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Summary 

Noppl40 is a nucleolar phosphoprotein of 140 kd that 
we originally identified and purified as a nuclear local- 
ization signal (NLS)-binding protein. Molecular char- 
acterlxation revealed a lO-fold repeated motif of highly 
conserved acidic serlne clusters that contain an abun- 
dance of phosphorylation consensus sites for casein 
klnase II (CK II). Indeed, Noppl40 Is one of the most 
phosphorylated proteins in the cell, and NLS binding 
was dependent on phosphorylation. Noppl40 was 
shown to shuttle between the nucleolus and the cy- 
toplasm. Shuttling Is likely to proceed on tracks that 
were revealed by lmmunoelectron microscopy. These 
tracks extend from the dense flbrlllar component of 
the nucleolus across the nucleoplasm to some nuclear 
pore complexes. We suggest that Noppl40 functions 
as a chaperone for import into and/or export from the 
nucleolus. 

Introduction 

The nucleolus is the site of ribosomal RNA synthesis and 
preribosome assembly. Ribosomal proteins are synthe- 
sized in the cytoplasm and imported into the nucleolus, 
where they are assembled into preribosomal particles that 
in addition contain nonribosomal proteins (Kumar and 
Warner, 1972; Prestayko et al., 1974; Hiigle et al., 1985). 
Upon export into the cytoplasm, the preribosomal particles 
lose the nonribosomal proteins and mature into functional 
ribosomal subunits (for a review of ribosome biogenesis 
see Warner, 1989). 

Previously we identified and purified a nuclear localiza- 
tion signal (NLS)-binding protein of 140 kd (~140) that 
was primarily localized to the nucleolus (Meier and Blobel, 
1990). In a ligand blot assay we showed that this protein 
binds specifically to a synthetic peptide representing the 
NLS of SV40 T antigen (Kalderon et al., 1984a, 1984b; 
Lanford and Butel, 1984) but not to a peptide of an import- 
incompetent mutant NLS. Based on its NLS-binding ability 
and nucleolar localization, we suggested that ~140 may 
shuttle between the nucleolus and the cytoplasm. 

Other nuclear proteins have been shown to shuttle be- 
tween nucleus and cytoplasm (Rechsteiner and Kuehl, 
1979; Goldstein and Ko, 1981; Madsen et al., 1988; Bach- 
mann et al., 1989; Borer et al., 1989; Mandell and Feldherr, 
1990; Guiochon-Mantel et al., 1991; Pinol-Roma and Drey- 
fuss, 1992). Some of these proteins may function in 
nucleocytoplasmic transport, i.e., in import into and/or ex- 
port from the nucleus (for a recent review of nucleocy- 

toplasmic transport see Nigg et al., 1991). In addition, sev- 
eral groups have identified NLS-binding proteins by 
various methods (Adam et al., 1989; Benditt et al., 1989; 
Lee and M&l&se, 1989; Li and Thomas, 1989; Silver et al., 
1989; Yamasaki et al., 1989; Imamoto-Sonobe et al., 1990; 
Stochaj et al., 1991). Of these only the yeast nuclear pro- 
tein NSRl has been characterized on a molecular level 
(Lee et al., 1991). Moreover, two NLS-binding proteins of 
bovine erythrocytes have been shown to stimulate cyto- 
sol-dependent nuclear import in digitonin-permeabil- 
ized cells (Adam and Gerace, 1991). 

In this article, we present the primary, cDNAdeduced, 
structure of ~140. Because of its predominant nucleolar 
localization and its high degree of phosphorylation we 
named it Noppl40 (nucleolar phosphoprotein of 140 kd). 
Noppl40 shuttles between the nucleus and the cytoplasm 
and appears to do sc on striking curvilinear tracks emanat- 
ing from the dense fibrillar component of the nucleolus. 

Results 

Cloning and Nucleotide Sequence Analysis 
To generate probes for cloning the cDNA of Noppl40, the 
purified protein (Meier and Blobel, 1990) was subjected to 
chemical and proteolytic cleavage and to amino-terminal 
sequencing. Degenerate oligonucleotides designed ac- 
cording to the peptide sequences were used in a polymer- 
ase chain reaction with rat cDNA to generate a specific 
nucleotide probe’for Noppl40. Screening rat cDNA librar- 
ies with this probe resulted in the identification of two spe- 
cies of cDNA, pTM-17 and pTM6 (schematically depicted 
in Figure 2A), that shared a virtually identical open reading 
frame but differed in their 5’- and 3’-untranslated regions 
(UTRs). Figure 1 delineates the nucleotide sequence and 
the predicted amino acid sequence of the cDNAs pTM17 
(A) and pTM6 (B). The coding sequences were identical 
except for the CAG triplet encoding glutamine 150 in 
pTM17 (Figure lA), which was absent in pTM6 as con- 
firmed by sequencing of several independent clones from 
two different cDNA libraries. Interestingly, these three nu- 
cleotides constitute the highly conserved 3’ splice site of 
vertebrate introns (Padgett et al., 1986) and could, there- 
fore, represent part of an intron in pTMl7 that was spliced 
out in the case of pTM6. The difference in length of the 
3’-UTRs of the two cDNAs can readily be explained by 
alternative use of polyadenylation sites. Thus, clone pTM6 
contained a less used site that was skipped in favor of the 
most common site in pTM17 (Figure lA, shaded boxes; 
Wickens and Stephenson, 1984). 

To demonstrate that these two species of cDNA repre- 
sented cellular mRNAs, Northern blot analysis was per- 
formed by hybridizing cDNA-specific probes to rat and 
human poly(A)+ RNA (Figures 2A and 28). The two de- 
tected bands of approximately 3.6 and 3.2 kb (Figure 28) 
corresponded well to the size of the clones pTM17 and 
pTM6, respectively, indicating that the isolated clones rep 
resented full-length mRNAs. The total amount and the ra- 
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Figure 1. Nucleotide Sequence of Noppl40 

(A) DNA sequence of the coding strand of pTM17 and predicted amino 
acid sequence in single letter code above. The nucleotide sequence 
between the L and the second black dot denotes the identical 3’se- 
quence of pTM6, except for the shaded CAG triplet encoding glutamine 
160. which is missing in pTM6, as confirmed by sequencing of several 
independent clones from two different cDNA libraries. The two black 
dots enclose the sequence not shown for pTM6 in (B). The shaded 
boxes indicate the potential polyadenylation signals for pTM6 (first) 
and pTM17 (second), and the open box points out the divergent 5’ 
end of pTM17. The underlined amino acid residues correspond to the 
sequenced peptides, and the amino acids boxed by a broken line point 
out minimal NLS consensus sequences. The circled P above serine 
667 indicates that this residue was phosphorylated, as confirmed by 
amino acid sequencing (see Results). 

tio of the two mRNAs varied not only between rat and 
human (Figure 26) but also between different tissues of 
the same species (data not shown). Moreover, the coding 
sequence seemed to be better conserved between rat and 
human than the 3’- and 5’-UTRs, which did not cross- 
hybridize under the applied conditions (Figure 28, probes 
I and Ill). Interestingly, the processing and polyadenylation 
of the 3’ end of the two Noppl40 mRNAs appeared to be 
related to their distinct 5’-UTRs, because a long 5’ end 
always coincided with a short 3’ end in pTM6 and vice 
versa in pTMl7. This is further underlined by the detection 
of only two mRNAs on Northern blots, unlike the compara- 
ble case of the int-2 oncogene, which expressed all four 
possible classes of mFiNA (Mansour and Martin, 1988). 

Southern blot analysis was performed to examine 
whether the two mRNAs originated from one or two genes. 
Hybridization of common probe II to rat genomic DNA re- 
sulted in single bands in the case of EcoRI- and BamHI- 
digested DNA, two for Hindlll, and several for Pstl and 
Bglll (Figure 2C). This pattern corresponded to the restric- 
tion map of probe II and suggested, therefore, that the two 
Noppl40 mRNAs were transcripts from a single gene that 
were generated by alternative usage of polyadenylation 
sites, by differential splicing, and/or by use of two alternate 
transcription start sites. 

In the remainder of this article, only Noppl40 encoded 
by pTM17 shall be discussed, both because the proteins 
encoded by pTMl7 and pTM6 are essentially identical and 
because of the following reason. mRNAs with unusually 
long 5’-UTRs containiag many ATGs, like pTM6 (Figure 
1 B), may not be efficiently translated, whereas even minor 
transcripts with a short 5’-UTR, like pTM17 (Figure lA), 
may represent the functional mRNA (Kozak, 1991 and ref- 
erences therein). 

All sequences obtained from peptides of purified Nopp- 
140 were found in the cDNAdeduced amino acid se- 
quence (Figure 1 A, underlined residues). The open read- 
ing frame of pTMl7 encoded a protein of 704 aa residues 
with a calculated molecular mass of 73.6 kd, nearly half of 
the apparent molecular mass of 140 kd estimated by SDS- 
polyacrylamide gel electrophoresis (PAGE; Meier and Blo- 
bel, 1990). To determine whether Noppl40 cDNA en- 
coded a protein with the expected relative mobility on 
SDS-PAGE, pTM17 cDNA was used to program an in 
vitro transcription/translation reaction. Indeed, a protein 
of apparent molecular weight 140 kd was produced that 
comigrated with the authentic Noppl40 on SDS-PAGE 
(Figure 2D). 

(B) DNA sequence of the coding strand of pTM6 and predicted amino 
acid sequence in single letter code above. Only the Send of pTM6 is 
actually shown, and the sequence that is overlapping with pTM17 is 
indicated between the two black dots (see A). The sequence upstream 
of the L represents the divergent 5’ end of pTM6. Underlined are 12 
potential translation initiation sites of which, however, only the two 
most 3’are in-frame with the long open reading frame without encoun- 
tering a stop codon. These ATGs would extend the predicted amino 
acid sequence by 17 or 30 residues, as indicated by the negative 
numbers above the methionines. 
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Figure 2. Analysis of the Two Species of Noppl40 Clones 

(A) Schematic representation of pTM17 and pTM6. Open boxes iden- 
tify the open reading frames, and the shaded area between the two 
clones indicates identity, aside from a single amino acid that is absent 
in pTM6 (open box interrupted by shaded stripe). The small shaded 
boxes labeled I, II, and Ill specify the probes used for Northern and 
Southern blotting. 
(6) Northern blotsof rat and human poly(A)+ RNA probed with Noppl40 
cDNA-specific probes. The same blot was hybridized successively with 
the probes indicated above, demonstrating the identity of the 3.6 and 
3.2 kb mRNAs with pTM17 and pTM6, respectively. The apparent size 
of marker RNAs is given on the left, and the estimated size of the two 
Noppl40 RNA species is indicated on the right. 
(C)Southern blot of rat genomic DNA hybridized with a probe cdmmon 
to both species of Noppl40 clones. The geno blot containing rat geno- 
mic DNA digested with the five indicated restriction enzymes was hy- 
bridized with probe II (see [A]). Note that the very high molecular weight 
band in the EcoRIdigested lane probably stemmed from hybridization 
to undigested DNA. 
(D) Autoradiogram of in vitro translated Noppl40 analyzed by SDS- 
PAGE. Lane 2: pTM17 DNA was in vitro transcribed and the RNA 
translated in reticulocyte lysate in the presence of [“Slmethionine. 
Lane 1 shows the products of in vitro translation in the absence of 
exogenous RNA. The bar indicates the position of the migration of 
authentic Nopp140. Note that Noppl40 contains only a single internal 
methionine. which explains why background labeling is relatively high. 

Amino Acid Sequence Analysis 
Even a superficial inspection of the primary sequence of 
Noppl40 discloses a preference for only a limited number 
of amino acids and their alignment in clusters. In fact, 
two-third6 of the Noppl40 sequence consists of only 5 aa, 
namely, serine (17.2%~) lysine (16.10/b), alanine (14.3%), 
glutamic acid (9.7%) and proline (9.2%). On the other 
hand, the sequence contain6 only a single internal methio- 
nine and no cysteine residue. Most of the serine residues 
are clustered in ten exclusively acidic repeats that are 
separated by basic amino acid stretches comprising the 
abundant lysine, alanine, and proline residues(Figure3A). 
The acidic serine clusters are remarkably conserved 
among themselves, as highlighted by the underlined bold 
characters in Figure 3, which are identical in all ten repeats 
and in an eleventh one that only contain6 a single serine. 
Dot plot analysis of the protein sequence revealed these 
novel repeat6 more dramatically by yielding a dot for every 
6 identical aa residues out of 10 (Figure 36). 

Interestingly, the identically conserved amino acids of 
the acidic serine repeats constitute a consensus site for 
casein kinase II (CK II) phosphorylation (Marin et al., 1966; 
Kuenzel et al., 1967). In fact, a computer search for protein 
patterns in the primary sequence of Noppl40 revealed that 
72 out of 704 residues represent potential phosphorylation 
sites. Forty-five of the 62 serine residues in the acidic re- 
peats form consensus sites for CK II phosphorylation. Ulti- 
mately, once the 45 residues have been phosphorylated, 
the remainder become acceptor sites for CK II phosphory- 
lation (Meggio and Pinna, 1966; see Discussion). Thus, 
the serine clusters are potentially converted into stretches 
of 13-l 7 continuous negatively charged residues. Amino- 
terminal sequencing of a Noppl40 peptide yielded a de- 
hydro serine in position 567 (Figure lA), which strongly 
suggested that at least one of the identically repeated con- 
sensus sites is phosphorylated (Figure 3A, serine 567). 
This confirmed that CK II type phosphorylation indeed oc- 
curs in cellular Noppl40. Besides CK II sites, protein pat- 
tern analysis revealed 19 protein kinase C consensus 
sites, most of which also form CDC2/histone Hl kinase 
phosphorylation sites and lie within the basic part of the 
ten repeats. 

As Noppl40 exhibits a distinct nucleolar localization, 
the primary sequence was scanned for the presence of 
targeting signals. Several nucleolar proteins have been 
shown to contain specific targeting signals that comprise 
a series of arginine residues and function independently 
from NLSs(Siomi et al., 1966; Dang and Lee, 1969; Kubota 
et al., 1969; Cochrane et al., 1990). The predicted amino 
acid sequence of Noppl40 doe6 not contain any sequence 
resembling such nucleolar targeting signals. However, 
seven sequences corresponding to the 4 aa motif Lys-Argl 
Lys-X-Arg/Lys could be identified (Figure lA, boxed with 
broken lines). This sequence represents a minimal NLS 
consensus sequence that is shared by most NLSs and is 
homologous to the SV40 T antigen sequence (Chelsky et 
al., 1969). It remains to be shown whether any of these 
sequences are functional. 
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(A) Alignment of the IO-fold repeated negative-positive motif of the predicted amino acid sequence in single letter code. The Noppl4O&quence 
was aligned by hand to obtain an optimal match between the acidic serine repeats. The box labeled ‘acidic” contains not a single positively charged 
residue, while the “basic” box does not contain any acidic amino acid. Underlined residues in bold point out the identically conserved amino acids 
in all ten acidic serine clusters as well as a flanking sequence. The serine in these identically conserved residues constitutes a CK II consensus 
phophorylation site, one of which was confirmed to be phosphorylated in vivo by amino acid sequencing (circled P; see Results). 
(6) Dot plot of Noppl40 protein sequence. The amino acid sequence of Noppl40 was compared with itself, yielding a dot for every six identical 
residues out of ten. Note that the residue numbers of the repeats match the ones of the repeats in (A) exactly. 

Phosphorylation 
To determine whether the abundance of potential phos- 
phorylation sites reflected the situation in vivo, buffalo rat 
liver (BRL) cells were metabolically labeled with =P ortho- 
phosphate. The nuclei were isolated and solubilized with 
SDS, and Noppl40 was immunoprecipitated with anti- 
Noppl4.0 peptide antibodies (Figure 4A). Noppl40 consti- 
tuted the most heavily phosphorylated protein in this frac- 
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Figure 4. Noppl40 Is Massively Phosphorylated 

(A) lmmunoprecipitationof in vivogpP-tabeled Noppl40. BRLcells were 
labeled with =P for 16 hr, nuclei were prepared, and Noppl40 was 
immunoprecipitated in the presence (lane 1 and 2) and absence (lane 
3 and 4) of free competing Noppl40 peptide, and the precipitates (P) 
and one-fifth of the supernatants (S) analyzed by SDS-PAGE and 
autoradiography. 
(6) Phosphatase treatment of in vitro translated Noppl40 as analyzed 
by SDS-PAGE and autoradiography. Lane 1: pTMl7 DNA was in vitro 
transcribed and translated in reticulocyte lysate for 45 min at 25%. 
Lane 2: same as lane 1, but translation was arrested by 2.5fold dilution 
into phosphatase buffer, and incubation was continued for 1 hr at 
37OC. Lane 3: same as lane 2 but alkaline phosphatase was added 
during 37% incubation. Lane 4: same as lane 3, but phosphatase 
inhibitors (see Experimental Procedures) were added during phospha- 
tase incubation. 

tion (lane 1) and was not precipitated in the presence of 
competing peptide (lane 2). In the absence of competing 
peptide Noppl40 was efficiently removed from the SDS 
extract (lane 3) and immunoprecipitated (lane 4). Similar 
results were obtained when =P-labeled proteins of whole 
cells were analyzed (not shown). Considering that Nopp- 
140 is not a major cellular protein, e.g., it cannot be distin- 
guished among Coomassie blue-stained nuclear proteins 
when separated by SDS-PAGE, Noppl40 is one of the 
most phosphorylated proteins in the cell. 

We investigated whether the massive phosphorylation 
of Noppl40 was responsible for its aberrant migration on 
SDS-PAGE. As described above (Figure 2D), in vitro tran- 
scription/translation of Noppl40 cDNA in reticulocyte ly- 
sate generated a band on SDS-PAGE of M, 140 kd (Figure 
46, lane 1). In addition to Noppl40, we observed a faster 
migrating band of 100 kd (Figure 48, lane 1). Upon treat- 
ment with alkaline phosphatase, Noppl40 was converted 
to the 100 kd protein (Figure 48, lane 3), demonstrating 
that the aberrantly large M, of Noppl40 was at least in part 
due to phosphorylation. Identical treatment of =P-labeled 
Noppl40 resulted in removal of all 32P label (data not 
shown). Since the protein moiety of Noppl40 remains in- 
tact during phosphatase treatment (see Figure 48, lane 
3) the 100 kd protein most likely represents completely 
dephosphorylated Noppl40. Conversely, further incuba- 
tion of the translation products in reticulocyte lysate after 
translation arrest by dilution with buffer resulted in con- 
version of the 100 kd protein into Noppl40 (Figure 48, 
compare lanes 1 and 2). Therefore, reticulocyte lysate con- 
tained the kinase(s) required to generate fully phosphory- 
lated Noppl40. The persisting discrepancy between the 
calculated (73.6 kd) and relative molecular mass (100 kd) 
of dephospho Noppl40 is probably caused by the fact that 
one-third of all amino acids are strongly basic or acidic. 
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Figure 5. Phosphorylation Controls NLS Binding to Noppl40 

(A) Autoradiogram of a Western blot of purified Noppl40 tested with 
anti-Nopp140 antibodies and developed with ‘2SI-labeled protein A. 
Noppl40 purified from rat liver nuclei was treated with alkaline phos- 
phatase in the absence (lane 1) and presence (lane 2) of phosphatase 
inhibitors and analyzed by SDS-PAGE and Western blotting. 
(8) Binding of NLS peptide conjugates to phosphorylated (lane 2) 
and dephosphorylated (lane 1) Noppl40 on Western blots. Purified 
Noppl40 was treated with phosphatase and transferred to nitrocellu- 
lose as in (A). Nitrocellulose strips were cut in half, incubated in parallel 
with wild-type (w) and mutant (m) synthetic NLS peptides coupled to 
human serum albumin, and the peptide conjugates visualized by auto- 
radiography after incubation with anti-albumin antibodies and 
‘%labeled protein A. 

Phosphorylation Regulates NLS Binding 
The identification of Noppl40 as an NLS binding protein 
(Meier and Blobel, 1990), combined with the high density 
of negative charges generated by its massive phosphory- 
lation, prompted us to test whether the phosphorylation 
might be responsible for its interaction with positively 
charged NLS peptides. To address this question, we em- 
ployed the NLS ligand blot assay described previously 
(Meier and Blobel, 1990). Noppl40 purified from rat liver 
nuclei was treated with phosphatase, separated on SDS- 
PAGE, transferred to nitrocellulose filters, and the phos- 
pho and dephospho forms were detected with anti- 
Noppl40 antibodies (Figure 5A). Phosphatase treatment 
of purified Noppl40 resulted in the same mobility shift as 
described for in vitro translated Noppl40 (Figure 48). The 
proteins were then also probed with wild-type and mutant 
NLS peptide conjugates that differ by a single amino acid. 
As shown in Figure 58, phosphorylated Noppl40, but not 
dephospho Noppl40, bound the wild-type NLS peptide 
conjugate, demonstrating that binding of the NLS to 
Noppl40 is dependent on phosphorylation. 

Nucleocytoplasmic Shuttling and 
Anti-Nopp140 Antibodies 
We have previously suggested that Noppl40, being an 
NLS-binding protein and a primarily nucleolar protein, 
might be involved in nucleocytoplasmic transport by shut- 
tling between the nucleolus and the cytoplasm. To test 
this hypothesis directly, we followed a protocol that took 
advantage of the fact that immunoglobulin G (IgG) mole- 
cules are too large to enter the nucleus simply by diffusion 
when injected into the cytoplasm of tissue culture cells 

Figure 6. Characterization of Anti-Nopp140 Antibodies 

(A) Western blot of whole rat liver nuclei tested with anti-Nopp140 
antibodies. Nuclear proteins were separated by SDS-PAGE and trans- 
ferred to nitrocellulose filters. Anti-Nopp140 antibodies were detected 
with ‘“l-labeled protein A and autoradiography. Note that besides the 
single band recognized on whole nuclei, anti-Nopp140 antibodies also 
reacted with a very minor band below Noppl40 that comigrated with 
the dephospho form of Noppl40. 
(B) Indirect immunofluorescence on fixed and permeabilized BRL cells 
with anti-Nopp140 antibodies. Cells were fixed with 2% paraformalde- 
hyde and permeabilized with 1% Triton X-100. Unfractionated antise- 
rum and fluorescein-labeled secondary antibodies were used to detect 
Noppl40. Aside from the bright nucleolar pattern, a faint staining was 
observed throughout the cell. 
(C)Competition of indirect immunofluorescence by free Noppl40 pep- 
tide. Same as(B), but 50 PM free Noppl40 peptide was included during 
the first antiserum incubation. Note that only the nuclear fluorescence 
was competed for, not the cyioplasmic. Bar = 10 pm. 
(D) Indirect immunofluorescence with affinity-purified anti-Noppl40 
antibodies. Cells were treated as in (B) but incubated with affinity- 
purified antibodies instead of unfractionated serum. Note that next to 
the bright nucleolar staining there is also a faint signal detectable in 
the nucleoplasm. 

(Madsen et al., 1988; Borer et al., 1989). However, antibod- 
ies to a shuttling nuclear protein may bind to the protein 
while it is in the cytoplasm and be piggybacked into the 
nucleus. 

Toward this end we raised antibodies against a synthetic 
peptide derived from the Noppl40 amino acid sequence 
(Figure lA, residues 292-309). Anti-Nopp140 antibodies 
recognized a major polypeptide on Western blots of whole 
rat liver nuclei (Figure 6A) and also reacted with purified 
Noppl40, the phospho as well as the dephospho form 
(Figure 5A, lanes 2 and 1, respectively). In immunoprecipi- 
tation experiments, the antibodies precipitated a single 
band, which corresponded to Noppl40, as confirmed by 
competition of the precipitation with free synthetic peptide 
(Figure 4A). On fixed and permeabilized cells anti- 
Noppl40 antibodies produced a strong punctate nucleolar 
pattern and a weak nucleoplasmic stain (Figure 68). Co- 
incubation of anti-Nopp140 antibodies with free pep- 
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Figure 7. Noppl40 Shuttles between Nucleus 
and Cytoplasm As Demonstrated by Nucleo- 
lar Accumulation of Cytoplasmically Injected 
Anti-Nopp140 Antibodies 

(A) Direct double fluorescence of rhodamine- 
labeled anti-Nopp140 antibodies (panel 1) and 
fluorescein-labeled control antibodies against 
RNA polymerase I (panel 2). BRL cells were 
fixed and permeabilized as described in Figure 
legend 6B and incubated concomitantly with 
both labeled antibodies. 
(8) Cytoplasmic coinjection of both labeled an- 
tibodies into living cells and incubation for 12 
hr at 37-C. BRL cells were microinjected into 
the cytoplasm with both antibodies concomi- 
tantly. After 12 hr incubation the cells were 
fixed with 4% formaldehyde, and the direct flu- 
orescence was observed. Panels as in (A). 
(C) Anti-Noppl40 antibodies were imported 
into the nucleolus in the absence;pf de novo 
protein synthesis. Essentially the same as (B), 
except that the cells were incubated with 10 ugl 
ml cycloheximide 1 hr prior to injection, and the 
concentration was maintained throughout the 
experiment. After the indicated periods of incu- 
bation, the cells were fixed, and the fluores- 
cence was observed (upper panels: anti- 
Noppl46 antibodies; lower panels: anti-RNA 
polymerase I antibodies). 
Bars = 10 pm. 

tide resulted in the complete loss of both nucleolar and 
nucleoplasmic fluorescence (Figure 6C). Finally, indirect 
immunofluorescence with affinity-purified anti-Nopp140 
antibodies produced strong nucleolar and weak nucleo- 
plasmic labeling (Figure 6D). * 

To test for nucleocytoplasmic shuttling of Noppl40, 
affinity-purified anti-Nopp140 antibodies were chemically 
labeled with the fluorescent dye rhodamine, while control 
antibodies against another nucleolar protein, RNA poly- 
merase I, were labeled with fluorescein. Examination of 
permeabilized cells by fluorescence microscopy showed 
that both labeled antibodies retained their reactivity and 
produced their characteristic staining of the nucleolus (Fig- 
ure 7A; see Scheer and Rose, 1984 and Meier and Blobel, 
1990). However, microinjection of the two labeled antibod- 
ies into the cytoplasm of living cells, incubation for 12 hr 
at 37% and subsequent examination by fluorescence 
microscopy (Figure 78) clearly demonstrated that anti- 
Noppl40 antibodies had accumulated in the nucleolus 
(panel 1) whereas anti-RNA polymerase I antibodies re- 
mained excluded from the nucleus (panel 2). These data 
suggested that antiHopp140 antibodies were indeed car- 
ried into the nucleus, presumably by binding to cyto- 
plasmic Noppl40. Interestingly, the imported antibodies 
bind to an epitope situated in the center of the Noppl40 
repeats (Figure 3A, residues 292-309) where NLS binding 
is proposed to occur (see Discussion). The nucleolar accu- 
mulation of anti-Nopp140 antibodies was not caused by 
newly synthesized Noppl40, because it occurred even 
when de novo protein synthesis was inhibited bycyclohexi- 

mide (Figure 7C). Mort&ver, nucleolar accumulation of 
anti-Noppl40 antibodies occurred rapidly, as early as 10 
min after cytoplasmic injection (Figure 7C). 

lmmunoelectron Microscopy 
Incubation of thin sections of L. R. White-embedded BRL 
cells with affinity-purified anti-Nopp140 antibodies and 
subsequent detection by immuno gold revealed strong la- 
beling of the dense fibrillar component of the nucleolus 
(Figure 6A). An identical nucleolar labeling pattern (not 
shown) was obtained by parallel staining with anti- 
fibrillarin antibodies (Aris and Blobel, 1966). However, un- 
like the anti-fibrillarin antibody labeling, which remained 
restricted to the dense fibrillar component of the nucleolus 
(not shown), staining with anti-Nopp140 antibodies also 
occurred in the nucteoplasm (Figures 8A and 88) consis- 
tent with the nucleoplasmic staining observed in immuno- 
fluorescence (see Figure 6D). Most strikingly, while nu- 
cleoplasmic staining by anti-Nopp140 antibodies was 
detected in all thin sections, a few sections revealed stain- 
ing along curvilinear tracks across the nucleoplasm (Fig- 
ure 8). Depending on the plane of the section, these tracks 
could be followed, in rare cases, for almost their entire 
length (see Figure 8s) or, more frequently, for short dis- 
tances. The longest track observed extended for several 
microns from the dense fibrillar component of the nucleo- 
lus through the nucleoplasm close to the nuclear envelope 
(arrowheads in upper portion of Figure 88). Shorter tracks, 
either emanating from the nucleolus (arrowheads in Figure 
8A) or apparently unconnected to it (arrowheads in lower 
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portion of Figure 86) could be seen more frequently. In 
some sections tracks appeared to cross the nuclear pore 
complex (see Figure 88 insert). In cross sections, tracks 
could be represented by the randomly scattered clusters 
of gold particles in the nucleoplasm (Figures 8A and 8B). 
Similar results were also obtained by staining cryosections 
of BRL cells with anti-Noppl40 antibodies (not shown). 
These data suggest that Noppl40 is located on a limited 
number of tracks that extend from the dense fibrillar com- 
ponent of the nucleolus across the nucleoplasm to a lim- 
ited number of nuclear pore complexes. 

Discussion 

Shuttling and Tracks 
Our results demonstrate that Noppl40 is a member of a 
family of proteins that shuttle between nucleus and cyto- 
plasm. As demonstrated by immunoelectron microscopy, 
shuttling of Noppl40 may proceed along a limited number 
of curvilinear tracks that extend from the dense fibrillar 
component of the nucleolus across the nucleoplasm to 
certain nuclear pore complexes. 

Although the precise function of Noppl40 remains to be 
elucidated, its shuttling between the nucleolus and the 
cytoplasm suggests that it functions in transport, either in 
import (e.g., ribosomal proteins) or in export (e.g., preribo- 
somal subunits). In either process Noppl40 might serve 
as a chaperone. Being a protein with alternating acidic and 
basic domains, it could function to cover and neutralize 
highly charged domains of preribosomal particles (ex- 
port) or of ribosomal proteins (import). This might facilitate 
navigating these components between the Scylla and 
Charybdis of the highly charged nuclear chromatin either 
out of or into the nucleolar ribosome assembly sites. 

What is the nature of the tracks along which Noppl40 
moves? Are these tracks filaments? If they are, could they 
be composed of actin, whose presence in the nucleus has 
been reported (Jockusch et al., 1974; Clark and Merriam, 
1977; Fukui, 1978; LeStourgeon, 1978)? If they are nu- 
clear actin filaments, are there corresponding nuclear my- 
osin motors? Would these motors specifically recognize 
and attach to Noppl40 to unidirectionally move Noppl40- 
associated structures along these actin filaments either 
into or out of the nucleolus? These are only some of the 
questions that are evoked by the visualization of these 
tracks and that await further investigation. 

Our immunoelectron microscopic data suggest that 
there are only a limited number of tracks connecting nucle- 
olar ribosome assembly sites with the cytoplasm through 
a limited number of pore complexes. In fact, the low fre- 
quency of tracks within the same plane as the thin sections 
presently does not allow statistical analysis to estimate the 
number of tracks per nucleus. However, a limited number 
of tracks might be directly demonstrable either by three- 
dimensional reconstruction of optical sections obtained by 
laser scanning confocal microscopy of cells injected with 
fluorescein-labeled anti-Nopp140 antibodies and/or by 
electron microscopic analysis of serial sections of cells 
injected with gold-labeled anti-Nopp140 antibodies. Such 

experiments are currently in progress. The tracks might 
originate from the transcription sites of the 200 or so ribo- 
somal RNA genes and the nearby assembly sites for preri- 
bosomal particles, such that import of supplies (ribosomal 
proteins) and export of products (preribosomal particles) 
might proceed only through those pore complexes to 
which these tracks are connected (Blobel, 1985). 

It is interesting to note that tracks of mRNA molecules 
have been detected in the nucleoplasm by in situ hybrid- 
ization, both on the light and electron microscopic level 
(Lawrence et al., 1989; Huang and Spector, 1991). There- 
fore most, if not all, macromolecular traffic in and out of 
the nucleus may proceed on tracks. Such tracks might 
originate or terminate in nuclear pore complexes and in 
transcriptionlribonucleoprotein assembly sites. 

Phosphorylation 
Over 10% of all amino acid residues present in Noppl40 
constitute potential phosphorylation sites, and the experi- 
mental results indicate that Noppl40 is indeed phosphory- 
lated to an unusually high degree. This made us wonder 
whether Noppl40 may not have been noticed previously. 
In fact, a literature survey revealed that, solely on the basis 
of massive phosphorylation, several groups had identified 
proteins with relative molecular masses of about 140 kd, 
which could correspond to Noppl40 (Wehner et al., 1977; 
Pfeifleet al., 1981; Wanget al., 1981; Banvilleand Simard, 
1982; Pfeifle and Anderer, 1984; Ahn et al., 1985). One of 
these proteins, ~~135, was determined to incorporate 75 
phosphate groups per molecule (Pfaff and Anderer, 1988) 
which coincides well with the theoretical number of 82 
serine residues in the Noppl40 motif. None of the cDNAs 
for these proteins, however, have been cloned to date, and 
their relationship to Noppl40 remains to be proven. 

Surprisingly, under all conditions studied so far, Nopp 
140 occurred only in a completely phosphorylated or de- 
phosphorylated state and not in forms of intermediate de- 
gree of phosphorylation. This is particularly obvious in 
Figure 48 (lane 4) where even in the presence of phos- 
phatase inhibitors a minor fraction of Noppl40 becomes 
effectively converted to the dephospho form without de- 
tectable intermediates. We propose that phosphorylation 
occurs in a cooperative manner by the following mecha- 
nism. The consensus site for CK II phosphorylation con- 
sists of the serine or threonine acceptor site and an acidic 
amino acid 3 residues away on the carboxy-terminal side, 
as exemplified by the identically conserved amino acids in 
the Noppl40 repeats (Figure 3A, underlined residues in 
bold). Every additional acidic residue (Meggio and Pinna, 
1988) near the target serine (threonine) improves the ac- 
ceptor site (Marin et al., 1986; Kuenzel et al., 1987). Thus, 
phosphorylation of the conserved serine within a single 
Noppl40 repeat renders the preceding serine a better sub- 
strate for CK II. That serine will then become phosphory- 
lated in turn, rendering the preceding serine a better sub- 
strate and so on. The whole process could take place at 
all ten repeats simultaneously, thereby explaining the “all 
or none” phenomenon of Noppl40 phosphorylation. Such 
a sequential addition of phosphate residues by CK II has 
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in fact been shown to occur for a peptide derived from 
SV40 T antigen (Marshak and Carroll, 1991). 

NLS Binding 
Noppl40 was identified as an NLS-binding protein by a 
iigand blot assay (Meier and Blobei, 1990). it remains to 
be determined whether the NLS binding is of physiological 
relevance. Our results here show that only the phospho 
form of Noppl40 binds NLS, not the dephospho form. 
Therefore, NLS binding may occur in the phosphoryiated 
acidic repeats of Noppl40, and each of the ten negatively 
charged domains could constitute a binding site for a posi- 
tively charged NLS. Such a multivalent binding site for 
NLSs would provide an explanation for the miiiimoiar 
amounts of free NLS peptides required to compete for the 
binding of a substrate carrying multiple NLS sequences 
(Goidfarb et al., 1988; Meier and Biobei, 1990). The en- 
hanced nucieocytopiasmic transport rate of nuclear pro- 
teins with multiple NLSs (Lanford et al., 1986; Roberts et 
al., 1987; Dworetzky et al., 1988) also could be explained 
by their increased affinity for such a multivalent recep- 
tor(s). The rapid and complete phosphoryiation/dephos- 
phoryiation of Noppl40 may represent a means of reguiat- 
ing its affinity for NLScontaining proteins and thereby its 
ability to function in nucieocytopiasmic transport. 

Aside from Noppl40, another nucieoiar protein, No38, 
has been shown to bind to immobilized NLS peptides 
(Goidfarb, 1988). interestingly, No38 also shuttles be- 
tween nucleus and cytoplasm (Borer et al., 1989). in addi- 
tion, an NLS-binding protein in yeast, which contains an 
extended negatively charged stretch of amino acids with 
multiple serine residues, also seems to be located in the 
nucleolus (Lee et al., 1991). However, it is not known 
whether this protein shuttles. it will be interesting to deter- 
mine whether these proteins coiocaiize to the same tracks 
that are decorated by Noppl40. Ultimately, elucidation of 
the nature of the Noppl40 tracks should open up new 
avenues for understanding nucieocytopiasmic transport. 

Experimental Procedures 

Purification, Cleavage, and Amlno Acid Sequencing 
of Noppl40 
Noppl40 was purified from rat liver nuclei essentially as described 
(Meier and Blobel, 1990). with the slight modification that prior to elu- 
tion of Noppl40 the hydroxyapatite column was washed with 0.5 M 
potassium phosphate buffer containing 1 M KCI. Subsequent elution 
with 1 M potassium phosphate buffer yielded essentially pure Nopp 
140. After SDS-PAGE, Noppl40 was cleaved while still in gel slices 
by cyanogen bromide, and the fragments were resolved by 12% SDS- 
PAGE (Laemmli, 1970) and transferred to polyvinylidine difluoride 
membrane (immobilon PVDF; Millipore Continental Water Systems, 

Bedford, MA) as described (Nikkodem and Fresco, 1979; Schnell et 
al., 1990). Alternatively, Noppl40 was electroeluted from gels and 
digested (Cleveland et al., 1977) by trypsin (40 @ml; Sigma Chemical 
Co., T-8642) for 2 hr in 10 mM Tris buffer (pli 8.1), 0.1% SDS, and 
the fragments were transferred to immobilon PVDF membrane and 
subjected to amino-terminal sequencing as described (Schnell et al., 
1990). 

Generation of a Noppl40-Specific Ollgonucleotlde Probe 
and Screening of cDNA Libraries 
Standard techniques of molecular cloning were used as described 
(Maniatisetal., 1989) if not statedotherwise. Restriction enzymeswere 
from Boehringer Mannheim Biochemicals (Indianapolis, IN) and New 
England BioLabs (Beverly, MA). 

Two degenerate oligonucleotides (5’-GAGAATTCGCCGG[CG]A- 
C[ACGTlAA[AG]CC[ACGT]GG-3’ and 5’-GAGTCGACGT[CT]TC[AG]- 
TT[AG]TG[CTJlT-3’) corresponding to the ends of a tryptic peptide 
sequenceof Noppl4O(FigurelA, residues581-601)weresynthesized 
and used in a polymerase chain reaction under previously described 
conditions (Shelness and Blobel. 1990) with rat cDNA as template to 
generate a specific probe for Noppl40. The product was cloned into 
the EcoRI-Sall sites of pBluescript II (Stratagene, La Jolla, CA) and 
sequenced by the dideoxy method (Sanger et al., 1977). 

Synthetic nucleotides containing 48 bp of the confirmed sequence 
(Figure lA, bp 1792-1840) were end labeled with [“PJATP and used 
to screen a commercial lambda ZAP II rat cDNA library (Stratagene) 
following the supplier’s protocol. Two positive clones out of 1 x 10 
phages screened were directly in vivo excised in pBluescript (Stra- 
tagene) and sequenced. The longer one (1.9 kb) was labeled with 
[UP]dCTP using a random primed labeling kit (Feinberg and Vo- 
gelstein, 1983). This probe served then to screen 300,000 phages of an 
unamplified IgtlO library constructed from BRL cell RNA (generously 
provided by Jun Sukegawa). Sixty-five positive clones were identified 
and analyzed at least with regard to their length. This was achieved 
using vector- and gene-specific oligonucleotides in a polymerase chain 
reaction on phage mixtures as template that were obtained in the 
primary screen of the library. 

cDNA Sequencing and Analysls 
EcoRl and Hindlll restriction fragments of the longest )LgtlO inserts 
representing the two Noppl40 mRNAs (see Figures IA and 1 B) were 
subcloned into pBluescript II for DNA sequencing. Both strands were 
sequenced at least once, employing synthetic nucleotides as primers 
in the dideoxy method (Sanger et al., 1977) as modified by Schuurman 
and Keulen (1991). Note that the final 13 nucleotides before the poly(A) 
tail of pTMl7 (Figure 1A) were derived from sequencing of an overlap- 
ping independent clone. DNA analysis was performed with the 
DNASTAR sofware program (DNASTAR, Madison, WI) and homology 
searches in GenBank by FASTA (Pearson and Lipman, 1988). 

Northern and Southern Blots 
Poly(A)+ RNA was prepared from HeLa, BRL, and Nl Sl (rat hepatoma) 
tissue culture cells using RNAgents and PolyATtract isolation systems 
(Promega, Madison, WI). RNA from various rat and human tissues 
was from Clontech Laboratories, Inc. (Palo Alto, CA). The RNA was 
electrophoresed in denaturing agarose gels (Lehrach et al., 1977) and 
transferred to nitrocellulose filters (Thomas, 1980). Fragments of the 
two clones were [“P]dCTP labeled by the random primer method and 
used for hybridization (Maniatis et al., 1989). A commercial Southern 
blot (Southern, 1975; Clontech Laboratories, Inc.) containing rat gene- 

Figure 8. lmmunoelectron Microscopy with Affinity-Purified Anti-Noppl40 Antibodies 

(A) lmmunogold labeling on sections of L. R. White-embedded BRL cells. BRL cells were fixed with 2% paraformaldehyde, 0.05% glutaraldehyde 
and embedded in L. R. White for sectioning. The sections were incubated with affinity-purified anti-Nopp140 antibodies and subsequently with 
secondary antibodies coupled to 10 nm gold particles. Note the strong labeling of the dense fibrillar component of the nucleolus (No) and some 
scattered labeling in the nucleoplasm. Arrowheads mark a track extending from the nucleolus into the nucleoplasm. Bar = 0.5 pm. 
(8) lmmunogold labeling of Noppl40 along tracks between the nucleolus (No) and the nuclear envelope (NE). The sample was prepared as in (A). 
Tracks decorated by gold particles are pointed out by arrowheads. A largely continous track is shown in the upper part, and a disrupted track(s) 
is shown in the lower part. Note labeling in the nucleoplasm (N) in the form of clusters or short tracks. The cytoplasm (C) shows very little, scattered 
labeling. Inset shows gold particles lining up at the nuclear envelope near a nuclear pore complex. Bars = 0.5 pm. 



mic DNA digested by five different restriction enzymes was probed 
analogously. 

Call-Free Transcription and Translation 
pTM17 cDNA isolated in minipreps was in vitro transcribed using T7 
RNA polymerase (Stratagene) after linearization with BarnHI. The 
pTMl7 RNA was then in vitro translated in the presence of [“Sjmethio- 
nine in rabbit reticulocyte lysate (Promega)and thesamples processed 
as described (Nicchitta et al., 1991). except that the gels were en- 
hanced (Enlightning, DuPont New England Nuclear, Boston, MA) for 
autoradiography. 

Phosphotylatlon 
BRL cells were grown to subconfluency in 100 cm2 petri dishes in 
modified essential medium (GIBCO Laboratories, Grand Island, NY). 
After incubation of the cells for 1 hr in minimal essential medium with- 
out phosphate, they were labeled by addition of 1 ml (1 mCi) of [32P]so. 
dium dihydrogen phosphate (DuPont New England Nuclear, Wilming- 
ton, DE, 1 mCi/mmol) for 1, 4, or 16 hr at 37OC. The labeling pattern 
of proteins and nucleic acids, separated by SDS-PAGE and autoradio- 
graphed asdescribed below, looked identical after all incubation times, 
except that the overall labeling was weaker after 1 hr compared with 
the other time points. The cells were rinsed with ice-cold phosphate- 
buffered saline, scraped into 10 ml of phosphate-buffered saline, pel- 
leted at 1000 x g for 5 min. and the pellet was frozen in liquid nitrogen. 
The frozen cell pellet was thawed and resuspended in 0.5 ml of homog- 
enization buffer (0.1 M sodium phosphate (pH 7.4) 40 mM NaF, 0.6 
mM N&VO,, 1 mM dithiothreitol. 2 mM phenylmethylsulfonyl fluoride, 
2 pg/ml aprotinin, and 1 uglml each leupeptin, antipain, chymostatin, 
and pepstatin A), incubated for 15 min on ice, and homogenized by 20 
strokes in a glass teflon homogenizer. The homogenate was fraction- 
ated into nuclei and cytosol by a 10 min centrifugation at 1000 x g 
and the nuclear pellet resuspended in 0.5,ml of homogenization buffer. 
Then 0.5 ml of buffer containing 0.1 M sodium phosphate (pH 7.4) 0.3 
M NaCI, 10 mM MgClr. 5 ug/ml RNAase A, and 256 uglml DNAase I 
was added to the nuclei and cytosol. After incubation for 30 min on ice, 
20 pl of 0.5 M EDTA and 40 pl of 10% SDS were added to the 1 ml 
fractions. After incubation for 5 min at 50°C and for 5 min in a sonicator 
waterbath, the samples were diluted with twice the volume of 2% Triton 
X-l 00 in 0.1 M sodium phosphate buffer (pH 7.4) 150 mM NaCl and 
used for immunoprecipitation. 

lmmunopreclpitation 
Aliquots were either incubated directly with anti-Nopp140 antibodies 
and subsequently with protein A-Sepharose (Pharmacia Fine Chemi- 
cals, Piscataway, NJ) or with protein A-Sepharose to which anti- 
Noppl40 IgGs had previously been adsorbed. To demonstrate the 
specificity of Noppl40 immunoprecipitation, 0.5 mM free Noppl40 
peptide was included in half the samples. After incubation for 2 hr at 
room temperature, the supernatant was removed for further analysis 
and the protein A-Sepharose beads were washed twice with 0.1 M 
Tris (pH 7.4). 1% Triton X-100, 0.2% SDS. 150 mM NaCI, twice with 
0.1 M Tris (pH 7.4). 0.5% Tween 20, and once with 0.1 M Tris (pH 
7.4) and were eluted with SDS-PAGE sample buffer. The eluates and 
one-fifth of the supernatants were analyzed by SDS-PAGE and autora- 
diography. 

Phoaphatase Treatment 
Purified Noppl40 was treated with calf intestinal (20 U/ug Noppl40, 
Boehringer Mannheim Biochemicals) or bacterial alkaline phospha- 
tase (3.5 Ulpg Nopp140. Worthington Biochemical Corporation, Free- 
hold, NJ) as described for nucleoplasmin (Cotten et al., 1966). 
=P-labeled Noppl40 was immunoprecipitated (see above) and analo- 
gously treated with phosphatase either directly on protein A-Seph- 
arose beads or after elution with free Noppl40 peptide. In control 
samples a mixture of 15 mM NaMO,, 0.3 mM NaaVO,, and 20 mM NaF 
was included as phosphatase inhibitor. The proteins were analyzed 
by SDS-PAGE, transferred to nitrocellulose, and probed with either 
anti-Noppl40 antibodies or NLS peptide conjugates as described 
(Meier and Blobel, 1990). 

Reticulocyte lysate containing in vitro translated Noppl40 was di- 
luted 2.5-fold with phosphatase buffer (0.1 M Tris [pH 6.61, 10 mM 
MgCM and incubated in the presence or.absence of phosphatase 

inhibitor mixture (see above) with calf intestinal alkaline phosphatase 
(0.46 Ulpl, GIBCO Laboratories, Grand Island, NY) for 1 hr at 37OC. 
The samples were analyzed by SDS-PAGE and autoradiography. 

AMlbodlea and lmmunologlcal Techniques 
Polyclonal antibodies were raised in rabbits against a synthetic peptide 
of Noppl40 (Figure lA, residues 292-309) coupled to keyhole limpet 
hemocyanine (Calbiochem Behring Co., La Jolla, CA) through an addi- 
tional carboxy-terminal cysteine as described (Green et al., 1962; 
Meier and Blobel, 1990). The Noppl40 synthetic peptide was coupled 
to SulfoLink coupling gel (Pierce, Rockford, IL) according to the sup- 
plier. Anti-Nopp140 IgGs were then affinity purified by passing serum 
over the peptide resin, washing with 1 M NaCI, eluting with 0.1 M 
glycine (pH 2.5) and dialyzing against phosphate-buffered saline. 
Noppl40 IgGs were fluorescently labeled with TRITC or FITC (Sigma) 
as described for nucleoplasmin (Newmeyer et al., 1966). Immunofluo- 
rescence experiments were carried out on paraformaldehyde-fixed 
and Triton X-IOO-permeabilized BRL cells (Meier and Blobel, 1990) 
using the sera at a 1 :I00 dilution, the affinity-purified antibodies at 1 .I 
&ml, and competing free Noppl40 peptide at 50 uM concentration. 
Dilution of anti-Nopp140 antibodies was routinely lo-fold higher in 
incubations of Western blots (Meier and Blobel, 1990). 

Shuttling Experiments 
BRL cells were coinjected with TRITC-labeled anti-Noppl40 IgGs 
(ml.3 mglml) and FITC-labeled control IgGs against RNA polymerase 
I (-2.2 mg/ml; kind gift by K. M. Rose, University of Texas, Houston) 
as described for peptide conjugates (Meier and Blobel, 1990). Where 
specified, 10 ug/ml cycloheximide was added to the cell culture me- 
dium 1 hr prior to injection and the same concentration maintained 
during incubation after injection. 

Immunoelectron Microscopy 
After trypsin detachment and pelleting, BRL cells were fixed with 2% 
paraformaldehyde, 0.05% gfutaraldehyde in 100 mM cacodylate (pH 
7.4)for 30 min at 4OC. The cells were either prepared for cryosectioning 
(Tokuyasu, 1973) or embedded in L. R. White (Electron Microscopy 
Sciences, Fort Washington, PA) and sectioned. Sections were incu- 
bated on Formvar carbon coated nickel grids either with affinity- 
purified anti-Nopp140 antibodies at dilutions between 1 and 10 &ml 
or with straight culture supernatant from hybridoma cells secreting 
anti-fibrillarin monoclonal antibodies D77(Aris and Blobel, 1966; kindly 
provided by J. Aris). Secondary incubations were performed with anti- 
bodies bound to 10 nm gold particles (Amersham Life Sciences, Arling- 
ton Heights, IL). The grids were stained with uranyl acetate and viewed 
on a JOEL 100 CX electron microscope operated at 60 kV. 
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