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Lysine Propionylation Is a Prevalent
Post-translational Modification in Thermus

thermophiluss

Hiroki Okanishi*, Kwang Kim*1, Ryoji Masui*, and Seiki Kuramitsu*

Recent studies of protein post-translational modifications
revealed that various types of lysine acylation occur in
eukaryotic and bacterial proteins. Lysine propionylation, a
newly discovered type of acylation, occurs in several pro-
teins, including some histones. In this study, we identified
361 propionylation sites in 183 mid-exponential phase and
late stationary phase proteins from Thermus thermophi-
lus HB8, an extremely thermophilic eubacterium. Func-
tional classification of the propionylproteins revealed that
the number of propionylation sites in metabolic enzymes
increased in late stationary phase, irrespective of protein
abundance. The propionylation sites on proteins ex-
pressed in mid-exponential and late stationary phases
partially overlapped. Furthermore, amino acid frequencies
in the vicinity of propionylation sites differed, not only
between the two growth phases but also relative to acety-
lation sites. In addition, 33.8% of mid-exponential phase-
specific and 80.0% of late stationary phase-specific pro-
pionylations (n = 2) implied that specific mechanisms
regulate propionylation in the cell. Moreover, the limited
degree of overlap between lysine propionylation (36.8%)
and acetylation (49.2%) sites in 67 proteins that were both
acetylated and propionylated strongly suggested that the
two acylation reactions are regulated separately by specific
enzymes and may serve different functions. Finally, we also
found that eight propionylation sites overlapped with acet-
ylation sites critical for protein functions such as Schiff-
base formation and ligand binding. Molecular & Cellular
Proteomics 13: 10.1074/mcp.M113.035659, 2382-2398, 2014.

Protein structure and function are deeply influenced by
post-translational modifications (PTMs).! Recent reports have
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described more than 300 types of PTMs, such as phosphor-
ylation, methylation, glycosylation, and acylation (1, 2). The
combination of enrichment techniques for post-translationally
modified peptides and mass-spectrometric approaches for
the identification of PTMs has been responsible for the dis-
covery of many diverse protein modifications (3). Among
these, acylation at lysine residues is one of the most prevalent
PTMs (4). In particular, acetylation, succinylation, and malo-
nylation occur at thousands of modification sites (5-17). Ly-
sine acylation was first reported on histones in the 1960s (18,
19). For many decades, our knowledge of the roles of this
modification in cells was limited to observations made on
histones and a few transcription-associated proteins in eu-
karyotes. However, recent studies revealed thousands of
acetylation sites on both eukaryotic and bacterial proteins (8,
9, 11), and a large number of studies of the functions of
protein acetylation have demonstrated that this modification
is biologically significant (20, 21). In a previous study, we
performed structural mapping of acetylation sites on proteins;
based on the results, we proposed potential roles for acety-
lation in protein—-nucleic acid interactions, inter- and intra-
subunit interactions, Schiff-base formation, and ligand bind-
ing (22). Lysine succinylation and malonylation were
discovered more recently (5, 6, 10, 12, 13). Like acetylation,
these modifications occur in a diverse range of proteins. Thus,
proteome-wide analyses have expanded our knowledge of
lysine acylation and suggested that it exerts influence on a
wide range of biological functions.

Other types of lysine acylations have been described re-
cently, such as formylation (23, 24), propionylation (25), bu-
tyrylation (25), and crotonylation (26) in histones and other
types of proteins. Lysine propionylation was initially reported
in histones (25), but subsequently three non-histone proteins
(P53, p300, and CREB-binding protein) were shown to be
propionylated (27-30). More recently, Fritz et al. reported
several candidate propionylproteins in mouse liver (31). A few
studies have investigated the significance of lysine propiony-
lation. First, lysine propionylation was proposed to act as a
histone mark. It is well known that alterations in histone mod-
ifications affect gene expression and bring about epigenetic
regulation (28). For example, the propionylation level on
Lys-23 of histone H3 in myeloid precursor leukemia cells
decreases during monocytic differentiation (30). Second, pro-
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pionylation was shown to be induced in mouse liver mito-
chondria under chronic ethanol ingestion, suggesting that it
plays a role in cellular stress responses (31). Third, lysine
propionylation was detected not only in eukaryotes, but also
in bacteria (32). For example, propionylation at Lys-592 of
propionyl-CoA synthetase of Salmonella enterica inhibits its
enzymatic activity (32). Although some of the functions of this
modification have begun to be revealed, the cellular distribu-
tion of lysine propionylation in eukaryotes and bacteria re-
mains poorly characterized relative to the distributions of
acetylation and succinylation.

Recently, we reported the results of phosphoproteome and
acetylome analyses performed during a proteomic character-
ization of Thermus thermophilus HB8, an extremely thermo-
philic Gram-negative eubacterium (22, 33). The 2.2-Mb ge-
nome of T. thermophilus HB8 contains 2238 open reading
frames, about half the number in Escherichia coli. The sim-
plicity of this genome is greatly advantageous in attempts to
achieve a comprehensive understanding of the bacterium’s
physiology. We have studied T. thermophilus as a model
organism with the goal of understanding biological phenom-
ena in bacteria, using “-omics” approaches such as structural
genomics (34-36), transcriptomics (37), metabolomics (38),
whole-cell proteomics (39), and PTM proteomics (22, 33).

In this study, we enriched propionylated peptides using an
anti-propionyllysine polyclonal antibody and then identified
the modification using hybrid quadrupole TOF-MS combined
with nano-scale liquid chromatography (nano-LC). Using this
approach, we demonstrated for the first time that lysine pro-
pionylation is a prevalent PTM; specifically, we identified 361
propionylation sites in 183 proteins expressed in the mid-
exponential and late stationary phases of T. thermophilus. We
performed comparative analyses of lysine propionylation in
the two growth phases based on the modification sites, func-
tional classification, and local sequence context around pro-
pionylation sites. We found that the number of propionylation
sites increased about 3-fold in stationary phase, and that this
increase in propionylation was not related to protein expres-
sion level. Moreover, the low degree of overlap between pro-
pionylation sites in mid-exponential and late stationary
phases suggested that propionylation and depropionylation
are controlled by distinct mechanisms in vivo.

EXPERIMENTAL PROCEDURES

Media and Culture Conditions—Tryptone and yeast extract were
purchased from Nihon Seiyaku (Tokyo, Japan). Phytagel for solid
cultivation was obtained from Sigma-Aldrich (St. Louis, MO). Formic
acid and acetonitrile for liquid chromatography and other chemical
compounds were purchased from Wako (Tokyo, Japan). A single
colony of T. thermophilus HB8 (ATCC27634) on a TT plate (medium
composition: 0.4% tryptone, 0.2% yeast extract, 0.1% NaCl, 1.5 mm
MgCl,, 1.5 mm CaCl,, and 1.5% phytagel) was inoculated into TT
broth (medium composition: 0.4% tryptone, 0.2% yeast extract, 0.1%
NaCl, 0.4 mm MgCl, and 0.4 mm CaCl,) and cultivated overnight at
70i°C with vigorous shaking. A 50-ul aliquot of the T. thermophilus
HB8 culture was inoculated into 5 ml of TT broth for a seed culture.

The cells were then cultured at 70:°C until mid-exponential phase
(Asoo = 0.8), and then 1.5 ml of the culture was inoculated into 150 ml
of TT broth for the main culture. Cultivated cells that had reached
either mid-exponential phase (Agoo = 0.8, ~4 to 5 h of cultivation) or
late stationary phase (Agoo = 2.5, 24-h cultivation) were harvested via
centrifugation at 7000 X g for 5 min. Cell pellets were washed twice
with cold phosphate-buffered saline (PBS) and then disrupted imme-
diately. Mid-exponential and late stationary phase cell pellets were
each obtained from three independent biological replicates.

Preparation of Crude Extracts and Tryptic Digests—A cell pellet
harvested at either mid-exponential or late stationary phase was
suspended in 5 ml of lysis buffer (50 mm Tris-HCI containing 5 mm
EDTA and 1 mm phenylmethylsulfonyl fluoride, pH 8.0) and then
disrupted using an ultrasonic disruptor (UD-201, TOMY, Tokyo, Ja-
pan) at 4:°C. To minimize the effect of non-enzymatic modifications
during the cell lysis procedure, the supernatant was immediately
mixed with four volumes of cold acetone after the removal of cell
debris by centrifugation at 7000 X g for 5 min and then kept at —30:°C
overnight. Using an aliquot of lysate, the concentration of total pro-
teins was determined via the Bradford method (Bio-Rad, Hercules,
CA). The remaining mixture stored at —30i°C was centrifuged at
10,000 X g for 30 min; the resultant pellet was washed in cold
acetone, and then the precipitate was dried to remove remaining
acetone. For protein denaturation, the pellet was dissolved in 6 M
guanidine hydrochloride and then heated at 95i°C for 10 min. After
dilution with 50 mm ammonium bicarbonate buffer (pH 8.0) to a final
guanidine hydrochloride concentration of 1.5 m, the denatured lysate
was digested with TPCK trypsin (Thermo Scientific, Rockford, IL) at
37:°C for 16 h using an enzyme/substrate ratio of 1/100 (w/w). The
trypsinized lysate was further digested with TPCK trypsin (1/100 w/w)
at 37:°C overnight to achieve complete digestion, and then cysteines
were alkylated as follows: The fully trypsinized lysate was reduced
with 5 mwm dithiothreitol (DTT) at 50:°C for 30 min and then alkylated
with 10 mm iodoacetamide at room temperature in the dark for 30 min.
The reaction was stopped with 10 mm DTT. Finally, the resultant
solution was passed through a Sep-Pak Plus C,4 cartridge (Waters,
Milford, MA), and the eluent was lyophilized using a Freezone 4.5
(Labconco, Kansas City, MO) overnight.

Propionylpeptide Enrichment—We generated an antibody against
propionylated bovine serum albumin (BSA), as previously described
(40). Briefly, BSA was chemically propionylated with propionic anhy-
dride; the chemical propionylation of primary amines was monitored
by means of the ninhydrin reaction until about 90% of the amino
groups had been propionylated. The generation of anti-propionylly-
sine antiserum from a rabbit (homemade) was carried out by Kitayama
Labs Co. (Nagano, Japan).

A 50-pul aliquot of the anti-propionyllysine antibody was conjugated
to protein A-agarose (Santa Cruz Biotechnology, Dallas, TX) in 500 ul
of PBS (pH 7.5) by gentle shaking at 4i°C for 4 h. The conjugated
beads were washed three times with 1.0 ml of NETN buffer (50 mm
Tris-HCI, pH 8.0, containing 100 mm NaCl, 1.0 mm EDTA, and 0.5%
Nonidet P40). A 5-mg tryptic digest suspended in 500 ul of NETN
buffer was mixed with the antibody-conjugated beads and then gently
shaken using an RT-30 mini (TAITEC, Tokyo, Japan) at 4:°C for 6 h.
The beads were washed with 1.0 ml of NETN buffer and then washed
twice with 1.0 ml of ETN buffer (50 mm Tris-HCI containing 100 mm
NaCl and 1.0 mm EDTA, pH 8.0). The enriched propionylpeptides
were eluted three times with 200 ul of 0.1% trifluoroacetic acid, and
the eluates were pooled. These immunoprecipitation steps were re-
peated twice per biological replicate. The eluted peptides were further
desalted using a Sep-Pak Plus C,4 cartridge and then lyophilized in a
Freezone 4.5 for 3 h. Prior to mass spectrometry, the dried sample
was dissolved in 20 ul of 0.1% formic acid. Two immunoprecipitation
samples were obtained for each biological replicate. In total, six
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immunoprecipitations (i.e. two samples of each of three biological
replicates) from each growth phase were used for propionylpeptide
enrichment (Fig. 1B).

Nano-LC and MS/MS Analyses—Half (10 wl) of each enriched
sample was injected via the autosampler of a Proxeon EASY-nLC
(Bruker Daltonics, Billerica, MA) and subsequently washed with sol-
vent A (0.1% formic acid in water) on an NS-MP-10 BioSphere trap
column (C,g, 5 um, 120 A, 100-um inner diameter, 20-mm length;
Nanoseparations, Nieuwkoop, The Netherlands) at a flow rate of 8
wl/min for 3 min. The peptides were separated at a flow rate of 200
nL/min on an NS-AC-11-C18 BioSphere analytical column (C,g, 5 um,
120 A, 75-pum inner diameter, 150-mm length; Nanoseparations) with
the following gradient: 5% solvent B (0.1% formic acid and acetoni-
trile) for 5 min; 5% to 40% solvent B for 120 min; 40% to 90% solvent
B for 5 min; and 90% solvent B for 40 min. The eluted peptides were
introduced into a micrOTOF-Q Il mass spectrometer (Bruker Dalton-
ics) via electrospray ionization, typically at a capillary voltage of —1.5
kV and a drying gas temperature of 150:°C. MicrOTOF control soft-
ware version 3.0 controlled the MS and MS/MS analyses by auto-
matically switching between MS scanning and MS/MS fragmentation
for the three most abundant ions within the m/z range from 300 to
3000. MS/MS fragmentation of precursor ions by means of collision-
induced dissociation with Ar gas was performed at 20 to 40 eV,
depending on their charge states and m/z values. Each enriched
sample was examined twice via nano-LC and hybrid quadrupole
TOF-MS for identification of peptide propionylation sites.

Data Processing and Mascot Analysis—MS and MS/MS spectral
data obtained in 24 nano-LC-MS/MS runs were analyzed using Data-
Analysis 4.0 SP5 software (Bruker Daltonics). Peak lists, including the
m/z and intensity values of precursor ions, along with those of their
product ions, were generated by means of the Compound-Auto MS(n)
option of the DataAnalysis 4.0 SP5 software. Charge-assigned peaks
after deconvolution and the 50 most abundant non-deconvoluted
peaks above the intensity threshold of 150 from each MS/MS spec-
trum were exported to peak list files. The exported peaks were
queried against a T. thermophilus HB8 database (compiled in-house)
containing 2238 protein sequence entries from GenBank accession
numbers AP008226, AP008227, and AP008228 of the complete ge-
nome sequence; searches were performed using the Mascot search
engine (version 2.4; Matrix Science, London, UK). Propionylated pep-
tides were identified using a mass tolerance of +0.05 Da for precursor
and product ions, and a maximum of two miscleavage sites were
allowed for trypsin. Carbamidomethylation of cysteine residues was
selected as a fixed modification, and propionylation of lysine resi-
dues was selected as a variable modification. Only peptides with
Mascot ion scores in the 99% confidence range (p value < 0.01)
were considered to have been identified. Finally, MS/MS results that
simultaneously matched to amino acid sequences of tryptic peptides
from potentially contaminating rabbit serum and yeast extract were
eliminated. The identification results and MS/MS spectral data
(ProteomeXchange accession PXD000544; PRIDE accession number
31942) were deposited in the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) and PRIDE (www.ebi.ac.uk/
pride/) databases. Because propionylated lysine is not cleaved by
trypsin, putative proprionylation of C-terminal lysines was filtered out.
The false discovery rate was determined by means of a Mascot decoy
database search (supplemental Table S2). To improve confidence in
the results, misidentified propionylpeptides were excluded via manual
inspection.

2-DE Preparation and Image Analysis—Each 300-pg aliquot of
protein sample was precipitated with three volumes of ice-cold ace-
tone, and then the pellets were washed with three volumes of ice-cold
acetone. After drying, the protein pellets were suspended in 250 ul of
rehydration buffer (7 m urea, 2 m thiourea, 30% glycerol, 2% CHAPS,

40 mm DTT, 0.5% IPG buffer, and a trace of bromphenol blue) for IEF.
The first electro-focusing process was carried out using 13-cm Im-
mobiline DryStrips (linear, pH 4-7 and pH 3-10 NL; GE Healthcare,
Piscataway, NJ) on an IPGPhor Il apparatus (GE Healthcare Biosci-
ences). Proteins were adsorbed onto the dry strips, and the strip gels
were rehydrated overnight at 20i°C. The voltage set was as follows:
0.2 kV (6 h), 0.5 kV (1 h), 1.0 kV (1 h), 8.0 kV (gradient 1 h), and 8.0 kV
(up to 20,000 Vh). Prior to the second SDS-PAGE, the focused IPG
strips were equilibrated for 15 min in equilibrating solution (7 m urea,
2.0% SDS, 30% glycerol, and 50 mm Tris-HCI, pH 6.8) containing
1.0% DTT and the same buffer containing 2.5% iodoacetamide.
Second-dimension PAGE was carried out on a 12.5% polyacrylamide
linear gradient gel (13 cm X 15 cm X 1 mm) at a constant voltage of
100 V until the dye had eluted from the bottom of the gel. Protein
spots on the gel were detected by means of CBB G-250 staining. The
ImageMaster 2-D Platinum software package (GE Healthcare Biosci-
ences) and an ImageScanner (GE Healthcare Biosciences) were em-
ployed to digitalize gel images and detect protein spots. The 2-DE
images were acquired at 300 dpi resolution in Melanie format, and the
background of each image was then subtracted.

Validation of Identifications Using Synthetic Propionylpeptides—
Two propionylpeptides, ALFAEKprDGR from TTHA1742 and LLFK-
prDEVR from TTHA1552, were selected for verification of propiony-
lation sites that we identified in this study. These peptides were
synthesized by Hokkaido System Science Co. (Sapporo, Japan). A
2-ul aliquot of 100 pMm synthetic propionylpeptide was injected with an
autosampler and then subjected to nano-LC and micrOTOF-QIl using
the same method and procedure described above. The MS/MS pat-
terns and elution times of the two chemically synthesized propionyl-
peptides were compared with those of the corresponding propionyl-
peptides identified in this study.

In Silico Analysis—Functional annotation was based on the Clus-
ters of Orthologous Groups of Proteins database (www.ncbi.nim.
nih.gov/COG/) (41), with compensation for “function unknown” and
“general function prediction only” using Gene Ontology annotation
(42) and KEGG Orthology (43). Ultimately, definitions of protein
functions were updated based on results from all three of these
annotations.

The normalized amino acid sequence frequency around propiony-
lated lysine residues was analyzed using the iceLogo software (44).
Ten amino acids on the N-terminal and C-terminal sides of propio-
nylated lysine residues were subjected to amino acid sequence con-
text analysis, and the results were plotted as the percent difference (o
value < 0.05).

RESULTS

Identification of Propionylation Sites in T. thermophilus
HB8 —To identify lysine propionylation sites in T. thermophi-
lus, we used an anti-propionyllysine polyclonal antibody to
enrich propionylated peptides. We designed the experiment
as follows: three biological replicates were generated for each
growth stage; two affinity enrichments of propionylpeptides
were performed for each replicate, and two nano-LC-MS/MS
runs were performed for each affinity-enriched sample (Fig.
1B; detailed description in “Experimental Procedures”). From
the data obtained, we identified hundreds of propionylated
peptides from three biological replicates of T. thermophilus
HB8 cells in mid-exponential and late stationary phases (p
value < 0.01) (Fig. 1C). To evaluate the enrichment efficiency,
we also performed mass spectrometric analyses of non-en-
riched peptides (data not shown) and then compared the
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identified unique propionylpeptides with the affinity-enriched
ones. In late stationary phase, no propionylpeptides were
detected among 651 unique peptides in the non-enriched
samples. By contrast, 366 propionylated and 123 non-pro-
pionylated peptides were uniquely identified in the enriched
samples. In mid-exponential phase, we identified no propio-
nylated peptides among 404 unique peptides in the non-
enriched samples, whereas 127 propionylated and 186 non-
propionylated peptides were identified in the affinity-enriched
samples. These results indicated that the enrichment proce-
dure using the anti-propionyllysine antibody was highly effi-
cient. After elimination of overlapping propionylation sites in
each growth phase, we manually removed unclear and mis-
identified results. Overall, we identified a total of 361 unique
propionylation sites in 183 proteins in the mid-exponential
and late stationary phases (Table | and supplemental Table
S1). In mid-exponential phase, we detected 121 propionyla-
tion sites in 80 proteins, and in late stationary phrase, we
identified 323 lysine propionylations in 163 proteins (Fig. 1C).
In mid-exponential phase, 36.4% (44/121) of the lysine pro-
pionylations were detected in all three biological replicates,
and 58.7% (71/121) of the propionylations were identified at
least twice (Fig. 1C). In the late stationary phase, 53.9%
(174/323) of the lysine propionylations were identified in the
three replicates, and 74.0% (239/323) of the propionylation
sites were identified at least twice. The MS/MS results and
false discovery rates are summarized in supplemental Fig. S1
and supplemental Table S2, respectively.

Validation of Propionylation Sites with Chemically Synthe-
sized Peptides —Because each peptide exhibited a composi-
tion-specific MS/MS spectrum and elution time on C,g re-
verse phase nano-LC, comparison of the MS/MS spectral
patterns and elution times of identified propionylpeptides and
the corresponding synthetic peptides allowed us to validate
the newly identified PTMs (5, 10, 25). Thus, we attempted to
validate the lysine propionylations (+56.026215-Da mass
shift) using chemically synthesized propionylpeptides. Fig. 2
shows the similarities in elution times and MS/MS spectra
between a propionylpeptide identified in this study, ALFAEK-
prDGR (m/z 531.782, +2) from TTHA1742, and the corre-
sponding synthetic peptide. This finding strongly supports our
identification of this lysine residue of TTHA1742 as a propio-
nylation site. Additionally, we verified the propionylation of
another peptide, LLFKprDEVR (m/z 538.311, +2) from
TTHA1552, by comparing its nano-LC elution time and
MS/MS spectral pattern with those of the corresponding syn-
thetic peptide (supplemental Fig. S2).

Functional Classification of Propionylated Proteins—To de-
termine which cellular functions were influenced by lysine
propionylations, we assessed the functions of the proteins in
which we had identified propionylation sites. We assigned a
functional group to each propionylprotein using information
from Clusters of Orthologous Groups, Gene Ontology anno-
tation, and KEGG Orthology. From this analysis, we identified
10 distinct functional classes (Fig. 3A and Table I). Our func-
tional classification revealed that 58.7% of propionylproteins
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Propionylation in T. thermophilus HB8
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belonged to the “metabolism” class. Further subcategoriza-
tion of the “metabolism” class into nine subclasses revealed
that the “energy production and conversion” subclass was
the largest group (32 proteins), followed by the “coenzyme,”
“carbohydrate,” “amino acid,” and “lipid transport and me-
tabolism” subclasses (15, 14, 14, and 13 proteins, respec-
tively) (Fig. 3B). The “energy production and conversion” class
included highly propionylated enzymes such as isocitrate de-
hydrogenase (11 sites), pyruvate dehydrogenase complex (15
sites), 2-oxoisovalerate dehydrogenase complex (10 sites),
and succinyl-CoA synthetase complex (10 sites). The “carbo-
hydrate transport and metabolism” subclass also included a
highly propionylated enzyme, glyceraldehyde 3-phosphate
dehydrogenase (eight sites). These multiply propionylated
proteins are involved in central metabolism. Overall, our anal-
yses revealed that a total of 24 enzymes in the central me-
tabolism pathways (glycolysis/gluconeogenesis and citric
acid cycle) were propionylated (supplemental Fig. S3).

The “translation” class was the second largest group, in-
cluding a total of 33 proteins: 13 ribosomal proteins, 9 ami-
noacyl-tRNA synthetases, 4 translation elongation factors, 2
peptide release factors, 1 ribosome recycling factor, and 1
translation initiation factor. The third largest class, “post-
translational modification, protein turnover, chaperones,”
contained 18 proteins, which were further categorized into
two subclasses, “protein refolding” (7 proteins) and “stress
response” (11 proteins). These classes included highly pro-
pionylated proteins such as GroEL, which has the largest
number of propionylation sites (19 sites); ClpB (7 sites); and
the SufCD proteins (total of 11 sites).

It was possible that the large numbers of propionylproteins
belonging to the “metabolism” class, as well as the relatively
large numbers of propionylation sites in individual members of
this class, might have been a consequence of protein abun-
dance. To test this idea, we investigated the abundance of the
propionylated proteins using 2-DE reference maps of protein
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FiG. 3. Functional classification of propionylproteins and the amino acid sequence context around propionylated lysine. A, distribu-
tions of the functional classes of 184 propionylproteins. B, distributions of functional subclasses of 108 propionylproteins in the “metabolism”
class. C, the frequency of amino acid residues around propionylated lysines (p value = 0.05).

abundance in T. thermophilus, compiled in a previous study
by our group (39). This analysis revealed, however, that 16 of
the 41 most abundant proteins were not propionylated (sup-
plemental Table S5), suggesting that protein abundance does
not contribute to propionylation.

Local Sequence Context around Propionylation Sites—To
determine whether lysine propionylation tends to occur near
specific amino acids, we investigated the amino acid se-
quence frequencies of the 10 residues on either side of pro-
pionylated lysines (Fig. 3C). Negatively charged amino acids,
mainly glutamic acid, tended to be distributed near propiony-
lated lysines. In particular, the +1 position was preferentially
occupied by either glutamic acid or aspartic acid, whereas the
—1 position exhibited no such preference. This is reminiscent
of our previous observation that acidic amino acids frequently

occur near acetylation sites in T. thermophilus (22). Basic
amino acids, typically lysine, were relatively more abundant in
the general vicinity of propionylation sites (i.e. from the —10 to
+10 positions) than acidic amino acids. In addition, propio-
nylation was less common near hydrophobic amino acids,
particularly leucine. However, this preference was sensitive to
position: the +1 position robustly rejected leucine, whereas
the —1 position actually favored leucine.

Comparison of Lysine Propionylation between the Mid-ex-
ponential and Late Stationary Phases—We observed a signif-
icant increase in propionylation in late stationary phase (Fig.
1C). Therefore, we investigated whether the number of pro-
pionylation sites differed between the mid-exponential and
late stationary phases, as well as how many propionylation
sites overlapped between the two phases (Fig. 4). As shown in
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\
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Fic. 4. Comparison of propionylation sites between mid-expo-
nential and late stationary phases. The numbers of identified pro-
pionylproteins (n = 2) in each growth phase are shown in the upper
Venn diagram, and the numbers of propionylation sites (n = 2) are
shown in the left Venn diagram. The numbers of propionylation sites
on 40 proteins that were propionylated in both growth phases are
shown in the right Venn diagram.

Propionylation sites
in 40 propionylproteins detected in
both growth phases

LS (n22) 0 ML (n22)

supplemental Fig. S4, Western blot analysis using anti-pro-
pionyllysine polyclonal antibody demonstrated that the level
of propionylation increased in late stationary phase. For fur-
ther comparative analysis of the two phases, we focused on
propionylation sites identified at least twice in three different
biological samples (Fig. 1B). Of these, 71 unique propionyla-
tion sites in 52 proteins were identified in mid-exponential
phase, and 239 propionylation sites in 130 proteins were
detected in late stationary phase (Fig. 4). Thus, the numbers of
propionylation sites and propionylated proteins increased
3.3-fold and 2.5-fold, respectively, in late stationary phase
relative to mid-exponential phase. Comparison of propiony-
lation sites between the two growth phases revealed that 24
sites in 12 proteins were specific to mid-exponential phase,
and 192 sites in 90 proteins were specific to late stationary
phase. Thus, 47 propionylation sites in 40 proteins overlapped
between the two growth phases (Fig. 4).

To rule out the possibility that elevated protein expression
resulted in the greater number of propionylation sites in sta-
tionary phase, we compared the expression levels of propio-
nylated proteins between mid-exponential and late stationary
phases via 2-DE analysis of whole-cell lysates. For many
propionylated proteins that were frequently propionylated in
stationary phase, the expression levels did not significantly
differ in exponential phase (Fig. 5 and supplemental Fig. S5).
For instance, two propionylation sites in TTHA1028, a thiosul-
furtransferase, were detected only in mid-exponential phase,
and not in late stationary phase, even though the expression
of TTHA1028 was increased about 2-fold in stationary phase.
Propionylation of TTHA0593, a probable thiol-disulfide/thiore-
doxin, was not elevated in late stationary phase, even though
the expression level increased dramatically (over 2.5-fold)
(supplemental Fig. S5). Moreover, we compared propionyla-
tion sites in 40 proteins that were identified in both mid-
exponential and late stationary phases (supplemental Table

S1). A total of 122 propionylation sites in these 40 proteins
were detected in both phases (Fig. 4); among these, 47
(38.5%) overlapped between the two phases. Remarkably, 65
propionylation sites were detected uniquely in late stationary
phase, whereas 10 propionylation sites were unique to mid-
exponential phase. Thus, the expression level of a protein
might not contribute to its propionylation. The growth-phase-
dependent differences in propionylation sites suggest that
propionylation plays a biologically significant role in the
growth of T. thermophilus.

Comparative Analysis of Functional Classes of Propiony-
lated Proteins between Two Growth Phases—Because we
observed differences in protein propionylation between mid-
exponential and late stationary phases, we sought to deter-
mine which biological processes are influenced by propiony-
lation in a growth-phase-dependent manner (Fig. 6). In this
analysis, we categorized the propionylproteins identified in
each phase into 10 functional classes, and further categorized
the “metabolism” class into nine subclasses, in the manner
described above. Even though the percentage of proteins in
the “translation” class dramatically decreased in late station-
ary phase, the absolute number did not change meaningfully
(12 proteins in the mid-exponential phase versus 14 proteins
in the late stationary phase) (Fig. 6A). By contrast, both the
number and the percentage of identified proteins in the “me-
tabolism” class significantly increased in late stationary phase
(87 proteins, 69.6%) relative to mid-exponential phase (29
proteins, 55.7%) (Fig. 6A). Additionally, in the “metabolism”
subclasses, the level of propionylation in late stationary phase
increased globally (Fig. 6A). However, the proportions of most
subclasses did not change between the two growth phases,
with two exceptions: “amino acid transport and metabolism,”
which increased from 10.3% to 17.2% between mid-expo-
nential and late stationary phase, and “lipid transport and
metabolism,” which decreased from 20.7% to 12.6%. (Fig.
6B). The subclass “post-translational modification, protein
turnover, chaperones” was also larger in late stationary phase
(15 proteins) than in mid-exponential phase (7 proteins) (Fig.
6A). The number of propionylation sites in proteins of the
“metabolism” and “post-translational modification, protein
turnover, chaperones” classes also increased dramatically in
late stationary phase (supplemental Table S3). By contrast,
the number of propionylation sites in the “translation” class
was hardly affected by growth phase.

Comparative analysis of the amino acid sequence context
near propionylated lysine residues between the two growth
phases revealed that the relative frequency of lysine in the
vicinity of propionylation sites (i.e. from the —10 to the +10
position) was elevated in stationary phase, whereas the fre-
quency of acidic amino acids did not change significantly (Fig.
6C). Additionally, hydrophobic amino acids, especially leu-
cine, were relatively less abundant near propionylation sites in
late stationary phase (Fig. 6C).
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Fic. 5. Comparative analyses of the expression levels of representative propionylated proteins between exponential and stationary
phase. Two replicates for each growth phase were prepared. A reference gel image of mid-exponential phase of T. thermophilus, which
reported spot numbers and identification results from our previous study (36), was used for comparative analysis as one of the exponential
phase images in this study. Full images of 2-DE gels (pl 4 to 7, 13 cm) and each spot number are shown in supplemental Fig. S5. The left side
shows the three-dimensional spot image, and the right side shows the magnified two-dimensional spot image of each propionylated protein
on 2-DE gels. Red arrows indicate spots corresponding to target proteins. The number of identified propionylation sites in each propionyl-
protein is given in parentheses. The black number indicates the total number of identified propionylation sites (n = 1) in both growth phases.
The blue and red numbers indicate propionylation sites identified in mid-exponential and late stationary phase, respectively. The changes of
theoretical pl values are presented in the upper 2-DE images. ME and LS indicate mid-exponential and late stationary phase, respectively. The
spot numbers of specific proteins on the 2-DE reference gel are as follows: TTHA0161, Spot No. 3; TTHA0543, Spot No. 46; TTHA1028, Spot
Nos. 180 and 181; TTHA1535, Spot No. 47; TTHA1838, Spot No. 150; TTHA1839, Spot Nos. 24 and 25; TTHA1840, Spot Nos. 60 and 61.

DISCUSSION

Lysine propionylation, a post-translational acylation, has
been previously observed on several proteins, including pro-
pionyl-CoA synthetase in bacteria and histones in eukaryotes
(27-32). In an earlier study, we analyzed the acetylome of T.
thermophilus using an immunoprecipitation method and iden-
tified 197 lysine acetylation sites in 127 proteins (22). Given
the similarity of the chemical structures of acetylated and
propionylated lysine residues, it is reasonable to assume that
the same strategy used to identify acetylpeptides could be
applied to propionylpeptides (Fig. 1A). Through Western blot
analysis using an anti-propionyllysine antibody developed by
our group, we found that propionylation occurred in T. ther-
mophilus, and that the levels of this modification increased in
stationary phase (supplemental Fig. S4). By means of affinity
enrichment using this antibody, we identified 361 propionyla-
tion sites in 183 proteins, indicating that lysine propionylation

is one of the most prevalent PTMs in T. thermophilus, com-
parable to acetylation and phosphorylation (33, 45).

Next, we showed that lysine propionylation mainly occurred
on proteins associated with the “metabolism” functional class
(Fig. 3A). In this class, “energy production and conversion”
was the largest subclass (Fig. 3B). These results suggest that
lysine propionylation may regulate metabolism. A deep rela-
tionship between lysine acetylation and metabolism has been
proposed in various eukaryotes and bacteria (6, 20, 21, 46,
47). The similarity between lysine acetylation and propionyla-
tion suggests that these two types of acylation may control
the activities of metabolic enzymes; however, the specific role
of each acylation remains unclear.

In our analyses, we carefully considered the possibility that
protein abundance might influence the rate of propionylation
of many metabolic enzymes. Indeed, many of the propionyl-
proteins in the “metabolism” class are included in the protein

2394

Molecular & Cellular Proteomics 13.9


http://www.mcponline.org/cgi/content/full/M113.035659/DC1
http://www.mcponline.org/cgi/content/full/M113.035659/DC1

Propionylation in T. thermophilus HB8

Mid-exponential phase

A Intracellular trafficking and
secretion (1)

Replication, recombination
and repair (1)
', Metabolism (29)

B Energy production and conversion 10

Cell cycle control, mitosis and meiosis (1)

Cell wall/membrane biogenesis (0)

Translabon (12)

Amino acid transport and metabolism F—————— 3
Carbohydrate transport and metabolism H—" 2
Coenzyme transport and metabolism Fmm—— 3

Lipid transport and ism 6

Nucleotide transport and lism 4

Inorganic ion transport and metabolism B 1

Secondary metabolites biosynthesis,
transport and catabolism

General function prediction only

0 2 4 6 8 10 12
C 33.0 E
R D

16.5

9 | YEE IEL I‘$D|\E((;:; R (

Solk k LANKETD)! kEQX®w KY

25 [oleTal7lelsTalal 2 4Tkl 1213 4T s 67 aloTmn]

STRETRTRT RO

165 |_

-33.0

Late-stationary phase

Intracellular trafficking and

secretion (1)

Replication, recombination
and repair (2)

Cell cycle control, mitosis and meiosis (0)

Cell wall/membrane biogenesis (1)

Post-translational

modification, protein V

turnover, chaperones (15)
Translation (14) Metabolism (87)

Energy production and conversion 28

Amino acid transport and ism 15

Carbohydrate transport and metabolism FE————8 O
Coenzyme transport and metabolism FE———— 8
Lipid transport and metabolism F————— 11
Nucleotide transport and metabolism H—————— 7

Inorganic ion transport and metabolism m— 4

Secondary metabolites biosynthesis,
transport and catabolism — 3

General function prediction only W 2

0 5 10 15 20 25 30

33.0

KL E
16.5 G K ERK DP E
o E: K E
K B KKikUE KéggaKTKﬁK
gg -:gl-el-;l-ﬂ-sjgl-u-ﬂ-él1|er||1:’|él\e(lél'gl§JL!sI9I1oI
2p pL LRYVA GA |_L LPEE
a8 L L I_R
-33.0

FiG. 6. Functional classification of propionylproteins and the amino acid sequence context around propionylated lysines in mid-
exponential and late stationary phases. Propionylation sites that were detected at least twice in biological triplicates were counted for these
analyses. A, distributions of functional classes of propionylproteins. B, distributions of functional subclasses of propionylproteins in the
“metabolism” class. C, the frequency of amino acid residues around propionylated lysines (o value = 0.05).

abundance list presented in our previous report (39). How-
ever, 16 of the 41 most abundant proteins were not propio-
nylated, supporting the idea that specific mechanisms
regulate the propionylation levels of metabolic enzymes (sup-
plemental Table S5). Furthermore, Fig. 5 and supplemental
Fig. S5 show that the greater number of propionylation sites in
late stationary phase relative to mid-exponential phase was
not associated with an increase in protein expression (i.e. the
rate of propionylation was not correlated with protein levels).

Among the 361 propionylation sites we identified in 183
proteins, 121 sites in 80 proteins were detected in mid-expo-
nential phase, and 323 sites in 163 proteins were detected in
late stationary phase (Fig. 1B). To elucidate the significance of
the dependence of propionylation on the growth phase, we
performed a comparative analysis of propionylproteins be-
tween mid-exponential and late stationary phases (Fig. 6). In
stationary phase, metabolism-related proteins were highly
propionylated, but the number of translation-related proteins
did not significantly change (Fig. 6A). The finding that 61.5%
of propionylations were growth-stage-specific also excludes
the possibility that the greater number of propionylation sites
on metabolic enzymes in stationary phase was a conse-

quence of protein abundance. These results provide further
support for the idea that lysine propionylation is regulated by
specific mechanisms that depend on growth stage. Addition-
ally, amino acid sequence context analysis revealed growth-
phase-specific differences, such as the relative enrichment of
basic amino acids and the relative depletion of leucine, in late
stationary versus mid-exponential phase (Fig. 6C). Because
the amino acid sequence context around modified sites re-
flects the substrate specificity of the enzymes that catalyze
the modifications, these differences in sequence context be-
tween the two growth phases suggest that propionylation is
regulated by enzymes that are expressed in a growth-phase-
dependent manner.

Recent studies have proposed that non-enzymatic acyla-
tion may occur as a PTM in E. coli, yeast, mouse liver, and
several human cell lines (11, 12, 48). In particular, these re-
ports argued that non-enzymatic acylation by acyl donors
such as acetylphosphate, acetyl-CoA, and succinyl-CoA oc-
curs frequently in cellular proteins, and that acylation levels
depend on the concentrations of these metabolites. Because
the properties of these donors are similar to those of acetyl-
CoA and acetylphosphate, propionylation is also predicted to
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Propionylated and/or acetylated proteins
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total 223 acylated proteins /
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% Propionylation and acetylation sites in
N 67 both acetylated and propionylated proteins

Propionylation Acetylation

Fic. 7. Comparison of propionylation and acetylation sites in T. thermophilus. The numbers of identified propionylproteins and
acetylproteins are shown in the upper Venn diagram, and the numbers of modification sites are shown the left Venn diagram. The numbers of
propionylation and acetylation sites in 47 acetylproprionylproteins are shown in the right Venn diagram.

occur non-enzymatically; if the same principle holds true,
propionyl-CoA and propionylphosphate would be candidate
acyl donors. A previous study on non-enzymatic acylation on
proteins revealed that over 50% of succinylation sites are also
acetylated in E. coli, yeast, and mouse liver cells, suggesting
that most of the accessible lysine residues might be targeted
by succinylation (12).

In this study, we compared the propionylation sites with the
previously reported acetylation sites of T. thermophilus (22).
Specifically, we compared 197 acetylation sites in 127 pro-
teins identified in late stationary phase with 323 propionyla-
tion sites in 163 proteins in the same growth phase. The
relatively high frequency of acidic amino acids near propio-
nylation sites was similar to the distribution of these residues
near acetylation sites. However, whereas glutamic acid was
often present at the —1 position of acetylation sites, this
position was much more likely to be occupied by leucine and
lysine adjacent to a propionylation site. Moreover, the distri-
bution of basic amino acids, especially lysine, near propiony-
lation sites was distinct from the distribution near acetylation
sites. The differences in amino acid frequencies in the vicini-
ties of propionylation and acetylation sites supports the idea
that these modifications are regulated by distinct machineries
and play different biological roles in T. thermophilus. We also
found that only 19.5% (63/323) of the propionylation sites and
35% (63/197) of the acetylation sites overlapped (Fig. 7 and
supplemental Table S4). The overlap between propionylation
and acetylation in T. thermophilus is much smaller than that
between succinylation and acetylation in E. coli, yeast, and
mouse liver cells (12). Furthermore, we investigated 67 pro-
teins that were both acetylated and propionylated (acetylpro-
pionylproteins) and found that 63% (108/171) of the propio-
nylation sites and 51% (65/128) of the acetylation sites from
these acetylpropionylproteins did not overlap (Fig. 7). There-
fore, it is likely that the majority of these two types of acyla-

tions are regulated separately, consistent with the idea that
lysine propionylation and acetylation mediate different
functions.

We propose two possible mechanisms for the distinct reg-
ulation of these modifications. First, lysine propionylation and
acetylation may be catalyzed by different acyltransferases.
Second, even though acylations can occur non-enzymatically,
the modification levels of propionylation and acetylation may
be individually regulated by distinct sets of deacylases. Re-
cently, Cheng et al. reported that Tip60, a histone acetyltrans-
ferase, exhibits different activities toward acetyl-CoA and pro-
pionyl-CoA when using these compounds as acyl donors to
modify p53 (28). Feldman and colleagues reported differences
in the catalytic activities of sirtuins (SIRT1 through SIRT6),
NAD™-dependent protein deacetylases, toward 13 types of
acyllysine residues (38). These studies support our hypothesis
that distinct sets of acyltransferases and/or deacylases reg-
ulate acetylation and propionylation. In fact, we found three
possible deacylases (TTHA1392, Sirt2 family; TTHA0475,
AcuC; TTHAQ0052, histone deacetylase homolog) in the com-
plete genome sequence of T. thermophilus HB8. We specu-
late that these three deacylases have different substrate
specificities. Therefore, we hypothesize that the regulation of
different types of deacylation via distinct mechanisms re-
sults in the prevalence of propionylation over acetylation in
T. thermophilus.

Although the overlap between propionylation and acetyla-
tion sites is consistent with the idea of a non-enzymatic re-
action, we should note that some of these modifications could
be catalyzed by the same enzymes. Notably, we found that
eight propionylation sites overlapped with acetylation sites
that were previously reported to be critical for protein func-
tions such as Schiff-base formation, ligand binding, and nu-
cleic-acid binding (supplemental Table S4). Given that some
of the enzymes that catalyze reactions involving acyl groups,
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such as acyl-CoA synthetases (49) and acetate kinase (50),
recognize different lengths or types of acyl chains, it is con-
ceivable that acyltransferases and deacylases with broad
substrate specificities catalyze the two types of acylation and
thereby regulate enzymatic activities.

In the past few years, several new types of lysine acylation
have been reported. However, except for acetylation and
succinylation, the distributions of other types of acylation
remain poorly characterized. In this study, we showed that
propionylation is a prevalent PTM and that it occurs in a large
set of metabolic enzymes in a growth-phase-dependent man-
ner, indicating that propionylation may control metabolism.
The existence of growth-phase-specific propionylation sites,
as well as the low degree of overlap between acetylation and
propionylation sites, suggests that specific mechanisms reg-
ulate propionylation and acetylation and that the majority of
the two modifications are catalyzed separately. Moreover, the
small number of propionylation and acetylation sites that do
overlap (19.5%) includes eight sites critical for protein func-
tions, indicating that acetylation and propionylation play im-
portant roles in cells and may be regulated by enzymes with
broad substrate specificities.
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