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(1) The first part of this paper is devoted to methodological tests pertaining to the deconvolution of the spectra of
the S-transitions from flash sequence data. (j) The spectrum and decay kinetics of 'inactive PS II centers' were
analyzed, showing similarity with normal centers inhibited on the Q B site. When this contribution is subtracted, the
change on the first flash agrees with estimate of the S, -> S2 change derived from deconvolution. (ii) Prelllumina­
tion procedures in PS II (BBY) particles, aimed at modulating the initial So/ s1 distribution are confirmed to
express deactivation towards the 8 1 state, with no involvement of an '8_/ state. (iii) Elimination of semiquinone
binary oscillations in BBY's is achieved by allowing total reoxidation by DCBQ after each flash. (iv) A deconvolu­
tion treatment is described, using the difference between two sequences. This method allows a determination of the
initial So/ S1 distributions that cross-checks the conclusions (It). (v) Oscillations of the amplitude of the ms-phase
of the 295 nm absorption changes are shown to differ significantly from those corresponding to the Setransitions.
This phase is expected to reflect predominantly the O2 release reaction, with slight deviations due to other
transitions. Deconvolution results are in satisfactory agreement with this prediction. (2) The upshot of this work is
to present improved spectra of the 8-transitions. The basic features that were previously established with different
material and deconvolution method are confirmed: negligible UV change on So -> 8, and significantly different
spectra for the two other transitions. A shoulder around 350 nm on the 8. -> 8 2 spectrum and a secondary peak in
the same region for the 52 ~ 53 spectrum are now resolved. The So~ SI step causes an electrochromic shift in the
blue region, with direction opposite to 8 1 -> 8 2, Interpretation of these results is discussed.

Introduction

The existence of an integrated 'oxygen-evolving
complex' (OEC) on the donor side of Photosystem II
was originally inferred by Joliot and Kok [1] from their
works on oxygen evolution under flash illumination
that revealed sequential accumulation of the four oxi­
dizing equivalents involved in the splitting of two water

Abbreviations: BBY, grana! membrane preparation according to
Berthold et al. [10]; PS, Photosystem; DCBQ, Z,5-dichloro-p-benzo,
quinone; DCMU, 3-(3,4-dichlorophenyI)-1,I-dimethylurea; FCCP,
carbonylcyanide p-trifluoromethoxy-phenylhydrazone; OEC, oxygen
evolving complex.
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molecules. A formal description is given by the Kok
cycle:

e e e e
10~ Sl --li;-> 82 --i;-' 83 -1,;->\ 84

<"'"O2 +48 28 20

in which the 8-states are successive oxidation states of
the system. On a minutes time-range, So and S1 are the
only stable states in the dark, while 8 2 and 8 3 become
re-reduced towards 81, State 84 is highly unstable,
decaying towards So in a millisecond-reaction accom­
panied by release of molecular oxygen. Under excita­
tion with short saturating flashes, the cycle advances by
one step in most centers, except for randomly dis­
tributed fractions that undergo no transition (probabil­
ity a of 'misses') or two transitions on a single flash
(probability f3 of 'double hits').
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The underlying molecular gears of this system have
been the object of extensive investigations in the recent
years (see reviews [2,3]). From biochemical and spec­
troscopic evidence, it has become clear that a key role
is played by a cluster of four manganese atoms that
probably shapes the catalytic site for water splitting
and participates in oxidant accumulation. However,
only in the case of the SI ~ S2 transition does strong
experimental support exist for the direct involvement
of Mn. Indeed, both EPR and X-ray spectroscopy
suggest that an Mn(III) to Mn(IV) oxidation occurs at
this step. UV-visible absorption spectroscopy should
provide important additional information as to the
nature of the S-states. However, conflicting results
have been reported in this area [4-9], which has re­
duced their potential usefulness.

The first detailed study of the absorption changes
associated with the successive oxidation steps of the
OEC was that of Dekker and co-workers [4]. A conclu­
sion of this work was that of identical spectral changes
occurring on So ~ SI' 8 1 ~ 82 , 82 ~ S3 (with the accu­
mulated change being reversed on the S3~ (S4 ~ )So
oxygen-evolving transition: thus a '1, 1, 1, - 3' pattern).
This suggested an identical chemistry going on in each
of these steps as well: the authors proposed an Mnflll)
~ Mn(IV) reaction occurring successively on three Mn
atoms (thus, state So would include three Mn(III), S I

two Mn(II) and one Mn(IV), and so forth). The spec­
tral shape that was found in the near-UV could indeed
be ascribed to a change in a metal-to-ligand charge­
transfer band occurring upon Mn oxidation, as was
observed in model compounds.

The present author's investigations on the spectra of
the S-transitions turned out to be in significant dis­
agreement with the 1, 1, 1, - 3 model. This was first on
qualitative grounds showing that, in the 295 nm region
(where signals from the quinone acceptors are negligi­
ble), the change at the second step (S1 ~ S2) had to be
significantly larger than those at the first and third
ones [5]. 1 then developed a method for eliminating
undesirable perturbation from the acceptor side (in an
algal mutant devoid of PS I), that allowed quantitative
determination of the spectra [6]. By contrast with the 1,
1, 1, - 3 pattern, different spectra were resolved for
each transition and the major discrepancy with
Dekker's conclusions was the finding of no significant
change in the near-UV for the So~ SI step. In recent
publications, Dekker [8] and Van Gorkom [9J main­
tained their original standpoint.

The first part of this paper (that may be skipped by
readers who are not primarily interested in these tech­
nical aspects) is devoted to re-examining the optical
data and the validity of methods used for deriving the
individual spectra of the S-transitions. Sensitive ques­
tions such as the determination of the initial SO/SI
distribution and its modulation through flash preillumi-

nation have been submitted to detailed tests and
cross-checking. The second part of the paper presents
and discusses the spectra obtained with 'BBY' parti­
cles, allowing a somewhat improved resolution with
respect to the algal cells used in Ref. 6. This study
results in clear confirmation of my previous findings
and in the obtaining of better resolved spectra for the
S-transitions.

Materials and Methods

Biological materials
The double mutant 5-56 of Chlorella sorokiniana

was used as previously described [6J, after a pre-treat­
ment with p-benzoquinone for maintaining a com­
pletely oxidized state of the pool of PS II acceptors
under dark adapted conditions. This strain is devoid of
PS I reaction centers and lacks most of the peripheral
pigment antenna.

PS II-enriched membrane fragments ('BBY parti­
cles') from spinach were prepared as in Ref. 10, omit­
ting the second Triton incubation step. A simplified
preparation was also sometimes used in which the
membrane fragments were pelleted in a single centrif­
ugation following the Triton incubation, with no signifi­
cant change in the results. The amount of photo­
oxidizable P-700 was found negligible in alI cases and
no photo-oxidation of cytochrome-f could be detected.
The particles were stored frozen and diluted for use at
a concentration of 12.5 fJ.g chlorophyll /rnl in a medium
containing 0.3 M sucrose, 10 mM NaCl, 5 mM MgCI2 ,

5 mM CaCl 2 and 25 mM Mes (pH 6.5). Other addi­
tions are further described in the text.

Detection of absorption changes
This was achieved as previously described [6], using

the Joliet-type spectrophotometer [11,12]. This ma­
chine samples the absorption at discrete times, using
relatively intense monochromatic flashes of a few mi­
croseconds duration that ensure high signal-to-noise
ratio while keeping the actinic effect negligible. Satu­
rating xenon flashes of a few microseconds duration
were used as actinic illumination through a broad-band
red filter.

Deconvolution of raw data
I outline here only the general features of the prob­

lem, while specific procedures will be described later.
Assuming validity of the Kok model (as described in
the introduction), the S-state distribution during a se­
quence of flashes is entirely predictible from the
knowledge of three parameters: the probabilities for
misses and double-hits (a and /3, respectively) and the
initial (dark-adapted) distribution of the two stable
states, So and SI' I denote by CT the initial So concen­
tration: thus, 51 = 1 - CT, taking 1 for the total concen-
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S,(n) ~ ",Si(n -1) + (1- '" - {3)Si_,(n -1) + j3Si_2(n -1) (I)

Using L:Si = 1 and straightforward algebra, this is
rewritten as:

where the i's are taken modulo 4.
Let us now call Ei the extinction coefficient of state

i. Then the absorbance after flash n is:

tration of the OEC. The set a, f3, (T determines the
values Sj(n) where i labels the state (0 to 3) and n the
flash number. Indeed, knowing the S distribution after
flash n - 1, one can compute it after flash n:

work, the problem of determining (T (the initial So
concentration) was solved by preparing dark-adapted
states in which (T could be predicted from appropriate
flash preillumination procedures preceding deactiva­
tion. This took advantage of the fact that states 52 and
S3 deactivate towards SI' leaving unaffected the amount
of So [1]. Thus a one flash preillumination will leave a
fraction 0' of the initial So amount in the same state.
Since a is on the order of 10% and So usually about
25% this procedure results in 97-98% of the centers in
the S I state after deactivation, with little incidence of
the precise initial So concentration. Giving three more
preillumination flashes on this 5 1-rich (0' "" 0.025) state
results in a So-rich state in which the new (T can be
computed from the previous one with the knowledge of
0' and (3. This treatment, which relies on the assump­
tion of 100% deactivation of S2 and S3 towards S l' in
the presence of FCCP (used to accelerate deactivation),
was questioned by Dekker [8], so that I resorted here
to an alternative method, to be described in the next
section, that still uses preillumination procedures, but
allows an experimental determination of (T irrespective
of any assumption concerning the deactivation mecha­
nism.

(2)

( 4)

(3)

2

LlA(n)= I:ei Ti ( l1)
i=O

]

A(I1)~ 1:,;S,(n)
1= 0

The absorbance change caused by flash 11 is thus:

3

LlA(Il) = I: ,,/S,(I1) - Si(1l -1))
i=O

in which the e, terms denote the differential extinction
coefficients ei = "'i+l - E j and the T terms are transi­
tion weights as given below:

Therefore, Eqn. 4 corresponds to a linear system with
three unknowns (eo, e l and ez). The left-hand-side
values ~A(n) (absorption changes upon each flash of a
series) are experimentally measured, while the T val­
ues are computed from Eqns. 5 and 1, knowing the
three Kok parameters a, f3 and 0-. Only three equa­
tions (three flashes) are strictly required for solving the
system, while using more flashes and an appropriate
least-squares method [6] will improve the treatment of
noisy data.

Besides the obvious (and difficult) requirement of
obtaining reliable ~A(n) data free of extraneous con­
tributions, the basic problem is the determination of
the Kok parameters. It was shown by Lavorel [13] that
a and f3 can be computed from any Kokian sequence,
irrespective of the initial concentrations and particular
weighting of the S-states in the experimentally ob­
served response. Thus any set of 7 consecutive ~A(n)

can be used to compute a and f3 in the absence of any
information on the E values and if (using more flashes
will of course improve the reliability). This method was
used here as described earlier [6]. In that previous

TO( I1) = So(I1-1) - So(l1) (Sa)

(5b)

(5c)

Methodological tests

Contribution of 'inactive centers' on the first flash
When extracting the extinction coefficients of the

S-transitions from flash sequence data, most of the
useful information is contained in the first few flashes,
before too much mixing of the individual states has
occurred. It is thus unfortunate that an additional
absorption change is present on the first flash (denoted
FF in Ref. 6), precluding the direct use of the first
flash signal in the deconvolution. My first topic will be
to show how this additional change can be estimated
and subtracted in order to restore the information
pertaining to the S-transitions. In addition, this study
will shed light on the nature of the 'inactive PS II
centers' [14,15]which are at the origin of the additional
signal. The experiments described in this section were
carried out using the same mutant strain (S-56) of
Chlorella sorokiniana as in previous work [5-7], while
the rest of the paper will be devoted to results ob­
tained with BBY particles from spinach.

In Ref. 6, a first spectrum of the FF signal was
obtained by treating it as an additional unknown in the
deconvolution of the S-changes, assuming its contribu­
tion on the first flash of a sequence to be constant
irrespective of the preilluminationy deactivation proce­
dures that were used for setting the initial SO/SI
distribution. This spectrum was found very similar to
that of the SIQA -? S2QAtransition, except in the blue
region (absence of the 430 nm trough). However, dis­
crepancy in this region may have been caused by an
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Fig. 2. A comparison between the amplitude of the 1 s decay phase
and the spectrum of the flash-induced change in the presence of
DCMU. The solid circles and line show the absorption change
sampled in the 50-100 ms range after a flash in the presence of
2'10-5 M DCMU, averaging data from a series of 11 flashes (20 s
apart) where the first one (that may contain an 8 0 -> 8 1 contribution)
was discarded. The amplitude of the 1 s phase (open squares) was
determined as the absorption difference between 50 ms and 5 s after
a flash, averaging series of ten flashes spaced 20 s apart. These data

were normalized at 320 nm on the value of the first spectrum.

back-reaction mechanism, but also indicates that the
blocking of secondary electron transfer on the acceptor
side is not as stringent in inactive centers as in normal
centers in the presence of DCMD.

From the knowledge of the shape of the spectrum
associated with inactive centers (identical to the change
measured in the presence of DCMU), one can estimate
(and subtract) their contribution at any wavelength, if
some reference wavelength can be found where no
other signal is superimposed. We will show that the
550 nm change can be used to that end. Fig. 3 shows a
set of absorption changes in S-56 cells during a series
of flashes. The FCCP concentration was halved and
the flashing frequency doubled with respect to our
previous conditions [6]. This renders negligible the
extent of deactivation between flashes and the associ­
ated cytochrome b-559 photo-oxidation. In the left­
hand part of the figure were plotted the absorption
signals measured at 25 ms after each flash at the peak
(540 nm) and trough (550 nrn) wavelengths of the
C-550 change which is known to be an indicator of QA
reduction. At 550 nm, one observes a step change on
the first flash, followed by a linear decrease. This is
readily interpreted as formation of Q; in inactive
centers on the first flash, followed by progressive accu­
mulation of Q; in active centers accompanying the
reduction of the plastoquinone pool (the S-56 strain is
devoid of PS I centers). A similar pattern is observed at
540 nm, with superimposition of an oscillating compo­
nent. The presence of an oscillating pattern ar 540 nm
but not at 550 nm agrees with the previous finding (6]
of a significant amplitude of the S-spectra in the green
region, that falls off between 540 and 550 nm, and
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inaccurate correction of the photo-oxidation signal of
cytochrome b-559 induced by the presence of FCCP in
these experiments. If such was the case, then the FF
signal could be ascribed to centers that do not transfer
electrons to the secondary quinone acceptor QB' but
are otherwise normal. In other words, these centers
would behave like DCMU-inhibited centers. This hy­
pothesis can be tested, since centers of that type are
expected to back-react (S2Q; ~ SIQA) with a half-time
of 1-2 s. We thus searched whether a decay compo­
nent was occurring in this time range. In the experi­
ment of Fig. 1 the kinetics of the absorption changes at
295 nm and 320 nm were recorded after one flash or a
group of three flashes. A phase with t 1/ 2 "" 1 s is
apparent, superimposed on a slower decay which is
more pronounced in the one-flash experiments, pre­
sumably reflecting the S2Qij ~ SIQ B recombination in
normal centers. At a given wavelength, the amplitude
of the 1 s phase is similar after one flash or a group of
three flashes, thus not related to the functional GEC.
Spectral data on the amplitude of this phase are shown
in Fig. 2 (open squares) and may be compared with the
SIQA~ S2QA: spectrum (solid circles) obtained in the
presence of DCMU. Both spectra are identical within
experimental accuracy; in particular, the 430 nm trough
is present in the spectrum of the 1 s decay. These
findings thus fully support the interpretation of inac­
tive centers like 'DCMU-inhibited' centers. Also in
agreement with this view, I found (in unpublished work
with E. Leci) that the 1 s phase was suppressed in the
presence of millimolar hydroxylamine and replaced by
a slower decay with t 1/2""20 s. This confirms the
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Fig. L Time-courses of the absorption changes at 295 and 320 nm
following one flash or a group of three flashes (spaced 50 ms apart)
in 3-56 cells. The algae were pretreated with benzoquinone as
described in the Methods section and used in the presence of 0.5
mM of the ionophore dicyclohexyl-J8-crown-6 (no FCCP was pre­
sent). The dashed line is an extrapolation of the slower phase,

showing the amplitude of the faster phase (11/ 2 '" 1 s).



disp roves Dekker's suggestion [8) of a QA' contamina­
tion in these spectra. The absence of a discernible
oscillation at 550 nm suggests that, at this wavelength,
the change on the first flash is due ent irely to the Q;;:
of inactive centers. It is wor th noti ng that we obtained
similar results with BBY particles concern ing the pres­
ence of a period 4 oscillatio n at 540 nm and its absence
at 550 nm. However, a significant difference with algae
is the superimposition of a period 2 contribution at

a 4

Number of f lashe s

Fig. 3. Absorption changes during a series of flashes spaced 25 ms
apart in S-56 cells. The suspension medium contained 0.25 J.LM
FCCP. Before starti ng the flash series, the algae were pre illuminat ed
for 200 ms with conti nuou s red light, deactivated for 20 s, illumi­
nated by one flash and again deactivated for 20 s, The continuous
light period causes equidistribution of the QI! and Oil forms [61
while the flash preillumination prepares an SI-rich state. Left-hand
pan el: The 511 nm change was measured at 75 J.LS after each flash
and plotted with respect to the absorp tion level taken immediate ly
before the flash. The 511 nm datapoint on the second flash is
indicat ive of the number of active centers involved in oxygen evolu­
tion. IL~ value (taken from the dashed line ) is 0.975. The 540 nm and
550 nm changes were measured at 25 ms af ter each flash (i.e.,
immediately before the next one) and plotted with respect to the
dark-adapted baseline recor ded be fore starling the flash series. The
amount of ' inactive centers' can be estimated from the step change
at 550 nm on the first flash. Its value (taken on the dashed line) is
- 0.085. Right-h and panel: The 295 nm change was measured at 25
ms afte r each flash with respect to the absorption level pre ceding the
flash (solid circles). A constant offset upon each flash (an absorption
increase equal to 0.075) was measured separate ly (as in Ref. 6) and
sub trac ted . The open circles show the fit of these data (no I using the
first flash) with a = 0.104, fJ = 0.04 and initial So = 0.026 (expected
from the flash preillumination). Th e following extinction coefficients
were obtained (or the successive S-Iransitions: en = 0.080. et = 0.586
and e2 - 0.510. The open squares are the simulated sequence taking
eo = e, = e2 (Dekker's model) with the same Kok parameters and
norm alization on the third flash. The triangles show two ways of
restoring the first flash change , using the data of the left-hand panel.
The downward arrow corr esponds to a subtraction of the cont ribu­
tion of inactive centers, calibrated through the 550 nm change and
using the spectr um of Fig. 2. In the lat te r, the (295 nm)j(550 nrn)
rati o is - 4.01, thus the correction is 0.085 X4.01 ~ 0.341. The up­
ward pointing arro w is an estim ate of th e SI - , S2 contribution of
active cen ters on the first flash, estimating their amoun t through the
511 nm change (0.975). Th e rat io of the 295 nm change due 10

SI .... 52 with respec t to the 511 nm change at 75/-Ls was obtained in a
separate experiment in the presence of DCMU ±hydroxylamine and

foun d equal to 0.60. We thu s obtain 0.975 X0.6 = 0.585.
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these wavelengths, agreeing with the finding by Schatz
and Van Gorkom [16) that a small C-550 change is
associated with the QB-0 B spectrum in BBY's. By
contrast, no influence of the secondary acceptor state
is de tectable in .C. soro kiniana .

Using the 550 nm calibration and the (295 nm)/(550
nm) ratio from the DCM U spectrum of Fig. 2, we can
thus estimate the contribution of inactive centers on
the first flash in the 295 nm sequence plotted in the
right-hand figure. This is shown by the downward
arrow that falls reasonably close to the first flash value
predicted from a deconvolution of the sequence from
the second flash on (see the legend). The magnitude of
the contribution from inactive centers, as estimate d
through the 550 nm change, was found identical irre­
spective of the preillumination proced ure used for
modulating the initial SO/SI distribution (not shown).
This supports the validity of the deconvolution tech­
nique used in Ref. 6, where this constancy had bee n
assumed. As was stressed in that paper and in other
ones [5,7), the absorption change on the first flash is
lower in So-rich than in S j-rich sequen ces (see Figs. 4,
6-7 in the present paper). This was used as a qualita­
tive indication tha t the extinction coefficient of So ...... S I

was smaller than that of 5 J -> S2' A possible fallacy in
this argument could arise from (i) a dependence of FF
on preillumination, or (ii) an anoma lous dark-adapted
state in the So-rich sequence, such as presence of an
'S_ l' state. Possibility (i) is not supported by the pre­
sent results; (ii) will be examined later when discussing
Fig. 6.

An additional cross-check can be found by using the
spectrum of the S, ...... S2 transit ion obtained indepen­
dently . This may be done, as previously described [17],
by subtracting the (QA: -OA) contribution from the
S2QA spectrum (with DCMU) of Fig. 2. The former
change is obtained in the presence of both DCMU and
hydroxylamine that replaces the OEe as a donor to PS
II, normalizing both spectra at 550 nm. In order to
estimate the contribution of 51...... S2 on the first flash
of th e sequence, one needs again a calibration wave­
length, now indicating the amount of active centers .
The field-indicating change (peaking at 511 nm in
S-56), expressing the amount of charge separation car­
ried out by PS II centers, can be used to that end. The
511 nm changes caused upon each flash at 75 J.Ls were
plotted in the left-hand part of Fig. 3. A step decrease
is observed between the first and second flash, fol­
lowed by a linear decrease, in agreemen t with the 550
nm information. The 511 nm signal on the second flash
can be used as an indicator of the amount of oxygen­
evolving centers. If one neglects the fraction of centers
initially in state So in the one flash preillum inated
sequence of Fig. 3, one can predict the 295 nm change
on the first flash due to the S I ..... S2 transition (see
legend for details). Th e result is shown by the upward
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Fig. 4. Sequences of absorption changes at 290 nm in BBY's during
series of flashes spaced 1 s apart. The absorption was sampled in the
850 ms-l s range after each flash and plotted with respect to the
level preceding the flash. DCBQ was present at a concentration of 25
J.LM. The solid circles in A and B were obtained in the absence of
FCCP, the open circles and the data of panel C in the presence of 2
nm FCCP. Panel A: non preilluminated sample. Panel B preillurni­
nation by a group of three flashes followed by a deactivation period
of 13 mn (without FCCP) or 4 mn (with FCCP). Panel C: sequences
recorded after various preillumination procedures; 1 flash, 4 min
darkness (circles); 3 flashes, 4 min, 1 flash, 4 min (downward-point­
ing triangle); 3 flashes, 4 min, 2 flashes, 4 min (upward-pointing
triangles). The symbols were shifted horizontally for clarity (also in

Figs. 3, 6 and 7).
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arrow, that is again reasonably close to the value (open
circle) deduced from the deconvolution of the rest of
the sequence. By contrast, a poorer fit is obtained on
the first (and some other) flashes by assuming the 1, 1,
1, - 3 pattern for the extinction coefficients of the
S-transitions (open squares, using a normalization on
the third flash).

One may remark that the progressive decrease of
active centers expressed by the slope of the 550 nm and
511 nm sequences (left-hand panel) should cause a
systematic bias in the deconvolution. As shown else­
where [18,19], this process does not correspond to a
gradual increase of the miss coefficient during the
sequence, but to a progressive withdrawal of centers
that abruptly stop contributing the oscillating pattern.
The 511 nm indicator can thus be used to correct the
295 nm sequence by renormalizing it to a constant
number of active centers. When this is done (not
shown), slightly smaller damping parameters are ob­
tained and the relative magnitudes of the deconvoluted
extinction coefficients remain similar (0.159, 0.649 and
0.506 instead of, respectively, 0.080, 0.586 and 0.510).
The first flash change predicted from these parameters
is slightly larger than obtained from the uncorrected
sequence and lies still closer to the estimates shown by
the dashed arrows.
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Testing the preillumination / deactivation procedures
I will now describe methodological tests using

spinach BBY particles. In order to estimate reliably the
dark distribution of the So and 81 states, it is most
useful to modulate this initial state through flash preil­
lumination. This approach was however questioned by
Dekker [8], who suggested that a 'phase shift' could be
present in preilluminated sequences, expressing a de­
activation pathway towards So instead of SI' or even
the presence of a fraction of centers in an'S _ l' state.
Such anomalies could be due to the use of FCCP that
was added for shortening the deactivation time. This
substance was also used in the present experiments,
but at a much lower concentration than in our previous
work (2 nM instead of 500 nM), in order to avoid
significant deactivation (and cytochrome b-559 oxida­
tion) during the sequences. In the presence of 2 11M
FCCP, a dark time of 4 mn was found sufficient for
complete deactivation of states S2 and S3 in BBY's.
Panels A and B in Fig. 4 compare sequences of absorp­
tion changes at 295 nm, in the presence (open circles)
and absence (solid circles) of FCCP. No preillumina­
tion was given in A, while a three-flash preillumination
was given in B, with a deactivation time of 13 mn (no
FCCP) or 4 mn (with FCCP). As may be seen, FCCP
caused little effect in the dark-adapted sequence, while
the slightly larger deviations in the preilluminated se­
quence may be ascribed either to incomplete deactiva­
tion of the sample in the absence of FCCP or to

interference of the SoY~ -7 SIYD reaction [20,21] due
to the longer dark time, Measurements at 559 nm in
the presence of 2 nM FCCP (not shown) revealed no
detectable photo-oxidation of cytochrome b-559. From
these tests, we conclude that a low concentration of
FCCP can be safely used, causing no significant distor­
tion of the sequences.

Panel C in Fig. 4 compares sequences resulting from
three preillumination procedures in the presence of
FCCP. In the sequence shown with circles, one pre­
flash was given, followed by 4 mn deactivation. In the
other sequences, the pre illumination consisted of a
first group of three t1ashes followed by 4 mn deactiva­
tion and one flash (downward-pointing triangles) or a
group of two flashes (upward-pointing triangles), fol­
lowed by a second deactivation period of 4 mn. All
three procedures are expected to result in an initial
state esentially composed of S1 (> 96%), if complete
deactivation has been achieved during the dark periods
and if the 52 and S3 states deactivate only towards 51
(not towards So), The similarity of the sequences sup­
ports these assumptions. One may first notice that an
increase in the SI content has been achieved with
respect to the unpreilluminated sequence (panel A), as
may be inferred from the larger negative change on the
third flash and positive change on the fourth one. A
second remark is that if there were a significant deacti­
vation probability of S2 deactivating towards So' then
the 1 F sequence in which a large transient population
of S2 has occurred should differ from the 3 F/1 F
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Fig. 5. Time-course of absorption changes at 290 nm and 325 nm in
the absence or presence of ncao during a series of three flashes
(triggered at times 0, I.3 sand 2.6 s). Squares, no nCBO; triangles,
25 J.LM nCBO; circles, 75 J.LM DCBO.The 75 J.LM data at 290 nm
were close to the 25 J.LM curve and are omitted for clarity. The three

first datapoints are at 1 ms, 10 ms and 50 ms after each flash.

stability of the semiquinone state Qil. A preillumina­
tion with continuous light caused equipartition of the
Os and Qil states that was preserved during the
FCCP-accelerated deactivation. This technique cannot
be used in BBY's because the o; state is less stable,
even in the absence of added acceptor. Furthermore,
the endogenous pool of plastoquinone is diminished in
these preparations, requiring addition of an acceptor
such as DCBQ, that still accelerates Qi3 reoxidation.
Thus, another strategy may be using a high concentra­
tion of DCBQ so that complete reoxidation of Qil
occurs after each flash of the sequence. Fig. 5 (upper
curves) shows the time course of absorption changes at
325 nm where both S-state and semiquinone changes
contribute. When increasing the DCBQ concentration,
the extent and rate of the semiquinone decay are
increased. Using flashes spaced by more than 1 s, the
presence' of a periodicity of 2 flashes in the decay
becomes undeteetable at concentrations above 75 .uM
DCBQ. A drawback of using high DCBQ concentra­
tions is a degradation of the samples activity during
dark incubation (half-time around 90 rnn), accompa­
nied by an increase of baekground absorbance in the
UV, probably due to degradation of the quinone. A
slight increase of the miss coefficient was also ob­
served. Therefore, we used samples to which DCBQ
had been freshly added, discarding them within less
than 30 rnn.

lt is interesting to compare the effect of increasing
DCBQ concentrations on the absorption changes at
325 nm and 290 nm. At 325 nm, one observes no global
trend towards absorption increase (or decrease) during
the course of a flash series, in agreement with detec­
tion at this wavelength of semiquinone formes) that do
not accumulate. At 290 nm, an isobestic wavelength for

sequence where this population was much lower. A
third remark is that no'S _ l' state is involved. If such a
state had been populated in the 3 F pretreatment, one
additional flash should restore the So state and two
flashes would be required to obtain a maximal amount
of S,: the similarity of the 3 F11 F and 3 F12 F
sequences excludes this possibility to any significant
extent. These tests show that no unwanted side-effect
occurs in the preilluminationy deactivation treatments,
that can be used safely to predict or modulate the
initial So/SI distribution.

Inactive centers in BBY's
As may be seen in the BBY sequences of Figs. 4, 6,

7 - and confirmed by the deconvolution work - the
change on the first flash is larger than expected from
an extrapolation of the subsequent oscillating pattern,
suggesting the presence of inactive centers in BBY
particles as well as in algae. The finding in this mate­
rial of an additional absorption change on the first
flash was already reported by Dekker et al. [4]. The
presence of inactive PS II centers was confirmed by the
detection (not shown) of a step increase of the C-550
change on the first flash, similarly to the S-S6 experi­
ments described earlier. The occurrence of inactive PS
II centers in preparations of granal membranes
(BBY's), to a similar extent as found in thylakoids,
does not support the view [22,23] that they reflect
essentially centers from stromal membrane regions.
Another discrepancy with previous reports [24,25] is
that we did not observe any reactivation of these cen­
ters in the presence of DCBQ (even at high concentra­
tion, and using either the 2,5 or 2,6 forms). This result
(J.L. and E. Led, unpublished data) was found not
only in BBY's, but also in algae (monitoring the C-550
or field-indicating changes - while DCBQ penetration
was demonstrated from the enlargement of the accep­
tor pool) or pea and spinach thylakoids (monitoring
fluorescence). As yet, we have no explanation for this
disagreement with literature data. The restoration ki­
netics of the inactive centers after a flash in BBY's (not
shown) was found to be slower (t 1/ 2 "" 4.5 s) than in
intact material - and also the recombination kinetics
of normal centers in the presence of DCMU (t 1/2"" 3
s). Thus, there is little contribution of inactive centers
beyond the first flash in our sequences, in spite of the 1
s spacing. Such a contribution would not distort the
sequences, anyhow, being lumped in the constant off­
set extracted through the deconvolution.

Elimination of the semiquinone signal in BBY's
A prerequisite for obtaining spectra of the S-transi­

tions is to design a reliable way of eliminating the
oscillating contribution (periodicity of two flashes) aris­
ing from the Q B two-electron gate on the acceptor
side. The method used in Ref. 6 took advantage of the

4
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Or, using Eqn. 4:

2

LlA"( /l) - dA" '(n) = «1- (1' ) L e; ( T;(J( Il) - T;J(n») (8)
i - O

Now, suppose one has measured two sequences with
different (but unknown) initial distribution, say (T and
o:', The difference between these sequences is:

(6)

(7 )

(9)
2

+ l /(u - <T') l:u j T;' ( Il )
j =O

2 2

<a Lc;(1i() (tl)-T;I(II»)+ Le;T/(tl)
{ -() j=(1

2 2

LlA"(n) = (1L e jT;()(II) +(1- (1) L e;T;I (II)
i » () j-()

2

d A"(ll) - u I(u - u') l: u; (Tj o( ll ) - T,t(n »)
;~()

Th is is a system with coefficients (1';0(/1) - T/(n») that
depend only upon a and {3 . Solving the system gives
values of the unkno wns II j = «T - (T') et - At this step we
have obtained the relative magnitudes of the differen­
tial extinction coefficients. Plugging the values of the II i

terms in Eqn . 7, one has :

conditions. Nevertheless, this method provides an in­
terest ing way of cross-checking the se conclusions.

The sequence of absorpt ion changes (Eqn. 4 in
section Methods) depends on (T through the transition
coefficients Tj(n) . Any particular sequence in dar k­
adapted material can be considered as being made up
of two contributions: (T times the sequence start ing
with 100% So and (1 - (T ) tim es that starting with
100% S I ' Indicating the initia l So concentra tion by a
supe rscript, one has:

in which rr/( rr - u ' ) and l/(u-u') are the only un­
knowns left. Solving Eqn. 9 - two flashes suffice in
principle - gives the values of these unknowns and
thus of a and a '.

To summarize, it suffices to have two sequences of
S-stat e related abso rpt ion changes (or any S-rel ated
signal , really) with different a values: then the individ­
ual extinct ion coefficients and values of (J" in both
sequences can be computed. Th e only requ irement is
to know the values of a and {3, that can be estimated
from any sequence including at least seven flashes , as
explained in the Methods section. An additional ad­
vantage in this method is that the first step, solving
system (8) to obta in the H i terms doe s not require using
pure S-dependent sequences: any two sequences will

plastosemiquinone formation, a global absorption in­
crease occurs during the flash series in the absence of
DCBQ, expres sing plastoquinol accumulation. This
tr end is enhanced in the presence of DCBO, showing
that the quinol form of DCBO is also absorbing at this
wavelength, with larger extinction coefficient. How­
eve r, in the presence of DCBO , the semiquinon e decay
obse rved at 325 nm is not accompanied by a concomi­
tant absorption increase at 290 nm (Fig. 5). The in­
cre ase is actua lly occurring at shorter times ( < 50 ms)
after the flash and no further significant change is seen
in the 100 ms time-range when the semiquinone disap­
pe ars. This suggests that the semiquinone form moni­
tored at 325 nm is now that of DCBO which probably
substitutes to plastoquinone for binding to the 0B
pocket, and that this species absorbs at 290 nm about
as much as the quinol formed during its decay. The
decay of the DCBQ semiquinone app ears to occur
through two competing processes. Firstly, the classical
two-step reduction in the Q s pocke t that accounts for
the rapid (10 ms) 325 nm absorption decrease on the
second flash (see the [DCBQ] = 25 f.LM curve in Fig.
6). Secondly, th e spontaneous decay in the 100 ms
range that must correspond to a dismutation reaction.
Interestingly, this pathway is accelera ted when increas­
ing the concentration of DCBO , suggesting that free
DCSQ (not bound to the Os pocket) is involved in this
process, possibly through the pr esence of free semi­
quinone as reported in Ref. 26.

The practical conclusion of this study is tha t a
satisfactory elimination of semiquinone binary oscilla­
tions is achieved when using DCBO above "= 75 f.LM,
with a flash spacing of 1 s or more . At wavelengths
whe re this contribution is basically small, such as 290­
295 nm, 25 f.LM DCBQ suffices to rend er it negligible
(as in Figs. 4, 6), with the advantages of a greater
stability of the material and also of a somewhat smaller
miss coefficient in the sequences (the origin of this
effect was not investigated). The routine conditions
that we used otherwise for obtaining spectra of the
S-transitions consisted of 150 f.LM DCBQ and a 1 s
spacing between flashes. An addit ional safety measure
in the elimination of binary oscillations resides in the
differential method described below.

A differential deconvolution method
This meth od was designed to overcome two poten­

tial problems in the deconvolution of absorption
changes associated with the S-state transitions. The
first one is the possible persistence of slight
semiquinone oscillations. The second one is the possi­
ble uncertainty in the determination of the initial
amounts of So (denoted (T) and S1 (l - (T ) . resulting
from flash preill uminations. In both cases, arguments
were given in the foregoing showing tha t these prob­
lems were actua lly avoided unde r our experimental
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tinction coefficients can still be obtained. It then suf­
fices to run the same experiment at a wavelength
where the interference is negligible (e.g., 290 nrn) to
obtain the (T values and thus to achieve the computa­
tion of the absolute ej values. A word should be added
concerning the presence of a constant offset upon each
flash (steady-state level, denoted SS), corresponding
here to accumulation of the quinol form of DCBQ.
This contribution is easily dealt with by introducing a
fourth unknown 'e' in the equations with a constant
Tt n) coefficient: the minimum number of equations is
then four instead of three.

do, provided the extraneous contribution cancels when
taking the difference. Thus the data may contain an
additional binary oscillation arising from the acceptor
side: provided this interfering contribution is identical
in both sequences, the relative magnitudes of the ex-

Fig. 6. Absorption changes at 290 nm during a series of flashes (solid
circles) with the same timing as in Fig. 4. DCBQ was present at a
concentration of 25 MM. Left: 1 flash preillumination, 4 min deacti­
vation. Right: 1 flash, 4 min, 3 flashes, 4 min. The data are those of
Table I, (b) and (c) respectively. The open circles show the simulated
sequences obtained with the deconvolu ted parameters given in line 1
of the Table. The dashed line indicates the SS level. The squares
show the simulated sequences obtained with the 1, 1, 1, - 3 model
with normalization On the third flash of the 1 F sequence, using the

same Kok parameters and SS level.

Flash Number

/ i ' 1 i , Ii, • I i

Deconvolution tests at 290 ttm
Table I gives raw data from an experiment in which

BBY's were used in their native dark-adapted state (a),
or preilluminated as follows: one flash (b), one
flash/three flashes (c), or three flashes (d), implying a
4 mn deactivation period after each group of flashes.
Sequences (b) and (c) have been plotted in Fig. 6. In
the bottom part of Table I are given results from
various deconvolution procedures. In all cases the first
flash was discarded. The first four lines were obtained
from the difference method described above, using the
various couples combining an 51-rich and So-rich se­
quence. Line 5 was obtained by ordinary deconvolution
(i.e., solving system (4)) of sequence (b), assuming
tr = 0.02 as expected from the preillumination proce­
dure. Clearly, a satisfactory cross-check emerges from
the comparison. The difference method yields o: values
of - 0.03 and 0.00 for (b), 0.07 and 0.11 for (a), 0.55

105105

TABLE I

Illustration of various deconvolution treatments

The top panel gives raw data at 290 nm for a batch submitted to various preilluminations (sequences band c are shown in Fig. 6). The bottom
panel gives deconvoluted parameters for this experiment (lines 1-5) and for the 295 nm experiment shown in Fig. 7. Line 6 refers to the 1 s
absorbance changes, line 7 to the ms-phase sequences. The change on the first flash was not used in any of the treatments. a and fi were
averaged from the individual values obtained on all sequence> (a-d for lines 1-5 and the four sequences of Fig. 7 for lines 6-7; the standard
deviation was very small in each case). When the difference method was used (all Jines except 5), 0'1 refers to the SJ"rich sequence, 0'2 to the
So-rich one. The steady-state level (SS) was treated as a common unknown in both sequences of the couple (except in line 5). In line 5, {J was
estimated a priori, using a, {3 and assuming (J" ~ 0.25 in the unpreilluminated state. The absorbance changes (top) and extinction coefficients
(bottom) are given in units of - Lil/ 1_10- 3.

Flash number

1 2 3 4 5 6 7 8 9 10 11 12

(a) OF 2.410 1.071 -1.229 0.271 1.192 0.516 -0.394 0.344 0.781 0.374 0.011 0.367
(b) IF 2.456 0.926 -1.424 0.496 1.320 0.370 - 0.445 0.476 0.866 0.240 -0.024 0.535
(c) 1F/3F 1.766 1.422 -0.241 -0.470 0.815 0.816 -0.020 0.011 0.595 0.452 0.186 0.237
(d)3F 1.741 1.346 -0.299 -0.391 0.771 0.786 0.002 -0.012 0.609 0.505 0.139 0.166

a {3 (J"I (J"2 eo et e2 SS

1 (b)-(c) 0.066 0.099 0.00 0,57 0.113 1.609 1.250 0.342
2 (br-Id) 0.066 0.099 -0.Q3 0.54 0.010 1.556 1.260 0.338
3 (a)-(c) 0.066 0.099 0.11 0.55 0.Q75 1.516 1.414 0.334
4 (a)-(d) 0.066 0.099 0.07 0.52 -0.060 1.454 1.430 0.329
5 (b) 0.066 0.099 (0.02) 0.170 1.639 1.228 0.356
6 0.054 0.079 0.03 0.64 0.213 1.84t 1.048 0.493
7 0.054 0.079 -0.Q3 0.64 -0.428 -0.684 -0.713 0.779
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and 0.57 for (c), 0.52 and 0.54 for (d). If one had
arbi trarily taken 0.25 for the non preilluminated state,
one would have predic ted 0.02 for (b) and, from this
value, 0.56 for (c). Thus, measurement of (J" by the
difference method suppo rts the validity of a priori
predictions from the preillumination procedures. Be­
side s, the e, values obtained by the differe nt me thods
are similar - and also agree with the results previous ly
obtained with algae [6] (see also Fig. 3 above). The
direct deconvoluti on of line 5, not using the difference
method, also yields similar result s. It should be stressed
that , although th e fit of the data from individual exper­
iments is generally very good (see Figs. 6 and 7), a
significant scatter of the deconvolution results was
nevertheless observed. This sensitivity to small experi­
mental inaccuracies may not be surpris ing if one recalls
that 7 parameters at least are involved (the three Kok
parameters, the three e terms and SS). The results of
Table I are thus meant as a methodological illustration,
while more accurate estimates of the e values were
obtained (Figs. 8, 9) by averaging on a number of
experiments.

The open circles in Fig. 6 show the computed values
using the results of line 1. The computed values for the
first flash - that was not used in the deconvolution ­
suggest a similar contribution of inactive centers to
both sequ ences, as could be expected . This doe s not
support the suggestion [8] that the So..... S, transition
(largely cont ributing the first flash change in the right­
hand sequence) could have distinct spec tral properties
when starting from a 'r elaxed' So state reached during
dark-adaptation . The square symbols in Fig. 6 were
computed from Dekker's (1, 1, 1, - 3) model, taking
the same Kok parameters and normalizing on the third
flash change of the left-hand sequence .

The millisecond phase of the absorption changes
As originally pointed out by Velthuys [27], the am­

plitude of the absorption decay in the millisecond
range following each flash, in a region where the
acceptor side does not interfere, should behave, at
least approximately, as an oxygen-evolution sequence.
Indeed, the S;Yi ..... Sj+lYZ reactions (where Yz de­
not es the secondary tyrosine donor mediat ing oxidation
of the S-states) all occur in the range of a few 100 !ks,
with the exception of S3Y;' -> SoYz +°2 , which is
about lO-fold slower. Therefore the amplitude of the
ms-phase should predominantly indicate the S3Y;' ->

SoYz( + 0 2) react ion. Th e similarity found by Dekker
[8] and Van Leeuwen et al. [9] between the patt ern of
changes associated with the S-transi tions and that of
the ms-phase amplitude was pre sented as an argument
in suppor t of the 1, 1, 1, - 3 pattern. Indeed, as
pre viously pointed out [5], there is a direct proportion­
ality relation between the oxygen sequence and the

10 5 10

Flash number

Fig. 7. Absorption changes at 295 nm during a series of flas hes (solid
circles). DCBQ was pre sent at a concentration of 25 I'M. Same
preillumin ation procedures as in Fig, 6. The bottom sequences show
the absorption changes in the 850 rns-I s ran ge as in Figs. 4 and 6.
The top sequences are a plot of the difference of the absorption
levels at 10 ms minus 1 ms after each flash. The open circles show
the comp uted seque nces using the deconvolu tion parameters given in
Tab le I, line 6 (bottom sequences) and 7 (top sequences). The

dashed lines indicate the 55 level in each case .

absorption changes of the S-transitions in the case of
the 1, 1, 1, -3 mod el.

Fig. 7 shows a plo t of the ms-phase amplitude at 295
nm (upper sequences) compared with the correspond­
ing 1 s absorption changes Clower sequences), using the
same preiIluminat ion procedures as in Fig. 6. Th e
ms-amp litudes were taken as the difference between
absorption changes at 10 ms minus 1 ms. At variance
with Dekker and Van Gor korn, significant differen ces
betwe en both patterns are obvious when comparing the
1 F sequences. Th e ms-sequence looks more like an
oxygen yield sequence starting from almost 100% S"
with the fourth and fifth flash signals close to each
other. Deconvolution results of the dat a of Fig . 7 are
shown in Table I (lines 6 and 7), using the difference
method, and the corre sponding fits were plotted as
open circles in the figure. The (J" values computed
either from the ms-phase sequences (Line 6) or from
the 1 s sequences are in good agreement (± 0.03) and
compa re well with those predicted from the pr eillumi­
nations (0.01 and 0.67). The extinction coefficients
found for the ms-phase in the succes sive transitions are
-0.428, -0.684, -0.713 and 4.865. The fourth value,
e3 in our not at ion , was computed accord ing to the
relationship e3 = (4 SS/Cl- a + {3 )) - (eo + e t + e2 ) ,

where SS is the st eady-state level obtained from the
deconvoluti on of the ms-phase sequences. Thus, taking
the origin as eo = °and normalizing at 100 on e3, we
have a pattern like 0, - 5, - 5, 100 inste ad of th e pure
oxygen pa ttern 0, 0, 0, 100. Th is slight discrepancy is
not unexpected , since the cont ribution of th e S;Y;' ->

Si +tYz reactions to the ms-phase should not be totally
negligible on the second and third transiti ons: the
half-times found for the four successive react ions by
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Dekker and co-workers [28] were, respectively, 30, 110,
350 and 1300 j.LS.

The accordance of the ms-phase sequences with the
expected pattern excludes a significant interference of
the reduction reaction of S2 or S3 by YD during the 1 s
interval between flashes. A similar conclusion may also
be drawn from the 290 nm kinetics of Fig. 5, showing
no decay reflecting deactivation in this time-range. YD

denotes the tyrosine residue which is the counterpart
in the D 2 protein of the secondary donor Yz in D l. Its
oxidation by S2 or S3 at pH 6.5 was reported to occur
with t 1/2 = 4 s [21], while its dark re-reduction occurs
(in the presence of S1) in the hours range. In our
samples that were not submitted to prolonged dark­
adaptation, YD remains presumably largely oxidized
and, besides, the 1 s flashing interval would allow the
reaction to proceed to less than 1/8th of its full extent.
A possible complication could arise from the SoYri -->

SlYD reaction. Vass and Styring [21] found a marked
pH dependence for the rate of this reaction and re­
ported a t 1/2'" 5 min at pH 6.5. This process should
tend to partially reset the 3-f1ash preilluminated se­
quences towards an Sj-rich state. However, a compari­
son of those sequences after 4 min (FCCP present) or
13 min (no FCCP) dark-adaptation (Fig. 4, panel B)
indicates only a minor evolution in this direction. Be­
sides, the values of (1' actually measured by the differ­
ence method (see Table I) are close to those predicted
when disregarding the SoYri --> SlYD reaction. They
also agree with those that may be estimated from the
'oxygen-like' sequences of the ms-phase in Fig. 7. We
thus conclude that the oxidation reaction of So by Yri
is slower under our conditions than found by Vass and
Styring, Finally, it may be emphasized again that the
deconvolution results that we obtained in the 290 nm
region do not require the use of the 3-flash preillumi­
nated sequences: similar extinction coefficients are
found when treating the sole Scrich sequence (line 5 in
Table 1).

300 350 400 450

Waveleoglh lorn1
Fig. 8. Spectra of the Svtransitions obtained as described in the text
(not corrected for flattening). Some error bars are given that were
computed from the scatter of individual experiments (±0.66XS.D.).

overall duration of the experiment. The data were first
used for determining a and f3 and then treated by the
difference method (solving Eqn. 8 using all flashes but
the first one). The (1' values determined by solving
Eqn, 9 at 290 nm (where absence of binary interference
is warranted) were used to recover the absolute values
of the extinction coefficients at other wavelengths. This
overall procedure was repeated so as to have 4 to 10
experiments at each wavelength (and of course many
more at 290 nm) and the deconvoluted coefficients
were finally averaged. The resulting spectra are shown
in Figs. 8 and 9.

The main features that were found in previous work
with algae [6] are confirmed in the present results: the
So--> SI spectrum is close to zero in the whole UV
region (290-380 nm), the Sl --> S2 and 52 --> 53 spectra

s,-+s,

Wavelength Inm)
Fig. 9. Spectra of the S-transitions obtained by replotting the curves
of Fig. 8. The dotted line (c.d.) shows the S,...., S3 spectrum in
CaH·depleted material [17]. According to the estimate given in Ref.
17, one unit of the ordinate scale corresponds to an absorbance of
4.17 mM- 1 em -1 (neglecting the small flattening factor occurring in

BBY's).
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The following procedure was used, based on the
tests detailed in the foregoing. For measurements at
each wavelength, a fraction was taken from a common
dark-adapted BBY pool and used for less than 30 mn
after adding 150 j.LM DCBQ and 2 nM FCCP. Typi­
cally five wavelengths were investigated using a given
pool, including 290 nm (on the third fraction). At each
wavelength two types of sequence were recorded (aver­
aging 2 to 6 runs according to the noise conditions): a
non-preilluminated sequence and a 3-flash preillumi­
nated sequence (after 4 mn deactivation). The se­
quences obtained in this manner are somewhat less
contrasted in (1' than sequences (b) and (c) in Table I,
but this minimizes the deactivation periods and the

Spectra of the S-transitions
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are significantly different, the latter being smaller in
the peak region, with an overall larger bandwidth. It
should be stressed that, besides the biological material,
the methods used in both investigations were essen­
tially different. This concerns for instance the proce­
dure used for eliminating semiquinone signals, the use
in the present study of a very low concentration of
FCCP (shown not to affect the sequences, or to cause
b-559 oxidation, in any detectable way). This holds also
for the deconvolution procedure: the change on the
first flash was not used here, and the (T'S were experi­
mentally measured instead of guessed from preillumi­
nation procedure. This agreement between largely in­
dependent techniques, and also the various cross­
checks that were reported in the foregoing should
leave little room for a significant bias in these results,
insofar as the presumably oversimple Kok model to
which the data were fitted is valid. What is meant here
is that some dependence of a and f3 on the individual
S-transitions may be expected [30]. However, from
measurements of the extent of charge separation (l ­
a + f3) upon each flash of a series through the elec­
trochromic field indicating absorption change (see the
511 nm data in Fig. 3), it turns out that this depen­
dence cannot be very pronounced. Thus, while further
refinements are certainly possible, they should not
affect the present results drastically.

Compared with the earlier results, the spectra of
Fig. 9 present a significantly improved resolution. Sev­
eral features are now clearly apparent. A shoulder
around 350 nm is seen in the SI ~ S2 change, which
was already reported by Dekker et a1. [6] and also
found in the DCMU ± hydroxylamine spectrum shown
in Ref. 17. A secondary peak in the same region is also
now resolved in the S2~ S3 spectrum that was first
drawn as a broad shapeless band in Ref. 6. Significant
improvement is also obtained in the blue region (400­
450 nm) where interference from cytochrome b-559
was degrading the accuracy in our previous work. This
perturbation is totally absent here and the presence of
an electrochromic shift on So~ St, inverted with re­
spect to 8 1 ~ S2' is now clearly established. I will now
discuss the interpretation of these spectra.

The interpretation of the multiline EPR signal asso­
ciated with S2 (see reviews [2,3]) suggests that the
SI ~ S2 transition corresponds to an Mn(III) to Mn(IV)
oxidation within the Mn cluster. This is supported by
X-ray absorption studies [31], and the UV absorption
change is also consistent with this identification. In­
deed, similar changes, due to metal-to-ligand charge
transfer bands, have been observed in model Mn com­
pounds [32,33]. The absence of any significant absorp­
tion change for the So~ SI step in the same region
suggests a markedly different process for this transi­
tion. There are indications from X-ray work [34] that a
manganese oxidation is also involved in this case, al-

though the present resolution of these experiments
may not allow a firm conclusion. If such is indeed the
case, the most plausible hypothesis accounting for the
optical results would probably be an Mn(II) ..... Mn(II!)
transition (as concluded from X-ray spectroscopy [34])
that may be expected to show a charge transfer band at
shorter wavelengths in the UV (although this is not a
strict rule, see Ref. 33). The recent conclusion from
X-ray spectroscopy [35] (see also Ref. 36) that the SI
state includes only Mn(III) also supports rejection of
an Mn(III) --> Mn(IV) reaction upon So -> SI'

In contrast with the first transitions, the X-ray spec­
troscopy results have been consistently interpreted as
excluding a manganese oxidation on the S2~ S3 step
[31,37]. A similar conclusion was also drawn from NMR
[38] and EPR [39] relaxation studies. Additional sup­
port in that direction has been obtained in a system
modified through calcium depletion in the presence of
EGTA [17]. Under such conditions the system can be
photo-converted to a formal S3 state, but does not
undergo further oxidation towards S4' This modified S3
gives rise to a new EPR signal [40] which cannot be
ascribed to Mn oxidation, but may be simulated by
interaction of an organic radical (g = 2) with the Mn
cluster [17]. The optical spectrum associated with for­
mation of this state (replotted as a dotted line in Fig. 9)
was shown [17] to be very similar to that of the OH-ad­
duct radical of histidine (imidazole) described in pulse
radiolysis experiments [41]. Therefore, we proposed
that the modified S3 state corresponded to formation
of this radical and envisaged extension of this identifi­
cation to the normal system. Comparing the S2~ S3
spectrum of the modified system with that of the
functional one (Fig. 9), it appears that the shape and
amplitude are similar in the 290-330 nm region, while
the secondary peak around 350 nm is absent in the
modified system (and in the in vitro spectrum of the
oxidized histidine radical). An additional difference is
also seen in the blue region where no electrochromic
shift occurs on 82~ S3' while such a shift was present
in the modified system, suggesting the absence of de­
protonation in the latter case. At the present stage, we
can only propose several hypotheses. A first possibility
is that the S3 state covers a redox equilibrium between
two species. The 305 nm peak could correspond to an
OH adduct of histidine and the 350 nm peak to an­
other oxidized species (which we call X). Although the
350 nm shoulder of the SI --> S2 spectrum may be,
coincidentally, afeature of the Mn spectrum, it could
alternatively be explained by a partial oxidation of X in
the S2 state, through a redox equilibrium with Mn(IV).
An extension of this hypothesis would exclude histidine
oxidation in the normal system and ascribe the 305 nm
band to Mn(IV): state S3 would correspond to total
oxidation of the Mn-X couple that was half oxidized in
S2 (this would imply that the X-ray experiments were



not accurate enough to detect partial Mn oxidation on
the 52 ---> 53 step). A second possibility is an all-histi­
dine hypothesis for the 52 ---> 53 spectrum, which would
ascribe both the 305 and 350 nm bands to this radical
in the normal system, assuming that local interactions
in situ might account for this difference with the in
vitro spectrum, or that of the Ca-depleted system. A
third possibility is ascribing the whole 52 ---> 53 spec­
trum to a non-histidine radical. A plausible candidate
is tryptophan (indole). Pulse radiolysis experiments [42]
have established the spectrum of the OR-adduct that
displays a major peak at 307 nm and secondary ones at
326 nm and 346 nm. These various peaks were ascribed
to different sites for OR binding on the indole ring.
Thus the 52 ---> 53 spectrum could express such a radi­
cal with OR distributed between the two locations
corresponding to the 307 and 346 nm peaks. Alterna­
tively, an indole radical with attachement of OR at a
single site (346 nm peak) may be proposed for X in the
first hypothesis.

The involvement of an OR adduct of an aromatic
residue as an intermediate step in water oxidation is an
attractive possibility. In pulse radiolysis experiments,
the OH radical readily reacts with the aromatic ring. In
the oxygen-evolving system, the adduct could result
from stabilization of the cationic amino-acid radical
through binding of OH-. Involvement of an OH radi­
cal as an intermediate in photosynthetic water oxida­
tion has generally been rejected on thermodynamic
grounds, although Renger [43] suggested that a large
association constant could provide the required energy.
Formation of a covalent OH adduct may indeed be
considered as a case of high binding energy in which
the radical character is supported mostly by the
amino-acid ring. Consistent with this hypothesis is the
neutral character of the 52 ---> 53 reaction as seen from
the absence of electrochromic effect and from proton
release measurements (in the pH 5.5 to 8 range) that
are reported elsewhere [29].

The band-shift observed in the blue region (and also
in the red) has been ascribed [4,44,45] to a local elec­
trochromic influence of the charged 5-states on a
neighboring chlorophyll a molecule, possibly P-680.
This change is observed both on the S 1 ---> 52 step and,
with smaller amplitude and inverted direction, on 80 --->
8 1, The classical 1,0,1,2 pattern for proton release from
the 5-transitions [46-48] would predict a net charge
increase on the Sl ---> 52 transition where no proton is
released. This would account for the electrochromic
change observed on this step, but not for the opposite
change reported here for 50 -> 5 i- In recent work, we
re-investigated the proton release pattern as revealed
by experiments with Neutral Red. This led to the
proposal of a modified, non-integer stoichiometry
[49,50], that was further confirmed by a detailed study
of proton release in BBY's, as a function of pH [29].

187

Proton release on 52 ---> 83 remained close to 1, while
the stoichiometry was found to vary between pH 5.5
and 8 from (respectively) 1.7 to 1 for 80 ---> S I and 0 to
0.5 for 8 J ---> 82, Thus, at pH 6.5 (as in the present
experiments), more than one proton ("'"1.3) is released
upon 50 ---> 8 J and less than one ("'" 0.15) upon 81 ---> 82,
The first transition thus results in a negative net charge
that accounts for the observed electrochromic effect.
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