Loss of rRNA modifications in the decoding center
of the ribosome impairs translation and strongly delays

pre-rRNA processing
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ABSTRACT

The ribosome decoding center is rich in modified rRNA nucleotides and little is known about their effects. Here, we examine the
consequences of systematically deleting eight pseudouridine and 2’'-O-methylation modifications in the yeast decoding center.
Loss of most modifications individually has no apparent effect on cell growth. However, deletions of 2-3 modifications in the
A- and P-site regions can cause (1) reduced growth rates (~15%-50% slower); (2) reduced amino acid incorporation rates
(14%-24% slower); and (3) a significant deficiency in free small subunits. Negative and positive interference effects were
observed, as well as strong positional influences. Notably, blocking formation of a hypermodified pseudouridine in the P region
delays the onset of the final cleavage event in 185 rRNA formation (~60% slower), suggesting that modification at this site

could have an important role in modulating ribosome synthesis.
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INTRODUCTION

In eukaryotes, maturation of the large polycistronic rRNA
precursor includes the formation of scores of modified
nucleotides and several cleavages of the primary transcript
(Fatica and Tollervey 2002; Nazar 2004). Two major types
dominate: 2'-O-methylation (Nm) and pseudouridylation
(W), which are both known to alter local conformation and
folding properties of RNA (Decatur and Fournier 2003). A
large portion of these (and other) modifications are located
in functionally important regions of the ribosome (~60%
in Saccharomyces cerevisiae and 95% in Escherichia coli;
Decatur and Fournier 2002), and many are conserved posi-
tionally (Lestrade and Weber 2006), suggesting they have im-
portant roles in ribosome function and perhaps synthesis.
On balance, information about the influence of eukary-
otic rRNA modifications is scant. However, the pace of
discovery is accelerating, due to: (1) advances in identifying
modification machinery, in particular the small nucleolar
RNA-protein complexes (snoRNPs) that create Nm and ¥
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modifications; (2) assignment of all or nearly all yeast
modifications to specific guide snoRNAs; (3) the relative
ease of blocking modifications in yeast, by genetically delet-
ing snoRNAs; (4) the availability of precise modification
maps for yeast rRNA; and (5) the emergence of high reso-
lution, three-dimensional (3D) structures for the ribosome.

With these developments it is now possible to block the
formation of preselected Nm and ¥ modifications with
relative ease, thereby opening the way to evaluating effects.
Our laboratory has exploited this strategy to carry out sys-
tematic modification-deletion studies in S. cerevisiae, to
determine the importance and influence of modifications
in functionally important regions of the ribosome. Mod-
ifications are deleted individually and in different combi-
nations, and effects on ribosome production, function, and
stability are characterized (Decatur et al. 2007).

We have examined effects of deleting modifications from
the peptidyl transferase center region and two inter-subunit
bridge structures known as Helix 69 and the A-site finger,
all in the large subunit. For these three regions, we found
that, in general, deleting individual modifications has no or
only slight effects on growth or ribosome activity, whereas
multiple deletions have cumulative negative effects that can
be synergistic (King et al. 2003; Liang et al. 2007; Piekna-
Przybylska et al. 2008). Defects observed include, variously,
(1) impaired growth rate; (2) impaired translation rate; (3)
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substantially lower resistance to ribosome-based antibio-
tics; (4) reduced accumulation of rRNA, related to increased
turnover; and (5) impaired polysome formation. In one
special case, loss of a single ¥ in the A-loop of the peptidyl
transferase center region caused a substantial decrease in
the in vivo rate of protein synthesis. These findings make
clear that, collectively, modifications have strong influence
on different aspects of ribosome synthesis and performance,
and that modifications at different regions can have different
effects. In the present study we extended our investigation
of modification effects to the decoding center in the small
subunit, which binds both mRNA and tRNAs and mediates
accurate codon-anticodon interactions and tRNA transloca-
tion. We reasoned that modifications in this region might
significantly affect ribosome synthesis and activity.

The decoding center is composed of five helices (h) of
18S rRNA (Fig. 1A, h18, h44, h34, h24, h31), as suggested
by chemical protection, cross-linking, and genetic studies
(Rodnina et al. 2002; Noller 2006). Specific nucleotides
in these helices that contact A-, P-, or E-site tRNAs and
mRNA have also been identified in crystallography studies
(e.g., Ogle et al. 2001; Yusupov et al. 2001; Selmer et al.
2006). Nucleotides involved in decoding have been revealed
by mutational analysis, in which translation efficiency, fidel-
ity, or tRNA translocation have been affected, as well as
resistance to error-causing antibiotics (De Stasio et al. 1989;
Recht et al. 1999; Kubarenko et al. 2006; Garcia-Ortega
et al. 2008; Saraiya et al. 2008). These findings established
the importance of the proper sequence and structure of the
decoding center in controlling tRNA selection and trans-
location, and ensuring efficient, accurate translation (Ogle
et al. 2003; Ogle and Ramakrishnan 2005; Frank et al. 2007).

In the E. coli decoding region, several modified sites
contact tRNA or mRNA, or are close to positions known
to be important for translation. For example, the E. coli
site (G966) equivalent to yeast mlacp3W¥1191 was shown to
contact P-site tRNA (Moazed and Noller 1990; Yusupov
et al. 2001), whereas Cm1402 in E. coli (Cm1639 in yeast)
contacts mRNA (Rinke-Appel et al. 1993). These correla-
tions suggest that modifications could affect translation
activity and, perhaps, formation of this vital region itself.

The yeast decoding region contains five Nm and three
V¥ modifications (Fig. 1A). One ¥ undergoes additional
modification that includes base methylation at the N1 position
and addition of a 3-amino-3-carboxypropyl group to yield
1-methyl-3-(3-amino-3-carboxypropyl) ¥, i.e., mlacp3V.
Seven of these eight modifications are conserved in humans,
the exception being Cm1007 (yeast numbering system un-
less indicated). Five of the eight modifications are also con-
served in plants and trypanosomes (Um579, 999, Gm1271,
Gm1428, and Cm1639) (Brown et al. 2003; Liang et al. 2005).
With regard to functional distribution (Fig. 1B), the eight
modifications are distributed as follows: four modifications
occur at or near the A-site of tRNA binding (three Nm’s
and one V), two are in the P site (one Nm and one V), and two
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FIGURE 1. The decoding region of yeast rRNA is rich in modifica-
tions. (A) Secondary structure of the decoding center of 18S rRNA.
Modified nucleotides in the decoding center are highlighted by broken
boxes, and the corresponding guide snoRNAs are also identified.
Methylations (@®); pseudouridines (A). (B) The 3D structure of
modifications in the decoding center. Locations are deduced from the
ribosome structure. The corresponding nucleotide numbers in E. coli
rRNA are provided in parentheses. The system of representing
modifications with colors is the same in both panels. The modifica-
tions in the A, Aa, P, and E regions are indicated by pink, yellow,
green, and red circles, respectively. The lower left panel shows a
schematic cartoon for positions of A-region (white), Aa-region (gray),
and P-region (black) modifications. This system is used in subsequent
figures to indicate modification situations.

are in the E site (one Nm and one ¥). Our results show that
in the yeast ribosome, translation activity was reduced sub-
stantially with modification-loss, mainly from the A and
P regions. In addition, the final cleavage event in forming
18S rRNA was delayed with loss of the hypermodified ¥ in the
P region.

RESULTS

Strategy for dissecting modification effects
in the decoding region

The eight modifications in the yeast decoding region are
guided by eight snoRNAs (Fig. 1A). In our deletion
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strategy, we separated the modifications into four sub-
groups based on proximity to the tRNA binding regions
(Fig. 1B). The regions and specific modifications include:
(1) two Nm modifications at the entry-side of A-site tRNA
that we designate as A-region modifications; (2) two modi-
fications occuring above the A-site tRNA and we designate
these as A-site above (Aa) region modifications (¥1187
and Gm1428); (3) two in the P region (mlacp3¥1191 and
Cm1639); and (4) two in the E region (¥999 and Cm1007).
Thus, each region contains two modifications, with two
Nm modifications in the A-region, and one Nm and one ¥
in each of the other regions. Modifications were depleted
individually or together in each group, by genetically
deleting the appropriate guide snoRNAs, and double and
triple deletions in different combinations in adjoining
regions. Altogether, 21 test strains were created (Supple-
mental Table S2). Deletions of the snoRNAs were con-
firmed by Northern analysis, and loss of the corresponding
modifications (except for mlacp3W¥1191) was verified by
primer extension analysis (data not shown). Disruption of
W formation at the hypermodified site was also analyzed
by thin layer chromatography (TLC) (see below). Table 1
lists the key strains, modifications, and deletion effects on
growth and translation rate.

Blocking modifications in the Aa and P regions can
significantly impair cell growth and antibiotic resistance

Modification effects on growth rate were examined initially
on solid, rich YPD medium, at 16°C, 30°C, and 37°C. No
defects were found for the two A-region modifications
depleted individually or together. Similarly, the E-region
mutants showed normal growth after loss of either or both
modifications. Normal growth was also observed for two
triple-deletion strains that lack the two A-region modifi-
cations plus either of the two modifications from the Aa
region (data not shown). In addition, none of the mutants
just described showed an apparent defect in neomycin
resistance, amino acid incorporation, or polysome pattern
(data not shown). These results suggest that modifications
in the A and E regions do not significantly affect normal
growth and translation rate. Thus, we excluded these par-
ticular subsets from further consideration.

However, defects in cell growth were readily apparent for
strains deleted of Aa- and P-region modifications, ranging
from ~10% to ~50% slower, as determined for growth in
liquid medium. For convenience, we refer to the test strains
by the number of modifications missing from these two
subregions (Table 1). For example, strains (—)3a and (—)3b

TABLE 1. Summary of modification depletion effects for the A- and P-regions

Blocked Reduction
modification(s) Depleted Growth Neomycin in amino acid
Name (subregion) SNORNA(s) defect sensitivity incorporation
(—)1a mlacp3¥1191 (P) snR35 ~10% slower Increased ~7%
(—)1b 1187 (Aa) snR36 Not obvious Not apparent <5%
(=)1c Gm1428 (Aa) snR56 Not obvious Increased <5%
(—)1d Cm1639 (P) snR70 Not obvious Not apparent <5%
(—)2a mlacp3¥1191 (P) snR35 ~15% slower Increased ~16%
V1187 (Aa) snR36
(—)2b Cm1639 (P) snR70 ~15% slower Increased ~19%
mlacp3¥1191 (P) snR35
(—)2c V1187 (Aa) snR36 Not obvious Not apparent <5%
Gm1428 (Aa) snR56
(—)3a mlacp3¥1191 (P) snR35 ~35% slower (cs) Increased ~20%
V1187 (Aa) snR36
Gm1428 (Aa) snR56
(—)3b Cm1639 (P) snR70 ~50% slower (cs) Increased ~24%
mlacp3¥1191 (P) snR35
Gm1428 (Aa) snR56
(—)3c mlacp3¥1191 (P) snR35 Slightly slower at 16°C Increased ~8%
V1187 (Aa) snR36
Gm1271 (A) snR40
(—)3d Cm1639 (P) snR70 ~15% slower Increased ~14%
V1187 (Aa) snR36
Gm1428 (Aa) snR56

”

Note: “cs” indicates cold sensitive.
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have been depleted of three modifications in different com-
binations. Growth properties of the Aa- and P-region mu-
tants were screened on solid YPD-rich medium (see below)
and also examined at 30°C in liquid-rich YPD medium.
Although no obvious growth defect was observed for strains
depleted of one or two modifications when examined on
solid medium, slower growth rates were detected for some
of these strains when analyzed in liquid medium. Growth
rate reductions were calculated based on generation times
determined in liquid medium (see below; data not shown).
With one exception cells missing individual modifications
from these two subregions alone have no obvious growth
defects (Table 1). The exception is a mutant blocked in
formation of the hypermodified ¥ in the P region, which
showed a slight growth rate defect (strain —1a, ~10% slower).
No growth defect was apparent for the strain depleted
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— 16’c —
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of both Aa-region modifications (strain —2c). However,
somewhat stronger defects (~15% slower growth) were seen
for cells depleted of the two Ws from the Aa and P regions
(—2a), and cells missing both P-region modifications (—2b).
The strongest growth defects, i.e., ~35% and ~50% longer
generation times, were observed for two strains depleted of
three modifications. The first of these lacks the two Aa
modifications and the hypermodified ¥ in the P-region
(—3a). The other is missing one (Nm) modification in
the Aa region and both P-region modifications (—3Db).
Impaired growth was also found on solid medium for both
triple-depletion strains, and cold-sensitive phenotypes were
also observed in these cases (Fig. 2A). For example, the
(—)3a and (—)3b cells grow very much slower at 16°C,
moderately slower at 30°C, but normally at 37°C, as
compared with control cells. We note that the growth
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FIGURE 2. Depletion of decoding region modifications can impair cell growth and increase cell sensitivity to neomycin. (A) Growth
comparisons for strains depleted of P-region ¥ (—1a), Aa-region ¥ (—1b), and Aa-region Nm (—1c) individually or in different combinations.
Two ODgg units of cells were diluted serially (1:5), spotted on plates with rich YPD medium in the presence (right panel) or absence (left panel)
of neomycin (0.4 mg/mL), and incubated at different temperatures. (B) Growth properties of strains depleted of Aa-region Nm (—1c) and
P-region Nm (—1d) individually or in different combinations, as in A. Strain (—)le is depleted of an A-region Nm (Gm1271). Strains showing
cold-sensitive phenotypes (boxed) and increased neomycin sensitivity (arrowheads) are identified. The schematic structures at the left of the data

panels indicate the modification situations, as shown in Figure 1B.
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defects are specific to loss of the corresponding snoRNAs,
since restoring the expression of missing snoRNAs fully
restored cell growth (Fig. 4; see below). These observations
indicate that the modifications in the Aa and P regions
affect growth in cooperative ways, and that growth impair-
ment increases with the number of modifications depleted.

The overall situation is more complicated than this
simple interpretation, as two other strains depleted of three
modifications from these and an adjacent region do not
show strong growth defects: (1) a triple mutant lacking one
modification each from the A, Aa, and P regions grows
normally (—3c¢); and (2) another triple mutant lacking two
modifications from the Aa region and one from the
P region (—3d) has only a slight growth defect (~15%
slower) (Fig. 2A, left panels; Table 1). We note that two
triple mutants with markedly slower (~35%) and normal
growth rates (—3a and —3c) were created from the same
parental strain (—2a), and this parent exhibits a moderate
growth defect (15% slower). These observations indicate
that modifications can also have strong positional effects.
Together, the results show that modifications in the Aa and
P regions have cumulative influences on cell growth and,
importantly, deletions cause both positive and negative
interference effects (see below).

As a screen for changes in ribosome structure for the Aa-
and P-region mutants, we examined sensitivity to neo-
mycin, a ribosome-based antibiotic that targets the A-site
of the decoding center (in h44) (Poehlsgaard and Douth-
waite 2005). Because of this specificity, structural changes
in the decoding region could affect drug sensitivity. Indeed,
seven test strains depleted of Aa- and P-region modifi-
cations have substantially increased drug sensitivity, as
evidenced by slower growth in the presence of neomycin
at 37°C (Fig. 2A,B, right panels; Table 1). Mutants showing
substantial effects include two single depletions (~fivefold
increase), two double depletions [increases of 25-fold and
~fivefold for (—)2a and (—)2b strains, respectively], and
three mutants with triple depletions (~25-fold). The
increased sensitivity to neomycin infers that ribosome
structure is altered in these test cells. The four strains
showing the greatest increase in sensitivity all lack
mlapc3W¥W, which contacts the P-site tRNA. Although not
all strains with increased drug sensitivity show apparent
growth defects, the two slow growing, triple depletion
strains exhibit strong sensitivity to this drug. Together,
these observations suggest that a structural change(s) in the
P region affects binding of neomycin to the A site of the
decoding center, directly or indirectly.

Translation efficiency is reduced with depletion
of Aa- and P-region modifications

The reduced growth rates observed with modification loss
could stem from impaired ribosome function or accumu-
lation. To investigate this issue, translation efficiency was

1720 RNA, Vol. 15, No. 9

first evaluated by measuring the in vivo incorporation rate
of [**S]methionine into total protein (Table 1; Supplemen-
tal Fig. S1). Incorporation rates were significantly lower in
cells depleted of 2-3 modifications from the Aa and P
regions (~~14%-24% reduction, based on the same number
of cells), and only slightly reduced (~7%) in one single-
depletion strain—lacking the hypermodified ¥ in the P
region (—1la). Reduction in translation rate could stem
from both a reduced number of ribosomes per cell and
reduced activity per ribosome, since production of the
small subunits is impaired in certain cells, as we will show
below. The patterns of reduced activity correlate with the
altered growth rate patterns, indicating that reduced
cellular translation rate is the main contributor to the slow
growth. One double mutant has an incorporation rate that
is more impaired (down ~16%) than one of the triple
mutants (down ~8%), but higher than another triple
mutant (down ~20%), and these properties reflect the
changes seen in the growth rate patterns [Table 1, mutants
(—)2a, (—)3¢, (—)3a]. Importantly, strong positional effects
were observed in these same strains, where blocking an
additional modification in the doubly depleted parent to
the two triple mutants enhances or reduces the defects in
growth and translation rates. Altogether, the results show
that blocking rRNA modifications in these two regions of
the decoding center significantly impairs translation rate.

Blocking formation of the P-region hypermodified
W impairs ribosome formation

To gain further insight into the basis of the reduced trans-
lation activity in cells lacking Aa- and P-region modifica-
tions, we examined polysome profiles by sucrose gradient
fractionation. In strains showing normal growth and trans-
lation rates, regardless of the number of modifications
deleted, no significant difference in polysome profile was
observed (data not shown). However, abnormal polysome
patterns were observed for four strains with substantial
defects in amino acid incorporation; these mutants lack
two or three modifications. The polysome defects are
reflected as a reduced level of free 40S subunits (~80%
lower) and an increased level of free 60S subunits (~two-
to threefold higher), as compared with control cells (Fig. 3,
strains —2a, —2b, —3a, —3b; data not shown). The levels of
polysomes and 80S mono-ribosomes were not significantly
affected, indicating that depleting P-region modifications
does not affect subunit joining.

The abnormal polysome patterns are due to loss of the
P-region mlacp3W1191, as blocking formation of this
particular ¥ alone (—1a), but not other individual Aa-
and P-region modifications, gives rise to this same defect
(Fig. 3; data not shown). The altered levels of free subunits
in these test strains suggest that the cellular contents of the
two subunits are not balanced. Indeed, in three such strains
examined the ratio of 40S/60S complexes was moderately



rRNA modifications in the decoding center

72]
% Polysomes

Control (2a %

=

(-)3a (-)2b

(-)1a

2

()3b

(-)3e

s
E

FIGURE 3. Abnormal polysome profiles can occur with loss of
modifications. Extracts from log phase cells were fractionated on
sucrose gradients and polysome patterns detected by UV absorbance
at 254 nm. Peaks are identified for control cells. Increases in the
relative abundance of 60S complexes are marked (*).

reduced (~15%), as evaluated by sucrose gradient cen-
trifugation in the absence of Mg”" and cycloheximide
(Supplemental Fig. S2), indicating that the level of 40S
subunit is reduced relative to 60S complexes (—1la, —3a,
and —3b cells). Together, these results indicate that loss of
the hypermodified ¥ caused the imbalance in subunits.
Another possibility, judged below to be unlikely, is that the
corresponding snoRNA could have an additional function.
Curiously, another triple mutant lacking the same guide
snoRNA for the hypermodified ¥ has a normal polysome
profile and normal growth rate; this strain (—3c) lacks
the P-region hypermodified V¥, the Aa-region W, and an
A-region methylation. This situation argues strongly that
the specific pattern of modification depletions in this partic-
ular mutant has a strong, complementing effect on loss of
the snR35 snoRNA, and suggests that the processing defect
is most likely due to loss of the hypermodified .

To test the possibility that some translation and polysome
defects observed could be due to additional, unexpected
mutation(s), the relevant snoRNAs were reintroduced into
the mutant cells showing significant growth or polysome
defects, using a single-copy plasmid containing 1-3 natural
snoRNA genes. Restoring expression of the test snoRNAs
fully restores cell growth, as analyzed on solid medium at
16°C, 30°C, and 37°C and exemplified for 16°C (Fig. 4A, for
strains —2b, —3a, —3b, —3c). Polysome profiles were also
restored to normal (Fig. 4B). Thus, the growth and polysome
defects are specific to loss of the guide snoRNAs. The effect
of deleting the guide snoRNA for the m1lacp3W¥ modification
is of special interest, as its loss has a major influence on the
phenotypes observed, and re-expressing this RNA alone can

restore growth and ribosome patterns to nearly normal levels
in the mutants with the strongest impairments (—3a, —3b)
(Fig. 7B; data not shown; see below).

Loss of the hypermodified ¥ strongly delays
maturation of 185 rRNA

The observed importance of the hypermodified ¥ in growth
and polysome formation prompted us to further analyze
its modification status after blocking W formation. This
hypermodification is known to be formed in three steps: (1)
pseudouridylation; (2) methylation at the newly released
N1 position of the W base; and (3) addition of an acp3 side
chain at the N3 position; this last reaction occurs after the
small subunit pre-rRNA is exported from the nucleus to the
cytoplasm (Fig. 5A; Brand et al. 1978). Thus, blocking
pseudouridylation should also block the methylation, since
the N1 of uracil will remain linked to ribose. The acp3
addition appears not to be affected by loss of the W, as a
strong stop at this nucleotide was still detected by primer
extension analysis after depleting the guide snoRNA (Fig.
5B). This effect suggests that this nucleotide still undergoes
modification, most likely addition of acp to form acp3U.
Although it is possible that a redundant pathway for
pseudouridylating this site could exist, it seems unlikely
since loss of the guide snoRNA causes such clear pheno-
types. Hypothetically, other unexpected, new types of
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FIGURE 4. Altered growth and polysome properties can be fully
restored by complementation with the missing snoRNAs. (A) Growth
was compared at 16°C for control and test cells containing an empty
vector and test cells expressing plasmid-encoded snoRNAs (+), as
indicated. The culture conditions were as in Figure 2, except that the
medium lacked adenine. (B) Polysome profiles were examined as
described in Figure 3.
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FIGURE 5. Depletion of snR35 blocks the formation of the hypermodified pseudouridine. (A)
Biosynthetic pathway of the mlacp3¥ hypermodification (Brand et al. 1978). (B) Primer ex-
tension analysis does not reveal the pseudouridylation status of the hypermodified site. RNA
treated or not with CMC was subjected to primer extension analysis, with reaction products
separated on an 8% polyacrylamide gel. (C) The chromatographic behavior is altered in cells
depleted of snR35. An excised [**P]18S rRNA fragment containing the hypermodified site and two
additional pseudouridines from control (Con.) or (—)la cells depleted of snR35 was digested by
nuclease P1 and analyzed with TLC. The identities of the different nucleotide spots are indicated.

modification could occur at this position upon blocking
pseudouridylation; however, our results argue against this
possibility (see below).

To analyze the modification status more directly, nucleo-
tides in a [>?P]-labeled rRNA fragment that contains this
hypermodified site and two additional pseudouridines were
examined by two-dimensional (2D) TLC (see Materials and
Methods). In cells depleted of snR35, a new spot appeared
just ahead of nucleotide pG in the second dimension (Fig.
5C), consistent with the known migration behavior of the
acp3U nucleotide in the same solvent system (Keith 1995).
This pattern infers that depletion of the snoRNA blocks
both pseudouridylation and N1 methylation of U1191.
No mlacp3W¥ spot was detected in either mutant or control
cells, suggesting that its presence is masked by one of the
four major nucleotides. In support of this possibility we
found that (1) nucleoside forms of mlacp3¥ and acp3U
(kindly provided by Christine S. Chow, Wayne State
University) have similar R values in the first dimension
(0.44 and 0.43, respectively); and (2) that mlacp3V¥
migrates slightly slower than acp3U in the second dimen-
sion (0.23 and 0.27, respectively), consistent with mlacp3W¥
migrating with the larger, more dense pG spot. Unfortu-
nately, clarification must await identification of a more
suitable separation system and the means to generate more
substantial amounts of standards for mlacp3¥ and related
intermediates; sample limitations currently preclude anal-
ysis by HPLC and mass spectrometry. This constraint
notwithstanding, the present results strongly argue that
depleting the guide snoRNA for this site blocks pseudo-
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e more likely (data not shown). In
S. cerevisiae, 18S rRNA is generated in
the cytoplasm from its immediate pre-
cursor, 20S pre-rRNA, which is exported
from the nucleus. The 20S species itself is
created by processing of the 35S full-
length pre-rRNA (Fig. 6A; for review, see
Fatica and Tollervey 2002; Nazar 2004).
To determine if pre-rRNA processing is
affected in mutants lacking only the
snR35 snoRNA (strain —1a), we analyzed rRNA production
using in vivo pulse-chase labeling with [methyl-’H]methio-
nine.

Processing of 18S rRNA is delayed in the mutant relative
to the control cells. For example, 3 min after the onset of
the chase, <10% of 20S precursor was converted to mature
18S rRNA in the mutant cells, yet ~60% of 20S pre-rRNA
was processed to 18S rRNA in the control cells. Similarly,
strong delays were found at 6, 9, 12, and 15 min into
the chase (Fig. 6B,C), indicating that processing of 20S to
18S rRNA is strongly impaired in the test cells. Comparison
of the conversion patterns reveals an overall delay in the
onset of 20S pre-rRNA cleavage (~60% slower). In mutant
cells we estimate that ~24 min are required to convert the
same fraction of 20S pre-rRNA that is processed by control
cells in 9 min. The main effect appears to be the delayed
onset, as the processing rates are comparable in both
mutant and control cells (Fig. 6C, dashed lines). Matura-
tion of 2558 rRNA is slower as well, but to a much smaller
extent than 18S rRNA, as evident in Figure 6C. In the
mutant cells, the 35S and 32S pre-rRNAs accumulated and
persisted at 3 min into the chase period, whereas in control
cells these species are difficult to detect (Fig. 6B), indicating
that the early cleavage events are also delayed in the mutant
cells (at sites Ay, A}, and A;), perhaps as a secondary effect
of impaired processing of 18S rRNA. Together, the process-
ing results demonstrate that depletion of the hypermodified
¥ or its guide snoRNA strongly delays processing at site D
in 20S pre-rRNA, thereby delaying production of 18S
rRNA.
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FIGURE 6. Disrupting the hypermodification strongly delays hydrolytic processing of pre-rRNA. (A) Schematic representation of the yeast pre-rRNA
processing pathway. Cleavage sites involved in formation of 18S rRNA are shown. The processing steps for 27S pre-rRNA are depicted in a simplified
form. (B) Radiolabeling pulse-chase analysis shows that pre-rRNA processing is delayed in cells lacking the hypermodified W. Pre-rRNA was labeled in
vivo using [*H]methionine, and processing products were analyzed on 1.2% agarose gels and visualized with a Phosphorlmager. The chase times
(minutes) are indicated above the lanes. (C) Percentages of converted mature 18S rRNA (upper panel) and 25S rRNA (lower panel) at each time point.
Signal strength was measured from the results in panel B using Image], and the calculated values plotted. (D) Loss of the hypermodified ¥ causes
substantial accumulation of 20S pre-rRNA. Steady state levels of rRNA species were examined by Northern hybridization, with oligonucleotides
specific to 20S and 27S pre-rRNAs. U2 snRNA was used as a control for sample loading. (E) The 20S pre-rRNA lacking the hypermodified ¥ is
exported to the cytoplasm. The presence of the cytoplasmic dimethylations in the 20S pre-rRNA was detected by primer extension analysis. The
reaction products were separated on an 8% polyacrylamide gel, next to a sequencing ladder created with the same oligonucleotide.

The processing defects were also evaluated by Northern
analysis for the steady state levels of precursor and mature
rRNAs in mutant strains (—1la, —3b, and —3c). No
significant difference was found for the level of the mature
rRNAs, or 27S pre-rRNA (Fig. 6D), consistent with the
observation that maturation of 255 rRNA is only slightly
impaired. However, 20S pre-rRNA accumulates in the
mutant cells (~1.5-fold increase for —1la and —3b cells),
as evident from comparison with the level of U2 snRNA.
Consistent with the in vivo labeling results, these data also
indicate that processing of 20S to 18S rRNA is strongly
delayed. Interestingly, in a triple-depletion strain that lacks
the hypermodified ¥ and yet exhibits both a normal poly-
some pattern and growth rate, the level of 20S pre-rRNA
was only moderately increased (~0.8-fold for —3c cells),
indicating that pre-rRNA processing is less impaired than
for the two other test strains (—1a and —3b). In this mutant,
loss of the A-region Nm curiously suppresses the process-

ing defects caused by loss of the hypermodified W in the
P-region. Once again, this observation provides another ex-
ample of strong positional and combinational effects.

The hypermodified ¥ is not required for export
of 20S pre-rRNA to the cytoplasm

The 20S pre-rRNA that accumulates in the absence of the
hypermodified ¥ could localize in either the nucleus or
cytoplasm or both, since this precursor is normally gener-
ated in the nucleolus, but subsequently cleaved at site D
in the cytoplasm to form 18S rRNA (Fig. 6A; Fatica and
Tollervey 2002). To evaluate the possibility that the hyper-
modified ¥ could affect the export or distribution of 20S
pre-tRNA, we assayed for the presence of two adjacent
dimethylated nucleotide modifications present at the 3" end
of 208 pre-rRNA (i.e., m,°A1781m,°A1782). These meth-
ylations are formed (by Dimlp) after 20S precursor is
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exported to the cytoplasm and is a signature of cytoplasmic
20S pre-rRNA (Brand et al. 1977; Lafontaine et al. 1994;
Granneman et al. 2005). Screening was carried out by
primer extension analysis using an oligonucleotide that
binds to 20S pre-rRNA but not mature 18S rRNA. Strong
extension stops representing the existence of the dimeth-

on the guide domain, rather than some other sequence(s) in
the snR35 guide snoRNA.

The two short elements (6 nucleotides [nt] each) of the
snR35 guide domain were introduced into a different W
guide snoRNA (snR36) to form a hybrid mutant (snR36m)
(Fig 7A). To maintain the consensus secondary structure of

ylations were detected in cells depleted
of snR35 (—1a), indicating that 20S pre-
rRNA lacking the hypermodified V¥ is
successfully exported to the cytoplasm
(Fig. 6E). The signal strength of the
extension stop in the mutant cells is
approximately twofold stronger than
that for control cells, consistent with
the observation from Northern analysis
(~2.5-fold), showing that 20S pre-
rRNA mainly accumulates in the cyto-
plasm. Together, these results indicate
that blocking formation of the hyper-
modified ¥ does not block export of
20S pre-rRNA to the cytoplasm but
does strongly delay the cytoplasmic
cleavage.

The delay in 18S rRNA maturation is
due to loss of the hypermodified ¥

The fact that deleting the snR35 snoRNA
impairs pre-rRNA processing raises the
possibility that this snoRNA might medi-
ate processing as well. In yeast, several
processing snoRNAs (e.g., U3, Ul14, and
snR30/U17) base pair with pre-rRNA
without guiding modification, and the
base-pairing interactions are essential
for processing (Jarmolowski et al. 1990;
Beltrame and Tollervey 1995; Sharma
and Tollervey 1999). Two snoRNAs
(U14 and snR10) that affect processing
also guide rRNA modifications, although
the guide functions are not required for
pre-rRNA cleavages (Dunbar and Base-
rga 1998; King et al. 2003). Thus, it is
possible that some snR35 sequence(s)
outside the ¥ guide domain is involved
in the D-site cleavage in 20S pre-rRNA.
Alternatively, the pseudouridylation
guided by snR35 is the relevant determi-
nant required for normal processing.
These models were tested by asking
if growth and processing could be res-
cued in the snR35 test strain, by express-
ing a different snoRNA outfitted with
the snR35 guide sequences. If so, this
would indicate that processing depends
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an H/ACA snoRNA, a G was inserted upstream of the 5’
guide motif. The new hybrid snoRNA was expressed from a
plasmid in a test strain lacking snR35 and two other
snoRNAs (—3b). This strain was featured as it has a stron-
ger growth defect and we reasoned that complementation
might be detected more easily. The control snoRNAs in-
cluded wild-type snR35 or wild-type snR36 snoRNA intro-
duced in the same way. All three snoRNAs were expressed
at normal levels (Northern analysis) (data not shown), and
the complementation potential of the mutant snoRNA on
growth and polysome formation was analyzed. Expression
of snR36m almost completely restored cell growth, like the
case of wild-type snR35 expressed in the same way (Fig.
7B). The mutant snoRNA is also able to restore pre-rRNA
processing, since the levels of free 40S and 60S subunits
returned to control values by expressing snR36m snoRNA
in the initial test strain (—3b) and also in cells lacking only
snR35 (Fig. 7C). The complementation effect of the snR36m
snoRNA is not due to elevation of the number of snR36
molecules (normal and mutant), as increasing expression of
wild-type snR36 by the same strategy had no effect on
growth rate or the polysome pattern (Fig. 7B,F). Together,
these results indicate that the ¥ guide domain of snR35 is
necessary for normal growth and pre-rRNA processing.

The snoRNAs that guide ¥ modification act through
base-pairing with pre-rRNA (Ganot et al. 1997; Ni et al.
1997). The hybrid snR36m restores both the base-pairing
interaction and modification product. Hypothetically, a
processing defect could be caused by loss of a conforma-
tional change in pre-rRNA related to base-pairing but
not to modification. To investigate this possibility, a 2-nt
deletion mutation was introduced into the snR35 snoRNA
to inactivate the modification function, but to maintain
base-pairing potential in the guide region (Fig. 7D). Pre-
vious data from our laboratory showed that deletion of 1 or
2 nt from the 3’ end of the pseudouridylation pocket of H/
ACA snoRNAs abolishes modification (King et al. 2003;
Liang et al. 2007). Where the base-pairing potential is pre-
served mutant snoRNAs still co-sediment with pre-rRNA; in
contrast, a mutant snoRNA without this complementarity
does not (Liang et al. 2007).

The snR35 mutant gene (snR35m) was expressed in test
cells (—3b) at a level comparable to wild-type snR35 ex-
pressed in the same way (data not shown). The modifica-
tion-defective snR35m failed to restore cell growth and a
normal polysome profile (Fig. 7E,F). Thus, we conclude
that formation of W at the site of hypermodification is
required for normal pre-rRNA processing, rather than some
other action of the guide snoRNA that functions through
base-pairing. However, since blocking pseudouridylation
will also abolish the N1 methylation reaction, our results
do not rule out the possibility that the N1 methylation
contributes to normal processing as well. Further analysis
of this possibility awaits identification of the currently
unknown N1 methylase enzyme.

DISCUSSION

Cumulative and positional effects of the decoding
region modifications

We found here that loss of single modifications in the
decoding region has no apparent or only a slight effect on
cell growth rate in typical culturing conditions, but that
cumulative effects can occur with additional deletions, espe-
cially for Aa- and P-region modifications. These findings
are consistent with our earlier modification deletion stud-
ies. Since the translation rate is measured based on the
number of cells, a decrease in rate may stem from reduced
numbers of ribosome per cell, or reduced activity per ribo-
some. Both effects were observed. Depletion of a P-region
modification impairs production of SSU rRNA and leads
to reduced numbers of ribosome. Translation rate is also
reduced in some strains without processing defects, indi-
cating impaired activity. Notably, the influences of modi-
fication at different sites on cell growth and translation rate
are not equal. For example, in two strains depleted of three
modifications the reductions in growth rate are mostly
due to defects in 18S rRNA maturation caused by disrupt-
ing formation of the hypermodified ¥ in the P-region
(—3a and —3b), since reexpressing the corresponding guide
snoRNA alone in these mutants restored growth to nearly
normal (Fig. 7; data not shown). However, modifications at
other sites also have significant effects on translation, since
(1) additional deletions cause further reductions in trans-
lation rate; (2) the translation rate is also reduced moderately
in a triple-depletion strain not blocked for the hypermodi-
fication; and (3) reexpressing the guide snoRNAs for one
Aa-region modification (Gm1428) or P-region modification
(Cm1639) individually partially restored growth rate impair-
ment (~20%-30% increase). These findings suggest that
the hypermodified ¥ in the P region plays a stronger role
in maintaining translation rate and growth than the other
modifications; other modifications in the Aa and P regions
also influence these processes, but to a lesser extent.

Other evidence of strong positional effects comes from
observations with two triple-depletion strains created from
the same parent lacking two modifications. One mutant
shows no apparent growth defect and only a slight decrease
in translation rate (~8% reduction), whereas the other
exhibits a strong defect in growth rate (~35% slower) and
substantial impairment in translation rate (reduced ~20%).
In comparison, the parental, double-depletion strain exhib-
its an incorporation rate that is reduced by ~16%. The
triple mutants differ at Nm sites, one in the Aa region and
one in the A region. These data show that modifications
can have positive or negative effects, and that the positions
of the modifications are important. The different effects
on ribosome biogenesis and function presumably reflect
different structural effects in the precursor and mature
ribosome complexes.
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Combinatorial modification effects were also observed in
previous studies from our laboratory, for two inter-subunit
bridge regions. Blocking three particular modifications in
the Helix 69 region (two ¥’s and one Nm) caused strong
stop codon read-through activity (~300% higher), whereas
read-through activity was only ~~40% higher than control
cells when two additional P’s were deleted (Liang et al. 2007).
In addition, for the A-site finger region, cells lacking one
combination of three W’s grew slower than cells lacking
these three and an additional two W’s (generation times were
~170 min and ~145 min, respectively) (Piekna-Przybylska
et al. 2008). Together, the earlier and present observations
demonstrate that rRNA modifications can have strong
effects on ribosome synthesis and activity and that effects
in a specific rRNA domain can be heavily influenced by the
locations of the modifications.

One hypermodified W is needed for normal
pre-rRNA processing

Our results show that deleting the snR35 snoRNA strongly
delays (~60% slower) the onset, but not the rate of the
final cleavage that yields 18S rRNA. This finding reveals
snR35 to be the sixth snoRNA in yeast needed for proper
processing of rRNA. Four of the others are thought to be
universal among eukaryotes, i.e., U3, Ul4, U17 (snR30 in
yeast), and MRP RNA; another snoRNA (snR10) affects
early cleavage steps in processing of SSU rRNA in the
nucleus. Both snR35 and snR10 are currently unique to
yeast. Among the previously known processing snoRNAs,
base-pairing with pre-rRNA is essential for the cleavage
functions and these interactions are not involved in modi-
fication (Jarmolowski et al. 1990; Li et al. 1990; Beltrame
and Tollervey 1995; Dunbar and Baserga 1998; Sharma and
Tollervey 1999; King et al. 2003; Atzorn et al. 2004).

Unlike the other known processing snoRNAs, the effect
of the snR35 snoRNA on 18S rRNA production is mediated
by the modification it guides, rather than the snoRNA
itself. Expression of a hybrid snoRNA (snR36m) that
contains only the ¥ guide elements of snR35 rescued both
cell growth and pre-rRNA processing in a strain depleted of
snR35, indicating the guide domain is required for normal
processing. Results from an experiment that featured a
modification-defective snR35 mutant showed it is loss of
the targeted modification—not the snR35 guide sequence—
that is responsible for the defect in D-site cleavage.

While the structure of the hypermodified nucleotide at
the snR35 target site (U1191) seems clear, important ques-
tions still remain about the enzymatic activities involved
in its formation and precise pathway(s). Conversion of
uridine to pseudouridine frees the N1 position for the
subsequent methylation reaction. Both pseudouridylation
and methylation at this position in yeast rRNA have been
shown to occur at the level of 35S pre-rRNA, indicating
that these events take place in the nucleus (Brand et al.
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1978). Addition of the acp3 moiety appears to occur in the
cytoplasm, just before the final cleavage of 20S pre-rRNA.
In this regard, fully modified mlacp3¥ was only detected
in cytoplasmic 20S precursor, not in nuclear 20S pre-rRNA
(Brand et al. 1978). In the present study, deletion of snR35
snoRNA blocks pseudouridylation, and because N1 of
the uridine base is still linked to ribose it will not be
methylated. Notable in our study, 20S pre-rRNA accumu-
lates in the cytoplasm when snR35 is absent, as evidenced
by the existence of dimethyladenosine modifications known
to occur in that location (Fig. 6E; Brand et al. 1977;
Lafontaine et al. 1994). These results suggest that formation
of m1W¥ is not required for export of 20S pre-rRNA to the
cytoplasm, although the possibility that export is slower
cannot be excluded. Together, these observations indicate
that loss of ¥ or m1'W modification in the 20S precursor
strongly delays the onset of its cleavage in the cytoplasm.

Two other yeast rRNA modifications have been impli-
cated previously in pre-rRNA cleavage. However, subse-
quent genetic analyses of the modifying proteins revealed
that, while the proteins are important, the modifications
are not. This situation applies to (1) Dimlp, which cata-
lyzes dimethylations of adjacent adenosines in 18S rRNA
and is required for pre-rRNA cleavages at sites A; and A,
that flank 18S rRNA (Lafontaine et al. 1994, 1995), and (2)
Bud23p, which methylates a site in the P-region in 18S
rRNA and is required for processing of 20S pre-rRNA (White
et al. 2008). In contrast, we show that blocking formation
of the hypermodified V¥ strongly delays cleavage at site D,
the final step in pre-rRNA processing. To our knowledge,
this is the first demonstration that modification(s) of a
single nucleotide is (are) needed for normal pre-rRNA
processing.

Possible roles of the hypermodified site in modulating
ribosome production

The involvement of the hypermodified ¥ in the final cleav-
age step of pre-18S rRNA raises the interesting possibility
that this modification site is part of a control process in
ribosome synthesis, directly or indirectly. For example, (1)
the presence of the modification(s) at this rRNA position
could be sensed by a protein factor that permits subsequent
processing to occur, or (2) modification could induce a
conformational change required for binding or release of
factors needed for normal processing. We favor the latter
possibility, since depleting the hypermodified ¥ in differ-
ent combinations with other modification depletions has
different effects on processing. Consistent with a special
role, this site has unusual modifications in all three king-
doms of life, although with different types: m°G966 in
bacteria, acp3U966 in archaea, and mlacp3W in yeast and
human (Brand et al. 1978; Kowalak et al. 2000). Based
on present knowledge about the hypermodification pro-
cess, we propose that in yeast W formation is blocked by
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depletion of the ¥ guide snoRNA and this disruption pre-
vents N1 methylation from occurring. Addition of the acp
side group to N3 may well occur in this situation, since
the nucleotide at this site undergoes additional modifica-
tion, as revealed by primer extension and TLC analyses.
However, clarification requires more detailed studies of the
intermediates and end products, and blocking the individ-
ual reactions genetically. Defining the modification inter-
mediates and the effects of the individual reactions requires
discovery of the methylase and acp addition enzymes.
These advances are worthy challenges for the future. In
the meantime, the prospect that this conserved hyper-
modified site has a special role in modulating ribosome
synthesis is especially intriguing.

MATERIALS AND METHODS

Yeast strains and DNA construction

These are described in the supplemental materials.

Yeast culturing

Yeast cells were transformed with plasmids or PCR products as
described (King et al. 2003). For growth comparisons on rich YPD
or synthetic solid medium lacking adenine, liquid cultures were
adjusted to 2 ODggo/mL, diluted serially (1:5), and spotted on
plates with or without antibiotics. The plates were incubated
at different temperatures for 1-3 d, as indicated in figure legends.

RNA manipulations

Total RNA was prepared using Tri-Reagent (Sigma), based on the
manufacturer’s instructions. Northern analyses with RNA frac-
tionated by polyacrylamide gels were performed as in Liang and
Fournier (2006). Patterns of rRNA species were analyzed on 1.2%
agarose gels (Decatur et al. 2007).

Detection of nucleotide modifications

Sites of 2’-O-methylation were determined by primer extension
analysis using a dNTP-concentration dependent assay (Maden
2001). Pseudouridines were screened by primer extension analysis
following treatment of cyclohexyl-N'-(4-methylmorpholinium)
ethylcarbodiimide p-tosylate (CMC) (Bakin and Ofengand
1993). Detection of the dimethylation sites in 185 rRNA was by
primer extension, essentially as for detecting 2'-O-methylation,
except that the ANTP concentration was 0.1 mM. To examine the
hypermodification status of UI191, a 73-nt RNA fragment
containing U1191 (35 nt upstream and 37 nt downstream) was
excised by RNase T1 digestion from gel-purified, [**P]-labeled 18S
rRNA that was protected by a PCR product covering the U1191
region. The RNA fragment was gel-purified and digested by RNase
P1, and the resulting nucleotides were separated by 2D TLC, as
described in the supplemental material.

Polysome patterns

Cell growth and extract preparation were performed as in King
et al. (2003). Ten OD,g units of cell extract were loaded on 12 mL

7%—47% linear sucrose gradients prepared in 50 mM Tris-Cl at
pH 7.0, 50 mM NH,CI, 12 mM MgCl,, and 1 mM DTT. After
centrifugation at 41,000 rpm for 2 h at 4°C using a Beckman
SW41 TI rotor, the ribosome and polysome patterns were deter-
mined by monitoring absorbance at 254 nm with a UA-5 detector
(ISCO). To analyze the ratio of subunits, extracts were prepared in
the absence of MgCl, and cycloheximide and sucrose gradient
fractionation was performed as by Baim et al. (1985) and Foiani
et al. (1991).

In vivo radiolabeling of protein and rRNA

Amino acid incorporation with [*>S]methionine was carried out
as described previously (King et al. 2003). Pulse-chase labeling of
rRNA with [methyl->’H]methionine was performed as by Li et al.
(1990).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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