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ABSTRACT

Acifluorfen, a p-nitrodiphenyl ether herbicide, is inhibitory to those
photosynthetic functions that require a functioning chkroplast envelope.
Functions involving the stroma are also affected. Acifluorfen does not
lyse intact spinach chloroplasts, yet does increase the sensitivity ofCO-
dependent 02 evolution to exogenous in ic phosphate without di-
rectly affecting the function of the phosphate translocator. Aciflnorfen
penetrates into the chloroplast stromn in a lght-independent fashion.
Once inside, it causes the inactivation of light and dithiothreitol-activated
fructose 1,6-bisphosphatase. Light-activated glyceraldehyde-3-phos-
phate dehydrogens (NADP) is also inactivated by aciflnorfen.

These data suggest that acifluorfen stimulates a pathway for inacti-
vation of fructose 1,6-bisphosphatase and glyceraldehyde 3-phosphate
dehydrogenase (NADP) which uses oxygen as a terminal oxiant and
which involves thioredoxin and ferredoxin-thioredoxin reductase.

sensitive to the DPEs as are other physiological functions is in
accord with the conclusions of others (22, 23). To date no data
are available, however, concerning a possible site of action of the
DPEs in the chloroplast stroma. The various enzymes whose
activities are modulated by light are possible stromal sites. En-
zyme activation occurs through the Fd-thioredoxin system which
used reducing power supplied by the photosynthetic electron
transport system (2, 4). FbPase and GAPDH are activated in this
manner. The activation of these enzymes allows carbon fixation
to proceed through to the production of triose-P which are then
exported out of the chloroplast. Both enzymes are thought to be
inactivated through a reversal of the activation pathway with 02
acting as the terminal oxidant although only FbPase has been
directly implicated (26).
The work reported here constitutes an attempt to distinguish

between effects of DPEs on the chloroplast envelope and on
physiological events which take place in the stroma. Since the
action ofthe herbicide is light-dependent, physiological functions
involving a light-mediated step are of the greatest interest in this
regard.

The p-nitrodiphenyl ethers, represented by acifluorfen (sodium
5-[2-chloro4-(trifluormethyl)phenoxy]-2-nitrobenzoate), dem-
onstrate an absolute light requirement for herbicidal activity.
Carotenoids have been implicated as photoreceptors for DPE2
action (5, 6, 22) although the nature of the interaction between
herbicide and photoreceptor is not understood. Evidence to date
suggests that the peroxidation of membrane lipids by oxygen
radicals occurs as a consequence of DPE action (3, 19, 20, 22,
24). The mitochondrion, the chloroplast, and the plasmalemma
have been implicated as sites of action (1, 6, 21).
Our metabolic data showed that while photosynthetic electron

transport is affected by high concentrations of acifluorfen, C02-
dependent 02 evolution, which depends on the presence of a
functional chloroplast envelope, is inhibited by lower concentra-
tions. These results are consistent with the hypothesis that the
DPEs interact with either a stromal or an envelope component
of the chloroplast. The envelope acts as a regulator of the
interactions between the chloroplast and the cytoplasm, through
its low permeability to ionic substances combined with the
presence of specific translocators located on the inner envelope
membrane (18). A possible site of DPE action is the phosphate
translocator, a major constituent of the inner envelope mem-
brane (8). It has been studied both in vivo and in vitro (9, 11)
and operates by a strict counter exchange mechanism, exporting
triose-P products of photosynthesis from the stroma and import-
ing Pi from the cytoplasm to maintain the phosphate concentra-
tion in the stroma (9).
The finding that photosynthetic electron transport is not as
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2Abbreviations: DPE, diphenylethers; FbPase, fructose 1,6-bisphos-
phatase; GAPDH, glycerldehyde 3-phosphate dehydrogenase (NADP).

MATERIALS AND METHODS

Spinacia oleracea (cv Melody) was grown in a synthetic soil
mix in an air-conditioned greenhouse using supplemental light-
ing from GE metal halide bulbs 400 ME.m-2s'9 (16-h photo-
period) during the winter months. Greenhouse temperatures
varied from a nighttime low of 21C to a daytime high of 25C.
Leaves from 3- to 4-week-old plants were used for chloroplast
isolation as previously described (1). Thylakoid membranes were
prepared from osmotically shocked chloroplasts.
02 evolution was followed with a YSI Clark 02 electrode.

Incubations were at 25C with illumination at 400 ME. m-2s'
PAR. Reaction mixtures for CO-dependent 02 evolution con-
tained 0.33 M sorbitol, 50 mm Hepes (pH 7.6), 0.1 mm K2HPO4,
and 10 mM NaHCO3. Reaction mixtures for ferricyanide-de-
pendent 02 evolution contained 0.4 M sorbitol, 50 mm Hepes
(pH 7.6), 5 mM MgC92, 10 mM K2HPO4, and 1.3 mM K3Fe(CN)6.

Electron transport was measured using lysed chloroplasts with
and without 5 mM NH4C1 as uncoupler. Chloroplast intactness
was measured by the method of Heber and Santarius (14).
Reaction mixtures for "CO2 fixation contained 0.33 M sorbitol
50 mM Hepes (pH 7.6), 2 mM EDTA, 0.1 mM Na2HPO4, and 10
mM NaH"CO3 (final specific radioactivity, 0.5 mCi/mmol).
Reactions were carried out at room temperature under 170 ,uE-
m2s_' PAR for 20 min and were tetninated by addition of
20% TCA. The rate of carbon fixation was determined by
counting the "4C in acid stable compounds in a 'Liquiscint'
(National Diagnostics) cocktail in a Beckman LS-200 liquid
scintillation counter. -[14C]Acifluorfen uptake was measured by
incubating with intact chloroplasts, centrifuging them through
silicone oil, and liquid scintillation counting as described above.
Chl concentrations were between 40 and 60 Mg Chl/ml for all
reactions.

Stromal pH was measured by the method of Heldt and Rapley
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(15). FbPase was assayed by the method of Rosa (25) and
GAPDH by the method of Wu and Racker (28). H202 was
measured by the method of Tanaka et al. (27). Chloroplast
envelope was purified as previously described (1).

Acifluorfen and ['4C]acifluorfen were gifts from Rohm and
Haas. NaH'4CO3 was from New England Nuclear.

RESULTS

Low concentrations of acifluorfen inhibit C02-dependent 02

evolution in intact spinach chloroplasts, while coupled and un-
coupled electron transport are inhibited only at higher concen-
trations of the herbicide. These findings are summarized in
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FIG. 1. Effect of acifluorfen on chloroplast functions. (0), COrde-
pendent 02 evolution; control rate equaled I1 1.0 #mol 02/h mg Chl.
(A), CO2 fixation; control rate equaled 69 gmol C02/h-mg Chl. (-), 02

evolution, reconstituted system; control rate equaled 73.7 pmol 02/h.
mg Chl. (U), Ferricyanide-dependent 02 evolution, coupled system;
control rate equaled 79.4 ,mol 02/h-mg Chl. (l), Ferricyanide-depend-
ent 02 evolution, uncoupled system; control rate equaled 408.8 Amol
02/h *mg CMl. The reconstituted system was supplemented with 0.2 mM
Fd, 5 mM PGA, I mM Pi, 20 mM MgCI, 0.2 mm ADP, and 0.1 mM
NADP.
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FIG. 2. Effect of acifluorfen on phosphate sensitivity of COrdepend-
ent oxygen evolution; control rate equaled 49.3 #mol 02/h-mg Chl. (0),
Control; (A), 150 MM acifluorfen. C02-dependent 02 evolution was

measured as described in "Materials and Methods."

Table I. Association ofAcifluorfen with Isolated Chloroplast Envelope
[1'4C]Acifluorfen was added to a purified envelope suspension (1) and

centrifuged at 60,000g for 2 h (2). The pellet was completely resuspended
and centrifuged a second time (3).

['4C]Acifluorfen
Exp.

Supematant Pellet
cpm

1 625
2 370 386
3 129 111

Table II. Interaction ofAciJfluorfen with the Phosphate Translocabor
COrdependent 02 evolution from intact chloroplasts was measured

as described in "Materials and Methods."
Rate of 02
Evolution at

Additions Following
Acifluorfen Levels

0O M +l50 ;M
ymol/mg Chil h

Control 37.7 17.4
0.5 mMPi 14.6 0
0.5 mM Pi, 1.0 mM PPi 36.8 0

Figure 1, together with data demonstrating the effect of acifluor-
fen on C02-dependent 02 evolution in a reconstituted chloroplast
system. A system involving the intact chloroplast is much more
sensitive to acifluorfen action than are thylakoids alone, with a
stroma plus thylakoids combination (reconstituted chloroplasts)
being intermediate in sensitivity.

Figure 2 shows the effects of added Pi on C02-dependent 02
evolution of intact chloroplasts in the absence and presence of
acifluorfen. With acifluorfen present in the reaction mixture,
COrdependent 02 evolution is more sensitive to added Pi. This
implicates the phosphate translocator as a site where metabolic
perturbation occurs after herbicide treatment. Were phosphate
translocation accelerated by acifluorfen, increasing amounts of
triose-P would be exported in exchange for increasing inputs of
Pi. This in turn would reduce the pool size of intermediates in
the stroma and decrease the rate ofphotosynthesis. This has been
demonstrated to take place in isolated chloroplasts by Flfugge et
al. (10).
Other experiments (Table I) indicated that while the herbicide

was sequestering itself in the envelope, a simple washing of the
envelope preparation was enough to remove the herbicide from
it. C0rdependent 02 evolution is partially inhibited by 0.5 mm
Pi and completely inhibited by 0.5 mM Pi and 150l,M acifluorfen
(Table II). While the inhibition can be overcome in the control
system by including 1.0 mM PPi, which acts to inhibit the
phosphate translocator (7), the addition of PPi is ineffective at
relieving Pi inhibition in the presence of acifluorfen.
These results suggest that acifluorfen does not affect the phos-

phate translocator directly but rather indirectly. Huber's results
(16) suggest an interaction between pH and the functioning of
the phosphate translocator. The results in Figure 3 show that the
inhibitory effect of acifluorfen on carbon fixation decreases with
increasing external pH. To determine whether this result was
linked to an effect on stromal pH, we measured the effect of
acifluorfen on stromal pH levels attained in the light. The results
(Table III) show that acifluorfen did not influence stromal pH.

This data could be explained by a disruption of the physical
integrity of the chloroplast envelope by acifluorfen. As shown in
Table IV, however, no effect of the DPEs on chloroplast intact-
ness was detected during the time which C02-dependent 02
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FIG. 3. Effect of pH on acifluorfen inhibition of COrdependent 02
evolution. COrdependent 02 evolution was measured as described in
"Materials and Methods", with external pH varied as shown. Control
rate equaled 102.1 jumol 02Jh.mg Chl. Acifluorfen concentration
equaled 150 SM.

Table III. Measurement ofStromalpH after the Addition ofAcifluorfen
Acifluorfen was added to preparations of intact chloroplasts in con-

centrations indicated. Stromal pH was measured as described in Heldt
and Rapley (15).

Acifluorfen Stromal pH

jsM
Control 8.17
100 8.29
200 8.33
300 8.28

Table IV. Effect ofAcifluorfen on Intactness ofChloroplasts
Acifluorfen was added to intact chloroplasts in the concentrations

indicated. Percentage intactness was measured as in Heber and Santarius
(14).

Acifluorfen Intactness

zM %
Control 89
150 90
300 88
500 94

evolution was inhibited (5 min).
Herbicidal activity is light dependent. Our data did not pre-

clude the stroma as a site of light-dependent DPE action. To
determine if the herbicide was entering the chloroplast, intact
chloroplasts were incubated with ['4C]acifluorfen with and with-
out light, centrifuged through silicone oil, and counted to deter-
mine the radioactivity contained in the chloroplast pellet. Results
(Fig. 4) show that acifluorfen penetration of the chloroplast is
light-independent. The effect of acifluorfen on the light-modu-
lated activity of two stromal chloroplast enzymes is shown in
Figures 5A and 6A. Addition ofacifluorfen to intact chloroplasts
after a brief illumination period resulted in subsequent decreases
in activity of both FbPase and NADP-GAPDH. Preliminary
results demonstrated that FbPase is more rapidly activated than
is GAPDH, hence the longer incubation time for the latter
enzyme. Because DPE action on intact tissue requires the pres-
ence of 02, the same experiment was also carried out at low
oxygen tensions (Figs. SB and 6B). Addition ofacifluorfen under
low 02 tension decreased light-modulated FbPase activity, al-
though this decrease was not immediate as it was in experiments
at ambient 02 levels. NADP-GAPDH was not affected by the
presence of acifluorfen under low 02.
DTT is an artificial substitute for the reductant usually sup-
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FIG. 4. Entrance of acifluorfen into intact chioroplasts. (0), Light;
(U), dark. ['4CJAcifluorfen uptake was measured as described in "Mate-
rials and Methods."
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FIG. 5. Effect of acifluorfen on the activation of FbPase by light. (0),
Control; (U), 150 gM acifluorfen. A, High oxygen (243 nM); B, low
oxygen (18 nM). Acifluorfen was added to intact chloroplasts after 1.75
min incubation in the light.

plied by photosynthetic electron transport for light activation.
The ability of acifluorfen to reverse DTT activation of FbPase
and NADP-GADPH is shown in Figures 7 and 8. The effects of
acifluorfen on light activation are shown for comparison. Acti-
vation of FbPase by light and by 30 mM DTT was about the
same magnitude, and addition ofacifluorfen resulted in the same
inhibition of enzyme activity. In the case of NADP-GAPDH,
however, addition of acifluorfen resulted only in an initial inhi-
bition of the DTT-induced activation of the enzyme at 30 mM
DTT. Addition of30 mm DTT to acifluorfen-treated chloroplasts
in the light partly reversed the inhibitory effect of the herbicide
in the case ofboth enzymes (Fig. 9).
FbPase is inactivated by H202 in intact chloroplasts (12). H202

is produced through the dismutation of superoxide radicals by
the action of superoxide dismutase which is present in the
chloroplast ( 17). If the presence of acifluorfen resulted in H202
production, a light-modulated enzyme such as FbPase would be
inactivated. Measurements of H202 levels produced in illumi-

r
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FIG. 6. Effect of acifluorfen on the activation of GAPDH by light.

(0), Control; (U), 150 pM acifluorfen. A, High oxygen (243 nM); B, low
oxygen (18 nM). Acifluorfen was added to intact chloroplasts after 4.75
min incubation in the light.

MINUTES INCUBATION

FIG. 7. Effect of acifluorfen on the activation of FbPase by DTT and
light. (U-U). Control for light activation; (U -4), 150pM acifluorfen
+ control for DTT activation; (0-4--), 150 pm ac-

fluorfen + DiT. Specific activity units are in umol NADH oxidized/h-
mg Chl. Acifluorfen was added 2 min after the addition ofDTT.

nated chloroplasts in the presence of acifluorfen, however,
showed no increase in H202 production over that ofthe control.
(Control rate equaled 7.28 x 10-1 M H202 produced/mg Chl.h
while in acifluorfen-treated chloroplasts, an increase in H202
production was not detectable).

DISCUSSION
The data presented here constitute further information con-

cerning the effect of DPE treatment on chloroplast function.
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FIG. 8. Effect of acifluorfen on the activation of GAPDH by DTT
and light. control for light activation; (U-4), 150 iM
acifluorfen + light; (- *), control for DTT activation; (v--.4), 150
gsm acifluorfen + DTT. Specific activity units are in pmol NADPH
oxidized/h -mg Chi. Acifluorfen was added 5 min after the addition of
DTT.

10
MINUTES IN LIGHT

FIG. 9. Activity of acifluorfen-inhibited light-modulated enzymes
after addition ofDTT. (0), Control; (e), 150 pM acifluorfen; (U), 30 mm
DiT + 150 pM acifluorfen. Acifluorfen was added before lightincubation
of the intact chloroplasts. DTT was added 5 min after light incubation
ofthe intact chloroplasts.

Present evidence strongly suggests that electron transport is not
a primary site of action of the DPEs in intact spinach chloro-
plasts. Crdependent 02 evolution, on the other hand, is af-
fected by the herbicide. The results presented here enable us to
distinguish possible effects on the envelope from those exercised
on stromal function. A DPE-induced sensitivity of COr-depend-
ent 02 evolution to added phosphate could be due to an effect
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on the envelope's phosphate translocator. Alternatively, it could
be the consequence ofa slowing ofcarbon fixation which would,
in turn, result in an increased sensitivity of that process to added
phosphate. The modulation ofthe stromal enzymes, FbPase, and
GAPDH activities by light were chosen for study as possible
targets of acifluorfen action since our evidence to date had not
ruled out light-dependent physiological functions in the stroma
as sites of DPE activity. The activities of two light-modulated
enzymes, FbPase and NADP-GAPDH, were much decreased by
the herbicide (Figs. 5A and 6A). Acifluorfen had the same
inhibitory effect on FbPase activity whether the source of reduc-
tant was exogenously added DTT or photosynthetic electron
transport in illuminated chloroplasts (Fig. 7).

Acifluorfen only transiently inhibited GAPDH activation by
DTT (Fig. 8). The effect of acifluorfen on the activities ofFbPase
and GAPDH also differed at low O2 tensions. The herbicide was
ineffective in inhibiting GAPDH activation at low 02 tensions,
whereas the activation of FbPase was affected by acifluorfen
under low 02 tensions (Figs. 5B and 6B) although not to the
same extent as under ambient conditions. It is possible that
sufficient 02 was produced during the initial stages of the illu-
mination period to affect FbPase activity but not enough to
influence the activity of GAPDH. Schurmann (26) found that
even under anaerobic conditions the inactivation of FbPase was
slowed by the inclusion of an 02 trap in the reaction mixture,
suggesting that very low levels of02 are sufficient to elicit FbPase
inactivation. Both control and acifluorfen-treated chloroplasts
exhibited higher rates ofenzyme activity at low 02 tensions (Figs.
5 and 6).
The activation of FbPase and GAPDH by both light and DTT

is either permanently or transiently reversed by acifluorfen. The
pathway responsible for modulation of the activities of these two
enzymes is the Fd-FTR-thioredoxin pathway, whether the source
of reductant is photosynthetic electron transport in the case of
light activation or DTT. It seems plausible, therefore, to propose
that the Fd-FTR-thioredoxin pathway is a site of action of
acifluorfen within the chloroplast.
The peroxidation of thylakoid lipids has been demonstrated

to take place as a result of acifluorfen action under certain
conditions (19). The perturbation of the thylakoid structure is
associated with inhibitory effects on photosynthetic electron
transport (3). We observe no effect of acifluorfen on photosyn-
thetic electron transport at concentrations which inhibit C02-
dependent 02 evolution and which reverse activation of FbPase
and GAPDH. It is, therefore, unlikely that these effects have
their primary cause in a perturbation of thylakoid lipids through
peroxidation. Envelope intactness was also unaffected by aci-
fluorfen (Table IV). If the presence of the herbicide at the
concentrations used by us were resulting in a general destructive
process through peroxidation, the effects of that process would
most likely be expressed at either the thylakoids or the envelope.
This was not the case with the results reported here.
We propose that acifluorfen treatment directly or indirectly

stimulates the pathway for enzyme inactivation and thus causes
the inhibition of carbon fixation. The scheme ofSchurmann (26)
for the regulation of chloroplast FbPase is a usefil model in this
context. He proposed that the terminal oxidant for FbPase
inactivation is 02. DPE action is known to require the presence
of 02 (3). Our results, showing the effect of lowered 02 tension
on the inactivation of the enzymes by acifluorfen, are also in
accord with this requirement. His data also show that at higher
pH (7.9) FbPase forms a stable complex with its substrate,
rendering it less susceptible to the inactivation pathway whose
terminal oxidant is 02. This is compatible with our results
demonstrating the decreased effectiveness of acifluorfen in in-
hibiting C02-dependent 02 evolution at higher pH (Fig. 3). H202
is not involved in this inactivation pathway. Our data also

demonstrated no effect of acifluorfen on H202 production in
illuminated chloroplasts.
The addition of DTT after acifluorfen to illuminated chloro-

plasts lessened the inhibition by the herbicide of both enzymes.
DTT provides reductant to the activation pathway at the level
of thioredoxin. If acifluorfen acted on thioredoxin or at a site
closer to the terminal oxidant than that molecule, this could
result in the results reported here.
The data presented here, as well as previous work from our

laboratory (1) and from elsewhere (23), are all compatible with
the hypothesis that acifluorfen stimulates a pathway for the
inactivation of light-activated chloroplast enzymes, resulting in
an inhibition of carbon fixation. Acifluorfen, at the concentra-
tions used here, does not affect photosynthetic electron tranport.
In the presence ofacifluorfen, therefore, electron transport would
continue, and carbon fixation would become inhibited as FbPase
and GAPDH were inactivated. Reductant produced as a result
of electron transport would be shunted to the reduction of
molecular oxygen in the Mehler reaction (13). Superoxide radical
levels would increase with attendant increases in more reactive
species, such as OH., which are known to cause peroxidations
of membrane lipids (13). Lipid peroxidation is a well-docu-
mented consequence of DPE action (3, 22).
We propose, therefore, that a toxic action of DPE treatment

within the chloroplast is an effect on the Fd/Fd-thioredoxin
reductase/thioredoxin pathway which acts to regulate the activity
of key enzymes of carbon fixation. Further work is needed to
determine the relationship ofthis chloroplast site to those located
outside it, at the plasmalemma or in the mitochondrion.
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