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Abstract

N®-trimethyllysine (TML) is a non-protein amino acid which takes part in the biosynthesis of carnitine. In mammals, the
breakdown of endogenous proteins containing TML residues is recognized as starting point for the carnitine biosynthesis.
Here, we document that one of the main sources of TML could be the vegetables which represent an important part of daiéy
alimentation for most mammals. A HPLC-ESI-MS/MS method, which we previously developed for the analysis of N™-
methylarginines, was utilized to quantitate TML in numerous vegetables. We report that TML, believed to be rather rare in
plants as free amino acid, is, instead, ubiquitous in them and at not negligible levels. The occurrence of TML has been also
confirmed in some vegetables by a HPLC method with fluorescence detection. Our results establish that TML can be
introduced as free amino acid in conspicuous amounts from vegetables. The current opinion is that mammals utilize the
breakdown of their endogenous proteins containing TML residues as starting point for carnitine biosynthesis. However, our
finding raises the question of whether a tortuous and energy expensive route as the one of TML formation from the
breakdown of endogenous proteins is really preferred when the substance is so easily available in vegetable foods. On the
basis of this result, it must be taken into account that in mammals TML might be mainly introduced by diet. However, when
the alimentary intake becomes insufficient, as during starvation, it might be supplied by endogenous protein breakdown.
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Introduction Since then, neither other reports in the scientific literature
describing a similar enzyme in some other organism nor more
information on the Neurospora crassa enzyme nor its cloning has
appeared.

To date, the generally accepted view is that the metabolic
source of TML is the hydrolysis of proteins which contain TML as
a post-translational modification of some lysine residues. It is well
known, in fact, that in mammals proteins such as calmodulin,

NP-trimethyllysine (TML) is a non-protein amino acid which
has an important role as metabolic intermediate being recognized
as the precursor of carnitine, a metabolite essential for the fatty
acid transport and utilization in mitochondria. Carnitine is
biosynthesized through a sequence of four enzyme catalyzed
reactions. In the first reaction, catalyzed by the N*-trimethyllysine
hydroxylase, TML is converted into 3-hydroxy-TML (HTML).
Then, a specific aldolase cleaves HI'ML into glycine and 4-N-
trimethylaminobutyraldehyde, which is successively oxidized to 4-
N-trimethylaminobutyrate. Finally, the hydroxylation of the 4-N-
trimethylaminobutyrate produces 3-hydroxy-4-N-trimethylamino-
butyrate, which is better known as carnitine [1]. In some animals,
especially carnivores, carnitine is largely introduced with the diet
and a recent study, which stimulated a considerable debate in the
scientific community, suggested the possibility that the intestinal
metabolism of exogenous carnitine could promote atherosclerosis
in humans [2]. However, it is recognized that mammals synthesize
carnitine endogenously and, to date, no biosynthetic route
alternative to that reported above is known. The biosynthesis of
TML has been a puzzling biochemical problem for long time. In
fact, attempts aimed to demonstrate in higher organisms its
formation from lysine methylation have been unsuccessful so far.
Actually, the presence of an enzyme which methylates lysine by
using S-adenosylmethionine as a methyl donor and forming N*-
trimethyllysine was reported only in the mould Neurospora crassa 3].

histones, cytochrome c, and myosin contain TML residues [4,5].
Therefore, it is conceivable that free TML may be released in the
course of the protein turnover and, then, utilized for carnitine
production, although a direct evidence of this formation route has
never been reported. Indeed, only experiments, conducted on
exogenous proteins, chemically radiolabeled in vitro by the
incorporation of [*H]methyl groups into lysine residues and then
perfused into animal livers, showed that free TML was released
[6-8]. On the other hand, it would have been difficult to imagine
another origin for TML, as this amino acid is believed to be rather
rare in its free form. Actually, in the natural world, besides
animals, there are few other sources known to contain free TML.
As matter of fact, the occurrence at fair level of TML, as a free
amino acid, has been reported in seaweeds, especially those of the
Laminaria genus. For this reason, TML has also the trivial name
of laminine [9,10].

Recently, we showed for the first time the occurrence of [\
methylated derivatives of arginine in the most important
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vegetables utilized for human nutrition [11]. Intriguingly, also
these compounds are believed to be formed in human organism by
degradation of proteins containing N%methylated arginine
residues arising from post-translational modifications [12]. In the
course of this study, we developed a rapid HPLC method to
separate, before quantification by ESI-MS/MS, N%methylargi-
nines in short times without need of derivatization. During the
analysis of numerous extracts of vegetables important in human
nutrition, we invariably noticed in the chromatogram the presence
of a peak much more retained and intense than those of arginine
N%methylated derivatives. Here, we report the identification of
this peak and show that it corresponds to TML, which, therefore,
appears to be ubiquitous, not at negligible levels, in all the vegetal
species examined.

Materials and Methods

Reagents

NE-trimethyllysine, N%-monomethylarginine, homoarginine,
formic acid, ammonium formate, and the 0.1% solution of formic
acid in water used for the LC-ESI-MS analyses were from Sigma-
Aldrich (Milan, Italy). The standard mixture of L-amino acids,
containing Ala, Arg, Asp, Glu, His, Ileu, Leu, Lys, Met, Phe, Pro,
Ser, Thr, Tyr, Val, and Cys at 2.5 mM concentration in 0.01 M
HCI, was from Pierce. AccQ FLuor reagent was from Waters
(Milan, Italy). Milli-Q water was used for all the preparations of
solutions and standards.

Vegetable sources

Fruits, leafy vegetables, potato (tuber), flours of Gramineae and
Leguminosae were purchased in various local supermarkets. Four
different lots of 1 kg of each vegetal source were analyzed at
various times. Samples of alfalfa (Medicago sativa) and nettle (Urtica
dioica) plants were supplied by the city botanical gardens. All
vegetables used are reported in Table 1.

Sample preparations for TML determinations by LC-ESI-
MS/MS

Citrus fruit juices were prepared by hand squeezing the fruits.
Juices were previously centrifuged at 12000x g for 15 min and
then the supernatants were diluted 1:1 with a 0.2% solution of
formic acid in water. As for flours and leafy vegetables, the samples
were homogenized in a mixer with formic acid 0.2% v/v in 1:3
(w/w) ratio, whereas, for fruits, the edible part (200 g) was
homogenized in a mixer with formic acid 0.2% v/v in 1:1 (w/w)
ratio. The homogenates were kept for 2 h under constant agitation
and then centrifuged at 18000x g for 30 min at 4°C. The
supernatants were finally frozen and kept at —20°C until used for
analytical determinations.

Determination of TML by LC with ESI-MS/MS detection
The LC-ESI-MS analyses were performed with HPLC Agilent
1100 series equipped with on line degasser and automatic injector
coupled on-line with an Agilent LC-MSD SL quadrupole ion trap.
The MS acquisition was performed by ESI in positive ion mode
with nitrogen as the nebulising and drying gas under the following
conditions: nebulizer pressure, 30 psi; drying temperature, 350°C;
drying gas, 7 L/min. The Ion Charge Control (ICC) was applied
with target set at 30000 and maximum accumulation time at
20 ms. The measurements were performed from the peak area of
the Extracted Ion Chromatogram (EIC). The quantification was
achieved by comparison with the calibration curves obtained with
standard solutions. The standard stock solution of TML was
prepared at a concentration of 200 mg/L and additional
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Table 1. N*trimethyllysine (TML) content in some vegetables
estimated by LC-ESI-MS/MS.

Samples TML ranges (mg/Kg)

Leguminosae flours

Soy 1-2
Broad bean 1-3
Chickpea 2-5
Gramineae flours
Wheat 0.5-4
Maize 0.5-1
Rye 0.5-3
Solanaceae
Sweet pepper berry 8-18
Tomato berry 0.8-2.5
Potato tuber 1-4
Leaf vegetables
Lettuce 0.1-1
Spinach 0.5-2
Chicory 0.5-1
Nettle 0.5-2
Alfalfa 2-10
Fruits
Kiwi 0.2-0.9
Banana 0.4-1.1
Apple 0.1-0.2
Pear 0.1-0.2
Fruit Juices
Grapefruit 0.4-0.9
Lemon 0.1-0.6
Mandarin 0.1-0.4
Bergamot 0.4-0.8
Orange 0.4-0.7
Pineapple 0.5-0.9
Grape 0.5-0.9

Ranges were obtained by analyzing four lots of each sample in duplicate.
doi:10.1371/journal.pone.0084589.t001

calibration levels (25, 5, 2, 1 and 0.1 mg/L) were prepared by
serial dilution with water containing 0.1% formic acid and stored
at 4°C. The calibration curve was built using these standard
solutions. The response of the MS/MS detection follows a linear
calibration curve between 0.1 and 25 mg/L with a correlation
coefficient of 0.99. The optimization of the instrumental param-
eters for the analyses of TML was performed by continuous
infusion of 5 uM standard solution in 0.1% formic acid. The mass
cut-off and the fragmentation amplitude were optimised in order
to obtain the most efficient MS/MS transitions from the positively
charged precursor ion [M+H"] to the fragment ions. The more
intense 189.2—130 MS/MS transition was used for TML
quantification. The 189.2—84 and m/z 189.2—60 MS/MS
transitions were utilized to confirm TML identification. Succes-
sively, volumes of 10-20 uL of standard solutions or samples were
analyzed by HPLC-ESI-MS/MS by using the silica column
Supelcosil ™ LC-Si 3.3 cmx4.6 mm i.d., 3 um particle size. The
elution was performed isocratically at a flow rate of 100 pL/min
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by utilizing 75% of Sol. A (0.1% formic acid in water) and 25% of
Sol. B (100 mM ammonium formate in water titrated to pH 4.5
with formic acid).

The retention times and peak areas of the monitored fragment
ions were determined by the Agilent software Chemstation version
4.2. Recovery of TML from the various matrices was determined
by analyzing portions (10 g) of homogenized samples. Portions
were spiked with a know amount of TML in formic acid 0.1%.
The standard solutions added to the samples were 2 umol/L.
Samples of the same homogenized matrix without the addition of
TML were also analyzed. The recovery of TML was obtained
separately. Percentage recoveries were based on the difference
between the total amount in the spiked samples versus that in the
unspiked samples. Reproducibility was assesses by the determina-
tion of recovery of six individual samples. The limit of detection of
TML was assessed by utilizing only the standard solutions in
formic acid 0.1%. The limit of detection was determined as the
concentration of TML which gave a peak height three times that
of the background noise.

Determination of TML and amino acids by LC with
fluorescence detection

TML quantification in the samples was also performed by
reverse-phase HPLC employing a Waters instrument mod. 2690
equipped with the fluorescence detector mod. 474. The juice or
extract samples of about 10 mL were centrifuged at 12000 g at
4°C for 10 min. Then, 5 mL of supernatant was filtered and
loaded on a column (5x1 cm) filled with Bio-Rad AG 50WX8-
(H™) resin. After loading, the column was washed with five volumes
of Milli-Q) water and, then, the amino acids were one-step eluted
with 10 mL of 15% ammonia solution in water. In order to
exhaustively remove ammonia which heavily interfered with TML
determination, after drying the eluate in a rotavapor, the residue
was dissolved in 2 mL of NaOH 0.01 M in water and then
vacuum dried again. The residue was finally dissolved in 2 mL of
0.01 M HCI in water and the solution filtered through a 0.45 um
filter. The derivatization of TML in the samples was accomplished
with AccQ (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate),
which is usually employed in the quality control of fruit juices for
the determination of the free amino acids by HPLC with
fluorescence detection [13]. AccQ-NP-trimethyllysine was fluor-
imetrically detected by excitation at 350 nm and emission at
395 nm. AccQ-N®-trimethyllysine was identified on the basis of
the retention time and quantified by comparison of the sample
peak area with the calibration curve.

Results

Determination of TML in vegetable sources

The quantification of TML in the vegetal matrices was
performed by the same chromatographic procedure that was
advantageously employed to analyze N%methylated arginine
derivatives in vegetables [11]. This procedure has proven to be
suitable for polar substance analysis with ESI-MS/MS detection
and does not require sample derivatization. The chromatography
was performed with a short silica column (Supelcosil™ LC-Si),
employing isocratic elution conditions. When analyzing the
content of methylarginines in vegetables, multiple reaction
monitoring was used for the analyte quantification. The transition
utilized for N®-monomethylarginine (NMMA) MS? quantification
was 189.2—74. Incidentally, the m/z of protonated TML is 189.2
too. In all vegetable samples, this lucky coincidence allowed the
observation of an intense peak in the total ion chromatogram
(TIC), emerging at a retention time (r.t.) of about 15 min, much
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more retained than that of NMMA. As an example, the MS? total
ion chromatogram (TIC) by isolating at m/z 189.2 from a sample
of sweet pepper berry extract is reported (Figure 1, panel A). The
MS? fragmentation pattern of the peak at r.t. 15 min (Figure 1,
panel A) shows only three fragments at m/z 130, 84, 60 (Figure 1
panel C) which are typical of N°-trimethyllysine MS? fragmenta-
tion [14], as also confirmed by comparison with the fragmentation
pattern of the TML standard solution. The smaller peak at r.t.
6.0 min (Figure 1, panel A) corresponds to NG-monomethylargi-
nine. Anyway, besides the identity of the MS? fragmentation
pattern with that of TML standard solution, the identification of
the unknown peak was also confirmed by the identity of its
retention time with that of an authentic TML standard solution
(Figure 1, panel B). Moreover, when changing the chromato-
graphic conditions by varying the ammonium formate concentra-
tion in the eluent, it was found that the retention time of TML on
the LC-Si column strongly varied depending on the concentration
of ammonium formate in the eluent, as also observed for
methylarginines [11]. Therefore, in order to further confirm the
peak identity, various eluent composition changes were tried. In
each case, the retention times of the standard TML peak and that
of the unknown compound varied in the same way. However,
besides NMMA, TML is also isobaric with homoarginine (HAG),
a substance also reported to occur in some vegetables such as grass
pea (Lathyrus sativus) [15] and lentils [16]. In order to exclude the
possibility to mistake homoarginine for TML, we run HAG
standard solution in the same chromatographic conditions. We
found that HAG shows a much shorter retention time (about
5.5 min) than TML, thus the two compounds are completely
resolved in the chromatographic conditions we utilized (Figure 1,
panel B). This is important as the fragments at m/z 130, 84 and 60
present in MS/MS fragmentation pattern of TML also occur in
the MS/MS fragmentation pattern of homoarginine, besides other
fragments (Figure 1, panel E). Therefore, a complete chromato-
graphic resolution is mandatory for a reliable attribution and
quantification when both compounds are present in the same
sample. Our results show that TML is present in all the vegetables
analyzed (Table 1), as demonstrated for each vegetable source by
the comparison of retention times and MS? fragmentation patterns
with the authentic standard. In particular, the highest concentra-
tion was found in sweet pepper fruit. It is interesting to note that
fruit juices, largely utilized in human nutrition, such those of
orange and grapefruit, also contain levels of TML in the same
range of the content of some essential amino acids, such as lysine
and leucine [17-22]. Also, it is of interest the observation that one
of the highest level of TML was found in leaves of alfalfa, a plant
of paramount importance for the cattle feeding.

Evaluation of the percentage recoveries

In order to check the performance of the analytical procedure,
the percentage recoveries, the reproducibility and the limits of
detection for TML were assessed. Recoveries of TML, determined
as reported in Materials and Methods section, were in each case
higher than 95% for all analyzed samples. The reproducibility,
assessed by calculating the standard deviation of six recoveries,
resulted less than 5%. The detection limit, determined as that
concentration of TML which gave a peak height three times that
of the background noise, was 10 nmol/L.

The presence of TML in the vegetable samples was further
confirmed by an independent analytical approach, based on
HPLC with fluorescence detection, commonly used to analyze
amino acids in food sources [13]. This procedure involves the
purification of the vegetal extract by a passage on a short column
of AG50WXS8 (H+ form). Moreover, this procedure also allowed
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Figure 1. Chromatographic analysis of a sweet pepper berry extract. The elution was performed isocratically on the silica column
Supelcosil™ LC-Si by utilizing 75% of Sol. A (0.1% formic acid in water) and 25% of Sol. B (100 mM ammonium formate in water titrated to pH 4.5
with formic acid). (A). The MS/MS extracted ion chromatograms obtained from the sweet pepper berry sample. The transitions followed were
189.2—144, 189.2—74 (peak at r.t. 6.0 min), and 189.2—130 (peak at r.t. 15 min). Homoarginine, followed by the transition 189.2—144, was not
detected in the sample. (B). The MS/MS extracted ion chromatograms of a standard mixture of homoarginine (HAG), N®-methylarginine (NMMA) and
NE-trimethyllysine (TML). The transitions followed were 189.2— 144 (specific for HAG, peak at r.t. 5.5 min), 189.2—74 (specific for NMIMA, peak at r.t.
6.0 min), and 189.2— 130. The transition 189.2—130 is common for both HAG and TML (peak at 15.0 min). (C), (D), (E). Fragmentation patterns of the
three peaks from the standard mixture of Panel B. The fragmentation pattern of the peak at r.t. 15 min (Panel A) being identical to that of the

standard TML was not reported.
doi:10.1371/journal.pone.0084589.g001

to have an estimation of the matrix effect in the analyses of some
samples by comparing the results obtained by HPLC-ESI-MS/MS
with and without the purification passage on the AG50WX8
column (see Materials and Methods). In all cases, the samples
without the passage on column showed values from 2% to 15%
lower than the purified samples. An important aspect of TML
analysis by HPLC with fluorescence detection consists in the
sample treatment after the passage on the AG50WX8 column.
Generally, for amino acid analysis, the column is eluted with a
15% ammonia solution. Afterwards, the eluted solution is vacuum
dried and the residue is suspended in a suitable solvent and
derivatized. However, we found that in this way a broad peak, due
to residual ammonia presence, heavily interfered with determina-
tion of derivatized TML, as both substances emerged in the same
time range. Instead, the treatment with a diluted solution of
sodium hydroxide, as described in Materials and Methods,
exhaustively removed ammonia from the dried samples and
completely eliminated such interference (Figure 2). Results
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obtained by HPLC-ESI-MS/MS and by HPLC with fluorescence
detection were also compared for tomato berry, alfalfa leaves and
sweet pepper berry extracts (Figure 2). The HPLC analyses
confirmed the presence of TML in these vegetables at levels
comparable within +/—10% to those obtained by HPLC-ESI-
MS/MS.

Discussion

In this paper we reported the occurrence of TML in a consistent
number of vegetables and vegetable derived products. Specifically,
in the samples examined, free TML levels were in the same range
as other free amino acids [17-24]. This result is of noticeable
interest as the presence of free TML in vegetables, excepting
seaweeds, was practically ignored so far. To date, only one study
reports unequivocal identification and quantification of free TML
in a plant extract [23]. On the contrary, several studies report in
some plants the occurrence of proteins containing the TML
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Figure 2. RP-HPLC chromatography with fluorescence detection. Chromatography of the TML content in a sweet pepper berry extract (A).
Chromatography of amino acid standard mixture added with N*-trimethyllysine (B). Details of chromatography and sample preparation are reported

in the text.
doi:10.1371/journal.pone.0084589.9002

residue in their primary structure as a post-translational modifi-
cation of lysine residues. Among these proteins, there are
calmodulin from Papaver somniferum and Euphorbia lathyris [24,25],
and cytochrome c from wheat germ, which has been found to
contain two TML residues [26]. Another important protein, owing
to its essential role in carbon dioxide fixation in the vegetal cell
chloroplasts, is the ribulose-1,5-bisphosphate carboxylase oxygen-
ase (RuBisCo) which, in some plant species, has been found to
contain TML in the N-terminal region of its large subunit [27,28].
Since the biosynthetic pathway for TML formation, as free amino
acid, is still unexplored in plants, it cannot be ruled out that the
free TML also in plants origins from the breakdown of TML
residue containing proteins, as it is supposed for mammals. The
role of free TML in all plants we examined can be at the present
only hypothesized. It may be supposed that, at least in part, TML
is utilized for carnitine biosynthesis, as it happens for mammals. In
fact, it has been recently demonstrated that in Arabidopsis thaliana
the carnitine biosynthetic pathway shares similar features with the
pathway of mammals and fungi [23]. An other possible role of
TML could be that to be part of the pool of osmolytes, as it is
hypothesized for seaweeds [10], and thus it could play a stress
protective function in the vegetal cells. Anyway, whatever the
TML role in plants may be, an important question arises, as a
consequence of our results, about the true source of TML in
mammals.

The current opinion is that mammals utilize the breakdown of
their endogenous proteins containing TML residues as starting
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point for carnitine biosynthesis (Figure 3). But is it conceivable to
resort to such tortuous and energy expensive route when the
substance is so easily available from vegetable foods? This
consideration even better applies to herbivorous mammals for
which the intake of free TML through foods should be higher than
for other mammals. From this point of view, it is of interest our
finding that alfalfa leaves, one of the most important forage grass
for the cattle feeding, resulted one of the richest source of free
TML among the vegetables examined (Table 1). In this respect,
besides the consideration that the amount of TML from vegetables
assumed by the herbivores seems sufficient for their carnitine
biosynthesis, it is also important to point out that rat and guinea
pigs orally supplemented with free TML have an increased rate of
carnitine biosynthesis and excretion [29-31]. Conversely, dietary
proteins (casein, soy proteins, and wheat gluten) were found to be
poor source of TML [31]. In light of such evidence, our hypothesis
seems founded on a firm ground as it has already been proved that
animals orally supplemented with free TML showed increased
rates of carnitine biosynthesis and excretion [29,31].

On the other hand, also for humans with the particular dietary
habit to eat only vegetable foods (vegetarians or vegans), it is
hardly conceivable that only endogenous TML can suit the needs
for their carnitine biosynthesis. Indeed, it has been shown that
vegetarian adults have slightly reduced plasma carnitine levels
compared to omnivorous individuals [32,33]. However, serum
carnitine levels are more markedly depressed in vegetarian
children [32] and in premature infants who do not receive a
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dietary source of carnitine [34]. However, this could be ascribed to
immaturity of the biosynthetic conversion machinery of TML into
carnitine. Lastly, a warning that could be relevant to vegans is that
the assumption of free TML through vegetables consumption may
represent a risk factor for those subjects affected by dysregulation
of the carnitine biosynthesis due to a mutation of the N°-
trimethyllysine hydroxylase gene [35].

In conclusion, although it cannot be excluded that a certain
amount of TML might be produced by the hydrolysis of
endogenous proteins containing such residue as a posttranslational
modification, it does not appear likely that this route might be the

PLOS ONE | www.plosone.org

preferred one when the substance is so easily available through a
vegetable containing diet (Figure 3). Conversely, when the dietary
intake become insufficient, it cannot be ruled out that the
breakdown of endogenous proteins could become the prime
source of TML. From this point of view, it seems reasonable to
suggest that in mammals TML utilized for carnitine biosynthesis
might be mainly taken from diet (for herbivore animals this should
be even more likely). However, when the alimentary intake fails, as
in case of starvation, TML might be produced from endogenous
protein breakdown, similarly to the essential amino acids when
their intake becomes insufficient.

January 2014 | Volume 9 | Issue 1 | e84589



Author Contributions

Conceived and designed the experiments: LS D. Castaldo MLB.
Performed the experiments: LS AG D. Castaldo D. Cautela MLB.

References

1.

12.
13.

Vaz FM, Wanders RJA (2002) Carnitine biosynthesis in mammals. Biochem J
361: 417-429.

. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, et al (2013) Intestinal

microbiota metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med 19: 576-585.

. Borum PR, Broquist HP (1977) Purification of S-adenosylmethionine: epsilon-N-

L-lysine methyltransferase. The first enzyme in carnitine biosynthesis. J Biol
Chem 252: 5651-5655.

. Huszar G (1975) Tissue-specific biosynthesis of e-N-monomethyllysine and &-N-

trimethyllysine in skeletal and cardiac muscle myosin: a model for the cell-free
study of post-translational amino acid modifications in proteins. J Mol Biol 94:
311-326.

. Morse RK, Vergnes JP, Malloy J, McManus IR (1975) Sites of biological

methylation of protein in cultured chick muscle cells. Biochemistry 14: 4316
4325.

. LaBadie J, Dunn WA, Aronson NN (1976) Hepatic synthesis of carnitine from

protein-bound trimethyllysine. Lysosomal digestion of methyl-lysine-labelled
asialo-fetuin. Biochem J 160: 85-95.

. Dunn WA, Englard S (1981) Carnitine biosynthesis by the perfused rat liver

from exogenous protein-bound trimethyllysine. Metabolism of methylated lysine
derivatives arising from the degradation of 6-N-[methyl-3H]lysine-labeled
glycoproteins. J Biol Chem 256: 12437-12444.

. Dunn WA, Rettura G, Seifter E, Englard S (1984) Carnitine biosynthesis from v-

butyrobetaine and from exogenous protein-bound 6-N-trimethyl-L-lysine by the
perfused guinea pig liver. Effect of ascorbate deficiency on the in situ activity of
y-butyrobetaine hydroxylase. J Biol Chem 259: 10764-10770.

. Blunden G, Gordon SM, Keysell GR (1982) Lysine Betaine and Other

Quaternary Ammonium Compounds From British Species of the Laminariales.
J Nat Prod 45: 449-452.

. MacKinnon S, Hiltz D, Ugarte R, Craft C (2010) Improved method for analysis

of betaines in Ascophyllum nodosum and its commercial seaweed extracts. ] Appl
Phycol 22: 489-494.

Servillo L, Giovane A, Cautela D, Castaldo D, Balestrieri ML (2013) The
methylarginines NMMA, ADMA, and SDMA are ubiquitous constituents of the
main vegetables of human nutrition. Nitric Oxide 30: 43-48.

Teerlink T (2005) ADMA metabolism and clearance. Vasc Med 10: 73-81.
van Wandelen C, Cohen SA (1997) Using quaternary high-performance liquid
chromatography eluent systems for separating 6-aminoquinolyl-N-hydroxysuc-
cinimidyl carbamate-derivatized amino acid mixtures. J] Chromatogr 4 763: 11—
22.

Shek PYT, Zhao J, Ke Y, Siu KWM, Hopkinson AC (2006) Fragmentations of
protonated arginine, lysine and their methylated derivatives: concomitant losses
of carbon monoxide or carbon dioxide and an amine. J Phys Chem A 110:
8282-8296.

. Piergiovanni A, Damascelli A (2011) L-homoarginine accumulation in grass pea

(Lathyrus sativus 1..) dry seeds. A preliminary survey. Food Nutr Sci 2: 207-213.

. Rozan P, Kuo YH, Lambein F (2001) Amino acids in seeds and seedlings of the

genus Lens. Phytochemistry 58: 281-289.

. AIJN: Association of the Industry of Juice and Nectars (1994) Code of Practice

for Evaluation of Fruit and vegetable Juices: Reference Guide; AIJN: Brussels,
Belgium.

PLOS ONE | www.plosone.org

Occurrence of N*-Trimethyllysine in Vegetables

Analyzed the data: LS D. Castaldo MLB. Contributed reagents/materials/
analysis tools: LS D. Castaldo MLB. Wrote the paper: LS D. Castaldo
MLB.

23.

24.

26.

27.

28.

29.

30.

31.

32.

. Loiudice R, Impembo M, Laratta B, Villari G, Lo Voi A, et al. (1995)

Composition of San Marzano tomato varieties. Food Chemistry 53: 81-89.

. Castaldo D, Lo Voi A, Trifiro A, Gherardi S (1992) Composition of Italian Kiwi

(Actimidia Chinensis) Puree. J Agric Food Chem 40: 594-598.

Curtis TY, Muttucumaru N, Shewry PR, Parry MA]J, Powers SJ, et al. (2009)
Effects of genotype and environment on free amino acid levels in wheat grain:
Implications for acrylamide formation during processing. J Agric Food Chem

57: 1013-1021.

. Briickner H, Westhauser T (2003) Chromatographic determination of L- and D-

amino acids in plants. Amino Acids 24: 43-55.

. Cautela D, Laratta B, Santelli F, Trifiro A, Servillo L, et al. (2008) Estimation of

the lemon juice adulteration with bergamot juice by HPLC analysis of flavanone
glycosides. J Agr Food Chem 56: 5407-5414.

Rippa S, Zhao Y, Merlier F, Charrier A, Perrin Y (2012) The carnitine
biosynthetic pathway in Arabidopsis thaliana shares similar features with the
pathway of mammals and fungi. Plant Physiol Bioch 60: 109-114.

Thompson MP, Piazza GJ, Brower DP, Farrell Jr HM (1989) Purification and
Characterization of Calmodulins from Papaver somniferum and Euphorbia lathyris.
Plant Physiol 89: 501-505.

. Watterson DM, Iverson DB, Van Eldik L] (1980) Spinach calmodulin: isolation,

characterization, and comparison with vertebrate calmodulins. Biochemistry 19:
5762-5768.

Di Maria P, Kim S, Ki Paik W (1982) Cytochrome c-specific methylase from
wheat germ. Biochemistry 21: 1036-1044.

Houtz RL, Stults JT, Mulligan RM, Tolbert NE (1989) Post-translational
modifications in the large subunit of ribulose bisphosphate carboxylase/
oxygenase. Proc Natl Acad Sci USA 86: 1855-1859.

Houtz RL, Magnani R, Nayak NR, Dirk LMA (2008) Co- and post-
translational modifications in Rubisco: unanswered questions. J Exp Botany
59: 1635-1645.

Rebouche CJ (1995) The ability of guinea pigs to synthesize carnitine at a
normal rate from epsilon-N-trimethyllysine or gamma-butyrobetaine in vivo is
not compromised by experimental vitamin C deficiency. Metabolism 44: 624—
629.

D’Argenio G, Calvani M, Casamassimi A, Petillo O, Margarucci S, et al. (2006)
Experimental colitis: decreased Octn2 and AtbO+ expression in rat colonocytes
induces carnitine depletion that is reversible by carnitine-loaded liposomes.
FASEB J 20: 2544-2546.

Rebouche CJ, Lehman 1], Olson L (1986) Epsilon-N-trimethyllysine availability
regulates the rate of carnitine biosynthesis in the growing rat. J Nutr 116: 751—
759.

Lombard KA, Olson AL, Nelson SE, Rebouche CJ (1989) Carnitine status of
lactoovovegetarians and strict vegetarian adults and children. Am J Clin Nutr
50: 301-306.

Stephens FB, Marimuthu K, Cheng Y, Patel N, Constantin D, et al. (2011)
Vegetarians have a reduced skeletal muscle carnitine transport capacity.
Am ] Clin Nutr 94: 938-944.

Stanley CA (2004) Carnitine deficiency disorders in children. Ann N'Y Acad Sci
1033: 42-51.

. Celestino-Soper PB, Violante S, Crawford EL, Luo R, Lionel AC, et al. (2012) A

common X-linked inborn error of carnitine biosynthesis may be a risk factor for
nondysmorphic autism. Proc Natl Acad Sci U S A 109: 7974-7981.

January 2014 | Volume 9 | Issue 1 | e84589



