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Introduction 

The eukaryotic nucleus is highly dynamic and complex, containing several 
sub compartments, several types of DNA and RNA, and a wide range of 
proteins. Interactions between these components within the nucleus form 
part of a complex regulatory system that is only partially understood. 
Rapid improvements in proteomics applications have led to a better overall 
determination of nucleus protein content, thereby enabling researchers to 
focus more thoroughly on protein-protein interactions, structures, activi­
ties, and even post-translational modifications. Whereas proteomics 
research is quite advanced in animals, yeast and Escherichia coli, plant 
proteomics is only at the initial phase, especially when a single organelle is 
targeted. For this reason, this review focuses on the plant nucleus and its 
unique properties. The most recent data on the nuclear subproteome will 
be presented, as well as a comparison between the nuclei of plants and 
mammals. Finally, this review also evaluates proteins, identified by proteo­
mics, that may contribute to our understanding of how the plant nucleus 
works, and proposes novel proteomics technologies that could be utilized 
for investigating the cell maestro. 

The nucleus is the most prominent structure within a 
eukaryotic cell. The organelle is clearly visible by light 
microscopy, and was discovered in the 17th century by 
Antonie van Leeuwenhoek (1632-1723). It contains 
most of the DNA, organized into chromosomes, and it 
is the site of DNA replication and transcription. Fur­
thermore, this organelle contains several subcompart­
ments [I], resulting from molecular interactions. The 
nucleus is surrounded by a double membrane, and this 
constitutes a major difference between prokaryotic and 
eukaryotic cells. Moreover, more accurate analysis 
indicates a constant flux of molecules with distinct reg­
ulatory functions through the envelope, making the 

nucleus one of the most important regulatory organs 
within the cell, acting as the maestro in an enormous 
cell orchestra. Such models of self-organization are 
notoriously difficult to investigate, because it is impos­
sible to experimentally manipulate a single component 
of a specific pathway without nonspecifically affecting 
the entire system [2]. 

How are we to investigate such a complex organ, 
which is basically defined by interactions between mol­
ecules? Until recently, microscopy and immunochemis­
try techniques were used to shed some light on this 
structure, although such techniques involve a major 
disadvantage, which is that they cannot identify the 
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interactions of several molecules at the same time. For 
a more thorough understanding, techniques that can 
reveal the complex overall situation within the plant 
nucleus have to be applied. 

In this scenario, proteomics is a rising field of 
research, and solves, at least partially, the problem of 
studying several proteins at the same time. It can be 
defined traditionally as thc systematic analysis of the 
proteome, the protein complement expressed by a gen­
ome [3]. Nowadays, proteomics studies provide quanti­
tative annotations of protein properties, including 
intracellular distributions, concentrations, turnover 
dynamics, interaction partners, and post-translational 
modifications [4]. Considering the sensitivity of the 
most recent proteomics techniques and, consequently, 
the enormous amount of information that is obtained, 
one must consider reducing the quantity of data to a 
feasible level. In most cases, analysis of the whole cell 
proteome is not helpful. Purification of compartments 
and subsequent analysis of subproteomes is often the 
only way of gaining useful information [5]. Subsequent 
combination of the data sets of sevcral subproteomes 
can give indications about how the metabolism of the 
organism is regulated. 

However, analysis of the proteome and the metabo­
lome (the entirety of all metabolites within an organ­
ism) continues to pose significant challenges [6]. 
Considering the divergence in the plant genomic 
sequence (The Arabidopsis Genome Initiative [7]), 
cross-kingdom comparisons of the location/function of 
proteins are difficult to apply. The plant nucleus pos­
sesses some significant differences in appearance and 
composition, indicating specific molecular pathways. 
Hence, comparisons between mammals and higher 
plants, for example, have to be handled with care. It 
should always be remembered that a proteomic analy­
sis can give only limited insights into the molecular 
orchestration within a compartment and is not a fool­
proof tool. 

In summary, this review focuses on plant nucleus 
proteomes, as the proteomics of whole plants [8-13] 
has been previously reviewed. Furthermore, we will 
here discuss the uniqueness of the nucleus within the 
cell and the problems to be overcome when investigat­
ing this complex organelle. 

Nuclear structure - dynamics and 
differences 

The nucleus is a very complex heterogeneous structure 
containing several subcompartments (Fig. 1), namely 
the nucleolus, a chromatin-rich region composed of 
condensed heterochromatin, and more scattered inter-
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chromatin and euchromatin regions [1]. With improved 
microscopy techniques, about 30 different compart­
ments [14] have recently been discovered. The unique­
ness of the nucleus is shown by the fact that all of its 
subcompartments are membrane-less, self-organizing 
entities that pass through a state of disassembly/reas­
sembly during cell division. In fact, nuclear molecules 
are highly dynamic and in constant exchange, and 
their morphology is totally determined by the func­
tional interaction of their components [15]. The 
existence of this high number of intranuclear compart­
ments is indicative of a specific location for a specific 
function. 

The nucleus harbours two mutually interrelated 
structures containing nucleic acids: chromatin and the 
nuclear matrix [16]. The latter is a nonhistone structure 
that serves as a support for the genome and its activi­
ties. Calikowski et al. [17] initially characterized the 
Arabidopsis thaliana nuclear matrix by electron micro­
scopy and MS. They observed a very similar structure 
to that described for the animal nuclear matrix. 

The other nucleic acid-containing structure is chro­
matin, which is arranged into chromosomes. They are 
organized in distinct areas [18] and occupy distinct 
positions with respect to the periphery. It has been 
shown that their distribution pattern and expression 
profile are closely linked. Furthermore, changes in gene 
expression during differentiation, development and dis­
eases can be linked to changes in genome-positioning 
patterns. Contributing to the whereabouts of the chro­
mosomes, there are the matrix attachment regions on 
the genome, interacting with the nuclear matrix and 
affecting gene regulation [19]. As another example, 
Cajal bodies (CBs) are probably involved in small nuclear 
ribonucleoprotein (snRNP) and small nucleolar ribo­
nucleoprotein maturation and transport. They are very 
dynamic organelles, moving in and out of the nucleo­
lus and interacting with each other. They are thought 
to provide a location where components can be assem­
bled before release to the site of function. Most pro­
teins are in constant motion, and their residence time 
within a compartment is very low, being at most I min 
[20]. This mobility ensures that proteins find their 
targets by energy-independent passive diffusion [21]. 
Given such mobility and the capacity of several small 
nuclear bodies to self-interact [22], the nuclear archi­
tecture is largely driven by a self-organization process 
[15]. This impressive process can be observed when the 
compartments disassemble and reassemble during cell 
division [23]. Hence, the formation of structures in the 
nucleus is influenced by many molecules, and provides 
an elegant mechanism not only to concentrate factors 
when they are needed, but also to segregate factors 
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Fig. 1. Schematic presentation of nuclear 
domains, including heterochromatin and 

euchromatin entities, CSs, speckles and 

other domains, as well as a comparison 
between the nucleolus of mammalian and 
plant cells . GC, granular component; TS, 
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away from sites where they are debilitating [24] . The 
movement of molecules is not restricted within the 
nucleus, and the latest reports suggest that several 
nuclear proteins have regulatory functions in the whole 
cell [25,26]. The nuclear envelope should not be consid­
ered as an insuperable frontier tha t is simply keeping 
everything together. It is a double membrane of two 
lipid bilayers, the outer nuclear membrane being con­
tinuous with the endoplasmic reticulum and studded 
with ribosomes, and the inner membrane hosting a 
unique complement of integral proteins interacting 
with chromatin and the nuclear lamina. Both mem­
branes are perforated by large mUltiprotein complexes, 
the nuclear pores, which span the entire nuclear enve­
lope and form channels through it, hence opening the 
border for molecular exchange. 

Even though the nuclei of all eukaryotes are very 
similar in appearance, there are some significant differ­
ences between higher plants and mammals, including 
plant-specific molecular pathways. Unfortunately, very 
little is known , as yet, about the organization of the 
plant nucleus and its compartments. Until recently, 
knowledge about the nucleus in planta was limited to 
the characterization of the nucleolus, the CBs, and 
speckles [1 ,27]. Speckles are areas in mammalian cells 
containing some splicing factors and snRNP proteins. 
In plants, speckles have been recently shown to con­
tain SR (serine/arginine-rich) proteins. SR proteins 
constitute a family of splicing factors that contain an 
RNA-binding motif and an SR region. They form part 
of the splicosome, being involved in its assembly and 
participating in intron and exon recognition [28]. 
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Nucleoli of mammalian cells, observed by transmis­
sion electron microscopy, show three different regions: 
the fibrillar centres (FCs), which are small, light-stain­
ing structures; surrounding the FCs, densely stained 
material called the dense fibrillar component (DFC); 
and a region containing many particles, called the 
granular component, surrounding the DFC. It has 
been shown that transcription occurs within the DFC 
[29). In plant cells, in contrast, the nucleolus is seen to 
be far more spherical. The DFC is much larger (up to 
70% of the nucleolar volume) and not so dense. 
Unlike in the mammalian DFC, rDNA transcription 
units are well dispersed all over the nucleolus, and 
form structures resembling fir trees, described as 'linear 
compacted Christmas trees' [30). These unusual struc­
tures have also been reported in HeLa cells, although 
they harbour a much smaller DFC in these structures 
[29). Additionally, there is an eye-catching feature in 
the centre of the nucleolus, called the nuclear cavity, 
whose function is still unknown. It has been shown 
that the nuclear cavity empties itself into the nucleo­
plasm [31], and that it contains small nuclear RNAs 
and small nucleolar RNAs [32,33]. 

CBs are very common particles in nuclei throughout 
all the different kingdoms. They usually associate with 
the nucleolus, and seems to be involved in snRNP and 
small nucleolar ribonucleoprotein maturation. They 
are thought to provide a location where components 
can be preassembled before release to the site of func­
tion. It has been shown that they are dynamic com­
plexes, moving very fast between the nucleus and the 
nucleolus [34]. The difference between mammalian and 
plant cells, in terms of CBs, is simply their presence or 
absence. Whereas CBs have been observed in every 
plant nucleus, some mammalian cells lack them. It has 
been shown that CBs are prominent in cells showing 
high levels of transcriptional activity but are less ab un-

Table 1. Nuclear protein databases. 

Biological source URL 

dant or absent in some primary cells and tissues [35). 
As neither animal nor plant mutants that lack CBs suf­
fer from major losses in vitality, this has led to ques­
tions about the function of these particles [I]. 

All of these findings support the idea of novel, as 
yet unknown, molecular pathways within the plant 
nucleus, and strongly support the need for more 
research in that specific area. However, it should be 
remembered that obtaining evidence from a model 
organism rather than the organism of interest can 
never lead to completely reliable conclusions about the 
real process, especially when protein interactions are 
being investigated rather than a single protein. Plants 
differ greatly in their properties, and this should act as 
a warning that their molecular interactions may differ 
as well. Hence, it is always advisable to attempt to per­
form research using the organism of interest instead of 
using a related, less difficult to handle model. 

Where proteomics join the game 

Investigations of the nucleus were traditionally per­
formed by microscopy, owing to difficulties in bio­
chemical analysis. Today, the ability of MS to identify 
and to precisely quantify thousands of proteins from 
complex samples [3] might help to establish protein 
relationships, especially in organisms with sequenced 
genomes (http://www.genomesonline.org/), such as 
A. thaliana [7], Oryza sativa [36,37], Populus trichocar­
pa [38], and Vitis vinifera [39-41]. Subproteomics of 
the nucleus and its compartments will further facilitate 
the annotation of nuclear proteins. There are already 
several databases available (see Table 1), and these 
will contribute greatly to improvements in plant cell 
proteomics. As new proteins are experimentally local­
ized in the nucleus, new software applications such as 
BACELLO (http://gpcr.biocomp. unibo.it/bacellof) [53] 
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are being developed and the accuracy of their predic­
tions is increasing. BACELLO can predict the subcellular 
localization of proteins within five classes (secretory 
pathway, cytoplasm, nucleus, mitochondrion, and 
chloroplast) and is based on a decision tree of several 
support vector machines. 

Many studies using subcellular organelles have 
reported the identification of proteins that were pre­
dicted to be localized in other compartments. Hence, 
intracellular protein trafficking is more complex than 
believed, and unexpected routes may exist. 

Proteomics is a rising field for research on interac­
tions within a cell . Hardly any other technique has the 
potential to reveal so many details about the cellular 
state at a single point of time. This is clearly the main 
advantage, giving scientists the opportunity to observe 
individual proteins playing their part in the overall 
scheme. 

Current proteomics methods 

Proteomics is now entering its third decade as a field 
of study. Much of the last two decades was completely 
dominated by two-dimensional gel electrophoresis 
(2DE) and usual protein staining techniques as the pri­
mary means to conduct comparative experiments. 
After the many improvements in 2DE technology, its 
popularization in the 1980s, and its use in conjunction 
with MS technology, it definitely became a major tool 
in a wide range of proteomics research [54,55). One of 
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the main advantages of 2DE consists of its ability to 
simultaneously separate and visualize a wide number 
of proteins [56) . The 2DE process is based on two 
autonomous separation methods, the first of which is 
isoelectric focusing . This process is defined by differ­
ently charged proteins being separated by their isoelec­
tric points on an immobilized pH gradient. The 
proteins are then transferred to a large SDS/PAGE 
gel, and separated by their molecular masses. Each 
2DE gel generates a protein profile visualized as spots 
that represent the proteins. The technique has been 
used for over 30 years, and its reproducibility was 
clearly improved with the introduction of immobilized 
pH gradient gel strips and bioinformatics [56]. This 
technique is productive in providing relevant data 
about biological systems. Several authors [25 ,57- 59) 
have utilized this strategy to investigate plant protein 
expression in organelles. Nevertheless, problems with 
sensitivity, throughput and reproducibility of this 
method place boundaries on comparative proteomics 
studies, especially in nuclear samples, which have low 
protein content. 

The use of MS is essential for protein identification, 
and is commonly associated with electrophoretic 
techniques (Fig. 2). In this area, numerous techniques 
have been utilized , including MALDI-TOF and ESI 
[60,61) . Furthermore, ion trap and triple- quadruple 
tandem MS (MS/MS) spectrometers have improved 
sensitivity and mass accuracy [3). Finally, some 
quantitative plant proteomics studies became feasible 

Mass spectrometry (MS) 

Data set 1 

I Data set 2 

Mass spectrometry (MS) 

Most 
complete 
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proteome 

Fig . 2. Synergistic proteomic strategies (gel-free LC/MS and 2-0E/ MSI that could be utilised to understand the plant cell nucleus. Circles 

(green and redl indicate two different data sets of identical sample. The shaded region indicates a possible overlap in these data. 

3299 



with the use of an innovative reagent, termed isotope­
coded affinity tag, in the liquid chromatography 
(LC)-MS/MS system [62]. All of these techniques 
have been applied to plant protein identification in 
comparative proteomics studies, which have included 
plant nucleus proteomics [25). Nevertheless, novel 
techniques are vital in order to improve data quality 
at very low sensible levels. These new approaches will 
be evaluated later in this article. 

On the other hand, as pointed out by 10rrin-Novo 
et at. [8), analytical or biological use of peptidomics, 
and gel-free, LC-based approaches, including multidi­
mensional protein identification technology [63), could 
be evaluated for plant nuclear proteomics studies. In 
summary, multidimensional protein identification tech­
nology is a nongel approach for identification of pro­
teins in complex mixtures. The procedure consists of a 
two-dimensional chromatography separation, followed 
by electrospray MS. The first dimension is normally a 
strong cation exchange column, and the second dimen­
sion comprises reverse-phase chromatography. The 
latter is able to remove the salts, and has the added 
benefit of being compatible with electrospray MS. 
Such techniques must be applied to nuclear investiga­
tions, as it has been observed in the proteomics litera­
ture that the different techniques, platforms and 
workfiows are completely complementary (Fig. 2), and 
that all of them are necessary for complete coverage of 
the plant nuclear proteome. 

An update on A. thaliana nucleus 
proteomics 

Most large-scale proteomic analyses in Arabidopsis 
have been carried out with subproteomes (Table 2). 
Giavalisco et al. [64) designed a large-scale study of 
the Arabidopsis proteome to achieve complete coverage 
using 2DE and MALDI-TOF MS. They identified only 
663 different proteins from 2943 spots, although a 
large number of these were found to be expressed as 
tissue-specific isoforms encoded by different genes. 

Until now, an attempt at complete coverage of the 
A. thaliana nucleus proteome has only been made by 
Bae et al. [25). They detected 500--700 spots on 2DE 
gels, and constructed a 2DE reference map for nuclear 
proteins. Analysis by MALDI-TOF MS led to the 
identification of 184 spots corresponding to 158 differ­
ent proteins implicated in various cellular functions. 
This work provided a first view of the complex protein 
composition in the plant nucleus. To increase the reso­
lution of the 2DE gels, Bae et at. used pH ranges from 
4-7 and from 6-9. The data indicated that nuclear 
proteins in basic regions are low in abundance. The 
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Table 2. Subproteomes of different organelles previously analysed. 

Organelle Reference 

Plastids [65.66J 

Mitochondria [67) 

Peroxisomes [68.69) 

Nucleoli [27) 

Cell walls [70-72) 

Vacuoles [73,74) 

Plasma membranes [75) 

Cytosolic ribosomes [76) 

identification of 54 proteins upregulated or downregu­
lated in response to cold stress indicates a major regu­
latory function of the nucleus. The control of gene 
expression occurs largely at the transcriptional or post­
transcriptional levels. It seems that proteins implicated 
in signalling and gene regulation dominate each other. 
This is in contrast to what has been found in the anal­
ysis of other organelles [57,59), supporting the impor­
tance of the nucleus in cell regulation. After all, Bae 
et al. [25) have shown that a complex mechanism 
underlies the response to stress and that several 
cellular functions are, at least partially, controlled by 
proteins emerging from the nucleus. 

Whereas there have been plenty of data published 
concerning the human nucleolus [77-79), information 
about the nucleolus in plants is still very limited. In 
2005, Pendle et at. [27) published the first proteomic 
analysis of A. thaliana nucleoli. The authors identified 
217 proteins, many of which many could be compared 
to those in the proteome of human nucleoli. Proteins 
with the same function in humans, plant-specific pro­
teins, proteins of unknown function and some that are 
nucleolar in plants, but non-nucleolarin humans, were 
found. Interestingly, Pendle et al. identified six compo­
nents of the postsplicing exon-junction complex 
involved in mRNA export and nonsense-mediated 
decay/mRNA surveillance, raising the possibility that 
plant nucleoli may be involved in mRNA export and 
surveillance. Of the proteins described by Pendle et al. 
[27), 69% have a direct counterpart in animals, 
whereas up to 30% of the nucleolar proteins are 
encoded by new, as yet uncharacterized, genes [78,80). 
This further supports the importance of comparative 
proteomics approaches between Arabidopsis and 
human nucleoli. 

Analysis of the nuclear matrix by 2DE and MS by 
Calikowski et at. [17) resolved approximately 300 pro­
tein spots, including Arabidopsis homologues of nucle­
olar proteins, ribosomal components, and a putative 
histone deacetylase. There were homologues of the 
human nuclear matrix and nucleolar proteins, as well 



as novel proteins with unknown functions. The identi­
fication of 36 proteins by MS demonstrated that sev­
eral classes of functional protein in the nuclear matrix 
are shared between vertebrates and higher plants, and 
that there is great enrichment of proteins associated 
with the nucleolus [23]. 

Recently, Jones et at. [81] enriched nuclei from 
Arabidopsis cell cultures and seedlings. Within those, 
they identified 416 phosphopeptides from 345 proteins, 
including novel phosphorylation sites and kinase motifs 
on transcription factors, chromatin-remodelling pro­
teins, RNA-silencing components, and the splicosome. 
Phosphorylation is a crucial process for intramolecular 
and intermolecular interactions, as it directly alters 
protein activity. Identification of the phosphorylation 
sites is an important step towards the understanding of 
protein interaction within the nucleus and its function 
as a cellular regulator. 

An update on O. sativa nucleus 
proteomics 

Whereas A. thaliana is clearly the most thoroughly 
explored plant for nuclear proteomics research, there 
are several groups working with other species. As sta­
ted earlier, comparative analyses are of major impor­
tance for a complete understanding of nuclear 
proteomics. It is therefore mandatory to include other 
species in nuclear research. O. saliva is, without 
doubt, one of the most important crops to be investi­
gated, considering its worldwide nutritional impor­
tance. In any case, Oryza suits proteomics research 
very well, being a very easily grown plant. Develop­
ments in rice nuclear proteomics were reviewed by 
Khan et al. [82], and will not be discussed in detail 
here. Briefly, they. discovered 549 proteins and identi­
fied 190 of them by database searching. Most of these 
proteins were found to be involved mainly in signal­
ling and gene regulation, supporting the role of the 
nucleus in cellular regulation. This is in agreement 
with the findings of Bae et at. [25] in Arabidopsis 
nuclei. In 2007, Tan et al. [83] published data on pro­
teomic and phophoproteomic analysis and chromatin­
associated proteins in Oryza. They found 509 proteins 
by MS, corresponding to 269 unique proteins, includ­
ing nucleosome assembly proteins, high-mobility 
group proteins, histone modification proteins, tran­
scription factors, and a large number of proteins of 
unknown function. In addition, they found 128 chro­
matin-associated proteins, using a shotgun approach. 
Interestingly, they observed a large number of histone 
variants in rice, e.g. II variants of histone H2A, 
whereas only six variants of histone H2A are known 

in mammals [84]. Specific histone variants in the 
nucleosome are known to generate distinct chromo­
somal domains for the regulation of gene expression 
[84,85]. More recently, however, Aki et al. [86] 
reported 657 proteins in rice nuclei, among them 
novel nuclear factors involved in evolutionarily con­
served mechanisms for sugar responses in the plant. 
They proposed two WD40-like proteins and one 
armadillo/pumilio-like protein as candidates for such 
nuclear factors. This is particularly interesting, as 
sugar is one of the key regulators of development in 
both plants and animals. Another recent publication 
by Choudhary et at. [58] described the response of the 
rice nucleus to dehydration. They found 150 spots on 
2DE gels that displayed changes in their intensities by 
up to 2.5-fold when exposed to stress. Among them, 
they identified 109 proteins with various functions, 
including cellular regulation, protein degradation, 
cellular defence, chromatin remodelling, and tran­
scriptional regulation. All of these findings further 
support the role of the nucleus as the main cellular 
regulator. 

An update on Cicer arietinum and 
Medicago truncatula nucleus 
proteomics 

Besides those groups working on the quite common 
plant species A. thaliana and O. sativa, there are other 
groups using more unusual plants as their model 
organisms. In 2006, Panday et al. [87] published the 
first report of the nuclear proteome of the as yet unse­
quenced genome of the chickpea C. arietinum. They 
resolved approximately 600 proteins on 2DE gels, and 
identified 150 of them. The found a variety of different 
protein classes; the largest number of proteins was 
involved in signalling and gene regulation (36%), fol­
lowed by DNA replication and transcription (17%). 
Overall, they grouped the proteins into 10 different 
classes with completely different functions. Addition­
ally, they attempted to compare the proteomes of Ara­
bidopsis, rice, and chickpea. They found only eight 
identical proteins in all three organisms; these were 
some of the 32 common proteins in Arabidopsis and 
chickpea. Chickpea and rice shared 11 proteins, 
whereas rice and Arabidopsis had only six proteins in 
common. They stated that 71 % of the chickpea 
nuclear proteins are novel, demanding further research 
for a better understanding of the nuclear proteome of 
plants. In 2008, the same group published the first pro­
teomics approach to identify dehydration-responsive 
nuclear proteins from chickpea [88]. Dehydration is 
one of the most common environmental stresses, being 
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caused not only by the absence of water in the soil or 
excessive heat, but also intracellular ice during freez­
ing. They found 205 spots on 2DE gels that changed 
their intensities by more than 2.5-fold under dehydra­
tion stress; 80 of them were upregulated, 46 were 
downregulated, and 79 showed time-dependent mixed 
expression. Of these proteins, 147 were subjected to 
MS/MS analysis, resulting in the identification of 105 
proteins. Additionally, they described different isoelec­
tric species of several proteins, probably resulting from 
post-translational modifications, which are known to 
affect protein activity. The dehydration stress response 
within the nucleus seems to be very complex. Several 
proteins were identified that play a role in early 
responsive signalling, including, among others, two up­
regulated histones, histone H3 (CaN-574) and his­
tone H2B (CaN-575), which is interesting, as Tan et al. 
[83] reported 11 different histone variants in rice nuclei. 
In summary, the proteins were grouped into 10 classes; 
the most abundant proteins belonged to the class of 
gene transcription and replication, closely followed by 
molecular chaperones. The data collected by Pandey 
et al. [88J provide a first insight into the molecular 
changes within the nucleus of the chickpea, and will be 
of great value for comparison with other plant species. 

In 2008, an interesting paper was published by 
Repetto et al. [89J, concerning the nuclear proteome of 
another legume, M. truncatula, at the switch towards 
seed filling. Germination and subsequent plant growth 
are totally dependent on the composition of the seed. 
Hence, these early steps during seed filling are of 
upmost importance for the plant. They found that 
nuclei store a pool of ribosomal proteins in prepara­
tion for intense protein synthesis at this stage. Several 
proteins involved in ribosomal subunit synthesis, tran­
scriptional regulation, chromatin organization and 
RNA processing, transport and silencing have been 
identified. Overall, they identified 143 different pro­
teins, and compared them to those in seedling and leaf 
nuclear proteomes [25,87J. The majority were, as 
expected, involved in gene regulation. However, they 
found that proteins involved in DNA metabolism, 
RNA processing and ribosome biogenesis are more 
abundant in seed nuclei than in nuclei of leaves or 
seedlings. They described several novel nuclear pro­
teins involved in the biogenesis of ribosomal sub units 
(pescadillo-like) or in nUcleocytoplasmic trafficking 
(dynamin-like GTPase). Their data also indicate that, 
at the switch towards seed filling, the nucleus already 
contains ribosomal proteins that will be used to form 
the cytosolic ribosomes for reserve synthesis, and that 
the genome architecture may be extensively modified 
during seed development. 
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Differential proteomics techniques -
novel strategies to elucidate the plant 
cell nucleus 

Numerous important scientific questions concerning 
the cell nucleus have still not been answered, in spite 
of the use of common proteomics techniques such as 
2DE and MS identification. In summary, these prob­
lems arise from the low sample quantity and low pro­
tein concentration. The sensitive detection of pep tides 
and proteins is an enormous challenge, not only in 
plant cell nucleus proteomics, but also in other fields 
of biological science. For complete exploitation of this 
system sensitivity, different purification methods have 
been proposed, including ultrafiltration, dialysis, and 
protein precipitation. Moreover, the utilization of mag­
netic particles as a purification protein tool could be a 
useful strategy for protein nucleus analyses, as they 
shbw clear biochemical properties and also low con­
centrations [90]. In this interesting article [90J, the 
authors proposed an elegant strategy to improve 
protein concentration by the addition of magnetic 
reversed-phase particles to a protein extract. Hydro­
phobic proteins were attached to particles and recov­
ered with a magnet. The solution was then discarded, 
the magnetic beds were washed, and the proteins were 
eluted and subjected to capillary reverse-phase chroma­
tography combined with MALDI-TOF MS for protein 
identification [90J. Because of the magnetic core, this 
kind of sample preparation could be automated by 
using robots, reducing handling mistakes. 

However, differential sample preparation could be 
only part of the solution. More sensitive proteomics 
techniques are essential to study low quantities of pro­
teins and pep tides from plant cell nuclei. In this field, 
top-down proteomics has emerged as a powerful tech­
nique for protein analyses, and is a growing research 
area in the proteomics community. The most common 
strategy for top-down proteomic analyses includes the 
front-end separation of undamaged proteins, their 
detection and further fragmentation in a mass spec­
trometer, and a final identification by using the 
sequence information obtained from MS and MS/MS 
spectral data [91,92]. Recently, the top-down approach 
was used to evaluate multiple modifications of 
histones, including methylation and acetylation [93], 
suggesting that this approach could also be a valuable 
tool with which to elucidate several points of plant 
nucleus control. Quantitative top-down proteomics 
frequently utilizes stable isotope labelling in order to 
create an inner standard from which consistent quanti­
tative data may be obtained. For this, stable isotope 
labelling by amino acids (SI LAC) was successfully 



introduced in cell culture [94], creating a new method 
for quantifying proteins and peptides, whereby amino 
acids labeled with stable isotopes are supplemented to 
cell culture broth, with the aim of producing coeluting 
labeled and unlabelled analytes. Labelled arginine and 
Iysines are commonly used in bottom-up experiments, 
in conjunction with trypsinization, creating an excel­
lent environment in which to, after mathematical and 
computational analyses, quantify certain groups of 
plant nuclear proteins. Recently, a novel extension of 
the label-chase concept was developed, by using a 
multi tagging proteomics strategy, combining SILAC 
and a secondary labelling step with iTRAQ reagents, 
in order to estimate protein turnover rates in fungi 
[95]. An understanding of the rate of protein produc­
tion/degradation is indispensable for an understanding 
of plant nuclear dynamics, and to fill the information 
gap between transcriptome and proteome. Another 
approach, in addition to SILAC, consists of the use of 
MS, electron capture dissociation and electron transfer 
dissociation to evaluate some post-transcriptional 
modifications, as obtained for the phosphoproteome of 
histone H4 [96]. This kind of approach could be extre­
mely valuable for plant nuclear proteome analyses, as 
phosphorylation seems to be essential for different 
nuclear processes in plants. 

Finally, and no less importantly, bioinformatics 
seems to be the other challenge for plant proteomics 
studies. In last few years, several institutions all over 
the world have established core proteomics facilities to 
offer MS services. With the increasing requirements 
for high-throughput analyses of complex samples and 
the enhanced interest in quantitative proteomics, effec­
tive data analysis may be a real challenge. Several 
efforts have been made in this direction, including the 
Central Proteomics Facilities Pipeline [97]. This server 
offers identification, validation and quantitative analy­
ses of proteins and pep tides from LC-MS/MS datasets 
by web interface, facilitating all analyses for the 
researcher. This kind of approach could clearly facili­
tate the identification of specific nuclear proteins. 
Moreover, once that the understanding of the plant 
nucleus is directly related to the knowledge of several 
biological processes and those processes involve differ­
ent proteins that act synergistically, an in silica active 
learning approach for protein-protein interaction 
prediction is also indicated to learn more about the 
plant nucleus. In this view, random forest has been 
previously shown to be effective for the prediction of 
protein-protein interactions in humans [98], indicating 
that this active-learning algorithm enables more accu­
rate protein classification. In summary, the future of 
plant nucleus proteomics is probably related to novel 

MS technologies associated with novel in silica 
approaches, which could improve the rate of acquisi­
tion, quantity and quality of proteomics data 
provided. 

Conclusions 

Without doubt, we are on the brink of a postgenomic 
era in plant research. The completion of A. thaliana 
genome sequencing emphasized the importance of 
high-throughput analysis approaches. We can now 
focus on understanding the complex relationships 
between molecules and their involvement in cell regula­
tion. The subproteome of the nucleus might play only 
a small part in that, but it has been made clear that 
this awe-inspiring organelle could be more involved in 
the overall cellular estate than imagined. The data pre­
sented on the latest attempts to cover the nuclear pro­
teome of several plant species are of great value. 
Besides the expected, there have been several new find­
ings, including proteins of still unknown function, pro­
teins that were not expected to be localized in the 
nucleus, and completely novel proteins. However, inde­
pendently of the plant species, the majority of discov­
ered proteins were found to be involved in gene 
regulation and signalling. Thus, in summary, the data 
have further supported the role of the plant nucleus as 
the major cellular regulator, in the mould of a cell 
maestro. Not only will A. thaliana researchers be able 
to benefit from a better understanding of the nucleus, 
but the latest data have also shown many counterparts 
of mammalian proteins, as well as proteins of 
unknown function. Direct comparison with the most 
sought-after proteins, e.g. those that have been shown 
to enhance cancer in human cells, has to be handled 
with care, although some similarities may be present 
and support further studies. Hence, the possibility of 
intra-kingdom or cross-kingdom comparison of not 
only some random proteins but real cellular regulation 
schemes with the use of advanced proteomics tech­
niques is of great value to anyone working in the 
molecular field. We have the tools in our hands. All 
we need to do now is to combine the different fields of 
research to reach a new level of understanding. 
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