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ABSTRACT

Ribosomes of different species share an evolutionar-
ily conserved core, exhibiting flexible shells formed
partially by the addition of species-specific riboso-
mal RNAs (rRNAs) with largely unexplored functions.
In this study, we showed that by swapping the Sac-
charomyces cerevisiae 25S rBRNA genes with non-
S. cerevisiae homologs, species-specific rRNA vari-
ations caused moderate to severe pre-rRNA pro-
cessing defects. Specifically, rRNA substitution by
the Candida albicans caused severe growth defects
and deficient pre-rRNA processing. We observed that
such defects could be attributed primarily to vari-
ations in expansion segment 7L (ES7-) and could
be restored by an assembly factor Noc2p mutant
(Noc2p-K384R). We showed that swapping ES7" at-
tenuated the incorporation of Noc2p and other pro-
teins (Erb1p, Rrpip, Rpl6p and Rpl7p) into pre-
ribosomes, and this effect could be compensated
for by Noc2p-K384R. Furthermore, replacement of
Noc2p with ortholog from C. albicans could also en-
hance the incorporation of Noc2p and the above pro-
teins into pre-ribosomes and consequently restore
normal growth. Taken together, our findings help to
elucidate the roles played by the species-specific
rRNA variations in ribosomal biogenesis and further

provide evidence that coevolution of rRNA expan-
sion segments and cognate assembly factors spe-
cialized the ribosome biogenesis pathway, providing
further insights into the function and evolution of
ribosome.

INTRODUCTION

Ribosomes are responsible for protein production in all liv-
ing cells. Despite being universally conserved, ribosomes
exhibit substantial differences across species, partly due to
variations in ribosomal RNAs (rRNAs), which serve as the
central interface for hundreds of proteins, such as ribosome
assembly factors (AFs) and ribosomal proteins (RPs), and
these RNAs have evolved to exhibit high variability at the
level of length and sequence, both within and among var-
ious species (1-4). Compared to prokaryotic rRNAs, eu-
karyotic rRNAs have evolved to insert enigmatic species-
specific sequences designated expansion segments (ESs),
which are the hot spots of variation among different eu-
karyotic rRNA species (1,2). For instance, the size of the
ribosome varies from 3.3 MDa in Saccharomyces cerevisiae
to 4.3 MDa in Homo sapiens, primarily owing to the aug-
mentation of four ESs interspersed throughout the rRNA
(2). In addition, ES/ES-like structures were also identified
in the rRNAs of non-eukaryotic organisms, although they
were not as prevalent in these species as in eukaryotes (5—
8). Even in the same organism, heterogeneous rRNAs with
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varied sequences have also been observed, such as in Plas-
modium, zebrafish, mice and Homo sapiens (9-11). How-
ever, the function of pervasive rRNA variants in specializ-
ing the universal ribosome and the underlying mechanism
have not been fully elucidated (1-3,12-14). Functional dis-
section of the species-specific rRINA variations is crucial for
understanding the general and unique aspects of rRNA-
associated control.

Several studies have shown that ESs, where the rRNA
variations are concentrated, could serve as scaffolds for the
regulatory factors in modulating ribosome biogenesis and
function (12-19). Ramesh ez al. showed that the deletion
of most yeast ESs led to abnormalities in various steps of
pre-rTRNA processing, identifying the roles played by cer-
tain ESs in regulating the specific step of ribosome biogen-
esis (12). For example, deletion of ES7" led to accumula-
tion of the 27SA; pre-rRNA in early processing steps, while
partial deletions of ES27% resulted in an increase in 27SB
pre-rRNA or a slight inefficiency in the 7S pre-rRNA pro-
cessing step (12,20). Recent high-resolution studies of pre-
ribosome structures demonstrated that ES7" could provide
binding sites for several assembly factors such as Nsalp,
Makl16p, Rpflp and Rrplp, in early ribosome assembly,
and ES27" interacted with the Erblp-Ytmlp complex or
Arxlp in later ribosome assembly (15-18). In addition, sev-
eral studies have reported that ES27" is involved in the
recruitment of other regulatory factors such as methion-
ine amino peptidases (MetAP) or the N-terminal acetyl
transferase (Nat) complex, and participates in modulat-
ing translation fidelity and cotranslational modification of
nascent peptides (13,14,19). It is of special interest to in-
vestigate the largely unknown auxiliary proteins recruited
by ESs to determine how these unique structural features
regulate ribosome synthesis and function. Moreover, do
species-specific TRNA variations, primarily in the ESs, di-
versify ribosome biogenesis and function across different
species? If so, what are the underlying mechanisms govern-
ing this process, and how do cells evolve to accommodate
such variations to ensure proper ribosome synthesis and
function?

In this study, we replaced 25S rRNA with counterparts
from three other yeast species and analyzed the functionali-
ties of these chimeric rRNAs in S. cerevisiae, which showed
that species-specific variations among 25S rRNA variants
could interfere with rRNA biogenesis. To obtain further in-
sight, we specifically focused on a strain with 25S rRNAs
from the fungal pathogen C. albicans. This strain displayed
severe growth defects and specific 27S pre-rRNA process-
ing deficiencies, which were primarily attributed to the vari-
ations in the 25S rRNA expansion segment 7L (ES7%).
Furthermore, through suppressor screening and biochem-
ical analysis, we demonstrated that ES7" replacement at-
tenuated the incorporation of the ribosome assembly fac-
tor Noc2p into pre-ribosomes to perturb 27SAj3 pre-rRNA
processing. We found that a particular mutation of Noc2p
could restore normal pre-rRNA processing and suppress
growth defects. In addition, we demonstrated that substi-
tuting the Noc2p of S. cerevisiae with the C. albicans or-
tholog also rescued the defects. Taken together, our find-
ings indicated that rRNA expansion segments and cognate
assembly factors acted as coevolutionary modules to regu-

late ribosome biogenesis, providing further insights into the
function and evolutionary principle of rRNAs.

MATERIALS AND METHODS
Yeast material and growth conditions

Strains used in this paper are listed in Supplementary Ta-
ble S1. All yeast strains were cultured at 30°C. Yeast strains
were grown in following medium. YPD medium contains
2% glucose, 2% tryptone and 1% yeast extract. YPGal
medium is the same as YPD, containing 2% galactose rather
than glucose. Synthetic glucose (SGlu) medium (0.67%
yeast nitrogen base, 2% glucose) was supplemented with
required amino acids. Synthetic galactose (SGal) medium
contains the same components as SGlu, except that 2% glu-
cose is replaced with 2% galactose. Solid medium is pro-
duced by adding 1.5% agar.

Construction of plasmids and yeast strains

Plasmids and oligos used in this paper are listed in Supple-
mentary Tables S2 and S3, respectively. The DNA sequence
of foreign 25S rRNA originated from Candida glabrata,
Kluyveromyces lactis and Candida albicans were synthesized
from overlapping oligos and used to replace the 25S rDNA
in pPRDN-wt to generate the chimeric rDNA constructs by
Golden-Gate Assembly as described previously (21). The
rDNA mutant plasmids with partial regions of 25S rRNA
replaced by the corresponding parts of C. albicans were
assembled by the same way. These DNAs were sequenced
to be 100% identical to the design. The pGal-rDNA assay
strain was a derivative of previously reported yeast strain
L1521 that contains a complete deletion of the entire chro-
mosomal rDNA cluster and is kept alive by the multi-
copy plasmid carrying a wild-type rDNA repeat (pRDN-
wt-U, URA3) (22), and generated by replacing the plasmid
pRDN-wt-U with the plasmid carrying 35S rDNA fused
to the GAL7 promoter (pGal7-rDNA, LYS?2) as described
previously (23). The rDNA mutant strains were produced
from the pGal-rDNA assay strain by transformation of the
plasmids containing rDNA mutants. To remove the pGal7-
rDNA plasmid, these rDNA mutant strains were contin-
uously streaked on SGlu plates to select the colonies that
could not grow on the medium without lysine, and the re-
sultant Lys™ strains were verified by the specific primers to-
wards wild-type rDNA or DNA sequence of foreign 25S
rRNAs. Coding sequences (CDS) of wild-type Noc2, Noc2
suppressor mutant or the C. albicans’ homolog were ob-
tained individually by PCR amplification using genome of
S. cerevisiae, suppressor strain or C. albicans as the tem-
plate, and fused to the constitutive GAP promoter with
or without human influenza hemagglutinin (HA) tag cod-
ing sequence at the C terminus of the expression cassette
in pRS415. After transformation of these Noc2-containing
plasmids into target strains, the entire CDS of Noc2 from
the chromosome was replaced by the nourseothricin (NAT)
resistance gene to construct Noc2 assay strains. The con-
ditional null mutants of nopl5, rpl4, rcll or ratl were pro-
duced from the BY4741 background yeast by standard pro-
cedures as described previously (24).



Yeast spot assay

About 5 ml cultures of single colonies were incubated in ap-
propriate media overnight at 30°C. The cultures were ad-
justed to the same ODgg. Ten fold serial dilutions of the
yeast strains were spotted on appropriate solid media and
incubated at 30°C for several days before photography.

Sequence alignment and RNA secondary structure predica-
tion

Aligned 25S rRNA sequences of different yeast species were
obtained from MEGA Xsoftware (25). We inspected the
aligments by eye and performed some slight modifications.
The 25S rRNA sequence of S. cerevisiae was mapped onto
the secondary structure using RiboVision (26). The sec-
ondary structure of indicated helixs domain were predicated
by RNAfold.

RNA extraction and assay

The yeast strains were collected by centrifugation at 3000
rpm for 10 min at 4°C from 50 ml culture when the tur-
bidity reached ODgpy = 1.0. Cells were washed twice with
ice-cold ddH,O, adjusted to ODgyy = 15.0, flash frozen in
liquid nitrogen and stored at —80°C. Cell pellets were gently
suspended in 600 wl TR1zol, followed by glass beads disrup-
tion with Mini-Beadbeater-96 for 5 min. Then liquid mix-
ture was collected and added in 300 w1 chloroform, followed
by shaking for 3 min. After centrifugation at 12 400 rpm
at 4°C for 10 min, upper layer liquid phase was collected
and added in 300 plisopropanol for precipitating RNA. Fi-
nally, RNA pellets were washed once with 700 w1 75% (v/v,
DEPC H,O0) cold ethanol and dissolved in 100 wl DEPC
H,0. The RNAs were electrophoresed on 1.2% agarose gels
and stained with ethidium bromide.

Analysis of pre-rRNA intermediates

Pre-rRNA intermediates were analyzed by a previously de-
scribed 5’3" RACE technique (27,28) with some modifica-
tion. Briefly, as described in Figure 2C, 500 ng of total
RNAs were firstly phosphorylated using a T4 PNK enzyme
(New England Biolabs, M0201S), and the resulting RNAs
were cyclized using a T4 RNA ligase (New England Bio-
labs, M0204S). Then, the cyclized rRNAs were converted
to linear cDNAs using an HiScript®) II reverse transcrip-
tase (Vazyme, R233-01) with mixed primers of ZYO251,
ZY0252-1 and ZYO131. The cDNA products were then
applied as the templates for Q-PCR analysis which was
performed in a step one plus (applied biosystems) using
ChamQ SYBR qPCR Master Mix (Vazyme, Q311-02). The
specific primers designed for certain pre-rRNA were listed
in Supplementary Table S3. RNA levels were normalized
to unrelated RNA (e.g. scrl). In general the assays included
three biological and three technical replicates.

Affinity purification of pre-ribosomes

Affinity purification of pre-ribosomes was performed with
C-terminally Flag-tagged Rpf2p as bait protein. Freshly
streaked single colonies of the respective yeast strains were
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incubated in 5 ml YPD at 30°C overnight and subcultured
in 100 ml YPD until an ODg of 0.8. The yeast cells were
harvested by centrifugation at 3500 g for 10min at 4°C,
washed with ice-cold ddH, O twice, flash frozen in liquid ni-
trogen and stored at —80°C. Cell pellets were gently resus-
pended in 500 .l freshly prepared ice-cold lysis buffer [20
mM Tris-HCI (pH 7.5), 5 mM MgCl,, 150 mM potassium
acetate, 0.2% (v/v) Triton X-100 and 1 x cOmplete™ pro-
tease inhibitor cocktail], and cells were ruptured by shaking
in screw-top tubes in the presence of glass beads. Lysates
were cleared by centrifugation at 15 700 g for 10 min at
4°C. Supernatants were incubated with the 50% slurry of
anti-FLAG agarose beads (25 wl beads/100 ml of logarith-
mic growth phase yeast cultures) on a rotating wheel at 4°C
for 150 min. Beads were collected by centrifugation at 500
g for 2 min at 4°C and washed with ice-cold lysis buffer for
six times by centrifugation at 2000 g for 1 min at 4°C. The
beads were resuspended in 50 .l of protein loading buffer
and boiled at 100°C for 15 min and the supernatant was col-
lected by centrifugation at 8000 g for 3 min and analyzed by
western blotting with antibodies as indicated in the respec-
tive figures.

Western blotting

Protein samples were separated on SDS-PAGE gels and
transferred to PVDF membranes by wet electroblotting fol-
lowing the manufacturer’s protocol. Western blotting sig-
nals were developed using immobilon Western ECL Sub-
strate (Millipore) and visualized by chemiluminescence sys-
tem (Tanon, T5200Multi). Same amounts of whole cell
extracts from the yeast strains were loaded for analyz-
ing the expression levels of Flag-tagged Rpf2p and HA-
tagged Noc2 proteins and equal loading was controlled by
determination of the protein level of GAPDH. The pre-
ribosome purification samples containing equal amounts
of Flag-tagged Rpf2p were loaded for investigating the as-
sembled ability of Noc2 proteins into pre-ribosomes. West-
ern blot analysis was performed using the following an-
tibodies: anti-Flag rabbit polyclonal antibody (Sigma Cat
No. F7425, 1:5000, RRID: AB_439687), anti-HA mouse
monoclonal antibody (Sigma Cat No. H3663, 1:10 000,
RRID: AB_262051), anti-GAPDH rabbit polyclonal an-
tibody (GeneTex Cat No. GTX100118, 1:5000, RRID:
AB_1080976).

Genomic DNA preparation, sequencing and analysis

Suppressor strain was cultured in YPD medium at 30°C
overnight. 5 ml yeast culture (~5 x 10% cells) was har-
vested by centrifugation. The genomic DNA was pre-
pared using the method as described previously (21). Af-
ter washing in ddH,O, cells were resuspended in 300
pl breaking buffer [2% Triton X-100, 1% SDS, 100mM
NaCl, 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA (pH
8.0)]. After addition of 300 wl acid-washed glass beads
(BioSpec, Cat. No.11079105, 0.5 mm dia.) and 300 wl
phenol/chloroform/isoamylol (25:24:1), cells were rup-
tured by vigorous vortexing for 5 min. Then 200 pl ddH,O
was added into the tube, followed with slight shaking and
centrifuged at 12 000 rpm for 10 min. The aqueous upper
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phase was transferred to a 1.5 ml Eppendorf tube, followed
with adding 1 ml of absolute ethanol and mixing the con-
tents by inversion. After centrifugation at 12 000 rpm for 10
min, the pellet was dried in vacuum pump and dissolved in
400 pl TE buffer (10 mM Tris-HCIL, 1 mM EDTA, pH 8.0).
To digest the RNA, 3 .l of a 10 mg/ml RNaseA solution
was added into the tubes, incubated at 37°C for 120 min. To
precipitate the genomic DNA, 1 ml of absolute ethanol and
10 wl of 5 M ammonium acetate were added. The pellet was
collected by centrifugation at 12 000 rpm for 10 min, dried
in vacuum pump and resuspended in 100 w1 of TE buffer.
Finally, integrity of the genomic DNA was demonstrated
by migration on a 1% agarose gel and the concentration was
evaluated by NanoDrop (Thermo).

Genomic DNA libraries for high-throughput sequenc-
ing was performed on a HiSeq 2000 instrument (Illumina).
Library preparation, sequencing and reads’ quality check
were carried out by the next-generation sequencing (NGS)
Platform of the Novogene. Clean reads were mapped to the
S. cerevisiae reference genome (strain S288C) obtained from
Ensembl by BWA program (29). The output SAM files were
sorted and converted to BAM files with SAMtools (30). Sin-
gle nucleotide variants (SNVs), as well as small insertions
and deletions (Indels), were identified with GATK (31). The
output file was a Variant Call Format (VCF) that contains
position information for each SNVs. Then the results were
filtered and viewed with SAMtools.

Yeast two-hybrid assay

The sequences encoding Noc2p and Aj factors were ampli-
fied from genome by PCR and cloned into yeast two-hybrid
vectors, pDB-Leu and pPC86 plasmids respectively (32).
The pDB-Leu plasmid contained Noc2p fused to the C ter-
minus of Gal4 binding domain and the pPC86 plasmid har-
bored Aj factor fused to the activation domain. The yeast
two-hybrid (Y2H) assay was performed by co-transforming
these two plasmids into yeast strain and then spotting the
obtained yeast strain with serial dilutions on the synthetic
medium lacking uracil at 30°C, using empty vectors as the
negative control and previously identified Y2H interactions
as the positive control.

Coimmunoprecipitation assay

CDS of Noc2-Hiss and Erbl-3 x HA were obtained in-
dividually by PCR amplification using genome of S. cere-
visiae as the template and the sequences of Hisg or 3 x
HA tag were added by reversed primers. Then Noc2-Hisg
or Erb1-3 x HA were first cloned into pET-28a via Ncol
and Notl sites, respectively. In order to construct the vec-
tor used for co-expression of Noc2-Hisg and Erbl-3 x
HA, the Spel and Sbfl sites were added to the downstream
side of Sphl site in pET-28a-ErbI-3 x HA. Subsequently,
the expression cassette of Noc2-Hisg including T7 pro-
moter and T7 terminator was obtained by PCR amplifi-
cation using pET-28a-Noc2-Hissas the template and then
cloned into pET-28a-Erb1-3 x HA via Spel and SbfT sites.
The obtained plasmids were individually transformed into
Rosetta cells to yield the IPTG-inducible strains. The re-
sulting transformed strains were selected on LB plates con-

taining kanamycin and chloramphenicol. For coimmuno-
precipitation, 10 ml cultures of single colonies were incu-
bated in LB medium overnight at 37°C in the presence of
50 wg/ml kanamycin and 12.5 wg/ml chloramphenicol. The
cultures were inoculated in 1:100 500 ml Terrific Broth (TB)
medium (1.2% Tryptone, 2.4% Yeast Extract, 0.4% Glyc-
ero, 1.7mM KH,PO,4 and 7.2 mM K, HPO,) with the same
antibiotics and grown at 37°C. When ODygq of cell cul-
ture reached ~0.8, 0.2 mM isopropyl-B-d-thiogalactoside
(IPTG) was added and cells were cultured at 18°C for an-
other 20 h to induce protein production. The resulting cul-
ture was rapidly cooled down on ice for 10 min and then
cells were collected by centrifugation at 5000 g for 10 min
at 4°C. The harvested cells were washed by ice-cold lysis
buffuer (20 mM Tris-HCI, pH 7.5, 150 mM KCI, 1 mM
MgCl, and 1 mM PMSF) twice and resuspended in 50 ml
lysis buffer and disrupted by high pressure cooling crushing
apparatus until the solution became clear. The cell lysate
was cleared by centrifugation at 12 000 g for 20 min at 4°C.
Then supernatant was collected and incubated with Ni-
NTA agarose beads (Genscript) for 1 h at 4°C. The beads
were washed three times with 10 ml ice-cold washing buffer
(20 mM Tris—HCIL, pH 7.5, 150 mM KCI, 1 mM MgCl,,
1 mM PMSF and 50 mM imidazole) to remove unbound
protein. The protein was eluted by step-wise addition and
removal of 1 ml ice-cold elution buffers (20 mM Tris—HCI,
pH 7.5, 150 mM KCl, 1 mM MgCl,, I mM PMSE, 100, 200,
300, 500 or 800 mM imidazole) at 4°C. Protein samples were
separated on SDS-PAGE gels and transferred to PVDF
membranes for western blot analysis with a 1:10 000 dilu-
tion of anti-Hisg (Proteintech) or anti-HA (Sigma) mouse
monoclonal antibody.

Statistical analysis

Statistical analysis was performed by using Student’s ¢ test
(*P < 0.05, **P < 0.01, *** P < 0.001). All data represent
the mean of n = 3 biologically independent samples and er-
ror bars show standard deviation. Tests and specific P val-
ues used are indicated in the figure legends.

RESULTS

25S rRNAs from different yeast species are largely replace-
able

To evaluate the function of species-specific rRNA variants,
25S rRNA of S. cerevisiae (designated S.c) was substituted
by that from three representative non-S. cerevisiae yeasts,
namely, Candida glabrata (C.g), Kluyveromyces lactis (K.1)
and Candida albicans (C.a) (Figure 1A) (33). To analyze
these rRNA variants in vivo, we took advantage of a premier
S. cerevisiae strain (pGal7-rDNA assay strain) in which all
chromosomal ribosomal RNA genes were deleted and com-
pensated for by a rescue plasmid containing an rDNA unit
driven by a galactose-inducible GAL7 promoter (Figure 1B,
left) (34-36). Accordingly, this strain was only able to grow
on medium containing galactose as a carbon source. A sec-
ond donor vector was constructed in which transcription
of the rRNA variant or S.c rRNA was driven by the na-
tive RDN promoter (Figure 1B, middle). Next, the second
donor was transformed into the pGal7-rDNA assay strain
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to investigate the functionalities of the rRNA mutants on
glucose-based medium (Figure 1B, right).

Based on the above approach, the effects of species-
specific rRNA variations on cell viability were examined. As
expected, strains carrying S.c.25S but not the empty vector
could survive on glucose medium (Figure 1C). Notably, all
of the strains carrying chimeric rDNA mutants were also
able to survive, indicating that these foreign 25S rRNAs
could execute similar functions to the native rRNAs (Fig-
ure 1C). To further confirm this possibility, we obtained the
strains C.g-25S, K.1-25S, C.a-25S and S.c-25S, which con-
tained only the 25S rRNA genes from C.g, K.l, C.a and
S.c, respectively, to avoid the possible interference of pGal7-
rDNA. These strains were verified by PCR analysis, as ev-
ident by the presence of amplicons using primers specifi-
cally targeting foreign 25S rDNAs (cg, kl or ca) and the
absence of bands with primers specifically targeting native
25S rDNAs (sc) (Figure 1D). Next, a spot assay was per-
formed to compare the growth rates of these strains. The
results showed that C.g.25S and K.1.25S possessed similar
growth rates compared with that of the wildtype. In con-
trast, C.a.25S exhibited severe growth defects, resulting in
small colonies on the YPD plate (Figure 1E). These re-
sults indicated that the 25S rRNAs from other species re-
tained common functionalities essential for life. Indeed, al-
though the primary sequences of these rRNAs exhibited
considerable variations (with identities ranging from 91.2%
to 95.8%), their secondary structures were largely retained
by compensatory mutations between nucleotide pairs (in-
cluding both Watson—Crick and noncanonical base pairs)

(Supplementary Figure S1), possibly indicating that these
25S rRNA variants could support the growth of S. cere-
visiae. This finding was also in keeping with a previous hy-
pothesis that stressed the importance of conserving the sec-
ondary structure of rRNA for function (20,37,38).

25S rRNA substitutions affect pre-rRNA processing

To investigate whether replacements of 25S rDNA affect
the maturation of 25S rRNA, total cellular RNA was sep-
arated on agarose gel and visualized by ethidium bromide
staining (Figure 2A). Notably, C.a-25S exhibited a consid-
erably reduced amount of 25S rRNA but a moderate de-
crease in18S rRNA, whereas relatively slight changes were
observed in C.g-25S and K.1-25S, consistent with the growth
phenotype. This result also suggested that 35S pre-rRNA
processing might be affected in this mutant through a se-
ries of steps with several key pre-rRNA intermediates, as
outlined in Figure 2B (see details in Supplementary Figure
S2A).

To identify the potential defective steps during rRNA
processing, several key pre-rRNA intermediates were con-
verted to cDNA based on a previously established 5" and
3’ RACE techniques and quantified by quantitative PCR
(qPCR, Figure 2C) (27,28). As controls, four previously
characterized genes (nop15, rpl4, rcll and ratI) that function
in different steps of pre-rRNA processing were tested us-
ing conditional null mutants where the corresponding genes
were expressed under the control of the galactose-inducible
promoter (39). As expected, the growth of these strains
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arrows, respectively. (B) Sketch of the 25S rRNA biogenesis pathway. The pre-rRNA intermediates analyzed in this study were marked in red. (C) Schematic
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was inhibited on the glucose-containing medium compared
with that on the galactose-containing medium (Supplemen-
tary Figure S2B). qPCR results showed that Nop15p deple-
tion clearly caused accumulation of 27SA; accompanied by
reduced levels of 27SBg and 7Sg pre-rRNA intermediates
(Supplementary Figure S2C), which was consistent with a
previous finding that Nopl5p was required for processing
the 27SA; pre-rRNA to 27SBg (40). Similar results were ob-
served for the other mutants (Supplementary Figure S2D,
S2E and S2F) (41-44).

Subsequently, this approach was used to assess the rela-
tive levels of pre-rRINA intermediates between S.c-25S and
three other strains (C.g-25S, K.1-25S and C.a-25S) (Fig-
ure 2D). In C.g-25S, nearly all of the pre-rRNA inter-
mediates, including 32S, 27SA,, 27SBs, 7Ss and 27SBp
pre-rRNAs, increased, indicating generally reduced effi-
ciency of pre-rRNA processing. In K.1-258, significantly in-
creased amounts of 27SA; and 27SAj along with decreased
amounts of downstream 27SB pre-rRNA were observed,
suggesting that there were specific defects in the processing
steps of 27SA, and 27SA;. Notably, although pre-rRNA
processing defects were observed in C.g-25S and K.1-25S,
the amounts of mature rRNAs showed mild to moderate
changes in these strains (Figure 2A), which was in keep-

ing with previous findings that the pre-rRNA processing
pathway was tolerant of perturbance to a certain extent
(12,14,45). In contrast, C.a-25S exhibited dramatic accu-
mulation of 27SAj3 pre-rRNA accompanied by significant
decreases in downstream 27SB and 7S pre-rRNAs, indicat-
ing that a strong and specific deficiency occurred in process-
ing 27SAj3 in C.a-25S. Taken together, these findings showed
that interspecies substitutions of 25S rRNA could affect
pre-TRNA processing.

ES7" replacement primarily accounts for the defects observed
in C.a-25S

Next, we focused on studying C.a-25S, which exhibited
strongly impaired growth and dramatic 27SA; pre-rRNA
processing defects. To specify the RNA domain responsi-
ble for the defects observed in C.a-25S, we systematically
swapped the 25S RNA section by section from S.c to C.a.
Notably, to achieve the best retention of the native struc-
tures in these 25S rRNA hybrids, intact RNA helix struc-
tures based on the well-established secondary structure of
S.c 25S rRNA were kept when designing the replaced seg-
ments (Figure 3A). Two mapping groups were generated.
In one group, the segment from helices (H) 29 to 78 (H29—
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78) and the segment H2-28 plus H78-101(H2-28 & 78-101)
were substituted; in the other group, H2-28, H29-55 and
H55-101 were replaced (Figure 3B). As the results showed,
all strains with H2-28 replacement displayed strongly in-
hibited growth, suggesting that H2-28 was responsible for
the growth defect. To further identify the core causal re-
gion within H2-28, another round of substitutions, includ-
ing H2-24 and H25-28, was performed. The strain with
H2-24 replaced (C.a H2-24) did not exhibit clear growth
defects, while C.a H25-28 suffered from severe growth loss,
indicating that variations in H25-28 contributed primar-
ily to the impaired growth observed in C.a-25S. Notably,
all of the variations in H25-28 between C.a and S.c 25S
rRNA were located in the expansion segment 7%, which
was an extension of H25 in the 25S rRNA and one of
the most variable regions of eukaryotic rRNA (Supple-
mentary Figure S1). Subsequently, we investigated the ef-
fect of ES7" replacement on rRNA synthesis. As shown
in Figure 3C, the mature 25S rRNA decreased notably in
C.a-ES7". Moreover, strong accumulation of 27SAj; pre-
rRNA accompanied by significant decreases in downstream
27SB and 7S pre-rRNAs was observed in C.a-ES7", indicat-
ing that a severe defect occurred in 27SAj3 pre-rRNA pro-
cessing (Figure 3D). This result was in keeping with pre-
vious findings that ES7" functioned in 27SA; pre-rRNA
processing (12). Taken together, the growth and pre-rRNA
processing defects observed in C.a-25S were nearly pheno-
copied by C.a-ES7, suggesting that species-specific vari-
ations in ES7" were responsible for the defects observed
in C.a-258S.

Noc2 suppressor mutation bypasses the defects in C.a-ES7"
and C.a-25S

To elucidate the mechanism underlying the defects derived
from ES7" or 25S rRNA substitution, we took advantage
of the severe growth defect of C.a-25S to isolate suppressor
mutations that enable C.a-25S to grow almost normally. To
isolate the suppressor strain, the C.a-25S strain was incu-
bated in YPD liquid medium to stationary phase, diluted
(1:1000) and transformed into fresh YPD medium for an-
other round of culturing. After each culturing cycle, an
aliquot of cells was spread on YPD solid medium to identify
fast-growing colonies (Figure 4A). After five rounds, one
fast-growing strain was acquired (Figure 4B). To rule out
the possibility of revertant mutants on the 25S rRNA gene,
25S rDNA in this strain was sequenced, and no intragenic
mutation was identified (data not shown).

To identify the mutations responsible for the restora-
tion of the growth defect, whole genome sequencing (WGS)
analysis of both the parental C.a-25S and the suppressor
strain (C.a-25S Sup) was performed. A single missense mu-
tation (K384R) in the open reading frame of the noc2 gene
was found. Noc2p was previously reported to be an essential
ribosome assembly factor that is involved in the maturation
of pre-60S ribosomes and crucial for the 27S pre-rRNA pro-
cessing (46,47). To investigate whether noc2 gene mutation
actually accounted for the restoration of the growth defect,
chromosomal noc2 was deleted and complemented by ei-
ther the noc2 suppressor allele (noc2 K384R) or wild-type
noc2 driven by the constitutive GAP promoter. As shown
in Supplementary Figure S3A, the severe growth defect of
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C.a-25S was markedly restored, although not to that of
wild-type, by Noc2p K384R. Furthermore, Noc2p K384R
clearly improved the growth rate of C.a-ES7" to a level com-
parable to that of the wild-type strain (Figure 4C). In addi-
tion, in keeping with the improved growth, the levels of ma-
ture rRNAs were strongly increased in both C.a-ES7" and
C.a-25S encompassing Noc2p K384R (Supplementary Fig-
ure S3B and S3C). Furthermore, Noc2p K384R strongly
alleviated the accumulation of 27SA; pre-rRNA and in-
creased the amount of downstream pre-rRNA intermedi-
ates, such as 27SBg and 7Sg (Figure 4D and Supplemen-
tary Figure S3D). These findings demonstrated that Noc2p
K384R complemented the 27SA; pre-rRNA processing de-
fect derived from the interspecies exchange of ES7", estab-
lishing a genetic relationship between ES7" and Noc2p in
27SAj pre-rRNA processing.

ES7" coordinates incorporation of Noc2p into pre-ribosomes

Previous studies demonstrated that ES7" provided bind-
ing sites for specific assembly factors in ribosome biogen-
esis (15,48-51). Therefore, we tested whether ES7" could
facilitate the recruitment of Noc2p into the assembly inter-
mediates of ribosomes (pre-ribosomes), which were assayed
by comparing the amounts of Noc2p in pre-ribosomes be-
tween S.c-25S and C.a-ES7". Pre-ribosomes were purified
by affinity-purification using Rpf2p as the bait protein.
Rpf2p assembled early into 90S pre-ribosomes contain-

ing 35S pre-rRNA and remained associated with the pre-
ribosomes until dissociation from the later pre-ribosome
particles containing 27SB pre-rRNA (52). As shown in Fig-
ure 4E, the amount of Noc2p in pre-ribosomes was reduced
in C.a-ES7" compared with S.c-25S, although Nop2p was
equally expressed in both strains. These results indicated
that replacing ES7" with the counterpart of C. albicans at-
tenuated the incorporation of Noc2p into pre-ribosomes.
In contrast, the Noc2p mutant (Noc2p K384R) could ef-
ficiently assemble into pre-ribosomes in C.a ES7" (Figure
4E). Moreover, similar results were obtained in strains with
whole 25S rRNA replaced (Supplementary Figure S3E).
These findings suggested that ES7" mediated the recruit-
ment of Noc2p into pre-ribosomes, which was weakened by
the ES7" substitution.

Noc2 ortholog from C. albicans rescues defects of ES7" sub-
stitution in S. cerevisiae

Since species-specific variations in ES7" perturbed the re-
cruitment of Noc2p into pre-ribosomes, the question arose
of whether Noc2p coevolved with ES7" to adapt to the
variations in ES7" to ensure proper function. To address
this question, S.c Noc2p in strains containing C.a-ES7" or
C.a-25S rRNA was replaced by C.a Noc2p (57% amino
acid identity compared to that of S.c Noc2p, see Supple-
mentary Figure S4). Notably, we observed that the growth
defect caused by C.a-ES7" or C.a-25S was largely re-



covered, similar to the suppressor strain with the Noc2p
K384R mutation (Figure 4C and Supplementary Figure
S3A). In addition, the amount of mature 25S rRNA in
these strains was also upregulated to levels comparable to
those of the wild-type strain (Supplementary Figure S3B
and S3C). Moreover, when we quantified the amount of
relevant pre-rRNAs, we observed that the presence of C.a
Noc2p led to a substantial reduction in 27SA; accumula-
tion and an increase in 27SB and 7S pre-rRNAs (Figure 4D
and Supplementary Figure S3D), indicating that the pro-
cessing defects of 27SA; pre-rRNA in these strains were
greatly alleviated. Finally, we analyzed the assembly of C.a
Noc2p and S.c Noc2p into the C.a-ES7"-containing pre-
ribosomes. As shown in Figure 4E and Supplementary Fig-
ure S3E, the amount of Noc2p in pre-ribosomes was re-
stored to that of the wild type in strains carrying either the
C.a Noc2p or Noc2p K384R mutation, presumably result-
ing in the formation of pre-ribosomes with improved func-
tion. In addition, we observed that the levels of C.a Noc2p
and S.c Noc2p K384R in S.c ES7" rRNA-containing pre-
ribosomes were also increased (Supplementary Figure S5),
which indicated that the increased affinity of C.a Noc2p and
S.c Noc2p K384R toward pre-ribosomes was independent
of ES7".

ES7" and Noc2p coordinate together to facilitate the assem-
bly of the A3 factor Erblp into the early pre-ribosomes

In recent decades, approximately 200 assembly factors have
been identified, and 12 of them have been assigned to the
27SA; pre-rRNA processing step (designated Aj factors)
(51). Of these Aj factors, Erblp serves as a multivalent in-
teraction hub that wraps around the pre-ribosome particles
and interacts with different rRNA domains and other pro-
tein factors (15). Notably, Erblp was previously shown to
bind with ES7" in RNA-protein pull-down experiments us-
ing ES7" as a bait (49), which suggested a role played by
ES7% in recruiting Erblp into pre-ribosomes. To address
this hypothesis, we analyzed the level of Erblp assembled
into pre-ribosomes. As shown in Figure 5A, Erblp was
greatly diminished in C.a-ES7"-containing pre-ribosomes,
demonstrating that proper ES7" was required for the re-
cruitment of Erblp into pre-ribosomes. In addition, replac-
ing ES7" also decreased the association of other protein fac-
tors (Rrplp, Rpl6p and Rpl7p) with pre-ribosomes (Figure
5A), which bound directly or around ES7" in pre-ribosomes
after Erblp and were required for proper As; processing
(15,53). In contrast, the levels of Erblp and other down-
stream proteins were increased in strains carrying either the
C.a Noc2p or Noc2p K384R mutation, indicating the role
played by Noc2p in coordinating the assembly of Erblp
and these factors into pre-ribosomes. In fact, Noc2p was
previously found to interact with Erblp based on a high-
throughput yeast two-hybrid (Y2H) screening assay (54).
Next, to explore the potential interaction between Noc2p
and Erblp (as well as 11 other Aj factors), a yeast two-
hybrid (Y2H) assay was performed. Pairwise interactions
were assayed based on whether they could drive marker
gene expression and promote Y2H test strains growth on
selective plates (Figure 5B and Supplementary Figure S6)
(32). Of the 12 assayed pairwise interactions, the previously
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reported Erblp-Noc2p interaction was recapitulated as the
only positive interaction pair (Figure 5B). Furthermore, we
successfully reconstituted the interaction between recombi-
nant Noc2p and Erblp produced in E. coli and showed that
recombinant Erb1p was coimmunoprecipitated with Noc2p
(Figure 5C), indicating that Noc2p and Erblp interact di-
rectly with each other. In addition, the downstream protein
Rpl6op showed a considerably decreased association with
pre-ribosomes upon ES7" replacement and was reverted by
Noc2p mutations (Figure 5A), indicating that ES7" swap-
ping impaired Rpl6p assembly into pre-ribosomes, which
could be functionally rescued by Noc2p mutations. To fur-
ther evaluate potential physical interactions among Noc2p,
Erblp and Rpl6p, the Y2H assay was performed. We failed
to detect binary interactions between Rpl6p and Noc2p or
between Rpl6p and Erblp in the experimental set-up used
in this study (Supplementary Figure S7), suggesting that
the effect of Noc2p on RpL6p assembly might be indirect.
Taken together, these results suggest that ES7" and Noc2p
coordinate to facilitate the recruitment of Erb1p and down-
stream factors into early pre-ribosomes, which is a critical
pre-requisite for the subsequent processing of 27SAj pre-
rRNA.

DISCUSSION

Ribosomes in different species share an evolutionarily con-
served RNA core, exhibiting flexible shells formed partially
by the addition of species-specific rRINA moieties, which are
thought to bestow unique characteristics to the ribosome
(2). However, the physiological impacts of such species-
specific rRNA variations and how cells evolved to accom-
modate such variations to ensure proper ribosome biogene-
sis and function have not been fully elucidated. In this study,
we showed that despite high replaceability, eukaryotic 25S
rRNAs specialized in the regulation of the pre-rRNA pro-
cessing pathway across different yeast species. Specifically,
the eukaryote-specific rRNA moiety ES7" and eukaryote-
specific assembly factor Noc2p coevolved to ensure proper
processing of the 27SAj; pre-rRNA in S. cerevisiae and the
human pathogen C. albicans.

The biogenesis of a sufficiently stable and properly con-
figured early 66S pre-ribosome involved numerous remod-
eling events driven in part by many assembly factors (AFs)
and was a pre-requisite for processing 27SAj to 27SB pre-
rRNAs (51). Recent high-resolution pre-ribosome struc-
tures demonstrated that ES7" provided binding sites for
some well-known Aj factors, such as Rpflp, Erblp and
Rpldp, which served structural roles to stabilize the pre-
ribosomes to undergo further processing of the 27SAj to
27SB pre-rRNAs (15,48-51). Of these Aj factors, Erblp
was successfully recruited by ES7" in RNA-protein pull-
down assays, indicating a potential role of ES7" in recruit-
ing Erblp into pre-ribosomes. Indeed, our results demon-
strated that ES7" regulated the association of Erblp with
pre-ribosomes, as ES7" replacement markedly decreased
the level of Erblp in pre-ribosomes. In this study, we found
that ES7" regulated the association of another AF, Noc2p,
in pre-ribosomes. Notably, concurrent K384R mutation of
Noc2p or Noc2p replacement by the C. albicans ortholog
reinforced the association of Noc2p with pre-ribosomes and
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restored the assembly of Erblp into C.a-ES7"-containing
pre-60S particles, probably via direct interaction, which suc-
cessfully compensated for the unfavorable effects due to
ES7" substitution. Notably, although K384 is conserved
between S. cerevisiae and C. albicans, the residues adja-
cent to K384 show substantial variations in Ca. Noc2p
(such as Q383C, L379Q, P378A and A388V), indicating
that both mutations in K384 and adjacent residues could
lead to topological changes in Noc2p and thus rescue the
deficiency caused by ES7" replacement. Previous studies
showed that Noc2p interacted with other large structural
proteins, Noclp and Rrp5p, to form a protein complex,
which had already assembled in the ‘earliest’ nucleolar pre-
ribosome particles before some of these A factors and pro-
vided a structural framework that might facilitate large-
scale pre-ribosome folding before 27SA; pre-rRNA pro-
cessing (47,53,55). In this study, our results led us to hypoth-
esize that ES7" and Noc2p could serve as functionally coor-
dinated modules in the early 66S pre-ribosome, which facili-
tate the association of the Aj factor Erblp through protein-

RNA and protein—protein interaction networks to drive
the compositional and conformational changes of the pre-
ribosome to undergo further 27SAj; pre-rRNA processing
(Figure 5D). However, based on the reported pre-60S struc-
tures, it is known that Erblp is spanning through a large
distance across the pre-ribosomes and the relative topolog-
ical position between ES7" and Noc2p has not been elu-
cidated. Accordingly, it remains possible that Noc2p and
ES7" might coordinate together by nonphysical interac-
tion (indirect functional complementation/adaptation) or
via direct interaction and additional studies will be re-
quired. While the molecular details between ES7% and
Noc2p remain unclear, multiple lines of contacts have been
reported. Using ES7" as bait in RNA-protein pull-down ex-
periments, a previous study identified the Noc2p partner
protein Noclp/Mak21p, rather than Noc2p, as an ES7%-
binding protein (49). In addition, another known Noclp-
Noc2p partner protein, Rrp5, bound to a region of pre-
rRNAs located close to ES7" and regulated 27SAs pre-
rRNA processing (47,55). Based on these results, although



we cannot exclude a weak or transient direct interaction of
Noc2p with ES7", it appears feasible to incorporate these
Noc2p partner proteins Noclp and Rrp5p into the above
‘ES7“-Erblp-Noc2p module’, which would serve as the
bridging module between Noc2p and ES7". Future work,
especially a structural analysis of the Noc2p-containing
pre-60S, might be performed to comprehensively explore
these interaction networks and provide detailed mechanistic
insight into how these protein and RNA components coop-
erate to drive the maturation of pre-60S.

The rRNA processing pathway was generally similar be-
tween S. cerevisiae and C. albicans (56). However, differ-
ences were observed previously with regard to this process-
ing pathway (21,57). Based on the rRNA swap assay, our
study demonstrated that ES7" substitution primarily ac-
counted for the defects in C.a-25S, whereas the effects of
variations in other ESs were mild, underscoring the role of
ES7" in the specialization of the rRNA biogenesis path-
way between C. albicans and S. cerevisiae. This finding
makes sense, since ES7" is one of the largest and most vari-
able ESs of the eukaryotic rRNA. However, considering
that ESs not restricted to ES7" showed considerable vari-
ations among different species, a more comparative func-
tional analysis of ESs from different species may give rise
to a better understanding of the significance of these enig-
matic species-specific rRNA moieties in the specialization
of ribosomes. Notably, the results of our study demon-
strated that the pre-rRNA processing defect due to ES7-
substitution by C. albicans could be bypassed by concur-
rent replacement of the C. albicans Noc2 orthologin S. cere-
visiae, indicating that the eukaryote-specific rRNA moiety
ES7% and the eukaryote-specific AF Noc2p might act as co-
evolutionary partners to specialize the ribosome biogene-
sis pathway between S. cerevisiae and C. albicans (Figure
SE). Furthermore, it has been previously pointed out that
most of the AFs (>200) identified in S. cerevisiae were found
throughout the eukaryotic tree of life (58), and emerging
evidence has begun to uncover the role played by ESs in
recruiting the eukaryote-specific assembly factors, such as
Erblp, Nsalp, Rpflp, Rrplp, Rrp7p, Arxlp and Rlp7p
(15-18,59,60). Hence, it is tempting to speculate that ESs
may have coevolved with the AFs to drive the specializa-
tion of the ribosome biogenesis pathway across different eu-
karyotic species. More studies engineering species-specific
rRNA elements in tandem with their cognate partners may
help to elucidate the general and unique aspects of the ri-
bosome and its regulation across different species in the
future.

In conclusion, our findings demonstrated that the perva-
sive rRNA variations conferred specific characteristics to
universal ribosomes across species, and such rRNA varia-
tions were accommodated by coevolved accessory AFs to
ensure proper ribosome biogenesis and function, represent-
ing a potential evolutionary principle of naturally occur-
ring ribosomal diversity. With these results, we foresee a
new avenue to optimize engineered ribosomes (e.g. Ribo-
T, which could incorporate multiple noncanonical amino
acids into synthesized polypeptides but possess certain lim-
itations, primarily due to imperfect biogenesis of the engi-
neered ribosomes) by engineering the accessory AFs in tan-
dem with rRNA (61-63).
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MEGA X software implements many analytical meth-
ods and tools for molecular evolutionary analyses and
can be downloaded from https://www.megasoftware.net
free of charge. The 25S rRNA secondary structure of
S. cerevisiae can be obtained from RiboVision (http:
/lapollo.chemistry.gatech.edu/RiboVision/index.html). The
RNAfold web server can predict secondary structures of
single stranded RNA or DNA sequences (http://rna.tbi.
univie.ac.at/). Ensemblis available at http://www.ensembl.
org. SAMtoolsis available at http://samtools.sourceforge.
net. GATKis available at https://software.broadinstitute.
org/gatk/.

High-throughput sequencing files of genomic DNA have
been deposited into the NCBI with the accession number
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SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank members in Guanghou’s and Junbiao’s labora-
tory for constructive suggestions and thoughtful critiques
of the work. We thank professor Wen Wang and professor
Ruiwu Wang for materials sharing in the accomplishment
of the experiments. We thank the editor Eric Westhof and
anonymous reviewers for their careful work and thoughtful
suggestions that have helped improve this paper substan-
tially.

FUNDING

National Key Research and Development Program of
China [2017YFA0505103]; National Natural Science
Foundation of China [31971340, 31800080, 81901078];
Shenzhen Key Laboratory of Synthetic Genomics
[ZDSYS201802061806209]; Shenzhen Science and Tech-
nology Program [KQTD20180413181837372]; Guangdong
Provincial Key Laboratory of Synthetic Genomics
[2019B030301006]. Funding for open access charge: Na-
tional Key Research and Development Program of China
[2017YFA0505103].

Conflict of interest statement. None declared.

REFERENCES

1. Yusupova,G. and Yusupov,M. (2014) High-resolution structure of
the eukaryotic 80S ribosome. Annu. Rev. Biochem., 83, 467-486.

2. Melnikov,S., Ben-Shem,A., Garreau de Loubresse,N., Jenner,L.,
Yusupova,G. and Yusupov,M. (2012) One core, two shells: bacterial
and eukaryotic ribosomes. Nat. Struct. Mol. Biol., 19, 560-567.

3. Xue,S. and Barna,M. (2012) Specialized ribosomes: a new frontier in
gene regulation and organismal biology. Nat. Rev. Mol. Cell Biol., 13,
355-369.

4. Pena,C., Hurt,E. and Panse,V.G. (2017) Eukaryotic ribosome
assembly, transport and quality control. Nat. Struct. Mol. Biol., 24,
689-699.

5. Armache,J.P., Anger,A.M., Marquez,V., Franckenberg,S.,
Frohlich,T., Villa,E., Berninghausen,O., Thomm,M., Arnold,G.J.,
Beckmann,R. ez al. (2013) Promiscuous behaviour of archaeal
ribosomal proteins: implications for eukaryotic ribosome evolution.
Nucleic Acids Res., 41, 1284-1293.


https://www.megasoftware.net
http://apollo.chemistry.gatech.edu/RiboVision/index.html
http://rna.tbi.univie.ac.at/
http://www.ensembl.org
http://samtools.sourceforge.net
https://software.broadinstitute.org/gatk/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab218#supplementary-data

4666 Nucleic Acids Research, 2021, Vol. 49, No. 8

20.

21.

22.

23.

24.

. Greber,B.J., Boehringer,D., Godinic-Mikulcic, V., Crnkovic,A.,

Ibba,M., Weygand-Durasevic,I. and Ban,N. (2012) Cryo-EM
structure of the archaeal 50S ribosomal subunit in complex with
initiation factor 6 and implications for ribosome evolution. J. Mol.
Biol., 418, 145-160.

. Penev,P1., Fakhretaha-Aval,S., Patel,V.J., Cannone,J.J., GutelLR.R.,

Petrov,A.S., Williams,L.D. and Glass,J.B. (2020) Supersized
ribosomal RNA expansion segments indsgard Archaea. Genome Biol.
Evol., 12, 1694-1710.

. Stepanov,V.G. and Fox,G.E. (2021) Expansion segments in bacterial

and archaeal 5S ribosomal RNAs. RNA, 27, 133-150.

. Gunderson,J.H., Sogin,M.L., Wollett,G., Hollingdale,M., de la

Cruz,V.E.,, Waters,A.P. and McCutchan, T.F. (1987) Structurally
distinct, stage-specific ribosomes occur in Plasmodium. Science, 238,
933-937.

. Locati,M.D., Pagano,J.F.B., Girard,G., Ensink,W.A., van Olst,M.,

van Leeuwen,S., Nehrdich,U., Spaink,H.P., Rauwerda,H.,
Jonker,M.J. et al. (2017) Expression of distinct maternal and somatic
5.88S, 18S, and 28S rRNA types during zebrafish development. RNA,
23, 1188-1199.

. Parks, M.M., Kurylo,C.M., Dass,R.A., Bojmar,L., Lyden,D.,

Vincent,C.T. and Blanchard,S.C. (2018) Variant ribosomal RNA
alleles are conserved and exhibit tissue-specific expression. Sci. Adv.,
4, eaao00665.

. Ramesh,M. and Woolford,J.L. Jr (2016) Eukaryote-specific IRNA

expansion segments function in ribosome biogenesis. RNA, 22,
1153-1162.

. Fujii, K., Susanto,T.T., Saurabh,S. and Barna,M. (2018) Decoding the

function of expansion segments in ribosomes. Mol. Cell, 72,
1013-1020.

. Shankar,V., Rauscher,R., Reuther,J., Gharib, W.H., Koch,M. and

Polacek,N. (2020) rRNA expansion segment 27Lb modulates the
factor recruitment capacity of the yeast ribosome and shapes the
proteome. Nucleic Acids Res., 48, 3244-3256.

. Kater,L., Thoms,M., Barrio-Garcia,C., Cheng,J., Ismail,S.,

Ahmed,Y.L., Bange,G., Kressler,D., Berninghausen,O., Sinning,I.
et al. (2017) Visualizing the assembly pathway of nucleolar pre-60S
ribosomes. Cell, 171, 1599-1610.

. Wu,S., Tutuncuoglu,B., Yan,K., Brown,H., Zhang,Y., Tan,D.,

Gamalinda,M., Yuan,Y., Li,Z., Jakovljevic,J. et al. (2016) Diverse
roles of assembly factors revealed by structures of late nuclear
pre-60S ribosomes. Nature, 534, 133-137.

. Bradatsch,B., Leidig,C., Granneman,S., Gnadig,M., Tollervey,D.,

Bottcher,B., Beckmann,R. and Hurt,E. (2012) Structure of the
pre-60S ribosomal subunit with nuclear export factor Arx1 bound at
the exit tunnel. Nat. Struct. Mol. Biol., 19, 1234-1241.

. Greber,B.J., Boehringer,D., Montellese,C. and Ban,N. (2012)

Cryo-EM structures of Arx1 and maturation factors Reil and Jjj1
bound to the 60S ribosomal subunit. Nat. Struct. Mol. Biol., 19,
1228-1233.

. Knorr,A.G., Schmidt,C., Tesina,P., Berninghausen,O., Becker,T.,

Beatrix,B. and Beckmann,R. (2019) Ribosome-NatA architecture
reveals that rRNA expansion segments coordinate N-terminal
acetylation. Nat. Struct. Mol. Biol., 26, 35-39.

Jeeninga,R.E., Van Delft,Y., de Graaft-Vincent,M., Dirks-Mulder,A.,
Venema,J. and Raue,H.A. (1997) Variable regions V13 and V3 of
Saccharomyces cerevisiae contain structural features essential for
normal biogenesis and stability of 5.8S and 25S rRNA. RNA, 3,
476-488.

Zhang,W., Zhao,G., Luo,Z., Lin,Y., Wang,L., Guo,Y., Wang,A.,
Jiang,S., Jiang,Q., Gong,J. ez al. (2017) Engineering the ribosomal
DNA in a megabase synthetic chromosome. Science, 355, eaaf3981.
Velichutina,l.V., Rogers,M.J., McCutchan,T.F. and Liebman,S.W.
(1998) Chimeric rRNAs containing the GTPase centers of the
developmentally regulated ribosomal rRNAs of Plasmodium
falciparum are functionally distinct. RNA, 4, 594-602.
Kobayashi, T., Nomura,M. and Horiuchi, T. (2001) Identification of
DNA cis elements essential for expansion of ribosomal DNA repeats
in Saccharomyces cerevisiae. Mol. Cell. Biol., 21, 136-147.
Longtine,M.S., McKenzie,A. 3rd, Demarini,D.J., Shah,N.G.,
Wach,A., Brachat,A., Philippsen,P. and Pringle,J.R. (1998)
Additional modules for versatile and economical PCR-based gene
deletion and modification in Saccharomyces cerevisiae. Yeast, 14,
953-961.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kumar,S., Stecher,G., Li,M., Knyaz,C. and Tamura,K. (2018)
MEGA X: Molecular evolutionary genetics analysis across
computing platforms. Mol. Biol. Evol., 35, 1547-1549.

Bernier,C.R., Petrov,A.S., Waterbury,C.C., Jett,J., Li,E,, Freil,L.E.,
Xiong,X., Wang,L., Migliozzi,B.L., Hershkovits,E. et al. (2014)
RiboVision suite for visualization and analysis of ribosomes. Faraday
Discuss., 169, 195-207.

Guo,Q., Goto,S., Chen,Y., Feng,B., Xu,Y., Muto,A., Himeno,H.,
Deng,H., Lei,J. and Gao,N. (2013) Dissecting the in vivo assembly of
the 30S ribosomal subunit reveals the role of RimM and general
features of the assembly process. Nucleic Acids Res., 41, 2609-2620.
Rene,O. and Alix,J.H. (2011) Late steps of ribosome assembly in E.
coli are sensitive to a severe heat stress but are assisted by the HSP70
chaperone machine. Nucleic Acids Res., 39, 1855-1867.

Yates,A. and Akanni,W. (2016) Ensembl 2016. Nucleic Acids Res., 44,
D710-D716.

Li,H. (2011) A statistical framework for SNP calling, mutation
discovery, association mapping and population genetical parameter
estimation from sequencing data. Bioinformatics, 27, 2987-2993.

De Summa,S., Malerba,G., Pinto,R., Mori,A., Mijatovic,V. and
Tommasi,S. (2017) GATK hard filtering: tunable parameters to
improve variant calling for next generation sequencing targeted gene
panel data. BMC Bioinformatics, 18, 119.

Li,TY., Chen,X.Q., Cai,Y.Z. and Dai,J.B. (2018) Artificial protein
scaffold system (AProSS): an efficient method to optimize exogenous
metabolic pathways in Saccharomyces cerevisiae. Metab. Eng., 49,
13-20.

. Shen,X.X., Opulente,D.A., Kominek.,J., Zhou,X., Steenwyk,J.L.,

Buh,K.V., Haase,M.A.B., Wisecaver,J.H., Wang,M., Doering,D.T

et al. (2018) Tempo and mode of genome evolution in the budding
yeast subphylum. Cell, 175, 1533-1545.

Oakes,M., Aris,J.P., Brockenbrough,J.S., Wai,H., Vu,L. and
Nomura,M. (1998) Mutational analysis of the structure and
localization of the nucleolus in the yeast Saccharomyces cerevisiae. J.
Cell Biol., 143, 23-34.

Chernoff,Y.O., Newnam,G.P. and Liebman,S.W. (1996) The
translational function of nucleotide C1054 in the small subunit rRNA
is conserved throughout evolution: genetic evidence in yeast. Proc.
Natl. Acad. Sci. USA, 93, 2517-2522.

Wai,H.H., Vu,L., Oakes,M. and Nomura,M. (2000) Complete
deletion of yeast chromosomal rDNA repeats and integration of a
new rDNA repeat: use of rDNA deletion strains for functional
analysis of IDNA promoter elements in vivo. Nucleic Acids Res., 28,
3524-3534.

Sweeney,R., Chen,L. and Yao,M.C. (1994) An rRNA variable region
has an evolutionarily conserved essential role despite sequence
divergence. Mol. Cell. Biol., 14, 4203-4215.

Kitahara,K., Yasutake,Y. and Miyazaki,K. (2012) Mutational
robustness of 16S ribosomal RNA, shown by experimental horizontal
gene transfer in Escherichia coli. Proc. Natl. Acad. Sci. USA, 109,
19220-19225.

Johnston,M. and Davis,R.W. (1984) Sequences that regulate the
divergent GAL1-GAL10 promoter in Saccharomyces cerevisiae. Mol.
Cell. Biol., 4, 1440-1448.

Oeftinger,M. and Tollervey,D. (2003) Yeast Nop15p is an
RNA-binding protein required for pre-rRNA processing and
cytokinesis. EMBO J., 22, 6573-6583.

Gamalinda,M. and Woolford,J.L. Jr (2014) Deletion of L4 domains
reveals insights into the importance of ribosomal protein extensions
in eukaryotic ribosome assembly. RNA, 20, 1725-1731.

Billy,E., Wegierski,T., Nasr,F. and Filipowicz,W. (2000) Rcllp, the
yeast protein similar to the RNA 3’-phosphate cyclase, associates
with U3 snoRNP and is required for 18S rRNA biogenesis. EMBO
J,19,2115-2126.

Fang,F., Phillips,S. and Butler,J.S. (2005) Rat1p and Railp function
with the nuclear exosome in the processing and degradation of rRNA
precursors. RNA, 11, 1571-1578.

Xue,Y., Bai,X., Lee,I., Kallstrom,G., Ho,J., Brown,J., Stevens,A. and
Johnson,A.W. (2000) Saccharomyces cerevisiae RAI1 (YGL246¢) is
homologous to human DOM3Z and encodes a protein that binds the
nuclear exoribonuclease Ratlp. Mol. Cell. Biol., 20, 4006-4015.
Rodriguez-Galan,O., Garcia-Gomez,J.J., Kressler,D. and de la
Cruz,J. (2015) Immature large ribosomal subunits containing the 7S



46.

47.

48.

49.

50.

S1.

52.

53.

pre-rRNA can engage in translation in Saccharomyces cerevisiae.
RNA Biol, 12, 838-846.

Milkereit,P., Gadal,O., Podtelejnikov,A., Trumtel,S., Gas,N.,
Petfalski,E., Tollervey,D., Mann,M., Hurt,E. and Tschochner,H.
(2001) Maturation and intranuclear transport of pre-ribosomes
requires Noc proteins. Cell, 105, 499-509.

Hierlmeier, T., Merl,J., Sauert,M., Perez-Fernandez,J., Schultz,P.,
Bruckmann,A., Hamperl,S., Ohmayer,U., Rachel,R., Jacob,A. et al.
(2013) Rrp5p, Noclp and Noc2p form a protein module which is part
of early large ribosomal subunit precursors in S. cerevisiae. Nucleic
Acids Res., 41, 1191-1210.

Zhou,D., Zhu,X., Zheng,S., Tan,D., Dong,M.Q. and Ye,K. (2019)
Cryo-EM structure of an early precursor of large ribosomal subunit
reveals a half-assembled intermediate. Protein Cell, 10, 120-130.
Gomez Ramos,L.M., Smeekens,J.M., Kovacs,N.A., Bowman,J.C.,
Wartell,R.M., Wu,R. and Williams,L.D. (2016) Yeast rRNA
expansion segments: folding and function. J. Mol. Biol., 428,
4048-4059.

Stelter,P., Huber, M., Kunze,R., Flemming,D., Hoelz,A. and
Hurt,E. (2015) Coordinated ribosomal L4 protein assembly into the
pre-ribosome is regulated by its eukaryote-specific extension. Mol.
Cell, 58, 854-862.

Konikkat,S. and Woolford,J.L. Jr (2017) Principles of 60S ribosomal
subunit assembly emerging from recent studies in yeast. Biochem. J.,
474, 195-214.

Zhang,J., Harnpicharnchai,P., Jakovljevic,J., Tang,L., Guo,Y.,
Oeffinger,M., Rout,M.P., Hiley,S.L., Hughes,T. and Woolford,J.L. Jr
(2007) Assembly factors Rpf2 and Rrsl recruit 5S rRNA and
ribosomal proteins rpL5 and rpL11 into nascent ribosomes. Genes
Dev., 21, 2580-2592.

Chen,W., Xie,Z., Yang,F. and Ye,K. (2017) Stepwise assembly of the
earliest precursors of large ribosomal subunits in yeast. Nucleic Acids
Res., 45, 6837-6847.

54.

55.

56

57.

58.

59.

60.

61.

62.

63.

Nucleic Acids Research, 2021, Vol. 49, No. 8 4667

McCann,K.L., Charette,J.M., Vincent,N.G. and Baserga,S.J. (2015)
A protein interaction map of the LSU processome. Genes Dev., 29,
862-875.

Lebaron,S., Segerstolpe,A., French,S.L., Dudnakova,T., Alves,F.D.,
Granneman,S., Rappsilber.,J., Beyer,A.L., Wieslander,L. and
Tollervey,D. (2013) RrpS5 binding at multiple sites coordinates
Pre-rRNA processing and assembly. Mol. Cell, 52, 707-719.

. Pendrak,M.L. and Roberts,D.D. (2011) Ribosomal RNA processing

in Candida albicans. RNA, 17, 2235-2248.

Bernstein,D.A., Vyas,V.K., Weinberg,D.E., Drinnenberg,[.A.,
Bartel,D.P. and Fink,G.R. (2012) Candida albicans Dicer (CaDcrl) is
required for efficient ribosomal and spliceosomal RNA maturation.
Proc. Natl. Acad. Sci. USA, 109, 523-528.

Ebersberger.I., Simm,S., Leisegang,M.S., Schmitzberger,P., Mirus,O.,
von Haeseler,A., Bohnsack,M.T. and Schleiff,E. (2014) The evolution
of the ribosome biogenesis pathway from a yeast perspective. Nucleic
Acids Res., 42, 1509-1523.

Lin,J., Lu,J,, Feng,Y., Sun,M. and Ye,K. (2013) An RNA-binding
complex involved in ribosome biogenesis contains a protein with
homology to tRNA CCA-adding enzyme. PLoS Biol., 11, ¢1001669.
Dembowski,J.A., Ramesh,M., McManus,C.J. and Woolford,J.L. Jr
(2013) Identification of the binding site of Rlp7 on assembling 60S
ribosomal subunits in Saccharomyces cerevisiae. RNA, 19, 1639-1647.
Orelle,C., Carlson,E.D., Szal,T., Florin,T., Jewett, M.C. and
Mankin,A.S. (2015) Protein synthesis by ribosomes with tethered
subunits. Nature, 524, 119-124.

Aleksashin,N.A., Leppik,M., Hockenberry,A.J., Klepacki,D.,
Vazquez-Laslop,N., Jewett,M.C., Remme,J. and Mankin,A.S. (2019)
Assembly and functionality of the ribosome with tethered subunits.
Nat. Commun., 10, 930.

Carlson,E.D., D’Aquino,A.E., Kim,D., Fulk,E.M., Hoang, K.,
Szal, T., Mankin,A.S. and Jewett,M.C. (2019) Engineered ribosomes
with tethered subunits for expanding biological function. Nat.
Commun., 10, 3920.



