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In eukaryotes the primary cleavage of the precursor rRNA (pre-rRNA) occurs in the 5� external transcribed
spacer (5�ETS). In Saccharomyces cerevisiae and animals this cleavage depends on a conserved U3 small nu-
cleolar ribonucleoprotein particle (snoRNP), including fibrillarin, and on other transiently associated proteins
such as nucleolin. This large complex can be visualized by electron microscopy bound to the nascent pre-rRNA
soon after initiation of transcription. Our group previously described a radish rRNA gene binding activity, NF
D, that specifically binds to a cluster of conserved motifs preceding the primary cleavage site in the 5�ETS of
crucifer plants including radish, cauliflower, and Arabidopsis thaliana (D. Caparros-Ruiz, S. Lahmy, S. Pier-
santi, and M. Echeverria, Eur. J. Biochem. 247:981-989, 1997). Here we report the purification and functional
characterization of NF D from cauliflower inflorescences. Remarkably NF D also binds to 5�ETS RNA and
accurately cleaves it at the primary cleavage site mapped in vivo. NF D is a multiprotein factor of 600 kDa that
dissociates into smaller complexes. Two polypeptides of NF D identified by microsequencing are homologues
of nucleolin and fibrillarin. The conserved U3 and U14 snoRNAs associated with fibrillarin and required for
early pre-rRNA cleavages are also found in NF D. Based on this it is proposed that NF D is a processing
complex that assembles on the rDNA prior to its interaction with the nascent pre-rRNA.

The rRNAs 18S, 5.8S, and 25S are encoded by tandemly
repeated single transcriptional units. Transcription of these
units by RNA polymerase I (RNA Pol I) produces a primary
transcript (pre-rRNA) containing the rRNA flanked by exter-
nal spacer sequences (ETS) and internal spacer sequences.
The pre-rRNA is then subjected to a complex maturation
process that involves the accurate removal of the spacers and
the modification of numerous rRNA residues (49). In vivo, all
these events are accomplished by large small nucleolar ribo-
nucleoprotein particle (snoRNP) complexes that transiently
interact with the pre-rRNA in the nucleolus (47).

One of the earliest processing events on the pre-rRNA is an
endonucleolytic cut in the 5�ETS upstream from the 18S
rRNA. This primary pre-RNA cleavage is conserved in all
eukaryotes, but its position within the 5�ETS is distinct in each
species. In Saccharomyces cerevisiae it occurs at site A0, located
90 nucleotides upstream from the 5� end of the 18S rRNA (49).
Genetic studies have shown that A0 cleavage depends on the
U3 snoRNP, a large complex containing the C/D snoRNA U3
and associated nucleolar proteins (16). This implicates a base-
pair interaction of U3 with the 5�ETS that may stabilize or
promote a pre-RNA structure required for processing and
subsequent production of 18S rRNA (5, 6). The U3 snoRNP
proteins, including Nop1p (fibrillarin in vertebrates), and three

other core proteins associated with all C/D snoRNAs are es-
sential for this cleavage. In addition, there are proteins which
are specific to U3 snoRNP and are not found associated with
the methyl guide C/D snoRNAs (data summarized in reference
49)

In vertebrates and other systems the primary pre-rRNA
cleavage occurs at site A�, found hundreds of nucleotides up-
stream from the 18S rRNA (29, 38). S. cerevisiae does not have
an A�-like site, but in some species, like Xenopus laevis (9), and
also in trypanosomes (27), in addition to A� sites a second
cleavage in the 5�ETS occurs at a site similar to yeast A0. The
reproduction of cleavage at A� by acellular extracts confirmed
the essential role of U3 in mammals (29) and Xenopus (38).
This also revealed other snoRNAs that stimulate this cleavage
in vitro, like U14, a conserved C/D snoRNA, and two H/ACA
snoRNAs, U17 and E3 (18). These studies also demonstrated
an essential role for nucleolin, an abundant nucleolar protein
that is not a component of snoRNPs. Nucleolin is implicated in
ribosome biogenesis but also has other functions (23). The
vertebrate nucleolin is an RNA binding protein characterized
by an N-terminal acidic stretch, a central domain with four
RNA binding domains (rRNA recognition motif [RRM] type),
and a glycine-arginine-rich (RGG) C-terminal domain (23).
Nucleolin specifically binds to the 5�ETS on the pre-RNA (20)
and is required for primary pre-rRNA cleavage in vitro (21).
Nucleolin is not conserved, but genes encoding proteins with
similar structural organization are found in other eukaryotes.
In S. cerevisiae the Nsr1 gene encodes a nucleolin-like protein,
characterized by only two RRMs, which is required for normal
pre-rRNA processing and 18S rRNA synthesis (33).

In plants little is known about the pre-rRNA processing
pathway, and only the primary cleavage in the 5�ETS has been
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mapped in some species (13, 41, 42). Some conserved factors
controlling this event in Arabidopsis thaliana and other plants
have been identified, like U3 (36), U14 (32), and fibrillarin (4).
In addition to fibrillarin, genes encoding all other common
proteins associated with all C/D snoRNAs and H/ACA
snoRNAs (49) have been found (10) or predicted in the Ara-
bidopsis genome (M. Echeverria, unpublished data). Notably
in Arabidopsis, all these factors are encoded by multigene fam-
ilies. In many cases, although not always, gene copies encode
very similar snoRNAs or nucleolar proteins that fulfill redun-
dant functions. For instance, in Arabidopsis two duplicated
genes encode fibrillarin functional homologues (4). On the
other hand, additional factors controlling pre-rRNA process-
ing in other systems exhibit significant divergence in plants.
This is the case of the plant nucleolin-like proteins, described
for alfalfa (8) and pea (48). These have structural organiza-
tions similar to that of nucleolin but have only two RRMs and
are therefore more related to yeast Nsr1p. The role of the plant
nucleolin-like proteins in pre-rRNA synthesis has not been in-
vestigated. Even greater divergence is found for some of the
yeast U3 snoRNP-specific proteins, like Mpp10p (17), for
which no homologue can be predicted by alignment in the
Arabidopsis genome (Echeverria, unpublished).

We are interested in pre-RNA processing and the factors
that control primary pre-RNA cleavage in crucifer plants. This
family includes Arabidopsis, a model plant for genetic studies,
and other species like cauliflower, which provide a source of
proteins for biochemical studies. By use of electrophoretic
mobility shift assays (EMSA), two sequence-specific rRNA
gene (rDNA) binding activities, NF D and NF B, had been
found in radish extracts that interact with a cluster of motifs,
A123B (see Fig. 1A), found in the radish 5�ETS region. DNase
I footprinting analysis with the separated radish NF D and NF
B factors showed that each binds to the rDNA A123B cluster:
the NF D binding site encompasses motifs A123 and overlaps
the NF B binding site, which encompasses motif B (11). Based
on their rDNA binding specificities it was suggested that these
factors could be involved in pre-rRNA synthesis or processing
(11).

To identify these factors, we purified them from cauliflower
inflorescences, a tissue highly enriched in meristematic cells.
Notably, the purification of these factors revealed that they are
structurally related: NF D is an unstable complex which disso-
ciates into smaller subcomplexes, including NF B. We describe
this work here and focus on the functional characterization of
NF D. We show that NF D is a high-molecular-weight ribonu-
cleoprotein complex that includes nucleolar factors involved in
pre-rRNA processing: the nucleolin-like protein, fibrillarin,
and C/D snoRNAs U3 and U14. Finally, we provide evidence
that the highly purified NF D fraction reproduces the primary
pre-RNA cleavage in vitro. It is proposed that NF D could
represent a pre-rRNA processing complex related to U3
snoRNP that assembles on the rDNA prior to its binding to the
nascent transcript.

MATERIALS AND METHODS

Preparation of cauliflower whole-cell extracts. Whole-cell extracts were pre-
pared from chilled (4°C) cauliflower inflorescences purchased at a local super-
market, with all steps performed at 4°C. After the stalks and large stems were
removed, 150 g of inflorescence was added to 200 ml of ice-cold buffer I (50 mM

Tris-HCl [pH 8.5], 10 mM MgCl2, 10% sucrose, 20 glycerol, 1 mM EDTA)
supplemented just prior to use with a cocktail of protease inhibitors and reducing
agents (2.5 �g of antipain/ml, 0.35 �g of bestatin/ml, 0.5 �g of leupeptin/ml, 4.0
�g of pepstatin A/ml, 10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride). The tissue was homogenized at maximum speed in a Waring blender
using five pulses of 5 s each. The homogenate was filtered through two layers of
Miracloth (Calbiochem), and 1/10 sample volume of 3.8 M (NH4)2SO4 was
added. The sample was mixed on a stirring motor for 30 min and centrifuged at
95,800 � g for 1 h. The supernatant was precipitated with solid (NH4)2SO4 added
to 0.33 g/ml over a 30-min period, followed by incubation at 4°C for 1 h.
Precipitated proteins were recovered by centrifugation at 15,300 � g for 30 min
and resuspended in 20 ml of buffer II-100 (50 mM Tris-HCl [pH 8.0], 6 mM
MgCl2, 15% glycerol, 1 mM EDTA, 2% NP-40, 100 mM KCl) supplemented with
the inhibitors and reducing agents added to buffer I. The resuspended fraction
was dialyzed against 500 ml of 3� buffer II-100.

Purification of NF D. The dialyzed extract was then fractionated through four
chromatographic steps (see Fig. 4A). NF D activity was detected by EMSA with
an rDNA A123BP probe (see Fig. 3A). The dialyzed fraction (�20 ml) was
loaded onto a 25-ml DEAE-Sepharose CL-6B (Pharmacia) column equilibrated
in buffer II-100. The flowthrough was collected, and the column was washed with
buffer II-100. Bound proteins were step eluted with buffer II-350 (buffer II–350
mM KCl). NF D activity eluted in a single peak. The peak fractions were pooled,
diluted with 1 volume of buffer II, and loaded onto a 25-ml heparin-Sepharose
(Pharmacia) column equilibrated in buffer II-175 (buffer II–175 mM KCl). After
a washing with buffer II-175, the NF D activity was recovered in a single peak by
step elution with buffer II-600 (buffer II–600 mM KCl). Peak fractions were
pooled and loaded directly onto a 120-ml Hi-Prep 16/60 Sephacryl S300 HR
(Pharmacia) column equilibrated and run in buffer II-100. The fractions con-
taining NF D activity (see Fig. 4B) were pooled and subjected to chromatography
on a 1-ml oliA DNA-Sepharose chromatography column (see below) equili-
brated in buffer II-100. The column was washed with buffer II-100, and the NF
D fraction was eluted with buffer II-300 (see Fig. 4C). The fractions correspond-
ing to the peak of integral NF D activity were pooled and represent the NF D
pure fraction used for characterization.

A purified NF B fraction was prepared by pooling S300 fractions eluting below
250 kDa containing NF B free of NF D activity (Fig. 4B). NF B was subsequently
purified through an oliB-Sepharose DNA chromatography column as described
previously (11).

Preparation of oliA DNA-Sepharose. The oliA DNA-Sepharose chromatog-
raphy column was prepared by coupling oligomerized double-stranded DNA
oligonucleotides AfD2 and AfD2r to CNBr-activated Sepharose (Sigma) as
described previously (28).

Protein sequencing. For protein sequencing, a preparative gel was run loaded
with an NF D/NF B purified fraction extracted from 1 kg of cauliflower. The
purification protocol used in this case was modified by excluding Sephacryl S300
chromatography. The pool corresponding to the fractions of the peak of NF
D/NF B activity eluting from heparin chromatography was directly loaded into an
oliA DNA chromatography column. To reduce nonspecific interactions, calf
thymus DNA was added to the heparin pool prior to loading onto the affinity
column, as previously described (11). The NF D/NF B activities eluted as a single
peak from the oliA DNA-Sepharose column were pooled, precipitated with
acetone, and separated on a preparative 10% polyacrylamide gel by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (30). Protein
bands visualized by Coomassie blue staining were excised and prepared for in
situ proteolysis by trypsin according to the method of Rosenfeld et al. (45). The
tryptic peptides were isolated by reverse-phase high-performance liquid chroma-
tography on a C8 column (2 by 100 mm) eluted with an acetonitrile gradient in
0.1% trifluoroacetic acid. After a second purification on a C18 column, peptides
were sequenced on a Procise sequencer (Perkin-Elmer, Foster City, Calif.) using
the manufacturer’s pulsed liquid program.

SDS-PAGE and Western blotting. For SDS-PAGE and Western blot analysis,
500 �l of purified fractions of NF D or NF B was concentrated by acetone
precipitation. Protein pellets were resuspended in Laemmli loading buffer and
subjected to SDS–12.5% PAGE (30). After electrophoresis proteins were visu-
alized by silver staining.

For Western blotting, proteins separated by SDS-PAGE were transferred to
nitrocellulose membranes (Bio-Rad) according to the manufacturer’s instruc-
tions, using a Bio-Rad Protein II apparatus. The membrane was then blotted
with a 1:2,500 dilution of primary antibody. Immunoreactive proteins were de-
tected by using the Amersham Pharmacia Biotech ECL kit (RPN 2195) for
enhanced chemiluminescence.

Expression of recombinant proteins and antibody production. A cDNA frag-
ment encoding amino acids 279 to 457 of AtNuc-L1 (see Fig. 6A) was amplified
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FIG. 1. Primary pre-rRNA cleavage site in the 5�ETS of crucifer plants. (A) Mapping by primer extension of pre-rRNA cleavages in the 5�ETSs
of radish (Raphanus sativus), cauliflower (Brassica oleracea), and Arabidopsis (A. thaliana). Reverse transcriptions were performed on total seedling
RNAs from primers p1 to p4 as indicated. P3 is complementary to both the radish and the cauliflower 5�ETS sequences. Open and closed arrows
indicate the TIS and the primary processing site (P), respectively. CTGA are 5�ETS DNA sequences made from corresponding primers (p2 for
radish). The scheme of the 5�ETS with the position of TIS, the cleavage signal P, and the primers used for mapping is shown to scale. Nucleotides
are numbered from the TISs that were previously mapped (7, 13, 25). (B) Mapping of the primary processing site in the radish 5�ETS by RNase
protection analysis. RNaseA/T1 protection was done with a radiolabeled RNA probe complementary to the 5�ETS radish sequence, including the
P site detected by primer extension. The riboprobe sequence complementary to the 5�ETS is indicated. Eight additional nucleotides from vector
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by PCR from an expressed sequence tag (EST) clone (GenBank accession
number N65625). This fragment was cloned into the BamHI site of plasmid
pET16b (Novagen, Madison, Wis.) to produce the His-tagged �AtNuc-L1 re-
combinant fusion protein. By using a similar approach, a cDNA fragment en-
coding amino acids 63 to 309 of AtFib1 (see Fig. 6A) was amplified from an EST
(accession number AF233443) and was cloned into the BamHI site of plasmid
pET16b to create a His-�AtFib1 fusion protein. The recombinant fusion pro-
teins were produced and purified by using an Ni2� column following Novagen’s
instructions. Rabbit polyclonal antibodies against His-�AtNuc-L1 and His-�At-
Fib1 fusion proteins were customer made by Eurogentec (Seraing, Belgium). The
immunoglobulin G fractions from the antisera were purified through a HiTrap
rProtein A affinity column from Amersham Pharmacia Biotech (Wikstroms,
Sweden).

Immunodepletion of NF D extracts. The immunoglobulin G fraction (10 to 20
�g) against His-�AtNuc-Ll or His-�AtFib1 was coupled to 100 �l of Dynabeads
protein A magnetic beads according to the manufacturer’s instructions (Dynal
Biotech). After being coupled, the magnetic beads were pretreated with bovine
serum albumin (BSA) (1 mg/ml) at 4°C for 1 h to reduce nonspecific binding
before use. For immunodepletion, 15 �l of NF D purified fraction was incubated
with 15 �l of the corresponding magnetic beads for 2 h at 4°C. The beads were
removed with a magnet, and the supernatant fraction was tested for NF D rDNA
binding activity.

Plasmid constructs. pA123BP and pA123BPH, respectively, contain radish
5�ETS rDNA sequences from �103 to �205 and from �103 to �317 (relative to
the transcription start site). Both 5�ETS sequences were cloned as an EcoRI/
HindIII restriction fragment into plasmid pGem-3Zf(�) (Promega).

DNA and RNA binding assays. For DNA binding assays the EcoRI/HindIII
DNA fragment of pA123BP was labeled by using Klenow fragment and
[�-32P]dATP and [�-32P]dCTP. Then 12 fmol of gel-purified fragment was mixed
with 6 to 12 �l of NF D purified fraction in a 15-�l reaction mixture containing
50 mM Tris HCl (pH 8), 6 mM MgCl2, 15% glycerol, 1 mM EDTA, 2% NP-40,
and 100 mM KCl. Reaction mixtures were supplemented with 100 ng of dI/dC or
1 �g of BSA for S300- or oliA-Sepharose-purified fractions, respectively. Binding
reaction mixtures were incubated on ice for 20 min, and the products were
analyzed by EMSA as described previously (11).

For RNA binding assays [32P]CTP-labeled rA123BPH RNA (see Fig. 5A) was
produced by transcription of a HindIII-linearized pA123BPH template with the
Riboprobe in vitro transcription systems (Promega). After being labeled RNA
probes were purified by electrophoresis on a polyacrylamide gel. The purified
RNA probe (30,000 cpm) was mixed with 6 �l of protein fraction in a 15-�l
reaction mixture containing 50 mM Tris HCl (pH 8), 6 mM MgCl2, 15% glycerol,
1 mM EDTA, 2% NP-40, 100 mM KCl, 5 �g of yeast tRNA/ml, 5 �g of BSA/ml,
and 40 U of RNasin (Promega). After 20 min of incubation on ice reaction
products were analyzed by EMSA (11).

Primer extension and RNase A/T1 protection assays. Total RNAs from cau-
liflower inflorescences, A. thaliana, and radish seedlings were extracted with
Trizol reagent (Invitrogen) according to the manufacturer’s instructions. All
samples were then treated with RQ-DNase (Promega) to eliminate contaminant
DNA. Primer extension analysis was done as previously described (4) using 5 to
10 �g of RNAs and specific 5�end-labeled primers. Products of the reaction were
analyzed on an 8% polyacrylamide–7 M urea sequencing gel.

For RNase A/T1 mapping the riboprobe was produced by in vitro transcription
of the linearized antisense rDNA sequence (see Fig. 1B) cloned in the EcoRI/
HindIII site of the pGem3Z vector (Promega), incorporating [�-32P]CTP. The
radiolabeled RNA probe was purified on a denaturing 8% polyacrylamide gel,
and an RNase protection assay was done as described previously (24).

Mapping the in vitro A� cleavage site. Unlabeled rA123BPH RNA was pre-
pared using as a template 1 �g of linearized pA123BPH transcribed with the
Riboprobe in vitro transcription systems (Promega). Then, 2 �l of A123BPH
RNA (30 ng/�l) was mixed with 6 �l of NF D purified fraction in a 15-�l reaction
buffer as described above. After 5 min of incubation on ice, the reaction mixtures
were moved to room temperature and incubated for an additional 25 min.
Processing reactions were terminated by the addition of 285 �l of stop solution
(50 mM Tris HCl [pH 8], 0.15 M NaCl, 250 mM sodium acetate, 6 mM EDTA,
0.5% SDS, 0.1 mg of yeast tRNA/ml). The RNA products were extracted with

phenol-chloroform and used as the substrate for primer extension with 5�end-
labeled primer p4.

Detection of small RNAs by RT-PCR. RNAs were extracted from 150 �l of
purified NF D fraction with phenol-chloroform-ethanol-precipitated RNA and
resuspended in 20 �l of water. Then, 2 �l was used as the template for reverse
transcription PCR (RT-PCR). RNA samples and the corresponding pairs of
primers, 5�AtU3 and 3�AtU3 for U3 snoRNA, 5�AtU14 and 3�AtU14 for U14,
5�AtR82 and 3�AtR82 for snoR82, and 5�AtU6 and 3�AtU6 for U6. RT-PCR was
performed by using SuperScript One-Step RT-PCR with the Platinum Taq sys-
tem (Invitrogen).

Primers and DNA oligonucleotides used in this work. The following primers
and oligonucleotides were used in this work: AfD2, CAACTTTTCCGGCAAC
TTTTCCGGTGGACG; AfD2r, GTTGCGTCCACCGGAAAAGTTGCCGGA
AAA; p1, CTACTGGCAGGATCAACCAGGTAG; p2, GTTGGTCTGTAGT
TGGCTGCCCGAGC; p3, CGTTCAATTGCCCCACTCACATCA; p4, CATC
AATCGTTCCAACTAATCTAC; 5�AtU3, CGACCTTACTTGAACAGGATC
TGTTG; 3�AtU3, CTGTCAGACCGCCGTGCGT; 5�AtU6, GGACCATTTCT
CGATTTATGCG; 3�AtU6, CAGGGAAGCCCCTGTAGGC; 5�AtR82, GCTT
CTTTGATTGGGTC; 3�AtR82: GTGCCGGTAGATTAAGG; 5�AtU14, GCC
GCCTAAGAGCTTTCGCC; 3�AtU14, TCAGACATCCAAGGAAGGATT.

RESULTS

The primary cleavage site in the 5�ETS of crucifers maps
within a cluster of repeated motifs. The primary cleavage in
the 5�ETS of various crucifer pre-rRNAs was mapped by prim-
er extension. In radish, using three different primers, a single
pre-RNA cleavage signal was detected in the 5�ETS, mapping
at site P (Fig. 1A, lanes 5 to 7). This site is located 180 nucle-
otides downstream from the transcription initiation site (TIS)
and 561 nucleotides upstream from the 18S rRNA. This was
confirmed by an RNase protection assay that mapped the pri-
mary processing site to a similar position (Fig. 1B). The same
processing site on the radish pre-rRNA had been mapped pre-
viously by S1 nuclease analysis (13). Thus, site P corresponds to
site A� in vertebrates (9, 29) and trypanosomes (27). It is nev-
ertheless not possible to exclude that other cleavage sites occur
in the crucifer 5�ETS in addition to P but that these cannot be
detected due to rapid processing of the other intermediates.

Notably, site P mapped in a UUUUCGCGC element found
just downstream from a cluster of four UUUUCG-rich motifs
named A123B (Fig. 2A). A search for RNA secondary struc-
tures with Mfold (50) predicts an �120-nucleotide hairpin lo-
cated just downstream from the cleavage site (Fig. 2B). A sim-
ilar organization was found for the primary pre-rRNA cleavage
site P in cauliflower pre-rRNA. This was mapped 188 nucleo-
tides downstream from the TIS (Fig. 1A, lane 12), just down-
stream from the conserved A123B cluster (Fig. 2A) and asso-
ciated with a predicted hairpin structure (results not shown).

Comparison of 5�ETS sequences reveals that the position of
site P and the structural organization of this site are conserved
in all crucifers (Fig. 2A). This is also the case for A. thaliana,
although in this species P was mapped 1,275 nucleotides down-
stream from the TIS (Fig. 1A, lane 17). The processing at this
site was confirmed by RNase mapping analysis (result not
shown). Analysis of the 5�ETS shows that this is due to an
“insertion” of 1,083 nucleotides made up of repeats between

sequences are indicated by thin lines at the ends of the riboprobe. The expected sizes of protected fragments are shown. The assay was carried
out with the indicated amount of total RNA from radish seedlings or yeast tRNA as indicated. A control lane loaded with the untreated riboprobe
is shown (lane 0). Following the RNase reaction the protected fragments were analyzed in a 6% sequencing gel. The sizes of protected bands
evaluated from a marker ladder run in parallel (not shown) are indicated on the right of the gel.
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the A123B cluster and site P (25). In spite of this insertion the
A123B cluster (Fig. 2A) and the predicted hairpin (Fig. 2B)
associated with P are conserved. In Arabidopsis most rDNA
units that produce the bulk of 18S, 5.8S, and 25S rRNAs
contain this 1,083-bp insertion, as estimated by PCR analysis
(F. Barneche, unpublished data). Only a very minor fraction
display some length heterogeneity in the 5�ETS insertion (34).

The conservation of an A123B cluster preceding site P in
crucifers, including Arabidopsis, suggests that it may have a role
either in pre-rRNA processing or rDNA transcription in cru-
cifers.

Identification of a complex that binds to the A123 cluster on
rDNA. Based on their rDNA binding affinity for the A123B
cluster, two distinct factors, NF D and NF B, had been char-

FIG. 2. The A123B cluster and predicted structures flanking the primary processing site in the 5�ETSs of crucifers. (A) Alignment of the
sequence encompassing the primary pre-rRNA cleavage site and the A123B cluster in crucifers. The A1, A2, A3, B, and P motifs are overlined. Rs,
R. sativus (13); Bo, B. oleracea (7); Br, Brassica rapa (12); Bj, Brassica juncea (26); At, A. thaliana (25). EMBL accession numbers: Rs, Z11677;
Bo, X60324; Br, S78172; Bj, X73032; At, X52631. (B) The hairpin structures predicted downstream from the P site are shown for radish and
Arabidopsis. Secondary structures were predicted by using Mfold (50).
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acterized in radish seedling extracts (11). These activities can
be detected by an EMSA with an rDNA A123BP probe (Fig.
3A) in whole-cell extracts from crucifers like radish (Fig. 3B,
lanes 2 and 3) and cauliflower (lanes 4 and 5). NF D forms a
single diffuse complex of lower electrophoretic mobility, while
NF B forms various complexes of higher mobility, NF B1, NF
B2, or even more. As shown below, the NF B complexes are
produced by dissociation of NF D. This dissociation process is
difficult to control. It increases throughout purification as well
as upon storage of purified NF D. Therefore, the relative ratio
of NF D to NF B forms is variable depending on the prepa-
ration.

The DNase I footprinting analysis with the radish NF D
purified fraction revealed that this factor interacts with both
rDNA strands on the A123 cluster (Fig. 3A) (11). The A123

cluster is close to site P in all crucifer 5�ETSs, except in Ara-
bidopsis. In this species it is separated from site P by the large

5�ETS insertion (Fig. 2B). It was confirmed by EMSA that the
radish NF D fraction has similar affinity for the radish and
Arabidopsis rDNA A123 clusters (Echeverria, unpublished).
This shows that the interaction of NF D with the A123 cluster
on the rDNA has been conserved in Arabidopsis in spite of the
large 5�ETS insertion.

Purification of cauliflower NF D. NF D had been partially
purified from radish seedlings (11). Further purification of the
radish factor resulted in NF D dissociation and loss of activity
due to the dilution of the fractions. To circumvent this, NF D
was extracted from cauliflower inflorescences, a meristematic
tissue enriched in dividing cells with a high protein content.

Basically, the purification of cauliflower NF D followed
the procedure used for the radish factor. NF D activity was
monitored by EMSA with the rDNA A123BP probe. Whole-
cell extracts from cauliflower inflorescences were fractionated
through various chromatographic steps, including size-exclu-

FIG. 3. NF D and NF B activities in crucifer extracts. (A) Diagram of the rDNA probe A123BP used in the EMSA to detect NF D and NF B.
The probe encompasses genomic 5�ETS rDNA nucleotides from �103 to �205. It has no additional sequences except for flanking restriction
sites (11). The nucleotide sequence shown is the rDNA binding site of NF D mapped by DNase I footprinting (data from reference 11). (B) EMSA
with the A123BP probe and the indicated amounts of whole-cell extracts (WCE) from radish seedlings or cauliflower inflorescences. Arrows on the
right show NF D and NF B1-2 complexes.
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sion (Sephacryl S300) and DNA-affinity chromatographies
(Fig. 4A). The Sephacryl S300 separates NF D, eluting in the
range from 650 to 450 kDa (Fig. 4B, lanes 4 to 9), from NF B
forms (lanes 13 to 15), which are less than 250 kDa. The

high-molecular-mass fractions with NF D activity devoid of NF
B were pooled and purified by oliA DNA chromatography
(Fig. 4A). This column was made of double-stranded DNA
corresponding to oligomerized A motifs mimicking the A123

FIG. 4. Purification of NF D. (A) Scheme of purification of NF D. Details are given in Materials and Methods. (B) Sephacryl S300 elution
profile of NF D activity detected by EMSA with the rDNA A123BP probe. Pool indicates fractions loaded on the oliA DNA-Sepharose column.
(C) oliA DNA-Sepharose elution profile of NF D activity detected with the rDNA A123BP probe. (D) Protein profile of pure NF D separated by
SDS-PAGE and revealed by silver staining. The asterisks indicate bands identified by Western blotting as AtNuc-L1 and AtFib.
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cluster coupled to Sepharose (see Materials and Methods).
The oliA DNA column equilibrated with 100 mM KCl retained
all input NF D activity (Fig. 4C, lane 2). After a washing, this
activity was eluted by a 300 mM KCl step in a single peak
(lanes 5 to 8). Nevertheless, much of the NF D complex loaded
on the column was dissociated with a concomitant increase in
NF B1-3 complexes (compare lane 2 and lanes 5 to 10). This
shows that NF D is an unstable complex of �600 kDa that
dissociates, generating smaller NF B complexes.

The fractions with the highest “integral” NF D activity elut-
ing from the oliA DNA column (like fractions 16 and 17 in Fig.
4C) represent purified NF D used for its characterization. This
fraction is highly purified but has low protein content and is
very unstable. To visualize the polypeptides found in purified
NF D total proteins from this fraction, fractions were concen-
trated, separated by SDS-PAGE, and visualized by silver stain-
ing (Fig. 4D). This revealed overall 30 polypeptides from �20
to �200 kDa. The stoichiometry of these is difficult to estimate
because reactivity of proteins to silver staining is variable and
does not always reflect their abundance.

NF D binds to 5�ETS RNA. It was previously reported that
NF D does not bind to an RNA probe encompassing the
A123BP sequence (11). Nevertheless, this probe excluded the
�120 nucleotides predicted to fold into a hairpin structure
(Fig. 2B). We therefore tested whether NF D can interact with
the RNA probe rA123BPH, including these sequences (Fig.
5A). The fractions eluting from the oliA DNA chromatogra-
phy (Fig. 4C) were tested by EMSA with the RNA probe. As
shown, a single peak of RNA binding activity with a maximum
in fractions 16 and 17 (Fig. 5B, lanes 5 to 8) coeluted perfectly
with the rDNA binding activity detected in this column (Fig.
4C, lanes 5 to 8). The RNA retardation profile shows two
major and some minor retarded bands, reminiscent of multiple
complexes observed with the rDNA probe.

To confirm that the 5�ETS RNA binding activities reside in
the NF D rDNA binding complex, a competition analysis was
carried out. Increasing amounts of unlabeled rA123BPH dis-
placed the binding of NF D to the rDNA probe (Fig. 5C, lanes
8 to 12), with efficiency similar to that of the unlabeled rDNA
A123BP competitor (lanes 3 to 7). It was noted that the binding
of NF B1 to the rDNA probe was less affected by the RNA than
by the DNA competitor, showing that the subcomplex has less
affinity for the RNA than NF D. These results show that NF D
can also bind to the 5�ETS RNA from crucifers.

Nucleolin-like protein and fibrillarin are two components of
NF D. The next objective was to identify major polypeptides
forming NF D. To achieve this, the purification procedure was
adapted to scale up the amount of protein recovered. Consid-
ering that NF B derives from NF D and that Sephacryl S300
chromatography resulted in important loss of NF D activity,
this step was eliminated. Thus, a pool of NF D and NF B
activity eluting in a single peak from heparin chromatography
(Fig. 4A) was directly loaded on the oliA DNA affinity column.
In these conditions a purified NF D/NF B fraction was ob-
tained in sufficient quantity to visualize polypeptides separated
by SDS-PAGE by Coomassie blue staining. Major bands, in-
cluding 67- and 31-kDa polypeptides, were excised and in gel
digested by trypsin. This produced internal peptides that were
sequenced by Edman degradation. The peptide sequences
were then used in a search using TBLASTN (3) for the corre-

sponding proteins in the Arabidopsis ESTs and genomic se-
quences in data banks. The identification of the 67- and the
31-kDa polypeptides is reported here.

From the 67-kDa protein, only one peptide sequence of
significant length could be obtained that matched two Arabi-
dopsis gene products, here called AtNuc-L1 (GenBank acces-
sion no. AG29744) and AtNuc-L2 (GenBank accession no.
BAB02219.1) (Fig. 6A). The genes are duplicated genes that
encode proteins similar to nucleolin and which have been
found in alfalfa (8) and pea (48). AtNuc-L1 and AtNuc-L2,
predicted to have 557 and 636 amino acids, respectively, differ

FIG. 5. NF D binds to the 5�ETS RNA. (A) The RNA probe
rA123BPH, encompassing nucleotides �103 to �317 from the radish
5�ETS, is shown by the continuous line. The A123B motifs, the P site,
and the predicted hairpin are indicated. (B) The rRNA binding activity
in the oliA DNA-Sepharose-eluting fractions detected by EMSA with
the rRNA A123BPH probe. Fractions are from the same column
analyzed for Fig. 4C. (C) Competition for binding of NF D to rDNA
probe A123BP with increasing amounts of unlabeled rDNA A123BP
or rA123BPH as indicated.
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FIG. 6. AtNuc-L1 and AtFib are components of NF D. (A) Alignment of sequences from peptides 1 to 3 derived from the 67- and 31-kDa
polypeptides to predicted AtNuc-L1 (GenBank accession no. AC084414), AtNuc-L2 (GenBank accession no. AP001303), and AtFib1 and AtFib2
(4). Protein structures and domains are schematized to scale. The positions of similar peptide sequences of Arabidopsis proteins in predicted
AtNuc-L1, AtNuc-L2, and AtFib1/AtFib 2 are shown. Asterisks indicate changes between the cauliflower and Arabidopsis peptide sequences.
RRM, RNA recognition motif (1); RGG, arginine-glycine-rich domain. The horizontal lines indicated by �-AtNuc-L1 and �-AtFib show the
protein regions that were overexpressed and used as antigens to raise specific antibodies. (B) Western blot of NF D and NF B fractions with
antibodies against AtNuc-L1 or AtFib. Total proteins from purified NF D or NF B separated fractions as indicated were used for Western blotting
(see Materials and Methods) with antibodies directed against AtNuc-L1 or AtFib. The purified NF B fraction corresponds to a pool of fractions
eluting below 250 kDa in a Sephacryl S300 column and subsequently purified by oliB DNA chromatography as previously reported (11). (C) Effects
of anti-AtNuc-L1 (�-AtNuc-L1) and �-AtFib antibodies in DNA binding activity of NF D. The purified NF D was subjected to immunodepletion
(see Materials and Methods) with antibody �-AtNuc-L1, � -AtFib, or � -RPL13 or PI (preimmune serum). After treatment, immunodepleted
extracts were assayed by EMSA with the rDNA A123BP probe.
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mainly in the number of acidic stretches in the N-terminal
domain (Fig. 6A). In both AtNuc-L1 and AtNuc-L2 the pep-
tide sequence is preceded by a lysine, a residue usually recog-
nized by trypsin for cleavage. The cauliflower peptide has two
amino acid changes compared with the AtNuc-L1 and
AtNuc-L2 peptides. These changes are conservative for
AtNuc-L1, while only one is conservative for AtNuc-L2 (Fig.
6A). In addition, many cognate ESTs or cDNAs from the
AtNuc1 gene are found in data banks, while none are found for
AtNuc-L2. Indeed, we could not detect expression of
AtNuc-L2 by RT-PCR in Arabidopsis seedlings, suggesting that
under normal conditions this gene is not expressed (J. Sáez-
Vasquez, unpublished result). Therefore, we consider that the
67-kDa protein component of cauliflower NF D could be the
homologue of the predicted AtNuc-L1. The mass of the
AtNuc-L1 protein is �59 kDa, which differs from the 67-kDa
polypeptide isolated by SDS-PAGE. This oversize migration is
typical of nucleolin-like proteins and is probably due to the
high content of charged residues in this protein (23).

From the 31-kDa polypeptide, two peptide sequences were
obtained. Both matched AtFib1 and AtFib2 (Fig. 6A), the
Arabidopsis fibrillarins encoded by duplicated genes (4). One
of the cauliflower peptides had an inversion of two residues
(PV versus VP) relative to the AtFib sequence. AtFib1 and
AtFib 2 proteins are structurally and functionally very similar
(4), and the peptides probably derive from both isoforms of
cauliflower-predicted homologues.

To confirm the presence of AtNuc-L1 and AtFib1/2 in NF
D, antibodies to AtFib and AtNuc-L1 were raised against the
corresponding proteins (see Materials and Methods). To max-
imize the specificity of recognition, the recombinant proteins
used as antigens did not include the RGG domain found in
many nucleolar proteins and the acidic stretch in AtNuc-L1
(Fig. 6A). The Western blot of the purified NF D fraction
shows that each antibody recognizes a single band correspond-
ing to the 31- and 67-kDa polypeptides (Fig. 6B, lane 1). A
control with preimmune serum for each of the antibodies gave
no signal (result not shown). A similar Western blot with a
purified fraction of NF B1-2 devoid of NF D (see Materials and
Methods) detected only nucleolin, showing that this complex
lacks fibrillarin (Fig. 6B, lane 2).

To confirm that nucleolin and fibrillarin are components of
the NF D rDNA binding activity, the purified fraction was
submitted to one round of immunodepletion with antibody
anti-AtFib or anti-AtNuc-L1. Removal of AtNuc-L1 and AtFib
was estimated by Western blot analysis to be 30 to 40% (result
not shown). Greater depletion of these proteins by multiple
rounds of immunodepletion was not possible due to the ex-
treme lability of NF D activity. The partial depletion of AtFib
and AtNuc-L1 correlates with a significant reduction in the
rDNA binding activity of NF D; this was specifically detected
in the extracts immunodepleted with anti-AtFib (Fig. 6C, lane
3) and anti-AtNuc-L1 (lane 4). No significant reduction was
detected in NF D fractions treated either with a preimmune
serum (lane 5) or with an antiserum directed against ribosomal
protein RPL13 from Brassica napus (lane 6) (46). These data
further support the conclusion that AtNuc-L1 and AtFib1/2
are components of the rDNA binding NF D complex.

Identification of U3 and U14 C/D snoRNAs in purified NF
D. The identification of AtFib1/2 in NF D suggested that U3

snoRNA could be in this fraction. This was tested by an RT-
PCR assay. In Arabidopsis there are three genes expressing
nearly identical U3 isoforms (36). A pair of primers designed
to amplify all three isoforms produced an RT-PCR band of the
expected size for U3 when tested on total RNA from cauli-
flower (Fig. 7A, lane 2). A similar product was amplified by
RT-PCR from the RNA extracted from purified NF D (lane 3)
but was not detected when reverse transcriptase was omitted
from the assay (lane 4). This shows that U3 is found in
the purified NF D fraction. U14 is another conserved C/D
snoRNA associated with fibrillarin and implicated in early
pre-RNA cleavages in S. cerevisiae (49) and animals (18). In
Arabidopsis, conserved U14 isoforms have been found (32). By
use of a similar RT-PCR-based approach, U14 was also de-
tected in the NF D fraction (Fig. 7B).

The presence of Arabidopsis snoR82 (35), an H/ACA
snoRNA which does not associate with fibrillarin, was also
tested. The cauliflower snoR82 homologue was detected in
total RNA (Fig. 7C, lane 2) but not in the RNA fraction
extracted from NF D (lane 3).

Finally, U6, an abundant spliceosomal RNA unrelated to

FIG. 7. Identification of C/D snoRNAs in NF D by RT-PCR. Spe-
cific primers were designed to detect U3, U14, R82, and U6 based on
Arabidopsis gene sequences (see Materials and Methods). RT-PCR
was carried out with the corresponding primer pairs and either total
RNA from cauliflower inflorescence or RNA extracted from purified
NF D fraction as indicated. In control reaction mixtures reverse tran-
scriptase was omitted from the RT-PCR assay, as indicated.
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snoRNPs, detected in total RNA from cauliflower (Fig. 7D,
lane 2), was not found in the NF D fraction (lane 3).

Altogether these data reveal that U3 and U14 are com-
ponents of NF D, probably through their interaction with
AtFib 1/2. To assess the role of U3 and U14 within NF D,

purified fractions were treated with microccocal nuclease to
inactivate the RNA component. Nevertheless, the subse-
quent addition of EGTA to inactivate the Ca2�-dependent
nuclease resulted in complete loss of NF D activity. There-
fore, it was not possible to evaluate the contribution of the

FIG. 8. Specific cleavage of rA123BPH RNA by NF D fraction. (A) Fractions of the peak of NF D activity eluting from oliA DNA
chromatography (shown in Fig. 4C) were incubated in a cleavage reaction buffer with RNA probe rA123BPH (see Materials and Methods). The
open arrowhead indicates full-length RNA probe. Closed arrows indicate cleavage products. Size markers are indicated on the left. (B) Cleavage
reaction was carried out with unlabeled rA123BPH RNA substrate in the presence (lane 8) or absence (lane 7) of purified NF D (see Materials
and Methods). After incubation, products of the reaction were analyzed by primer extension using primer p3 (shown in Fig. 1). The cleavage site
on the pre-rRNA produced in vivo was mapped with the same primer on total RNA extracted from radish seedlings (lane 6). A control was done
without RNA added to the reaction mixture (lane 5). CTAG indicates the DNA sequence of the radish 5�ETS made with the same primer. Closed
arrows indicate cleavage signals according to their intensities; closed arrowheads indicate the positions of the cleavage signals on the sequence.
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RNA component to the integrity of NF D or its rDNA
binding activity.

NF D reproduces primary pre-rRNA cleavage in vitro. NF D
binds to the 5�ETS RNA and contains essential components
implicated in primary pre-rRNA cleavage. Therefore, whether
it can reproduce this event in vitro was tested. Fractions dis-
playing NF D activity eluting from the oliA affinity chroma-
tography column (Fig. 4C) were incubated with the rA123BPH
probe. The products of the reaction were then analyzed on a
sequencing gel. Clearly, an endonucleolytic activity coelutes
with rDNA and 5�ETS RNA binding activity of NF D that
cleaves the probe in two products of �148 and �76 nucleo-
tides, as expected for cleavage at site P (Fig. 8A).

To precisely map the cleavage site on rA123BPH, the puri-
fied NF D fraction was incubated with unlabeled rA123BPH
and the RNA products of the reaction were analyzed by primer
extension (Fig. 8B). The NF D fraction efficiently cleaved the
rA123BPH substrate (Fig. 8, lane 8), yielding a major cleavage
signal that maps to the P site detected in vivo (lane 6).

These results strongly suggest that NF D is associated with
an endonuclease activity that specifically cleaves the 5�ETS
RNA at the P site in vitro.

DISCUSSION

NF D is a pre-rRNA processing complex. In crucifers the
pre-RNA primary cleavage was located in a P site at the 5�-
terminal end of the 5�ETS, similar to site A� in the vertebrate
5�ETS. Structural analysis shows that P is always associated
with a cluster of motifs and a predicted hairpin structure in
crucifers. A large complex, NF D, was purified from cauli-
flower and specifically interacts with the rDNA cluster just
upstream from the P site. Evidence was provided showing that
NF D also binds to the pre-rRNA and can cleave it at the P site
in vitro. These data strongly suggest that NF D could be im-
plicated in 5�ETS primary cleavage in crucifers.

One component identified in NF D corresponds to cauli-
flower homologues of AtFib1 and AtFib2 proteins. AtFib1 and
AtFib2 are very similar, and both complement a yeast NOP1
null mutant (4). It seems unlikely that NF D is constituted by
any of these isoforms exclusively. Nop1p is the nucleolar rRNA
methylase in eukaryotes that associates with all C/D snoRNAs
(49). In S. cerevisiae, Nop1p is also essential for cleavages at
sites A0, A1, and A2 in the pre-rRNA (49). Nop1p has no
endonuclease activity, and its role in the cleavage reaction is
probably mediated by the U3 snoRNP. As expected, after
identification of AtFib1/AtFib2 homologues, the U3 snoRNA
was found in purified NF D. This fraction accurately cleaved
the A123BPH RNA at site P. Due to the inhibitory effect of
EGTA on NF D, we could not test the importance of an RNA
moiety for NF D integrity or in its cleavage activity. The
A123BPH RNA had the predicted hairpin conserved in all
crucifer 5�ETSs (Fig. 2B) but did not include any sequence
with significant complementarity to the U3 hinge region.
Cleavage at A� in vertebrates absolutely requires the U3
snoRNP (5, 6, 21, 29, 38). However, it is not known whether a
direct U3-5�ETS interaction is required for this cleavage in
vitro or in vivo. Interestingly, in trypanosomes, which have
both A�- and A0-like sites in the 5�ETS, a direct interaction is
required for cleavage at A0, as in S. cerevisiae (5, 6), but is

dispensable for A� cleavage in vivo (27). A U3-5�ETS interac-
tion could be dispensable for A� cleavage when another ele-
ment, for instance the predicted hairpin downstream from A�
in crucifers, is recognized by a factor recruiting the U3
snoRNP. It will be important to assess the contributions of the
predicted hairpin and the 5�ETS-U3 interaction for A� pre-
rRNA cleavage in Arabidopsis and higher eukaryotes in vivo.

NF D is a large complex, copurifying with 30 polypeptides
overall (Fig. 4D), that could be related to the yeast U3
snoRNP (16). In addition to AtFib1 and AtFib2 one would
expect to find all C/D snoRNA core proteins which are con-
served associated with fibrillarin, as well as U3-specific associ-
ated proteins (49). However, NF D is different from the yeast
U3 snoRNP as it also contains AtNuc-L1, a nucleolin-like
protein, and U14, a C/D snoRNA implicated in early pre-
rRNA cleavages, including A� in vertebrates (18).

The presence of AtNuc-L1 in NF D is highly relevant. This
protein could act as an assembly factor for this processing
complex and direct its binding to pre-RNA. This role has
already been shown for nucleolin, which is essential for A�
cleavage (21). The vertebrate protein binds to pre-RNA (20),
interacts with the U3 snoRNP (21), and directs assembly of a
processing complex on the pre-rRNA (22). A survey of the
complete Arabidopsis genome showed two genes most related
to nucleolin, encoding AtNuc-L1 and AtNc-L2, which are sim-
ilar to nucleolin-like proteins described in other plants (8, 48).
Only the AtNuc-L1 gene is expressed at a level which can
account for nucleolin abundance in the nucleolus. We could
not detect expression of AtNuc-L2 by RT-PCR (Sáez-
Vasquez, unpublished), while a gene previously described as
encoding a nucleolin homologue (15) is indeed much more
divergent. AtNuc-L1 differs from nucleolin because it has only
two RRMs, like the yeast Nsr1p (33). Notably, the specific
binding of nucleolin to the 5�ETS RNA implicates only two
contiguous RRMs, out of the four RRMs found in this protein
(2), while the interaction with U3 snoRNP and the processing
factors implicate the N-terminal acidic domain (21, 22). In
addition, genetic analysis of the yeast Nsr1p showed that, like
nucleolin, it is also required for pre-rRNA processing and 18S
rRNA synthesis (33). Thus, AtNuc-L1 could fulfill functions
similar to those of nucleolin and Nsr1 in pre-rRNA cleavage.

Finally, NF D copurifies with an endonuclease activity that
cleaves the pre-rRNA at site P (Fig. 8). To confirm that the
RNase activity is stably associated with NF D, we tried to
assess it in extracts depleted for AtFib and AtNuc-L1. Never-
theless, the cleavage activity is extremely labile and it was
totally inactivated upon prolonged incubation necessary for the
immunodepletion treatment (Sáez-Vasquez, unpublished). In
any case NF D would direct or control the endonuclease cleav-
age at site P in the 5�ETS pre-rRNA.

NF D and rDNA transcription. DNase I footprinting anal-
ysis previously showed that NF D binds to double-stranded
rDNA, interacting with both strands of the A123 cluster (11).
The data presented here support fibrillarin, nucleolin, and the
pre-rRNA cleavage activity as components of this rDNA bind-
ing factor: the rDNA binding activity of NF D was efficiently
displaced by the A123BPH RNA substrate (Fig. 5C), the bind-
ing of NF D to rDNA was reduced by treatment of the purified
extracts with antibodies against AtNuc-L1 and AtFib1 (Fig.
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6C), and the 5�ETS rRNA cleavage activity was associated with
the purest NF D fractions (Fig. 8A and B).

Altogether this suggests that NF D is a pre-rRNA processing
complex that could assemble on the rDNA just upstream from
the P site in crucifers. A fraction of this complex, including
AtNuc-L1, would then dissociate from the rDNA to bind to the
nascent transcript. In this model AtNuc-L1 is a good candidate
to direct the consecutive binding of NF D first to rDNA and
then to pre-rRNA. Nucleolin has strong rDNA binding activ-
ity, although without any sequence specificity (39). In addition,
nucleolin is found in different complexes that exhibit sequence-
specific DNA binding activity (23). One example is LR1, a
sequence-specific DNA binding transcriptional regulator in an-
imals. LR1 is a heterodimer formed by nucleolin and hnRNP
D, another RNA binding protein (14). Thus, it is conceivable
that in the case of NF D its specific binding to rDNA could be
determined by the interaction of AtNuc-L1 with a partner that
remains unidentified.

The binding of NFD to rDNA could establish a link between
rDNA transcription and early pre-rRNA processing. Such a
link is indeed observed in the nucleolus. The nascent pre-
rRNAs synthesized at the fibrillar center interphase are ex-
tended into the dense fibrillar component where pre-rRNA
maturation occurs (31). In all species the early pre-rRNA pro-
cessing complexes can be visualized by electron microscopy on
the 5� end of the nascent transcript very soon after transcrip-
tion initiation (16, 37).

At the molecular level, accumulating data for vertebrates
also implicate nucleolin in rDNA transcription. Overexpres-
sion of nucleolin in Xenopus oocytes repressed RNA Pol I
transcription and affected the packaging of nascent pre-rRNA
and the formation of 40S subunits (44). Interestingly, the effect
of nucleolin was dependent on RNA Pol I transcription (43).
In Xenopus, U8 and U22 snoRNAs, implicated in pre-rRNA
cleavages, are assembled during the transcriptional process,
although processing begins only when the full-length transcript
has been transcribed (40). In S. cerevisiae an RNA Pol I ho-
loenzyme fraction has been found that contains pre-rRNA
processing activities, including Nop1p and snoRNAs U3 and
U14, as well as other components (19). Thus, NF D and
AtNuc-L1 could link both processes through assembly of a
pre-rRNA processing complex on the rDNA. It would thus be
of great interest to search for an RNA Pol I-NF D interaction.

The most elusive question is the nature of the endonuclease
activity that catalyzes the primary pre-RNA cleavage in eu-
karyotes. NF D represents the first highly purified high-molec-
ular-weight complex that reproduces this event in vitro. The
purification of NF D provides a biochemical system to define
the role of nucleolin and fibrillarin and should identify other
factors regulating this event through identification of the other
NF D-associated polypeptides by mass spectrometry. This
should demonstrate whether NF D is also implicated in sub-
sequent steps of pre-rRNA maturation, the regulation of this
complex, and the link to RNA Pol I transcription.
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Travail des Pyrénées. J. Sáez-Vasquez was initially supported by a
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