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Summary 

Using a monoclonal antibody (No-194) we have identi
fied, in Xenopus laevis and other amphibia, an acidic 
protein of M, 40,000 (ribocharin) which is specifically 
associated with the granular component of the 
nucleolus and nucleoplasmic 65S particles. These 
particles contain the nuclear 28S rRNA and apparently 
represent the precursor to the large ribosomal subunit 
in nucleocytoplasmic transit. By immunoelectron mi
croscopy ribocharin has been localized in the granular 
component of the nucleolus and in interchromatin 
granules. During mitosis ribocharin-containing parti
cles are associated with surfaces of chromosomes 
and are recollected in the reconstituting nucleoli in 
late telophase. We suggest that ribocharin is a specific 
component of precursor particles of the large 
ribosomal subunit, which dissociates from the 65S 
particle before passage through the nuclear envelope, 
and is reutilized in ribosome biogenesis. 

Introduction 

Our current concept of ribosome biogenesis in eukaryotic 
cells is relatively far advanced in describing transcription 
of rRNA genes and the subsequent proceSSing of pre
rRNA (e.g., Perry, 1967; Loening et aI. , 1969; Busch and 
8metana, 1970; 80llner-Webb et aI. , 1982; Reeder and 
Roan , 1984; for a recent review see Hadjiolov, 1984). Al
though early intermediates in the cascade of pre-rRNA 
processing have been identified, the later steps, i.e., those 
immediately preceding the appearance of mature 
cytoplasmic 188 and 288 rRNAs, are largely unknown, as 
is the intranuclear location of these events. In fact , precur
sor forms, but no mature 288 rRNA molecules, have been 
detected in nuclear fractions and subfractions from vari 
ous mammalian cells (Penman et aI. , 1966; Hadjiolova et 
aI. , 1984) as well as in manually isolated intact nuclei and 
nuclear envelopes from amphibian oocytes (Franke and 
8cheer, 1974a). 

In contrast, knowledge of the proteins associated with 
pre-rRNA, the various intermediate products of process
ing, and the possible roles of these products in ribosome 
formation and nucleocytoplasmic transport is still very 
fragmentary (for review see Hadjiolov, 1984). Various spe
cies of so-called preribosomal particles have been iso
lated from nucleoli and have been reported to contain cer
tain ribosomal proteins as well as other proteins that are 
absent from cytoplasmic ribosomes (Kumar and Warner, 

1972; Prestayko et aI., 1974; Kumar and 8ubramanian , 
1975; Auger-Buendia and Longuet, 1978; Lastick, 1980; 
Todorov et aI. , 1983; Busch, 1984). Positive localization 
to distinct nucleolar structures in situ has so far been 
achieved only for ribosomal proteins 81 (Hiigle et aI. , 
1985), L4 and 814 (Chooi and Leiby, 1981), and two non
ribosomal proteins termed B23 and C23 (Daskal et aI. , 
1980; Busch , 1984). 

Presently available evidence suggests that the final 
maturation steps, which result in the formation of the 
definitive ribosomal subunits, are spatially and temporar
ily coupled to their export from the nucleolus into the 
cytoplasm. The existence of extranucleolar preribosomal 
particles in the nucleoplasm has been postulated in most 
models of ribosome formation and nucleocytoplasmic 
transport (summarized by Hadjiolov, 1984). However, no 
such particles have as yet been identified, apparently be
cause of their low steady state concentrations in most 
kinds of cells. Therefore, in order to examine protein-RNA 
relationships in ribosome formation , notably in particles 
in nucleocytoplasmic transit, we have combined two ex
perimental strategies: the production of monoclonal anti
bodies to proteins associated with preribosomal particles, 
and the biochemical characterization of extranucleolar 
particles contain ing precursors to rRNAs. We have uti
lized vitellogenic oocytes of Xenopus laevis because they 
contain an extraordinarily high number of amplified pre
rRNA genes (Brown and Dawid, 1968) that are transcribed 
with nearly maximum efficiency (Miller and Beatty, 1969; 
8cheer et aI. , 1977), resulting in an exceedingly high net 
production of ribosomes (;;' 3 x 105 per sec; Scheer, 
1973). 

The use of this cell system has enabled us to identify 
two new nucleoplasmic preribosomal particles sediment
ing at 658 and 408, as well as an abundant protein of Mr 
40,000, which is found in specific association with the 
granular component of the nucleolus and the 658 preribo
somal particles, but is absent from 408 preribosomal par
ticles and from mature cytoplasmic ribosomes. Our re
sults indicate that this protein, for which the name 
ribocharin is proposed, is specifically associated with 
precursors to the large ribosomal subunit until they leave 
the nucleus. These data represent the first experimental 
evidence of a substantial difference in the protein pattern 
between the large ribosomal subunit in the cytoplasm and 
the corresponding precursor particle in the nucleoplasm, 
suggesting that rearrangements of the rRNA-associated 
proteins take place during nucleocytoplasmic translo
cation . 

Results 

Identification of Ribocharin in Nuclear Fractions 
of Xenopus Oocytes 
In order to study nucleolar and other preribosomal pro
teins we raised monoclonal antibodies against nucleolar 
material from Xenopus laevis oocytes, which contain a 
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large number of extrachromosomal nucleoli all very active 
in transcription (for references see Introduction). We used 
a monoclonal antibody (No-194; IgM) against a so far un
known preribosome-associated protein (ribocharin) for 
the specific identification and localization of precursor 
particles of the large ribosomal subunit. 

In immunoblotting experiments, antibody No-194 re
acted exclusively with one polypeptide of M, 40,000 
(Figures 1 and 2) . Immunoblot analysis of proteins sepa
rated by two-dimensional gel electrophoresis showed that 
this polypeptide was acidic (Figures 2a, 2b), with an iso
electric pH of approximately 5.8 as determined by isoelec
tric focusing in 9.5 M urea (data not shown). 

Different nuclear fractions from Xenopus oocytes were 
analyzed for the presence of the antigenic polypeptide, 
using the immunoblotting technique. As shown in Figure 
1, ribocharin was enriched in nucleoli-containing low 
speed pellets (lanes 3,3'), as well as in 100,000 x g pellets 
containing the nucleoplasmic preribosomal particles 
(lanes 5, 5'). In addition , ribocharin was found to be pres
ent, at relatively low concentrations, in total nuclei (lanes 
1, 1 ') and in the low speed supernatant fraction of nuclear 
homogenates (lanes 2, 2') . Ribocharin was not found , by 
immunoblotting, in the 100,000 x g supernatant fraction 
(lanes 4, 4') . However, when larger amounts of the soluble 
nuclear fraction were carefully examined by sucrose gra
dient centrifugation and ELlSA assays using monoclonal 

-t 
(a) Coomassie blue stained SOS-polyacryla
mide gel (18% acrylamide) showing poly pep
tides of the different nuclear and ribosomal 
fractions. Reference proteins (R): myosin 
heavy chain (M, 200,000), {J-galactosidase (M, 
120,000), phosphorylase a (M, 94,000), bovine 
serum albumin (M, 68,000), actin (M, 42,000), 
chymotrypsinogen (M, 25,000), and cyto
chrome c (M, 12,500). Lane 1, total proteins 
from 20 oocyte nuclei; lane 2, supernatant frac
tion after low speed (3500 x g) centrifugation 
of nuclear homogenates; lane 3, proteins of low 
speed (3500 x g) pellet of nuclear homoge
nates; lane 4, proteins of supernatant fraction 
after high speed centrifugation (1 hr; 100,000 
x g) of nuclear homogenate; lane 5, high 
speed pellet (100,000 x g) of nuclear homoge
nate; lanes 6-8, cytoplasmic ribosomal pro
teins from Xenopus ovaries (lane 6, 40S 
ribosomal subunit ; lane 7, 60S ribosomal sub
unit; lane 8, 80S ribosomes) . 
(b) Corresponding immunoperoxidase blot with 
monoclonal antibody No-194. The antibody 
reacts selectively with a polypeptide of M, 
40,000 (arrows) which is enriched in low speed 
(lane 31 and high speed (lane 51 pellets of nu
clear homogenate. The antigen is also de
tected among the proteins of unfractionated 
nuclei (lane 11 and in the low speed superna
tant fraction (lane 21- Amounts present in the 
high speed supernatant fraction (lane 41 are 
too low to be detected by this immunoblotting 
technique. Note absence of the antigen in 
cytoplasmic ribosomes (lanes 6'-81-

antibody No-194 (see Experimental Procedures), soluble 
forms of ribocharin sedimented at 6.5S and 12S (data not 
shown; a detailed biochemical characterization of these 
soluble forms will be published elsewhere). Antibody No-
194 did not react with any polypeptide component present 
in cytoplasmic ribosomes (Figure 1, lanes 6-8 and 6'-8') . 
This result was confirmed by experiments in which manu
ally isolated oocyte nuclei and cytoplasms of Xenopus 00-

cytes were analyzed for the presence of ribocharin by the 
ELlSA technique. In these experiments 100% of the 
ELlSA activity was recovered in the isolated nuclei (data 
not shown). 

The solubility behavior of ribocharin was examined by 
treating low speed and high speed pellets from nuclear 
homogenates of oocytes with various buffers of low and 
high ionic strengths, using antibody No-194 to detect 
ribocharin in the extracts by ELlSA assays. Virtually no 
ribocharin was released by low salt buffers whereas 90% 
was extracted from the pellets by treatment with 0.5 M 
NaCI (data not shown). 

As indicated from our blotting experiments using differ
ent nuclear fractions (Figure 1), ribocharin was associated 
with some larger structures, probably nucleoli and nu
cleoplasmic preribosomal particles. Fractionation of the 
100,000 x g pellet containing the nucleoplasmic pre
ribosomal particles by sucrose gradient centrifugation al
lowed us to identify two distinct particles of 40S and 65S 
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Figure 2. Characterization of Ribocharin by Two-Dimensional Gel 
Electrophoresis and Immunoblotting Using Monoclonal Antibody 
No-194 

(a) Polypeptides of the high speed pellet (1 hr; 100,000 x g) from nu
clear homogenate of Xenopus oocytes were separated by two
dimensional gel electrophoresis (first dimension , nonequilibrium pH 
gradient, NEPHGE; second dimension , electrophoresis in 18% poly
acrylamide gels in the presence of sodium dodecyl sulfate) and 
stained with Coomassie blue. R denotes added RNAase. 
(b) Corresponding immunoperoxidase blot to the gel shown in (a). 
Monoclonal antibody No-194 reacts specifically with only one polypep
tide of Mr 40,000 denoted by arrows in (a) and (b) . 

(Figure 3a). When the individual fractions were assayed 
for the presence of ribocharin , binding activity of antibody 
No-194 corresponded to the peak fractions sedimenting at 
658, and immunoblotting analyses of these fractions re
vealed the presence of ribocharin in the 658 particles (ar
rows in Figures 3b and 3c). On the other hand, controls 
using monoclonal antibody R8H05 directed against 
ribosomal protein 81 (Hugle et aI., 1985) showed a spe
cific reaction with the small 408 peak, thus identifying this 
moiety as a free nucleoplasmic precursor to the small 
ribosomal subunit (data not shown). We also examined to
tallow speed supernatant fractions from homogenates of 
mass-isolated as well as manually isolated nuclei ob
tained after gentle disruption of the nuclei in a pipette (see 
Experimental Procedures) . Using sucrose gradient cen
trifugation and the same immunological techniques as 
described above, we were able to detect ribocharin in frac
tions containing the 658 particles (data not shown). 
Moreover, ribocharin was found in 658 particles after 
recentrifugation of isolated preribosomal particles in su
crose gradients. We examined the possibility that the 658 
particles might originate artificially from nucleolar frag-
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Figure 3. Immunological Identification of Ribocharin as a Component 
of Nucleoplasmic 65S Preribosomal Particles 

(a) Material of high speed pellet (1 hr; 100,000 x g) from oocyte nuclear 
homogenate was redispersed and fractionated by sucrose gradient 
centrifugation . Preribosomal particles have sedimentation coefficients 
of 40S and 65S respectively (A"4' absorbancy at 254 nm). The antigen 
recognized by antibody No-194 is recovered in the 65S peak as shown 
by ELlSA activity (A40s). 
(b,c) Proteins of the individual sucrose fractions were analyzed by 
SOS-polyacrylamide gel electrophoresis and Coomassie blue stain
ing (b) . Fraction numbers are indicated on the top of the lanes. Refer
ence proteins (lane R; molecular weights are given in la' units) are 
from top to bottom: myosin heavy chain , /J-galactosidase, phosphoryl
ase a, BSA, actin, chymotrypsinogen , and cytochrome c. Ribocharin 
(arrows) is enriched in fractions 19-21 as identified by immunoperoxi
dase blot reaction with antibody No-194 (c). 
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Figure 4. RNA Analysis of Nuclear Subfractions from Xenopus laevis 
Oocytes 

RNA was separated on 1.5% agarose gels and stained with ethidium 
bromide. As molecular weight standards, rRNAs from ribosomes of 
Xenopus laevis ovaries were run in adjacent slots (R; 28S rRNA, 
molecular weight 1.5 x 10'; 18S rRNA, molecular weight 0.7 x 10' ). 
Lane 1: RNA from the high speed pellet (100,000 x g, 1 hr) of total 
homogenates of mass-isolated Xenopus oocyte nuclei reveals a major 
band, migrating similarly to the 28S rRNA reference, and a minor band, 
comigrating with the 18S rRNA reference. Lane 2: RNA from isolated 
preribosomes sedimenting at 40S (fraction No. 13 in Figure 3a), 
comigrating with Cy10plasmic 18S rRNA. Lane 3: 65S preribosomes 
(fraction No. 19-21 in Figure 3a) contain a major RNA component with 
an electrophoretic mobility similar to that of 28S cy10plasmic rRNA. 

mentation during homogenization and resuspension of 
the nucleoli-containing low speed pellets (see Experimen
tal Procedures). Under these conditions only miniscule 
amounts of 65S particles were released from the pellets 
containing nucleoli (data not shown). 

From these results we conclude that ribocharin is spe
cifically associated with free 65S particles of the nucleo
plasm. Moreover, the relative intensities of polypeptides 
stained with Coomassie blue, present in the 65S particle 
fraction (e.g. Figure 3b) , indicate that ribocharin is abun
dant in these particles, in amounts similar to those of 
ribosomal proteins of the large subunit. 

Characterization of Nucleoplasmic Preribosomal 
Particles by RNA Analysis and Electron Microscopy 
We analyzed the RNA content of total 100,000 x g pellets 
from a homogenate of mass-isolated Xenopus oocyte 
nuclei and from 40S and 65S peak fractions obtained after 
sucrose gradient centrifugation. As shown in Figure 4, the 
total 100,000 x g pellet of oocyte nuclei revealed a major 
RNA component with an electrophoretic mobility similar to 
that of the cytoplasmic 28S rRNA and a minor component 
comigrating with cytoplasmic 18S rRNA (Figure 4, lanes 
Rand 1). When 100,000 x g pellets from homogenates of 
mass-isolated oocyte nuclei were fractionated by sucrose 
gradient centrifugation, as shown in Figure 3a, the frac
tion sedimenting at 40S revealed RNA comigrating with 
cytoplasmic 18S rRNA (Figure 4, lane 2). The 65S peak 
fractions contained only one major RNA component, 

Figure 5. Electron Micrographs of Nucleoplasmic Preribosomal Parti
cles Visualized by Negative Staining 

(a,b) Preribosomes sedimenting at 65S were fixed on the grid and 
negatively stained with 2% uranyl acetate. They reveal a compact 
structure (300-400 A) and look similar to the crown and kidney forms 
described for cytoplasmic 60S ribosomal subunits. 
(c,d) Nucleoplasmic preribosomes sedimenting at 40S also appear as 
compact particles (250-300 A) with a head-and-base structure with the 
typical constriction described for cy10plasmic 40S ribosomal subunits. 
Bar, 0.1 I'm. 

which migrated similarly to the 28S cytoplasmic rRNA ref
erence (Figure 4, lane 3). These results indicate that the 
40S and 65S particles correspond to extranucleolar pre
cursor forms of the small and large ribosomal subunits, 
respectively. 

The structure of isolated nucleoplasmic preribosomal 
particles was also examined in the electron microscope, 
using negative staining with uranyl acetate. The 65S pre
ribosomal particles with diameters of 30-40 nm showed 
a compact structure with a contour morphology similar to 
that of the crown and kidney forms described for the 
cytoplasmic 60S ribosomal subunit (Figures 5a, 5b; com
pare Lake et aI., 1974; for recent review see Bielka, 1982). 
Nucleoplasmic preribosomal particles sedimenting at 
40S (Figures 5c, 5d) also appeared as compact particles 
of diameter 25-30 nm and often revealed the head-and
base structure with the typical constriction for mature 
small ribosomal subunits (Lake et aI., 1974; Lutsch et aI., 
1979; Bielka, 1982). 

Distribution of Ribocharin-Containing 
Particles in Eggs 
During meiotic maturation of oocytes the nuclear enve
lope breaks down, resulting in a mixing of nuclear and 
cytoplasmic proteins and particles (ct. Laskey et aI., 1978; 
Forbes et aI., 1983). In unfertilized eggs of Xenopus laevis 
the bulk of ribocharin was found in association with 65S 
particles (Figure 6), and no considerable increase of solu
ble ribocharin was observed. These results indicate that 
ribocharin did not readily dissociate from the 65S precur
sor particles, now exposed to a common ooplasm, and 
also that no exchange of ribocharin between 65S preribo
somal particles and mature ribosomes took place after the 
breakdown of the nuclear envelope during meiosis. 
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Figure 6. Ribocharin-Containing 65S Preribosomes in Eggs of Xeno
pus laevis 

The homogenate from 200 unfertilized eggs was centrifuged at 3500 
x g and the resulting supernatant was again centrifuged for 1 hr at 
100,000 x g. The pellet obtained was resuspended and fractionated 
by linear sucrose gradient centrifugation and individual fractions were 
analyzed for the presence of ribocharin by ELlSA technique using 
monoclonal antibody No-194. As shown by ELlSA activity (A,o,) 
ribocharin is associated with particles sedimenting at 65S. Endoge
nous ribosomes (80S) and free ribosomal subunits (A",) serve as 
s-value references. 

Ribocharin in Somatic Cells 
In order to determine whether ribocharin is oocyte
specific, we analyzed particle fractions from total cell 
homogenates of cultured Xenopus laevis kidney cells 
(XLKE-As) by sucrose gradient centrifugation, followed by 
ELlSA assays of the fractions using monoclonal antibody 
No-194. As shown in Figure 7a, the peak of ELlSA activity 
corresponded to a fraction sedimenting at 65S. Immuno
blotting experiments (Figure 7b) revealed that the reacting 
polypeptide had the same molecular weight (M r 40,000; 
Figure 7b, lanes 2 and 21 as in oocyte nuclei (lanes 1 and 
11- Similar results were obtained from analyses of kidney 
and liver tissues, and embryonic stages (not shown) . 

Localization of Ribocharin in Amphibian Tissues 
by Immunofluorescence Microscopy 
By immunofluorescence microscopy, using monoclonal 
antibody No-194 on frozen sections through Xenopus 
laevis ovaries (Figures 8a-8d) , intensive staining was 
found in the amplified nucleoli of previtellogenic (Figures 
8a, 8b) and vitellogenic (Figures 8c, 8d) oocytes, and in 
several distinct small granules in the nucleoplasm 
(Figures 8a-8d). No staining was seen in the cytoplasm . 
Distinct staining was also observed in nucleoli of cells of 
the ovarian follicle epithelium and of interstitial connective 
tissue (Figures 8a and 8b) . Similarly, a diversity of other 
somatic tissues examined showed distinct fluorescence of 
nucleoli and certain nucleoplasmic dots in the various 
amphibia tested, including urodelan species. Figure 9a 
presents an example of Triturus liver. In tissues that con
tain erythrocytes, such as myocardiac tissue (Figures 9b 
and 9c), the nonerythroid cell nuclei were strongly posi-
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Figure 7. Immunological Identification of Ribocharin in Cultured Kid
ney Epithelial Cells of Xenopus laevis 

(a) Approximately 1 x la' XLKE-A. cells were homogenized and frac
tionated by differential centrifugation and sucrose gradients as de
scribed in the legend of Figure 6. As shown by ELlSA technique using 
antibody No-194 (A,o,) , ribocharin is enriched in fractions sedimenting 
at 65S. 
(b) Detection of ribocharin in the 100,000 x g pellet ofaXLKE cell ex
tract by the immunoblotting technique. Lane 2, Coomassie blue stain
ing of proteins present in 100,000 x g pellet after separation by 
SOS-polyacrylamide gel electrophoresis (18% acrylamide); lane 2', 
corresponding immunoblot after incubation with antibody No-194. For 
comparison the corresponding fraction (100,000 x g pellet) from a nu
clear homogenate of Xenopus oocytes was analyzed in adjacent slots 
(lanes 1, 11- Positive reaction for a M, 40,000 protein is seen in both 
cell types. Reference proteins (R; M, values are indicated in 103 units 
on the left margin) are as in Figure la. 

tive, whereas the erythrocyte nuclei were negative (arrows 
in Figure 9b) . Thus, the residual nucleolar structures pres
ent in amphibian erythrocytes (cf. Schmidt-Zachmann et 
aI. , 1984) apparently are devoid of ribocharin , in agree
ment with reports of an absence of rDNA transcription and 
ribosome synthesis in these structures (Hentschel and 
Tata, 1978). In the testis of Xenopus (Figures 9d and ge) 
and other amphibia (not shown), nucleoli and small 
nucleoplasmic granules were detected in Sertoli cells, 
spermatogonia, and spermatocytes, but not in spermatids 
and testicular spermatozoa. 
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Figure 8. Localization of Ribocharin in Previtellogenic and Vitello
genic Oocytes of Xenopus laevis by Immunofluorescence Microscopy 

(a,b) Frozen section of an ovary of Xenopus laevis showing previtello
genic oocytes in phase contrast (a) and epifluorescence (b) optics after 
incubation with monoclonal antibody No-194. In the nuclei (N) numer
ous amplified nucleoli , most of them in the nuclear cortex, as well as 

Monoclonal antibody No-194 did not react with tissues 
from chicken and mammals (rat, cow, man). 

Localization of Ribocharin in Cultured Interphase 
Cells and during Mitosis 
In cultured cells of Xenopus laevis (XLKE-A6) the distribu
tion of ribocharin in interphase and mitosis showed 
remarkable changes. By immunofluorescence micros
copy using antibody No-194, ribocharin-positive fluores
cence was localized in interphase cells over nucleoli and 
certain distinct granules scattered throughout the nu
cleoplasm (Figures 10a and 10a'), whereas the cytoplasm 
was ribocharin-negative. In preprophase and prophase 
(Figures 10b and 10b) the nucleoli began to disintegrate, 
and antibody No-194 stained nuclear granules of various 
sizes, including what appeared to be fragments derived 
from the disintegrated nucleolus. In metaphase (Figures 
10c and 10c1 and anaphase (Figures 10d and 10d), strong 
and rather uniform fluorescence was observed on the sur
faces of all chromosomes, including those without nucleo
lus organizers. In late telophase (Figures 10e and We), 
ribocharin was seen to reaccumulate into distinct gran
ules located within the confinements of the newly formed 
daughter nuclei, with progressive concentration in the 
reconstituting nucleoli. 

This mitotic distribution of ribocharin was different from 
that of several other nucleolar proteins examined in paral
lel. For example, RNA polymerase I, which is localized in 
the fibrillar centers of the interphase nucleolus, remained 
in association with the nucleolar organizer regions of mi
totic chromosomes (cf. Scheer and Rose, 1984). Another 
nucleolar protein of Mr 180,000, which served as a marker 
for the dense fibrillar component of the nucleolus, was 
found to be uniformly distributed through the whole 
cytoplasm of metaphase cells (Schmidt-Zachmann et aI., 
1984). On the other hand, the association of ribocharin 
with surfaces of mitotic chromosomes resembled the mi
totic distribution of ribosomal protein S1, which was lo
cated in the granular component of the interphase nucleo
lus and on chromosome surfaces during mitosis (HOgle et 
aI., 1985). 

Electron Microscopic Immunolocalization 
of Ribocharin 
The subnucleolar location of ribocharin and the extra
nucleolar forms of ribocharin-containing material were ex
amined at the electron microscopic level by the im
munogold technique. In oocytes, the gold particles were 
found over most of the nucleolar body, showing some en
richment in the periphery, and were also scattered 
throughout most of the nucleoplasm (data not shown). In 
hepatocyte nucleoli of Xenopus laevis and Triturus crista-

some smaller nucleoplasmic entities are fluorescing. In addition, the 
nucleoli of the surrounding follicle epithelial cell layer (arrows) are also 
stained. 
(c,d) Vitellogenic oocytes in phase contrast (c) and epifluorescence op
tics (d) after reaction with antibody No-194. In the very large nuclei (N) 
intense staining is observed on nucleoli and the numerous small 
nucleoplasmic dots (some are denoted by arrows) . C, cytoplasm ; M, 
melanin granules of cortex. Bars, 50 I'm. 



Figure 9. Localization of Ribocharin in Different Amphibian Tissues by Immunofluorescence Microscopy Using Antibody No-t94 

(a) Fluorescence micrograph of a frozen section of liver tissue of Triturus cristatus, showing bright fluorescence of nucleoli and finely dispersed small 
particles in the nucleoplasm. The cytoplasm is not stained. 
(b,c) Frozen section of heart muscle of Xenopus laevis in phase contrast (b) and epifluorescence (c) optics, showing strong reaction on nuclei of 
myocardiac and other mesenchymal cells, but absence of staining on erythrocyte nuclei (some are denoted by arrows). 
(d,e) In frozen sections of Xenopus laevis testis (d, phase contrast ; e, epifluorescence optics) antibody No-194 reacts with nucleoli and certain distinct 
nucleoplasmic granules of spermatogonia (Sg), spermatocytes (Sc) and Sertoli cells (arrows), whereas spermatids (St) and spermatozoa (S) are 
negative. Bars denote 20 I'm (a,b,c) and 50 I'm (d,e) . 
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Figure 10. Distribution of Ribocharin during Mitosis of Cultured Xeno
pus laevis Cells as Shown by Immunofluorescence Microscopy Using 
Antibody No-194 

Phase contrast images are shown in (a-e) , the corresponding im
munofluorescence micrographs in (a'-e1- In interphase cells (a , a1, 
ribocharin is localized in nucleoli and surrounding nucleoplasmic 
granules, but is absent from. the cytoplasm. In preprophase and 
prophase (b, b1, fragments of the disintegrating nucleoli and numerous 
small entities are stained. In metaphase (c, c1 and anaphase (d, d1, 
uniform fluorescence of the chromosomal surfaces is observed. In late 
telophase (e, e1, the reforming nucleoli are stained as well as numer
ous nucleoplasmic entities. Bar, 10 ~m. 

tus, better structural preservation was obtained and al
lowed a finer localization . In these cells, the granular com
ponent of the nucleolus was specifically labeled by gold 
particles. Figure 11a presents an example of Triturus, Fig
ure 11d one for Xenopus. Other nucleolar subcompart-

ments-dense fibrillar component and fibrillar centers
were not decorated by this antibody. Outside of the 
nucleolus, certain distinct extranucleolar entities were 
found to be conspicuously decorated by the antibody
binding gold particles (arrows in Figure 11a). These struc
tures, wh ich appeared irregularly scattered throughout 
the nucleoplasm, appeared as round ish aggregates of 
variable diameters (0.1-0.3 lAm) and revealed granular 
substructures of diameters 20-35 nm (Figures 11b and 
11c). The morphology of these clustered particles closely 
resembles that of typical interchromatin granules (Swift, 
1963; Monneron and Bernhard, 1969; for review see Pu
vion and Moyne, 1981). Obviously, these aggregates of 
20-35 nm granules seen in the electron microscope cor
respond to the small fluorescent nucleoplasmic dots ob
served by light microscopic immunolocalization (compare 
Figures 9a and 10a' with Figures 11a-11d). 

In control experiments performed in parallel, antibodies 
against a M, 180,000 protein specifically labeled the 
dense fibrillar component of the nucleolus (cf. Schmidt
Zachmann et aI., 1984). This illustrated the accessibility 
of this nucleolar substructure for immunoglobulins under 
the conditions used, thus emphasizing the specificity of 
the localization of ribocharin in the granular part of the 
nucleolus and the nucleoplasmic particles. 

Discussion 

In the present study we have identified ribocharin, an 
acidic nuclear protein of M, 40,000 exhibiting a very spe
cific location. Although a certain proportion of this protein 
is found as a soluble molecule in the nucleoplasmic sap 
(data will be presented elsewhere), most of it is stably as
sociated with the particles of the granular component of 
the nucleolus and with the extranucleolar precursor parti
cles to the large ribosomal subunit distributed throughout 
the nucleoplasm. Ribocharin is absent from cytoplasmic 
ribosomes. Within the nucleolus, the protein colocalizes 
with some authentic ribosomal proteins, such as the 
largest protein of the small ribosomal subunit, termed S1 . 

Ribocharin appears to be different from all hitherto de
scribed nuclear and ribosomal proteins. Some of its prop
erties resemble those reported for protein B23, a nucleo
lar protein of rat liver and hepatoma cells (for review see 
Busch, 1984) to which a M, value of 37,000 and a con
siderably lower isoelectric pH value of approximately 5.0 
have been assigned. In contrast to ribocharin, protein 823 
has been found exclusively in nucleoli and not in 
nucleoplasmic bodies. In addition to being found in the 
granular component of the nucleolus, it has also been 

Figure 11 . Electron Microscopic Localization of Ribocharin by the Immunogold Technique 

Frozen sections of liver tissue of Triturus (a-c) or Xenopus (d) were incubated with antibody No-194, followed by secondary antibodies coupled to 
5 nm colloidal gold particles. After the immunoreaction , tissue sections were processed for electron microscopy 
(a) In hepatocyte nucleoli of Triturus, the granular component (GC) of the nucleolus is intensely decorated by gold particles (shown at higher magnifi
cation in the insert in the lower right) , whereas the dense fibrillar component (DFC) and the fibrillar centers (not seen here) are not labeled. In addition , 
a certain type of distinct nucleoplasmic entities is also heavily labeled by gold particles (arrows). 
(b,c) Details showing that the nucleoplasmic clusters reacting with antibodies to ribocharin , are represented by roundish aggregates (0.1-0.3 ~m 
in diameter) of 20-35 nm particles, which sometimes reveal a less intensely stained core (c). 
(d) Part of a nucleolus of Xenopus hepatocyte, showing the specific reaction of antibody NO-194 with the granular component (GC). The other nucleo
lar components (dense fibrillar component, DFC; fibrillar center, FC) and the surrounding chromatin (CH) are free of gold particles. Bars 0.2 ~m 
(a-d) and 0.1 ~m (insert in a). 
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reported to occur in the fibrillar nucleolar component (e.g., 
Daskal et aI., 1980; Ochs et aI. , 1983; Smetana et aI., 
1984; Spector et aI., 1984). Interestingly, ribocharin ac
cumulates on chromosomal surfaces during metaphase 
and anaphase, a distribution that is similar to that reported 
for ribosomal protein S1 (Hugle et aI., 1985) and nucleolar 
protein 823, but that differs from the mitotic location of 
such proteins as the Mr 180,000 protein (Schmidt
Zachmann et aI., 1984), the Mr 110,000 protein C23 
(Spector et aI. , 1984), and RNA polymerase I (Scheer and 
Rose, 1984), which are located in fibrillar components of 
the nucleolus. 

In accord with these results we conclude that ribocharin 
represents a new type of nucleolar, nonribosomal protein, 
which associates with the precursor particles containing 
the 28S rRNA sequence within the confinements of the 
nucleolus, but at some distance from the rDNA template 
chromatin . Although the limited interspecies cross reac
tivity of antibody No-194 did not allow us to identify 
ribocharin or related protein (or proteins) in higher ver
tebrates such as birds and mammals, we predict that a 
nucleolar protein with similar properties exists in other 
species as well. 

In our study we have also identified a new type of free 
nucleoplasmic particle of 65S that contains a nuclear 
precursor to the 28S rRNA, several ribosomal proteins 
(data not shown here), and ribocharin , the latter being 
present in amounts apparently equimolar to those of the 
ribosomal components present. We hypothesize that this 
65S particle is a special form of nucleoplasmic precursor 
to the large ribosomal subunit en route to the cytoplasm. 
The existence of such a particle has been postulated in 
most hypothetical models of nucleocytoplasmic transfer of 
ribosomal precursors (e.g. Perry, 1967; Prestayko et aI., 
1974; Hadjiolov, 1984). However, it had so far not been 
found, probably because of technical difficulties and the 
very low steady state concentrations present in nuclei of 
somatic cells. Our choice of the amphibian oocyte with its 
high ribosome production rate has certainly facilitated the 
discovery of this particle, as it provides a large nuclear vol
ume and allows the isolation of structurally intact nuclei. 
In its properties this 65S nucleoplasmic particle is clearly 
distinct from the preribosomal nucleolar particles of ap
proximately 80S, containing the pre-rRNA, and 55S, con
taining processing intermediates, that have been ex
tracted with vigorous methods from isolated nucleoli or 
nuclei of various cells (Kumar and Warner, 1972; 
Prestayko et aI., 1974; for review see Hadjiolov, 1984; for 
data from amphibian oocytes see Rogers, 1968). 

Electron microscopic immunolocalization with ribocharin 
antibody No-194 has also identified, in diverse somatic 
cells, typical extranucleolar aggregates of 20-35 nm gran
ules, the so-called interchromatin granules (Monneron and 
8ernhard, 1969), as distinct structures rich in ribocharin . 
Our findings suggest that these interchromatin granules 
represent aggregates of nucleoplasmic forms of precur
sors to the large ribosomal subunit and are equivalent to 
the 65S nucleoplasmic particles observed by sucrose 
gradient centrifugation. This interpretation of the inter
chromatin granules as preribosomal particles is in agree-

ment with previous cytochemical tests suggesting a 
ribonucleoprotein character of these particles, and with 
studies of effects of drugs interfering with ribosome 
production (Puvion et aI., 1984). It may be that inter
chromatin granules contain additional proteins that are 
not present in nucleoli (Clevenger and Epstein, 1984). In 
the future, we propose to use ribocharin antibodies as 
very selective and sensitive probes for nuclear precursors 
to the large ribosomal subunit and interchromatin 
granules. 

We have also observed a smaller free nucleoplasmic 
particle of 40S that contains 18S rRNA and some 
ribosomal proteins of the small subunit, including protein 
S1, and that lacks ribocharin . These particles, which are 
present in much lower concentrations than the 65S parti
cles (for corresponding observations of disproportionately 
low nuclear levels of precursors to the 18S rRNA in various 
cell types, amphibian oocytes included, see Penman et 
aI., 1966; Franke and Scheer, 1974b; Eckert et aI. , 1978), 
probably represent the nucleocytoplasmic translocation 
form of precursors specific to the small ribosomal subunit. 
However, more detailed characterization of this particle is 
necessary to elucidate its nature. 

We have shown that the large subunit of the cytoplas
mic ribosome and the corresponding, slightly larger, 
precursor particle in the nucleoplasm differ in respect to 
at least one specific protein , i.e., ribocharin . This illus
trates the profound compositional difference between the 
two related particles. It also suggests that rearrangements 
of 28S rRNA-associated proteins must occur very late in 
ribosome maturation, that is, after release from the 
nucleolus and during nucleocytoplasmic translocation, 
which could be at the level of the nuclear pore complex 
(for discussion see Franke and Scheer, 1974a, 1974b). In 
correlation with this hypothesis, previous reports show 
that certain ribosomal proteins, notably some of the small 
subunit, are not detected in nuclear and nucleolar frac
tions, suggesting that these proteins are added only upon 
release of the precursor into the cytoplasm (cf. Warner, 
1979; for review see Hadjiolov et aI., 1984). In this respect, 
the nucleocytoplasmic transport of ribosomal precursors 
seems to be similar to that of nuclear ribonucleoprotein 
particles containing mRNA sequences; drastic changes 
in protein composition during migration from nucleus to 
cytoplasm have been reported for those particles (e.g., 
Martin et aI. , 1980; Pederson and Munroe, 1981 ; Setyono 
and Greenberg, 1981). 

Our finding that no exchange to cytoplasmic ribosomes 
takes place upon disruption of the nuclear envelope dur
ing mitosis or during meiotic divisions demonstrates the 
specificity and the stability of the association of ribocharin 
with nuclear precursor particles to the large ribosomal 
subunit. Moreover, the fact that during mitotic telophase, 
ribocharin, as well as the particles containing it, is rapidly 
accumulated ip the reforming nuclei, pOints to the exis
tence of as yet unknown mechanisms for nuclear sorting 
of these particles. On the other hand, one must also 
postulate a mechanism of specific release of ribocharin 
from the 65S particles late in the intranuclear maturation 
of the large ribosomal subunit. This release could be 
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related to the removal of the 5'-terminal excess sequence 
from the immediate precursor to the 288 rRNA (cf. Had
jiolova et aI., 1984). This is currently under study in our 
laboratory. The released ribocharin might then contribute 
to the small nucleoplasmic pool of soluble 6.58 and 128 
forms of ribocharin, and might be reutilized in the nucleo
lus. This hypothesis would be in line with previous studies 
of protein labeling kinetics indicating that several non
ribosomal proteins were reutilized for ribosome assembly 
in the nucleolus (Kumar and Warner, 1972; Kumar and 
8ubramanian, 1975; Warner, 1979). We hope that detailed 
protein chemical and cross-linking studies of ribocharin, 
as well as in vitro studies of its binding to precursor parti
cles, will help in elucidating the function in ribosome bio
genesis and nucleocytoplasmic transport of this and other 
nonribosomal proteins associated with ribosomal precur
sor particles. 

Experimental Procedures 

Animals and Cells 
Adult male and female clawed toads (Xenopus laevis) were purchased 
from the South African Snake Farm (Fish Hoek, South Africa) . Newts 
(Triturus cristatus) and salamanders (Pleurodeles waltlii) were reared 
in our laboratory. Frogs (Rana temporaria), chickens, and rats were 
purchased from a local animal dealer. Tissue samples were taken and 
frozen as described (Krohne et aI., 1978). Cultured cells derived from 
Xenopus laevis kidney epithelium (XLKE cells, line A,; American Type 
Culture Collection) and various nonamphibian cell lines were grown as 
described (Franke et aI., 1979). 

Monoclonal Antibodies 
Monoclonal antibodies were raised essentially as described by K6hler 
and Milstein (1975). Balb/c-mice were immunized with the pellet ob
tained after low speed centrifugation (10 min; 3500 x g) of a homoge
nate of mass-isolated Xenopus oocy1e nuclei (for procedure see 
Scalenghe et aI. , 1978; Kleinschmidt and Franke, 1982). This pellet 
was greatly enriched in nucleoli. Antibody-producing hybridoma cell 
line No-194 was selected by the method described by Schmidt
Zachmann et al. (1984). Immunoglobulin subclasses were determined 
by double immunodiffusion (Ouchterlony and Nilsson, 1978) using 
doubly concentrated hybridoma cell culture supernatant and subclass
specific antibodies to mouse immunoglobulins (Miles-Yeda, Rehovot, 
Israel). Production of antibody-containing ascites fluid and purification 
of mono clonal mouse IgM antibodies was performed as described 
(Hugle et aI. , 1985). 

Preparation of Ribosomes 
Ribosomes of Xenopus laevis ovaries were prepared according to Ford 
(1971) with some modifications that have been described in detail else
where (Hugle et aI. , 1985). 

Isolation and Fractionation of Oocyte Nuclei 
Large-scale isolation of nuclei from Xenopus laevis oocytes (stages 
IV-VI ; Oumont, 1972) was carried out as essentially described by 
Scalenghe et al. (1978) with the modifications of Kleinschmidt and 
Franke (1982). Mass-isolated nuclei were gently homogenized by brief 
whirling in a Vortex and by sucking the suspension several times up 
and down in an Eppendorf plastic tip. The homogenate was cen
trifuged for 10 min at 3500 x g at 4°C. The resulting pellet, called a 
low speed pellet, was enriched in nucleOli, nuclear envelopes and 
chromosomes. The supernatant obtained-Iow speed supernatant
was centrifuged at 100,000 x g for 1 hr. Under these conditions 
nucleoplasmic ribosomal precursor particles were recovered in the 
pellet (high speed pellet) whereas soluble nuclear proteins remained 
in the supernatant (high speed supernatant). Manually isolated OOCy1e 
nuclei and cy10plasms (Krohne and Franke, 1983) were homogenized 
and fractionated by low speed centrifugation (10 min at 3500 x g). 

Sucrose Gradient Analysis 
High speed pellets obtained either from 10 ml nuclear homogenates 
ofvitellogenic oocy1es, from 200 unfertilized eggs, or from 1 x 10' CUl
tured XLKE cells were resuspended in 0.5 ml TBS (100 mM NaCl, 1 
mM MgCI2 , 1 mM fJ-mercaptoethanol , 10 mM Tris-HCI , pH 7.4), and 
layered on top of a 10%-40% [w/v] linear sucrose gradient made up 
in TBS. Gradients were centrifuged at 21 ,000 rpm in a Beckman SW40 
rotor for 16 hr at 4°C. For S value estimation cytoplasmic 80S ribo
somes, or 40S and 60S ribosomal subunits from Xenopus laevis ova
ries were examined in parallel gradients. In some experiments 10 ml 
low speed supernatant of oocyte nuclei, including total nucleoplasmic 
particles and soluble proteins, were concentrated by vacuum dialysis 
and fractionated by sucrose gradient centrifugation as described 
above. Alternatively, peak fractions obtained were pooled and recen
trifuged under the same conditions. 

For fractionation of soluble nuclear proteins, 3 to 5 fold concentrated 
high speed supernatant (final volume 0.5 ml) was analyzed on 
5%-30% (w/v) linear sucrose gradients made in TBS. Gradients were 
centrifuged at 35,000 rpm in a Beckman SW40 rotor for 18 hr at 4°C. 
Reference proteins (bovine serum albumin, 4.3S; immunoglobulin G, 
6.5S; catalase, 11.3S and thyroglobulin , 16.5S) were applied to parallel 
gradients. 

Fractions of 0.4 ml were collected and either used directly for ELlSA 
tests or the proteins were precipitated by 15% trichloroacetic acid (final 
concentration) , washed repeatedly with acetone, and analyzed by 
SOS-polyacrylamide gel electrophoresis. 

Gel Electrophoresis of Proteins and Immunoblotting 
Gel electrophoresis in the presence of SOS was performed essentially 
as described by Thomas and Kornberg (1975) using acrylamide con
centrations of 18%. TWO-dimensional gel electrophoresis using non
equilibrium pH gradient (NEPHG) in the first dimension was carried out 
according to O'Farrell et al. (1977); the second dimension was per
formed in 18% acrylamide gels, using the gel and buffer system de
scribed by Thomas and Kornberg (1975). Before being applied to the 
first dimension separation, material of 100,000 x g pellets was first 
digested with 0.1 mg/ml pancreatic RNAase (Boehringer, Mannheim, 
FRG) for 15 min at 37°C in order to remove nucleic acids that might 
interfere with the migration of the proteins into the gel. 

For immunoblotting experiments, polypeptides separated by one- or 
two-dimensional gel electrophoresis were partially renatured by incu
bation of the gel in 4 M urea, 50 mM NaCl, 2 mM EOTA, 0.1 mM 
dithiothreitol, 10 mM Tris-HCI (pH 7.5), for 1.5 hr at room temperature 
(Bowen et aI. , 1980). After partial renaturation, proteins were trans
ferred electrophoretically from the gels to nitrocellulose paper accord
ing to the method of Towbin et al. (1979). Protein binding sites on 
nitrocellulose were saturated by 1% bovine serum albumin (BSA) in 
140 mM NaCl, 10 mM Tris-HCI (pH 7.4) for 2-3 hr followed by overnight 
incubation at 4°C with culture supernatant of antibody-producing hy
bridoma cells. After several washes with 1 M NaCI in 10 mM Tris-HCI 
(pH 7.4) , nitrocellulose sheets were incubated for 2 hr at room tempera
ture with horseradish peroxidase coupled goat anti-mouse IgGllgM 
(Medac, Hamburg, FRG) diluted 1 :1000 in 1% BSA. Nitrocellulose 
sheets were extensively washed with 1 M NaCI and 10 mM Tris-HCI (pH 
7.4) , followed by several washes with 140 mM NaCl, 10 mM Tris-HCI 
(pH 7.4) containing 0.1% Triton X-100. Bound antibody was visualized 
by enzyme reaction using 4-chloro-1-naphtol and H20 2 as substrate 
(Hawkes et aI. , 1982). 

Enzyme-Linked Immunosorbent Antibody Assays (ELlSA) 
The ELlSA assay was performed as described by Hautanen and 
Linder (1981). Activated microtiter plates (Flow Laboratories, Mecken
heim, FRG) were coated with either aliquots of sucrose gradient frac
tions or fractions containing nuclear proteins (50 I'l/well). After adsorp
tion of the antigen, plates were incubated with undiluted tissue culture 
supernatant of hybridoma clone No-194. As secondary antibodies, 
alkaline phosphatase coupled goat antibodies to mouse IgM (Medac, 
Hamburg, FRG) were used at a dilution of 1 :1000. Specifically bound 
antibodies were visualized by enzyme reaction , and absorbance was 
measured at 405 nm by a Titertek Multiscan photometer (Flow Labora
tories, Meckenheim, FRG). For controls, cell culture supernatant of 
non-Ig-producing hybridoma cells was used instead of the primary an
tibody. 
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Immunolocalization 
Light microscopic immunolocalization, using frozen sections (5 I'm 
thickness) or cultured cells grown on coverslips, was performed as 
described (Hugle et aI., 1985). Incubation times of primary and sec
ondary antibodies were kept short (normally 15 min each) in order to 
minimize artificial elution of the antigen during preparation for immu
nofluorescence. For electron microscopic immunolocalization, cryo
stat sections through ovary and liver tissue from Xenopus laevis or Trit
urus cristatus were dehydrated for 10 min in acetone (-20°C), air dried, 
and incubated for 20 min with the primary antibody No-194 (50 I'g 
IgM/ml). After brief washing with PBS, sections were postfixed with 2% 
formaldehyde (in PBS) for 10 min and treated with 1% Triton X-lOO (in 
PBS) for 5 min. Specimens were then washed in PBS and incubated 
overnight with goat anti-mouse immunoglobulin coupled to 5 nm colloi
dal gold particles (Janssen Life Sciences, Beerse, Belgium), which 
was diluted 1:5 or 1 :10 in PBS. Sections were thoroughly washed in 
PBS, fixed in 2.5% glutaraldehyde, and processed for electron micros
copy as described (Scheer and Rose, 1984). Micrographs were taken 
with a Zeiss EM 10 electron microscope. 

Negative Staining of Ribosomes and 
Preribosomal Particles 
Peak fractions from sucrose gradients were dialyzed against TBS, and 
201'1 were directly applied to carbon coated grids activated by glow dis
charge. After 1 min of incubation, particles were fixed on the grid for 
30 sec with 0.2% glutaraldehyde. After removing the fixative, particles 
were stained with 2% uranyl acetate for 1 min, air dried, and examined 
in a Zeiss EM 10 electron microscope. 

RNA Analysis 
Pellets obtained after centrifugation (100,000 x g) of mass-isolated 
Xenopus laevis oocyte nuclei were incubated with 50 mM Tris-HCI (pH 
8.4), 20 mM EDTA, and 1% Sarkosyl NL-97, containing 0.5 mg/ml pro
teinase K (Boehringer, Mannheim, FRG; preincubated for 30 min at 
3?OC). After 2-6 hr, RNA was precipitated by the magnesium phos
phate method as described by Dessev and Grancharov (1973). RNA 
from sucrose gradient fractions was first precipitated by the same 
method, then digested with proteinase K, and again precipitated by ad
dition of 2.5 vol ice-cold ethanol. RNA was analyzed on horizontal 1.5% 
agarose slab gels as described by Franke et al. (1981). 
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