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Lysine methylation is an important and much-studied post-
translational modification of nuclear and cytosolic proteins but
is present also in mitochondria. However, the responsible mito-
chondrial lysine-specific methyltransferases (KMTs) remain
largely elusive. Here, we investigated METTL12, a mitochon-
drial human S-adenosylmethionine (AdoMet)-dependent methyl-
transferase and found it to methylate a single protein in mito-
chondrial extracts, identified as citrate synthase (CS). Using
several in vitro and in vivo approaches, we demonstrated that
METTL12 methylates CS on Lys-395, which is localized in the
CS active site. Interestingly, the METTL12-mediated methyla-
tion inhibited CS activity and was blocked by the CS substrate
oxaloacetate. Moreover, METTL12 was strongly inhibited by
the reaction product S-adenosylhomocysteine (AdoHcy). In
summary, we have uncovered a novel human mitochondrial
KMT that introduces a methyl modification into a metabolic
enzyme and whose activity can be modulated by metabolic cues.
Based on the established naming nomenclature for similar
enzymes, we suggest that METTL12 be renamed CS-KMT (gene
name CSKMT).

Many biomolecules ranging from small metabolites to
nucleic acids and proteins are subject to methylation by
methyltransferases (MTases)® that use S-adenosylmethionine
(AdoMet) as the methyl donor (1). The products of the Ado-
Met-dependent MTase reaction are the methylated substrate
and S-adenosylhomocysteine (AdoHcy), which for some
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MTases competitively inhibits AdoMet binding (2, 3). In proteins,
several amino acid residues can be targeted for methylation,
including glutamine, histidine, arginine, and lysine (4-7).
Lysine (K)-specific MTases (KMTs) catalyze the transfer of up
to three methyl groups to the e-amino group of lysine, resulting
in mono-, di-, or trimethyllysine (8-10). As more methyl
groups are being attached, the overall charge of the lysine resi-
due remains unaffected, but the bulkiness increases, and the
hydrogen bonding capability is reduced.

Lysine methylation has been shown to modulate many
aspects of protein function, such as protein-protein interac-
tions, enzymatic activity, and protein stability. The functional
importance of lysine methylation has been most intensively
studied for histone methylation by KMTs that contain a defin-
ing SET (Su(var)3-9, Enhancer-of-zeste, Trithorax) domain
(9). Methylation of specific lysines in histone tails has been
established as an important determinant of chromatin state and
gene expression, and together with other post-translational
modifications constitute the so-called “histone code” (11).
However, lysine methylation on non-histone proteins is also
common, and in fact numerous non-histone proteins have been
identified as substrates for many of the SET enzymes (6).

In addition, several members of a different MTase class, the
so-called seven B-strand (7BS) MTases, have recently been
established as KMT's that target various non-histone proteins
(8). These include members of the so-called methyltransferase
family 16 (MTF16), which all share a characteristic and
conserved DXXY motif (consensus: (D/E)XX(Y/F)), located
directly downstream of the fourth B strand of the 7BS fold (12).
The corresponding region, referred to as motif “Post II,” has
been implicated in catalysis and substrate specificity (8). Until
now, 7 of 10 human MTF16 members were established as
KMTs, suggesting that the remaining three members are also
KMTs (12-19). Moreover, two human (non-MTF16) 7BS
MTases, denoted eEF1A-KMT2 (gene name EEFIAKMT2;
alias METTL10) and eEF1A-KMT4 (gene name EEFIAKMT4;
alias ECE2) were demonstrated to methylate eukaryotic elon-
gation factor 1o (eEF1A) on Lys-318 and Lys-36, respectively
(20, 21). Together with the two yet uncharacterized 7BS
MTases METTL12 and METTL13, these two enzymes were
recently reported to constitute the human members of a novel
putative KMT family, defined by a common motif Post II of
consensus (D/E)KGTXD (20).
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Human METTL12 methylates mitochondrial citrate synthase

Thus far, only a single human mitochondrial KMT has been
characterized, namely ETFB-KMT (gene name ETFBKMT;
alias METTL20), which is a member of MTF16 and targets Lys-
200 and Lys-203 in the B-subunit of electron transfer flavopro-
tein (ETFpB) (17, 19). However, many mitochondrial proteins
have been shown to contain methylated lysine residues, and
several uncharacterized MTases have a predicted mitochon-
drial localization, suggesting the existence of additional
mitochondrial KMTs (22, 23). One interesting candidate is
METTLI12, which shows sequence similarity to established
KMTs and has a predicted mitochondrial localization (20, 23).

Citrate synthase (CS) resides in the mitochondrial matrix
where it catalyzes the condensation of oxaloacetate (OAA) with
acetyl-CoA to form citrate and CoA, i.e. the first committed and
irreversible step of the Krebs cycle. Numerous studies have
investigated the regulation of CS activity (24 —26). It is generally
accepted that the overall rate of the CS-catalyzed reaction is
mainly determined by the availability of the substrates
acetyl-CoA and OAA, which are usually present in mito-
chondria at concentrations much lower than those required
to saturate CS. In addition, CS was reported to be inhibited
by citrate and succinyl-CoA (27, 28). So far, regulation of CS
activity by post-translational modification has not been
reported. However, mammalian CS has been reported to be
subject to lysine methylation; CS from both human and pig
were reported to be trimethylated at Lys-395 (22, 29) (amino
acid numbering according to UniProt), which is localized in
the CS active site (30).

In the present study we have taken an activity-based
approach to establish the function of METTL12. We detected a
single substrate for recombinant METTL12 in METTLI2
knock-out (KO) cell extracts, and we found this substrate to be
CS. Through extensive in vitro and in vivo studies we demon-
strate that METTL12 is responsible for methylation of Lys-395
in CS. We also found that CS activity was diminished by meth-
ylation and that METTL12-dependent methylation was inhib-
ited by OAA and AdoHcy.

Experimental procedures
Cloning and mutagenesis
Cloning of human open reading frames and mutagenesis

were performed as described previously (17). All constructs
were sequence-verified.

Bioinformatics analysis

NCBI Basic Local Alignment Search Tool (BLAST) was used
to identify protein sequences homologous to human METTL12
(31). Multiple sequence alignments were generated using algo-
rithms embedded in the Jalview (v2.8) interface (32).

Cell cultivation and generation of stable cell lines

Human cell lines were grown at standard conditions, typi-
cally in DMEM GlutaMAX medium supplemented with 10%
(v/v) fetal bovine serum (FBS), 100 units/ml of penicillin, and
0.1 mg/ml streptomycin (P/S). Human HAP1 cells were
grown in Iscove’s modified Dulbecco’s GlutaMAX medium
(IMDM) supplemented with 10% FBS and P/S. The generation
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of METTL12 KO HAP1 cells was initiated as a custom (non-
exclusive) project with Horizon Genomics (Vienna, Austria),
and these cells are now commercially available (Horizon
Discovery HZGHC000536¢011). Genomic ablation of the
METTLI2 gene was performed using the CRISPR-Cas9 tech-
nology, with guide RNA designed to target the METTLI12
gene upstream of motif “Post I” (Fig. 24). Individual clones
were selected by limiting dilution, and frame-shifting events
within the METTL12 gene were determined by sequencing
of genomic DNA. Complementation of METTL12 KO cells
was performed by transfecting cells with a p3XFLAG-CMV-
14-derived plasmid that encoded either wild-type or D107A-
mutated C-terminally 3XFLAG-tagged METTL12 using the
FuGENEG6 Transfection Reagent (Roche Applied Science).
Transfected cells were selected with 1 mg/ml Geneticin
(Gibco) and expanded in medium containing Geneticin.
Individual clones were screened by Western blot for the
presence of 3XFLAG tag, citrate synthase (CS), and GAPDH
(as loading control) using anti-FLAG (Sigma, F1804),
anti-citrate synthase (Proteintech, 16131-1-AP), and anti-
GAPDH (Abcam, ab9485) antibodies, respectively.

Transient transfection and fluorescence microscopy

HeLa cells were transiently transfected with pEGFP-N1-
derived plasmids (Clontech), encoding human full-length
METTLI12 or only its N terminus (consisting of amino acids
1-30) fused to the N terminus of enhanced green fluorescent
protein (EGFP). Cells were analyzed by confocal fluorescence
microscopy 24 h after transfection. Living cells were stained
with 50 nm MitoTracker Deep Red FM (Life Technologies) and
0.5 ug/ml Hoechst 33258 (Sigma) to visualize the mitochondria
and the nuclei, respectively. Cells were imaged using an Olym-
pus FluoView 1000 (Ix81) confocal fluorescence microscopy
system with a PlanApo 60X NA 1.1 oil objective (Olympus).
The different fluorophores were excited at 405 nm (Hoechst),
488 nm (EGFP), and 635 nm (MitoTracker), and Kalman aver-
aging (n = 3) was used to record multichannel images. The
fluorescent signals emitted from EGFP, MitoTracker, and
Hoechst were acquired through green, red, and blue channels,
respectively, and merged.

Expression and purification of recombinant His-tagged
proteins

Human A28 METTL12, A27 citrate synthase, and A43
TUFM (mature forms lacking a mitochondrial targeting
sequence (MTS), with the indicated N-terminal amino acids
deleted) were cloned into the pET28a plasmid for expression as
N-terminally 6 X His-tagged proteins. Protein expression in the
Escherichia coli strain BL21-CodonPlus(DE3)-RIPL (Agilent
Technologies) was induced with 0.1 mm isopropyl 1-thio-3-p-
galactopyranoside at 16 °C overnight. Bacteria were lysed in
lysis buffer (50 mm Tris-HCl, pH 7.4, 100 mm NaCl, 5% glycerol,
1% Triton X-100) supplemented with 2 mm 2-mercaptoetho-
nol, 30 mM imidazole, 1X Complete (EDTA-free) protease
inhibitor mixture (Roche Applied Science), and 10 units/ml
Benzonase nuclease (Sigma), and the His-tagged proteins
were purified on nickel-nitrilotriacetic acid-agarose (Qiagen)
according to the manufacturer’s instructions. Eluted proteins
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were buffer-exchanged to storage buffer (50 mm Tris-HCI, pH
7.4, 100 mm NaCl, and 10% glycerol) using centrifugal concen-
trators with a molecular mass cut-off of 10 kDa (Sartorius).
Recombinant METTL12 was additionally purified by anion-
exchange using the AKTA HPLC system and loaded on HiTrap
Q HP column (GE Healthcare) equilibrated in equilibration
buffer (50 mm Tris-HCI, pH 7.4, 100 mm NaCl). METTLI12 was
eluted from the column at ~0.3 M KCl using a linear gradient of
KCl (between 0 and 1.0 M) in equilibration buffer and finally
buffer-exchanged to storage buffer.

Proteins were >90% pure as assessed by SDS-PAGE and
Coomassie Blue staining. Protein concentrations were mea-
sured using Pierce BCA protein assay kit (Thermo Fisher
Scientific).

Preparation and fractionation of cell extracts

Crude mitochondria-enriched (mitochondrial) fraction
was prepared using the Mitochondria Isolation Kit for Cul-
tured Cells (Thermo Fisher Scientific) according to the
manufacturer’s instructions by following the reagent-based
protocol.

Human cells or mitochondrial fractions were lysed for 5 min
at 4 °C in lysis buffer supplemented with 1 mm dithiothreitol
and protease inhibitor mixture (catalog no. P8340; Sigma), and
the resulting lysates were cleared by centrifugation. Samples of
frozen pig organs were fragmented mechanically, lysed in lysis
buffer (supplemented as above), sonicated, and cleared by
centrifugation.

Mitochondrial or whole-cell extracts were fractionated at
4 °C by ion-exchange chromatography using the Pierce Strong
Cation Exchange (S) Spin Column (Thermo Fisher Scientific).
First, NaCl concentration was reduced to 50 mm by diluting cell
lysates with dilution buffer (50 mm Tris-HCI, pH 7.4, 5% glyc-
erol), and then extracts were applied onto S-column equili-
brated in dilution buffer. Material bound to the S-column was
eluted in 100-ul aliquots by a step gradient of increasing NaCl
concentrations prepared in dilution buffer, similarly as previ-
ously described (33).

In vitro methyltransferase assay using [’H]AdoMet

To test the MTase activity of METTL12 on cellular material,
10-ul reactions were assembled on ice containing 1X storage
buffer, 50 pmol of recombinant METTL12, 40— 60 ug of pro-
tein from cell extracts, and 0.5 uCi of [*’H]AdoMet (Perkin-
Elmer Life Sciences) ([AdoMet],,,..; = 0.64 uM, specific
activity = 78.2 Ci/mmol). Reaction mixtures were incubated
at 30 °C for 1 h and analyzed by SDS-PAGE and fluorogra-
phy, similarly as previously described (18). Typically, fluo-
rography experiments were performed three times, with
similar results, and data from a representative experiment
are shown.

For scintillation counting and titration experiments, MTase
reactions contained [*H]AdoMet, which was diluted with non-
radioactive AdoMet (New England BioLabs). In this case, reac-
tion mixtures (10 wl) contained 1X storage buffer, 0.5 uCi of
[PH]AdoMet, 32 um AdoMet, varying amounts of recombinant
METTLI12 (0-200 pmol), and a fixed amount of recombinant
CS (20 pmol). Reactions were stopped by adding 1 ml of 10%
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trichloroacetic acid (TCA), and TCA-insoluble material was
subjected to scintillation counting.

Preparation of samples for MS analysis

In vitro methylation of recombinant or cellular (in extract)
proteins, for the purpose of mass spectrometry (MS) analysis,
was performed as in the above section, except that [’H]AdoMet
was replaced with nonradioactive AdoMet (1 mm). When
indicated, the methylation reaction contained additionally 1
unit/ml AdoHcy hydrolase (AdoHcyase) from rabbit eryth-
rocytes (Sigma). CS present in extracts was up-concentrated
by loading cleared lysates on the S-column and eluting
bound material with elution buffer (50 mm Tris-HCI, pH 7.4,
150 mMm NaCl, 5% glycerol) with added protease inhibitor
mixture. Proteins were resolved by SDS-PAGE and stained
with Coomassie, the portion of gel containing the protein of
interest was excised and subjected to in-gel trypsin (Sigma)
or chymotrypsin (Roche Applied Science) digestion, and
the resulting proteolytic fragments were analyzed by liquid
chromatography MS, similarly as previously described
(18).

MS data were analyzed using an in-house-maintained
human and pig protein sequence databases using SEQUEST™™
and Proteome Discoverer™ (Thermo Fisher Scientific). The
mass tolerances of a fragment ion and a parent ion were set as
0.5 Da and 10 ppm, respectively. Methionine oxidation, cys-
teine carbamidomethylation, and lysine and arginine methyla-
tion were selected as variable modifications. MS/MS spectra of
peptides corresponding to methylated CS were manually
searched by Qual Browser (v2.0.7).

Citrate synthase activity assay

The activity of CS was assayed by reaction of 5,5-dithiobis-
(2-nitrobenzoic acid) (DTNB) with the free thiol group of
CoA (generated as result of citrate formation from OAA and
acetyl-CoA), which leads to formation of yellow 5-thio-2-
nitrobenzoic acid (TNB) that is detected spectrophotometri-
cally at 412 nm (34). To determine the effect of METTL12-
mediated methylation on CS enzymatic activity, 0.5 um CS
was incubated for 1 h at 30 °C with 2 um METTL12, either
wild-type or D107A-mutated, in the absence or presence of 1
mM AdoMet or AdoHcy, all in 1X storage buffer. Next, the
incubation mixture was diluted 250X in storage buffer sup-
plemented with 100 uM DTNB and 300 uM acetyl-CoA. Sam-
ples were left to equilibrate at room temperature for 1 min,
and then the reaction was started by adding 300 um OAA
through manual mixing. For titration experiments the reac-
tion was started by adding varying amounts of OAA. The
kinetics of TNB formation was monitored continuously at
412 nm for 1 min using a Shimadzu UV-1601 spectropho-
tometer, and the initial rate of reaction was calculated from
the slope of the linear part of the kinetic curve and expressed
as change in absorption at 412 nm/min (AA,,,/min). When
indicated, the results from individual experiments were nor-
malized for the activity of CS in the appropriate control and
averaged.
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A X Y z

Hs 1 MAALRRMLHLPSLMMGTCRPFAGSLADSCLADRCL RLHAQ- PRLGTVPTED FGYDEVMQGLLL 65
Cp 1 MAALRWTLRV-SPMLARARTSPGSLATTCLADRYL RFHAQ- PRPGSVPTED FGYEENQGLLL 64
Dr 1 - - - cmm e e e e e e e e e e e e e e e - MD KKA RFEFYTENGS QFKNEE FGFPSMKDLVL 37
NV 1 ccmmmems o on o om s s e MKNTNLSDMS FWEKEY - - - KSRGPNNTEE LDFQD¥HNSLD 39

z 1 A B
Hs 66 PLLQEAQA- - ASPLR| SLCTGLYTKS PHP VD PVAVAHMNSELEGGPGQTPL 129
Cp 65 PLLKEGPV - -SCPPR| LCTSLYTQSPYPVD PVAVAHMNRELEGSQGQIPL 128
Dr 38 PALQAMSCSHSGPLH ALGPCIYSTSPCAVR PVAV- - - - MEEHTKSTST 99
Nv 40 KYI HKDS - - - - - HIN EFCIQLFYYLRGNC EEAIQVMRNELRQHGLDDSV 100
3 4 4 D
Hs 130 CPGHPAS SEHFMHADAQNLGAVASS|IGS FQLL G- - GLPRAYQLESECLRVENPQGT 193
Cp 129 SPGHPASHECFRQADAQNLGPVAPSIGS FQLL G- - GLPGARR SECLR SKQGT 192
Dr 100 QPCNPSSAEVELELDCTQMTGHFKS[RSLDL I T SKEGQVKAGQIERQSLQ RPSGS 165
Nv 101 FSLHVGNVEDLP- - - - = - = - - - FSRIECEDI I A SPAAETAFCAVEVEACRNMEKSEGT 156
Motif Il Post Il
5 E 7

Hs 194 L I DPDVRLPCEEQGSY- - ---- - TVT- ---V A¥LIQGSH- - - - - 240
Cp193 LI DPDVRLPFEEQMCC- - - - - - - QTVT- - - - A¥LVKCAH- - - - - 239
Dr 166 FL D EREVQ- - - - - - - AEVTADVGV ELRGVSYECYQISPRSRPHS - 220
Nv 157 IL S MDLETKASQLCHQQN HMSFY- - -F CRSGIER VLQKTGPTGTS 216
B Merged

MitoTracker

(1-30 aa.)
METTL12-GFP

T . .

(+ Hoechst 33258)

Figure 1. METTL12 is an evolutionary conserved mitochondrial 7BS protein. A, alignment of putative METTL12 orthologues from Homo sapiens (Hs;
NP_001036694.1), Cavia porcellus (Cp; XP_003467900.2), Danio rerio (Dr; NP_001018613.1), and Nematostella vectensis (Nv; XP_001636263.1). Predicted a-he-
lixes (rectangles) and B-strands (arrows) are indicated. Hallmark motifs found in 7BS MTases are boxed. The vertical arrow shows the predicted position of
cleavage of the putative MTS in human METTL12. The position of conserved aspartate (Asp-107) crucial for AdoMet binding is indicated with an asterisk. B, in
vivo confocal fluorescence microscopy images of Hela cells after 24 h of transient transfection expressing either METTL12-GFP or (1-30)-METTL12-GFP in the
presence of MitoTracker and Hoechst dyes. Data were acquired through green (GFP), red (MitoTracker), and blue (Hoechst) channels and merged. aa, amino

acids.

Statistical analysis

The independent two-sample Student’s ¢ test was used to
evaluate the probability (p value) that the means of two popu-
lations are not different.

Results

METTL12 is a mitochondrial 7BS MTase mainly found in
vertebrates

We recently reported that the uncharacterized human 7BS
MTase METTL12 is likely a KMT due to its sequence similarity
with other established human KMTs (20). Also, METTL12
contains a putative MTS (23) and because only a single mito-
chondrial KMT has been characterized thus far, we found it of
particular interest to investigate the function of METTL12.

SASBMB

Protein sequence searches revealed that putative METTL12
orthologues are mainly restricted to vertebrates, where they
show a somewhat scattered evolutionary distribution, but they
are also present in some invertebrate animals (Fig. 14). Among
mammals, METTL12 can be found in human, cow, and pig, but
it is present only in a subset of rodents, e.g. it is found in guinea
pig, but is absent in rat and mouse. An alignment of METTL12
orthologues revealed the presence of conserved hallmark
motifs characteristic for 7BS MTases, such as Motif I, Post I,
and Motif IT (Fig. 1A4) (35), as well as the specificity-associated
motif Post II, which is very similar to that found in
eEF1AKMT2, eEF1IAKMT4, and METTL13 (20).

By using the MitoProt algorithm (36) we found that
METTLI12 is likely localized to mitochondria, as the initial ~
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A CRISPR target motif C \g \g
site Post| $ é‘ °¢° § é‘
l l METTL12 Q I Q
METTL12 D7/ Extract None KO kDa
Gene
__1}:1-‘-& ------------------------------ TAA — — —| — 75
____________________________________________________ ~ 48 kDa —— —
| substrate posn —_ 50
WT ACTGTCCCCACCTTCGACTGGTTC (-—-=——-=——==—==——=———— ) GCCCACATGAATAGCCTCCTG - ’ =
T VP T F D W F (-——————————————————- )JA H M N S L L - -]
— 37
— O —
KO ACTGTCCCCACCTGACTGGTTC (mmmmmm e ) GCCCACATGCTCCTG METTL12 - — —
T V P T FAR L V  (-————————mmmmo———— ) P HE . P P — 25
1 nt insertion in KO =2
B wmETTL12 + * + —15
Extract WT KO kDa 10-day exposure —_10
—_—T5
~ 48 kDa il £
substrate — 50
— o
-_37 5
METTL12 -_—37
—)p -_—25
—20 METTL12 — 25
10-day exposure - 20
—75 — 15
— 50 - 10
-_37
METTL12
—) -_—25
- 20

Figure 2. Human METTL12 is a protein-specific MTase. A, targeting of METTL12 gene in human HAP1 WT cells by CRISPR/Cas9 generated METTL12 KO cells
containing a 1 base pairinsertion in the METTL12 gene, located upstream of motif Post |, resulting in generation of truncated METTL12 protein. The dashed lines
interrupting the open reading frames correspond to 177 nucleotides, i.e. 59 amino acids. B, METTL12-dependent protein methylation in cell extracts. Mito-
chondrial extracts from HAP1 WT or METTL12 KO cells were incubated with [*H]JAdoMet and recombinant human METTL12. Methylation reactions were
separated by SDS-PAGE and transferred to a membrane. Methylation was visualized by fluorography (top) of the Ponceau S-stained membrane (bottom).
Arrows indicate the positions of the ~48 kDa substrate and METTL12. C, D107A mutation abrogates enzymatic activity of METTL12. Mitochondrial extracts from
METTL12 KO cells were incubated with [*HJAdoMet and recombinant human METTL12, either WT or D107A-mutated. Methylation was analyzed as in B. Note:
in panels B and C different levels of background (non-METTL12-dependent) methylation are observed; this is likely due to differences in the purity of the

mitochondrial extracts.

N-terminal amino acids of METTL12 were predicted to repre-
sent a MTS. Indeed, both the full-length METTL12 and the
isolated putative MTS were, when expressed as N-terminal
fusions with GFP, able to target GFP to mitochondria, thus
confirming that METTL12 is a mitochondrial protein (Fig. 1B).

Generation of METTL12 KO cells and demonstration of protein
MTase activity

To functionally characterize METTL12, the METTL12 gene
was disrupted in the haploid HAP1 cells using CRISPR/Cas9
technology. Abrogation of the METTLI12 gene function was
assured by designing a guide RNA to target a sequence located
upstream of motif Post I, which contains a catalytically impor-
tant acidic residue (i.e. Asp-107 in METTL12) that is crucial for
AdoMet binding in 7BS MTases (12, 15, 17, 20). Through DNA
sequencing, a clone was identified that carried a 1-bp insertion
at the target site, resulting in a shifted reading frame. This
mutant gene encodes a predicted protein encompassing the 51
N-terminal amino acids of METTL12 followed by 66 residues
resulting from out-of-frame translation. The mutant protein is
thus severely truncated relative to the wild-type protein (240
amino acids) and highly likely inactive (Fig. 24).
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Previously, we showed that many recombinant human KMT
enzymes can methylate their respective substrates in a cellular
extract (14, 15, 17, 18). In several cases, such methylation was
much more prominent in extracts from corresponding KMT
KO cells, due to the substrate being exclusively in an unmethy-
lated state. Consequently, we tested the ability of recombinant
METTLI12 to methylate proteins in a mitochondria-enriched
extract from METTLI2 KO cells. For this purpose we used a
truncated version of METTL12 that lacked the 28 N-terminal
amino acids predicted to represent the mature, MTS-less ver-
sion of the protein. The methylation reactions were performed
in the presence of [*H]AdoMet and then analyzed by SDS-
PAGE and fluorography, enabling the visualization of methy-
lated proteins as distinct bands. Interestingly, we detected
radiolabeling of a protein with an apparent molecular mass of
~48 kDa upon incubation of METTL12 with the extract from
KO cells. No such labeling was observed when the wild-type
(WT) HAP1 cells were used (Fig. 2B), indicating that the 48 kDa
band represents a true METTL12 substrate. A putatively enzy-
matically inactive mutant of METTL12 (D107A) was used as a
negative control, and, reassuringly, we did not detect any label-
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ing of the ~48 kDa substrate when this mutant enzyme was
used, excluding the possibility that the observed labeling was
mediated by an E. coli-derived contaminant (Fig. 2C). In addi-
tion we detected after longer exposures weak automethylation
of METTL12 similar to what has been observed for many other
KMTs (12, 17, 20, 33). In summary, these results show that
METTLI2 is a mitochondrial enzyme with protein MTase
activity.

Identification of citrate synthase as a likely substrate of
human METTL12

To reveal the identity of the ~48-kDa substrate, we incu-
bated mitochondrial extracts from METTLI2 KO cells with
[*H]AdoMet and recombinant METTLI2 and then subjected
the reaction mixtures to fractionation on a cation-exchange (S)
column (Fig. 3A). A parallel sample where wild-type recombi-
nant METTL12 had been replaced by the enzymatically inac-
tive mutant D107A was subjected to the same fractionation
scheme, thus representing a negative control. We found that
the ~48-kDa *H-labeled protein bound to the S-column was
optimally eluted between 0.05 and 0.15 M NaCl (denoted as the
0.15 fraction) (Fig. 3B). To identify the METTL12 substrate, the
METTLI12KO extract was fractionated (in the absence of radio-
activity), the 0.15 fraction was resolved by SDS-PAGE, and the
~48-kDa region was excised from the gel (Fig. 3C) followed by
trypsin digestion and protein identification by MS. Among sev-
eral mitochondrial proteins that were identified (Table 1), only
one, namely citrate synthase, had been reported in the literature
as being methylated on lysine. CS contains a trimethylated
lysine residue in position 368 in the mature protein corre-
sponding to Lys-395 in the CS precursor (29). The latter num-
bering is used in protein databases such as UniProt and Phos-
phoSitePlus (post-translational modifications) and will also be
used here by us. The molecular weight of mature CS (49 kDa)
matched that of the methylated substrate detected by fluorog-
raphy, and when an anti-CS antibody was used to detect CS
throughout fractionation, it was found that the elution profile
of CS was indistinguishable from that of the ~48-kDa substrate
(compare Fig. 3, B and C).

To further investigate the potential ability of METTL12 to
methylate CS, we incubated the METTL12 KO cell extract with
recombinant METTL12, then subjected the extract to fraction-
ation, and the methylation status of Lys-395 in CS from the 0.15
fraction was assessed by MS. Strikingly, we found that Lys-395
was exclusively unmethylated in the KO cells (Fig. 3, D and E),
whereas treatment with recombinant METTL12 shifted Lys-
395 to the trimethylated (Me3) and dimethylated (Me2) states
(Fig. 3, D and E). This demonstrates that METTL12 can meth-
ylate Lys-395 in CS in vitro and suggests that the enzyme is
responsible for CS methylation also in vivo.

METTL12 catalyzes methylation of Lys-395 in CS in vitro

To further investigate CS as a substrate for MET TL12-medi-
ated methylation in vitro, we expressed and purified mature
(MTS-less) CS in E. coli, and the resulting recombinant protein
was then tested as a substrate for METTL12-mediated methyl-
ation. Clearly, METTL12 methylated recombinant CS in vitro,
but a rather high amount of enzyme relative to substrate (>2-
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fold excess) was required to obtain maximal methylation (Fig.
4A). Importantly, protein mass spectrometry demonstrated the
presence of trimethylated Lys-395 in recombinant CS that had
been treated with METTL12, whereas Lys-395 was found to be
unmethylated in untreated CS (supplemental Fig. S1). We also
replaced Lys-395 by arginine in recombinant CS, which com-
pletely abolished methylation, indicating that Lys-395 is the
only methylation site (Fig. 4B). Moreover, we considered the
possibility that also a neighboring lysine residue, Lys-393, may
be subject to methylation. However, this appears not to be the
case, as methylation was not affected by mutation at this posi-
tion (Fig. 4B) and because we were unable to find evidence for
such methylation in the MS data. Taken together, the above
data demonstrate that METTL12 catalyzes methylation of CS
at Lys-395 in vitro.

Processivity, turnover, and metabolite modulation of
METTL12-mediated methylation

Many KMTs that introduce trimethylation on their target
lysines have a distributive mode of action, i.e. they introduce a
single methyl group per binding event, thus generating a mix-
ture of methylation states at lower enzyme concentrations. In
contrast, other trimethylating KMTs are processive, i.e. they
introduce all three methyl groups during a single binding event
and thus exclusively generate the trimethylated product. To
investigate the mode of action of METTL12, we incubated
recombinant CS with different amounts of METTL12 and
assessed the methylation status of Lys-395 by MS using
extracted ion chromatograms corresponding to the various
methylation states of a Lys-395-encompassing peptide (Leu-
389 —Leu-408). Treatment of CS with a large excess of METTL12
predominantly yielded the trimethylated state, but when equimo-
lar amounts of CS and METTL12 were used a mixture of the
methylation states was observed, clearly demonstrating that
METTLI12 has a distributive mode of action (Fig. 54, upper panel).

We noted that METTL12 enzyme was relatively inefficient
and appeared incapable of performing catalytic turnover; at
limiting enzyme concentrations, one MTase molecule medi-
ated, on average, the incorporation of (approximately) a single
methyl group (Fig. 5B). Many AdoMet-dependent MTases are
inhibited by the byproduct AdoHcy (the demethylated coun-
terpart of AdoMet) (3), and we, therefore, considered the pos-
sibility that inhibition of METTL12 by AdoHcy may prevent
catalytic turnover. To test this we added AdoHcyase, which
catalyzes the hydrolysis of AdoHcy, to the reaction mixture for
METTL12-mediated methylation of CS. Clearly, the addition
of AdoHcyase dramatically increased the efficiency of methyl-
ation and improved the catalytic turnover (Fig. 5, A and B).
These results indicate that AdoHcy generated in the methyla-
tion reaction has a strong inhibitory effect on METTL12.

To further investigate the influence of AdoHcy on METTL12
activity, we performed in vitro methylation reactions where the
concentrations of CS, METTL12, and AdoMet were held con-
stant (at 2 uMm, 2 uM, and 32.6 uMm respectively) whereas the
concentration of AdoHcy was varied (0—-300 wm). The results
showed that METTL12-mediated methylation of CS was
strongly inhibited by the addition of AdoHcy (Fig. 5C); visible
inhibition was observed already at 1 um AdoHcy, and methyl-
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Figure 3. Identification of CS as candidate substrate for METTL12. A, schematics of chromatography-based strategy for enrichment of METTL12 substrate
from cell extracts. Mitochondrial extracts from METTL12 KO cells were incubated with [?H]JAdoMet and recombinant human METTL12, either WT or D107A
mutant, and fractionated by cation-exchange (S-column) chromatography. B, enrichment of the ~48-kDa METTL12 substrate. Mitochondrial extracts were
methylated and loaded onto an S-column according to the scheme depicted in A. Proteins were eluted from the S-column using a step-gradient of increasing
NaCl ramped from 150 mm (0.15 fraction) to 600 mm (0.6 fraction). Eluted fractions were separated by SDS-PAGE, and [*Hlmethyl incorporation into proteins
was assessed by fluorography (top) of Ponceau S-stained membrane (bottom). FT, flow-through. C, SDS-PAGE analysis of cation-exchange fractions from
METTL12 KO cells. Mitochondrial extracts were fractionated by cation exchange, as in B, analyzed by SDS-PAGE, and stained with Coomassie (top) or analyzed
by Western blot (bottom) and probed with anti-citrate synthase antibody (WB: CS). The arrow indicates the band corresponding to the ~48-kDa methylated
substrate detected by fluorography, and MS analysis of this band revealed the presence of CS (Table 1). D, fragmentation mass spectra of chymotrypsin-
generated peptide encompassing Leu-389-Leu-408 of CS, supporting the absence of Lys-395 methylation in METTL12 KO cells (top) and the presence of
trimethylated Lys-395 in METTL12-treated extracts from METTL12 KO cells. E, CS is methylated at Lys-395 by recombinant METTL12. Mitochondrial extracts from
METTL12 KO cells were incubated with AdoMet without or with METTL12, fractionated by cation exchange, as in B, and CS presentin 0.15 fraction was analyzed
by MS. Shown are the relative intensities of MS signals gated for different methylation states of the indicated peptide (Lys-395 shown in red) from extracts
untreated or treated with METTL12. Error bars indicate the range of values from three independent experiments.
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Table 1

List of proteins identified in the ~48-kDa region of the 0.15 fraction of mitochondrial extract from METTL12 KO cells

Mito, mitochondria; Cyto, cytosol; ER, endoplasmic reticulum; Nucl, nucleus.

Accession Molecular Subcellular
Protein name number Score Coverage mass” localization
% kDa
Elongation factor Tu, mitochondrial P49411 59.90 45.93 49.5 Mito
Citrate synthase, mitochondrial 075390 4948 45.61 51.7 Mito
Phosphoglycerate kinase 1 P00558 42.48 52.76 44.6 Cyto
a-Enolase P06733 39.17 41.71 47.2 Cyto
Cytochrome b-c1 complex subunit 2, mitochondrial P22695 36.47 32.45 48.4 Mito
Eukaryotic initiation factor 4A-I P60842 25.06 27.09 46.2 Cyto
Protein disulfide-isomerase A6 Q15084 24.88 33.18 48.1 ER
Spliceosome RNA helicase DDX39B Q13838 23.82 20.79 49.0 Nucl
Cytochrome b-c1 complex subunit 1, mitochondrial P31930 22.47 31.25 52.6 Mito
ATP-dependent RNA helicase DDX39A 000148 22.07 18.27 49.1 Nucl/Cyto
“ Molecular mass of precursor protein.
METTLAZ + CS (20 pmol) B cs WT _ K395R _K393R
(pmoiy 2,500 2 5 10 20 50 100 200 . METTL12 + ¥ ¥ +  \Da
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Figure 4. METTL12-mediated methylation of Lys-395 in recombinant CS in vitro. A, methylation of recombinant CS is dependent on METTL12. CS was
incubated with [*H]JAdoMet and increasing amounts of METTL12, and [*H]methyl incorporation was visualized by fluorography (top) of Ponceau S-stained
membrane (bottom). B, evaluation of CS point mutants as substrates for METTL12-mediated methylation. CS, either wild-type (WT) or mutant (K395R or K393R),
was incubated with [*H]JAdoMet and METTL12, and [*H]-methyl incorporation was visualized by fluorography as in A.

ation was almost completely abolished by 100 um AdoHcy.
Importantly, the addition of AdoHcyase greatly alleviated the
inhibitory effect of AdoHcy, and in agreement with the results
in Fig. 5B, AdoHcyase increased methylation also in the
absence of AdoHcy. The above results indicate that METTL12
has a much higher affinity for AdoHcy than for AdoMet and
that AdoHcy, therefore, acts as a strong inhibitor of the enzyme,
preventing enzymatic turnover.

We previously found for other 7BS KMTs that the efficiency
of lysine methylation could be modulated by the specific bind-
ing of various ligands to the substrate (15, 18, 20). We, there-
fore, tested the effect of relevant metabolites, i.e. the CS sub-
strates OAA and acetyl-CoA, as well as the product citrate on
METTLI12-mediated CS methylation. We found that OAA had
astrong inhibitory effect on METTL12-dependent methylation
of CS, i.e. methylation was inhibited by ~80% at 200 um OAA
(Fig. 6A), whereas neither acetyl-CoA nor citrate had any effect
(Fig. 6B). Taken together, the data presented above indicate
that METTL12 methylates CS in a non-processive reaction,
which is inhibited by AdoHcy and OAA.

Modulation of CS activity by METTL12 in vitro

The crystal structure of pig CS shows that Lys-395 is local-
ized close to the active site of the enzyme (30), suggesting that
CS activity may be affected by METTL12-mediated methyla-
tion. To test this, we incubated CS with METTL12 in the pres-
ence of AdoMet and then measured the enzymatic activity of
CS. Corresponding samples, where AdoMet had been omitted
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or replaced by AdoHcy, were included as negative controls.
Interestingly, when CS was incubated with METTLI12 in the
presence of AdoMet, a substantial (~30%) reduction in CS
activity was observed relative to the negative controls (Fig. 7A).
Notably, no such effect was observed when the inactive
METTLI12 mutant (D107A) was used (we confirmed that this
mutant enzyme was also inactive on recombinant CS; see sup-
plemental Fig. S2). Taken together, these experiments indicate
that METTL12-mediated methylation causes a small, but sig-
nificant, reduction in CS activity.

To determine how METTL12-mediated methylation of CS
affected the kinetics of the CS reaction, we measured the veloc-
ity of the CS-catalyzed reaction as a function of increasing OAA
concentration while keeping the concentration of acetyl-CoA
constant. These titration experiments were performed in par-
allel for methylated CS (incubated with AdoMetand METTL12
wild type) and unmethylated CS (incubated with AdoMet and
METTLI12 D107A mutant). Although the overall shape of the
saturation curves was similar in the two cases, the apparent
maximum velocity of the reaction was reduced for methylated
CS compared with unmethylated CS (Fig. 7B). These results
indicate that METTL12-mediated methylation primarily
affects the rate constant of the CS-catalyzed reaction while hav-
ing less effect on the affinity of CS for OAA.

METTL12 is responsible for CS methylation in vivo

We showed that recombinant METTL12 catalyzed methyla-
tion of CS at Lys-395 in vitro, both on recombinant CS and on
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Figure 5. METTL12 is a non-processive enzyme strongly inhibited by AdoHcy. A, METTL12 is a non-processive enzyme. Recombinant CS was incubated
with AdoMet and METTL12 at varying METTL12:CS ratios in the absence (top) or presence (bottom) of AdoHcyase. Methylation status of Lys-395 in CS was
quantified by MS, similarly as in Fig. 3, D and E. Shown are the relative intensities of MS signals gated for different methylation states of peptides encompassing
Lys-395, with error bars indicating the range of values from three (top) or two (bottom) independent experiments. The inset in the lower panel represents a
blowup showing data for METTL12:CS values <1. B, results obtained in A expressed as the average number of methyl groups present on Lys-395 in CS. C, the
effect of AdoHcy and AdoHcyase on METTL12-dependent methylation of CS. CS (2 um) was incubated with METTL12 (2 um), [’H]AdoMet ([AdoMet],,.; = 32.6

um), and varying amounts of AdoHcy in the absence or presence of AdoHcyase. [*H]Methyl incorporation was visualized by fluorography (top) of Ponceau
S-stained membrane (bottom).
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Figure 6. METTL12-dependent methylation of CS is inhibited by OAA. A, OAA inhibits METTL12-dependent methylation of CS. CS was incubated with
METTL12, *H]AdoMet, and varying amounts of OAA. [*H]Methyl incorporation into CS was assayed by scintillation counting of trichloroacetic acid-precipitated
material. The experiment was repeated three times, with duplicate samples, and all data points are shown. B, methylation of CS is inhibited by OAA but not by
citrate or acetyl-CoA. CS was incubated with METTL12 and [*H]AdoMet in the absence or presence of acetyl-CoA, OAA, or citrate (200 um each). [*H]Methyl
incorporation into CS was assayed as in A. Data are expressed as % of control (no addition). Error bars indicate the standard deviation (n = 8).
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Figure 7. Impact of METTL12-dependent methylation on the activity of CS in vitro. A, CS activity is reduced by METTL12-mediated methylation. CS (0.5 um)
was incubated with METTL12 (2 um), either wild-type (WT) or D107A mutant, and in the absence or presence of AdoMet or AdoHcy (1 mm each). Note:
approximately 80% of CS became trimethylated under these conditions, as indicated in Fig. 5A. Reactions were diluted 250X with storage buffer containing
DTNB (100 wm) and acetyl-CoA (300 um), and CS activity was assayed by measuring the rate of TNB formation after adding OAA (300 wum). Values from three
independent experiments performed in triplicate were normalized relative to CS activity observed in the presence of WT METTL12 in the absence of added
co-factor (AdoMet or AdoHcy). Bars indicate standard deviation (n = 9). *, p value < 0.001; n.s., not significant. B, METTL12-mediated methylation reduces CS
maximum velocity. CS was incubated with AdoMet and METTL12, either wild-type or D107A mutant, conditions as in A, and CS activity was assayed similarly as
in A by measuring TNB formation after the addition of varying amounts of OAA while keeping acetyl-CoA concentration constant (300 um). CS activity is
expressed as change in absorption at 412 nm/min (AA,,,/min). Results from a representative experiment (of three) are shown.

CS from METTL12 KO extracts. Taken together with the pub-
lished observation that CS from pig heart is trimethylated on
Lys-395, thisindicatesthat METTL12isresponsible for CSmeth-
ylation also in vivo. To firmly establish this, we assessed the
methylation status of Lys-395 in CS in “wild-type” and
METTLI2 KO HAP1 cells as well as in KO cells that had
been complemented (supplemental Fig. S3) with ectopically
expressed genes encoding either wild-type METTL12 or the
enzymatically inactive mutant (D107A). We found that Lys-395
was predominantly trimethylated in the WT cells, with only
small amounts of the un-, mono-, and dimethylated forms
being detected (Fig. 84). In contrast and as already shown, Lys-
395 was exclusively observed in the unmethylated state in the
METTLI2 KO cells (Fig. 84). Reassuringly, complementation
with an expression plasmid carrying the wild-type METTLI12
c¢DNA restored methylation in the KO cells, whereas no such
effect was observed with the D107A-mutated cDNA. Taken
together with the results from in vitro experiments, these data
firmly establish that enzymatic activity of METTL12 is neces-
sary and sufficient for CS methylation in vivo.

Methylation level of Lys-395 in CS differs between cell lines
and various organs

Our in vitro experiments indicated that CS activity may be
regulated by METTL12-mediated methylation in response to
alterations in metabolite levels. To further address whether CS
methylation is variable and, thus, likely to play a regulatory role,
we analyzed CS Lys-395 methylation status in a panel of human
cell lines as well as in several organs from pig. To this end we
partially purified CS from the cells/organs using the purifica-
tion scheme described previously (depicted in Fig. 3, A and B)
and then assessed the methylation status of CS by MS. In the
majority of cell lines tested, we observed high levels of Lys-395
methylation, with the trimethylated form (Me3) being predom-
inant (>80%) (Fig. 8B). However, in HEK293 cells, CS showed a
considerably lower methylation level, and a mixture of all four
possible methylation states of Lys-395 was detected, ie.
unmethylated (Me0: ~36%), mono- (Mel: ~28%), di- (Me2:
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~15%), and trimethylated (Me3: ~21%). In all analyzed pig
organs (heart, muscle, liver, kidney, brain, ovary, uterus, small
intestine, bone marrow, spleen) CS Lys-395 was exclusively
found in the trimethylated form (data not shown).

Discussion

In the present study we have unraveled the biochemical func-
tion of the human MTase METTL12 using both in vitro and in
vivo approaches. We found METTL12 to be localized to mito-
chondria and to methylate CS at Lys-395 in a non-processive
fashion. Moreover, methylation reduced the activity of CS and
was inhibited by the CS substrate OAA as well as by AdoHcy,
suggesting that methylation may regulate CS function in
response to altered metabolite levels.

We found that recombinant METTL12 methylated a single
substrate of ~48 kDa in mitochondrial extracts. Partial purifi-
cation of the extract followed by MS analysis identified several
candidate substrates. These candidates included CS, which we
subsequently established as a bona fide METTLI12 substrate.
Mitochondrial elongation factor Tu (TUFM) is another inter-
esting candidate (Table 1) because it represents the mitochon-
drial ortholog of the cytosolic eEF1A, which is subject to meth-
ylation by the closest characterized mammalian homologues of
METTLI12, i.e. eEF1A-KMT2 and eEF1A-KMT4 (20, 21). Con-
sequently, we have tested the activity of METTL12 on recom-
binant TUFM but were unable to detect any methylation, indi-
cating that TUFM is not a substrate of METTL12.

While this manuscript was under preparation, a study from
another group implicated METTL12 in methylation of CS (37).
Using an antibody that recognized trimethylated lysine resi-
dues, various trimethyllysine-containing mitochondrial pro-
teins were detected, and only one of these, subsequently
identified as CS, lacked this modification in HAP1-derived
METTLI2 KO cells. MS analysis demonstrated that Lys-395 in
CS was unmethylated in the KO cells. Also, ectopic overexpres-
sion of METTL12 in HEK293 cells, where CS is relatively
hypomethylated on Lys-395, resulted in a substantial increase
in methylation. Although this study linked METTL12 to CS
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Figure 8. METTL12-mediated methylation of Lys-395 in CS in vivo. A, methylation of Lys-395 in CS is restored in METTL12 KO cells complemented with
METTL12. Shown is an MS analysis of Lys-395 methylation in CS from HAP1 WT or METTL12 KO cells (KO) or KO cells expressing FLAG-tagged METTL12, either
wild type or D107A mutant. Shown are the relative intensities of MS signals gated for different methylation states of the indicated peptide (Lys-395 shown in
red). Error bars indicate the range of values from three independent analyses (WT and KO) or three independent clones of complemented cells, as indicated in
supplemental Fig. S3. B, methylation status of Lys-395 in CS from various human cell lines. CS was enriched by cation-exchange (S-column) chromatography
(as in Fig. 3, A and B), chymotrypsin-digested, and methylation of CS-derived peptides, encompassing Lys-395, was analyzed by MS. Shown are the relative
intensities of MS signals gated for different methylation states of the peptides with error bars indicating the range of values from at least three independent

experiments.

methylation in vivo, it was not demonstrated that METTL12
could catalyze CS methylation ix vitro, and no functional effect
of methylation was shown.

Cellular MTases differ greatly with respect to their affinities
for the substrate AdoMet (expressed as the K, value) and the
potentially inhibitory product AdoHcy (expressed as the K;
value). Some MTases have an approximately equal affinity for
AdoMet and AdoHcy (K, (AdoMet) ~ K, (AdoHcy)) and
others have a higher affinity for AdoMet (K, (AdoMet) < K
(AdoHcy)), whereas others bind AdoHcy more avidly than
AdoMet (K, (AdoMet) > K, (AdoHcy)) (3). The latter category
of MTases will be particularly prone to product inhibition by
AdoHcy and sensitive to alterations in the [AdoMet]/[AdoHcy]
ratio. Clarke and Banfield have compared K, (AdoMet) and K;
(AdoHcy) values for 23 mammalian MTases (3), and the ones
with the relatively highest affinity for AdoHcy displayed K,
(AdoMet)/K; (AdoHcy) ratios in the range 25-30, which is
comparable to METTL12 (the addition of only 1 um AdoHcy
inhibited METTL12 activity substantially in the presence of
32.6 uM of AdoMet; Fig. 5C). Thus, METTL12 appears, com-
pared with most other mammalian MTases, to be highly sensi-
tive toward alterations in the cellular [AdoMet]/[AdoHcy]
ratio. This was also supported by the observation that
METTLI12 was unable to perform catalytic turnover unless
AdoHcyase was added to the reaction mixture. Importantly, the
AdoMet and AdoHcy concentrations used in our in vitro exper-
iments are comparable with those found inside cells; typical
cellular concentrations of AdoMet and AdoHcy lie within the
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ranges 10-100 um and 0.1-20 um, respectively (38). Interest-
ingly, a number of recent studies have demonstrated that alter-
ations in cellular metabolism leads to changes in the cellular
AdoMet/AdoHcy ratio, which again causes changes in histone
lysine methylation, thus providing an interesting link between
metabolism and epigenetics (2, 40, 41). Similarly, our in vitro
data suggest that CS activity may be modulated by AdoHcy-
sensitive, METTL12-mediated lysine methylation in response
to metabolic changes.

We found that the CS substrate OAA strongly inhibited
METTLI12-mediated methylation of CS, whereas no such effect
was observed with either the co-substrate acetyl-CoA or with
the product citrate. X-ray crystallographic studies have deter-
mined the structure of pig CS in complex with various metab-
olites, and CS exists in an “open” conformation in the absence
of ligands or when complexed with citrate, whereas it adopts a
“closed” conformation when complexed with OAA (30, 42).
Only a minor portion of the CS structure is affected by the
conformational switch between the closed and open states, but
the methylation site Lys-395 is part of a segment that is shifted
substantially (Fig. 9). This suggests that OAA exerts its inhibi-
tory effect through inducing the closed conformation and,
thereby, a repositioning of Lys-395 and surrounding residues.

We found that METTL12-mediated methylation caused a
small, but significant, reduction in CS activity. In contrast,
Rhein et al. (37) did not detect any difference in activity
between CS isolated from wild-type and METTL12 KO HAP1
cells, and another study did not detect significant differences in
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Open state
Closed state
K395 - open state
K395 - closed’state 7 !

Figure 9. The methylation site Lys-395 shows a different position between open and closed states of CS. The regions of CS that show a similar structure
between the open and closed states are shown in gray. For the regions that deviate between the two states, the open state is shown in blue, and the closed state
inred. Stick representations are shown for OAA (cyan) and Lys-395 (blue in the open state, red in the closed state). The figure was generated by PyMOL Molecular
Graphics System, Version 1.3 (Schrodinger, LLC) using available structures (PBD codes 1CTS and 4CTS) described previously (30, 42).

catalytic properties between recombinant pig CS, which is
unmethylated, and CS from pig heart, which is trimethylated
(43). However, in these two studies, the activity of CS from two
different sources was compared (CS from WT versus KO cells;
recombinant CS versus CS from pig heart), and this approach
may be prone to uncertainties (e.g. variable loss of activity dur-
ing enzyme isolation or inaccuracies in protein concentration
determination) that could hinder the detection of small differ-
ences. In contrast, we used the same preparation of recombi-
nant CS and then studied the effect of different additions
(METTL12, AdoHcy, AdoMet), thus likely avoiding the above
mentioned sources of error and allowing us to demonstrate a
small, but robust, effect of methylation on CS activity; an effect
that required the presence of both AdoMet and catalytically
active METTL12. The small observed effect agrees well with
the sketchy distribution of METTL12 in mammals, e.g. its
absence in rats and mice, which also indicates that methylation
is not strictly required for CS function but rather serves an
optimizing or regulatory function that is beneficial under cer-
tain conditions.

We observed that CS was predominantly trimethylated in
the tested human cell lines, except in HEK293 cells, where CS
showed a much lower methylation level (Fig. 8B). Strikingly, we
detected exclusively fully trimethylated CS in all analyzed pig
organs, indicating that trimethylation of CS may represent the
default state in METTL12-containing organisms. These obser-
vations further supports that methylation is important for CS
function, but also raises the question of whether altered meth-
ylation actively regulates CS activity in vivo. It should be noted,
however, that the analyzed organs came from a healthy, well fed
pig, grown in a controlled environment. Thus, one may specu-
late that METTL12-mediated methylation may regulate CS
activity under certain stress conditions (e.g starvation or exten-
sive exercise), thus playing a role in the adaptation to such
conditions.

Bioinformatics analysis identified METTL12 as a member of
a family of 7BS MTases, which also encompasses the hu-
man MTases eEF1A-KMT2 (gene name EEFIAKMT2; alias
METTLIO0), eEF1A-KMT4 (gene name EEFIAKMT4; alias

SASBMB

ECE2), and METTL13 (20). Including the present work, three
of the four human members of this family have now been estab-
lished as KMTs. This indicates that the remaining uncharacter-
ized human member of this family, METTL13, is likely also a
KMT. Numerous human 7BS MTases have been established as
KMTs during the last years, and all of these are highly specific,
i.e. only a single substrate has been identified, or in case of
METTL21A, a group of highly related substrates (various
Hsp70 proteins) (8, 13, 15, 39). Consequently, a naming nomen-
clature based on the substrate specificity has emerged for these
enzymes. For example, the MTases enzymes METTL20 and
FAMBS86A were found to target the B-subunit of the mitochon-
drial electron transfer flavoprotein (ETF8) and eukaryotic elon-
gation factor 2 (eEF2), respectively, and were consequently
redubbed ETFB-KMT and eEF2-KMT (gene names EFTBKMT
and EEF2KMT) (14, 17). Thus, we suggest that METTL12 is
renamed CS-KMT (gene name CSKMT) in keeping with this
established nomenclature.
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