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Summary 
Nucleolin is a major highly phosphorylated nucleolar protein involved in the regulation of r-chromatin 
condensation/expansion and rDNA transcription as well as in rRNA processing. The nucleolar protein 
homologous to the mammalian nucleolin and to the onion nucleolin-like protein NopA100, was detected 
in the nuclear soluble protein fraction, and in the nuclear matrix fraction from Lepidium sativum root 
meristematic cells, using the selective silver staining method and the cross-reaction with the anti-
NopA100 antibody. In 2-DE Western blots of both nuclear fractions, the nucleolin-like protein was 
revealed as a smear on the level of 90 kDa extending through a certain range of pI. In both extracts 
obtained from seedlings germinated and grown under slow clinorotation, the extension of the pI range 
was shorter and the molecular weight range was thinner than in the 1 g control; moreover, in the nuclear 
matrix fraction, the spread of the pI range was separated into two clusters. The results obtained could 
indicate a lower phosphorylation of the protein, suggesting a decrease in the activity of L. sativum 
nucleolin-like protein under clinorotation. 
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INTRODUCTION 
 
Numerous spaceflight and ground experiments with 
plants modelling different aspects of real space flight 
have concluded that the major continuously acting 
factor is microgravity (Kordyum 1997). 
Microgravity or extended reduced gravity is 
available only aboard space vehicles. However, 
because  of   the  high  cost   and  limited  access  to 
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experimentation in space, and the necessity to 
prepare space experiments, various devices have 
been developed to partially reproduce the 
conditions of the space environment. One of the 
most popular pieces of equipment for this purpose 
is the clinostat, currently used in many laboratories 
(e.g., Centis-Aubay et al. 2003, Hou et al. 2004, 
Kern et al. 2005). Since the clinostat rotates in the 
gravitational field, clinorotation clearly does not 
eliminate, alter, or scalarize gravity.  

Rotation of a biological specimen on a 
horizontal clinostat at an appropriate rate only 
provides a continuous reorientation of objects with 
regard to a gravity vector that prevents them from 
perceiving a gravitational stimulus or realizing the 
subsequent response. It has become popular to use 
the terms �simulated microgravity� (clinorotation) 
or �altered gravity� (clinorotation, centrifugation, 
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or microgravity in spaceflight), as well as �real 
microgravity� (spaceflight) (Lorenzi and Perbal 
1990, Albrecht-Buehler 1992, Kessler 1992, Dong 
et al. 1995). Essential re-arrangements of the 
structural and functional organization of cell 
organelles occur in microgravity indicating changes 
in cell metabolism under the conditions of altered 
gravity (Moore and Evans 1986, Halstead and 
Dutcher 1987, Claassen and Spooner 1994, 
Kordyum 1994).  

The nucleolus, a highly dynamic cell 
compartment, responds to the influence of the 
environmental factors affecting cell metabolism 
generally (Sobol 2001). Actually, this organelle is a 
nuclear domain in which the major part of 
ribosome biogenesis takes place.  

This is a basic process for cell vitality 
beginning with rDNA transcription followed by 
processing of newly synthesized pre-rRNA 
molecules (Dundr and Raska 1993, De Cárcer and 
Medina 1999, Scheer and Hock 1999, Medina et al. 
2000, Yano and Sato 2002, Pendle et al. 2005, 
Shaw and Doonan 2005). A wide range of 
nucleolar proteins is involved in the regulation of 
different stages of ribosome biosynthesis (Saez-
Vasquez et al. 2004, Shaw and Brown 2004, Sobol 
et al. 2005, Sobol et al. 2006).  

Among them, nucleolin and nucleolin-like 
proteins play a key role; they are multifunctional 
proteins involved in the modulation of r-chromatin 
structure, the activation of ribosomal gene 
transcription, and the regulation of pre-rRNA 
processing, and they connect the process of 
ribosome biogenesis with other cellular processes 
(González-Camacho and Medina 2004, Saez-
Vasquez et al. 2004, Sobol et al. 2005, Sobol et al. 
2006). Up till now, the effects of microgravity on 
the nucleolus have been analyzed in a few 
publications focused on the description of changes 
in its structure (Dedolph et al. 1965, Shen-Miller 
and Gordon 1967, Shen-Miller and Hinchman 
1968, Shen-Miller and Hinchman 1995).  

Recently, we have undertaken a deeper 
characterization of these effects, using both real 
and simulated microgravity, studying ribosome 
biogenesis in the context of the cell activities and 
processes occurring in root meristematic cells, in 
particular cell proliferation and cell cycle, and 
analyzing how the microgravity environment 
affects these cellular processes (Matía et al. 2005, 
Sobol et al. 2005, 2006).  

Moreover, the identification and 
characterization of functionally significant 
nucleolar proteins in plant cells, particularly under 
the influence of environmental factors, still remains 
an excitingly difficult problem, demanding 
profound and intense research. The purpose of our 
investigations was to reveal the peculiarities of 
nucleolin-like protein in root meristematic cells 
under clinorotation. 

MATERIAL AND METHODS 
 

We investigated cress (Lepidium sativum L.) root 
meristematic cells. Initially, cress seeds oriented 
with the embryonic root downwards were placed in 
1% agar medium in tubes (d = 30 mm; h = 100 
mm). Some of the tubes were placed in the dark, in 
stationary conditions, as controls; other tubes were 
attached with clamps to the horizontal axis of a 
horizontal clinostat, rotating at 2 rpm. Randomly 
distributed seeds and, consequently seedlings, 
experienced the total force of 0�6.7 x 10-5 g (Sobol 
1999), which is considerably less than the threshold 
value of 10-3�10-4 g (Shen-Miller and Hinchman 
1968). Totally, two thousand control and two 
thousand clinorotated seedlings were harvested 
after two days of growth, and root meristems were 
dissected from them. 

Polyclonal anti-NopA100 antibodies had been 
raised in rabbits against the complete protein from 
onion cells sharing immunological determinants 
with mammalian nucleolin (González-Camacho 
and Medina 2004, González-Camacho and Medina 
2006). The dilution used was 1:100 in Western 
blotting experiments. Nuclei were purified as 
described previously (Cerdido and Medina 1995, 
González-Camacho and Medina 2004, Sobol et al. 
2005, Sobol et al. 2006). Root meristems were 
homogenized, and the extract was repeatedly 
filtered and centrifuged.  

The nuclear fraction purity was tested with 
methyl green-pyronin staining (bright field) or 
phase contrast microscopy. For this purpose, a drop 
of fresh nuclear fraction was deposited on a 
microscope slide, a drop of methyl green-pyronin 
solution was added, and a coverslip was placed for 
allowing microscopical observation.  Then, nuclei 
were stored in nuclei stock buffer (NSB: 10 mM 
Tris-HCl, 10 mM HEPES, 10 mM KCl, 2 mM 
MgCl2, 4 mM n-octanol, 0.1 mM CaCl2, pH 7.4). 
All buffers contained a cocktail of protease 
inhibitors consisting of 10 µg of both leupeptin and 
aprotinin per ml and 1 mM phenylmethylsulfonyl 
fluoride (PMSF). All procedures were performed at 
0�4 0C. 

Nuclei were fractionated essentially as 
described (De Cárcer et al. 1997, González-
Camacho and Medina 2004, Sobol et al. 2005, 
Sobol et al. 2006), firstly by extraction in a low 
ionic strength buffer (10 mM Tris-HCl, 1 mM 
EDTA, pH 8.0), then by DNase digestion, and 
finally, by solubilisation of the proteins of the 
nuclear matrix by incubation in 8M urea and 
sonication. All buffers and media used in nuclei 
fractionation contained the same cocktail of 
protease inhibitors as described for nuclei 
purification.  

Proteins from each of these nuclear fractions 
were electrophoresed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 



Sobol and Medina: Nucleolar proteins change in altered gravity 

51 

(Cerdido and Medina 1995, De Cárcer et al. 1997, 
Sobol et al. 2005, Sobol et al. 2006).  

In addition the nuclear proteins of S2 fraction as 
well as the proteins of nuclear matrix fraction were 
subjected to the two-dimensional gel electrophoresis 
as described (González-Camacho and Medina 
2004). For this purpose, isoelectric focusing (IEF) 
was carried out with 100 µg of protein from each 
fraction separately, using a Protean IEF cell (Bio-Rad, 
USA) and 11 cm gel strips forming an immobilized 
linear pH gradient from 3�10 (IPG Ready-Strips). The 
strips were rehydrated for 12 h at 18 0С at 50 V with a 
rehydration buffer, containing 100 µg proteins. The 
rehydration buffer contained 40 mM Tris, 2 M 
thiourea, 7 M urea, 4 % Triton X-100, 100 mM DTT, 
2 % carrier ampholytes (pH 4�7 carrier ampholytes 
were mixed with pH 3�10 ampholytes at a 2:1 ratio) 
and 0.001% bromophenol blue. Focusing profiles for 
these strips included 15 min at 250 V followed by a 
rapid ramping to 8000 V and additional focusing at 
this level to accumulate 35 000 Vh. The current was 
limited to 50 mA per strip throughout the run and 
temperature was maintained at 18 0С. Upon 
completion of IEF, the IPG Ready-Strips were 
incubated first with an equilibration buffer (6 M urea, 
2% SDS, 0.375 M Tris-HCl, pH 8.8, 20% glycerol) 
containing 130 mM DTT for 10 min and then with an 
equilibration buffer containing 135 mM 
iodoacetamide for 10 min. The strips were plated on 
top of vertical 12% SDS polyacrylamide gels, and the 
proteins were fractionated by electrophoresis in the 
second dimension. 

In some experiments, the mono-dimensional gels 
with nuclear and nucleolar proteins were treated using 
the non-specific silver staining method (González-
Camacho and Medina 2004, Sobol et al. 2005, 
Sobol et al. 2006). The stained gels were analyzed 
using the program �Image Quant� (Bio-Rad, USA). 
Other mono-dimensional gels as well as the two-
dimensional gels were subjected to Western blotting. 
For mono-dimensional and two-dimensional Western 
blotting, the proteins from mono- and two-
dimensional gels were electroblotted onto PVDF 
membranes. The membranes with nuclear and 
nucleolar proteins were washed in phosphate 
buffered saline-Tween 20 (PBSТ) for 10 min and 
blocked in this buffer supplemented with 5% dried 
nonfat milk for 1 h. The membranes were 
incubated with the anti-NopA100 antibodies 
overnight at 4 0C followed by incubation with the 
secondary antibodies for 1 h. The membranes were 
washed five times with PBST for 20 min between 
each step. The immune complexes were visualized 
with enhanced chemiluminescence using the ECL 
reagent kit (Amersham International, UK). The 
blots were scanned and analysed using the program 
�Image Quant� (BioRad, USA). 

For each condition analyzed, mono- and two-
dimensional gels were made in triplicate from six 
independent protein extractions. In all 

immunological experiments, negative controls 
consisting of the omission of the first antibody 
were performed. For detecting argentophile 
proteins of the nucleolar organizer (Ag-NOR 
proteins), the selective silver staining method was 
carried out on Western blots (Hozák et al. 1992, 
González-Camacho and Medina 2004, Sobol et al. 
2005, Sobol et al. 2006). The selective silver 
staining solution consisted of a 2:1 v:v ratio 
mixture of solution A (50% AgNO3 in deionized 
water) and solution B (2% gelatin, 1% formic acid 
in water). All solutions were prepared in freshly 
deionized water to avoid non-specific silver 
reactions. Samples were stained for 15 min in 
staining solution at room temperature under 
continuous stirring in the darkness. The reactions 
were stopped by washing in water. The membranes 
were scanned and analysed using the software 
�Image Quant� (BioRad, USA). 
 
 
 
RESULTS 
 
Nuclei isolated from the root apices were tested for 
purity and structural integrity with methyl green- 
pyronin staining or phase-contrast microscopy. 
With bright field microscopy, stained nuclei 
showed a rounded shape with conspicuous nucleoli 
occupying most of the nuclear area. In general, the 
aspect of purified nuclei appeared very similar to 
that showed in situ, showing signs of good 
structural preservation (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Extracted nuclei, stained with methyl green-
pyronin, observed with bright field microscopy. The 
nuclear fraction shows a good degree of purity and 
isolated nuclei (N) appear well preserved, with large and 
prominent nucleoli (Nu) in their interior. The original 
colors are pale lilac for the extranucleolar chromatin and 
dark pink for the nucleolus. Bar = 10 µm. 
 
 

Fractionation and SDS-PAGE of total nuclear 
proteins followed by non-specific silver staining 
revealed 43 bands in 5 fractions; among them 
prominent bands in the soluble fraction and the 
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fraction of the nuclear matrix were detectable 
(Fig. 2). 

Using the selective silver staining method (Ag-
NOR method) for staining fractionated nuclear 
proteins on Western blots, argentophile nucleolar 
proteins were localized. According to previous 
reports on a variety of animal and plant biological 
models, nucleolin or nucleolin-like proteins are 
major targets of this staining procedure (Hozák et 
al. 1992, Martín et al. 1992, Roussel et al. 1992, 
González-Camacho and Medina 2004). The most 
soluble protein extract S2 was shown to be 
enriched in nucleolin-like proteins, since a 
prominent    band,  90 kDa   in   molecular   weight,  

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Lepidium sativum nuclear proteins revealed with 
the non-specific silver staining. The most soluble fraction 
(S2), enriched in ribonucleoproteins, and the most insoluble 
fraction, identified as the nuclear matrix (NM) are shown. 
Molecular weight standards are at the left, in kDa.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Western blot of the cress soluble nuclear 
ribonucleoprotein extract (S2), stained with the specific 
silver method for the nucleolar organizer proteins (Ag-
NOR staining). Arrowhead indicates the most stained 
protein band with molecular weight of 90 kDa. 
Molecular weight markers in kDa are given at the left. 

appeared clearly stained by this specific silver 
staining procedure (Fig. 3). The protein with a 
molecular weight of 90 kDa localized in both the 
S2 fraction and the fraction of the nuclear matrix, 
took a minor position in the optical density among 
all nuclear and nucleolar proteins stained by the 
non-specific procedure. 

Furthermore, we detected in L. sativum the 
putative homolog of nucleolin in the soluble 
fraction of nuclear proteins as well as in the 
insoluble protein fraction, i.e. the fraction of the 
nuclear matrix, on Western blots of these fractions 
probed with the antibody raised against the onion 
protein NopA100. The anti-NopA100 antibody 
showed a positive signal in both soluble and 
insoluble fractions of the nuclear proteins from 
cress. The protein of 90 kDa was recognized by the 
antibody, this molecular weight differing slightly 
from the corresponding homologous protein of A. 
cepa (Fig. 4). 
 
 

 
 
 
 
 
 
 
 

Fig. 4. Western blots of L. sativum soluble (S2) and 
insoluble (NM) nuclear protein fractions together with 
A. cepa soluble protein fraction (S2) probed with a 
polyclonal antibody raised against the onion nucleolin-
like protein NopA100. The antibody recognizes a 
homologous cress protein of 90 kDa, which is present in 
the two functionally significant nuclear fractions. Arrows 
indicate the molecular weights of the stained bands in the 
two species. Molecular weight markers are at the left, in 
kDa. 

 
 
The cress nucleolin-like protein was also 

revealed in two-dimensional (2-DE) Western blots 
of the same soluble and insoluble nuclear protein 
fractions. For this purpose, proteins were 
electrophoretically separated in two dimensions, and 
then they were electrotransferred to the PVDF 
membranes, and probed with the anti-NopA100 
antibody. The result was a smear at the level of 
90 kDa in molecular weight, extending through a 
range of isoelectric points (pI) (Fig. 5A, B). The 
band appeared as a stronger signal in the range of 
pI 4.5�6.0 for the soluble nuclear protein fraction 
(Fig.5A) and 4.5�7.0 for the insoluble nuclear 
protein fraction (Fig. 5B), and a weaker signal 
shifted in both cases towards the basic region of the 
blot. 

Under clinorotation, we showed the shortening of 
its molecular weight range (Fig. 6A, B). In the case of 
the nuclear matrix fraction, a single band was 
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separated into two clusters; one was concentrated at 
the pI range of the 90 kDa protein and the thinning of 
pI 4.5-5.5 and the second was observed around pI 7 
(Fig.6B). 

 
 

 
 

 
 
Fig. 5. 2-DE Western blots of nuclear proteins from L. 
sativum S2 (A) and NM (B) fractions probed with the 
anti-NopA100 antibody in the stationary control. 
 
 

 
 

 
 
 
Fig. 6. 2-DE Western blots of nuclear proteins from L. 
sativum S2 (A) and NM (B) fractions probed with the 
anti-NopA100 antibody under clinorotation. 
 
 
 
DISCUSSION 
 
In this work we continue the exploration of the 
effects of altered gravity on ribosome biogenesis, 
an essential process for cell vitality. For this 
purpose, we have chosen an approach involving 
SDS-PAGE and two-dimensional gel 
electrophoresis of the nuclear protein fractions, as 
well as one- and two-dimensional Western blotting, 
and used the slow-rotating clinostat. The slow 
rotating clinostat (1�5 rpm) is an appropriate tool 
for simulating reduced gravity (Merkys and 
Laurinavichius 1990, Albrecht-Buehler 1992, 
Kordyum 1994, Hilaire et al. 1995). Slow clinostats 
are widely used to investigate the biological effects 
of altered gravity because they make possible 

experiments with diverse analytical methods, 
without many of the limitations of spaceflight 
(safety, operator availability, storage, etc.). 

With SDS-PAGE of total nuclear proteins and 
non-specific silver staining, we revealed a putative 
homolog of nucleolin in L. sativum with a 
molecular weight of 90 kDa. Owing to their 
domain structure, nucleolin and nucleolin-like 
proteins are well known to have a high affinity for 
silver staining under the particular conditions of the 
selective procedure (originally cytological) known 
as �Ag-NOR staining� (Hernandez-Verdun et al. 
1984, Erard et al. 1990, Roussel et al. 1992, Ginisty 
et al. 1999). Therefore, we applied this sensitive 
method to the fractionated nuclear proteins and 
localized the major argentophile protein with a 
molecular weight of 90 kDa. Our results are in good 
agreement with the data obtained for onion, where 
silver-stained nucleolar proteins have been 
demonstrated to appear in S2 fraction (González-
Camacho and Medina 2004). The major protein 
specifically stained with silver in A. cepa has been 
shown to be the plant homolog of nucleolin with a 
molecular weight of 100 kDa, called NopA100 
(González-Camacho and Medina 2004, González-
Camacho and Medina 2006). Nucleolin and 
nucleolin-like proteins from different types of 
organisms have been characterized; their molecular 
weights range from 52 kDa (Nopp52 of 
Tetrahymena thermophilia) (McGrath et al. 1997) 
to 110 kDa (rat nucleolin) (Bourbon and Amalric 
1990). According to results reported elsewhere 
(Lee et al. 1992), the nucleolin-like protein of 
Saccharomyces cerevisiae, Nsr1p, have a 
molecular weight of 67 kDa. The radish nucleolin 
of 67 kDa capable of associating specifically with 
5� ETS (External Transcribed Spacer) has been 
characterized (Echeverria and Lahmy 1995). In 
Xenopus laevis, two forms of nucleolin with 
molecular weights of 90 kDa (Caizergues-Ferrer et 
al. 1989) and 95 kDa (Rankin et al. 1993) have 
been found. A nucleolin homolog from alfalfa of 
95 kDa, nucMs1 (Bogre et al. 1996), and a pea 
nucleolin of 90 kDa (Tong et al. 1997) have been 
revealed. Hence, we suggest that the major specific 
argentophile protein in L. sativum is a nucleolin 
homolog with molecular weight of 90 kDa.  

Furthermore, the anti-NopA100 antibody 
recognized the nucleolin-like protein of 90 kDa in 
both soluble and insoluble fractions of nuclear 
proteins from L. sativum. The cross-reaction of the 
anti-onion NopA100 antibody with our biological 
material was clear and unequivocal, so we decided 
to use anti-NopA100 antibodies for comparing the 
behaviour of the cress nucleolin homolog in cells 
grown at 1 g and cells influenced by clinorotation. 

The patterns of 2-DE Western blots, using the 
appropriate antibody on selected protein extracts can 
be useful in providing substantial information on 
protein peculiarities in relation to cell metabolic 
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activity (Bogre et al. 1996, Medina et al. 2000). We 
analyzed the 2-DE patterns of the soluble and 
insoluble nuclear protein fractions from cress cells 
germinated and grown under stationary control 
conditions probed with the anti-NopA100 antibody. 
Nucleolin-like protein was revealed in 2-DE 
Western blots of both nuclear fractions. We 
observed a band at the level of 90 kDa in molecular 
weight, spreading through a diapason of isoelectric 
points. The majority of the protein revealed among 
soluble nuclear proteins corresponded to the more 
acid conditions. The cluster of nucleolin homolog 
localized among insoluble nuclear proteins differed 
from it by a slight extension towards the basic 
region. The smear pattern of cress nucleolin in 2-DE 
Western blots is very similar to that shown by onion 
nucleolin, and the extension of the signal through a 
wide range of isoelectric points was shown in this 
species to be due to the existence of differently 
phosphorylated protein variants, as evidenced by an 
in vitro dephosphorylation assay (González-
Camacho and Medina 2004). In fact, it has been 
shown that nucleolin and nucleolin-like proteins are 
highly phosphorylated and contain several 
phosphorylation sites (Bourbon et al. 1983, 
Caizergues-Ferrer et al. 1987, Peter et al. 1990, 
Roussel et al. 1992, Zhou et al. 1997, Ginisty 
1999). So, the data of 2-DE seem to indicate the 
existence of phosphorylated variants of nucleolin 
homolog in L. sativum. The stronger signal in the 
acidic pI range is probably associated with the 
presence of major acidic isoform(s) of this protein. 

In order to clearly establish if the nucleolin-
like protein is related to the mechanisms of 
nucleolar response to the changed gravity 
environment, we compared the characteristics of 
nucleolin homolog, as they are detected in 2-DE 
Western blots, in extracts of proteins obtained from 
control samples with similar extracts obtained from 
clinorotated samples. 

 We showed that, under clinorotation, the 
range of putative phospho-isoforms of cress 
nucleolin-like protein spread through the pI range 
was reduced, as was the molecular weight 
extension of the signal revealed by the antibody. 
This could be related to a reduction in 
phosphorylation of the protein. It is known that 
phosphorylation of nucleolin and nucleolin-like 
proteins is intensely regulated by different kinases 
during various processes occurring in a cell 
(Caizergues-Ferrer et al. 1987, Peter et al. 1990, 
Medina et al. 1995, De Cárcer et al. 1997, Zhou et 
al. 1997), and this controlled phosphorylation 
modulates the activity of nucleolin and nucleolin-
like proteins in rDNA transcription and rRNA 
processing. Actually, the variation observed in the 
2-DE pattern of the nucleolin-like protein in L. 
sativum between control 1 g gravity and simulated 
microgravity was very similar to the variation 
described in the onion between meristematic 

(proliferating) and parenchymatic (non-
proliferating) root cells (González-Camacho and 
Medina 2004). So, we could propose that a 
decrease in the quantity of the phosphorylated 
isoforms of L. sativum nucleolin-like protein under 
clinorotation indicates a lowering of the activity of 
the protein. Our results are consistent with the data 
recently reported (Sobol et al. 2004, Sobol et al. 
2005, Sobol et al. 2006) on decrease in the activity 
of a nucleolus under clinorotation. Similar 
conclusions were reached after an experiment in 
real microgravity, on board the International Space 
Station (Matía et al. 2005). It is possible that the 
nucleolin-like protein is involved not only in the 
nucleolar response to the conditions of altered 
gravity, but also in the transmission of the signal of 
changed gravity environment into the nucleolus. 
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