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SUMMARY

The decay of luminescence in the 6-600-us range following a microsecond
flash has been studied in Chlorella. The decay is highly polyphasic; three kinetic
components are outlined, in confirmation of the results of K. L. Zankel (1971, Bio-
chim. Biophys. Acta 245, 373-385).

Extrapolation of the decay to zero dark time suggests that a unique metastable
species CT, resulting from photochemical charge separation in the System II
reaction center, is the substrate of the recombination reaction which gives rise to
luminescence.

The fast (5-10 us) and medium (50-70 us) phases of the decay denote different
stabilization steps, preceding relaxation of the centers by electron and proton trans-
duction to the photosynthetic chain.

NH,OH specifically inhibits the fast phase and enhances the medium phase.
This effect is explained by assuming that the fast phase results from electron transfer
from the water splitting system Z to the oxidized primary donor Y.

3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU), in the presence of NH,OH
elicits another fast phase. It is believed that DCMU affords a parasitic stabilization
of C by forming a complex with Q~.

INTRODUCTION

This study was primarily undertaken in the aim of investigating on a possible
delay between light excitation and the onset of luminescence (or delayed light)
emission in the System II part of the photosynthetic apparatus. Following the re-
combination hypothesis'-?, quantum conversion and luminescence are expressed
as follows:

hv — e (12)
Ctep—CT (1b)
C;—>C+e (2a)
g = hv' (2b)

Quantum conversion results from creation of “fluorescence™ excitons (gg)

Abbreviation: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.
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when light is absorbed by the “‘collector” chlorophyll molecules of the photosyn-
thetic unit (Eqn la), followed by trapping of e; by the photoactive reaction center
(C) and conversion of the latter into its non-photoactive form (C}) (Eqn 1b).
The symbol C7, implies that, once they are separated by the photochemical act,
the + and — charges exist for a while as a metastable, dipole-like pair. C; may be
taken as equivalent to the conventional symbol Z—*YChl Q™ as used in Eqn 5 below.
Inversely, luminescence results from recombination of charges within the photo-
electric dipole C7, with conversion of its energy into a “‘luminescence” exciton
(¢r) (Eqn 2a), followed by the radiative decay of ¢ in the collector of the photo-
synthetic unit (Eqn 2b). C7 is thus the primary substrate of luminescence. Study
of the kinetics of luminescence at very short times (¢,) following a pulse of actinic
light is likely to yield evidence on the formation and disappearance of C,. The
above description of the primary events in the System Il apparatus admittedly is
schematic and incomplete; its purpose is to stress the opposite, almost symmetrical
character of quantum conversion and luminescence.

Formation of C is certainly not a one-step process (as expressed by Eqn 1b),
since it includes at least the electronic excitation of the reaction center chlorophyll
and transfer of charge to one partner (primary acceptor or primary donor). Fluor-
escence lifetime measurements in the photoactive O state® indicate that the minimum
formation time of C7 is of the order of 0.4 ns. Study of these minimum steps by
luminescence kinetics is out of question in this ¢, range due to the presence of very
great fluorescence signal. More generally, formation of C_ might occur through
several steps:

CHe—->C;»C,—>--=C] 3)

The latter scheme would seem to be contrary to the essence of the recombination
hypothesis which rather requires that C be the earliest metastable state following
quantum conversion, if it is to recombine without having to cross an activation
barrier of excessive height. For the sake of completeness, however, this scheme
must be considered. It predicts that, provided that the duration # of the actinic
flash is shorter than the total lifetime of the process from C to C, in Eqn 3, the
luminescence signal L must rise to a transient maximum before decaying. This ques-
tion was implicitly raised when Arnold and Davidson* conjectured that extrapolation
of L to very short #, could reach a sizable fraction of the prompt fluorescence signal
F. When the present study was started, little data had been obtained under experi-
mental conditions likely to permit observation of the transient maximum of L. Zankel®
had studied luminescence excited with electronic flashes, but he could only monitor
the signal beyond 7, 50 us. While the present study was being completed, Haug
et al.® published decay curves starting at #; & 100 ns, they demonstrated in a clearcut
way that the fastest kinetic component of luminescence seen under their experimental
conditions was altogether distinct in amplitude and lifetime from “prompt” fluor-
escence. However, since these authors used the phosphoroscope method with rather
long actinic pulses (f,=1 ms), their results were unlikely to exhibit the hypothetical
delay in the formation of C7.

The results to be presented here show that no delay exceeding a few micro-
seconds is detectable when using microsecond flashes. Meanwhile, under such
flashing light conditions the decay of L, monitored from 6 us to a few 100 us, displays
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several fast phases (essentially confirming Zankel’s results); they are modified in
a significant manner in the presence of NH,OH and (or) 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), and under other experimental conditions. It is shown
that this kinetic behavior is best discussed in connexion with two classes of events
(stabilization and relaxation) which are part of the overall process of transduction
of electrons and protons through the photosynthetic chain.

MATERIALS AND METHODS

Algae (Chlorella pyrenoidosa, Chick, Emerson strain) were cultivated and
harvested as described previously’. They were used at an equivalent chlorophyll
concentration of 25-50 ug-ml~! at room temperature (20 °C), either in their culture
medium or in 0.05 M phosphate buffer (pH 6.5). In some cases, H,O in the buffer
was replaced by ?H,0. For the high-NH,OH-pretreated samples, the algae were
incubated in the presence of 1072 M NH,OH for 0.5 h in darkness, then whashed
4 times by centrifugation and suspension in fresh culture medium.

Luminescence was monitored as previously described®, except for the following
details. The light source was a pulsed xenon laser (TRW Instruments, Model 83 X R)
delivering flashes of 0.3-us duration and power of 250 W at half-height. 759, of the
light energy was concentrated in three green lines (5260, 5353, 5395 A). The flashes
were not saturating as indicated by the light curves for L (see Fig. 3) or fluorescence
intensity F. The flow system included a flat, parallel-walled (0.4-mm thickness)
quartz cell, ensuring homogeneous illumination of the algal sample. The lumin-
escence signal, in the form of amplified photoelectron puises, was stored into 200
points, with 3-us resolution, using a multichannel analyzer (Intertechnique). 10000
decays had to be averaged in order to achieve a satisfactory compression of the
statistical noise. As the photomultiplier was not turned off during the flash an artifact
resulting from the intense fluorescence of the sample was recorded during approx.
4 us; for this reason, the data has been considered reliable only for 7, > 6 us; further
correction was applied to the signal to take into account the dark count (corresponding
to dark current) and the after pulses (resulting from the strong illumination of the
photocathode by the flash). The integrated count of the correction from 6 to 600 us
was of the order of 59, of the L signal proper.

Two protocols were defined, depending on the number of flashes each algal
sample received during operation of the pulsed laser at 10 Hz:

(1) 100 flashes (in symbol, 100 *). The algal sample was standing in the illumina-
tion cell for 10 s; then, it was renewed by a single stroke (2.5 ml) of the pump
{Prominent, Type 0510);

(2) 1 flash (in symbol, 1 %). The algal suspension was continuously flown by
gravity with the pump maintaining a constant head at such a rate that each sample
in transit through the illumination cell could oniy see a single flash and that the linear
displacement of the circular illuminated sample was not more than 1%, of its diameter
during the whole time span of measurement (approx. 450 us).

RESULTS

(1) Dark-adapted or light-adapted states
In the dark-adapted state (1 %), a highly polyphasic decay is observed in the
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Fig. 1. Logarithm of luminescence intensity as a function of time (7) after the flash in Chlorella.
Each sample received one flash (1 %) and was dark adapted or preilluminated as indicated (see
text). Luminescence is expressed with the same arbitrary unit for both assays. Each recording is
the average of 10000 decays and starts at #; =6 us.

1076-10"*-s range (Fig. 1). Roughly speaking, three kinetic components may be
outlined as indicated in Table I (line 1), where the results of a semi-quantitative
analysis of decays in terms of exponential (first-order) components are given as
lifetimes 7 and amplitudes a. The large amplitude of the initial 6-us component is
noteworthy. The number of components is in agreement with Zankel’s observation
with chloroplasts®, and the 7 values are very similar. However, they are at variance
with the results of Haug ef al.®: 7 of their fastest component is =35 us (estimated
by myself). A notable difference in the experiment must be recalled: the latter authors
used rather long light pulses. Preillumination with low intensity white light —
followed by 2.5-s darkness during transfer of the sample into the illumination cell —
induces an increase of a (by a factor of about 2) (Fig. 1) and of 7, in particular for
the slowest phase (Table I, line 2). Under steady-state flashing light (100 =), the
respective values of the kinetic parameters (a and 1) of the components are not much
different from what is observed after preillumination (Table I, line 3). The effect
of light adaptation is in agreement with observations made in sequence® > or induc-
tion'®:!! experiments where L at the onset of illumination is invariably lower than
in the steady-state light condition. The present results extend this property to the
microsecond #; range.
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Fig. 2. Effect of NH2OH on the luminescence decay in Chlorella. Molar concentrations of NHsOH
as indicated. Each sample received one flash (1 ). Other conditions as in Fig. 1.

(2) Effect of NH,OH

NH,OH is known to inhibit the slow phase and enhance the fast phase of the
L decay'?. Furthermore, this poison, when acting at a low concentration, delays, by
two steps, the maximum of L'? and that of O, emission'* in sequence experiments;
at a higher concentration, it inhibits altogether O, emission and it is photooxidized
by System II in a simple one quantum process'®. It is believed that, at low concen-
tration, NH,OH forms a complex on the donor side of System II and competes
with Z for electron donation to the center'# and that, in addition at a high concen-
tration, it destroys or disconnects Z'6. The effect of several concentrations of NH,OH
on the L decay at 1 * in the 107°-10"%-s range is depicted in Fig. 2; three points
are to be noted:

(a) all decay curves extrapolate fairly well to the same intensity at £, =0;

(b) up to 107* M NH,OH, the typical three-components pattern of the decay
is essentially preserved, although with modifications: 7 of the third (slow) phase
is much increased and remarkably a of the first (fast) phase progressively decreases,
while that of the second (medium) phase becomes more and more prominent (Table I,
lines 4-7);

(c) at 107* M NH,OH a qualitative change occurs: the medium phase is
largely dominant — giving a nice first-order decay over almost two decades — the
first phase has (almost) vanished and the third one is much reduced in amplitude
(Table 1, line 8).

For high NH,OH-pretreated algae (Fig. 3), the decay at 1 % is much the same
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Fig. 3. Decay of luminescence in Chlorella pretreated with 10—2 M NH20H (see Materials and
Methods). Each sample received one flash (1 *). Luminescence is recorded at several flash inten-
sitities, in arbitrary units: B, 100; 01, 50; A, 30; and 2, 10. Insert, light curve of luminescence
intensity (Lo) extrapolated at #; =0. Other conditions as in Fig. 1.

as in the presence of the inhibitor (point ¢, above): the medium component is also
dominant with a 7 slightly shorter. In this experiment, the laser intensity was also
varied by neutral filters; it is seen that the pattern of decay is almost unaffected
(Table 1, lines 9-12). The light curve (for this initial luminescence intensity, Lg)
is of hyperbolic type, without any sign of an inflexion point (Fig. 3, insert). Clearly,
the full intensity of the laser beam was far from saturating; this point was also con-
trolled in a separate experiment by looking at the light intensity dependence of the
F signal, during the flash.

Comparison of the protocols 1 % and 100 « shows that in the presence of
107* M NH,OH, the decay preserves its simple, quasi-monophasic character, the
only difference being that 7 is shorter for the light-adapted state (100 *) than for
the dark-adapted state (1 x) (Table I, lines 13 and 14).

It is interesting to note that the characteristic quasi-monophasic pattern of
decay induced by high NH,OH concentration does not depend, once produced, on
the actual presence of the inhibitor. This fact suggests that the medium phase of
the L decay does not depend on NH,OH oxidation and that, consequently, the latter
is not a good donor.

(3) Simultaneous effect of hydroxylamine and DCMU
The effect of DCMU in the 1-100-ms ¢, range is complex; depending on the
decay phase and condition of observation, this substance may inhibit or stimulate
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luminescence (for a review, see ref. 17). In the short #, range Zankel® observed that
only the medium decay (in this case, 7=235 us) was unaffected by DCMU. The com-
bination “NH,OH--DCMU”’ was used in an interesting fashion by Bennoun!® to
show that, due to NH,OH photooxidation, the center was left in a state ZChl Q 7,
resulting in complete inhibition of luminescence and blocking of fluorescence at
the high P level (in the 0.1-10-s #; range). A different picture was seen by myself
at shorter #; using a higher concentration of NH,OH than did Bennoun: addition
of DCMU occasioned only a partial inhibition of luminescence (Lavorel, J., un-
published). This observation was confirmed and extended in the present study
(Fig. 4). When DCMU is added to the high NH,OH-treated or -pretreated sample,
a fast component reappears, followed by the same sort of medium decay, albeit
somewhat slower (Table I, lines 15 and 16). Three points are to be noted:

(a) the fast phase in the presence of DCMU extrapolates to the same initial
level L, as in the control (NH,OH-treated or pretreated);

(b) the decays are very similar, whether the sample received 1 * (Fig. 4, left)
or 100 = (Fig. 4, right), in particular as regards the order of magnitude of the am-
plitude (Table I, lines 15-18). This is in contrast with the above-mentioned experi-
ment'® where, at ¢, >20 ms, complete inhibition of luminescence was found after
several flashes;

(c) by comparison a much smaller effect of DCMU was observed in an ex-
periment without NH,OH (Table I, lines 19, 20); this evidently points to a different
significance of the fast initial phase in the control and the medium phase in the pre-
sence of NH,OH.

LUMINESGENCE (A.U)

R
[)

100 200 300 100
tL s

w?

720825 720906

Fig. 4. Effect of DCMU on luminescence decay in Chlorella pretreated with 10—2 M NH2:0H
(left) or in the presence of 10—3 M NH2OH (right). Each sample received one flash (1 *, left) or
hundred flashes (100 «, right). Note that Lo, the extrapolated medium phase at #; =0, is lower
for DCMU than for the control. Other conditions as in Fig. 1.
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(4) Effect of various treatments

The recombination hypothesis has gained much strength from the finding of
Barbieri et al.® that luminescence was partly under the control of the S states of
System II — a result essentially confirmed by Zankel® in the 10-100-us 7, range.
For this reason and also since it is known that the pH in the vicinity of the center
affects luminescence'®, substitution of 2H,O to H,0, once a fashionable tool in
the kinetic studies of photosynthesis, should deserve a renewal of interest. The effect
of H,0 on L at 1 » is shown in Fig. 5. In this experiment, the supporting medium
is a phosphate buffer (see Materials and Methods). Comparing Figs 1 and 5, one
sees that luminescence is dependent on the ionic composition of the medium — a
fact already observed by Kraan®? at longer 7, : the L decay is much faster in the
culture medium as compared to the phosphate buffer (Table I, compare lines 1 and
21). In 2H,0, the pattern of kinetic components is not much different from that in
H,0, the amplitude is larger in the whole #; range and preillumination has a lesser
effect: EL (6-600 us), i.e. the sum of light or the time integral of the L signal from
6 to 600 us, is increased by 67%, in ordinary water and by only 14%, in heavy water
(see also Table I, lines 22 and 23). This is in contrast with observations made with
about 10-ms actinic pulses (to be published) where the effect of 2H,0O is more pro-
nounced.

Recently, evidence has been presented to consider luminescence at ¢, ~1 ms

720825
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Fig. 5. Decay of luminescence in Chlorella suspended in phosphate buffer with H:O (H) or
2H20 (@, 4). Algae are dark adapted (@, @) or preilluminated (A) (see text). Each sample received
one flash (1 *). Other conditions as in Fig. 1.
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Fig. 6. Sum of light, i.e. luminescence intensity integrated from 6 us to #; in Chlorella. Log-log
plot. Each sample received hundred flashes (100 *). Lower curve, dark-adapted control; upper
curve, 10—3 M NH20H. Other conditions as in Fig. 1.

as a good index of the electric membrane potential'*>?!, In this connection, the effect
of ethanol has been tested. This substance, at low concentration, abolishes the field
indicating absorbance change at 515 nm??; it presumably is able to penetrate the cell
wall of Chlorella. In the presence of 5.7%, ethanol, the L decay of NH,OH-treated
algae is a little faster and the amplitudes lower than in the control (Table I, lines
24 and 295).

(5) Sum of light

ZL (¢, t,,) has been little considered in the literature, yet it is of much signif-
icance. Assuming a time-invariant exciton yield for the recombination reaction
(Eqn 2a), one sees that XL is proportional to the amount of C, which has dis-
appeared by the luminescence route. This measurement is severely underestimated
and its meaning uncertain if this sum is truncated, as is often the case for obvious
technical reasons. This difficulty stems from the very strong polyphasicity of the
L decay in the whole ¢ scale. The effect of truncation at ¢, (head-cut-off) is es-
pecially important from this point of view.

The function L (6 us, #;)=f (¢,) has been plotted in Fig. 6 for a high NH,OH-
treated sample and a control sample. In the former case, the decay is well completed
at #; &1 ms, whereas, in the latter case, ZL is still increasing by 40%, between 1 and
10 ms. In a separate experiment, this residual increase was found to drop to about
5% between 10 and 100 ms. Thus assuming that the normal decay is practically over
at £, ~100 ms and correcting the ZL values by extrapolation to 7, =0, one finds
that the ratio of ZL(0, oc) in the presence of NH,OH to that in the control is of the
order of 3.5. The importance of the head-cut-off effect is illustrated by the following
remark: if the analysis was limited to £, &1 ms, the conclusion would have been that
the luminescence was totally inhibited by NH,OH! Another useful conclusion from
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Fig. 6 is that approx. 509, of the luminescence is already emitted at 7, ~#50-100 us.
DISCUSSION

Some of the concepts that will be used in the following section have been pre-
sented or proposed, and discussed more thoroughly in a report which is being pu-
blished elsewhere!”.

(1) Unicity of the luminescence substrate C.

As indicated above at several places, there is reasonable evidence that the same
initial level of luminescence intensity L, is common to many experimental conditions.
One might thus conjecture that, in every circumstance, a unique species or metastable
state C, resulting from the System II photochemical charge separation, is the
substrate of the luminescence or recombination reaction (Eqn 2a). Incidentally, the
present data do not support the view (Eqn 3) that CJ is not the immediate product
of the photochemical act; at least in the microsecond range, no delay in the appearance
of luminescence was found. The postulate of the unicity of C” must be qualified in
a least two senses:

(a) CT has probably four subspecies C, (Sn) (n=1, 4) depending on the
S state of the reaction center, i.e. the number of + charges accumulated on Z (ref. 23).
The oscillations of the L sequence®® suggest that the luminescence ability of the four
subspecies increase from S; to S,:

S,<8,<S;<8S, C)

The inequalities in Eqn 4 are the consequence of the increase of electrostatic energy
of the dipole C, from S, to S, (due to accumulation of + charges on Z) and of
the resulting decrease of activation energy for recombination'”.

(b) While it is postulated that a unique species C is found at the same con-
centration at ¢, =0, under identical actinic light conditions, it does not follow that
the corresponding L, must be invariable with respect to other experimental factors.
L being the rate of the recombination reaction expressed as radiative decay, it can
be modified by several factors besides the concentration of C_. Important factors
are the activation energy for recombination, which is dependent on the electro-
osmotic state of the thylakoid membrane'?, and the fluorescence yield @ (see below,
L relation).

(2) Stabilization, relaxation and System II turnover

The significance of the fast phase of the L decay is best discussed in terms of
a general kinetic scheme which is depicted on Fig. 7. Two classes of kinetic events
must be distinguished.

Firstly, stabilization. It evidently counteracts the tendency towards recombi-
nation and loss of photochemical efficiency. C7 is the first member of this class
since it is already strongly stabilized as compared to the excited state of the reaction
center chlorophyll. Further stabilization results from depletion of C7 by several
(reversible) steps to give various species (in arbitrary number and kinetic relationship
in Fig. 7). Protonation equilibria on the Q and Z sides of the reaction center, as
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Fig. 7. General kinetic scheme of stabilization and relaxation (see text). The C’s are various forms
of the reaction center: photoactive form (C), luminescence substrate (C;), stabilized forms
(C1, Ca, Cs, Ca).

introduced by Kraan?®, are essential steps of stabilization. Other natural or “parasitic”
steps will be considered below.

Secondly, relaxation. Its effect is to restore the photoactive state C of the
reaction center; its meaning is electron and hole transduction through the carriers
of the photosynthetic chain. The complex bilateral character of relaxation (hole
to the water end, electron to the System I end) is greatly simplified in Fig. 7. The
relaxation time constant is the turnover time of System II. It cannot be defined in
a simple way, since relaxation has a periodicity of four for the + charges, whereas
it is presumably a one-step process for the — charges. One may assume that the lim-
iting process is the reoxidation of Q™ with a lifetime of the order of 0.1-1.0 ms
(ref. 24). This critical value thus separates, in the time domain, the stabilization
area from the relaxation area.

As a consequence of this analysis, the fast phases of the L decay in the 100-us
t,. range are likely to reflect several stabilization steps, since their lifetimes are dis-
tinctly shorter than the System II turnover time. It is readily understood why, in
the data of Haug er al.°, the fast phase did not show up conspicuously. The reason
is similar to that already given in the introductory part: if the duration ¢, of the actinic
pulse is much larger than the mean lifetime of stabilization, a quasi-equilibrium or
steady state is already established in the stabilization area at f; =0, when the ob-
servation begins. Note that all steps, whether of stabilization or relaxation, are
considered to be essentially reversible (except possibly for the S;—S, reaction which
yields oxygen) in order for C7 to exist, even in very small concentration, at all
t, values when a luminescence signal can be detected. Lastly, it may be noticed that,
in keeping with the definition of relaxation as the restoration of C, recombination
must also be viewed as a special type of relaxation.

(3) The fast phase (v ~5-10 us). Effect of NH,OH

Experimental evidence points to a specific action of NH,OH on the Z side
of System II (refs 14-16). We have also seen (Fig. 2) that this poison gradually sup-
pressed the fast phase of the L decay when acting at concentrations of 107°-10"* M
and that, at higher concentrations, the fast phase was irreversibly destroyed. An
explanation can be found along the following line:

Hypothesis 1. The fast phase reflects the transfer of a + charge from a primary
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donor Y (cf. ref. 18), which could be the center chlorophyll itself, to the Z water-
splitting device:

Z-*YChlQ™ = *Z-YCh1Q~ (5)

Hypothesis 2. At low concentration, NH,OH forms a complex on the donor
side of System II (ref. 14). In so doing, NH,OH prevents the transfer of + charges
from Y to Z. NH,OH somehow occupies a site in between Y and Z:

Z-YChl Q+NH,OH = Z (NH,0H) YChl Q (6)

In this position, NH,OH is not photooxidized fast enough to compete significantly
with recombination in the 100-us #; range.

Hypothesis 3. Above 107* M, NH,OH splits the Z moiety off the reaction
center'®, which is left in the form YChl Q. As in Hypothesis 2, NH,OH is only
moderately efficient as a donor.

Hypothesis 2 is essential in order to explain why the fast phase is diminished
in the presence of NH,OH. If NH,OH was merely taking the place of H,O on Z,
the step Eqn 5 would still occur, leaving the fast phase intact. The extent of association
of NH,OH with the center according to the equilibrium Eqn 6 can be appreciated
from the vertical position of the decay curve at #; =50-100 us (medium decay)
as a function of NH,OH concentration (see Fig. 2). Assuming complete association
at 1073 M, a rough estimate of approx. 10° M~ for the association constant of
NH,OH with the reaction center is obtained by this procedure.

Note that the enhancement of L in the presence of NH,OH at 7, #0.1-1.0 ms,
which was not well understood previously because of the head-cut-off effect, is readily
explained in the present hypothesis when the decay can safely be extrapolated to zero
¢, as noted above, the same amount of C7 is produced by the flash, with or without
NH,OH, and the only effect of the inhibitor is to block the fast stabilization step
on the donor side of the reaction center thereby allowing enhanced recombination.
The comparison of XL in the control and in the presence of 107> M NH,OH (Fig. 6)
also demonstrates clearly that, in the latter condition, a larger fraction of C7
relaxes by recombination.

(4) The medium phase (t ~50-70 us)

In the presence of low concentration of NH,OH, the behavior of the medium
phase is complementary to that of the fast phase: it develops and gains prominence
in the exact measure of the disappearance of the fast phase (Fig. 2). At first sight,
it might be assumed that, according to Hypotheses 1 and 2, this behavior simply
reflects the competition between NH,OH and Z for electron transfer to TY. This
interpretation meets with two objections. Firstly, it gives no explanation for the me-
dium phase in the absence of NH,OH-but, it might be argued that, in the latter
condition, the nature of that phase is different. Secondly, when, after high NH,OH
treatment, the medium phase is fully developed, it is clearly independent on the
presence of NH,OH (Figs 2 and 3). A tentative explanation could be to attribute
it to the Q side of the System II reaction center, for instance as reflecting a protona-
tion step (cf. ref. 20):
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Q" +H*=...QH 0

[the change in pattern of L decay in different supporting media (Figs 1 and 5) would
then result from a modification of the intracellular pH]. The conspicuous extension
of the medium phase in the Z split system (compare 10~* and 10"* M NH,OH in
Fig. 2) would suggest that the equilibrium Eqn 7 is strongly displaced towards the
protonation side as compared to its position in the intact system. Another possibility
would be that the process is entirely controlied by recombination in this #; range
(in other words, luminescence would be of the “‘deactivation type” — see below);
in this case, it should be attended by a (limited) A¢ decay of similar speed (i.e. of
lifetime =1 ms). To my knowledge, this point has not been settled. Obviously,
this explanation cannot hold for the medium phase of the intact system.

(5) The slow phase (t> 100 us). Modulation by the fluorescence yield
As pointed out above, luminescence should be modulated by the fluorescence
yield according to the L relation®:

L=(®)-J (8)

where J is the net rate of production of ¢; and (@) the yield of radiative decay of
&L, provided that (&) is identical with, or closely correlated to the macroscopic
fluorescence yield!”. Zankel® has interpreted the slow phase in this sense. Actually,
this modulation should operate along the whole L decay; it will however become
the dominant factor in a 7, range where the reoxidation of Q~, which is assumed
to control the fluorescence level, is the limiting kinetic factor. This should typically
occur during the System II relaxation phase (see above). One notices that, according
to Eqn 8, (Q7) being a factor in both (®) and J, the corresponding lifetime should
be, roughly speaking, half that of the decay of (Q7) (ref. 17). This approximately
agrees with the actual lifetime of the slow decay.

A difficulty, however, subsists. The L relation predicts that the light curve
should be sigmoidal at low intensity’, which has been observed by several authors®: %
20.25 Tnstances of monotonous light curves have also been reported!®*® and the
one shown in the present paper (Fig. 3) is of this type. Furthermore, according to
Mauzerall??, @ keeps increasing for nearly 100 us after a 1-ns actinic flash and, with
the above interpretation of the L rejation, an increase in L — in fact, a delay (see
Introduction) — should have shown up in my experiments. There is no obvious
explanation for these discrepancies. It might be necessary to drop the assumption
basic to the L relation that &, once created by a recombining reaction center, is
able to escape from the corresponding “open” unit and to reach neighboring, possibly
“closed” (fluorescent) units; the L relation would then take on a simpler meaning,
(P) being predominantly the fluorescence yield ¢ (0) of an open unit, with only minor
contribution from the average local yield.

(6) The mode of action of DCMU
The effect of DCMU on the L decay in the Z split system (high NH,OH
treated or pretreated) possibly offers a clue on its mode of action (Fig. 4):
Hypothesis 4. DCMU forms a complex with C on its Q side:
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++++Q™+DCMU =++++Q -DCMU ©)

The C,-DCMU complex is still able to recombine, although at a lower rate, and
to be stabilized by protonation.

In others words, this complex is another, “parasitic” luminescence species
that is formed during the fast phase seen in Fig. 4 (alternatively, one could assume
that equilibrium Eqn 9 occurs also with the oxidized form Q and that the complex
undergoes a rearrangement when Q is reduced). Complexation affords some stabil-
ization since the extrapolated L, is smaller for C,-DCMU than for C] (see
legend of Fig. 4); in Hypothesis 4, blocking of electron transfer to plastoquinone
(PQ) is considered of steric nature rather than a consequence of this special stabil-
ization. Note that a fortiori the observed reduction in amplitude of the medium
phase would not be consistent with the assignation of this phase to the electron trans-
fer from Q7 to the PQ pool, as cessation of this transfer in the presence of DCMU
would then result in enhanced recombination and luminescence.

Several facts may be cited in support of Hypothesis 4. If DCMU combines
only with Q7, or if its affinity to Q7 is larger than to Q, addition of the poison should
shift the redox equilibrium to the left side:

Q +H"+1PQ=Q+1PQH, (10)

An instance of this effect may be seen in the experiment of Fig. 8 (experimental details
in ref. 28): addition of DCMU to a chloroplast suspension during the dark reoxida-
tion of Q following illumination results in a transient increase of AP (a similar
effect has been observed, indirectly on luminescence, by Clayton?®); if DCMU was
merely blocking the electron flow, one would only expect the decay of 4 to stop.
Another instance is perhaps the well-known increase of the dark-adapted O level
of fluorescence®. The same explanation holds, assuming that even in this state the
PQ electron pool is not completely empty: the fact that preillumination with System I
light enhances the oxygen burst supports the latter assumption®!.

74 Prel 17
CMU 4.10°M
)
my 20s Am= 407 m,
1

Fig. 8. Effect of DCMU added in the dark after preillumination in chloroplasts (spinach). Flow
method (details in ref. 28). mo is the dark level of fluorescence. During preillumination in the main
reservoir (pre I), the suspension is continuously sampled in the flow circuit, the fluorescence level
increases and reaches a steady value (Am). Note that DCMU was added in the reservoir about
30 s after the preillumination light was turned off.

Normally, in the 7;, domain which is considered in this report, luminescence
must be of the “leakage” type'’: for the obvious reason of overall efficiency, re-
combination must be a quite negligible pathway for the decay of the electron-hole
pool standing in the stabilization area (see Fig. 7) and the main decay must occur by
relaxation. Such is not the case when the relaxation electron flow is blocked or, at
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much larger #; values, when the states S, and 8; disappear by deactivation; the
recombination might well be the only possible pathway for relaxation. In such cases
luminescence is of the “deactivation” type and should obey the law:

__d(cy)
L= T

which has been verified, in particular in the DCMU system!’.

In this connection, experiments of Fig. 4 with 100 # needs further explanation,
since the amplitude of the signals are not much different than in the 1 * experiment.
Bennoun'® has shown that, in the presence of DCMU and NH,OH (low concen-
tration), luminescence at #; >20 ms was completely inhibited after several flashes,
which he explained by the accumulation of the reaction center in the inactive form
ZChl Q~ resulting from NH,OH oxidation. If this is applied to the present experi-
ment, one would have expected a very small signal, since only a few out of the 100
flashes would have been operative. One might argue that the high NH,OH case is
different and that NH,OH in the Z split system is only a poor electron donor (which
is certainly true, as shown above). But, NH,OH photooxidation in this condition
is a well documented fact'>. However, A. L. Etienne (personal communication)
in this laboratory has recently shown that a large number (at least twenty) of satur-
ating flashes were necessary in the case of high NH,OH+DCMU system to ex-
haust the NH,OH oxidizing capacity. The reason could be that after each flash,
a fraction only of C7 isirreversibly blocked as C™ (or equivalent stabilized forms)
due to NH,OH oxidation and the remaining fraction presumably recombines. This
suggests that the relaxation transfers of charges out of C are not truly independent
phenomena and that, due perhaps to electrostatic interaction, the departure of the
+ charge is slowed down when the — charge is immobilized by complexation of
Q™ by DCMU (subsequent protonation on that side should ease this constraint
and permit transfer of the + charge to the artificial donor). The case in point (Fig. 4)
is probably explained by this situation of competition between recombination and
NH,OH oxidation together with experimental conditions (low flashing frequency
and non-saturating light) allowing a large turnover time for each center.

(11)
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