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ABSTRACT

CO, fixation of isolated intact spinach chloroplasts under saturating light began to decrease
after 20 min, and stopped completely after 1 h. To identify the lesion sites for the die off, reconsti-
tuted chloroplast system was used with chloroplasts collected at several phases of time course.
CO. fixation was inhibited in the reconstituted chloroplasts made of thylakoids and stroma in
the later phases, but showed a higher degree of inhibition by the participation of thylakoids than
that of stroma in the later phases. Measurement of photophosphrylation and NADP reduction
revealed that a severed thylakoidal damage was occurred at the later phases. This results indicate
that the lesion sites for the die off are in the thylakoid.

INTRODUCTION

Studies with isolated chloroplasts have greatly facilita-
ted to understand the biochemistry and physilogy of ch-
loroplasts, e.g. the regulation‘of carbon metabolism and
Calvin cycle enzymes. However, unlike intact plants, iso-
lated chloroplasts rapidly lose their photosynthetic acti-
vity both in the light and dark (Jun, 1991). The lack of
stability in isolated chloroplasts has been a drawback for
the researchers who have been working with isolated
chloroplasts. Hence, much efforts were made to keep iso-
lated chloroplasts active for longer time. Effects of exter-
nally added Pi, Mg-ATP, or sugar-P on maintaining isola-
ted chloroplasts active were reported (Bucke ef al., 1966;
Walker and Robinson, 1978; Mourioux and Douce, 1981;
Gibbs et al., 1986; Fu and Gibbs, 1988; Jun, 1991).

In many cases, the photosynthetic activity of isolated
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spinach chloroplasts, when kept on ice in the dark, did
not last more than 2 hrs (Jun, 1991). Regardless of incu-
bation time in the dark, the time course of COs-supported
0, evolution or CQ; fixation under saturating light by
isolated chloroplasts exhibited the disappearance of pho-
tosynthetic activity after 20 to 40 min depending on the
preparation (Gibbs et al., 1986; Seftor and Jensen, 1986;
Jun, 1991). The reason for the loss of activity has been
attributed to many factors. One of the causes suggested
is a decrease of the RuBP level to support CQ, fixation
in the chloroplasts (Sicher and Jensen, 1979). However,
even under low CO, concentration where the RuBP level
cann be maintained high, the die off was still observed
(Stumpf and Jensen, 1982). Seftor and Jensen (1986) re-
ported a decrease in the activity of Rubisco when measu-
red as an active form, Enzyme-CO,-Mg** complex (E-C-
M) after 20 min, and attributed it as a cause for the die
off. Significant leakage of Rubisco as well as other stro-
mal proteins into the suspending medium was subseque-
ntly occurred (Seftor and Jensen, 1986). However, it is
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generally known that thylakoid is more susceptible to
damage than components in the stroma. Yet thylakoidal
function with regard to this phenomenon has not been
examined. Therefore, it is necessary to investigate thyla-
koidal function as well.

In this study, changes in the pattern of CO, fixation
by isolated spinach chloroplasts are first examined. With
reconstituted chloroplast system made of chloroplasts at
different phases during CQ. fixation, evidence is given
to show that damage in the thylakoidal function occurs
at the later phases of photosynthesis in the isolated chlo-
roplasts. Measurement of thylakoidal function, photopho-
sphorylation and NADP reduction, was also performed
to support this result.

MATERIALS AND METHODS

Plant material and chloroplast isolation. Spinach
(Spinacia oleracea L. var. “Long Standing Bloomsdale™)
seeds were germinated and grown on a rectangular plas-
tic containers (60X40X10cm) filled with a mixture of
vermiculite and soil in a ratio of 2:1 in a controlled
environment chamber for 8 to 10 weeks until maturity.
Randomly selected mature leaves were used for chloro-
plast isolation. Intact chloroplasts were isolated according
to the modified method of Mills and Joy (1980). Deribbed
leaves (about 10 g fresh weight) were washed with D.W,,
and sliced and homogenized at 4°C for 55 in 50 mL of
prechilled grinding medium containing 50 mM Hepes-
NaOH (pH 6.8), 0.33M sorbitol, 2 mM Na,EDTA, 1 mM
MgCl; and 1 mM MnCl.. The resulting homogenate was
filtered through 4 layers of cheesecloth and 2 layers of
Miracloth (Calbiochem, Inc.). After centrifugation for 50 s
at 750 g, the supernatant was discarded and the pellet
was resuspended in 25 mL of grinding medium. This re-
suspended material was layered onto 15mL of a 40%
Percoll mixture which has the same composition as grin-
ding medium, and was centrifuged in a swinging bucket
for 25 min at 2,500 g. The resulting pellet was resuspen-
ded in reaction buffer containing 50 mM Tricine-NaOH
(pH 8.1), 0.33M sorbitol, 2mM Na;EDTA, 1 mM MgCl,
and 1 mM MnCl to yield a concentration of Chl around
1mg/mL. Chl concentration was determined according
to Arnon (1949).

Measurement of “COQO; fixation, CO, fixation was
measured by adding intact chioroplasts (around 50 ug Chi)
to a 1mL reaction mixture containing 50 mM Tricine-
NaOH (pH 8.1), 0.33 M sorbitol, 2mM NaEDTA, 1 mM
MgClz;, 1 mM MnCl,, 0.25 mM KH;PQ,, 10 mM NaH"CO;
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(1 uCi/umol), and 1,000 units of catalase. The reaction
was performed at 25°C and initiated by turning on the
light at the intensity of about 600 W/m?. An aliquot of
50 pL was taken from each reaction tube at the specified
time and placed in an planchet or a vial containing 100 uL
of 05N HCIL After sample was air-dried in the hood,
radioactivity was determined with either a Nuclear Chi-
cago Q-gas end window counter or scintillation counter.
The rate of “CO, fixation was calculated [rom the linear
portion of the time course.

The Reconstituted chloroplast system. The recons-
tituted chloroplast system was modified from Bassham
et al. (1974). The intact chloroplast pellet after Percoll
cushion was osmotically broken by adding 0.5~~1 mL of
reaction buffer containing 50 mM Tricine-NaOH (pH 8.1),
2mM Na,EDTA, 1 mM MgCl;, 1 mM MnCl, and 10 mM
DTT (dithiothreitol). The resulting supernatant fraction
after centrifugation at 12,000 ¢ for 10 min in a swinging
hucket was used as the stromal fraction and the remai-
ning pellet was the thylkoidal fraction. CO, (ixation was
measured by combining 0.5 mL of the stromal fraction
with 0.5 mM of a reaction mixture containing 50 mM Tri-
cine-NaOH (pH8.1), 5mM MgCl,, 0.2mM ADP, 1 mM
NADP, 2mM PGA (3-phosphoglyceric acid), 15 pM spi-
nach Fd (ferredoxin), 10 mM NaHCGQ; (1 uCi/umol), 0.25
mM KH;PO,, 1,000 units of catalase, and thylakoids (30
ug Chi).

NADP reduction and coupled photophosphorylation.
NADP reduction and photophosphorylation were measu-
red with the same preparation of thylakoids but in two
separate tubes. Each measurement was done in 4 dupli-
cates. The reaction mixture contained 50 mM Tricine-
NaOH (pH 8.1), 5 mM MgCl,, 2 mM ADPF, 5 mM KH:PQ,,
0.5mM NADP and 15 uM spinach Fd. For the measure-
ment of photophosphorylation, 2 uCi of #P (NEN-054)
were included in the reaction mixture. Reaction was ini-
tiated by turning on the light after adding thylakoids
(about 30 ug Chl) to make a total volume 1 mL. After
1 min illumination under a saturating light intensity (600
W/m?) at 25°C, the tubes were placed on ice and the
reaction was immediately stopped. NADP reduction was
terminated by adding 50 uL of 1N NaOH and the mixtu-
res were kept on ice in the dark for 10 min, then neutra-
lized by adding 150 uL of 1M Tris-HCl (pH 7.4). The
neutralized mixtures were centrifuged at 5,000g for 10
min and the increase in absorbance at 339 nm was read.
Photophosphorylation was terminated by the addition of
1mL “precipitation” solution containing 0.66 M HCI, 24
mM (NHy)sMo;Oyys 4H,0, 72 mM triethylamine, and 1%
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saturated bromine water (Sugino and Miyoshi, 1964). The
mixtures were left at room temperature for 10 min to
allow complete precipitation of the carrier-free ¥*P rem-
nants in the pellet fraction. After centrifugation at 5,000 g
for 10 min, each 200 pL of the supernatant was placed
on an planchet and dried in the hood. Radioactivity was
counted with a Chicago nuclear counter.

RESULTS

Time course of CQ, fixation. As established in
many laboratories, the typical time course of CQ, fixation
with isolated intact chloroplasts at optimal temperature
(25°C) and under saturating light intensity (600 W/m?
usually shows a biphasic pattern with a lag period prior
to a linear phase. After about 20 min, the CO, [ixation
decreases and eventually ceases (the late phase). The
time course of CQ. fixation of isolated intact spinach ch-
loroplasts revealed a similar pattern as shown in Fig.
1. CO, fixation of chloroplasts began to decrease after
20 min and stopped completely about 1h after the initia-
tion of the reaction. Addition of 5mM Mg-ATP did not
change the pattern of CQ, fixation at the early phase,
but delayed the die off (Fig. 1). The possible role of Mg-
ATP here will be discussed later.

The reason for the loss of activity in the isolated chlo-
roplasts is not yet clearly known. Loss of intactness was
proved not to be a reason by FeCN (ferricyanide) assay
(Fu, 1986; Seftor and Jensen, 1986). Decrease of the
RuBP level in the chloroplasts or inactivation of active
form of Rubisco, E-C-M, was reported to be responsible
for the cessation of CQ, fixation at the late phase (Sicher
and Jensen, 1979; Seftor and Jensen, 1986). However,
changes in the thylakoidal function at the late phase has
not been tested in this regard. With reconstituted chloro-
plast system, overall function of thylakoid and stroma
can be tested easily, and it is possible to distinguish
which part of chloroplasts is damaged between thylakoid
and stroma.

The reconstituted chloroplast system. Chloroplasts
were collected from each stages as indicated in Fig. 1
(0 min, 10th mim, 30th min and 60th min), and thylakoids
and stroma were obtained to make various reconstituted
chloroplasts. Table 1 shows the results of CQ, fixation
by various reconstituted chloroplasts.

CO; fixation of the reconstituted chloroplasts was inhi-
bited 58% and 77%, respectively, by the participation of
thylakoids at 30th and 60th min in contrast to 26% and
42% with stroma at that stage. Overally, decrease in CO,
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Fig. 1. The time course of CO, fixation by isolated intact
spinach chloroplasts in the control and with 5mM Mg-
ATP at 25°C. CO; fixation was performed using a single
preparation of chloroplasts containing 50 ug Chl under
saturating light intensity (600 W/m® and COQ, (10 mM).

Table 1. CO, fixation of the reconstituted chloroplasts
made of thylakoids and stroma isolated from chloroplasts
at various stages during time course of CO. fixation

CO; %
fixation rate of decrease

umol/mg Chl-h

Reconstituted chloroplast

Thylakoid 1+ Stroma 1¢ 79.2 -
Thylakoid 1+ Stroma 2° 77.1 2.7
Thylakoid 1+ Stroma 3 58.8 258
Thylakoid 1+ Stroma 44 45.7 42.3
Thylakoid 1¢4 Stroma 1 87.7 -
Thylakoid 2°+ Stroma 1 62.5 28.7
Thylakoid 3+ Stroma 1 371 57.7
Thylakoid 4%+ Stroma 1 20.0 772

Intact chloroplasts were allowed to perform CO, fixation
under the conditions described in Fig. 1. At each time
point (0 min, ?10th min, 30th min, and 60th min), chlo-
roplasts were collected and thylakoids and stroma were
prepared as described in the Methods. For the reconsti-
tuted chloroplasts, 30 ug Chl of thylakeids and 500 uL
of stroma (obtained from intact chloroplasts containing
500 ug Chl) were used.

fixation was greater in the reconstituted chloroplasts
made of thylakoids from later stages (stages 2~4) than
those made of stroma at the same stage. This indicates
that damage in the thylakoids is more severe than that
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Table 2. Photophosphorylation and NADP reduction of
thylakoids isolated from chloroplasts at various stages
during time course of CO, fixation

. . . NADP
Thylakoid Photophosphorylation reduction P/2e
umol/mg Chl-h Ratio
Thylakoid 1¢ 784 181.0 0.87
Thylakoid 2? 68.1 154.2 0.88
Thylakoid 3 27.0 85.7 0.63
Thylakoid 4¢ 0 64.1 0

The conditions of experiment are same as described in the
Table 1. Photophosphorylation and NADP reduction were
measured using 30 pg Chl of thylakoids (“obtained from ch-
loroplasts at 0 min, ?10th min, "30th min, and 960th min).

in the stromal components. To confirm this result, thyla-
koidal function was measured.

Measurement of thylakoidal function. Using thyla-
koids isolated from chloroplasts at each stages, photopho-
sphorylation and NADP reduction were measured. Both
photophosphorylation and NADP reduction were gradua-
lly decreased during time course, and photophosphoryla-
tion was stopped completely at the 60th min (Table 2),
coinciding with complete cessation of CQ: fixation. Dec-
rease in P/2e ratio implied photophosphorylation was af-
fected more than electron transport. These results confi-
rmed that thylakoidal damage occurred at the late phase
(stages 3 and 4). Thus the cessation of CO, fixation of
the isolated chloroplasts at the late phase seemed to be
caused largely by the malfunction of thylakoids, especially
leakage in photophosphorylation, rather than that of
stroma.

DISCUSSION

As demonstrated here, the loss of photosynthetic acti-
vity at the late phase (stages 3 and 4) during photosyn-
thesis occurs primarily by damage to the thylakoids al-
though some decrease in the stromal function was obser-
ved (Table 1). The primary sile of lesion seems to be
photophosphorylation (Table 2). This result is in contrast
to the previous reports that stromal components are the
labile sites (Sicher and Jensen, 1979; Seftor and Jensen,
1986). CO, fixation by reconstituted chloroplasts also
exhibited some loss in the stromal {function. This could
be due to the inactivation of stromal enzymes, especially
Rubisco or leakage of stromal components into the me-
dium (Seftor and Jensen, 1986). As a result, the actual
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amount of stromal components we used for this experi-
ment at the late phase (stages 3 and 4) may have been
decreased compared with those of the early phase (stages
1 and 2). However, loss in the thylakoidal function occur-
red to a greater extent (Table 1), suggesting damage in
the thylakoid is more responsible for the die off in isola-
ted chloroplasts than inactivation of stromal comiponents.
The measurement of P/2e ratio confirmed that damage
in the thylakoid indeed occurred (Table 2). Both photo-
phosphorylation and electron transport were harmed, but
photophosphorylation was inhibited to a higher degree.
The complete blockage of photophosphorylation at 60th
min coincides with the complete cessation of CO, fixation
at 60th min, supporting that inactivation of thylakoidal
function is the main reason for the die off. The P/2e
ratio has to stay at 1~1.5 for normal operation of photos-
ynthesis, and decrease in P/2e ratio may be the direct
cause for the die off. Since isolated chloroplasts were
exposed to strong light to perform CO, fixation under
experimental conditions, it is likely that thylakoids went
through severe photoinhibition causing damage in the
thylakoids, and eventually resulting in the complete ces-
sation of CQ; fixation,

The addition of Mg-ATP, as shown in Fig. 1, did not
show any effect on the lag and Inear phase, but it prolo-
nged the linear phase and delayed the die off at the
late phase. Mg-ATP was indicated to be transported into
the chloroplasts (Piazza and Gibbs, 1983). Externally ad-
ded Mg-ATP may enable the chloroplasts to retain CO,
fixation at a lower capacity at the late phase when photo-
phosphorylation was stopped. It may not be enough to
restore the photosynthetic rate at the late phase to the
linear phase level. On the other hand, Mg-ATP was
shown to protect thylakoids from photoinhibition (Fu,
1986), therefore delaying the onset of lesions in the thy-
lakoids and the die off of chloroplasts.

Isolated chloroplasts lose their photosynthetic activity
in the dark as well (Jun, 1991). The reason for this seems
to be different from that in the light during photosynthe-
sis. Experiments are in progress to identify the lesion
sites in the dark.
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