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Abstract

Inhibition of the synthesis of an essential ribosomal protein (r-protein) abrogates the assem-
bly of its cognate subunit, while assembly of the other subunit continues. Ribosomal compo-
nents that are not stably incorporated into ribosomal particles due to the disrupted assembly
are rapidly degraded. The 60S protein uL18/L5 is an exception and this protein accumulates
extra-ribosomally during inhibition of 60S assembly. Since the r-proteins in each ribosomal
subunit are essential only for the formation of their cognate subunit, it would be predicted
that accumulation of extra-ribosomal uL18/L5 is specific to restriction of 60S assembly and
does not occur abolition of 40S assembly. Contrary to this prediction, we report here that
repression of 40S r-protein genes does lead to accumulation of uL18/L5 outside of the
ribosome. Furthermore, the effect varies depending on which 40S ribosomal protein is
repressed. Our results also show extra-ribosomal uL18/L5 is formed during 60S assembly,
not during degradation of mature cytoplasmic 60S subunits. Finally, we propose a model for
the accumulation of extra-ribosomal uL18 in response to the abolition of 40S r-proteins.

Introduction

The ribosome biogenesis process is preserved throughout eukaryotic evolution, although the
complexity has evolved from yeast to humans [1, 2]. Most of the ribosome construction occurs
in the nucle(o)lus where RNA polymerase I transcribes a long 185-5.85-255/28S precursor
rRNA (pre-rRNA) and RNA polymerase III transcribes 5S pre-rRNA [3-6]. Ribosomal pro-
teins are translated in the cytoplasm and chaperoned into the nucle(o)lus, where they bind to
the emerging ribosomal precursor particles concurrently with the processing of the pre-rRNA
into the mature components. The ribosome manufacture is facilitated by more than 250

PLOS ONE | https://doi.org/10.1371/journal.pone.0222479  January 27, 2020

1/17


http://orcid.org/0000-0001-8418-7885
https://doi.org/10.1371/journal.pone.0222479
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0222479&domain=pdf&date_stamp=2020-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0222479&domain=pdf&date_stamp=2020-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0222479&domain=pdf&date_stamp=2020-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0222479&domain=pdf&date_stamp=2020-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0222479&domain=pdf&date_stamp=2020-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0222479&domain=pdf&date_stamp=2020-01-27
https://doi.org/10.1371/journal.pone.0222479
https://doi.org/10.1371/journal.pone.0222479
https://doi.org/10.1371/journal.pone.0222479
http://creativecommons.org/licenses/by/4.0/

@ PLOS|ONE

Effect of 40S assembly on extra-ribosomal uL18/L5

Funding: This study was funded by grant number
0920578 from the National Science Foundation,
USA to JM Zengel and LL, and a gift from The
Benelein Technologies, LLC to LL (no grant
number). Further funding was provided by an
internal appropriation from the University of
Maryland, Baltimore County to LL (no grant
number). The funders had no role in study design,
data collection, and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have read the
journal’s policy and have the following competing
interests: This study was funded in part via a gift
from Benelein Technologies, LLC. This does not
alter our adherence to PLOS ONE policies on
sharing data and materials. There are no patents,
products in development, or marketed products to
declare.

ribosomal assembly factors, a number of which are important for the assembly of both the 40S
and the 60S ribosomal subunits, while most are specific to the formation of one of the ribo-
somal subunits [7].

Whereas a subset of Saccharomyces cerevisiae (yeast) r-proteins is not required for the for-
mation of ribosomes, most r-proteins are essential for assembly of their subunit [8]. A signifi-
cant reduction of the production of just one essential r-protein or assembly factor prevents
completion of the assembly of the cognate subunit, while the assembly of the other subunit
continues (e.g. [9-11]). Moreover, abolishment of the assembly of a ribosomal subunit does
not stop the synthesis of its r-proteins, but proteins that fail to become incorporated into stable
ribosomal particles are rapidly eliminated by proteasomal turnover [10, 12, 13]. Nevertheless,
one 60S protein, uL18, evades rapid degradation and accumulates in a complex with 55 rRNA
outside of the ribosome when 60S assembly is abrogated by repression of uL5 synthesis [14].
[Note that uL5 was named L16 when this reference was published]. Since extra-ribosomal r-
proteins are believed to play a role in regulation of factors controlling growth in metazoans
[15, 16], it is important to understand the formation of extra-ribosomal r-protein pools.

Because the r-proteins in each ribosomal subunit are essential only for the assembly of their
cognate subunit, it would be expected that interruption of the assembly of one subunit only
affects the accumulation of extra-ribosomal r-proteins specific to that subunit. We tested this
expectation by repressing several 40S r-protein genes and measuring the buildup of extra-ribo-
somal r-proteins. Surprisingly, and in contrast to the prediction, extra-ribosomal uL18 accrues
when the synthesis of 40S r-proteins is constrained, but the amount of extra-ribosomal uL18
accumulating depends on which 40S r-protein gene is repressed. We interpret these results to
mean that disruption of the assembly of the 40S subunit affects the kinetics, and perhaps even
the pathway, of assembly of the 60S subunit. Furthermore, we show that protection of uL18
does not require the formation of the canonical 60S subunit assembly intermediate of uL18,
uL5, 58 rRNA, and the Rrs1 and Rpf2 assembly factors.

Materials and methods
Nomenclature for r-proteins

The nomenclature of r-proteins has been changed twice since 1997 [17, 18]. We use the 2014
universal nomenclature. In the figures, the 1997 protein names are also indicated after a slash.

Strains and growth conditions

All strains are derived from S. cerevisiae BY4741. In each strain one gene encoding r-proteins
eS4, eS6, uS17, eS19, eS31, eL40, or eL43, or the 60S assembly factors Rrsl, or Rpf2 was
expressed exclusively from the GAL1/10 promoter (S1 Table). These strains are named Pg,-xx,
where xx is the name of the protein expressed from the gal promoter. In the experiment shown
in Fig 1B, P,,-eL43 was transformed with a plasmid carrying a gene for uL18-FLAG expressed
from the constitutive RpS28 promoter (Philipp Milkereit, personal communication).

Cells were grown at 30°C with shaking in YEP-galactose medium. At ODggg of 1.0-1.3
(about 2x107 cells per ml), the culture was shifted to YPD (glucose) medium by diluting the
galactose culture with 10 volumes of prewarmed glucose medium (starting ODg of 0.1-0.15).
The glucose culture was then grown for 2-3 doubling times until a desired cell density (ODggo
0.8-1) was reached. All strains have a doubling time of 1.5-2.0 hours in galactose, but the
growth rate gradually decrease in a strain-specific manner after the shift to glucose medium
due to the repression of r-protein genes [11]. The actual time each culture grew in glucose
medium is indicated on the figures. Examples of growth curves and sucrose gradient A** pro-
files of crude extracts before and after the shift are shown in [11]. As shown previously a 55S
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Fig 1. Analysis of the specificity of anti-uL18/L5. (A) The uL18/L5 reactive band seen close to the top of the sucrose
gradient after repressing eL43/143 or eL40/L40 formation (Figs 2 and 3) is absent after repressing uL18/L5 synthesis.
Pga-uL18/L5 was grown in galactose medium and shifted to glucose medium. A lysate prepared after repression of
uL18/L5 gene for 13.5 hours was fractionated on a sucrose gradient and consecutive fractions from the top of the
gradient and the 60S-80S ribosome peaks were analyzed by western blot stained with anti-uL18/L5. (B) Distribution of
FLAG-tagged uL18/L5 (uL18/L5-FLAG) in sucrose gradients loaded with lysates prepared before and after repressing
eL43/143 synthesis. Pg,-e143/L43 was transformed with a plasmid harboring a constitutively expressed gene for uL18/
L5-FLAG. The resulting strain was grown in galactose medium and shifted to glucose medium for 16 hours. Lysates
prepared from cells before and after the shift were fractionated on sucrose gradient and aliquots of consecutive
fractions from the top of the gradient and the 60S-80S peaks were analyzed for content of FLAG-tagged protein by
western blot. The western blots in this figure were not cropped. M: Molecular weight markers/1000. CE: Crude cell
Extract.

https://doi.org/10.1371/journal.pone.0222479.g001

ribosomal particle derived from the 60S accumulates forms beginning about 4 hours after the
repression of 40S r-protein genes [11]. Here we have included the uL18 in the 55S peak as part
of the “60S-80S ribosome fractions”.

Cell lysis and fractionation

Cells were harvested by centrifugation at 8000 rpm for 10 minutes and washed once with 10
mL ice-cold RNase free water and stored at -20°C until further use. Procedures for lysis and
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sucrose gradient centrifugation were described previously [11]. Each sucrose gradient was
loaded with 20 A**° units of crude cell extract cleared of debris. After centrifugation, the gradi-
ent was fractionated into 0.5 ml fractionations and 45 pl of the indicated fractions was used for
western blot analysis.

Western analysis and antisera

Western blots [11] were probed with rabbit polyclonal antisera prepared for our laboratory by
Covance (Princeton, New Jersey, USA) using synthetic peptides with the sequence of 20-22 N-
terminal amino acids of uS4, uL4, uL5, and uL18 as antigens. Each antiserum was titrated
against increasing amounts of whole cell extract on western blots (see Figure S6 in ref [11]
(https://www.life-science-alliance.org/content/2/2/e201800150#n0go). Based on the amount
of lysate loaded on each sucrose gradient and the number of sucrose gradient fractions con-
taining r-proteins, we determined that antisera are in excess over the r-proteins on our western
blots. Monoclonal anti-FLAG antibody was purchased from Thermo-Fisher (catalog number
MA1-91878). Blots were scanned in a Storm 860 Imager System (Molecular Dynamics) and
the bands were quantified using ImageJ or Adobe Photoshop CC 2019.

As described in Results, western blots probed with anti-uL18 reacted with two proteins
close to the top of sucrose gradients loaded with extracts of certain strains harvested after, but
not before, a shift from galactose to glucose medium. One of these proteins co-migrated dur-
ing electrophoresis with the ribosomal uL18 in the 60S-80S fractions, while the other had a
slightly lower electrophoretic mobility. To determine if any of these proteins actually are
related to uL18, we shifted P,,-uL18 to glucose medium for 13.5 hours and fractionated a
lysate on a sucrose gradient. Fractions from the top and the ribosome peaks of the gradient
were analyzed on a western blot. As seen in Fig 1A, there was no uL18 reactive band comigrat-
ing with ribosomal uL18 after repressing the uL18 gene, even though the band was seen after
repressing either eL40 or eL43 synthesis (see below). This confirms that the comigrating band
at the top of the gradient seen after abolishing the synthesis of a number of r-proteins, other
than uL18, actually is uL18. However, the slightly slower band (marked with star in all figures)
was present even after repressing uL18, indicating that it may not be related to uL18. To test
this, we transformed Pg,-eL43 with a plasmid constitutively expressing FLAG-tagged uL18
(uL18-FLAG) in addition to the native uL18 chromosomal gene. After shifting this strain to
glucose for 16 hours, a single band of uL18-FLAG, co-migrating with the uL18-FLAG band
in the ribosomal fractions, appeared at the top of the gradient (Fig 1B), but no band corre-
sponding to the starred band in blots stained with anti-uL18 was seen. From these experi-
ments, we conclude that the band marked with a star in the blots stained with anti-uL18 is not
related to uL18, but rather an unspecific protein that cross-reacts with our uL18 antiserum.
This is also supported by the presence of the starred band after shifting the parent strain to glu-
cose medium (Fig 2C).

Quantification of extra-ribosomal uL18

The fraction of the total uL18 found at the top of the sucrose gradient, i.e. the extra-ribosomal
uL18, was determined by quantitative western blots. In some experiments, all gradient frac-
tions were subjected to quantification, but in other experiments, we analyzed only two frac-
tions from the top of the gel and three fractions from the 60S-80S region of the sucrose
gradient. To compare the two methods of quantification, we used western blots that include all
sucrose gradients fractions and compared the results of quantifying (i) uL18 at the top of the
gradient/total uL18 across the gradient, and (ii) uL18 in two fractions at the top of the gradi-
ent/the sum of uL18 in two top fractions and uL18 in three fractions from the 60-80S region
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Fig 2. Repression of the gene for the 408 r-protein eS4/54 causes accumulation of extra-ribosomal uL18/L5, but

not extra-ribosomal uL5/L11, uL4/L4, or uS4/S9. P ,-e143/143, P, -eS4/54, and the parent strain BY4741 were
grown in galactose medium and switched to glucose medium for the indicated time. Whole-cell lysates were

fractionated on sucrose gradients and the indicated fractions of the gradients were analyzed by western blots probed
with antisera for r-proteins uL18/L5, uL4/L4, eS4/54, and uL5/L11 as indicated at each blot. (A) Pg,-eL43/143 after 6
hours in glucose medium. All fractions from the top of the gradient through the polysome region are shown. (B) Pg,i-
€54/54 after 8 hours in glucose medium. The panel shows sections cropped from a western blot loaded with aliquots of
each fraction from the top of the gradient through the polysome region. The blot was first probed with anti-uL18/L5,
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then with a mixture of antisera for uS4/S9 and uL4/L4 without stripping. Finally, the bottom of the blot was probed
with anti-uL5/L11. (C) The parent strain (BY4741) after 0 and 16 hours in glucose. Aliquots of consecutive fractions
from the top of the gradient and the 60S-80S region were analyzed by western blot. The top panel shows the blot
probed with a mixture of antisera for uL4/L4 and uS4/S9. The middle panel shows the same blot after it was probed
further with anti-uL18/L5 without stripping. The bottom panel shows the same blot after it was probed further with
anti-uL5/L11. Uncropped images are shown in S1 Fig. The bands marked with a blue star in some panels are not
related to uL18/L5 (see Fig 1 in Material and Methods). CE: cell extract.

https://doi.org/10.1371/journal.pone.0222479.9002

(S2 Table). The results show that there is a good semi-quantitative agreement between the two
approaches. Hence, we conclude that it is justified to use only selected fractions for comparing
the amount of extra-ribosomal uL18 in different strains.

Protein molecular weight markers

Protein molecular weight markers were purchased from Thermo Fisher Scientific (cat 26616).
Note that r-proteins always run slower in SDS gels than expected from their molecular weight.

Statistics

Pairwise t-test was used.

Results
Disruption of ribosome assembly

To specifically abolish the synthesis of individual essential r-proteins cognate to one or the
other ribosomal subunit in S. cerevisiae, we used yeast strains in which the only gene for a
given r-protein is transcribed from the GAL1/10 promoter. We refer to these strains as P -xx,
where xx is the name of the protein encoded by the gene under galactose control. In galactose
medium, a full set of r-proteins is synthesized, but shifting the cells to glucose medium abro-
gates the synthesis of r-protein xx, which prevents assembly of the cognate ribosomal subunit
[11].

Extra-ribosomal uL18 accumulates during repression of some 40S r-
protein genes

To measure extra-ribosomal accumulation of uL18 and several other r-proteins upon repres-
sion of specific r-protein genes, we fractionated crude cell extracts on sucrose gradients and
analyzed the sucrose gradient fractions on western blots probed with antisera specific to the
60S r-proteins uL18, uL5, uL4 and the 40S r-protein uS4. Fig 2A shows a western blot stained
with anti-uL18 of fractions from a sucrose gradient loaded with an extract of P, -eL43 pre-
pared 6 hours after shifting the culture from galactose to glucose medium. A band co-migrat-
ing with the ribosomal uL18 band in the gel was observed close to the top of the sucrose
gradient. A second protein marked with a star and moving slightly slower also appeared. As
described in Materials and Methods we confirmed that the protein that co-migrates with the
ribosomal uL18 band indeed represents uL18, while the slightly slower moving protein is not
related to uL18 (Fig 1). The appearance of uL18 at the top of the gradient after repressing the
eL43 gene was confirmed by transforming Pg,-eL43 with a plasmid carrying a constitutive
gene for FLAG-tagged uL18. As seen in Fig 1B, the uL18-FLAG accumulated at the top of the
gradient after the shift to glucose medium, but not before the shift (Fig 1B). Thus, the experi-
ments in Figs 2A and 1B show that uL18 accrues outside ribosomal particles during the repres-
sion of uL43 synthesis. An extra-ribosomal pool of uL18 was also seen after repressing uL5
synthesis; see note about nomenclature in Materials and Methods [14].
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To determine if abolishing expression of 40S r-proteins also triggered extra-ribosomal uL18
accumulation, we repressed the synthesis of eS4, a protein incorporated into the 40S precursor
particle (pre-40S) early in the assembly process [19]. After 8 hours of repression, extracts were
analyzed by sucrose gradient centrifugation and western blot. Unexpectedly, we found a build-
up of extra-ribosomal uL18 at the top of the sucrose gradient, but no uL4, uL5 or uS4 was
found outside of the ribosome peaks (Fig 2B). Additionally, the parent strain BY4741 did not
accumulate extra-ribosomal r-proteins whether grown in galactose or glucose, as expected
since assembly of both subunits proceeds uninterrupted in the parent whether it grows in
galactose or glucose medium (Fig 2C). Overall, the results in Fig 2 show that repression of the
€S54 gene with ensuing disruption of 40S assembly generates a pool of extra-ribosomal uL18.
Extra-ribosomal accumulation of uL18 is thus not specific to interference with 60S assembly.

We then tested if repression of the genes for 40S r-protein genes eS6, uS17, and eS19 also
cause accumulation of extra-ribosomal uL18. The eS31 protein was chosen because it is incor-
porated into the pre-40S late in the assembly process [20] (as opposed to eS4, which is incorpo-
rated early), and proteins eS6, uS17, eS19 were chosen because mutations in the orthologous
human genes have been implicated as causing diseases [21-24]. Repression of eS4, eL40, and
el43 was used as controls. Since 60S particles are largely stable after repression 40S r-protein
genes and the cultures grow at somewhat different rates after the shift to glucose [11], we rea-
soned that quantifications of extra-ribosomal uL18 would be more comparable if the density
of all cultures were allowed to increase by the same factor after the shift to glucose medium.
Accordingly, we harvested the cultures after the ODggo had increased at least four-fold during
incubation in glucose rather than at a specific time after the change of carbon source. As
shown in Fig 3A we found uL18 at the top of the gradient for all strains, except Pg,-eS31, but
the strength of the bands varied. To estimate the fraction of uL18 present at the top of the
sucrose gradient we quantified uL18 in two top fractions from the sucrose gradient and three
fractions in the 60S-80S ribosome peaks (see Methods and materials for a justification of this
approach). The results showed that repression of eS4 synthesis generated approximately as
much extra-ribosomal uL18 as did the repression of the two 60S r-protein genes while repress-
ing other 40S r-protein genes generated smaller amounts of extra-ribosomal uL18 (Fig 3B).
Furthermore, the amount of extra-ribosomal uL18 differed significantly after repressing the
various 40S r-protein genes (Fig 3C).

The extra-ribosomal uL18 pool reaches a steady-state

Since the pool size of the extra-ribosomal uL18 pool differed between strains (Fig 3B), we ques-
tioned whether the pool changes with time. Accordingly, we compared the uL.18 pools in Py -
el43, -uS4, and -eS31 harvested at different times after the shift to glucose medium. The extra-
ribosomal uL18 pool increases by about 2-fold between 4 and 6 hours of repression of either
eS4 and eL43, but is constant between 6 and 8 hours, suggesting that the extra-ribosomal uL18
pool reaches a steady-state (Fig 4A and 4B) by the time the cultures have gone through about
two doublings after the shift to glucose medium. Furthermore, the pool of extra-ribosomal
uL18 does not rise above the statistically significant level even after 17 hours of repressing eS31
synthesis (Fig 4C).

uL18 accrues due to interference with subunit assembly, not degradation of
mature subunits
Maintenance of the extra-ribosomal uL18 pool requires protein synthesis. We have

previously shown that 60S formation continues during the repression of 40S assembly and
slow turnover of the 60S begins a few hours after 40S r-proteins have been repressed [11].
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Fig 3. Quantification of extra-ribosomal uL18/L5 pool after repression of different 40S and 60S r-protein genes.
Pgal—eS4/S4, -eS6/S6, -uS17/S11, -eS19/S19, -eS31/S31, -eL40/L40, -eL43/L43, and the parent strain BY4741 were grown
in galactose medium and shifted to glucose medium. (A) Sucrose gradients were loaded with lysates prepared after at
least a four-fold increase in ODgyy after the shift to glucose medium, at which time the extra-ribosomal pool of uL18
had reached equilibrium (see Fig 4). Aliquots of consecutive fractions from the top and the 60S-80S region of the
gradient were quantified from western blots probed with anti-uL18/L5. The protein whose synthesis was repressed by
the shift to glucose medium is shown on the left and actual times in glucose medium for each strain are indicated
below the protein name. For the abolition of the synthesis of €54/S4, uS17/S11, e40/L40, and eL43/L43, the image was
cropped from blots that include all fractions from the sucrose gradient. For repression of eS6/56, €519/S19, and eS31/
S$31 only aliquots from the top fractions and the 60S-80S fractions were analyzed by western blot, but see also Fig 4C
for a parallel experiment with Pgal-eS31/S31 in which all fractions were included in the western blot. Uncropped
images are shown in Fig 2A and 2B and S1, and S2 Figs. (B) Quantification of uL18 at the top of the sucrose gradient
after repressing different r-protein genes. The blots in Panel A were quantified using Image]. The sum of uL18 in the
two top fractions was normalized to the sum of uL18 found in all five fractions. This procedure for estimating the
fraction of total uL18 at the top of the gradient is validated in Materials and Methods (S2 Table). The average of three
biological repeats for eS4/54, uS17/S11, eS31/831, eL43/L43 and two biological replicates eS6/S6, e$19/519, eL40/L40 is
shown together with the standard error of the mean. The data for each gene repression experiment was compared to
the results from the parent strain by pairwise t-test. +++ indicates p<0.001, ++ p<0.005, + p<0.01, +/- p<0.1. (C) T-
tests for pairwise comparison of results from different strains.

https://doi.org/10.1371/journal.pone.0222479.g003

Thus, there are two possible principle sources of extra-ribosomal uL18: modification of 60S
assembly and breakdown of mature 60S subunits. To distinguish these possibilities, we investi-
gated if blocking protein synthesis with cycloheximide change the amount of extra-ribosomal
uL18. If the extra-ribosomal uL18 stems from degradation of preexisting ribosomes, cyclohexi-
mide should not affect the pool of extra-ribosomal uL18, but if the extra-ribosomal uL18 is
generated in the assembly process, the formation depends on continual protein synthesis and
addition of cycloheximide should reduce the pool of extra-ribosomal uL18. Hence, we grew
Pg.1- eL43 in galactose and shifted it to glucose medium for 6 hours. At this time approximately
50% of the total uL18 was found at the top of the gradient (Fig 4A(i)). The culture was then
split and cycloheximide was added to one aliquot to inhibit total protein synthesis, while
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Fig 4. Extra-ribosomal uL18 as a function of time after repressing eS4, eL43, and eS31. Pg,-eS4, -eL43 and -eS31 were grown in galactose
medium and shifted to glucose medium. At the indicated times after the shift, extra-ribosomal uL18 was quantified. (A) Pgq-€S4 and (B) Pg,-eL43.
Consecutive fractions from the top and the 60S-80S region of the gradient were analyzed. The blots were scanned and quantified using Photoshop
CC 2019. The ratio of uL18 found in the top fractions relative to uL18 in all fractions on the western blot was calculated for each time point and
normalized to the value for the 4-hour sample. (C) Pgy-eS31. All fractions from the top of the sucrose gradient through the polysome region are
shown for the 8-hour sample. For the 9.5 and 17-hr samples, consecutive fractions from the top and the 60S-80S region of the sucrose gradient are
shown. See S3 Fig for uncropped blots. CE cell extract.

https://doi.org/10.1371/journal.pone.0222479.9004

nothing was added to the other part. After 4 hours of additional culturing, both aliquots were
harvested and analyzed for extra-ribosomal uL18. No uL18 band was seen at the top of the gra-
dient after cycloheximide inhibition of protein synthesis (Fig 4A(ii)), while the level of extra-
ribosomal uL18 was unchanged in the sample without the drug (Fig 4A(iii)).

Inhibition of protein synthesis in P, -eS4 gave a similar result. Cycloheximide was adminis-
trated for 15 and 45 minutes to a culture four hours after the shift from galactose to glucose.
While no change was seen after 15 minutes, the extra-ribosomal uL18 level was reduced by
about 50% after 45 minutes with cycloheximide (Fig 5B). Together the experiments in Fig 5A
and 5B show that the extra-ribosomal uL18 is depleted, if it is not replenished by new synthe-
sis, indicating that extra-ribosomal uL18 is generated during 60S assembly rather than degra-
dation of mature 60S subunits.

No extra-ribosomal uL18 accumulates during degradation of cytoplasmic ribosomes.
To determine if extra-ribosomal uL18 also accumulates during degradation of cytoplasmic
ribosomes, we inhibited TOR-activity by rapamycin. This stops rRNA synthesis and causes a
significant degradation of cytoplasmic ribosomes [25]. Rapamycin (0.2 pug/ml) was added to
Pgal-eL43 in growing in galactose medium (i.e. eL43 synthesis is not interrupted) for 4 hours
before a lysate was analyzed by sucrose gradient centrifugation and western blot. As seen in
Fig 6, no uL18 was seen at the top of the gradient after 6 hours. Since there is significant cyto-
plasmic degradation of ribosomes during rapamycin inhibition of TOR [25], extra-ribosomal
uL18 buildup would have been expected, if it comes from ribosome degradation. We did not
see that, suggesting that the degradation of mature ribosomes does not generate extra-ribo-
somal uL18.

Stabilization of extra-ribosomal uL18 does not require Rrs1 or Rpf2

We further investigated the origin of extra-ribosomal r-proteins by depleting each of the
ribosomal assembly factors Rrs1 and Rpf2 that combine with uL18, uL5, and 5S rRNA before
docking in the precursor 60S particle (pre-60S) [26]. If the protection of uL18 from rapid deg-
radation requires formation of the full pre-docking complex, no extra-ribosomal uL18 should
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Fig 5. Maintenance of the extra-ribosomal uL18 pool requires protein synthesis. (A) Cycloheximide decreases the
pool of extra-ribosomal uL18/L5 during the repression of a 60S r-protein gene. Six hours after shifting Pg,-e[43/1.43
from galactose to glucose medium, cycloheximide was added to an aliquot of the culture (final concentration: 100 pg/
ml), while the culturing of another aliquot of the culture was continued without addition of the drug. Both aliquots
were harvested 10 hours after the shift. Whole-cell extracts were analyzed by sucrose gradients and western blots of
aliquots of all sucrose gradient fractions. (i) Pgy-eL43/L43 6 hours after the shift of media, (ii) Pgal-eL43/L43 incubated
with cycloheximide added 6 hours after the media shift and harvested 10 hours after the shift. (iii) Pgy-eL43/L43
incubated for 10 hours in glucose without cycloheximide. All fractions from the top through the polysome region of
the sucrose gradient are shown. (B) Cycloheximide also decreases the pool of extra-ribosomal uL18/L5 during the
repression of a 40S r-protein gene. Pg,-eS4/54 was grown in galactose medium and shifted to glucose medium.
Cycloheximide (100 pg/ml) was added to the culture 6 hours after the shift and cells were harvested 0, 15 and 45
minutes after addition of the drug. Aliquots of one or two fractions from the top of the gradient and two fractions from
the 60S-80S peaks were analyzed by western blots probed with anti-uL18/L5. Consecutive fractions from the top and
the 60S-80S region of the sucrose gradient were shown. M Molecular weight markers in kD. 35 and 40 kD are
identified. See S2 Fig for the full molecular weight ladder.

https://doi.org/10.1371/journal.pone.0222479.9005

accumulate during inhibition of the two assembly factors. However, Fig 7 shows that depleting
either Rrs1 or Rpf2 increased the pool of extra-ribosomal uL18 in agreement with the effect of
mutating the RRSI gene [27]. This shows that stabilization of extra-ribosomal uL18 does not
require the formation of the complete uL18-uL5-5S rRNA-Rrs1-Rpf2 particle from. This is
also supported by the fact that extra-ribosomal uL5 does not accumulate proportionally to
uL18 during abrogation of eS4 or eL40 synthesis (Fig 2B and S2 Fig). Furthermore, the buildup
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fractionated on a sucrose gradient centrifugation and aliquots of fractions were analyzed on a western blot developed
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gradient are shown.

https://doi.org/10.1371/journal.pone.0222479.9006

of extra-ribosomal uL18 concurs with the conclusion that accrual of extra-ribosomal uL18
stems from the 60S assembly process.

Discussion
Inhibition of 40S assembly changes 60S assembly kinetics

Ribosomal proteins are rapidly turned over unless they are incorporated into ribosomes [10,
28, 29]. However, uL18 escapes this degradation and accumulates in extra-ribosomal complex

Pgal-Rrs1 and -Rpf2 growing in galactose and glucose
Rrs1 Rpf2
Fractions from Fractions from
top of  60S-80S top of 60S-80S
gradient  peaks gradient peaks
0 hours — — — ——
16 hours s T — ‘—-’° — —

Fig 7. Accumulation of extra-ribosomal uL18 does not require formation of the complete uL18-uL5-
5SrRNA-Rrs1-Rpf2 complex. Pg,-Rrs1 and -Rpf2 were grown in galactose medium and shifted to glucose medium
for 16 hours. Whole-cell extracts were analyzed by sucrose gradient centrifugation and aliquots of two or three
fractions from the top of the gradient and two fractions from the 60S-80S peaks were analyzed by western blots
developed with antiserum specific to uL18/L5. Consecutive fractions from the top and the 60S-80S region of the
sucrose gradient were shown.

https://doi.org/10.1371/journal.pone.0222479.g007
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(es) when the synthesis of 60S r-proteins is curtailed as shown in Fig 2 and [14]. Here we have
shown that extra-ribosomal uL18 also builds up during repression of several 40S r-protein
genes (Figs 2 and 3). This was unexpected because abrogation of 40S r-protein synthesis specif-
ically halts the assembly of the 40S subunit, while assembly of the 60S subunit continues [11].
Thus, the build-up of the extra-ribosomal uL18 pool reveals a novel form of interaction
between 40S and 60S subunit formation: abolition of 40S subunit synthesis changes the kinet-
ics of the individual steps in 60S subunit assembly, but has little effect on the overall rate of 60S
formation.

Several of observations indicate that extra-ribosomal uL18 comes from the 60S assembly
process rather that degradation of mature cytoplasmic 60S subunits. First, maintenance of the
pool of extra-ribosomal uL18 requires continual protein synthesis, whether provoked by dis-
ruption of the formation of the 60S or the 40S subunit (Fig 5A and 5B). Second, no extra-
ribosomal ul18 is seen during administration of the TOR inhibitor rapamycin (Fig 6), which
causes significant degradation of cytoplasmic ribosomes [25]. Third, depletion of either of two
nuclear 60S ribosome biogenesis factors leads to a buildup of extra-ribosomal uL18 (Fig 7).
The formation of extra-ribosomal uL18 during 60S assembly also concords with the mapping
of extra-ribosomal uL18 to the nucleus where most ribosome formation takes place [14].

The docking of uL18 into the nascent 60S subunit involves the formation of a uL18-uL5-5S
rRNA-Rrs1-Rpf2 complex [26], but, interestingly, two observations show that the protection
of extra-ribosomal uL18 against rapid turnover does not require the formation of this complex
in its entirety. This conclusion is based on three findings: First, here we show that repression
of the Rrs1 or Rpf2 genes cause the buildup of an extra-ribosomal uL18 pool (Fig 7). Second,
extra-ribosomal uL5 does not accrue in parallel with extra-ribosomal uL18 (Fig 2B and S2 Fig).
In agreement with this, experiments published by the Woolford lab showed that extra-ribo-
somal uL18 accumulates when the uL5 (alias L11) synthesis is abolished [14] [Note that uL5/
L11 was named L16 when this paper was published.].

Co-assembly of 40S and 60S precursor ribosomes may account for the
interaction between the ribosomal assembly processes

Our results can be interpreted mechanistically in the context of current models for rRNA pro-
cessing and ribosome assembly. During rapid growth of yeast cells, the nascent RNA Polymer-
ase I pre- rRNA is cleaved at the A2 site in the Internal Transcribed spacer 1 (ITS1; Fig 8A)
when the RNA polymerase has transcribed about half of the 60S-specific sequences (co-tran-
scriptional pre-rRNA cleavage) [30]. Furthermore, several steps towards forming the ribo-
somal precursor particles occur before pre-rRNA cleavage, including significant pre 40S
compaction and emergent pre-60S compaction [30] and association of many ribosomal assem-
bly factors and at least some r-proteins with the pre-rRNA [19, 31] (Fig 8B(i)). If the formation
of the pre-40S (90S) is inhibited, the cleavage of the pre-rRNA is delayed until transcription is
completed (post-transcriptional cleavage) and there is essentially no compaction of either the
pre-40S or pre-60S (Fig 8C(i)) [30, 32-34].

To explain our results within this framework, we propose that the co-transcriptional com-
paction and assembly of the pre-40S during uninhibited (fast) growth promotes the folding
the 5 part of the 60S rRNA, early assembly of the pre-60S, and the co-transcriptional cleavage.
Since interference with 40S assembly prevents both co-transcriptional cleavage and 40S com-
paction [30] (Fig 8C(i)), this implies that the rRNA folding and pre-60S structure is different
during co- and post-transcriptional cleavage.

We further posit that the pre-60S formed during post-transcriptional processing has a lower
affinity for uL18-5SrRNA complex than does the pre-60S formed during the co-transcriptional
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high in this condition. Therefore, uL18 is rapidly incorporated into the pre- 60 and uL18 does not accumulate outside the ribosome.
(C) Post-transcriptional cleavage during inhibited 40S assembly. (i) Schematic illustration of electron micrographs of rRNA genes
during repression of 40S r-protein genes. Pre-rRNA cleavage happens after transcription termination and compaction of the pre-40S
and pre-60S is essentially absent. We suggest that absence of 40S compaction delays cleavage and changes the folding of the 60S-
specific rRNA. (ii) Kinetic model for formation of the uL18-5S complex and incorporation into the pre-60S. We propose that the
affinity (rate constant) of uL18-5S rRNA binding to the pre-60S is reduced due to the alternate folding and, possibly, alternate
assembly pathway during post-transcriptional cleavage. Therefore, the rate of incorporation of uL18 into the pre-60S is slow leading
to formation of an extra-ribosomal uL18 pool.

https://doi.org/10.1371/journal.pone.0222479.9008

cleavage pathway, implying that the rate constant for binding of the uL18-5S rRNA to pre-60S
is lower if the pre rRNA is cleaved after transcription termination. Therefore, the switch from
co-transcriptional to post-transcriptional cleavage initially reduces the rate of the incorporation
of the uL18-5S rRNA complex into the pre-60S. Since the rate of r-protein and rRNA synthesis
is not reduced by the inhibition of assembly, the concentration of extra-ribosomal uL18-5S
rRNA increases, causing the rate of uL18-5S rRNA incorporation into the pre-60S to rebound
(rate = rate-constant x concentration of uL18-5S rRNA) in accordance with the continued
assembly of the 60S subunit. Overall, our model thus explains why the uL18 accumulates out-
side of the ribosome during post-transcriptional cleavage, while 60S assembly continues rela-
tively unabated. This bears resemblance to changes in the kinetics of 60S assembly provoked by
mutations in Escherichia coli uL4. In this case, the mutations slow down one or more steps in
the 60S assembly pathway causing a rise in 60S assembly intermediates, visible as new peaks in
sucrose gradients, while the formation of mature 60S subunits continues [35].

Whereas we think that our proposed model is likely to be part of the mechanism for regu-
lating the uL18 extra-ribosomal pool, other factors may also change the 60S structuring pro-
cess and the kinetics of 60S assembly. For example, depletion of either RNase MRP (cleaving
at the A3 site in ITS1), Ratl 5°>3’ exonuclease, and depletion of nutrients affect the balance
between co- and post transcriptional cleavage [30, 32, 33]. However, the effect of such parame-
ters on the accumulation of extra-ribosomal r-proteins is not known at the present time.

Interactions between 40S and 60S formation is likely stronger in metazoans than in yeast,
because a larger fraction of pre-rRNA is cleaved into subunit-specific pieces after completion
of transcription (“post-transcriptionally rRNA processing”) in metazoans than in fast-growing
yeast cells. The difference between the ratio of co-transcriptional and post-transcriptional is
evident from Northern blots of rRNA processing intermediates in the two types of organisms:
full length rRNA precursor transcript is more prevalent relative to other processing intermedi-
ates in mammalian cells (e.g. [36]) than it is in fast-growing yeast cells (e.g. [11]).

While the vast majority of the r-protein mass is tied up in physical ribosomes, extra-ribo-
somal r-proteins are thought to be involved in regulation of cell growth and other functions, at
least in metazoan cells. For example, r-proteins from both ribosomal subunits have been iden-
tified as cancer drivers [37]. The mechanism for r-protein-mediated regulation of growth and
cell fate presumably involves binding of r-proteins to regulators of growth and the progression
of the cell cycle [38-41]. The functions of extra-ribosomal proteins have been intensely investi-
gated, but little is known about the origin of the extra-ribosomal r-protein pools. Since the
major features of pathways for ribosomal assembly are evolutionarily conserved, we suggest
that our analysis in the yeast model organism also contributes to understanding the complexity
of how ribosome assembly impacts regulation of growth in metazoan cells.

Supporting information

S1 Fig. Uncropped versions of images in Fig 2A and 2B.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0222479  January 27, 2020 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222479.s001
https://doi.org/10.1371/journal.pone.0222479.g008
https://doi.org/10.1371/journal.pone.0222479

@ PLOS|ONE

Effect of 40S assembly on extra-ribosomal uL18/L5

S2 Fig. Uncropped versions of images in Fig 3A. CE whole cell extract. M molecular weight
markers in kD.
(PDF)

$3 Fig. Uncropped versions of images in Fig 4.
(PDF)

S1 Table. Stains used.
(XLSX)

$2 Table. Quantification of extra-ribosomal uL18. The fraction of uL18 at the top of the
sucrose gradient was determined by (i) quantifying uL18 in all fractions, or (ii) quantifying
uL18 in two top fractions and three fractions from the 60S-80S peaks. Photoshop CC 2019 was
used for the quantification.

(XLSX)

Acknowledgments

We thank Drs. Philipp Milkereit (University of Regensburg, Germany) and John Woolford
(Carnegie Mellon University, Pennsylvania, USA) for strains and plasmids. We also thank
Benedikte Traasdahl for help with the manuscript.

Author Contributions

Conceptualization: Nusrat Rahman, Md Shamsuzzaman.
Data curation: Nusrat Rahman.

Formal analysis: Nusrat Rahman, Md Shamsuzzaman, Lasse Lindahl.
Funding acquisition: Lasse Lindahl.

Investigation: Nusrat Rahman.

Methodology: Nusrat Rahman, Md Shamsuzzaman.
Resources: Lasse Lindahl.

Supervision: Lasse Lindahl.

Visualization: Nusrat Rahman, Lasse Lindahl.

Writing - original draft: Nusrat Rahman, Lasse Lindahl.

Writing - review & editing: Nusrat Rahman, Md Shamsuzzaman, Lasse Lindahl.

References

1. Bohnsack KE, Bohnsack MT. Uncovering the assembly pathway of human ribosomes and its emerging
links to disease. EMBO J. 2019; 38(13):e100278. Epub 2019/07/04. https://doi.org/10.15252/embj.
2018100278 PMID: 31268599.

2. TomeckiR, Sikorski PJ, Zakrzewska-Placzek M. Comparison of preribosomal RNA processing path-
ways in yeast, plant and human cells—focus on coordinated action of endo- and exoribonucleases.
FEBS Lett. 2017; 591(13):1801-50. Epub 2017/05/20. https://doi.org/10.1002/1873-3468.12682 PMID:
28524231.

3. Piazzi M, Bavelloni A, Gallo A, Faenza |, Blalock WL. Signal Transduction in Ribosome Biogenesis: A
Recipe to Avoid Disaster. Int J Mol Sci. 2019; 20(11). Epub 2019/06/06. https://doi.org/10.3390/
ijims20112718 PMID: 31163577.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222479  January 27, 2020 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222479.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222479.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222479.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222479.s005
https://doi.org/10.15252/embj.2018100278
https://doi.org/10.15252/embj.2018100278
http://www.ncbi.nlm.nih.gov/pubmed/31268599
https://doi.org/10.1002/1873-3468.12682
http://www.ncbi.nlm.nih.gov/pubmed/28524231
https://doi.org/10.3390/ijms20112718
https://doi.org/10.3390/ijms20112718
http://www.ncbi.nlm.nih.gov/pubmed/31163577
https://doi.org/10.1371/journal.pone.0222479

@ PLOS|ONE

Effect of 40S assembly on extra-ribosomal uL18/L5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Cerezo E, Plisson-Chastang C, Henras AK, Lebaron S, Gleizes PE, O’'Donohue MF, et al. Maturation of
pre-408S particles in yeast and humans. Wiley interdisciplinary reviews RNA. 2019; 10(1):e1516. Epub
2018/11/09. https://doi.org/10.1002/wrna.1516 PMID: 30406965.

Bassler J, Hurt E. Eukaryotic Ribosome Assembly. Annu Rev Biochem. 2019; 88:8.1—-8.26. https://doi.
org/10.1146/annurev-biochem-013118-110817 PMID: 30566372.

Pena C, Hurt E, Panse VG. Eukaryotic ribosome assembly, transport and quality control. Nat Struct Mol
Biol. 2017; 24(9):689-99. Epub 2017/09/08. https://doi.org/10.1038/nsmb.3454 PMID: 28880863.

Klinge S, Woolford JL Jr. Ribosome assembly coming into focus. Nat Rev Mol Cell Biol. 2019; 20
(2):116-31. Epub 2018/11/24. https://doi.org/10.1038/s41580-018-0078-y PMID: 30467428.

Woolford JL Jr., Warner JR. The ribosome and its synthesis. In: Broach JR, Pringle JR, Jones EW, edi-
tors. The Molecular and Cellular Biology of the Yeast Saccharomyces Vol 1 Genome Dynamics, Protein
Synthesis, and Energetics. 1. Cold Spring Harbor: Cold Spring Harbor Laboratory Press; 1991. p.
587-626.

Moritz M, Paulovich AG, Tsay YF, Woolford JL Jr. Depletion of yeast ribosomal proteins L16 or rp59 dis-
rupts ribosome assembly. J Cell Biol. 1990; 111(6 Pt 1):2261-74. https://doi.org/10.1083/jcb.111.6.
2261 PMID: 2277060.

Gorenstein C, Warner JR. Synthesis and turnover of ribosomal proteins in the absence of 60S subunit
assembly in Saccharomyces cerevisiae. Mol Gen Genet. 1977; 157:327-32. https://doi.org/10.1007/
bf00268670 PMID: 340929

Gregory B, Rahman N, Bommakanti A, Shamsuzzaman M, Thapa M, Lescure A, et al. The small and
large ribosomal subunits depend on each other for stability and accumulation. Life Sci Alliance. 2019; 2
(2). Epub 2019/03/07. https://doi.org/10.26508/Isa.201800150 PMID: 30837296.

Lam YW, Lamond Al, Mann M, Andersen JS. Analysis of nucleolar protein dynamics reveals the nuclear
degradation of ribosomal proteins. Curr Biol. 2007; 17(9):749—-60. https://doi.org/10.1016/j.cub.2007.
083.064 PMID: 17446074.

Sung MK, Porras-Yakushi TR, Reitsma JM, Huber FM, Sweredoski MJ, Hoelz A, et al. A conserved
quality-control pathway that mediates degradation of unassembled ribosomal proteins. Elife. 2016; 5.
Epub 2016/08/24. https://doi.org/10.7554/eLife.19105 PMID: 27552055.

Deshmukh M, Tsay Y-F, Paulovich AG, Woolford JL Jr. Yeast ribosomal protein L1 is required for the
stability of newly synthesized 5S rRNA and the assembly of 60S ribosomal subunits. Mol Cell Biol.
1993; 13:2835-45. https://doi.org/10.1128/mcb.13.5.2835 PMID: 8474444

Pelava A, Schneider C, Watkins NJ. The importance of ribosome production, and the 5S RNP-MDM2
pathway, in health and disease. Biochem Soc Trans. 2016; 44(4):1086—90. https://doi.org/10.1042/
BST20160106 PMID: 27528756.

Liao JM, Cao B, Zhou X, Lu H. New insights into p53 functions through its target microRNAs. J Mol Cell
Biol. 2014; 6(3):206—13. Epub 2014/04/18. https://doi.org/10.1093/jmcb/mju018 PMID: 24740682.

Ban N, Beckmann R, Cate JH, Dinman JD, Dragon F, Ellis SR, et al. A new system for naming ribo-
somal proteins. Current opinion in structural biology. 2014; 24:165-9. https://doi.org/10.1016/j.sbi.
2014.01.002 PMID: 24524808.

Mager WH, Planta RJ, Ballesta JG, Lee JC, Mizuta K, Suzuki K, et al. A new nomenclature for the cyto-
plasmic ribosomal proteins of Saccharomyces cerevisiae. Nucleic Acids Res. 1997; 25(24):4872-5.
https://doi.org/10.1093/nar/25.24.4872 PMID: 9396790

Zhang L, Wu C, Cai G, Chen S, Ye K. Stepwise and dynamic assembly of the earliest precursors of
small ribosomal subunits in yeast. Genes Dev. 2016; 30(6):718-32. Epub 2016/03/17. https://doi.org/
10.1101/gad.274688.115 PMID: 26980190.

de la Cruz J, Karbstein K, Woolford JL Jr. Functions of ribosomal proteins in assembly of eukaryotic
ribosomes in vivo. Annu Rev Biochem. 2015; 84:93—-129. https://doi.org/10.1146/annurev-biochem-
060614-033917 PMID: 25706898.

Narla A, Ebert BL. Ribosomopathies: human disorders of ribosome dysfunction. Blood. 2010; 115
(16):3196—205. Epub 2010/03/03. https://doi.org/10.1182/blood-2009-10-178129 PMID: 20194897.

Hagner PR, Mazan-Mamczarz K, Dai B, Balzer EM, Corl S, Martin SS, et al. Ribosomal protein S6 is
highly expressed in non-Hodgkin lymphoma and associates with mRNA containing a 5’ terminal oligo-
pyrimidine tract. Oncogene. 2011; 30(13):1531—-41. Epub 2010/11/26. https://doi.org/10.1038/onc.
2010.533 PMID: 21102526.

Heijnen HF, van Wijk R, Pereboom TC, Goos YJ, Seinen CW, van Oirschot BA, et al. Ribosomal protein
mutations induce autophagy through S6 kinase inhibition of the insulin pathway. PLoS genetics. 2014;
10(5):e1004371. Epub 2014/05/31. https://doi.org/10.1371/journal.pgen.1004371 PMID: 24875531.

Gazda HT, Zhong R, Long L, Niewiadomska E, Lipton JM, Ploszynska A, et al. RNA and protein evi-
dence for haplo-insufficiency in Diamond-Blackfan anaemia patients with RPS19 mutations. British

PLOS ONE | https://doi.org/10.1371/journal.pone.0222479  January 27, 2020 16/17


https://doi.org/10.1002/wrna.1516
http://www.ncbi.nlm.nih.gov/pubmed/30406965
https://doi.org/10.1146/annurev-biochem-013118-110817
https://doi.org/10.1146/annurev-biochem-013118-110817
http://www.ncbi.nlm.nih.gov/pubmed/30566372
https://doi.org/10.1038/nsmb.3454
http://www.ncbi.nlm.nih.gov/pubmed/28880863
https://doi.org/10.1038/s41580-018-0078-y
http://www.ncbi.nlm.nih.gov/pubmed/30467428
https://doi.org/10.1083/jcb.111.6.2261
https://doi.org/10.1083/jcb.111.6.2261
http://www.ncbi.nlm.nih.gov/pubmed/2277060
https://doi.org/10.1007/bf00268670
https://doi.org/10.1007/bf00268670
http://www.ncbi.nlm.nih.gov/pubmed/340929
https://doi.org/10.26508/lsa.201800150
http://www.ncbi.nlm.nih.gov/pubmed/30837296
https://doi.org/10.1016/j.cub.2007.03.064
https://doi.org/10.1016/j.cub.2007.03.064
http://www.ncbi.nlm.nih.gov/pubmed/17446074
https://doi.org/10.7554/eLife.19105
http://www.ncbi.nlm.nih.gov/pubmed/27552055
https://doi.org/10.1128/mcb.13.5.2835
http://www.ncbi.nlm.nih.gov/pubmed/8474444
https://doi.org/10.1042/BST20160106
https://doi.org/10.1042/BST20160106
http://www.ncbi.nlm.nih.gov/pubmed/27528756
https://doi.org/10.1093/jmcb/mju018
http://www.ncbi.nlm.nih.gov/pubmed/24740682
https://doi.org/10.1016/j.sbi.2014.01.002
https://doi.org/10.1016/j.sbi.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24524803
https://doi.org/10.1093/nar/25.24.4872
http://www.ncbi.nlm.nih.gov/pubmed/9396790
https://doi.org/10.1101/gad.274688.115
https://doi.org/10.1101/gad.274688.115
http://www.ncbi.nlm.nih.gov/pubmed/26980190
https://doi.org/10.1146/annurev-biochem-060614-033917
https://doi.org/10.1146/annurev-biochem-060614-033917
http://www.ncbi.nlm.nih.gov/pubmed/25706898
https://doi.org/10.1182/blood-2009-10-178129
http://www.ncbi.nlm.nih.gov/pubmed/20194897
https://doi.org/10.1038/onc.2010.533
https://doi.org/10.1038/onc.2010.533
http://www.ncbi.nlm.nih.gov/pubmed/21102526
https://doi.org/10.1371/journal.pgen.1004371
http://www.ncbi.nlm.nih.gov/pubmed/24875531
https://doi.org/10.1371/journal.pone.0222479

@ PLOS|ONE

Effect of 40S assembly on extra-ribosomal uL18/L5

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

journal of haematology. 2004; 127(1):105-13. Epub 2004/09/24. https://doi.org/10.1111/j.1365-2141.
2004.05152.x PMID: 15384984,

Pestov DG, Shcherbik N. Rapid cytoplasmic turnover of yeast ribosomes in response to rapamycin inhi-
bition of TOR. Mol Cell Biol. 2012; 32(11):2135—44. https://doi.org/10.1128/MCB.06763-11 PMID:
22451491.

Zhang J, Harnpicharnchai P, Jakovljevic J, Tang L, Guo Y, Oeffinger M, et al. Assembly factors Rpf2
and Rrs1 recruit 5S rRNA and ribosomal proteins rpL5 and rpL11 into nascent ribosomes. Genes Dev.
2007; 21(20):2580-92. https://doi.org/10.1101/gad.1569307 PMID: 17938242.

Gomez-Herreros F, Rodriguez-Galan O, Morillo-Huesca M, Maya D, Arista-Romero M, de la Cruz J,
et al. Balanced production of ribosome components is required for proper G1/S transition in Saccharo-
myces cerevisiae. J Biol Chem. 2013; 288(44):31689—-700. Epub 2013/09/18. https://doi.org/10.1074/
jbc.M113.500488 PMID: 24043628.

Tsay YF, Thompson JR, Rotenberg MO, Larkin JC, Woolford JL Jr. Ribosomal protein synthesis is not
regulated at the translational level in Saccharomyces cerevisiae: balanced accumulation of ribosomal
proteins L16 and rp59 is mediated by turnover of excess protein. Genes Dev. 1988; 2(6):664—76.
https://doi.org/10.1101/gad.2.6.664 PMID: 3047007.

Sung MK, Reitsma JM, Sweredoski MJ, Hess S, Deshaies RJ. Ribosomal proteins produced in excess
are degraded by the ubiquitin-proteasome system. Mol Biol Cell. 2016; 27(17):2642-52. Epub 2016/07/
08. https://doi.org/10.1091/mbc.E16-05-0290 PMID: 27385339.

Osheim YN, French SL, Keck KM, Champion EA, Spasov K, Dragon F, et al. Pre-18S ribosomal RNA is
structurally compacted into the SSU processome prior to being cleaved from nascent transcripts in Sac-
charomyces cerevisiae. Mol Cell. 2004; 16(6):943-54. Epub 2004/12/22. https://doi.org/10.1016/].
molcel.2004.11.031 PMID: 15610737.

Fox JM, Rashford RL, Lindahl L. Co-Assembly of 40S and 60S Ribosomal Proteins in Early Steps of
Eukaryotic Ribosome Assembly. Int J Mol Sci. 2019; 20(11). Epub 2019/06/12. https://doi.org/10.3390/
ijims20112806 PMID: 31181743.

Axt K, French SL, Beyer AL, Tollervey D. Kinetic analysis demonstrates a requirement for the Rat1 exo-
nuclease in cotranscriptional pre-rRNA cleavage. PLoS One. 2014; 9(2):e85703. Epub 2014/02/06.
https://doi.org/10.1371/journal.pone.0085703 PMID: 24498264.

Talkish J, Biedka S, Jakovljevic J, Zhang J, Tang L, Strahler JR, et al. Disruption of ribosome assembly
in yeast blocks cotranscriptional pre-rRNA processing and affects the global hierarchy of ribosome bio-
genesis. RNA. 2016; 22(6):852—-66. Epub 2016/04/03. https://doi.org/10.1261/rna.055780.115 PMID:
27036125.

Venema J, Tollervey D. Ribosome synthesis in Saccharomyces cerevisiae. Annu Rev Genet. 1999;
33:261-311. https://doi.org/10.1146/annurev.genet.33.1.261 PMID: 10690410.

Lawrence MG, Shamsuzzaman M, Kondopaka M, Pascual C, Zengel JM, Lindahl L. The extended
loops of ribosomal proteins uL4 and uL22 of Escherichia coli contribute to ribosome assembly and pro-
tein translation. Nucleic Acids Res. 2016; 44(12):5798-810. https://doi.org/10.1093/nar/gkw493 PMID:
27257065.

Goldfarb KC, Cech TR. Targeted CRISPR disruption reveals a role for RNase MRP RNA in human pre-
ribosomal RNA processing. Genes Dev. 2017; 31(1):59-71. Epub 2017/01/25. https://doi.org/10.1101/
gad.286963.116 PMID: 28115465.

Fancello L, Kampen KR, Hofman IJ, Verbeeck J, De Keersmaecker K. The ribosomal protein gene
RPLS5 is a haploinsufficient tumor suppressor in multiple cancer types. Oncotarget. 2017; 8(9):14462—
78. Epub 2017/02/02. https://doi.org/10.18632/oncotarget. 14895 PMID: 28147343.

Deisenroth C, Zhang Y. The Ribosomal Protein-Mdm2-p53 Pathway and Energy Metabolism: Bridging
the Gap between Feast and Famine. Genes Cancer. 2011; 2(4):392—-403. Epub 2011/07/23. https://doi.
org/10.1177/1947601911409737 PMID: 21779508.

James A, Wang Y, Raje H, Rosby R, DiMario P. Nucleolar stress with and without p53. Nucleus. 2014;
5(5):402—26. https://doi.org/10.4161/nucl.32235 PMID: 25482194.

Bursac S, Brdovcak MC, Donati G, Volarevic S. Activation of the tumor suppressor p53 upon
impairment of ribosome biogenesis. Biochim Biophys Acta. 2014; 1842(6):817-30. https://doi.org/10.
1016/j.bbadis.2013.08.014 PMID: 24514102.

Zhou X, Liao WJ, Liao JM, Liao P, Lu H. Ribosomal proteins: functions beyond the ribosome. J Mol Cell
Biol. 2015; 7(2):92—104. https://doi.org/10.1093/jmcb/mjv014 PMID: 25735597.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222479  January 27, 2020 17/17


https://doi.org/10.1111/j.1365-2141.2004.05152.x
https://doi.org/10.1111/j.1365-2141.2004.05152.x
http://www.ncbi.nlm.nih.gov/pubmed/15384984
https://doi.org/10.1128/MCB.06763-11
http://www.ncbi.nlm.nih.gov/pubmed/22451491
https://doi.org/10.1101/gad.1569307
http://www.ncbi.nlm.nih.gov/pubmed/17938242
https://doi.org/10.1074/jbc.M113.500488
https://doi.org/10.1074/jbc.M113.500488
http://www.ncbi.nlm.nih.gov/pubmed/24043628
https://doi.org/10.1101/gad.2.6.664
http://www.ncbi.nlm.nih.gov/pubmed/3047007
https://doi.org/10.1091/mbc.E16-05-0290
http://www.ncbi.nlm.nih.gov/pubmed/27385339
https://doi.org/10.1016/j.molcel.2004.11.031
https://doi.org/10.1016/j.molcel.2004.11.031
http://www.ncbi.nlm.nih.gov/pubmed/15610737
https://doi.org/10.3390/ijms20112806
https://doi.org/10.3390/ijms20112806
http://www.ncbi.nlm.nih.gov/pubmed/31181743
https://doi.org/10.1371/journal.pone.0085703
http://www.ncbi.nlm.nih.gov/pubmed/24498264
https://doi.org/10.1261/rna.055780.115
http://www.ncbi.nlm.nih.gov/pubmed/27036125
https://doi.org/10.1146/annurev.genet.33.1.261
http://www.ncbi.nlm.nih.gov/pubmed/10690410
https://doi.org/10.1093/nar/gkw493
http://www.ncbi.nlm.nih.gov/pubmed/27257065
https://doi.org/10.1101/gad.286963.116
https://doi.org/10.1101/gad.286963.116
http://www.ncbi.nlm.nih.gov/pubmed/28115465
https://doi.org/10.18632/oncotarget.14895
http://www.ncbi.nlm.nih.gov/pubmed/28147343
https://doi.org/10.1177/1947601911409737
https://doi.org/10.1177/1947601911409737
http://www.ncbi.nlm.nih.gov/pubmed/21779508
https://doi.org/10.4161/nucl.32235
http://www.ncbi.nlm.nih.gov/pubmed/25482194
https://doi.org/10.1016/j.bbadis.2013.08.014
https://doi.org/10.1016/j.bbadis.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/24514102
https://doi.org/10.1093/jmcb/mjv014
http://www.ncbi.nlm.nih.gov/pubmed/25735597
https://doi.org/10.1371/journal.pone.0222479

	sheet5
	pone.0222479

