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A Long-lived o-Semiquinone Radical Anion is Formed from
N-p-alanyl-5-S-glutathionyl-3,4-dihydroxyphenylalanine (5-S-GAD),
an Insect-derived Antibacterial Substance
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N-p-Alanyl-5-S-glutathionyl-3,4-dihydroxyphenylalanine (5-S-GAD), an insect-derived
antibacterial peptide, generates hydrogen peroxide (H;O;) that exerts antitumour
activity. We have investigated the precise mechanism of Hy;0, production from
5-S-GAD by autoxidation aiming to understand its action toward tumour cells. Using
the electron spin resonance (ESR) technique, we detected a strong signal due to
radical formation from 5-S-GAD. Surprisingly, the ESR signal of the radical derived
from 5-S-GAD appeared after incubation for 30 min at 37°C in the buffer at pH 7.4; the
signal was persistently detected for 10h in the absence of catalytic metal ions.
The computer simulation of the observed ESR spectrum together with the theoretical
calculation of the spin density of the radical species indicates that an o-semiquinone
radical anion was formed from 5-S-GAD. We demonstrated that HyO; is produced via
the formation of superoxide anion (O3 ) by the electron-transfer reduction of
molecular oxygen by the 5-S-GAD anion, which is in equilibrium with 5-S-GAD in
the aqueous solution. The radical formation and the subsequent H>O, production
were inhibited by superoxide dismutase (SOD), when the antitumour activity of
5-S-GAD was inhibited by SOD. Thus, the formation of the o-semiquinone radical
anion would be necessary for the antitumour activity of 5-S-GAD as an intermediate
in the production of cytotoxic HyOs.
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N-B-Alanyl-5-S-glutathionyl-3,4-dihydroxyphenylalanine
(5-S-GAD) was originally isolated as an inducible anti-
bacterial peptide from infected Sarcophaga peregrina
adults (1). The major components of 5-S-GAD are
glutathione and p-alanyl-L-dopa, which are covalently
conjugated by catechol oxidase during bacterial infection.
5-S-GAD was found to exert antitumour activity against
some human melanomas and breast carcinomas in vitro
and in vivo (2). We recently found that 5-S-GAD
produces hydrogen peroxide (Hy;0s) (3) and exhibits
selective cytotoxicity toward certain tumour cells with
low levels of antioxidant molecules, namely, catalase
(EC1.11.1.6) (3, 4). The inhibitory effect of 5-S-GAD on
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the growth of MDA-MB-435S, a breast cancer cell line
with low levels of catalase, was effectively blocked by the
addition of catalase or reduced glutathione (GSH) (3).
These results were reasonable since catalase and GSH
detoxified Hy0, that was produced from 5-S-GAD.
Furthermore, we found that exogenously added super-
oxide dismutase (CuZnSOD from bovine erythrocytes,
EC1.15.1.1) also cancelled the effect of 5-S-GAD (3).
Generally, the SOD enzyme is known to dismutate the
superoxide anion (O37) to HyOy; therefore, we assumed
that O3~ might be associated with cytotoxicity of
5-S-GAD. However, the precise mechanisms by which
SOD cancels the effect of 5-S-GAD are yet to be clarified.

The cytotoxic activity of compounds 1-dopa and
L-dopamine that possess a catechol moiety such as
5-S-GAD has been reported (5-9). The toxic mechanisms
of L-dopa and L-dopamine were speculated to involve the
generation of some reactive oxygen species (ROS) such as
superoxide radicals, HyOs, and hydroxyl radicals; these
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ROS may be produced via autoxidation of the o-dihydoxyl
groups and formation of o-semiquinone radicals. These
ROS may adversely affect cellular functions, thereby
causing cell death. It was suggested that the cytotoxic
effects of L-dopamine were associated with the generation
of 0-semiquinone radicals by autoxidation (8, 9), and the
generation of these radicals was prevented by adding
SOD (8).

In this study, we attempted to clarify the autoxidation
process of 5-S-GAD that is closely associated with its
antitumour activity. We found that 5-S-GAD formed a
unique o-semiquinone radical anion that slowly and
persistently appeared under physiological conditions
without any redox-active metal ions. We investigated
the precise mechanism of the radical formation and
subsequent HyO5 production from 5-S-GAD. The results
obtained in this study suggest that the radical formation
accompanied by HyO, production from 5-S-GAD would be
an indispensable step for its antitumour activity.

MATERIALS AND METHODS

Chemicals—5-S-GAD was synthesized as reported
previously (1). L-Dopamine was purchased from Nacalai
Tesque (Kyoto, Japan), and bovine erythrocyte catalase
was obtained from Wako Pure Chem. Ind. Ltd (Osaka,
Japan). CuZnSOD from bovine erythrocytes, manganese-
or iron-containing isozymes from Escherichia coli, 1.-dopa,
GSH, and PeroxiDetect™ kit were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). The RPMI
1640 culture medium was obtained from Invitrogen
Corp., (Carlsbad, CA, USA). All buffers and solutions
except the RPMI 1640 medium were made using certified
distilled water (Otsuka Pharmaceutical Co., Tokyo,
Japan) to avoid the effect of metal ions.

Electron Spin Resonance Measurements—The electron
spin resonance (ESR) signal intensity of radicals derived
from 5mM 5-S-GAD, r-dopamine or L-dopa was deter-
mined at 25°C in 0.1 M Tris-HCI (pH 7.4, 8.0 or 8.5) or in
0.1M NaHCO3/NayCO3 buffer (pH 9.0 or 9.5) by ESR
spectroscopy (JEOL JES-RE1X, X-band, 100 kHz modu-
lation frequency) in the ESR flat cell (Radical Research
Inc., Tokyo, Japan) (9, 10). 5-S-GAD, L-dopamine, or
L-dopa was dissolved in distilled water at a concentration
of 10mM and mixed with 0.2M buffered solution in a
volume ratio of 1:1. Prior to the measurement, the
solutions (pH 7.4) were incubated at 37°C for the
specified time indicated in the figures. To detect super-
oxide radicals using spin trapping tequnique, we added
15 pl of 8% DMPO solution to the 5mM 5-S-GAD solution
(pH 7.4) just before the measurement. For examining
the effects of antioxidants on radical formation, the
5-S-GAD solutions (pH 7.4) were incubated at 37°C in
the presence of antioxidants for 30 min. CuZnSOD was
inactivated by overnight incubation in 1M Hy0, (pH 10).
The ESR measurement settings were as follows: centre
field, 335+5mT; microwave power, 8 mW; modulation
amplitude, 0.1 mT; gain, 1.25-6.3 x 100; time constant,
0.03s; and scanning time, 2min. The signal intensity
was defined as the ratio of peak heights of these radicals
to that of an Mn%* marker. The radical’s g-value was
calculated by interpolation between the Mn?* signals.
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Computer simulation of the ESR spectra was carried
out using a program (Winsim) developed in National
Institutes of Health, MD, USA (11). To obtain the
experimental signals derived from 5-S-GAD for com-
paring with the computer simulation signals, the
measurement setting was modified as follows: modula-
tion amplitude, 0.0032mT; gain, 400; scanning time,
4 min.

To detect radical intermediates involved in the auto-
xidation of 5-S-GAD, the direct detection of superoxide
radicals was carried out in the frozen solution at
—196°C (12). 5-S-GAD (5mM) solution in a deaerated
NaHCO3/NasCO3 buffer (pH 9.5) was incubated at 0°C.
Then the reaction of 5-S-GAD radical anion was started
with Os bubbling, the ESR spectrum was recorded at
—196°C. The measurement setting of modulation ampli-
tude was 0.5mT. The radicals’ g-values are directly
determined via the field strength and frequency,
9.255 GHz.

Theoretical  Calculation—Density-functional theory
(DFT) calculations were performed on a Compaq DS20E
computer. Geometry optimizations were carried out
using the B3LYP functional and 6-31G™ basis set with
the wunrestricted Hartree-Fock (UHF) formalism as
implemented in the Gaussian 03 program.

Assay for HyOz Production—5-S-GAD was dissolved in
sodium carbonate buffer (pH 9.5) or phosphate buffered
saline (PBS, pH 7.4) at a final concentration of 80 uM,
and the solutions were incubated at room temperature
(pH 9.5) or at 37°C (pH 7.4) for the specified time
indicated in the figures. For examining the effect of
antioxidants on HyOs production from 5-S-GAD, the
RPMI 1640 culture medium containing 30 uM of 5-S-GAD
was incubated with or without antioxidant molecules for
24h. The Hy05 concentration in the medium was
determined by the PeroxiDetect™ kit (3). In brief, 10 ul
of the culture supernatant was mixed with 100 ul of the
reagent in the kit and incubated for 30min at room
temperature. The absorbance at 570nm was measured,
and the HyO5 concentration in the culture medium was
determined by a standard curve.

Spectral Measurements—UV-visible absorption spectra
of 5-S-GAD in the buffer solution (pH 9.5-7.4) were
measured using a DU® 640 spectrophotometer (Beckman
Instruments, Inc., Fullerton, CA, USA).

Electrochemical Measurements—The second-harmonic
alternating current voltammetry (SHACV) measure-
ments (13) of 5-S-GAD were performed on an ALS
630A electrochemical analyzer in deaerated 0.1 M buffer
solutions (pH 9.5 or 7.4) at 25°C. The gold working
electrode was polished with a BAS polishing alumina
suspension and rinsed with acetone before use.
A platinum wire was used as the counter electrode.
The measured potentials were recorded with respect to
an Ag/AgCl reference electrode.

RESULTS

Identification of the Radical Species Derived from
5-S-GAD—To investigate the autoxidation mechanism
of 5-S-GAD, we first attempted to detect radical
species generated from 5-S-GAD by ESR spectroscopy.
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As reported previously (8-10), we detected a signal of
o-semiquinone radicals that were formed from r-dopa-
mine (Fig. 1A, left) or r-dopa (data not shown) in the
buffer at pH 9.5; the signal was characterized by four
lines. Under the same experimental conditions, the ESR
signals originating from 5-S-GAD were more complicated
and stronger (Fig. 1A, right) than those from L-dopamine
or L-dopa. Interestingly, the signals from r-dopamine or
L-dopa rapidly decayed during the measurements,
whereas the signals from 5-S-GAD were stronger and
more persistent. The maximum signal intensity of 5-S-
GAD was observed at 2min after the 5-S-GAD solution
was mixed with the buffered solution at pH 9.5. This
signal intensity derived from 5-S-GAD was approxi-
mately ten times larger than that from L-dopamine
under the same experimental conditions.

Time L-dopamine 5-5-GAD

VS

Fig. 1. Identification of the radical species derived from
5-S-GAD (A) Time course of the ESR spectra obtained from 5 mM
5-S-GAD or r-dopamine in 0.1 M sodium carbonate buffer with
pH adjusted to 9.5. (B) Top, the ESR spectrum obtained from 5-S-
GAD in sodium carbonate buffer at pH 9.5. The g-value was
calculated by interpolation between the Mn?' signals. Bottom,
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The g-value for the signal from 5-S-GAD was 2.0051
(Fig. 1B, top), which seemed a little higher than
L-dopamine or L-dopa (2.0037—2.0046) due to the influ-
ence of the sulphur ring substituent (14, 15). As shown in
Fig. 1B, the observed hyperfine structure of the ESR
spectrum was well reproduced by the computer simula-
tion estimated containing two species, 43% with four
hyperfine coupling constants (Afc): ay=0.382, 0.305,
0.215 and 0.029mT, 57% with four Afc: ap=0.308,
0.253 and two 0.145. In order to assign the hfc values,
the DFT calculation was performed for the radical
species derived from 5-S-GAD (Fig. 1C). The observed
ESR spectrum may be due to an o-semiquinone radical
anion of 5-S-GAD, which is known to be much more
stable than the neutral radical. By comparing the Afc
values with the spin densities calculated by the DFT

S
rr-'
11
' F'T'

43 % 57 %

the computer-simulated spectrum. (C) Spin distribution of 5-S-
GAD radical anion calculated by the DFT method (B3LYP/6-31G*
basis set). (D) The hyperfine coupling constants for the two
estimated o-semiquinone radical anions derived from 5-S-GAD (in
mT), and the estimated intramolecular hydrogen bonding of the
5-S-GAD radical anion (dotted line).
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for the o-semiquinone radical anion of 5-S-GAD, we
have assigned the hfc values as shown in Fig. 1D.
The hfc values of benzyl protons can be intrinsically
magnetically non-equivalent, because they are adjacent
to a chiral centre (Fig. 1D, left). However, the simulation
spectrum by assuming 57% of the radical anion with
the equivalent Afc values of the benzyl protons seemed
closely approximate to the experimental spectrum.
Therefore, we speculate the existence of a different
conformer (rotamer) of the radical anion. The B-alanyl
moiety of the radical anion may be rotated even though
there are four intramolecular hydrogen bondings, result-
ing in conformational changes and the modulation of
the —CHy— splittings (Fig. 1D, right).

We expected that this radical formation occurred by
the autoxidation of 5-S-GAD, and other unstable radicals
could be formed from molecular oxygen (16, 17). We first
tried to detect superoxide anion by the spin-trapping
technique using DMPO. Superoxide radical anion is
readily trapped by DMPO and quickly protonated to
DMPO-OOH in the buffered solution. However, we had
not observed a distinctive spectral pattern of DMPO-
OOH (data not shown). This is probably because DMPO
can react with other organic radicals, not only with
superoxide radical anion. Next, we attempted to measure
ESR at —196°C to identify O3~ (12). We expected that
the superoxide anion could be directly detected using this
method, and the signals could be more discriminative
than using the spin trapping ones in case of quinone
compounds. As shown in Fig. 2, a characteristic ESR
spectrum of O3 having a g|-value of 2.0945 was
observed for the frozen buffer solution (pH 9.5) con-
taining 5-S-GAD (5 mM) at —196°C. This result was well
reproducible. In addition, strong signals were observed
with g-values of 2.0700, 2.0511 and 2.0049. We deduced
that these signals were derived from 5-S-GAD semi-
quinone radical anion (I14), possibly, and/or its
decompositions.

When oxygen was removed from the reaction buffer by
bubbling Ny, the o-semiquinone radical anion derived

g =2.0945 2.0700 2.0511

Fig. 2. ESR spectrum of O; generated from a buffer
solution (pH 9.5) containing 5-S-GAD (5mM) at —196°C.
The signal assigned to O3 (g =2.0945) was five-times
magnified. The major signals with g; =2.0700, go=2.0511, and
g3=2.0049 will be assigned to 5-S-GAD radical anion and/or its
decompositions. The radicals’ g-values are directly determined
via the field strength and frequency, 9.255 GHz.
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from 5-S-GAD was hardly detected (data not shown).
In the buffer at pH 9.5 the amount of Oy was limited by
sealing the ESR cell, the weak signal of 5-S-GAD-radical
anion was stable for 1h at 25°C (data not shown). These
results indicate that the production and the decay of the
radical anion are attributed to the reaction with oxygen.

The Radical Formation is Dependent on pH—Next, we
examined the dependency of signal intensity on pH
(Fig. 3A). The ESR signals appeared more slowly with a
decrease in pH, and the maximum signal intensity
decreased. Under physiological conditions at pH 7.4,
5-S-GAD produced signals after incubation at 37°C for
30min (Fig. 3B), while no signal was detected after
incubation for 6h at 25°C (data not shown). Therefore,
the 5-S-GAD radical formation was apparently acceler-
ated by incubation at 37°C. No signal was observed from
L-dopamine or L-dopa under the same experimental
conditions at pH 7.4 (data not shown). The ESR signal
derived from 5-S-GAD at 37°C was persistently detected
for 10h, and the relative signal intensity to that of an
Mn?* was about one during this period. Therefore, both
of the radical formation and decay seemed in equilibrium
under these conditions. After incubation for 24h, the
signal from 5-S-GAD was completely disappeared.

It was well known that alkaline conditions and trace
metals strongly catalyse the oxidation of the catechol
compounds (5, 18). To avoid the catalytic effect of redox-
active metal ions, we used commercial distilled water,
which was certified containing no metal ions, to make all
buffers and solutions (except the below-mentioned
RPMI1640 medium). We observed that added copper
metal ions enhanced the radical formation, and facili-
tated H,O2 production from 5-S-GAD (data not shown).

To confirm whether the mechanism of ROS formation
from 5-S-GAD is dependent on pH, we first attempted to
investigate the pKa value of 5-S-GAD by UV-visible
spectroscopy (Fig. 4A). In the buffer at pH 7.4, 5-S-GAD
showed an absorption band at 293nm, whereas in the
buffer at pH 9.5, the absorption band shifted to 308 nm.
Such a red shift in the absorption band indicates that
5-S-GAD undergoes deprotonation at one of the two
phenolic OH groups and exists mainly as the correspond-
ing mono-anion form (phenolate anion) at pH 9.5. The
isosbestic point was at 293 nm. Based on the absorption
band shift, the observed pKa value of 5-S-GAD was
approximately 8.6. This value appears to be reasonable
because the pKa values of each functional group of
L-dopa, as a reference compound, were reported to be
9.2-9.7 (3-OH) and 11.5-13.4 (4-OH) (19-21). The
glutathionyl residue at position five possibly acts as an
electron withdrawing group (22); therefore, the actual
pKa values of 5-S-GAD may be lower than those of
L-dopa.

Next, we examined the effect of pH on the one-electron
oxidation potential (E9) of 5-S-GAD by SHACV (13)
(see MATERIALS AND METHODS) because the first
process of formation of a mono-anion and reaction with
oxygen might be pH dependent. The E? value of 5-S-GAD
in the buffer at pH 7.4 was determined to be 0.87V and
that at pH 9.5 was 0.24V versus Ag/AgCl (Fig. 4B).
These results indicate that the 5-S-GAD anion at
pH 9.5 is a considerably stronger electron donor
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Fig. 3. Time- and pH- dependent ESR signal intensity of
5-S-GAD in the buffered solution. (A) Samples containing
5mM 5-S-GAD in the buffer at pH 8.0-9.5 were incubated at
25°C. Signal intensity was defined as the ratio of the second peak
height of 5-S-GAD to the peak height of an Mn?' marker.
(B) Time course of the ESR spectra obtained from 5mM 5-S-GAD
in 0.1 M Tris-HCI buffer at pH 7.4 after incubation at 37°C.

than the parent 5-S-GAD at pH 7.4, when the formation
of the o-semiquinone radical anion from 5-S-GAD at
pH 9.5 was considerably faster than that at pH 7.4.
On the other hand, the deprotonation of 5-S-GAD has
hardly occurred in the buffer solution at pH 7.4.
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Fig. 4. The chemical properties of 5-S-GAD dependent on
pH. (A) UV-visible spectra of 5-S-GAD in the buffer at various
pH. (B) SHACVs of 5-S-GAD in deaerated 0.1 M buffer solutions
(pH 9.5 or 7.4) at 25°C. Scan rate, 4 mV/s; working electrode, Au;
phase shift, 160 (grey)/340 (black) degree (pH 9.5) and 170
(grey)/350 (black) degree (pH 7.4). (C) The time course of HyOq
production from 80uM 5-S-GAD was dependent on pH. The
amount of HyO, was estimated by a standard using the
PeroxiDetect™ kit. Data shown are the average of triplicates
with error bars (£SD).

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

46

Thus, the deprotonation of 5-S-GAD becomes the rate-
determining step for the generation of the o-semiquinone
radical anion from 5-S-GAD.

Furthermore, we verified that the rate of producing
Hy05 from 5-S-GAD was dependent on pH (Fig. 4C).
At pH 9.5, Hy05 production from 5-S-GAD was rapid and
reached a maximum level after incubation for 1h at room
temperature. On the other hand, HyO5 production from
5-S-GAD at pH 7.4 gradually increased during the
incubation period at 37°C for 24h. Thus, the rate of
pH-dependent Hy;0, production from 5-S-GAD was in
parallel with that of radical formation. The total amount
of HyO4 produced from 5-S-GAD was almost equivalent
to that of the starting material (80puM 5-S-GAD).
We confirmed that this reaction was completely inhibited
by adding 10 pug/ml catalase (data not shown) (3).

Effects of Antioxidant Molecules on Radical Formation
and H30s Production from 5-S-GAD—We examined the
effects of antioxidant molecules on radical formation from
5-S-GAD, because the radical formation from rL-dopamine
was prevented by SOD (5, 8, 16). As shown in Fig. 5A,
the addition of 10pug/ml CuZnSOD to 5mM 5-S-GAD
apparently inhibited radical formation in the buffer at
physiological pH after incubation for 30 min. CuZnSOD
actually delayed rather than inhibited the reaction,
because a radical signal generated from 5-S-GAD
appeared after incubation for 40 min (data not shown)
(16). The same results were obtained by the addition of
Iron- or Manganese-containing SOD enzymes under the
same conditions (data not shown). Radical formation was
completely suppressed by adding 2mM GSH due to
inhibition of deprotonation from 5-S-GAD (Fig.5A).
However, neither 10-100pg/ml catalase nor 10 pg/ml
inactivated CuZnSOD inhibited radical formation from
5-S-GAD.

The effect of antioxidant molecules on HyOy production
from 5-S-GAD was also investigated (Fig. 5B) in order to
clarify the relationship between radical formation and the
production of HyOy from 5-S-GAD. This experiment was
also designed assuming the cell culture conditions when
5-S-GAD revealed cytotoxicity, which was inhibited by
adding CuZnSOD (3). We observed that the rate of HyO,
production from 5-S-GAD in the RPMI1640 culture
medium was about 1.5 times faster than that in the
PBS(-) (data not shown) due to some catalytic components
in the medium (5, 18). 5-S-GAD apparently produced
H505 in the culture medium after incubation for 24h, as
previously reported (3). When either 1pg/ml catalase or
2mM GSH was added to the solution, HyO, was
completely eliminated due to enzymatic decomposition or
non-enzymatic reduction. Although CuZnSOD did not
scavenge Hy0,, it decreased HyOy production from 5-S-
GAD in a dose-dependent manner. These results indicate
that radical formation from 5-S-GAD via the formation of
05" may be essential for HyOy production, which is
intimately associated with its antitumour activity.

DISCUSSION

In this report, we investigated the autoxidation mechan-
ism of 5-S-GAD via radical formation prior to HyO,
generation aiming to understand the antitumour activity

N. Akiyama et al.
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Fig. 5. Effects of antioxidants on the autoxidation of 5-S-
GAD. (A) Effects of antioxidants on radical formation from
5-S-GAD at physiological pH. 5-S-GAD (5mM) at pH 7.4 was
incubated at 37°C for 30 min with catalase, CuZnSOD, inactivated
CuZnSOD or GSH; the spin adduct of the 5-S-GAD-semiquinone
radical anion was then recorded. (B) Effects of antioxidants on the
production of hydrogen peroxide from 5-S-GAD in the RPMI 1640
culture medium. 5-S-GAD (30 uM) was incubated at 37°C for 24h
in the presence or absence of antioxidant molecules. The figure
shows error bars + SD (in triplicates). <D.L. represents values
below the detection limit.

of 5-S-GAD. We found a unique radical signal that was
generated from 5-S-GAD and demonstrated that the
generation of an o-semiquinone anion from 5-S-GAD
plays an important role in the production of HyOs.

We propose a mechanism of HyO; production via the
formation of a radical from 5-S-GAD (Scheme 1). First,
whole and deprotonated 5-S-GAD would be equilibrated
in a buffered solution. We assume that a monoanion
form of 5-S-GAD reacts with molecular oxygen,
thereby generating a O3~ and an o-semiquinone radical
(anion). Subsequently, on reaction with oxygen, the
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Scheme 1. Speculated mechanisms of radical formation
and H;0; production from 5-S-GAD.

o-semiquinone anion would form orthoquinone. Finally,
O3~ will undergo rapid conversion to HyOy and Os.

Our previous reports indicated that HyO. production
was necessary for the antitumour activity of 5-S-GAD
against a particular tumour cell line because exogenously
added catalase or endogenously transfected catalase
inhibited the antitumour activity of 5-S-GAD (3, 4).
In addition, exogenously added CuZnSOD was reported
to cancel the effect of 5-S-GAD on tumour growth (3);
this indicated that some ROS were involved in the
antitumour effects of 5-S-GAD. Here, we have provided
conclusive evidence that CuZnSOD clearly suppressed
H50, production as well as radical formation from
5-S-GAD. Therefore, we concluded that radical formation
from 5-S-GAD would be an indispensable step for
the production of HO, and for the inhibitory effects
of 5-S-GAD on tumour growth. However, we had
determined in a previous study that HsO; produc-
tion from 5-S-GAD was essential for causing cell death
since catalase completely inhibited this process.

Vol. 142, No. 1, 2007

Other radicals, including 5-S-GAD-semiquinone anion
and O5", may act as intermediates in HyO4 production.

However, the precise mechanism by which CuZnSOD
apparently inhibits (or delays) both radical formation
and Hy0, production from 5-S-GAD (Fig. 5) remains
unknown. It is very puzzling that CuZnSOD apparently
prevents HyO5 production (Fig. 5B) because this enzyme
is well known for its action in the accumulation of HyO5
by the disproportionation of O3 . However, CuZnSOD
has also been reported to prevent the autoxidation of
various hydroquinone compounds and functions as a
superoxide:semiquinone oxidoreductase (5, 8, 16, 23-25).
Therefore, we deduce that CuZnSOD may not only
reduce semiquinone radicals again but would also
scavenge O3 (Scheme 1). In fact, the enzymatic action
of CuZnSOD was dependent on time, pH, and the ratio of
its concentration to that of the substrates (5-S-GAD). It
appears that 1pg/ml CuZnSOD was sufficient to
inhibit the Hs05 production from 30pM 5-S-GAD after
incubation for 24h (Fig. 5B). However, catalysation of
the 5-S-GAD-semiquinone radical substrates occurred
only when the amount of the enzyme was sufficient,
and the enzyme has no effect on 50-100 uM 5-S-GAD
(data not shown) when the amount of substrate exceeded
that of the enzyme. These results indicated that the 5-S-
GAD anion was the direct substrate for the enzyme
because the rate of the catalytic reaction was determined
by the ratio of the concentration of substrates to that of
the enzyme.

One novel finding in this report was the unique profile
of the 5-S-GAD anion. Surprisingly, the ESR signal
intensity of the o-semiquinone anion derived from
5-S-GAD was 10 times greater than that from
L-dopamine or L-dopa. In addition, the ESR spectrum of
the 5-S-GAD anion was observed after incubation at 37°C
for 30 min in the buffer (pH 7.4) lacking metal ions, and
the ESR signals derived from 5-S-GAD persisted for a
period of up to 10h. However, no signal was observed
from L-dopamine or L-dopa under the same experimental
conditions. Therefore, the strong signal intensity and the
long-lived signal stability of o-semiquinone anions from
5-S-GAD should be associated with the structure of the
N-B-alanyl residue and the 5-S-glutathionyl moiety.
On the basis of computer simulations, we proposed that
the observed ESR spectrum was attributed to a mixture
of the two different conformers of 5-S-GAD anion.
We assumed that the rotamers would exist due to the
conformational alterations of the p-alanyl group. On
the basis of the DFT calculations, we also speculate
the existence of a high rotational barrier of the
5-S-glutathionyl group derived from intramolecular
hydrogen bonds, particularly due to the bonding between
the NH group of the glutathionyl moiety and one of the
orthoquinoic oxygens. Both the conformational flexibility
of the B-alanyl residue and the hindered rotation of
the glutathionyl chain may contribute to the stability of
the 5-S-GAD anion. We believe that the stability of the
intermediates during the autoxidation of 5-S-GAD would
have a very important role in the rate of HyO, production
and/or its selective cytotoxicity. Structural studies on the
side chains of 5-S-GAD are currently underway to
investigate the radical stability, rate of HyO5 production
and antitumour activity.
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5-S-GAD was originally isolated as an inducible anti-
bacterial peptide from infected S. peregrina adults (1).
The characteristic constituents of 5-S-GAD are glu-
tathione and p-alanyl-L-dopa, which are covalently
conjugated by catechol oxidase during bacterial infection.
We postulate that 5-S-GAD kills bacteria by releasing
Hy;0, at the infection sites, although the location of
5-S-GAD synthesis and the mechanisms by which it
releases HyO, remain unknown. However, it is possible
that some bacterial oxidases may participate in the
synthesis; further, their amine residues or chelating
metal ions may promote the deprotonation of 5-S-GAD,
and the resulting anion may reduce Oy to produce O3~
(H505) at the region of localization.

Finally, the chemical property of 5-S-GAD is very
intriguing with respect to the formation of a stable
radical in nature. The formation of a stable anion from
5-S-GAD under physiological conditions may be useful as
a radical scavenger for trapping free radicals, which
cause oxidative stress in adverse conditions such as
aging, cancer and arteriosclerosis. A new pharmacologi-
cal effect of 5-S-GAD as a radical scavenger may be
worthy of further examination (26).
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