Biochemistry2007,46, 76077613 7607

Functional Analysis of Photosystem Il in a PsbO-1-Deficient Mutanirabidopsis
thaliana

Haijun Liu, Laurie K. Frankel, and Terry M. Bricker*

Department of Biological Sciences, dEion of Biochemistry and Molecular Biology, Louisiana State dgnsity,
Baton Rouge, Louisiana 70803

Receied January 18, 2007; Réesed Manuscript Receed April 18, 2007

ABSTRACT. The Arabidopsis thalianamutant psbol (formerly the mutant LE18-30), which contains a
point mutation in thepsbtO-1 gene leading to defective expression of the PsbO-1 protein, has recently
been described [Murakami, R. et al. (206BBS Lett. 523138—-142]. This mutant completely lacks the
PsbO-1 protein and overexpresses the PsbO-2 protein. To further study the effect of PsbO-1 deficiency
on the function of photosystem I, the polyphasic chloroplayfluorescence rise and flash fluorescence
induction and decay of the relative fluorescence quantum yield were measured in whole leaves from wild
type and thepsbolmutant. Additionally, flash oxygen yield experiments were performed on thylakoid
membranes isolated from wild type and thsbolmutant. The results obtained indicate that during
fluorescence induction thesbolgene exhibited an enhanced O to P transition. Additionally, while the J

to I transition in wild type accounted for more than 30% of the total fluorescence yield, in the mutant it
accounted for less than 2% rise in the total. Analysis of the flash-induced fluorescence rise in the presence
of DCMU indicated that in wild type the ratio of PSIto PS I reaction centers was1.2 while in the

mutant the ratio was-0.3. Fluorescence decay kinetics in the absence of DCMU indicated that electron
transfer to @ was significantly altered in the mutant. Fluorescence decay kinetics in the presence of
DCMU indicated that the charge recombination betwean @nd the $ state of the oxygen-evolving
complex was retarded. Furthermore, flash oxygen yield analysis indicated that bothahd S states
exhibited significantly longer lifetimes in thpsbolmutant than in wild type. Our data indicate that
while PsbO-1-deficient plants can grow photoautotrophically (although at a reduced growth rate) the
photochemistry of PS Il is significantly altered.

Photosystem Il (PS Ihfunctions as a light-driven, water-  proteins (PsbO-1 and PsbO-2, respectively). These have been
plastoquinone oxidoreductase. In higher plants and cyano-identified on two-dimensional gels of lumenally localized
bacteria, at least six intrinsic proteins appear to be requiredproteins 4,5 and are also resolved via one-dimensional
for O, evolution (1—3). These are CP47, CP43, the D1 SDS-PAGE (). It is unclear what advantage the plant
protein, the D2 protein, and the. and  subunits of would accrue from two copies of the PsbO component. A
cytochromebsss. Additionally, in higher plants, three extrinsic  high fluorescence mutarpsbol was recently identified in
proteins, with apparent molecular masses of 33 (PsbhO), 24which a stop codon had been introduced into pis&O-1
(PsbP), and 16 kDa (PsbQ), are also required for maximal gene by EMS mutagenesis at amino acid residue 74 of the
rates of Q evolution at physiological inorganic cofactor mature PsbO proteirf4GIn — Stop), which led to the loss
concentrations. Of these three proteins, the PsbO proteinof this component®). The mutant exhibited a lowdt,/Fy,
appears to play a central role in the stabilization of the |ower rates of steady state, @volution, and retarded growth.
manganese cluster and is essential for efficient and stableit was demonstrated that PsbO-1 is the major isoform in wild
O evolution. type under normal growth conditions and that in fbol

In Arabidopsis thalianatwo genes which encode PsbO  mytant the PsbO-2 protein is upregulated in a compensatory
(pskO-1, At5g66570, angshO-2, At3g50820) are expressed  manner. Interestingly, the increased expression level of the
under normal growth conditions, yielding two different PsbO pgsh0-2 in the mutant appeared to be less than the total

T This work was supported by grants from the National Science amount of PsbO-1 and PsbO-2 in wild type, at least in young
Foundation and the Department of Energy to T.M.B. and L.K.F. leaf tissue. The mechanism which leads to the increased level

~*To whom correspondence should be addressed: Department ofof expression of the PsbO-2 protein in thgbolmutant is
Biological Sciences, Biochemistry and Molecular Biology Section, ynclear at this time. While these authors concluded that in
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1 Abbreviations: BSA, bovine serum albumin; DCMU, 3-(3,4- is smaller than in wild type, analysis of the data presented
dichlorophenyl)-1,1-dimethylurea; EDTA, ethylenediaminetetraacetic in Figure 2B of ref7 indicates that no statistically significant

acid; EMS, ethane methyl sulfonate; MS media, Murashige and Skoog 4 ; N i i
media; PS Il, photosystem II; SDBFAGE, sodium dodecy! sulfate difference exists. Domain- swapping analysis followed by

polyacrylamide gel electrophoresis; Tricink:tris(hydroxymethyl)- in vitro reconstitution experiments were interpreted as
methylglycine. indicating that three amino acid differences between the
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PsbO-1 and PsbO-2 componert@\( — 1865 204/ — 204 Flash Oxygen Yield Experiment$hese studies were
and 2% — 249) could explain the functional differences performed on thylakoid membranes isolated from wild type
between the two PsbO proteind.(These authors concluded andpsbolplants. Thylakoids were isolated by grinding two
that both the lower expression level of the PsbO-2 protein to five leaves in a glass homogenizer with 1.0 mL of a buffer
and inherent functional defects of this component are containing 0.45 M sorbitol, 10 mM EDTA, 0.1% BSA, 1%
responsible for the phenotype observed in the myiahol polyvinylpyrrolidone, and 20 mM Tricine-NaOH (pH 8.4).
Although data from these studies demonstrated that lower The homogenate was filtered through one layer of Miracloth,
O, evolution activity occurs upon the binding of PsbO-2 in and the thylakoids pelleted by centrifugation at@ and
vivo (6) and in vitro (7), the mechanistic details of the 16000 x g in a microcentrifuge. Flash oxygen yield
mutants’ photochemistry are unclear. In this study, we have measurements were performed on a bare platinum electrode
used fluorescence induction and decay experiments and flast{Artesian Scientific Co., Urbana, IL). Flashes were supplied
oxygen yield analysis to characterize the effects of the loss by an integrated, computer-controlled xenon flash lamp (20
of the PsbO-1 protein on PS Il function in thebolmutant. us). For the measurements of S-state distributions and S-state
Our findings indicate that significant alterations in PS |l parameters, thylakoids were pelleted and applied to the
photochemistry result from the loss of the PsbO-1 protein. electrode as a thin paste. The thylakoids were then incubated
for 5 min in the dark; the electrode was polarized at 0.73 V
MATERIALS AND METHODS for 10 s, and a series of saturating flashes was applied. Data
Plant Materials.Surface-sterilized seeds of wild tyge points were collected at 506 intervals during the duration
thaliana(var. Landsberg erecfeand the mutanpsbolwere of the flash train. The data were analyzed using a four-state,
germinated on solid MS mediung)(containing 0.7% (w/v) homogeneous model]). Five- and six-state models which
agar after cold treatment for 24 h at°€. The seedlings incorporated either an-$ state or S; and S, states,
were transferred to soil 10 days later and grown a#225 respectively, uniformly failed to fit the data acquired from
°C under 56-80 umol photons m? s~* of white light. Only either wild type or mutant thylakoids.
fully expanded rosette leaves of-8 week-old plants were
used. The leaves were dark-adapted for at least 5 min priorRESULTS AND DISCUSSION
to measurements. Fluorescence Inductiorzigure 1 shows the chlorophyll
Fluorescence ExperimentBluorescence induction was afluorescence rise observed in tAethaliana(Landsbery
monitored with a Photon Systems Instruments (PSI) FL3000 wild type and in thepsbolmutant leaves. The normalized
dual modulation kinetic fluorometer (commercial version of fluorescence yield is shown. Using a logarithmic timing
the instrument described in re&f). Both measuring and  series, a polyphasic fluorescence rise exhibiting the O-J-1-P
saturating flashes are provided by computer-controlled pho-transients was observed for wild type sam@é, (13). An
todiode arrays. The flash profile exhibited a square shapeinspection of the curves shown in Figure 1A reveals several
for low power measuring flashes and only deviated 5% from interesting features. First, the-@ transition occurs with a
an ideal square shape for saturating actinic flashes. For allhigher fluorescence yield in thgsbolmutant than in wild
of the fluorescence experiments, single leaves from wild type type. The initial G-J transition constitutes the photochemical
andpsbolwere excised and dark-incubated for 5 min before phase of the chlorophylé fluorescence rise. This result
initiation of the experiments. In the standard fluorescence indicates that electron transfer fromyQto Qs is slowed in
induction experiments (Kautsky experiments), data were the mutant. This would result in an increased level of
collected in a logarithmic time series between 1 ms and 4 saccumulation of @~ and consequently an increased fluo-
after the onset of strong actinic light. In the flash fluorescence rescence yield. This result is similar to, but less extreme than
induction experiments, the kinetics of the rapid fluorescence the effects of treatment with DCMU on the fluorescence
rise following a single saturating flash delivered by light- induction curve {4). Second, in wild type the J and |
emitting diodes were examined for 5@ with a time transients appeared at 4 and-ED ms, respectively;
resolution of 1us in the presence of DCMU. Data were however, inpsbolthere was no clearly distinct | transient.
collected at a frequency of 10 MHz with 12 bit resolution. In wild type, the 3 transition (4-30 ms) accounted for
Proportions of PS lland PS I} centers were calculated using 30% of the total fluorescence yield. However, jisbol
proprietary PSI software9). In the fluorescence decay during this same time period, the fluorescence yield ac-
experiments, the kinetics of the transfer of an electron counted for less than 2% of the total fluorescence signal.
between Q~ and @ were examined in the absence of This result may indicate a defect in the oxygen-evolving
DCMU, while the recombination reactions oh\Qwith PS complex. A similar decrease in magnitude of thelJ
Il donor-side components were examined in the presence oftransition has been observed in treatments which damage
DCMU. For these experiments, data were collected betweenthe oxygen-evolving complex, such as mild Tris or heat
150 us and 60 s following a single saturating flash. Data treatment 15). Alternatively, the absence of the-Otransi-
were analyzed using the equations outlined inli@&fin this tion may indicate a defect in the ability to form the @z~
mathematical treatment, three exponential decay componentstate (3). It should be noted that these two explanations
and a long-lived (essentially nondecaying) residual compo- are not mutually exclusive and both could, in principle,
nent were included. In the DCMU treatment experiments, contribute to the loss of the-J transition in the mutant. In
the leaves were immersed in 4AM DCMU and 0.1% Tween both wild type angosbol the magnitude of the fluorescence
20 in water for 30 min prior to performance of the signal started to rise at 30 ms, with both strains reaching the
fluorescence experiments. Data were analyzed using OriginP level in 106-200 ms. Overall, the total fluorescence yield
version 6.1 and proprietary software provided by Photon of the thermal phase P transition) is reduced ipsbol
Systems Instruments. (32% inpsbolvs 48% in wild type), while the photochemical
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Ficure 1: Fluorescence induction of wild type apdbolplants.
Data were collected after dark incubation for 5 min. (A) Fluores-
cence induction in the absence of DCMU. (B) Fluorescence
induction in the presence of DCMU M} wild type and ®) psbol

n = 3 (error bars;+1.0 standard deviation); in some instances, the
error bars are smaller than the symbols.

phase (G-J transition) is increased in the mutant (68% in
psbolvs 52% in wild type). In the presence of DCMU, both
wild type and psbol reached maximal fluorescence at
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Ficure 2: Fluorescence induction following a single saturating flash
in the presence of DCMU. Data were collected after dark incubation
for 5 min. Please note the different time scales used in this figure
vs that in Figure 1B. The inset shows the amounts of R%hid

PS l; reaction centers present in the wild type (WT) ggbol
based on this flash fluorescence induction dam) wild type and

(®) psbol n = 3 (error bars#1.0 standard deviation); in some
instances, the error bars are smaller than the symbols.

(i.e., a characteristic of PS,Itenters)41). This is true under
conditions of both continuous relatively weak light illumina-
tion (slow fluorescence induction) and single saturating flash
conditions (fast fluorescence induction) as demonstrated by
Nedbal et al. 9).

This experiment allows the determination of the relative
proportions of PS |l and PS I} reaction centersdj (Figure
2, inset). In addition to the differences noted above, BS II
centers have a smaller antenna size, are enriched in chloro-
phyll a, and are depleted of the light-harvesting chlorophyll
proteins. They appear to be principally located in the stromal
thylakoid membraneslg) and at the grana marging?).
Additionally, PS i centers appear to be defective in their
ability to transfer electrons from £ to Qs (18). In wild
type, we find the ratio of PS JIto PS I to be 1.2. This
value is similar to those obtained in other studi€8+21).
In psbol however, there is a marked enrichment of PS Il
centers, with the PSJIto PS I ratio being 0.32. The high
proportion of PS I} centers which we observe may indicate
an increased rate of metabolic turnover of PS Il in the mutant,

approximately the same position as the J transient in theas conditions which increase the rate of photoinactivation

sample without DCMU (Figure 1B).
Flash Fluorescence Inductiofrigure 2 shows the flash-
induced fluorescence induction at a«& time resolution in

also lead to increases in the amount of PScinters that
are observedl).
Fluorescence Decay KineticsAdditional information

the presence of DCMU. The normalized variable fluores- concerning the electron transfer characteristics on both the
cence yield is shown. In this experiment, electron transfer reducing and oxidizing sides of the photosystem was obtained
between Q™ and @ is abolished by the presence of DCMU. by examining Q~ reoxidation kinetics in either the absence

The observed fluorescence rise is the result of the re- or the presence of DCMU. These results are shown in Figure

reduction by the oxygen-evolving complex of,Ywhich is
in equilibrium with the primary electron donordg" (40).

3. In the absence of DCMU (Figure 3A), the fluorescence
decay after a single saturating flash can be resolved into three

The shape of this fluorescence rise contains information exponential componentd@). The fastest (and dominant)

bearing on the amount of P§ land PS I} reaction centers

exponential decay component which we observed for wild

present in the sample. Exponential fluorescence rise kineticstype is related to the transfer of an electron fropT @ Qs
indicate that the antennae of individual PS Il centers are not (220us, 46%) (see Table 1). The middle exponential decay

coupled (i.e., a characteristic of PS; Itenters), while

component (0.88 ms, 25%) is associated with transfer of an

sigmoidal fluorescence rise kinetics indicate a high degree electron from Q™ to Qg in reaction centers which have to
of interconnectivity between the antennae of PS Il centers bind plastoquinone to theg¥ite before Q~ oxidation can
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Ficure 3: Qa~ reoxidation kinetics following a single saturating
flash of wild type andgsbolplants. Data were collected after dark
incubation for 5 min. (A) Fluorescence decay in the absence of
DCMU. (B) Fluorescence decay in the presence ofiNDDCMU.

Liu et al.

Table 2: Kinetic Parameters ofsQ Reoxidation after a Single
Flash in DMCU-Treated Leaves from Wild Type and {&bol
Mutant of A. thaliana

kinetic componerit wild type

65+26P%3+1

psobl
11+1193+1

fast phase
[z (ms)/% amplitude]
middle phase
[z (ms)/% amplitude]

483+ 5/38+ 4° 398+ 133/15+ 4°

slow phase 2.38+0.3%/53+6° 3.6+ 0.5/65+ 3¢
[T (s)/% amplitude]
residual >10/6+ 2¢ >10/17+ 4°

[T (s)/% amplitude]

an = 6—8. P Error, +1.0 standard deviatiof.p < 0.01 (Student’s
t-test).

between Q= and @ (22). For thepsbolmutant, the time
constant for the fast phase increased from 220 to 491
This indicates that electron transport fromyQto Qs is
somewhat slowed in the mutant. Additionally, the time
constant for the middle exponential decay component
increased from 0.88 to 3.9 ms in the mutant. This large
increase may be related to the large proportion of RS I
reaction centers present in the mutant. R$déction centers
are localized principally in the stromal thylakoid membranes.
Since the stromal membranes are deficient in photochemi-
cally reducible plastoquinon&8), binding of free plasto-
guinone to the @ site would be expected to be slowed in
the psbolmutant. Additionally, the time constant for the slow
decay component increased slightly from 690 to 760 ms.
This change was not significant. The residual amplitude (for
the decay component(s) withzaof >10 s) also increased
significantly, perhaps indicating a change in thg Qg
equilibrium. Overall, these results indicate that the principal
modification on the reducing side of the photosystem
observed in the mutant, the large increase in the time constant
for the middle exponential decay component, can be ex-
plained by the high proportion of PSgltenters present in
the mutant.

In the presence of DCMU, which prevents the transfer of
an electron from @ to Qs, the decay of fluorescence

Please note the different time scales used in panels A anM)B. ( following a saturating flash is dominated by charge recom-

wild type and ®) psbol n = 6—8 (error bars,=1.0 standard
deviation); in some instances, the error bars are smaller than the

symbols.

Table 1: Kinetic Parameters ofaQ Reoxidation after a Single

Flash in Untreated Leaves from Wild Type and ffebolMutant of

A. thaliana
kinetic componerit wild type psbol
fast phase 2204 25°¢/46+ 4° 401+ 3654 + 4°
[T (us)/% amplitude]
middle phase 0.88+ 0.12/25+ 3¢ 3.9+ 1.6/13+ 3¢
[t (ms)/% amplitude]
slow phase 0.69+ 0.06/18+ 0. 0.76+ 0.06/20+ 1°¢
[T (s)/% amplitude]
residual >10/11+ 1° >10/15+ 2¢

[T (s)/% amplitude]

an = 6—8. P Error, 1.0 standard deviatiod.p < 0.01 (Student’s

t-test).

bination between @ and the oxidizing-side components
of the photosystem. Figure 3B illustrates the fluorescence
decay kinetics of wild type ang@gsbolin the presence of
DCMU. The observed fluorescence decay curves were fit
to the same model described abo2d)( Significant alter-
ations are observed in the mutant. It should be noted that
alternative models containing two exponential decay com-
ponents and a hyperbolic compone2d), or only two
exponential decay components, failed to adequately fit the
data. Table 2 shows the kinetic parameters obtained for the
fluorescence decay in the presence of DCMU. The fastest
decaying component observed in wild type exhibited a time
constant of 65 ms and is attributed to a small fraction of PS
Il reaction centers<€5%) that lack a functional manganese
cluster @5), in which Q.~ recombines with oxidized X

The slowest decay component observed for wild type
exhibited a time constant of 2.4 s and is attributed to charge

occur. The slowest decay component (690 ms, 18%) is recombination between Q and the g and possibly the $5
related to a charge recombination reaction in which the states 26). The origin of the intermediate decay component

reoxidation of Q- occurs with donor-side components.
Finally, a residual fraction of the fluorescence yietell(1%)
is very long-lived and may result from the equilibrium

observed in wild type (483 ms) is unclear, although it may
represent a subfraction of reaction centers in which the rate
of charge recombination betweemQand the $ state is
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L0 Table 3: S-State Distributions and Parameters for Wild Type and
g the psbolMutant of A. thaliana
S-state distributich wild type psbol
0.8
S 17.6+ 2.4 18.6+ 1.8
% S 74.8+ 10.8 53.5+10.8
= 0.6 S 29+ 7.0 13.0+ 4.2
= S5 31+4.8 15.0+ 6.6°
L
)
Z 0.4+ S-state parameter % %
© misses 10212 99+1.4
0.2 single hits 85.0t 1.9 85.3+ 1.8
double hits 2.8 0.5 3.0+ 0.2
deactivations 0.&0.9 0.4+ 0.8
0.0 T T T T T T T T an=4."Error,+1.0 standard deviatiofip < 0.05 (Student's-test).

Flash Number

Ficure 4: Typical flash oxygen yield experiments for wild type ; ; - ; ;
and psbolthylakoid membranes. Data were collected after dark higher proportion of oxygen-evolving centers in theaBd

incubation for 5 min. Flash oxygen yields were normalized to the S, states and a significantly lower proportion of C_enters '_n

oxygen yield observed on the third flash. Note the high oxygen the S state. These changes were not associated with

yield observed on the first and second flashespfvo1thylakoid alterations of the S-state parameters, as no significant

membranes: M) wild type and @) psboln = 3 (error bars:1.0 differences were observed in single hits, double hits, misses,

fﬁgg‘ﬁ'g%ﬁ}’fé:g”)' in some instances, the error bars are smallely. geactivations. Our results indicate that the oxygen-
' evolving apparatus ipsbolPS Il is altered and that the, S

4—5-fold faster than the 2.4 s componeb@, In the mutant ~ and S states are long-lived. _ _
psbol the slowest decay component was observed to have, !N SPinach, which possesses only a single PsbO protein
a time constant of 3.6 s, and its amplitude increased from 1S0form, chemical removal of this component from PS I

53 to 65%. This result indicates that thesBate and possibly ~ Meémbranes leads to increased lifetimes for theasd S
the S state are more stable in thebolmutant than in wild states 28). Similar results are obtained for the cyanobacte-

type. Little change was observed for the time constant of UM Synechocystis mutants from which the PsbO protein
the intermediate decay component, although its amplitude "@d been deleted2(29) and in mutants which could not
decreased from 38% in wild type to 15% in the mutant. The Pind PsbO normally 30). Our observation that thpsbol
residual decay component ¢ 10 s) increased nearly 3-fold ~mutant, which lacks PsbO-1, exhibits long-livedahd S
in amplitude. These three decay components accounted forStales appears to indicate that the PsbO-2 protein which is
more than 95% of the total fluorescence signal. A large PreSent is defective in supporting normal S-state turnover.
difference was observed for the minor<5%) rapidly It should be noted that this observed defect does not appear
decaying component. The time constant for this decay to be the result of the overall smaller amount of the total
component decreased from 65 ms in wild type to 11 ms in amount of PsbOs present in thebolmutant as previously
the mutant. The origin of this 6-fold rate increase is very asserted?), at least for mature leaves (such as those used
unclear at this time. The small amplitude of the signal makes N this study). Examination of Figure 2B of rgfdemon-

it difficult to mathematically extract the kinetic parameters strates that there is no statistically significant difference in

for this component. Consequently, the observed rapid time (e total amounts of PsbOs in wild type versus fisbol
constant may be an artifact. mutant even though these workers conclude otherwise. In

Flash Oxygen Yield ExperimentSo obtain additional vitro reconstitution of saturating amounts of PsbO-2 protein
information about the donor side of PS Il in thpsbol onto PsbO-depleted PS Il membranes restored steady-state

mutant, flash oxygen yield experiments were performed. OXYgen evolution rates to only75% of that of wild type
Figure 4 shows the results of these studies. Wild type (7). These workers also demonstrated that both the PsbO-1

Arabidopsighylakoids exhibited a normal flash oxygen yield &nd PsbO-2 proteins bound to PS Il membranes with similar
series with relatively low oxygen yields on the first and @affinity. In our hands (Figure 1), the fluorescence quantum

second flashes. This indicates that after dark incubation for Yi€ld for wild type is 0.8 and fopsbolis 0.6 (i.e., the mutant

5 min relatively few PS Il reaction centers were in the S duantum yield is 75% of that exhibited by wild type), which
and S states. The large oxygen yield on the third flash IS consistent with the results reported in ref

indicates that most of the reaction centers were in the dark-

stable $ state. In thgpgsholmutant, however, a significantly CONCLUSIONS

different flash oxygen yield pattern was observed. Significant  The psbolmutant exhibits significant defects in PS I
amounts of oxygen were released on the first and secondphotochemistry. Our fluorescence induction measurements
flashes. This result indicates qualitatively that an increased indicate that the photochemical phase of the induction curve
number of oxygen-evolving reaction centers were in the S is enhanced in the mutant, while the initial component of
and S states. Analysis of the flash oxygen yield pattern using the thermal phase (i.e+-U transition) is nearly absent. This

incubation for 5 min, the mutant exhibited a significantly

a four-state homogeneous modé&ll) quantitatively con- indicates a probable defect in the water-oxidizing complex.
firmed this observation (Table 3). It should be noted that Fast fluorescence induction measurements in the presence
S-state transition models incorporating; ®r S.; and S of DCMU indicate that the mutant accumulates significantly

states 27) uniformly failed to fit the data. After dark  more PS I} reaction centers than wild type does.
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Alterations in fluorescence decay kinetics either in the question is difficult to answer at this time. Since the PsbO-1
absence or presence of DCMU are also evident. In the and PsbO-2 proteins exhibit similar affinities for photosystem
absence of DCMU, the time constant of the middle decay Il (7), it would appear that the increased S-state lifetimes
component is increased 4-fold when compared to that of theare due to intrinsic features of the PsbO-2 protein and not
wild type. This indicates that transfer of an electron from to defects in the binding of this component to PS II. We
Qa~ to Qs is retarded in PS Il reaction centers in which the have earlier hypothesized that the PsbO protein functions in
Qg site is initially unoccupied by plastoquinone. This is maintaining the chloride associated with oxygen evolution
consistent with the high proportion of P$ feaction centers  in the vicinity of the oxygen-evolving site3g). This was
present in the mutant. Because of their stromal thylakoid principally based on the observation that the removal of the
location, these centers have access to less photochemicallfPsbO protein, either chemically or by mutagenesis, yielded
reducible plastoquinone than do the granal thylakoid- a phenotype which was very similar to that observed upon
localized PS 1} reaction centers. The fast components of chloride depletion. Recently, direct experimental support for
the fluorescence decay curve are also retarded, although tahis hypothesis has been publish88)( We hypothesize that
a degree much smaller than that observed for the middlethe amino acid differences between PsbO-1 and PsbO-2 (i.e.,
decay component. The residual amplitude (for the decay % — 1865 204/ — 204 gnd/or246L — 249)), identified
component(s) with @ of >10 s) also increased significantly, previously ) in domain-swapping experiments, may disrupt
perhaps indicating a change in the G- Qg equilibrium. In the ability of the PsbO-2 protein to maintain chloride in the
the presence of DCMU, the fast component of the fluores- vicinity of the oxygen-evolving site without altering the
cence decay curve is greatly accelerated (16-fold) comparedprotein’s binding characteristics. We are currently testing this
to that of wild type, although this represents a very minor hypothesis.
component of the entire decay curve-{8). The cause of
this acceleration is unclear at this time. The time constant ACKNOWLEDGMENT
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nearly 3-fold. These results indicate that charge recombina-
_tion_be_tyveen @ and the oxidizing side of the photosystem REFERENCES
is significantly retarded. _ o

Finally, our flash oxygen yield experiments demonstrated ~ 1- Eggkrigrrda“géét?é’ti{)ﬁ;}’]%eg‘r;‘gﬂmr';‘i;:‘r‘; 25’22’2‘55 g;ge 33
that after dark incubation a significantly larger number of 5, gymap, R., Shen, J. R., Jursinic, P. A., Inoue, Y., and Sherman,
oxygen-evolving PS Il reaction centers in thgbolmutant L. A. (1992) Oxygen yield and thermoluminescence characteristics
were in the $and S states when Compared to wild type. ofacyanobacter_ium Iacl_<ing the manganese-stabilizing protein of
This indicates that the,%ind S states are long-lived in the 3 m?ﬁzyf\}er&i'jﬁol\cﬂhegr'ﬁgg’agyﬁ);t;m;?ﬁi H. and Kuwabara
mutant. No differences are observed in the various S-state " 1" (1984) ‘Stoichiometry of components in the photosynthetic

parameters (single hits, misses, double hits, or deactivations).  oxygen evolution system of photosystem Il particles prepared with

Our working hypothesis is that the stabilization of the S ;géog gg_lgggfmm spinach chloroplasBiochim. Biophys. Acta
and S statgs n t.hqj.SbOJ'.mUtan.t INcreases t.he likelihood 4. Kieselbach, T Hagman, A., Andersson, B., and Schroder, W. P.
that damaging oxidizing-side radical(s), most likelydP (31) (1998) The thylakoid lumen of chloroplasts: Isolation and

and/or oxidized ¥ (32), will accumulate. Conditions which characterizationJ. Biol. Chem. 2736710-6716.
increase S-state lifetimes appear to uniformly increase the 5. Schubert, M., Petersson, U.-A., Hass, B. J., Funk, C., Schroder,

sensitivity to photoinhibition; these include chloride depletion m’r'nz;l %?gr';';’izg'é’gg%;igzrggz)B'Tg?t‘é%rg;m;7p7gg?4e_°8@gg°p'a5t

(32, calcium depletion;{3, 34), and the |03§ of PshCB9). 6. Murakami, R., Ifuku, K., Takabayashi, A., Shikanai, T., Endo,
The presence of long-lived,&nd S states inpsbolwould T., and Sato, F. (2002) Characterization ofaabidopsis thaliana
lead to an increased rate of damage to the photosystem and ~ mutant with impared psbO, one of two genes encoding extrinsic

. . . 33-kDa proteins in photosystem FEBS Lett. 523138-142.
an increased rate of conversion of PSthh PS I reaction 7. Murakami, R., Ifuku, K., Takabayashi, A., Shikanai, T., Endo,

centers as a prelude to photosystem disassembly and T, and Sato, F. (2005) Functional dissection of #mabidopsis
subsequent repaiB6). PsbO proteins PsbO1 and Psb®EBS J. 2722165-2175.

It has been sudagested that the PsbO-2 protein plays a 8 Murashige, T., and Skoog, F. (1962) A revised medium for rapid
99 P pay growth and bioassays with tobacco culturBbysiol. Plant. 15

specific role in regulating the phosphorylation state of PS II 173479

reaction center component87j. Specifically, it was hy- 9. Nedbal, L., Triek, M., and Kaftan, D. (1999) Flash fluorescence
pothesized that the presence of PsbO-2 leads to the dephos-  induction: A novel method to study regulation of Photosystem
phorylation of the D1 protein and that this dephosphorylation Il, J. Photochem. Photobiol., B 4854-157.

. . 10. Reifarth, F., Christen, G., Seeliger, A. G., Dormann, P., Benning,
targets PS Il reaction centers for degradation and subsequent C.. and Renger, G. (1997) Mo%ification of the water Oxidizingg

repair. These investigators concluded that the PsbO-2 protein  complex in leaves of thelgdl mutant of Arabidopsis thaliana
regulates the turnover of D1. Our view is that this regulatory deficient in the galactolipid digalactosyldiacylglycerBipchem-
role for PsbO-2 is unlikely and that the observed dephos- ISty 36 11769-11776. o .
horylation is a result of an increased level of photodamage 11. Meunier, P. C. (1993) Oxygen evolution in photosystem Il: The
phory ' - p 9 contribution in backward transitions to the anomalous behavior
to PS Il due to the inability of PsbO-2 to support normal of double-hits revealed by a new analysis meth@dotosynth.
S-state advancement in the oxygen-evolving complex. Res. 36111-118. o

Since there are very few amino acid differences between 12-Strasser, R J. and Govindjee (1991) TheaRd the O-J-I-P

. . uorescence rise in higher plants and algaeRiegulation of

PsbO-1 and PsbO-2, what is the molecular basis for the chloroplast biogenesigArgyroudi-Akoyunoglou, J. H., Ed.) pp

increased $ and $-state lifetimes in th@sbolmutant? This 423-426, Plenum Press, New York.



Defective PS Il in thepsbolMutant of Arabidopsis

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Strasser, R. J., and Govindjee (1992) On the O-J-I-P fluorescence
transient in leaves and K1 mutants@filamydomonas reinhardtii
in Research in Photosyntheg¢ldurata, N., Ed.) pp 2932, Kluwer

Academic Publishers, Dordrecht, The Netherlands.

Neubauer, C., and Schreiber, U. (1987) The polyphasic rise of
chlorophyll fluorescence upon onset of strong continuous il-
lumination: |. Saturation characteristics and partial control by the
Photosystem Il acceptor sidg, Naturforsch. C421246-1254.
Schreiber, G., and Neubauer, C. (1987) The polyphasic rise of
chlorophyll fluorescence upon onset of strong continuous il-
lumination: II. Partial control by the Photosystem Il donor side
and possible ways of interpretatiaf,, Naturforsch. C421255—
1264.

Lavergne, J., and Briantais, J. M. (1996) Photosystem Il hetero-
geneity, inOxygenic Photosynthesis: The Light Reacti(Dst,

D., and Yocum, C. F., Eds.) pp 26287, Kluwer Academic
Publishers, Dordrecht, The Netherlands.

Wollenberger, L., Stefansson, H., Yu, S. G., and Albertsson, P.
(1994) Isolation and characterization of vesicles originating from
the chloroplast grana margirBiochim. Biophys. Acta 11893~

102.

Melis, A. (1991) Dynamics of photosynthetic membrane composi-
tion and function Biochim. Biophys. Acta 10587—106.

Melis, A., and Homann, P. H. (1976) Heterogeneity of the
photochemical centers in system Il of chloroplagteptochem.
Photobiol. 23 343-350.

Roelofs, T. A., Lee, C. H., and Holzwarth, A. R. (1992) Global
target analysis of picosecond chlorophyll kinetics from pea
chloroplasts. A new approach to the characterization of the primary
processes in photosystem Il a and b urBi®phys. J. 611147
1163.

Thilen, A. M. P. G., and Van Gorkom, H. J. (1981) Energy transfer
and quantum yield in photosystem Biochim. Biophys. Acta 637
439-446.

Robinson, H. H., and Crofts, A. R. (1983) Kinetics of the oxidation
reduction reactions of the photosystem Il quinone acceptor
complex and the pathway for deactivatiéiBS Lett. 153221~

226.

Melis, A., and Brown, J. S. (1980) Stoichiometry of system | and
system |l reaction centers and of plastoquinone in different
photosynthetic membrane®roc. Natl. Sci. Acad. U.S.A. 77
4712-4716.

Allahverdiyeva, Y., Deak, Z., Szilard, A., Diner, B. A., Nixon, P.
J., and Vass, I. (2004) The function of D1-H322 in photosystem
Il electron transport studied by thermoluminescence and chloro-
phyll fluorescence in site-directed mutantsSyfnechocysti€803,

Eur. J. Biochem. 2713523-3532.

Weiss, W., and Renger, G. (1984) Analysis of the system Il
reaction by UV-absorption changes in Tris-washed chloroplasts,
in Advances in Photosynthesis Resea(&®ybesma, C., Ed.) pp
167—170, Martinus Nijhoff/Dr. W. Junk, Den Haag.

Debus, R. J. (1992) The manganese and calcium ions of
photosynthetic oxygen evolutioBiochim. Biophys. Acta 1102
269-352.

Meunier, P. C., Burnap, R. L., and Sherman, L. A. (1995)
Modeling of the S-state mechanism and Photosystem || manganese
photoactivation in cyanobacteriBhotosynth. Res. 4B1-76.
Miyao, M., Murata, M., Lavorel, J., Maison-Petri, B., Boussac,
A., and Etienne, A.-L. (1987) Effects of the 33 kDa protein on

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Biochemistry, Vol. 46, No. 25, 2007613

the S-state transitions in photosynthetic oxygen evoluBasghim.
Biophys. Acta 890151—159.

Vass, |., Cool, K. M., Zsuzsanra, D., Mayes, S. R., and Barber, J.
(1992) Thermoluminescence and flash oxygen characterization of
the IC2 deletion mutant oBynechocystisp. PCC6803 lacking
the photosystem Il 33 kDa proteiBjochim. Biophys. Acta 1102
195-201.

Putnam-Evans, C., Wu, J., Burnap, R., Whitmarsh, J., and Bricker,
T. M. (1996) Site-directed mutagenesis of the CP 47 protein of
photosystem II: Alteration of conserved charged residues in the
domain®¢4E-44R, Biochemistry 354046-4053.

Anderson, J. M., Park, Y. I., and Chow, W. S. (1998) Unifying
model for the photoinactivation of photosystem Il in vivo under
steady-state photosynthes®hotosynth. Res. 58—13.
Jegerschold, C., Virgin, I., and Styring, S. (1990) Light-dependent
degradation of the D1 protein in photosystem Il is accelerated
after inhibition of the water splitting reactioBiochemistry 29
6179-6186.

Ono, T. A., and Inoue, Y. (1990) Abnormal redox reactions in
the photosynthetic @evolving centers in NaCI/EDTA-washed
PSII. A dark-stable EPR multiline signal and an unknown positive
charge accumulatoBiochim. Biophys. Acta 102@69-277.

Keren, N., Ohad, I., Rutherford, A. W., Drepper, F., and Krieger-
Liszkay, K. (2000) Inhibition of Photosystem Il activity by
saturating single turnover flashes in calcium-depleted and active
Photosystem IIPhotosynth. Res. §209-216.

Philbrick, J. B., Diner, B. A., and Zilinskas, B. A. (1991)
Construction and characterization of cyanobacterial mutants
lacking the manganese-stabilizing protein of photosysterd. I,
Biol. Chem. 26613370-13376.

Chow, W. S., and Aro, E. (2005) Photoinactivation and mecha-
nisms of recovery, irPhotosystem II: The light-dsen water:
plastoquinone oxidoreducta$é/ydrznski, T., and Yocum, C. F.,
Eds.) pp 627648, Springer, Dordrecht, The Netherlands.
Lundin, B., Hansson, M., Schoefs, B., Vener, A. V., and Spetea,
C. (2007) TheArabidopsisPsbO2 protein regulates dephospho-
rylation and turnover of the photosystem Il reaction center D1
protein,Plant J. 49 528-539.

Bricker, T. M., and Frankel, L. K. (1998) The structure and
function of the 33 kDa extrinsic protein of photosystem Il. A
critical review, Photosynth. Res. 5857—173.

Popelkova, H., Betts, S. D., Lydakis Simantiris, N., Im, M. M.,
Swenson, E., and Yocum, C. F. (2006) Mutagenesis of basic
residues R151 and R161 in manganese-stabilizing protein of
photosystem Il causes inefficient binding of chloride to the
oxygen-evolving complexBiochemistry 453107-3115.

Robinson, H., and Crofts, A. (1987) Kinetics of the changes in
oxidation-reduction states of the acceptors and donors of Photo-
system Il in Pea thylakoids measured by flash fluorescence, in
Progress in Photosynthesis Resea(&iggins, J., Ed.) Vol. I,

pp 429-432, Martinus Nijhoff/Dr. W. Junk, Den Haag.
Lavergne, J., and Trissl, H.-W. (1995) Theory of fluorescence
induction in Photosystem II: Derivation of analytical expressions
in a model including exciton-radical-pair equilibrium and restricted
energy transfer between photosynthetic unB&gphys. J. 68
2474-2492.

BI700107W



