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Metabolic time-courses in rice foliage at the third-leaf stage. Plantlets were grown under a 13-hr light — I I-hr dark
photocycle. We applied 3 CE-MS methods and a CE-DAD method to analyze 69 major metabolites. Dynamic changes in the
metabolite [evels were assessed at hourly intervals over a 24 h period. Averages of 2 samples ( SEM) are shown. The top bar

{shown in only Ala) indicates light and dark conditions.

colytic pathway (M4), the latter half of the TCA cyde
(M5), sugars (M7), and major amino acids (M1). Also
included in this group were NADPH and NADH (M6),
glutathione and spermidine (M8). Subsets M9 - M12
included the first half of the glycolytic pathway (M9), the
first half of the TCA cycle (M10), and minor amino acids
(M11); also included were the nucleoside tri- and diphos-
phates (M12). Thus, our SOM analysis correctly reflected

Table 3: Status of adenine nucleosides and nicotinamide
coenzymes in the light and dark period

ATP ADP AMP NAD NADH NADP NADPH
AdN* AdN AdN NiC® ~ NiC NiC NiC
Light® 021 040 040 036 0.10 0.09 0.44
Dark* 045 043 0.1 055 009 0.05 0.3}

* AdN = ATP + ADP + AMP

*2 NiC = NAD + NADH + NADP + NADPH

*3 The average of all data throughout the light period
* The average of all data throughout the dark period

the phenotypic metabolic variations that indicate func-
tioning biochemical pathways, and therefore represents a
phenotypic linkage map (PLM).

The advantages of this analysis became even more appar-
ent upon time-resolved analysis of metabolite levels (Fig-
ure 3C), which allowed visualization of the dynamic
activity of these metabolic modules (see Discussion).

Discussion

Estimation of unidentified metabolites with SOM analysis
Although S17P could not be directly identified, we
hypothesized that its peak could be identified in CE-MS
data by combining SOM analysis with knowledge of the
chemical structure. We identified a candidate peak among
several peaks on selected ion electropherograms using a
simple estimation method. As electrophoretic mobility is
proportional to the ionic charge of the solute and
inversely proportional to the size of the ionic molecule
related to the hydrated ionic radius of a spherical mole-
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Figure 3 :

Self-organizing map (SOM) Analysis. A. U-matrix. Measured metabolites (n = 56) were arranged in a 20 x 20 lattice on
the basis of diurnal change similarities. Light- and dark shading indicate high and low similarity, respectively. B. Phenotypic link-
age map (PLM). The linkage among metabolites based on dynamic similarity is expressed as the distance on the quadratic plane.
The metabolites were assigned to 14 metabolic modules that fluctuated synchronously; most contained traditional metabolic
pathway networks or similar compounds. M|, major amino acid; M2, related to photorespiratory pathway intermediates; M3,
pentose phosphate pathway; M4, latter half of the glycolytic pathway; M5, latter half of the TCA cycle; Mé, environmental
stress response; M7, sugars; M8, NADH and NADPH; M9, first half of the glycolytic pathway; MI0; first half of the TCA cycle;
MI I, minor amino acids; M12, nucleoside tri- and diphosphates. C. Time-resolved layout. The relative levels of metabolites are
shown for every time point from the start of the light period to the end of the dark period. Light and dark shading indicate high
and low levels.
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cule [26], we used the cubic root of the molecular weight
as a substitute parameter for the radius. Indeed, the cubic
root of molecular weights of 3 metabolites of similar
chemical structure, Ru5P, F6P and S7P, were linearly cor-
related with migration time ratios (r> 0.999), when PIPES
was used as an internal standard (Table 4).

The estimate for $17P was performed using linear approx-
imation with Rul5P and F16P. The estimated migration
time ratio (MT/MTyg) of S17P was 0,941 (Table 4). Several
peaks were observed at a mass-to-charge ratio (m/z) of
369. A peak of MT/MTg = 0.909 (m/z = 369) was identi-
fied within + 5.0% of the predicted values.

Next, the absence of other metabolites with similar chem-
ical structures was verified with the KEGG ligand database
[27]. Note that except for $17P, metabolites were cydic or
non-anionic compounds.

Finally, we obtained the normalized time-course of the
putative S17P by calculating the ratio of the peak area of
putative S17P to PIPES. Integration of these data into the
SOM analysis showed that this putative S17P marker was
near metabolites in the reductive pentose phosphate path-
way (Figure 3A) or the metabolic module M3 in PLM.

Unfortunately, the above result includes some specula-
tion; most peaks of putative S17P were below the detec-
tion limits (S/N < 3) and the peak was not detected in the
dark period. In the SOM analysis, the peak area of such
undetected metabolite was calculated as zero. Neverthe-

less, the proposed estimation method seems to be effec-

tive in identifying unknown metabolites.

Detection of metabolic bottlenecks by pair-wise
correlation analysis

In previous studies, Peason's correlation coefficients of
metabolite pairs (pair-wise correlation) were applied to
construct a metabolic correlation network [5,10;28]. A
correlation coefficient is an index of co-linearity between
two variables. If two mietabolites, A and B, are always
equilibrated, i.e., [A]/[B] = K, (constant), then their rela-
tionship is linear and shows a high correlation. Although
real metabolic pathways are dynamic and constantly reg-
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ulated by their influx and/or efflux, the pathway compo-
nents that are blocked by rate-limiting enzymes should
exhibit approximate linearity. For example, 3PG, 2PG,
and PEP in the glycolytic pathway are positioned between
two rate-limiting enzymes, phosphoglycerate kinase (EC
2.7.2.3) and pyruvate kinase {PK; EC 2.7.1.40), both of
which are regulated by the ATP/ADP ratio (Figure 1). The
correlation coefficients among these three metabolites
throughout a 24-hr period were over 0.90, whereas the
correlation coefficient between PEP and Pyr, limited by
PK, was under 0.50. Thus, pair-wise correlation analysis is
effective for the identification of metabolic modules that
are regulated by rate-limiting enzymes.

We used a hierarchical clustering algorithm, Ward's
method [29], to dassify metabolites in the glycolytic path-
way (Figure 1) on the basis of their correlation matrix that
was computed using all data throughout the 24-hr period.
Indeed, a dendrogram identified the steps regulated by the
ATP/ADP ratio (Figure 4A). On the other hand, it did not
identify phosphofructokinase I (PFK-1; EC 2.7.1.11) as a
rate-limiting enzyme. Although it is regulated by the ATP/
ADP ratio in animal cells, another enzyme, pyrophos-
phate fructose 6-phosphate 1-phosphotransferase (EC
2.7.1.90), seems to be active in plant cells and may be
independent of the ATP/ADP ratio [30].

The same cluster analysis was also applied to the TCA
cycle intermediates (Figure 1), and the dendrogram
revealed the rate-limiting enzymes in the cycle again (Fig-
ure 4B): citrate synthase (CS; EC 2.3.3.1), and NADP-
dependent isocitrate dehydrogenase (ICDH; EC 1.1.1.42).
This suggests that the classification of metabolites along
enzymatic steps can help to reveal bottleneck enzymes.

Time-resolved carbonlnitrogen metabolomics

Inspection of the time-course .of metabolic modules
allowed us to better understand the carbon and nitrogen
(C/N) assimilation/dissimilation process and their under-
lying function during a 24-hr period (Figure 3C).

In the first half of the light period, some accumulation
emerged for carbon-fixed products: Pyr, 20G, and pho-
torespiratory pathway intermediates (metabolic module

Table 4: Estimated migration-time of unidentifiable metabolites based on the molecular weight of similar metabolites

Compound Formula M.W. ALY MT/MT
RusP CH,(OH)CO [CH(OH)],CH,0PO3H, 230.0192 6.127 1.029
FéP CH,(OH)CO [CH(OH)];CH,0PO;H, 260.0298 6.383 1.080
S7P CH,(OH)CO [CH(OH)L,CH,OPO;3H, 250.0403 6.619 1.125
Rul5P CH,(OPO;H,)CO [CH(OH)],CH,0PO;H, 309.9854 6.768 0.847
Fiép CH,(OPO,H,)CO [CH(OH)];CH,0PO4H, 339.9960 6.980 0.895
si7p CH,(OPO;H,)CO [CH(OH)],CH,OPO;H, 370.0065 7179 0.941*
*Estimated value. MT/MTs was calculated by linear approximation
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Figure 4

Hierarchical cluster analysis. A. Cluster analysis (Ward's
method [26]) was applied to the correlation matrix com-
posed of metabolic intermediates in the glycolytic pathway.
The generated dendrogram was clustered into regulatory
units by the ATP/ADP ratio; hexokinase (EC 2.7.1.1), phos-
phoglycerate kinase (EC 2.7.2.3), and pyruvate kinase (EC
2.7.1.40). B. As well as in the TCA cycle, the dendrogram
was divided into two major groups at the rate-limiting steps;
citrate synthase (CS; EC 2.3.3.1), and NADP-dependent isoc-
itrate dehydrogenase (ICDH; EC 1.1.1.42).

M2). This coincides with carbon fixation by activation of
several light-dependent enzymes including rubisco (EC
4.1.1.39) at the start of light exposure [31], as shown by
the accumulation of Ru15P, Gce and triose derivatives at
the beginning of the light period (light 1 - 3 hr). The slow
accumulation was partly attributable to the very slow met-
abolic turnover of rubisco [32]. Likewise, major amino
acids and amines including Glu and Gln, the source com-
pounds of nitrogen assimilation as amino-group accep-
tor/donor [33,34], also accumulated in the first half of the
light period (M1). This coincides with the diurnal meta-
bolic dynamics and the activities of key enzymes in
tobacco plant [35]. For example, NR activity is known to
remarkably increase immediately after the start of light
exposure and decrease at midday.

On the other hand, the glycolytic pathway and the reduc-
tive pentose phosphate pathway intermediates reached
their highest levels (M3, M4) at midday, and sugars
peaked at the end of the light period (M7).

We can hypothesize that carbon fixed in the first half of
the light period moves down the glycolytic pathway and
the TCA cycle, and amino acid biosynthesis progresses
using generated Glu, Pyr, and 20G. In the latter half of the
light period, the flow of fixed carbon leads to the accumu-
lation of the intermediates in the pentose phosphate path-
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way and to sucrose synthesis by inhibiting the production
of ammonia, Pyr, and 20G.

From the end of the light period through the first half of
the dark period, we noted an increase in sugar phosphates
from the first half of the glycolytic pathway (metabolic
module M9). Around midnight, the accumulation of a
few organic acids in the first half of the TCA cycle (meta-
bolic module M10) was observed, suggesting the activa-
tion of the TCA cycle.

In the latter half of the dark period, the level of minor
amino acids was increased (metabolic module M11),
although they are synthesized from diverse biochemical
pathways. The good correlation among these minor
amino acids, also reported in potato and wheat [36], is
attributable to the fact that the ratio between Gln and
20G regulate minor amino acids in bacteria and fungi
through the reaction Glu + 2-oxo acid <> amino acid +
20G [37]. Under our experimental conditions, the Glu/
20G ratio was much higher in the dark- than in the light
period (22.9 vs. 7.2) and the amino group can easily
transferred to 2-oxo acids to produce amino acids.

Adenine nucleoside and nicotinamide coenzyme status
ATP and ADP were placed in the dark-activated group in
PLM (metabolic module M12); they were accumulated at
the end of the dark period, and decreased by illumination
(Figure 3C). On the other hand, AMP was placed in the
light-activated group peaking at midday. The reason for
fluctuations of adenylate is unknown. Previous observa-
tions also do not coincide in the adenylate levels during
the light- and dark period. In sugar beet leaves, all ade-
nylate levels increased in the light period [38]. In spinach
leaves and wheat leaf protoplast, ATP increased but ADP
and AMP decreased under light [39,40]. In Crassulacean-
acid metabolism (CAM) species, on the contrary, ATP
decreased but ADP and AMP increased [41]. Such differ-
ences may result from different dynamics in cytosol, chlo-
roplasts, and mitochondria [40].

We extrapolate that the lower ATP ratio during the light
period was caused by an excess demand of ATP by intra-
and extra cellular processes for carbon fixation and nitro-
gen assimilation against ATP supply from photosynthesis.
In theory, the amount of ATP consumption in the reduc-
tive pentose phosphate pathway and the photorespiratory
pathway is more than ATP production in the photophos-
phorylation [42]. Beside this, nitrogen assimilation proc-
ess, intracellular transport of the assimilation products,
and sucrose synthesis and its translocation are also
accompanied by ATP. Therefore the dark respiration
makes a considerable contribution to produce ATP even
in the light. However, granted that ATP supply is insuffi-
cient in the light, high metabolic turnover of adenylate
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kinase (EC 2.7.4.3) would immediately work to repro-
duce ATP from ADP that leads to increase of AMP. Further
investigation is necessary to clarify the adenylate dynam-
ics among cell compartments.

In our analysis, NADPH and NADH behaved similarly
(metabolic module M6), whereas NADP and NAD did
not, As NADPH and NADH were respectively generated
by their unique reaction of reducing NADP and NAD,
dependence on the intracellular oxidation-reduction state
shifted the formation of oxidation and reduction. In PLM,
however, NADP was placed in the light-activated- and
NAD in the dark-activated group. This suggests that highly
concentrated NAD in the dark is converted to NADPH via
NADP in the light period. It was reported that the
NADPH/NAD ratio is the inverse of the ATP/ADP ratio in
guard cell protoplast, which indicates that ATP phosphor-
ylates NAD in the light period by NAD kinase (EC
2.7.1.23) and the generated NADP is reduced to NADPH
in the course of photosynthesis [43].

The ratios of NADH to NAD and NADPH to NADP were
0.16-0.29 and 6.2-6.6. The observed difference in the
tendency of oxidized- or reduced form indicates their dif-
ferent cellular roles. NADH is used for oxidative phospho-
rylation, and a low NADH/NAD ratio constrains this
process. On the other hand, NADPH is used for the reduc-
tive biosynthesis of metabolites, and the high ratio of
NADPH/NADP favors the reduction of metabolites.

Environmental stress response

It is remarkable that Glt (GSH; gamma-glutamylcysteinyl
glycine) and Spe exhibited similar fluctuation patterns
(metabolic module M8). Both peaked at the end of the
light period and again just after midnight, suggesting the
existence of common regulatory factors. GSH plays a cen-
tral role in the antioxidant defense by eliminating harmful
peroxide during photosynthesis and oxidative phosphor-
ylation [44]. Polyamines, including spermidine, are also
effective antioxidants under various environmental stress
conditions [45]. During photosynthesis, GSH is converted
to oxidized dithiol (GSSH) to eliminate oxidative stress,
and upon the reduction of NADPH, GSSH can be con-
verted back to GSH by glutathione reductase (GR; EC
1.8.1.7, annotated in rice plant). Our finding that NADPH
reached its highest level at a few hours before the end of
the light period is consistent with the above observation
(Figure 3C), although the connection remains specula-
tive. The relative contribution of NADPH and NADH to
the generation of GSH and spermidine requires further
investigation.

Conclusion
We intended to analyze the rice plant metabolism and to
reconstruct its phenotypic networks in an effort to explain

http://iwww.biomedcentral.com/1752-0509/2/51

underlying biological functions. Our CE-MS technology
provided a comprehensive high-throughput system with
easy sample preparation and facilitated the generation of
high-resolution metabolic time-courses. Data mining
with statistical techniques and SOM analysis revealed syn-
chronous dynamics in metabolic modules downstream of
C and N assimilation and dissimilation processes and
stress responses. Our system was able to discriminate uni-
dentified metabolites and identify bottleneck enzymatic
steps. In a comprehensive approach such heuristics
become increasingly important because with current tech-
nology, the determination of all network components is
virtually impossible. For a more precise investigation of
biochemical networks, expansion of target metabolites
and determination of metabolite levels in each cellular
compartment may be suggested. There are technical hur-
dles, however, in separating organelles without disturbing
a wide range of metabolites inside them. Without much
technical advancement, therefore, it seems difficult to
repeat our time-course measurement for any single cellu-
lar compartment although there are reports for such a
challenge [46]. Finally, for the analysis part, it is necessary
to couple biological information with computer simula-
tions based on large-scale time-resolved measurements of
metabolites, proteins, and mRNAs.

Methods

Plant materials

Young seedlings of rice plants, Oryza sativa L. ssp. japonica
Haenuki, at the third-leaf stage were cultured as follows.
Rice seeds were germinated on filter paper soaked with
Milli-Q water and kept at 30°C in a dark room for 2 days.
After germination, the plantlets were placed on rock fiber
(35 x 35 x 40 mm; Nittobo, Tokyo, Japan), and grown in
a growth chamber (FLI-301N, Tokyo Rika Kikai, Tokyo,
Japan) for 18 days. The temperature and light conditions
were 25°C and 365 pE-m-2s for 9 hr (light), 20°Cand 0
uE-m-2s1 for 11 hr (dark), and 150 pE-m2s for 2 hr
between light and dark, The plants were watered with Kas-
ugai water culture solution (18.9 mg/L (NH,),SO,, 10.1
mg/L Na,HPO, - 12H,0, 4.7 mg/L KCl, 0.79 mg/L CaCl,,
3.0 mg/L MgCl,, 0.17 mg/L-FeCl;-6H,0, and HCI to
adjust the pH to 5.0 - 5.5) [47].

Reagents

Piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) was
purchased from Dojindo (Kumamoto, Japan), methio-
nine sulphone from Avocado Research (Heysham, Lanca-
shire, UK). All other reagents were obtained from
conventional commercial sources. Individual stock solu-
tions, at a concentration of 10 or 100 mM, were prepared
in Milli-Q water, 0.1 N HCI, or 0.1 N NaOH. The working
standard mixture was prepared by diluting these stock
solutions with Milli-Q water just before injection. All
chemicals used were of analytical or reagent grade. Water
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was purified with a Milli-Q purification system (Milli-
pore, Bedford, MA, USA).

Sample preparation
Leaves were harvested (fresh weight approximately 100

mg (6 seedlings)) and frozen in liquid nitrogen to stop
enzymatic activity. They were mashed in a Multi-Beads
Shocker (Yasuikikai, Osaka, Japan) at 2000 rpm for 10 sec
and 0.5 mL of ice-cooled methanol, including 400 uM
PIPES and methionine sulphone as an internal standard,
was added to dissolve phospholipid membranes and inac-
tive enzymes. Then 0.5 mL ice-cold Milli-Q water was
added and the sample was ultrafiltered through a 5-kDa
cut-off filter at 9058 g for 10 min to remove proteins,
phospholipids, chlorophyll, and other high-molecular-
weight impurities. The filtrate was analyzed by CE-MS and
CE-DAD methods. To obtain sufficient sensitivity for the
analysis of nucleotides, coenzymes, and sugars, the filtrate
was concentrated 5-fold by lyophilization [17].

Instruments

All CE-MS experiments were performed by Agilent CE cap-
illary electrophoresis. We used a 1100 series MSD mass
spectrometer, a 1100 series isocratic HPLC pump, a
G1603A CE-MS adapter kit, and a G1607A CE-ESI-MS
sprayer kit (Agilent Technologies). CE-DAD experiments
were performed by Agilent CE capillary electrophoresis
with a built-in diode-array detector. G2201AA Agilent
ChemStation software for CE was used for system control,
data acquisition and analysis, and MSD data evaluation.

Analytical conditions
The compounds were analyzed in four groups using three
CE-MS methods and one CE-DAD method.

a) Cationic metabolites (amino acids and amines) were
analyzed with a fused-silica capillary (50 um i.d. x 100 cm
total length), with 1 M formic acid as the electrolyte. The
sample was injected at an injection pressure of 5.0 kPa for
3 sec (approximately 3 nL). The applied voltage was set at
30 kV. The capillary temperature was set to 20°C, and the
sample tray was cooled to below 5°C. The sheath liquid
(5 mM ammonium acetate in 50% [v/v] methanol-water)
was delivered at 10 uL/min, ESI-MS was conducted in pos-
itive ion mode; the capillary voltage was set at 4000 V. A
flow rate of heated dry nitrogen gas (heater temperature
300°C) was maintained at 10 L/min [12].

b) Anionic metabolites (organic acids and sugar phos-
phates) were analyzed with a cationic polymer-coated
SMILE(+) capillary (Nakalai Tesque, Kyoto, Japan). The
electrolyte for CE separation was a 50 mM ammonium
acetate solution (pH 8.5). The sample was injected at an
injection pressure of 5.0 kPa for 30 sec (approximately 30
nL). The applied voltage was set at -30 kV, and the capil-
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lary temperature was set to 30°C. ESI-MS was conducted
in negative ion mode; the capillary voltage was set at 3500
V. Other conditions were as in the cationic metabolite
analysis [13].

c) Nucleotides and coenzymes were analyzed with an
uncharged polymer-coated gas chromatograph capillary,
polydimethylsiloxane (DB-1) (Agilent Technologies). The
electrolyte for CE separation was 50 mM ammonium ace-
tate solution {pH 7.5). The applied voltage was set at -30
kV and a pressure of 5.0 kPa was added to the inlet capil-
lary during the run. Other conditions were as in the anion
analysis [14].

d) Sugars were analyzed with a fused-silica capillary (50
pm i.d. x 112.5 cm total length, 104 cm effective length).
Basic anion buffer for CE (Agilent Technologies) was the
electrolyte, The sample was injected at a pressure of 5.0
kPa for 10 sec (approximately 10 nL). The applied voltage
was set at -25 KV; the capillary temperature, regulated with
a thermostat, was 25 °C. Sugars were detected by indirect
UV detection using a diode-array detector. The signal
wavelength was set at 350 nm with a reference at 230 nm
[48].

Self-organizing map (SOM) analysis

A free software package, SOM -PAK [49], was used to com-
pute both the SOM and the Sammon map. Before SOM
analysis, the observed time-course data for 58 metabolites
(including an estimate of S17P) were smoothed by aves-
aging the adjacent data points using a sliding window of
width 3, to reduce high-frequency noise presumably orig-
inating from individual differences in plant seedlings,
rapid oscillations in metabolism, or measurement errors.
The missing data points were egrapolated by linear
approximation between prior and subsequent data values.
Among the 57 metabolites evaluafed at 26 time points,
only 30 data points could be extrapolated due to the
detection limit or contamination of other unidentifiable
peaks, The SOM is a map from the input n-dimensional
data space (input layer) to a two-dimensional array of
nodes (output layer). The vectors in the output layer are
the parametric reference vector m;, which has n elements.
An input data vector, x, is compared with m;, and the best-
match vector, which is the smallest Euclidean distance |x -
my|, is mapped onto this location. During leamning, nodes
that are topographically close in the array up to a certain
distance activate each other to learn from the same input
vector, and the reference vectors are corrected so that they
become close to the input vector. Thus,

my(t+ 1) = myt) + hy(t) [x(t) - m(t)],

where t is an integer, the discrete-time coordinate, and
h,(t) is the neighborhood kernel, a function defined over
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the lattice points. The neighborhood size, N, around
node ¢ is a function of time, and h; is defined as

hi=a(t) (ie N;)
hy=0 (i¢ N,),

where ft) is a monotonic decreasing function of time (0
<at) < 1) called the "learning rate". The learning rate
function was defined as

a(t) = o(0)(1.0 - ¢/T),

where o(0) is the initial learning rate and T the running
length (number of steps) in training, In this study, 58 met-
abolic time-courses were formatted and classified in a 24
x 24 hexagonal lattice. The applied SOM parameters were:
initial radius of the training area = 12, initial learning rate
= 0.025, running length = 65 000.

Metabolic pair-wise correlation

Significance levels for Pearson correlation coefficient r
were computed depending on the number of metabolite
pairs n found throughout the light and dark period,
respectively, by calculating t-scores given by t = (n - 2)05/
(1 - r)05, The critical t-score was set to correspond to the
commonly used p-value of 0.05 in two-sided tests.

Hierarchical clustering

Among several algorithms for dustering analysis, we
chose Ward's method [29] in JMP software (ver. 6.0.0; SAS
Institute Inc. Cary, NC). Starting from trivial clusters each
containing one object only, Ward's method iteratively
merges two clusters that will result in the smallest increase
in the sum of the square of their differences (i.e., vari-
ance). At each step, all possible mergers of two clusters are
tried and their variance is computed. The difference
between clusters is calculated by the equation:

d(a,b) =

nghtp — )2

g1 (xa xb)
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Metabolic changes in response to histidine starvation were observed in histidine-auxotrophic
Escherichia coli using a capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS)-
based metabolomics technique. Prior to the analysis, we prepared an E. colf metabolome list of
727 metabolites reported in the literature. An improved method for metabolite extraction was
developed, which resulted in higher extraction efficiency in phosphate-rich metabolites, e.g., ATP
and GTP. Based on the results, 375 charged, hydrophilic intermediates in primary metabolisms
were analysed simultaneously, providing quantitative data of 198 metabolites. We confirmed that
the intracellular levels of intermediates in histidine biosynthesis are rapidly accumulated in
response to a drop in histidine level under histidine-starved conditions, Simultaneously,
disciplined responses were observed in the glycolysis, tricarboxylic acid cycle, and amino acid and
nucleotide biosynthesis pathways as regulated by amino acid starvation.

Introduction

Metabolomics, the unbiased determination of metabolite
levels, is expected to be a valuable approach for the
characterisation of bioprocesses in combination with geno-
mics, transcriptomics, and proteomics. Different from the
other “omics”, metabolomics includes methodological pro-
blems derived from heterogeneity in chemical properties, that
is, it involves the development of extraction methods of
metabolites that can be applied to a broad range of chemical
species, and analytical methods that are achieved by as few
processes as possible. However, it is impossible for all
metabolites to be detected by single analytical method at
present.

The chemical properties of metabolites are widely diverse,
but the majority of them have a few common properties in
terms of physico-chemical traits: molecular weight less than
500, high hydrophilicity,! and charge in aqueous solution.? On
the basis of these properties, we have developed a metabolome
analysis method using capillary electrophoresis electrospray
ionization mass spectrometry (CE-MS) to determine the
majority of metabolic intermediates.*” We found 150 meta-
bolites in sporulating Bacillus subtilis, and analysed the
changes in profiles in major energy metabolisms.® However,
it is unclear how many metabolites in bacterial cells can be
determined by our analytical system. Extraction of metabolites
from cells is also one of the most dominant factors in
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0052, Japan
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metabolomics. Extraction must be adapted to the target
metabolites, organisms, and analytical methods employed.
To date, many extraction methods have been comparatively
studied, with cold methanol extraction,®’ and acidic acetoni-
trile extraction!® as the recommended techniques. We have
employed a quenching method by pure methanol followed by
methanol-water-chloroform extraction to remove hydrophobic
metabolites. While this method satisfies particular constraints
in CE-MS analysis, the efficiency and data reproducibility is
not sufficient especially in phosphate-rich metabolites, e.g.,
ATP. In this study, we modified the method to improve these
problems, and applied it to determine the intermediates of
histidine biosynthesis in Escherichia coli histidine-auxotroph.

The stringent response is known to be a starvation-
stimulated adaptation mechanism/ which includes functional
arrests of chromosome replication, cell division, transcription,
translation, and metabolisms.!! Translation arrest induced by
amino acid starvation on ribosomes activates RelA protein,
resulting in temporal accumulation of a bacterial alarmone,
guanosine 3'-diphosphate 5’-diphosphate (ppGpp). Recently,
transcriptome and proteome analyses have been demounstrated
in bacterial stringent responses, indicating the possibility that
metabolisms are dramatically influenced by amino acid
starvation.'>"' However, no metabolomics approach has been
used, raising a question of how to change the metabolism in
the starved, auxotrophic situation in bacteria.

In this study, we prepared a complete metabolite list for
E. coli by searching databases and the literature. The method
of metabolome extraction was also improved, realising good
metabolome analyses using capillary electrophoresis electro-
spray ionization time-of-flight mass spectrometry (CE-
TOFMS). We applied the method to the analysis of the
E. coli histidine-auxotroph and demonstrated through the
analysis of 375 metabolites including primary metabolism
intermediates that the metabolome profile of E. coli is

This journal is © The Royal Society of Chemistry 2008

Mol. BioSyst, 2008, 4, 135-147 | 135



dramatically changed during amino acid starvation. The
quantitative data obtained for 198 hydrophilic, charged
metabolites provides new insights in bacterial starvation.

Results and discussion
Target metabolites of CE-MS based metaboloniics

The definition of the metabolome that is widely accepted in
various fields is the entire set of low-molecular weight
intermediates in metabolisms including amino acids, amines,
nucleotides, sugars, lipids, and other substances. Generally,
DNA, RNA, and protein are excluded from the definition, but
their digests are occasionally recognised to be the targets of
metabolomics. These metabolites are widely diverse in their
chemical properties, ie., polarity that is a determinant of
solubility, electronic charge of ions, volatility, and molecular
weight. Metabolites found in E. coli cells are summarised in the
EcoCyc database,'>'® and their physico-chemical properties
have been previously observed.! Prior to the metabolome
analysis, we prepared a list of E. coli metabolites to understand
the target metabolites in CE-TOFMS based metabolomics.
Our survey of the known E. coli metabolites, carried out
through a database and literature search (see Experimental),
resulted in a list of metabolome including 727 metabolites
(supplementary Table 1t). Of these, 453 (62%) belong to
primary metabolites and their degradation intermediates
(classes I and II), which are expected to be found in cells
grown in minimal medium (Fig. 1A). Since most of the
primary metabolites, for which the number is calculated as
92% (hydrophilic in Fig. 1B) x 96% (anion, cation, and
nucleotide in Fig. 1C) = 88% (402 metabolites), are hydrophilic
and charged, it is expected that CE-TOFMS, which principally
targets water-soluble, charged metabolites is an extremely
promising analysis method for metabolomics in primary
pathways. Since some of the metabolites (e.g., acetic acid)
cannot be detected rationally, the number of the target
metabolites in CE-TOFMS analysis was 375, which corre-
sponds to 83% of the primary metabolites in E. coli.

Optimisation of metabolome extraction procedure

A problem was inherent in our previous studies regarding
bacterial metabolome analyses.>S The extraction efficiencies of
phosphate-rich metabolites such as ATP were often relatively
low, affecting reproducibility of the analyses. We considered
that the problem may be due to the interaction between
phosphate groups of metabolites and phospholipids in the cell
membrane. To improve this problem, we introduced sonica-
tion treatment during methanol extraction of metabolites from
the cells (Fig. 2 and Experimental section). By this additional
process, cells are peeled from the filter and completely
suspended in methanol. Here, an ultrasonic syringe is suitable
rather than a cell disruptor, since the methanol is transpired by
excessively strong ulirasonic of cell disruptor, resulting in
fluctuation and enhanced error of the metabolomics data (data
not shown). To compare the extraction efficiencies, we used
four methods for the methanol extraction process; (i) with
sonication (improved method), (ii) without sonication (con-
ventional method), (iii) with sonication, but cells are removed

by brief centrifugation before chloroform addition (sonicated
cell removal method), and (iv) with incubation at ~80 °C for
12 h, but cells are removed (cold method).

To examine the reproducibility of the improved method, we
repeatedly collected the data obtained in the improved method
(the data are distinguished as “1st” and “2nd”). Fig. 3A shows
the reproducibility and improvement of extraction efficiency
by sonication in nucleotide metabolites containing phosphate
groups. The metabolome source was E. coli W3110 grown in
rich medium at 37 °C until the middle-logarithmic growth
phase. Strikingly, extraction efficiency of GTP was improved
130-fold relative to the conventional method reported pre-
viously.6 For adenosine-phosphates, ATP, ADP, and AMP,
the signal intensities were enhanced 39-, 17-, and 1.6-fold,
respectively, by the improved method. Enhancement of
detected signal intensities depended on the number of
phosphate groups in the metabolites, indicating that efficient
extraction of phosphate-rich metabolites is difficult by
methanol extraction alone. It has been assumed that the
phenomenon is due primarily to interaction of the metabolites
with cell membranes by the intense negative charge of
phosphate, but further investigations are needed. The
improvement of extraction efficiency was not achieved by the
sonicated cell removal method or cold method (Fig. 3A). This
result suggests that the cells (and enzymes in the cells) fixed in
methanol are damaged or inverted by contact with chloroform,
and release the metabolites including phosphate groups into
the solvent. The extraction efficiency of most amino acids was
independent of the extraction methods except for lysine and
arginine (Fig. 3B). This suggests that extraction of basic
metabolites is also conditional in methanol extraction.
Another basic amino acid, histidine, was efficiently extracted
by all methods, possibly due to its more feeble imidazole group
charge. As the isoelectric points of arginine, lysine, and
histidine are 10.76, 9.74, and 7.59, respectively, the extremely
intense positive charges of arginine and lysine most likely
interact with the phosphate group in the phospholipids of the
cell membrane. On the other hand, a p}foblem was raised in the
improved method. In some metabolites, NADH, NADPH,
and coenzyme A (CoA), the extraction efficiency was worsened
relative to that of the conventional method (Fig. 3A). Levels of
oxidised forms of these metabolites, NAD*, NADP*, and
CoA dimer (CoA-CoA) were increased in the improved
method. This was not found in the other methods. Total
amounts of these oxidised and reduced forms of metabolites
were enhanced in the improved method (data not shown),
suggesting that the extraction of them is basically improved.
However, decreased levels of the oxidised forms most likely
suggest that the reduced forms of the metabolites are oxidised
during preparation procedures. Although it is not clear why
oxidation of the metabolites is accelerated in the improved
method, enhanced levels of some oxidants, eg, flavin
nucleotides may stimulate the oxidation.

Determination of histidine-biosynthesis intermediates using
improved methods

Histidine is synthesised via ten steps which are evolutionarily
conserved in all organisms that synthesise histidine.!?
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4 Classes: I, primary matabolism; II, degradation of primary metabolites; III, Degradation of environmental compounds; IV, secondary or unconventional metabolism; V, pathway unknown; VI,

intermediates in putative in vitro reaction.
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Fig. 1 Classification of E. coli metabolites. A. Distribution of
metabolites by metabolic pathways. The classes are described in the
Experimental section. B. Hydrophobicity of metabolites in classes I
and II. H,O was excluded from the calculation. C. Distribution of
analytical modes in CE-TOFMS analysis for hydrophilic metabolites
in classes I and II. The neutral metabolites cannot be analysed by
CE-MS.

However, standard chemicals of most of the intermediates are
not commercially available, making pathway analysis difficult
(Fig. 4A). Providing the migration times of the intermediates
in CE-TOFMS analysis enables the analysis of histidine
biosynthesis as a part of metabolome analysis. Since, most
intermediates in histidine biosynthesis are phosphate-including
complex compounds which are detected by CE-TOFMS in
nucleotide mode, we performed CE-TOFMS analyses of the
metabolites extracted by the improved preparation method
presented here. To accumulate the histidine intermediates, we
employed an E. coli mutant (JW2002) carrying a null mutation
in the AisD allele that codes for histidine dehydrogenase
catalysing the conversion of L-histidinol to L-histidine via
L-histidinal.'®

The histidine biosynthesis pathway is repressed, as a
posttranslational regulation, by histidine at the first step of
the pathway,'® and is down-regulated by attenuation of the
gene expression under conditions of excess histidine.”® The
expression of his operon is also induced by amino acid
starvation in a ppGpp-mediated manner.?! Hence, it is
expected that amino acid starvation stimulates the accumula-
tion of histidine biosynthesis intermediates. E. coli JW2002
was grown in a minimal medium supplemented with histidine
and then resuspended in a minimal medium without histidine
at the middle-to-late logarithmic growth phase. Accumulation
of histidine biosynthesis intermediates are shown in Fig. 4B.
The intermediates for which standard chemicals are unavail-
able were identified based on their calculated m/z values
(Fig. 4C). A downshift of histidine in the medium activates
histidine biosynthesis provoking accumulation of its
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Fig. 2 Metabolome extraction procedure modified in this study. A.
Schematic of the metabolome extraction procedure. Modified point is
indicated in the green box. B. Cell suspension prepared by sonication
of methanol.

intermediates. Actually, the intracellular level of histidine
dropped rapidly within 30 min of the downshift, resulting in
the activation of the histidine biosynthesis pathway. Though
phosphoribosyl-ATP was not detected here, chronological
accumulation profiles of the intermediates were observed. The
phosphoribosylpyrophosphate (PRPP) level was increased
at the onset of starvation (0~15 min), and then slightly
decreased in concert with the drop of histidine concentrations
(30—60 min). These results are consistent with the previous
observations,’® and clearly indicate the accumulation of
intermediates in histidine biosynthesis. Additionally, among

the intermediates only PRPP and L-histidinol are commercially
available at present, and thus the results yield important
information of CE-TOFMS analysis in histidine biosynthesis.

Metabolome profiles under histidine starvation conditions

Amino acid starvation induces the accumulation of ppGpp,
stimulating stringent response in cells.!! Actually, ppGpp
levels were significantly increased after the histidine downshift
(supplementary Table 2}). This observation led us to view all
the metabolite changes during histidine starvation as the
stringent response. We determined the metabolome profiles
including 375 metabolites belonging to classes I and II
(supplementary Table 2). Of the metabolites, a total of 198
were successfully detected in cells during histidine starvation,
and are depicted in the E. coli metabolic pathway map shown
in Fig. 5 (high resolution, printable version is available as
supplementary Fig. 11). Of the metabolites detected in cells, 45
were determined based on their m/z values because the
standard chemicals are not available. At a glance, dramatic
changes were found in regional primary metabolisms, but most
of the metabolites were not changed. Since the metabolic
network in E. coli is generally robust against environmental
perturbations,?? the metabolic changes found here seem to
involve homeostasis of metabolic processes.

To identify the metabolic changes, we performed clustering
analysis of the metabolome data using hierarchical clustering
analysis (HCA), generating five significant clusters. Clustering
analysis is applicable and valuable in transcriptomic analysis,
since the accumulation of a specific mRNA directly shows the
activation of the gene expression.?> However, it should be
noted in metabolomics that the accumulation of a metabolite
does not indicate activation of the metabolic pathway, it
should be estimated in combination with the change of its
down- and upstream metabolites. The clusters generated here
are shown in Fig. 6 and listed in Table 1. The metabolites for
which levels were unchanged were excluded from HCA.
Clusters 1, 2, and 3 resembled each other in the profiles and
tend to be accumulated after histidine downshift (Fig. 6B).
Cluster 1 metabolites were temporary accumulated during 15
to 30 min after the histidine downshift, and then decreased
(Fig. 6B). Cluster 2 metabolites were rapidly accumulated at
15 min and maintained thereafter (Fig. 6B). Accumulations of
cluster 3 metabolites were delayed to 60 min (Fig. 6B). Clusters
4 and 5 tended to be decreased gradually and rapidly,
respectively (Fig. 6B).

During stringent responses, DNA replication, transcription,
translation, and cell division are arrested in a ppGpp-
dependent manner.!! Actually, growth was seen to be arrested
by monitoring optical density at 600 nm at the onset of
histidine starvation (data not shown). High-energy carrier
molecules, ATP and GTP, were accumulated slightly (cluster
2), suggesting that DNA replication, and transcription of
ribosomal RNAs are stopped, as described elsewhere.!! This is
considered to be a reservation for further growth when de novo
histidine biosynthesis is activated (growth cannot occur
because of hisD disruption in the cells). The building blocks
of DNA, dNTP, were maintained after histidine downshift.
Amino acid levels were significantly accumulated after

This journal is © The Royal Society of Chemistry 2008
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downshift: most are distributed to clusters 2 and 3. In
particular, accumulation of lysine, leucine, arginine, and
phenylalanine was prominent. Of amino acids, threonine,
except histidine, was assigned to cluster 5, indicating threonine
was consumed after histidine-downshift. These results suggest
that threonine biosynthesis from aspartic acid was shut down
during starvation, resulting in the drop of isoleucine and
following stimulation of valine and leucine biosynthesis.?*
Next, we focused on the behavior of cluster 2 metabolites
which were clustered with ppGpp in order to discuss the
candidate pathways under stringent control (Table 1). The first
half of glycolysis, from glucose-6-phosphate (G6P) to glycer-
aldehyde-3-phosphate (G3P) and dihydroacetonephosphate
(DHAP), was accumulated in concert with the intermediates
in the pentose phosphate pathway (Fig. 5, positions B-2 and
C-2). This effect seems to involve increased histidine biosynth-
esis via PRPP. However, the middle of glycolysis, from 3- or
2-phosphoglyceric acid (3- or 2-PG) to phosphoenolpyruvic
acid (PEP), was unchanged (Fig. 5, position C-3), while late
step of glycolysis, pyruvic acid, dropped remarkably (Fig. 5,
position C-3). These results suggest that the bebavior of
glycolysis is complicated during histidine starvation: that is,
the first half is activated with the pentose phosphate pathway,
but the flux is not extended to pyruvic acid synthesis.
Moreover, the entire tricarboxylic acid (TCA) cycle inter-
mediates were distributed into cluster 2, indicating that the
TCA cycle was activated to yield precursors of downstream
pathways and consumes intracellular pyruvic acid. Although
we cannot exclude the possibility that the aforementioned

pathways are regulated in a ppGpp-independent manter, the
results provide new insights for understanding the stringent
response in bacteria. Metabolomics observations in the reld
mutant are needed to unveil the mechanism of stringent
response in metabolism.

Experimental

Preparation of E. coli metabolite list

Metabolites in E, coli were selected from the EcoCyc!>¢2% and

KEGG*? databases. The metabolites listed in the databases
were identified one by one in the literature. Finally, 727
metabolites were selected as E. coli metabolites (supplementary
Table 11) and then classified based on the metabolism
pathways as follows. Class I metabolites belong to primary
metabolisms including biosynthesis of building block metabo-
lites of cells, energy metabolisms such as the glycolysis and
TCA cycle, and other biosynthesis pathways. Class II includes
the intermediates of degradation pathways of primary
metabolites, e.g., amino acid degradation. The metabolites in
classes I and II are expected to be found in cells grown in
general minimal medium. Class III involves the degradation
pathways of environmental compounds which are not included
in general minimal medium, Class IV includes secondary
metabolism or unconventional metabolisms. Class V includes
the metabolites found in E. coli cells previously, but.the
pathways are unknown. Class VI metabolites are intermediates
and products of in vitro enzymatic reactions using putative
gene products.
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Bacterial strains and growth conditions extraction procedure. The kisD deletion mutant, JW2002, was

distributed from the Keio collection?® The cells were pre-
E. coli W3110 (laboratory stock) grown in Luria-Bertani (LB) grown on LB plates at 37 °C for 12 h. The fresh colonies that
liquid medium®® was used for optimisation of metabolome  appeared were inoculated into M9 liquid medium?® containing
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E— K T E . c T 0
Purine Blosyn;thesls ] > 1 :
= = = = Tetrahydrofolate Biosynthesis
4 - - -— —— - - . - -
> > > > > @ >
Y .
| " Ll e e = : -
f 0 e rb > > —ep c»olankffd:
i ' | — " 1 dTOP-rhamnase Biosynthesis  Phosphoric acids
; 2 e 3 = :
bttt e e e e e
l¢ |<- |<~ <+ »> Pyridoxal 5 ‘-pho'sphate Biosynthesis Thiamine Activation
_‘_ f : — —-——-——rb > +> +> T l-v '—-—> rb
-> + > -> —L’ il e | : ="
S ] L ey Lo beolss f —
X : d ) is L B . o
> o 4o i
! kDO2-HipidA} L =
t ‘ : 9 4 0 - L ppeptidoglycan
KDO2- . o i
& |‘ tpida ™ 1= {u I agiiRd| e TR | v o i}
G i R [ gy THPRY | sy -»Common antigen
t f B f_‘—i, sic 3 ' H
« ¢ * <t *ih |
Bmun Blosynthesr's = l "
Tip A et s 9] . Mettylglyoxal Pathway 4 v ¥
: | ~ 8
] ¥ I . !-PF’ymvlcadd l %
, P ;71 '_4__} ) Gty 4. v 3
R s Ligs & R = IR
J i v
e A b Tkt
2 Flavin Biosynthesis 1 g l e [ Glutathione
- [4-,—1 w \ 4 2 Biosynthesis
<+ — .l <+ < < E§ : |
a T i
P — l
e l‘ I | Fatty acldsd === f : T__‘ . i
100 e e - Cys - Ifb |» i
. J A i Asn ‘ i I : i
Lys ’ = " 4
! ' R gt R Rgl” —
1 .
| ; 0 o | S o b ™
- « o+ e o+ 2 ~ ﬁ '
v - . ’ : " ‘&
ubi- ¥ ¥ = sk - ¥ 4
quinones = TCA Cycle
¥ I ' ‘ 1 ! R e
% v 4
= = 4
4 v ' l
v Leu Cholanic acids 4
A
4 v - |
* 4 S
v R 1% l'_l
» Menaquinanes iiAD f 4 :
- Biasynthesis l |
- - : TSN S [ S
v l 14. ' Glue I{- & I" I
t ¢ e i oy o filt '
' “aly——din e ol
) . )
o . q H e ] S
| Polyamines Biosynthesis Protoheme I Strohemedt =+ U pyrimidine Biosynthesis

Fig. 5 Metabolomic profile of E. coli after histidine downshift. The data of each metabolite
Enlarged, printable version is available as supplementary Figure 1.1

level are summarized in supplementary Table 2.
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Fig. 6 Clustering analysis of metabolites for which intracellular levels were changed during histidine starvation. A. Tree view of distances between
the clusters generated by HCA. B. Average view of the clusters. Signal intensities relative to that of internal standard were standardised.

50 pg ml™! of L-histidine, and this was followed by incubation
at 37 °C with shaking. When the cells reached the middle-to-
late logarithmic phase (optical density at 600 nm = 0.8), they
were harvested by brief centrifugation, washed with M9
medium without histidine, and then suspended in the M9
medium. The culture was continuously shaken at 37 °C until
the sampling times.

Metabolite extraction procedure

Intracellular metabolites were extracted as described
previously with some modifications. Schematic of the

metabolome extraction procedure is shown in Fig. 2. Cells
grown as described above were collected for metabolome
analysis at indicated times. Culture including approximately
10° cells (calculated as optical density at 600 nm x sampling
volume of culture (ml) = 20) was filtered by a vacuum filtration
system using a 0.4 pm pore size filter. The residual cells on the
filter were washed twice with 5 ml of Milli-Q water. The filter
was immersed in 2 ml of methanol including 5 pM each of
internal standards, methionine sulfone and D-camphor-10-
sulfonic acid (CSA). The dish was sonicated for 30 s using an
Elma Transsonic T460/H ultrasonic syringe (not an ultrasonic
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cell disrupter) (Elma Hans Schmidbauer GmbH & Co.,
Singen, Germany) to suspend the cells completely. Effects of
this process on metabolite extraction efficiency are discussed in
the results and discussion section. A 1.6 ml portion of the
methanol cell suspension was transferred to a Falcon Blue
Max Jr., 352097 centrifugal tube (15 ml) (Becton Dickinson &
Co., New Jersey, USA), and mixed with 1.6 ml of chloroform
and 640 ul of Milli-Q water. After vortexing well, the mixture
was centrifuged at 4600 x g and 4 °C for 5 min. The aqueous
layer (750 pl) was distributed to three Amicon Ultrafree-MC
ultrafilter tips (Millipore Co., Massachusetts, USA) and
centrifuged at 9100 x g and 4 °C for approximately 2 h.
The filtrate was dried and preserved at —80 °C until CE-MS
analysis. Priot to analysis, the sample was dissolved in 25 pl of
Milli-Q water,

Instrumentation

CE-TOFMS was carried out using an Agilent CE Capillary
Electrophoresis System equipped with an Agilent 6210 Time-
of-Flight mass spectrometer, Agilent 1100 isocratic HPLC
pump, Agilent G1603A CE-MS adapter kit, and Agilent
G1607A CE-ESI-MS sprayer kit (Agilent Technologies,
Waldbronn, Germany). The system was controlled by
Agilent G2201AA ChemStation software version B.03.01 for
CE (Agilent Technologies, Waldbronn, Germany). Data
acquisition was performed by Analyst QS Build: 7222 software
for Agilent TOF (Applied Biosystems, California, USA/MDS
Sciex, Ontario, Canada).

CE-TOFMS conditions

Separations and detections of metabolites were basically
performed as described previously for cationic metabolites,>®
anionic metabolites,*® and nucleotides.>® For cationic meta-
bolites, capillary electrophoreses were performed using a fused
silica capillary. The electrolyte was 1 M formic acid.
Methanol-water (50% v/v) containing 0.5 pM reserpine (the
lock mass for exact mass measurements) was delivered as the
sheath liquid at 10 pl min~L For anionic metabolites, a
polymer coated SMILE(+) capillary (Nacalai tesque, Kyoto,
Japan) was used. The elecirolyte was 50 mM ammonium
acetate (pH 8.5). Ammonium acetate (§ mM) in 50% (v/v)
methanol-water containing 1 pM reserpine was delivered as the
sheath liquid at 10 pl min™!. For nucleotides, separations were
performed using a fused silica capillary. The electrolyte was
50 mM ammonium acetate (pH 7.5). The sheath liquid for
anionic metabolites was used as the electrolyte. The capillary
was pretreated with preconditioning buffer including 25 mM
ammonium acetate and 75 mM sodium phosphate at pH 7.5.
Pressure of 50 mbar was applied to inlet capillary during run to
reduce the analysis time. For all analytical modes, inner
diameter and total length of capillary are 50 ym and 100 cm,
respectively. The applied voltage was set at +30 kV and
—30 kV for cation and anion modes and nucleotide mode,
respectively.

Electrosplay ionisation-TOFMS was operated in the posi-
tive ion mode (4 kV), the negative ion mode (3.5 kV), and the
negative ion mode (3.5 kV) for cationic metabolites, anionic
metabolites, and nucleotides, respectively. A flow rate of

heated dry nitrogen gas (heater temperature 300 °C) was
maintained at 10 psig. Exact mass data were acquired over a
50-1000 m/z range.

Cluster analysis

The metabolome data set was prepared by selection of
metabolites based on a coefficient of variation of more than
0.2 to exclude the metabolites for which levels were unchanged.
HCA was performed on the data set using MATLAB 2007a
(The Math Works, Massachusetts, USA). Distances between
the metabolites were calculated by the equation, correlation
coefficient + 1.

Conclusion

In this study, we produced a list of previously reported E. coli
metabolites together with analytical information for CE-
TOFMS-based metabolome analysis. This list is also useful
for other analytical methods using MS as a detector. The
metabolome extraction method was also improved, realising
quantitative analyses of phosphate-rich metabolites and other
hydrophilic, charged metabolites. However, this method
cannot be applied to the analysis of metabolites oxidised in
the metabolome pool. Extraction methods inhibiting oxidation
of the metabolites are needed to determine them. We
successfully determined 198 metabolites in primary metabo-
lisms of E. coli histidine-auxotroph. The metabolome profiles
were analysed by mapping data to metabolic pathways and
HCA, suggesting separated activation of amino acid biosynth-
esis pathways, glycolysis, and the TCA cycle. Although more
detailed studies using the reld mutant is required to unveil the
entire view of stringent responses mediated by ppGpp, we
believe that metabolome profiling should provide new insights
into bacterial adaptation to environmental changes.
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