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Background: The function of many proteins is regulated through post-translational methylation.
Results: The previously uncharacterized human methyltransferase FAM86A and its yeast homologue Yjr129c methylate
eukaryotic translation elongation factor 2 (eEF2), altering translational frameshifting.
Conclusion: Evolutionarily conserved FAM86A methyltransferase modulates the function of eEF2.
Significance: The activity of a novel protein-modifying enzyme is discovered and is shown to have functional consequences.

The components of the cellular protein translation machinery,
such as ribosomal proteins and translation factors, are subject to
numerous post-translational modifications. In particular, this
group of proteins is frequently methylated. However, for the
majority of these methylations, the responsible methyltransferases
(MTases) remain unknown. The human FAM86A (family with
sequence similarity 86) protein belongs to a recently identified
family of protein MTases, and we here show that FAM86A cata-
lyzes the trimethylation of eukaryotic elongation factor 2 (eEF2) on
Lys-525. Moreover, we demonstrate that the Saccharomyces cerevi-
siae MTase Yjr129c, which displays sequence homology to
FAM86A, is a functional FAM86A orthologue, modifying the cor-
responding residue (Lys-509) in yeast eEF2, both in vitro and in
vivo. Finally, Yjr129c-deficient yeast cells displayed phenotypes
related to eEF2 function (i.e. increased frameshifting during pro-
tein translation and hypersensitivity toward the eEF2-specific drug
sordarin). In summary, the present study establishes the function
of the previously uncharacterized MTases FAM86A and Yjr129c,
demonstrating that these enzymes introduce a functionally impor-
tant lysine methylation in eEF2. Based on the previous naming of
similar enzymes, we have redubbed FAM86A and Yjr129c as eEF2-
KMT and Efm3, respectively.

Methylation represents one of the most common biochemi-
cal reactions occurring in the cell, catalyzed by methyltrans-
ferases (MTases)3 and involving the transfer of methyl groups

from donor to substrate molecules. The most common methyl
donor is S-adenosyl-L-methionine (AdoMet), and the human
genome encodes over 200 putative AdoMet-dependent
MTases, the function of most of which is still unknown (1).
Collectively, the MTases can methylate a wide range of sub-
strates, from simple oxidized arsenic or chloride ions to com-
plex macromolecules, such as nucleic acids and proteins
(reviewed in Ref. 2). Methylation of proteins typically occurs on
lysine or arginine residues; however, several other amino acids,
such as histidine, aspartate, glutamate, or glutamine, can also be
methylated (3–5). Lysine can be modified on its �-amino group
with either one, two, or three methyl groups, the addition of
which decreases the number of potential hydrogen bonds and
increases the bulk of the residue yet leaves the overall positive
charge unaffected. Lysine methylation can thus influence sev-
eral aspects of protein function, including stability, enzymatic
activity, subcellular localization, interaction with other mole-
cules, and the introduction of additional post-translational
modifications (for a review, see Ref. 6).

Lysine methylation has been extensively studied in the con-
text of histone proteins, where it is usually localized to the flex-
ible N-terminal tail and is read by effector proteins, which reg-
ulate chromatin structure and gene expression (for a review, see
Ref. 7). All of the known human MTases involved in histone
methylation belong to the SET domain superfamily, with the
exception of DOT1L, which contains a seven-stranded �-sheet
(7BS) core fold characteristic for the largest class of human
AdoMet-dependent MTases, the 7BS-MTases (8). In addition
to DOT1L, only four other human 7BS-MTases have been
shown to specifically methylate lysine residues: CaM-KMT
methylates calmodulin (9), VCP-KMT methylates p97/VCP
(10, 11), HSPA-KMT methylates HSP70 proteins (11, 12), and
METTL22 methylates Kin17 (11). These four enzymes are
closely related and, together with six other putative human
MTases, including the one described in this work, constitute
the human members of the so-called MTase family 16 (MTF16)
(10).
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The components of the protein translation machinery have
long been observed to be modified with methyl groups on lysine
residues, from ribosomal proteins to translation factors, both in
fungal and mammalian cells (13–16) (for a review, see Ref. 17).
However, little progress has been made in understanding the
functional significance of these modifications or in identifying
the responsible MTases. For example, in the span of 3 decades
since the first reports of lysine methylation of eukaryotic elon-
gation factor 1A (eEF1A), only two MTases acting on eEF1A
lysines have been recently identified in yeast, still leaving sev-
eral methylated lysine residues without a known MTase (15,
18).

Eukaryotic elongation factor 2 (eEF2) is a GTPase that cata-
lyzes the translocation of the nascent protein chain from the
A-site to the P-site of the ribosome, an essential function of
every cell. It is highly conserved throughout Eukarya and also
has a functional homologue, elongation factor G (EF-G) in pro-
karyotes. From yeast to humans, eEF2 is subject to several
known post-translational modifications that regulate or adjust
its activity, such as the inactivating threonine phosphorylation
by an eEF2-specific kinase (19) or the constitutive formation of
a unique diphthamide residue through sequential modifica-
tions of a histidine residue (for a review, see Ref. 20). Diphtham-
ide is the target of several bacterial toxins that inactivate eEF2
via ADP-ribosylation, halting protein translation and resulting
in cell death (21, 22). Protein synthesis is a highly energy-con-
suming process, and the post-translational modification of
eEF2 serves as one of the main mechanisms for regulating pro-
tein synthesis at the level of elongation, which is crucial for cell
survival during stress (23, 24).

Here we describe a novel modification of eEF2, the trimethyl-
ation of a conserved lysine residue (Lys-525 in human/Lys-509
in yeast sequence), which appears to occur throughout the evo-
lutionary tree in humans, rabbits, and rats and in the yeast
Saccharomyces cerevisiae. We show the previously uncharacter-
ized human methyltransferase FAM86A and its yeast homologue
Yjr129c to be the enzymes catalyzing the corresponding methyla-
tion reaction. In addition, knockout of the YJR129C gene in
S. cerevisiae cells abolishes eEF2 methylation, proving that Yjr129c
is the sole enzyme responsible for this methylation in yeast. Inter-
estingly, lack of eEF2 methylation increases the sensitivity of the
yeast toward sordarin, a translation inhibitor that directly targets
fungal eEF2; it also increases the occurrence of �1 ribosomal
frameshifting events, indicating that lysine methylation is required
for optimal eEF2 function.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis—ORFs were amplified with Phu-
sion DNA polymerase (Thermo Scientific). The primers were
designed to generate PCR products flanked by restriction sites
appropriate for T4 DNA ligase-mediated insertion into the vec-
tors. The vectors used were pET28a (Novagen), pYES260
(obtained from EUROSCARF), pNTAPa (Agilent Technolo-
gies), and pcDNA5/FRT/TO (Invitrogen). In addition, to create
the pcDNA5/FRT/TO_TAP-FAM86A constructs, two rounds
of PCRs were performed, first amplifying the calmodulin bind-
ing peptide (CBP) and streptavidin binding peptide (SBP) con-
taining tag (tandem affinity purification (TAP) tag), containing

the first 15 nucleotides of FAM86A at the 3�-end, and FAM86A,
containing the last 15 nucleotides of the SBP tag at the 5�-end.
These products were then mixed and used as template to
amplify TAP-FAM86A with the flanking primers with appro-
priate restriction sites. Mutagenesis was performed using
the PrimerX program to design the mutagenic primers and the
QuikChange II site-directed mutagenesis kit (Stratagene). The
identity of all constructs was verified by DNA sequencing.

Bioinformatic Analyses—The National Center for Biotech-
nology Information (NCBI) protein-protein Basic Local Align-
ment Tool (BLAST) was used for identification of proteins
homologous to human FAM86 and eEF2 proteins (25). For the
genomic distribution of human FAM86 genes, data were
extracted from Ensembl (26) (release 71, April 2013, human
genome assembly GRCh37). Multiple protein sequence align-
ments were performed using the Muscle algorithm embedded
in Jalview (version 2.8) (27). Secondary structure of proteins
was predicted from primary sequence using the PSIPRED algo-
rithm (28).

Generation and Cultivation of Human Cell Lines—Stable
cell lines for inducible overexpression of CBP-SBP-tagged
FAM86A (TAP-FAM86A) or of the CBP-SBP tag alone (TAP)
were generated using the Flp-InTM T-RExTM-293 system (Invitro-
gen) according to the manufacturer’s instructions. Briefly, Flp-
InTM T-RExTM-293 cells were cotransfected with pcDNA5/FRT/
TO containing TAP-FAM86A or TAP and pOG44 (Invitrogen)
using FuGENE� 6 transfection reagent (Roche Applied Sci-
ence), and colonies were selected using 200 �g/ml hygromycin
B (Invitrogen). Cells were thereafter maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza) supplemented with
10% (v/v) tetracycline-free fetal bovine serum (Clontech), 1�
GlutaMAXTM (Invitrogen), and 100 units/ml penicillin and
streptomycin (Lonza).

Tandem Affinity Purification—TAP was performed using the
InterPlay mammalian TAP system (Agilent) according to the
manufacturer’s instructions with a few exceptions. Briefly, cells
containing either TAP-FAM86A or TAP were induced using
1 �g/ml doxycycline (Clontech) for 24 h. The purification of
TAP-FAM86A was performed additionally with the inclu-
sion of either 100 �M AdoMet or S-adenosyl-L-homocys-
teine (AdoHcy) in all buffers to examine whether binding of
putative substrates may be influenced by the presence of co-
substrate or inhibitor, as reported previously (29). Proteins
were finally eluted from calmodulin resin using NuPAGE gel
loading buffer (Invitrogen).

S. cerevisiae Strains, Media, and Growth Assays—Wild-type
(WT) BY4742 (MAT�; his3�1; leu2�0; lys2�0; ura3�0) and
yjr129c� mutant JEY9581 (MAT �; his3�1; leu2�0; lys2�0;
ura3�0; yjr129c::kanMX4) strains were acquired from Euro-
scarf. The isogenic strain JEY10800 (Mat �; his3�1; leu2�0;
lys2�0; ura3�0; yjr129c::URA3), which was used to test for
paromomycin sensitivity and to confirm sordarin sensitivity,
was made by transforming BY4742 with a PCR product consist-
ing of the URA3 cassette flanked by regions of homology toward
YJR129C (primer sequences: GAATGAAGATCTATTCTAC-
GATAGATTACATCAGCGGTGCCCTGGAAAATACGAG-
CAGATTGTACTGAGAGTGC and GTTTCGTGATCTTG-
TAGATCCGTATGGGTGCAATCAAAGGTTTGAATTGC-
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AGGGCCTGGAACAACACTCAACCCTATC). Deletion of
YJR129C was confirmed by PCR. Yeast cells were grown in
either YPD (1% Bacto yeast extract, 2% peptone, 2% glucose) or
synthetic defined medium containing yeast nitrogen base with
ammonium sulfate (Sigma-Aldrich), appropriate amino acid
dropout mix (Clontech), and 2% glucose. Temperature sensi-
tivity and sensitivity to drugs were assayed by growing the yeast
cultures to the same A600 in YPD and then spotting 200 �l of
10-fold serial dilutions onto YPD plates, containing either no
drug or one of the following: anisomycin (MP Biomedicals),
cycloheximide (Biovision), hygromycin (Invitrogen), nourseothricin
(Werner Bioagents), paromomycin sulfate salt (Sigma-Aldrich),
rapamycin (Cayman Chemical), or sordarin sodium salt
(Santa Cruz Biotechnology, Inc.). The plates were incubated at
25, 30, and/or 37 °C for 2– 4 days. To assay the sensitivity to
sordarin in liquid culture, the yeast strains were grown to an
A600 of 0.22 in YPD at 30 °C with shaking at 250 rpm, at which
point sordarin was added, and the cultures were allowed to
grow further at either 30 or 37 °C; A600 of the cultures was
measured at the indicated time points.

In Vitro Methyltransferase Assays—2 �g of recombinant
His6-eEF2 proteins or 50 �g of yeast or HEK293 protein
extracts were diluted in MTase buffer (50 mM Tris, pH 7.5, 5
mM MgCl2, 50 mM NaCl) and treated with 10 –100 pmol of
His6-FAM86A or His6-Yjr129c enzymes in the presence of
either 0.5–1 �Ci of [3H]AdoMet (for fluorography) or 1 mM

cold AdoMet (for mass spectrometry (MS) analysis) for 1 h at
37 °C. The reaction was stopped by transfer to ice and the addi-
tion of NuPAGE gel loading buffer (Invitrogen). Products of the
reaction were resolved on SDS-PAGE and either 1) stained with
Coomassie Blue and the band of interest excised for MS analysis
or 2) transferred to PVDF membrane (Immobilon), which was
subsequently dried, sprayed with En3Hance spray (Perkin-
Elmer Life Sciences), and exposed to Eastman Kodak Co. Bio-
Max MS film (Sigma-Aldrich) at �80 °C.

Cell Treatment with AdOx—Flp-InTM T-RExTM-293 cells
were grown to �80% confluence, and then 20 �M AdOx was
added, and cells were grown for an additional 18 –24 h. Cells
were trypsinized, harvested by centrifugation, and frozen at
�20 °C until further use.

Lysis and Fractionation of Lysate—To lyse the Flp-InTM

T-RExTM-293 cells, 50 mg of wet cell pellet were resuspended in
200 �l of lysis buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl,
1% Triton X-100, 5% glycerol, 1 mM DTT, and 1� Complete
(EDTA-free) protease inhibitor mixture (Roche Applied Sci-
ence)) for 10 min at 4 °C and then sonicated. To lyse rat tissues,
the tissues were frozen in liquid nitrogen and crushed with a
mortar and pestle in lysis buffer. To lyse yeast cells, the cultures
were harvested at an A600 of 1.0 and lysed in lysis buffer, with
150 mM NaCl and without Triton X-100, by vortexing with glass
beads. Lysates were cleared by centrifugation at 4 °C. Relative
protein concentrations of the lysates were determined with the
NanoDrop 2000 spectrophotometer (Thermo Scientific). For
methylation site identification, eEF2 from yeast lysates was par-
tially purified first on cation exchange (S-column) and then on
anion exchange (Q-column) as described (30). To partially
purify eEF2 from mammalian lysates, an aliquot of cell lysate
(1–2 mg of total protein content) was diluted using dilution

buffer (50 mM Tris-HCl, pH 7.6, 1% Triton X-100, 5% glycerol,
and 1 mM DTT) to adjust NaCl concentration to 33 mM. Diluted
cell lysate was loaded onto a Q-column equilibrated in dilution
buffer. Material bound to the column was eluted using dilution
buffer with a step gradient of increasing NaCl concentrations.
Typically, four 100-�l fractions were collected: 0.15Q (between
0.033 and 0.15 M NaCl), eEF2-containing fraction 0.3Q (0.15–
0.3 M NaCl), 0.5Q (0.3– 0.5 M NaCl), and 0.75Q (0.5– 0.75 M

NaCl).
MS Analysis—Reverse phase (C18) nano-online liquid chro-

matographic MS/MS analysis of proteolytic peptides was per-
formed using a system consisting of two Agilent 1200 HPLC
binary pumps (nano and capillary) with autosampler, column
heater, and integrated switching valve. This LC system was cou-
pled via a nano-electrospray ion source to a LTQ-Orbitrap
mass spectrometer (Thermo Fisher Scientific). In-gel proteo-
lytic digestion was performed with trypsin (Sigma-Aldrich) or
AspN (Roche Applied Science). For the analyses, 5 �l of peptide
solution was injected into the 5 � 0.3-mm extraction column
filled with Zorbax 300 SB-C18 of 5-�m (diameter) particle size
(Agilent). Samples were washed with mobile phase (0.1% for-
mic acid and 3% acetonitrile in water). The flow rate was 10
�l/min provided by the capillary pump. After 7 min, the inte-
grated switching valve was activated, and peptides were eluted
in the back-flush mode from the extraction column onto a
150 � 0.075-mm C18, 3-�m resin column (GlycproSIL C18 –
80Å, Glycpromass, Stove, Germany). The mobile phase con-
sisted of acetonitrile and MS grade water, both containing 0.1%
formic acid. Chromatographic separation was achieved using a
binary gradient from 5 to 55% of acetonitrile in water in 60 min.
The flow rate was 0.2 �l/min provided by the nanoflow pump.
Mass spectra were acquired in the positive ion mode, applying a
data-dependent automatic switch between survey scan and tan-
dem mass spectra (MS/MS) acquisition. Peptide samples were
analyzed with a collision-induced dissociation fragmentation
method, acquiring one Orbitrap survey scan in the mass range
of m/z 200 –2000 followed by MS/MS of the six most intense
ions in the Orbitrap. The target value in the LTQ-Orbitrap was
1,000,000 for survey scan at a resolution of 30,000 at m/z 400,
using lock masses for recalibration to improve the mass accu-
racy of precursor ions.

MS data were analyzed with the in-house maintained human,
rat, and yeast protein sequence database and a database con-
taining eEF2 protein sequence using SEQUESTTM. The mass
tolerances of a fragment ion and a parent ion were set as 0.5 Da
and 10 ppm, respectively. Methionine oxidation and cysteine
carbamidomethylation was selected as a variable modification.
A false discovery rate of 0.01 was required for proteins and
peptides with a minimum length of 6 amino acids. eEF2 un-,
mono-, di-, and trimethylated peptide MS spectra were manu-
ally searched by Qual Browser (version 2.0.7).

Recombinant Protein Expression and Purification—For
the expression of His6-tagged methyltransferases, pET28a_
FAM86A and pET28a_YJR129C constructs were transfected
into the Escherichia coli BL21-CodonPlus (DE3)-RIPL expres-
sion strain (Agilent). Cells were cultured with appropriate anti-
biotics at 37 °C and shaking at 250 rpm until they reached A600
of 0.6. The temperature was then reduced to 16 °C, and the
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expression of recombinant proteins was induced by the addi-
tion of 100 �M isopropyl 1-thio-�-D-galactopyranoside and
allowed to proceed for 16 h. Cells were then harvested by cen-
trifugation. Cell pellets were lysed in lysis buffer (50 mM Tris,
pH 7.6, 300 mM NaCl, 10% (w/v) glycerol, 30 mM imidazole, 3
mM �-mercaptoethanol, 1� Complete protease inhibitor mix-
ture (Roche Applied Science), 0.5 mg/ml lysozyme (Sigma-
Aldrich), and 10 units/ml Benzonase (Sigma-Aldrich)) for 30
min on ice and sonicated. The resultant lysates were cleared by
centrifugation, and recombinant proteins were allowed to bind
to nickel-nitrilotriacetic acid-agarose (Qiagen) at 4 °C for 16 h.
The resin was washed with wash buffer (50 mM Tris, pH 7.6, 300
mM NaCl, 10% (w/v) glycerol, 30 mM imidazole, 3 mM �-mer-
captoethanol), and His6-tagged proteins were eluted in wash
buffer supplemented with 300 mM imidazole. Eluates were buf-
fer-exchanged to storage buffer (100 mM NaCl, 20 mM Tris, pH
6.8, and 1 mM DTT) by sequential concentration and dilution
using Vivaspin 20 ultrafiltration columns with a molecular
mass cut-off of 10 kDa (Sartorius AG). Proteins were aliquoted
and stored at �80 °C. For the expression of His6-tagged
S. cerevisiae eEF2 proteins, pYES260 constructs were trans-
formed into competent yjr129c� BY4742 yeast using the
LiAc/SS carrier method (31), and transformants were selected
on SD �Ura plates. The cells were cultured at 30 °C and shaking
at 250 rpm; recombinant protein expression was induced at
A600 of 0.6 by changing from YPD medium to YPG (1% Bacto
yeast extract, 2% peptone, 2% galactose); and the cells were
further cultured overnight. The cultures were then pelleted;
lysed in lysis buffer (50 mM potassium phosphate, pH 7.6, 300
mM KCl, 10 mM imidazole, 1� Complete protease inhibitor
mixture (Roche Applied Science), 1 mM DTT) by vortexing
with acid-washed glass beads (Sigma); and cleared by centrifu-
gation. The resulting lysates were allowed to bind to nickel-
nitrilotriacetic acid-agarose (Qiagen) at 4 °C for 2 h. The resin
was washed with wash buffer (50 mM potassium phosphate, pH
7.6, 300 mM KCl, 20 mM imidazole, 1 mM DTT), and the His6-
tagged proteins were eluted with wash buffer containing 250
mM imidazole. The eluates were then buffer-exchanged to stor-
age buffer as described above. Protein concentrations were
determined using the BCA protein assay kit (Pierce).

Protein Synthesis Rate—To measure in vivo [35S]methionine
incorporation, yeast strains were grown in 20 ml of liquid YPD
medium at 30 °C to an A600 of 0.3 and then switched to SD
�Met/�Cys medium and grown for an additional 1 h, at which
point 600 �Ci of Met-35S label (Hartmann Analytic) was added.
100 �l of the cell suspension was harvested at the indicated time
points, pelleted, precipitated in 1 ml of 10% TCA, and filtered
through GF/C glass microfiber filters (Whatman). Acid-insol-
uble radioactivity was measured by liquid scintillation counting
using Ultima Gold XR (PerkinElmer Life Sciences).

Luciferase Assay Measurements—Cells from liquid cultures
of S. cerevisiae strains grown to A600 0.4 – 0.6 were lysed for 25 s
using passive lysis buffer (all reagents from the Promega Dual-
Luciferase reporter assay system). Firefly luciferase activity was
measured (10-s integration time) using reconstituted luciferase
assay buffer in a GloMax 20/20 luminometer (Promega).
Renilla luciferase activity (10-s integration time) was deter-
mined subsequent to quenching of firefly luciferase activity

using Stop & Glo Buffer. Signals were �100-fold above back-
ground. The ratio of firefly luciferase to Renilla luciferase activ-
ity is reported. To account for potential differences in transla-
tional processivity, the percentage of ribosomal frameshifting
of a strain was determined as the ratio of the firefly luciferase/
Renilla luciferase signals of a ribosomal frameshifting site-bear-
ing insert to that of a control sequence. A variant of the previ-
ously reported pRS425-iD2000 vector was used, which contains
the HIV-1 programmed ribosomal frameshifting site (32)
between the Renilla and firefly luciferase ORFs (33). pRS425-
iD2000 contains a high copy number 2 � origin, a LEU2 selec-
tion marker, a strong glycolytic PGK1 promoter, the dual lucif-
erase reporter cassette, and a downstream CYC1 transcription
terminator for mRNA stabilization. The probability (p values)
that two populations are the same was tested using Student’s t
test (two-tailed; assuming groups have unequal variance).

RESULTS

Bioinformatics Analysis of Human FAM86 and Its Homo-
logues—We have previously established several of the human
members of MTF16 as lysine-specific protein MTases (KMTs),
and in the present work, we set out to elucidate the function of
a previously uncharacterized member, FAM86. Whereas the
genomes of most mammals have a single FAM86 gene, FAM86
in higher primates (Homininae) is contained within a tumor
break-prone segmental duplication region, which has spread to
multiple genomic locations (34). Thus, human FAM86 was
reported to display substantial copy number variations, ranging
from 17 to 21 copies between the three investigated genomes.
In the human reference genome (GRCh37), 15 FAM86
sequences are annotated, distributed between seven chromo-
somes (Table 1). Of these, the majority (11) represent non-
transcribed pseudogenes, whereas the remaining four, FAM86A,
FAM86B1, FAM86B2, and FAM86C1, are annotated as protein
coding.

Given the recent appearance of the extra copies of FAM86
genes in humans, it is likely that some of the four annotated
FAM86 proteins are non-functional. To investigate which of
the four human FAM86 genes encode biologically relevant,
functional proteins, we compared the protein sequences with
those of predicted proteins from organisms that have a single
FAM86 gene. Putative FAM86 homologues appear to be pres-
ent in all eukaryotes, and an alignment of FAM86 sequences

TABLE 1
Genomic distribution of human FAM86 genes

Gene Gene ID Location

FAM86A ENSG00000118894 16:5134305–5147809:�1
FAM86B1 ENSG00000186523 8:12039605–12051642:�1
FAM86B2 ENSG00000145002 8:12282913–12293915:�1
FAM86C1 ENSG00000158483 11:71498556–71512282:1
FAM86B3Pa ENSG00000173295 8:8086117–8102387:1
FAM86C2Pa ENSG00000160172 11:67559119–67572807:�1
FAM86DPa ENSG00000244026 3:75470703–75484261:�1
FAM86EPa ENSG00000251669 4:3943487–3957146:�1
FAM86FPa ENSG00000164845 12:8385108–8395544:�1
FAM86GPa ENSG00000166492 11:3431582–3443726:�1
FAM86HPa ENSG00000253540 3:129817935–129830315:�1
FAM86JPa ENSG00000171084 3:125635463–125648867:1
FAM86KPa ENSG00000163612 4:9155022–9167177:1
FAM86LPa ENSG00000242731 7:6971315–6979234:-1
FAM86MPa ENSG00000186234 4:9694119–9704578:1

a FAM86 pseudogenes.
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from various organisms revealed the motifs characteristic of
7BS AdoMet-dependent MTases (denoted Motif I, Post I, and
Motif II) (35). Also, secondary structure prediction indicated
the overall conserved 7BS core fold. In addition, the alignment
showed a (D/E)XX(Y/F) motif downstream of Motif II typical of
human MTF16 (Fig. 1, A and B) (36, 10). Two of the four
annotated human FAM86 proteins, namely FAM86C1 and
FAM86B1, are truncated relative to the vertebrate “consensus”
protein of �330 –340 amino acids. FAM86C1 (165 amino
acids) is devoid of a substantial part of the 7BS fold, whereas
FAM86B1 (296 amino acids) lacks a segment of 34 amino acids
in the N-terminal region. In contrast, FAM86A and FAM86B2
are both 330 amino acids long and only differ by 26 point
substitutions.

To investigate which of the two proteins, FAM86A or
FAM86B2, is likely to represent the ancestral functional
sequence, we analyzed the degree of purifying selection. To this
end, we generated an alignment of vertebrate FAM86 proteins
and assessed which of the 26 substituted residues corresponded
to conserved positions (data not shown). Interestingly, 4 of the
26 amino acid substitutions were found at positions conserved
in vertebrates, and in all of these cases, FAM86A, but not
FAM86B2, adhered to the vertebrate consensus (Fig. 1C). In
conclusion, our initial bioinformatics analysis indicated human
FAM86A to be a functional protein with probable orthologues
in a wide range of other eukaryotes. Therefore, and also because
we were unable to amplify FAM86B2 cDNA from human cells,
we chose to focus the experimental part of our study on
FAM86A.

Identification of Lys-509 in Yeast eEF2 as a Substrate for
FAM86 Proteins—Because other MTF16 MTases have been
shown to interact avidly with their substrates, we set out to
search for FAM86A substrates among its interaction partners.
To this end, we performed tandem affinity purification of TAP-
tagged FAM86A after inducing its overexpression in a human
embryonic kidney cell line (Flp-In 293 T-REx). We reasoned
that the binding of FAM86 to a putative substrate may be influ-
enced by the presence of the methyl donor AdoMet or its de-
methylated counterpart AdoHcy, and the purification buffer
was supplemented with either AdoMet, AdoHcy, or no co-sub-
strate, and in all three cases, a protein of �100 kDa was pulled
down by the FAM86A bait (Fig. 2A). Subsequent MS analysis of
the corresponding bands identified the protein as eEF2.

In order to examine whether eEF2 is a substrate for FAM86A-
mediated methylation in vitro, we required a source of
unmethylated eEF2. In agreement with the published literature,
our attempts to produce the WT and several truncations of
His-tagged human eEF2 in E. coli were unsuccessful, and there-
fore, we turned to a eukaryotic system for production of
unmethylated eEF2. We chose the yeast S. cerevisiae, because
eEF2 is highly conserved between humans and yeast, and it has
previously been expressed and purified from this organism.

Importantly, the S. cerevisiae genome contains a putative
FAM86A homologue, Yjr129c, albeit of rather low sequence
similarity (27% identity to human FAM86A), and we reasoned
that it may be necessary to use a yjr129c� knock-out strain to
obtain unmethylated eEF2. First, we investigated whether
FAM86A or its putative yeast homologue could methylate

endogenous yeast eEF2. To this end, we prepared total cell
extracts from the WT and yjr129c� mutant S. cerevisiae strains
and incubated them with [3H]AdoMet and the E. coli-
expressed recombinant MTase FAM86A or Yjr129c. The prod-
ucts of the reactions were separated by SDS-PAGE and
transferred to a PVDF membrane, which was analyzed for
incorporated radioactivity by fluorography (Fig. 2B). A single
radioactive band of �100 kDa, corresponding to the molecular
weight of eEF2, appeared in yjr129c� mutant samples treated
with either of the MTases but not in the untreated yjr129c�
extract. Interestingly, no band appeared in the WT samples,
suggesting that in WT S. cerevisiae, the �100-kDa substrate,
which is probably eEF2, may already be highly methylated and
thus refractory to further methylation. Taken together, these
results show that Yjr129c is the functional yeast homologue of
FAM86A and suggest that both of these MTases can methylate
yeast eEF2.

In order to identify the site(s) of methylation, we partially
purified endogenous eEF2 from the WT and yjr129c� mutant
yeast strains and subjected it to MS analysis, with or without
prior treatment by purified FAM86A or Yjr129c proteins (Fig.
2, C and D). Importantly, in eEF2 from WT cells, Lys-509 was
found exclusively in the trimethylated state, as already sug-
gested by results from Fig. 2B, whereas the same residue in eEF2
from yjr129c� mutant cells was unmodified. In addition, after
treatment with either MTase, eEF2 from yjr129c� yeast
became fully trimethylated. To investigate whether Lys-509 is
the only residue targeted by the MTases, we expressed and
purified His6-tagged WT or K509A mutant yeast eEF2 from
yjr129c� cells. Indeed, WT His6-eEF2 was efficiently methyl-
ated by both MTases, whereas no methylation of the K509A
mutant could be detected (Fig. 2E), indicating that Lys-509 is
the only possible acceptor site for these enzymes. In summary,
the above results show that both Yjr129c and FAM86 are able to
trimethylate a single residue in yeast eEF2, Lys-509, and impli-
cate Yjr129c as the yeast MTase responsible for introducing
this modification.

Methylation of Human eEF2 by FAM86 Proteins—Next, we
wanted to test, in a similar manner, whether the human and
yeast MTases were able to methylate human eEF2 because the
lysine residue analogous to Lys-509 in yeast eEF2 is present in
the human protein (Lys-525). In fact, this lysine appears to be
conserved in all eukaryotic eEF2 homologues analyzed, impli-
cating this residue as evolutionarily important. However, we
were unable to successfully express human His6-eEF2 in
yjr129c� yeast cells and therefore chose to use cultured human
cells to investigate the methylation of human eEF2. To address
whether Lys-525 methylation of eEF2 also occurs in vivo in
mammalian cells, we analyzed its methylation status in human
HEK293 cells, in rabbit reticulocyte lysate, and in several rat
tissues. The MS analysis showed that this residue was present
exclusively in the trimethylated state in both human and rabbit
cells (Fig. 3A). The analogous eEF2 lysine from rat kidney and
spleen was also fully trimethylated. However, in the brain of the
rat, it was substantially hypomethylated; about half was com-
pletely unmethylated, and only a third was trimethylated, with
small amounts of mono- and dimethylated Lys-525 also present
(Fig. 3, B and C).
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In order to investigate whether FAM86A may be responsible
for the Lys-525 methylation that is present in human cells, we
needed to acquire human eEF2 that was not fully trimethylated.
Knockout or knockdown of FAM86A could prove difficult due
to the presence of a large number of similar genes and tran-
scripts. To overcome this problem, we treated HEK293 cells
with adenosine dialdehyde (AdOx), an agent that indirectly
inhibits AdoMet-dependent methyl transfer by blocking the
hydrolysis of AdoHcy, the by-product of methylation and com-
petitive inhibitor of AdoMet, creating a hypomethylated envi-

ronment in the cell (37). We then methylated the extracts from
these hypomethylated cells with either FAM86A or Yjr129c.
Interestingly, both MTases could methylate a �100-kDa pro-
tein in the lysate from AdOx-treated cells (Fig. 3D). MS analysis
of the protein confirmed its identity as eEF2 and showed that in
the AdOx-treated cells, Lys-525 is found in all states of methyl-
ation: unmodified (5%) and mono- (6%), di- (7%), and tri-
methylated (82%) (Fig. 3E). Importantly, after incubation of the
lysate from AdOx-treated cells with FAM86A, Lys-525 became
100% trimethylated, demonstrating that FAM86A is capable of

FIGURE 1. FAM86 is a 7BS-MTase conserved across Eukarya. A, the canonical core folds of the 7BS-MTases, �-helices, and �-strands are represented as barrels
and arrows, respectively. B, alignment of FAM86 protein sequences from Homo sapiens (Hs; NP_958802.1), Rattus norvegicus (Rn; NP_001100445.1), Caenorh-
abditis elegans (Ce; NP_498985.3), Drosophila melanogaster (Dm; NP_573368.2), Arabidopsis thaliana (At; NP_198092.1), and S. cerevisiae (Sc; NP_012663.2).
Boxes indicate motifs characteristic for 7BS-MTases (Motif I, Post I, and Motif II) as well as the (D/E)XX(Y/F) motif typical of MTase family 16. The predicted
secondary structure for human FAM86A is shown above the alignment. C, alignment of human FAM86A and FAM86B2 protein sequences (NP_958802.1 and
NP_001131082.1) with the Gallus gallus FAM86 homologue (NP_001025798.1). The G. gallus sequence is included as a representative of a typical vertebrate
FAM86 protein. The underlined segment indicates residues missing in the FAM86B1 protein. Residues that are conserved in vertebrates but differ between
FAM86A and FAM86B2 are boxed.

FIGURE 2. FAM86A and its yeast homologue Yjr129c are eEF2 methyltransferases. A, eEF2 co-purifies with FAM86A in TAP. Shown is a Coomassie
Blue-stained SDS-polyacrylamide gel of TAP eluates from a Flp-In T-REx HEK293-derived cell line treated with doxycycline to induce expression of SBP- and
CBP-tagged FAM86A (TAP-FAM86A) or the CBP-SBP tag alone (TAP). Purification buffers were supplemented with AdoMet (SAM) or AdoHcy (SAH) where
indicated. The identity of the bait and co-purifying proteins was determined by peptide mass fingerprinting; asterisks indicate �-tubulin (50 kDa), pyruvate
carboxylase (125 kDa), and acetyl-CoA carboxylase 1 (265 kDa). Molecular weight markers (in kilodaltons) are shown on the right. B, eEF2 from yjr129c� yeast
extracts is efficiently methylated by FAM86A and Yjr129c. Top, MTase reactions with recombinant FAM86A or Yjr129c, [3H]AdoMet, and WT or yjr129c� yeast
extracts separated by SDS-PAGE and subjected to fluorography; bottom, Ponceau S stain of the 100-kDa region of the same membrane. C, trimethylation of
Lys-509 in eEF2. Shown are MS/MS fragmentation patterns of representative AspN-generated trimethylated peptides from the WT strain (top) and unmethy-
lated peptides from the yjr129c� strain (bottom). D, Lys-509 in eEF2 is the target of methylation by the MTases Yjr129c and FAM86A. Shown are MS chromato-
grams of AspN-generated Lys-509-containing peptides from partially purified eEF2 from WT or yjr129c� yeast extracts. When indicated, the extracts had been
incubated with recombinant Yjr129c or FAM86A in the presence of AdoMet. *, an unrelated peptide. A.u., arbitrary units. E, mutagenesis of Lys-509 in eEF2
abolishes FAM86A and Yjr129c-mediated methylation. Recombinant FAM86A or Yjr129c was incubated in the presence of [3H]AdoMet with WT or K509A
His6-eEF2, expressed, and purified from yjr129c� mutant yeast. The MTase reactions were separated by SDS-PAGE and subjected to fluorography (top) and
Ponceau S staining (bottom).
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methylating this site in human eEF2. Recombinant yeast
Yjr129c could also methylate human eEF2 to full trimethyla-
tion. Interestingly, no radiolabeled eEF2 band was visible in the
AdOx-free samples after treatment with either MTase, con-
firming that eEF2 in these cells is indeed fully methylated at
Lys-525, as suggested by the MS analysis (Fig. 3, D and E). In
summary, these results identify Lys-525 in human eEF2 as
target of trimethylation and strongly indicate that human
FAM86A catalyzes the corresponding methylation reaction in
vivo.

Biological Significance of eEF2 Methylation—In order to eval-
uate the biological role of eEF2 methylation, we searched for

possible phenotypes of the yjr129c� mutant yeast. The transla-
tion machinery seemed to be largely unaffected because the
growth rate of the yjr129c� strain was comparable with that of
WT yeast on YPD both at the optimal growth temperature of
30 °C and at 25 and 37 °C (data not shown). We have also
checked whether total protein synthesis was affected in the
yjr129c� yeast by measuring the rate of incorporation of 35S-
labeled methionine and cysteine amino acids into polypeptides
in the WT versus knock-out strain (Fig. 4A). However, no sig-
nificant difference in translation rate was observed, indicating
that methylation of Lys-509 is not critical for efficient protein
translation, at least under the growth conditions investigated.

FIGURE 3. Methylation of mammalian eEF2. A, human and rabbit eEF2 is trimethylated on Lys-525. Shown is MS/MS fragmentation of a trypsin-generated
human (HEK293) (Hs, top) and rabbit (Oc, bottom) eEF2-derived peptide, supporting Lys-525 as the target of methylation. B, eEF2 is trimethylated on Lys-525
in the rat. Shown is MS/MS fragmentation of AspN-generated trimethylated (top) and unmethylated (bottom) eEF2-derived peptides from the rat brain. C, eEF2
methylation status in a panel of rat tissues. Chromatograms were gated for different methylation states of AspN-generated Lys-525-containing peptides (as in
B) from partially purified eEF2 from rat brain, kidney, and spleen. Relative intensities of signals for the different methylation states are indicated in percentages.
A.u., arbitrary units. D, eEF2 from a hypomethylated human embryonic kidney cell line is efficiently methylated by both FAM86A and Yjr129c. A protein extract
from HEK293 cells that had either been left untreated (HEK293) or treated with 20 �M AdOx to induce hypomethylation (HEK293(AdOx)) was incubated with
recombinant FAM86A or Yjr129c in the presence of [3H]AdoMet. The MTase reactions were separated by SDS-PAGE and subjected to fluorography (top) and
Ponceau S staining (bottom). E, Lys-525 in human eEF2 is subject to FAM86A- and Yjr129c-mediated trimethylation in vitro. eEF2 was partially purified from
extracts from untreated and AdOx-treated cells and then subjected to LC-MS/MS analysis. When indicated, eEF2 had been incubated with recombinant Yjr129c
or FAM86A in the presence of AdoMet. Chromatograms were gated for different methylation states of trypsin-generated Lys-525-containing eEF2 peptides (as
shown in A). Arrows, peptides of interest; *, unrelated peptides. Relative intensities of signals for the different methylation states are indicated in percentages
for the hypomethylated cell line.

Characterization of a Novel eEF2 Methyltransferase

30506 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 44 • OCTOBER 31, 2014



When comparing growth on YPD plates containing drugs that
inhibit protein translation, the yjr129c� mutant did not exhibit
altered sensitivity to rapamycin, cycloheximide, nourseothri-
cin, and hygromycin at 30 °C or to paromomycin and anisomy-
cin at either 30 or 37 °C (data not shown).

However, at 37 °C, but not at 30 °C, the mutant strain was
more sensitive than the WT to the antifungal eEF2-specific
translation inhibitor sordarin (Fig. 4B). Sordarin is a naturally
occurring antifungal compound that binds to eEF2 in a cleft in
close proximity to Lys-509 and negatively impacts translation
by locking eEF2 onto the ribosome (38, 39). Altered sordarin
sensitivity was confirmed by monitoring the rate of growth of
the yjr129c� mutant in liquid YPD medium containing 0, 5, or
10 �g/ml sordarin. At 37 °C, the mutant strain exhibited a con-
siderably slower growth rate than the WT in the presence of
sordarin but not in YPD alone (Fig. 4C).

To investigate whether methylation may have an effect on
the accuracy of translation in yeast, we used a dual luciferase
assay measuring programmed �1 ribosomal frameshifting of
the human immunodeficiency virus (HIV-1) gag-pol site, or
programmed �1 ribosomal frameshifting of the yeast Ty1 ret-
rotransposable element (32). In this assay, Renilla and firefly
luciferase cDNAs are separated by a frameshifting site or a con-
trol sequence (33); their relative ratio allows quantification of
ribosomal frameshifting. The control sequence was used to
account for effects of the insert sequence on luciferase stability/
activity or potential differences in ribosomal processivity. Fig.

4D shows the relative percentage in frameshift as compared
with controls. The accuracy of translation was unaltered in the
Ty1 �1 context, yet the yjr129c� mutant displayed increased
ribosomal frameshifting in the HIV-1 context, suggesting that
Lys-509 methylation may maintain translational accuracy by
preventing �1 ribosomal frameshift.

DISCUSSION

In this work, we have established that the previously unchar-
acterized human MTase FAM86A specifically trimethylates
Lys-525 in eEF2 and that the yeast enzyme Yjr129c targets the
corresponding residue in yeast eEF2 (Lys-509). Moreover,
Yjr129c-deficient yeast displayed increased ribosomal frame-
shifting and sensitivity toward the eEF2-specific drug sordarin,
indicating that this methylation is functionally important. In
yeast, two MTases acting on translation elongation factors have
been identified previously (Efm1 and Efm2) (18, 40), and
accordingly, we rename Yjr129c as Efm3 (elongation factor
methyltransferase 3); based on the human lysine MTase
nomenclature, we redub FAM86A as eEF2-KMT.

The modified lysine in eEF2 lies in domain III of the protein,
on the outer surface of a highly conserved �-helix (39), and
appears to be present in eEF2 homologues from all eukaryotic
organisms. eEF2-KMT homologues are also predicted to exist
across the eukaryotic branch of the evolutionary tree, and the
conservation of both the methylated residue and the methyl-
transferase suggests an important role for the modification.

FIGURE 4. Phenotypic analysis of the yjr129c� yeast strain. A, comparison of overall protein synthesis between WT and yjr129c� yeast strains. Cultures were
grown to the same A600 in SD �Met/�Cys medium; a mix of 35S-labeled methionine and cysteine was added; and total protein synthesis was measured at each
time point by TCA precipitation of total protein, followed by scintillation counting. Error bars, S.D. (n 	 4). B, hypersensitivity of the yjr129c� yeast strain to
sordarin on solid medium at 37 °C. Dilutions of WT yeast cells and two independently derived yjr129c� mutants (JEY9581 (yjr129c�) and JEY10800 (yjr129c�*))
were grown on YPD plates containing 5 �g/ml sordarin at 30 or 37 °C for 3 days. C, hypersensitivity of the yjr129c� yeast strain to sordarin in liquid medium. The
graph shows the growth of the WT and yjr129c� (JEY9581) strains in liquid YPD medium containing 0 �g/ml (wt0 and �0), 5 �g/ml (wt5 and �5), or 10 �g/ml
(wt10 and �10) sordarin over a period of 24 h at 37 °C. Error bars, range of duplicates. D, dual luciferase assays investigating the effects of YJR129C deletion on
ribosomal frameshifting. YJR129C deletion significantly alters programmed ribosomal frameshifting of the HIV-1 gag-pol but not the Ty1 �1 site, relative to the
luciferase activity of control sequences, which was unaffected. n 	 3; mean 
 S.D.; **, p � 0.01; n.s., not significant.
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Interestingly, although the translational machinery is highly
conserved between the prokaryotes and eukaryotes, the modi-
fied lysine is absent in the prokaryotic eEF2 homologue, EF-G,
and prokaryotes also do not appear to have an MTase with
homology to eEF2-KMT.

Previously, we and others have unraveled the function
of the four human MTF16 members C2orf34 (CaM-KMT),
METTL21D (VCP-KMT), METTL21A (HSPA-KMT), and
METTL22 (KIN-KMT), showing that these enzymes target
specific Lys residues in calmodulin, valosin-containing protein
(VCP), 70-kDa heat-shock proteins (HSPA), and the DNA
repair protein Kin17 (KIN), respectively (9 –12). Thus, the five
human MTF16 members characterized thus far (including
eEF2-KMT) are lysine-specific, and it is likely that this activity
is shared by some of the five remaining uncharacterized human
proteins in this family. However, S. cerevisiae Yil110w, which is
the putative yeast orthologue of one such protein, METTL18,
was recently shown to be a histidine-specific MTase targeting
the ribosomal protein Rpl3, indicating that the human MTF16
may not exclusively comprise KMTs (41).

The human MTF16 enzymes characterized thus far share
some interesting features; they appear to target a single lysine
residue in a single protein (or in a group of highly similar par-
alogues), and they have a strong affinity for their targets, which
are highly abundant cellular proteins. Regarding the latter, the
methods used are biased toward the identification of abundant
substrates, so one should not exclude the possibility that addi-
tional substrates can be found among other, less abundant pro-
teins. On a different note, it is interesting that Efm3 and eEF2-
KMT proved to be functional orthologues despite their limited
sequence similarity (27% identity). For example, human HSPA-
KMT and VCP-KMT, which are considerably more similar
(37% identity), have different functions, underscoring that pre-
diction of functional orthology from sequence similarity is
non-trivial.

Yeast carrying inactivating mutations in genes in the evolu-
tionarily conserved diphthamide biosynthesis pathway (DPH1-
DPH7), are devoid of the diphthamide modification in eEF2.
Most of these mutants lack an obvious growth or protein syn-
thesis phenotype, but, like the efm3� mutant, they exhibit
increased ribosomal frameshifting and display altered sensitiv-
ity to certain translation elongation indicator drugs, especially
under thermal stress (42). In mice, however, the loss of single
DPH genes leads to abnormal embryonic development and
even lethality (43, 44). No studies have reported any phenotypes
or genetic disorders associated with eEF2-KMT inactivation,
but it was recently reported that inactivation of another, yet
uncharacterized, human MTF16 member, METTL23, caused
intellectual disability (45, 46).

Although we did not directly investigate whether the GTPase
activity of eEF2 was influenced by lysine methylation, the over-
all protein synthesis rate was unaffected in the efm3� mutant
yeast, suggesting that GTPase activity is unlikely to be signifi-
cantly affected. Similarly, previous studies have found that
methylation of two chaperone ATPases, Hsp70 and VCP, by
their respective MTF16 KMTs did not greatly affect their
ATPase activity (10, 12).

The efm3� mutant yeast displayed hypersensitivity toward
the naturally occurring antifungal translation inhibitor sor-
darin, which specifically binds to eEF2 from certain species of
fungi and locks it on the ribosome, stalling protein synthesis
and leading to cell death. This indicates that the methylation
state of Lys-509 affects the interaction of S. cerevisiae eEF2 with
sordarin, and, accordingly, sensitivity toward this drug has been
found to be determined by the sequence of amino acids in the
“sordarin specificity region” (residues 517–524 in S. cerevisiae
eEF2) at the entrance to the sordarin binding cleft (47), which is
in close proximity to the Lys-509 in the three-dimensional
structure of eEF2 (39).

When examining the positioning of the methylated lysine in
various structures of eEF2 in complex with the ribosome, it
becomes clear that this residue is facing the ribosomal protein
RPS23, where it may contact a conserved asparagine residue
(Asn-99 in S. cerevisiae). Interestingly, RPS23 homologues
from E. coli and S. cerevisiae have long been established as
“accuracy centers” of the ribosome, with various mutations
contributing to either increased or decreased accuracy of trans-
lation (48, 49), and, recently, the hydroxylation of RPS23 was
found to be critical for translational fidelity (33). Together with
our observation that the lack of Lys-509 methylation in yeast
eEF2 promotes �1 ribosomal frameshifting, this suggests that
the eEF2-RPS23 interaction may indeed be affected in the
efm3� mutant yeast and that eEF2-KMT/Efm3-mediated
methylation of eEF2 may play an important role in optimizing
its interaction with RPS23.

Methylation of ribosomal proteins and other proteins
involved in translation is common in both eukaryotes and pro-
karyotes, and some of these methylations appear to be dynamic
and may be of regulatory importance. For example, the extent
of ribosomal protein methylation has been shown to vary with
the cell cycle in synchronized HeLa cells (50), and the degree of
monomethylation of ribosomal protein RPL29 at a lysine resi-
due has been shown to vary in different rat tissues, from almost
complete monomethylation in the brain to only 27% methyla-
tion in the liver (51). Also, eEF1A, which is responsible for
delivering tRNAs to the ribosome, displays altered lysine meth-
ylation status during germination in Mucor racemosus (52) and
in 3T3B mouse cells upon transformation with the simian virus
SV40 (16), suggesting that methylation of this elongation factor
may be of regulatory importance. Although we detected eEF2
exclusively in the trimethylated state in most of the tested
mammalian cells and tissues, we found eEF2 to be largely
hypomethylated in the rat brain. Clearly, future research should
address whether this variability in eEF2 methylation reflects a
regulatory mechanism. Moreover, numerous lysine-specific
demethylases have been discovered during the last decade, tar-
geting primarily histones but also other proteins, and it will be
of great interest to study if any of these can demethylate eEF2.

While the present work was in the process of being submitted
for publication, an article appeared in the literature reporting
findings similar to part of the current work, showing that
Yjr129c from S. cerevisiae is responsible for methylating Lys-
509 in yeast eEF2 (53).
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