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Abstract

The U3 snoRNA is an exceptional box C/D snoRNA, which is involved in pre-rRNA processing without directing
chemical modifications. We report here on a comprehensive computational survey resulting in U3 sequences for more
than 90 additional eukaryotes. This extended data basis is used to improve the secondary structure models. The
detailed investigation of the structural variation of U3 snoRNAs turns out to be much more extensive than previously
thought. Many fungal U3 genes, in addition, contain introns. U3 promoters are snRNA-like but show substantial
variations even between related species.
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1. Introduction

The U3 snoRNA is an exceptional member of the
box C/D subclass of small nucleolar RNAs. It is much
longer than typical box C/D snoRNAs and does not
direct chemical modifications. Instead, it acts as an
RNA-chaperone mediating structural changes of the
pre-rRNA to establish the correct conformation endonu-
clease cleavage (1). Together with two other snoR-
NAs, mammalian U8 and U13 (2), it shares some fea-
tures with snRNAs. For instance, human U3 snoRNA,
has a hypermethylated2,2,7-trimethylguanosine(TMG)
cap at their 5’ end (3). U3 snoRNAs are processed
from primary transcripts with a rather particular pro-
moter, which may represent the fusion of two promoter
systems: Homo1 D-box and TATA-box (4). In the
first stage, the 3’-extended precursor is arranged with
a mono-methylated cap, which is then trimmed at the
3’ end. In several fungal species, e.g.Saccharomyces
cerevisaeandHansenula wingei(5; 6) this precursor is
spliced. In the last step, the TMG cap is formed (7; 8).

Across eukaryotes, the length of U3 varies by more
than a factor of three from 143 nt inTrypanosomato
442 nt inCandida glabrata. Its sequence is highly vari-
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able apart from several short highly conserved boxes de-
noted by A’, A, C’, B, C, and D, where C and D define
the membership in box C/D class of snoRNAs. Due to
their poor sequence conservation it is a non-trivial prob-
lem to establish the homology of snoRNAs over large
evolutionary distances, e.g. between a mammalian and
a yeast sequence.

The U3 snoRNA is highly structured and exhibits
several conserved structural domains (9; 10; 11). Due to
its pivotal function in rRNA maturation, the U3 snoR-
NAs is believed to be ubiquitously present in Eukary-
otes. The latest release ofRfam, v.9.1, (12) reports 1778
sequences spanning 141 known species. We report here
on a comprehensive search for homologous sequences
in more than 230 eukaryotic genomes. Using this ex-
tended database, which covers most major clades, we
construct refined secondary structure models and pro-
vide an overview of the variation of U3 structure.

2. Results

2.1. Homology search

Within the 242 genomes investigated in this study and
in publicly available EST-databases, we found a total of
238 U3 snoRNA homologs. In particular, our search
was successful in 91 of 101 metazoan U3 snoRNAs.
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Negative results in several Lophotrochozoa and cnidar-
ian genomes are probably caused by the incompleteness
of these genome projects.

Among fungi, we found the U3 in 52 of the 53
Ascomycota. In contrast, among the other 16 fungal
genomes, an unambiguous homolog was identified only
in Phakospora pachyrhiziand Batrachochytrium den-
drobatidis. For six additional Basidiomycota and the
microporidianAnthospora locustaeonly tentative can-
didates were identified. These candidates exhibit the
conserved boxes but have highly variable distances be-
tween the boxes, which might indicate insertion do-
mains and/or additional introns.

Across Viridiplantae we found 19 U3 snoRNAs out
of 28 available (partly partially finished) genomes. The
only plant seed sequence, which was not recovered from
the incomplete genomic data is that ofTriticum aes-
tivum X63065 (21). We retrieved 12 additional se-
quences from EST databases. No plausible U3 sequence
was identified in Prasinophyceae and Rhodophyta. In
Heterokonta, we found a homolog inHyaloperonospora
parasiticain addition to the three knownPhytophthora
sequences.

Starting from the knownTrypanosoma bruceise-
quenceX57047 (22), we were able to identify U3
snoRNA in all available genomes of Kinetoplastida.
Furthermore, we found U3 snoRNAs in all three avail-
able genomes of ciliates (Tetrahymena thermophila,
Paramecium tetraurelia, Oxytricha trifallax). Within
Apicomplexa we found all expected U3 snoRNAs ex-
cept for the genusParamecium.

Apart from the previously known U3 snoRNA of
Dictyostelium discoideumV00190 (23), no further un-
ambiguous candidates were found in basal eukaryotes.
Vague U3 candidates forPlasmodiumandToxoplasma
gondii are listed in the supplement. All sequences are
compiled in the supplementary material and are submit-
ted toRfam together with this contribution.

In the basal eukaryoteGiardia an snRNA-like
snoRNA (designatedsnRNA H (24) andGlsR1 (25))
was found by small RNA cloning approaches. This se-
quence has been suspected to be a U3 snRNA homolog
in earlier studies based on similarity to snRNAs and its
binding capacity with fibrillarin (24; 26). The alignment
of this sequence with the U3 snoRNAs suggests that it
is a true homolog because several sequence motifs be-
yond the snoRNA specific boxes C and D are recogniz-
able. We do not consider these similarities to be a final
conclusive proof, however.

Secondary Structure Alignments.Separate alignments
of the U3 snoRNA sequences have been produced for

Metazoans, Fungi, Plants and other Eukaryotes. These
can be found in the supplementary material. Based on
these data, secondary structure models were constructed
and then combined in the consensus shown in Fig. 1.

With the inclusion of the newly-detected sequences
we find that U3 snoRNA structure are quite a bit more
diverse than suggested by theRfam seed alignment.
This prompted us to propose a new numbering scheme
for the helices, Fig. 1. In particular, we observe several
major deviations from the consensus structure:

(a) There are several major expansions. The platy-
helminth Echinococcus multilocularishas ex-
panded stem M8 from 15 nt (e.g.nematoda) to
91 nt.Candida glabrataeven invented a new stem
between M10 and M9 with a length of 49 nt.

(b) M7, which is specific to fungi, is shown as an un-
structured region in the in theRfam alignments. In
Saccharomycotina and some Pezizomycotina (Sor-
dariomycetes and Leotimycetes) this stem varies
from 6 bp to 27 bp without any recognizable se-
quence conservation or conservation of the posi-
tions of loops and bulges. Since closely related
species do not show conserved splice-donor and
splice-acceptor motifs, we argue that M7 is indeed
a part of the U3 snoRNA.

(c) The secondary structure notation of theRfam
alignment starts with stem M3, omitting the 5’
end of the molecule, presumably in order to al-
low an alignment of vertebrate sequences with
other U3 snoRNAs. Secondary structure predic-
tion on vertebrate U3 sequences yields strong sup-
port for a large stem-loop structure including Box
A’ and A. However this model does not fit most
other eukaryotes (invertebrate animals, fungi, and
plants), where clear support for a two-hairpin mo-
tif is found. Here, Box A located in the loop of
stem M1. The structure of stem M2 is almost per-
fectly conserved in structure. On the other hand
non-vertebrates (including fungi and plants) show
clear signals for two short hairpins, whereas box
A appears in the loop region of M1. M2 is almost
perfectly conserved in structure and for phyloge-
netically closely related organisms even in their se-
quence. In the case of invertebrates, binding ener-
gies are low, and the diversity of low energy struc-
tures computed byRNAsubopt points at a very
flexible region.

(d) Kinetoplastids show drastically reduced U3 snoR-
NAs, which lack stem M2, as well as M6-M10.
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(e) The additional sequence data allow a rather clear
distinction between the stems M5, M6, and M8.

The Giardia lamblia snRNA H could correspond to a
minimal U3 structure lacking all optional elements and
exhibiting a strongly reducted 5’ region.

2.2. Introns in U3 snoRNA genes

Introns in U3 snoRNA genes have been described in
the literature forS. cerevisae(5) andH. wingei(6). Over
all, the introns in the U3 snoRNA genes are evolutionar-
ily very flexible. For example, there areKluyveromyces
species with and without introns (30). Therefore, we
examined all fungi U3 snoRNAs for introns and found
a surprising absence/presence pattern, Fig. 2. For all
Saccharomyces sp.we found an intron located as de-
scribed previously at 14th nucleotide of U3 snoRNA,
directly upstream of box A. For other Saccharomycotina
we found no intron. For Sordariomycetes we found
three genera with introns that are phylogenetically inter-
spersed lineages without introns:Trichoderma reesei,
Neurospora sp., andMagnaporthe grisea. Introns are
also present in all eurotiomycetidae exceptAscosphaera
apis. In Uncinocarpus reesiiandCoccidioides sp., the
intron was located within the loop of M1 and thus within
box A. In contrast,Histoplasma capsulatumandPara-
coccidioides brasiliensishave the intron at the typical
position, i.e., after the 14th nucleotide, just upstream of
the A box.Stagonospora nodorumandAlternaria bras-
sicicola might contain an intron at the 8th nucleotide
(upstream of box A’), since there is a 5’ and 3’ splice
site. Stem M1 can be formed with and without the
the possible intron. Our data are insufficient to decide
whether the U3 snoRNA in these to species is spliced or
not.

2.3. Promoters of U3 snoRNAs

Metazoan U3 snoRNAs have snRNA-like promot-
ers with a very well-conserved proximal sequence el-
ement (PSE). In several cases, there is also a canoni-
cal TATA-box, although most metazoans exhibit only
a weak or no TATA-box. Closely related species may
differ in this respects: For instance,Anopheles gam-
biae and Bombyx morihave no TATA-box, which is
present inApis mellifera. Both, a canonical PSE ele-
ment and a TATA box can be found in higher plants
and some fungi such asSchizosaccharomyces pombe.
On the other hand,ChlamydomonasandSaccharomyces
cerevisaelack both promoter elements. For further de-
tails we refer to the supplementary material.

2.4. Multiplicity of U3 snoRNA genes
Many genomes contain multiple copies of the U3

snoRNA. Fig. 3 summarizes the data, for which species
with poor genome assemblies and unassembled shotgun
traces not taken into account. While the U3 snoRNA is
frequently a single-copy gene, metazoa tend to have a
few copies. No obvious paralog groups are recogniz-
able suggesting that multiple U3 copies are subject to
concerted evolution.

3. Concluding Remarks

We have conducted a comprehensive survey of U3
snoRNAs. Our data confirm that U3 snoRNAs are
(nearly) ubiquitously present in Eukaryota, although
there are several basal lineages for which direct evi-
dence is still missing. In particular, while the snRNA
H of Giardia probably is a U3 homolog, there is not yet
a conclusive proof for this assertion. Given the high
variability of both sequence and secondary structure,
we strongly suspect that our search methods were sim-
ply not sensitive enough to recognize U3 snoRNAs in
very distant genomic sequences. Experimental verifica-
tion of some of the highly derived candidate sequences
would extend the seed set and help to construct more
general descriptors. In several other cases, in particular
many of the missing metazoa, the incompleteness of the
currently available genomes is likely to blame for our
failure to find a U3 homolog.

Secondary structure analysis shows a much larger
structural variability than expected, with several
lineage-specific expansion domains. This conforms to
recent surveys of other ncRNA families (telomerase
RNA, RNAse P and MRP, snRNAs, 7SK (31; 32; 20;
33)). It seems that drastic structural variations are an
intrinsic property of ncRNA evolution.

4. Materials & Methods

Homology search.We used available U3 snoRNAs
listed in Rfam (v.9.1) as queries for homology based
identification of novel U3 snoRNAs. We conducted
iterative searches with a combination ofBlast (13),
Gotohscan (14) andrnabob (15) to retrieve candi-
dates, which were then investigated for their secondary
structures using various components of theVienna
RNA Package (16), in particularRNAfold,RNAsubopt,
RNAduplex and RNAalifold. Searches were per-
formed in the genomes of 101 metazoans, 69 fungi, 37
plants, and 35 other eukaryotes. Additionally, 17 pu-
tative U3 snoRNA sequences were obtained by a final
search in NCBI-ESTs.
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Alignments.Alignments were created byLocarnate
(17),ClustalW (18),RNAalifold. Starting from these
computational results, refined structure-annotated align-
ments were manually constructed using the Emacs edi-
tor in Ralee mode (19).

Introns. Introns were recognised within a close phylo-
genetic range with aClustalW alignment, otherwise by
rnabob andRNAduplex. Canonical splice donors and
acceptors were identified manually. For closely related
species, that homology of the intronic sequence was in
addition established byClustalW.

Promoters. For promoter recognition 100 nt upstream
of transcription initiation were cut, analyzed and com-
pared with close related species as well as 100 nt up-
stream of polymerase III transcripts, such as RNase
MRP, RNase P, snRNAs U6, U6atac and 7SK RNA and
polymerase II transcripts, such as other snRNAs (U1,
U2, U4, U5, U11, U12, U4atac) (20).

Acknowledgements
This work was supported in part by the “Lan-

desstipendium Sachsen”. Thanks to Lydia Steiner for
providing some supplements. We thank Petra Pregel
and Jens Steuck for making work much easier.

References

[1] Atzorn V, Fragapane P, Kiss T. U17/snR30 is a ubiquitous
snorna with two conserved sequence motifs essential for 18S
rRNA production. Mol Cell Biol 24, 2004:1769–1778.

[2] Tyc K, Steitz JA. U3, U8 and U13 comprise a new class of
mammalian snRNPs localized in the cell nucleolus. EMBO J 8,
1989:3113–3119.

[3] Jia D, et al. Systematic identification of non-coding RNA2,2,7-
trimethylguanosine cap structures in Caenorhabditis elegans.
BMC Mol Biol 8, 2007:86–86.

[4] Nabavi S, Nazar RN. U3 snoRNA promoter reflects the RNA’s
function in ribosome biogenesis. Curr Genet 54, 2008:175–184.

[5] Mougin A, et al. Secondary structure of the yeast Saccha-
romyces cerevisiae pre-U3A snoRNA and its implication for
splicing efficiency. RNA 2, 1996:1079–1093.
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Figure 1: Secondary structure model of U3 snoRNA for eukaryotes. Boxes A’, A, C’, B, C, D are indicated as boxes.◮ indicates splice sites
for subgroups of fungi. For details we refer to the given text. Vert – Vertebrata, Deut – Deuterostomes without Vertebrata, Basi – Basidiomycota,
Taphr – Taphrinomycota, Sacch – Saccharomycotina, Euro – Eurotiomycetidae, Dothi – Dothideomycetes, Sorda – Sordariomycetes, Leo – Leo-
tiomycetes, Strepto – Streptophyta, Chloro – Chlorophyta,Kineto – Kinetoplastida, Api – Apicomplexa, Sacc.sp –Saccharomyces sp.only, TNM
– Trichoderma reesei, Neurospora sp., Magnaporthe grisea, † – not in Diptera,‡ – might be also M6 are extremely short M8, ?? – Possible Intron.

Figure 2: Overview of U3 snoRNAs found in fungi with (circle)and without (X) intron. For Dothideomycetes the absence/presence of introns is
unclear. Phylogeny taken in combination fromNCBI and (27; 28; 29).

Table 1: Summary of the homology-based survey. We list the number of genomes with at least one detected U3 snoRNA.Rfam-version 9.1 is used
as reference. Since theRfam alignments contain U3 sequences for which complete genomesare not publicly available, we list the intersection of
the known sequences with the collection of genomes interrogated in this study (marked by a *). Abbreviations: Met– Metazoa; Pla – Plants; Fun –
Fungi; Oth – Other Eukaryotes

Figure 3: Distribution of copy numbers of U3 snoRNA genes. Metazoa (blue), Fungi (green), Plants (red), Other Eukaryotes (yellow). Numbers
above the bars indicate the number of genomes included in each data point.
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