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ABSTRACT

The secondary structure of ribosomal RNA (rRNA) is largely conserved across all kingdoms of life. However, eukaryotes have
evolved extra blocks of rRNA sequences, relative to those of prokaryotes, called expansion segments (ES). A thorough
characterization of the potential roles of ES remains to be done, possibly because of limitations in the availability of robust
systems to study rRNA mutants. We sought to systematically investigate the potential functions, if any, of the ES in 25S rRNA
of Saccharomyces cerevisiae by deletion mutagenesis. We deleted 14 of the 16 different eukaryote-specific ES in yeast 25S
rRNA individually and assayed their phenotypes. Our results show that all but two of the ES tested are necessary for optimal
growth and are required for production of 25S rRNA, suggesting that ES play roles in ribosome biogenesis. Further, we
classified expansion segments into groups that participate in early nucleolar, middle, and late nucleoplasmic steps of ribosome
biogenesis, by assaying their pre-rRNA processing phenotypes. This study is the first of its kind to systematically identify the
functions of eukaryote-specific expansion segments by showing that they play roles in specific steps of ribosome biogenesis.
The catalog of phenotypes we identified, combined with previous investigations of the roles ribosomal proteins in large subunit
biogenesis, leads us to infer that assembling ribosomes are composed of distinct RNA and protein structural neighborhood
clusters that participate in specific steps of ribosome biogenesis.
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INTRODUCTION

A universal core secondary structure for ribosomal RNA
(rRNA) has been identified across all kingdoms of life
(Veldman et al. 1981; Clark et al. 1984; Gutell et al. 1993).
However, eukaryotic rRNA has additional blocks of sequenc-
es relative to prokaryotic rRNA designated as “expansion seg-
ments” (ES) (Ware et al. 1983; Clark et al. 1984; Hassouna
et al. 1984). These ES are interspersed throughout the various
domains of rRNA secondary structure core at specific, con-
served sites (Fig. 1A). They exhibit a striking degree of vari-
ability in multiple respects: not all ES are found in all
species, they vary in their length and sequence both within
and among different species; and they even vary between dif-
ferent rRNA repeats of the same organism (Gonzalez et al.
1985). Hence, ES also have been referred to as variable regions
and divergent domains (Gerbi 1996). However, the secondary
structures of ES exhibit less variability. In eukaryotes, there
are a total of 12 ES in the small subunit rRNA (ESS) and 41
in the large subunit rRNA (ESL) compared to prokaryotic
Escherichia coli rRNA. However, only a subset of these
ES are present in any given eukaryote species. Though ES

have been a continued focus of research, their inherent vari-
ability and the limited availability of robust systems to study
rRNA mutations have impeded our understanding of their
functions.
Recent high-resolution cryo-EM and crystal structures of

eukaryotic ribosomes (Spahn et al. 2001; Taylor et al. 2009;
Armache et al. 2010; Ben-Shem et al. 2011; Jenner et al.
2012; Anger et al. 2013) have considerably improved our un-
derstanding of ES, yielding interesting insights (Fig. 1B). ES
are responsible for a majority of the 40% increase in the
size of ribosomes from prokaryotes to eukaryotes (Gerbi
1996; Jenner et al. 2012). Their size and the number of helical
branches seem to increase progressively in higher eukaryotes
(Fig. 1C; Michot and Bachellerie 1987; Michot et al. 1990).
Eukaryotic rRNA ES of the large ribosomal subunit are locat-
ed predominantly in two clusters on the side of the ribosome
exposed to the solvent, although they are distributed across
the different domains of rRNA secondary structure (Fig.
1A,B). Importantly, ES do not directly interrupt the func-
tional centers of ribosomes (Fig. 1B; Gerbi 1996; Armache
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et al. 2010; Ben-Shem et al. 2011; Anger et al. 2013). Thus,
ribosomes of higher eukaryotes have been described as hav-
ing a conserved core, with a shell consisting of a flexible outer
layer formed by the helical insertions of the ES and eukary-
ote-specific portions of ribosomal proteins (r-proteins)
(Melnikov et al. 2012). In agreement with an earlier study
that suggested that ES are on the surface of the ribosome
(Han et al. 1994), their clustering on the solvent-exposed sur-
face of the ribosome potentially enables a multitude of mo-

lecular interactions by these ES to modulate ribosome
assembly and function.
The most interesting question about ES pertains to their

function. It has not been determined fully if ES are innocu-
ous, dispensable insertions that arose during the course of
evolution, or instead, whether they have specific functions
in the cell. Various studies have been carried out to investi-
gate whether ES might have roles in ribosome biogenesis or
function. In one example, replacing the ES19L region of yeast
25S rRNA with E. coli or mouse ES sequences was tolerated
without apparent loss of function (Musters et al. 1991).
Likewise, insertions in the ES5L and ES9S regions of yeast
and insertions near the 3′ end of the large subunit rRNA
in Tetrahymena were functional (Musters et al. 1989, 1990;
Sweeney and Yao 1989). In contrast, a deletion of Tetrahy-
mena ES27L prevented growth (Sweeney et al. 1994).
Interestingly, the ES27L deletion could be rescued by replace-
ment with ES27L sequences from another organism, but not
with random sequences, leading the authors to hypothesize
that these regions share an essential function that is not re-
flected in their primary sequences. Further evidence that ES
might carry out specific functions was revealed by deletion
mutagenesis of yeast ES7L and ES27L. The larger deletionmu-
tations of these ES were lethal due to defects in ribosome bio-
genesis (Jeeninga et al. 1997). For those ES that are essential,
several studies supported the notion that their secondary
structure is more important for their function than their se-
quence (Sweeney et al. 1994; Jeeninga et al. 1997).
The high degree of variability observed in expansion seg-

ment sequences and their observed location away from the
functional centers of ribosomes suggest that they may not
directly participate in universally conserved core aspects of
translation. However, they could fine-tune translation, po-
tentially in a species-specific manner (Gao et al. 2005;
Hashem et al. 2013). For example, some small subunit ES
show complementarity with mRNAs, raising the possibility
that ES might affect their translation (Gonzalez et al. 1988).
Furthermore, it has been suggested that ES could contribute
to the functional heterogeneity of Plasmodium ribosomes
(Gunderson et al. 1987; Waters et al. 1995). More recent
structural studies have identified other potential roles for
ES: (i) ES31L and ES41L form additional eukaryote-specific
intersubunit bridges in yeast (Spahn et al. 2001); (ii) ES6S,
located near the mRNA entry and exit sites, and ES27L, lo-
cated near the polypeptide exit tunnel, have been suggested
to facilitate the access of translation factors to ribosomes
(Beckmann et al. 2001; Armache et al. 2010; Anger et al.
2013); (iii) ES24L was proposed to play a role in cotransla-
tional protein localization (Halic et al. 2004). Despite the
growing body of evidence indicating the importance of ES
in ribosome biogenesis and function, a comprehensive dele-
tion mutagenesis survey that could yield valuable insights
into the functions of ES has been lacking.
Here, we systematically investigated the functions of 14 ES

of the large subunit rRNA of S. cerevisiae ribosomes, by

FIGURE 1. Ribosomal RNA expansion segments in the yeast large ribo-
somal subunit. (A) Secondary structure of Saccharomyces cerevisiae large
subunit ribosomal RNA (rRNA). Different domains are marked by dif-
ferent colors. The ES deletions studied here (14 of the 16 ES in yeast LSU
rRNA) are highlighted by maroon circles and labeled. (B) Pymol repre-
sentation of the large subunit rRNA. ES deletions studied are highlighted
in maroon as in A and labeled. The peptidyl transferase center (PTC) is
shown in cyan. (C) ES progressively increase in size and complexity in
eukaryotes. Helix 25 (h25) is shown as an example to demonstrate the
increase in sequence length (not to scale) and the number of helical
branches of ES7L, from E. coli through Homo sapiens.
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deleting them individually and studying the mutant pheno-
types. We found that 12 of the ES studied are necessary for
optimal growth, suggesting that the majority of ES play in-
dispensable functions. The steady-state levels of mature
25S rRNA are severely diminished in all of the mutants
that exhibit a growth deficiency, suggestive of improper bio-
genesis of 25S rRNA. We further categorized ES mutants
into early nucleolar, middle, and late nuclear phenotypic
groups, based on their pre-rRNA processing phenotype.
The observed functional clustering pattern of these rRNA
ES functions in the structure of the ribosome resembles
those reported for r-proteins (Gamalinda et al. 2014), indi-
cating that distinct neighborhoods in the assembling ribo-
some might be involved in distinct steps of ribosome
biogenesis. We also discuss potential models by which eu-
karyote-specific protein and RNA elements in the ribosome
might have coevolved to perform functions in ribosome bio-
genesis. Taken together, our data suggest that many ES are
indispensable, demonstrate potential functions for ES in ri-
bosome biogenesis, and explain some of their distinct roles
in ribosome biogenesis.

RESULTS AND DISCUSSION

ES mutants and the system to assay their phenotype

The presence of around 200 copies of rDNA genes in the yeast
genome makes analysis of rDNA mutants challenging. In or-
der to assay the in vivo phenotype of ES deletions, we used a
strain carrying a temperature sensitive mutation in a subunit
of RNA polymerase I (NOY504), the enzyme that exclusively
transcribes rDNA (Nogi et al. 1993). We transformed this
strain with a plasmid (pWL160) (Liang and Fournier 1997;
Cole and LaRiviere 2008) containing an rDNA unit driven
by Pol II from a GAL7 promoter. At the permissive temper-
ature, endogenous chromosomally derived WT rRNA is
made as well as rRNA from the plasmid. However, at the re-
strictive temperature, transcription of chromosomal rDNA is
shut off, and the only source of rRNA is the plasmid
(pWL160) (Supplemental Fig. 1A). This plasmid contains ol-
igonucleotide tags within ES5L of 25S rRNA and ES3S of 18S
rRNA, which permit us to differentiate plasmid-derived
rRNA from residual endogenous rRNA.
We introduced 14 ES deletion mutations into plasmid-

borne 25S rDNA individually and assayed each for effects
on ribosome biogenesis. Although reported nucleotide defi-
nitions of ES can vary (Gerbi 1996; Taylor et al. 2009;
Armache et al. 2010; Anger et al. 2013), the exact ES deletions
examined in this study are indicated in Supplemental Table 1
and highlighted in Figure 1. In cases where an ES deletion
involved truncating a helix in the middle, we introduced a
tetraloop to maintain stability of the helix and to minimize
secondary effects. With the exception of ES4L and ES24L
(Peculis and Greer 1998; Cote and Peculis 2001; Halic et al.
2004), we have examined nearly all of the ES of the large sub-

unit rRNA in yeast. Also, we studied a partial deletion of
ES27L, as marked in Figure 1, denoted henceforth as
ES27hL to represent the deletion of the helix.

Most ESL are necessary for optimal growth

In order to address whether ES are innocuous, dispensable
eukaryotic insertions in rRNA, or are essential, we first as-
sayed the viability of the 14 ESL deletion mutants by spotting
serial dilutions of cultures onto solid growth media (Fig. 2).
At the permissive temperature (left panels), when the chro-
mosome-derived WT rRNA is expressed, all of the mutant
strains grew well, as expected. When grown at the restrictive
temperature (right panels), 12 of the 14 ES deletion mutants
exhibited a growth defect compared to the WT control. The
growth phenotype of these 12 ESL deletion mutants closely
resembled the no rDNA control. Hence, we refer to them
as “lethal” ES mutants or “essential” ES. The slight growth
we observe at the restrictive temperature presumably results
from the preexisting pool of ribosomes and incomplete
shut-off of Pol I. Thus, all of the ESL tested, except ES19L

FIGURE 2. Most large subunit ES are necessary for optimal growth.
Serial dilutions of log phase yeast cultures were spotted onto solid me-
dium and grown either at the permissive temperature (25°C, left panels)
or at the restrictive temperature (37°C, right panels). Empty vector (“No
rDNA”) and wild-type (WT) controls (“WT rDNA”) are indicated. The
nonessential ES are highlighted with gray labels. Note that a less dense
culture of ES9L was used. Similar results were observed across at least
three independent biological replicates.
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and ES27hL, are necessary for viability, suggesting that most
ESL play indispensable functions in the cell.

Most ESL function in 60S subunit biogenesis

Since ES are eukaryote-specific, we hypothesized that these
extra rRNA elements may have evolved to perform eukary-
ote-specific functions related to the ribosome, including
eukaryote-specific features of ribosome biogenesis, nuclear
export of nascent ribosomal subunits, and/or eukaryote-
specific functions in translation. Since defects in ribosome
biogenesis could mask any further defects in translation in
these mutants, we decided to begin by assaying for ribosome

biogenesis-related functions. To test whether deletions of ES
affected synthesis of mature 25S rRNA, we performed a
Northern blot of total cellular RNA extracted after shifting
to the restrictive temperature (Fig. 3A), and probed for plas-
mid-derived 25S (first panel, Fig. 3A) and 18S rRNA (second
panel, Fig. 3A) using oligonucleotides complementary to the
plasmid-specific tag. Strikingly, all the lethal ES deletions
resulted in severely diminished, sometimes undetectable lev-
els of mature 25S rRNA, while levels of small subunit 18S
rRNA remained relatively stable. This confirms that all of
the essential ES play a role in the biogenesis of large ribosom-
al subunits. Those mutants that can produce WT levels of
25S rRNA also exhibit WT-like growth, suggesting that the

FIGURE 3. (Continued on next page)
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observed growth deficiencies in the lethal ES mutants pri-
marily result from defective synthesis of stable 25S rRNA.
In principle, another possibility that could explain this result
is that: mature 25S rRNA is being made and is subsequently
degraded from the translational pool, perhaps by nonfunc-
tional RNA decay (Cole and LaRiviere 2008). However, as
shown below, we identified distinct pre-rRNA processing de-
fects in each of our lethal mutants. This suggests that improp-
er biogenesis, perhaps accompanied by turnover during
biogenesis as seen before in other ribosomal protein and as-
sembly factor mutants (Sahasranaman et al. 2011; Jakovljevic

et al. 2012; Gamalinda et al. 2014), leads to the production of
severely decreased levels of stable 25S rRNA in the lethal ES
mutants.

Various ESL function in different steps of ribosome
assembly

Ribosome biogenesis proceeds in a series of pre-rRNA pro-
cessing steps (Supplemental Fig. 2), which have been used
to demarcate the progress of ribosome assembly in biogenesis
mutants. Thus, we examined which pre-rRNA processing

FIGURE 3. Different ES participate in different steps of large ribosomal subunit assembly. (A) Representative Northern blot of total cellular RNA
extracted from ES mutants, probed with various oligonucleotides to detect rRNAs and pre-rRNAs. Similar effects were observed in two different bi-
ological replicates. U2 snRNA is the loading control. Only the plasmid-derived 25S, 18S and 27S rRNAs are detected, since plasmid-specific oligo-
nucleotide tags were used to probe for these rRNA species. (B) Relative steady-state levels of various 27S pre-rRNAs (27SA2, 27SA3, 27SBL, 27SBS)
in ES mutants, assayed by primer extension. After normalizing each lane with respect to the U2 snRNA loading control, the fraction of each species
of pre-rRNA (27SA2, 27SA3, 27SBL, or 27SBS) was calculated as a percentage of total 27S pre-rRNA in that lane (27SA2 + 27SA3 + 27SBL + 27SBS).
27SA processing intermediates are shown in shades of green (27SA2 is light green and 27SA3 is dark green). 27SB processing intermediates are shown
in shades of purple (27SBL is light purple and 27SBS is dark purple). An increase in green 27SA pre-rRNA and a concomitant decrease in purple 27SB
pre-rRNA are diagnostic of an “early” ES mutant. Note that the levels of pre-rRNA species observed here are a combination of both residual endog-
enous WT and plasmid-derived mutant pre-rRNA. Shown here are the mean values from three biological replicates. For more details and error bars,
see Supplemental Figure 3. (C) Northern blot of total cellular RNA extracted from ES mutants, probed with oligonucleotides that hybridize to 7S pre-
rRNA. U3 snoRNA is the loading control. Shown below the blot is the fold increase of 7S pre-rRNA in mutants compared to WT, normalized for
loading. A mutant that has a ratio of >1 accumulates 7S pre-rRNA (characteristic of late-acting ES, highlighted in orange), and a mutant that has
a ratio of <1 has decreased levels of 7S pre-rRNA (seen in early or middle phenotypes). (D–I) Sucrose gradient centrifugation to assay defects in
60S ribosomal subunit biogenesis in WT cells (D), viable ES mutants (E,F), and representative lethal ES mutants (G,H). Arrows shown in G, H,
and F indicate the decreased 60S subunit peak in the lethal ES mutants and in the viable ES27hLΔ mutant, respectively, compared to WT (B). In
this assay, defects in 60S subunit biogenesis are discerned exclusively by a decreased 60S peak and a decreased ratio of 60S to 40S subunits, compared
to WT. Plasmid-derived 25S rRNA detected by reverse transcription using an oligonucleotide complementary to the plasmid-specific tag is shown
underneath the polysome curves to indicate those fractions that contain plasmid-derived mature 25S rRNA. As shown in F, a sequencing lane
with G was used to map the 5′ end of 25S rRNA. The primer extension assay could not be performed on the ES5LΔ mutant in G, since this deletion
encompasses the plasmid-specific tag, thereby eliminating the binding site of the reverse transcription primer. (G) Ratios of area under the curve of
60S/40S subunits in mutant compared to WT, quantified from D–H. All the ES mutants shown, except ES19LΔ, have a multifold decrease in 60S/40S
ratio compared to WT, indicative of defects in 60S subunit biogenesis.
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steps are affected in each of the ES mutants by Northern blot-
ting and primer extension. We defined “early”-acting ES as
those, when deleted, result in an increase in levels of 27SA2

and 27SA3 pre-rRNA accompanied by a relative decrease in
27SB pre-rRNA. These early processing steps occur in the nu-
cleolus. We defined “late”-acting ES as those, when deleted,
result in an increase of 7S pre-rRNA, the processing of which
begins in the nucleoplasm. ES mutants that result in an in-
crease of 27S pre-rRNA that cannot be explained by an in-
crease in 27SA pre-rRNA (while not resulting in an increase
in 7S pre-rRNA) were categorized as “middle”-acting, pre-
sumably resulting in inefficient processing of 27SB pre-rRNA.

Compared to the WT rDNA control, we observed that the
ES39ΔL mutant showed increased levels of 27SA2 pre-rRNA
relative to later 27S pre-rRNA processing intermediates. In
addition, ES5ΔL, ES7ΔL, and ES15ΔL showed a relative in-
crease of the 27SA3 pre-rRNA species accompanied by a con-
comitant decrease in 27SBS pre-rRNA. Hence, we categorize
ES39ΔL, ES5ΔL, ES7ΔL, and ES15ΔL (indicated by text under-
lined in green in Fig. 3B) as early-acting ES, with ES39ΔL af-
fecting 27SA2 processing and the remainder affecting 27SA3

pre-rRNA processing.
Since the 27SB pre-rRNA intermediate is relatively long-

lived (Kos and Tollervey 2010), and the primer extension
assay described above measures the combined levels of en-
dogenous WT rRNA and rRNA derived from the plasmid,
we were not able to unequivocally determine increases in
27SB pre-rRNA levels, characteristic of the “middle” steps.
However, for several mutants, most noticeably ES3ΔL,
ES20ΔL, and ES26ΔL, we were able to infer plasmid-derived
27S (A + B) pre-rRNA accumulation (Fig. 3A, fourth panel)
using the plasmid-specific oligonucleotide complementary
to 25S rRNA. There are two considerations worth noting
here. First, the relative lifetimes of various pre-rRNA inter-
mediates are different (Kos and Tollervey 2010); hence the
effects on the long-lived 27SB pre-rRNA may be overrepre-
sented in the steady-state Northern blot assay shown in
Figure 3A. Second, it has been shown that preribosomes be-
come increasingly stable as assembly proceeds (Gamalinda
et al. 2014). Since this steady-state measurement is indicative
of a combination of accumulation and turnover, there may
be a bias toward later, more stable particles containing
27SB pre-rRNA. Based on these considerations, we conclude
that ES3L, ES20L, and ES26L fall into the “middle”-acting cat-
egory, which includes those that help in processing of 27SB
pre-rRNA.

To identify “late”-acting ES mutants, we assayed for effects
on 7S pre-rRNA processing by Northern blotting of RNAs,
using U3 snoRNA as a loading control (Fig. 3C). After nor-
malizing for loading, we calculated the ratio of levels of 7S
pre-rRNA in the mutants to 7S pre-rRNA in the WT control
in the same blot with the same exposure. Using this assay,
we identified ES9L, ES10L, ES12L, ES31L, and ES41L among
the essential ES with a late-acting function, evident by 7S
pre-rRNA accumulation when they are deleted. Of these,

ES31ΔL seemed to possess the highest accumulation of 7S
pre-rRNA. Those ES mutants that result in an accumulation
of 7S pre-rRNA are underlined in orange in Figure 3C. In ad-
dition, we observed that 7S pre-rRNA levels decreased in the
early- and middle-acting ES, consistent with inefficient pro-
cessing of upstream 27S pre-rRNAs.

Viable ES mutants can synthesize mature 25S rRNA

To further understand the effect of nonlethal ES mutations,
we performed sucrose gradient fractionation to separate
free ribosomal subunits and polyribosomes in the viable ES
mutants (Fig. 3E,F) as well as in representative lethal ES mu-
tants (Fig. 3G,H). These mutant strains, along with a WT
control (Fig. 3D), were grown at the permissive temperature
and then shifted to the restrictive temperature for 6 h prior to
preparing extracts for gradient analysis. If any of these mu-
tants had defects in 60S subunit biogenesis, we expect that
levels of free 60S subunits will be decreased compared to
40S subunits (reflected as a decrease in 60S/40S subunit ratio,
in comparison with theWT strain, Fig. 3I). Among the viable
ES mutants, ES19ΔL resembled the WT control. However,
the nonlethal ES27hΔL exhibited a decreased 60S peak and
a decrease in the 60S/40S ratio, indicating that this part of
ES27L may possibly play a role that is dispensable in 60S sub-
unit biogenesis. This could potentially reflect a slight ineffi-
ciency in the 7S pre-rRNA processing step observed in this
mutant (Fig. 3C). Processing of 7S pre-rRNA has been shown
to be dispensable for the normal function of the ribosome
(Rodriguez-Galan et al. 2015), hence it is not surprising
that this mutant yields a slight 7S pre-rRNA processing defect
while it exhibits no growth defect. Consistent with their in-
ability to make mature 25S rRNA, the lethal mutants
ES5ΔL and ES12ΔL showed a decreased 60S peak and exhib-
ited a multifold decrease in the 60S/40S ratio, compared to
the WT control. We surmise that other lethal ESL deletion
mutants would exhibit a similar effect in this assay. Note
that, under the conditions of this assay, synthesis of new
WT rRNA from the chromosome is largely blocked.
However, a preexisting pool of WT rRNA remains in these
cells. Thus, we do not expect to observe other characteristic
indicators of a 60S subunit biogenesis defect such as a dimin-
ished 80S peak or halfmer polysomes.
To further confirm that the observed effects arose from the

plasmid-derived rRNA, we performed a primer extension as-
say using the plasmid-specific 25S rRNA tag. We detected the
5′ end of 25S rRNA in the 60S, 80S, and polyribosome frac-
tions P1 and P2 of the WT, ES19ΔL and ES27hΔL extracts
(but not in the free 40S subunit fraction, as expected). This
result is consistent with our observation that the viable
mutants can synthesize plasmid-derived mature 25S rRNA
at near WT levels. Conversely, in the lethal mutant ES12ΔL,
we were not able to detect plasmid-derived 25S rRNA
in any fraction, indicating severe defects in large subunit
biogenesis.
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The location of ES in specific
neighborhoods of the 60S subunit
correlates with their ribosome
assembly phenotype

Putting the results together, we have dis-
cussed additional information about
each ESL individually in Supplemental
Data.We have highlighted relevant previ-
ous information about that particular
ESL and interpreted the results of our
ESL mutations in light of the contacts
they make with r-proteins in mature
subunits. Having developed a catalog of
ES phenotypes, we sought to understand
whether the reported phenomenon of
clustering of r-proteins according to their
function in successive steps of ribosome
biogenesis (Gamalinda et al. 2014) ex-
tends to ES. To visualize their locations,
we color-coded early, middle, and late-
acting ES and r-proteins in shades of
green, purple, or orange, respectively
(Fig. 4). Recognizing that ES are localized
only to the periphery of the solvent in-
terface of the large subunit, as opposed
to r-proteins that are distributed more
evenly, we observed that the early-acting
ES localize to the equatorial belt, the
middle-acting ES localize near the bot-
tom third of the subunit, and the late-
acting ES localize near the central protu-
berance (Fig. 4A). This pattern of ES
clustering according to their function in
successive steps of ribosome biogenesis
is reminiscent of the functional cluster-
ing of r-proteins reported previously
(Fig. 4B,C).
In order to explore this further, we

have represented each of the ES studied,
along with the r-proteins that make con-
tact with that particular ES, in mature yeast ribosomes
(Supplemental Fig. 4A–C; Supplemental Table 1; Ben-
Shem et al. 2011). It is apparent that in the majority of cases,
the phenotype caused by deletion of a particular ES corre-
sponds to the phenotype caused by depletion of the r-pro-
teins that it contacts.
This functional clustering of both rRNA and r-proteins on

the solvent interface has interesting implications. First, it adds
credence to the possibility that as the ribosome is constructed,
there may be neighborhood-specific effects on pre-rRNA
processing, folding, and stability. A hierarchy of r-protein
assembly exists where r-proteins that participate in specific
steps cluster to specific neighborhoods. Our results suggest
that this hierarchy might extend to RNA–protein neighbor-

hoods, not simply r-proteins, in the assembling ribosome
(Shajani et al. 2011; Woodson 2011; Gamalinda et al. 2014).

A case study of ES31L

Perhaps the only glaring exception to the neighborhood-spe-
cific separation of ribosome assembly functions of ES arises
from the phenotype of the deletion of ES31L. Although the
location of ES31L in the “equatorial belt” predicts that it
might have an early-acting phenotype, in fact, we observed
a predominantly late phenotype for ES31ΔL. To better under-
stand this apparent discrepancy, we looked at this area of the
ribosome in more detail to build a model for the function of
ES31L based on its contact with r-protein L8 (Fig. 4D).

FIGURE 4. A model for ES functions and neighborhood-specific effects in ribosome biogenesis.
(A) Structural model of the large ribosomal subunit showing ES color-coded according to the
pre-rRNA processing steps in which they function. Green-colored ES are necessary for 27SA
processing (early steps) and localize to the “equatorial belt.” Purple-colored ES participate in
27S processing, but not specifically 27SA processing (middle steps). These ES localize near the
bottom third of the solvent side of the ribosome, near the polypeptide exit tunnel. Orange-colored
ES participate in 7S pre-rRNA processing (late steps) and localize near the central protuberance.
(B) The same color scheme (early, green; middle, purple; late, orange) is used to represent pre-
viously known r-protein depletion phenotypes. (C) Superimposition of A on B. See Results and
Discussion for details of the model. (D) A case study of eukaryote-specific r-protein-rRNA ele-
ments. The left panel shows the body of r-protein L8 (in green, consistent with its “early” role
in ribosome assembly) and its eukaryote-specific N-terminal extension (in orange, consistent
with its “late” role in ribosome assembly). The center panel shows the contact established between
the “late”-acting ES31L (shown as an orange-colored mesh) and the extension of L8. The right
panel shows the 3′ end of 5.8S rRNA (dark gray) to denote the terminal site of pre-rRNA process-
ing of ITS2 by the exosome. ES31L is in close contact with the 3′ end of 5.8S rRNA.
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Depletion of L8 causes an early phenotype (Jakovljevic et al.
2012), consistent with its location in the equatorial belt. On
the other hand, deletion of the eukaryote-specific N-terminal
extension of L8 that intimately contacts ES31L, causes a later,
7S pre-rRNA accumulation phenotype (Tutuncuoglu et al.
2016), which is similar to the phenotype that ES31ΔL

exhibits. Thus, what initially appeared to be an exception
to the neighborhood-specific phenotype rule, turned out to
be an informative sign about how eukaryote-specific RNA–
protein elements that contact each other, exhibit similar
functions in ribosome assembly. Strikingly, the 3′ end of
5.8S rRNA, where processing of 7S pre-rRNA terminates
during late steps of 60S subunit biogenesis, is encompassed
by ES31L. This indicates that potential proximity effects
may be at play, resulting in a late processing phenotype in
this mutant.

A potential model for ES function: ES may have
coevolved as scaffolds for eukaryote-specific protein
elements in the assembling ribosome

In this study, we observed that there is functional similarity in
ribosome biogenesis between ES rRNA and neighboring r-
proteins. Furthermore, it has been previously pointed out
that eukaryotic RNA elements and eukaryotic r-proteins
and their extensions localize together on the solvent-exposed
side of the ribosome and make numerous contacts with each
other (Ben-Shem et al. 2011). Several eukaryote-specific as-
sembly factors such as Rlp7, Arx1, Rrp5, and Nop7 bind to
ES (Granneman et al. 2011; Bradatsch et al. 2012; Babiano
et al. 2013; Dembowski et al. 2013; Lebaron et al. 2013).
Combined with our observation about similar functions in
ribosome assembly for eukaryote-specific ES31ΔL and the
eukaryote-specific extension of L8, these lines of evidence
raise the possibility that eukaryote-specific protein–RNA ele-
ments may have coevolved, and perform similar functions in
the cell. It is tempting to suggest that ES may have coevolved
with the r-proteins in order to provide a scaffold for binding
of many eukaryote-specific protein elements, including as-
sembly factors, r-proteins and their extensions, and transla-
tion factors. Once extant technical challenges are overcome,
mutations in eukaryote-specific regions of proteins in tan-
dem with eukaryote-specific RNA elements may lead to in-
teresting insights about the function of these eukaryotic
elements.

In addition, using this study as a starting point and adopt-
ing an evolutionary standpoint, it would be interesting to re-
place yeast ES with those of other eukaryotes and assay for
rescue of those phenotypes with corresponding eukaryotic
proteins, to understand how these ES have continued to
evolve. Also, whether the precise functions of specific ES in
biogenesis and translation are conserved in other eukaryotes
remains to be investigated. Further, having established that
these ES participate in ribosome biogenesis, it is tempting
to ask if rRNA ES might play more direct eukaryote-specific

roles in pre-rRNA processing or folding, in addition to serv-
ing as eukaryote-specific scaffolds.
In summary, we have shown that most eukaryote-specific

rRNA ES of the large ribosomal subunit are indispensable
and participate in various steps of ribosome biogenesis.
While complementing a vast body of literature about the
functions of r-proteins, this study settles the long-standing
debate about the dispensability of ES and identifies a catalog
of specific functions of these eukaryote-specific insertions in
ribosome biogenesis. These results provide a framework for
further investigation of eukaryote-specific features of ribo-
some assembly and function and pave the way for many fur-
ther studies of the evolution, structure, biogenesis and
function of the ribosome.

MATERIALS AND METHODS

Construction and growth of yeast strains

As the parent strain, we used NOY504 (JWY10423, MATa rrn4::
LEU2 ade2-101 ura3-1 trp1-1 leu2-3,112 his3-11 canl-100), which
lacks the Rpa12 subunit of RNA polymerase 1, rendering it temper-
ature sensitive for growth (a gift from the Nomura laboratory) (Nogi
et al. 1993). This strain was transformed with the plasmid pWL160
(a gift from the M. Fournier laboratory) encoding WT RNA as the
positive control, or the pRS314 vector as the “no rDNA” negative
control.

Handling of the NOY504-based strains was done essentially as de-
scribed previously (Henry et al. 1994). Briefly, small cultures of the
controls and the mutant yeast strains were grown to log phase at 25°
C in galactose minimal medium. Cultures were then diluted, and
endogenous ribosomal RNA was depleted by shifting cultures to
37°C for 6 h. The mid log-phase cells were then harvested by centri-
fugation at 5000 rpm for 5 min at 4°C for further experiments.

Mutagenesis

The size and location of ES deletions were devised from definitions
of ES insertion regions from Gerbi (1996) and secondary structures
derived from comparative analysis (Gutell et al. 1993). Mutagenesis
of the ES regions (Supplemental Table 1) was carried out in the
pWL160 plasmid using the Quikchange Lightning kit from
Agilent Technologies. Mutagenesis was verified by DNA sequencing.
Sequences for oligonucleotides used in this study are available upon
request.

Growth assays of ES mutants

Small 5-mL cultures of the control andmutant strains were grown in
C-Trp+Gal media overnight. Tenfold serial dilutions of yeast strains
bearing either the controls (the positive control is JWY10430:
NOY504 with pWL160, and the negative control is JWY10429:
NOY504 with pRS314) or one of the 14 mutant plasmids from
Supplemental Table 1 (JWY10431-JWY10444) were spotted onto
YEPD solid medium starting with an OD of 1 and grown either at
25°C and photographed after 3 d, or grown at 37°C and photo-
graphed after 5 d.
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Sucrose gradient analysis

Gradient fractionation of preribosomes, ribosomes, and polyribo-
somes, and subsequent analysis, were carried out as described
(Talkish et al. 2014). The image was digitized using the PlotDigitizer
software. The area under the curve for each peak was calculated us-
ing the trapezoidal rule, and subsequently, 60S/40S ratios were de-
termined using Excel.

RNA analysis

RNA extraction and subsequent Northern blotting assays were per-
formed as described previously (Horsey et al. 2004). Assaying steady
state pre-rRNA processing by primer extension was carried out us-
ing the Transcriptor reverse transcriptase (Roche) as described
(Talkish et al. 2014).

Illustrations

The PDB file of the crystal structure of yeast ribosomes (PDB ID:
4V88) (Ben-Shem et al. 2011) was manipulated using PyMol soft-
ware to produce the structural images (The PyMOL molecular
graphics system, version 1.8, Schrodinger LLC). RiboVision soft-
ware (Bernier et al. 2014) was used for generation of some of the sec-
ondary structures shown here.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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