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ABSTRACT

NS8-Methyladenosine (m®A) is a modified base
present in the mRNA of all higher eukaryotes and
in Saccharomyces cerevisiae, where there is an
increase in m®A levels during sporulation. The
methyltransferase, Ime4, is responsible for this
modification and has a role in the initiation of
meiosis. However, neither the function, nor the
extent of distribution of this nucleotide modification
is established. We demonstrate that in S. cerevisiae,
substantial levels of internal adenosine methylation
are present in the GpA context in mRNA from
sporulating cells, which is consistent with the
preferred methylation consensus of higher eukary-
otes. Based upon our quantification data, every
second transcript could contain one m®A during
meiosis. As methylation is distributed across all
mRNA size ranges, it is likely that m®A is not
limited to a small population of messages. We de-
veloped a new antibody based method for identify-
ing m®A containing messages, and using this
method the transcripts of three key, early regulators
of meiosis, IME1, IME2 and IME4 itself, were
identified as being methylated. The position of m°A
in IME2 was narrowed down to a region in the
3’-end. Methylation of these and other targets
suggests mechanisms by which IME4 could
control developmental choices leading to meiosis.

INTRODUCTION

The process of methylation in eukaryotic DNA is
recognized for its fundamental role in regulating gene ex-
pression. Methylation in certain RNA species also has an
important role during the course of maturation, struc-
tural organization and stability. The presence of
N®-Methyladenosine has been observed in many RNA
species, including tRNA, rRNA and small nuclear RNA

(snRNA) (1-6), but the function of this modified nucleo-
tide in mRNA has remained unclear for more than
30 years (7,8).

N®-Methyladenosine (m°A) is detected in the mRNA of
some viruses (9,10) and eukaryotes, such as sporulating
yeast (11), mammals (12-14), insects (15), monocot
plants (16-18) and in the model plant, Arabidopsis
thaliana (19). The methyltransferase activity responsible
was first purified from HelLa cell extract and was
associated with a 70-kD subunit of a 200-kD protein
complex (20). After further purification and micro
sequencing the protein was identified and named MT-A70.

Four lineages (A-D) of proteins homologous with
MT-A70 have been identified in a phylogenetic analysis
(21). Members of lineage A, the human MT-A70 (20), the
plant homologue MTA (19) and the yeast, Saccharomyces
cerevisiae IME4 (11) are the only experimentally proven
mRNA m°®A methyltransferases.

IME4 has previously been characterized as one of the
key regulators of the complex pathways leading to the
entry into meiosis in yeast (22). Correct meiosis and sporu-
lation only occurs in diploid yeast, under nitrogen and fer-
mentable carbon source starvation. Under these conditions
the expression of IME] will lead to a complex cascade of
gene expression (23). In early sporulating S. cerevisiae
mRNA, low levels of m°A were shown and this methyla-
tion was /M E4-dependent. It is now clear that /M E4 exerts
its mRNA methyltransferase activity under sporulating
conditions (11); however the mechanism by which this
regulates early meiotic events remains unknown

An A to m°A conversion in an mRNA molecule would
not be expected to alter base pairing specificity and so
would not be revealed by c¢cDNA sequencing, thus
making the detection and mapping of m°A residues in
individual transcripts very difficult. For this reason
mapping has been reported for only two highly
abundant mRNAs, Rous sarcoma virus and bovine pro-
lactin (24,25). However, analysis of mRNA using ribo-
nuclease fragmentation and labeling methods from
animal and maize tissues detected m°A at the central A
position in the GAC and AAC sequence context, with a
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75% preference for GAC (14,26-28). Similar results were
found in A. thaliana and in these experiments the authors
quantified m°A levels and showed significant differences
between plant tissues (19).

In the R. sarcoma virus genomic RNA, the 1865-nt
region studied contains seven m°A in a GACU context.
Most of these are within the sequence GGACU, but some
are also present in UGACU and AGACU sequences. The
bovine prolactin mRNA, contains only one mP°A at an AG
ACU site within the 3’-untranslated region. The extended
consensus sequence RRACH (where R = purine and
H = A, C or U), suggested by Schibler et al. (26) is con-
sistent with the the mapped methylation sites. However,
other structural elements might have a function in select-
ing the methylation sites, as the suggested consensus for
adenosine methylation is far more frequent in an mRNA
population than the actual observed frequency of m°A
(0.1-0.2% of the nucleotides).

We detected m°A in mRNA from sporulating yeast in a
GA but not in a CA or UA sequence context. This is
consistent with the consensus sequence found in plants
and animals. We quantified the abundance of the
methylated dinucleotidle Gpm°A in mRNA from
sporulating yeast, and we show that methylation is not
restricted to a particular mRNA size class. We have
also developed a new antibody based method for iden-
tifying m°A containing transcripts and found that
several early meiotic transcripts are methylated. Further
exploitation of this method will allow a global analysis of
methylated transcriptomes. In the /ME2 message we
quantified the m°A and mapped it to the 3'-portion of
the mRNA molecule. The identification of methylated
mRNA targets of IME4 will likely be an important step
in understanding how this base modification regulates
gene expression in S. cerevisiae and possibly other
eukaryotes.

MATERIALS AND METHODS
Strains and general methods

All analysis was carried out using the rapidly sporulating
SK1 (canl), diploid strain (ATCC). Cultures were routine-
ly grown in YPD (1% Bacto-yeast extract, 2% Bacto-
peptone, 2% glucose) to a cell density 107 cell/ml, (log
phase).

For sporulation experiments, one single colony
was inoculated in YPD and grown to 10® cell/ml. This
culture was harvested by centrifugation at 1000g for
3min at room temperature. After washing with sterile
water, the pellet was resuspended to a 5 x 10°cell/ml
density in PSP2 medium (29). The culture was grown for
five generations at 30°C with vigorous shaking, and then
harvested by centrifugation. The pellet was washed with
sterile water and resuspended in SPM (0.3% potassium
acetate, 0.02% raffinose) (29) to a 10 cell/ml density to
induce sporulation. Following 3h vigorous shaking at
30°C, the culture was spun down and the pellet was used
for RNA extraction.

RNA extraction method

For total RNA extraction we used a modified, and scaled
up, hot phenol extraction method (30) on both vegetative
and sporulating cultures. After adding phenol, the cells
were disrupted by heating to 65°C, followed by a rapid
chill in liquid nitrogen. Glass beads were also added, to
facilitate the cell breakage. After centrifugation, the
aqueous phase was taken and the phenol extraction step
repeated, but omitting glass beads. Poly(A) RNA was
purified using oligodT-Cellulose columns (Fluka) follow-
ing a standard protocol (31). The oligo(dT) chromatog-
raphy was carried out twice on each sample and the
quality of the mRNA was checked on an RNA 6000
LabChip, with Agilent Bioanalyzer (Ambion).

Size fractionation of mRNA

Poly(A) RNA, isolated from sporulating cells, was
separated on a 1.3% TBE agarose gel, for half an hour
at 100 V. Three fractions of increasing molecular weight
were cut out from the gel. The agarose cubes were snap
frozen in liquid nitrogen and spun in a micro centrifuge at
7000¢ for 15min. The liquid was collected and
precipitated with ethanol at —20°C for 1 h. The integrity
and the size range of the fractions were confirmed using
RNA 6000 LabChip and Agilent Bioanalyser (Ambion).
The fractions were subsequently analyzed, using the TLC
method and their m®A content was quantified (see below)

Detection of m°A using TLC chromatography

The analysis and the quantification of m°A in different
samples were carried out by applying the method from
Zhong et al. (19). For each sample, 50 ng of mRNA was
digested with 1pl of Ribonuclease T1 (1000 U/pl;
Fermentas) in a final volume of 10 ul 1x polynucleotide
kinase (PNK) buffer A for 1 h at 37°C. Another aliquot of
the same RNA sample was digested with 1 ul RNaseA
(4 ng/pl; Promega) in a final volume of 10ul I1x PNK
buffer A. The 5-end of the Tl and RNaseA digested
mRNA fragments were then labeled using 10 units of T4
PNK (Fermentas) and 1ul [y-**P] ATP (6000 Ci/mmol;
Perkin-Elmer). The labeled RNA was precipitated, and
resuspended in 10pul of S0mM sodium acetate buffer
(pH 5.5) and digested with P1 nuclease (Sigma-Aldrich)
for 1h at 37°C. Two microliters of each sample was loaded
on cellulose TLC plates (20 x 20cm; Merck) and de-
veloped in a solvent system of isobutyric acid: 0.5M
NH,OH (5:3, wv/v), as first dimension, and
isopropanol:HClL:water (70:15:15,v/v/v), as the second
dimension. The identification of the nucleotide spots was
carried out using m®A containing synthetic RNA. For the
quantification of spot intensities, a storage phosphor
screen  (K-Screen; Kodak) and Bio-Rad Molecular
Imager FX in combination with Quantity One 4.6.3.
software (Bio-Rad) was applied.

Immunoprecipitation of m®A containing messages

The method used for raising the monoclonal antibody
against the  N®-methyladenosine-5'-mono-phosphate



conjugated to BSA, is described in the supplementary data
section (Supplementary Data 1; BioGenes).

The anti-m°A antibody (Ab) was characterized by
immunoblot analysis. [In vitro transcribed RNA,
prepared using RiboMAX RNA Production System-T7
(Promega), (for sequences and constructs see
Supplementary Data 2), with and without m°A (N°-
methyladenosine-triphosphate  was purchased from
Trilink) was separated on an agarose gel and transferred
to nitrocellulose membrane (Optitran BA-S83, Schleicher
and Schuell) using standard methods. The RNA was cross
linked by UV light in a Stratalinker (Stratagene) and sub-
jected to western blot analysis, using the anti-m°A
antibody (mouse 1gG|) and a WesternBreeze anti mouse
kit (Invitrogen). Similar RNA samples were mixed (500 ng
each, methylated and non-methylated RNA) and
incubated with 3.2 pg anti-m®A antibody at 4°C for 1h
in 500l PBS. Subsequently 30pul proteinG magnetic
beads (NEB) was added and incubated at 4°C for 1h.
The magnetic beads were separated together with the Ab
bound mRNA. Four PBS washes followed and the Ab
bound mRNA was extracted by phenol. After ethanol
precipitation, the mRNA samples from the Ab bound
fraction and from the Ab depleted fraction were subjected
to northern blot analysis. The probes were DNA frag-
ments identical to the in vitro transcribed sequences
(Sugplementary Data 2) and were radio labeled with

P] dCTP using Rediprime Kit (Amersham).

For the immunoprecipitation (IP) experiments on yeast
mRNA, 1.2pg poly(A)RNA was bound to oligo(dT)
magnetic beads, using the PolyTtrack System 1000
(Promega) and washed 3x with PBS buffer. Following
the washes 3.8 ug Ab and 3ul RNAguard (Amersham
Pharmacia) was added to the oligo(dT) bound mRNA,
in a total volume of 500ul PBS. The mixture was
incubated for 1h at 4°C. The magnetic beads were
separated and washed twice with PBS. At this point all
mRNA, both Ab bound and unbound, was eluted from
the oligo(dT) magnetic beads by adding 50 ul water and
incubated for Smin. This step was repeated and the two
eluted volumes were pooled together. The salt concentra-
tion was adjusted to 160mM by the addition of 5M
sodium chloride and the final volume was made 400 pul
by adding PBS. This sample was treated with 30 pl
proteinG magnetic beads (NEB) for 1h at 4°C. The
magnetic beads were pulled away and the supernatant
was kept; this retained supernatant was used as the Ab
depleted fraction. The magnetic beads were washed four
times with PBS. Finally the Ab bound mRNA was eluted
with 10pul 3M sodium acetate (pH 5.6), incubated for
2min. at room temperature. Following the incubation
the volume was made up to 200 ul with water and the
beads plus mRNA were extracted with an equal volume
of acid phenol (pH 5.3) and precipitated with ethanol.

In the initial experiments a mixture of mRNA from
sporulating cells (600ng) and mRNA from log phase
cells (600ng) was subjected to IP. In the second set of
experiments, mRNA from sporulating cells only was sub-
jected to IP. Both depleted and pull-down fractions were
analyzed by quantitative RT-PCR.
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Quantitative RT-PCR

Reverse transcription was carried out using SuperScriptIl
(Invitrogen) and oligo(dT),s. Quantitative PCR was
carried out using an MX3005P qPCR machine and the
2x SensiMx Plus SYBR master mix (Quantace). The
2742CT  method (32) was used for data analys1s
Samples were run in triplicate, and relative expression
levels were determined compared with ACT! expression.
ACT1I, the normalizer gene, primers were 5'-CTGCCGGT
ATTGACCAAACT-3 and 5-CGGTGATTTCCTTTTG
CATT-3, the IME2 primers were 5-AGCCCAAGAGCT
TTG TGAAA-3 and 5-TTTGTGTTGGTCGCTACT
GG-3, the IMEI primers were 5-ATGCAAG CGGAT
ATGCATGG-3 and 5-TTAAGAATAGGTTTTACT
AAAC-3" and the IME4 primers were 5-ACGAAATGG
ATGTCGAGAGG-3 and 5-TCCAATACTGCTGCTG
ATGC-3.

Mapping m°®A sites in IME2

Complementary DNA fragments designed to protect the
5" or 3’ ends of the IM E2 message were amplified by PCR
from an IME2 template. For this PCR amplification, the
reverse oligonucleotide primer was biotinylated and
the forward primer was 5 phosphorylated prior to use.
The primers used for protecting the 5-end of the IME?2
message were as follows, forward: 5-CAGAAAAGTTAA
TCGTGTTCZ3, reverse: 5biotinGTAATTGGTAATTTT
CAGAGTCAATAAAGACCTCAAAAATTTGTA
TCAGZ3'. The following primers were used for the 3’ end
protection, forward: 5-GCAATGTGACTAATACAGA
AC3 and reverse: 5-biotinCATAAAATGTTCAAGAA
AAACAAACATAAAAATATATTGGAGGG-3. The
PCR products were treated with Lambda Exonuclease
(NEB) to produce single-stranded biotinylated antisense
DNA fragments, which were then hybridized at standard
conditions, overnight, at 42°C to poly(A) RNA, isolated
from SK1 sporulating cells. The /M E2 mRNA molecules
bound to the biotinylated probes were separated out with
streptavidine magnetic beads (NEB) and washed, follow-
ing standard methods for northern blots. The quantifica-
tion of m®A was done on the unprotected part of the
mRNA molecule, using the TLC method. The ribonucle-
ase T1 digestion was carried out on the magnetic beads for
1 h, than the magnetic beads were pulled away and the
supernatant was subjected to TLC analysis as described
previously. The purity of IME2 was confirmed using
quantitative RT-PCR. ACTI was used as the normalizing
gene, as previously described.

RESULTS

Quantification of m°A in vegetative and sporulating
yeast mRNA

In most animal viruses and higher eukaryotes studied to
date, m°A is most commonly found following a G in the
mRNA (14,19,24-26). To test whether this is also the case
in sporulating yeast, a 2D thin layer chromatography
(TLC) method was adapted from Zhong et al. (19). This
method was also used to quantify m°A levels. The mRNA
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was digested with T1 ribonuclease. This enzyme cuts after
every guanosine, leaving short oligonucleotides that can
be labeled with *?P at their 5'-ends. Thus, only those nu-
cleotides that follow a guanosine will be labeled. However,
after T1 digestion the only Gs available for labeling are
mononucleotide 3’-phosphates which are poor substrates
for polynucleotide kinase. The Gs will therefore be
underlabeled relative to the spots corresponding to the
other nucleotides as these will always be derived from
the 5-end of oligonucleotide fragments (Figure 1). The
labeled polynucleotides were digested to give nucleotide
5" monophosphates, which were separated by TLC. The
efficient labeling and the relative positions of the nucleo-
tides on a TLC plate following separation were established
using mixtures of in vitro transcribed RNA either contain-
ing, or not containing m®A (Figure la and b). This detec-
tion method was demonstrated to give quantitative values
for m°A relative to A, on mixtures of in vitro transcribed
methylated and non-methylated transcripts in combin-
ation with phosphor imaging (19).

In addition, an RNaseA digestion was also carried out
on the mRNA samples. This enzyme cuts after C and U
and leaves 5 OH ends on the following nucleotides which
can be labeled as previously described. In these experi-
ments there is an under representation of Cs and Us,
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Figure 1. Two-dimensional TLC detection of m°A in mRNA from
sporulating SK1 yeast. (a) TLC analysis of in vitro transcribed RNA
containing methylated and non-methylated adenosine. (b) Schematic
diagram of the relative positions of nucleotide spots. (¢) TLC
analysis of poly(A) RNA from log phase SKI1 strains. (d) TLC
analysis of poly(A) RNA from sporulating SK1 strain (3h after
meiosis initiation) m°®A:A ratio is 1% (e) TLC analysis of total RNA
from log phase SKI1 strain. (f) TLC analysis of total RNA from
sporulating SK1 strain (3h after meiosis initiation), m°A:A ratio is
0.07%.

because the majority of these nucleotides are
mononucleotide 3’-phosphates which are poor substrates
for polynucleotide kinase (Supplementary Data 3).

An SK1 diploid yeast culture was grown to log phase
and split into two fractions, one of which was used to
prepare total RNA. mRNA was prepared from this
sample by repeated rounds of oligo(dT) chromatography,
and both the poly(A) fraction and the total RNA were
subjected to TLC analysis. The rest of the log phase
culture was used to inoculate PSP2 medium and was
grown for a further five generations to achieve synchrony
in sporulation. The cells were harvested and inoculated
into sporulation medium (SPM) for 3h. Total RNA was
prepared, the poly(A) fraction isolated and both RNA
samples subjected to TLC analysis. The purity of
poly(A) RNA samples was always confirmed using RNA
6000 LabChip prior to digestion and labeling (data not
shown). An additional indicator of mRNA purity in
these experiments is the lack of pseudouridine spots
(derived from tRNA or rRNA contamination) on the
TLC plates (Figure 1c and d). A spot corresponding to
pm®A was clear and substantial in the poly A samples
from sporulating yeast (Figure 1d), and was not detectable
in the mRNA from mitotic log phase cells (Figure 1c). The
presence of m®A is consistent with reported observations
of Clancy et al. (11). In addition, the TLC results show
that the m°A is present in a Gpm®A and not in a Cpm°A
or Upm°A context (Supplementary Data 3). In both the
vegetative and the sporulating total RNA samples, the
presence of m°A was less obvious and additional
modified nucleotides from other RNA species were
apparent (Figure le and f). Measuring the intensity of
the m®A spot relative to the A spot gave an m°A-to-A
ratio of 1.0% in the poly(A) sample from sporulating
yeast, which is slightly lower than the values for plant
and animal systems (19; R. Fray unpublished results).

Quantification of m°A in different mRNA size fractions

Poly(A) RNA from sporulating SK1 diploid cells was
separated on a 1.3% TBE agarose gel. Fractions
between 4000-2000nt, 2000-900nt and 900-200nt were
cut out and the mRNA purified from the agarose. The
mRNA quality and size was confirmed using RNA 6000
LabChip (Figure 2) and the fractions were subjected to
TLC analysis and m®A quantification. All three fractions
had high levels of m°A between ~0.7-0.9%, which was
similar to the amount in the non-fractionated mRNA
samples. No bias was found in the amount of m°A
towards any particular molecular weight fractions. These
results suggest that the internal adenosine methylation
may be a general characteristic of the early meiotic
mRNA population.

Isolating methylated messages by immunoprecipitation

A mouse monoclonal anti-m®A antibody, which recog-
nizes m°A in single-stranded nucleic acids and has a
strong affinity for m°A containing mRNA, was
produced. This was tested against synthetic transcripts
containing either A or m°A, and was shown to be able
to selectively enrich for the methylated form of RNA
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Figure 2. Quantification of m°®A in size fractionated poly(A) RNA
from sporulating SK1 cells (3h after meiosis initiation). Poly(A)
RNA was separated on a 1.3% agarose TBE gel and three size frac-
tions cut and extracted. Purified RNA samples were analyzed on an
RNA6000 LabChip. Lane I: RNA6000 Ladder. Lane 2: starting
poly(A) RNA, 205ng. Red boxes indicate the positions of the excised
gel slices. Lane 3: mRNA population, fraction 1, after purifying from
agarose. Lane 4: mRNA, fraction 2, after purification from agarose.
Lane 5: mRNA, fraction 3, after purification from agarose. (25-50 ng
of RNA was loaded in each lane). The amount of m°®A in each fraction
was calculated using 2D TLC as described in ‘Materials and Methods’
section.

(Supplementary Data 4). This Ab was used in immunopre-
cipitation experiments to identify m°A containing meiotic
messages. The relative quantities of early meiotic
messages, such as IME2, in the Ab bound fractions were
measured by an RT—qPCR method, using ACT! as a
standard. These were compared to the quantities in the
ADb depleted fractions. We chose IME2, because Clancy
et al. (11) previously hypothesized that this molecule
might be one of the /M E4 methylation targets due to its
key position early in the meiotic pathway. Since ACT1I
was used as an internal control and the methylation
status of this molecule was unknown, we mixed mRNA
from log phase, SKI cells [does not contain m°A
(Figure Ic)] with mRNA from meiotic cells. (The
mRNA from meiotic cells was prepared from 3h
sporulating, SK1 cultures.)

The monoclonal Ab was applied to mRNA, previously
bound to oligo(dT) magnetic beads. After several washes
the mRNA was released from the oligo(dT) beads and the
Ab bound mRNA species were pulled out by proteinG
magnetic beads.

The relative amount of IME2 mRNA in the Ab
bound fraction compared to the depleted fraction was
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Figure 3. Immunoprecipitation of m°A containing messages enriches
for IME2 transcripts. Quantitative RT-PCR of the anti-m°A
antibody-bound fraction showed a 7-fold enrichment of IME2
messages relative to the antibody unbound fraction. The starting
mRNA was a mixture of poly(A) RNA (non-methylated) from a log
phase culture and poly(A) RNA from sporulating cells. Error bars
represent SD from three replicates.
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Figure 4. Immunoprecipitation of early meiotic messages. The relative
abundance of messages in the anti-m°A antibody bound and unbound
fractions were estimated, using quantitative RT-PCR. IME2 and IME]
mRNA species were 2-fold enriched, while /ME4 had the highest,
3-fold enrichment in the bound fraction relative to the depleted
(Ab unbound) fraction. Error bars represent SD from three replicates.

determined. The enrichment of IME2 was nearly seven-
fold (Figure 3), indicating that the /ME2 message is
methylated during early meiosis.

The immunoprecipitation method was repeated with
an mRNA sample from a 3h sporulating culture, but
without addition of mRNA from vegetative cells. The
IME2 message was still enriched in these experiments
(Figure 4), but the level of enrichment was threefold
less, relative to the enrichment in the immunoprecipitation
experiment carried out on mixed vegetative and meiotic
mRNA. The threefold decrease in enrichment suggests
that in the meiotic mRNA population some ACTI
messages may contain m®A, but to a lesser extent than
IME2. We also measured the relative enrichment of
IME4 and IME!I mRNA in the Ab bound fraction
(Figure 4). The relative amounts of both these messages
were also increased in the bound fractions, with IME4
showing the highest level of enrichment. This may
indicate that this message is proportionally more
methylated than either IMEI, or IME?2.

Mapping m®A containing regions on the IME2 message

The IME?2 message was chosen for further analysis, as it is
relatively abundant and the distribution of methylation
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Figure 5. Mapping potential m®A positions in the /ME2 message. (A) The GAC consensus sites for adenosine methylation are grouped in two
clusters in the IME2 message. The first eight GACs are in the 5 507-nt region. There are a further 12 GACs in the 3'-region starting at nt 1281,
leaving a 774-nt area in the middle of the message free of GACs. The dark grey boxes indicate the UTRs. (B) When the 5 GAC containing area is
protected (light grey box), only the 3’ 12 GACs are accessible to the T1 nuclease. TLC analysis following T1 digestion revealed the presence of m°A
(m®A:A ratio is 0.48%). (C) When the 11 GACs in the 3'-region are protected (light grey box), no m6A was detected by TLC analysis following the

T1 nuclease digestion.

consensus GAC sites are conveniently organized in a
group of eight at the 5-end of the message and a group
of 12 at the 3’-end, leaving a 774-nt middle region without
GAC (Figure 5A). As for all of the previous experiments,
mRNA from a 3h sporulating culture was used and
hybridized to single-stranded DNA probes, containing 5’
biotin tags, which were later bound to streptavidin
magnetic beads and used for pulling out the probe
bound IME2 transcripts. The DNA probes were
designed to protect either the 5’ 526 nt region, or the 3’
961nt region, thus covering the 5 8 GAC or 11 GAC at
the 3’-end, respectively (Figure 5B and C). The purity of
the IME2 messages was determined using RT-qPCR and
in both experiments there was more than a 1000-fold en-
richment (Supplementary Data 5). Following T1 ribo-
nuclease digestion and end labeling of the released
fragments, the amount of m®A in the non-protected
areas of mRNA molecules was analyzed by the TLC
quantification method. When the 3’-area was not pro-
tected the m°A to A ratio was 0.48% (Figure 5B).
However, we found no m®A in the 1291 base region of
the IM E2 message when the 3'-area was protected (Figure
5C). These results suggest that the methylation must be on
one or several of the 11 GACs in the 3'-region, down-
stream of nucleotide 1291 in the /M E2 message.

DISCUSSION

In both animals and plants the preferred sequence consen-
sus for methylation is GAC. Clancy et al. (11) previously
reported that m®A is present within mRNA of sporulating

yeast; we show here that such methylation is readily de-
tectable following end labeling of T1 cut mRNA,
indicating that, in yeast, m°A is found in a GA and not
in the CA or UA context. Thus the site of adenosine
methylation in mRNA is conserved among evolutionary
distant organisms such as plants animals and yeast, which
further highlights the importance of this nucleotide
modification.

In S. cerevisiae certain small RNA molecules, such as
tRNA and small non-coding RNAs may become
polyadenylated (33-37). Often this is the trigger for their
degradation. In most cases the protein responsible for the
polyadenylation is either the non-canonical poly(A) poly-
merase Pap2/Trf4 (34-36), or Trf5 (38,39), both are
members of the TRAMP complex. Some of these short
molecules may contain m°A. Therefore, it remained a pos-
sibility that the m°A observed in the poly(A) fraction in
this and in earlier experiments was derived from an
abundant methylated small non-coding RNA species
that had been targeted for degradation, rather than from
mRNA. To address this possibility, the poly(A) fraction
was size-separated prior to digestion and labeling
(Figure 2). Nearly equal values of m°A:A (~0.7-0.9%)
were found in the three different poly(A) size fractions,
suggesting that the m®A may be distributed across the
early meiotic poly(A) population and is not specifically
associated with a short non-coding RNA class.

The ratio of labeled m°A to A in our experiments is
between 0.9-1% at 3h after the shift to sporulation.
This value is slightly lower, but comparable to other or-
ganisms, such as A. thaliana, where the mC®A to A ratio



varied between 0.4% and 1.5%, depending on develop-
mental stage and tissue type (19) or in mouse and
human, where similar results have been found (our unpub-
lished data). Using this experimental approach, only those
adenosines in a GA sequence will be labeled, thus the
observed m°A:A ratio is really a measure of the
Gpm®A:GpA ratio. If all possible 16 dinucleotide pairs
occurred with equal frequency, this would be equivalent
to m°A being 0.06% of the nucleotides in the mRNA
sample as a whole, or 1m°A nucleotide per 1600nt. If
distributed evenly, this would equate to a little more
than half of the mRNAs present being methylated.
However, this may be an underestimate of true
methylation levels. In plants and animals methylation
can also occur in the sequence AAC, if this 1s also the
case in yeast, then the actual frequency of m°A will be
higher.

The identification of methylated mRNA species is a
pre-requisite for understanding how this base modification
regulates gene expression in S. cerevisiae and possibly
other eukaryotes. We have had a monoclonal antibody
developed, which recognizes the m®A in single-stranded
nucleic acids and we established a new method for
immunoprecipitating individual mRNA molecules con-
taining m°A. Applying the immunoprecipitation
approach, m”A containing individual transcripts, ex-
pressed during the first 3h of meiosis were isolated. In
the first instance a mixture of mRNA from log phase,
vegetative (does not contain m®A) and sporulating yeast
was subjected to IP. In this experiment we set out to spe-
cifically test if IME2 message is methylated. This tran-
script is an attractive target, as it is an abundant,
meiosis-specific message that encodes a key early regulator
of meiosis. In addition, Ime2 levels have to be tightly
regulated for correct meiotic progression (40,41), and
Clancy et al. (11) previously speculated that this might
be a target for post-transcriptional regulation by Ime4.
In this experiment, the enrichment of IME2 in the Ab
bound fraction was nearly sevenfold higher relative to
the Ab depleted fraction. Measurements were normalized
relative to ACTI, which can be assumed to be
unmethylated in the RNA fraction derived from the vege-
tative cells, as methylation was not detectable in the
mRNA from mitotic log phase cells (Figure 1c). When
mRNA from the meiotic cells alone was used, the enrich-
ment of IM E2 was still clear, but less pronounced (2-fold).
This is consistent with /M E2 being methylated and may
also indicate that a small portion of ACT/ transcripts are
also modified.

Two further messages, IMEI and IME4, were also
tested using IP of meiotic mRNA. Both of these were
enriched in the Ab bound fraction, with /M E4 messages
showing the highest level of enrichment. Until recently
only the four messages, bovine prolactin, R. sarcoma
virus, SV40 viral mRNA and the mouse dihydrofolate re-
ductase were reported to contain m°A (24,25,42,43). The
immunoprecipitation approach allowed us to double the
number of the currently known m®A harbouring messages
and will allow further global analysis of transcriptomes.
Following the immunoprecipitation, IME2 transcript
was purified using a biotinilated complementing DNA
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sequence and streptavidin beads. The m°A to A ratio for
the analyzed part of the message was 0.48%. This value is
somewhat lower than seen in the mRNA population as a
whole, but is not necessarily unexpected. When looking at
individual transcripts rather than the total mRNA popu-
lation, the percentage of end labeled adenosines that are
rnethylated will depend upon the absolute numbers of
both Gpm®A and GpA. Thus, within the non-protected
fragment of IME2, there are 119 GA sites, of these 12 are
in a GAC consensus. The Gpm®A: GpA ratio of 0.48%
would mean that out of 208 GpA one would be Gpm°A.
Since the unprotected fragment of IME2 contains only
119 GpA srtes it takes 1.7 of these fragments to harbor
one GpmC°A, which is equivalent of 58% of IME2
messages being methylated. This value is consistent with
the observed average for the mRNA population as a
whole.

The position of the m°A in a particular message could
be indicative of its function. However precise mapping has
only been achieved for two highly abundant transcripts
(R. sarcoma virus and bovine prolactin) and the methods
used are not applicable to the yeast system. In the IME2
mRNA molecule we narrowed down the position of the
m°A to a region in the 3’-end containing the last 11 GACs
of the molecule [including 3'-UTR (44)]. The 5 1291-nt
fragment of the IME2 molecule [including SUTR (44)]
appeared to be free of m°A.

It is thought provoking, that the deletion of the
C-terminal 240aa from the Ime2 protein will lead to
spore number reduction, as well as the stabilization of
the otherwise labile Ime2 protem (40,45). This deletion
removes the last 10, potentral m®A harboring GAC con-
sensus sites, in the 3'-region.

It has recently been published that Khdlp binds to
IME2 mRNA as well as several other mRNA molecules
(46). Khdlp differentially affects gene expression, possibly
due to combinatorial arrangement with additional factors.
However, it is not impossible that the translatability of
IME2 message could be affected by altered Khdlp
binding, due to the presence of m°A residues. We have
manually searched for CNN repeats, the Khdl binding
domains (46), in the IME2 transcript (with UTRs) and
two near CNN repeats were found in the 3’-region
(Figure 6). However, neither of the repeats overlaps with
any of the GAC consensus sites. On the other hand, two
potentially methylated GACs are sandwiched between the
two CNN repeats, therefore it remains possible that
methylation of adenosine(s) in any of these sites could
modify the binding of Khdl or an interacting factor, re-
sulting in altered translatability.

A role for m°®A in regulating translation would be con-
sistent with work previously reported by Tuck et al. (47).
These authors found that poly(A) RNA, isolated from
methotrexate resistant mouse sarcoma cells treated with
the methylation inhibitor, cycloleucine, translated less
efficiently in an in vitro translation assay, compared to
mRNA from the control, untreated cells. However, in
their system, cap-associated methylation was also
reduced, making the interpretation of their results diffi-
cult. The presence of m°A in mRNA might alter splicing
during yeast meiosis, as proposed by Clancy et al. (11).
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1020 TTCTGATTTTGTTAATACAAACCACATCAEAGCTCCACCACCTGIETGGATTTTGGGATGA
TGCCAGTAATTTGGTCCATAAATTAAACTTGAAATTGCCTTATGTAGAAGGTTCATCGTT
GGATCATCTACTTTCTAGCTCCCAACTATCCGATTTATCTGAGGTTGTCAAAAAGTGTTT
AAGATGGGATCCTAATGAAAGGGCAACAGCCCAAGAGCTTTGTGAAATGCCATTTTTTGA
AAACACCGTGGCATCCCAAGTAGACGCAAGAGGCAATGTGACTAATACAGAACAAGCATT
GATTTTTGCAGGTATAAATCCAGTAGCGACCAACACAAAGCCCATATATTTTAACTCTTC

1380 AACAAAATTGCCCGCAGAAACAGAGTCTAATGATATTGATATEAGCAACAACGAT CACGA

Figure 6. CNN repeat candidates in the IME2 message. The IME2 message contains two groups of CNN repeats, highlighted as red boxes.
Additional C-rich regions adjacent to CNN repeats are accentuated by red Cs. Three GACs lie between the CNN repeats (bold and large font).
The two GACs indicated in blue are in the region where methylation was detected.

However the three transcripts IMEI, IME2 and IME4
identified here as methylated messages, are not spliced.
Therefore we think, it is unlikely that the primary
function of mRNA methylation would be to act as a
positive signal for splicing in yeast.

We also would like to speculate that the presence of
m®A in meiotic messages could be a flag for message
recycling or storage, thus promoting a quick response to
sudden changes in conditions.

Our results demonstrate that substantial levels of
internal adenosine methylation are present in the GpA
context in mRNA of sporulating yeast. This is consistent
with the preferred methylation consensus of higher eu-
karyotes and is conserved between evolutionary distant
species, which further highlights the importance of this
nucleotide modification in the mRNA. Methylation is
homogenously distributed across all mRNA size ranges,
indicating that m®A is not limited to a small population of
messages. If distributed evenly our measurements imply
that slightly more than every second transcript in
sporulating yeast is expected to contain m°®A. Consistent
with this, m®A is found once per 1.7 IME2 message.
However, it is likely that transcripts of individual genes
will vary in the degree or frequency of m°A. Using a novel
immunoprecipitation approach we identify transcripts of
three key, early regulators of meiosis, IMEI, IME2 and
IME4 itself, as being methylated. Methylation of these
and other targets suggests mechanisms by which IMFE4
could control developmental choices leading to meiosis.
For example, while a role in promoting splicing seems
less likely, a function in translational control or message
recycling remains a stronger possibility.
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