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I 

Extraction of BBY\-type PSI1 membranes containing 4 Mn and 2 Ca2'/RC 
and giving 2800 02/Chleh with 1.5 M NaW1 mM EGTN20 pM A231 87, pH 5.0, 
under very weak light conditions causes progressive loss of 02-evolution and 
Ca2' but not Mn. No significant up-shift in the redox potential of QA occurs in this 
extraction procedure in contrast to the ea2'-depletion procedure employed by 
Krieger and Rutherford. The ratio of Vo2 (rate of O2 evolution) in weak or strong 
light at plus/minus Ca2' addition proved strictly linear with PSI1 bound Ca2' over 
the range of 2 to 1 bound Ca2'/RC. The 1 Ca2'/RC necessary for Vo2 was 
dissociated by treatments (NH20H, Tris) causing dissociation of the (Mn)4- 
cluster. On the other hand, the more tightly bound 1 Ca2'/RC not required for 
Vo2 was not dissociated by NH20H, Tris treatment. 

PSI1 particles (21800 02eChl.h) depleted of LHCP (and 17 kD/23kD 
extrinsic PSI1 polypeptides) lacked the tightly bound 1 Ca2'/RC. Vo2 by such 
particles was linearly dependent on the more loosely bound Ca2' between the 
limits of one to zero Ca2'/RC. Additionally, treatments (NHzOH, Tris) causing 
dissociation of the (Mn)4-cluster also dissociated the 1 Ca/RC of the PSI1 
particles. Such results confirmed/extended conclusions reached by Dr. Sakae 
Katoh's group - namely, only one Ca2' per (Mn)4-cluster is required for 02 
evolution. 

This same and additional conclusions was reached in analyses of the 
photoactivation process and the effects of pH and extrinsic polypeptide 
composition of PSI1 membranes on the K, value(s) of Ca2' for the reconstruction 
of V02 in the absence of Ca2' antagonistic cations (Na', e). Over a wide range 
of photoactivation conditions (pH, time course, etc.), the value for Mn assembled 
into WOC per Ca2' bound proved to be four. This result indicates that the 
binding site for the one Ca2' necessary for 02-evolution is "created" during the 
assembly of the (Mn)4-cluster, presumably as a consequence of conformational 
change(s) among PSI1 intrinsic polypeptides (see following paragraphs). 

In other studies, Eadie-Scatchard plot analyses of the Ca2'-concentration 
dependence for reconstitution of Vo2 with Ca2'-depleted PSI1 membranes 
containing all or none of the 17/23/33 kDa extrinsic polypeptides or only the 
33 kDa extrinsic protein, revealed that the binding affinity for Ca2' is highly pH 
dependent (max. at -pH 7.2) and independent of all the extrinsic polypeptides: d 
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I) at pH values <pH 7.2, heterogeneity of Can+-binding is observed irrespective 
of the extrinsic polypeptide composition of PSII; 2) with increasing pH, the K,,, of 
the high affinity Ca2'site involved in On-evolution decreases and at pH 7.2 
reaches a value of only 2-3 pM, again irrespective of the extrinsic polypeptide 
composition; and 3) at pH 7.2, only one binding site is observed in Eadie- 
Scatchard plots. This 2-3 pM K,,, value is comparable to value(s) reported for 
some EF-hand Ca2'-binding proteins such as calmodulin. 

(Proceedings of the Xth International Congress on Photosynthesis. 
Photosynthesis: From Light to Biosphere. [Mathis, P. ed.], Vol. 2, pp 329-332. 
KIuwer Publishers, Dordrecht, The Netherlands; and unpublished data). 
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Photodamage of Mn-Depleted PSI1 Membranes: Sites and Mechanisms of 
Photoinactivation of Primary Reactions. 

It is well established that exposure of PSI1 to an excess intensity of visible 
light causes irreversible photodamage affecting one or more of its reaction 
center (RC) components. Inactivation of WOC greatly exacerbates the 
susceptibility of PSI1 RC to photodamage; thus, even very weak light intensities 
cause photodamages at nearly maximum rates. These photoinhibitory events in 
WOC-containing and WOC-absent cells promote subsequent proteolysis and 
replacement of the homologous D, and D2 polypeptides of the RC. The more 
rapid turnover of D, suggests that it is more susceptible to photodamage(s) than 
D2. At least two distinct types of photodamages have been recognized having 
vastly different quantum yields, light intensity requirements, apparent 
mechanisms, and initial sites of photodamage. 

One type of photodamage may be initiated by the over-reduction of QA as 
well as a one-electron redox component having an E,' of +20 mV by electrons 
from WOC. Resulting irreversible photodamages are believed to be caused by 
the highly oxidizing and reactive singlet oxygen that is formed in a reaction 
between oxygen and 3Pss0, the latter being generated by charge recombination 
between Pheo' and P680' after the dissociation of Qi2.  A second general type 
of photodamaging events occur on illumination of PSI1 centers lacking functional 
WOC centers. While it is clear that the donor side of the PSI1 RC becomes 
selectively inactivated during illumination of such centers, the available evidence 
indicates that the mechanism and the initial target(s) of photodamage(s) on 
whether WOC centers are inactive due to depletion of Mn vs. CI- vs. Ca2'. 

Our studies have focused on the mechanisms and sites of photodamage 
during illumination of Mn-depleted and Ca-depleted PSI1 membranes. EPR 
analyses (9'2 region) in continuous light, optical kinetic spectrophotometric 
analyses of P680' and Car', AT-band thermoluminescence emission 
measurements, photooxidations of Mn2+, Mn2'/H202 and DPC, flash induced Chla 
variable fluorescence, and photoactivation capability were made after various 
durations of weak and strong light treatment of NH20H/EDTA-PSI1 (Mn- 
depleted). Membranes were illuminated in the presence and absence of PSI1 e- 
donors and/or acceptors, 02, catalase and superoxide dismutase in efforts to 
elucidate mechanisms of photodamages. 

Weak tight treatment of NH20HIEDTA-PSI1 membranes in the absence of 
any additions caused rapid (tIl2 - 20 s) and parallel losses of a) the 10 ps phase 
of P680' reduction, which reflects the TyrZ -+ P680' reaction, b) the amplitude of 
Chla variable fluorescence, c) the capability to accumulate the TyrZ'-radical in 
continuous light, d) the capability to photooxidize Mn2'/H202 in continuous light, 
and e)  the capability to carry-out photoactivation/formation of (Mn)4-clusters. On 
the other hand, neither the capability of membranes to generate P680'/Qi and 
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to photooxidize DPC in continuous light was inhibited nor was there a 
discernible decoupling of the antenna Chl from the RC. A similar pattern of 
events occurred with strong light treatment of membranes; thus, the initial target 
of photodamage is the same in weak vs. strong light treatment. The totality of 
the results indicate that the initial event in either weak or strong light 
photodamage of NH20H/EDTA-PSI1 is a decoupling of the redox activity of TyrZ 
from P680. 

Addition of PSI1 e- donors essentially abolished the photodamage(@. 
Addition of a saturating concentrations of superoxide dismutase (SOD) 
diminished the rate of photodamage(s) by -30-fold, but not abolish it. PSI1 
electron acceptors, causing suppression of superoxide formation during the 
illumination of membranes, similarly suppressed the photodamage(s). 
Additionally, photodamages were strongly suppressed when membranes were 
illuminated in the absence of 02. 

Our data revealed that two mechanisms underlie photodamage(s) of the 
TyrZ -+ P680' reaction in Mn-depleted NH20H/EDTA PSII: 1) a rapid 
mechanism dependent on both superoxide radicals, generated at the acceptor 
side of PSII, and PSI1 RC cation radical(s) (Chl'/P680') on the donor side of PSI1 
RC; and 2) a slower process driven only by the high redox-potential donor side 
PSI1 RC radicals. We suggest that bimolecular reaction between superoxide 
radicals and donor side PSI1 radicals leads to the formation of highly reactive 
singlet oxygen. This results in the rapid inactivation of the TyrZ -+ P680' 
reaction by singlet oxygen. 

(Biochemistry 29, 51 09-51 18, 1990; Biochemistry 30, 7586-7597, 1991 ; 
Biochemistry 31 , 1 1072-1 1083, 1992; Biochemistry 34, 231 7-2332, 1995; and 
references therein.) 
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The Photoassernblv of the PSI1 (Mnj4-CIuster is Modulated bv Ca2' and DCIP. 

The assembly of the (Mn)4-cluster of the water-oxidizing complex (WOC) 
involves sequential photooxidation and ligation of individual Mn atoms in a 
process called photoactivation. Formation of the cluster "generates" the binding 
site for Ca2' associated with WOC and promotes functional binding of the 
17 kDa/23 kDa extrinsic polypeptides. We re-evaluated the requirement for Ca2' 
in the Mn2'-dependent photoactivation process using 17 kDa/23 kDa-less PSI1 
membranes depleted of (Mn)4-clusters bv NH,OH extraction. At optimum 
conditions (I mM Mn2'/10 pM DCIP/20 mM Can+), the light induced increase n 
02-evolution activity, membrane-bound Mn, and B-band thermoluminescence 
emission intensity all occurred in parallel. The maximum extent of recovery of 
oxygen-evolution activity was equivalent to 88% of the activity of the parent 
17 kDa/23 kDa-less PSI1 membranes. 

No photoactivation was obtained in the absence of Can' addition. Eadie- 
Scatchard plot analyses of the Ca2' concentration dependence required for 
photoactivation gave evidence for two Ca2' binding sites having K, values of 
-38 and 1300 pM. The divalent cation specificity (Can' > S? > Cd2' > Ba2' >> 
Mg2') for promoting photoactivation proved similar to the divalent cation 
specificity for promoting On-evolution by Ca2'-depleted, (Mn)4-cluster containing 
02-evolving PSI1 membranes. 

Illumination of the membranes with Mn2'/DCIP in the strict absence of 
Ca2' resulted in large increases (-1 8 Mn/200 Chl) of EDTA non-extractable, 
EPR silent, non-functional membrane-bound M~I'~' and small increases of 
oxygen-evolution capability, dependent on pH, concentrations of DCIP and Mn", 
and pre-addition of 17 kDa/23 kDa extrinsic polypeptides. Such illumination of 
membranes in the absence of Ca2' caused, however, no photodamage of 
primary electron transport (photooxidation of Mn2'/H2O2, Mn2', or DPC) capability 
and only a maximum 17% decrease of the AT-band thermoluminescence 
intensity (Yg/Qi recombination). 

Analyses of the chemical reactivity of the non-functional membrane - 
bound Mrf3' revealed the following: 1) reagents such as NH20H and Tris which 
dissociate Mn from (Mn)4-clusters also dissociated the non-functional Md3'; and 
2) low concentrations of H202, HQ, and DCIPH2 effectively dissociated the non- 
functional MnZ3'; however, these chemicals were ineffective for promoting 
dissociating MnZ3+ from the (Mn)4-cluster. Apparently, during photoactivation per 
se, the within the (Mn)4 -~ I~~ te r  becomes shieldedhendered inactive to 
such chemicals, possibly as a result of conformational changes within 
polypeptide(s) providing ligands for the Mn'* within (Mn)&usters of WOC. 

Membranes containing a large abundance of non-functional MnZ3' were 
shown to be able to carry-out photoactivation following dark 
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reduction/dissociation of the non-functional Mn'*. Reillumination at optimum 
conditions for photoactivation (1 mM Mn2'/1 0 pM DCIP/20 mM Ca2') yielded 
highly significant yields of the photoactivated state. 

A model for the role(s) of Ca2' in the photoactivation proposed in which it 
is proposed that Ca2' promotes a rate limiting conformational change which 
allows formation of the Mn9 - Mn2' binuclear complex from the Mn* 
mononuclear complex formed in the first light reaction. Subsequently, the Mn* - 
Mn2' binuclear complex is converted to the Mn9 - Mn3' binuclear complex by the 
second light reaction, and then this complex spontaneously ligates two Mn2' ions 
to yield a (Mn3')2 - (Mn2')2 cluster whose redox state possibly is equivalent to the 
S-, state in the KoWJoliot model of O2 evolution. 

(Biochemistry 34, 1351 1-1 3526, 1995; Research in Photosynthesis [Murata N., 
ed.], Vol. 2, pp 361 -364, Kluwer Academic Publishers, Dordrecht, The 
Netherlands; and references therein.) 
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The Natural Product Soraoleone Inhibits Electron Transfer at the Q ~ Q B  Site of 
- PSII. 

The allelopathic potential of Sorghum bicolor L. Moench has been long 
recognized. Some past studies have attributed the allelo-chemical activity of 
root exudates from Sorghum bicolor to chlorogenic, syringic, derulic, and vanillic 
acids; however, more recent studies have focused attention on hydrophobic 
compounds within the root exudates, since this fraction was shown by others to 
contain species-specific growth inhibitory characteristics. Subsequently, work 
showed that most (>go%) of the compounds in the hydrophobic exudate were 
substituted benzoquinones with masses of 358-362 Da. The major species was 
identified as 2-hydroxy-5-methoxy-3[(82, I 1Z)-8,11,14-pentadecatriene]-p- 
benzoquinone, which was given the trivial name of sorgoleone. Crude 
hydrophobic exudate containing sorgoleone previously was shown by other 
workers to: 1) inhibit Eragrosfis radical elongation, growth of Lemna minor as 
well as different broadleaf and gross weed seedlings; 2) inhibit the reduction of 
cytochrome c, by cytochrome b in cornkoybean mitochondria; and 3) inhibit 
overall photosynthesis in leaf discs and intact chloroplasts. We focused on 
determining the site(s) of action of purified (HPLC) sorgoleone causing inhibition 
of photosynthetic electron transport using chloroplast thylakoids and BBY-type 
PSI1 membranes. 

We observed the following: 1) O2 evolution by thylakoids or PSI1 
membranes was at least as sensitive to inhibition by sorgoleone as it was to 
DCMU; 2) PSI partial reactions were not affected by a IO-fold greater 
concentration of sorgoleone than required for complete inhibition of O2 evolution; 
3) measurements of flash (-2 ps duration causing a single charge separation 
event) induced Chla variable fluorescence showed that sorgoleone neither 
dissipated excitation energy nor diminished the amplitude of Chla variable 
fluorescence; however, it inhibited the decay of the variable fluorescence as 
effectively as DCMU; 4) binding of [‘4C]-atrazine to the QB locus was 
competitively inhibited by sorgoleone; and 5) increasing duration of trypsin 
digestion of PSI1 membranes and the QB-binding niche itself caused parallel 
losses of inhibition of O2 evolution from sorgoleone, DCMU, and bromoxynil, a 
phenol-type herbicide also binding to the QB-IOCUS. 

It seems clear that the natural product sorgoleone inhibits photosynthetic 
electron transport at the QA to Qe site and does so as effectively as DCMU. 

(J. Agric. Food Chem. 45, 1415-1421 , 1997) 
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Photodamaaes of Ca2'-Depleted PSI1 Membranes: Sites and Mechanisms of 
Inactivation of Donor Side Reactions. 

Procedures were developed for the specific extraction of the one 
Ca2'NVOC required in the O2 evolution without causing significant irreversible 
loss of water oxidizing capability and the up-shift of the redox potential of QB 
reported by Krieger and Rutherford. The sites and mechanisms of 
photoinactivation of the Ca2'-depleted membranes were analyzed under an array 
of conditions with exclusion of Ca2'. 

In strong saturating light in the absence of any additions to the 
membranes, exponential decreases in WOC-dependent and Tyr-Yg-dependent 
reactions occurred. The half-time (-0.4s) for photodamage of the WOC- 
dependent reactions [02-evolution, Q-band TL emission (S2-Qi recombination), 
(Mn)4-cluster dissociation] was appreciably faster than the half-time (-1 .Is) for 
photodamage of Tyr Yg-dependent reactions [Mn2'/H202 photooxidation, AT- 
band TL emission (Tyr-Yg/QA recombination), photoactivation]. Essentially no 
loss of DPC photooxidation capability (P680"/Q;-dependent) occurred; thus, the 
photodamages were restricted to the donor side reactions of PSII. Analyses of 
the intensity dependence for the photoinactivation showed that the requirement 
for inactivation of WOC < Tyr-Y; <<< DPC. 

Addition of PSI1 electron donors (Mn2', DPC), inhibiting charge 
accumulation of S-states in WOC, greatly inhibited all inactivations. Addition of 
PSI1 e- acceptors (DCIP, DMBQ, PBQ) also afforded almost complete protection. 
Significantly, the addition scavengers of H202 (catalase, horse radish peroxidase 
and MBTH) strongly suppressed inactivation of WOC as well as Tyr-Yg- 
dependent reactions. On the other hand, addition of superoxide dismutase 
(SOD) protected inactivation of Tyr-Yz'-dependent reactions but not WOC. This 
hierarchy of effectiveness of PSI1 donors, acceptors, scavengers of H202 and 
H02' also was manifested in measurements of Q-band and AT-band 
thermoluminescence emissions. 

The H202 mediated inactivation of WOC was shown to occur via two 
mechanisms. First, H202 slowly induces dissociation of the (Mn)4-cluster. This 
occurs via dark reactions following light dependent H202 formation. This high 
reactivity of the (Mn)4-cluster to low concentrations of H202 proved unique to Ca- 
depleted WOC complexes. Readdition of Ca2' to membranes completely 
abolished the reactivity of WOC to H202 (and other reductants). Second, a light 
and H202-dependent mechanism which causes a dissociation of the (Mn), 
cluster and the oxidation of ligands binding +Mn"' in the photoactivation 
process. 

We conclude: 1) the light and Hz02-dependent inactivation of WOC and 
photoactivation capability occurs via a mixed function bimolecular oxidation 
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mechanism in which a metal (Mnk3') and H202 lead to .OH radical formation. 
.OH radicals then oxidize the ligands required for (Mn)4-binding in WOC; 2) the 
inactivation of Tyr-Yz'-dependent reaction occurs similarly but also via the 
H02'/PSII cation radical mechanism occurring in Mn-depleted PSI1 membranes 
(see earlier section). 

(All these results have not been written into manuscript form.) 
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