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ABSTRACT

The 18S rRNA of the small eukaryotic ribosomal subunit contains several expansion segments. Electron microscopy data indicate
that two of the largest expansion segments are juxtaposed in intact 40S subunits, and data from phylogenetic sequence
comparisons indicate that these two expansion segments contain complementary sequences that could form a direct tertiary
interaction on the ribosome. We have investigated the secondary structure of the two expansion segments in the region around
the putative tertiary interaction. Ribosomes from yeast, wheat, and mouse—three organisms representing separate eukaryotic
kingdoms—were isolated, and the structure of ES3 and part of the ES6 region were analyzed using the single-strand-specific
chemical reagents CMCT and DMS and the double-strand-specific ribonuclease V1. The modification patterns were analyzed
by primer extension and gel electrophoresis on an ABI 377 automated DNA sequencer. The investigated sequences were
relatively exposed to chemical and enzymatic modification. This is in line with their indicated location on the surface at the
solvent side of the subunit. The complementary ES3 and ES6 sequences were clearly inaccessible to single-strand modification,
but available for cleavage by double-strand-specific RNase V1. The results are compatible with a direct helical interaction
between bases in ES3 and ES6. Almost identical results were obtained with ribosomes from the three organisms investigated.
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INTRODUCTION ES27 in the eukaryotic 23S-like rRNA affects processing and
stability of the rRNA (Sweeney et al. 1994). Replacement
with ES27 sequences from other organisms restores the
function. Similarly, insertions of short sequence into ES3 in
18S rRNA interferes with ribosome assembly (Musters et al.
1990), whereas changes in others, for example, ES19 in the
eukaryotic 23S-like rRNA, do not affect ribosomal function
(Musters et al. 1991).

Twelve of the expansion segments, also referred to as
variable regions (Gorski et al. 1987; Neefs and De Wachter
1990), are found in the 16S-like rRNA. The size of these
expansion segments varies considerably between species
(Gonzalez et al. 1985, 1988; Hancock and Dover 1988). ES3
and ES6 are two of the largest expansion segments found in
18S rRNA. Although ES3 varies in size in different organ-
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picted as a helix extending from the 5’'-domain of the con-

Article and publication are at http://www.rnajournal.org/cgi/doi/
10.1261/rna.5135204. served core structure (helix H10_1 in Fig. 1).

Eukaryotic ribosomal RNA contains more than 50 so-called
expansion segments (ES), that is, additional nucleotide clus-
ters inserted at specific positions in the common conserved
rRNA core (Gerbi 1996). The role of these extra sequence
elements has been widely debated (Houge et al. 1995;
Houge and Doskeland 1996; Van Nues et al. 1997; Morgan
et al. 2000). Even though it seems improbable that these
extra sequences have persisted in the eukaryotic genome
without contributing to the function of the ribosomal RNA,
experimental confirmation of their functional role is largely
lacking. Experiments have shown that complete removal of
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FIGURE 1. Schematic illustration of the positions of expansion segments ES3 (black) and ES6 (dark gray) on the yeast 40S ribosomal subunits
(Spahn et al. 2001) and in the secondary structure model of 18S rRNA (Comparative RNA Web site; http://www.rna.icmb.utexas.edu/; Cannone
et al. 2002). The 40S subunit is viewed from the interface side (left) and from the solvent side (right). (Insets) Secondary structure models for yeast
ES3 and ES6 (The European ribosomal RNA database, http://oberon.rug.ac.be:8080/rRNA/; Wuyts et al. 2002). The nucleotides are numbered in
accordance with Figure 2. The proposed tertiary interaction between sequences in yeast ES3 and ES6 is based on the consensus sequences (Alkemar

and Nygard 2003).

Expansion segment ES6 is located in the central domain
of 18S rRNA (Fig. 1). The average length of the expansion
segment is 250 nucleotides (Neefs and De Wachter 1990),
but in certain taxa such as Insects and Protists, this region
can be up to 800 nt long (Hancock et al. 1988; Crease and
Colbourne 1998; Choe et al. 1999). The variability in size is
mainly caused by inserts in the 5'-part of ES6 (Wuyts et al.
2000), but inserts at the 3’-end, immediately preceding the
structural core (helix H24 in Fig. 1), are also found in some
Euglenozoans (Wuyts et al. 2000; Busse and Preisfeld 2002).
In the latest phylogenetic secondary structure model of ES6
(Wuyts et al. 2000), the 5'-part of ES6 is modeled as two
long hairpins (H23_1 and H23_4 in Fig. 1), whereas the
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3'-part is suggested to form an intricate system of helices
and pseudoknots (Fig. 1).

The position of ES3 and ES6 on the yeast 40S subunit has
recently been determined using cryo-electron microscopy and
3D image reconstruction (Spahn et al. 2001). The morpho-
logic feature referred to as the left foot, located at the lower
part of the body of the 40S subunit, contains ES3 and part of
ES6 (Fig. 1; Spahn et al. 2001). The part of ES6 that is juxta-
posed to ES3 in the left foot seems to derive from the 3’-half
of the expansion segment as the two 5'-helices H23_1 and
H23_4 appear to hold a position on the yeast ribosome similar
to that occupied by helix 21 in the prokaryotic 30S ribosomal
subunit, that is, on the back of the subunit (Spahn et al. 2001).
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FIGURE 2. Secondary structure data obtained for ES3 and ES6 in isolated yeast (A), wheat (B),
and mouse (C) ribosomes. Native ribosomes isolated from yeast, wheat, and mouse were
incubated in the presence of single-strand-specific reagents CMCT, final concentration 50 mM
(blue), and DMS, final concentration 20 mM (red), or in the presence of the double-strand-
specific ribonuclease V1, final concentration 1 unit/50 pL (green), as described in Materials and
Methods. The generated modification patterns were analyzed using primer extension and gel
electrophoresis in an ABI 377 automated DNA sequencer as described in Materials and Meth-
ods. Control samples (black) were incubated in the absence of modifying reagents but other-
wise treated identically to the modified samples. The reagent-independent termination prod-
ucts seen in the control samples were used as internal standards for alignment and for adjusting
the peak height for each of the individual overlaid lanes. Sequences are given in the 5'-to-3’
direction.

tion was based on a comparative se-
quence analysis of ES3 and ES6 se-
quences from six eukaryotic taxa, repre-
senting >2900 discrete species. The
sequence analysis showed that ES3 and
ES6 contained two complementary se-
quence motifs with the consensus se-
quences AAAACCAAU and GUUG-
GUUUU, respectively, that allowed for-
mation of a helix containing seven to
nine contiguous base pairs in ~95% of
the species analyzed (Alkemar and Ny-
gard 2003).

Here we have studied the suggested
tertiary interaction by analyzing the
structure of ES3 and ES6 in intact ribo-
somes from fungi, plants, and animals,
organisms representing three different
eukaryotic kingdoms. The analysis was
performed using the secondary-struc-
ture-sensitive chemical (CMCT and
DMS) and enzymatic (RNase V1) re-
agents in combination with primer ex-
tension and gel electrophoresis on an
ABI 377 automated DNA sequencer.
The structural data are compatible with
an involvement of the two complemen-
tary sequences in a helical structure.

RESULTS

Expansion segments ES3 and ES6 found
in eukaryotic 18S rRNA are juxtaposed
in the left foot of the yeast 40S ribo-
somal subunit (Spahn et al. 2001). The
two expansion segments contain a
complementary sequence motif that al-
lows formation of a 7-9-bp helix in
most eukaryotes (Alkemar and Nygard
2003). Here we have analyzed the sec-
ondary structure of the two regions in
ES3 and ES6 to determine the possibility
of a tertiary interaction between these
two eukaryote-specific sequences in in-
tact ribosomes.

Complete ribosomes were isolated
from yeast (Saccharomyces cerevisiae),
wheat (Triticum aestivum), and mouse
(Mus musculus), three organisms repre-
senting separate eukaryotic kingdoms.
The secondary structure of ES3 and ES6
in the isolated ribosomes was analyzed
using the single-strand-specific reagents

We have recently suggested that the two juxtaposed ex- ~ DMS and CMCT and the double-strand-specific ribonucle-
pansion segments ES3 and ES6 may be in direct contact in  ase V1 (Favorova et al. 1981; Lowman and Draper 1986).
the 40S subunit (Alkemar and Nygard 2003). This sugges-  The sites available for cleavage or modification were located
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by primer extension using fluorescent-
labeled primers. The primer extension
products were separated on an ABI 377
DNA sequencer (Fig. 2). Lanes contain-
ing 18S rRNA from control ribosomes
incubated in the absence of modifying
reagent were run in parallel to identify
the reagent-independent termination
products. These so-called natural stops
were used as internal standards when
evaluating the modification patterns
generated by structure-sensitive re-
agents (Fig. 2). The investigated se-
quences showed relatively high avail-
ability for both chemical and enzymatic
modification. This observation is in
agreement with the suggested location
of these expansion segments on the ri-
bosomal surface (Spahn et al. 2001).

Yeast 18S rRNA has a short ES3 se-
quence containing only 50 nt. Bases
available  for  single-strand-specific
modification were found at positions
U* and A* and in the sequence
U’'CUUU™ (Fig. 2A). All bases in the
latter cluster were modified by CMCT.
We have previously noted that cytosines
are occasionally available for modifica-
tion by CMCT at the pH used in our
modification experiments without being
reactive to DMS (Holmberg et al. 1994).

Positions U’! and A** also served as
partial natural stops. However, the peak
height at these sites was clearly increased
upon addition of increasing concentra-
tions of CMCT and DMS, indicating
that these positions also were available
for single-strand-specific modification.
RNase V1 cleavage sites were found 3’ of
the bases in the sequence U'®CAA'"
(Fig. 2A), indicating that these bases
were located in double-strand struc-
tures.

The 53 nt at the 3'-end of yeast ES6
immediately preceding helix 24 in the
conserved rRNA core (Wuyts et al.
2002) were available for single-strand-
specific modification at positions U,
G’, G’, and U' and in the sequence
UBGAY (Fig. 2A). Interestingly, G
was accessible for modification by both
CMCT and DMS. As DMS usually
modifies the N7 position in guanine,
DMS modification of guanines should
not be detectable by primer extension
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(Baudin et al. 1987). However, similar DMS-induced modi-
fications of guanines were seen in the identical sequence
context in ES6 from both wheat and mouse (Fig. 2B,C).

RNase V1- induced cleavages were detected 3’ of the
bases in the sequences UUGGU"?, C"°U"'¢, U*UG?*, and
C’AUC* (Fig. 2A). Additional cleavage sites were found
following bases U*” and A

The results of the structural analysis of ES3 and ES6 in
yeast 18S rRNA are summarized in Figure 3A. No single-
strand-specific modifications were seen in the sequences
indicated to be involved in the interaction between ES3 and
ES6. In contrast, both sequences contained sites available
for RNase V1 cleavage, indicating that these sequences were
engaged in helical structures (Fig. 3A).

The ES3 sequence in wheat 18S rRNA is slightly longer
than the corresponding sequence in yeast ribosomes. Bases
accessible for single-strand-specific modification were
found at positions A% AL U, U%, U, and A, and in
the sequence A**UCC*' (Fig. 2B). The single-strand-reac-
tive clusters were interspaced by sequences susceptible to
RNase V1 cleavage. Strong cleavages were seen 3’ of G'° and
in the two sequences G*'CG** and C*'UCG?* (Fig. 2B). Less
pronounced cleavages were also seen following bases G'%,
C'%, and C*.

The 52-nt sequence at the 3’-end of wheat ES6 was avail-
able for strong single-strand-specific modifications at posi-
tions UY, A%, U, and U?°, and in the sequence APZAUGA*®
(Fig. 2B). Surprisingly, U'> was available for modification
by DMS rather than by CMCT. Occasional DMS-induced
modification of uracils has previously been reported
(Moazed and Noller 1986). U' was also part of a cluster of
bases, U'*CCU", that were highly sensitive to cleavage by
the double-strand-specific RNase V1 (Fig. 2B). Additional
strong V1 cleavages were seen following bases G*, C*, C*°,
and G*7, with less intense cleavages found at U%, G*, and
C* (Fig. 2B).

Figure 3B summarizes the experimental results obtained
in isolated intact wheat ribosomes. As seen in the figure, the
two sequences in ES3 and ES6 indicated to be in direct
contact (Alkemar and Nygard 2003) were only accessible for
double-strand-specific modification.

The ES3 region in mouse 18S rRNA consists of 83 nt and
is thus considerably longer than the homologous structural
element in yeast and wheat. The ES3 region was generally
accessible for modification and cleavage, but there was,

however, longer stretches of bases within this region that
were accessible neither to modification nor to cleavage by
RNase V1. The ES3 sequence was accessible for modifica-
tion by single-strand-specific reagents at 11 positions, A%,
U’, G*, A*%, U*, and C®*GGCUU®. The latter six CMCT-
reactive bases formed a highly reactive cluster (Fig. 2C).

U?? was also part of an RNase V1-sensitive group span-
ning the sequence from C* to C*® (Fig. 2C). Additional
RNase V1- accessible sites were found following bases c3,
G?2, C*, and C?°. The first three bases showed low acces-
sibility, whereas the phosphate bond following C*® was ex-
tremely sensitive to cleavage (Fig. 2C).

The 3'-part of the mouse ES6 sequence was mainly ac-
cessible to cleavage by RNase V1 (Fig. 2C). Sensitive se-
quences were mainly found in two large clusters containing
the sequences C’GGUUC'" and U*’GGUUUUCG’'. The
latter cluster contained one inaccessible phosphate bond 3’
of U* (Fig. 2C). In addition to the clustered RNase V1-
sensitive sites, single cleavage sites were found following
bases A**, C*, and C** (Fig. 2C). Bases accessible to single-
strand-specific modification were found in two groups lo-
cated at the beginning and at the end of the investigated ES6
sequence. The first group contained bases U', G°, and G*,
whereas the second group consisted of bases U* G*, and
A*® (Fig. 20).

The results are summarized in Figure 3C. No single-
strand cleavages were detected in the ES3 and ES6 sequences
proposed to be in contact through base-pairing. Instead, the
sequence element from ES6 was sensitive to RNAse V1
cleavage. Unlike the situation in yeast and wheat, no sites
available for RNase V1 cleavage were found in the suggested
interacting sequence in ES3 (Fig. 3C).

DISCUSSION

Recent progress in cryo-electron microscopy and 3D image
reconstruction has made it possible to compare the struc-
ture of prokaryotic and eukaryotic ribosomes and to locate
specific features of the eukaryotic ribosome not present in
the prokaryotic ribosome (Dube et al. 1998; Spahn et al.
2001). Such features are probably related to the additional
ribosomal proteins and nucleotide sequences, expansion
segments, that are only found in the eukaryotic ribosome.
Thus, the positions of the two eukaryote specific expansion
segments ES3 and ES6 on the yeast 40S subunit were re-

cently determined (Spahn et al. 2001).

ES3 emerges from the lower part of the

FIGURE 3. Secondary structure models for ES3 and the 3’-part of ES6 in yeast (A), wheat (B),
and mouse (C). The secondary structure models were generated using the Vienna RNA package
(Hofacker et al. 1994). Sequence data were taken from GenBank accession nos. J01353,
AY049040, and X00686 for Saccharomyces cerevisiae, Triticum aestivum, and Mus musculus,
respectively. (@) Bases available for modification by single strand reagents; (arrows) phosphate
bonds accessible to cleavage by the double-strand-specific RNase V1; (ns) reagent-independent
stops. (D) Structural model of ES3 (blue), the ES6 structural elements helix H23_14, and its
apical loop (green), with the bases proposed to participate in the tertiary interaction (red). The
3D model of ES3 and ES6 was constructed using ERNA-3D (Mueller et al. 1995).

body of the 40S subunit and protrudes
into the morphological feature referred
to as the left foot (Fig. 1).

ES6 has been associated with two
structures located at the solvent side of
the 40S subunit (Spahn et al. 2001). One
of the structures forms a horizontal
ridge in the center of the 40S body. This
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ridge seems to have a homologous position to helix 21 in
the prokaryotic 30S subunits, indicating that the region
around the ridge contains the two 5'-helical elements of ES6
(H23_1 and H23_4 in Fig. 1; Spahn et al. 2001). The second
ES6-related morphological structure forms an arm that
reaches and touches the left foot (Fig. 1; Spahn et al. 2001).
Thus, sequences in ES3 and ES6 seem to be juxtaposed on
the 40S subunit.

Secondary structure of ES3 and the 3'-region of ES6

Several attempts have been made to construct a phyloge-
netic secondary structure model of ES6 (Neefs and De
Wachter 1990; Nickrent and Sargent 1991; Hancock and
Vogler 1998; Wuyts et al. 2000). Most of the proposed
models contain a common hairpin (H23_14 in Figs. 1, 3)
located at the 3'-end of ES6. This hairpin contains a large
terminal loop that could be involved in the formation of a
pseudoknot as suggested by Wuyts et al. (2000) (helix
H23_13 in Fig. 1). The bases in the helical stem were almost
completely inaccessible to single-strand-specific modifica-
tion in all three species investigated. Exceptions, however,
were found at helix termini or next to bulged nucleotides,
that is, at positions previously shown to be susceptible to
single strand modification, presumably because of increased
dynamic instability of the helices at such positions (Steb-
bins-Boaz and Gerbi 1991). In contrast to the low reactivity
to single-strand-specific reagents, the helical stem was ac-
cessible to cleavage by RNase V1 in both complementary
sequences in all three organisms studied. Thus, the results
are in agreement with the positioning of these sequences in
helical structures.

The bases in the large terminal loop were inaccessible to
single-strand-specific modification in yeast, wheat, and mouse
with one exception, U?° in wheat ES6 (Fig. 3B). Instead, the
3'-half of the loop was accessible for RNase V1 cleavage in the
organisms studied (Fig. 3), indicating that the low availability
of the loop for single-strand-specific modification was not
caused by protein shielding or steric hindrance. The lack of
single strand modifications in the 5’-half of the loop could
indicate that this part of the loop was involved in the forma-
tion of a pseudoknot as suggested by Wuyts et al. (2000) even
if there were no RNase V1 cleavages to directly support the
participation in a double-strand structure.

In the phylogenetic secondary structure models, ES3 con-
sists of a short initial helix, facing the common rRNA core,
followed by a large internal bulge and a terminal hairpin of
variable length (Cannone et al. 2002; Wuyts et al. 2002).
The nucleotides in the initial helix were inaccessible for
modification by both single- and double-strand-specific re-
agents. This could be because of a shielding effect of ribo-
somal proteins.

The accessibility of the sequence in the variable terminal
hairpin to single-strand and double-strand-specific reagents
essentially supported the phylogenetic secondary structure
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models (Wuyts et al. 2000) with the exception that G* in
mouse ES3 was available for CMCT modification, indicat-
ing that the base was unpaired. Thus, an alternate base-
pairing involving the two sequences G*’CUC and
G**GGC”” was suggested (Fig. 3C).

The 3'-side of the internal bulge was available for modi-
fication by single-strand-specific reagents. Modifications
occurred at the homologous positions in yeast, wheat, and
mouse ES3 (Fig. 3), indicating that these bases were not
involved in any base-pairing. Additional single-strand-spe-
cific modifications were seen at two positions at the 5'-side
of the internal loop in wheat and mouse ES3 (Fig. 3B,C).
This side of the loop was also sensitive to RNase V1 cleavage
in yeast and wheat ES3 (Fig. 3A,B).

A possible tertiary interaction between ES3 and ES6

We have recently suggested that sequences in ES3 and ES6
are in direct contact on the ribosome. The suggestion was
based on a comparative analysis of ES3 and ES6 sequences
from six eukaryotic taxa, representing ~2900 discrete spe-
cies. ES3 and ES6 contain the two complementary consen-
sus sequence motifs AAAACCAAU and GUUGGUUUU,
respectively (Alkemar and Nygard 2003). The two comple-
mentary sequences are located in the apical loop of helix
H23_14 (ES6) and in the internal bulge of helix H10_1
(ES3; Fig. 3). The two guanines G* and G’ in the middle of
the ES6 sequence are conserved in almost all species exam-
ined. The putative complementary positions in ES3 always
contain pyrimidines, most often cytosines. In some organ-
isms, one or more of the uracils in ES6 are replaced by
cytosines. Such changes are compensated for by a change
from adenine to a guanine at the putative complementary
positions in ES3 (Alkemar and Nygard 2003). The least
conserved base is found at position nine in ES6 (Fig. 1).
Base variations at this position are not always compensated
for by changes in the suggested complementary sequence.
The base complementarities between the sequences in ES3
and ES6 allow formation of a helix containing seven to nine
consecutive base pairs in >95% of all eukaryotes investi-
gated (Alkemar and Nygard 2003).

The experimental analysis of the secondary structure of
the two putative complementary regions in intact ribo-
somes isolated from yeast, wheat, and mouse, three organ-
isms representing different eukaryotic kingdoms, shows
that the complementary sequences were inaccessible for
chemical modification by single-strand-specific reagents.
The lack of reactivity seems not to depend on a general
shielding of the investigated rRNA regions as neighboring
bases were accessible to single-strand-specific modification
(Figs. 2, 3). Furthermore, both putative complementary re-
gions in yeast and wheat were accessible for cleavage by
RNase V1. In mouse, RNase V1 cleavage was only seen in
the ES6 sequence element, whereas no cleavages were de-
tected in the complementary ES3 sequence (Figs. 2, 3).
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Thus, the structural analysis shows that the putative single
strand bases in ES3 and ES6 that, according to the sequence
analysis, have the potential to form a 9-bp helix are inac-
cessible to modification by single-strand-specific reagents
but are accessible to cleavage by RNase V1. This indicates
that these bases must be stacked or involved in base-pairing.
It is therefore possible that the two complementary se-
quences found in ES3 and ES6 are involved in a tertiary
interaction in intact ribosomes. The observation that the
main species-dependent size variation in ES3 is seen in the
terminal hairpin (Wuyts et al. 2002) indicates that the se-
quence capable of interacting with ES6 is located at a fixed
position relative to the common rRNA core in all ES3-
containing organisms. Similarly, the position, vis-a-vis the
common rRNA core, of the complementary sequence in the
apical loop of helix H23_14 is relatively fixed in all eukary-
otic species with the possible exception of some Eugleno-
zoans, (Wuyts et al. 2000; Busse and Preisfeld 2002). Thus,
the two putative interacting sequences could have a similar
spatial arrangement in all eukaryotic ribosomes despite
considerable species-related length variation in the ES3 and
ES6 sequences. Interestingly, the proposed tertiary interac-
tion is compatible with the latest structure models for ES3
and ES6 generated by phylogenetic sequence comparisons
(Cannone et al. 2002; Wuyts et al. 2002).

As mentioned above, ES3 has been mapped to the so-
called left foot on the 40S ribosomal subunit, where it is
juxtaposed to sequences most probably derived from the
3’-half of ES6 (Spahn et al. 2001). Figure 3D shows a struc-
tural model of the two interacting ES3 and ES6 sequences
superimposed on the left foot region of the yeast 40S ribo-
some (adapted from Spahn et al. 2001) with ES3 shown in
blue, helix H23_14 in ES6 shown in green, and the putative
interacting ES3 and ES6 sequences in red. A high-resolution
structure of the small eukaryotic ribosome will be needed to
determine the exact position of the putative interacting se-
quences. The functional role of the left foot and the putative
tertiary interaction also remains to be elucidated.

MATERIALS AND METHODS

Materials

Dimethyl sulfate (DMS) and 1-cyclohexyl-3-(2-morpholinoethyl)
carbodiimide metho-p-toluensulfate (CMCT) were from Sigma-
Aldrich. Ribonuclease V1 and ¢DNA oligonucleotides were from
Amersham Pharmacia Biotech. Superscript reverse transcriptase
was from Life Technologies, Inc. RNasin was from Promega.

Preparation of ribosomes

Mouse liver monosomes were prepared as previously described
(Sloma and Nygérd 2001). The isolated salt-washed monosomes
were dissolved in Ribosome buffer (30 mM HEPES-KOH at pH
7.6, 70 mM KCl, 0.25 M sucrose, 2 mM MgCl,, 5 mM mercap-

toethanol) at a concentration of 7.8 mg/mL and stored at —80°C in
aliquots.

Wheat monosomes were prepared from wheat germ cell-free
extracts (Clemens 1984; Seal et al. 1986). The extracts were treated
with DOC and Triton X-100, final concentration 1% (w/v) each,
and layered on a discontinuous sucrose gradient, containing 10
mL of 10% (w/v) sucrose in Buffer A (70 mM KCl, 5 mM MgCL,
20 mM Tris-HCl at pH 7.6, 1| mM DTT) superimposed on 5 mL
of 28% (w/v) sucrose in Buffer A. The gradients were centrifuged
in an SW 27 rotor for 16 h at 90,000g,,. The pelleted monosomes
were dissolved in Ribosome buffer and stored at —80°C in aliquots.

For preparation of yeast ribosomes, pelleted yeast cells were
dissolved in a buffer (20 mM HEPES-KOH at pH 7.6, 2 mM
Mg(CH,CO0),, 100 mM KCl, 1 mM DTT, and 1 mM PMSF)
containing 4000 units RNasin/mL. An equal volume of glass beads
was added, and the cells were homogenized by vigorous shaking
on a vortex mixer. The glass beads were removed by centrifugation
for 5 min at 8000g, and the supernatant was treated with DOC and
Triton X-100 at a final concentration of 1% (w/v) each. The
samples were centrifuged for 20 min at 15,000g, and the superna-
tants were collected and treated with KClI at a final concentration
of 0.5 M. The supernatants were layered onto a 0.75 M sucrose
cushion in Buffer A and the salt-washed ribosomes were pelleted
by centrifugation for 4 h at 150,000g,,. The pelleted ribosomes
were dissolved in Ribosome buffer and stored at —80°C in aliquots.

Modification of rRNA in ribosomes

Chemical modification and enzymatic cleavage of rRNA in wheat
and mouse 80S ribosomes were as previously described (Larsson
and Nygard 2001). For chemical modification, 30 pmoles of ribo-
somes in final volumes of 50 pL were incubated at 37°C in the
presence of 20 or 100 mM DMS or for 15 min in the presence of
50 or 100 mM CMCT. Incubation was for 5 min (DMS) or 15 min
(CMCT). The ribosomes were precipitated with 2.5 volumes of
ethanol and pelleted by centrifugation. The pellets were dissolved
in 50 mM Tris-HCI (pH 7.6) and 0.5% (w/v) SDS, and the RNA
was extracted with phenol (Brawerman et al. 1972).

For modification with RNase V1, 30 pmoles of ribosomes in
final volumes of 50 pL were incubated for 5 min at 37°C in the
presence of 0.2, 0.4, and 1.0 units of RNase V1. After incubation,
the reactions were diluted with an equal volume of 0.1 M Tris-HCl
(pH 7.6) and 1% (w/v) SDS, and the RNA was extracted with
phenol (Brawerman et al. 1972).

Control samples were identically treated but without the modi-
fying reagent.

Identification of modification sites

The positions of the modified bases/cleavage sites were identified
using primer extension as previously described (Holmberg et al.
1992). The primers used were GTAATTTGCGCGCC, comple-
mentary to nucleotides 429-442, 433-446, and 479-492 in yeast,
wheat, and mouse 18S rRNA; TCGGCATAGTTTATGG, comple-
mentary to nucleotides 10201034 in yeast 18S rRNA; and CG
GCATCGTTTATGG, complementary to nucleotides 1026—1040
and 1080-1094 in wheat and mouse 18S rRNA. The primer ex-
tension products were analyzed on 4.75% (w/v) acrylamide se-
quencing gels in an Applied Biosystems 377 DNA Sequencer as
described (Larsson and Nygard 2001).
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Secondary and tertiary structure predictions

Secondary structure models for ES3 and ES6 were constructed
based on the modification data using the Vienna RNA package
(Hofacker et al. 1994).

A three-dimensional model of the ES3—-ES6 interaction was con-
structed using the RNA modeling software ERNA-3D (Mueller et
al. 1995).
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