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rulMARY 

An analysis of electron paramagnetic resonance Signal II 'in spinach 

chloroplasts has becn made using both continuous and flashing light tech ... 

niques. In order toperfonn the e:x.'Perimcntswe developed a method which 

allows us to obtain fresh, untreated chloroplasts \dth low dark levels 

of Signal II. Under these conditions a single 10 J,lsec flash issuffi-

cient to generate greater than 80~ of the possible light-induced increase 

in Signal II spin concentration. The risetime for this flash-induced 

increase in Signal II is approxiluately 1 sec. The close association of 

Signal II with Photosystem II is confirmcd by the observations that red 

light is more effective than is far red light in generating Signal II, 

and that DCNU does not inhibit the form:ttion of the radical. Single flash 

saturation curves for the flash-induced increase in Signal I and Signal II 

indicate that the quantwn efficiency for Signal II fonnation is close to 

that for Signal 1. h11ile one or two flashes (spaced 10 IlLsec apart) are 

quite efficient. in genera cing Si gnul II, three or fOllr flashes are much 
, , 

'less effective'. Hmvever, if this spacing is decreased to 100 ~sec, 

three or four flashes become as efficient as one or t\W flashes. From 

observations of a deficiency of oxygen evolved during t1le initial flashes 

of dark-adapted chloroplclsts, \\'e conclude that the species which gives 

rise to Signal II ]$ able to compete with \\'atcr for oxir1j zing equivalents 

generated br PjJ:)to~;)'st.em II. On the ba~ j~; or these lC":llltS \\'0 postulate 

a model in h'hich Sjgnal II arises from an. oxidized radjcal \·.hich is pro-

duced by a slow electron transfer to the specific states Sz and S3 on 

the water side of Plloto~yst(:m J1. 

~. 
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I NfRODU CTI 0;,,) 

At room temperature oxygen-evolving photosynthetic materials 

generate two free radical species which are detectable using EPR spec­

] 2 
troscop),' The first, which has been termed Signal I, has rapid rise 

and decay kinetics and has been established as arising from the oxidized 

reaction center of Photosystem I, P700+ lRefs.3,4). The second, Signal II, 

has been less well characterized. It has been reported to have a ~ value 

of 2.0046, a line \vidth of about 20 gauss, h)1)crfine structure resulting 

from interaction wi th protons and decay kinetics on the order of hoursS • 

The studies of Weaver and Bishop have shown Signal II to be absent in 

photosynthetic ~acteria, in algal mutants lacking the ability to evolve 

d · ] , d f· . 1· 6 7 oxygen an l.h agae grO\VI1 on a manganese e l.Clent mer HUll ' • dlloroplast 

preparations \dlich have lost o)..'ygen evolving capacity through heating or 

sonication also lack ~le spin signal8 Chloroplast particles enriched in 

Photosystem II acti\ri ty shO\v an increased Signal II m3gni tilde, whereas 

Photosystem I ,particles' ~re deficient in this fcature4 • un ~le basis of 

these findings Signal II has becn associated with tJlC oxygen evolving 

9 Photosystem II in algae and green plants . 

Kohl and cOh'orkers, using deutera tion, extraction arid readdi tion 

procedures and in vitro studies on model compounds, have presented evi-

dcnce suggesting tlwt the molecular species giving rise to Signal II may 

. 10-12 be plastoquinone or a species closely related to It • Kinetic 

Abbreviations: I:PH, electron paramagnetic l'CS01Hncc; II, magoctic field 

ing3uss; x, susccptjbiJjty; D(],PJ, 3-(3,4·ciichloroj'h..::ny1)-1,1-dimcthyl-

urea; CCCP~ carbonyl c)'anide-~-dllorophenylhydrazolle., 

. " 
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evidence linking this observation with the functional pool of plasto­

quinone located between the two photosysterns is lackillg13 ,14. There 

are, however, several different pools of quinone present in the chloro-

plast, so this obsenration does not invalidate the assigmnent of Signal' 

II to a plastoquinone derivativelS • A reviell1 article on the properties 

of both Signals I and II has rcce~tly appeared4. 

Recently, speculations on the functional location of Signal II have 

centered on the \\'ater' side of PhotosystelIl II, \,'here long-lived inter­

mediates involved in the water oxidation process have been demonstrated16 . 

TIle basis for this assigrunent comes from both the long decay time of the 

radical and its behavior to reagents such as hydroxylamine, anilinothio-

phene and CCCP, ",hidl speed the decay of both Signal II (Refs. 17 and 18) 

and oxidized precursors involved in oxygen evo1ution19 . 

Kinetic analysis of Signal II has been greatly hampered by its slow 

decay, which is on the order of hours at room temperature. Kinetic measure-

ments after such long times are difficult to interpn:~t because of severe 
. 20 

aging effects . In the e:~.-perjJllents presented ill this paper \\'C have estab-

lished conditions under which fresh chloroplasts \d th Jaw dark levels of 

Signal II can be obtained. We have made a kinetic analysis of the light-

induc,ed increase in spin concentration using 10 fjsec flcishes from a xenon 

lamp and ha\'c fOtUld results Khich support a model in {·:hidl Signal II 

arises via electron transfer to oxidized intcnn-::dj~tcs betKeen the Photo-

system rr re:lCt]On center chlorophyll :mJ the site of ",'clte1' m:idation . 

. 71 
A preliminary report of this \\'ork has b~~en prcscnted-
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MATERIALS AND METHODS 

Chloroplast preparation 

Spinach (Spinacia oleracea val'. early hybrid 1\0. 7) 'vas grOlm in growth 

chambers under conditions as outlined by SWl ar~d SaueI'22. Chloroplasts were 

isolated by grinding for 10 sec in a Waring blender lIsing an isolation 

solution coilSistiIlg of 0.4 M sucrose, 0.1;"1 tricine (pH = 7.6),0.01 M 

NaCl. The chloroplasts were then filtered through 8 layers of cheese­

cloth, spun for 1 min at 3000 x g in a Sorral RC2B centrifuge, and the 

pelleted dlloroplasts l~el'e resuspended in the isolation solution. All 

operations were carried out at 4°C. Chloroplasts referred to in the text 

as "dark-adapted chloroplasts" were prepared in the same manner except 

that the spinach leaves l",ere picked after tJ1CY had been in the dark for 

at least 8 h, and all subsequent isolation steps were carried out in the 

dark. Chlorophyll cOilcentrations in samples used for tl1e EPR measure-

ments were beolfeen 2 and 4 mg chlorophyll per ml; for o).:ygen measurements 

the chlorophyll concentration was 0.2 rngper mI. For the EPR measurements 

10-4 N EDTA (final concentration) was pres~nt in all e).-periments to 

- +2 
eliminate the Mn signal \-,hidl othenvisc; would distort the baseline. 

In control experiments the same results Here obtained ''I'i th or \d thout 

added EDTA. 

Light so~rces_ 

XenoIl flashes here obtained from a flash syst{;:"'l simi lar to tJlClt 

" 23 descrihcd by Weiss and S<Hlcr , except that a cnpacitor ban}: \\'clS lbCd 

l'ihidl g.::tve flashes of 10" )Jsec duration (measured at J13lf height) instead 

of the 28 llsec flashes which tlwy used. The light \:(1S filtered through 

() Coming 1-6~) hC,1t filter ~:mJ D til tr::\"ioletfiJ tC"f :mJ \:as 
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focused on the slotted microwave' cavity in EPR experiments. or the platinum 

electrode in oxygen cA--pcriments using appropriate lens systems. 

Broad band, continuous ,white light \\:a5 obtained from a microscope 

illuminator and \\as passed through a '\ater filter and the 1-69, 3-74 

. filter combination. The intensity at the sample for this continuous 

light was 45 milliwatts per cm2. Red (650 run) or. far red (700 TL'll) C011-

tinuous light \,'as provided hy a tungsten lamp, a Bausch and Lomb mono­

chroJTIntor (Nodel 33-86-o'3,entrarlcc slit = exi t slit = 2 mm; dispersion, 
i 

6.5 run/null) "and appropriate Optical IndLlstries illterferencefil ters to 

eliminate higher order diffractions. Light intensity \,'as adjusted using 

appropriate Balzers neutral dens i ty filters and measured ,,,i tll a Hewlett­

Packard Radiant Fltix Detector (Model 8334A). Illumination was initiated 

using an electromedw.nical shutter whidl has an opening time less than 

10 msec. 

EPR measurements 

. A Varian E-3 (X band, 9.5 GHz) ErR spectrometer fitted Kith a slotted 

cav.i ty to pennit ~n 51 tu illu'llinatlon was used in rc'cording spectra and 

kinetic changes in chloroplast suspensions contained in a quartz EPR flat 

cell (nominal optical path length = 0.2 nUll). The cavity was continuously 

f1 ushed .\d th drr, room - tempera ture nitrogen gas. The microKavc pOI.;er in 

all e).l)erimcnts, except those described in Figs. ] and 3 ,\.;as 50 mt'{; modu-

lation amplitude in recording spectra was 5.0 gauss; this \vas increased to 

6.3 g::nlss in kinetic experiments to incrc1se the signal-to-no] Sf' ratio. 

Spc~ctra \\0rc recorded by s\';ceping from 1mv' field to high field with the 

spectrometer time constant and scan rate JS li.otcd in figurclegcnc1s. In 

I' 
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kinetic experiments in ,\'l1ich signal averaging techniques were applied, 

the output of tJle E-3 spectrometer \\'as fed into a 1024 charmer Enhancetron 

signal averager. Timing circuits provided pulses whidl triggered the 

iaverager and, after a preset delay time, initiated the flash lamp pulse. 
I 

All experiments \\~ere carried out at room temperature. 

Oxygen measurements 

O:t.:ygen evolution from chloroplasts in response to individual flashes 

Was IJIcasuyC'd usin~! :lIl;lrrangcnK~llt similar t.o that described by Iveiss and 

Sauer23. We have modified the teflon covered electrode described in 

their work so that it is possible toperforin experiments without the 

teflon membrane, thus decreasing the response time of the electrode to 

approx. 10 msec. The Ag/AgCl reference electrode is located 4 011 dmffi-

stream from the platinum electrode in a reservoir of electrolyte. The 

current increase resulting from chloroplast oA,)'gen evolution is repre­

sent'cd as the vol tage output from a current-to-\'ol tagc transducing opera-

tional amplifier. This voltage is subsequently amplified and recorded 

using a Sanborn recorder (risetime = 5 msec). In th~ experiments described 

in this work fl ash LL'"!'P pulses were spaced 1. sec apart and \vere of 

saturating intensity. All experiments \\'erecarried out at room temperature. 

RESULTS 

Figure 1 shO\\'s [PR spectra of chloroplasts ],n the light and in tJ1C 

dark after illumination. In the light, both Signal IT lind Sjgnnl T (lre 

observed, al though the magn i tude of Signa 1 I is 10\-/ l)C~CallSc no electron 

.+ 
acceptor SystCJil, stich ;:JS ferrecbxin/;\:.\))P , has bC'Cil lllcludcd in tile 
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chloroplast suspcllsion. Upon darke-ning, SigIlal I decays quickly whereas 

the extent of Signal 11 decay is s1 ight. In his recent revici'v' article, 

Koh14 JIlentions that in tJ}e dark Signal II has hyperfine structure in the 

region labeled "I" In Fig. 1, sudl that the ratio of the peak in this 

region to the peak at the position labeled "II" in Fig. 1 is 3/4. We 

have {OlUld that this ratio varies considerably and is dependent on the 

method of chlorcplast isolation. In the following article we consider 

the SOUl'ces for this variation in the structure' of Signal II in detail.20 

Cycles of red and far red light have been shOl\'11 to have no effect on 

the decay of Signal II (Ref. 13), and exogenous redox systems appear to be 

exc1udcc1 from the site of Signal II f('1nnation. Fresh chloroplasts pre-

pared from spinach picked during the light cycle show high dark levels 

of Signal II and exhibit little adJitionallight-induced increase. We 

have found that incubation of these dl10roplasts for 2-4 h at O°C in a 

darkened ice bucket leads to a 20-30% decrease in the signal, Khich is 

regained upon illumination. It appears that a soluble endogenous factor 

facil i tates this decay, sii.ce Ivashed dlloroplasts show very little (less 

than JO?o) Signal II decrease c,·cn after .5 or 6 h of dark jncuiJatioll. 

We have found, hOKevcr, that if spinach lea\'es are picked tOl\'ard 

the end of the dark period of their grOl·:th cycle alld the chloroplClst 

isolation procedure is carried out in tJlc dark, the Illagnitude of Signal 

II prior to illumination is reduced. Fig. 2 shO\\'$ EPR. spectra of such 

dark-adapted chloroplasts before and after illwnination. The chJoro-

pJas ts ill this C'xperiment, prepared from ] eaves Iddcl! h~iJ bC811 .i n the 

dark apprOXiill.:ltc1y 8 h, sho\\' a 45~ increase in Signal II upon ilhullil1:1-

tion. 

; \ 

! 

, 
i 

~ I 

'I 
i , 
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The effect of the microh'ave power level on the Signal II ampli tude 

and on the ratio of Signal II before and after illuminti.tion in dark-

adapted chloroplasts is shown in Fig. 3. Curve (~ indicates that Signal 

II saturates at fairly low power In agreement with,Koh14 , and decreases 

slightly at higher po\;'ers. BOh'ever, the ratio of Signal II in dark-

adapted chloroplas ts to Signal I I in these same c..~loroplas ts following 

il1umination is not influenced by the micrm;ave p01\'er as shm\11 in curve 

(~) in Fig. 3. This ratio remains constant: at about 0.60 in this set of 

experiments for micrm;ave powers beu.;een 1.0 and 125 mW. 

Fig. 4 SlUn.'1arizcs a series of experimellts in \·;hiell ciJloroplasts were 

prepared from leaves picked at various times after initiation of the dark 

period. 1~11ile there is some sea tter in the cb ta, hoe can disc0rn several 

general features of the i~ vi\'<2 dark decay of Signal II. WHhin t11c first 

2 h after darkcni ng there is a decrease of about 25~ ill the signal, \,'hidl 

may correspond to the 20-30% decrease (see above) tl1::1t has been found to 

be associated wi th dark incubated chloroplasts at O°C. Follmdng tllis 

ini tial decrease there is a sloKer decrease to about 50 -61.)0,; of the light­

induced signal ufter 12 h in the dark. w~ have consistently found tJ1at 

Signal' I I appears to decay only to this 50% level in tlle dark in vivo. 

Lozier and Butlcr] 8 h3VC reported a silllilar 50';; platp8u in tJle decay of 

Sj gnal IT fo] 101 :111;'; i 111udnation in isolated :-:pini.lcJl chh)roplasts o.t 

cllsseJ in detail below. 

Effect of sin~lc fbsh!Os on Si?nal II in::Jllct1.on in dark-adapted cJl1o~'()!'lclstS .---' _ .... _--_. -----_ .. _---- .------------'----
By setting the in,lgnctic field of the spectrometer CIt: the low field 

position l.'!bolcc.1 "II" in Fig. 1 1,':e ~ln~ oble ;0 w,lnito1' tlt:.,~ kinetics of 
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light-induced ch3ncies in Sj gna! II. 1l1e effect of a series of 10 jJsec 

flashes on raJical concentration in dark-ad:lpted chloroplasts is shown 

in Fig. S. III this experiment Signal II before illumination \ .. as about 

50% of the signal found after the flashes. A.s can be seen in Fig. 5 J 

a sinr1e flash is sufficient to induce about 80% of the increase. Sub-
~, 

sequent flashes increase the signal only sligiltly and, significantly, 

there are no oscillations h'i th these later flashes such as those obsen"ed 

in eAl)(~riments monitoring oxygen evolution as a function of flash llunlber16 . 

The cJl3.racteristic slow decay of Signal II is apparent in this experiment. 

During a single 10 l-lsec flash, at most a single electron can be trans­
.,-

ferred through e:.Ich of the photosrstems-':' J ret tmdC'T these contli tions we. 

find that 80% of the light-induced increase in Signal II oc(."Urs. This 

observation implies that the spccies \\'llicl1 gives rise to Signal II is 

present in relatiyely small concentrations compared to the total amount 

of chlorophyll in the chloroplast. I'le ,ha\'e confinnE:J this hypothesis by 

detenniningthe ratio of spins in Signal II to the mupber of spins in 

Signal I in saturating 1 "ght. \\'C used tjle I:lethod of double integration 

as out] ined by Chang and Johnson24 and found a value for this rat.io 

\\hich is close to unity in fresh chloropl2..sts. 

Qllcm_t:t~m efficie~' for Sigl~g.l II formatio!l i.n f1::tsh:i_~g light 

1\'(' havc' dC'tc:1H:lncd sinr~lc flash saturation ct:rves for both Signal 1 

and Signal II. These results are plotted in Fig. (, as the fr3ction of 

Signed. I or II forn:ed as a function of the light .i.ntensi ty of a single 

flash. In these experiments dark-adapted' chloroplas ts, to whid1 the 

acceptor ~)'S tem fcrrcdoxin/~l\DP had bCCll allded, ,",'ere used. The extent 

of Siglla] II fon:ntion resulting frOf!! ,! ~;.inglc flash of intellsity J h'as 

· : 
j 

" 
- I , 

J 
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divided by the extent of Signal II formation after 10 saturating flashes 

to obtain thc fraction of Signal II formed at intensity J. l1lCIl, by' 

changing the magnetic field .fliom posi tioH II to the position labeled "I" 

in Fig. 1 wi thout changing either lamp or sample piacement, \,"C detennined 

thc saturation behavior of Signal I. Since Signal' I decays' rapidly, the 

average of 36 flashes was used In these experiments. The extent of 

Signal I formation for a flash of intensi ty ~ \,"as divided by the extent 

of Signal I fOl1ilation for a saturating flash to obtain the fraction of 

Signal I formed at intensity ~. 

Half saturation for both Signals I and II occurs at the SClme light 

intensity,' which together with the results described above indicates that 

the quantum cffidcncy for Signal II formation in dark~adaptcd chloro-

plas ts approaches that for Sj gnal I formation" These resul ts appear to 

b . . tl d I I "r h d '\' 25 .. d . d'· ,1 e at varIance \01 ata reportce )y reI arne an 'cr:lOn \-:nl - 1 In 1,cateu 

that Signal II saturatcd at an intensity at least an order of magnitude 

lower than Signal I in whole Chlorella cells. HOh'C\'er, from tllCir experi-

menta] description it appears as if their \\ork was done under steady-state 

conditions \,,'hich, because of the 10ngck'cay tiIile for Signal II, \.;ould 

yield a sa tura tj on intensi ty s ignificantl y lOi':er than ini tia1 rate or single 

fJash saturatjon values. In eXI)criJllcnts "hieh \\\: bave pcrfonnC:'d \\'i th 

dl~~X('l1~~ \ve find that a single flash is less effective in generating 

docs llot inhibit the light response of Signal J 1. i\"e repeatNi these 
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confirmed tJle finding that Datu does not inhibit the fonnation of Signal 
I 

II in continuous light. The DG1U concentration in t11is experiment was 

2 x 10 -4, M wi tJl a molar ratio of D01U to ChI of O.~ lvhich is sufficient 
I 

to inhibit oxygen evolution in chloroplasts completely. HOi\ever, when 

these dark-adapted, DG'lU-treated ch10rop1a~ts are subjected to a series 

of 10 ~sec saturating flashes lve find that the first flash evokes only 

one-third of the m3-.ximal light-induced response and approximately 10 

f1 ashes arc needed to induce Signal II full)". This is to be contrasted 

'''itll untreated chloroplasts (Fig. 5) jn ,\hich a single flash produces 

fllore than 80% of the light-induced signal and no further increase is 

observed follO\ving the third flash. Thus. the effect of DGIU is to lower 

the quantu1Il efficiency of Signal II formation ",i thout inhibiting the 

maximal extent of its response. 

Effect of red vs. far red illumination on Signal II fonrratlon 
. ----~.~------------~ 

The insensi tivi ty of the extent of Signal II formation to Datu 

indicates two possible sites for its location. One places Signal II 

011 the PSI side of the DC.MU block, in which case far red light should 

be more effective than red light in stimulating its formation; the other 

possibility Kould locate Signal II 011 the PSII side of the block lvith 

red light more stimulatoT)' than far red. In order to test these DvO 

possibilities we have done studies of the rate of Sjgn3l II fOI1mtion 

in 650 run and 700 nm continuous light. The experiments \\'ere done at 

lo',\, ind dent 1 igh t intf:l1si tj es, since rat.es of f0I111ation yield more 

precise infon:tation them ~~teady-state Si:;;n<-Il 11 levels, for reasons 

11112ntioned abon.'. At the high optical dens itj ('5 lIsed in tllis study 

(o.n. GSO ::: 4; O.D.~uO = 0.8) ('sselltially till of the light is . am I 11m 

' .. j 

~ I 

. i 

: i 

,4; 
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absorbed at either wavelength, so that no corrections involving the extinc-

tion coefficients at 650 and 700 nm are applied. The results of the experi-

ments are sho\I'Jl j 11 fj g. 8. They indicate that for approximately e qJ31 

incident photon fluxes, the initial rate of Signal II formation in 650 run. 

light is more than th'ice the initial rate in 700 nm light. This is in 

28 agreement wi th the results of :\l1en ~t al. which indicate that Signal II 

is preferential1), excited by shorter wavelengtJlS of 1 ight, while the 

Signal I act.ion spectruJ11 persists to longer wavelengths. It is also con­

sistent with the evidence cited in the Introduction associating Signal II 

l\i th Photosystem II. 

Oxygen evolution in flashing light in dark-adapted and prei1llmlinated 

chloroplasts 

The results described ahove suggest that Signal II arises from a 

species located on the PSI! side of the DOfU block. DGIU is knO\\1l to 

act very close to tJle primary PSII photo::::h3rnistry hy blocking electron 

tra11sfer frOTH the: prjJJlJry acceptor to second<1ry acceptors in t118 chain 

between psrr and PSI. Hm\'ever, fJ uorescence induction studies of Joliot 

" 1 .' •.. 29 
et al. Indlcate tJlat the prImary acceptor pool mJ.Y be 1nhomogeneous . 

Therefore, there exists the possibility tJ1at Signal 11 arises from either 

the oxidiziJlg side or reducing side of PSJI. Since h'e haveshO\m in 

Fig. 5 w1at Signal_l I arises via an electron transfer step tJlat occurs 

largely on the first flash,· we have carried out a s(;ries of e)..-periJ!1ents 

in which ""e moni torcel oxygen evolution in respc·nsc to individual. fl(!~hes 

in order to il1\'esti~;ilte these possibilities in more Jctail. Briefly 

(see Discussion), \I'e expect dark-adu~)ted (10'.: Sign:ll II) dIloropl as ts to 
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preillLnnin:lted (high 5i gnal II) chloroplasts if the species giving rise 

to Sign:ll II \·.'('n~ a potential e] ectron acceptor supplementing the primary 

acceptor on the redu;:ing side of PSII. The opposite effect would be 

expected if Signal II arose as a result of electron dOllation to species 

on the \\'a ter 5 ide of PS I I. The resul ts of the experiments are shown in 

Fig. 9. In the thoro:.lghly dark-adaptej chloropl~sts the level of Signal 

II \,'as 55~ of the signal after tile train of pulses. Prdlluminatcd 

chIarop] asts h'on.' obl'cdncd by exposing chloroplasts to room light for 

2 min, which scn'cd to induce S:ignal II fully, prior to injection into 

the electrode. Lach sample was allO\~ecl 10 min clark 'tiJTiC on the OX'it;Cll 

electrode before the flash SC'1uc.:llce h'as ini t in ted. A comparison of the 

Uvo cun;es indicates that in fully dark-adnptcJ chloroplasts the oxygen 

yield rc~~ul ting from the third flash is loM.'r 2nd the yield of the fourth 

flash higher than in preillumiI1(ltcd chloroplasts. Dividing the o>"-ygen 

yield of the third. flash, Y3' by that for the fourth flash, Y4 , \\'e find 

values for the Y _/Y., ratio of 1.2 for the dark-adaotcd ch1oro~)lasts [·md 
<.) q .&. J. 

1.9 for tbo prcillL:mjn3ted saniple. According to the .:m;}lysis described 

above <md ill the Discussion, these resul ts favor a model in which Signal 

II originates as a consequence of clectron donation on the hater side of 

PhotosystC'llI II. 

Risctir:r~' of Si gn31 IT i n rC'~nonse to a 5 inglc flash 
.--.-------~---.~-----------

In constrllctinz W)jc]s locating Sigi1:11 II 0;) tho \,'atcl' si.de of PSI! 

we have found tl':O ,,;hidl adequately explai~l th3 data thus far. The first 

of these p18C.CS Signal II as <:!n intennvdicltc Lct'::,-'en.thc site of \\~lter 

oxic1atjoll and the reaction center chlorophyll P680. This model associates 

! 

, i 
.• " I 
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f J 1 · 1· 30 K'·k 1 16 . d 1\' • d S 23 I d· d o 0 lOt. ~t ~ , 0," et ~ ,an ,:elSS an auer lave ClllOl1strate 

in the water oxidation process. These oxidized illtcm8diatcs correspond 

to the S states in the Kale et al. 16 model for oxygen ('volution. The 

second model places the species giving rise to Signal 11 off this electron 

trallsport path,,;ay, but its fonnation ,vould occur through interactio:1 \~'i th 

intermediates in the d1J.in bet\\"C!en ,.;a tcr ,:md PSII. 

The expcrimc'nt described above (Fig. ·5) in i.'hich he! monitored the 

response of Signul II to single flashes argues ~,galnst the assigm!::.'nt of 

Signal Il to one of the S states in the electroT! tl'an'3}1ort chJin betll'cen 

P680 and the 'irater splitting site.. This cxpetjJllcnt sho\,"s that the concen-

tration of the radj cal does not vary l-lith flash llu!I!ber, \,;i1ereas there 

should be marked oscillations in the con~entratj(lns of the oxidized inter­

mediates im:oivcd in \.;ator splittillg16 
\\'e haH' obtained further evidence 

against the identification of Signal II with an S state directly 011 the 

pathway from the h'oter oxidation si te to P6S0 by determjning the risetime 

01 Sign:11 II in response to a single flash. The results of this expcri-

ment, Sh0\\11 in Fig. 10, indicate that Signal II is fo·, :lcd rather slmdy 

after a f]ash. The haLftime for its rise is approximately 1 sec, Khich 

is three orders of mugni tude grc3ter than tbe valu0sfound for th(? nse-

times of the intennc:rJbtes im"olvcd in the \\'ateT ~;plittin~ process in 

" . ;'" . 16 e:x.-PCTJ.mellts J:1CaSurulg u;·:ygen evolutIon 

to Cl scri cs of fl:.1Shcs and i ts risetim~ in rE':=.por:~-;(' to a si!l;~lc fL,,,h 

argue against the direct assigmnent of Signal 11 to one of the S states 

involved in \\,"ltCl' oxidation. 

MllltiDJ(; fLl~)ll SLlldics of Si~;n:ll II fCr;il~!tion •. _. ______ ....L.-._.~_. __ .~. __ ._ ...• _. _______ ~ _____ . ________ •• ___ _ 



-16-

its extent of formation to be related to tJle concentrations of one or 

more of these oxidized species fonnedon a flash or in a series of 
i 

flashes. As mentioned above, a number of ,,,orkers have shmm that fo1-

lmving a flash the risetilrte for concentration Ch'lllgCS in these oxidiz.ed 

species is less than 10 lllSCC. On the other hanel, Fig. 10 indicates that 

the rate of fonnation of Signal II is much slower fo11O\"ing a flash. We 

have tDken advantage of this disparity in rate constants to test the 

second model mentioned in· the previous section. In a series of closely 

~paced flashes, \~"i t11 the dark time beu\'een flashes short compared to the 

risetimc for Signal II, the species which generates the radical should 

be sensitive to the concentration of oxidized intennediates present at 

the conclusion of the flash series. DIe pattern of ox)'gen evolution 

shmm in Fig. 9 has been most successfully explained by postulating a 

build-up of oxidized intennediates on the first and second "flashes which 

are subsequently discharged in the water splitting process on the third 

and fourth flashes. Thus, after tllO flashes \\-e expect a large cOllcen-

tratioll of highly oxidized intcnnediatc.3, and after four floshes a much 

lower concentration. 

The effects of t.hese tKO flash pattenlS on the extent of Signal II 

formation are sho\\11 in Fig. 11 ~ The spectra of d~rk-adapted d110rop1asts \,"erc 

obtained (Curves 1). Then, ei theruvo(Fj g. 113) or four (Fig. lIb) 

saturating f1 ashes were given and the Sl'C011U spectra (Curves 2) \';er0 

taken. At the conclusion of this scan ten s2turabng flashes \";c1'e gjven 

and the third s))!xtra lCurves 3) \"ere recorded. Different san;ples from 

the same: chlorop18st preparation were ll~ed for the t\\"O expcr.ililcnts 

·1 

. , 
I 

~ : 
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sigml (Curve 1) h'as about 58% of the fully induced signal (Curve 3). 

HO\~ever, 1'\-10 f] ashes, 10 msec. apart, generated 90% of the light-induced 

.•.. "'~." :.w 

s j f,nal hhereas four flashes 10 msec apart increase,d the signal only 40%. 

Ten msec was chosen as the dark tiITle bet\\een flashes because four flashes 

spaced 10 msec apart yield maximal amounts of oA)"gcn per flash, i.e., the 

intennediates in the ,,'ater splitting process are fully advanced \vithin 

10 msec after a fla.sh. Threefl35hes, 10 IIlsec apart, behave in a manner 

similar to four flashes, ";ht~reas a single flash has effects similar to 

two flashes. TlJc~:;e n:sul ts fire· sh(l\~11 in Fig. 12a, in which \"c summarize 

the data from tJ1C four cA-pcriments. The results are presented in histo­

gl'am fonn to emphasize that each e:A-periment 'vas perfonned with a different 

sample and that the effects we see are not oscillations; for eXaJi1>~le, t\\'o 

flashes follOi·;ed hy a 1 sec dark period ;JI1d then two flashes 10 msec apart 

docs not decrease the level of Signal II. In all experimental approaches 

'\'c have e:A-plorcci ,,'C have found no method involving light which decreases 

the concentration of Signal II spins. 

After four f1 ushes the oxygen evolving systCnl has ; een ] argely 

discharged and,to a first approximation, is similar, with respect to 

t]le concentration of oxidized intemediates, to the situation before 

the first flash. The fifth and sixth flashes yield little oxygen but 

serve to restore a pool of oxidized species \,-,hidl arc dischargcd on the 

seventh and eighth fJ ashes. Therefore Signa) II should react to five 

flashes 10 msecapart as it did to a single flash <llld to six flashes as 

it did to t",o fbshcs. Because of Ijmit::ltions ill the flash Clpp.:lr~1tus, 

it was lICCCSS,11,): to iIlCTC:l.SC the time bct\\~ccn [Ll~;hcs to 370 l:Lc;CC to 
give fj\'(~ or ~~ix f)asly's in a scqucnc~. Thc~ r",sults of these cxpel'irilcnts 



-18-

are ShO\'.'11 in Fig. 12b. Again, one or th'O flashes yield greater than 80% 

of the light-induced increase in Signal II. For this longer dark time 

bet\\'een flashes, the distinction beu\'een the effects of one or two flashes 

and three or four flashes is some'vhat lcss pronounced. With five flashes 

the fraction of Signal II formed is increased, and \vith six spaced 370 msec 

apart this increase is even marc substanticll, in accord with the model. 

Three or four flashes spaced'lOO ).lsec apart yjeld only small quanti-

tics of oxygen compared to the case in \\hich the spacing is 10 msec. 

This obsen'ation has been taken as eviuence that the relaxation tlinc for 

conccntration ch;mges in the \\'ater spli ttiIlg procc:;s is somewhat longer 

. 16 
than 100 llsec but shorter than 10 msec • t~e have perfonned experiments 

of this nature for Signal II fonnation in response to t\vO, tl1ree and four 

flashes in ,.;hich \\'e varied the time bet\\'ccn flashes from loa ).lsec to 10 

sec. The results of these experiments are s11O\\11 in Fig. 13. Again, each 

point represents an c:x.-perimcnt h'i tIl a fresh sample.' In order to increase 

sign:ll-to-noise ,-;e perfonlled the e:X']Jerimcnts kinetically by monitoring 

the signal le\'el as shm;1l in Fig. 5, except that the instrument tiriK:! con-

stant \Ias increased to 1,0 sec. In these C'Al)crimcnts the dark signal 'vas 

55 to 60~ of tlle fuJIy induced Signal II. Fig. 14 sho'.,'s t)11ical data; 

this e)"-pcriJJ!cnt was done \vith four flashes spaced 3.7 111sec apart folloh'ed 

by s inglc flashes to campI etc tbe induction of SigTwl Jl. The fraction 

of Signal IT fonll~"d is then calculated by d:i\' idillg the extent of Signal II 

formation resulting fran. the initial set of flashes hy the full), gen~rate(~ 

light-induced signal. Referring to Fig. 13, t\W flas/:es, reg<.:rdless of 

the d:n.-k time betl\'cen the th'o, :llw\l)'s geneT ate greater than 80~ of the 
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the effectiveness of the th"O flashes, which probJ.bly indicates that at 

the shorter time the chloroplasts arc able to process only the first flash 

whereas at the longer tiy.ie both flashes arc effective in producing oxi­

dized illtermediates. The effect of three or four fbshcs is remarkahly 

different. Hcu·:eeIl 100 ).Jsec and 10 IIIsec the f~action of Signal II 

generated by the flashes decreases reflecting the increasing effectiveness 

of the set of three or four flashes in discharging t.he pools of oxiuized 

intennediates formed during the fJ ashes. BetKcen 10 and 100 llIsec is a 

plateau region for both three anu'four flashes folIohed by a region from 

100 msecto about 4 sec in which the fraction of Signal II increases. 

This rising section of thccurvc reflects the observed rise of Signal II, 

which \,"e showed (Fig. 10) to have a halftirne 011 the order of 1 sec. As 

the time dark betl';ccn flashes approaches this halftime, proportionately 

more of the Signal II precursor reacts \\'it.'1 the intermcd:i..atc(s) fonned 

after each flash and not, as with the shorter times, only with the inter­

mediates present following the fillal flash. At times greater t11:1.n 4 sec, 

Signal II is fully generated after th.e second flash and ."deli tional flnshes 

have no further effect. At all times less th'1n 4 sec thn:~e flashes are 

Slightly more effective in generating Signal II tl1311 four, indicating 

that four flashes more cO'llplctely discharge the p'Jol of oxidized inter­

mediates formed eluring the; seque;nce. 

DISCUSSIO~ 

. Previous \Vor]~ on Signal I J has concentrated on its molecular identity 

and its gcncrcll. location with respect. to then.'() photos}11tl1Ctj c light 

react.i0IlS. The' 1:1:1).11 cOJ)c1usjon~:; froT:1 t.his carl j('l' \\ork lIas beell the 
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identification of Signa} II with either plastiquilJone or a plastoquinone 

derivative ~md the! general association \'lith the oxygen evoh~ing photo-

system. Very 1'eh' kjnetic experiments have been reported, prima.rily 

because of the difficulty associated \dth the long decay of the radi.cal; 

conseqt.,lently, JIlorc! specific infonn:ltion regarding its location and mode 

of gener~tioll ha..<.; been lacking. 

We ha\~e developed a procedure t11at a110\>'5 us to obtain fresh untreated 

chloroplasts h-itJ1 1m\' dark levels of Signal II 1"<.,d:icals and have made a 

kinetic analysis of the light-induc.ed increase in Signal II spin con-

cent ration primarily using flashing light techniques. Our results can 

be explainl'd in terms of the model shmm in hg. 15. C550 represents 

the primary acccptor as described by Erixon and Eutl er3l. P680 is the 
... .., 

reClction center ch] orophy11-)';', and So through S.l represent successive])' 

more oxidized intennediates involved in the \';ater splitting process. 

These states have 'been described in detail by Kok16 . Briefly, So and 

S1 are stable states pcrsisting in the dnrk. $4 is a strong enough 

oxidant to oxidizcKater and, once formed, docs so in less than 1 msec33 . 

S2 and S3 are oxidized states fonaed rapidly after a flash and arc 

stable for 10-20 sec in the dark after fonnatioll. Signa] II arises from 

a radical \,:hich is fonn2c1 via electron transfc'r to the intenncdiates 

S2 and. S3'· The rate constants, k2 or k:s' for t;Li:~ ;:-cactiolJ. are approx. 

1 sec -1, \<:l~icil is 10' .. : co)::parcd to the rates of ;L]'\;~ilce of the S states 

follm.;jnp. (I nosh. 

Thc evilkr:ce fro;;} our experjments supPJrtin~; t]115 model h~lS becn 

brl efly (l:i.sclJs~;cd in the j~t'sults secTion. 1'i!~Js, the model C'xplains th2 

. i 

! 

. , ~~, 
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2¢ 
both by us and by AJ len et al. v, and the failure of DGIU to inhibit 

the fOriaation or the rauica1. The fact that in DC·ill-treated chloro-

plasts more than a single flash is required to S:lturate the signal 

probably reflects a corrrpctiIlg b3ck reaction hetween the reduced primary 

acceptor and an oxidized intennediate on the \vater siJe of PSII \vhich 

is stimulated by DG-lU. The stimulation of this back reaction has been 

postulated to account for the increased delayed fluorescence observed 

in chloroplasts treated \d th DG\IlJ34 . Bennoun has catr ied out a detailed 

study of the kinetics of the back reaction in DOITJ-treated chloroplasts 

and fOlmd that the time constant for this process is comparable to the 

I sec halftime \\'e have observed for Signal II formatioa3S . Since S2 and 

S3 ha\Te lifetimes on the order of 10-20 sec in wltreatcd chloroplasts, it 

appears that DCMU decreases the effectiveness of asill~le flash in 

generating S~gnal II by de :reasing the Ii fctimes of the intermediates 

\vhid1 give rise to the radical. Hm\'ever, because the reaction center 

is regenerated Ly the back reaction and is therefore able to be reexci ted, 

subsequent fla.shes eve.i1tually fully induce Signal II. Bennoun has shmm 

that hydroxylamine inllibits the back reaction in DC.l!.l-treated chloro-

plasts by a rapid rereduction of the oxidized intenK~Jiates on the water 

side of PSII35 and Lo zier and Butler have shm..n tl1(lt lmder th:;se condi-

!ions the light response of SigJ~<JI II is con:pletely inhibitedJS Sjjiii -

larly cecp, ,·;hidl stil:lUl"tcs the rercduction of S2 an·;1 S3' h3S been 

ShO\\11 to inhibit t1le lil!ht response of Sigm.l II in DC\I'J-tre~:tcd chloro­

plasts lS . 'l11crc:Iore the f0n:~ation of Sign~ll II i::. qui.te sensitive to the 

J ifcUmcs of oxidi.7.('U Intermediates, ~Uld n'ca'l1.:ents hhich de~;tabilize the 

, 
'i 
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The high quantum efficiency for Signal II fOJ1nation following a 

single flash (Pig. 6) is a consequence of the relative stability of 

the S states in untrcated chloroplasts. The experimcnts of Kok et a1.
16 

1 J I · 1 30 J' - J tl S t t . . d d· tl 1 - 1 anc ("l lot et <1_...:. 1.::n-o ~~lJOh11 t Iat 1C saes are a vance h"l. -1 llgn 

quantLUll efficiency by a single flash aner til3t following the flash their 

decay time is on the order of 10-20 sec. This time is long compared to 

the 1 sec onset time for Signal II generation, ,mel it allows for effi­

cient fonn:ltion (1f the r;-,J.i::al. A corollary to this arglllTIcnt j s that 

with four flashes spaccdJO IIlSCC apart the quantum effjcjenc), for SiDl:!.l 

11 fOllnatiol1 is decreased since the lifetime for tk~ S4' state is only on 

the order of a millisecond. This anaJysis also explains the lOiVcred 

qu:mtLLll efficiency \,"e observe for Signal Il fonnation in Ch101'c11a since 

Joliot et al. have shO\':n that the lifetj mes for S? and S ... are about five --- ~ . .) 

t . J - 1" 1 tJ . - j I ")0 ·]Jncs S lorter 111 t.n~ a ga 1an In splllnc1 C 110roplasts' . Similarly \lie 

have fOUild 'vi th CCCP-treated chlorop13sts tbat the quantum efficiency 

f S · 1 11' f ' - d ,20 1 - h ' f' I or IgnaormatlOn] s .ccreaseo ,\\" n C, IS a COJlSequeIlce o. t 12 

acti.on of CCCP in decreasilll! the lifetime of the oxjdized intermediates ........ 

follo\\'ing a flash. 

In the model proposed 111 Fig. 1 5, Signal I I arises by an inter-

action\d.th S') or S_, jn \"ilich thl" sp8cies giving rise to Signal II is 
'" '') 

oxidized by an S state. 

S + F 
n-+1 

Ti)is interaction Tilay be represented as 

S 
n 

]h' 
----.-~ ... 

P68W 
S n+1 (1) 

(2) 

\ ·;J1C't''''' ~,., ] •.. .:.; ,' .• 'll .c,' ".- t.·.··.t·(~ '\','J't"I'] 11.:::] ('r? S I' cOIl" C '11' \"'1 'lIt )'I')I'C 0""1' l' - i , I ~ J ' +1 ,J '- ~ L, .. '0 c. , '., . .- .l' l __ C',. 
11 n" 

.+ l- (: . , 
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gives rise to Signal I I. TIle behavior of the state S in this scheme is 
n 

such that at the conclusion of the proccss its final oxidation state is 

the same as its initial state evcn though <1 photon has been absorbed by 

Photosystem IT .. Thj s situation in h'hich an S state is left lUlchanged 

by a flash has been tcrmed a ':laiss" in Kok's'model for oxygen evolution 

in flashing light37 Thus the process of Signal II fonnGtion vie\~-ed 

\' ia oxygcn evolllti on resul ts in [!1l increased mm:ber of misses on the 

firs t three or fO;'I1' flashes. This increased number of lllisses acco:mts 

for the lowered yield of oxygen on the third flash and increased oxygen 

yield on the fourUl flash shO\m in Fig. 9. Computer programs to fit 

oxygen evolution curves sudl as those gellernted by the prcilluminated 

chloroplasts in Fig. 9 usually contain a 'iniss parameter" to account for 

S states which are not advanced hy <l flash. Our results indicate that 

this parameter mar be larger for tllC first fe\," flaslles tll .. m it is for 

later flashes (Ley anel Babcock, unpublished results). 

We postulate that the Sig11al II precursor, F, can be oxidized by 

ei ther the sta te S2. or s~ on tlw basis of the resul ts I ~esented in Fig. 12. 
,~ 

Fol1oh"ing a single flash rous;hly 7S~ of th2 SystCill II centers are in tl1e state 

Sz and 2S~" in the state Sl' Under these cOli.ditions \,'e observe 80% of the 

light-i1!.du:::ec1 incr8ase in Signal II. Follo\\-ing th"O flaS!1eS 10 Iilsec apart 

7S~ of tho centers <lre in tiw S .... state and 25~ in the !'tate S~. Wi'b~ 
,) -

this flash patten) \\e observe greater t113.11 9S'" pk;lOl)1'oductioll of Signal. 

II. 

p:Jrallels the extent of the light-inducl~cl gUlcratioa of S.igaal II. 

The rcslll ts of Fj g. 13 present the strol1?;cst cvicknc:(' ill 5nr;port of 

our proposed n:ode1. The conccmtrntion or [S'I + s~ J i::; nh.'a)'s high after 
I. ,) 
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two flashes reganlless of the time dark bet\,'een the u·:o and corres-

pondingly the fraction of Signal I I fonlNI under these con9i tions is 

high. After three or four flashes [S2 + S3] are formed to an apprecjable 

extent only if the' flashes are spaced less than ::lbOllt 5 mscc apart. At 

times longer than this the oxygen systel,! is ablE': to process each of the 

flashes imlividually and the high concentnitiollS of S"} and S.,. produced br 
... ..) 

the first tKO flashes are disdlarged on the third and fourth. Simi-

lady, the fraction of Signal II form.;-;:d in response to three or four 

flashes is high at. very short flash intervals and declines as the time 

between flashes is increased, until a plateau at aboLlt. 0.4 in the frac­
of 

tion/Signal II fonned is read1ed from 10 to 100 msec for four flashes 

and at about 0.5 through tJlis tllilC range for three flashes. 111is plateau 

region is non-zero duc to the fact that not a1l of the S states have been 

completely cycled during the four flashes; the cOIlccntr<!tions of S2 and 

S3 fo] lo\\'ing the fourth flash are nOll-zero as ind:i.cated by tile finite 

oxygen yields of the fifth and sixth flas:lcs. 

The kinetic bcl1Clvit .- of Signal ,II idcntifif:s it as the first endogenous 

species besides hoa tel' (or reduced primary acceptor, ill· a back reaction) 

tJlat is able to interact directly ,dth the oxygen evolving ccntolex in 

photoS}11thesis at. physiological temperatures. The\\ork of Knaff and 

A 38 J' 1 3139 d' 1 1 1 ] rnon , )ut 0r ' an otners 1(lS s 101'in tJ1at at .0\\ tClnperatul"cs 

Crt bS59 is able to donate electrons to an intcrr.:::xliatc on the oxiJizing 

side of PSII, probably P680, but the effect is lost Up8!l illCn.~~lsing the 

temperature above -100°C36 . We have also S:lO\.,TI th~!t the Sigl1~l IT pTe-

cursor is able to interact \\'i th the sp,-'\.:Hic intCi'i:I(:;CUJ.lcs S:: ~!i~J S:;, 

but not \'.'j th So and Sl' l3cnnol l H ;md .To 1 jot41 
h:t\'c ~;!JO\'ll tJwt ·l1r(ll·o.\)'bmill~ 

.~ 
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is able to override oxygcnevoJution, but this most likely occurs by a 

direct interaction l'li tll the reaction center chlol'(11,hyll or its primary 
i 

donor. Similarly, 1.·,\~ have 5 tuc1.ied the oxi,!ationof phenylenediamine and 

hydroquinonc in tris··\;as]wd chloroplasts in flashing light and havc found I 

nei t110r the o5cill:Jtiol1s nor the tl'."O fla~h induction period found in 

o:A")'gen evolution, jndicating thf.it in this s)"ste;n these reduct ants jJltcr-

act by Cl med13nism similar to that exhibi ted by hydroxylamine. 

In this study '·.'c have focused on tJle kinetics and locatio;} of the 

Signal II 5pccies. Consequently OLlr eXf'(.'r jll!l.~nt5 ric lcl no new information 

as to the molecular identity of tllC raJical. 
. 11 12 

1:ohl and cm\or}~ers ' 

have presented evidence implicating.<I derivotive of plastoquinone as the 

source for the Sigll:J1 II spin, ll1[linly all the basj s of extractj 0:1, dcutcrw 

tion and readdition experiments ",ith chloroplasts and modd compound 

studies in vitro. If this assien;;;Cllt: proves correct, 'the ·e.:\l)Crjl;;~nts 

reported here provjde the first evidence' for a kn();m species other than 

chlorophyll located on the oxidi:.jng side of Photosystem II. Our model 

pas tlll ates thctt Sigl1ClI II charactl~rizcs an o2':idizcd radical; hOl,ever, in 

ascorbate \\·e note only a slight incre,,:sc i.n its Lltc of dl~cay; trcr'tmcnt 

wi tl1 an oxidant, feTricy<miclc:~, has the s~:w.~ effect. l{cccntly Lozier and 

Butlcl18 rej)ortccl that in tris-\':::~shccl cldc)loulasts the decay of Signal 11 

is gl'e:i1:ly cr~l<:1ncl'd hy ascorbate <lnJ\\(,> h:,vc felm,: S }llti Lu <:'ffccts for 

ascorbate on the' decay of the r,-dical j 11 S)'~·; tel!] 11 p:lrtic] cs prCJnrcd as 

~ . [1: 
described by 1·lalkJ.ll . Signal 1I clppeur:-; to Sllill'C \.ilIJ the ox)'gl~n t'\iolvil)::-~ 

systC';n the ch;l1'<1ctcristic of 11E'iTl~~ nOllnally un<lVa:ilable to exor.N!OLlS redox 
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Since Photos),stem II generates very strong oxidants it operates much 

more efficiently when the access of potential rec1uctants other than 

\~·ater is 1 imi teel. 

Our rcsul ts shed 1 i tUe light on the functjonc~l role of Signal II. 

Its stability follO\-:ing formation precludes an integral role hl electron 

transport. Cyt b S59 is similar to Signal JI in that light-induced eJec­

tron transfer tJlrough this component at room tcmperature in untreated 

chloroplasts is also not obscrveJ. TIle p'-.rrpose for \.;hidl chloroplDsts 

maintain these components in tJlcse stabilized states is unclear at 

present. 

The integrity of the environment in Khidl the radical is located 

does appear to he related to the ability of the chloroplasts to ('vo1\'c 

oxygen. 'l1-eatinents \dlich decrease the stabilitr of Signal II, SUdl 

as heating, aging and sonication, have also been shm-:n to impair oxygen 

evolution. Furthermore,carly \\·orkcrs der.1oI1strated th<it in mutants or 

manganese deficient algae tJle inability to c\"olvc oxygen \':as acco;npanied 

by an in~bilit)' to generate Signal II. We ha\"e 5ho\I11 in Fig. 4 that 

even after 12 h Jurk ~E. yi\"o tJ1e signal decays to only lwlf its value, 

\\'11i1e Ln:ier and Butler fourd a room tc;r.peratuTc deeay to tJle 50% 

level in approxir:ately 1 11 in the dark j n isolated cil101'oplasts. 

ThC'refore, it (Jp;)cars tl1at Sigllal II is inho:aozeIlC'ou.<, exhibiting a 

fraction \:hich cLea)'s ~;lo\dr in tJ1C dark :nd a fpction \\llich is li!ucll 

im"ol red, perkip:.; in ~l structural capacity, Hi oxygcr~ cvo1utioi1. 

• I 
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FIGURE CAPT IO;~S 

Fig. 1. EPR spcctr;J (1st dcri\'~ltivc) of chloroplasts resuspended in 

isolation solution in the light (n) and in the dark jJ1J;lediate1y after 

illumil'.ation'(b). Broad band \Illite light was used to illuminate the 

sample. 11w instrUH?llt time constant ",'as 0.3 sec, the scan rate was 

2S gauss/min and the rnicrOi';ave pO\v'er \vas 16 1:11'1. 1..0\';' field max:ilT1L!m for 

Sigl1aJ. II labsled as "lJ", for Signal I as "I". 

Fig. 2. EPR s})cctra of dark-ac.1aptcJ chloroplasts in the dark before (a) 

and immediately u.fter (b) illu;;1.ination. The sOJ:lple \\'<.1.S illwninated wi th 

~road band whi to light for 2 min bC'forc 5ptxtnUit (b) K<lS recorJed. The 

instrument tine' constant \\'ClS 1.0 sc-,: and scan rate \-I'as 2S g~us5/min. 

Fig, 3, EPR Sif',nal II a;nplitl..!de (CLrrve ~, -t.~-fj-) and the ratio of 

Sign:.!l II before .l.nG <:ftcr illU::1ination lCU1~'.-C ~, -0-0-) as a fl;JlCtion 

of J!1iCroh·~".ve rDi"l~r. A fresh s3.l:qle of untreated, dark-adapted chloro-

plasts ,·:as usecl for each pxpc'rj];!(~ntal poi.nt. The spec' TIm of the dark-

adapted chloroplasts \'Ias rccorc1od. f:ollo'.{ing a 2 min illtuninnioi1 \-lith 
( 

broad band hhi te ] ight, a seccmd spc-ctru;il\';as recorded for each pOKer 

at 33~)6 gauss in Fig. 1. This value for the spcctnu:-! of SiglEll II 

recorded follo1:.ing ilJvLilwtion is plotted in curve ~; the ratio of the 

p.lc::znitudc of Sjgrnl JJ prior to il1U:illllJtion to tllis value folloh'in::; . 
i 
I 
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FIGURE CAPTIO~-:S (Cont.) 

Fi~. 4. The decay of Sigm.l II in vivo. Spinach plants in the growth 

chamber entered th~ dark period of their grOi':th cycle .at time zero. At 

various times follob'ing this, chlorop] asts \'icre Is01 ated under rigorously 

dark condi tiolls. :)lJcctra \,'(,1'e recorded b('fore and a fter illumination \dth 

broad band white li~',ht, usillg the tiJ!:e constant anJ scan rate uc-scribcd in 

Fig. 2. 111e magnitude of Signal II \\ClS measured as described ill Fig. 3. 

The ratio of Siplal II before lllumination to Signal II falloh-ing illumi-

nation is plotted as a funcLion of the tim2 the spinC:Cjl leaves\\'ere picked. 

Fig. 5. Response of Signal II indurk,..adapted, untreated chloroplasts 

to light noshes 10 )1SCC in duration. A sill~h~ saturating flash \,'as . 

givCJi at each of the· arro\:s .. :lagllctic fil~ld \\'as ~;C'tat the 10h' field 

peak of Signal II labeled "II" in Fig. 1 .. Instrwll,,'11t time constant \,'as 

0.3 sec. 

Fig. 6. Single fL:lsh satll[3tion cu~'ves for Signal I (-0---0-) cmd 

SignJlII (-""" -11'-'.) in untr('~l tt'd chloroplasts. A fresh saJ!lple of clark­

adapted chloroplas ts (2 r.lg Chl/ml) plus 2 x 10 -.) :,1 \.·\:DP+ and 60 "g 

fcrr(':lo:.;:ir./::ll h'3S u:;cdfor each light iJ1tensi ty. The iiL5tl~U'71c:'nt time 

const:1nt in the Sjgllal· I I uc:termlnEd ions \':as O. ~5 seC. This w,)sciccreaseJ 

to 10. Llsec for the Sj ~:JlCll T (kten:lill~ltioI15. L~qx~rir"c;!ltal pl'o.::ccIurc is 

dCscl'ibeJ in the text. 
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FIGURE G\PTIO~S (Cont.) 

Fig. 7. EPR spectra of dark-c:.dapted, IDIU-trcated chloroplasts before 

(a) and immediately after (b) illumination with broad band white light. 

Chlorophyll concentration in the e::-.:periment was 2.2 mg Chl/ml, DOIU con­

centration \\'as 2 x 10-4 1'>1, ethanol hClS 1.5~ci in the final reaction mixture .. 

The instnunent time constant and scan rate were as described in Fig. 2. 

The narrow signal in the center of the spectr~ is due to ascorbate frec 

. d' ' ]'} . .. I J .... J 1 27 ra' lcal \\ 11(' 1 1S prCSl'nt In varla .. 1 .e concentratlons In spnw.c 1 eaves . 

Fig. 8. Time course of Signal II generation in d<.~rk-adapted, untreated 

chloroplasts in 650 1llTl (a) and 700 nm ell) light. Light on and off as 

indicated. The instnunent time constant was 0.3 sec, light intensity 

at the sample has 65 l-Matts/cm2 for the 650 run light, 70 ).H\,atts/cm2 for 

the 700 nm 1ighL 

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

flashes 10 ~s.::c in lluration from dClrk-3dapted (-0---'0-) cmdpreilluminated 

("""-O----G-J chloroplasts. Individual flashes in each ser:i.'::s \-;ere spaced 

1 sec apart ," Oxygen yield in respunse to each fL15h \vas normalized Id th 

respect to a steady-state val ueof l, \·;hich is rcu::.hcd after approxi-

mately 25 flashes, 

Fig, 10. Time course of the respon::;e of Signal II in dark -ndapted, 

untreated chloroplasts to a single satw'<1ting light flush. The arrow 

desigmltes the tili1c at which the flash 13!f1p was fired. Instrwnent time 

Con::; t:mt \vas {).:; sec, 

• 1 
I 

.~ ( 

~ .' I 
. I 

i 

" , 
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FIGUHES CAPTIO:\S (Cont.) 

Fig. 11. Response of Signal II sp~~ctra in dark-adapted, lmtrcated chloro-

plasts to 10 l'sec S2tllf;!til1g flashc~s: (a) t\\o flashes separ~ted by 10 msec, 
\ 

(b) four flashes sqx1l'atcd by 10 In:;(,C. Each cxpcril;lent liaS pCrfOll:led with 

a fn:'sh S.:.l:J:p1.c: of J:l1'k-:!cbpated chloroplasts os de~;crii>E;d in the text. 

Instrwr\ent tir:e COllStiHlt and scan 1':1to as dc'scribed in Fig. 2. Total 

Fig. 12. Hesponsc of Sjpnl II in Jark-:ad;lptcd' t~ntre2.ted chloroplasts 

to varioLlsIlLF::beTs of J 0 pSC'C saturatj ng nash('~ sp:Ked (a) 10 mscc or 

(b) :;70 Insec :1]';) rt. Lach bar corresponds to ,m experiment on a fresh 

s<:lmpleof ckrrJ.:-aJ'JPt(~cl chloroplasts i11 \'.'11ic11 the sample \';as gh'c:!n the 

clesi~>::latcd llw:ber of f1(~~;}lCS foJJ(l\·.\'d by single fJaslws to cUITJplcte L1C 

jnducticn ofSigmil 11. The 1'o.tio of the incrc:l:;::' i:l SiglWl Il stinulatcd 

by this set of fl:lslll'~-; to the total Ij ght-ir,dllccd increase in Si~n.::11 II 

is plotted as ,! fUllcbon of the nU:llhC';' of fli~sllCS jn cach sct:. Responsc 

ins tnIJ,lcnt tij:1C cons tant of 1.0 sec. 

F o I-. 'lg. j. 

to set:, ()f 2 (o,ci·--o-) , 3 C-x,,-x-L or 4 r.--:~--~'-) 10 ]..!sec Sa!llrut.i.n~~ 

ch]orup1:.'~;LS. :\ur:il~di,;;ltjon of til(: l\'~;poll:;e of Sjgl);:J. II \\:,'lS carl'ic:'d out 
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I'] C·'U"l·' ('.\ 1)'1' I 0' ,,~ 1(" ) • J I,; L..'u. ",::0 \. ,ont. 

fig. 14. Response uf Signal IJ to 4 saturating 10 ~sec flashes spaced 

3.7 J'J.Sec apart, folloh'ed by sin~le flashes to CO;:lpJete the photoconver-

sion. At the first alTC','.' th(' four flasit.::s were given; at the subsequent 

a-r1'o\\'5 only a single satl1ratin~ £1,15h \,as gi\'cn. The instrument time 

cons t3.l1 t h'as 1; 0 sec. 

pjg. 1:;. ~,jodel For Sj2,1l~:1 IT :;('neniticn In (]~i.r}:-(1J;!pted untrcJtecl chloro-

p1asts. Detaib described in text. 
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