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Nucleolin is a multifunctional phosphoprotein ubiquitously
distributed in the nucleolus, nucleus and cytoplasm of the
cell. Nucleolin has a bipartite nuclear localization signal
sequence and is conserved in animals, plants and yeast. Its
levels are correlated with the rate of functional activity of the
nucleolus in exponentially growing cells. Nucleolin contains
intrinsic DNA and RNA helicase, nucleic-acid-dependent
ATPase and self-cleaving activities. It binds RNA through its
RNA recognition motifs. It regulates various aspects of DNA
and RNA metabolism, chromatin structure, rDNA transcription,
rRNA maturation, cytokinesis, nucleogenesis, cell proliferation
and growth, the folding, maturation and ribosome assembly
and nucleocytoplasmic transport of newly synthesized pre-
RNAEs. In this review we present an overview on nucleolin, its
localization, structure and various functions. We also describe
the discovery and important studies of nucleolin in plants.

Introduction

The nucleolus is the most prominent structure in a cell nucleus
and is the site of the biogenesis of ribosomal RNA (rRNA) and
40S and 60S ribosomal subunits (r-subunits). In metabolically
active animal and plant somatic cells and in yeast, the nucleolus
contains tens to hundreds of active rRNA and r-subunit genes,
which account for about one-half of the total cellular RNA pro-
duction.! There are several nuclear proteins in the nucleolus.
Nucleolin is one of the most abundant non ribosomal proteins,
which accounts for approximately 10% of the protein content
within the nucleolus.”* This protein was first identified in
Chinese hamster ovary (CHO) cells and Novikoff hepatoma
cells’ Whilst mammalian nucleolin has a predicted molecular
mass of approximately 77 kDa (depending on the species), the
apparent molecular mass is between 100 and 110 kDa, and has
been attributed to the amino acid composition of the N-terminal
domain, which is highly phosphorylated.® Cell culture stud-
ies have shown that nucleolin is stable in proliferating cells, but
undergoes self-cleavage in quiescent cells.®
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Although the principal function of the nucleolus is thought
to be rRNA synthesis and ribosome biogenesis, this sub-nuclear
structure has been implicated in many aspects of cell biology that
include functions such as gene silencing, senescence and cell cycle
regulation.”® Its interaction with ribosomal proteins and with
specific pre-rRNA sequences and its implication in the first step
of pre-rRNA maturation also suggest that nucleolin could be an
important ribosome assembly factor.”!? The stability of nucleo-
lin in vivo has been studied in the developing embryo. During
mouse embryogenesis, nucleolin increases at day 12 of gestation
and in Xenopus oocytes, the levels of nucleolin mRNA are high
compared to protein expression which is low."' Nucleolin pro-
duction during growth is under control at translational level and
there is no significant difference at mRNA levels.*

Localization

The eukaryotic nucleus contains a number of domains or sub-
compartments that include nucleoli, nuclear Cajal bodies, nuclear
speckles, transcription and replication foci, and chromosome ter-
ritories.” Proteomic analyses have revealed that nucleoli are com-
posed of over 400 proteins, which reflect the varying functions
and state of the nucleolus. In interphase cells, the nucleolus is
formed by three basic components: the fibrillar center (FC), the
dense fibrillar component (DFC) and the granular component
(GC).! Occasionally, depending on cell type and stage, other
structures such as vacuoles can also be observed in plant nucleo-
lus.”” The transcription of pre-rRNA occurs at the border of the
FC and DFC; the early processing steps of pre-rRNA occur in
the DFC; and the later processing and RNA modification steps,
together with the formation of preribosomal particles is observed
in the GC."®

In plant cells, nuclear matrix is an organized matrix that
roughly retains the size and shape of the nucleolus and shows
resistance to RNase, and does not depend on a disulfide bond or
heat stabilization, differing from the results reported for animal
systems.'”?® The major task of nucleolus is ribosome biogenesis
but there are other functions like regulation of tumor suppressor
and oncogene activities, signal recognition particle (SRP) assem-
bly, cell cycle regulation, modification of small RNAs, control of
aging, modulating telomerase function, nuclear export and stress
sensor.?!
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Figure 1. Schematic representation of domain diagram of the primary sequence of nucleolin and nucleolin-like proteins in animal, plant and yeast.
Acidic stretches are represented in N-terminus region, RRMs are colored in boxes and GAR domains are shown in different length blocks.

In mammalian nucleoli the relatively opaque FCs
is surrounded by the highly contrasted fine strands of
DEFCs. In turn, the DFCs are surrounded by GCs, which fill
out the peripheral parts of the nucleolus. The FCs harbor copies
of rRNA genes that are well established in the initial pre-rRNA
of DFCs, whereas late processing events take place in the GCs.
Finally, pre-ribosomal particles are translocated to the cyto-
plasm.? Nucleolin protein is localized in the DFCs and GCs of
nucleoli.”® In interphase and during mitosis, nucleolin is located
in the peripheral region including the vicinity of the outer kineto-
chore of chromosomes and from prometaphase to anaphase it is
associated with the spindle poles. Depletion of nucleolin in the
cell shows disruption of chromosome congression. This defect is
due to improper kinetochore attachments, resulting in reduced
tension and syntelic attachments. Depletion of nucleolin also
appears to affect spindle assembly.**

Nucleus and nucleolus are inherently dynamic because of
entering and leaving proteins to the nucleolus. Proteins with
high affinity to the nucleolar components stay for longer time
and others leave soon.?’ The microscopic estimations of the
purity of the final fractions, as well as the specific localization
of nucleolin in the nucleolar matrix by immunofluorescence,
immunogold labeling and bismuth staining, discards a con-
tamination of the residual fraction with unextracted nucleoli,
confirming nucleolin is actually a component of the residual
nucleolar structure.” The nucleolus exhibits an osmotically
regulated gatekeeping activity that controls the spatial dynam-
ics and functions of nucleolin.?

There are reports that, in some cell types, nucleolin can be
found in the cytoplasm under certain conditions.?® Daniely and
colleagues demonstrated that, during heat shock, nucleolin relo-
calizes to the nucleoplasm, where it sequesters RPA (replication
protein A) in nuclear foci away from sites of ongoing DNA syn-
thesis. They also showed that nucleolin mobilization occurs in
a p53-dependent manner in response to y-irradiation and CPT

(camptothecin) treatment.?”

Structure
The primary sequence of nucleolin has been determined from
several species.'"? The sequence comparison of nucleolin from

different species reveals a high degree of evolutionary conserva-
tion: the protein consists of three structural and multifunctional
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domains: an N-terminal portion containing several acidic
stretches; two to four RNA-binding domains called RNA rec-
ognition motifs (RRM) in the central region; and a glycine/argi-
nine-rich domain or GAR domain at the C-terminus.'? Animal
nucleolin possesses four RRMs, whereas yeast and plants homo-
logs possess two (Fig. 1). The length of the GAR/RGG domain
is variable among nucleolins and the sequence and arrangement
of the repeats is not well conserved. For example, plant nucleo-
lin-like proteins have a longer GAR domain than mammalian
nucleolins.*® The N-terminal acidic and basic region and the
C-terminal domain rich in RGG repeats mediate protein-protein
interactions with histone H1, U3 snoRNP and ribosomal pro-
teins. The N-terminal part of nucleolin from various eukaryotes
contains variable numbers of acidic stretches that are similar to
those of nuclear high-mobility group proteins. The number of
acidic stretches differs in different species. The plant nucleolin
proteins contain considerably more but shorter acidic repeats as
compared with others. This N-terminal region interacts with
nontranscribed spacer regions in rDNA repeats and histone H1
to influence rDNA transcription.

Nucleolin interacts with the stem-loop structure of RNA
through its RRM and participates in the modification and
processing of pre-rRNA.?' RBD domain of nucleolin interacts
with telomerase and alters its subcellular localization.’> The
C-terminal GAR domains are implicated in ribosomal assembly
and nuclear import of ribosomal proteins.” This GAR domain
most likely functions in protein-protein interactions. The entire
protein sequences of nucleolin from some plants were aligned
which showed acidic region in N-terminal region (Fig. 2). The
alignment study has shown two RRM domains and the sequence
of RRMI1 is (R/K)G(F/Y)(G/A)(F/Y)VX(F/Y) and RRM2
contains (L/I)(F/Y)(V/T)(G/K)(G/N)L and C-terminal region
contains Arg-Gly-Gly (RGG) repeats interspersed with mostly
aromatic amino acids (Fig. 2).

Using NMR  spectroscopy Allain and colleagues (2000)
determined the structure of the 28 kDa complex of the first two
RNA binding domains (RBDs) of nucleolin (RBD12) with an
RNA stem-loop that includes the nucleolin recognition element
UCCCGA in the loop."” They showed that the two RBDs bind
on opposite sides of the RNA loop, forming a molecular clamp
that brings the 5' and 3" ends of the recognition sequence close
together stabilizing the stem-loop (Fig. 3). Interaction of the
nucleolin protein with the RNA suggests that nucleolin may act
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Figure 2. Multiple sequence aligment of plant nucleolin protein. Nucleolin protein sequences from the indicated plant species were aligned using
the Clustal W algorithm. Acidic residues stretched at the N-terminus. Towboxes show conserved RRMs and highlights represent RGG repeats at the
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Figure 2 (continued). Multiple sequence aligment of plant nucleolin protein. Nucleolin protein sequences from the indicated plant species were
aligned using the Clustal W algorithm. Acidic residues stretched at the N-terminus. Towboxes show conserved RRMs and highlights represent RGG
repeats at the C-terminus.

270

Communicative & Integrative Biology

Volume 4 Issue 3



RRMH1

RRM2

Figure 3. Predicted secondary structure and two RRM of Nucleolin protein. Secondary structural predictions of nucleolin were made using Phyre
server and visualized using PyMOL software. (A) Ribbon diagram of nucleolin protein structure with two RRM shown in red and blue. (B) Three dimen-
sional structure of nucleolin and arrows show the groove that RNA binds to the RRM motifs.

as an RNA chaperone to prevent improper folding of the nascent
pre-tRNA.»

Nucleolin is highly phosphorylated and its phosphorylation is
highly regulated during the cell cycle.*** Extensive phosphoryla-
tion by casein kinase 2 (CK2) occurs at interphase and by CDC2
during mitosis and this regulated phosphorylation of nucleolin
probably regulates nucleolin functions during the cell cycle.!**
It has been demonstrated that phosphorylation of nucleolin at
interphase is correlated with active rRNA transcription. Despite a
previous study describing the localization of nucleolin phosphor-
ylated by CDC2, no information about its functions during mito-
sis has been obtained to date. Studies have revealed that nucleolin
associates with a number of other proteins. For example, it was
shown to be a component of LR1 (lipopolysaccharide-responsive
factor), a DNA-binding complex that regulates transcription in
activated B cells.’® Nucleolin is also part of a B cell specific DNA

recombination complex.”’
Function

Although the principal function of the nucleolin is rRNA syn-
thesis and ribosome biogenesis, this protein has been implicated
in many aspects of cell biology that include functions such as
gene silencing, senescence and cell cycle regulation.”® Most of
our knowledge on the function of this protein in higher eukary-
otic cells comes from in vitro studies using acellular systems,
microinjection experiments, or overexpression of a nucleolin
transgene.***** Nucleolin plays important roles in various steps of
ribosomal synthesis, such as the transcription of IDNA repeats,
the modification and processing of pre-rRNA, the assembly of
pre-ribosomal particles and nuclear-cytoplasmic transport of
ribosomal proteins and subunits.'>*"¥! The interaction of nucleo-
lin with pre-rRNA is required for the first RNA processing step,
which occurs in the 5" ETS (External Transcribed Sequence).”
Nucleolin is a DNA-dependent ATPase and is capable of

auto-degradation and it plays a role in regulating cell growth and
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DNA replication.*? In addition, the protein undergoes extensive
post-translational modification.'>* Nucleolin has been proposed
to be a nuclear matrix-binding protein, to interact with telomer-
ase and to be involved in the regulation of apoptosis, intestinal
cell differentiation and remodeling of nucleosomes.? 3%

Few reports have described the effect of downregulation of
nucleolin. These reports revealed that downregulation of the
nucleolin by RNA interference (RNAI) in human cells increases
expression of p53 protein and inhibits RNA polymerase I tran-

scription.®4

This inactivation also causes nucleolar disrup-
tion, cell cycle arrest and defects in centrosome duplication.*?
Nucleolin is present in a complex with Rad51 in nuclear pro-
tein extracts prepared from mammalian somatic cells. De and
colleagues showed that nucleolin and Rad51 participate in a
common pathway of homologous recombinational repair and
nucleolin may function to regulate DNA repair activity of
Rad51.# Nucleolin has role in different cell cycle stages such as
prometaphase. Nucleolin depleted cells show delay at prometa-
phase with misaligned or non-aligned chromosomes and defects
in chromosome biorientation. Nucleolin is involved in efficient
kinetochore microtubule interactions and/or the stabilization of
such interactions, but nucleolin is not required for kinetochore
assembly. Nucleolin depletion does not affect the localizations of
kinetochore proteins and kinetochores can capture microtubules
in the absence of nucleolin.?

The role of nucleolin in some viruses has been revealed
through various studies. Nucleolin can promote replication
in HDV (Hepatitis Delta Virus) and poliovirus. Its expression
on the cell surface allows Coxsackie B virus and HIV binding,.
Nucleolin is known to be modified by phosphorylation, meth-
ylation and ADP-ribosylation, which may render its targeting to
various compartments to exert different functions.”® Nucleolin
associates with a number of other proteins. For example, it was
shown to be a component of LR1, a DNA-binding complex that
regulates transcription in activated B cells.’® Also, it is part of
a B-cell specific DNA recombination complex.?” In addition, it
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was shown that nucleolin, along with topoisomerase I, controls
the holoenzyme cohesion of the SV40 large T antigen helicase at
DNA replication forks in vitro.”

It has been shown that the Rad51-binding replication protein
A p53 physically associate with nucleolin.?®*° Nucleolin interacts
with a death domain which is p53-induced protein death domain
(PIDD). Nucleolin itself is relocalized from nucleoli into the
nucleoplasm upon cellular stress (heat shock, ionizing radiation
and camptothecin) by complex formation with p53.%%°! Grinstein
and colleagues reported the interaction of nucleolin with retino-
blastoma (Rb) protein, which is cell cycle-dependent and takes
place in G, phase, suggesting that the ability of nucleolin to inter-
act with Rb depends on the phosphorylation status of Rb.**

Nucleolin binds to the human telomerase reverse transcrip-
tase catalytic subunit hTERT.*> RNA binding domain 4 and
carboxyl-terminal RGG domain are involved in this interaction
and through these domains nucleolin interacts with telomer-
ase RNA subunit hTERT. This interaction between nucleolin
and hTERT is critical for the nucleolar localization of hTERT.
Nucleolin binds the active telomerase complex through both pro-
tein-protein and protein-RNA interactions. Two distinct regions
of nucleolin are involved in the interaction with hTERT: a central
region containing the RBD1 and a carboxyl-terminal region con-
taining both the RBD4 and RGG domains.*

Nucleolin is a histone chaperone that is able to drastically
increase the remodeling efficiency of the chromatin remodel-
ers SWI/SNF (SWItch/Sucrose Non Fermentable) and ACF
(ATP-dependent chromatin-assembly factor). Interestingly,
nucleolin promotes the remodeling of nucleosomes contain-
ing macroH2A, but not H2ABbd histone variant, which are
otherwise resistant to remodeling. Furthermore, nucleolin is
able to remove H2A-H2B dimers from assembled nucleosomes.
Nucleolin is acting as a FACT-like protein (facilitates chroma-
tin transcription) helping the passage of the RNA polymerase
IT through the nucleosomal particles. This work defines new
functions for histone chaperones in chromatin remodeling and
regulation of transcription.®

The gatekeeping activity of the nucleolus is the target of a
fast-acting signaling mechanism that modulates the biological
activities of nucleolin by affecting its subcellular localization. An
increase in nucleoplasmic nucleolin levels has been observed in
response to some pathological stimuli: a chronic thermal chal-
lenge (up to 90-min exposure to 44°C), or after chemically
induced genotoxicity.”?"***4 Yang and colleagues (2008) demon-
strate that physiologically relevant perturbations in the osmotic
environment rheostatically regulate a gate keeping function for
the nucleolus that controls the spatial dynamics and functions of
nucleolin by affecting its subcellular localization (HeLa cells and
U2-OS osteosarcoma cells were osmotically challenged) whether
the intracellular compartmentalization of nucleolin responds to
hyperosmotic stress andswitches its functions following hyperos-
motic stress.” They analyzed endogenous nucleolin in an effort
to maintain a physiologically relevant context. In osteosarcoma
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cells (U20S) incubated in standard culture media, nucleolin
was found to be concentrated in the nucleolus. The absence of
nucleolin from the fibrillar core, where it normally facilitates
transcription, replication and recombination of rDNA suggests
that these early stages of ribosome biogenesis are halted following
hyperosmotic stress.”

Nucleolin is involved in processes other than the ribosome
synthesis. It has role in the different steps involved in ribosome
biogenesis, including RNA polymerase (Pol) I transcription and
processing of pre-tRNA, assembly and nucleocytoplasmic trans-

port of ribosome particles.”!4

It also acts as a transcriptional
repressor and a post-transcriptional regulator to stabilize amyloid
precursor protein mRNA. Jiang and colleagues demonstrated
an essential role of nucleolin/C23 in the antiapoptotic effects of
Hsp70. They provided evidence that nucleolin/C23 is an essen-
tial downstream effecter of Hsp70 in the protection of cardio-
myocytes against oxidative stress-induced apoptosis.”®

Nucleolin possesses DNA helicase activity and interacts with
replication protein A, suggesting that it participates in DNA
unwinding and replication.”**® Nucleolin in animals interacts
with various transcription factors and nuclear components, and
is involved in the regulation of RNA polymerase II-dependent
gene expression.””*® The nucleolin protein binds DNA and RNA.
Nucleolin is a DNA-dependent ATPase and is capable of auto-
degradation.” Nucleolin possesses a histone chaperone activity
that activates chromatin remodeling complexes and facilitates
transcription through the nucleosomes.” This protein binds to
single stranded human telomeric DNA and it is highly specific
for the G-rich strand.®

Disruption of the AINUC-L (Arabidopsis nucleolin-like pro-
tein) gene provokes changes in growth and plant development
such as changes in the ratio of primary pre-rRNA and processed
pre-tRNA at the P site. It also causes major effect on nucleo-
lus structure.'® In vitro assays and microinjection experiments
in X. laevis oocytes showed a role of nucleolin in transcription
of pre-rRNA.* Nucleolin, along with topoisomerase I, controls
the holoenzyme cohesion of the SV40 large T antigen helicase at
DNA replication forks in vitro.* Furthermore, nucleolin binds
to topoisomerase and the growth factor midkine to localize them
at the nucleolus.”® One of the most remarkable consequences of
nucleolin inactivation is the apparent blockage of cells in the G,
phase, and the significant increase in multinuclear cells and cells
with micronuclei. By contrast, the number of cells in mitosis was
drastically reduced in nucleolin depleted cells.” It was recently
reported that nucleolin was required for chromosome congres-
sion and the maintenance of mitotic spindle integrity.** Nucleolin
interacts with telomerase and alters its subcellular localization.*
Nucleolin also switches its functions following hyperosmotic
stress.” In a recent study it has been demonstrated that nucleolin
can function as a repressor of c-Myc transcription by binding to
its promoter.® It was further reported that nucleolin’s RNA bind-
ing domains 3 and 4 and its RGG domain are required to repress

c-Myc transcription.®
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Table 1. Historical background of plant nucleolin proteins

No. Year
1 1996
2 1996
3 1997
4 1997
5 2001
6 2004

2005
8 2006
9 2006
10 2007
1 2007

Nucleolin in Plants

Nucleolin is not conserved, but genes encoding proteins with
similar structural organization are found in other eukaryotes.
In Saccharomyces cerevisiae the Nsrl gene encodes a nucleolin-
like protein, characterized by only two RRMs. The major mile-
stones in the discovery of nucleolin in plants are summarized
in Table 1. Structural organizations of nucleolin like proteins
is similar to nucleolin but, like yeast nucleolin, nucleolin-like
proteins from alfalfa (Medicago sativa),’® pea (Pisum sativum)
and Arabidopsis (Arabidopsis thaliana) possess two RRMs.%
® Therefore plant nucleolin can be considered as nucleolin
like proteins. A. thaliana encodes two nucleolin-like proteins,
AtNuc-L1 (Arabidopsis nucleolin like protein) and AtNuc-L2.
In normal growth conditions only AtINUC-LI gene is constitu-
tively expressed. Pontvianne et al. disrupted the AINUC-L1 gene
and found the AINUC-L2 gene is expressed and rescue, at least
partially, AtNuc-Lldisruption. They showed the AtNUC-LI
gene affects plant growth and development and demonstrate that
AtNUC-LI gene expression is required to preserve the ultrastruc-
ture of the nucleolus and nucleolus organising region (NOR)
condensation.'®

AtNUC-LLI has structural similarities to Nstl of S. cerevisiae
and Gar2 of Schizosaccharomyce s pombe.***” Sugar causes a rapid
increase in the level of AtNuc-L1 mRNA and AtNuc-L1 protein
and this sugar regulation is closely associated with regulation
of de novo ribosome synthesis.®® Pontvianne and colleagues
showed that disruption of the AtNUC-L gene provokes changes
in growth and plant development and AtNUC-L1 disruption
has a major effect on nucleolus structure. AtNUC-L1 gene
disruption induces changes in the ratio of primary pre-rRNA
and processed pre-rRNA at the P site. Absence of this nucleolin
like protein in mutated plants induces nucleolar disorganiza-
tion, nucleolus organizer region decondensation and affects the
accumulation levels of pre-rRNA precursors.'® AtNuc-L1 pres-
ents in NF D (nuclear factor D) and could act as an assem-
bly factor for this processing complex and direct its binding
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Major discoveries/event
Nucleolin is a component of nucleolar matrix
Nucleolin role in cell cycle of alfalfa
Pea nucleolin expression is induced by redlight

Nop64A, onion nucleolin, shares immunological determinant with mammalian
nucleolin

Light Differentially Regulates Cell Division and the mRNA Abundance of Pea
Nucleolin

Nucleolin role in rRNA binding and pre-RNA processing in Arabidopsis
pea nucleolin is a DNA helicase
Arabidopsis nucleolin is inducible by sugar

Role of NopA100, a nucleolin-like protein, during the cell cycle in proliferating
plant cells

Arabidopsis nucleolin has role in plant development and patterning

AtNucL2 will rescue disruption of AtNucL1

Reference
Minguez & Espinana™
Bogre, et al.>®

Tong, et al.®®

De Carcer, et al.”!

Reichler, et al.%*

Saez-Vasquez, et al.®
Nasirudin, et al.*®

Kojima, et al.®®
Gonza lez-Camacho, et al.”?

Patricka and Nelson”

Pontvianne, et al.’

to pre-RNA. NFED is a multiprotein factor of 600 kDa that
dissociates into smaller complexes. Two polypeptides of NFD
identified by microsequencing are homologues of nucleolin and
fibrillarin. AtNuc-L1 can bind to the 5'ETS RNA implicates
only two contiguous RRMs,* while the interaction with U3
snoRNP and the processing factors implicate the N-terminal
acidic domain.'"'? Thus, AtNuc-L1 could fulfill functions
similar to those of nucleolin and Nsrl in pre-rRNA cleavage.
It is interesting to note that nucleophosmin interacts directly
with nucleolin,” and that a nucleolin-like protein, together
with other nucleolar proteins has been found associated with
centrosomal structure.? But apart from similarities the role of
the plant nucleolin-like proteins in pre-rRNA synthesis has not
been investigated.®

Patricka and Nelson found Arabidopsis nucleolin parallell
(parll) mutant (AtNuc-L1) displays several aberrations in vena-
tion pattern of all foliar organs, including the parallel alignment
of veins along the proximal/distal leaf axis, the parallel exit of
multiple veins from the petiole, and a reduction in higher order
venation. These defects in leaves are associated with the mislocal-
ization of activity from the provascular Athb8:GUS and auxin-
responsive DR5:GUS reporters. Arabidopsis parll mutants also
have an accumulation of unprocessed 35S pre-rRNA that is con-
sistent with other results demonstrating PARLI is able to rescue
mutants in the yeast nucleolin gene NSR1. These data suggest
that auxin-dependent growth and patterning processes, includ-
ing vein patterning, are particularly sensitive to perturbations in
ribosomal processing.”

Nucleolin has been shown to be light regulated and to have
DNA helicase and ATPase activity in pea (P. sativum),”**** to
be cell cycle regulated in alfalfa (M. sativa),*® and to be part of
a complex responsible for rRNA binding and in vitro pre-rRNA
processing in Arabidopsis (A. thaliana).® Red light treatment
induces pea nucleolin transcription 1 h prior to rRNA synthe-
sis and coincides with increased cell division rates in pea apical
internodes as well as increased nuclear number/weight of pea
plumules.® Bogre and colleagues® suggested nucMsl alfalfa
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expression is tightly linked to cell proliferation but does not

depend on a particular cell cycle phase. No nucMsl expression
was observed in cells that had exited the cell cycle and were under-
going differentiation or polar growth, indicating that nucMsl
may not be necessary for processes other than cell proliferation.
Also, nucMsl express predominantly in meristematic, where its

expression is limited to cells actively engaged in cell division.
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