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ABSTRACT 

 
Chemical modifications of RNA control the abundance and function of both coding and non-

coding RNA molecules. The most abundant mRNA modification is N6 methyladenosine (m6A), 

which has been shown to regulate RNA splicing, translation and decay. The m6A modification is 

deposited by methyltransferases using S-adenosylmethionine (SAM) as the methyl donor. 

Determining the specificity and mechanism of action of m6A methyltransfersaes is an essential 

step in dissecting the role of the m6A modification in RNA metabolism. Two enzymes that are 

responsible for creating the m6A mark on mRNA are the METTL3/METTL14 heterodimer and 

METTL16. METTL3/METTL14 are responsible for most of the m6A modifications found on 

RNAs, whereas the specific activity of METTL16 on the SAM synthetase gene, MAT2A, 

modulates SAM homeostasis, implicating METTL16 as a global regulator of methylation in the 

cell.  Here, I present structural and biochemical data towards determining the specificity, 

function and regulation of both the METTL16 and METTL3/METTL14 methyltransferases. 

METTL16 uses a consensus RNA sequence and structure to specifically recognize and methylate 

its targets. METTL16 is also auto-inhibited, and its activity can be increased through 

perturbations in the protein and RNA structures. These perturbations potentially increase 

METTL16 activity through enhanced release of both the methylated RNA and cofactor reaction 

products, which allows for complex regulation of SAM homeostasis. In contrast, METTL3 

mediated m6A modification requires METTL14 for structural support and RNA specificity.  

These data provide the foundation for understanding the function and regulation of two 

important m6A methyltransferases, which have implications for both SAM homeostasis and 

RNA metabolism. 
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CHAPTER ONE 
 

Introduction 
 

1.1 RNA modifications 

RNA molecules function in both protein coding and non-coding capacity through utilization 

of both sequence and structural features. On top of this, RNA sequences can be chemically 

modified to add to the complexity of the information that an RNA molecule carries. The 

modification of nucleic acids to carry additional information beyond the sequence is known 

as “epigenetics” and has been heavily described in the case of our DNA genetic code. The 

discovery of RNA modifications has led to a boom in research analyzing the 

“epitranscriptome” and has substantially contributed to our understanding of RNA function 

in gene expression. Over 100 RNA modifications have been identified to date and these 

chemical moieties can be added at the 2’ hydroxyl of the sugar moiety and at numerous 

places on each of the 4 nucleobases found in RNA (Boccaletto et al., 2017). Though many of 

these RNA modifications were discovered decades ago, new methods of detection of RNA 

modifications in the last ten years has exponentially expanded our definition of the functions 

of these modifications on RNA biology.   

 

1.1.1 Pseudouridine 

Pseduouridine is the so-called “5th nucleotide” and is the most common RNA modification 

found in total RNA. Pseudouridine results from the isomerization of the C5 glycosidic bond 

in uridine by pseudouridine synthases. This modification is highly prevalent in non-coding 

RNAs, contributing to their structure and enabling their function, particularly in protein 
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translation (rRNAs) and RNA splicing (snRNAs) (Adachi et al., 2018). Pseudo U has also 

been located in mRNAs but the function of this modification in coding RNAs is still unclear 

(Adachi et al., 2018). 

 

1.1.2 5-methylcytosine (m5C) 

Methylation of cytosines at C5 is most prevalent in tRNAs. The specific activity of the 

numerous m5C methyltransferases on different tRNA substrates has been linked to changes 

in translation efficiency, which can lead to changes in the stress response, genome stability 

and anti viral defense (García-Vílchez et al., 2018). Unlike pseudouridine, m5C can be 

further modified, resulting in hm5C and f5C, which also modulate the function of the RNAs 

they occur on (García-Vílchez et al., 2018). The m5C modification in mRNAs is less 

prevalent, and the functional significance of m5C modified mRNA is still being uncovered 

(García-Vílchez et al., 2018). 

 

1.1.3 2’O methylation (Nm) 

In addition to base modifications RNAs are also heavily decorated with ribose methylation at 

the 2’OH position. The 2’O-Me modification is primarily implicated in stabilizing target 

RNAs and its presence in rRNA, tRNA and snRNAs has been shown to affect translation and 

splicing (Ayadi et al., 2018). In small RNAs, 2’O-Me on the 3’ overhang has been shown to 

affect the stability and thus abundance of small RNAs in plants (Ji and Chen, 2012). In 

mRNAs, 2’O-Me is most commonly found near the 5’cap of the mRNA, on the first or 
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second nucleotide following the m7G which helps the cell distinguish “self” RNAs from 

invasive transcripts (Chang et al., 2016).  

 

1.1.4 N6 methyladenosine (m6A) 

N6 methyladenosine (m6A) is the most prevalent modification in mRNA and the regulated 

addition and removal of this single methyl group has been shown to affect the target’s 

maturation, stability and translation. The m6A modification is thought to be added co-

transcriptionally (Huang et al.; Knuckles et al., 2017; Louloupi et al., 2018), and thus is 

immediately part of the coordinated production of a functional RNA molecule after its 

synthesis. Based on the location of the m6A modification within the pre-mRNA, splicing 

kinetics and alternative splicing can be altered (Louloupi et al., 2018; Zhou et al.). Once the 

mature mRNA is formed it must be exported into the cytoplasm for translation, and m6A has 

been shown to play a regulatory role here as well (Lesbirel et al., 2018; Roundtree et al.). The 

modification has also been proposed to link rates of transcription to rates of translation of the 

mRNA, where RNAPII efficiency modulates m6A deposition, which then affects the 

modified RNA’s ability to be translated (Slobodin et al., 2017). When m6A is added to Am 

at the 5’ cap of mRNAs to create the m6Am modification, the transcript’s translation is 

decreased (Sendinc et al., 2019b).  

 

In the cytoplasm, the lifetime of an mRNA has direct consequences on the gene’s expression 

and m6A is heavily implicated in regulating the stability and degradation of mRNAs. In 

general, the m6A modification of RNA has been linked to a shorter half-life of the target 
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RNA through multiple mechanisms including endoribonucleolytic cleavage and 

deadenylation (Li et al., 2019; Park et al., 2019; Wang et al., 2014a) (Du et al., 2016). 

Coordinated changes in translational efficiency and RNA decay through m6A modification 

allows for allows for the tight control of protein production (Wang et al., 2015). In some 

cases, the m6A modification can also lead to increased mRNA stability (Edupuganti et al., 

2017; Huang et al., 2018) demonstrating the complex nature of the m6A modification.  

 

1.2 N6-methyladeonsine enzymes 

1.2.1 m6A Readers 

The various and sometimes conflicting effects of the presence of the m6A modification are 

mediated through the specific binding of m6A reader proteins to the modified RNA. The 

reader proteins are responsible for recognizing the m6A mark on RNAs and transmitting the 

downstream effect. One class of m6A reader proteins is the YT521-B homology domain 

family, consisting of (YTH)DC1, DC2, DF1, DF2, and DF3. The sole nuclear reader in the 

family, YTHDC1, modulates the splicing and export of modified RNAs, whereas the binding 

of m6A modified RNA by the cytoplasmic YTH readers leads to altered translation and 

transcript degradation (Shi et al., 2019). This class of reader proteins utilizes the YTH 

domain to directly bind to methylated adenosines within a hydrophobic pocket (Li et al., 

2014). Other types of reader proteins can bind directly to m6A through different RNA 

binding domains and motifs. The reader protein hnRNPG binds to m6A through its low 

complexity domain containing RGG motifs to modulate alternative splicing (Zhou et al., 

2019). Modified adenosines can also be bound through K homology domains from the 
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IGF2BP family of proteins, which actually increases the stability of the modified RNA 

(Huang et al., 2018). FMR1/P, a stress granule component deleted in Fragile X syndrome, 

has been implicated in regulating the export, translation and stability of m6A modified RNAs 

(Edens et al., 2019; Edupuganti et al.; Hsu et al., 2019; Zhang et al.). The m6A modification 

in the 5’UTR of mRNAs can also direct cap-independent translation via eIF3 reading (Meyer 

et al., 2015). Finally, Prrc2a binding to the Olig2 mRNA in an m6A dependent manner 

controls oligodendroglial specification and myelination (Wu et al., 2019). 

 

N6 methyladenosine can also be detected indirectly. The presence of the methyl group has 

been shown to affect the RNA’s structure, which can play a role in how RNA binding 

proteins or “readers” bind to the modified RNA. The m6A switch in the lncRNA MALAT1 

was shown to change the stability of RNA hairpin, and increase access of the hnRNPC 

binding motif (Liu et al., 2015; Zhou et al., 2016). hnRNPA2B1 is thought to indirectly read 

m6A modifications on pri-miRNAs and interact with Drosha to increase processing (Alarcon 

et al., 2015a). Some proteins are also repelled by the modification such as the stress granule 

proteins G3BPs, which increases the stability of the transcripts (Edupuganti et al., 2017).  

 

1.2.2 m6A Erasers 

The cell’s ability to remove the m6A modification on RNA through the action of eraser 

proteins is how the m6A modification regulates RNA function. The discovery that the fat 

mass and obesity associated protein (FTO) is an m6A demethylase is what reignited curiosity 

in the m6A modification of mRNAs in the modern era (Jia et al., 2011). Further investigation 
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has suggested that FTO demethylates m6Am and m1A in addition to m6A, dependent on the 

protein’s subcellular localization (Wei et al., 2018). ALKBH5 is the only other m6A eraser 

identified to date and its activity on modified RNAs alters the transcript’s stability and 

splicing (Tang et al., 2018). The degree to which m6A removal regulates target RNAs is 

debated given that the modification typically decreases the half life of the transcript (Rosa-

Mercado et al., 2017). Some evidence suggests that in certain cell types m6A is maintained 

on RNAs with no observable demethylation (Ke et al., 2017).  

 

1.2.3 m6A Writers 

Regulation of mRNAs through m6A modification begins with the specific activity of the 

enzymes that select mRNAs for modification. Like the other protein players in the m6A field, 

these writer proteins are points of regulation for the cell to modulate RNA metabolism. The 

enzyme responsible for most of the m6A marks on mRNAs is METTL3, which requires an 

additional protein binding partner, METTL14, for activity. This minimal functional complex 

is accompanied by other proteins in the cell, which contribute to the heterodimer’s 

localization and specificity. Wilms Tumor Associated Protein (WTAP) directly binds to 

METTL3/14 and is important for the localization of the complex to nuclear speckles and 

tethering the complex to substrate RNAs (Guo et al., 2014). KIAA1429 or VIRMA is 

important for stabilizing WTAP and deposition of m6A marks near the stop codon of 

mRNAs and in the 3’UTR (Yue et al., 2018). ZC3H13 also binds to WTAP and VIRMA and 

depletion of this regulatory protein leads to mislocalization of WTAP and VIRMA to the 

cytoplasm. RBM15/B was identified as another auxiliary component of the m6A writer 
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complex and is responsible for m6A modification of the lncRNA XIST, which is important 

for gene silencing of the X chromosome (Patil et al., 2016). Consistent with this, the 

interaction of RBM15 (Nito in Drosophila) WTAP (FLD) and ZC3H13 (Flacc) is important 

for sex determination (Knuckles et al., 2018). The last known member of the major m6A 

writer complex is HAKAI, an E3 ubiquitin ligase which also directly contacts WTAP and the 

knockdown of which results in depleted m6A levels in plants and animals (Růžička et al., 

2017) (Yue et al., 2018). The auxiliary members of the METTL3/14 writer complex allow 

for complex regulation of m6A deposition on mRNAs. 

 

The field is still deciphering which RNA features the m6A writer proteins use to identify the 

appropriate target for modification. The m6A modification is preferentially found in long 

exons, particularly the last exon of mRNAs, near stop codons and in the 3’UTR (Dominissini 

et al., 2012; Meyer et al., 2012). There is also a concentration of m6A in the 5’UTR and near 

the transcription start site, but further investigation revealed that these m6A peaks likely 

result from the m6Am modification, which cannot be distinguished from m6A by the 

antibody used to detect m6A modifications in the transcriptome (Mauer et al., 2017). The 

METTL3/14 complex recognizes the consensus sequence DRACH (Liu et al., 2014). Given 

the short and flexible consensus sequence, it is likely that other RNA features are used for 

specific modification by METTL3. This also emphasizes the importance of the auxiliary 

factors of the methyltransferase complex in localization and target selection.  
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In addition to mRNAs, m6A modification is also found on non-coding RNAs and is 

deposited by other methyltransferases. In the 28s rRNA, m6A modification of A4220 by 

ZCCHC4 is important for ribosome maturation and translation (Ma et al., 2019). ZCCHC4 

uses multiple zinc finger domains in addition to the methyltransferase domain to deposit 

m6A within an AAC motif, and prefers the motif to be within a RNA stem-loop structure 

(Ren et al., 2019).  In contrast, METTL5, together with its partner protein TRMT112, is 

responsible for methylating the 18S rRNAs also at an AAC motif, but through the extraction 

of the target adenosine from an RNA duplex (van Tran et al., 2019).  

 

The m6A modification of 2’O modified adenosines (m6Am) is performed by additional 

distinct methyltransferases. CAPAM or PCIFI marks Am with m6A if it is the first 

transcribed nucleotide of an mRNA. The activity of CAPAM at the mRNA cap has been 

shown to influence the stability and translation of the mRNA (Akichika et al., 2019; Boulias 

et al., 2019; Sendinc et al., 2019a). The second known m6Am methyltransferase is METTL4 

which is responsible for modifying U2 snRNA and also requires that the adenosine be 

methylated at the 2’O position (Chen et al., 2020).  

 

The U6 snRNA is also m6A modified and the methyltransferase responsible is METTL16 

(Pendleton et al., 2017) (Warda et al., 2017) . The m6A mark on U6 is within the conserved 

sequence UACAGAGAA, which is used to interact with the 5’ splice site in mRNAs (Sawa 

and Abelson, 1992; Sawa and Shimura, 1992). Coupled with the fact that mutation of this 

region in U6 is lethal in yeast, it has been suggested that METTL16 catalyzed m6A 
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modification in U6 is important for spliceosome assembly and function (Madhani et al., 

1990). 

 

The m6A methyltransferases, as well as the majority of DNA, RNA and protein 

methytlransferases utilize S-adenosylmethionine (SAM) as a cofactor to donate the methyl 

group in the reaction. The SAM synthetase gene, MAT2A, is regulated by METTL16 

mediated m6A modification. (Pendleton et al., 2017; Shima et al., 2017). METTL16 

regulates the abundance of MAT2A mRNA in response to intracellular SAM levels. The 

MAT2A mRNA contains six hairpin structures in its 3’UTR all of which carry a 

UACAGAGAA consensus motif and are catalytic targets of METTL16 (Pendleton et al., 

2017). Depending on the concentration of intracellular SAM, METTL16 modulates binding 

and methylation of these hairpins which leads either to the splicing of MAT2A or to its 

degradation, thus regulating the levels of the mature mRNA and SAM biosynthesis 

(Pendleton et al., 2017; Shima et al., 2017).  The ability to both bind the metabolite and 

modulate its abundance earned METTL16 the role of “SAM sensor” and its differential 

binding and methylation of the MAT2A hairpins make it a regulatory check point in SAM 

homeostasis.  

 

Currently METTL16 does not have any identified protein partners. Warda et al show an 

RNA-dependent interaction with La, LARP7 and MEPCE and suggest that this is related to 

the function of METTL16 on U6 maturation (Warda et al., 2017).  METTL16 was shown to 
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have m6A activity in vitro independently of other polypeptides, setting it apart from other 

m6A methyltransferases such as METTL3/14 (Pendleton et al., 2017).  

 

1.3 Biological implications of the m6A modification 

1.3.1 m6A in Cancer 

The regulation of m6A modification is implicated in both the progression and suppression of 

numerous cancers. In glioblastoma, METTL3 modulation of metabolic transcripts promotes 

tumor growth and progression (Cui et al., 2017; Li et al., 2019). In other cancers, such as 

endometrial cancer, loss of METTL3/14 activity is associated with tumorigenicity (Liu et al., 

2018). METTL3 is also linked to cancer independently of its catalytic function (Lin et al., 

2016). METTL14 has been argued to be both an oncogene, and a tumor suppressor in liver 

cancer (Li et al., 2019; Ma et al., 2017). The eraser protein FTO is oncogenic in AML by 

stabilizing certain transcripts through excessive demethylation (Li et al., 2017) and is 

oncogenic in breast cancer by the opposite mechanism: high expression of FTO destabilizes 

tumor suppressors leading to increased cell proliferation (Niu et al., 2019). Overall, the 

presence of the m6A modification can lead to promotion or suppression of cancer 

phenotypes, dependent on the target of the modification. 

 

 
1.3.3 m6A in other diseases 
 
RNA modification with m6A is also heavily involved in the managing the immune response, 

and is dysfunctional in autoimmune diseases (Paramasivam et al., 2019; Zhang et al., 2019). 

Abnormal m6A modification homeostasis has been linked to heart disease and obesity 
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(Berulava et al., 2019; Jia et al., 2011). The levels of m6A in blood taken from Type II 

diabetes patients are significantly lower than controls and linked to higher expression of FTO 

enhanced by high glucose levels (Shen et al., 2015; Yang et al., 2019). FTO overexpression 

is also associated with Alzhemier’s disease through activation of the phosphyorylation of Tau 

protein (Li et al., 2018) 

 

1.3.2 m6A in development 

The m6A modification is also involved in controlling development (Batista et al., 2014; 

Geula et al., 2015). Members of the major writer complex have been linked to embryonic 

stem cell renewal (Li et al., 2018) and knockout of METTL16 is embryonic lethal, due to 

loss of the proper splicing of MAT2A (Mendel et al., 2018). There are numerous examples of 

m6A mediated neural differentiation and development in particular (Edens et al., 2019; Wang 

et al., 2018; Wu et al., 2019). YTHDF2 regulates hematopoietic stem cell regeneration and 

renewal (Wang et al., 2018). Modification of the XIST lncRNA and its detection by 

YTHDC1 is essential for its role in regulating X chromosome inactivation in mammals (Patil 

et al., 2016), and many of the m6A writer proteins are important for sex selection in flies 

(Haussmann et al., 2016). 

 

Altogether, the m6A modification is heavily implicated in regulating human biology, and 

maintenance of proper m6A modification in the transcriptome is dysregulated in numerous 

disease states. The effects of the m6A modification are diverse, complex, and dependent on 

the targeted transcript for modification. Thus, understanding how RNAs are modified with 
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the m6A modification, and how this deposition is regulated, is essential to understanding the 

role of the modification of RNA biology, and important for expanding our therapeutic 

toolbox to treat multiple disorders and diseases. 
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SUMMARY  

S-adenosylmethionine (SAM) is an essential metabolite that acts as a cofactor for most 

methylation events in the cell. The N6-methyladenosine (m6A) methyltransferase METTL16 

controls SAM homeostasis by regulating the abundance of the SAM synthetase MAT2A 

mRNA, in response to changing intracellular SAM levels. Here we present crystal structures 

of METTL16 in complex with MAT2A RNA hairpins to uncover critical molecular 

mechanisms underlying the regulated activity of METTL16. The METTL16-RNA complex 

structures reveal atomic details of RNA substrates that drive productive methylation by 

METTL16. In addition, we identify a polypeptide loop in METTL16 near the SAM binding 

site with an autoregulatory role. We show that mutations that enhance or repress METTL16 

activity in vitro correlate with changes in MAT2A mRNA levels in cells. Thus, we 

demonstrate the structural basis for the specific activity of METTL16, and further suggest the 

molecular mechanisms by which METTL16 efficiency is tuned to regulate SAM 

homeostasis. 
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2.1 INTRODUCTION 

S-adenosylmethionine (SAM) is an essential metabolite that acts as the high-energy methyl 

donor for most methylation events of DNA, RNA, and protein, which are important for 

proper gene regulation (Janke et al., 2014; Kaelin and McKnight, 2013; Mentch and 

Locasale, 2016; Su et al., 2016). SAM is also utilized in the biosynthesis of polyamines and 

lipids (Walsh et al., 2017). Intracellular SAM levels are tightly controlled, and dysregulation 

has been linked to abnormalities in stem cell maintenance, cell proliferation, immunity, and 

aging (Brunet and Rando, 2017; Ducker and Rabinowitz, 2017; Shiraki et al., 2014). 

Generating SAM from methionine and ATP requires methionine adenosyltransferase (MAT) 

enzymes (Sakata et al., 1993). In mammals, SAM homeostasis can be maintained via 

modulating the major SAM synthetase, MAT2A through a negative feedback mechanism 

(Martínez-Chantar et al., 2003). Recent studies show that fluctuations of intracellular SAM 

concentration result in altered levels of the MAT2A mRNA,  due to differential activity of the 

essential RNA methyltransferase METTL16 on the  3’ untranslated region (3’ UTR) 

(Pendleton et al., 2017; Shima et al., 2017).  

 

As the most prevalent internal modification observed for mRNAs, controlled m6A 

modification plays an important role in pluripotency, cell differentiation, and cell signaling, 

such as circadian rhythm (Meyer and Jaffrey, 2017; Roundtree et al., 2017a). Specific 

methylation of an RNA can affect its processing, translation, splicing, and stability. Most 

m6A marks on mRNAs are written by the methyltransferase complex METTL3/METTL14, 

targets of which share a consensus sequence of DRACH (Dominissini et al., 2012; Linder et 
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al., 2015; Meyer et al., 2012). However, little else is known about how the polypeptide 

complex specifically recognizes its RNA targets for methylation (Meyer and Jaffrey, 2017).  

 

In contrast to the METTL3/14 complex, METTL16 has a distinct set of targets for m6A 

modification, including the 3’ UTR of MAT2A mRNA and the U6 snRNA (Pendleton et al., 

2017; Shima et al., 2017; Warda et al., 2017). Although a longer conserved sequence of 

UACAGAGAA, with a neighboring GU motif, has been proposed as the consensus sequence 

for METTL16, little is known about METTL16 specificity due to the limited number of 

validated direct targets. METTL16 can alter both the splicing and stability of the MAT2A 

mRNA by directly binding hairpin structures in the 3’ UTR, and adjusting the  dwell time 

and methylation efficiency in response to changes in intracellular SAM concentration 

(Pendleton et al., 2017; Shima et al., 2017). Therefore, METTL16 plays a key role in a 

feedback mechanism that controls SAM homeostasis. How METTL16 is tuned to regulate 

SAM biosynthesis has remained an outstanding question in understanding maintenance of 

intracellular SAM levels.  

Here we show the molecular mechanisms underlying the activity of METTL16 on the 

MAT2A 3’ UTR. Crystal structures of METTL16 in complex with cognate RNA stem-loops 

from the MAT2A 3’ UTR provide a physical model to elucidate how an RNA m6A writer 

recognizes its substrate. We identify RNA structural features that influence methylation 

efficiency, and show that each wild type hairpin manifests intrinsic propensity for 

modification, encoded by its own sequence. Moreover, we determine that a key polypeptide 

loop near the SAM binding site can autoregulate METTL16 activity. Finally, we show that 
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the activating and inhibitory mutations of METTL16 can change the methyltransferase 

activity at a given intracellular SAM concentration, resulting in different MAT2A mRNA 

levels in cells. Together, our findings provide a mechanistic model for the specificity and 

modulation of METTL16, an important SAM homeostasis factor.  

 

2.2 RESULTS 

2.2.1 Structure of METTL16 in complex with the MAT2A 3’ UTR hairpin 1 

To investigate METTL16 function on MAT2A mRNA, we reconstituted the 

methyltransferase activity in vitro using the first hairpin (hp1) of the MAT2A 3’ UTR 

(Figures 2.1A and 2.1B) (Pendleton et al., 2017; Shima et al., 2017). Size-exclusion 

chromatography coupled with multi-angle static light scattering experiments indicate that 

wild type, full-length METTL16 is monomeric in solution, suggesting that certain 

mechanisms are likely to differ from the METTL3/METTL14 heterodimer (Figure 2.1C) 

(Śledź and Jinek, 2016; Wang et al., 2016a; Wang et al., 2016b). We determined that the 

isolated methyltransferase domain (MTD16, residues 1-310) is capable of catalyzing 

adenosine methylation as efficiently as the full-length METTL16 construct in vitro (Figures 

2.1D, 2.1E, and 2.1F). Moreover, truncating the hairpin structure to ~30 nucleotides does not 

diminish the ability of the RNA to be specifically modified by METTL16 (Figure 2.1F). By 

stabilizing the RNA stem region through removing mismatches, we were able to purify and 

crystallize stable complexes of METTL16 bound to the optimized hp1 oligonucleotide 

(hp1x) (Figures 2.1E and 2.1F). We determined and refined the complex structure using 
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data that extend to a minimum Bragg spacing of 1.7 Å (Figure 2.1G and Table 1), to yield a 

three-dimensional atomic model of a functional m6A writer in complex with substrate RNA. 
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Table 1: Data collection and structure refinement statistics 
 
Ligand Hp1 SeMet-Hp6 

Wavelength (Å)  0.97895 Å  0.97945 Å 

Resolution range (Å)  50 -1.70 
(1.76 - 1.70)a 

50 -3.00 
(3.11- 3.00) 

Space group P 43 P 41212 

Unit cell (Å, °) 75.0, 75.0, 93.2 
90, 90, 90 

134.9, 134.9, 76.2 
90, 90, 90 

Unique reflections 56249 14533 

Multiplicity 12.5 (9.9) 25.0 (22.0) 

Completeness (%) 100 (100) 99.9 (100.0) 

Mean I/σ (I) 15.9 (4.29) 46.0 (2.0) 

Rmerge 0.101 (1.421) 0.074 (1.226) 

R-factor/ Rfree
b 0.1519/0.1726 0.2476/0.2648 

RMS (bonds) 0.007 0.004 

RMS (angles) 0.962 0.815 

No. of atoms 3422 2781 

Macromolecules atoms 2386 2239 

RNA atoms 623 542 

Waters and ligands atoms 413 0 

Average B-factor 23.0 76.1 

Protein B-factor 18.9 70.6 

RNA B-factor 31.8 98.8 

Waters and ligands B-factor 33.9 0 

Most favored regions (%) 95.5 93.3 

Allowed regions (%) 4.1 6.3 

Generously allowed regions (%) 0 0 

Disallowed regions (%) 0.4 0.4 
a The values for the data in the highest resolution shell are shown in parentheses. 

b𝑅!"## =
!"#$ !!"# ! !!"#!

!"#$ !!"#
 where “Test” is a test set of about 5% of the total reflections randomly 

chosen and set aside prior to refinement of the structure.   
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The global architecture of the METTL16-hp1x complex exhibits a 1:1 stoichiometry, where 

the methyltransferase utilizes three long polypeptide segments (highlighted in cyan) to clamp 

the RNA hairpin structure from various angles, resulting in extensive intermolecular contact 

(Figures 2.1G and 2.1H). In particular, the longest prong of the “clamp” (residues 189-213) 

is stably folded into a rigid yet extended conformation, while mostly missing due to disorder 

in previously determined structures of METTL16 without RNA (PDB 2H00 and 

(Ruszkowska et al., 2018)). The target adenine base is captured in a deep hydrophobic pocket 

near the proposed catalytic motif, Asn-Pro-Pro-Phe (residues 184-187, NPPF) (Figure 2.2A). 

Although the METTL16-hp1x complex crystallized in the presence of SAH, no electron 

density was observed for the cofactor. Comparing the catalytic pocket conformation of the 

MTD16-RNA complex with structures of other states without RNA--apo or with SAH 

bound--suggests an induced fit mechanism, where Phe187 and Phe188 swing around to 

interact with the adenine to be modified (Figure 2.2B and 2.2C). Thus, forming a complex 

with the substrate RNA involves specific folding of various regions of METTL16. 
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METTL16 differs significantly from METTL3/METTL14 in primary sequence (<13% 

identity for the catalytic domain of METTL3), stoichiometry, and substrate RNA consensus 

sequence. Nevertheless, structural alignment of MTD16 with MTD3 reveals a similar overall 

global architecture with a different permutation of secondary structures as is common in the 

MTase superfamily (Bujnicki et al., 2002; Iyer et al., 2016) (Figures 2.2D). Superimposition 

of the catalytic cavities shows that the catalytic motif of MTD3 (DPPW) aligns with MTD16 

(NPPF) for the backbone atoms, and the side chains are likely to adopt slightly different 

conformations upon binding RNA (Figure 2.2E). The importance of Tyr406 in METTL3 has 

been established biochemically (Śledź and Jinek, 2016; Wang et al., 2016a), and it may serve 

a similar role as Phe188 of METTL16, to contribute to a snug, hydrophobic pocket for the 

adenine ring (Figure 2.2E). Given the structural similarity between METTL16 and 

METTL3, we also used the MTD16/RNA complex structure to model a potential RNA 

substrate bound to MTD3 (Figure 2.2F). The extended loops lining the catalytic cavity 

(purple) of METTL3 may serve an analogous function to the “clamp” of METTL16, to make 

contact with the RNA substrate. However, the stem-loop structure of hp1x clashes 

substantially with METTL14, suggesting that the structural features of METTL3 substrates 

would be significantly different (Figure 2.2G). Structural requirements for METTL3 

substrates, if any, are not obvious through biochemical studies (Liu et al., 2014; Liu et al., 

2015; Roost et al., 2015; Zhou et al., 2016), but the ability of METTL3/METTL14 to readily 

modify linear oligonucleotides is congruent with its flatter, more open RNA binding surface 

as compared to METTL16. Furthermore, while the crystallized portion of METTL16 is as 

active as the full-length polypeptide, the catalytic domains of METTL3/METTL14 also 
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require the N terminal CCCH motifs of METTL3 for full activity (Śledź and Jinek, 2016; 

Wang et al., 2016a). It is likely that the additional domain is required for proper positioning 

of the RNA substrate within the catalytic cavity of METTL3/METTL14, whereas the 

extended loops of METTL16 are sufficient to orient its RNA substrate for m6A modification. 

Therefore, while the catalytic activity of METTL3 and METTL16 are likely to share a 

similar structural basis, substrate specificity diverges dramatically due to the location of the 

extended loops and the presence of other RNA-binding domains.  

 

2.2.2 Substrate RNA loop sequence is necessary for m6A writing activity  

An atomic model of the interactions between METTL16 and RNA substrate provides an 

explanation for the conserved consensus motif among known targets, UAC(m)AGAGAA 

(Parker et al., 2011; Pendleton et al., 2017). The RNA conformation in the complex structure 

can be divided into three different regions: loop, transition, and stem (Figures 2.3A and 

2.3B). The crystal structure of hp1x also shows that the predicted secondary structure of the 

MAT2A hairpins that includes a “duckbill” shape was inaccurate (Parker et al., 2011; 

Pendleton et al., 2017) (Figure 2.3C). The RNA loop region contains the 5’ half of the motif, 

UAC(m)AG (14-18), where the bases splay out to maximize sequence-specific contacts with 

the protein (Figures 2.3D and 2.3E). Several hydrogen bonds define both the identity and 

orientation of the bases of Ura14 and Cyt16. Although Ade15 does not make obvious 

hydrogen bonds with MTD16, the base is sandwiched between the rings of Phe46 and Cyt16, 

and the Watson-Crick edge is tightly packed to recognize the shape of the adenine base 

(Figure 2.3D). Gua18 flips inwards to make several contacts with various amino acids as 
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well as with Gua11 (Figure 2.3E). Moreover, Gua18 stacks atop the stem axis and serves as 

a cap for the RNA transition region. Base substitutions in the loop region cause marked 

reduction of in vitro methylation activity (Figure 2.3F). While the point mutations modestly 

affect affinity (Figure 2.3G), the enzymatic assays are performed with excess RNA (~10 

times apparent KD). Thus, the overall effect of the mutations is primarily at a step after 

complex formation. In summary, the structure of METTL16 with cognate RNA reveals how 

the loop sequence contributes to the conformation necessary for productive catalysis.  
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To compare how substrate RNA mutations affect METTL3/METTL14 activity, we also 

measured in vitro methylation activity as well as binding affinity of the complex. Using 

MALAT-1 as the RNA substrate, we introduced transition mutations to each position of the 

consensus sequence, “GGACU” (Liu et al., 2015). Our results show that the 

METTL3/METTL14 complex also has little tolerance for transition mutations of the 

GGACU consensus sequence at every position except for the final position for 

methyltransferase activity, while RNA binding affinity remains similar (Figures 2.4A and 

2.4B). The slight variance from the DRACH consensus sequence determined from genome-

wide sequencing experiments may be due to the fact that we are only using a minimal 

METTL3/METTL14 writer complex, and the other members of the complex may allow 

METTL3/METTL14 to modify a wider range of substrates. In short, for both METTL16 and 

METTL3/METTL14, the RNA sequence surrounding the methylated adenosine is important 

for the methylation efficiency, likely to support a particular conformation that affects a step 

after complex formation.  
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2.2.3 Transition and stem structures of METTL16 RNA substrates  

MTD16 also makes various direct contacts with the transition region of the RNA substrate, 

which consists of three unusual base pairs (Figures 2.5A, 2.5B and 2.5C). The 3’ half of the 

consensus sequence, AGAA (19-22) and a conserved GU (8-9) motif on the 5’ side, are 

critical to support the conformation of the transition region as observed in the crystal 

structure. The layer closest to the loop region is the Ura9-Ade19 base pair where the 

glycosidic bonds are oriented in trans (Figure 2.5A). The next pair is an unusual interaction 

between the bases of Gua20 and Ade21, where an ordered water molecule mediates their 

contact (Figure 2.5B). The position of Gua20 base is further stabilized through additional 

hydrogen bonds to the backbone amide protons of Arg200 and Asn201 (Figure 2.5B). The 

final transition pair includes Ade22 and Gua8, which interact using their Hoogsteen and 

sugar edges, respectively (Figure 2.5C), which is sometimes observed in certain RNA helix 

ends (Elgavish et al., 2001). The base of Gua8 is supported on the Hoosteen edge by the 

guanidino group of Arg200. Thus, Arg200, located at the tip of one of the prongs of the RNA 

binding clamp, seems to be a critical residue to support the observed conformation of the 

transition region, given the extensive interactions it makes with two of the three RNA 

transition layers.  

 

Although no direct contacts are observed between METTL16 and the stem region, the 

double-stranded RNA is likely to enable the observed transition structure. Removing the 

stem region, or mutating it to become single-stranded, obliterates the in vitro methylation 

activity and complex assembly (Figure 2.5D and 2.5E). To test the general role of the 
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structural context of the RNA substrate for METTL16 activity, we used another known 

substrate, the U6 snRNA (Pendleton et al., 2017; Warda et al., 2017). Using only the 

consensus region of the U6 snRNA after removing the double-stranded RNA is similarly 

detrimental to the methylation reaction (Pendleton et al., 2017; Warda et al., 2017) (Figure 

2.5F and 2.5G). Therefore, METTL16 recognizes a specific RNA sequence, as well as the 

structural context of the consensus motif. 
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2.2.4 RNA loop/transition features tune METTL16 efficiency  

The 3’ UTR of MAT2A mRNA includes six hairpins which have been proposed to contribute 

differently to METTL16-mediated regulation in cells via distinct mechanisms (Pendleton et 

al., 2017; Shima et al., 2017). Using individual hairpins and recombinant enzyme, we show 

that the six hairpins also manifest different propensities for methylation by METTL16 in 

vitro (Figures 2.6A and 2.6B). Aligning the sequences of the six stem-loops reveals two 

divergent features within the conserved loop/transition regions: 1) a linker sequence of 

variable sequence and length between the two blocks of conservation; and 2) a G to A 

transition in hp5 (Figure 2.6C). While hp1 contains the largest linker sequence, hp6 has one 

of the shortest, differing by two nucleotides. METTL16 can methylate hp1 more efficiently 

than hp6, and swapping the stem regions does not change the trend (Figure 2.6D and 2.6E). 

The affinity of the two hairpins and the chimeras are similar, suggesting that the length of the 

linker region can modulate the catalysis or turnover efficiency of the enzyme (Figure 2.6F). 

Thus, while the stem region of the RNA is essential for methylation by METTL16, the 

loop/transition region modulates the methylation efficiency of an RNA substrate.  
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To investigate the molecular basis for how METTL16 can accommodate different sizes of 

the loop/transition regions, we determined a crystal structure of the catalytic domain in 

complex with hp6, at 3.0 Å resolution (Figure 2.7A and Table 1). Structural alignment 

shows that the polypeptide conformations are highly similar (Cɑ RMSD of ~0.1 Å), with the 

exception of a short stretch that interacts with the additional nucleotides (12-13) of hp1 

(Figure 2.7A). METTL16 “pinches off” the longer RNA linker region when in complex with 

hp1, while the rest of the nucleotides superimpose reasonably to the analogous positions 

between hp1 and hp6 (Figure 2.7B and 2.7C). Nevertheless, conformational deviations can 

be observed in both of the loop and transition regions (Figure 2.7D). To dissect the 

contribution of each region, we tested how mutations of key interacting residues (Asn39 near 

the loop and Arg200 for the transition) affect enzymatic activity (Figure 2.7E). Perturbing 

the interaction between Asn39 and the hp1 loop region does not alter methylation activity 

significantly. However, mutating Arg200 near the RNA transition region (R200Q) markedly 

increases m6A modification efficiency. We chose to mutate Arg200 to a glutamine because 

the particular mutation has also been reported in large intestinal cancer patients, possibly 

implicating METTL16 in disease (Giannakis et al.; Muzny et al., 2012). Neither mutation 

affects the overall affinity of the protein-RNA complex significantly (Figure 2.7F). 

Therefore, structural changes near the RNA transition region are likely to affect the 

methylation efficiency of METTL16 at a step after initial binding of the substrate RNA.  

 

The RNA transition region also contains a notable variation for the fifth hairpin (hp5) where 

a Gua is substituted with Ade (G-to-A)(Figure 2.6C). The sequence divergence is conserved 
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in the penultimate hairpin of most vertebrate SAM synthetase 3’ UTR sequences. Moreover, 

hp5 is also the most efficiently methylated among the six human hairpins (Figure 2.6A). To 

test whether the G-to-A variation is the source of methylation propensity differences among 

the hairpins, we compared how it affects different hairpins. When we introduce the G-to-A 

mutation into hp1 or hp6, we observe a ~3-fold increase in the in vitro methylation activity of 

METTL16 (Figure 2.7G). Reverting hp5 to the consensus sequence (A-to-G) has the 

opposite effect, reducing methylation significantly. The altered Gua is equivalent to Gua20 of 

hp1, which makes direct contact with Arg200 (Figure 2.5B). Since G-to-A and R200Q 

mutations are both in the transition region and increase METTL16 activity in vitro, we 

combined the mutations to test whether the effect is additive. Wild type METTL16 and the 

R200Q mutant manifest similar activity on wild type hp5, suggesting that the activating 

effects of the R200Q mutation and the G-to-A swap are likely to share a common mechanism 

(Figure 2.7H). Gel shift assays show minor changes in the apparent protein-RNA affinity, 

suggesting that the increased methylation rates are at a step after binding (Figures 2.7I and 

2.7J). Together, our data suggest that the intrinsic propensity for each wild type RNA to be 

modified is encoded into the nucleotide sequence, and that the transition region of the stem-

loop is a key region to tune the methylation efficiency.  

  



 

 

 

35  
  



 

 

 

36  

2.2.5 Autoregulatory K-loop of METTL16 blocks the SAM binding pocket 

In both structures of METTL16-RNA complexes, an ordered polypeptide loop containing a 

key lysine residue (K-loop, residues 163-167) occludes the SAM binding site (Figures 2.8A-

C). Extensive hydrophobic interactions anchor the K-loop to the core methyltransferase 

domain, resulting in the side chain of Lys163 to occupy the cofactor binding pocket. In 

contrast, in structures without RNA, the K-loop has a different conformation, where Lys163 

is solvent-exposed and other hydrophobic side chains such as Met167 swing away from the 

domain (PDB 6B92, (Ruszkowska et al., 2018)) (Figure 2.8B). To first validate the location 

of the SAM (SAH) binding site, we tested four mutations that would interfere with cofactor 

binding. All three alanine substitutions (N184A, R82A, and E133A) as well as a mutation 

identified in large intestinal cancer patients (G110C, curated study by COSMIC COSU646) 

abrogate in vitro methyltransferase activity (Figure 2.8D). However, alanine substitutions 

that would destabilize the observed K-loop conformation in the METTL16-RNA complex—

K163A or M167A—dramatically activate methylation, while having little effect on RNA 

affinity (Figures 2.8D and 2.8E). At saturating levels of substrate RNA, we monitored 

methylation reactions over different SAM concentrations. Destabilizing mutations within the 

K-loop transform METTL16 to become hyperactive, requiring lower concentrations of SAM 

to have the same level of in vitro methylation activity (Figure 2.8F). Therefore, a 

polypeptide loop in METTL16 near the SAM binding pocket acts as an intramolecular 

autoregulatory switch, and likely dampens METTL16 activity during SAM binding and/or 

catalytic turnover. To compare the inhibitory effect of the K-loop to potential interference by 

SAH, we tested the METTL16 activity in the presence of various amounts of SAH. In 
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contrast to the intact K-loop, the presence of SAH does not significantly decrease METTL16 

activity even at 10-fold molar excess to SAM (Figure 2.8G). To determine whether the K-

loop mutations increase METTL16 activity through a common mechanism as the RNA 

transition region mutations discussed above, we measured how the methylation activity 

changes for hp5 that contains a native G-to-A variation (Figure 2.8H). We observe that the 

fold activation caused by both of the K-loop mutations is similar for hp1 and hp5, indicating 

that the two regulatory mechanisms are additive. Thus, modulation of METTL16 activity by 

the RNA transition region (eg. R200Q or G-to-A) is independent of the auto-regulatory effect 

of the K-loop. Therefore, our structural and biochemical data has uncovered K-loop as an 

independent, auto-regulatory switch that can dramatically affect the methyltransferase 

efficiency of METTL16.  
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2.2.6 Modulating METTL16 activity alters MAT2A mRNA levels 

Through structure-guided mutagenesis studies we reveal various mutations that can 

significantly inhibit or enhance METTL16 activity in vitro. To determine how the observed 

changes in enzymatic efficiency affect METTL16 function in intact cells, we introduced the 

METTL16 mutations and monitored its function as a “SAM sensor”. When SAM is limiting, 

METTL16 has slower turnover, and thus dwells longer on hp1, which induces splicing of an 

otherwise retained intron of MAT2A (Pendleton et al., 2017). In addition, when SAM is 

abundant, increased m6A modification on the hairpins in the MAT2A 3’ UTR promotes 

degradation of MAT2A mRNA (Pendleton et al., 2017; Shima et al., 2017). To investigate 

how METTL16 mutations affect MAT2A mRNA levels, we used a previously characterized 

β-globin reporter that includes the MAT2A retained intron, flanking exons, and 3´ UTR, and 

coexpressed various mutants of METTL16 (Pendleton et al., 2017) (Figures 2.9A, 2.9B and 

2.9C). Consistent with both mechanisms of action, the catalytically dead but RNA-binding 

competent N184A mutation of METTL16 stimulates increased MAT2A mRNA abundance 

relative to wild type, even under high SAM conditions. In contrast, the SAM-hypersensitive 

K163A mutation causes reduced MAT2A mRNA levels compared to wild type METTL16, 

even at low levels of intracellular SAM (Figure 2.9D and 2.9E). Furthermore, R200Q, 

another mutation that enhances METTL16 methyltransferase activity near the RNA transition 

region, also dramatically reduces mRNA levels, throughout a range of intracellular SAM 

concentrations (Figures 2.9F and 2.9G). In addition, we analyzed the effects of the 

METTL16 regulatory mutations on MAT2A mRNA splicing. In cells transfected with 

catalytically dead METTL16, MAT2A is nearly completely spliced regardless of the levels of 
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SAM, whereas hyperactive METTL16 mutations result in higher levels of the retained intron 

isoform, even at low levels of SAM (Figures 2.10A, 2.10B, 2.10C and 2.10D). Together, 

our in vitro and in vivo results show that certain mutations near the RNA transition region or 

the K-loop can activate METTL16 enzymatic efficiency, which can have a direct impact on 

the steady state levels of MAT2A mRNA. Such modes of regulation over METTL16 activity 

is presumably evolutionarily selected to maintain appropriate physiological SAM levels. 
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2.3 DISCUSSION 

Our structural and biochemical data allow us to present a mechanistic model for METTL16 

activity, specificity, and regulation (Figure 2.11). METTL16 plays a vital role in SAM 

homeostasis, by controlling the steady state levels of the SAM synthetase, MAT2A, by 

modulating both splicing and stability of the mRNA. Through a three-dimensional view of 

the complex of METTL16 and MAT2A 3’ UTR hairpins at atomic resolution, we reveal how 

the methyltransferase domain recognizes the cognate RNA to mark them with m6A. In 

addition to the catalytic activity, the C-terminal half of METTL16 including the vertebrate 

conserved regions (VCRs) plays a role in recruiting factors to the mRNA to promote splicing 

(Pendleton et al., 2017). Thus, specific binding, affinity, dwell time, and catalytic efficiency 

of METTL16 towards RNA are all important elements to maintain SAM homeostasis 

(Figures 2.11A and 2.11B). Our results show that RNA affinity does not always correlate 

with methylation efficiency, underscoring the importance of distinguishing the two roles of 

METTL16. Genome-wide studies have reported many sites that METTL16 can bind (Brown 

et al., 2016; Pendleton et al., 2017; Warda et al., 2017), but given the sequence and structural 

requirements of METTL16 that we identify in this study, the targets that are methylated 

efficiently may be significantly fewer. METTL16-hp1 interactions are important for splicing 

while the other hairpins primarily participate in m6A-dependent degradation. Our findings of 

how different hairpins exhibit variable propensities for binding and modification will be 

important to understand how the six hairpins are utilized to integrate multiple input signals to 

output the proper amount of steady state MAT2A mRNA, and thus SAM production. 
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METTL16 efficiency is linked to different rates of SAM biosynthesis. In this study we have 

identified various protein and RNA mutations that decrease or increase the methyltransferase 

activity of METTL16 (Figure 2.11C). The deactivating mutations are near the ribose and 

methionine moieties of SAM, as well as the RNA loop region. We also reveal at least two 

independent mechanisms to activate the efficiency of METTL16, both of which can directly 

affect MAT2A mRNA levels in cells. First, mutations in the substrate or the enzyme near the 

RNA transition region can increase methyltransferase activity. Secondly, observing a closed 

conformation of the K-loop occluding the SAM binding site in the crystal structures led to 

the finding that METTL16 can exhibit an autoinhibitory conformation. The K-loop is closed 

in the structures of the protein-RNA complexes, while being open in both apo and SAH-

bound structures ((Ruszkowska et al., 2018) and PDB ID 2H00). It is possible that RNA 

binding and closure of the K-loop region are coupled. Based on the structures, how the K-

loop might rearrange upon RNA binding is not obvious. Although the enhancement effects of 

the RNA transition region and the K-loop are additive, whether the RNA binding event and 

the K-loop conformational switch—and thus SAM binding—are truly independent will need 

a more thorough investigation. Moreover, even though the structures clearly provide a 

molecular explanation for how the K-loop might interfere with SAM-binding, what is less 

obvious is the enhancement of enzymatic activity when the RNA transition region is 

disturbed. Some possible reasons for increased methylation include: 1) a faster release of the 

methylated RNA; 2) an alternative conformation with the mutation that directly stabilizes the 

transition state; 3) an allosteric effect to make SAM binding or the chemical reaction more 

favorable; and 4) an allosteric effect to make SAH release more efficient. This study will 
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provide the groundwork for further investigations to distinguish these possibilities. The 

R200Q near the transition region is associated with cancer, and our model for METTL16 

function will also be useful to determine the mode of action for other disease-associated 

mutations.  
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Although METTL16 and METTL3/METTL14 are both m6A writers, they are distinct in 

important ways. Insight from MTD16-RNA complex structures suggests that RNA binding 

likely induces rearrangement and folding of the catalytic cavity in both enzymes. However, 

the interaction of each catalytic MTD with the RNA substrate is confined by the unique 

architectural context. The catalytic domain of METTL16 is monomeric and manifests full 

activity without the C-terminal region. In contrast, METTL3/METTL14 is an obligate 

heterodimer and the catalytic domains require additional help from the CCCH zinc-binding 

motifs of METTL3 in order to bind and methylate RNA substrates. METTL16 prefers an 

RNA substrate that contains a double-stranded RNA adjacent to the consensus sequence, 

while METTL3/METTL14 does not require such structural context (Liu et al., 2014). Such 

differences could be due to the wider, pre-folded cavity on METTL3/METTL14 (Śledź and 

Jinek, 2016; Wang et al., 2016a; Wang et al., 2016b), in contrast to METTL16, which folds 

upon binding RNA to form a deep concave pocket within the catalytic domain. Lastly, 

autoinhibition via the K-loop may be unique to METTL16. In METTL3, the loop that is 

analogous to the K-loop based on structural superimposition does not undergo a significant 

conformational change upon cofactor binding, and also does not contain a lysine residue 

within the loop. Therefore, METTL16 and METTL3/METTL14 diverge in both how they 

recognize substrates and how they are regulated.  

 

Tunable METTL16 activity allows for tight control of an essential metabolite, SAM. Other 

SAM sensors, such as SAMTOR, link metabolism to cellular function (Gu et al., 2017), but 

METTL16 is unique in that it couples SAM sensing with SAM biosynthesis. During this 
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feedback process, METTL16 activity can be modulated in various ways, through sequence 

and structural changes of both substrate RNA and protein. Controlling enzymatic activity 

through conformational changes or allostery has been observed in other methyltransferases, 

such as in METTL3, the DNA cytosine methyltransferase complex DNMT3A/3L, and the 

m7G cap methyltransferase RNMT (Guo et al., 2014; Varshney et al., 2016; Wang et al., 

2016a). Many of these examples involve another factor, such as METTL14, histone H3 tail, 

and RAM, respectively. Our data reveal multiple mechanisms to attenuate or activate 

METTL16, which might also be triggered by other factor(s) and/or modification(s) that act 

on either METTL16 or the substrate RNA. 

 

2.4 EXPERIMENTAL PROCEDURES 

Plasmids 

METTL16 constructs for expression in E. Coli were cloned into the pET21 vector (Novagen) 

by amplifying fully spliced cDNA (Pendleton et al., 2017) using the primers indicated in 

Table S2. For expression of METTL16 constructs in human cells, mutagenesis was done 

with the primers indicated in Table S2 using the wild type FLAG tagged construct.(Pendleton 

et al., 2017). 

 

Protein purification 

Cultures were harvested and sonicated in lysis buffer (50 mM Bis-Tris (pH7.0), 1 M NaCl, 

10% glycerol, 1 mM dithiothreitol (DTT) and supplemented with protease inhibitors). 

Hexahistidine-tagged METTL16 was further purified by affinity for Ni-NTA (Qiagen) and 
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the tag was removed by digestion with Tobacco Etch Virus (TEV) protease. Target proteins 

were further purified by ion-exchange chromatography and followed by gel filtration 

chromatography. All recombinant METTL16 constructs were analyzed by SDS-PAGE, and 

UV spectroscopy. Proteins were then combined with synthesized RNA constructs (Millipore-

Sigma) and assembled complexes were further purified by gel-filtration. The final complex 

in buffer containing 20 mM Tris pH 7.8, 50 mM NaCl and 5mM DTT was also supplemented 

with 1.5 mM SAH (Millipore-Sigma) for crystallization experiments. 

 

Crystallization and data collection 

The crystals of the MTD16-hp1x complex were obtained using the hanging-drop, vapor-

diffusion method by mixing 1 µL protein-RNA complex (10 mg/mL) with 1 µL reservoir 

solution containing 0.1M Tris (pH 8.5), 20% glycerol, and 19% polyethylene (PEG) 10000 

and incubating at room temperature. The complex crystals with hp6 were generated by by 

mixing 1 µL protein-RNA complex (10 mg/mL) with 1 µL reservoir solution containing 0.95 

M sodium citrate.  Se-SAD and native datasets were collected at APS-19-ID at wavelengths 

of 0.97942 Å and 0.97924 Å, respectively.  

 

Structure determination and refinement 

Data were indexed, integrated and scaled by the program HKL3000 (Minor et al., 2006). The 

initial phases for SeMet-MTD16-hp6 were determined by single-wavelength anomalous 

dispersion (SAD) using Phenix.Autosol, and density modification and automatic modeling 

were performed by Phenix.Autobuild (Adams et al., 2010). Model building was finalized 
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manually using COOT (Emsley and Cowtan, 2004). The structure of MTD16-hp1x was 

determined by molecular replacement using the MTD16 structure from MTD16-hp6 as a 

searching model, with the program PHASER (McCoy et al., 2007). All the models were 

refined using Phenix.refine (Zwart et al., 2008). The PROCHECK program was used to 

check the quality of the final model, which shows good stereochemistry according to the 

Ramachandran plot (Laskowski et al., 1993). All structure figures were generated by PyMOL 

Molecular Graphics System, Version 1.8 Schrödinger, LLC. Software used in this project 

was curated by SBGrid (Morin et al., 2013). 

 

In vitro methylation assay 

The in vitro methylation assay was carried out in triplicate with a 15 µL reaction mixture 

containing: 50 mM Tris (pH 8.5), 66 mM NaCl, 0.01% Triton-X, 1 mM DTT, 50 µM ZnCl2, 

0.2 U/µL RNasin, and 1% glycerol, 300 nM METTL16 and 1 µM RNA substrate (Millipore-

Sigma for all oligonucleotides, extended hp1 and FL U6 were in vitro transcribed) (Walker et 

al., 2003; Wang et al., 2016a). In vitro methylation assays with METTL3/METTL14 were 

performed in the same buffer, but with 100 nM of the heterodimer and 5 µM RNA substrate. 

3H-SAM (Perkin Elmer) was used at 1 µM when held constant in in vitro methylation 

reactions. In the SAM titration experiment, 3H-SAM was mixed at a 1:3.3 molar ratio with 

cold SAM (Millipore-Sigma) and added at the concentrations indicated (Figure 2.8F). In the 

SAH competition in vitro methylation assay, SAH (Millipore-Sigma) and 3H-SAM were 

added at the indicated concentrations (Figure 2.8G).  Each reaction was incubated at 37°C 

for 2 hours. Half of the reaction mixture was blotted on Hybond N+ nylon membranes (GE 
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Healthcare Amersham) and crosslinked with UV (254 nm). The membranes were washed 

with reaction buffer, deionized water, and 95% ethanol, in that order, and then subjected to 

liquid-scintillation counting using the TriCarb 2010 TR Scintillation Counter (Perkin Elmer). 

Levels of RNA with the incorporated 3H-methyl group are shown as disintegrations per 

minute (DPM). Data are shown as mean +/- SD from three replicates. 

 

Electrophoretic Mobility Shift Assays 

RNAs were radiolabeled with ATP[γ-32P] using T4 polynucleotide kinase, and incubated 

with METTL16 protein constructs in a buffer containing 50 mM Tris (pH 8.5), 66 mM NaCl, 

5 mM DTT, 50 µM ZnCl2, 10 ng/µL yeast tRNA and 10% glycerol. Protein-RNA complexes 

were resolved by 8% Tris-Glycine native PAGE and apparent affinities were determined by 

the concentration of protein at which half of the RNA signal had shifted to the complex 

species (Ryder et al., 2008).  

 

Transfection 

293A-TOA cells (Sahin et al., 2010) at ~80% confluence were transfected using Transit-293 

(Mirus) following manufacturer’s protocol. Cells were transfected with 100 ng of β globin 

reporter (Pendleton et al., 2017), 100 ng FLAG-METTL16 and 700 ng pcDNA3 per well.  

 

Methionine depletion 
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Eighteen hours post-transfection, cells were washed twice with Dulbeccos’ Phosphate Buffer 

Saline (PBS) with calcium chloride and magnesium chloride (Millipore-Sigma). Media was 

replaced with methionine-free media supplemented with the indicated concentration of L-

methionine (Figures 2.9E, 2.9G, 2.10B and 2.10D). Cells were harvested 6 hours later with 

TRI-Reagent. 

 

Northern blotting 

Standard northern blot protocols were followed.  The template for the β-globin probe was 

made by digesting plasmid βΔ1,2(B-A) (Conrad et al., 2006) with NcoI and in vitro 

transcription was performed using SP6 polymerase in the presence of radiolabeled α- 32P-

UTP. 

 

 Quantification and Statistical Anlaysis 

Statistical details of the cell-based experiments can be found in the corresponding figure 

legends.  Northern blots were quantified with Imagequant 5.2 and each experiment was 

performed with at least three biological replicates. Unpaired Student’s t tests were used to 

test significance * p< 0.05, ** p< 0.01, *** p< 0.001. (Pendleton et al., 2017) 
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SUMMARY 
 

S-adenosylmethionine (SAM) serves as the cofactor for most methylation events in the cell. 

The N6-methyladenosine (m6A) methyltransferase METTL16 controls SAM homeostasis by 

regulating the abundance of the SAM synthetase MAT2A mRNA, in response to changing 

intracellular SAM levels. Recently we discovered distinct regulatory mechanisms of 

METTL16 through crystal structures of the methyltransferase domain bound to substrate 

RNA hairpins from the MAT2A mRNA 3’UTR. We found that METTL16 is in an 

autoinhibited state, and its methyltransferase activity can be activated through perturbations 

in the protein structure. In this chapter, we characterize activating mutations of METTL16 

through biochemical and biophysical assays in order to determine the mechanistic basis for 

METTL16 regulation. Previously published and newly discovered activating mutations of 

METTL16 are scored based on the propensity to methylate the different MAT2A hairpins, 

and how the methylation activity changes with varied substrate (RNA and SAM) 

concentrations. We determine the binding affinities for cofactor and RNA substrates and 

products, and together with our enzymatic data, suggest that the general mechanism by which 

METTL16 activity is regulated is through product inhibition.  This allows METTL16 activity 

to be carefully controlled in the cell in its role as a SAM sensor. 
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3.1 INTRODUCTION 

Methylation of DNA, RNA and protein is highly important for proper cell function and 

dysfunctional regulation of these methylation events lead to several disease states (Aletta and 

Hu, 2008; Du et al., 2019; Fazi and Fatica, 2019; Jin and Liu, 2018; Rowe et al., 2019). 

Methyltransferases utilize the charged methyl group in S-adenosylmethionine (SAM) to 

methylate nucleic acid and protein targets. Consequently, SAM is the second most utilized 

metabolite in our cells after ATP (Walsh et al., 2017) and dysregulation of SAM metabolism 

is linked to aberrant methylation and disease (Shiraki et al., 2014; Su et al., 2016; Wang et 

al., 2019).  Therefore, it is critical for SAM levels to be tightly regulated. This regulation is 

achieved through multiple mechanisms, involving complex metabolism networks from 

several dietary inputs (Finkelstein, 1990). SAM is consumed primarily through the synthesis 

of phosphatidylcholine and the methylation of histone tails (Obata and Miura, 2015; Ye et 

al., 2017). When the methyl group is removed from SAM, S-adenosylhomocysteine (SAH) is 

created as a by-product. SAH must be further broken down into homocysteine before the 

components can be recycled to synthesize SAM (Caudill et al., 2001). In all cell types outside 

the liver, SAM is synthesized from methionine and ATP by MAT2A, an enzyme that is 

regulated at transcriptional, post transcriptional and post-translational levels (Bresson et al., 

2015; Halim et al., 2001; Martínez-Chantar et al., 2003; Ramani et al., 2015). The MAT2A 

mRNA is post-transcriptionally regulated by the methyltransfearse, METTL16 (Pendleton et 

al., 2017). When SAM levels are low, METTL16 binds to RNA hairpin structures in the 

3’UTR of MAT2A, which results in the splicing of an otherwise retained intron of the MAT2A 

pre-mRNA, an increase in the levels of the mature transcript, and thus an increase in SAM 
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biosynthesis (Pendleton et al., 2017). When SAM levels are high, METTL16 catalyzes the 

N6-methyladenosine (m6A) modification of these RNA hairpins, which leads to degradation 

of the MAT2A mRNA, and thus decreases SAM biosynthesis (Pendleton et al., 2017) (Shima 

et al., 2017; Warda et al., 2017). METTL16 modulation of MAT2A mRNA through m6A 

modification is one of numerous examples of this abundant RNA chemical modification 

controlling RNA metabolism (Shi et al., 2019).  

 

Our previous work illuminated how METT16 specifically binds and methylates MAT2A 

RNA hairpins (Doxtader et al., 2018). We also found that METTL16 methylation activity 

could be increased by mutating residues near the substrate (SAM and RNA) binding sites. 

Importantly, these mutations changed how METTL16 responded to SAM levels in cell based 

assays (Doxtader et al., 2018). Given that the activating mutations have a biologically 

relevant phenotype, biochemically characterizing how METTL16 is activated through the 

mutations is important to understand how SAM homeostasis could be regulated in the cell.  

 

We present data suggesting that METTL16 methylation activity is regulated by RNA and 

cofactor product inhibition. Activating mutations of METTL16 increase methylation activity 

but this activation is negated through the addition of SAM to the reaction. METTL16 has a 

low affinity for SAM, and binds the product SAH with significantly higher affinity. SAH can 

act as an inhibitor of METTL16 activity, and certain activating mutations decrease the 

inhibition by SAH.  METTL16 also binds the product RNA with high affinity, which is also 

reduced by the activating mutations. Increased RNA concentration exacerbates the activating 
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mutations effect on methylation activity, likely because the substrate and product RNA 

affinities are more similar, so the addition of RNA is detrimental to the methylation activity 

as more methylated RNA is being produced. Together, our data suggest that the different 

activating mutations increase METTL16 activity through a combination of reducing cofactor 

and RNA product inhibition, and that METTL16 activity is limited at the product release 

step. 

 

3.2 RESULTS 

3.2.1 Identification of new activating mutants of METTL16 

We previously reported that METTL16 methylation activity could be increased through 

mutations near the RNA transition region (R200Q) and the cofactor binding site (K163A) 

(Doxtader et al., 2018) (Figure 3.1A-C). We searched for additional residues in these regions 

that might also increase METTL16 methylation activity in order to determine the general 

mechanisms that regulate METTL16 methylation activity. Comparison of the hairpin 1 (hp1) 

RNA-bound methyltransferase domain of METTL16 (MTD16) structure (PDB 6DU4 

(Doxtader et al., 2018)) to a structure without RNA ((Ruszkowska et al., 2018) PDB 6B92) 

revealed that when RNA is present, residues 188-222 fold into a rigid conformation which 

makes extensive contact with the substrate RNA, suggesting that it is essential for RNA 

recognition and binding (Figure 3.1A)(Doxtader et al., 2018). Within this RNA binding loop 

is residue E217, whose side chain is brought close to the cofactor binding site upon the RNA 

induced folding of the RNA binding loop (Figure 3.1B). Close to E217 is another residue of 

interest, R74, which is on the surface of METTL16, and could make it a potential site for 
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regulatory post-translation modification (Figure 3.1B). Lastly, we identified R204 as a 

candidate for tuning METTL16 methylation activity as its side chain is buried into the RNA 

transition region (Figure 3.1C). Mutation of E217, R74 and R204 to alanine did indeed 

increase METTL16 methylation activity, but unexpectedly, the relative increased activity 

compared to WT was significantly more for the hp6 substrate compared to other MAT2A 

hairpins (Figure 3.1D-E). Interestingly, hp6 is the least methylated substrate by the WT 

METTL16 (Figure 3.1E) (Doxtader et al., 2018) which could partially explain why the 

activating mutations are particularly effective on the hp6 substrate. The identification of 

residues on METTL16 that preferentially change its activity on the different MAT2A hairpins 

is relevant to its biological function in SAM homeostasis. METTL16 can either increase 

mature MAT2A levels by binding hp1 and inducing splicing, or decrease MAT2A levels by 

methylating hp2-6 and leading to transcript degradation (Pendleton et al., 2017).It is unclear 

from comparison of these residues between the MTD16 structures solved with hp1 and hp6 

(PDB 6DU5) alone why mutation of these residues would have different effects on the 

different substrates (Doxtader et al., 2018) (Figures 3.1F-G). Hypothetically, alanine 

substitutions of K163 and E217, and potentially R74A would increase access to the cofactor 

binding pocket, increasing METTL16’s capacity to use the cofactor in the methylation. 

However, it is not clear from the structures why reducing the side chain size of R200 and 

R204 would be beneficial for METTL16 methylation activity. The limitations of the 

structural information underscore the importance of biochemical characterization of the 

activating mutations in order to determine their mechanism of activation of METTL16 

activity. Given that hp6 was the most activated hairpin by all the mutations, we used hp6 as 
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the substrate to characterize how the activating mutations changed kinetic and 

thermodynamic parameters of METTL16 methylation activity, in order to determine the 

mechanisms through which METTL16 could be regulated. 
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3.2.2 METTL16 activity is modulated by SAM and SAH 
 
METTL16 cellular function is to sense intracellular SAM levels and correspondingly act on 

the MAT2A mRNA, thus METTL16 activity is likely to be regulated with respect to SAM 

concentration. We measured WT and mutant METTL16 methylation activity over time at 

different concentrations of SAM. To measure methylation activity, we rely on the signal 

from 3H-SAM, and changing the concentration of SAM in the reaction requires the addition 

of cold SAM, making it impossible to compare the raw signal output at different 

concentrations of SAM. Thus we analyzed the change in activity relative to the WT signal at 

the end of the reaction. At low (1 µM) concentrations of SAM, we see the activating 

mutations increase METTL16 activity relative to the WT, where R74A and E217A are more 

activating compared to R200Q, K163A and R204A, as we saw in the endpoint assay.  

(Figures 3.1D-E, and 3.2). As SAM concentration increases, the relative activities of the 

mutants converges, and as SAM concentration is increased even further, WT activity 

eventually becomes indistinguishable from mutant activity (Figure 3.2). The observation that 

the activating effect of the mutations is negated with the addition of the cofactor substrate 

SAM, suggests that the mutations are modulating METTL16’s capacity to use SAM. 
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One explanation for the nullification of the activating mutants upon addition of SAM is that 

WT METTL16 activity is limited by its affinity for SAM. To quantify the binding of WT and 

mutant METTL16 to its cofactors we utilized isothermal calorimetry (ITC) and found that 

METTL16 binds SAM with very low affinity (millimolar), such that we could not accurately 

measure SAM binding by fitting the thermogram at solubility limited concentrations of the 

protein (Figure 3.3A). However, we when titrate SAH in our ITC experiments, we are able 

to determine the affinity for WT METTL16 to be ~142 µM. (Figure 3.3B). These data 

suggest that METTL16 activity could be limited by a lower affinity for its substrate as 

compared to its product. Preferential binding to SAH over SAM has been identified in other 
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methyltransferases, and serves as a mechanism to regulate methyltransferase activity 

(Hoffman et al., 1980). ITC analysis of SAH binding by the activating mutants of METTL16 

showed that although most of the activating mutations do not change SAH binding, one 

mutation close to the cofactor binding pocket, R74A, did significantly decrease SAH binding 

by METTL16 (Figure 3.4). This suggests that the R74A mutation could lead to increased 

METTL16 activity by decreasing its affinity for the cofactor product, SAH. Indeed, in our 

enzymatic assay, we see that R74A is less affected by SAH inhibition than WT METTL16 

(Figure 3.5). It is possible that the other mutants, while not changing SAH binding at 

equilibrium, change the kinetics of SAH release, which would also lead to higher 

methylation activity. In either case, addition of SAM in the methylation reaction would allow 

WT METTL16 to overcome this inhibition, by outcompeting the product SAH for binding to 

METTL16, and would allow WT activity to be comparable with the mutants. SAH 

hydrolysis is the limiting step in SAM metabolism and it has been suggested that the 

methylation potential of the cell is directly linked to the intracellular concentration of SAH as 

compared to SAM (James et al., 2002; Zhang et al., 2016).  Thus, in its role in regulating the 

production of the SAM synthetase MAT2A and SAM homeostasis, METTL16 could also be 

sensing SAH levels in the cell, or perhaps the SAM:SAH ratio.  
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3.2.3 METTL16 activity is modulated by substrate and product (methylated) RNA 

METTL16 function is also related to its ability to bind and release the MAT2A RNA hairpins, 

thus its activity could also be modulated through its interactions with the substrate and 

product (methylated) RNA. Gel shift assays show that R200Q and K163A METTL16 

mutants do not significantly affect substrate RNA binding, as was demonstrated previously 

(Doxtader et al., 2018) (Figure 3.6A). In contrast, the newly identified activating mutations 

do affect substrate RNA affinity (E217A, R74A and R204A) but actually reduce 

METTL16’s ability to bind the substrate RNA consistent with the model that activating 

mutations do not have increased methylation activity through enhanced substrate RNA 

binding (Figure 3.6A) (Doxtader et al., 2018). The anti-correlation between substrate 

binding and activity suggests again that METTL16 could be limited by product release. WT 

METTL16 binds methylated hp6 with high affinity, similarly to how it binds the 

unmethylated hp6 RNA (Figure 3.6B). Importantly, four of the five activating mutations 

have decreased affinity for the hp6-m6A RNA both relative to the WT protein, and also 

relative to how each activating mutation binds the substrate RNA (Figure 3.6B). These 

experiments suggest that the activating mutations of METTL16 increase methylation activity 

through reduced RNA product binding. The reduced affinity for both substrate and product 

RNA by most of the activating mutations suggests that METTL16 activity could be regulated 

through the release of methylated RNA product.  
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We then tested how WT and mutant METTL16 respond to changing RNA concentrations in 

our in vitro methylation assay. At low concentrations of RNA, the activating mutants are 

similarly activating compared to WT. (Figure 3.7). As more RNA substrate is added to the 

reactions, the mutations become relatively more activating as they have increased activity 

(DPM) with more RNA substrate, whereas the WT activity remains more constant (Figure 

3.7). This is in contrast to how METTL16 activity responded to additional SAM (Figures 

3.2). Nevertheless, product inhibition by the methylated RNA could still explain the response 

to increased substrate concentration in the methylation reaction. Increasing the RNA 

substrate concentration would lead to increased methylated RNA concentration well within 

the range for product RNA binding, which could exacerbate the inhibition of WT METTL16 

relative to the mutants. In the case of SAH inhibition, the amount of SAH being produced is 

limited by the RNA concentration in the reaction, and is low compared to METTL16’s 

affinity for SAH, so the additional SAM outcompetes SAH and increases WT activity 

relative to the mutants. Altogether, analysis of METTL16 binding to each of its substrates 

and products, and the activity over time at different concentrations of each substrate, suggests 

that product inhibition by either methylated RNA or SAH could be the mechanism by which 

methylation activity is controlled.  
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3.3 DISCUSSION 
 
The discovery of activating mutations of METTL16 allows for investigation into the 

enzymatic mechanisms behind METTL16 methylation of the MAT2A mRNA hairpins. By 

determining which enzymatic parameters the mutations change, we learn about which steps 

in the methylation reaction are rate limiting, and thus could be targets for cellular 

manipulation. The location of the activating mutants in the protein structure show that the 

cofactor binding pocket and the RNA transition regions are important sites for tuning 

METTL16 activity. Most activating residues are on or near the surface of the protein, 

allowing access for protein binding partners or post-translational modification of these 

residues, which could be how the cell modulates METTL16 activity on MAT2A and alters 

SAM biosynthesis. In fact, MAT2A expression is highly correlated with expression of 

arginine methyltransferases (DepMap, 2020), and three of the five activating residues on 

METTL16 are arginine, opening up an interesting future line of investigation into whether 

METTL16 activity can be tuned in cells by post-translational modifications. 

 

Measurement of the affinities for both METTL16 substrates and products suggested that in 

vitro METTL16 activity was limited by a tight affinity for both the RNA and cofactor 

products relative to the substrates. In the cell, methylated RNA is degraded as part of the 

mechanism for controlling the levels of MAT2A in response to intracellular SAM (Pendleton 

et al., 2017; Shima et al., 2017). Thus METTL16 is not likely to be regulated by an excess of 

product RNA displacing METTL16 from its substrate. Instead, METTL16’s high affinity for 

methylated RNA suggests a slow release from the transcript, which could prolong the 
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induction of splicing of the retained intron in the MAT2A mRNA. Limiting METTL16’s 

ability to release from the RNA hairpins might attenuate its response to intracellular SAM 

levels, and prevent excessive methylation of MAT2A transcripts as SAM levels are 

increasing.  

 

Unlike methylated MAT2A hairpins, the level of the cofactor product SAH in the cell is 

dependent on numerous other factors apart from METTL16 activity. Relative to SAM, SAH 

tends to be limiting by about two to six, fold depending on the cell type (Caudill et al., 2001). 

Given that the intracellular concentration of SAM has been estimated to be in the tens of 

micromolar range, METTL16 affinity for the cofactors is significantly below the 

physiological concentrations. This is also in stark contrast to similar methyltransferases such 

as METTL3, which bind SAM and SAH with sub-micromolar affinity (Wang et al., 2016b). 

METTL16’s low affinity for the two cofactors and its preference for the limiting cofactor 

could allow it to carefully tune SAM synthesis in response to both SAM and SAH levels, or 

the ratio between them. The SAM:SAH ratio is directly linked to the methylation potential of 

the cell, and used as a biomarker for certain diseases, making it very possible that METTL16 

could use these factors to maintain SAM and methylation homeostasis (Melnyk et al., 2000; 

Zhang et al., 2016).  

 

Given the extensive requirements for RNA target recognition by METTL16 (Doxtader et al., 

2018) it is likely that both substrate and product RNA are binding to the same site on the 

METTL16 protein. On the other hand, the large difference in SAM vs SAH binding affinities 
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poses the question of whether SAH is binding at a site other than the cofactor binding pocket, 

and thus acting as a product inhibitor through noncompetitive or uncompetitive inhibition 

mechanisms. Potentially, the adenosine moiety in SAH could be binding in place of the target 

RNA adenosine to be methylated. These hypotheses could be further tested with additional 

kinetic experiments to determine the Km and the Vmax of METTL16 with respect to both 

SAM and RNA. Analysis of which enzymatic parameter changes with addition of each 

product inhibitor would demonstrate the mechanism of inhibition for each inhibitor.   

 

Further investigation is also necessary to dissect why some activating mutants of METTL16 

prefer hp6 over hp1 and hp5 from the MAT2 mRNA 3’UTR. Though the affinities of each 

RNA hairpin substrate for METTL16 do not vary significantly (Doxtader et al., 2018), it is 

possible the methylated versions of each hairpin bind differently, changing the degree of 

product inhibition, and thus METTL16 activity. In addition, interplay between cofactor and 

RNA binding (cooperative binding or regulated order of addition of the substrates) should be 

considered when dissecting METTL16’s mechanism of action. All three components must 

come together for a methylation event to occur, so it is possible that the binding and release 

of each substrate and product could affect the other. The effect of cofactor binding on RNA 

binding could explain, in part, why METTL16 has different activities on the MAT2A 

hairpins, and why some activating mutations affect each hairpin differently. 

 

In summary, we determine that METTL16 has high affinity for both the cofactor and RNA 

products of the methylation reaction. This indicates that METTL16 methylation activity is 
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regulated at the product release step. Mutation of numerous residues on METTL16 near 

where each substrate binds increase METTL16 activity which is negated by the addition of 

SAM, and exacerbated by the addition of RNA. Both SAH and methylated RNA may act as 

product inhibitors through kinetic and thermodynamic mechanisms and the activating 

mutations relieve product inhibition of METTL16. Characterization of METTL16 activating 

mutants suggests general mechanisms by which METTL16 activity is regulated, and how the 

cell may use regulated METTL16 activity to maintain SAM homeostasis. 

 

3.4 EXPERIMENTAL PROCEDURES 

 Plasmids 

METTL16 constructs for expression in E. Coli were cloned as described previously 

(Doxtader et al., 2018). Newly identified mutants of METTL16 were subcloned using the 

following primers: E217A (Fwd GGCATCACAGCGATCATGGCAGAAGGAGG Rev: 

GCCATGATCGCTGTGATGCCTCCTGTATTAAC) R74A (Fwd: 

CCATTGGAGGCACTAATTCCCACAGTTC Rev: 

GAATTAGTGCCTCCAATGGAATATCAATAG) R204A (Fwd 

AATCCTCGAGCACCTCCGCCTAGTTCTG 

 Rev: CGGAGGTGCTCGAGGATTTCGTGAG) 

 

Protein purification 

Cultures were harvested and sonicated in lysis buffer (50 mM Bis-Tris (pH7.0), 1 M NaCl, 

10% glycerol, 1 mM dithiothreitol (DTT) and supplemented with protease inhibitors). 
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Hexahistidine-tagged METTL16 was further purified by affinity for Ni-NTA (Qiagen) and 

the tag was removed by digestion with Tobacco Etch Virus (TEV) protease. Target proteins 

were further purified by ion-exchange chromatography and followed by gel filtration 

chromatography. All recombinant METTL16 constructs were analyzed by SDS-PAGE, and 

UV spectroscopy. For structural biology, proteins were then combined with synthesized 

RNA constructs (Millipore-Sigma) and assembled complexes were further purified by gel-

filtration in the final complex buffer containing 20 mM Tris pH 7.8, 50 mM NaCl and 5mM 

DTT. 

 

Electrophoretic Mobility Shift Assays 

RNAs were radiolabeled with ATP[γ-32P] using T4 polynucleotide kinase, and incubated 

with METTL16 protein constructs in a buffer containing 50 mM Tris (pH 8.5), 66 mM NaCl, 

5 mM DTT, 50 µM ZnCl2, 50 ng/µL yeast tRNA and 10% glycerol. Protein-RNA complexes 

were resolved by 10% Tris-Glycine native PAGE and apparent affinities were determined by 

the concentration of protein at which half of the RNA signal had shifted to the complex 

species (Ryder et al., 2008).  

 

Isothermal Calorimetry 

METTL16 MTD (aa 1-310) constructs were buffer exchanged into ITC buffer containing 50 

mM HEPES 7.5, 50 mM NaCl, 10% glycerol and 1 mM TCEP. ITC experiments were done 

using a ITC-200 calorimeter (Microcal, LLC, Northampton, MA, USA) at 30°C with ~300 

µM MTD16 and 6-9 mM SAH in the syringe. After dissolving SAH powder (Millipore 
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Sigma) in ITC buffer the pH was adjusted to ~7.5 using NaOH as determined by pH paper. 

21 injections were performed at 1.9 µL each except for the first (0.5 µL) with 180s spacing 

and stirred at 375 rpm. Each titration was performed three times and the data were analyzed 

together. Thermograms were first integrated and baseline corrected using NITPIC (Keller et 

al., 2012; Scheuermann and Brautigam, 2015) and curve fitting, KD and 𝚫H calculations and 

confidence interval determinations were done in SEDPHAT assuming a single binding site 

(Zhao et al., 2015). Plots were made using GUSSI (Scheuermann and Brautigam, 2015). The 

68.3% confidence interval was used for error reporting.  

 

In vitro methylation assays 

End point in vitro methylation assays were performed as described previously (Doxtader et 

al., 2018). Time course experiments were carried out under the same conditions, in triplicate, 

at the concentrations indicated in the legends. Hot SAM concentration was held at 1 µM and 

supplemented with cold SAM (Sigma) to adjust SAM concentration where indicated.  
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SUMMARY 

N6-methyladenosine (m6A) is a prevalent, reversible chemical modification of functional 

RNAs, and is important for central events in biology. The core m6A writers are METTL3 

and METTL14, which both contain methyltransferase domains. How METTL3 and 

METTL14 cooperate to catalyze methylation of adenosines has remained elusive. We present 

crystal structures of the complex of METTL3/METTL14 methyltransferase domains in apo 

form as well as with bound S-adenosylmethionine (SAM) or S-adenosylhomocysteine (SAH) 

in the catalytic site. We determine that the heterodimeric complex of methyltransferase 

domains, combined with CCCH motifs constitute the minimally required regions for creating 

m6A modifications in vitro. We also show that METTL3 is the catalytically active subunit 

while METTL14 plays a structural role critical for substrate recognition. Our model provides 

a molecular explanation for why certain mutations of METTL3 and METTL14 lead to 

impaired function of the methyltransferase complex.  
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4.1 INTRODUCTION 

Specific, controlled methylation of nucleic acids is essential for proper gene regulation. One 

of the most prevalent modifications observed for mRNAs is N6-methyladenosine (m6A). 

Even though m6A was discovered decades ago, investigation of its role in gene expression 

lagged behind until it was proven to be reversible, through the discovery of specific m6A 

demethylases (Jia et al., 2011; Zheng et al., 2013). Recent studies have intensely investigated 

how m6A-modification of RNA contributes to central events in biology (Fu et al., 2014; Liu 

and Pan, 2016; Meyer and Jaffrey, 2014). Impaired function of m6A writers, readers, and 

erasers have been linked to problems in self-renewal of stem cells, circadian clock and 

developmental defects, obesity, synaptic signaling, and cancers (Ben-Haim et al., 2015; Chen 

et al., 2015; Fustin et al., 2013; Geula et al., 2015; Wang et al., 2014b; Zheng et al., 2013).   

 

The molecular role of m6A is still being uncovered. For most mRNAs, m6A modification is 

most frequently observed in long exons, near stop codons, and in 3’ UTRs (Dominissini et 

al., 2012; Meyer et al., 2012). Addition of m6A can alter mRNA stability, induce RNA 

conformational changes, modulate protein-RNA interactions, and even modify microRNA 

processing (Alarcon et al., 2015b; Liu et al., 2015; Wang et al., 2014a; Wang et al., 2015; 

Zhou et al., 2016). Several studies investigating the sequence specificity of m6A 

modification discovered RRACH (R represents A or G, and H represents A, C or U) as the 

consensus sequence, with the central A as the methyl acceptor (Csepany et al., 1990; 

Dominissini et al., 2012; Harper et al., 1990; Meyer et al., 2012; Rottman et al., 1994; 
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Schibler et al., 1977). The methyltransferase activity has not been shown to be sensitive to 

any RNA structural context in vitro (Liu et al., 2014).  

 

METTL3 was identified as a catalytic component of the methyltransferase complex 

responsible for creating m6A modifications due to its ability to crosslink with S-

adenosylmethionine (SAM) (Bokar et al., 1997). METTL3 also forms stable complexes with 

METTL14, which contains its own methyltransferase domain with a variant catalytic motif 

(Bujnicki et al., 2002; Liu et al., 2014; Wang et al., 2014a). Although isolated METTL14 

purified from insect cells was reported to have weak methyltransferase activity (Liu et al., 

2014), phylogenetic studies of the active site motif suggest that it might have lost catalytic 

activity (Iyer et al., 2016).  For normal m6A modification to occur in cells, METTL3 and 

METTL14 also need to associate with additional factors, such as Wilm’s tumor 1-associated 

protein (WTAP), that may aid with proper localization (Ping et al., 2014; Schwartz et al., 

2014). In vitro studies showed that METTL3 and METTL14 help each other’s protein 

stability, and that they synergize to produce m6A marks on cognate RNA oligonucleotides 

(Liu et al., 2014; Wang et al., 2014a). However, the molecular basis for the cooperation 

between METTL3 and METTL14 is unknown.  

 

Here we present crystal structures of the complex of METTL3 and METTL14 

methyltransferase catalytic domains. We reveal a high-resolution view of the catalytic site of 

METTL3 in apo form as well as when occupied by SAM or S-adenosylhomocysteine (SAH). 

The METTL14 catalytic site is relatively occluded and shows no sign of binding the 
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necessary cofactor, SAM. In vitro methylation assays with full-length polypeptides 

containing point mutations in the catalytic motifs of METTL3 and METTL14 show that 

METTL3 is the only catalytically active subunit. While the METTL14 active site is not 

required, it has a critical role to structurally support METTL3, and to interact with substrate 

RNA. We reveal an extensive set of favorable interactions between METTL3 and METTL14, 

which is important to stabilize the structure of both domains as well as interdomain 

coordination. We determine that the crystallized methyltransferase domain heterodimer and 

the two Cys-Cys-Cys-His (CCCH)-type zinc binding motifs of METTL3 are necessary and 

sufficient for full in vitro methylation activity. Finally, we identify and provide a molecular 

explanation for point mutations of METTL3 and METTL14 that impair m6A writing, some 

of which were previously linked to cancer.  

 

4.2 RESULTS 

4.2.1 Structure of METTL3/METTL14 methyltransferase domain complex 

To investigate the mechanism of how human METTL3 and METTL14 cooperate to 

methylate RNA, we sought to obtain a three-dimensional structure of the complex. Previous 

reports state that METTL3 and METTL14 must be expressed in insect cells for proper 

folding (Liu et al., 2014; Liu et al., 2015). However, when the two proteins were co-

expressed in E. coli, we were able to obtain reasonable quantities of homogeneously purified 

full-length complexes (Figures 4.1A and 4.1B). We attempted to crystallize the full-length 

complex but could not obtain suitable crystals after screening a wide range of conditions. 

METTL3 and METTL14 both contain a predicted methyltransferase catalytic domain 
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(Figure 4.1C). Through limited proteolysis we determined that the methyltransferase 

domains of METTL3 (MTD3, residues 357-580) and METTL14 (MTD14, residues 111-456) 

are necessary and sufficient to form stable complexes that can co-elute from a gel-filtration 

column (Figure 4.1D). In solution, full-length METTL3 and METTL14 polypeptides form a 

1:1 complex, as apparent from the molecular weight measured using multi-angle static light 

scattering (Figure 4.1E). The truncated complex containing MTD3 and MTD14 also 

maintains the same stoichiometry as the full-length polypeptides (Figure 4.1F).  

 

When the proteolytically labile portions were removed, the MTD3/MTD14 complex could 

produce well-ordered crystals that diffracted to 1.65 Å resolution (Table 2). Due to low 

sequence similarity with known structures of MTDs, molecular replacement failed to solve 

the phase problem. Thus, we determined the structure of the MTD3/MTD14 complex using 

single anomalous dispersion using selenomethionine-labeled complexes. The overall 

structure of the complex shows that MTD3 and MTD14 engage in extensive contact with 

each other to form a stable heterodimer (Figure 4.2A). The two MTDs share ~25% sequence 

identity, and superimpose well with core RMSD of ~0.9 Å for 118 Cα atoms (Figure 4.2B). 

MTD14 has extra terminal extensions (shown in yellow), including an unusual N-terminal 

extension of about 50aa, which forms a long helix to traverse across one face of MTD14 and 

makes intimate contact with MTD3 via loops and shorter helical segments (Figure 4.2A, 

yellow). The C-terminal helix of MTD14 also lies antiparallel to the N-terminal extension 

helix to support its position. Therefore, a large interdomain binding interface, combined with 
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additional favorable contacts through the terminal extensions, secures the relative positions 

of the two domains for coordinated function.  
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Table 2: Structure Statistics for MTD3/MTD14 

Ligand Se-Met Apo SAM SAH 

Data collection 

Wavelength (Å) 0.97924 0.97934 0.97934 0.97934 

Resolution range (Å)  50 -1.90 
(1.93 - 1.90)a 

50 -1.65 
(1.68-1.65) 

50 - 1.70 
(1.73 - 1.70) 

50 - 1.65 
(1.68 - 1.65) 

Space group P 41212 P 41212 P 41212 P 41212 

Unit cell (Å, °) 101.3, 101.3, 
117.9 
90, 90, 90 

101.9, 101.9, 
117.7 
90, 90, 90 

101.7, 101.7, 
117.5 
90, 90, 90 

101.9, 101.9, 
118.0 
90, 90, 90 

Total reflections 986215 1561173 1157172 1217153 

Unique reflections 48686 74698 68473 75134 

Multiplicity 20.3 (19.5) 20.9(20.6) 16.9 (16.6) 16.2 (16.4) 

Completeness (%) 100 (100) 100.0 (100.0) 100.0 (100.0) 100.0 (99.9) 

Mean I/sigma (I) 28.0 (4.1) 47.3 (3.75) 38.9 (3.4) 32.8 (3.3) 

Rmerge 0.104 (0.889) 0.063 (0.943) 0.073 (0.839) 0.078 (0.767) 

Structure refinement 

R-factor/ R-freeb  0.1602/0.1831 0.1634/0.1873 0.1598/0.1794 

RMS (bonds)  0.009 0.007 0.006 

RMS (angles)  1.055 0.952 0.924 

No. of atoms  4486 4584 4587 

Macromolecules atoms  3998 4027 4007 

Ligands atoms  0 27 26 

Waters  488 530 554 

Average B-factor  25.9 22.6 22.8 

Macromolecules B-factor  25.1 21.3 21.4 

Ligand B-factor  0 20.2 23.6 

Waters B-factor  32.8 32.6 33.1 

Ramachandran plot statistics 

Most favored regions (%)  89.2 90.0 88.6 

Allowed regions (%)  10.5 10.0 11.2 

Generously allowed 
regions (%) 

 0.2 0 0.2 

Disallowed regions (%)  0 0 0 
 a The values for the data in the highest resolution shell are shown in parentheses. 
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b Rfree = ∑Test||Fobs| –|Fcalc||/∑Test |Fobs|, where “Test” is a test set of about 5% of the total reflections 

randomly chosen and set aside prior to refinement for the structure.   

 

4.2.2 METTL3 catalytic site is critical for methyltransferase activity 

METTL3 and METTL14 are known to cooperate to produce specific m6A marks on RNA, 

but the particular role of each component has remained elusive. Sequence analysis suggests 

that METTL3 catalytic site contains a more conserved DPPW motif, while METTL14 has a 

more divergent EPPL sequence, which is not well conserved even within the METTL14 

family (Figure 4.3A) (Bujnicki et al., 2002; Iyer et al., 2016). When we compare the 

catalytic sites of MTD3 and MTD14 after structural superimposition, MTD3 has the more 

open cavity. MTD14 has an inserted helical segment after its catalytic motif, EPPL (Figures 

4.3A), which occludes the space that is hollow in MTD3 (Figure 4.3B). Furthermore, the 

proposed active site cavity in MTD3 is highly conserved, but such conservation is not 

observed in MTD14 (Figure 4.3C).  

 

From our structural model we hypothesized that METTL3 may be the only active 

methyltransferase in the heterodimeric complex. We tested the ability of each polypeptide to 

catalyze methylation of RNA in vitro, using a synthetic RNA oligonucleotide containing the 

consensus sequence GGACU, previously established to be a target for m6A modification 

(Liu et al., 2014). METTL3 and METTL14 proteins are more stable as a complex. We thus 

generated point mutations of the catalytic motif in full-length METTL3-METTL14 

complexes, and measured their ability to transfer methyl groups from SAM to RNA. While 
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changing the DPPW catalytic motif to APPW (D395A) in METTL3 abrogates the ability of 

its complex with wild type METTL14 to methylate the RNA probe, changing EPPL to APPL 

in METTL14 (E192A) has little effect if wild type METTL3 is present (Figure 4.3D). A 

single transition mutation in the consensus sequence for m6A modification, GGACU to 

GGAUU, is sufficient to significantly reduce methylation levels, in agreement with known 

RNA specificity for m6A writers. Thus, our in vitro methylation assay is likely to only detect 

specific methylation events of m6A targets by METTL3/METTL14 complexes.  

 

The stark difference in how catalytic mutations of METTL3 and METTL14 affect in vitro 

methylation is not expected from previous results that showed that METTL14 by itself can 

have slightly more activity than METTL3 (Liu et al., 2014). Because it is possible that post-

translational modifications can impact methyltransferase activity of METTL14, we also 

tested similar constructs purified from mammalian (HEK293) cells. We consistently observe 

that mutating the catalytic motif of METTL3 obliterates methylation activity, while mutant 

METTL14 retains full activity (Figures 4.3E and 4.3F). Post-translational modifications do 

not seem to change in vitro methylation activity of METTL3/METTL14 complexes 

significantly, because we observe similar levels of methylated RNA with wild type 

complexes purified from E. coli, insect cells, and mammalian cells (Figures 4.4A and 4.4B). 

When we purify wild type METTL3 and METTL14 polypeptides individually from insect 

cells, we can reproduce the previously reported activity for METTL14 (Figure 4.4C). 

However, the activity of singly overexpressed METTL14 is higher than METTL3, only 

because more endogenous METTL3 co-purifies with METTL14 (Figures 4.4D and 4.4E).  
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4.2.3 Structure of MTD3/MTD14 with bound SAM and SAH 

Unlike some other bacterially expressed MTDs, our MTD3/MTD14 complex does not co-

purify with any cofactor. In order to investigate the non-overlapping roles of METTL3 and 

METTL14, we determined structures of the MTD3/MTD14 in complex with a cofactor 

substrate (SAM) and its product (SAH) by soaking crystals in the appropriate solutions, to 

1.70 Å and 1.65 Å resolution, respectively. For both ligand bound structures, clear electron 

density is visible in the conserved cavity near the catalytic motif in METTL3 (Figures 4.5A 

and 4.5B), but no such density is visible for METTL14. When the catalytic site of MTD14 is 

superimposed on MTD3 with bound SAM, there are obvious clashes between modeled SAM 

and the MTD14 pocket (Figures 4.5C and 4.5D). As predicted from the more occluded 

pocket in the apo structure and mutagenesis data, these structures are consistent with 

METTL3 being the catalytic subunit, not METTL14.  

 

SAM is stabilized in the binding pocket by numerous favorable interactions. The adenine 

ring is sandwiched between Phe 534 and Asn 549, while many polar contacts help to hold the 

hydroxyl groups on the ribose as well as the amino and carboxyl groups of SAM (Figure 

4.5E). The conserved Asp of the DPPW motif, the proposed catalytic residue to activate the 

N6 of the modified adenine base, is poised close (3.8 Å) to the methyl group that needs to be 

transferred. SAM binding site is on one side of a large cavity that is highly conserved at the 

primary sequence level throughout evolution (Figure 4.5F). The rest of the conserved cavity 

is likely for recognizing the RNA substrates. Similar to other MTDs, binding SAM or SAH 

does not induce a large conformational change of the domain, and most of the interactions 



 

 

 

92  

are retained after the methyl transfer (Figure 4.5G) (Guja et al., 2013; Thomas et al., 2003; 

Yang et al., 2010). Nevertheless, when the apo structure is compared with the SAM or SAH 

bound states, we observe the largest movement in the loops that “fence” the perimeter of the 

cavity, especially near the carboxyl group of the bound cofactor (Figure 4.6).  
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4.2.4 METTL14 stabilizes METTL3 conformation to increase catalytic activity 

The buried surface area between MTD3 and MTD14 is large (2460 Å2) with low temperature 

factors suggesting a highly stable interface (Figure 4.7A). Such extensive interaction 

between MTD3 and MTD14 helps explain why both domains help each other for proper 

folding and stability. Residues involved in intermolecular contact are spread throughout the 

surface, and the interacting surfaces tend to be more conserved throughout evolution 

(Figures 4.7B-E). Many favorable interactions of various kinds between MTD3 and MTD14 

are visualized by our atomic model, including a large hydrophobic patch lined with polar 

contacts (Figure 4.7F). When a dramatic mutation in this patch, such as F429A of METTL3, 

is introduced, the yield of the soluble complex decreases significantly (Figures 4.7G and 

4.7H).  
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Even though METTL3 is the catalytically active subunit, its activity is negligible without 

forming stoichiometric complexes with METTL14, regardless of whether it is expressed in 

bacteria, insect cells, or mammalian cells (Figures 4.8A, 4.8B, 4.8C). Thus, physically 

partnering with METTL14 is necessary for METTL3 to manifest its methyltransferase 

activity. In fact, the crystallized construct of METTL14 (MTD14) is sufficient to rescue 

METTL3’s activity completely (Figure 4.8B). Thus, the MTD3/MTD14 interface revealed 

by our crystal structures includes the features of METTL14 necessary for potentiating 

METTL3’s catalytic activity in vitro. We asked how MTD14 might activate METTL3 by 

testing intermolecular contacts. In METTL3, the catalytic cavity is fenced in by three major 

loops: the two loops near the perimeter of the SAM binding site (Figure 4.6), and a third, 

larger loop which makes extensive contact with METTL14 (Figure 4.7F). We mutated 

evolutionarily conserved key interacting residues in full-length constructs of METTL3 

(W475A and N477A) and METTL14 (D312A) to disrupt the intermolecular interactions near 

this third loop. Although the overall protein solubility does not change noticeably (Figure 

4.1B), the mutant complexes have drastically lower methylation activity compared to the 

wild type complexes (Figures 4.8B, 4.8D, 4.8E). Therefore, METTL14 seems to have a 

structural role that is critical to support METTL3’s catalytic function.  
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4.2.5 RNA substrate interactions 

MTD3/MTD14 complexes by themselves cannot catalyze m6A modification in vitro (Figure 

4.9A). In METTL3, there are two CCCH motifs adjacent to MTD3 in METTL3 (Figure 

4.9C). Since zinc-binding motifs such as CCCHs are known for their abilities to bind nucleic 

acids (Brown, 2005; Hall, 2005; Lunde et al., 2007), we postulated that they are required for 

RNA methylatransferase activity. Indeed, when CCCH motifs are attached to the 

crystallization construct, the complex can be as active as the full-length complexes (Figures 

4.9A). Consistently, when either of the CCCH motifs is disrupted with point mutations 

(C294A and C326A), full-length complexes lose the ability to catalyze m6A modification in 

vitro (Figure 4.9A). The CCCH motifs are also required for complexes expressed in 

mammalian cells to exhibit methyltransferase activity (Figures 4.9B). As a result, we have 

identified the minimal complex required to reconstitute m6A modification: our crystallized 

heterodimer of methyltransferase domains (MTD3 and MTD14) and two CCCH motifs of 

METTL3.  

 

Despite low sequence identity (~10%), DNA methyltransferase structures can be 

superimposed onto our structure of MTD3. The previously determined structure of DNMT1 

in complex with substrate DNA was used to provide insight into where RNA may bind in our 

MTD3/MTD14 model (Figure 4.9C) (Song et al., 2012). In the METTL3 active site, an 

evolutionarily conserved tyrosine residue (Y406) sits on one of the fence loops near the 

cavity opening, only about 6 Å away from the methyl group that needs to be transferred to 

the adenine base (Figure 4.9C). The phenol ring also has potential to stack against the rings 
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of RNA bases. In an independent study, the Y406C mutation of METTL3 was identified in 

large intestine cancer patients (Colon Adenocarcinoma - TCGA, US (reanalyzed by Cancer 

Genome Project, Sanger Institute); Study ID: COSU376) (Forbes et al., 2014). Thus, we 

tested how the Y406C mutation affects methyltransferase activity. When full-length 

METTL3 with the Y406C mutation is in complex with wild type METTL14, we can obtain 

stable protein complexes but cannot observe any significant level of methylation in vitro 

(Figures 4.9D and 4.9E). Loss of the tyrosine ring may prevent METTL3 from interacting 

properly with the RNA substrate near the adenine to be methylated, and catalyzing the 

methyl transfer.  

 

In our structures, a highly basic patch is found on MTD14, near the MTD3/MTD14 junction 

close to the catalytic cavity (Figure 4.9F). One of these basic residues is the highly 

conserved arginine 298 of METTL14, which is frequently mutated to proline in endometrial 

cancer (Uterine Corpus Endometrioid Carcinoma (TCGA, US) import from ICGC; Study ID: 

COSU419)(Bell, 2014; Forbes et al., 2014). Wild type METTL3 in complex with full-length 

METTL14 with the R298P mutation has significantly decreased methylation activity 

(Figures 4.9D and 4.9E). In addition, these complexes can no longer distinguish the cognate 

RNA target from the mutant RNA substrate. R298 also lies close to the third “fence” loop 

discussed above, and may have a complex role to affect both rate and RNA specificity. Thus, 

METTL14 seems to play a role in substrate recognition as well as structurally supporting the 

catalytic cavity in METTL3.  
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4.3 DISCUSSION 

Division of labor between METTL3 and METTL14 

Our structural and biochemical data allow us to present a model for how METTL3 and 

METTL14 collaborate to function (Figure 4.10). The complex structure shows extensive 

interactions between the two methyltransferase domains which keep their conformations 

coupled. In addition to a large surface-to-surface interaction with various hydrophobic and 

polar contacts, unusual terminal extensions allow MTD14 to maintain tight interactions with 

MTD3 and maintain rigid inter-domain orientation. Near the intermolecular binding 

interface, there is a large cavity where we expect the RNA substrate to bind close to the 

observed SAM binding site. This active site is fenced in by loops (purple) unique to MTD3. 

One of the loops depends directly on MTD14 for conformation, which in turn may affect the 

other two loops and thereby affect catalytic activity or substrate recognition. Thus, although 

MTD3 and MTD14 have similar overall domain folds, METTL3 and METTL14 have two 

distinct roles in producing m6A marks on RNA. 

 

METTL3 is the catalytic center. Disruption of the METTL3 catalytic residue with a point 

mutation (D395A) abrogates any detectable methylation activity of the full-length, otherwise 

wild type METTL3/METTL14 complex, while an analogous mutation of METTL14 catalytic 

site has a negligible effect. Moreover, the METTL3 catalytic domain is the only one with a 

cavity that can accommodate the necessary methyl donor, SAM, as visualized in our 

structures. Thus, the catalytic site of METTL3 is most likely to contain the sole active center 

for writing the m6A modification in the METTL3/METTL14 complex. In addition to being 
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catalytically active, METTL3 also contains CCCH-type zinc binding motifs that are critical 

for in vitro methylation of RNA, probably needed for interacting with RNA substrates. In 

fact, when the CCCH motifs are added to our crystallized complex, full enzymatic activity 

can be reconstituted. Therefore, METTL3 plays a major role in substrate recognition and 

catalysis. However, isolated METTL3 without METTL14 is not active.  

 

METTL14 is structurally required to activate METTL3. METTL14 makes intimate contact 

with METTL3 to support a distinct conformation near the active site, which is critical for 

METTL3 to carry out catalysis. To determine why METTL14 is necessary for METTL3 

activity, we tested many structure-guided single point mutations for their effect on 

heterodimerization and enzymatic function. We found that certain intermolecular contacts are 

critical for methyltransferase activity while not contributing to protein stability. We report 

three mutations near the third “fence” loop around the catalytic cavity that have a debilitating 

effect on the methyltransferase activity. Major changes in the conformation of the third loop 

may affect the accessibility of the active site to substrates. Furthermore, the three “fence” 

loops are interconnected and likely affect each other’s conformation. Therefore, the shape of 

the entire cavity and the ability to bind SAM and the RNA substrate may be affected by the 

METTL3/METTL14 junction we observe in the structure. In addition, METTL14 is also 

likely to contact RNA substrate directly through the basic patch that we identified in our 

structures. Not only is the patch highly basic and proximal to the active site opening, but also 

a mutation (R298P) in this region changes the sequence specificity for the RNA substrate. 
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Therefore, even though METTL14 does not carry out the catalysis itself, it has an allosteric 

role to support METTL3 active site and a critical role in substrate RNA recognition.  

 

Both METTL3 and METTL14 are necessary for specific and efficient methyltransferase 

activity. Previous reports suggested that individually purified recombinant METTL3 and 

METTL14 polypeptides both have some catalytic activity, and that recombinant METTL14 

has higher methylation activity than METTL3 in vitro (Liu et al., 2014; Wang et al., 2014a). 

It is likely that some endogenous METTL homologs co-purify with the recombinant proteins. 

METTL14 is prone to aggregation in the absence of METTL3, regardless of the expression 

system. During purification, overexpressed METTL14 in complex with endogenous 

METTL3 is enriched in the soluble fraction, rendering the final purified sample more active 

overall. On the other hand, eukaryotic expression of METTL3 yields soluble and stable 

polypeptide even in the absence of METTL14. Since METTL3 can stay soluble even when it 

is in excess, no such enrichment of the complex with endogenous METTL14 is observed. 

Consequently, most of purified METTL3 after overexpression is free of METTL14 and 

overall less active. When catalytic mutations are introduced to one subunit at a time, protein 

stability does not vary much and the functional differences are easier to compare. Using point 

mutations of the catalytic sites, we conclude that METTL3, and not METTL14, is the active 

subunit. Although unlikely, additional factors or unusual modifications may restore the 

methyltransferase activity to METTL14. And since the catalytic site of METTL14 is more 

divergent in different species (Figure 4.3A), other METTL14 homologs might have retained 

the catalytic activity. 
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The ability of METTL14 to activate METTL3 is reminiscent of certain DNA 

methyltransferases, such as Dnmt3. The Dnmt3 family of methyltransferases is responsible 

for establishing initial CpG methylation de novo, which is important for regulation of 

transcription of most genes. Dnmt3L is an inactive methyltransferase that binds Dnmt3a or 

Dnmt3b to enhance their methylation activity. Structure of Dnmt3L in complex with Dnmt3a 

suggests that Dnmt3L may also stabilize the active site loop conformation (Jia et al., 2007). 

Therefore, broadly, Dnmt3L and METTL14 are similar in that they both contain inactive 

MTDs with structural roles to activate a catalytic partner MTD. However, the orientation of 

MTD14 relative to MTD3 is drastically different from that of Dnmt3L to Dnmt3a. And while 

Dnmt3s form heterotetramers, we only observe heterodimers of METTL3 and METTL14.  
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CONCLUSION 

Our structural and biochemical investigation of the METTL3/METTL14 complex shows that 

METTL3 is a catalytically active methyltransferase while METTL14 provides structural 

support to METTL3 near the active site to enable catalysis. Using high-resolution three-

dimensional information from crystal structures, we identify specific contacts that are 

important for maintaining the intact METTL3/METTL14 complex, as well as the residues 

that are critical for efficient production of m6A modification in RNA substrates. We also 

identify the minimal m6A writing complex as the MTD3/MTD14 complex with the CCCH 

motifs of METTL3. Our progress in understanding the molecular mechanism of adenosine 

methylation of RNAs allows us to provide an explanation for why certain mutations of 

METTL3 and METTL14 are debilitating for creating m6A modifications.   

 

4.4 EXPERIMENTAL PROCEDURES 

Overexpression of target proteins 

For proteins expressed in E coli, specified constructs of human METTL3 and METTL14 were 

subcloned into pETDuet vector and transformed into Rosetta (DE3) pLysS cells (Novagen). 

Target proteins were expressed in cultures grown in autoinduction media at 20°C overnight 

(Studier, 2005). For proteins expressed in insect cells, constructs were subcloned into the 

pFastBacDual vector and the Bac-to-bac (Thermo) system was used to produce baculoviruses 

to infect Hi5 cells. For proteins expressed in HEK293 cells, constructs were subcloned into 

the pcDNA3 vector. Transient transfections were performed using Lipofectamine 2000 

according to manufacturer’s protocol and cells were harvested 48 hours post-transfection.  
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Protein purification for crystallization 

All cultures were harvested and sonicated in lysis buffer (50 mM Bis-Tris (pH7.0), 1 M 

NaCl, 1 mM DTT and supplemented with protease inhibitors). The supernatant was loaded 

onto a Ni-NTA affinity column (Qiagen) and the beads were washed with wash buffer  (50 

mM Bis-Tris (pH7.0), 1 M NaCl, 1 mM DTT and 20mM Imidazole (pH 7.0)) and eluted with 

elution buffer (20 mM Bis-Tris (pH 7.0), 1 M NaCl, 1 mM DTT and 250 mM Imidazole (pH 

7.0)). The eluate was digested with TEV protease at 4°C overnight to remove the N terminal 

6x-His affinity tag. Target proteins were further purified by ion-exchange chromatography 

and finally by gel filtration chromatography. The peak fractions were collected and 

concentrated to about 15 mg/mL for crystallization screening. 

 

Crystallization and structure determination/refinement 

The crystals of the apo MTD3/MTD14 complexes were obtained using the hanging-drop, 

vapor-diffusion method by mixing 1 uL protein (15 mg/mL) with 1 uL reservoir solution 

containing 0.1M Tris (pH8.0) and 20% PEG 3350 and incubating at 18°C. The complex 

crystals with SAM and SAH were generated by soaking the apo crystals with 2 mM 

compound for 3 hours at 18°C.  Se-SAD and native datasets were collected at APS-19-ID at 

wavelengths of 0.97924 Å and 0.97934 Å, respectively. Data was indexed, integrated and 

scaled by the program HKL3000 (Minor et al., 2006). Phases were determined by single-

wavelength anomalous dispersion (SAD) using Phenix.Autosol, and density modification and 

automatic modeling were performed by Phenix.Autobuild (Adams et al., 2010). The model 
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was further built manually with COOT (Emsley and Cowtan, 2004) and iteratively refined 

using Phenix.refine. The PROCHECK program was used to check the quality of the final 

model, which shows good stereochemistry according to the Ramachandran plot (Laskowski 

et al., 1993). All structure figures were generated by using the PyMOL Molecular Graphics 

System, Schrödinger, LLC. Ligplot was used to identify residues involved in interdomain 

interaction (Figure 4A) (Wallace et al., 1995). Software used in this project was curated by 

SBGrid (Morin et al., 2013).  

 

In vitro methylation assay 

The in vitro methylation assay was carried out in triplicates with a 15 uL reaction mixture 

containing: 200 nM RNA oligonucleotides (“GGACU”= 5’-

UACACUCGAUCUGGACUAAA GCUGCUC; “GGAUU” = 5’-

UACACUCGAUCUGGAUUAAAGCUGCUC), 20 mM Tris (pH 7.5), 0.01% Triton-X, 1 

mM DTT, 50 uM ZnCl2, 0.2 U/uL RNasin, 1% glycerol and 460 nM [3H]-SAM (Li et al., 

2016). All recombinant METTL3/METTL14 complexes purified from E. coli were analyzed 

by SDS-PAGE (Figure 4.1B), quantified by UV absorbance at 280nm, and used at 50nM in 

the final reaction. All other protein complexes were purified by Ni2+ affinity chromatography 

and normalized by comparing Stain-FreeTM intensities (Biorad) after SDS-PAGE. Western 

blots were also performed using anti-METTL3 (Thermo-#PIPA541599) and anti-METTL14 

(Thermo-#PA5-43606) antibodies. Each in vitro methylation reaction was incubated at room 

temperature for 1 hour. Half of the reaction mixture was blotted on Biodyne B nylon 

membranes and cross-linked with UV (254 nm). The membranes were washed with reaction 
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buffer, deionized water, and 95% ethanol, in that order, and then subjected to liquid-

scintillation counting using the TriCarb 2010 TR Scintillation Counter (Perkin Elmer). 

Levels of RNA with incorporated 3H-methyl group are shown as disintegrations per minute 

(DPM). All in vitro methylation data are shown as mean +/- SD from three replicates. 
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CHAPTER FIVE 

Conclusion and Future Directions 

RNAs are important molecules that help our cells function, and proper regulation of their 

abundance and function is essential for life. Chemical modifications of RNA, the most 

abundant of which is methylation of adenosines at N6, or m6A, is a highly utilized 

mechanism by which the cell controls RNA metabolism. Multiple mechanisms exist to 

control the deposition, removal and detection of the m6A modification, many of which are 

altered in disease.   

 

5.1 METTL16 enzymology allows for complex regulation of SAM homeostasis 

The m6A writers, as well as most methyltransferases in the cell, utilize SAM as the methyl 

donor to modify RNA. METTL16 is a specialized m6A writer that targets the MAT2A 

mRNA, which encodes for the major SAM synthetase in our cells. The levels of MAT2A 

negatively correlate with SAM levels through the action of METTL16 mediated m6A 

modification.  Thus, understanding how METTL16 activity is regulated on the MAT2A 

mRNA, is important for understanding how SAM homeostasis is regulated.  

 

METTL16 binds the MAT2A hairpins with 1:1 stoichiometry and forms a complex network 

of interactions with the RNA substrate. The consensus sequence GUXXUACAGARAA is 

recognized by the protein and contributes to the formation of the proper RNA structure, 

which is essential for methylation. Despite requiring a specific sequence and a unique RNA 

shape, METTL16 also has enough flexibility to accommodate the six different MAT2A 
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hairpins. The RNA loop/transition size determines the activity METTL16 will have on a 

given substrate. Specifically, interactions in the RNA transition region are important for 

tuning METTL16 activity. Understanding METTL16’s RNA substrate requirements and 

preferences is important to understanding the mechanisms behind how MAT2A levels are 

modulated in response to intracellular SAM concentration. For example, if under certain 

cellular conditions METTL16 activity is tuned such that hp6 is preferentially methylated, this 

will lead to accelerated degradation of the MAT2A transcript. This could affect the 

spatial/temporal response to SAM levels and SAM homeostasis as a whole.  

 

METTL16 activity can also be tuned through the cofactor binding site both positively and 

negatively. Cofactor binding is stabilized through various residues but METTL16 also 

appears to adopt an auto-inhibited conformation, where residue K163 can plug the cofactor 

binding pocket. Mutation of K163 increases METTL16 methylation activity in vitro, and 

increases SAM sensitivity in cell based experiments, showing that regulated METTL16 

activity through the cofactor binding pocket is relevant to maintaining SAM homeostasis.  

 

METTL16 maintenance of SAM homeostasis depends on METTL16 binding to the MAT2A 

mRNA hairpins which leads to splicing of the retained intron in MAT2A, and catalysis of the 

m6A modification on the hairpins, which leads to degradation of the transcript. Our work 

shows that substrate affinity is not linked, and it some cases anti-correlated, with the 

methylation activity of METTL16. This is in contrast to other nucleic acid binding proteins, 

such as transcription factors, where the binding is directly correlated to the biological 
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outcome. However, this feature of METTL16 enzymology is also not unique to the 

methyltransferase; other RNA binding proteins such as RNA helicases have independent 

catalytic and RNA binding functions  (Ngo et al., 2019). The fact that METTL16 functions 

through its RNA binding capacity as well as its methyltransferase activity, and the fact that 

these two parameters operate somewhat independently of each other, allow for highly 

dynamic regulation of METTL16 and SAM homeostasis. 

 

The finding that METTL16 methylation of RNA hairpins is not linked to its ability to bind 

the substrate RNA prompted us to investigate what other steps in the methylation reaction 

could be responsible for differential METTL16 activity. Biochemical characterization of the 

activating mutations of METTL16 from the RNA transition region and the cofactor binding 

site suggest a general mechanism for modulating METTL16 activity. WT and mutant 

METTL16 bind both cofactor and RNA products (SAH and methylated RNA) with high 

affinity relative to how the protein binds each substrate. This led us to ask if METTL16 could 

be regulated by product inhibition. SAH can inhibit METTL16 activity in vitro, and the 

activating mutant METTL16 R74A which reduces SAH affinity, is less affected by SAH in 

these inhibition experiments. Analysis of METTL16 activity over time suggested that 

product inhibition was relieved by the mutations through different mechanisms. In the case of 

SAH product inhibition, the addition of SAM increased WT activity relative to the mutants 

because SAM was able to outcompete the concentration of SAH. On the other hand with 

increasing RNA substrate concentration, the methylated RNA product concentration quickly 

increased beyond the KD for METTL16, so the addition of RNA actually inhibited the WT as 
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compared to the mutants. Follow up experiments testing METTL16 activity in response to 

different doses of each inhibitor will help in determining the mechanisms behind METTL16 

function on the MAT2A mRNA hairpins. 

 

5.2 METTL3/METTL14 have flexible RNA recognition requirements 

The structural and biochemical studies of METTL16 m6A writing activity has also helped us 

understand how other m6A writers recognize their targets. METTL3, unlike METTL16 

requires structural support from a protein binding partner, METTL14, to catalyze m6A 

modification of RNA. The necessity of a second expressed protein contributes to the 

regulation of m6A modification by the heterodimer. METTL14 also contributes to RNA 

target selection through a positively charged region near the catalytic cavity formed with 

METTL3, given that mutations in this region affect the specific activity of the complex. 

Alignment of the METTL3/14 complex with the METTL16-RNA structure suggest that the 

fence loops of METTL3 may also contribute to RNA recognition, similar to how the large 

extended loop of METTL16 (aa188-222) makes extensive contacts with the substrate RNA. 

However, METTL14 would clash with the RNA substrate if it adopted a similar structure as 

the MAT2A hairpins, suggesting that substrates for METTL3/14 form a different shape. 

METTL3/14 recognize a shorter consensus sequence than METTL16, and also rely on other 

factors (WTAP, VIRMA, RBM15, HAKAI) in the context of the cell to be properly localized 

to their target RNAs. While the substrate and chemistry is the same for METTL3 and 

METTL16, the specificity and regulation of the two m6A writers varies significantly. 
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In conclusion, this thesis work describes the structure and regulated function of m6A writing 

by METTL16, which is important for understanding the maintenance of SAM homeostasis. 

Additionally, I contributed to the structural studies of understanding how METTL3 and 

METTL14 cooperate catalyze m6A modification of RNA. Understanding how the activity of 

these m6A writers is regulated is essential in understanding how the m6A modification is 

deposited on RNA, which has major implications for the target RNA’s metabolism and 

function.  
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