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ABSTRACT Three small nucleolar RNAs (snoRNAs), E1,
E2 and E3, have been described that have unique sequences
and interact directly with unique segments of pre-rRNA in
vivo. In this report, injection of antisense oligodeoxynucleoti-
des into Xenopus laevis oocytes was used to target the specific
degradation of these snoRNAs. Specific disruptions of pre-
rRNA processing were then observed, which were reversed by
injection of the corresponding in vitro-synthesized snoRNA.
Degradation of each of these three snoRNAs produced a
unique rRNA maturation phenotype. E1 RNA depletion shut
down 18 rRNA formation, without overaccumulation of 20S
pre-rRNA. After E2 RNA degradation, production of 18S
rRNA and 36S pre-rRNA stopped, and 38S pre-rRNA accu-
mulated, without overaccumulation of 20S pre-rRNA. E3 RNA
depletion induced the accumulation of 36S pre-rRNA. This
suggests that each of these snoRNAs plays a different role in
pre-rRNA processing and indicates that E1 and E2 RNAs are
essential for 18S rRNA formation. The available data support
the proposal that these snoRNAs are at least involved in
pre-rRNA processing at the following pre-rRNA cleavage sites:
E1 at the 5* end and E2 at the 3* end of 18S rRNA, and E3 at
or near the 5* end of 5.8S rRNA.

Eukaryotic mature rRNA is generated by a complex series of
processing steps (for review, see refs. 1–4). rRNA processing
requires several small nucleolar RNA (snoRNA) species (for
review, see refs. 5–7). Processing at some pre-rRNA cleavage
sites requires more than one snoRNA species, and some
snoRNAs function at more than one pre-rRNA processing site.
E1yU17 (8–13) and E2 and E3 (8–11) snoRNAs do not belong
to the main class of snoRNAs, since they lack the conserved C
and D boxes that are present in most snoRNAs, do not show
obvious sequence homology with any other snoRNAs, and do
not associate with the nucleolar protein fibrillarin. Several
snoRNAs, including E1, E2, and E3, have the triplet ACA near
the 39 end (14). These three snoRNAs are housekeeping RNAs
since they are present in all tissues tested (8). The genes for E1,
E2, and E3 RNAs, among other snoRNAs, reside in introns of
protein-encoding genes (5). The coding sequences for E1 (10,
12, 13), E2 (15), and E3 (10, 16) RNAs lie in introns of genes
for the cell cycle regulatory protein named RCC1, a laminin-
binding protein, and protein synthesis initiation factor 4AII,
respectively. The nucleolar localization of E1, E2, and E3
RNAs and their direct contact with pre-rRNA in vivo (9)
suggest that they are involved in ribosome biogenesis. They
may play new roles in ribosome formation, since they interact
directly in vivo with unique segments of pre-rRNA. They
psoralen-crosslink to four different sites of pre-rRNA in vivo:
in the 59 external transcribed spacer (59ETS) and 18S rRNA for
E1, 28S rRNA for E2, and 18S rRNA for E3 (9). Unlike the

snoRNAs that determine the location of ribose methylations in
pre-rRNA (17–19), E1, E2, and E3 RNAs do not show
extensive complementarity (.12 bases) to sites of ribose
methylation in pre-rRNA and lack sequence boxes D and D9.
These three snoRNAs, in cell extracts, have accessible sites
that make possible their specific degradation by antisense
oligonucleotide-targeted digestion with RNase H (9).
Yeast is a very valuable organism to study the functions of

various snoRNAs in vivo (5, 6), but yeast homologs of E1, E2,
or E3 RNAs have not been detected. Oligodeoxynucleotide-
targeted RNA degradation after microinjection into Xenopus
laevis oocytes is an important system to study functions of
vertebrate small nuclear RNAs (20, 21). It made possible the
analysis of the role of three vertebrate snoRNAs, U3, U8, and
U22, in pre-rRNA processing (22–25). We used this approach
to test whether E1, E2, and E3 RNAs are involved in rRNA
processing. The results indicate that they are involved and
suggest that each of these snoRNAs plays a different role in
rRNA processing.

MATERIALS AND METHODS

Oligodeoxynucleotides. The sequences of the oligode-
oxynucleotides used are as follows: E1 1–22, 59-CCTCAT-
GAGATATCCACGTTGG-39; E1 23–45, 59-CAGGACA-
GAGCCCATGAGAGTAA-39; E1 50–71, 59-CACAGGGC-
GACGCTCCCATACG-39; E1 73–92, 59-GGGATTATA-
CGTCACTGCGCC-39; E1 84–101, 59-TTGTGGAAGGG-
GATTATAC-39; E1 103–127, 59-GCCGGGGACATGCTT-
GTTCTCCAAC-39; E1 128–151, 59-TGCTGCCCACAC-
CAGCCGAATG-39; E1 158–178, 59-GGCTCTGGGAAGT-
TGTAGGAAT-39; E1 179–198, 59-CTCCCCAGTC-
ACTGCCCGAG-39; E1 199–217, 59-TGTATCCTGCATG-
GTTTGT-39; E2 1–21, 59-CCAAGTTCTAACTGTGTG-
CAA-39; E2 23–45, 59-TCATTGGCTGAAAAGGCCT-
CAGC-39; E2 39–62, 59-CATCCTACACTCAGAGTTCAT-
TGG-39; E2 62–82, 59-CTGCCATGTTAATGTAGCACAC-
39; E2 84–100, 59-TGGCGTTAGCGAAAAGT-39; E2 101–
121, 59-CTGGAGCTCTAAAGCTCCTTG-39; E2 121–143,
59-AATTACTATGAAACTCCAGTCAC-39; E2 139–155, 59-
AGCTGTGGCAAGAATTA-39; E3 1–14, 59-GTAACTA-
ATCCTGC-39; E3 15–35, 59-ACAGCACTGCCCA-
GATATATT-39; E3 36–54, 59-TAGCAGGGGGAACGA-
CAAC-39; E3 55–77, 59-ATAGAAGGAATCAACT-
TACTTTC-39; E3 78–100, 59-TCTGCTATAGAGAACAGC-
CAGGA-39; E3 103–125, 59-AATTGTTTGAGAC-
CAAGCGTTCC-39; control, 59-GCGGAATTCAAAA-
AAAAAAAAAAAAAA-39.
RNA Synthesis. Each frog snoRNA was synthesized in vitro

with bacteriophage T7 RNA polymerase and was capped at the
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59 end by including the cap analog m7G(59)ppp(59)G in the
transcription reaction. The sequence of Xenopus laevis E1
RNA was reported earlier, and the f sequence was used since
it was shown to be expressed (13). The sequences of frog E2
and E3 RNAs were from cDNA and genomic DNA (26).
Oocyte Injection and RNA Analysis. Frog oocytes were

injected twice, 2, 6, or 16 h apart, with the indicated oligode-
oxynucleotide (45 ng per oocyte). Then, they either were
incubated for 6 h and injected with [a-32P]GTP or were
incubated for 2 h, injected with the indicated in vitro-
transcribed frog snoRNA (0.8 ng per oocyte) or water, then
incubated for 8 or 16 h, and injected with [a-32P]GTP.
Radiolabeling was for 8 or 16 h. Injections were 20 nl per
oocyte, into the cytoplasm of Xenopus laevis stage 5 and 6
oocytes (23, 24, 27), and oocyte incubations were at 198C.
Whole oocyte RNA was extracted with phenol and chloroform
in the presence of 1% SDS. Small RNAs were fractionated by
10% polyacrylamidey7 M urea gel electrophoresis and elec-
troblotted to ZetaProbe GT (Bio-Rad) membranes. Agarose
gel electrophoresis in the presence of formaldehyde was as
described (28).

RESULTS

Antisense oligodeoxynucleotides specifically target the effi-
cient degradation by RNase H of human E1, E2, and E3 RNAs
in cell extracts (9). We tested first whether this occurs with frog
E1, E2, and E3 RNAs in vivo, injecting into the cytoplasm of

oocytes three series of complementary oligonucleotides that
span the entire lengths of these snoRNAs (Fig. 1). RNA
breakdown was monitored by Northern blot analysis, hybrid-
izing first with the corresponding snoRNA probe and then with
a 5S rRNA probe, to control for the number of oocyte
equivalents per gel blot lane. Oligonucleotides complementary
to frog E1 RNA nucleotide positions 23–45 and 199–217 (E1
23–45 and E1 199–217) targeted the specific degradation of E1
RNA in oocytes (Fig. 2A). (The Xenopus E1, E2, and E3 RNA
nucleotide position numbers differ from those of their human
counterparts because the snoRNAs have different lengths).
Oligonucleotide E2 1–21 targeted the specific breakdown of
E2 RNA in oocytes, as indicated by the decreased labeled
E2y5S RNA ratio (Fig. 2B). Oligonucleotide E3 36–54 in-
duced the specific hydrolysis of E3 RNA in vivo (Fig. 2C).
Several oligonucleotides were tested; only the four identified
above resulted in E1, E2, or E3 RNA breakdown. Full deg-
radation of the snoRNA molecules that were first cleaved by
RNase H activity (Fig. 2 B and C) was observed earlier with
various small nuclear RNA species (9, 21, 25, 27). Next we
tested the effect of E1, E2, and E3 RNA degradation on frog
oocyte pre-rRNAprocessing. Oocytes of some frogs cleave 40S
pre-rRNA at the first internal transcribed spacer–5.8S rRNA
junction (site 3), producing 20S and 32S rRNA intermediates
(pre-rRNA processing pathway A; Fig. 3). Oocytes from other
frogs have two rRNA maturation pathways. In the second
pathway (pathway B), 40S pre-rRNA is cut at the 59ETS–18S
rRNA boundary (site 1), generating 38S pre-rRNA (refs. 22

FIG. 1. Antisense oligodeoxynucleotides that were tested in vivo. Vertebrate consensus sequences and secondary structures of E1, E2 and E3
RNAs we determined earlier (26). Lines span the lengths of the complementary oligonucleotides that were tested. Oligonucleotides that affected
pre-rRNA processing are labeled. Asterisks indicate the location of psoralen adducts that may be crosslinked to pre-rRNA in psoralen crosslinking
experiments in vivo (9).
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and 29; Fig. 3). This intermediate is short lived, requires brief
labeling for detection, and is cleaved at the 18S rRNA–first
internal transcribed spacer junction (site 2) to generate 36S
pre-rRNA (ref. 22; Fig. 3). Oligonucleotides that target the

degradation of E1, E2, and E3 RNAs, as well as oligonucle-
otides that do not, were injected into frog oocytes, and rRNA
processing was monitored by denaturing gel electrophoresis of
newlymade rRNA labeled in vivo. All the effects observed with
E1, E2, and E3 antisense oligonucleotides were oligonucleo-
tide sequence specific, since they did not occur with any other
oligonucleotide tested. Formation of 18S rRNA stopped only
after injection of frog oligonucleotides E1 23–45 and E1
199–217 in oocytes that have pathway A or pathways A and B
(Fig. 4 A and B). This inhibition was reversed by cytoplasmic
injection of in vitro-synthesized frog E1 RNA (Fig. 4 C and D).
This ‘‘rescue’’ was snoRNA species specific, since it did not
occur when E2 RNA was injected (Fig. 4E). Whole oocyte
RNA was usually analyzed, because analysis of nuclear RNA
did not reveal additional rRNA bands or other information.
After degradation of E1 RNA, 20S pre-rRNA was made but
18S rRNA did not accumulate (Fig. 3). The three lanes of Fig.
4A have different numbers of radiolabeled cell equivalents, as
can be seen by the levels of radioactive 28S rRNA. Differences
in the number of radiolabeled cell equivalents per gel lane may
reflect variations in (i) the amount of damage caused by four
injections per oocyte in rescue experiments, (ii) the level of
rRNA synthesis in oocytes of similar appearance, and (iii) the
number of nanoliters delivered into each oocyte in each
injection. Some RNAs in their ribonucleoprotein particles are
more accessible than others to antisense oligodeoxynucle-
otide-targeted degradation. For example, depletion of U8 and
U22 snoRNAs requires a single injection of oligonucleotide
(24, 25), but two injections are needed for E1, E2, and E3
RNAs. The radioactive 20Sy28S rRNA ratio did not increase
substantially after injection of oligonucleotide E1 23–45 (Fig.
4A, lanes 2 and 3). Fig. 4A, lanes 2 and 3, shows a faint smear
whose size falls between 40S and 36S pre-rRNAs. The level of
this RNA relative to 28S rRNA did not increase appreciably
after injection of oligonucleotide E1 23–45 (Fig. 4A, lanes 2
and 3). This smear differs from the sharp band of 38S
pre-rRNA (Fig. 5 A, lane 3, and B, lane 1). We do not know
whether the decrease in 36S pre-rRNA after injection of
oligonucleotide E1 23–45 (Fig. 4A) is E1 RNA specific, since
there is no evidence that it is restored by E1 RNA.
E2 RNA degradation shut down production of two rRNA

species: (i) 18S rRNA in oocytes that have pathway B or only
A and (ii) 36S pre-rRNA only in oocytes that have pathway B
(Fig. 5). The 38S pre-rRNA is not seen after long-labeling
times (22–24). In long-labeling experiments, a 38S rRNA
appeared only after destruction of E2 RNA (Fig. 5). It has the
properties of the known 38S pre-rRNA. (i) It has the size of
38S pre-rRNA. (ii) It accumulated only in oocytes that have
pathway B (Fig. 5), and it is known that 38S pre-rRNA is
generated only in pathway B (22). (iii) It accumulated only
when 36S pre-rRNA formation was shut down, and its accu-
mulation stopped when 36S pre-rRNA production was re-
stored (Fig. 5). This is as expected, since 38S pre-rRNA is the
immediate precursor of 36S pre-rRNA (22). Finally, the only
way to generate an rRNA species the size of 38S pre-rRNA,
using known processing sites, is by cleaving 40S pre-rRNA at
site 1, as in the formation of 38S pre-rRNA in normal oocytes
(Fig. 3). Injection of synthetic E2RNA restored the production
of 18S rRNA and 36S pre-rRNA and reversed the accumula-
tion of 38S rRNA (Fig. 5B and C). The short incubation with
32P in the experiment in Fig. 5B did not radiolabel 18S rRNA
well, even in control oocytes (data not shown). The rRNA
species larger than 40S rRNA, present at low levels in control
oocytes (Fig. 5A, lanes 1 and 2), may be a short-lived precursor
of the known frog 40S pre-rRNA that is longer at one or both
termini. The blockage of 18S rRNA accumulation may be
more complete than the extent of E1 or E2 RNA degradation
that triggered it (Figs. 2, 4, and 5). It is possible that in frog
oocytes some E1 and E2 RNA molecules are not functioning
but stored in a less accessible form and that these molecules do

FIG. 3. Pre-rRNA processing sites in which E1, E2, and E3 RNAs
are proposed to be involved. Pre-rRNA processing pathways A and B
of Xenopus laevis oocytes differ in the temporal order of cleavages; the
final products of both pathways are the mature 18S, 5.8S, and 28S
rRNAs. Numbers 1–5 indicate processing cleavage sites.

FIG. 2. The degradation of E1, E2, and E3 RNAs is specifically
targeted by antisense oligodeoxynucleotides in frog oocytes. Xenopus
laevis oocytes were injected twice with the oligodeoxynucleotides
indicated and then were incubated for 16 h. Some oocytes were not
injected with any oligonucleotides (A, lane 7). Whole oocyte RNA was
extracted, fractionated by polyacrylamide gel electrophoresis, and
blotted. The blot was hybridized first with a probe for E1, E2, and E3
RNAs (A, B, and C, respectively, Upper) and then with a probe for 5S
rRNA (Lower).
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not need to be broken down for a virtually full interruption of
18S rRNA accumulation.
Human oligonucleotide E3 116–135 targets the specific

breakdown of human E3 RNA in cell extracts (9). Frog
oligonucleotide E3 103–125 and human oligonucleotide E3
116–135 span the same region of E3 RNA (refs. 8 and 26; Fig.
1). Only two of the oligonucleotides complementary to frog E3
RNA, E3 36–54 and E3 103–125, affected oocyte pre-rRNA
maturation, and both had the same effects. After E3 RNA
degradation, oocytes that normally make 36S pre-rRNA over-
accumulated this pre-rRNA relative to its immediate product,
32S pre-rRNA (Fig. 6A). This was reversed by injection of E3
RNA but not of E1 RNA (Fig. 6C). E3 RNA depletion in
oocytes that normally do not produce 36S pre-rRNA (i)
induced the formation and overaccumulation of this pre-
rRNA and (ii) shut down 32S rRNA production (Fig. 6B). Both
effects were reversed by injection E3 RNA (Fig. 6B). [The only
way to produce an rRNA species the size of 36S pre-rRNA,
using known cleavage sites, is by cutting 38S or 40S pre-rRNA
at site 2 (ref. 22; Fig. 3)]. A new pre-rRNA band, slightly
smaller than 40S pre-rRNA, accumulated in substantial

amounts in E3-depleted oocytes that have only pathway A, and
this was reversed by injection of E3 RNA (Fig. 6B, marked in
lane 3). E3-depleted oocytes occasionally showed an rRNA
smaller than 20S pre-rRNA (Fig. 6A, lane 3) and an rRNA
smaller than 18S rRNA (Fig. 6C, lanes 2 and 3). These rRNA
bands were not studied further because they were not induced
reproducibly by E3 RNA degradation or were not lost consis-
tently in E3 RNA rescue experiments (Fig. 6 and other
experiments not shown). The effect of E3RNAdegradation on
the level of 36S pre-rRNA was reproducible, regardless of
whether any of these three new rRNA bands appeared or not
(Fig. 6 and data not shown). Fig. 6 may appear to show some
changes in the radioactive 20Sy28S and 18Sy28S rRNA ratios.
These shifts were not reproducible, substantial, or specifically
reversed by E3 RNA in these and other experiments not
shown. RNA analysis by polyacrylamide gel electrophoresis
did not reveal any disturbance in processing of small pre-rRNA
after degradation of E1, E2, and E3 RNAs (data not shown).
This suggests that these snoRNAs are not involved in the
processing at the 39 end of the 5.8S rRNA sequence in 12S
pre-rRNA that generates mature 5.8S rRNA (Fig. 3).
Nonspecific effects can be a potential problem in antisense

oligonucleotide targeting experiments (e.g., ref. 30). Two
observations indicate that the rRNA maturation phenotypes

FIG. 5. Specific disruption of frog oocyte pre-rRNA processing
induced by E2 RNA degradation and reversed by E2 RNA. The
experiments were done as indicated in Fig. 4. After injections of
oligonucleotides and [a-32P]GTP, oocytes were incubated for 8 (A and
B) or 16 (C) h. The oocytes in C have only pre-rRNA processing
pathway A. The oocytes in A and B show both pre-rRNA processing
pathways A and B.

FIG. 6. Specific disruption of frog oocyte pre-rRNA processing
induced by E3 RNA degradation and reversed by E3 RNA. The
experiments were done as indicated in Fig. 4. After injections of
oligonucleotides and [a-32P]GTP, oocytes were incubated for 16 (A
and C) or 8 (B) h. The oocytes in A show both pre-rRNA processing
pathways A and B. The oocytes in B and C have only pre-rRNA
processing pathway A.

FIG. 4. Specific disruption of frog oocyte pre-rRNAprocessing induced by E1RNAdegradation and reversed by E1RNA.Xenopus laevis oocytes
were injected twice with the indicated antisense oligodeoxynucleotides or the control oligonucleotide. Some oocytes were incubated and then
injected with [a-32P]GTP (A and B). Other oocytes were incubated, injected with the indicated snoRNA or water, incubated, and injected with
[a-32P]GTP (C–E). After injection of [a-32P]GTP, all oocytes were incubated for 16 h. Some oocytes were not injected with any oligonucleotides
(A, D, and E, lanes 1). Whole oocyte RNA was extracted and analyzed by formaldehydeyagarose gel electrophoresis. RNA from a single oocyte
was loaded on each gel lane. A–E are five electrophoreses. The oocytes in A show both pre-rRNA processing pathways A and B. The oocytes in
B–E have only pre-rRNA processing pathway A.
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observed in this work are specific for each snoRNA species. (i)
The same unique phenotype was produced for each targeted
snoRNA by oligonucleotides complementary to different seg-
ments of the snoRNA, but to no other oligonucleotide. (ii)
Each phenotype was specifically reversed by injection of the
corresponding snoRNA species.

DISCUSSION

To our knowledge, the present results are the first to show that
E2 RNA has a function and that it involves pre-rRNA pro-
cessing. This is the first evidence that E1 and E3 RNAs have
functions in rRNA maturation, which was obtained in vivo,
after degradation of the snoRNA in ribonucleoprotein particle
form, and with phenotypes that are specifically reversed by the
corresponding snoRNA. We report also the first use of anti-
sense oligonucleotides to specifically degrade these three
snoRNAs in vivo and demonstrate that destruction of anyone
of these three snoRNAs generates a unique alteration in
pre-rRNA processing that is specifically reversed by the ap-
propriate snoRNA species.
When rRNA processing at both sites 1 and 2 is blocked (Fig.

3), 18S rRNA formation stops and its immediate precursor,
20S pre-rRNA, overaccumulates relative to other pre-rRNA
and rRNA species in U22 RNA-depleted oocytes (25). (Pro-
cessing blocked at both ends of 20S pre-rRNA might produce
a more stable RNA.) Both after E2 RNA and E1 RNA
degradation, 18S rRNA production ceased but 20S pre-rRNA
did not overaccumulate, indicating that either site 1 or site 2
was affected in each case. Pre-rRNA processing at both sites
1 and 2 requires U22 snoRNA (25). If both sites required E1
or E2 RNA for processing, degradation of E1 or E2 RNA
would be expected to generate a pre-rRNA maturation phe-
notype identical to that of U22 RNA depletion, but this did not
occur. Cleavage of 38S pre-rRNA at site 2 makes 36S pre-
rRNA (22). After E2 RNA destruction, 36S pre-rRNA for-
mation shut down and 38S pre-rRNA accumulated, each event
indicating that site 2 was blocked. Collectively, these results
indicate that E2 RNA is at least involved in rRNA processing
at the 39 end of 18S rRNA (site 2). As mentioned above, rRNA
processing in E1-depleted oocytes is interrupted at either site
1 or site 2. Apparently it is not site 2 since 38S pre-rRNA did
not accumulate. These observations strongly suggest that E1
RNA is at least involved in rRNA processing at the 59 end of
18S rRNA (site 1). The present results support the idea that the
cleavages at the ends of frog oocyte 18S rRNA are not tightly
coupled. Inhibition of rRNA processing at site 1 might have
resulted in overaccumulation of 40S pre-rRNA in E1-depleted
oocytes that have pathway B, but this was not detected.
Perhaps 40S pre-rRNA that is not cleaved at site 1 is either very
unstable or is processed at site 3. The 36S pre-rRNA inter-
mediate generates 32S pre-rRNA by cleavage at site 3 (ref. 22;
Fig. 3) that is located at or near the 59 terminus of 5.8S rRNA
(25, 31, 32). During specific E3 RNA depletion, oocytes that
normally make 36S pre-rRNA overaccumulated this pre-
rRNA relative to 32S pre-rRNA, indicating that site 3 was
affected. Oocytes that have only pathway A do not produce 36S
pre-rRNA and all of their 32S pre-rRNA is generated by
cleavage of 40S pre-rRNA at site 3 (Fig. 3). The specific
depletion of E3 RNA in oocytes that have only pathway A
induced the formation and overaccumulation of 36S pre-
rRNA and shut down 32S rRNA production. Each of these two
observations indicates that site 3 was blocked. These results
indicate that E3 RNA is involved in rRNA processing at site
3 (at or near the 59 end of 5.8S rRNA). The continued
formation of some mature 28S rRNA after E3 RNA degra-
dation is compatible with several interpretations. First, E3
RNA might be essential for rRNA processing but 28S rRNA
might still be made by cleavage at site 5 of intermediates
blocked at site 3, or a full phenotype might not be seen unless

virtually all the E3 RNAmolecules in the oocyte are destroyed,
and this may not have happened in these experiments. Alter-
natively, E3 RNA might facilitate rRNA processing. Verifica-
tion of the termini of the pre-rRNA and rRNA molecules
made after degradation of E1, E2, and E3 RNAs is not
expected to reveal a novel cleavage site located far from the
known processing sites or to alter substantially the present
conclusions, for the following reasons. (i) Depletion of various
snoRNA species in yeast and frog oocytes has shown many
blockages of known pre-rRNA processing sites, but no novel
cleavage of pre-rRNA (5, 6). (ii) The rRNA molecules gen-
erated after depletion of these three snoRNAs are unlikely to
have grossly unexpected sequence spans because the present
rRNA maturation phenotypes are internally consistent.
Degradation of E1, E2, or E3 RNA each produces a unique

pre-rRNA maturation phenotype, different from those ob-
served after depletion of other snoRNA species that function
at rRNA processing sites 1, 2, or 3. Production of mature 18S
rRNA stops after degradation of U22, E1 and E2 snoRNAs,
but the level of 20S pre-rRNA rises relative to the other
pre-rRNA and rRNA species after U22 RNA depletion (25)
and not after degradation of E1 or E2 RNAs. E2 is the only
known snoRNA species whose degradation induces the accu-
mulation of 38S pre-rRNA. Degradation of E3 RNA, but not
of U3 snoRNA (22), induces the appearance of 36S pre-rRNA
in frog oocytes that normally do not make this pre-rRNA
species. U8 snoRNA depletion blocks formation of mature 28S
and 5.8S rRNAs (23). Yeast U14 snoRNA depletion leads to
impaired processing of the initial 35S pre-rRNA to 20S
pre-rRNA, the precursor to 18S rRNA (33).
E1, E2, and E3 RNAs each is apparently involved in the

rRNA processing site discussed above, but the available results
do not rule out the possibility that it might also function in
another rRNA processing site or step in ribosome formation.
However, the roles of E1, E2, and E3 RNAs are not identical
since the degradation of each snoRNA leads to a different
disturbance of rRNA processing. These snoRNAs psoralen-
crosslink to four different pre-rRNA sites in vivo: E1 within
59ETS positions 697-1163 and 18S rRNA positions 664-1021;
E2 within 18S rRNA positions 3282–3667; and E3 within 18S
rRNA positions 1021–1639 (9). These direct interactions with
pre-rRNA may be part of their roles at these pre-rRNA
processing sites or may reflect functions in additional steps of
ribosome formation. How these snoRNAs are involved in
pre-rRNA processing is unknown. They could participate in
folding of pre-rRNA or in the encounter of pre-rRNA cleavage
sites with nucleases. Some of the molecules of E1, E2, and E3
RNAs associate with very large complexes in vivo (9). Several
snoRNAs and proteins are required for pre-rRNA processing
and it has been proposed that they assemble into a large
complex needed for rRNA maturation (5, 6). E1, E2, and E3
RNAs may be additional components of this complex. These
three snoRNAs injected into the cytoplasm restored normal
pre-rRNA processing after snoRNA degradation, suggesting
that they migrate to their functional sites within the nucleolus.
E1 and E3 RNAs were reported to facilitate mouse 59ETS
rRNA processing in a cell-free system (34). If this occurred in
vivo, it would be difficult to detect in frog oocytes, since only
;1% of Xenopus oocyte pre-rRNA is cleaved at the 59ETS
processing site (35, 36).
Analysis of frog small nucleolar ribonucleoprotein particles

in vivo revealed four new accessible sites, targeted by oligo-
nucleotides E1 23–45, E1 199–217, E2 1–21, and E3 36–54,
that had not been detected in human small nucleolar ribonu-
cleoprotein particles in vitro (9). It also confirmed an accessible
site that was observed earlier in human cell extracts (9), that
was shown by frog oligonucleotide E3 103–125, equivalent to
human oligonucleotide E3 116–135. Five accessible segments
were detected in these three snoRNAs in whole cells. These
sites may be functional since (i) accessible segments of small
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RNAs are usually functional (37, 38), (ii) most of the sequence
at each accessible site is evolutionarily conserved (ref. 26; Fig.
1) and conserved sequences usually have a role, and (iii) they
include residues that may be psoralen-crosslinked to pre-
rRNA in vivo (ref. 9; Fig. 1). Our work identified in these three
snoRNAs accessible conserved sequences that may be involved
in RNA–RNA intermolecular interactions and inaccessible
conserved sequences that may participate in RNA–protein
long-term interactions. Our results suggest that each of these
three snoRNAs has unique conserved domains (Fig. 1).
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