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Abstract

The methyltransferase like (METTL) proteins constitute a family of seven-beta-strand
methyltransferases with S-adenosyl methionine binding domains that modify DNA, RNA, and proteins.
Methylation by METTL proteins contributes to the epigenetic, and in the case of RNA modifications,
epitranscriptomic regulation of a variety of biological processes. Despite their functional importance,
most investigations of the substrates and functions of METTLs within metazoans have been restricted to
model vertebrate taxa. In the present work, we explore the evolutionary mechanisms driving the
diversification and functional differentiation of 33 individual METTL proteins across Metazoa. Our
results show that METTLs are nearly ubiquitous across the animal kingdom, with most having arisen
early in metazoan evolution (i.e., occur in basal metazoan phyla). Individual METTL lineages each
originated from single independent ancestors, constituting monophyletic clades, which suggests that each
METTL was subject to strong selective constraints driving its structural and/or functional specialization.
Interestingly, a similar process did not extend to the differentiation of nucleoside-modifying and protein-
modifying METTLs (i.e., each METTL type did not form a unique monophyletic clade). The members of
these two types of METTLs also exhibited differences in their rates of evolution. Overall, we provide
evidence that the long-term evolution of METTL family members was driven by strong purifying
selection, which in combination with adaptive selection episodes, led to the functional specialization of
individual METTL lineages. This work contributes useful information regarding the evolution of a gene
family that fulfills a variety of epigenetic functions, and can have profound influences on molecular

processes and phenotypic traits.
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Introduction

Methyltransferase enzymes catalyze the transfer of methyl groups to DNA, RNA, proteins, and
other biomolecules (Cheng and Blumenthal 1999). An increasing interest in these proteins has been
driven by epigenetics, formally defined as, “the study of phenomena and mechanisms that cause
chromosome-bound, heritable changes to gene expression that are not dependent on changes to the DNA
sequence” (Deans and Maggert 2015). In particular, work examining DNA methylation, as well as the
enzymes responsible for this modification, has been conducted for decades across a broad range of
contexts and model systems (Holliday 2006). In addition, other studies have recognized the structural and
functional importance of methyltransferases that modify specific residues in proteins such as histones
(Couture and Trievel 2006; Ng et al. 2009). More recently, there has been a growing interest in the
posttranscriptional modification of RNA molecules, a concept known as RNA epigenetics or
epitranscriptomics (He 2010; Saletore et al. 2012). Although over 170 different RNA modifications have
been recorded (Machnicka et al. 2013), relatively little is known about the enzymes responsible for these
modifications.

Depending on their protein structure, most methyltransferases are categorized into three large
superfamilies: seven-beta-strand methyltransferases, SET methyltransferases, and SPOUT
methyltransferases (Petrossian and Clarke 2009). Among the seven-beta-strand methyltransferases, the
methyltransferase like (METTL) gene family (Table 1) encodes proteins characterized by a conserved S-
adenosyl methionine (SAM or AdoMet) binding domain that is formed by part of the seven-beta-strand
structure (Martin and McMillan 2002; Petrossian and Clarke 2009). In this study, we examine the
METTL family because these enzymes have been demonstrated to modify DNA/RNA nucleosides as well
as protein residues (Ignatova et al. 2019), leading to changes in gene expression and phenotype that can
have profound effects on an organism’s condition. For example, METTL3 and METTL 14 are responsible
for the formation of N®-methyladenosine (mSA) in RNA (Liu et al. 2014). In eukaryotes, m°®A is a very
common RNA modification, and has been shown to play a role in mammalian temperature stress response
by promoting translation initiation of heat shock response genes (Zhou et al. 2015). As another example,
it has been demonstrated that METTL21D methylates a lysine residue of valosin-containing protein
(VCP), and may be linked to diseases, including cancer, in humans (Thiele et al. 2011; Kernstock et al.

2012). However, the precise targets and functions of several METTL proteins remain unresolved. In

addition to structure, methyltransferases can be characterized by the type of biomolecule that they modify.

Here, METTLs are characterized into three types: those that modify DNA/RNA, those that modify
proteins, and those for which the biomolecule type they modify is currently unknown.
We also chose to examine the METTL family because it has been studied considerably less than

other families of methyltransferases, such as the DNA methyltransferase (DNMT) family. The structures,
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activities, and functions of DNMTs have been studied across all domains of life (Lyko 2018;
Bhattacharyya et al. 2020). In contrast, the examination of METTL proteins has remained extremely
limited in non-model organisms despite the potential epigenetic functions of METTLs and their resulting
influence on biological processes and phenotypic characteristics. Within Metazoa, studies of METTL
proteins are often restricted to humans, mice, and rats. Thus, there remains a knowledge gap regarding the
function of METTLs within other metazoan taxa, particularly within non-vertebrate phyla. Exploring how
METTL proteins have evolved throughout Metazoa is important for understanding: 1) the biological
functions of different METTLs, 2) the contribution of METTL functional specialization to the process of
diversification among metazoan groups, and 3) the relative importance of different types of METTLs and
their gene regions that vary in evolutionary conservation. The present work uses extensive data mining to
collect available METTL sequences across metazoan taxa. From these, a select number of sequences from
nine representative taxa across eight different metazoan phyla are used for multiple phylogenetic and
evolutionary analyses. Lastly, evidence of diversifying selection episodes is assessed using vertebrate
METTL sequences. By investigating METTL proteins across Metazoa, this work provides insight into the

evolution of this epigenetically-relevant gene family.

Results and Discussion
METTLs are widespread across Metazoa

In this study we examined 33 genes that encode proteins within the METTL family (Table 1).
These were broadly characterized into three types: 1) those that target and modify the nucleosides of
DNA or RNA molecules, 2) those that target and modify the residues of proteins, and 3) those with
unknown modification targets. Overall, we assessed 12 METTLs that have been demonstrated to modify
DNA or RNA nucleosides, 15 METTLSs that have been demonstrated to modify protein residues, and six
METTLs of currently unknown function (Table 1). A detailed search of these methyltransferase-like
genes was conducted within the NCBI GenBank database (https://www .ncbi.nlm.nih.gov/genbank).
Importantly, this search was restricted to NCBI and may be limited by sequence data availability and
annotation. Thus, any failure to detect a specific METTL gene within a particular phylum does not
necessarily indicate that the gene is lost in that phylum. Nonetheless, the search found that METTL genes
are present in most of the major metazoan phyla examined here including Porifera, Cnidaria,
Brachiopoda, Mollusca, Platyhelminthes, Nematoda, Priapulida, Arthropoda, Echinodermata,
Hemichordata, and Chordata (Fig. 1). Chordates possess the largest number of METTL types (i.e., 33 out
of 33 examined in this current study), however, the diversification of METTL genes does not appear to be
restricted to chordates and other deuterostomes. Indeed, among protostomes, our search detected that

Mollusca possesses 28 unique METTL genes and Arthropoda has 26 unique METTLs. Basally to
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triploblastic animals, diploblastic cnidarians have 25 METTLs and parazoan sponges, which lack
specialized tissues, have 19 METTLs. The widespread presence of METTLs in ancient metazoan lineages
such as Cnidaria and Porifera suggests that they arose quite early in the evolutionary history of Metazoa.

Furthermore, it appears that the early functional diversification of these various METTL types was

necessary to enable critical cellular functionality, and therefore, the evolution of these phyla (Carroll et al.

2013).

There were several sequences that were determined to be probable METTL sequences, but could
not be definitively identified as specific METTL genes based on the data available (Fig. 1, represented as
striped gray boxes). These sequences were tentatively recognized as METTLs via orthologous gene
searches and Basic Local Alignment Search Tool (BLAST) searches, but did not have any predicted gene
identity or function recorded in NCBI. Gene searches in NCBI only identified putative METTL orthologs
within one species of annelid, the leech Helobdella robusta (NCBI: txid6412). For example, searches for
orthologs to human METTL1 identified one gene in H. robusta (HELRODRAFT_91834), however, it is
described as a, “hypothetical protein” and the reference sequence is defined as, “Helobdella robusta
hypothetical protein partial mRNA” (XM_009013229.1). NCBI BLAST results of this sequence include
hits to METTL1 sequences in other metazoan phyla, although with relatively low query coverage and
percent identity. All search results of putative METTL orthologs within Annelida were similar
“hypothetical” proteins in H. robusta. Upon including putative METTL protein sequences from H.
robusta in a separate phylogenetic analysis, each sequence clustered with its prospective METTL
orthologs from other metazoan taxa (supplementary Fig. S5, Supplementary Material). Thus, it is
probable that METTLs occur in Annelida, however, based on the current data available in NCBI, we
hesitate to state with certainty the precise identity of these H. robusta sequences.

Our search in NCBI was not able to locate any methyltransferase-like genes within the phylum
Ctenophora. This is not to say that the methylation of DNA, RNA, or protein molecules does not occur in
ctenophores. DNA methylation has been detected in the promoter and gene body regions of ctenophore
genomes, and ctenophores have been shown to possess DNA methyltransferase 1 (DNMTT1) (Dabe et al.
2015). DNMTT1, a highly conserved member of the DNMT family of methyltransferases, acts to
methylate cytosines in DNA and has been demonstrated to maintain methylation patterns following DNA
replication (Kangaspeska et al. 2008; Lyko 2018). Ctenophore genomes also contain a DNA
methyltransferase 2 (DNMT2) gene (Dabe et al. 2015). Although a member of the DNMT family,
DNMT?2 is a RNA methyltransferase also known as tRNA aspartic acid methyltransferase 1 (TRDMTT1)
(Goll et al. 2006; Lyko 2018). Thus, methylation in ctenophores may be driven by methyltransferases
outside of the METTL family, such as by DNMTs. Alternatively, METTLs may be present within

ctenophores, but they were undetected in our search due to a limited availability of genomic resources.
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For instance, Ensembl Metazoa (https://metazoa.ensembl.org/index.html) detected at least one putative
METTL in the ctenophore Mnemiopsis leidyi, which was identified as a potential ortholog of METTL1
(ML09559a). Upon including this putative METTL1 sequence from M. leidyi in a separate phylogenetic
analysis, it clustered with METTL1 sequences from other metazoan taxa, although with low support
(supplementary Fig. S5, Supplementary Material). This indicates that METTLs likely occur in
Ctenophora. Nevertheless, evidence of this remains scant due to limited sequence data for multiple
ctenophore species across available databases. Indeed, neither this nor similar METTL sequences were
detected in Ctenophora by our NCBI search used for this study (Fig. 1). As sequence data continues to
increase in quality and quantity, METTLs may later be identified within Ctenophora and we expect
additional METTLs will be found within other phyla as well (e.g., Annelida).

METTL?2, a methyltransferase that forms N3-methylcytidine (m’C) in tRNAs (Xu et al. 2017), is
found in the most phyla examined here (Fig. 1). Additionally, humans possess two paralogs of METTL?2
that share 99% amino acid sequence identity, METTL2A and METTL2B (Arimbasseri et al. 2016;
Lentini et al. 2020). Interestingly, the majority of METTLs found present in at least nine metazoan phyla
are known to modify RNA (e.g., METTL1, METTL2, METTL3, METTLS, METTL6, METTL14, and
METTL1S5). The ubiquity of RNA methyltransferases underscores the importance of RNA modifications
in metazoan evolution. It is probable that RNA molecules required more than only four canonical
nucleosides, and that the evolution of chemically distinct modified nucleosides enabled their multiple,

necessary functions (Grosjean 2009).

Phylogeny of METTLs part I: Overview

Following our data search, we opted to limit our analyses to nine-preselected metazoan taxa (the
sponge Amphimedon queenslandica, the stony coral Acropora millepora, the sea hare Aplysia californica,
the priapulid Priapulus caudatus, the shrimp Litopenaeus vannamei, the sea star Acanthaster planci, the
acorn worm Saccoglossus kowalevskii, the lancelet Branchiostoma belcheri, and humans Homo sapiens).
This allowed us to analyze a reasonable quantity of data while including taxa that represented a diverse
set of metazoan phyla. Furthermore, each of these taxa is the subject of numerous ecology and evolution
studies and was selected due to its genome availability on NCBI. Thus, the phylogenetic and subsequent
evolutionary analyses, with the exception of the episodic selection analysis that is limited to vertebrate
METTLs, only include taxa from the phyla Porifera, Cnidaria, Mollusca, Priapulida, Arthropoda,
Echinodermata, Hemichordata, and Chordata. Representatives from the phyla Ctenophora, Brachiopoda,
Annelida, Platyhelminthes, and Nematoda are not included.

Phylogenetic reconstructions were performed based on an alignment of METTL protein

sequences (alignment available in Supplementary Material) from the nine pre-selected metazoan taxa.
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Escherichia coli prokaryotic rRNA dimethyltransferase (KsgA) was selected as the outgroup. KsgA,
which was first identified in E. coli (Helser et al. 1972), dimethylates adenosines in the terminal helix
(helix 45) near the 3’ end of the small-subunit rRNA (Van Knippenberg et al. 1984). Escherichia coli
KsgA is a member of the KsgA/Dim1 methyltransferase family, and like METTL proteins, it contains a
seven-beta-strand sheet structure (Tu et al. 2009). KsgA, as well as the modifications it catalyzes, are
nearly universally conserved throughout evolution (Xu et al. 2008), and have been described in archaea
(O’Farrell et al. 2006), eubacteria (Helser et al. 1972; Van Buul et al. 1983), eukaryotes (Lafontaine et al.
1994; Housen et al. 1997), and in eukaryotic organelles (Tokuhisa et al. 1998; Seidel-Rogol et al. 2003).
Using both in vivo and in vitro analyses, one study showed that archaeal and eukaryotic orthologs of
KsgA were capable of complimenting for KsgA function in bacteria, demonstrating that the recognition
elements and methyltransferase activity of the KsgA/Dim1 family have evolved little since the three
domains diverged (O’Farrell et al. 2006). Thus, E. coli KsgA was selected as a methyltransferase outside
of, but that shares structural similarities with, the METTL family, and has orthologs present throughout
all domains of life but has demonstrated little evolutionary change. The selection of E. coli KsgA as the
outgroup for our metazoan METTL phylogeny is further supported by a separate phylogenetic analysis
that included several METTL orthologs from eukaryotic taxa outside of Metazoa (supplementary Fig. S5,
Supplementary Material). This included METTL protein sequences from the choanoflagellate
Salpingoeca rosetta and the yeast Saccharomyces cerevisiae, all of which grouped with their respective
METTL lineages rather than by taxa or with E. coli KsgA.

The obtained tree showed that overall, the amino acid sequences cluster together by METTL
lineage rather than by the taxa to which they belong (Fig. 2 and supplementary Fig. S1, Supplementary
Material). Nearly all METTL lineages were each represented by a distinct monophyletic clade supported
with high confidence values (e.g., all METTLI orthologs from different metazoan taxa formed a
monophyletic clade with 100% bootstrap). This observation suggests that the evolution of METTLSs has
been largely driven by selective constraints associated with the particular functional identity of each
METTL protein, likely involved in specific outcomes of structural or functional specialization. Prior
studies examining the structures, interactions, and functions of various METTLs have provided insight
into their probable targets for methylation (e.g., (Cloutier et al. 2013; Xu et al. 2017; Ignatova et al.
2019). Accordingly, METTL proteins tend to cluster together by their modification targets (i.e.,
DNA/RNA nucleosides versus protein residues), although with several exceptions.

Despite generally grouping by type (i.e., METTLs that modify nucleic acids versus METTLs that
modify proteins), it seems clear that not all of the DNA/RNA-modifying METTLs (Fig. 2, labeled in
blue) exclusively possess a single, unique monophyletic origin and therefore do not appear to have

evolved from a shared common ancestor. All of the protein-modifying METTLs (Fig. 2, labeled in red)
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do not appear to share a single, unique monophyletic origin with one another either. Indeed, METTLs that
target nucleosides for methylation are distributed across multiple clades within the phylogeny, and are
occasionally grouped with METTLs that modify protein residues. This pattern could be explained by
convergent molecular evolution that resulted in the emergence of METTLs with similar targets due to
comparable selective pressures and modification requirements (Losos 2011). Alternatively, the
diversification of the METTL family may have occurred very early in, or possibly prior to, the evolution
of metazoans; this may have been driven by different selective pressures and constraints or even
stochastic processes (Stayton 2015). The phylogenetic relationships among the various METTL types that

target nucleic acids, proteins, or whose targets remain undetermined is further elaborated below.

Phylogeny of METTLs part II: DNA and RNA modifiers

DNA- and RNA-modifying METTLs target nucleosides for modification, resulting in the
formation of methylcytidines, methylguanosines, methyladenosines, or methyluridines. Almost all of
these METTLs appear to primarily target RNA molecules, although there is evidence that METTL4 may
act to methylate DNA (Kweon et al. 2019; Zhang et al. 2020). METTL15, METTL6, METTL2, and
METTLS are all associated with the formation of methylcytidine. METTL15 falls most basally to the E.
coli KsgA outgroup (Fig. 2) and forms N*-methylcytidine (m*C) in RNA (Van Haute et al. 2019). The
remaining proteins that methylate cytidine, METTL2, METTL6, and METTLS, form a highly supported
cluster (100% bootstrap). Both METTL2 and METTL6 form m’C in specific tRNA molecules, whereas
METTLS forms m*C in mRNA (Xu et al. 2017). Furthermore, of the METTL genes, our NCBI search
detected that METTL2 and METTL6 are present across the greatest number of major metazoan phyla,
while METTLS8 was only found to be present in the phylum Chordata (Fig. 1). METTLI, the only
METTL protein known to contribute methylguanosine, forms N’-methylguanosine (m’G) in tRNA,
mRNA, and miRNA (Okamoto et al. 2014; Pandolfini et al. 2019; Zhang et al. 2019). In the phylogeny,
METTLI1 groups with methylcytidine-forming proteins as well as with METTL7A and METTL7B,
whose precise function is unknown, although with very low confidence (bootstrap < 10%) (Fig. 2).

Several other nucleic acid-modifying METTLs target adenosine to form methyladenosine. These
include METTL3, METTL4, METTLS5, METTL14, METTL16, and METTL25B, which all function to
form m°A. However, despite this shared function, these METTLs do not form a single cluster in the
METTL phylogeny (Fig. 2). Perhaps the best characterized of these are METTL3 and METTL14, which
together form a heterocomplex with WTAP (Wilms’ Tumorl-Associating Protein) to form m°A in mRNA
(Fu et al. 2014; Liu et al. 2014; Meyer and Jaffrey 2017). METTL3, METTL14, and WTAP are
considered to be mSA writers (i.e., factors that encode the chemical modification) (Lewis et al. 2017).

While METTL3 is the primary m°A-forming enzyme, METTL14 does not demonstrate enzymatic activity
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and instead appears to bind substrate RNA and augment METTLS3 activity (Sledz and Jinek 2016; P.
Wang et al. 2016; X. Wang et al. 2016; Meyer and Jaffrey 2017). Unsurprisingly, METTL3 and
METTL14 cluster together in the METTL phylogeny (86% bootstrap) (Fig. 2).

The precise function(s) of METTLA4, which clusters closest with METTL14 (95% bootstrap), is
less clear than that of the METTL3-METTL14 heterocomplex. There is evidence that METTL4 modifies
RNA, DNA, or both nucleic acids. Studies have demonstrated that METTL4 forms mSA in DNA (Kweon
et al. 2019; Zhang et al. 2020), while others have shown that it forms N°,2’O-dimethyladenosine (m*Am)
in snRNA (Chen et al. 2020; Goh et al. 2020). Interestingly, a recent study demonstrated that the human
METTL3-METTL14 complex was active in vitro as a DNA N°-adenine methyltransferase, although it is
unclear if it functions in vivo (Woodcock et al. 2019).

Evidence suggests that METTLS, METTL16, and METTL25B also function in the formation of
m°A. METTLS5 and METTL16 cluster near to each other in the METTL phylogeny (92% bootstrap).
METTLS forms a heterodimeric complex with TRMT112 (tRNA methyltransferase subunit 11-2) to
provide metabolic stability in the formation of m°A in 18S rRNA (van Tran et al. 2019; Leismann et al.
2020). The METTLS5-TRMT112 complex has structural similarities to that of a m°’A DNA
methyltransferase, and has been hypothesized to possess a RNA-binding mode unique to other m°A
methyltransferases (van Tran et al. 2019). METTL16, which forms m°A in ncRNA, pre-mRNAs (Warda
et al. 2017), and mRNA (Nance et al. 2020) appears to be structurally distinct from METTLS5 (van Tran et
al. 2019) as well as the METTL3-METTL14 heterocomplex (Ruszkowska et al. 2018). Furthermore,
because METTL16 has been documented as both a nuclear protein and as a cytoplasmic
methyltransferase, it has been suggested that its RNA binding targets may differ by the location of
METTL16 within the cell (Nance et al. 2020). The function of METTL25B is less clear, although Gene
Ontology (GO) annotations related to METTL25B infers it possesses rRNA (adenine-N6,N6-)-
dimethyltransferase activity. Lastly, the function of METTL19, which does not cluster with other RNA-
modifying METTLs in the phylogeny (Fig. 2), remains uncertain, but it has been reported to be a likely
tRNA uracil-O(2)-methyltransferase that forms 2’-O-methyluridine (Leschziner et al. 2011). Overall, the
majority of METTLs that modify nucleic acids appear to target primarily RNA, rather than DNA,
nucleosides. While some of these DNA/RNA-modifying METTLSs are closely related phylogenetically,
they do not share a single monophyletic origin and are instead interspersed with METTLs that modify

protein residues.

Phylogeny of METTLs part I11: Protein modifiers
Multiple METTL proteins are responsible for the methylation of eukaryotic elongation factor 1

alpha (EEF1A). In addition to its role in protein synthesis as a translation factor that delivers aminoacyl-
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tRNA to the ribosome, EEF1A has been ascribed to a wide variety of other functions in eukaryotes
beyond protein synthesis (Mateyak and Kinzy 2010). METTL10, METTL21B, and METTL13 are
responsible for the methylation of lysine residues within EEF1A (Li et al. 2014; Shimazu et al. 2014;
Hamey et al. 2017; Malecki et al. 2017; Jakobsson et al. 2018). Interestingly, these METTLs do not
cluster together within the phylogeny (Fig. 2). For example, METTL10 clusters closest with METTL19
(86% bootstrap), which is predicted to form 2’-O-methyluridine in RNA. On the other hand, METTL21B

appears to share a close common ancestor with METTL21A (100% bootstrap), which also methylates

lysine, although its target is within the molecular chaperone heat shock protein 70 (Hsp70) (Shimazu et al.

2014). METTLI13 is unique in that it possesses two distinct methyltransferase domains and methylates the
N-terminal as well as a lysine residue (Lys55) within EEF1A (Jakobsson et al. 2018; Liu et al. 2019).
Other METTL proteins methylate lysine residues of valosin-containing protein (VCP), also
known as p97, an ATP-driven chaperone involved in numerous, independent cellular processes that is
highly conserved across eukaryotes (Kernstock et al. 2012; Meyer et al. 2012). METTL21C and
METTL21E, which form a highly supported cluster (100% bootstrap), are both responsible for lysine
methylation in VCP (Wiederstein et al. 2018; Wang et al. 2019). Although METTL21D, which is also
known to methylate lysine residues of VCP (Kernstock et al. 2012), forms a cluster with other METTL21

lineages (98% bootstrap), it is not as closely related to the other VCP methylases as they are to each other.

Our search detected METTL21C and METTL21E only in chordates, whereas METTL21D is present in at
least eight different metazoan phyla (Fig. 1). Thus, METTL21D may have evolved prior to METTL21C
and METTL21E, although their functions appear to be conserved.

METTL?22, which methylates a lysine residue of Kin17 (Cloutier et al. 2013), appears to share a
common monophyletic origin with a handful of other lysine methyltransferases, METTL21A-E (Fig. 2).
Kin17 functions in DNA replication and repair as well as RNA metabolism (Kannouche et al. 2000;

Despras et al. 2003; Masson et al. 2003; Angulo et al. 2005). METTL22 may impact these processes

because methylation of Kin17 affects its distribution between chromatin and the cytoplasm (Cloutier et al.

2014). METTL20 targets and trimethylates lysines of the electron transfer flavoprotein -subunit (ETFf)
(Rhein et al. 2014; Matecki et al. 2015). Unlike most lysine methyltransferases, METTL20 is localized to
the mitochondria where it appears to modulate the function of ETF. This difference in target and function
may partially explain why METTL?20 fails to cluster with other lysine protein methyltransferases (Fig. 2).
METTLI12 is yet another lysine methyltransferase, although it targets citrine synthase (Malecki et al.
2017; Rhein et al. 2017). Citrine synthase (CS) is localized within the mitochondrial matrix of eukaryotic
cells and catalyzes the first step in the Krebs cycle (Wiegand and Remington 1986). Interestingly,
METTL12 was not phylogenetically close to any other lysine methyltransferases (Fig. 2).
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Not all protein-modifying METTL targets are restricted to lysine residues. For instance,
METTLI18 appears to monomethylate a histidine residue of the ribosomal protein RPL3, and potentially
other proteins, to form a 3-methylhistidine (Webb, Zurita-Lopez, et al. 2010; Cloutier et al. 2013).
METTL18 is currently the only METTL for which there is evidence that its primary target is histidine,
although it shares a common phylogenetic origin with several lysine methyltransferases (Fig. 2). Other
protein-modifiers such as METTL11A and METTL11B appear to target N-terminal residues.
METTL11A and METTL11B are homologs and cluster closely together (100% bootstrap) (Fig. 2), and
while our search found that METTL11A is present in several metazoan phyla, METTL11B is only found
in chordates (Fig. 1). METTL11A recognizes the N-terminal X-Pro-Lys sequence motif (Webb, Lipson,
et al. 2010) and likely acts upon multiple protein targets (Petkowski et al. 2012; Faughn et al. 2018).
Furthermore, METTL11A is capable of mono-, di-, or trimethylating N-terminal residues (Tooley et al.
2010). Although it recognizes the same sequence motifs, METTL11B appears to be an N-terminal
monomethylase that increases the activity of METTL11A in chordates (Petkowski et al. 2013; Faughn et
al. 2018). METTL11A and METTL11B appear to be closely related to METTLO9 (94% bootstrap) (Fig.
2). Although the precise identities of METTLO target molecules is currently unknown, METTLO has been
demonstrated to interact with multiple protein partners, including the membrane protein Calnexin
precursor (CANX) (Ignatova et al. 2019).

Lastly, METTL?23 is localized in both the nucleus and cytoplasm, and is predicted to contain a
domain for either an adenosine-methionine or lysine methyltransferase (Reiff et al. 2014). Although its
precise target has not been definitely identified, METTL23 has been shown to associate with a
transcription factor subunit, GABPA (GA-binding protein transcription factor, alpha subunit), and a
molecular chaperone, GroEL (Bernkopf et al. 2014; Reiff et al. 2014). Here, METTL23 appears to be
phylogenetically related to several lysine methyltransferases that are associated with various molecular
chaperones and other stress responsive proteins (e.g., Hsp70, VCP, and possibly Kin17), including
METTL21A-E and METTL22 (Fig. 2). Future studies investigating molecular responses to stress may
benefit from examining these METTLs and their potential contributions to post-translational
modifications of stress-activated proteins. Overall, although the target substrates of many of the protein-
modifying METTLs have been identified, much less is known regarding the specific functional purpose
behind each modification. It is also worth noting that while there has been a sizable effort to examine
enzymes that methylate histones (Clarke 2013), the majority of protein-modifying METTLs discussed
here appear to act upon the lysine residues of non-histone proteins. Regardless, all of the protein-

modifying METTLs do not share a single, unique monophyletic origin.

Phylogeny of METTLs part IV: Unknown modifiers
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The functions and biomolecule target types of several METTLs are currently unknown. This
includes METTL7A, METTL7B, METTL17, METTL25, METTL26, and METTL27. The phylogenetic
reconstruction may provide some insight into the potential function and target of these METTLs (Fig. 2,
labeled in purple), although this should be interpreted with caution. METTL7A has been reported to be an
integral membrane protein, and METTL7B has been shown to interact closely with TMEM126A, a
mitochondrial membrane protein (Zehmer et al. 2009; Ignatova et al. 2019). Furthermore, both appear to
function in lipid droplet formation in the endoplasmic reticulum (Turr6 et al. 2006; Zehmer et al. 2009).
Here we found that METTL7A and METTL7B are closely related to one another (100% bootstrap), and
appear to be most phylogenetically related to RNA-modifying METTLs that create m°C, although with
relatively low confidence (70% bootstrap, Fig. 2).

METTL17 has been shown to physically and functionally interact with estrogen receptors (ERs),
ERa and ER, and acts as a coactivator, modulating their transcriptional activities (Du et al. 2015). This
suggests that METTL17 is a protein modifier that targets ER proteins. However, another study proposed
that METTL17 may function to form methylcytidine in RNA (Shi et al. 2019). This study found that
METTL17 interacted with 12S mitochondrial ribosomal RNA (mt-rRNA) and small subunits of
mitochondrial ribosome (MSSU). In particular, METTL17 appeared to regulate m*C and m°C
modifications in 12S mt-rRNA, and its presence or absence altered mitochondrial ribosome function (Shi
et al. 2019). Thus, it is unclear if METTL17 modifies protein residues or RNA nucleosides. In the
phylogeny, METTL17 was most closely related to METTL18, a protein histidine methyltransferase,
though with low support (Fig. 2).

Lastly, very little is known about METTL25, METTL26, and METTL27, although all three are
predicted to have the characteristic seven-beta-strand structure METTL motif and possess S-
adenosylmethionine-dependent methyltransferase (SAM) activity. METTL25 possibly functions in RNA
methylation as it is phylogenetically very similar to METTL25B (100% bootstrap, Fig. 2), which forms
mC°A in rRNA. METTL26 forms a lowly supported cluster with METTL11A, METTL11B, and METTL9,
which may suggest its function as a protein-modifying METTL. Based on the phylogeny, there is no clear
indication of the potential function or target of METTL27, which forms a lowly supported cluster with a
protein-modifying METTL (METTL12), several RNA-modifying METTLs (METTL2, METTLG6, and
METTLS), and other METTLs of unknown function (METTL7A and METTL7B) (Fig. 2). The
phylogenetic tree may provide some indication of the potential substrates for the METTLs of currently
unknown functions. However, given that the DNA/RNA-modifying METTLs and protein-modifying
METTLs are not separated into distinct clades, we must once again stress that these findings should be

interpreted with caution. Additional studies will be required to identify the specific purpose of
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METTL7A, METTL7B, METTL17, METTL25, METTL26, and METTL27, but the phylogeny does

provide some insight into their evolution.

Phylogeny of METTLs part V: Conserved domains

All conserved domains (CDs) that were identified within each METTL fell within one of two CD
superfamilies: the AdoMet MTases superfamily or the MT-A70 superfamily (Table 2 and supplementary
Tables S1 and S2, Supplementary Material). Only METTL3, METTL14, and METTL4 contain CDs
within the MT-A70 superfamily (CDD Accession cl01947) while all other METTLs contain CDs within
the AdoMet MTases superfamily (CDD Accession cl17173). S-adenosyl-L-methionine (SAM or AdoMet)
methyltransferases (MTases) use SAM/AdoMet as a substrate for methyl transfer (Schubert et al. 2003).
MT-AT0 refers specifically to the 70-kDa SAM-binding subunit first identified in human mRNA (N6-
adenosine)-methyltransferase (i.e., human METTL3) (Bokar et al. 1997; Bujnicki et al. 2002). Thus, the
CD Search successfully identified the conserved SAM binding domains formed by the central seven-beta-
strand motif that is structurally conserved across all METTLs.

For several METTLs, no specific CD was recognized (i.e., only the CD superfamily was
identified). A second phylogenetic reconstruction was performed using only the CD-containing regions of
the protein sequences (alignment available in Supplementary Material). Interestingly, although some
METTLs that share CDs cluster together (e.g., METTL3, METTL14, and METTLA4), this is not true for
all METTLs with shared CDs (Fig. 3 and supplementary Fig. S2, Supplementary Material). For instance,
eight different METTLs share the CD Methyltransf_25 (Table 2), but these METTLs form separate
clusters in the phylogenetic reconstruction (Fig. 3). Thus, even within relatively well-conserved areas of
the amino acid sequence, there exists enough sequence-level diversity to support the specialization of
multiple METTLs with different and highly specific targets and functions.

Overall the full sequence phylogeny and the conserved domain phylogeny were similar, which
indicates that METTL evolution was largely determined by the selective constraints operating on these
CDs. However, there were some notable differences between the full sequence and the CD phylogenies.
For instance, in the phylogeny represented by full protein sequences (Fig. 2), METTL17 was most closely
related to METTL18, a protein histidine methyltransferase, whereas in the CD phylogeny (Fig. 3),
METTL17 forms a lowly conserved cluster with several RNA-modifying METTLs: METTL6, METTL2,
METTLS, and METTLI1 (62% bootstrap). As previously mentioned, there is conflicting evidence
regarding whether METTL17 acts on protein residues or RNA nucleosides. Another difference between
the phylogenetic reconstructions worth noting is the relationship of METTL27 to other METTLs, which
remained unclear in the full sequence phylogeny (Fig. 2). In the conserved domain phylogeny, however,

METTL?27 is most closely related to METTL11A and METTL11B (78% bootstrap, Fig. 3), which modify

12

120Z Jequerdes /0 uo 1senb Aq Z6 | +9£9//920BSW/AGI0W/EE0 L 0 L /I0p/8olle-a0ueApe/aqw/woo dno olwapeoe//:sdiy Woly peapeojumo(



407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

protein N-terminal residues. Thus, restricting the protein sequences to only the CD regions provided some

additional insight into the potential targets of METTLs of unknown function.

Molecular evolution and selection in METTL proteins

Despite shared similarities in protein structure (i.e., a SAM binding domain and seven-beta-strand
motif), METTL evolution throughout Metazoa appears to have been largely driven by functional
constraints that led to the specialization of each METTL lineage. To further examine the evolutionary
mechanisms underlying their differentiation, variation within each METTL lineage was evaluated using
two separate alignments (nucleotide and protein) of all METTLs from each of the nine pre-selected
metazoan taxa (Table 3) (alignments available in Supplementary Material). While variation in METTLs
with only one representative taxa/sequence in the selected dataset was not assessed (i.e., METTLS,
METTL11B, METTL21B, METTL21C, and METTL21E), the obtained results showed that METTL27, a
METTL of unknown function, displayed the greatest variation (mean amino acid distance, daa = 0.69 +
0.03) (Table 3). METTL?27 also displayed slightly higher levels of codon bias (ENC = 48.47). However,
codon bias was relatively low overall, with average ENC values per METTL ranging from 45.13
(METTL21B) to 54.92 (METTL7B). The second-most variation in protein sequences was observed in
METTLI12 (daa = 0.63 £ 0.03), a lysine methyltransferase found in several different metazoan phyla (Fig.
1) that was not closely related to other lysine methyltransferases in the phylogenetic reconstruction (Fig.
2). The METTL that exhibited the least diversity was METTL14 (daa = 0.32 £ 0.02), a mSA writer that
forms a heterocomplex with METTL3 and WTAP. The next lowest levels of variation were in METTLI,
METTL2, METTL3, METTLS, and METTLG6 (average daa = 0.38 £ 0.02). Thus, the six METTLs that
showed the least amount of variation are each associated with the methylation of RNA nucleosides,
indicating that high sequence conservation may be necessary to preserve their function.

Many conserved multigene families are thought to be subject to concerted evolution, in which
gene family members evolve as a unit (i.e., in concert) via gene conversion or unequal crossing-over
(Eirin-Lopez et al. 2012). In the case of concerted evolution, we might expect to observe roughly the
same level of synonymous variation (ds) and nonsynonymous variation (dx) because gene conversion and
crossover processes should affect synonymous and nonsynonymous sites equally (Nei and Rooney 2005).
However, the nucleotide variation underlying the diversity observed among METTLs is primarily
synonymous. For all METTLs, ds was significantly greater than dyx and all Z-tests for selection (i.e., HA:
dn < ds) were highly significant (p-value < 0.001) (Table 3). Therefore, strong purifying selection appears
to have operated on the different METTLs. This finding was additionally supported by the results from
Fisher’s exact tests of selection (supplementary Tables S3 and S4, Supplementary Material). Indications

of strong purifying selection have been reported in many other protein coding gene families, including
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highly conserved histone and ubiquitin gene families (Nei et al. 2000; Piontkivska et al. 2002; Rooney et
al. 2002; Eirin-Lopez et al. 2004; Gonzédlez-Romero et al. 2008; Gonzdlez-Romero et al. 2010; Gonzélez-
Romero et al. 2012). These studies argued that, rather than concerted evolution, these gene families are
subject to the birth-and-death model of evolution in which gene family members evolve independently via
gene duplication followed by their maintenance or loss (Nei and Hughes 1992). Indeed, the birth-and-
death concept may be the primary mechanism directing the long-term evolution of most multigene
families (Eirin-Lépez et al. 2012). Although detecting birth-and-death was not a goal of the present work,
future studies of this gene family might investigate intra- and interspecific gene duplication and the
presence of pseudogenes, which would further support that METTLs are subject to this model of

evolution.

Rates of METTL evolution

In order to further explore functional constraints across METTLs that vary in target and function,
the present study conducted estimations of the rates of evolution in METTL proteins. Results show that
several RNA-modifying METTLs exhibited a relatively slow rate of evolution (Fig. 4). In particular,
METTLI1, the only METTL known to form methylguanosine, had the slowest rate of protein evolution at
3.91 x 10* amino acid substitutions/site/million years (MY) (supplementary Table S5, Supplementary
Material). METTL14 and METTL3, which together form a heterocomplex to form m°A in RNA, also had
relatively slow rates of evolution. In fact, the six METTLs with the slowest evolution rates (i.e.,
METTL1, METTL14, METTL2, METTL6, METTL3, and METTLS) all function to methylate RNA
molecules (Fig. 4 and supplementary Table S5, Supplementary Material). These same METTLs are also
found in multiple metazoan phyla, including basal metazoans (Fig. 1). Thus, the formation of m’G, m*C,
and m°A modifications in RNA appears to be a fundamental epitranscriptomic mechanism that has been
preserved throughout metazoan evolution. In contrast, METTL12, otherwise known as citrate synthase-
lysine N-methyltransferase (CSKMT), exhibited the fastest rate of evolution with 7.95 x 10* amino acid
substitutions/site/MY (Fig. 4 and supplementary Table S5, Supplementary Material). Methylation
modifications have been identified in numerous diverse, structurally complex, and specialized proteins
(Paik and Kim 1971; Clarke 2013). Therefore, a comparatively rapid evolution and diversification of
protein-modifying methyltransferases may have been necessary to target these proteins and fulfill a wide
variety of highly specific roles. Protein-modifying METTLs being subjected to different selective
pressures than those that modify DNA/RNA nucleosides may explain their different rates of evolution.
Also exhibiting relatively rapid rates of evolution were METTL7A and METTL17, although the precise
functions of these proteins are unknown. All remaining METTLs that exhibited a relatively intermediate

rate of evolution were a combination of RNA-modifying METTLs, protein-modifying METTLs, and
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METTLSs of unknown function (Fig. 4). These METTLs exhibited highly similar rates of evolution at an
average of 6.64 x 10* + 3.48 x 10~ amino acid substitutions/site/MY (supplementary Table S5,
Supplementary Material).

Episodic selection within METTL lineages

We wanted to explore what drives the variation in evolutionary rates that we calculated across the
METTL family, and we searched for indications of adaptive selective episodes that may have occurred
during METTL evolution. Since METTL lineages each have a monophyletic origin (Fig. 2), additional
evolutionary analyses using only vertebrate METTLs were implemented to further explore how selection
drove the differentiation of METTL types (alignment available in Supplementary Material). Vertebrates
were selected because all members of the METTL family are present within this subphylum of
metazoans. Only two representative orthologous sequences per METTL were included in the analysis due
to computational requirements and constraints. Accordingly, we examined ortholog sequences of all
METTLSs from each of two classes of vertebrates: Mammalia and Amphibia. METTL7B was not included
in this analysis as orthologous gene searches in NCBI failed to clearly identify METTL7B orthologs in
amphibians. The obtained results revealed that METTL proteins diverged from a homogeneous evolution
pattern as expected by the global molecular clock hypothesis (InL with clock =-10239.1, InL without
clock =-9715.854, p-value < 0.001). This result was also supported when testing the molecular clock
hypothesis using nucleotide sequences of the vertebrate METTLs (InL with clock =-109637.787, InL
without clock = -108792.321, p-value < 0.001). These findings, along with the estimated rates of
evolution reported above, reaffirm that various METTL proteins appear to have evolved at different rates
from one another.

Given the observed heterogeneous rates of evolution across the METTL family, the presence of
diversifying (i.e., adaptive) selection episodes was examined across vertebrate METTLSs, uncovering
traces of diversifying selection (w > 1) on specific branches of the phylogeny (p-value < 0.05) (Fig. 5A).
The terminal branch leading to METTL6, which forms m’C in tRNA (Xu et al. 2017), was significant (p-
value < 0.01) (Fig. 5SA). The terminal branch of METTLD9, a probable protein methyltransferase (Ignatova
et al. 2019), also showed significant traces of diversifying selection (p-value < 0.001) (Fig. 5A). Several
subtrees that included closely related METTLs (i.e., METTL11A and METTL11B; METTL21A,
METTL21B, METTL21C, METTL21D, and METTL21E; METTL25 and METTL25B) were collapsed
into a single branch for figure readability.

Several individual sites subject to diversifying selection in METTLs were also identified using
the mixed effects model of evolution (MEME) model (Murrell et al. 2012) (Fig. 5B-C), a method we have

previously used to explore the evolution of high mobility group (HMG) proteins (Gonzélez-Romero et al.
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2015) and sex-determining proteins (Eirin-Lopez and Sanchez 2015). As expected, the number and
identities of these sites varied depending on whether analyses included all METTL types, or if analyses
discriminated among METTLs based on their target molecule type (i.e., those that target DNA or RNA
nucleosides versus those that target protein residues). Upon analyzing all METTL sequences available for
vertebrates regardless of type (alignment available in Supplementary Material), 19 codon sites were
identified, most of which were subjected to episodic positive selection (Fig. 5B). Four sites of
predominantly positive selection (codons 89, 114, 747, and 785) were common to the majority of
METTLs, spanning a variety of different targets and functions (Fig. 5C). Analysis of these codon
positions within the context of the METTL phylogeny suggests that mutations at these sites led to the
differentiation of multiple METTL lineages (Fig. 5C).

Evidence of positive selection at codon 89 was indicated at several internal nodes of the
phylogeny, as well as the terminal branches leading to METTL1, METTL3, and METTL14 (Fig. 5C).
Codon 89 was also identified as a site of positive selection when the MEME analysis was restricted to
only METTLSs that modify DNA or RNA nucleosides (Fig. 6A). Analysis of codon 114 indicated
instances of both positive and negative (purifying) selection (Fig. 5C). Specifically, although the majority
of METTL lineages were subject to positive selection at codon 114, a few terminal branches (e.g.,
METTL3 and METTL14) indicate the presence of more synonymous than nonsynonymous mutations.
Codon 114 was additionally identified by both MEME analyses that separately analyzed DNA/RNA-
modifying METTLs and protein-modifying METTLs (Fig. 6). Thus, episodic selection at codon 114 may
have been particularly important to the diversification of METTLs, both within and across different
METTL types. Mutations at codon 747 were also common to many different METTL lineages within the
phylogeny. Interestingly, this position is located within the conserved domain regions of all METTLs that
possess CDs belonging to the AdoMet MTases superfamily (supplemental Table 2, Supplementary
Material). Codon 747 is not, however, located within the CDs belonging to the MT-A70 superfamily,
which are found in METTL3, METTL14, and METTL4. Codon 785 had the most substitutions of the
sites identified from the MEME analysis of all vertebrate METTLs (Fig. 5B), and appears to have
contributed to the differentiation of many of the METTL lineages. This site was also identified as a site of
positive selection for the MEME analysis of only DNA/RNA-modifying METTLs, and therefore, appears
to have played a significant role in the diversification of METTLs that bind to nucleosides. Although only
a few prominent sites identified from the MEME analysis of all METTLs are discussed here, additional
substitutions at over a dozen more positions were identified (Fig. 5B and 5C).

Several additional sites subject to diversifying selection that were not recognized in the
indiscriminate MEME analysis of all vertebrate METTLs were identified when performing MEME
analyses that were separated by METTL type (Fig. 6A). The analysis of only METTLs that modify DNA
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or RNA nucleosides identified additional sites of predominantly positive selection at codons 33, 53, 365,
1295, 1520, 1793, and 1825 (Fig. 6A). Sites at codons 89, 114,414, and 785 were previously identified in
the METTL analysis that included all vertebrate METTLs (Fig. 5B). Upon examining these sites within
the context of the phylogeny, a mutation at codon 89 shows evidence of positive selection on the internal
node leading to METTL2, METTL6, METTLS, and METTL15 (Fig. 6B). However, additional
substitutions at codons 33,53, 114, 785, 1520, and 1825 were necessary for the differentiation of these
METTLs (Fig. 6B), all of which are responsible for the formation of methylcytidine in RNA (Xu et al.
2017; Van Haute et al. 2019). Although the evolution of METTLs that target DNA/RNA nucleosides
included several sites that were primarily subjected to positive selection, there were also evidence of
neutral evolution and purifying selection for certain METTL lineages at a few sites (i.e., codon 114, 1793,
and 1825) (Fig. 6B).

Although sites at codons 114 and 541 had been identified in the METTL analysis that included all
vertebrate METTLs (Fig. 5B), by separately analyzing only METTLs that modify protein residues,
MEME identified additional sites of predominantly positive selection at codons 69, 72,91,243,719, 768,
and 997 (Fig. 6A and 6C). Nearly all of the site mutations identified using MEME in protein-modifying
METTLs were subjected to positive selection. However, there was evidence of purifying selection at
codon 69 (METTL20), codon 719 (METTL23), and codon 768 (METTL10 and METTL22) (Fig. 6C).
There were also evidence of equal synonymous and nonsynonymous substitutions (i.e., neutral evolution)

for METTL22 at codons 72 and 997 when analyzed within the context of the phylogeny (Fig. 6C).

Conclusions

METTLs are widespread throughout the animal kingdom, with some having emerged quite early
in the evolution of Metazoa. Individual METTL lineages formed independent monophyletic clades, and
while various METTLs grouped together roughly by methylation target type, those with similar targets
did not appear to have evolved from the same, recent common ancestor (e.g., all METTLs that modify
nucleosides did not share an exclusive, single monophyletic origin). Evidence indicates that the long-term
evolution of the METTL family is primarily driven by strong purifying selection and exhibits
heterogeneous rates of evolution across the different METTL lineages. Functional specialization of the
various METTLs seems to have occurred via episodes of adaptive selection at specific evolutionary times
and codon sites. Lastly, given their presence in basal metazoans, comparatively low sequence-level
variation, and slow estimated rates of evolution, several METTLs that target and methylate RNA
nucleosides seem to be more conserved than those that modify protein residues, possibly due to their
biological necessity and particular functional constraints. In view of the ubiquity of METTLs throughout

metazoans, it is clear that these proteins fulfill a diverse set of essential biological functions across an
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expansive range of animal taxa, and that the epigenetic mechanisms associated with this gene family
contributed to metazoan evolution and complexity. We therefore stress the importance of investigating
these methyltransferases in species beyond the traditional metazoan model systems. This present work
provides important insight into the evolution of this gene family and constitutes a valuable resource for
studying the epigenetic functions of METTL proteins, and their impacts on biological processes and

phenotype.

Materials and Methods
Molecular Data Mining

Extensive data mining was performed using the GenBank database
(https://www .ncbi.nlm.nih.gov/genbank) to collect METTL sequences (available as of June 2020).
METTLSs across metazoan taxa were located using orthologous gene searches as well as the Basic Local
Alignment Search Tool (BLAST) in NCBI. Each METTL gene (NCBI IDs provided in Table 1) was used
to search for NCBI orthologs and similar genes. These are calculated using protein sequence similarity,
local synteny information, and similarity of protein architectures (CDD domains defined by NCBI
SPARCLE) by NCBI’s Eukaryotic Genome Annotation pipeline and Gene database. Each METTL gene
listed in Table 1 was searched in BLAST using the somewhat similar sequences (blastn) algorithm and
limiting the organism search set to Porifera (NCBI: txid6040), Ctenophora (NCBI: txid10197), Cnidaria
(NCBI: txid6073), Brachiopoda (NCBI: txid7568), Mollusca (NCBI: txid6447), Annelida (NCBI:
txid6340), Platyhelminthes (NCBI: txid6157), Priapulida (NCBI: txid33467), Nematoda (NCBI:
txid6231), Arthropoda (NCBI: txid6656), Hemichordata (NCBI: txid10219), and Echinodermata (NCBI:
txid7586). For any phyla for which search results only located sequences that were similar to a METTL,
but did not have any predicted gene identity or function recorded in NCBI, they were noted as probable
METTL sequences for that phyla.

Ultimately, sequences were selected from nine representative taxa across eight different metazoan
phyla for phylogenetic and evolution analyses. These taxa included the sponge (phylum Porifera)
Amphimedon queenslandica (NCBI: txid400682), the stony coral (phylum Cnidaria) Acropora millepora
(NCBI: txid45264), the sea hare (phylum Mollusca) Aplysia californica (NCBI: txid6500), the priapulid
(phylum Priapulida) Priapulus caudatus (NCBI: txid3762), the shrimp (phylum Arthropoda) Litopenaeus
vannamei (NCBI: txid6689), the sea star (phylum Echinodermata) Acanthaster planci (NCBI:
txid133434), the acorn worm (phylum Hemichordata) Saccoglossus kowalevskii (NCBI: txid10224), the
lancelet (phylum Chordata) Branchiostoma belcheri (NCBI: txid7741), and humans (phylum Chordata)
Homo sapiens (NCBI: txid9606). A total of 207 nucleotide coding sequences (CDS) and their

corresponding amino acid sequences were collected across 33 METTLs (supplementary Tables S6 and
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S7, Supplementary Material). Sequence alignments for both CDS nucleotide sequences and amino acid
sequences were performed using MAFFT version 7.309 (Katoh 2002; Katoh and Standley 2013) in
Geneious version 9.1.8 (https://www.geneious.com). All METTL CDS nucleotide sequences, using a
translation alignment, and all METTL amino acid sequences were aligned. Both the CDS nucleotide and
amino acid alignments were aligned using the E-INS-I strategy algorithm and the BLOSUMS62 scoring
matrix with a 1.53 gap open penalty. Conserved domains (CDs) were identified within each of 207 CDS
nucleotide sequences and 207 protein sequences using the CD-Search and Batch CD-Search tools
(Marchler-Bauer and Bryant 2004; Marchler-Bauer et al. 2011) in NCBI. All sequences were searched
across the Conserved Domain Database (CDD) (Lu et al. 2020) using an expect value (E-value) threshold
of 0.01.

Phylogenetic analyses

The ribosomal RNA small subunit methyltransferase A (KsgA) from Escherichia coli O157:H7
strain Sakai (NCBI: txid386585) was included as an outgroup for the phylogenetic analyses. Best-fit
substitution models for nucleotide and protein sequence alignments were calculated using a maximum
likelihood approach in MEGA version 10.1.8 (Tamura et al. 2013), and included all used sites (i.e., no
data was excluded). Maximum likelihood phylogenetic trees were reconstructed using IQ-TREE version
1.6.12 (Nguyen et al. 2015) using the best-fit substitution models determined from MEGA. Accordingly,
the LG model (Le and Gascuel 2008) corrected for discrete Gamma model (Yang 1994) with four rate
categories (LG+G) was used for the reconstruction of METTL protein phylogenies across the nine pre-
selected metazoan taxa. Similarly, a protein tree was also reconstructed for all METTL proteins across the
nine pre-selected metazoan taxa but using only conserved domain amino acid sequences identified using
the Batch CD-Search tools (Marchler-Bauer and Bryant 2004; Marchler-Bauer et al. 2011) in NCBI. The
reliability of the reconstructed topologies was contrasted by an ultra-fast bootstrap approximation
(UFBoot) (Hoang et al. 2018) with 1,000 replicates. Additional phylogenetic reconstructions were
performed using the CDS nucleotide alignment as well as for individual METTL lineage protein

sequences (supplementary Figs. S3 and S4, Supplementary Material).

Molecular evolution and selection analyses

Several molecular evolutionary analyses were performed in MEGA version 10.1.8 (Tamura et al.
2013). Sequences from each METTL gene were analyzed based on CDS nucleotide and amino acid
alignments of all METTL sequences from each of the nine pre-selected metazoan taxa (alignments
available in Supplementary Materials). The nucleotide alignment includes 9,684 nucleotide sites (3,228

codons) and the protein alignment includes 3,124 amino acid sites. The transition/transversion ratio (R)
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was calculated for all METTLs except for those in which only one sequence across the nine pre-selected
taxa was available (i.e., METTLS, METTL11B, METTL21B, METTL21C, and METTL21E). Due to
their smaller variance (Nei and Kumar 2000), nucleotide (dnr) and protein (daa) sequence distances were
estimated using uncorrected differences (p-distances) for each METTL in which sequences were obtained
from more than one representative taxa (i.e., all METTLs with the exception of METTLS, METTL11B,
METTL21B, METTL21C, and METTL21E). These estimations, along with their standard errors, were
calculated using bootstrap variance estimation (1,000 replicates) and the proportion of different
nucleotide sites (i.e. transitions + transversions). Nucleotide and amino acid distances were computed
using uniform rates among sites. Gaps and missing data were removed prior to the analysis if a site had
higher than 95% of ambiguous sites (i.e., partial deletion). The rates of protein evolution were estimated
for each METTL based on the distances obtained, in those cases in which there were representatives
across at least three of the pre-selected metazoan taxa. METTLs that did not fulfill this requirement and
were therefore excluded from the rate of evolution analysis included METTL7B, METTL8, METTL11B,
METTL21B, METTL21C, METTL21E, and METTL27. Evolution rates were estimated by correlating
pairwise protein divergences between pairs of metazoan taxa with their corresponding divergence as
defined in the TimeTree database (Kumar et al. 2017) (supplementary Table S8, Supplementary
Material). Linear regression analyses were implemented using Microsoft Excel version 16.42.

The footprint of selection on METTL genes was studied using two major approaches. First,
descriptive analyses of nucleotide variation and the mode of evolution displayed by METTLs were
carried out using the CDS nucleotide alignment of METTLs from the nine pre-selected taxa (alignment
available in Supplementary Material). Accordingly, the numbers of synonymous (ds) and non-
synonymous (dx) substitutions per site, as well as their standard errors, were computed using bootstrap
variance estimations (1,000 replications) and the modified Nei-Gojobori method (Nei and Gojobori 1986)
with the corresponding transition/transversion ratio (R), uniform rates among sites, and partial deletion
(95% coverage cutoff) of gaps and missing data. Codon-based Z-tests were performed to gauge the
presence and nature of selection by comparing the estimated number of synonymous (ds) versus
nonsynonymous (dx) nucleotide differences per site. In this case, estimations of nucleotide substitutions
were performed using uncorrected differences (p-distances) considering heterogeneity in
transition/transversion ratio, as these encompass smaller variance than other methods (Nei and Kumar
2000). In addition, the large number of taxa analyzed further contributes to reducing the potential effects
of multiple substitutions by breaking long branches (Lartillot and Philippe 2008). For these tests, neutral
evolution was set as the null hypothesis (Ho: dv = ds) with purifying selection set as the alternative
hypothesis (Ha: dx < ds). The variance of the difference between dy and ds was estimated using the

bootstrap method with 1,000 replications and a modified Nei-Gojobori method (Nei and Gojobori 1986)
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with the corresponding transition/transversion ratio (R). Codon-based Fisher’s exact tests of selection
were also performed (supplementary Tables S3 and S4, Supplementary Material), but with positive
selection set as the alternative hypothesis (Ha: ds < dx). The amount of codon usage bias and the presence
of molecular clocks were investigated using the programs DnaSP version 5 (Librado and Rozas 2009) and
HyPhy (Pond et al. 2005), respectively.

Second, the presence of lineages displaying evidence of diversifying (adaptive) selection episodes
(w > 1) was examined across vertebrate METTL evolution by using the branch-site Random Effects
Likelihood (REL) model (Pond and Frost 2005). To this end, a total of 1,856 codon positions were
examined using a maximum likelihood phylogeny that was reconstructed using vertebrate METTL
nucleotide coding regions as a reference (alignment available in Supplementary Material). The alignment
included two ortholog sequences (i.e., one from Mammalia and one from Amphibia) of each METTL that
were downloaded from GenBank (supplementary Table S9, Supplementary Material). In this case,
nucleotide substitution models incorporating multiple substitutions were used as indicated in Table 3. For
this instance, the best-fit model of evolution was defined as a general time reversible model (Tavaré
1986) with a discrete Gamma model that allows for a proportion of invariable sites (Gu et al. 1995)
(GTR+G+I). No prior assumptions about which lineages have been subject to diversifying selection were
made. The proportion of sites inferred to be evolving under diversifying selection at each branch was
estimated using likelihood ratio tests (LRTs), resulting in a p-value for episodic selection. The strength of
selection was partitioned for descriptive purposes into three categories (w > 5, w = 1, and w = 0), using
three different significance levels (p-value < 0.001, p-value < 0.01, and p-value < 0.05) to assess the
obtained results. Additionally, the presence of selection at individual sites was assessed by using a mixed
effects model of evolution (MEME), modeling variable w (dn/ds) across lineages at individual sites
(Murrell et al. 2012). Codons subject to significant episodes of diversifying selection (p-value < 0.05)
were detected using MEME, and analyzed in the context of the METTL phylogeny, providing
information on internal branches accumulating higher numbers of non-synonymous mutations. In addition
to conducting this analysis across all vertebrate METTLs, additional analyses using MEME were
performed separately for vertebrate DNA/RNA-modifying METTLs only and for vertebrate protein-
modifying METTLs only. All analyses in this section were carried out using the HyPhy program (Pond et
al. 2005) and the Datamonkey web server (Poon et al. 2009; Delport et al. 2010)

Data Availability

The data underlying this article are available within the National Center for Biotechnology Information

(NCBI) GenBank database (https://www.ncbi.nlm.nih.gov/genbank), and all GenBank accession numbers
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are listed in supplementary Tables S6, S7, and S9 (Supplementary Material). Alignments analyzed in the

present work are available in the article’s online Supplementary Material.

Supplementary Material
Supplementary alignments, Newick tree files, episodic selection results, tables, and figures are included

as Supplementary Material available at Molecular Biology and Evolution online.
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Figure Legends
Fig. 1. METTLs in major metazoan phyla according to NCBI search results. The metazoan cladogram is
modified from the Tree of Life web project (http://tolweb.org/tree/phylogeny.html). The matrix displays

the detection (gray), probable detection but with uncertain identification (striped gray), or failure of
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detection (white) by the search for each METTL gene within each phylum. The number of METTL genes
out of 33 total is noted in parenthesis with asterisks indicating phyla in which probable METTL
sequences were either located but could not be definitively identified as specific METTL genes, or were
located outside of our search in the NCBI GenBank database (e.g., Ensembl Metazoa). METTLs are listed

in order of decreasing number of representatives in each phylum (left to right).

Fig. 2. Maximum likelihood tree describing the evolutionary relationships across metazoan METTL
proteins. Bootstrap values (1,000 replicates) are displayed at each internal node. Branch labels displayed
in blue indicate METTLs that have been shown to target DNA or RNA nucleosides, labels in red are
METTLSs shown to target protein residues, and labels in purple represent METTLs whose function and
targets are unknown. The METTL proteins comprise nine different taxa representing eight different
phyla: a sponge (Amphimedon queenslandica, Porifera), a stony coral (Acropora millepora, Cnidaria), a
sea hare (Aplysia californica, Mollusca), a priapulid (Priapulus caudatus, Priapulida), a shrimp
(Litopenaeus vannamei, Arthropoda), a sea star (Acanthaster planci, Echinodermata), an acorn worm
(Saccoglossus kowalevskii, Hemichordata), a lancelet (Branchiostoma belcheri, Chordata), and human
(Homo sapiens, Chordata). Subtrees with the same METTL gene from multiple taxa have been collapsed

for figure readability.

Fig. 3. Maximum likelihood phylogeny reconstructed based on the conserved domains of each METTL
protein across Metazoa. Bootstrap values (1,000 replicates) are displayed at each node. Branch label

colors are identical to Fig. 2.

Fig. 4. Estimated rates of evolution of METTL proteins. Rates were only estimated for METTLs in which
amino acid differences per site could be calculated by comparing the protein between three or more of the

pre-selected metazoan phyla.

Fig. 5. Episodes of diversifying selection shaping the evolution of METTL proteins in vertebrates. For
figure readability, “METTL” has been removed from the names of each tip label (e.g., “METTL1” is
simply displayed as “1”). (A) The strength of selection at significant branches is represented in red (w >
5), gray (w = 1), and blue (w = 0), with the proportion of sites within each class represented by the color
width. Thicker branches have been classified as undergoing episodic diversifying selection at corrected p-
value < 0.001 (thicker branches) and p-value < 0.01 (thinner branches). (B) The physical positions of
adaptive selection episodes involved in the diversification of METTL genes. Numbers of synonymous

(blue bars) and non-synonymous (red bars) substitutions at codon positions that are subject to significant
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episodes of diversifying selection in vertebrates (p-value < 0.05). (C) Phylogenetic location of the
mutations involved in such episodes. Branches in red account for higher numbers of nonsynonymous
mutations, branches in blue indicate higher numbers of synonymous mutations, and branches in green
represent cases with the same numbers of nonsynonymous and synonymous mutations. Light blue, light
red, and light purple backgrounds behind each branch indicate METTLs that modify DNA/RNA, proteins,
or unknown targets, respectively. Subtrees that include several closely related METTLs (i.e., METTL11A
and METTL11B; METTL21A, METTL21B, METTL21C, METTL21D, and METTL21E; METTL?2S5 and
METTL?25B) were collapsed into a single branch for figure readability.

Fig. 6. Episodes of adaptive selection identified upon separately analyzing vertebrate DNA/RNA-
modifying METTLs and vertebrate protein-modifying METTLs. (A) The physical positions of adaptive
selection episodes involved in the diversification of METTLs that modify DNA/RNA nucleosides (top)
and METTLs that modify protein residues (bottom). Numbers of synonymous (blue bars) and non-
synonymous (red bars) substitutions at codon positions that are subject to significant episodes of
diversifying selection in vertebrates (p-value < 0.05). (B) Phylogenetic location of the mutations involved
in such episodes for DNA/RNA-modifying METTLs, indicated by a light blue background, and (C)
protein-modifying METTLs, indicated by a light red background. For figure readability, “METTL” has
been removed from the names of each tip label (e.g., “METTL1"” is simply displayed as “1”"). Branches in
red account for higher numbers of nonsynonymous mutations, branches in blue indicate higher numbers
of synonymous mutations, and branches in green represent cases with the same numbers of

nonsynonymous and synonymous mutations.
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Tables

Table 1. Methyltransferase like (METTL) genes separated by type (i.e., DNA/RNA-modifying, protein-
modifying, and unknown). The gene names, NCBI IDs, aliases, and preferred names are vertebrate

METTL genes.
Gene Name IN]f BI Aliases Preferred Name Target

DNA/RNA-modifying METTLs

C12orfl, TRMS8, TRMTS,

m7G (tRNA, mRNA,

METTL1 4234 YDL201w tRNA (guanine-N(7)-)-methyltransferase miRNA)
METTL2 339175/ tRNA N(3)-methylcytidine methyltransferase METTL2;
(METTL2A/B)55798 METL, PSENIP1 methyltransferase-like protein 2 m3C (tRNA)
METTL3 56339 S](I/[];JE‘;:%ZA, MT-AT70, Spos, N6-adenosine-methyltransferase catalytic subunit m6A (mRNA)
METTL4 64863 HsT661 N(6)-adenine-specific methyltransferase METTL4 ZTS’SQI\(IEI)\IA) /m6Am
METTLS 29081 HSPCI133, MRT72 rRNA Né6-adenosine-methyltransferase METTLS mo6A (rRNA)
METTL6 131965 none tRNA N(3)-methylcytidine methyltransferase METTL6 m3C (tRNA)
METTLS8 79828 TIP mRNA N(3)-methylcytidine methyltransferase METTL8 m3C (mRNA)
METTL14 57721 none N6-adenosine-methyltransferase non-catalytic subunit ~ m6A (mRNA)
METTL15 196074 METT5D1 12S rRNA N4-methylcytidine (m4C) methyltransferase m4C (rRNA)
METTL16 79066 METT10D RNA N6-adenosine-methyltransferase METTL16 E;%;SCRNA’ pre-mRNA,
METTL19 152992 TRMT44, C4orf23, TRM44 probable tRNA (uracil-O(2)-)-methyltransferase 2'-O-methyluridine (tRNA)
METTL25B 51093 RRNADI, Clorf66, CGI-41 ribosomal RNA adenine dimethylase domain containing 1 m6A (rRNA)
Protein-modifying METTLs
METTL9 51108 CGI-81, DREV, DREV1, PAP1 methyltransferase-like protein 9 unknown
METTL10 399818 ggﬁiAKMTZ’ C10orf138, EEF1A lysine methyltransferase 2 lysine (EEF1A)
NTMT1, AD-003, C9orf32,
METTL11A 28989 HOMTIA, NRMT, NRMTI1, N-terminal Xaa-Pro-Lys N-methyltransferase 1 N-terminal
NTM1A
METTL11B 149281 Clorfl84, HOMTI1B, NTM1B alpha N-terminal protein methyltransferase 1B N-terminal
METTLI2 751071 CSKMT, CS-KMT, U99HG  Citrate synthase-lysine N-methyltransferase CSKMT, & civrate synthase)
mitochondrial
EEF1AKNMT,
5630401D24Rik, CGI-01, . . .
METTLI13 51603 DFNB26, DFNB26M, DENML, eEF1A lysine and N-terminal methyltransferase lysine (EEF1A)
KIAAO0859, feat
METTL18 92342 AsTP2, Clorfl56, HPM1 histidine protein methyltransferase 1 homolog histidine
ETFBKMT, C120rf72, ETFB- electron transfer flavoprotein beta subunit lysine .
METTL20 254013 KMT methyltransferase lysine (ETFP)
METTL21A 151194 E?/Il\"/l{l 19A, HCAS557b, HSPA- protein N-lysine methyltransferase METTL21A lysine (HSPA)
METTL21B 25895 EEF1AKMT3, FAM119B EEF1A lysine methyltransferase 3 lysine (EEF1A)
METTL21C 196541 Cl13o0rf39 protein-lysine methyltransferase METTL21C lysine (VCP)
METTL21D 79609 X&I}KMT, Cldorf138, VCP- protein-lysine methyltransferase METTL21D lysine (VCP)
METTL21E 403183 4832428D23Rik, Gm991 protein-lysine methyltransferase METTL21E lysine (VCP)
METTL22 79091 Cl60orf68 methyltransferase-like protein 22 lysine (Kinl17)
METTL23 124512 C170rf95, MRT44 methyltransferase-like protein 23 unknown
METTLSs of unknown function
METTL7A 25840 AAM-B, AAMB methyltransferase-like protein 7A unknown
METTL7B 196410 ALDI methyltransferase-like protein 7B unknown
METTL17 64745 METTI11D1 methyltransferase-like protein 17, mitochondrial unknown
METTL25 84190 Cl2orf26 methyltransferase-like protein 25 unknown
METTL26 84326 Cl6orfl3, JFP2 methyltransferase-like 26 unknown
METTL27 155368 WBSCR27 methyltransferase-like protein 27 unknown
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1130
1131

1132
1133
1134

Table 2. Conserved domains within each METTL gene based on results from CD-Search and Batch CD-

Search (NCBI).

Superfamily CD Gene

AdoMet MTases superfamily COG2263 METTLS
DREV METTL9
DUF938 METTL26

Methyltransf_11
Methyltransf_12
Methyltransf_16
Methyltransf_25

Methyltransf_31

Methyltransf_32

Methyltransf_4

Methyltransf_PK

Nntl

PRKO00050

No specific CD (superfamily only)

METTL7A, METTL7B
METTL2, METTL6
METTL21A, METTL21D

METTL2, METTL6, METTL7A, METTLS,

METTL10, METTL12, METTL13,
METTL27

METTLI10
METTL25B
METTLI1
METTLI11A
METTL20
METTLI15

METTL11B, METTL16, METTL17,
METTL18, METTL19, METTL21B,
METTL21C, METTL21E, METTL22,
METTL23, METTL25

MT-A70 superfamily

MT-A70
No specific CD (superfamily only)

METTL3, METTL14
METTLA4

35

120Z Jequerdes /0 uo 1senb Aq Z6 | +9£9//920BSW/AGI0W/EE0 L 0 L /I0p/8olle-a0ueApe/aqw/woo dno olwapeoe//:sdiy Woly peapeojumo(



1135 Table 3. Selection results, variance estimations?, and best-fit ML models for all METTLs and each
1136  individual METTL gene.

Gene R Z-test dnr = SE das = SE ds +SE dy+SE ENC modelnr modelaa
All 0.5 5.8%k* 065+001 082+002 0.74+0.005 0.62+002 5245 GTR+G+I LG+G
METTL1 0.8 2338*** 036+x001 0.32+0.02 0.83+£0.02 023+002 5360 GTR+G+l WAG+G
METTL2 0.7  22.02%%* 04+0.01 0.39+£0.02 0.79£0.01 028+0.02 5109 GTR+G+I LG+G
METTL3 0.7  27.28%%* 04+0.01 04+0.02 0.82+0.01 028+0.01 53.89 GTR+G LG+G
METTL4 0.6 1293***  049+001 0.55+0.02 0.78 £0.02 04+0.02 50.78 T92+G+1 LG+G+1
METTLS 0.8 18.17%#%%* 04+0.01 042 +0.02 0.81+0.02 028+0.02 53.16 T92+G LG+G
METTL6 0.8 20.0%%** 0.39+0.01 04+0.02 0.81+0.02 027+002 5125 GTR+G LG+G
METTL7A 0.6  12.02%**  052+001 0.61+0.02 0.78 £0.02 044002 54.10 K2+G+I LG+G+1
METTL7B 0.6 10%** 0.53+001 0.61+003 0.8+0.02 045+0.02 5492 JC+1 LG+I
METTLS vertebrates only 50.53

METTL9 0.7 14.15%%*% 049001 054+0.02 0.81+0.01 039+0.02 5231 K2+G+I LG+G+1
METTL10 0.7 12.85%%* 047001 055+0.02 0.75+0.02 0.38+0.02 5478 T92+G+1 LG+G+1
METTL11A 0.7 18.84%**  045+001 049+0.02 0.8+0.01 035+0.02 51.79 K2+G+I LG+G+1
METTL11B vertebrates only 49.58

METTLI12 0.6 9.02%%#% 0.54+001 0.63+0.03 0.76 £0.02 046+0.02 5323 K2+1 LG+G+1
METTL13 0.7 2482%** 048+001 0.56+0.01 0.78 £0.01 0.39+001 5084  GTR+G+I LG+G
METTL14 0.7  29.64%** 037001 032+0.02 0.83+0.01 023+001 5361 GTR+G LG+G
METTLI15 0.7 18.11%*%*  045+001 048+0.02 0.79£0.01 034+002 5184 HKY+G+l LG+G+I
METTL16 0.6 1845%**  049+001 057+0.02 0.79+£0.01 041+001 5399 HKY+G+l LG+G+I
METTL17 0.7 17.89%*%*  053+001 0.61+0.02 0.79£0.01 044001 5427 GTR+G LG+G+I
METTL18 0.7 13.1%#%* 0.5+0.01 0.57+0.02 0.78 £0.02 041002 5254 T92+G+1 LG+G+1
METTLI19 0.7 1324%%% 049001 056+0.02 0.77+0.01 041002 5168 GTR+G+l LG+G+I
METTL20 0.7 14.86*%%* 045+001 048+0.03 0.77+£0.01 035+002 5227 K2+G+I LG+G+1
METTL21A 0.6 17.06%**  048+001 0.54+0.02 0.78 £0.01 039+0.02 5438 K2+G+I LG+G
METTL21B vertebrates only 45.13

METTL21C vertebrates only 54.33

METTL21D 0.7 1323%%%  047+001 054+0.02 0.76 £0.02 0.38+0.02 54.89 T92+G+1 LG+G+I
METTL21E chordates only 53.19

METTL22 0.6  1533%** 0.5+0.01 0.58 £0.02 0.79£0.01 042+0.02 5377 T92+G+1 LG+G+1
METTL23 0.6  18.63***  045+001 0.5+0.02 0.78 £0.01 035+0.02 5242 K2+G+I LG+G
METTL25 0.6  16.26%** 0.5+0.01 0.58 £0.02 0.76 £0.01 042+001 5058 T92+G+1 LG+G+1
METTL25B 0.7 17 414 0.5+0.01 0.56 £0.02 0.79£0.01 04+0.01 5120 GTR+G+l  LG+G+I
METTL26 0.7 13.38*%%* 044001 049+0.03 0.8+0.02 034+002 5061 K2+1 LG+G+1
METTL27 0.5 4.12%%* 0.55+0.02 0.69+0.03 0.68 +0.04 0.5+0.03 48.47 JC LG

1 137 NOTE.—SE, standard error; R, average transition/transversion ratio; dyr, mean nucleotide distance, daa, mean amino acid distance; ds,
1138 synonymous substitution distance; dy, non-synonymous substitution distance; ENC, effective number of codons (codon bias) ranging from 61
1 139 (i.e., no bias) to 20 (i.e., maximum bias); modelnr, best-fit maximum likelihood (ML) DNA model; modelaa, best-fit ML protein model.
1140 aAll SE values were calculated using the Bootstrap method with 1,000 replications.

1141 ***p-value < 0.001 in Z-test of purifying selection (i.e., HA: dy < ds).
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