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ABSTRACT: Protein modification by methylation is important in cellular function. We show here that the
Saccharomyces cerevisiae YBR261C/TAE! gene encodes an N-terminal protein methyltransferase catalyzing
the modification of two ribosomal protein substrates, Rpl12ab and Rps25a/Rps25b. The YBR261C/Tael
protein is conserved across eukaryotes; all of these proteins share sequence similarity with known seven
p-strand class I methyltransferases. Wild-type yeast cytosol and mouse heart cytosol catalyze the methylation
of a synthetic peptide (PPKQQLSKY) that contains the first eight amino acids of the processed N-terminus of
Rps25a/Rps25b. However, no methylation of this peptide is seen in yeast cytosol from a AYBR261C/tael
deletion strain. Yeast YBR261C/TAE!I and the human orthologue METTLI1A genes were expressed as
fusion proteins in Escherichia coli and were shown to be capable of stoichiometrically dimethylating the
N-terminus of the synthetic peptide. Furthermore, the YBR261C/Tael and METTL11A recombinant
proteins methylate variants of the synthetic peptide containing N-terminal alanine and serine residues.
However, methyltransferase activity is largely abolished when the proline residue in position 2 or the lysine
residue in position 3 is substituted. Thus, the methyltransferases described here specifically recognize the
N-terminal X-Pro-Lys sequence motif, and we suggest designating the yeast enzyme Ntm1 and the human
enzyme NTMTI. These enzymes may account for nearly all previously described eukaryotic protein
N-terminal methylation reactions. A number of other yeast and human proteins also share the recognition
motif and may be similarly modified. We conclude that protein X-Pro-Lys N-terminal methylation reactions
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catalyzed by the enzymes described here may be widespread in nature.

Posttranslational and cotranslational modification of the
N-terminus of proteins is well established, but the biological
function is known only in a few cases (/—6). Acetylation, the
most extensive modification, occurs on approximately 77% of
cytosolic proteins in mammals and about 50% of cytosolic
proteins in Saccharomyces cerevisiae (3). Methylation of the
N-terminus has also been observed for a variety of proteins in
both prokaryotes and eukaryotes (2). A major chemical conse-
quence of such modification is controlling the charge at the
N-terminus. For acetylated proteins, the partial positive charge on
the amino group is neutralized; for fully methylated N-terminal
residues, the positive charge is fixed. In both cases, these mod-
ifications abolish the nucleophilicity of the a-amino nitrogen (2).

Eukaryotic N-terminal methylation has been detected to date
on one large subunit ribosomal protein in fungal and plant
species, one small subunit ribosomal protein in S. cerevisiae, one
large subunit ribosomal protein in higher plant chloroplasts, the
small subunit of Rubisco in higher plant chloroplasts, histone
H2B proteins in several invertebrates, cytochrome ¢-557 species
from one protozoan genus, myosin light chain proteins from
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mammals, and the RCC1 protein of humans (Table 1). Interest-
ingly, with the exception of the two chloroplast species, the
N-terminal tetrapeptide sequences of all of these proteins are
similar. All contain an N-terminal methionine residue that is
predicted to be cleaved (24), followed by a proline, alanine, or
serine residue in the second position, and apparently invariant
proline and lysine residues in the third and fourth positions,
respectively. Most of these species are fully methylated
(dimethylated proline, trimethylated alanine) to give a quatern-
ary a-amino group. It has been proposed that a single enzyme
that recognizes an X-Pro-Lys N-terminal sequence could account
for all of these methylation reactions (2). However, no gene
product has been associated to date with this activity.

We have been interested in the modification of ribosomal
proteins in the yeast S. cerevisiae and in identifying the genes that
encode the enzymes that catalyze these reactions. We have taken
the approach of analyzing intact ribosomal proteins by mass
spectrometry from extracts of mutant yeast lacking putative
methyltransferases to detect unmodified or undermodified spe-
cies. Using this method, we have identified four SET domain-
containing protein side-chain lysine methyltransferases, Rkm1,
Rkm2, Rkm3, and Rkm4, and their large ribosomal protein
substrates Rpl23ab, Rpl12ab, and Rpl42ab (9, 25, 26) as well as
RmtI-dependent protein arginine methylation of Rps2 (27). The
distinct methylation of N-terminal proline residues has recently
been shown in the fission yeast (7) and plant (8) homologues of
budding yeast Rpl12ab; we later confirmed the presence of this
modification in S. cerevisiae (9).
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Table 1: Known Eukaryotic N-Terminally Methylated Proteins

protein name

N-terminal encoded sequence

organism

known N-terminal modification

Schizosaccharomyces pombe

Arabidopsis thaliana

S. cerevisiae

S. cerevisiae

Asterias rubens
Sipunculus nudus
Asterina pectinifera
Marthasterias glacialis
Drosophila melanogaster
Crithidia oncopelti
Crithidia fasciculata

A. thaliana

Tetrahymena thermophila

N,N-dimethylproline (7)
N,N-dimethylproline (8)
N,N-dimethylproline (9)
N,N-dimethylproline (/0)
N,N-dimethylproline (/1)
N,N-dimethylproline (/2)
N,N-dimethylproline (13)
N,N-dimethylproline (/4)
N-methylproline (15)
N,N-dimethylproline (/6)
N,N-dimethylproline (17)

N-methylalanine, N,N-dimethylalanine,
N,N,N-trimethylalanine (/8)
N,N,N-trimethylalanine (/9)

Rpll12 MPPKFDPNEV
L12 MPPKLDPSQI
Rpll2ab MPPKFDPNEV
Rps25a/Rps25b MPPKQQLSKA
histone H2B MPPKPSGKGQ
histone H2B MPPKPSAKGA
histone H2B MPPKPSGKGQ
histone H2B MPPKSGKGQK
histone H2B MPPKTSGKAA
cytochrome ¢-557 MPPKAREPLP
cytochrome ¢-557 MPPKARAPLP
histone H2B MAPKAEKKPA
histone H2B MAPKKAPAAA
histone H2B MAPKKAPAAA
fast skeletal myosin light chain 2 MAPKKAKRRA
myosin light chain 1, MAPKKDVKKP
skeletal muscle isoform

myosin light chain 3 MAPKKPDPKK
regulator of chromosome condensation 1 MSPKRIAKRR
chloroplast ribosomal protein L2 MAIHLYKTST
chloroplast Rubisco small subunit MQVWPPIGKK

N,N,N-trimethylalanine (20)
N,N,N-trimethylalanine (21)
N,N,N-trimethylalanine (21)

Tetrahymena pyriformis
Oryctolagus cuniculus
O. cuniculus

Bos taurus N,N,N-trimethylalanine (27)

N-methylserine, N,N-dimethylserine,
N,N,N-trimethylserine (5)

Homo sapiens

Spinacia oleracea
Pisum sativum

N-methylalanine (22)
N-methylmethionine (23)

In this work, we have used the approach of intact mass
spectrometric profiling of ribosomal proteins from yeast cells
deficient in putative methyltransferases (28) to identify the gene
necessary for protein N-terminal methylation. We demonstrate
that the loss of the S. cerevisiae ORF YBR261¢c/TAEI, encoding
a candidate seven f-strand methyltransferase, results in the loss
of the N-terminal methylation of both Rpl12ab and Rps25a/
Rps25b. The YBR261C/TAEI product had been previously
linked to a translational function by a chemical genetic profile
analysis (29), but its specific function was not identified. We
demonstrate that recombinant fusion proteins YBR261C/Tael
and METTL11A (the human homologue) are active methyl-
transferases with specificity for stoichiometric modification of
X-Pro-Lys N-terminal sequences.

EXPERIMENTAL PROCEDURES

Purification of S. cerevisiae Ribosomal Proteins from
Wild-Type and Mutant Strains. The strains used in this study
were obtained from the Saccharomyces Genome Deletion Project
and included the parent strains BY4742 and BY4741 and the
YBR261C/tael deletion strain in each background, as well as the
deletion strains listed in Supporting Information Table 1. Large
and small ribosomal proteins were isolated from wild-type and
AYBR261C/tael strains as described previously (9).

Liquid Chromatography with Electrospray Ilonization
Mass Spectrometry of Intact Ribosomal Proteins. Riboso-
mal proteins were fractionated using reverse-phase liquid chro-
matography as described previously (9). The resulting effluent
was directed into a QSTAR Elite (Applied Biosystems/MDX
SCIEX) electrospray mass spectrometer running in MS only
mode. The instrument was calibrated using external peptide
standards to yield a mass accuracy of 40 ppm or better.

Localization of Methylation Sites by Top Down Mass
Spectrometry Using Collisionally Activated Dissociation

or Electron Capture Dissociation. Ribosomal proteins
Rpl12ab and Rps25a/Rps25b from the AYBR261C/tael deletion
and wild-type strains were separated by HPLC as described
above, and fractions containing the isolated intact proteins were
directly infused on a hybrid linear ion-trap/FTICR' mass spec-
trometer (LTQ FT Ultra; Thermo Fisher, Bremen, Germany)
and fragmented using collisionally activated dissociation or
electron capture dissociation as described previously (9). All
FTICR MSMS spectra were processed using ProSightPC soft-
ware (Thermo Fisher, San Jose, CA) in single protein mode with
a 15 ppm mass accuracy threshold. The root-mean-square
deviations for assigned fragments were less than 5 ppm. The
reference database for the ProSightPC software included the
S. cerevisiae proteome from Swiss-Prot. Intact mass measurements
were processed using the manual Xtract program, version 1.516
(Thermo Fisher, San Jose, CA). All top down experimental data
obtained for this study are available online at http://www.
proteomecommons.org.

Preparation of Cytosolic Extracts. S. cerevisiae cytosol
was isolated from wild-type (BY4742) and AYBR261C/tael
strains. These strains were grown at 30 °C in 500 mL of YPD
to an ODgy of 0.7. The cells were centrifuged at 5000g for
5 min at 4 °C. The resulting pellet was resuspended in 4 mL of
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
43 mM Na,HPO,, 1.4 mM KH,PO,, pH 7.4) and 100 uM
phenylmethanesulfonyl fluoride. The cells were lysed by vortex-
ing for 1 min in the presence of 0.2 g of baked zirconium beads
(Biospec Products, Bartlesville, OK), followed by cooling on ice
for 1 min, for a total of seven cycles. A crude cytosolic fraction
was then obtained by centrifuging for 15 min at 12000g at 4 °C.
Mouse heart cytosol was obtained as previously described (30).

'Abbreviations: [*’H]JAdoMet, S-adenosyl-L-[methyl-*H]methionine;
AdoMet, S-adenosyl-L-methionine; FTICR, Fourier-transform ion
cyclotron resonance; MSMS, tandem mass spectrometry.
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Plasmid Construction and Preparation of the Recombi-
nant Yeast YBR261C|/Tael and Human METTLIIA
Fusion Proteins. The BG1805-A vector containing the yeast
YBR261C/TAEI gene and the pSPORT1 vector containing the
full-length human ¢cDNA for METTLI11A (accession number
NM_014064) were purchased from Open Biosystems (Huntsville,
AL). The two open reading frames were cloned into the pET-100/
D-TOPO Escherichia coli expression vector according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). Proper
insertion into the pET100D vector was verified by full DNA
sequencing of both constructs (GENEWIZ, NJ) using the standard
T7 forward and T7 reverse primers. The vector pET-100/D-
TOPO carries a Hisq tag in the linker region MRGSHHHHHH-
GMASMTGGQQMGRDLYDDDDKDHPFT which is incor-
porated before the initiator methionine residue of the cloned
protein. The constructed plasmids were transformed into E. coli
BL21(DE3). The recombinant proteins were overexpressed by
growing 2 L of the transformed E. coli cells at 37 °C in LB media
with 100 ug/mL ampicillin to an ODggy of 0.7. Recombinant
protein production was induced for 4 h by the addition of
isopropyl 5-p-thiogalactopyranoside to a final concentration of
0.4 mM. Washed cells were resuspended in 20 mL of PBS and
100 uM phenylmethanesulfonyl fluoride and subsequently bro-
ken by ten 30 s sonicator pulses (50% duty; setting 4) on ice with a
Sonifier cell disruptor W-350 (SmithKline Corp.). The lysate was
centrifuged for 50 min at 13000g at 4 °C. The resulting super-
natant was loaded onto a 5 mL HisTrap HP nickel affinity
column (GE Healthcare part number 17-5248-1), and the fusion
proteins were purified using a gradient of 30—500 mM imidazole
per the manufacturer’s specifications.

Protein Concentration Determination. A modified Lowry
procedure was used to determine protein concentrations of
recombinant proteins and cell cytosol following precipitation
with 1.0 mL of 10% (w/v) trichloroacetic acid (3/). A stock
solution of bovine serum albumin was used as a protein standard.

In Vitro Methylation of Peptides. Synthetic nonapeptides
were prepared by Biosynthesis, Inc. (Lewisville, TX). These
peptides were based on the sequence of the first eight amino
acids of the N-terminus of the S. cerevisiae ribosomal protein
Rps25a/Rps25b with an additional tyrosine residue added at the
C-terminus for UV detection. Peptides were prepared with
N-terminal proline (PPKQQLSKY), alanine (APKQQLSKY),
and serine (SPKQQLSKY) residues. A peptide mixture was syn-
thesized where equal amounts of each of the 20 protected amino
acid derivatives were used for the first position (X,PKQ-
QLSKY). A similarly prepared mixture was made except that
proline and alanine were not included (X;3PKQQLSKY). Two
additional peptide mixtures were prepared: one designed to
contain equal amounts of each of the 20 amino acids at the
second position except proline (PX;oKQQLSKY), and one
designed to contain equal amounts of the 20 amino acids at the
third position except lysine (PPX;9QQLSKY). Methylation
radiolabeling experiments were carried out in the presence of
0.5 uM S-adenosyl-L-[methyl-*H]methionine (*H]AdoMet; 70.8
Ci/mmol from a 7.8 uM stock solution in 10 mM H,SO4/ethanol,
9:1; PerkinElmer, Inc.). Nonradiolabeled methylation reactions
were carried out in 200 M S-adenosyl-L-methionine p-toluene-
sulfonate salt (Sigma; from a 10 mM stock solution in 10 mM
HCI). All methylation reactions were performed in 100 mM NaCl
and 100 mM sodium phosphate buffer at pH 7.0 in a total
reaction volume of 200 uL. Reactions were terminated by the
addition of 20 uL of 10% trifluoroacetic acid. After centrifuga-
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tion at 20000g for 10 min at room temperature, the supernatant
was fractionated by HPLC. A PLRP-S polymeric column was
used with a pore size of 300 A, bead size of 5 ym, and dimensions
of 150 x 2 mm (Polymer Laboratories, Amherst, MA). The
column was maintained at 50 °C and initially equilibrated in
solvent A (0.1% trifluoroacetic acid in water) at 95% and solvent
B (0.1% trifluoroacetic acid in acetonitrile) at 5%. Peptides were
eluted at a flow rate of 200 #L/min using a program of 5 min at
5% B, followed by a 20 min gradient from 5% to 60% B; half-
minute fractions were collected.

The incorporation of [*H]methyl radioactivity into peptides
was determined either by direct counting or using an inline
scintillation counter as described in the figure legends. For the
non-isotopically labeled reaction mixtures, methylated peptides
were analyzed by MALDI (matrix-assisted laser desorption
ionization) mass spectrometry. An aliquot of the HPLC peptide
peak fraction or fractions (1 L) was mixed with 1 uL of 70%
acetonitrile/0.1% trifluoroacetic acid containing 1 mg/mL
a-cyano-4-hydroxycinnamic acid as the MALDI matrix and
spotted onto a MALDI target plate. The samples were analyzed
using a Voyager-DE STR MALDI-TOF mass spectrometer
(Applied Biosystems).

RESULTS

Yeast YBR261C|Tael Is Required for the Methylation
of Two Ribosomal Proteins. After the loss of the initiator
methionine residue (24), S. cerevisiae ribosomal proteins Rpl12ab
and Rps25a/Rps25b share the common N-terminal sequence Pro-
Pro-Lys. Rpll2ab represents the identical polypeptides encoded
by the yeast RPLI2A4 and RPLI2B genes; Rps25a and Rps25b
are encoded by the yeast RPS254 and RPS25B genes and differ
only at a single amino acid residue. The N-terminal proline
residue in each of these proteins has been shown to be modified at
the a-amino group by dimethylation (9, 10), although the enzyme
or enzymes that catalyze the methylation reactions have not been
identified. The Rpll2ab protein is modified by methylation at
two additional sites: trimethylation at lysine 3 catalyzed by the
Rkm2 enzyme (9, 26) and d-monomethylation at arginine 66
catalyzed by the Rmt2 enzyme (32). All of these modifications
appear to be stoichiometric, and no evidence for additional types
of modifications has been observed (9).

To identify the enzymes responsible for the N-terminal proline
modification, we measured the intact mass of Rpll2ab and
Rps25a/Rps25b from large and small ribosomal proteins pre-
pared from wild-type yeast cells and from 37 yeast deletion strains
lacking known or putative methyltransferase genes (28, 33—35)
(Supporting Information Table 1). In this screen, purified ribo-
somal proteins from small or large subunits were fractionated by
HPLC and analyzed by electrospray mass spectrometry as de-
scribed in Experimental Procedures. We found that Rpl12ab from
the wild-type strain (Figure 1A) and from 34 of the 37 deletion
strains contained the full complement of methyl groups (data not
shown; Supporting Information Table 1). As expected, the intact
mass of the Rpll12ab protein from the rkm2 deletion strain was
reduced by 42 Da, consistent with the loss of trimethylation at
Lys-3 (9). Furthermore, the intact mass of Rpl12ab from the rm¢2
deletion strain was reduced by 14 Da, consistent with the loss of
monomethylation at Arg-66 (data not shown). However, in the
Rpl12ab protein prepared from the YBR261C/tae! deletion strain,
we did not detect the mass of the fully modified protein (average
mass 17775) but instead found a series of products differing by the
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FIGURE 1: Loss of methylation of Rpll12ab and Rps25a/Rps25b in
yeast AYBR261C/tael mutants. Ribosomal proteins were isolated
and separated by reverse-phase HPLC from wild type (BY4742) and
a YBR261C/tael deletion mutant described in the Experimental
Procedures section. The HPLC effluent was directed to the source
of an electrospray mass spectrometer (QSTAR Elite). The resulting
deconvoluted MS spectra are displayed with the average masses of
the significant peaks shown. Changes in mass of the proteins from
mutant and wild-type cells are indicated by double arrows.

replacement of three to five methyl groups with hydrogen atoms at
17733 Da (=3 CH,), 17719 Da (—4 CH,), and 17705 Da (=5 CH,)
(Figure 1A). This result suggests that YBR261C/TAE! encodes a
gene needed for the methylation of Rpll2ab at the N-terminal
proline residue. These losses were verified in an independent
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YBR261C/tael deletion strain in the BY4741 background (data
not shown). The appearance of a mixture of species lacking three,
four, and five methyl groups suggests that the affinity of Rkm?2 for
Lys-3is decreased when the N-terminal modification of the proline
residue is not present.

We additionally observed that the intact masses of the small
ribosomal proteins Rps25a (average mass 11936 Da) and Rps25b
(average mass 11906 Da) were consistent with the presence of an
N-terminal dimethylproline residue (/0) in the wild-type strain
(Figure 1B). Rps25a and Rps25b differ only at position 104; a
threonine residue is present in the former and an alanine residue
in the latter. These forms were also detected in 36 of the 37
deletion strains examined (data not shown; Supporting Informa-
tion Table 1). However, Rps25a/Rps25b was found to have an
intact mass reduced by 28 Da (loss of two methyl groups) in the
YBR261C/tael deletion strain (Figure 1B). This loss was also
verified in the independent YBR261C/tael deletion strain in the
BY4741 background (data not shown). The results obtained with
Rpl12ab and Rps25a/Rps25b suggest that the YBR261C/TAE!
product is necessary for the formation of the dimethylproline
residue in each of these ribosomal proteins.

YBR261C|Tael-Dependent N-Terminal Methylation of
Rpl12ab and Rps25a/Rps25b. To identify the residue(s) where
loss of methylation occurs in the YBR261C/tael deletion strain,
we performed intact mass top down fragmentation analysis. This
approach allows an unbiased assignment of posttranslational
modifications across the entire polypeptide chain (36). Riboso-
mal proteins were fractionated using reverse-phase HPLC, and
purified fractions containing Rpl12ab and Rps25a/Rps25b were
collected for offline top down analysis. In Rpl12ab isolated from
the YBR261C/tael deletion strain we found that the major
species present was monomethylated (Figure 1A). When this
species was fragmented using collisionally activated dissociation,
we localized the site of methylation to the region between residues
35 and 73 containing the known monomethylation site at
arginine 66 (Figure 2A). Additionally, we observed that the
N-terminal region was unmodified (Figure 2A). The intact
dimethylated Rpll2ab species (average mass 17719) isolated
from the YBR261C/tael deletion strain was fragmented, and a
by ion was detected with the addition of one methyl group, sug-
gesting partial methylation of lysine 3 (data not shown). Neither of
these species was dimethylated at the N-terminal residue.

Wild-type Rps25a/Rps25b was isolated and subjected to the
same top down analysis to verify the location and extent of
methylation. Our data are in agreement with the observations of
Meng and colleagues (/0), isolating the dimethylation to the
N-terminal region of Rps25a/Rps25b (Figure 2B). We also found
no evidence for unmethylated or monomethylated species of
Rps25a/Rps25b. Rps25a/Rps25b isolated from the YBR261C/
tael deletion strain is 28 Da less than the wild type, and the
fragmentation data indicate no methylation is present (Figure 2C).
The intact mass data from Rpll2ab and Rps25a/Rps25b in
Figure 1 and the fragmentation data in Figure 2 from wild-type
and YBR261C/tael deletion strains confirm that the YBR261C/
Tael protein is necessary for the stoichiometric methylation of
the N-terminus of both Rpl12ab and Rps25a/Rps25b.

YBR261C|Tael and the N-Terminus of Ribosomal Pro-
teins Rpli12ab and Rps25a/Rps25b Are Conserved across
Eukaryotes. Previously the YBR261C/TAEI locus was identi-
fied as encoding a hypothetical methyltransferase (28, 33—35)
containing the seven f-strand class I conserved AdoMet-depen-
dent methyltransferase motif I, post-I, motif II, and motif III
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FIGURE 2: Localization of methylation sites in intact ribosomal
proteins. Fragmentation patterns for ribosomal protein Rpll2ab
from the wild-type (BY4742) strain and for the major form of
Rpll12ab from the AYBR261C/tael strain are shown in panel A.
Similar fragmentation patterns for ribosomal proteins Rps25a/
Rps25b from wild-type (BY4742) and AYBR261C/tael strains are
shown in panels B and C, respectively. “b” type cleavages are shown
by the upper hash mark, “y” type cleavages are shown by the lower
hash mark, “c” type cleavages are indicated by the upper horizontal
line, and “z” type cleavages are indicated by the lower horizontal line.
Ribosomal proteins were isolated by reverse-phase HPLC as described
in Experimental Procedures. Fractions containing Rpll12ab and
Rps25a/Rps25b isolated from wild-type and AYBR261C/tael strains
were subjected to top down analysis where the intact protein was
collisionally activated to produce fragment ions. Dimethylation of the
N-terminal proline residue in Rpl12ab and Rps25a/Rps25b is repre-
sented by the circled P, trimethylation of lysine 3 of Rpll2ab is
indicated by the circled K, and monomethylation of arginine 66 of
Rpl12ab is indicated by the circled R.

(Figure 3). A BLAST search revealed homologues to the YBR261C/
TAEI gene in multiple eukaryotic, but not prokaryotic, organisms.
Two human homologues were found, METTL11A and METTL11B
(Figure 3). Additionally, we noted that human ribosomal pro-
teins L12 and S25 (the homologues of Rpll2ab and Rps25a/
Rps25b) share the same N-terminal tripeptide sequence as the
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yeast proteins. Human S25 has been reported to be modified by
the addition of two methyl groups, although their location in the
polypeptide chain has not been established (37).

The YBR261C|TAEI and Human METTLI1A Genes
Encode N-Terminal Protein Methyltransferases. The re-
sults above suggest that YBR261C/Tael is the methyltransferase
that directly modifies the ribosomal proteins. However, the
possibility remains that YBR261C/Tael may indirectly control
methylation, for example, as a necessary noncatalytic subunit of
a methyltransferase complex. To address this issue, we deve-
loped an in vitro assay for N-terminal methyltransferase activity
(Figure 4). We observed the presence of an activity in yeast and
mammalian cytosolic extracts capable of methylating a synthetic
peptide constructed using the sequence of the first eight amino
acids of the Rps25a/Rps25b protein and a C-terminal tyrosine
residue, PPKQQLSKY. Here, the cytosolic extracts were incu-
bated with this peptide and [’HJAdoMet. The reaction mixture
was fractionated by HPLC, and the [*H]methyl groups in the
peptide were determined by scintillation counting (Figure 4A,B).
In the wild-type cytosolic extract radioactivity migrated with
the synthetic peptide, indicating the presence of an AdoMet-
dependent methyltransferase. In the cytosol from the AYBR261C/
tael strain no radioactivity migrated with the peptide. This result
shows that the synthetic peptide is a good substrate for the endo-
genous methyltransferase. We also detected methylation of the
peptide with the cytosolic extract of mouse heart, a tissue containing
high transcript levels of the METTL11A gene (Figure 4C).

Using this validated assay, we next directly tested whether the
purified recombinant forms of YBR261C/Tael and the human
homologue METTLI11A prepared as fusion proteins in E. coli
could independently methylate the synthetic peptide. In a control,
we showed no activity with an unrelated fusion protein prepared
in parallel from E. coli. As shown in Figure 4D for the yeast
protein and in Figure 4E for the human protein, both were
capable of rapidly transferring methyl groups from [*HJAdoMet
to the peptide. This result now clearly demonstrates that
YBR261C/Tacl and METTLI1A are methyltransferases that
directly catalyze the methylation reaction in the absence of other
protein species. We have not been able to prepare a stable
recombinant form of human METTLI11B; whether this protein
is also a similar methyltransferase remains to be seen.

To determine the extent of methylation catalyzed by these
enzymes, the PPKQQLSKY peptide was incubated with
recombinant YBR261C/Tael or recombinant METTL11A for
an extended time in the presence of a high concentration of
AdoMet to drive methylation to completion (Figure 5). Both
recombinant YBR261C/Tael and recombinant METTLI11A
were found to completely dimethylate the PPKQQLSKY peptide
(Figure SA—C). The N-terminal location of the methylation was
verified by MSMS analysis of the peptide product, localizing the
dimethylation site within the first two proline residues (data not
shown).

Taken together, these results indicate that YBR261C/Tael and
METTLI1A are N-terminal methyltransferases that catalyze the
formation of N-terminal dimethylproline residues.

Substrate Specificity of N-Terminal Protein Methyl-
transferases. Nonchloroplast eukaryotic proteins, including
Rpl12ab and Rps25a/Rps25b, are modified by N-terminal
methylation on a common sequence motif (Table 1). In each of
these proteins, an N-terminal proline, alanine, or serine residue is
followed by a Pro-Lys sequence. The conservation of the X-Pro-
Lys sequence has led to the postulation that one enzyme may be



5230  Biochemistry, Vol. 49, No. 25, 2010

human METTL11A
human METTL11B
Drosophila

C. elegans

S. cerevisiae

S. pombe
Arabidopsis

human METTL11A
human METTL11B
Drosophila

C. elegans

S. cerevisiae

S. pombe
Arabidopsis

human METTL11A
human METTL11B
Drosophila

C. elegans

S. cerevisiae

S. pombe
Arabidopsis

human METTL11A
human METTL11B
Drosophila

C. elegans

S. cerevisiae

S. pombe
Arabidopsis

human METTL11A

- -MAHRGAHFAFRSRWQKTDDELCRHSMSF ILHKAIRNDFFQSYLYLLEKIPLVKLYALT
-------- MTTTLEEQLSDKLQMMDETTDKVQGSSKQKDDSS I AASSDAKTASPSSSDSS
______________________________________________________ MSSSSS

70 80 90 100 110
1 1 1 1
SEVIEDEK- - - - oo oo QF SKAKTHMKQIPP D

LGG;.HIS-

SQVING[EM - - - - - o o oo oo QF ARAKLFYQEIPA EEEMMEINF | ELS -
TKVAAP[ES - - - - - oo oo oo EFMNK ok seEvPATNEMMEE LGy 1 s -
SRIHNG[H- - - - - oo oo oo DVMEKINE EpAliS RASQDYINEMEEElF EAL H -
VP -ADSH - = - == === m oo e e e oo I Kp4E DI 1 DNAY T DNV D AT YDlelv [Relely BEG T v
———MDPE ------------------------ KF)s DI | DpANGVQPTYIDEMEEEL GTG - R
| CGVDS[SGKEFNSVQEMWREE | GEGDETKKTQWMARDGV SPANEGVEASYIDEVREEYGHY - -

Motif |

Motif Post |

1|30 , 1|40 , 150 1|70
- -SIPINSEIRK[FEEQ - - -RFLREGPNKTG - T S ClSL BIsiciAleRRel |
- -SPPRIQAEIQKI[FEER - - -KFVG -GPGRAG - T DCJ DCGGIGR SKHVI[EL PV
--AIIQGEINVIEER - - -EIRV - -PGNR - - - - L[AL [pleiciAlcHRe}
- -APPIISABIKR|ZFI E - - -GLKK - -KNLFGYF DYJSLpIefciAlchH e}
VPTMVLGNNR—KLKSRMLP--QENNVKY GIGR

-NDAPRII IGEIEVIZEKTLLQERLVNNVGANQHL V[ DCGG | GRY

200 210
TEDiLVQIKTY G———EEGKRVRNYFCC Lo

MES[ELLEAQNYLQ - - -VKGDKVESYHCY S|SelE
DPA[EADKAREYCTSEDGSRGKVGQ | YNVG|EeIK
VEEL ITKSDQY I - - - -GKHPRIGDKFVEGIHeT
VKP|g | EQMHVELAELKDK-GQIGQIYEV MQ
VENIST KKQEATKP - - - - - - CSF I NVG|EEIN

VAQLDA RENLASAGSETHKATNFFCVP|SeE C I [ERaSTPIN FVS

Motif 1]

260 . 270 280 . 290
L[ Nﬁ IVIKDNMAQ—EGVILDDVD W chbLbvVvRRI 1 CSA

1
SLLAEEREIE

1
L R[HCKG

Webb et al.

human METTL11B L SIHCRDCGIEK E N[€ | LI4DNIVAR - EGC | L|sJL SPpISEIVARDMD I LRSL | RKS VVLGQEK@®ID
Drosophila FR[Y | KQGIRA GAFLCLEVSSSKKTVERN SIVINRPLDSYEHFLKEAGFR | VRKVK[@Q
C. elegans F KIFC A KGE K VLDVTNHEKRLFDDTEPELLKAFADSQ DMV SKAL@®T
S. cerevisiae L K[}C | VGEQ NT VVISEININTPTDTDDFBIETBISEVINNSDAKFRQ I FEEA KL | ASEREIR
S. pombe LSHCCEAIQEKEVIECVYSNENIVSSFE -DTF[BIP | DISEIVARNCEQSLKSLFKKANBYVVVAETL @IH
Arabidopsis F NIRHAKG KlGFFV MENIL AKNG - FVLBJKE[PHE] | IRSDPYFKQL FRQC HL YRTKD{]K
human METTL11A N L | D. I'YH

human METTL11B GF[HEQC |

Drosophila NFIZKGLF

C. elegans FIZKE 'Y

S. cerevisiae LIZRELY

S. pombe FIJEEL F

Arabidopsis LIZQELFA YRS TVDTPPKIHRTRSKTRSNRPQI I K
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responsible for the modification of all of these proteins (2). In this
regard, recent results of the modification of the human RCCI1
protein containing a Ser-Pro-Lys N-terminal sequence are of
interest (5). RCC1 was found to be mono-, di-, and trimethylated
at the N-terminal serine residue. The authors expressed variants
of the N-terminal sequence in HeLa cells where proline and
alanine residues replaced the serine residue. They found the
proline form was completely dimethylated; the alanine and serine

forms were found in states of methylation from unmodified to
trimethylated (5). The authors also found that changing the
residues in the second and third position had a large effect on
methylation.

These results encouraged us to directly test the specificity of
the YBR261C/Tael and METTLI1A forms of the N-terminal
methyltransferase in both cytosolic extracts and as purified
recombinant proteins. When the N-terminal proline of the
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FIGURE 4: Specificity of methylation for synthetic peptides containing
the X-Pro-Lys N-terminal sequence. Nonapeptides (22 ug, 100 uM)
containing the first eight amino acids of the N-terminus of Rps25a/
Rps25b or with alanine or serine substituted at the N-terminal
position were incubated with cytosolic extracts containing 90 ug of
protein in the presence of 0.5 uM [*H]AdoMet in a final volume of
200 uL for 1 h and then subjected to reverse-phase HPLC as
described under Experimental Procedures. (A) Cytosol from yeast
wild-type BY4742 cells was incubated at 30 °C; (B) cytosol from
yeast AYBR261C/tael cells was incubated at 30 °C; (C) cytosol
from mouse heart was incubated at 37 °C. Radioactivity was
detected by adding 75 uL from each HPLC fraction to 10 mL of
scintillation fluor and counted on a Beckman LS6500 instrument;
the number of methyl groups was determined from a calculated
specific radioactivity of 78000 cpm/pmol (50% counting efficiency).
(D) Identical to (A) except the yeast extract was replaced with 1 ug of
recombinant YBR261C/Tael fusion protein. (E) Identical to (A)
except the yeast extract was replaced with 1 ug of recombinant
human METTLI11A fusion protein and the incubation temperature
was 37 °C.
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Rps25a/Rps25b-derived peptide PPKQQLSKY was replaced with
an alanine or a serine residue and incubated with [?’H]AdoMet and
recombinant YBR261C/Tael (Figure 4D) or recombinant
METTLI1A (Figure 4E), peptide methylation was observed
but to a lower extent than with the N-terminal proline peptide.
Methylation of the N-terminal variants APKQQLSKY and
SPKQQLSKY was greatly reduced compared to PPKQQ-
LSKY in cytosolic extracts of yeast (Figure 4A,B). These
results suggest that the yeast enzyme appears to prefer the
Pro-Pro-Lys N-terminal sequence over the Ala-Pro-Lys or
Ser-Pro-Lys sequence. The relative extent of methylation of
the Ala-Pro-Lys and Ser-Pro-Lys peptides in Figure 4D may
be overestimated with recombinant enzyme because methyla-
tion may have been limited by the amount of AdoMet
present. The mammalian enzyme may be less specific because
relatively more methylation of the Ala-Pro-Lys and Ser-Pro-
Lys species is seen with the recombinant METTL11A enzyme
compared to the yeast recombinant enzyme (Figure 4D.E).
This trend is also observed when mouse heart cytosol is used as
an enzyme source (Figure 4C), although it is possible that
other methyltransferase species (such as METTIIB; see
Figure 3) may contribute to the modifications. The absence
of methylation of any of the peptides catalyzed by the yeast
cytosol from the AYBR261c¢/tael deletion strain suggests that
only one N-terminal methyltransferase of this type is present in
yeast.

The extent of methylation of the APKQQLSKY and
SPKQQLSKY species was determined by incubating peptide
with recombinant YBR261C/Tael or recombinant METTL11A
for an extended time in order to drive methylation to completion,
as described in the legend of Figure 5. Recombinant YBR261C/
Tael and recombinant METTL11A nearly completely trimethy-
lated the APKQQLSKY peptide, with only a small fraction
remaining in the dimethylated form (Figure SD—F). The methy-
lation of SPKQQLSKY was less extensive, with YBR261C/Tael
producing mono-, di-, and trimethylated forms (Figure 5H).
METTLI1A predominately trimethylated the SPKQQLSKY
peptide (Figure 5I). Taken together, these data suggest that the
human METTL11A methyltransferase, and to a slightly lesser
extent the YBR261c/Tael methyltransferase, can recognize spe-
cies with N-terminal alanine and serine residues in addition to
those with proline residues.

Enzyme preference for the amino acid in the first position of
the N-terminal X-Pro-Lys sequence was further tested by com-
paring the methylation catalyzed by recombinant YBR261C/
Tael or recombinant METTL11A with mixtures of synthetic
peptides designed to contain equal amounts of each of the 20
amino acids at the first position (X,0)PKQQLSKY) or each of the
20 amino acids at the first position except proline and alanine
(X,sPKQQLSKY) (Figure 6A). The substantial incorporation of
radioactivity into the mixed peptides, where each species is
present at only 1/20 or 1/18 the concentration of the unmixed
peptides, suggests that these enzymes can recognize substrates
with a variety of amino acids in the first position. However, in
yeast cytosol where the activity is present at lower levels, the
highest methylation levels are seen in the PPKQQLSKY peptide,
suggesting that the proline residue in position 1 is a preferred
substrate (Figure 6B). In mouse heart cytosol, each of these
peptide mixtures is recognized to a similar level (Figure 6C). As
described above, this may reflect the activity of additional
methyltransferases such as METT11B. The recombinant enzyme
reactions were repeated using the X,)PKQQLSKY and
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FIGURE 5: Extent of modification of peptides with Pro-Pro-Lys, Ala-Pro-Lys, Ser-Pro-Lys N-terminal sequences by recombinant YBR261C/
Tael and METTL11A. Ten micrograms of recombinant YBR261C/Tael or recombinant METTL11A was incubated with 10 uM peptide in the
presence of 200 uM AdoMet for 4.5 h at 30 and 37 °C, respectively. Shown are the MALDI mass spectra results of PPKQQLSKY (A, B, and C),
APKQQLSKY (D, E, and F), and SPKQQLSKY (G, H, and 1) after incubation and HPLC purification with buffer only (no Enzyme, A, D,
and G), yeast recombinant YBR261C/Tael (B, E, and H), or human recombinant METTL11A (C, F, and I).

X;sPKQQLSKY mixtures in the reaction conditions described in
Figure 5 and subjected to MALDI analysis. Although the
analysis of the data was limited by overlapping signals in the
MALDI spectrum, signals were detected for the methylation of
peptides with alanine, proline, and glycine at the N-terminal
position (data not shown).

Finally, we investigated the effect of substituting other amino
acids for either the proline residue in the second position or the
lysine residue in the third position of the X-Pro-Lys N-terminal
sequence. With the recombinant yeast and human methyltrans-
ferases, we found little or no methylation over background for a
peptide mixture containing each of the 20 amino acids except
lysine at the third position (Figure 6A; PPX;9QQLSKY). A very
small amount of methylation was observed for the peptide
mixture containing each of the 20 amino acids except pro-
line at position 2 (Figure 6A; PX;oKQQLSKY). Similarly, we
observed little or no methylation over background for either of
these peptide mixtures for yeast or mouse heart cytosolic
preparations (Figure 6B,C). These results suggest that the
major specificity factor for recognition of N-terminal polypep-
tides by the yeast YBR261C/Tael or the human METTLI1A
enzymes is the presence of a proline residue in position 2 and a
lysine residue in position 3. All of the known N-terminally
methylated species in eukaryotes contain this motif. We thus
designate this enzyme Ntm1 as the X-Pro-Lys N-terminal protein
methyltransferase.

DISCUSSION

Phenotypes of Yeast Lacking the X-Pro-Lys N-Terminal
Protein Methyltransferase. A phenotype of increased sensiti-
vity to paromomycin, an antibiotic from Streptomyces that
targets the ribosome, was previously found for the YBR261C/
tael deletion strain in a functional genomics profile of yeast
nonessential genes (29). This result suggests that the modification
may be important in helping to protect yeast against microbial
attack. Further analysis of this mutant showed an increased
sensitivity to the histidine biosynthesis inhibitor 3-amino-1,2,4-
triazole, a reduction in polysomes, and a corresponding increase
in the 80 and 60 S subunits as compared to the wild-type strain. In
addition, the mutant demonstrated decreased translational effi-
ciency and fidelity. For these reasons, the YBR261C gene was
designated TAEI for “translational associated element 17 (29).
However, we note that these phenotypes may not be a direct
effect of loss of N-terminal methylation on ribosomal proteins
Rpl12ab and Rps25a/Rps25b. In addition to these three riboso-
mal proteins, there are 16 other yeast proteins with the (Pro/Ala/
Ser)-Pro-Lys N-terminal methyltransferase recognition sequence
including the ribosomal associated protein Tmad46, the Lsgl
protein involved in 60S ribosomal subunit biosynthesis, and the
Locl 60S ribosomal subunit assembly protein (Supporting
Information Table 2). All of these proteins may be modified by
N-terminal methylation, and their function(s) may be affected by
the loss of the YBR261C/Tael methyltransferase. It will be
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FIGURE 6: Importance of the N-terminal X-Pro-Lys sequence in
methyltransferase substrates. Recombinant YBR261c¢/Tael, recombi-
nant METTLI11A (A), wild-type yeast cytosol, AYBR261C/tael yeast
cytosol (B), and mouse heart cytosol (C) were incubated at the same
concentrations as in Figure 4 with 22 ug (~100 uM) of a synthetic
peptide (PPKQQLSKY or APPKQQLSKY) or synthetic peptide
mixtures based on these sequences. The mixtures included one contain-
ing all 20 amino acids at position 1 (denoted X,0)PKQQLSKY), one
containing all 20 amino acids at position 1 except proline and alanine
(denoted X;sPKQQLSKY), one containing all amino acids at position
2 except proline (denoted PX;eKQQLSKY), and one containing all
amino acids at position 3 except lysine (denoted PXK;9QQLSKY).
Reactions were carried out in a final volume of 200 uL for 1 h in the
presence of 0.5 uM [*H]AdoMet at 37 °C for the human and mouse
enzymes and at 30 °C for the yeast enzymes as described in the
Experimental Procedures section. A portion (50 uL) of the reaction
mixture was applied to the HPLC column as described in the Experi-
mental Procedures section, and radioactivity was detected using a
Beta-RAM model 5 inline scintillation counter under low flow mode
with a window of 2 s for all samples except the mouse cytosol where the
window was 5 s (LabLogic Inc.). Radioactivity was summed over the
elution times of all peptides used (from minute 12.5 to minute 20.5); the
number of methyl groups was determined from a calculated specific
radioactivity of 62400 cpm/pmol (40% counting efficiency).
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important to determine whether some or all of these 16 yeast
proteins with N-terminal (Pro/Ala/Ser)-Pro-Lys sequences are in
fact methylated at the N-terminus in reactions catalyzed by
YBR261C/Tael.

Biological Significance of N-Terminal Methylation in
Other Cell Types. In Drosophila cells, evidence has been
presented that the degree of monomethylation of the N-terminal
proline residue of histone H2B can be increased by heat shock
treatment (/5). This result opens the possibility that this methyla-
tion reaction can be regulated as a response to stress. In human
cell lines N-terminal methylation of a serine residue in the
regulator of chromatin condensation 1 (RCC1) protein has been
observed to yield mono-, di-, and trimethylated derivatives (5).
RCCl is a guanine nucleotide-exchange factor that plays roles in
protein transport through the nuclear envelope, nuclear envelope
assembly, and mitosis. In higher primates the N-terminal se-
quence of RCCI1 after methionine removal is Ser-Pro-Lys, and in
other mammals it is Pro-Pro-Lys. N-Terminal serine residues are
often targets of acetylation (24), raising the possibility that there
may be competition between the acetylation and methylation
reactions. However, at least in yeast, it is clear that none of the
three N-terminal acetyltransferases catalyze modification at
N-terminal Ser-Pro (or Ala-Pro, Cys-Pro, Thr-Pro, or Val-Pro)
sequences (24), thus making the o-amino group potentially
available to the Ntml methyltransferase. RCC1 mutants with the
lysine at position 3 substituted with a glutamine residue blocked
N-terminal methylation and resulted in less efficient chromatin
binding during mitosis and increased spindle-pole defects as
compared to wild-type protein (5). In vitro DNA binding experi-
ments using methylated and unmodified RCCI peptides contain-
ing the first 34 amino acids showed an increased affinity for DNA
when the N-terminal methylation was present (3).

N-Terminal methylation may also protect proteins from
attack by aminopeptidases (2). Interestingly, the human X-prolyl
aminopeptidase, XPNPEP1, has a Pro-Pro-Lys N-terminal se-
quence that may lead to its methylation and thus protection
against self-digestion. In Supporting Information Table 3, we list
human proteins that have the N-terminal (Pro/Ala/Ser)-Pro-Lys
recognition sequence for the N-terminal methyltransferase: all of
these proteins are candidates for modification.

Prokaryotic Protein N-Methylation Reactions. The
E. coli large subunit ribosomal protein L11 is a distant
homologue of the yeast Rpll2ab protein. Interestingly, L11 is
o-N-trimethylated at its N-terminal alanine residue and is &-N-
trimethylated at Lys-3 and Lys-39 in reactions reportedly cata-
lyzed by the PrmA methyltransferase as reviewed in ref 4. This
situation is remarkably similar to the dimethylation of the
N-terminal proline residue and the trimethylation of Lys-3 in
yeast Rpl12ab. However, the N-terminal sequence of L11 is Ala-
Lys-Lys, different from the Pro-Pro-Lys sequence seen in yeast
and higher eukaryotes. Additionally, there is very little sequence
similarity between PrmA and YBR261C/Tael or METTLII1A.
BLAST searches reveal that nonrelated methyltransferases in
yeast and human are more similar to PrmA than the N-terminal
methyltransferases. The three methylated L11 residues in E. coli
are apparently modified by the single PrmA methyltransferase,
while N-terminal methylation in yeast Rpl12ab is dependent on
the YBR261C/Tael protein, the trimethylation at Lys-3 is
dependent upon Rkm2, and the monomethylation at Arg-66 is
dependent upon Rmt2.

N-Terminal methylation also occurs in four other E. coli
ribosomal proteins. Monomethylmethionine is found in L16
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and L33, while monomethylalanine is found in L33 and S11 (4) .
Monomethylmethionine is also found in the E. coli initiator
factor IF3 and in the CheZ chemotaxis protein (2). Interestingly,
monomethylalanine (22) and monomethylmethionine (23) have
been found in eukaryotic chloroplast proteins, possibly reflecting
the prokaryotic origin of this organelle (Table 1). The enzymes
catalyzing these reactions have not been described to date.
However, the modification of pilin proteins from a number of
prokaryotic species by monomethylation at the N-terminal phenyl-
alanine residues has been shown to be catalyzed by a bifunctional
enzyme that results in endopeptidic cleavage of a leader peptide
followed by the methylation reaction (38). A similar enzyme
may be present in chloroplasts (6). Importantly, none of these
proteins shares the X-Pro-Lys N-terminal sequence (2). These
results suggest that distinct enzymatic mechanisms are used for
prokaryotic and chloroplast N-terminal methylation reactions.
Finally, we note that major targets of N-terminal methylation
reactions in both prokaryotes and eukaryotes include proteins in
translation.
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