
. . 

'· . 

OUUO,~~ 

Submitted to Biochimica et 
Biophys ica Acta 

U G 0 6 9 

LBL-3093 
Preprint C"'.\ 

A RAPID, LIGHT-INDUCED TRANSIENT IN 
ELECTRON PARAMAGNETIC RESONANCE SIGNAL II 

ACTIVATED UPON INHIBITION OF 
PHOTOSYNTHETIC OXYGEN EVOLUTION 

Gerald T. Babcock and Kenneth Sauer 

July 22' 1974 

Prepared for the U. S. Atomic Energy Commission 
under Contract W-7405-ENG-48 

For Reference 

Not to be taken from this room 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal 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. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



. . 

.. 

0 0 0 0 4 I 0 8 0 7 0 
LBL-3093 

A RAPID, LIGHT-INDUCED TRANSIENT IN ELECTRON PARAivlAGNETIC 

RESONANCE SIGNAL I I ACTIVATED UPON INHIBITION OF PHOTOSYNTHETIC 

OXYGEN EVOLUTION 

GERALD T. BABCOCK* and KENNETH SAUER 

Department of Chemistry and Laboratory of Chemical Biodynamics, 

Lawrence Berke1ey Laboratory, University of California, Berkeley, 

California 94720 (U.S.A.) 

Summary 

A rapid, light-induced reversible component in Signal II is observed 

upon inhibition o·,' oxygen evolution in broken spinach chloroplasts. The inhibi

tory treatments used include tris-washing, heat, treatment with chaotropic 

agents, and aging. This new Signal II component is in a 1:1 ratio with 

Signal I {P700). Its formation corresponds to a light-induced oxidation 

which occurs in less than 500 ~sec. The subsequent decay of the radical 

results from a reduction \'thi ch occurs more rapidly as. the redox potentia 1 

of the chloroplast suspension is decreased. The formation of this free 

radical component is complete following a single 10 pse~ flash, and it 

occurs with a quantum efficiency similar to that observed for Signal I 

formation. Red light is more effective than far red light in the genera

tion of this species, and, in preilluminated chloroplasts, DCMU blocks 

its fonnation. Inhibition studies show that the decline in oxygen evo-

lution parallels the activation of this Signal II component. 

*Present address: Department of Biochemistry, Rice University, Houston 
Texas 77001. 
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These results are interpreted in terms of a model in which t\·Jo path-

ways, one involving \·Jater, the other involving the rapid Signal II component, 

compete fo~ o~idizing equivalents generated by Photosystem II. In broken · • 

chloroplasts this Signal II pathway is deactivated and water is the principal 

electron donor, However, upon inhibition of oxygen evolution, the Signal II 

pa th\'lay is activated . 

. We have recently shown that the light-induced formation of the Signal 

II species involves oxidation of its precursor, F, by the states s2 and s3 
on the water ~ide of Photosystem II [1 ,2]. While this reaction occurs 

initially with high quantum efficiency, the kinetics of both the formation 

(t112 = 1 s) and decay (t112 = 1 h) are sufficiently slow tq preclude an 

integral role f6r Signal II in the transport of electrons from water to PSI. 

These results were interpreted in terms of a model in which the two processes, 

Signal II formation and water oxidation, compete for oxidizing equivalents 

generated by PS II. 

A number of treatments \'lhich inhibit electron flow at a point between 

the site of water oxidation and the PS II reaction center have been developed 

recently. Included in this classification are tris-washing, aging, heat 

treatment, incubation with chaotropic agents and hydroxylamine treatment 

[3,.... 7]. Ch 1 oroplas ts which have been subjected to these treatments show 

lower Chl a fluorescence in the light, diminished oxygen evolution capa

bility and much higher concentrations of EPR detectable Mn+2 [3,5,8]. 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1 ,1-dimethylurea; HQ, hydro

quinone; PD, phenylenediamine; PSI, Photosystem I; PS II, Photosystem II. 
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However, treated chloroplasts will oxidize exogenously supplied ascorbate 

or Mn+2 via PS II, a reaction which does not occur~in untreated chloro-

plasts [9]. 

We have examined the effects of these treatments on the behavior of 

Signal II. In treated chloropla~ts the number of Signal II spins which 

can be detected in saturating light is twice that detectable in untreated 

chloropla~ts. Following a flash the light-induced increase in this ~ew 

Signal II component proceeds with high quantum efficiency and is complete 

within 500 psec. The lifetime of this species is several hundered msec in 

the absence of exogenous reductants and decreases as the redox poise of 

the chloroplast suspension is lowered. These experiments are interpreted 

in terms of a model in which electron flo\'/ through a component of Signal II 

to the PS II reaction center is activated upon inhibition of oxygen evolu

tion by the treatments described above. 

MATERIALS AND ~1ETHODS 

1, Chloroplasts and reagents 

Chloroplasts were isolated from growth chamber spinach as described 

preViqusly [l] except that the tricine buffer used has been replaced by 

HEPES buffer. These chloroplasts are referred to in the text as untreated 

chloroplasts. Tris-washed chloroplasts were prepared as described by 

Yamashita and Butler [3] as modified by Blankenship and Sauer [8]. Treatment 

with chaotropi c agents was carried out as described by Lozier et a l . [5]. 

Heat treatment was performed by incubating 0.5 ml aliquots of untreated 

chloroplasts (2 mg Chl/ml) at 50°C (~l°C) in the dark for the indicated time. 

Chloroplasts stored in the dark at 0°C for 36 h are referred to as aged 
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chloroplasts, . EDTA (10~4 M) was added to all sampl~s to suppress the 

hexaquo t~n+ 2 EPR signal invariably present in treated chloroplasts. 

Ch 1 orophyll concentrations in EPR experiments were beh1een 2 and 4 rng/rnl; 

in oxygen evolution experiments the chlorophyll concentration \vas 40 f.lg/ml. 

Spinach ferredoxin and NADP were obtained from Sigma; DCMU from 

duPont. The DCNU was recrystallized from methanol and dissolved in 95% 

ethanol. Ethanol concentration in all experiments was less than l~L 

Phenylenediamine and hydroquinone \'Jere purified by sublimation. 

2 .. Light sources, oxygen measurements and EPR measurements 

Ten f.lSec white light flashes, continuous white light and continuous 

monochromatic light were obtained from sources as described previously [1]. 

Oxygen evol.ution in continuous light (intensity= 45 mvJjcm2) \'las measured 

as described by Blankenship and Sauer [8] using a reaction mixture which 

contained 0.05 M fiE PES, pl-i 7.6, 0.02 M NaCl, 0.01 rt NH4Cl, 0.005 M ~1gC1 2 , 

0.001 M K4Fe(CN) 6, 0.001 M K3Fe(CN) 6. 

EPR experiments were carried out using the Varian E-3 (X-band, 9.5 

GHz) EPR spectrometer described previously [1]. The microwave power in all 

experiments was 20 mW; modulation amplitude of 3.2 G for recording spectra 

was increased to 4.0 G in kinetic experiments to increase the signal-to-noise 

ratio. The spec~rometer time constant and scan rate are noted in figure 
• 

legends. Signal averaging was performed using a 1024 channel Northern 

Scientific NS544 Digital t1emory Oscilloscope. The unfiltered output of the 

E-3 was fed into a preamplifier where d,c. background l~vels were biased 

off and time constants as noted in the text wete imposed. This signal was 

then stored in the averager. Appropriate timing circuits (Tektronics 160, 

161 and 162) synchronized the initiation of the averager sweep and the 
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flash lamp discharge. All experiments were carried out at room temperature . 

.. 

RESULTS 

Effect of tris-\'lashing and heat treatment on··Signal II: ~concentration 

and illumination kinetics 

Fig. 1 shows EPR spectra of tris-washed (la) ahd heat treated (lb) 

chloroplasts under various illumination conditions. In the dark the level 

of Signal II is lo\-\' (spectra l) in both types of chloroplast samples, since 

these inhibitory treatments tend to destabilize the usual free radical state 

of Signal II [10]. Illumination increases the level of both Signal II and 

Signal I (spectra 2), while in the dark following illumination (spectra 3) 

Signal II decays to a level about half that observed in the light. Fig. lc 

shows the kinetics of these light-induced changes in Signal II concentration. 

A dark-adapted sa~ple of heated chloroplasts was monitored at the magnetic 

field strength labeled II in Fig. la. The initial lo\'1 level of Signal II 

is rapidly increased by saturating white light and cessation of illumina

tion results in a rapid decay to about half this value. As shown, subse

quent illumination increases spin concentration to the original light-induced 

level and rapid decay follows again upon darkening. 

Fig. 2 shows a comparison between the number of Signal II spins in 

untreated (2a) and tris-washed (2b) chloroplasts. Both samples were.adjusted 

to the same chlorophyll concentration. In the dark following illumination 

(spectra 2) both samples show the same Signal II spin concentration; h6w~ 

ever, in saturating continuous light (spectra 1) Signal II shows a twofold 

increase in the tris-washed chloroplast sample, whereas there is only a 

20% increase in Signal II in the untreated chloroplasts. Signal I magnitude 
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is higher in tris-washed than in untreated chloroplasts becau~e the normal 
.. 

flow of electrons from PS II has been interrupted by the inhibitory treat-

ment. 

These results indicate that inhibition of oxygen evolution by tris 

or heat activates a component of Signal II not normally observed in 

untreated chloroplasts. This newly observed free radical species .exhibits 

rapid rise and decay kinetics in response to illumination and is present 

in a 1:1 ratio with the conventional Signal II species. The EPR spectra 

of these two components of Signal II are indistinguishable, as evidenced by 

identical field positions for the low field peak and shoulder in the spectra 

shown in Figs. la, lb and 2a. He shall refer to the kinetically fast com

ponent of Signal II observed in treated chloroplasts as Signal !If and to 

the classical component observed in both treated and untreated chloroplasts 

as Signal lis. Previously we showed that in untrea~ed chloroplasts the 

ratio of Signal !Is to P700 (Signal I) was 1:1 [1]; therefore Signal Ilf 

is also 1:1 with P700. 

Inhibition of .9c2 evolution and activation of Sigul IIf .Qi heat 

Fig. 3 sh6ws the effect of heating time at 50°C on 02 evolution and 

Signal IIf magnitude. Samples (0.5 ml) of untreated chloroplasts were 

heated for the indicated times-, and following the heattreatment both 

oxygen evolution and Signal !If magnitude were assayed-for the same sample. 

The decline in 02 evolution parallels an increase in Signal IIf magnitude; , 

02 evolution is 50% inhibited after 100 ~ec of heat treatment while Signal 

IIf is 50% activated at a heating time of 110 sec. The magnitude of the 

small Signal IIf component observed in the unheated sample varies with the 

chloroplast preparation and may correspond to the fast transient in Signal 

. -
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II recently observed by Beinfeld [11] (see Discussion). 

Effect of red vs. far red illumination on Signal IIf formation 

The results of Fig. 3 suggest that the light-induced formation of 

Signal I If is a System II reaction which is activated as oxygen evolution 

is inhibited. Fig. 4 sho~~s the effect of red and far red light on the forma

tion of Signal Ilf. The non-saturating intensities of 650 nm and 710 nm 

light were adjusted to give equal steady-state rates of P700 (Signal I) 

oxidation in tris-washed chloroplasts {Fig. 4a). DCMU was added to block· 

any residual flo\tJ of electrons from PS II. The results of this experiment 

indicate that ~qual numbers of photons are b~ing absorbed by PS I for the. 

two wavelengths. The extent of Signal Ilf formation in response to these 

two intensities (Fig. 4b) shows that 650 nm light is three and one-half 

times more effective than 710 nm light and indicates that the generation 

of Signal Ilf is a PS II-mediated reaction. In these experiments the 

intensities of both 650 and 710 nm light were sufficiently low that both 

Signal I and Ilf formations \tJere linear with light intensity. Under these 

conditions the ste. dy-state rate is proportional to the initial rate of 

formation and can be used as a measure of the initial rate. 

Other treatments which activate Signal Ilf 

The upper trace in Fig. Sa shows the flash induced response of Signal 

IIf in guanidine washed chloroplasts, while the lower trace shows that 

this respons~ can be inhibited by DCMU if the acceptor pool on the reducing 

- • · side of PS II has been filled by preillumination prior to the light flash. 

Fig. 5b is a control experiment in which we monitored th~ flash resporise of · 

Signal I in the same chloroplasts; as expected, DCMU does not inhibit Sig

nal I formation although alterations in the decay kinetics can be observed. 
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These experiments demonstrate that treatment with chaotropic agents, in 

this case guanidine, activates Signal !If. The DCMU sensitivity shows 

that the light-induced transients observed in this new component are not 

due to Signal I. Finally we shall document in a subsequ8nt publicat~on 

that, while DCMU inhibits Signal !If in preilluminated chloroplast suspen

sions of lovJ redox poise (E < +400 mV), at higher potentials the inhibition 

by DCMU is relieved. 

In addition to guanidine washing, v1e have also found that thiocyanate 

washing, aging, incubation at acid pH (pH 5 for 30 min) and hexane extrac

tion (incubation at 0°C for 10 min in 10 ml hexane/mg Chl) also serve to 

activate Signal !If to different extents. As shown previously [2], howe~er, 

CCCP treatment does not activate Signal !If and bicarbonate depletion has 

also. been found to be ineffectual. 

Single flash studies on_ the quantum efficiency of Signal ]l.f. formation 

In addition to the activation of Signal IIf reported here, tris-washed 

chloroplasts have also been shown to oxidize cyt b559 [12] and carotenoids 

[13]. Therefore it becomes necessary to determine whether the light-induced 

transients in Signal IIf proceed with high quantum efficienty or represent 

relatively inefficient and nonspecific photoreactions mediated by PS II. 

The results shown in Fig. 6 demonstrate that in tris-washed chloroplasts 

the increa~e in Signal IIf spin concentration has the same magnitude whether 

generated by a single flash (Fig. 6a) or by saturating continuous light 

(Fig. 6b). Therefore during a single 10 ~sec flash full turnover in 

Signal !If is observed, Fig, 7 shows a comparison of single flash satura

tion curves for Signal I and Signal Ilf and indicates that the intensity 

requirements for the generation of these two free radicals are similar in 

. " 
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white light. Since the quantum efficiency for P700 oxidation,is high [14], 

these t\'to experiments allow us to conclude that, during a single flash, 

full turnover of Signal !If occurs and proceeds with high quantum efficiency. 

Rise an<!_ decay kinetics of Sional !If~ response to~ _fj_ash 

Fig. 8 shows a comparison of the rise kinetics for Signal. I (Fig. 8a) in 

untreated chloroplasts and Signal Iif (Fig. Bb) in tris-washed chloroplasts in 

response to a single 10 psec flash. The negative flash artifact spike is 

shown in Fig. Be. The instrument time constant in these two experiments was 

500 llsec. Signal I has been shovm by t·Jarden and Bolton to b,e generated in 

less than 200 psec [15] so that in this experiment its rise is instrument 

limited. The rise of Signal !If is similarly instrument limited, and we 

conclude that following a flash Signal !If is fully generated with~n 500 

psec. 

As sho\'m in Fig. 5 for guanidine-\·Jashed chloroplasts and Fig. 6 for 

tris-washed chloroplasts, the decay of Signal !If following a tlash occurs in 

several hundred msec. Fig. 9a shows a similar experiment with heated chloro

plasts; the semilogarithmic plot of these data in Fig. 9b demonstrates that 

the decay is first order with a halftime of 140 msec. This decay time varies 

both with the condition of the spinach used in the chloroplast preparation 

and with the specific treatment used to activate Signal Ilf (Table I). 

Hashed chloroplasts (~, vlith tris or guanidine) have longer decay times 

than unwashed chloroplasts (~, heat treated). HO\vever, the decay time 

for heated chloroplasts can be lengthened by washing the chloroplasts with 

the isolation buffer either before or after heat treatment. These data 

indicate that a soluble endogenous factor facilitates the decay of Signal 

Ilf following illumination. 
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As shown in Table II, the addition of the oxida~t, K3 Fe 1 ~ 1 (CN) 6 , 
. 

slows the decay of Signal !If in both heat treated and tris-washed chloro-

plasts while the reductants, ascorbate, PD/ascorbate and HQ/ascorbate, 

accelerate the disappearance of the free radical. These results indicate 

that the light-induced transient in Signal !If corresponds to a PS II 

mediated oxidation of its precursor followed by dark re-reduction of the 

radical species. The acceleration of there-reduction process by PD/ascor

bate and HQ/ascorbate, which restore PS II mediated electron flow to NADP 

in treated c~loroplasts [3,4], suggests that Signal !If is involved in the 

transfer of electrons from these exogenous reductants to the PS II reaction 

center. A detailed study of this process \'Jill be presented in a subsequent 

publication. 

DISCUSSION 

The results presented above demonstrate that.dramatic alterations in 

the properties of Signal II result from a number of treatments \'lhich have 

been commonly used to inhibit oxygen evolution. Fig. 10 shows the model 

which we propose to explain these results. P680 is the reaction center 

chlorophyll for PS II [16], Z is a donor to P680 which serves as the branch 

point between water oxidation and Signal !If generation. In untreated, 

broken chloroplasts, as normally isolated, the Signal Ilf pathway is 

deactivated; and the major source of electrons to oxidized P680 is from 

water. Under the treatments described above, however, Signal Ilf is acti

vated and electron flow through this component to P680+ is observed. 

This S\·litching mechanism is best demonstrated by the results in Fig. 3 

which show the parallel activation of Signal !If and deactivation of 

oxygen evolution with heating time. We have also performed experiments 

" 



- .". 

0 0 0 0 4 f u 8 0 7 s 

-11-

with tris-washed chloroplasts reactivated according to Yamashita et ~~

[17]. In these preparations oxygen evolution is restored, and a corres

ponding decline in the level of Signal !If is observed (G. T. Babcock 

and R. E. Blankenship, in preparation). 

As we have shown, a variety of treatments activate Signal !If. Of 

these, tris-\oJashing and heat treatment have been the best characterized. 

They are similar in that both result in chloroplasts \llhich shm-1 lo\'J fluores

cence in the light, have decreased rates of oxygen evolution, and show much 

higher concentrations of EPR detectable Mn+2 than do untreated chloro-

plasts [3-5]. In the presence of an exogenous electron donor, DCMU-sensi

tive NADP reduction is partially restored (up to 60%), fluorescence increases 

are observed upo·n illumination, and phosphorylation associated with both 

coupling .sites is observed [3,18-20]. The results shown in Table II indi

cate that Signal Ilf is integral to this process, since it is on the path

way between the site of exogenous electron donor oxidation and P680. 

It appears that the deactivated state of Signal Ilf in untreated 

broken chloroplasts may result from the chloropl :st preparation procedure. 

Recently Warden and Bolton [21], using intact chloroplasts prepared as 

described by Jensen and Bassham [22], have described a Signal II component 

similar to the Signal Ilf that we observe in treated broken chloroplasts. 

The rise time of this component in intact chloroplasts is less than 1 msec, 

with a decay on the order of 5 - 10 sec. The signal is roughly stoichio

metric with Signal I and disappears upon breakage of the intact chloroplasts. 

These results suggest that a soluble component activates Signal !If in 

intact chloroplasts and that this factor is lost upon rupture, resulting 

in deactivation. In this model the fast transient in Signal II in broken 
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chloroplasts recently reported by Beinfeld [11] and the sligh~ Signal !If 

component observed in Fig. 3 in the unheated sample would correspond to a 

fraction of the Signal !If species which survives the chloroplast prepara

tion procedure in the activated state. The treatments we have described 

above indicate that there are alternative mechanisms by which Signal !If 

may be activated. These possibilities are currently being explored in our 

laboratory. 
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TABLE I .. 
SIGNAL Ilf DECAY TIME 

The time course for the flash induced transient in Signal Ilf was 

monitored at the magnetic field po'int labeled II in Fig. la for the 

chloroplast samples below. The instrument time constant was 10 ms, 

and for each determination 30 to 100 scans were averaged. Each 

sample contained 2 x 10-3 M NADP+ and 60 ~g ferredoxin/ml. The time 

observed for the ESR signal to decay to 1/2 its flash induced maxi

mum is tabulated as t 112 decay. 

Chloroplast sample t 112 decay (msec) 

Guanidine-washed 400 

Tris-vJashed 490 

Heated (prep 1) 140 

Heated (prep 2) 360 

Isolation buffer-washed, heated 

(prep 2) 610 

Heated (prep 3) 250 

Isolation buffer-washed, heated 

{prep 3) 480 

Heated, isolation buffer-\t/ashed 

(pl·ep 3) 700 

. -

. -
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TABLE II .. 

EFFECTS OF REDOX AGENTS ON SIGNAL !If DECAY TIME 

The time cours~ for decay of the flash induced!transient in Signal !If 

was monitored as described in Table I. Chloroplast samples contained 

2 x 10-3 M NADP+ and 60 ~g ferredoxin/ml plus redox agents in the 

concentrations indicated. The instrument time constant was 10 msec 
.... 

in experiments in which t 112 was greater than 100 msec and 5 msec for 

. t 112 less than 100 msec. 

Chloroplasts Additions tl/2 decay (msec) 

Heated 360 

Heated 14 mM K3Fe111 (CN) 6 610 

Heated .043 mM PO, 1 . 2 mi•l ascorbate 30 

Tris-washed 800 

Tri s-\·Jashed 20 mM K3Fe 111 (CN) 6 1150 

Tris-washed 10 m~1 ascorbate 250 

Tri s -\'Jas hed . 04 m~1 PO, 1 . 2 m~1 ascorbate 40 

Tri s-\'Jashed .04 mM HQ, l. 2 m~1 ascorbate 60 
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FIGURE CAPT! ONS 

Fig. 1. Signal II in tris-washed (a) and heat treated chloropJasts 
·" 

{b,c) under various illumination conditions. In (a) and (b) EPR spectra 

for the sample in the dark prior to illumination, during illumination, 

and in the dark following illumination are labeled (1), (2) and {3), 

respectively. 

of 25 G/min. 

The instrument time constant was 0.3 sec with a scan rate . . 

In (c) the kinetics of these light-induced changes of 

Signal II were followed at the low field maximum labeled II in (a).· The 

regions in this trace that match the condition~ under which the spectra 

in (a) and (b) were recorded are correspondingly labeled. 

Fig. 2. EPR spectra of Signal II in tris-washed (a) and untreated (b) 

chloro•plasts in the light (l) and in the dark follm·ling illumination (2). 

The chlorophyll concentration in each sample was 3.6 mg/ml. ·The spectra 

were recorded with identical gain and modulation amplitude settings with 

an instrument time constant of 0,3 sec and scan rate of 25 G/sec. 

Fig. 3. Oxygen evolution rate and Signal Ilf magnitude: in spinach 

chloroplasts as a function of incubation time at 5l°C. Signal !If mag

nitude was measured as the rapidly decaying component at the low field 

peak of Signal II. 

Fig. 4. Effect of red and far red light on Si~nal 1 (a) and Signal !If 

(b) formatio.n in tris-\'Jashed chloroplasts. The intensity for 650 nm 
. 2 2 \ 

light was 40 pW/cm ; for 710 nm light 30 pW/cm ~ The reaction mixture 

contained 2 x 10-3 M NADP~ 60 pg ferredoxin/ml, 1 x 10-3 M K4Fei 1(CN) 6 

and T x 10-4 M DCMU for the Signal I determination. For the Signal II 

. . 
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~IGURE CAPTIONS (Cont.) 

experiment DCMU, which inhibits Signal IIf fotmation in preilluminated 

chloroplasts, was excluded. The instrument time constant was 0.3 sec. 

Signal IIf was monitored at 3381 G, the low field peak of Signal !If in 

Fig. 1. Signal I was monitored at 3392 G, where the Signal II derivative 

amplitude is zero (see Fig. 1). 

Fig. 5. Time course for the flash induced formation of Signal !If (a) 

and Signal I (b) in the absence (1) and presence (2) of 1 x 10-4 M DCMU 

in guanidine-washed chloroplasts. The instrument time constant was 10 

msec; each trace i~ the average of 64 scans. The arrow designates the 

time at which the lamp was fired in each scan. Signal IIf and Signal I 

monitored at field values described in Fig. 4. 

Fig, 6. Signal IIf formation in response to a single 10 ~sec flash (a) 

and saturating continuous light (b) in tris-washed chloroplasts. The 

instrument time cor..,;tant was 50 msec; each trace is the aver(lge of 16 

scans. Signal Ilf monitored at field value described in Fig. 4. 

Fig. 7. Single flash saturation curves for Signal I {b) and Signal IIf 

(•} formation in tris..:washed chloroplasts. The chloroplast s,uspension 

contained 2 x 10-3 M NADP, 60 ~g ferredoxin/ml and 2 ~ 10-J M ascorbate. 

The instrument time constant was 1 msec for the Signal I determination 

and 10 msec for the Signal IIf determination; each experimental point 

was the average of 64 scans. Flash intensity was adjusted rJith cali

brated neutral density filters. The results for both Signal I and Signal 

!If have been normalized by dividing the extent of signal formation at 

each intensity by that formed at 100~~ intensity. 
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FIGURE CAPTIONS (Cont.) 

.. 
Fig. 8, Rise kinetics in response to a single 10 ~sec flash for Signal 

Ilf (a) and Signal I (b) in tris-washed chloroplasts. The instrument 

time constant was 500 ~sec. Data shown for Signal Ilf are the average 
' 

of 336 scans; for Signal I the average of 192 scans. Trace (c) shows 

the off-resonance (H = 3100 gauss) artifact resulting from the lamp 

pulse, Reaction mixture contained 2 x 10-3 M NADP, 60 ~g ferredoxin/ml, 

2,5 x 10-3 M ascorbate and 1 x 10-4 M PD. Signal Ilf and Signal I moni

tored at field values described in Fig. 4. 

Fig. 9. (a) Time course for flash induced transient in Signal !If in 

heated (51°C~ 150 sec) chloroplasts. The instrument time constant was 

10 msec; data shown are the average of 48 icans. (b) First order plot 

for the decay of this transient. 

Fig. 10. Model for Signal IIf generation in chloroplasts inhibited 

on the water side of Photosystem II. Details described in text. 
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r------------------LEGALNOTICE--------------------~ 

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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