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Chlorpromazine oligomer is a potentially active substance that inhibits
human D-amino acid oxidase, product of a susceptibility gene for
schizophrenia
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Abstract

D-Amino acid oxidase (DAO), a potential risk factor for schizophrenia, has been proposed to be involved in the decreased
glutamatergic neurotransmission in schizophrenia. Here we show the inhibitory effect of an antipsychotic drug,
chlorpromazine, on human DAO, which is consistent with previous reports using porcine DAQO, although human DAO
was inhibited to a lesser degree (K; = 0.7 mM) than porcine DAO. Since chlorpromazine is known to induce phototoxic or
photoallergic reactions and also to be transformed into various metabolites, we examined the effects of white light-irradiated
chlorpromazine on the enzymatic activity. Analytical methods including high-resolution mass spectrometry revealed that
irradiation triggered the oligomerization of chlorpromazine molecules. The oligomerized chlorpromazine showed a mixed
type inhibition with inhibition constants of low micromolar range, indicative of enhanced inhibition. Taken together, these
results suggest that oligomerized chlorpromazine could act as an active substance that might contribute to the therapeutic
effects of this drug.

Keywords: D-Amino acid oxidase, schizophrenia, chlorpromazine, oligomer, glutamatergic neurotransmission, inhibition

Introduction in the liver and brain. We have previously determined
the primary structures of DAO mRNAs isolated from
the porcine [1] and human [2] kidney, and also
detected a single mRNA species in the brain [3].
In addition, we reported the structural organization of
the human DAO gene and its expression, and localized

the gene for DAO to human chromosome 12 [4].

D-Amino acid oxidase (EC 1.4.3.3, DAO) is a
flavoenzyme that contains noncovalently bound FAD
as a prosthetic group and catalyzes the oxidation of D-
amino acids to give the corresponding imino acids
while reducing molecular oxygen to hydrogen per-

oxide. The imino acids are spontaneously hydrolyzed
to a-keto acid and ammonia. In mammals, DAO is
found at highest concentrations in the kidney, and also

Recently, we demonstrated the gene expression of
DAO in type-1 astrocytes from rat cerebellum and
cerebral cortex [5], and confirmed that extracellular
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D-serine is metabolized by DAO expressed in
astrocytes [6]. In the brain, activation of DAO,
which leads to enhanced degradation of D-serine, an
endogenous co-agonist of the NMDA receptors, was
implicated in the altered NMDA receptor-mediated
neurotransmission in schizophrenia.

Schizophrenia is a severe but common mental disease
that affects 1% of the world’s population. In the late
1950s, the prognosis of schizophrenia was dramatically
improved with the introduction of a dopamine D2
receptor antagonist, chlorpromazine (CPZ). Since
then, CPZ has been widely used as an antipsychotic
drug in the treatment of this disease [7]. Recently, DAO
itself and in combination with a novel gene, G72, whose
gene product was reported to physically interact with
DAO and enhance the activity of the enzyme in wvitro,
were shown to be associated with schizophrenia [8]. In
this context, it is notable that CPZ inhibited porcine
DAO by competition with FAD [9]. However, the
effects of antipsychotic drugs on human DAQO, which is
expected to actually play a role in pathophysiology in
schizophrenia, have not been investigated. Therefore,
the first aim of the present study was to examine whether
one of the most widely used antipsychotic drugs, CPZ,
influences the activity of the human enzyme.

Since it is well recognized that CPZ metabolism
plays an important role in the overall antipsychotic
activity of CPZ [10], we further investigated whether
metabolites of CPZ affect the activity of human DAO
in the next part of the study. CPZ is metabolized into a
number of related compounds. Examination of urine
showed that less than 1% of over 20 metabolites of the
drug consisted of free CPZ [11], indicating that CPZ
is extensively metabolized into other related com-
pounds. CPZ causes both phototoxic and photo-
allergic reactions in patients receiving this drug
[12,13], and free radicals from CPZ have a crucial
role in the damage of tissues induced through
phototoxic reactions [14]. In early reports, CPZ
was shown to acquire inhibitory activity against
D-glyceraldehyde-3-phosphate dehydrogenase during
incubation in daylight [15], and the inhibitory effects
of CPZ free radicals on enzymes were demonstrated
[16,17]. Radicals derived from CPZ can be generated
by several mechanisms, including photochemical [16]
and enzymatic reactions [18]. CPZ sulfoxide, one of
the known major physiological metabolites, can also
be generated i vitro by photochemical [19] and
enzymatic reactions [20]. Substances isolated from
UV-irradiated CPZ solution were also found in the
liver and urine of patients who had received long-term
medication with CPZ [21,22]. Reactions occurring
under light exposure might thus partly duplicate
reactions 2 vivo [23]. Therefore, examining the effect
of light in n vitro systems might be helpful in finding
active compounds.

In this study, we show the inhibition of the activity
of human DAO by CPZ and its related compound,

oligomerized CPZ, in vitro, indicating that oligomer-
ized CPZ is a pharmacologically active substance with
a possible involvement in the glutamatergic system
through the inhibition of DAO.

Materials and methods
Drugs and reagents

D-Alanine (Wako, Osaka, Japan) was dissolved in
water and stored as a 1 M stock solution at —30°C.
FAD (Wako) was dissolved in water and stored as a
50mM stock solution at —30°C. Chlorpromazine
hydrochloride (Wako) solution was freshly prepared
prior to use under minimum light to give a
concentration of 100mM or 125mM (w/v). (+)-
Sodium L-ascorbate (Sigma-Aldrich, MO, USA) and
L(+)-ascorbic acid (Wako) solutions were prepared
just prior to use. Other chemicals are of analytical
grade.

Enzyme purification and preparation of apoenzyme

Human DAO was expressed and purified as described
[24]. The preparation of the apoenzyme of human
DAO was prepared by extensive dialysis of the
holoenzyme against 1 M potassium bromide accord-
ing to the method of Massey and Curti [25].
The absence of an absorption band around 450 nm
demonstrated the complete removal of FAD during
the preparation. Then the apoenzyme solution was
divided into aliquots and frozen in liquid nitrogen, and
then stored at —80°C. A frozen aliquot was thawed
immediately before use. The apoenzyme was stable at
—80°C for at least several months. The concentration
of apoprotein was determined using the extinction
coefficient of 73,000M ! cm ™' at 280nm [26]. Its
catalytic activity (5.1 X 10®> min~ ') was almost
identical to that of the holoenzyme and agreed well
with the previous reports on human and porcine
enzymes [24,27,28] when measured by means of an
oxygraphic method at pH 8.3 with saturating
concentrations of FAD (0.03mM) and D-alanine
(0.05M) at 25°C using the oxygen concentration of
250 pM in an air-equilibrated aqueous solution.

Formation of photoproducts and gel filtration
chromatography

Typically, a 125 mM transparent solution of CPZ in a
glass tube sealed with parafilm was irradiated with
white light for approximately 2.5 h until the colour of
the solution turned brown. During the irradiation,
sample tubes were put in an ice-water bath to keep the
temperature below 25°C. The light intensity in the
290-340 nm region was approximately 43 mW/cm?
at the position of the sample when measured with a
UV radiometer UV-340 (Custom, Tokyo, Japan).



After the irradiation, the solution was gel fractionated.
Typically, a 3% column-volume of sample was size-
fractionated on a Sephadex G-25 fine column (GE
Healthcare, St. Giles, UK) (40 X 1 cm, size exclusion
limit of 5kDa) equilibrated and run at room
temperature in degassed water at a flow rate of
0.5 mL/min. Fractions (1 mlL) were examined by
measuring UV absorption. Absorption spectra were
obtained with a spectrophotometer (Beckman, model
DU® 640).

Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra were recorded at 9 GHz on a JEOL JES-
TE 300 spectrometer equipped with a cavity and an
aqueous quartz flat cell. The lyophilized Fraction ¢
(fraction containing inhibitory substance(s) with high
molecular weight(s)) and powder of CPZ were
dissolved in D,O (Thermo Fisher Scientific Inc.,
MA, USA). For UV irradiation, samples were
irradiated with UV through the quartz cell attached
to the EPR cavity. The irradiation source was a 300 W
xenon arc light (Ushio, Tokyo, Japan). EPR data were
analysed with the software ESPRIT 432 (JEOL Co.,
Ltd., Tokyo, Japan). Measurements were carried out
in air-saturated solution at room temperature.

NMR spectroscopy

"H-NMR spectra were recorded at 400 MHz on a
JEOL-JNM-AL 400 spectrometer with the tempera-
ture of the NMR samples maintained at 300 K, using a
5-mm-diameter sample tube. The lyophilized Frac-
tion 7 and powder of CPZ were dissolved in CD;0D
(Thermo Fisher Scientific Inc.). "H-NMR spectra
were obtained by acquisition of 32 scans.

Electrospray ionization-time of flight-mass spectrometry
(ESI-TOF-MS) analysis

The eluates of the Sephadex G-25 column were
evaporated to dryness with methanol and analysed
using a liquid chromatography/mass spectrometry
system, Agilent Time-of-Flight LC/MS, which was
operated in positive ion mode. The separation of the
collected fraction (#33—-36) was carried out using a
reversed-phase  C3  analytical column  of
50mm X 2.1mm and 5 X 10 ®m particle size
(ZORBAX Eclipse® SB-C3). Mobile phases A and
B were 0.1% acetic acid aqueous solution and
methanol, respectively. Gradient elution was per-
formed using a linear gradient from 50 to 100%
solvent B for 5 min. The flow-rate was 0.5 mL/min.
Measurements of CPZ and Fraction : were conducted
without liquid chromatography. These samples were
introduced into the mass spectrometer with the carrier
solvents as follows: for CPZ, 0.1% acetic acid-
methanol (50:50, v/v) at a flow rate of 0.3 mL/min,
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and for Fraction 7, the same condition as that for CPZ
or 0.1% acetic acid-acetonitrile (5:95, v/v) at a flow
rate of 0.5mL/min. Eluates were monitored by
measuring the absorbance at 255 nm.

Determination of the concentration of Fraction i

The fraction that showed the strongest inhibition of
DAO (Fraction 7) was frozen at —80°C and
lyophilized overnight to remove moisture completely.
Then the weight of the powder was measured, and the
mean value was determined from 4 experiments. In a
typical experiment, 0.30 mg of Fraction 7 was obtained
after lyophilization, from 44 mg of CPZ. The
molecular weight of the trimer was used for the
determination of the concentration of Fraction 7, as
trimer was expected to be the major component of
Fraction 7 from the ESI-TOF-MS experiment.

Measurement of the enzymatic activity

The activity of DAO was measured by monitoring the
O, consumption rate at air saturation using a D-amino
acid as substrate with a Clarke oxygen electrode
(Gilson, model 5/6 Oxygraph). The constituents of
standard reaction mixture were 5 pg DAO (apopro-
tein), FAD, D-alanine and 0.05 M sodium pyropho-
sphate (pH 8.3), in a total volume of 1.8 mL. In typical
experiments, DAO and FAD were preincubated for
3 min, then D-alanine was added as a substrate to start
the reaction. Each reaction time was less than
approximately 10min. Kinetic parameters of the
enzyme reactions were calculated from the conven-
tional Michaelis equations [29,30]. The following
values were obtained at pH 8.3 and 25°C from double-
reciprocal plots: Michaelis constant K, (for D-
alanine) = 1 mM, the apparent dissociation constant
for FAD K¢= 0.2 puM. These values are in good
agreement with those reported [24,29]. The apopro-
tein used was found to have no activity without the
addition of exogenous FAD. In the assays to
characterize the mechanisms of inhibition, kinetic
parameters (K., K¢ and inhibition constants) were
obtained using replots from double-reciprocal plots.
In the case of a mixed type inhibition, two inhibition
constants can be obtained. One is K;, and the other is
defined as K. The enzyme rate (v) is expressed as
micromoles of oxygen consumption per minute per
micromole of DAO. In cases when either FAD or
substrate was not being varied in concentration, it was
held at saturating levels. In assays using non-irradiated
CPZ, the apoprotein was added to a mixture of FAD
and CPZ (Figure 1). The reactions were carried out at
37°C and pH 7.3, conditions that were employed in
earlier studies [31]. After a 5-min incubation, the
reaction was initiated by the addition of substrate.
In other assays (Figures 2 and 7), reactions were
carried out using a similar procedure except for the
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Figure 1. Kinetic analysis of the effect of CPZ on DAO.
The reaction mixtures contained 5ug of DAO (apoprotein),
50 mM D-alanine, FAD and CPZ as indicated, and 0.1 M sodium
pyrophosphate (pH 7.3), in a total volume of 1.8 mL. The final CPZ
concentrations were: none (open triangles), 200 puM (filled
diamonds), 300 uM (open squares), and 400 uM (filled circles).
Assays were carried out at 37°C. The data are representative of three
experiments.

incubation time (3min) and temperature (25°C).
Considering the stability of the compounds from the
irradiated CPZ solution, we examined the effects of
compounds from the irradiated CPZ solution on the
enzyme at 25°C instead of 37°C.

Statistics

Data were analysed by one-way ANOVA with an
independent post-hoc Turkey’s multiple comparison
test. Data are expressed as mean = SD. A difference
was considered to be significant at p < 0.01.

150 300
- DAO activity
—% Absorbance ai 254 nm 1 250
—— Absorbance at 263 nm
;\? 100 L\ ﬂ A 200
= @
2 Q
e W 150 .§
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4 50
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Figure 2. Elution profile of irradiated CPZ. The absorbances at
254 and 263 nm correspond to the N\, of CPZ and fraction #12,
respectively. The effect of the fractions on DAO activity was
examined at 25°C. The reaction mixtures contained 4 pg of DAO
(apoprotein), 50 mM D-alanine, 0.3 pM FAD, 100 p.L effluent and
0.1 M sodium pyrophosphate (pH 7.3), in a total volume of 1.8 mL.
The ratio of DAO activity in the presence of each fraction was
determined relative to the activity measured in the absence of
effluent.

Results

Inhibition of human DAO activity by CPZ
and irradiated CPZ

CPZ was reported to inhibit the activity of porcine
DAO by competition with FAD (K; =2.3 x 10 ° M
at pH 8.3 and K;=5 x 10> M at pH 7.3, 37°C)
[30,31]. In order to evaluate the effect of CPZ on
human DAO, we examined the characteristics of
human DAO in the presence of CPZ by kinetic analysis
as described by Yagi et al. [30]. As shown in Figure 1,
we found that CPZ had an inhibitory effect on human
DAO activity as well, but to a lesser degree than on
porcine DAO. The inhibition could be demonstrated
only over a narrow range of CPZ concentration (up to
400 pM) due to the limited solubility of CPZ at pH 7.3
[32]. Under the conditions employed, CPZ inhibited
the DAO activity in a concentration-dependent
manner, and the double-reciprocal plots of the velocity
in the presence or absence of CPZ against the
concentration of FAD showed a series of lines that
converged at a point on the y axis. This result indicated
that CPZ inhibits DAO in a competitive manner with
respect to FAD with an inhibition constant (K;) of
0.7mM and an apparent dissociation constant for
FAD (Ky of 0.2puM. The K; and K; values were
obtained based on replots from the double-reciprocal
plots. The K¢value is in good agreement with previous
findings obtained at the same pH [31]. Considering the
possibility that CPZ will undergo transformation
m vivo and thereby gain further activity against the
enzyme, we next tested the effects of CPZ-derived
substances on DAO. Exposure to light could enhance
the inhibitory capacity of CPZ as reported previously
for its activity against D-glyceraldehyde-3-phosphate
dehydrogenase [15].

To prepare CPZ derivatives, CPZ solution was
irradiated with white light. The solution that was
colourless at the beginning turned deep brown at the end
ofthe irradiation, and the pH was shifted from 6.8 t0 3.8.
We then tested DAO activity with the addition of the
solution of irradiated CPZ and found that the inhibitory
capacity of CPZ against the enzyme was increased
roughly 10-fold in terms of a K; value after light
irradiation compared with that of non-irradiated CPZ,
and the inhibition pattern was no longer competitive
type with respect to FAD (data not shown).

Separation and identification of inhibitory CPZ
photoproducts

To identify the active compounds that possess a
stronger inhibitory effect than the original CPZ, we
first conducted gel filtration to fractionate the com-
pounds in the irradiated solution. The eluates were
examined for the ability to inhibit the enzymatic activity.
As shown in Figure 2, the absorption data revealed that
there were three peaks on the chromatogram based
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Figure 3. Absorption spectra of CPZ (20 M), gel filtration
fractions #12, 36 and 44. Fractions were diluted with
H,0. The dilution factors for fractions #12, 36 and 44 were 1/100,
1/50 and 1/200, and the A\, for the fractions were 263, 257 and 254,
respectively. Authentic CPZ has A\, at 254 nm.

on the absorbance at 254 nm: fractions #12, 36 and 44.
Among them, the 12th fraction, which appeared very
near the void volume and corresponded to the first
absorption peak, showed the strongest inhibition (82%
inhibition of DAO activity). In contrast, the last-eluting
absorbance peak (strongest absorption at fraction #44)
showed weak inhibitory effects (maximal 20% inhi-
bition of DAO activity) (data not shown).

As shown in Figure 3, there was a shift in the A\, in
these spectra with increasing fraction number.
The N\ of fraction #12 (263 nm) was red-shifted
by 9 nm compared with CPZ (254 nm). Absorbance at
either 245 nm, which represents CPZ sulfoxide [19] or
530 nm, which is characteristic of a cation radical of
CPZ [33], was not observed in the spectra shown in
Figure 3, indicating that these compounds are not
candidates as inhibitory compound(s). The elution
profile constructed using the absorbance at 263 nm
was similar to that obtained using the absorbance at
254 nm (Figure 2).

In order to identify the substance(s) in fraction #12
(named Fraction 1), we next analysed this fraction
using EPR, NMR and mass spectrometry.

EPR measurement

To detect any radicals in Fraction 7, we measured the
EPR spectrum of the fraction and detected only a
fairly weak signal (Figure 4a, top). However, when the
same sample was irradiated with UV while measuring
the EPR spectrum, it gave rise to a distinct big signal,
indicating the production of radical(s) (Figure 4a,
centre). The line shape of the spectrum was similar to
that observed without UV irradiation (Figure 4a, top)
and different from that generated for UV-irradiated
CPZ (Figure 4a, bottom). The peak-to-trough width
of spectra (indicated by arrows) of Fraction 7 and CPZ
obtained under conditions of UV irradiation was 10
gauss and 16 gauss, respectively (Figure 4a, centre and
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Figure 4. Examination for radicals. (a) EPR spectra of Fraction 7in
D,O (estimated to be 2mM based on the measurement of dry
weight) obtained without (top) and under (centre) UV irradiation,
and EPR spectrum for 56 mM CPZ in D,0O measured under UV
irradiation (bottom). EPR conditions were: power, 20mW;
sweep width, 3358.4 £ 25 Gauss; modulation amplitude,
0.2 Gauss; time constant, 0.1s; sweep time, 4 min; gain, 2 000
(top), 1 000 (centre), 500 (bottom). (b) Effect of radicals on DAO
activity. The reaction mixtures contained 5 pg of DAO (apoprotein),
50 mM D-alanine, 0.3 .M FAD, 20 pL of Fraction 7 (estimated to
be 2.9 uM based on the measurement of dry weight) and 1 mM
ascorbate as indicated and 0.1 M sodium pyrophosphate (pH 7.3),
in a total volume of 1.8mL. Fraction : and ascorbate were
preincubated for 3 min, then FAD and the apoprotein were added.
After another 3-min incubation, D-alanine was added as substrate.
Assays were carried out at 25°C. Data are the mean * SD of three
experiments. *p < 0.01, compared with control measured in the
absence of Fraction 7 and ascorbate (one-way ANOVA with post-hoc
Tukey’s multiple comparison test).

bottom), indicating the difference between the two
EPR spectra. These results suggest that the inhibitory
substance(s) in this fraction still have the ability to
generate radicals on UV irradiation, although the
radical(s) derived from Fraction : are not identical to
the radical(s) derived from CPZ. The inhibitory
substance might be apt to release an electron when
irradiated, or possess a chloride function that is
probably cleaved upon irradiation to generate radicals,
as reported for the chloride function at position 2 of
the CPZ molecule [14].
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Since a trace amount of radical was observed in the
EPR spectrum of Fraction 7, we investigated whether
radical(s) were directly involved in the inhibition by
examining the effect of a radical scavenger, ascorbate,
on the inhibition of the enzymatic activity.
We confirmed that CPZ-derived radical(s) were not
detected by EPR in the presence of ascorbic acid when
CPZ solution was analysed under UV irradiation or
immediately after 1 h of white light irradiation (data
not shown), whereas the omission of ascorbic acid
resulted in the detection of distinct CPZ-derived
radicals by EPR. As shown in Figure 4b, the radical-
scavenging activity of ascorbate did not alter the
inhibitory effect of Fraction 7, which caused significant
inhibition in both the presence and absence of
ascorbate. Therefore, we concluded that radical(s)
are not responsible for the enzyme inhibition.

NMR measurement

We carried out NMR experiments to determine the
structure of Fraction 7. A comparison of the 'H-NMR
spectra for Fraction 7 and authentic CPZ is presented
in Figure 5. Line broadening was observed in the
spectrum of Fraction 7 (Figure 5, top), which suggests
the existence of a polymer or a radical in the solution,
and therefore further NMR analysis for structural
assignments was considered to be inconclusive.
The chemical shifts of Fraction ¢ were similar to
those of CPZ (Figure 5, bottom), suggesting that
Fraction 7 has structural similarity to CPZ. The
collected fraction (#42-45), which corresponded to
the final absorbance peak on the gel filtration
chromatogram (Figure 2), was also analysed by
NMR. The constituent in these fractions was

identified as CPZ by comparing its 'H-NMR and
YePtE
pase:
O
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Figure 5. Line-broadening effect in 'H-NMR spectrum of
Fraction 7. The inset shows the structure of CPZ with the
phenothiazine nucleus designated as A, the side chain carbon and
methyl groups designated as a-y and B, respectively. (Top) 'H
spectrum (CD;OD at 400 MHz) of Fraction i. (Bottom) 'H
spectrum (CD3;OD at 400 MHz) of CPZ. The strong peaks at 83.35
and 84.9 in both spectra are due to CD,HOD and CD5;OH,
respectively.

UV spectra with those of authentic CPZ. Considering
the elution profile of Fraction 7 (#12), these results led
us to expect that the molecular weight of Fraction ¢
was larger than that of CPZ. Therefore, we assume
that Fraction 7 likely contains a polymer, which is
expected to have structural similarity to CPZ.

We then used high-resolution mass spectrometry
measurement to identify the constituents of Fraction ¢
and their elemental compositions.

Identification of the inhibitory constituents
by high-resolution mass spectrometry

Electrospray ionization-time of flight-mass spec-
trometry (ESI-TOF-MS) analysis of Fraction ¢
revealed protonated molecular ions [M + H]T at
m/z 883.3417 and 1 165.4597. Because of the high
affinity to the reversed phase (C18, C8 and C3)
columns, the samples from Fraction 7 were introduced
into the mass spectrometer through a capillary
without liquid chromatography. The total-ion chro-
matogram (TIC), which was constructed by plotting
the total ion current of the introduced sample against
time, showed a single but broad and tailed peak from
about 1 min with maximal intensity at 1.31 min (data
not shown). As shown in Figure 6, the protonated
molecular ion [M + H]" at m/z 883.3417 was
detected by summation of the area under the peak
including the top of the peak on the TIC between 1.1
and 1.4 min. No prominent peak was observed above
m/z 1 200 in Figure 6. Since Fraction 7 is expected to
contain molecule(s) with higher molecular weight(s)
than that of CPZ (molecular weight 318), the large
peak below m/z 100 was considered to be a fragment
ion. The peak at m/z 883.3417 was found to
correspond to the formula weight for a trimer ion of
CPZ [(3 CPZ — 2HCI) + H]" based on comparison
between the experimental and calculated isotope peak
intensities of the molecular ion [M + H]*. High
intensity of the signal for the trimer, together with
lower intensity of the signal for tetramer (4 CPZ — 3
HCI), was also found in the mass spectrum obtained
from summing the area under the tailed part of the
peak on the TIC between 1.3 and 1.6 min (data not
shown). These results suggest that trimer is the major
component in Fraction 7.

CPZ and the collected fraction (#33-36), which
corresponded to the middle absorbance peak in
Figure 2, were also analysed using ESI-TOF-MS.
Protonated molecular ions at m/z 319.1032 and m/z
601.2214, identified as the monomer and dimer
(2 CPZ — HCI) of CPZ, were detected in the authentic
CPZ sample and the collected fraction, respectively.

The results of ESI-TOF-MS analysis suggest that
the first peak (Fraction 7) and the middle peak on the
gel filtration chromatogram (Figure 2) contained
oligomers (mainly trimer) and dimer, respectively,
which was consistent with the elution order in the gel
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filtration experiment. The detailed results of ESI-
TOF-MS analysis are shown in Table I. The
difference between these m/z values of 282 m/z unit,
which is the mass of the repeat unit of the oligomer,
was found to correspond to the formula weight for
CPZ devoid of H and CI. On the basis of these results,
we concluded that the major constituent of Fraction z,
which contributed to inhibition of the DAO activity,
was trimer of CPZ.

Kinetic analysis of the inhibitory activiry of Fraction 1

The mechanism of inhibition of DAO by Fraction : was
addressed by investigating the effect of Fraction 7 on
the kinetic parameters (K¢ and apparent V,,,) as a
function of FAD concentration in the presence of
varying concentrations of Fraction i (Figure 7) using
the same kinetic analysis procedures as described for
CPZ (Figure 1). The concentration of the oligomers in
Fraction ¢ was calculated using the molecular weight
for the major compound, trimer (see “Materials and
methods”). Fraction 7 inhibited the activity of DAO in
a concentration-dependent manner under the con-
ditions employed. The double-reciprocal plots showed
that the inhibition was associated with a decrease in
apparent V., and increase in K¢ (Figure 7). A series of
lines intersected at a point to the left of the y axis, which
is consistent with a mixed type inhibition with respect
to FAD with a K of 2 uM, a K{ of 8 uM and a K; of
0.2 pM. The K;, K! and K¢ values were obtained based
on the replots from the double-reciprocal plots. Since
the apparent V.. decreased with the increasing
concentration of Fraction ¢, the inhibitory effect

ESI (positive ionization mode) mass spectrum of Fraction 7 obtained by summing the area beneath the peak on TIC (see text).

of Fraction 7 on the apoenzyme could be observed
even in the presence of excess FAD, indicating that the
manner of inhibition is not simple competitive type
with FAD. In fact, when the activity of DAO was
measured using the same kinetic analysis procedures
with varying concentrations of a substrate (D-alanine)
but in the presence of excess FAD (50 nM) (see
“Materials and methods™), Fraction i exhibited a
noncompetitive inhibition with a K; of 7 wM and a K,
of 2mM (data not shown), which suggests that
Fraction 7 does not interfere with the binding of D-
alanine to the enzyme. Thus, Fraction 7 as well as CPZ
inhibited the activity of DAO; moreover, the K; value of
Fraction ¢ was decreased compared with that of CPZ,
indicating that Fraction ¢ inhibited DAO more
efficiently than CPZ.

Discussion

In the present study, the inhibitory effects of a
clinically used antipsychotic drug and its related
compounds on human DAO, which can be a target of
therapy for schizophrenia, were explored. The recent
model of the pathophysiology of schizophrenia
emphasizes an imbalance between an increased
dopaminergic and decreased glutamatergic neuro-
transmission [34,35]. This hypothesis shed light on
the regulation of the NMDA receptor-mediated
neurotransmission. In this context, it is anticipated
that drugs activating the NMDA receptors might be
therapeutically beneficial. In fact, administration of
the NMDA receptor co-agonist D-serine greatly
improved symptoms of schizophrenia patients [36].

Table I.  Summary of ESI-TOF-MS analysis of CPZ and oligomers.
Compound” Molecular formula Calculated monoisotopic m/z [M + H]* Observed monoisotopic m/z [M + H]* Am (ppm)*
CPZ C;7Hio N, SCl 319.1030 319.1032 0.5
Dimer Cs4 H37 N, S, Cl 601.2220 601.2214 -1.2
Trimer Cs; H55 Ny S5 Cl 883.3411 883.3417 0.6
Tetramer Ces Hy3 Ng S, Cl 1165.4602 1165.4597 -0.5

* Data for CPZ and dimer were obtained using authentic CPZ and the pooled sample from gel filtration fractions #3336, respectively. Data
for other compounds were determined based on m/z values detected for Fraction ; T Values shown represent the absolute difference between

predicted and observed masses in ppm units.
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Figure 7. Kinetic analysis of the effect of Fraction i on DAO. The
reaction mixtures were essentially the same as described in the
legend to Figure 1. Final Fraction 7 concentrations were: none (filled
triangles), 0.92 uM (open diamonds), 1.5pM (filled squares),
2.8 .M (open circles), and 3.7 uM (filled diamonds). Assays were
carried out at 25°C. The data are representative of three
experiments. Data points obtained at 1.5pM and 2.8 M of
Fraction 7 in the presence of the lowest concentration of FAD were
ignored.

It should be noted that beneficial actions of
antipsychotic drugs are probably accompanied by an
improvement of both the dopaminergic and glutama-
tergic neurotransmission [37]. On the basis of the
genetic and physiological data implicating the new
human gene G72 and DAO in schizophrenia [8], the
activation of DAO by G72 may lead to enhanced
degradation of D-serine followed by the hypofunction
of the NMDA receptors in schizophrenia. Thus,
inhibiting the activity of DAO can be therapeutically
beneficial in the treatment of schizophrenia. Indeed,
novel selective inhibitors of DAO have been inten-
sively explored for clinical purposes [38].

In the present study, using human DAO, CPZ
showed a competitive type inhibition with respect to
FAD. In addition to CPZ, other phenothiazine
derivatives have been shown to inhibit porcine DAO
by competing with FAD [31]. The inhibitory
capacities of these compounds were reported to be
generally in good agreement with their relative clinical
efficacy and potency in antipsychotic therapy. The
inhibition of riboflavin metabolism in the rat tissues by
CPZ was also reported [39]. These observations
suggest that CPZ might act by inhibiting flavoenzymes
due to the structural similarity between the phe-
nothiazine nucleus of CPZ and the isoalloxazine
moiety of flavins. We previously reported the
inhibition of D-serine metabolism, catalyzed by the
overexpressed intracellular DAOQ, in glial cells treated
with 1 pM CPZ [6]. Taken together, these data
suggest that inhibition of the catalytic activity of DAO
has some connection with the pharmacological action
of the drug.

Considering the importance of the metabolism of
CPZ, its metabolites are also expected to contribute to
the therapeutic effects. Therefore, we investigated
whether there is/are CPZ-related compound(s) that
is/are more effective as an inhibitor of this enzyme.
The results of the activity assay demonstrated the
inhibition of DAO by CPZ-derived substances from a
white light-irradiated solution of CPZ. In this study,
no relationship was suggested between the observed
inhibition of DAO and radicals from CPZ (Figure 4b),
although inhibitory effects of the radicals on other
enzymes have been reported [16,17]. An ESI-TOF-
MS study of the most potent fraction (Fraction 7) that
was eluted from the gel filtration column revealed that
this fraction contained oligomerized CPZ (Figure 6).
Kinetic analysis showed that the inhibition of DAO
by Fraction ¢ was mixed type with respect to FAD
(Figure 7) and noncompetitive type with respect to
D-alanine (data not shown). The expected molecular
weights of the oligomers were larger than that of a
common D-amino acid or FAD molecule. Consider-
ing the architecture of the active site of human DAO
[24] and the manner of inhibition, CPZ oligomers are
unlikely to enter the active site. Therefore, we assume
that Fraction 7 impairs the catalytic activity of DAO
likely by inhibiting the formation of the active
holoenzyme, through preventing FAD from binding
to the apoprotein and possibly through inhibiting the
protein conformation change necessary for the
formation of the active holoenzyme. Our preliminary
results at present actually showed that Fraction 7 had
little effect on the activity of DAO preincubated with
excess FAD to form the holoenzyme.

The data obtained here suggest that Fraction ¢
contains CPZ oligomers and these oligomers are
responsible for the observed inhibition. These
oligomers seem to be similar to a polymer of CPZ
that was reported by Huang and Sands [40]. They
isolated a polymer, which showed a negative reaction
for chlorine, from the UV-irradiated solution of CPZ
and postulated the structure of 2-7 linked polymer.
Our study provides evidence for this structure as
follows. (1) As reported for CPZ [14], the ability of
Fraction 7 to generate radicals (Figure 4a) would be
partly due to the residual chloride function. In this
study, we observed oligomers with one chlorine atom.
Considering the possibility that the chloride function
can be cleaved during the course of radical generation,
the reported polymer devoid of the chloride function
may be produced from that with the chloride function.
(2) Structural analogy between CPZ and Fraction ¢ is
expected based on the similarity in their chemical
shifts (Figure 5). (3) High-resolution mass spectra
revealed a series of molecular species with a repeat
unit that is expected to be CPZ devoid of H and Cl. An
acidic shift of pH (from 6.8 to 3.8) was observed
during the course of white light irradiation. This could
have resulted from liberation of hydrogen chloride,
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Figure 8. The deduced structure of trimer of CPZ. CPZ devoid of
H and Cl (designated with dashed line) is thought to be a repeat unit
(formula weight 282) for the observed oligomers.

followed by subsequent formation of an oligomer.
In fact, a dechlorinated compound of CPZ, proma-
zine, was reported to be a major plasma metabolite in
patients, indicating that dechlorination of CPZ
represents an important metabolic pathway [41].
Therefore, the observed oligomers and the reported
polymer of CPZ would be generated through similar
mechanisms. The deduced structure of an oligomer
(trimer) is depicted in Figure 8. The peak in the mass
spectrum (Figure 6) at m/z below 100, which was
revealed to be m/z 86, was considered to be a fragment
ion that corresponds to the side chain of the CPZ
molecule (— CH,CH,CH,N(CH3),, formula weight
86) [42].

The addition of a radical scavenger to CPZ solution
suppressed EPR radical signals both under UV
irradiation and after white light irradiation. The dark
colour in the solution increased with irradiation time,
while ascorbic acid suppressed the development of the
colour. The inhibitory effect of the irradiated solution
on DAO also seemed to correlate with irradiation
time. These facts suggest that the amount of oligomer
increases according to the irradiation. Taken together,
these observations indicate that the first step of
polymerization is probably the formation of radicals.

Van Woert isolated brown pigments from the liver of
patients who had received prolonged, high-dose CPZ
treatment [21]. He showed that the chemical
characteristics of the pigments were similar to those
of the polymer produced by UV irradiation of CPZ
in ovitro, as referred to above [40]. Tests of the
biological activity of the polymer produced by UV
irradiation of CPZ on human volunteers suggested
that formation of a polymer is the cause of the skin
discolouration observed in patients [40]. Evidence for
the presence of a polymer of the same nature in the
urine of psychotic patients receiving long-term
medication with CPZ was also presented [22].

In the rat liver, kidney and brain, the tissue-to-
plasma partition ratios of CPZ concentration after oral
administration were calculated based on the report
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by Sgaragli et al. to be 98, 34 and 21, respectively [43].
The accumulation in the liver showed the highest
ratio. The time course of CPZ concentration in rat
serum was reported to be approximately 1 pg/mL
immediately after intravenous administration
(4 mg/kg) and then decline biexponentially with time
[44]. The decreased concentration in the serum
probably means that CPZ is taken up by the tissues.
Since CPZ exhibits good cell permeability and crosses
the blood-brain barrier due to its hydrophobicity, a
high local concentration of the drug might be achieved
in these tissues. At physiological pH (7.3), CPZ
molecules form micelles, with the critical micelle
concentration of 0.2mM [45]. Considering the
presence of the polymers of CPZ in the liver and
urine of patients, local concentrations of CPZ might
be high enough to cause polymerization, although
these concentrations are not yet known exactly.
Concentrated CPZ might polymerize as a result of
photoirradiation or radical generation in cells.

In conclusion, we have shown the functional
inhibition of DAO by an antipsychotic drug, CPZ,
and oligomers of this drug iz vitro. Detailed studies on
the effects of oligomerized CPZ on physiological,
especially neural, systems will be necessary to better
understand the actions of these substances i vivo.
Furthermore, examination of effects of antipsychotic
drugs and their metabolites on DAO might pave the
way for the development of novel therapeutic
approaches for schizophrenia.
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