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Eukaryotic elongation factor 1A (eEF1A) is an essential,
highly methylated protein that facilitates translational
elongation by delivering aminoacyl-tRNAs to ribosomes.
Here, we report a new eukaryotic protein N-terminal
methyltransferase, Saccharomyces cerevisiae YLR285W,
which methylates eEF1A at a previously undescribed
high-stoichiometry N-terminal site and the adjacent ly-
sine. Deletion of YLR285W resulted in the loss of N-ter-
minal and lysine methylation in vivo, whereas overexpres-
sion of YLR285W resulted in an increase of methylation at
these sites. This was confirmed by in vitro methylation of
eEF1A by recombinant YLR285W. Accordingly, we name
YLR285W as elongation factor methyltransferase 7
(Efm7). This enzyme is a new type of eukaryotic N-termi-
nal methyltransferase as, unlike the three other known
eukaryotic N-terminal methyltransferases, its substrate
does not have an N-terminal [A/P/S]-P-K motif. We show
that the N-terminal methylation of eEF1A is also present in
human; this conservation over a large evolutionary dis-
tance suggests it to be of functional importance. This
study also reports that the trimethylation of Lys79 in
eEF1A is conserved from yeast to human. The methyl-
transferase responsible for Lys79 methylation of human
eEF1A is shown to be N6AMT2, previously documented as
a putative N(6)-adenine-specific DNA methyltransferase.
It is the direct ortholog of the recently described yeast
Efm5, and we show that Efm5 and N6AMT2 can methylate
eEF1A from either species in vitro. We therefore rename
N6AMT2 as eEF1A-KMT1. Including the present work,
yeast eEF1A is now documented to be methylated by five
different methyltransferases, making it one of the few
eukaryotic proteins to be extensively methylated by inde-

pendent enzymes. This implies more extensive regulation
of eEF1A by this posttranslational modification than pre-
viously appreciated. Molecular & Cellular Proteomics
15: 10.1074/mcp.M115.052449, 164–176, 2016.

Protein methylation is emerging as one of the most prom-
inent posttranslational modifications in the eukaryotic cell (1).
Often showing high evolutionary conservation, it is increas-
ingly recognized for its role in modulating protein–protein
interactions (2). Indeed, it has been documented in protein
interaction codes (3), such as those of the histones and p53
(4, 5), where it shows interplay with modifications such as
acetylation and phosphorylation. Despite this, there remains a
paucity of understanding of the enzymes that catalyze protein
methylation. Many of the known methyltransferases target
histones. However, many other methyltransferases have been
discovered recently that act on nonhistone proteins (6).

While protein methylation predominantly occurs on lysine
and arginine residues, it is also known to occur on glutamine,
asparagine, glutamate, histidine, cysteine, and the N- and C
termini of proteins. Although the presence of N-terminal meth-
ylation on numerous proteins has been known for decades (7),
the first enzymes responsible for this methylation have only
recently been discovered (8, 9). The Saccharomyces cerevi-
siae protein Tae1 and its human ortholog N-terminal methyl-
transferase 1 (NTMT1) catalyze N-terminal methylation of pro-
teins with an N-terminal [A/P/S]-P-K motif (after methionine
removal). Yet there is evidence that these enzymes may rec-
ognize a more general N-terminal motif (10). Human NTMT2 is
a monomethyltransferase that methylates the same sub-
strates as NTMT1 and may prime substrate proteins with
monomethylation to assist subsequent trimethylation by
NTMT1 (11).

The biological function of N-terminal methylation on some
proteins has been recently revealed. For example, N-terminal
methylation of regulator of chromatin condensation protein 1
(RCC1) is known to affect its binding to chromatin and thereby
the correct chromosomal segregation during mitosis (12, 13),
and N-terminal methylation of DNA damage-binding protein 2
(DDB2) is important for its role in UV-damaged DNA repair
(14). Interestingly, there is evidence of interplay between N-
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terminal methylation and other posttranslational modifications
(15), suggesting that, like lysine and arginine methylation, it
may be incorporated into protein interaction codes (3). N-ter-
minal methylation therefore appears to be a modification of
functional importance in the cell.

Eukaryotic elongation factor 1A (eEF1A), and its bacterial
ortholog EF-Tu, is an essential translation elongation factor
that is found in all living organisms. Its canonical function is in
facilitating delivery of aminoacyl-tRNAs to the ribosome; how-
ever, it is also known to have a role in many other cellular
functions, such as actin bundling, nuclear export, and protea-
somal degradation (16). A number of methyltransferases have
been discovered in both S. cerevisiae and human that target
translation elongation factors. In yeast, four of these elonga-
tion factor methyltransferases (EFMs) act on eEF1A, namely
Efm1, Efm4, Efm5, and Efm6, generating monomethylated
Lys30, dimethylated Lys316, trimethylated Lys79, and monom-
ethylated Lys390, respectively (17–19). Human METTL10 is the
ortholog of Efm4 in that it trimethylates eEF1A at Lys318,
which is equivalent to Lys316 in yeast (20). Interestingly, eu-
karyotic elongation factor 2 (eEF2) is also methylated by a
number of lysine methyltransferases. In yeast, Efm2 and Efm3
act on eEF2, generating dimethylated Lys613 and trimethy-
lated Lys509, respectively (21–24). Human eEF2-KMT is the
ortholog of Efm3 in that it trimethylates eEF2 at Lys525, which
is equivalent to Lys509 in yeast eEF2 (23).

Here, we report the N-terminal methylation of eEF1A in S.
cerevisiae and the identification of the methyltransferase that
catalyzes this event. Using parallel reaction monitoring and
MS/MS/MS (MS3), we unambiguously localize the modifica-
tion to the N-terminal glycine and show it is conserved in the
human cell. We also show that YLR285W, which we rename
elongation factor methyltransferase 7 (Efm7), is responsible
for this modification in yeast, as well as dimethylation at
the adjacent lysine. We also characterize the methyltrans-
ferases responsible for methylation of lysine 79 in eEF1A.
Human N6AMT2 is shown to be the ortholog of yeast Efm5
through its capacity to methylate yeast and human eEF1A at
Lys79 in vitro. We therefore rename N6AMT2 as eEF1A-KMT1.

EXPERIMENTAL PROCEDURES

Yeast Strains, Culturing, and SDS-PAGE—The wild-type yeast
strain used in this study was BY4741 (Open Biosystems, Huntsville,
AL). Single gene deletion strains (�YLR285W, �YNL024C,
�YGR001C, and �YNL092W) were obtained from (Euroscarf, Frank-
furt, Germany). Strains were cultured and lysates obtained according
to previous methods (22). The BG1805-YLR285W plasmid was mod-
ified for overexpression of YLR285W by site-direct, ligase-independ-
ent mutagenesis (25) to remove the HA-tag and the ZZ domain,
leaving YLR285W with the C-terminal 6xHisTag and a short linker.
Site-direct, ligase-independent mutagenesis was used again on this
plasmid to remove the YLR285W gene, leaving only the 6xHisTag and
the linker, to generate the empty vector control plasmid. Overexpres-
sion in BY4741 was done as per Mok et al. (26), except that the
induction was done overnight. Lysates were separated by SDS-PAGE
on 4–12% NuPAGE® Novex® gels (Life Technologies, Waltham,

MA), fixed with 10% acetic acid/25% isopropanol (v/v) and stained
with QC Colloidal Coomassie Stain (Bio-Rad, Hercules, CA).

Mass Spectrometry—
Sample Preparation—Gel bands were excised, destained with 50%

acetonitrile (ACN)/50% 20 mM ammonium bicarbonate (v/v) and de-
hydrated with 100% ACN. Gel bands were then rehydrated with 5 �l
sequencing-grade trypsin (Promega, Fitchburg, WI 10 ng/�l), 10 �l
endoproteinase AspN (Promega, 10 ng/�l) or LysargiNase (27) (40
ng/�l), and made up to 50 �l with 20 mM ammonium bicarbonate (for
AspN and trypsin) or 20 mM ammonium bicarbonate/12.5 mM CaCl2
(for LysargiNase, to give a final concentration of 10 mM CaCl2).
Digests were left at 37 °C overnight and peptides extracted from the
gel bands with 50% ACN/50% 0.1% formic acid (v/v) for 30 min and
then 100% ACN for 10 min. Peptides were dried in a SpeedVacTM

(Thermo Fisher Scientific, Waltham, MA) for 2 h before being resus-
pended in 0.1% formic acid (v/v).

LC-MS/MS—Peptide samples were separated by nano-LC and
eluting peptides ionized by nano-ESI following previously described
methods (28) before analysis on either an LTQ Orbitrap Velos Pro or
a Q Exactive Plus (Thermo Fisher Scientific) for all mass spectrometric
analyses.

For analyses on the LTQ Orbitrap Velos Pro, survey scans m/z
350–1,750 were acquired in the Orbitrap (resolution � 30,000 at m/z
400) with an initial accumulation target value of 1 � 106 ions in the
linear ion trap. The instrument was set to operate in data-dependent
acquisition mode in combination with an inclusion list containing the
m/z values of the relevant peptides for the methylation site(s) of
interest. The five most abundant ions (�5,000 counts) within 10 ppm
of any m/z value on the inclusion list were sequentially isolated and
fragmented, followed by up to the five most abundant ions not within
10 ppm of any m/z value on the inclusion list. Precursor ions were
fragmented via collision-induced dissociation with an activation time
of 30 ms, normalized collision energy of 30% and at a target value of
10,000 ions, for analysis in the linear ion trap. Dynamic exclusion was
enabled with an exclusion duration of 30 s.

For analyses on the Q Exactive Plus, survey scans m/z 350–1,750
(MS automated gain control target � 3 � 106) were acquired in the
Orbitrap (resolution � 70,000 at m/z 200). The instrument was set to
operate in data-dependent acquisition mode in combination with an
inclusion list containing the m/z values of the relevant peptides for the
methylation site(s) of interest. The 10 most abundant ions within 10
ppm of any m/z value on the inclusion list were sequentially isolated
and fragmented via Higher-energy collisional dissociation (HCD) us-
ing the following parameters: normalized collision energy � 35%,
maximum injection time � 125 ms, and automated gain control
target � 1 � 105. Fragment ions were then analyzed in the Orbitrap
(resolution � 17,500). “If idle” was set as “pick others” for most
analyses, allowing selection and fragmentation of ions not within 10
ppm of any m/z value on the inclusion list, only after all inclusion
list-selected ions have been selected if less than 10 consecutive MS2
scans have been performed. Dynamic exclusion was enabled for
most analyses with an exclusion duration of 30 s.

All data were converted to Mascot Generic Format (.mgf) using
either MassMatrix MS Data File Conversion (v. 3.9) or msConvert from
the ProteoWizard Library and Tools collection (29). Data were then
searched against the SwissProt database (2014_08, 546,238 se-
quences through to 2015_08, 549,008 sequences) using Mascot (v.
2.4, Matrix Sciences) hosted by the Walter and Eliza Hall Institute for
Medical Research (Melbourne, Australia) with the following settings:
enzyme: trypsin (trypsin-digested samples), AspN (AspN-digested
samples), or none (LysargiNase-digested samples); two allowed
missed cleavages; precursor tolerance: 4 ppm; fragment ion toler-
ance: 10 mmu (Q Exactive Plus) or 0.4 Da (LTQ Orbitrap Velos Pro);
peptide charge: 2�, 3�, 4� (except when analyzing the singly
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charged KFETS peptide); Instrument: Q-Exactive_Gen (Q Exactive
Plus) or ESI-TRAP (LTQ Orbitrap Velos Pro); Variable modifications:
oxidation (M), methyl (K), dimethyl (K), trimethyl (K), and methyl (DE).
For samples pertaining to N-terminal methylation the following
changes were made: Allowed missed cleavages was set to 0 and the
following variable modifications were added: methyl (N-term), di-
methyl (N-term), and propyl (N-term) (in lieu of any trimethyl N-term
variable modification). Peptides were generally identified with Mascot
scores �35. and then spectra and elution times were manually in-
spected and compared between different methylation states to con-
firm identification; the exception being the very short methylated
KFETS peptides, that produced low Mascot scores due to their length
(scores of 28–31), which were verified by manual inspection for
additional, confirmatory peaks falling within 10 ppm of theoretical
fragment ion m/z values. All Q Exactive Plus-derived MS2 spectra
were manually annotated to only include fragment ions with 10 ppm
error or less. Extracted ion chromatograms for peptides were ob-
tained using Thermo Xcalibur Qual Browser 2.2 SP1.48 by setting
mass windows of �10 ppm of the relevant m/z value, and applying a
scan filter to only analyze MS1 scans. Relevant data have been
deposited to the ProteomeXchange Consortium (30) via the PRIDE
partner repository with the dataset identifier PXD002941.

N-terminal Methylation Localization—Parallel Reaction Monitoring
and MS/MS/MS (MS3)—For analysis of the abundance of y14 ions,
samples were analyzed by parallel-reaction monitoring on a Q Exac-
tive Plus using the Targeted MS2 method. An inclusion list containing
the m/z values of all possible methylation states of the doubly
charged N-terminal AspN peptide GKEKSHINVVVIGHV (unmethy-
lated to pentamethylated) (List A) was used to generate full MS2
scans of precursors at these m/z values every �0.6 s across the entire
LC run. The default MS2 scan settings were used except for the
following changes: automated gain control target � 5 � 104, maxi-
mum injection time � 50 ms, isolation window � 1.6 m/z, normalized
collision energy � 30%. Transitions from the methylated precursors
to y14�1 ions were analyzed using Qual Browser. Mass windows of
�10 ppm for each y14 ion were analyzed with the relevant precursor
ion set in the scan filter setting. Human eEF1A samples were analyzed
in the same way except that the inclusion list contained only the m/z
value of the doubly charged trimethylated N-terminal AspN peptide
GKEKTHINIVVIGHV, and mass windows for y14 transitions were set
at �20 ppm.

For MS3 analysis of y14 ions, samples were analyzed on an LTQ
Orbitrap Velos Pro using the Data Dependent Product MS3 method
with the following settings: collision-induced dissociation activation
(normalized collision energy � 30%, activation time � 10 ms, isola-
tion width � 2.5 m/z, default charge state � 2� (MS2) or 1� (MS3)),
minimum signal threshold � 5,000 (MS2) or 200 (MS3) ion counts. The
MS2 event was set to use List A as its parent mass list. For the MS3
event, the product mass list was set to contain the m/z values of all
possible methylation states of the y14�1 ion (unmethylated to pen-
tamethylated). Data were analyzed by manual assignment of fragment
peaks falling within 0.4 Da of theoretical fragment m/z values for MS2
precursors falling within 0.4 Da of theoretical precursor m/z values.

Heavy Methyl SILAC—Wild-type yeast cells were grown in syn-
thetic complete media (2 g/l histidine and methionine drop-out mix
(US Biological, Salem, MA), 1.7 g/l yeast nitrogen base without amino
acids or ammonium sulfate (BD Biosciences, Franklin Lakes, NJ), 5 g/l
ammonium sulfate, 20 g/l glucose, 82 mg/l histidine), with 82 mg/l
unlabeled (light), or 13CD3-labeled (heavy) methionine (Sigma-Aldrich,
St. Louis, MO). Cell lysates were prepared as above, protein concen-
tration quantified, and lysates mixed 3:1 (light:heavy). Mixed lysates
were separated by SDS-PAGE, and the band corresponding to eEF1A
excised, digested by AspN, and analyzed by LC-MS/MS as above.

Cloning, Expression, and Purification of Methyltransferases and
Elongation Factors—All relevant ORFs were cloned into pET15b for
bacterial expression by Gibson assembly with the Gibson Assembly®
Cloning Kit (New England BioLabs, Ipswich, MA). Primers were de-
signed to insert a 6x HisTag at the N terminus for yeast EFM5 and
human N6AMT2 and at the C terminus for all other ORFs. ORFs were
amplified from wild-type yeast gDNA (YLR285W and SceEF1A1

(TEF1)), wild-type yeast cDNA (EFM5), or plasmids RC205604
(N6AMT2) and RC209697 (HseEF1A1) (Origene, Rockville, MD).
SceEF1A truncations were cloned directly from gBlocksTM constructs
(Integrated DNA Technologies, Coralville, IA) designed with C-termi-
nal 6xHisTags and flanking regions for Gibson Assembly into pET15b.
All plasmids were transformed into Escherichia coli Rosetta DE3 and
recombinant proteins expressed and purified according to previous
methods (22).

In Vitro Methylation—Purified SceEF1A (full length or truncated
forms) or HseEF1A1 from E. coli (�10 �M) were incubated with puri-
fied methyltransferase (Efm5, N6AMT2, or YLR285W/Efm7, all at �5
�M) in the presence of 500 �M S-adenosyl L-methionine (AdoMet) in in
vitro methylation buffer (50 mM HEPES-KOH, 20 mM NaCl, 1 mM

EDTA, pH 7.4) at 30 °C for 5 h (Efm5 and N6AMT2) or overnight
(YLR285W/Efm7). GDP and a nonhydrolysable analog of GTP
(guanosine 5	-[�-thio] triphosphate) were added to a final concentra-
tion of 1 mM for the relevant assays. No enzyme was added for the
negative controls. 6x SDS sample buffer (350 mM Tris-HCl, pH 6.8,
30% glycerol (v/v), 10% SDS (v/v), 0.6 M DTT, 0.012% bromphenol
blue (w/v)) was added to stop reactions, which were then resolved by
SDS-PAGE and prepared for mass spectrometry as above.

RESULTS

Yeast eEF1A Is Trimethylated at Its N Terminus and Dim-
ethylated at Lysine Three—For over 20 years, yeast eEF1A
has been known to have four different sites of methylation
(31). It was therefore surprising to see two tryptic peptides of
682.39 and 691.73 m/z, from the N terminus of eEF1A but
lacking the initiator methionine, carrying three or five methyl
groups (Supplemental Fig. S1, Supplemental Table S1). To
localize the methylation, we further analyzed eEF1A using
AspN. This generated the N-terminal peptide GKEKSHINVV-
VIGHV, whereby the N-terminal glycine is numbered Gly2 and
the adjacent lysine Lys3. Fragmentation revealed up to five
methyl groups in this peptide (Fig. 1A; see Supplemental
Table S1 for details of additional methylation states), whereby
three of the five methyl groups were localized to Gly2 and the
two others to Lys3. Heavy methyl SILAC confirmed that this
methylation is enzyme-mediated (Supplemental Fig. S2). To
further investigate the combinations of methylation present,
we analyzed the y14 ion corresponding to the fragmentation
of peptide GKEKSHINVVVIGHV after its N-terminal glycine.
Parallel reaction monitoring and MS/MS/MS (MS3) revealed
that the di- and trimethylated forms of the peptide only pro-
duced unmethylated y14 ions of 1,558.90 m/z (Figd. 1B and
1C, Supplemental Table S2). Furthermore, the tetra- and pen-
tamethylated forms of the AspN peptide only produced

1 The abbreviations used are: SceEF1A, Saccharomyces cerevisiae
eukaryotic elongation factor 1A; HseEF1A, Homo sapiens eukaryotic
elongation factor 1A; KMT, lysine methyltransferase; SILAC, stable
isotope labeling by amino acids in cell culture.
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mono- and dimethylated y14 ions, of 1,572.92 and 1,586.94
m/z respectively. Tri-, tetra-, and pentamethylated y14 ions
were not observed in any case. Overall, this indicates that
the N terminus of eEF1A is trimethylated at Gly2, following
which—in some cases—it is further mono- and dimethylated
on Lys3 to generate the tetra- and pentamethylated forms.

YLR285W Is the Methyltransferase Responsible for N-ter-
minal and Lys3 Methylation—Having established that the N-
terminal Gly2 and Lys3 of eEF1A are methylated, we sought to
identify the methyltransferase(s) responsible. Trypsinized
eEF1A from knockouts of the putative protein methyltrans-
ferases YLR285W, YGR001C, YNL024C, and YNL092W (32)

only revealed a loss of N-terminal Gly2 and Lys3 methylation in
�YLR285W (Supplemental Fig. S3). AspN digests of eEF1A
from wild-type and �YLR285W strains confirmed this, clearly
showing a complete loss of both N-terminal Gly2 and Lys3

methylation (Fig. 2A). This also highlighted that the Gly2 N-
terminal trimethylation, present in the tri-, tetra-, and pentam-
ethylated forms of the peptide, was of very high stoichiometry
(estimated to be �85%, Fig. 2A). We next investigated
whether the overexpression of YLR285W in wild-type yeast
leads to a gain of methylation on the N-terminal Gly2 and/or
Lys3. Interestingly, YLR285W overexpression increased
methylation at both sites. No dimethylated GKEKSHINVV-

FIG. 1. Yeast eEF1A is trimethylated at its N terminus before being mono- and dimethylated at lysine three. (A) Q Exactive Plus MS/MS
spectrum of a doubly-charged AspN peptide of 843.51 m/z identifies trimethylation at the N terminus of eEF1A as well as dimethylation at lysine
3 (for mass-annotated spectrum see Supplemental Fig. S14). (B) Transitions from the di-, tri-, tetra- and pentamethylated AspN peptide
(GKEKSHINVVVIGHV�2) to the un-, mono- and dimethylated forms of the y14 ion (KEKSHINVVVIGHV�1) indicate that y14 is unmethylated in
the di- and trimethylated AspN peptide, monomethylated in the tetramethylated AspN peptide and dimethylated in the pentamethylated AspN
peptide. This indicates that the N terminus is trimethylated before Lys3 is partially mono- and dimethylated. The monomethylated AspN peptide
was not abundant enough for this analysis. (C) MS/MS/MS (MS3) spectra of MS2 precursors of 1,559.06 (i), 1,572.99 (ii) and 1,587.14 m/z (iii)
confirm their identities as the y14 ion in its un-, mono- and dimethylated state, respectively (for mass-annotated spectra see Supplemental Figs.
S15-S17).
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FIG. 2. YLR285W is responsible for N-terminal and Lys3 methylation of yeast eEF1A in vivo and can N-terminally methylate eEF1A
in vitro. (A) Deletion of YLR285W abolishes in vivo eEF1A methylation at the N terminus and Lys3 in yeast. Whole cell lysates from wild-type
yeast (WT) and the single gene knockout of YLR285W were separated by SDS-PAGE and bands corresponding to eEF1A were analyzed by
LC-MS/MS. The N terminus and Lys3 were both found to be unmethylated in the knockout of YLR285W, with the unmethylated form of the
peptide (me0) being the only form of the peptide present. Trimethylation of the N terminus was estimated to be of high stoichiometry (�85%)
by measuring the area under the curve for each methylation state. This does not, however, consider differences in ionization efficiency between
the different methylation states. (B) Overexpression of YLR285W results in increased methylation at both the N-terminal Gly2 and Lys3 of
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VIGHV peptide was seen, as compared with the empty vector
control (Fig. 2B), indicating increased N-terminal trimethyla-
tion (as per Fig. 1). An increase in the pentamethylated pep-
tide was also observed, along with a dramatic degree of
hexamethylation, indicating increased Lys3 di- and trimethy-
lation (Fig. 2B). This hexamethylation is consistent with trim-
ethylation of the N terminus and of Lys3 (Supplemental Table
S1, see Supplemental Fig. S4 for MS/MS spectrum). Reanal-
ysis of data obtained from wild-type yeast, without overex-
pressed YLR285W, also revealed the presence of small
amounts of hexamethylation (
0.1%, data not shown). To-
gether, these data strongly suggest that YLR285W is the sole
enzyme responsible for N-terminal Gly2 and Lys3 modifica-
tion. As a final confirmation, we investigated whether
YLR285W could methylate eEF1A in vitro. Purified YLR285W
(see Supplemental Fig. S5) was incubated with recombinant
yeast eEF1A from E. coli, in the presence of S-adenosyl L-me-
thionine (AdoMet). This resulted in the formation of mono- and
dimethylation of eEF1A on the N-terminal Gly2 (Fig. 2C, Sup-
plemental Fig. S6), which suggested that the conformation of
eEF1A may be affecting its ability to be methylated by
YLR285W in vitro. Based on knockout, overexpression, and in
vitro methylation analyses, we conclude that YLR285W is an
N-terminal and lysine methyltransferase that can methylate
the N-terminal Gly2 and Lys3 of eEF1A. In line with the naming
of methyltransferases that act on translation elongation fac-
tors, we propose YLR285W be named elongation factor
methyltransferase 7 (Efm7).

Methylation by Efm7 Is Affected by the Conformation of
eEF1A—The human N-terminal methyltransferase NTMT1
recognizes an N-terminal linear sequence motif and can
methylate peptides (8). In contrast, we found that Efm7 was
unable to methylate a synthetic peptide corresponding to the
N-terminal 10 amino acids of eEF1A (GKEKSHINVV, data not
shown). In consideration of this and the in vitro results above,
we therefore investigated whether Efm7 recognizes confor-
mational features of eEF1A during methylation. eEF1A binds
GTP and hydrolyzes it to GDP as its source of energy, and the
binding of these molecules causes conformational changes in
the protein. We therefore tested whether the addition of GDP
or a nonhydrolysable analog of GTP affects the ability of Efm7
to methylate recombinant eEF1A in vitro. Addition of either
GDP or the GTP analog was found to approximately double
the relative amount of dimethylation observed and, impor-

tantly, resulted in the formation of small amounts of trimethy-
lation (Fig. 3A, Supplemental Fig. S7). These results indicate
that the conformation of eEF1A is important for recognition

eEF1A, as evidenced by the disappearance of the dimethylated peptide and the increase in abundance of the penta- and hexamethylated
peptides. BG1805-YLR285W or the empty BG1805 vector were overexpressed in WT yeast and lysates were separated by SDS-PAGE and
then bands corresponding to eEF1A were analyzed by LC-MS/MS. Un- and monomethylated eEF1A were below the limit of detection in both
conditions. (C) YLR285W methylates eEF1A at its N terminus in vitro. Yeast eEF1A purified from E. coli was incubated with or without YLR285W
in the presence of AdoMet. eEF1A was found to be mono- and dimethylated at the N terminus when incubated with YLR285W (see
Supplemental Fig. S5 for MS/MS spectrum). For (A), (B), and (C), the methylation status of the N terminus/Lys3 was analyzed by taking mass
windows (�10 ppm) corresponding to all relevant methylation states of the AspN peptide GKEKSHINVVVIGHV�2 (green). Peaks were
normalized to the most abundant ion for each methylation state. The abundance of the eEF1A AspN peptide DAIEQPSRPT�2 is shown as an
internal standard (black). Elution times of peptides are shaded; peaks outside shading are unrelated, near-isobaric ions.

FIG. 3. Methylation of eEF1A by Efm7 is affected by the struc-
ture and conformation of eEF1A. (A) In vitro methylation of eEF1A
by Efm7 is enhanced by the addition of either GDP or GTP. Recom-
binant yeast eEF1A was in vitro methylated by Efm7 in the presence
or absence of GDP or a GTP analog. eEF1A was found to be more
dimethylated, and trimethylated to a small degree, in the presence of
GDP or the GTP analog, indicating that the ability of Efm7 to meth-
ylate eEF1A is affected by its conformation. (B) In vitro methylation of
recombinant full length and C-terminal truncations of eEF1A indicates
that Efm7 does not require domains 2 or 3 in order to methylate
eEF1A. For both (A) and (B), the graphs represents the relative
amounts of each methylation state as determined by the area under
the curve of the extracted ion chromatograms, which are shown as
Supplemental Figs. S7 and S8 for (A) and (B), respectively.
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and methylation by Efm7 and suggest that Efm7 may make
critical contacts with eEF1A at sites apart from the site of
methylation. We next sought to investigate which domains of
eEF1A are important for this process. We analyzed the ability
of Efm7 to methylate domain 1 of eEF1A in isolation (residues
1–238) or domains 1 � 2 together (residues 1–334) and com-
pared this to the methylation of full length eEF1A (domains
1 � 2 � 3, residues 1–458). In vitro methylation of recombi-
nant versions of these proteins revealed that Efm7 is capable
of methylating both domain 1 and domains 1 � 2 (Fig. 3B,
Supplemental Fig. S8). In fact, domain 1 and domains 1 � 2
were dimethylated more than full length eEF1A, with domain 1
also being trimethylated to a small degree (Fig. 3B, Supple-
mental Fig. S8). This indicates that while domain 1 alone is
sufficient for methylation by Efm7, the presence of the other
domains can affect the enzyme–substrate interaction. Overall,

these results indicate that the conformation of eEF1A affects
the capacity of Efm7 to methylate but that only domain 1 is
required for methylation to occur.

N-terminal Trimethylation of eEF1A Is Conserved in Hu-
man—Given the high degree of conservation of many other
N-terminal methylation sites (8), we investigated whether the
N-terminal methylation of eEF1A in yeast is conserved
in human eEF1A. Utilizing an AspN digest of proteins
from HEK293T cells, we identified an N-terminal peptide
GKEKTHINIVVIGHV of 843.51 m/z from HseEF1A, carrying
trimethylation on Gly2 (Fig. 4A, Supplemental Table S1). As
with the yeast peptide, there was a consistently detectable
singly charged y14 ion. Parallel reaction monitoring analysis of
the trimethylated peptide confirmed that it only produces
unmethylated y14 ions of 1,586.94 m/z, and that therefore the
trimethylation of the peptide and HseEF1A is entirely N-ter-

FIG. 4. Human eEF1A is trimethylated at its N terminus. (A) Q Exactive Plus MS/MS spectrum of a doubly charged AspN peptide of 843.51
m/z identifies trimethylation at the N terminus of human eEF1A (for mass-annotated spectrum see Supplemental Fig. S18). (B) Transitions from
the trimethylated AspN peptide (GKEKTHINIVVIGHV�2) to the un-, mono-, di- and trimethylated forms of the y14 ion (KEKTHINIVVIGHV�1)
indicate that y14 is completely unmethylated in the trimethylated peptide. This indicates that the N terminus is trimethylated. The mono- and
dimethylated AspN peptides were not abundant enough for this analysis. (C) MS/MS/MS (MS3) spectrum of an MS2 precursor of 1586.99 m/z
confirms its identity as the unmethylated y14 ion (for mass-annotated spectrum see Supplemental Fig. S19).
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minal (Fig. 4B). MS3 analysis of an MS2 precursor of 1,586.99
m/z confirmed the identity of the unmethylated y14 ion (Fig.
4C, Supplemental Table S2). Unlike yeast, we did not observe
the tetra- or pentamethylated forms of the AspN peptide,
suggesting that Lys3 is unmethylated in HseEF1A. It was not
possible to differentiate between the two human isoforms of
eEF1A (eEF1A1 and eEF1A2), as they are identical in se-
quence for the first 81 amino acids. However, this conserva-
tion of the N-terminal sequence of eEF1A makes it likely that
both human isoforms are N-terminally methylated. N-terminal
trimethylation of eEF1A is therefore a highly conserved mod-
ification between yeast and human.

Since we established Efm7 as the methyltransferase re-
sponsible for the N-terminal methylation of yeast eEF1A and
that human eEF1A is also N-terminally methylated, we sought
to investigate whether Efm7 could N-terminally methylate hu-
man eEF1A in vitro. Incubation of HseEF1A1 with Efm7 in the
presence of AdoMet did not result in N-terminal methylation
(Supplemental Fig. S9), although Efm7 was able to methylate
SceEF1A in vitro under the same conditions (see above). This
suggests that, although N-terminal methylation is conserved
between yeast and human, the methyltransferases that cata-
lyze the reaction have diverged and that the eEF1A from one
species can only be N-terminally methylated by its own meth-
yltransferase. It is not immediately obvious what protein is
likely to be the methyltransferase responsible for N-terminal
methylation of eEF1A in human. The closest aligning human
protein to Efm7 is METTL21C (BLASTp (Basic Local Align-
ment Search Tool) expect value of 4 � 10�9). However, we
note that the reciprocal is not true, as the closest aligning
yeast protein to METTL21C is YNL024C/Efm6 (BLASTp ex-
pect value of 7 � 10�14). Efm7 is the second-closest aligning

yeast protein to human METTL21C (BLASTp expect value of
9 � 10�11).

Methyltransferases That Act on Lysine 79 in eEF1A Are
Conserved from Yeast to Human—In yeast, a recent report
showed loss of eEF1A trimethylation at Lys79 upon knockout
of YGR001C. This enzyme was then renamed Efm5 (18). We
were able to confirm this result utilizing the recently described
LysargiNase Archaea protease. This cleaves N-terminally to
lysine and arginine and, importantly, allows the abundance of
methylated and unmethylated peptides to be compared as it
cuts effectively at methyl-lysines and -arginines (27). With
LysargiNase, we observed a complete loss of mono-, di-, and
trimethylation of Lys79 upon knockout of EFM5 (Supplemental
Fig. S10).

Lysine 79 of human eEF1A has been reported as trimethy-
lated in recent high-throughput studies (33–35). We confirmed
this with LC-MS/MS analysis of HEK293T proteins (Supple-
mental Fig. S11, Supplemental Table S1). Since this methyl-
ation site is conserved between yeast and human, we
searched for the human ortholog of Efm5. A BLASTp search
of Efm5 against human proteins in SwissProt returned
N6AMT2 (putative N(6)-adenine-specific DNA methyltrans-
ferase) as the best match with an expected value of 3 �

10�41; the reciprocal search returned Efm5 as the best match
with an expected value of 7 � 10�42. The alignment of Efm5
and N6AMT2 showed very high sequence identity and the
presence of the characteristic seven-beta-strand motifs I and
Post-I (Fig. 5). N6AMT2 also showed a [D/N]XX[Y/F] motif,
which is suggestive of nitrogen methylation activity (18). We
therefore investigated whether N6AMT2 could methylate hu-
man and/or yeast eEF1A in vitro. Additionally, we sought to

FIG. 5. Sequence alignment of Efm5 and its human ortholog, N6AMT2. Efm5 and N6AMT2 were aligned using EMBOSS Stretcher
(EMBL-EBI), indicating 36.1% identity and 53.4% similarity. Vertical lines (�) indicate identical residues; double dots (:) indicate chemically similar
residues; single dots (.) indicate dissimilar residues; dashes (-) indicate missing residues. The characteristic seven-beta-strand methyltransferase
motifs I and Post-I are indicated according to (53), as well as the [D/N]XX[Y/F] motif proposed to be defining of nitrogen methylation (18). A BLASTp
search of Efm5 against human proteins in SwissProt returns N6AMT2 as the best match with an expect value of 3 � 10�41; the reciprocal search
returns Efm5 as the best match with an expect value of 7 � 10�42.

Methyltransferases Targeting Elongation Factor 1A

Molecular & Cellular Proteomics 15.1 171

http://www.mcponline.org/cgi/content/full/M115.052449/DC1
http://www.mcponline.org/cgi/content/full/M115.052449/DC1
http://www.mcponline.org/cgi/content/full/M115.052449/DC1
http://www.mcponline.org/cgi/content/full/M115.052449/DC1
http://www.mcponline.org/cgi/content/full/M115.052449/DC1
http://www.mcponline.org/cgi/content/full/M115.052449/DC1
http://www.mcponline.org/cgi/content/full/M115.052449/DC1


confirm Efm5 methyltransferase activity in vitro, as this has
not yet been reported.

Incubation of purified Efm5 or N6AMT2 (see Supplemental
Fig. S5) with recombinant unmethylated yeast eEF1A (Fig. 6A)
or recombinant unmethylated human eEF1A1 (the predomi-
nant isoform of eEF1A in humans) (Fig. 6B) resulted in a gain
of methylation at Lys79. MS/MS spectra of the trimethylated
LysargiNase peptides from SceEF1A (KFETPKYQVTVIDAPGH
of 658.02 m/z) and HseEF1A1 (KFETS of 653.35 m/z) are
shown in Supplemental Figs. S12 and S13, respectively.
Therefore, Efm5 and N6AMT2 can methylate both yeast and
human eEF1A in vitro. This indicates that trimethylation of
Lys79 in eEF1A and the methyltransferases that catalyze it are
highly conserved in eukaryotes. Interestingly, Efm5 appeared
to methylate SceEF1A more efficiently than HseEF1A1, and
similarly, N6AMT2 appeared to methylate HseEF1A1 more
efficiently than SceEF1A. This indicates that, despite strong
conservation, there may be subtle differences between the
enzymes and/or substrates that allow methylation to proceed
more efficiently with enzymes and/or substrates from the
same organism. This may be due to sequence variants in
eEF1A, such as the 76A-�76S substitution between yeast
and human just upstream of the methylated Lys79 or structural
features distal in sequence but proximal in three dimensions.
In line with recent naming convention (23) and since there are
likely to be numerous methyltransferases of eEF1A in human,
we suggest N6AMT2 be renamed eEF1A-KMT1.

DISCUSSION

Here, we have shown that the new yeast enzyme Efm7,
which was previously predicted to be a nicotinamide N-meth-
yltransferase (36), is in fact a protein N-terminal and lysine
methyltransferase of eEF1A. It represents a new type of N-
terminal methyltransferase as it belongs to the Family 16
group of methyltransferases (Pfam family PF10294), unlike the
three other known eukaryotic N-terminal methyltransferases
that belong to a family of proteins all predicted to be N-ter-
minal methyltransferases (Pfam family PF05891). So far, all
Family 16 methyltransferases have proved to be lysine spe-
cific (21, 23, 37–40). Efm7 therefore also represents the first
Family 16 methyltransferase that is not lysine specific. It is not
surprising that Efm7 is the methyltransferase responsible for
both N-terminal and Lys3 methylation of yeast eEF1A. This is
because there is very high local chemical similarity between
the N-terminal glycine and the lysine sidechain (Fig. 7). Hence,
although the �-amine of the N-terminal glycine is the favored
substrate, the �-amine of the lysine sidechain is a secondary
substrate that is only methylated when the �-amine is satu-
rated. Nonetheless, Efm7 represents the first methyltrans-
ferase that can methylate at both the N terminus of a protein
as well as another, adjacent residue.

It is possible that eEF1A is the only substrate of Efm7.
Previous in vitro methylation of yeast lysate with YLR285W/
Efm7 showed methylation of a single �50kDa band, which

corresponds to the mass of eEF1A (41). However, given that
eEF1A is one of the most abundant proteins in the cell, it is
possible that other, much less abundant substrates may have
gone undetected. Additionally, in vitro conditions may not
have been conducive to methylation of all substrates. It there-
fore remains possible that Efm7 has other substrates; indeed,
there are 35 other yeast proteins with an N-terminal glycine
and then a lysine, assuming removal of the initiating methio-
nine. However, as Efm7 requires structural features for rec-
ognition and methylation of its substrate, it would be difficult
to predict what these would be. If Efm7 has only one sub-
strate, this would be consistent with that observed for a
number of other Family 16 methyltransferases (23, 37, 39).
While it is costly for the cell to produce a methyltransferase
just to modify a single protein, a marginal increase in, for
example, protein translation efficiency by the modification of
eEF1A could outweigh this and provide an evolutionary
advantage.

Functionally, �YLR285W/EFM7 has been reported to have
decreased silencing at the rDNA locus compared with wild
type (36). This was thought to be related to its putative func-
tion as a nicotinamide N-methyltransferase. However, in light
of its protein methyltransferase activity, it could that this phe-
notype is related to the loss of methylation on eEF1A or it
could be due to loss of methylation on another, as yet un-
known substrate of Efm7. Structurally, the N-terminal meth-
ylation catalyzed by Efm7 is located in domain 1 of eEF1A,
which is its GTPase domain. However, the site is not located
near the GTP binding pocket and, hence, is unlikely to affect
the GTPase activity of eEF1A. Rather, it is located next to the
tRNA binding cleft of eEF1A. As trimethylation introduces a
permanent positive charge on the �-amino group of the N
terminus, it has been suggested this may facilitate binding to
the negatively charged phosphate backbone of polynucle-
otides (7). Indeed, it has been shown that N-terminal methyl-
ation can affect the interaction of proteins with DNA (42). The
trimethylation may therefore enhance the tRNA-binding ca-
pacity of eEF1A. Alternatively, it may affect the protein–
protein interactions of eEF1A in a manner similar to that of
lysine and arginine methylation of proteins (2, 43, 44). Given
the conservation of this modification between yeast and hu-
man, it will be of interest to investigate the functional role of
eEF1A N-terminal methylation in more detail.

The closest aligning human protein to Efm7 is METTL21C.
However, the reciprocal BLAST returns the recently described
Efm6, which methylates eEF1A at Lys390 (19). It is therefore
unclear if METTL21C is indeed the ortholog of Efm7 and
therefore the human eEF1A N-terminal methyltransferase.
Rather, it may be that another closely aligning human meth-
yltransferase of no known substrate is the ortholog of Efm7,
such as METTL21B or METTL23. These are also members of
the Family 16 group of methyltransferases.

This study also reports N6AMT2 as the human ortholog of
Efm5. Both were shown to act as lysine methyltransferases
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FIG. 6. N6AMT2 is the human ortholog of Efm5. N6AMT2 or Efm5 was incubated with either SceEF1A (A) or HseEF1A1 (B), both purified
from E. coli, in the presence of AdoMet. The methylation status of Lys79 was analyzed by taking mass windows (�10 ppm) corresponding to
all relevant methylation states of the LysargiNase peptides KFETPKYQVTVIDAPGH�3 (SceEF1A) or KFETS�1 (HseEF1A1) (red). Peaks were
normalized to the most abundant ion for each methylation state. The abundance of the eEF1A LysargiNase peptide KIGGIGTVPVG�2 is shown
as an internal standard (black). Elution times of peptides are shaded; peaks outside shading are unrelated, near-isobaric ions. Lys79 from both
SceEF1A (A) and HseEF1A1 (B) was found to be mono-, di- and trimethylated only when incubated with Efm5 or N6AMT2, with the exception
that trimethylation of Lys79 was not detected on HseEF1A1 when incubated with Efm5. Therefore, Efm5 and N6AMT2 were able to methylate
both yeast eEF1A and human eEF1A1 at lysine 79 in vitro. Trimethylation of lysine 79 on eEF1A is therefore a highly conserved modification
catalyzed by a methyltransferase that is conserved from yeast to human. We propose N6AMT2 be renamed eEF1A-KMT1.
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specific to eEF1A Lys79 in vitro, extending previous observa-
tions of the loss of methylation on knockout of EFM5 (18). In
yeast, Efm5 is cytosolic and exists in medium abundance (45).
In human, N6AMT2/eEF1A-KMT1 is expressed in most tis-
sues at medium to high levels and is also predominantly
cytosolic (46, 47). This localization matches that of eEF1A.
Interestingly, N6AMT2/eEF1A-KMT1 is overexpressed in
many cancers (48), which may reflect a translational activating
function of the methylation of Lys79 in eEF1A due to the
increased protein synthesis needs of fast-growing cells.

Until recently, N6AMT2/eEF1A-KMT1 and Efm5 were anno-
tated to be N(6)-adenine-specific DNA methyltransferases.
There is another example of misclassification of N(6)-adenine-
specific DNA methyltransferases; the human protein N6AMT1
was found to be a protein glutamine methyltransferase spe-
cific to Q185 of peptide chain release factor subunit 1 (49).
The above errors in classification, along with our disproving
the notion that Family 16 methyltransferases are lysine spe-
cific, demonstrate the difficulty in assigning methyltransferase
substrate specificity based on sequence alone. Nevertheless,
it was recently proposed that a (D/N)XX(Y/F) motif, which is
present in Efm5, eEF1A-KMT1, and Efm7, may be a general
motif for the recognition and methylation of nitrogen atoms
(18). This is similar to the (D/E)XX(Y/F) motif characteristic of
Family 16 methyltransferases (37) and suggests that a general
(D/E/N)XX(Y/F) motif may be associated with nitrogen
methylation.

There are now a total of five known methyltransferases that
target eEF1A in yeast (Fig. 7). While the exact function of their
resulting methylation sites is unknown, the fact that they act
upon one protein suggests they may modulate various func-

tions of eEF1A (16). The differences in stoichiometry of the
methylation sites, which ranges from �85% for the N-terminal
methylation to between 2.5 and 13% for other sites (50), is
also suggestive of this. However, the stoichiometry observed
here for the N-terminal methylation should be confirmed by a
more accurate measurement, such as absolute quantification,
to allow a direct comparison with previous studies (50). It is
likely that all methylation sites can co-occur, as previous
whole protein mass spectrometric analysis found that eEF1A
exists at an average mass roughly equal to what is expected
for all lysine methylation sites plus N-terminal acetylation (17),
now known to be N-terminal trimethylation. To investigate the
function of each methylation site, the knockout of each cor-
responding methyltransferase could be compared with wild-
type yeast for a number of different cellular functions that
eEF1A is known to be involved in, such as protein translation,
actin bundling, and proteasomal degradation (16). It is in-
teresting to note that there are few other proteins known to
be methylated by so many methyltransferases. One such
example is the tumor suppressor protein p53, which is
methylated at four distinct sites by five different methyl-
transferases (51). Each of these sites is known to have
different roles in modulating the activity of p53 (51). Another
example is histone H3, which is methylated at nine sites by
many different methyltransferases, all of which have distinct
roles in modulating transcription (52). It is therefore plausi-
ble that the eEF1A methyltransferases have distinct roles in
modulating the activity of eEF1A. This may be by activating
or inactivating eEF1A or by switching which cellular process
it partakes in by modulating its interactions, given that lysine

FIG. 7. Methylation of yeast eEF1A by five methyltransferases. The structure of yeast eEF1A (PDB ID: 1F60) showing the five methyl-
transferases that act on it and their substrate residues. eEF1A is shown as a yellow ribbon structure; methylated residues are shown as stick
structures (N-terminal Gly2 and Lys3 (K3): green; Lys30 (K30), Lys316 (K316), and Lys390 (K390): black; Lys79 (K79): red), with added methyl
groups shown in orange. Inset: the chemical structure of the trimethylated N terminus and dimethylated Lys3 is shown, showing the local
chemical similarity between the N-terminal �-amine of the glycine and the sidechain �-amine of the lysine. eEF1A was visualized in PyMOL (The
PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC.).
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methylation is known to modulate protein–protein interac-
tions (44).
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