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ABSTRACT: Methyltransferase-like protein 16 (METTL16) is
one of four catalytically active, S-adenosylmethionine (SAM)-
dependent m°A RNA methyltransferases in humans. Well-known
methylation targets of METTL16 are U6 small nuclear RNA (U6
snRNA) and the MAT2A mRNA hairpins; however, METTL16
binds to other RNAs, including the 3’ triple helix of the metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1). Herein,
we investigated the kinetic mechanism and biochemical properties
of METTL16. METTLI16 is a monomer in complex with either the
MALATT triple helix or U6 snRNA and binds to these RNAs with
respective dissociation constants of 31 nM and 18 nM, whereas
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binding to the methylated U6 snRNA product is 1.1 yuM. The MALAT]1 triple helix, on the other hand, is not methylated by
METTL16 under in vitro conditions. Using the U6 snRNA to study methylation steps, preincubation and isotope partitioning assays
indicated an ordered-sequential mechanism, whereby METTL16 binds U6 snRNA before SAM. The apparent dissociation constant
for the METTL16-U6 snRNA-SAM ternary complex is 126 uM. Steady-state kinetic assays established a k., of 0.07 min~', and
single-turnover assays established a ke, of 0.56 min~". Furthermore, the methyltransferase domain of METTL16 methylated U6
snRNA with an apparent dissociation constant of 736 M and a k., of 0.42 min~", suggesting that the missing vertebrate conserved
regions weaken the ternary complex but do not induce any rate-limiting conformational rearrangements of the U6 snRNA. This
study helps us to better understand the catalytic activity of METTLI16 in the context of its biological functions.

B INTRODUCTION

Interest in RNA modifications has been revitalized due to
advancements in detecting them,'™ in their expanding
functional importance in RNA biology,”” and in revealing
new drug targets.”’N°-methyladenosine (m®A) is a modifica-
tion that is present in nearly all domains of life®™"" and has
been identified in various RNA classes, such as mRNA,'>'?
IncRNA,' ' rRNA,">' snRNA,'”'® and tRNA." Notable
physiological functions of m°A sites in mRNA include
stability,” splicing,'” and translation initiation.”' Despite
m®A being discovered in humans over 45 years ago, only
recently have the methyltransferases responsible for “writing”
m®A marks been characterized.

Four human m°®A RNA methyltransferases have confirmed
methylation activity, but only methyltransferase-like protein 3
(METTL3) of the METTL3/METTL14 complex (METTL14
is catalytically inactive but critical for RNA binding) and
METTLI6 catalyze the methylation of mRNAs.'”'%**** The
majority of m®A marks in mRNAs and IncRNAs are introduced
by METTL3/METTL14, a heterodimeric complex that
methylates the underlined A in the DRACH (D = A, G, or
U; R=A or G; H = A, C, or U) motif typically found near stop
codons and 3'-UTRs of mRNAs.>** In contrast, METTL16
has one established nonamer sequence motif, UACAGARAA,
where the adenosine-to-be-methylated (underlined) is located
within a bulge, hairpin, or single-stranded region flanked by
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double-stranded RNA."****> Human METTL16 (Figure 1A)
uses multiple regions to recognize RNA: the methyltransferase
domain (1—291) consisting of an N-terminal region (1—78)
and a highly conserved Rossmann fold (79—291) that has
methyltransferase activity as well as the two vertebrate
conserved regions (VCR) that share homology with terminal
uridyltransferase (TUTase) and are required to bind some
RNAs, such as U6 small nuclear RNA (snRNA, Figure 1B).>®
Despite the current knowledge about METTLI16, there are
many unknowns about METTL16-bound RNAs, their
functions, and whether they are methylation targets of
METTLI6.

At present, METTL16 has several confirmed methylation
targets: A43 in U6 snRNA (Figure 1B) and six hairpins (hp 1—
6) in the 3’ UTR of the methionine adenosine transferase 2A
transcript (MAT2A). All RNA substrates have the nonamer
motif recognized by METTLI16."® The evolutionarily con-
served m°A43 in U6 snRNA was recently shown in
Schizosaccharomyces pombe to help stabilize base pairing
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Figure 1. METTLI16 and its RNA-binding partners. (A) Schematic
showing the domain organization of METTL16: the N-terminal
region (residues 1—78, yellow), the Rossmann fold (residues 79—291,
gray), and the vertebrate conserved regions, VCR1 and VCR2
(residues 310—410 and 5S09—562, respectively, green). Schematics
displaying the secondary structure of (B) U6 snRNA and (C) the
MALAT1 RNA triple helix. The orange nucleotides denote the
nonamer recognition motif of METTL16, and the red A is the
adenosine associated with an m°®A signal (postulated for
MALAT1).""” Secondary structural interactions are represented as
follows: Watson—Crick base pair (—), Hoogsteen base pair (@-H), A-
minor interaction (--), and other noncanonical base pairs (@®).

between U6 snRNA and the 5’ splice site of certain introns.”’
Although m°A43 is evolutionarily conserved, it is uncertain if
this function is conserved in higher eukaryotes because
Mettl16-knockout mice embryos indicated no significant
alterations in splicing.”* METTLI16 also methylates MAT2A
hp 1-6. When SAM concentrations are low, hpl is not
methylated by METTL16, promoting the production of
MAT2A, an enzyme that synthesizes nonhepatic SAM, the
primary methyl donor in cells. Thus, METTL16 is considered
a regulator of intracellular SAM concentrations.'®** Only a few
substrates for methylation have been validated, although the
RNA interactome of METTL16 includes numerous RNAs,
such as the 3’-terminal triple helix of metastasis associated lun%
adenocarcinoma transcript 1 (MALAT]; Figure 1C).29’3
Interestingly, a majority of the RNAs lack the UACAGARAA
motif, so it is unclear if METTL16 catalyzes m®A methylation
at these sites.”” Recently, m*ACE-seq performed using RNA
isolated from HEK293T cells located putative METTL16-
dependent m°A marks on RNAs with motifs similar to and
different from the UACAGARAA motif, suggesting that there
may still be unidentified RNA substrates of METTL16.”
Here, we sought to characterize the methylation pathways of
METTLI6 acting on the MALAT] triple helix (Figure 1C), an
RNA that lacks the nonamer motif, alongside a better-
characterized RNA substrate, U6 snRNA (Figures 1B). Our
results show that METTL16 employs a 1:1 binding
stoichiometry with both the MALATI triple helix and U6
snRNA. METTLI16 displays tight equilibrium dissociation
constants (Kp) for the MALAT1 triple helix and U6 snRNA
but methylates only U6 snRNA. For this RNA substrate,
METTLI16 utilizes an ordered bisubstrate mechanism, where
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the RNA is bound prior to the SAM methyl donor. Under
single-turnover conditions, METTL16 exhibits a catalytic
efficiency of 4.4 X 107 uM™' min~', whereby the
METTL16-RNA-SAM complex dissociates with a K, of 126
#M, which would allow its activity to be regulated by the
intracellular concentration of SAM. These insights into
METTL16 will hopefully aid future studies regarding the
function of m°A43 in U6 snRNA, the role of METTL16 in
regulating SAM, and therapeutic targeting of METTL16.

B MATERIALS AND METHODS

Expression and Purification of METTL16. Two different
expression plasmids were used in this study: pMCSG92 with
an insert that encodes a C-terminally Hiss-tagged human
METTLI16 (residues 1—562) and a pMCSG68 vector with an
insert that encodes an N-terminally Hisg-tagged human
METTL16 methyltransferase domain referred to as
METTL16 291 (residues 1—291; Table S1). Both plasmids
were generated using the ligase-independent cloning method
described previously,3L32 and plasmid sequences were
confirmed via Sanger sequencing (GENEWIZ). Each protein
has a Ser—Asn—Ala linker to enable removal of Hisg tags via in-
lab tobacco etch virus (TEV) protease. All METTL16 proteins
were expressed in BL21 Gold E. coli (Agilent) and purified as
previously described, excluding METTL16 prepared for native
electrospray ionization mass spectrometry and microscale
thermophoresis.”’ Human METTL16 used for native electro-
spray ionization mass spectrometry was purified as described
previously except that size-exclusion chromatography utilized a
mobile phase of 150 mM ammonium acetate (pH S, adjusted
using HCI), 150 mM KCl, 1 mM MgCl,, and S mM tris(2-
carboxyethyl)phosphine (TCEP); this step helped to generate
a cleaner m/z spectrum. For microscale thermophoresis
experiments, the TEV protease digest step was omitted so
that the His4 tag could bind to the RED-Tris-NTA fluorophore
dye (METTL16-His,).”"

Preparation of RNA. The human MALAT1 triple helix
and human U6 snRNA were prepared via in vitro transcription
and splint RNA ligation (Table S2) while m°A43 U6 snRNA
was purchased from TriLink Biotechnologies. For in vitro
transcribed RNA, sequences encoding the T7 promoter and
the MALATT1 triple helix or U6 snRNA were inserted into a
pHDV plasmid upstream of the HDV ribozyme as described
previously.”” Homemade T7 RNA polymerase was used to
generate RNAs, which were subsequently gel purified as
described previously.”* Before each experiment, RNAs were
folded in a buffer containing 10 mM HEPES (pH 7.5 at 20
°C), 150 mM KCl, and 10 mM MgCl,; heated to 95 °C for 3
min; snap-cooled on ice for 5 min; and incubated 30 min at
room temperature. U6 snRNA was prone to dimerizing at
higher concentrations; therefore, it was folded at approximately
100 nM and then concentrated using an Amicon 10-kDa
centrifugal filter (Millipore).

For site-specific [**P]-radiolabeled RNA, a splint ligation
technique adapted from previous methods was used.'”*> RNA
oligonucleotides for the MALAT]1 triple helix and U6 snRNA
(Table S2) were purchased from Sigma-Aldrich.'® A single A
(A8290 for MALAT1 and A43 for U6 snRNA) was 5’-end
radiolabeled using y-[**P] ATP (~7000 Ci/mmol, PerkinElm-
er) and T4 PNK (NEB) per the manufacturer’s protocol;
reaction was heat inactivated at 95 °C for S min and then snap-
cooled on ice for 3 min. To form the splint, the flanking RNA
oligonucleotides and the corresponding DNA splint (Table
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S2) were added to the T4 PNK mixture, heated to 85 °C for 2
min, and cooled to room temperature for 45 min. Then, DNA
ligase (NEB, 2000000 units/mL) was added to ligate the
RNA strands overnight at room temperature followed by 30
min of RQl DNase (Promega, 1 unit/uL) to digest the DNA
splint. The splint-ligation reaction was loaded onto a 6% (w/v)
denaturing polyacrylamide gel. Purified full-length RNA was
excised and the gel piece crushed; 400 uL of GSO buffer (20
mM Tris-HCI (pH 7.5 at 20 °C), 300 mM sodium acetate and
2 mM EDTA) was added, freeze—thawed one time, and
nutated at room temperature for 1 h before nutating overnight
at 4 °C. The RNA-containing supernatant was then subjected
to phenol-chloroform extraction and ethanol precipitation. The
RNA pellet was reconstituted in 10 uL water and its
concentration was determined using a Beckman LS6500 liquid
scintillation counter. A body-labeled MALAT1 RNA triple
helix was created by including a-[**P] ATP (~6000 Ci/mmol,
PerkinElmer) in the in vitro transcription reaction.

Microscale Thermophoresis. Microscale thermophoresis
(MST) was employed to measure equilibrium dissociation
constants (Kp, o ;) for the METTL16-His¢RNA complexes.
Full-length METTL16-Hiss was labeled using the Monolith
His-Tag Labeling Kit RED-tris-NTA second generation
according to the manufacturer’s protocol. For the RNA-
binding reaction, 20 nM labeled METTLI16-Hiss, was
incubated with increasing amounts of prefolded MALAT1
triple helix, U6 snRNA, or m°A43 U6 snRNA (~0.5 nM to
16.5 uM) in 10 mM HEPES (pH 7.5 at 20 °C), 150 mM KC],
10 mM MgCl, 1 mM dithiothreitol (DTT), and 0.01%
Tween-20. Samples were allowed to equilibrate for at least 30
min at room temperature prior to scanning at the default
settings. After scanning, MO.Affinity.Analysis software (version
2.3) generated plots of intensity versus RNA concentration and
applied the following equation:

f(c) = Unbound + (Bound — Unbound)

/ 2
€+ Curger T Kpos — N (c+ Clarget T Kpjo)” — 4 X ¢ X Crarget
X

2Ciarget
1)

where f(c) is the fraction bound at a given ligand concentration
¢, the Unbound is the F,, signal of the target alone, Bound is
the F,,., signal of the complex, Kp, ,, 3 is the equilibrium
dissociation constant of METTL16-Hise' RNA, and cyy g is the
final concentration of the target in the assay. Using a previously
established method,* saturation binding curves were per-
formed under the same conditions except that the METTL16
concentrations used were 600 nM and 400 nM for the
MALATT1 triple helix and U6 snRNA, respectively. A narrow
titration of each RNA was used near the respective
concentration of METTL16. The saturated and unsaturated
data points were linearly fit, and the x intercepts of linear fits
extrapolated the RNA concentration, which was compared to
the METTL16 concentration in the binding reactions to
determine RNA/protein binding stoichiometry.

Native Electrospray lonization Mass Spectrometry.
METTL16 was buffer exchanged into 150 mM ammonium
acetate (pH 7.5) using an Amicon Ultra-15 Centrifugal Filter
Unit 30-kDa cutoff (Millipore). The MALATT1 triple helix was
folded by heating at 95 °C for 3 min and snap-cooling on ice
for S min in a buffer of 150 mM ammonium acetate (pH 7.5)
and 10 mM MgCl,, whereas U6 snRNA was folded in 150 mM
ammonium acetate (pH 7.5). Both RNA samples were buffer
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exchanged with 500 volumes of 150 mM ammonium acetate to
remove any residual salts. METTL16-RNA complexes were
formed by combining the components after buffer exchange.
All samples (METTL16 and METTL16-RNA complexes)
were analyzed at 5 yM (ie, S yuM RNA and S uM METTL16
were pre-equilibrated to form the complex). Instrument
parameters of an Impact II (Bruker, Billerica, MA) quadrupole
time-of-flight mass spectrometer fitted with an electrospray
ionization source included positive-ion mode, an end plate
offset of 0.4 kV, a capillary voltage of 1.8 kV, a nebulizer gas
pressure of 4.0 bar, a dry gas flow rate of 7.0 L/min, a dry gas
temperature of 200 °C, a funnel 1 RF of 400 V, a funnel 2 RF
of 600 V, a hexapole RF of 700 V, a quadrupole ion energy of
3.0 eV, a collision energy of 10 eV, a collision cell RF of 4.2 kV,
an ion transfer time of 120 ys, and a prepulse ion storage of 30
ps. The samples were infused at a flow rate of 3 yL/min, and
data were acquired over the m/z range of 1000—10 000 unified
atomic mass units (u).

Liquid Chromatography Electrospray lonization
Tandem Mass Spectrometry (LC/ESI-MS/MS). A mass
spectrometry approach adapted from earlier studies was
utilized to verify the presence or absence of m°A in the
MALATT1 triple helix and U6 snRNA.*"In vitro methyltransfer-
ase reactions (500 uL) were set up with METTL16 (16 uM),
either MALATT1 triple helix RNA or U6 snRNA (4 uM), and
SAM (1 mM; Cayman Chemical Item No. 13956) in the
optimized buffer (refer to pre-steady-state kinetic assays) at 37
°C for 30 min. After isolating the RNA using phenol-
chloroform extraction and ethanol precipitation, 1 ug of
RNA was digested with two units of Nuclease P1 (Sigma) in
10 pL of 30 mM sodium acetate (pH S5.2) at 37 °C for S h.
The reaction volume was increased to 100 uL by adding 5 yL
of 0.002 U/uL phosphodiesterase I (Sigma), 1.5 L of 20 U/
uL CIAP (Promega), and 1X CIAP buffer. The mix was given
an additional 2 h to completely digest RNA into nucleosides.
Another 100 uL of water was added once digestion was
completed, and the solution was chloroform extracted twice.
The aqueous solution was then lyophilized to dryness using a
FreeZone 2.5 Liter —84 °C Benchtop Freeze-Dryer and
reconstituted in 100 yL of RNase-free water.

A Bruker micrOTOF-II instrument using an Acquity UPLC
HSS T3 column with 1.8 um particle size and 2.1 X 150 mm
dimensions was used to resolve nucleosides. Nucleoside
standards (C, U, A, G) were purchased from Sigma, and an
N®-methyladenosine standard was purchased from Abcam. The
digested MALAT1 triple helix, U6 snRNA, and standards were
run with solvent A (water with 0.1% formic acid) and solvent B
(acetonitrile with 0.1% formic acid). A flow rate of 0.4 mL/min
was kept constant during the following gradient elution: 0 min,
0% B; 2 min, 0% B; 14 min, 20% B; 16 min, 50% B; 16.1 min,
0% B; and 20 min, 0% B. The standard nucleosides and N°-
methyladenosine were detected using extracted ion chromato-
grams (EIC) set for the ions of 244.1 (C), 245.1 (U), 268.1
(A), 284.1 (G), and 282.1 (m®A).

Presteady-State Kinetic Assays. The buffer optimization
assays contained 250 nM METTLI16 preincubated with 1 M
U6 snRNA and 200 uM SAM to start the reactions. The
following components were held constant except for the
component being varied: 10 mM HEPES (pH 7.5 at 20 °C),
150 mM KCl, 10 mM MgCl,, and 1 mM TCEP. Optimal
buffer conditions were determined to be 10 mM HEPES (pH
7.5 at 20 °C), 150 mM KCl, 10 mM MgCl,, and S mM TCEP
at 37 °C.
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Figure 2. Binding affinities and stoichiometries of the METTL16-MALAT1 triple helix and METTL16-U6 snRNA. MST analysis of binding
interactions between METTL16 and (A) the MALATT1 triple helix, measuring a K, of 31 3 nM, and (B) U6 snRNA, measuring a Kp, of 18 + 7
nM. The Kp, values were obtained from fitting data points representing averages of three independent runs, and the reported error is from data
fitting. Error bars represent the standard deviation of three independent runs. Saturation curves performed in triplicate indicate 1:1 binding
stoichiometry for the (C) METTL16-MALAT1 triple helix and (D) METTL16-U6 snRNA complexes. Error bars represent standard deviation

from three independent trials.

The equilibrium dissociation constant for the METTL16-U6
snRNA-SAM complex was determined in the optimal reaction
buffer under the following single-turnover reaction conditions:
S uM METTLI16 pre-equilibrated with 0.5 uM U6 snRNA and
time courses initiated with 10, 50, 100, 250, 500, and 1000 M
SAM. The assays using METTL16_291 were set up similarly
(i.e. S uM enzyme preincubated with 0.5 uM U6 snRNA),
except time courses were initiated with 10, 50, 100, 250, 500,
1000, 1250, 1500, and 1750 M SAM.

Preincubation Assays. Three reactions were prepared
whereby METTL16 (200 nM) was preincubated for 1 h on ice
with SAM (1 mM), RNA (2 uM), or neither substrate, and the
reactions were initiated by adding 2 uM RNA, 1 mM SAM, or
both 2 uM RNA and 1 mM SAM, respectively.

Isotope Partitioning Assays. METTL16 (1 uM) was
preincubated with radiolabeled U6 snRNA (1 uM) in two
aliquots of 10 #L, and the two parallel reactions were increased
to 120 uL with either 1 uM radiolabeled U6 snRNA in one
reaction (i.e., “hot” chase) or unlabeled U6 snRNA (i.e., “cold”
chase) along with 1 mM SAM to initiate the reaction.

Steady-State Kinetic Assays. Methylation reactions were
completed under steady-state conditions: 200 nM METTLI16
preincubated with 2 yM U6 snRNA. Various SAM
concentrations were added to start the reaction: 50, 100,
250, 500, and 1000 M.
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Product Analysis for in Vitro Methyltransferase
Assays. Methylation reactions were quenched by transferring
10 uL aliquots of the reaction mixture to 100 uL of phenol-
chloroform at various times. RNA underwent ethanol
precipitation, and the pellet was resuspended in 3 uL of 0.33
U/uL Nuclease P1 (Sigma-Aldrich) in 30 mM sodium acetate
at pH 5.2 and 6.7% glycerol. After digesting RNA for 2 h at 37
°C, 1 pL of digested RNA was spotted onto a cellulose TLC
plate (MP Biomedicals). Adenosine and m°A were separated
using a solvent composed of isopropanol/hgfdrochloric acid/
water (70:15:15 by volume) for 14—20 h.'® Plates were air-
dried for 1 h, wrapped in plastic wrap, exposed to a
Phoshorimager screen overnight, and scanned using an
Amersham Typhoon Phosphorimager (GE Healthcare).
ImageQuant TL (ver. 8.1) was used for quantitation of
[*?P]-A and [**P]-m°A signals.

Data Analysis for in Vitro Methyltransferase Assays.
Data were fit using Origin 2018b for linear and nonlinear
regression analyses.

For the pre-steady state, the resulting m®A product
concentration was plotted against time and fitted to eq 2:

y=Ax (1 - et (2)

where A is the scaling constant, k., is the observed rate

constant, and ¢ is the time in minutes.”® The pre-steady state
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Figure 3. The MALAT1 triple helix is not methylated by METTLI16 in vitro. No m°A signals were detected when (A) [**P]-labeled A8290
MALATT1 triple helix or (B) a-[**P]-AMP-body-labeled MALATT triple helix was incubated with the methyltransferase domain of METTL16
(METTL16_291), full-length METTL16, or nuclear extract. (C) Chromatograms and (D) mass spectra of the following RNase-digested reactions:
METTLI16+MALAT1 triple helix+SAM, METTL16+U6 snRNA, and METTL16+U6 snRNA+SAM. Nucleoside identity was determined using
chromatograms and mass spectra of purchased standards: C, U, A, G, and m°A (Figure S3).
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rate constants (k) were then plotted against the correspond-

ing SAM concentrations (M) and fitted to a hyperbolic

equation:
_k

obs —

chem x C

Kp, + C (3)

where k, is the observed rate constant, kg, is the single-
turnover rate constant (ie. rate encompassing steps from
METTLI16 preincubated with RNA to methyl transfer), C is
the concentration of SAM, and Kp, is the apparent dissociation
constant.”®

For preincubation, isotope partitioning, and steady-state
kinetic assays, plots of m®A product versus time were linearly
fit to eq 4:

y=1 Xt

(4)

where y is the measured m®A product (or pixel signal intensity
for isotope partitioning assays), v, is the initial velocity, and ¢ is
the time. Time points incorporating zero minutes for the data
result in the plots having a y intercept of zero. For steady-state
analyses, the initial velocities were plotted against the
concentration of substrate and fitted to the Michaelis—Menten
equation:

Voo X [S]
V= —"7—
Ky + [S]

’ )
where v, is the initial velocity, V., is the maximal velocity, Ky
is the substrate concentration at half V,,, and [S] is the
substrate concentration. The catalytic rate constant (kcat) was
obtained by dividing V,,,, by the total enzyme concentration
([Elr).

Isoelectric Focusing Gel. A pH 3—10 Criterion isoelectric
focusing (IEF) gel (Bio-Rad) was run per the manufacturer’s
protocol using full-length METTL16 as well as IEF standards
from Bio-Rad (Cat. 1610310). The gel was then fixed using a
4% sulfosalicylic acid, 12.5% trichloroacetic acid, and 30%
methanol solution for 30 min on a shaker. After removing the
fixing solution, a destaining solution of 12% ethanol, 7% acetic
acid, and 0.5% CuSO, was used to remove the background,
and then a solution of 25% ethanol and 7% acetic acid was
used to remove trace CuSO,. The gel was imaged using an
Azure c400.

B RESULTS

METTL16 Binds to the MALAT1 Triple Helix and U6
snRNA with Similar Affinity and a Binding Stoichiom-
etry of 1:1. To better understand the interaction between
METTL16 and the MALATI1 triple helix, we employed
microscale thermophoresis (MST) to measure the Kp,;
(Scheme 1). A relatively tight K, value of 31 = 3 nM was
determined for the METTL16-Hiss- MALAT1 triple helix
complex (Figure 2A, Table 1). Because U6 snRNA has the
nonamer motif and is a major cellular target of METTL16,"
we repeated the MST experiments using U6 snRNA and
obtained a Kpy; value of 18 + 7 nM for the METTL16-His, U6
snRNA complex (Figure 2B, Table 1). These results suggested
that METTL16 forms a relatively tight binary complex with the
MALATT1 triple helix and U6 snRNA.

Previous studies have shown that apo METTLI16 is a
monomer.”** However, previously published native gel-shift
assays of METTL16-MAT2A hp and METTL16-U6 snRNA
complexes revealed multiple RNP bands.”**® Therefore, using
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MST, saturation binding curves were generated to determine
the binding stoichiometry of METTL16 with the MALAT1
triple helix and U6 snRNA.* Fluorophore-tagged METTL16
was prepared at concentrations 20-times the established K
values for the MALAT1 triple helix and U6 snRNA with a
narrow titration of the respective RNAs near the concentration
of METTL16. As more RNA is added, the MST signal from
fluorophore-tagged METTL16 decreases until saturation
occurs, ie., the signal no longer changes with the addition of
more RNA. Linear fits of the unsaturated and saturated points
intersect at the breakpoint, which reveals the METTL16/RNA
ratio. For the MALATI triple helix, 600 nM METTL16
reached saturation at 601.7 nM of the RNA, resulting in a
binding stoichiometry of 1:1 for the METT16/MALATT1 triple
helix complex (Figure 2C). Saturation of 400 nM METTL16
with U6 snRNA occurred at 410.8 nM, indicating that one
METTLI16 protein binds to one U6 snRNA (Figure 2D).
Native electrospray ionization mass spectrometry (ESI-MS)
was utilized to determine that apo METTL16 is a monomer
(Figure S1A). A 1:1 binding stoichiometry for the METTL16-
MALATT triple helix and METTL16-U6 snRNA complexes
was also observed using native ESI-MS (Figure S1B,C). Our in
vitro binding assays suggest that METTL16 interacts relatively
tightly with the MALAT1 triple helix, which lacks the nonamer
motif, and U6 snRNA at a 1:1 ratio; therefore, the multiple
bands of METTL16-RNA in gel-shift assays may reflect
different conformational states.

MALAT1 Triple Helix Is Not a Substrate of METTL16
in Vitro. Our next objective was to determine if the MALAT1
triple helix has any METTL16-dependent m°A sites. The m°A
individual-nucleotide resolution cross-linking and immunopre-
cipitation (miCLIP) method, in particular the cross-linking
induced mutation sites (CIMS) analysis, detected one m®A
mark, albeit weakly, near A8290 in the MALAT] triple helix
(Figure 1C) isolated from HEK293 cells." Therefore, we used
an in vitro methyltransferase assay to determine if METTLI16
could catalyze methylation at A8290 under optimal reaction
buffer conditions. No m°A signal was detected when the [**P]-
A8290-MALAT1 triple helix was in the presence of
METTL16_291, METTLI16, or nuclear extract (Figure 3A),
although an m®A43 signal was detected for U6 snRNA (Figure
S2).

It is possible that an adenosine other than A8290 is
methylated by METTL16. Therefore, we repeated the assay
using a uniformly a-[**P]JAMP-labeled MALAT1 triple helix,
but again there was no m°A signal (Figure 3B). With 30
adenosines being labeled, it is possible that the m°A signal is
below the detection limit. Therefore, we employed an
orthologonal method: LC/ESI-MS/MS.>” Using LC/ESI-
MS/MS, we ran nucleoside standards of C, U, A, G, and
mP°A to ascertain retention times and to confirm the mass to
charge (m/z) ratio to expected values (Figure S3). A
discernible mass spectrum signal that corresponded to the
m°A nucleoside was detected for the U6 snRNA incubated
with METTL16 and SAM but not the analogous reaction
containing the MALATT1 triple helix (Figure 3C,D). Under the
conditions tested herein, these results suggest that the
MALATT1 triple helix is not methylated by METTL16 in
vitro. Henceforth, our kinetic investigation of METTLI16
focused on only U6 snRNA.

Optimization of Reaction Buffer for Methyltransfer-
ase Activity of METTL16. In our initial kinetic experiments,
METTL16 exhibited minimal catalytic activity for the U6
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Figure 4. Methyltransferase activity of METTL16 depends on buffer conditions. (A) TLC was used to separate the [*’P]-labeled A43
mononucleoside from the [**P]-labeled m°A43 product. A representative image is shown for a time course with an observed methylation rate of
0.05 min~" at 37 °C. Methyltransferase activity of METTL16 was measured, and plots are shown for the k, values as a function of (B) pH, (C)
KCl, (D) MgCl, and (E) TCEP. All assays contained 250 nM METTL16 preincubated with 1 uM U6 snRNA and were initiated with 200 yM

SAM with the following components held constant at 10 mM HEPES (pH 7.5 at 20 °C), 150 mM KCl, 10 mM MgCl,, and 1 mM TCEP except for
the component being varied.
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Figure 5. METTL16 binds U6 snRNA prior to SAM. (A) Preincubation assays of METTL16 initiated with both substrates (gray B), METTL16
preincubated with SAM and initiated with U6 snRNA (red @), and METTL16 preincubated with U6 snRNA and initiated with SAM (blue A).
Rates are an average of five independent trials, and the error represents standard deviation. A representative replicate is shown. (B) Isotope
partitioning assay with METTL16e[**P]-A43 U6 snRNA chased with either unlabeled U6 snRNA (blue W) or [**P]-A43 U6 snRNA (red @) in

the presence of SAM suggested that the METTL16-U6 snRNA complex is competent. Error bars represent standard deviation of values from three
independent runs.

snRNA substrate, emphasizing the need to optimize the in vitro methyltransferase assay. The rate of methylation was
reaction buffer. To examine how the methyltransferase activity not greatly affected by TCEP or BSA, was inhibited by ZnCl,,
of METTL16 depends on reaction conditions, all reaction and had observable optima for buffer pH, KCI, and MgCl,
components were held constant while the buffer pH, ionic (Figure 4, Figure S4).

strength (KCl, MgCl,, ZnCl,), reducing agent (TCEP), or Based on k, values, the maximal rate of methylation was

bovine serum albumin (BSA) were varied systematically in an observed at pH 7, 150 mM KCI, 10 mM MgCl,, and 10 mM
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Figure 6. Steady-state assays and pre-steady-state assays with METTL16. All reactions contained 20 mM HEPES (pH 7.5 at 20 °C), 150 mM KCl,
10 mM MgCl,, and S mM TCEP. (A) Steady-state kinetic assays contained 200 nM METTL16 and 2 uM U6 snRNA added to various
concentrations of SAM (50—1000 #M). Data points are averages of three independent trials. (B) Extrapolated steady-state kinetic parameters from
the plot were a kg, of 0.07 + 0.02 min~" and Ky of 132 + 8 yM. The values are an average of three independent trials, and the error represents
standard deviation. (C) Pre-steady-state kinetic assays contained S yuM METTLI16 preincubated with 0.5 uM U6 snRNA added to various
concentrations of SAM (1—1000 gM). (D) A kg of 0.56 + 0.01 min™" and Ky, of 126 + 6 uM were extrapolated. (E) Pre-steady-state kinetic
assays contained 5 uM METTL16 291 preincubated with 0.5 yuM U6 snRNA mixed with various concentrations of SAM (50—1750 uM). (F)

Extrapolated pre-steady-state kinetic parameters from the plot were a k
for pre-steady-state kinetic assays are from data fitting.

chem

of 0.42 + 0.04 min~" and Kp, of 736 + 94 uM. All reported error values

TCEP (Figure 4). The highest rate of methylation occurred at
pH 7, which is approximately one pH unit from the theoretical
pl of 8.08 calculated by ExPASy’” and our value of
approximately 8 determined from an isoelectric focusing gel
(Figure SS). However, the percent difference between the ky,
of pH 7 and 7.5 is less than 3% (Figure 4B); therefore, a pH of
7.5 was used to remain near physiological pH and to satisfy
MST conditions, which require pH > 7 for fluorophore
labeling. Last, 5 mM TCEP was chosen because the activity
increase between 5 and 10 mM TCEP was minimal: from
0.050 min~" to 0.053 min~" (Figure 4E). An optimal buffer for
METTLI16 catalyzing the methylation of U6 snRNA was
determined to be 10 mM HEPES (pH 7.5 at 37 °C), 150 mM
KCl, 10 mM MgCl,, and § mM TCEP.

METTL16 Binds to U6 snRNA First Followed by SAM.
As a methyltransferase, METTL16 may, in theory, first form a
binary complex with either RNA or SAM. Unfortunately, we
were unable to measure the binding affinity of the METTL16-
SAM binary complex using filter-binding assays, isothermal
titration calorimetry, and MST (data not shown). In the
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literature, METTL16 reportedly employs a random-order
binding mechanism with the MAT2A hpl and SAM based
on a preincubation assay,40 whereas crystallographic studies of
METTLI16 (residues 1—310) bound to a truncated MAT2A
hp suggested that SAM could not enter the active site if the
RNA was already bound.” To determine if methylation of U6
snRNA depends on substrate-binding order, two different
assays were performed: preincubation and isotope partitioning
assays. Under steady-state conditions, METTL16 was
preincubated for an hour with either U6 snRNA
(METTL16-U6 snRNA + SAM), SAM (METTL16-SAM +
U6 snRNA), or neither (METTL16 + U6 snRNA + SAM),
and then the reaction was initiated by adding the missing
substrate(s). The rate of methyl transfer was about 2-fold
slower when METTL16 was preincubated with SAM (13 + 4
nM/min) versus U6 snRNA (27 + 9 nM/min). No substrate
preloading resulted in a rate (24 &+ 7 nM/min) similar to the
METTL16-U6 snRNA preincubation complex (Figure SA).
These results suggest that U6 snRNA binds prior to SAM.
To provide further support for this binding order, an isotope
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Table 1. Summary of Kinetic Parameters

METTL METTLI16 METTL16
RNA substrate MALATT1 triple helix U6 snRNA
Kp, (E-RNA) 31 +30M 18 + 7 nM

(16 + 2 nM, Aoyama)

Kp, (E-SAM) N/A 126 + 6 uM*
Kps (B-RNA™) N/A 11+ 02 uM
Ky (SAM) N/A 132 + 8 uM
kewe (SAM) N/A 0.07 + 0.02 min™"
kehem no observable activity 0.56 + 0.01 min™"
kee/ Ky (SAM) N/A 5.3 X 107* M 'min™"
Kehem/Kp, (SAM) N/A 44 X 107 yM 'min~!
reference this study this study; Aoyama et al.*®

METTL16

MAT?2A hairpin 1
42 + 6 nM (Aoyama)

METTL3/14

DRACH motif-containing RNA
~10 uM (Wang)

TBD 1.5 + 0.2 uM (Wang)
TBD TBD

>0.4 mM (Yu) 102 + 15 nM (Li)
TBD 0.3 + 0.03 min~" (Li)
TBD TBD

TBD 2.9 uM'min" (Li)
TBD TBD

Aoyama et al;*° Yu et al.** Wang et al;* Li et al®

“Denotes that the value is representative of the METTL16-U6 snRNA-SAM complex. “N/A” denotes that the kinetic parameter cannot be
measured. “TBD” denotes that the kinetic parameter has not yet been reported.

partitioning assay was performed. METTL16 (1 uM) was
preincubated with radiolabeled U6 snRNA (1 uM) in two
aliquots, and then a 12-fold molar excess of either radiolabeled
or unlabeled U6 snRNA was added at the same time as 1 mM
SAM to initiate the reaction. If SAM must bind first, then the
radiolabeled METTL16-U6 snRNA complex would need to
dissociate, and little radioactive product formation would be
detected because METTL16 would be prone to methylating
unlabeled U6 snRNA. We observed similar rates of
methylation for both reactions: (0.042 + 0.027) X 10°
pixels/s for the radiolabeled RNA chase and (0.019 +
0.005) X 10° pixels/s for the unlabeled RNA chase (Figure
SB). The rates seem to suggest that the METTL16-U6 snRNA
complex was competent, i.e., able to bind SAM and proceed to
the methyl transfer step. In other words, METTL16 does not
require U6 snRNA to dissociate to allow SAM to bind first. We
conclude that the methylation of U6 snRNA proceeds through
an ordered-sequential pathway, whereby METTL16 binds to
the U6 snRNA followed by SAM (Scheme 1).

Rate-Limiting Step of the METTL16-U6 snRNA Kinetic
Pathway Is Likely Product Release. For additional
mechanistic insights, we performed kinetic assays under
steady-state and pre-steady-state reaction conditions. The
assay performed under steady-state conditions (i.e.
METTL16 (0.2 uM)-U6 snRNA (2 uM)) mixed with
increasing concentrations of SAM yielded the following kinetic
parameters: a Ky; of 132 + 8 uM and a k., of 0.07 + 0.02
min~" (Figure 6A,B, Table 1).

Ky reflects the concentration of SAM needed to obtain half-
maximal activity, and k., reflects the rate of multiple turnovers,
i.e., the step from apo METTL16 and RNA (E + RNA) to free
enzyme and products (E + RNA™ + SAH; Scheme 1). For
other methyltransferases, it has been shown that pre-steady-
state kinetic assays can provide the rate of the methylation
step, the Ky, values for substrates, and whether the pre-steady-
state rate relative to the steady-state reveals any rate
limitations.”®*' Based on what we know about the
METTL16-U6 snRNA reaction pathway thus far, pre-steady-
state kinetic assays can determine the equilibrium dissociation
constant (Kp,) of the METTL16-U6 snRNA-SAM ternary
complex and a rate constant that would encompass the steps
from the METTL16-U6 snRNA binary complex through
methyl transfer (kgom; Scheme 1). Various concentrations of
SAM were mixed with the METTL16 (S uM)-U6 snRNA (0.5
uM) binary complex to initiate the reaction. Plots of k, values
versus SAM concentrations (Figure 6C,D) were fit to a
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hyperbolic equation (eq 3). The resulting Kp, was 126 + 6 uM
and ke was 0.56 + 0.01 min~". These results suggest that
METTLI16 binds to RNA with much greater affinity than SAM,
providing additional support for the ordered-sequential
mechanism. Similar K, and Ky values indicate that the k_,
is much slower than the rate of substrate dissociation from the
enzyme (i.e. k. for the METTL16-U6 snRNA complex). The
8-fold difference between kg, and k., suggests that steps
following methylation are limiting k.. Thus, product
dissociation is likely the rate-limiting step in the METTLI16
kinetic pathway. METTL16 binds weakly to m°A43 U6
snRNA; a Kp; of 1.1 + 0.2 uM was measured using MST
(Figure S6, Table 1). This result indicates that METTL16
exhibits an approximately 60-fold weaker binding affinity for
the methylated U6 snRNA than the substrate, suggesting a
strong selectivity for binding unmethylated U6 snRNA.

Next, we wanted to probe the rate-limiting step of kgem,
which is generally thought to be either a conformational
change or the chemistry of methyl transfer. Earlier work
proposed that binding of the C-terminal VCR regions to U6
snRNA would induce a conformational rearrangement of the
methylation site to render a catalytically competent complex.”®
Such a conformational rearrangement could potentially limit
kcem- Therefore, we measured kg, and Kp, for the
methyltransferase domain of METTLI16 (i.e.,
METTL16_291), which lacks the two VCRs, methylating U6
snRNA under pre-steady-state conditions (Figure 6E,F). A
Kehem Of 0.42 + 0.02 min™" is similar to k., measured for full-
length METTLI16, suggesting that the structural changes of U6
snRNA induced by the C-terminal VCR regions do not limit
the rate of methylation. However, the VCR domains do
enhance formation of the ternary complex, for the Kp, of
METTL16 291-U6 snRNA-SAM is 736 + 94 uM, which is
approximately 6-fold weaker than full-length METTL16-U6
snRNA-SAM (Figure 6D,F). Overall, these results show that
the C-terminal VCRs of METTL16 promote formation of the
ternary complex but have a minimal 1.3-fold decrease on the
ke rate constant for METTL16_291, suggesting the VCRs

are not involved in limiting kg,

B DISCUSSION

METTLI16 interacts with a myriad of RNAs, using a
combination of sequence and structure to recognize
them.”**” Some RNAs are methylated by METTL16, while
others are not. In this study, our MST results show that
METTLI16 can bind relatively tightly to the MALAT1 triple
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helix at 31 nM and U6 snRNA at 18 nM (Figure 2A,B, Table
1), but the MALAT1 triple helix is not methylated by
METTLI16 under in vitro reaction conditions (Figure 3). The
MALATT1 triple helix lacks the UACAGAGAA nonamer motif
that the U6 snRNA and MAT2A hairpins possess for
methylation (Figure 1C); however, A8290 resides in a
CAACA sequence that more closely resembles the DRACH
motif recognized by the METTL3/METTL14 complex.‘?”AA_48
It is possible that the METTL3/METTL14 complex is
responsible for the weak m°A signal detected using cross-
linking-induced mutation sites (CIMS) from miCLIP data,
although we did not detect any methylation signal in the
presence of nuclear extract (Figure 3A) despite observing
methylation activity on U6 snRNA with nuclear extract (Figure
$2)." Another possibility is that additional protein cofactors are
required and/or A8290 is methylated in the MALATI
precursor, which has the tRNA-like structure of MALAT1-
associated small cytoplasmic RNA (mascRNA) downstream of
the region known to form a triple helix."” However, it is
important to note that all confirmed RNA substrates of
METTLI16 have the targeted adenosine unpaired, likely for the
base to freely flip into the active site. If an unpaired adenosine
is required, then the number of possible m°A sites in the
MALATI triple helix is limited (Figure 1C). Another key
consideration is how the binding of METTLI16 alters the half-
life of MALAT1 given that the triple helix functions as a
stability element.” It is possible that the MALAT1 triple helix
sponges METTL16 away from its methylation targets in the
nucleus, but the physiological significance is not clear when the
METTL16-MALAT]1 triple helix is at a 1:1 stoichiometry
(Figure 2C) and METTLI6 is in vast excess over MALAT1 in
both HeLa and HEK293T cells (>140-fold in both cell
lines).””* However, cellular concentration could potentially
affect the dimerization potential of METTL16 because dimer
formation appears more likely at higher concentrations of
METTL16 based on previous size-exclusion chromatography
and small-angle X-ray scattering results having METTL16 at
21 and 30 uM, respectively.”’ A possibility to consider is that
METTL16 may be eliciting a methyltransferase-independent
function when bound to MALATI1, as METTLI16 enables
translation and tumorigenesis in a manner independent of
methylation and was recently found to inhibit MRE11, a DNA-
end resection component, in an RNA-dependent manner.’">
The function of the METTL16-MALAT!1 triple helix complex
remains an enigma.

Given the differential interactions between METTL16 and
various RNAs, METTL16 may exhibit unique kinetic
mechanisms for each RNA substrate. For U6 snRNA, our
preincubation and isotope partitioning assays support an
ordered-sequential binding mechanism: METTL16 binds first
to U6 snRNA and then SAM (Figure S, Scheme 1). For the
MAT?2A hairpin, an X-ray crystal structure of METTL16:
MAT?2A hpl suggests that SAM binds before RNA, whereas a
solution-based preincubation methyltransferase assay supports
a random-order binding mechanism.”>*" The different
substrate binding orders may depend on the RNA substrate.
For instance, METTL16 requires the VCRs to bind tightly to
U6 snRNA for efficient methylation, whereas methylation of
MAT2A hp 1 does not require the VCRs.”® Furthermore, U6
snRNA is proposed to undergo a conformational rearrange-
ment, whereby a bend occurs at the region containing the
UACAGAGAA motif while the VCRs stabilize the internal
stem loop above the nonamer motif in the U6 snRNA (Figure
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1B).>® Such a conformational rearrangement by the VCRs does
not impact the rate of methylation, but interestingly, the VCRs
do enhance ternary complex formation (Figure 6, Table 1).
Future studies are needed to further probe the rate-limiting
steps for the k.., and k., values. The K-loop, which appears to
obstruct SAM binding in the solved structure of the
METTL16-MAT2A hpl complex, is one focal point because
the structure could limit pre- or postchemistry steps.”> Rate-
limiting postchemistry steps could entail conformational
changes of METTLI16 or m®A43 U6 snRNA, dissociation of
m®A43 U6 snRNA, or dissociation of S-adenosylhomocysteine
(SAH). The relatively high Kp; of 1.1 uM for the m°A43 U6
snRNA makes it tempting to speculate that m°A43 U6 snRNA
is not rate limiting; however, Kp; is a ratio of forward and
reverse rate constants so those values will need to be measured
to confirm.

Although METTL16 has only a few confirmed RNA
substrates, METTLI16 has a critical role in intracellular SAM
regulation.18 METTLI16 along with cleavage factor Im
components (CFL,) 25, 59, and 68; the MAT2A hairpin 1;
and other unidentified component(s) together function as a
biosensor for SAM levels.”® The intracellular concentrations of
SAM for various mammalian cells are reported to be around 10
UM but can range from as low as 0.1 yM to as high as 1000
uM.>* Accordingly, the Kp, of SAM interacting with the
METTL16-U6 snRNA complex at 126 uM (Figure 6D, Table
1) reflects the role of METTL16 in regulating intracellular
SAM concentrations.'® In contrast, the Kp, of the METTL3/
METTLI14-SAM complex is at 1.5 yM (Table 1); therefore,
METTL3/METTLI4 can maintain the m®A status of its
targets even under low intracellular SAM concentrations.””
However, the METTL3/METTL14 complex exhibits Kp
values of ~10 uM for DRACH-containing RNA substrates
while METTLI16 achieves a Ky of 31 and 18 nM for the
MALAT! triple helix and U6 snRNA, respectively (Table 1).**

Under optimized buffer conditions, the catalytic efficiency of
METTL16 with SAM under steady-state (k../Ky) and pre-
steady-state (kgem/Kp,) conditions is 5.3 X 107 yuM™! min™*
and 4.4 X 107 uM ™" min~’, respectively (Figure 6A—D, Table
1). Relative to the METTL3/METTL14 complex that exhibits
a catalytic efficiency (k./Ky) of 2.9 uM™ min~!, the catalytic
efficiency of METTL3/METTL14 is much greater because of
a 4-fold faster k., at 0.3 min™" and a 1284-fold smaller Ky, for
SAM at 102 nM (Table 1).** In the literature, a wide range of
k.../ Ky values (SAM) have been measured for adenine-specific
methyltransferases in vitro; however, METTL16 has an
exceptionally poor catalytic efficiency due to its poor binding
affinity for SAM and role in regulating intracellular SAM
concentrations.'® It is important to note that the poor catalytic
efficiency of METTLI16 is not due to the product SAH. Prior
work showed that even 10-fold molar excess of SAH over SAM
did not result in any observable inhibition of METTL16.*

Our results establish a basic kinetic scheme (Scheme 1) and
parameters (Table 1) of METTL16 methylating U6 snRNA, a
major RNA target.'”'® This kinetic mechanism may vary for
different RNA substrates, such as MAT2A hp 1 or those that
lack the nonamer motif. Like the METTL16-MALAT1 triple
helix complex, more unmethylated METTL16-RNA complexes
may exist given the large RNA interactome of METTL16.”
METTLI16 represents an exciting drug target because of its
methylation potential being tunable via SAM levels; therefore,
it is theoretically possible to target hyper- and hypomethylation
events observed in cancer. In summary, this study provides the
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groundwork for understanding the kinetic mechanism of
METTLI16 in the context of its biological functions.
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