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S U M M A R Y  

An analysis of electron paramagnetic resonance Signal I! in spinach chloro- 
plasts has been made using both continuous and flashing light techniques In order 
to perform the experiments we developed a method which allows us to obtain fresh, 
untreated chloroplasts with low dark levels of Signal II. Under these conditions a 
single 10-/~s flash is sufficient to generate greater than 80 °,, o of the possible light- 
induced increase in Signal II spin concentration. The risetime for this flash-reduced 
increase in Signal II  is approx. 1 s. The close association of Signal II  with Photo- 
system 11 is confirmed by the observations that red light is more effective than is far 
red light in generating Signal II, and that 3-(3,4-dlchlorophenyl)-l,l-dimethylurea 
(DCMU) does not inhibit the formation of the radical. Single flash saturation curves 
for the flash-reduced increase in Signal I and Signal II indicate that the quantum effi- 
ciency for Signal II formation is close to that for Signal I While one or two flashes 
(spaced 10 ms apart) are quite efficient in generating Signal II, three or four flashes 
are much less effective. However, if this spacing is decreased to 100/Ls, three or four 
flashes become as efficient as one or two flashes. From observations of a deficiency 
of O2 evolved during the initial flashes of dark-adapted chloroplasts, we conclude that 
the species which gives rise to Signal II is able to compete with water for oxidizing 
equivalents generated by Photosystem II. On the basis of these results we postulate 
a model an which Signal II arises from an oxidized radical which is produced by a 
slow electron transfer to the specific states Sz and $3 on the water side of Photo- 
system lI. 

I N T R O D U C T I O N  

At room temperature Oz-evolvlng photosynthetic materials generate two free 
radical species which are detectable using EPR spectroscopy 1'2. The first, which has 

Abbrewat lons  H, magnet ic  field m gauss,  Z, susceptlbdJty; D C M U ,  3-(3,4-dJchlorophenyl)- 
I , l -d lmethylurea ,  CCCP,  carbonyl  cyanlde-m-chlorophenylhydrazone .  
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been termed Signal I, has rapid rise and decay kinetics and has been estabhshed as 
arising from the oxidized reaction center of Photosystem I, P700 + (refs 3,4). The 
second, Signal II, has been less well characterized. It has been reported to have a g 
value of 2.0046, a hnewldth of about 20 gauss, hyperfine structure resulting from 
interaction with protons and decay kinetics on the order of hours 5. The studies of 
Weaver and Bishop °'7 have shown Signal II to be absent in photosynthetic bacterm, 
m algal mutants lacking the ability to evolve 02 and m algae grown on a manganese- 
deficient medium. Chloroplast preparations which have lost O2-evolvmg capacity 
through heating or sonlcatlon also lack the spin signal s Chloroplast particles en- 
riched m Photosystem II actiwty show an increased Signal il magmtude, whereas 
Photosystem I particles are defic,ent in this feature s. On the basis of these findings 
Signal II has been associated with the O:-evolvlng Photosystem II in algae and green 
plants 9 

Kohl and coworkers 1°-12, using deuteratJon, extraction and readd~tlon 
procedures and m vitro studies on model compounds, have presented evidence sug- 
gesting that the molecular species glwng rise to Signal II may be pIastoqumone or a 
~pecles closely related to it. Kinetic evidence hnkmg this observation with the func- 
tional pool of pIastoqumone located between the two photosystems ~s lacking 13, i~ 
There are, however, several different pools of qumone present in the chloroplast, so 
this observation does not mvahdate the assignment of Signal ll to a plastoquinone 
derivative ~5. A rewew article on the properties of both Signals 1 and lI has recentl~ 
appeared ~ 

Recently, speculations on the functional location of S~gnal II have centered 
on the water side of Photosystem II, where long-hved intermediates revolved m the 
water oxidation process have been demonstrated 16. The basis for th~s assignment 
comes from both the long decay time of the radical and ~ts behavior to reagents such 
as hydroxylamine, anilinothlophene and carbonyl cyamde-m-chlorophenylhydrazone 
(CCCP), which speed the decay of both Signal II (refs. 17 and 18) and oxidized 
precursors involved in 02 evolution lo 

Kinetic analysis of Signal lI has been greatly hampered by its slow decas, 
which is on the order of hours at room temperature Kinetic measurements after 
such long times are d~fficult to interpret because of severe aging effects 2°. In the 
experiments presented m this paper we have established conditions under which 
fresh chloroplasts with low dark levels of Signal I! can be obtained. We have made a 
kinetic analysts of the hght-mduced increase m spln concentration using 10-/~ 
flashes from a xenon lamp and have found results which support a model in which 
Signal I1 arises via electron transfer to oxidized intermediates between the Photo- 
system II reaction center chlorophyll and the s~te of water ox~datlon. A prehmmar,x 
report of this work has been presented 2~ 

M A T E R I A L S  A N D  M E T H O D S  

Chloroplast preparation 
Spinach (Spinacia oleracea var. early hybrid No. 7) was grown m growth 

chambers under conditions as outhned by Sun and Sauer 22. Chloroplasts were 
isolated by grinding for 10 s m a Waring blender using an isolation solution consisting 
of 0.4 M sucrose, 0.1 M trlcmne (pH ~ 7.6), 0.01 M NaCI. The chloroplasts were then 
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filtered through 8 layers of  cheese-cloth, spun for 1 min at 3000 ~, g in a Sorval 
RC2B centrifuge, and the pelleted chloroplasts were 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 were picked after they had been in the dark for at least 8 h, and all 
subsequent lsolatmn steps were carried out m the dark. Chlorophyll  concentrations in 
samples used for the EPR measurements were between 2 and 4 mg chlorophyll /ml:  
for 02 measurements the chlorophyll  concentrat ion was 0.2 mg/ml For  the EPR 
measurements 10- ~ M E D T A  (final concentrat ion)  was present m all experiments to 
ehmlnate the Mn 2 ~ signal which otherwise would distort the baseline. In control 
experiments the same results were obtained with or without added EDTA 

Ligh t  sources  

Xenon flashes were obtained f rom a flash system similar to that described by 
Weiss and Sauer 23, except that  a capacitor bank was used which gave flashes of  
10-1ls duration (measured at half  height) instead o f  the 28-tts flashes which they used 
The light was filtered through a Coming  1-69 heat filter and a Cornlng 3-74 ultraviolet 
filter and was focused on the slotted microwave cavity in EPR experiments or the 
plat inum electrode in 02 experiments using appropriate lens systems 

Broad band, continuous white light was obtained from a microscope Illumina- 
tor and was passed through a water filter and the 1-69, 3-74 filter combination,  The 
intensity at the sample for this continuous light was 45 mW/cm 2. Red (650 rim) or 
far red (700 nm) continuous light was provided by a tungsten lamp, a Bausch and 
Lomb monochroma to r  (Model 33-86-03, entrance slit exit slit 2 ram, dispersion, 
6 5 nln/lnln), and appropriate Optical Industries interference filters to eliminate higher 
order diffractions. Light intensity was adjusted using appropriate Balzers neutral 
density filters and measured with a Hewlet t -Packard radiant flux detector (Model 
8334A) Illumination was initiated using an electromechanlcal shutter which has an 
opening time less than 10 ms 

E P R  m e a s u r e m e n t s  

A Varlan E-3 (X band, 9.5 GHz)  EPR spectrometer fitted with a slotted 
cavity to permit in s i tu  illumination was used in recording spectra and kinetic changes 
in chloroplast  suspensions contained in a quartz EPR flat cell (nominal optical path 
length = 0.2 iron). The cavity was continuously flushed with dry, room temperature 
N2 gas. The microwave power m all experiments, except those described in Figs 1 
and 3, was 50 roW, modulat ion amplitude in recording spectra was 5.0 G, this was 
increased to 6 3 gauss in kinetic experiments to increase the signal-to-noise ratio 
Spectra were recorded by sweeping from low field to high field with the spectrometer 
time constant and scan rate as noted in figure legends. In kinetic experiments in which 
signal averaging techniques were applied, the output  of  the E-3 spectrometer was fed 
into a 1024 channel Enhancetron signal averager. Timing circuits provided pulses 
which triggered the averager and, after a preset delay time, initiated the flash lamp 
pulse All experiments were carried out at room temperature. 

0 2 mea su remen t5  

0 2 evolution f rom chloroplasts m response to individual flashes was measured 
using an arrangement  similar to that described by Weiss and Sauer 23. We have 
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modified the teflon-covered elect'_ode described in their work so that it is possible to 
perform experiments without the teflon membrane, thus decreasing the response time 
of  the electrode to approx, l0 ms. The Ag/AgC1 reference electrode is located 4 cm 
down-stream from the platinum electrode in a reservoir of  electrolyte. The current 
increase resulting from chloroplast 02 evoluUon is represented as the voltage output 
from a current-to-voltage transducing operational amplifier. This voltage is sub- 
sequently amplified and recorded using a Sanborn recorder (rise ume = 5 ms). 
In the experiments described in this work flash lamp pulses were spaced 1 s apart 
and were of  saturating intensity. All experiments were carried out at room temperature 

RES U LTS 

Effect of dark adaptation on Signal H decay 
Fig. 1 shows EPR spectra of  chloroplasts in the light and m the dark after 

illuminaUon. In the hght, both Signal 1I and Signal 1 are observed, although the 
magnitude of Signal I is low because no electron acceptor system, such as ferredoxln/ 
N A D P  +, has been included in the chloroplast suspension. Upon darkening, Signal I 
decays qmckly whereas the extent of  Signal l I  decay is slight. In his recent review 
article, Kohl 4 mentions that in the dark Signal II  has hyperfine structure in the 
region labeled " I "  in Fig. I, such that the ratio of  the peak in this region to the peak 
at the position labeled " I I "  in Fig. 1 Is 3/4. We have found that this ratio varies con- 
slderably and is dependent on the method of chloroplast isolation. In the following 

~_x 
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Fig I EPR spectra ( l s t  derivative)  of  chloroplasts  resuspended in isolation solution m the hght 
(a) and m the dark  immedia te ly  after  i l luminat ion (b). Broad band whJte l ight  was used to i l luminate  
the sample The ins t rument  t ime constant  was 0 3 s, the scan rate was 25 G / m m  and the microwave 
power  ~as  16 mW Low field maxmaum for Signal 1[ labeled as "'II", for Signal I as " [ " .  
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Ftg 2. EPR spectra of  dark-adapted chloroplasts in the dark before (a) and lmmedmtely after (b) 
dlummatlon.  The sample was dlummated with broad band whRe hght for 2 m m  before spectrum (b) 
~as recorded. The instrument time constant  was 1 0 s and scan rate ~as  25 G/ram. 

article we consider the sources for this vanatton m the structure of Signal I1 in 
detad2 o 

Cycles of red and far red hght have been shown to have no effect on the decay 
of Signal I I  (ref. 13), and exogenous redox systems appear to be excluded from the 
site of Signal 1I formation. Fresh chloroplasts prepared from spinach picked during 
the light cycle show high dark levels of Signal II and exhibit little additional light- 
induced increase. We have found that incubation of these chloroplasts for 2-4 h 
at 0 '>C m a darkened ice bucket leads to a 20-30 o~ decrease in the signal, which is 
regained upon illumination It  appears that a soluble endogenous factor facilitates 
this decay, since washed chloroplasts show very little (less than 10 °o) Signal II 
decrease even after 5 or 6 h of dark incubation. 

We have found, however, that if spinach leaves are picked toward the end 
of the dark period of their growth cycle and the chloroplast isolation procedure is 
carried out m the dark, the magnitude of Signal 1I prior to dlumination is reduced. 
Fig 2 shows EPR spectra of  such dark-adapted chloroplasts before and after il- 
lumination. The chloroplasts in this experiment, prepared from leaves which had been 
in the dark approx. 8 h, show a 45 o~ increase in Signal II  upon illumination. 

The effect of the microwave power level on the Signal II amplitude and on the 
ratio of  Signal I1 before and after illumination in dark-adapted chloroplasts ~s shown 
in Fig. 3. Curve (a) indicates that Signal II saturates at fairly low power in agreement 
with Kohl 4, and decreases slightly at higher powers. However, the ratio of Signal I1 
in dark-adapted chloroplasts to Signal 1I in these same chloroplasts following 
illumination is not influenced by the microwave power as shown in Curve (b) in 
Fig. 3. This ratio remains constant at about 0 60 in this set of experiments for micro- 
wave powers between 1 0 and 125 roW. 
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Fig 3 EPRSignal l I amphtude  (Curve a, Q - O  ) and the ratio of  Signal [I before and after dlummation 
(Curve b, 5,-c~ ) as a function of  microwave pm~er A fresh sample of  untreated, dark-adapted chloro- 
plast~ was used for each experimental point The spectrum of  the dark-adapted chloroplasts was 
recorded Following a 2-ram illumination ~lth broad band ~vhlte light, a second spectrum was re- 
corded for each power setting. The magnitude of  Signal II was measured as the difference between the 
low field maximum at 3380 G and the high field minimum at 3396 G in Fig 1 This value for the 
spectrum of S[gnal I[ recorded following dlummatJon is plotted m Curve a, the ratio of  the magnitude 
of  Signal !rl prior to dluminatlon to this value following dlummatlon [s plotted In Curve b The 
instrument tmae constant and scan rate were as described In Fig. 2 

I0 

O8 

. J  

z 0 6  
o 
(1) 

g 04 

z 

"-----L 

[ I I _ _ 1  I I 
2 ~, 6 8 I 0  {2 

T I M E  ( h o u r s )  

Fig 4 The decay of  SJgnal l I m  t ' t t ' o  Spinach plants in the growth chamber entered the dark period 
of their growth cycle at time zero. At various nines following this, chloroplasts ~cre ~soiated under 
rigorously dark conditions Spectra were recorded before and after dlummatlon ~Jth broad band 
white light, using the time constant and scan rate described in Fig. 2. The magnitude of  Signal II 
was measured as described m Fig 3 The ratio of  Signal I[ before dlummatlon to Signal II following 
dlummatJon is plotted as a function of  the time the spinach leaves were picked. 
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Fig. 4 summarizes  a series of  exper iments  in which chloroplas ts  were p repared  
f rom leaves p icked at  var ious  t imes after  ini t ia t ion o f  the da rk  period.  Whi le  there is 
some scat ter  in the data ,  we can discern several general  features of  the in vivo dark  
decay o f  Signal II.  Wi th in  the first 2 h after da rken ing  there is a decrease of  abou t  25 °,, 
m the signal, which may co r respond  to the 20-30 % decrease (see above)  tha t  has been 
found  to be associa ted with da rk  incubated  chloroplas ts  at 0 ~C Fol lowing  this initial 
decrease there ~s a s lower decrease to abou t  50-60 % of  the hght - induced signal after 
12 h m the dark.  We have consis tent ly  found  that  Signal I !  appears  to decay only to 
this 50 °~ level m the da rk  in vivo. Lozler  and Butler ~8 have repor ted  a similar  50 ~' o 

pla teau in the decay of  Signal II fol lowing i l luminat ion  in isolated spinach chloro-  
plasts at r o o m  temperature .  The possible significance of  this effect will be discussed 
in detail  below. 

Effect o! single flashes on Signal H induction m dark-adapted chloroplasts 
By sett ing the magnet ic  field of  the spec t rometer  at the low field p o s m o n  la- 

beled " I i "  in Fig. 1 we are able to m o m t o r  the kinetics of  l ight- induced changes m 
Signal l I .  The effect of  a series of  10-/ts flashes on radical  concent ra t ion  in da rk -adap t -  
ed chloroplas ts  is shown in Fig. 5. In this exper iment  Signal II  before i l luminat ion  was 
abou t  50 % of  the signal found  after the flashes. As can be seen m Fig. 5, a single 
flash is sufficient to induce abou t  80 Oo of  the increase. Subsequent  flashes increase the 
signal only  shgbtly and,  significantly, there are no osci l lat ions with these later flashes 
such as those observed in exper iments  moni tor ing  O z evolut ion as a function of  flash 
number  ~6. The character is t ic  slow decay of  Signal I I  is appa ren t  m this exper iment  

Dur ing  a single 10-/is flash, at  most  a single electron can be t ransferred 
th rough  each of  the photosys tems 23, yet under  these condi t ions  we find that  80 ",, 
of  the hght - induced  increase m Signal I I  occurs. This observa t ion  implies that  the 
species which gives rise to Signal I1 is present in relatively small  concent ra t ions  
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Fig 5 Response of Signal lI in untreated, dark-adapted chloroplasts to hght flashes 10 ,us m duraUon. 
A single saturating flash was given at each of the arrows Magnetic field was set at the low field 
peakofSlgnal l l labe led"IF 'mF~g 1 Instrumentt~meconstantv~as03s 
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compared to the total amount of chlorophyll in the chloroplast. We have confirmed 
this hypothes~s by determining the ratio of  total spins in Signal I I  to the number of 
spins in Signal I an saturating hght. We used the method of double antegration as 
outlined by Chang and Johnson 24 and found a value for this ratio which is close to 
unity in fresh chloroplasts. 

Quantum efficiency for Signal I l  formation m flashing light 
We have determined single flash saturation curves for both Signal I and 

SJgnal II. These results are plotted in Fig. 6 as the fraction of S~gnal I or I I  formed as 
a function of the light lntensaty of a single flash. In these experiments dark-adapted 
chloroplasts, to which the acceptor system ferredoxin/NADP + had been added, were 
used. The extent of  Signal I I  formation resulting from a single flash of intensity J 
was divided by the extent of  Signal | I  formataon after 10 saturatang flashes to obtain 
the fraction of Signal I I  formed at intensity J. Then, by changing the magnetic field 
from position I !  to the position labeled " I "  in Fig. 1 without changing eather lamp or 
sample placement, we determined the saturation behavior of  Sagnal I. Since Signal I 
decays rapidly, the average of 36 flashes was used m these experiments. The extent of 
Signal 1 formation for a flash of intensaty J was divided by the extent of Signal I 
formation for a saturating flash to obtain the fraction of Signal I formed at antensity J. 

Half  saturation for both Signals I and II  occurs at the same light intensity, 
which together with the results described above indicates that the quantum efficiency 
for Signal II  formation in dark-adapted chloroplasts approaches that for Signal I 
formation. These results appear to be at variance wath data reported by Treharne and 
Vernon 25 which indicated that Sagnal II saturated at an intensity at least an order of 
magmtude lower than Signal I in whole Chlorella cells. However, from their experi- 
mental description it appears as if their work was done under steady-state conditions 
which, because of the long decay time for Signal II, would yield a saturation intensity 
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Fig. 6 Single flash sa tura t ion  curves for Signal I (,~ . . . .  ~) ) and Signal II  ( O - O )  in untreated chloro- 
plasts. A fresh sample  of  dark-adapted  chloroplas ts  (2 mg chlorophyl l /ml)  plus 2 10 -3 M N A D P  + 
and 60 #g  ferredoxtn/ml was used for each light intensity The Instrument  time constant  m the Signal 
II  determinat ions  was 0 3 s Th~s was decreased to 10 ms for the S~gnal I determinat ions.  Exper imenta l  
procedure is described m the text A hght  intensi ty of  100 corresponds to the unat tenuated  flash lamp 
output ,  neutral  density filters were used to lower the incident intensity. 
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significantly lower than  init ial  rate or  smgle flash sa tura t ion  values. In exper iments  
which we have pe r fo rmed  with Chlorella we find that  a single flash is less effective in 
generat ing Signal I] than  in spinach chloroplasts .  

Effect of DCMU on Signal H formation in dark-adapted chloroplasts 
Lozler and Butler  as and Weaver  and Weaver  z6 have repor ted  that  D C M U  

does not  inhibi t  the light response of  Signal I I  We repeated these exper iments  using 
d a r k - a d a p t e d  chloroplas ts  and,  as shown in Fig. 7, confirmed the finding tha t  D C M U  
does not  inhibi t  the fo rma t ion  of  Signal I I  in cont inuous  hght.  The D C M U  concen- 
t ra t lon  in this exper iment  was 2- 10 - 4  M with a molar  rat io  o f  D C M U  to ch lorophyl l  
o f  0.1, which is sufficient to inhibi t  O2 evolut ion in chloroplas ts  completely.  However ,  
when these da rk -adap ted ,  D C M U - t r e a t e d  chloroplas ts  are subJected to a series of  
10-l~s sa tura t ing  flashes we find that  the first flash evokes only one- thi rd  of  the maximal  
l ight- induced response and approx.  10 flashes are needed to induce Signal I I  fully. 
This is to be cont ras ted  with unt rea ted  chloroplas ts  (Fig. 5) in which a single flash 
produces  more  than 80/° o of  the l ight- reduced signal and no fur ther  increase is ob-  
served fol lowing the third flash. Thus the effect of  D C M U  is to lower the quan tum 
effioency of  S~gnal I I  fo rma t ion  wi thout  inhibi t ing the maximal  extent  of  its response. 

2 0025 ~ A _ ~  

 .27 
I I0 g I ( b ~ t  ,.,.,w 

F~g. 7 E P R  spectra of  dark-adapted ,  DCMU- t r ea t ed  chloroplas ts  before (al  and immedia te ly  after 
(bl  l l lummaUon wah  broad  band white hght Chlorophyl l  concentra t ion in the exper iment  was 
2 2 mg chlorophyl l /ml ,  D C M U  concent ra t ion  was 2 - 10 ~ M, e thanol  was 1 5 o; m the hnal  reacUon 
rmxture The instrument Ume constant and scan rate were as described m F~g 2. The narrow s~gnal 
m the center of the spectra IS due to ascorbate-free radical which is present in variable concentrations 
m spinach leaves 2v 

Effect of red vs far red illumination Oil Signal H forrnation 
The insenstt lvlty of  the extent  o f  Signal II  fo rmat ion  to D C M U  indicates 

two possible  sites for  its locat ion.  One places Signal II  on the Photosys tem I side of  
the D C M U  block,  in which case far  red light should be more  effective than  red light 
in s t imula t ing  its fo rmat ion ;  the other  possibi l i ty  would locate Signal II  on the Photo-  
system II  side of  the b lock  with red light more  s t imula tory  than far  red. In order  to 
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test these two possibdttms we have done studms of the rate of S~gnal II formatton 
m 650- and 700-rim continuous light, The experiments were done at low incident hght 
mtensines, since rates of formation y~eld more precise mformanon than steady-state 
Signal II levels, for reasons mentmned above. At the h~gh absorbances used m th~s 
stud)' (A6s o .~  : 4:A70 o.,~ : 0,8) essentmlly all of  the hght is absorbed at either 
wavelength, so that no corrections revolving the extmctton coefficients at 650 and 
700 nm are apphed The results of the experinaents are shown in F~g 8. They md~cate 
that for approximately equal incident photon fluxes, the m~tlal rate of Stgnal I1 
lbrmation m 650-rim hght ~s more than twice the initial rate m 700ram hght. Th~s is in 
agreement with the results of Allen et al. z~ wbch indicate that Signal II is preferentml- 
ly excited by shorter waveJengths of light, wble the Stgnal I acnon spectrum persists 
to longer wavelengths. It is also consistent w~th the evidence cited i~ the lntroductton 
associating S~gnal li w~th Photosystem !I 

40 1 (e} 

3 0  (b~ 

2 0  

0 n  

Fig 8. Tmae course of Stg~al ll~ generation m ~ntreatcd, dark-adapted chloroplasts m 650-11111 
(a) and 700-nm (b) hghl Light on and off as md~cated The instrument time constant ~as 0.3 s, 
hght intensity at the sample was 65/~W/cra 2 for the 650-nm hght, 70/~W/cm ~ for the 700-nm hght 

0 2 et'olutton in flashm 9 hght in dark-adapted attd preilluminated chloroplasts 
The results described above suggest that Signal II arises from a species located 

on the Photosystem II side of the D C M U  block, DCMU is known to act very close 
to the primary Photosystem H photochemistry by blocking electron transfer from the 
primary acceptor to secondary acceptors in the chain between Photosystem II and 
Photosystem I, However, fluorescence induction studies of Jobot and Johot 20 
indicate that the primary acceptor pool may be mhomogeneous, Therefore, there 
emsts the posslbihty that Signal II  arises from either the oxidizing side or reducing 
s~de of Photosystem 1L Since we have shown in Fig. 5 that Signal II arises via an 
electron transfer step that occurs largely on the first flash, we have camed out a 
series of experiments in which we monitored 02 evolution m response to individual 
flashes m order to investigate these possibihtles m more detad. Briefly (see Discussion). 
we expect dark-adapted (low Signal lI) chloroplasts to show equal or higher yields of 
O 2 on the third flash compared to preilluminated (high Signal 1I) chloroplasts if the 
species g~ving rise to S~gnal II  were a potentml electron acceptor supplementing the 
prmmry acceptor on the reducing side of Photosystem lI. The opposite effect would be 
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Fig 9 0 z  evolution in response to a series of  saturating light flashes lOFs in duration from dark- 
adapted (,~---@) and predlummated ( 0 - 0 )  chloroplasts Indwldual flashes m each series were 
spaced I s apart Oz y~eld m response to each flash was normahzed with respect to a steady-state 
value of I, which is reached after approx 25 flashes 

expected if Signal II  arose as a result o f  electron donat ion to species on the water 
side of  Photosystem II. The results of  the experiments are shown in Fig. 9. In the 
thoroughly  dark-adapted chloroplasts the level of  Signal II  was 55 o~ of  the signal 
after the train of  pulses Prelllumlnated chloroplasts were obtained by exposing 
chloroplasts to room light for 2 ram, which served to induce Signal l i  fully, prior to 
injection into the electrode. Each sample was allowed 10 rain dark time on the O 2 
electrode before the flash sequence was initiated. A comparison of  the two curves 
indicates that m fully dark-adapted chloroplasts the O 2 yield resulting f rom the third 
flash is lower and the yield of  the fourth flash higher than in prelllumlnated chloro- 
plasts. Dividing the O2 yield o f  the third flash, Y3, by that for  the fourth flash, 
Y4, we find values for the Y3/Y4 ratio of  1.2 for the dark-adapted chloroplasts and 
1.9 for the predlummated sample. According to the analysis described above and in 
the Discussion, these results favor a model in which Signal II  originates as a con- 
sequence o f  electron donat ion on the water s~de of  Photosystem I[. 

Riset tme o) c S ignal  H in response to a single f lash 
In constructing models locating Signal II  on the water side of  Photosystem II  

we have found two which adequately explain the data thus far. The first of  these 
places Signal II  as an intermediate between the site of  water oxidation and the 
reaction center chlorophyll  P680. This model associates Signal lI  directly with the 
oxidized intermediates, which the experiments of  Joliot et al. 3°, Kok  et al. ~6, and 
Weiss and Sauer 23 have demonstrated in the water oxidation process. These oxidized 
intermediates correspond to the S states in the Kok  et al. 16 model for O2 evolution. 
The second model places the species giving rise to Signal If off this electron t ransport  
pathway, but its format ion would occur th rough  interaction with intermediates in the 
chain between water and Photosystem II. 

The experiment described above (Fig 5) in which we monitored the response 
of  Signal II  to single flashes argues against the assignment of  Signal I i  to one o f  the 
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Fig. 10. Time course of  the response of  Signal II m untreated, dark-adapted chloroplasts to a single 
saturating hght flash. The arrow designates the time at which the flash lamp was fired. Instrument  time 
constant was 0.3 s. 

S states in the electron transport chain between P680 and the water splitting site. 
This experiment shows that the concentration of the radical does not vary with flash 
number, whereas there should be marked oscillations in the concentrations of the 
oxidized intermediates involved in water splitting 16. We have obtained further 
ewdence against the ~denttficatlon of Signal lI  with an S state directly on the pathway 
from the water oxidation site to P680 by determining the risetime of Signal II in 
response to a single flash. The results of this experiment, shown in Fig. 10, indicate 
that Signal II  is formed rather slowly after a flash. The half-time for its rise is approx. 
1 s, which is three orders of magnitude greater than the values found for the rise- 
times of the intermediates revolved in the water splitting process in experiments 
measuring 02 evolution 16. Therefore both its response to a series of flashes and its 
risetime in response to a single flash argue against the direct assignment of Signal II 
to one of the S states involved in water oxidation. 

Multtple flash studies of Signal H formatton 
If  Signal II arises indirectly via interaction with oxidized intermediates on the 

pathway from the water oxidation site to P680, we expect its extent of formation to 
be related to the concentrations of one or more of these oxidized species formed on a 
flash or in a series of flashes. As mentioned above, a number of workers have shown 
that following a flash the nsetime for concentration changes in these oxidized species 
is less than 10 ms. On the other hand, Fig. 10 indicates that the rate of formation of 
Signal II  is much slower following a flash. We have taken advantage of this disparity 
in rate constants to test the second model mentioned in the previous section. In a 
series of closely spaced flashes, with the dark time between flashes short compared 
to the risetime for Signal II, the species which generates the radical should be sen- 
sltive to the concentration of oxidized intermediates present at the conclusion of the 
flash series. The pattern of 02 evolution shown in Fig. 9 has been most successfully 
explained by postulating a build-up of oxidized intermediates on the first and second 
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flashes which are subsequently discharged m the water sphttmg process on the third 
and fourth flashes. Thus, after two flashes we expect a large concentration of highly 
oxidized intermediates, and after four flashes a much lower concentration. 

The effects of these two flash patterns on the extent of S~gnal II  formation 
are shown in Fig. 11. The spectra of dark-adapted chloroplasts were obtained (Curves 
1). Then, either two (Fig. l l a )  or four (Fig. l lb) saturating flashes were given and 
the second spectra (Curves 2) were taken. At the conclusion of this scan ten saturating 
flashes were given and the third spectra (Curves 3) were recorded. Different samples 
from the same chloroplast preparation were used for the two experiments because of 
the long decay of Signal II. In each experiment the dark signal (Curve i) was about 
58 ~o of the fully reduced signal (Curve 3). However, two flashes, 10 ms apart, generated 
90 0 / o f  the light-induced signal whereas four flashes 10 ms apart increased the signal 
only 40 °o. 10 ms was chosen as the dark time between flashes because four flashes 
spaced 10 ms apart yield maximal amounts of 02 per flash, i.e the intermedmtes m 
the water splitting process are fully advanced within 10 ms after a flash Three flashes, 
10 ms apart, behave m a manner similar to four flashes, whereas a single flash has 
effects similar to two flashes. These results are shown in F~g. 12a, in which we sum- 
marize the data from the four experiments. The results are presented m histogram 
form to emphasize that each experiment was performed with a different sample and 
that the effects we see are not oscdlatlons; for example, two flashes followed by a 
l-s dark period and then two flashes 10 ms apart does not decrease the level of Signal 
1|. In all experimental approaches we have explored we have found no method ln- 
volwng light which decreases the concentration of S~gnal II spins. 

lOg 
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0-2oo 3T ,3, 
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Fig I I Response of  Signal II  spectra m untreated,  dark-adapted  chloroplasts  to 10-Hs saturat ing 
flashes (a) two flashes separated by 10 ms, (b) four flashes separated by l0 ms. Each exper iment  was 
performed with a fresh sample of  dark-adapted  chloroplasts  as described m the text. Ins t rument  tame 
constant  and scan rate as described m Fig 2 Total  Ume between ini t ia t ion of  Curve 1 and compleUon 
of  Curve 3 was 10 mm 
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Fig 12. Response of  Signal [I ,n untreated,  dark-adapted  chloroplasts  to various numbers  of  10-Hs 
sa tura t ing  flashes spaced (a) 10 ms or (b) 370 ms apart .  Each bar corresponds to an exper iment  on a 
fresh sample of  dark-adapted  chloroplasts  m which the sample was gwen the designated number  of 
flashes followed by single flashes to complete the lnducUon of  Signal I I  The ratio of  the increase m 
Signal H s t imula ted  by this set o f  flashes to the total  hght -mduced increase in Signal II  is plot ted as a 
function of  the number  of  flashes in each set Response to the flashes was measured at the low' field 
peak of  Signal II with an ins t rument  time constant  o f  1.0 s 
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After  four  flashes the O_,-evolving system has been largely discharged and,  to a 
first approxJmauon ,  is similar,  with respect  to the concent ra t ion  of  oxidized inter-  
mediates,  to the s i tuat ion before the first flash. The fifth and sixth flashes yield little 
02  but  serve to restore a pool  of  oxidized species which are discharged on the seventh 
and eighth flashes. Therefore  Signal I I  should react to five flashes 10 ms apar t  as it 
d id  to a single flash and to six flashes as it did to two flashes Because of  l imita t ions  
m the flash appara tus ,  it was necessary to increase the t ime between flashes to 370 ms 
to give five or  six flashes in a sequence. The results o f  these exper iments  are shown in 
Fig. 12b. Again,  one or  two flashes yield greater  than  80 o0 of  the hght- lnduced 
increase of  Signal II  F o r  this longer  da rk  Ume between flashes, the dis t inct ion between 
the effects of  one or  two flashes and three or four  flashes is somewhat  less pronounced .  
Wi th  five flashes the f rac t ion of  Signal II  fo rmed is increased, and  with six spaced 
370 ms apar t  this increase is even more  substanUal,  in accord with the model.  

Three or  four  flashes spaced 100 ps apa r t  yield only small  quanti t ies  of  O2 
c o m p a r e d  to the case in which the spacing is 10 ms. This observat ion  has been taken 
as evidence that  the re laxat ion  t ime for  concent ra t ion  changes in the water  spl i t t ing 
process is somewhat  longer than  100 Its but  shor ter  than I0 m s  16. We have per formed  
exper iments  of  this nature  for Signal l I  fo rma t ion  In response to two, three and four  
flashes in which we var ied the t ime between flashes f rom I00 Its to 10 s. The results 
of  these exper iments  are shown in Fig. 13. Again,  each point  represents an exper iment  
with a fresh sample.  In order  to increase signal- to-noise we per formed the experiments  
kinetlcal ly by moni to r ing  the signal level as shown in Fig. 5, except that  the instru- 
ment  t ime cons tan t  was increased to 1.0 s. In  these exper iments  the da rk  signal was 
55-60 o o of  the fully induced Signal 11. Fig. 14 shows typical  data ;  this exper iment  was 
done  with four  flashes spaced 3 7 ms apa r t  fol lowed by single flashes to complete  the 
induct ion  of  Signal II.  The f ract ion of  Signal l I  fo rmed  is then calculated by dividing 
the extent  of  Signal I I  fo rma t ion  result ing f rom the initial set of  flashes by the fully 
generated l ight- induced signal. Referr ing to Fig. 13, two flashes, regardless of  the da rk  
tnne between the two, always generate greater  than  80 o~ of  the light signal. Between 
100 l~s and 1 ms there is a shght increase in the effectiveness of  the two flashes, which 
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Response ofS[gnal I Im untreated, dark-adapted chloroplasts to sets of 2 (c~-Q¢), 3 ( - ) ,  

or 4 ( 0 - 0 )  10-/~s saturating flashes m which the Ume dark (td) between flashes In the set was vaned. 
Each point corresponds to an experiment on a fresh sample of dark-adapted chloroplasts. Normahza- 
tlon of the response of Signal II was carried out as described m Fig  12 
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4 Flashes 

Fig. 14. Response of  Signal II to 4 saturating 10-/is flashes spaced 3.7 ms apart, followed by single 
flashes to complete the photoconvers~on. At the first arrow the four flashes were g~ven, at the sub- 
sequent arrows only a single saturating flash was g~ven. The instrument t~me constant was 1 0 s. 

probably indicates that at the shorter time the chloroplasts are able to process only 
the first flash whereas at the longer time both flashes are effective in producing 
oxidized intermediates. The effect of  three or four flashes is remarkably different. 
Between 100 #s and 10 ms the fraction of Signal lI  generated by the flashes decreases, 
reflecting the increasing effectiveness of the set of three or four flashes in discharging 
the pools of oxidized intermediates formed during the flashes. Between 10 and 100 ms 
is a plateau region for both three and four flashes followed by a region from 100 ms 
to about 4 s in which the fraction of Signal II  increases. This rising section of the curve 
reflects the observed rise of Signal II, which we showed (Fig. 10) to have a half-time 
on the order of 1 s. As the time dark between flashes approaches this half-time, 
proportionately more of the Signal II  precursor reacts with the intermediate(s) formed 
after each flash and not, as with the shorter times, only with the intermediates present 
following the final flash. At times greater than 4 s, Signal II  is fully generated after 
the second flash and additional flashes have no further effect. At all times less than 4 s 
three flashes are slightly more effective in generating Signal II  than four, indicating 
that four flashes more completely discharge the pool of oxidized intermediates formed 
during the sequence. 

D I S C U S S I O N  

Previous work on Signal I!  has concentrated on its molecular identity and its 
general location with respect to the two photosynthetic light reactions. The main 
conclusions from this earlier work has been the identification of Signal II  with either 
plastoquinone or a plastoquinone derivative and the general association with the 
02-evolving photosystem. Very few kinetic experiments have been reported, primarily 
because of the difficulty associated with the long decay of the radical; consequently, 
more specific information regarding its location and mode of generation has been 
lacking. 

We have developed a procedure that allows us to obtain fresh untreated chloro- 
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F~g 15. Model for Signal I[ generation m untreated, dark-adapted chloroplasts. Detads described m 
text. 

plasts with low dark levels of Signal I[ radicals and have made a kinetic analysis of the 
hght-tnduced increase in Signal II spin concentration primarily using flashing hght 
techniques. Our results can be explained in terms of the model shown in Fig. 15. 
C550 represents the primary acceptor as described by Erlxon and Butler 31. P680 is 
the reaction center chlorophyll 32, and S o through S~ represent successively more 
oxidized intermediates involved in the water splitting process. These states have been 
described in detail by Kok 16. Briefly, So and $1 are stable states persisting m the dark. 
$4 is a strong enough oxldant to oxidtze water and, once formed, does so in less than 
1 ms 33. $2 and $3 are oxidized states formed rapidly after a flash and are stable for 
10-20 s in the dark after formation. Signal II  arises from a radical which is formed via 

electron transfer to the intermediates $2 and $3. The rate constants,/,'2 or/,'3, for this 
reaction are approx. 1 s -1, which is low compared to the rates of advance of the S 
states following a flash. 

The evidence from our experiments supporting this model has been briefly 
discussed m the Results section. Thus, the model explains the greater stimulation of 
Signal II by red than by far red hght observed both by us and by Allen et al. 28, 
and the fadure of D C M U  to inhibit the formation of the radical. The fact that in 
DCMU-treated chloroplasts more than a single flash is required to saturate the signal 
probably reflects a competing back reaction between the reduced primary acceptor 
and an oxidized intermediate on the water side of Photosystem II which is stimulated 
by DCMU. The stmmlation of this back reaction has been postulated to account for 
the increased delayed fluorescence observed in chloroplasts treated with DCMU 34. 
Bennoun 35 has carried out a detailed study of the kinetics of the back reaction m 
DCMU-treated chloroplasts and found that the time constant for this process ~s 
comparable to the 1-s half-time we have observed for Signal II  formation. Since $2 
and S 3 have hfetlmes on the order of 10-20 s m untreated chloroplasts, it appears that 
DCM U decreases the effectweness of a smgle flash in generating Signal II by decreasing 
the hfetlmes of the intermediates which give rise to the radical. However, because the 
reaction center is regenerated by the back reaction and is therefore able to be reexclted, 
subsequent flashes eventually fully induce Signal I1. Bennoun 35 has shown that 
hydroxylamine inhibits the back reaction in DCMU-treated chloroplasts by a rapid 
re-reduction of the oxidized intermediates on the water side of Photosystem I1 and 
I_ozler and Butler 18 have shown that under these conditions the hght response of 
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Signal II  is completely inhibited. Similarly CCCP,  which stimulates the re-reduction 
o f  $2 and $3, has been shown to inhibit the light response of  Signal I !  in D C M U -  
treated chloroplasts Is. Therefore the formation of  Signal II  is quite sensitive to the 
lifetimes of  oxidized intermediates, and treatments which destabilize the S states 
serve to reduce the efficiency of  Signal II  generation 20. 

The high quantum efficiency for Signal II  format ion following a single flash 
(Fig. 6) is a consequence of  the relative stability of  the S states in untreated chloro- 
plasts. The experiments of  Kok  et al t6 and Johot  et al. 3° have shown that the S 
states are advanced with high quantum efficiency by a single flash and that following 
the flash their decay time is on the order of  10-20 s. This time is long compared to 
the l-s onset time for Signal II  generation, and it allows for efficient format ion of  the 
radical. A corollary to this argument  is that  with four flashes spaced 10 ms apart  the 
quan tum efficiency for Signal II  formation is decreased since the lifetime for the S4 
state is only on the order of  a mllhsecond. This analysis also explains the lowered 
quantum efficiency we observe for Signal II  formation in Chlorella since Johot  et 
al. 36 have shown that  the hfetlmes for $2 and $3 are about  five times shorter m th,s 
alga than in spinach chloroplasts. Similarly we have found with CCCP-treated chloro- 
plasts that  the quan tum efficiency for Signal II  format ion is decreased 2°, which is a 
consequence of  the action of  CCCP m decreasing the lifetime of  the oxidized inter- 
mediates following a flash. 

In the model proposed in Fig. 15, Signal 1I arises by an interaction with S, 
or S 3, in which the species giving rise to Signal II  is oxidized by an S state. This inter- 
action may be represented as 

h v 
S. - - - - ~  S.+~ (1) 

P 6 8 0  

S,,+1 - F  • S,-r-F + (2) 
/ ~ n + t  

where S,, is an S state with n 1 or 2, S,,+I is one eqmvalent more oxidized than 
S, and F represents the species which, when oxidized, to the radical F .  +, gt~es rise 
to Signal I! The behavior of  the state S,, in this scheme is such that at the conclusion 
of  the process its final oxidation state is the same as its lnitml state even though a 
photon has been absorbed by Photosystem 1I. This situation in which an S state is 
left unchanged by a flash has been termed a "miss" in Kok ' s  model 16 for 02 evolution 
in flashing hght 37. Thus the process of  Signal 1I format ion viewed via 0 2  evoluhon 
results in an increased number  of  misses on the first three or four flashes. This increased 
number  of  misses accounts for the lowered yield of  02 on the third flash and increased 
02 yield on the four th  flash shown in Fig 9. Computer  programs to fit O,  evolution 
curves such as those generated by the preillumlnated chloroplasts in Fig. 9 usually 
contain a "miss parameter"  to account  for S states which are not  advanced by a flash. 
Our results indicate that  th~s parameter may be larger for the first few flashes than tt is 
for later flashes (Ley, A. C. and Babcock, G. T., unpublished results). 

We postulate that  the Signal 1I precursor, F, can be oxidized by either the state 
$2 or Sz on the basis of  the results presented in Fig 12. Following a single roughly 
75 o / o f  the Photosystem II  centers are in the state $2 and 25 o, in the state St. Under o / o  

these conditions we observe 80 ° o o f  the light-induced increase in Signal li. Following 
two flashes 10 ms apart  75 °i, of  the centers are in the Sz state and 25 o m the state $2. 
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With this flash pattern we observe greater than 95 °o photoproductlon of Signal 11. 
Therefore the concentration of [S2+Sa] following a flash sequence parallels the 
extent of the light-induced generation of Signal I1. 

The results of Fig. l 3 present the strongest evidence in support of our proposed 
lnodel, The concentration of [$24-$3] is always h~gh after two flashes regardless of 
the time dark between the two and correspondingly the fraction of Signal I! formed 
under these conditions is high. After three or four flashes [$2-! Sa] are formed to an 
appreciable extent only if the flashes are spaced less than about 5 ms apart. At 
times longer than this the Oz system is able to process each of the flashes individually 
and the high concentrations of $2 and $3 produced by the first two flashes are dis- 
charged on the third and fourth. Slmdarly, the fraction of Signal II formed m re- 
sponse 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 about 0.4 m the fraction of 
Signal II formed is reached from 10 to 100 ms for four flashes and at about 0.5 
through this time range for three flashes This plateau region is non-zero due to the 
fact that not all of the S states have been completely cycled during the four flashes: 
the concentrations of $2 and S 3 following the fourth flash are non-zero as indicated 
by the finite 02 yields of the fifth and sixth flashes. 

The kinetic behavior of Signal 1I identifies it as the first endogenous species 
besides water (or reduced primary acceptor, in a back reaction) that is able to interact 
directly with the O2-evolvmg complex m photosynthesis at physiological temperatures. 
The work of Knaff and Arnon 3s, Enxon and Butler 31'39 and others has shown that 
at low termperatures cyt bss  9 is able to donate electrons to an intermediate on the 
oxidizing side of Photosystem 11, probably P680, but the effect is lost upon increasing 
the temperature above - 100 °C (ref. 40). We have also shown that the Signal II pre- 
cursor is able to interact with the specific intermediates $2 and $3, but not with So 
and S I. Bennoun and Johot 41 have shown that hydroxylamine is able to override 02 
evolution, but this most likely occurs by a direct interaction with the reaction center 
chlorophyll or its primary donor. Simdarly, we have studied the oxidation of phenyl- 
enedlamme and hydroquinone m Tris-washed chloroplasts m flashing light and have 
found neither the oscdlat~ons nor the two flash induction period found in 0 2 evolution, 
indicating that m this system these reductants interact by a mechanism similar to that 
exhibited by hydroxylamine. 

In this study we have focused on the kinetics and location of the Signal lI 
species. Consequently our experiments yield no new information as to the molecular 
identity of the radical. Kohl and coworkers 11'12 have presented evidence im- 
plicating a derivative of plastoqulnone as the source for the Signal II spin, mainly 
on the basis of extraction, deuteratlon and readdltion experiments with chloroplasts 
and model compound studies #t vttro. If this assignment proves correct, the experi- 
ments reported here provide the first evidence for a known species other than 
chlorophyll located on the oxidizing side of Photosystem II Our model postulates 
that Signal II characterizes an oxidized radical, however, in experiments where we 
have treated chloroplasts with hydroquinone and ascorbate we note only a slight 
increase in its rate of decay; treatment with an oxidant, ferricyamde, has the same 
effect. Recently Lozler and Butler a8 reported that in TNs-washed chloroplasts the 
decay of Signal II is greatly enhanced by aseorbate and we have found slmdar effects 
for ascorbate on the decay of the radical m System II particles prepared as described 
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by Malkin 42. Signal II  appears to share with the O2-evolvmg system the characteristic 
of  being normally unavailable to exogenous redox couples, and only under fairly 
extreme conditions does this complex become accessible. Since Photosystem II 
generates very strong oxidants it operates much more efficiently when the access of 
potential reductants other than water is hmlted. 

Our results shed httle light on the functional role of Signal 1! Its stabrhty 
following formation precludes an integral role in electron transport Cyt bss 9 is 
s~mflar to Signal I I m  that hght-mduced electron transfer through this component 
at room temperature m untreated chloroplasts is also not observed. The purpose for 
which chloroplasts maintain these components in these stabilized states is unclear at 
present. 

The integrity of the environment m which the radical Js located does appear 
to be related to the ab111ty of the chloroplasts to evolve Oz. Treatments which decrease 
the stability of Signal II, such as heating, aging and somcat~on, have also been shown 
to impair O2 evolution. Furthermore, early workers demonstrated that in mutants or 
manganese-deficient algae the inability to evolve 02 was accompamed by an inab~hty 
to generate Signal II We have shown in Fig. 4 that even after 12 h dark m vi t ,  o the 
signal decays to only half its value, whde Lozler and Butler ~s found a room temper- 
ature decay to the 50 o level in approx. 1 h m the dark m isolated chloroplasts. 
Therefore, it appears that Signal 11 is mhomogeneous, exhibiting a fraction which 
decays slowly in the dark and a fraction which ~s much more stable. It may be that 
one or both of these components are revolved, perhaps in a structural capacity, ~n O2 
evolution. 
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