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ABSTRACT. The functions of cytochrome-550 and a 12 kDa protein in cyanobacterial oxygen evolution
were studied with directed deletion mutamtpsbv and ApshJ of Synechocystisp. PCC 6803, and the
following results were obtained. (1) In contrast to thpskhdlJ mutant which is capable of autotrophic
growth in the absence of €aor CI- at a reduced rate, th&pskv mutant lacking cytochrome-550

could not grow at all without G4 or CI~. (2) The Apsbv mutant had a significantly reduced
thermoluminescence emission intensity and flash oxygen yield, whereAp#fld mutant showed slight
decreases in thermoluminescence intensity and flash oxygen vyield, indicating corresponding decreases in
the concentrations of £evolving centers in these mutants. (3) Thesby and ApsibJ mutants exhibited
elevated peak temperature for the thermoluminescence B- and Q-bands indicative of more stalds S

(4) The rise time of the @signal during the §-[Ss]—S transition was increased slightly in tiagpsb/

mutant but not in thé\psbJ mutant. (5) The oxygen evolution was inactivated in the dark rapidly in the
Apsbv mutant with a half-time of 28 min, but this did not happen in &@shJ mutant. (6) Photoactivation

of the oxygen-evolving complex after removal of the manganese cluster by hydroxylamine showed a
higher quantum yield in thApsbv mutant than in theApsbiJ mutant or wild type. Taken together, these
results indicated that cytochroneeb50 plays a substantial role in maintaining the stability and function

of the manganese cluster in algal photosystem Il, whereas the 12 kDa protein plays primarily a regulatory
role in maintaining normal S-state transitions. These functional features of cytochtbteand the 12

kDa protein were compared with those of the 23 and 17 kDa proteins in higher plant photosystem Il and
of the 33 kDa protein in both algal and plant photosystem II.

Photosynthetic oxygen evolution in cyanobacterial, algal, The PSIlI complex consists of more than 10 membrane-
and green plant cells is catalyzed by a tetranuclear Mn-clusterspanning polypeptides including the reaction center subunits
ligated to one or several polypeptides of the photosystem Il D1 and D2, the chl-binding antenna subunits CP43 and CP47,
(PSII}t complex. In order to evolve one molecule of oxygen, and several low molecular weight polypeptid8k (Due to
two molecules of HO must be decomposed with the the lack of high-quality crystals, the structure of the PSII
concomitant extraction of four electrons and four protons. complex has not been elucidated. Likewise, the subunits
This occurs by sequential one-electron extraction reactionsresponsible for binding of the Mn-cluster have not been
driven by photochemical charge separation within the PSIl unambiguously identified, although the reaction center
reaction center. Successive turnovers of the reaction centepolypeptides D1 and D2 are considered to be the most
lead to the sequential formation of progressively more probable candidates, and indeed several residues of D2 and
oxidized states of the oxygen-evolving complex, designated in particular of D1 have been suggested as possible ligands
S—Si. Among these, the ;Sstate is unstable and has not to Mn from site-directed mutagenesis studi¢s4, 5). In
been experimentally detected, whereas thestdte is the  addition to the membrane-spanning proteins, three extrinsic
stable, predominant state of the PSIlI complex after dark- proteins are associated with PSIl and are required for
adaptation (for reviews, see rif 2). optimum activity of the oxygen-evolving complex (sg¢éor
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the four Mn atoms under low Clconcentrations9), and oxidation complex. The most significant features found for
an increased accessibility to exogenous reductants of the Mnthe cytc-550-deletion mutant are its lack of growth in the
cluster (3). Most of these effects have also been observed absence of added €aor CI~ in the growth medium, and
in cyanobacterial mutants lacking the 33 kDa extrinsic protein its rapid deactivation of oxygen evolution in the dark which
(14—17), suggesting a similar function of the 33 kDa protein can be photoactivated upon light illumination with a very
between cyanobacterial and higher plant PSII. In addition, high efficiency.

the cyanobacterial mutant cells lacking the 33 kDa protein

have been found to lose their oxygen evolution very rapidly MATERIALS AND METHODS

in the dark (8, 19), a consequence probably resulting from i _
an increased accessibility of the Mn-cluster in the absence, SYnechocystisp. PCC 6803 wild-type cells were grown

of the 33 kDa protein to endogenous reductants accumulateoanG_ll1 medium at 30C at a light intensity of 3@Einsteins
in the cells incubated in the dark. m~2s-1. For mutant cells, 5 mM glucose was supplemented

In addition to the 33 kDa protein, two other extrinsic to the BG11 medium. Thapsi andApstv mutant strains

proteins are associated with PSIl and play some reguIatoryla(:k'ngt_coiJllng regions ftor ti\ed12 ED?] protfln_ an(;j c—;ﬁgo, ibed
roles in oxygen evolution. In green algal and higher plant respectively, were constructed and characterized as aescribe

PSII, these two proteins are the 23 and 17 kDa proteins previously @3, 24). To determine the growth rate of wild-

encoded bypskP andpskQ nuclear genes, respectively, ( type and mutant strgins in the absen'ce of'Gar CI, 0.24

6, 20), whereas in PSII from cyanobacteri?l{-24), red alga mM CacCt in the original BG11 medium was replaced_by
(25), and probably diatom26, 27), they are cyt-550 and either 0.48 r_nM NaCl or 0.24 mM Ca_(N;Q. Synechocystis

a 12 kDa protein encoded psb/ and pstU genes. Cyt cells grown in the normal BG11 medium were harvested and

; . hed twice with distilled water, and then transferred to
¢-550 and the 12 kDa protein are apparently different from was . : "
the 23 and 17 kDa proteins in terms of their primary the medium lacking added €aor CI~. Growth curves of

sequences, but they seem to share some common bindin ild-type and mutant strains were recorded by measuring

and functional features. For example, removal of any of he light scattering of cells at 730 nm.

these proteins causes a decrease in oxygen evolution under For measurements of thermoluminescence and flash
physiological conditions, and the binding of both the 12 and 0xygen yield,Synechocystiwild-type and mutant cells were

17 kDa proteins requires the presence of other extrinsic harvested, washed once with HN buffer (10 mM Hepes, 20
proteins (20, 28). There do exist, however, differences in MM NaCl, pH 7.0) by centrifugation at 10§@or 5 min at

the binding and functional features of these two sets of 00m temperature, and then resuspended in the same buffer
proteins; the most distinct differences are that removal of at a chl concentration of 0.5 mg/mL. Before measurements,
the 23 kDa protein from plant PSII creates a dramatic the harvested cells were kept shaking with a rotary shaker
increase in the requirement for €aand removal of the 17~ at room temperature under weak room light. For thermolu-
kDa protein increases the requirement for ©F oxygen minescence measurements, cells were diluted tO/lmﬁf
evolution @, 6, 20), whereas removal of cyt-550 and the chl/mL, dark-adapted at room temperature in the absence or
12 kDa protein from isolated cyanobacterial PSIl only Presence of 2aM DCMU, and then illuminated with single-
Siightiy increases the requirement for 2@&28)' and that turnover flashes at €C for Samples without DCMU or with

cyt ¢-550 alone can bind and function independent of the continuous light for 30 s at5 °C for samples supplemented
33 kDa protein 28’ 29) In Contrast, the 23 kDa protein with DCMU. Unless otherwise indicated, the time for dark
cannot bind to PSII in the absence of the 33 kDa protein adaptation prior to flash illumination was 5 min. Thermolu-
(20). The latter difference perhaps accounts for the differ- minescence glow curves were recorded as described in ref
ence observed in the phenotypes of tpm gene knock- 33, with a heating rate of 1.0C/s. Flash @ylelds were

out mutants, one being the green algalamydomonas measured with a bare platinum electrode as describel®)n (
reinhardtii (30) and the other one being the cyanobacterium Ceélls of wild-type and mutant strains containingg of chl
Synechocystisp. PCC 6803165, 16, 31, 32). TheChlamy- were deposited onto the surface of the electrode by centrifu-
domonasApskO mutant is unable to grow photoautotrophi- gation at 5009 for 5 min at 25°C in the dark followed by
cally presumably because of the lack of binding and illumination with actinic, single-turnover xenon flashes. The
functioning of the 23 kDa protein, whereas Bgnechocystis ~ 0Xygen signals generated were digitized and recorded by a
ApskO mutant is able to grow autotrophically as a result of computer, which also allowed the postmeasuring treatment
the binding and functioning of cyt550, as further deletion ~ Of the data 19).

of thepsb/ gene encoding cyt-550 from thepshO-deletion For determination of dark-deactivation, harvested cells
mutant resulted in an obligate photohetrotrophic mutaait ( were kept shaking at room temperature in complete darkness
These observations suggest a more independent and, possiblyn HN buffer in the absence or presence of 5 mM glucose at
more direct role of cytc-550 in cyanobacterial oxygen 0.5 mg of chl/mL, and then an aliquot of cells was taken for
evolution as compared with the 23 and 17 kDa proteins in thermoluminescence or flash, @ield measurements at the
green algal and higher plant PSII. In the present study, we designated times of incubation. Extraction of PSII Mn was
examined the oxygen-evolving system/XqfsidJ andApshv carried out by treating the cells with 1 mM HA (hydroxy-
mutants ofSynechocystisp. PCC 6803 lacking the 12 kDa lamine) at 0.5 mg of chl/mL for 10 min, and washed twice
protein and cytc-550, respectively, by means of flash- with HN buffer (19, 34). The HA-treated cells were
induced thermoluminescence emission and oxygen evolution.resuspended in HN buffer supplemented with80 MnCl,

The results showed that while deletion of the 12 kDa protein and 1 mM Ca(J, collected onto the surface of the electrode,
resulted in relatively small impairments of PSIlI function, and then subjected to photoactivation by illumination with
deletion of cytc-550 caused large alterations of theH various numbers of the xenon flashes as describeddn (
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Ficure 1: Growth curves ofSynechocystisp. PCC 6803 wild-
type and mutant strains in BG11 depleted of eithet*Qapen
symbols) or Ct (closed symbols) at 38C. The cell densities were
determined by measuring light scattering at 730 r).Wild type;
(2) Apstv mutant.

RESULTS

Growth in the Absence of €aor Cl~. Figure 1 shows
the growth curves oBynechocystisp. PCC 6803 wild-type
and Apshv mutant cells lacking cyt-550 in BG11 in the
absence of G4 or CI~. TheApshbv mutant virtually could
not grow in the absence of either addedCar CI~. This
is similar to theApshO mutant which also cannot grow in
the absence of Caor CI~ (data not shown; see réb, 18).

In contrast, the wild-type cells were able to grow in the

absence of either added Tar CI™ at a rate slightly lower
than that in normal BG11 (see al46, 24), and theApsiJ

mutant lacking the 12 kDa protein grew more slowly in the

absence of G4 or CI~ than that of the wild-type strair24).
These results suggest that cy$50 functions in maintaining
the affinity of PSII for C&" and CI, whereas the 12 kDa
protein functions in modulating the affinity of PSII for &a
and CI but is not absolutely required for their functioning
in cyanobacterial oxygen evolution.

Characterization of the S-State TransitiorS-state transi-
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FIGURe 2: Thermoluminescence glow curves of wild-type and
mutant cells of Synechocystisp. PCC 6803 in BG11. Cells
suspended in BG11 at 10@ of chl/mL were dark-adapted for 5

min at room temperature, illuminated at°G for one (traces a),

two (traces b), or three (traces c) saturating flashes, and immediately
transferred to liquid nitrogen for the thermoluminescence measure-
ment. The dashed lines on traces a are the glow curves measured
in the presence of 20M DCMU and after continuous illumination

for 30 s at—>5 °C. (A) Wild type; (B) ApsbvV mutant.

major effect of cytc-550 deletion, therefore, is the decrease
of the B-band intensity.

In addition to the peak temperature, a relative increase in
the intensity of the Q-band, but not the B-band, was observed
in both theApsbv (Figure 2) andApskiJ mutants 24). This

tions in wild-type and mutant cells were characterized by may be due to that the same Bodification in the two
PSII thermoluminescence measured in either the absence omutants caused a larger effect on the thermoluminescence
the presence of DCMU. As Figure 2 shows, the intensities intensity of the $Qa~ recombination than that of the@s~
of the thermoluminescence emission, following either one, recombination, as the former charge pair had a higher
two, or three flashes in the absence of DCMU, were potential difference than the latter or®5). In addition, the

remarkably lower in thé\pslv mutant than those from the
wild type, indicating a significantly lower activity of the
oxygen-evolving complex in thApsh/ mutant. This may

Q-band was measured following 30 s continuous illumination
whereas the B-band was measured with one flash illumina-
tion; this would also give rise to a slight increase in the

be caused by either a significantly lower efficiency of the Q-band intensity in the two mutants because of their
S-state transitions or a decreased number of reaction centeréicreased miss factors for S-state transitions (see below).
active in S-state transitions. In addition, the peak temperature Figure 3 depicts typical oscillation patterns of oxygen

of the B-band resulting from g~ charge recombination
(35) was upshifted from 2426 °C in the wild-type strain
to 30—32°C in theApshkV mutant strain. Similarly, the peak

evolution induced by a train of single-turnover flashes.
While both theApsidJ andApshv mutants were capable of
oxygen evolution with a characteristic period four oscillation,

temperature of the Q-band, resulting from charge recombina-their yields were apparently lower than that of the wild-type

tion of $SQa~ (35), was upshifted from 1618 °C in the
wild-type strain to 24-26 °C in the Apsbv mutant strain.

cells: The oxygen yield from theApshJ mutant was
typically about 66-80% whereas the yield from thepsb/

These suggest a stabilization of thg s$ate upon deletion  mutant was approximately 2660% as compared with that
of cyt c-550. Comparable upshifts of the B- and Q-bands of the wild-type cells. The activity of thé\psbv strain
(each upshifted 4C), however, have been observed in the exhibits considerable variation in response to the age of the
ApshJ mutant @4), suggesting that the stabilizing effect was culture and light conditions (unpublished observations).
mainly caused by loss of the 12 kDa protein, as this protein Analysis of the oscillation pattern8) revealed that the
cannot bind and function in the absence of cy50. The wild-type cells had miss and double hit factors of 9.1% and
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Ficure 3: Oscillation patterns of flash-induced oxygen yields of Figure 5: Time courses of dark-deactivation of oxygen evolution
Synechocystisp. PCC 6803 wild-type and mutant strains measured of Synechocystisp. PCC 6803 wild-typed), ApstJ mutant @)

by a bare platinum oxygen electrode. The cells of wild type and and Apsbv mutant (0) cells. Cells were suspended in HN buffer
mutants containing the same amount of chl( were harvested  and collected onto the surface of the bare platinum electrode by
and suspended in HN buffer and pelleted onto the surface of the centrifugation, and then incubated in complete darkness. To measure
electrode by a brief centrifugation for 5 min in the dark, followed the Q-evolving activity, a train of 20 flashes at 4 Hz was given at

by illumination with a train of 20 flashes given at 4 HD)(Wild the designated time points, and the averages,cighal intensities
type; (a) ApshJ mutant; () Apsbv mutant. from flashes number 14 to 17 of each measurement were taken as
relative activities, with the activity after 5 min centrifugation but
10 1 v 2 before incubation in the dark as a control.

8L 116 that deletion of the 12 kDa protein did not give any effect
i on oxygen release kinetics during the-$S4] —S; transition.
The peak of the oxygen signal for th&psk/ mutant
reproducibly increased slightly to +45 ms, whereas its
decay kinetics were very similar to those of the wild-type
or ApshJ mutant strains. This suggests that deletion of cyt
¢-550 slightly retarded the;S[Ss] —S transition. The effect
caused by cyt-550 deletion, however, was much smaller
than that caused by the 33 kDa protein deletibd) (with
respect to the $5-[S;]—S transition.

25 % T 50 Dark-Deactivation. Upon dark-incubation, the\psibv/

Time (ms) mutant cells were found to lose thermoluminescence emission

Ficure 4: Time-resolved @release signals from the bare platinum rapidly (data not shown). This suggests a rapid dark-

oxygen electrode from the;State. Cells oBSynechocystisp. PCC deactivation of the oxygen-evolving system in the absence
6803 were collected onto the surface of the electrode as in Figureof cyt c-550. This was proved by measuring flash-induced

3, and then subjected to illumination with a train of 20 flashes at oxygen evolution incubated in the dark on the bare platinum

4 Hz. The Q signal produced by the third flash illumination was oxygen electrode (Figure 5). The wild-type cells showed a

amplified and displayed—) Wild type; (— -) ApsbiJ mutant; (---) . A .
ApstV mutant. The left sidg-axis represents the signal intensity S9Nt decrease of 2530% in its activity afte 2 h dark-

for the wild-type andApsbU mutant cells, and the right sigeaxis ~  incubation on the surface of the electrode, and AfpstJ
represents the signal intensity for th@sbv/ mutant cells. mutant cells showed a decrease of-30% in its activity
30%, respective|y, whereas th@sw andApsb‘/ mutants fO”OWing the same period of dark-incubation. This indicates
showed miss and double hit factors of 15.9%, 2.5% and that deletion of the 12 kDa protein had a very small effect
15.3%, 3.6%, respectively. Thus, both mutants produce On the dark-stability of the oxygen-evolving complex.
significant increases in the miss factor, which is apparent in Moreover, addition of 5 mM glucose during the dark-
the faster damping of the oscillation pattern shown in Figure incubation did not give rise to any significant differences in
3. However, since the absence of cy850 results in a loss  the extent of dark-deactivation of both the wild-type and the
of the ability of the 12 kDa protein to bind, the observed APpsiJ strains (data not shown). In contrast, the activity of
increase in the miss probability is most probably caused by the Apsbv strain decreased by 90% aft@ h of dark-
deletion of the 12 kDa protein but not cg550. incubation (Figure 5), and this decrease became somewhat

Deletion of the 33 kDa protein retarded the oxygen release more larger in the presence of 5 mM glucose (not shown).
from the S state (4). In order to examine whether a similar  The half-decay times estimated for this mutant in the absence
effect occurred in theApsHJ or Apsb/ mutants, we or presence of glucose are 28 and 17 min, respectively. These
measured the kinetics of the oxygen release signal from theresults indicate that deletion of cg550 resulted in a much
S; state using the bare platinum electrode. As Figure 4 more unstable oxygen-evolving complex in the dark.
shows, the peak of the oxygen signal for both the wild-type  Photoactiation. Dark-inactivated oxygen evolution in the
and ApshU strains was located at 12 ms immediately =~ Apsb/ mutant cells was found to be reactivated by light
following the third flash, similar to that observed for the illumination. Figure 6 depicts the results of such photoac-
Synechocystiild-type cells previouslyX4). This indicates tivation experiments in which cells incubated in the dark for
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FiGURE 6: Flash-induced oxygen signals afeeh dark-incubation. FIGURE 7: Flash-induced oxygen signals after 24 h dark-incubation.
Cells of Synechocystisp. PCC 6803 wild type (A)ApsdU mutant Cells of Synechocystisp. PCC 6803 wild type (AYApshJ mutant

(B), andApsb/ mutant (C) were incubated in the dark with shaking (B), andApsb/ mutant (C) were incubated as in Figure 6 for 24
on a rotary shaker in HN buffer at room temperature@c and h in the dark and pelleted onto the surface of the bare platinum
pelleted onto the surface of the bare platinum electrode by €lectrode, followed by measurement of oxygen signals with 20

centrifugation in the dark, and then oxygen signals were measuredflashes given at 4 Hz. Lower traces, measured immediately after
by illumination with a train of 180 flashes given at 3 Hz. 24 h dark-incubation; upper traces, measured after illumination with

) ) . ) 500 preflashes given at 4 Hz.
6 h were illuminated with a sequence of 180 flashes given

at 3 Hz. The wild-type cells showed significant oxygen previous section, but also suggested an apparent photoacti-
signals already in the first several flashes, and their intensitiesvation of oxygen evolution upon flash illumination.
increased only slightly upon further flash illumination. A The photoactivation in thApshv mutant was more clearly
similar situation was observed with thépsdJ mutant, seen in Figure 7, in which the activities of cells incubated
indicating that even afte5 h incubation in the dark, only a  in the dark for 24 h were measured with a train of 20 flashes
small loss of oxygen evolution occurred with the wild-type given at 4 Hz without any preflash illumination (lower traces
and ApshJ mutant cells, which was restored upon flash in Figure 7) or with 500 preflash illumination (upper traces).
illumination. In contrast, the oxygen signals from thesbv Here again, the wild-type antipsidJ mutant cells retained
mutant were extremely low during the first several flashes, their activities significantly after 24 h dark incubation, and
which increased gradually with the increase in the flash only a small increase in the activities was seen upon 500
number. This not only demonstrated the severe dark- preflash illumination. In contrast, thiepsb/ mutant showed
inactivation in this mutant as has been described in the no oxygen release at all after 24 h dark-incubation when no
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1.2 : ; ; ‘ . complex in vivo @3). The present study now reveals the
following important defects in the cyanobacterial oxygen-
. evolving system upon deletion of cgt550: (a) a complete
loss of photoautotrophic growth in the absence of'Gar
. Cl7; (b) a rapid dark-deactivation of oxygen evolution; (c)
a slight retardation in @release from thestate; (d) a slight
1 upshift in the peak temperature of the thermoluminescence
B- and Q-bands concomitant with an increase in the Q-band
] intensity. While effect (d) was also observed in thestJ
mutant @4) and thus should be attributed to the loss of
binding of the 12 kDa protein in the absence of cy50
(28), the former three effects appeared only in thagsb/
8 7000 2000 3000 _ 4000 5000 _ 6000 mutant and thus are caused by the loss ofce§50.

Flash Number The loss of autotrophic growth in the absence of'Qar
Ficure 8: Flash number dependencies of photoactivation of Cl~ suggests that thé\psbv mutant has a dramatically

Synechocystisp. PCC 6803 wild-type and mutant cells. Cells which  decreased affinity for Ga and Ci. Thus, one of the

had been inactivated either by HA-treatment or by dark-incubation important functions of cyt-550 is to maintain the affinity
were pelleted onto the surface of the bare platinum electrode,f 2 and CI of algal ired f |
subjected to illumination with different numbers of flashes given [Of C&" and CI" of algal PSII required for normal oxygen

at 4 Hz, and the oxygen signals were measured by a train of 20 evolution. This somewhat contradicts our previous in vitro
flashes at 4 Hz. The signal intensities from flashes number 14 to observations that the absence of ¢y%50 did not inhibit

17 were averaged and plotted as the relative extent of photoacti-the oxygen evolution completely even in the absence &f Ca
vation, with the maximum photoactivation of 100% determined with i I :

5700 preflash illumination for the wild-type artipsbiJ mutant (28). The activity observed in |sollated PSlI lacking cyt
strains, and 1700 preflash illumination for thesb/ mutant cells ¢-550, however, was very low even in the presence of a high

treated with HA, or 470 preflash illumination for tAgsk/ mutant concentration of Cl but without C&" (13.5% of control PSiII
cells without HA-treatment but afit& h dark-incubation.@) HA- supplemented with Cag)l (28), which may not be high
gg:ﬁgg nggbt}/ prﬁuﬁgg?}m() ?Q-;;elf/tegﬁgsn?cn(;hjsta\r;\}i:tifg )LitHlﬁ‘A enough to support the photoautotrophic growth of intact cells.
; (x - ;
treatment but afte6 h dark-incubation. Thl_s resembles the case observed for f@sbO mutant
which also cannot grow in the absence offCél5), but
isolated PSII depleted of the 33 kDa protein still retained

0.8

06 [

Relative Activity

0.4 ¢

0.2

0

preflash illumination was provided. After 500 preflash - e O
illumination, the oxygen signals appeared, although their SOMe oxygen-evolving activity in the absence of Chut
intensities were not very large due to the inherent low activity With @ suitable high concentration of C{9—12).

of the mutant cells and also probably due to an irreversible Another important functional consequence of cy850
inactivation resulted from the prolonged dark-incubation deletion is the significantly increased instability of the
(note the difference in the scales phxis between panels oxygen-evolving complex, as suggested from the rapid dark-
A, B, and C). This is consistent with the results described déactivation of oxygen evolution in thepsb/ mutant. Two
in the previous section, and thus clearly indicates photoac-P0ssibilities may be considered as responsible for this

tivation of the oxygen-evolving system in tiesb/ mutant increased dark-instability. First, the binding of the Mn-
cells by preflash illumination. cluster may be weakened upon depletion of @50 to be

prone to disassemble during the dark-incubation. Second,
binding of cytc-550 may shield the Mn-cluster from access
to bulk solution, and loss of the cyt results in an increased
accessibility of the Mn-cluster to chemicals such as reduc-
tants which may accumulate in the cells incubated in the
dark. Part or all of the four Mn atoms may then dissociate
from their binding sites upon attack by the bulk reductants.
Currently, we favor the second possibility based on the
following two observations: First, the extent of dark-
deactivation of oxygen evolution in thApsb/ mutant
became even larger in the presence of glucose during
incubation, which is a rich source of endogenous reductants
by serving as a respiratory substrate. Second, the photoac-
tivation efficiency was much higher in thépshvy mutant
than that in the wild type oApstJ mutant. The best
explanation for this is that cyd-550 binds to a site close to
the Mn-cluster; loss of this cyt permits the Mn to go in and
out of its site more easily, which may thus result in the rapid
DISCUSSION dark-inactivation and high efficiency of photoactivation in
the mutant cells. A similar, rapid dark-inactivation of oxygen
Functional Implications of Cyt c-550 and the 12 kDa evolution has been observed in theshO mutant (8, 19)
Protein. Our previous studies have revealed a significant and several mutants of CP47 that carry short deletions in its
loss (ca. 60%) of oxygen evolution upon deletion of 50 large extrinsic E-loop exposed to the lumenal sig8ig 38).
which can partly be attributed to a destabilization of the PSIlI Moreover, theApsbO mutant (9) and one of the CP47

In order to examine the photoactivation efficiency, the
wild-type and mutant cells were treated with HA to extract
PSII Mn, and then photoactivated by different numbers of
preflashes given at 4 Hz in the presence of Mretid CaCl.

The results obtained (Figure 8) demonstrate that, while the
wild-type andApshJ mutant cells showed a similar preflash
number dependence for their photoactivation which increased
gradually with the increase of preflash numbers even above
5700 preflashes, th&psby mutant exhibited a significantly
different preflash number dependence, with a much lower
flash number of 1700 for saturation. This suggests a
significantly higher efficiency of photoactivation in the
Apsh/ mutant than in the wild type or thApsbdJ mutant.

An even higher efficiency of photoactivation was seen for
the Apsbv mutant afte 6 h dark-inactivation but without
HA treatment; in this case, the photoactivation reached its
saturation level with only 470 preflashes.



Functions of Cytochrome-550 and 12 kDa Protein

mutants [A(A373—D380)] (38) also showed a higher
photoactivation efficiency as we observed for thpshbv
mutant in the present study.

In contrast to cyt-550, the damages caused by deletion
of the 12 kDa protein were rather small. These include a
moderate decrease of growth in the absence éf 6aCl~
(24), an increase in the miss factor for S-state transition, an
upshift of the peak temperature of thermoluminescence for
B- and Q-bands24), and an increase in the Q-band intensity
(24). These suggest a role for the 12 kDa protein in
maintaining the maximum affinity of PSII for Gaand CI,
and a possible modification in the State upon loss of the
12 kDa protein. This may be responsible for the observed
increase in the miss factor for S-state transitions.

Comparison between the Functions of Cyt ¢c-550 and the
12 kDa Protein with Those of the 23 and 17 kDa Proteins.
Cyt ¢-550 in cyanobacterial and some eukaryotic alga
resembles the 23 kDa protein in green algal and higher plant
PSIlI in terms of their roles in maintaining the affinity for
C&" of PSII (20 and this study), and their requirements for
binding of the third extrinsic protein, the 12 kDa protein in
cyanobacteriag8) and the 17 kDa protein in higher plants
(20). The present study, however, revealed several roles of
cyt ¢-550 that are not found for the 23 kDa protein; e.g., cyt
¢-550 maintains the PSII affinity for Cland is required for
the normal Q release kinetics from the;&tate, its loss
causes a rapid deactivation of cells kept in the dark, and the
deactivated Mn-cluster can be photoactivated with a much
higher efficiency in the absence of ay650. As discussed

above, the latter two effects suggest a close association of

the cyt with the Mn-cluster. These suggest that @@50
has a more important and direct role in oxygen evolution in
cyanobacterial PSII than the 23 kDa protein in higher plant
PSII.

As to the 12 kDa protein in cyanobacteria and the 17 kDa
protein in higher plants, some minor differences can be
pointed out between the functions of the two proteins. Loss
of the 12 kDa protein resulted in a slight modification of
the S state and a slight decrease in the affinity of PSII for
both C&" and CI (24), whereas no such modification of
the S state and only a decrease in the PSII affinity for Cl
occurred upon removal of the 17 kDa prote2@). Despite

these differences, the two proteins share some apparent

similarities in that both of them cannot bind to PSII in the
absence of the other two extrinsic proteins, and that loss of
them caused relatively smaller decreases in oxygen evolution
than those of the other extrinsic proteins.

Comparison between the Functions of Cyt ¢c-550 and the
33 kDa Protein. The functional consequences caused by cyt
¢-550 deletion revealed in the present study showed some
striking similarities with those caused by deletion of the 33
kDa protein. Thatis, both th&psbV (this study) and\pskO
(15 mutants cannot grow in the absence ofCar CI,
both mutants showed a rapid dark-deactivation of oxygen
evolution with a similar time coursd.g, 19, and this study),
and photoactivation of the Mn-cluster had a higher efficiency
in the absence of either cgt550 (this study) or the 33 kDa
protein (L9, 39). These suggest that both @650 and the
33 kDa protein function in maintaining the high affinity of
PSllto C&" and CI, and are located close to the Mn-cluster
to protect the Mn-cluster from attack by bulk reductants. In
addition, a retardation of Orelease from the Sstate
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previously observed for thApstO mutant (4) appears to

be occurring in theApsby mutant, although the extent of
decrease in the rate of,@elease caused by deletion of cyt
¢-550 is much smaller than that caused by the 33 kDa protein.
The functioning of cytc-550 in cyanobacterial oxygen
evolution, however, is not dependent on that of the 33 kDa
protein and vice versa, as both components can bind to PSlI
independently and both are required for the normal growth
of Synechocystisp. PCC 680328, 29). In addition, the
deletion of cytc-550 has been shown to cause a destabiliza-
tion of the PSIlI complex which was not observed in the
ApshO mutant. These results imply that the intriguing, low-
potential cytc-550 plays important roles in cyanobacterial
oxygen evolution that are compatible with but independent
of those of the well-characterized extrinsic 33 kDa protein.
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