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Protein synthesis by ribosomes is critically important for gene expression in all cells.
Ribosomal RNAs (rRNAs) are marked by numerous chemical modifications. An abun-
dant group of rRNA modifications, present in all domains of life, is 20-O-methylation
guided by box C/D small nucleolar RNAs, which are part of small ribonucleoprotein
complexes (snoRNPs). Although 20-O-methylations are required for the proper produc-
tion of ribosomes, the mechanisms by which these modifications contribute to transla-
tion have remained elusive. Here, we show that a change in box C/D snoRNP
biogenesis in actively growing yeast cells results in the production of hypo-20-O-methyl-
ated ribosomes with distinct translational properties. Using RiboMethSeq for the quan-
titative analysis of 20-O-methylations, we identify site-specific perturbations of the
rRNA 20-O-methylation pattern and uncover sites that are not required for ribosome
production under normal conditions. Characterization of the hypo-20-O-methylated
ribosomes reveals significant translational fidelity defects, including frameshifting and
near-cognate start codon selection. Using rRNA structural probing, we show that hypo-
20-O-methylation affects the inherent dynamics of the ribosomal subunits and impacts
the binding of eukaryotic translation initiation factor 1, thereby causing translational
defects. Our data reveal an unforeseen spectrum of 20-O-methylation heterogeneity in
yeast rRNA and suggest a significant role for rRNA 20-O-methylation in regulating cel-
lular translation by controlling ribosome dynamics and ligand binding.

20-O-methylation j rRNA modification j ribosome biogenesis j ribosome dynamics j translation
regulation

RNA molecules are subject to co- and posttranscriptional modifications, which expand
their chemical and topological properties (1, 2). Methylation of the 20-O position of
the ribose moiety of nucleotides is a highly abundant RNA modification found in all
four types of ribonucleotides in both coding and noncoding RNAs in all domains of
life (3). Ribosomal RNAs (rRNAs) are a major target of ribose 20-O methylations, with
55 20-O-methylation sites identified in budding yeast and ∼110 in humans. Although
rRNA 20-O-methylations are critical for the proper production of ribosomes and
accurate protein translation, their precise molecular contributions and mechanism of
function are unknown (3–8). The chemical properties of 20-O-methylations and the
observations made based on their contributions to the structure of the ribosome have
suggested a role for rRNA modifications in local and global stabilization of the rRNA
structure (1, 6, 7, 9, 10). Moreover, rRNA modifications contribute to the interactions
of ligands with the ribosome (11–13). Studies of modified nucleotides and RNA oligo-
nucleotides have pointed to the importance of 20-O-methylation in the stabilization of
RNA structure by favoring the 30-endo configuration of the ribose moiety and restrict-
ing the rotational freedom of the 30-phosphate (14–19). However, how methylations of
the rRNA backbone contribute to ribosome biogenesis and function remains largely
unknown to date (4, 5, 20).
In eukaryotes and archaea, box C/D small nucleolar RNAs (snoRNAs) guide the

20-O-methylation of rRNA sites by base pairing to specific segments of the rRNA
(21–26). Methylation is carried out by the action of the methyltransferase Nop1 (fibril-
larin in humans) as part of a small nucleolar ribonucleoprotein complex (snoRNP). In
this complex, four core proteins (Snu13, Nop56, Nop58, and Nop1) assemble on a
snoRNA in a stepwise manner (27). This evolutionarily conserved assembly process
requires the action of several assembly factors that confer tight regulation of biogenesis
and turnover of box C/D snoRNAs.
Recent quantitative studies have shown that 20-O-methylations are not ubiquitously

present on all of the cellular ribosomes, suggesting that these modifications may be an
adjustable feature to fine-tune the function of ribosomes (4, 28–36). However, because
most rRNA 20-O-methylations are deposited at an early stage during ribosome biogene-
sis, it is not clear how these modifications can be adjusted or removed, and the source
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of rRNA 20-O-methylation heterogeneity remains unknown (4,
5, 37). Attempts to investigate the repertoire of substoichiomet-
ric 20-O-methylation sites of rRNA include the study of natural
variations between cell lines (32, 36), changes of rRNA 20-O-
methylations in primary human breast tumors (38), differential
rRNA modifications during mouse development (39), changes
of modifications in the presence or absence of the antitumor
protein p53 (29, 35), which regulates the methyltransferase
fibrillarin (40), changes caused by depletion of fibrillarin (28)
and RNA helicase Dbp3 (41), and the use of a Nop1 mutant
(42). Surprisingly, however, the methods used to study the
effect of rRNA hypo-20-O-methylation have not allowed identi-
fication of all potential variable modification sites. For example,
mutating the active site of Nop1, which is expected to directly
affect rRNA 20-O-methylations, did not change the methyla-
tion pattern of the ribosome (42). The alternative approach of
knocking down fibrillarin using small interfering RNA in
human cell lines (28), allowed researchers to identify a set of
20-O-methylations that are specifically reduced in the presence of
limiting amounts of fibrillarin. However, because cells depleted
of fibrillarin hardly divide or make any new ribosomes and likely
rely on their already assembled ribosomes for survival (43–46),
limited modification changes were observed using this strategy.
Furthermore, which effects of fibrillarin knockdown are direct
versus indirect was not discerned (47). Therefore, obtaining a
comprehensive view of the rRNA sites that have the potential to
be missed, removed, or regulated has not been possible thus far.
To overcome this limitation, we present here a strategy that

involves decreasing the biogenesis of box C/D snoRNAs via a
single mutation in an essential box C/D snoRNP assembly fac-
tor, Bcd1. Bcd1 is an evolutionarily conserved protein that
cooperates with several other assembly factors to direct the
assembly of box C/D snoRNAs into functional snoRNP com-
plexes (27). Bcd1 controls the steady-state levels of box C/D
snoRNAs by regulating the assembly of the Nop58 protein into
pre-snoRNPs and by mediating the interaction of Snu13 with
snoRNAs (48–50). Using a variant of Bcd1 (bcd1-D72A),
which causes a global box C/D snoRNA down-regulation but
allows cell growth and ribosome biogenesis (50), here, we reveal
a wide spectrum of variable rRNA 20-O-methylation sites in
yeast ribosomes and identify their impact on translation.
Strikingly, our data reveal that more than 70% of yeast rRNA
20-O-methylation sites have the potential to be significantly
hypo-20-O-methylated. We also show that 20-O-methylation
affects the dynamics of the rRNA, resulting in a change in the
balance between different conformational states of the ribo-
somes required for translation. Finally, our data show that
rRNA hypomethylation also impacts the binding of eukaryotic
translation initiation factor 1 (eIF1) to the small ribosomal
subunit. Together, these results allow us to dissect those rRNA
20-O-methylation sites that are critical for ribosome biogenesis
from those that are dispensable and may have other functional
roles and link rRNA 20-O-methylation to specific features of
the ribosomes.

Results

Heterogeneity of rRNA 20-O-Methylation Sites in Yeast rRNA
Reveals Sites That Are Dispensable for Ribosome Biogenesis.
To address which of the rRNA 20-O-methylations sites are tun-
able in yeast and identify those that are dispensable for ribo-
some production in viable cells, we exploited a mutation in the
modification machinery that alters the biogenesis of box C/D
snoRNPs in actively growing yeast cells. For this purpose, we

engineered the bcd1-D72A mutation in yeast cells using
CRISPR/Cas9 genome editing (50). The introduction of this
mutation into the genome ensures that all the ribosomes will be
made in the presence of defective Bcd1, which causes cells to
have low steady-state levels of box C/D snoRNAs (50). We then
performed RiboMethSeq analysis (32) on RNAs isolated from
actively growing wild-type control yeast cells and those expressing
bcd1-D72A. SI Appendix, Fig. S1 shows the average MethScores
(ScoreC) for all rRNA methylation sites in wild-type control and
mutant bcd1-D72A cells. In line with the previous observations
(31, 32), 47 of the 53 20-O-methylation sites in wild-type control
yeast cells are methylated at high levels (with a MethScore of >0.
8), and only a small fraction (6/53 sites) show MethScores below
0.8 (SI Appendix, Fig. S1). While the average MethScore for
wild-type control is 0.85, analysis of data from bcd1-D72A cells
revealed a much lower level of methylation (average MethScore
of 0.43). These data indicate that the majority of rRNA 20-O-
methylation positions are hypomethylated in bcd1-D72A cells.

Analysis of the 20-O-methylation sites in the 18S rRNA of
bcd1-D72A cells revealed seven stable sites with similar methyl-
ation levels as the wild-type control (MethScore > 0.8), eight
variable sites (MethScore between 0.4 and 0.8), and three
highly hypomethylated sites (MethScore < 0.4) (Fig. 1A). The
decoding center harbors stable modification sites (G1428 and
C1639) (Fig. 1 B and C). In contrast, the hypo 20-O-methylated
sites within 18S rRNA do not cluster at a specific region within
the 40S subunit. For 25S rRNA, we identified 6 stable sites with
near-complete methylation, 15 variable sites, and 14 hypo-20-
O-methylated sites (Fig. 1D). With the exception of two stable
modification sites (U2921 and C2959), the peptidyl transferase
center (PTC) and the transfer RNA (tRNA) accommodation cor-
ridor are devoid of 20-O-methylated sites. However, several hypo-
20-O-methylated or variable sites neighbor these functional
regions (Fig. 1 E and F).

Comparison of the rRNAs in BCD1 and bcd1-D72A cells by
Northern blot using probes against 18S and 25S rRNAs does
not reveal the presence of any rRNA processing intermediates
(50), suggesting that although different rRNA processing inter-
mediates accumulate in bcd1-D72A cells, their amounts are
negligible compared to the fully processed mature rRNAs.
Thus, RiboMethSeq analysis of the total RNA from bcd1-
D72A is a good proxy for the 20-O-methylation levels in the
mature ribosomes. To test if hypo-20-O-methylated rRNAs
assembled into functional mature ribosomes and validate the
RiboMethSeq data, we tested whether the reduced methylation
levels observed in bcd1-D72A cells are also present in mature
purified ribosomes. To this end, we compared the 20-O-methyl-
ation levels of a randomly selected variable site in each of the
ribosomal subunits purified from BCD1 or bcd1-D72A cells by
reverse transcription at low concentration of deoxyribonucleo-
tide triphosphates (dNTPs) combined with sequencing gel
analysis (SI Appendix, Fig. S2 A and B). This analysis shows
that the 20-O-methylation level of A974 in 18S rRNA isolated
from purified hypo-20-O-methylated 40S subunits is 0.4 relative
to wild-type ribosomes, which is very similar to the estimated
fraction methylated based on the MethScore value of 0.49.
Similarly, analysis of fraction methylated at A2280 in 25S by
quantification of stops in reverse transcription results in a value
of 0.42, which is close to the measured MethScore of 0.39 for
this site. Taken together, our RiboMethSeq data reveal that
while 24.5% (13/53) of rRNA 20-O-methylation sites are
critical for ribosome biogenesis and function, other rRNA 20-
O-methylations can be variable (43.4%, 23/53) or even dis-
pensable (32.1%, 17/53).
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rRNA Hypomethylation Affects the Fidelity of Protein
Synthesis. rRNA modifications are critically important for the
function and fidelity of ribosomes (7, 11, 51, 52). We, there-
fore, tested whether the change of rRNA 20-O-methylation pat-
tern in bcd1-D72A cells affects the efficiency and accuracy of
protein synthesis. To assess the translational efficiency of hypo-
20-O-methylated ribosomes, we analyzed the incorporation rate
of L-homopropargylglycine (HPG; an amino acid analog of
methionine containing an alkyne moiety that can be fluores-
cently modified) into newly synthesized peptides in rapidly
dividing wild-type or bcd1-D72A cells. HPG-containing pro-
teins were fluorescently labeled by the addition of Alexa Fluor
488 and separated from the unincorporated dye by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Fig. 2A). Quantification of the levels of newly synthesized pro-
teins relative to the total proteins in wild-type and bcd1-D72A
cells revealed that while total protein synthesis is higher in
wild-type control cells, the rate of HPG incorporation over time
is not significantly different between the two strains (Fig. 2B).
However, we observed a higher fluorescent signal at each time
point in control cells versus bcd1-D72A cells, suggesting a higher
number of translating ribosomes in wild-type control cells in
agreement with the ribosome biogenesis defects we had previously
observed in bcd1-D72A cells (50).
To assess the quality of mature ribosomes in bcd1-D72A ver-

sus wild-type control cells, we analyzed the purified 40S and
60S subunits from both cells by SDS-PAGE and Western blot-
ting. This experiment did not reveal any apparent differences
between the protein composition of ribosomes isolated from
wild-type and hypo-20-O-methylated ribosomes (SI Appendix,
Fig. S2 C and D).
Because changes in ribosome number and/or composition

can affect the accuracy of protein synthesis and impact the

ability of ribosomes to initiate from internal ribosome entry
sites (IRESs) (28, 53–55), we next assayed the fidelity of trans-
lation in wild-type control and bcd1-D72A cells. For this
purpose, we used a set of established dual-luciferase reporter
plasmids in which the translation of the firefly luciferase
depends on a defect in translation fidelity, including �1 and
+1 programmed frameshifting, alternate start codon selection,
stop codon readthrough, miscoding, or initiation from an IRES
element (Fig. 2C) (56–60). Cells with lower translation fidelity
will have higher expression of the firefly luciferase than control
cells. As an internal control, all plasmids contain a constitu-
tively expressed Renilla luciferase used for normalization. For
each plasmid reporter, the firefly luciferase activity was normal-
ized against Renilla activity, and values observed for bcd1-D72A
cells were normalized against those observed for wild-type con-
trol cells. This analysis revealed that, compared to control ribo-
somes, ribosomes from bcd1-D72A cells have an increased rate of
near-cognate start codon selection and frameshifting (Fig. 2D).
The data also revealed that the hypomodified ribosomes have
reduced stop codon readthrough as well as IRES-mediated initia-
tion. Thus, translation fidelity and IRES-dependent translation
initiation are altered in bcd1-D72A cells.

To assess whether the translational defects in bcd1-D72A are
due to structural changes in ribosomes, we used translation
inhibitors that bind to the small (paromomycin and apramycin)
or large (homoharringtonine) ribosomal subunits (61) and
compared the growth of wild-type control and bcd1-D72A cells
in liquid medium in the absence or presence of sublethal doses
of these drugs. This analysis revealed that bcd1-D72A cells are
more sensitive than wild-type control cells to the addition of
paromomycin and apramycin, aminoglycosides that specifically
bind to the small ribosomal subunit at the decoding center. In
the presence of these drugs, the fold change in doubling time
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Fig. 1. rRNA 20-O-methylation sites change in a site-specific manner in bcd1-D72A cells. (A and D) The fraction of 20-O-methylation (MethScore) at each modi-
fication site in 18S (A) and 25S (D) rRNA in bcd1-D72A cells relative to wild-type control cells was evaluated by RiboMethSeq. Data are shown as mean Meth-
Score values for three independent biological replicates. (B and E) The position of each modification is marked on the 18S (B) and 25S (E) rRNA structure
(Protein Data Bank [PDB] ID: 6GQV). The stable sites (MethScore > 0.8) are colored in blue, the variable sites (0.4 < MethScore < 0.8) are colored in green,
and the hypo-20-O-methylated sites (MethScore < 0.4) are colored in magenta. (C) Modifications around the decoding center (DC) within 18S rRNA. (F) Modifi-
cations around the PTC within 25S rRNA (PDB ID: 4V6I).
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of bcd1-D72A cells relative to wild-type control cells signifi-
cantly increases (Fig. 2E). In contrast, bcd1-D72A cells are
hyposensitive to homoharringtonine, which binds in the large
ribosomal subunit tRNA A site (Fig. 2E). These data suggest
structural changes in both the small and large ribosomal subu-
nits that can affect the binding between ribosome and ligands,
such as translational inhibitors, tRNAs, or IRES elements.

rRNA Hypo-20-O-Methylation Impacts the Rotational Status of
Ribosomes. Recent work has shown that messenger RNA
(mRNA) structures that promote programmed frameshifting in
bacteria change the reading frame of the ribosome by increasing
the rotated-state pause (62–64), thus providing a link between
ribosome dynamics and frameshifting. A pseudoknot in severe
acute respiratory syndrome coronavirus 2 mRNA also causes
translation pausing prior to �1 frameshifting in mammalian
ribosomes by providing a bulky and well-structured obstacle
wedged at the mRNA entry channel (65). Because 20-O-
methylation affects the flexibility of RNA, we hypothesized that
the observed changes in mRNA frameshifting in bcd1-D72A
cells could arise from altered dynamics of the ribosome. To
address this question, we used RNA structure probing. Several key
residues in both the small and large ribosomal subunits undergo
detectable changes in conformation upon transition between
rotated and nonrotated ribosomal states (66). The most promi-
nent of these sites is G913 in 18S rRNA (SSU-G913), which is
located at the intersubunit bridge B7a. To compare the rotational
dynamics of the wild-type control and hypomethylated ribosomes,
we probed this nucleotide in wild-type and bcd1-D72A cells using
phenylglyoxal (PGO) (Fig. 3A). As a reference, we took advantage
of two mutations in RPL3 (rpl3-W255C and rpl3-H256A) that

are known to stabilize ribosomes in nonrotated and rotated states,
respectively (67). We then compared the rotational status of wild-
type and hypo-20-O-methylated ribosomes to the rotated and non-
rotated ribosomes from RPL3-mutant cells (Fig. 3B).

Our analyses reveal that in vivo, the SSU-G913 nucleotide
in rpl3-W255C ribosomes is protected and shows minor reac-
tivity to PGO. In rpl3-H256A cells, however, in which the
ribosomes are stabilized in the rotated state, the SSU-G913
nucleotide is more accessible when probed with PGO. Com-
paring the reactivity of SSU-G913 in wild-type control and
bcd1-D72A cells with those of rpl3-W255C and rpl3-H256A
revealed that the hypomethylated ribosomes from bcd1-D72A
cells are at least as accessible to PGO as the rotated ribosomes
from rpl3-H256A cells, suggesting that the majority of ribo-
somes from bcd1-D72A cells are in the rotated conformation
relative to the wild-type control (Fig. 3 A and B). These data
suggest that ribosomes from bcd1-D72A cells favor the rotated
state and that the increased rate of frameshifting in hypomethy-
lated ribosomes could be due to the increased time the hypo-
20-O-methylated ribosomes spend in the rotated state.

Elongation factor 2 (EF-G in bacteria and eEF2 in eukar-
yotes) binds to pretranslocation ribosomes and stabilizes the
rotated state (68). Mutations in yeast ribosomes that stabilize
the rotated conformation increase the affinity of eEF2 for ribo-
somes (66, 67). Overexpression of eEF2 causes stabilization of
the rotated ribosomes by mass action and impairs yeast growth
(Fig. 3 C and D). Therefore, we hypothesized that as the hypo-
20-O-methylated ribosomes preferentially assume the rotated con-
formation in the cell, the overexpression of eEF2 should have less
deleterious effects on bcd1-D72A cells than on wild-type controls.
To test this, we compared the growth of wild-type control and
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Fig. 2. rRNA hypomethylation affects the function and fidelity of ribosomes. (A) Analysis of the incorporation rate of HPG into newly synthesized peptides
in rapidly dividing yeast cells expressing wild-type or mutant Bcd1 over a time course (2 to 50 min). HPG-containing proteins were fluorescently labeled by
addition of Alexa Fluor 488 and separated from unincorporated dye by SDS-PAGE and imaged (Top) before staining with Coomassie blue for total protein
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mids used in this study. For all plasmids, Renilla luciferase is constitutively expressed, while the expression of firefly luciferase is dependent on a specific
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HHT, homoharringtonine. Significance was determined using a t test; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; n.s., nonsignificant.
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bcd1-D72A yeast cells overexpressing eEF2 on solid medium.
While overexpression of eEF2 causes a severe growth defect in
wild-type cells, as evident from the smaller colony size, it does
not impact the growth of bcd1-D72A cells to the same extent
(Fig. 3C). To further quantify this growth difference, we mea-
sured the growth of wild-type control and bcd1-D72A yeast cells
overexpressing eEF2 during their logarithmic phase of growth.
The bcd1-D72A cells grow slower than wild-type control cells by
1.3- to 1.5-fold depending on the plasmid they harbor and the
medium they are growing in. We observed that bcd1-D72A cells
overexpressing eEF2 grow slower than bcd1-D72A cells harboring
the empty vector (Fig. 3D). However, because ribosomes in bcd1-
D72A cells have a conformational bias toward the rotated state,
these cells are affected to a lesser extent than wild-type control
cells by overexpression of eEF2. These data indicate that

bcd1-D72A cells are less sensitive to the overexpression of eEF2
than the control cells (Fig. 3D). An alternative explanation is that
reduced sensitivity of the bcd1-D72A strain to eEF2 overexpres-
sion is due to a reduction of eEF2–ribosome affinity. To test this,
we compared the binding of eEF2 to the ribosomes in vivo. To
this end, bcd1-D72A and wild-type control cells were grown to
mid-log phase and fixed with formaldehyde. The ribosome-
bound and free eEF2 were then separated by centrifugation
through a sucrose cushion. As shown in Fig. 3E, we do not
observe any difference between the ribosome-bound eEF2 fraction
in bcd1-D72A and control cells. Thus, the lower sensitivity of
bcd1-D72A cells to eEF2 overexpression is unlikely to be due to
the reduced affinity of eEF2 for hypomethylated ribosomes.

To further test whether hypomethylated ribosomes spend
more time in the rotated state, we measured the growth of

A B

C

NOP1 nop1-ts

U C G A

PGO

G913

- +- +- +- +- +- +

F G

H

D
ou

bl
in

g 
tim

e
 re

la
tiv

e 
to

 B
C

D
1

empty vector
eEF2

0.5

1.0

1.5

2.0

2.5

3.0

BCD1 bcd1-D72A

****

***

D

0

1

2

3

4

BCD1
bcd1-D72A

- + sordarin

D
ou

bl
in

g 
tim

e
 re

la
tiv

e 
to

 B
C

D
1

****

*

0

2

4

6

D
ou

bl
in

g 
tim

e
 re

la
tiv

e 
to

 R
P

L3

- + sordarin

RPL3
rpl3-W255C
rpl3-H256A

****
****

**
**

1

3

5

BCD1 bcd1-D72A rpl3-W255C rpl3-H256A

UC G A

#1 #2 #1 #2 #1 #2 #1 #2
PGO- + - +- + - +- + - +- + - +

G913

empty vector

eEF2B
C

D
1

bc
d1

-D
72

A

I

empty vector

eEF2

S P S P
BCD1 bcd1-D72A

anti-eEF2

anti-Rpl3

E

WT ts
0.8

1.0

1.2

1.4

1.6

1.8

R
el

at
iv

e
re

ac
tiv

ity

**

Nop1

BCD1

bc
d1

-D
72

A

rpl
3-W

25
5C

rpl
3-H

25
6C

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e
re

ac
tiv

ity

***

cell number
total protein

130
100
70
55

40
35

55

100

Fig. 3. Hypo-20-O-methylated ribosomes adopt a more rotated conformation in vivo. (A) In vivo RNA structure probing of cells expressing either wild-type
or the D72A variant of Bcd1 with or without PGO treatment to probe the accessibility of SSU-G913. Cells expressing W255C or H256A variants of Rpl3 were
used as controls for rotation status. Two biological replicates are shown in the figure. (B) Quantification of the SSU-G913 modification by PGO. Five biological
replicates were analyzed. (C) bcd1-D72A cells are less sensitive to the overexpression of eEF2 than wild-type cells. Indicated cells were serially diluted on
selective plates and grown for 48 h at 30 °C. (D) Quantification of the growth of BCD1 and bcd1-D72A cells expressing eEF2. The dot pattern indicates the
expected doubling time of bcd1-D72A cells if there was no rescue of eEF2 overexpression by the bcd1-D72A mutation. (E) Western blot against free (S, super-
natant) and ribosome-bound (P, pellet) eEF2 from formaldehyde-fixed whole-cell extracts from BCD1 or bcd1-D72A cells separated by centrifugation over a
sucrose cushion. Rpl3 serves as an indicator of ribosome pelleting. (F) bcd1-D72A cells are less sensitive to sordarin (3 μg/mL) than wild-type cells. (G)
Whereas rpl3-W255C cells have the same sensitivity to sordarin as the wild-type cells, rpl3-H256A shows less sensitivity to sordarin. In D, F, and G, four biolog-
ical replicates were analyzed. (H) Probing the accessibility of SSU-G913 in NOP1 and nop1-ts using PGO. Three biological replicates are shown in the figure.
(I) Quantification of the SSU-G913 modification by PGO. In B, D, F, G, and I, bars represent the mean values. The error bars in D, F, and G depict the SDs.
Significance for all graphs was analyzed using a t test; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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bcd1-D72A and control cells in the presence of sordarin. Sor-
darin is an inhibitor of eEF2 that binds to ribosome-bound
eEF2 and prevents its domain movements, which are required
for translocation (69). We analyzed the effect of sordarin on
the growth of bcd1-D72A and wild-type control cells and com-
pared that to the growth of reference cells expressing wild-type
RPL3, rpl3-W255C, or rpl3-H256A. Whereas cells expressing
wild-type RPL3 and rpl3-W255C show similar sensitivity to
sordarin, rpl3-H256A and bcd1-D72A cells are both less sensi-
tive to sordarin (Fig. 3 F and G). These data further support
the notion that hypo-20-O-methylated ribosomes, similar to
rpl3-H256A–harboring ribosomes, spend more time in the
rotated state. Taken together, these data provide evidence that
the 20-O-methylation status of rRNA affects the ribosomal rota-
tion state. Importantly, because there are no 20-O-methylation
sites near the SSU-G913 nucleotide, our data suggest that the
ribosome rotational changes observed in bcd1-D72A cells are
due to long-range effects.
Recent studies have proposed a function for snoRNAs in

chaperoning the folding of rRNA (70). The levels of box C/D
snoRNAs are significantly lower in bcd1-D72A cells than in
wild-type control cells (48, 50). The changes we detected in the
conformation of ribosomes could therefore arise either directly
from the lack of 20-O-methylations or indirectly from the
decreased levels of snoRNAs. To dissect the role of snoRNA
binding and chaperoning from the effect of rRNA 20-O-meth-
ylations on the ribosome structure, we took advantage of a
temperature-sensitive (ts) mutation in the methyltransferase
Nop1 (71). Cells harboring this mutation grew more slowly
than wild-type control cells at 37 °C and had lower rRNA
methylation levels but did not show any change in snoRNA
levels (SI Appendix, Fig. S3). In vivo analysis of the SSU-G913
modification by PGO in nop1-ts cells compared to wild-type con-
trol cells showed higher accessibility of SSU-G913 in nop1-ts cells,
suggesting stabilization of the rotated ribosomal conformation in
the hypo-20-O-methylated ribosomes (Fig. 3 H and I). Because
the level of snoRNAs is similar to the wild-type control cells in
the nop1-ts cells, these data indicate that the observed defects
in the inherent dynamics of the ribosome in bcd1-D72A cells are
more due to the decreased rRNA 20-O-methylation rather than a
decrease in snoRNA levels.

Binding of eIF1 to the Hypo-20-O-Methylated Small Ribosomal
Subunit Is Weakened In Vivo and In Vitro. eIF1 plays an
important role in ensuring the selection of the cognate start
codon and antagonizing the near-cognate start codon selection
by stabilizing the open, scanning-competent conformation of
the small ribosomal subunit (40S) (72–74). Upon proper start
codon selection, eIF1 is released from 40S, allowing rearrange-
ment of the ribosome from the open to closed conformation
(57, 75). Because ribosomes from bcd1-D72A cells show an ele-
vated level of near-cognate start codon recognition (Fig. 2D),
we hypothesized that the hypo-20-O-methylated ribosomes
from bcd1-D72A cells cannot bind to eIF1 as efficiently as
wild-type ribosomes. To test this hypothesis, cells expressing
wild-type or the D72A variant of Bcd1 were fixed with formal-
dehyde in the mid-log phase, and ribosome-bound and free
eIF1 were separated by centrifugation on sucrose density gra-
dients and quantified by Western blotting. While ∼25% of
eIF1 comigrates with the ribosomes in wild-type control cells,
the binding of eIF1 to the hypo-20-O-methylated ribosomes in
bcd1-D72A cells is significantly reduced (Fig. 4A).
To corroborate this finding, we next assessed the binding of

eIF1 to 40S ribosomal subunits isolated from wild-type control

and bcd1-D72A cells. For this purpose, we fluorescently labeled
eIF1 at its N terminus and determined its binding affinity for
purified 40S subunits using a temperature-related intensity
change assay. Notably, the N terminus of eIF1 is located away
from the 40S and therefore is unlikely to be affected by possible
changes in the ribosome conformation around its binding site
(SI Appendix, Fig. S4A). The results from these binding assays
revealed that eIF1 binds to 40S subunits isolated from wild-
type cells with a dissociation constant (Kd) of ∼20 nM, compa-
rable to previous reports (76). However, the affinity of eIF1 for
hypo-20-O-methylated 40S ribosomal subunits was lower by
threefold (∼60 nM) (Fig. 4B). In line with this decrease in
affinity, overexpression of eIF1, but not eIF1A, rescues the
growth defects in bcd1-D72A cells to a great extent, while it
does not affect the wild-type control cells (Fig. 4C).

The biochemical and genetic data above suggest that rRNA
20-O-methylations play a key role in regulating the binding of
eIF1, thereby ensuring the stringency of start codon selection.
A prediction from this finding is that other factors/mutants
that antagonize the near-cognate start codon selection could at
least partially rescue the slow growth phenotype of bcd1-D72A
cells. To test this idea, we took advantage of two rps3 missense
mutants (R116D and R117D) that destabilize the closed con-
formation of the 48S preinitiation complex (PIC) and antago-
nize the near-cognate start codon selection (77). We replaced
the endogenous promoter of the RPS3 gene with a galactose-
inducible/glucose-repressible promoter in wild-type control and
bcd1-D72A cells. This allowed us to compare the impact of
expression of wild-type and mutant versions of RPS3 on the
growth of wild-type control and bcd1-D72A cells by transform-
ing in plasmids encoding these variants and turning off the
expression of endogenous RPS3. Interestingly, expression of
both variants of RPS3 rescued the slow growth defect of bcd1-
D72A cells (Fig. 4D).

The 18S rRNA folds into distinct domains known as head,
shoulder, and body (SI Appendix, Fig. S5). The mRNA-
binding site lies within a cleft between the head and body
domains. In the open, scanning-competent conformation, the
head and body domains are farther apart from each other than
in the closed conformation, allowing for rapid movement of
the 40S on the mRNA. In the closed conformation, the head
and body come close to each other, locking the initiation codon
in the P site (78, 79). A distinct structural feature of the closed
state is the appearance of the mRNA latch composed of ele-
ments in h18 in the body with h34 and Rps3 in the head
domain (73). Comparing the latch nucleotides in the closed
and open conformations (80) suggests that the A579 nucleotide
is more solvent accessible in the open conformation and hence
more likely to be modified by RNA structure–probing reagents
(SI Appendix, Fig. S5). To probe if the equilibrium between the
open and closed conformations of 40S is affected in hypo-20-O-
methylated ribosomes, we treated 40S subunits isolated from
control or bcd1-D72A cells with dimethyl sulfate (DMS) and
analyzed the accessibility of the A579 nucleotide (Fig. 4E). Our
analysis shows a decreased reactivity of the A579 nucleotide
toward DMS in bcd1-D72A cells relative to the control cells,
suggesting that the mRNA latch is closed in a higher popula-
tion of 40S ribosomes in bcd1-D72A than in wild-type control
cells (Fig. 4F).

Altogether, these data strongly suggest that rRNA hypo-20-
O-methylation changes the inherent conformational dynamics
of ribosomes, thereby impacting ribosome–factor interactions,
leading to translational errors. Thus, the deficiency in start
codon selection in hypo-20-O-methylated ribosomes may be
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attributed to the weaker binding of the ribosome to eIF1 and
changes in ribosome dynamics.

Discussion

snoRNA-guided ribose 20-O-methylation is an evolutionarily con-
served common form of methylation in rRNA. Even though
RNA 20-O-methylation changes have been linked to a large num-
ber of human diseases (5, 8, 38, 40, 55, 81, 82), the role of
rRNA 20-O-methylations for the function of ribosomes is not
understood to date. Recent findings indicate the plasticity of 20-
O-methylation in rRNA, proposing avenues for fine-tuning the
function of the ribosome (5, 28, 29, 36, 38, 39). Here, we
describe a strategy for surveying the repertoire of substoichiomet-
ric rRNA 20-O-methylation sites by exploiting a defect in box
C/D snoRNP assembly. This approach allowed us to lower the
overall level of box C/D snoRNAs, thereby globally changing
rRNA 20-O-methylations without severely affecting cell survival,
enabling us to probe rRNA 20-O-methylation changes that had
remained elusive so far.
Interestingly, as suggested from previous studies of human

snoRNAs (29), comparing the snoRNA levels to the fraction of
modification of their corresponding 20-O-methylation sites
indicated that there was no direct correlation between the
steady-state box C/D snoRNA levels and the methylation status
of nucleotides. While the majority of box C/D snoRNA levels

decreased by more than 60% in bcd1-D72A cells, in some cases,
we observed near-complete 20-O-methylation (SI Appendix,
Table S1). The observation that most stable methylation sites
had their corresponding snoRNA levels reduced by 80 to 90%
suggests a threshold model for rRNA modification where the
presence of even a small amount of snoRNAs is sufficient for
20-O-methylation of the majority of transcribed rRNA.

Of the 53 20-O-methylation sites in yeast rRNA, 38 are
conserved between yeast and humans. The potential of these
conserved sites for variability in their methylation was assessed
previously after knockdown of the methyltransferase fibrillarin
(28). This study showed that 6/38 of the conserved sites
between yeast and humans were less than 80% methylated and
could be substantially altered. With our approach of manipulat-
ing snoRNA levels in yeast, we identified 25/38 conserved sites
in yeast that were methylated in less than 80% of the rRNA
population (SI Appendix, Fig. S6). Interestingly, all but one of
the six variable conserved sites that were identified in human
rRNA had their yeast equivalents also hypomodified in the
bcd1-D72A mutants. The Cm2197 site in yeast rRNA is the
only exception that remains fully methylated in bcd1-D72A
cells, yet its human equivalent shows significant hypomethyla-
tion in fibrillarin-depleted HeLa cells (28). We attribute this
difference to the resistance of the guiding snoRNA, snR76, to
bcd1-D72A mutation (SI Appendix, Table S1) or the higher sta-
bility of this snoRNA. A possible explanation for the higher
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Fig. 4. Binding of eIF1 to hypomethylated 40S is weakened in vivo and in vitro. (A) Western blot against eIF1 for the fractions of sucrose gradients of
formaldehyde-fixed whole-cell extracts from BCD1 (Top) or bcd1-D72A (Bottom) cells. The ratio of eIF1 in 43S–48S PIC relative to the total eIF1 is depicted
under each blot. Two biological replicates were analyzed. N.D. stands for not determined. (B) Fraction of eIF1 bound to 40S plotted against the 40S concen-
tration. Data were fitted with a nonlinear regression model in GraphPad Prism 8.0 to yield dissociation constants of 23 nM and 64 nM for wild-type and
hypo-20-O-methylated ribosomes, respectively; 95% confidence levels are shown in shades of gray. (C) Comparison of doubling times of BCD1 and bcd1-D72A
cells harboring either an empty vector or vectors expressing SUI1 (eIF1) or TIF11 (eIF1A) in minimal medium containing glucose. Four biological replicates
were analyzed. (D) Comparison of doubling times of BCD1 and bcd1-D72A cells in which the endogenous Rps3 is depleted and either wild-type or R116D or
R117D variants of Rps3 are expressed from a plasmid. Four biological replicates were analyzed. (E) Probing the accessibility of SSU A579 in 40S ribosomal
subunits purified from BCD1 and bcd1-D72A cells using DMS. Four biological replicates are shown in the figure. (F) Quantification of data shown in E for the
SSU A579 modification by DMS. In C, D, and F, bars represent the mean values, and the error bars depict the SDs. Significance was analyzed using a t test.
n.s., nonsignificant; ** P ≤ 0.01; ****P ≤ 0.0001.
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number of variable modifications in yeast rRNA than in human
rRNA could result from organismal differences. However, as
opposed to cells depleted of fibrillarin, which undergo limited
division and do not make new ribosomes, the bcd1-D72A yeast
cells we have used in this study keep dividing and making new
ribosomes (50). This can result in a higher rate of hypomodifi-
cation and allow us to map substoichiometric 20-O-methyla-
tions in a more thorough way than was possible previously.
While most of the box C/D snoRNAs in yeast guide the

site-specific modification of rRNA, a few snoRNAs play a role
in rRNA folding and processing (83). Recently, the box
H/ACA snR35 was proposed to prevent the premature folding
of helix 31 in pre-40S, thereby contributing to rRNA folding
in a manner distinct from its modifying role (70). Given the
decrease in snoRNA levels in bcd1-D72A cells relative to wild-
type control cells, we tested whether the changes in the dynam-
ics of the ribosomes arise from the lack of methylation or
decreased snoRNA levels. Our results show that altered inher-
ent ribosomal dynamics can be caused by changes in rRNA 20-
O-methylation but not by the loss of snoRNAs and their
chaperoning effect. These findings corroborate previous work
on several box C/D and H/ACA snoRNAs, which point to the
importance of rRNA modifications in addition to the
chaperoning role of snoRNAs (52). However, further studies
are required to dissect the potential role of snoRNAs in
chaperoning rRNA folding and investigating the contributions
from these events to rRNA dynamics.
Whereas deletion of most individual box C/D snoRNAs

does not have a major effect on yeast cell growth under normal
conditions (84–86), simultaneous deletion of groups of rRNA
20-O-methylations or using a ts Nop1 severely affects cell
growth and results in translation defects (4, 44, 87). For exam-
ple, the absence of modifications in 25S H69 as well as around
the decoding center and the A-site finger causes translational
errors, including stop codon readthrough, +1 frameshifting,
and �1 frameshifting (51, 87). Mapping 20-O-methylation
changes arising from fibrillarin knockdown onto the ribosome
structure revealed that altered 20-O-methylations can be found
in several regions involved in intermolecular interactions, such
as between tRNA and the A site, intersubunit bridges, or
around the peptide exit tunnel (28). While these changes in 20-
O-methylation levels did not affect translation elongation, they
affected the IRES-mediated translation initiation.
Our data reveal that changes in 20-O-methylation levels can

affect translation fidelity in multiple ways. In addition to mod-
ulating IRES-dependent translation initiation, similar to what
was observed after fibrillarin knockdown, we also observed an
increase in the rate of frameshifting and near-cognate start
codon recognition. Frameshifting involves the pause of the
ribosomal subunits in the rotated state prior to translocation
(62–64). Our data indicate that hypo-20-O-methylated ribo-
somes from bcd1-D72A cells favor the rotated state in vivo
(Fig. 3 A–G). Because we observe a similar preference in rota-
tional state of ribosomes in Nop1-deficient cells (Fig. 3 H and
I), our data suggest that the observed changes in rRNA dynam-
ics are mainly due to the alteration of rRNA 20-O-methylation
pattern and not the rRNA folding defects resulting from the
reduced snoRNA levels.
Previously, global pseudouridylation defects were shown to

affect the binding of the A- and P-site tRNAs to the ribosome,
explaining the increased frameshifting and decreased stop
codon readthrough rates of such ribosomes (11). Mapping of
the hypomethylation sites around the E- and P-site tRNAs did
not reveal dramatic changes in the methylation pattern, with

the exception of two sites near the acceptor arm of each tRNA
(SI Appendix, Fig. S4 B and C). We also did not observe a
change in the rate of HPG incorporation into newly synthesized
proteins despite its overall lower incorporation at any time point
(Fig. 2A), suggesting that the translation rate remains unchanged.
These findings corroborate the previous observation that hypo-20-
O-methylation does not affect the elongation rate (28). Whether
long-range effects from hypo-20-O-methylated sites can also influ-
ence tRNA binding remains to be addressed.

To our knowledge, the effect of rRNA 20-O-methylations on
the near-cognate start codon selection was unknown to date.
Here, we show that eIF1, a major antagonist of near-cognate
start site selection, has a lower affinity for hypo-20-O-methyl-
ated 40S than wild-type 40S (Fig. 4 A and B). Interestingly,
overexpression of eIF1, but not eIF1A, substantially suppresses
the slow growth phenotype of bcd1-D72A cells without affect-
ing the growth of wild-type control cells (Fig. 4C). A point
mutation in the RPS3 gene, which hampers the near-cognate
start codon selection, also substantially rescues the slow growth
phenotype of bcd1-D72A cells (Fig. 4D). Collectively, these
results suggest that a major role of 20-O-methylation of ribo-
somes is to support faithful translation initiation. The increased
rate of near-cognate start site selection results in the production
of peptides from many short open reading frames (88) or the
production of proteins with extended N termini (89). Recently,
near-cognate start site selection was also linked to the redistri-
bution of many proteins from the cytosol to mitochondria due
to the gain of N-terminal mitochondrial-targeting signals (90).
It is not yet clear whether rRNA hypo-20-O-methylation causes
similar defects.

Based on the binding data presented, the eIF1 affinities for
wild-type and hypomethylated ribosomes are 23 and 63 nM,
respectively (Fig. 4B). The observed threefold reduction in the
eIF1 affinity for ribosomes would not significantly reduce the
fractional saturation of the binding interaction at physiological
cellular concentrations of eIF1 (91). While the affinity of eIF1
for the wild-type 40S is very high, its affinity for the mRNA-
bound 43S PIC is much lower (5- to 20-fold, depending on
the nature of the P-site codon) (57). Therefore, we speculate
that a threefold reduction in the binding affinity of eIF1 to
hypo-20-O-methylated 40S compared to the wild-type would
significantly reduce the interaction of eIF1 with the mRNA-
bound 40S at physiological cellular concentrations of eIF1 (91).

We noticed that, based on the accessibility of the nucleotide
A579 of the mRNA latch, vacant hypo-20-O-methylated 40S
subunits assume a more closed conformation than the control
ribosomes (Fig. 4 E and F). As we did not detect major changes
in the 20-O-methylation of rRNA in the vicinity of the eIF1-
binding site (SI Appendix, Fig. S4A), we speculate that the
decreased affinity of eIF1 for the ribosome is due to a change
in the dynamics of the 40S ribosomal subunit (92). According
to this model, in vacant 40S, the head and body fluctuate rela-
tive to each other, and eIF1 preferentially binds and stabilizes
the open conformation. In bcd1-D72A cells, the equilibrium
between open and closed conformations is altered (Fig. 4 E
and F), resulting in weaker binding of eIF1 to the 40S subunit.
Future studies are needed to test this model.

Materials and Methods

Plasmids and Strains. Plasmids used in this study are listed in SI Appendix,
Table S2. All mutations were introduced by site-directed mutagenesis and con-
firmed by sequencing. Strains are listed in SI Appendix, Table S3. All yeast
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strains were confirmed by PCR followed by sequencing as well as Western blot-
ting when antibodies were available.

RiboMethSeq. RiboMethSeq was essentially performed as previously reported
(32). Briefly, 150 ng of total RNA was fragmented under denaturing conditions
using an alkaline buffer (pH 9.4) to obtain an average size of 20 to 40 nucleoti-
des. Fragments were end repaired and ligated to adapters using a NEBNext
Small RNA kit for Illumina. Sequencing was performed on an Illumina
HiSeq1000. Reads were mapped to the yeast rDNA and snoRNA sequences, and
the MethScore (fraction methylated) was calculated as MethScore (for ±2 nucleo-
tides) (93), equivalent to “ScoreC” in Birkedal et al. (31). Statistical significance
was determined by Student’s t test (P < 0.05).

HPG Incorporation Assay. BY4741 and bcd1-D72A cells were transformed
with pRS411 and grown in synthetic medium lacking methionine at 30 °C to
mid-log phase. HPG was added to 10-mL cultures to a final concentration of
50 μM, and cells were incubated at 30 °C. At each indicated time point, 2 mL of
the culture was removed, and cells were washed with cold water and frozen in
liquid nitrogen. The cell pellets were resuspended in 100 μL of lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM sodium chloride, 1 mM ethylenediamine tet-
raacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton
X-100, 1% sodium deoxycholate, and 0.1% SDS) supplemented with protease
inhibitors, mixed with disruption beads, and lysed in a bead beater. After clear-
ing the lysate, the protein concentration was measured by bicinchoninic acid
assay (Thermo Fisher), and an equal amount of protein was used for labeling by
Alexa Fluor 488 using the Click-iT HPG Alexa Fluor 488 protein synthesis assay
kit (Thermo Fisher). Labeled proteins were resolved on a 12% SDS gel and visual-
ized on a ChemiDoc Imager (Bio-Rad). Total protein was visualized after Coomas-
sie staining and imaged using ChemiDoc.

Fidelity Assay. Translation fidelity was measured using previously established
dual-luciferase reporters (56–60). For measurements, 1 mL of BY4741 and bcd1-
D72A cells expressing the dual-luciferase plasmids were pelleted in the mid-log
phase, washed, and frozen in liquid nitrogen. Luciferase activities were mea-
sured using the Promega dual-luciferase kit by resuspending cells in 100 μL of
1× passive lysis buffer and incubating for 10 min. The firefly luciferase activity
was measured by mixing 10 μL of lysates with 30 μL of Luciferase Assay Reagent
II in white, clear-bottom 96-well microplates (Costar). For the same sample, the
Renilla activity was measured by addition of 30 μL of Stop&Glo reagent. Meas-
urements were performed using a Synergy microplate reader (BioTek). For each
sample, firefly luciferase activity was normalized against Renilla activity, and
then values observed for bcd1-D72A were normalized against wild-type control.

In Vivo RNA Structure Probing. BY4741 and bcd1-D72A cells were grown to
the mid-log phase at 30 °C. SSU-G913 was probed using PGO. The cultures
were divided into two tubes, mixed with either PGO (16 mM final concentration)
or an equal volume of dimethyl sulfoxide, and incubated for 5 min at 30 °C
before washing with water. RNA was extracted using phenol/chloroform and pre-
cipitated with ethanol. Precipitated RNA was resuspended in water and treated
with DNase I (Bio-Rad) and further purified with the Quick RNA miniprep kit
(Zymo Research) before reverse transcription was performed using SuperScript III
(Thermo Fisher) according to the manufacturer’s protocol. To probe SSU-G913 in
nop1-ts cells, experimental ts cells and wild-type control cells were grown to
mid-log phase at 37 °C before treatment with PGO as before. Data were quanti-
fied using Image Lab Software (Bio-Rad). The intensity of bands at the reverse
transcription stops were normalized to all band intensities below the stop signal.

In Vitro RNA Structure Probing. Purified 40S ribosomes (25 nM) from con-
trol or bcd1-D72A cells were mixed with 200 mM DMS or ethanol in 80 mM
HEPES/NaOH (pH 7.4), 50 mM NaCl, and 0.5 mM MgOAc. The mixture was incu-
bated at 30 °C for 5 min before quenching with 400 mM β-mercaptoethanol/
600 mM NaOAc. The RNA was precipitated with ethanol and further purified
using a Quick RNA miniprep kit (Zymo Research) before reverse transcription
was performed using SuperScript III (Thermo Fisher) according to the manufac-
turer’s protocol. Data were quantified using Image Lab Software (Bio-Rad). To
quantify nucleotide accessibility and account for loading differences, the intensity
of bands at the reverse transcription stops were normalized to all band intensi-
ties below the stop signal.

In Vivo Ribosome Binding Assay. In vivo cross-linking of the translation fac-
tors to the ribosome was done as previously described (94). Briefly, cells grown
to mid-log phase were chilled by addition of crushed ice (25% of total culture
volume) and cross-linked by addition of formaldehyde to a final concentration of
1% relative to the original volume of the culture. After a 1-h incubation in an ice
bath, cells were pelleted by centrifugation, washed with chilled water, and resus-
pended in the lysis buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, and 10 mM
MgCl2) supplemented with protease inhibitors and RNase inhibitor and frozen
in liquid nitrogen. Cells were ruptured by grinding under cryogenic conditions.
To monitor eIF1 binding to 40S, the lysate was cleared by centrifugation, and
20 U of optical density at 260 nm (OD260) was loaded on a sucrose gradient (7.5
to 30% sucrose in the lysis buffer) and centrifuged in an SW41 rotor (Beckman
Coulter) at 40,000 rpm for 5 h. Gradients were fractionated and analyzed by
Western blotting using eIF1 antibody (a gift from A.G. Hinnebusch). To assess
the binding of eEF2 to the ribosomes, 20 OD260 of cleared lysate was loaded on
100 μL of sucrose cushion (1 M sucrose in lysis buffer) and centrifuged in TLA
100 (Beckman Coulter) for 2 h at 400,000 × g. The pellet was resuspended in
lysis buffer plus SDS loading dye, and equal volumes of pellet and supernatant
were analyzed by Western blotting using antibodies against eEF2 (Kerafast) and
Rpl3 (Developmental Studies Hybridoma Bank).

Purification of 40S and eIF1. The 40S ribosomes from BY4741 and BCD1-
D72A cells were purified as previously described (95). eIF1 was expressed as a
His-tagged protein in Rosetta2(DE3) cells from the pET23-TEV-eIF1 plasmid. Pro-
tein expression was induced at an OD600 of ∼0.6 by addition of 1 mM isopro-
pyl-β-D-1-thiogalactopyranoside, and the cultures were incubated for 16 h at
18 °C. eIF1 was purified on resin in buffer A (500 mM NaCl, 50 mM HEPES-
NaOH pH 7.5, 20 mM imidazole, and 5% glycerol). The protein was eluted with
240 mM imidazole and further purified over a Superdex S-75 gel filtration col-
umn (GE Healthcare) equilibrated in 150 mM NaCl, 20 mM HEPES-NaOH pH
7.5, 5% glycerol, and 1 mM dithiothreitol.

eIF1–40S Binding Assay. His–eIF1 was labeled with NT650 fluorophore
through noncovalent linkage to the His-tag moiety using the Monolith protein
labeling kit RED-Tris-NTA second generation (NanoTemper Technologies). The
40S subunits (0.58 nM to 1.2 μM) isolated from wild-type control or bcd1-D72A
cells were incubated with 100 nM labeled eIF1. Fluorescence was measured
using a Dianthus NT.23 Pico instrument (NanoTemper Technologies). Fluores-
cence values were baseline corrected, and changes in fluorescence values were
used to calculate bound fractions, which were plotted against 40S concentration.
Data were fitted with a nonlinear regression model in GraphPad Prism 8.0.

Growth Assay. Cells grown to mid-log phase in minimal medium were diluted
into fresh medium, and growth rates were measured in an Epoch2 microplate
reader (BioTek) by recording the OD600 every 20 min. For growth assays in the
presence of translation inhibitors, the following concentrations were used: 500
μg/mL paromomycin, 1 mg/mL apramycin B, 250 μg/mL homoharringtonine,
and 3 μg/mL sordarin.

Analysis of the Steady-State Levels of snoRNAs. NOP1 or nop1-ts cells
were grown in yeast–peptone–dextrose at 37 °C to an OD600 of ∼0.6. Total RNA
from three biological replicates of each strain was isolated using the hot phenol
method. snoRNAs were separated on 8% acrylamide/urea gels, transferred to
Hybond nylon membranes (GE Healthcare), and probed as indicated. Bands
were quantified using Image Lab software (Bio-Rad).

Data Availability. Data from the RiboMethSeq analysis are deposited in the
European Nucleotide Archive under accession number PRJEB49663. All other
study data are included in the article and/or SI Appendix.
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