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Immunolocalization of Nucleolar Proteins after
p-Galactosamine-Induced Inhibition of Transcription in
Rat Hepatocytes

Maintenance of Association of RNA Polymerase | with
Inactivated Nucleolar Chromatin

KRASSIMIRA HADJIOLOVA," * KATHLEEN M. ROSE?
and ULRICH SCHEER'

'Division of Membrane Biology and Biochemistry, Institute of Cell and Tumor Biology,
German Cancer Research Center, D-6900 Heidelberg, FRG, and *Department of
Pharmacology, Medical School, University of Texas, Houston, TX 77225, USA

The fate of defined nucleolar constituents during p-galactosamine-induced inhibition of
transcription and the accompanying extensive structural changes such as nucleolar segre-
gation, fragmentation and disappearance of the granular components was studied by light
and electron microscopic immunolocalization, using antibodies to different nucleolar com-
ponents. In contrast to other inhibitors such as actinomycin D, we show that preribosomal
components as monitored by a ribosomal protein leave the nucleolus, while a large
proportion of RNA polymerase I remains associated with the nucleolar chromatin, i.e.
probably the pre-rRNA genes, during inactivation of transcription. These small structures
containing the RNA polymerase I are characterized by low electron density and resemble
the ‘fibrillar centers’ of normal nucleoli. The results are discussed in relation to current
concepts of the functional topology of the nucleolus. © 1986 Academic Press, Inc.

The selective interaction of RNA polymerase I with the genes coding for
ribosomal RNA. (rRNA) plays a central role in the transcriptional control of
ribosome biogenesis in eukaryotes (for reviews, see [1, 2]). The transcriptionally
active rRNA genes are located in the nucleolus, and elucidation of the intranu-
cleolar topology of their individual components such as rDNA, RNA polymerase
I and growing ribonucleoprotein fibrils containing nascent pre-rRNA is important
for an understanding of the functional organization of the nucleolus (for review,
see [3]). Visualization of transcription complexes by chromatin spreading has
provided a detailed picture of the molecular organization of transcriptionally
active rRNA genes from a wide variety of species ([4]; for reviews, see [5-9]).
However, the intranucleolar location of these structures in situ is still a matter of
debate. From biochemical and autoradiographic studies on the localization of
short-term labeled pre-rRNA it has been suggested that transcription takes place
within—or at the border of—the dense fibrillar component of nucleoli [1, 3,
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10-12]. In contrast, recent immunolocalization of RNA polymerase I in regener-
ating rat liver and hepatoma cells revealed this enzyme to be mainly, if not
exclusively, in the fibrillar centers of nucleoli, indicating that transcription of
rDNA occurs within this specific nucleolar component [13].

To clarify further the in situ location of template-engaged polymerase 1 mole-
cules we have used several transcription inhibitors that induce extensive altera-
tions of nucleolar architecture. For instance, exposure of cultured cells to the
adenosine analogue, 5,6-dichloro-1-g-D-ribofuranosylbenzimidazole (DRB)
which leads to reversible unravelling of the normally compact nucleoli, without
inhibition of rDNA transcription [14, 15], results in the dispersion of nucleolar
components. The nucleolar ‘necklaces’ that are formed retain RNA polymerase
I, but not the precursor particles to the small ribosomal subunit [16]. On the other
hand, prolonged inhibition of transcription with actinomycin D (AMD) resulted in
a marked decrease of nucleolar RNA polymerase I [13]. However, as this DNA-
intercalating drug induces the premature release of transcriptional complexes
from the rDNA-containing chromatin [17, 18], the study of transcription inhibi-
tors which do not interact with rDNA would be of particular interest.

In this respect the action of D-galactosamine on rat hepatocytes constitutes a
very valuable tool (for reviews, see [1, 19, 20]). Administration of D-galactos-
amine to rats has a powerful ‘trapping effect’ on free uridine nucleotides, result-
ing in the formation of large amounts of UDP-hexosamines, thereby reducing the
intracellular UTP pool of hepatocytes to background levels within 15-30 min
[21-23]. Depletion of the intrahepatic UTP pool results in a general inhibition of
RNA synthesis [22, 23-25]. Under these conditions pre-existing 45S pre-rRNA is
continued to be processed to nucleolar 28S and 18S rRNA and transported into
the cytoplasm [22-25].

These biochemical changes are accompanied by an extensive loss of structures
of granular components (‘degranulation’) of the nucleoli, concomitant with nu-
cleolar fragmentation and segregation into smaller subnucleolar structures (‘mi-
crosegregation’; [26]). Within 2 h the volume of the granular component of
nucleoli is markedly reduced, whereas the fibrillar component is greatly con-
densed, so that only fibrillar remnants associated with some spherical bodies are
left [24, 26]. Following 4 h of drug action the latter structures then collapse,
leaving behind solely the dense fibrillar remnants [26]. Particle isolation studies
and biochemical analysis have shown that these residual structures are almost
totally devoid of rRNA precursor molecules but that they retain the bulk of the
rRNA genes and several nucleolar proteins [27].

With the availability of various antibodies to different nucleolar components it
is now possible to follow the fate of defined nucleolar constituents during the
structural changes induced by p-galactosamine by light and electron microscopic
immunolocalization techniques. In the present study we report on the redistribu-
tion of representative nucleolar constituents of the three main components of rat
hepatocyte nucleoli; these are RNA polymerase I, a representative ribosomal
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protein (S1), and a protein located in the dense fibrillar component of nucleoli.
We show that the intimate association between fibrillar centers and the dense
fibrillar component is preserved upon D-galactosamine-induced nucleolar frag-
mentation and that RNA polymerase I remains bound to special satellite bodies
located in the periphery of the dense fibrillar remnants. Our results demonstrate
that the changes in the organization of the transcriptional components of the
nucleolus that are observed after galactosamine treatment are radically different
from those observed upon action of other inhibitory drugs such as DRB and
AMD and that the association of some RNA polymerase I with the nucleolar
chromatin is not dependent on the continuation of pre-rRNA synthesis.

MATERIALS AND METHODS
Biological Material

The experiments were carried out with female albino rats weighing 110+10 g. p-Galactosamine
hydrochloride (Serva, Heidelberg, FRG) in 0.14 M NaCl was administered intraperitoneally at a dose
of 250 mg/kg body weight. 30, 60, 120 and 240 min after drug administration animals were killed by
cervical dislocation. Livers were immediately removed and small pieces were quick-frozen in isopen-
tane cooled with liquid nitrogen.

Antibodies

Antibodies raised in rabbits against purified RNA polymerase I from a rat hepatoma have been
characterized [13, 28]. The immunoglobulin fraction obtained by ammonium sulfate precipitation was
used at a concentration of 50 pg/ml. Monoclonal antibodies (IgM) to ribosomal protein S1 of the small
ribosomal subunit [29] were used as hybridoma cell culture supernatant without further dilution.
Monoclonal antibody 72B9 (IgG) was obtained from Dr E. Tan’s laboratory (Scripps Clinic and
Research Foundation, La Jolla, Calif.).

Immunofluorescence Microscopy

Cryostat sections 5 pm thick were air-dried on microscope slides and dehydrated in acetone for 10
min at —20°C. After incubation with the first antibodies for 20 min at room temperature, the
specimens were washed several times with phosphate-buffered saline (PBS). Fluorescein isothiocyan-
ate-conjugated secondary antibodies (FITC goat anti-mouse Ig; FITC goat anti-rabbit IgG; from Bio-
Yeda, Rehovot, Israel, or from Dianova, Hamburg, FRG) were used at a dilution of 1:20 (in PBS) for
20 min. After several washes in PBS, slides were dipped in ethanol, air-dried and the sections were
embedded in Mowiol (Hoechst, Frankfurt, FRG). Photographs were taken with a Zeiss Photomicro-
scope III equipped with epifluorescence optics (Carl Zeiss, Oberkochen, FRG).

Electron Microscopic Immunolocalization

The pre-embedding labeling technique of cryosections used in this study was as previously
described [13, 29]. Bound antibodies were detected by secondary antibodies coupled to 5-nm gold
particles (from Janssen Life Sciences, Beerse, Belgium). A Siemens Elmiskop 101 and a Zeiss
electron microscope EM 10 were used for examination.

RESULTS
Immunofluorescence Microscopy

In normal rat hepatocytes antibodies to RNA polymerase I bound exclusively
to the nucleoli (fig. 1a, b), as previously described [13]. Two hours after bp-
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Fig. 2. Immunofluorescence microscopy of monoclonal antibody 72B9 which reacts preferentially
with the dense fibrillar component of nucleoli. Frozen sections of (a) untreated rat liver; (b) after 4 h
of p-galactosamine treatment. Bar, 20 um.

galactosamine treatment the sizes of the RNA polymerase I-positive structures
were markedly reduced, whereas their number appeared to be increased in
numerous cell nuclei, suggesting that extensive fragmentation of the nucleoli into
smaller subcomponents had taken place (fig. 1¢). The fluorescence pattern
remained essentially unchanged for up to 4 h after administration of p-galactos-
amine (fig. 1d), a point of time at which practically all nucleoli are known to be
reduced to dense fibrillar remnants (cf [26, 30]).

With monoclonal antibody 72B9, which preferentially binds to the dense fibril-
lar region of normal nucleoli, no striking differences were noted between control
preparations and liver from animals treated for 4 h with p-galactosamine (fig. 2 a,
b), except that the fluorescence-positive structures appeared to be somewhat
reduced in size.

Fig. 1. Immunofluorescence microscopy on frozen sections of rat liver after incubation with antibod-
ies to RNA polymerase I. Nucleoli of untreated liver are brightly fluorescing (a, b; their selective
fluorescence is especially clearly seen at the higher magnification in a). b-Galactosamine treatment (c,
2 h; d, 4 h) induces the nucleoli to fragment into several smaller though still fluorescing entities. Bar,
10 pm.
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Fluorescence of hepatocyte nucleoli after incubation with antibodies to riboso-
mal protein S1 which stains the granular component of normal nucleoli [29], was
drastically reduced upon treatment of rats with p-galactosamine (fig. 3 a—d). In
nuclei of rats treated for 4 h with p-galactosamine nucleolar fluorescence was no
longer detected (fig. 3 d). In contrast, the cytoplasmic fluorescence, reflecting the
binding of antibodies to ribosomes, remained unchanged (fig. 3 a-d).

Immunoelectron Microscopy

In order to determine the location of RN A polymerase I with greater precision,
we studied the binding of antibodies to polymerase I at the electronmicroscopic
level by using secondary antibodies tagged with colloidal gold particles. In
hepatocytes of control rats, gold particles were seen to be concentrated over
roundish areas of relatively low electron density, the fibrillar centers, and were
absent from the surrounding dense fibrillar and granular components (fig. 4), thus
confirming our previous report [13]. After 2 h of p-galactosamine treatment the
nucleoli were reduced to large blocks of densely packed fibrillar remnants in
association with one or a few spheroidal bodies with a coarsely granular substruc-
ture (figs 5, 6a). Gold particles indicating the distribution of RNA polymerase 1
were found mostly in clusters in the vicinity of the dense fibrillar remnants, but
also in some small scattered nucleoplasmic units (fig. 5). Higher magnification
clearly revealed that the gold particles in the nucleolar remnant structures were
bound to a structural component of low electron density which differed morpho-
logically from both the fibrillar remnant and the spherical body and resembled the
fibrillar centers of normal nucleoli (fig. 6a, b). By 4 h of p-galactosamine block of
transcription, all nucleoli were reduced to dense fibrillar structures which were
attached to somewhat larger spheroidal bodies (fig. 6¢). At this stage the aggre-
gates of gold particles were found in distinct (though not very electron-dense)
regions at the periphery of the fibrillar remnants but were virtually absent from all
other nucleolar structures.

The striking resemblance of the gold-labeled regions surrounding the dense
fibrillar remnants to the polymerase I-positive material constituting the fibrillar
centers of normal nucleoli (compare fig. 6 a—c with fig. 4) indicates that these
structures are equivalent. Apparently during nucleolar fragmentation the fibrillar
centers break up into numerous smaller entities which, however, remain closely
associated with the dense fibrillar component.

By means of the same immuno-gold technique, antibodies to ribosomal protein
S1 did not show any significant signal in hepatocyte nuclei of galactosamine-
treated rats, thus confirming the results obtained by immunofluorescence micro-

Fig. 3. Immunofluorescence microscopy of ribosomal protein S1 on frozen sections of rat liver (a)
without; (b) after 1; (c) 2; and (d) 4 h of p-galactosamine treatment. Nucleolar fluorescence gradually
diminishes, whereas the cytoplasmic fluorescence is still intense. Bar, 10 pm.
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Fig. 4. Electronmicroscopic immuno-gold labeling of RNA polymerase I in hepatocyte nucleolus of
untreated rat liver. The fibrillar centers (FC) are specifically labeled, whereas the dense fibrillar
component (DFC), the granular component (GC) as well as the surrounding chromatin (Ch) are almost
free of gold particles. NE, Nuclear envelope. Bar, 0.2 um.
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Fig. 5. Survey electron micrograph presenting the immunolocalization of RNA polymerase I in the
nucleus of a rat hepatocyte at 2 h of p-galactosamine treatment. The dense fibrillar remnant (DFR) is
surrounded by fragments of the fibrillar centers which are specifically labeled by gold particles
(arrows). SB, Spherical body; Ch, chromatin; NE, nuclear envelope. Bar, 1 pm.

scopy. In contrast, antibodies 72B9 selectively decorated the dense fibrillar
remnants, especially their outer zones (data not shown). None of the antibodies
examined was localized to the so-called ‘spherical bodies’.

DISCUSSION

The rapid cessation of RNA synthesis in rat hepatocytes following administra-
tion of p-galactosamine is believed to result from the depletion of intracellular
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free UTP below a critical level (for references, see Introduction). Under these
inhibitory conditions the pre-existing pre-rRNA molecules are processed to 28S
and 18S rRNA and the pre-ribosomal particles are transported into the cyto-
plasm. Hence, the striking morphological changes in nucleoli observed after
galactosamine administration may be directly related to a gradual depletion of the
nucleoli from ribosomal precursor molecules and particles. In agreement with
this interpretation is the present finding of a gradual disappearance of antigens
reactive with antibodies to ribosomal protein S1 from the nucleolus and nucleus.

Our results also allow a better definition of the residual nucleolus-derived
structures observed following galactosamine treatment, which appear to be the
product of nucleolar fragmentation and ‘microsegregation’. Both the very high
electron density and the positive staining with antibody 72B9 support the notion
that the dense bodies described as ‘‘dense fibrillar remnants’’ are indeed related
to the dense fibrillar component of the normal nucleolus. (i) The absence of
detectable amounts of RNA in the fibrillar nucleolar remnants [27, 31]; (ii) our
present results that RNA polymerase I-associated nucleolar chromatin is con-
fined to distinct weakly stained satellite structures located at the periphery of and
not within the dense fibrillar material; and (iii) the lack of binding of DNA
antibodies to these structures [36] all indicate that the morphological equivalent
of transcriptionally inactivated rRNA genes is not represented by fibrillar
remnant structures as a whole [26, 27], but only by the satellite structures
associated with them. The data are compatible with the proposal that the bulk of
the dense fibrillar material is of a purely proteinaceous nature (cf [32]). Recently a
protein with a M, 180000 has been identified in oocytes and in somatic cells of
Xenopus laevis which is specifically confined to the dense fibrillar component of
nucleoli, independent of their transcriptional activity [32].

Quite unexpected was our finding that a considerable proportion of polymerase
I molecules remained bound to distinct, weakly stained small satellite bodies
associated with the periphery of the fibrillar nucleolar remnants (this study, and
ref. [13]). The electronmicroscopic immunolocalization data show that the struc-
tures containing this protein, and probably also its specific IDNA template, are
very similar to the ‘fibrillar centers’ of normal nucleoli. Therefore, we conclude
that both structures, the fibrillar centers and the satellite bodies associated with
the fibrillar remnant bodies, are related and probably identical. We propose that
condensation of the dense fibrillar component during galactosamine treatment
results in a topological reorganization in such a way that the fibrillar centers
containing the rRNA genes are no longer embedded in and surrounded by the

Fig. 6. Electronmicroscopic immunolocalization of RNA polymerase I in fragmented nucleoli of rat
hepatocytes after (a, b) 2 h, (c) 4 h of p-galactosamine treatment. The dense fibrillar remnant bodies
(DFR) are in intimate contact with loosely structured spherical bodies (SB). Aggregates of gold
particles are selectively bound to diffusely stained material which is located along the periphery of the
dense fibrillar remnants. Ch, Chromatin. Bar, 0.2 pm.
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dense fibrillar components but distributed into smaller entities which, however,
remains associated with the periphery of the fibrillar remnant structures.

Perhaps the most surprising observation is our immunolocalization finding that
the structural changes of inactivated nucleolar chromatin are different in different
forms of inhibition. The DNA intercalating drug AMD causes the disappearance
of RNA polymerase I from the nucleolar residue structures [13], apparently
concomitant with a progressive release of nascent pre-rRNA chains and their
transcriptional complexes [17, 18]. In contrast, the persistent association of RNA
polyermase I molecules with the rRNA genes during transcriptional inactivation
by galactosamine treatment resembles the behaviour of this protein during mito-
sis, a natural stage of transient inactivation of genes, including rRNA genes,
during which polymerase I remains bound to the nucleolus organizer regions
(NOR) of metaphase chromosomes [13]. In mitosis, this persistent structural
association between rRNA genes and RNA polymerase I might be necessary to
ensure a rapid resumption of transcriptional activity at the end of telophase.
Similarly, the galactosamine-induced block of transcription is also rapidly revers-
ible by administration of uridine to galactosamine-intoxicated rats [24]. At pres-
ent we cannot decide whether this maintenance of association of RNA polymer-
ase I molecules with nucleolar chromatin is really due to the binding of this
protein in the complete absence of transcription or whether it reflects some low
level transcription which does not lead to stable pre-rRNA molecules.

On the p-galactosamine-induced disappearance of preribosomal particles from
the typical granular component of the nucleolus (‘degranulation’, cf ref. [26]) and
the condensation of the fibrillar component, a meshwork structure is exposed in
the residual nucleoli (‘spherical body’) which is not recognized in nucleoli of
untreated rat liver. It has been suggested that this spherical body represents some
kind of an underlying scaffold or matrix component which provides structural
support for the attachment of preribosomal particles [26, 27]. Our present results
support this view as they show that neither of the antibodies directed against the
three ‘classical’ nucleolar components reacts with these bodies. Probably this
fourth nucleolar component corresponds to the high-salt buffer- and detergent-
resistant nucleolar protein skeleton which, in Xenopus laevis, has been shown to
contain a major protein of M, 145000 [33-35]. Experiments aiming at the elucida-
tion of this fourth component are underway.
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