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The notion of a “plurifunctional” nucleolus is now well established. However, molecular mech-
anisms underlying the biological processes occurring within this nuclear domain remain only
partially understood. As a first step in elucidating these mechanisms we have carried out a
proteomic analysis to draw up a list of proteins present within nucleoli of HeLa cells. This analysis
allowed the identification of 213 different nucleolar proteins. This catalog complements that of the
271 proteins obtained recently by others, giving a total of �350 different nucleolar proteins.
Functional classification of these proteins allowed outlining several biological processes taking
place within nucleoli. Bioinformatic analyses permitted the assignment of hypothetical functions
for 43 proteins for which no functional information is available. Notably, a role in ribosome
biogenesis was proposed for 31 proteins. More generally, this functional classification reinforces
the plurifunctional nature of nucleoli and provides convincing evidence that nucleoli may play a
central role in the control of gene expression. Finally, this analysis supports the recent demon-
stration of a coupling of transcription and translation in higher eukaryotes.

INTRODUCTION

The highly complex organization of the cell nucleus reflects
the intricate regulation of the various biological activities,
including gene expression, that take place within this or-
ganelle (Lewis and Tollervey, 2000; Dundr and Misteli,
2001). In the interchromatin space, various molecular species
constantly associate and dissociate to give rise to transient
nuclear domains that structurally support DNA and RNA
metabolism (Phair and Misteli, 2000; Misteli, 2001). At
present, numerous nuclear domains have been pointed out,
although the composition and function of most of them are
not yet fully elucidated (Matera, 1999).

Nucleoli are dynamic nuclear domains that communicate
constantly with the cytoplasm and with other nuclear do-
mains (Chen and Huang, 2001). In the 1960s, it was demon-
strated that nucleoli are the site of ribosome biogenesis. This
function gives rise to their characteristic ultrastructural or-

ganization into three distinct regions visible by electron
microscopy: the fibrillar center, the dense fibrillar compo-
nent, and the granular component (Melese and Xue, 1995;
Scheer and Hock, 1999; Olson et al., 2000). Ribosome biogen-
esis is a very complex process that involves the synthesis
and assembly of four different mature rRNA molecules and
of 80 different proteins. This process, which requires �150
different factors, is very efficient, because �14,000 ribosomal
subunits can be synthesized every minute in an exponen-
tially growing cell (Görlich and Mattaj, 1996). However, the
molecular mechanisms governing the assembly of ribo-
somes and the majority of the nucleolar proteins involved in
ribosome biogenesis are still ill defined. For instance, most of
the ribonucleoproteins required for rRNA processing re-
main to be characterized (Weinstein and Steitz, 1999). Like-
wise, the mechanism by which mature ribosomal subunits
are exported from nucleoli to the cytoplasm is not clearly
elucidated (Aitchison and Rout, 2000; Kuersten et al., 2001).
Furthermore, it was recently proposed that nucleoli may
also play a crucial role in several other cellular processes
such as the control of cell cycle, aging, and possibly mRNA
export (Bond and Wold, 1993; Kadowaki et al., 1994b; John-
son et al., 1998; Pederson, 1998; Buonomo et al., 1999; Olson
et al., 2000; Pederson and Politz, 2000; Visintin and Amon,
2000).

To gain insight into the multiple functions fulfilled by
nucleoli, we have developed a proteomic analysis of puri-
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fied nucleoli to determine their protein content. The recent
advances in mass spectrometry (MS) techniques allowed us
to identify 213 different proteins present within nucleoli
purified from HeLa cells. About one-half of these proteins
exhibit at least one known function. These proteins are in-
volved in ribosome biogenesis, mRNA metabolism, and
other cellular processes. Conversely, 48.8% of the identified
proteins do not display well-characterized functions. How-
ever, sequence analyses, together with the finding that these
proteins are indeed localized within nucleoli, allowed us to
attribute hypothetical functions to some of them. A similar
proteomic analysis has been reported recently (Andersen et
al., 2002). Andersen and colleagues identified 271 proteins
within purified human nucleoli. Interestingly, this allowed
us to compare the data presented in these two independent
studies; 133 proteins were common to both studies, 134 were
unique to Andersen et al. (2002) study and 80 proteins were
unique to this study. In conclusion, these two different but
related proteomic analyses allowed identifying �350 differ-
ent proteins that are localized within nucleoli of human
cells. Preliminary functional analysis confirms the plurifunc-
tional nature of nucleoli.

MATERIALS AND METHODS

Reagents for Proteomic Analysis

Unless stated otherwise, all reagents and chemicals were of the
highest purity available. Water was purified using a MilliQ system
(Millipore, Bedford, MA). Formic acid and acetic acid were from
Fluka (Buchs, Switzerland). Hydrochloric acid, bromphenol blue,
methanol, sodium chlorate, magnesium chlorate, and magnesium
acetate were from Merck (Darmstadt, Germany). Acetonitrile (AcN)
was from Biosolve (Volkenswaard, Holland), and trifluoroacetic
acid (TFA), 1,4-dithiotreitol (DTT), 2,3-dihydroxybutane-1,4-dithiol
(DTE), ammonium bicarbonate, iodoacetamide, glycerol, glycine,
and porcine trypsin were from Sigma-Aldrich (St. Louis, MO).
Phosphate-buffered saline was from BioWhittaker (East Rutherford,
NJ), Tris and SDS were from Invitrogen (Carlsbad, CA), urea was
from ICN Pharmaceuticals (Costa Mesa, CA), 3-[(3-cholamidopro-
pyl)dimethylamino]-1-propane sulfonate (CHAPS) was from UBS
(Cleveland, OH), and agarose was from Eurogentech (Liege, Bel-
gium). Acrylamide:bis solution (37.5:1) and Biosafe Coomassie Blue
were from Bio-Rad (Hercules, CA). Coomassie Brillant Blue R250
was from Amresco (Solon, OH). Proteins used as molecular mass
references (low-molecular weight) and IPG Buffer 4-7 were from
Amersham Biosciences (Piscataway, NJ).

Purification of Nucleoli from HeLa Cells

Nucleoli were purified using a procedure adapted from previously
published protocols (Muramatsu and Onishi, 1978; Ochs, 1998). For
a typical experiment, 3 � 108 HeLa cells were plated onto 245- �

245-mm Petri dishes in Eagle’s minimum essential medium (Sigma-
Aldrich, St. Louis, MO) containing 5% fetal calf serum (Eurobio, Les
Ulis, France). Cells were incubated at 37°C under a 5% CO2 con-
taining atmosphere. At � 80% confluence, cells were washed with
cold phosphate-buffered saline, pH 7.4, and scraped off while on ice.
Cells were collected by centrifugation at 500 � g for 5 min. Cells
were resuspended in 15 volumes of an hypotonic buffer (10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, and 1 mM MgCl2) and incubated on
ice for 30 min. Cell lysis was performed by addition of a final
concentration of 0.3% Nonidet P-40 (Roche Applied Science, Mann-
heim, Germany) and homogenization was performed using a
0.4-mm clearance Dounce homogenizer (Kimblr/Kontes, Owens,
IL). Nuclei were collected by centrifugation at 1200 � g for 5 min
and resuspended in 10 volumes of 0.25 M sucrose-containing 10 mM

MgCl2. The supernatant containing the cytoplasmic fraction was
harvested for further analyses. Nuclei were then purified by cen-
trifugation at 1200 � g for 10 min through a 0.88 M sucrose cushion
containing 0.05 mM MgCl2. Purified nuclei were resuspended in 10
volumes of 0.34 M sucrose containing 0.05 mM MgCl2 and sonicated
on ice for several bursts of 30 s with 5-min intervals between them.
Nucleoli were then purified from the resulting homogenate by
centrifugation at 2000 � g for 20 min through a 0.88 M sucrose
cushion containing 0.05 mM MgCl2. The supernatant containing the
nucleoplasmic fraction devoid of nucleoli was harvested for further
analyses. Purified nucleoli were resuspended in 0.34 M sucrose
containing 0.05 mM MgCl2 for protein quantification (Bradford,
1976) and for further analyses.

Electron Microscopy Analyses

Fixation of nuclei and nucleoli pellets was performed by incubation
for 10 min in 0.1 M cacodylate buffer, pH 7.4, containing 2% glu-
taraldehyde. Fixed pellets were washed 4 times with 0.2 M cacody-
late buffer, pH 7.4. Postfixation was then performed by incubation
for 30 min in 0.15 M cacodylate buffer, pH 7.4, containing 1%
osmium tetroxide. Finally, pellets were dehydrated in ethanol and
embedded in epoxy resin. Ultrathin sections were routinely con-
trasted with uranyl acetate and lead citrate and observed with a
1200 EX transmission electron microscope (JEOL, Tokyo, Japan)
equipped with MegaView II high-resolution TEM camera and Anal-
ysis Soft Imaging System (Eloı̈se SARL, Roissy, France).

Electrophoresis and Western Blotting Procedures

For monodimensional SDS-PAGE, proteins from the total cells and
from the different cellular fractions were solubilized in sample
buffer (62.5 mM Tris-HCl, pH 6.8, 1% SDS, 10% glycerol, 0.1 M DTE,
and traces of bromphenol blue) before separation on a 12.5% poly-
acrylamide gel (Laemmli, 1970). After electrophoresis, proteins
were stained with Coomassie Brilliant Blue R250 or with Biosafe
Coomassie Blue.

Western blot analysis of extracellular signal-regulated kinase
(ERK)2 and nucleolin was carried out as described previously after
separation by monodimensional SDS-PAGE (Diaz et al., 1993). Two
micrograms of protein from each cellular fraction was separated by
SDS-PAGE and transferred onto polyvinylidene difluoride mem-
brane. Proteins were revealed using an anti-ERK2 polyclonal anti-
body diluted 1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA)
and an anti-nucleolin polyclonal antibody diluted 1:500 (a gift from
P. Bouvet, ENS, Lyon, France).

For two-dimensional electrophoresis (2-DE), nucleolar proteins
were first extracted from purified nucleoli using the acetic acid
extraction method described previously (Waller and Harris, 1961;
Madjar et al., 1979a). This method, originally developed to purify
nucleic acid-free viral proteins (Fraenkel-Conrat, 1957), was used to
remove remaining nucleic acids contained in the nucleolar fraction.
The resulting nucleolar proteins were solubilized in isoelectric fo-
cusing (IEF) buffer containing urea. Briefly, nucleoli were resus-
pended in 0.34 M sucrose containing 0.05 mM MgCl2 and then
magnesium acetate was added to a final concentration of 0.2 M
before the addition of two volumes of glacial acetic acid. After 1 h
at 4°C, the precipitated nucleic acids were removed by centrifuga-
tion. A second extraction of the remaining pellet was then per-
formed. The two resulting supernatants were pooled and dialyzed
against 500 volumes of 1 M acetic acid. Before electrophoresis, 500
�g of proteins was lyophilized and solubilized in IEF buffer con-
taining 8 M urea, 2% CHAPS, 25 mM DTE, 0.5% IPG Buffer 4-7, and
traces of bromphenol blue. IEF was carried out in the IPGPhor by
using linear pH 4–7 IPG DryStrips (Amersham Biosciences) at 20°C
with 40,000 Vh. On completion of the focusing time, proteins were
reduced with DTE and alkylated with iodoacetamide. The second
dimension was then performed under well-defined conditions with
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650 Vh (Madjar et al., 1979b). Proteins were revealed with Biosafe
Coomassie Blue.

In Gel Digestion

Fragments of the gel containing proteins of interest were cut out for
digestion with trypsin by using the following procedure. Gel frag-
ments obtained after one-dimensional electrophoresis (1-DE) were
first destained by incubation in 100 �l of 50 mM ammonium bicar-
bonate and 30% AcN for 15 min at room temperature. Destaining
solution was removed and fragments were then incubated for 35
min at 56°C in 25 �l of 10 mM DTT in 50 mM ammonium bicar-
bonate. DTT solution was then replaced by 25 �l of 55 mM
iodoacetamide in 50 mM ammonium bicarbonate and the gel
fragments were incubated for 45 min at room temperature in the
dark. Gel pieces were then washed for 10 min with 100 �l of 50
mM ammonium bicarbonate and for 10 min with 100 �l of 50 mM
ammonium bicarbonate and 30% AcN. Gel pieces obtained from
2-DE were only treated with 50 mM ammonium bicarbonate and
30% AcN for 20 min at room temperature because disulfide
bond-containing proteins were already reduced and alkylated
after IEF.

Gel pieces were then dried for 30 min in a Hetovac vacuum
centrifuge (HETO, Allerod, Denmark). Dried pieces of gel were
rehydrated for 45 min at 4°C in 5–20 �l of a solution of 50 mM
ammonium bicarbonate containing trypsin at 6.25 ng/�l. After
overnight incubation at 37°C, gel pieces were dried in high vacuum
centrifuge before being rehydrated by the addition of 20 �l of H2O
and finally dried again. Elution of the peptides was performed with
20 �l of 0.1% TFA for 20 min at room temperature with occasional
shaking. The TFA solution containing the proteins was transferred
to a polypropylene tube. A second elution of the peptides was
performed with 20 �l of 0.1% TFA in 50% AcN for 20 min at room
temperature with occasional shaking. The second TFA solution was
pooled with the first one. The volume of the pooled extracts was
reduced to 1–2 �l by evaporation under vacuum. Control extrac-
tions (blanks) were performed using pieces of gels devoid of pro-
teins.

Protein Identification by Tandem Mass
Spectrometry

Before nano-liquid chromatography separation, the volumes of pep-
tide-containing solutions were adjusted to 7 �l by addition of a 0.1%
formic acid solution. Samples were settled in a Triathlon autosam-
pler (Spack, Emmen, Holland). For each experiment, 5 �l of peptide-
containing solution was injected on a homemade C18 reverse phase
column of 75 �m inner diameter (YMS-ODS-AQ200; Michrom
Bioresource, Auburn, CA). Peptides were eluted with an AcN gra-
dient in the presence of 0.1% formic acid, by using SunFlow pumps
(SunChrom, Friderichsdorf, Germany). A flow splitter was used to
decrease the flow rate from 200 to 0.4 �l/min. Peptides were ana-
lyzed with a Q-TOF mass spectrometer (Micromass, Wythenshawe,
England). A 2700-V tension was applied on the nanoelectrospray
capillary (New Objective, Woburn, MA). Argon was used as the
collision gas. The collision energy was settled as a function of the
precursor ion mass. MS/MS spectra were acquired by automatic
switching between MS and MS/MS mode. Acquired MS/MS data
were converted into a compatible format (DTA files) by ProteinLynx
software (Micromass, Wythenshawe, England) and analyzed using
the MASCOT search engine (http://www.matrixscience.com)
against SWISS-PROT, TrEMBL, NCBInr, and EST databases. In
cases of manual interpretation of MS/MS data, identification was
performed by sequence only search by using the ProteinInfo search
engine from PROWL (http://prowl.rockefeller.edu).

Protein Identification by Peptide Mass
Fingerprinting

Before peptide mass fingerprinting, the volumes of peptide contain-
ing solutions were adjusted to 5 �l by addition of 0.1% TFA in 50%
AcN. One microliter of each sample was deposited on a 2 � 96-well
matrix-assisted laser desorption ionization target plate and dried in
a vacuum container. Equal volumes of matrix (10 mg/ml �-cyano-
4-hydroxycinnamic acid in 50% AcN, 0.1% TFA) were added to the
previously loaded digest. Samples were dried using a vacuum
container. MS measurements were conducted with a matrix-assisted
laser desorption ionization/time of flight mass spectrometer Voy-
ager super STR (Applied Biosystems, Foster City, CA) equipped
with a 337-nm nitrogen laser. The analyses were performed in the
reflectron mode with an accelerating voltage of 20 kV, a delayed
extraction parameter of 100–140 ns, and a low mass gate of 850 Da.
Laser power was set slightly above threshold (10–15% higher than
the threshold) for molecular ion production. Spectra were obtained
by summation of 150 consecutive laser shots. Masses of the peaks
were extracted from the spectra and used for protein identification
using SmartIdent peptide mass fingerprint tool (Gras et al., 1999).
The research was conducted against SWISS-PROT and TrEMBL
databases.

RESULTS

Preparation of Highly Purified Nucleoli from HeLa
Cells

Several cell fractionation procedures were tested to isolate
nucleoli from HeLa cells (our unpublished data). From these
experiments, a cell fractionation procedure adapted from
Muramatsu and Onishi (1978) and Ochs (1998) was selected.
This fractionation procedure generated highly purified nu-
clei as assessed by observation under light as well as elec-
tron microscopy (our unpublished data). The nuclei were
disrupted by sonication and nucleoli were purified by dif-
ferential centrifugation as indicated above in MATERIALS
AND METHODS.

To verify the quality of the selected fractionation proce-
dure, 10 �g of each cellular fraction was separated by 1-DE
(Figure 1A). The band patterns obtained after separation of
proteins extracted from total cells and from the cytoplasmic
fraction are very similar. However, the four bands (indicated
by arrows) whose molecular masses are between 14.4 and
20.1 kDa are abundant in the total cell extract, whereas they
are only very slightly detected in the cytoplasmic fraction.
These bands were identified by MS as histones. The band
patterns obtained after separation of nuclear and nucleo-
plasmic fractions are very similar to each other, both of them
contain four bands strongly stained (indicated by arrows).
Remarkably, the band pattern obtained after separation of
the nucleolar fraction is very different from those obtained
after separation of all the other cellular fractions and from
that obtained after separation of total cell extract. One of the
more intense bands of the nucleolar fraction contains B23 as
identified by MS (Figure 1A). An identical conclusion was
drawn after a similar analysis which was performed in the
same experimental conditions but after staining of the pro-
teins with silver nitrate, a procedure known to be more
sensitive although less quantitative than that using Coomas-
sie Blue (our unpublished data). These analyses indicate that
the nucleolar fraction is highly enriched in proteins specific
to this fraction.

The efficiency of this specific enrichment was confirmed
first by identification of B23 by MS (Figure 1A) and second
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by Western blot analysis of the different protein extracts by
using an anti-nucleolin antibody (Figure 1B). As expected,
nucleolin is not detected in the cytoplasmic fraction,
whereas it is present in the nuclear fraction, barely detected
in the nucleoplasmic fraction, and very abundant in the
nucleolar fraction. Finally, to verify that nuclear fractions
were not contaminated with cytoplasmic proteins, a Western
blot analysis of the different protein extracts was performed
using an anti-ERK2 antibody (Figure 1C). ERK2 was de-
tected in total cell extract and was highly enriched in the
cytoplasmic fraction. ERK2 was not detected in the nuclear,
nucleoplasmic, or nucleolar fractions, demonstrating that
under our experimental conditions ERK2 was predomi-
nantly cytoplasmic and the nuclear fractions were free of at
least one protein that is known to migrate from the cyto-
plasm to the nucleus under specific conditions (Lenormand
et al., 1993).

Electron microscope analyses revealed that the nuclear
fraction was devoid of contamination with any cytoplasmic
organelles (our unpublished data). Furthermore, electron
microscope analyses of the nucleolar fraction showed that
the only recognizable structures in this fraction were nucle-
oli (Figure 2A). A higher magnification of purified nucleoli
revealed that they have conserved their characteristic ultra-
structure composed of three distinct compartments: the
fibrillar center, the dense fibrillar component, and the gran-
ular component (Figure 2B).

Sequential Proteomic Analysis of Nucleolar Proteins
Separated by SDS-PAGE

To identify the largest number of nucleolar proteins, we
have performed a proteomic analysis with purified nucleoli.

For this, an amount of nucleoli corresponding to 15 �g of
protein was separated by one-dimensional SDS-PAGE and
the separated proteins stained with Biosafe Coomassie Blue
(Figure 3). This gel was sequentially cut into 108 fragments,
with the positions indicated to the right of the figure. Pro-
teins contained in each fragment were in gel digested with
trypsin. Peptides were extracted from gel fragments and
analyzed by nano-liquid chromatography-electrospray ion-
ization-Q-q-time of flight mass spectrometry. The high sen-
sitivity of direct coupling of nano-high-performance liquid
chromatography and tandem mass spectrometry allowed
identification of low-abundance proteins in a complex mix-
ture and is therefore particularly well adapted for the iden-
tification of proteins separated by one-dimensional SDS-
PAGE. Peptides were separated on a homemade reverse
phase microcolumn before ionization by electrospray and
analysis in a tandem mass spectrometer. Using this tech-
nique, up to 15 different proteins were found in one single
gel fragment (fragment 12 in Supplemental Table, supple-
mentary data).

After fragmentation of the peptides, all obtained collision-
induced dissociation (CID) spectra were converted in a mas-
cot compatible format (DTA files) before searching against
SWISS-PROT, TrEMBL, NCBInr, and/or EST databases.
Matching results with at least three peptides per protein
were selected in a first round of screening. CID spectra
matching with a significant score, but with only one or two
peptides per protein, were manually confirmed (de novo
sequencing) and searched in sequence-only mode against
the same databases. A similar procedure was applied with
interpretable CID spectra that did not return a protein entry
with the mascot software. After this manual and computer
analysis of MS/MS data, 306 polypeptides were found in the
108 fragments, corresponding indeed to 190 different pro-
teins. The number of the gel fragment analyzed, the name of
the proteins identified, their database accession numbers,
their molecular masses (MW), and their isoelectric points
(pI) are reported in Supplemental Table. Sequences of the
peptides obtained from 25 proteins did not permit discrim-
ination between several entries of the databases. The entries

Figure 1. Analysis of the cellular fractions obtained during nucle-
oli purification. (A) 1-DE separation of proteins extracted from total
cells (TC) and from subcellular fractions indicated on the top of the
gel (C, cytoplasm; N, nuclei; Np, nucleoplasm; Nc, nucleoli). For
each fraction, 10 �g protein was separated on a 12.5% polyacryl-
amide gel. Proteins were stained with Coomassie brilliant blue
R250. Positions of B23 and histones are indicated by arrows on the
right of the panel. Sizes of the molecular weight markers are indi-
cated in kilodaltons on the left of the panel. (B, C) Western blot
analyses of the different cellular fractions described in A using an
anti-ERK2 antibody (B) and an anti-nucleolin antibody (C). The
position of ERK2 and nucleolin is indicated by an arrow on the right
of panels B and C, respectively.

Figure 2. Transmission electron micrographs of purified nucleoli.
The nucleolar fraction was obtained from HeLa cells, as described in
MATERIALS AND METHODS and submitted to electron micros-
copy analyses (A) Nucleoloar fraction at 4000� magnification. Nu-
cleoli are the main structures observed in the last fraction of the
cellular fractionation procedure. (B) Nucleolar fraction at 20,000�

magnification. Purified nucleoli have conserved their characteristic
ultrastructure in three main compartments: FC, fibrillar center; DFC,
dense fibrillar component; and GC, granular component.
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that correspond to proteins very close in sequence are indi-
cated in Supplemental Table.

Separation of Nucleolar Proteins by Two-
dimensional Electrophoresis and Identification by
Mass Spectrometry

Nucleolar proteins with a pI below 7 were poorly repre-
sented in the first set of proteins identified after separation
by 1-DE (Supplemental Table, 30% of the 190 different iden-
tified proteins). To enrich the nucleolar protein catalog in
protein with a pI below 7 and to obtain an annotated 2-DE

map of acidic nucleolar proteins, a 2-DE separation of pro-
teins extracted from purified nucleoli was undertaken in the
4–7 pI range before their identification by MS. Identification
of the proteins contained in the more intense spots observed
after 2-DE and staining with Biosafe Coomassie Blue was
performed. Identity of these proteins was indicated on an
equivalent 2-DE gel performed with the same sample under
the same experimental conditions but whose proteins where
stained with silver nitrate (Figure 4). The proteins contained
in 46 different spots were identified by either peptide mass
fingerprinting or tandem mass spectrometry or both and
were found to represent 35 different nucleolar proteins (Sup-
plemental Table).

Functional Classification of 213 Proteins

A total of 213 different proteins were identified within the
nucleolar fraction; 190 proteins and 23 additional proteins
were identified after separation by 1-DE and 2-DE, respec-
tively (Supplemental Table). An extensive bibliographic
analysis was carried out for each of the 213 proteins. From
this, it seemed that 109 (51.2%) of the 213 proteins exhibit at
least one known biological function, whereas the 104 (48.8%)
remaining ones did not display a well-defined biological
function. Therefore, sequence homology searches were car-
ried out between each of these 104 proteins and those of the
SWISS-PROT and TrEMBL databases. This analysis was per-
formed using the BLAST network service (www.expasy.
org). A strong homology was found between some of these
104 proteins and proteins with known functions present in
the databases explored. This finding allowed the attribution
of hypothetical functions to 43 proteins, whereas no specific
function could be predicted for the 61 remaining. Alto-
gether, these analyses permitted the description of func-
tional classes (C1–C10) and the grouping of the identified
nucleolar proteins according to their known or hypothetical
biological functions into these functional classes (Supple-
mental Table). The different classes deduced from these
analyses and the number of proteins contained in each class
are presented in Figure 5A. An identical analysis was carried
out for the proteins identified by Andersen et al. (2002)
(Figure 5B).

Completion of the Human Nucleolar Database

The two similar high-throughput proteomic analyses of hu-
man nucleoli available at present (Andersen et al., 2002; this
study) should allow to initiate the construction of a compre-
hensive annotated human nucleolar database. For this, we
have carried out a fine comparison of the results obtained in
both studies to determine whether some of the proteins
identified in this study were identified in Andersen et al.
(2002) study. Each of the 213 proteins listed in Supplemental
Table were submitted to a BLASTp search (www.expasy.
org) against the deduced proteins obtained from the Uni-
gene, GenBank, or IPI entries provided by Andersen et al.
(2002). Several homologous proteins were detected between
both studies. Using the PeptideMass program (www.ex-
pasy.org), each homologous protein identified in Andersen’s
study was digested and treated in silico with parameters
simulating our experimental conditions. The peptides ob-
tained were then compared with those obtained experimen-
tally for our homologous protein. If all the peptides were

Figure 3. Sequential analysis of nucleolar proteins separated by
SDS-PAGE. Nucleolar proteins (15 �g) were separated by SDS-
PAGE on a 12.5% polyacrylamide gel and stained with Bio-Safe
coomassie blue. This gel was then sequentially cut into 108 frag-
ments. Each cut was numbered. Their position within the gel and
their number are indicated by dashes on the right side of the gel.
Molecular masses of known proteins separated in the same gel are
indicated on the left of the figure.
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identical, the probability that the two proteins represent the
same protein was therefore high. This was the case for 133
proteins. Without more information from Andersen et al.
(2002) study, we have decided to consider that these pro-
teins are identical. These proteins are indicated in Supple-
mental Table. Conversely, if all the peptides of the two
homologous proteins were not identical, we concluded that
the two proteins were different. This was the case for 80 of
the proteins of Supplemental Table.

DISCUSSION

The notion of a “plurifunctional nucleolus” was proposed
previously (Pederson, 1998). However, at present, a compre-
hensive view of the biological processes that might occur
within this subnuclear structure is still missing. Unquestion-
ably, identification of proteins contained within nucleoli
represents one of the first indispensable steps to fulfill this
tremendous task. For this reason, a proteomic analysis was
developed and reported herein to obtain a catalog of pro-
teins contained within nucleoli of human cells. This catalog

of 213 proteins seemed complementary to that of the 271
proteins obtained recently by others (Andersen et al., 2002)
and allowed the establishment of a list of 350 different
nucleolar proteins. However, establishing a list of nucleolar
proteins is not sufficient per se to point out the different
biological processes that might occur within nucleoli. This is
why, when possible, the biological functions of the 350 pro-
teins found in nucleoli were determined and gathered to-
gether according to several functional classes corresponding
to well-defined major biological processes.

The first step of our proteomic analysis of human nucleoli
was to purify these membraneless nuclear structures from
HeLa cells and to verify their purity. While performing the
fractionation procedure, integrity and purity of nuclei as
well as enrichment of the nucleolar fraction with nucleoli
were assessed by analysis of each fraction under light and
electron microscopes. This analysis showed clearly that nu-
clei were the only organelles present in the nuclear fraction
and that the nucleolar fraction contained a very high con-
centration of nucleoli, which conserved their ultrastructural
integrity.

Figure 4. Annotated 2-DE map of acidic nucleolar proteins. Nucleoli from HeLa cells were purified as described in MATERIALS AND
METHODS. Nucleolar proteins were extracted with acetic acid before separation by 2-DE. Proteins were separated by IEF on immobilized
pH gradients 4–7 in the first dimension. They were then separated by SDS-PAGE in the second dimension. Finally, proteins were identified
by mass spectrometry. The image presented here is a representative gel stained with silver nitrate. The 35 identified proteins are labeled with
their SWISS-PROT or TrEMBL accession numbers.
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The enrichment of proteins specific to nucleolar and/or
other fractions was evaluated by separation of the different
fractions by 1-DE followed by Coomassie and silver nitrate
staining as well as by Western blot. These analyses showed
clearly that numerous proteins, such as histones were
present almost exclusively in the fractions from nuclear
origin, confirming the high quality of the nucleocytoplasmic
separation procedure. In addition, the finding that in our
experimental conditions, ERK2 was found by Western blot
analysis exclusively in the cytoplasmic fraction suggested
that extremely low contamination of the nuclear fractions, if
any, with cytoplasmic proteins was present. More impor-
tantly, these analyses demonstrated that the majority of the
proteins visible in the nucleolar fraction were not detected in
the other fractions. In particular, the nucleolar fraction was
highly enriched in two proteins that have been previously
shown to be among the most abundant proteins of nucleoli,
B23 and nucleolin (Bugler et al., 1982; Roussel and Hernan-
dez-Verdun, 1994).

Because all of these results indicated very strongly that
our nucleolar fraction was highly enriched in nucleoli and in
proteins specific for this fraction, the next step of our pro-
teomic analysis was to perform an extensive identification of
the proteins contained within this fraction. For this, proteins
from this fraction were separated by 1-DE and 2-DE through
polyacrylamide gels. The separated proteins were stained
with Coomassie Blue. Proteins of interest were in gel di-
gested with trypsin and resulting peptides analyzed by mass
spectrometry and for most of them by nano-liquid chroma-
tography-electrospray ionization-Q-q-time of flight mass
spectrometry to obtain sequence information. These data
permitted the identification of 190 different proteins after
separation by 1-DE and 23 supplementary proteins after
separation by 2-DE.

The final step of our proteomic analysis was to outline the
biological processes in which the 213 proteins could be
involved. A bibliographic analysis was performed to obtain
functional data for each of the 213 proteins. From this first
analysis, it seemed that several functional studies were
available for 109 out of the 213 proteins, whereas no func-
tional studies were available for the 104 remaining proteins.
This allowed us to determine unambiguously the biological
mechanisms in which these 109 proteins are involved. Fur-
ther analyses were performed to gain insights into the func-
tions of the 104 proteins for which no functional studies
were available. A search within protein databases was made
to find proteins homologous to each of these 104 proteins.
This search allowed the identification of a homologous pro-
tein with a well-defined function for 43 proteins of the 104,
permitting the assignment of a hypothetical function. No
function could be attributed for the remaining 61 proteins
representing 28.6% of the 213 proteins.

As expected, numerous proteins found within nucleoli are
either ribosomal proteins (15.5%) or proteins involved in
ribosome biogenesis (23.5%). Interestingly, this analysis al-
lowed us to propose clearly that 31 proteins of this latter
category, which are from human origin, participate to ribo-
some biogenesis due to their homology with previously
characterized proteins, which are for most of them from
yeast origin. Moreover, the high proportion in our nucleolar
fractions of proteins involved in well-established nucleolar
functions strongly indicates that our nucleolar fraction is
highly enriched in nucleoli. Several other proteins found
within nucleoli in the current analysis are involved in the
ultrastructural organization of the nucleus: fibrous proteins
(5.1%) and structural proteins of the chromatin (2.8%) (Ver-
heijen et al., 1986; Gerner et al., 1998; Belmont et al., 1999;
Jung et al., 2000; Bergquist et al., 2001). Five proteins (2.3%)
belong to the DNA-dependent protein kinase system, a mul-
tifunctional complex shown to be involved in many biolog-
ical processes such as DNA repair and telomere mainte-
nance (Dynan and Yoo, 1998; Featherstone and Jackson,
1999; d’Adda di Fagagna et al., 2001). Several proteins (6.6%)
were arbitrarily regrouped into the class named “others”
because they are involved in different biological processes,
and each of them would require the construction of a novel
specific functional class. For example, importin �-2 subunit,
casein kinase II, ubiquitin, poly[ADP-ribose] polymerase-1,
or S100 proteins are proteins from this category (Allende
and Allende, 1995; Pickart, 2001; Tong et al., 2001; Weis et al.,

Figure 5. Functional classes for nucleolar proteins identified in the
two independent proteomic analyses of purified human nucleoli.
Functional classes were deduced for the 213 nucleolar proteins
identified in this study and listed in the supplemental table, online.
(A) and for 262 nucleolar proteins identified in the study of
Andersen et al. (2002) (B). The name of the class with its correspond-
ing abbreviation used in the supplemental table (C1–C10) is given.
The percentage of total proteins found within each class is indicated.
In addition, for each class, the number of proteins with a demon-
strated involvement in the biological process is given, followed by
the number of proteins with hypothetical involvement in this bio-
logical process in italics.
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1995; Donato, 2001). One of the features emerging from our
classification is the surprising finding that �12% of the 213
proteins are proteins involved in the regulation of every step
of mRNA metabolism, i.e., their synthesis, splicing, editing,
nuclear export, and also their translation and degradation.
As illustrated in Table 1, most of these proteins participate in
several steps of mRNA metabolism. Indeed, many of these
proteins have never been shown to be localized within nu-

cleoli by using other techniques. Therefore, at this stage of
the study, we cannot exclude that some of these proteins are
found artifactually within the nucleolar fraction. Con-
versely, we cannot exclude also that these proteins are found
in small amount and very transiently within nucleoli ren-
dering them difficult to visualize using other techniques.
Many more experiments would be required to address this
question.

Table 1. Nucleolar proteins involved in the regulation of mRNA metabolism
The main steps of mRNA metabolism are indcated and underlined. The 25 proteins belonging to classes C4 and C5 (see Figure 5A) are
classified according to their demonstrated implication in mRNA metabolism. Proteins in bold are involved in several steps. Proteins in italics
and regrouped at the end of each section are proteins with hypothetical functions. Each protein is followed by one or several numbers that
refer to articles listed at the bottom of the table. This functional classification is based on these articles.
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Analysis of the biological functions of the nucleolar pro-
teins identified previously by Andersen et al. (2002) demon-
strated that these proteins could be classified according to
the same functional classes elaborated in this study. There-
fore, this study, by allowing the classification of a total of
�350 nucleolar proteins according to the biological pro-
cesses in which they are involved, firmly confirms the plu-
rifunctional nature of nucleoli and outlines biological pro-
cesses taking place within these nuclear domains (Andersen
et al., 2002; this study). In particular, the present analysis
shows clearly that translational regulators, chaperones, and
also proteins involved in mRNA processing are found
within nucleoli, in addition to other components of the
translation machinery such as ribosomes (Leary and Huang,
2001), tRNAs (Bertrand et al., 1998; Pederson and Politz,
2000), signal recognition particle (Politz et al., 2000; this
study), and even mRNAs (Kalland et al., 1991; Bond and
Wold, 1993; Kadowaki et al., 1994a). This provides molecular
evidence to the recent demonstration that translation can
occur within nuclei of human cells (Iborra et al., 2001) and
suggests that nucleoli themselves could play a central role in
the control of this process. Indeed, one may suppose that,
depending on the physiological or pathological state of the
cell, highly specialized translation machines preassemble
within nucleoli before being either exported to the cyto-
plasm or directly used in nuclei to translate certain classes of
mRNAs. Alternatively, these preassembled translation ma-
chines may participate to the mRNA quality control (Hentze
and Kulozik, 1999).
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