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ABSTRACT: A 125-kilodalton (kDa) phosphoprotein was isolated from nucleoli of Novikoff hepatoma cells 
in the presence of various inhibitors of proteases, alkaline phosphatase, and RNase. This protein was the 
most highly phosphorylated protein found thus far in the nucleolus. The half-life of [32P]phosphate in the 
125-kDa phosphoprotein was approximately 60 min. Amino acid analysis of the protein showed it had a 
high serine content (15.5 mol %), a high glutamine plus glutamic acid content (15.5 mol %), and a high 
lysine content (10.3 mol %). Phosphoserine was the only phosphorylated amino acid identified. After alkaline 
hydrolysis of the 32P-labeled protein, ribonucleotides were found which accounted for approximately 8.5% 
of the [32P]phosphate. After cytidine 3’,5’-[32P]diphosphate ( [32P]pCp) labeling by R N A  ligase, several 
oligoribonucleotide sequences were purified including GGGCoH and GGGGCoH. The binding of oligo- 
nucleotides to peptides was stable under denaturing fractionation conditions including 6 M urea treatment 
and incubation at 100 OC for 10 min in sodium dodecyl sulfate and @-mercaptoethanol. Furthermore, when 
nucleotide-peptide complex was treated with ribonuclease T2 followed by snake venom phosphodiesterase, 
the junctional nucleotide pCp was released. These results suggest that one or more ribonucleotides are 
covalently bound to the 125-kDa phosphoprotein. 

A n a l y s e s  of nuclear substructures of Novikoff hepatoma in 
this laboratory have shown a number of macromolecules 
contain postsynthetic modifications. Among these are the 5’ 
caps of U-snRNAs (Ro-Choi et al., 1975) which were also 
found in mRNAs and viral RNA (Rottman et al., 1974; Busch 
et al., 1982). Another novel posttranslational modification 
observed is the isopeptide conjugate linkage of protein A-24 
in which histone 2A and ubiquitin are covalently linked 
(Goldknopf & Busch, 1977); this modification has been im- 
plicated recently in modulation of gene expression. 

The nucleolus is the site of synthesis of pre-rRNA (Perry, 
1962; Darnell, 1968) as well as the location of the assembly 
and processing of preribosomal particles (Warner & Soeiro, 
1967; Liau & Perry, 1969), which are transported into the 
cytoplasm where they become mature ribosomes. The phos- 
phorlation of nucleolar non-histone proteins has been impli- 
cated in the regulation of the synthesis, modification, pack- 
aging, and transport of ribosomal RNA and other nucleolar 
functions (Olson et al., 1978; Rose & Jacob, 1983; Busch, 
1984). Studies from this laboratory have previously described 
the isolation and characterization of three major nucleolar 
phosphoproteins: protein C23 [ 1 10 kilodaltons (kDa),’ PI = 
5.21, protein B23 (37 kDa, PI= 5.2) (Busch, 1984; Mamrack 
et al., 1979; Lischwe et al., 1979, 1981, 1982), and more 
recently the 19-kDa, p l  = 4.5 phosphoprotein (McRorie et al., 
1984). 

In this study, using inhibitors of proteases, alkaline phos- 
phatase, and RNase (Spohn et al., 1984), it was found that 
the 125-kDa protein is the most highly phosphorylated nu- 
cleolar protein found thus far. This high molecular weight 
phosphoprotein from Novikoff heaptoma cells is in relatively 
low abundance in the nucleolus and has a rapid turnover (TI, ,  
= 60 min). A novel feature of this molecule was the presence 

I Abbreviations: DTT, dithiothreitol; PAGE, polyacrylamide gel 
electrophoresis; pCp, cytidine 3’3’-diphosphate; PMSF, phenyl- 
methanesulfonyl fluoride; SDS, sodium dodecyl sulfate; kDa, kilodal- 
ton(s); Tris, tris(hydroxymethy1)aminomethane; EDTA, ethylenedi- 
aminetetraacetic acid. 

of RNA oligonucleotide(s) apparently covalently linked to the 
protein. 

MATERIALS AND METHODS 

Nucleoli from Novikoff Hepatoma. Novikoff hepatoma 
ascites cells were transplanted in Holtzman rats; 6 days after 
transplantation, the ascites cells were harvested. Nucleoli were 
prepared by sonic oscillation described previously (Spohn et 
al., 1984). To obtain 32P-labeled nucleoli, the harvested cells 
were incubated in vitro with [32P]orthophosphate for 6 h 
(Mauritzen et al., 1971). Alternatively, Novikoff hepatoma 
tissue culture cells (Ochs et al., 1985) were labeled for 16 h 
with [ 32P] orthophosphate. 

Nucleolar Extraction. The isolated nucleoli were extracted 
with 10 mM Tris or 4 M urea/3 M LiCl. For Tris extraction, 
the isolated nucleoli were suspended in 3 volumes of 10 mM 
Tris-HC1, pH 7.6, and incubated at 0 OC for 20 min. The 
suspension was centrifuged at 27000g for 10 min, and the pellet 
was reextracted twice. The supernatants were pooled and 
treated with 50 pg/mL RNase A at room temperature for 1 
h. Some of the isolated nucleoli of Novikoff heptoma cells 
were extracted with 4 M urea/3 M LiCl (Lischwe et al., 1981); 
the nucleoli were homogenized in 5 volumes of 8 M urea/2 
mM phenylmethanesulfonyl fluoride (PMSF)/ 10 pg/mL 
leupeptin/2 mM DTT/2 mM EDTA to which an equal vol- 
ume of 6 M LiCl was added. The suspension was homogenized 
and allowed to stand for 3-16 h at 4 O C .  The proteins were 
separated from the residue by centrifugation at 27000g for 
20 min. 

Use of Inhibitors. To maintain the structural integrity of 
nucleolar phosphoproteins, various inhibitors were used in- 
cluding PMSF (0.5 mM), N-ethylmaleimide (1 mM), apro- 
tinin (5 pg/mL), leupeptin (5 pg/mL), p-(hydroxymercuri)- 
benzoate (1 mM), 0-glycerophosphate (10 mM), and vanadyl 
ribonucleoside complex (2 mM). Throughout the preparation 
of nucleoli and nucleolar proteins, 1 mM PMSF and 1 mM 
N-ethylmaleimide were used. The remaining inhibitors were 
used during the sonication and nucleolar protein extraction. 
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