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and local environments of the manganese centers by comparison with XAS data for model
manganese compounds [8]. The EXAFS (Extended X-ray absorption fine structure) portion
of the spectrum has revealed the presence of several Mn-Mn and Mn-ligand interactions [9].
The presence of calcium at the active site has been confirmed by changes in the EXAFS
spectrum upon treatment of the enzyme with Sr2+ [3a]. The XANES (X-Ray absorption near
edge spectrum) portion of the spectrum reveals a change in oxidation state upon going from
the Sq to S and from the S; to S, states. However, XANES data indicate that no metal
centered oxidation occurs during conversion from the S, to Sj state [9d]. It has been implied
fronén XANES data that the oxidation state distribution is (IN(IIN({TV); for Sg and (II),(IV),
for §;.

Electron paramagnetic resonance spectroscopy (EPR) [10] has been employed to ex-
amine the paramagnetic intermediates in the S cycle. It has been confirmed, by flash experi-
ments [11], that the S7 state is paramagnetic. Two signals have been observed for this state: a
multiline signal [10] centered at g =2, and a g = 4.1 signal [12] with a line width of 320G
which has been “trapped” at low temperature. Model compounds have assisted in the inter-
pretation of the multiline signal [13].

The g = 4.1 signal converts to the multiline signal when the samples are warmed to
190K. Ammonia stabilized samples show complex hyperfine structure which implies a
multinuclear origin for this signal. The ground spin states of the manganese centers respon-
sible for the two signals are 1/2 and 5/2, respectively. The signal is attributed to a conforma-
tionally induced change in the spin state of the tetranuclear manganese cluster. EPR spectra
of Ca2+ depleted samples reveal that a histidine residue is oxidized [14] during the S, to S3
transition, a conclusion that is consistent with the XANES data. Figure 2 shows the proposed
structure of the compiex.

Figure 2. Proposed model for the active site of the OEC.

The structure [9A] 1s consistent with both EXAFS and EPR data. It can be viewed as a dimer
of dimers which can exist in a variety of oxidation states as the enzyme catalyzes the
oxidation of water.

The binding or presence of nitrogenous ligands and amino acids has been examined
by a pulse EPR technique known as ESEEM [15] (electron spin echo envelope modulation
spectroscopy), which can measure super hyperfine and quadrupolar interactions. The
ESEEM data confirm that ammonia binds [16] to manganese in the S, state. Furthermore,
the magnitudes of the quadrupolar couplings have implied that ammonia is deprotonated and
exists as an amido species. Finally ESEEM data confirm (by isotopic labeling) that nitroge-
nous amino acids [17], such as histidine, are directly ligated to manganese.



51

References

1.

(a)
(b)
(c)
(d)

(e)
®

Rutherford, A. W., " Photosystem II, the Water Splitting Enzyme," Trends
Biochem. Sci. 1984, 14, 227-232,

Hansson, O.; Wydrzynski, T., "Current Perceptions of Photosystem II,"
Photosynth. Res. 1990, 23, 131-162.

Sauer, K., "A Role for Manganese in Oxygen Evolution in Photosynthesis," Acc.
Chem., Res. 1980, 13, 249-256.

Pecoraro, V., "Structural Proposals for the Manganese Centers of the Oxygen
Evolvmg Complcx An Inorganic Chemists Perspective," Photochem.
Photobiol. 1988, 48, 249-264.

Renger, G., "Biological Exploitation of Solar Energy by Photosynthetic Water
Splitting,” Angew. Chem., Int. Ed. Engl. 1987, 26, 643-660.

Babcock, G. T. In New Comprehensive Biochemistry: Photosynthesis, "The
Photosynthetic Oxygen Evolving Process,” Amesz, J., Ed.; Elsevier: New York,
1987; pp. 125-158.

Ono, T.; Inoue, Y., "Effects of Removal and Reconstitution of the Extrinsic 33, 24,
and 16 Kda Proteins on Flash Oxygen Yield in Photosystem II Particles,” Biochim.
Biophys. Acta. 1986, 850, 380-389.

(a)

(b)

(a)

(b)

Ono, T.; Kusunoki, M.; Matsushita, T.; Oyanagi, H.; Inoue Y., "Structural and
Functional Modifications of the Manganese Cluster in Ca2* S; and S, states:
Electron Paramagnetic Resonance and X-Ray Absorption Spectroscopy Studies,"
Biochemistry 1991, 30, 6836-6841.

Boussac, A; Rutherford, A. W., "Nature of the Inhibition of the Oxygen-Evolving
Enzyme of Photosystem IT Induced by NaCl Washing and Reversed by the Ad-
dition of Ca2+ and Sr2+,” Biochemistry 1988, 27, 3476-3483.

Yocum, C. F.; Sandusky, P. O., "The Chloride Reguirement for Photosynthetic
Oxygen Evolution: Factors Affecting Nucleophilic Displacement of Chloride
from the Oxygen Evolving Complex,” Biochim. Biophys. Acta. 1986, 849, 85-93.
Yachandra, V. K.; Guiles, R. D.; Sauer, K.; Klein, M. P., "The State of Manga-
nese in the Photosynthetic Apparatus: The Chloride Effect in Oxygen Evolution,”
Biochim. Biophys. Acta. 1986, 850, 333-342.

Yocum, C. F. In Manganese Redox Enzymes. "The Calcium and Chloride Require-
ments for Photosynthetic Water Oxidation"; Pecoraro, V. L., Ed; VCH Publishers
Inc.: New York, 1992, chapter 4.

Kok, B.; Forbush, B.; McGloin, M., "Cooperation of Charges in Photosynthetic O,
Evolution - I: A Linear Four Step Mechanism," Photochem. Photobiol. 1970, 11, 457-

75.

Sauer, K.; Yachandru, V. K.; Britt, R. D.; Klein, M. P. In Manganese Redox Enzymes;
Pecoraro, V. L., Ed; VCH Publishers, Inc.: New York, 1992, chapter 8.

(a)

Collins, M. A.; Hodgson, D. J.; Michelson, K.; Towle, D. K., "Synthesis and
Characterization of the Binuclear Complex Di-p-oxo [N, N'-bis(2-methylpyridyl)
ethane-1,2-diamine]dimanganese (III, IV) perchloratedihydrate[(bispicen)-
MnOJ,(ClOy) 3 H,0," J. Chem. Soc., Chem. Commun. 1987, 1659.



10.

11.

12.

13.

14.

52

{b}) Vincent, J. B.; Christmas, C.; Huffman, J. C,; Christou, G.; Chang, H.;
Hendricksen, D. N., "Modelling the Photosynthetic Water Oxidation Centre:
Synthesis, Structure, and Magnetic Properties of [MngO3(0Ac);(bipy);](ClO4)-
3H,0," J. Chem. Soc., Chem. Commun. 1987, 236.

(c) For a general review see: Wieghardt, K., "The Active Sites in Manganese Con-
taining Metalloproteins and Inorganic Model Complexes," Angew. Chem., Int.
Ed. Engl. 1989, 28, 1153-1172.

(a) Yachandra, V. K.; DeRose, V. J.; Latimer, M. J.; Mukerji, I.; Sauer, K.; Klein,
M. P., "Where Plants Make Oxygen: A Structural Model For the Photosynthetic
Oxygen Evolving Cluster," Science 1993, 260, 675-679.

(b) Guiles, R. D.; Yachandra, V. K_; Mcdermott, A. E.; Cole, J. L.; Dexheimer, K. S.;
Britt, R. D; Sauer, K.; Klein, M. P., "The S State of Photosystem II Induced By
Hydroxylamine: Differences Between The Structure of the Manganese Complex
in the Sq and S{States Setermined by X-Ray Absorption Spectroscopy,”
Biochemistry 1990, 29, 486-496.

(¢) Yachandra, V. K.; Guiles, R. D.; McDermott, A. E.; Cole, J. L.; Britt, R. D.;
Dexheimer, K. S.; Klein, M. P., "Comparison of the Structure of the Manganese
Complex in the S; and S, States of the Photosynthetic O, Evolving Complex: An
X-Ray Absorption Spectroscopy Study,” Biochemistry 1987, 26, 5974-5981.

{(d) Guiles, R. D.; Zimmerman, J. L.; Mcdermott, A. E.; Yachandra, V. K.; Cole, J. L.;
Dexheimer, S. L.; Britt, R. D.; Wieghardt, K.; Bossek, U.; Sauer, K.; Klein, M. P.,
“The S3 State of Photosystem II: Differences between the structure of the manga-
nese Complex in the S; and S3 states determined by X-ray Absorption Spectros-
copy,” Biochemistry 1990, 29, 471-485.

(a) Kim, D. H.; Britt, R. D.; Klein, M. P.; Sauer, K., "The Manganese Site of the
Photosynthetic oxygen-Evolving Complex Probed by EPR Spectroscopy of
Oriented Photosystem II Membranes: The g =4 and g = 2 Multiline Signals,"
Biochemistry 1992, 31, 541-547.

(b) Brudvig, G. W., "EPR Spectroscopy of Manganese Enzymes," In Advanced EPR;
Hoff, A. ], Ed.; Elsevier: Amsterdam, 1989, chapter 24.

Dismukes, G. C.; Siderer, Y., “Intermediates of a Polynuclear Manganese Center
Involved in the Photosynthetic Oxidation of Water," Proc. Natl. Acad. Sci. USA 1981,
78,274-278.

(a) Kim,D. H.; Bntt, D. R.; Klein, M. P,; Sauer, K., "The g = 4.1 EPR Signal of the
S, State of the Photosynthetic Oxygen Evolving Complex arises from a Multi-
nuclear Mn Cluster," J. Am. Chem. Soc. 1990, 112, 9389-9391,

(b) Casey, J. L.; Sauer, K., "EPR Detection of a Cryogenically Photogenerated
Intermediate in Photosynthetic Oxygen Evolution," Biochim. Biophys. Acta. 1984,
767, 21-28.

Cooper, S. R.; Dismukes, G. C.; Klein, M. P.; Calvin, M., "Mixed Valence Interactions
in Di-p-oxo bridged Manganese Complexes-Electron Paramagnetic Resonance and
Magnetic Susceptibility Studies," J. Am. Chem. Soc. 1978, 100, 7248-7252.

Boussac, A.; Zimmerman, J.; Rutherford, A. W.; Lavergne, J., "Histidine Oxidation
in the Oxygen Evolving Photosystem II Enzyme," Nature. 1998, 347, 303-306.



53

15. Mims, W. B.; Peisach, J. In Biological Magnetic Resonance; Berliner, L. J.; Reuben,
J., Eds.; Plenum Press: New York, 1981; Vol. 3, pp. 213-263.

16. Britt, R. D.; Zimmerman, J.; Sauer, K.; Klein, M. P., "Ammonia Binds to the
Catalytic Mn of the Oxygen Evolving Complex of Photosystem II : Evidence by
Electron Spin-Echo Envelope Modulation Spectroscopy,” J. Am. Chem. Soc. 1989,
111, 3522-3532.

17. Derose, V. J.; Yachandru, V. K.; McDermott, A. E.; Britt, R. D.; Sauer, K.; Klein, M.
P., " Nitrogen Ligation to Manganese in the Photosynthetic Oxygen-Evolving
Complex: Continous-Wave and Pulsed EPR Studies of Photosystem II Particles
Containing 14N and 15N," Biochemistry 1991, 30, 1335-1341.



	1993-1994 fixed 52
	1993-1994 fixed 53
	1993-1994 fixed 54
	1993-1994 fixed 55
	1993-1994 fixed 56

