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Abstract

Background: Messenger RNA (mRNA) represents a small percentage of RNAs in a cell, with ribosomal RNA (rRNA)
making up the bulk of it. To isolate MRNA from eukaryotes, typically poly-A selection is carried out. Recently, a
5’-phosphate-dependent, 5'— 3" processive exonuclease called Terminator has become available. It will digest only
RNA that has a 5"-monophosphate end and therefore it is very useful to eliminate most of rRNAs in cell.

Results: We have found that in the pathogenic yeast Candida albicans, while 185 and 25S components isolated

from yeast in robust growth phase are easily eliminated by Terminator, those isolated from cells in the nutrition-

ally diminished stationary phase, become resistant to digestion by this enzyme. Additional digestions with alkaline
phosphatase, tobacco pyrophosphatase combined with Terminator point toward the 5'-prime end of 185 and 255 as
the source of this resistance. Inhibition of TOR by rapamycin also induces resistance by these molecules. We also find
that these molecules are incorporated into the ribosome and are not just produced incidentally. Finally, we show that

three other yeasts show the same behavior.

Conclusions: Digestion of RNA by Terminator has revealed 185 and 255 rRNA molecules different from the accepted
processed ones seen in ribosome generation. The reason for these molecules and the underlying mechanism for their
formation is unknown. The preservation of this behavior across these yeasts suggests a useful biological role for it,

worthy of further inquiry.
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Background

Ribosomes, the protein producing organelles of eukary-
otic cells, are composed of four individual ribosomal
RNAs (rRNA) and combined with 79 proteins [1]. In
yeast, including in Candida albicans the genes coding
for rRNA (rDNA) are repeated multiple times in a tan-
dem fashion [2]. The ultimate construction of this orga-
nelle is a result of the combined efforts of three RNA
polymerases [3]. RNA polymerase I (Pol I) copies full
length polycistronic transcripts off the ribosomal RNA
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gene (rDNA) [4]. These transcripts get immediately pro-
cessed into large (25S) and small (18S, 5.8S) subunits as
transcribed internal spacers (ITS1, ITS2) and external
spacers (5'-ETS, 3’-ETS) are removed by a combina-
tion of endonucleolytic and exonucleolytic cleavages [5].
RNA polymerase III (Pol III) copies a small (5S) subunit
off a sequence located between tandem repeats from
the opposite strand [6]. Finally, RNA polymerase II cop-
ies the messenger RNAs (mRNA) from their respective
genes and their translated products make up the protein
component of the ribosome [7]. All three RNA polymer-
ases are regulated by TOR kinase, adjusting ribosome
production to match the metabolic needs of the cell [8].
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Studies of ribosomal RNA (rRNA) in Candida albicans
have been a focus in our laboratory [9-11]. We recently
obtained Terminator (Epicentre/Illumina Co.), a 5’-phos-
phate-dependent processive 5°—3° exonuclease that
digests only RNA that has a 5’-monophosphate end [12].
It does not digest RNA that has a 5’-triphosphate, 5'-cap
or 5’-hydroxyl group at its 5’-side. Its primary use is to
isolate mRNA by digesting away 18S and 25S rRNAs,
thus avoiding the need for poly-A selection (http://www.
epibio.com/enzymes/nucleases-glycosylases-dna-bind-
ing-proteins/rna-exonucleases/terminator-5-phosphate-
dependent-exonuclease) [13]. Surprisingly, we noticed
variability in the enzyme’s behavior and decided to look
at it more carefully. We report here that this enzyme is
highly efficient in digesting 18S and 25S rRNAs isolated
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from yeast in mid-log growth phase. However, as organ-
isms shift to a stationary phase, some of 18S and 25S
rRNAs become resistant to Terminator cleavage. We
show that the resistant rRNAs are incorporated into the
ribosome. Interestingly, the same resistance develops
when TOR activity is inhibited by rapamycin. Finally, we
observed a similar pattern in other yeasts, which points
toward a possible biological role for the development of
this resistance.

Results

Our initial use of Terminator was with total RNA isolated
from Candida albicans SC5314 grown overnight (16 h),
therefore in the stationary phase, and we found that both
18S and 25S resisted the exonuclease digestion. Figure 1a
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Fig. 1 Total RNA from yeast in stationary and mid log growth phase treated or untreated with Terminator. a SYBR-Gold stained gel showing RNA
treated with Terminator along with untreated RNA. Significant portions of 255 and 18S rRNA are protected from digestion. All conditions started out
with the same amount of RNA. b Northern blot, using probes specific for either 5/ or 3" ends of 255 and 18S ribosomal subunits confirming them

to be the large and small subunits of rRNA protected from Terminator digestion. € SYBR-Gold stained gel displaying RNA isolated at mid log and
stationary phases and treated with or without Terminator. d Northern Blot using 255, 185 and 5S probes. Ribosomal 5S was used as loading control
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depicts an example of this phenomenon where equivalent
amounts of RNA digested with Terminator or undigested
were electrophoresed through a formaldehyde/agarose
gel and SYBR-Gold stained. 18S and 25S bands are seen
in the two undigested and digested RNA lanes. To insure
full enzyme efficiency, we did digestions with up to three
times the enzyme to substrate ratios recommended, and
over longer time periods, with these bands maintaining
their presence (data not shown). Northern blot analysis
confirmed that the rRNAs protected from the exonucle-
ase treatment were indeed 18S and 25S (Fig. 1b). Further-
more, our Northern analysis, utilizing probes specific for
5" and 3’ ends for both 18S and 25S combined with the
size of resistant molecules being the same as digestible
molecules, indicated no size change during resistance
development (see Table 1 for probe sequences). To see
if growth phase would make a difference, we looked at
cells grown to mid-log phase (incubated in fresh YPD for
4-6 h). As can be seen in Fig. 1c, Terminator fully elimi-
nated all rRNA molecules from RNA obtained from cells
in mid-log phase. The number of yeast cells from which
RNA was obtained was the same for both time points.
Northern blotting (Fig. 1d) confirmed these observa-
tions. Furthermore, a probe specific for 5S rRNA, a prod-
uct of RNA polymerase III (Pol III), confirmed that our
observed differences were not related to differences in
amounts of RNA loaded. The data assured us that these
observed molecules were truly resistant to Terminator.
We did a more detailed timing experiment to see
how the resistance development was related to growth

Table 1 Probe sequences used for Northern blotting
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phase (Fig. 2a). As can be seen in Fig. 2b, Terminator
eliminated both 18S and 25S bands while the organ-
ism was in the mid-log phase. The protected molecules
made their appearance as the organism was shifting
from mid-log to stationary growth. The intensity of the
preserved bands increased with incubation time and
appeared to be close to the undigested one by 16 h. This
is interesting since Pol I transcription and processing of
rRNA are usually downregulated with decreasing nutri-
tion availability. Northern blotting with a 25S specific
probe again confirmed that this rRNA was indeed 25S
(Fig. 2¢).

We carried out serial enzyme digestion experiments to
examine whether the resistance to Terminator resided at
the 5'-position of the rRNAs. In one experiment, we used
tobacco acid pyrophosphatase (TAP) which cuts specifi-
cally between the a and p phosphate groups resulting in a
monophosphate 5’ end. When TAP was followed by Ter-
minator treatment, the previously preserved bands were
eliminated (Fig. 2d). Another serial enzyme digestion
included alkaline phosphatase (AP) followed by Termina-
tor; in this case the rRNAs remained protected (Fig. 2d).
This could have been either due to further modification
in rRNA protecting against both AP and Terminator, or
more than one phosphate being digested by AP (https://
www.neb.com/products/m0290-alkaline-phosphatase-
calf-intestinal-cip) resulting in 5-OH, again preventing
exonuclease digestion.

To see whether the transcription of these mol-
ecules was related to TOR activity, we exposed cells

Name and sequence

Chromosomal coordinates?

18S 5 probe

GCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCTAAGTATAAGCAATTTATACAGTGAAACTGCGAATGGCTCAT-

1891221-1891411

TAAATCAGTTATCGTTTATTTGATAGTACCTTACTACTTGGATAACCGTGGTAATTCTAGAGCTAATACATGCT

18S 3’ probe

TCCGGATTGGTTTAGGAAAGGGGGCAACCTCATTCTGGAACCGAGAAGCTGGTCAAACTTGGTCATTTAGAGGAAGTAAAA-

GTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTA
255 5" probe

ATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAAAGAAACCAACAGGGATTGCCTCAGTAGCGGC-

1892897-1893017

1893459-1893685

GAGTGAAGCGGCAAAAGCTCAAATTTGAAATCTGGCGTCTTTGGCGTCCGAGTTGTAATTTGAAGAAGGTATCTTTGGGCC-
CGGCTCTTGTCTATGTTCCTTGGAACAGGACGTCACAGAGGGTGAGAATCCCGTGCGATGAGATGAC

25S 3/ probe

AACATGCGCGGGGATAAATCCTTTGCATACGACTTAGATGTACAACGGAGTATTGTAAGCAGTAGAGTAGCCTTGTTGTTAC-

GATCTGCTGAGATTAAGCTCTTGTTGTCTGATTTG
5S probe

GGTTGCGGCCATATCTAGCAGAAAGCACCGTTCCCCGTTCGATCAACCGTAGTTAAGCTGCTAAGAGCAATACCGAGTAGTG-

TAGTGGGAGACCATACGCGAAACTATTGTGCTGCAATCT
[TS-2 probe

TCGTTTCTCCCTCAAACCGCTGGGTTTGGTGTTGAGCAATACGACTTGGGTTTGCTTGAAAGACGGTAGTGGTAAGGCGG-

1896713-1896827

1889054-1888934

1893319-1893469

GATCGCTTTGACAATGGCTTAGGTCTAACCAAAAACATTGCTTGCGGCGGTAACGTCCACCACGTATATCTTCAAACTTTG

@ http://www.candidagenome.org/
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to rapamycin (1 pg/ml) for the same length of time as
control cells (6 h), both in fresh YPD. Total RNA was
extracted from the two conditions and submitted to Ter-
minator. As can be seen on Fig. 3a, rapamycin exposed
organisms yielded 18S and 25S molecules resistant to
digestion, while the same molecules in metabolically
active cells were fully digested. Northern blotting again
confirmed the molecules to be 18S and 25S (Fig. 3b).
Western blotting with an antibody specific for the phos-
phorylated S6 kinase (Fig. 3c) which gets phosphorylated
directly by TOR, confirmed that TOR was inactivated in
rapamycin treated cells. To show specifically that Pol I
transcription of a full length rRNA was also downregu-
lated we used an ITS2 specific probe. As can be seen by
Northern blotting, no ITS2 could be detected after rapa-
mycin exposure (Fig. 3d).

To answer the question whether these resistant mole-
cules are utilized by C. albicans for ribosome production,
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we isolated ribosomes by centrifugation through a
sucrose gradient. Following RNA purification and precip-
itation, we performed a Terminator treatment (Fig. 4a).
Protected molecules for both 18S and 25S were seen in
ribosomes from stationary organisms but not in ones iso-
lated from mid-log phase organisms.

We isolated rRNA from mid-log and stationary organ-
isms from three additional yeasts, namely, Candida kru-
sei, Schizosaccharomyces pombe, and Saccharomyces
cerevisiae and compared Terminator digested and undi-
gested rRNAs. As can be seen on Fig. 4b, all three pro-
duced similar molecules in the stationary phase as did C.
albicans.

Discussion

Our data indicates that as C. albicans are encounter-
ing decreasing nutritional sources, they do something
to 18S and 25S molecules to make them resistant to
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Fig.2 18Sand 255 rRNAs protected from Terminator digestion as organisms shift to stationary phase and analysis of 5’-end for possible role in
protection. a C. albicans growth curve at 30 °C in YPD medium. b SYBR gold stained gel of total RNA isolated at different time points either digested
with Terminator (d) or undigested (u). € Northern blot of gel seen in a using 255 and 55 specific probes (Table 1). d RNA digested with Terminator
alone or following TAP or AP digestion. As can be seen both 255 and 18S remain protected after AP digestion but get eliminated after TAP digestion.
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Fig. 3 TOR inhibition also leads to Terminator resistance. a SYBR gold
stained gel showing RNA from cells grown in fresh YPD with rapamy-
cin at 1 pg/ml for 6 h at 30 °C. Controls (Rap-) were cells in fresh YPD
without rapamycin for 6 h at 30 °C. RNA was either undigested (u) or
digested by Terminator (d). b Northern blot from a. € Western blot
performed on protein isolated and probed with S6 kinase and actin
specific antibodies from cells grown as in a with and without rapa-
mycin treatment. d Northern blot performed with ITS2 specific probe
using RNA from cells grown under the same conditions as in a (see
Table 1 for probe sequences). All blots started with the same amount
of total RNA or protein loaded for all conditions

the Terminator exonuclease. We have repeated these
experiments several times and the findings have been
very consistent. The underlying mechanism for this
change is unknown. Post-transcriptional modifications
of rRNA such as pseudouridylation and methylation
are well established [14] but they are unlikely to play
a role here as these changes have been well mapped to
rRNAs produced by mid-log phase yeast [15] where
we find that Terminator is highly efficient in digest-
ing them. What is most intriguing, is that both what
is known about Terminator (http://www.epibio.com/
enzymes/nucleases-glycosylases-dna-binding-proteins/
rna-exonucleases/terminator-5-phosphate-depend-
ent-exonuclease) and our additional digestion experi-
ments, point toward the 5’-end of these molecules,
where the enzymes encounters resistance. Most unex-
pected was that TAP treatment allowed Terminator to
fully digest both 18S and 25S. This enzyme cuts specifi-
cally between phosphate groups which can result in a
monophosphate 5'end exactly what is required by Ter-
minator. If correct, this would indicate that there is an
additional phosphate at the 5’-end of these molecules.
Diphosphorylated mRNA molecules have recently been
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described in Escherichia coli (E. coli) [16]. These were
initially triphosphorylated newly transcribed mole-
cules, that were converted to a dephosphorylated state
by a postulated enzyme that removed the y-phosphate,
which allowed for a more efficient RNA pyrophospho-
hydrolase (RppH) activity. In our case, 18S and 25S are
molecules that are processed from a longer transcript
and would need to have a phosphate group added to
make them dephosphorylated. If true, this would be
completely different from the process described for E.
coli. Another possibility it raises is new transcription
of these molecules. This would be most remarkable, as
transcription and processing of rRNAs has been exten-
sively studied and transcription of individual 18S and
25S has not been seen. Clearly, any new transcription
and the identification of the polymerase doing it would
require much more direct evidence.

Inhibition of TOR function by rapamycin resulting in
similar 18S and 25S molecules reinforces our observa-
tions with nutritional depletion. It might indicate that
their production is independent of TOR regulation
or that their production is suppressed by TOR during
adequate nutritional availability. We also show that the
development of these resistant 18S and 25S molecules is
not just an incidental process, since the cells incorporate
them into their ribosomes. As organisms have their nutri-
tion depleted they do enter the stationary phase which
allows them longer survival [17, 18]. The stationary phase
however is not a generalized decrease of all biochemical
activity of the cell. For example, in C. albicans, a num-
ber of genes have been found to be expressed only in the
stationary phase with some of them playing important
roles in virulence [19]. Thus, it is not surprising that the
organism will need to maintain some protein production
capacity. By finding that these newly transcribed subunits
are incorporated into the ribosome, makes it likely that in
fact they are playing that role.

Finally, survey of other yeasts finds that they also pro-
duce the same molecules while approaching the station-
ary phase, indicating a conserved role for some biological
processes for them.

Conclusions

Terminator, a 5”-phosphate-dependent processive 5'— 3"
exonuclease, has revealed 18S and 25S rRNA molecules
that differ from the currently recognized ones processed
from full length transcripts. They were found in yeasts
approaching decreasing nutritional states and those
with TOR inhibition with rapamycin. What is known
about the enzyme and our data point to a change at the
5’ side of these molecules but the basis of this resist-
ance is unknown. The finding of the same results in three
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Fig. 4 Incorporation of Terminator resistant 18S and 25S transcripts into ribosomes, and analysis of other yeasts for similar resistant rRNAs. a Aga-
rose gel of RNA precipitated from isolated ribosomes from stationary phase cells. Numbers indicate fractions collected sequentially. Different elution
fractions were combined prior to precipitation of RNA from isolated ribosomes from mid-log phase cells. Amount of Terminator digested RNA was
the same as their undigested RNA pair. b SYBR gold stained gel containing RNA digested with Terminator (D) and undigested (U) isolated from mid
log and stationary Candida albicans, Candida krusei, Schizosaccharomyces pombe and Saccharomyces cerevisiae
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different yeast species suggests a preserved role for these
changes in the biology of these organisms.

Methods

Organisms

Candida albicans SC5314 (ATCC MYA 2876), Candida
krusei (ATCC 14243), and Saccharomyces Cerevisiae
AM1009, (generous gift from Gera laboratory) were main-
tained in 50% glycerol in YPD broth (2% w/V tryptone,
1% w/v yeast extract, 2% w/v dextrose) at — 80 °C. Cells
were activated in YPD broth at 30 °C and maintained
on Sabouraud dextrose agar at 4 °C, passaged every
4—6 weeks up to 4-5 times. Yeasts were lifted from agar
surface and grown in YPD broth for variable length of
times at 30 °C. Schizosaccharomyces Pombe (genotype
972 h, strain FY7) was obtained from Forsburg labora-
tory. For some experiments 1 pg/ml of rapamycin (EMD
Millipore) was added to fresh YPD. Yeast cell concentra-
tions were established using a hemocytometer.

RNA isolation

Cells were collected by centrifugation, washed with
sterile phosphate buffered saline (PBS) and were put on
ice pending total RNA extraction. Cells were disrupted

with RNase-free zirconia beads and RNA was isolated
using Ambion RiboPure RNA Purification kit for yeast
(Ambion/ThermoFisher) according to the manufacturer’s
instructions. RNA quantification was done using a Qubit
2.0 fluorometer.

Terminator experiments

Total RNA was treated with Terminator (Epicentre) fol-
lowing the manufacturer’s protocol using Buffer B. The
ratio of enzyme to substrate used was 1 U per 1 pg of
RNA to ensure adequate cleavage.

Northern blotting

The same amount of RNA was used for all condi-
tions. RNA was separated on pre-fabricated formalde-
hyde agarose gels (Lonza) and stained with SYBR Gold
Nucleic Acid Gel Stain (Life Technologies) for 30 min.
Gel images were captured with a digital camera (Canon
Vixia HFS30). RNA was transferred by electro-blotting
(Thermo Scientific Owl Hep-1) to a positively charged
nylon membrane (Life Technologies) in 0.5 x TBE
(standard Tris/Borate/EDTA buffer). The RNA was
cross-linked to the membrane using UV (Stratagene
UV Crosslinker). Probes specific for 25S, 18S and 5S
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components of the ribosomal RNA were prepared by
PCR using specific 18S, 25S and 5S primers. PCR prod-
ucts were cloned into TOPO® pcr4 vector followed by
transformation with TOP-10 chemically competent cells.
Several colonies were screened for insert presence and
sequenced (Laragen Inc). For probe preparation, bacteria
were grown in Terrific Broth (Fisher) with ampicillin at
50 pg/ml, and plasmids were isolated with a QuickLyse
Kit (Qiagen). Inserts were released with BamH I/EcoR
I for 25S and 5S, and BamH I/Ncol for 18S, and were
purified with a QIAquick Gel Extraction Kit (Qiagen).
50-100 ng of purified) inserts were biotinylated using the
EZ-Link™ Psoralen-PEG3-Biotin (ThermoFisher Scien-
tific). Membranes were pre-hybridized at 55 °C in North-
2South hybridization buffer (Pierce) for 30 min followed
by overnight hybridization with denatured biotinylated
probes at 5 ng/ml in the same buffer at 55 °C. Membranes
were washed with low and high stringency buffers at
room temperature and RNA was detected using Chemi-
luminescent Nucleic Acid Detection Kit (Pierce) accord-
ing to the manufacturer’s protocol. Film was developed
with the SRX-101A Konica film processor.

AP/TAP/terminator analysis

RNA obtained from either stationary or mid-log organ-
isms was treated with Alkaline phosphatase (Epicen-
tre), Tobacco Acid pyrophosphatase (New England Bio)
or 5'-Phosphate-Dependent Exonuclease (Terminator)
(Epicentre) according to the manufacturer’s instructions.
For experiments where sequential enzyme was required,
RNA precipitation was performed immediately after
first enzyme treatment using Acid-Phenol:Chloroform
(Ambion) separation and ethanol precipitation. RNA
quantity was established by Qubit® measurement.

Ribosome isolation and analysis

Stationary and mid-log C. albicans were grown in YPD at
30 °C. Ribosome isolation was done by following a pre-
viously described protocol [20]. Total protein concen-
tration was measured using a Qubit® fluorometer (Life
Technologies). Extracts (0.2 ml) containing 2—4 mg of
total protein were loaded onto the top of 7-47% sucrose
gradient. Fractions of 1 ml were collected by pipetting
from top of the column and placed in 1.7 ml tubes con-
taining 100 pl 10% SDS. Each sample was digested with
11 pl proteinase K (20 mg/ml) for 30 min at 37 °C. Frac-
tions of stationary RNA were precipitated individually
while mid-log fractions were pooled prior to precipita-
tion. RNA was measured using a Qubit® fluorometer.
RNA was digested with Teminator = and electrophoresed
through formaldehyde agarose gel along with undigested
RNA as control.

Page 7 of 8

Abbreviations
TOR: target of rapamycin; ITS: intergenic transcribed spacer; ETS: external tran-
scribed spacer; TAP: tobacco acid pyrophosphatase; AP: alkaline phosphatase.

Authors’ contributions

JF conceived and coordinated this study. JF and MAR designed the experi-
ments. JF and MAR wrote the paper. MAR performed the experiments. Both
authors read and approved the final manuscript.

Author details

! Department of Medicine, Greater Los Angeles VA Healthcare System, Los
Angeles, CA, USA. 2 Research Division, Greater Los Angeles VA Healthcare
System, Los Angeles, CA, USA. > Department of Medicine, David Geffen School
of Medicine at UCLA, Los Angeles, CA, USA. 416111 Plummer St, North Hills,
CA 91343, USA.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

Elias, Genevieve and Georgianna Atol Charitable Trust The above funding
source had no input into the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 15 May 2017 Accepted: 5 January 2018
Published online: 19 January 2018

References

1. Warner JR. Synthesis of ribosomes in Saccharomyces cerevisiae. Microbiol
Rev. 1989;53:256-71.

2. JonesT, Federspiel NA, Chibana H, Dungan J, Kalman S, Magee BB, et al.
The diploid genome sequence of Candida albicans. Proc Natl Acad Sci
USA. 2004;101:7329-34.

3. Woolford JL Jr, Baserga SJ. Ribosome biogenesis in the yeast Saccharomy-
ces cerevisiae. Genetics. 2013;195:643-81.

4. French SL, Osheim YN, Cioci F, Nomura M, Beyer AL. In exponentially
growing Saccharomyces cerevisiae cells, rRNA synthesis is determined by
the summed RNA polymerase | loading rate rather than by the number
of active genes. Mol Cell Biol. 2003;23:1558-68.

5. Tschochner H, Hurt E. Pre-ribosomes on the road from the nucleolus to
the cytoplasm. Trends Cell Biol. 2003;13:255-63.

6. Harismendy O, Gendrel CG, Soularue P, Gidrol X, Sentenac A, Werner M,
et al. Genome-wide location of yeast RNA polymerase Ill transcription
machinery. EMBO J. 2003;22:4738-47.

7. Venema J, Tollervey D. Ribosome synthesis in Saccharomyces cerevisiae.
Annu Rev Genet. 1999;33:261-311.

8. Mayer C, Grummt |. Ribosome biogenesis and cell growth: mTOR coor-
dinates transcription by all three classes of nuclear RNA polymerases.
Oncogene. 2006;25:6384-91.



Fleischmann and Rocha BMC Molecular Biol (2018) 19:1

Fleischmann J, Liu H. Polyadenylation of ribosomal RNA by Candida
albicans. Gene. 2001;265:71-6.

Fleischmann J, Liu H, Wu C. Polyadenylation of ribosomal RNA by Candida
albicans also involves the small subunit. BMC Mol Bio. 2004;5:17. https://
doi.org/10.1186/1471-2199-5-1.

. Fleischmann J, Rocha MA. Decrease in ribosomal RNA in Candida albicans

induced by serum exposure. PLoS ONE. 2015;10(5):e0124430. https://doi.
0rg/10.1371/journal.pone.0124430.

Adamo A, Pinney JW, Kunova A, Westhead DR, Meyer P. Heat stress
enhances the accumulation of polyadenylated mitochondrial transcripts
in Arabidopsis thaliana. PLoS ONE. 2008. https://doi.org/10.1371/journal.
pone.0002889.

Jager D, Sharma CM, Thomsen J, Ehlers C, Vogel J, Schmitz RA. Deep
sequencing analysis of the Methanosarcina mazei Go1 transcrip-

tome in response to nitrogen availability. Proc Natl Acad Sci USA.
2009;106:21878-82.

Machnicka MA, Milanowska K, Osman OO, Purta E, Kurkowska M,
Olchowik A, et al. MODOMICS: a database of RNA modification path-
ways—2013 update. Nucleic Acids Res. 2013;41:D262-7.

20.

Page 8 of 8

Yang J, Sharma S, Watzinger P, Hartmann JD, KoEtter P, Entian KD.
Mapping of complete set of ribose and base modifications of

yeast rRNA by RP-HPLC and mung bean nuclease assay. PLoS ONE.
2016;11(12):0168873. https://doi.org/10.1371/journal.pone.0168873.
Luciano DJ, Vasilyev N, Richards J, Serganov A, Belasco JG. A novel RNA
phosphorylation state enables 5" end-dependent degradation in Escheri-
chia coli. Mol Cell. 2017;67:44-54.

Werner-Washburne M, Braun E, Johnston GC, Singer RA. Stationary phase
in the yeast Saccharomyces cerevisiae. Microbiol Rev. 1993;57:383-401.
Finkel SE. Long-term survival during stationary phase: evolution and the
GASP phenotype. Nat Rev Microbiol. 2006;4:113-20.

Uppuluri P, Chaffin WL. Defining Candida albicans stationary phase by
cellular and DNA replication, gene expression and regulation Molecular
Microbiology. 2007;64:1572-1586.

Panasenko OO. Ribosome Fractionation in Yeast. Bio-protocol. 2012;2(16):
e251.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



https://doi.org/10.1186/1471-2199-5-1
https://doi.org/10.1186/1471-2199-5-1
https://doi.org/10.1371/journal.pone.0124430
https://doi.org/10.1371/journal.pone.0124430
https://doi.org/10.1371/journal.pone.0002889
https://doi.org/10.1371/journal.pone.0002889
https://doi.org/10.1371/journal.pone.0168873

	Nutrient depletion and TOR inhibition induce 18S and 25S ribosomal RNAs resistant to a 5′-phosphate-dependent exonuclease in Candida albicans and other yeasts
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Discussion
	Conclusions
	Methods
	Organisms
	RNA isolation
	Terminator experiments
	Northern blotting
	APTAPterminator analysis
	Ribosome isolation and analysis

	Authors’ contributions
	References




