
Btochtmtca et Btoph) stca Acta. 325 (1973) 504 519 
C Elsewer Scientific Pubhshlng Company. Amsterdam - Printed m The Netherlands 

BBA 46666 

ELECTRON P A R A M A G N E T I C  RESONANCE SIGNAL II IN SPINACH CHLO- 

ROPLASTS 

II A L T E R N A T I V E  SPECTRAL FORMS A N D  I N H I B I T O R  EFFECTS ON 

KINETICS OF SIGNAL lI IN F L A S H I N G  L I G H T  

G E R A L D  T. BABCOCK and K E N N E T H  SAUER 

Department oJ Chemtsto' and Laboratoo" o f  Chemical Btodynanltcs, Lawrence BerLelev LaboratoO', 
Umvetstty oJ Cahforma, BerLele), Cahf. 94720 (U S A 

(Received July 16th. 1973l 

S U M M A R Y  

Lmewidth and hyperfine structure measurements of the EPR spectrum of 
S~gnal II  in spinach chloroplasts show that the signal reflects two alternative states 
One state is characterized by a 16-G hnewidth and four partially resolved hyperfine 
components The other state has 19 G hnewldtb and five partially resolved hyperfine 
components. It is possible to interconvert these two states by changing the ionic 
strength of the chloroplast suspension. Both states of Signal l I  show similar hght- 
induced increases in dark-adapted chloroplasts and respond to 10-tts white light 
flashes with identical kinetics. 

In chloroplasts at room temperature, Slgoal 11 dark decays to 50,7 of its total 
light-induced level ~n about 1 h, Single flashes increase the spin concentration in these 
aged chloroplasts but with decreased effectiveness compared with fresh, dark-adapted 
chloroplasts. Carbonyl cyanide-m-chlorophenylhydrazone (CCCP) decreases the 
decay time of Signal iI from hours to seconds without appreciably altering the level 
of  Signal I I  formed in saturating continuous light However, both the formation time 
constant and the extent of Signal I I  increase stimulated by a single saturating flash are 
decreased in CCCP-treated chloroplasts. 

These results are interpreted in terms of the model, proposed m the preceding 
paper, in which Signal I I  ms generated by oxidation-reduction reactions on the water 
s~de of Photosystem lI 

I N T R O D  U CTION 

In the preceding paper we presented ewdence to support a kinetic model for 
the light-reduced generation of Signal I I  in O2-evolving photosynthetic organisms a. 
In th~s commumcatlon we present further evidence for this model and dtscuss certain 

Abbreviations ANT,  2-(3-chloro-4-trlfluoromethyl)anflmo-3,5-dlnltrothlophene, CCCP, car- 
bonyl cyamde-m-chlorophenylhydrazone, DCMU,  3-(3,4-dlchlorophenyl)-l,l-dlmethylurea. 



EPR SIGNAL I[ IN CHLOROPLASTS lI 505 

aspects of the hyperfine structure and hnewidth of the EPR spectrum of Signal II. 
Signal ii was first observed by Commoner et  a l f l ,  who reported a hnewldth 

of 19 G. (The hnewldth is defined as the difference, in gauss, between the posrtlve 
and negative extrema in the 1st derivative spectrum.) This linewidth has subsequently 
been confirmed by numerous other workers 3-s and, in addition, several features of 
the partially resolved hyperfine structure of Signal II  have been characterized. Kohl, 
in a recent review article, designated two of these partially resolved peaks in the EPR 
spectrum of Signal II as A and B (cf .  ref. 6, Fig. 6-5), and he reported that the ratio 
of signal amplitude at field point B to that at field point A is 3/4. In the preceding 
paper we report a hnewldth for Signal I1 of 15-16 G and a much lower ratio for the 
hyperfine Peaks B and A. We have undertaken to resolve this discrepancy and in this 
report present evidence indicating that the species giving rise to Signal I1 exists in 
two alternative states. The EPR spectrum of one of these states is similar to that re- 
ported by other workers; the EPR properties of the second state are similar to those 
which we reported in the preceding paper I. We have carried out prehmlnary experi- 
ments exploring the factors which control the interconversion of these two states. 
The kinetic behavior of Signal II in response to flashes is the same for both states 

Lozler and Butler 7 showed that a number of reagents, including carbonyl 
cyanide-m-chlorophenylhydrazone (CCCP) and hydroxylamtne, decrease the decay 
time of Signal II from hours in untreated chloroplasts to seconds at high concentra- 
tions of these compounds. The effects of these reagents on a number of other reactions 
involved in photosynthesis have been studied in detail. Vredenberg 8 showed that CCCP 
and nigerlcln increase the rate of decay of variable fluorescence following illumina- 
tion, while Klmlmura et  al. 9 showed that the level of variable fluorescence during illu- 
mination decreased with increasing CCCP concentration. These same authors also 
showed that the inhibition of the Hill reaction which they observe with CCCP is 
caused by a decreased quantum efficiency for the light reaction and not by an inhibi- 
tion of a dark step. Renger I 0,1 a studied the action of CCCP and related compounds 
on intermediates on the water side of Photosystem [I (the S states in the Kok e t a l .  12 

model for 02 evolution) and found a decrease in the lifetime of these intermediates 
with increasing CCCP concentration. While one effect of hydroxylamine is likewise 
to decrease the hfetlmes of these Intermediates, it appears that the modes of action 
of hydroxylamlne and CCCP in achieving this are d~fferent. Bennoun and Johot 13 
showed that hydroxylamlne reduces the S states chemically, while Renger 1+ ruled 
out this posslblhty for CCCP on the basis of Stolchiometnc arguments Instead, Ren- 
get et  a l  ~ 5 proposed a model for the action of CCCP and similar reagents involving 
a more efficient re-reduction of the S states by reduced components of the electron 
transport chain on the acceptor side of Photosystem II. This model is consistent not 
only with their results on lifetimes of oxidized equivalents in the water splitting process 
but also with the fluorescence and Hill reaction inhibition data 

In the model which we presented for hght-induced Signal II generation ~, we 
postulate an interaction between the Signal II precursor, F, and oxidized intermediates 
on the water side of Photosystem II In the experiments described in this report we 
studied the effect on the kinetics of Signal II caused by CCCP and similar reagents 
which accelerate the decay of these oxidized intermediates. We also investigated the 
effect on the decay and flash-induced generation of Signal II caused by aging, heating, 
and similar treatments which are known to disrupt the water-splitting process 16. 
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MATERIALS AND METHODS 

1. Chloroplast preparation attd reagents 
Spinach was grown as descmbed prewously. Chloroplasts were isolated by the 

procedures described in the preceding paper 1, using either 0.4 M sucrose, 0.! M 
trxcme (pH 7.6), 0.0l M NaCl (unwashed sucrose chloroplasts) or 0.35 M NaCI, 
0.02 M Trls (pH 8.0) (unwashed salt chloroplasts) ~7 as the isolation solution. Washed 
chloroplasts were prepared by resuspendmg either of these types of chloroplasts m 
fresh isolation medium and subsequently centrifuging at 1000 ~ g for 10 min. Chloro- 
phyll concentration in all experiments was between 2 and 4 mg chlorophyll/ml. 

CCCP, vahnomycm and sodmm ascorbate were obtained from Calbiochem, 
Tins and tmcme from Sigma. 2-(3-chloro-4-trifluoromethyl)anihno-3,5-dlnltrothlo- 
phene (ANT) was prepared according to methods outlined by B/ichel and Sh/ifer is. 
Stock solutions of CCCP, ANT and vahnomycm were prepared in 95 Oo ethanol. 
The final ethanol concentration in all chloroplasts samples was less than 1 ~o. Aging 
and heating were carmed out as described m the text 

2. Light sources and EPR measurements 
10-/ts white light flashes and continuous white light were obtained from sources 

as descmbed in the preceding paper 1. EPR experiments were carried out under condi- 
tions described previously t or in the text. 

Signal averaging was performed using a 1024 channel Enhancetron signal 
averager. The output of the Varian E-3 spectrometer, w~th a time constant as noted 
m the text, was fed into the averager. Approprmte timing circuits synchromzed the 
m~tiation of the averager sweep and the lamp discharge m kinetic experiments or the 
field sweep for recording spectra. Experiments mvolwng a flowing sample suspension 
were carmed out using an EPR flat cell connected m a closed loop cia tygon tubing to 
a peristaltic pump. The flow rate was adjusted so that a new sample was pumped into 
the flat cell in the interval between scans. Total volume of chloroplasts necessary to 
fill the system was 7 ml; each 7-ml sample was used for 20 mm and discarded. Low 
temperature EPR expemments were performed using 3 mm cylindrical (I.D.) quartz 
sample tubes. A Varian low temperature accessory (Model No. E-4557-9) was used 
to maintain the temperature within ± 5 °C of the nominal value. 

RESULTS 

EPR spectra of  Signal I I  
F~g. 1 presents EPR spectra of spinach chloroplasts measured in the dark under 

various conditions. Magnetic field positions corresponding to partially resolved hyper- 
fine peaks and throughs in the spectra have been labeled with the letters A-F.  Fig. l a 
shows the EPR spectrum for Signal II which we observe routinely from unwashed 
sucrose chloroplasts. There are four partially resolved components and the hnewidth, 
measured as the magnetic field difference between the low field maximum at B and 
the high field minimum at D, is 16 G. Under these conditions the shoulder at A zs 
prominent, the amplitude of the Peak C is small compared to that at B, and there is no 
obvious shoulder or peak at field position E. 

If  these unwashed sucrose chloroplasts are subsequently washed with the sucrose 
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gig. 1. EPR spectra ( l s t  derivative) of  spinach chloroplasts ,  isolated m sucrose isolat ion medium,  
(a) resuspended in isolat ion medium,  (b) washed once in sucrose isolat ion medium and resuspended 
m isolat ion medmm,  (c) as m (b) with 10 m M  K4Fe" (CN)6  added following resuspension All  sam- 
pies were i l luminated  with cont inuous,  b road  band white light for 30 s before the spectra were recorded. 
The microwave power was 16 mW, the ins t rument  time constant  was 0 3 s, and  the scan rate was 
12 5 G/mm 

isolation medmm, the spectrum shown in Fig. lb results. This spectrum is now slmdar 
to that reported by other workers 6. The low field shoulder at A is less well resolved; 
the peak at C is much larger; there ]s a shoulder at D and a high field minimum at E. 
The apparent hnewidth, measured between B and E, is 19 G. For the remainder of 
this report we shall refer to the 16-G spectrum of Signal II in Fig. la as Signal II (16) 
and to the 19-G spectrum m Fig. lb as Signal II (19). 

Signal Ii  (19) m washed sucrose chloroplasts can be converted to Signal II(16) 
by increasing the ionic strength. For example, we have found that the addition of 
30 mM M g S O 4 .  40raM K 2 S O 4 ,  30raM MgCI2, 30mM NazMoO4 or 10mM 
K~FOI(CN)6 to washed sucrose chloroplasts converts Signal If(19) to Signal II(16). 
Fig. lc shows the EPR spectrum of Signal II in washed sucrose chloroplasts m which 
the ionic strength has been increased by the addition of 10 mM potassmm ferrocya- 
rode. This trace shows structure very similar to that recorded for Signal I1(16) m 
unwashed sucrose chloroplasts (Fig. la). The shoulder at A is again more apparent, 
the amplitude at C is reduced, and the high field minimum has shifted from E to D, 



508 G T BABCOCK, K. SAUER 

resulting m a hnewldth of 16 G. 
In these expemments the ionic strength of the added salt was the cmtlcal factor 

For example, 10mM K4FeH(CN)6 (I-= 0.1 M) was sufficient, whereas 10mM 
MgCI2 (I -0.03 M) was without appreciable effect on the conversion process. 
However, if 30 mM MgC12 (I = 0 09 M) was added to washed sucrose chloroplasts, 
Signal II(16) was observed. In these experiments we found, in general, that the lomc 
strength of the added salt had to be greater than I 0 08 M to convert Signal I I(19) 
to II(16) 

This conversion of Signal II(19) to Signal I1(16) is not facihtated by 30 mM 
sodmm ascorbate, indicating that the mechanism for this conversion does not involve 
reduction. Further evidence supporting the conclusion that oxldatlon-reductlon 
reactions are not involved comes from the observation that 10 mM potassium femcya- 
rode added to washed sucrose chloroplasts converts Signal I1(19) to Signal lI(16) as 
effectively as does 10 mM potassium ferrocyanlde. At this concentration ferrlcyamde 
~s a strong enough oxidant to cause appreciable oxidation of P700 and hence the 
presence of Signal 1 obscures Signal II in the region around field positions C and D. 
However, the shoulder at A in femcyamde-treated chloroplasts is as well resolved 
as it is in Fig. la or Ic, indicating that Signal li(16) is present This experiment also 
demonstrates that Signal II(19) does not result from an addition of Signal 1 and Signal 
II(16), in agreement wlth the interpretation of Kohl 6. 

In a second set of experiments designed to test the effect of iomc strength on 
the structure of Signal II, we prepared unwashed and washed salt chloroplasts. The 
final NaC1 concentration in both types of chloroplasts was 0.35 M (I = 0.35 M) and 
J n each case Signal I I(16) was observed These experiments indicate that Signal I I(19) 
results m washed sucrose chloroplasts from an ~omc strength decrease caused by the 
washing procedure and not, for example, by the removal of soluble factors contri- 
buting directly to Signal I1(16). This suggests that the mterconverslon of the two 
states of Signal II is mediated by an alteration m the structure of the radical species 
giving rose to the signal. 

In order to determine the relative number of spins m Signal II(19) and Signal 
II(16), we performed double integration for Signal II(19) in samples of washed su- 
crose chloroplasts Using chloroplasts from the same preparation, we then converted 
Signal 1I(19) to Signal 1I(16) and carried out double integration for Signal |l(16). 
Comparing these two values we found that the ratio of spins m Signal II(19) to spins 
m II(16) was 1.0 ~_ 0.05 for three different preparations of washed sucrose chloro- 
plasts. We conclude from these experiments that the species giving rise to Signal II 
can exist in two alternative states and that converting from one state to the other by 
iomc strength changes does not alter the number of spins detected. 

PreDminary results suggest that the mterconvers~on between the two states of 
Signal lI is temperature sensitive. Unwashed sucrose chloroplasts which exhibit 
Signal II(16) at room temperature show Signal 11(19) when frozen to --60 °C or to 
--196 '~C. However, as discussed in greater detail below, illumination does not play 
a role m the interconvers~on of these two states of Signal lI. 

We observed both Signal II(16) and ll(19) in chloroplasts prepared from mar- 
ket and greenhouse spinach and in pea chloroplasts. In these samples it ~s possible 
to convert Signal II(19) to Ii(16) by lomc strength increase. In whole leaves of growth 
chamber spinach we observed a 19-G hnewidth for Signal I1, indicating that the pre- 
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dominant m vivo state is that gwmg rise to Signal II(19) We also investigated the 
structure of Signal l[ in the algae Chlorellapyrenoidosa and Chlamydomonas reinhardi 
In agreement with pubhshed spectra by Weaver 19, Kohl 6 and others we observe 
essentmlly Signal II(19). The raUo of peak lntensmes at field point C to that at field 
point B m these algae varies between 0.50 and 0.80, compared to the C/B ratio m 
Signal I1(16) which is less than 0.25. 

Ltqht-mduced increases in Signals 11(16) and H(19) 
In the preceding paper 1 we presented data on the light-induced increase m 

Signal I I m  dark-adapted chloroplasts. The experiments were done with spinach 
chloroplasts which exhibited Signal II(16). We have repeated these experiments with 
chloroplasts which show Signal II(19) and with chloroplasts in which Signal II(19) 
has been converted to Signal II(16) by lOmC strength increase. 

The left side of  Fig. 2 shows spectra of Signal II recorded for dark-adapted 
chloroplasts before (Curves 1) and in the dark after (Curves 2) dlummatlon. On the 
right in the figure are the spectra of the light-reduced increase in Signal I[ which is 
obtained by subtracting Curve I from Curve 2 for each of the three experiments. 

FPR SPECTRA- -  CHLOROPLASTS 
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~ ~ '  (2) Dark oner dlummatlon 
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Fig 2 Left EPR spectra of dark-adapted  spinach chloroplasts ,  isolated m sut.rose Isolation medmm,  
m the dark (I)  before and (2) after d lummat lon ,  two scans are shown for both (1) and {2) Right 
Light m i n u s  dark EPR difference spectra obta ined by subtract ing spectra (I)  from spectra (2) for 
each of the samples  on the left (a) Unwashed,  (b) washed, and (c) washed ~ K,~FeH(CN)o sucrose 
chloroplas ts  were prepared as described m Fig 1 Broad band white hght was used for i l luminat ion 
The subtract ions  were performed electronically with the signal averager. The m~crov~ave power ~a s  
5 roW, instrument  time contant  ~vas 0 3 s, and the scan rate was 25 G/ram. 
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Fig. 2a was done with unwashed sucrose chloroplasts, Fig. 2b with washed sucrose 
chloroplasts, and Fig. 2c with washed sucrose chloroplasts to which 10 mM K4Fe u- 
( C N ) 6  w a s  added. Data  show that in unwashed chloroplasts and m washed chloro- 
plasts p lus  ferrocyamde the spectrum of the light-reduced increase is that of  Signal 
11(16). Washed sucrose chloroplasts (Fig 2b), however, exhibit Signal II(19) before 
and after illumination and, as expected, the difference spectrum is also that of Signal 
1l(19). The results indicate that Signals II(16) and 1I(19) undergo hght-mduced m- 
creases without change in spectral characteristics 

The chloroplasts used m the experiments in Fig. 2a were prepared from spinach 
plants which had been m the dark about 4 h. The ratio of the amplitude of Signal II 
before illumination to Signal I I  following illumination is 0.7, m agreement with data 
presented in the preceding paper 1 on the m vivo decay of Signal II. In Figs 2b and 2c 
a second preparation of chloroplasts, isolated from spinach plants which had been m 
the dark for 10 h, was used. In both Figs 2b and 2c the amplitude of Signal II before 
dlummatlon accounts for about 55 ° o of the amplitude of Signal I[ following illumina- 
tion. This result agrees with the tn vtt, o decay of Signal I I  in spinach plants which we 
measured earlier using unwashed sucrose chloroplasts and indicates that the state in 
which the Signal I1 precursor, F, exists has little effect on the decay or hght-mduced 
increase m Signal II 

We have explored the hypothesis that the state of  F has httle effect on the 
kinetics of Signal I I  in more detail by studying the hght-mduced increase in Signal 
11(19) in flashing hght. The results of  these experiments are shown in Table I. One or 
two flashes spaced 10 ms apart are quite effective in increasing Signal I1(19). Three or 
four flashes 10 ms apart are much less effective; however, if the spacing between four 
flashes is decreased to 100/~s, more than 80 % of the maximum hght-mduced increase 
occurs. These results are the same as we report in the preceding paper ~ for the flash- 
induced increase in Signal II(16) in unwashed spinach chloroplasts. We performed 
analogous flashing light experiments in washed sucrose chloroplasts in which Signal 
11(19) has been converted to Signal II(16) by ionic strength increase and find parallel 
results. In both sets of  experiments we observed a l-s half-tJme for the rise of Signal Ii 

TABLE 1 

F L A S H - I N D U C E D  INCREASE IN SIGNAL [1(19) 

A fresh sample of  dark-adapted sucrose chloroplasts was used for each e,~perlment The flash-reduced 
increase in Signal [I(19) was monitored at the low field peak B m Fig I with an instrument time con- 
stant of  1 s and microwave power of  5 mW The dark-adapted sample was given the designated num- 
ber of flashes with a spacing, td, between flashes Following th~s initial set of  flashes, single flashes 
were gwen to complete the induction of  Signal I l l  19) The increase In Signal 11(19) resulting from the 
mltml set of  flashes dtvlded by the total Signal 1[(19) increase is tabulated m the right column. 

Number oJ ta (ms) 
flashes 

Flash-tnduced Stgnal 11(19) tncrease 

Total Slona-I H(19) increase 

1 10 0.77 
2 10 0.88 
3 10 0.51 
4 10 0 40 
4 0 I 0.84 



EPR SIGNAL II IN CHLOROPLASTS. II 511 

fol lowing a flash, which is the same as repor ted  in the preceding paper  1. These da ta  
s t rengthen the hypothesis  p roposed  above  that  bo th  states of  the Signal I I  precursor  
exhibi t  the same hght - lnduced kinetic behavior .  

Effects of  CCCP on Signal H decay and induction 
Lozier  and  Butler  7 have shown tha t  C C C P  dramat ica l ly  increases the rate  of  

decay of  Signal II.  F ig  3 presents the concent ra t ion  curve for  the effect of  CCCP on 
bo th  the decay t ime and l ight- induced response of  Signal II.  The decay of  Signal I I  in 
unt rea ted  chloroplas ts  m the EPR cavity at  r oom tempera ture  is on the order  of  1 h. 
Fig. 3a shows tha t  with increasing concent ra t ions  of  CCCP this decay t ime decreases 
to seconds. In contrast ,  however,  the magni tude  of  Signal I I  fo rmed m sa tura t ing  light 
(Fig.  3b) is only slightly decreased at high C C C P  concentra t ion.  F o r  example,  at 
3 10 - 4  M CCCP the magni tude  o f  Signal l l ,  measured  at  field point  B in Fig. i ,  is 
only 20 °o less than  in unt rea ted  chloroplasts .  The chlorophyl l  concentra t ions  used in 
these EPR exper iments  are much higher  than  those used in exper iments  m o m t o r m g  
O2 evolut ion or  fluorescence changes. Calcula t ing the rat io of  C C C P  to ch lorophyl l  
for  these systems, however,  we find that  CCCP exhibits its effects on Signal I I  in the 
same CCCP/ch lo rophy l l  range as observed in exper iments  on O2 evolut ion or  fluores- 
cence changes. 
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Fig. 3 EPR Signal II decay time (a) and signal magnitude (b) as a function of CCCP concentration 
m spinach chloroplasts. Decay t i m e  (tl/2) was measured as the time elapsed between cessaBon of 
Illumination and the half decay of Signal 1I. Signal magnitude was measured as the amplitude of the 
low field peak B m Fig 1 in saturating broad band white light Microwave power was 20 mW, 
Instrument time constant was 1.0 s 
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We have taken advantage of the rapid decay of Signal II in CCCP-treated 
chloroplasts to study the flash-reduced increase m radical concentrat ion.  Previously 
we showed that  m rigorously dark-adapted chloroplasts Signal II is present at about  
50 ° o of its fully induced magmtude.  Using CCCP, however, ~t is possible to obtain 
chloroplasts with no Signal II spins m the dark 

8 0  

6 0  

4 0  

2 0  

uJ 

t t t t t  t t t t t t  t t t 

Fig 4 Response of Signal II m chloroplasts treated ~slth 3 10 -5 M CCCP to 10-/¢s flashes A 
single saturating flash was g~ven at each arrow. The hght-mduced increase m S~gnal II was measured as 
m Fig 3 Microwave power was 20 roW, instrument t~me constant was 0 3 s 

A typical experiment showing the rise of Signal I1 in CCCP-treated chloro- 
plasts stimulated by 10-/ts flashes is shown In Fig. 4. The CCCP concentrat ion is 
3 " 10 -2 M and  the interval between successive flashes is 2 s. The flash-reduced in- 
crease in Signal II is measured with the magneUc field set at the low field maximum B 
in Fig. 1. Signal averaging techniques were used in this experiment;  the data shown are 
the average of 90 scans. At thls CCCP concentra t ion the first flash reduces only about  
25 ° o of the total hght-induced increase in Signal II Increasing the intensity of this 
flash does not lead to the generation of more spins. This result is markedly different 
from our previous experiments I with untreated dark-adapted chloroplasts, where a 
single saturat ing flash generated about  80 °o of the hght-lnduced increase in Signal 11 
Thus, it appears that CCCP lowers the effecuveness of a single flash in increasing the 
Signal II spin concentrat ion.  A second feature of this experiment ~s the much faster 
rise of S~gnal II following the flash compared to the 1-s half-time in untreated chloro- 
plasts 1. 

Fig. 5 shows a concentrat ion study for the CCCP-mduced decrease m the effec- 
tiveness of a single flash in generating Signal II. The experiments were carried out m a 
manner  slmdar to those shown m Fig. 4. The increase m Signal II resulting from the 
first flash in a series divided by the total increase generated by 20 flashes ~s plotted as 
a funcuon  of CCCP concentrat ion.  With increasing CCCP, the first flash becomes 
progressively less effective, indicating that CCCP decreases the fraction of Photo- 
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Fig 5. Response of  Signal II  to 10-/ts flashes m spinach chloroplasts  as a function of  CCCP concen- 
t rat ion The extent of  Signal II  format ion s t imulated by the first flash dw~ded by the total  increase In 
Signal H evoked by 20 flashes spaced 2 s apar t  is plotted on the ordinate  The flash-reduced increase 
m Signal I[ was measured with the E P R  settings as des~nbed m Fig. 4. 

system I1 react ion centers capable  of  generat ing Signal I1 from a single flash. 
Renger ~ has performed extensive experiments  on a class of  compounds  in- 

cluding CCCP which decrease the lifetimes of  the S states in the K o k  e t  a l  ~ 2 model for 
O2 evolut ion.  Recent ly Renger  e t  al .  15 have shown that  these compounds  exert their  
effect by increasing the react ion rate between these oxidized intermediates  and an un- 
identified reduced componen t  of  the photosynthet ic  electron t ranspor t  chain on the 
acceptor  side of  Photosys tem II  His model  provides an explanat ion  for the effect of  
CCCP on Signal II  generat ion,  since such a back flow of  electrons would decrease the 
effectiveness of  a single flash m any react ion dependent  upon long-lived oxidized 
intermediates  We have proposed  that  Signal 1[ arises via an ox ida t ion - reduc t ion  
react ion between the states $2 and S s on the water  side o fPho tosys t em II and F (ref 1 ). 
Fur the rmore ,  we have shown that  fol lowing a flash this oxidat ion  proceeds fairly 
slowly,  the half- t ime for its rise is abou t  1 s. Therefore,  any factor  which apprec iably  
decreases the lifetime of  the oxidized intermediates  $2 and $3 would be expected to 
decrease the extent of  Signal II  fo rmat ion  evoked by a single flash. We have a l ready 
shown that  this ~s the case in D C M U - t r e a t e d  chloroplas ts  1. 

In unt rea ted  chloroplas ts  the lifetimes of  the states $2 and S 3 are on the o rde r  
of  10-20 s z°. Since these lifetimes are long compared  with the l-s half-tmae for the 
rise of  Sxgnal II,  this l-s t ime cons tant  reflects the intr insic rate of  react ion between 
the S~gnal II  precursor  and the states $2 and $3. Our  model  predicts,  however,  that  
the CCCP-mduced  decrease m the hfeUmes of  the S states to less than 1 s would result  
in a decrease m the t~me constant  for Signal II format ion.  This decrease in t~me con- 
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Fig 6. Time course of  the response of  Signal I[ to a single sa tura t ing  10-/~s flash m chloroplasts  
t reated with 1 • 10 . 4  M CCCP. The ar row designates the t ime which the lamp was discharged The 
flash-reduced increase was measured at the low field peak B in Fig. 1 with an instrument Ume constant 
of 5 ms. The flow system was used m th~s experiment, the data are the average of 6000 scans The 
m~crowave power was 50 mW 

stant  would accompany  the CCCP- lnduced  decline in the extent  of  Signal I I  generated 
in response to a flash. The exper iment  shown in Fig. 4 implies tha t  this is the case. 
There we noted  that  the t ime cons tant  for Signal I I  fo rmat ion  had  decreased signifi- 
cant ly  c o m p a r e d  to its 1-s half- t ime m untrea ted  chloroplasts .  We  present  fur ther  
evidence to suppor t  this conclus ion in Fig. 6. In this exper iment  we have mon i to red  
the rise of  Signal l I  fol lowing a single 10-1~s flash in chloroplas ts  t rea ted  with 1 • 10- ~ 
M CCCP.  Signal averaging techniques and the flow system were used in this experi-  
ment  A single sa tura t ing  flash was given once per second:  da ta  in F ig  6 are the 
average of  6000 scans. Clear ly  the extent  o f  Signal I I  fo rma t ion  ts significantly lowered 
compared  to chloroplas ts  in the absence of  CCCP.  However ,  the f lash-reduced in- 
crease in spin concent ra t ion  in Fig. 6 occurs in a t ime l imited by the 5-ms ins t rument  
t ime constant ,  indica t ing  that  the rise of  Signal I1 under  these condi t ions  is much  more  
rap id  than in unt rea ted  chloroplasts .  This exper iment  also demons t ra tes  that ,  with 
5 ms t ime resolut ion,  we observe no fast decaying t ransients  in Signal I I  induct ion 
in CCCP- t rea ted  chloroplasts .  

We  have carr ied out  exper iments  with a number  of  o ther  compounds ,  including 
NH4CI,  vahnomycin ,  and ANT,  to s tudy their  effects on Signal II.  Nei ther  NH4CI 
nor  va l inomycin  influenced the decay of  Signal II ;  the radical  behaved as it does  in 
unt rea ted  chloroplasts .  The effects of  A N T  are  s imilar  to those repor ted  for  C C C P  
in that  it  increased the rate of  decay of  Signal I I  and  decreased the effectiveness of  a 
single flash in increasing Signal I I  spin concentra t ion.  Renger  14 has shown tha t  A N T  
is s imdar  to CCCP in tha t  bo th  accelerate the deact iva t ion  o f  in termedia tes  on the 
water  side of  Pho tosys tem II,  whereas NH4CI and vahnomycin  have been shown not  
to have such an  effect. 

Aging effects on Signal H 
The O2-evolvlng system m chloroplas ts  is fragile:  mdd heat ing or  aging for  
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short periods at room temperature leads to an inactivaUon of  the system 16. We investi- 
gated the effects of  these treatments on the decay of  Signal II and its generaUon in 
response to flashes. 

Previously we demonstrated that the decay of  Signal II in vivo in spinach plants 
is very slow, reaching a level of  about 50 °,o~ of  the fully generated signal only after 
12 h m complete darkness. Recent experiments by Lozier and Butler 7 in which they 
monitored the decay of Signal II in Isolated chloroplasts at room temperature indi- 
cated that under these c~rcumstances the spm concentration decays much more rapidly. 
Their data show that Signal lI decays to a level half that of  the fully generated signal 
after only 1 h m the dark. 

We have extendeJ th~s experiment by applying saturating flashes to stimulate 
the regeneration of  Signal II following the dark decay. The results of  this experiment 
are shown Jn Fig. 7. A sample of  chloroplasts in the flat cell was dlumlnated for 1 mln 
w~th continuous white hght: at time zero this light was extinguished. The magnitude 
of  Stgnal II, measured as the peak to trough amplitude between B and D in Fig 1, is 
plotted as a function of  the time dark. As shown m Fig. 7, Signal II declines to about 
50 ° o of  its hght-lnduced level after 1 h, which agrees quite well with the data of  Lozler 
and Butler v. Hawng allowed the signal to decay to this level, we then apphed a single 
saturating flash and recorded the spectrum lmmedmtely following. As shown in 
Fig. 7, this single flash generated only 25 ° o of  the maximum hght-induclble signal in 
these aged chloroplasts. Subsequently, sets o f  flashes with the number of  flashes and 
ume between flashes indicated in the plot were given and Signal II recorded after each 
set. It is apparent from the figure that the behawor of  S~gnal II has been altered by the 
room temperature aging. In untreated chloroplasts, freshly prepared from dark-adap- 
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Fig 7. The effect o f  aging m the dark at r o o m  temperature on the decay and f lash-reduced response 
o f  Signal II .  A sample  o f  fresh, untreated chloroplasts  was d lummated  for 30 s with broad band white 
hght and at zero t ime the lamp was switched off  Spectra were recorded m the dark and the magm-  
rude o f  Signal  II, measured as the difference between the low field peak  at B and h~gh field trough at 
D m Fig. 1, is plotted as a funcUon o f  dark time. W h e n  Signal  II had decayed to about  50 °k, saturat- 
ing flashes were g~ven. Each  arrow corresponds  to the flash regime described in the legend, ta denotes  
the dark t ime between flashes in a given set. The filled squares indicate the peak to trough magm-  
rude o f  Signal  II recorded ~mmed~ately fol lowing a flash sequence.  Mtcrowave  power  was 50 m W ,  
instrument  t~me constant  was 1 s, and scan rate was  25 G / m m  
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ted leaves, a single flash generates greater than 80 ° o of the hght-lnduced increase m 
Signal lI, whereas with these aged chloroplasts only 25 o is regenerated by one flash 
In addltmn, the fully induced signal after 20 flashes I s apart is about 20 "u less than 
the magmtude of Signal I1 at the initiation of the aging process. 

We have performed similar experiments with heated (51 C for 2 mln) and 
Trls-washed chloroplasts and with Photosystem 1l particles prepared as described 
by Malkm 22. Under these treatments the behavior of Signal il is similar to that ob- 
served with the aged chloroplasts. The decay of Signal II is much more rapid even than 
with aged chloroplasts, and a single flash is less effective in generating Signal II than is 
the case for untreated chloroplasts These systems all share with aged chloroplast8 
the characteristics of having an tmpalred O2-evolvlng system 

DISCUSSION 

As shown in Fig. 1, we have demonstrated that the species which gives rise to 
S~gnal II can exist in either of two states. The EPR properties of Signal lI in these two 
states differ both in hyperfine structure and llnewldth The hnewldth of Signal II(16) 
is 16 G, and we observe four partially resolved hyperfine components: the hnewldth 
of Signal II(19) is 19 G with five partially resolved hyperfine components. We have 
shown that reversible interconverslon between these two states can be achieved b5 
changing the ionic strength of the chloroplast suspension. At this time we do not 
understand the mechamsm of the iomc strength reduced changes in Signal II structure. 

The existence of two different states for the species which gives rise to Signal 11 
ts similar to the situatmn for flavlns and flavoproteins. Palmer et al 23 have presented 
the hnewldth of the EPR spectra for 13 flavoprotein free radicals. These flavoprotelns 
fall into two categories, one class has a linew~dth of about 15 G, the other has a line- 
width of 19 G. In some cases (e q. glucose oxldase) it is possible to convert from one 
hnew~dth to the other by a pH change. The optical properties of these two classes of 
flavoprotem free radicals also show characteristic behavior: the 19 G species is usuall~ 
blue, the 15 G speczes Js usually red On the basis of optical, magnetic resonance and 
model system studies, the blue, 19 G species has been associated with the neutral flavm 
semlqulnone radical of the flavoproteln, while the red 15 G species is the amomc 
flavoprotem radical. In addition, the catiomc ftavoprotem free radical appears to 
have EPR properties sumlar to the neutral radical species 2~, while the metal chelate 
formed from the neutral flavin semlqumone has an EPR spectrum similar to the amo- 
mc flavoprotein radical 25. Therefore, the difference m both optical and EPR charac- 
teristics of the flavoprotelns can be atmbuted to the proton at the N(5) position in the 
flawn 2~. This proton is present m the blue, 19 G neutral or cationic flawns and absent 
in the red, 15 G anionic or metal chelated species 

Model compound studies of flawns indicate that the hyperfine sphtting pattern 
of the neutral flavln semiqulnone radical is more complex than that of the anionic 
flavm radical 24. Th~s is also the case in the benzoqumone model system The amonlc 
p-benzoqumone radical has five hyperfine lines caused by interaction of the unpaired 
spin with the four equivalent ring protons 2°'z7 The monoprotonated neutral p-benzo- 
semiquinone radical has eighteen hyperfine lines, indicating that the hydrox~hc proton 
and two sets of two identlcM ring protons interact with the spin 28. Thus the proton- 
atlon of atoms which share unpaired electron density results m the observation of a 
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more complex hyperfine sphttmg pattern. This protonatlon phenomenon may be the 
basis for the observation of four partially resolved hyperfine components in Signal II- 
(16) and five partially resolved hyperfine components m Signal I1(19) 

The work of Kohl and co-workers s'z9 and Weaver* have implicated plasto- 
qulnone or a plastoqulnone derivative as the source of Signal II. The similarities 
which we find between flavin free radicals and Signal 1I behavior indicate that this 
species ~s also an attracnve candidate. The iomc strength-reduced changes m the EPR 
spectrum of Signal II which we report, however, may be accomodated by either mole- 
cule. At low ionic strength the Signal 1l species, which almost certainly is located in 
the thylakold membrane, may be the protonated 19 G neutral semlqumone of either 
a flavm or a plastoquinone derivative As the ionic strength is increased, conforma- 
ttonal changes in the membrane may result in loss of a proton to form the 16 G amon 
or the metal chelate. We are currently exploring these posslblhtles experimentally. 

The similarities in the light-induced changes exhibited by Signals II(16) and 
11(19) reported in Fig 2, Table I, and the previous paper support the hypothesis 
presented above. These results preclude the possibility of gross structural changes 
occurring m the species giving rise to Signal 1I m converting between Signal 11(16) 
and lI(19). Rather, they indicate that both states of F exist m similar enwronments 
and react with Snnllar rates with the same reaction partners, the states $2 and $3 on 
the water side of Photosystem 11. Only a slight structural perturbation is indicated m 
the conversion between the two Signal 1I states. 

Th~s conclusion is supported by the inhibition studies that we report. These 
data indicate that the kinetic behavior of the Signal 1I precursor is quite labile, since 
the reasonable mild treatments which we have used, pamcularly aging at room tem- 
perature for 1 h, drastically alter the induction of Signal 11 m flashing hght. Thus, ff 
major structural changes were revolved m the conversion between Signal 11(16) and 
Signal II(19), we might expect this to be reflected m the Induction kinetics. 

The action of CCCP in chloroplasts is complex 8'9'3°'3t. It increases the proton 
permeability of the chloroplast membrane and, at moderate concentrations (10/IM), 
uncouples phosphorylation 32. However, the effects of CCCP which we report are not 
due simply to its uncoupling action since we ha~e shown that neither N H ,  + nor 
vahnomycln affect Signal II. 

Renger t4 has shown that CCCP belongs to a class of reagents which accelerate 
the decay of the S states This acceleration is mediated by a reaction between these 
oxidized intermediates on the water side and reduced components on the acceptor 
side of Photosystem II. In the model we have proposed, Signal 11 is generated t , m  a 

reaction involving the oxidized Intermediates, specifically the two intermediate 
states, $2 and $3 Our model predicts that any treatment which decreases the lifetime 
of these S states to a time comparable to or less than the time constant for Signal II 
generatmn would decrease the extent of formation of Signal II following a single flash. 
Fig 5 shows that this is indeed the case. W~th increasing CCCP concentration the 
effectiveness of a single flash in generating Signal II decreases. A second prediction 
which our model makes is that, as the lifetimes of $2 and $3 are decreased, the time 
constant for S~gnal II generation should decrease, i . e .  as the lifetimes for $2 and S 3 
decrease, only those Signal II precursors that react during this shortened time will 
produce spins. Data of Figs  4 and 6 show that prediction Is also consistent with 
expernnents. 
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Lozler  and Butler 7 repor ted  that  nei ther  D C M U  nor  CCCP alone inhibi ted 
the hght- induced fo rma t ion  of  Signal II.  They showed, however,  that  if chloroplas ts  
were t rea ted  s imul taneous ly  with these two reagents,  the l ight- induced Signal II re- 
sponse was abolished.  H o m a n n  33 has shown tha t  in chloroplas ts  t reated with D C M U ,  
C C C P  st rongly inhibi ts  the reoxida t lon  of  Q -  fol lowing d lumina t ion .  Renger  et al. ~5 

have in terpreted th~s result  as indica t ing  that  C C C P  prevents  the back react ion be- 
tween Q -  and oxidized in termedia tes  on the water  side of  Photosys tem II  by inducing 
reduct ion  of  the oxidized intermediates .  Thus Q - ,  $2 and S 3 remain  reduced and 
further  e lect ron flow th rough  Photosys tem II  is inhibi ted.  Since our  model  postulates  
an oxida t ion  o f  the Signal I I  p recursor  by $2 or  $3, we predict  the result observed 
under  these condi t ions ,  i.e. an inhibi t ion of  the hght response of  Signal l I .  

The other  t rea tments  that  we have used: aging, heating,  Tr is -washmg and prep-  
a ra t ion  of  System II  particles,  are less well character ized than the act ion of  CCCP,  
but all are known to inac twe the O2-evolwng system. These effects are of  at  least three 
types: a loss o f  Oz-evolving capacxty, a shift toward  lower values o f  the midpoin t  
potentml  o f c y t o c h r o m e  b55 o (refs 34, 35), and an a l tera t ion of  the kinetics of  Signal II 
We have p roposed  that  the Oz-evolving system and the species g iwng rise to Signal 11 
are located in a hydrophob~c enwronment .  Under  normal  c~rcumstances of  membrane  
integri ty,  aqueous  reagents  are quite efficiently excluded f rom this s~te The t rea tments  
whtch we have descr ibed may  denature  this hyd rophob lc  region al lowing access by 
normal ly  excluded reagents,  including exogenous reductants  and  reduced intermedi-  
ates on the acceptor  s~de of  Pho tosys tem II. The exper iments  of  Lozier  and  Butler  7 in 
which they showed that  added  ascorba te  great ly increases the decay of  Signal I1 m 
Trls-washed chloroplas ts  suppor t  this idea  The function of  the CCCP-hke  compounds  
may  be to accelerate  this dena tu ra t ion  react ion 

The inhibi t ion exper iments  which we have repor ted  here suppor t  the model,  
p roposed  bo th  by us 1 and by Butler  et al. 7'36, in which Signal I I  is generated by reac- 
t ions occurr ing on the water  side of  Photosys tem II. 
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