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ABSTRACT
In maize chloroplasts, lead chloride causes inhibition or

stimulation of photosystem II activity depending on the pH of the
reaction media. At pH 7.8, an inhibition of 16 to 39% with 0.75mM to
9mM PbCl, is obsexrved. At pH 6.5, however, a stimulatory effect of 20%

is observed with 9mM PbCl,; this effect is not due to the uncoupling of

23
photophosphorylation, or to the ability of PbCl, to donate electrons to
photosystem II. On the basis of other data, reported here, a common
site of inhibition between water and Z-(the primary electron donor of
photosystem II) for lead treatment and Tris-washing (0.8M, pH 8.0) of
chloroplasts is suggested.

Furthermore, lead salts (0.9mM) at both pH 6.5 and 7.8 induced
about 20% inhibition of the variable chlorophyll a fluorescence even
in the presence of 10 uM 3-(3,4 dichlorophenyl)l,1 dimethylurea. Room
temperature and 77°K chlorophyll a emission spectra show an increase in
the ratio of pigment system I to II fluorescencevupon the addition of

lead salts at both pHs--an opposite effect to that induced by salts of

+
other divalent ions (e.g. Mg2 ). Lead salts (0.9mM to 9mM) cause 10 to
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BAZZAZ AND GOVINDJEE
20% increase in the 540 nm absorbance change, reflecting a decrease in
spaces between thylakoids, over that of untreated chloroplasts. Lead-
induced conformational changes in thylakoid membranes of chloroplasts,
leading to changes in energy distribution between pigment systems I and
II, is suggested to explain the above results.
- INTRODUCTION

Lead concentration has been increasing in the atmosphere and soil
mainly due to its liberation from exhausts of motor vehicles and its use
in industryl. Lead accumulation in soils and plants near highways has
been documented2-4. Plants have been shown to take up and transport

57, Thus, lead may be expected to affect different

lead in their tissues
physiological and enzymatic processes of plants. Inhibitory effect of
lead on enzymes in animals and humans has been reporteds’g. However,
there are‘very few reports on the effect of lead on plants inspite of

the importance of photosynthesis for life (see review in ref. 10)}.

Miles et al.11 showed that 2.4mM lead chloride caused a very high (90%)
iphibition of chloroplast reactions in spinach and tomato; this inhibitory
action of lead salts was specific to pigment system II (PSII)12 activity.
In this paper it is shown that this inhibitory effect on PSII activity

of maize chloroplasts depends on pH; at pH 7.8 to 8.0, a maximum in-
hibition of 40% and at pH 6.5 to 6.7, a stimulation of 20% were observed.
Comparison of data on the effect of lead salts and of tris-washing (0.8M,
pH 8.0) on chloroplasts suggests that both treatments have a common site
of action between water and Z (the primary electron donor of PSII). The

conclusion of Miles gE_al.ll

that a site of action for lead salts is on
the "oxidizing" side of PSII is, therefore, confirmed.
In this paper, we also present new data on the effect of lead

treatment of chloroplasts on chlorophyll a (Chl a) fluorescence emission

spectra at 77 and 298°K and on the 540nm absorbance change. Results
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LEAD CHLORIDE IN CHLOROPLAST REACTIONS
from these experiments, combined with those on the time course of Chl a
fluorescence in the presence of 3-(3,4 dichlorophenyl) 1,1 dimethylurea
(DCMU), suggest that lead chloride controls the transfer of excitation
energy from PSII to PSI in a fashion opposite to that induced by other
divalent cations like Mg2+, Ca2+, etc.13‘16, but similar to the effect
17

of low (2mM) concentrations of monovalent cations*’.

MATERIALS AND METHODS

Mesophyll (granal) chloroplasts were isolated from 3-4 week-0ld
maize plants. Leaves were homogenized in an Omni mixer with a medium
containing 0.05M Tricine-NaOH buffer (pH 7.8), 0.33M sorbitol, 0.6%
Carbowax, 0.01M NaCl, 0.001M MgCl,, and 0.1% bovine serum albumin (BSA).
The homogenate, filtered through eight layers of cheesecloth, was
centrifuged at 1000 X g for 7 minutes. The sedimented chloroplasts were
washed once with the homogenizing medium and centrifuged again at 1000 X
g for 7 minutes. Finally, chloroplasts were suspended in a medium con-
taining 0.05M Tricine-NaOH buffer (pH 7.8), 0.33M sorbitol, 0.01M NaCl,
and 0.001M MgCl,. (This method yielded partially "c0up;ed” chloroplast
preparations.) Chlorophyll concentration was determined according to
Bruinsmal8,

Tris-washed chloroplasts were prepared according to the method of
Yamashita and Butlerl9. Following the Tris-washing (0.8M, pH 8.0),
chloroplasts were washed twice with a.medium containing 0.05M Tricihe-
NaOH buffer (pH 8.0), 0.33M sorbitol, 0.1 N NaCl and 0.001M MgCl,. These
washings were necessary to remove traces of Tris from the sample since
1ead‘salts were found to complex with Tris (from Calbiochem, Harleco, and
Sigma Chemical Co.) and form a precipitate.

Hill activity was determined by measuring the reduction of 2,6

dichlorophenol indophenol (DCPIP) spectrophotometrically as described by
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20, or by measuring oxygen evolution with a Clark

Stemler and Govindjee
electrode connected to a Yellow Springs oxygen monitor (Model 53).

Chlorophyll a fluorescence was measured with a spectrofluorometer
described elsewhere21. The time course of Chl a fluorescence was measured
as described by Munday and Govindjeezz, and emission spectra as by Cho et
51:23 The emission spectra were corrected for the spectral variation of
the monochromator and the photomultiplier (EMI 9558B). Other details are
given in the legends of figures 1-3.

The 540nm absorbance change was measured with the difference

24

(absorption) spectrophotometer of Sybesma and Fowler“”™. The measuring

monochromator was set at 540 nm (half band width, 6.6nm) and a Corningg
C.S. 4-91 filter was placed before the photomultiplier to eliminate the
red actinic beam (650nm interference filter; half band width, 22nm;
intensity 1.4x104 ergs'cm'2 sec'l). Light intensity was measured with a
Yellow Springs radiometer (model 63) or with a Bi eppley thermopile
(#6161).

When PbCl, was added to samples, the pH was adjusted with NaOH be-
fore the addition of chloroplasts; thereafter samples were incubated for

ten minutes before taking measurements.

RESJLTS AND DISCUSSION

1. EBFFECT OF LEAD ON ELECTRON TRANSPORT IN ISOLATED MAIZE CHLOROPLASTS

At pH 6.5, no significant effect of 0.75mM to 6.0mM PbCl2 was found
on the saturating rate of DCPIP photoréduction (Table 1). However,
9mM PbCl2 caused a 20% stimulation. On the other hand, at pH 7.8, 0.75mM
to 9mM lead chloride caused a decrease in the rate of DCPIP photo-
reduction: 16% at 0.75mM, 22% at 6mM, and 39% at 9mM PbC1,. Separate
controls containing the same concentrations of NaCl as those of lead

chloride were assayed similarly to rule out the role of chloride in in-
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LEAD CLORIDE IN CHLOROPLAST REACTIONS
TABLE 1

Effect of Various Concentration of PbCl, on Pigment System II

Activity in Strong Light*at pH 6.5 and 7.8

Treatment umoles DCPIP reduced/mg Chl/hr
(average of nine experiments)
pH 6.5% pH 7.8
**None 50.6 31.0
+0.5mM PbCl2 50.6 31.0
+0.75mM PbCl, 50.5 + 2.0 26.0 + 1.5
+1mM PbCl, 51.5 + 2.0 25.0 + 2.0
+6mM PbC1, } 55.9 + 4.5 24.0 * 1.3
+9mM PbClz 60.2 + 1.7 19.0 + 1.5

*Light intensity, 2 x 108 ergs em™2 sec'l; **One ml samples containing
5-8ugm Chl were suspended in a reaction mixture containing Tracine-NaOH
buffer (0.05M, pH 6.5 or 7.8), 0.0IM NaCl, and DCPIP, 50uM; +after
addition of PbClz, pH was adjusted with NaOH to 6.5 or 7.8.

ducing these effects. No effect of NaCl on DCPIP photoreduction was
observed. Our results at pH 7.8 confirm the finding of Miles Eg_gl.ll
on the effect of lead salts on PSII activity. However there are
differences in the degree of inhibition between our results on maize and
that of Miles et al. on spinach and tomato, the inhibition being lower
in maize. To check if the stimulatory effect of PbCl,, at pH 6.5, was
due to the uncoupling of phosphorylation, we repeated the above measure-
ments at both pHs in the presence of 50mM methylamine hydrochloride (an
uncoupler). Similar results to that reported in table 1 were obtained
indicating that the stimulatory effect may not be due to uncoupling.

The stimulatory effect of PbCl2 (at pH 6.5) on the saturating rates

of PSII activity could be caused by the ability of lead salts to donate

179



BAZZAZ AND GOVINDJEE

electrons to system II. To test this hypothesis, chloroplasts which have
lost their ability to evolve oxygen by tris-washing (0.8M, pH 8.019) were
used. This treatment blocks electron flow from water to oxidized Z (Z
being the primary electron donor of PSII); perhaps the rate-limiting step
is eliminated. If lead salt is added to these chloroplasts and resumption
of PS II activity is accomplished (at pH 6.5), one may conclude that lead
is capable of donating electrons to oxidized Z (made in light reaction of

system II) (cf. ref 25). Tris inhibition has been shownZ®

to be pH
dependent. This was confirmed (Table 2). When the reaction was run at

pH 6.5, the activity of Tris-washed chloroplasts was inhibited by only

TABLE 2

Effect of PbCl2 on DCPIP Reduction in Tris-Washed Chloroplasts at pH 6.5

and 7.8.
Sample Additions Rates (umoles DCPIP reduced/mg Chl/hr)
(average of five experiments)
PH 6.5 pH 7.8

Chloroplasts none 30.0 27.0

" +9mM PbClz 36 + 1.0 16.0 + 1.0

" +9nM PbCl, + - 32.0 + 1.3

0.5mM DP

Tris-washed none 27 + 0.5 3.5 + 0.5
chloroplasts

" +0.5mM DPC 68 + 5.0 22.4 + 5.0

" +1mM PbC12 25 + 0.8 3.8 *+ 0.2

" +6mM PbC1, 28 + 2.0 3.1+ 0.3

" +9mM PbC1, 27 + 1.5 3.2 + 0.4

One ml samples, containing 5-8ugm Chl, were suspended in Tricine-NaOH
buffer (0.05M, pH 6.5 or 7.8); NaCl, 0.01M; DCPIP, S50uM.
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10% compareéd to 87% inhibition at pH 7.8. When 50 mM diphenylcarbazide
(DPC) --which donates electrons to PS 1127——was added to Tris-washed
chloroplasts at pH 7.8, 88% of the control activity was restored. At
pH 6.5, similar addition of DPC leads to a doubling of the DCPIP photo-
reduction (stimulation). This is due to the fact that the optimum pH

for DPC to donate electrons to PS II is around pH 6.727.

When 1, 6 or

9 mM PbCl2 was added to Tris-washed chloroplasts no significant change in
activity was observed, thus ruling out the possibility of lead salt
acting as an electron donor to PS II. Furthermore, since lead chloride
did not cause further decrease in activity of Tris-washed chloroplasts,
the site which is inhibited by lead treatment at pH 7.8 must not be
beyond that of Tris inhibition. Diphenylcarbazide was shown to relieve
inhibition of PS II by lead treatment in chloroplasts. This confirms
the suggestion11 that PbCl2 inhibits PS II between water and Z (the
primary electron donor of PS II) as DPC is known to donate electrons
directly to Z+.

To check whéther PbCl, can donate electrons before the site of
inhibition by Tris washing, we measured both oxygen evolution and DCPIP
photo-reduction in chloroplasts treated with 9 or 12 mM PbCl2 at pH
6.5. If lead chloride donates electrons, we expect a decline in oxygen
evolution rate at these concentrations where DCPIP photoreduction was
stimulated. Our results did not show any decrease or significant
stimulation of oxygen evolution.

2, EFFECT OF PbCl, ON CHLOROPHYLL A FLUORESCENCE: TRANSIENTS AND EMISSION

SPECTRA AT 298°K AND 77°K

Upon illumination with bright light, dark adapted chloroplasts show
a rise in chlorophyll a fluorescence yield from an initial level (Fo;

reflecting emission from "bulk" pigments) to a maximum level (Fw)zs.
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This fluorescence rise reflects the photoreduction of Q (the primary
stable electron acceptor of PS II, and the quencher. of chlorophyll
fluorescence). An accumulation of reduced Q results in closure of the
traps and causes high fluorescence yield29 while an accumulation of
oxidized Q, which results either from accelreated rate of electron
transport or inhibition of PS II on the water side of Z causes low

13-17 and on

fluorescence yield. From studies on isolated chloroplasts
algae30‘34 it is clear that not all fluorescence changes are due to
changes in the redox state of Q since some changes occur even in the
presence of DCMU that blocks electron flow from Q to the next electron
carrier in photosynthesis. It has been suggested that these fluorescence
changes are controlled'by structural alteration of the pigment bed.
Thus, studies of fluorescence changes induced by lead in the presence
of DCMU were used here as an indicator of conformational changes in chloro-
plasts; the same effects could be present even in the absence of DCMU.
The presence of 0.9mM to 9mM PbCl, at both pH 6.5 and 7.8 did not
effect the F, level (data not shown). At pH 6.5 (fig. 1, top) and pH
7.8 (fig. 1, bottom), in the absence of PbCl2 or DCMU, chlorophyll a
fluorescence rises biphasically from F, to F, level. However, in the
presence of 0.9 mM PbC12 the level F, is decreased; the variaﬁle
fluorescence (F, - Fo) is decreased by 20 and 17% compared to that in
untreated samples at pH 6.5 and pH 7.8 respectively. The decrease in
fluorescence level caused by PbCl, in the presence of DCMU must not be
due to decrease in the rate of electron transfer because DCMU has already
prevented the reoxidation of QH to Q29. However, this decrease could be
due to structural changes in thylakoids such that more excitation energy
is spilled over from strongly fluorescent PS II to weakly fluorescent PS I,
To further confirm such an effect, Chl a emission spectra at 77°K

and 298°K were measured. At 77°K, emission spectra of normal chloroplasts
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FIG. 1

Effect of PbCly and DCMU added separately or together on the time course
of Chl a fluorescence in maize chloroplast suspensions at pH 6.5 (top)
and at pH 7.8 (bottom). Fluorescence was measured at 685nm (half band-
width, 6.6nm); - - -, normal chloroplasts without any addition; R
0.9mM PbC1l; . . . ., 10uM DCMU; -.-., 10uM DCMU and 0.9mM PbCly; Fo
level(petween 1.0 and 1.5) not recorded in these plots. Excitation,
broad band blue light (C.S. 4-72 and C.S. 3-73) intensit;lr, 6x10% ergs-
cm-2 sec‘l; three ml of samples, containing 15ug Chl ml~*, were suspended
in 0.05M Tricine-NaOH buffer.

show a three banded structure with peaks at 735nm (F735), 685nm (F685) and
696nm (F696). F735 is attributed to emission mostly from pigments of

system I, while F685 and F696 are mostly emitted from PS II. (For further

discussion, see Govindjee et a1.34). Thus a comparison of the ratios
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of F735/F685 and F735/F696 at 77°K of lead-treated and untreated samples
could reflect the distribution of absorbed quanta between the two photo-
systems, At pH 6.5 (fig. 2, top) and in the presence of 0.9mM PbCl,, the
ratio F735/F685 is about 2.3 compared to 1.7 in untreated chloroplasts.
The ratio F735/F696 is about 3.0 in lead-treated as compared to 2.0 in
normal chloroplasts. Thus it is clear that in presence of 0.9mM PbCl2
there is a relative decrease in Chl a fluorescence at 685mm (26% of control)
and at 696nm (50% of control) compared to that emitted at 735nm. At pH
7.8 (fig. 2, bottom) 0.9mM PbCl, caused similar effects although to a
lesser extent than at pH 6.5: the ratio F735/F696 was 2.2 compared to

2.0 in untreated chloroplasts. (Note, however, that F750 on spectra
normalized at 685nm, increased by 50% upon lead addition.) The ratio
F755/F696 was 3.2 in lead-treated and about 2.2 in normal chloroplast
suspensions. The emission spectra at both pHs clearly show lead-

induced increases in ratio of fluorescence intensity from long wavelength.
forms of Chl a associated with PS 1, to that from short wavelength forms
of Chl a, suggesting a spillover of excitation energy from PS II to PS I.
This is, perhaps, caused by conformational changes induced by lead salts.

2+ and N12+) have been

Other divalent cations (Mn2+, Zn2+, Cu2+, Co
shown3® to induce contractions in chloroplasts and subchloroplast
particles similar to those obtained by lowering the pH.

No effect of 0.9mM to 9mM PbCl, was observed on the absorption
spectra of chloroplasts. Thus, lead-induced changes in emission
spectra of Chl a fluorescence could not be attributed to lead chloride
causing changes in pigment concentration. These fluorescence changes
appear to be due to lead-induced conformation changes which affect
distribution of absorbed quanta between pigment system I and II.

The above mentioned effect of lead chloride on Chl a fluorescence

was also confirmed by measurements of emission spectra at room temperature.
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FIG, 2

Effect of B Cly on the emission spectra of Chl a fluorescence of maize
chloroplasts at 77°K at pH 6.5 (top) and pH 7.8 (bottom). Emission
spectra were measured with an excitation at 436nm (half bandwidth, 9.9nm);
a Corning red (C.S. 2-73) filter was placed before the measuring mono-
chromator to eliminate stray exciting light; -e-, normal maize chloro-
plasts without any addition; -A-, with 0.9mM PbCl,; one ml sample,
containing 3ug Chl, was suspended in 0.05M Tricine-NaOH buffer. Curves
were arbitrarily adjusted to read the same fluorescence intensity at
685nm. Samples were in complete darkness while being quickly cooled at

77°K.
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Normal chloroplasts at room temperature show a main fluorescence band with
a peak at 683nm and a broad shoulde? at longer wavelengths. Fluorescence
emitted at wavelengths between 710nm (F710) and 730nm (F730) has been at-
tributed to emission by pigments mainly of PS I while F685 is emitted
mainly from PS 1136, At pH 6.5 (fig. 3, top) and at pH 7.8 (fig. 3,
bottom), 0.9mM PbCl2 caused 35% to 63% increase in fluorescence levels at
720nm relative to those at 683nm. Qualitatively, these results agree
with those obtained at 77°K which suggest that lead chloride causes an
increase in fluorescence intensity emitted from PS I compared to that
emitted from PS II.

3. EFFECT OF PbCl, ON 540nm ABSORPTION -CHANGE

To test whether a structural change is induced by treatment of
chloroplasts with PbClz, we measured 540nm absorbance change. Our
results at pH 7.8 showed that 0.9mM to 9.0mM lead chloride or nitrate
caused 10% to 20% increase in absorbance over that of control. Light or
dark incubation of chloroplasts with lead did not affect the results.

In general it has been shown that absorbancy change at 540 nm is
inversely proportional to particle volume. Thus an increase in
absorbance indicates that lead caused the shrinkage of chloroplasts.
Light induced transmission changes have been correlated more closely with
changes of spaces between thylakoids than with changes in their thick-
ness37, Thus, lead-induced shrinkage of chloroplasts could indicate
tighter packing of thylakoid membranes. Inspite of lack of data on 90°
scattering changes that reflect more closely changes in thickness of
thylakoids (i.e., distance between PSI and PSII), we could postulate
that tighter packing of thylakoids in presence of lead salts might also
lead to closer distance betweeﬁ PSI and PSII. This would cause an increase

in spill over of energy from pigment system II to I.
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FIG. 3

Effect of PbCl, on the emission spectra of Chl a fluorescence of maize
chloroplasts at room temperature (298°K) at pH 6.5 (top) and pH 7.8
(bottom). Emission spectra were measured with an excitation at 436nm
(half bandwidth, 13.2nm); -e-, normal maize chloroplasts without any
addition, -A-, with 0.9mM PbCl,. Three ml of samples, containing 9ug
Chl m1-1, were suspended in 0.05M Tricine-NaOH buffer. Curves were
arbitrarily adjusted to read the same fluorescence intensity at 683nm.
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CONCLUDING REMARKS

Results of our study on the effects of lead chloride on isolated
maize chloroplasts allow us to make several suggestions regarﬁing the
mode of action of lead chloride in chloroplasts:

First, lead chloride causes a 20% decrease in variable Chl a fluores-
cence yield in both the presence and absence of DCMU (fig. 1). This,
together with an increase in ratios of fluorescence emitted by pigment
system I to that emitted by pigment system II at 77°K (fig. 2) and 298°K
(fig. 3) and 10% to 20% increase in absorbance at 540nm, is taken to in-
dicate that lead chloride causes conformational changes of thylakoid
membranes of chloroplasts leading to a greater spill over of excitation
energy from PS II to PS I; this is in contrast to the decreased spill over

11-14. We

upon treatment with magnesium chloride and other divalent salts
do not yet know why Pb2+ and Mg2+ (both of which are divalent ions) cause
opposite effects. The answer may lie in the size of these ions, and the
site of their binding.

Second, the inhibitory effect of lead chloride on PS II reactions
appears to be similar to inhibition of oxygen evolution in isolated
chloroplasts by Tris-washing (0.8M pH 8.0; ref. 19). These two treat-
ments have the same pH dependence26 to be effective as inhibitors of PS II
activity in chloroplasts (tables 1 and 2). At alkaline pH (7.8 to 8.0),
both treatments were effective in inhibiting oxygen evolution while no
such effects were observed at acidic pH (table 2). Furthermore, addition
of an electron donor such as diphenylcarbazide (which is known to donate
electrons to PS II) to chloroplasts treated with either lead chloride or
0.8M Tris (table 2), caused a restoration of photosynthetic electron
transport activity. Also addition of lead chloride to Tris-washed
chloroplasts did not cause further decrease in PS II activity implying

that lead does not inhibit beyond the site of Tris inhibition. Thus one
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can suggest that both lead chloride and Tris-washing of chloroplasts are
probably affecting a site between water and Z (the primary electron
donor of PS II).

Third, the concentrations at which lead chloride inhibits PS II
activity in isolated chloroplasts are quite variable from one group of
plants (C, plants, such as maize, this paper) to another {Cz plants, such
as spinach and tomatoll). In maize a maximum of 40% inhibition of PS II
activity is observed (pH 7.8; 9mM PbCl,, this paper) in comparison to
95% inhibition at 2.4nM PbCl, in spinach and tomato chloroplasts'l.

Fourth, the slight stimulatory effect of 9mM lead chloride at pH
6.5 is not clearly understood at this point since our results showed that
neither uncoupling of photophosphorylation nor ability of lead chloride
to donate electrons could explain it. Heavy metals such as lead,
cadmium, and mercury can replace native metals on active sites of several
enzymes and cause activation rather than inhibition of enzymatic
activitylo. However, it remains to be tested whether the stimulation of
PSII activity at pH 6.5 to 6.7 is caused by such action of lead ion on
photosynthetic enzymes involved in oxygen evolution.

Finally, we note that Daniel Wong (in our laboratory) has observed
inhibitory effects of lead salts on system I reactions (oxidation of
reaction center P700). All data taken together suggest a multiple and
complex effects of lead ions on chloroplast reactions,
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