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1. Introduction

Recent experiments in our laboratory [1,2,3] have_identified an EPR
component, Signa]_IIvf, as arising from the oxidized doﬁor to P680, Z+.‘
Fo]]pwing a saturating flash the formation of Signal IIvf, cdrreéponding
to tHe oxidation ofiz, occurs within 100 us. The decay, which is attributed
to the rereduction of Z* by the S states [4], occurs with a halftime of
approximately 700 us. However, these parameters were-determined under
steédy state conditions, and therefore this 700 usec decay for Signal IIvf
reflects the average halftime for the reaction 7+ Sn -f' JA +.Sn+] where
n=20,1, 2, 3, aﬁd Sp =575, =5, priof to each flash. |

The paired-fiash oxygen evolution experiments of Joliot et al. [5],

Kok et al. [4], Bouses-Bocquet [6] and Diner [7] have measured the overall
relaxation time for Photosystem II. The results of these experiments, coupled
“with the fluorescence data of Zankel [8] and of Joliot et al. [9], show

that the rate limiting s%ep_for the kecovery of photoactivity in PhothyStem
IT units is a function of the oxidation state of the S enzyme. Photosystem'II
units in states SO’ S], or S2 prior to a flash regain‘phofoactivity as Q; is
reoxidized, 1ndic5ting that reactions occurring on the reducing side of
Photosystem 11 are rate-limiting. However, for Photosystem IT units in S3
prior fo a flash, the rate limitation shifts to the oxidizing side of the
reaction center.. Thése results suggest that‘the time course for the rereduction
of z* may vafy with fhé oxidation state of S. |

In the experiments reported in this communication we have used dark-adapted~ '

k '
chloroplasts to measure the time course for the reaction A S, L S

for each of the first 4 flashes. Our results are compatible with the oxygen
evolution and fluorescence data described above and suggest that the rate (kn)
~of hole transfer from Z* to the S manifold decreases as the number of positive

charges accumulated in the S enzyme increases.



2. Materials and methods

Spinach chloroplasts were prepared as described previously [2]. Ferredoxin

(50 ug/m1) and NADP (1073

M), obtained from Sigma, were included as the acceptor
syétem. The tempetature in,a11 experiments was 22°C."
| Signal avefaged EPR meésurementsvwere made with the modiffed Varian E-3
instrument described previously [2]. The instrument:response was limited at
100 us. Saturating flashes (10 us at half height) were transmitted to
the EPR cavity Via the 8-foot lucite Tight pipe as previous1y described [2].
Signal II amp]itudévwas monitoredvat.the low field peak of Signal II (3379 G
in these experiméntﬁ). | |
Chloroplasts Were'dark-adapted by incubation for at least 10 min in
absolute dafkness et 0°C. The reservoir of dark-adapted chloroplasts was
connected via.tygon tubing wrapped in black tape to a Scanlon (Costa Mesa, Ca%)
f]ow_EPR flat ce]] (5—814) positioned in the EPR cavity. Following a flash
sequence; a fresh dark-adapted sample was flowed into the cell, the flash
sequence was‘repéated, and the resu]ts were accumulated in the signal averager.
The trace shown in Fig. 1 is the result of an e¥periment.designed to test
the ability of the flow system to maintain rigorous ddrk‘conditions. Chloro- ‘
plasts pfeparedeith Tow dark levels of Signal IIé [10] afe transferred to
the flow system. Sihg]erf]asheé are applied as indicated to safurate the
formation of Signal IIs in the first ;amp]e and then q'second sample is
transferred fo the flat cell from the reservoir. The Signal Il magnitude
returns to the Ievel'bbserved priorvté illumination of thé first sample,

indicating that we are able to maintain dark adaptation in the flow system.

A third cycle is also shown in Fig. 1 to demonstrate reproducibility.

3. Results and discussion

~Fig. 2 (a) and (b) show the effect of a group of four flashes (spaced



. | —4-
10 ms apart) on Signal IIvf amplitudé and. decay kinetics in twoﬁdjfferent
preparations of dakk—adapted chloroplasts. The Signal IIvf amplitude owing
to the first flash is low (< 40%) compaéed_to subsequent flashes; the -
poor signal/noise ratio prec1udes»ex£fdction of a decéy time. The slight
non-decaying Signal II component observed on the first flash may corfespond
to Signal IIf formation in Photosystem II units whose oxygen evolving
centers were damaged duriné chloroplast preparation [1]. .The amplitude of
the Signal IIvf transient due to the second flash is 80-90% of that observed
on the third flash. However, the decay halftimes for these two transients
differ significaht]y: 400 ps for the second flash and 1 ms for the third
f1ash. The Signal 1Ivf amplitude due to the fourth flash is reduced by
about 40—45% compared to that of the third flash; however the decéy times
are similar.. As shown in Fig. 2 (c), a repeat of the expériments of Fig.

2 (a) and (b) in the presence of 1 x 10'5

M DCMU eliminates all flash induced
changes in SignaT'II except for ‘a rapid transient on thé first flash barely
observable above the noise, and the baseline shift corresponding to Signal
ITf forwation. |

The limitations imposed by the 100 us instrument constant make an
unambiguous_interpretation of the results of Fig. 2 difficult. However the
following conclusions seem clear and aﬁe conéistent with recent oxygen evolu-
tion; absorption, f]ﬁorescence and luminescence data. - On each flash, regard-
less of the oxidafioh state of the S enzyme, the formatibn_of Signal IIvf
(oxidation of Z) is fast compared with 100 us. G1aser'g§_§1;_[l1] from
absorption measurements in the red region of thé spectrum, and van Gorkom and
Donze [12], arguing from the luminescence data of Zankel [13], have estimated
that P680+ is rereduced with a halftime of 35 us. Duysens and coworkers [14]
have suggested much shorter times (1-5 us) on the basis of fast f]gorescence

.

measurements. Either time is consistent with our results. However, the results

- of Fig. 2 argue against a major component of P680+ being rereduced in 120-200 us
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as recently suggésfed by Dbring [15]. |

In dark adapted gh1orop1ast5'53 is formed in the major fraction of traps
on the second flash and 54 on the third [4]; therefore we attribute the 400 us
decay of Signal vaf observed on the second flash to Sé formation and the 1 ms
time on the third flash to the formation of 54. The 1 ms time we observe for’
the reaction Z+-+ 53 > Z + 54 is similar to the 0.9 ms'ﬁime measured polaro-
graphically by Joiibt; Hofnung and Chabaud [16] for the Photosystem I1
| mediated re]ease:of oxygen and also to the 1.2 ms time‘meaéured by Bouges-
- Bocquet [6] for thg-re]axation reactibn S3 = S4 N SO in paired-flash oxygen
evolution experiments. In light of these data our results indicate that
the oxidation of'water occﬁns rapidly upon the appearanCe of S4; i.e., water
bxidation_is rate-1imited by the 1 ms time constant observed for the formatfon
of Sy Sinc]air‘and Arnason [17] have also conc]udeqvfhat the rate-limiting
" step in photosynthetic wvater oxidation does not 1nv61ye breaking of a wéter
0-H bbnd;_on‘thevbasis of deuterated watér expériments.‘ fherefore our data
are consistent wifh”a model in which Photosystem II regains photoactivity -
‘foj]owing the third flash on dark-adapted chloroplasts as the reaction
A 53'+ Z+ 54 océgrs. o

>As noted above, we attribute the 400 nsec decay"fdr Signal IIvf observed
- following the sécond‘f]ash to the formation of 53' Thfs.time is significantly
- faster tﬁan S4 formation but comparable to the 400-500 us time measured by
Kok g}_gl; t4] fbf:the relaxation of Photosystem II f§116wing the second flash.
Zankel [8] has aTsofdetected 400-500 ps decay kineticé'fof fluorescence under
the same conditions}  These resu]ts,.taken togéthek, indicate tﬁat in dark-
,édapted ch1ofop]asts‘thé-rereduction of Zf'and the reoxidation of Q procéed
at approximate]y‘the same rate following the second f]ashf

. The results discussed above suggest that>thévoxidat10n rate of the S

enzyme by Z+ is dependent on the number of charges stored in St the higher

“the oxidation stat¢ qf S, the slower the reduction of_Z+_' This\"capacitor"
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effect has been considered in detail for bhotosynthetic systems by Tributsch
[18] and by van Gorkom and Donze [12] and may account forvthe Tower amplitude
for Signal IIvf that We observe for the first and fourth flashes. The first
f]ash.produces 75%f52 and 25%.51; both states are low oxidation states of S
and may be formed in a time comparéb]e to or less than our 100 us time constant.
The fourth flash produces roughly 60% S] and 40% S4; the formation of S4 would
correspond to the fairly long decay for Signal IIvf observed after the fourth
flash but rapid S]'formation (within the instrument time constant) would
diminish the signal amplitude. The fluorescence results of Zankel [8]
strengthen this interpretation. He observed that, although the reset time
for oxygen evo]utidh after the first flash (200-250 ps)vis roughly half that
fo]]oWing the second flash, this recovery still appears to correlate with
acceptor side reactions. Similarly Diner [7] has shown that, under conditions
where the normal acceptor-side rate limitation is relieved, the reset timé'
for the oxygen system in low S oxidation states may approach 100 us.

Based on the above discussion the following set of equations summarizes
the model that we propose for reactions occurring on the water side of Photo-

system II in dark-adapted chloroplasts:

(1) peso’ +z - peso + 7° L tVé,« 100 usec
(2). 7545, » 2+, g % 100 usec
(3) z'+ s, - 2+, 1, & 100 usec
(4) 7' + _52' > 1+, , typ ¥ 400 usec
(5) 7" +5, > 745, ' | ty, R 1 msec
(6) S, +2H,0> Sy + 40 +4,+0, Ctyp < 1 msec

It is important to point out, however, that under steady state conditions
other reactions, for example proton flux or the membrane electric field,

may exert influence on these reactions and alter time “courses.
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Figure Captions

Figure 1.

- Figure 2.

A control experiment designed to fest the effecﬁiyeness of the flow
system in maintaining dark adaptation conditions in the chloroplast
reservoir. Single, 10 usec flashes indicated by vertical lines;
new samples flowed into the EPR cavity as indicated by arrows.
Instrumental conditions: microwave power, 25 mi; modulation

amplitude, 4 G; time constant, 1.0 sec.

Signal IIvf formation in dark~ad5pted spinach chloroplasts;

saturating, 10 usec flashes given as indicated'by upward arrows.

4

(a) and (b) no additions; (c) +10° " M DCMU. Instrumental conditions:

microwave power, 100 mW; modulation amplitude, 4 G; time constant,

100 usec. Each trace is the average of 1024 events.
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SIGNAL Ivf DARK-ADAPTED CHLORCPLASTS

a) No Additions
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b) No Additions
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