltransferases (HMTs,
Baumbusch et al. 2001). The SRA domain in SUVH4 (KRYPTONITE) is
required to recruit the methyltransferase to methylated DNA in different
sequence contexts (Johnson et al. 2007). The SRA domain in the Variant In
Methylation 1 (VIM1) protein, belonging to a family that is implicated in chro-
matin modification, is reguired for maintaining centromeric heterochromatin
(Liu et al. 2007; Woo et al. 2007). Taken together, the interpretation of the epi-
genetic code is carried out by CBD-containing proteins that further expand the
epigenetic language by combining multiple functional domains for recognition,
binding, folding, or catalyzing targets.

3 Nuclear Organization of Chromatin

3.1 Different Levels of Chromatin Compaction
in the Interphase Nucleus

The epigenetic code dictates the chromatin state and alters the nuclear architecture.
Vice versa, the organization of the nucleusinto subdomains facilitates a proper envi-
ronment for chromatin changes. Since there are no membrane-bound domainsinside
the nucleus, molecular components can freely travel from one chromatin domain to
another. Thisis demonstrated for large molecules up to several hundreds of kilodaltons
(Verschure et a. 2003). Yet the nucleus displays a differential organization in which
few morphological features determine its microscopic appearance: nucleolus,
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heterochromatin domains, and chromosometerritories. Apparently thereisapreference
of molecular components for specific subdomains.

Nuclear subdomains have been described from the beginning of the previous
century, using typical dyes such as hematoxylin, Feulgen, and aceto carmine for
nucleic acids and eosin for proteins. These studies enabled Heitz in 1928 to distin-
guish two classes of chromatin: euchromatin and the more condensed heterochro-
matin. The latter was further subdivided into a permanent or constitutive type of
heterochromatin and a transient or facultative type of heterochromatin (Brown
1966). An overview of typical features of heterochromatin is shown in Table 1.
However, since thereis no absolute parameter for heterochromatin all characteristics
should be considered relative. For example, the condensed nature of heterochromatin
becomes only obvious if it is flanked by less condensed euchromatin. But even
within the two chromatin types there can be large variation in compaction. If we
assume the genome of Arabidopsis to be approximately 160 Mb (Bennett et a.
2003) partitioned over five chromosomes with an average size of 2 um during met-
aphase (Maluszynska and Heslop-Harrison 1991), then the linear compaction at
this phase is about 16 Mb per um. During replication, parts of the DNA helix are
unwound and the compaction degree may be close to that of the B-configuration of
DNA. According to the Watson and Crick model this is about 2.93 kb per um. In
between the compact metaphase chromosome and the open DNA helix during rep-
lication there are several levels of chromatin compaction. For instance, in pach-
ytene cells the heterochromatin nucleolar organizing region (NOR) measures
2.3 Mb per pm, while the heterochromatic knob hk4S has a condensation degree of

Table1l General characteristics of heterochromatin
Cytological:

« Dark regions in phase contrast microscopy

« Intensely stained regions with general chromatin dyes
¢ C-band positive

¢ G-band positive (not in plants)

Molecular:

« Chromosome segments contai ning abundant (tandemly) repeated DNA and enriched in
transposons

Biochemical:

* A DNA—protein complex that is relatively insensitive to DNase |
« Enriched in methylated DNA (not in Drosophila and yeast)
 Enriched in histones H3 methylated at position lysine 9

« Enriched in heterochromatin protein HP1 (not in Arabidopsis)

Physical:

« Chromatin with regularly arranged nucleosomes
¢ Condensed chromatin

Functional:

« Largely inactive in transcription
« Late-replicating
« Rarely involved in meiotic recombination
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Table 2 Different compaction degrees in euchromatin and heterochromatin

Compaction
Species Cell Chromosome region Length (mm) Size (kb)  (kb/mm)
Arabidopsis Pachytene Total complement 331.2 160,000 483
NOR 33 7,500 2,301
180-bp repeat 83 5,000 600
Heterochromatic knob 4S 1.0 700 700
Transposons + 5S 129 18,500 1,434
Euchromatin 307.4 120,000 390
Metaphase Total complement 10.0 160,000 16,000
Interphase  Heterochromatic knob 4S 0.7 700 1,000
Short arm 4S 6.0 2,800 467
YAC (7C3) 26 470 181
BAC contig 34 185 55
(T19B17-T27D20)
Tomato Pachytene  Total complement 483.0 950,000 1,967
Metaphase Total complement 35.0 950,000 27,143
Medicago  Pachytene Total complement 406.0 500,000 1,232
Metaphase Total complement 20.3 500,000 24,631
Pachytene BAC contig 0.5 150 300

(58F01-59K 07)

Data are based on FISH studies in Arabidopsis (Fransz et a. 1998, 2000, 2002), tomato (Zhong
et a. 1998) and Medicago (Kulikova et al. 2001)

700 kb per um (Fransz et al. 2000). Moreover, across different species the level of
chromatin compaction differs dramatically. Table 2 presents a number of measured
condensation degrees for several regions of the Arabidopsis genome in different
cell types. In comparison, compaction of the 30-nm fiber of chromatin varies
between 70 kb and 160 kb per um depending on linker length (Robinson et al.
2006). From these datawe infer that in Arabidopsisthe lower levels of euchromatin
compaction during interphase correspond with the level of the 30-nm fiber.

3.2 Chromosome Territory

Heterochromatin and euchromatin segments are visible along the linear structure of
the chromosomes and in the three-dimensiona organization of the chromosomes
during interphase. Obviously, the linear and three-dimensional configurations of
chromatin segments are related to each other. This is illustrated by the nuclel of
three species with different genome size and distribution of heterochromatin seg-
ments (Fig. 1a). Plants with large chromosomes such as barley (1C = 4,900 Mb)
and onion (1C = 16,000 Mb) have highly condensed chromatin all over the chromo-
some arms (de Jong et al. 1999), while in tomato (1C = 950 Mbp) the arms contain
distinct euchromatic segments and large heterochromatic regions at the distal end,
interstitially and especially in the proximal part (Zhong et al. 1998). In contrast, the
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chromosome arms in Arabidopsis (1C = 160 Mbp) are largely euchromatin, with
relatively small pericentromeric heterochromatin (Fransz et al. 1998). The hetero-
chromatin—euchromatin proportion is reflected in the nuclear morphology. In a
barley nucleus there is no distinguishable euchromatin area, while in tomato and
Arabidopsis both euchromatin and heterochromatin domains are clearly visible
(Fig. 1b—d). Also the organization of individual chromosomes may reflect the linear
arrangement of chromatin segments along the chromosome. In tomato the distal

IE-

Fig. 1 (a) Pachytene chromosome from barley (left), tomato (middle) and Arabidopsis (right),
showing the distribution of heterochromatin segments (light grey) along the chromosome arms
(dark grey). (b—d) Microscopica images of DAPI-stained interphase nuclel from barley (b),
tomato (c), and Arabidopsis (d), showing the distribution of heterochromatin domains (bright
domains). The magnification of the tomato nucleus shows telomere signals (bright spots) at the
borders of the heterochromatic islands
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heterochromatin segments form islands of heterochromatin with other proximal
heterochromatin. Thisis shown by the presence of telomere sequences at the border
of the heterochromatin domains (Fig. 1c). In contrast, the large chromosomes
remain in a Rabl orientation with telomeres and centromeres at opposite nuclear
poles (Jasencakova et a. 2001). Even when chromatin is activated after inducing a
hypomethylated situation, wheat chromosomes remain in a Rabl orientation (Santos
et al. 2002). Arabidopsis does not have distal heterochromatin segments, apart from
chromosome arms 2S and 4S, which bear the NOR. Here, the pericentromeric het-
erochromatin occupies peripheral positions, while the distal chromosome ends
flank the nucleolus (Fransz et al. 2002). Each chromosome consists of a heterochro-
matic domain or chromocenter from which euchromatic loops emanate. Together
they form a chromosome territory. On the basis of chromosome painting studies it
is generaly accepted that interphase chromosomes occupy discrete territories
(Cremer and Cremer 2001). In Arabidopsis, differential painting revealed arandom
association of chromosome territories, except for the NOR-bearing chromosomes
(#2 and #4), which are generally attached to the nucleolus. However, a significant
percentage of allelic sequences appear in close proximity, suggesting not only inter-
mingling of chromosome territories, but also an opportunity for homologous
recombination (Pecinka et al. 2004). Indeed, cytogenetic analysis of interphase
nuclel revealed frequent association of heterochromatin domains, in particular of
the NORs from chromosome 2 (Fransz et al. 2002). In Arabidopsis, the average
chromosome territory comprises 25 Mb of DNA with 5,200 genes (Arabidopsis
Genome Initiative 2000). In comparison, the average human chromosome territory
is five times larger (130 Mb) but contains only 1,700 (Cremer and Cremer 2001;
Human Genome Sequencing 2004). These figures illustrate the differencesin gene
density and chromatin compaction between different species.

3.3 Chromocenters

3.3.1 Chromocenter Appearance

When heterochromatin clustersinto conspicuous, discrete nuclear domainsthey are
called chromocenters. The most striking feature is the sharp transition in appear-
ance from euchromatin to the condensed, heterochromatic chromocenter.
Chromocenters in plants were described in 1907 by Laibach, who called them
“Chromatin Kdrnchen” (Laibach 1907). Laibach observed chromocenter numbers
per nucleus, from which he could deduce the number of chromosomes. It enabled
him to establish the haploid chromosome number of Arabidopsis thaliana (n = 5),
which by that time was the smallest odd number of chromosomes. Although al
eukaryotic organisms contain condensed heterochromatin, not all species display
chromocenters. For example, human cells do not have chromocenters. Why some
species show distinct chromocenters and others do not is unclear. No chromocenters
have been observed in plant specieswith alarge genome (>3,000 Mb) such as barley,
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wheat, onion, N. tabacum or field bean, suggesting that genome size is a limiting
factor in the formation of chromocenters. Thisis also suggested by a study of chro-
mocenters in 67 plant species, all having a relatively small genome (Ceccarelli et
al. 1998). In addition, Houben et a. (2003) investigated the nuclear distribution of
methylated histone H3K9 (H3K9me2) in 24 plant species and found two different
patterns dependent on the genome size. Specieswith asmall genome (1C < 500 Mb)
displayed a chromocenter-like pattern, in which H3K9me2 was restricted to consti-
tutive heterochromatin, while species with larger genomes showed a uniform dis-
tribution of the epigenetic mark. Yet, genome sizeis probably not the only factor to
determine the appearance of chromocenters. For example, although the genomes of
mouse and human are equally large and share many genetic features, the morphol-
ogy of their nuclei differs. Where mouse nuclei show 20-80 chromocenters
(Guenatri et al. 2004), human nuclel show a gradual transition between euchroma-
tin and heterochromatin. Similarly, tomato with a genome size of 950 Mb, which is
about two times larger than that of rice (490 Mb), contains large islands of con-
densed chromatin, whereas rice nuclei show faint or diffuse heterochromatin
regions (Houben et al. 2003; Ohmido et al. 2001). In fact, there are no reports of
chromocentersin cereals. It is likely that chromocenter appearance, and thus chro-
mosome organization in interphase, is not only related to the genome size but also
to the linear organization of chromosomes. The nature of this relation, however, is
unknown. In this context it should be noted that humans appear to have stopped
accumulating repeated DNA over 50 million years ago, whereas there seems to be
no such declinein mouse (http://www.ornl.gov/sci/techresourcesHuman_Genome).
This might explain some of the differences between human and mouse, including
the formation of chromocenters.

3.3.2 Chromocenters Contain Major Repeats

Chromocenters generally correspond to constitutive heterochromatin, which stains
positively for C-banding. The main genetic components of chromocenters are tan-
dem repeats and dispersed transposable elements. For example, the mouse genome
contains two classes of repeat sequences that associate with chromocenters. Major
satellite repeats of mouse are A/T-rich and comprise more than 10,000 copies of a
234-bp unit per pericentric region, while the centric minor satellite repeats consists
of tandem arrays of ca. 2,000 copies of 123 bp (Martens et a. 2005; Waterston et al.
2002). The minor satellite repeats and the much larger major satellite repeats,
together form congtitutive heterochromatin. It has been proposed that clustering of
compact chromatin into chromocenters is generated by ectopic pairing of repetitive
seguences (Comings 1980; Manuelidis 1990). This idea was supported by the fact
that chromocenters are formed by the aggregation of major satellite repeats with
Heterochromatin Protein 1, whereas the minor satellite repeats formed small sepa-
rate entities associated with centromere proteins at the periphery of the chromo-
center (Guenatri et a. 2004). Towards mitosis the number of minor satellites per
chromocenter decreases and the number of chromocenters increases. The cohesion
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of major satellite repests in chromocenters reflects the attachment of sister chromatids
until separation during anaphase, pointing at a function of heterochromatin in the
proper segregation during mitosis.

In Arabidopsis, al major tandem repeats are located in chromocenters (Fransz
et al. 2002). These include the 45S rDNA gene repeats, the 180-bp centromeric
repeat, and the 5S rDNA gene repeats. Whereas al chromocenters contain the
180-bp repest, the 45S rDNA genes are only present in NOR-chromocenters of
chromosomes#2 and #4. The 45SrDNA,, which span 3-4 Mb per locus (Copenhaver
and Pikaard 1996), form the longest tandem repeat arrays. The length of the smaller
5S rDNA arrays is 100-300 kb per locus (Cloix et a. 2000; The Arabidopsis
Genome Initiative 2000) and is mapped to the pericentromeres of chromosomes #3,
#4, and #5 in the accession Columbia (Fransz et al. 1998). In addition to the tandem
repeats the Arabidopsis chromocenters are highly enriched in dispersed trans-
poson repeats, which map to all pericentric regions. Hence, apart from the 5S and
45S rDNA loci the chromosomes do not have major chromosome-specific repeats.
Close examination of chromosome territories, painted with gene-rich BAC DNA
probes revealed that virtually al genes, active and inactive, localize outside the
chromocenters in euchromatin (Fransz et a. 2006).

3.3.3 Chromaocenters Contain Epigenetic Marks for Repression

Repeat sequences, including the majority of the ribosomal repeats are targets for
epigenetic silencing. Conseguently, chromocenters in plants and animals are
labeled with DNA methylation, MBD proteins and histone H3K9 methylation,
whereas histone acetylation is practically absent. However, there are some differ-
ences in the epigenetic markers in chromocenters between plants and animals.
Chromocentersin mouse and Drosophila contain trimethylated H3K 9 and HPL. In plants,
however, chromocenters are decorated with dimethylated H3K9 (Houben et d. 2003;
Jasencakova et a. 2003), but not with trimethylated H3K9 (Fig. 2), while LHPL,
the homolog of HP1, was detected in euchromatin but not in chromocenters

Fig. 2 Immunolabeling of trimethylated H3K9 (right) in Arabidopsis nucleus counterstained
with DAPI (left)
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(Libault et al. 2005; Nakahigashi et al. 2005). Also for histone H4K20 methylation
the chromocenters in Arabidopsis and mouse show opposite patterns (Naumann et
al. 2005; Schotta et al. 2004). Where monomethylation is high in Arabidopsis, this
mark islow in mouse. Vice versa, trimethylation of H4K20 islow in chromocenters
of Arabidopsis, but high in the heterochromatin domains of the mouse (Table 3). It
is not clear why chromocenters of Arabidopsis and animals have different epige-
netic labels. It is possible that plants and animals have devel oped different mecha-
nisms to interpret the epigenetic code. For example, methylation of H3K27 is a
mark for facultative heterochromatin in mammals to silence genes in associa-
tion with the Polycomb proteins that maintain the repressed state. In mouse
and Arabidopsis trimethylated H3K27 is localized outside chromocenters.
Heterochromatin Protein 1 which recognizes methylated H3K9 accumulates in
mouse chromocenters. In plants, however, the homologous LHP1 binds to methyl-
ated H3K27 and is found in euchromatic regions. This supports the idea that in

Table 3 Localization of epigenetic marks and effector proteins in nuclear domains

Epigenetic
mark or
effector Chromocenter ~ Chromocenter
protein Euchromatin NOR other Nucleolus Refs?
H3K9 Mono Low High High Low 1
di Low High High Low 12,3
Tri High Low Low Low 14
H3K27 Mono Low High High Low 15
di Low High High Low 15
tri High Low Low Low 15
H4K 20 mono Low High High Low 1
di High Low Low Low 1
tri High Low Low Low 1
H3K4 di High Low Low Low 12,3
H4Ac5 High Low Low Low 2
H4Ac8 High Low Low Low 2
H4Ac12 High Low Low Low 24
H4Acl16 High Highinroot tip High/low Low 23
H3Ac9 High Highinroottip Low Low 23
H3K9/18 High Low Low Low 23
H1 High High High Low 4
5m-C Low High High Low 1,2,3,6
AtMBD2 noC High Low Low Low 7
AtMBD5 CpG, Low High Low Low 7
CpNpN
AtMBD6 CpG Low High Low Low 7
AtMBD7 CpG Low High High Low 7
VIM1 High High High Low 8
DDM1 Medium High High Medium 7
HDAG6 Medium Low Low High 9

@ Refs.: 1, Nauman et al. 2005; 2, Soppe et al. 2002; 3, Jasencakova et al. 2003; 4, this paper; 5,
Mathieu et al. 2005; 6, Fransz et al. 2002; 7, Zemach et al. 2005; 8, Woo et a. 2007; 9, Earley
et al. 2006
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plants LHP1 has afunction in gene repression that involves Polycomb Respressive
Complexes (PRCs). Indeed, LHP1 is required to silence the gene of Flowering
Locus C (FLC), aMADS box protein, involved in flowering time in a cooperative
manner with PRC proteins (Finnegan and Dennis 2007; Mylne et a. 2006). Further
support came from an earlier study in which LHP1 was shown to repress several
flora homeotic genes (Kotake et al. 2003). The target specificity of LHP1 may be
embedded in the chromodomain. In this context it is interesting to note that intro-
duction of the Drosophila HP1 into Arabidopsis leads to accumulation in the chro-
mocenters (Naumann et al. 2005). Furthermore, it is known from mouse studies that
HP1 recruits SUV4-20 HMTase to heterochromatin (Schotta et al. 2004). This may
explain why H4K 20 trimethylation in Arabidopsis is in gene-rich euchromatin, in
contrast to mouse. If LHP1 binds to H3K 27 in gene-rich euchromatin it may recruit
the HM Tase that methylates H4K 20.

3.34 Chromocenter Compaction

The shape and size of chromocenters have long been thought to vary during embry-
ogenesis, but only marginally at later developmental stages. For example, hetero-
chromatin in Drosophila is reduced at early stages of development, while the
aggregation of heterochromatin domainsin Drosophila was monitored especially in
salivary gland cells. Congtitutive heterochromatin is defined as compact chromatin
during all phases of the cell cycle. However, in some gene silencing mutants of
Arabidopsis the level of chromatin compaction is reduced due to dislocation of
pericentric repeats away from the chromocenter (Fransz et al. 2006; Soppe et a.
2002). Recently two studies in Arabidopsis have revealed a dramatic reduction of
compact chromatin caused by developmental and environmental cues. In proto-
plasts al chromocenters except for a few NOR chromocenters have disappeared
due to unfolding of the repeat regions (Tessadori et a. 2007a). Even the centro-
meric repeats showed a spectacular decondensation. Strikingly, the process
appeared reversible. Upon culturing, chromocenters reassembled, following a
sequential process in which long tandem repeat arrays were the first sequences to
condense. Similarly, during the floral transition leaf nuclei undergo a reduction in
chromocenter compaction, which is reversed upon the appearance of the first flower
buds (Tessadori et al. 2007b). Apparently, constitutive heterochromatin is not as
permanently compact as we assumed.

3.4 The Nucleolus

3.4.1 Nucleolar Organization

The nucleolus is known as the large subnuclear compartment in which ribosomal
genes are transcribed and the transcripts processed to ribosomal subunits. Although
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first described by Gabriel Valentin about 200 years ago, we are acquainted with the
function of the nucleolus in ribosome synthesis only from the second half of the
previous century. Ultrastructural analysis of the nucleolus revealed severa sub-
domains including fibrillar centers (FCs), dense fibrillar components (DFCs), and
granular components (GCs), names that refer to their appearance under the electron
microscope. Transcription of ribosomal genes occurs at the border between the FC
and DFC, while pre-rRNA molecules are processed in the DFC. In the GC region
the assembly of ribosome subunitsis completed, after which the subunits are trans-
ported to the cytoplasm (Tschochner and Hurt 2003). The number of ribosomal
genes per haploid genome varies from several hundreds up to many thousands
depending on the organism (Rogers and Bendich 1987). The genes are clustered in
a special locus, known as the nucleolar organizing region (NOR), which was first
discovered by McClintock in 1934.

Light microscopical studies with in situ hybridization using rDNA probes
revealed hybridization signals scattered all over the nucleolar region, indicating
highly decondensed chromatin in the nucleolus (Montijn et a. 1998) and elevated
transcription activity. Indeed, ribosomal rDNA is highly expressed, constituting up
to 80% of the total RNA in a cell (Jacob and Ghosh 1999). However, the number
of actively transcribed rDNA genesis remarkably small. By far the mgjority of the
ribosomal genes (50-90%) remain inactive (Grummt 2003) and form condensed
domains flanking the nucleolus. Active rDNA genes are associated with RNA pol
| and respond positive to silver staining. Its chromatin is ten times less condensed
than in flanking chromosomal regions (Boisvert et a. 2007). Moreover, during
mitosis they are till decondensed forming the so-called secondary constriction.

3.4.2 Regulation of Ribosomal Gene Transcription

The regulation of rDNA gene expression comprises the control of hundreds of
ribosomal gene copies. The transcription activity of ribosomal genes can vary
greatly among cell types and between different developmental stages. For example,
transcription of rDNA in growing cellsis higher than in non-growing cells (Grummt
2003). However, a higher copy number of rDNA genes does not result in higher
rDNA expression (Flavell 1986; Muscarella et a. 1985). Apparently, there is a
mechanism that knows how many rDNA genes need to be“on” at acertain time and
in a certain cell. The underlying molecular mechanism controlling the on/off state
isnot known. It iswell documented that epigenetic mechanisms are involved in the
control of rDNA transcription. These data show a significant correlation between
rDNA activity, DNase | accessibility, DNA methylation and histone modification
(reviewed by Preuss and Pikaard 2007). In addition, immunodetection of methyl-
ated DNA in differentiated and in proliferating cells showed strong signals at the
condensed NOR domains and pericentric heterochromatin, whereas the nucleolus
remained empty (Fransz et a. 2002; Naumann et al. 2005), suggesting that active
rDNA genes are hypomethylated. Direct evidence came from experiments with
Triticum (Amado et al. 1997) and Arabidopsis (Lawrence et a. 2004), in which
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DNA methylation was blocked by 5-aza-2’-deoxycytosine (5-aza) treatment leading
to a hypomethylation state of DNA. In both cases ahybrid situation was investigated, in
which one parental set of NORswas silenced dueto nucleolar dominance. The reduc-
tion of DNA methylation resulted in the reactivation of the silent loci, indicating
that the mechanism of rDNA inactivation involves DNA methylation. The lab of
Pikaard further demonstrated with Chromatin Immuno Precipitation (ChlP) that
RNA polymerase |-associated sequences correspond to hypomethylated DNA and
histone H3K4 methylation, an epigenetic mark for euchromatin, whereas the inac-
tive rDNA genes showed hypermethylated DNA, histone H3K9 methylation and
reduced histone acetylation (Lawrence et a. 2004). The authors concluded that
DNA methylation and histone deacetylation are interdependent and integral to
rRNA gene silencing. In another study they identified the histone deacetylase
HDAG as the key factor in rDNA silencing and nucleolar dominance (Earley et a.
2006). DNA methylation and histone deacetylation are therefore suggested to coop-
erate, forming a self-reinforcing cycle to repress rIDNA activity.

3.4.3 Epigenetic Marksin the Nucleolus and Flanking NOR Chromocenters

The majority of rDNA genes are silent and form compact domains flanking the
nucleolus. They are decorated with epigenetic marks for silencing such as DNA
methylation and methylated H3K9, but also H3K27me (Table 3). In contrast rDNA
is actively transcribed in the nucleolus. It is therefore remarkable that immunode-
tection of severa isoforms of acetylated histone H4 (H4K5, H4K8, H4K12,
H4K 16) do not label the nucleolusin Arabidopsis leaves, flower buds, or root tip at
any cell-cycle stage (Jasencakova et al. 2003; Probst et al. 2003, 2004; Soppe et a.
2002). An increase in histone acetylation resulted in a uniform distribution in the
nucleolus (Probst et al. 2004). However, in the DNA methylation mutants ddml and
metl, the nucleolus remained unlabeled (Soppe et a. 2002). The only histone
acetylation in wild-type plants was histone H3K9/18, which was present all over
the root tip nucleus, including the nucleolus, although in a cell cycle-dependent
manner. These data are in contrast to plants with large genomes, such as Vicia faba,
barley, or onion (Jasencakova et a. 2000, 2001; Mayr et a. 2003), where severa
isoforms of acetylated histones were observed in the nucleolus of root cells during
most cell-cycle stages. The difference between these plants and Arabidopsis may
be because certain forms of histone acetylation have a distinct function in different
species. For example, the H3K 16 acetylation pattern in the nucleolus is different in
V. faba, barley, and Arabidopsis (Fuchs et al. 2006). Alternatively, it is possible that
thelevel of acetylated histone in the nucleolus of Arabidopsisisbelow the detection
limit. Indeed, immunolabeling with antiserum against total core histones and
against histone H1 shows very faint signals in the nucleolus (Figs. 3 and 4).

The rDNA genes are a target for silencing by HDA6 and DNA methylation
(Probst et a. 2004). Arabidopsis hda6 mutants display decondensation of NOR
chromocenters, hyperacetylated histone H4, hypermethylated H3K4, and reduced
rDNA methylation. The same role for HDA6 and DNA methylation is demonstrated



148 P. Fransz

Fig. 3 Immunolabeling of acetylated H4K12 (middle) and total histone (right) in DAPI-stained
nucleus (left) of Arabidopsis

Fig. 4 Immunolabeling of methylated H3K4 (middle) and histone H1 (right) in DAPI-stained
nucleus (left) of Arabidopsis. Arrow, nucleolus; arrowhead, chromocenter

in nucleolar dominance in the natural hybrid A. suecica (Earley et a. 2006; Pontes
and Pikaard 2008). The presence of methylated cytosine attracts MBD proteins to
chromocenters. However, AtMBD5 and AtMBD6 are preferentially located at NOR
chromocenters, whereas AtMBD?7 is observed in all chromocenters (Zemach et al.
2008). The authors propose that the single MBD motif in AtMBD5 and AtMBD6 is
sufficient for localization to NOR chromocenters, while the triple MBD motif in
AtMBDY directs the protein to all chromocenters.

4 Concluding Remarks

The enormous potency of epigenetic combinations via modifications of DNA and
histones, in conjunction with the combinations of code-reading domains and effec-
tor proteins likely provides sufficient variation to regulate the genetic information
necessary to devel op a eukaryatic organism. The nuclear architecture facilitates the
optimal environment to establish the molecular interactions between epigenetic and
genetic code. Chromosomes are folded into their territories in a way that corre-
sponds to the linear arrangement of the DNA sequence creating domains such as
chromocenters or nucleolus. Such domains concentrate chromatin regions that are
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targeted by the same chromatin modifiers. Chromosome folding is reversible,
which allows chromatin to open and close to a certain extent depending on devel-
opmental stage or external signals. Plants and animals do not show large differences
in epigenetic modules or chromatin organization. Variation in combining protein
domains likely result in different interpretations of the epigenetic code, but the
language is the same. In both kingdoms the assignment of the epigenetic codeisto
protect the genetic code (against external and internal mobile genetic elements) and
to control the expression of the genetic information.

Our knowledge of the epigenetic code and the nuclear architecture has
greatly increased during the past ten years. Yet the progress of high-throughput
technol ogies has demonstrated that we are only at the beginning of another field
to be explored. For example, proteome studies of the nucleolus revealed several
hundreds of proteins that are not involved in ribosome biogenesis but in the
modification of small RNAS, telomerase maturation, cell cycle and cell stress
(Lo et al. 2006). Apparently, the nucleolusis an integrated domain for ribosome
synthesis and many other functions. Indeed nuclear structures such as Cajal
bodies and PML bodies associate with the nucleolus (Condemine et al. 2007;
Li et al. 2006). Extensive chromatin immunoprecipitation studies have gener-
ated huge data sets revealing the epigenetic landscape along entire chromo-
somes (Turck et al. 2007; Zhang et al. 2007). If we can efficiently transform
this vast growing body of datainto knowledge, we may expect that within afew
years we will be able to understand how epigenetic mechanisms control the
nuclear organization and vice versa how the nuclear architecture regulates the
establishment of the epigenetic code.
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I ntegration of Agrobacterium T-DNA
in Plant Cells

Mery Dafny-Yelin, Andriy Tovkach, and Tzvi TZfira ()

Abstract Agrobacterium-mediated genetic transformation is a process by which
the bacterium delivers a specific DNA molecule into plant cells. The transferred
DNA molecule (T-DNA) stably integrates into the host genome and is expressed
there. Agrobacterium-mediated genetic transformation is widely used for the
production of transgenic plants useful for basic plant research and biotechnology,
yet the mechanisms by which the T-DNA integrates into the host genome are till
poorly understood. Furthermore, we have only recently begun to reveal the impor-
tant functions of plant factorsin the integration process. In this chapter, we describe
the current knowledge on the bacterial and host factors and the cellular mechanisms
that govern the integration of T-DNA molecules into plant cells. We follow the
long line of genetic, functional, and biochemical studies which have paved the way
for establishing the different integration models, and we describe possibilities for
controlling the T-DNA integration process in order to achieve the most desirable
gene-targeting technology for plant species.

Abbreviations ds. double-stranded; DSB: double-strand breaks; GT:. gene
targeting; HR: homologous recombination; NHEJ: non homologous end joining;
ss. single-stranded; T-DNA: transferred DNA; T-strand: the single-stranded DNA
form of the T-DNA; ZFNs: zinc-finger nucleases

1 Introduction

Plant genetic transformation and the production of transgenic plants are essential
for modern plant research and biotechnology. The most common vector used
today for the genetic transformation of variousmodel and crop plantsis Agrobacterium
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tumefaciens (reviewed in TZzfira and Citovsky 2006). This soil-borne bacterium is
capable of transforming its host by delivering a well-defined fraction of its
own genome as a single-stranded (ss) DNA molecule into the host cell. This
ssDNA molecule, designated transferred DNA (T-DNA), ultimately integrates
into the host genome and is expressed there (for recent reviews see Citovsky
et al. 2007; Gelvin 2003; McCullen and Binns 2006; Tzfiraand Citovsky 2006).
The natural host range of wild-type Agrobacteriumis limited to certain dicoty-
ledonous plants, where it is considered the causative agent of “crown-gall”
disease (de Cleene and de Ley 1976; Otten et al. 2008). Nevertheless, the
current host spectrum of Agrobacterium spans a much wider range of species,
as the bacteria have been reported to transform, at least under controlled labo-
ratory conditions, not only an ever-increasing number of plant species
(reviewed in Banta and Montenegro 2008), but also eukaryotes from other
families, ranging from lower eukaryotes such as yeast (Bundock et al. 1995;
Piers et al. 1996) and other fungi (e.g., de Groot et al. 1998; Godio et al. 2004;
Michielse et al. 2005) to higher eukaryotes, such as human cells (Kunik et al.
2001) (reviewed in Lacroix et al. 2006b; Soltani et al. 2008). For several dec-
ades, Agrobacterium research has provided afertile ground for various research
groups interested not only in harnessing the bacterium’s unique biology for the
genetic transformation of various plant species (reviewed in Banta and
Montenegro 2008; Gelvin 1998, 2003), but also in understanding the biologi-
cal systems that are involved in the infection process (reviewed in Citovsky et
al. 2007; Gelvin 2003; Tzfira and Citovsky 2002). Nevertheless, while
Agrobacterium can be used in practice for transforming a wide range of scien-
tifically and economically important species, many of the biological mecha-
nisms that govern the transformation process are still poorly understood. Thus,
for example, we know only little about the machineries and mechanisms that
allow the transport of T-DNA molecules from the bacterium into the plant
cells, and even less about the apparati and means governing the transport of
T-DNA molecules through the host-cell cytoplasm toward the nucleus. More
importantly, our understanding of the precise mechanisms controlling T-DNA
integration into the host-cell genome is still lacking. Thus, we are currently
very limited in our ability to influence the integration process and to control
the outcome of the transformation event. In this chapter, we focus our discussion
on the proteinsthat participate in the integration process (Table 1) and on the possible
mechanisms that lead to integration of T-DNA molecules into the plant genome.
We also discuss the possibility of controlling the integration process as a tool for
achieving site-specific integration and gene targeting (GT) in plant species.

2 The Genetic Transformation Process: An Overview

The Agrobacterium-mediated genetic transformation process has been the subject of
numerous reviews and the reader is referred to them for in-depth discussions (e.g.,
Citovsky et a. 2007; Gelvin 2003; McCullen and Binns 2006; Tzfira and Citovsky



Table1l The function of bacterial and host proteinsin the T-DNA integration process

Gene/protein/ mutant/
complex

Biological functions

Possible rolesin T-DNA integration

Selected refs.

Bacterial proteins

VirD2

Vire2

VirF

Yeast proteins
Ku70 mutant

lig4, mrell, rads0, xrs2
and sir4 mutants
Rad52 mutant

Production of T-strand in the bac-
teria, leading T-DNA to the
host cytoplasm, nuclear import
of the T-complex

A ssDNA-binding protein, pack-
aging shaping and protecting
the T-strand on its way to the
nucleus, assist with nuclear
T-strand import

F-box bacterial proteins, function
in stripping the T-complex
from its escorting proteins
VirE2 and VIP1

Ku70 is a dsDNA-binding protein,
binds and stabilizes dsDNA
ends, key protein in the NHEJ

NHEJ proteins

Rad52 is a ssDNA-binding pro-
tein, binds and stabilizes
ssDNA ends, key proteinsin
HR

Required for precision of integration, possibly

by protecting T-stands on their route to inte-
gration, possess an indirect role in T-complex

targeting to transcriptionally active sites by
interactions with TBP and with CAK2Ms,

recruiting plant ligase(s) to points of integra-

tion

Indirect role in T-complex targeting to the
genome viainteractions with host proteins
VIP1 and VIP2

Indirect role by stripping the T-complex to
naked T-strand

Essential for NHEJmediated T-DNA integra-
tion, in its absence, T-DNA integration
occurs only viaHR.

Required for T-DNA integration via NHEJ

Essential for HR-mediated T-DNA integration,
in its absence, T-DNA integration occurs
only viaNHEJ

Bako et al. 2003; Ballas and Citovsky 1997;
Mysore et al. 1998; Pansegrau et al. 1993;

Tinland et a. 1992; Wu 2002; Ziemienowicz

et a. 2001

Abu-Arish et al. 2004; Anand et a. 2007,
Citovsky et a. 1989; Citovsky et al.
1992; Howard and Citovsky 1990; Loyter
et al. 2005; Ward and Zambryski 2001,
Ziemienowicz et al. 2001

Schrammeijer et a. 2001; Tzfiraet a. 2004b

van Attikum et al. 2001; van Attikum and
Hooykaas 2003

van Attikum et al. 2001; van Attikum and
Hooykaas 2003

van Attikum et al. 2001; van Attikum and
Hooykaas 2003

(continued)



Table 1 (continued)

Gene/protein/ mutant/
complex

Biological functions

Possible rolesin T-DNA integration

Selected refs.

Rad51 mutant

Plant proteins

Arabidopsis ecotype
UVv-1
ASK1

CAF-1l/fasl-4 mutant

CAK2Ms and TBP

CyPs

H2A, rat5 mutant

Rad51 is ssDNA-binding protein
which interacts with RPA
complex and RAD52, required
for HR

Unknown factor

Part of the plant SCF complex,
involved in targeted proteolysis

Chromatin assembly factor 1
(CAF-1) isinvolved in nucleo-
some assembly; fasl-4 mutants
exhibit increased frequency of
somatic HR

CAK2Ms and TBP from afafa
cells are part of the plant tran-
scription machinery

Molecular chaperone, may possess
nuclease activity

H2A-1 is a core histone, may par-
ticipate in DNA packaging

Required for T-DNA integration viaHR

UB-1 ecotype is deficient in T-DNA integration
using root-transformation assay

Indirect role by stripping the T-complex to
naked T-strand

Frequency of T-DNA integration is elevated in
fasl-4 mutant. CAF may function in inhibit-
ing T-DNA integration by protecting the
chromosomal DNA,

HR increased dramatically (96-fold)

VirD2 interacts with CAK2Ms and TBP and
becomes phosphorylated by CAK2Ms
kinase, may participate in T-complex target-
ing to transcriptionally active sites

Binds to VirD2, may function in T-complex
targeting to chromatin, and may function in
digestion of target DNA integration site

rat5 mutant is deficient in Agrobacterium
T-DNA integration, H2A-1 gene corre-
lates with susceptibility to Agrobacterium,
interacts with VIP1 and may function in
T-complex targeting to chromatin

van Attikum et al. 2001; van Attikum and
Hooykaas 2003

Mysore et a. 2000a; Nam et al. 1997

Schrammeijer et a. 2001; Tzfira et al. 2004b

Endo et al. 2006; Kirik et a. 2006

Bako et al. 2003

Bako et a. 2003; Deng et al. 1998; Montague
et a. 1997

Li et al. 2005a; Loyter et al. 2005; Mysore et al.
2000b; Yi et al. 2002



H2A/H2B H3/H4

INO8O

ku80 mutant

ligd mutant

LIG1

uvhland rad5 mutants

VIP1

VIP2

Core histone proteins

Chromatin remodeling complex
subunit that is specific to HR,
INO8O is a positive regulator
of HR

Ku80 is a dsDNA-binding protein,
binds and stabilizes dsDNA
ends, key protein in the NHEJ

Arabidopsis DNA ligase IV

Arabidopsis DNA ligase |

Mutants are hypersensitive to
radiation

Putative transcriptional factor, acti-
vates pathogenesis-related gene

Putative negative transcriptional
regulator

Can complement the rat5 mutation when over-
expressed, possible functional redundancy
with H2A-1

Efficiency of T-DNA integration was not
affected in ino80 mutant

ku80 mutant is blocked at T-DNA integration
in root transformation, ku80 mutant may or
may not be blocked in T-DNA integration

using flower-dip transformation, KU80 binds

and recombines dsT-DNA molecules

Therole of AtLIG4 in T-DNA integration is still
controversial: it is dispensable for root trans-

formation and is either required or not for
germ-line transformation

AtLIG1 interacts with VirD2, is capable of ligat-

ing T-DNASs to model chromosomal DNA
in vitro

The mutant rad5 is deficient in T-DNA integra-
tion while the deficiency of uvhlin T-DNA
integrations is controversia

Binds to VirE2 and facilitate the nuclear import
of T-complex, interacts with host histones
and VIP2 and function in T-complex target-
ing to chromatin, interacts with VirF and
assists function in stripping the T-complex
from VirE2

Interacts with VirE2 and VIP1, might partici-
pate in intranuclear transport of VirE2 and
T-complexes to chromatin and/or in T-DNA
integration

Yi et a. 2006

Fritsch et al. 2004; van Attikum et al. 2004

Friesner and Britt 2003; Gallego et al. 2003;
Li et al. 2005b

Friesner and Britt 2003; van Attikum et al.
2003

Wu 2002

Chateau et al. 2000; Nam et al. 1998; Preuss
et al. 1999

Anand et a. 2007; Dafny-Yelin et a. 2008;
Djamel et a. 2007; Li et al. 2005a; Tzfira

et al. 2001; Tzfiraet a. 2002; Tzfira et al.
2004b; Ward et al. 2002

Anand et al. 2007
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2002, 2006). Briefly, the transformation process is controlled by a combination of
chromosomally (chv) and plasmid-virulence (vir)-encoded proteins. The latter are
present on the bacterium’s large tumor-inducing (Ti) plasmid, which also contains the
T-DNA region (Fig. 1). The transformation begins with host-cell recognition by the
Agrobacterium VirA/VirG sensory machinery, which responds to various signals that
aretypically secreted by wounded plant tissues. Recognition is followed by activation
of the vir machinery and attachment of the bacterium to the host cell. Through the
combined action of the VirD2/D1 endonuclease, the bacterium releases a ssDNA
(T-strand) copy of its T-DNA region which is then transported into the host-cell cyto-
plasm through a VirB/VirD4 type |V secretion system (reviewed by Atmakuri and
Christie 2008; Christie et al. 2005). The T-strand is not exported as a naked DNA
molecule, but as a protein-DNA complex (designated immature T-complex) in which
asingleVirD2 moleculeis covalently attached toits5” end. The VirB/VirD4 transport
apparatus is also capable of transferring a series of other Vir proteins (e.g., VirE2,
VIirE3, and VirF), which function within the host cell and further assist with the trans-
formation process (for recent reviews see Citovsky et a. 2007; Gelvin 2003;
McCullen and Binns 2006; Tzfira and Citovsky 2006). Once inside the host cyto-
plasm, the immature T-complex is thought to become covered with numerous copies
of VirE2, producing the mature T-complex (smply referred to as the T-complex).
VirE2's association with the T-strand provides it with a defined structure (Abu-Arish
et a. 2004; Citovsky et al. 1997) and protects it from endonucleases (Citovsky et al.
1989). Both VirE2 and VirD2, through interactions with various host and bacteria
proteins, are thought to assist with the nuclear import of the T-complex (e.g., Balas
and Citovsky 1997; Howard et d. 1992; Lacroix et al. 2005, 20063, 2008; TZfiraet al.
2001; Ziemienowicz et a. 2001; Zupan et a. 1996). Once inside the nucleus, the
T-complex is targeted to points of integration, stripped of its escorting proteins and
integrated into the host-cell genome, as described in the next sections.

3 Components and Functions of the Integration Machinery

3.1 The Substrate Molecule to Be I ntegrated

In order to analyze the mechanism of the integration process, we need to define its
substrate, i.e., the structure of the integrating T-DNA molecule. The T-DNA mol-
ecule undergoes several structural steps to its point of integration, beginning at the

>
>

can potentially be converted to double-stranded intermediates which may (iv) or may not (v)
contain aVirD2 molecule attached to the T-strand’s original 5" end. While all the different T-DNA
structures may potentially be used as substrates by various integration machineries, direct experi-
mental evidence only exists for the integration of double-stranded T-DNA molecules which most
likely do not contain a VirD2 molecule (v). See text for further information
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Fig. 1 Agrobacterium T-DNA: its various structures in the bacteria and plant cell compartments
and its possible pathways for integration in the host nucleus. Upper panel: The T-DNA is defined,
in the bacteria, by its left border (LB) and right border (RB). The T-DNA can reside on the Ti
plasmid or abinary plasmid. A VirD2-VirD1 endonuclease complex, encoded by the bacterial vir
region, is responsible for nicking between the third and fourth nucleotides on each border
sequence and for the release of a mobile copy of the T-DNA. This mobile copy, designated inter-
mediate T-complex, is composed of the T-strand and a single VirD2 molecule attached to its 5-
end. Center panel: Within the plant-cell cytoplasm, the T-strand is thought to exist as a mature
T-complex composed of the T-strand, a single VirD2 molecule and numerous VirE2 molecules
which wrap, shape, and protect it on its way to the host-cell nucleus. Bottom panel: Severa
T-DNA substrates can potentially be used in the integration process, i.e. a mature T-complex (i),
an partidly stripped T-complex (i) or a‘ stripped/naked’ T-strand (iii). Thelatter two T-DNA structures
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bacterium where the T-DNA is defined by its borders, direct 25-bp repeats (Fig. 1)
which are the only cis elements required for its excision from the Ti plasmids by
the VirD2/D1 heterodimer (reviewed by Zambryski 1992). The T-DNA does not
carry any specific sequences which might be required for its transport to the plant
cell, nuclear import or integration. Thus, the entire native T-DNA region can be
re-engineered and replaced by virtually any other DNA sequence of interest.
Indeed, replacing the native T-DNA regions with various genes of interest is the
molecular basis for the production of many genetically modified plants carrying
agronomically and/or scientifically important genes (reviewed in Banta and
Montenegro 2008). Furthermore, recombined T-DNA molecules need not reside on
the bacterial Ti plasmid, and can be carried by small, autonomous binary plasmids
(Fig. 1; Hellens et al. 2000). It should be noted, however, that it is likely that the
mechanisms that govern the processing, release, transport, and integration of the
T-strand from binary plasmids are similar to those that govern these processes for
wild-type T-strands.

Insidethe host-cell cytoplasm, the T-strand is assembled into amature T-complex
and guided into the host-cell nucleus (reviewed in Lacroix et al. 2006a, 2008; Tzfira
et al. 2005). Thus, the initial substrate for the integration process is most likely to
be the T-complex, rather than a naked T-strand molecule (Fig. 1). Indeed, the
T-complex’s escorting proteins have been reported to interact with host factors and
to participate in various stages of the integration process, e.g., targeting the
T-complex to points of integration (see further on). Nevertheless, the T-complex
will eventually need to be stripped of its escorting proteins before or during its
incorporation into the host-cell genome, thus leaving a partially or completely
naked T-strand molecule (Fig. 1). Functional studies have reveaed that T-strands
can be complemented to double-stranded (ds) intermediates prior to their incorpo-
ration into the host genome (Chilton and Que 2003; Tzfira et a. 2003), but the
integration of single-stranded molecules has never been ruled out. It is therefore
likely that both sST-DNA and dsT-DNA intermediates are substrates for the last
step(s) of the integration process and that their incorporation into the host genome
may be governed by different mechanisms, as we describe further on.

3.2 TheProteinsInvolved in T-DNA Integration

The bacterial T-strand-escorting proteins, VirE2 and VirD2, have both been suggested
to participate in the integration process (Table 1). VirD2 has been suggested to act as
a DNA ligase or integrase and is thus thought to directly function in the integration
process by facilitating the incorporation of T-strand molecules into the host-cell
genome (Pansegrau et d. 1993; Tinland et d. 1995). VirE2, on the other hand, has been
proposed to function indirectly, most likely by protecting the T-strand from cellular endo-
nucleases prior to its integration into the host-cell genome (Citovsky et al. 1989).
More recent data, however, have reveded that VirD2 does not possess the biochemi-
cal activity needed for T-strand ligation into the host-cell genome (Ziemienowicz
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et a. 2000) and it is now accepted that both VirD2 and VirE2 act indirectly in the
integration process by recruiting various plant factors and directing the T-strand to its
points of integration (reviewed in Tzfira et d. 2004a; Ziemienowicz et a. 2008).

3.21 Functions of Bacterial Proteinsin the Integration Process

VirD2, through its interaction with the T-strand’s 5’ end, provides the T-strand with
adirection and is thought to pilot it into the host-cell nucleus, through interactions
with the plant’s nuclear-import machinery (Ballas and Citovsky 1997). Because
VirD2 functions as a DNA-processing protein in the bacteria, and because of the
covalent nature of this interaction, it was aso thought to function as a DNA-repair
and processing protein during the integration process. It wasinitially suggested that
VirD2 may function as an integrase and possibly aligase in plant cells (Pansegrau
et a. 1993; Tinland et a. 1995). Indeed, an H-R-Y motif, also found in bacteri-
ophage A integrase and other site-specific recombinases, has been identified in the
VirD2 amino-acid sequence. More importantly, a mutation in that domain, which
converted R to G, affected the precision of the T-DNA-integration process, as
reflected by loss of conservation at the integrated T-DNA’s right border (Tinland et
al. 1995). The notion that VirD2 functions as a DNA ligase was supported by stud-
ies showing that VirD2 is not only capable of cleaving dsSDNA molecules at border
seguences, but also of ligating the resultant ssDNA molecule with another ssDNA
molecule (Pansegrau et a. 1993). Interestingly, the mutation in H-R-Y did not
affect the overall efficiency of the integration process (Tinland et a. 1995) and the
in-vitro regjoining of VirD2-cleaved DNA substrate, in contrast to the random nature
of the integration process, was sequence-specific (Pansegrau et al. 1993). These
observations raised some doubt as to the functional role of VirD2 as a putative
integrase and/or ligase, but did not preclude the possibility that VirD2 may still
function as such during the integration process. However, using an in-vitro ligation
assay, Ziemienowicz et a. (2000) revealed that VirD2 cannot ligate the 5" end of
T-DNA moleculesto free 3’ ends of plant DNA. Because T-DNA ligation could be
observed only when a commercial T4 DNA ligase or plant extracts from either
tobacco BY-2 cells or pea axes were added to the ligation assay, the authors
(Ziemienowicz et a. 2000) suggested that a plant DNA ligase(s), and not VirD2, is
actualy responsible for T-DNA ligation in plant cells. Recent observations that
VirD2 can interact with the Arabidopsis type | DNA ligase suggest that the latter
may function as the actual ligase of T-DNA moleculesin plant cells (Wu 2002).
Similar to VirD2, VirE2 also binds to the T-strand and participates in various
steps of the transformation process which precede the integration stage (Duckely
and Hohn 2003; Ward and Zambryski 2001). One of the important roles of VirE2
is to protect the T-strand during its voyage through the cytoplasm and into the
nucleus (reviewed in Lacroix et a. 2006a; Tzfira et al. 2005). Indeed, while two
different structural models have been proposed to describe the cooperative binding
of VirE2 to ssDNA, both models propose protection of the T-strand from degrada-
tion, possibly by cytoplasmic and nuclear endonucleases (Abu-Arish et a. 2004,
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Citovsky et a. 1997; Volokhina and Chumakov 2007). That the genetic transforma-
tion of tobacco plants with a virE2-deficient Agrobacterium strain resulted in inte-
gration of truncated T-DNA molecules into the plant chromosomes (Ross et a.
1996) further supports the notion that VirE2 protects the T-strand prior to its inte-
gration. VirE2 aso plays an important role in the nuclear import and intranuclear
transport of the T-complex in plant cells through interactions with various host and
other bacterial factors (reviewed in Lacroix et al. 2006a; TZfira et al. 2005), but is
not likely to enzymatically participate in the integration process per se.

Although VirD2 and VirE2 may not have a direct role in the integration process,
they both participate in targeting the T-DNA to points of integration viainteractions
with various host factors, or by recruiting plant enzymes that are involved in DNA
repair or recombination, to the integration site. VirD2 has been shown to interact
with CAK2Ms and TATA-box-binding protein (TBP) in the nuclei of afalfa cells
(Bako et al. 2003). CAK2Ms is a conserved plant orthologue of cyclin-dependent
kinase-activating kinases and it functions by binding and phosphorylating the
C-terminal regulatory domain of RNA polymerase I1's largest subunit, which then
recruits TBP to transcription sites. Furthermore, VirD2 was not only shown to
interact with CAK2Ms and TBP, it was a so reported to become phosphorylated by
CAK2Ms kinase. These studies suggest that VirD2 may act by directing the
T-complex to transcriptionally active genomic sites, which may function as “hot
spots’ for T-DNA integration. VirD2 was also shown to interact with severa plant
cyclophilins (CyPs), such as RocA, Roc4 and CypA (Bako et a. 2003; Deng et a.
1998). CyPs are conserved peptidyl-prolyl cis-trans isomerases that function as
molecular chaperones. Inhibition of VirD2-CypA by cyclosporin A resulted in
inhibition of Agrobacterium-mediated transformation of Arabidopsis and tobacco
plants. It was thus suggested that CyPs may act as molecular chaperones that main-
tain VirD2's conformation throughout its journey to the nucleus. Since several
CyPs have been shown to possess nuclease activity (e.g., Montague et a. 1997), it
may also be that they function during the integration process. It should be noted that
VirD2 was aso capable of interacting with Arabidopsis type | DNA ligase (Wu
2002), which suggests that it may function by recruiting this DNA-repair protein to
the integration site.

The ability of VirE2 to shape and protect the T-strand during its journey to the
nucleus and guide it into the nucleus may be this bacterial protein’s main functions
(reviewed in Lacroix et al. 2006a; Tzfira et al. 2005). Nevertheless, VirE2 may also
function in targeting the T-complex to points of integration through interaction with
the host protein VIPL. VIP1 aready interacts with VirE2 in the cytoplasm (Djamei
et a. 2007; Tzfira et al. 2001) and acts as a mediator between VirE2 and the host
nuclear-import machinery (Tzfira et a. 2002). VIP1 has also been implicated in
decondensation of the plant chromatin (Avivi et al. 2004) and its interactions with
histone proteins (Li et al. 2005a; Loyter et al. 2005) suggest that it may also func-
tion in targeting the T-complex to chromatin. More specifically, VIP1 was reported
to interact with four core histones of Xenopus (Li et al. 20058) and with the
Arabidopsis core histone H2A (Li et al. 2005a; Loyter et al. 2005). The latter has
been shown to be essential for T-DNA integration in Arabidopsis plants (Mysore et d.
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2000b). Further investigation of the VIP1-H2A molecular link revealed that an
Arabidopsis mutant, capable of producing atruncated VIP1 protein, was till capable
of supporting nuclear import, but not integration, of the T-DNA (Li et al. 2005a).
That truncated VIP1 was unable to interact with H2A, but could still bind to VirE2,
in planta (Li et al. 2005a), further supporting the notion that VIP1 acts as a linker
between the T-complex and plant chromatin.

Itislikely that VirE2 and VirD2 are removed from the T-strand prior to or during
the actual integration step. The mechanism that removes VirD2 from the T-strand
is still unknown, but it was recently shown that the host-targeted proteolysis
machinery may function to strip the T-complex of VirE2 (TZfiraet a. 2004b). More
specifically, it was shown that VirF, an F-box-containing bacterial protein
which can be transported from the bacterium into the host-cell nucleus (Table 1)
(Schrammeijer et a. 2001; TZfiraet a. 2004b; Vergunst et al. 2005), interacts with
VIP1 and ASK1. ASK1 is a component of the ASK1-Cdc53-cullin-F-box (SCF)
complex which is involved in protein degradation. Using yeast and plant-based
functional assays, it was demonstrated that this SCF complex is most likely respon-
sible for stripping the T-strand of VIP1 and VirE2 (TZfira et a. 2004b). The fact
that a mutation in an F-box-like gene in Arabidopsis hindered the plant’s suscepti-
bility to Agrobacterium-mediated transformation (Zhu et al. 2003a) further sup-
ports the notion that the host-targeted proteolysis machinery may be involved in the
transformation process, perhaps by targeting the T-complex-escorting proteins to
degradation.

3.2.2 Functionsof Host Proteinsin the I ntegration Process

In addition to the above-mentioned host factors which function through interactions
with VirD2 and VirE2, other host proteins (Table 1) have been implicated in the
integration process (reviewed in TZfira et a. 2004a; Ziemienowicz et al. 2008).
Host factors are most likely to act in converting the naked (or partially naked)
T-strand substrate into a double-stranded form, by providing breaks or nicksin the
plant genome into which T-DNA molecules can integrate, and by incorporating
T-DNA molecules into the plant genome. Much of what we know today about the
functions of host DNA-repair proteins in the integration process are derived from
the use of yeast-based transformation systems. These systems allow directing the
T-DNA to integration via either homologous recombination (HR) (Bundock et al.
1995; Risseeuw et al. 1996) or nonhomologous end joining (NHEJ) (Bundock and
Hooykaas 1996) pathways. More specifically, when T-DNA molecules are homolo-
gousto the yeast genome, they integrate viaHR (Bundock et al. 1995), while in the
absence of such homology, integration occurs via NHEJ (Bundock and Hooykaas
1996). These observations suggest that T-DNA integration is governed predomi-
nantly by host factors. Indeed, yeast-mutant analyses revealed that Ku70, Rad50,
Mrell, Xrs2, Lig4, and Sir4 are &l required for NHEJmediated T-DNA integration
(van Attikum et al. 2001), while Rad51 and Rad52, but not Rad50, Mrell, Xrs2,
Lig4, or Ku70 are required for HR-mediated T-DNA integration (van Attikum and
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Hooykaas 2003). Furthermore, since Ku70 or Rad52 mutants were deficient in
T-DNA integration via NHEJ or HR, respectively, and since a Ku70/Rad52 double
mutant was blocked in T-DNA integration (van Attikum et al. 2001; van Attikum
and Hooykaas 2003), Ku70 and Rad52 were suggested to function as the key
enzymes determining the route for T-DNA integration in yeast cells.

In contrast to yeast and regardless of the T-DNA sequence, T-DNA integration
in plant species occurs predominantly by NHEJ. This phenomenon suggests that
NHEJ proteins are the main playersin T-DNA integration in plant species. The search
for such factors yielded a collection of DNA-repair and maintenance proteins that
may function at various steps and by various mechanisms during the integration
process. Two Arabidopsis mutants, rad5 and uvhl, were perhaps the first plants to
be reported as deficient in T-DNA integration due to a possible single-gene mutation
(Sonti et al. 1995). Both mutants were hypersensitive to radiation and while uvhl
could still be stably transformed by Agrobacterium (Chateau et a. 2000; Nam et a.
1998; Preuss et a. 1999), its hypersensitivity to the DNA-damaging antibiotic belo-
mycin and the homology between Arabidopsis RAD5 and the yeast RAD51 genes
suggest arole for host DNA-repair proteinsin T-DNA integration in plant cells.

Use of aroot-based infection assay, in which plants are screened for their resist-
ance to Agrobacterium-mediated transformation (rat mutants), led to the identifica
tion of several mutants which may be blocked at later stages of the transformation
process, including T-DNA integration (Nam et a. 1999; Zhu et a. 2003b). One
such mutant, rat5, was knocked out in the histone H2A-1 gene and was indeed
blocked in T-DNA integration (Mysore et a. 2000b). Interestingly, rat5 was still
susceptible to Agrobacterium transformation via flower infiltration (Mysore et a.
20004), which suggested that different host factors and mechanisms may function
during T-DNA integration in different tissues and/or developmental stages of the
cell. Further investigation into the functions of H2A during the integration process
revealed that wounding or exposure of root segments to plant-growth regulators
increased not only the transformation efficiency but also H2A-1 expression (Yi
et a. 2002). Interestingly, the rat5 phenotype could be complemented by overex-
pression of various other H2A genes, but only by H2A-1 when expressed under
native promoters (Yi et al. 2006). Thus, while H2A-1 expression may not necessar-
ily be strictly linked to the cell’s S-phase, H2A-1 expression may serve as a marker
for the cell’s susceptibility to Agrobacterium transformation. The exact molecular
function of H2A in the integration processis till largely unknown, but as already
described, H2A may function in targeting the T-complex to the plant chromatin
through interactions with VIP1 (Li et al. 2005a; Loyter et al. 2005). Interestingly,
reduced transcript levels of several histone genes have also been observed in VirE2-
interacting protein 2 (VIP2) mutant Arabidopsis plants (Anand et al. 2007). Since
VIP2 was reported to be essential for T-DNA integration, and since it was also
capable of interacting not only with VirE2 but also with VIP1, a possible link
between a putative T-DNA-VirE2-VIP1-VIP2 complex and plant chromatin can be
suggested (Anand et a. 2007). It should aso be noted that downregulation of several
other chromatin components also yielded plants with reduced competence toward
Agrobacterium transformation (Yi et a. 2006), which further stresses the important
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role of chromatin structure, packaging and remodeling in the integration process
(Gelvin and Kim 2007). Another interesting functional link between chromatin
remodeling and T-DNA integration was recently reported by Endo et a. (2006),
who discovered that mutants in one of the three subunits of the chromatin assembly
factor (CAF) show increased T-DNA integration. The authors suggested that in the
absence of CAF, T-DNAs are more accessible to the chromosoma DNA and thus
more prone to integration. Furthermore, since CAF functions in DNA replication,
nucleotide-excision repair and HR (Endo et a. 2006; Kirik et al. 2006), it was also
suggested that CAF may actually function in inhibiting T-DNA integration by pro-
tecting the chromosomal DNA. It should be noted that the efficiency of T-DNA
integration was not affected in Arabidopsis mutants which were affected in INO8O0,
another chromatin remodeling complex subunit that is specific to HR (Fritsch et al.
2004), suggesting that not only specific DNA structure, but also specific DNA-
repair mechanisms and proteins dictate the integration process.

Various studies have shown that genomic double-strand breaks (DSBs) can serve
as hot spots for the integration of dsT-DNA and possibly ssT-DNA molecules
(Chilton and Que 2003; Salomon and Puchta 1998; TZfira et al. 2003). Since both
DSBs and T-DNA integration are dominated by NHEJ, understanding the plant
NHEJ pathway may provide additional cluesto the role of plant factorsin the inte-
gration process. NHEJ requires the activity of a specific set of proteins, which in
yeast include Ku70, Ku80, Rad50, Mrell, Xrs2, Lif1, Nej1, Lig4, and Sir4 (Haber
2000). In mammals, and possibly plants aswell, NHEJ repair of DSBsinvolvesthe
use of KU80, KU70, DNA-PKcs, XRCC4, DNA ligase 1V, and MRE11-RAD50-
NBS1 (MRN) complex (Bray and West 2005; Weterings and van Gent 2004), sug-
gesting that T-DNA integration into DSBs requires the combined action of many
DNA-repair proteins. Indeed, KU80 has recently been shown to be required for
T-DNA integration in somatic cells and to physically bind to dsT-DNA molecules
in planta (Li et al. 2005b). The role of KU80 in germ-line transformation remains
inconclusive since the loss of KU80 expression had only a negligible effect on
overal transformation efficiency via the flower-dip method (Friesner and Britt
2003; Gallego et al. 2003).

Additional information about the role of plant ligases in the integration process
has been culled from studying VirD2 functions. More specifically, biochemical
studies revealed that VirD2 is not capable of ligating T-DNA molecules to acceptor
plant DNA in an in-vitro ligation assay, and it was therefore suggested that a plant
DNA ligase(s) may be required for ligating T-DNAs to the host genome
(Ziemienowicz et al. 2000). Furthermore, since at least in vitro, T-DNA molecules
can be ligated to acceptor DNA using various types of DNA ligases (Pansegrau
et d. 1993), it may be that theinvolvement of aparticular DNA ligasein theintegration
process is determined by the type of T-DNA substrate, its integration pathway, and
the type of cell in which it integrates. Two different plant DNA ligases, AtLIG1
and AtL1G4, have been studied for their possible role in T-DNA integration. Since
the AtLIG1 homozygous mutation is lethal (Babiychuk et a. 1998), this ligase's
function could not be analyzed in living plants. However, biochemical studies using
an in-vitro integration assay showed that AtLIGL1 is capable of interacting with
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VirD2 and of facilitating the ligation of T-DNA moleculesinto model chromosomal
DNA (Wu 2002). The role of AtLIG4 in T-DNA integration is still controversia:
one study has shown that it is required for germ-line transformation (Friesner and
Britt 2003) while another report found it dispensable for T-DNA integration using
both root and germ-line transformation (van Attikum et al. 2003). It should be
noted, however, that these discrepancies may be attributed to the nature of the
flower-dip transformation method.

In addition to KU80, H2A-1, and DNA ligases, other plant DNA-repair and
maintenance proteins may also function during the integration process. Plant DNA
polymerase(s), for example, are required for the conversion of ssT-DNA to dsT-
DNA during or prior to its integration. Others may include additional DNA-repair
and/or recombination proteins and further investigation is needed for their identifi-
cation and to determine their role in the integration process.

3.23 TheHost DNA Structure Affects T-DNA Integration

T-DNA molecules encounter highly complex genomic DNA structures upon their
arrival at the host chromosome. T-DNA molecules, at least in principle, can inte-
grate into every genomic location. This raises the question of whether recipient
genomic DNA structures influence the access of T-DNA molecules (and their
escorting proteins) to specific points of integration, at the level of the gene and the
chromosome. Early reports suggested that T-DNA molecules preferentialy inte-
grate into transcriptionally active genomic regions (Tinland 1996; Tinland and
Hohn 1995). The fact that integration of promoter-activating trap-like T-DNA mol-
ecules often yielded transgenic plants in which a promoterless gene integrated near
an active genomic promoter (Herman et a. 1990; Kertbundit et al. 1991; Koncz
et al. 1989) further supported the notion that T-DNA molecules are directed to
specific genomic sites and perhaps into active genes. Analysis of large-scae
T-DNA insertion collectionsin Arabidopsis revealed that the distribution of T-DNA
insertions correlated with gene distribution across all five chromosomes, indicating
apotentia preference for T-DNA insertion into gene sequences (Alonso et al. 2003;
Brunaud et al. 2002; Forsbach et al. 2003; Rosso et al. 2003; Schneeberger et al.
2005; Sessions et al. 2002; Szabados et al. 2002). Furthermore, data compiled from
severd librariesin Arabidopsis and rice indicated high T-DNA insertion frequency
at the gene's transcription initiation and termination sites, as compared to T-DNA
insertions within a gene-coding sequence and intron regions (Chen et al. 2003;
Li et a. 2006; Schneeberger et al. 2005; Zhang et al. 2007). While these observa-
tions supported the notion that T-DNAs integrate into transcriptionally active sites,
correlating T-DNA insertion with transcriptional activity proved to be difficult.
On the one hand, Schneeberger et a. (2005) revealed a positive correlation between
the frequency of T-DNA insertionsin the 5’ upstream regions and gene expression;
on the other, Alonso et al. (2003) did not correlate gene-transcription levels with
insertion of T-DNA molecules to points of transcription initiation and termination.
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Thus, while transcription activity can potentialy be correlated with T-DNA inser-
tion into specific sites, it may also be that chromatin configuration, rather than
transcription itself, determines T-DNA integration at specific locations. It should
also be noted that analyzing the transcript levelsin female gametophytes, the target
tissue for Agrobacterium transformation using the flower-dip method, is rather
difficult and can lead to a potentially biased analysis in evaluating the precise role
of transcription activity in T-DNA integration.

Analyzing T-DNA insertions at the chromosome level in Arabidopsis plants
revealed a higher frequency of T-DNA insertions in gene-rich regions, relative to
centromeric, paracentromeric, and telomeric sequences which were found to carry
less T-DNA insertions (Alonso et al. 2003; Brunaud et al. 2002; Rosso et al. 2003;
Sessions et al. 2002; Szabados et a. 2002). A similar distribution pattern was also
reported for the rice genome, which has a much greater genomic complexity (An et d.
2003; Chen et al. 2003; Salaud et al. 2004 Zhang et al. 2007). It thus seems that
T-DNA integration in rice and Arabidopsis, two species with different genome
complexities and different natural responses and susceptibilities to Agrobacterium
infection, are influenced by similar factors. The fact that T-DNA insertion sites are
flanked with AT-rich regions suggests that the host DNA is more flexible, bendable
and possibly breakable at points of preintegration, which may promote the access
of T-DNA molecules and DNA-repair machineries (Brunaud et al. 2002). Indeed, a
correlation between predicted DNA bendability at preintegration sites and the fre-
quency of T-DNA integration into such sites has been reported in both Arabidopsis
and rice plants (Schneeberger et a. 2005; Zhang et al. 2007).

An important question that needs to be asked when analyzing the data obtained
from large-scale T-DNA integration studies is whether the genetic material, typi-
cally inthe form of fully functional transgenic plants, truly represents the popula-
tion of all possible integration events. Since the regeneration and/or selection of
transgenic plants requires the expression of a selectable marker located in the
integrating T-DNA molecule, the data are likely to be biased against T-DNA inte-
gration into silenced genomic regions which may fail to be selected or regenerate
into mature transgenic plants. Indeed, by recovering transgenic plants from two
paralel experiments which were performed with or without the application of
selectable pressure, Francis and Spiker (2005) revealed that nearly 30% of the
plants recovered in the absence of selectable pressure could not be recovered if
selection was applied. Furthermore, T-DNA insertions in many transgenic plants
have been mapped to genomic regions which were significantly under-represented
in selection-based experiments (Francis and Spiker 2005). Similarly, Kim et al.
(2007) also analyzed T-DNA integration under nonselective conditions and
revealed that about 10% of the T-DNA moleculesintegrated into centromeric and
telomeric sequences of the Arabidopsis genome. Taken together, these studies
suggest that T-DNA integration can certainly occur in regions which are under-
represented in transgenic T-DNA insertion lines, and that T-DNA integration may
be more random than has been concluded from large-scale studies of T-DNA
insertion collections.
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3.24 Genomic DSBsand Their Rolein the Integration Process

T-DNA integration sometimes resultsin the formation of complex T-DNA insertion
(i.e, the insertion of multiple T-DNA molecules arranged in various orientations
relative to each other) and in the insertion of filler DNA between the T-DNA(s) and
the host genome (reviewed in TZfira et al. 2004a; Windels et a. 2008). Among the
different models proposed to explain the formation of complex integration patterns
(reviewed in TZfira et al. 2004a; Windels et a. 2008), the possibility that T-DNA
molecules recombine to each other prior to their final integration may be the sim-
plest route for the formation of such complex patterns. Since T-DNA molecules
cannot recombine head-to-head or tail-to-tail when they are in a ssDNA form, it
was suggested that these molecules are first converted to double-stranded interme-
diates and only then recombine and integrate into the genome (De Buck et al. 1999;
DeNeveet al. 1997). In this scenario, dsT-DNA molecules are probably recognized
by the host DNA-repair machinery as genomic DSBs and recombined to each other
via the NHEJ pathway. This notion is supported by the observations that overex-
pression of KU80, a key protein in the NHEJ DNA-repair pathway, increases
T-DNA to T-DNA recombination and T-DNA integration (Li et al. 2005b). It is
likely that dsT-DNA molecules also function as intermediates not only for complex,
but also for single T-DNA insertions, and that the host NHEJ machinery leads
them to integration into genomic DSBs. The possibility that DSBs are involved
in T-DNA integration and models for the integration of either ss or dsT-DNA
molecules into these breaks were indeed proposed (De Neve et al. 1997;
Mayerhofer et al. 1991).

The role of DSBs in T-DNA integration was further investigated in tobacco
plants by expressing rare-cutting restriction enzymes capable of inducing DSBs at
predetermined genomic sites (Chilton and Que 2003; Salomon and Puchta 1998;
TZfiraet a. 2003). DSB induction in transgenic plants resulted in frequent incorpo-
ration of new T-DNA moleculesinto the break sites following a second transforma-
tion cycle (Chilton and Que 2003; Salomon and Puchta 1998; TZfira et al. 2003).
Incorporating a recognition site for the rare-cutting restriction enzyme on the
incoming T-DNA, and not only on the target plant DNA resulted, in some cases, in
the integration of truncated T-DNA molecules which had been digested, in planta,
prior to their integration (Chilton and Que 2003; Tzfira et al. 2003). These experi-
ments revealed intriguing aspects of the T-DNA integration process. First, since
T-DNA molecules can only be digested by rare-cutters as double-stranded interme-
diates, the integration of digested T-DNAs provided direct evidence that T-DNA
molecules can indeed be converted into dsT-DNA intermediates prior to their
integration into the genome. Second, the precise ligation of several digested T-DNA
molecules into the genomic DSBs suggests that integration of dsT-DNA molecules
may be governed by asimple ligation-like process. Third, because T-DNA molecules
are preferentially integrated into rare-cutter-induced genomic DSBs (as determined
using nonselective conditions, Tzfira et a. 2003), naturally occurring DSBs might
be the driving force for T-DNA integration. The latter is supported by observations
that the use of X-ray irradiation, which is known to cause genomic DSBs, can
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enhance T-DNA integration (Kohler et a. 1989) and that multiple T-DNA mole-
cules, even when delivered from different Agrobacterium cells, can integrate into
the same genomic locus (De Block and Debrouwer 1991; De Neve et al. 1997,
Krizkova and Hrouda 1998).

Itisstill not known whether Agrobacterium can actually induce DSBs at the host
genome or whether it relies solely on the natural occurrence of such breaks for the
integration of its T-DNA. Nevertheless, that T-DNA molecules can be targeted to
genomic DSBs opens the possibility of developing methods for controlled T-DNA
integration in plant species, as described later.

4 Modelsfor T-DNA Integration in Plant Cells

Combining our current knowledge on the role of various host and bacteria proteins
and the different possible substrates used by these proteins during the integration
process into a single T-DNA integration model is perhaps an impossible task. In
fact, Agrobacterium may use various DNA-repair pathways and different host fac-
tors for the integration of either ss or dsT-DNA intermediates in various cell lines
and plant species. Indeed, different models have been suggested to explain the
integration of single and complex T-DNA integration patterns in plant species
(reviewed in Tzfira et a. 2004a; Windels et al. 2008; Ziemienowicz et a. 2008).
Lack of space prevents us from discussing all the possible integration models, espe-
cially those which describe the integration of complex T-DNA molecules. These
models have been discussed in several recent reviews (e.g., TZfira et al. 20043;
Windels et a. 2008; Ziemienowicz et al. 2008) and we therefore focus here on two
principle models which can explain the integration of ss or dsT-DNA molecules
into the plant genome.

4.1 Early T-DNA Integration Models

Early models for T-DNA integration were based on analyzing the products of suc-
cessful integration events, i.e., T-DNA/plant junctionsin transgenic plants (Gheysen
et a. 1991; Mayerhofer et al. 1991). Data obtained from the sequencing of a very
small number of T-DNA inserts revealed that T-DNA molecules lose part of their
original sequences. More specifically, T-DNA molecules lost a few nucleotides at
their 3" end, but usually maintained their 5" end intact (Gheysen et al. 1991,
Mayerhofer et al. 1991). Furthermore, small deletions were also observed at the
T-DNA'’s preintegration sites and further analysis revealed a certain homology
between the T-DNA's origina ends and the preintegration sites. It was thus sug-
gested that homology between the T-strand and the host genome may direct or
assist with the integration process. Furthermore, since the homology between the
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T-DNA and the plant genome was higher at its 3’ end than at its 5" end, and since
theintegration at the T-DNA's 3" end was less precise than at its 5” end, the authors
suggested that each end of the T-DNA plays a distinct role in the integration proc-
ess. More specifically, the authors suggested two possible models, designated the
“double-strand-break repair’ (DSBR) and the “single-strand-gap repair” (SSGR),
to describe the integration of ds and ssT-DNA molecules, respectively (Gheysen et
al. 1991; Mayerhofer et al. 1991).

The DSBR model assumes that a DSB occurs in the host genome prior to
integration. It also suggests that the T-DNA substrate for integration is in a dou-
ble-stranded form. According to this model, T-DNA integration begins with
annealing of the dsT-DNA's ends with the broken host DNA, which may have
already lost a few nucleotides due to the activity of host exonucleases. Next, the
dsT-DNA overhangs are removed by host exonucleases and/or endonucleases and
the trimmed dsT-DNA is then ligated to the host genome. The SSGR model, on
the other hand, relies on the presence of gaps in the host genome as the driving
force for integration. Such gaps may initiate from naturally occurring nicks which
were extended by a5’->3" endonuclease. The model also assumes that the T-DNA
substrate for integration is a single-stranded molecule. According to this model,
integration begins with annealing of the ssT-DNA’s ends and the host genome,
followed by trimming of the T-DNA’s 3’ overhang by host exonucleases and/or
endonucleases. Next, the ssT-DNA's 5" end is ligated to the host genome (origi-
nally proposed to be mediated by VirD2) and a second nick in the genome's
complementary strand occurs. Integration is completed upon complementation of
the T-strand to a double-stranded molecule and ligation of its trimmed 3" end to
the second nick.

It isimportant to note the fundamental differencesin these two models. First,
the DSBR integration model assumes that the integrating substrate is a dsT-
DNA molecule, while the SSGR model suggests that the integration substrate is
in fact an ssT-DNA molecule. Second, the DSBR model requires the occurrence
of agenomic DSB, while the SSGR model assumes that a gap or nick in the host
genome is sufficient for T-DNA integration. While the integration of dsT-DNA
molecules into genomic DSBs was never ruled out, various observations favored
the SSGR integration model. These included the fact that T-DNAs are trans-
ferred into the host cell as single-stranded molecules and the notion that VirD2
acts as a DNA ligase in living cells. Furthermore, the high transformation effi-
ciency of artificial SSDNA molecules as compared with that of dSDNA molecules
(Rodenburg et al. 1989) and the precise integration at the T-DNA's 5" end as
compared with its 3" end further supported the notion that T-DNA molecules
integrate as single-stranded intermediates. These observations led to the estab-
lishment of the SSGR, and its derivative model — the microhomol ogy-based
T-DNA integration model (see below) — as the dominant model for T-DNA inte-
gration. It should be noted, however, that while it was suggested that VirD2 is
directly involved in the integration process by ligating the T-DNA into the host
genome (Pansegrau et al. 1993), this function was later disputed (Ziemienowicz
et al. 2000).
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4.2 The Microhomology-Based T-DNA | ntegration Model

Two magjor observations led to the establishment of the SSGR as the dominant model
for T-DNA integration in plant cells. First, VirD2 is capable of not only digesting, but
also re-joining single-stranded substrates in vitro (Pansegrau et al. 1993). Thisled to
the suggestion that VirD2 may function as the T-DNA ligase in plant cells, and by
implication, that T-DNAS integrate as single-stranded molecules. Second, specific
mutations at the VirD2 putative integrase motif resulted in loss of T-DNA-integration
precision, but not of integration efficiency (Tinland et a. 1995). Since the loss of
precision resulted in small deletions at the 5" end of the T-DNA molecules, Tinland
et a. (1995) revisited the SSGR integration model to include a specific rolefor VirD2
during the integration process. According to thismodel (Fig. 2), only short sequences
of the T-DNA molecule actually anneal to preintegration genomic sites. Theseregions
of microhomology were proposed to be the driving force behind the integration process
since the model aso assumesthat the host DNA is only unwound, and not necessarily
nicked or broken, at the preintegration sites. The microhomology-based T-DNA
integration model also required the function of host endonucleases in producing
genomic nicks and in removing the T-strand’s 3’ end during the integration process
(Fig. 2). It should be noted that while a recent report has shown that VirD2 does not
possess DNA-ligase activity (Ziemienowicz et al. 2000), the microhomology-based
T-DNA integration model may till bevalid. It does, however, require small revisions,
inwhich VirD2 may not act asa DNA ligase, but may till function in the integration
process by recruiting a plant ligase(s) and/or other DNA-repair proteinsto theintegra-
tion site (Ziemienowicz et a. 2008).

4.3 Integration of dsT-DNA into Genomic DSBs

The formation of certain complex T-DNA integration patterns, the integration of
T-DNA molecules arranged in the same orientation relative to one another and the
presence of filler DNA between integrating T-DNA molecules and between
T-DNAs and the plant genome (e.g., De Buck et a. 1999; De Neve et a. 1997;
Journin et al. 1989; Krizkova and Hrouda 1998) cannot all be simply explained by
the microhomology-based T-DNA integration model. Indeed, various modifications
to this model, as well as other more unique models have been proposed in several
papersin attempts to describe the formation of complex T-DNA integration patterns
(reviewed in TZzfira et a. 2004a; Windels et al. 2008; Ziemienowicz et a. 2008).
Sequence analysis of multiple T-DNA molecule insertions at the same genomic
locations revealed, in some cases, precise fusion between two right-border ends (De
Buck et a. 1999; De Neve et al. 1997). It was thus suggested that since two
T-strands cannot recombine at their right borders, these molecules must have been
converted to double-stranded intermediates and recombined prior to their integration
into the host genome (De Buck et al. 1999; De Neve et al. 1997). More specificaly,
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Fig. 2 Possible routesfor T-DNA integration in plant cells. (a) T-DNA molecules can potentially
be directed to integration as mature T-complexes. However, the lack of experimental evidence
does not alow modeling this integration route. (b) T-strands are the substrate of choice for the
microhomol ogy-dependent integration model. According to this model, integration begins with
the annealing of the T-strand’s 3’ end to the host genome (step i); overhangs of the genomic DNA's
bottom strand and the T-strand’s 3’ end are trimmed by putative plant endo/exonucleases (step ii).
The process continues with annealing of the T-strand’s 5" end to the genomic top strand and nick-
ing of the latter (step iii). The nick is extended into a gap, the T-strand is ligated to the host
genome, VirD2 is released and the T-strand is complemented into a double-stranded form (step
iv). (c) dsT-DNA molecules are the substrate of choice for the DSB-dependent integration model
in which integration occurs via NHEJ. According to this model, VirD2 is released from dsT-DNA
molecules and bound by the KU70/80/DNA-PK complex (step i), which protects them and leads
them to integration into genomic DSBs with the assistance of the XRCC4/LIGASE complex (step
ii). dsT-DNA molecules can also potentially be led to integration via HR. In this scenario, dsT-
DNA intermediates may be recognized by HR DNA-repair machinery (composed of RAD-like
plant proteins, stepsiii and iv) and be directed to integration with the assistance of a putative RFA/
RAD complex (step v). lllustrations adapted with permission from Tzfira et al. (2004a)

it was suggested that recombination of dsT-DNA moleculesto each other aswell as
their integration into the host genome may be achieved by a host-dependent ligation
mechanism (De Buck et al. 1999; De Neve et d. 1997). In such a scenario, VirD2
may till remain attached to the T-DNA molecules, even after their conversion to
double-stranded intermediates, but it does not necessarily function asaDNA ligase
in planta. Thus, the various models proposed to explain the integration of complex
T-DNA structures provide abasisfor theideathat T-DNA molecules can be converted
to dsT-DNA intermediates prior to their integration. For further information on
complex T-DNA integration patterns, the reader is referred to Windels et a. (2008).
The different models for complex T-DNA integration (Windels et a. 2008) do not
provide a simple explanation for the incorporation of filler DNA that is sometimes
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associated with T-DNA integration (e.g., Bakkeren et a. 1989; Gheysen et al. 1991,
Journin et al. 1989; Mayerhofer et a. 1991). Filler DNA has aso been reported at
integration sites of double-stranded plasmid DNA into the plant genome (Gorbunova
and Levy 1997). Filler DNA can derive from scrambled plant and/or foreign DNA
molecules and its occurrence is often associated with activity of the host NHEJ
machinery during the repair of genomic DSBs. Using a functional assay by which
DSBscan beinduced in plant cellsviaexpression of arare-cutting restriction enzyme,
therepair of these DSBswas associated not only with deletions and insertions of filler
DNA molecules, but also with the incorporation of T-DNA molecules (Salomon and
Puchta 1998). It was thus suggested that DSBs may play arolein the T-DNA integra-
tion and that the random and low-frequency occurrence of such DSBs in the host
genome are the limiting factors for T-DNA integration in plant cells (Salomon and
Puchta 1998). Further investigation into the structure of T-DNA integration into
genomic DSBs reveaded that at least in some cases, it was dsT-DNA molecules, and
not ssT-DNAs, that integrated into the plant genome (Chilton and Que 2003; TZfira
et a. 2003). It is thus likely that DSBs function as hot spots for the integration of
dsT-DNA (and perhaps also ssT-DNA) molecules and that T-DNA integration is
governed by the plant NHEJ machinery. The facts that X-ray radiation can enhance
transgeneintegration (Kohler et al. 1989) and that ku80 mutant Arabidopsis plantsare
resistant to T-DNA integration (Li et a. 2005b) further support the idea that DSBs
and the host NHEJ machinery play an important rolein T-DNA integration.

A model can be suggested to describe the integration of dsT-DNA substrates via
NHEJ into genomic DSBs (Fig. 2). According to this model, the T-strand, which
could be degenerated at its unprotected 3’ end, is first converted into a double-
stranded intermediate. The dsT-DNA intermediate can now, at least theoretically, be
led to integration via HR or NHEJ. Since DSBs are often repaired by NHEJ in
somatic cells of many plant species, most T-DNA molecules are likely to be directed
to integration by the NHEJ machinery. Thus, components of the NHEJ (e.g., KU80)
may function by replacing VirD2, stabilizing the dsT-DNA and leading it to integra-
tion into the broken genome. This model can also potentialy explain the integration
of multiple T-DNA molecules into the same genomic sites, since several dsT-DNA
molecules can now be ligated together before or during their integration into the break
Site (reviewed in Lacroix et . 2008; TZfiraet al. 20044). It should be noted that while
the integration of dsT-DNA molecules into genomic sites is certainly one mode of
T-DNA entry into the plant genome, further research is needed to determine whether
itisamajor or minor pathway for T-DNA integration in plant cells.

5 Site-Specific T-DNA Integration and GT in Plants

The host DNA-repair machinery dictates the pathway by which T-DNA molecules
are recognized and directed to integration. In yeast cells, T-DNA molecules can be
directed by either HR or NHEJ DNA-repair pathways, depending on the yeast's
genetic makeup and the sequence of the T-DNA molecule (van Attikum et al. 2001,
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van Attikum and Hooykaas 2003). In plant species, however, the dominance of
NHEJ over HR (Britt and May 2003; Ray and Langer 2002) does not permit the
integration of T-DNA molecules via HR and thus hinders our ability to develop
efficient GT methods for these species. In fact, only a few reports have described
successful GT by T-DNA molecules. This was achieved by developing ingenious
vectors and selection schemes for the identification and selection of the rare
HR-mediated T-DNA integration events in plants (e.g., Hanin et a. 2001; Terada
et a. 2002; Terada et a. 2007). For example, GT in rice has been accomplished
using a combination of optimized Agrobacterium-mediated genetic transformation
and a unique positive and negative selection which eliminated the regeneration of
transgenic plants carrying random T-DNA integration events (Terada et al. 2002;
Terada et al. 2007). In other examples, T-DNA molecules have been directed for
site-specific integration by increasing the rate of HR using site-specific recombi-
nases (Vergunst and Hooykaas 1998; Vergunst et al. 1998). Since T-DNA molecules
can be directed for integration into genomic DSBS, rare-cutting restriction enzymes
can potentially be used for targeting T-DNA molecules into specific genomic sites.
Indeed, both I-Scel and 1-Ceul meganucleases have been successfully used to
induce site-specific genomic breaks, digest incoming dsT-DNA molecules and tar-
get them to predetermined genomic sites (Chilton and Que 2003; TZfira et al.
2003). It should be noted, however, that just like with site-specific recombinases,
the use of meganucleasesis limited to targeting new T-DNA molecules into genomic
sites which have been previously engineered in the plant genome.

The high efficiency of meganuclease-mediated site-specific insertion of T-DNA
molecules in plants (Chilton and Que 2003; Tzfira et al. 2003) suggests that meth-
odswhich rely on the induction of site-specific DSBs may be useful for GT in plant
species. Recent advances in the design and construction of zinc-finger nucleases
(ZFNs) as custom-made artificial restriction enzymes and their application for the
induction of genomic DSBs in various species (Bibikova et al. 2003; Moehle et al.
2007; Porteus 2006), including plants (Durai et al. 2005; Lloyd et a. 2005; Wright
et a. 2005), may offer a new way of harnessing one of T-DNA’s integration routes
for GT in plants. Since ZFNs can be tailored to target various sequences, they offer
a unique opportunity for targeting native genomic sequences in the plant genome.
Indeed, the application of ZFNs in plant species has been demonstrated in
Arabidopsis where the induced expression of a ZFN under the control of a heat-
shock promoter led to the induction of site-specific DSBs to site-specific mutagen-
esis of an artificia target site (Lloyd et a. 2005). While the authors did not report
on specific attempts to integrate new T-DNA molecules into these break sites,
Wright et a. (2005) showed that T-DNA molecules can indeed be targeted to
ZFN-mediated DSBs. It should be noted, however, that in the latter case, T-DNA
integration occurred via HR and not NHEJ. Thus, while NHEJ may be the domi-
nant pathway for T-DNA integration, it may be possible to redirect T-DNA mole-
culesto HR viathe induction of genomic DSBs. This notion was further supported
by observations that induction of genomic DSBs in maize cells by expression of
I-Scel resulted in both HR- and NHEJmediated insertion of both T-DNA and plasmid
DNA into the break sites (D’ Halluin et al. 2008).
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The route by which T-DNA molecules integrate into the host genome can poten-
tially be influenced not only by the induction of DSBs but also by manipulating the
host's genetic markup. In a unique approach, Shaked et al. (2005) enhanced
HR-mediated T-DNA integration in Arabidopsis plants by overexpressing the gene
RAD54, a member of the SWI2/SNF2 chromatin remodeling gene family from
yeast. In line with observations that chromatin structure and chromatin-related
proteins may affect T-DNA integration in yeast and plant cells, these findings fur-
ther support the notion that chromatin remodeling dictates the routes for T-DNA
integration in plant cells.

6 Conclusions and Future Perspectives

In the past several years, we have come to appreciate how complicated the
T-DNA-integration process in plant species really is. We have also revealed this
process's heavy reliance on the host DNA's genome structure and host DNA-repair
proteins. Early studies and sequencing of large T-DNA insertion collections led to
the establishment of various T-DNA integration models. These integration models
have been subjected to several revisions in order to accommodate the advances in
our understanding of the biochemical role of both bacterial and host proteinsin the
integration process and these advances would not have been possible without
the deployment of a collective effort from various laboratories across the globe
that use a wide range of experimental approaches and model systems. These
include the development of functional T-DNA integration assays, the use of protein—
protein interaction analyses, the identification and characterization of Arabidopsis
mutants, harnessing the power of yeast genetics and extending the research from
Arabidopsis to tobacco, rice, and other plant species. Exploring the T-DNA inte-
gration process is important not only for a basic understanding of the transformation
process but also for the development of new tools and methods that will allow us
to control this process in plant species. Indeed, revealing the role of genomic
DSBs and the functions of specific chromatin-remodeling proteins in the integra-
tion process has already helped in designing basic strategies for GT in plant cells.
It is thus rather clear that the identification of additional factors involved in the
integration process, revealing the pathways that T-DNA molecules take toward
their integration into the host genome and understanding the basic cellular mecha
nisms by which these molecul es integrate into the genome are all needed to further
enhance our understanding of the scientifically and agronomically important genetic-
transformation process.
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