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Abslxact. Measurements are reported on ~zs delayed light emission, following a single 
10 ns excitation flash, in Alaska pea thylakoids treated with hydroxylamine (NH2OH) 
or with silicomolybdate. 

1. In thylakoids treated with 2 mM NH2OH in the light, or in the dark, the quantum 
yield of delayed light emission is considerably enhanced. A 10~zs lifetime component 
of delayed light emission is not significantly changed, whereas a 5 0 - 7 0 # s  lifetime 
component is increased. MnC12 and diphenylcarbazide are unable to reverse the above 
effects of NH2OH treatment. Thus Mn ~+ and diphenylcarbazide must not donate elec- 
trons directly to reaction center II but on the oxygen-evolution side of the NH2OH 
block. 

2. When the closed form of photosystem II reaction centers (P~80Q-), where P680 
is the reaction center chlorophyll and Q is a 'stable' electron acceptor, is generated 
by preillumination of NH2OH-treated thylakoids with diuron present, the ~s delayed 
light emission is inhibited, but a low level residual delayed fight emission remains. 
Possible origins of this emission are discussed. It is believed that the best explanation 
for residual DLE is the existence of another acceptor besides Q that partakes in charge 
separation and rapid dissipative recombination when the reaction center is in the 
P680Q- state. 

3. The quantum yield of delayed light emission from 'closed' reaction centers 
(P~+8o Q-) that have all charge stabilization reactions (i.e., flow of electrons to ~80 
and out of Q-) blocked by NH2OH treatment and addition of diuron is 1.1 ×10 -3 
for components measured in a range from 6 to 400 ~zs and extrapolated to zero time. 

4. The addition of silicomolybdate, which accepts electron from Q-, causes delayed 
fight emission in the ps range to be greatly inhl"bited. 

Introduction 

The r eac t i on  cen te r  c o m p l e x  o f  p h o t o s y s t e m  II inc ludes  t w o  c o m p o n e n t s :  

P68o, the  r eac t ion  c e n t e r  c h l o r o p h y l l  a or  the  p r i ma ry  e l ec t ron  d o n o r ,  a n d  a 

q u i n o n e  molecu le  Q (or  X-320) ,  a ' s t ab le '  e l ec t ron  acceptor .  U p o n  a b s o r p t i o n  

o f  a q u a n t u m  o f  l ight ,  t he  r eac t i on  cen te r  unde rgoes  a charge  separa t ion  w i t h  

P680 b e c o m i n g  ox id ized  [4, 12] an d  Q r ed u ced  [ 9 ] .  I t  has  been  suggested 

1 The mention of firm names or trade products does not imply that they are endorsed 
or recommended by the U.S. Department of Agriculture over other firms or similar 
products not mentioned. 

161 
Abbreviations: DCMU = diuron = 3-(3,4-dichlorophenyl) ,  1,1 dimethylurea; 
DLE = delayed light emission; DPC = diphenylcarbazide. 

Photosynthesis Research 3, 161-1 77 (1982) 0166-8595/82/03/0161-1 7 $00.20/0 
© 1982, Martinus Ni]hoff/Dr W. Junk Publishers, The Hague. Printed in the Netherlands. 



162 

that #s delayed light emission (DLE) is generated by the charge recombination 
of P~80 and Q- [24, 37]. Loss ofphotosystem II oxidation-reduction energy 
by DLE is prevented through stabilization of the charge by the following 

÷ - -  " t"  - -  reaction [25]: ZP68oQ -+ Z P68oQ , where Z is a secondary electron donor 
on the oxygen-evolving side of photosystem II. It has also been suggested 
that the early phases of the gs DLE decay should be related to steps in 
this charge stabilization [16, 25]. 

Hydroxylamine (NH~OH) affects photosystem II activity and, in particular, 
it inhibits oxygen evolution [5]. If thylakoids are treated with 2 mM NH2OH 
in the dark, then oxygen-evolving capacity is destroyed, but NH2OH can still 
act as an electron donor to photosystem II. However, if thylakoids are treated 
with 2 mM NH2OH in the light, both oxygen-evolving activity and the ability 
for NH2OH to donate electrons to photosystem II are eliminated [5]. On 
the basis of the/as rise of chlorophyll a (Chl a) fluorescence yield measured 
in intact Chlorella cells treated with NH2OH in the dark [7, 8, 10], Den Haan 
and coworkers proposed that NH2OH eliminates the ZP~s0 -> Z+P68o charge 
stabilization reaction, and in place of Z, another donor, D, reduces P~8o with 
a halftime (t 1/2) of 25/~s. Lavorel [25] measured the/zs decay of DLE in 
Chlorella and found a component with 5-10 /~s lifetime (r) to decrease 
upon NH2OH addition, whereas components with r of 50-70 #s and 110-'300 
#s increase. Most, although not all, of the early work was restricted to intact 
algal cells. 

In this paper, we compare the effects of NH2OH treatment in light and 
in darkness on the decay of DLE in the/2s range in pea thylakoids. Further- 
more, we report, in NH2OH-treated samples, the effects of various electron 
donors to PS II:MnC12, diphenylcarbazide (DPC), benzidine, and phenylene- 
diamine and of the electron acceptor silicomolybdate, which accepts electrons 
from Q- [13, 39], on/as DLE. This was done to test their sites of action 
and to better understand the nature of DLE. Since MnC12 and DPC could 
not restore the DLE to the control value, it was suggested that they donate 
electrons farther away from P68o on the water side. Silicomolybdate appears 
to decrease /as DLE by removing electrons from Q-. Measurements on a 
residual DLE when reaction center II is presumed to be closed by treatment 
of thylakoids with NH2OH, diuron and preillumination and on the quantum 
yield of/Is DLE are also reported. 

Materials and methods 

Pea plants (Pisum sativum, var. Alaska) were grown in the laboratory. Leaves 
harvested 10 days after germination were used to prepare chloroplasts. 
The procedure for preparation of thylakoid membranes (thylakoids) was 
identical to that previously described [19]. In all experiments, thylakoids 
were diluted immediately before use to a chlorophyll concentration of 
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5/ag/ml with a medium containing 0.4M sucrose, 40mM KC1 and 50mM 
sodium phosphate (pH = 7.8). All experiments were carried out at 25 °C. 

Hydroxylamine treatments of chloroplasts were as follows: (a) thylakoids 
at a chlorophyll concentration of 300/ag/ml were incubated with 2mM 
NH2OH in white light (2mWcm -2) for 15min at 25°C; these treated thy- 
lakoids were centrifuged and washed twice with buffer and resuspended to 
a chlorophyll concentration of 5/ag/ml (see ref. 5); or (b) 2 mM NH2OH was 
added to thylakoids as in (a) except that the treatment was in complete 
darkness. 

The effectiveness of 2mM NH2OH treatment was tested by measuring, 
under saturating continuous illumination, the rate of oxygen evolution 
with ferricyanide as an electron acceptor, using a Yellow Springs Instrument 
Clark electrode and a Model 53 oxygen monitoring system. 

The apparatus used for measuring/as DLE has been described elsewhere 
[19, 20]. Measurements were made after a single saturating 10ns nitrogen 
laser pulse (X, 337nm). Various preillumination conditions are indicated in 
the Results. 

The protocol of Zankel [38] was followed for measurements of the 
quantum yield of DLE ((I~DLE). This is essentially a comparison of the light 
emitted as DLE to that emitted as fluorescence in the presence of diuron 
during the time it takes one quantum to arrive per reaction center. The 
chlorophyll a fluorescence rise measurement, needed for the ~DI~E cal- 
culation, was made by replacing the nitrogen laser with light from an in- 
candescent lamp passed through a 2-inch water Nter, a Coming CS 4-96 
glasss filter and a camera shutter. The intensity of this continuous broad- 
band blue excitation was 1.5mWcm -2 incident at the sample. As required 
for determining ~DLE, all experimental conditions, except the excitation 
source, were kept identical for both DLE and chlorophyll a fluorescence 
measurements. 

For experiments in which silicomolybdate was present, the following 
protocol was used: (a) chloroplasts were illuminated for 10s either with 
the nitrogen laser at a flash rate of 32Hz or with continuous illumination; 
(b) during this illumination, either silicomolybdate or ferricyanide was 
added, followed by the addition of diuron; and (c) after 1 min dark adap- 
tation, a single laser flash was given followed by measurements of the DLE 
decay. This particular procedure for the use of silicomolybdate was followed 
because it was reported earlier [39] that silicomolybdate accepted electrons 
before the diuron block most efficiently when it was added in the light 
prior to diuron. For measuring electron flow in these samples, a Clark oxygen 
electrode (described above) was used. 

Recrystallized NH2OH was used in this work, and the pH of its solution 
was adjusted to a value of 7.8 at 25°C. Fresh solutions of NH2OH were 
prepared on the day of the experiment. Silicomolybdate obtained from 
K & K Laboratories was dissolved in warm water and filtered before use. 
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Results 

Treatment of  thylakoids under i l lumination with 2 mM NH2OH (6.6 NH2OH 
per chlorophyll)  destroys oxygen evolution and inhibits electron donation 
by NH2OH to photosystem II [5] .  To test the effects of  the NH2OH treat- 
ment  under il lumination on electron flow in photosystem II, the chloro- 
phyU a fluorescence transient under continuous illumination with diuron 
present was measured [29] .  Treatment under i l lumination almost completely 
eliminated the fluorescence rise a n d  thus photosystem II electron flow. 
Oxygen evolution was entirely stopped (data not  shown), so the very low 
level of  residual electron flow must be due to endogenous donors. Addit ion 
of  1 mM NH2OH (200 NH~OH per ch lorophyl l ) res to red  a small amount  
of  the fluorescence transient in these samples (Fig. 1). This indicates that  
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Figure 1. Chlorophyll a fluorescence rise as a function of time of continuous illumi- 
nation. Thylakoids received pretreatments as indicated and were dark adapted for 
10 min prior to the measurement. Diuron was present at a concentration of 4 #M, and 
NH2OH when present was at a concentration of lmM. The shutter was opened and 
the change in fluorescence intensity was continuously monitored. Thylakoids were 
at a chlorophyll concentration of 5 #g/ml 
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NH2OH acted as an inefficient electron donor to photosystem II in this 
sample. The decay of DLE is shown as a semi-logarithmic plot in Figure 
2 and in terms of  exponential lifetimes and amplitudes in Table 1, line 2. 
The rapidly decaying component with r ~ 10~s is not significantly changed 
by NH2OH treatment in the light, but a slower component of  52~s lifetime 
in the control is enhanced by over four fold and now decays with a lifetime 
of  77/~s. Also, the yield of  DLE, represented by the area under the decay 
curve, is increased by 3.5 fold. 

Since a high level of  DLE is indicative of  blocked electron flow from Z 
+ 

to Peso, the effects of  various photosystem II electron donors (MnC12, 
reduced benzidine, reduced phenylenediamine and diphenylcarbazide) on 
DLE were studied to determine if any of  them donated electrons to P~a0. 
MnC12 partially reversed the effects of  NH2OH, and the other electron 
donors were unable to significantly reverse the effects of  NH2OH (in light) 
on DLE (see lines 3 - 6  o f  Table 1). 

N H  O H  in l ight  2 
5.0 

2.0 ~ : ~  

~- ontrol 
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0 ,1  I I I I t , 
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Figure 2. Plot of delayed light emission for 6 to 100~ts after a single 10ns excitation 
following 5 min dark adaptation. Decays are shown for control Alaska pea thylakoids 
( o - - o - - o )  and those treated with 2raM NH2OH per 300/~g chlorophyll/ml in the 
light for 15 min (u- -n- -u) .  The NH2OH was then washed out and the delayed light 
measurements were made on samples having a chlorophyll concentration of 5 gg/ml 
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Table 1. Decay characteristics of delayed light emission in the 6-100gs range standard 
graphical procedures were applied to semilog plots of delayed light emission decays to 
calculate amplitudes (c0 and lifetimes (r). Various components are extrapolated to zero 
time, and component amplitudes have been put on the same scale and are given in 
relative units, r values are given in microseconds. Typical measurement errors are given 
as +- one standard deviation unit. The areas under the curve are normalized to one for the 
control sample. Alaska pea chloroplasts at a chlorophyll concentration of 5 ~g/ml were 
used, and specific treatment procedures are given in Materials and methods 

Line Sample conditions % rl ,  gs % %,/~s Area 

1 Control 8.5 
2 Treated with 2 mM 6.5 -+ 0.6 

NH2OH in light 
3 Treated with 2 mM 6.4 

NH2OH in light plus 
10 #M MnC12 

4 Treated with 2 mM 7.1 
NH2OH in light plus 
1 mM ascorbate and 
10 ~zM benzidine 

5 Treated with 2 mM 7.0 
NH2OH in light plus 
1 mM ascorbate and 
10 gM phenylenediamine 

6 Treated with 2 mM 6.0 
NH2OH in light plus 
1 mM diphenyl carbazide 

7 Treated with 2 mM 6.9 
NH2OH in dark 

8 Treated with 2 mM 7.8 
NH2OH in dark plus 
i mM NH2OH 

10 1.5 52 1.0 
10-+1 6.5+-0.6 77+-7 3.5 

12 5.6 64 2.7 

10 6.0 81 3.5 

9 5.8 81 3.3 

10 6.4 67 3.0 

10 5.8 67 2.8 

9 5.2 58 2.3 

In thylakoids treated with 2mM NH2OH in darkness, the fluorescence 

transient under continuous illumination is restored to a large extent when 

1 mM NH2OH is added (Fig. 1). Thus, under these conditions, NH2OH 

can donate electrons to the photosystem II reaction center. 

Treatment with NH2OH in the dark produces changes in DLE decay 
similar to NH2OH treatment under illumination. The 10/~s component  is 

not  significantly changed, but the slower decay component is enhanced, 
as is the yield of DLE. However, here the presence of 1 mM NHeOH as an 
electron donor causes small decreases in the amplitude of the slow component  
and in the yield of DLE (see Fig. 3 and lines 7 and 8 of Table 1). This 

corresponds with NH2OH acting as a donor and causing a partial reversal 
of effects of NH2OH dark-treatment. 

Elimination of the NH20H enhancement of  DLE. Treatment of thylakoids 
in the light or dark with 2 mM NH2OH results in a significant enhancement 
of DLE (Figs. 2 and 3, Table 1). If 0.1/IM diuron (1 diuron per 50 chloro- 
phyll) is added to samples treated with 2raM NH2OH in e i ther  the 
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Figure 3. Plot of delayed light emission for 6 to 100#s after a single flash following 
5 rain dark adaptation. Decays are shown from thylakoids treated with 2 mM NH~OH 
per 300#g chlorophyll/ml for 15 min in the dark. The NH2OH was washed out and the 
delayed light measurements were made on samples having a chlorophyll concentration 
of 5 #g/ml with (zx__zx__zx) or without ( u - - u - - u )  1 mM NH2OH added as an electron 
donor and control ( o - - o - - o )  

dark or the light, and if these samples are preilluminated with saturating 
continuous white light for 2 min (solid squares, Fig. 4), or with 2 or more 
flashes of laser light (see below), then the NH2OH-induced enhancement of 
DLE is eliminated. This preillumination effect on the NH2OH-treated samples 
occurs only if diuron is present. (For the loss of DLE in the millisecond and 
second ranges i n samples having both NH~OH and diuron present, see refs. 
3, 29, 34.) This effect was further characterized by observing the rate of 
onset, of the preillumination effect. We measured DLE intensity at 60#s 
after an excitation pulse following preillumination of the sample for various 
lengths of time, with bursts of excitation laser pulses given at a frequency 
of 32Hz (Fig. 5). Samples treated with 2mM NH2OH in the dark show an 
onset of the preillumination effect with a r 1/2 of 2.2s, which is accelerated 
(r 1/2 = 0.8s) by the addition of 1 mM NH2OH. The rate of onset of the 
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Figure 4. Plot of delayed light emission for 6 to 100#s after one or two flashes in 
Alaska pea thylakoids treated as indicated in the legend of Fig. 2. The various sample 
conditions are as follows: control plus 0.1/~M diuron and decay after a single flash 
( o - - o - - o )  and after a second flash given 66ms after the first (A__zx__zx); treated 
with NH~OH in the light plus 0.1 t~M diuron (cj__~__n), preilluminated for 2 min 
in saturating continuous light and the decay after a single flash (D-- tJ - -=)  

prefllumination effect in thylakoids treated with 2mM NH2OH in the light 
(also shown in Fig. 5) is slower (r 1/2 = 5 s) and unaltered by the addition 
of 10pM MnC12 or 1 mM NH2OH (data not shown). The more rapid onset 
of preillumination inhibition of DLE in samples treated with NH2OH in the 
dark is consistent with the higher rates of  electron flow to the reaction center 
of these types of samples, which was observed in Figure 1. The elimination 
of the enhancement of  DLE by preillumination is not reversed even in samples 
kept in darkness for as long as 2 h at room temperature. 

A residual amount of DLE remains however, even after many minutes of 
preillumination, and is of comparable amplitude to that seen in control 
samples on the first flash with diuron present. This residual DLE signal 
is not artifactual since it can be completely eliminated by heating thylakoids 
for 10 min at 100 °C. The ratios of emission at 686 nm (mostly from photo- 
system II) to that at 715nm from both photosystem I and II appear to be 
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Figure 5. The intensity of delayed light emission at 60 ~s after a single flash in Alaska 
pea thylakoids following preillumination with the excitation laser operating at 32 Hz. 
The samples are as follows: treated with NH2OH in the light as in the legend of Fig. 2, 
plus 0.1 #M diuron (o - -o - - e ) ;  treated with NH2OH in the dark as in the legend of 
Fig. 3 plus 0.1~M diuron (D--[]--D) and plus 0.1#M diuron and lmM NH2OH 
( a - - a - - a )  

the same for both the residual DLE (see above) and for 2 m~l NH2OH-treated 
thylakoids. Thus, the source of  emission seems to be from the same photo- 
system, which is believed to be photosystem II. 

In control thylakoids treated with 0.1 gM diuron, the halftime of  the Q- 
oxidation rate, monitored by following the decay in Chl a fluorescence yield 
after a single excitation flash, is 1.0 + 0.3 s (upper curve, Fig. 6). Therefore, 
if two flashes are given with a time separation of  much less than 1 s, the 
reaction centers will be in the closed form P6aoQ- at the time the second 
flash is given. As the delay time between the first and second flashes is 
decreased from ~ 2 s  to ~ 130ms, the DLE intensity at 60/~s after the 
second flash decreases to about 70% of  that occurring after the first flash 
(lower curve, Fig. 6). After the second flash, the level of  DLE returns to 
the first flash level with a recovery halftime of  0.7 -+ 0.4 s (lower curve, Fig. 
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Figure 6. The delayed light emission intensity at 60#s after the first flash (DLE~) and 
the second flash (DLE~) are plotted as 

DLE 1 -- DLE 2 

DLE 1 

versus the time between the first and second flash. The chlorophyll a maximum fluor- 
escence yield, Of (max), constant fluorescence yield, ~o, and fluorescence yield, ~f(td) 
at time td, after the first excitation are plotted as 

epf(max) -- egf(td) 

• f(max) -- ¢o 

versus the delay time between the first excitation flash and a second weak analytic 
flash. Samples were Alaska pea thylakoids at a chlorophyll concentration of 5 #g/ml 

6), which is about  the same (in view of  the errors) as the Q-  oxidat ion as 
indicated by  the fluorescence yield decay. So again, a large a m o u n t  of  residual 
DLE is observed under  condi t ions  when the reaction center  is in a state 

(P680Q-) that  is closed to normal  photochemis t ry .  
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Figure 7. Plot of delayed light emission in the 6-100~s time range after a single ex- 
citation flash following 1 min dark adaptation. Thylakoids were at a chlorophyll con- 
centration of 5~zg/ml in the following media: 100mM KC1, 5mM MgC12 and 20mM 
Tricine at pH 8.1. Decays are shown for thylakoids treated as in Methods with 
( o - - o - - o ) ,  0.5 ~M diuron and 0.5 mM ferricyanide (FeCN); (A--A--a) ,  0.5/~M diuron 
+3~M silicomolybdate (SiMo); ( o - - o - - o ) ,  0.5#M diuron + 50#M SiMo; and 
(A- -AIA) ,  0.5/~M diuron + 3~m SiMo and illuminated for 1 min with saturating 
light 

Inhibition of  12s DLE by silicomolybdate. Figure 7 shows that with diuron 
and ferricyanide present, DLE is high; however, with diuron and 3/~m 
silicomolybdate (0.6 si l icomolybdate per chlorophyll)  added, the gs DLE 
is reduced to the value of  the control  (-dinron), as expected. Higher con- 
centrations of  sil icomotybdate (50/~M) cause a further reduction of  DLE. 
This is believed to be due to nonspecific quenching of  quantum yield, since 
the Fo (dark level) of  fluorescence is also reduced. In samples having diuron 
and sil icomolybdate present, initial electron flow rate through photosystem 
II, determined by  oxygen evolution rate within 5 s of  illumination, was 60% 
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larger than the rate observed in thylakoids having only ferricyanide present. 
With 0.5 pM diuron and 3 #M silicomolybdate present, the DLE is enhanced 
by illuminating the sample for 1 rain in saturating light (Fig. 7). This corres- 
ponds with the short-lived ability of silicomolybdate to accept electrons from 
Q- in continuous light [39]. The nonspecific inhibitory effect of 50/IM 
silicomolybdate on DLE, noted above, is large and it cannot be reversed 
by illumination of the sample with continuous light. 

Quantum yield of delayed light emission. As described in Materials and 
methods, a procedure similar to that used by Zankel [38] was followed 
to estimate the number of quanta emitted as DLE per quantum reaching 
a photosystem II reaction center. These yields were determined for all DLE 
decay components observed in the 6-400~s range and extrapolated back 
to zero time. These are not total yields, because any components observable 
only at times less than 6/as have not been included. The error caused by 
truncating the area under the curve after 400/~s will be only a few per cent 
due to the very low level of DLE in the ms and s range. For control chloro- 
plasts, the DLE quantum yield (q~DLE) is 3.1 X 10 -4 and for 2mM NH2OH- 
treated samples with diuron present, but not preilluminated, it is 1.1 x 10 -3 . 
Both of these values for ~Dr.E are significantly lower than the Chl a fluores- 
cence yield (q~f) of 2.5 x 10 -2 reported for low light intensity illumination 
[231. 

Discussion 

The main new observations in this paper are: (a) differences in the/~s DLE 
behavior in thylakoids treated with 2raM NH2OH in light or in darkness; 
(b) the decrease in/~s DLE with silicomolybdate is added to the thylakoids; 
and (c) the presence of residual DLE in thylakoids containing both NH2OH 
and diuron used to apparently close the reaction center II. 

Hydroxylamine effects in light and dark. The increase in the yield (Table 1 
area values; Fig. 2) upon NH2OH treatment is well known [25] and easily 
explained by a block in electron flow from Z to P~8o, thus increasing the 
latter's concentration, a component needed for DLE [15, 26]. The increase 
is in a 50 ~s DLE component. This component may reflect charge stabiliza- 
tion on the heterogeneous electron acceptor side of photosystem II [6, 17, 
28], since NH2OH is known to block reactions on the donor side [7, 8]. 
However, evidence exists [7] that novel donor properties occur in reaction 
centers in which oxygen evolution has been eliminated. A donor referred to 
as D is known to donate electrons with a lifetime of approximately 30/~s, 
which is too fast to account for the DLE component observed here. After 
NH2OH treatment in light, none of the electron donors used (MnC12, diphenyl 
carbazide, reduced benzidine, and reduced phenyldiamine) restored /Is 
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DLE to the control value (Table 1), suggesting that this treatment produces 
an efficient block between Z and P6so that cannot be overcome by these 
donors, i.e., these donors do not donate electrons to P2so [see also refs. 
19, 21, 32]; in contrast, Mn 2+ has been suggested to donate electrons to 
P~8o under other conditions [2]. After NH2OH treatment in darkness, 
a block between Z and P68o is produced, and this block is partially overcome 
by added NH2OH (Figs. 1 and 3 ; Table 1), i.e., the latter acts as an electron 
donor as already known for Chlorella [7, 8]. 

Silicomolybdate effect. /~s DLE is greatly inhibited when a silicomolybdate 
plus diuron sample is compared with that with diuron only, the former 
having the ability to evolve 02 just like a control sample [39]. Furthermore, 
when silicomolybdate action is stopped by 1 rain postillumination,/~s DLE 
approaches that of the diuron sample. These results are consistent with the 
hypothesis that when concentration of the second component Q- needed 
for DLE is decreased, DLE also decreases. 

The earlier work by Mohanty et al. [30] showed that millisecond DLE 
from chloroplasts containing diuron was enhanced when silicomolybdate 
was added. This result, which apparently contradicts the data presented 
in Figure 7, is due to the phosphoroscopic method used by Mohanty et 
al.to measure DLE. The presence of diuron inhibits DLE due to the build 
up of closed (ZPQ-) reaction centers under the multiple phosphoroscopic- 
illumination. The addition of silicomolybdate relieves this diuron inhibition 
and enhances DLE by a greater amount than any inhibitory effect due to 
silicomolybdate competition for Q-. Thus, the effect observed here after a 
single flash in dark-adapted thylakoids is masked when DLE is measured by 
the phosphoroscope method. It should also be noted that NH2OH treatment 
uncouples chloroplasts [5], so differences between single and multi-excitation 
experiments cannot be explained by a build up in membrane potential or 
pH gradient. 

The residual delayed light emission. If microsecond DLE is due to P~soQ- 
recombination, then conditions that cause the photosystem II reaction center 
to be in a closed state (P680Q-) should also result in inhibition of DLE. In 
our experiments, the P680Q- state was brought about by adding diuron to 
block Q- decay by electron flow to the intersystem electron carrier pool 
(A) and by giving a second flash rapidly enough so that Q- oxidation by 
any other pathway(s) remains small. However, even with a second flash 
given as rapidly as 133 ms after the first flash, approximately 70% of DLE 
remains and the 30% drop in DLE disappears at approximately the same 
rate as Q- becomes reoxidized (Fig. 6). This recovery time agrees well with 
earlier results [38] ; however, a residual amount of DLE with a rapid second 
flash was not reported earlier. On the third and succeeding flash, the level 
of DLE remains the same as on the second flash. We believe this residual 
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DLE is the result of charge separation taking place at photosystem II even 
though Q is reduced. A photoreaction can take place under these conditions 
if a second acceptor, Xa, which has been postulated [11], exists. Then 
this residual DLE will be due to the recombination of P~8o and X2. 

In NH2OH-treated samples, the reaction centers could be put in the 
closed form P68oQ- by having diuron present and preilluminating the sample. 
The rate at which centers become closed, of course, depends upon the ten- 
dency for electrons to pass through the NH2OH block from Z to P~8o. The 
completeness of NH2OH block is reflected in the time taken for reaction 
center to become closed, as indicated by inhibition of DLE. From Figures 1 
and 5, it is apparent that NH2OH treatment in the light does not completely 

+ 
block electron flow to P68o, but the block is much more effective than that 
occurring for NH~OH treatment in the dark. A residual amount of DLE is 
found even after long periods of preillumination, which should put all reaction 
centers in the dosed P68oQ- state. The amount of residual DLE is small 
compared to that from non-preilluminated samples treated with NH2OH 
and dinron, but the amount of residual DLE is comparable to that found 
in samples with just diuron present (Fig. 4). There are several nonmutually 
exclusive origins for DLE when both NH2OH and diuron are added and the 
sample is preilluminated: (a) An electron carrier may exist prior to Q, and 
DLE may occur from the recombination of oxidized P680 and the reduced 
carrier even though electron flow to P680 and electron flow out of Q- is 
blocked. There are many reports in the literature of additional acceptors 
besides Q [11, 14, 18, 36]. Indeed, pheophytin (Ph) has been implicated 
as an active participant in photosystem II charge separation [22], but DLE 
emission from P~aoPh- appears with nanosecond not microsecond kinetics. 
(b) Residual DLE may arise from a presumably small subpopulation of 
reaction centers, which are capable of undergoing a rapid electron cycle 
around photosystem II. This cycling will be caused by a participation of 
various donors operating near photosystem II reaction centers. (c) A special 
case of this type could occur if photosystem II kinetics were dependent on 
the density of closed centers [27]. Thus the occurrence of DLE, after the 
first flash, causes opening of reaction centers, but its rate may be faster 
after the second and succeeding flashes (or preillumination) because of 
the presence of closed reaction centers in the P~8oQ- state. An equilibrium 
is reached with a population of both open and closed reaction center II 
complexes, which gives rise to residual DLE. (d) This residual DLE may have 
a separate origin: triplet-triplet annihilation [34] or electron-hole recombina- 
tion [1]. At present, we believe the best explanation for residual DLE is 
the existence of another aeceptor besides Q that partakes in charge separa- 
tion and rapid dissipative recombination when the reaction center is in the 
P~aoQ- state. 

Quantum yield of delayed light emission. The quantum yield of DLE (q~DLE) 
of 3 X 10 -4 for decay components beginning at 6/~s after the flash, as ex- 
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pected,  is larger than the 1 x 10 -4 value Zankel [38] obtained for the 50/~s 
lifetime decay component .  In Chlorella, a ~ 1 ps delayed light emission com- 

ponent  has been reported [33] .  I f  we normalize the aerobic Chlorella delayed 

light emission signal to that from thylakoids at 10ps, then we find the 

q~DLE contr ibuted by the faster component  extrapolated to zero time is 
9 x 10 -s .  Thus, the total  eeDLE may  be about  5 x 10 -4. Ruby [31] measured 
DLE in the 1 - 7 0 0  ms time range after a single flash in Chlorella and found 
~DLE for ms DLE to be 10 -s . Similar measurements after a single flash 
in the 1 . 5 m s - 3 0 s  range with spinach chloroplasts [35] gave a value of  
4 x 10 -7 for qSDL E. Our value for ~DLE in samples treated with NH2OH 
in the light and having diuron present (but  not  preilluminated),  so that  all 
charge stabilization reactions have been inhibited, is about 4% of  the Chl 
a fluorescence yield. This indicates that  under condit ions that  will maximize 
the charge recombinat ion back reaction, more than 90% Of the recombina- 
tional energy is unobserved. Since components  with lifetimes smaller than 
10ps do not  exist with NH2OH present [36] ,  this must be due mainly to 
a large port ion of  the recombinational  energy being dissipated by nonradia- 
tive pathways. 

Acknowledgement 

This research was supported by a 1980 Biomedical Research grant (PHS 
2S07RR07030-15).  We are very appreciative of  fruitful discussions with 

Dr. C. Wraight concerning this work. 

References 

1. Arnold W (1976) Path of electrons in photosynthesis. Proc Naff Acad Sci USA 
73:4502-4505. 

2. Babcock GT and Sauer K (1975) Two electron donation sites for exogenous red- 
uctants in chloroplast photosystem II. Biochem Biophys Acta 396:48-62. 

3. Bennoun P (1970) R~oxydation du quencher de fluorescence 'Q' en presence 
de DCMU. Biochim Biophys Acta 216:357-363. 

4. Buffer WL (1972) The relationship between P-680 and C-550. Biophysical 
J 12:851-857. 

5. Cheniae GM and Martin IF (1971) Effects of hydroxylamine on photosystem 
II. I. Factor affecting the decay of 02 evolution. Plant Physio147:568-575. 

6. Cramer WA and Butler WL (1969) Potentiometric titration of the fluorescence 
yield of spinach chloroplasts. Biochim Biophys Acta 172:503-510. 

7. Den Haan GA et al (1974) Fluorescence yield kinetics in the microsecond range 
in Chlorella pyrenoidosa and spinach chloroplasts in the presence of hydroxyla- 
mine. Biochim Biophys Acta 368:409-421. 

8. Den Haan GA et al (1976) Correlation between flash-induced oxygen evolution 
and fluorescence yield kinetics in the 0 to 16 ~s range in Chlorella pyrenoidosa 
during incubation with hydroxylamine. Biochim Biophys Acta 430:265-281. 

9. Duysens LNM and Sweers HE (1963) Mechanism of two photochemical reactions 
in algae as studied by fluorescence. In Japan Society of Plant Physiology, eds. 
Studies in Mieroalgae and Photosynthetic Bacteria, pp 353-372. Tokyo, Univ. 
of Tokyo Press. 



176 

10. Duysens, LNM et al (1974) Rapid reactions of photosystem II as studied by the 
kinetics of the fluorescence and luminescence of chlorophyll a in Chlorella 
pyrenoiclosa. In Avron M, ed. Proceedings of the Third International Congress 
on Photosynthesis, pp 1-12.  The Netherlands, Elsevier Scientific Publishing 
Company. 

11. Eckert HJ and Renger G (1980) Photochemistry of the reaction centers of system 
II under repetitive flash group excitation in isolated chloroplasts. Photochem 
Photobiol 31:501-511.  

12. Floyd RA et al (1971) Low temperature photo-induced reactions in green leaves 
and chloroplasts. Biochim Biophys Acta 226:103-112.  

13. Giaquinta RT et al (1974) Photophosphorylation not coupled to DCMU-insensitive 
photosystem II oxygen evolution. Biochem Biophys Res Commun 59:985-991.  

14. Glaser M e t  al (1976) Indirect evidence for a very fast recovery kinetics of chloro- 
phyll-aIl in spinach chloroplasts. Z Naturforsch 31c:712-721.  

15. Govindjee and Jursinic P (1979) Photosynthesis and fast changes in light emission 
by green plants. In Smith KC, ed. Photochemical and Photobiological Reviews, 
Vol 4, pp. 125-205.  New York, Plenum Press. 

16. Haveman J and Lavorel J (1975) Identification of the 120#s phase in the decay 
of delayed fluorescence in spinach chloroplasts and subchloroplast particles as 
the intrinsic back reaction. The dependence of the level of this phase on the thy- 
lakoid internal pH. Biochim Biophys Acta 408:269-283.  

17. Joliot P and Joliot A (1972) Studies on the quenching properties of photosystem 
II electron acceptor. In Forti G e t  al., eds. Proceedings of the Second International 
Congress on Photosynthesis Research, pp. 26-38 .  The Hague, Junk. 

18. Joliot P and Joliot A (1981) A photosystem II electron acceptor which is not a 
plastoquinone. FEBS Lett 134:155-158.  

19. Jursinie P and Govindjee (1977) The rise in chlorophyll a fluorescence yield and 
decay in delayed light emission in tris-washed chloroplasts in the 6 - 1 0 0 # s  time 
range after an excitation flash. Biochim Biophys Acta 461:253-267. 

20. Jursinic P et al (1976) A major site of bicarbonate effect in system II reaction 
evidence from ESR signal II.d, fast fluorescence yield changes and delayed fight 
emission. Biochim Biophys Acta 440:322-330.  

'21.  Kimimura M and Katoh S (1972) Studies on electron transport associated with 
photosystem I. I. Functional site of plastocyanin: Inhibitory effects of HgC12 
on electron transport and plastocyanin in chloroplasts. Plant Cell Physiol 13 :287-  
296. 

22. Klimov VV et al (1978) Measurement of activation energy and lifetime of fluores- 
cence of PS II chlorophyll. Doklady Akademii Nauk SSSR 242:1204-1207.  

23. Latimer P e t  al (1957) The absolute quantum yield of fluorescence of photo- 
synthetically active pigment. In Gaffron H e t  al., eds. Research in Photosynthesis, 
pp. 107-112.  New York, Wiley Interscience. 

24. Lavorel J (1969) On a relation between fluorescence and luminescence in photo- 
synthetic systems. Prog Photosynth. Res 2:883-898.  

25. Lavorel J (1973) Kinetics of luminescence in the 10 -6 to 10 -4 s range in Chlorella. 
Biochim Biophys Acta 325:213-229.  

26. Lavorel J (1975) Luminescence. In Govindjee, ed. Bioenergetics of photosynthesis, 
pp. 223-317.  New York, Academic Press. 

27. Mar T and Roy G (1974) A kinetic model of the primary back reaction in photo- 
synthesis of green plants. J. Theor Bio148:257-281.  

28. Melis A and Homann PH (1976) Heterogeneity of the photochemical centers in 
system II of chloroplasts. Photochem Photobiol 23:343-350.  

29. Mohanty P e t  al (1971) Action of hydroxylamine in the red alga Porphyridium 
cruentum. Biochem Biophys Acta 253: 213-221.  

30. Mohanty P et al (1980) Further characterization of a photosystem II particle 
isolated from spinach chloroplasts by triton treatment. Delayed light emission. 
Biochim Biophys Acta 545:285-295.  

31. Ruby RH (1968) Delayed fluorescence in photosynthetic materials: Transient 
response to pulsed fight in Chlorella. Photochem Photobiol 8 :299-308.  

32. Schmid GH et al (1976) Effect of an antiserum to a thylakoid membrane poly- 
peptide on the primary photoreaction of photosystem II. Z Naturforsch 31c :594-  
600. 



177 

33. Sonneveld A e t  al (1979) Chlorophyll a fluorescence as a monitor of nanosecond 
reduction of the photooxidized primary donor P~80 of photosystem II. Biochim 
Biophys Acta 548:536-551.  

34. Stacy WT et al (1971) An analysis of a triplet exeiton model for the delayed light 
in Chlorella. Photochem Photobiol 14:197-219.  

35. Toltin G e t  al (1958) Delayed light emission in green plant materials: Temperature- 
dependence and quantum yield. Proc Natl Acad Sci USA 44:1035-1047.  

36. Van Best JA and Duysens LNM (1979) A one microsecond component of chloro- 
phyll luminescence suggesting a primaxy acceptor of system 2 of photosynthesis 
different than Q. Biochim Biophys Acta 459:187-206.  

37. Van Gorkom HJ and Donze M (1973) Charge accumulation in the reaction center 
of photosystem 2. Photochem Photobiol 17: 333 -  342. 

38. Zankel KL (1971) Rapid delayed luminescence from chloroplasts: Kinetic analysis 
of components; the relationship to the 02 evolving system. 245:373-385.  

39. Zilinskas BA and Govindjee (1975) Silicomolybdate and silicotungstate mediated 
dichlorophenyl-dimethylurea-insensitive photosystem II reaction: Electron flow, 
chlorophyll a fluorescence and delayed light emission changes. Biochim Biophys 
Acta 387:306-319.  


