Plant Physiol. (1998) 116: 15511562

Photosystem Il Cyclic Heterogeneity and Photoactivation in
the Diazotrophic, Unicellular Cyanobacterium
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The unicellular, diazotrophic cyanobacterium Cyanothece sp.
ATCC 51142 demonstrated important modifications to photosystem
11 (PSII) centers when grown under light/dark N,-fixing conditions.
The properties of PSII were studied throughout the diurnal cycle
using O,-flash-yield and pulse-amplitude-modulated fluorescence
techniques. Nonphotochemical quenching (q\) of PSII increased
during N, fixation and persisted after treatments known to induce
transitions to state 1. The gy was high in cells grown in the dark, and
then disappeared progressively during the first 4 h of light growth.
The photoactivation probability, €, demonstrated interesting oscil-
lations, with peaks near 3 h of darkness and 4 and 10 h of light.
Experiments and calculations of the S-state distribution indicated
that PSII displays a high level of heterogeneity, especially as the
cells prepare for N, fixation. We conclude that the oxidizing side of
PSIl is strongly affected during the period before and after the peak
of nitrogenase activity; changes include a lowered capacity for O,
evolution, altered dark stability of PSIl centers, and substantial
changes in qy.

Many species of bacteria and cyanobacteria are capable
of N, fixation. Nitrogenase catalyzes the energetically ex-
pensive reduction of N, to NH; and is rapidly and irre-
versibly inhibited when extracted from cells in the presence
of free O, (Fay and Cox, 1967; Haystead et al., 1970). The
N,-fixation trait is particularly interesting in cyanobacteria
because of the apparent incompatibility of an O,-sensitive
nitrogenase complex in a prokaryotic organism capable of
splitting water to produce O,. Cyanobacteria have devel-
oped elegant strategies to protect nitrogenase from inacti-
vation by O,, including spatial separation, temporal sepa-
ration, and the induction of enzyme systems to destroy
reactive O, byproducts (Fay, 1992). The strategies devised
by nonheterocystous, unicellular cyanobacteria that permit
N, fixation and O, evolution in the same cell are quite
sophisticated (Bergman et al., 1997). A number of these
unicellular, diazotrophic species fix N, and evolve O, at
different times during the diurnal cycle. Such temporal
separation has been seen in strains classified as Gloeothece
sp. (Mullineaux et al., 1981) and Synechococcus sp. (Mitsui et
al., 1986; Grobbelaar et al., 1987).
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Synechococcus Miami BG 43511 and BG 43522 (Mitsui et
al., 1987) can be synchronized by growth under light/dark
cycles so that they continue to cycle nitrogenase even dur-
ing continuous light. Under these conditions, O, evolution
and nitrogenase cycled in a reciprocal way such that O,
evolution was low when nitrogenase activity was high. A
similar reciprocal relationship between the two metabolic
processes has been demonstrated in Synechococcus RF-1
(Grobbelaar et al., 1987), in which nitrogenase activity was
found to be highest in the dark and O, evolution highest in
the light. However, in that study little was done to analyze
the specific changes that occurred during photosynthesis.

We have begun to study diurnal metabolic rhythms and
their control in the unicellular, diazotrophic cyanobacte-
rium Cyanothece sp. ATCC 51142. It has been demonstrated
previously that this strain possesses extraordinary diurnal
metabolic periodicities that resemble circadian rhythms
(Reddy et al., 1993; Schneegurt et al., 1994). When cultures
were grown in the absence of fixed N,, either under 12-h
light/12-h dark cycles or continuous light, the cells fixed
N, with peaks of activity approximately every 24 h. The
peak of N, fixation activity was very narrow, with a half-
width of about 2.5 h, reaching a maximum about D4
(Schneegurt et al., 1994). The burst of N, fixation was
accompanied by intense respiratory activity (Colén-Lépez
et al., 1997; Meunier et al., 1997).

The nonheterocystous, filamentous, diazotrophic cya-
nobacterium Plectonema boryanum also shows metabolic
rhythms under N,-fixing conditions, and its photosynthetic
behavior has been studied (Misra and Desai, 1993; Misra
and Tuli, 1994). Photosynthetic activity measurements and
thermoluminescence and 77 K fluorescence spectra sug-
gested that PSI activity increased and PSII activity de-
creased during the period of N, fixation, suggesting that
PSII was specifically regulated and that electron transport
under diazotrophic growth conditions was regulated by
the redox state of the secondary quinone acceptor, Qpg.
Furthermore, it was proposed that the PSII Qg was in-
volved in PSII down-regulation. However, none of this
previous work analyzed the phenomenon at the level of the
water-oxidation mechanism (the S-state cycle).

We have determined that the physiology of Cyanothece
sp. ATCC 51142 involves important changes in PSII reac-

Abbreviations: DX, X h of darkness; Fy;, maximum fluorescence;
Fo, initial fluorescence; LX, X h of light; PAM, pulse-amplitude-
modulated; gy, nonphotochemical quenching.
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tion center oligomerization, phycobilisome attachment,
gene transcription, protein accumulation, and activity
throughout the 24-h cycles (Meunier et al, 1997; M.S.
Colén-Lépez and L.A. Sherman, unpublished observa-
tions). However, the fate of the S-state cycle and Mn** and
O, production under flashing light throughout these struc-
tural changes has not yet been investigated. PSII is a logical
target for down-regulation during periods of N, fixation,
since O, is produced by the PSII centers and nitrogenase is
sensitive to O,. Accordingly, we found that PSI, but not
PSII, contributes to N, fixation if the cultures are illumi-
nated during the normally dark N,-fixation period in Cya-
nothece sp. ATCC 51142 (Meunier et al., 1997). In the cur-
rent study, we analyzed O,-flash-yield experiments and gy
data and related them to our previous results to under-
stand PSII function under these conditions. Our results
suggest that the properties of the oxidizing side of PSII are
strongly modified by variable dark-inactivation processes
and photoactivation that can be extremely rapid.

Photoactivation is the process by which Mn*" becomes
bound to the PSII reaction center and forms into a structure
that is active in the oxidation of water and in utilizing
charge separations as an energy source (Cheniae and Mar-
tin, 1972; Engels et al., 1994; Gleiter et al., 1995; Burnap et
al., 1996). Each step between PSII charge separations is
identified by an S-state, and different S-states are denoted
by S,, where “x” ranges from 0 to 4. Upon reaching the
state S,, O, is released and the process starts again from the
S, state (Kok et al., 1970). The concept of S-states has been
expanded to include the steps required to oxidize Mn** up
to the S, state. These steps are also known as the super-
reduced S-states S_;, S_,, and S_; (Bader et al., 1983;
Kretschmann and Witt, 1993; Messinger and Renger, 1993;
Messinger et al., 1997).

The reduction of the Mn*" structure produces deactiva-
tions of S-states and can result in the loss of O,-evolving
activity and the loss of Mn?* (Cheniae and Martin, 1972;
Burnap et al., 1996). Deactivations result in a loss of PSII
efficiency and a randomization of PSII centers among
S-states. The susceptibility to spontaneous deactivations is
limited to the S; and S, states in most wild-type organisms;
however, in some cyanobacterial PSII mutants, as well as in
Cyanothece sp. (see “Results”), deactivations lead to the loss
of O,-evolving activity. A mechanistic model of the S-state
mechanism was recently proposed that explicitly incorpo-
rates photoactivation and deactivation probabilities
(Meunier et al., 1996).

We will provide experimental evidence, using O,-flash
yields, that the water-splitting mechanism is subjected to
severe disturbances during the adaptive changes of the
photosynthetic apparatus and cycling physiology in Cyan-
othece sp. ATCC 51142. We postulate that these distur-
bances are common in diazotrophic cyanobacteria that are
unicellular or filamentous but nonheterocystous, and that
the data presented here are representative of a class of PSII
centers optimized for functioning under harsher conditions
than those normally seen in higher plants. Some of this
research was presented in preliminary form at the Tenth
International Photosynthesis Congress (Meunier et al.,
1995b).
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MATERIALS AND METHODS
Growth Conditions and Chlorophyll Determination

Cyanothece sp. ATCC 51142 (formerly strain BH68) was
grown as previously described in ASP2 medium without
NaNO;, with shaking at 100 or 125 rpm, at 30°C, under
cool-white fluorescent illumination of approximately 50 uE
m 2 s7!' (Reddy et al, 1993). Continuous-light-grown,
stationary-phase cultures were subcultured by dilution to a
concentration of 10° cells mL~'. Duplicate flasks were sub-
cultured 12 h apart using the same stock culture to permit
24-h experiments to be performed in 12 h. After dilution,
each flask was illuminated for 12 h. This protocol, the
determination of cell number, and nitrogenase measure-
ments were as described previously (Schneegurt et al.,
1994). The chlorophyll concentration was determined using
the freeware “Chlorophyll” (available for downloading at
http:/ /bilbo.bio.purdue.edu/~pmeunier/download.html),
according to the cyanobacterial method of Arnon et al.
(1974). For measuring the chlorophyll concentration in
whole cells, a spectrophotometer (model DU-7, Beckman)
was modified by adding cellophane tape (no. 810, Scotch
3M Magic Tape) to the light path before and after the
cuvette to correct for light scattering by the cells. This
yielded a fast and reproducible assay that was linear from
0.01 absorbance unit up to about 0.5 absorbance unit, and
that was within 10% of chlorophyll determinations per-
formed using 80% acetone extraction.

O, Evolution/Flash-Yield Experiments

O, yields after light flashes were measured using a bare
Pt electrode onto which cells were deposited by centrifu-
gation. Signals were amplified using an electronic circuit
based upon the design of Meunier and Popovic (1988).
Cells (40 pg of chlorophyll) were harvested by centrifuga-
tion at 10,000g in a rotor (model JA-20, Sorvall) for 10 min,
and resuspended in 200 uL of buffer of the same osmolarity
as the culture medium, but containing only 340 mm NaCl
and 10 mm Hepes, pH 7.5. The 200 pL was then centrifuged
for 5 min at 1,000 rpm on the electrode in a swing-out rotor
(model HB4-A, Sorvall). The slow centrifugation speed was
essential to apply a uniform layer of cells on the electrode.

Photoactivation treatments consisted of 3 min of 10-Hz
flashes. To diminish photoinhibition phenomena, a red
filter (similar to RG-610) was interposed between the sam-
ple and the lamp. The filter was removed for the subse-
quent experiments to obtain a saturating intensity. The
typical protocol was to keep the cells in the dark for about
15 min, during which time the sample was prepared and
centrifuged onto the electrode. The electrode was polarized
just before the experiment, and 15 flashes were given at a
3-Hz frequency. These cells were then left on the electrode
for an additional 3 min, with flashes given at a 10-Hz
frequency without recording the signal. The cells were then
briefly left in the dark for 10 s, and flashes were given again
at a 3-Hz frequency.
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Analysis of O, Yields

We tried to analyze the O, yields after dark adaptation
from the same experiment as shown in Figure 4 for the 36-h
period from 144 to 180 h. However, O, evolution in Cyan-
othece sp. was much more complex than in Synechocystis sp.
PCC 6803. Applying the correction previously defined for
the slow respiratory O, transients (Meunier et al., 1996)
produced worse fittings, since part of the slow signals
oscillated with a periodicity of 4 and was of PSII origin
(Fig. 1). Moreover, large corrections (up to 5 times greater
than those used with Synechocystis sp.) were necessary to
completely remove the slow O, yields from the data set in
the Cyanothece sp. experiments. Therefore, we used the
averaged, smaller correction applied to Synechocystis sp.
PCC 6803 data (ratio of 3.0; see Meunier et al., 1995a). This
produced the best agreement between the Cyanothece sp.
data and S-state models.

The O,-yield data after dark adaptation were analyzed as
described in the appendix of Meunier et al. (1996) to find
the five eigenvalues relating to a generic five-step S-state
mechanism. The photoactivation probability, €, was calcu-
lated from the first (greatest) eigenvalue, A;, as A; — 1. This
was a very reliable determination for the following rea-
sons: (a) A, has the lowest uncertainty (least sensitivity to
experimental error) by a factor of approximately 10 com-
pared with the other eigenvalues; (b) its determination did
not depend on any specific model; and (c) the only assump-
tion was that the data could be fitted by a five-step model.

Although the other eigenvalues were consistent with our
cyanobacterial model (Meunier et al., 1996), the low ampli-
tudes of O, evolution and the low signal-to-noise ratio after
dark adaptation made the determination of the other
S-state transition probabilities ambiguous at times, espe-
cially the separation between “true” misses and the effect
of deactivations. We found from the simulation of theoret-
ical sequences that the signal-to-noise ratio needed to be
significantly greater than 100 (1% error) for fitting this
model to data. However, the signal-to-noise ratio after dark
adaptation was often at or below 100. Therefore, we did not
use the cyanobacterial S-state model (Meunier et al., 1996)
in this study.

Heterogeneous Photoactivation Model

The O,-yield data after a photoactivation treatment (3
min of 10-Hz flashes with a red filter similar to RG-610)
had much greater amplitudes and provided a high signal-
to-noise ratio (on average around 400). Nevertheless, the
data were much better fitted by a generic six-step model
equation than with a four- or five-step one (Meunier et al.,
1995b). This was puzzling since there should not have been
a significant number of centers in S_, and S_, after the
photoactivation treatment. The 30-s dark adaptation be-
tween the photoactivation treatment and the following
measurements were also unlikely to yield a significant
number of centers in S_, and S_, at all times, since even S,
was still present in large amounts. We found that the
requirement for a six-step analysis was much better ex-
plained by the combination of two heterogeneous four-step

S-state models than by super-reduced S-states. Equation 8
in Meunier et al. (1996) was modified for a six-step mech-
anism by adding the term c,A¢"™":

Yn =A™ 4 A"+ ™+ e F e AT et (1)

where the symbols have the same meanings as previously
described. Fitting Equation 1 resulted in a numerically
more robust determination of the eigenvalues than search-
ing for roots in the characteristic equation after multivari-
able regression (as described in the appendix of Meunier et
al., 1996). The eigenvalues A5, A4, A5, and A, were all imag-
inary numbers. No consistent six-step S-state model could
reproduce these eigenvalues. However, the properties of
the O, yields could be satisfactorily explained by the com-
bination of two four-step S-state models:

Yn = (A" + A"+ oAt + AT

+ (dik™ + doro™ + dyi™ + dyk™) (2)

where d and k serve the same function as ¢ and A in the
second four-step S-state model. Moreover, when A, and A,
are close enough to k; and «,, Equation 2 provides an exact
solution to interpreting Equation 1 as the sum of two
S-state models:

Yn=Yn, + Yn,, where

Yn, = A"+ AL+ o™t

+ ¢, A" (first 4-step S-state cycle)

Ynz = dl)\ln-l + dz)\zn-l + CsAsn-l
+ ceA,™"! (second 4-step S-state cycle)

and where f, + d, = ¢, and f, + d, = ¢,. From these two sets
of four eigenvalues, the S-state transition probabilities of
two four-step homogeneous S-state cycles with backward
transitions were calculated (Meunier, 1993). This model is
derived from a previously published S-state model (Kok et
al., 1970), in which the apparent misses (failures to advance
the S-state mechanism before the next flash) do not distin-
guish between true photochemical misses or single hits
followed by deactivations. The possible occurrence of a
miss followed by a deactivation is accounted for by the
backward transition probability, so the backward transi-
tion probability is always smaller than the miss probability.

The exact number of centers that contributed to each
cycle is proportional to the constants f; and d,, whereas
only their sum (c,) could be determined. However, most of
the time the variables c5 and ¢, were large enough relative
to ¢; and c, to estimate the proportion of centers in the
second (inefficient) cycle to more than 10%. Theoretical
sequences generated by adding two four-step S-state cycles
were tested as described previously (Meunier et al., 1995b)
and were found to also require a six-step model for anal-
ysis. By contrast, the bicycle model (Shinkarev and
Wraight, 1995) required only a four-step model that re-
turned the averaged properties of the two theoretical cycles.
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Fluorescence Measurements

PAM fluorescence was measured using the Walz fluo-
rometer ED-101 cuvette kit (Heinz-Walz, Effeltrich, Ger-
many) with the optional 590-nm excitation light (model
L-590-102, Heinz-Walz), and by adding a small magnet
and stirrer to keep the sample agitated. In the experiments
reported here, the actinic light was the original red LED
that came with the PAM instrument, and had an intensity
of 68 uE m 2 s~ '. Transitions to state 1 were induced by
adding 10 um DCMU and illuminating the samples with
the red actinic light. The final Fy;p,, level (D for DCMU
and 1 for state 1) was measured after the state transition
was completed, as indicated by a stabilization of the fluo-
rescence level. It was verified previously that this treat-
ment induced substantial changes in 77 K fluorescence
(Meunier et al., 1997). However, because (a) state transi-
tions in cyanobacteria involve important changes in energy
distribution; (b) the resting state in the dark of Cyanothece
sp. ATCC 51142 can be anything between state 2 and state
1 (Meunier et al., 1997); and (c) we used 590-nm excitation
flashes for the detection of fluorescence, the F level mea-
sured in Cyanothece sp. ATCC 51142 was highly dependent
on state transitions. Therefore, we contend that the F,, level
obtained after a transition to state 1 cannot be compared
with the F level measured in dark-adapted “resting” cya-
nobacteria, Fo ), because phycobilisome attachment and
energy distribution changed. Therefore, after reaching state
1 the fluorescence level (after a sufficient time for the
reoxidation of Q, in darkness) Fo ) is higher than Fq g,
because more energy is directed to PSII centers. Conse-
quently, the fluorescence obtained per detecting flash of
the PAM instrument is higher. It follows that Fy5,, should
be compared with Fop,, (Fig. 6).

We noticed that the difference Fyp1) — Fom) after the
treatment to induce a transition to state 1 was smaller at
some times during the cycle, even though the samples were
all at the same chlorophyll concentration. We attributed the
smaller difference to a residual gy, calculated using the
maximum difference, MAX[Fyyp1y — Fopryl, measured
during the cycle as the denominator:

ga=1- (FM(Dl) - FO(Dl))/MAX[FM(Dl) - FO(D])] 3)

by contrast to the total gy, calculated as:

gn=1- (F mor) — F O(DR))/ MAX[F M(D1) F O(Dl)] 4)

where Fy;pgy is the Fy, level measured in the presence of
DCMU (D) in the dark resting state (R) of the cyanobacte-
rium, Fopgy is the Fo level measured in the presence of
DCMU in the dark-resting state of the cyanobacterium,
Foon)y is the Fi level measured in the presence of DCMU in
state 1, and Fy;py) is the Fy; level measured in the presence
of DCMU in state 1. The F, level was not measurably
changed by the addition of DCMU, showing that the de-
tecting light flashes had a negligible actinic effect; however,
for the sake of consistency, all levels were measured in the
presence of DCMU. We found two ways to measure the
Fyioy level: with a saturating flash (F), Fyygp1y, or with the
actinic light (A), Fyyap1). Likewise, the Fyy g, could be
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measured with a flash (F), Fyrpry, or with the actinic light,
Fyiapr) (Fig. 6). This gives rise to four ways to calculate gy:

gn =1 — (Fueoy — Fogon) / MAX[Fyepiy — Fogo) (5a)

gn =1 = (Fmapy — FO(ADl))/MAX[FM(FDl) - FO(FDl)] (5b)

gn=1- (F mpR) — F O(FDR))/ MAX[F mon — F O(Dl)] (5¢0)

gn=1- (FM(ADR) - FO(ADR))/MAX[FM(DD - FO(Dl)] (5d)
RESULTS

Metabolic Rhythms

The physiology of Cyanothece sp. ATCC 51142 has been
detailed previously for cells grown under N,-fixing condi-
tions with 12-h light/12-h dark or with continuous light
(Schneegurt, et al., 1994; Colén-Lopez, et al., 1997; Meunier,
et al., 1997). In this study, cells were grown in 12-h light/
12-h dark cycles. In such cultures nitrogenase and respira-
tion activity peaked around D4, whereas O, evolution
peaked near L8. Samples were withdrawn every hour for
the O,-flash yield or the PAM measurements to be de-
scribed. We will define four main time periods: (a) early
dark (DO to the peak of nitrogenase activity); (b) late dark
(D6-D12); (c) early light (LO-L6); and (d) late light (L8-
L12). Although each procedure was repeated at least three
times with similar results, we will present results from
single experiments because the transitions are very sharp
but the exact time point when they happen varies from
experiment to experiment (therefore, averaging blurs the
transitions).

O, Evolution

Cyanothece sp. ATCC 51142 produced O, under flashing
light with a period-4 oscillation indicative of the S-state
mechanism (Fig. 1). Samples harvested at various times
showed that the S-state mechanism underwent significant
changes throughout the 24-h cycle. Samples harvested at
L0, the beginning of light growth, showed slow O, signals,
peaking about 45 ms after the flash, with oscillations period
4 in amplitude. However, samples harvested at later times
showed increasingly faster O, signals (peaking at 8 ms after
the flash at 4 h of light) oscillating with a period 4, whereas
the contribution of the slow transients to the oscillations
became progressively less important.

In Synechocystis sp. PCC 6803, slow O, signals were
attributed to respiratory transients due to PSI activity
(Meunier et al., 1995a). These signals persisted in the pres-
ence of the PSII herbicide DCMU, did not oscillate with a
periodicity of 4, occurred in mutants with incapacitated
PSII, and the deconvolution of the fast O, transients from
the slow signals resulted in greatly improved fittings with
generic n-step models (Meunier et al., 1995a). Attempts to
completely remove the slow signals from the data (as de-
scribed in Meunier et al., 1995a) did not result in improved
fittings for Cyanothece sp. ATCC 51142 data. Slower PSII O,
release has been reported in the psbO deletion mutant of
Synechocystis sp. PCC 6803 (Burnap et al., 1992). In light of
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Oxygen reduction current (a.u.)

T Figure 1. O, yields from Cyanothece sp. ATCC
51142 using cells harvested at LO to L4 during
growth under N,-fixing conditions in 12-h light/
12-h dark conditions. The samples were stimu-
lated by Xe flashes given at 3 Hz starting 0.1 s
after the start of recording. An arbitrary constant
was added to the recordings for readability (a.u.,
arbitrary units).

Time (s)

the g data (see later), the slow O, release at the beginning
of the light period and increasingly faster O, signals there-
after would be consistent with a nonoptimal conformation
of the oxidizing side of PSII initially, and a subsequent
photoactivation of PSII centers.

The amplitudes of the O, yields after sample preparation
in the dark increased from LO to a maximum around L4 to
L6; however, they started decreasing past L6 down to a
minimum between L8 and L10, and recovered quickly
afterward (Fig. 2). The dip in O,-evolution amplitudes in
the middle of the afternoon was unexpected, given the
rates of linear electron transport that have been observed
(Meunier et al., 1997). However, a photoactivation treat-
ment of 3 min of 10-Hz flashes followed by 30 s of darkness

produced very high amplitudes, with very strong period-4
oscillations; an example of this phenomenon for L10 is
presented in Figure 3. The effectiveness of the photoacti-
vation treatment demonstrated that the apparent loss of
activity from L8 to L10 after dark adaptation was revers-
ible. Note that the amplitudes obtained after dark adapta-
tion in Cyanothece sp. ATCC 51142 (Fig. 2) were much lower
than the actual PSII capacity (e.g. Fig. 3), and the amount of
inactivation in the dark was variable between repeats,
whereas the trends remained the same. A striking demon-
stration of the highly variable dark-inactivation properties
of Cyanothece sp. ATCC 51142 is shown in Figure 8.

The amplitudes of the O, yields after sample preparation
in the dark increased progressively from DO (L12) to D2,

4_--Illl"'l'

Figure 2. O, yields from Cyanothece sp. ATCC
51142 using cells harvested at L6 to L12 during
growth under N,-fixing conditions in 12-h light/
12-h dark conditions. The samples were stimu-
lated by Xe flashes given at 3 Hz starting 0.1 s
after the start of recording. An arbitrary constant
was added to the recordings for readability (a.u.,
arbitrary units).

Oxygen reduction current (a.u.)




1556

Meunier et al.

Plant Physiol. Vol. 116, 1998

Figure 3. O, yields from Cyanothece sp. ATCC 9 — ; . — . ; — T —
51142 at L10 after a dark adaptation (D) and a
photoactivation treatment (P). The dark period stk .
necessary to prepare the sample and centrifuge
the cells to the electrode (about 15 min) was 7L 1
sufficient to deactivate most Mn centers (D). The —
same cells were left on the electrode and pho- g 6L ]
toactivated by 3 min of flashes given at 10 Hz. = Ot
After 10 s of darkness, flashes were given at 3 Hz § E
and the amplitude of the O, yields were re- g 5r
corded (P). An arbitrary constant was added to put
the recordings for readability (a.u., arbitrary % 4r E
unit). _g
o 3r ]
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but decreased precipitously to negligible levels at D3 (Fig.
4; note the different scale from Fig. 2). This corresponds to
the usual time of the peak of nitrogenase activity and
respiration in Cyanothece sp. ATCC 51142 (Reddy et al.,
1993; Schneegurt et al., 1994; Colén-Lopez et al., 1997).
Nitrogenase activity has a very narrow peak in 12-h light/
12-h dark-grown Cyanothece sp. ATCC 51142, and the mean
for 27 cycles was at D4 (Colén-Lépez et al., 1997). The
amplitudes of the O, yields only partially recovered at D4
and later, suggesting that some PSII were inhibited during
N, fixation. The transients measured from D7 to D11 are
very similar to those at D6 and, for clarity, are not shown.

To better understand these phenomena, flash-O, yields
were measured on cells harvested every hour for a 3-d
period using the photoactivation protocol used in Figure 3
(see Meunier et al., 1997 for the metabolic periodicities).
After a photoactivation treatment, the experimental data
(Fig. 5, solid line) showed a general trend that could be
represented by a 24-h-period sine wave (dashed line). The
photoactivated amplitudes on the bare Pt electrode varied
in a manner similar to the results obtained using the Clark
electrode (Meunier et al., 1997), and were much higher than
after dark adaptation. For this experiment, we conclude
that maximal activities are highest when cells are growing

Figure 4. O, yields from Cyanothece sp. ATCC
51142 using cells harvested at L12 to D6 during
growth under N,-fixing conditions in 12-h light/
12-h dark conditions. The samples were stimu-

12 ———

lated by Xe flashes given at 3 Hz starting 0.1 s 10 D5
after the start of recording. Since the L12 to DO —
boundary involved a change in culture flasks, i D4
the synchronicity of the two cultures at that = 8L
point was verified by performing both record- §> D3
ings (12 h apart). The two recordings are super- 5
. A 3]
imposed on the graph and are indistinguishable. c T
An arbitrary constant was added to the record- % 6
ings for readability (a.u., arbitrary unit). 2

o

c D2

[

[o})

=

x

O

4;j\f\ ]

21 DA |
:__f\f\l
L12
0 Do& MMNK "
0 0.5 1 15 2 25 3 3.5 4



PSII Heterogeneity and Photoactivation in Cyanobacteria 1557

25
. A o
24 /C,i\ o) doo\f\o
ERE 7\ R / #
% 1.5—: /O é\) 03\\% //
& 1 \ap/ e 3
g 1 4 Og%\ \\\, oa/l OE;\IOOO
o ] . 5
< 0.5 ; J \Of/\o’ Xo’oo &
0]

' T T 1 ”
120 132 144 156 168 180
Time (h)

—
(=]
@ ]

Figure 5. Average amplitudes of O, production under flashing light
in Cyanothece sp. ATCC 51142 after a photoactivation treatment and
over a 3-d period starting 108 h after subculture. Black bars, Dark
periods; white bars, light periods. The dashed line represents a sine
wave with a fixed 24-h period, which had the phase and amplitude
fitted to the data using the DeltaGraph program (Delta Point, Inc.,
Monterey, CA). a.u., Arbitrary units.

in the late-light phase (about L8) and lowest in the late-
dark period.

Fluorescence Quenching

The measurement of both 77 K and PAM fluorescence
during illumination of cells in the presence of DCMU in-
dicated that several strong state transitions were occurring
in Cyanothece sp. ATCC 51142 throughout the 24-h cycles
(Meunier et al., 1997). g, was proposed to be mainly due to
state transitions (Campbell and Oquist, 1996). The calcula-
tion g, uses the difference between the maximum level of
fluorescence, F,,, and the minimal level, F5, under a test
condition, compared with the maximized difference in the
presence of DCMU (see “Materials and Methods”). How-
ever, there was an ambiguity in the evaluation of the F,
levels at certain times during the cycle (Fig. 6; see “Mate-
rials and Methods”). The fluorescence levels measured by
using the red actinic light of the PAM fluorimeter, Fy;apr)
and Fyyap1y, were in practice equal to those measured with
a saturating flash, Fygpgry and Fyygpiy, in wild-type Syn-
echocystis sp. PCC 6803 (not shown) and in Cyanothece sp.
ATCC 51142 at D2 (Fig. 6). However, these two types of
levels were significantly different from D3 (Fig. 6) until
approximately L4. This means that the maximum intensity
of the actinic red light in the PAM could not always main-
tain all of the Q, in a reduced state in Cyanothece sp. ATCC
51142, even in the presence of DCMU.

We used the two ways to measure Fy, to calculate the
residual gy after inducing a transition to state 1 (Fig. 7A).
According to Campbell and Oquist (1996), negligible gy
should remain in cyanobacteria after the induction of state
1. However, the residual gy measured with the flash (Eq.
5a; Fig. 7A) increased in the dark (starting from D2), up to
considerable levels from D5 to D12, and decreased in the
light. The amount of g, that was not due to state transitions
was negligible from L5 to D1. By comparison, the residual
gn measured under red actinic light of the PAM fluorime-
ter was greater from D4 to D12 than that measured by

flashes, which implies that it was harder to maintain Q, in
its reduced form, and suggests a greater instability of PSII
charge separations (Eq. 5b; Fig. 7A). Indeed, in PSII centers
with an inactive donor side, excitation energy is quenched
by increased charge recombinations between QA and
P.go", which is observable as an increased fluorescence
quenching during the inactivation of O, evolution (Krieger
et al.,, 1992). We interpret the g not due to state transitions
between D4 and D12 as the result of an inhibition of PSII.

The total g, determined under flashes of light (see “Ma-
terials and Methods”) was important during the dark pe-
riod and decreased during the light period (Eq. 5¢; Fig. 7B).
The fluorescence quenching determined from the red ac-
tinic light (Eq. 5d; Fig. 7B) was identical, but only from L4
to D2; it was much higher from D4 to D12. The high
fluorescence quenching from D4 to D12 was inconsistent
with the previously reported state transitions, especially
the strong state 1 observed at D6 (Meunier et al., 1997).
This, plus the lower amplitudes of O, evolution under
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Figure 6. PAM fluorescence monitoring of the induction of state 1 in
Cyanothece sp. ATCC 51142 at D2 and D3. The fluorescence levels
used in calculations are tagged as described in “Materials and Meth-
ods.” R, D, F, A, and 1, resting state in the dark, in the presence of
DCMU, measurements with a saturating flash, measurements under
actinic light, and state 1, respectively. Samples of 1 mL at 2 ug
chlorophyll/mL were treated with 10 um DCMU and the maximum
intensity of the red actinic light of the PAM fluorimeter to induce state
1, as per the protocol in Meunier et al. (1997). The actinic light went
off just before the flash.
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Figure 7. Calculations of gy in T mL of Cyanothece sp. ATCC 51142
grown under 12-h light/12-h dark conditions using the levels of
fluorescence depicted in Figure 6. Black bar, dark period; white bar,
light period. A, Remaining gy after the induction of state 1 measured
with flashes (W) or with the actinic light (@). B, Total gy in the dark
in the presence of DCMU measured with flashes (CJ) or with the
actinic light (O).

flashing light, suggest that PSII centers were inactivated or
inhibited in the dark during N, fixation. The disappearance
of that source of quenching in the light is consistent with a
subsequent photoactivation or repair of PSII centers. It
follows that the inactivation and photoactivation mecha-
nisms in Cyanothece sp. ATCC 51142 are of particular
interest.

The inactivation and photoactivation processes in Cyan-
othece sp. ATCC 51142 demonstrated unusual properties
and striking differences between cells harvested at L8 and
D8. Cells at L8 and D8 were harvested and kept in absolute
darkness from the time of harvest until treatment; these
precautions preserved activity. L8 cells illuminated with
3-Hz flashes produced an O,-evolution pattern shown in
Figure 8A. A sample was then left on the electrode in the
dark for 30 s, after which 15 additional flashes were given.
Under these conditions, PSII O, evolution declined more
than 2-fold (Fig. 8A, curve 2). This pattern could be re-
peated several times until very little PSII activity remained
(Fig. 8A, curves 3-5). This loss was reversible, as demon-
strated by a 3-min photoactivation treatment of 10-Hz
flashes prior to a flash train (Fig. 8A, curve P). The sample

Plant Physiol. Vol. 116, 1998

was in the dark for 15 min before these experiments and
thus remained stable in complete darkness. This demon-
strated that the dark inactivation of PSII was stimulated by
exposure to 3-Hz light flashes followed by dark incubation.
This property, coupled with the metabolic rhythms, made
the determination of the decay times of S; and S, imprac-
tical (at least near L6-L10).

By contrast, cells harvested at D8 were relatively insen-
sitive to the same treatment (Fig. 8B). After the initial
measurement, PSII activity remained approximately con-
stant after many cycles of light flashes and dark incubation.
This experiment demonstrated that the effectiveness of
3-Hz flashes in triggering dark losses of activity was neg-
ligible in cells harvested at D8. However, it must be noted
that the amplitudes of the O, yields were about 3-fold
lower in D8 cells than in L8 cells. This is one of the
compelling reasons to conclude that many PSII centers
were inhibited in the dark-grown cells.

Analysis of O, Yields

As discussed in “Materials and Methods,” the low O,
yields observed after dark adaptation resulted in a poor
signal-to-noise ratio that prevented the unambiguous and
reproducible fitting of S-state models. However, the pho-
toactivation probability could be reliably recovered since it
was calculated directly from the robust first eigenvalue,
independently of any other probabilities or model assump-
tions (see “Materials and Methods”). The photoactivation
of centers, €, showed three repeating peaks, P1 to P3 (Fig.
9). P1 was close to the peak of N, fixation, whereas P2 and
P3 were in the first half and the second half of the light
phase, respectively. Of these photoactivation peaks, only
P2 was correlated with an increase in PSII activity. Clearly,
the photoactivation probability after dark adaptation re-
flected a phenomenon other than an increase in the steady-
state level of active PSII centers. However, the photoacti-
vation treatment described in “Materials and Methods”
was effective in lowering € to 0, suggesting that € could be
inversely correlated with the dark stability of PSII. Indeed,
P3 correlated with the reversible high dark instability of
PSII (Figs. 2, 3, and 8), and P1 correlated with the inacti-
vation of PSII centers.

The O, yields after photoactivation in Cyanothece sp.
ATCC 51142 proved impossible to analyze consistently in
the framework of variants of single Kok models (not
shown). The six-step eigenvalue analysis of photoactivated
O, yields in Cyanothece sp. ATCC 51142 (Meunier et al.,
1995b) provided a clue as to the origin of the problem by
always finding two pairs of conjugated eigenvalues instead
of the usual single pair. The experimental eigenvalues
found for samples harvested at all times had a first eigen-
value equal to 1; therefore, the sum of all probabilities was
1 and the photoactivation probability was 0. This indicated
that the photoactivation treatment had been effective in
removing quickly photoactivatable PSII centers. The sec-
ond, real and negative eigenvalue related to the damping
mechanisms (Meunier, 1993) was also present within the
usual range of values. However, two conjugated pairs of
eigenvalues with large imaginary components were found
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Figure 8. Amplitudes of O, production under
flashing light from Cyanothece sp. ATCC 51142
cells harvested at L8 (A) and D8 (B). A, Curve 1,
after controlling light leakages during centrifu-
gation and sample manipulation (¢); curve 2,
after 30 s of darkness following A (A); curves 3,
4, and 5, each after an additional 30 s of dark-
ness following the previous experiment (O, [,
and V); curve P, after a 3-min, 10-Hz photoac-
tivation treatment following the experiment ().
B, After controlling light leakages during centrif-
ugation and sample manipulation (¢); after a
subsequent 30 s of darkness (A); after an addi-
tional 30 s of darkness following the previous
experiment ([] and O).
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instead of one conjugated pair and two more real eigen-
values. By mathematical necessity, the eigenvalues ob-
tained from a Kok model (even extended to S_,) always
contain only one pair of conjugated eigenvalues because
there is only one cycle.

The two conjugated pairs suggested the presence of two
S-state cycles (in different PSII centers) with significantly
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different properties. The consideration of PSII heterogene-
ity in the O, yields permitted the successful interpretation
of the eigenvalues (Table I). The combination of a dissipa-
tive or inefficient cycle with an efficient one could repro-
duce the O, yields down to the level of experimental noise.
The efficient centers retained similar properties, with about
9 to 11% apparent misses, 2 to 4% double-hits, and 0 to 1%
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Figure 9. Photoactivation probability, €, in dark-adapted cells of Cyanothece sp. ATCC 51142 for the last 48 h of the
experiment shown in Figure 5 (O). Black bars, dark periods; white bars, light periods. P1, P2, and P3, Significant repeating
periods of high photoactivation; the location of the peaks should be taken as the center of mass of the area under the curve
(which is effectively spaced 24 h apart, whereas the maximum measured photoactivation probability is not necessarily
spaced this way). The modeling errors were represented by the standard deviations calculated from the error matrix returned
by the multivariable linear regression over a generic five-step equation. They were found to be smaller than or equal to 0.1%
+ 0.1 X €, which are the values shown by the error bars. As many O, yields as possible were used for the regression (in most
cases, 14); however, the results were insensitive to the number of flashes used and to the inclusion of the first flash. The
results were essentially identical to a generic four-step equation ignoring the first flash.
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Table I. Calculated S-state transition probabilities for the two het-
erogeneous S-state cycles at different times during the metabolic
rhythms of Cyanothece sp. ATCC 51142

The single-hit probability is equal to T minus the sum of the other
probabilities because after the photoactivation treatment, the first
eigenvalue was always very close to 1.

S-State Transition Probabilities

Growth

. Cycle
Period Y Misses (@) Double hits (y) trf::ig‘(’)vssm(' 5
L5 Efficient 0.11 0.04 0.00
Wasteful N.Q.? N.Q. N.Q.
L8 Efficient 0.09 0.03 0.01
Wasteful 0.15 0.00 0.12
D1 Efficient 0.09 0.02 0.01
Wasteful 0.11 0.00 0.10
D5 Efficient 0.09 0.03 0.00
Wasteful 0.11 0.02 0.07
D12 (LO) Efficient 0.10 0.03 0.01
Wasteful 0.10 0.02 0.10

2 N.Q., Not quantifiable. The constants C5 and C¢ in Equation 1
were so small that the estimated importance of the second cycle was
less than 0.5% of the O, yields, and therefore the 5th and 6th
eigenvalues were ill determined.

backward transitions. By contrast, the inefficient centers
changed throughout the cycle in number and in properties.
The inefficient centers were characterized by a lower
double-hit probability and higher backward transition and
miss probabilities. The inefficiency was the most benign
around D5, close to the previously observed strong state 1
and (presumed) oxidized state of the plastoquinone pool
(Meunier et al., 1997).

There were too few inefficient centers to quantify their
properties at L5, in agreement with our proposal that cen-
ters were photoactivated in the early light period. The
numbers provided in Table I are not unique, because there
are many combinations of heterogeneous cycles that could
produce O, yields close to the experimental ones. How-
ever, this interpretation is the simplest, being an exact
solution, and is consistent throughout the metabolic
rhythms in Cyanothece sp. ATCC 51142. Thus, PSII hetero-
geneity could explain the properties of the O, yields found
after photoactivation. We interpret this as evidence for a
difference in the properties of freshly activated PSII (inef-
ficient PSII) compared with the centers that were stable in
the dark.

DISCUSSION

The data presented in this paper indicated that O, evo-
lution underwent many changes during the diurnal cycle
of the diazotrophic cyanobacterium Cyanothece sp. ATCC
51142. The capacity for O, evolution, the time required for
O, release by the S-state mechanism, and the dark stability
of PSII centers changed dramatically throughout a diurnal
cycle. In particular, the data reflect a substantial level of
PSII heterogeneity as the cells are preparing for N, fixation.
It is evident that PSII is a main target for down-regulation
during nitrogenase activity.
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The regulation of photosynthesis in Cyanothece sp. ATCC
51142 is mediated in part through state transitions and
changes in reaction-center oligomerization (Meunier et al.,
1997). The source of gy that developed in the early dark
was an inhibition of PSII that lowered variable fluorescence
(F, [= Fyy — Eol), even in the presence of DCMU, and
which led to lower amplitudes of O, evolution. The dark
inactivation of PSII centers during N, fixation occurred
while PSII centers were in the monomeric form following a
transition to state 2 (Meunier et al., 1997). After dark ad-
aptation, the amplitudes of O, evolution were negligible at
D3; however, the amplitudes after 3 min of 10-Hz flashes
were comparable to one-third of the maximum PSII ampli-
tudes. The partial recovery may be explained by a reduced
state of the plastoquinone pool during the intense respira-
tory activity associated with N, fixation and a re-oxidation
of the plastoquinone pool by the flashes. The fact that it
was partial demonstrates that some PSII were inhibited.
Indeed, the previously observed sudden and strong tran-
sition to state 1 after the peak in N, fixation, indicating an
oxidation of the plastoquinone pool, appeared correlated
with only a partial recovery of O, evolution in the exper-
iments reported here. Meanwhile, the PAM fluorescence
method was unable to detect state transitions in the period
from D3 to L1, due to the significant inhibition of PSIL

The photoactivation of PSII centers in the early light
occurred while the cells were close to state 2, which favors
excitation of PSI. Progressively, as PSII centers were pho-
toactivated, the g5 diminished and revealed a strong state
1 toward the end of the light period. However, at any given
time, the PAM method was ambiguous as to the contribu-
tions to gy from state transitions or from not-yet-pho-
toactivated centers. The analysis of the O, yields revealed a
strong photoactivation probability in the early part of the
light phase, whereas the 77 K spectra in Meunier et al.
(1997) indicated that most of the transition to state 1 oc-
curred in the second half of the light phase. Thus, the
photoactivation of PSII centers was prevalent in the first
half of the light phase, when the centers were mainly in
monomeric form.

At the beginning of the light period, when most PSII
centers were inhibited, the S-state mechanism produced
slow O, signals of a period 4. As photoactivation pro-
gressed, these changed to fast signals (Figs. 1 and 2), dem-
onstrating the simultaneous presence of PSII centers with
differing properties that were interconvertible. The O, pro-
duced was contributed by (at least) two populations of PSII
centers and required two S-state cycles for modeling. The
data we obtained for the interconversion and photoactiva-
tion processes suggests the repair of an inefficient, dark-
unstable PSII form to an efficient, faster one.

We have developed a modified model of the PSII S-state
mechanism in cyanobacteria (Meunier et al., 1996), which
has formalized the significant differences in flash-yield
experiments between cyanobacteria and chloroplasts. The
modeling of cyanobacterial O, evolution required explicit
deactivations in the dark interval between flashes and in
homogeneous probabilities, and an explicit accounting of
the number of active PSII centers by photoinhibition or
photoactivation (Meunier et al., 1996). The model was used
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to explain some of the interesting properties of Synechocys-
tis sp. PCC 6803 wild type and the psbO deletion mutant
(lacking the Mn>*-stabilizing protein MSP) (Meunier et al.,
1996).

The comparison of flash-yield results among Synechocys-
tis wild type, the psbO deletion mutant, and Cyanothece cells
from different times in the diurnal cycle led to the discov-
ery of some important similarities. O, evolution by wild-
type Synechocystis sp. PCC 6803 is very stable in the dark
and remains so even after a prolonged period of centrifu-
gation onto a bare Pt electrode (Burnap et al., 1996;
Meunier et al., 1996). The psbO deletion mutant of Synecho-
cystis sp. PCC 6803 shows very poor O, evolution after
dark incubation. However, after a 3-min flash regime at 10
Hz, the same sample showed a greatly enhanced produc-
tion of O, (i.e. high photoreactivation; Meunier et al., 1996,
fig. 3). Therefore, we suggest that Cyanothece sp. ATCC
51142 cells sometimes during the light period have an
O,-evolving mechanism that resembles the psbO deletion
mutant of Synechocystis sp. PCC 6803. At the same time, the
PSII centers of Cyanothece sp. cells growing in the dark are
fewer, but possess a dark stability more similar to that of
Synechocystis sp. PCC 6803 wild type. Moreover, 77 K spec-
tra indicated changes in the oligomerization of PSII centers
(Meunier et al., 1997). These observations and the replace-
ment of the D1 protein suggest that the protein conforma-
tions, composition, and oligomerization of PSII centers are
under constant flux in Cyanothece sp. ATCC 51142.
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