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ABSTRACT
The conformation of Saccharomyces cerevisiae U3
snRNA (snR17A RNA) in solution was studied using
enzymatic and chemical probes. In vitro synthesized
and authentic snR17A RNAs have a similar
conformation in solution. The S.cerevisiae U3 snRNA
is folded in two distinct domains. The 5'-domain has
a low degree of compactness; it is constituted of two
stem-loop structures separated by a single-stranded
segment, which has recently been proposed to base-
pair with the 5'-ETS of pre-ribosomal RNA. We
demonstrate that, as previously proposed, the
5'-terminal region of U3 snRNA has a different structure
in higher and lower eukaryotes and that this may be
related to pre-rRNA 5'-ETS evolution. The S.cerevisiae
U3 snRNA 3'-domain has a cruciform secondary
structure and a compact conformation resulting from
an higher order structure involving the single-stranded
segments at the center of the cross and the bottom
parts of helices. Compared to tRNA, where long range
interactions take place between terminal loops, this
represents another kind of tertiary folding of RNA
molecules that will deserve further investigation,
especially since the implicated single-strands have
highly evolutionarily conserved primary structures that
are involved in snRNP protein binding.

INTRODUCTION

Nuclei from all eukaryotic species contain a series of abundant
and metabolically stable U snRNAs (1, 2). Whereas the
implication of nucleoplasmic Ul, U2, U4, U5 and U6 snRNAs
in pre-messenger splicing has been experimentally demonstrated
several years ago (3 for review), the expected role of the nucleolar
U3 snRNA in pre-ribosomal RNA maturation has only been
demonstrated recently (4).

In mammalian cells, rRNA is transcribed as a 47S precursor
(5), which is subsequently cleaved in multiple steps to yield
mature 18S, 5.8S and 28S rRNA species. The processing sites
are not restricted to the borders of the mature rRNAs; primary
cleavages occur upstream or downstream of these sites (6 for

review). In particular, a first very rapid event consists in the
cleavage of a 5'-terminal fragment, whose length is comprised
between 400 and 800 nucleotides depending on the mammalian
species considered (7-9).
Based on the observation that it was associated with the 28S-35S

nucleolar RNA from deproteinized mammalian nucleolar extracts
(1, 10) and with pre-ribosomal particles > 60S from cell extracts
(11), U3 snRNA was suggested to function in some aspects of
the processing of the ribosomal RNA precursor and to base-pair
with the pre-RNA. Nevertheless, no clear identification of the
postulated base-pairing could be obtained, until recently (12-20).
The primary rRNA processing reaction has been successfully

reproduced in extracts of mouse cultured cells (7). Abolition of
the processing event when the cellular extract was depleted of
U3 snRNA, by oligonucleotide-directed RNase H digestion,
demonstrated an implication of U3 snRNA in the primary event
(4). This was in agreement with the results of in vivo crosslinking
between U3 snRNA and pre-rRNA by a psoralen derivative. In
human (15) and rat (16) cell cultures, and in yeast cells (20),
a crosslink between U3 snRNA and the pre-rRNA was observed
in the vicinity of the first pre-rRNA cleavage site. This was also
confirmed by a disruption of the U3 snRNA gene in the yeast
Saccharomyces cerevisiae (21).
A clear understanding of U3 snRNA function in the primary

pre-rRNA maturation events required information on the U3
snRNA structure and on its evolution. The first model for the
U3 snRNA secondary structure was proposed on the basis of
common potential helical structures of rat and Dictyostelium
discoideum U3 snRNAs (22, 23). An improved model was then
proposed on the basis of an experimental study on the human
U3 snRNA secondary structure that was performed on both naked
RNA and RNA in a crude cell extract (24). In this model (24),
the 64 nucleotide 5'-terminal segment is folded into a single
helical structure (helix 1), whereas the 3'-domain of the molecule
(nt 75 to 217) is folded into a Y-shaped structure containing 3
helical structures (24). The biological significance of this Y-
shaped structure is strongly supported by its phylogenetic
conservation (19, 25, 26). In contrast, the 5'-terminal region of
lower eukaryote and plant U3 snRNAs was proposed to have
a secondary structure different from that of vertebrate U3

* To whom correspondence should be addressed

k. 1992 Oxford University Press



3444 Nucleic Acids Research, Vol. 20, No. 13

snRNAs: two short helical regions instead of a single, long one
(26, 27). This statement was based on a prediction given by
computer RNA-folding program and no experimental proof was
provided. In addition, the Saccharomyces cerevisiae U3 snRNA
sequence used for the comparison was wrong. The sequence used
was that of the gene, and we showed later, that in this yeast
species the U3 snRNA coding sequence is interrupted by an intron
(28). Thus, the 14-nucleotide sequence previously considered to
be at the 5'-end of the U3 snRNA is in fact an intronic sequence
(28). The U3 snRNA 5'-domain may play a key role in pre-
ribosomal RNA interaction. Indeed, for the in vivo U3
snRNA/pre-rRNA crosslinks obtained for various species, the
U3 snRNA crosslinked residues were located in the 5'-domain
adjacent to Box A (16, 20). It was thus of high importance, to
get a definitive answer as to the possible evolutionary divergence
of the U3 snRNA 5'-terminal region.
Another question to be solved concerning the U3 snRNA

secondary structure was the possibility of additional base-pairing
interactions between the two internal single-stranded regions of
the Y-shaped structure. Such interactions were previously
mentioned, but they were discarded because their positions vary
between species (24). Nevertheless, a strong base-pairing is
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Figure 1. Construction of an snR17A RNA gene without intron under control
of a promoter for T7 RNA polymerase. (A) The Sal-BamHI fragment from
plasniid pFLl::snRl7A (28) containing the snR17A RNA gene, was inserted in
bacteriophage Ml3mp9 cleaved by Sal and BamHI nucleases. The dark thick
line represents snR17A RNA coding region, the dashed thick line the intron, and
the thin line Ml3mp9 sequences. (B) A 19 nucleotide sequence corresponding
to a T7 RNA polymerase recognition site (35) was inserted upstream the SaIlI
site by directed mutagenesis. (C) The intronic sequence was deleted by site-directed
mutagenesis using the oligonucleotide represented at the bottom of the figure.
The position of the 5'-nucleotide in the authentic snR17A RNA is indicated by
a star.

possible in the case of tomato U3 snRNA (27). An experimental
study of these putative additional interactions was also of interest,
since they concern two of the U3 snRNA segments, Box B and
C, whose primary structure has been highly conserved throughout
evolution (22). Furthermore, Box C was recently shown to be
essential for fibrillarin binding to U3 snRNA (29). In the
nucleolus, U3 snRNA does not act as a naked RNA but as an
snRNP particle, which contains at least 6 proteins (24). One of
them, the 34 kD fibrillarin (30), is common to other nucleolar
snRNPs (U8, U13, U14, X, Y) (31). The three Boxes B, C and
D were found to be protected against ribonuclease action in the
U3 snRNP (24) and they are probably all interacting with
proteins.

In this paper, we describe an experimental study of the
S. cerevisiae U3 snRNA secondary structure. In addition to the
above mentioned motivations for getting additional information
on the U3 snRNA secondary structure, this study was of interest
for two reasons: i) S.cerevisiae U3 snRNA contains an additional
71 nucleotide sequence, relative to all other U3 snRNAs
sequenced (25), that is inserted between the 3' and the 5' domains
of the other U3 snRNAs. Two alternative structures were
proposed for this additional segment (25) and an experimental
study was necessary to choose among them. ii) It was important
to get information on the structure of mature S. cerevisiae U3
snRNA in order to compare it with that of the intron-containing
U3 pre-snRNA.

In order to achieve this study, the intron was deleted from the
U3 gene (snR17A gene) that was placed under the control of a
promoter for T7 bacteriophage RNA polymerase. By using this
genetic construction, snR17A RNA was produced in vitro. Its
secondary structure was studied by using enzymatic and chemical
probes, and by the reverse transcriptase method for analysis. As
a control, the same methods were applied to the authentic snR17A
RNA from a cell extract. We concluded that two short helical
structures exist at the 5'-end of S. cerevisiae snRl7A RNA and
that, in naked snR17A RNA, a higher order structure exists in
Box B and C. The results concerning the 5'-domain are discussed
taking into account recent results of Beltrame and Tollervey (20).

MATERIALS AND METHODS
Preparation of S.cerevisiae small RNA mixture

S. cerevisiae cells (strain ATCC 28383) were grown in standard
YPD medium [ 1% (w/v) yeast extract, 1% (w/v) bactopeptone
and 2% (w/v) D glucose], for 10 hours at 300C. They were
ground with glass beads in the presence of phenol and 10 mM
Tris-HCl pH 7.6. Total RNA was fractionated on a 15-30%
sucrose gradient made up in 100 mM NaCl, 10 mM Tris-HCI,
pH 7.6 buffer. Centrifugation was for 24 hours, in a SW28 rotor,
at 27000 rpm and 4°C, RNA with a sedimentation coefficient
between 4S and 8S was ethanol precipitated, and redissolved in
water.

Construction of an intron-depleted snR17A gene
The SalI site which delimites the coding region from its upstream
non-coding sequence (28) was used for the construction (Figure
lA). The SalI-BamHI fragment from plasmid pFL1::snR17A
(28), which contained the coding region for RNA snR17A, was
inserted in a SalI-BamHI cleaved Ml3mp9 bacteriophage. Two
successive site-directed mutageneses were performed: i) the first
one inserted a T7 promoter sequence at the 5'-end of the snR17A
coding region (Figure 1B); ii) the second one deleted the intronic
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sequence (Figure IC). The Hind]II fragment containing the
chimeric snR17A gene obtained was transferred to a pUC18
plasmid denoted pVS1::snR17A. The mutageneses were
performed using the commercial kit of Amersham.
Deoxyoligonucleotides were synthesized on a Pharmacia
automated DNA synthesizer and purified on a polyacrylamide gel.

In vitro transcription of RNA snR17A
We again took advantage of the presence of a HpaI restriction
site (located at the 3'-end of the RNA snRl7A coding region)
in plasmid pVSI::snRl7A (28). Transcription reactions were
carried out in 250 AI volumes containing 5 Ag of plasmid
pVSI::snRl7A linearized by HpaI nuclease, 75 nmol of each
ribonucleoside triphosphate, 125 units RNase Guard"
(Pharmacia), 140 units T7 RNA polymerase (Amersham) in 10

A Si VI

mM NaCl, 10 mM MgCl2, 10 mM DTT, 40 mM Tris-HCl,
pH 8 buffer. After 2 hours of incubation at 37°C, nucleic acids
were phenol extracted and ethanol precipitated. The template
DNA was digested with 5 units of RNase-free DNase I
(Boehringer) in 250 Al of 5 mM MgCl2, 100 mM sodium
acetate, pH 5 buffer, for 30 min at 37°C. After phenol extraction
and ethanol precipitation, the RNA was dissolved in 120 Al of
sterile water; 1 yd of this solution was used for each chemical
reaction or enzymatic digestion.

Chemical modifications
Two chemical reagents were used: dimethylsulfate (DMS,
Aldrich) and 1-cyclohexyl-3-(2-morpholino ethyl)-carbodiimide-
metho-p-toluene sulfonate (CMCT, Merck). Modifications were
performed under non-denaturing and semi-denaturing conditions,
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Figure 2. Structural analysis of the snR17A RNA 5'-domain. (A) An example of autoradiogram of a gel obtained in the chemical and enzymatic probing experiments
in non-denaturing conditions. Both authentic (lanes 1, 4, 5, 6, 8, 11 and 13) and in vitro synthesized snR17A RNA (lanes 2, 3, 7, 10 and 12) were treated with
chemical and enzymatic probes, as described in Materials and Methods. Lanes 2, 3, 4, 5: treatment with SI nuclease (lanes 2 and 4 with 1 unit of enzyme per
assay, lanes 3 and 5 with 2 units); lanes 7 and 8: treatment with VI RNase (1.4 unit per assay), lanes 10 and 11: chemical treatment conditions with DMS (2 gl
of pure DMS per assay), lanes 12 and 13 with CMCT (4.2 mg per assay). Positions of modifications and cleavages were identified using oligodeoxynucleotide
probe 3 and reverse transcriptase. The synthesized cDNAs were fractionated by electrophoresis on a 6% polyacrylamide-urea gel, cDNAs obtained by reverse
transcription of RNAs treated as for enzymatic digestion but without enzyme added were fractionated in parallel (lanes 1 and 6) as a control; cDNA obtained by
reverse transcription in the presence of deoxy/dideoxynucleotide mixtures (lanes U, G, C, A) were used for sequence analysis and to identify the modified nucleotides
and cleaved phosphodiester bonds. The elongation reaction products (lane 9) obtained in the absence of dideoxynucleotide was used as a control in order to identify
reverse transcriptase stops on unmodified RNA. (B) Derived secondary structure model. The results of several series of chemical modifications in non-denaturing
and semi-denaturing conditions and enzymatic digestions in non-denaturing conditions of the snR17A RNA are schematically represented on the proposed secondary
structure. 4: bond cleaved by SI nuclease, E: bond cleaved by VI RNase. The thickness of the arrows indicates the yield of cleavage. 0: nucleotide modified
by none of the chemical reagents tested in both semi-denaturing and non-denaturing conditions. 0: modified in semi-denaturing conditions, only. l: modified in
both semi-denaturing and non-denaturing conditions. 0: strongly modified in non-denaturing and semi-denaturing conditions. The degree of modification of the nucleotide
marked with an asterisk varied from one experiment to the other. Nucleotides which are neither circled nor squared were not accessible to analysis due to a parasite
band in the gel or to their proximity with the probe. Nucleotides are numbered starting from the first nucleotide after the cap structure in authentic RNA (28). Accessibility
of nucleotides 90 to 105 was determined using oligonucleotide 2 as a primer (Figure 3B).
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Figure 3. Structural analysis of the snR17A RNA 3-domain. (A) An example of autoradiogram of a gel obtained in the chemical and enzymatic probing experiments
in non-denaturing conditions. Here again, both authentic (lanes 1, 4, 5, 6, 8, 9, 11, 12 and 14) and in vitro synthesized snR17A RNA (lanes 2, 3, 7, 10 and 13)
were treated with chemical and enzymatic probes. Lanes 2, 3, 4 and 5: treatment with SI nuclease (lanes 2 and 4 with 1 unit of enzyme per assay, lanes 3 and
5 with 2 units per assay); lanes 7 and 8: treatment with VI RNase. Lanes 10 and 11 chemical treatment in non-denaturing conditions with DMS (2 il of pure
DMS per assay). Lanes 13 and 14: treatment with CMCT (4.2 mg per assay). Positions of modifications and cleavages were identified using oligodeoxynucleotide
probes 1 and 2 and reverse transcriptase. The synthesized cDNAs were fractionated by electrophoresis on a 6% polyacrylamide-urea gel. cDNAs obtained by reverse
transcription of RNAs treated as for enzymatic digestion but without enzyme addition (lanes 1 and 6), and as for chemical modifications but without chemical reagent
addition (lanes 9 and 12), were fractionated in parallel as controls; cDNA obtained by reverse transcription in the presence of deoxy/dideoxynucleotides mixtures
(lanes U, G, C, A) were used for sequence analysis and identification of the modified nucleotides and cleaved phosphodiester bonds. (B) Derived secondary structure
model. The results of several series of chemical modifications and enzymatic digestions of the snR17A RNA are schematically represented on the proposed secondary
structure, using the same rules for representation as in Figure 2B. Helix structures have been numbered as previously proposed (25). 2a, 2b, 3a, 3b, 4a and 4b
designate putative internal loops of helical structures 2, 3 and 4, respectively, and 2c, 3c and 4c designate their terminal loops. Box B and Box C are the evolutionarily
conserved nucleotide sequences according to (22, 25).

as described by Ehresmann et al. (32). For a given condition,
experiments were repeated at least twice to obtain consistent data.
The modifications were carried out either on 2.5 ,tg of the 4S - 8S
S. cerevisiae small RNA mixture or on in vitro synthesized
snRl7A RNA, in which 2.5 Ag of a commercial yeast tRNA
mixture (Boehringer) was added to get the same RNA/chemical
reagent ratio as for the 4S-8S RNA mixture. Prior to the
chemical reaction, the RNA was dissolved in 100 1l of the buffer
used for chemical modifications, heated 5 min at 50°C and then
slowly cooled to 20°C, which is the temperature used for all the
modifications.
DMS modifications under non-denaturing conditions were

performed in 50 mM KCl, 10 mM MgCl2, 100 mM sodium
cacodylate, pH 7.5 buffer and under semi-denaturing conditions
in 2 mM EDTA, 100 mM sodium cacodylate pH 7.5 buffer. Two
DMS concentrations were used, either 2 ul of pure DMS or 2
11 of a DMS solution 1/1 or 1/3 (v/v) (DMS/EtOH) per assay.
The 2 d41 were added to 100 A1 of preheated RNA. Samples were
incubated for 15 min, the reaction was immediately stopped by
addition of 20 A1 of 3 M NaOAc and ethanol precipitation. The
ethanol precipitate was washed with 70% ethanol and dissolved
in 12 Al of H20, 6 1l of this solution were used for a reverse
transcriptase elongation assay.
CMCT modifications under non-denaturing conditions were
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Figure 4. The secondary structure of snR17A RNA in solution. The evolutionarily

conserved sequences, denoted Box A, B, C and D, are indicated, as well as the

segment proposed to be base-paired with the 5-ETS of pre-rRNA in vivo (20)

(sequence in the grey box).

performed in 50 mM KCl, 10 mM MgCl2, 100 mM sodium

borate, pH 8 buffer, and under semi-denaturing conditions, in

the same buffer except that the 10 mM MgCl2, 50 mM KCl

were replaced by 2 mM EDTA. Various CMCT concentrations

were used: 50 dl of a 21, 42 or 84 mg/mi solution of CMCT

were added to 100 of preheated RNA. Incubation was for 40

mmn. At the end of the reaction, the same procedure was followed

as for DMS modification.

Enzymatic cleavages

Two nucleases were used: Si Nuclease (Pharmacia) and Vi

RNase prepared from cobra Naja oxiana venom according to

(33) (the venom was a generous gift of Dr S.Vassilenko). The

reaction conditions were adapted from those previously described

by Branlant et al. (34). The enzymatic digestions were also

performed, either on 2.5 yg of S. cerevisiae 4S-8S RNA mixture

or on in vitro synthesized snR17A RNA mixed with 2.5 yig of

commercial tRNA.

Vi RNase digestions were carried out in 10 p1d of 350 mM

KCl, 10 mM MgCl2, 10 mM Tris-HCl, pH 7.5 buffer, at 0°C.
Before addition of the enzyme, the RNA was preincubated 10

min at 0°C in the reaction buffer. An enzyme/RNA ratio of 1.4

unit/pg was used. Incubations for 2 mi and 7 mm, were always

performed in parallel. They were stopped by the addition of

,ul of 100 mM EDTA, immediately followed by phenolic
extraction of the RNA. The digested RNAs obtained from the

2 min and 7 min incubations were mixed, washed with 70%
ethanol and dissolved in 12 Al of water and 6 1l of this solution
was used for a reverse transcription elongation assay.

SI digestions were performed in 10 Al of 50 mM KCl, 10 mM
MgCl2, 1 mM ZnCl2, 25 mM Na acetate, pH 4.5 buffer, at
37°C. Prior to enzyme addition the RNA was preincubated 10
min at 37°C, in the reaction buffer. Two digestions were always
performed in parallel: one using 1 unit of enzyme for 2.5 .tg
of RNA with a 12 min incubation, and the other one using 2
units of enzyme for 2.5 isg of RNA with a 2 min incubation.
Both reactions were stopped by adding 2 $l of 100 mM EDTA,
followed by phenolic extraction. The RNA issued from each
digestion condition was analyzed by reverse transcription.

Reverse transcription
Oligonucleotide primers complementary to the RNA snRl7A
nucleotides 91 - 105, 196-210 and 319-333 were 5'-end labeled
with [,y-32P] ATP (Amersham). They were annealed (separately)
to 6 Al of the RNA samples described above. RNA and labeled
oligonucleotides were incubated for 10 min at 65°C in 40 mM
KCl, 6 mM MgCl2, 50 mM Tris-HCl, pH 8.3 buffer and
returned to room temperature. Reverse transcription was
performed with 1 unit of Rous sarcoma virus 2 reverse
transcriptase (Amersham), for 30 min at 45°C, in the presence
of 250 1%M of each dNTP. To prepare sequencing ladders of
unmodified RNA, dideoxynucleotide:deoxynucleotide mixtures
(in a 1/5 ratio) were used. Reverse transcripts were fractionated
on a 6% polyacrylamide gel containing 8 M urea.

RESULTS AND DISCUSSION
Authentic and in vitro synthesized snR17A RNAs have similar
conformations
The use of synthetic RNA for secondary structure studies is
advantageous for two reasons: i) large scale production of pure
RNA is possible; ii) mutant RNAs can be obtained by site-directed
mutagenesis of their genes. On the other hand, synthetic RNAs
produced by T7 RNA polymerase, generally display additional
nucleotides at their 5' and/or 3'-ends and also differ from
authentic RNAs by the absence of post-transcriptional
modifications. In a first step, the structures of snR17A RNA
produced in vitro and of authentic snRl7A RNA were compared.
For this purpose, the intronic sequence of the snRl7A gene

was deleted by site-directed mutagenesis (Figure 1C). To
minimize the presence of additional nucleotides at the 5'-end of
the synthetic RNA, the T7 RNA polymerase promoter was
introduced, immediately upstream the snR17A coding region,
by site-directed mutagenesis (Figure IB). The promoter sequence
was chosen according to Chapman et al. (35). Due to the GGG
sequence requirement at the T7 RNA polymerase initiation site
(35), the presence of two additional guanosine residues at the
5'-end of the synthetic RNA could not be avoided. Obviously,
the synthetic RNA was missing the 5'-cap structure that the
authentic RNA contains. Cleavage of the template DNA with
HpaI nuclease prior to RNA polymerization limited the additional
residues at the RNA 3'-end to a single extra U residue (28). To
check for possible differences between synthetic and authentic
snRl7A RNAs, a mixture of yeast S.cerevisiae 4S-8S RNAs
containing snRN17A RNA was prepared. Chemical modifications
and enzymatic digestions were performed in parallel on both
synthetic RNA and 4S - 8S RNA mixture. The similar patterns
of modifications and cleavages obtained for both RNAs (Figure
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Figure 5. Chemical and enzymatic probing of the 3'-domain of mutant snR17A RNAs in non-denaturing conditions. For each mutant, an example of the electrophoretic
fractionation of the reverse transcripts obtained by reverse transcription of chemically modified RNA and enzymatically digested RNA is given (I) as well as a schematic
representation of the results obtained (LI) using the same rules for representation as in Figure 2B, except that squared nucleotides are nucleotides found unreactive
in non-denaturing conditions, as experiments have not been performed in semi-denaturing conditions; cDNAs obtained by reverse transcription of RNAs treated
as for enzymatic digestion but without enzyme addition (lane 1), and as for chemical modifications but without chemical reagent addition (lanes 5 and 7), were

fractionated in parallel, as controls. (A) Mutant A where the 200-249 fragment has been deleted. (B) Mutant A2 where the 122 -198 fragment has been replaced
by a GCp dinucleotide marked with asterisks. (C) Mutant A3 where the 108-250 fragment has been deleted. Chemical modifications and enzymatic digestions
were performed as described in Figure 2A on the autoradiograms, the deletion sites are indicated by arrows (I).

2) proved that they have very similar conformations and this
opened the possibility to use in vitro synthesized snRl7A RNA
for further studies.

snR17A RNA secondary structure analysis
We used two chemical probes: i) DMS modifies N7-G, Ni-A
and more slowly N7-A and N3-C, but only the Ni-A and N3-C
modifications were detected in our analysis conditions since N7-G
and N7-A methylation do not stop reverse transcription (32), ii)
CMCT reacts with N3-U and very slowly with N1-G, and both
modifications arrest reverse transcription (32). For each reagent,
modifications were performed in both non-denaturing and semi-
denaturating conditions. Methylation of NI-A or N3-C by DMS,
and modification of N3-U and N1-G by CMCT, are indicative
of the absence of classical Watson-Crick base-pairing. Absence
of reactivity may also be indicative of base stacking or of non-

canonical interactions. Chemically modified nucleotides were

identified by reverse transcription, using 3 oligonucleotide
primers (Figures 2B and 3B). Representative examples ofDMS
and CMCT modification analyses are shown in Figures 2A and
3A. Since, no N1-G was found to be modified by CMCT in the
conditions we used, additional information on single-stranded
nucleotides was gained from a study of the S1 nuclease cleavage
sites. VI RNase was used to obtain information on

Watson-Crick interactions and stacked nucleotides. Enzymatic
cleavage sites were identified by reverse transcription using the
same 3 oligonucleotide primers as for the chemical modification
analyses. Representative examples of SI and VI RNase digestion
analyses are shown in Figures 2A and 3A. Results obtained with
chemical modifications and enzymatic digestions are

schematically represented in Figures 2B and 3B. The complete
structure deduced for snRl7A RNA is represented in Figure 4.

The snR17A 3'-domain (nucleotides 95-333) has the
cruciform structure previously proposed (25) (Figure 3B). Helical
structures 3 and 5 are the counterparts of two of the helical
structures of the vertebrate Y-shaped domain. It is difficult to
know which of the two helices 2 and 4 corresponds to the third
one. Our experiments allowed to define which of the two
previously proposed structures for helix 4 (25) is present in the
RNA. According to our previous (28) and present results, a

guanine residue at position 194 was omitted in the previously
published snR17A sequence (25). As a consequence, compared
to the previous model (25), helix 4 contains two additional base-
pairs: a G C and a G U pair.

In solution, the 5'-terminal region of naked snRi7A RNA is
folded into a two helical structure (Figure 2B), instead of a single
helical structure as in vertebrate RNA. Helix lb fits perfectly
with that previously proposed (26). For the reasons mentioned
above, only part of the previously proposed helix la was correct.
In the revised helical structure la, Box A encompasses the top
loop and part of the right strand of the stem, as was proposed
for S.pombe, D.discoideum and tobacco U3 snRNAs (26, 27).
Surprisingly Box A has a different geometry in vertebrate RNAs;
it encompasses the left strand of the stem and contains an internal
loop (24). It is also noticeable that, whereas helix la is rather
well conserved in size, shape and sequence, among lower
eukaryotes and plants, helix lb and especially its two bordering
single-stranded sequences are quite variable. One explanation for
the observation of poor conservation of the secondary structure
of the 5'-terminal region of U3 snRNA could be that, in its
functional state, it is base-paired to another RNA likely the pre-
rRNA. A base-pairing with another small RNA species, as is
the case for U4 and U6 snRNAs, can also be postulated, but no

association between U3 snRNA and another small RNA species

Cl
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has been detected yet, whereas U3 snRNA/pre-rRNA complexes
have already been observed. In light of this hypothesis, the low
degree of nucleotide sequence conservation (except Box A) of
the 5'-domain of U3 snRNA may be a consequence of the poor
sequence conservation of the pre-rRNA 5'-ETS (36). In the case
of S. cerevisiae, strong evidence for a possible base-pairing
between the 5'-terminal domain of snR17A RNA and the 5'-ETS
of pre-rRNA was recently obtained from both crosslinking and
genetic experiments (20, 21). Interestingly, the snRl7A segment
involved in the suggested intermolecular base-pairing (39-49)
corresponds to the segment linking helix la to helix lb and a
few nucleotides within these two helices (Figure 4). Initiation
of the intermolecular base-pairing may be favoured by the single-
stranded state of segment 3949 in snRl7A RNA.

Deduced information on snR17A RNA tertiary structure
In the conditions used for chemical modification of snRl7A RNA
in its native conformation, most of the postulated single-stranded
adenine residues were the target of DMS methylation. During
prolonged incubation, incubation with higher amounts of DMS
or incubation under semi-denaturing conditions, a few base-paired
adenine residues were modified at low yield (Figures 2 and 3).
Under non-denaturing conditions, almost all bulged pynmidines
and pyrimidines in terminal loops were reactive to chemical
probes, but as a result of base-stacking or non-anonical base-
pairing interactions only a limited number of those in internal
loops were modified. By using longer times for incubation or
larger amounts of CMCT, new sites of modification appeared
in the internal single-strands and, as previously reported (32),
uridine residues in stems with low stability were modified under
semi-denaturing conditions (Figures 2 and 3). Thus, information
on RNA overall conformation could be obtained from an
inspection of the pyrimidine reactivity and also from a study of
the relative sensitivity of single-strands and double-strands to S1
and Vl nuclease, respectively.

In the 5'-terminal domain (Figure 2B), internal and terminal
loops of helices la and lb are true loops without base-stacking
or non-canonical interactions since almost all nucleotides are the
target of both SI nuclease and chemical modifications. Single-
stranded segments 42-46 and 90-95, although modified by
chemical reagents, were not cleaved by S1 nuclease. They may
be involved in some weak interactions in naked RNA which may
be disrupted upon association of snRl7A RNA with snRNP
proteins or with the pre-rRNA 5'-ETS.
The most SI nuclease-sensitive single-strand in the 3'-domain

(Figure 3B) is the terminal loop of helix 4. It should be very
accessible within the tertiary structure of the molecule and should
have an open conformation. Terminal loops of helices 2 and 3,
whereas highly susceptible to CMCT, are poorly digested by S1
nuclease. All putative internal loops of this domain were not
cleaved or cleaved at low yield by SI nuclease. Base-stacking
or non-canonical base-pairings probably occur in these loops
(Figure 3). In helix 4, the unreactive C140 and C171 on one
hand, and the unreactive U141 and U170 (only modified in semi-
denaturing conditions) on the other hand, may form pyrimidine
pairs. In helix 2, three pyrimidine pairs are predicted by the
absence of chemical modification under non-denartuing conditions
and by the presence of Vl RNase cleavages U204-U245,
C206-U243 and U217 U23 1. Interestingly, the two strands of
helix 2, which have a discontinuous complementarity, form a
rather continuous helical structure that is very sensitive to VI
nuclease.

Based on the results of wild-type snR17A RNA analysis, it
was difficult to conclude anything about possible interactions
between the two single-stranded segments linking helix 5 to helix
4 and helix 2 to helix 3. These two segments contain Box B and
C, respectively. Mutant snR17A genes deleted of either the helix
2 coding region or the helix 4 coding region or both had been
constructed (37) (Figure 4). The susceptibility towards chemical
probes and nucleases of the in vitro transcripts of these mutant
genes were studied in non-denaturing conditions (Figure 5).

In wild-type snRl7A RNA, only two phosphodiester bonds
of the 251-262 fragment containing Box C (Figure 3B) were
cleaved by S1 nuclease. The presence of 4 Vi RNase cleavage
sites and the absence of reactivity of U 258, 260 and 261 to
CMCT under non-denaturing conditions suggest the existence
of a higher order structure. No enzymatic cleavage was observed
in the 107- 119 fragment containing Box B, but all adenine
residues were methylated by DMS at low yield. Nothing could
be said about U1 12 as a parasite band obscure the reverse
transcriptase analysis at this position. In the short fragment linking
helix 4 to helix 2, U196 and U197 were modified by CMCT
and S1 nuclease cleaved bond 194-195.
When helix 2 was deleted (transcript Al) (Figure 5A), no

significant variation of susceptibility to chemical or enzymatic
probes were detected in helix 4 and helix 5. As expected, new
S1 nuclease sites appeared in the 196-198 uridine stretch. We
noticed the following changes in helix 3: a slight increase of VI
RNase cleavages at bonds 264-265 and the appearance of VI
RNase cleavages in the 303-306 segment. In the Box C segment,
Si nuclease cleavages at bonds 254-255, 257-258 were
reinforced and, instead of being cleaved by VI RNase, bonds
260-261 and 261-262 were cleaved by S1 nuclease. The V1
cleavage at bond 251-252 was conserved. The differences
observed between wild-type RNA and Al transcript could be
explained by the existence in the wild-type RNA of an interaction
between helices 2 and 3 also involving the 3'-extremity of their
linking fragment. The persistence of Vi RNase cleavage at bond
251-252 in the Al transcript was surprising. Indeed, this
cleavage of the phosphodiester bond flanking helix 2 was very
similar to cleavages found in tRNA (38) and Ul snRNA (39),
which have been interpreted as cleavages of stacked nucleotides
bridging coaxial helices. The strong VI cleavage at bond
251-252 should therefore result either from internal interaction
in the 251-262 fragment or from interaction of this fragment
with sequences outside helix 2.

In transcript A2 (Figure SB), helix 4 was deleted and helix
2 was linked to the 107- 121 segment by an inserted additional
GC sequence. This sequence allowed formation of two additional
base-pairs in helix 2 and as a consequence strong additional VI
cleavages are observed. Interestingly, the VI RNase cleavages
at bonds 258-259, 259-260, 260-261 disappear, as well as
the S1 cleavage at bond 254-255. And the putative internal loop
2a becomes sensitive to SI nuclease. Therefore, here again
deletion of one hairpin structure has an effect on the higher order
structure of the segment containing Box C and on the bottom
part of helix 2. Nucleotides 251 and 252 being involved in
additional base-pairings of helix 2 may be the reason for the
disappearance of the higher order structure in the segment
containing Box C. This suggests that the VI cleavages at bonds
251-252, 258 -259 and 259-260 in wild-type RNA are related
to a higher order structure involving nucleotides 251 to 261.

In transcript A3 (Figure SC), where the sequence 108-250
was deleted, the segment 251-262 that now links helix 5 to helix
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3 has a completely different structure, as evidence by the
disappearance ofVI cleavages and the appearance of SI cleavages
at all bonds between residues 254 and 262. We also note the
appearance of new VI cleavages in the 102-105 fragment.

Altogether, these deletion experiments demonstrate the
existence in the 3'-domain of a complex conformation of the
single-stranded segments joining helices and the bottom parts of
these helices. As a consequence, the fragment containing Box
C has a higher order structure that is altered by deletion of any
of the helices. In contrast, the structures at the extremity of each
helice are completely independent from each other. A short base-
pairing between the UCU sequence (258-260) of Box C and
the AGA sequence (108-110) of Box B is compatible with our
results. This would explain the VI cleavages in segment
258-260. However in the present state of the study, we have
no absolute proof for it. The possibility to form a three base-
pair interaction, including a G * U pair, is conserved throughout
evolution (24, 27). It is extended to 5 base-pairs in tomato RNA,
which may be to compensate for the very low stability of helix
3 in this RNA. Clearly, this possible base-pairing is not sufficient
to account for the overall reactivity of segment 251-262 to
chemical modification and nuclease digestion. Other higher order
interactions not yet identified should exist and experiments are
underway to get additional information.

Concluding remarks
i) snR17A RNA extracted from yeast cells and in vitro synthesized
snR17A RNA, were found to have similar structures, suggesting
that post-transcriptional modifications have a limited influence
on snR17A RNA structure.

ii) The 3'-domain of snR17A RNA has a cruciform shaped
secondary structure, with a complex network of tertiary
interactions in the central region, involving the bottom parts of
helices and the single-strands linking them. The central role of
nucleotides at the junction of helical domains, in determining the
coaxial stacking interactions and tertiary structure of RNA, was
already described in both tRNA (38) and 5S rRNA (40). It should
be noticed that in U3 snRNA these single-stranded junction
segments have a particularity compared to those in tRNA, 5S
rRNA, and Ul snRNA: they are quite longer, they correspond
to the most highly evolutionarily conserved segments of U3
snRNA, and they are probably interacting with the U3 snRNP
proteins, especially the fibrillarin. Clearly among RNAs whose
conformations have been studied in detail, the 3'-domain of U3
snRNA displays a different mode of tertiary folding that involves
interactions between single-stranded segments linking helices but
no long-range interactions between terminal loops.

iii) The 5'-terminal region of naked snR17A RNA has a two-
helical structure that is different from that found in human U3
snRNA. The loose tertiary structure of the 5'-terminal region
of U3 snRNA and the great variability of its length and secondary
structure can be explained by a base-pairing with the pre-
ribosomal RNA. This is in accord with recent results obtained
from crosslinking and genetic experiments (20, 21).
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