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Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogen that trimethylates elongation factor-thermo-unstable
(EF-Tu) on lysine 5. Lysine 5 methylation occurs in a temperature-dependent manner and is generally only seen when
P. aeruginosa is grown at temperatures close to ambient (25 °C)
but not at higher temperatures (37 °C). We have previously identified the gene, eftM (for EF-Tu-modifying enzyme), responsible
for this modification and shown its activity to be associated with
increased bacterial adhesion to and invasion of respiratory epithelial cells. Bioinformatic analyses predicted EftM to be a
Class I S-adenosyl-L-methionine (SAM)-dependent methyltransferase. An in vitro methyltransferase assay was employed
to show that, in the presence of SAM, EftM directly trimethylates EF-Tu. A natural variant of EftM, with a glycine to arginine
substitution at position 50 in the predicted SAM-binding
domain, lacks both SAM binding and enzyme activity. Mass
spectrometry analysis of the in vitro methyltransferase reaction
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products revealed that EftM exclusively methylates at lysine 5 of
EF-Tu in a distributive manner. Consistent with the in vivo temperature dependence of methylation of EF-Tu, preincubation of
EftM at 37 °C abolished methyltransferase activity, whereas this
activity was retained when EftM was preincubated at 25 °C. Irreversible protein unfolding at 37 °C was observed, and we propose that this instability is the molecular basis for the temperature dependence of EftM activity. Collectively, our results show
that EftM is a thermolabile, SAM-dependent methyltransferase
that directly trimethylates lysine 5 of EF-Tu in P. aeruginosa.

Protein post-translational modification adds an additional
level of complexity that can influence protein function as well as
change the protein charge and tertiary structure. The protein
post-translational modification landscape is vast; more than
half of the natural amino acids are substrates for chemical modification, and lysine, for example, can be modified with at least
10 different post-translational modifications, including methylation (1).
Although first discovered on the bacterial flagellum (2), the
study of lysine methylation in prokaryotes has lagged behind
that of eukaryotes. In eukaryotes, the most well studied effect of
lysine methylation is within the field of epigenetics, where patterns of methylation form the “histone code,” and serve as
another level of DNA transcriptional control (3). In bacteria,
methylated lysines have been found on flagella, specific outer
membrane proteins, and the ribosome translational machinery;
however, for the most part, the functional consequences of
these modifications are not known (2, 4 – 8).
Post-translational modification of proteins involved in protein synthesis has the potential to exert a significant effect on
bacterial gene expression. Lysine methylation of components of
the translational machinery, including essential translation factors such as elongation factor-thermo-unstable (EF-Tu),6
which binds to and delivers aminoacylated tRNA to the ribo6

The abbreviations used are: EF-Tu, elongation factor thermo-unstable;
DTmK, di/trimethyl lysine; EftM, EF-Tu modifying enzyme; ITC, isothermal
titration calorimetry; LB, lysogeny broth; N-His6, amino-terminal hexahistidine; SAH, S-adenosyl-L-homocysteine; SAM, S-adenosyl-L-methionine.
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some, has been identified (9). In Escherichia coli, for example,
EF-Tu lysine 57 is monomethylated during logarithmic growth
phase (10), but as cells transition to stationary phase, there is a
gradual conversion of monomethyl lysine to dimethyl lysine
(11). Although methylation of EF-Tu at lysine 57 does not significantly alter its interaction with GTP, GDP, EF-Ts, or aminoacylated tRNA, there is a 2-fold decrease in GTP hydrolysis
when EF-Tu is 20% monomethylated and 80% dimethylated
compared with unmethylated (11). These findings suggest that
in vivo, any methylation of lysine 57 of EF-Tu would prolong the
interaction of EF-Tu䡠GTP䡠aminoacylated tRNA complex with
the ribosome, leading to an increase in translational accuracy
(11, 12). To date, the enzyme responsible for this modification
in E. coli is not known.
We recently recognized that Pseudomonas aeruginosa EF-Tu
is trimethylated at lysine 5 in a temperature-dependent manner
(13). Through screening of a P. aeruginosa transposon mutant
library at 22 °C, a strain lacking methylated EF-Tu was identified, and subsequent analysis revealed a transposon insertion in
eftM. A mutant constructed with a deletion in eftM does not
trimethylate EF-Tu, and plasmid complementation with eftM
restored trimethylation of EF-Tu on lysine 5, indicating that
eftM is necessary for this process (13). EftM activity is associated with increased adhesion to and invasion of respiratory epithelial cells and is more prominent at 22–25 °C than at 37 °C
(14). These observations and the fact that modified EF-Tu can
be recognized by antibodies to phosphorylcholine lead to the
speculation that trimethylation of EF-Tu functions like phosphorylcholine-modified surface-associated molecules of other
respiratory pathogens. Similar to phosphorylcholine-modified
molecules, trimethylated EF-Tu interacts with platelet-activating factor receptor on host cells. In many phosphorylcholinecontaining microbes, the expression of this modification is controlled in a variable manner; for example, phase variation
controls phosphorylcholine expression in commensal Neisseria
spp. and Hemophilus influenzae (15). Trimethylation of EF-Tu
is also variable, being more prominent at lower but not higher
temperatures (13). This temperature-dependent activity
appears independent of transcriptional regulation of eftM
because both RNA sequencing (16) and DNA microarray (17)
studies of P. aeruginosa grown at 37 °C show no differences in
eftM transcription when compared with P. aeruginosa grown at
lower temperatures. Therefore, how EftM activity and the
modification of EF-Tu are controlled by temperature is not
known.
In the current study, we show that EftM is structurally homologous to Class I S-adenosyl-L-methionine (SAM)-dependent methyltransferases and that purified recombinant EftM is
necessary and sufficient for the trimethylation of P. aeruginosa
EF-Tu in the presence of SAM cosubstrate. Analyses of EftM
stability reveal that the protein undergoes an irreversible structural reorganization at 37 °C, resulting in loss of methyltransferase activity. Together, these data suggest that the in vivo
temperature-dependent methylation and associated effect on
adhesion may be explained by direct thermoregulation of EftM,
resulting in structural instability at human body temperature
(37 °C).
FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

Experimental Procedures
Bacterial Strains, Plasmids, and Primers—The strains and
plasmids used in this study are listed in Table 1. All DNA oligonucleotide primers used for cloning and sequence analysis in
this study are listed in Table 2.
Plasmid Construction—For complementation experiments,
the PAHM23 eftM gene (with G148C mutation encoding a
G50R amino acid substitution) was cloned into the broad-hostrange expression vector pUCP18ApGw, as described previously for the wild-type gene from PAO1 (13). Briefly, the coding
sequence was amplified using purified PAHM23 genomic DNA
as template with primers oJPO18 and oJPO19 (Table 2). The
amplicon was cloned into the Gateway entry vector pENTR/
SD/D-TOPO (Life Technologies, Inc.) following the manufacturer’s instructions. Gateway LR Clonase II enzyme mix (Life
Technologies) was then used to clone from the entry vector into
the destination vector pUCP18ApGw (13) to generate plasmid
pJPO7. The nucleotide sequence of the plasmid insert was verified using automated DNA sequencing.
To create plasmids for overexpression of wild-type and K5A
substituted EF-Tu, the coding sequence of PAO1 tufB
(PA4277) was amplified from PAO1 genomic DNA with an
engineered amino-terminal hexahistidine (N-His6) affinity tag
using primer pairs tufBF and tufBR or tufBFK5A and tufBR,
respectively (13). Amplicons were Gateway cloned as described
above into the destination vector pDEST14 (Life Technologies)
to generate expression plasmids pJPO4 and pJPO5 containing
N-His6 tufB and N-His6 tufB K5A, respectively. Similarly, for
EftM, the coding sequences of PAO1 eftM (PA4178) and
PAHM23 eftM (G50R) were amplified from PAO1 and
PAHM23 genomic DNA, respectively, using primers oJPO20
and oJPO21 (Table 2). PCR products were digested with NdeI
and HindIII (New England Biolabs) and cloned into pCOLD II
(Takara Bio) in-frame with a N-His6 affinity tag to generate
expression plasmids pJPO1 and pJPO2, respectively.
Protein Expression and Purification—Expression of N-His6tagged EF-Tu or EF-Tu K5A was accomplished in E. coli
BL21-AI cells transformed with pJPO4 or pJPO5, respectively,
in 1-liter cultures of ZYM-5052 medium (18) supplemented
with 0.2% arabinose (w/v) and carbenicillin (100 g/ml). Cultures were incubated with shaking at 25 °C for 14 h. Cells were
pelleted at 12,000 ⫻ g for 10 min at 4 °C and resuspended in 25
ml of lysis buffer (GoldBio Bacterial Cell Lysis Buffer and 10 mM
imidazole) with 100 l of DNase I (10 mg/ml; GoldBio), 300 l
of ProBlock Gold protease inhibitor (GoldBio), and 0.2 mg/ml
lysozyme (Roche Applied Science). Cell suspensions were lysed
using a French pressure cell (American Instrument Co.) at
16,000 –18,000 p.s.i. Lysates were then subjected to centrifugation at 12,000 ⫻ g for 10 min at 4 °C to remove cellular debris
before applying the supernatants to columns containing HisPur
nickel-nitrilotriacetic acid resin (Thermo Scientific). The columns were washed three times with 1 ml of wash buffer (50 mM
sodium phosphate, 150 mM sodium chloride, 20% glycerol (v/v),
6 mM ␤-mercaptoethanol, and 50 mM imidazole, pH 7.4) and
eluted in four sequential 1-ml fractions of elution buffer (wash
buffer with 250 mM imidazole).
JOURNAL OF BIOLOGICAL CHEMISTRY
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TABLE 1
Summary of strains and plasmids
Apr, Ampicillin resistance; Kmr, Kanamycin resistance; Cmr, Chloramphenicol resistance.

TABLE 2
Summary of DNA oligonucleotides
Primer

Sequence

Description

tufBF
tufBR
tufBF K5A
oJPO18
oJPO19
oJPO20
oJPO21
oJPO120
oJPO121

CACCATGCATCATCATCATCATCATATGGCTAAAGAAAAATTTGA
TTATTCGATGATCTTGGCAACC
CACCATGCATCATCATCATCATCATATGGCTAAAGAAGCATTTGA
CACCATGTCCGCCACCGCGCTG
CTACTTGTCATCGTCATCCTTGTAGTCGCGCTTCACGCAGAC
CATCATATGTCCGCCACCGCGCTG
CTAAAGCTTCTAGCGCTTCACGCAGACGAACAG
CATCCATGGCATCCGCCACCGCGCTGTACA
ATGAAGCTTCTACTTGTCATCGTCATCCTTGTAGTCGCGCTTCACGCAGAC

See Ref. 14
See Ref. 14
See Ref. 14
eftM forward Gateway
eftM reverse C-FLAG
eftM forward NdeI
eftM reverse HindIII
eftM forward NcoI
eftM reverse FLAG HindIII
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For overexpression of N-His6-tagged EftM (PAO1) and
N-His6-tagged EftM G50R (PAHM23), chemically competent
BL21(DE3) cells were transformed with pJPO1 or pJPO2,
respectively, along with pG-Tf2 helper plasmid encoding
groES-groEL-tig (Takara Bio) and cultured overnight at 37 °C in
lysogeny broth (LB) containing chloramphenicol (20 g/ml)
and carbenicillin (100 g/ml). LB (1 liter) supplemented with
carbenicillin, chloramphenicol, and tetracycline (5 ng/ml) was
inoculated with 14 ml of overnight culture and then incubated
at 37 °C until the A600 reached 0.8 –1.0. Cultures were then
cooled in a 15 °C water bath for 30 min before the addition of 0.5
mM IPTG for induction of protein expression. Induced cultures
were incubated with shaking at 15 °C for a further 20 h. Purification was accomplished as described for EF-Tu but with
altered compositions of the lysis buffer (50 mM Tris-HCl, 10 mM
magnesium acetate, 250 mM ammonium chloride, 20% glycerol
(v/v), 6 mM ␤-mercaptoethanol, and 10 mM imidazole, pH 7.5)
and wash buffer (50 mM Tris-HCl, 150 mM sodium chloride, 50
mM imidazole, 5 mM magnesium chloride, 20% glycerol (v/v), 6
mM ␤-mercaptoethanol, pH 7.5). EftM was further purified by
gel filtration chromatography on a Superdex200 10/300 column (GE Healthcare) equilibrated in gel filtration buffer (TrisHCl, pH 7.5, 75 mM potassium chloride, 150 mM sodium chloride, 5 mM magnesium chloride, 20% glycerol, and 2 mM
␤-mercaptoethanol).
Preparation of P. aeruginosa Whole Cell Extracts—Cells were
grown overnight with shaking in LB at either 25 or 37 °C. Whole
cell extracts were prepared by taking a volume equivalent to 0.5
ml of an A600 ⫽ 1.0 culture, pelleting the cells, and resuspending
in 60 l of 1⫻ Laemmli buffer (Bio-Rad). Samples were boiled
for 10 min before immunoblotting analysis.
Immunoblotting Analysis—Immunoblotting was performed
by running samples on 10% Mini-PROTEAN TGX gels (BioRad), transferring proteins to PVDF membranes (Bio-Rad), and
blocking for 1 h in 5% (w/v) nonfat dry milk. After blocking,
blots were incubated in primary antibody specific for di-/trimethyl lysine (DTmK) (Millipore) or RpoA (Neoclone) overnight
at 4 °C and then an appropriate secondary antibody (anti-rabbit
IgG or anti-mouse IgG, respectively) conjugated to horseradish
peroxidase (Sigma) at room temperature for 1 h. Antibody
binding was detected using Bio-Rad Clarity Western ECL reagent and the Bio-Rad ChemiDoc MP imager. All images were
analyzed using Image Lab version 5.1 (Bio-Rad).
EftM Homology Modeling—The amino acid sequence of
EftM was analyzed using the homology detection program
HHpred (19). The hit with the highest probability (DesVI, Protein Data Bank entry 3BXO) was used as a template for comparative modeling using MODELLER software (20). DaliLite
(EMBL-EBI) was used to align (superimpose) the DesVI䡠SAM
structure and the EftM structural model. SAM was modeled on
EftM by overlaying the EftM homology model and the
DesVI䡠SAM complex structure in PyMOL (Schrödinger, LLC,
New York).
In Vitro Methyltransferase Assay—Methyltransferase assays
comparing modification of wild-type EF-Tu or EF-Tu K5A by
EftM or EftM G50R contained 1⫻ HMT reaction buffer (New
England Biolabs; 50 mM Tris-HCl, 5 mM magnesium chloride, 4
mM dithiothreitol, pH 9), 10 M EF-Tu, 1 mM SAM (SigmaFEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

Aldrich), and 6 M EftM. Reactions were incubated at 25 °C for
20 min and heat-inactivated by boiling in 2⫻ Laemmli sample
buffer (Bio-Rad) for 5 min. All samples were analyzed using
immunoblotting with antibodies to detect DTmK (Millipore).
These assays were repeated at least three times with similar
results.
Methyltransferase assays with heat pretreatment were performed in gel filtration buffer and contained 10 M EftM, 16 M
EF-Tu, and 1 mM SAM. EftM was preincubated at either 25 or
37 °C for 0, 5, 10, and 20 min prior to addition to the methyltransferase assay. Reactions were incubated at 25 °C for 20 min
and inactivated as described above. Samples were run on 14%
SDS-polyacrylamide gels and stained with Coomassie or analyzed by immunoblotting using a DTmK antibody (Upstate Biotechnology). These assays were repeated two times with similar
results.
MS Analysis—MS analysis was used to assess EF-Tu methylation in vivo and from in vitro assays performed under conditions designed to produce partial or complete methylation. For
in vivo methylation, recombinant N-His6-tagged EF-Tu was
purified from P. aeruginosa strain PAO1 grown at 25 °C, as
described by Barbier et al. (13), and digested directly with chymotrypsin for MS analysis. Partial methylation of EF-Tu was
accomplished using products of in vitro methyltransferase
assays performed with excess SAM and EF-Tu but limiting
EftM (0.6 M) and short incubation times (5 and 10 min). Products of in vitro assays were run on a 10% SDS-polyacrylamide
gel (Bio-Rad) and stained with GelCode Blue (Thermo Scientific) for protein visualization. Bands were excised, and protein
was digested in-gel with chymotrypsin. The resulting peptides
were extracted with a solution of 5% formic acid and 50% acetonitrile and speed-vacuumed to dryness.
An equal volume of each peptide sample was resuspended in
loading buffer (0.1% formic acid, 0.03% trifluoroacetic acid, 1%
acetonitrile), and peptide eluents were separated on a 1.9 M C18
(Dr. Maisch, GmbH, Ammerbuch, Germany) self-packed column (15 cm ⫻ 75 M; New Objective) on a nanoACQUITY
UHPLC system (Waters) and monitored on a Q-Exactive Plus
mass spectrometer (Thermo Fisher Scientific). Elution was performed over a 120-min gradient at a rate of 325 nl/min with
buffer B ranging from 3 to 80% (buffer A: 0.1% formic acid and
5% DMSO in water; buffer B: 0.1% formic and 5% DMSO in
acetonitrile). The mass spectrometer cycle was programmed to
collect one full MS scan followed by 10 data-dependent tandem
mass spectrometry (MS/MS) scans. The MS scans were collected at a resolution of 35,000 (300 –1800 m/z range, 1,000,000
automatic gain control, 100-ms maximum ion time), and the
MS/MS spectra were acquired at a resolution of 17,500 (2 m/z
isolation width, 30% collision energy, 10,000 automatic gain
control target, and 50-ms maximum ion time). Dynamic exclusion was set to exclude previous sequenced peaks within a
10-ppm window for 30 s.
The SageN Sorcerer SEQUEST version 4.3 algorithm was
used to search and match MS/MS spectra to a complete semichymotryptic E. coli database harboring the recombinant
EF-Tu sequence from P. aeruginosa PAO1 strain (total with
11,541 entries), including pseudoreversed E. coli decoy
sequences (21, 22). Searching parameters included mass tolerJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 1. Wild-type but not G50R substituted EftM is able methylate EF-Tu in vivo. Shown is Western blotting analysis of whole cell lysates from the
indicated P. aeruginosa strains as well as a previously described eftM deletion mutant, PAO1⌬eftM, complemented with a plasmid (pUCP18ApGw (eftM))
containing the wild-type PAO1 EftM (⫹eftM) or a plasmid (pJO7) containing the G50R EftM (⫹eftM G50R) blotted with both anti-DTmK (top) and anti-RpoA
(bottom) antibodies.

ance of precursor ions (⫾20 ppm) semichymotryptic restriction, dynamic modifications for oxidized Met (⫹15.9949 Da),
trimethyl lysine (⫹42.0470 Da), four maximal modification
sites, and a maximum of two missed cleavages. Only b and y
ions were considered for scoring (Xcorr), and Xcorr along with
⌬Cn were dynamically increased for groups of peptides organized by a combination of chymotrypticity (fully or partial) and
precursor ion charge state to remove false positive hits along
with decoys until achieving a false discovery rate of ⬍5%
(⬍0.25% for proteins identified by more than one peptide) (23).
Following discovery-based identification of the trimethylated EF-Tu lysine 5 peptide (m/z ⫽ 398.231) and corresponding unmodified peptide (m/z ⫽ 377.208), both were quantified
on an LTQ Orbitrap XL hybrid mass spectrometer (Thermo
Fisher Scientific) using a targeted MS approach essentially as
described (24). A user-defined precursor mass tolerance of ⫾20
ppm was employed for extracted ion chromatogram-based
quantification. For time course assays, fully chymotryptic peptides representing unmodified (AKEKF, m/z ⫽ 311.68),
monomethylated (AKEKmeF, m/z ⫽ 318.69), dimethylated
(AKEKme2F, m/z ⫽ 325.70), and trimethylated (AKEKme3F,
m/z ⫽ 332.71) EF-Tu lysine 5 were directly monitored and
quantified by extracted ion chromatogram on an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific).
Isothermal Titration Calorimetry—SAM and S-adenosyl-Lhomocysteine (SAH) (Sigma-Aldrich) were each dissolved in
gel filtration buffer to 1 mM final concentration and titrated into
EftM (30 –50 M) in 16 2.4-l injections using an Auto-iTC200
microcalorimeter (Malvern/MicroCal) at 25 °C. After accounting for the heat of dilution by subtraction of the residual heat
measured at the end of the titration, the data were fit using a
model for one set of sites to determine the binding affinity (Kd).
Values reported are the average of at least two independent
titrations and the associated S.D. between these measurements.
Circular Dichroism Spectroscopy—Analysis of EftM (10 M,
in gel filtration buffer) unfolding by circular dichroism (CD)
was recorded using a Jasco J-810 spectropolarimeter with a Peltier temperature controller. Data were collected using a 1-mm
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path length cuvette at 218 nm, collecting data every 0.5 °C, and
a heating rate of 1 °C/min from 20 to 45 °C.
Differential Scanning Fluorimetry—The ability of SAM to
stabilize the EftM structure was assessed using differential
scanning fluorimetry essentially as described by Neisen et al.
(25). Briefly, the change in fluorescence arising from binding of
SYPRO Orange dye (5000-fold dilution) to hydrophobic residues upon unfolding of EftM (24 M) was measured over a
linear temperature gradient (0.5 °C/min from 25 to 75 °C) in the
presence of SAM (150 M) in a StepOne Plus real-time PCR
instrument (Applied Biosystems) and compared with control
experiments containing SAM and dye alone. The first derivative of the melting curve was calculated using GraphPad Prism
software to determine the melting temperature (Tm) corresponding to 50% unfolded protein.

Results
EftM Is a SAM-dependent Methyltransferase—We have previously demonstrated that the laboratory P. aeruginosa strain
PAO1 shows EF-Tu methylation at 25 °C but not at 37 °C (Fig.
1). Deletion of eftM (PAO1⌬eftM) results in no methylation of
EF-Tu at either temperature. When PAO1⌬eftM was complemented with eftM under the control of a constitutive promoter,
EF-Tu methylation was present at both temperatures, probably
due to the overexpression of EftM (Fig. 1) (13). Through the
screening of clinical isolates, we identified the strain PAHM23,
which failed to methylate EF-Tu at either temperature.
Sequencing of eftM from PAHM23 revealed a single nucleotide
change (G148C) resulting in a single amino acid substitution,
G50R. To determine whether this amino acid substitution
impacted EftM function, we attempted to complement the
EF-Tu methylation-deficient phenotype of PAO1⌬eftM with
the PAHM23 eftM gene. In contrast to previous experiments
with the wild-type PAO1 eftM gene (13), the eftM gene from
PAHM23 was unable to complement PAO1⌬eftM (Fig. 1). This
result thus identifies an amino acid residue critical for EftM
activity.
VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016
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FIGURE 2. EftM shares structural homology with Class I SAM-dependent methyltransferases and binds cosubstrate. A, homology model of the EftM䡠SAM
complex produced using the structure of DesVI as template. The conserved Class I methyltransferase domain (light blue), variable domain (blue), and SAM (pink
sticks) are indicated. The box indicates the SAM binding pocket of EftM shown in a magnified view on the right. The ␣-carbons of residues Gly-50 and Gly-52
(orange spheres) of the conserved (E/D)XGXG SAM binding motif are highlighted. Shown is ITC analysis of wild-type EftM interaction with SAM (B) and SAH (C).
D, ITC analysis of EftM G50R interaction with SAM.

To define the function of EftM, we analyzed the amino acid
sequence of EftM using the remote homology detection program HHPred (19). This search revealed that EftM shares predicted structural similarity with Class I SAM-dependent methyltransferases and identified the best homology modeling
template as DesVI (Protein Data Bank entry 3BXO), an N,Ndimethyltransferase found in Streptomyces venezuelae (26).
The EftM homology model has a core domain consisting of
seven ␤-strands with three ␣-helices on either side of the
␤-sheet (Fig. 2A), characteristic of the Class I methyltransferase
fold. This fold loosely divides the protein into two lobes, one of
which is responsible for binding to SAM and the other for target
substrate specificity (27). Augmentations of the conserved
Class I methyltransferase core fold vary both in size and architecture. Based on the DesVI template, EftM is predicted to possess an auxiliary variable domain composed of an ␣-helix
derived from the EftM N terminus and a C-terminal fourstranded anti-parallel ␤-sheet. This domain forms a structure
that covers the SAM-binding cleft of the methyltransferase core
fold and could thus define substrate specificity and/or access to
the bound SAM cosubstrate.
To experimentally test the structural prediction that EftM is
a SAM-dependent methyltransferase and whether SAM and
SAH have similar binding affinities (Kd) for EftM, we used isothermal titration calorimetry (ITC). These analyses revealed
that EftM binds SAM and SAH with Kd values of 20 ⫾ 10 and
26 ⫾ 19 M (Fig. 2, B and C), respectively. Although relatively
weak, these binding affinities are comparable with other bacterial methyltransferases (28, 29).
FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

EftM residue Gly-50 is located in a SAM-binding motif
(motif I, (E/D)XGXG) conserved among Class I methyltransferases (30), corresponding to residues 46 –52 of EftM. To test
whether a defect in SAM binding results in the inactivity of the
EftM G50R variant from PAHM23, we again used ITC to assess
the EftM G50R-SAM interaction. EftM G50R affinity for SAM
was dramatically reduced, falling below the limit of detection by
ITC (greater than low millimolar range) (Fig. 2D). This result
confirms the importance of Gly-50 for interaction with SAM
and explains the observation that PAHM23 EftM G50R fails to
modify EF-Tu (Fig. 1).
EftM Is Necessary and Sufficient to Methylate EF-Tu—To
determine whether EftM is sufficient to directly methylate
EF-Tu in the presence of SAM, an in vitro methyltransferase
assay was employed. Purified EftM was incubated with and
without SAM and purified EF-Tu at 25 °C. Modified EF-Tu was
detected by immunoblotting analysis using an anti-di-/trimethyl lysine antibody only when EftM, SAM, and EF-Tu were all
present in the reaction (Fig. 3A). The EftM G50R substitution in
EftM ablated methylation of EF-Tu in the assay (Fig. 3A), consistent with in vivo observations (Fig. 1) and the effect of the
substitution on SAM binding affinity in vitro (Fig. 2D). Additionally, no modification was detected using a K5A variant of
EF-Tu, consistent with exclusive in vitro methylation at this
residue (Fig. 3A).
LC-MS/MS analysis was used to further confirm that the
amino acid methylated by EftM in the in vitro assay was lysine 5,
as observed for in vivo methylated EF-Tu (13). EF-Tu from in
vitro reactions with and without EftM was subjected to LC-MS/
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FIGURE 3. In vitro lysine 5 trimethylation and quantification on recombinant EF-Tu. A, a representative in vitro methylation assay (n ⫽ 3) with wild-type (WT)
PAO1 EftM or EftM G50R and WT PAO1 EF-Tu or EF-Tu K5A shows that EftM requires SAM and methylates EF-Tu exclusively at lysine 5. Top, Western blotting
of methyltransferase assay products detected with DTmK antibodies. Bottom, Coomassie-stained gel of the same reaction products. B, chymotrypsin-digested
EF-Tu from in vitro reactions examined by LC-MS/MS. Representative MS/MS spectra are shown of the EF-Tu doubly charged (M ⫹ 2H)2⫹ unmodified (top) and
EftM-modified (bottom) peptide sequence corresponding to residues 1– 6. Fragment ions y2 and y3 (green) are shifted by 42 Da in mass, confirming lysine 5
trimethylation. Precursor (MS1 scans) extracted ion chromatograms (measured as the percentage intensity using ⫾20 ppm mass tolerance) for the unmodified
EF-Tu peptide (m/z ⫽ 377.208; m/z ⫽ 377.2018 theoretical) (C) and the trimethylated EF-Tu lysine 5 peptide (m/z ⫽ 398.231; m/z ⫽ 398.2253 theoretical) (D) are
shown for EftM-treated and -untreated samples (top and bottom in each panel, respectively). The x axis indicates the retention time when the peptide eluted
from the LC column. In each panel, peptide intensities were normalized to 100% for the sample with the most intense signal.
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MS, and the peptide corresponding to EF-Tu amino acids 1– 6
was identified in both reactions. However, in the reaction containing EftM, a mass shift of 42 Da was observed on the y2 and y3
ions in the MS/MS spectrum (Fig. 3B, bottom) compared with
the unmodified peptide spectrum (Fig. 3B, top). Comparison of
the complete MS data showed no other differential methylation
of EF-Tu. Taken together, these results confirm our previous
observations that the site of lysine trimethylation in EF-Tu was
specifically on residue 5 (13) and further that both purified
EftM and its co-substrate SAM are necessary to specifically and
exclusively methylate Lys-5.
EF-Tu Methylation by EftM Is Distributive—Examination of
the precursor (MS1 scans) extracted ion chromatograms
showed that trimethylated lysine 5 peptide (m/z ⫽ 398.231) was
observed only when EftM was present in the in vitro reaction
(Fig. 3C, right). However, whereas exclusively unmodified
EF-Tu peptide (m/z ⫽ 377.208) was detected in the untreated
sample, some unmodified peptide was also found in the EftMtreated sample (Fig. 3C, left). In these samples from an end
point methylation reaction, no mono- or dimethylated lysine 5
was detected. This result could indicate that EftM acts in a
processive manner such that trimethyl lysine 5 is the only product of the enzyme. Alternatively, the observation could reflect a
complete reaction with a remaining fraction of recombinant
EF-Tu that is not an active substrate of EftM (e.g. due to misfolding). In this scenario, whether EftM could act in a processive or distributive manner would be ambiguous. To address
this question, we performed similar MS analyses on in vivo
methylated EF-Tu and with an in vitro methylation time course
designed to capture intermediate species should they exist.
To determine whether species other than trimethylated
lysine 5 exist in vivo, recombinant EF-Tu was purified from
P. aeruginosa grown at 25 °C and analyzed by MS. This analysis
revealed that although the majority of purified EF-Tu (79%) was
indeed trimethylated at lysine 5, each of the un-, mono-, and
dimethylated species could also be detected, albeit at much
smaller percentages of the purified EF-Tu: 6, 5, and 10%,
respectively. To determine whether such intermediates, indicative of a distributive enzyme action, are also observed in a
controlled in vitro methylation reaction, additional EftM methyltransferase assays were performed using 10-fold lower
enzyme concentration compared with our standard assay.
Under these conditions, Western blotting analysis of reaction
time course showed a modest level of modification at 5 min,
which was higher after 10 min (Fig. 4). MS analysis of EF-Tu
modification at each of these time points revealed that the
majority of EF-Tu was not trimethylated. Concomitant with a
decrease in unmethylated lysine 5, the amount of mono-, di-,
and trimethylated lysine 5 was greater after 10 min compared
with 5 min (Fig. 4). This distribution of methyl species indicates
that EftM functions in a non-processive (distributive) manner.
EftM Methyltransferase Activity Is Thermosensitive—In the
wild-type strain PAO1, methylation of EF-Tu was observed
exclusively at 25 °C and not at 37 °C (Fig. 1). To assess not only
whether EftM was sufficient for the methylation of EF-Tu, but
in addition whether the temperature-dependent phenotype is
recapitulated using purified proteins in our defined in vitro
methylation assay, EftM was preincubated at either 25 or 37 °C
FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

FIGURE 4. EftM adds methyl groups to EF-Tu lysine 5 in a distributive
manner. Western blotting of methyltransferase assay products using antibodies to detect DTmK. Reactions were performed using excess SAM and
EF-Tu at 25 °C and analyzed at 5 and 10 min time points. The proportion of
each lysine 5 methyl species (un-, mono-, di-, and trimethylated) as determined by mass spectrometry is shown. Percentages indicate the proportion
of total signal intensity of all lysine 5 peptides detected represented by each
methyl lysine 5 species.

for between 0 and 20 min and then used in the in vitro methyltransferase assay at 25 °C. Preincubation of EftM at 25 °C at all
times tested had no effect on its activity. In contrast, pretreatment of EftM at 37 °C for 5 min resulted in a sharp decrease in
EF-Tu modification; by 10 min, no in vitro modified product
was detected (Fig. 5). Amounts of both EftM and EF-Tu present
in the reaction were verified, and the levels of each remained
constant in each of these reactions (Fig. 5, bottom), indicating
that protein degradation was not responsible for the decreased
activity. When EftM was subjected to preincubation at 37 °C in
the presence of 2 mM SAM, methyltransferase activity was still
lost (data not shown), suggesting that SAM does not stabilize
the activity.
Structural Thermolability Regulates EftM Activity—Because
EftM methyltransferase activity is abolished at 37 °C both in
vivo and in vitro, we investigated, using CD spectroscopy,
whether temperature was affecting the enzyme secondary
structure, which might account for this temperature sensitivity.
At 25 °C, the CD spectrum of recombinant EftM is consistent
with a well folded protein of mixed ␣/␤ secondary structure. To
determine the Tm of EftM, we monitored the CD signal at 218
nm (CD218) over a linear temperature gradient. The EftM structure remained stably folded over the range 20 –30 °C but subsequently began unfolding as the temperature was increased
further. The decrease in strongly negative CD218 signal is indicative of the secondary structure unfolding with an estimated
melting temperature (50% unfolded, Tm) of 37 °C (Fig. 6A). The
observed unfolding was irreversible; the alteration in CD spectrum was retained upon cooling and induced visible precipitation of the protein. We conclude from these results that the
temperature sensitivity of EftM activity is due to irreversible
protein unfolding at elevated temperature.
We next asked whether EftM is stabilized by its obligatory
co-substrate SAM. Because the addition of SAM complicates
CD analysis, we used differential scanning fluorimetry to measure the thermal stability of EftM in the presence of the co-substrate (Fig. 6B). Differential scanning fluorimetry experiments
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Discussion

FIGURE 5. EftM activity is thermolabile. Shown is representative Western
blotting analysis (top) using antibodies to detect DTmK of products from
methyltransferase assays using wild-type PAO1 EftM and EF-Tu and 1 mM
SAM incubated at 25 °C after incubation (0 –20 min) at 25 or 37 °C. Loss of
activity is not due to protein degradation, as seen by Coomassie staining of
reaction products (bottom) (n ⫽ 2).

FIGURE 6. EftM structure is thermolabile. A, EftM secondary structure
unfolding over a linear temperature gradient as shown by CD signal at 218
nm (black; left axis) with the first derivative of the unfolding curve (gray; right
axis). B, differential scanning fluorimetry analysis of the thermal stability of
EftM alone (black circles), in the presence of EftM and 150 M SAM (blue circles), or with 150 M SAM alone (blue line).

monitor the binding of SYPRO Orange dye to hydrophobic
amino acids as they become progressively exposed during protein unfolding at higher temperatures (25). The Tm for EftM
unfolding in the absence of ligand is comparable with that
derived from the CD melt, with a value of 30.5 °C. The difference in measured Tm is probably due to the dye binding and
stabilizing an unfolded form of EftM, resulting in a lower Tm compared with CD analysis. Adding SAM (150 M) stabilized EftM,
raising the Tm to ⬃36 °C (Fig. 6B). Although EftM may be modestly stabilized by its co-substrate SAM, this effect would not be
sufficient to preserve the enzymatic activity at the elevated temperature. These protein-unfolding experiments thus show that
EftM is thermosensitive and becomes nonfunctional at higher
temperatures, revealing the molecular basis for the temperature
dependence of EftM activity observed in vitro and in vivo.
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Bacteria possess multiple strategies to adapt to changes in
temperature: the heat shock, cold shock, and the low and the
high temperature responses (31). These distinct pathways each
employ DNA, RNA, or protein molecules as the effectors of the
response. In contrast to the heat shock response, which is
induced incrementally and is transient, the high temperature
response requires a specific elevated temperature and remains
active above that point. As such, the high temperature response
is an important mechanism by which pathogenic bacteria can
detect entry into a mammalian host, leading to induction and
continued expression of virulence genes. Temperature-related
changes in gene expression are typically regulated at the level of
transcription, via changes in DNA structure that expose RNA
polymerase, activator or repressor binding sites, or activation of
alternative  factors or through changes in promoter or repressor protein structure or oligomeric state that influence DNA
binding. Alternatively, regulation can occur at the level of translation initiation through “RNA thermometer” structures that
allow the ribosome access only at the elevated temperature (31).
In this study, we have provided evidence for another mechanism of thermoregulation through direct protein structural
changes in the P. aeruginosa methyltransferase EftM.
Collectively, our results demonstrate that EftM is a SAM-dependent methyltransferase that rapidly loses activity via irreversible unfolding of its protein structure at ⬃37 °C. The temperature optimum for growth of P. aeruginosa is ⬃37 °C (32),
but this opportunistic pathogen can grow at temperatures from
22 to 45 °C (33). Our finding that EftM unfolds at 37 °C suggests
that the activity of this enzyme is not essential for maximum
P. aeruginosa growth but, rather, may play an important role in
the transition from environment to host. “Moonlighting roles”
for EF-Tu have been described in various bacteria and include
chaperone-like properties involved in the bacterial stress
response (34) and, through its localization to the bacterial surface, involvement in adherence to numerous proteins and host
factors (13, 14, 35– 40). A P. aeruginosa EftM mutant that cannot methylate EF-Tu adheres to and invades epithelial cells less
well compared with a wild-type strain, and this strain is also less
virulent in a murine acute pneumonia model (13). Although we
have not excluded the possibility that EftM may methylate
other targets, we have shown that trimethylated EF-Tu binds to
epithelial cells better than non-modified EF-Tu (13), indicating
a direct role of this modification in adherence and presumably
virulence. Collectively, these observations and our new findings
suggest that the temperature dependence of EftM activity may
be one mechanism by which this opportunistic pathogen promotes adherence via lysine 5-trimethylated EF-Tu as it transitions from the environment to the host.
EftM thermoinstability can rapidly halt methyltransferase
activity but does not influence the fate of previously methylated
EF-Tu. In P. aeruginosa, modified EF-Tu persists for at least 4 h
in cells switched from growth at 20 °C to 37 °C (41), providing
good evidence that there is no demethylase capable of specifically reversing EF-Tu lysine 5 trimethylation. Thus, the ultimate loss of trimethylated EF-Tu over a time frame of several
hours is probably dependent on the rate of EF-Tu, and not EftM,
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turnover, implying that the effects of trimethylated EF-Tu will
continue to be manifested as P. aeruginosa transitions from the
environment to the human host during the disease process.
In contrast to the potential influence of lysine 57 modification on E. coli growth, we observed no alteration in growth rate
in an eftM deletion mutant under standard laboratory conditions (13). Although our MS analysis of in vivo modified recombinant EF-Tu suggests that the majority of protein is trimethylated at lysine 5, the fraction of native EF-Tu that is
trimethylated in P. aeruginosa is not known. If a large proportion of lysine 5-modified protein is observed, as was seen with
the recombinant EF-Tu protein, this could point to an influence
upon EF-Tu function in protein chain elongation (e.g. altering
the speed of translation and/or increasing fidelity). The potential that EF-Tu lysine 5 methylation could impact protein chain
elongation is supported by the finding that residues 1– 4 of
E. coli EF-Tu are responsible for properly aligning residues 5–9
to complex with guanine nucleotides and aminoacylated tRNA
for efficient protein chain elongation (42). Perhaps the distribution of mono-, di-, and trimethylated EF-Tu impacts these
interactions differently, which may provide a previously unappreciated means to control gene expression. If, on the other hand, a
relatively small fraction of EF-Tu is methylated, this could suggest
that methylation specifically targets EF-Tu to perform functions
outside its established role in protein synthesis. Also, although the
effect of EF-Tu as an adhesin has been described (14, 39), whether
and/or how methylation influences the export of EF-Tu to the
bacterial cell surface is currently unknown.
In summary, we have expressed and characterized the thermoregulated SAM-dependent methyltransferase EftM, responsible for methylating lysine 5 of the essential translation factor
EF-Tu. EftM binds SAM and SAH with similar affinity and
appears to modify EF-Tu in a distributive manner. Most importantly, we have shown that the EftM structure is thermosensitive, a feature that we propose is responsible for driving the
observed temperature-dependent methylation phenotype in
P. aeruginosa. The ability to express and purify functional EftM
is a major step necessary for detailed structural and functional
analyses of EftM cosubstrate and substrate recognition and
enzymatic turnover. Additionally, this work provides a platform to study the potential impacts of EftM methylation of
EF-Tu on its canonical role in protein synthesis and other
moonlighting functions in P. aeruginosa. Methylation of translation factors may be a conserved means of regulating protein
chain elongation in bacteria and, as such, has the potential to
provide us with deeper understanding of the mechanisms that
regulate bacterial protein synthesis.
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19. Söding, J., Biegert, A., and Lupas, A. N. (2005) The HHpred interactive
server for protein homology detection and structure prediction. Nucleic
Acids Res. 33, W244 –W248
20. Sali, A., and Blundell, T. L. (1993) Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol. 234, 779 – 815
21. Elias, J. E., and Gygi, S. P. (2007) Target-decoy search strategy for increased
confidence in large-scale protein identifications by mass spectrometry.
Nat. Methods 4, 207–214
22. Xu, P., Duong, D. M., and Peng, J. (2009) Systematical optimization of
reverse-phase chromatography for shotgun proteomics. J. Proteome Res.
8, 3944 –3950
23. Seyfried, N. T., Gozal, Y. M., Donovan, L. E., Herskowitz, J. H., Dammer,
E. B., Xia, Q., Ku, L., Chang, J., Duong, D. M., Rees, H. D., Cooper, D. S.,
Glass, J. D., Gearing, M., Tansey, M. G., Lah, J. J., Feng, Y., Levey, A. I., and
Peng, J. (2012) Quantitative analysis of the detergent-insoluble brain proteome in frontotemporal lobar degeneration using SILAC internal standards. J. Proteome Res. 11, 2721–2738

JOURNAL OF BIOLOGICAL CHEMISTRY

3289

EftM is a Thermoregulated Methyltransferase
24. Gozal, Y. M., Seyfried, N. T., Gearing, M., Glass, J. D., Heilman, C. J., Wuu,
J., Duong, D. M., Cheng, D., Xia, Q., Rees, H. D., Fritz, J. J., Cooper, D. S.,
Peng, J., Levey, A. I., and Lah, J. J. (2011) Aberrant septin 11 is associated
with sporadic frontotemporal lobar degeneration. Mol. Neurodegener. 6,
82
25. Niesen, F. H., Berglund, H., and Vedadi, M. (2007) The use of differential
scanning fluorimetry to detect ligand interactions that promote protein
stability. Nat. Protoc. 2, 2212–2221
26. Burgie, E. S., and Holden, H. M. (2008) Three-dimensional structure of
DesVI from Streptomyces venezuelae: a sugar N,N-dimethyltransferase
required for dTDP-desosamine biosynthesis. Biochemistry 47, 3982–3988
27. Schubert, H. L., Blumenthal, R. M., and Cheng, X. (2003) Many paths to
methyltransfer: a chronicle of convergence. Trends Biochem. Sci. 28,
329 –335
28. Garcı́a-Fontana, C., Reyes-Darias, J. A., Muñoz-Martı́nez, F., Alfonso, C.,
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