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Abstract With the aid of the extreme resolving power of
Fourier-transform ion-cyclotron-resonance mass spectrome-
try (FT-ICR/MS), we have developed a metabolomics
platform for high-throughput metabolic profiling and metab-
olite candidate identification integrating a data-processing
system, the Dr.DMASS program (http://kanaya.naist.jp/
DrDMASS/), and a metabolite-species database, KNApSAcK
(http://kanaya.aist-nara.ac.jp/KNApSAcK/). We discuss the
potential of this FT-ICR/MS-based metabolic profiling
scheme as a general metabolomics tool by clarification of
plant metabolic disorders and specific metabolite accumula-
tion patterns caused by herbicidal enzyme inhibitors.

Keywords Fourier-transform ion-cyclotron-resonance mass
spectrometry - Metabolomics - Data processing
Introduction

Metabolomics targets enormous numbers of organic com-
pounds of unknown structure [1-3]. This is an extreme
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challenge in analytical chemistry when nearly infinite
numbers of unknown natural compounds with different
properties need to be addressed simultaneously. Thus,
metabolomics platforms are classified according to the
research objectives as well as the target organisms. For
example, prototrophs including humans, which acquire
nutrition from other organisms, synthesize only a limited
variety of endogenous metabolites. Therefore, cutting-edge
metabolomics for drug discovery needs to guarantee
reliable/reproducible analytical platforms for metabolite
identification and absolute quantification of a set of
endogenous human metabolites. A broad range of excellent
mass spectrometry (MS) systems with separation steps such
as liquid or gas chromatography and capillary electropho-
resis provides robust platforms for such metabolomics,
focusing on the dynamics of human metabolism [4-6]. On
the other hand, in metabolomics research such as nutritional
chemistry and natural product chemistry, authentic metab-
olite samples are not easily accessible for comprehensive
metabolomics, and additional means of analysis are
necessary for acquisition of molecular information from a
variety of unknown compounds. In this context, NMR is
one of the good options for chemical structure studies and,
in fact, NMR-based metabolomics studies have so far been
widely applied [7—10].

Fourier-transform ion-cyclotron-resonance mass spec-
trometry (FT-ICR/MS) is a distinguished analytical method
due to its extremely high resolution and sensitivity [11-14].
The high-resolving power allows direct infusion analyses of
crude biological samples without chromatographic separa-
tion steps and derivatization reactions, and high-throughput
metabolic profiling studies are done through assignment of
only one or a few molecular formulas to each single m/z
value in the spectra. However, its application in the life
sciences has been primarily oriented towards proteomics
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research, and FT-ICR/MS-based metabolomics is still
undeveloped mainly due to the difficulties in processing
of FT-ICR/MS data as metabolome information. On the
other hand, several outstanding studies [15—18] have proven
the potential of FT-ICR/MS as a unique metabolomics tool.
Thus, development of a general scheme of FT-ICR/MS-based
metabolic profiling, with the aid of its potential for high-
resolution power together with ion-signal intensity informa-
tion, should make a significant contribution to metabolomics
studies. In this report, we discuss the development of a
metabolic profiling scheme based on FT-ICR/MS analysis
furnished with a data-processing scheme (Dr.DMASS) and a
metabolite-species relationship database (KNApSAcK) for
prediction of candidate metabolites [19, 20].

Analytical conditions

Metabolomics data were collected using an IonSpec
Explorer FT-ICR/MS (IonSpec Inc., Lake Forest, CA,
USA) with a 7-Tesla magnet. We set analytical conditions
for reproducible detection of approximately 200-300
analytes from each tissue extract sample. Briefly, samples
were infused using a Harvard syringe pump model 22
(Harvard Apparatus, Holliston, MA, USA) at a flow rate of
0.5 to 1.0 pL min ' through a 100-pL Hamilton syringe.
The potentials on the electrospray emitters were set to
3.0 kV and —3.0 kV for the positive and the negative
electrosprays, respectively. The base pressure in the source
region was ~5x107° torr (1 torr=133.3 Pa). Ionized
metabolites were accumulated for a period of 2500 to
5000 milliseconds in a hexapole ion trap/guide and
transferred through an RF-only quadrupole into the FT-
ICR cell. The direct current potentials in the positive and
negative ion mode analyses were, respectively, —2 V and
2 V during ion accumulation and 2 V and —2 V for ion
transfer into the FT-ICR cell. In the positive and negative
ion modes, the potentials on the extraction plate were,
respectively, 12 Vand —12 V during ion trapping and were
reversed to —2 Vand 2 V for extraction. The base pressure
in the analyzer region was set to the level of ~4x107'° torr.
ESI-MS spectra were acquired over the m/z range 55 to
1000 from 1024 x 1024 independent data points. Under our
analytical conditions the resolving power (m/Am50.,) was
routinely about 100,000 (for m/z=400 with 1 s ion-
accumulation time), and the mass accuracy was below
2 ppm. The high resolving power of FT-ICR/MS allows the
separate detection of individual metabolites in crude
biological samples without steps of chromatography and
derivatization. Furthermore, elemental compositions of
analytes can be estimated with the aid of accurate mass
measurement leading to the prediction of possible metab-
olite candidates.
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For the FT-ICR/MS analyses, we added internal mass
calibrants (IMCs) to experimental samples for correcting the
analytical errors in terms of m/z values. These IMCs were
lidocaine, prochloraz, reserpine, and bombesin for positive ion
mode analysis, and an IMC set of 2,4-dichlorophenoxyacetic
acid, ampicillin, 3-[(3-cholamidopropyl)dimethylammonio]
propanesulfonic acid, and tetra-N-acetylchitotetraose was used
for negative ion mode analysis. The m/z correction was done
in terms of the actual m/z values of these authentic IMC
compounds, while endogenous metabolites could also be used
for this purpose. We performed 10 successive spectral scans
for each sample analysis, and further data processing was
done using the Dr.DMASS software [19]. Briefly, in each
spectral scan, experimental m/z values of the IMCs were
corrected to their theoretical values for the calibration of entire
spectral data, and for every analyte, its m/z value was
calibrated using a linear relationship between theoretical and
experimental values for the IMCs. Then, the calibrated m/z
values of repeatedly identifiable analytes were automatically
matched to one another among 10 spectral scans. After the
calibration, deviations of m/z values of detected analytes
converged to a molecular weight range of 0.001. The intensity
values of reproducibly observed analytes were converted into
percentage values of total ion intensity. Thus, metabolome
data from a single biological sample consisted of averaged m/z
values with intensity information from 10 spectral scans. We
prepared at least triplicate samples for each experimental
treatment, and the corresponding ions were identified and
matched one to another among triplicate samples. The
processed data were subjected to statistical analyses using
the #-test and the Pearson’s correlation coefficient for
individual analytes [19]. Metabolome comparison was done
using two multivariate analyses, principal-component analysis
(PCA) and batch-learning self-organizing map (BL-SOM) for
clarification of metabolomes according to metabolite accumu-
lation profiles [16-18, 21, 22]. The data correction scheme has
been described in detail [19], and the software is download-
able with detailed instructions at the following Web site: http://
kanaya.aist-nara.ac.jp/DrDMASS/.

Metabolite-species database

The development of a metabolite—species database (KNAp-
SAcK, http://kanaya.naist.jp/KNApSAcK/) has allowed
high-throughput prediction of metabolite identities from
FT-ICR/MS data [19]. A total of 34,149 metabolite—species
pairs encompassing 16,529 metabolites and 8,557 species
have so far been compiled from about 7,600 published
references (February 16th, 2007) mainly covering plants and
microbes. The database enabled a high-throughput search
using FT-ICR/MS analysis data for metabolite—species
relationships together with detailed metabolite information
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including molecular weight, molecular formula, chemical
structures, CAS numbers, biological functions, and references
of academic papers (Fig. 1). The KNApSAcK database has
been designed to analyze FT-ICR/MS data sets after Dr.
DMASS processing, and each accurate mass value can be
attributed to only one or a very few molecular formulas
leading to prediction of possible metabolite candidates. For
metabolite prediction, the tolerance levels of m/z differences
are freely changeable using a function on the KNApSAcK,
and candidate metabolites with a predicted elemental
composition are listed together with other possible candi-
dates with closer molecular weight values. The database
search can be performed focusing on formation of the ion
adducts [M+K] ", [M+Na] ", [M+NH,] *, [M+H] ", and
[M — H] . Identification of true metabolite candidates is
facilitated by narrowing down molecular formula possibili-
ties incorporating information of intensity ratios of isotope
ion peaks found in FT-ICR/MS spectra. Detailed instructions
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with a demonstration are available (http://kanaya.naist.jp/
KNApSAcKY/).

Metabolic profiling

Aiming at metabolic profiling, the Dr.DMASS data-
processing scheme was applied to differentiate plant
metabolic disorders caused by chemical inhibition of the
biosynthetic pathways of fatty acids, branched-chain amino
acids, aromatic amino acids, and carotenoids [19]. Even
under FT-ICR/MS conditions detecting 200-300 analytes
from a single sample, the total number of analytes
amounted to 1,560 from both positive and the negative
ion mode analyses for treatments of specific enzyme
inhibitions at different concentrations including EPSP
synthase, acetolactate synthase, and acetyl-CoA carboxyl-
ase [19]. Out of the 1,560 analytes, a total of 518 were

leading to aromatic amino
acid biosynthesis

[l
HO—P—\
oH N\

COOH

COOH
phosphoenol pyruvate o
I
> HO—P JL
S~ e 0~ “COOH
OH OH
EPSPS 5-enolpyrvoylshikimic acid 3-phosphate
COOH l‘
glyphosate
JL chorismic acid
0~ “COOH
OH i
inhibition

aromatic amino acids

@ Springer


http://kanaya.naist.jp/KNApSAcK/
http://kanaya.naist.jp/KNApSAcK/
http://kanaya.naist.jp/KNApSAcK/
http://kanaya.naist.jp/KNApSAcK/

1472

Anal Bioanal Chem (2007) 389:1469—-1475

found to be redundant among several different treatments,
and their signal intensities increased or decreased with over
twofold differences. The different signal intensities should
be due to metabolic disorders caused by specific inhibition
of different enzymatic steps. These results indicated that a
specific set of metabolites built up, reflecting each specific
enzyme inhibitor treatment. It should be noted that the
variety of analytes and their abundances were not dramat-
ically changed when tissue samples from normal growth
conditions were compared [19]. We identified metabolite
candidates for 284 analytes by searching the species—
metabolite relationship database, KNApSAcK. Chemical
structures of selected ions were confirmed by MS-MS
analysis using the SORI-CID technique [19].

It is postulated that Arabidopsis may produce more than
5,000 compounds [23], and this metabolite profiling
probably could have covered about 30% of the metabolites
produced in this plant species. These results indicated that
the FT-ICR/MS analytical condition for detecting 200-300
analytes was sufficient to differentiate plant metabolic
disorders caused by specific enzyme inhibition [19].

Metabolomics data interpretation

We interpreted results from glyphosate treatment (1 week with
0, 1, 3, 10, 30, and 100 ppm) in an attempt to provide a
generalization of FT-ICR/MS as a metabolomics research tool.
Glyphosate is a specific inhibitor of 5-enolpyruvylshikimate-3-

Grid ID (9,2)
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609.1453

§29.3202

300000002 10
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100

o 1 3 10 30
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Fig. 3 BL-SOM (batch learning self organizing map) analyses after
glyphosate treatment of Arabidopsis thaliana seedlings. Arabidopsis
seedlings were treated with 0, 1, 3, 10, 30, and 100 ppm glyphosate
for 1 week under sterile conditions and plant extracts were analyzed
by the direct infusion FT-ICR/MS by the method described previously
[19]. BL-SOM analyses were done using the Dr.DMASS program. In
the BL-SOM, analytes were classified into groups (grids) accommo-
dating similar decrease/increase patterns. In this experiment, the
analyte groups were sorted into 104 different grids [13 (x-axis) x
8 (y-axis) = 104 grids] in each BL-SOM panel (0, 1, 3, 10, 30, and
100 ppm). On BL-SOM analysis the grid numbers should be adjusted
in the Dr.DMASS program (http://kanaya.aist-nara.ac.jp/DrDMASS/)
in proportion to the total data size. (a) Each of the six BL-SOM
panels represents treatment with a different concentration (0, 1, 3, 10,
30, and 100 ppm) of glyphosate. Throughout the treatments (the six
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BL-SOM panels), each grid contained the same set of analytes
classified according to similar decrease/increase patterns. The different
colors indicate variations of analyte numbers sorted into each grid
(blue = few; pink = moderate; red = many). Grids of gray color
contained no analytes. (b) Two examples of the contents of the grids.
The examples on the lefi (from the grid of 9, 2” shown upper left)
contained three analytes (m/z=609.1453, 629.1285, and 829.3202) for
which relative intensities decreased with increasing inhibitor concen-
trations. The examples on the right (from the grid “11, 8”) contained
four analytes (m/z=253.011, 462.0911, 483.0588, and 492.0959) for
which relative abundances increased when the inhibitor concentrations
increased. The inset indicates the analytes (m/z) in each grid. The grid
identities were defined using “x-axis number, y-axis number” as
described above

100
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phosphate synthase [24], which catalyzes the formation
of 5-enolpyruvylshikimate-3-phosphate from shikimate 3-
phosphate in the shikimate pathway en route to aromatic
amino acid biosynthesis (Fig. 2). In this study, the glyphosate
concentrations used were selected to include the ICs,
(10 ppm), and, therefore, 30 and 100-ppm treatments
seriously damaged the plants, eventually causing fatality
[19]. Differentiation of metabolic profiles among the glyph-
osate treatments was apparent on the BL-SOM (Fig. 3), and
metabolite accumulation patterns were classified by reference
to the enzyme inhibitor concentrations shown in the six
panels (Fig. 3).

Figure 4 shows the accumulation patterns of selected
metabolite candidates in the glyphosate treatments. The
levels of gluconasturtii, glucobrassin, and neoglucobrassin
were clearly increased by the higher glyphosate concen-
trations, suggesting stimulation of glucosinolate biosynthe-
sis in the inhibitor-treated plants. Also, fatty acids (palmitic
acid and lauric acid) and phenylpropanoids (sinapic acid,

quercetin glucoside, and rhamnetin glucoside) levels were
elevated by higher-concentration glyphosate treatments.
Glutamine was maintained at relatively constant levels for
the lower glyphosate concentrations but decreased dramat-
ically after the 30 and 100-ppm treatments. Interestingly,
the changes in glutamic acid levels were completely
opposite to those in glutamine levels, suggesting facilitated
conversion from glutamine to glutamic acid under the
EPSPS inhibition conditions. The dynamic changes in the
levels of glutamine and glutamic acid might be linked to
the elevated glutathione levels (Fig. 4) in the glyphosate
treatments. Further studies are necessary to clarify how the
EPSPS inhibition caused the build-up of metabolites with
no direct pathway interaction.

Changes in the glutathione levels (Fig. 4) in the glyphosate
treatments were studied in detail in the presence of variable
concentrations of aromatic amino acids, the pathway end-
products (Fig. 5). The molecular identity of the ion (Fig. 4,
m/z=306.0752) was confirmed as glutathione by MS-MS
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2
=
€ 60 [
©
[
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g 40
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0 1 3 10 30 100
Glyphosate (ppm)
experimental metabolite formula theoretical Am/z
m/z m/z
L 4 145.0623986 glutamine CsH,oN,O,4 145.06187 -0.000528597
- 146.0460056  glutamic acid C;HgNO, 146.04588 -0.000125617
199.1702045 lauric acid C,,H,,0, 199.17035 0.000145484
223.060339 sinapic acid C,H,,04 223.06120 0.00086096
> 255.2318167  palmitic acid C,H30, 255.23295 0.001133258
- 306.0752573  glutathione C,oH7N;OS  306.07653 0.001272695
<4 421.0487395  gluconasturtiin C,sHxoNO,S,  421.05067 0.0019305
E 447.0528006 glucobrassicin C,6HoN,O.S, 447.05375 0.000949368
- 463.0948952  quercetin glucoside  C,,H,,0,, 463.08820 -0.006695166
< 477.0639787  neoglucobrassicin C,;H,,N,0,,S, 477.06431 0.000331325
477.1111537  rhamnetin glucoside  C,,H,,0,, 477.10385  -0.007303733

Fig. 4 Different patterns of accumulation of selected analytes in
Arabidopsis seedlings as a result of treatment with different concen-
trations (0, 1, 3, 10, 30, and 100 ppm) of glyphosate. Changes in the
levels of each metabolite among the glyphosate concentrations (0, 1,

3,10, 30, and 100 ppm) were compared in terms of the relative values
of their signal intensities (the highest intensity value observed for each
ion = 100%)
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Fig. 5 Changes in glutathione and shikimate 3-phosphate levels in
Arabidopsis seedlings treated with different concentrations of glyph-
osate with a mixture of aromatic amino acids. GOA0 was the control
experiment without both glyphosate and aromatic amino acids. The set
GO0AO0.1, GOAI, and GOAI0O were treatments with different concen-
trations of aromatic amino acids (0.1, 1, 10 pumol L") without
glyphosate. With 10-ppm glyphosate, concentrations of aromatic
amino acids (0.1, 1, 10 pmol L") were also added (GI040.1,
G1041, and G10410). Aromatic amino acids (tryptophan, phenylal-
anine, and tyrosine), the pathway end-products (Fig. 2), were added at
different concentrations (0.1, 1, 10 pmol Lfl). Asterisks indicate the
treatments in which no corresponding ions were detected

GO GO GO GO G10

analysis (not shown). In the one-week glyphosate treatments,
both shikimate 3-phosphate (m/z=253.0111) and glutathione
levels increased when the plants were treated with higher
concentrations of the enzyme inhibitor (Figs. 4 and 5).
Accumulation levels of shikimate 3-phosphate (Fig. 5), the
enzyme substrate (Fig. 2), increased in accordance with
glyphosate concentrations, which should correspond to the
degree of enzyme inhibition.

In the 10-ppm glyphosate treatments, both the shikimate
3-phosphate levels and the glutathione levels were reduced
by addition of a mixture of aromatic amino acids,
suggesting that the damage caused by the enzyme inhibitor
was alleviated by addition of the pathway end-products
(Fig. 5). Smith [25] reported that glyphosate had no
significant effect on glutathione levels during their short
exposure period of several hours in barley (Hordeum
vulgare), tobacco (Nicotiana tabacum), soybean (Glycine
max), or corn (Zea mays). On the other hand, when the
three groundnut cultivars JL24, CO2, and TMV2 were
treated with glyphosate for longer periods, the activity of
glutathione S-transferase and glutathione levels increased
significantly in a dose-dependent manner [26]. Further-
more, glyphosate-tolerant cell lines of groundnut showed an
elevated basal level of glutathione S-transferase activity and
non-protein thiol content [26]. These results indicated that
the EPSPS inhibition itself did not affect glutathione levels,
reflecting highly selective enzyme inhibition by glyphosate.
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It is known that glutathione is involved in stress and
xenobiotics detoxification responses [27-29]. Taken togeth-
er, our FT-ICR/MS metabolomics data agreed with previous
findings, demonstrating that the metabolic profiling results
could be evaluated in a biological context.

FT-ICR/MS as a general metabolomics tool

The excellent performance of FT-ICR/MS analysis has been
repeatedly demonstrated by use of its ultra-high resolving
power; low quantitative capability is an intrinsic weakness of
FT-ICR/MS analysis, however. Particularly in direct infusion
analyses with ESI-coupled FT-ICR/MS, the accuracy of
quantitation is adversely affected by ion-suppression phe-
nomenon in which compounds present in a complex mixture
compete against other compounds in the ionization step.

Current results indicate that the metabolite accumulation
patterns demonstrated by FT-ICR/MS could reflect physi-
ological events. We designed our experiments to detect
dose-dependent metabolic disorders caused by enzyme
inhibitor treatments at differential concentrations. Thus,
we were able to ascribe different metabolic profiles to the
chemical treatments (inhibition of specific enzymatic steps)
by studying dose-dependent metabolome patterns (changes
in ion-intensity values). Monitoring temporal changes
would also be crucial for linking metabolic profiling data
to physiological events.

A set of research tools for FT-ICR/MS-based metabolo-
mics has been designed exclusively for direct infusion
analyses of crude biological samples. Using a series of data
processing (the Dr.DMASS program) and a metabolite-
species database search (the KNApSAcK database), metabo-
lite candidates are assigned to each mass value in FT-ICR/MS
spectral data, and statistical analysis is successful in identify-
ing metabolite candidates contributing to the formation of
specific metabolic profiles. While the scheme was developed
for high-throughput metabolic profiling based on direct
infusion analyses, the high potential of the mass resolving
power of FT-ICR/MS in MS" analyses can be fully applied
when selected metabolites are studied in detail. Based on the
Dr.DMASS and the KNApSAcK database, an in-house data-
processing scheme for LC-coupled FT-ICR/MS metabolo-
mics is under development, focusing on annotation of
metabolite candidates to every detectable ion, together with
MS-MS fragmentation patterns.
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