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The rates of oxidation of benzidine and monoacetylbenzidine by

horseradish peroxidase were determined by HPLC. Aliquots of reaction

mixtures were stopped by addition of an equal volume of 1 N HCI, and

a sample was injected into the chromatograph. A Waters Radial-Pak

C-18 column was eluted with methanol/lO mM phosphate buffer, pH

6.0 (50:50) at a flow rate of 5.5 ml/min. Substrates were detected by

Uv absorption at 280 nm; peak height was linear in concentration, over

the range studied.

RESULTS

We observed a two-stage color change upon oxidation
of 3,5,3’5’-tetramethylbenzidine by horseradish peroxi-

dase/H202 (8). A similar sequence of color changes was
seen with benzidine; however, its oxidized products were
less stable, and decomposed to a polymeric precipitate in
a few minutes. Thus, it was not possible to follow the

oxidation by repetitive scanning of a single incubation
mixture. Instead, a series of incubations was prepared.
Each mixture contained benzidine and sufficient enzyme

so that, upon addition of H202, the oxidation was com-
plete in a few seconds. The product was then scanned
rapidly and the optical spectrum was recorded before the
products decayed. (The rapid scan procedure introduces
slight distortion of peak shapes.) The amount of H202
was varied in a series of incubations (Fig. 1). With in-

x (nm)

FIG. 1. Oxidation of benzidine: optical spectrum

The sample cuvette contained benzidine (25 tiM) and horseradish

peroxidase (25 pg/mi) in 2 ml of acetate buffer, pH 5.0. The reaction

was initiated by the addition of hydrogen peroxide, and the spectrum

was recorded immediately. The concentrations of hydrogen peroxide

were 0, 5, 10, 15, 20, and 25 ,.tM for spectra labeled 0 through 5. The

reference cuvette contained all components except hydrogen peroxide.

Instrumental conditions were: 20 nm/sec scan rate, fast response.

creasing H202, the resulting solutions were blue, green,
and (finally) yellow. We identified the blue product as a
charge-transfer complex of benzidine and its two-electron
oxidation product, the di-imine derivative, by analogy
with the results for 3,5,3’5’-tetramethylbenzidine (8).

This species has the same oxidation state as the cation
free radical of benzidine and exists in equilibrium with
the radical via comproportionation/disproportionation

(Scheme 1). The yellow product is the di-imine itself the
green stage is an intermediate mixture of the blue and
yellow products. Incubations containing low concentra-
tions of enzyme do not proceed past the blue stage, even
in the presence of excess peroxide, since the decay to
precipitate occurs more rapidly than the enzymatic oxi-
dation to the di-imine.

We used ESR to identify the presence of a free radical
intermediate. Both lactoperoxidase and horseradish per-
oxidase gave identical results in all studies, except for the
greater specific activity of the latter enzyme. Incubations

prepared as described in Fig. 2 were blue-colored, and
yielded a well-resolved multiine ESR signal that lasted
for about 30 mm. This gradual decay resulted in asym-
metry of peak heights between the low- and high-field
regions of the spectra. Note that ESR spectra are sym-
metrical, and one-half of an ESR spectrum suffices to
determine all hyperfine splitting constants. The ESR
spectrum of the benzidine cation radical has been ob-
served in organic solvents using chemical oxidation (11)
and a “slow-flow” system (12). Our analysis of the spec-
trum in Fig. 2A began with the hyperfine splitting con-
stants reported in the earlier work; slight adjustment was
needed to obtain an adequate computer simulation of the
spectrum (Fig. 2B). The assignment of the hyperfine
splitting constant for the amino protons (a�HJ was con-
firmed from the deuterium-exchanged species, using the
ratio of the gyromagnetic ratios of H and D nuclei. The
predicted value of ai�D2 (0.56 G) agreed well with the
smallest hyperfine splitting observed in 2H2O buffer. A
summary of the reported hyperfme splitting constants
for this radical is given in Table 1. In all experiments, the
appearance of color changes and ESR signals was de-
pendent upon the presence of benzidine, H202, and en-
zyme. Denatured enzyme (boiled for 10 mm) was ineffec-
tive.

We also examined the compound 2,7-diaminofluorene,
which is structurally similar to benzidine and is a pow-
erful carcinogen in rats (13). This substrate was also
oxidized to a blue product by H202 and peroxidase. A
partially resolved ESR spectrum was recorded; however,
the limited resolution of the hyperfine pattern precluded
a complete analysis of the spectrum, which should pos-

700 sess 2,025 lines.
The oxidation of benzidine in the presence of phenol

or 2,6-dimethylphenol yields violet-colored products
which have been characterized chemically (14). These

products result from coupling of the phenol to the N

atom of benzidine di-imine, yielding an adduct analogous
to indoaniline, which is formed by the oxidation of p-
phenylenediamine in the presence of phenol (15). A sim-
ilar reaction occurred with other phenol derivatives, such
as BHA, guaiacol (2-methoxyphenol), epineph.rine, and
serotonin (Fig. 3).
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SCHEME 1

The oxidation products of benzidine discussed in the text

There are two one-electron oxidation products, the benzidine cation radical and the charge-transfer complex of benzidine and its di-imine

derivative. The radical is detected by ESR and the charge-transfer complex by its blue color. Two-electron oxidation of benzidine yields the di-

imine (drawn here as a dication, which is the likely form at pH 5). Deprotonation of this species yields a monocation of the di-imine, which is a

resonance structure of the benzidine nitrenium ion.

Monoacetylbenzidine is oxidized by the horseradish
peroxidase/H202 system, but much more slowly than

either benzidine itself (Fig. 4) or 2,7-diaminofluorene
(which was oxidized at a rate similar to that of benzidine

itself; data not shown). No strongly colored products
were observed, and no free radical was detected by ESR.

The greater ease of oxidation of the nonacetylated com-
pound is shown clearly in Fig. 5. Here, an equimolar
mixture of benzidine and monoacetylbenzidine was oxi-
dized enzymatically; the former compound is consumed

much faster than the latter.

DISCUSSION

Both benzidine and noncarcinogenic 3,5,3’5’-tetra-
methylbenzidine are oxidized to di-imine species by the

FIG. 2. Oxidation of benzidine: ESR spectra

A. The sample contained benzidine (1.7 nm�), hydrogen peroxide (0.8

mM), and lactoperoxidase (8 �zg/ml) in acetate buffer (pH 4.6). Instru-

mental conditions were: scan time 30 mm; time constant, 2 sec; modu-

lation amplitude, 0.14 G; gain 125,000; nominal power, 20 mW.

B. Computer simulation of spectrum in A. Hyperfine splitting con-

stants were as follows: a�o, 3.52 G; a�H. 3.62 G; a�626 = 1.03 G;

a’�5..3’5 = 1.53 G. Lorentzian peak-to-peak linewidth = 0.37 G.
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TABLE 1

Hyperfine splitting constants reported for the benzidine cation

radical

Solvent az,,, a�h.z.e a3�5.:r.� Ref.

G G G G

CH:3CN 3.60 3.97 1.08 1.62 14

MeOH 3.39 3.52 1.10 1.44 15

pH 4.6 3.52 3.62 1.03 1.53 Th is work

peroxidase/H202 system. The di-imine metabolite of ben-
zidine is a highly reactive species. This is indicated by its
tendency to polymerize, its reactivity with phenols (14),
and its reactivity with glutathione and other suithydryls

(16). We anticipate that this species will also be capable
of reacting with nucleic acids.

The effect of BHA on benzidine carcinogenicity is

unknown. However, the ability of BHA to “trap” the
benzidine di-imine suggests that this antioxidant might
diminish DNA binding and carcinogemcity. The reaction
of benzidine di-imine with endogenous phenols and cat-
echols may represent a new pathway of xenobiotic me-

tabolism.
Both peroxidative oxidation by prostaglandin synthase

and oxygen insertion by the monooxygenase system
could generate reactive metabolites from benzidine. In
liver there is little prostaglandin synthase activity, and
the monooxygenase should predominate. Furthermore,
the structure of the benzidine-DNA adducts from rat

FIG. 3. Benzidine/phenol adducts: optical spectra

Benzidine (25 )LM) and hydrogen peroxide (25 �M) were added to 2

ml of acetate buffer (pH 5.0). Horseradish peroxidase (5 �g) was added,

and the solution became yellow in a few seconds. The indicated phenolic

compound (25 �i) was then added to the solution, which turned light

violet. The optical spectrum was recorded. Instrumental conditions

were: 5 nm/sec scan rate, medium response. GUA, Guaiacol; EPI,

epinephrine; SER, serotonin.

AcBz 9O�iM
� � HRP l2�g/ml

.4�

TIME (mm.)

FIG. 4. Oxidation of benzidine (Bz) and monoacetylbenzidine

(AcBz) by horseradish peroxidase (HRP)
Both incubation mixtures contained substrate (90 �tM), H2O2 (230

ELM), and enzyme in phosphate buffer (pH 7.0) containing 10% ethanol.
Incubations were initiated by addition of H202 at room temperature.

At intervals, aliquots were removed and stopped with an equal volume

of 1 N HCI. Remaining substrate concentration was determined by

HPLC, as described in the text. Enzyme concentrations were 1.2 �g/mJ

for benzidine and 12 ,Lg/ml for monoacetylbenzidine (the higher enzyme

concentration was required to obtain significant oxidation of the latter

compound).

liver implies that benzidine is rapidly acetylated in that
organ, and the acetylated derivative is much less easily
oxidized by peroxidases. However, benzidine is a bladder
carcinogen in man and dogs, and benzidine binding has
been observed in dog bladder epithelium (17). The struc-
ture of the benzidine-DNA adduct in this tissue is un-
known. Since prostaglandin synthase activates benzidine
to a reactive species in vitro (4-6) and catalyzes the
formation of mutagenic products from benzidine in a
modified Ames test (18), the possible involvement of
peroxidases in benzidine bladder carcinogenesis merits

further consideration.

�
0123 0123 0123

mm. mm mm.

0” 50” 8’

FIG. 5. Oxidation of a mixture of benzidine and monoacetylbenzi-

dine by horseradish peroxidase: HPLC chromatograms

A single incubation contained both substrates, each 90 �zM, and

enzyme (1.2 �ig/ml) in phosphate buffer (pH 7.0) containing 10%

ethanol. The reaction was initiated with H�O2 (final concentration, 450

�M) at room temperature. HPLC traces of aliquots stopped with equal

volumes of 1 N HC1 are at 0 sec, 50 sac, and 8 mm. Benzidine was eluted

at 1.5 mm, and monoacetylbenzidine at 2.0 miii.
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SUMMARY

ESR spectra of erythrocyte membranes labeled with a maleimide spin label (MSL) show
two types of label environment: a weakly immobilized component and a strongly immo-

bilized component. Chlorpromazine (CPZ) markedly altered the spectra: at pH 8.0, 3 mi�.t
cPz reduced the amplitude of the spectrum by 40%, and the weakly immobilized
component was almost completely removed. In order to clarify the mechanisms of these
spectral changes the protein release from erythrocyte membranes induced by CPZ has
been followed. CPZ had a weak solubiizing effect on erythrocyte membranes: less than
1% of the membrane protein was released, mainly Band 6. By comparison with the protein
release induced by low-salt treatment it was found that the “detergent-like” property of

cPz cannot explain the alterations in the ESR spectra. The nature of the spectral
changes induced by CPZ was different from that of changes induced by lowering the pH
to 4.5; correlated with other data this shows that changes in organization or conformation
of membrane protein cannot explain the CPZ-induced alterations in the ESR spectra.
These spectral changes appeared to be due to the reduction by CPZ of the nitroxide free
radical. This was documented by the marked reduction of spin concentration of the
labeled ghosts in the presence of CPZ resulting in a decrease in amplitude of the ESR
spectrum of MSL-labeled erythrocyte ghosts induced by CPZ. The reduction by CPZ of
the nitroxide free radical was compared with that induced by ascorbate. It was found that
cPz preferentially reduces the mobile component of the ESR spectrum of MSL-labeled
ghosts. The action of CPZ in reducing free radicals may have consequences for patients

receiving long-term treatment with phenothiazine derivatives.

INTRODUCTION

CPZ2 and related phenothiazines are widely used in
human therapeutics for various pharmacological actions.
Their effects on biological membranes have been re-
corded by several authors (1-3). Studies of the interac-
tions of CPZ with erythrocyte membranes are particu-�
larly challenging since the possibility has been considered
that CPZ and its metabolites are transported to the brain
by means of the erythrocytes and are possibly released
there by a subsequent transfer mechanism to initiate
pharmacological activity (4).

Various effects of phenothiazines on erythrocyte mem-

branes have been reported: erythrocytes were lysed at
high concentrations and stabilized at low concentrations
of phenothiazines (5, 6), while the shape changed to

This work was supported by the Academy of Medical Sciences of

Roumania and by a grant from The Weilcome Trust, United Kingdom.

I Permanent address, Institute of Physics and Nuclear Engineering,

Bucharest-M#{227}gurele, Roumania.

2 The abbreviations used are: CPZ, chlorpromazune; MSL, 4-maleim-

ido-2,2,6,6-tetramethylpiperidunoxyl; 5P8, 8 mM phosphate buffer (pH

8.0); SDS, sodium dodecyl sulfate.

stomatocytes and then to spherostomatocytes, depending
on the drug concentration (7). Such effects have been
attributed to molecular alterations of the membranes
induced by CPZ, originating in the asymmetrical distri-
bution of CPZ over the erythrocyte membrane or the
increase in membrane fluidity induced by CPZ (7). How-
ever, the mechanism of the interaction of phenothiazines
with the membrane has not been well elucidated (8).

Spin labeling has proved very useful in investigating
molecular phenomena in erythrocyte membranes. Ogiso
et al. (9) have reported that CPZ incorporation into the
membrane makes the lipid environment more fluid than
in the normal membrane. Changes in the ESR spectra

from spin-labeled proteins in erythrocyte membranes
induced by phenothiazine derivatives have been de-
scribed by Piette and colleagues (10, 1 1) and by Leterrier

et al. (12). These authors noticed that CPZ induced an
immobilization of the protein-bound spin labels, and this
was attributed to a drug-induced structural change in
membrane proteins. However, the mechanism of the
changes induced by CPZ has not been established.

Studies on spin-labeled synaptic membranes (2) have
shown that CPZ induced changes in the ESR spectrum

0026-895X/83/030771-08$02.0O/0
Copyright © 1983 by The American Society for Pharmacology

and Experimental Therapeutics.
All rights of reproduction in any form reserved.
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similar to those in erythrocyte membranes. These were

attributed to preferential solubilization by CPZ of super-
ficial synaptic membrane proteins. If CPZ is able to

solubilize selectively proteins containing weakly immo-
bilized sites in erythrocyte membranes, the apparent
immobilization of the labels could be explained on the
basis of such a “detergent-like” action.

Taking into account all of these data it was of interest
to study the mechanism of the changes induced by CPZ
in the ESR spectra of spin-labeled erythrocyte mem-
branes, relating them to both possible changes in protein
organization and/or conformation and to analysis of the
“detergent-like” action of CPZ. In this paper the effects

of CPZ on erythrocyte membranes were studied by spin
labeling ESH and polyacrylamide gel electrophoresis un-
der various conditions. We concluded that none of the
two above-mentioned hypotheses regarding the action of
cPz on membranes can properly explain the ESR
changes in erythrocytes. These appeared to be due to the

reaction of CPZ with the spin label, resulting in a reduc-
tion of the nitroxide free radical.

MATERIALS

Chlorpromazine was obtained from EGYT (Budapest, Hungary).

The spin label MSL was purchased from Syva Corporation (Palo Alto,

Calif.). All reagents were analytical-grade.

METHODS

Preparation of Ervthrocvte Ghosts

Fresh human blood from normal donors was used in all experiments.

Several milliliters of blood were collected into heparinized tubes by

vempuncture. The ervthrocytes were Pelleted by centrifugation at 3,000

x g for 5 nun and the supernatant and buffy coat were carefully

removed by aspiration. The cells were suspended in 150 mr�i NaCl/5

mM 4-(2-hydroxvethyl)-1-piperazineethanesulfonic acid/0.1� glucose

(pH 7.4) aiUl washed three times under the same centrifugal conditions.

The cells were lvsed by mixing rapidly 1-ml portions into 20 ml of cold

5P8, and the ghosts were prepared as described by Dodge et at. (13)

and Fairbanks et (LI. (14). After three or four washes in 5P8, followed

each time h� centrifugation at 20,(X)() x g for 20 mm, the pellets were

honiogeneous arid white.

S1ii�i Labeling of Ervth,-ocvte Ghosts

After washing. the ghost pellets were suspender) in 5P8 to a density

of about :1 rag of 1)roteifl Per niilliliter. The protein concentration was

estiniated accoi(Iing to the n�ethod of Lowry et at. ( 15). Portions of a

4 hiM solution of MSL in ethanol were evaporated to dryness under

nitiogen; the ghost suspenso)ns were then added in a 50:1 weight ratio

to I he SI)iii label. �Fhe incubation was conducted for I hr at room
temperature with gentle magnetic stirring followed b� an overnight

incubation at 4#{176}.The spin-labeled ghosts were pelleted and the un-
reacted spin label was removed b�- washing the ghosts three or four

times in the manner already described (until the samples gave a

coi’ist�iiit I’�SR signal).

Pieparutioti of �‘VIenihraiie Samples oIpH 4.5 an(1 /)H 8.0

The pelleted labeled ghosts were suspended to a protein concentra-

tion of4 mg/mI in 5 m�i sodium phosphate buffer (pH 4.5 or 8.0). The

1)H a(ljustnient was made by adding a few drops of lOt) mr�i HPO. or

100 t1�M NaOH, respectively. In case of incubation with CPZ a final pH

adjustment with NaOH was performed. The samples were centrifuged

at 20.000 x ,t;� for 20 mm an(l the pelleted ghosts wei-e used for ESR

nieasurenients.

Incubation with CPZ

Procedure A. Ghost suspensions (50 �d) of 4-8 mg of protein per

milliliter were diluted with equal volumes of CPZ solutions (to obtain

the final concentration of CPZ indicated in the figure legends) and

incubated for 15 mm at room temperature with occasional stirring.

After dilution with 5P8 the samples were centrifuged at 20,000 x g for

20 mm. The pelleted ghosts were used for polyacrylamide gel electro-

phoresis and ESR measurements. The supernatants were concentrated

40 times by ultrafiltration through a Diaflo membrane PM-b using an

Amicon ultrafiltration device (Lexington, Mass.). The concentrated

supernatant was used for polyacrylamide gel electrophoresis and ESR

measurements.

Procedure B. Ghost suspensions (50 �.tl) of 4 mg of protein per

milliliter were mixed with 5 �il of a CPZ solution (to obtain 3 m� final

concentration). The sample was then used for ESR measurements.

Selective Elution of Protein from Ghosts by Lou-Salt Treatment (14,)

Ghosts in 0.9 ml of 5P8 were diluted into 8.1 ml of 0.1 mr,i EDTA

(pH 8) that had been warmed to 37#{176}.The mixture was incubated at 37#{176}

for 20 mm and then centrifuged at 100,000 x g for 30 mm. The pellet

was used for polyacrylamide gel electrophoresis and ESR measure-

ments. The supernatant was concentrated 20 times by ultrafiltration

and then was used for polyacrylamide gel electrophoresis and ESR

measurements.

Polvacrylamide Gel Electrophoresis

One volume (usually 25 �d of ghosts containing 4 mg of protein per

milliliter or 20 �d of concentrated supernatants) was added to 3 volumes

of a solution containing 4� SDS, 30% sucrose, 2% $-mercaptoethanol,

4 mM sodium EDTA, 60 m�i Tris-HC1 (pH 8.8), and bromophenol blue

(0.02 mg/ml). The mixture was heated for 3 mm in a 100#{176}bath.

Membranes peptides were separated by using the discontinuous SDS

polyacrylamide gel system designed by Laemmli (16). The slab gels

used throughout this work consisted of a running gel of 10% acrylamide

and � stacking gel. The acrylamide to bisacrylamide ratio was main-

tamed at 36.5:1 in both the stacking and running gel. Samples of 25 j.tl

(25 �ig of protein) were applied, and the gels were run for 1 hr at 70 V

and then 3 hr at 125 V (18-25#{176}) in the running buffer (25 mM Tris/190

mM glycine/0.1� SDS). Following electrophoresis the slab gels were

stained for 1 hr with a solution containing 0.075� Coomassie brilliant

blue R-250, 45�� methanol, and 10’� acetic acid. Destaining was per-

formed with a mixture of 5� methanol and 10� acetic acid.

Electron Spin Reson ance Measurements

The pelleted ghosts or the concentrated supernatants were sealed in

glass capillary tubes and supported vertically in a narrow tube. The

temperature was controlled by placing the tube in a glass/quartz Dewar

through which a stream of preheated N2 gas was passed. An ART-fi

ESR spectrometer (manufactured by the Institute of Physics and

Nuclear Engineering, Bucharest-M#{227}gurele, Roumania) equipped with

a variable temperature control device was used for all measurements.

The sample temperature was monitored by a digital readout device

connected to a copper-constantan thermocouple placed immediately

below the sample. The temperature was maintained at 20#{176}.Instrumen-

tal parameters were optimized to avoid artifactual broadening.

The spin concentration was determined by dissolution of the labeled

ghosts in 0.1 M NaOH to produce a narrow line ESR spectrum and

comparing the intensity of this with that of MSL at known concentra-

tion (17).

RESULTS

The ESR spectrum of a ghost suspension labeled with
MSL is shown in Fig. 1 (Spectrum A ). The spin label is
considered to be covalently bonded principally to sulfhy-
dryl groups, although fewer than 5% of the labeled sites
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