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Abstract-Chlorpromaziue and 16 other phenothiazine derivatives induced up to 
1 l-fold increases in phenylalanine ammonia lyase activity and the de mvo synthesis of up 
to 200 pg pisatin per g of pea pod tissue. The induction of phenylalanine ammonia lyase 
was dependent on new RNA and protein synthesis and was accompanied by increased 
synthesis of an array of cellular proteins. 

MANY of the phenot~a~n~ derivatives utilized as tranquilizers and sedatives have 
undesirable side effects (some of which may be caused by metabolites) such as skin 
rash, dizziness and jaundice. l The physiological occurrences which account for these 
conditions are not yet understood. These responses in animal systems may stem from 
increased synthesis of enzymes. 

Recently, a series of drugs which have planar three-ring structures have been 
shown2-4 to induce the enzyme, phenylala~ine ~rno~a lyase (PAL; EC 4.3.1.9, and 
pisatin production in pea pod tissue. s Of this series, the antimalarial compound, 
quinacrine, excelled as an inducer of both responses. The phenothiazine derivative, 
chlorpromazine and its sulfoxide (a metabolic product of chlorpromazine in humans) 
utilized in the present study are chemically related to the acridine derivative, quina- 
crine. Both compounds have chlorinated three-ring structures and similar aliphatic 
side chains. Q~na~rine, like many of the other inducers of this pea system,2-s 
has been shown to intercaIate6 into DNA in vitro and attach to chromatin7-g in vim 
with predictable specificity. Since all of the structurally defined inducers of PAL and 
pisatin reported previously2-s*10-12 h ave the potential to change the conformation 
of DNA, the control of this response was proposed2 to occur at the transcription 
level. (That is, the DNA becomes more transcribable either by dissociation from a 
repressor component or by assuming a more desirable conformation for transcription.~ 

This paper compares the PAL and pisatin induction7 potential of chlorpromazine 
and a series of both patented and experimental phenothiazine derivatives. 

MATERIALS AND METHODS 

Induction treatments. Immature Alaska pea (Pisam sativum L.) pods (less than 2 cm 
long) were harvested from a greenhouse (10.00 a.m.) while still enclosed in the blossom, 

* Scientific paper No. 3610, College of Agriculture, Washington State University, Project 1844. 
t The term “inducer” in this paper will refer to an agent which can cause an increase in extractable 

PAL and pisatin. 
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to minimize microbial contamination. The pods (1 g/treatment) were split immediately 
and placed in sterile petri dishes (60 mm dia.). The inducer compounds were dissolved 
in 1.0 ml H,O and were sprayed uniformly over the exposed endocarps of the pea 
pods. The plate then was placed in the dark for an 1%hr incubation period. Inhibitor 
solutions (0.2 ml), when applied, were mixed with the aqueous solution in the petri 
plate to bring the final concentration of the inhibitors, cycloheximide and 6-methyl 
purine, to 0.01 and O-5 mg/ml respectively. The substituted phenothiazine derivatives 
l-10 were obtained from the corresponding pharmaceutical manufacturers. Com- 
pounds 14, 15 and 16 were synthesized according to the method of Sunagawa and 
Ichii.13 The synthesis of compounds 12, 13 and 17 will be reported elsewhere. 

Phenylalanine ammonia lyase extraction and assay. One gram tissue was homo- 
genized in a mortar with 3 ml of a 0.05 M borate buffer (0.5 % sodium ascorbate) at 
pH 8.8, 1 g glass beads and O-1 g Polyclar. This and subsequent extractive operations 
were carried out at 2”. The homogenate was titered through four layers of cheesecloth 
and centrifuged at 20,000 g for 10 min. The supernatant was assayed immediately 
according to the procedure of Koukol and Corm, l4 revised as follows: the reaction 
mixture contained 1.5 ml of enzyme homogenate, 20 pmoles L-phenylalanine (2.8 x 
lo5 dis./min L-[U-14C]phenylalanine) and 200 pmoles of borate buffer, pH 8.8, in a 
final volume of 2.7 ml. The mixture was incubated for 2 hr at 37”. PAL activity was 
measured as millimicromoles of [14C]cinnamic acid- produced per gram of fresh tissue 
per hour. The PAL reaction was linear for at least 3 hr and more than 80 per cent of the 
enzyme activity was recoverable after storage overnight at 2”. 

Extraction and quantitation of pisatin. Pisatin was isolated as described previously.2 
An ethanol extract of pod tissue was taken to dryness and further re-extracted with 
hexane or petroleum ether. The residue of the hexane extract was separated on Silica 
gel thin-layer plates. Pisatin was detected on a Silica thin-layer plate by converting it 
to anhydropisatin in HCl fumes. Anhydropisatin fluoresces under long-wave ultra- 
violet light. Pisatin was quantitated on the basis of its absorbance at 309 nm. 

Rate of synthesis of soluble proteins in pods treated with chlorpromazine sulfoxide. 
Dual label experiments were used to compare the rates of protein synthesis in induced 
and non-induced tissues. One 3-g sample of pods was labeled with c[U-r4C]leucine 
(sp. act., 254 me/m-mole) 10 hr after inducer application. A second water-treated sample 
was labeled simultaneously with L-[4,5-3H]leucine (sp. act., 55 c/m-mole). After a 30- 
min pulse label, the samples were combined and extracted in a mortar containing 
10 ml of extraction buffer. 

A dual label control experiment utilizing the same harvest of pea pods was per- 
formed as described above except that both samples were water-treated. This control 
experiment was used as a reference and to correct for any isotope effect and differential 
quenching of samples in the liquid scintillation counter. Each homogenate was 
centrifuged 10 min at 27,000 g. The supernatant solution was adjusted to 80 per cent 
saturation with ammonia sulfate and centrifuged at 27,000 g. The pellet was redis- 
solved in 0.05 M potassium phosphate buffer, pH 7.6, and dialyzed against three 
changes of the phosphate buffer. The dialyzed protein sample was separated on a 
Sephadex G-200 column (110 x 2.5 cm) and 3-ml fractions were collected. Aliquots 
(O-7 ml) of each fraction were added to 10 ml of a toluene-Triton X-100 scintillation 
fluid.15 The samples were counted in a liquid scintillation counter. Optical density 
readings (280 nm) were recorded for each sample. 
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TABLE 1. INDUCTION OF PAL AND PISATIN BY PHENOTHIAZINE DERIVATIVES 

3257 

Compound RI Concn. PAL Pisatin: 
applied* activityt @g/g 
(mglml) $_Y$$f tissue) 

ind&d 
control) 

n 
1. Trifluoperazine 2-CFJ (CH&N N-CHJ 

X 
2. Fluphenazine 2-CFs (CH,), N N(CHz),OH 

3. Triflupromazine 2-CFJ (CH&N<H& 

4. Prochlorperazine 2-Cl (CH&-NAN-CHJ 
w 

5. Perphenazine 2-C] (CH& NAN-(CHz)zOH 

6. Chlorpromazine 2-Cl (CH,),-N&H,), 

7. Chlorpromazine sulfoxide 

8. Promethazine 

9. Promazine 

10. Mepazine 

H CH2 CH(CH&N(CH& 

H (CHzk N(C&)Z 

H CHr 
-0 N 

\ 
CH3 

CH3 

11. Thioridiazine 2-SC& (CHZ)I 

12. IO-(1-methyl-1,2,5,6- 
tetrahydronicotinyl) 
phenothiazine 

1.0 

1.0 

;I; 

1.0 

;:y 

1.0 

1.0 

1.0 
0.1 

;:; 

1.0 

0.1 

1.0 

0.1 

1.0 

320 56 

249 

550 
251 
323 

71 

81 

33 

532 
260 
833 

1108 

502 
173 
638 
440 

73 

69 

96 

40 

85 

384 

179 

41 

404 

208 
1099 

85 

95 

13. N-(1-methyl-1,2,5,6- 
tetrahydronicotinyl)- 
N,N-diphenylamine 1.0 648 136 

Hz0 100 NW 

* The concentrations indicated are the optimal stimulatory concentrations within the range l-0 
to 1 x low3 mg/ml. 

t PAL activity was assayed 18 hr after inducer application and is expressed as millimicromoles of 
cinnamic acid per gram of tissue per hour at 39”. The control tissue averaged 110 mpmoles. Variation 
of PAL activity in the control tissue was slight within a given harvest of pods, but ranged from 
46 to 190 mpmoles among harvests. 

$ Pisatin was extracted from pods 24 hr after inducer application. 
Q ND = nondetectable. 
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RESULTS 

All of the p~enot~~in~t~e drugs 1-13 in Table 1 induce PAL and pisatin forma- 

tion. The concentrations of inducer necessary for induction typically are in excess 

of O-1 mg/ml. These con~ntrations are substantial when compared to the dosages 
used in animal systems, but are understandable in view of the generally low permea- 
bility of pea tissue to certain organic compounds4 In general, the compounds with 
an aliphatic side chain are superior to those with the piperazine group in inducing 
both PAL and pisatin. Surprisingly, the sulfoxide of chlorpromazine is the strongest 
inducer. 

TABLE 2. INDUCTION OF PAL AND PISATIN BY l’YRID0 [3,2,1&l] PHENOTHIAZINIUM SALTS 

Compound 
No. 

Rl RZ Concn. of PAL activityt Pisatin 
inducer* (% of HZO- @g/g 
(mgi’mlf induced tissue] 

control) 

14 N CHB 184 122 
536 

15 H C&Is 1.0 243 38 
16 CBHS 1.0 141 119 

C&S I.0 559 150 
100 NDcj 

* The con~ntrations indicated are the optimal stimulatory concentrations within the range 
1.0 to 1 x 10e3 mg/ml. 

t PAL activity was assayed 18 hr after inducer application and is expressed as millimicromoles 
of cinnamic acid per gram of tissue per hour at 39”. The control tissue averaged 110 mpmoles. 

$ Pisatin was extracted from pods 24 hr after inducer application. 
Q ND = nondetectable. 

The modification of N-10 substitutions to eliminate the basic nitrogen function, as 
in the salts 14-17 (Table 2), can be detrimental to the induction potential. Compound 
16 only slightly increases PAL activity; however, it effectively induces pisatin produc- 
tion. Compound 15 has a low induction potential for both responses. 

Chlorpromazine sulfoxide-induced increases in PAL and pisatin depend on RNA 
and protein synthesis (Table 3). Cycloheximide, when added within 3 hr after inducer 
application, effectively reduces the maximal induction of PAL. 6-Methylpurine, an 
inhibitor of all RNA synthesis in plants,16 significantly obstructs the induced increase 
in PAL if applied within 1 hr after the application of inducer. In pod tissue, 90 per cent 
of protein synthesis is inhibited by cyclohe~mide (O-01 mg/m.l) within 1-2 hr after 
application, and 6-methylpurine (05-0.1 mgjml) inhibits 52-63 per cent of the RNA 
synthesis within 1 hr after application. 

Since the lo-fold increases in PAL activity induced by chlorpromazine sulfoxide 
apparently require the synthesis of new protein, the effect of this drug on the synthesis 
of other soluble proteins in pea tissue was examined. Figure 1 demonstrates the 
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Inducer 

Time lapse prior to PAL aciivity* 
application of ( % of H@induced 
inhibitor (hr) control) 

I-w 
~hlo~~rn~oe sulfoxidet 

~~etbylpu~ne (0‘5 rn~~) 
cblorpro~~~e sulfoxide zero time 
Chlorpromazine sulfoxide $1 
Chlo~rom~ine sulfoxide -1-3 
~blo~rom~ne sulfoxide 

if ~blorpro~e ~ulfoxide 

~CIOb~~~ (O*OJ. rn~~~) 
~h~o~~~~~e sulfaxide zero 
~h~~~rorn~ine sulfoxide 
Chlorpromazine sulfoxide :: 
~hlorprom~n~ sulfoxide -l-6 
~b~or~rom~ine sulfoxide -t-9 

100 
963 

151 
123 
207 
293 
394 

123 
134 
151 
381 
443 

* PAL activity w#s assayed 18 hr after inducer application (see Methods), 
i The dose of c~Io~o~n~ sntfoxide was 1 mg/mI in each case. 

d~ffere~t~~ synthesis of proteins fractionated on a Sephadex G-200 cofumra. ~j~i~~nt 
increases in net rate of protein synthesis occurred in most of the soluble pratein frac- 
tions, i~~udi~~ the fractions containing PAL activity. 

DISCUSSI0N 

The drug c~o~ro~z~ne is well known for its tra~q~~i~i~g effects on man and 
has been shown to have several effects on bacteria and protozoa. These latter eff&s 
include inhibition of RNA synthesis,17 ba~t~ostasis,~~*13 cessation of mobility,20 
sph~r~p1~~ i~du~tion~~~ cell fysiszl and en~~~rne~t of inf~ti~ty*zz 

The results reported herein point out the dramatic changes in enzyme activity which 
can be induced by optimal concentrations of chlorpromazine and other phenothiazine 
derivatives in c&s of higher organisms, 

Afl of the Phe~oth~~i~e cornpo~~ iz&aded in this study were potent inducers of 
both PAL and pisatin, with the exception of those with a ring structure (e.g. piperazine) 
in the side chain. 

The induction of PAL by chlorpromazine sulfoxide, which depends on RNA and 
protein synthesis (Table 3),‘$ apparently is accompanied by the induced synthesis 
of many proteins besides those responsible for increasing PAL activity (Fig. I). 

The relative ability of the phenoth~~ne compounds to penetrate the pea cell or to 
associate with ceMar RNA or to do both, remains to be assessed. However, 
the similarity of the basic side chain of~~o~rorn~~ne to the side chain of quinacrine, 
chloroquine and spermiae suggests that this compound may also be capable of ionic 
binding with the phosphate groups of DNA.23-26 
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FIG. 1. Relative rate of ~~orpomtion of m~oactively labeled leucine into soluble proteins of pea 
pods treated with chlorpromazine sulfoxide (I r&ml) versus incorporation into water-treated tissue. 
One 3-g sample of chlorpromazine sulfoxide-treated pods was labeled with 3 PC L-[H-14C]leucine 
9 hr subsequent to drug application. A second sample of water-treated pods was simultaneously 
labeled with 30 w L-[4,5-3H]leucine. The two samples were combined and the soluble proteins extracted 
after a 45-min pulse. The protein was concentrated, dialyzed and subsequently fractionated on a 
Sephadex G-200 as described previously. Is The ratios (corrected for counting efficiency and relative 
counts administered) of [14C]leucine to [3H]leucine in these experiments are indicated by the open 
circles. The closed circles indicate the ratios of dual labeled control experiments obtained by pulse 
labeling two water-treated samples (pods were from the same harvest). The solid line indicates optical 

density at 280 mu. The x ‘s indicate the fractions containing PAL activity. 

We have demonstrated that phenothiazine derivatives have at least one mode of 
action in common with many DNA intercalating compounds; that is, these compounds 
increase the activity of one enzyme and the synthesis of various proteins in the cells 
of a higher organism. This general mode of drug action may relate to the effects or 
side effects (or both) of many of these compounds in mammalian systems. These 
simple pea assays may prove to be useful in predicting which of the experimental 
phenothiazine derivatives possess medicinal promise. 
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