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Abstract . The inhibitory effect of 14 aqua(aryloxyacetato) copper(II) complexes 
on oxygen evolution ra te in spinach chloroplasts has been investigated. The in
hibitory effect of these effectors on photosynthesis was confirmed by Hill reaction 
as well as by E P R and fluorescence spectroscopies. The results of the E P R study 
showed that the sites of action of the studied effectors are Z + and Y + interme
diates at the donor side of the photosystem (PS) 2. The E P R study also showed 
that another site of action is the oxygen evolving complex, namely its manganese 
cluster. The above suggestions were supported by the results of the fluorescence 
study as well. Based on the restoring of the photosynthetic electron transport t o 
2,6-dichlorophenol-indophenol in chloroplasts inhibited by the studied Cu(II) com
plexes using sym-diphenylcarbazide it can be assumed that the own core of PS2 
(P680) and a part of the electron transport chain - at least up to plastoquinone -
remain intact. 

K e y words: Copper(II) complexes — Photosynthesis inhibition — Spinach chloro
plasts — E P R spectroscopy — Fluorescence spectroscopy 

Introduct ion 

Considering the increasing problem of environmental pollution by heavy metals, the 
study of their effects upon ecosystems is of great importance. Cations of the heavy 
metal copper (Cu(II)) are well known to inhibit the photosystem 2 (PS 2) electron 
transport in higher plants (Hsu and Lee 1988; Mohanty et al. 1989) and in green 
algae (Samson et al. 1988). However, the Cu(II)-binding site and the underlying 
inhibitory mechanisms are still controversial. Mohanty et al. (1989), Hsu and Lee 
(1988), Singh and Singh (1987), Yruela et al. (1991, 1993), and Maksymiec et al. 
(1994) located the Cu(II) binding site on various sites of the acceptor side of PS 
2. Samson et al. (1988) suggested that Cu(II) impairs the PS 2 photochemistry by 
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affecting the water-oxidizing site on the donor side of P S 2. 
Copper salts of phenoxyacetic acid and of its substituted derivatives are in

teresting not only from the viewpoint of their coordinative chemical properties 
(Prout et al. 1968; Goebel and Doedens 1972: Smith and Reilly 1981) but also 
because of a variety of their biological activities. The 4-chloro- and 4-chloro-2-
methyl-phenoxyacetato copper(II) complexes with some O- and N-donor ligands 
have been shown to have important herbicidal activity which is typical of the 
organic aryloxyacetate skeleton (Blahová et al. 1982, 1992). These compounds ex
hibit relatively low fungicidal activity against phytopatogenic fungi (Blahová et 
al. 1982, 1992). Interesting results were obtained by studying antimicrobial activ
ities of some aqua(carboxylato)copper(II) complexes and (3,5-dimethylpyrazole)-
(aryloxyacetato)copper(II) complexes (Sokolík et al. 1992). The values of minimum 
inhibitory concentrations of these effectors vary in the range of 400-800 ^ t g . c m - 3 

for Escherichia coh, 400-600 / i g . c m " 3 for Candida albicans and 300 yitg.cm - 3 for 
Staphylococcus aureus (Blahová et al. 1993). The anti-inflammatory activity of 
selected mononuclear aqua(aryloxyacetato)copper(II) complexes was investigated 
by Sokolík et al. (1993) and Blahová et al. (1994); the biological activities of 
the most effective compounds were reported to be comparable with that of cop-
per(II)salicylate te t rahydrate . 

This work is aimed at investigating the effect of 14 aqua(aryloxyacetato)cop-
per(II) complexes on photosynthetic processes in spinach chloroplasts. 

M a t e r i a l s and M e t h o d s 

The aqua(aryloxyacetato)copper(II) complexes studied were prepared at room tempera
ture, using the method described by Krätsmár-Smogrovič and Jokl (1965), by the reaction 
of C u 2 + ions with the corresponding aryloxyacetate ions in aqueous solution (pH appiox-
imately 4.5). The stoichiometric composition, the elemental analysis (C, H, Cu) and the 
physico-chemical properties of the studied compounds are described in Blahová et al. 
(1972, 1980, 1986, 1992), Krätsmár-Smogrovič et al. (1973), Plesch et al. (1973). The 
structural types of the individual aqua(aryloxyacetato)copper(II) complexes studied were 
determined by magnetic measurements and by the parameters of their electron and EPR 
spectra in the solid state (Scheme 1). 

CUSO4.5H2O (p.a) was obtained from Lachema, Brno. 
The effects of the studied compounds on oxygen evolution rate in spinach chloroplasts 

were investigated spectrophotometrically (Specord UV VIS Zeiss Jena, Germany) in the 
presence of the electron acceptor 2,6-dichlorophenol-indophenol, according to Kráľova et 
al. (1992). Because of low water solubility of the studied compounds, they were dissolved 
in dimethyl sulfoxide (DMSO). The applied concentration of DMSO did not affect the 
photochemical activity of spinach chloroplasts. The inhibitory activity of the compounds 
studied has been expressed in terms of IC\0 values, i.e. by the concentration of the effector 
(in m o l . d m - 3 ) causing a 50% decrease of the parameter studied, as compared to control 
samples. 

EPR measurements were carried out with ERS 230 (WG, Akadémie der Wissen-
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Scheme 1. Structural types of the studied Cu(II) complexes 

Type A - [Cu(R-COO)2(H20)3] 
R = phenoxymethyl (I), 4-methylphenoxymethyl (IV), 

4-chloro-3-methylphenoxymethyl (X) 
Type B - [Cu(R-COO)2(H20)2] 

R = 2-methylphenyl (II), 3-methylphenyl (III), 
3-chlorophenyl (VII), 4-chlorophenyl (VIII), 
4-chloro-2-methylphenyl (IX), 2-nitrophenyl (XIV) 

Type C - [Cu(R-COO)2(H20)2]. 2 H 2 0 
R = 2-chlorophenoxymethyl (VI), 2,4-dichlorophenoxymethyl (XI), 

1-naphtoxymethyl (XII), 2-naphtoxymethyl (XIII) 
Type D - R = 2-chlorophenoxymethyl (V) 

schaften, Berlin, Germany) operating in X-band at 5 mW of microwave power and 5.10 -4 

T of the magnetic field modulation. EPR spectra of untreated spinach chloroplasts as well 
as those in the presence of the compounds tested (0.05 mol .dm - 3 ) were recorded both in 
the dark and in the light. The chlorophyll (Chi) content in the samples was 4 mg.cm - 3 . 
Irradiation was carried out with a 250 W halogen lamp through a water filter. 

Fluorescence measurements were performed with an F-2000 spectrophotometer (Hi
tachi, Japan) at room temperature (approximately 24°C). Chloroplast suspensions con
taining 10 mg C h i . d m - 3 were excited at 436 nm, i.e. at the wavelength causing mainly 
excitation of Chla, using a 10 nm slit. The samples were kept in the dark for 10 min. prior 
to the measurements. 
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Results 

T h e aqua(aryloxyacetato)copper(II) complexes studied inhibit oxygen evolution 
rate in spinach chloroplasts. The corresponding /C50 values for the tested effec
tors and the types of their structures are summarized in Table 1. The biological 
activities of the 14 investigated copper(II) complexes varied within a relatively 
narrow concentration range (IC50 values: 4.58 ^ ť m o l . d m - 3 for compound V. and 
22.59 yumol .dm - 3 for compound II) and are comparable with the IC50 value deter
mined for CUSO4.5H2O (13.21 /Limol.dm - 3 ). After storage of the solutions of the 
studied copper(II) complexes in DMSO for 24 h, the /C50 values increased about 
threefold. Thus, the stability of the complexes in solution is insufficient, and the 
products formed after degradation are less efficient inhibitors of photosynthesis. 

Table 1. /C50 values for oxygen evolution rate in spinach chloroplasts in the presence of 
aqua(aryloxyacetato)eopper(II) complexes. Symbols: PhOAc, phenoxyacetate anion; Me, 
methyl; CI. chloro; N 0 2 , nitro; NOAc, naphtoxyacetate anion 

N 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 
XIII 
XIV 

Compound 

Cu(PhOAc) 2 .3H 2 0 
Cu(Me2PhOAc) 2.2H 20 
Cu(Me3PhOAc) 2.2H 20 
Cu(Me4PhOAc) 2.3H 20 
Cu(C12PhAc)2 

Cu(C12PhOAc)2.4H20 
Cu(C13PhOAc)2.2H20 
Cu(C14PhOAc)2.2H20 
Cu(C14Me2PhOAc)2.2H20 
Cu(C14Me3PhOAc)2.3H20 
Cu(diC12,4PhOAc)2.4H20 
Cu(l-NOAc) 2 .4H 20 
Cu(2-NOAc)2.4H20 
Cu(2-N0 2 PhOAc) 2 .2H 2 0 

/Cso.lO0 

(mol.dm~ 3) 

8.93 
22.59 
13.16 
11.20 

4.58 
9.22 
9.98 
7.87 

15.38 
11.64 
10.50 
10.79 
18.71 

7.27 

Type of 
structures 

A 
B 
B 
A 
D 
C 
B 
B 
B 
A 
C 
C 
C 
B 

T h e effects of the studied compounds on the set of photosynthetic centres 
PS 1 and PS 2, showing E P R signals in the region of free radicals (so-called signal 
I and signal II) were studied using E P R spectroscopy. Fig. 1 illustrates the effect of 
compound IX on E P R spectra of spinach chloroplasts. From Fig. 1 it is obvious that 
compound IX decreased the intensities of E P R signal II sioW and signal I I V P r v frtst, 
belonging to intermediates Y + and Z + respectively, which are s i tuated on the donor 
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Figure 1. EPR spectra of untreated spi
nach chloroplasts (A) and of chloroplasts 
treated with 0 05 mol dm" 3 Cu (C14 
Me2PhOAc)2 2H 2 0 (compound IX) (B) 
The full hnes correspond to chloroplasts 
kept in the dark the dotted lines to the 
illuminated chloroplasts The dotted spec
trum in B was recorded at sensitivity two 
times lower than recordings of the other 
spectra 

Figure 2. EPR spectra of untreated spi
nach chloroplasts (A) and in the presence 
of 0 025 mol dm" 3 Cu(C14Me2PhOAc)2 

2H 2 0 (compound IX) and 10% dimethyl 
sulfoxide (B, C) Spectrum B was recorded 
at four times lower sensitivity The arrows 
marked "a" point to signals I and II, that 
marked "6" signal I, and those marked "c" 
the signal of Mn2 + ions 

side of PS 2 (Fig IB, full line) On the other hand, after illumination of t reated 

chloroplasts, a very pronounced increase of signal I, belonging to the chlorophyll 

dimer in PS 1, could be observed (Fig I S , dot ted line) 

The effects of the aqua(aryloxyacetato)copper(II) complexes on the photosyn-

thetic centres of chloroplasts were investigated by studying of Chl a fluorescence 

The decrease of the fluorescence maximum at 686 nm, belonging to the pigment 

protein complexes m PS 2, m the presence of compound IX suggests the inhibitory 

effect of this effector on spinach chloroplasts (Fig 3) 
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Figure 3. Fluorescence spectra of untreated spinach chloroplasts (A) and of chloroplasts 
treated with saturated aqueous Cu(C14Me2PhOAc)2. 2 I I 2 0 (compound IX) solution (B). 

D i s c u s s i o n 

Aqua(aryloxyacetato)copper(II) complexes are composed from two biologically ac
tive components, copper(II) and the aryloxyacetic part which is typical of the group 
of plant growth regulators of the auxine type. Also, it is probable that the result
ing biological activity of the studied effectors is affected by both components. The 
ICSQ values for the inhibition of oxygen evolution rate in spinach chloroplasts by 
polysubstituted phenoxyacetic acids 2,4-dichlorophenoxy (2,4-D) and 2-methyl-4-
chlorophenoxyacetic acid (MCPA) are one to two orders higher than those ob
tained for the studied aqua(aryloxyacetato)copper(II) complexes (3.16 and 9.33 
m m o l . d m - 3 respectively) (Kráľova et al. 1993). This means that , from the view
point of biological effectiveness, the presence of copper(II) in the studied effectors 
is of great importance. However, the decrease of the inhibitory activity due to the 
degradation of the complex after its storage in DMSO solution over 24 h indicates 
t h a t the copper(II) complex is more active t h a n its individual components. Sim
ilar to the inhibitory activity of the studied effectors on oxygen evolution rate in 
spinach chloroplasts (Table 1), also their antimicrobial activities showed only rela
tively small variations depending on the structure of the aryloxyacetic part of the 
effector (Blahová et al. 1993). 

E P R experiments documented the effects of the aqua(aryloxyacetato) 
copper(II) complexes on the photosynthetic centres. The decrease of the inten
sity of signal IIsiowi belonging to the Y + intermediate, namely t o the cation radical 

A 

B 

// 

s X . 
__^y 
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tyrosine 160 in the donor part of protein D2 in PS 2, and the decrease of signal 
Hveiy last- belonging to Z+ intermediate, namely to the cation radical of tyrosine 
161 in the donor part of D\ protein in PS 2. suggested t h a t the site of action of 
the studied copper(II) complexes is the donor side of PS 2. This was supported 
also by the presence of E P R signal, belonging to free M n 2 + ions released from 
the manganese cluster located in the oxygen evolving complex on the donor side 
of P S 2. The effect of compound IX on manganese cluster of spinach chloroplasts 
is illustrated by the E P R spectra (Fig. 2). Interactions of compound IX with the 
manganese cluster resulted in the release of free M n 2 + ions into the interior of the 
thylakoid membranes. The signal of free M n 2 + ions was seen in the E P R spectra of 
chloroplasts treated with compound IX (Fig. 2, lines B, C). This signal, consisting 
of six lines, was superposed onto the E P R signal of compound IX (Fig. 2, line B). 
Due to a high intensity of the E P R spectrum of compound IX from the six lines 
corresponding to M n 2 + only three could be resolved. 

No effects of the studied copper(II) complexes were observed on PS 1. This is 
documented by the E P R spectra of chloroplasts treated with effector IX (Fig. I B , 
dotted line) where a very intensive E P R signal I appeared during illumination. 
The inciease of signal I, belonging to the Chl a dimer of P 700 + , was caused by the 
damage to PS 2. Due to this injury PS 2 could not supply the electrons to PS 1 
and was unable to reduce P 700 + to its neutral form, and consequently an intensive 
increase of signal I can be observed in E P R spectra (Seršeň et al. 1990). In contrast 
to the studied aqua(aryloxyacetato)copper(II) complexes affecting only PS 2, the 
corresponding uncomplexed aryloxyacetic acids (Gribova et al. 1985; Kráľova et al. 
1993) impair both photosynthetic centres, PS 1 and PS 2. 

The results of fluorescence measurements support the findings obtained with 
E P R spectroscopy concerning t h e site of action of the studied Cu(II) complexes. 
The decreased intensity of the emission band at 686 nm, belonging to the pigment-
protein complexes in PS 2 (Atal et al. 1991) (Fig. 3), suggests P S 2 as the site of 
action of the studied complexes. 

Upon addition of sym-diphenylcarbazide (0.5 m m o l . d m - 3 ) to chloroplasts in
hibited by the studied Cu(II) effectors the oxygen evolution rate was restored up 
to 90%. Since the site of action of this artificial donor of PS 2 is an intermediate in 
Z/Y on the donor side of PS 2 (Jagerschold and Styring 1991) it can be assumed 
that , in the presence of the studied effectors, the own core of PS 2 (P 680) and a 
part of the elecron t ransport chain - at least up to plastoquinone - remain intact. 

R e f e r e n c e s 

Atal N., Saradhi P. P., Mohanty P. (1991): Inhibition of the chloroplast photochemical 
reactions by treatment of wheat seedlings with low concentrations of cadmium: 
Analysis of electron transport activities and changes in fluorescence yield. Plant 
Cell Physiol. 32, 943—951 



490 Kráľova et al 

Blahová M , Krätsmár-Smogrovič J , Melník M (1972) l-Naphtoxyacetatocopper(II)-
Complexes Z Naturforsch 27b, 1419—1420 (in German) 

Blahová M , Krätsmár-Smogrovič J , Seressová V , Varkonda S (1980) 3-Methyl-4-chlo-
rophenoxyacetatocopper(II) complexes Proc 8th Conf Coord Chem , Smolemce, 
31—36 (in German) 

Blahová M , Kratsmar-Šmogrovič J , Varkonda S (1982) Herbicidal activity of 4-chlo-
rophenoxyacetatocupric complexes with some N- and O-donor molecule ligands, 
Ceskoslov Farm 31, 264—270 (in Slovak) 

Blahová M , Lučanská B , Seressová V , Sokolík J , Švajlenova O , Valent A , Zemhčka M 
(1986) Phenoxyacetatocopper (II) complexes study of their magnetic and spec
tral properties and antimicrobial activity Farm obzor 55, 299—306 (m Slovak) 

Blahová M , Sokolík J , Valent A , Krätsmár-Smogrovič J (1992) Fungicidal and her-
bicidal activities of (4-chloro-2-methyl-phenoxyacetato)copper(II) complexes with 
selected N- and O-donor molecule ligands Ceskoslov Farm 4 1 , 166—169 (in Slo
vak) 

Blahová M , Sokolík J , Mišikova E , Mlynarčík D (1993) Preparation and antimicrobial 
activity of (3,5-dimethylpyrazole)(aryloxyacetato)copper(II) complexes Ceskoslov 
Farm 42, 268—271 (in Slovak) 

Blahová M , Tumová I , Sokolík J , Gallasová M , Švec P (1994) Anti-mflammatory 
activity of aqua(aryloxyacetato)copper(II) complexes Pharmazie 49, 373—374 

Goebel C V , Doedens J R (1972) Crystal and molecular structure of bis(phenoxyace-
tato)tnaquacopper(II), a monomenc, five-coordinate hydrated cupric carboxylate 
Chem Commun 839—841 

Gnbova Z P , Zinchenko V A , Gunár L E (1985) Changes m ESR spectra of wheat 
and barley leaves after many years of treatment with 2,4-D Izv Akad Nauk SSSR, 
Ser Biol 1, 72—80 (in Russian) 

Hsu B D , Lee J Y (1988) Toxic effect of copper on photosystem II of spinach chloro
plasts Plant Physiol 87, 116—119 

Jagerschold C , Stynng S (1991) Fast oxygen-independent degradation of Dl reaction 
center protein in photosystem II FEBS Lett 280, 87—90 

Kráľova K , Seršeň F , Cižmánk J (1992) Inhibitory effect of pipendinoethylesters of 
alkoxyphenylcarbamic acids on photosynthesis Gen Physiol Biophys 11, 261— 
267 

Kráľova K , Seršeň F , Mitterhauszerová Ľ , Lácová M (1993) Inhibitory effects of some 
polysubstituted phenoxyacetic acid derivatives on photosynthetic activity of chloro
plasts and on chlorophyll production in wheat and Chlorella vulgaris Chem Papers 
47, 264—267 

Krätsmár-Smogrovič J , Jokl V (1965) Complex compounds of copper with organic lig
ands (1) A contribution to the chemistry of copper(II)sahcylato complexes Chem 
Zvesti 19, 881—891 (m Slovak) 

Kratsmar-Šmogrovič J , Seressová V , Švajlenova O , Blahová M , Seršeň F (1973) Cre-
soxyacetatocopper(II)-Complexes Z Naturforsch 28b, 505—506 (in German) 

Maksymiec W , Russa R , Urbamk-Sypmewska T , Baszynski T (1994) Effect of excess 
Cu on the photosynthetic apparatus of runner bean leaves treated at two different 
growth stages Physiol Plant 9 1 , 715—721 

Mohanty N , Vass I , Demeter S (1989)- Copper toxicity affects photosystem II electron 
transport at the secondary quinone acceptor Q B Plant Physiol 90, 175—179 



Effects of Cu(II) Complexes on Photosynthesis 4 9 1 

Plesch G., Blahová M., Krätsmár-Smogrovič J. (1973): Chlorophenoxyacetato copper(II)-
Complexes. Z. Naturforsch. 28b, 521 -522 (in German) 

Prout C. K., Armstrong R. A., Carruthers J., Forrest J. C , Murray-Rust P., Rossotti 
F. J. C. (1968): Structure and stability of carboxylate complexes. Part I. The 
crystal and molecular structures of copper(II) glycolate. DL-lactate, 2-hydroxy-
2-methylpropionate, metoxyacetate and phenoxyacetate. J. Chem. Soc. A 2791 — 
2813 

Samson G., Morisette J. C , Popovic R. (1988): Copper quenching of the variable fluores
cence in Dunahella tertwlecta. New evidence for a copper inhibition effect on PS 
II photochemistry. Photochem. Photobiol. 48, 329—332 

Seršeň F., Balgavý P., Devínsky F. (1990): Electron spin resonance study of chloroplast 
photosynthetic activity in the presence of amphiphilic amines. Gen Physiol. Bio-
phys. 9, 625—633 

Singh D. P. and Singh S. P. (1987): Action of heavy metals on Hill activity and 0 2 

evolution in Anacystis nidulans. Plant Physiol. 83, 12 —14 
Smith G., Reilly E. J. (1981): Metal-phenoxyalcanoic acid interactions. Part I. Crys

tal and molecular structures of diaquabis(p-chlorophenoxyacetato)copper(II), di-
aquabis (phenoxyacetato)zinc(II) and diaquabis(p-chlorophenoxyacetato)zinc(II). 
Inorg. Chim. Acta 47, 111—120 

Sokolík J., Blahová M., Lučanská B., Mlynarčík D., Valent A.. Andrezálová L., Švajlenova 
O., Zemlička M. (1992): Antimicrobial activity of selected aqua(carboxylato)cop-
per(II) complexes. Ceskoslov. Farm. 41, 40 46 (in Slovak) 

Sokolík J., Sedláčková S., Račanská E., Blahová M., Svec P. (1993): Anti-inflammatory 
activity of some aqua(aryloxyacetato)copper(II) complexes. Ceskoslov. Farm. 42, 
133—136 (in Slovak) 

Yruela I., Montoya G., Alonso P. J., Picorel R. (1991): Identification of the pheophytin-
QA-Fe domain of the reducing side of the photosystem II as the Cu(II)-inhibitory 
binding site. J. Biol. Chem. 266, 22847 -22850 

Yruela I., Alfonso M., Ortiz de Zarate I., Montoya G., Picorel R. (1993): Precise location of 
Cu(II)-inhibitory binding site in higher plant and bacterial photosynthetic reaction 
centers as probed by light-induced absorption changes. J. Biol. Chem. 268, 1684— 
1689 

Final version accepted December 10, 1994 


