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Structure, function 
and assembly of 

the nucleolus 
u I r, i s I! !iri 

Most events of ribosome biogenesis - such as transcription of the 

ribosomal RNA (rRNA) genes, processing of their primary 

transcripts into mature rRNAs and assembly with ribosomal and 

nonribosomal proteins to form the preribosomes - are confined to 

a special nuclear compartment, the nucleolus, lmmunogold 

labelling and in situ hybridization at the ultrastructural level are 

providing novel insights into structure-function relationships of 

the nucleolus, and in vitro systems are beginning to shed light on 

the molecular mechanisms involved in the reforming of nucleoli 

after mitosis. 

Nucleoli, the sites of ribosome biogenesis, provide 
the most compelling evidence that there is order in 
the cell nucleus. The genes coding for ribosomal 
RNA (rRNA) and the transcription products of 
these genes are not randomly and diffusely dis- 
tributed throughout the interphase nucleus, but 

instead are concentrated in a specific nuclear do- 
main occupied by the nucleolus. Although extra- 
nucleolar genes and their RNA transcripts may also 
be localized to specific nuclear territories, nucleoli 
are a particularly good model for correlating mol- 
ecular aspects of gene expression with nuclear 
structures. 

A nucleolus is often regarded as a cluster of tran- 
scriptionally active rRNA genes surrounded by a 
cloud of densely packed transcription products in 
the form of preribosomal particles at various stages 
of their maturation pathway. According to this 
view, nucleolar structures are generated from rRNA- 
gene transcription units and locally accumulated 
products of transcription and ribosome assembly. 
However, this model ignores structural elements 
within nucleoli such as high-salt- and detergent- 
resistant filaments that might be involved in the 
functional compartmentalization of the nucleolus 
(see Ref. 1 for a review). Furthermore, it is hardly 
compatible with the well-known fact that inhi- 
bition of transcription by drugs such as actinomycin 
D does not lead to the disappearance of nucleoli. 
Under such conditions the nucleolar components 
lose most, if not all, resident pre-rRNAs and yet 
retain their characteristic ultrastructurai features 2. 
This observation underlines the importance of a 
structured framework as a primary determinant of 
nucleolar architecture and morphology. At first 
sight, the dynamic changes of the nucleolus ac- 
companying mitosis, i.e. disassembly at prophase 
and reassembly at telophase, seem to argue against 
the presence of nucleolar structural elements. How- 
ever, the fate of the nuclear lamina during mitosis 
clearly illustrates the cell's ability to induce ex- 
tensive and rapid structural changes of karyoskeletal 
elements, probably by protein phosphorylation. 
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Various aspects of rRNA 
gene transcription, processing 
of the primary transcripts 
into the mature rRNAs, and 
assembly of preribosomes have 
been reviewed recentlya-S. 
Both pre-mRNA processing 
events and pre-rRNA matu- 
ration appear to be directed 
by small nuclear ribonucleo- 
proteins (snRNPs), in all the 
species investigated from 
yeast to mammals 6-8. The 
most abundant nucleolar 
snRNP contains U3 RNA and 
several proteins, including 
the evolutionarily highly con- 
served protein fibrillarin. 
How the processes of ribo- 
some biogenesis may be 
linked to nucleolar structures 
has been examined in a num- 
ber of recent articles 9-14. At 
present, there is considerable 
controversy over the location 
of the rRNA genes within the 
nucleolar body (see below). 
In addition to ribosomal pro- 
teins, nucleoli contain a large 
number of nonribosomal 
proteins involved in various 
aspects of ribosome biogen- 
esis and maintenance of 
nucleolar structure. Some of 
them have been character- 
ized in detail and their bio- 
chemical properties and po- 
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FIGURE 1 

(a) The characteristic ultrastructural features of a nucleolus from a cultured human HEp-2 cell. 
Condensed chromatin (Ch) is visible around and within the nucleolus. The dense fibrillar component (F) 
is interrupted by an interstice in which chromatin (arrow) approaches the fibrillar centre (FC). G, 
granular component. (b) Detection of DNA by the terminal transferase assay in a HEp-2 nucleolus 22. 
Strands of condensed chromatin, heavily labelled with gold particles (arrows), run through the granular 
component (G) towards the dense flbrillar component (F). Numerous gold particles are seen over the 
fibrillar centre (FC). (c) Immunogold-EM localization of the rDNA transcription factor UBF in the 
nucleolus of a mouse 3T3 cell (Lowicryl section). Antibodies raised in guinea pigs against purified mouse 
UBF were kindly provided by I. Grummt (Heidelberg). The fibrillar centre (FC) is selectively labelled. (d) 
Intranucleolar distribution of RNA in an Ehrlich tumour cell as visualized with the polyadenylate 
nucleotidyl transferase method 31. Gold particles are present in all regions of the nucleolus, including the 
fibrillar centre (FC). Bars, 0.2 I~m. 

tentlal functions summarized Is. The purpose of 
this review is to provide, against this background, 
a current view of the functional significance of the 
various nucleolar components during interphase, 
and their interactions during postmitotic forma- 
tion of nucleoli, a process called nucleologenesis. 

Architecture of the interphase nucleolus 
When observed w i th  the electron microscope 

(EM), nucleoli exhibit (with some exceptions) a 
strikingly similar organization from protists to 
humans. Generally, three morphologically distinct 
nucleolar components are recognized (Fig. la) 9,16. 
The bulk of the nucleolus in metabolically active 
cells is made of particles resembling ribosomes, 
and is hence termed the granular component  (GC). 
Within the granular mass are one or several rounded 
regions of low electron density, the fibrillar centres 
(FC). They are surrounded by a compact layer of 
densely staining fibrous material, the dense fibrillar 
component (DFC), which is especially prominent 
in plant cells. Nucleoli are generally surrounded by 
a shell of condensed nucleolus-associated chroma- 
tin which, in certain places, penetrates deeply 
into the nucleolar body through nucleolar inters- 
tices and reaches the FCs. Although in sections 
these nucleolar invaginations often appear as 

separate islands of intranucleolar chromatin, or 
interstices containing some chromatin strands, 
together they establish a structural continuity 
between the perinucleolar chromatin and the 
FCs 16. Chromatin-filled interstices are often in 
direct contact with the surface of FCs, where they 
interrupt the layer of the DFC (Fig. la). As dis- 
cussed below, highly decondensed chromatin 
fibres extend from these interstices into the FCs, 
where they can be traced only by specific detection 
methods in the EM. 

How are these nucleolar structures linked to 
transcription of the rRNA genes, processing of the 
primary transcripts into mature 28S, 18S and 5.8S 
rRNAs, and assembly with ribosomal and nonribo- 
somal proteins into preribosomal subunits? It is 
generally thought that ribosome biogenesis is a 
vectorial process, which may be envisaged as an 
assembly line, beginning in the fibrillar part and 
continuing into the surrounding granular portion 
of the nucleolus. 

Tracing the rRNA genes 
There is considerable disagreement over the exact 

int ranucleolar  locat ion o f  the transcribing rRNA 
genesnT, 18. Several experimental strategies have been 
developed to approach this issue, wh ich  is of  
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paramount importance for understanding nucleo- 
lar architecture. EM autoradiographic ]6, cytochemi- 
cal~9, 20 and immunocytochemical studies ]2,2°-~2 
have clearly established the presence of DNA in 
the FCs of both plant and animal nucleoli. An ex- 
tremely useful method for detecting DNA in ultra- 
thin sections of conventionally fixed material, 
which combines high sensitivity with optimal 
structural preservation, exploits the ability of ter- 
minal deoxynucleotidyl transferase to add nucleo- 
tides to the free ends of DNA that are generated at 
the surface of the sections (Fig. lb) 22. To identify 
the intranucleolar DNA, nonradioactive in situ 
hybridizations for the EM have been performed by 
several groups. Some authers have concluded that 
the rRNA genes are located exclusively in the FCs 
and in some masses of intranucleolar condensed 
chromatinZ,23-2s; others have located the majority 
of the rRNA genes in the surrounding DFC 14,26. As 
discussed elsewhere TM, the latter view most likely 
stems from an erroneous identification of the 
chromatin-containing interstices at the periphery 
of the FCs as part of the DFC. In fact, those inter- 
stices in close contact with the surface of the FCs 
may contain nontranscribed spacer sequences sep- 
arating the tandemly repeated rRNA genes z4, or 
even longer stretches of transcriptionally silent 
rDNA. Their striking association with the per- 
iphery of the FCs suggests that the transition from 
compacted and hence transcriptionally inactive 
chromatin into the extended chromatin of the FCs 
takes place here~Z, 16. 

,:;~;. ,~ t L :  ~0 . ,;4 * * 

FIGURE 2 
The chromosomal nucleolus-organizing regions (NORs) contain pol I, topo I and 

the transcription factor UBF, as shown by immunofluorescence microscopy of 
mitotic PtK2 cells (these cells, derived from a male kangaroo rat, have only one 

NOR located on ~he X chromosome). Corresponding phase-contrast images are 
shown in the left panel. Bar, 10 pro. 

FCs contain not only rDNA but also enzymes es- 
sential for transcription of the rRNA genes, notably 
RNA polymerase I (pol I) 12,21,27 and DNA topo- 
isomerase I (topo I) 12,21. It has been proposed that 
the FCs merely store these enzymes, and that tran- 
scription actually takes place in the surrounding 
DFC14A 7. However, the reported absence of a 
nuclear pool of free pol I molecules 28 clearly con- 
tradicts this view. Furthermore, the mouse nu- 
cleolar upstream binding factor (mUBF), a tran- 
scription factor required for the formation of stable 
initiation complexes by pol I (Ref. 29), is also en- 
riched in the FC and absent in significant amounts 
from other regions of the nucleolus (Fig. lc). 

Earlier EM autoradiographic studies of cells 
pulse-labelled with 3H-labelled uridine revealed 
preferential incorporation of 3H into the DFC. This 
result is usually taken as evidence for the origin of 
nascent rRNA in this nucleolar componentg,14,17. 
However, after prolonged exposure of auto- 
radiographs the FCs also appear labelled so. Hence 
the autoradiographic data are fully compatible 
with the view that pre-RNAs are synthesized in the 
FCs and accumulate transiently in the surrounding 
DFC. Further support for this notion comes from 
the demonstration of RNA and, more specifically, 
rRNA in the FCs by the polyadenylate transferase 
immunogold technique (Fig. ld), immunolabelling 
with anti-RNA antibodies, and in situ hybridiz- 
ation 31 . 

Taken together, all the available evidence points 
to the nucleolar FCs as the exclusive sites of the 
transcriptionally active rRNA genes. They must be 
extremely densely packed since a single rDNA tran- 
scription unit, as seen in Miller-type spread prep- 
arations, is as long as the entire nucleolus lz. This 
high packing density may provide a mechanism 
for bringing termination and initiation sites of the 
rRNA genes close together, thus maximizing tran- 
scriptional activity 32. 

it is tempting to speculate that a major function 
of the DFC Is to establish a boundary around the 
FC that keeps the active rRNA genes together with 
the factors necessary for their transcription in this 
compartment. The DFC is not simply generated by 
the aggregation of transcription products but 
rather represents a distinct structure. Thus, when 
rRNA gene transcription is selectively inhibited by 
microinjection of antibodies to pol I, the DFC 
abandons the nucleolus and emerges in the nu- 
cleoplasm in the form of numerous dense flbrillar 
bodies 33. This behaviour illustrates that ongoing 
transcription of the rRNA genes is required to 
maintain the association of the DFC with the sur- 
face of the FCs. 

Relating ribosome production to nucleolar 
structures 

In situ hybridization studies in the EM, using ap. 
propriate hybridization probes, have made it poss- 
ible to link each step of the pre-rRNA maturation 
pathway with nucleolar structures. However, 
results obtained with probes directed against tran- 
scribed spacer sequences should be interpreted 
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with some reservation since it is difficult to a s s e s s  

whether the observed labelling reflects the distri- 
bution of pre-rRNAs or the excised fragments that 
might accumulate to some extent before being 
degraded. After their release from the template, the 
pre-rRNA transcripts transiently accumulate in the 
DFC, where primary processing events are thought 
to occur, before they pass into the surrounding 
GC2, ~3. The location of U3 snRNA in the DFC as 
well as the GC13, 34 is consistent with its proposed 
role in early and late processing steps67. Although 
major proteins of the DFC such as nucleolin, fibril- 
larin and a phosphoprotein of 140 kDa (nopp140) 
have been sequenced 3s-40, their precise functions 
remain to be explored. Nucleolin is associated (at 
least partly) with preribosomesnS; fibrillarin may 
play a role in pre-rRNA processing and the struc- 
tural organization of the nucleolus 38. A protein of 
180 kDa is thought  to contribute to the general 
structure of the DFC 4]. 

The GC contains preribosomal particles in later 
stages of the maturation pathway 9. Although it is 
generally believed that the granular appearance of 
this nucleolar component reflects the presence of 
preribosomal particles, recent results ~ raise some 
doubts about this correlation. When transcription 
is blocked by actinomycin D, most of the pre-rRNA 
molecules leave the nucleolus but neither the 
granular component  nor the DFC is lost. Hence it 
is conceivable that the granules form part of a 
structural framework of the nucleolus, providing 
support to preribosomes. Most of the ribosomal 
proteins are associated with maturing preribosomal 
subunits as well as some nonribosomal proteins, 
notably B23/NO38, whose primary structure has 
been determined ts,4z,43. It is striking that not only 
B23/NO38 but also nucleolin and noppl40 shuttle 
between the nucleus and cytoplasm, and hence 
may play a role in nucleocytoplasmic transport pro- 
eesses40, 43. Now that antibodies against other ribo- 
somal and nonribosomal proteins are available, a 
clearer picture of the order of protein addition dur- 
ing ribosome assembly should emerge in the near 
future. 

The chromosomal nucleolus organizer 
When cells of higher eukaryotes enter mitosis, 

the nucleoli disintegrate in various stages. The first 
component to disappear is the DFC, and this is fol- 
lowed by disappearance of the GC. Throughout 
mitosis the chromosomal nucleolus-organizing 
region (NOR), which harbours the tandemly re- 
peated rRNA genes and reveals a striking morpho- 
logical similarity to the FCs, persists t6. The refor- 
mation of nucleoli at telophase follows the reverse 
order, i.e. the DFC forms around the NORs before 
the appearance of the GC ]6. The persistent associ- 
ation of pol I, topo I and the transcription factor 
UBF with the chromosomal NORs during mitosis 
(Fig. 2) indicates that NORs and nucleolar FCs are 
equivalent structures, thus confirming earlier con- 
clusions based on morphological similarities and 
the presence of silver-binding proteins ]6. There 
have been reports that the DFC proteins nucleolin, 
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FIGURE i 

Distribution of fibrillarin during mitosis of cultured PtK2 cells as revealed by 
immunofluorescence microscopy (a'-d'). Corresponding phase-contrast images 
are also shown (a-d). In interphase cells (a,d), fibrillarin is localized to the 
nucleoli. In metaphase and anaphase (b), fibrillarin uniformly coats the 
chromosome surfaces. In late telophase (c), the reforming nucleoli are stained 
(arrows) as well as numerous prenucleolar bodies. Bar, 10 I~m. 

fibrillarin and noppl40 are present in chromo- 
somal NORslS, 44. However, recent studies have 
failed to reproduce these observations (P. Bell and 
U. Seheer, unpublished). 

The absence of rRNA synthesis during mitosis, 
despite the continued presence of the transcrip- 
tional machinery, represents an extremely interest- 
ing case of gene regulation. Since the NOR-bound 
pol I can be reactivated by heparin, the enzyme 
apparently exists as an initiated complex with 
rDNA during mitosis 4s. At present the mechanisms 
that suppress or retard transcription of the rRNA 
genes during the mitotic block, and whether the 
nascent transcripts are actually shed from the tem- 
plate, are not known. The m~totic inhibition of 
rRNA synthesis may involve the recently identified 
pol I inhibitory activity in growth-arrested mouse 
cells; this factor does not affect the preinitiation 
complex, but inhibits later stages of rDNA tran- 
scription 46. 

Postmltotlc nucleelar assembly 
Nucleolar reformation begins at telophase with 

the formation of numerous prenucleolar bodies 
(PNBs) that contain several proteins characteristic 
of the DFC in functional nucleoli (see Ref. 47 for a 
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Schematic view of postmitotic nucleologenesis. Nucleolar reformation begins at telophase with the aggregation of nucleolar 
material, derived from the mother cell, into numerous prenucleolar bodies (PNBs). Subsequently the PNBs migrate towards 

the nucleolus-organizing region (NOR) where they eventually fuse to become the dense flbrillar component of the 
developing nucleolus. The site-specific fusion of the preformed nucleolar entities around the NOR requi~es transcriptional 

activity of the rRF!A genes (boxed). 

compilation of data). Figure 3 illustrates the distri- 
bution of one of these proteins, fibrillarin, during 
mitosis as seen by immunofluorescence micros- 
copy. At metaphase and anaphase fibrillarin is uni- 
formly associated with the surface of all chromo- 
somes. At telophase, however, it appears in 
numerous PNBs. In a subsequent step these PNBs 
then coalesce around the chromosomal NOR(s) 
into the developing nucleolar body as illustrated 
schematically in Fig. 4. This site-specific fusion of 
the PNBs requires transcriptional activity of the 
rRNA genes. Exposure of cells to acttnomycln D 4s 
or the topo-l-specific inhibitor campthotecin 49, or 
mlcroinjection of antibodies to pol I into mitotic 
cells s0, prevents the fusion of PNBs, which then 
remain dispersed throughout the nucleus (for simi- 
lar results with plant cells see Ref. 51). 

How are PNBs targeted to the NOR and induced 
to fuse and to become the DFC? Is the ability of 
the NOR to serve as a nucleation site in this as- 

FIGURE 5 
Nuclei reconstituted from lambda DNA in a Xenopus egg extract contain 

PNB-like bodies as revealed by immunofluorescence using antibodies against 
fibrillarin (a) and by phase-contrast microscopy (a"). The corresponding 

DNA-specific Hoechst fluorescence is also shown (a'). For details see Ref. 47. 
Bar, 20 I~m. 

sembly process an intrinsic property of the rDNA- 
containing chromatin or a property of the nascent 
transcripts? In a revealing experiment Karpen et 
al. s2 demonstrated that a single rRNA gene inserted 
randomly into the genome of Drosophila is suf- 
ficient to organize a functional nucleolus. Based on 
the association of fib t'illarin with the free 5'-ends of 
nascent transcripts of the rRNA genes it was pro- 
posed that they may directly interact with the 
PNBs during nucleologenesis 12. However, a trun- 
cated rRNA gene consisting of the promotor region, 
the 5'-external transcribed spacer and the adjacent 
18S sequences failed to organize a nucleolus $3, 
indicating that nucleolar formation also requires 
the 28S sequences. 

Early steps of nucleolar assembly in vitro 
Elucidation of the molecular mechanisms involved 

in nucleologenesis would be greatly facilitated by 
the availability of a cell-free system capable of re- 
producing this process. A first step in this direction 
was taken recently with the observation that 
nuclei assembled in Xenopus egg extract from purl- 
fled DNA contain numerous distinct aggregates 
that are indistinguishable from authentic PNBs by 
ultrastructural and compositional criteria 47 (an 
example is shown in Fig. 5). Removal of specific 
nucleolar proteins from the egg extract by immuno- 
depletion showed that assembly of the PNB-like 
structures requires nucleolin and the 180 kDa pro- 
tein 41 present in the DFC of Xenopus nucleoli, but 
is independent of fibrillarin (P. Bell, 1993, PhD 
thesis, University of Wtirzburg). So far, this exper- 
imental system allows the reproduction of the 
early steps of nucleologenesis up to the PNB stage. 
By reconstitution of nuclei around rDNA it should 
be feasible to establish conditions promoting the 
fusion of the pre-assembled PNBs into a coherent 
structure and to decipher the molecular inter- 
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actions that take place between PNBs and tran- 
scribing rRNA genes during postrnitotic nucleolar 
refozmaUon. 
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