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Mass spectrometric analysis of a Photosystem-II-mediated oxygen uptake
phenomenon in the filamentous cyanobacterium, Oscillatoria chalybea
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Flash-induced oxygen production was studied by mass spectrometry in thylakoid particle preparations of the
filamentous cyanobacterium Oscillatoria chalybea. Essentially, two oxygen uptake phenomena related to
Photosystem I were observed. First, photosynthetic oxygen evolution requires the presence of a minimal
threshold quantity of oxygen. Under comple(elymeroblceonthﬁonsthephotosyn&eﬂe vmersplmmg
reaction does not occur. In nitrogen-flushed assays, a small oxyg qmlne, Y8
Mnedbyauﬁnofshoﬂsmmhngﬂash&Second,ﬂash-med syntheti lution was
in the p of the oxygen isotope, '*0,, intheambnemamosplmeofﬂneassay‘l‘heoxygen
evolved was labelled with 18Q,, which showed that the evolution reaction included an '*Q-uptake
phenomenon. The labelling densny completely excludes '*0, exchange via H,'*O (by respiration or other
) and sub hetic water splitting, since too little mixed (*0'®0) oxygen label was
tound.Sineemostonhehbelmtomnobe"o,,melabelemumfmnhy&ogenpmxue(orn
q ) prod in the i diate vicinity of the S-state system. The decomposition of this bydrogen
ide app to be ‘bythes-smesystem(sz)melf Addition of hydrogen p id
mﬁea&ﬁﬁwdhﬂlammudammmdfmﬂwmdoumﬁmm
phenomenon scems to be an i y of our cyanob: ium and does not take place in tobacco
Mmmmwmummmmmmmphyammmmm
and might be the of the ab: of two of the extrinsic polypeptides in cyanobacteria. It is
enhanced by high concentrations of oxygen in the ambient atmosphere and is diminished by low oxygen
tension.

Introduction to be due to metastable S; [2]. Due to the life-time
of this metastable S,-state we were able to demon-
strate by mass spectrometry that, in particle pre-
parations of the cyanobacterium which were sus-
pended in H}®O-containing buffer and subjected
to two preflashes, the addition of HO to the
suspension medium and a subsequent third flash
yielded '*O-labelled oxygen [3]. This, together with
the isotopic distribution pattern of the evolved
oxygen, showed that, after reaching the S;-state,
oxygen is evolved from HL*O by one single flash

In recent years we have studied the properties
of the S-state system in the filamentous cyano-
bacterium Oscillatoria chalybea [1,2}. The peculiar-
ity of these cyanobacteria is an appreciable oxygen
yield under the first flash, which has been shown

C d G.H. Schmid, Uni Bielefeld, Fakultit

fur Biologie, Lehrstuhl Zellphysiologie, D-4300 Bielefeld 1,
F.R.G.

[3]. The experiment confirms an experiment by
Radmer and Ollinger [4] in which the authors, due
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to the short life-time of S; in spinach chloroplasts,
had performed the experiment essentially the other
way round. They had suspended spinach chloro-
plasts in H'¥O containing buffer preflashed with
two flashes, removed H1*O and resuspended the
system in H3°O. The third analysing flash yielded
no '®0-labelled O,. The conclusions drawn from
our experiments and those of Radmer and Ol-
linger constrain any model of the mechanism of
photosynthetic water splitting into a situation in
which S, and 8, can seemingly not c~ntain bound
unexchangeable water. On the other hand, accord-
ing to the literature, oxygen evolution should pro-
ceed via formation of a ‘cryptoperoxide’, which
would imply that S; under certain conditions
should not exchange with the surrounding bulk
water [5]. And indeed, in our previous articles
[2,3,6], we already had indications for a bound
‘cryptoperoxide’ or an equivalent condition, and
came to the conclusion that possible equilibrium
situations should not be neglected [3]. Most inter-
estingly, we had observed that particle prepara-
tions of the cyanobacterium required a certain
threshold oxygen partial pressure in order to be
able to evolve oxygen [6]. No oxygen was evolved
when the preparation had become too anaerobic.
This property of Oscillatoria was not due to over-
reduction, since addition of ferricyanide had no
effect and was not, or to a much lesser extent,
observed with higher plant chloroplasts or with
‘BBY particles’ [6,7]. Our observation might show

that a certain minimal of oxygen must be
present or may be even bound before the oxygen-
us b functional. This ob-

servauon has led us to study photosynthetic oxygen
evolution in dependence on oxygen partial pres-
sure by means of mass spectrometry. By this tech-
nique we were able to demonstrate the presence of
another Photosystem-II-mediated O,-uptake phe-
nomenon in particle preparations of the fila-
mentous cyanobacterium. The uptake phenome-
non seems to be connected with the S-state sys-
tem.

Materials and Methods

Mass spectrometry

All assays were performed with a modified
magnetic sector field mass spectrometer type ‘Del-
ta’ from Finnigan (Bremen, F.R.G.). The appara-

tus, including the valve system used, is described
in detail in an earlier publication [3]. All assays
were performed in a measuring ceil in which 2-3
ml of the assay suspension were separated by a 7
pm thick Teflon membrane from the gas space on
the ion-source side. The schematic diagram of our
measuring cell was described earlier [3,8). The
measuring cell was equipped with a gas-tight lid,
which permitted flushing with different gas mix-
tures but also injection of solutions as, for exam-
ple, the addition of H¥O into normal water (i.e.,
HY0-) g buffer Signals were
recorded on an SE 130-03BBC Metrawatt three-
channel recorder. Light flashes of 8 ps duration
were provided by a Stroboscope (1539A of Gen-
eral Radio) and usually spaced 300 ms apart.

It should be noted that our mass spectrometric
assay system in which partxcle preparations, algae
or chl are sedi d on a Teflon mem-
brane, represems a condition in which the biologi-
cal system continuously slips towards anaerobio-
sis. This is because the Teflon membrane seperates
ihe assay from the ionic source space (under high
vacuum) and that the assay is in equilibrium with
only a closed gas volume. The continuous deple-
tion of the gas space and the assay mixture in
equilibrium with it can be permanently measured
by monitoring the actual O, background in milli-
volts. Injections of defined gas mixtures into this
closed syst blish the d d experimental
conditions (see Figs. 1 and 4).

Measuring procedure
2 ml of the Oscillatoria preparation, equivalent

to app 70 pg chlorophyll or tob 1
plasts [9] corresponding lo 130 ug chlorophyll in
buffer containing only H°O were given on the
Teflon membrane in the measuring cell and were

llowed to sedi on the . It is im-
portant that the membrane be completely covered
by the solution and that the sedimentation film
itself homogeneously covers the membrane surface.
HO was purchased as 99 atom% from Ventron.
80, (98%) was from CEA-Oris, Bureau des Iso-
topes Stables, Gif-sur-Yvette, France.

Pamcle preparations
of the fi cyanobacterium
Osallatona chalybea particles was as described




earlier [2] from 20-day-old cultuics grown aon
nitrate as the sole nitrogen source. Usually the
filament digestion included treatments with
glucuronidase (Boehringer-Mannheim) and Cel-
Iuiase (Kinki Yakoult, Japan) as described earlier
(2l

Assay suspension

The assay suspension usually contained an
aliquot of O:cillatoria particle preparations equiv-
alent to approx. 70 pg chlorophyll, or, for com-
parison, chloroplast preparations of N. rabacum
var. John William’s Broadleaf equivalent to 130
pg chlorophyll in 2 ml 0.06 M Tricine/0.03 M
KCl (pH 7.5).

Results

In a previous paper we have shown that Oscil-
latoria particle preparz.ions did not evolve oxygen
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Fig. 2. Oxygen cvolution, measured as mass 32 (°0y), as the

consequence of one, two and three short saturating light flashes

in a particle preparation of O. chalybea. The assay has been

flushed with nitrogen to remove '°0, from the assay. There-

after the gas phase was supplemented with a trace of '*0,

(98%) from the assay. The experi shows that the evoluti:
signal is preceded by a small uptake signal.

ulation of O, evolution exists, since a partial pres-

under anaerobic conditions [6]. The bic
condition was easily realized by flushing the mea-
suring cell with nitrogen. After flushing with
nitrogen, oxygen evolution was restored only if a
minimal amount of oxygen was supplied to the
gas space of the measuring cell. Fig. 1 shows this
oxygen requirement of O, evolution in Oscil-
latoria. The figure shows that a threshold reg-
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Fig. 1. Ph hetic oxygen evoluti d as mass 32

in a particle preparation of O. chalybea. (a) Anaerobic condi-

tions represented by a minimal oxygen background of 50 mV,

(b) reactivation of (a) by increasing the oxygen tension to a

background value of 53 mV. Normal oxygen content of air

(21% O,) corresponds to a background value beyond the upper
limit of our device, which lies at 12000 mV.

sure corresponding to 50 mV oxygen background
in our assay system does not permit oxygen evolu-
tion. The i of ion is not

due to an over ion of the ptor side of
Photosystem 11, since addition of ferricyanide does
not relieve the inhibition under anaerobic condi-
tions. This inactive system is reactivated by a very
slight increase in O, background, to 53 mV, a
condition which yields an appreciable oxygen sig-
nal (Fig. 1). The experiment shows that under
really anaerobic conditions no oxygen evolution is
possible in Oscillatoria, which might furthermore
imply binding of O, prior to oxygen evolution, an
assumption which is substantiated by the fact that
we observe a rapid O, uptake preceding the O,-
evolving signal in nitrogen-flushed assays (Fig. 2).
In the following experiment we analysed photo-
hetic oxygen evoluti d as the conse-
quence of two or five saturating xenon flashes in a
medium containing only H¥O by monitoring the
appearance of masses 32, 34 and 36 (Fig. 3a). The
signal amplitudes of mass 34 and 36 correspond to
the theoretical natural abundance of 0.2% of 0,
in natural air or water [10]. The suspension was in
equilibrium with normal air, i.e., 21% O, and 79%
N,. Fig. 3b shows the same experimeni in which
half of the 'O, content of the gas phase was
replaced by '®0, and Fig. 3c the corresponding
experiment in which all the oxygen of the gas
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Fig. 3. F ic oxygen d in a particle

preparation of O. chalybea as the consequence of one, two and
five short saturating light flashes in an ambient aumosphere of
21% Q,/79% N, in equilibrium with the assay mixture com-
posed of normal H*O containing buffer (no HO!). Simulta-
neous recording of mass 32 (**0'0), mass 34 (**0"0) and
mass 36 (180'0). Signal amplitudes measured in an assay in
equilibrium with a gas phase: (a) of normal air; (b) in which
half of the 160, has been replaced by '30y; (c) in which 98%
of the oxygen is '80,.

phase is 30,. It should be emphasized again that
the suspension of thylakoids contains only H0.
The overall conclusion from Fig. 3 is that the

signal which measures photosynthetic oxygen
evolution includes an O,-uptake phenc In
Fig. 3a the signal caused by five flashes yields an
integrated value of 146 relative units, in Fig. 3b of
100 and in Fig. 3c of 40 units. In the same sense,
the integrated mass 36 signal increases from Fig.
3a to 3c. Hence, 0, evolution competes with
320, evolution. The sum of the integrated signals
of the registered masses 32, 34 and 36 scems to
remain constant, around approx. 160 units
throughout all three experiments. The experiment
of Fig. 3 shows that O, uptake very close to the
S-state system must have occurred in which the
oxygen taken up is i 1y and excl Ay
funnelled into oxygen evolution. An uptake phe-
nomenon due to a respi y P yielding
HLBO, which then would be decomposed photo-
synthetically, can be fully excluded, since the 5 ml
180, used, for example, in the assay of Fig. 3¢
would yield, if quantitatively converted to HO,
approx. 8 ul HYO. However, in order to obtain a
labeling level like that shown in Fig. 3c, approx.
200-times that amount would be necessary, fully
disregarding the aspect that, if the 180, evolution
observed proceeds via the splitting of HFO, the
main label should be found as **0**O in mass 34,
which is obviously not the case. The Jack of mixed
label also excludes the obvious and spontaneous
interpretation that the effect might be due to
photoinhibition of uptake phenomena, such as
inhibition of respiration in the same cyano-
bacterial [11), besides the quivocal
arg that our ing device permits the
simultancous measurement of O, uptake and
evolution (Fig. 2). A further alternative interpreta-
tion to be tested is 30, exchange between water
and the O, gas phase in all S-states. This implies
binding of H,0 also to S, and 8, a possibility
which has been excluded by the earlier experi-
ments of Radmer and Ollinger [4] and ourselves
(31 Since no or little 160180 has been evolved,
180, evolution could come from HPO, or an
equivalent and this H,0, production scems to be
contained in regular O, evolution in O. chalybea
(Fig. 3a). At this point it should be noted that
Renger [5] has postulated that a cryptoperoxide
should be involved in the water-splitting process.
In the context of our experiment, this would imply
that this peroxide should be able to exchange its




oxygen to a large extent with 20, of the gas
phase. A diffizulty in this interpretation is that the
180, evolution observed in Fig. 3 seems not to be
restricted to a certain fiash number. The literature
describes an anomalous oxygen evolution due to
H,0, under the first two flashes in CaCl,-washed
Photosystem II particles of spinach, and this
anomalous oxygen evolution appears to be en-
hanced upon addition of H,0, [12]. However, if
H,0, is added to our Oscillatoria preparation
(experiment not shown), no effect on the oxygen
evolution pattern is observed, which clearly shows
that, if the 0, production originates from HY¥O,,
its production location is precisely defined. In
other words, the sites of production and its de-
composition must be very close together and
should, according to our analysis, be in the region
of the S-state system itself. The observed evolution
of %0, and '®0, is sensitive to DCMU (experi-
ment not shown), which demonstrates that H,0,
serves, like water, as electron donor to the photo-
synthetic electron-transport chain. In work by Berg
and Seibert on CaCl,-washed Photosystem II par-
ticles of spinach [12}, it appeared that the H,0,-
stimulated O, production in these particles could
be fully abolished by the addition of catalase.
Addition of catalase in our assay system, even in
high amounts (experiment not shown), has no
effect on the '*0,-evolution pattern, which con-
firms our earlier data obtained by electrochem-
istry [6). The interpretation must be that the ad-
ded catalase either does not have access to the sxte
of H,0, production and/or that the d p
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Fig. 4. O, evolution in a particle preparation of O. chalybea
induced by ten saturating xenon flashes spaced 300 ms apart,
The assay contained buffer made up with only H®O and was
in equilibrium with a normal gas atmosphere. Upon this equi-
librium 8O, was superimposed and permitted to diffuse into
the system. The evolution of the mass signals 32, 34 and 36 is
plotted in onthej ing 180, back

sphere in the gas phase being in equilibrium with
the assay mixture, 5 ml '®*0, were injected and
permitted to diffuse into the assay mixture. The
signals of oxygen evolved of masses 32 (**0'°0),
34 (*0'®0) and 36 (**0'®0) were plotted against

tion is not handled by catalase but rather by a
catalatic activily of the S-state system of the kind
described by Mano et al. [13].

The phenomenon described in Fig. 3 has a
strong dependence on the partial pressure of

gen in the ambi h (expenmmt
not shown). We know that 10, evolution is
strongly dependent on the O, dissolved in the
assay mixture, whereas appearance of mass 32
measured as the consequence of ten saturating
xenon flashes depends hardly at all on the oxygen
content of the assay solution. The dependence of
oxygen gas exchange on the '*0, background in
the assay is shown in Fig. 4. With a normal
H*O-containing buffer system, hence no HYO
labelling, and with a normal *0,/nitrogen atmo-

the developing oxygen 36 background. The experi-
ment shows the following. Evolution of oxygen 32
(*60'0) is barely affected by the increasing back-
ground of oxygen 36 (“0“0) in the region mea-
sured. Oxygen 36 lution begins i
This experiment clearly shows that, taking to-
gether all exch ions in which oxygen 36
would be transformed to water (HPO), eg., via
respiratory reactions which take place together
with photosynthetic reactions in the same mem-
brane in cyanobacteria [11), these play only a
minor role under our conditions in comparison to
the described phenomenon, since oxygen-34
(*°0*®0) increases with increasing '*0, partial
pressure only very slowly.

If the phenomenon shown in Fig. 3 for O.
chalybea preparations is analyzed with tobacco
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TABLE 1
FLASH YIELD WITH NORMAL ATMOSPHERE, N. TABACUM

Distribution of the flash yield of two, three and ten flashes fired on an assay containing chloroplasts of N. tabacum var. John
William's Broadleaf an H“O labelled buffer system in equilibrium with a normal gas atmosphere of 0, (21%) and N, (79%). The
assay 1 ding to 135 pg chlorophyll in a total of 3.5 m! HYO-labelled buffer containing 0.06 M
Tricine/0.03 M KCl (pH 7.5), y|eldmg a a-value of 0.274. Xenon flashes of 8 ps duration were fired 300 ms apart. The isotopic
distribution of the O, evolved depends on the isotopic composition of the water. The theoretical distribution of O evolved was
calculated according to 36:34:32 = a?:2a(1 — a): (1 — a)? with « being the atom fraction of ®0 depending on the measured m /e

ratio according to a=34+2X36/2X(32+ 34+ 36) [14).

1sotope a Isotopic distribution of oxygen evolved
?:::s:;;d expected from the ‘measured
composition of 2 flashes 3 flashes 10 flashes
H,0
16gleg 0.527 0524 0.549 0.555
6otto 0.26:0.008 0.398 0410 0.395 0384
®olto 0.075 0.066 0.055 0.062

chloroplasts, the type of *0, evolution connected
with an O,-uptake phenomenon is absolutely not
observed. Table I and Table III show for tobacco
chloroplasts that in an assay with H*O labelling
in which the regular oxygen atmosphere has been
substituted by *0, in much the same way as in
Fig. 2, isotopic distributions of the ﬂash ylelds are
observed which correspond to ical val-
ues of the water-splitting reacuom There is no

di of any interf her O,-pro-
ducing process of the kind shown in Fig. 3. It
should be noted that the data of Tables I and II
have been obtained in an assay solution of am-
bient O, content, which corresponds to 1000 mV
oxygen background. At this oxygen content of the
gas phase or the measuring solution, oxygen
evolution in Oscillatoria always consists of two
components, one originating from water and one

TABLE II

FLASH YIELD WITH '*0, ATMOSPHERE, N. TABACUM

from hydrogen peroxide. At O, partial pressures
considerably lower than those used in Tables 1
and II, namely at around 100 mV, the isotopic
distributions of oxygen evolved in Oscillatoria pre-
parations approach those shown for tobacco chlo-
roplasts in Tables I and II. This means that the

idation of the p ducing the HI*O,
is largely suppressed at th:s o, pamal pressure,
permitting the water-splitting reaction to occur
exclusively.

Discussion

Photosynthetic oxygen evolution in the fila-
mentous cyanobacterium, O. chalybea, exhibits
several peculiarities on which we have previously
reported [1,2]. One observation was that, if oxygen
evolution is measured as the consequence of short

The assay conditions, including the HI®O label, correspond to those in Table I with the difference that the gas space between the
suspension surface and the lid of the measuring cell was flushed with N, and S ml 98% *0, was added.

Isotope a Isotcpic distribution of oxygen evolved
" expected from the measured
fraction) composition of T flashes 3 flashes 10 fiashes
H,0
gléo 0.527 0514 0.559 0.541
16pieg 0.265+0.026 0398 0379 0.362 0.391
800 0075 0.106 0078 0068




saturating flashes, the first flash always yields a
substantial amperometric signal with the maximal
flash yield usually appearing under the fourth
flash [2]. This interesting sequence, when analysed
in the ‘four-state Kok model’ [2], fits much better
the prerequisites of the coherent Kok model than,
for example, sequences of the green alga Chlorella
reported many-fold in the literature. Such an
Oscillatoria sequence, for example, does not seem
to contain any abnormality under the first flash
[15], a phenomenon which, however, complicates
the well-known Chlorella sequences [16}. A signal
under the first flash and maximal flash yield un-
der the fourth flash is immediately reminiscent of
work by Akerlund [17] on salt-washed inside-uni
spinach thylakoids which have lost their two ex-
trinsic 16 and 23 kDa peptides. In these pamcles
an ic signal app just as in Oscil-
Iarona, under the first flash and seems to be due
to hydrogen peroxide. Just as in experiments by
Berg and Seibert (12], Akerlund observes that
addition of H,0, increases the signal and ad-
dition of catalase abolishes it under the first and
also under the second flash [17). In our system this
is clearly not the case. Addition of high amounts
of H,0, or of high amounts of catalase, even in
very disrupted particle preparations, never af-
fected the phenomenon [6). Nevertheless, we
pursued the idea contained in the Akerlund paper,
above all, since cyanobacteria like Oscillatoria or
Anacystis nidulans principally lack these two ex-
trinsic peptides and thus under a variety of experi-
mental conditions show calcium and chloride de-
ficiency [18]. Our 1 that the first ampero-
metric signal was due to metastable S; and was
inherent to Oscillatoria was supported by the ob-
servation that a system comparable to that in
Oscillatoria was found in greening oat
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both related to Photosystem IL In thc first, we
observe that p ion can-
not occur under strictly anaerobxc conditions. As
Fig. 1 clearly shows, a threshold concentration of
oxygen is 'y for the water-splitting i

to occur. This observation might be of interest in
the context of observations of Pistorius and Gau
[20] who show that a 47 kDa flavoprotein which is
a constituent of the Photosystem II complex in
Anacystis nidulans probably has redox properties
on the donor side of Photosystem II. They show
that the protein has binding affinities for Ca®*,
Mn** and C1~ and exhibits under in vitro condi-
tions the properties of an amino-acid oxidase. In
comparnison to this, the second oxygen uptake
phenomenon, the one observed in the present
paper, is a phenomenon which might be due to the
fact that, on the one hand, cyanobacteria lack the
16 kDa and 23 kDa protein and, on the other,
generally contain an unsufficient coupling of elec-

tron port b the two ph 211
Moreover, nitrate-grown Omllamna exlnlms an
excess of Photc IT activity in to

Photosystem I activity. Due to these cir-
cumstances, Oscillatoria thylakcids return part of
their Photosystem-II-generated reducing power to
oxygen, forming hydrogen peroxide or an equiv-

alent whi:: is decoirnosed by S, under oxygen
evolution much iu the way described by Akerlund
[17,22] or by Johansen [23]. At any rate, the gener-

ation of this H,O, seems to take place in the
immediate vicinity of the S-staie system. We think
that this oxygen-evolving .action also occurs un-
der natural conditions in Oscillatoria and there-
fore will always be associated with oxygen evolu-
tion due to the photosynthetic water-splitting re-
action. Under experimental eondm(ms this oxygen

Jl is for obvi

by 2 P
The longevity of our S; permitted us to show

that populating the S, condition, addition of H¥O

and a subsequent analyzing flash led to evoluti

underﬂashdlununauanandlsobservedtoa
much lesser extent under continuous illumination.
The phenomenon is enhanced by high oxygen

of '30,-labelled oxygen [3]. Hence, our oxygen
signal under a first flash is until now not neces-
sarily related to the observation of Berg and Sei-
bert [12] or Akerlund [17). However, we also ob-
served in O. chalybea two distinct oxygen uptake
phenomena which are both inherent properties of
the filamentous cyanobacterium and which are

partial p and supp d or diminished by
lower oxygen concentrations, dissolved in ihe re-
action medium.
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