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Photoinhibition and its recovery of spectrally adapted Anacystis nidulans were studied. Phyco-
cyanin and Chl content and phycocyanin/Chl ratio were increased in cells grown under blue-
green light compared with those grown in white light. Photosynthetic activities of white light
and blue-green light grown cells were reduced by 50% after 15 min and 10 min of photoinhibitory
light treatment (1.2 mmol-m~2-s7"), respectively, largely due to the decline of PSII activities.
However, their activities were recovered fully after 30 min incubation under weak light, Treat-
ment of rifampicin and chloramphenicol magnified the photoinhibitory effects and suppressed
the recovery with disappearance of susceptibility to photoinhibition between two cells. NaF and
phenylmethylsuflonyl fluoride also accelerated the photoinhibition and delayed the recovery pro-
cess, indicating no significant differences in phosphorylation, dephosphorylation and protease
activity between two cells. Therefore, it is suggested that the increased sensitivity of blue-green
adapted cells might be attributed to the decline of protein synthesis, and phosphorylation-depho-
sphorylation of protein and protease activity might be involved in the recovery process.
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Light is the driving force of photosynthesis and
therefore an absolute prerequisite for the autotrophic
growth of photosynthetic organisms, but it can also
be harmful to the photosynthetic apparatus (Aro er
al., 1993). The term photoinhibition is used to de-
scribe the phenomenon of reduction of capacity for
photosynthesis induced by exposure of photosynthe-
tic organisms, structures, or organelles to light (Pow-
les, 1984). The photosynthetic organisms have to
manage the task of avoiding photodamages at high
light as well as maintaining sufficient excitation pow-
er under limiting light conditions (Aro et al., 1993).

When photoinhibition is induced by an excessive
photon fluence rate (PFR), the main target for the
light stress is PSII (Powles, 1984), Electron transport
through PSII is inhibited, and reaction center subu-
nits are damaged, in particular D1 protein (Kyle,
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1987). Nlumination results in the activation of thyla-
koid protein kinase, and therefore phosphorylation
of the D1 proteins in appressed thylakoid membra-
nes occurs (Ikeuchi e al, 1987). Conformational
changes in the damaged D1 protein exposes the
cleavage site for the proteasc (Aro et al, 1993). Ho-
wever, phosphorylated D1 protein is a poor substrate
for the protease (Salter er al., 1992), and dephosphor-
ylation is probably required prior to the primary
proteolytic cleavage. D1 protein depletion should be
considered as the first phase in the repair cycle, and
after which new copies of the protein should be syn-
thesized and inserted in PSIL

Lonneborg er al. (1988) suggested that the degree
of net photoinhibition was determined by a balance
between the photoinhibitory process and the opera-
tion of a repair mechanism. They showed that the
capacity of the repair mechanism significantly deter-
mined the difference in the susceptibility of photo-
synthesis to photoinhibition of high and low light
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grown Anacystis nidulans. The light dependent pat-
terns of inhibition of photosynthesis were very simil-
ar in the presence of translation inhibitor streptomy-
cin for high and low light grown 4. nidulans cells
(Samuclsson et al., 1987).

Higher plants also differ in their susceptibility to
photoinhibition, and this is dependent on their ca-
pacity to repair photodamaged reaction centers dur-
ing illumination (Tyystjarvi et al, 1991). The high
susceptibility of low-light grown pumpkin (Cucurbita
pepo L) plants to photoinhibition is mainly due to
a poor capacity of the plants to repair photo-
damaged PSII centers. The repair cycle of PSII func-
tions more slowly in low-light grown plants as com-
pared with high-light grown plants, and it was sug-
gested that this is because of a poor capacity of the
low-light grown leaves to degrade photodamaged D1
protein (Tyystjarvi er al., 1992). These reports suggest
that, in different light conditions, the photosynthetic
apparatus differs in their susceptibility to photoinhi-
bition since they have different capacities to repair
photodamaged PSIL

In cyanobacteria, when the spectral adaptation
occurs in response to the changes in spectral distri-
bution, quantitative changes in photosynthetic appa-
ratuses are induced, especially in phycobilin pigment
systems. Jones and Myers (1965) reported spectrally
induced pigment variation in 4. nidulans. Unicellular
cyanobacteria are especially useful organisms for
studying photoinhibition and other stress-induced
effects on photosynthesis in whole cells because a
homogeneous population can be treated under well-
defined conditions, and because the relatively simple
structure and small size of the cells facilitate quanti-
tative observations of photosynthesis in vivo (Wiin-
schmann and Brand, 1992).

In the present paper, we investigated the effect of
the chromatic adaptation of 4. nidulans to white and
blue-green light on the sensitivity to photoinhibition,
and attempted to elucidate the mechanism of pho-
toinhibition and recovery.

MATERIALS AND METHODS
Culture conditions

The cyanobacterium A. nidulans (Carolina Biolo-
gical Supply, USA) was grown in batch cultures
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using modified Allen medium (1968). The tempera-
ture was kept at 392 1C and the cultures were expo-
sed to continuous PFR of 20 uymol:m™2-57', White
light was provided by fluorescent lamps and blue-
green light was given by a couple of fluorescent la-
mps covered with cellulose acetate sheets (Chapman,
1988). Cells in the logarithmic phase of growth were
used for experiments. Cell densities and growth were
determined by the absorbance at 750 nm (Lonne-
borg ez al., 1985). Cells were harvested by centrifuging
twice at 6000 g for 10 min, then the pellet was resus-
pended in the medium and placed in a water bath
at 39+ 1T,

Phycocyanin and Chl a determination

The harvested cells were frozen in liquid nitrogen
and ground by glass rod. After adding 0.05 M potas-
sium phosphate buffer (pH 7.2), the extract was cen-
trifuged at 12,000 g for 30 min at 4C. The supernatant
was recovered, and the absorbances at 620 nm and
650 nm were read. The concentration of the phyco-
cyanin (PC) and allophycocyanin (APC) was calcul-
ated from Chapman (1988). The remaining pellet
was ground in dimethyl sulfoxide (DMSQ), and was
incubated at 65C for 15 min. Chl a was determined
according to Evans (1988).

Photoinhibition and recovery treatment

The photoinhibitory treatment was done in a glass
tube immersed in a water bath kept at 39+ 1C. Pho-
toinhibitory light was supplied by a tungsten halo-
gen lamp (Star, 1000 W, Itami Protex, Japan), The
Chl concentration was approximately 2.0 pg/mlL.
Chlorophyll a and phycocyanin concentrations were
spectrophotometerically measured and calculated
using the extinction coefficients of Myers et al.
(1978). The recovery treatment was done in dim light
with a PFR of 2 ymol-m™2-s~! or in the dark by
transferring cells to a test tube covered with alumi-
num foil after partial photoinhibition (about 50-60
%).

Photosynthetic electron transport measure-
ments

Photosynthetic electron transport was measured
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using a Clark type O, electrode (Hansatech, Norford,
UK). Light source was a projector tungsten lamp
(300 W). After various photoinhibition and recovery
treatment, 1 mL of algal sample was taken. For the
measurement of whole cell photosynthetic O, excha-
nge, 50 mM NaHCQ, was added to the solution
to avoid CQO. deficiency. For the measurement of
electron transport, cells were first mixed with sucrose
stock solution to make a final concentration of 5%
sucrose, and frozen in liquid nitrogen, then freeze-
dried for 28 h at —86C (Gerhardt and Trebst, 1965).
Frecze-dried cells were resuspended in reaction mi-
xture containing 40 mM phosphate buffer (pH 7.6),
0.1 M MgCl,, 5 mM NH,(C], 1 mM Nad(l, 0.6 mM
NalN;, and 5% sucrose to have a Chl content of 10
pg/mL. The PSI electron transport measurement was
done by adding 001 mM 3-(34~-dichlorophenyl)-1,
1-dimethylurea (DCMU), 0.3 mM 2,6-dichlorophe-
nolindophenol (DCPIP), 32 mM sodium ascorbate,
and 0.12 mM methyl viologen (MV) and the PSII
electron transport measurement was done by adding
025 mM p-phenylenediamine (p-PD) and 0.5 mM
ferrycyanide (FeCy). For the whole chain electron
transport measurement, 0.12 mM MV was added
(Tyystjarvi er al., 1989).

Chemical inhibitors

When used, rifampicin and chloramphenicol
(CAP) were added to a final concentration of 250
pg/mL and 60 uM, respectively. The protein kinase
inhibitor 5'-p-fluorosulfonyl-benzoyladenosine
(FSBA) and protease inhibitor phenylmethyl-sulfo-
nyl fluoride (PMSF) were each added to make a
final concentration of 0.5 mM, and protein phos-
phatase inhibitor NaF, 10 mM. For the photoinhibi-
tory treatment, the inhibitors were added 20 min be-
fore cells were illuminated, and for the recovery
treatment, the inhibitors were added at the same
time when the lamp was turned off.

RESULTS AND DISCUSSION

Effect of blue-green light on pigment contents

To check if white light (WH) and blue-green light
(BG) grown cells were spectrally adapted, the absor-
bance spectra of the cells were examined. The ratio
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Fig. 1. Absorption specira of 4. nidulans cells grown under
white light (WH) and blue-green light (BG). The spectra
were arbitrarily normalized at the Chl absorbance maxi-
mum at 678 nm ({).

Table 1. Changes of photosynthetic pigment contents in
A. nidulans cells grown under white light (WH) and blue-
green light (BG). All values represent the average of at
least 6 measurcmentst SD

WH BG
PC/Chl 1722024 9371036
APC/Chl 230£0.57 9.24% 0.66
PC/APC 0.78+0.18 1.02+0.04
PC+APC/Chl 402+ 0.68 1861+ 099

PC, phycocyanin; APC, allophycocyanin.

of Ags to Ags was 1.03 for WH grown cells and 1.36
for BG grown cells, showing a 32% increase in the
ratio for BG grown cells (Fig. 1). Because the higher
Aes/Ags in cells grown under BG reflects higher ph-
yeobilin (phycocyanin) to Chl content (Sanders er
al, 1989), we determined the contents of PC and
APC relative to Chl content. The results were shown
in Table 1 where the PC. APC, and PC+APC to
Chl ratio was 545, 402, and 4.63 times higher, respe-
ctively, in BG grown cells, confirming an increase
in the phycocyanin pigment content in BG cells.

It was reported that variation in pigment composi-
tion can be induced by light quality in algac (Falko-
wski and LaRoche, 1991). Thus the relative increase
in the phycocyanin pigment contents in BG grown
cells is thought to be the result of pigment adjust-
ment of the cells to BG conditions. The chromatic
effect can be related to the fact that the two pigments
involved are preferentially linked with two different



4 Jeong Won Nam er al.

J. Plant Biol., Vol. 38, No. 1

02 exchangs {% of control)

120

1004

80

60

a0l

0 I | ! ] ] | | k

c

0 5 10 15 20 25 30 35 40 45

d

g

E 1009

o -

‘s g0l

2 L

= 60

@ |

g i 40_—

g 20 20

6 o l | | | | J L l 0_ Ll ! | 1 | (

0 5 1015 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Time (min}

Fig. 2. Photosynthetic O, exchange rates (% of control) as a function
time (¢, d). Cells were grown under white light (a, c) and blue-green

photoreactions. The bulk of Chl a collects quanta
mainly for PSI, and phycocyanin is the principal
absorber for PSII (Jones and Myers, 1965; Wang
et al, 1977). Since Chl a mainly absorbs BG, BG
grown cells needed more absorber for PSII, and co-
nsequently the BG grown cells had a higher phyco-
bilin to Chl content. The chromatic changes in pho-
tosystem composition may bring a favorable energy
distribution between two photosystems to the light
condition. The chromatic adaptation was interpreted
as a regulation of photosystem composition for a
balanced electron flow under a given light condition
(Fujita er al, 1985).

Effect of chromatic adaptation on photoinhibi-
tion and recovery

The PFR of 1.2 mmol-m~*s™' was given for 45
min to 4. nidulans cells to study difference in the
photoinhibitory effects between WH and BG grown
cells. About 50% reduction of photosynthetic activity

Time {min)

of photoinhibitory (a, b) and recovery treatment
light (b, d).

was obtained in WH and BG grown cells after 15
min and 10 min treatment, respectively (Fig. 2).
When cells were transferred to a PFR of 2 pmol-
m~*-s~!, after a photoinhibitory treatment for 15
min in WH grown cells and 10 min in BG grown
cells, their photosynthetic activity was recovered fully
within 30 min in WH cells and 20 min in BG cells
(Fig. 2). Though the photoinhibition in photosynthe-
tic activity occurred more rapidly in BG grown cells,
it seems that the recovery process is not significantly
different between the two cells. In order to check
the effect of light on the recovery process, cells were
incubated for 30 min in the dark. In the dark, cells
gained much less recovery, showing an increase
from 49.9% to 53.0% in WH grown cells and 53.3%
to 63.1% in BG grown cells after 30 min incubation
(Fig. 3). It has been reported by Aro e al. (1993)
that even though light is the underlying cause for
the inactivation of electron transport and irreversible
protein damage, light is also required to regain the
photosynthetic activity. Our results also suggest that
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Fig. 3. Comparison of recovery in O, exchange rates in
the dim light vs in the dark. Cells were grown under white
light (a) and blue-green light (b). O, Light condition; @,
dark condition.

5

a weak PFR (2 umol-m™-s7") is required for the
photoinhibited cells to recover.

To look for the main site of inhibition in the elec-
tron transfer chain, time course of change in the
electron transport capacity was studied during the
light treatments (Fig. 4). Electron transport activity
of the whole chain (WC) and PSII was decreased
to 24.5% and 284% of the control rate, respectively,
but little change occurred in PSI activity after 15
min light exposure in WH grown cells. Continuous
light illumination of up to 45 min induced more
severe inhibition of O- exchange rate in WC and
PSIL, but the effect was Icss with PSIL. When cells
were incubated for 30 min under the recovering con-
dition, the electron transport activity was increased

Fig. 4. PSII, PSI and whole chain electron transport (WC)
activities of 4. nidulans after photoinhibitory light treatment
at a PFR of 1.2 mmol-m™2-s7". All values are expressed
as percentage of control. Cells were grown under white
light (a) and blue-grcen light (b). (a) L0, control; L15, 15
min-light treatment; L45, 45 min-light treatment; L15+R
30, 15 min-light treatment followed by 30 min-recovery
treatment. (b) L10, 10 min-light treatment; L10-+R30, 10
min-light treatment followed by 30 min-rccovery treat-
ment

to 94.7%, 103.3%, 85.1% of control in WC, PSI, and
PSII, respectively (Fig. 4a). Similar results were ob-
tained with BG grown cells except that they did not
recover as much after recovery treatment (Fig. 4b).
At the time of half inhibition for O evolution (15
min for WH cells and 10 min for BG cells), the
electron transport capacity was similarly inhibited
both in the WH and BG cells, but PSII was affected
most. Although there is a recent report that the pho-
toinhibition site is PSI in leaves of Cucumis sativus
L. at low temperature (Terashima e al, 1994), it is
commonly believed that PSII is much more suscep-
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Fig. 5. Effects of rifampicin and chloramphenicol on relative O, exchange rates during photoinhibition (a, b) and recovery

(c, d). Cells were grown under
chloramphenicol treatment.

tible to photoinhibitory damage. Kyle er al. (1984)
suggested that quinone anions, which may interact
with molecular oxygen to produce an oxygen radical,
selectively damage the apoprotein of the secondary
acceptor of PSII, thus rendering it inactive and the-
reby blocking photosynthetic electron flow under co-
nditions of high photon flux densities. In addition,
Styring et al. (1990) suggested that photoinhibition
inhibits the electron transfer between pheophytin
and Qs by impairing the function of Qa. Godde
et al. (1992) indicated that photoinactivation of PSII
was induced by an inhibition of electron transfer
from Qa to Qs

Since O, exchange rate of the PSI was also de-
creased after light illumination up to 40-45 min, it
is postulated that continuous high light treatment
induces a wider range of damage. If cells were trans-
ferred to the recovering condition before severe dam-
age was induced, however, electron transport activity
was regained. These results indicate that photoinhi-

white light (a, ¢) and blue-green light (b, d). O, Control; A, rifampicin treatment; H,

bition is a reversible process.
Transcription and translation inhibitors

The photosynthetic activity decreased more ra-
pidly when cells were pretreated with transcription
inhibitor rifampicin for 20 min prior to photoinhibi-
tory light treatment (Fig. 5). In WH grown cells, rifa-
mpicin treated cells showed faster decrease in the
photosynthetic activity, reaching 90% inhibition in
15 min and 100% inhibition after 45 min treatment
(Fig. 5a). In BG grown cells, the photosynthetic acti-
vity was similarly decreased as in control, reaching
50% inhibition after 10 min exposure to light, but
reached 100% inhibition in 20 min (Fig. 5b). When
rifampicin was added to an algal suspension at the
onset of recovering treatment, in both WH and BG
grown cells, O, exchange rate was only recovered
at most to 60% of the control (Fig. 5c, d).

When the translation inhibitor CAP was added
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to an algal sample prior to photoinhibitory treat-
ment, both types of cells exhibited rapid suppression
of photosynthetic activity, reaching 100% inhibition
in 15 min (Fig. 5a, b). And cells showed little reco-
very of O, exchange rate after recovery treatment
(Fig. 5c, d).

The observations that the photoinhibition was ac-
celerated in both cells and that the susceptibilities
to photoinhibition became approximately equal in
both types of cells by the addition of rifampicin and
CAP suggest that different capacities of the recovery
process determine the different susceptibilities to
photoinhibition of photosynthesis of the two types
of cells. It has been suggested that the different sus-
ceptibilities to the photoinhibition in high light and
low light grown A. nidulans cells depend on different
turnover rates of target protein in PSII (Samuelsson
et al., 1987). Damaged D] protein, generated by high
light treatment, has to be removed to enable a new
copy of the protein to be assembled into the PSII
complex to regain photosynthetic activity (Aro et al.,
1993). Therefore, the difference in susceptibilities to
photoinhibition between WH and BG grown cells
could be explained by the different turnover rates
of D1 protein, having a higher rates of protein syn-
thesis in WH grown cells. Tyystjarvi et al. (1992) have
shown that the loss of the D1 protein is severely
retarded in low-light grown pumpkin leaves compa-
red with high-light leaves, and this suggests that the
susceptibility of low-light leaves to strong illumina-
tion and their poor ability to recover from photo-
inhibition largely derived from the low capacity of
these leaves for degrading photodamaged D1. The
same extent of inhibition cells and suppression of
recovery in both types of cells by the inhibitor treat-
ment suggest that recovery of the Photosynthetic ac-
tivity requires some process of transcription and
translation.

The degradative process of D1 protein depletion
should be considered as the first phase in the repair
of photodamaged PSII reaction centers, after which
a new copy of D1 protein could be inserted (Aro
et al., 1993). The D1 polypeptide is encoded by the
psbA gene. While Mohamed and Jansson (1989) re-
ported that expression of the psh4d gene seems to
be light-regulated mainly at the level of translation,
Aro et al. (1993) suggested that regulation of cyano-
bacterial psh4 gene expression operates at the level
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of transcription. In this study, it could be postulated
that the regulation occurs both transcription and
translation processes, since the reactivation process
was suppressed by both the transcription and trans-
lation inhibitors. As shown in Fig. 3, both WII and
BG grown cells did not show any recovery after re-
covery treatment in the dark, indicating that the re-
covery process involves the light-induced psb4 gene
or the D1 polypeptide.

Protein kinase, phosphatase and protease inhi-
bitors

It was suggested that protein phosphorylation is
involved in the repair process of photodamaged PSII
reaction centers (Aro e al., 1993). To see the effect
of protein phosphorylation on photoinhibition, pro-
tein kinase inhibitor FSBA was treated and the re-
sults were shown in Fig. 6. In WH grown cells, O,
exchange of FSBA treated cells was little different
from that of control up to 15 min, and then the
cells showed delayed photoinhibitory process retain-
ing 1.7 times higher rate after 45 min (Fig. 6a). In
addition, BG grown cells showed more prominent
suppression of photoinhibition which was 2-3 times
higher O, exchange rate after 25 min exposure to
light (Fig. 6b). It -is-gupposed that FSBA partially
protected cells from photoinhibition or delayed pho-
toinhibitory process: However, FSBA. slightly affected
the recovery process (Fig. 6¢, d).

In order to check the possibility that dephosphory-
lation process is involved in the repair process, pro-
tein phosphatase inhibitor NaF was treated. While
WH grown cells showed notable accerelation of
photoinhibitory process, BG grown cells made a lit-
tle difference (Fig. 6a, b). In the recovery process,
both WH and BG grown NaF treated cells were
recovered more than CAP treated cells, but did not
make full recovery in 30 min as in control cells (Fig.
6c, d).

When cells were treated with protease inhibitor
PMSF, both WH and BG cells showed a slight pro-
motion in photoinhibitory process (Fig. 6a, b). The
recovery process was delayed slightly in both cells,
showing 30% suppression in BG grown cells (Fig.
6¢. d). This result indicates that the proteolytic pro-
cess i1s somewhat involved in the repair mechanism.
Once damaged, the D1 protein has to be removed
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Fig. 6. Effects of 5'-p-fluorosulfonyl-benzoyladenosine, NaF and phenylmethylsulfonyl fluoride on relative O, exchange
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(b, d). O, Control; A, 5'-p-fluorosulfonyl-benzoyladenosine treatment; M, NaF treatment; 4, phenylmethylsulfonyl fluoride

treatment.

to enable a new copy of the protein to be assembled
into the PSII complex in order to reestablish photo-
synthetic function (Aro et al., 1993). Salter ef al. (1992)
suggested that the damaged D1 protein is degraded
by a proteolytic process rather than a photosensi-
tized cleavage reactions. Thus the protease must be
able to discriminate between a functional D1 protein
and a damaged one (Virgin et al, 1992). It is well
established that D1 protein is indeed one of the
phosphoproteins of PSII (Ikeuch et al., 1987). Phos-
phorylation takes place at the threonyl residue at
the N-terminus of the D1 protein which is exposed
to the stromal surface of the thylakoids (Aro et al,
1993).

It could be postulated that phosphorylation allows
for coordinated degradation and biosynthesis of the
D1 protein during the repair of photodamaged PSII
centers. Phosphorylation induces conformational
change in the damaged D1 protein, and consequent-

ly, the cleavage sites are exposed. Phosphorylated
D1 protein, however, is a poor substrate for the pro-
tease and dephosphorylation is probably required
prior to the primary proteolytic cleavage. A crucial
observation was that phosphorylated D1 protein is
less susceptible to degradation than the unphospho-
rylated D1 protein during illumination of isolated
thylakoid membranes and PSII core particles (Aro
et al., 1992; Salter et al., 1992). This observation, com-
bined with the fact that in higher plants D1 protein
degradation seems to proceed via a phosphorylated
form (Kettunen er al., 1991), suggests that protein
phosphorylation is involved in D1 protein degrada-
tion.

Though it is probable that phosphorylation step
is involved in the process of the D1 protein degrada-
tion, the precise mechanism is not known. Qur re-
sults suggest that protein dephosphorylation is more
important than protein phosphorylation in recover-
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ing photosynthetic activity. In such cases, protein
degradation probably occurs via protein dephospho-
rylation.

While it could be expected that the protease inhi-
bitor PMSF promotes the photoinhibitory process,
the experimental data did not show any marked
promotion. The photoinhibitory process of the
PMSF treated cells was not significantly changed
as that of the control. Consequently, protease activity
has some effect on photoinhibitory process, but it
is not an important step.

In summary, it is postulated that the D1 protein
is phosphorylated via an activation of protein kinase
when photoinhibitory light is treated, after which
the protein is degraded and removed by proteolytic
activity. Because the photoinhibitory process is pro-
moted by the addition of protein phosphatase, the
dephosphorylation process may also be involved.
Between the phosphorylation-dephosphorylation
and proteolytic process, dephosphorylation process
was most important. After the protein degradation,
a ncw copy of the D1 protein is synthesized and
inserted into the thylakoid membrane. Cells grown
in WH and BG conditions show difference in the
susceptibility of photoinhibition, and the increased
sensitivity of BG adapted cells might be attributed
to the decline of protein synthesis rates, in both tran-
scriptional and translational level.
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