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An analysis of electron paramaghetié resonaﬁcé_Signai II in spinach 9
chloroplasts’has been made using both continuous ana fléShing light techﬂl |
niques. In order to perform the expefinmnts'we developed a method which
allows us to obtain ffesh, untreated chloroplasts with low dark levels
of Signal II. Under these conditions a single 10 usec flash is suffi-
cient to generaté gréater than 80% of the possible light-induced increase
in Signal II spin cdncentration. The risetime for this flash—induced
increase ianignal IT is approximately 1 sec. The close association of ‘- .
'Signal II with Photosystem II is confirmed by the observations that red
light is more_effective than is far red light in genérating Signal II,
and that DCMU does not inhibit the formition of thé'radical. 'Single‘flash '
saturation curves for the flash-induced increase in Signal I and Signal I
indicaté‘that'the quantﬁm efficiency for Signal 1I formation is close.io
thét,for Signal:l.. While 6ne-or two fléshes (spaced 10‘m$ec apart)vare

quite efficient in generacing Signal I1, three or four flashes are much

~1ess”effectivé} vHowéver, if this spacing is decreased to 100 usec,

three or four flashes become as efficient as one or two flashes. From

observations of a deficiency of oxygen evolved during the initial flashes

of dark-adapted chloroplasts, we conclude that the Species which gives

i B

rise to Signal IT is able to compete with water for oxidizing equivalents

“generated by Photosystem TI, On the basis of these results we postulate -

i
|
i
!
i
i
i

" a model in which Signal 11 arises from an oxidized radical which is pro-
duced by a slow electron transfer to the specific states-S2 and S3 on

the water side of Photosyvstem 17,
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"INTRODUCTION |

At room temperature oxygen-evolving phdtosynthétic maferiQIS'
generate two ffée radical specie$ which are detectabl¢ using EPR spec-
troscopyl’z. The first, whi;h hés been termed Signai i, has rapid rise
and decay kinctics and has been égkablishéd as arising‘from the oxidiied
reaction center of Photosystem I, P700" (Refs. 3,4). Thé second, Signal II,
has been less wéll characterized. It has been reported.to havé a g value
of 2.0046; a line width of about 20 gauss, hyperfine structure resulting
from interaction with protons and decay kinetics on the order of hourss.
The studies of Weaver and Bishop have shown Signal II to be absent in
photosynthetic bacteria, in algal mutants lacking thevability to evolve

oxygen and in algae grown on a manganese deficient nedium®7,

Chloroplast
pfeparations'which have lost oxygen evolving capacity through heating or
sonication also lack the spin signals. Chloroplast pafticles enriched in
Photosystem II activity sﬁow an increased Signal 1I mdgnitude; whereas
Phdfosystem I\particles’dre deficient 5n.this feature4;‘ Qn the basis of
these findings Signal II has been associated with.thevoxygen evolving
Photosysteh IT in algae and green plantsg |

Kohl and'éoworkers, using deuteration, extraction and readdition
- procedures and ig_ziﬁzg.studies on model éompounds,‘have presented evi-
dence suggesfing that the molecular species giving fise to Signal II may

' be plastoquinone or a species closely related to 110712 Kinetic

Abbreviations: [LPR, elcctron paramagnetic rcsonance; H, magnetic field
in gauss; y, susceptibility; DQMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl-

urea; CCCP, carbonyl cyanide-pi-chlorophenylhydrazone.
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evidence linking this observation with the funétioﬁal poél of plasto-
quinone loéatcd between the twb photosystems is iackinng’IA. There
are; however, several different pools of quinone present in the chloro-
plaét, SO this observation does not invalidate the assignment of Signal-
IT to a plastoquinone deriVativelS. A refiéw article on the properties
of both Signals I and II has recently appeared4. |

Recently, Speculétions on the functional location of Signal II have
centered on the water side of Photosystem II, where long-lived inter-
mediates involved in.tﬁe water oxidation process haye been‘dcmonstratedIG.
The basis for this assignment comes from both the long decay timé.of the
radical and its Behavior to reagents such as hydroxylamine, anilinothio-
phene and CCCP, which speed the decay of both Signal II (Refs. 17 and 18)
and oxidized precursors involved in oxygen evolutionlg.
| Kinetic analysis of Signal II has been greatly hampered by its slow
deéay, which is on thciorder of houfs at room temperature. Kinetic measure-
ments after sﬁch long times are difficult to intérpret because of severe

2 : 20
aging effects

. In the experiments presented in this paper we have estab-
lished'condifions under vhich fresh chloroplasts with low dark levels of

~ Signal II can be obtained. We have ﬁade a'kinetiévanalysis of the light-
induced increase in sbin concentratiph using 10 psec fléshes from a xenon
- lamp and have found results which support é mbdel‘in which Signal I1

arises via-electron transfér to oxidired intermediates between thevPhoto-
systom T1 réactjon center chlorophyll and the site of water oxidation.

. . 21
‘A preliminary report of this work has been presented™ .

PR B%




MATERIALS AND METHODS

Chloroplast preparation

Spinach (Spinacia oleracea Var,.early hybrid No. 7)'was grown in growth
chambers under conditions as outlined by Sun aﬁd Sauer??. Chloroplasts wéref
isolated by grinding for 10 scc in a Waring bicndér'using an isolatibn
solution consisting of 0.4 M sucrose, 0.1 M tricine (pH = 7.6), 0.01 M
NaCl. The chldfopldsts were then filtered through 8 layers of cheese-
cloth, Spﬁn for 1 min at 3000 x g in a Sorval RC2B centrifuge, and the
belleted chloroplasts were resuspended in the isolation solution. All
operations werg carried outrat 4°C, ChJofoplasts referred to ih-the.text
as “dark-adapfed1chloroplast$” were prepared in the same manner except
that the spinach leaves were picked after they had béén'in the dark for
at least 8 h, and all subsequent isolation stecps werévéarried out in the
dark. Chlorophyll concentrations in samples used fot fhé EéR méaSure—_
ments wérevbetween 2 and 4 mg chlorophyli per ml; for oxygen measurcnents
the chlorophyll concentration was 0.2 mg'pér ml. For the EPR measurements
107* M EDTA (final concentration) was present in all experiments to
~eliminate the Mn+2 signal which otherwise wouid distort the baseline.

In confrol exﬁcfiments the same results were obtained with or without
added EDTA. | |

Light sources

Xenon flashes were obfained from a flash systéﬁ_simjlar to th@t
described by Weiss and Saucrzs, except that a capucitér bank was usad
whi;h gave flashes of IO’usec duration (measured at half heignt) instead
of the 28 usec flashes which they used.  The light vas filtered through

a Corning 1-69 heat filter and a Corning 3-74 ultraviolet filter and was
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focused on the siotted microwave cavity in EPR experiments or the platinum
electrode‘inroxygen éxperiments ﬁsing'appropriate lcnSvsystems.

Broad band, continuous whitc light was obtained from a hicrostépe .
illuminator and was passed through a water filter and the 1-69, 3-74 ’ | o
filter combination.A The intensity at the sample for this-continﬁdus o L
light was 45 miiliwétts per cmz. Red (650 nm) or far red (700 nm) con- | ‘ %
tinuous light wés.provided by a tungsten lamp, a Bausch and Lomb mono-
chromator (Modcl 33-86-03, ‘'entrance slit = exit slit.= 2 mm; dispersion,
6.5 nnvnmo,.ahd approprigte Optical Industries interference filters to

eliminate higher order diffractions. Light intensity was adjusted using

appropriate Balzers neutral density filters and measured with a Hewlett-
Packard Radiant Flux Detector (Model 8334A). Illumination was initiated

using an electromechanical shutter which has an opening time less than

10 msec.

EPR measurements

"A Varian E-S‘(X band, 9.5 GHz) EPR specfrometer fitted with a slotted
cavity to permit ig_§izg<illuminafjon was used in rbcbrding spectra and ' !
kinetic changes:in chloroplast suspensions coﬁtained in a quartz EPR flat
cell (nomiﬁql.dptical path length = 0.2 nm). The cavity was continuously
flushed,with dry, rbom—temperatUré nitrogen gas. The microwave power in
all experiments, except those described in Figs. 1 and 3, was 50 mW; modu-
iation amplitude in recording spectra was 5.0 gauss; this was increased to ,Q
6.3 gauss 1n kinetic experiments to increase the sfgnalfto~noisé ratio.

vSpegtra were recorded by sweeping ffom low {ield to high field with the

spectrometer time constant and scan rate as noted in figure legends. In ' !
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kinetic expcfiments in which signal averaging techniques were applied,
| the outpﬁt of:the E—S-Spectfometér wasvfed into a 1024 channel Enhancetron
| signal averager:i Timing circuits provided pulses which triggered the
qa&eragér and, after a preset delay time, ihitiafed‘thé flash lamp pulse.

All experiments were carried out at room temperature.

Oxygen measurements
Oxygen evolution from chloroplasts in response to individual flashes
was measured using an arrangement similar to that described by Weiss and

23 e have modified the teflon covered electrode described in

Sauer
their work so that it is possible to perform experiments without the

teflon membrane, thus decreasing the response time of the electrode to
approx. 10 msec. The Ag/AgCl referénce electrode is located 4 cm down-
stream from the platinumvélectrode in a reservoir of clectrolyte. The
’current increase resulting from chloroplast oxygen evolutiOn'is repre-
éenfed as the voltage output from a cuernt-to-v01t3g¢ fransducing opera-
tional amplifier. This voltage is subsequently amplified and recorded
.usihg a Sanbofnvrecorder (risetime = 5 msec). In thc experiments described
in this work f]nﬁh lamp pulses were 5paceq 1 sec apart and were of

saturating intensity. All experiments were carried out at room temperature.

RESULTS

Effect of dark adaptation on Signal II decay

Figure 1 shows EPR spectra of chloroplasts in the light and in the
dark after illumination. In the light, both Signal IT.and Signal T are
observed, although the magnitude of Signal I is low becuuse no electron

e - . .
acceptor systen, such as ferredoxin/NADP | has been included in the
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chloroplast suspcnsibn. Upon darkening, Signal I decays quickly whereas
the extent of Signal 11 decay is slight. Iﬁ his recent review article,
Kohl4 mentions ﬁhat in the dark Signal II has hyperfine'structure in the
region labeléd "I' in Fig. 1, such that the ratio of:the peqkbin this
region to the peak af_the position labeled "II" in Fig. 1 is 3/4. We
have found thaf'this ratio varies considerably and is dépendent on the
method of chloroplastiisolation. In the following article we consider
thé sources for this variation in the structure of Signal'II in"detai1.?
Cycles of red and far red‘light have been shown to have no effect on
the decay of Sighal II (Ref. 13), and exogenous redox.systems appéaf_to be
excluded from the site of Signal II formation. .Fresh-chloroplasts pre-
pared from spinach picked during the = 1light cycle show high dark levels
of Signal II and cxhibit'little additional 1ight-indﬁced increase. We
~have found that incubation of these chldroplasts for 2-4 h at 0°C in'a
darkened ice bucket leads to a 20-30% decrcase in the signal, which is
regained upon illumination. It appears that”é soluble endogenous factor
facilitates this docay, siLée Washed chloroplasts show very little (less
than 10%) Signal Ii decrease even after 5 of 6 h of dark incubation.
‘We have found, however, that if spinéch leaves are picked toward
the end of the dark peridd of their growth cycle and the chloroplast
isolation procedurc is carried out in.the dark, the mugﬁitude of Signal
II prior to illumination is reduced. Fig. 2 shows EPR spectra of sﬁch
dafk-adaptcd chleroplasts before and after illumination. The chloro-
plasts in this cexperiment, prepared from leaves which had been in the
dark approximately 8§ h,_show a 45% increasc in Signal IT upon illumina-

tion.
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The effect of the microwave power -level on the‘Signal IT amplitude
and on the ratio of Signal II before and after illwninatiOn in dark-
adapted chloroplasts is shown in Fig. 3. Curve (a) indicates that Signal
iI saturates at fairly low power in agreement,with_Koh14, and decreases
slightly at higher powers. However, the ratio of Sigﬁal'll in dark-
adapted Chloropiasts to Signai II in these same chloroplasts following
illwnination is not influenced by the microwave power aS.shown'in curve
(b) in Fig. 3-x This ratio remains consfant at about 0.60 in this set of | N
experiments for microwave powers between 1.0 and 125 mi.
| Fig. 4 Summnfizcs a series of experiments in which ChlorOplagts were
prepared from leaves picked at various times after initiation of the dark
period. While there is some scatter in the data, we can discern several
.general features of the in vivo dark decay of Signal II._»Within the first
2 h after darkening there is a decrease of about 25% in the signal, which
may correspond to the 20-30% decrease (see above) that has been found to
be aSSociéted with da rk 1ncubaied chloroplasts at 0°C. Following this
initial decrease there is a SthCT decrease to about 50-60% of the llnht-
induced signal after 12 h in the dark. We have consistently found that
Signal‘II appears to decay only to this SO%IIGQCI in the dark in vivo.
Lozier and Lu'lcilg have reported a similar 50% platesu in the decay of
Sjgnal 1T following illumination in 1901&1{\1 spinach chloroplasts at
TOOm fcmpérnfuro. The possible significance of this é'fpct will hﬁldiSv
cussed inbdqtail below.

Effect of sincle flashes on Sional IT in durt.on in davl-adapcod chlovonlasts

By qettlng tuc imagnetic field of the ~pnutromotor dt the low field

position lozbeled "II' in Fig. 1 we are 2ble to menitor the kinetics of
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1ight~indu¢ed changes in Signal II. The effect of a series of 10 psec | ' E

flashes on radical concentration in dark-adnpted chlofoplasts is shown =

in Fig. 5. Iu this experiment Signal IT before illunination was about
50% of the signqi found after the flashes. As can be seen in Fig. §,

a single flash is sufficient to induce about 80% of the increase. Sub-

sequent flashes increase the signal only sligatly and, significantly, | _ | -

there are no oscillations with these later flashes such as those observed i

. . : . 3 . ' . 16
in experiments monitoring oxygen evolution as a function of flash number™ .

Ty
{

The characteristic slow decay of Signal II is apparent in this experiment.

During a single 10 usec flash, at most a single electron can be trans-

t9

ferrcd through cach of the photosystems 2, yet wnder these conditions we i

find that 80% of the light-induced increase in Signal II occurs. This

observaticon implies that the §pccies which gives rise to Signal II is
present in relatively small concentrations compared to the total amount o %
of chlorophyll in the chloroplast. Wévhave confirmed this hypothesis by
determining the ratio of spins in Signal II to»the‘humber of spins in

Signal I in séturating laght. We.used the nethod of double integration ' |

as outlined by Chang and Johnson24 and found a value for this ratio

which is close to unity in fresh chloroplasts.

Quantum efficiency for Signal Il formation in flashing light - : o

ve have detennined singlé flash saturation curves for both Signal 1 R %
and Signal I1. These results are plotted in Fie. 6 as ﬁhe fraction of |
Signal I or II formed as a function of the light intensity of a single B a .
flash. In these cxperiments dark-adapted chloroplasts, to which the
acceptor system {erredoxin/NADP had been added, were used. The extent

of Signal IT formation resulting from o single flash of intensity J was : i
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. . . L . . \»
~divided by the extent of Signal II formation after 10 saturating flashes

to obtainlthe_fractiou of Signél II formed at.intensity J. Then, by |
changing the magnetic ficld from pqsition II to thevposition labeled "IV
in Fig. 1 without changing either lamp or sample placement, we determined
the saturation behavior of Signal I. Since‘Signal'I decays rapidly, the
average of 36 flashes waé used in these experiments. The extent of
Signal I formation for a flash of.intenSity g_waézdivided by the extent
: /

of Signal 1 formation for a saturating flash to obtain the fraction of
Signal I formed at intensity>g3

Half sqturation for both Signals I and II occﬁfs at the same light
intensity, which togethér with the results described above indicdtes that
the quantum.cfficiency fof Signal II formation in dafk}adapted chloro-
plasts épproaches that for Signal I formation. These results appear to
be at variance with data reported by Treharne and’Verndnzs hhich indicated
that Signal II'saturafed at aﬁ intensity at least an order of magnitude
lower than Signul I in whole Chlorella cells. However, from tﬁciT'GXPeri-
merital des;ription it appears as if their work was done under steady-state
_conditions thich, because of the long dcecay tihe for'Signal 11, would
yield a satufation intensity significantly lower than initial rate or single
flash saturation values. In expcriment$ whicnvwcfhaVC’perfOHned With
gblgggllg_ﬁc find that a single flash is less effective in generating

Signal IT than in spinach chloroplasts.

Effect of DM on Sienal IT formation in dark-adapted chloroplasts

. : 18 _ 4w e 26 | e
Lozier and Butler'® and Weaver and Weaver have reported that DOMU

~does not inhibit the light response of Signal J1. We repeated these

a

N1 ] ey R ol e b ovgemesT oyt sl e wTymner 4
exparizonts using dark-adanted chlovoplusts and, as shown in Fig. 7,
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confirmed the flndlng that DO\U does not inhibit the formation of Signal
II in continuous light. The DCMU concentration in thlS cxperlmgnt was
2 x 10'4‘M with a molar ratio of DCMU to Chl of 0.1, which is sufficient
to inhigit oxygen evolﬁtion in chloroplasts completcly; However, when
these dark-adapted; DCMU-treated chloroplasts are subjected.to a series
of 10 usec saturating flashes we find that the first flésh evokes only
one-third of the maximal 1ight-induced response and approximately 10
flashesvarc necded to induce Signal II fully. This is to be contrasted
with untreated chloroplasts (Fig. 5) in which a.singlé flash produces
more than 80% of the light-induced signal and‘no further increase 1is
observed following the third flash. Thus the effect of DCMU is to lower
the quantum cfficieﬁcy of Signal II formation without inhibiting the
maximal extent'of its response.

Effcct of red vs. far red illumination on Signal II fonmation

The insénsitivity of the extent of Signal 11 formation Zo DCMU -
indicates two possible sites for its location. One places Signal II
on the PSI side .of the DCMU block, in which case far red-light should
be more effective than red light in stimulating its formatlon the other
p0951b111ty would locate Signal II on the PSII side of the block with
red light more stimuldtory than far red. In order to test these two
poésibilities we have done studies of the raté of Signal II formation
in 650 nm and 700 nm continuous iight. The experiments‘were done ét
low incident light iﬁtensitjcs, since rates of formation yiceld more
precise information thain Steady-state Signal 11 levels, for reasons
mentioned above. At ihc high optical densities used in tihis study

(U'”'GSO = 4; O‘”'?UO o = 0.8) essentxally all of»the light is

i
i
|
1
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.absorbed at either wavcléngth, so that no correctiOns3involving the extinc-
tion coefficienté at 650 and 700 nm are appliedf‘ The résults of the experi-
ents are shown in Fig. 8. They indicate that for approximately equal
incident photon fluxes, the initial rate of SignaliII {formation in 650 nm.
light is more than twice the initial rate in 700‘nm light. This is in

. 28
agreement with the results of Allen et al. 8

which_indicate that Signal II
is preferentially Qxcitéd by shorter wavelengths of light, while the ]
Signal 1 action spectrum persists to‘louger wavelengths, It is also con-

sistent with the evidence cited in the Introduction associating Signal II

with Photosystem II.

Oxycen evolution in {lashing light in dark-adapted and preilluminated

chloroplasts

The results described above suggest that Signal II arises from a
species located on the PSII Side of the DO block. DOMU is known to
éctivery close to the primary PSII photbchemistry by blocking electron
transfer from the primary acceptor to secondary acceptors in the chain

between PSII and PSI. However, fluorescence induction studies of Joliot

-

' f s . ' . A
et al. indicate that the primary acceptor pool may be inhomogeneous™ .

Therefore, there exists the possibility that Signal JI afises from either
the oxidizing'side or réducing side of PSJI. Since we have shown in
Fig.'S that Sighal,l] arises via an electron tfansfer step that occurs
largely on the first flash, we have carried cut a series of experimeﬁts
" in which we monitored oxygen evolution in respense to individual flashes
»in ordcr to investigate these possibilities in more detail. Briefly
(see Discussion), we expect dark—adapted (low Signal 11) chloroplasts to

3

show equal or higher yields of oxygen on the third {lash compared to
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preiliwninated (high Signal II) chloroplasts if the species giving rise
to Signal IT were a potential electron acceptor supplémenting the primary.
acceptor on the reduéing side of PSI1. The opposite effect would be
expected if Signal Ii‘arose as a_resUlt of electron donation to specie§
on the wafér side of PSII. The resuits of the expefiments are shown in
Fig. 9. In the thoroughly dark-adapted chloroplasts the level.qf Signal
IT was 555 of the éignal after the train of pulses;-‘Preilluminated
chloroplasts were obtained by exposing chloroplasts to room 1ight for

2 min, which served to induce Signal IT fully, pfidrvto injection into
the electrode. Each sample was allowed 10 min dark time on the oxygen
electrode'béfére the flash sequence was initiated. - A comparison of the
two curves indicates that in fully dark-adapted chloroplasts fhe oxygeb
yield reéulfing from the third flash is lower and the yield of the fourfﬁ
flash higher than in preilluminatcd ;hloroplasts. Dividing the oxygen
yield of fhe third flash, YS’ by that for the fourtb flash, Y,, we find
values for thé‘YS/Y4 ratio of 1.2 for the‘dafk-adaptcd chloroplasts and
1.9 for the preilluminated sample. According to the analysis described
above and in the Distussion, these results favor a model in which Signal
IT originates as a coﬁscquence of electren donation on the water side of

Phbtosystem I11.

Risetime of Sigpdl IT 1n response to a single flash

In constructing models Jocating Signal TI on the water side of PSTI
we have found.two which adequately explain the data thus far. The first
of these places Signal IT as én intermediate between the site of water
oxidation and the reaction center chlorophyll P80,  This modelvaSSOCiates

Signal T divecidy with the oanbdined intovmodintes, which Uw expovivonts

A\
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of JOllOt et al 30, Kok 95.91;}6’ and Weiss and Saue 23 have demonstrated
in the water oxidation process. Thgse oxidized intermediates correspond
to the S states in the Kok Eﬁ.il;}é medel for oxygen'ofolution. The .
second model-placcs the Species‘giving rise to Signal'll,qff this eloétron
transport pdthway, but its formation would occur through interaction with
intormediates-iﬁ the chain between water and PSI1

The experiment described above (Fig. -5) in whi&hvue'monitored the
‘response of'Signal\II to single flashes argues zgainst the asslérﬂsnt of
Signal I1 to Oho of the S states in the electron tranSport chain between
P60 and'the>water Splittinﬁ site.. This experimcht Showé'thdt the concen-
tration of the radical dees not vary with flash ntrb“l whereas there
should be marked oscillations in the con:entratjons of the oxidized inter-
mediates invleed‘in water Splittinglé. We have obtalncd fUIth T evidence
againSf the identification of Signal II with an S,state directly oﬁ the
pathway from the water oxidation site to P6S0 by deLeannlno the fisétime
of Signal II in'rGSponse‘to a Singlc flash. The resUlts of tnis experi-
ment, shown in Fig.nlo, indicate that Signal II is fou ned rather slowly
after a f]ash. The halftime for its rise is approximately 1 scc,_uhiéh
is three ord s of magnitude greater than th\ valuas found for the rise-
times of the intexh diates involved in the water splitting process in
exﬁerimehfs measuring oxygen evolutlonlﬁ. Thercﬁoré both its rosponse
to a serics of flasﬁes'and its risetime in responsc to a 81v”lo filash
arguc against the direct assignmént of Signal 11 to_oné of the S states
1nvolvod in water ox Jdatioﬁ. |

Multiple flush studies of Signal IT formation

IT Sign 11 1T arises indirectly via intersction with oxidized iuler-

mediates on the paluumv from the water oxicution site to Poud, wie coptt
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its cxfent of formation to be related to.the concentrations of one or
more of these oxidized species formed .on a flash or in a series of
flashes. As mentioned above, a number of workers havc shown that fol-
IOW1nq a flash the risetime for concentration changes in tbese oxidized

species ‘1S lesq than 10 msec. On the other hand, '1g. 10 indicates that
the rate of formation of Signal II is much slower folléwing a flash. We
have taken advantage of this disparity in rate constants to test the"
secondvmodel'meﬁtidnedAin'thé previous secticn. 1In a series of closely
Spaced flashes;lwith the dark time between flashes short compared to the
risetime for Signal Ii, the speciés which generates the radical should
be sensitive to the concentration of oxidized intcrmediétes present at |
the conclusion of the flash serieé.. The pattern of oxygen evolution
shown in Fig.rg has been most successfully explained By postulating a
build-up of oxidized 1ntermed1ates on the first and second ‘flashes which
are subsequently discharged in the water splitting process on the third
and fourth flasﬁés. ‘Thus, after two flashes we éxpect a large concen-
tration of highly oxidized intermediates, and after four {lashes a much
lower concentfation. | |

The effects of these two flash patterns on the extent of Signal II

formatlon are shown in Fig. 11. The spectra of dark-adaptcd chloroplasts were
obtained (Curves 1). Then, either two (Fig. 1la) o} four (Fig. 11b)
- saturating flashcs woré given and the second spectra (Cufvcs 2) Werg
taken. At the conclusion of this scan ten saturating flashes were given
and the third»épectra (Curves 3) were recorded. Different sanmples froﬂ
the same chloroplast preparation were used for the two e\ppx%m ents

because of the lona decay of Sienal Il. In cach cxperiment the darlk
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signal (Curvé.l) was aﬁoﬁt 58% of the fully iﬁduécd signal (Curve 3).
Héwevef; two flashes, 10 msccvapart, generated 90% Of;thé light-induced‘
signal whereés four flashes 10 msec apart increaéed the signal only 40%.
“Ten msec was ¢ho$en_as the dark time between flashes beéause ﬁour fléshes.
spaced 10 msec épart'yield maximal‘amounfs of oxygen per flash, i.e., the
intermediates in the water splittingrprécess'are fully advaﬁced within
10 msec aftér a flash. Three flashes, 10 msec apart, behave in a manner
similar to four_flashes, whereas a single flash has effects similar to
two flashoﬁ. Théﬁe»results are shown in Fig. 12a, iﬁ which we summarize
the data from the four experiments. The résults‘are presented in histo-
‘gram form to empﬁaSize that each experiment was performed with a different
.sample and that'the effects we see are not oscillations; for example, two
flashes followed by a 1 scc dark period and then two flashes 10 msec aparf
does not deCrcasc the level of Signal 11. In all'experimentﬁl approaches
.we have explored we have found no method involving light which decreases
the éonceﬁtration of Signal IT spins.

After four flushes the oxygen evolving system has | 2en largely
dischafged and;>to a first approximation, is similar, with respect to
the concentration of oxidizedlintermediates, to‘the sifuation before
 the first flash. The fifth and sixth flashes yield little oxyéen but
serve to restore a pool of oxidized species which aré'dischargcd on the
seventh and eighth flashes. Therefore Signal IT should react to five
flashes.lo msec apart as it did to a sihgle flasﬁ and to six flashes as
iﬁ did to tvo fiushes. Because of limitations in the flash apparatus,
1t was 1'nece$sz=f‘\j to increase the time between flushcs to 37d msec. to

ive five or six flashes in a soquence. The resuilis of these experiments
{
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are shown in Fig. 12b, Agéin, one or two flashes yield greéter than 80%
of the light-induced increase in Signal II. For this 1ongervdark time
between f]ashe>, the dlstlnctlon betheen the effects of one or two flashes
and tnlee or four flashes 1s somewhat less pronounccd With five flashes
the fractlon.of Slgnal II formed is increased, and with six Spéced 370 msec
apart this increase is even more substantial,‘in accord with the model.

Three or four flashes spaced 100 usec apart yield only small quanti-
ties of oxygen.éompared to the case in which the spacing is 10 msec.
This observation has been taken as evidence that the relaxation time for
conceﬁtration changes in the water splitting process is somewhat longer
than 100 péec'but shorter than 10 ﬁseclé. We have performed experiments
of this nature for Signal II formation in respohse to two, three dnd‘four
" flashes inbwhich we Varied'phe time between flashes from 100 usec to 10
sec. Thé results of these experiments are shown in Fig; 13. Again, each
point represents an exper11 lent with a frésh samplc.' In order to increase
signal-to-noise we performed the experime onts klnet1cu11) b\ monitoring
the signal level us shown in klg. S, except that the instrurent time con-
stant was 1nL1 cased to 1,0 sec.  In these cxperiments'thc dark signal was
55 to 60% of the fully induced Signal II. Fig.,14'shqws'typica1-data;
-this experiment was done with four flashes spaced 3.7 msec apart followed
by single flashes to conplete the induction of Signal T1. The fruction
of Signal 11 formadiis then calculated by dividing thé extent of Signal 11
formation rpsultlnw from the initial sct of flashes h) the fully gencrated
light-induced signal. Referring to Fig. 13, two flashes, rcgardless of
the dark time between the two, always generate greater than 80% of the

light signal. BRetween 100 psec and 1 weac there i¢ a slight incrense in
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the effcctivchéss of the Lwo f1éshcs, which probubly'jndicates that at

the shorter time the chloroplasts are able to process only the first flash
whereas at the longer time both flashes are effective in producing oxi-
dized intermediates. ‘The effect of threc or four flashes is rémarkabiy
different. Between 100vusec and 10 msec the fyactiénvof Signal II |
generated by the flashcs.décreuses reflecting thc increasing effettivcness
of the set of three or four_flashes.in discharging the pools of oxidized
intefmediates:formed during the flashes. Between 10 and 100 msec is a
plateau region for both three.andffour flashes followed by a region from
100 nseévto about 4 sec in which the fraction_qf Signal TI increases.

This rising section of the curve reflects the observed rise¢ of Signal II,
which we showed (Fig. 10) to have a halftime on the order of 1 sec. As
the time dark between flashes approaches this halftimé, proportionately
more of the Signal II precursor reacts with the intermediate(s) formed
after each flash and not, as with the shorter times, only with the inter-
mediates pfesént following_thé final flash. At timcs‘greatcr than 4 sec,
Signal II is fully gencrated after the second flash aﬁd ~dditional flashes
haye no further effect. At all times less than 4 sec three flashes are
slightly more effective in generating Signal I1 than‘foﬁr, indicating
that four flashes more coﬁéletely discharge the pool of-oxidized inter;

mediates forimed during the sequence.

DISCUSSION
~ Previous work on Signal IT has concentratced on its molecular identity
and its general location with respect to the two photosynthetic light

reactions. The main conclusions from this carlier work. has becn the
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identificaticn of Signal II with cither plastiquinone or a plastoquinone

derivative and the general association with the oxygen cvolving photo-
system. Very few Kinetic experiments have been reported, primarily ‘
because of the difficulty associlated with the long decay of the radical;

consequently, more specific information regarding its location and mode

of generation has been lacking.

We have developed a procedure that allows us to obtain fresh untreated

chloroplasts with low dark levels of Signal II radicals and have made a
kinetic analysis of the light-induced incrcase in Signal II spin con-
centration primarily using flashing light techniques. Our results can
be explained in terms of the model shown in Fig. 15. C550 represents - . 1

the primary acceptor as described by Erixon and Eutler31

. P80 is the 8
. 1432 X : . '
reaction center chlorophyll™™, and S0 through bl represent successively

more oxidized intermediates involved in the water splitting process.

These states have‘been described in detail by Koklﬁ. Briefly, S0 and

Sl are stable states persisting in the dark. 54 is a strong enough

oxidant to oxidize water and, once formed, dces so in less than 1 msecso.

S, and Sy are oxidized states formed rapidly after a flash and are B

stable for 1¢-20 sec in the dark after formation. Signal II arises {rom

a radical which is formed via electron transfer to the intermediates
S2 and 83.1 The rate constants, kz or ks, for this recaction are approx.

1 secfl, which is low compared to the rates of wlvance of the S states K -

following a flash. ;
The evidence from our experiments supporting this model has been
briefly discussed in the Results section. Thus, the model cxplains the

[P e e s Y 4 S e Y e RN Lt e I ) Vo m s s
oveater stinudation of Signal J1 he pod tinn by Tor vod Tight observed
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_both'by us and by Allen gg;gl;?

()

, and thé faiiure of DOMJ to inhibit

the formatioh ijthe radical. The fact that in DGU-treated chlofoF'.
plasts more than a single flash is required to -saturate the signal
probably reflects a éohpetiﬁg back réaction betwcen the reduccd‘primary
acceptor and an oxidizcd:infe?mediate on the water side of PSII whith

is stimulated by DOMU. The stimulation of this back reaction has been
postulated to account for the increased délayed fluorescence observed

in chloroplasts treated with DCMU54. 'Bcnnoun‘has carried out a detailed
study. of the kihetics of the back reaction in DC\U-treated chlorqplasts'
and found that the fime constant for this process is comparable to the B
1 sec halftime “e:have observed for Signal II formétionss. Since S2 and
83 have lifétiESSvon the order ofv10-20_sec in unfreat¢d chloroplasts, it
- appears that DCMU decreases the effectivenesé of a'§ingle flash in
generating Signal II by de:zreasing the lifetimes of the intermediates
which give rise to the radical. However, because the reaction center

is regenérated,by»thc Back reaction and is therefore able to be reexcited,
'suBSuneht flashés eventually fully_indﬁcé Signal II. Bénnoun has shown
that hydroxylamine inhibits tﬁe back reaction in'DCMﬂftfeated chloro-
plasts by a rapidlrcreductibnvof the oxidized intermediateé on the water
35

- side of PSII and Lozier and Butler have shown that under these condi-

. . : - . ' T 18 L.
tions the light response of Signal II is completely inhibited™ ™. Simi-
larly CCCP, which stimulates the rereduction of S, and SS’ has been
- shown to inhibit the licht response of Sigral IT in DO\U-treated chloro-

DD £ S e Loy o C Ciaol 1T e it Gemedd
plasts™ . Therclore the formation of Signal II is quite sensitive to the
lifctimes of oxidizcd intermediates, and treatnents which destabilize the

A ) . . . . . . . . - » ‘ v. f) .

S ostates serve to reduce the erficioncy of Zignsl LD gencration™ .
|
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The high quantum efficiency for Signal II formgtion following a
single flash (Fig. 6) is a consequence of the relative stability of

the S states in untreated chloroplasts. The experiments of Kok et al.lG

and Joliot gE_gg;éo Have shown that the S states are advanced with high
quantum efficiency by a single flash and that following the {lash their
decay time is on the order of 10;20 seé. This time is long compated to
the 1 sec onset time for Signal I1 generation, and it allows for effi-
cient formation of the radical. A corcllary to this argunent is that
with four flashes spaced 10 msec apart the QUantum efficiency for Signal
11 founation_is decreased since the lifetime for the S4»statc is only on
the order of a millisecond. This anaiysis also explains the lowered
quantun efficiency we observe for Signal I1 formation in Chlorella since.
Joliot g}_gl;_have shown that the lifetimes for S2 and'S3 are about five
36

times shorter in this alga than in spinach chloroplasts™ . Similarly we

>

i

have found with CCCP-treated chloroplasts that the quantum efficiency
- A . . 20 . N :
- for Signal I1 formation is decreased”™ , which is a consequence of the
action of CCCP in decreasing the lifetime of the oxidized intermediates
following a flash.
In the model proposed in Fig. 15, Signal II arises by an inter-
action with S, or S-, in which the species giving rise to Signal II is
2 3? < @ »

oxidized by an § state. This interaction may be represented as

n T3S0 On+l ' . ()
S . +F ~—ya S+ Fe (2)
n+1 kn+1 n . .

where Sn 18 an S state with n=] or 2, S 1s one cyrivalent more oxidizoed

n+l

. . - : s L
than Sn and ¥ represents the species which, when exidized to the radical Fe,

e g
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gives rise,to.Signﬂl-II. The behavior of the statévsn in this scheme is
such that at the conclusion of the process its.final oxidation state is
the same as:its initial state cveﬁ thoughla photon,has been ébéorbed.by
Photosys tem IT.  This situation in which an S state js left unchanged
by a flash has'bcen termed a "wmiss" in Kok's model for oxygen evolution
in'flﬁshing light37. Thus the process of Signal II formdtion viewed
via oxygen evolution results in &n increased mmber of misses on the
first threc or four flashes. 7This incrcased numbcfvof misses accéunts
for the lowered yield of oxygen on the third flash and increased‘oxygen
yield on the fourth flash shown in Fig. 9. Computér programs to fit
oxygeh‘evolution curves éuch as fhose generated by the preilluminated
chloioplasts in rig. 9 usually contain a '"miss pafuméter” to account for
S states which are not advanced by a flash. Our results indicate that
this parameter may be larger for the first few flashgsfthan it is for
later flashcs (Ley and Babcock; unpublishéd results). ‘

We postulate that the Signal Il precursor, F, can be oxidized by
either the state SZ or Sz on the basis of the results‘;resented in Fig. 12.
Following a_singlé flashfoughly'75% of the Systen II centers are in the state
Sz'and 25% in the state Sl. Under theée conditions we observe 80% of the
iight-induced increase in Signal II. Followiﬁg two-fléshes 10 msec apart
75% of the centers are in ihé Sy state and 253 in the state Sé. With.
this f]ash paftéfn we observe greater thanigs% phatopfoduction of Signal
IT. Therelore the concentration of [82 + 83] folloging a f}ash sequence
purallels the extent of the l_ight-indﬁted generation of Signai 11,

L

The results of Fig. 13 present the strongest cvidence in support of

our proposcd wodel. The concentration of [s. + Sg] is always high after
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two flashes regardless of the time dark between the two an& corres -
pondingly the fraction of Signal II formed under these éonditions is
high. After three or four flashes [S2 + SS] are formed to an appreciable
extent ohly if the flashes are spa¢ed less than about 5 msec apart. At
times longer than this the oxygen systew is able to process each of the
flashes individually and the high concentrations offSZ and_S3 produced by
the first two flashes are diécharged’on‘the third and fourth. Simi-
larly, the fraction of Sigﬁal IT formed in response to three or four
flashes is high at very shoft flash intervals and declines as the time
between flashes is increased, until a plateau at about 0.4 in the frac-
tion?gignal IT formed is reached from 10 to 100 msec for four flashes
and at about 0.5 through this time range for three flashés. .Thislﬁlateaﬁ
region is non-zero duc to the fact that not all of tiie S states have been
completely cycled during the four flashcs; the concentrations of SZ and
S3 following the fourth flash are non-zero as indicated by the finite

oxygen yields of the fifth and sixth flashes.

The kinetic behavic - of Signal -II identifies it as the first endogenous

species besides water (or reduced primary acceptor, in a back reaction)

that is able to interact directly with the oxygen evolving complex in

photosynthesis at physiological temperatures. The work of Knaff and
31,39

8 ' . '
Arnon3 R Butler>"* and others has shown that at low temperaturcs

Cyt bqsq is able to donate electrons to an intcrmediate on the oxidizing
side of PSII, probably P680, but the effect is lost upon increasing the

temperature above —1OO°C36. We have also shown that the Signal IT pre-

cursor is able to interact with the specific inteimediates S, aid S,

v o , . . 41 , R .
but not with S, and Sy Benroun and Joliot™" have shown that hydroxy lamine -
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is able to override oxygeh.evolution, but this most likely occurs by a
dircect int¢ra¢tiou with the reaction Center;chlorgphyll'or its primary
donor;' Similarly, we have studied the oxidution of phelylenédiamihe and
hydroquinone in tris-weshed chloroplasts in flashing ljgﬁt and have found .
neither the oscillations nor the two flash induction peried found in
oxygen evolﬁtion,’jndiCating that in this systen these reductants inter-.
act by é mechanism similar to that exhibited by hydroxylamine.

th thishstudy we have focused on the kinetics and location of the
Signal Il spccies. Consequently our experiments yicl& no new information
as to the molecular identity of the radical. Kohl;and Cowdrkcrsll’lz
“have prosentéd evidence implicating‘a derivative of piastoquinone as the
source for the Signal I1 spin, mainly on the basis cf extraction, deutera-
tion and readdition'expérimonts with chloroplasts and model compound
studies in vitro. If this assignﬁeht pro?cs cofrcct;’the'éxperjments
reported hére_provjde the first.efidenco for a’known species other than
chlorophyll located on the oxidi:jﬁg side of Photosystem II. Our model
postulates that Siznal IT characterizes an oxidized radical; however, in
eﬁpcriments where we have treated chloroplasts with hydroguinone and
ascorbate we note only a slight increasc in ité rate of decay; treatment
with an oxidant, forricyanide, has the samo effect. Recently Lozier and
Butlcrl8 reported that in tris-washed chloroplasts the decay of Signal If
is greatly cnhunced by ascorbate and we have found shuilar effects for
ascorbate on the decay of the ruadical in Systemlll particles prepared as

' ] : 40 ' i o . . . )
described by Malkin ™. Signal 11 appeurs to shave with the oxygen evolving

systein the characteristic of being normally unavailable to exogenous redox

ccouples, and ondy under feirly oxtrome copditions do thev beod

wae QCCessibie.
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Since Photosystem I1 generates chy strong oxidants if operates mutﬁ
more eff1c1cnt]y when the access of potential reductants other than
water is limited.

Our results shed little light on the functiﬁnal role of Signal II.
Its stability following formation pxecludps an Jnterl 11 role in celectron
transport. Cyvt b559 is similar'to Signal II in that light-induced elec-
tron transfer thfough this component at room temperature in untreated
chloroplasts .is also not observed. The purpose for which chloroplast
maintain these components in these stahilized states is unclesar at
present.

The integrity of the enviromment in which the radical is located
does appear to be related to the abllltv of the calor0p1a<t€ to evolve
oxygen. Treatments xnzch decrease the stability of Signal II, such
as heating, aging and sonication, have also becen shown to impair ox}gen

evolution.  Furthermore, early workers demonstrated that in mutants or

manganese deficient algae the inability to evolve oxygen was accompanied

by an inability to gencrate Signal II. We have shown in"Fig. 4 that
even after 12 h dark in vivo the signél decays to only half its value,
while Lozier and Butler {found a room temperaturc decay to‘the 50%
level in ayplo“Jmctclv 1 h in the dark in isolated cirloroplasts.
Therefore, it appears that Signal II is inhomogeneous, exhlbiting a
fracticen vhich dccays 5}0wly in the dark and a fraction which is nuch

nore Stable. It may bo that one or both of these components are

involved, perhaps in a structural capacity, in oxygen cvolution.
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FIGURE CAPTIONS
Fig. 1. LPR spectra (1st derivative) of chloroplastsAresuspendcd in
isolation solution in the light (2) and in the dark immediately after
illumination (b). Broad band white light was used‘to‘illuminate the
sample. The ins*“w =nt time constant was 0.3 sec,'the scan fate was
25 gauss/min and th¢ microwave power was 16 mw.‘ Low field maximum for

Signal IT labeled as "I, for Signal I as "'I',

Fig. 2. EPR spectra of dark-adapted chloroplasts in the dark before (a)
and imnediately after (b) illumination. The sample was illunminated with
broad band white light for 2 min before spectrun (b) was recovded. The

instrunent time constant was 1.0 sec and scan rate was 25 gauss/min.

Fig. 3. EbR Signal II arpl:tu e (curve a, -a~w6;~) and the rﬁtio‘of
Signal II bcfore and after illunination (curve E) ;-o~;o——) as a funcfion
of microwave pover. A ireslrso mwle of untreated, dark-adapted chloro-
plasts was us ed for each experimental point. Thé spec‘rwn4of the dark-
adapted chloreplasts was recorded. Following a 2 min illumination with
broad band white light, a seccnd spoctrum was reCordedKfor each power
setting. Thea mﬁgnitude of Signal Jl was meésnredias the diffblcﬂﬁ
betneen the low Ticld maximun at 3380 LaLSS a:d the hiéh‘field minimum
at 3390 géuss in Fig. 1. This value ior the spectrun of Signal.II
- recorded fo]1c ‘ing 1llumination is plc ted in curve a;vthe ratio of the

magnitude of Sjgnnl IT prior to illumination to this value fellowing

iluaineticn is ploticd in curve b, The instrumont time constant and

Cscan rate were es described in Fig. 2
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_ FIGURE CAPTIONS 5 (Cont. )

Fig. 4. The dcca> of Slgnal II in vivo. Splnach plants in the growth
chamber entercd the dark period of their growth cycle.at time zero. At
various times EOllowlng thls, chloroplasts were isolated under rlgorously
dark conditions. Spectra were recorded before and after illumination with‘
_brdad band whité'iight, using the time constant’aﬁdﬁétan rate hescribcd in
Fig. 2. The magnitude of Signal II waé measured aé:déstribed'in Fig. 3..
The"ratio‘of Signal II beforé illuminatioﬁ to Signél 11 following illumi-

‘nation is plotted as a function of the time the spinach leaves were picked.

~Fig. 5. Response of Slgnal II in-dark- anured untreated chloroplasts
to ]Jght flashcq JO pusec in anatlon. A single'satukatino flash was -
"g1VCn at each_of the arrews. llagnetic field was set at tho low field

peak of Signal Il labeled "II' in Fig. 1. Instrument time consfant was

Fig. 6f SIPUIC fldsh >aturﬂ11§n curves fov 51°na1 I ( -0---0- ) uhd
SignalrIIv(fs +-) in untreated chloroplasts. A f_\ !,s ample cof dark-
V’adaptedAchloropldst$ (Z'mg’Chl/ﬁl) plus 2 x210' M \AU” and 00 ug
vfgzléA xin/ml was used for cach light intensity. Jhe-lrstrumant‘time

: constant in tnn Signal- 11 determinations was U 3 9cy.'iTﬁis ﬁas.o“”rcased
to 10 msec for the Siznal T determinations. Experimental p»o;cuvre.is ‘

described in the text.
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FIGURE CAPTIONS (Cont.)
Fig. 7. EPR spectra of dark-adapted, DCMﬁ-trcated chloroplasts before
(a) and imm¢diate1y after (b) illpmination with broad band white light.
Chlorophyll concentration in the expefiment was 2.2.mg Chl/ml, bCMJ con-':
centration was 2 X 10-4 M, ethanol was 1.5% in the final reaction_mixtured
The instrurent fime constant and.scan raté were.as'dgscribed in Fig. 2.
The narrow sigﬁal in the center of the spectra is dﬁc’to ascorbate free

e . . . . R 27
radical which is present invariable concentrations in spinach leaves®’.

Fig. 8. Timé‘cburSe of Signal II generation’in dark-adapted, untféated
chloroplasts iﬁ.650 nm (a) and 700 nm (b) light. Lightvon>and'off as
indicated. .Thc-instrument time constant was.0}3 Sec, iight intensity
at the Sample was 65 uwatts/cmz for the 650 nm light,v70 pwatts/cmz for
the 700 nm light. | o

Fig. 9. Oxygen evolution in response to a series of saturating light

flashes 10 uscc in duration from dark-adapted (-o---0-) and preilluminated

(-e——0-). chloroplasts. Individual flashes in each serics were spaced.

1 sec apart. Oxygen yield in response to each flash was normalized with
respact to a steady-state value of 1, which is reached after approxi-

mately 25 flashes.

o7
[

Fig. 10. Time course of the response of Signal IT in dark-adapted,
untrcated chloroplasts to a single saturating light flash. The arrow
designates the time at which the {lash lamp was fired.  Instrument time

constant was 0.3 scc.
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FIGURES CAPTIONS (Cont.)

Fig. 1. Respons of Signal IT spectra in dark- adeth untrcated chloro-

plasts to 10 vccc saturating flashcs: (a) two flashes’ bepqrﬂted by 10 mseL,

|

(b) four flashcs separated by 10 msec. Lach ex “ent was performed with

a fresh sample of datk—aduwated Chloroplasts as deSCribed'in the text.
Ixatrum nt Il,e constunt dni an rate as de bCIlbvd in Fig. 2. Total
time betvccn‘initiation of Curve 1 a nd CO’pl“th“ of urVe 3 was 10 min,

Fig;,ié. Re 1 mse of Si”ﬂ‘] 1T in dark:adnﬁtéd'unfréated.chloroplasts
to various Hu‘JcT\ of ]0 seC S?tLrabJﬂ” flashez spa Led (d) 16 mscc or

(b) SZUvmsec 'P“Tt - Bach bar corresponds to an experiment on a {resh
sample of da: L;udapted ChlofopiaStsfin which tho ama]e was given the
',eesla*dtod nu'bér of {lashes fol]owed by sixgle flashes to complete- tae
Jndd’thﬂ oF Q*,lgl l]. The ratio of the increase in SioﬂdL Il <t1uu xtnd
”by this set of f]JQI“ to the‘tptal'light—induccf‘incrbd<c in Signal II
is?plottéd ds:a fun;fjoh dfvfhc numhér of'flashes in each'set. Response
to the fla\dC* L;s measured at the lcw flelu peak of b gnal II WJLD an

instrument.time-COnstant of 1.0 scc.

Fig. 13. Response of Signal IT in dark-adapted untrea ted civloroplasts

to sets of 2 (wd“*‘O*), 3 (~x"-x~); or 4 (~o——-v—) 10 v ,s ec saturating

flashes in which the time dark Lt;) between Tloshes 'in :th'c; sct was varied.

Lach point coryes spondds to an experiment on a iresh sample of dark-adapted
ch]oropluﬁis; Nurmulizntion‘bf the vesponse of Signal [T was carried out

descer l in lu_'. 12.

a
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FICGURE CAPTIONS (Cont.)
Fig. 14. Resbonse Qf Signal I to 4 saturating 10 psec flashes spaced
3.7 msec apart; followed By single flashes to complete the photoconver-
sion. At the first arrcw the {four {lashes were giveh;nat the subsequent
arrows onlyva'single saturating flash was given. The instrument time

constant was 1.0 sec.

Fig. 15. Model Ffor Sipgnal IT genmeration in dark-adupted untrcated chloro-

plasts. Details described in text.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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