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ABSTRACT

The 5′′′′′ untranslated region (5′′′′′ UTR) of eukaryotic mRNA plays an important role in translation. Herewe report the function
of the 5′′′′′ UTR mRNA of S-adenosylmethionine synthetase (sam1) in translational modulation in the presence of SAM in fis-
sion yeast Schizosaccharomyces pombe. Reporter assays, binding and chemical probing experiments, andmutational anal-
ysis show that the 5′′′′′ UTR mRNA of sam1 binds to SAM to effect translation. Translational modulation is dependent on a
tertiary structure transition in the RNA upon SAM binding. The characterization of such an RNA that is directly associated
with an essential metabolic process in eukaryotes provides additional evidence that ligand binding by RNAs plays an im-
portant role in eukaryotic gene regulation.
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INTRODUCTION

Translation in eukaryotes is a complex and dynamic pro-
cess that involves the orderly and timely interplay of ribo-
somal subunits, mRNA, and eukaryotic initiation factors
(eIFs) in a coordinated manner (Sokabe and Fraser 2019).
The eukaryotic translation is highly regulated at the point
of initiation rather than at the elongation or termination
phases. The 5′ untranslated regions (UTRs) of the mRNAs
play important regulatory roles in the regulation of eukary-
otic translational initiation (Jackson et al. 2010; Leppek
et al. 2017). RNA molecules may fold into diverse tertiary
structures that provide an additional level of control in
translational initiation (Leppek et al. 2017). For example,
a conserved putative pseudoknot in human interferon–
mRNA can activate the interferon-inducible protein kinase
R (PKR) to regulate the translation of the interferon gene
(Ben-Asouli et al. 2002); the mRNA of the mouse ubiquitin
carboxyl-terminal hydrolase L1 (Uchl1) can be partially
base-paired with its antisense RNA, and a repeat region
of the Uchl1 mRNA 5′ UTR increases ribosome binding
and translation through an undetermined mechanism
(Carrieri et al. 2012); a stem–loop in the UTR mRNA of
the iron storage and transporter proteins ferritin and ferro-

portin serves as an iron binding RNA domain to regulate
their translation initiation (Hentze et al. 1987; Gray and
Hentze 1994; Muckenthaler et al. 1998, 2017); G-quadru-
plex tertiary structures in UTR RNAs may bind to proteins
to repress translation (Schaeffer et al. 2001; Castets et al.
2005); specific RNA structures or sequence motifs serve
as target RNA sequences for elongation initiation factors
(eIFs); higher ordered structured RNAs in the form of inter-
nal ribosomal entry sites (IRESs) in the 5′UTRs of the ho-
meobox gene family regulate translation in response to
stress (Xue et al. 2015). These independent studies sug-
gest that the contribution of structured RNA mechanisms
of translational regulation are diverse and comparatively
unexplored. Genome-wide chemical probing of RNA has
revealed cellular RNAs to be highly structured (Kertesz
et al. 2010; Ding et al. 2014). Dynamic structural changes
may correlate with potential regulatory RNA function
(Rouskin et al. 2014;Mustoe et al. 2018; Tapsin et al. 2018).

In bacteria, mechanisms of transcriptional and transla-
tional attenuation through structured RNAs have been de-
scribed since the 1980s (Yanofsky 1981; Stroynowski et al.
1982). Classes of UTR mRNAs described as riboswitches
are also known to regulate bacterial transcription and
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translation. Riboswitches, acting as biosensors, are ligand-
binding noncoding regions of mRNAs that regulate the
expression of downstream ligand related genes. Ligand
binding to RNA causes conformational changes that
directly control ligand related gene expression. Over 20
types of riboswitches have been identified by bioinfor-
matics methods through sequence similarities. The ligands
include metabolites such as purines, cofactors and their
derivatives, amino acids, cations, anions, and antibiotics
(Grundy and Henkin 2004; Vitreschak et al. 2004;
Wickiser et al. 2005; Jia et al. 2013; Serganov and
Nudler 2013). There are also classes of temperature sens-
ing regulatory RNAs (Kortmann et al. 2011; Kortmann and
Narberhaus 2012; Krajewski et al. 2014). S-Adenosyl-L-me-
thionine (SAM) is an essential, metabolic ribonucleotide
cofactor in all cells. SAM acts as the methyl group donor
for methyltransferase enzymes and also provides the pro-
pylamine moiety for polyamine synthesis. Of the enzyme
cofactors, only ATP exploits a greater variety of enzymes
than SAM; therefore, there is a requirement for SAM levels
inside the cell to be controlled (Cantoni 1975; Schubert
et al. 2003; Loenen 2006). Six classes of SAM sensing
riboswitches have been reported in bacteria. SAM-I ribos-
witches function at the transcriptional level by binding to
SAM stabilizing terminator or antiterminator hairpins to
inhibit or activate transcription (Winkler et al. 2003).
SAM-II-IV riboswitches work at the level of translation to ei-
ther repress or activate translation. Chemical probing ex-
periments show that upon SAM binding, the mRNA
undergoes a secondary structure transition that masks or
unmasks ribosome-binding sites to repress or activate
translation initiation (Winkler et al. 2003; Fuchs et al.
2006; Gilbert et al. 2008; Weinberg et al. 2008; Poiata
et al. 2009; Mirihana Arachchilage et al. 2018). Despite ex-
tensive efforts, only one class of eukaryotic riboswitch has
been identified through sequence homologies with a pro-
karyotic counterpart, the thiamine pyrophosphate (TPP)
riboswitch in fungi, algae, and higher plants (Kubodera
et al. 2003; Sudarsan et al. 2003). Unlike prokaryotic ribos-
witches that directly target transcription or translation, the
eukaryotic TPP riboswitch controls gene expression byma-
nipulating the selection of alternative splice-sites in pre-
mRNA (Bocobza et al. 2007; Cheah et al. 2007; Croft
et al. 2007; Wachter et al. 2007). The identification of the
TPP riboswitch in eukaryotes suggests that additional li-
gand sensing RNAs may have a role in the control of eu-
karyotic gene expression.
In prokaryotes, the effects of structured RNAs upon

translational initiation are comparatively well understood
(Serganov and Nudler 2013; Breaker 2018). Chemical
probing and the available crystal structures of riboswitch
RNAs demonstrate that ligand-dependent accessibility of
the Shine–Dalgarno (SD) sequence on the mRNA deter-
mine translational initiation (Breaker 2018). In comparison,
the mechanism of eukaryotic translation initiation in which

structured mRNA has a regulatory role is much more com-
plex, more diverse, and less likely to have common fea-
tures (Ben-Asouli et al. 2002; Carrieri et al. 2012; Leppek
et al. 2017). To further our understanding of the roles of
structured RNAs in eukaryotic translation initiation, further
studies are required. Here we show that the 5′ UTR of sam1
regulates translation initiation upon SAM binding.
Reporter assays suggest that the 5′ UTR of sam1 mediates
repression of translation in the presence of SAM precursor
methionine. The RNA secondary and tertiary structure was
investigated by dimethyl sulfate (DMS) andOsO4 chemical
probing. Mutational analysis and OsO4 chemical probing
showed that the tertiary structure transition upon SAM
binding contributes to the regulation of translation initia-
tion. This study provides biochemical evidence for a role
in SAM metabolism for specific SAM binding to the 5′

UTRof sam1, leading to downstreameffects on the expres-
sion of the sam1 gene in fission yeast.

RESULTS

The 5′′′′′ UTR mRNA of sam1 mediates reporter gene
expression on the addition of methionine

The 5′ UTR mRNA of Spe2 has recently been found to reg-
ulate translation upon spermidine binding consistent
with a regulatory function in the polyamine biosynthetic
pathway in S. pombe (Sun et al. 2020). We developed a re-
porter assay investigating the translational function of the
5′ UTR mRNAs of key enzymes of the S. pombe SAM bio-
synthesis pathway in response to SAM (Fig. 1). In fission
yeast, SAM levels are tightly controlled and SAM is pro-
duced by the coordinated action of several enzymes;
adenosylmethionine synthetase (sam1), homocysteine
methyltransferase (Met26), cysteine-S-conjugate β-lyase
(cys). As SAM is unstable and impermeable under cell
growth conditions, intracellular SAM levels can be con-
trolled by exogenously supplementation of methionine
that turns into SAM in S. pombe cell (Hilti et al. 2000);
which is also true in bacteria (Winkler et al. 2003). The h-
leu1-32 strain was used as a host strain for the reporter
plasmid REP81X-lacz, which contains a thiamine-repres-
sive nmt81 promoter (Pnmt81), cloning sites, and the β-ga-
lactosidase (β-gal) reporter gene (Forsburg 1993). The 5′

UTR of sam1, Met26 or cys was mapped by 5′RACE
(Supplemental Fig. S1), and the corresponding DNA se-
quences were each cloned between Pnmt81 and the β-
gal reporter gene of the plasmid (Fig. 2A). The reporter
plasmid was transformed into the h-leu1-32 strain, and β-
gal activity measured for each construct in solution on titra-
tion of added methionine with or without thiamine. In the
absence of thiamine (Pnmt81 promoter is active) when the
5′ UTR mRNA of sam1 was transcribed, highly reproduc-
ible repression of β-gal expression was observed with me-
thionine (Fig. 2B). As a critical control in the presence of
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thiamine (promoter is repressed), when the UTR RNA was
not made, only background levels of β-gal expression were
observed in the absence or presence of methionine (Fig.
2B). As an additional control, cells transformed with the
empty vector with no DNA sequence inserted, showed
no β-gal expression on methionine titration with or without
thiamine (Fig. 2B). Therefore, the observed repression is
directly related to the production of the sam1 RNA tran-
script. For the construct containing the corresponding
DNA sequence of the 5′ UTR of Met26 or cys, in the ab-
sence of thiamine, where the 5′ UTR RNA was transcribed
by the Pnmt81 promoter, β-gal expression was unchanged
in the absence or presence of methionine. In contrast to
the 5′ UTR of sam1, for the 5′ UTRs of Met26 or cys the
β-gal expression is unresponsive to methionine. These re-
sults together suggest that the repression of β-gal expres-
sion is dependent on the transcribed 5′ UTR RNA of sam1
and supplementation by methionine.

Regulatory RNAs can regulate gene expression at the
level of transcription or translation (Breaker 2018). To test
if the repression of the β-gal gene in the reporter assay oc-
curs at the transcriptional level, mRNA abundance of β-gal
reporter on titration of methionine was measured by real-
time PCR. Titration of methionine shows very little change
in β-gal mRNA abundance relative to the control (Tubulin)
(Fig. 2C). Thus, repression of the β-gal gene in reporter as-
says probably occurs at the level of translation.

SAM binds to the 5′′′′′ UTR RNA of sam1 in vitro

Because the 5′ UTR mRNA of sam1 mediates reporter
gene expression upon supplementation of methionine,
we speculated that direct interactions between the 5′

UTR RNA of sam1 and SAM may be responsible for the
β-gal repression in the reporter assay. The UTR mRNA of
sam1 is 235 nucleotides in length (185 nt UTR with 50 nt

of coding sequence, which also con-
tains the primer sequence for reverse
transcriptase detection of modified
RNA, used in subsequent chemical
probing experiments) and has an AU
content of 66%, both of which make
it challenging for high-resolution bio-
physical measurements. The binding
of SAM to the UTR of sam1 in compar-
ison with its related structural analogs
(methionine, SAH, dc-SAH or MTA
[Fig. 3A]) wasmeasured by quenching
of the fluorescence signal upon ligand
binding in a Monolith NT.115 instru-
ment (Entzian and Schubert 2016;
Moon et al. 2018; Wang et al. 2019).
RNA was prepared by in vitro tran-
scription using T7 RNA polymerase
and labeled with fluorescein. The

change in fluorescent signal was consistent with SAM
binding to the RNA with an affinity of 117 µM. (Fig. 3B).
In each sample the full fluorescence signal was restored
when the sample was denatured at 95°C in 10% pyridine
(Fig. 3C). However, no binding for SAH (Fig. 3D) or the re-
lated structural analogs was detected under the same con-
ditions (Supplemental Fig. S2). Therefore, the sam1 RNA
binds SAM specifically. Methionine is converted into
SAM in cells (Hilti et al. 2000). Supplementation of the
cell medium with methionine (the SAM precursor) causes
repression of β-gal expression, however methionine did
not bind to the RNA by fluorescence quenching, ruling-
out the possibility that β-gal repression was caused by di-
rect binding of methionine to the 5′ UTR RNA of sam1.
The β-gal repression was dependent on the direct binding
of SAM and 5′ UTR RNA of sam1. Overall the binding data
is consistent with and supports the results of the reporter
assays.

Secondary structure of sam1 UTR RNA

Dimethyl sulphate (DMS) methylates unpaired adenine at
N1 and cytosine at N3 nucleotide in structured RNA.
Methylated A or C terminate reverse transcriptase in prim-
er extension. DMS chemical probing was used to investi-
gate the secondary structure of the 5′ UTR mRNA of
sam1 (Tijerina et al. 2007; Jia et al. 2013) in the presence
or absence of SAM by primer extension detected by cap-
illary electrophoresis with fluorescence detection. The 235
nt 5′ UTR mRNA of sam1 was modified by DMS, and a set
of electropherograms was obtained with or without SAM
(Fig. 4A,B) The results show fluorescent peaks that corre-
spond to the positions of As and Cs that are reactive to-
ward DMS, and indicate unpaired or perturbed regions
in the structured RNA. Conversely, base-pairing protects
the RNA against modification by DMS and is associated

FIGURE 1. The SAM biosynthesis pathway in S. pombe.
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with regions of low reactivity. The positions of DMS reactiv-
ities were used as constraints for RNA secondary structure
prediction by computational RNA folding (Zuker 2003).
Small differences in DMS reactivities were observed on ad-
dition of SAM, for example, the DMS sensitive positions
99A and 104A show reduced reactivities. However, these
differences are not consistent with a major rearrangement
of the secondary structure, and do not change the mfold
folding constraints. Such alterations in reactivity may well
be due to local changes in the tertiary structure of the
RNA upon SAM binding. The chemical probing (DMS)
data combined with computational folding (mfold) pre-
dicts a secondary structure for the 5′ UTR mRNA of sam1

plus or minus SAM (Fig. 4C; Tijerina
et al. 2007). The RNA adopts a com-
pact secondary structure, divided
into 2-domains, the first (5′ domain)
contains two hairpin loops (L1, L2),
and the second 3′ domain is com-
posed of a 6 bp double-stranded re-
gion (Stem I) that encloses a series of
single-stranded internal loops (L4,
L6) and hairpin loops (Stem II; L3
and Stem III; L5) arranged about a he-
lical junction (Figs. 4A,C, 6A).

Osmium tetroxide (OsO4)
detects tertiary structural
changes in the sam1 UTR RNA
upon SAM binding

The chemical probe OsO4/pyridine
modifies RNA at the 5–6 double
bond of pyrimidines, mainly at
unstacked uracil residues that are
conformationally exposed on the sur-
face of the folded RNA. Changes in
the reactivity at unstacked uracils to-
ward OsO4/pyridine may serve as an
indication of tertiary structure chang-
es in the RNA in response to different
conditions (Zhang et al. 2017). The 5′

UTR mRNA of sam1 is enriched in AU
nucleotides. We therefore probed
the RNA with OsO4/pyridine on titra-
tion of SAM. A set of electrophero-
grams composed of a series of
fluorescent peaks (Fig. 5A) was ob-
tained by the OsO

4
-modified RNA.

The fluorescence signals reflect the
reactivity of OsO4 modification at
each nucleotide. A number of fluores-
cent peaks were detected, as ex-
pected the majority of peaks
corresponded to OsO4-modified ura-

cils (Supplemental Fig. S3). SAM titration results in chang-
es in OsO4 reactivity at specific nucleotides. The most
striking change generated by SAM titration was at nucle-
otides 138G–142U within a predicted loop (L5). Without
SAM, high fluorescent peaks were observed at nucleo-
tides 138G–140U, and upon SAM titration, the OsO4 reac-
tivity at 138G–140U became progressively reduced. The
reduction in OsO4 reactivity as measured 140U was con-
sistent with a KD of SAM for the RNA of ∼68 μM (Fig.
5B). This indicates that a conformational change occurred
upon SAM binding such that the loop L5 nucleotides
138G–140U became less unstacked and less accessible
to OsO4 modification.

A

B

C

FIGURE 2. Methionine control of reporter gene expression through the 5′ UTR of sam1. (A)
The Pnmt81-leaderRNAsam1/Met/cys-lacZα constructs used in this study. (B) β-galactosidase
expression in S. pombe cells transformed with the UTR constructs as indicated. Cells were
grown in EMMmedia inmethionine 0 or 200mg/L. Error bars are standard deviations of at least
three independent experiments. (C ) Real-time PCR analysis of mRNA abundance of the sam1
UTR RNA relative to the internal control tubulin.
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Mechanism of sam1 UTR RNA regulation of SAM-
dependent gene expression

Reporter assay results suggest that the interaction be-
tween sam1 UTR RNA and SAM may play an important
role in the regulation of translation. Structural changes in
the RNA upon SAMbinding were detected by OsO4 prob-
ing. Thus, the RNA may interact with the translation ma-
chinery to control basal levels of translation in the
absence of SAM or regulate translation upon SAM binding
through changes in the structure.

To dissect the functional components of the RNA struc-
ture, we made a series of mutations (Fig. 6A,B): three pairs
of restorative and disruptive mutations on stem I (M9–10),
II (M11–12), and III (M13–14), and several point mutations
(M1–8). The effect of these RNA mutations on translation
upon titration of SAM was determined by reporter assays
and compared to the wild-type RNA (Fig. 6B–D). Based
on the effect of the mutations on translation, they can be
divided into three groups: mutations that have no effect
on translation with or without SAM (M9 and M11),

A

B C

D

FIGURE 3. SAMbinds to the sam1UTR RNA. (A) Chemical structures of various compounds used to probe the binding characteristics of the sam1
UTR RNA. (B) The change in fluorescence intensity on titration of SAM with the fluorescein-labeled sam1 UTR RNA, the SAM binding curve is
shown in the inset. Error bars are the standard deviations of at least three independent experiments. (C ) The fluorescence intensity of the fluo-
rescein-labeled sam1 UTR RNA–SAM complex samples from B under denaturing conditions. (D) SAH does not bind to the sam1 UTR RNA; fluo-
rescence intensity measurements on titration of SAH with the fluorescein-labeled RNA.
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mutations that cause loss of response to SAM but retain
basal levels of translation (M1–8 and M12) and mutations
that completely abolish translation either with or without
SAM (M10, M13, and M14). The restorative mutant M9
that retains base-pairing in stem I has a similar translational
response to the wild-type RNA, both in terms of the basal
level and also with SAM, in contrast, the disruptive muta-
tion of stem I (M10) showed no translation with or without
SAM indicating that formation of stem I is essential for the
basal level of translation. The disruptive mutant M12, at

stem II retains basal levels of translation compared to the
wild-type RNA, but loses the response to SAM. The restor-
ative mutation of stem II, M11 had basal translation and re-
gained some SAM response. The translational effects of
M11–12 suggests that stem II plays a role in the response
to SAM. Both disruptive and restorative mutations in stem
III (M13–14) lead to the complete abolition of translation.
Note that the mutations M13–14 neighbor or overlap the
138G–140U region where OsO4/pyridine reactivity was
suppressed on titration of SAM. These mutations (M13–

A

B

C

FIGURE 4. The secondary structure of the 5′ UTR of sam1 RNA. (A) DMS probing analysis of the sam1 UTR RNA in the absence of SAM. (B) DMS
probing analysis of the sam1UTR RNA in the presence of SAM. (C ) Predicted secondary structure of the sam1UTR RNA by computational folding
and structure probing analysis; DMS reactive nucleotides are labeled in green.
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14) suggest that stem III and the region adjoining 138G–

140U are also important for basal levels of translation.
The point mutations in stem III M2–M5 are unchanged
on the addition of SAMalthoughM2 andM5 have reduced
levels of basal translation. A point mutation (M8, A120U) in
the internal loop (L4) retains basal levels of translation, but
is unresponsive on addition of SAM.

To further investigate whether specific tertiary structural
changes upon SAM binding were responsible for the ob-
served repressionof translation,mutant RNAswereprobed
with OsO4 on titration of SAM and compared to the wild-
type RNA. In the wild-type RNA, the reactivity of OsO4 to-
ward 138G–140U became progressively weaker with titra-
tion of SAM, and similar changes in reactivity were
observed in the restorative mutations of stem I (M9) and
stem II (M11), in which wild-type patterns of repression
are restored in the reporter assay (Figs. 6D, 7). However,
OsO4 reactivity in loop III at positions 138G–140U in the in-
active mutants M10 (in stem I), M12 (in stem II) or M13–14
do not titrate with added SAM (Fig. 7). There is therefore
a good correlation between the tertiary structure of the
RNA and the observed level of translation, suggesting
that the tertiary structure transition of RNAupon SAMbind-

ing may be responsible for the repression of translation. A
comparison of OsO4 probing of the point mutations M1–4
with the wild-type RNA is shown in Figure 6E (M2 A128–
U161) and Supplemental Figure S4 (M1–4 full length
RNA). The accessibility of theOsO4 probe to some nucleo-
tides in the mutants differs compared to that of the wild-
type RNA (Fig. 6E; Supplemental Fig. S4), suggesting
that even single pointmutationsmayalter the tertiary struc-
ture such that it becomes unresponsive to SAM. Thus, a
specific structure is required for translation and the change
in RNA structure in the presence of SAM is essential for the
repression of translation. Thus, the sam1 RNA may act as a
biosensor such that the presence of SAMcauses conforma-
tional changes that regulate translation.

DISCUSSION

Here we show that the UTR mRNA of the sam1 gene plays
an important role in the regulation of translation through
an RNA structure transition upon SAMbinding. The follow-
ing evidence supports this conclusion: (i) The regulation of
reporter gene expression required both the presence of
the UTR mRNA of the sam1 gene and the SAM precursor

A

B

FIGURE 5. OsO4 probing of the tertiary structure of sam1 RNA on SAMbinding. (A) Electropherogram of OsO4-modified RNA in the presence of
400 µM SAM (blue trace), no SAM (red trace), or blank control (gray trace). (B) SAM binding measured through changes in OsO4 reactivity at the
140U position in the RNA, on titration with SAM (data taken from Supplemental Fig. S3).
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methionine (Fig. 6C,D). (ii) Specific SAM binding to the
UTR mRNA of the sam1 gene was measured by fluores-
cence quenching which could distinguish between
structural analogs of SAM that did not bind (Fig. 3;
Supplemental Fig. S2). (iii) The RNA secondary structure
was analyzed by DMS and OsO4 chemical probing to re-
veal that the sam1 UTR RNA undergoes a tertiary structure

transition upon SAM binding (Figs. 4A,B, 5A). (iv)
Mutational analysis identified important RNA structural
elements that contribute to basal translation and transla-
tional regulation upon SAM binding. SAM-dependent
repression of reporter gene translation was observed in
the natural sam1 RNA. Mutations to the RNA in which
SAM-dependent repression was retained underwent a

BA

DC

E

FIGURE 6. The functional and structural specificity of SAM–RNA binding. (A) The positions and identities of the mutations on the RNA. (B) The β-
gal activity of the 5′UTR RNAmutations in the presence of 200mg/Lmethionine. Mutant RNA repression is expressed as a proportion of wild-type
RNA repression. The positions of the potential functional sites in the RNA are indicated. (C ) β-galactosidase expression data of the wild-type UTR
and M1–M8 point mutant RNAs in S. pombe cells. Cells were grown in EMMmedia in the absence of thiamine with or without 200 mg/L methi-
onine. Error bars are standard deviations of at least three independent experiments. (D) β-galactosidase expression data of the wild-type UTR and
M9–M14mutant RNAs in S. pombe cells. Cells were grown in EMMmedia in the absence of thiamine with or without 200 mg/L methionine. Error
bars are standard deviations of at least three independent experiments. (E) Electropherogram of OsO4 modification of the 5′ UTR of the sam1
RNA (nucleotides 128–161), comparing the reactivity of the mutation M2 (U139A) (the blue trace) with wild-type RNA (red trace).
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similar structural transition to thewild-type RNA, that could
be detected by OsO4 probing. However, mutations to the
RNA that do not respond to SAM in reporter assays, dis-
played an altered structural transition upon OsO4 probing.
Thus, regulation of reporter gene translation in response to
SAM is dependent on the tertiary structure transition in
sam1 UTR RNA upon SAM binding (Figs. 6D, 7).

As a translational regulatory mechanism, there are simi-
larities between the function of the 5′ UTR mRNA of sam1
in prokaryotes and eukaryotes. The bacterial 5′ UTRmRNA
of the sam1 genes (SAM II–VI riboswitch RNAs) bind SAM
to control translation of SAM synthetase and regulate SAM
metabolismwith negative feedback. Analogously, we have
shown that the 5′ UTR mRNA mediates translation of the
sam1 gene in fission yeast, and like its prokaryotic counter-
parts it is also repressed by SAM with similar fold-changes
and affinities (Figs. 2B, 3B; Corbino et al. 2005; Fuchs et al.
2006; Weinberg et al. 2008; Poiata et al. 2009; Mirihana
Arachchilage et al. 2018). However, mechanisms of
translation regulation are significantly different between
prokaryotes and eukaryotes. In bacteria, although the for-
mation of the translation initiation complex is comparative-
ly well understood, recognition and accessibility of SD
(ribosome-binding sites) sequences are critical drivers for
the initiation of translation. SAM riboswitch RNAs undergo
secondary structure transitions upon SAM binding that can
sequester or release the SD sequence to repress or acti-
vate translational initiation, independently of additional
protein factors (Breaker 2012). In contrast, mechanisms of
eukaryotic translational initiation are less well understood.
Eukaryotic translation initiation involves the coordinated
assembly of ribosomal subunits, mRNA and at least
nine eukaryotic initiation factors (eIFs) to form initiation

complexes. The initiation of translation may utilize either
cap-dependent scanning mechanisms or cap-indepen-
dent internal ribosome entry sites (IRESs). In addition,
Kozak sequences on mRNA are not well conserved. The
complexity and diversity of eukaryotic translation initiation
poses enormous challenges for the understanding of its
regulation. Here, although the mechanisms of translation
initiation in S. pombe are relatively unexplored, we have
shown that translational control of the sam1 gene in S.
pombe was associated with a structural transition in the
sam1 5′ UTR mRNA, caused by SAM binding (Figs. 6D,
7). Certain mutations in the sam1 5′ UTR, notably M10 in
stem I or M13–14 in stem III completely abolished transla-
tion and we speculate that the sites of thesemutationsmay
interact directly with the translation apparatus. The muta-
tion M10 that disrupts stem I may also render the RNA sus-
ceptible to degradation through the generation of 5′ and
3′ single-stranded regions in the RNA, emphasizing the im-
portance of stem I in stabilizing the secondary structure for
translation of the RNA (Houseley and Tollervey 2009).

Recently uORFs have been reported to have regulatory
roles in eukaryotic translation initiation (Miller-Fleming
et al. 2015). A genome-wide study of ribosomal pull-
down profiles identified all of the uORFs in S. pombe
(Duncan and Mata 2014); we note that no uORFs were as-
sociated with the 5′ UTR mRNA of the sam1 gene.

Tertiary folding of the 5′ untranslated regions of eukary-
otic mRNAs may regulate the initiation of translation
through interactions with the translational apparatus. A
growing body of independent studies are continuing to re-
veal a variety of factors and conditions that contribute to
the control of translation initiation in higher organisms
(Leppek et al. 2017). The accumulation of additional

FIGURE 7. Relative OsO4 reactivities of the RNA nucleotides (138–140) of wild-type and M9–M14 mutant RNAs, on titration of SAM.
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case-studies will enhance our understanding of these
mechanisms. Here we have focused on biochemical evi-
dence for a regulatory function of the 5′ UTR mRNA of
sam1 and demonstrated a role for the RNA in the transla-
tion of the sam1 gene. Identification of this unique eukary-
otic SAM binding 5′ UTR mRNA that is involved in a
fundamental metabolic process in fission yeast suggests
the possibility of a more widespread role for ligand-sens-
ing regulatory RNAs in eukaryotic gene expression.

MATERIALS AND METHODS

Determination of the sam1 UTR by 5′′′′′ RACE

The transcription start site was identified using SMART RACE
cDNA Amplification kit (Clontech), following the manufacturer’s
instructions.

Construction of the reporter plasmid and
mutagenesis

The plasmid Rep81x-lacZ (Forsburg 1993) (a gift from the
Forsburg laboratory) was used as a vector to clone the reporter
plasmids in this study. The DNA sequences corresponding to
the 5′ UTRs of sam1, homocysteine methyltransferase (Met26),
and cysteine-S-conjugate β-lyase (Cys), were each amplified and
cloned into the vector. Mutagenesis was conducted using the
Site-Directed Mutagenesis kit (Clontech), following the manufac-
turer’s instructions.

The reporter assay in fission yeast

The h-leu1-32 strain (a gift from the Jürg Bähler) cells that trans-
formed with the reporter plasmid were cultured in EMM medium
for 1 d, and cells were diluted to an optical density (OD) 0.01 in
EMM. Methionine was added to a final concentration of 0, 200
mg/L, and cells grown for a further 24 h. For the control sample,
60 µM of thiamine was added in parallel to the medium, and β-
gal activity were measured. Cells (∼106) were harvested and re-
suspended in 1 mL of Z buffer (60 mM Na2HPO4, 40 mM
NaH2PO4, 10mMKCl, 1 mMMgSO4, 50mM β-mercaptoethanol,
pH 7.0). Cells were diluted thrice with Z buffer, and 600 µL of cell
suspension was mixed with 70 µL of chloroform and 60 µL of 0.1%
SDS, followed by mixing for 10 sec, and incubated at 30°C for 15
min, after adding120µLof 4mg/mLo-nitrophenyl β-D-galactopyr-
anoside (ONPG), and further incubated for 15–20 min (30°C). The
reaction was quenched by the addition of 400 µL of 1 M sodium
carbonate. TheOD420 andOD600 weremeasured, andMiller units
were calculated from the formula: U=1000×OD420/[(Time) ×
(Vol) ×OD600] (Zhang and Bremer 1995).

DMS probing

DMS probing was performed as previously described (Tijerina
et al. 2007; Jia et al. 2013). Briefly, a series of concentrations of
SAM were incubated with ∼20 pmol of RNA in buffer (50 mM
Tris-KOH [pH 8.0], KCl 100 mM, 1 mM MgCl2), and RNA was

probed by 0.5% DMS (Sigma) at 25°C for 5 min. DMSO instead
of DMS was added as control sample. The reaction was stopped
by the addition of 475 µL stop solution (30% [v/v] β-mercaptoetha-
nol, 0.3 M sodium acetate) and 1 mL ethanol and recovered by
ethanol precipitation. Positions of modification were determined
by reverse transcription and sequencing with a 5′ FAM-labeled
primer.

Real-time PCR

Messenger RNA abundance of lacZ (β-gal reporter) from the re-
porter plasmid was detected by real-time PCR with increasing
amounts of SAM, using tubulin as a reference, as previously de-
scribed (Jia et al. 2013).

Osmium probing

Osmium probing was performed as previously described (Zhang
et al. 2017). Briefly, a series of concentrations of SAM were incu-
bated with ∼20 pmol of RNA in buffer (50 mM Tris-KOH [pH 8.0],
KCl 100 mM, 1 mM MgCl2), and RNA was probed by 1 mM of
OsO4/pyridine at 25°C for 35 min. The reaction was stopped by
ethanol precipitation, and the probing position was measured
by reverse transcription and sequencing with a 5′ FAM-labeled
primer. The control sample was included without OsO4/pyridine.

Fluorescence quenching

The sam1 UTR RNA was prepared by in vitro transcription using
T7 RNA polymerase. Purified RNA was labeled with fluorescein-
5-thiosemicarbazide as previously described (Wu et al. 1996).
The FITC RNA and SAM or other analogs were both prepared
in 50 mM Tris-NaOH (pH 8.0), 100 mM NaCl, and 1 mM MgCl2.
The RNA was annealed by heating to 95°C for 2 min and then
cooled to room temperature. SAM or other analogs were added
and the samples incubated for 1 h. Fluorescence intensities
were detected in the capillary scan using the Monolith NT.115
system (NanoTemper Technologies). When fluorescence chang-
es were observed, samples were denatured to validate ligand-de-
pendent fluorescence changes. To each sample, 10% (volume)
pyridine was added. Samples were mixed and incubated for 2
min at 95°C to denature the samples and the fluorescence inten-
sity measured.

Computational RNA folding

RNA secondary structures were predicted using the computa-
tional folding software mfold (mfold web server running version
3.6, http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form)
(Zuker 2003), incorporating the DMS chemical probing data for
each nucleotide to constrain regions of double-stranded and sin-
gle-stranded RNA. In Watson–Crick base-paired RNA, A or C nu-
cleotides were unreactive toward methylation by DMS (Tijerina
et al. 2007). In contrast, in unpaired RNA, the N1 position of aden-
osine and the N3 position of cytidine are sensitive toward modi-
fication by DMS, and methylation at these positions also blocks
reverse transcription. Single-stranded nucleotides or perturbed
regions in the RNA are therefore detected as high fluorescent
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signals (relative to the controls) in the electropherograms due to
abortive reverse transcription; in contrast, base-paired regions
of the RNA are comparatively unreactive and do not impede re-
verse transcriptase.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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