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Small nucleolar RNAs (snoRNAS) are involved in many
aspects of rRNA processing and maturation. In animals
and yeast, a large number of snoRNAs are encoded
within introns of protein-coding genes. These introns
contain only single snoRNA genes and their processing
involves exonucleolytic release of the snoRNA from
debranched intron lariats. In contrast, someU14 genes
in plants are found in small clusters and are expressed
polycistronically. An examination of U14 flanking
sequences in maize has identified four additional
snoRNA genes which are closely linked to théJ14
genes. The presence of seven and five snoRNA genes
respectively on 2.05 and 0.97 kb maize genomic frag-
ments further emphasizes the novel organization of
plant snoRNA genes as clusters of multiple different
genes encoding both box C/D and box H/ACA
snoRNAs. The plant snoRNA gene clusters are tran-
scribed as a polycistronic pre-snoRNA transcript from
an upstream promoter. The lack of exon sequences
between the genes suggests that processing of polycis-
tronic pre-snoRNASs involves endonucleolytic activity.
Consistent with this, U14 snoRNAs can be processed
from both non-intronic and intronic transcripts in
tobacco protoplasts such that processing is splicing
independent.
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Introduction

1995; Venema and Tollervey, 1995; Tollervey and Kiss,
1997). In addition to these essential snoRNAs, genes
encoding>80 snoRNAs have been isolated recently and
it is expected that a large number of snoRNAs are present
in eukaryotes (Balakiret al, 1996; Kiss-Lazlo et al,
1996; Nicolosoet al, 1996; Ganokt al, 1997a).

All of the snoRNAs characterized to date fall into three
groups: box C/D, box H/ACA and MRP snoRNAs. The
latter class contains MRP RNA as its sole member which,
as the ribonucleoprotein particle RNase MRP, cleaves the
pre-rRNA upstream of 5.8S (Lygeroet al, 1996, and
references therein). The box C/D snoRNAs are character-
ized by the presence of conserved nucleotide sequences,
box C (consensus UGAUGA) and box D (consensus
CUGA) usually positioned near thé &nd 3 ends of the
snoRNA, adjacent to terminal inverted repeats (Maxwell
and Fournier, 1995; Kiss-Iszlo et al, 1996; Nicoloso
et al, 1996). The formation of a stem between these
inverted repeats and binding of protein factors to the
adjacent box C and D sequences are thought to block
cleavage by exonucleases in the formation of mature
snoRNA (Tycowskiet al, 1993; Caffarelliet al., 1996;
Cavailleand Bachellerie, 1996; Watkiret al., 1996; Xia
et al, 1997). Boxes C and D, therefore, are required for
stability and accumulation of snoRNAs and are likely to
be involved in binding snoRNP proteins, such as fibrillarin,
a nucleolar protein common to box C/D snoRNPs (Huang
et al, 1992; Peculis and Steitz, 1994; Caffaredl al,,
1996; Cavailleand Bachellerie, 1996; Watkinst al.,
1996; Xia et al, 1997). They are also required for
hypermethylation of the 'Scap and nuclear retention of
certain box C/D snoRNAs such as U3 which are transcribed
from their own promoters (Ternst al,, 1995). A second
feature of intron-encoded box C/D snoRNAs is the
presence of regions of at least 10 nucleotides of comple-
mentarity to 18S or 28S rRNAs lying adjacent to box D
or an internal box D-like sequence; [Bachellerieet al,,
1995a,b; Cavaillest al, 1996; Kiss-Lazlo et al., 1996;
Nicolosoet al, 1996; Tykowskiet al, 1996b). SnoRNAs
containing such complementary regions act as guide RNAs
to determine the position of'2-ribose methylation of

Pre-ribosomal RNA (pre-rRNA) processing and ribosome rRNAs, with methylation occurring on the rRNA tran-
assembly occur in the nucleolus of eukaryotic cells. The script, within the complementary region and five nucleo-
pre-rRNA transcript undergoes processing to generatetides from the box D or D sequence (Cavaillet al,

mature 18S, 5.8S and 28S rRNAs (Eichler and Craig,

1994; Maxwell and Fournier, 1995; Sollner-Webbal,,

1995; Venema and Tollervey, 1995). Several small nucle-

1996; Kiss-Lazlo et al, 1996; Nicolosoet al, 1996;
Tykowski et al, 1996b).
The second major group of snoRNAs (box H/ACA) are

olar RNAs (snoRNAs) have been shown to be essential characterized by secondary structures consisting of a
for processing steps which lead to production of 18S hairpin—hinge—hairpin—tail. The hinge region contains the

rRNA (U3, U14 and U22 in vertebrates; U3, U14, snR10

conserved box H sequence (AnAnnA) and thdal has

and snR30 in yeast) and for generation of 5.8S and 28Sthe sequence ACA three nucleotides from theeBd of
rRNAs [U8 in mammals and MRP in both vertebrates and the molecule (Balakiret al, 1996; Ganott al, 1997a).

yeast] (Eichler and Craig, 1994; Lafontaine and Tollervey,
1995; Maxwell and Fournier, 1995; Sollner-Webbal,
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Both sequences are required for snoRNA accumulation
and are postulated to form at least part of a binding site
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for protein factors such as Garlp (Balalén al, 1996; A . - . . . .
Ganotet al, 1997a). Box H/ACA snoRNAs are involved ~— wwsss | L] i‘"'—“ -— . |
in the site-specific pseudouridylation of rRNAs (Bousquet- e

Antonelli et al, 1997; Ganott al, 1997b; Tollervey and Tem ___ T e T ——
Kiss, 1997). In the absence of box C and D sequences e e

and terminal repeats, thé &nd 3 stem—loops and protein i i I

association may protect and stabilize these snoRNAs ‘ Rl e ncR4, anoks soo
during processing, such that both box C/D and box H/ACA

snoRNAs are processed by a similar mechanism but utilize
different intrinsic structures and protein factors.

Although some snoRNAs are expressed from their own B
promoters, the majority of snoRNAs are intron encoded. M2U14.1
In both vertebrates and yeast, only a single snoRNA is
found in any particular intron sequence (Maxwell and
Fournier, 1995; Kiss and Filipowicz, 1995). Extreme
examples of such organization are vertebrate U22 host Mzu144
genes UHG) which contain a different snoRNA gene
(U22—-U3) in each intron, but whose spliced mRNAs
lack an open reading frame (ORF) (Tycowski al, M2U14.2
1996a). The presence of only a single snoRNA per intron
is important because processing of both mammalian and

U49.1 snoR2.1 Ut4.1a Ut4.1d Utd.1c Utdtd

snoR1.1

22

500bp

yeast intronic ShoRNAs is largely splicing dependent and ~ mzu14.3 UsS3 snoR23 U143

involves exonucleolytic trimming of linearized snoRNA- (RT-PCR)

containing intron lariats (Kiss and Filipowicz, 1995;

Cavaille and Bachellerie, 1996; Kisset al, 1996; Fig. 1. Organization of maize snoRNA gene#\)(The position of

[ . snoRNA genes on the 4.3 kiffcaR| fragment 0ofAMzU14.1 and the
D.Tollervey, personal communication). Nevertheless, in 5, kbpEcaRI-BanHI fragment ofAMzU14.4 are shown with

Xenopusoocytes, splicing-independent re'_ease of intronic fragments used in Northern analyses (Figure B). Detailed gene
U16 and U18 snoRNAs occurs (Caffaredt al, 1996). organization of the genomic clonaszU14.1,AMzU14.2 and
We have shown previously that some plant U14snoRNA AMzU14.4 and the cloned RT-PCR fragment (MzU14.3). Intergenic

genes are tightly clustered and transcribed polycistronic- diStances are given, and the gene sizes are presented in Figure 4. The
approximate positions of gene-specific primers used in intergenic

a”_y (Leaderet al, 1994b)- ThIS novel genor_nlc organiz-  RrT_pcR (Figure 5) are indicated by arrowheads on MzU14.3. Genes

ation of snoRNA genes implies that processing of the pre- are represented by boxes, and flanking and intergenic regions by solid
U14snoRNA transcript requires endonucleolytic cleavage lines. Conserved upstream regions representing putative promoter
between individual U14s (Leadet al, 1994b). Here we  elements are indicated as large arrowhead8dHl; E, EcRI;

have characterized sequences flanking e genes on H, Hindlll; N, Nsil; P, Pst; S, SpH; Sc, Sad; MCS, multiple cloning

isolated maize genomic clones and, instead of exonic

sequences, we have identified a further four novel

plant snoRNA genes (both box C/D and the first plant ations of splice site sequences to suggest that the

box H/ACA snoRNA) tightly linked to theU14 genes. genes were contained within introns. Four regions of
The multiple snoRNA genes are non-intronic and are nucleotide homology (90-340 bp) (Figure 1) were
expressed from an upstream promoter as a polycistronicobserved between the’-8lanking regions of the two
transcript, from which they are processed. We also demon- genomic clones, but they did not correspond to potential
strate that processing of Ul14 is splicing independent. ORFs nor were putative amino acid sequences conserved.
Therefore, the evolution of a novel snoRNA gene organiz- To investigate whether sequences flanking the maize
ation in plants is complemented by a processing mechan-U14snoRNA genes corresponded to protein-coding exons,
ism which allows release of individual snoRNAs from subfragments of the genomic clones (Figure 1A) were
polycistronic transcripts. The organization of these hybridized to total maize seedling RNA in Northern
multiple snoRNA genes is so far unique to plants. analyses. Initial formaldehyde—agarose Northerns failed
to detect higher molecular weight RNAs expected for host
gene mRNAs but instead clearly showed hybridization to

Results small RNA species. Further analysis was therefore carried
5' Regions flanking maize U14snoRNAs contain out using denaturing 6% polyacrylamide gels to obtain
other small RNA genes better resolution of the small RNAs (Figure 2). The 1045

Isolation of two maize genomic cloneaNizU14.1 and bp Pst—Pst fragment containing the majority of thg14.1
AMzU14.4) containingU14 genes has been described gene cluster hybridized to a major band of ~120 nt (U14),
previously (Leaderet al, 1994b). A total of 1.96 and to three bands in the 135-150 nt range, a band of 195 nt
0.65 kb of 8 and 3 sequence flanking the mait#l4.1 and a faint band of 250 nt in maize leaf total RNA (Figure
gene cluster and 1.57 and 0.32 kb flanking the maize 2, lane 5). The 1083 bpst—Pst fragment ofAU14.1
U14.4gene have been generated. These sequence data have lying upstreatdl1ef geme cluster hybridized to two
been submitted to the EMBL database under accession No$ands of ~90 and 195 nt (Figure 2, lane 8). The 329 bp
Y11048 and Y11049. A number of short ORFs were Psti—Nsil fragment pAU14.1) hybridized to the 195 nt
observed in the flanking sequences but none matchedRNA and to the group of bands of 135-150 nt (not
sequences in the database, or contained suitable combin- shown). The 58StHgindlll fragment AU14.1)
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Fig. 2. Northern analysis of maize and potato total RNA. Total plant
RNA was probed with subfragments of th&J14.1 andA\U14.4

genomic clones indicated in Figure 1A: PP 1045 (lanes 5 and 6),

PP 1083 (lanes 8); PP 1178 (lane 7) and PH 545 bp (lane 9). Control
hybridizations were performed with maize USsnRNA (lanes 1 and 2)
and U3snoRNA probes (lanes 3 and 4) (Leagleal, 1993, 1994a).
Hybridization was to maize RNA (lanes 1, 3, 5 and 7-9) and potato
RNA (lanes 2, 4 and 6). M= 32P-end-labelleHpall-digested pUC13

or Hinfl-digested@X174 DNA markers.

hybridized to the 90 nt RNA only (Figure 2, lane 9). The
770 bp EoRI-Sphl fragment at the 5end of theAU14.1
clone and thePst—Pst 677 bp andPst—EcoRI 740 bp
fragments at the '3end (Figure 1A) did not hybridize to
maize RNA (not shown). Finally, the 1178 IfzoRI-Pst Fig. 3. Localization of individual snoRNAs bin situ hybridization

fragment of the\U14.4 genomic clone hybridized to only and confocal fluorescence microscopy of maize root vibratome

the 90 and 195 nt RNAS (Figure 2, lane 7). Taken together, Seeions. %800 ) The same e o cels Vs abeled vl

these results indicated that other small RNA genes wereimage shows nuclear chromatin, and nucleoli are visible as dark

located upstream of tHg14 genes in both genomic clones. regions in the nuclei (B) which are the sitesinfsitu labelling with
Furthermore, the patterns of hybridization were consistent Y14 (A). (C-F)In situ labelling of nucleoli with snoR1G), U49 (D),

with three of the four regions of homology between the SM°R? E) and snoR3K). Bar=5pum.

two genomic clones representing genes encoding the

various small RNAs. In addition to the conserved regions each of the snoRNAs often showed a concentration of
5’ to the U14 genes, the 3regions were searched for labelling in the central nucleolar cavity.

potential snoRNA sequences on the basis of identifying

box C/D sequences and adjacent inverted repeats, and @&he novel snoRNA genes encode box C/D- and

putative small RNA gene '3to the Ul4.4 gene was box H/ACA-type snoRNAs

identified. The identification of these genes was confirmed The order of snoRNA genes was conserved between the
by Northern analysis with gene-specific probes (results AMzU14.1 andAMzU14.4 genomic clones (Figure 1B).
not shown). The genes’ 30 Ul14 were calledsnoR1 Southern analysis suggested that there are 8-10 genomic
U49 and snoR2 and that downstream of14.4 was locations of U14 genes in maize (results not shown).
calledsnoR3 Isolation of a third genomic clone\i1zU14.2) and an
RT-PCR product (MzU14.3) (see below) confirmed con-
Nucleolar localization of the small RNAs servation of gene order at these different loci (Figure 1B).
To demonstrate that the above genes encoded snoRNAs, Thd 3 ends of snoR1 U49 and snoR2 were
gene-specific antisense probes were used gitu hybrid- determined by a combination of primer extension and
izations on maize root tip tissue sections. The nuclei were RNase A/T1 mapping using probes spanning the whole
counterstained with the DNA-specific dye@ -diamidino- gene and 3specific probes (results not shown). The
2-phenylindole (DAPI), showing the nucleoli clearly as sequences of the gene variants from the three genomic

dark, unstained holes (Figure 3B). An antisense U14 probeclones and the RT-PCR product are aligned in Figure 4.
clearly labelled the nucleoli (Figure 3A). The four novel snoR1 U49 and snoR3genes, likeU14, encode box C/
snoRNAs were all localized to the nucleolus, although the D-type snoRNAs, containing conserved box C and D

detailed patterns of hybridization within the nucleolar sequences, inverted repeats at'thagt 8 ends and

region varied among the different genes (Figure 3C—F). regions of complementarity to rRNAs which specify
SnoR1 was detected at relatively low levels throughout sites of ribose methylation (Figure 4). The regions of
the nucleolus and particularly in a region at the centre of complementarity of U14, snoR1 and U49 RNAs coincided

the nucleolus (Figure 3C). The labelling patterns seen with methylation sites conserved in yeast and human
with U49 and snoR2 probes (Figure 3D and E) were rRNAs (Figure 4). The U14 sequence is highly conserved
similar to that seen with U14 (Figure 3A), which we in all eukaryotes and the base-pairing interaction is

previously showed to label the dense fibrillar component identical to that of human (Maden, 1990a; Kisssk#
(Bevenet al, 1996). SnoR3 was present throughout the et al, 1996; Nicoloscet al,, 1996). This sequence would
nucleolus (Figure 3F). As previously observed with U3, specify ribose methylation at position Cm418 in maize
Ul4 and 7-2/MRP in plant nuclei (Bevest al, 1996), (Messinget al, 1984) and Cm416 irArabidopsis18S
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Fig. 4. Sequence comparison and rRNA complementarities of different
variants of the maize snoRNASA) snoR1 (B) U49, (C) snoR2

(D) snoR3and E) alignment of human and mai2¢49. The 8 and 3
ends of thesnoR1 U49 and snoR2gene products were mapped using

a combination of primer extension analysis and RNase A/T1
protection with probes specific to thé &nd 3 ends of the molecules
(not shown). The ends of trenoR3products have not been

Clustering of plant snoRNA genes

rRNA (Unfried et al, 1989). The sequence of comple-
mentarity in snoR1 is similar to that of human U60 but
contains two extra nucleotides which would specify ribose
methylation of maize 25S rRNA two nucleotides upstream
of the equivalent position in human 28S (Figure 4A). This
position is not methylated in human 28S rRNA, but is
methylated (Gm2788) in yeast 26S (Maden, 1990a). Thus,
snoR1 would specify methylation at position Gm2781 in
Arabidopsis25S rRNA (Unfried and Gruendler, 1990)
(there is currently no published maize 25S sequence). A
sequence in the maize U49 is complementary to two
regions of 25S rRNA. The first, specifying methylation at
position Cm2869 inArabidopsis25S rRNA, is virtually
identical to that of human U49 (Kiss‘kaloet al, 1996),
even containing the same U-U mismatch in the base-
paired region (Figure 4B). The equivalent position is
methylated in both yeast and human. Interestingly,
although the maize and human U49s contained the same
complementary sequence, besides this sequence and boxes
C and D, the RNAs were otherwise unrelated (Figure 4E).
The maize U49 (195 nt) is more than twice the length of
its human counterpart (71 nt; Kiss4$#o et al, 1996).
The second region of potential complementarity in U49,
although only 10 bp long, would specify methylation at
position Cm1510 inArabidopsis25S rRNA (Figure 4B),
and the equivalent position in human 28S (Cm2399) is
methylated but is unmethylated in yeast (Maden, 1990a).
The region of complementarity found in snoR3 would
specify methylation at position Am2810 iArabidopsis
25S rRNA (Figure 4D). This position is not known to be
methylated in other eukaryotes, although it lies close to a
known site of methylation in yeast 25S rRNA (position
Gm2811) (Maden, 1990a) such that the complementary
sequence overlaps that of yeast snR38 (Kisszlet al,,
1996; Nicolosoet al, 1996). Thus, for the most part, the
plant box C/D snoRNAs contain complementary regions
to rRNAs at known sites of ribose methylation in other
eukaryotes. This strongly suggests that these snoRNAs
are also involved in this post-transcriptional modification
and that the mechanism of determination of the position
of methylation is conserved in plants.

SnoR2 contained the sequence ACA, three nucleotides
from the predicted 3end of the molecule (Figure 4C).
Secondary structure models predict stem—loop structures
in the 8 and 3 halves of the molecule and a box H
sequence (consensus AnAnnA) is present in the putative
single-stranded hinge region, as found in other box
H/ACA-snoRNAs (Balakinet al, 1996; Ganotet al,
1997a). Thus, snoR2 appears to belong to the box H/ACA
class and represents the first plant box H/ACA snoRNA
gene to be isolated.

determined experimentally and the sequences presented are defined by

the box C/D sequences and extensive inverted repeats. Nucleotide

Polycistronic expression of multiple snoRNAs

identities are shown by asterisks, the sizes of coding regions are given The original cluster ofU14 genes isolated on genomic
and inverted repeat sequences are arrowed. Nucleotides which are not c|oneAMzU14.1 were shown to be expressed on the same

present in the mature snoRNA but form potential inverted repeats are
shown in lower case. Conserved snoRNA motifs box C, box D, box
D’, box H and ACA are boxed. Potential base-pairing interactions
between complementary regions of maize snoRNAs and plant 25S
rRNA (Arabidopsis thalianpare presented in (A), (B) and (D), and
these regions are double underlined in (E). The putative sites of plant
rRNA ribose methylation are indicated by black dots. In (A),
additional bases in thenoR1complementary sequence, compared with
that of humanU60, are double underlined. In (B), two potential
regions of complementarity to 25S are shown.

polycistron by RT-PCR (Leadeet al, 1994b). The
discovery of multiple, closely linked snoRNAs suggests
that these genes may also be polycistronically expressed.
This was supported by the lack of known plant promoter
elements, particularly those of UsnRNA genes (TATA
box; upstream sequence element and monocot-specific
element; Vankan and Filipowicz, 1992; Conne#y al,,
1994), and RNA polymerase Il elements, between adja-
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Fig. 5. Detection of polycistronic snoRNA transcripts by RT-PCR.
RT-PCR amplificationA) betweenU14 andU49 (lane 1),U14 and
snoR2(lane 3), and B) betweenU49 andsnoR2(lane 1). Lanes 2 and

4 in (A) and lane 2 in (B) (—RT) are control RT-PCR reactions carried
out without reverse transcriptase.

cent genes. In addition, the small intergenic distances
which ranged in size from 31 to 136 bp (with the exception
of snoR1.1and U49.1 which lie 749 bp apart) (Figure 1)
further suggested that each individual gene did not contain

its own promoter elements. RT—PCR reactions were there-

fore carried out using primers designed to amplify between
different combinations of snoRNA gene&l49/snoR2
U49/U14 and snoR2/U14(Figures 1B and 5A and B).
RT-PCR using labelled primers produced a number of

bands which corresponded largely to the sizes of products

expected from the sequencesltf4.1andU14.4 For the
U49/U14 and snoR2/U14primer combinations, bands of

similar size were observed (Figure 5A, lanes 1 and 3
respectively). RT-PCR products of ~200-225 bp were
obtained with thdJ49/snoR2orimer combination (Figure

5B, lane 1), corresponding to the sizes expected from the

genomic clones of 213/224 bp. In all cases, a number of
bands of varying sizes were obtained, reflecting the
amplification of transcripts from different genetic loci. No

products were observed in any of the RT-PCR controls

snoR1.1 U49.1 snoR2.1 U14.1b U14.1d
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—————p—— o ——
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Fig. 6. Expression of multiple snoRNAs from the mailzd4.1

genomic clone in transfected tobacco protoplagty.§chematic
representation of RNase A/T1 probes specific to each of the snoRNA
genes encoded by MzU14.1. The sizes of expected full-length
protected products (thicker bars) and flanking sequences
complementary to cloned sequences (thin lines) are given. Angled
lines represent additional transcribed vector-derived sequences.

(B) RNase A/T1 analysis of RNA isolated from tobacco protoplasts
transfected with pMU14.1E4.3 (lanes 1-5), mock-transfected tobacco
protoplasts (lanes 6-10) or maize leaf total RNA (lanes 11-15) with
probes specific tenoR1.1(lanes 1, 6 and 11)J49.1 (lanes 2, 7 and

12), snoR2.1(lanes 3, 8 and 13)J14.1b(lane 4, 9 and 14) ou14.1d
(lanes 5, 10 and 15). Vertical bars show full-length protected products.
M = 32p-end-labelledHinfl-digested@X174 DNA markers;

m = DNA sequence markers.

transcribed from an upstream promoter. While it is feasible

that the snoRNA clusters lie within an intron of a protein-
489/502 bp and 344/348 bp were expected and bands of

coding gene, no ORF (exon) sequence could be identified
in either of the U14.1 or U14.4 clones. In addition, a
highly conserved region of 340 bp (76% identical) which
did not hybridize to small RNAs on Northern analyses
(data not shown) was present upstreansnoRihe
genes and could represent promoter regions. In order to
investigate whether the cloned plant snoRNA gene loci
contain all of the sequences necessary for expression
of the snoRNA polycistrons, tobacco protoplasts were

lacking reverse transcriptase (Figure 5A, lanes 2 and 4;transfected with plasmids containing each of the snoRNA

B, lane 2). An RT-PCR product from th&/49/U14

gene clusters. The plasmid pMU14.1E4.3, which encodes

reaction was cloned and sequenced, and contained'the 3snoR1.1U49.1, snoR2.Jand the maiz&J14.1gene cluster

half of a U49 allele U49.3, a completesnoR2allele
(snoR2.3 and most of dJ14 allele U14.3 (Figures 1B
and 4). Thus, the novel snoRNAs are transcribed on the
same polycistronic transcript as thH4 genes.

Expression of clustered plant snoRNAs from

upstream promoters

The tight linkage of the multiple snoRNAs and their
polycistronic transcription suggests that the snoRNAs are
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(Figure 6A), contained 830 bp of sequence upstream of

thesnoR1.1lgene, including the 340 bp region of sequence

homology, and 1.52 kbp downstreamUd#tgene

cluster. Protoplasts from three transfections were pooled
and RNA isolated. In addition, RNA was isolated from
three sets of mock-transfected protoplasts from the same

batches used for the transfections, and total maize leaf

seedling RNA was included as positive control. RNA

from ><05 transfected (Figure 6B, lanes 1-5) or
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untransfected (Figure 6B, lanes 6-10) protoplasts pg 5 A

- I
of total maize RNA (Figure 6B, lanes 11-15) was used HEEEE
in RNase A/T1 analysis with gene-specific probes to
snoR1.1(lanes 1, 6 and 11}J49.1 (lanes 2, 7 and 12),
snoR2.1(lanes 3, 8 and 13}J14.1b(lanes 4, 9 and 14) =
and U14.1d (lanes 5, 10, and 15). Full-length protected pDH51S/B
products were detected for four of the snoRNAs encoded
by pMU14.1E4.3. ThéJ49.1probe protected products of
~195 nt (lane 2), thesnoR2.1probe detected bands of B Sphl Cla) Dral
~150-155 nt (lane 3) and the twd14 probes each gcatgcataatcgatgttaactttaaa

detected bands of ~117-124 nt (lanes 4 and 5). The full- Nsil Hinc I
length products protected for each probe corresponded to Bam HI Bam HI
products protected by total maize RNA (lanes 12-15).

The similarity in banding patterns, where some probes

produce multiple bands in both tobacco and maize (e.g. — - | — —
snoR2.1and U14.1h lanes 3 and 13, and 4 and 14 e L2 “Leg | : HEee]
respectively), suggests that the bands represent transcripts pLegNC

which differ slightly in length due to variation in the
extent of processing, as observed previously for other
snoRNAs (Balakinet al, 1994; Kiss and Filipowicz, C

. . . (Nsil) Clal
1995). In addition to products corresponding to transcripts ATGCAGCgtaagtagtagctcaatgcataacctatcgat
from the genes under study, maize total RNA also protected Nsil
a number of shorter fragments due to the presence of Bam HI
other sequence variants. No full-length protected products Bam HI

were detected with RNA from mock-transfected proto-
plasts (lanes 6-10), but shorter fragments representing
partial protection of endogenous tobacco snoRNAs were ——— ] { Zein [ecamv-3ss |
observed with th&J14 probes (lanes 9 and 10). The probe
specific tosnoR1.1protected a faint product of ~103 nt
and a much stronger band of 85-90 nt with total maize
RNA (lane 11). The latter is the expected size of full-
length protected product f@enoR1.1 A similar product
is visible with RNA from transfected protoplasts (lane 1) D
but is present at a level ~100-fold less than the other
snoRNAs. Similar results were obtained with RNase A/T1
protection mapping of RNA from tobacco protoplasts < 3>
transfected with the plasmid pMzU14.4E2.2 (results not
shown). This plasmid contains thenoR1.4 U49.4
snoR2.4U14.4andsnoR3.4genes with 880 bp upstream g, 7. constructs for the expression of the matz#4.4gene in
of snoR1.4and 150 bp downstream «fhoR3.4 Full- different transcriptional contexts. Th#14.4 gene fragment MU14.42b
length protected products were obtained for all of the (D) was introduced as an NsiClal fragment into A) pDH515S/B for
genes but, as with pMzU14.1E4.3 (Figure 6), protected non-intronic transcription,&) pLegNC and C) pAmyNC for intronic
products forsnoR1.4were extremely faint. transcription.

These results indicate that both plasmids contain suffi-
cient sequences for expression and processing of at leaspre processed in a largely splicing-dependent manner
four of the snoRNAs of the gene clusters. In addition, the jnyolving exonuclease activity. The small intergenic
results demonstrate that the maize (monocot) promoter gistances and the lack of suitable intron splice sites, from
functions in tobacco (dicot) protoplasts. Given the fairly gijther classical or AU-AC introns (Wet al, 1996),
limited sequences upstream of the SNORNAs on the tWO petween the clustered maize snoRNA genes suggest that
plasmids, it seems likely that the conserved sequencesihe individual snoRNAs are not separated by mini-exons
may form at least part of the promoter region directing 5n4 myst, therefore, be processed from the polycistronic

polycistronic transcription of the SnoRNA gene clusters. transcript without the requirement for splicing. To demon-
The absence of strong protected products correspondin trate that processing was splicing independent, a 308 bp

:gbsggzl'ﬂﬁylgﬁisc?;?tggﬁt ;hitshizngRNe';\riss uunr}islzglblf‘ri)nm Nsil-Clal fragment containing the maiagl4.4gene with
protop g pp y 83 bp upstream of box C and 64 bp downstream of box

the presence of strong products in total maize RNA). D (Figure 7D; MU14.42b) was introduced into three

Alternatively, the transcription start site of the maize . ; o
' : : - different plant expression vectors: pDH51S/B (a modified
promoters may be inaccurate in tobacco protoplasts, inter version of pDH51: Pietrzalet al, 1986), and pLegNC

fering with expression aénoR 1.1y, for example, truncat-

pAmyNC Amy

Nsi |
Sac|
Sau 3A
Nsi |

@

% Xho |

| Sau 3A
Clal

MU14.42b

; and pAmyNC [modified versions of pL and pA (Simpson
ing the S end of the SNORNA. et al, 1996); see Materials and methods; Figure 7A—C].
U14.4 is processed from both non-intronic and The U14.4 construct would be transcribed as part of
intronic transcripts an mRNA transcript from the cauliflower mosaic virus
Vertebrate snoRNAs are each contained within a single (CaMV) 35S promoter either as a non-intronic transcript
intron and, with the exception of somxenopusnoRNAS, in pDH51S/B (pDMU14.42b) or within the efficiently
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U14.42b

N
10— ! - 132
127 —122
120= .... . ;-115
116—
—— —108
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62—
1 2 3 4 5 6 7

Fig. 8. Processing of U14.4 snoRNA from intronic and non-intronic
transcripts. RNase A/T1 analyses of RNA from tobacco protoplasts
transfected with different plasmids containing the MU14.42b fragment.
Lanes 1-3, the U14.4 fragment in different transcriptional contexts: in
the legumin intron in pLegNC (lane 1), in the amylase intron in
pAmyNC (lane 2) or directly transcribed from the CaMV 35S
promoter in pDH51S/B (lane 3). Lanes 4 and 5, U14.4 in
pGEMS3Zf(+) in both orientations; lane 6, U14.4 genomic clone; and
lane 7, RNA from mock-transfected protoplasts.2MDNA sequence
markers.

spliced legumin intron in pLegNC (pLMU14.42b) or the
poorly spliced amylase intron in pAmyNC (pAMU14.42b)
(Figure 7). The legumin and amylase introns differ in
their efficiencies of splicing in tobacco protoplasts90
and 2-5% efficiency respectively (Simpsenal.,, 1996).
RNA was extracted and analysed by RNase A/T1 protec-
tion mapping (Figure 8) with a labelled antisense probe
complementary to th&J14.4 insert. All three expression
constructs, pLMU14.42b (lane 1), pAMU14.42b (lane 2)
and pDMU14.42b) (lane 3), produced three major pro-

both intronic and non-intronic transcripts. Clearly,
although U14 accumulated from intronic transcripts, it
was not possible to distinguish between direct processing
from the mRNA transcript or from spliced, debranched
intron lariats, and presumably both can occur. The high
levels of accumulation of Ul4 from the non-intronic
transcripts (Figure 8, lane 3) contrasts the reduced accumu-
lation of vertebrate snoRNA@ vivo using analogous
constructs (Kisset al, 1995; Cavailleand Bachellerie,
1996) and thereby demonstrates that processing of U14 is
splicing independent in plant cells.

Discussion

We have shown here that U14snoRNA genes in maize are
found in gene clusters alongside other different snoRNA
genes. In addition, we have isolated four other clusters of
at least four snoRNA genes froArabidopsis(D.J.Leader
and J.W.S.Brown, unpublished results). Therefore, the
occurrence of multiple, different snoRNA genes in tightly
linked groups is a general feature of plant snoRNA gene
organization which is as yet unique to plants. The detection
of polycistronic transcripts suggests that the snoRNA
gene clusters are transcribed together as pre-snoRNA
transcripts, which further implies that release of individual
snoRNAs will require endonuclease activity. We have
demonstrated that sequences upstream of the gene clusters
are sufficient for production of a series of different fully
processed snoRNAs. Thus, some plant snoRNAs have a
mode of snoRNA expression distinct from the expression
strategies employed by animals and yeast: transcription
from classical promoter elements or intron encoded
(Maxwell and Fournier, 1995).

The snoRNA genes found linked td14 encode either
box C/D snoRNAs or box H/ACA snoRNAs. The box
C/D snoRNAs contain regions of complementarity to
rRNAs at sites of ribose methylation in human and
yeast. Very little information exists on plant rRNA ribose
methylation (Maden, 1990b) and to date no methylation

sites have been mapped. However, detailed studies on
yeast, human andenopushave shown many methylation
sites to be conserved although each organism can contain
unique sites (Maden, 1990a). These snoRNAs are likely,

therefore, to function in rRNA ribose methylation, as

recently demonstrated for a number of animal snoRNAs

(Cavaillt al., 1996; Kiss-Lazlo et al, 1996; Nicoloso
et al, 1996; Tykowskiet al., 1996b) and strongly suggests

that the mechanism of determination of sites of ribose

tected products of 119, 121 and 123 nt, where the 121 ntmethylation is conserved in plants. TeroR?2alleles are

product was the most abundant. Protoplasts from the same

batch were transfected with the plasmid pMU14.4E2.2
and full-length U14.4 was again detected (Figure 8A, lane
6). In initial experiments, the plasmid pMU14.42b)

containing the U14.4 insert in pGEM7Zf(-), was included
as a negative expression control and gave weak fully

processed Ul4 bands, as seen in Figure 8 (lane 4).

However, reversing the insert orientation to give
pMU14.42b(-) gave virtually no product (lane 5). Thus,
theU14.4gene fragment does not contain active promoter

sequences and, presumably, the weak products seen with

the first box H/ACA-type snoRNA genes to have been
isolated from plants. A number of examples have been
identified in vertebrates and yeast (Balakiri996;
Ganotet al, 1997a) and they appear to act as guide RNAs
determining sites of pseudouridine modifications in rRNAs
(Bousquet-Antonelliet al, 1997; Ganotet al, 1997b;
Tollervey and Kiss, 1997). The likely conservation of
these snoRNAs in plants again suggests conservation of
function in rRNA modification.
The small distances between adjacent snoRNA genes

one orientation are due to processing of transcripts initiated they are not transcribed individually from classical ShRNA

by sequences within pGEM7Zf(-).
In conclusion, fully processed U14.4 accumulated from
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promoters. The absence of classical and AU-AC intron
splice site consensus sequences in the intergenic regions

and the lack of known promoter elements suggest that
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further suggests that unlike the majority of vertebrate and processing suggest that endonucleolytic activity releases
many yeast snoRNAs, the plant snoRNAs are not intron individual snoRNAs, probably still containing flanking
encoded. The detection of polycistronic RNAs by RT-— sequences which are removed subsequently by exonucleo-
PCR and of fully processed snoRNAs from along the Iytic activity. Although some examples of splicing-inde-
gene clusters following transfection of the maize genomic pendent release of intronic snoRNAs (U16 and U18 in
fragments into tobacco protoplasts showed that the geneXenopu}¥also require an endonucleolytic activity to cleave
clusters were transcribed from upstream promoters. The in the flanking sequences prior to exonuclease trimming
activity of the maize promoter regions in tobacco is of (Caffarellietal, 1996), the organization of plant snoRNAs
interest because of the clear distinction which exists is more reminiscent of that of syed®190and U14
between the genes encoding spliceosomal snRNAs and(Zagorskiet al, 1988). These genes are closely linked
nucleolar U3 and MRP snoRNAs in the two angiosperm and are likely to be expressed as a dicistron requiring
classes (monocots and dicots) (Connetly al, 1994). endonucleolytic cleavage for maturation of these snoRNAs
Expression of these genes in monocots requires a unique (Lafontaine and Tollervey, 1995; D.Tollervey and
element, the monocot-specific promoter (MSP) element M.Fournier, personal communications). Thus, yeast may
which is absent in dicot genes and is not needed for reflect an ancestral arrangement of snoRNA gene organiz-
expression in dicots (Connellt al, 1994). Transcription  ation in containing snoRNA genes transcribed from their
from both genomic fragments, each containing ~800 bp own promoters, intron-encoded snoRNAs produced in a
of sequence upstream of tls@oR1genes, suggests that splicing/exonuclease-dependent manner and co-tran-
the 340 bp conserved regions in the two promoters may scribed snoRNAs requiring endonuclease processing. To
represent or contain elements essential to expressiondate, polycistronic snoRNA genes have not been found in
These regions did not contain classical SnRNA promoter vertebrates, and they, therefore, appear to have lost the
elements, but contained a putative TATA box at around ability to process such transcripts.
—200 in both genomic clones and were GC rich (62%), Finally, the intronic location of these snoRNA genes
reminiscent of housekeeping genes (Dynan, 1986). permits co-ordinated regulation of the host protein and

The expression of polycistronic pre-snoRNAs suggests the various snoRNAs via splicing-dependent release of
that processing is splicing independent, and this was snoRNAs by exonucleolytic digestion of debranched
shown by the successful processing and accumulation of lariats (Kiss and Filipowicz, 1996t Klis4996). The
Ul4.4 from a transcript lacking exons and transcribed plant snoRNA gene organization and mode of expression
from the CaMV 35S promoter. In contrast, accumulation permits the co-ordinated expression of multiple, different
of vertebrate U17 and U20 was greatly reduced when snoRNAs (including members of both of the major classes
analogous constructs, consisting of the snRNA gene and of snoRNAS) through transcription of polycistronic pre-
flanking intron sequences, but either lacking exons or snoRNAs. This mode of snoRNA production represents
flanked by exons with mutated splice sites, were introduced the second major difference in snoRNA transcription
into simian COS or mouse cells respectively (Kiss and between plants and animals: U3snoRNA is transcribed by
Filipowicz, 1995; Cavaille and Bachellerie, 1996). RNA polymerase lll in plants and RNA polymerase Il in
Notably, the maize pre-snoRNAs contain both box C/D animals (Kisset al, 1991). How transcription of ShoORNAs
and box H/ACA snoRNAs, which are processed from the is coordinated with expression of nucleolar or ribosomal
same transcript. While there are clear structural differencesproteins and the nature of the processing machinery remain
between the classes of snoRNAs, their processing in to be addressed.
vertebrates and yeast follows essentially the same pathway:
exonucleolytic degradation of flanking sequences follow- .
ing intron debranching, with the snoRNA protected from Materials and methods
degradation by secondary structural features and binding gjigonucieotides

of proteins (Kiss and Filipowicz, 1995; Balakiet al., The following oligonucleotides were used: snS1F-ARGGATCCG-
1996; Caffarelliet al, 1996; Cavailleand Bachellerie, ATAGCCTCCTAGTAGCTGTGATGTGC-3; snS1R (5-AAGAATT-
1996; Kisset al, 1996; Watkinset al, 1996; Ganott al., CGAGGGAGGAGCTCAGAGAGTTGC-3; snL1F (S-AAGAATTC-

s . TTGTTTTAGTTTCCTGAATCTGCC-3); snL1R (3-AAGAATTCTA-
1997a; Xiaet al, 1997). Furthermore, the same processing ~aGTccCTCAGAG ACC-3). snM1F (3-AACTGCAGTAGTTTGG-

machinery may be utilized for both snoRNA classes, and GccTGATGC-3); snM1R (3-AAGAATTCATGTAATCACAGAAAA-
in yeast involves exonucleases which are also required CGGC-3); snoR3Hd (5GGGAAGCTTGTCCAGCTCTTCATCGTTC-
for mRNA degradation and exonucleolytic trimming of 3); LINs1 (S-GGATGCATTTGCCTAGCTTCCTGATG-3; snoR3Spe

; ) ; ; (5’-CCCACTAGTTTCGATCAGAATATCTGGC-3); DH51Sph  (5-
precursor RNAs in pre-rRNA processing (Lafontaine and CATCGATGATGCATCTGCAG-3): DH51Bam (5-GATCCTGCAGA-

Tollervey, 1995; Tollervey and Kiss, 1997). Processing of 1GCATCATCGATGCATG-3); LegDra (3-CATAATCGATGTTAACT-

different classes of snoRNA from the same transcript in TT-3'); LegSph (3-AAAGTTAACATCGATTATGCATG-3'); AMYNC

plants suggests that the snoRNP assembly factors and5-ACCCTGCAGCGTAAGTAGTAGCTCAATGCATAACCTTATC-

processing machinery required by each type of snoRNA SETLERR AR ) et T e veatration sites are ander-

are in the same cellular and, presumably, nuclear/ 4 ' P

nucleolar region.

The non-intronic ClUStering of the plant snoRNA genes Construction of snoRNA gene plasmids

demonstrates that plants have evolved a gene organizatiorfor initial Northern analyses, various fragments of the genomic clones

which differs fundamentally from the intron-encoded Wereisolatedand subcloned (Figure 1A) by standard techniques. Plasmids
o . for production of antisense probes specific to each of the snoRNA genes

organization of the majority Of. vertebrate and Some. y?aSt for use inin situ hybridization were prepared by PCR from appropriate

SNoRNAs (MaXV}/ell and Fournier, 1995)-_ The transcription  sypciones and contained the coding sequence of the gene with minimal

of a polycistronic pre-snoRNA and splicing-independent flanking sequences. TraoR1.1specific plasmid pgSnoR1.1 contained
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a 125 bp PCR product generated with primers snS1F and snS1R and
subcloned in pGEM3Zf . Plasmid p7U49.1 contained a 191 BpaRI—
BanHI| fragment generated by PCR with primers snL1F and snL1R
subcloned in pPGEM7Zf—. pgSnoR2.1 contained a 16&b@R| fragment
generated by PCR with primers snM1F and snM1R. An antisense probe
to the snoR3.4gene was transcribed from plasmid pgSnoR3.4 which
contained &indlll site immediately upstream of tt#10R3.4’ inverted
repeat sequence as a result of PCR with primer snoR3Hd and universal
sequencing primer. In addition to the coding sequencesraiR3.4
pgSnoR3.4 also contains ~170 bp downstream of the gene Exdrl

site derived from the lambda vector. The plasmid pgMU14.1d has been
described previously (Leadet al, 1994) and encodes thél14.1dgene

from the maizeU14.1gene cluster.

Additional transcription plasmids for the preparation of RNase A/T1
probes contained more extensive 8nd 3-flanking sequences. Plasmid
pgS1PH contained a 548 bHindlll-Pst fragment containing the
completesnoR1.1coding sequence and 160 and 297 bp ofdnd 3-
flanking sequence. Plasmid pgU49.1 was made using PCR with the
primer LINs1 which introduced aNsil site 104 bp upstream of the
U49.1gene. Digestion wittiNsil and Tad produced a 443 bp fragment
which was subcloned in pGEM3Zf(). Probes specific tsnoR2.1were
transcribed from pgM1PN and were complementargrioR2.1a 55 bp
fragment ofU49.1, 55 bp of intergenic sequence and 69 bp of sequence
downstream ofsnoR2.1 Plasmid psnoR1.4 contained a 357 $pd—

Bglll fragment cloned in pGEM3Zf().

Construction of expression vectors
The plasmid pDH51S/B was a derivative of pDH51 (Pietrzkal,
1986) in which part of the polylinker between tBpH and BanH| sites
was replaced with a novel polylinker produced by annealing the
oligonucleotides DH51Sph and DH51Bam. The new polylinker contained
BanHI, Pst, Nsil, Clal and SpH sites downstream of the CaMV 35S
promoter (Figure 7A). Plasmids pAmyNC and pLegNC were derivatives
of the previously described plasmids pA and pL respectively (Simpson
et al, 1996). Both of these plasmids were based on pDH51, into which
an intron-less zein gene was introduced between the CaMV 35S promoter
and terminator regions. This gene contained a unigaeH! site into
which either an amylase intron (pA) or a legumin intron (pL) were
introduced. Plasmid pLegNC was generated by replacing a Prtait
SpH fragment in the legumin intron with an artificial linker made by
annealing oligonucleotides LegDra and LegSph. This geneNdé@nd
Clal sites 52 and 59 nt downstream of the legumih dplice site
respectively (Figure 7B) and resulted in the substitution of five nucleo-
tides within the intron with no change in AU content. Suitable restriction
sites were inserted into the amylase intron by PCR with pA, using
primers AMYNC and O9 (Simpsoet al,, 1996) which is complementary
to part of the downstream zein sequence. Following digestion Rsth
andBanH|I, the 189 bp PCR fragment was used to replace the equivalent
Nsi—BarH| fragment of pA. This destroyed thdsil site located seven
nucleotides upstream of the amylase intrdrsplice site and generated
novel Nsil and Clal sites 16 and 27 nt downstream of thedplice site
respectively (Figure 7C). These changes resulted in the substitution of
seven nucleotides within the intron, although the overall AU content
was only increased by 1% and the length of the intron was maintained.
The maizeU14.4 gene was subcloned into the above vectors as the
MU14.42b fragment (Figure 7C). This initially was isolated as a 263 bp
SawBAl fragment, containing 93 bp of sequence upstream of box C and
64 bp of sequence downstream of box D, and was subcloned into the
BanH| site of pGEM7Zf(-) to give plasmids pMU14.42bj and
pMU14.42b(-) differing in the orientation of the cloned fragment. For
cloning into the expression vectors, a 302 Mpil—Clal fragment was
isolated from pMU14.42bf). This fragment contained an additional
39 bp of sequence derived from the pGEM polylinker. Sense and
antisense probes for RNase A/T1 were produced from pMUZL14#4Rb(

RNA isolation and Northern analysis

RNA was isolated from leaf material of maize and potato as described
previously (Chomczynski and Sacchi, 1987). Tgg of total maize
seedling RNA was separated on a denaturing 6% polyacrylamide gel
and electroblotted onto Hybond-N The blot was cut and individual
strips were hybridized t8?P-labelled probes. Probes were labelled with
[32P]dCTP using a random priming kit (Boehringer-Mannheim).

In situ hybridization

Root tips were excised from 3-day-old maize seedlings, fixed in 4%
formaldehyde in a buffer containing 50 mM PIPES-KOH, pH 6.9, 5 mM
EGTA, 5 mM MgSQ,. After thorough washing with TBS (25 mM Tris—
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HCI, pH 7.4, 140 mM NaCl and 30 mM K@lxesions were cut
with a vibratome and dried onto microscope slidessitu hybridization
was carried out as described previouslye(Rey&895, 1996) with
digoxigenin-labelled antisense RNA probes. The hybridized probe was

detected by a primary anti-digoxigenin FAB fragment and secondary

fluorescein- or Cy3-coupled antibody. Confocal data sets were collected
using a BioRad MRC600 or MRC 1000 UV confocal microscope.

Protoplast transfections

Protoplasts were isolated from fully expanded leaves of 6- to 8-week-
old Nicotiana tabacumcv. Xanthii as described by Chupea al.
(1994). Approximately 2.510° protoplasts were transfected with [i§

of doubly caesium chloride-purified plasmid DNA and incubated for
24 h prior to RNA extraction. Protoplasts were also co-transfected with
the plasmid pMzU5.3 which contains the maiz&.3 gene (Connelly

et al,1994). RNA was isolated from protoplasts or from plant tissues
by the guanidinium isothiocyanate method according to Goaztadll.
(1990). RNA was treated twice with RNase-free DNase, prior to use in
RNase A/T1 and RT-PCR analysis.

RT-PCR and RNase A/T1 protection mapping

RT-PCR was carried out with’®#nd-labelled primers as described
previously (Simpsoret al, 1996). RNase A/T1 protection analysis was
performed as described (Goodatlal, 1990) using RNA isolated from
~2.5x10° tobacco protoplasts or j5g of total maize seedlings (cultivar
Kelvedon Glory).32P-labelled antisense or sense probes for RNase
A/T1 protection analysis were transcribed from plasmids with either T7
or SP6 RNA polymerase following appropriate linearization of the
plasmids. Probes were treated with RQ1-RNase-free DNase (Promega),
gel purified and protected products were separated on an 8% polyacryl-
amide denaturing gel with sequencing reactions d¥Rrend-labelled
Hinfl-digested@X174 DNA as size markers.
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