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ABSTRACT

Synthesis of eukaryotic ribosomal RNAs (rRNAs) includes methylation of scores of nucleotides at the 2�-O-ribose position (Nm)
by small nucleolar RNP complexes (snoRNPs). Sequence specificity is provided by the snoRNA component through base-pairing
of a guide sequence with rRNA. Here, we report that methylation snoRNPs can be targeted to many new sites in yeast rRNA,
by providing the snoRNA with a novel guide sequence, and that in some cases growth and translation activity are strongly
impaired. Novel snoRNAs can be expressed individually or by a unique library strategy that yields guide sequences specific for
a large target region. Interference effects were observed for sites in both the small and large subunits, including the reaction
center region. Targeting guide RNAs to nucleotides flanking the sensitive sites caused little or no defect, indicating that
methylation is responsible for the interference rather than a simple antisense effect or mis-guided chaperone function. To our
knowledge, this is the only approach that has been used to mutagenize the backbone of rRNA in vivo.
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INTRODUCTION

There are two major modified nucleotides (nt) in all ribo-
somal RNAs, namely, 2�-O-methylated nucleotides (Nms)
and pseudouridines (�s), which are formed during or
shortly after transcription (Maden 1990). Although the
composition and level of modification vary among organ-
isms and between kingdoms in a general way (Ofengand
2002), many modifications are heavily clustered in regions
of the ribosome known to be functionally important
(Maden 1990; Decatur and Fournier 2002; Hansen et al.
2002). This distribution suggests that modifications play
beneficial roles in the structure and function of the ribo-
some. Consistent with this view, blocking modification glob-
ally causes severe growth defects in yeast (Tollervey et al.
1993; Zebarjadian et al. 1999), whereas disrupting modifi-
cation of individual sites has only slight or no apparent
effect (Lowe and Eddy 1999; Samarsky and Fournier 1999;
Badis et al. 2003; Bonnerot et al. 2003; King et al. 2003).
Importantly, evaluating effects of individual modifications

has been limited in most cases to screening for major
growth defects only.

In eukaryotes, modification of cytoplasmic rRNA occurs
in the nucleolus, mediated by two large families of
snoRNPs, that is, the box C/D and box H/ACA snoRNPs,
which are specific for Nms and �s, respectively (Decatur
and Fournier 2003). The family designations are based on
the names of distinguishing sequence elements in the
snoRNA components. The methylating snoRNPs are the
subject of this study. In yeast and other eukaryotes, the
methylating snoRNPs contain one site-specific guide
snoRNA and a set of four core proteins common to all C/D
snoRNPs. Each snoRNA contains one box C and one box D,
located near the 5� and 3� ends of the RNA, respectively.
These elements are part of a kink-turn motif involved in
binding of the core proteins, including the methylase
(Fatica and Tollervey 2003). Many C/D guide snoRNAs
have a second set of related elements (boxes C� and D�),
located in the interior of the molecule, and these have simi-
lar but not identical structures and functions as boxes C and
D. Methylation is targeted by a long (10–21 nt) guide se-
quence in the snoRNA located upstream of box D/D�, and
the reaction occurs within the region of complementarity,
at a substrate site 5 nt upstream of box D or D�. Where two
targeting domains exist, these may be for the same or dif-
ferent rRNA molecules.
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The focus of this report is characterizing the effects of
introducing Nms into yeast rRNA at novel locations. By
expressing a C/D snoRNA with a new guide sequence, a
point mutation can be made in rRNA in a site-specific way
by using natural machinery. We reasoned that strong inter-
ference effects would be observed at some sites due to al-
tered properties of the rRNA caused by methylation (Davis
1998). The ability to target Nm to new sites with snoRNAs
was first demonstrated during discovery and characteriza-
tion of the guide function of the C/D snoRNAs (Cavaille et
al. 1996; Kiss-Laszlo et al. 1996; Ni 1998). For one novel
yeast site, the cell growth rate was slightly impaired (Kiss-
Laszlo et al. 1996). We have extended this type of experi-
mentation by targeting methylation to preselected sites in
the yeast ribosome in regions known or reasonably pre-
dicted to be functionally important, and to all nucleotides
in a segment of the large subunit (LSU) that encompasses
the peptidyl transferase center (PTC). In the latter thrust,
we developed a novel strategy for generating a library of
snoRNA genes with guide sequences specific for the desired
target region. Severe and strong growth defects were iden-
tified in both approaches. Preliminary results from these
experiments were reported in a methods paper that
describes the procedures we used to create novel guide
snoRNAs (Liu et al. 2001).

We also address the question of whether modifying
snoRNPs have other effects on their RNA substrates beyond
creating a site-specific modification, such as chaperone-like
effects that influence pre-rRNA folding or assembly of
rRNP complexes (Bachellerie et al. 1995; Maxwell and
Fournier 1995; Steitz and Tycowski 1995). If chaperone-like
functions exist, it is reasonable to expect these reactions
involve the antisense guide sequences through which the
snoRNP binds to its RNA substrate. To determine if the
growth defects are due to an antisense effect or mis-guided
chaperone function, we examined the consequences of out-
fitting interfering snoRNAs with guide sequences that target
methylation to adjacent or other nearby nucleotides. Our
results argue against an antisense phenomenon of the type
likely to occur in a chaperone function. The tight clustering
and close spacing of natural snoRNP-mediated modifica-
tions in yeast rRNA in several rRNA segments also argue
against each snoRNP being involved in an rRNA folding
event. Taken together, these results suggest that targeting
modification is the only role for the modifying snoRNPs
examined, and that this situation quite likely applies to
other modifying snoRNPs as well.

RESULTS

Strategy for probing rRNA in vivo with novel
methylating snoRNPs

In our approach, novel guide snoRNAs are expressed con-
ditionally from a plasmid-encoded transcription unit regu-

lated by a galactose-inducible promoter (Fig. 1). The ex-
perimental transcription unit was derived from a chromo-
somal segment that encodes mRNA for the translation
elongation factor TEF4 (Kinzy et al. 1994). A single intron
encodes a snoRNA (snR38) that targets methylation to a site
in the LSU of the ribosome (G2811; Ni 1998). The experi-
mental snoRNAs contain a 20- or 21-nt deletion between
box D� and the predicted box C� and accumulate and func-
tion normally (see below). Genes for the new snoRNAs were
created either on an individual basis by a PCR strategy or as
a library with overlapping guide elements that span a region
of interest generated by replacing the guide element in the
parental snoRNA with a new 13- or 14-nt sequence. The
growth rates of cells expressing the new guide RNAs were
examined on solid medium containing galactose.

Strong growth defects can be caused by novel Nm
guide snoRNAs

The feasibility of using methylating snoRNPs for interfer-
ence mapping was evaluated initially by targeting rRNA
regions known to be important for ribosome function in
Escherichia coli (Fig. 2A). In each case, conditional expres-
sion of the novel guide RNA caused a slow-growth pheno-
type (Fig. 2B). Methylation was demonstrated by a primer
extension assay procedure (Maden et al. 1995) at sites
A1779 (E. coli: A1518), U1257 (U1083), and A2816
(A2451), but not at sites U1757(U1495), and C3022
(C2658; data not shown). Evidence shown below indicates
that methylation is the basis for the growth defects ob-
served, rather than a simple antisense effect caused by the
13-nt guide element in the novel snoRNAs.

FIGURE 1. Structure of the parental gene used to express novel guide
snoRNAs. New guide RNAs were derived from a modified coding
sequence for a natural snoRNA (snR38), which is embedded within
the intron of a gene for translation elongation factor 4 (TEF4). The
transcription unit contains exon 1, the intron, and 36 bp of exon 2 and
is expressed from the galactose-inducible GAL1 promoter. The coding
sequence of the variant snR38 gene is 21 nt shorter than the natural
gene and was used as the parental gene for the novel guide snoRNAs.
New guide sequences were inserted at the appropriate site by a PCR-
based method, to replace the natural 13-nt guide. Several restriction
enzyme sites used for DNA manipulation are indicated. E indicates
EcoRI; B, BamHI; B�, BglII; N, NruI; and S, SacI.
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A library strategy for probing specific segments
of rRNA

With a view to eventually constructing interference maps
for specific structural domains, we developed a procedure
for creating a library of snoRNAs that can, in principle,
methylate every site (except those at the ends) in a prese-
lected RNA region of modest size; details of the methodol-
ogy are provided elsewhere (Liu et al. 2001). The library was
tailored to a region that encompasses the PTC. The key
steps involved in creating the library are as follows: (1)
generating random fragments with DNase I; (2) fusing the
random fragments to a linker oligonucleotide that contains
cleavage sites for both type I and type II restriction enzymes;
(3) producing a pool of 14-bp fragments with the type I
enzyme BpmI; and (4) following cleavage with appropriate
restriction enzymes, cloning the new guide elements into
matching sites in a snoRNA expression plasmid. Because

the double-stranded rDNA fragments will be incorporated
in both orientations in the library, half of the cloned inserts
will be proper antisense guide sequences, and half will have
the same sequence as the rRNA. Sequencing of 46 indepen-
dent isolates showed the content of appropriate guide se-
quences to be 33% (Liu et al. 2001). The data show the
library construction strategy is a good one.

The potential of the library strategy to identify important
sites was evaluated by screening the growth properties of
yeast transformants. Screening for slow and lethal growth
phenotypes identified six sites (Fig. 3). Strikingly, five of
these are at or adjacent to sites in domain V that are already
known to be important in E. coli rRNA for tRNA binding
(Garrett and Rodriguez-Fonseca 1996; Green and Noller
1997; Nissen et al. 2000; Yusupov et al. 2001). The sixth site
C2284 (C1942) occurs in a helix in domain IV, which in E.
coli is involved in subunit association (Merryman et al.
1999). These results add strong support to our proposition

FIGURE 2. Expression of novel methylation snoRNAs can impair growth. (A) Five nucleotides (arrows) located in rRNA domains required for
translation were targeted for methylation. Two sites are in 18S rRNA regions involved in decoding and tRNA binding (A1779 and U1757). The
other three are linked to the GTPase center (U1257), peptidyl transferase center (A2816), and elongation (C3022). The corresponding E. coli sites
are A1779 (A1518), U1757 (U1495), U1257 (U1083), A2816 (A2451), and C3022 (C2658). Natural methylated nucleotides (solid circles) and
pseudouridines (solid triangles) are indicated, with four highly modified segments of 25S rRNA highlighted. (B) Yeast cells expressing these novel
snoRNAs (indicated by the targets) have defects in growth. The parental snR38, which targets G2811 (G2446) of 25S rRNA was used as control.
Pictures were taken after growth on selective plates containing glucose (Glu) or galactose (Gal) for 2 and 3 d, respectively.
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that methylating snoRNPs can be used to identify function-
ally important rRNA sites, and that probing with libraries of
guide RNAs can be effective.

The nucleotide specificity of 17 snoRNAs that did not
cause strong growth defects was also determined. These
snoRNAs were specific for the target region, consistent with
the library sequence data, and the targeted sites are well
distributed in that region. The sites correspond to nucleo-
tides C2989, A2323, C2329, A2372, A2386, C2469, G2533,
A2568, C2576, G2605, G2644, A2743, U2755, G2820,
U2976, C2981, and C3081. The fact that only a minority of
the guide RNAs caused growth defects supports the view
that the interference effects are site specific in nature, and
that most sites are probably not sensitive. We show below
that several additional PTC sites are sensitive, indicating
that a saturation condition was not achieved in this initial
probing analysis.

Growth defects correlate with global
translation activity

To determine if the slow-growth defects observed with the
novel guide RNAs reflect loss of protein synthesis activity,
the rate of amino acid incorporation was analyzed in vivo
for the six sites in the PTC region identified from screening

of the snoRNA gene library. A dramatic decrease in incor-
poration rate was observed for each strain. Compared with
a vector-only control, the calculated rates of global trans-
lation (expressed as cpm/OD600 per min) were 24%
(C2284), 14% (C2845), 30% (A2849), 44% (U2871), 14%
(U2916), and 44% (U2951). In work to be presented else-
where, translation activity was also examined for eight other
interfering snoRNAs targeted to the central loop region of
the PTC. The impact of these latter snoRNAs on cell growth
included no effect, moderate effect, and severe or lethal
effects. The corresponding amino acid incorporation activi-
ties for cells targeted by these snoRNAs ranged downward
from control cell levels to 10% of the control activity and,
in one case, no activity. Taken together, the results show
that the extents of growth impairment correlate with loss of
translational activity, as expected.

The methylation elements in the snoRNA are required
for the growth defects

Methylation was not detected in all cases described (see
Discussion), so the growth defects could also be due to an
antisense phenomenon, such as interference with rRNA
folding or protein binding, rather than to modification.
With a view to distinguishing among these possibilities, we

FIGURE 3. Nucleotides (nts) identified by a snoRNA gene library targeted to a region in the LSU rRNA that includes domain V. (A) Growth
inhibition in yeast cells expressing the snoRNAs encoded in the snoRNA gene library, as indicated by the target sites. (B) The locations of target
nucleotides identified are indicated (solid triangles). Five sites in E. coli rRNA involved in P-site or A-site binding by tRNA are shown by solid
squares. Of the six yeast nucleotides identified, five are at or within 1–2 nt of sites implicated in tRNA binding in E. coli. The sixth, C2284 (C1942),
occurs in a segment important for ribosomal subunit association.
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analyzed the effects of (1) mutating the box C�/D� motif
and adjoining guide sequence that are essential for methyl-
ation activity, and (2) directing methylation to other
nucleotides near the sensitive sites, to characterize the size
of the sensitive rRNA region. The first such analyses were
carried out with the interfering snoRNA that targets nucleo-
tide U1757 (U1495) in 18S rRNA.

Mutational analysis has shown that the C� and D� ele-
ments are essential for methylation activity with an internal
guide sequence, but are not required for snoRNA accumu-
lation (Kiss-Laszlo et al. 1998). Four mutant variants of box
D� were analyzed, including three with nucleotide substitu-
tions and one that lacked all of box D� (D�1–4 in Fig. 4A).
The growth block was relieved in three of the four cases and
the mutant snoRNAs accumulated in each case, although to
different extents (Fig. 4B, lanes 4–7). A point mutation at
the third position (CUGA → CUAA; D�3) did not nullify
the growth defect (data not shown), whereas alterations of
two or three nucleotides (CUGA → AAGA or AAAA)
yielded near–wild-type or wild-type growth (Fig. 4C, D�2
and D�1). Similarly, complete deletion of box D� (D�4)
restored normal growth (data not shown). The mutational
effects show that the box D� motif is required for the in-
terference effects, suggesting that the defects are due to
methylation. The effects observed with the box D� muta-
tions are also consistent with phylogenetic and genetic re-
sults that show the sequence of box D� is more variable than

that of the canonical box D (Kiss-Laszlo et al. 1996, 1998;
Nicoloso et al. 1996).

A point mutation in the U1757 (U1495) guide sequence
at the fourth nucleotide upstream of box D� completely
abolished the growth defect caused by this snoRNA (data
not shown). Release of the growth block in this case is
presumably due to loss of continuous complementarity be-
tween the guide sequence and the rRNA target segment. No
effect on snoRNA accumulation was apparent (Fig. 4B, lane
8). Taken together, these mutational results show that ele-
ments required for methylation from an internal guide se-
quence are also required for the growth defect. We conclude
that methylation potential is essential for the slow-growth
defect observed.

Interference by the U1757 guide RNA is not due to
an antisense effect

To investigate the possibility that growth interference by the
U1757 (U1495) guide RNA is due to an antisense phenom-
enon rather than methylation, we tested the ability of guide
RNAs targeted to nearby sites to impair growth. If an an-
tisense effect is the basis of the impaired growth, we rea-
soned that targeting neighboring nucleotides should also
cause interference. To this end, we targeted the two nucleo-
tides that flank U1757 and two other nearby sites (Fig. 5A).
The new guide elements were incorporated into the same

FIGURE 4. Mutations in snoRNA elements required for methylation block the snoRNA interference effect. (A) Sites of mutation introduced into
the novel U1757 (U1495) snoRNA. The wild-type box D� motif (left) is shown, and mutations in this element are underlined (right). Deletion
of box D� is indicated with dashes. The set of mutant snoRNAs also included a variant with a point mutation in the antisense guide sequence,
located 4 nt upstream of box D� (An-1, data not shown). (B) Steady-state levels of the mutant snoRNAs. Northern blots were carried out on total
RNA isolated from cells containing the following plasmids: empty plasmid (lane 1, plasmid); the parental control snoRNA (snR38), which was
plasmid encoded (lane 2, control); the initial U1757 (U1495) guide snoRNA (lane 3, D�); and the experimental mutant variants of the U1757
(U1495) snoRNA (lanes 4–8). Natural U14 and snR38 snoRNAs derived from the genome served as internal controls. RNAs were separated on
a urea-8% polyacrylamide gel, and blots were probed with a mixture of 5�-labeled oligonucleotides specific for snR38 and U14 snoRNAs. The
snoRNA genes are identified at the top of the panel by the mutated elements. (C) Growth properties of cells with the mutant guide RNA genes.
Transformants were diluted serially 1:10 and spotted on solid selective medium containing glucose (Glu) or galactose (Gal).
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parental snoRNA. The guide sequences for these sites,
G1756 (G1494) and C1758 (C1496), differ by only one
nucleotide from that of the U1757 guide snoRNA, at the 3�
and 5� ends, respectively.

Importantly, the guide snoRNAs targeted to C1758
(C1496) had no observable deleterious effect on cell growth,
and that targeted to G1756 (G1494) impaired growth much
less than the initial U1757 (U1495) snoRNA (Fig. 5B).
Guide RNAs were also targeted to sites six nucleotides up-
and downstream, and neither of these had an adverse effect
on growth (Fig. 5B). All four of the new guide RNAs accu-
mulated at levels comparable to the parental snR38 control;
interestingly, accumulation exceeded that of the toxic
U1757 (U1495) snoRNA (Fig. 5C, lanes 2,4,6,8,10,12; and
see below). Identical growth was observed for all experi-
mental cells on glucose (Fig. 5B), where expression of the
test snoRNAs was repressed (Fig. 5C, lanes 1,3,5,7,9,11).
From these results, we conclude that the growth defect ob-
served for U1757 (U1495) guide snoRNA is not due to a
simple antisense effect.

Interference effects correlate with the importance of
the targeted nucleotide

Because of the importance of understanding the basis of the
interference effects, we extended our study to other inter-
fering snoRNAs. Two more groups of nucleotides in the
loop region of domain V of 25S rRNA were investigated.
One group is localized in the upper part of the loop region
(Fig. 6A) and includes five sites known or predicted to be
important. The sites and corresponding positions in E. coli
are: G2812 (G2447), A2815 (A2450), A2816 (A2451),
C2817 (C2452), and G2820 (G2455). Three of the sites,
G2812 (G2447), A2815 (A2450), A2816 (A2451), together
with G2402 (G2061) were predicted to form the active site
of the PTase center (Nissen et al. 2000), based on the crystal
structure of the 50S subunit from Haloarcula marismortui
(Ban et al. 2000). They have also been implicated in the
PTase reaction and/or tRNA binding from both genetic and
biochemical evidence (Garrett and Rodriguez-Fonseca
1996; Green and Noller 1997).

FIGURE 5. The growth defects do not extend to neighboring rRNA sites. (A) Alignment of the guide sequences tested. The guide sequences of
the interfering U1757 (U1495) snoRNA and those corresponding to neighboring sites are aligned with the complementary rRNA substrate. The
nucleotides of the U1757 (U1495) guide sequence are in uppercase. Identical nucleotides in the other guide sequences are also in uppercase, and
the uncommon nucleotides are shown in lowercase. The predicted sites of methylation are shown for U1757 (U1495; solid circle) and for the
neighboring sites examined (open circles). (B) Growth phenotypes of cells with overlapping guide sequences. Cells expressing the control snoRNA
(snR38) or the experimental guide snoRNAs were diluted and spotted on plates containing glucose (Glu) or galactose (Gal) and incubated for
2 or 3 d, respectively, and the growth rates compared. The names of transformants correspond to the sites targeted for modification. (C)
Expression data for the novel guide RNAs. Northern blots were performed on total RNA isolated from cells containing the experimental snoRNAs.
RNA patterns are shown for cells grown in glucose (odd-numbered lanes) or galactose medium (even-numbered lanes). The specificities of the
guide RNAs are shown above each pair of lanes.
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Less information is available about the importance of the
C2817 (C2452) site. In archaeal rRNAs, point mutations at
the equivalent position have been shown to create resistance
to drugs that inhibit PTase activity, such as chlorampheni-
col (Aagaard et al. 1994) and sparsomycin (Tan et al. 1996).
This situation suggests that C2817 (C2452) is required for
the binding or action of the antibiotics. In addition, results
from chemical probing of ribosomes with or without a
PTase drug also argue that this site is involved in binding of
antibiotic inhibitors (Rodriguez-Fonseca et al. 1995). Con-
sistent with having an influence on the reaction center, E.

coli ribosomes with a point mutation at this position
(C2452U) have twofold to threefold lower PTase activity
(Semrad and Green 2002). Interestingly, the reactivity of
this nucleotides to dimethyl sulfate (DMS) has been shown
to be pH dependent (Muth et al. 2001), suggesting that
C2817 (C2452) could undergo structural rearrangement
during the PTase reaction. This proposal is supported by a
recent observation from the crystal structure of the large
ribosomal subunit of Deinococcus radiodurans (Bashan et al.
2003). A conformational change at the equivalent position
in the LSU occurs on binding of a PTase inhibitor, sparso-

FIGURE 6. Interference analysis of two sets of neighboring nucleotides in the peptidyl transferase center (PTC). (A) Location of two groups of
targeted sites in the PTC. The sites selected include nucleotides linked to snoRNA-induced growth defects and/or implicated in PTC function. The
targeted nucleotides are circled, and each set of sites is listed in a box, with the corresponding Escherichia coli sites in parentheses. Naturally
methylated nucleotides in the PTC region are indicated by solid circles (2�-O-methylations, Nms) or open circles (base methylations), and
pseudouridines (�s) are also shown. (B) Effects on growth of targeting the neighboring sites. Growth phenotypes of cells expressing the snoRNAs
in each group were compared on selective plates containing glucose (Glu) or galactose (Gal) after incubation for 2 or 3 d, respectively. The test
strains are identified by the corresponding target sites. (C) Underaccumulation of inhibitory snoRNAs. Northern blot results are shown for cells
expressing individual snoRNAs (left) or coexpressing (right) an inhibitory snoRNA (indicated by the targets on top of the panel) and a nontoxic
snoRNA (G2820 guide). Probing was with a mix of oligonucleotides specific for snR38 and U14, and bands corresponding to the novel snoRNAs,
endogenous snR38 and U14 are labeled. The G2820 guide snoRNA is also indicated by an arrowhead.
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mycin. Finally, no information is available about the func-
tional role of G2820 (G2455)—it was selected solely on the
basis of its close proximity to the reaction center.

Consistent with the known important roles of the G2812
(G2447), A2815 (A2450), and A2816 (A2451) sites, meth-
ylation targeted to these nucleotides resulted in lethal
growth phenotypes (Fig. 6B). In the context of a possible
antisense effect, it is striking that in two cases guide RNAs
targeted to adjacent nucleotides gave very disparate results.
A slight slow growth phenotype was observed for C2817
(C2452) cells, and wild-type growth was seen for G2820
(G2455) cells, in strong contrast to the lethal growth effect
observed for A2816 (A2451). Similarly, growth was strongly
impaired in cells targeted for G2812 (G2447), which is ad-
jacent to the position targeted in the control cells; these cells
express the parental version of the snR38 used in our study
that guides a natural Nm at G2811 (G2446). Northern data
indicate that the novel guide snoRNAs were produced in
each case, and that the inhibitory snoRNAs underaccumu-
lated (Fig. 6C, left panel, lanes 2–7; and see below). Because
the guide RNAs differ by only one nucleotide at the ends of
the guide sequences, these results also argue that the growth
defect is not caused by a simple antisense interference effect.
More likely, the results reflect the importance of the target
nucleotide.

The second group of sites examined is localized in the
lower part of the loop region (Fig. 6A), and includes nucleo-
tides G2948 (G2583), U2949 (U2584), U2950 (U2585), and
U2951 (U2586). Results from genetic and biochemical stud-
ies suggest these nucleotides play important roles in tRNA
binding and/or PTase activity. Mutations at sites G2948
(G2583), U2949 (U2584), and U2950 (U2585) cause domi-
nant lethal growth defects, and large ribosomal subunits or
ribosomes with mutations at these sites have reduced or
extremely depressed PTase and protein synthesis activity
(Porse et al. 1996; Green et al. 1997; Saarma et al. 1998;
Green and Noller 1999; Polacek et al. 2003). The U2949
(U2584) and U2950 (U2585) nucleotides are among those
in the large ribosomal subunits that are either protected
from chemical probing by tRNA or tRNA fragments bound
to the P site or involved in P site tRNA binding based on
results from footprinting experiments with PTase-specific
antibiotics (Garrett and Rodriguez-Fonseca 1996; Noller
1999). In addition, site U2950 (U2585) has been shown to
be important for P site tRNA binding in damage selection
experiments (Bocchetta et al. 1998). Finally, U2951 (U2586)
is involved in a tertiary interaction between domain V and
domain IV in the large ribosomal rRNA (Larsen 1992) and
has also been implicated in the interaction between the
sequence containing U2949 (U2584) and U2951 (U2586)
with the P loop (Green et al. 1997).

Severe growth defects were obtained when methylation
was targeted to G2948 (G2583), U2949 (U2584), or U2951
(U2586; Fig. 6B), consistent with biochemical and genetic
evidence showing that these nucleotides have important

roles in tRNA binding at the P site and in the PTase reac-
tion. Remarkably, targeting U2950 (U2585) had no effect
on growth, whereas strong growth defects were observed for
cells in which the adjacent sites U2949 (U2584) or U2951
(U2586) were targeted. The normal growth phenotype for
the U2950 (U2585) cells is in contrast to effects observed for
base mutations at this site, which presumably reflects dif-
ferent effects on rRNA structure of the Nm and base mu-
tations. As in the similar cases presented above, the anti-
sense sequences of these snoRNAs differed from that of the
U2950 (U2585) guide RNA by only one nucleotide (in the
case of the U2949 guide) or two (in the case of the U2951
guide) at the end(s).

Northern blot analysis showed that the near-normal and
normal growth phenotypes observed for C2817 (C2452)
cells (first group) and U2950 (U2585) cells (second group),
were not due to lack of production of the corresponding
guide RNA (Fig. 6C, left panel, lanes 6,10). However, the
data do reveal the interesting phenomenon, seen earlier for
the U1757 (U1495) guide snoRNA (Fig. 5C): The most
deleterious snoRNAs occur at considerably lower levels than
the others (Fig. 6C, left panel, cf. lanes 2,6,7,10 and lanes
3,4,5,8,9). In principle, the reduced yield could reflect a
defect in snoRNA or snoRNP production resulting from
inhibition of transcription of the GAL1 promoter or, more
likely, an increased turnover rate for the toxic snoRNPs. To
investigate these possibilities, we coexpressed a nontoxic
snoRNA—the G2820 guide RNA, with several other snoRNAs
with or without deleterious effects. We reasoned that if the
reduced levels of the toxic snoRNAs observed were due to
impaired transcription of the GAL1 promoter, then coexpres-
sion of the G2820 guide RNA would also be inhibited. North-
ern blot analysis indicates that the expression of the G2820
guide RNA in all cases tested was identical to that in the
control cells and was not affected by the presence of the toxic
snoRNAs (Fig. 6C, right panel, arrowhead). In contrast, the
toxic snoRNAs underaccumulated as before (Fig. 6C, cf.
the corresponding snoRNAs in the right and left panels).
These results indicate that underaccumulation of the toxic
snoRNAs resulted from increased turnover rate rather than a
defect in synthesis. Taken together, the results obtained with
the set of PTC nucleotides also argue strongly that methyl-
ation, rather than an antisense effect, is responsible for the
growth defects observed. We conclude that mutation of a
functionally important nucleotide is the basis of the interfer-
ing effects.

DISCUSSION

The results provide valuable insights into the basis of inter-
ference effects caused by methylation snoRNPs with new
guide sequences. They also enhance our understanding of
how natural modifications are created and shed light on the
interesting and important question of whether modifying
snoRNPs function as chaperones in rRNA folding. From the
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perspective of using methylation snoRNPs for functional
mapping, the results show that the interference effects are
caused not by a simple antisense phenomenon but by modi-
fication of specific sites that are functionally important.
Supporting evidence comes from demonstrations showing
that (1) altering snoRNA elements required for methylation
abolished the growth defects caused by an interfering guide
snoRNA, and (2) shifting the specificity of an interfering
guide RNA to adjacent or other nearby nucleotides yielded
normal growth or growth that was much less impaired. In
work to be presented elsewhere, we show that the growth
defects correlate with two types of ribosome defects: impaired
production of ribosomes and reduced translational activity.

A key question about the modifying snoRNPs is whether
they have an active chaperone function; that is, do they
mediate rRNA folding or rRNP assembly? That issue is rel-
evant to the interference effects of interest here, and our
results provide new insights into this matter as well. The
possibility that snoRNPs function as chaperones in rRNA
folding and ribosome assembly was raised when sequences
complementary to rRNA were first discovered, initially in
the U3 snoRNA and subsequently for several other C/D
snoRNAs that we now know are methylation guide RNAs
(Bachellerie et al. 1995; Maxwell and Fournier 1995; Steitz
and Tycowski 1995). If a methylating snoRNP functions as
a chaperone of rRNA, it would most likely act in a site-
specific manner using the same sequence that guides meth-
ylation. Interactions between snoRNPs and ribosomal pro-
teins do not appear to be essential for the occurrence of
methylation, as methylation can be targeted to mini-rRNA
substrates in vivo (Cavaille et al. 1996; Ganot et al. 1999).
This situation suggests that protein–protein interactions be-
tween the experimental snoRNPs and the rRNP substrates
are not necessary for the observed growth defects.

The possibility that the interfering effects are caused by a
mis-guided chaperone seems very unlikely, because of the
limited site-specific nature of the effects. If the effects are
due to an aberrant chaperone, it is reasonable to expect that
misfolding could also occur when the snoRNP is targeted to
adjacent and other neighboring nucleotides. This was not
the case, rather the effects were highly selective within sev-
eral different rRNA segments.

Strong specificity was observed for the U1757 (U1495)
site in the small subunit (Fig. 5) and for several nucleotides
in the PTC region of the LSU (Fig. 6). Targeting the flank-
ing sites involved shifting the 13-nt guide sequences up- or
downstream by only one position. Although an antisense
effect that exhibits a sharp sequence dependence of the sort
seen here seems possible, this situation would be very un-
usual and not likely to occur for all of the sites examined.
Based on current knowledge of how a methylation guide
snoRNA works, it is more reasonable to conclude that the
effects are nucleotide specific as expected, and that modifi-
cation of an important nucleotide is the basis of the inter-
ference effects.

Of the 15 guide snoRNAs that cause strong growth de-
fects (Figs. 2, 3, 6), methylation was detected in six cases
only, that is, A1779 (A1518), A2815 (A2450), A2816
(A2451), A2849 (G2484), U2871 (U2506), and U2951
(U2586; data not shown). Possible reasons for the negative
results could be a low level of rRNA containing the novel
methylation, which results from poor modification effi-
ciency or rapid turnover of rRNA containing the unusual
modification and/or corresponding snoRNP. In this last re-
gard, toxic snoRNAs were shown to underaccumulate,
probably because of an increased turnover rate (Fig. 6C),
perhaps within pre-rRNP complexes. Another possible rea-
son for the negative methylation results could be limitations
of the modification assay, which does not detect all modi-
fications known to exist, apparently due to sequence con-
text effects (Maden et al. 1995; Maden 2001). It seems likely
this could apply to a few cases only.

Additional evidence that not all modifying snoRNPs are
chaperones comes from examining the distribution of natu-
ral modifications, relative to each other and to the novel
methylation sites. In several segments of rRNA Nm and �
modifications are separated by only one or a few nucleo-
tides (Fig. 2), and it seems improbable that each cognate
snoRNP chaperones a folding event for such a short sub-
strate region. The case is most persuasive for rRNA seg-
ments that possess multiple, tightly clustered modifications,
such as the unusually dense subset highlighted in Figure 2A
(shaded blocks) and Figure 7A. This set includes one seg-

FIGURE 7. Close spacing of natural modifications in rRNA suggests
that at least some snoRNPs do not interfere with each other. (A)
Modification patterns in the four highlighted regions (see Fig. 2).
Individual nucleotides are designated “N,” and the sites of modifica-
tion are identified with solid circles (Nm) or solid triangles (�). (B)
Some interfering guide RNAs target rRNA nucleotides that are close to
sites of natural modification. The shortest distances between several
targeted sites and nearby sites that are naturally modified are shown.
Natural modifications are listed in the left column, and four targeted
sites are listed in the middle column. The distances between the tar-
geted sites and nearest naturally modified nucleotides are shown in the
right column.
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ment of 5 nt with three modifications (Fig. 7A, d) and
another segment of 11 nt with five modifications (Fig. 7A,
a). The sequences include both Nm and � modifications
and occur in both helical and loop regions of the secondary
structure.

In addition, some of the sites targeted by the novel in-
terfering snoRNPs are only 1 to 4 nt from a site(s) of natural
modification, as shown for three target regions (Fig. 7B).
Because natural modifications can have similar spacings,
presumably the close proximity of the test sites to other
modification sites does not preclude methylation at the new
sites. Although some of the snoRNPs that modify these
segments could be chaperones, the likelihood that all are
seems very remote. In this context, we define a chaperone as
an active machine that mediates a folding event. Distinct
from this, it seems quite possible, even likely, that rRNA
folding can be influenced in a more passive way during the
modification process, as a consequence of snoRNP binding
and release. With regard to the Nm and � modifications
themselves, it is well established that these alterations affect
RNA folding and conformational dynamics (Davis 1998).
Our conclusion that the interference effects are caused by
modification is supported by a final line of evidence, which
is also indirect, but interesting and relevant. Screening the
PTC region with a library of methylation guide snoRNAs
identified only six different guide RNAs that caused strong
growth defects (Fig. 3), many fewer than would be expected
for a simple antisense effect.

Taken together, the results from these different types of
experimentation demonstrate the validity of using snoRNA-
guided modification for functional mapping of ribosomal
RNA, and presumably other RNAs that are substrates for
snoRNPs. The attraction of this approach, of course, is that
point mutations can be created in a target RNA in vivo by
harnessing natural cellular machinery. These same results
also argue that the parental methylating snoRNP used in
our study is not a chaperone, which casts doubt on the
notion that all methylating snoRNPs are chaperones.

MATERIALS AND METHODS

General procedures

The yeast strain used was YS625 (Liang and Fournier 1995). Me-
dia, culturing (Kaiser et al. 1994), and transformation conditions
are as cited (Gietz et al. 1992). Methods for preparing yeast total
RNA (Balakin et al. 1993) and Northern blot analysis of snoRNAs
(Chanfreau et al. 1998) are also as described.

Plasmid constructs

A plasmid-encoded variant of a wild-type snoRNA (snR38) was
used as a control for all other snoRNA gene constructs. This plas-
mid (pBL152) was generated by insertion of a 1.2-kb EcoRI–SacI
snoRNA expression cassette (Fig. 1) of pJN32 (Ni 1998) into plas-

mid pRS314 (Sikorski and Hieter 1989). The corresponding snR38
guide RNA has a 21-nt deletion between box D� and the predicted
box C�, to allow the experimental snoRNAs to be readily distin-
guished from wild-type snR38. The deletion eliminated an NdeI
site in the coding sequence.

The U1757 guide snoRNA gene was made by a two-step PCR-
based method (Chen and Przybyla 1994), using pJN32 (Ni 1998)
as template; pJN32 contains the same coding sequence of the
recombinant snR38 gene as pBL152. In brief, a first round of
amplification was performed with primers BLO-38 and BU, which
are complementary to exon 1 of the TEF4 gene and the coding
region of the snR38 gene in pJN32, respectively. In the second
round, the PCR product of the first-round reaction was used as a
mega primer, together with BLO-39, to generate a 0.5-kb frag-
ment. Primer BLO-39 is complementary to the intron of the TEF4
gene, and the resulting 0.5 kb fragment contains mutant snR38
with the natural 13-nt guide sequence replaced with a new guide
specific for U1757. This fragment was digested with BglII and NruI
restriction enzymes and used to replace the BglII/NruI fragment of
pJN32, resulting in plasmid pBL118. The A1779 and C3022 guide
snoRNA genes were constructed as pBL118, and the correspond-
ing plasmids are pBL115 and pBL140, respectively. The parental
plasmid (pBL134) of pBL150 was generated as described for
pBL118, except that the NdeI site was restored. pBL150 was gen-
erated by insertion of an EcoRI/SacI fragment of pBL134 into
pRS314 and was used to establish a library of snoRNA genes (Liu
et al. 2001).

An EcoRI/SacI fragment of pBL118 was inserted into pRS314,
generating pBL143. Guide snoRNA genes for targets U1751,
G1756, C1758, and C1763 were generated by one-step PCR using
5� primer BLO-38 and 3� primers BU-6b, BU-1b, BU+1b, and
BU+6b, respectively, with pBL143 as template. The corresponding
PCR fragments containing new methylation guide sequences were
inserted into the BglII and NdeI sites of pBL150, resulting in
plasmids pBL158 (G1756), pBL159 (U1751), pBL160 (C1758), and
pBL161 (C1763), with the targets in the parentheses. Plasmids
pBL162 (U1257), pBL227 (G2812), pBL225 (A2815), pBL163
(A2816), pBL230 (G2948), pBL231 (U2949), pBL232 (U2950),
and pBL226 (C2817) were generated by the same strategy. Plas-
mids Y-17 (U2951) and Y-29 (G2820) were isolated from a
snoRNA library (Liu et al. 2001). Plasmid Y-29u was produced by
insertion of an EcoRI/SacI fragment of Y-29 into pRS316 (Sikorski
and Hieter 1989) and was used for coexpression of G2820 guide
RNA with several other guide snoRNAs analyzed in Figure 6C.

The snoRNA genes, which were derived from the U1757 guide
RNA and had mutations in the box elements or guide sequences,
were constructed by either a one- or a two-step PCR strategy as
described above. The plasmids that contain snoRNA genes with mu-
tations in the box D� element include pBL147 (CUGA → CUAA),
pBL151 (deletion), pBL156 (CUGA → AAAA), and pBL171
(CUGA → AAGA), with the mutations indicated in parentheses. All
of these snoRNA genes have the same guide sequences and sequence
context as that of pBL143. Plasmid pBL148 is identical to pBL143
except for a point mutation (C → U) at the fourth nucleotide of the
antisense sequence upstream of box D�.

In vivo labeling of proteins with [35S]methionine

The procedure for in vivo incorporation of [35S]methionine was
based on a previously described method (Carr-Schmid et al. 1999).
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YS625 cells harboring different experimental snoRNA genes were
grown in 200 mL minimum medium containing galactose at 30°C
to OD600 of 0.4 to 0.8. Ten milliliters of cell culture was removed
and labeled with 10 µCi of [35S]methionine ( 1175 Ci/mmole,
NEN) for 1, 2, 3, 4, and 5 min, respectively. Samples of 0.5 mL
labeled cells were taken at each time point and mixed immediately
with 0.2 mL ice-cold stop solution containing 70 µL unlabeled 60
mM methionine, 1µL of 10 mg/mL cycloheximide, and 129 µL of
50% TCA. After incubation on ice for 20 min, cells were heated for
20 min at 65°C and filtered through GF/C filters (Whatman).
Filters were washed 3× with 5 mL of 5% TCA and then 3× with 5
mL of 95% ethanol. After drying at 65°C, radioactivity was ana-
lyzed by scintillation counting. Triplicate samples were analyzed
for each strain at each time point, and average values were used for
each time point.

DNA oligonucleotides

Probes used for Northern analyses of snoRNAs were as follows:
snR38, 5�-TCAGAAATACAAATATCAACATAT-3�; U14, 5�-CGA
TGGGTTCGTAAGCGTACTCCTACCGTG-3�.

Sequences of primers used for construction of the novel guide
snoRNA genes will be provided on request.
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