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The loop of a stem structure close to the 5* end of the 18S rRNA is complementary to the box A region of
the U3 small nucleolar RNA (snoRNA). Substitution of the 18S loop nucleotides inhibited pre-rRNA cleavage
at site A1, the 5* end of the 18S rRNA, and at site A2, located 1.9 kb away in internal transcribed spacer 1. This
inhibition was largely suppressed by a compensatory mutation in U3, demonstrating functional base pairing.
The U3–pre-rRNA base pairing is incompatible with the structure that forms in the mature 18S rRNA and may
prevent premature folding of the pre-rRNA. In the Escherichia coli pre-rRNA the homologous region of the 16S
rRNA is also sequestered, in that case by base pairing to the 5* external transcribed spacer (5* ETS). Cleavage
at site A0 in the yeast 5* ETS strictly requires base pairing between U3 and a sequence within the 5* ETS. In
contrast, the U3-18S interaction is not required for A0 cleavage. U3 therefore carries out at least two
functionally distinct base pair interactions with the pre-rRNA. The nucleotide at the site of A1 cleavage was
shown to be specified by two distinct signals; one of these is the stem-loop structure within the 18S rRNA.
However, in contrast to the efficiency of cleavage, the position of A1 cleavage is not dependent on the U3-loop
interaction. We conclude that the 18S stem-loop structure is recognized at least twice during pre-rRNA
processing.

Eukaryotic nucleoli contain a large number of small nucle-
olar RNA (snoRNA) species, most of which function as guides
for rRNA modifications. However, a small number of snoRNAs
are required for processing of the pre-rRNA (reviewed in
references 21 and 36), of which the most studied is U3. Genetic
depletion of U3 in the yeast Saccharomyces cerevisiae inhibits
three early pre-rRNA cleavage reactions on the pathway of 18S
rRNA synthesis (Fig. 1); cleavage is inhibited at sites A0 (in the
59 external transcribed spacer [59 ETS]), A1 (the 59 end of the
mature 18S rRNA), and A2 (in internal transcribed spacer 1
[ITS1]) (14). In contrast, the cleavage of site A3 and sites
further in the 39 direction on the pathway of 5.8S and 25S
synthesis is unaffected by depletion of U3. Depletion of the
U3-associated proteins Nop1p, Sof1p, and Mpp10p leads to

essentially identical phenotypes (8, 15, 37), indicating that the
intact U3 small nucleolar ribonucleoprotein (snoRNP) particle
is required for pre-rRNA cleavage at these sites. Depletion of
U3 has also been reported to inhibit in vitro cleavage of the
mouse 59 ETS (16) and pre-rRNA processing in Xenopus oo-
cytes (5, 30).

In vivo psoralen cross-linking experiments identified several
sites of interaction between the yeast U3 snoRNA and the
pre-rRNA. One was a single-stranded region in the 59 region of
the U3 snoRNA (nucleotides [nt] 39 to 48) which exhibited a
10-nt complementarity to a region of the 59 ETS (nt 470 to 479;
approximately 140 nt 59 to site A0 and 230 nt 59 to site A1) (3,
4). Disruption of this base pairing blocked cleavage at sites A0,
A1, and A2 and accumulation of the 18S rRNA, closely mim-

FIG. 1. Structure of the pre-rRNA and locations of oligonucleotide hybridization probes. Thick bars represent the mature rRNAs; thin bars indicate the transcribed
spacer regions, which are not drawn to scale. The 18S, 5.8S, and 25S rRNAs are flanked by the 59 ETS and 39 ETS and separated by ITS1 and ITS2. Probe a is a
riboprobe complementary to the fragment from A0 to A1. Probes 009, 016, and 042 hybridize to the tags within the mature 18S, 5.8S, and 25S rRNAs, respectively.
Probe 008 hybridizes to the mature 18S rRNA. Probes 002, 003, and 001 hybridize to ITS1 at positions 59 to site A2, between A2 and A3, and 39 to site A3, respectively.
Probe 013 hybridizes to the 59 region of ITS2.
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icking the effects of U3 depletion in trans, while compensatory
mutations largely restored processing and synthesis of 18S
rRNA. This indicates that U3 snoRNA interacts with the pre-
rRNA at this position and is required for cleavages which lie
100, 200, and 2,000 nt distant. A second site of U3 cross-linking
was with the loop of an extended stem structure that lies
between sites A0 and A1 (4). The significance of this interac-
tion remains unclear, since mutation or deletion of this loop
did not detectably affect pre-rRNA processing. In Trypano-
soma brucei three sites of cross-linking between U3 and the 59
ETS have been mapped (11, 11a). As observed for yeast, these
include sites required for 18S rRNA synthesis and dispensable
sites. One of these sites closely resembles the yeast U3–pre-
rRNA interaction site at 1470. Both sites are predicted to
include 10 consecutive base pairs with the hinge region of U3,
are required for 18S rRNA synthesis, and are similarly located
in the predicted structure of the 59 ETS (11a). Mammalian U3

can also be cross-linked to the 59 ETS at more than one site
(20, 34, 38).

The strongest cross-linking sites in the yeast U3 molecule
were in the box A region, which is conserved throughout eu-
karyotes (4). Box A has the potential to base pair across the
central pseudoknot of the 18S rRNA (13, 22). The central
pseudoknot is a universally conserved long-range interaction
within the small-subunit rRNA that plays a crucial role in the
overall folding of the mature rRNA (Fig. 2A). In this proposed
interaction, U3 box A would form seven base pairs with the
loop of the 59 stem of the 18S rRNA and five base pairs with
nt 914 to 918, which include the 39 side of the pseudoknot in
the mature rRNA (Fig. 2B). This base pairing would include
the four box A nucleotides that were cross-linked to the pre-
rRNA in vivo (Fig. 2B) (4). Due to the abundance of the
mature rRNAs, the previous analyses would not have identi-
fied cross-linking sites in the pre-rRNA that lie within the
mature 18S rRNA region.

To analyze the significance of this potential base pairing, we
have expressed pre-rRNAs carrying mutations in the 18S
rRNA in the presence and absence of the U3 snoRNA con-
taining compensatory mutations in box A. Here, we demon-
strate that U3 box A base pairs to the loop region of 18S rRNA
and that perturbation of this base pairing inhibits processing at
sites A1 and A2 without preventing cleavage at site A0.

MATERIALS AND METHODS

Strains and media. Standard S. cerevisiae techniques were employed. The
yeast strain NOY504 (MATa rpa12::LEU2 leu2-3,112 ura3-1 trp1-1 his3-11 ade2-
101 CAN1-100) (26) (generously provided by M. Nomura, University of Califor-
nia at Irvine) was used for all the experiments. Yeast strains were grown in
minimal medium containing 2% galactose and 0.67% yeast nitrogen base plus
nutrients and supplemented with the required amino acids (33).

Plasmids and constructs used in this study. A plasmid containing the entire
yeast rDNA repeat fused to an inducible GAL7 promoter (pGAL::rDNA) was
used as a wild-type control (12, 27, 33). Synthesis of ribosomes derived from this
plasmid was monitored by hybridization to small oligonucleotide tags present
within the 18S, 5.8S, and 25S rRNA sequences. A YEplac 195 plasmid (URA3
[2m]) which does not contain a ribosomal DNA (rDNA) unit was used as a
negative control (10). The pre-rRNA mutations were generated via a two-step
PCR approach. For sub5 and sub6, two oligonucleotide primers, a 39 mutagenic
primer and a 59 primer complementary to a sequence in the 59 ETS, were used.
With the tagged rDNA plasmid as template, a 200-nt fragment was amplified.
This was gel purified, digested with NdeI plus HindIII, and subcloned into vector
pTH66, which contains the sequences of the 59 ETS and 18S rRNA up to the
BamHI site in the tag. The 200 nt were sequenced to confirm the mutation and
to eliminate any additional errors induced during amplification. Correct clones
and the wild-type pGAL::rDNA were digested with BamHI, and the fragments
were exchanged (39). The 18S sub7 and sub8 mutations were generated by
amplifying a 200-nt fragment with an oligonucleotide including the SacI site at
position 1234 within the 18S rRNA and a mutagenic primer. The resulting
product was then used in a second PCR to generate a fragment extending from
the SfiI site at position 646 within the 18S rRNA to the SacI site. This region was
entirely sequenced, digested with SacI plus SfiI, gel purified, and exchanged with
the wild-type fragment in plasmid pTH70.

The yeast U3 genes (SNR17A and SNR17B) contain introns (25). To avoid
problems with splicing efficiency, U3 mutations were constructed in an ARS-
CEN plasmid carrying an ADE2 selective marker and expressing the U3 cDNA
under the control of its own promoter (kindly provided by R. Fournier and C.
Branlant, Nancy, France) (3). A 350-nt PCR product was amplified with a
mutagenic oligonucleotide including the SalI site in the U3 59 flanking sequence
and an oligonucleotide complementary to the 39 flanking region outside the
EcoRI site, which was inserted 50 nt 39 to the end of the mature U3 sequence (3).
The PCR product was digested with SalI plus EcoRI, gel purified, and then
exchanged with the wild-type fragment in pU3-wt. This region was fully se-
quenced to confirm the mutation and eliminate any random mutations.

Analysis of pre-rRNA processing. The plasmids containing the mutations and
the positive and negative controls were transformed into strain NOY504 by using
the lithium acetate method as described previously (9). Cells were grown at 23°C
to mid-log phase in minimal medium containing galactose, diluted to an optical
density at 600 nm of 0.1, and shifted to 37°C for 6 h (12). Cells were harvested
by centrifugation at 4°C, washed with ice-cold water, centrifuged again, and
stored at 280°C. RNA was extracted from the frozen cell pellets as previously
described (31). Total RNA was separated on 1.2% agarose–6% formaldehyde
gels with 4 mg of total RNA per lane as previously described (35). The gel was

FIG. 2. (A) Structure of the central pseudoknot. The 59 ETS region is shown
in lowercase; the mature 18S rRNA region is shown in uppercase. Also shown is
the two-U insertion present in the sub5 and sub6 pre-rRNAs. (B) Potential base
pairing between the 18S rRNA region of the pre-rRNA and U3 box A in the
wild-type and mutant constructs. U3 box A is shown in lowercase; the 18S rRNA
sequence is shown in uppercase. Underlined nucleotides were cross-linked in
vivo to the pre-rRNA.
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then transferred to a Hybond N1 membrane (Amersham) with 103 SSPE (13
SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]) as the
transfer buffer. Hybridizations were performed in 63 SSPE–0.5% sodium dode-
cyl sulfate–53 Denhardt’s solution (29). Additionally, the filter was hybridized
with a riboprobe, generated as previously described (39), to detect and distin-
guish the 33S from the 32S pre-rRNA precursor. This was performed in 40%
formamide–53 SSPE–53 Denhardt’s solution–1% sodium dodecyl sulfate–200
mg of herring sperm DNA per ml.

Oligonucleotides used as hybridization probes had the following sequences:
001 (27SA-2), CCAGTTACGAAAATTCTTG; 002 (20S-2), GCTCTTTGCTC
TTGCC; 003 (27SA-3), TGTTACCTCTGGGCCC; 008 (18S134), CATGGCT
TAATCTTTGAGAC; 009 (18S-aTAG), CGAGGATCCAGGCTTT; 013
(rna2.1), GGCCAGCAATTTCAAGTTA; 016 (5.8S-Ftag), DGDDUDCUGGC
GDdGdC; 042 (25S Tag 1), ACTCGAGAGCTTCAGTACC; 062 (a18S sub6),
CAGCTGTGACCAGAAATAACT; and 200 (aU3), UUAUGGGACUUGUU.
Oligonucleotide 016 is largely composed of 29-methyl RNA; D is diaminopurine.
Oligonucleotide 200 (aU3) is fully composed of 29-methyl RNA and hybridizes
with yeast U3 between nt 82 and 95.

Primer extensions. Primer extension analysis was performed as previously
described (4), using 4 mg of RNA. A sequencing ladder was run in parallel by
using the same oligonucleotide primer after 59 phosphorylation with unlabeled
ATP.

RESULTS

U3 base pairs to the 18S loop sequence. To test the signifi-
cance of the potential U3-stem loop base pairing, two muta-
tions were constructed in the stem-loop structure at the 59 end
of the 18S rRNA. The sub5 mutation alters the three loop
nucleotides that are not engaged in the pseudoknot interaction
and is therefore predicted to be least disruptive for the overall
secondary structure, while the sub6 mutation alters two addi-
tional nucleotides (Fig. 2). The positioning of site A1 is deter-
mined with respect to two signals: the sequence 59 to the site of
cleavage and the 59 stem loop within the 18S rRNA (32, 39).
The insertion of two U residues immediately 59 to the stem
allows the contribution made by each of these signals to the
positioning of the cleavage site to be resolved (39). The sub5
and sub6 mutations were therefore combined with a two-U
insertion, allowing the role of the putative U3-18S interaction
in this positioning to be determined.

FIG. 3. Effects of compensatory mutations between U3 and the 18S rRNA 59 stem-loop on rRNA synthesis. RNA was extracted from strains carrying plasmids
expressing the mutant and wild-type pre-rRNAs and analyzed by Northern hybridization. Lanes: 1 and 7, wild-type rDNA; 2 and 8, plasmid lacking the rDNA sequence;
3 and 5, sub5 rDNA; 4 and 6, sub5 rDNA with coexpression of U3asub5; 9 and 11, sub6 rDNA; 10 and 12, sub6 rDNA with coexpression of U3asub6. For the mutant
pre-rRNAs, the analysis of two independent transformants is presented. (A) Probe 042, complementary to the 25S rRNA tag; (B) probe 009, complementary to the
18S rRNA tag.

FIG. 4. Effects of compensatory mutations between U3 and the 18S rRNA 59 stem-loop on pre-rRNA processing. RNA was extracted from strains carrying plasmids
expressing the mutant and wild-type pre-rRNAs and analyzed by Northern hybridization. Lanes: 1 and 7, wild-type rDNA; 2 and 8, plasmid lacking the rDNA sequence;
3 and 5, sub5 rDNA; 4 and 6, sub5 rDNA with coexpression of U3asub5; 9 and 11, sub6 rDNA; 10 and 12, sub6 rDNA with coexpression of U3asub6. For the mutant
pre-rRNAs, the analysis of two independent transformants is presented. Panels A through D show different hybridizations of the same gels. (A and B) Probe 003,
hybridizing in ITS1 between A2 and A3; (C) probe 013, hybridizing to ITS2; (D) probe 002, hybridizing in ITS1 59 to A2. Lanes 7 through 12 show different hybridizations
of the same Northern blot.
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The mutant constructs were cloned into plasmids that ex-
press the entire pre-rRNA under the control of the RNA
polymerase II GAL7 promoter (12). These plasmids were ex-
pressed in strain NOY504, which carries the rpa12::LEU2 mu-
tation and is temperature sensitive (TS) for RNA polymerase
I (Pol I) (27) (kindly provided by M. Nomura). When cells are
shifted to 37°C for 6 h in galactose-containing medium, chro-
mosomal rDNA synthesis is reduced to a low level, allowing
the analysis of the processing of the mutant pre-rRNAs. Short
oligonucleotide tags present in the mature 18S, 5.8S, and 25S
rRNA sequences allowed their synthesis to be monitored (4,
12, 24). The mutant pre-rRNAs were expressed alone or to-
gether with U3 mutants U3asub5 and U3asub6, which contain
alterations in the box A region that restore complementarity.
The mutations and the predicted base pairings are shown in
Fig. 2B.

Compared to the tagged but otherwise wild-type pre-rRNA
(Fig. 3, lane 1), the sub5 mutation substantially reduced 18S
rRNA accumulation (Fig. 3, lanes 3 and 5), while 25S rRNA
accumulation was unaffected. Coexpression of U3asub5 did
not restore 18S rRNA accumulation (Fig. 3, lanes 4 and 6). In
contrast, the larger sub6 mutation also strongly inhibited syn-
thesis of the 18S rRNA (Fig. 3, lanes 9 and 11), which was
partially restored by coexpression of the compensatory U3asub6
(Fig. 3, lanes 10 and 12). Synthesis of the 25S rRNA (Fig. 3)
was unaffected by the mutation in the 18S rRNA or the com-
pensatory U3 mutation. No signal was observed in a strain
lacking the tagged rDNA plasmid (Fig. 3, lane 2).

The effects of the mutations on pre-rRNA processing were
assessed by Northern hybridization (Fig. 4). The sub5 mutation
did not strongly inhibit pre-rRNA processing, and no clear
alterations in the levels of the 20S or 27SA2 pre-rRNAs were
observed. Pre-rRNA processing at sites A1 and A2 was strongly
inhibited by the sub6 mutation. The products of cleavage at
these sites, the 27SA2 and 20S pre-rRNAs, were reduced to
levels close to those of the 2rDNA negative control (Fig. 4B
and D; compare lanes 9 and 11 with lane 8). The levels of both
the 27SA2 and 20S pre-rRNAs were largely restored by coex-
pression of U3asub6 (Fig. 4, lanes 10 and 12). No aberrant
processing intermediates were detectably synthesized from the
sub6 pre-rRNA. The levels of the 27SA3 and 27SB pre-rRNAs
were unaffected by the sub6 mutation or the expression of
U3asub6 (data not shown), indicating that processing at later
steps on the pathway of 25S and 5.8S rRNA synthesis was
unaffected.

The coexpression of the sub6 pre-rRNA and U3asub6 did
not support growth of the Pol I TS strain at 37°C, indicating
that the mutant ribosomes are not functional. Several other
mutations tested in the 18S stem-loop structure all prevented
the synthesis of functional ribosomes (32). This region of the
ribosome is highly conserved in evolution (2), and it appears
that changes are poorly tolerated.

To test the accumulation of the mutant U3 snoRNAs,
U3asub5 and U3asub6 were expressed in a GAL::U3 strain,
JH84 (12a, 14). Both were expressed at wild-type levels (Fig.
5), consistent with the report that the 59 region of U3 is not

FIG. 5. Expression of the mutant forms of U3. Plasmids expressing the wild-type and mutant U3 cDNAs were transformed into a strain in which the chromosomal
U3 expression is under GAL regulation. Lanes: 1 and 2, nontransformed strain; 3 and 4, strain transformed with the wild-type U3 cDNA; 5 through 20, strains
transformed with the U3 constructs indicated. RNA was extracted 8 and 24 h after transfer of the strains to glucose medium and analyzed by Northern analysis with
probe 200, which hybridizes 39 to the mutated regions.
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required for its accumulation (28). Surprisingly, both mutant
U3 constructs were able to complement the GAL::U3 mutation
for growth on glucose medium at 18, 30, and 37°C, although
the U3asub6 strain was mildly cold sensitive. A detailed anal-
ysis of the effects of these and other mutations in the 59 region
of U3 on pre-rRNA processing will be published elsewhere.

We conclude that base pairing between U3 and the 59 loop
within the 18S rRNA is required for pre-rRNA processing at
sites A1 and A2. However, even when the complementary U3
is present, not all loop sequences are tolerated for 18S rRNA
accumulation.

The site of A1 cleavage is positioned with respect to both the
59 flanking sequence and the stem loop within the 18S rRNA
(32, 39). The contributions made by these two signals can be
resolved by the insertion 59 to the stem of two uracil residues
(32, 39), which are present in the sub5 and sub6 pre-rRNAs
(Fig. 2A). Both the sub5 and sub6 mutations reduced the use
of the 39 A1 site relative to that of the 59 A1 site (compare Fig.
6A and D, lanes 4 and 6, with Fig. 6A, lane 9), showing that

they partially inhibited the positioning of the cleavage site with
respect to the stem-loop structure. However, coexpression of
U3asub5 or U3asub6 did not affect the relative utilization of
the two sites (Figs. 6A and D, lanes 5 and 7). We conclude that
recognition of the loop region of the stem-loop structure to
position the site of A1 cleavage is independent of U3 base
pairing.

With the Pol I TS system, pre-rRNA processing cannot be
analyzed at other temperatures. However, the sub6 mutation
also inhibited 18S rRNA synthesis at 25°C, and suppression by
coexpression of U3asub6 was similar to that observed at 37°C
(data not shown).

The potential interaction between U3 snoRNA and the se-
quence on the 39 side of the central pseudoknot was also
tested. Mutation sub7 substituted all five nucleotides involved
in the proposed interaction, while sub8 altered only three of
these nucleotides (Fig. 2B). The presence of either the sub7 or
sub8 mutation in the pre-rRNA greatly reduced accumulation
of the mature 18S rRNA (Fig. 7E), and 20S pre-rRNA accu-
mulation was also reduced, without effect on 25S rRNA syn-
thesis (Fig. 7C). No suppression was observed upon coexpres-
sion of U3 carrying the compensatory mutations U3asub7 and
U3asub8. Both U3 mutants were shown to be expressed at
wild-type levels in a GAL::U3 strain (Fig. 5). These data are
consistent with strong effects of the sub7 and sub8 mutations
on 18S rRNA stability and probably also on 20S pre-rRNA
stability but provide no support for the base pairing of U3
across the central pseudoknot.

Cleavage at site A0 is unaffected by the mutations in the 5*
loop of 18S rRNA. Previous analyses have shown that the U3
snoRNA base pairs with the 59 ETS region of the 35S pre-
rRNA (4). Compensatory mutations in this region established
that this base pairing is strictly required for the pre-rRNA
cleavages at sites A0, A1, and A2 (3). However, the lack of clear
accumulation of the 35S pre-rRNA or 23S RNA in the sub6
mutant suggested that the U3-18S interaction might not be
required for cleavage at site A0. The 33S pre-rRNA, which is
the normal product of cleavage at site A0, cannot readily be
detected by Northern hybridization, and its abundance was
therefore assessed by primer extension. Primer extension with
oligonucleotide 008, complementary to the 59 region of the 18S
rRNA, revealed that the level of the 33S pre-rRNA, shown by
the stop at A0, was unaffected by the sub6 mutation with or
without coexpression of U3asub6 (Fig. 6C), in contrast to the
stop at A1 (Fig. 6D). To confirm this result, an oligonucleotide
that hybridizes specifically to the sub6 mutant pre-rRNA was
used. This oligonucleotide (a18S sub6) did not give a signal on
the wild-type pre-rRNA (Fig. 6B, lane 1) and confirmed that
processing of the sub6 pre-rRNA at site A0 was unaffected by
coexpression of U3asub6. Both primer extensions showed that
A0 cleavage occurs at the correct nucleotide.

We conclude that base pairing between the 59 loop of the
18S rRNA and box A in the U3 snoRNA is required for
cleavage at sites A1 and A2 but not for cleavage at A0, in
marked contrast to the U3-59 ETS interaction.

DISCUSSION

U3 box A base pairs with the 5* end of the 18S rRNA.
Cleavage of the pre-rRNA at sites A0, A1, and A2 requires the
U3 snoRNP; cleavage is blocked by depletion of the U3
snoRNA or the U3-associated proteins Nop1p, Nop58p, Sof1p,
and Mpp10p (8, 15, 18, 37, 40). U3 base pairs to the 59 ETS
region of the pre-rRNA, but this interaction is insufficient to
account for the in vivo cross-links detected between the box A
region of U3 and the pre-rRNA (4). U3 box A can also be

FIG. 6. Effects of compensatory mutations between U3 and the 18S rRNA 59
stem on processing at sites A1 and A0. RNA was extracted from strains carrying
plasmids expressing the mutant and wild-type pre-rRNAs and analyzed by
primer extension. For the mutant pre-rRNAs, the analysis of two independent
transformants is presented. (A) Primer extension through site A1 from oligonu-
cleotide 009. Lanes: 1 and 8, wild-type rDNA; 2, plasmid lacking the rDNA
sequence; 3 and 9, A112U rDNA; 4 and 6, sub5 rDNA; 5 and 7, sub5 rDNA with
coexpression of U3asub5. (B) Primer extension through site A0 from oligonu-
cleotide 062 (a18S sub6), specific for the mutant pre-rRNA. Lanes: 1, wild-type
rDNA; 2, plasmid lacking the rDNA sequence; 3, A112U rDNA; 4 and 6, sub6
rDNA; lanes 5 and 7, sub6 rDNA with coexpression of U3asub6. (C) Primer
extension through site A0 from oligonucleotide 008. Lane order is as described
for panel B. (D) Primer extension through site A1 from oligonucleotide 009.
Lane order is as described for panel B.

6016 SHARMA AND TOLLERVEY MOL. CELL. BIOL.



drawn base paired to the 59 loop region in the 18S rRNA, and
this interaction would involve two nucleotides in U3 known to
interact with the 35S pre-rRNA (Fig. 2B). To investigate this
potential base pairing, two compensatory mutations were
tested. sub5 was a substitution of the three nucleotides that are
not engaged in the pseudoknot interaction, while sub6 altered
two additional nucleotides (Fig. 2B). The sub5 mutation had
little effect on pre-rRNA processing but strongly reduced 18S
rRNA accumulation, presumably due to destabilization of the
mature rRNA; this phenotype was not suppressed upon coex-
pression of U3asub5. The sub6 mutation strongly inhibited
pre-rRNA processing at sites A1 and A2, and this phenotype
was largely suppressed by coexpression of U3asub6. Accumu-
lation of 18S rRNA from the sub6 pre-rRNA was also partially
restored by U3asub6. The difference between the effects of the
suppressed sub5 and sub6 mutations on 18S rRNA accumula-
tion most likely reflects the tolerance of the mature rRNA
structure for the different sequences.

In the E. coli pre-rRNA, the 59 end of the 16S rRNA is
engaged in a base pair interaction with the 39 region of the 59
ETS (6). This interaction must be broken in order for the 59
end of 16S rRNA to assume its mature conformation. As in
yeast, the loop of the 59 stem-loop structure in E. coli is in-
volved in a long-range interaction with nucleotides around
position 917, termed the central pseudoknot (Fig. 8). In yeast,
base pairing of the U3 snoRNA to the 18S rRNA is also
mutually exclusive with formation of the central pseudoknot.
This structure is likely to play a crucial role in the overall
folding of the rRNA, and in both cases the alternative struc-
ture may prevent the formation of this interaction until the

correct stage in the assembly process. It is notable that this
structural isomerization involves interactions in cis in E. coli
and in trans in yeast. It was previously postulated that the
snoRNA–pre-rRNA interactions in trans are functionally re-
lated to interactions in cis within the bacterial pre-rRNA (7,
23), and the present data are consistent with this proposal.

The box A region of U3 can also be drawn base paired to the
sequence that forms the 39 side of the central pseudoknot, in
an interaction that would involve the other two box A nucle-
otides that were cross-linked to the pre-rRNA in vivo (4). In
contrast to the strong support for the interaction of U3 box A
with the loop sequence that includes the 59 side of the central
pseudoknot, the analysis of compensatory mutations provided
no support for the potential interaction with the 39 sequence.
The sub7 and sub8 mutations reduced the accumulation of the
20S pre-rRNA and greatly reduced the level of mature 18S
rRNA. However, no suppression was observed upon coexpres-
sion of U3asub7 or U3asub8. A number of more subtle mu-
tations in the 39 side of the pseudoknot structure also reduced
18S rRNA accumulation (data not shown). Again, coexpres-
sion of the compensatory U3 mutants had no obvious effect.
While these negative data do not constitute proof that U3 does
not base pair with the 39 side of the central pseudoknot, they
certainly give no support for the model. If box A does not base
pair with this sequence it must interact with some other as-yet-
unidentified region(s) of the rRNA, as shown by the U3-35S
pre-rRNA cross-linking data.

The U3 snoRNA carries out functionally distinct interac-
tions with the pre-rRNA. Comparison of the effects of muta-
tions in the U3 binding site within the 18S rRNA with muta-

FIG. 7. Compensatory mutations between the U3 snoRNA and the sequence on the 39 side of the central pseudoknot. RNA was extracted from strains carrying
plasmids expressing the mutant and wild-type pre-rRNAs and analyzed by Northern hybridization. Lanes: 1 and 9, wild-type rDNA; 2 and 10, plasmid lacking the rDNA
sequence; 3, 5, and 7, sub7 rDNA; 4, 6, and 8, sub7 rDNA with coexpression of U3asub7; 11 and 13, sub8 rDNA; 12 and 14, sub8 rDNA with coexpression of U3asub8.
For the mutant pre-rRNAs, the analysis of three (sub7) or two (sub8) independent transformants is presented. (A and B) Probe 003, hybridizing in ITS1 between A2
and A3; (C) probe 042, complementary to the 25S rRNA tag; (D) probe 002, hybridizing in ITS1 59 to A2; (E) probe 009, complementary to the 18S rRNA tag.
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tions in the U3 binding site at 1470 in the 59 ETS reveals a
striking difference. The U3-ETS interaction is strictly required
for pre-rRNA cleavage at sites A0, A1, and A2. In contrast, the
U3-18S interaction is required for cleavage at sites A1 and A2
but not for cleavage at A0. We therefore conclude that the
interactions of U3 with the 59 ETS and the 18S rRNA are
functionally distinct. It may be that the U3-59 ETS interaction
is specifically required to target the endonuclease responsible
for A0 cleavage, while the U3-18S interaction functions inde-
pendently as a chaperone in the folding of the 59 region of the
18S rRNA. Cleavage at A0 was initially thought to be per-
formed by Rnt1p (1), but more recent studies have revealed
that cleavage continues in the complete absence of Rnt1p (17),
demonstrating that this enzyme is not required for cleavage.
Another site of U3-59 ETS interaction was detected around
position 645 (4) in the loop of an extended stem that lies
between sites A0 and A1 (site A0 is at 610 and site A1 is at 699).
Mutation of this region had no clear effect on pre-rRNA pro-
cessing (39), indicating that U3 forms at least three function-
ally distinct interactions with the pre-rRNA.

Mutations in the U3-associated protein Mpp10p (8) can also
uncouple the requirement for the U3 snoRNP in cleavage at
site A0 and at sites A1 and A2. C-terminal-truncation muta-
tions lead to the appearance of the 22S RNA that extends from
site A0 to A3, clearly showing that processing at A0 is less
inhibited than processing at A1 and A2 (19). This suggests that,
like the U3 snoRNA itself, Mpp10p carries out different inter-
actions during processing at A0 and at A1 and A2.

Processing of the pre-RNA involves multiple, complex in-
teractions with the U3 snoRNA. It remains to be determined
whether these occur simultaneously or in succession and
whether one or more U3 molecules are involved.
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