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Oxygen release may limit the rate of photosyniheiic electron transport;
the use of a weakly polorized oxygen cathode
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The kinetics of photosynthetic oxygen evolution upon Rash Hhumination were measured electrochemically at
a much less negative cathode potential than used in conventional oxygen polarography, so that the electrode
current was an essentially non-disturbing probe of the oxygen concentration. This method allows a good
signal-to-noise ratio at sub-millisecond time resolution with siationary suspensions of photosynthetic
material and avoids a strong inhibition of photosynthesis occurring under some conditions of measurement
with a bare cathode. The results contradict the generally accepted notion that oxygen release prompily
follows the 1.2 ms reduction of the oxygen-evolving complex after its four-step photooxidation. A much
slower process has to take place before oxygen is detected and before a next eycle of four photoreactions in
Photosystem II can be completed successfully: the next three photooxidations of .2 complex are
unaffected, but the fourth is lost for oxygen evolution. This indicates that oxypen is released only slowly
from the site of water oxidation, and that water oxidation is required to stabilize the fourth charge
separation, Half-times of 30-130 ms were measured for oxygen release in different batches of Photosystem
I membranes, chloreplasts and algae. In some conditions oxygen release may be a significant rate-limiting
step in photosynthesis.

Introduction technique. It is an elecirochemical detection

method: O, is reduced at the cathede surface by

For time-resolved measurements of the rapid,
small changes in oxygen concentration induced by
flash illumination of photosynthetic material,
oxygen polarography [1,2] is the only available

Abbreviations: CCCP, carbonyleyanide 3-chlorophenylhy-
drazone; Chl, chlorophyll (4 + b); Mes. 4-morpholineethane-
sulfonic acid; PS, Photosystem; Q,, secondary electron aceep-
torin PS IL
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the following reactions [3]:
0, +2H,0+2¢ ~ Hy0, +20H"

and

H,0,+2¢~  —I0H-

The cathode potential is set so low that every
oxygen molecule hitting the cathode is reduced.
The current then depends only on the rate at
which oxygen molecules arrive and should be pro-
portional to the oxygen concentration and diffu-
sion coefficient in the sample. The electrochemical
response tirr: is less, probably much less, than 0.5
ms [3].
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The method is widely used in photosynthcsis
research to measure the amount of oxygen evolved
in response to individual light flashes, but the
kinetics of the flash-induced change in electrode
current have rarely been used as a source of
information. Normally a large bare Pt cathode
and a dense suspension or even sediment of pho-
tosynthetic material are used to obtain a reasona-
ble current. The sample Iayer must be thin to
allow the iflumination to penetrate and, if it is not
a sediment, it is usually separated from the overly-
ing buffer solution by a filter or dialysis mem-
brane, The geometry is further complicated by the
unknown effects on photosynthetic oxygen evolu-
tion of the local conditions near the cathode
surface (fow potential, low O, concentration, H,0,
and OH ™ production, and possibly effects of other
teacti ;s taking place at the cathode), The result-
ing distribution of active oxygen sources leads to
complicated and partially unpredictable diffusion
kinetics from which the kinetics of oxvgen produc-
tion are not casily extracted.

Detailed information has been obtained, how-
ever, by an indirect approach [4]. Instead of a
flash, illumination was provided by weak,
sinusoidally modulated light. The kinetics of the
flash-induced signal discussed above will then be
expressed in the modulation frequency depen-
dence of the amplitude and phase shift of the
modulated electrode current with respect to the
light intensity, and can be measured with very
high sensitivity. From a comprehensive quantita-
tive analysis Joliot et al. [4] concluded that the
half-time of oxygen production in Chlorella was
(.8 ms. A distance between the cathode and the
nearest active oxygen sources of about 2 pm had
to be assumed. By the same technique, Sinclair
and Arnason [5,6] later found a half-time of 2 ms
in Chlorella and 3 ms in spinach chloroplasts.

Similar conclusions were obtained more di-
rectly by Etienne [7], using a fast turbulent flow of
a Chiorella suspension through a capillary tube
and measuring the oxygen concentration at a vari-
able distance downstrcam of a small, brightly il-
luminated spot. This elegant method avoids diffu-
sion gradients in the medium and exposure of the
cells to possibly inhibitory effects at the cathode
surface. As a result the kinetics of oxygen release
from the cells are immedialely obvious from the

data. Half-times of 1.5 and 2.2 ms at 26°C were
obtained with Chlorella cells of less than 3.5 and
of an average 5 pm diameter, respectively. On the
basis of these data, measured activation energies,
and a simple model calculation, it was concluded
that these hatf-times were close to the intrinsic
half-time of oxygen evolution, but somewhat in-
creased by the time required for diffusion of
oxygen out of the cells,

A haif-time of less than 1.5 ms svggests that
oxygen is promptly released upon reduction of the
water-oxidizing complex in Photosystem Il (PS
II). ‘This reduction iakes place after every four
successive photoreactions of PS 11, which increase
the oxidation state of the complex by four equiv-
alents [8):

he  he ke he
8y 8,285, (5,) S0
2H,0 O, +4H"

The higher S-states are reduced to S, in minutes
and subsequent illumination by a series of short,
saturating flashes results in a characteristic oscilla-
tion of the oxygen vield, with maxima on flash
numbers 3, 7, 11, etc. For each transition Bouges-
Bocquet [9] has determined the dark time required
for the next flash to be successful. The slowest
step was the S, — §; transition, which had a half-
time of 1.2 ms. Direct measurements on the
oxidized species involved later confirmed that this
half-time reflects the reduction of the oxygen-
evolving complex [10-13].

In order to verify the supposed kinetic correla-
tion between oxygen release and the S; — §, tran-
sition, we designed an electrochemical cell which
allows oxygen measurements simultaneously with
the ultraviolet absorbance measurements de-
scribed in Ref. 12. To minimize differences be-
tween conditions in the bulk suspension and in the
immediate vicinity of the cathode surface, we used
very weak polarization, so that a negligible frac-
tion of the oxvgen molecules hitting the cathode
was actually reduced. Upon flash ilumination the
current then simply increased by an amount pro-
portional 10 the oxygen produced and, because
inactivation of photosynthetic maerial near the
cathode surface was prevented, the cusrent in-
crease was much larger than might have been
anticipated on the basis of measurements at the



strong polarization traditionally used. At a vhlore-
phyll concentration of about 1 mM a good signal-
to-noise ratio was easily obtained in the ms time
range. The first and unexpected conclusion is that
oxygen evolution is much slower than the reduc-
tion of the oxygen-evolving complex and must in
some conditions be a significant rate-limiting pro-
cess in photosynthesis.

Materials and Methods

Chloroplasts were isolated from spinach leaves,
freshly picked or obtained from local shops, by
grinding, filtration and centrifugation, The isola-
tion buffer contained 20 mM Mes (pH 6.0, 15
mM NaCl, 5 mM MgCl, and 400 mM sucrose. PS
11 membranes were prepared from these chloro-
plasts according to the method of Berthold et al.
[14], except that the second Triton X-100 incuba-
tion was omitted. The membranes were suspended
ai about 3 mM Chl in the abovementioned Mes
bufier for storage in liquid nitrogen. Before mea-
surement they were diluted to 1 mM Chl in Mes
buffer without sucrose and 100 mM NaCl was
added for conductivity.

Oxygen measurements were carried out in a
special cuvette built for simultaneous oxygen and
absorbance measurements. It consists of a black
plastic front plate with a 10X 14 mm quartz
window transmitting the flash and the measuring
beam. The cathode is a 45% transmittance gold
minigrid (500 wires per inch, Buck Bee Mears, St.
Paul, MN) covering the window, and the anode
consists of two rectangular Ag spades mounted on
cither side of the gold mesh, next 10 the window,
in the front plate. The Au surface in the il-
luminated part of the cuvette amounts to nearly 3
cm®, which ensures large flash-induced signals,
and the Ag|Au surface ratio is 0.3. The back wall
of the cuvette consists of a larger quartz window,
clamped on an 04 mm spacer surrounding the
ensemble of electrodes. This quartz plate must be
removed for sample replacement. Although this is
an inconvenient procedure and introduces scatter
between data obtained with different samples, this
arrangement was chosen because it allowed the
short optical path length, optimal for absorbance
measurements at the high sample concentration
optimal for oxygen measurements. The electrodes
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are connected to the polarizing circuit by a triaxial
cable, the outer mantie of whiih is connocted to
the metal cuvette compartment of the spectropho-
tometer for electromagnetic shielding. The mea-
surements shown in the figures were done with
this cuvette.

For some measurements a different electro-
chemical cell was used. This was the bottom part
of a Joliot electrode [4] described in detail by Den
Haan {151 It consists essentially of a shallow
plexiglass beaker (depth adjustable o zero) with a
circuiar platinum cathode, surrounded by a broad
ring-shaped AgjAgCl anode, both mounted fiush
with the bottom surface. The Ag|Pt surface ralio
is 11. The set-up is mounted horizontaliy; the
sample covers both clectrodes as a thin layer and
is exposed to air over the whole surface. A di-
aphragm prevents direct illumination of the anode,
This cell allows sedimentaiion of the samaple on
the elecirodes before nicasurement and is suitable
for measurements at strong polarization. It was
also used for routine checks at weak polarization:
by placing a sheet of tissne paper over the elec-
trodes and pipetting just enough sample on that to
soak the whole surface, a sufficiently stable dark
current was obtained in seconds. The signal-
to-noise ratio was lower, but sample replacement
much easier than with the gold mesh electrode.
The kinetics of flash-induced oxygen evolution in
a homogeneous suspension measured at weak
polarization were found to be identical with both
electrochemical cells.

The electrochemical cells were polarized by a
floating voltage difference between anode and
cathode, without reference potential. The cathode
and anode potentials were measured as a function
of the applied polarization voltage in separate
measurements with an additional Pt probe and a
standard Ag|AgCl reference microelectrode. All
potentials indicated in the text are given relative
to the standard hydrogen electrode. The measured
anode potential was 110 mV (at 125 mM C17) and
changed very little in the range of polarization
voltages used, except when potentials of the gold
mesh cathode of less than —3500 mV were re-
quired. The conductivity of the sample became
limiting at ion concentrations below 100 meq/1,
decreasing the sensitivity of measurement, For this
reason 100 mM NaCl was normally added. Unless
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otherwise indicated, the sample temperature was
about 5°C.

Changes of the electrode current were recorded
via current-to-voltage conversion, d.c. offset,
amplificition, and analog-to-digital (a/d) conver-
sion, usang the same apparatus as in Ref. 12,
Averaging and base-line correction were done in
an 18I 11 comater. The base-line correction was
performed by linear extrapolation of the signal
before illumination; measurements were carried
out long enough after the onset of the polarization
voltage to ensure an essentially linear decrease of
the dark current in the time range of the measure-
ment. In practice, the delay needed for this reason
between the onset of the polarization voltage and
inc start of the measurement ranged from 20 s at
weak polarization to 5 min at strong polarization,
Typically, the total decrease of the dark current
during the sweep-time was of the same order of
magnitude as the average current increas¢ per
flash. Saturating red or blue xenor flashes of 10
ps half-width were filtered by Schott RG665 +
Calflex C or Schott GG453 + Corning CS4-96 +
Calflex C, respectively. Flashes of 532 nm and 15
ns half-width at a repetition rate of 50 Hz were
obtained from a frequency-doubled Nd-YAG laser
(JK Lasers) and were about 90% saturating.

Results

The electrode current change upon flash il-
lumination of a suspension of PS II membranes,
measured at different cathode potentials, is shown
in Fig. 1A, The decrease of the dark current
during the time of measurement has been sub-
tracted as described in the Materials and Methods
section, Fig. 1B is a semilogarithmic plot of the
peak amplitudes (triangles) and the amplitudes at
10 ms after the flash (circles, normalized to the
peak amplitude at — 300 mV). A new sample was
used for each measurement.

At strong polarization, as the voltage reaches
the value where every oxygen molecule hitting the
cathode is reduced, both the signal decay rate and
the peak amplitude should become independent of
the voltage. Instead, the amplitude becomes very
small. This phenomenon effectively prevented
measurements at strong polarization of flash-in-
duced oxygen evolution in the relatively dilute (1

mM Chi) suspensions used. It was vnrelated to the
fact that the anode potential increased substan-
tially at these cathode potentials, because the same
effect was observed with the Joliot electrode (see
Materials and Methods). With that electrode a
reasonable signal amplitude at strong polarization
could be measured only after sedimentation of the
sample, whereas at weak polarization sedimenta-
tion was not required, After a measurement at
strong polarization a less negative cathode poten-
tial only led to an even smaller signal. The ampli-
tude was restored only after stirring of the sample
or, partially, after a long wait. These observations
indicate that axygen evolution near the cathode is
inhibited by conditions created at strong polariza-
tion, The cause of the inhibition is not yet clear;
anaerobic conditions did not seern to inhibit
oxygen evolution at weak polarization. The inhibi-
tion is not limited to a few micrometer near the
cathode surface, since this would cause a delay of
the signal rather than an attenuation. Typically, in
a first measurement on a sample sedimented on
the Joliot electrode the peak amplitude at —700
mV was several times lower than at —100 mV,
whereas the Tafel coefficient (see below) would
predict a more than 10-times higher signal ampli-
tude.

At the most negative cathode potential shown,
the kinetics of the flash-induced current transient
are ‘normal’, taking the thickness of the sample
layer into account. The decay of the signal be-
comes very slow when the cathode potential be-
comes much less negative than required for effi-
cient oxygen reduction. In the range of —50 to
—475 mV the signals were superimposable by
assuming a Talel coefficient of 0.16, somewhat
lower than reporied in Ref. 3. (The Tafel coeffi-
cient is the slope of the straight line in Fig. 1B
multiplied by RT/F.) Since the cuvette used s
closed, the sample ultimately becomes anaerobic
even at weak polarization, To minimize this effect,
a cathode potential of —100 mV was used in all
measurements shown below. At this potential the
estimated probability of reducing an oxygen mole-
cule hitting thc cathode was about 1% (at 5°C
and non-fimiling sample conductivity) and the
oxygen concentration at the cathode surface was
depressed by approx. 10% at the time of measure-
ment. The latter value was estimated by numerical
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Fig. 1. (A) Cathode-potential dependence of the flash-induced
oxygen signal. A suspension of dark-adapted PS II membranes
was illuminated by three saturating Rashes at 1 s intervals and
the electrode current change caused by the third flash was
measured and comected for a decrease of the dark corrent as
described in Matecials and Methods. At cathode potemtials
highe: than — 500 mV only the amplitude was potentiai depen-
dent. The trace measured at — 148 mV was muhiplied by 134
and offset for clarity. (B) The peak amplitudes (iriangles) and
the amplitudes a1 10 ms after the flash (circles, normalized to
the peak amplitude at —300 mV) are shown on a logarithmic
scale; the slope of the line corresponds to a Tafel coefficient of
0.16. Average of 3-5 traces. (C) The traces at - 14R and —709
mV, normalized to the same amplitude, are shown together
with curves calculated (see Appendix) for the weak and strong
polarization Limits, assuming first-order oxygen evolution
kinetics with the same time constant in both cases.
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simulation of the oxygen diffusion perpendicular
to the cathode; it could not be derived from the
dark current, because the polarogram of the dark
current (not shown) indicated that at —100 mV it
was largely due to other reactions than oxygen
reduction, especially at short times after the onset
of the polarization voltage,

The 30 ms half-rise time of all signals in Fig, 1
except those showing a significant decay suggests
that the apparently shorter rise time of the latter is
due only to convolution with the decay kinetics.
Fig. 1C shows that this is indeed the case. Taking
the rise time of the signal at —148 mV as the
intrinsic time constant of oxygen evolution, the
kinetics expected at strong polarization were
calculated as described in the Appendix, The re-
sult is seen to explain the risetime of the trace
measured at —709 mV quite well. The same pro-
nounced influence of the decay kinetics on the
apparent rise time is seen in the data in Ref. 16
(there erroneously attributed to a capacitance on
the cathode surface; at a polarization weak enough
to avoid a significant decay of the signal we found
no influence on the kinetics by a limiting conduc-
tivity). We conciude thai the kinetics of oxygen
production are - expectedly - independent of the
polarization voltage. In this batch of PS I1 mem-
branes detectable oxygen seemed to appear in 30
ms after z flash; in other batches rise-times of up
to 130 ms have been found. A rise half-time near
1.3 ms would be expected if oxygen production
were rate-limited by the reduction of the oxygen
evolving complex in this preparation {12}, which
consists of membrane sheets with the PS I donor
side freely exposed to the medium [17}. The ob-
served rise is much slower and was therefore
studied in detail.

Fig. 2A shows that the flash-induced current
increase is really due to photosynthetic oxygen.
Dark-adapted PS I1 membranes were iluminated
by a series of 15 blue saturating flashes. The first
flash induced only a short-lived negative transient,
which will be discussed below. Subsequent flashes
caused the same transient to a progressively smaller
extent, and in addition a stepwise increase of the
current with a half-time of (.1 s on all steps. The
amplitudes of the successive steps (Fig. 2B) exhibit
a damped oscillation with maxima on flash num-
bers 3, 7, and 11, characteristic of the four-step
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Fig. 2. (A) oxygen evolulion upon illumination of dark-adapted
PS I membranes by a series of saturating flashes, measured at
a cathode potential of —100 mV. (B) The current increase
caused by each flash is plotted. Average of four traces.

redox cycle of the water oxidizing complex [18,19].

The electronic response time was most easily
checked by flash illumination of the Ag}AgCl
anode. The 20 ps transient then observed (Fig.
3A) shows that the electronic bandwidth was at
least 5¢ kHz (in slower measurements the band-
width was adjusted to the sample frequency of the
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Fig. 3. Flash-induced elecirode current iransients, measured

without photosynthetic material in the buffer solution. (A)

Flash illumination of the Ag]|AgCl anode, with a flash of 10 ps

half-width. (B) Normal optical configuration, flash illumina-

tion of the Au cathode with a blue flash (curve 1) and a red
flash (curve 2) of similar intensity.

a/d converter by a low pass filter). In the normal
optical configuration no trace of this signal was
detected, showing that scattered light reaching the
anode was negligible, Instead, illumination of the
cathode in the usual Cl™-containing media caused
& negative transient signal (Fig. 3B). Such tran.
sients have been reported earlier [20,21]. This sig-
nal was dependent on the CI™ concentration and
was much larger after blue (trace 1) than after red
flashes (trace 2). It may be cansed by a transient
oxygen consumption involved in a metal-catalysed
reaction chain initiated by photodissociation of
Cl, [22]. The Cl~-dependent “artifact’ is seen to be
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Fig. 4. Flash-induced axygen concentration changes at 19°C in suspensions of (1) PS 11 membro. cs; ¢2) chloro; lusws, 17y Cinioreila
oufgaris on the last of 50 saturating flashes fired at 2 Hz, the contribution by preceding flashes, obtained by extrapolation of the
kinetics after the 49th flash according to the measured kinetics from 500 ms after the 50th flash, has been subtracted; (4) the same
algae on the third flash after dark-adaptation. ‘The traces have been normalized to the same amplitude.



comparatively small in Fig. 2A, where blue flashes
were used. In principle it can be removed by
subtraction of the signal observed without
oxygen-evolving particles ‘n the cuvette, if other-
wise identical conditions can be created at the
cathode surface. In practice this method was not
very reliable. This signal is also much faster than
the appearance of photosynthetic oxygen, con-
firming that the time resolution of measurement,
for reactions at the surface of the electrodes, was
more than adequate.

The 0.1 s rise time of photosynthetic oxygen
could not be explained by assuning a minimum
distance between the cathode and the nearest ac-
tive oxygen sources because an unlikely large dis-
tance weuld have to be assumed and becanse the
tise time was independent of the viscosity (0-400
mM sucrose), sainple concentration (5-fold
change), and cathode potential {(—50 to 475 mV,
Fig. 1).

The slow rise is alse not due to some peculiarity
of the PS TI membranes. Fig. 4, measured at
19°C, suggests that a faster rise in other material
may be due 1o convolution with a flash-induced
oxygen consumption. As shown in trace 1, PS II
membranes yield a similar slow rise at this tem-
perature. Trace 2 shows that spinach chloroplasts
exhibit similar kinetics, except for a pronounced
decrease at the end of the trace which is probably
due to oxygen reduction by PS 1 {2324]. Since
these chloroplasts probably did not retain fer-
redoxin, oxygen presumably reacted with reduced
electron acceptors in PS I directly, The rise time in
PS 11 membranes was slightly shorter than in the
chloroplasts from which they were prepared, but
the difference was small compared to the dif-
ferences between batches of the same material: a
wide range of half-rise times has also been
observed in chloroplasts. Trace 3 shows the kinet-
ics in Chlorella vulgaris under steady-state il-
lumination by saturating flashes fired at 2 Hz,
revealing a faster rise but also a more rapid oxygen
consumption. The algae, whick were grown in
batch cultures, also showed a wide range of rise
times of the oxygen signal. Induction phenomena
complicate the kinetics in algae after dark adapta-
tion: trace 4 shows the kinetics after the third
flash fired on dark-adapted Chiorella vulgaris. The
kinetics of oxygen evolution may still be as slow,
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but the -ignal appears to be mere rapid due to
convolution with a fast oxygen consumption [25].
In addition there is a flash-induced change in the
slope of the baseline (a baseline cotrection was
always applied, see Materials and Methods), which
may be due to a decrease of the ‘chlororespiration’
rate [26]. The use of a weakly polarized cathode
will greatly simplify the study of such phenomena.
The observed rise time in trace 4 still exceeds that
expecied [4-7] by at least an order of magnitude.

Even more convincing is the observation that
PS 11 cannot make oxygen again before the slow
process has occurred. In the experiments of Fig.
5A dark-adapted PS IT membranes were first il-
luminated by three xenon flashes at 1 s intervals,
to generate the S; state and oxidize water. After a
variable dark time A¢ a series of six laser fashes,
spaced at 20 ms, was fired to produce a second
cycle of the S-states (allowing for misses and the
incomplete saturation by the laser flashes). The
total amount of oxygen produced was significantly
depressed at At values less than a few hundred
ms. No Ar dependence was observed when two
instead of three xenon flashes or two instead of six
laser flashes were used (not shown). The At depen-
dence must be due to the oxygen yieid of the last
few flashes and be attributed 1o PS II centers
which were in the S, state during Ar. Apparently
the ability of these centers to produce oxygen a
second time during the flash series was impaired if
At was short. The inhibition was relieved with a
half-time corresponding to that of oxygen release
in the same preparation (C; oniy the slope matters;
the amplitude was arbitrarily normalized). It fol-
lows that the measured oxygen release kinetics
reflect & process at the site of water oxidation
itself.

Fig. 5B shows experiments on chloroplasts pre-
illuminated to randomize the S-state distzibution.
After the preillumination, a series of scven laser
flashes spaced at 20 ms was fired, in order to
obtain a situation where all centers that were in
the S, state after the flash series had performed an
8§, = §, transition (and oxidized water) during the
flash series. After a variable dark time Ar a single
xenon flash was fired. In this case the Ar depen-
dence of the final oxygen vield must be due to the
oxygen yvield of the last flash, attributed to centers
that were in S, during At. The outcome is the
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same as in the previous experiments: at short Af a
significant depression of the final oxygen yield is
obtzined (B), and the effect disappears at increas-
ing A7 with the half time of oxygen release in the
same sample (D). This result confirms that of Fig.
5A and C and shows in addition that the S, state
may be reached before oxygen release, and that
oxygen release in S, has the same rate constant as
that in S;. In separate fluorescence measurements
fnot cshown), nsing a gated photomultiplier and
10¢ kHz modulated measuring light as in [27), it
was checked that the inhibivon was not associated
with an accurnulation of Q.

The extent of the inhibition before oxygen re-
lease may be estimated by plausible simulations of
the S-state turnover by the laser flashes and taking
into account the same exponential oxygen release
kinetics during both Az and the laser flash series.
The observed effect is larger than simulated even
for a 100% inhibition. Also the small difference in
Fig. 5B between the final oxygen yield with At =20
ms (trace 2) and that before the last xenon flash in
trace 1, relative to the oxygen yield of that flash,
indicates a remarkably large inhibition at short
At. We do not wish to draw quantitative conclu-
sions on this basis, but it seems clear that, before
oxygen release has taken place, the chaaces of
making oxygen by the next S-state cycle must be
small. In the experiment of Fig. 5B trace 1, the
oxygen yield of the xenon flash (less than 1 O, per
S; due to misses) relative 1o that of the series of
seven laser flashes (more than 1 O, per center due
to release between flashes) indicates that nearly
half of the centers were in §; when the xenon flash
was fired. This suggests, qualitatively, that the
inhibition of oxygen production was accompanied
by an accumulation of the S, state.

Three conclusions follow from these experi-
ments: (1) the advance of the S-states up to S,
does not require oxygen release; (2) the oxygen
refease time is about the same in §; as in 8; (3) a
flash-induced charge separation in the state S,
before oxygen release has taken place is lost for
S-state turnover and oxygen production. The third
conclusion implies that the measured oxygen re-
lease time is due to a process in PS I and predicts
that this process limits the rate at which PS II can
deliver electrons to the plastoquinone pool or to
artificial electron acceptors added.

Fig. 6 shows Arrhenius plots of the temperature
dependence of oxygen release in PS 11 membranes
{1) and in chlozoplasts (2), revealing activation
energies near 0,25 eV (24.3 kJ /mol). The flash-in-
duced oxygen reduction in chloroplasts (3) had an
activation energy of 0.71 ¢V. It must be mentioned
that the signal amplitudes in PS II membranes
increased about twofold per 10 degrees, presuma-
bly due to increased diffusion and the activation
energy of oxygen reduction at the cathodc surface.
Preferably such changes of the sensitivity should
be compensated by adjustment of the polarization
voltage, but at the voltage used here a more than
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membranes (1) and cHoroplasts {2) and of oxygen reduction in

chloroplasts (3). The measured traces were fited by the dif-

ference of two exponentials. The Arrhenius plots of the rate

constants thus obtained show activation energies near 0.25 eV
for oxygen release and 0.71 eV for oxygen reduction.

tenfold increase of the rate of oxygen reduction by
the cathode would be needed to produce a signifi-
cant effect on the measured kinetics (Fig. 1B).

As mentioned earlier, a rather wide range of
oxygen release times has been observed in differ-
ent batches of chloraplasts and the PS IT mem-
branes isolated from them. However, apart from
temperature and pH-values higher than 7.5 (which
caused a slower release, up to twofold at pH 9) no
conditions were found which influenced the re-
lease time in one batch. Among the additions
tested were 1 mM NH,CI, 10 pM CCCP and 5
mM NaHCO,. Treatments vsed to remove the
extrinsic polypeptides of PS 1I led to a more rapid
oxygen release (to be published).

Finally, it may be noted that in all measure-
ments the exponential rise of the oxygen signal
was preceded by a significant lag, usually in the
range of 2-10 ms. This lag is not only due to
superposition of the Cl™-dependent artifact of Fig.
3B. Subtraction of the signal measured on the first
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flash after dark adaptation (cf. Fig. 2A) or without
oxygen-cvolving materizl did not yield reproduei-
ble results but always left a small lag phase.
Extrapolation of the later exponential kinetics on
a semilogarithmic plot was unreliable, oo, be-
cause the recovery from the artifact often took
place in the same time range as the release of
photosynthetic oxygen (Fig. 3B), but also this
method always left a small lag phase unexplained.
Most likely this is due to the S, — S, transition,
because onc has to assume that oxygen release
cannot begin before water is oxidized.

We conclude that, upon flash illumination of
PS II, polarographically detectable oxygen ap-
pears as a result of twe sequential processes. The
first process is water oxidation concomitant with
the reduction of the manganese complex to S, and
may be expressed in the lag phase of the signal.
The subsequent release of a free dioxygen mole-
vule is a hitherto not recognized and remarkably
slow process, which is not required for the con-
tinued turnover of the S-states up to S,, but has to
take place before the next 8, — S, transition can
occur.

Discussion

The results show that oxygen release by PS I1
takes much longer than previously assumed and
has to take place before the next S; — §, transition
of the oxygen evolving complex can occur. The
latter observation rules out an artifactual origin of
the measured oxygen release kinetics and is most
casily explained by assuming: (1) that oxygen
release is required before new water molecules
become available for oxidation by the complex;
and (2) that water oxidation is required for the
stabilization of & charge separation in the S, state.
If such a charge separation is lost by reversed or
cyelic electron flow it also cannot contribute to
the reduction of plastoquinone or added electron
acceptors. This may explain why maximum oxygen
evolution rates in isolated PS II particles fail to
live up to the expectations based on a presumed
1.2 ms wrnover halftime (a sample containing 60
Chl/PS II should then yield 10 mmol O, per mg
Chl per h), in spite of considerable efforts to
optimize these rates.
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The oxveen rclease time did not appear in
Bouges-Bocquet’s classical study on the S-state
turnover times [9] because the time available for a
full cycle of the S-states was always Jong enough
in those experiments. The transport of 6-8 elec-
trons upon illumination at —30°C, in a frozen
medium, also suggests that the S-state transitions
{at least) up to S; do not require the presence of
water at its oxidation site [28), Ultraviolet ab-
sorbance changes suggested that the 8-state transi-
tions up to S, involve the oxidation of manganese
and therefore not of water [29,30] (although for
the S, — S, transition this conclusion is still under
debate [31]). Isotope exchange experiments have
shown that the oxygen produced after a flash is
derived from water which is still exchangeable in
the 8, state present before that flash [32,33].

Our findings should be reflected as well in the
kinetics of electron transport at the onset of
saturating contituous illumination. Starting
mainly from the S; state after dark adaptation, the
first six photoreactions of PS II should occur with
the turnover times determined by Bouges-Bocquet
[9}, and the seventh turnover should fail until the
oxygen made on the third turnover is released.
This induction phenomenon was studied quantita-
tively two decades ago by several authors. An
initial burst of PS II activity (*foxygen gush’) takes
place [34] until electron transfer from the plasto-
quinone pool to PS I, slowed down by the acidifi-
cation of the thylakoid lumen [35), becomes rate-
limiting {36]. The oxygen gush is strongly bi-
phasic: the fast phase, indicating a PS 11 wurnover
time of less than 2 ms, indeed amounts to one
oxygen molecule [34] and six electrons arriving in
the plastoquinone pool (which can accommodate
14) [37] and hence at P-700 [36], or at an artificial
clectron acceptor added [38]. After this, the PS II
turnover rate drops by an order of magnitude
[34,38). Stiehl and Witt {37] could fit the sudden
decrease of the plastoguinone reduction rate after
thres of the seven molecules were reduced by
assuming that this rate was proportional to the
souare of the oxidized fraction of the pool. Their
explanation of this dependence, by a dismutation
of two semiquinones produced in parallel, was
ruled out by the discovery of the two-eleciron gate
mechanism by Bouges-Bocquet [39] and Velthuys
and Amesz [40). To our knowledge, no other ex-

planation for the end of the oxygen gush fast
phase has yet been offered. Qur conclusions pro-
vide this explanation.

The earlier evidence for a fast oxygen release
[4,7] was described already in the Introduction.
We observed a rather wide range of rate constants
of oxygen release and cannot exclude the possibil-
ity that oxygen release sometimes does take only a
few milliseconds. However, as we have not vet
seen release times of less than a few tens of
milliseconds, we doubt the validity of the earlier,
less direct evidence for a much faster release.
Convolution with light-induced oxygen reduction
may have played a dominant role. In the mod-
ulated oxygen measurements [4] a phase shift and
attenuation by the time required for the 8, - §;
transition is expected and may erroneously have
been attributed to oxygen release, but it is not
obvions how a slower oxygen release could have
been missed altogether. The analysis required the
ad hoc assumption of a minimum distance of 2
pm between the cathode and the nearest oxygen
sources, for which we found no evidence yet. We
do find rather short apparent rise times after dark
adaptation (Fig. 4, trace 4) and light-induced
oxygen uptake was not considered in Ref. 4. The
light intensity used was low enough to expect a
nearly dark-adapted state.

The seemingly clear-cut evidence for a fast
oxygen release obtained by Etienne [7], described
in the introduction, leaves little room for doubt.
The algae were presumably light-adapted. If owur
conclusions are correct, the flow dynamics at the
end of the capillary, near the cathode surface,
must have caused a surprisingly large und:resti-
mation of the time between illumination and mea-
surement, The original data have been searched in
vain for possible indications to that effect. On the
other hand, the data do not include an indepen-
dent experimental confirmation of the calculated
delay between illumination and polarographic de-
tection.

Fitting the flash-induced kinetics on the as-
sumption of a fast oxygen relecase has not led to
reasonable results, Mardti et al. {22] postulated a
high diffusion bairier in Chlorella, Meunier and
Popovic [16] postulated a large electrical capaci-
tance oa the cathode surface. An interesting case
is the seaweed Ulva, in which nearly all chloro-



phyll is confined o a layer from abeut 10-20 pm
below the surface on either side of the symmetri-
cal thallus [41], Fitting the flash-induced kinetics
on the assumption of a fast oxygen release in this
case produced a clearly unreatistic calculated dis-
tribution of P$ 1I [42]. The shape of the calculated
distribution would perhaps well be explained by a
slow oxygen release. Tn conditions approaching
the situation that all oxygen sources are in contact
with a strongly polarized cathode, the electrode
current should become equal to the rate of oxygen
evolution and hence to the first derivaiive of the
oxygen concentration changes measured with a
weakly polarized cathede in a homogeneous sus-
pension (see Appendix). Oxygen measurements on
a thin layer of PS Il membranes ventrifuged onto
a strongly polarized cathode {43] tend to confirm
this prediction.

Our data indicate that oxygen :volution may be
severely inhibited under the nortal conditions of
measurement with a bare oxygen cathode. How-
ever, Joliot (personal communication) does not
observe that, the only obvious difference being
that in his electrochemicat cell the sample is weli
protected from chemical influences of the anode.
This point requires further investigation. The con-
sequences of the inhibition for the interpretation
of earlier data are probably limited, because the
inhibition does not obviously raodify the period-4
oscillation in the oxygen yicld induced by a series
of flashes, In the sometimes very detailed interpre-
tations of such oscillations, however, artifacts
caused by this inhibition cunnot be excluded.
Oxygen measuremenis on homogenecus suspen-
sions with a weakly polarized cathode are better
defined, allow kinetic decorvolution of oxygen
production and consumption processes, and pro-
vide access to a new and probably important
parameter in photosynthesis, the oxygen releass
time.

Our conclusions suggest that the rate of photo-
synthetic electron transport may not always be
limited by the reoxidation of ihe plastoquinone
pool. The overall turmover time found in intact
systems, first studied by Emerson and Ariold in
1932 [44], is usually in the same range as the
30-130 ms, 4 electron turnover allowed by oxygen
release. If oxygen release is indeed a physiologi-
cally relevant rate-limiting step in photosynihesis,
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the wide range of its rate constant in our measure-
ments may reflect meaningful variations under
physiological control, and warrants a more sys-
tematic search for the origin of these variations,

Appendix

The measuring system used may be described
by a one-dimensional semi-infinite samp'e solu-
tion at x > () with the electrode at x = 0. If oxygzen
is released instantaneously at 1 =0 the diffusion
kinetics are described by the following set of
equations:

aC *Dic t) A-l

506 1= Dol (a12)
]

"a_c(""-‘l = aC{0, ) (A1B)
X Lm0

Clx>0,00=G, {A-lc)

in which C is the oxygen concentration, D the
diffusion constant and a a proportionality con-
stant for the elecirode. o approackes 0 for weak
polarization and infinity for high polarization. The
solution of Eqn. A-1 is [45)

C(x. 1) =Co{exfl(x/ 2Dt y+explax/D + B)
X{1 =erf(x/DF +E))) a2

in which §=cq’/D and erf(x)=2/Vr[§
exp(—y?) d . This yields for the cathode current
L

I(1y= %C(x, I)L_D = (a/D)Cy exp(B)(l—erf(,/E))
(A-3)

For the limiting case 810 (ie. weak polari-
zation and not extremely long r) Eqn. A-5 reduces
to

Tueay (1) = 0 Gy /D (A4

On the other hand, using the asymptotic expan-
sion

Yz exp(22)(1-erf{z))

=1+ L {(-D"(1-3-...-@n-1))227) 7" (A5)

n=1
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the limiting case §— o0 (i.e. strong polatization
and not extremely short t) Eqn. A-3 reduces to

Cs(rong(‘) = Cu/m (A-6)

Note that in both cases the shape of the function
is independent of D.

When oxygen releasc after a flash is a first-order
process with time constant 7, the observed signal
is described by the convolution of the oxygen
release and the electrode response [ exp(—s/
T)I(t —5) ds, so

Lo (1) =1 =exp(—1 /) {A-72)

Taaas 1) ~exp(~1/03 [ V7 exp(y?) dy (ATb)

Numerical calculation shows that the latter func-
tion has a peak at 7 =0.85r and reaches (1 — 1 /¢)
of its peak level at 2= 0.147, Thus the rise time of
oxygen evolution is about 7 times the rise-time of
the signal in this case. At longer times it decays
with 1/yr.

If the sample is a layer of finite thickness on a
strongly polarized cathode, both the rise and de-
cay of the signal become even more rapid. In the
limiting case that all oXygen sources are at x =0
all oxypen released is immediately consumed by

the electrode, ie. the electrode response function
is

Islrong“) = 8(') (A‘B)

yielding for the convolution with oxygen evolu-
tion:

Toprong (1) = exp(= 1/7) (A-9)

So in this case the oxygen release time equals the
signal decay time. Any observed rise-time cannot
originate from oxygen release and must be ascribed
to a lag phase in oxygen release.

In the remaining limiting case of ali oxygen
sources at x =0 on a weakly polarized electrode
the electrode response function is determined by
diffusion away from the electrode, thus poes with
1/Vt, similar to the case of the semi-infinite solu-
tion at strong polarization (Eqn. A-5). Thus the

observed signal I, (¢) is then described analo-
gously to Eqn. A-7b:

Lo (1) wexp(~1/7) [ exp( ) dy (A-10)

Of these four cases those described by Eqyns.
A-Ta and A-9 vield the most straightforward re-
sults. The latter case, a thin layer with a strongly
polarized cathode, howeves, suffers from the con-
dition that the measurements must be performed
anaerobically, as the cathode oxygen concentra-
tion is kept 0 (&= oo in Eqn. A-1b). Moreover,
the condition that all oxygen sources are at x =0
cannot be approached if these sources have appre-
ciable dimensions (e.g., cells). In the other case, a
semi-infinite suspension with a weakly polarized
cathode, this complication will introduce a lag
phase which, if much shorter than r, is more casily
cerrected for. We conclude that a system consist-
ity of a suspension in combination with a weakly
polarized cathode is to be preferred on theoretical
grounds, in addition to its practical advantages.
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