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General introduction

A catalyst is a substance that increases the rate of a chemical reaction, while it is not
consumed in the reaction.

Catalysts are classified as homogeneous and heterogeneous

ones, the most major one among the latter being metal catalysts.

For example three-way

catalysts (platinum, palladium and rhodium) belonging to heterogeneous ones are used to
clean car fumes.
biocatalysts.

Enzymes and ribozymes belonging to homogeneous ones are called

Enzymes are large biological molecules that are proteins, and they

catalyze various reactions in living organisms.

Ribozymes, which comprise RNA, are

well known to catalyze phosphoryl transfer reactions (involved in RNA self-splicing), the
synthesis of peptide bonds, and so on (1-4).

Organocatalysts, other homogeneous

catalysts, are low molecular mass organic compounds derived from non-metal elements
(e.g. carbon, oxygen, hydrogen, and nitrogen) (5). They are used in industry because
they have the following advantages compared with metal-containing catalysts (6-9).

(i)

Organocatalysts exhibit catalytic activity under mild conditions (atmospheric pressure,
room temperature and neutral pH).
low.

(iii) Environmental loads caused by waste reaction mixture containing

organocatalysts used are low.
are low.

(ii) Disposal costs for depleted organocatalysts are

(iv) Risks of contamination by metal ions of the product

Therefore, organocatalysts have been receiving much attention in the field of

green chemistry (10).

We have studied metabolism of actinomyetes from fundamental

standpoints as well as applied point of views (11-14).

Streptomycetes are Gram-positive

soil microorganisms that produce a wide variety of secondary metabolites, many of which
1

have potent biological activities.

They produce more than half of the known

biologically active microbial products, including many commercially important
antibiotics, immunosuppressive compounds, animal health products, and agrochemicals.
They also produce various enzymes that are commercially and academically valuable.
This vast reservoir of diverse products makes Streptomyces one of the most important
industrial microbial genera.
From Streptomyces, a new enzyme designated as L-glutamate oxidase (E.C. 1. 4. 3.
11) (15), which catalyzes the oxidation of L-glutamate to α-ketoglutarate was discovered.
Oxidation reactions are essential for living organisms and important for industrial
applications; for example, the first step (oxidation of tryptophan to kynurenine) of
tryptophan metabolism (16), cytochrome P-450 enzymes involved in drug detoxification
(17) and glucose oxidase used as the glucose sensor to measure the glucose concentration
in the blood.
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Chapter I

The low molecular mass organic compound with catalytic activity

Section I

Discovery of CompoundA with catalytic activity for oxidation reactions
and Compound A purification
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Materials and Methods

Materials
Purified crystals of Compound A were provided by Prof. K. Ichinose (Musashino
Univ., Tokyo).

The provided compound A was used as authentic compound A.

All

other chemicals were from commercial sources and were of reagent grade.

All

compound A crystals dissolved in 1, 4-dioxane were used as Compound A solutions.

Bacterial strains and media
Streptomyces coelicolor A3(2) M145 was supplied by Dr. T. Fujii (National
Institute for Agro-Environmental Science, Ibaraki, Japan).

S. coelicolor A3(2) was

grown in YEME medium, which was composed of 1.0% glucose, 0.5% peptone, 0.3%
yeast extract, and 0.3% malt extract (pH 7.2).

Isolation and purification of compound A
S. coelicolor A3(2) was inoculated for the first subculture.

The first subculture was

carried out at 28°C for 1 week with reciprocal shaking in a 500-ml shaking flask
containing 100 ml of YEME medium.

Then, 10 ml of the first subculture was

inoculated into a 2-L shaking flask containing 500 ml of YEME medium.
culture was also performed at 28°C with reciprocal shaking.

The second

After incubation for 1

week, the cells were harvested by centrifugation at 10,400 x g at 4°C and washed with
500 ml of 1 M HCl, and then stirred in 800 ml of 1 M NaOH.
4

The solubilized blue

pigment was separated from the mycelial debris by centrifugation.

The supernatant was

acidified to pH 2~3 with conc. HCl, which yielded a red precipitate of crude compound A.
The precipitate was collected by centrifugation and washed with acetone, followed by
filtration.

The collected pigment was dried in vacuo and recrystallized from 1,

4-dioxane. The resultant compound A was dissolved again in 1, 4-dioxane, and then the
compound A solution was analyzed by HPLC with a Shimadzu LC-10Avp system
equipped with a TSK-gel ODS-100S column (4.6 i.d. x 150 mm; Tosoh Corporation,
Tokyo, Japan) under the following conditions: column temperature, 40°C; flow rate, 1.0
ml/min; photo-diode array detector, 190~600 nm; mobile-phase solvent A [0.5% (v/v)
acetic acid in CH3CN] and solvent B [0.5% (v/v) acetic acid in deionised H2O], and
subsequent gradient elution.

The mobile-phase composition was 65% solvent A/35%

solvent B at 0 min, 65% solvent A/35% solvent B at 5 min, 5% solvent A/95% solvent B
at 30 min, 5% solvent A/95% solvent B at 35 min, and 35% solvent A/65% solvent B at
40 min.

Determination of the molecular mass of the purified compound A was

performed by LC-ESI-MS with a Shimadzu LCMS-8030 system equipped with a
TSK-gel ODS-100S column under the above condition.

The MS analysis data were

acquired with a mass spectrometer with ESI in the negative modes.

Assaying of catalytic activity of Compound A for oxidation reactions
Measurement of O2 consumption with an oxygen electrode

The catalytic activity

of compound A for oxidation reactions was measured with an oxygen electrode
(Hansatech Instruments Ltd., Norfolk, UK), which monitors the O2 concentration.
5

The

reaction mixture was composed of 2, 10, or 30 mM L-ASC or L-Cys, 100 mM potassium
phosphate buffer (KPB) (pH 7.4), and 10 µl compound A solution, in a final volume of 1
ml. The reaction was initiated by injecting the compound A solution into an electrode
cuvette and carried out at 30°C.

Because slight spontaneous oxidation of substrates

occurs, the decrease in the O2 concentration was always measured as a negative control
when 1, 4-dioxane (solvent for compound A) was used in the reactions instead of the
compound A solution.

One unit of compound A is defined as the amount of the

compound that catalyzes the consumption of 1 µmol of O2 per min.
Measurement of substrate consumption and product formation by HPLC

For the

oxidation reaction of L-ASC, the reaction mixture comprised 2 mM L-ASC, 100 mM
KPB (pH 7.4), and 7.9 µM Compound A, in a final volume of 5 ml.

The reaction was

started by the addition of compound A and carried out at 30°C.

The reaction was

stopped by the addition of an equal volume of 0.2 M HCl.

L-ASC

and the product

(dehydroascorbic acid: DHA) were analyzed by HPLC with a Shimadzu LC-10Avp
system equipped with a ZIC-HILIC column (4.6 i.d. x 150 mm; Merck KGaA, Darmstadt,
Germany) under the following conditions: column temperature, 40°C; isocratic elution;
mobile-phase solvent (100 mM ammonium acetate : CH3CN = 3 : 7); flow rate, 1.0
ml/min; and photo-diode array detector, 240 nm.

Hydrogen peroxide (H2O2) was

analyzed by HPLC with a Shimadzu LC-10Avp system equipped with a Shoudex
SUGER KS-801 column (8.0 i.d. x 300 mm; Showa Denko K.K., Tokyo, Japan) under
the following conditions: column temperature, 40°C; isocratic elution; mobile-phase
solvent (2 mM Na2SO4, 20 nM EDTA); flow rate, 0.75 ml/min; and electrochemical
6

detection (ECD700S; Eicom Corporation, Kyoto, Japan).
For the oxidation reaction of L-Cys, 2 mM L-Cys was used instead of 2 mM L-ASC.
L-Cys

and the product (L-cystine: L-CSSC) were analyzed by HPLC with a Shimadzu

LC-10Avp system equipped with a CAPCELLPAK column (4.6 i.d. x 150 mm; Shiseido
Company, Limited, Tokyo, Japan) under the following conditions: column temperature,
40°C; isocratic elution; mobile-phase solvent (3.5 mM sodium 1-heptanesulfate, 0.1%
(w/v) phosphate : CH3CN = 95 : 5); flow rate, 1.0 ml/min; and photo-diode array detector,
210 nm.
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Results

Oxidase activity observed in the culture supernatant of S. coelicolor A3(2)
With a oxygen electrode, with which O2 concentrations can be monitored directly,
we tried to find new oxidases by measuring O2 consumption as an indicator of oxidases.
When culture supernatants of Streptomyces. coelicolor A3(2) were mixed with 10 mM
L-ASC

or 30 mM L-Cys, the O2 concentration decreased in the reaction mixture (Fig. 1).

Because oxidases produce H2O2 as one of the products, catalase, which catalyzes the
decomposition of H2O2, was added to the reaction mixture to determine whether H2O2
was produced or not.

When catalase (140 units) was injected into the reaction mixture

containing 10 mM L-ASC as the substrate, the decrease in O2 concentration became half
compared with that in the reaction mixture without catalase (which catalyzes the
following reaction: 2 H2O2 → 2 H2O + O2) (Fig. 1A).

These findings indicate that an

oxidase would exist in the culture supernatants of S. coelicolor A3(2).

Purification and identification of the compound with oxidase activity
At first we tried to purify the oxidase from S. coelicolor A3(2).

The supernatants

of this strain were applied to several columns, and the oxidase activity in each fraction
was measured and the protein concentrations were confirmed by SDS-PAGE.

However,

proteins exhibiting a correlation between the protein concentration and the oxidase
activity were not obtained in any fractions.

On the other hand, several blue fractions,

which exhibited a correlation between the depth of color and the oxidase activity, were
8

obtained.

It is known that the blue pigment produced by S. coelicolor A3(2) is

compound A: a low molecular mass organic compound.
compound A crystal from 10 L liquid culture.

Thus, we purified a 36 mg

The compound A crystal was dissolved

in 1, 4-dioxane, which is a solvent, and gave a single peak (retention time: 15.8 min) on
HPLC analysis (Fig. 3A).

On the other hand, 1, 4-dioxane gave no peak.

In order to

confirm the complete purification of Compound A, the same analyses were performed
using the authentic compound A crystals provided.

As a result the provided compound

A exhibited the same retention time (15.8 min) in the HPLC chart (Fig. 3A).

The

absorption spectrum of the purified compound A solution showed maximum absorbance
at 520 nm, and overlapped with that of the provided compound A (Fig. 3B).

With an

oxygen electrode, we measured the catalytic activity of the purified compound A to
oxidize L-ASC or L-Cys.

The results showed that compound A exhibited the catalytic

activity for oxidation reactions like culture supernatants of S. coelicolor A3(2), but 1,
4-dioxane exhibited no activity (Fig. 2A and B).
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Figure 1: Oxidase activity observed in culture supernatants of S.
coelicolor A3(2).
Analyses of oxidative activity in supernatants of S. coelicolor A3(2)
in the presence of 10 mM L-ASC (A) or 30 mM L-Cys (B) as the
substrate. The reaction was initiated (black arrow) by the addition of
a supernatant of 5 days-cultured S. coelicolor A3(2) (blue and red).
Catalase (140 units) was added (white arrow) during the reaction
under the red line conditions.
�
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Figure 2: Catalytic activity of compound A for oxidation reaction.
Oxygen electrode analyses of compound A in the presence of 10 mM
L-ASC (A) or 30 mM L-Cys (B) as the substrate. The reaction was
initiated (black arrow) by the addition of 0.03 mM (final conc.)
compound A (blue and red) or 1,4-dioxane (yellow). Catalase (140
units) was added (white arrow) during the reaction under the red line
conditions. (C) Oxygen electrode profile of compound A under the
modified conditions where 30 mM L-ASC was used as the substrate.
The reaction was initiated (black arrow) by the addition of 39.5 mM
(final conc.) compound A. O2 supply was repeated (blue arrows)
forcibly when the O2 concentration dropped below 0.06 mM.
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Figure 3: Purification of compound A.
(A) HPLC elution profiles of 1, 4-dioxane (solvent for compound A)
(upper line), the provided compound A (middle line), and the
purified compound A (bottom line). The peaks (retention times; 15.8
and 2.0 min) were derived from compound A and the solvent,
respectively. (B) UV-vis absorption spectra of the purified (red) and
provided (blue) compound A.
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Section II

Properties of compound A
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Materials and Methods

Metal analysis
All glassware was soaked in 1 M HCl overnight and then exhaustively rinsed with
distilled water before use.

A compound A solution (100 µM) and 1, 4-dioxane were

analyzed with an inductivity coupled radiofrequency plasma spectrometer, Shimadzu
ICPS-8100 (27.120 MHz; Kyoto, Japan).

The metal contents of the Compound A

solutions were determined, the following 54 metals being examined: lithium, boron,
magnesium, silicon, sulfur, calcium, titanium, chromium, iron, nickel, zinc, germanium,
selenium, strontium, zirconium, molybdenum, rhodium, silver, indium, antimony, barium,
hafnium, tungsten, osmium, platinum, mercury, lead, tantalum, rhenium, iridium, gold,
thallium, bismuth, beryllium, sodium, aluminum, phosphorus, potassium, scandium,
vanadium, manganese, cobalt, copper, gallium, arsenic, rubidium, yttrium, niobium,
ruthenium, palladium, cadmium, tin, tellurium, and lanthanum.

Quantitative analysis of Compound A during the reaction by LC-MS/MS
The reaction mixture, comprising 10 µmol L-ASC, 100 µmol KPB (pH 7.4), 7 units
catalase (Nacalai Tesque, Inc., Kyoto, Japan), and 39.5 nmol compound A, in a final
volume of 1 ml, was incubated at 30°C.

For LC-tandem mass spectrometry (MS/MS)

analysis, a Shimadzu LC-20Avp system equipped with a TSK-gel ODS-100S column
was used under the following conditions: column temperature, 40°C; gradient elution;
mobile-phase solvent A [0.5% (v/v) acetic acid in CH3CN] and solvent B [0.5%(v/v)
14

acetic acid in deionised H2O]; the mobile-phase composition was 65% solvent A/35%
solvent B at 0 min, 65% solvent A/35% solvent B at 2.5 min, 5% solvent A/95% solvent
B at 12.5 min, and 35% solvent A/65% solvent B at 15 min; flow rate, 1.0 ml/min; and
photo-diode array detector, 190~600 nm.

The MS/MS analysis data were acquired with

a mass spectrometer with ESI in the positive and negative modes.

The multiple reaction

monitoring (MRM) mode was used.

Stoichiometry of the chemical reactions between substrates and H2O2
For the chemical reaction between

L-ASC

and hydrogen peroxide (H2O2), the

reaction mixture comprised 0.5 mM L-ASC, 0.25 mM H2O2, and 100 mM KPB (pH 7.4),
in a final volume of 5 ml.
out at 30°C.
L-ASC

The reaction was started by the addition of H2O2 and carried

The reaction was stopped by the addition of an equal volume of 0.2 M HCl.

was analyzed by HPLC with a Shimadzu LC-10Avp system equipped with a

ZIC-HILIC column (4.6 i.d. x 150 mm) under the following conditions: column
temperature, 40°C; isocratic elution; mobile-phase solvent (100 mM ammonium acetate :
CH3CN = 3 : 7); flow rate, 1.0 ml/min; and photo-diode array detector, 240 nm.

H2 O2

was analyzed by HPLC with a Shimadzu LC-10Avp system equipped with a Shoudex
SUGER KS-801 column (8.0 i.d. x 300 mm) under the following conditions: column
temperature, 40°C; isocratic elution; mobile-phase solvent (2 mM Na2SO4, 20 nM
EDTA); flow rate, 0.75 ml/min; and electrochemical detection (ECD700S).
For the reaction between L-Cys and H2O2, 0.5 mM L-Cys were used instead of 0.5
mM

L-ASC.

L-Cys

was analyzed by HPLC with a Shimadzu LC-10Avp system
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equipped with a CAPCELLPAK column (4.6 i.d. x 150 mm) under the following
conditions: column temperature, 40°C; isocratic elution; mobile-phase solvent (3.5 mM
sodium 1-heptanesulfate, 0.1% (w/v) phosphate : CH3CN = 95 : 5); flow rate, 1.0 ml/min;
and photo-diode array detector, 210 nm.

Effects of pH and temperature on the activity of Compound A
The pH dependence of the catalytic activity of compound A for the oxidation
reaction was determined with 2 mM L-ASC and 30 mM L-Cys as substrates in various
buffers.

The substrates were prepared in the following seven buffers (100 mM):

glycine/HCl buffer (pH 2.0-3.0); citate/NaOH buffer (pH 3.0-6.0); KPB (pH 6.0-7.5);
Tris-HCl buffer (pH 7.5-9.5); glycine/NaOH buffer (pH 9.5-10.0); NaHCO3/NaOH buffer
(pH 10.0-11.0); and NaH2PO4/NaOH buffer (pH 11.0-12.0).

Ten µl compound A

solution (final conc. 30 µM) was added to the reaction mixture, and then the catalytic
activity of compound A was measured with an oxygen electrode.
The stability of compound A was investigated at various temperatures.

After the

compound A solution had been incubated at various temperatures for 1 hr, the catalytic
activity of compound A for oxidation reactions was assayed with an oxygen electrode.
The reaction mixture was composed of 2 mM

L-ASC

as the substrate and 30 µM

compound A, in a final volume of 1 ml.
As the reaction temperature increased higher, the O2 concentration dissolved in the
reaction mixture decreased under the assay conditions used.

In order to measure the

catalytic activity of compound A for oxidation reactions, the assay conditions were
16

modified as follows: O2 gas was supplied to the reaction mixture forcibly.

The specific

activity of compound A was then calculated as the level of O2 consumption derived from
the level of L-ASC consumption or L-CSSC formation.

17

Results

Properties of compound A as an organocatalyst
Quantitative analyses of the metals in the compound A solution and 1, 4-dioxane
were performed with an inductivity-coupled radiofrequency plasma spectrometer.
However, none of 54 metals (Materials and Methods) was detected within the limits of
the assay.

Quantitative analyses of compound A before and after the oxidation reaction

were performed by LC-MS/MS (Fig. 4).

After 20 min reaction, the ionic strength level

(namely, the quantity) of compound A was 138.
reaction; ionic strength level was 136.

It was the same as that before the

In the same reaction mixture, O2 (235 µM) was

consumed completely during the 20 min reaction. Nevertheless, compound A (39.5
µM) was not consumed at all during the reaction.

When 39.5 µM compound A was

added to a reaction mixture containing 30 mM

L-ASC

concentration decreased.

as the substrate, the O2

During the reaction, O2 gas was repeatedly blown into the

reaction mixture in order to supply O2.

As a result, a total of 4.58 mM O2, this amount

being over 100 times that of compound A, was consumed in 1 hr (Fig. 2C).

Identification of reaction products and stoichiometry of oxidation reactions
A Compound A catalyzed oxidation reactions consuming O2 and yielding H2O2, in
the presence of L-ASC or L-Cys.
reactions were

L-dehydroascorbic

We expected that the products of the respective
acid (DHA) and

L-cystine

(L-CSSC), respectively.

Also, we attempted to identify these products by HPLC analysis.
18

When L-ASC was

added to the reaction mixture as the substrate, new peaks derived from possible reaction
products were obtained, the retention times both being found to be identical to those of
authentic samples (L-DHA and H2O2), respectively (Fig. 5A and B).

On the other hand,

when L-Cys was added to the reaction mixture as the substrate, a new peak derived from
a possible reaction product was obtained, the retention time of which was identical to that
of an authentic sample (L-CSSC) (Fig. 5C).

Nevertheless, H2O2 formation was not

detected at all.
In the reaction, we examined the stoichiometry of substrate (L-ASC) consumption
and product (L-DHA and H2O2) formation, and the stoichiometry of substrate (L-Cys)
consumption and product (L-CSSC and H2O2) formation by HPLC.

Using an oxygen

electrode, the stoichiometry of O2 consumption was also investigated in the reaction
mixture containing 2 mM L-ASC or L-Cys as the substrate.

When L-ASC was used as

the substrate, the results indicated that L-ASC and O2 were consumed with the formation
of L-DHA and H2O2 in a 1:1:1:1 stoichiometry (Fig. 6A).
substrate,

L-Cys

When L-Cys was used as the

and O2 were consumed with the formation of

stoichiometry (Fig. 6B).

L-CSSC

in a 4:1:2

It has been reported that H2O2 reacts with L-Cys through the

following chemical equation: 2 L-Cys + H2O2 → L-CSSC (18).

Therefore, we examined

the stoichiometry of L-Cys and H2O2 consumption and L-CSSC formation, and confirmed
that

L-Cys

and H2O2 were consumed with the formation of

stoichiometry (Fig. 6C).

L-CSSC

in a 2:1:1

Each stoichiometry in both reactions suggested that L-Cys and

O2 were consumed with the formation of L-CSSC and H2O2 in a 2:1:1:1 stoichiometry.
While H2O2 reacted with L-Cys, it did not react with L-ASC.
19

Effects of pH and temperature on the activity of compound A
The pH dependence of the catalytic activity of compound A for the oxidation
reaction was determined with L-ASC and L-Cys as substrates in various buffers (Fig. 7A
and B).

compound A exhibited maximum activity at pH 8.5 when L-Cys was used as

the substrate.

At pHs higher above 9.5, L-ASC was extremely oxidized spontaneously,

when it was used as the substrate.
activity of compound A.

At pHs lower than 9.5, compound A exhibited the highest

activity at pH 8.5 (Fig. 7A).
various temperatures.

Therefore, we were not able to measure the catalytic

Next, the stability of compound A was investigated at

After the compound A solution had been incubated at various

temperatures for 1 hr, the catalytic activity of compound A for oxidation reactions was
assayed under the assay conditions (Materials and Methods).

Even after heat

treatment at 100°C, the residual activity was 100% of the original activity level,
indicating that compound A is very stable (Fig. 7C).

As the reaction temperature

increased, the O2 concentration dissolved in the reaction mixture decreased under the
assay conditions used.

In order to measure the catalytic activity of compound A for

oxidation reactions, the assay conditions were modified as follows: O2 gas was supplied
to the reaction mixture forcibly.

The specific activity of compound A was then

calculated as the level of O2 consumption derived from the level of L-ASC consumption
or L-CSSC formation (Fig. 7D and E).

As a result, the catalytic activity of compound A

increased exponentially in response to increasing reaction temperature.

However, over

90°C, the activity could not be measured because the reaction mixture started to boil.
20

The catalytic activity for oxidation reactions with various L-Cys concentrations was
tested.

Interestingly, the activity increased linearly in proportion to increasing substrate

concentration (Fig. 8).

Substrate specificity
The substrate specificity of compound A was assayed in a reaction mixture (1 ml)
consisting of 100 mM KPB (pH 7.4), 30 mM substrate, and 7.9 µM compound A.
Among the tested reagents, L-ASC was the most suitable substrate for compound A.
D-iso-ascorbic

acid (86.2%),

L-cysteine

methylester (16.0%), dithiothreitol (9.8%),

cysteamine (2.0%), thiosalicylic acid (1.1%), L-Cys (0.7%),

D,L-penicillamine

(0.3%),

and glutathione (0.2%) were oxidized at lower rates compared with the activity toward
L-ASC

(100%).

However, antioxidants (i.e., melatonin, rutin, protocatechuic acid,

ferulic cid, vitamin A, D-α-tocopherol, sesamin, dibutylhydroxytoluene, curcumin, uric
acid, coumarin, catechin, and chlorogenic acid) and other thiol compounds (i.e.,
glutathione disulfide, N-acetyl-L-cysteine,

D,L-homocysteine,

thiomalic acid, and

2-mercaptobenzimidazole) were inert as substrates for compound A.
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Figure 4: Quantitative analyses of compound A during the
oxidation reaction by LC-MS/MS.
LC-tandem mass spectrometry profiles of compound A in the
presence of a substrate at 0 min (upper panel) and 20 min (middle
panel) after the start of the oxidation reaction. LC-tandem mass
spectrometry profiles of compound A in the absence of the substrate
at 20 min (bottom panel) after start of the oxidation reaction. The
multiple reaction-monitoring (MRM) mode (quantitative analyses
were possible) was used.
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reaction mixture containing compound A and L-ASC as the substrate
(bottom panel). (C) HPLC elution profiles of authentic L-Cys (upper
panel), authentic L-CSSC (middle panel), and the reaction mixture
containing compound A and L-Cys as the substrate (bottom panel).
The methods used for the analyses of substrates and products are
described under “Materials and Methods”.
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Figure 6: Stoichiometry analyses of oxidation reactions.
(A) Time courses of L-ASC oxidation and generation of products by
compound A. L-ASC (◆), O2 (▲), L-DHA (■), and H2O2 (×). (B)
Time courses of L-Cys oxidation and generation of a product by
compound A. L-Cys (◆), O2 (▲), and L-CSSC (●). (C) Time
course of chemical reaction between L-Cys and H2O2 in the absence
of compound A. L-Cys (◆), H2O2 (×), and L-CSSC (●). The
methods used for the analyses of substrates and products are
described under “Materials and Methods”.
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compound A.
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glycine/NaOH (◆), NaHCO3/NaOH (■), and NaH2PO4/NaOH (●),
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electrode. Dotted line, catalytic activity of compound A without
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The reactions were carried out at various
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substrate.
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150, 200, 400, and 500 mM L-Cys in the presence of compound A
(■) or 1,4-dioxane (◆). (B) Double reciprocal plots of reaction rates
versus substrate concentrations.
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Section III

Antibiotic activity of compound A
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Materials and Methods

Bacterial strains and media
Staphylococcus aureus NBRC100910 was purchased from the NITE Biological
Resource Center (Tokyo, Japan).

S. aureus NBRC 100910 was grown in LB medium,

which was composed of 1.0% Bacto trypton, 0.5% yeast extract, and 0.5% NaCl.

Bacterial growth in culture media containing compound A
The S. aureus NBRC100910 strain was taken from a glycerol stock, and then
inoculated for the first subculture.

The first subculture was carried out at 37°C for 12 h.

The second culture was carried our under the following seven conditions.

Conditions 1

and 2, 300 µl compound A solution (final conc. 0.03 µM) was added to 5 ml LB medium;
conditions 3 and 4, 300 µl 1, 4-dioxane was added to 5 ml LB medium; and conditions 5
and 6, 300 µl of 30% H2O2 (final conc. 0.52 M) was added to 5 ml LB medium.
Condition 7, 600 µl KPB was added to 5 ml LB medium as a control.
catalase was added for conditions 2, 4 and 6.
for conditions 1, 3 and 5.
second culture.

Seventy units of

On the other hand, only KPB was added

One hundred µl of the first culture was inoculated for the

The optimal density at 600 nm (OD600) of culture media was measured

to observe the bacterial growth with a spectrophotometer (UV-1700; Shimadzu).
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Results

Inhibition of bacterial growth by compound A
Some L-amino acid oxidases that produce H2O2 during an oxidation reaction are
known to show antibacterial activity (19, 20).

Although compound A is known to have

antibiotic activity (21), its mechanism of action in bacteria remains unknown.

Here, we

demonstrated that compound A also produces H2O2 as a product in the culture media.
In order to determine whether H2O2 produced by compound A shows antibiotic activity
or not, we investigated the bacterial growth rates under the seven conditions (Materials
and Methods).

Because H2O2 was expected to be produced by compound A in the

culture media, catalase, which can eliminate H2O2, was added to several culture media.
S. aureus NBRC100910 grew normally when the buffer (KPB) was added (to the culture
media) instead of compound A, 1, 4-dioxane, or catalase (condition 7) (Fig. 9).

Under

condition 1, where compound A was added to the media, the bacterial growth was the
lowest among all conditions.

Because this strain is known to be sensitive to compound

A, its growth was inhibited by compound A.
indeed shows antibacterial activity.

These findings suggest that compound A

However, when catalase was added to the media in

the presence of compound A (condition 2), the inhibited bacterial growth observed in
condition 1 was recovered.

On the other hand, when 1, 4-dioxane (the solvent for

compound A) was added to the culture media (condition 3), the bacterial growth was
inhibited a little.

Also, the addition of catalase to the media containing 1, 4-dioxane

(condition 4) had no effect on the inhibition of the bacterial growth by 1, 4-dioxane.
29

When H2O2 was added to the culture media (condition 5), the bacterial growth was
inhibited from start to 12 hr, and at 24 hr the bacterial growth was the same as that under
condition 7.

The addition of catalase to the culture media containing H2O2 (condition 6)

completely prevented the delay of bacterial growth by H2O2.
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Figure 9: Growth curves for the S. aureus NBRC100910 in
various media.
Cell growth of S. aureus NBRC100910 cultured under condition 1
[blue: addition of compound A and 100 mM KPB (pH 7.4) (instead
of catalase)], under condition 2 [red: addition of compound A and 70
units catalase], under condition 3 [green: addition of 1,4-dioxane
(solvent for compound A) and 100 mM KPB (pH 7.4)], under
condition 4 [purple: addition of 1,4-dioxane and 70 units catalase],
under condition 5 [gray: addition of 0.52 M (final conc.) H2O2 and
100 mM KPB (pH 7.4)], under condition 6 [orange: addition of 0.52
M (final conc.) H2O2 and 70 units catalase], and under condition 7
[yellow: addition of 100 mM KPB (pH 7.4)], respectively. Growth
was measured by determining the optimal density at 600 nm
(OD600), and averaged for three independent cultures of each strain
at each time point (the range and average of each pair of
measurements for each strain is shown).
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Discussion

During the screening of new oxidases from streptomycetes with a Clark-type
oxygen electrode, we found that compound A, which is a blue-pigment produced by
Streptomyces coelicolor A3(2), catalyzes the oxidation of each of L-ASC and L-Cys.
Because metal complexes have been reported to show catalytic activity like oxidase (22),
metal analysis was performed on the purified compound A.
was found to contain no metal.

As a result, compound A

Next, we determined the amount of compound A during

the oxidation reaction, and the amount of compound A after the reaction was found to be
the same as that before the reaction.

Furthermore, we determined the level of O2

consumption in the presence of compound A and excess substrates, finding that over
100-fold O2 was consumed in 1 hr.

These findings reveal that compound A is an

organocatalyst, as follows: (i) compound A is a low molecular mass organic compound
without a metal; (ii) compound A is not consumed during the oxidation reactions; and
(iii) compound A consumes a large amount of O2 compared with that of compound A
added to the reaction mixture, verifying the turnover of compound A.
In the oxidation reactions catalyzed by compound A, the identification of products
and measurement of their amounts were carried out.

When L-ASC was used as the

substrate, compound A catalyzed the following reaction: L-ASC + O2 → L-DHA + H2O2
(Fig. 6A).

In the case of L-Cys as the substrate of compound A, the following

reaction proceeds: 4 L-Cys + O2 → 2 L-CSSC (Fig. 6B).
be one of the products, was not detected on HPLC.
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H2O2, which was expected to

When catalase (which produces O2

from H2O2) was added to the reaction mixture, the O2 consumption became half,
suggesting the existence of H2O2 in the reaction mixture.
L-Cys,

Indeed, H2O2 reacted with

and this reaction produced L-CSSC as follows: 2 L-Cys + H2O2 → L-CSSC + 2

H2O (Fig. 6C).

These findings indicate that H2O2 was produced in the oxidation

reaction, and the formed H2O2 was rapidly eliminated from the reaction mixture through
the spontaneous reaction with

L-Cys.

In other words, compound A catalyzed the

following oxidation reaction: 2 L-Cys + O2 → L-CSSC + H2O2.
Furthermore, we investigated the properties of compound A from enzymological
standpoints.

Compound A exhibited maximum activity at pH 8.5.

The reaction

proceeded under mild conditions: at room temperature and under atmospheric pressure.
On the other hand, compound A retained its original activity even after treatment at
100°C for 60 min.

Under the condition where O2 was supplied forcibly by bubbling, the

catalytic activity of compound A increased exponentially in response to increasing
reaction temperature.

These findings show that the catalytic activity of compound A for

oxidation reactions increased in a temperature-dependent manner.

Moreover, the Vmax

value of compound A could not be calculated from double reciprocal plots of reaction
rates versus substrate concentrations, because the specific activity of compound A
increased linearly with increasing substrate concentration.

These characteristics

strongly indicated that compound A is biocatalyst; it behaves as an organocatalyst, but
not as an enzyme.
L-ASC

The finding that the specific activity of compound A in the case of

as the substrate is different from that in the case of L-Cys as the substrate suggests

that compound A exhibits substrate specificity in oxidation reactions.
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We examined the

ability of compound A to catalyze the oxidation of various thiol compounds or
antioxidants, and discovered that thiol compounds, like L-Cys, were utilized as substrates
by the organocatalyst compound A.
A large number of studies on the development of functional organocatalysts have
been performed (25, 26).

Among them, L-proline is the first and only natural one.

This compound is involved in asymmetric aldol reactions (27-29), which occur only in
organic solvents or in boiling water (30).
living organisms.

However, such conditions are impossible in

Therefore, L-proline, which exists in nature, probably cannot catalyze

these reactions in vivo.

To the best of our knowledge, our discovery that the “natural”

product, compound A (which is the organocatalyst) acts as a biocatalyst is the first report.
Some L-amino acid oxidases, which catalyze the oxidation reaction forming H2O2 as
one of the reaction products, have been reported to show antibacterial activity (19, 20).
H2O2 formation is considered to be the cause of this activity.

The non-enzymatic redox

cycle of synthetic quinones, which produces H2O2 during the reaction, shows cytotoxicity
toward living cells (31).
produce H2O2.

Here, compound A known as an antibiotic was also found to

Therefore, we assumed that H2O2 formation causes the action of

compound A as an antibiotic, and we examined the effect of catalase (which is able to
remove H2O2) on bacteria treated with compound A (Fig. 9).

When S. aureus

NBRC100910 was exposed to compound A, its growth was inhibited.

But, when this

strain was exposed to compound A in the presence of catalase, the bacterial growth was
rescued slightly compared with in the absence of catalase.

These findings indicate that

the growth inhibition by compound A (i.e., its action as an antibiotic) is caused by the
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toxicity of H2O2 (which would be produced through the oxidation of unknown organic
chemicals included in the bacteria or the supernatant) in the absence of catalase.

When

S. aureus NBRC100910 was grown in the presence of compound A and catalase, the
catalase decreased the level of H2O2 and rescued the bacterial growth.

The growth

under these conditions did not reach that under the conditions in the presence of catalase
but the absence of compound A, indicating that compound A produces H2O2 constantly
on the bacterial surface or within the cells.

While antibiotics target a lot of different

bacterial functions or growth processes, to the best of our knowledge, the action
mechanisms of the antibiotics are inhibition of the biosynthesis of substances necessary
for life [such as nucleic acid (DNA and RNA), protein, and bacterial cell wall] (32, 33).
On the other hand, the action mechanism of compound A is the production of H2O2,
causing bacterial death, and this mechanism is a novel one, differing from those of other
antibiotics known so far.
So far it has never been reported that natural products produced by living organisms
are utilized as organocatalysts.

Interestingly, the optimal pH value of compound A was

the same as the pH (pH 8.5) of the supernatant of 5 days-cultured S. coelicolor A3(2).
These findings indicate the possibility that this strain utilizes compound A as an
organocatalyst.

Furthermore, we speculated that not only S. coelicolor A3(2) but also

other organisms may use organocatalysts like compound A, because of the following
three reasons.

(i) compound A catalyzes oxidation reactions.

In general, oxidation

reactions are important in vivo (e.g., metabolism of amino acids, lipids, nucleic acids, and
drugs).

(ii)

L-ASC

and

L-Cys,

which are substrates of compound A, are common
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compounds in living organisms.
natural products.

Therefore, we tried to find a new organocatalyst from

Three compounds showed over 5 turnovers per molecule.

findings open the door for a new field of organocatalysts existing in living organisms.
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Our

Chapter II

The screening of organocatalysts from natural compounds

Section I

Discovery of organocatalysts with catalytic activity for oxidation
reaction
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Materials and Methods

Materials
The Chemical library of natural products (723 compounds) was purchased
from the commercial source (Microsource Discovery Systems Inc., CT, USA).

Assaying of catalytic activity of compound A for oxidation reactions
Measurement of O2 consumption with an oxygen electrode

The catalytic activity

of compound A for oxidation reactions was measured are described above “section I
chapter I Materials and Methods”.
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Results

Screening of organocatalysts from natural products
Among natural products, the screening of compounds with catalytic activity for
oxidation reactions with an oxygen electrode was performed.

Each compound was

dissolved in dimethyl sulfoxide (DMSO) (10 mM) for assaying.

The consumption of O2

in the reaction mixture containing 30 mM L-ASC or L-Cys, 100 mM KPB (pH 7.4) and
10 µM each compound, was measured by the same method as for compound A.

Three

natural products derived from plants were found to consume more than 50 µM O2
(corresponding to more than 5-fold amount of each compound used in the reaction),
demonstrating their sufficient catalytic activity (Fig. 10).
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Discussion
Organocatalysts including L-proline have been studied for industrial uses (9, 36).
Such organocatalysts have some advantages over enzymes and metal catalysts.

They

show high-temperature stability, and catalyze their reactions under mild conditions (at
room temperature, in aqueous solutions, and at neutral pH).

Under similar conditions,

compound A also shows the catalytic activity to oxidize L-ASC and L-Cys, and to
produce H2O2.

H2O2 is an important commodity chemical as a versatile oxidizing agent.

H2O2 used on an industrial scale is synthesized through an anthraquinone auto-oxidation
process.

However, this process requires metal catalysts, high temperatures, and high

pressure to reduce the oxide-anthrequinone.

Therefore, improvements of the process are

required from the green chemistry viewpoint (37).

We here propose the effective

exploitation of compound A as a new process for producing large amounts of H2O2 by
mixing with L-ASC (or L-Cys) under mild conditions.
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General conclusion

Catalysts are substances that increase the rate of a chemical reaction, while they are
not consumed during the reaction.

Living organisms utilize enzymes (proteins) and

ribozymes (RNAs) as biocatalysts.

Here we report that compound A, which is a low

molecular mass organic compound, is the third biocatalyst.
and characterized it from enzymological standpoints.

We purified compound A,

As a result, (i) oxidation reactions

producing of H2O2 proceeded on the addition of compound A to the reaction mixture; (ii)
compound A was not consumed during the reactions; and (iii) a small amount of
compound A consumed an excess amount of the substrates.

Even under the room

temperature, atmospheric pressure and neutral pH, compound A showed catalytic activity
in aqueous solution.
reactions.

Compound A exhibited substrate specificity in the oxidation

For the first time, it is discovered that compound A is a “natural”

organocatalyst catalyzing oxidation reactions; namely, the low molecular mass organic
compound is the “third biocatalyst” after enzymes and ribozymes, based on its
characteristics obtained by enzymological analysis.
Compound A is known as an antibiotic toward some microorganisms, but the action
mechanism remains unknown.

We also propose that bacterial death by compound A is

caused by the toxicity of H2O2 produced.
compound A from natural products.

Furthermore, we screened other catalysts like

Several compounds exhibited catalytic activity,

indicating that living organisms could produce and utilize these compounds as
biocatalysts in nature.
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