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ABSTRACT: EPR spectroscopy was applied to investigate the inhibition of electron transport in photosystem 
I1 by Cu2+ ions. Our results show that Cu2+ has inhibitory effects on both the donor and the acceptor 
side of photosystem 11. In the presence of Cu2+, neither EPR signal II,,, fast nor signal IIfast, which both 
reflect oxidation of tyrosinez, could be induced by illumination. This shows that Cu2+ inhibits electron 
transfer from tyrosinez to the oxidized primary donor P680+. Instead of tyrosinez oxidation, illumination 
results in the formation of a new radical with g = 2.0028 0.0002 and a spectral width of 9.5 k 0.3 G. 
At room temperature, this radical amounts to one spin per PS I1 reaction center. Incubation of photosystem 
I1 membranes with cupric ions also results in release of the 16 kDa extrinsic subunit and conversion of 
cytochrome b559 to the low-potential form. On the acceptor side, QA can still be reduced by illumination 
or chemical reduction with dithionite. However, incubation with Cu2+ results in loss of the normal EPR 
signal from QA- which is coupled to the non-heme Fe2+ on the acceptor side (the QA--Fe2+ EPR signal). 
Instead, reduction of QA results in the formation of a free radical spectrum which is 9.5 G wide and 
centered at g = 2.0044. This signal is attributed to QA- which is magnetically decoupled from the non- 
heme iron. This suggests that Cu2+ displaces the Fe2+ or severly alters its binding properties. The inhibition 
of tyrosinez is reversible upon removal of the copper ions with EDTA while the modification of QA was 
found to be irreversible. 

Copper is an essential micronutrient for higher plants. 
Despite this, it is also a very potent inhibitor of photosyn- 
thetic activity (Droppa & Horvith, 1990; Bar6n et al., 1995). 
Since the first studies on inhibition of photosynthesis by 
cupric ions (Macdowall, 1949), it has become clear that 
photosystem I1 (PS 11)' is more sensitive to Cu2+ inhibition 
than photosystem I (CedCiio-Maldonado & Swader, 1972). 
PS I1 is a large protein complex in the thylakoid membrane 
with about 20 protein subunits [for reviews, see Anderson 
& Styring (1991) and Vermaas et al. (1994a)l that catalyzes 
the light-driven reduction of plastoquinone by electrons from 
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Abbreviations: BBY, PS I1 membranes prepared by the method 
of Berthold et al. (1981); Chl, chlorophyll; Cyt, cytochrome; DCIP, 
2,6-dichlorophenolindophenol; EDTA, ethylenediaminetetraacetate; 
EPR, electron paramagnetic resonance; Mes, 4-morpholineethane- 
sulfonic acid; Pheo, pheophytin; PS 11, photosystem 11; P680, primary 
electron donor chlorophyll(s) of PS 11; QA, QB. primary and secondary 
quinone acceptors; S-states (S", where n = 0, 1,2,3,  or 4), redox states 
of the oxygen-evolving complex; Tris, tris(hydroxymethy1)ami- 
nomethane; Tyro, redox-active tyrosine 161 of the D2 protein; Tyrz, 
redox-active tyrosine 161 of the D1 protein. 
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water that is oxidized to molecular oxygen (Debus, 1992). 
A heterodimer of two homologous proteins, the D1 and D2 
proteins, constitutes the PS I1 reaction center that binds all 
the redox components involved in the photochemistry. This 
includes the redox-active tyrosine residues (TyrZ and TyrD), 
the primary electron donor (P680), the primary pheophytin 
acceptor, the secondary plastoquinone acceptors (QA and QB), 
the Mn-cluster involved in the oxidation of water, and the 
non-heme Fez+ situated on the acceptor side between QA 

and QB. Also present in the PS I1 complex is Cyt b559 which 
might alternate between several forms with different oxida- 
tion potentials. Cyt b559 participates in slow electron transfer 
reactions in PS I1 and may function as an electron donor to 
P680 when the water-oxidizing complex is inactivated 
(Thompson & Brudvig, 1988; Buser et al., 1992). 

The target for CuZf inhibition within the PS I1 complex is 
not clear. Several investigations indicate that the site for 
copper ions is on the donor side of PS 11. From spectroscopic 
measurements, it was suggested that Cu2+ blocked the donor 
side of PS I1 close to the water-oxidizing system (Vierke & 
Struckmeier, 1977). On the basis of DCIP reduction 
measurements, it was proposed that the target was between 
P680 and a donor site localized after the water-splitting 
system (Shioi et al., 1978; Samson et al., 1988). Similar 
conclusions have been drawn on the basis of fluorescence 
measurements (Hsu & Lee, 1988; Samson & Popovic, 
1988; Renganathan & Bose, 1989, 1990), where a drastic 
decrease of maximal fluorescence without changes in the 
initial (Fo) fluorescence was found in the presence of Cu2+. 
There are also suggestions that cupric ions interact with the 
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