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Effects o f S-23142 on protoporphyrin  IX (Proto IX) biosynthesis in chloroplasts isolated 
from Spinacia oleracea L. were exam ined using reverse phase H PLC  with fluorescence m oni­
toring. The synthesis o f Proto IX was inhibited to a level o f 50%  by 10“9 m  o f S-23142 in this 
system. The effects o f S-23142 was also tested in chloroplasts isolated from two types o f pho to ­
m ixotrophic tobacco cells, wild type and S-23142 tolerant cells. The biosynthesis o f both the 
wild type cells and YZI-1 S cells were inhibited at 50% by 10“9 m  and 10~7 m  o f S-23142, respec­
tively. It is, therefore evident tha t the m utation  in the tolerant cell is associated with the Pro­
tox. To investigate the localization o f  Proto IX biosynthesis and the target site o f S-23142, 
spinach chloroplasts were osm otically broken and separated into strom a and m em brane (thy- 
lakoid and envelope) fractions. A very active Proto IX synthesis from A LA  was found in the 
stromal fraction, while no activity o f Proto IX synthesis was observed in the m em brane frac­
tion. These results suggest that m ost Proto IX synthetic activity and a target-site o f S-23142 
exist in the strom al fraction.

Introduction

Phthalimide compounds such as S-23142 
(N-[4-chloro-2-fluoro-5-propagyloxy]-phenyl- 
3,4,5,6-tetrahydrophthalimide) have a very similar 
mode of action to diphenyl ether compounds such 
as acifluorfen (AF) despite of the difference in 
their chemical structures ([1], see Fig. 1). These 
herbicides markedly increase the intracellular lev­
els of the photodynamic tetrapyrrole, protopor­
phyrin IX (Proto IX), causing light dependent 
phytotoxic effects [2-4], The herbicidal action of 
these chemicals has been attributed to the accumu­
lation of Proto IX which is a strong phytotoxic 
photosensitizer. Herbicides of this type also inhibit 
protoporphyrinogen oxidase (Protox) which is the 
terminal enzyme of the common branch of the

Abbreviations: A FE, acifluorfen-ethyl; A LA , 5-am ino- 
levulinic acid; C opro III, coproporphyrin  III; C oprogen, 
coproporphyrinogen III; P roto  IX, p ro toporphyrin  IX; 
Protogen, protoporphyrinogen IX; P rotox, p ro to p o r­
phyrinogen oxidase.
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S-23142 Acifluorfen

Fig. 1. Chemical structure o f S-23142 and acifluorfen 
(AF).

heme and Chi biosynthetic pathways in plants and 
oxidizes protoporphyrinogen to protoporphyrin 
[5-7], Accordingly, phthalimide and diphenyl 
ether type herbicides are known as Protox-inhibit­
ing herbicides.

Characterization and localization of the target 
site of the herbicides are important steps in the 
mode of action studies of Protox-inhibiting herbi­
cides. Recently, Matringe et al. reported that the 
diphenyl ether type herbicides such as acifluorfen 
bind to corn etioplast membranes and that this 
binding of herbicides is competitively inhibited by 
Proto IX [8]. In addition, they reported that the di­
phenyl ether herbicides inhibit Protox activity, but 
not the activity of Mg-chelatase, and also pro­
posed Protox as a cellular target site for diphenyl
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ether herbicides. Phthalimide compounds such as
S-23142 exhibited the inhibition of Protox and the 
binding to a solubilized plastid fraction in a similar 
manner as diphenyl ether herbicide [9]. These re­
sults suggests that target site of S-23142 is also 
Protox [9], However, characterization and locali­
zation of the target site of Protox-inhibiting herbi­
cides are still not known in detail. For further 
understanding of the target site, it is necessary to 
determine whether isolated chloroplasts can carry 
out the herbicide sensitive-porphyrin synthesis and 
whether this herbicidal activity can be detected in 
isolated chloroplast membranes. The aims of this 
study were thus to identify the localization of por­
phyrin formation activity, to detect the sensitivity 
to Protox-inhibiting herbicides in each part of 
chloroplasts and also to discuss characterization 
of the target site of Protox-inhibiting herbicides.

Materials and Methods

Plant materials

Fresh leaves of spinach (Spinacia oleracea L.) 
were harvested and, in the absence of light, were 
kept immersed in water for 2 days. The leaves were 
subsequently irradiated with light (1.8 W /m2, 
25 °C) before extraction of chloroplasts.

Cell culture

A culture of photomixotrophic tobacco (Nico- 
tiana tabacum  L. cv. Samsun NN) cells was used 
and was maintained in modified Linsmaier-Skoog 
basal medium [10] with twice the original level of 
vitamins, 10~5 m  1-naphthaleneacetic acid (NAA), 
10“ 6 m  kinetin (6-furfurylaminopurine) and 3% 
sucrose as described before [11, 12]. The photo­
mixotrophic cultured cells were grown in 200 ml 
Erlenmeyer flasks and continuously agitated on a 
reciprocal shaker (120 rpm; N R -10, Taitec, To­
kyo) and kept at 26 ± 2 °C in the light (approx. 
30 W /m -2).

Isolation o f  intact chloroplasts

Spinach chloroplasts were isolated by the meth­
od of Mills and Joy [13] with slight modifications. 
The leaves (50 g) were cut into small pieces, direct­
ly immersed in 150 ml icecold chloroplast extrac­
tion medium (330 m M  sorbitol, 50 m M  Tricine 
[N-Tris(hydroxymethyl)methylglycine]-KOH,

pH 7.9, 2 m M  EDTA, 1 m M  MgCl2, and 0.1% 
BSA) and homogenized for 5 s with a Polytron 
(PT 10/35; Kinematica, Basel, Switzerland). After 
filtration through four layers o f gauze, 30 ml of the 
homogenate was poured into each 50 ml centrifuge 
tube and was underlayered with 14 ml of Percoll 
medium (40% (v/v) Percoll, 330 m M  sorbitol, 
50 m M  Tricine, pH 7.9, and 0.1% BSA). Chloro­
plasts were peletted by centrifugation at 2,500 * g 
for 1 min in a LC-121 centrifuge (Tomy Seiko Co., 
Ltd., Tokyo, Japan) equipped with a TS-7 swing- 
out rotor. The supernatant, and then the percoll 
layer, were removed by aspiration and the pellet 
gently resuspended in appropriate medium with a 
small piece of nylon mesh attached to a glass rod. 
The entire isolation procedure could be accom­
plished in less than 5 min. The resulting suspen­
sion usually contained 90 -95%  intact chloro­
plasts measured by ferricyanide reduction [14]. 
Photomixotrophic cultured tobacco cells were also 
homogenized in the same chloroplast extraction 
medium with a hand homogenizer. The homoge­
nate was filtrated with four layers of gauze, and 
the chloroplasts were pelleted by centrifuging at 
2,500 x g  for 30 s. Following resuspension in 50 ml 
chloroplast extraction medium, and centrifugation 
at 2,500 x g  for 30 s, the chloroplasts were resus­
pended in 1 ml of the same medium.

Preparation o f  strom al extracts

Chloroplast stromal extract was prepared by the 
method of Furbank and Lilley [15]. For the prepa­
ration of chloroplast extract, isolated chloroplasts 
were osmotically shocked by resuspension in a 
1/13 dilution of chloroplast extraction medium 
and centrifuged for 15 min at 9,000 x g. The result­
ing pellet of envelope-free chloroplasts was re­
tained for Chi estimation [22]. The supernatant 
(chloroplast stromal extract) was subjected to con­
centration by ultra filtration using a Centricon 10 
(Amicon Grace Co. Ltd., MA, U.S.A.). The con­
centrated chloroplast extract was immediately 
subdivided into 250 |il aliquots into small serum 
tubes and placed in liquid N 2. Assays on a re­
thawed sample of chloroplast extract were com­
pleted within 3 h. Activity loss under these condi­
tions was less than 1 % per day for all measured ac­
tivities. Protein contents were determined by the 
method of Bradford [16] using BSA as a standard.
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Measurement o f  protoporphyrin synthesizing 
activities

Assay using ALA: Proto IX synthesis from 
ALA was measured using the procedure of Prado 
et al. [17] and Mito et al. [9]. Proto IX synthesizing 
activities of the intact chloroplasts, the stromal ex­
tracts and the membrane extracts were measured 
using ALA as the substrate. Each chloroplast frac­
tion (the intact chloroplasts, the stromal extracts 
and the membrane extracts; equivalent to 1 to
2 mg protein) was added to 500 (xl of a reaction 
medium (4 m M  ALA, 0.5 m M  sucrose, 1 m M  

MgCl2, 1 m M  EDTA, 20 m M  Tes, 10 m M  Hepes-pH
7.5, 4 m M  glutathione, 0.6 m M  NAD, 1.5 m M  ATP, 
2% BSA). The mixture was incubated for 3 h at 
25 °C in darkness, and the reaction was stopped by 
addition of 1 ml of methanol. After centrifugation 
at 10,000 x g for 5 min, synthesized Proto IX was 
measured by HPLC.

Assay using Coprogen

This was undertaken using the direct spectro- 
fluorometric assay described previously [18, 19]. 
Stromal extracts were suspended in 500 |il of a 
reaction medium containing 100 m M  Tris-HCl, pH
7.5, 1 m M  EDTA, 5 m M  DTT. The reaction was 
started by addition of 40 ml of a solution contain­
ing 6 nmol of coproporphyrinogen (Coprogen) in 
0.25 m  Tris-HCl, pH 7.5, containing 25 m M  DTT. 
The Proto IX production was fluorometrically 
monitored with CytoFluor 2300 (Millipore Co. 
MA, U.S.A.) at ^ex = 410nm  and Xem = 640nm  
[20].

H P L C  analysis

To analyze Proto IX in the reaction mixture, a 
C8 reversed phase column (Senshu Pak, C 8-2251- 
N, 6 mm x 250 mm, Senshu Science Co., Ltd., To­
kyo, Japan) was used with a solvent system of 85% 
methanol containing 10 m M  ammonium acetate 
(pH 6.0), under a flow rate of 1 ml/min. Proto IX 
detection was performed with a fluorescence detec­
tor (F-1000, Hitachi Ltd., Tokyo, Japan) with ex­
citation and emission wavelength settings at 420 
and 630 nm, respectively.

Chemicals

Coprogen was prepared from coproporphyrin 
III (Porphyrin Products, Logan, UT) by reduction

with sodium amalgam as described previously [2 1 ]. 
The reduced porphyrin solution was neutralized 
by dilution into an equal volume of the Tris buffer 
plus DTT solution as described previously for the 
direct assay for Protox. Herbicide; S-23142 was 
kindly offered by Sumitomo Chemical Co. Ltd., 
and AF was offered by Dr. Yoneyama of Utsu- 
nomiya Univ. Other chemicals were purchased 
from Nakaraitesk Co., Ltd., Kyoto, Japan.

Results
Porphyrin synthesis from  A L A  in isolated 
chloroplasts

Porphyrins biosynthesized from ALA in isolat­
ed chloroplasts were analyzed by HPLC and the 
effect of Protox-inhibiting herbicides on the proto­
porphyrin biosynthesis was examined. Synthesized 
porphyrins were separated using a reverse phase 
column and detected by a fluorescence m onitor at 
640 nm, and one significant peak and three minor 
peaks were detected (Fig. 2). The major peak (re­
tention time 23 min) was assigned to be Proto IX 
by comparison of its retention time and fluores­
cence spectra with those of the authentic sample. 
However, the other minor peaks could not be iden­
tified. Synthesis of Proto IX was inhibited by 
10~6m of S-23142. Fig. 3 shows the dose-depend­
ent inhibition of Proto IX by S-23142. S-23142 in­
hibited Proto IX synthesis by 50% at 10~9 m , when 
ALA was given as the start precursor.

Proto IX

Retention Time (min)

Fig. 2. H PLC  profiles on porphyrins synthesized by in­
tact chloroplasts. Porphyrin in the reaction m ixture were 
separated by reverse phase H PLC  as described in the 
M aterials and M ethods section. Detection was by flu­
orescence (excitation, 410 nm; emission, 630 nm). This 
experim ent was done three times with similar results.
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Concentration (log M)
Fig. 3. D ose-dependent inhibition Proto IX synthesis 
from  A LA  in in tact chloroplasts by S-23142 ( • ) .  The 
P ro to  IX conten t is given as a relative value (% ), calcu­
lated w ith reference to the control rate. Specific activity 
o f the con tro l was 0.05 nmol mg p ro tein“1 h~'. The val­
ues represent the average o f three independent m easure­
ments.

Porphyrin synthesis from  A L A  in intact chloro­
plasts o f  photomixotrophic tobacco cells

Photomixotrophic cultured cells of tobacco 
have developed chloroplasts involving the ability 
of photosynthesis and the pathway of chlorophyll 
synthesis. Recently, the S-23142 tolerant photo­
mixotrophic tobacco cells named YZI-1 S were se­
lected and it was suggested that the variation caus­
ing herbicide tolerance should be either genetic or

Concentration (log M)

Fig. 4. D ose-dependent inhibition Proto IX synthesis 
from  A LA  in photom ixotrophic tobacco wild type cells 
(O) and  YZI-1 S ( • )  cells by S-23142. The Proto IX con­
ten t is given as a relative value (% ), calculated w ith ref­
erence to rate in each control experiment. Each control 
activity o f  wild type cell and YZI-1 S cell was 5 and 
1.5 pm ol mg p ro te in“1 h _I, respectively. The values re­
present the average o f three independent measurem ents.

epigenetic rather than an induced physiological re­
sponse to herbicide exposure and also that the mu­
tation should occur in the target site and/or the 
near site (will be submitted elsewhere). Following 
this, the porphyrins synthesized from ALA in iso­
lated chloroplasts from XZI-1 S and wild type cells 
were analyzed by reverse phase HPLC, several 
porphyrins including Proto IX were detected. The 
Proto IX biosynthesis in both the wild type and 
YZI-1 S cells was inhibited by S-23142, and a sig­
moidal relationship was found between the
S-23142 concentration and Proto IX accumulation 
in both cell lines (Fig. 4). The Proto IX biosynthe­
ses in the wild type and the tolerant cells were in­
hibited at 50% by 10_9m and 10~7 m  of S-23142, re­
spectively. Since the YZI-1 S cells exhibited toler­
ance in cell bleaching by 100-200  times high 
concentration of S-23142 than that for the wild 
cells, this gap of ho values in Proto IX accumula­
tion seems reasonable.

Proto IX  synthesis in each part o f  chloroplasts

To investigate localization of Proto IX biosyn­
thesis, chloroplasts isolated from spinach leaves 
were osmotically broken and separated into 
stromal and membrane (thylakoid and envelope) 
fractions, and Proto IX synthetic activity from 
ALA was subsequently measured in the stromal 
and the membrane fractions. A very active Proto 
IX synthesis was found in the stromal fraction, 
while no activity of Proto IX synthesis was ob­
served in membrane fractions (Table I). This Proto 
IX synthetic activity in stromal extracts was ob-

Table I. Localization o f  P roto IX synthetic activity in 
different parts o f the chloroplast, strom al extract and 
m em brane fraction.

Part o f chloroplasts P ro to  IX content [%]a

Strom al extract 92
M em brane fraction 11
Strom al extract and

m em brane fraction 98

C hloroplasts 100b

a The P ro to  IX content is given as a relative value (% ), 
calculated with reference to experim ental rate in chlo­
roplasts. The values represent the averages o f three 
m easurem ents. 

b Specific activity o f  P ro to  IX synthesis in chloroplasts 
was 0.05 nmol mg p ro te in“1 h “1.
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Concentration (log M)
Fig. 5. D ose-dependent inhibition P roto  IX synthesis 
from  A LA  in strom al extracts by S-23142 ( • )  and A F 
(O). The P ro to  IX content is given as a relative value 
(% ), calculated with reference to the contro l rate. Specif­
ic activity o f the control was 0.04 nm ol mg p ro te in -1 h _I. 
The values represent the average o f three independent 
measurem ents.

served even after ultracentrifugation ( 100,000 x g,
1 h), and this fact suggests that the biosynthesis is 
carried out in solubilized stromal extracts (data 
not shown). AF also inhibited the Proto IX syn­
thesis from ALA and the dose-dependent inhibi­
tion by these herbicides is shown in Fig. 5. Half in­
hibition values (/50) for S-23142 and AF in stromal 
extracts were roughly 5 x 10“" m and 5 x 10-9m, 
respectively.

Concentration (log M)
Fig. 6. D ose-dependent inhibition P ro to  IX synthesis 
from Coprogen in strom al extracts by S-23142. The P ro­
to IX content is given as a relative value (% ), calculated 
with reference to the rate in each contro l experim ent. 
Specific activity o f the contro l was 2.1 nm ol mg p ro ­
tein ' 1 h “ '. The values represent the average o f  three inde­
pendent m easurem ents.

Proto IX  synthesis from  Coprogen

Since Proto IX was synthesized from Coprogen 
in two steps, C oprogen-Pro togen-P ro to  IX, Co­
progen would be a suitable substrate to analyze 
the Proto IX synthetic activity. The stromal frac­
tions effectively converted Coprogen to Proto IX, 
and this conversion was inhibited by S-23142 in a 
dose-dependent manner (Fig. 6).

Discussion

It has been reported that Proto IX is synthesized 
from ALA in intact corn plastids and in solubil­
ized plastid membranes [9, 18]. An inhibition of 
Proto IX synthetic activity by Protox-inhibiting 
herbicides and binding of S-23142 [9] to corn solu­
bilized plastid membranes and of AF to corn etio- 
plast membranes [8] have also been reported. It 
was proposed that synthetic enzymes of ALA to 
Proto IX exist on the plastid membranes and Pro­
tox-inhibiting herbicides bind to the target site 
(Protox) of the membranes.

In our experiments, Proto IX synthesis from 
ALA were detected in stromal extracts (soluble 
fraction of chloroplasts), and was inhibited by 
treatment of S-23142 and AF. On the other hand, 
the Proto IX synthesis in the membranes fraction 
of chloroplasts was not detected. These results 
suggest that the Proto IX biosynthetic pathway 
from ALA should exist in stromal fraction, and a 
target-site of Protox-inhibiting herbicides also lo­
cates in the stromal fraction of chloroplasts.

There are several possible interpretations for 
difference in localization of the Proto IX synthetic 
activity and of the target site in etioplasts and chlo­
roplasts. For example, localization of the Proto IX 
biosynthesis pathway might differ between corn 
etioplasts and spinach chloroplasts or the por­
phyrin biosynthetic system on the membranes 
might be solubilized during the procedure for the 
separation of stroma and membrane. The cause of 
the different results to explain localization of Pro­
tox is not clear yet, however further investigation 
such as a binding study of Protox-inhibiting herbi­
cides with stromal fraction will give better under­
standing for this fact.

In our experiments, Proto IX accumulation in 
both intact chloroplasts and stromal extracts were 
decreased by Protox-inhibiting herbicides only 
when ALA was given as the substrate. Recently,
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the effect of acifluorfen-Na and S-23142 on the in 
vitro synthesis of Proto IX by isolated plastids was 
reported that no Proto IX accumulation was ob­
served in vitro [9, 23]. On the other hand, Protox- 
inhibiting herbicides greatly increased the intracel­
lular levels of Proto IX in whole plants and de­
tached leaves, and then caused light dependent 
phytotoxic effects [2-4], The reason of decreasing 
of the Proto IX accumulation in isolated chloro­
plasts and etioplasts by Protox-inhibiting herbi­
cides is highly interesting. Jacobs et al. [19] sug­
gested that accumulated Protogen by the herbi- 
cide-inhibition can be oxidized by a Protogen 
oxidizing system that is located at sites such as the 
plasma membrane, which was much less sensitive 
to the herbicidal action in our assay. This sugges­
tion possibly is an answer why protogen synthe­
sized from ALA in the isolated chloroplasts and 
the stromal fractions could not be oxidized to Pro­
to IX because of lacking the plasma membrane in 
our reaction mixture.

The Proto IX synthesis was also observed in 
chloroplasts isolated from the photomixotrophic
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