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Abstract

Small nucleolar RNAs (snoRNASs) are involved in various aspects of ribosome biogenesis and rRNA maturation.
Plants have a unique organisation of sSnoRNA genes where multiple, different genes are tightly clustered at a
number of different loci. The maize gene clusters studied here include genes from both of the two major classes
of snoRNAs (box C/D and box H/ACA) and are transcribed as a polycistronic pre-snoRNA transcript from an
upstream promoter. In contrast to vertebrate and yeast intron-encoded snoRNAs, which are processed from de-
branched introns by exonuclease activity, the particular organisation of plant snoRNA genes suggests a different
mode of expression and processing. Here we show that single and multiple plant snoRNAs can be processed from
both non-intronic and intronic transcripts such that processing is splicing-independent and requires endonucleolytic
activity. Processing of these different snoRNAs from the same polycistronic transcript suggests that the processing
machineries needed by each class are not spatially separated in the nucleolus/nucleus.

Introduction [25 and references therein]. Box C/D snoRNAs con-
tain conserved box C and D sequences, usually at their
Transcription and processing of ribosomal RNA 5 and 3 ends respectively and often adjacent to termi-
(rRNA) and ribosome assembly occur in the nucleoli nal inverted repeats, and regions of complementarity
of eukaryotic cells and are dependent on numerousto rRNAs [1, 26]. Boxes C and D are required for
small nucleolar RNAs (snoRNAs) and nucleolar and accumulation of the snoRNAs [5, 6, 16, 29, 37, 38].
ribosomal proteins (reviewed in [12, 26, 30, 36]). The The regions of complementarity to 18S and 28S rRNA
nucleolar localisation of snoRNAs, their association determine the positions of-®-ribose methylation of
with nucleolar proteins such as fibrillarin and Garlp, rRNA [7, 20, 28, 35]. The box H/ACA class of snoR-
and the presence, in many snoRNAs, of short se- NAs is characterised by &nd 3 stem-loop structures,
qguences with complementarity to rRNAsS suggest that a conserved box H sequence between the stems and the
they are involved in aspects of pre-mRNA processing presence of the sequence ‘ACA' 3 nt from tHe=Ad of
and ribosome biogenesis. Several SnoRNAs are essenthe snoRNA [3, 14]. The box H and ACA sequences
tial for processing of the pre-rRNA to produce 18S, are required for accumulation of this class of sSnoRNAs
5.8S and 28S mature rRNAs (reviewed in [12, 13, 26, and are likely to form part of a site of protein binding
27, 30, 31, 36]). [3, 14]. Box H/ACA snoRNAs appear to be involved
The more than 80 eukaryotic SnoORNA genes char- in pseudouridylation of rRNA [4] although U17 and
acterised to date can be classified into three groups:E3 may also be involved in the early cleavage eventin
box C/D, box H/ACA and MRP snoRNAs. The latter the 8 external transcribed spacer of pre-rRNA [27].
group contains only the RNA moiety of RNase MRP
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Besides their potential functions in pre-rRNA required for processing and stability, such that large
processing and maturation, SnoRNAs have been of in- internal deletions of U14 and U20 are tolerated [6, 37,
terest due to their distinct modes of expression. Some 38].
of the essential and more abundant snoRNAs, such We have shown previously that some plant
as U3, U8 and U13, are expressed from classical ShoRNA genes are non-intronic, tightly clustered and
SnRNA promoter sequences [11, 32]. However, the transcribed polycistronically [22, 24]. This novel ge-
majority of vertebrate and some yeast snoRNAs (box nomic organisation of snoRNA genes implies that
C/D and box H/ACA) are encoded within introns of processing of the pre-snoRNA transcript would re-
genes encoding proteins which are often involved in quire endonucleolytic cleavage between individual
nucleolar or ribosomal function [26]. In both ver- snoRNAs [22, 24]. In this paper, we have demon-
tebrates and yeast only a single snoRNA is found strated that both single and multiple U14 (box C/D)
in any particular intron sequence [19, 26]. This or- and a box H/ACA snoRNA are processed from both
ganisation is exemplified by vertebratédHG genes spliceable and non-spliceable transcripts, consistent
which contain a different sSnoRNA gen&Z2-U31) with the involvement of endonucleases. No evidence
in each intron although the spliced mRNAs of the for specific sites of endonucleolytic cleavage was ob-
host genes lacked an open reading frame [34]. The tained. Therefore, plants have evolved a novel mode
presence of only a single snoRNA in any particular in- of snoRNA expression where the gene organisation is
tron is consistent with processing of intronic snoRNAs complemented by processing machinery which allows
being largely splicing-dependent via exonucleolytic release of individual snoRNAs from polycistronic
trimming of linearised snoRNA-containing intron lar-  transcripts.
iats, as demonstrated for the vertebrate box H/ACA
snoRNAs, U17 and U19 [8, 17, 19] and the box C/D
U20 snoRNA [6]. Splicing-dependent processing of paterials and methods
intronic SNnoRNAs in yeast has been demonstrated by
the I_ack of QZ4 and redl_Jceq uis production in aygast Oligonucleotides
strain carrying a mutation in the intron debranching

enzyme ([21]; D. Tollervey, personal communication). MU144Cla (3-GCCGATCGAIATGGCTCAGACATC
That some intronic snoRNAs can be produced when CAAGG-3); MU14L14 (B-CATAACCTTTGTGGTT

in non-intronic contexts or, like yeast U18 (above), TGGTC-3); MU141Cs (3-CCTTTCGAATCACACA
when debranching is blocked by mutation, suggests GGCAATAAACTGGAGGTGC-3).

that non-specific degradation can also give rise to

linear snoRNA-containing RNAs which can be sub-  construction of plasmids expressing different snoRNA
sequently processed [6]. enopuocytes, there is gene fragments

evidence of endonucleolytic cleavage in the release of

intron-encoded U16 and U18snoRNAs [5 and refer- Construction of vectors for expression of pre-
ences therein]. In this case, snoRNA processing and snoRNAs in either a non-intronic or intronic context
production of the host gene mRNA are mutually ex- have been described previously [22] and are shown in
clusive events. This mode of snoRNA production may, Figure 2. The maize U14.4 gene was subcloned into
however, reflect the particular nature of tienopus  the above vectors with either extended flanking se-
oocyte system in containing low intron debranching quences (MU14.42b) or minimal flanking sequences
activity or represent a regulatory step in the produc- (MU14.41a). The MU14.42b fragment was initially
tion of these snoRNAs and host protein [5]. Finally, isolated as a 263 bawB Al fragment, containing
processing of both major snoRNA classes is related in 93 bp of sequence upstream of box C and 64 bp of
that the secondary structure of snoRNAs and associa-sequence downstream of box D, and subcloned into
tion of proteins with conserved sequences are thoughtthe BanH! site of pGEM7Zf(-) to give plasmids

to block exonucleolytic trimming of the linearised in-  p7MU14.42b{) and p7MU14.42b¢) differing in the
tron to generate the mature snoRNAs in the form of grientation of the cloned fragment. For cloning into
snoRNPs [3, 5, 6, 8, 14, 33, 37, 38]. For box C/D the expression vectors a 302 bfsil/Clal fragment
snoRNAs, these signals (inverted repeats and adjacentyas isolated from p7MU14.42k{. This fragment

boxes C and D) are positioned at theahd 3 ter- contained an additional 39 bp of sequence derived
mini. Extensive internal sequences are, therefore, notfrom the pGEM polylinker.
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Figure 1. Organisation of maize snoRNA gene clusters. Schematic . .
representation of snoRNA genes contained on maize genomic Probes for the detection of expression from vectors

clones MzU14.1 and MzU14.4 respectively [32]. Genes are rep- containing the MU14.42b fragment were transcribed

resented by differently shaded boxes, and flanking and intergenic with from the pIasmid p7MU14.42E}(). This probe

regions by solid lines. The relative positions of the genes are drawn .

to scale with the exception of the intergenic region betwsreR1.1 Wfis com_p_lementary to _the ent|r_e MU14.42b fragment

andU49.1(749 bp) which is shown by a wavy line. with additional nucleotides derived from the pGEM
vector. Specific transcription constructs were made for

) producing probes specific to each of the MU14.41a
The MU14.41a fragment contained the U14.4 cod- constructs.BarHI fragments of 315 bp and 320 bp

ing sequence, adjacent 6 bp inverted repeats and 8 bRyere solated from pAMU14.41a and pLMU14.41a
and 2 bp of wild-type sequence upstream of the 5 o5nectively and subcloned into pGEM7Z)( to
a_nd 3-terr_n|nal inverted repeats respectively.Gal give p7AMU14.41a and #MU14.41a respectively.
site was introduced downstream of box D by PCR  prgpes transcribed from p7AMUL14.41a were comple-
with primer MU144Cla and the naturdisi site lo- 1 oniary 1o the MU14.41a sequence as well as 37 nt
cated up_stream &d14.4were 'used fpr cloningintothe 54152 nt of 5 and 3-flanking amylase sequences
expression vectors. The entire maize U14.1 gene clus-agnectively. Probes transcribed from p7LMU14.41a
ter was isolated as a single fragment, MU141ad, by \yere complementary to the MU14.41a sequence as
PQR with primers MU14L14 a_nd M_Ul41_Cs on Plas- \yell as 76 nt and 118 nt of 5and 3-flanking legumin
mid pMU14-1E4.3[22]. After digestion witNisil and ~ go,ence respectively. The plasmid pgDMU14.41a
Cspi51 the 854 bp product contained each of the four .gniained a 360 bp fragment from pDMU14.41a
maize U14.1-coding sequences with 13 bp of Sequence |oned into PGEM3Zf{) and was complementary to
upstream of the box C sequenceliii4.1g including 54 n and 207 nt of 5 and 3-flanking sequence de-
the Nsil site, and 115 bp of sequence downstream of e from pDH51S/B. Radiolabelled antisense probes
the box D sequence &f14.1dincluding the artificial 5 getect U14.1b and U14.1d transcripts were tran-
CsptSl site introduced by the primer. scribed from plasmids pgMU14.1b and pg MU14.1d
ThesnoR2.Jgene was subcloned into PGEM3Z  [24] and each probe included antisense sequences to
as a3_34 b st/Nsil to give pgsnoRZ.l. This fragment intergenic regions flanking the U14 genes.
contalm_ad the 155 bp coding sequence ofsiheR_Z.l RNase A/T protection analysis was performed
gene with 110 bp and 69 bp of-Sand 3-flanking 54 gescribed [15] with 5 mg of total RNA isolated
sequence res_pectlvely. The_snoRZ.l_fragmentwas SUbom maize seedlings (cv. Kelvedon Glory). RNA
sequently re-isolated following digestionwist and 55 jsolated from leaf material of maize as described
Acd and subcloned into the expression vectors. This previously [9]. F2P]-labelled antisense probes for

fragment contained 6 nt of additional sequence derived RNaseA/T, protection analysis were transcribed from

from the pGEM polylinker.

Protoplast transfections

Protoplasts were isolated from fully expanded leaves
of 6—8 week oldN. tabacumcv. Xanthi as described
previously [10]. About 5 x 10° protoplasts were
transfected with 15:g of doubly caesium chloride
purified plasmid DNA and incubated for 24 h prior to
RNA extraction. Protoplasts were co-transfected with
15 pg of the plasmid pMzU5.3 which contains the
maize U5.3 gene which is expressed at high levels
in tobacco protoplasts [23]. RNA was isolated from
protoplasts or from plant tissues by the guanidinium

plasmids with either T7 or SP6 RNA polymerase after
appropriate linearisation of the plasmids. Probes were
treated with RQ1-RNase-free DNase (Promega), gel-
purified and protected products were separated on an
8% polyacrylamide denaturing gel with sequencing re-
actions or a {2P]-end-labelledHinfl-digestedpX174
DNA as size markers.
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To examine the processing of the maize snoRNAs pDH51S/B

(Figure 1), a number of different snoRNA constructs

were made in each of three plant expression vec- Sph cial bral

tors [22]. Briefly, the three different plant expression b geatgdataatcgatgttaactttaaa

vectors allowed expression of single or multiple snoR- Nsil Hinc I

NAs directly from the CaMV 35S promoter as part of Bam Kt Bam HI

a non-intronic transcript (pDH51S/B, Figure 2a), or -

within one of two different introns located within the

coding sequence of a maize zein gene (pLegNC and [ camvIEs ">| Zeoin m—] Zein
pAmyNC; Figure 2b and c respectively; [22]). All con- pLegNC Leg

structs were transfected into tobacco protoplasts, RNA
isolated and examined by RNase Affrotection map-
ping. Three transfection experiments were carried out

for each construct and protoplasts were co-transfected %%cgtaagtagtagctcaatgcataacctatg%
with the maizeU5-3 plasmid to allow the efficiency

of individual transfections to be monitored. Although
some variation in the intensities of processed prod-
ucts was evident within and between experiments, this
was largely reflected in small variations in transfec-

) SO o
tion efficiencies (results not shown). RT-PCR across [pcamvsss [ Zein _femmm—] Zein  FCaMV-35S |
the introns showed that splicing of intronic transcripts pAmyNC Amy

Occurreq (r(_asu'ts not shown). Figure 2. Vectors for expression of snoRNAs in different transcrip-
The initial construct was théJ14.4 gene con-  tional contexts. a. pDH51S/B for non-intronic transcription. b,c.

taining approximately 100 bp of &nd 3 authentic pLegNC (b) and pAmyNC (c) for intronic transcription (see [32]).
flanking sequences (Figure 3a. MU14 42b) FuIIy The CaMV 35S promoter and terminator regions are shown as nar-
’ ; ) row open bhoxes, and the transcription start as an arrow. The zein
processed Ul4'4.sn.0RNAS (products of 121-125 nt) protein coding sequence is shown as a larger open box and the
accumulated to similar levels from all three expres- legumin and amylase intron insertions as large filled boxes (authen-
sion constructs (Figure 4, lanes 1, 3 and 5; [22]). tic exon sequence) and thick black lines (introns). The sequences
In addition Iarger protected fragments representing of polylinkers introduced into the introns are given. SnoRNA
’ . - constructs (Figure 3) are introducedNsi/Clal fragments.
unprocessed transcripts, and various smaller products
due to protection of fragments of endogenous tobacco
U14 (compare lane 7 with lanes 1, 3 and 5) were also
visible. Full-length U14.4 was not observed with a To examine whether endonucleolytic cleavage of
sense probe (Figure 4, lanes 2, 4, 6 and 8) nor in un-the authentic flanking sequences occurred at a pre-
transfected protoplasts (lane 7). Thus, fully processed ferred (conserved site) site processing of Ul1l4.4
U14.4 accumulates to similar levels from both intronic (MU14.42b, Figure 3a) was investigated using 5
(Figure 4, lanes 1 and 3) and non-intronic (lane 5) and 3-specific probes (Figure 5a). Thé-$pecific
transcripts. The same results were also obtained with aprobe protected multiple products of 80-83 nt cor-
U14.4fragment with minimal flanking sequences (8 nt responding to the expected size of processed U14.4,
upstream and 2 nt downstream of the terminal inverted with all three constructs (Figure 5b, lanes 1, 3 and
repeats) (MU14.41a, Figure 3b) (results not shown). 5). Larger protected fragments of ca. 170 nt corre-
This suggests that authentic flanking sequences are nosponded to protection of unprocessed U14.4. Faint
required for U14 processing, in agreement with results protected products 0f 180 ntin lanes probed with the
from vertebrates, where box C/D and inverted repeats sense probe were indicative of residual plasmid DNA
are the only sequences required for processing [5, 6,in the RNA preparations and the product of around
37, 38]. 178 nt in these lanes appeared to be a tobacco-specific
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flanking sequences. b. MU14.41a: thid4.4coding region with
minimal flanking sequences. c. MU14.1a—d: the MzU14.1 gene = - 57
cluster containing the four complete U14 genes (U14.1a—d) and a &
gene fragment (Y). d. snoR2.1: the box H/AGAOR2.1gene plus = -— B2
flanking sequences. Coding regions are shown as filled boxes; boxes n ®
C and D as small open boxes and shaded triangles represent inverted - a7
repeats. . - - :
P - _ 45
— 43
product as it was found in untransfected protoplasts — 40

probed with the sense probe to pDMU14.42b (Fig- 1 234668T 8
ure 5b, lane 8). The bands of 39-63 nt in lanes 1,
3, 5 and 7 were due to endogenous tobacco Ul4s asFigure 4. Processing of U14.4 with authentic flanking sequences

. . from intronic and non-intronic transcripts. RNase A/frotection
they are found in untransfected protoplast RNA (Fig- mapping of RNA from protoplasts transfected with pLMU14.42b

ure 5b, lane 7). The'&pecific probe generated similar  (lanes 1 and 2), pAMU14.42b (lanes 3 and 4), pDMU14.42b (lanes

results in that the only strongly protected products 5 and 6) and mock-transfected protoplasts (lanes 7 and 8). RNA

represented fully processed U14.4 (products of 41— ‘I’:"as probed with antisense- or sense £) MU14.42b probes.
ull-length protected fragments are indicated by the bar on the left

45 nt) and unprocessed U14.4 (products of ca. 120 nt). hand side. m, DNA sequence markers.

These products are not observed with sense probes

(Figure 5b, lanes 10, 12, 14 and 16) and they overlap

products due to endogenous tobacco U14 (Figure 5b, Polycistronic plant U14s can be efficiently processed

lane 15). The sizes of the fully processed products are from introns and non-intronic transcripts

consistent with processing being halted at or within the

terminal inverted repeats. No strongly protected bands To demonstrate that individual U14s can be processed

representing specific cleavage intermediates were ob-from a single transcript containing multiple U14s,

served with either the’50r 3-specific probes. Instead a fragment containing the entire U14.1 gene cluster

a faint smear with a number of bands is observed. (Figure 3c) was cloned into the three expression vec-

Thus, processing of U14.4 does not appear to occur tors described above. The fragment was generated by

via well-defined intermediates. PCR and contained 13 bp upstream of the inverted
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a Xho bacco were identical to those with total maize RNA
MU14.42b B E— (Figure 6, lanes 5 and 10) showing again that a sin-
\ gle gene can give rise to multiple products, and that
5’ probe T N these presumably reflect the particular sequence at-
3’ probe — tributes (box C and inverted repeats) of individual U14
47 sequence variants. No protected products were ob-
served with RNA from mock-transfected protoplasts
b (Figure 6, lanes 4 and 9), while maize seedling total
PRI AL R A RNA protected full-length products (Figure 6, lanes 5
| | | & F ;:ul and 10). Thus, individual U14snoRNA variants were

,F:.‘* f{fh f fﬁ’b fully processed from both intronic and non-intronic
= transcripts containing multiple U14 genes. While the

F EI G | KT E B 5 possibility exists that only a single snoRNA would be
| - = - g produced from each polycistronic transcript as a re-
. sult of exonuclease digestion through adjacent U14s,
: En » B it seems unlikely in the light of the general features
of the multiple snoRNA gene clusters in plants and
the likely association of proteins with each snoRNA
’ sequence.
*oew .,
. Processing of snoR2, a box H/ACA snoRNA, is also
| splicing-independent
TR L /
1.4 &4 A el The maize snoRNA gene clusters contamoR2al-
+ - leles are the only box H/ACA snoRNA genes to
£ 2 B B ' . have been isolated from plants. To demonstrate that
- aee , ! - ! processing of this class of snoRNAs in plants is
r = !‘ T also splicing-independent, a fragment containing the

snoR2.1gene (Figure 3d) was subcloned into each of
T2aqaeTa LR AR R IR the expression vectors to produce pLsnoR2.1, pAs-
Figure 5. Processing of 5and 3 ends of U14.4 from intronic noR2.1 and pDsnoR2.1. Several full-length protected
and non-intronic transcripts. a. Schematic representation of the products of between 148 and 156 nt (products of
MU14.42b gene fragment and the positions of theaid 3-specific 152 nt and 153 nt were the most prominent) were ob-
probes. The regions complementary to the coding region are shown . . . .
as thick black lines and the expected product size is given. b. RNase served in all cases with the antisense probe (Figure 7,
AT protection mapping of RNA from protoplasts transfected with  lanes 2, 4 and 6). These products were not detected by
PLMU14.42b (lanes 1, 2, 9 and 10), pAMU14.42b (lanes 3, 4, 11 the sense probe (Figure 7, lanes 1, 3 and 5) and were
and 12), pDMU14.42b (lanes 5, 6, 13 and 14) and mock-transfected
protoplasts (lanes 7, 8, 15 and 16). RNA was probed with antisense equwal_ent tO_ full-length pro.teCted bands produced by
(—) or sense-) 5'-specific (lanes 1-8) or &pecific (lanes 9—16) protection with total RNA isolated from maize leaf
probes. Full-length protected fragments are indicated by the bars on tissue (Figure 7, lane 10). Mock transfected proto-
the left and right hand sides. m, DNA sequence markers. plasts did not contain full-length protected products
(Figure 7, lane 8).

In addition to the full-length snoR2.1 products
repeat sequence of thi14-1agene and 110 bp down-  produced from pDsnoR2.1, a group of products was
stream of the box D sequence of thid4-1d gene detected between 184 nt and 191 nt. These products
located at the’3nd of the cluster (Figure 3c). Aliqguots  are about 30—40 nt longer than the expected full-length
of the same batches of isolated RNA were probed products. The identity of these bands and whether they
with antisense RNA probes to U14.1b (Figure 6, lanes represent 5or 3 extensions or both is unknown at
1-3) and U14-1d (Figure 6, lanes 6-8). Full-length present. If they were the products of specific endonu-
protection products of ca. 120-125 nt were detected cleolytic cleavage, their size would place the cleavage
with both probes for all three constructs. Interestingly, sites within the authentic snoR2 flanking sequences.
the patterns of protected products from transfected to- However, these sequences are also present in the ac-
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Figure 6. Processing of multiple U14 genes from intronic and non-intronic transcription constructs. RNagserat&ction mapping of

RNA from tobacco protoplasts transfected with pLMU14.1ad (lanes 1 and 6), pAMU14.1ad (lanes 3 and 7), pDMU14.1ad (lanes 5 and 8),
mock-transfected protoplasts (lanes 7 and 9) and RNA from total maize leaf (lanes 5 and 10). RNA was probed with probes specific to U14.1b
(lanes 1-5) or U14.1d (lanes 6-10). l\ﬂ?lP]-end-IabeIIed—!ian-digested X174 DNA markers; m, DNA sequence markers.

companying intronic constructs and in maize, but the tiple snoRNA-containing transcripts irrespective of
larger protected fragments were not observed (Fig- whether they are contained within splicable or un-
ure 7, lanes 2 and 4). Thus, the additional bands with splicable transcripts. All of the snoRNAs examined
the pDsnoR2 construct appear to be an artefact of here accumulated to similar levels when expressed
transcription/processing from this particular construct, from either non-intronic or intronic constructs, tran-
resulting, for example, from an alternative secondary scribed from the CaMV 35S promoter. An analogous
structure of the transcript providing protection from non-intronic construct containing vertebrate U17 with-
the snoRNA processing machinery for a longer tran- out exons and transcribed from the cytomegalovirus
script. Thus, the box H/ACA snoR2.1 can be correctly promoter, produced U1l7 at greatly reduced levels
processed from either the legumin intron, the amylase compared to when the gene was present in a splica-
intron or from a non-intronic transcript. ble intron [19]. Similarly, expression of non-intronic
versions of U20 led to a 100-fold lower accumulation
than when U20 was expressed in an intron [6]. The
Discussion plant snoRNA intronic constructs also accumulated
snoRNAs in plant cells, although it is not possible to
The occurrence of multiple, different snoRNA genes distinguish between direct processing from the pre-
in tightly linked groups is as yet unique to plants. MRNA transcript or processing from the linearised
Besides the maize U14-containing gene clusters (this intron, and presumably both can occur.
paper and see [22, 24]), we have isolated four other In vertebrates, '53' exonucleolytic processing of
clusters of snoRNA genes in plants, suggesting that pre-snoRNAs has been demonstrated sincé eap
this organisation is a general feature of plant snoRNA structure prevents degradation and leads to accumula-
genes (unpublished). In this paper we have demon-tion of stable intermediates with &xtensions to the
strated that mature snoRNAs (both box C/D and box cap [6, 8, 19]. Although all of the plant snoRNA-
H/ACA) can be processed from either single or mul- containing transcripts from the CaMV 35S promoter
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transcripts. RNase AAT protection mapping of RNA from proto- a
plasts transfected with pLsnoR2.1 (lanes 1 and 2), pAsnoR2.1 (lanes

3 and 4), pbsnoR2.1 (lanes 5 and 6), mock-transfected protoplasts Figyre 8. Model of processing of plant polycistronic pre-snoRNAs
(lanes 7 and 8) and total maize leaf RNA (lanes 9 and 10). RNA a5 jllustrated by the MzU14.4 gene cluster. Box C/D (snoR1.4,
was probed with antisense-J or sense ) snoR2.1 probes. M, 49,4, U14.4 and snoR3.4) and box H/ACA (snoR2.4) snoR-
[*“P]-end-labelledHinfi-digested X174 DNA markers; m, DNA NAs are associated with proteins (shaded ovals) and processed by
sequence markers. endonucleolytic and exonucleolytic activities.

¢
181

118 — -

would be capped, no evidence of longer-lived prod- released via exonucleolytic digestion of debranched
ucts extending to the’Scap site was obtained. In intron lariats ([6, 17, 19]; D. Tollervey, personal
addition, 3-3 and 3-5 exonucleolytic processing has communication).
also been shown by analysing constructs containing  Clear parallels exist between the proposed en-
tandem vertebrate U17 or U20 snoRNAs. In these donucleolytic processing of plant snoRNAs and the
cases, there is accumulation of high levels of tran- processing of U16 and U18 Kenopu®ocytes, where
scripts containing both snoRNAs, where theehd introns carrying these snoRNAs are cleaved at U-rich
of the upstream snoRNA and thééhd of the down-  regions prior to exonucleolytic trimming [5]. How-
stream snoRNA are processed correctly [6, 19]. In ever, unlike the situation in oocytes, no evidence
addition, very low levels of the single mature snoR- of distinct intermediate products representing specific
NAs were produced. In contrast, the maize multiple endonuclease cleavage sites was obtained in the var-
U14 construct produced only fully processed single ious RNase A/T analyses of the plant snoRNA tran-
Ul4s. Thus, processing of plant snoRNi&svivo is scripts. Instead, the smear observed in the RNase A/T
not affected by the presence of a cap, whether the hostanalyses argues for endonucleolytic cleavage at ran-
transcript is splicable or unsplicable nor whether the dom sites in the intergenic regions, with the flanking
sSnoRNAs are expressed polycistronically. sequences being rapidly degraded by exonucleases.
These results are consistent with a model whereby Thus, the nature of the endonucleolytic processing of
the plant snoRNA gene clusters are transcribed as aplant snoRNAs differs from that of U16 and U18 in
polycistronic pre-snoRNA from which individual pre-  Xenopusoocytes. A further difference between ver-
snoRNAs are released by endonucleolytic cleavage tebrate and plant is tham vitro andin vivo studies
in the intergenic sequences (Figure 8). The result- on other vertebrate box C/D snoRNAs have detected
ing molecules are further processed by exonucleaseslonger-lived transcripts with short’ 3xtended se-
and the snoRNAs protected by virtue of sequence and quences, which are removed more slowly than the rest
secondary structure elements, and protein association,of the flanking sequence [8, 18, 19, 33]. In the process-
as already described for many vertebrate and yeasting of the various plant snoRNAs, corresponding short
intron-encoded snoRNAs [5, 6, 14, 38]. Thisisin con- 3 extended products were again not observed. On
trast to the largely splicing-dependent processing of the other hand, all of the snoRNAs do produce mul-
intronic SNoRNAs of vertebrates and yeast which are tiple bands differing in size by a small number of



nucleotides at the’&and/or 3ends. The length hetero- 2.

geneity of sShoRNAs may reflect differential degrees of
exonucleolytic trimming at the termini of the RNA in

the snoRNP complex [2]. 3

Currently, the organisation of the yeasiR19Gand
Ul4genes is the most reminiscent of the non-intronic
clustering of plant snoRNA genes [39] although a

4,
cluster of different yeast snoRNAs has recently been
identified in the database [M. Fournier, personal com-
munication]. SnR190and U14 lie 67 bp apart and 5

transcription as a dicistron would again imply that en-
donucleolytic cleavage is needed to generate the two
snoRNAs ([21]; M. Fournier and D. Tollervey, per-
sonal communications). Thus, all eukaryotes contain
snoRNAs which are expressed from their own pro-
moters; vertebrates and yeast contain intron-encoded
snoRNAs largely processed by exonucleases; and
plants and yeast contain polycistronic snoRNAs which
require endonucleolytic cleavage. The difference be-

tween plants and vertebrates may, therefore, reflect 8.

differences either in the RNA degradatory enzymes
themselves, in compartmentalisation of these enzymes

and thereby accessibility to pre-snoRNAs, or that an- ¢

imals have taken advantage of the intron degradation
pathway to further achieve co-regulation of snoRNA
and host gene expression. It has previously been sug—10
gested that coiled bodies, which are often associated

with the nucleolus, may be sites of turnover of excised 11.

introns and could deliver processed intronic snoORNAs
to the nucleolus. We are currently investigating the nu-
cleolar distribution of the polycistronic pre-snoRNAs

to attempt to determine where pre-snoRNA processing 12.

occurs in the plant cell.
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