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Abstract: Electron transfer from the reduced tyrosine YD and cytochrome b559 (Cyt b559) to the S2 and S3 states of 
photosystem II was investigated at the temperature of 195 K. Electron transfer reactions were followed by 
measuring EPR signals of tyrosine YD

•, oxidized Cyt b559 and the S2-state multiline signal. Long term incubation 
(~90 days) at 195 K causes decay of the majority of S2 centers up to ~40% of initial value, while in this time scale 
the intensity of YD

• radical increases less than 10%. Samples advanced to S3 state demonstrates an increasing 
behavior of the S2-state multiline signal intensity in the beginning of incubation (~20 days) and slow decay up to 
40% of maximal amplitude during further incubation of the samples. Similarly to the S2 sample, small increase in 
YD

• radical signal was observed during the S3 decay. However, in both types of samples prepared in S2 and S3

states after 90 days of incubation the signal of oxidized Cyt b559 is increased from 45%–50% up to 100% maximal 
intensity. The results obtained in this study support the conclusion of our early investigations which claimed the 
reduced Cyt b559 as electron source for the S2 and S3 states.  
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Introduction

Photosystem II (PSII) of oxygenic species 
catalyzes water oxidation reactions utilizing power of 
sunlight in light-induced electron transfer reactions 
(Barber, 2003). High potential produced in PSII 
reaction center and required for water oxidation 
chemistry accumulates through the catalytic S-cycle 
driven by (Ca-4Mn)-YZ-P680-Phe-QAQB redox 
sequence. Electron transfer in photosystem II starts 
with excitation of P680 (chlorophyll) resulting in 
sequential reduction of pheophytin (Phe) and 
plastoquinone electron acceptors (QA, QB), and 
oxidation of tyrosine YZ and Ca-4Mn cluster. S-cycle 
involves five intermediate redox states: S0-S4. S0 is 
the most reduced state. The S2 and S3 states are 
unstable and decays to the stable S1 state in the dark. 
The S4 state is a transient intermediate between S3 and 
S0 (Debus, 1992; Diner and Babcock, 1996). 

In certain circumstances two other inner 
components of PSII, the redox active tyrosine YD and 
cytochrome b559, may also interfere and support water 
oxidation reactions by electrons (Buser et al., 1990; 

Styring and Rutherford, 1988; Vass and Styring, 
1991; Stewart and Brudvig, 1998; Hanley et al., 1999; 
Tompson and Brudvig, 1988; Faller et al., 2001). 
Electron transfer from tyrosine YD and Cyt b559 to the 
S2 and S3 states of PSII above 245 K were 
investigated in previous studies (Styring and 
Rutherford, 1987, 1988; Feyziyev et al., 2003). The 
subject of present work is the study of electron 
transfer reactions between tyrosine YD, Cyt b559 and 
S-state cycles (S2 and S3 states).

Materials and Methods 

BBY-type PSII enriched membrane fragments 
(Berthold et al., 1984) were prepared from 
hydroponically grown greenhouse spinach with 
modifications, described in (Völker et al., 1985). The 
isolated membranes were resuspended in 50 mmol 
MES-NaOH buffer pH 6.2, contained 35 mmol NaCl 
and 300 mmol sucrose at a chlorophyll concentration 
of 4 mg/ml and stored at liquid nitrogen until use. In 
the presence of 200 
M PPBQ as an electron acceptor 
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the rate of oxygen evolution was ~450 
mol of 
O2 (mg Chl)–1h–1.

Tyrosine YD
• and Cyt b559 were reduced 

chemically by an ascorbate and 3.6-diaminodurene 
(DAD) treatment in complete darkness. The PSII 
membranes at a chlorophyll concentration of 1 mg/ml 
were dark adapted for 30 min in complete darkness at 
room temperature. 5 mmol sodium ascorbate and 
1 mmol DAD were added and the suspension was 
incubated for an additional 30 min. After incubation, 
the suspension was diluted about 8–10 times and the 
PSII membranes were precipitated at 30,000 g for 
20 min, and thereafter the membranes were washed 
two times. Last pellet was resuspended in the storage 
buffer to get the chlorophyll concentration of 4 mg/ml. 
The treated PSII membranes were transferred into the 
calibrated EPR tubes. PPBQ (0.5 mmol, dissolved in 
DMSO, final DMSO concentration of 2% v/v) was 
added and the samples were illuminated with short (7 ns) 
light flashes from a Nd:YAG laser (400 mJ/pulse, 
532 nm) to advance PSII to the YD

redS2 (1 flash) or 
YD

redS3 (2 flashes, 0.5 Hz) states. After laser flashes, 
the samples were frozen within 1 s in an ethanol-solid 
CO2 bath, and then rapidly transferred into liquid 
nitrogen where they were stored until used. The dark 
(non-illuminated) samples were used to study PSII in 
the S1 state. 

EPR measurements were performed using a 
Bruker ESR-500 spectrometer and ST4102 standard 
cavity, equipped with an Oxford-900 cryostat and 
ITC-503 temperature controller. The S2 state multiline 
signal was measured at 7 K with a microwave power 
of 13.1 mW and field modulation amplitude 20 G. 
The EPR signal from tyrosine YD

• and oxidized Cyt 
b559 was measured at 15 K. The YD

• radical was 
detected at microwave power of 1 
W and field 
modulation amplitude 3.2 G, and 5.3 mW microwave 
power and 16 G field modulation amplitude used for 
detection of oxidized Cyt b559.

Results and Discussion 

In the presence of reduced tyrosine (YD
red), the 

flash-induced turnover of S-cycle is rapidly 
desynchronized due to misses, the presence of YD

red,
and the lack of a synchronized preflash (Styring and 
Rutherford, 1987; Feyziyev et al., 2003). The EPR 
signal (Fig. 1A) of oxidized tyrosine was absent in the 
dark sample (spectrum a) which shows that ascorbate-

DAD treatment efficiently reduce tyrosine YD. The 
first flash resulted in appearance of small (~10%–14% 
of YD) tyrosine YD

• radical signal (spectrum b, state 
YD

redS2). After the second flash further increase of the 
tyrosine YD

• signal (15%–16% of YD
•, spectrum c) is 

occurred. Oxidation of the tyrosine results from 
electron transfer between YD

red and the oxidized 
species (preferable S2 and S3 states) of PSII prior 
freezing. Complete oxidation of tyrosine was 
achieved by room light / dark treatment (30 s vs. 
5 min) of the reduced sample at room temperature 
(spectrum “max”). The registered spectrum of YD

•

was identical with the signal of fully oxidized tyrosine 
YD obtained from the non-treated sample.  

Fig. 1 EPR spectra of tyrosine YD
• (A) and S2 state multiline 

signal (B) from YD
redS1 (a), YD

redS2 (b) and YD
redS3 (c) states. 

Curve “max” (A) represent the maximal signal from YD
•

registered in chemically reduced samples. The stars indicate 
the three lines used for the estimation o the multiline signal 
amplitude. EPR conditions are described in the section of 
Material and Methods. 
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Fig.1B demonstrates the EPP spectra of the S2

state multiline signal. In the dark sample there was no 
observable multiline signal (spectrum a) indicating 
that nearly all centers were in the dark stable S1 state. 
Illumination of the dark sample at 195 K rises the 
multiline spectrum (don’t shown). The intensity of the 
signal was taken as maximal and used for estimation 
of the S2 and S3 population in the YD

redS2 and YD
redS3

centers. One-flash sample prepared with this 
reduction and illumination protocol was dominated by 
the S2 state (spectrum b), although it also contained a 
considerable fraction of centers in the S1 state. The 
amplitude of S2 state multiline signal was further 
increased nearly 10%–20% in such samples. Similarly, 
a two-flash sample (S3 state) prepared with our 
experimental protocol (spectrum c) also contained a 
large fraction of S2 centers. Further illumination of the 
two-flash sample at 195 K hasn’t increased the S2

state of multiline signal indicating that virtually no 
centers remained in S1 state. Thus, we can assume that 
about 80%–90% of PSII was found in the YD

redS2

state after the first flash and 50%–60% in the YD
redS3-

state after the second flash. 
The reduced PSII membranes illuminated with one 

or two flashes were stored at 195 K in total darkness 
and EPR spectra of the tyrosine YD

•, multiline signal 
and Cyt b559 were registered at different time interval 
of the incubation.  

In 1-flash sample (Fig. 2) which populated by the 
YD

redS2 centers, the amplitude of the S2-state multiline 
signal demonstrate an exponential decay up to 40% its 
maximal intensity during long term (~170 days) 
incubation at 195 K. The decrease of the S2 multiline 
signal was concomitant with the oxidation of Cyt b559.
During incubation the signal of oxidized Cyt b559 rise 
up to 85% its maximal intensity (determined as a 
result of 77 K illumination of the sample). Signal of 
tyrosine YD

• radical also increased during the 
incubation; however tyrosine oxidation was 
significantly slower than oxidation of Cyt b559.

The intensity of S2 multiline signal registered from 
2-flash sample (YD

redS3 centers) incubated at 195 K 
shows (Fig. 3) quite different behavior than observed 
in YD

redS2 centers: during the first 10–15 days of 
incubation the signal demonstrates an increasing 
behavior, and slow decrease followed after more than 
200 days of incubation. Signal of oxidized Cyt b559 in 
2-flash samples rise up to 88%–90% its maximal 
intensity. Again, the signal of YD

• radical demonstrate 
an increasing behavior during the incubation, however 

similar to the YD
redS2 samples this process was less 

manifested than oxidation of Cyt b559. The complex 
behavior of the S2 state multiline signal in the YD

redS3

samples can be explained by the increase of S2

population in the initial step of the S3-S1 decay.
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Fig. 2 The amplitudes of S2 state multiline signal (a), 
cytochrome b559 (b) and tyrosine YD

• radical (c) registered 
during incubation of 1-flash sample (initial state was YD

redS2)
at the temperature of 195 K.  
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Fig. 3 The amplitudes of S2 state multiline signal (a), 
cytochrome b559 (b) and tyrosine YD

• radical (c) registered 
during incubation of 2-flash sample (initial state was YD

redS3)
at the temperature of 195 K. 

In ours previous study (Feyziyev et al., 2003) we 
show that both reduced tyrosine YD and Cyt b559

becomes oxidized in significant extent during the dark 
storage of the S2 and S3 samples at 245 K which was 
nterpreted as a capability of Cyt b559 to compete with 
tyrosine YD for electron donation to the highest S-
states through the redox equilibrium with other 
cofactors situated in PSII (for example Car/ChlZ-P680-
YZ pathway) or in direct reactions. The results of 
present investigation demonstrate that during the 
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decay of both S2 and S3 states to S1 at temperature 195 
K significant oxidation of the Cyt b559 take place 
while tyrosine oxidation was negligible. Thus the 
results of present study may confirm the early 
interpretation. Apparently very low temperature, as it 
was shown, blocks the tyrosine YD oxidation in both 
the S2 and S3 samples which was manifested by a 
little increase of YD

• radical signal. The obtained 
results show that in the situation when tyrosine YD

cannot compete for electron donation, is suitable for 
reduced Cyt b559 become a favorable candidate as an 
electron donor to higher S-states. However either the 
electron transfer from Cyt b559 to the S2 and S3 states 
of PSII is a result of direct reaction or this process 
occurs through the equilibrium with other components 
still is not clear.  

Acknowledgements

We are very appreciative for the kind discussion 
provided by Dr. G Bernat, Plant Biochemistry, Ruhr 
University Bochum, and Z Deák, Institute of Plant 
Biology, Szeged, Hungary. 

References

Barber J (2003) Photosystem II: The Engine of Life. 
Quart. Rev. Biophys. 36: 71-89 

Berthold DA, Babcock GT, Yocum CF (1981) A 
Highly Resolved, Oxygen-Evolving Photosystem 
II Preparation from Spinach Thylakoid 
Membranes. FEBS Lett. 134: 231-234 

Buser CA, Thompson LK, Diner BA, Brudvig GW 
(1990) Electron-Transfer Reactions in Manganese- 
Depleted Photosystem II. Biochemistry 29: 8977-
8985 

Debus RJ (1992) The Manganese and Calcium Ions of 
Photosynthetic Oxygen Evolution. Biochim. 
Biophys. Acta 1102: 269-352 

Diner BA, Babcock GT (1996) Structure, Dynamics, 
and Energy Conversion Efficiency in Photosystem 
II. In: Ort DR, Yocum CF (eds.), Oxygenic 
Photosynthesis: The Light Reactions. Kluwer 
Acad. Publ.: Dordrecht, pp. 213-247 

Faller P, Maly T, Rutherford AW, MacMillan F (2001) 
Chlorophyll and Carotenoid Radicals in 
Photosystem II Studied by Pulsed ENDOR. 
Biochemistry 40: 320-326

Feyziyev Y, Van Rotterdam BJ, Bernat G, Styring S 
(2003) Electron Transfer from Cytochrome b559

and TyrosineD to the S2 and S3 States of the Water 
Oxidizing Complex in Photosystem II. Chemical 
Physics 294: 415-431 

Hanley J, Deligiannakis Y, Pascal A, Faller P, 
Rutherford AW (1999) Carotenoid Oxidation in 
Photosystem II. Biochemistry 38: 8189-8195 

Stewart DH, Brudvig GW (1998) Cytochrome b559 of 
Photosystem II. Biochim. Biophys. Acta 1367: 63-
87

Styring S, Rutherford AW (1987) In the Oxygen-
Evolving Complex of Photosystem II the S0 State 
Is Oxidized to the S1 State by YD

+ (Signal IIslow).
Biochemistry 26: 2401-2405 

Styring S, Rutherford AW (1988) Deactivation 
Kinetics and Temperature Dependence of the S-
State Transitions in the Oxygen-Evolving System 
of Photosystem II Measured by EPR Spectroscopy. 
Biochim. Biophys. Acta 933: 378-387 

Thompson L, Brudvig G (1988) Cytochrome-b559 
May Function to Protect Photosystem II from 
Photoinhibition. Biochemistry 27: 6653-6658 

Vass I, Styring S (1991) pH Dependent Charge 
Equilibria between Tyrosine-D and the S-States in 
Photosystem II. Estimation of Relative Midpoint 
Redox Potentials. Biochemistry 30: 830-839 

Völker M, Ono T, Inoue Y, Renger G (1985) Effect of 
Trypsin on the PSII Particles. Correlation between 
Hill Activity, Mn-Abundance and Peptide Pattern.  
Biochim. Biophys. Acta 806: 25-34 


	Charge Equilibrium Reactions S2 and S3 States of Photosystem II with Cyt b559 and Tyrosine YD
	Introduction
	Materials and Methods
	Results and Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




