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RNA B is one of three abundant trimethylguanosine-capped U small nuclear RNAs (snRNAs) of Trypano-
soma brucei which is not strongly identified with other U snRNAs by sequence homology. We show here that
RNA B is a highly diverged U3 snRNA homolog likely involved in pre-rRNA processing. Sequence identity
between RNA B and U3 snRNAs is limited; only two of four boxes of homology conserved between U3 snRNAs
are obvious in RNA B. These are the box A homology, specific for U3 snRNAs, and the box C homology,
common to nucleolar snRNAs and required for association with the nucleolar protein, fibrillarin. A 35-kDa T.

brucei fibrillarin homolog was identified by using an anti-Physarum fibriliarin monoclonal antibody. RNA B
and fibrillarin were localized in nucleolar fractions of the nucleus which contained pre-rRNAs and did not
contain nucleoplasmic snRNAs. Fibriliarin and RNA B were precipitated by scleroderma patient serum S4,
which reacts with fibrillarins from diverse organisms; RNA B was the only trimethylguanosine-capped RNA
precipitated. Furthermore, RNA B sedimented with pre-rRNAs in nondenaturing sucrose gradients, similarly
to U3 and other nucleolar snRNAs, suggesting that RNA B is hydrogen bonded to rRNA intermediates and
might be involved in their processing.

Two distinct classes of small nuclear RNAs (snRNAs)
reside in the eukaryotic nucleus and are involved in process-
ing and maturation of RNAs (5). One class, the nucleoplas-
mic snRNAs, includes five of the six most abundant snRNAs
found in metazoan and yeast nuclei: Ul, U2, U4, U5, and U6
snRNAs. Small nuclear ribonucleoprotein (snRNP) particles
contain the nucleoplasmic snRNAs, core proteins which
include the conserved Sm antigens recognized by sera from
lupus patients, and additional particle-specific proteins. To-
gether with pre-mRNAs, these snRNP particles assemble
into spliceosome complexes in which introns are removed
and exons are spliced together. Other, less abundant nucle-
oplasmic snRNPs are also involved in aspects of mRNA
biogenesis; the U7 snRNP is implicated in 3' end formation
of histone pre-mRNA, and the Ull snRNP functions in
polyadenylation.
The second class of snRNAs encompasses the nucleolar

snRNAs (12, 49) and contains U3, one of the six abundant
nuclear snRNAs of metazoan and yeast nuclei. Nucleolar
snRNAs are associated with a highly conserved nucleolar
protein, fibrillarin, which is precipitated from an evolution-
arily diverse range of organisms by autoimmune antibodies
produced in scleroderma patients (21, 28, 32, 41, 42). The
nucleolar snRNAs are believed to have roles in rRNA
processing, since the nucleolus is the site of ribosome
biogenesis and since nucleolar snRNAs hydrogen bond with
pre-rRNAs (11, 17, 36, 49). The U3 snRNA has been
implicated in processing of the primary pre-rRNA transcript
which contains 18S, 5.8S, and 28S rRNA sequences sepa-
rated by internal transcribed spacers (ITS) and flanked by
external transcribed spacers (ETS). Processing of the pre-
rRNA commences with a cleavage in the 5' ETS region in

mammals, an event which may be conserved in all eukary-
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otes (12). Interactions between U3 snRNA and the 5' ETS
have been detected in vivo by psoralen cross-linking of
RNAs in mammalian and yeast cells (4, 30, 47). A require-
ment for U3 snRNA in the primary cleavage of mammalian
pre-rRNA has been demonstrated in vitro in mouse cell
extracts (25). Additionally, in vivo depletion studies have
shown that U3 snRNA is necessary for cleavage at the
ITS1/5.8S border in Xenopus cells (41) and for multiple
cleavages of yeast pre-rRNAs which culminate in 18S mat-
uration (19). In yeast cells, the nucleolar U14 and snrlO
snRNAs and fibrillarin have also been shown to affect
pre-rRNA processing (29, 48, 50).
The trypanosomatids are protozoan parasites which rep-

resent an ancient lineage in the evolution of the eukaryotes.
RNA metabolism in these organisms has several unusual
characteristics, including the addition, by trans splicing, of a

5' 39-nucleotide (nt) spliced leader (SL) sequence to all
nuclear mRNAs (1, 27). Three U snRNAs that are required
for trans splicing have been identified in Trypanosoma
brucei (54); these are homologs of the U2, U4, and U6
snRNAs (31, 52, 53). These U snRNAs differ from those
found in higher eukaryotes in that they are smaller in size,
they do not encode an Sm consensus binding site, and the
protein components of their snRNP particles are not recog-
nized by antibodies against the conserved Sm antigens.
Neither Ul nor U5 snRNA equivalents have been found in

T. brucei.
A fourth abundant U snRNA, RNA B, was identified in T.

brucei (31). This RNA was not clearly related to known
snRNAs by sequence homology, and thus its identity and
function were uncertain. It was postulated that RNAB might
represent a highly diverged Ul, U3, or U5 snRNA or might
be a unique snRNA component of the trans splicing machin-
ery. RNA B has a trimethylguanosine (TMG) cap structure
and therefore is likely to reside in the nucleus and function in
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RNA processing as do all other characterized TMG-capped
RNAs.

In this report, we present data which indicate that RNA B
is a divergent homolog of U3 snRNA. Regions of homology
with U3 snRNA, including a putative protein binding se-
quence conserved among snRNAs which associate with the
nucleolar protein fibrillarin, are noted. The T. brucei fibril-
larin was identified as a 35-kDa polypeptide which fraction-
ated with RNA B and pre-rRNA in nucleolar preparations.
Both RNA B and fibrillarin were immunoprecipitated by
autoimmune antifibrillarin antibodies. RNA B was identified
as the only TMG-capped RNA of trypanosomes which could
be immunoprecipitated with this serum. RNA B also frac-
tionated with pre-rRNA precursors on nondenaturing su-
crose gradients, suggesting a hydrogen-bonded association
with pre-rRNAs and a role in rRNA processing.

MATERIALS AND METHODS

Cellular fractionation. A pellet of 1010 log-phase procyclic
T. brucei 427 RB cells was suspended in 5 ml of hypotonic
buffer (10 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid [HEPES; pH 7.9], 1.5 mM MgCl2, 10 mM KCI,
0.5 mM dithiothreitol [DlI], pepstatin [1 ,ug/ml], leupeptin
[5 pg/ml], phenylmethylsulfonyl fluoride [20 ,ug/ml], RNAsin
[0.1 U/ml]); cells were allowed to swell on ice for 10 min and
were then disrupted in the presence of 0.2% Nonidet P-40
(NP-40) by 20 strokes in a Dounce homogenizer. Nuclei,
effectively released from broken cells by this treatment as
determined by 4',6-diamidino-2-phenylindole imaging, were
pelleted through a 3-ml cushion of 0.8 M sucrose and 0.5 mM
MgCl2 by centrifugation at 8,000 x g for 10 min. The nuclei
were fractionated into nucleoplasmic fractions (38, 55) by
suspending the nuclear pellet in 2.5 ml of 0.35 M sucrose-0.5
mM MgCl2 and sonicating the suspension at low setting for
four pulses of 20 s each until no nuclear structures were
obvious by microscopy. Sonic extracts were then layered
over a 2.5-ml cushion of 0.88 M sucrose-0.5 mM MgCl2 and
centrifuged at 2,500 x g for 10 min. The upper two-thirds of
the gradient was considered the nucleoplasm, and the pellet
was considered the nucleolar fraction.

Immunoprecipitations. Whole cell extracts were prepared
from procyclic T. brucei cells, which were grown to a
density of approximately 1 x 107 to 2 x 107 cells per ml,
harvested by centrifugation at 1,000 x g for 10 min, and
washed once in a buffer composed of 30 mM HEPES (pH
7.9), 150 mM NaCl, 10 mM KCl, and 5% sucrose. The cell
pellet was suspended in hypotonic buffer (see above) to a
density of 109 cells per ml, sonicated at low setting for two
bursts of 20 s each, adjusted to 0.05% NP-40 and 200 mM
NaCl, and sonicated for two more bursts. The broken cells
were incubated at 4°C with shaking for 20 min, and then
cellular debris was removed by centrifugation at 16,000 x g
for 20 min. The extract was used immediately for immuno-
precipitation.

Immunoprecipitations were performed by binding approx-
imately 100 1±g of immunoglobulin G (IgG) to 25 ml of protein
A-agarose beads (GIBCO BRL) at 4°C for 2 h and then
washing the beads six times with 1 ml of NET200 buffer (200
mM NaCl, 50 mM Tris-HCl [pH 7.41, 0.05% NP-40). An
amount of extract equivalent to 2 x 10 to 4 x 108 cells was
incubated with the beads at 4°C for 2 h, and then the bound
immunoprecipitated complexes were washed 10 times with 1
ml of NET200 buffer. Immunoprecipitations of purified
RNAs were performed similarly except that Eschenichia coli

16S and 23S rRNAs (50 p,g/ml) were included during the
immunoprecipitation as carrier.

Separation of hydrogen-bonded RNAs on nondenaturing
sucrose gradients. Procyclic T. brucei cells were lysed in a
buffer containing 100 mM sodium acetate, 5 mM magnesium
acetate, 50 mM Tris-acetate (pH 7.9), 10 mM DTT, 0.5%
NP-40, and 10 mM vanadyl ribonucleoside complex, ad-
justed to 2% sodium dodecyl sulfate (SDS) and 2 mg of
proteinase K per ml, and incubated at 14°C for 15 min. The
lysate was then cleared at 30,000 x g for 30 min, and RNAs
were sedimented through a 10 to 30% sucrose gradient for 16
h at 60,000 x g at 2°C as described by Tollervey (48) for
yeast spheroplast RNAs. RNA was recovered from gradient
fractions by hot phenol extraction as described below. To
examine the effects of heat treatment on RNA distribution in
sucrose gradients, lysate aliquots were incubated at 42 or
65°C for 3 min and then chilled 5 min on ice before separation
on sucrose gradients.

Examination of RNAs and proteins. For RNA isolation,
cellular fractions or immunoprecipitates were adjusted to
0.5% SDS and 0.1 U of proteinase K per ml and incubated at
65°C for 15 min. RNA was extracted from samples once with
phenol at 65°C and twice with phenol-chloroform-isoamyl
alcohol (50:48:2) and then precipitated with ethanol.
For Northern (RNA) analysis, small RNAs were electro-

phoresed on 6% polyacrylamide-8 M urea gels and electro-
blotted to Nytran membranes; large RNAs were separated
on 1% formaldehyde gels and capillary transferred to Nytran
membranes. Membranes were hybridized to various probes
in 5x SSPE (lx SSPE is 0.18 M NaCl, 10 mM NaPO4, and
1 mM EDTA [pH 7.7])-5x Denhardt's solution-0.1%
SDS-50 mg of E. coli tRNA per ml. Probes used included an
Sp6-promoted transcript complementary to RNA B pro-
duced from plasmid pGB.2, which contains the T. brucei
FokI-BamHI RNA B gene fragment cloned into EcoRI-
BamHI-digested pGEM-3Z (56). Oligonucleotide probes
complementary to the indicated residues of small RNAs
were SL (106 to 125), U2 (1 to 20), U4 (90 to 109), U6 (1 to
16), RNA B (1 to 25), tRNALU (35 to 56), and 5.8S (1 to 25).
DNA probes complementary to the 5' ETS, ITS1, and ITS2
regions of T. brucei were amplified DNAs made via the
polymerase chain reaction, using a cloned T. brucei rRNA
repeat, pR4 (57), as the template. The 342-bp ITS1 and
590-bp ITS2 DNAs were made by using primers correspond-
ing to the 5' and 3' ends of the regions; the 1.3-kb ETS DNA
was made with primers corresponding to a site 260 nt 5' of
the transcription start and to the 5' end of 18S rRNA.
Sequences of the oligonucleotide primers were as follows:

rITSl-5', GGAATTCTGATATCCATTATACAAAAAAGAGC
cITS1-3', AAAGCTTGTGGGAGCCGTGGTCAACAGGGAGA
rITS2-5', GGAATTCATATAAAAACAAAACACACACCTATTTT
cITS2-3', AAAGCTTAAAATGCAATATAAAAAAGTGAAGCGTA
rpETS-5', GCTCTAGACTTTCCACCCAGCGCGGG
cl8S-5', ATAAGCTTCTGGCAGAATCAACCAGATC
Precursor rRNA was detected by primer extension with

avian myeloblastosis virus reverse transcriptase (Promega),
using the manufacturer's recommended conditions. The
oligonucleotide primer, crRNA, was radiolabelled at the 5'
end with T4 polynucleotide kinase and [_y-32P]ATP. crRNA
contains the sequence CTGTGAAGGTAATTAAAAACC,
which is complementary to residues within the ETS region of
the pre-rRNA, located 240 to 260 nt downstream of the
transcription start site and 126 to 146 nt downstream of the
primary processing site (57). Primer extension products were
separated by electrophoresis through 6% polyacrylamide-8
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M urea gels; the product corresponding to the pre-rRNA
primary processing site, which was 50- to 100-fold more
abundant than the product corresponding to the transcrip-
tion start site, is shown in Fig. 3.
For analysis of RNAs present in immunoprecpi tates,

RNAs were radiolabelled at their 3' ends with [5'- P]pCp
(3,000 Ci/mmol; NEN) and T4 RNA ligase. End-labelled
RNAs were fractionated on 6% polyacrylamide-8 M urea
gels of 0.3-mm thickness, which were dried onto paper for
autoradiography.
Samples for Western immunoblot analysis were prepared

by sonication of whole cells or immunoprecipitates in load-
ing buffer (2% SDS, 100 mM DTT, 60mM Tris-HCl [pH 6.8],
0.01% bromphenol blue). Material from approximately 107
cells, or the immunoprecipitate from 108 cells, was loaded
per lane. Samples were electrophoresed through a 5% stack-
ing gel into an SDS-polyacrylamide gel (12% polyacryl-
amide) and then transferred electrophoretically to a nitrocel-
lulose membrane. The membrane was incubated with anti-
Physarum fibrillarin ascites fluid antibody (1:5,000 dilution)
and then either incubated with an anti-mouse IgG alkaline
phosphatase conjugate (Promega) and stained with the chro-
mogenic substrates bromochloroindolyl phosphate and ni-
troblue tetrazolium or incubated with an anti-mouse IgG
horseradish peroxidase-linked whole antibody and visual-
ized with enhanced chemiluminescence Western blotting
detection reagents (Amersham).

Oligonucleotide-directed RNase H digestion of snRNAs.
[5'-32P]pCp-labelled RNAs isolated from immunoprecipi-
tates were suspended in 20 mM HEPES-KOH (pH 7.9)-50
mM KCl-10 mM MgCl2-1 mM DTT-1 p,g of 16S and 23S E.
coli rRNAs per ml-4 mM specified oligonucleotide, heated
to 95°C for 3 min, and then slowly cooled to 37°C; 0.8 U of
Promega RNase H was added, and digestion proceeded for
40 min before the reaction was stopped with 50 mM EDTA.
Samples were adjusted to 50% formamide, denatured at
95°C, and separated electrophoretically on a 0.3-mm-thick
6% polyacrylamide-8 M urea gel, which was dried before
autoradiography.

RESULTS

Structural similarity between RNA B and U3 snRNAs. U3
snRNA sequences from a number of organisms of diverse
phyla have been characterized (12); they are approximately
215 nt in size, the exceptions being the U3 snRNAs of
Schizosaccharomycespombe (256 nt) and ofSaccharomyces
cerevisiae (328 nt). The U3 snRNAs are not well conserved
in primary sequence; they share only four small regions of
strong homology (boxes A to D) (20, 23, 35). Primary
sequence similarities detected between the 144-nt RNA B of
T. brucei (31) and U3 snRNAs are shown in Fig. 1A. The 5'
33 residues of RNA B and mammalian U3 snRNAs share
70% identity. The boxA homology, which is the most highly
conserved region of U3 snRNAs, is found within this 5'
region of RNA B; 12 of 15 residues can be aligned between
RNA B and box A by allowing a one-nucleotide shift within
each sequence. Two candidates for a box C homology are
identified in RNA B. The box C sequence is protected by
proteins in the U3 snRNP (34) and is found in several
nucleolar snRNAs which associate with the nucleolar pro-
tein, fibrillarin (3, 55). Unequivocal sequence homologies
between the box B and box D regions of U3 snRNAs were
not identified in RNA B.
A phylogenetically determined secondary structure for U3

snRNAs has been proposed and supported by RNase diges-
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FIG. 1. (A) Box A and box C homologies of U3 snRNAs
compared with T. brucei RNA B sequences. U3 sequences are taken
from references 20, 23, and 35. (B) Putative secondary structure of
T. brucei RNA B. BoxA and potential box C homologies are boxed.

tion and chemical modification studies of HeLa andXenopus
U3 snRNAs (23, 34). However, it is recognized that the 5'
regions ofU3 snRNAs of unicellular organisms and plants do
not conform to this model (26, 35), although all U3 snRNAs
seem to retain structural similarity in their 3' domains. The
small size and diverse sequence of RNA B relative to U3
snRNA sequences made complete sequence alignments un-
feasible; however, a secondary structure model for RNA B
was suggested by comparison of RNA B sequences from
distantly related trypanosomatids (Fig. 1B) (15). The 5' end
of RNA B could form a stem-loop structure containing the
box A homology, which is comparable to the first stem-loop
structure proposed for nonvertebrate U3 snRNAs (26, 35).
The 3' structure of RNA B differs significantly from models
proposed for other U3 snRNAs, largely because of the small
size of RNA B; common features include a possible central
stem structure and positioning of the box C-like sequences
within single-stranded regions consistent with roles in pro-
tein binding. The validity of the RNA B secondary structure
model remains to be tested by chemical and enzymatic
methods.
A 35-kDa T. brucei protein shares epitopes with fibrillarin.

Fibrillarin is a ubiquitous and highly conserved nucleolar
protein which ranges in apparent molecular mass between 34
and 36 kDa among species (2, 8, 13, 21, 28). Western analysis
of proteins from T. brucei whole cell extracts separated by
SDS-polyacrylamide gel electrophoresis was performed, us-
ing a monoclonal antibody (P2G3) raised against Physarum
fibrillarin (8) (Fig. 2). Antibody P2G3 recognizes a common
epitope on fibrillarin proteins of diverse species (8, 13). A
major polypeptide of approximately 35 kDa was detected by
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FIG. 2. Identification of the T. brucei fibrillarin protein. Whole
cell extracts of HeLa (lane 1) and T. brucei (lane 2) cells were

electrophoresed through a 12% polyacrylamide gel. Proteins immo-
bilized on a nitrocellulose membrane were detected with anti-
Physarum fibrillarin antibody P2G3 plus anti-mouse alkaline phos-
phatase-conjugated antibodies and enzymatic staining. Locations
(kilodatrons) of prestained Bio-Rad protein markers are shown on

the left.

this antibody in T. brucei extracts; similar-size polypeptides
were also detected in Cithidia fasciculata and Leptomonas
collosoma (data not shown). A polypeptide of 34 kDa was

also detected, but this polypeptide appears to be a degrada-
tion product of fibrillarin, as it was present in higher abun-
dance when protease inhibitors were omitted from extract
preparations (data not shown). The HeLa fibrillarin migrates
at 36 kDa in this gel system, although its gene sequence
predicts a polypeptide of 34 kDa (2, 21). It has been reported
that a human scleroderma serum identifies nucleolar struc-
tures in T. brucei (43), likely as a result of autoantibody
recognition of conserved fibrillarin epitopes present in the
polypeptides detected in this assay.
RNA B and fibriliarin are localized in nucleolar fractions.

The association between nucleolar snRNAs and nucleoli has
been classically established by cellular fractionation meth-
ods designed to purify dense, nucleolar structures (38, 55)
as well as by microscopic methods (37). Nucleoplasmic
snRNAs are typically extracted from nuclear fractions more
readily than are the nucleolar snRNAs (48, 55, 58). Prelim-
inary experiments indicated that RNA B was more difficult
to solubilize than were the known nucleoplasmic snRNAs in
both whole cell and nuclear extracts (56). Using the nucleo-
lar components, fibrillarin and pre-rRNAs, and the nucleo-
plasmic snRNAs as markers, it was possible to determine
the nuclear compartment occupied by RNA B.

T. brucei cells were separated into cytoplasmic, nuclear,
nucleoplasmic, and nucleolar fractions. Nuclei prepared
from T. brucei cells broken by Dounce homogenization were
disrupted by sonication, and nucleoplasmic and nucleolar
fractions were separated on a sucrose step gradient (see
Materials and Methods). Figure 3 shows the distribution of
various small RNAs as well as fibrillarin protein and pre-
rRNA in these fractions. Purified nuclei were free of soluble
cytoplasmic material, as demonstrated by the absence of
tRNAItu in nuclear fractions. The majority of each U RNA
species was retained in the nuclear fraction, though moder-
ate amounts of SL RNA were found in the cytoplasmic
fraction; significant proportions of SL RNA are commonly
lost to the cytoplasm during nuclear isolation (56; data not
shown). For each of the nucleoplasmic snRNAs (SL, U2,
U4, and U6), the amount retained in the nuclear fraction was
fully recovered in the nucleoplasmic fraction. In contrast,

U4 RNA _ _ __

U6 RNA qa:__

RNA B *

pre-rRNA m

Fibrillarin * 3 3

1 2 3 4 5

FIG. 3. Distribution of small RNAs and fibrillarin in subcellular
fractions. T. brucei cells were fractionated as described in the text.
Lanes contain cellular equivalents of total (lane 1), cytoplasmic
(lane 2), nuclear (lane 3), nucleoplasmic (lane 4), and nucleolar (lane
5) fractions. The top six panels show Northern analysis of RNAs
extracted from subcellular fractions; oligonucleotides complemen-
tary to the indicated RNAs were used as probes. The seventh panel
shows a primer extension product corresponding to a region within
the 5' ETS region of the pre-rRNA (see Materials and Methods).
The bottom panel shows Western analysis of fibrillarin protein,
using chemiluminescence detection as described in Materials and
Methods.

RNA B segregated with the dense nucleolar fraction. The
fractionation properties of fibrillarin and pre-rRNAs closely
resemble those of RNA B in this experiment; each is found
predominantly in the nuclear versus the cytoplasmic frac-
tion, and each is pelleted through the sucrose step gradient
following sonication of nuclei, confirming that nucleolar
material is indeed represented in this fraction. Thus, RNA B
fractionates distinctly from cytoplasmic and nucleoplasmic
snRNAs and fractionates in parallel with components of the
nucleolus.

Coimmunoprecipitation of T. brucei fibrillarin and RNA B.
The possibility that RNA B is closely associated with
fibrillarin, perhaps in an snRNP-like particle, was examined
by immunoprecipitation of fibrillarin and associated RNAs
from T. brucei whole cell extracts. Several antibodies were
tested for the ability to immunoprecipitate T. brucei fibril-
larin protein, as assessed by Western analysis; the presence
ofRNA B in immunoprecipitates was evaluated by Northern
analysis (Fig. 4). The monoclonal anti-Physarum fibrillarin
antibody P2G3 was unable to immunoprecipitate fibrillarin
or RNA B (Fig. 4, lane 3), though it does react with T. brucei
fibrillarin by Western analysis, suggesting that the epitope
recognized may be available only on denatured T. brucei
fibrillarin. Similarly, precipitation of fibrillarin-associated
RNAs from Physarum extracts with antibody P2G3 has not
been demonstrated (7). The monoclonal anti-mouse U3 RNP
antibody 72B9 (39), which has been used successfully to
immunoprecipitate fibrillarin and associated U3, U8, and
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FIG. 4. Coimmunoprecipitation of fibrillarin and RNA B. Immu-
noprecipitates of T. brucei extracts (lane 1) with no antibody (lane
2), monoclonal anti-Physamum fibrillarin antibody P2G3 (lane 3),
scleroderma patient serum S4 (lane 4), and monoclonal anti-mouse
(U3)RNP antibody 72B9 (lane 5) were examined. The upper panel
shows Western analysis of fibrillarin protein as described for Fig. 2;
IgG heavy chains (HC) and light chains (LC) are visible in each
immunoprecipitate as a result of reaction with the anti-mouse
alkaline phosphatase-conjugated antibody. Positions (kilodaltons) of
prestained Bio-Rad protein markers are shown on the left. The
lower panel shows Northern analysis of RNA B present in RNAs
extracted from immunoprecipitates.

U13 snRNAs from HeLa cells (55) and U3 snRNA from
yeast cells (18), also did not immunoprecipitate T. brucei
fibrillarin or RNA B (lane 5). However, autoimmune anti-
bodies in scleroderma patient serum S4, which are mono-
specific for human fibrillarin (40) and which react with
fibrillarin from diverse organisms (21, 28, 40, 42), immuno-
precipitated fibrillarin and associated RNA B from T. brucei
cell extracts (lane 4); the antibodies did not react with RNA
B alone (data not shown).
The coimmunoprecipitation of RNA B and fibrillarin by

serum S4 indicates that the molecules are closely associated,
perhaps in an snRNP-like particle or complex. Approxi-
mately 10% of both the fibrillarin and RNA B present in
extracts was immunoprecipitable. Similarly, only 10 to 20%
of HeLa U3 snRNA is precipitable by various antifibrillarin
antibodies (33). Immunoprecipitation ofRNA B was optimal
from extracts prepared with 200 mM NaCl; increasing the
salt concentration to 300 mM allowed for better extraction of
RNA B but decreased RNA B immunoprecipitation with
serum S4 (data not shown). Comparably, the efficiency of
HeLa U3 and U13 snRNP precipitation with antifibrillarin
antibodies diminished when extracts were prepared with salt
concentrations above 200 mM, consistent with dissociation
of fibrillarin antigen from these snRNAs at higher salt
concentrations (34, 55). These observations suggest that
fibrillarin association with nucleolar snRNAs is somewhat
loose or indirect, in contrast to the salt-stable interactions
observed between protein and RNA components of nucleo-
plasmic snRNPs (5).
To determine whether other species of snRNAs are asso-

ciated with fibrillarin in T. brucei, small RNAs immunopre-
cipitated from whole cell extracts with antifibrillarin and
anti-TMG cap antibodies were examined by radiolabelling at
their 3' ends with [32PJpCp and separation on denaturing
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FIG. 5. Identification of small RNAs associated with fibrillarin
by immunoprecipitation. Immunoprecipitated RNAs were radiola-
belled at their 3' ends and fractionated on a 0.3-mm 6% polyacryl-
amide-8 M urea gel. Lane 1 shows total RNA from 1/100 the amount
of cells used in other lanes. Lanes 2 to 5 show RNAs immunopre-
cipitated directly from whole cell extracts with no serum (lane 2),
anti-Sm serum (lane 3), anti-TMG cap antibody (lane 4), and
scleroderma patient serum S4 (lane 5). Samples in lanes 6 and 7 are
reprecipitations with anti-TMG cap antibodies of heat-treated RNAs
purified from the samples in lanes 5 and 4, respectively. Positions of
the small 28S rRNAs (srl [214 nt], sr2 [183 nt], sr4 [135 nt], and sr6
[76 nt]), the 5.8S (169 nt) and 5S (119 nt) rRNAs, the tRNAs, and the
abundant U snRNAs (U2 [147 nt], RNA B [140 to 144 nt], U4 [106
nt], and U6 [91 nt]) are indicated.

polyacrylamide gels (Fig. 5, lanes 2 to 5). Anti-Sm serum,
which does not precipitate T. brucei U snRNPs, was in-
cluded as a control. Background levels of the small rRNAs
are present in control and experimental lanes. The pattern of
major T. brucei snRNA species precipitable by anti-TMG
cap antibodies is seen in lane 4; U2 (147 nt), RNA B (140 to
144 nt), U4 (106 nt), and U6 (91 nt) snRNAs are detected.
The multiple species attributed in this study to RNA B (see
below) have not been previously described; they are likely
due to heterogeneity at the 3' end and may be strain specific.
Scleroderma patient serum S4 precipitated the RNA B
species as well as several minor species, migrating at 129,
111, 108, 106, 102, 99, 96, 94, 93, 92, 90, 88, and 73 nt (lane
5). This pattern of minor species was reproducible, although
variations in the relative abundance of each species were
sometimes noted. None of these bands could be attributed to
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FIG. 6. Identification of immunoprecipitated RNAs by oligonu-
cleotide-directed RNase H digestion. Aliquots of the RNA samples
shown in lanes 4 to 7 of Fig. 5 are analyzed in panels A to D,
respectively. RNAs precipitated from whole cell extracts with
anti-TMG cap antibody (A) and with scleroderma patient serum S4
(B) and RNAs from serum S4 (C) and anti-TMG cap antibody (D)
precipitates reprecipitated with anti-TMG cap antibody were 3' end
labelled. Samples were then hybridized to oligonucleotides comple-
mentary to snRNAs, incubated with RNase H to degrade RNA-
DNA complexes, and separated on a denaturing 6% polyacrylamide
gel. Samples in lanes 1 were mock treated. Oligonucleotides com-

plementary to RNA B (lanes 2 and 5), to U2 snRNA (lanes 4), to SL
RNA (lanes 6), and to U4 snRNA (lanes 7) were present in the
indicated samples; RNase H was present in samples shown in lanes
3 to 7. Positions of the U2, RNA B, U4, and U6 snRNAs and of the
5S rRNA are indicated.

RNA B degradation, as assessed by Northern analysis using
an anti-RNA B transcript as a probe (data not shown). To
test whether some of these RNAs might represent pre-

rRNAs or rRNAs, Northern blots were also probed with
ETS, ITS1, and ITS2 DNAs as well as rRNA repeat unit
DNA; no hybridization with any of these sequences was

detected (data not shown). Direct analysis of these fibril-
larin-associated RNAs will be required to ascertain their
identities. The observation that RNase-protected fragments
of synthetic rRNAs containing the 28S a-sarcin site were

precipitated from HeLa cell extracts with antifibrillarin
antibodies led to the suggestion that U3 snRNA might
interact with 28S rRNA in vivo (34). However, we observe
that the 182-nt 28S rRNA, sr2, which contains the a-sarcin
cleavage site (57), was not precipitated from T. brucei whole
cell extracts with scleroderma patient serum S4.
To establish which of the fibrillarin-associated RNAs in T.

brucei have TMG cap structures, the RNAs were purified
and immunoprecipitated with the monoclonal anti-TMG
antibody prior to radiolabelling. Lane 6 in Fig. 5 shows that
only the 140- to 144-nt RNA B species were specifically
immunoprecipitated (see below); overexposures of the gel
did not reveal other species, although species up to 100-fold
less in concentration than RNA B should have been detected
in these experiments. An RNA of 120 nt seen in lanes 6 and
7 (and control lanes not shown) corresponds to the E. coli 5S
RNA, present in the carrier RNA used in immunoprecipita-
tion reactions. Heat treatment of RNAs before immunopre-
cipitation effectively dissociated hydrogen-bonded RNAs, as

judged by the absence of the U6 snRNA in lane 7; the

-y-monomethyl phosphate-capped U6 is normally hydrogen
bonded with U4 snRNA and thus precipitated from extracts
(as in lane 3). No specific RNA interactions were disrupted
by the heat treatment of RNAs present in scleroderma
patient serum S4 immunoprecipitates (data not shown); thus,
RNA B apparently does not hydrogen bond with any of the
small RNAs identified in lane 5.
The identities of the TMG-capped RNAs immunoprecipi-

tated by scleroderma patient serum S4 and anti-TMG anti-
body were established by oligonucleotide-directed RNase H
digestion (Fig. 6) and by Northern analysis (data not shown).
Aliquots of RNAs from the experiment shown in Fig. 5 were
radiolabelled at their 3' ends, incubated with an oligonucle-
otide complementary to U2, RNA B, U4, or SL RNA, and
then digested with RNase H, which specifically degrades
RNA duplexed with DNA. The RNAs shown in lanes 4 to 7
of Fig. 5 are thus analyzed in experiments shown in Fig. 6A
to D, respectively. RNase H specifically degrades the 147-nt
band in the presence of an oligonucleotide complementary to
residues 1 to 20 of U2 snRNA and degrades the 106-nt band
in the presence of an oligonucleotide complementary to
residues 90 to 109 of U4 snRNA (Fig. 6). All of the RNAs
with sizes of 140 to 144 nt, found in scleroderma patient
serum S4 and anti-TMG antibody immunoprecipitates, are
degraded by RNase H in the presence of an oligonucleotide
complementary to RNA B (residues 1 to 25) (Fig. 6). The
140-nt species is labelled less intensively in this experiment
than in that shown in Fig. 5, although the same RNA sample
was used for each labelling, suggesting that the RNA B
pattern can be altered artifactually during 3' end labelling
with [5'-32P]pCp. Because the RNAs under investigation
were similar in size to SL RNA (139 nt), an oligonucleotide
complementary to residues 5 to 24 of SL RNA was included
as a control in this experiment. Minor degradation occurred
in each RNA sample following RNase H digestion; however,
this degradation is likely due to small sequence complemen-
tarity (9 of 12 residues) between RNA B (residues 15 to 26)
and the anti-SL oligonucleotide (residues 5 to 16) rather than
the presence of SL RNAs in immunoprecipitates; no SL
RNA was detected by Northern analysis (data not shown).
This experiment shows that RNA B is the only TMG-capped
RNA immunoprecipitated by scleroderma patient serum S4,
since all detectable RNAs were digested by RNase H in the
presence of an oligonucleotide complementary to RNA B,
and no underlying RNAs were revealed by this procedure.

Cosedimentation of RNA B and pre-rRNAs in nondenatur-
ing sucrose gradients. The coincident immunoprecipitation
and subcellular fractionation of RNA B and fibrillarin protein
identified RNA B as a nucleolar snRNA. The ability of RNA
B to associate with pre-rRNAs was next evaluated, since U3
and other nucleolar snRNAs appear to interact with pre-
rRNAs through hydrogen bonding (11, 36, 48, 58). The yeast
nucleolar snRNAs are associated with pre-rRNAs following
fractionation of gently deproteinized RNAs on sucrose gra-
dients (48, 58). Similar analysis of T. brucei RNAs was
performed; T. brucei lysates were deproteinized with pro-
teinase K in the presence of 2% SDS at 14°C, and then
cleared lysates were centrifuged through a 10 to 30% non-
denaturing sucrose gradient. The profiles of large RNAs and
small RNAs isolated from gradient fractions are shown in
Fig. 7A and B, respectively. The distribution of RNA
species is consistent with separation of protein-free RNAs
under conditions in which RNA-RNA interactions have been
maintained. The mature 2.3-kb 18S rRNA is found primarily
in fractions 5 and 6, with smaller amounts seen in fractions 7
and 8, whereas the 1.8-kb 28Sa and the 1.6-kb 28S3 rRNAs
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FIG. 7. Distribution of deproteinized RNAs on a nondenaturing
sucrose gradient. Total RNA was deproteinized under nondenatur-
ing conditions and centrifuged through a 10 to 30% sucrose gradient
as described by Tollervey (48). RNAs were isolated from fractions
under denaturing conditions. Fraction 1 is from the top of the
gradient, and fraction 18 is from the bottom; lane T contains total
RNA isolated from the initial extract. (A) Profile of high-molecular-
weight RNAs separated on a 1% formaldehyde gel. The pattern of
mature RNAs is visualized by ethidium bromide staining of the gel
in the top panel. The lower panel shows the distribution of precursor
rRNAs (see Fig. 8) detected by hybridization of ETS, ITS1, and
ITS2 DNAs to a Northern transfer of the gel. (B) Profile of
low-molecular-weight RNAs separated on a 6% polyacrylamide-8 M
urea gel. In the top panel, a silver-stained gel shows the pattern of
28S rRNAs (srl, sr2, sr4, and sr6), 5.8S and 5S rRNAs, and tRNAs.
Lower panels are Northern blots of duplicate gels hybridized with
oligonucleotides complementary to the indicated RNAs.

(Fig. 7A), as well as the 5.8S rRNA (Fig. 7B), are found in
fractions 7 and 8. Although individually smaller in molecular
weight than the 18S rRNA, these three RNAs sediment as
larger species, suggesting that they remain associated by
long-range intermolecular base-pairing interactions that have
been predicted by secondary structure modeling of trypano-
somal large-subunit (LSU) rRNAs (6, 16, 46). Trypanosomal
5.8S, 28Sa, and 28S3 subunit rRNAs have been found
together following low-temperature phenol extraction,
whereas the other 28S subunit fragments (srl, sr2, sr4, and
sr6) were not (46). In the sedimentation experiment shown in
Fig. 7B, more predicted interactions between 28S subunits
are detectable; over half of the total sr2 RNA, the 28S
subunit rRNA that contains the a-sarcin cleavage site ho-
mology (57), and a portion of the srl RNA are also seen in
fractions 7 and 8, apparently associated with the large 28S
rRNA subunits.
The sedimentation of pre-rRNAs and snRNAs was exam-

ined to look for potential hydrogen-bonded associations. The
profile of pre-rRNAs was illuminated by hybridization of a
Northern blot of this gel with 5' ETS, ITS1, and ITS2 DNAs
both collectively (Fig. 7A) and individually (data not shown).
The putative primary precursor of approximately 10 kb
which is detected in the total RNA lane (Fig. 7A, lane T)
does not appear in gradient fractions; it presumably is
processed or degraded too quickly for examination by this
analysis. Three major intermediates of T. brucei rRNA
processing (Fig. 8) are identified in the control lane. Of
these, the 3.7-kb pre-rRNA containing the 5' ETS, 18S
rRNA, and ITS1 is found in fractions 7 and 8, with minor
amounts in fraction 6. A 2.6-kb pre-rRNA containing 18S
rRNA and ITS1 is predominant in fraction 6, with large
amounts also in fractions 7 and 8. The 5.8-kb pre-RNA
containing the 5.8S, ITS2, and 28S rRNA sequences is found
in fraction 8. A previously identified 5.0-kb pre-RNA con-
taining the 28S sequences (57) was detected in fraction 8
when probed with a cloned rDNA repeat (data not shown).
The profiles of small RNAs are shown in Fig. 7B. The known
nucleoplasmic snRNAs, SL, U2, U4, and U6 snRNAs, are
found primarily in the first few fractions (detected by North-
ern analysis) along with other free, small RNAs such as the
tRNAs and 5S rRNA (detected by silver staining). In con-
trast, one peak of RNA B is found in the first three fractions
of the gradient, whereas a second strong peak of RNA B is
found in fractions 6, 7, and 8 primarily where the 3.7- and
2.6-kb pre-18S rRNAs are located; in addition, 28S and 5.8S
rRNA precursors are found in fraction 8. Association of
RNA B with intermediates of 18S rRNA suggests a role for
RNA B in 18S maturation. Whether RNA B is associated
with 28S rRNA precursors cannot be determined by this
analysis, since the distribution of pre-28S rRNAs overlaps
that of the 18S precursors.
RNA B cosedimention with pre-rRNAs on nondenaturing

sucrose gradients in the absence of proteins suggests that
RNA B is associated with pre-rRNAs by hydrogen bonding.
Support for this hypothesis is demonstrated in Fig. 9, which
shows the gradient profiles of RNA B and 5.8S rRNA
present in deproteinized cell extracts that were briefly heat
treated before fractionation. The putative interactions be-
tween RNA B and pre-rRNAs are disrupted at 42°C, as
evidenced by the loss of RNA B migration with higher-
molecular-weight RNAs; RNA B is found only at the top of
the gradient where free small RNAs are fractionated. 5.8S
rRNA, which is predicted to form multiple intermolecular
helices with 28Sa rRNA (6, 14, 46), remains associated with
higher-molecular-weight RNAs at 42°C; partial disruption of
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these interactions occurs by heat treatment of RNAs at 65°C,
as indicated by loss of the distinct 5.8S peak corresponding
to comigration with 28S rRNAs and by the appearance of
significant amounts of 5.8S at the top of the gradient. The
apparent release ofRNAB and 5.8S RNAs from interactions
with high-molecular-weight RNAs following heat treatment
is consistent with disruption of hydrogen-bonded associa-
tions. The putative interactions between RNA B and pre-
rRNAs are more labile than interactions between 5.8S rRNA
and 28S rRNAs.

DISCUSSION

This work shows that RNA B, an abundant, TMG-capped
U snRNA of trypanosomatids, shares structural features
and fractionation properties with U3 and other nucleolar
snRNAs. RNA B is located in nucleoli, as judged from its
coincident subfractionation with the nucleolar protein, fibril-
larin, and precursor rRNAs. It is the only TMG-capped U
snRNA of T. brucei found in association with fibrillarin by
coprecipitation with antifibrillarin antibodies. RNA B ap-
pears hydrogen bonded to pre-rRNAs, as evaluated by
sedimentation of deproteinized RNAs through sucrose gra-
dients, suggesting that RNA B functions in rRNA process-
ing. From these data, we conclude that RNA B represents a
diverged form of the U3 snRNA, ubiquitous to all other
organisms examined in animal, plant, and protist kingdoms
(12).
The initial characterization of RNA B indicated partial

sequence homology with U3 snRNAs, although not enough
to propose an identity with U3 or other known RNAs (31).
Extensive regions of sequence complementarity noted be-
tween RNA B and SL RNA or U2 snRNA of T. brucei also
suggested a potential role in trans splicing. Completion of a
phylogenetic analysis revealed that these complementarities
were not upheld between snRNAs from different trypano-
some species, whereas putative nucleolar snRNP protein
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FIG. 8. Deduced pathway of T. brucei pre-rRNA processing.
Stable RNA intermediates identified by Northern hybridization
analysis with rDNAs (57) or transcribed spacer DNAs (this work)
are shown; arrows indicate cleavage sites. ETS, ITS1, and ITS2
sequences hybridize to the putative primary precursor of approxi-
mately 10 kb. ETS DNA hybridizes to the 3.7-kb 18S precursor, and
ITS1 DNA hybridizes to the 3.7- and 2.6-kb 18S precursors. ITS2
DNA hybridizes to the 5.8-kb precursor of 5.8S and 28S rRNAs and
to the 0.8-kb 5.8S precursor (data not shown). The 5.0-kb species is
not detected with ETS, ITS1, or ITS2 DNA but is detected with
rDNA sequences (data not shown).
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FIG. 9. Distribution ofRNA B and 5.8S rRNA on nondenaturing
sucrose gradients following heat treatment. Deproteinized total
RNA was prepared at 14°C as for Fig. 7. Aliquots were either
untreated (top panel) or briefly treated at 42°C (middle panel) or at
65°C (bottom panel) before separation on 5 to 20% sucrose gradi-
ents. RNAs isolated from gradient fractions 1 to 18 (top to bottom)
were analyzed by Northern analysis for RNA B and 5.8S rRNA as
indicated; lane T contains total, unfractionated RNA. The patterns
of RNA distribution are shifted from those shown in Fig. 7 as a
result of differences in sucrose gradient densities, as indicated.

binding regions, the box C homologies, were conserved (15).
In addition, a reasonable match to the box A region of U3
snRNAs is conserved in RNA B, but sequences with strong
similarity to the box B or box D consensus sequences are not
found. Because these regions are conserved between other
U3 snRNAs and are thus likely to represent functionally
important sequences, it is possible that functionally equiva-
lent sequences occur in RNA B but are too divergent to
recognize. Alternatively, these sequences may be unneces-
sary for U3-like functions in trypanosomes.
The box C homology, conserved in all U3 snRNAs and in

RNA B, is present in several other nucleolar RNAs, includ-
ing the HeLa U8, U13, X, andY snRNAs (55), the yeast U14
(snrl28) and snrl90 snRNAs (58), and the mouse U14
snRNA (4.5S hybRNA) (51). Each of these snRNAs except
RNA B also contains a less highly conserved box D homol-
ogy (PuUCUGA). Initially, immunoprecipitation of these
nucleolar snRNAs from cell extracts by antifibrillarin anti-
bodies, particularly of RNase A- or T1-protected fragments
of HeLa U3 containing boxes C and D (34), suggested that
fibrillarin associates with nucleolar snRNAs via these con-
served regions. Mutations in the box C and D regions of the
essential U14 snRNA of yeast cells prevented U14 snRNA
accumulation; the cold sensitivity of mutants suggested that
protein-RNA interactions might be affected (22). Recently,
mutational analysis of in vitro-synthesized human U3
snRNAs determined that the box C sequence is required for
reconstitution with fibrillarin in whole cell extracts, whereas
the box D sequence is not (3). This finding is consistent with
the presence of box C and absence of box D homologies in
RNA B, which is immunoprecipitable by antifibrillarin anti-
bodies. The box C domain found at residues 72 to 80 in RNA
B is accessible to binding by oligonucleotides in naked RNA
B in vitro but not to RNA B in vivo, suggesting that this
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region is single stranded in structure and normally protected
by bound proteins (10).
The fibrillarin protein is highly conserved and is found,

along with U3 snRNA (37), in the dense fibrillar regions of
nucleoli where early processing of rRNA transcripts occurs
(12, 17); fibrillarin is required for multiple steps in pre-rRNA
processing, especially those leading to 18S maturation, and
for pre-rRNA methylation in yeast cells (50). The amino acid
sequences deduced for Xenopus (28), yeast (16), and human
(2, 21) proteins attest to the high degree of similarity (about
70% identity between vertebrate and yeast proteins). This
similarity is relevant at the functional level, since both
human and Xenopus fibrillarins have been shown to comple-
ment the nopl (fibrillarin-deficient) mutation in yeast cells
(21). Fibrillarins from other evolutionarily diverse organisms
share common epitopes (8, 21, 28, 39, 40, 42). As shown in
this work, an anti-Physarum fibrillarin monoclonal antibody
recognizes trypanosome fibrillarins as well as human fibril-
larin. Autoantibodies in scleroderma patient serum S4 rec-
ognizes T. brucei fibrillarin; a related serum has detected
nucleolar structures in T. brucei (43). However, the epitope
recognized by monoclonal antibody 72B9 in mammalian and
yeast fibrillarins is absent from the T. brucei fibrillarin. It is
interesting that fibrillarin, a nucleolar snRNP-associated
protein, and the box C sequence, a putative binding domain
for common nucleolar snRNPs, are conserved in the evolu-
tionarily ancient trypanosomatids. In contrast, the nucleo-
plasmic snRNAs of T. brucei do not contain the Sm antigen
binding site, and their snRNPs do not share Sm antigen
epitopes, elements which have been conserved in all other
eukaryotes examined.
The 5' region of U3 snRNAs including the box A homol-

ogy is of particular interest because evidence indicates it
may be a functional domain; its conservation in RNA B
implies comparable function. Cleavage of the primary pro-
cessing site of the 5' ETS region, which appears to be a
conserved event commepcing pre-rRNA processing (12), has
been demonstrated in vitro in mouse cell extracts (24);
oligonucleotide-directed destruction of the 5' region of U3
snRNA, containing box A, abolished ETS cleavage (25).
Psoralen cross-links generated between mammalian and
yeast U3 snRNAs and 5' ETS rRNAs have been mapped
within or adjacent to the box A homology, demonstrating
close proximity of these sequences, likely during processing
(4, 30, 47). In rat, cross-links were formed in a region of the
ETS containing sequences required for primary cleavage, as
identified in mouse extracts (9); 11 residues within this
region and 3' adjacent to the processed site are conserved
between mammals and frogs, whereas only limited amounts
of identity have been noted between related cleavage sites in
more phylogenetically diverse organisms (4, 19). In yeast
cells, two distinct sites of U3 snRNA interaction with the
ETS were precisely mapped. The upstream site (+470 nt)
appears homologous to vertebrate primary processing sites;
deletion of this region abolished normal pre-rRNA process-
ing leading to 18S maturation. The downstream site (+655)
corresponds to a known U3-dependent cleavage close to the
5' end of 18S rRNA sequences (19). A 10-nt stretch of
sequence complementarity containing psoralen cross-links
was identified between U3 snRNA and the upstream cleav-
age site, consistent with hydrogen-bonded associations be-
tween RNAs. The T. brucei primary processing site (57)
shares some sequence similarity with other primary sites,
comparable to the level of identity seen between diverse
species (Fig. 1OA) (4). The primary cleavage region shares
sequence complementarity with RNA B in sequences just

downstream of the boxA homology (Fig. lOB); this comple-
mentarity is analogous in position and extent to that detected
between yeast U3 snRNA and cognate ETS sequences,
which suggests that the 5' region of RNA B similarly
interacts with primary processing site sequences in T. bru-
cei. Thus, an evolutionarily conserved interaction may bring
the 5' region of U3 snRNA, containing the well-conserved
box A homology, into close proximity with the 5' ETS
primary cleavage site to somehow affect early events in
pre-rRNA processing.

In general, eukaryotic rRNA maturation occurs in three
steps: (i) transcription of the large primary precursor, (ii)
rapid cleavage of the primary processing site in the ETS
region and further cleavages to form mature 18S rRNA, and
(iii) slow maturation of the 5.8S and 28S rRNAs (12). In 18S
processing, the order of the cleavages which occur at the
ETS/18S, 18S/ITS1, and ITS1/5.8S boundaries, as well as
within ITS1, varies between organisms and even between
cells within an organism. In HeLa cells, cleavage of the
18S/ITS1 boundary precedes cleavage of the ETS/18S
boundary; the reverse is true of mouse, Xenopus, Dro-
sophila, and Saccharomyces rRNAs (12, 19). In T. brucei,
three predominant rRNA processing intermediates were
previously identified by hybridization to cloned rDNAs (57);
these intermediates correspond to the 3.7-kb ETS-18S-ITS1,
5.8-kb 5.8S-ITS2-28S, and 5.0-kb 28S pre-rRNAs; addition-
ally, q 2.6-kb 185-ITSl species is reported in this work (Fig.
8). Cleavages of T. brucei pre-rRNAs occur close to or at the
5' and 3' ends of mature species except for the primary
processing site in the ETS; no cleavages internal to ITS
regions have been mapped (6, 57) or indicated by hybridiza-
tion to ITS probes (this work). The structures of the pre-18S
intermediates found in T. brucei suggest that the major
pathway of 18S rRNA processing resembles that reported
for HeLa cells; cleavage of the 18S/ITS1 boundary follows
cleavage of the ETS/18S boundary.
U3 snRNA has been implicated in the primary processing

event, as discussed above, and also in cleavages which lead
to formation of the mature 18S rRNA. Depletion studies of
yeast U3 snRNA have shown that it is required for cleavage
within the 5' ETS, at the 5' boundary of 18S rRNA, and
within ITS1 (19). In Xenopus cells, U3 snRNA depletion by
nuclease digestion reduced cleavage of the ITS1/5.8S rRNA
boundary (41). In this work, it is shown that RNA B present
in deproteinized cellular extracts cosediments predomi-
nantly with the 3.7- and 2.6-kb precursors of the 18S rRNA,
an interaction which can be disrupted by heat treatment,
implying that RNA B associates with these pre-rRNAs
through hydrogen bonding and may be involved in their
processing; RNA B may affect cleavages at the boundaries
of 18S rRNA with the ETS and ITS1 in addition to the
primary processing event. Similarly, three yeast snRNAs
that are required for processing of 35S pre-rRNA and 18S
rRNA accumulation (19, 29, 48) cosediment with appropriate
pre-rRNAs; U3 and snRlO RNAs are associated with the
primary 35S rRNA precursor (48), and U14 snRNA is
associated with 27S rRNA precursors that contain ITS1,
5.8S, ITS2, and 28S sequences (58). In addition, U14 snRNA
was defined initially as 4.5S hybRNA by virtue of its ability
to hybridize to 18S rRNAs from mouse and other organisms
(51). In T. bnrcei, an association between RNA B and LSU
rRNA precursors could not be discerned, since precursors to
5.8S and 28S rRNAs were found in a fraction that contained
18S precursors as well as RNA B. However, such an
interaction would be consistent with a role for U3 snRNAs in
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FIG. 10. (A) Sequence identity between primary processing site
regions in the 5' ETS. The T. brucei sequence, identified by S1
mapping and primer extension analysis at +115 from the rRNA
transcription start site (57), is compared with yeast and human
sequences as they were aligned in reference 4. Cleavage sites are
underlined in each sequence. Regions of trypanosome and yeast
ETS sequences which share complementarity with RNA B and U3
snRNA sequences are boxed. (B) Sequence complementarity be-
tween T. brucei RNA B sequences 3' adjacent to the box A
homology (see Fig. 1B) and the primary cleavage site region in the
5' ETS.

separation of 18S rRNA from LSU rRNA precursors, as
implied by in vivo U3 depletion studies inXenopus cells (41).

This study identifies RNA B as the primary trypanosomal
nucleolar U snRNA involved in rRNA processing. More
nucleolar snRNAs required for ribosome biogenesis may
later be recognized. Ten nucleolar snRNAs that hydrogen
bond to various pre-rRNAs have been identified in yeast
cells (48, 49, 58). Of these, only the U3 and U14 snRNAs are
essential for growth (20, 58) and processing (18, 29) and have
homologs in mammals, although rRNA processing is re-
duced in strains carrying snR1O gene deletions (48). In
mammals, besides U3 and U14 snRNAs, the TMG-capped
U8 and U13 snRNAs and the non-TMG-capped X and Y
nucleolar snRNAs are found associated with fibrillarin (55).
RNA B is apparently the trypanosome U3 homolog; trypa-
nosomal counterparts to the essential U14 snRNA, as well as
to other identified nucleolar snRNAs, may also exist. In
addition, trypanosome-specific nucleolar snRNAs involved
in removal of the five intervening sequences of the 28S
pre-rRNA might be found. In this study, however, no new T.
brucei TMG-capped snRNAs were apparent in either anti-
TMG or antifibrillarin immunoprecipitates or unmasked by
specific digestion of the abundant TMG-capped U2, RNA B,
and U4 snRNAs. It is possible that U snRNAs of very low
abundance or of relative inaccessibility to antibodies exist
and were undetected by these experimental approaches.
Several non-TMG-capped RNAs were present in T. brucei
antifibrillarin immunoprecipitates and are candidates for
nucleolar snRNAs involved in processing; their identities
remain to be elucidated. Alternatively, it is possible that
rRNA processing events require fewer nucleolar snRNAs in
trypanosomes than in other organisms. At present, U3 and
other snRNAs are proposed to help stabilize pre-rRNA
conformations necessary for maturation (12), whereas spe-
cific nucleolar endonucleases perform the actual cleavages
(44, 45). Trypanosomal pre-rRNAs may be capable of fold-
ing into conformations that can be recognized by maturases
without the help of multiple nucleolar snRNAs.
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