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Variable regions V13 and V3 of Saccharomyces
cerevisiae contain structural features

essential for normal biogenesis and

stability of 5.8S and 25S rRNA

RIENK E. JEENINGA, YVON VAN DELFT, MURIEL DE GRAAFF-VINCENT,
ANITA DIRKS-MULDER, JAAP VENEMA, and HENDRIK A. RAUE

Department of Biochemistry & Molecular Biology, IMBW, BioCentrum Amsterdam,
Vrije Universiteit De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

ABSTRACT

The homologous ribosomal RNA species of all organisms can be folded into a common “core” secondary structure.
in addition, eukaryotic rRNAs contain a large number of segments, located at fixed positions, that are highly variable
in size and sequence from one organism to another. We have investigated the role of the two largest of these variable
regions in Saccharomyces cerevisiae 25S rRNA, V13, and V3, by mutational analysis in a yeast strain that can be
rendered completely dependent on the synthesis of mutant (pre-)rRNA. We found that approximately half of variable
region V13 can be deleted without any phenotypic effect. The remaining portion, however, contains multiple structural
features whose disturbance causes serious growth defects or lethality. Accumulation of 25S rRNA is strongly reduced
by these mutations, at least in part because they inhibit processing of ITS2. Removal of even a relatively small portion
of V3 also strongly reduces the cellular growth rate and larger deletions are lethal. Interestingly, some of the deletions
in V3 cause accumulation of 27S, pre-rRNA and, moreover, appear to interfere with the close coupling between the
processing cleavages at sites A3 and B1s. These results demonstrate that both variable regions play an important role
in 60S subunit formation.

Keywords: expansion segments; ribosomal RNA; rRNA processing; yeast

INTRODUCTION In eukaryotes, however, there are numerous regions,
Sequence comparison between the rRNAs of different  distributed at fixed positions along the rRNA core,
organisms shows a patchwork of conserved and non- that differ to a large extent in both primary and sec-

conserved sequences. Nevertheless, large portions of ~ ondary structure between different organisms and even
each of the rRNA species can be folded into a highly ~ between different genes of the same organism (reviewed
conserved secondary structure even in the regions  in Gerbi, 1996). These variable regions or expansion
showing little sequence similarity (Gutell et al., 1993; ~ segments account for most of the size differences be-
De Rijk et al., 1996; Schnare et al., 1996; Van der Peer ~ tween pro- and eukaryotic rRNAs. At present, the func-
et al., 1996). As has become evident from numerous  tion of these regions is unclear. From data obtained by
studies, this “universal core” rRNA structure, of which ~ in vivo mutagenesis, it appears that structural alter-
the Escherichia coli rRNA species can be considered as  ation of some variable regions remains without any
the paradigm, plays a pivotal role in the various steps phenotypic effect. Mutations in others, however, influ-
of protein translation (reviewed in Noller, 1991; Noller  ence the formation and/or the function of ribosomes.
et al., 1992, 1995; O’Connor et al., 1995; Triman, 1996a, Analysis of Saccharomyces cerevisiae 255 rRNA showed
1996b). that it was possible to introduce 18 nt into variable
region V2 [cf. Fig. 1; the nomenclature of Raué et al.

Reprint requests to: H.A. Raué, Department of Biochemistry & (1988) is used] without any detectable effect in vivo
Molecular Biology, IMBW, BioCentrum Amsterdam, Vrije Univer- (Musters et al., 1989b; Venema et al., 1995a). Removal
siteit( De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands; of variable region V9 of S. cerevisige 255 rRNA or re-
e-mail: raue@chem.vu.nl. placing it by its mouse or Tetrahymena thermophila coun-

Abbreviations: 1SU, large subunit; SSU, small subunit; bp, base h ) ! - 4 )
pair(s); kb, kilobase pair(s); r-protein, ribosomal protein terpart did not interfere with ribosome b1ogene51s
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(Musters et al., 1991), although yeast cells completely
dependent on such mutant 255 rRNA showed a re-
duced growth rate, indicating that removal of V9 causes
a functional defect (Kooi, 1995). In T. thermophila, it
was possible to insert 119 nt into variable regions V3
or V18 of the LSU rRNA without any deleterious effect
on cell growth (Sweeney & Yao, 1989). On the other
hand, insertions of 119 nt or 2,300 nt into the V13
region of the T. thermophila LSU rRNA were lethal
(Sweeney & Yao, 1989). Further analysis of V13 in T.
thermophila demonstrated that it could be replaced by
the corresponding region from various other organ-
isms, including yeast, but not by a totally unrelated
sequence (Sweeney et al., 1994). This observation pro-
vided the first evidence that a variable region pos-
sesses an evolutionarily conserved function. Because
sequence similarity between the V13 region of T. ther-
mophila and its counterparts from other organisms is
very limited, the functional equivalence is likely to
originate from common secondary (Schnare et al., 1996)
or higher-order structure. The results obtained upon
mutational analysis of different variable regions in the
SSU rRNA revealed a similar variety of effects (Mus-
ters et al., 1989b; Sweeney et al., 1993; Van Nues et al.,
1997).

In this paper, we present a study on the role of the
yeast 255 rRNA variable regions V13 and V3 by in
vivo deletion analysis using the “in vivo Pol II” system
(Venema et al., 1995a), which allows yeast cells to be
made completely dependent on synthesis of mutant,
plasmid-encoded rRNA. The results demonstrate that
both variable regions contain distinct structural ele-
ments that are important or even essential for ribosome
biogenesis, in particular, the formation and accumula-
tion of 255 rRNA.

RESULTS

Experimental design

The majority of previous studies addressing the func-
tional importance of variable regions in rRNA have
used insertion mutagenesis (Musters et al., 1989a;
Sweeney & Yao, 1989; Sweeney et al., 1993; Venema
et al., 1995a). This carries the hazard that the resulting
functional defect is due to disturbance of the higher-
order structure of the core by the inserted sequence
rather than the destruction of a functional element
within the variable region (Gerbi, 1996; Van Nues
etal., 1997). Therefore, we decided to analyze the func-
tional importance of the variable regions V13 and V3
of 255 rRNA by deletion analysis. The size and loca-
tion of the deletions were based on the secondary struc-
ture models for V13 and V3 derived by comparative
structural analysis (Gutell et al., 1993; Schnare et al.,
1996) and designed such that they deleted (combina-
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tions of) individual secondary structure elements. The
proposed secondary structures of the two variable re-
gions and the putative secondary structures of the var-
ious mutant forms are depicted in Figure 1. Each of the
deletions was tested in the in vivo Pol II system (Ven-
ema et al., 1995a). This system employs a special yeast
strain, YJV100, which lacks RNA polymerase I due to
a disruption of the gene encoding the second-largest
subunit of this enzyme (Nogi et al., 1991). The strain is
rescued by the presence of multiple integrated copies
of a wild-type rDNA unit under control of the glucose-
repressible GAL7 promoter, which is recognized by RNA
polymerase II. Mutations in the rDNA were analyzed
by introducing them into YJV100 on the episomal plas-
mid pJV12 (2u- URA3) as part of an rDNA unit under
control of the constitutive PGKI promoter. Upon a
change in carbon source from galactose to glucose, tran-
scription of the wild-type GAL7-driven rDNA units is
shut down and the YJV100 transformants become com-
pletely dependent upon the plasmid-derived, mutant
rRNA. The presence of small, neutral oligonucleotide
tags in both the 18S (Beltrame et al., 1994) and 255 rRNA
(Musters et al., 1989b) genes of pJV12 allows the spe-
cific detection of plasmid-derived, mature rRNA mol-
ecules and their precursors even in the presence of the
wild-type species.

Mutations in V13 and V3 affect cell growth

The effect of the various mutations in the V13 and V3
variable regions was first assessed globally by analyz-
ing the growth of YJV100 transformants on glucose.
YJV100 transformants carrying the respective mutant
derivatives of pJV12 were first selected for uracil pro-
totrophy on YNB-galactose, followed by screening for
their ability to grow on both solid and liquid glucose-
based medium at 30 °C. The results (Fig. 2) show that
removal of the left arm E20_1 [helix numbering ac-
cording to De Rijk et al. (1996)] of the Y-shaped vari-
able region V13 (mutant V13A97) had no effect on the
growth rate (Fig. 2A). When the deletion was extended
to include helix E20_2 (mutant V13A111), the doubling
time increased more than twofold (Fig. 2B). This growth
defect could be overcome by reconstruction of the E20_2
helix with a completely different primary sequence
(mutant V13A97C; Fig. 2C). Almost complete removal
of the V13 region (mutant V13A131; Fig. 2D) was le-
thal, in accordance with the results of Sweeney et al.
(1994) for Tetrahymena. These experiments clearly dem-
onstrate that about half of V13 (i.e., helix E20_1) is
completely dispensable. Of the remaining portion, only
helix E20 contains essential structural elements, whereas
the secondary, but not the primary, structure of E20_2
is important for normal cellular growth. All transfor-
mants were also tested for growth on YNB-glucose
plates at 15°, 23°, and 37 °C. No temperature-dependent
effects on growth were observed (data not shown).
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FIGURE 1. Secondary structure models for vari-
able regions V13 and V3 of S. cerevisiae 255 rRNA.
A: Location of the V13 and V3 variable regions
relative to the conserved “core” of the LSU
rRNA. B: Secondary structure model of V13. C:
Secondary structure model of V3 (Schnare et al.,
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To identify possible functional elements in the lower
portion of the E20 helix, we mutagenized the region
containing the two highly conserved (Schnare et al.,
1996) bulged A residues. The introduction of two point
mutations into the 5’ side (mutant V13A) or the inser-
tion of an extra G into the 3’ side (mutant V13B), each
of which creates a Hind I1I site, did not influence the
cellular growth rate (Fig. 2E,F). When these two neu-
tral mutations were combined, however, yielding mu-
tant V13A +B, the YJV100 transformants failed to grow
on glucose (Fig. 2G). Removal of the bulged A residues
(mutant V13AAA) also proved to be lethal (Fig. 2H).

Analysis of a set of progressively larger deletion mu-
tations in variable region V3 (cf. Fig. 1) demonstrated
that removal of 44 nt comprising the outermost por-
tion of the C1_2 helix (mutant V3A44) caused about
twofold reduction in growth rate (Fig. 2I), whereas
deletion of the complete C1_2 stem-loop structure (mu-
tant V3A93) resulted in a lethal phenotype (Fig. 2]). An
even larger deletion (mutant V3A181), which reduces
V3 to the approximate size of its bacterial counterpart,
was found to be lethal as well. Again there were no
temperature-dependent effects of any of these muta-
tions on growth (data not shown).
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FIGURE 1. Continued.

Mutations in V13 and V3 reduce

the level of 25S rRNA

To determine whether the negative effect of V13 and
V3 mutations on cell growth is due to inhibition of
ribosome biogenesis or the formation of functionally
defective ribosomes, we assayed the levels of the ma-
ture rRNA species in the various YJV100 transfor-
mants after growth on glucose. Total RNA was isolated
from YJV100 transformants 16 h after a shift from
galactose- to glucose-based medium and analyzed by
northern hybridization using oligonucleotides comple-
mentary to the tags in 185 and 25S rRNA (cf. Fig. 4A).
Hybridization signals were quantified using a phos-
phorimager. In the different V13 mutants that grew

with a wild-type doubling time (i.e,, mutants V13A,
V13B, V13A97, and V13A97C), the ratio of 18S to 25S
rRNA was the same as in the wild-type control (data
not shown). In the slow-growing V13A111 mutant,
the level of 255 rRNA was reduced by about 30% rel-
ative to the control (Fig. 3A, cf. lanes 5 and 6 to lane 2),
and, in the nonviable mutants VI3AAA, V13A131, and
V13A+B, only very small amounts of 255 rRNA were
detectable (Fig. 3A, cf. lanes 3 and 4, 7 and 8, 9 and 10
to lane 2)

Similar results were obtained for the V3 mutants.
The lethal mutations V3A181 and V3A93 reduced 255
rRNA to a level below the detection limit (Fig. 3B, cf.
lane 3 and 5 to lane 2), whereas the V3A44 mutation
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FIGURE 2. Effect of the various V13 and V3 mu-
tations on cell growth. YJV100 transformants car-
rying the respective pJV12 derivatives were
transferred from galactose-based to glucose-based
medium and growth was followed by measuring
the ODg4 at regular intervals (A). If necessary,
cultures were diluted to maintain exponential
growth. Transformants carrying the wild-type
pJV12 (O) or the “empty” vector (M) were ana-
lyzed in parallel. A-H: V13 mutants. I-J: V3 mu-
tants. Relative growth rates (Tp) were determined
by dividing the doubling time of the mutant by
the doubling time of the wild-type control. For
each mutation, the average value calculated from
testing at least four different transformants is given
and the standard deviation is indicated.
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FIGURE 3. Northern analysis of 185 and 255 rRNA levels in V13 and V3 mutants. Total RNA was extracted from YJV100
transformants grown for 16 h on YNB-glucose and analyzed by northern hybridization using the oligonucleotides com-
plementary to the tags in 185 and 255 rRNA as probes. A: Analysis of V13 mutants exhibiting growth defects. Lane 1,
YJV100 carrying a plasmid without a tagged rDNA unit; lane 2, YJV100 carrying the wild-type pJV12 plasmid; lanes 3
and 4, mutant VI3AAA; lanes 5 and 6, mutant V13A111; lanes 7 and 8, mutant V134131 ; lanes 9 and 10, mutant V13A +B.
B: Analysis of V3 mutants. Lane 1, YJV100 carrying a plasmid without a tagged rDNA unit; lane 2, YJV100 carrying the
wild-type pJV12 plasmid; lane 3, mutant V3A181; lane 4, mutant V3A44; lane 5, mutant V3A93. Positions of the mature 185
rRNA and 255 rRNA are indicated. For mutants V13A111 and V3A44, the 255/18S ratio relative to that of the wild-type
control is indicated. The value is the average of five independent assays. Note that the specific activity of the 185 and 255
probes was different, which accounts for the signal of the latter being less intense than that of the former.

resulted in a twofold reduction of the mature 255 rRNA
level (Fig. 3B, cf. lane 4 to lane 2), in accordance with
its intermediate growth phenotype.

These results demonstrate that the amount of 255
rRNA present in the various mutants correlates well
with their respective growth phenotype, indicating
that the observed growth deficiencies are primarily due
to defects in the synthesis and/or stability of the 255
rRNA.

Mutations in V13 and V3 inhibit
pre-rRNA processing

The effect of the V13 and V3 mutations on pre-rRNA
processing was analyzed by northern hybridization
using a set of oligonucleotides complementary to the
transcribed spacer regions (cf. Fig. 4A). Because pre-
rRNA processing is essentially complete within 10 min,
and the background transcription of chromosomal
GAL7-driven wild-type rDNA units is negligible (Ven-
ema et al., 1995a; Van Nues et al., 1997), all precursors
detected in glucose-grown YJV100 transformants will
be derived from the plasmid-borne mutant rDNA units.
The pre-rRNA processing pathway in yeast is outlined
in Figure 4B. Probe 1A detects the 20S pre-rRNA, which
was used as the internal standard because its level is
unlikely to be affected by any of the mutations in V13
or V3 (Van Nues et al., 1993, 1995). The 275, pre-TRNA
was assayed using probe 1D, which recognizes both
the 2754, and 27S,; species. Probe 2A simultaneously
detects the 275, and 27Sg pre-rRNAs. It is important to
note that, under normal conditions, the hybridization
signal predominantly reflects the level of the latter spe-
cies, which is about 10 times more abundant than the

2754 precursor. Total RNA was again isolated from the
various YJV100 transformants 16 h after transfer from
galactose- to glucose-based medium. Typical experi-
ments are shown in Figure 5A (V13 mutants) and B
(V3 mutants), whereas in Figure 5C and D, the data
from a number of independent experiments for the
two sets of mutations have been compiled. Pre-rRNA
levels are given relative to the levels observed in YJV100
control cells carrying pJV12.

V13 mutants

In YJV100 transformants carrying V13 mutations that
did not affect cell growth (i.e.,, V13A, V13B, V13A97,
and V13A97C), the levels of the 27S, and 27S, g pre-
rRNAs were indistinguishable from those in pJV12 con-
trol transformants (data not shown). The V13 mutants
showing a growth defect also contain wild-type levels
of 275, pre-rRNA (Fig. 5A,C). However, in the slow-
growing VI13A111 mutant, 27S,.5 pre-rRNA was
slightly elevated (Fig. 5A, lanes 5 and 6; Fig. 5C),
whereas the lethal VI3AAA, V13A131, and V13A+B
mutations increased the level of the 275, . g precursors
approximately threefold (Fig. 5B, lanes 3 and 4, lanes 7
and 8, lanes 9 and 10, respectively; Fig. 5C). Thus, we
conclude that these mutations delay ITS2 processing,
leading to an increase in 27Sg pre-TRNA.

The same mutations were also cloned into pJvie,
which contains an additional oligonucleotide tag in
the 5.85 rRNA sequence (Henry et al., 1994). Northern
analysis of total RNA isolated 16 h after shifting the
YJV100 transformants to glucose-based medium, using
the oligonucleotide complementary to this tag, showed
a good correlation between the levels of 5.85 and 255
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FIGURE 4. Pre-rRNA processing in S. cerevisiae. A: Schematic representation of the yeast rDNA unit. Regions encoding the
mature rRNAs and transcribed spacers are indicated by shaded bars and thin lines, respectively. Locations of the different
processing sites are shown. Positions of the probes used in this study are indicated by arrows. Restriction sites used to
make subclones are indicated. B: Pre-rRNA processing pathway (see Raué & Planta, 1995; Venema & Tollervey, 1995 for

recent reviews).

rRNA in all mutants (cf. Figs. 3, 6A). Compared to
control cells, the level of 5.8 rRNA in the V13A11l
mutant was roughly the same as in the wild-type con-
trol (Fig. 6A, lane 3), whereas tagged 5.85 rRNA was
(virtually) absent in the V13A131, VI3AAA, and
V13A+B mutants (Fig. 6A, lanes 4-6). However, using
probe 2A, we could detect both 7Sg and 7S, pre-TRNA,
the immediate precursor of 5.85 rRNA, in the latter set
of mutants (Fig. 6B, lanes 4-6). Primer extension using
the oligonucleotide complementary to the 25S tag or
probe 2B showed the Bl. and Blg stops to have in-
creased in concert in case of the V13Al11l, V13A13],
V13AAA, and V13A+B mutants (Fig. 7, lanes 2-6).
Processing was found to be correct at the nucleotide

level in all cases. The accumulation of 27Sg pre-rRNA
in these mutants thus reflects an increase in both 27Sgg
and 27Sg; pre-TRNA. The presence of detectable
amounts of 7S rRNA in the V13A131, VI3AAA, and
V13A+B mutants indicates that, despite the absence of
mature 5.85 and 255 rRNA, at least some processing of
27Sg pre-rRNA still occurs. Apparently, any mature
rRNA formed in these mutants is degraded rapidly.

V3 mutants

Analysis of the pre-rRNA species in the V3444 mutant
showed that both the 275, and 2754 .5 pre-TRNAs were
present at wild-type levels (Fig. 5B, lane 4; Fig. 5D).
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FIGURE 5. Northern analysis of 275, and 27Sg pre-rRNA in V13 and V3 mutants. Total RNA was extracted from YJV100
transformed with the pJV12 derivatives 16 h after transfer from galactose- to glucose-based medium. RNA was analyzed
by northern hybridization. The following probes were used (cf. Fig. 4). Probe 1A specifically recognizes 20S pre-TRNA.
Probe 1D detects both 2754, and 27543 pre-rRNA. Probe 2A simultaneously detects all 275 pre-rRNAs (both 2754 and 27Sg).
A: V13 mutants. Lane 1, YJV100 cells transformed with an “empty” vector; lane 2, wild-type pJV12; lanes 3 and 4, mutant
V13AAA; lanes 5 and 6, mutant V13A111; lanes 7 and 8, mutant V13A131; lanes 9 and 10, mutant V13A+B. B: V3 mutants.
Lane 1, YJV100 cells transformed with an “empty” vector; lane 2, wild-type pJV12; lane 3, mutant V3A181; lane 4, mutant
V3A44; lane 5, mutant V3A93. C: Quantification of 275, and 275, . levels in the V13 mutants. M, YJV100 carrying wild-type
pJV12. O, Mutant V13AAA. N, Mutant V13A111. B, Mutant V13A131. B, Mutant V13A+B. D: Quantification of 275, and
2754+ levels in the V3 mutants. B, YJV100 carrying the wild-type pJV12. O, Mutant V3A181. N, Mutant V3A44. &, Mutant
V3A93. Hybridization signals of the pre-rRNAs were quantified relative to the signal obtained with the wild-type control
using a phosphorimager. 20S pre-TRNA was used as internal standard. Each value is the average of at least 5 independent

transformants. The standard deviation is indicated by error bars.

The reduction in mature 255 rRNA observed in mu-
tant V3A44, therefore, is likely to be the result of in-
creased turnover of this rRNA, e.g., due to an assembly
defect. In transformants carrying the V3493 and V3A181
mutations, the level of the 275, pre-rRNA was ele-
vated by a factor of 3.5 and 5.5, respectively. However,
there was no significant increase in the total amount of
27Sx+8 pre-TRNA detected by the ITS2 probe (Fig. 5B,
lanes 3 and 5; Fig. 5D). Thus, the level of the 27S;
precursor may in fact be reduced in these mutants.
These results suggest that the V3A93 and V3A181 muta-
tions cause a substantial delay in processing at site B1.

Mutations V3A93 and V3A181 were also cloned into
plasmid pJV16. Northern analysis using the probe hy-
bridizing to the 5.85 rRNA tag failed to detect either
5.85s or 5.85; rRNA in total RNA isolated from the
respective YJV100 transformants after growth on glu-
cose (Fig. 6C, lanes 3-6). As in the case of the lethal
V13 mutations, both 7Sg and 7S, pre-rRNA were detect-
able using probe 2A (Fig. 6D, lanes 3-6), indicating that
at least some processing of ITS2 occurs in these mutants.

To analyze the effects of the V3 mutations on pro-
cessing of the different 275, and 27Sg pre-rRNAs in
more detail, we mapped the 5’ ends of these precur-
sors by primer extension using the oligonucleotide com-
plementary to the tag in 255 rRNA. We observed no
significant differences in the ratios of the stops corre-
sponding to sites A2, A3, Blg, and B1; for the mutant
V3A44 compared to the wild-type control (Fig. 8; cf.
lanes 1 and 6 to lane 2). However, in case of the V3A93
and V3A181 mutants, extension from the same primer
showed that, although stops at sites A2, A3, and B1,
were clearly visible, no signal corresponding to Blg
could be detected (Fig. 8A compare lanes 3 and 4 to
lanes 1 and 6). When primer extension was performed
from within ITS2 using probe 2B, essentially the same
qualitative and quantitative pattern of stops was found,
except that now, to our surprise, both Bl; and Blg
could be detected in the V3A93 as well as in the V34181
mutant (Fig. 8B, lanes 3 and 4). These data clearly
suggest that the V3A93 and V3A181 deletions alter the
normal order of events after cleavage at site A3. Ap-
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FIGURE 6. Northern analysis of 5.85 and 7S (pre-)rRNA in V13 and
V3 mutants. Total RNA was extracted from YJV100 transformed
with the pJV16 derivatives carrying the V13 or V3 mutations 16 h
after transfer from galactose- to glucose-based medium. RNA was
analyzed by northern hybridization using an oligonucleotides com-
plementary to the 5.85 tag (A,C) or probe 2A (B,D). A,B: Lane 1,
YJV100 cells carrying a plasmid without an rDNA unit; lane 2, wild-
type pJV16; lane 3, mutant V13A111; lane 4, mutant V13A131; lane 5,
mutant V13AAA; lane 6, mutant V13A+B; lane 7, mutant V13A97.
C,D: Lane 1, wild-type pJV16; lane 2, YJV100 cells carrying a plas-
mid without an rDNA unit; lanes 3 and 4, mutant V3A93; lanes 5 and
6, mutant V3A181.

parently, in these mutants, processing at A3 is not fol-
lowed by exonucleolytic trimming to Bls. Instead, the
27S a3 pre-rRNA appears to be cleaved at a site down-
stream from probe 2B, but upstream from the tag in
25S rRNA. Because no aberrant stop was detectable in
primer extension analysis using the oligonucleotide
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FIGURE 7. Primer extension analysis of RNA from V13 mutants.
Total RN A was extracted from YJV100 transformants 16 h after trans-
fer to YNB-glucose and analyzed by primer extension using the
probe 2B (cf. Fig. 4). Processing sites corresponding to the primer
extension stops are indicated on the right. Lanes 1 and 6, wild-type
pJV12; lane 2, mutant V13A111; lane 3, mutant V13A131; lane 4,
mutant V13AAA; lane 5, mutant V13A+B; lane 7, YJV100 cells car-
rying a plasmid without an rDNA unit.
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complementary to the 25S tag (data not shown), we
conclude that this cleavage takes place at site C1. Thus,
we conclude that, in the V3A93 and V13A181 mutants,
the Bl processing pathway operates normally, al-
though at a reduced rate. The sequence of processing
events in the Blg route, however, seems to be altered in
such a way that cleavage at C1 now precedes process-
ing at Bls. This altered processing route should, in
principle, give rise to a fragment extending from A3 to
C1, but we were unable to detect such a fragment by
means of northern hybridization (which is less sensi-
tive than primer extension analysis) using probe 2A.
This indicates that it must be processed rapidly at sites
Bls and C2 in that order, because Blg is detected with
primer 2B, located downstream from site C2 (Fig. 8),
and 7Sg pre-rRNA is visible in a northern hybridiza-
tion using probe 2A (Fig. 6D). Alternatively, the A3-C1
fragment might be subject to 3' — 5’ exonucleolytic
degradation.

A
i | A2

i - i

1 2 3 4 5

FIGURE 8. Primer extension analysis of RNA from V3 mutants.
Total RNA was extracted from YJV100 transformants 16 h after trans-
fer to YNB-glucose and analyzed by primer extension. Processing
sites corresponding to the primer extension stops are indicated on
the right. A: Primer extension analysis from within the mature 255
rRNA sequence using the oligonucleotide complementary to the tag.
Lanes 1 and 6, wild-type pJV12; lane 2, mutant V3A44; lane 3, mu-
tant V3A93; lane 4, mutant V3A181; lane 5, YJV100 cells carrying a
plasmid without an rDNA unit. B: Primer extension analysis from
within ITS2 using probe 2B (cf. Fig. 4). Lane 1, wild-type pJV12;
lane 2, mutant V3A44; lane 3, mutant V3A93; lane 4, mutant V3A181;
lane 5, YJV100 cells carrying a plasmid without an rDNA unit.
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DISCUSSION

In this paper, we report the in vivo effect of a series of
deletion and point mutations (Figs. 1, 2) in variable re-
gions V13 and V3 of S. cerevisiae 255 rRNA. The pheno-
types caused by these mutations were analyzed using
the “in vivo Pol II” system in which yeast cells can be
made completely dependent on mutant, plasmid-
encoded rRNA. Removal of distinct structural ele-
ments by a series of progressively larger deletions of
V13 demonstrated that helix E20_1 is completely dis-
pensable for 60S subunit biogenesis or ribosome func-
tion. Mutant V13A97 containing this deletion does not
show any growth defect (Fig. 2A) and produces nor-
mal amounts of mature 185 and 25S rRNA, as well as
275, and 27Sg pre-rRNA (data not shown). These re-
sults indicate that the lethal phenotype caused by in-
serting 119 nt into helix 20_1 of T. thermophila V13
(Sweeney et al., 1994) is not due to destruction of
an essential functional element, but rather to distur-
bance of the folding of the (pre-)rRNA or steric hin-
drance of its assembly with ribosomal proteins.
Reducing V13 to the approximate size of its pro-
karyotic counterpart (mutant V13A131) proved to
be lethal (Fig. 2D), which corroborates previous ob-
servations with respect to the functional importance
of V13 in T. thermophila (Sweeney et al., 1994). The
essential structural elements are limited to helix E20
because mutation V13A111 lacking both E20_1 and
E20_2 is still able to support growth, albeit relatively
poorly (Fig. 2B). Mutation V13A97C, on the other
hand, does not affect the growth rate, demonstrating
that the primary structure of the E20_2 helix is irrel-
evant (Fig. 2C). This is in agreement with the func-
tional equivalence observed in vivo for the T
thermophila, S. cerevisiae, Dictyostelium discoideum, and
Caenorhabditis elegans V13 regions (Sweeney et al., 1994)
despite considerable sequence differences between
their respective E20_2 helices. The latter observation
also suggests that the size of helix E20_2, which ranges
from 3 bp in T. thermophila and D. discoideum to 7 bp
in C. elegans, is not critical.

Helix E20 appears to contain at least two distinct
essential structural elements. A deletion that includes
its upper portion (mutation V13A131) is lethal, as are
the point mutations VI13A+B and V13AAA in its lower
portion. We conclude that the essential features within
these two regions of V13 are most likely secondary
structural, rather than specific sequence, elements. As
far as the upper portion of helix E20 is concerned, this
is again supported by the limited sequence similarity
in this region between the E20 helices of the function-
ally equivalent T. thermophila, D. discoideum, S. cerevi-
siae, and C. elegans V13 regions (Schnare et al., 1996).
With respect to the lower portion, the neutral character
of the V13A and V13B mutations (Fig. 2E,F) shows that
the sequence alterations per se are not the cause of the
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lethal phenotype of the V13A +B mutation. The lethal
effect of removing the two bulged A residues (muta-
tion V13AAA; Fig. 2H) further supports the impor-
tance of secondary, rather than primary, structure.
Clearly, an interruption of the normal base pairing is
an essential feature of this region of V13. However,
even though this interruption always consists of a 2-nt
bulge at the 3’ side, in many cases containing two A
residues (Schnare et al., 1996), the number, distribu-
tion, and precise identity of the unpaired nucleotides
does not appear to be critical, as shown by the neutral
character of the V13A and V13B mutations (Fig. 2) and
the fact that C. elegans V13 contains a GU bulge at this
position. In other organisms, unpaired GG, GA, or AG
sequences are present (Gutell et al., 1993). On the other
hand, the lethality of the VI3A+B mutation demon-
strates that not just any base pairing irregularity will
suffice. Sweeney et al. (1994) have made similar obser-
vations in their mutational analysis of T. thermophila
V13. The precise requirements for this region of V13,
however, can only be revealed by detailed structural
analysis.

Analysis of pre-rRNA processing in the lethal
V13A131, VI13A+B, and VI3AAA mutants showed a
substantial accumulation of the 27Sg precursor spe-
cies, whereas mature 255 and 5.85 rRNA were (almost)
completely absent (Figs. 3, 5). Apparently, these muta-
tions strongly reduce the efficiency of ITS2 processing.
However, 7S pre-rRNA remains detectable (Fig. 6),
which demonstrates that ITS2 processing does not come
to a complete standstill. We therefore assume that the
5.85/255 rRNA resulting from this residual processing
is degraded rapidly, probably because it is part of a
structurally imperfect subunit.

Such structural imperfection might be the result of
failure of the (pre-)rRNA to be (correctly) recognized by
ribosomal proteins. Assembly defects can indeed cause
instability of rRNA as well as perturb processing (Un-
derwood & Fried, 1990; Moritz et al., 1991). Although
there is no direct evidence for an r-protein binding site
within V13, we note that the presence of structural ir-
regularities, such as bulged nucleotides, in RNA heli-
ces is important in many ribosomal protein-rRNA
interactions (e.g., Peattie et al., 1981; Wu & Uhlenbeck,
1987; Gregory et al., 1988).

Deletion analysis of the V3 variable region of yeast
255 rRNA demonstrated that partial removal of the
outer C1_2 helix of this region (mutant V3A44) caused
a severe growth defect, whereas amputation of the
complete helix (mutant V3A93) was lethal (Fig. 2L]).
Interestingly, the latter mutant appears to be defective
in the removal of the ITS1 fragment from the 275,
pre-rRNA. As demonstrated by northern analysis
(Fig. 5), the V3A93 mutation, and also the larger V34181
mutation, caused a substantial increase in the level of
the 275, precursor species, indicating that its conver-
sion into 27Sg pre-rRNA is delayed. Because we could
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detect stops corresponding to the A3 and Bl cleavage
sites by primer extension from within the mature 255
rRNA sequence (Fig. 8A), we conclude that the
2755 — 27543 and 2754, — 275, processing steps are
performed correctly, although possibly with reduced
efficiency, in the two V3 deletion mutants. In contrast,
the pathway leading from the 2755 precursor to 5.85/
255 rRNA, which under normal conditions is the ma-
jor route for production of the mature LSU rRNA
species (Henry et al., 1994; cf. Fig. 4B), is seriously
disturbed. The complete absence of a stop correspond-
ing to Bls upon primer extension from within mature
25S rRNA (Fig. 8A, lanes 3 and 4) clearly indicates
that 27S,; pre-rRNA fails to be converted into 275gs.
This is not due to a lack of ability of the processing
machinery to remove the A3-Bls fragment because
primer extension using probe 2B produced a clear stop
corresponding to Blg (Fig. 8B, lanes 3 and 4). Because
probe 2B is complementary to the region of ITS2 be-
tween sites C2 and C1 (cf. Fig. 4A) and primer exten-
sion from within 255 rRNA did not reveal any stops
upstream from C1, the mature 5" end of 255 rRNA, we
interpret these observations as follows. In the V13493
and V13A181 mutants, significant processing of 27543
pre-rRNA still occurs. However, this processing pro-
ceeds via initial cleavage at site C1. The aberrant A3-C1
fragment must then be processed rapidly at sites Blg
and C2 because the 7Sg pre-rRNA is clearly detectable
(Fig. 6D). Processing at site E may occur, but any re-
sulting mature 5.85 rRNA /255 rRNA produced by this
aberrant, or by the normal B1;, pathway is highly un-
stable.

That an intact V3 region is important for normal,
stable accumulation of mature 5.85/25S rRNA is fur-
ther supported by the phenotype of the V3A44 muta-
tion. In contrast to the larger deletions, this mutation
had no detectable effect on pre-rRNA processing but,
nevertheless, reduced the level of 255 rRNA about two-
fold (Fig. 3). This indicates that removal of the tip of
the C1_2 helix affects turnover, rather than produc-
tion, of these rRNA species. Interestingly, Sweeney
et al. (1996) recently reported that insertions into the
C1_2 helix of Tetrahymena 26S rRNA at a position cor-
responding to the arrow in Figure 1 (i.e., just before the
start of the A44 deletion) did not have any deleterious
effect, indicating a high degree of structural flexibility
in this region of V3. This structural flexibility is also
evident from the extreme variation in size of V3, which
ranges from 8 nt in Giardia species to 865 nt in humans
(Schnare et al., 1996).

In conclusion, the results reported in this paper clearly
demonstrate that both the V13 and V3 variable regions
of S. cerevisiae 255 rRNA contain elements that are
important, or even essential, for normal biogenesis
and stability of the LSU rRNAs, and begin to iden-
tify the location and nature of these elements in more
detail.
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MATERIALS AND METHODS

Strains

The E. coli strains Sure™ Strain (Stratagene, La Jolla, Cali-
fornia), JM109, and BMH 71-18 mutS were used as bacterial
hosts and used for cloning experiments. S. cereviside strain
YJV100 [Mata, rpal35::LEU2, ade2-1, his3-11, leu2-3,112, trpl-1,
ura3-1, can1-100, RDN1::;pGRIM (TRP1d, GAL7-rDNA); Ven-
ema et al.,, 1995a] is defective in RNA polymerase 1. This
strain is rescued by multiple integrated copies of an rDNA
unit under control of an inducible GAL7 promoter. Growth
and handling of S. cerevisine and E. coli were performed by
standard techniques.

Plasmids

The plasmid pJV12 (2u, URA3) is a YEplac 195 (Gietz &
Sugino, 1988) derivative and contains an rDNA unit under
control of the PGK1 promoter. The rDNA unit contains small
oligonucleotide tags in the 185 rRNA (Beltrame et al., 1994)
and the 255 rRNA (Musters et al., 1989b). The plasmid pJV16,
which contains a third tag located in the 5.85 rRNA se-
quence, was constructed by exchanging a 1.5-kb Sac [-Xho 1
fragment, including the 5.85 rRNA sequence (cf. Fig. 4), for
a Sac 1-Xho 1 fragment from the pGAL:rDNA plasmid car-
rying the 5.85 rRNA tag (Henry et al.,, 1994). The plasmid
pGEM3-SacMlud was constructed by cloning a 2-kb Sac I-
Mlu 1 fragment from pJV12, extending from 185 rRNA into
255 rRNA (cf. Fig. 4), into pGEM3 (Promega, Madison, Wis-
consin) with the use of a Mlu I-Sma I linker. The plasmid
pGEMBAN-255SacSal was obtained by cloning a 4.0-kb Sac I-
Sal T rDNA fragment (cf. Fig. 3) into pGEM3, in which the
Nar 1 sites present in the vector had been destroyed previ-
ously.

Site-directed mutagenesis

The vector pAlter-SacMlu4 is a derivative of pAlterl (Pro-
mega) and contains the same 2.0-kb Sac I-Mlu I rDNA frag-
ment as pGEM3-SacMlu4 (see above). The plasmid pAlter-
25SXH3 contains a 2.5-kb Xba I-Hind III 255 rRNA fragment
obtained from pJV12 and cloned into pAlterl. Using the
pAlter derivatives as templates, mutations were introduced
into V3 (pAlter-SacMlu4) and V13 (pAlter-255XH3) by the
Altered Sites® II in vitro mutagenesis system (Promega) ac-
cording to the supplier’s instructions. The presence of the
mutations was verified by DNA sequencing (Sequenase® 2.0
kit, USB, Cleveland, Ohio). Mutations in variable region V3
were transferred to pJV12 by exchanging its 0.6-kb Xho I~
Mlu 1 fragment for the mutated fragment. The mutations
V3493 and V3A181 were cloned in the pJV16 plasmid by
exchanging the Sph I-Miu I fragment from pJV16 for the
corresponding fragment carrying the mutation. V13 muta-
tions were first subcloned into pGEM3AN-2555acSal (see
above) by exchanging the wild-type Bg! II-Nar ] rDNA frag-
ment for the mutated fragment and subsequently cloned as
a 3-kb Mlu 1-Sal 1 fragment (cf. Fig. 4A) into pJV12. The
V13A97C mutation was obtained by inserting a linker into
the Sac I site of the pPGEM3AN-2555acSal-V13A111 mutation
and subsequently cloned into pJV12. The pJV16 derivatives
pIV16-V13A97, pJV16-V13A111, pJV16-V13A131, and pJV16-
V13AAA were constructed by replacing the wild-type Miu I-
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Sal 1 fragment of pJV16 with the mutated fragment from the
pertinent pJV12 derivative. The V3 and V13 mutations de-
scribed in this study and their putative secondary structures
are depicted in Figure 1.

Determination of growth rate

YJV100 cells were transformed with the pJV12 derivative
carrying the desired mutation and transformants were grown
in liquid YNB medium containing 2% (w/v) galactose at
30°C until mid-log phase was reached (ODggy ~0.8). An al-
iquot of the culture was centrifuged (3 min, 700 g, 30°C),
resuspended in pre-warmed YNB medium containing 2%
(w/v) glucose to give an ODgg of 0.05, and further incu-
bated at 30 °C. The ODygg of the culture was then measured
at regular intervals over a period of several doubling times.
Cultures were diluted regularly to maintain exponential
growth. Cells were checked routinely for morphological ab-
normalities by phase-contrast microscopy and found to be
normal in all cases.

Northern and primer extension
analysis of (pre-)rRNA

Yeast cells were shifted to YNB-glucose as described above
and incubated for 16 h at 30 °C. Total RNA was isolated as
described previously (Musters et al., 1989a, 1990). For north-
ern analysis, 5 ug of RNA was separated on either a 1.2% or
2% agarose/formaldehyde gel according to Venema et al.
(1995b), blotted, and hybridized to different oligonucleotide
probes. For detection of short processing products, an 8%
polyacrylamide gel was used according to Venema et al.
(1995b). Hybridization signals were visualized using a phos-
phorimager and RNA levels were quantified using the pro-
gramme ImageQuant (Molecular Dynamics, Sunnyvale,
California). Primer extension analysis was performed as de-
scribed by Beltrame and Tollervey (1992) using 0.4 ug of
RNA. Locations of the probes used for detection of the var-
ious (pre-)rRNA species and for primer extension are de-
picted in Figure 4.
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