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The first processing event of the precursor ribosomal
RNA (pre-rRNA) takes place within the 5’ external tran-
scribed spacer. This primary processing requires con-
served cis-acting RNA sequence downstream from the
cleavage site and several nucleic acids (small nucleolar
RNAs) and proteins trans-acting factors including
nucleolin, a major nucleolar protein. The specific inter-
action of nucleolin with the pre-rRNA is required for
processing in vitro. Xenopus laevis and hamster nucleo-
lin interact with the same pre-rRNA site and stimulate
the processing activity of a mouse cell extract. A highly
conserved ll-nucleotide sequence located 5-6 nucleo-
tides after the processing site is required for the inter-
action of nucleolin and processing. In vitro selection
experiments with nucleolin have identified an RNA se-
quence that contains the UCGA motif present in the
11-nucleotide conserved sequence. The interaction of
nucleolin with pre-rRNA is required for the formation of
an active processing complex. Our findings demonstrate
that nucleolin is a key factor for the assembly and mat-
uration of pre-ribosomal ribonucleoparticles.

Ribosome biogenesis is a complex process that involves the
transcription of a large pre-rRNA?! precursor, its maturation,
and assembly with ribosomal proteins (1, 2). Pre-rRNA under-
goes multiple post-transcriptional nucleotide modification (3)
and nucleolytic processing steps to yield the mature 18, 5.8,
and 28 S rRNA species. The two first endonucleolytic cleavages
occur in external transcribed spacers (ETS) and therefore do
not lead to the formation of mature rRNA ends. The first
cleavage also called early or primary processing occurs within
the 5’-ETS (4-6) is conserved from yeast (7) to human (8) and
can be found at various positions within the 5'-ETS (5, 7-11).

Despite its conservation, the role of this cleavage in ribosome
biogenesis is still unknown, and only few factors involved in
this process have been characterized. In yeast, the role of
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Rntlp, an RNase III homologue remains unclear (12, 13). In
higher eukaryotes, the major nucleolar protein nucleolin (15),
an endonuclease (14) and several small nucleolar RNA are also
involved (15, 16), but their exact function remains to be eluci-
dated. In vitro UV cross-linking has identified a small number
of proteins, including nucleolin, that interact with the RNA
substrate (17, 18). The different factors assemble in a large 20
S complex (18) that could be visualized at the terminal ends of
nascent pre-rRNA (terminal balls) observed on Miller’s Christ-
mas tree by electron microscopy (19, 20). The formation of this
complex seems necessary but not sufficient for processing
(20, 21).

The sequence and RNA structural motif required for the
processing have been extensively studied in vitro (21, 22). In
mouse pre-rRNA, an evolutionary conserved 11-nt motif (+655
to +666) located just 5—6 nt downstream from the cleavage site
is absolutely required for the processing (21) and for formation
of the complex observed at the 5’ end of nascent pre-rRNA (20).
A 27-nt RNA (+645 to +672) is processed very inefficiently in
vitro, but it seems to contain the minimal cis-acting sequence
required for processing (21). The 200 nt that follow this motif
are 80% conserved between mice and humans (5, 8, 23) and
stimulate the processing (21). This RNA sequence can be the
targets of several RNA-binding proteins or small nucleolar
RNAs for the recognition of the cleavage site.

Nucleolin, one of the major nucleolar proteins in exponen-
tially growing cells, is involved in several steps of ribosome
biogenesis (24, 25). Nucleolin binds nascent pre-rRNA close to
the transcription initiation site (26, 27), suggesting that
nucleolin plays a role at an early step of pre-rRNA synthesis.
We have previously shown that nucleolin is able to stimulate
the primary processing in vitro (17). Specific interactions of
nucleolin with the pre-RNA substrate and with other cellular
components like the U3snoRNP are required for the
processing.

In this study, we show that an 11-nt evolutionary conserved
sequence located just 5-6 nt downstream from the cleavage
site is required for the interaction of nucleolin with the pre-
rRNA substrate. This interaction is required for the assembly
of the processing complex.

MATERIALS AND METHODS

Plasmids Constructs and in Vitro Transcription—Mouse rDNA frag-
ments (+541 to +1250 and +645 to +1250) were amplified by PCR
using the following oligonucleotides: 5'-ETS-541 (5'-ggaagatcttcgctegt-
tgttetettg-3') or 5'-ETS-645 (5'-ggaagatctgegegtegtttgeteacte-3') and 5'-
ETS-1250 (5'-ggaattcaaactttccaaccecageegeg-3'). Underlined are the
EcoRI and Bgl!II sites used for the ligation in pSP72 (Promega) to give
PSPETS,,; 1250 and pSPETS,, - 1.5, The conserved 11-nucleotide motif
(ECM) was deleted by PCR. Two PCR reactions were performed with
oligonucleotides 5'-ETS-541 and AM3A (5'-gagaactccggagcataagagtgag-
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caacgacgegeaategg-3') or 5'-ETS-1250 and AM3B (5'-cgttgctcactettat-
getecggagttetettegggecagggee-3'). The last PCR used the first two puri-
fied PCR products and oligonucleotides 5'-ETS-541 and 5'-ETS-1250.
This DNA fragment was ligated in the Bg/II and EcoRI sites of pSP72
to give pSPETS;,; 1050amcm- The BglII site present in the resulting
plasmids was removed by BglII digestion followed by T4 DNA poly-
merase exonuclease digestion and religation. The final plasmids
were called pSPETS;,; 1550.Bg!1I, pSPETSy,5 1050aBg!II, and
PSPETS;,; 1250amcMabgirr- These plasmids were linearized by different
enzymes Ddel (+656), BspEl (+677), Bsp120I (+764), and EcoRI
(+1250) and used for in vitro transcription using T7 RNA polymerase to
give the corresponding RNAs. Labeled RNA was synthesized using
[a-*?P]CTP in the transcription reaction. Unincorporated nucleotides
were removed by gel filtration (G50; Amersham Pharmacia Biotech),
and then the RNA was ethanol precipitated. Unlabeled RNA competi-
tors were synthesized as described previously (31).

For the construction of the GST-tagged CHO nucleolin a PCR reac-
tion was performed with oligonucleotides KTNUC1 (5'-cgeggatecgt-
gaagctcgcaaaggetggeaaaacc-3’) and KTNUC2 (5'-gctctagatcattat-
tcaaacttegtettetttecttgtgg-3'; BamHI and Xbal sites are underlined) and
the ¢cDNA of CHO nucleolin as template. The PCR product was sub-
cloned in pEG(KG) plasmid (gift from Dr. Deschenes, Iowa City, Iowa)
and give the pKTNUCFL plasmid.

Preparation of S100 Extracts, Production and Purification of Pro-
teins, in Vitro Processing, and UV Cross-linking—Extract, processing
reaction, and UV cross-linking are performed as described previously
(17). Hamster and Xenopus nucleolin were purified from exponentially
CHO (Computer Cell Belgium), and A6 growing cells respectively. Re-
combinant p50 was expressed in Escherichia coli and purified as de-
scribed previously (31, 32). The GST-tagged CHO nucleolin was ex-
pressed in Saccharomyces cerevisiae (JCW25 strain) (gift from Dr.
Gartenberg, Piscataway, NJ) and purified using a glutathione-Sepha-
rose column (Amersham Pharmacia Biotech) as described previously
(39).

Filter Binding Assay—TFilter binding assay using purified nucleolin
protein and in vitro labeled RNA were performed as described previ-
ously (27, 31). Briefly, 10 fmol of labeled RNA were incubated with
different concentration of purified nucleolin in a final volume of 50 ul of
binding buffer (200 mm KCl, 25 mMm Tris, pH 7.5, 5 mm MgCl,, 20%
glycerol, 50 ug/ml tRNA, 10 ug/ml bovine serum albumin) for 30 min at
room temperature. Then the reaction mixtures were filtered on a nitro-
cellulose membrane and washed three times with binding buffer. The
percentage of bound RNA was determined using a PhosphorImager.
Native gel shift assay (see Fig. 5) was performed as described (16, 18).
Briefly, after the processing reaction, half of the incubated reaction was
directly loaded on a 0.8% TBE agarose gel. After a 5-h migration at 100
V, the gel was dried and autoradiographied.

RESULTS

Xenopus and CHO Nucleolin Stimulates Processing in Mouse
Cell Extract—Although the 200 nt surrounding the cleavage
site, known as the M3 box (28), are quite conserved between
humans and mice, they have considerably diverged in Xenopus.
To determine whether nucleolin from Xenopus and hamster
cells were interchangeable, we tested and compared the inter-
action of Xenopus laevis and CHO nucleolin with the mouse
5-ETS (Fig. 1A). A labeled RNA corresponding to nucleotides
+541 to +1250 (RNAj /1250 from the mouse pre-rRNA was
incubated in mouse S100 extract in presence of increasing
amount of X. laevis (lanes 2—-4) or CHO (lanes 5-7) nucleolin
and subjected to an UV cross-linking experiment. These two
proteins interacted with the same efficiency with the pre-rRNA
substrate. To demonstrate that the exogenous nucleolin was
actually binding to the pre-rRNA substrate and not competing
away inhibitory proteins in the extract that would allow more
endogenous nucleolin protein binding to the RNA, we used a
recombinant GST-tagged protein (GST-CHO nucleolin) in this
assay (Fig. 1A, lanes 8—12). This experiment clearly shows that
exogenous GST-CHO nucleolin interacts with the mouse pre-
rRNA and competes for binding with endogenous nucleolin.

Previous experiments (17) have established a correlation
between an increase in specific interaction of nucleolin with the
pre-rRNA substrate and an activation of the primary process-
ing. We then determined whether the interaction of X. laevis
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Fic. 1. X. laevis and hamster nucleolin are interchangeable for
the processing reaction in mouse cell extract. A, increasing
amount of purified X. laevis (X.1, lanes 2-4), CHO (lanes 5-7) or recom-
binant GST-CHO nucleolin (lanes 8-12) were added to the processing
reaction that contained 10 fmol of radiolabeled RNA, /150 Lanes I and
8, no exogenous nucleolin was added; lanes 2, 5, and 9, 5 pmol; lanes 3,
6, and 10, 10 pmol; lane 4, 7, and 11, 20 pmol; lane 12, 30 pmol. After
incubation, an UV cross-linking was performed, and labeled proteins
were resolved by SDS-polyacrylamide gel electrophoresis and autora-
diography. B, processing of RNA;,;,105, in presence of X. laevis (lanes
3-5), CHO (lanes 7-9), or recombinant GST-CHO (lanes 10-14) nucleo-
lin. Lanes 1, 2, 6, and 10, no exogenous nucleolin was added; lanes 3, 7,
and 11, 5 pmol; lanes 4, 8, and 12, 10 pmol; lanes 5, 9, and 13, 20 pmol;
lane 14, 30 pmol.

nucleolin with the pre-rRNA was also able to stimulate the
processing. In the presence of an excess of X. laevis (Fig. 1B,
lanes 3-5), CHO (lanes 7-9), or recombinant GST-CHO nucleo-
lin (lanes 10-14), the processing reaction is markedly acti-
vated. Altogether these data show that all these proteins are
able to activate the processing reaction and that nucleolin-
binding site on pre-rRNA is conserved between X. laevis and
mouse despite the low sequence similarity within the 5’-ETS of
these two species.

The ECM Is Required for Nucleolin Interaction with the
Pre-rRNA—Interactions of nucleolin with different truncations
of RNAz,1/1250, in absence of cellular extract, were studied to
map the binding site of nucleolin (Fig. 2). We used a filter-
binding assay with purified CHO nucleolin and labeled in vitro
transcribed RNA (27). Deletion of the first 104 nt or of the last
573 nt of RNA;,1/1950 did not affect nucleolin binding affinity
(K, of 180 nm = 40 nm) (Fig. 2), indicating that nucleolin
binding site is contained within the 32-nt RNAg,5/577- We used
a previously characterized small 68-nt RNA (NS) which does
not interact with nucleolin (15, 27, 28, 29) as a negative control
for these interactions. The 32-nt RNA (RNAg,5/77) sufficient
for the specific interaction of nucleolin contains an evolutionary
conserved 11-nt motif (ECM), which is always located 5 or 6 nt
after the processing site (9, 20, 29) (Fig. 2A). To determine
whether this motif was required for nucleolin interaction, the
11-nt motif was deleted within RNAg,;,;64 and RNAg ;577 to
give RNAgy /764npcm @nd RNAgyy677080m Tespectively, and
these RNA were used in the filter binding assay (Fig. 2B). The
precise deletion of the 11-nt motif completely abolishes nucleo-
lin interaction to a level comparable to a negative control for
binding (NS and RNA;,;/656)-

These RNAs were used as competitor in UV cross-linking
and in vitro processing assays (Fig. 3, B and C). These compe-
tition assays have been previously used successfully to study
the sequences and structural motifs required for the processing
(9, 21). Labeled RNA; ;1950 Was incubated in the extract and
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Fic. 2. Interaction of nucleolin with pre-rRNA. Top panel, sche-
matic representation of the different RNAs used. The black square
indicates the position of the ECM, and the arrow indicates the primary
processing site. Interaction of nucleolin in absence of cellular extract
with these different RNAs was studied using a filter binding. These
interactions were compared with interaction with a 68-nt RNA (NS)
previously described (27—-29) that does not interact significantly with
nucleolin. A, deletion of nucleotide sequences at the 5" and 3’ end of
RNA;,1/1250- B, comparison of the interaction of nucleolin with wild type
and AECM RNAs. Quantification was performed using a PhosphorIm-
ager. The key to the data points is shown on the figure.

0 100

subjected to UV cross-linking (Fig. 3B, lane 1) and processing
reaction (Fig. 3C, lane 2). Addition of RNA competitors that
contain the ECM (RNA;,;,677 and RNAg,5677) Were able to
compete nucleolin interaction with labeled RNAg, /1950
(Fig. 3B, lanes 3 and 5) and abolished processing of the RNA
substrate (Fig. 3C, lanes 4 and 8). In contrast, the RNA com-
petitor that does not contains this 11-nt motif (RNA;,1/677a5cm)
did not significantly compete for nucleolin interaction (Fig. 3B,
lane 7) nor RNA;,1/1050 Processing (Fig. 3C, lanes 6). To
demonstrate that RNA;,;,477 and RNAg,5,677; and not
RNA;,1/677a8cm titrated nucleolin, a 5-fold excess of nucleolin
was added to the UV cross-linking and processing experiments.
An increase of nucleolin cross-linking and a stimulation of
RNA;,1/1250 processing were observed when no competitors
(Fig. 3, B and C, lanes 2 and 3, respectively) or when RNA,;,
6778y Was used (Fig. 3, B and C, lanes 8 and 7, respectively).
In contrast, nucleolin cross-link was only partially restored
(Fig. 3B, lanes 4 and 6), and no activation of RNA processing
was observed (Fig. 3C, lanes 5 and 9) when ECM containing
RNA competitors were added. Even in presence of added
nucleolin, RNA competitor and nucleolin are present in about
equimolecular amount, and therefore, unlabeled RNA;, /577
and RNAg,5677 are still efficiently competing nucleolin. Fur-
thermore, these two RNAs are sufficient for formation of proc-
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Fic. 3. The 11-nucleotide ECM is required for the interaction
of nucleolin with the pre-rRNA and nucleolin activation of the
primary processing. A, schematic representation of the different
RNAs used. The black box indicates the position of the ECM, and the
arrow indicates the primary processing site. In RNAg5677a50m the
conserved 11 nucleotides have been deleted. B, cross-linking of nucleo-
lin with #2P-labeled RNA;,;,/;55, in presence of different RNA competi-
tors. Labeled RNA;,; 155, Was incubated in cell extract in presence of 40
pmol of unlabeled RNA competitors, RNA;,,/4;; in lanes 3 and 4,
RNAg, 5677 in lanes 5 and 6, RNAg,5/677a5cm 10 lanes 7 and 8. A 5-fold
excess (compared with nucleolin present in the extract) of exogenous
CHO nucleolin (10 pmol) was added in lanes 2, 4, 6, and 8. In lanes 1
and 2, no RNA competitor was added in the extract. After UV cross-
linking, labeled proteins were analyzed by SDS-polyacrylamide gel
electrophoresis, and the gel was autoradiographied. C, in vitro process-
ing reaction in presence of different competitors. Labeled RNA;,;/1550
was incubated with (lanes 2-9) or without (lane 1) cell extract in
presence of different unlabeled RNA competitors (20 pmol), RNA; /577
in lanes 4 and 5, RNAg,5/677a5cm 10 lanes 6 and 7, and RNAg, 5677 in
lanes 8 and 9. An excess of nucleolin (10 pmol) was added in lanes 3, 5,
7, and 9. After the processing reaction, RNA was extracted and ana-
lyzed on a 6% polyacrylamide gel.

essing complex (18, 21). Nucleolin could therefore form a stable
complex with these competitors and titrate other factors in-
volved in the processing reaction. Altogether, these results
demonstrate that the ECM is required for nucleolin interaction
with the RNA.

In Vitro Selection with Nucleolin Identifies an UCGA Motif
Contained in the ECM—A SELEX experiment performed with
nucleolin has characterized several RNA binding sequences
(27). Half of these sequences form a small stem-loop structure
composed of a short stem (5 base pairs) and a 7-10-nt loop
containing the motif (U/G)CCCGA. This motif interacts with
high affinity (K, of 5-20 nm) with nucleolin (27, 30). The other
sequences interact with lower affinity (K; of 100 nm) and show
much higher sequence diversity (Fig. 4A). Alignment of these
SELEX sequences highlight an UCGA motif contained in the
ECM (Fig. 4A), indicating that this motif could be a key deter-
minant of nucleolin RNA-binding specificity. One of the se-
lected sequences (N25-358) was used in competition experi-
ments (Fig. 4, B and C). When unlabeled N25-358 was added to
the cell extract, the interaction of nucleolin with RNA; 41,1950
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H25-3Z6 auuCAURAAGGAGUAC UCGA UCGCGCGAAgR

W25-328 acau wCGA ACCGACACCUGUGCCUUACCGCgR
N25-345 AUUGUCAGRGAC UCGA GCGUACCAACUGR

Hz5-346 acaunh UCAR UCUAGCUAGGGUGUACACAAgU
NZ5-349 acau WCGA ACCAACCUGARCACCCUAUCCCAgGU
M25-358 auwuGCGACCGEUUCUGCCAAUAC UCGA Gguug

H25-366 auuAkGGGUGUGAAUGUGCUGA UCRA CGCgu
N25-368 acau WCGA AUGUCAAUGCGCAAGUAGACCGgu
W25-371 auuGAUCAAUAD UCGA CCRACCCUGCAGCgu

M25-375 auuGCGCAUGUCACGCY UCGA AGCCGCUgu
au UCGA ec g
ECM mouse GA UCGA UGUGG
ECM X.1, GA UCGA UCUGG
B Competitor N25-358 NS
———
Nucleolin S T T
< Nucleoclin
1 e A SRR
Cc Competitor NS N25-358

Mucleolin =

- - + -
Extract - 4+ 4+ 4+ +
—— . S 44— precursor
- = W% 44— product
1 - A

c I YUAIR

Fic. 4. Nucleolin SELEX selected sequences titrates nucleolin-
processing activity. A, alignment of RNA sequences identified in a
SELEX experiment with CHO purified nucleolin. Lowercase letters
represent nucleotides that are part of the flanking constant sequence of
the oligonucleotide used in the SELEX experiment. These sequences
represent 50% of the selected sequences. The remaining sequences
contained a conserved motif previously described (27). SELEX se-
quences are compared with the mouse and X. laevis evolutionary con-
served motif found 5—-6-nt downstream from the processing site (respec-
tively, ECM mouse and ECM X.l.). B, cross-linking of nucleolin with
32P.labeled RNA;,;/105, in presence of different RNA competitors. La-
beled RNA, /1250 Was incubated in cell extract in presence of 20 pmol of
unlabeled RNA competitors, RNA NS in lanes 4 and 5 and RNA N25—
358 in lanes 2 and 3. NS RNA has been previously studied in detail (27,
30, 31) and does not interact with nucleolin. In lanes 3 and 5, 10 pmol
of purified CHO nucleolin were added to the reaction. C, in vitro proc-
essing reaction in presence of different competitors. *P-Labeled
RNA;, 11250 Was incubated with (lanes 2-6) or without (lane 1) cell
extract in presence of unlabeled RNA competitors, RNA NS in lanes 3
and 4 and RNA N25-358 in lanes 5 and 6. Nucleolin (10 pmol) was
added in lanes 4 and 6. After the processing reaction, RNA was ex-
tracted and analyzed on a 6% polyacrylamide gel.

+
+

decreased significantly (Fig. 4B, compare lane 2 with lanes 1
and 4) and reduced the basal processing activity of the extract
(Fig. 4C, compare lanes 5 and 2). When excess of nucleolin and
RNA competitor are added at the same time, the interaction of
nucleolin with labeled RNA;,;/1550 and processing activity of
the extract was restored (Fig. 4, B, lanes 2 and 3, and C, lanes
5 and 6, respectively). An RNA sequence, NS, which does not
interact with nucleolin (17, 31) was neither able to compete
nucleolin cross-linking with RNAy, /155, nor processing activity
(Fig. 4, B and C, lanes 4 and 5 and lanes 3 and 4, respectively).
This add-back experiment demonstrated that N25-358 titrated
specifically nucleolin and strongly suggests that the UCGA
motif present in the ECM interacts with nucleolin. It is also
interesting that full activity of the extract was restored when
nucleolin is added to N25-358 treated extracts, whereas this
was not possible with RNA;,;/677 and RNAg,5,577 competitors.
These two RNAs are competent for processing complex forma-
tion, although this is not the case of N25-358 (data not shown).
Therefore, the selected sequence titrates specifically nucleolin,

Nucleolin Interaction with a Conserved Pre-rRNA Sequence
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Fic. 5. RNA binding activity and the N-terminal domain of
nucleolin are required for the formation of a specific complex.
A, labeled RNA,, /1550 Was incubated without (lane I) or with (lanes
2-9) cell extract and with unlabeled RNA competitors, N25-358 (lanes
5 and 6) and NS (lanes 8 and 9), 40 pmol (lanes 5 and 8), or 80 pmol
(lanes 6 and 9). In lane 3, there was a 20-fold excess (20 pmol) of
recombinant p50 (nucleolin without the N-terminal domain (17)). After
incubation of 60 min at 30° C, the reaction mixture was loaded on a
0.8% agarose gel. B, interaction of nucleolin with the pre-rRNA is
required at an early step of the processing reaction. The activation of
the processing of RNA; /105, by nucleolin was studied in three different
experimental conditions in which the order of addition of the three
components (nucleolin, cell extract, and labeled RNA,;,155,) varies.
Preincubation, nucleolin + cell extract (lanes 2-4), cell extract + la-
beled RNA;, /1050 (lanes 5-7), and nucleolin + labeled RNA;, /1550
(lanes 8—10) were performed during 30 min before addition of the third
component. Increasing amounts of nucleolin were added: 5 pmol (lanes
3, 6, and 9) and 10 pmol (lanes 4, 7, and 10). After 45 min of incubation,
RNAs were extracted and analyzed on a 6% polyacrylamide gel.

whereas RNA,; /677 and RNAg, /477 might titrate other factors
required for the processing.

Interaction of Nucleolin with the Pre-rRNA Substrate Is Re-
quired for the Formation of the Processing Complex—Previous
studies have shown that processing activity is correlated with
the formation of a large ribonucleoprotein complex (9, 18, 20,
22). To study the role of the interaction of nucleolin with the
pre-rRNA in complex formation, the RNA N25-358 was added
to the processing competent extract with labeled RNA;, ;1950
and directly loaded on a native agarose gel (Fig. 5A). Addition
of increasing amount N25-358 was able to prevent the forma-
tion of the correct complex (lanes 5 and 6), whereas the NS
RNA had no effect (lanes 8 and 9). When RNA;,,/677a5cM 18
used as competitor, the formation of the complex is not affected
(data not shown) as previously published (9). These results
demonstrate that nucleolin interaction with the pre-rRNA is
required for correct complex formation. A recombinant protein
(p50) containing the RNA-binding domains of nucleolin com-
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petes with full-length nucleolin for the interaction with the
pre-rRNA and inhibit the processing reaction (17). Addition of
p50 in the cell extract (lane 3) prevents complex formation.
Altogether these results demonstrate that the interaction of
nucleolin with the ECM is required for the correct assembly of
the processing complex on the pre-rRNA. The N-terminal do-
main of nucleolin (missing in the recombinant p50 protein) is
also required, suggesting that nucleolin can recruit other com-
ponents of the processing complex.

Nucleolin Is Required at an Early Step of the Processing
Complex Formation—To get an insight on the role of nucleolin
in complex formation, the protein was added at different times
in the processing reaction (Fig. 5B). In all previous experi-
ments, cell extracts and exogenous nucleolin were preincu-
bated 30 min before the addition of 32P-labeled RNA;,;/1950
(lanes 3 and 4). Under these conditions, addition of nucleolin
stimulates the processing activity (compare lanes 3 and 4 with
lane 2). If nucleolin is preincubated with the RNA substrate
before addition of cell extract (lanes 9 and 10), the same strong
processing activation is observed. In contrast, when cell extract
and pre-rRNA are incubated for 30 min before the addition of
nucleolin, only a weak activation was observed (lanes 6 and 7).
These results suggest that the activation of the processing is
more efficient when nucleolin interacts with the pre-rRNA
substrate first. This first step might be required for an efficient
recruitment of the processing complex.

DISCUSSION

In these experiments we show that the interaction of nucleo-
lin with an evolutionary conserved RNA sequence (ECM) in the
pre-rRNA 5'-ETS is required for processing and formation of a
specific complex. Nucleolin is well conserved from human to
Xenopus (24, 25), and we show that nucleolin from X. laevis and
hamster interact with the same pre-rRNA sequence and acti-
vate processing activity of a mouse cell extract (Fig. 1). The
N-terminal domain of nucleolin that is not required for RNA
binding (31, 32) is needed for complex formation (Fig. 5A) and
processing activation (17). The interaction of the N-terminal
domain of nucleolin with other factors involved in the process-
ing, like the U3snoRNP (17), seems therefore well conserved
between mouse and Xenopus. A SELEX experiment with ham-
ster nucleolin characterized more precisely the RNA sequence
required for nucleolin interaction with the pre-rRNA and high-
lighted the UCGA motif contained in ECM (Fig. 4). The SELEX
selected sequences efficiently compete the interaction of
nucleolin with the pre-rRNA and the formation of specific com-
plexes. This suggests that nucleolin interacts with the UCGA
motif present in the ECM and that this interaction is required
for the formation of a processing complex. However, this small
motif cannot explain by itself the RNA binding specificity of
nucleolin toward the pre-rRNA primary processing binding
site. Phylogenetic and mutagenesis studies suggest that this
sequence is needed in a single-stranded conformation for proc-
essing and specific complex (21, 29). No strong secondary struc-
ture could be found in the SELEX sequences, indicating that
the UCGA motif is also probably in a single-stranded confor-
mation. Future work should determine the importance of the
surrounding sequence for the specific interaction of nucleolin.
The ECM is highly conserved, and its deletion or point muta-
tion completely inhibits processing (21, 22). Furthermore, this
sequence is required for the presence of the terminal balls at
the 5’ end of nascent pre-rRNA (20). Therefore, the interaction
of nucleolin with this highly conserved sequence implies that
nucleolin plays an important role in the processing and forma-
tion of an active processing complex.

The minimal pre-rRNA sequence requirement (+645 to
+672) for processing and specific complex formation (21) in-
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cludes the ECM. The formation of a ribonucleoprotein complex
on this RNA motif was reported to be necessary but not suffi-
cient for processing (21). The U3snoRNP, which is absolutely
required for processing (16) is only present in complex formed
on larger RNA (9, 16, 18). Sequences downstream of the ECM
together with the interaction between the U3snoRNP and the
N-terminal domain of nucleolin (17) might cooperate for the
activation of the processing reaction. The complex formed on
the minimal RNA sequence is very stable and cannot be dis-
placed (18). If nucleolin is added after complex formation on the
pre-rRNA substrate, it is not able to stimulate the processing
(Fig. 5B). However, when nucleolin competitors (Fig. 54; p50,
N25-358) are added at the beginning of the reaction, the for-
mation of the complex is prevented. This suggests that the
early interaction of nucleolin with the ECM is required for the
formation of an active processing complex.

The ECM is required for the formation of the terminal balls
at the 5’ ends of nascent pre-rRNA transcript in Xenopus
oocyte (20). However, in Xenopus oocytes, the primary process-
ing is not detected (9, 20, 33). Because the formation of these
structures is conserved in all tissues and organisms examined,
the formation of this complex rather than the primary process-
ing may serve an important function. Our results indicate that
nucleolin does not activate the processing when a stable com-
plex is preformed on the pre-rRNA substrate, indicating that
the ordered formation of a stable complex that could include
nucleolin is necessary for the formation of an active complex.
The regulation of nucleolin, like the phosphorylation of the
N-terminal domain of nucleolin during the cell cycle (34-37),
could modulate the formation of this complex and therefore of
the processing.

The N- and C-terminal domains of nucleolin are involved in
protein-protein interactions (17, 38), whereas the central do-
main mediates specific interaction with the pre-rRNA (17, 27,
31, 32, 38). The function of nucleolin in this processing is likely
the result of these different properties. The specific interaction
of nucleolin with the ECM on nascent pre-rRNA might repre-
sent the first step in the assembly of a large ribonucleoparticle
involved in this processing. Nucleolin could then recruit, by
protein-protein interaction, other factors involved in the cleav-
age, like the U3snoRNP. Nucleolin interaction with the pre-
rRNA could also play a role of a chaperone for the formation of
the correct RNA tertiary structure of the nascent transcript.
The evolutionary conservation of (i) nucleolin, (ii) the interac-
tion of nucleolin with pre-rRNA sequences involved in the
cleavage, and (iii) the formation of a specific complex at the 5’
end of nascent pre-rRNA indicates that this primary processing
event plays an important and still unknown function for ribo-
some biogenesis.
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