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New methods to control local RNA methylation are needed to
elucidate the function of individual m6A. Here, fusion proteins
between the programmable RNA binding protein PUF and the m°¢A
demethylase FTO or METTL14 methyltransferase were designed.
FTO-PUFs and METTL14-PUFs showed sequence-specific RNA
demethylation and methylation activities, respectively.

The methylation of adenosines at the N6 position (m®A) is the
most abundant mRNA modification, regulating various aspects of
mMRNA metabolism, such as mRNA stability, localization, and
translation, ultimately controlling gene expression. Two m°®A
writers, the Methyltransferase-like 3 and 14 (METTL3 and
METTL14) form an obligate heterodimer and “write” the N®-
adenosine methyl on the central adenosine in the RRACH (R: A,
G; H: A, C, U) consensus sequences’. Fat mass and obesity-
associated protein (FTO) or alpha-ketoglutarate-dependent
dioxigenase alkB homolog 5 (ALKBH5) catalyze the
demethylation reaction and are called “erasers”? 3. So far, the
importance of m®A RNA methylation in various biological
processes including differentiation® >, tumorigenesis® 7,
circadian clock®, and virus infection® has been shown through
knockdown or overexpression of these m®A regulatory
enzymes or by using small molecules to change methylation
levels. However, the specific functions of a given m®A site can
only be speculated from such large-scale interventions, since
methylated nucleotides throughout the transcriptome will be
affected, causing many secondary effects. New methods that
enable mRNA methylation states to be tuned at specific sites,
hence in a sequence-specific manner, are required.

To target a specific mRNA site to achieve programmable
post-transcriptional regulation, CRISPR-based RNA-targeting
technologies and modular RNA-binding proteins have been
developed!®12, Here, we harnessed the mRNA-sequence
specificity of the modular RNA-binding proteins Pumilio and
FBF homology protein (PUF). The mRNA binding region of PUFs
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consists of eight structural repeats, each containing ~36 amino
acids, flanked by N- and C-terminal repeats (Fig. S1A)!3 14, Each
of these eight PUF repeats recognizes a single nucleotide using
three amino acid residues at specific positions. By substituting
the amino acids in the repeats, mutant proteins have been
created targeting various mRNA sequences of eight bases!>1°,
In addition, artificially designed multiple-repeats PUFs were
shown to bind to longer mRNA sequences, which made it
possible to target a specific RNA sequence in the
transcriptome!®> 2022 So far, PUF proteins have been fused
with various effector domains for splicing?3, translational
controll? 2426 cleavage of mitochondrial-encoded gene
transcripts?’, or visualization of endogenous mMRNAs28-32,
Considering such achievements, PUF would be a useful guide
to target mPA-regulatory enzymes to a specific locus and
manipulate RNA methylation status. In this study, we
demonstrate the feasibility of this approach by genetically
engineering a fusion between FTO or METTL14 with the
customizable RNA binding protein PUF (Scheme 1).
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Scheme 1 Concept of the targeted demethylation and methylation.
FTO or METTL14 was genetically fused with a designable RNA binding
protein, PUF. The fusion proteins are expected to control RNA
(de)methylation close to the PUF binding site.

To demethylate target mSA sites, FTO-PUFa was
constructed, in which the RNA binding domain of Pumillio 1
(PUM1, here denoted as PUFa), recognizing 5'-UGUAUAUA-
316, 17 was fused with FTO using a (GSS), flexible linker
(Scheme 1, upper). The fusion protein was expressed in E. coli,
and purified and used for in vitro demethylation assay. RNA
demethylation by FTO or FTO-PUFa was evaluated by the MazF
cleavage assay which we have developed recently (Fig. S1B)33,

based on the E. «coli MazF, a 5'-ACA-3' specific
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endoribonuclease, which is unable to cleave the methylated 5'-
mSACA-3’ (Fig. 1A; lanes 1-4). RNA oligomers containing an
mPACA sequence can only be cleaved by MazF after
demethylation has occured33. In the absence of a PUFa target
site, FTO and FTO-PUFa showed comparable m°®A
demethylation activities in an RNA/DNA hybrid oligo (Fig. S2A),
indicating that PUFa does not significantly interfere with the
enzymatic activity of FTO when fused with it. Critically, at a
concentration of 100 nM, at which both FTO and FTO-PUFa
only weakly demethylated the m®A in the RNA/DNA hybrid
oligo, the demethylation activity of FTO-PUFa was significantly
higher than that of FTO on an oligo bearing an mfA 6
nucleotides (nt) away from the binding sequence of PUFa (Fig.
1A; lanes 5,6, Fig. 1B, Fig. S2B). FTO-PUFa also performed
significantly better than FTO when the m®A was located 2- and
10-nt away from the binding sequence of PUFa (Fig. S2C).
When m°A overlapped with the binding sequence of PUFa (5'-
UGUAUAU(mM®A)-3'), no demethylation was observed (Fig.
S2C). These results indicate that FTO-PUFa first binds to the
PUFa binding site, triggering the demethylation of a nearby
m°®A. Changing the linker between FTO and PUFa to (GSS),,
(GSS)s, or to a 39-amino acids linker (FXP)** did not
significantly affect the demethylation of m®A located 6-nt from
the binding sequence of PUFa (Fig. S2D). It should be noted
that the demethylation efficiency of FTO-PUFa for RNA
containing the binding sequence reached a plateau at around
50%, even under higher concentrations of FTO-PUFa (Fig. S2E).
One plausible reason is the stable RNA binding of PUFa to the
target RNA sequence. The accessibility to the active center
may also be restrained. Further engineering of FTO and PUFs
from the viewpoint of the kinetics and the structure could
improve the sequence-specific demethylation efficiency.

The sequence-specific demethylation activity of the FTO-
PUF fusion proteins was further shown in the presence of
competitive RNA fragments. Two kinds of FTO-PUF fusion
proteins, FTO-PUFa and FTO-PUFb were prepared (Fig. 2A).
PUFb was designed to target the RNA sequence 5'-
UGGGGUUC-3'. Two different substrate RNAs, RNA[A™] and
RNA[B™], in addition to a ~20-fold excessive amount of non-
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Figure 2 Fusion of the FTO demethylase with PUF RNA binding domain.
(A) Demethylation activities of 100 nM of FTO (lane 5) and FTO-PUFa
(lane 6) for the RNA substrate RNA[A™] were examined by MazF
cleavage. As shown in a parenthesis, RNA[A™] contains an m®ACA
sequence and a PUFa binding sequence (blue letters). RNA[A],
containing the same sequence as RNA[A™] but non-methylated ACA
(underlined), was used for the reference of MazF-cleaved band (lanes 1
and 2). RNA[A™] was not cleaved by MazF (lanes 3 and 4). (B) The
percentages of the demethylated substrate RNA by 100 nM of FTO or
FTO-PUFa were calculated. Data are the mean + S.D. The statistical
analyses were performed using one-way ANOVA (***; p<0.001).

specific RNA fragment (246-nt) were mixed and incubated with
each FTO-PUFs. RNA[A™] and RNA[B™] contained an m°®ACA
sequence separated by 6 nt from the PUFa and PUFb binding
sequences, respectively. In addition, RNA[A™] and RNA[B™]
were 5'-labeled with the fluorescent labels FAM (ex. 488 nm)
and TAMRA (ex. 532 nm), respectively (Fig. 2A). After the
incubation of the mix of RNA[A™] and RNA[B™] with either
FTO-PUFa or FTO-PUFb, the samples were treated with MazF
and loaded onto a denaturing gel. Excitation of the gel at 488
nm revealed that MazF cleaved RNA[A™] treated with FTO-
PUFa but not with FTO-PUFb (Fig. 2B, upper); excitation at 532
nm showed cleaved RNA[B™] bands only when the mix was
treated with FTO-PUFb (Fig. 2B, lower). These results indicate
that the FTO-PUFs efficiently discriminate their target
sequences in a mixed population of RNAs. Moreover, FTO-
PUFs could discriminate between their target RNAs even in the
presence of extracted RNA from Hela cells (Figs. 2C and S3A):
RNA[A™] and RNA[B™] were specifically demethylated by FTO-
PUFa and -PUFb, respectively. Next, gel mobility shift assay
confirmed that FTO-PUFa bound only to RNA[A™] and FTO-
PUFb only to RNA[B™] (Fig. S3B). These results demonstrate
that the selective demethylation of substrate RNAs by PUF-
fused FTO proteins depends on the selectivity of PUF domains.

We have shown that FTO-PUFs can be used in vitro for the
demethylation of a methylated transcript. We next wondered
whether PUFs could also be used to methylate a target RNA
substrate. Therefore, we sought to use the same PUF-based
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Figure 1 Sequence-specific demethylation by FTO-PUFs in the mixture
of RNA substrates containing different PUF binding sites. (A) Design of
FTO-PUFa, FTO-PUFb, and the substrate RNA containing their binding
sites and mSACA sequences. The target sequences of PUFa and PUFb
are shown in blue and red, respectively. 5 terminal of RNA[A™] and
RNA[B™] was labeled with FAM and TAMRA, respectively. (B)
Demethylation activities of 100 nM of FTO-PUFa and FTO-PUFb in the
mixture of two RNA probes, RNA[A™] and RNA[B™] (lanes 5-7; 50 nM
each), in the presence of excess amount of in vitro transcribed non-
specific RNA (246-nt, 100 nM). lanes 1-4; RNA controls, lane 5; no
demethylase, lane 6; 100 nM FTO-PUFa, lane 7; 100 nM FTO-PUFb. The
MazF—cleavage patterns of RNA[A™] and RNA[B™] after demethylation
reaction were visualized by excitation with 488 nm (upper) and 532 nm
(lower), respectively. (C) Demethylation activities of 100 nM of FTO,
FTO-PUFa, or FTO-PUFb for RNA[A™] (upper) and RNA[B™] (lower) in
the mixture of RNA[A™ and RNA[B™] (50 nM each) in the presence of
50 ng/ulL total RNA extracted from Hela cells. Data shown are the
mean * S.D. The statistical analyses were performed using one-way
ANOVA (*; p<0.05, **; p<0.01, n.s.; not significant).
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strategy to methylate target RNAs by fusing PUF proteins with
the methyltransferase domain (MTD) of METTL14. The mRNA
m®A methylation is catalyzed by the METTL3/METTL14
heterodimer at the consensus sequence 5-RRACH-3'L.
Although both enzymes have MTDs, METTL3 is the catalytic
core and METTL14 is believed to contribute to RNA substrate
binding via its RNA binding groove and C-terminal RGG
repeats3°-38, We thus engineered the chimera MTD14d-PUFa,
containing the MTase domain of METTL14 without the RGG
repeats (aa 111-410) joined with the PUF domain (Fig. 3A). As
a control we used the MTase domain of METTL14 with its
native RGG domain (aa 111-456), thereafter denoted as
MTD14. Strep-tagged METTL3 containing amino acids 255-580
(MTD3), together with Hisg-tagged MTD14 or MTD14d-PUFa
were expressed in E. coli and purified stepwise as a
heterodimer, as described previously33. After methylation
assay using these purified heterodimers, the samples were
incubated with MazF and loaded onto a denaturing gel. The
methylated levels were quantified using the ratio of
uncleaved/cleaved substrates, since methylation of the RNA
substrate inhibits the activity of MazF.
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Figure 3 Construction of the methyltransferase-PUF fusion proteins. (A)
Schematic representation of MTD3, MTD14 and MTD14d-PUFs and
substrate RNAs. The target RNA sequences of PUFa and PUFb are
colored in blue and red, respectively. The methylation target sequences
(5'-RRACH-3’) are shown in bold letters. (B) Methylation activities of
MTD3/MTD14 and MTD3/MTD14d-PUFa (100 nM) against RNA[A] (100
nM) in the absence or presence of non-specific RNA (246 nt, 700 nM). (C)
Methylation activities of MTD3/MTD14, MTD3/MTD14d-PUFa or
MTD3/MTD14d-PUFb (200 nM) against RNA[A] and RNA[B] (100 nM
each) in the presence of 50 ng/uL of total RNA extracted from Hela cells.
Data shown are the mean + S.D. The statistical analyses were performed
using one-way ANOVA (*; p<0.05, **; p<0.01, n.s.; not significant) .

In the absence of competitive RNAs (Figs. 3B, S4A
competitor (-)), both MTD3/MTD14 and MTD3/MTD14d-PUFa
methylated about 80% of RNA[A], a substrate containing the
PUFa binding sequence and a 5-AGACA-3' sequence 4
nucleotides downstream (compatible with the 5'-RRACH-3’
consensus and MazF-target sequence 5'-ACA-3’). In contrast,
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addition of an excess amount of non-specific RNAs (246-nt; 70-
fold excess in nucleotides compared with RNA[A]) lowered the
methylation level of RNA[A] by MTD3/MTD14 to <10%, while
MTD3/MTD14d-PUFa still methylated about 70% of RNA[A]
(Figs. 3B, S4A, competitor (+)).

While the MTDs are known to bind to RNA and provide
some specificity to the target 5-RRACH-3’ substrate, the RGG
repeats of METTL14 likely contribute to RNA binding of the
complex, albeit with low sequence specificity3>38. Indeed, the
RNA[A] binding assay with MTD3/MTD14 showed
MTD3/MTD14-dependent shifts in the absence of non-specific
RNA; the shifts decreased when non-specific RNAs were added
(Fig. S4B), suggesting that non-specific RNAs competed with
RNA[A] for MTD3/MTD14 binding, resulting in decreased
RNA[A] methylation. In contrast, RNA binding assays
demonstrated that MTD14d-PUFa bound to RNA[A] regardless
of the presence of non-specific RNAs (Fig. S4B), demonstrating
the sequence specificity of MTD3/MTD14d-PUFa imparted by
the RNA binding domain of PUFa.

Sequence specificity of MTD3/MTD14d-PUFa was further
demonstrated in a mixture of substrate RNAs with different
PUF-target sequences. A second METTL14-PUFs chimera,
binding to a different RNA sequence substrate (RNA[B]), was
engineered and named MTD14d-PUFb. RNA[A] and RNA[B]
both included a 5'-AGACA-3' sequence 4 nucleotides
downstream of their respective PUF binding sites (PUFa or
PUFb) and were labeled with the fluorescent tags FAM and
TAMRA, respectively (Fig. 3A). As before, MTD14d-PUFa or
MTD14d-PUFb were co-expressed with MTD3 in E. coli and
purified as a complex. MTD3/MTD14d-PUFa  and
MTD3/MTD14d-PUFb were then incubated with equimolar
amounts (100 nM each) of RNA[A] and RNA[B] in the presence
of an excess amount of competitor RNAs (246-nt, 300 nM);
their methylation activities were evaluated using the MazF-
cleavage assay. Excitation of the gel at 488 nm revealed that
the intensity of uncleaved RNA[A] increased in correlation with
the concentration of MTD3/MTD14d-PUFa but not -PUFb (Fig.
S5A, upper). Similarly, at 532 nm, the intensity of uncleaved
RNA[B] increased with the concentration of MTD3/MTD14d-
PUFb but not that of MTD3/MTD14d-PUFa (Fig. S5A, lower).
These results demonstrate the specificity of MTD3/MTD14d-
PUFa and -PUFb. The specificity of these chimeras was further
confirmed even in the presence of total RNA extracted from
Hela cells (Figs. 3C, S5B), demonstrating the feasibility of
customizable PUF-fused METTL14 MTD chimera for targeted
MRNA mfA methylation.

In this study, we have engineered m°®A regulatory enzymes
based on modular PUFs fused with FTO and METTL14. FTO-
PUFs demethylated m®A close to the binding site of the PUF
RNA binding domain, while MTD3/MTD14d-PUFs methylated
the N® adenosine in a 5'-RRACH-3’ consensus sequence close
to the binding site of PUFs. Sequence-specific (de)methylation
was demonstrated in vitro even in the presence of an excess
amount of non-specific RNA fragments derived from
mammalian cells, strongly suggesting these chimeras could be

used in cell cultures or even in vivo. Although further
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examinations are needed, these results provide a proof-of-
principle that the strategy to fuse m®A-regulatory enzymes
with the programmable RNA binding protein PUF is a
promising way for site-specific control of RNA methylation, not
only at the transcript level but also at the level of a single m°®A
site within a given transcript. Very recently, sequence-specific
regulation of RNA methylation and demethylation was
reported using a CRISPR-dCas9-PAMer-sgRNA system fused
with demethylases3® 40 and MTases3°. Compared with the Cas-
gRNA complexes, the molecular size of PUFs is much smaller,
simplifying the construction of expression vectors encoding
chimeric demethylases or methyltransferases. Critically, the
small molecular size of PUFs allowed RNA (de)methylation in
the immediate vicinity of the binding site, for which PUFs were
designed. Our study shows that customizable RNA binding
proteins based on PUFs are a promising alternative to Cas9
and Casl13 systems. Indeed, PUFs are modular and intrinsically
sequence-specific, and, unlike Cas, do not require guide RNAs.
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