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ABSTRACT We have isolated a 1.1-kilobase cDNA clone
that encodes human fibrillarin by screening a hepatoma library
in parallel with DNA probes derived from the fibrillarin genes
of Saceharomyces cerevisiae (NOPI) and Xenopus laevis. RNA
blot analysis indicates that the corresponding mRNA is -1300
nucleotides in length. Human fibrillarin expressed in vitro
migrates on SDS gels as a 36-kDa protein that is specifically
immunoprecipitated by antisera from humans with sclero-
derma autoimmune disease. Human fibrillarin contains an
amino-terminal repetitive domain =75-80 amino acids in
length that is rich in glycine and arginine residues and is similar
to amino-terminal domains in the yeast and Xenopus fibril-
larins. The occurrence of a putative RNA-binding domain and
an RNP consensus sequence within the protein is consistent
with the association of fibrillarin with small nucleolar RNAs.
Protein sequence alignments show that 67% of amino acids
from human fibrillarin are identical to those in yeast fibrillarin
and that 81% are identical to those in Xenopus fibrillarin. This
identity suggests the evolutionary conservation of an important
function early in the pathway for ribosome biosynthesis.

Fibrillarin is a component of a nucleolar small nuclear
ribonucleoprotein (snRNP) particle thought to participate in
the first step in processing preribosomal RNA. In humans,
fibrillarin is associated with the U3, U8, and U13 small
nuclear RNAs (1). Several lines ofevidence indicate a role for
fibrillarin in this initial processing step, which in human is the
endonucleolytic removal of the -414 nucleotide (nt) long 5'
externally transcribed spacer (2). A role for fibrillarin has
been demonstrated in vitro (3). The U3 RNA has been shown
to be involved by psoralen cross-linking (4, 5). Immunolo-
calization suggests that fibrillarin occurs at the 5' end of
pre-rRNA transcripts in the familiar "Christmas tree" pattern
(6). In eukaryotic cell types examined fibrillarin occurs in the
interphase nucleolus (7-9), where ribosome synthesis takes
place. However, composition of the fibrillarin-containing
snRNP may differ between species. In the yeast Saccharo-
myces cerevisiae up to 9 small nuclear RNAs may associate
with fibrillarin (10).

Fibrillarin was originally identified in Physarum polyceph-
alum by Christensen et al., and was termed fibrillarin by Ochs
et al. because of its ultrastructural localization to the fibrillar
region of the mammalian nucleolus (11, 12). Fibrillarins from
different species share several biochemical characteristics: a
molecular mass from 33 to 38 kDa, basic isoelectric point (pI
8.5-10), and abundance of glycine (=20 mol%) and NG,NG-
dimethylarginine (-4 mol%). Antisera from -8% of humans
with the autoimmune disease scleroderma recognize fibril-
larin and may detect this protein across the fungi and animal
kingdoms (7-9, 13-15). The genes for fibrillarin from S.
cerevisiae and Xenopus laevis have been isolated and se-

quenced (14-16). The yeast gene, which we termed NOPI
(nucleolar protein 1), is essential for viability (ref. 16, R.
Henriquez, G.B., and J.P.A., unpublished data). The pri-
mary structure of human fibrillarin reported herein shows a
high degree of homology with fibrillarins from yeast and
Xenopus, which agrees with the detection of fibrillarin in all
eukaryotes examined from yeast to human.

MATERIALS AND METHODS
Screening a Human cDNA Library. Two probes were used

in parallel to screen "1 x 106 plaques of a HepG2 library in
bacteriophage AZAP (Stratagene). The 443-base-pair (bp)
BstXI-Nde I restriction fragment from the yeast NOP) gene
(14) and the 1.19-kilobase (kb) Ava I fragment from the
Xenopus Xomfib cDNA clone (15) were purified and labeled
as described (14, 17). Hybridizations and washes were done
according to standard methods under conditions of low
stringency to achieve a melting temperature (tm) = -350C for
the NOPJ probe and a tm = -300C for the Xomfib probe,
assuming an average labeled probe length of 100 bp (18, 19).
Although the probes hybridized to a large number of plaques,
only a small number hybridized to both yeast and Xenopus
fibrillarin probes. Seventeen isolates were purified, and their
inserts were retrieved by in vivo excision (Stratagene) to yield
plasmids containing inserts. The plasmid retrieved from
clone A20 hybridized under high stringency in the presence of
tetramethylammonium chloride (17) to a degenerate mixture
of complementary oligonucleotides based on the amino-
terminal sequence MKPGFS (single-letter code) of rat fibril-
larin (8). Phage DNA was prepared from A20, and the insert
was ligated into the EcoRI site of pBluescript SK+ to
generate plasmid p2OJ. Forty-eight base pairs ofuntranslated
sequence at the 5' end of the cDNA insert in p2OJ, including
an ATG codon out of frame with the initiator ATG, were
removed to generate plasmid p20J2.
DNA Sequence Analysis. Both DNA strands of the insert in

p20J2 were sequenced by using double-stranded DNA tem-
plates and synthetic primers with the dideoxynucleotide
chain-termination method and modified T7 polymerase (Se-
quenase) with dGTP and, for ambiguous sequences, with
2'-deoxyinosine-5'-triphosphate (United States Biochemi-
cal).
RNA BlotAnalysis. Total and poly(A)+RNA were pre-

pared from S. cerevisiae cultures and HeLa cells as described
(14, 20) and electrophoresed in a 1% agarose/formaldehyde
gel, transferred to nitrocellulose membrane, and processed
according to standard methods (17). The genomic EcoRI
fragment containing NOPJ or the EcoRI restriction fragment
from p20J2 was isolated and labeled as described (14). The
NOPJ probe was incubated with the blot under standard

Abbreviations: snRNP, small nuclear ribonucleoprotein; nt, nucle-
otide(s); ANA, antinucleolar antiserum.
*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M59849).
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conditions and washed twice with xO.125 standard sodium
citrate (S$C) buffer (lx SSC is 0;15 mM sodium chloride/
0.015 mM sodium citrate, pH 7) at 55°C (17). The blot was
placed into.% 1000C water, cooled for 5 min, and exposed to
film to verify complete removal of the NOPI probe. The blot
was then hybridized to the human fibrillarin probe from p20J2
under the same conditions as above but washed with 1 x SSC
buffer at 25°C to achieve conditions of lower stringency.

In Vitro Protein Synthesis. Cell-free translations were con-
ducted for 1 hr at 25°C in a 50-,ul reaction volume containing
20 ,ul of rabbit reticulocyte lysate (Promega Biotec), 100 ,Ci
(1 Ci = 37 GBq) of [35S]methionine, 5 units of RNasin, and
-500 ng of mRNA, as described (21). Synthetically capped
human or yeast fibrillarin mRNA was prepared by transcrip-
tion of plasmid p20J2 linearized with BamHI or plasmid
pNOP1-RV linearized with EcoRI, respectively. Plasmid
pNOP1-RV was constructed-by digesting yeast fibrillarin
clone 32 (14) with EcoRV restriction enzyme followed by
blunt-end ligation using standard methods (17). Transcription
reactions (25 ,1) were done with T7 RNA polymerase (10
units) with an RNA transcription kit (Stratagene).

Immunoprecipitation. Translations were diluted with 950
Al of 1% Triton X-100 and 1 mM iodoacetamide in IP buffer
(50 mM Tris, pH 7.5/150 mM NaCl/1 mM EDTA/2 mM
NaN3). The diluted translation (200 p.1) was combined with 20
,ul of reconstituted antinucleolar antiserum (ANA) (equiva-

lent to 1.0 jd of antiserum), or 0.5 ,lI of antiserum 538, or no
antiserum. After incubation on ice for 2 hr and centrifugation
for 5 min at 12,000 x g at 40C, the supernatant was transferred
to a microcentrifuge tube containing 15 ,ul of protein G-Seph-
arose (Pharmacia LKB Biotechnology) previously washed
with IP buffer/1% Triton X-100. The Sepharose beads were
briefly centrifuged and washed sequentially at -250C with IP
buffer/1% Triton X-100/2 M urea, IP buffer/1% Triton
X-100, IP buffer, and 10 vol ofwater. Samples were boiled for
3 min in SDS/PAGE sample buffer containing 50 mM dithio-
threitol, followed by the addition of 1/10th vol of freshly
made 1 M iodoacetamide and analyzed by SDS/PAGE using
12% gels as described (14).

RESULTS
cDNA Cloning and Sequencing. A human hepatoma library

in bacteriophage A was screened in parallel with two DNA
probes derived from the yeast fibrillarin gene NOPI (14) and
the Xenopus fibrillarin clone Xomfib (15). The NOPI probe
did not include that part of the 5' end of the gene consisting
of a long G+C-rich repetitive sequence, and the Xomfib
probe included only "50 bp of the equivalent region. Probes
were prepared in this way because a previous screening ofthe
hepatoma library with full-length probes generated a number
of false-positive clones, apparently due to the G+C-rich
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.-.a*..... ... ... ... .. ..........................

GTC GIG GGA GTG
VAL VAL UGLY VAL

TAC AGG CCA CCC CCC
TYR ARG PRO PRO PR(.

952 AAG GIG AAG AAG TGAAGTTCACCGCTGTCAGGATTGCGAGAGATGTGTGTTGATACTGTTGCACGTGTGTTTITCTAITAAAAACACTCATICCC-TCA.", *1076

318 LYs VAL LYs ASN ---

FIG. 1. cDNA and protein sequences of human fibrillarin. Numbers indicate the positions of nucleotides (above) and amino acids (below)
in the cDNA and protein sequences. The poly(A) addition signal is underlined. Features discussed in the text are as follows: the GDRGG motif
is shaded; underlined arginines may be NGNG-dimethylated; underlined lysines are near the end of the amino-terminal domain; the putative
RNP consensus sequence is boxed; and a potential a-helix is delimited by arrows.

547 CCG GAT
183 PRO AsP
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repetitive sequences (data not shown). Seventeen clones
were obtained that hybridized to both probes under low-
stringency hybridization conditions. One positive clone hy-
bridized under conditions of high stringency to a degenerate
mixture of oligonucleotides based on the six amino-terminal
residues of rat fibrillarin, MKPGFS (single-letter code) (data
not shown; ref. 8). The cDNA insert was subcloned to yield
plasmid p20J2 and sequenced in both directions (see Mate-
rials and Methods).
The human fibrillarin cDNA insert in p20J2 is 1104 bp in

length and contains a single long open reading frame that
begins with an ATG near one end (Fig. 1). The nucleotide
sequence TCGCC upstream of this ATG agrees with the
consensus sequence (CCRCC) found at most translation
initiation sites (22). The amino-terminal sequence beginning
with this ATG is identical to 30 of the 31 chemically deter-
mined amino-terminal residues from rat fibrillarin (ref. 8 and
see below). Thus, we infer that the ATG starting at +1 in Fig.
1 is the initiation codon. The open reading frame extends for
963 bp and encodes a 321-amino acid protein of 33,823 Da
with a predicted isoelectric point of =10 (Fig. 1). The 5' end
of the open reading frame is rich in purine nucleosides, with
the 210 bp from codon 6 (Ser) to codon 75 (Gly) having aG+C
content of 70.5%. The entire open reading frame contains
57.6% G+C. The open reading frame ends at a TGA stop
codon, followed by an 80-bp 3' untranslated region and a
poly(A) stretch. A polyadenylylation signal ATTAAA in the
3' flanking region is located 13 bp away from the poly(A)
tract.
RNA Blot Analysis. A Northern (RNA) blot of human and

yeast RNAs was analyzed to identify the human fibrillarin
mRNA and reveal cross-hybridization with other mRNAs
(Fig. 2). When analyzed with the human fibrillarin probe, an
RNA -1300 nt is detected in the human poly(A)+ enriched
sample but not in total human RNA (Fig. 2, lanes 2 and 3).
The 1300-nt size of this mRNA is consistent with the size of
the human fibrillarin cDNA, considering the length of the
poly(A) tail. The human fibrillarin probe reveals cross-
hybridizing mRNAs under the conditions of stringency used
to analyze the blot (see Materials and Methods). In yeast
RNA samples, the human probe detects a 1300-nt band found
in the poly(A)+-selected RNA but not in total RNA (Fig. 2,
lanes 4 and 5). Hybridization of the same blot under high-
stringency conditions with a yeast fibrillarin (NOPI) probe
demonstrates that the 1300-nt band is the yeast fibrillarin
mRNA (Fig. 2, lanes 6 and 7). This result agrees with our
previous estimate of the size of the yeast fibrillarin mRNA
(14). In the human RNA samples, the human probe weakly
detects a human RNA of -2700 nt in the poly(A)+ lane (Fig.
2, lane 3). This mRNA species may correspond to the human

- Hf b- NOPi -

M HT HA+ YT YA+ YT YA+

4.40 '
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FIG. 2. Northern blot analysis. Total (T, 5 jig) or poly(A)-
selected (A+, 2 ,ug) RNAs from human (H) or yeast (Y) were
analyzed according to standard procedures. Hybridization with
human fibrillarin (Hfib) or yeast fibrillarin probe (NOP1) detects the
-1300-nt fibrillarin mRNAs. RNA standards are shown with sizes in
kb (M).

nucleolin mRNA. Nucleolin is a nucleolar protein of 100 kDa
that contains a repeated amino acid sequence rich in glycine
and arginine near the carboxyl terminus (23). A similar
cross-hybridization pattern was reported in a Northern blot
analysis of Xenopus RNAs (15).

Immnunoprecipitation of Fibrillarin with Autoimmune Anti-
sera. Human fibrillarin was expressed in vitro to test for the
capacity to be recognized by autoimmune antisera directed
against fibrillarin (see Materials and Methods). Synthesis of
human fibrillarin in a cell-free system results in the produc-
tion ofa protein that typically migrates as a doublet of 37 kDa
and 36 kDa on SDS/PAGE gels. Treatment of electrophore-
sis samples with dithiothreitol followed by iodoacetamide
results in the appearance of a major band at 36 kDa and a
minor band at 37 kDa (Fig. 3, lane 2). Without reduction and
alkylation treatment, the 37-kDa and 36-kDa bands are pres-
ent in apparently equal amounts (data not shown); this
suggests that an intramolecular disulfide bond causes fibril-
larin synthesized in vitro to migrate in SDS gels as a 37-kDa
band. The observed molecular mass of fibrillarin synthesized
in vitro agrees well with the calculated value of 33,823 Da.
Two sera from patients with scleroderma were incubated

with fibrillarin in the presence of the nonionic detergent
Triton X-100. We tested a recent lot of ANA because
fibrillarin was originally identified by Ochs et al. by using an
ANA antiserum from Sigma (12). The antiserum 538 is
virtually monospecific for yeast fibrillarin as assayed by
immunoblotting and indirect immunofluorescence (14, 24).
Both ANA and 538 antisera recognize the in vitro-
synthesized human fibrillarin by immunoprecipitation (Fig.
3, lanes 3 and 4). The differential immunoprecipitation of the
-36-kDa band may reflect a preference of the antisera for a
conformation present in this cell-free synthesis product. In

-Hfib- NOP1 ------
M T ANA 538 T ANA 538 -Ab

66

43

31 _

22_

1 4

1 2 3 4 5 6 7 8

FIG. 3. Immunoprecipitation of human and yeast fibrillarin with
autoimmune antisera. Human fibrillarin (Hfib) or yeast fibrillarin
(NOP1) was translated in a rabbit reticulocyte lysate system, and 1
,Al of the total translation (T) was subjected to SDS/PAGE on a 12%
gel. Immunoprecipitates obtained with antiserum ANA or 538 or no
antiserum (-Ab) from aliquots (10 ,ul) of the translation were
analyzed by SDS/PAGE. Molecular mass markers (14C-labeled,
Bio-Rad) are shown in kDa (M).
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addition, a protein of -30 kDa is immunoprecipitated from
the translation mixture, in which it is synthesized in low
amount. This protein may be a translation product for which
initiation occurs at Met-87.

Yeast fibrillarin synthesized in vitro migrates as a single
band of ~38 kDa (Fig. 3, lane 5). Both the ANA and 538
antisera immunoprecipitate yeast fibrillarin (Fig. 3, lanes 6
and 7). In control experiments in which no antiserum was
incubated with either human or yeast fibrillarin synthesized
in vitro, nonspecific precipitation of fibrillarin was not seen
(Fig. 3, lane 8). Immunoprecipitation of the human or yeast
fibrillarin with the two autoimmune antisera was abolished by
boiling the translation mixture in SDS before dilution in
Triton X-100-containing buffer, presumably due to irrevers-
ible denaturation of fibrillarin (data not shown).

Fibrillarin Is a Highly Conserved Protein. Fibrillarins from
human, X. Iaevis, and S. cerevisiae show a striking degree of
evolutionary conservation of primary structure (Fig. 4A).
The human and Xenopus fibrillarin sequences are 81% iden-
tical and 90% homologous, when conservative amino acid
replacements are taken into account. The human and yeast
sequences are 67% identical and 82% conserved.
Human fibrillarin begins with an amino-terminal domain

rich in glycine and arginine residues, which accounts for the
abundance of glycine (20.2 mol%) and arginine (4.2 mol%) in
the protein. The sequence of this amino-terminal domain is
repetitive in nature and similar to that ofXenopus and to that
of yeast (Fig. 4A). However, the human sequence contains a
stretch of 17 glycines interrupted by one arginine. The
amino-terminal domain ends near Lys-77 or Lys-84, whereas
in both Xenopus and yeast it ends near Lys-85 (Fig. 4A). The
amino-terminal domain in human fibrillarin contains one
acidic residue, Asp-20, which occurs in the sequence

GDRGG. Three aspartate residues are present in the Xeno-
pus fibrillarin amino-terminal domain, and each occurs in the
sequence GDRGG (Fig. 4A). The arginine residues in this
amino-terminal domain are in similar relative positions as
arginines known to be modified by methylation in fibrillarins
from rat and Physarum (8, 26). This suggests that these
arginines in human fibrillarin may occur as NG, NG_
dimethylarginine residues (Fig. 4B).

Centrally located in human fibrillarin is an =90-amino acid
stretch extending from Glu-133 to Lys-222, which bears
significant resemblance to domains that participate in RNA
binding (30, 31). This putative RNA-binding domain may be
aligned with domains from various snRNP proteins (data not
shown, see ref. 15). A sequence of eight amino acids begin-
ning with Gly-185, GLVYAVEF, resembles the octomeric
RNP consensus sequence (Fig. 4A). With one exception this
sequence is conserved between human, Xenopus, and yeast.
However, the fibrillarin RNA-binding domain does not con-
form to the consensus sequence as well as do other RNA-
binding proteins (see refs. 30 and 31 for compilations).
At the carboxyl-terminal end of human fibrillarin is a

stretch extending between Ser-274 and His-306 that may
adopt an a-helical conformation (Fig. 4C). Predictions of
secondary structure using the methods of Robson and co-
workers and Chou and Fasman (28, 29) indicate that this
33-amino acid span displays the highest potential to form an
a-helix and the lowest potential to assume an extended ,B
conformation. Helical wheel projections suggest that an
a-helix located from Ser-274 to His-306 would not be am-
phipathic in nature (data not shown). The locations of the
amino-terminal domain, the potential RNA-binding domain,
and the putative a-helical region are shown diagrammatically
in Fig. 4D. Although the diagram represents a map ofpossible
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FIG. 4. (A) Three-way alignment (25) between the sequences of fibrillarins from human (H), X. laevis (F, from ref. 15), and S. cerevisiae
(Y, from ref. 14). Identities (I) and conservative replacements (:) are shown. See Fig. 1 for additional explanations. (B) Alignments between the
amino-terminal residues of fibrillarins from human, rat (R, from ref. 8), frog, yeast, and the slime mold P. polycephalum (P. from ref. 26)
generated as described (27). Underlined arginines are known to be NGNG-dimethylated. (C) Robson structural prediction values (28) for helix
(a) and extended conformations (JB) plotted as a function of amino acid number (A.A.#). Stretches of amino acids predicted to form an a-helix
by two prediction methods (28, 29) are designated by the horizontal bars. (D) Putative domain structure of human fibrillarin, showing length
and boundaries of domains, in register with C. DMA, NG,NG-dimethylarginine.
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domain structure in human fibrillarin, the occurrence of
similar domains in Xenopus and yeast suggests that they may
be general features of fibrillarins from other species as well.

DISCUSSION
With the molecular cloning of fibrillarin genes from S.
cerevisiae and X. laevis it has become clear that fibrillarins
from different species comprise a highly conserved family of
nucleolar proteins (14-16). We isolated a human fibrillarin
cDNA clone by virtue of its hybridization to sequences from
the yeast and frog clones to determine the primary structure
of a mammalian fibrillarin and to open the door to studies on
the autoimmune response to this protein in humans with
scleroderma. The two autoimmune antisera that we have
tested immunoprecipitate both human and yeast fibrillarins,
suggesting the presence of a common epitope in these pro-
teins. The striking conservation between human and yeast
fibrillarins, 67% identity of amino acids in optimized align-
ments, is similar to the degree of homology in proteins, such
as actin and tubulin. Recent experiments establish a role for
fibrillarin in the initial cleavage of preribosomal RNA tran-
scripts, a processing event likely to occur in all eukaryotes.
The evolutionary conservation of fibrillarin structure is con-
sistent with a role in such an evolutionarily conserved
function.
The portion offibrillarin that accounts for most variation in

primary structure between human, amphibian, and yeast is
the 70-80 residues at the amino-terminal end, in which
glycines and arginines are prevalent. The sequence diver-
gence at the amino terminus may be explained if this amino-
terminal domain functions to nonspecifically enhance binding
of fibrillarin to RNA(s). A similar glycine and arginine-rich
domain at the carboxyl-terminal end of Chinese hamster
nucleolin increases the affinity of nucleolin for RNA by
10-fold but without any sequence specificity (32). The center
portion ofhuman fibrillarin contains a sequence of=90 amino
acids that bears significant resemblance to the RNA-binding
domain involved in, or essential for, interactions with RNA
and/or single-stranded DNA in many, but not all, RNA-
binding proteins (30, 31). At the predicted location within this
90-residue stretch are eight amino acids that may be the
equivalent of the octomeric motif known as the RNP con-
sensus sequence. Interaction(s) between human fibrillarin
and small nuclear RNAs, or pre-rRNA, may be mediated by
these sequences.
The nucleolar snRNP particle containing human fibrillarin

is thought to carry out a processing step that is the first to
shorten the preribosomal RNA transcript at the 5' end. The
elucidation ofthe primary structure ofhuman fibrillarin offers
the potential to address this processing step and RNA-
binding functions, among others, at the molecular level. The
dissection of these functions may also shed some light on the
molecular basis for the autoimmune response raised against
fibrillarin in humans with scleroderma.
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