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Abstract

Chemical modifications of RNAs have long been appreciated as key modulators
of non-coding RNA structure and function. There is an emerging realization that chemical
modification of protein-coding mRNAs also plays critical roles in the cell. Nonetheless, of
the over 100 known RNA modifications found in biology only a handful have been
identified in mMRNAs. Here we use an ultra-high performance liquid chromatography-
tandem mass spectrometry (UHPLC-MS/MS) method to identify and quantify
modifications present in mMRNAs of yeast cells. We detect the presence of four modified
nucleosides in mMRNAs at relatively high abundances: N7-methylguanosine, NG6-
methyladenosine, N4-acetylcytidine and 5-formylcytidine. Additionally, we investigate
how the levels of MRNA modifications change in response to cellular stress. We find that
the concentrations of nine mMRNA modifications including N6-methyladenosine and N4-
acetylcytidine change in response to heat stress, glucose starvation and/or oxidative
stress. Our findings suggest that mMRNA modification may provide a potential mechanism
for cells to rapidly respond to environmental stressors.

Main text

The presence of modified nucleosides was first reported in rRNAs and tRNAs over
six decades ago'?. To date over 100 RNA modifications have been identified across
phylogeny?3. These modifications are integral to biology and serve as crucial determinants
of non-coding RNA structure and function*. There is a growing appreciation that RNA
modifications are also found in coding messenger RNAs (mRNAs), and thus may

potentially contribute to the stability and translation of MRNAs®>®. However, the specific
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biological role, frequency and distribution of modified ribonucleosides in mMRNAs is just
being recognized. Although the list of chemical modifications present in mRNAs is
growing, there are still fewer than 15 varieties”® of RNA chemical modifications known in
MRNAs. Given the diversity of RNA chemical modifications found in non-coding RNA
molecules, it is likely that the full catalog of RNA modifications present in mRNAs has not
yet been uncovered. Recent advances in deep-sequencing technology unveiled the
incorporation of a limited set of modifications in mMRNAs including N6-methyladenosine
(mBA), 5-methylcytosine (m°C), N1-methyladenosine (m'A)°, and pseudouridine (V)8 1
5. However, there is still some debate about the precise location and prevalence of
several modifications; with m5C and m'A, in particular, being actively investigated. It is
widely believed that mRNA modification is highly dynamic and likely serves as a gene
regulation mechanism since the enzymatic incorporation of mMRNA modifications has the
potential to modulate mRNA stability and folding, protein-recruitment, and translation in a
programmed manner® % 18_However, much still remains to be understood about how the
levels of modified mRNA nucleosides, resulting from either RNA damage or enzymatic

incorporation, alter the stability, structure, function, and translatability of mMRNAs.

Here we seek to expand the variety of known nucleoside modifications present in
mRNAs and to determine how the levels of specific MRNA modifications can be
modulated. To accomplish this we examined the nucleoside modification profile of
Sacchromyces cerevisiae mMRNAs using high throughput ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS)'” and quantified how the
levels of modified mMRNA nucleosides change in response to environmental stress. Our
work reveals the presence of two chemical modifications previously not annotated in
mMRNASs, and evaluates if the levels of 12 mRNA modifications, identified by ourselves
and others, are impacted by cellular stress. We find that the levels of nine modified
nucleosides in mMRNAs are altered under different environmental stress conditions,

consistent with the idea that the mRNA epitranscriptome is not static.

To determine the best conditions for purifying yeast mRNAs we tested four
different purification schemes: single oligo-dT pull down, two oligo-dT bead pull-downs,
single oligo-dT bead pull-down followed by a RiboZero rRNA depletion kit, and two oligo-
dT pull downs followed by RiboZero depletion. Ultimately, we selected to use a two-step
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protocol (oligo-dT pull-down followed by a RiboZero kit) because it yielded mRNAs of
equal or greater purity than all other tested methods, and at a sufficient concentration for
analysis. We first evaluated the quality and quantity of our mMRNA samples by BioAnalyzer
(Supplementary Figure S1). We then verified the purity of our isolated mRNA samples
by qRT-PCR. Our qRT-PCR assays directly measured the levels of rRNAs (5S rRNA,
18S rRNA, 25S rRNA) and a diverse set of tRNAs mRNAs (tRNAASUCU  {RNAGIUUUC
tRNASerUGA) - qRT-PCR data indicate that our mRNA samples lack rRNAs and are
depleted of tRNAs (Figure 1 and Supplementary Table S1, Supporting Information).

To further investigate the purity of our mRNA samples we used the results of our
UPHLC-MS/MS assay, which contains many internal negative and positive controls.
UHPLC-MS/MS is a powerful tool that allows us to simultaneously quantify the levels of
multiple nucleosides with high accuracy, sensitivity and selectivity; quantifying
modification levels down to attomolar concentrations (10-'® moles/L)". We used this
technique to measure the levels of 42 known RNA modifications simultaneously and
assessed the levels of all modifications in mMRNA samples relative to their levels in total
RNA (level in mRNA/level in total RNA; Figure 1, Supplementary Table S2, and
Supporting information). As positive controls we evaluated the levels of the widely
accepted mRNA modifications N7-methylguanosine (m’G) and N6-methyladenosine
(mBA). For comparison, we examined the levels of multiple modifications previously found
in non-coding RNAs (e.g. N6-isopentyladenosine (i6A), 3-methyluridine (m3U), 5-
methyluridine (m°U), 1-methyl-3-(3-amino-3-carboxypropyl)pseudouridine
(m'acp®¥), N2,N2-dimethylguanosine (m%G), 1-methylguanosine (m'G), dihydrouridine
(D), andN2-dimethylguanosine (m?G)) (Supplementary Table S3). We find that m’G and
mOA were retained at expected levels consistent with previous reports (40-90%), while
the levels of the comparison non-coding RNA modifications are depleted below
background (Figure 1 and Supporting Information). Since the distribution of
modification levels is clearly bimodal, we can use a modification’s level to determine the
likelihood that it is present in mMRNA. The cut-off for considering modifications as in mRNA
was based on modification retention in mRNAs, modification concentration, BioAnalyzer
and gRT-PCR, as described in detail in the Supporting Information. Only three

modifications previously identified as non-coding were retained in mRNAs at levels (80-
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90%) and concentrations comparable to m’G and mPfA: formylcytidine (f°C), N4-
acetylcytidine (ac*C) and 5-methylaminomethyluridine (mnm3U); these modifications are
further scrutinized below (Figure 1 and Supplementary Table S2).

We estimated the occurrence of each of the 42 modified nucleotides measured in
our assay per mRNA (Supporting Information) and find that the most common
modification in mMRNAs is m’G (Supplementary Table S4). Our results indicate that m’G
is incorporated roughly once per mRNA (~1.2-times per mRNA). This was not entirely
unexpected because m’G recently been reported to be incorporated internally in
mRNAs'®. Similarly, the m®A prevalence we estimate, approximately once per every 1-2
mRNAs, is consistent with previous estimates based on transcriptome wide m®A mapping
studies conducted in human cells® (Supplementary Table S4). As mentioned above, we
also found f°C, mnm®U and ac*C present every once every 1-10 mRNAs
(Supplementary Table S4). Interestingly, both f°C and ac*C are conserved in all
kingdoms of life, similar to 90% of the other mMRNA modifications identified to date (Figure
2A). It is also clear how both modifications are made in cells; f°C is the oxidative product
of m3C through 5-hydroxymethylcytidine (hm>C) '® and ac*C is incorporated by the
enzyme Rra1?. In contrast, mnm®U has only been observed in bacteria and eukaryotes
and little is known about where this modification is found, beyond its location in yeast
mitochondria®. We therefore are hesitant to draw any firm conclusions about mnmsU in
yeast mRNAs until the modification itself is better understood in eukaryotes, and we
possess the knowledge necessary to design controls to evaluate the levels the non-
coding RNAs where it can be found. There were four additional modifications retained in
our mRNA samples that we find present only at very low concentrations; less than once
per every 100 mRNAs (5-methyoxyuridine (mo®U), 5-methylaminomethyl-2-thiouridine
(mnm®s2U),  5-methoxycarbonylmethyluridine ~ (mcm®U),  2-thiouridine  (s?U))
(Supplementary Table S4). The infrequency of these modifications suggests they could
result from off-target enzyme activity or low levels of mMRNA damage, and we posit that
the biological role of these modifications in mMRNAs — if any — is restricted to very specific
circumstances. We do not classify these nucleosides as mRNA modifications without
substantial follow-up studies.
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Ac*C is found in both tRNAs and rRNAs and we were concerned about the
possibility that our mMRNA samples could be enriched for non-coding RNAs containing the
modification. However, our gRT PCR studies measuring the levels of rRNA and tRNA
species where ac*C is found (25S rRNA, tRNASerUCA) indicate that these RNAs are
depleted to levels far below the level of ac*C in mRNAs (Figure 1). We also took
advantage of the fact that tRNAs and rRNAs are highly modified molecules to assess our
mRNA sample purity in the context of ac*C. We reasoned that if tRNA and rRNA
degradation fragments containing ac*C are present in our mRNA samples, then
modifications located in close proximity to ac*C on the same tRNA or rRNA should also
be retained in our mMRNA samples. We evaluated the retention levels of all of the
modifications present in tRNAs where ac*C are found (Figure 3) and paid particular
attention to those modifications in close proximity (2-10 nucleotides) to ac*C. We find that
the modifications present in tRNAs containing ac*C are not present above background in
our mRNA samples (Figure 3). Additionally, we also find that a modification only found
once in cells in 18S rRNA (1-methyl-3-(3-amino-3-carboxypropyl)pseudouridine
(m'acp®¥)) is not present above background (Figure 3).

Because we retained four modifications present in relatively low abundance in our
mRNAs (m®A, ac*C, f°C, and mnm®U), we considered the possibility that our purification
artificially enriched for tRNA modifications present at low to moderate levels. However,
our identification of MRNAs modifications appears to be specific. While NG6-
isopentyladenosine (i6A), 3-uridine (m3U), 1-methylinosine (m'l) and 2-thiocytidine (s?C)
levels in total RNA are comparable or lower than those of mfA, ac*C, mnm®°U and f°C, we
do not detect any of these modifications above background in our mRNAs.

Our systematic analyses of our data are particularly important in light of the current
dialogue in the burgeoning field of epitranscriptomics regarding prevalence of several
mRNA modifications. While the groundbreaking studies that mapped m°C and m'A to the
transcriptome seemed to indicate that these modifications are present at thousands of
sites, recent follow-up reports suggest that these modifications may only be present in a
handful of mMRNAs?'-23, For example, Lyko and co-workers have raised concerns about
the presence of m°C in mRNAs, reporting that when mRNA is sufficiently purified and the
bisulfite sequencing data is alternatively modeled, m°C is seldom present??. Our results
support these findings and suggest that m°C, if present, is not common in yeast mRNAs.
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However, we also did not detect the levels of some other previously identified mRNA
modifications above background — indicating that our approach may only be able to
identify modifications that are abundant in mRNAs relative to other RNA species. This
may explain why we find ¥ and the 2° OMe modified nucleosides present just below
background in our mRNA samples (e.g. V¥ is estimated to occur in only ~ 5% mRNA
sequences, but is present in all tRNAs and rRNAs'"), but we detect appreciable levels of
mP®A and m’G in mRNAs (discussed in Supporting Information). While m®A and m’G
are both in non-coding and coding RNAs, the preponderance of these modifications are
confined to mMRNA species.

Nucleoside modification levels are dynamically regulated in eukaryotic non-coding
RNAs?4. tRNA modifications, for example, can mediate the cellular response to stress by
controlling the selective, codon-biased translation of particular mRNAs?4, and
modulations in rRNA modification patterns have been observed in response to
environmental changes, during development, and in disease?®. Akin to this, it is entirely
possible that mRNA modifications also contribute to the rapid cellular responses to
environmental changes. The modification of mMRNA has the potential to quickly fine-tune
metabolism by directly regulating protein production and folding?5-2%. We assessed how
mRNA modification levels change in response to stress using UHLPC-MS/MS. We
analyzed modified nucleoside levels in mMRNA samples collected from yeast grown under
three stress-conditions: oxidative stress, heat-shock, and glucose starvation. We find that
the levels of 9 mRNA modifications demonstrate statistically significant variations from
basal conditions (p < 0.005, p < 0.01, and p < 0.05) in response to environmental
challenges (Figure 4, Supplementary Figure S2 and Supplementary Table S5). The
changes in mMRNA modification levels under different stress conditions suggests that such
nucleoside modifications could potentially alter mRNA function during environmental
changes.

Three of the modifications we investigated here are of particular interest: m®A, f°C,
and ac*C. mPA is widely conserved (Figure 1A) 29-3129-3128-3028-30gnd recent studies
demonstrate that it has an important role in regulating various biological processes
including heat-shock response®?, circadian rhythm33 and stem cell differentiation34. Our
analysis revealed that m®A exhibited statistically significant fluctuations in levels (p <
0.005) under heat shock (-24%), and glucose starvation conditions (+34%) (Figure 4 and
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Supplementary Table S5). Given that the RNA N6-methyladenosine transferase
complex (MIS) responsible for incorporating mfA in yeast is triggered by nutrient
limitation, it may make sense that the largest m®A levels are observed under glucose
starvation3®, and we might expect to find even higher levels under meiosis or sporulation.
N4-acetylcytidine (ac*C) is present in total RNA in all of our samples but only detectable
in the mRNA-samples grown under oxidative stress (Figure 4). Our results indicate that
ac*C is one of the most prevalent modified nucleoside species under oxidative stress.
This observation, coupled with the conservation of ac*C across phylogeny (Figure 1A)
lead us to propose that ac*C may have a possible role in regulating the cellular response
to oxidative stress in yeast. Like m’G, mPA and ac*C, f5C is also found in all domains of
life. f°C is an in vivo oxidation product of the m5C, via hm®C, and has been observed in
total RNA from all domains of life and in polyA-enriched RNA fractions from mammalian
cells®®. Our findings confirm the speculation that f°C is in mMRNAs®” and suggest that f5C
may be quite common.

In sum, we investigated the mRNA post-transcriptional modification landscape in
S. cerevisiae by examining its epitranscriptome profile under conditions of oxidative
stress, heat-shock and glucose starvation. Our results expand the pool of known mRNA
modifications to include N4-acetylcytidine and 5-formylcytidine and support the idea that
mMRNA modification may provide a means for cellular adaptive mechanisms as a rapid

response to environmental stressors.

Materials and Methods
Growth Conditions and Stress Experiments

Saccharomyces cerevisiae (BY4741) cells were grown in YPD medium (non-
stressed control, oxidative stress and heat-shock conditions) or in defined synthetic
complete medium (SC) with 2% glucose (glucose starvation). Before exposing cells to
different stress conditions, cells grown in YPD medium (ODgoo = 0.6) were collected and
used as a control. Stress conditions were as follows: 1) oxidative stress: incubation of
cells with 0.25 mM H202 (30 minutes, 30 °C), 2) heat-shock: cells grown at 37°C for 45
minutes, 3) glucose-starvation: cells grown in SC (-) glucose media (30°C, 60 minutes).
Details for each growth condition can be found in Supporting Information.
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Total RNA Extraction, mRNA Enrichment and qRT-PCR

Total RNA was extracted using hot acid phenol. Total RNA samples were treated
with RNase-free DNase |, and mRNA was isolated in two sequential steps: oligo-dT
magnetic beads (Dynabeads) were first used to selectively isolate poly-adenylated RNAs,
followed by a commercial rRNA depletion kit (RiboZero Gold) to remove residual rRNAs.
The purity of the isolated mRNA was evaluated using Bioanalyzer RNA 6000 Pico Kit,
gRT PCR, and analysis of modification levels (Figure 1, Supplementary Figure S1,
Supplementary Table S2 and Supporting Information).

gRT-PCR was performed to measure the mRNA levels of CCT1, HSP30 and HXT2
genes at different time points to verify that stress was induced under each condition
(Supplementary Figure S3). qRT-PCRs were performed with Luminaris HiGreen qRT-
PCR Master Mix using gene-specific primers (Supplementary Table S6), with ACT1 as

the internal reference gene.

UHPLC-MS/MS Analysis

RNA samples (100ng/10uL each) were analyzed as previously described'. We
used a Waters XEVO TQ-STEM triple quadrapole instrument with sensitivity down to
23.01 femtograms, 64.09 attomoles, in large excess of the sensitivity required to analyze
and characterize RNA modifications at the single molecular level. Moreover, our samples
were separated by a high resolution UHPLC prior to being detected by tandem mass
spectrometry instrument, thus further enhancing the selectivity and sensitivity. Details of

the technique and data analyses are given in Supporting Information.

Data Processing and Analysis

Each of our reported values (Figures 1-4, Supplementary Table S3) reflects data
collected from experiments performed with two biological replicates and three technical
replicates of each biological sample. The raw data were processed by discarding zero
and negative read values. Further analyses were conducted using these data.

To normalize each of our samples for comparision we first internally normalized
the levels of each nucleoside by dividing its molar concentration to the total value of its

corresponding modified and unmodified nucleoside molar concentration (e.g. m®Anormaiized
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= [MOA]/([A] + [Aall modified_nucleosides])). We determined if a nucleoside as present above
background in our mRNA sample by dividing the level of nucleoside in our mRNA-
enriched sample by the level of the nucleoside in our total RNA sample for each condition
(e.9. (MOAnormaiized, mRNA/MCAnomaiized totairna)) (Figures 1, 3 and Supplementary Table S2).
Fold change of each nucleoside under different stress conditions was calculated by
dividing the level of nucleoside in stress exposed mRNA-enriched sample by the level of
the nucleoside in control mRNA-enriched sample (no-stress) (€.g. (M®Anormaiized mRNA, stress
condition/MOAnormalized,mRNA, no-stress control)) (Figure 4 and Supplementary Figure S2).

The number of each nucleoside per mMRNA was calculated as follows. We
estimated the average mRNA length for the entire yeast genome as 1641 nucleotides
(1641 nucleotides = average ORF length (1385 nt) + average total UTRs length (256 nt)).
We used the internally normalized the levels of each nucleoside, and multiplied it by the
average mRNA length and frequency of each nucleotide in yeast genome to calculate
frequency of nucleoside modification per mRNA molecule (e.g. frequency of m®A
nucleoside = (M®Anomalized)*(average mRNA length)*(frequency of adenine nucleotide in
yeast transcriptome)). The number of MRNAs per nucleoside is expressed as 1/frequency
of nucleoside (Supplementary Table S4).
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Figure 1: Non-coding RNAs are depleted in mRNA samples, and mRNA
modifications are retained. gqRT-PCR demonstrates that the levels of rRNAs and tRNAs
in our mMRNA samples are very low (left panel - gray bars, black y-axis). UHPLC-MS/MS
reveals that the levels of m’G, mfA, ac*C and ®C are high in mRNAs, while most others
are depleted (blue bars and y-axis). *indicates modifications that are only present in
rRNA: m'acp3Y (18S rRNA) and m3U (25S rRNA).
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Figure 2. Identification of modifications in mRNAs. A) Phylogenetic distribution of
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mMRNAs are highlighted in red. Asterisks indicate previously known mRNA modifications,
and underlining denotes new mRNA modifications identified found in our study. B)
Structures of modifications we identify in mRNAs.
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Figure 3: Other modifications in non-coding RNAs where ac*C is found are not
retained in mRNAs. We plot the level of modified nucleoside in our mRNA sample
relative to the modification concentration present in total RNA. The plot shows the levels
of ac*C (blue) and modifications on non-coding RNAs that contain ac*C (gray) retained
in our mRNA samples. The calculation of the ‘fraction modification in mRNA' is described
in materials and methods. Together, our qRT-PCR and mass-spectrometry analyses
support the idea that our mRNA is sufficiently pure, and we have not isolated tRNAs or
tRNA degradation fragments. Please note that Gm is present also within nine nucleotides
of ac*C in 18S rRNA. * denotes the location of ac*C on tRNASe" UGA gnd tRNALeU UAG,
**Cm is found once in tRNAe“YAA and three times in 18S rRNA. ***m'acp3V¥ is not present
in tRNAs but is found once in 18S rRNA.
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Figure 4: Post-transcriptional modifications in mRNA of S. cerevisiae exhibit
differential responses to environmental stressors. The fold change for each modification
upon stress induction was calculated as the ratio of nucleoside level in the mRNA sample of
stress-treated condition ((H202 (+), heat-shock (HS) (+) and glucose (Glu) (-)) and nucleoside
level in the mRNA-enrichment sample of no-stress condition (control). Error bars represent the
standard error of mean. *p<0.05, **p<0.01, ***p<0.005, Student’s t test.
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Supporting Information

Establishing the cut-off for designating modifications as present in mRNA
We set our cut-off for mMRNA modification retention and background level based on four
criteria: 1) retention of non-coding modifications in mMRNA samples, 2) BioAnalyzer data,
3) concentration of modification, and 4) qRT-PCR for rRNAs and tRNAs.

Criterion 1: Retention of modifications in mRNA samples

We determined the fraction of each modification retained in our mMRNA samples
collected from all experimental conditions. The fraction of nucleoside retained in
MRNAs = nucleosidenormalized, nRNA/NUCIEOSIdEnormalized totairNa, @S described  in
materials and methods. The error on each of these fractions was propagated,
using the technical replicates of all biological replicates (error = ((standard error on
mRNA measurements)?+(standard error on total RNA measurements)?)'2).

We then used the fraction of modification retained in mRNAs of eight
nucleosides to quantify the upper limit for signal derived from non-coding species
(Figure 1B and Supporting Information Figure below): 3-methyluridine (m3U),
5-methyluridine (m°U), 2,2-dimethylguanosine (m?%G), 1methyl-inosine ('ml),
dihydrouridine (D), 1-methyl-3-(3-amino-3-carboxypropyl)pseudouridine
(m'acp3¥), N6-isopentyladenosine (iA6), and 2-methylguanosine (m2G). This
assay takes into account signal that originates from modifications in full-length
RNAs, processing intermediates, or degradation products. We selected these

eight nucleosides because they had not
80

been reported in mMRNAs and they
3 60 represent a broad variety of modifications
40 in terms of distribution and concentration
20 in S. cerevisiae: m3U (two in 25S rRNA),
m'acp3¥ (one in 18S rRNA) m2G (one in
tRNAPhe.GAY) 1m| (tRNAARACS) D (in all
tRNAs), >mU (in all tRNAs), iA6 (in 8

tRNAs), and m?G (present once in the

msU [}
m3U [
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(mRNA modification level/ total RNA modification level)
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Supporting Information Figure. Fraction of
known mRNA (blue) and 8 non-coding (gray)
modifications retained in mRNA samples from
total RNA.
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majority of tRNAs)'. This analysis indicates the background level of signal is 0-
10%.
Criterion 2: BioAnalyzer
BioAnalyzer results (Supplementary Figure S1) indicate that our samples lack
small RNAs (snRNAs and tRNAs), and that rRNAs are retained up to 2-5% in our
mMRNA samples.
Criterion 3: Concentration of modification in mRNA
We calculated the concentration of each modification per nucleoside and per
MRNA (Supplementary Table S4, and materials and methods). We only
evaluated the levels of modifications that we identified as retained mRNAs using
criteria 1-2 under all experimental conditions. There were two clear groups of
modifications: those whose concentration was within 2-fold of the well-established
m®A and m’G modifications, and a second group that as present at concentrations
100-fold less than m®A and m’G. We only annotated the modifications in the first
group (f°C, mnm5U, and ac*C), as being present above background levels.
Criterion 4: qRT-PCR
We performed qRT-PCR to check the levels of tRNAAGUCU  tRNAGIUUUC
tRNASerUGA - 55 rRNA, 18S rRNA, and 25S rRNA using the primers shown in
Supplementary Table S4. These data show that < 0.1% of rRNAs are retained in
our mRNA samples.
We find low levels of tRNASerUGA tRNACIHUUC tRNAAGUCU present in our
samples (10%, 6% and 25%, respectively, of their levels in total RNA) (Figure 1).
These data are consistent with our BioAnalyzer data suggesting that the samples

are very depleted for tRNAs in general.

Criteria 1-3 suggest that cut-off of 10% retention in mRNA should be a sufficient
to categorize a modification as present in mRNA. Indeed, if we use 10% cut-off we
would capture nearly all of the modifications previously identified in mMRNAs: 2’0Omethyl
modifications (Cm, Um, Gm, Am), m°C, m®A, m’G. V¥ is present at levels just below 10%.

We do not see evidence for m3C and m'A, as these modifications are retained < 2 % in


https://doi.org/10.1101/327585

bioRxiv preprint doi: https://doi.org/10.1101/327585; this version posted May 21, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

mRNAs. It is of note that we also would have annotated s?C as an mRNA modification
using these three criteria.

Criteria 1-3 were combined with the qRT PCR data (criterion 4) to designate
a 20% retention of a modification in mMRNA AND an estimated occurrence of the
modifications once per every 1-10 mRNAs. Please note, that even with a 25%
retention of tRNAAY UCU - criteria 1-3 already would have excluded us from
designating any of the modifications in tRNAA™9 UCU as present in mRNAs (m'G,
m?G, P, D, mecm®U, m5U, m'A). Note that while tRNAA9-UCU s depleted to 25% of its level
in total RNA, the levels of its known modified nucleotides are at (m'G, m?G, ¥, D, mcm®U,
mS5U, m'A are retained at 0.9-7% and excluded by criteria 1-2, and mecm5U is retained at
80%, but found in trace concentrations less than once per every 250 mRNAs — thereby
excluding it by criterion 3). The final 20% cut-off excludes all previously identified mRNA
modifications except m®A and m’G. Since our filters identify only modifications present at
the same level as the cap nucleotide m’G and the abundant m6A, we have high
confidence that the novel modifications ac*C and f°C are genuine. We speculate that
however that some genuine mRNA modifications are excluded by setting the bar so high
(e.g. 2’0OMe modifications, P, and s?C).

Growth conditions and stress experiments

Saccharomyces cerevisiae (BY4741) cells were grown in YPD medium (non-
stressed control, oxidative stress and heat-shock conditions) or in defined synthetic
complete medium (SC) with 2% glucose (glucose starvation). For all studies, an individual
colony was selected from a plate and inoculated into 10 ml of YPD or SC+glucose
medium to grow overnight at 30 °C with agitation (200 rpm). Then, cells were diluted to
ODeoo of 0.05 with YPD or SC+glucose medium and grown to an ODego of 0.6. This culture
was used for stress experiments and sample collection. Before exposing cells to different
stress conditions, 10 ml of cells grown in YPD medium (ODsoo = 0.6) were collected and
used as a control (un-stressed) to compare with stress-induced samples. To assess the
effects of oxidative stress on the mRNA modification profiles of S. cerevisiae, cells (ODeoo
= 0.6) were incubated with 0.25 mM H202 for 30 minutes at 30 °C. For heat-shock

experiments cultures of exponentially growing yeast (ODsoo =0.6) in YPD medium at 30
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°C were heat-shocked by adding an equal volume of fresh medium at 44°C, to
immediately reach a final temperature of 37°C. Heat-shocked cells were incubated at
37°C for 45 minutes. Glucose-starvation experiments were carried out by growing cells
to ODg00=0.6 in SC+glucose medium. Then, cells were harvested at 5000 x g for 2
minutes, washed three times with SC-glucose medium. After that cells were diluted into

fresh SC-glucose medium to ODegpo=0.6 and incubated at 30 °C for 60 minutes.

Total RNA Extraction, mRNA Enrichment and qRT-PCR

Total RNA was extracted from 10 ml of yeast cells (ODsoo = 0.6) using standard hot
acidic phenol method®. Total RNA samples were treated with RNase-free DNase |
(Thermo Scientific, USA) (1 U/ug). mRNA isolation was performed in two sequential
steps. In the first step oligo-dT magnetic beads (Dynabeads, Invitrogen, USA) were used
to selectively bind poly-adenylated RNAs; these beads hybridize to the poly(A) sequence
terminating the 3’ end of eukaryotic mRNAs. In the second step, we used a commercial
rRNA depletion kit (RiboZero Gold, lllumina) to remove the residual 5S, 5.8S, 18S and
28S rRNAs from our samples. The purity of the isolated mMRNA was evaluated using
Bioanalyzer RNA 6000 Pico Kit (Agilent, USA) prior to UHPLC-MS/MS analysis. For each
sample, rRNA contamination percentage was calculated with the Bioanalyzer software.
Additionally, we performed qRT-PCR to measure the levels of tRNAASUCU {RNAGIUUUC
tRNASerUGA 53 rRNA, 18S rRNA, and 25S rRNA to evaluate the purity of our isolated
MRNAs.

gRT-PCR was performed to measure the mRNA levels of CCT1, HSP30 and HXT2
genes at different time points for H202 (+), heat-shock (+) and glucose (—) conditions,
respectively to verify that stress was induced under each condition (Supplementary
Figure S3). The gRT-PCRs were performed with Luminaris HiGreen gRT-PCR Master
Mix (Thermo Scientific, USA) on StepOnePlus Real-Time PCR System (Applied
Biosystems, USA) using gene-specific primers (Supplementary Table S6), with ACT1
(YFLO39C) as the internal reference gene. gqRT-PCR data was analyzed using the Livak
method (2742 method). Briefly, average Ct values for all the target genes and
housekeeping gene (ACTT1) in total RNA and mRNA samples were calculated. Then, ACt

= Ct (gene of interest) — Ct (housekeeping gene) was calculated for each sample. After
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that, AACt = ACt (mRNA sample) — ACt (Total RNA sample) was calculated. Finally,
relative gene level fold change was found by taking 2 to the power of negative AACt
(Relative gene level fold change = 2-(44CY),

UHPLC-MS/MS Analysis

Briefly, RNAs were first hydrolyzed to the composite mononucleosides via a two-
step enzymatic hydrolysis. Tandem MS analysis of RNA nucleosides was performed on
a Waters XEVO TQ-STM (Waters, USA) triple quadrupole mass spectrometer equipped
with an electrospray ionization (ESI) source maintained at 500 °C and the capillary
voltage was set at 3.5 kV with extraction cone of 14 V. Nitrogen flow was maintained at
500 I/h and desolvation temperature at 500 °C. The cone gas flow was set to 150 I/h and
nebulizer pressure to 7 bar. Each individual nucleoside modification was characterized
by single infusion in positive mode ionization over an m/z range of 100-500 amu. Further
nucleoside characterization was produced by using Waters software part of Intellistart
MS/MS method development where a ramp of collision and cone voltages is applied to
find optimal collision energy parameters for all possible daughter ions. To quantify RNA
modified nucleosides, calibration curves were prepared for 42 modified nucleosides
including adenosine, cytidine, guanosine and uridine. ["*C]["*N]-G (1 pg/ul) was used as
an internal standard.

A method to extract peak areas from raw data to allow quantification was
developed using a combination of instrument manufactures suites, MassLynx V4.1 and
TargetLynx (Waters, USA). These methods allowed extraction of information to produce
calibration curves from each RNA modification standard. In addition, these programs
were used to extract the peak areas to be extrapolated on the standard calibration curves
for quantification of RNA modifications (quantifications given in Supplementary Table
S3). Python script / Production of calibration curves as well as quantification from samples
was produced in Originlab software suite 2017.
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Supplementary Figures (Figure S1, Figure S2 and Figure S3)
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Figure S1: Electropherogram images of total RNA and mRNA-purified samples.
Each panel indicates A) Control total RNA, and different mRNA-purification schemes. B)
Electropherogram for mRNAs collected by one oligo-dT pull-downa and RiboZero kit from
cells grown under unstressed, H2O2, heat-shock, and glucose-starvation conditions with
two biological replicates. The x-axis represents size distribution of each samples in
nucleotides [nt] while the y-axis depicts signal intensity measured in fluorescence units
[FU]. Note that fluorescence levels of 18S and 28S rRNAs decreased from ~200 FU to
~20 FU after mRNA enrichment protocol. The rRNA contamination percentage was
calculated using Bioanalyzer software and they are included in plots for each individual
sample.
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Figure S2: Post-transcriptional modifications in mRNA of S. cerevisiae exhibit
differential responses to environmental stressors. The fold change for all modifications
identified either here or previously upon stress induction was calculated as the ratio of nucleoside
level in the mRNA-enriched sample of stress-treated condition (H202 (+), heat-shock (HS) (+)
and glucose (Glu) (-)) and nucleoside level in the mRNA-enrichment sample of no-stress condition
(control). Error bars represent the standard error of mean. *p<0.05, **p<0.01, ***p<0.005,
Student’s t test.
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Figure S3: Validation of stress induction protocols by qRT-PCR on known stress
response genes. Stress induction for A) oxidative-stress B) heat-shock stress and C)
glucose-starvation conditions was confirmed by measuring the mRNA levels of stress-
specific CCT1, HSP30 and HXT2 genes, respectively. Each bar represents relative
MRNA level fold changes of genes at indicated stress exposure time with respect to
unstressed control samples. Results were obtained from three independent biological
replicates (n =3), and error bars represent the standard deviation between these

values.
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