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Three’s a crowd — why did three N-terminal methyltransferases

evolve for one job?

Meghan M. Conner and Christine E. Schaner Tooley*

ABSTRACT

N-terminal methylation of the a-amine group (No-methylation) is a
post-translational modification (PTM) that was discovered over 40
years ago. Although it is not the most abundant of the No-PTMs, there
are more than 300 predicted substrates of the three known
mammalian No-methyltransferases, METTL11A and METTL11B
(also known as NTMT1 and NTMT2, respectively) and METTL13.
Of these ~300 targets, the bulk are acted upon by METTL11A. Only
one substrate is known to be No-methylated by METTL13, and
METTL11B has no proven in vivo targets or predicted targets that are
not also methylated by METTL11A. Given that METTL11A could
clearly handle the entire substrate burden of No-methylation, it is
unclear why three distinct No-methyltransferases have evolved.
However, recent evidence suggests that many methyltransferases
perform important biological functions outside of their catalytic
activity, and the Noa-methyltransferases might be part of this
emerging group. Here, we describe the distinct expression,
localization and physiological roles of each No-methyltransferase,
and compare these characteristics to other methyltransferases with
non-catalytic functions, as well as to methyltransferases with both
catalytic and non-catalytic functions, to give a better understanding of
the global roles of these proteins. Based on these comparisons, we
hypothesize that these three enzymes do not just have one common
function but are actually performing three unique jobs in the cell.

KEY WORDS: METTL11A, METTL11B, METTL13, NTMT1, NTMT2,
Methyltransferase

Introduction

Although N-terminal methylation of the a-amine group (No-
methylation) was discovered many decades ago, its biochemical and
biological roles are only recently being uncovered. Based on the
N-terminal Ala/Pro/Ser-Pro-Lys sequence of known targets, it was
predicted that all eukaryotic No-methylations could be attributed
to the action of a single hypothetical enzyme, deemed the PK
methyltransferase (Stock et al., 1987). However, it took over 20
additional years to identify METTL11A (also known as NRMT1
and NTMT1), from the methyltransferase-like family of seven-B-
strand (7BS) methyltransferases (Fig. 1A), as the PK
methyltransferase (Tooley et al., 2010; Webb et al., 2010), and it
was not until this discovery that comprehensive analysis of No-
methylation could begin. It is now predicted that over 300 proteins
are No-methylated by METTL11A (Petkowski et al., 2012). This
methylation regulates many aspects of protein biochemistry,
including protein stability, protein—-DNA interactions and protein—
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protein interactions, and as such, plays important roles in many
biological processes, including mitosis, DNA damage repair and
transcriptional regulation (Chen et al., 2007; Faughn et al., 2018;
Nevitt et al., 2018). It also features prominently in oncogenesis and
regulates many developmental processes (Bonsignore et al., 2015a,
b; Catlin et al., 2021; Tooley et al., 2021; Zhang et al., 2021).

The second No-methyltransferase, METTL11B (also known as
NRMT2 and NTMT2) (Fig. 1B), was identified through sequence
homology with METTL11A (Petkowski et al., 2013; Webb et al.,
2010), with 50% sequence identity and 75% sequence similarity
(Petkowski et al., 2013). In vitro, METTL11B recognizes a similar
Ala/Pro/Ser-Pro-Lys consensus sequence as METTLI1A but
differs in its catalytic activity. METTLI1A is a distributive
trimethylase, meaning it releases its substrate after each methyl
group is placed, whereas METTL11B is primarily a monomethylase
(Dong et al., 2018; Petkowski et al., 2013). /n vivo, it is unclear
whether METTL11B is active. The majority of No-methylated
substrates are fully trimethylated (Chen et al., 2007), and the low
amount of detected No-monomethylation could result from the
distributive nature of METTL11A (Richardson et al., 2015).
METTLI11B also has low, tissue-specific expression, which points
to a very specialized function (Petkowski et al., 2013). Currently,
there are no verified in vivo substrates of METTL11B, no known
METTLI11B-specific substrates and no known loss-of-function
phenotypes. Despite these undefined in vivo roles, METTL11B
mutations are found in a variety of cancers, and its expression is
altered during many developmental processes (Hong et al., 2020;
Lin et al., 2022; Shields et al., 2017; Zhou et al., 2021), suggesting
that it has biological importance.

The third No-methyltransferase that has been identified,
METTLI3 (also known as EEF1A-KNMT and FEAT) (Fig. 1C),
is in the same family as METTL11A and METTLI11B but more
distantly related. METTL13 is not a PK methyltransferase, though
both its S-adenosyl methionine (SAM)- and substrate-binding
domains exhibit some structural similarity to those of METTL11A
and METTL11B (Fig. 1D,E). METTLI3 is a dual function
methyltransferase  with one known substrate, eukaryotic
elongation factor lo. (eEF1A) (Jakobsson et al., 2018b).
METTLI13 can methylate both the No-amine of eEF1A, as well
as the internal Lys55 (K55) residue (Jakobsson et al., 2018b). Loss
of METTLI13 results in codon-specific alterations in translation rate,
which produces an overall decreased translational output
(Jakobsson et al., 2018b; Liu et al., 2019). Altered translation
rates have profound impacts on cancer growth, and as such
METTLI13 can act as both an oncogene and a tumor suppressor (Liu
et al., 2019, 2021).

Given that, biochemically, No-methylation has the same function
regardless of the enzyme that catalyzes it, it is unclear why three
enzymes are designated for this modification, especially when one
does the bulk of the work. METTL11A potentially has hundreds of
substrates, whereas METTL13 only has one and METTL1 1B might
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not have any. These unequal substrate burdens suggest that the
main function of METTLI3 and METTLI1IB is not No-
methylation. It is becoming more recognized that enzymes have
functions beyond their catalytic activity in the methyltransferase
field, not only among the METTL family, but among other DNA
and protein methyltransferases as well. Here, we will compare
the characteristics of the No-methyltransferases to other
methyltransferases that perform both catalytic and non-catalytic
functions to provide a more global understanding of the biological
roles of the No-methyltransferases.

N-terminal methyltransferases

METTL11A

From the late 1970s to the late 1980s, the presence of di- or tri-
methylation was reported on the N-terminus of several proteins,
including E. coli ribosomal proteins (Dognin and Wittmann-
Liebold, 1977, 1980; Lederer et al., 1977), Crithidia oncopelti
cytochrome ¢557 (Pettigrew and Smith, 1977; Smith and
Pettigrew, 1980), Tetrahymena, starfish Asterias rubens, and
Drosophila histone H2B (Desrosiers and Tanguay, 1988;
Martinage et al., 1985; Nomoto et al., 1982), as well as vertebrate
myosin light chains (Henry et al.,, 1982). METTLI11A, a 7BS
No-methyltransferase, was identified as the responsible enzyme
in 2010 by two independent groups that sought to characterize
the No-methylation of human regulator of chromatin condensation
1 (RCC1) or yeast ribosomal proteins (Tooley et al., 2010;
Webb et al., 2010). METTL11A was originally found to be a
distributive trimethylase that methylated a canonical Ala/Pro/Ser-
Pro-Lys (X-P-K) N-terminal consensus sequence after initiating

METTL13

Fig. 1. Structure comparison of the three No-
methyltransferases. (A) METTL11A is shown in red (PDB
2EX4), (B) METTL11B is shown in yellow (PDB 5UBB),
and (C) the METTL13 C-terminal domain is shown in blue
(PDB 5WCJ). (D) A merge of the three structures with a
magnification showing the SAM-binding pocket. (E) A
different view of the structures with a magnification showing
the substrate-binding pocket. Though they have different
substrate specificities, both the SAM- and substrate-binding
pockets of METTL13 exhibit structural similarity to those of
METTL11A and METTL11B.

methionine cleavage (Tooley et al., 2010). However, subsequent
consensus sequence analysis identified an expanded non-canonical
sequence that allows A/P/S/G/M in the first position, A/P/S/G/M/E/
N/Q in the second position, and either K or R in the third position
(Petkowski et al., 2012). Together, the canonical and non-canonical
sequences predict over 300 METTLI11A targets (Petkowski et al.,
2012).

Biochemically, No-methylation has been shown to primarily
regulate protein—nucleotide interactions, and accordingly, many
METTLI11A substrates play roles in chromatin organization,
DNA damage repair, and transcriptional regulation (Cai et al.,
2014; Chen et al., 2007; Conner et al., 2022; Dai et al., 2013;
Nevitt et al., 2018; Sathyan et al., 2017) (Fig. 2). No-methylation
of RCC1 is essential for its binding to mitotic DNA and
establishing the Ran-GTP gradient (Chen et al., 2007). The
centromere proteins A and B (CENP-A and -B) require No-
methylation for recruitment and binding to the centromere,
respectively (Dai et al.,, 2013; Sathyan et al., 2017). No-
methylation of damaged DNA-binding protein 2 (DDB2) is
required for its recruitment to cyclobutane pyrimidine dimers and
efficient nucleotide excision repair (Cai et al., 2014), and both
myosin light chain 9 (MYL9) and zinc fingers and homeoboxes 2
(ZHX2) require No-methylation for their roles in transcriptional
regulation (Conner et al., 2022; Nevitt et al., 2018). Other verified
targets include the ribosomal proteins L23a (RPL23A), L12a
(RPL12A) and S25a (RPS25A) (Tooley et al., 2010; Webb et al.,
2010). It is still unknown how No-methylation of the ribosomal
proteins affects their function, though it is predicted it might
regulate protein—RNA interactions.
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Fig. 2. Cellular context of the three Na-methyltransferases. METTL11A alone is primarily a dimer that regulates processes reliant on protein—-DNA
interactions in the nucleus. Also in the nucleus, the METTL11A dimer can bind METTL11B, which activates METTL11A activity against non-canonical
substrates. In the cytoplasm, METTL13 alone can methylate both the N-terminus and K55 of eEF1A. Although K55 methylation is known to promote
translational output, the function of eEF1A Na-methylation remains unknown. Also in the cytoplasm, METTL13 can bind METTL11A (predicted to also be a

dimer here), which promotes K55 methylation and inhibits No-methylation.

METTLI1A expression is ubiquitous across many different
cell types and tissues (see Human Protein Atlas; https:/
www.proteinatlas.org/ENSG00000148335-NTMT1) (Fig. 3A,B).
Within cells, it is found in both the nucleus and cytoplasm,
although an enzymatic activity has only been observed in the
nucleus (Petkowski et al., 2012). Transcription of METTL11A is
regulated by cAMP responsive element-binding protein 1 (CREB1)
and activated under conditions of serum starvation and during
myoblast differentiation (Tooley et al., 2021). Loss of CREBI-
mediated METTL11A expression in myoblasts results in their
transdifferentiation to osteoblasts, implicating METTLI11A as a
regulator of stem cell differentiation (Tooley et al., 2021).
METTL11A expression is also regulated by N®-adenosine
methylation (m®A) (Bade et al., 2021). Depletion of METTL3, a
subunit of the major m®A writer complex, increases METTLI11A
protein levels, indicating that m®A promotes the decay of
METTLI1A mRNA (Bade et al., 2021). Finally, METTLI1A
stability and activity are regulated through complex formation with
the other No-methyltransferases. Heterotrimer formation of a
METTLI11A dimer and METTL11B monomer increases the half-
life of METTLI1A and trimethylation of its non-canonical
substrates (Faughn et al., 2018). In contrast, complex formation
with METTL13 decreases the activity of METTL11A on both its
canonical and non-canonical substrates (Parker and Schaner Tooley,
2022 preprint).

Given the ubiquitous expression and localization of both
METTLI1A and its array of targets, it is not surprising that
METTLI1A has several different characterized roles in
development and disease. METTL11A is necessary for proper
development, as mice that lack METTL11A (Nrmtl~~) exhibit

phenotypes associated with premature aging, including kyphosis,
hair loss, gray fur, an impaired DNA damage response and
neurodegeneration (Bonsignore et al., 2015b; Catlin et al., 2021). In
the brain, loss of METTLI11A specifically causes premature
differentiation of the two postnatal neural stem cell niches,
depleting these populations and causing severe neurodegeneration
as the animals age (Catlin et al., 2021). As mentioned above,
METTLI1A also plays a role in muscle stem cell differentiation.
Mouse myoblasts that are depleted of METTL11A do not express
Pax7 and do not progress down the muscle differentiation pathway
and instead exhibit characteristics of osteoblasts (Tooley et al.,
2021).

METTLI11A is also frequently mutated in human cancers and has
both tumor suppressor and oncogene activity. In breast cancer cells,
loss of METTLI1A promotes oncogenic phenotypes, such as
increased growth rate and invasiveness (Bonsignore et al., 2015a).
In contrast, METTL11A promotes growth of colon cancer cells
(Shields et al., 2017), and in cervical cancer, METTLI11A
overexpression promotes proliferation and migration through the
transcription factor ELK3 (Zhang et al., 2021). A large multi-omics
study found METTLI11A to be overexpressed in several additional
tumor types including lung adenocarcinoma, and this
overexpression was correlated with poor prognosis (Campeanu
et al.,, 2021). Work in the field now has focused on developing
selective inhibitors of METTL11A, including inhibitors that target
either the substrate-binding pocket (peptidomimetic) or the
substrate-binding pocket and the cofactor (SAM)-binding pocket
(bisubstrate) for treatment of cancers that exhibit METTLI1A
overexpression (Chen et al., 2020; Dong et al., 2022; Mackie et al.,
2020).
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Fig. 3. Expression of the three Na-methyltransferases. METTL11A, METTL11B, and METTL13 expression in human (A) tissue types and (B) cell types.
Although only METTL11B (yellow) does not exhibit ubiquitous tissue expression, both METTL11B and METTL13 (blue) have cell-type-specific expression,
with METTL11B expressed in neuronal, muscle and germline cells, and METTL13 primarily expressed in endothelial, trophoblastic, blood and immune cells.
METTL11B is expressed in tissues and cell types where METTL11A expression is highest. The data were retrieved from the Human Protein Atlas (HPA,
https:/www.proteinatlas.org/ accessed on 28 September 2022). Values are the consensus transcript expression level reported as normalized transcripts per
million (NTPM). Gall., gallbladder; reprod., reproductive system; Gl, gastrointestinal tract; Endo., endothelial cells; Adipo., adipocytes; Undiff., undifferentiated

cells; Trop., trophoblasts; Squam. Epith., squamous epithelial cells.

METTL11B

METTL11B was the second No-methyltransferase discovered
based on its sequence similarity to METTL11A (Petkowski et al.,
2013; Webb et al., 2010). Although METTLI11B recognizes
the same XPK consensus as METTLI1A, it is primarily a
monomethylase (with some evidence suggesting it is capable of
di- or tri-methylation of GPK or PPK substrates) with much lower
in vitro activity than METTL11A (Dong et al., 2018). In addition,
no type of in vivo activity has been demonstrated for
METTLI11B, and no substrates that are exclusive to METTL11B
have been found. METTL11B is localized to the nucleus, and its
expression is highest in heart and skeletal muscle and the testes
(Fig. 3A). Interestingly, METTL11B expression is often found
in cells or tissues with high METTL11A expression (Fig. 3A,B).
This has led to speculation that METTL11B is needed in tissues
with a high substrate burden, such as skeletal muscle, which
contains many myosins and ribosomal proteins (Petkowski et al.,
2013). Although it has been shown that complex formation between
METTL11A and METTLI11B increases the half-life and
methylation activity of METTLI1A against non-canonical
substrates (Fig. 2), the reverse is not true (Faughn et al., 2018).
Catalytic activity of METTLI11B is also not needed for the
stabilization and activation of METTL11A, suggesting that
METTLI11B plays the role of a non-catalytic stabilizing protein
for METTL11A (Faughn et al., 2018).

Similar to METTL11A, METTL11B mRNA is upregulated
during myogenic and also osteoblastogenic and osteocytic
differentiation (Hong et al., 2020). METTL11B also has its own
distinct roles in development and disease separate from those of
METTLI11A. A genome wide association study (GWAS) of pig
growth rate identified the METTL11B region as containing the most
significantly associated SNPs (Horodyska et al., 2017), and three
separate studies have identified Mett/]1b mutation or methylation
patterns to be significantly associated with atrial fibrillation or heart
failure (Hong et al., 2021; Lin et al., 2022; Thorolfsdottir et al.,
2017). Despite not having any confirmed exclusive in vivo
substrates, METTL11B is highly mutated in many different
cancer types (Catalogue of Somatic Mutations in Cancer,
COSMIC, https:/cancer.sanger.ac.uk/cosmic). High METTL11B
expression correlates with worse prognosis in colon cancer (Zhou
et al., 2021), and recently, machine learning was used to predict a
network of genes involved in glioblastoma tumorigenesis that
included METTL11B as a target of the Wnt/B-catenin pathway
(Xiang et al., 2022).

METTL13

Early work to characterize PTMs on brine shrimp, rabbit and yeast
eEF1A noted that its N-terminus was not susceptible to protease
digestion (Cavallius et al., 1993; Dever et al., 1989; van Hemert
et al., 1984), but the identity of the blocking modification was not
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uncovered for another 30 years. In 2016, No-methylation of yeast
eEF1A was identified, as well as the responsible enzyme, Efm7
(YLR285W) (Hamey et al., 2016). The human eEFIA No-
methyltransferase, METTL13, was identified 2 years later
(Jakobsson et al., 2018b). METTLI3 has two distinct
methyltransferase domains — the C-terminal domain that
trimethylates the eEF1A N-terminus and an N-terminal domain
that dimethylates K55 (Jakobsson et al., 2018b). Both the N- and C-
terminal domains have the typical 7BS structure, but the C-terminal
domain is more closely related to spermidine synthase (SpdS) than
other 7BS methyltransferases (Jakobsson et al., 2018b). Through
peptide assays, it was confirmed that the consensus sequence for
No-methylation by METTL13 is M-[G/A/P]-[K/R/F/Y/Q/H]-[K/R/
Q/H/I/L] after removal of the iMet (Jakobsson et al., 2018b).
However, both the No and lysine methylation activities of
METTLI13 appear to be highly specific for eEF1A. No other
methylation sites on any other proteins are disrupted by METTL13
loss in vivo, and no other substrates with the No-consensus
sequence can be methylated by METTL13 in vitro (Jakobsson et al.,
2018b). Although other minor, tissue-specific or developmental
timepoint-specific substrates cannot be ruled out, these studies
indicate that eEF1A is the primary substrate of METTL13.

The canonical role of eEF1A is to bind aminoacyl-tRNAs
(aa-tRNAs) and facilitate their transport to the growing polypeptide
chain at the A site of the ribosome during the elongation step of
translation, through binding of GTP and release of GDP by the
guanine exchange factor (GEF) eEF1B (Andersen et al., 2001).
Domain I of eEF1A, which contains both the N-terminus and K55,
is the domain responsible for GTP-binding and, along with domain
11, interaction with eEF1B (Andersen et al., 2001). Methylation of
eEF1A by METTLI13 increases translational output (Liu et al.,
2019), and knockout of METTL13 results in the codons for lysine
and histidine being translated more slowly, whereas codons for
alanine and tryptophan are translated faster (Jakobsson et al.,
2018b). Mutation of K55 to an arginine residue (K55R) cannot
rescue the protein synthesis defects seen with METTLI13 loss,
indicating that this methylation site plays a role in translational
regulation (Liu et al., 2019). The functional role of eEF1A
No-methylation remains unknown, though in addition to
delivering aa-tRNAs to the ribosome, eEF1A has other roles in
the cell, including nuclear export, protein degradation, apoptosis,
and viral propagation (Mateyak and Kinzy, 2010), and No-
methylation could be affecting any of these processes (Fig. 2).

METTLI13 is primarily cytoplasmic, although it can be found in
the nucleus (Li et al., 2016). It is ubiquitously expressed in all
tissues but appears to only be expressed in certain cell types within
those tissues with enrichment in endothelial, mesenchymal, blood
and immune cells (Fig. 3A,B) (Human Protein Atlas; https:/www.
proteinatlas.org/ENSG00000010165-EEF1AKNMT). Several
mechanisms for the regulation of METTL13 have been identified
at the gene, mRNA and protein level. Hematopoietic-expressed and
neurologic-expressed sequence 1-like (HN1L; also known as JPT2)
can upregulate METTL13 expression by interaction with the
transcription factor AP-2y, which directly binds to the METTL13
promoter (Li et al., 2019). The microRNA miR-16 recognizes and
binds to the 3’ untranslated region (UTR) of Mett/13 mRNA,
inhibiting its translation (Liang et al., 2015). METTL13 protein is
also cleaved by caspase-3 during apoptosis, resulting in a
C-terminal fragment with anti-apoptotic activity (Takahashi et al.,
2011). In addition, METTL13 has been shown to interact with Myc,
GABI, SPROUTY?2 and METTL11A (Liu et al., 2021; Parker and
Schaner Tooley, 2022 preprint; Yousaf et al., 2018). Although the

effects of its interactions with GAB1, SPROUTY2 and Myc remain
to be identified, binding of METTLI13 to METTLI1A increases
methylation at K55 and decreases No-methylation of eEF1A
(Parker and Schaner Tooley, 2022 preprint).

During development, METTLI13 is primarily expressed in the
testis, brain and liver (Takahashi et al., 2011). In the testes,
METTLI13 is specifically expressed in fetal and adult Leydig cells
(Li et al., 2018). Fetal Leydig cells secrete insulin like peptide 3
(INSL3), which acts on relaxin/insulin-like family peptide
receptor 2 (RXFP2) in the gubernaculum ligament to cause
swelling that is required for the first phase of testis descent
(Bay and Andersson, 2011; Shima and Morohashi, 2017).
Depletion of METTL13 correlates with increased activation of 5’
AMP-activated protein kinase (AMPK) and suppression of INSL3
expression in Leydig cells (Li et al., 2018). Deleting one Mettl13
allele in male mice causes undescended testicles, defects in
spermatogenesis and infertility, coupled with an absence of
INSL3 protein in Leydig cells (Li et al., 2018). It is hypothesized
that METTL13 enables normal testis migration by inhibiting the
AMPK pathway and thus preventing a reduce in INSL3 secretion by
Leydig cells (Li et al.,, 2018). Further studies are needed to
determine what roles METTL13 has in the brain and liver. Also of
note, METTL13 can act as a modifier to prevent deafness caused by
a mutation in the GRB2-associated binding protein 1 (GAB1) gene
(Yousaf et al., 2018). Individuals with the G116E mutation in
GABI experience deafness, unless they also have the R544Q
mutation in METTL13, which then protects against deafness and
suggests these residues might be important for interaction (Yousaf
et al., 2018).

Given its role in increasing translational output and the increased
translational needs of cancer cells, it is not surprising that a large
multi-omics study identified METTLI3 as the most mutated of all
METTL genes in human cancers and found that METTL13
mutations were associated with unfavorable overall survival across
different cancer types (Campeanu et al., 2021). In breast, head and
neck squamous cell, and hepatocellular carcinomas, METTL13 is
upregulated, and its expression is associated with poor prognosis
(Elsemman et al., 2016; Li et al., 2019; Wang et al., 2017, 2021).
There are also some studies indicating METTL13 acts as a tumor
suppressor. In bladder cancer, METTL13 is underexpressed, and its
downregulation is correlated with the development and progression
of disease (Zhang et al., 2016). Overexpressing METTL13 in
bladder cancer cells inhibits proliferation, migration, and invasion
by reinstating the GI1/S «cell cycle checkpoint through
downregulation of CDK6, CDK4 and CCNDI! (Zhang et al.,
2016). Similar to what is seen with bladder cancer, lower METTL13
expression in clear cell renal cell carcinoma (ccRCC) tissue is
associated with poor prognosis, and METTL13 expression is
negatively correlated with tumor grade and disease progression (Liu
et al., 2021). As eEF1A K55 methylation is favorable to cancer
growth (Liu et al., 2019), the ability of METTL13 to act as a tumor
suppressor in certain tissues might be based on its No-methylation
activity or non-catalytic roles.

‘Methyltransferases’ with only non-catalytic functions

There is a growing number of ‘methyltransferases’ that only have
non-catalytic functions. These are often found in complex with
other methyltransferases and regulate their activity. Some of these
regulatory non-catalytic methyltransferases predominantly co-
express with the methyltransferase they regulate, indicating
constitutive regulation, while others exhibit unique expression
patterns, indicating targeted regulation. Despite their lack of
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catalytic activity, these methyltransferases are serving important
biological roles. Below, we will discuss these roles for comparison
with the No-methyltransferases.

PRMT1PRO

Catalytically inactive enzyme paralogs (prozymes) have been most
extensively studied in the human parasite Trypanosoma brucei.
They were thought to be unique to the polyamine biosynthesis
pathway (Willert et al., 2007), until a recent study showed that a
predicted protein arginine methyltransferase (PRMT) in 7. brucei is
actually an inactive PRMT prozyme (Kafkova et al., 2017).
Originally named 7hPRMTS3, it was found to have no in vitro
activity and to harbor mutations in conserved PRMT motifs
(Kafkova et al., 2017). During polyamine synthesis in 7. brucei,
catalytically dead paralogs interact with weak paralogs to increase
their activity (Willert et al., 2007). Accordingly, 7THhPRMT3
was combined with the other 7hPRMT enzymes to look for
cooperativity. Indeed, ThPRMT3 was renamed ThPRMT 17R after
it was found that 7HPRMT3 activated the weak activity
of ThPRMTI1 (Kafkova et al., 2017). ThPRMTI1"RO activates
ThPRMT!1 by providing a chaperone function; both 7ThPRMT1PRO
and 7hPRMT1 are needed to adopt the highly conserved PRMT
domain architecture and for substrate binding (Hashimoto et al.,
2020). The ThPRMTI1 complex is necessary for the 7. brucei
starvation stress response, with ThPRMT 17RO mediating interaction
with many metabolic proteins (Kafkova et al., 2018). These were the
first studies to demonstrate a methyltransferase enzyme—prozyme
pair in 7. brucei (Kafkova et al., 2017), and they also provide an
example of a methyltransferase pair where both catalytically active
and catalytically dead partners are needed for optimal activity.

DNMT3L

Although the term prozyme is most commonly used in 7. brucei,
complexes between active and inactive enzyme paralogs are also
found in other species, such as the extensively studied mammalian
DNMT3A-DNMT3B-DNMT3L DNA methyltransferase (DNMT)
complex. DNMT3A and DNMT3B establish de novo methylation
during mammalian development (Okano et al., 1999), whereas
DNMTS3L is an inactive paralog that lacks the essential motifs for
enzyme activity (Aapola et al., 2000). Although it is catalytically
inactive, DNMT3L stimulates cofactor binding and enzymatic
activity of either DNMT3A or DNMT3B and also promotes the
stability of DNMT3A (Hata et al., 2002; Veland et al., 2019).
DNMT3A and DNMT3B are ubiquitously expressed in almost all
tissues, whereas DNMT3L expression is very low and found
primarily in the liver, kidney and testis (see Human Protein Atlas;
Aapola et al., 2000). These data indicate that DNMT3L is not
necessary for the function of DNMT3A or DNMT3B and
provides targeted regulation. Accordingly, it has been shown that
DNMT3B is capable of functioning without the activation of
DNMT3L (Gao et al, 2022). Despite its low tissue-specific
expression, DNMT3L does appear to have unique biological roles.
Deletion of DNMT3L in male mice results in sterility due to
improperly regulated paternal imprinting (Webster et al., 2005).
In addition, DNMT3L specifically interacts with hepatitis B virus
X protein (Hbx) and is involved in the progression of HBV-mediated
hepatocellular carcinoma (Fan et al., 2016).

METTL14

Another well-studied mammalian complex of active and inactive
methyltransferases is the METTL3—-METTL14 complex (from the
same family as METTL11A, METTL11B and METTL 13), which

catalyzes m°A, a modification that affects mRNA stability and
subsequent translation (Wang et al., 2016b). Initially, METTL3 and
METTL14 were identified individually as m®A methyltransferases,
and both were found to have methyltransferase activity in vitro (Liu
etal., 2014). However, the crystal structure of the complex indicated
that only METTL3 could bind SAM, indicating METTL14 was not
catalytically active (Wang et al., 2016b). Subsequent biochemical
assays demonstrated that, similar to what is seen with the PRMT]1
complex in 7. brucei, METTL3 is the primary catalytic core and
METTLI14 performs a structural role and serves as a substrate-
binding platform (Wang et al., 2016b).

METTL3 and METTL14 have very similar tissue expression
patterns, and even though METTL 14 appears to only function non-
catalytically, the consequences of its loss are equally severe as loss
of METTL3. Both METTL3 and METTL 14 have roles in stem cell
and cancer biology (Tooley et al., 2022), and similar to what was
seen with METTL3, loss of METTL14 results in embryonic stem
cells that fail to differentiate and neural stem cells that fail to self-
renew (Meng et al., 2019; Wang et al., 2018). Both proteins can also
act as either tumor suppressors or oncogenes in various cancers (Shi
etal., 2022), indicating that the catalytic and non-catalytic functions
are equally important. Interestingly, even though METTL3 and
METTLI14 have similar expression patterns, their subcellular
localization is not identical. Whereas METTL14 is only found in
the nucleus and nuclear speckles (Zhang et al., 2020), where it is
presumably carrying out m®A methylation of RNA, METTL3 is
found in the nucleus, nuclear speckles and cytoplasm (Lin et al.,
2016; Zhang et al., 2020). In the cytoplasm, METTLS3 interacts with
the translation initiation machinery and promotes translation (Lin
et al., 2016). Its ability to promote translation is independent of its
catalytic activity (Lin et al., 2016), indicating that METTL3 has
both catalytic and non-catalytic functions in translational regulation.

Methyltransferases with both catalytic and non-catalytic
functions

In addition to METTL3, there are several other methyltransferases
known to have both catalytic and non-catalytic functions. These
functions can occur simultaneously in the same cell compartment
(mediated through different protein domains) or can be cell
compartment specific. Either way, the catalytic and non-catalytic
functions frequently work together to regulate a common process.
Below, we will discuss some known methyltransferases with
both catalytic and non-catalytic functions for comparison with the
Noa-methyltransferases.

METTL16
METTLI16, an additional m°A methyltransferase from the METTL
family, has recently been found to have both catalytic and non-
catalytic functions that regulate translation from both the nucleus
and cytoplasm, respectively. Unlike METTL3 or METTL14, which
have a broad substrate pool, METTL16 is only known to methylate a
few distinct substrates, including MAT24 mRNA and U6 snRNA
(Pendleton et al., 2017; Shima et al., 2017; Warda et al., 2017).
MAT24 mRNA encodes for SAM synthetase, and its methylation by
METTLI16 regulates its abundance in response to SAM levels
(Shima et al., 2017). m®A methylation of U6 snRNA by METTL16
is hypothesized to weaken binding with the pre-mRNA, which
allows for proper splicing and dissociation (Warda et al., 2017).
As m®A methylation is primarily added co-transcriptionally in the
nucleus, it was interesting to find that a large proportion of
endogenous METTLI16 actually localizes to the cytoplasm
(Su et al., 2022). To determine whether cytoplasmic METTL16
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could be interacting with ribosomes and affecting global translation
efficiency, both wild-type (WT) and catalytically dead METTL16
were tethered to luciferase transcripts, and their translation
efficiency measured. Interestingly, both proteins were able to
significantly enhance luciferase protein expression (Su et al., 2022),
indicating that regulating translation is also a non-catalytic function
of METTLI16. It was further shown that METTL16 directly interacts
with eukaryotic initiation factors 3a and 3b (elF3a and elF3b) and
ribosomal RNA (rRNA), promoting assembly of the translation
initiation complex (Su et al., 2022). Although METTL16 has a
small N-terminal RNA-binding domain and two vertebrate
conserved regions (VCR1 and VCR?2) in its C-terminal domain, it
appears its methyltransferase domain is necessary for interaction
with elF3 and rRNA (Su et al., 2022), indicating that, like METTLS3,
localization regulates the catalytic and non-catalytic activities of
METTLI16.

DNMT1
DNMTI1 is a mammalian maintenance methyltransferase that is
responsible for the methylation of CpG islands during cell division.
Methylation by DNMT1 in gene promoters represses expression,
whereas methylation in gene bodies promotes expression (Mohan,
2022). DNMT]1 has a conserved C-terminal catalytic domain and a
large N-terminal domain that consists of a variety of regulatory
motifs known to promote protein—protein interactions with other
proteins involved in cell signaling, cell cycle and chromatin
organization (Espada, 2012; Mohan, 2022). Interestingly, the
N-terminal domain of DNMT1 alone can repress reporter gene
expression, indicating that gene repression is not solely reliant on
catalytic activity but could be regulated through these protein
interactions (Espada, 2012; Mohan, 2022).

It had previously been hypothesized that gene promoters without
a high density of CpG islands were silenced in a DNMTI1-
independent manner. However, new evidence suggests that
repression at these sites could occur through a non-catalytic
function of DNMT1. DNMT1 knockout in HCT116 human colon
carcinoma cells results in increased expression of many downstream
genes (Clements et al., 2012). However, unexpectedly, these
increased transcription levels could be silenced by expression of
both WT DNMTI1 and a catalytically dead mutant, and in neither
case, were promoter methylation levels restored (Clements et al.,
2012). Both WT and catalytically dead DNMT1 interact with the
histone demethylase LSD1 (also known as KDMI1A), which
removes activating histone methylation marks, and this interaction
is required for LSD1 recruitment to promoters (Mohan, 2022). It is
thought that the DNMT1-mediated repression seen in the absence of
promoter methylation might be through this interaction with LSD1
(Mohan, 2022). DNMT1 can also promote gene expression by
promoting methylation of the gene body, which is thought to be
mediated by interaction with and sequestration of the SNAIL1 (also
known as SNAI1)-HDACI repressive complex (Espada et al.,
2011). These data clearly suggest that DNMT1 can perform
catalytic and non-catalytic roles in gene regulation that are mediated
through its different domains.

COMPASS

The histone H3 lysine 4 monomethylation (H3K4mel) mark is
placed by the COMPASS-like family of methyltransferases,
including Trithorax-related (Trr) in Drosophila and MLL3 and
MLL4 (also known as KMT2C and KMT2B, respectively) in
mammals (Herz et al., 2012). H3K4mel is typically enriched in the
body of actively transcribed genes and enhancers (Herz et al., 2012),

indicating the COMPASS methyltransferases are needed for
promotion of gene transcription. However, recent studies have
found that catalytically deficient COMPASS mutants have milder
phenotypes than expected. Knockout of Trr in Drosophila results in
embryonic lethality, but this lethality can be rescued by catalytically
deficient Trr mutants (Rickels et al., 2017). To determine whether a
similar phenomenon exists in mammals, CRISPR-Cas9 editing was
used to delete the methyltransferase domains from both MLL3
and MLL4 in mouse embryonic stem cells (mESCs). Complete
removal of MLL3 and MLL4 from mESCs resulted in a decrease in
their alkaline phosphatase activity (a marker of pluripotency)
(Rickels et al., 2017). However, expression of mutants lacking the
methyltransferase domains was able to rescue alkaline phosphatase
activity (Rickels et al., 2017), indicating that MLL3 and MLL4
serve functions outside of H3K4 methylation.

The specific non-catalytic functions of the COMPASS
methyltransferases are still unclear, although data suggest they
might serve as scaffolds, regulating protein—protein or protein—
DNA interactions. A small domain of Trr that binds and stabilizes
the histone H3K27 demethylase UTX is sufficient for rescuing the
viability of Trr-null mutants (Rickels et al., 2020). MLL4 is known
to recruit p300 (also known as EP300) to enhancer sequences, but
this is dependent on the protein itself and not the presence of
H3K4mel (Wang et al, 2016a). MLL3 and MLL4 are both
primarily nuclear (van Nuland et al., 2013), indicating they are not
performing cell compartment-specific functions. However, they do
have a much-extended N-terminal domain as compared to other
SET-domain containing methyltransferases, and their N-terminal
domains contain a variety of interactions motifs, including plant
homeodomains fingers (PHD) and high mobility group (HMG)
boxes (Sze and Shilatifard, 2016), indicating that similar to what is
seen for DNMTI, their catalytic and non-catalytic roles in gene
regulation are mediated through different protein domains.

Perspectives

Similar to what is found for its family members METTL3 and
METTL16, METTLI11A is a methyltransferase that serves both
catalytic and non-catalytic roles that are dependent on its cellular
localization (Table 1) (Parker and Schaner Tooley, 2022 preprint).
However, unlike the other methyltransferases discussed above, its
catalytic and non-catalytic activities appear to serve different
functions. Of the three No-methyltransferases, METTLI1A
performs the bulk of the enzymatic activity, indicating No-
methylation is its primary role. We have recently shown that
METTLI1A also has a non-catalytic role in activating METTL13-
mediated methylation of eEF1A K55 in the cytoplasm (Parker and
Schaner Tooley, 2022 preprint). As K55 methylation of eEFI1A
promotes translation, this indicates a non-catalytic role for
METTLI11A in translational regulation. More comprehensively
determining how No-methylation specifically affects the function
of each substrate and linking METTL11A loss-of-function
phenotypes to these substrates will better define its catalytic roles.
Determining whether METTL11A has additional cytoplasmic
interactors will better define its non-catalytic roles. Together,
these experiments will establish whether METTLI11A is a unique
enzyme with catalytic and non-catalytic roles that serve different
functions (Fig. 4).

Although METTL11B has been shown to have in vitro
methylation activity, we predict it will ultimately be most similar
to DNMT3L (Table 1) and primarily serve as a non-catalytic
regulator of METTLI11A in a targeted manner, perhaps specifically
in tissues with a high No-methylation substrate burden.
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Table 1. Summary of discussed methyltransferases

Methyltransferase In vivo catalytic activity Regulation of non-catalytic role Necessary for activity
METTL11A Na-trimethylation Localization Yes
METTL11B Unknown Expression No
METTL13 Na-trimethylation Domain Yes
Lysine dimethylation

ThbPRMTPRO - Constitutive Yes
DNMT3L - Expression No
METTL14 - Constitutive Yes
METTL3 N6-adenosine methylation Localization Yes
METTL16 Né-adenosine methylation Localization Yes
DNMT1 DNA methylation Domain Yes
COMPASS Histone methylation Domain Yes

METTLI11B does not appear to have any unique substrates that
cannot be methylated by METTL11A, and its monomethylation
activity is not needed for its activation of METTL11A (Faughn
et al., 2018). Although the low expression and extreme tissue
selectivity of METTL11B might point to limited biological
relevance (Petkowski et al., 2013), its high mutation rate in
cancers and accruing significance during development suggest
otherwise (Hong et al., 2020, 2021; Horodyska et al., 2017; Lin
et al., 2022; Thorolfsdottir et al., 2017; Xiang et al., 2022; Zhou
et al., 2021). Given the high biological relevance of DNMT3L, we
predict the non-catalytic role of METTL11B will turn out to be of
equally high importance. This might be solely through its activation

Catalytic and non-catalytic roles that

regulate multiple processes?

« Substrate-specific functional effects

 Attribution of specific phenotypes to
specific substrates

« Identification of additional cytoplasmic
interactors

Catalytically inactive in vivo?

« Development of specific antibodies

» Techniques to account for compensation
by METTL11A

« |dentification of METTL11B-expressing
cell lines

METTL11B

Exclusive regulator of translation?
« Determine role of eEF1A Na-methylation
» Determine role of ribosomal protein
No-methylation by METTL11A
« Identification of eEF1A methylation reader
proteins and their relevant pathways
METTL13

Fig. 4. Methyltransferase-specific questions and obstacles to
overcome. We propose three unique functions for the three known No-
methyltransferases. First, we hypothesize that No-methylation enzymatic
activity is primarily carried out by METTL11A, although it is unique in that it
has both catalytic and non-catalytic functions that serve different roles.
Second, we propose that METTL11B is catalytically inactive and serves only
to regulate METTL11A. Finally, we put forward the idea that METTL13
exclusively plays a role in translational control and has evolved to use
No-methylation to this end. Obstacles to fully test these hypotheses are
listed for each enzyme.

of METTL11A or through its regulation of other yet unknown
enzymes. Confirming that METTL11B is indeed not catalytically
active in vivo will be dependent on the generation of reagents to
produce and monitor METTL11B loss, including proteolysis-
targeting chimera strategies (PROTAC), which have recently been
developed for METTL11A (Zhou et al., 2022) (Fig. 4).

Finally, we predict that METTL13, like DNMTI1 and the
COMPASS enzymes (Table 1), is an enzyme whose catalytic and
non-catalytic functions work coordinately to regulate translational
control. eEF1A is the target of at least four other methyltransferases,
METTL10, METTL21B, ECE2 and N6AMT?2 (Jakobsson et al.,
2018a), suggesting that eEF1A is a sufficiently important substrate
to warrant extensive regulation, and both the catalytic and non-
catalytic functions of METTL13 might be aimed to this end. We
hypothesize that the main function of METTLI13 is translational
control through eEF1A and that its No-methylation activity has
evolved as a way to enhance and finetune this control. The enriched
expression of METTL13 in endothelial, trophoblastic, blood and
immune cells (Fig. 3) supports this hypothesis, as these are cell
types that require a large amount of translational control to deal with
environmental signals (see Box 1) (Brant-Zawadzki et al., 2007,
Kitroser et al., 2012; Piccirillo et al., 2014). Although the recently
discovered regulatory effects of METTL11A binding on METTL13
activity also support this hypothesis, it is still unclear whether
eEF1A No-methylation or reciprocal inhibition of METTL11A by
METTLI3 affect translational output. Determining the biological
roles of eEF1A No-methylation by METTL13 and ribosomal
protein No-methylation by METTL11A will help confirm this
prediction by demonstrating whether all the catalytic and non-
catalytic functions of METTL13 center on translational control.
Identification of reader proteins that recognize eEF1 A methylations
will also help determine whether the roles of these PTMs are purely
translational (Fig. 4).

Here, we have examined the three No-methyltransferases, other
non-catalytic methyltransferases and methyltransferases with dual
catalytic and non-catalytic functions, in order to better understand
why mammals have evolved three No-methyltransferases to do a
job that could easily be done by one. Based on this discussion,
we propose that METTL11A evolved as the primary No-
methyltransferase, although it is unique in that it has catalytic and
non-catalytic roles that do not appear to coordinately regulate the
same function. We also propose that METTL11B, whose catalytic
activity was superfluent, evolved to instead regulate No-
methylation through METTL11A. Finally, we hypothesize that
the main function of METTL13 is translational control through
eEF1A, and that both its catalytic and non-catalytic roles evolved to

8

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




REVIEW

Journal of Cell Science (2023) 136, jcs260424. doi:10.1242/jcs.260424

Box 1. Translational control

Although control of gene expression commonly occurs at the level of
transcription, it is also possible to selectively regulate protein synthesis
from specific mRNA transcripts. This translational control of protein
expression allows for a more rapid response to environmental signals
and is useful for cell types that need to quickly alter their phenotypes
according to these signals, including endothelial and immune cells
(Brant-Zawadzki et al., 2007; Piccirillo et al., 2014). Both the efficiency
and/or rate of protein synthesis can be selectively altered for mRNAs
under translational control (Brant-Zawadzki et al., 2007). This is
frequently accomplished through the translation initiation factors elF2a.
and elF4E. Phosphorylation of elF2o. generally inhibits translation, but it
can also selectively upregulate translation of transcripts with open
reading frames in their 5 UTR (Trinh and Klann, 2013). Increased elF4E
activity results in the translation of transcripts with highly structured 5’
UTRs or those that are in complex with ribosome-binding proteins, which
are otherwise inefficiently translated (Piccirillo et al., 2014). Although
more rare, translational control can also be exerted during the elongation
and termination phases. Altering the delivery rate of amino acids for
specific codons can modulate the elongation rate and subsequent
folding and expression of proteins with high representation of that codon
(Hershey et al., 2012). Termination can be regulated for certain mMRNAs
that allow insertion of selenocysteine at UGA codons instead of
terminating synthesis (Hershey et al., 2012). Proteins under
translational control include those involved in promoting differentiation,
inflammation, and angiogenesis is response to extracellular signals
(Piccirillo et al., 2014).

enhance and finetune this function. Therefore, mammals have not
evolved three enzymes to perform the same function, but rather one
enzyme to place the modification, one enzyme to regulate the
modification and one enzyme that uses the modification as a
regulatory tool.
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