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Assembly and Disassembly of the Photosystem II Manganese Cluster Reversibly
Alters the Coupling of the Reaction Center with the Light-Harvesting

Phycobilisome
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ABSTRACT: The light-driven oxidative assembly of Mn?* ions into the H,O oxidation complex (WOC) of
the photosystem II (PSII) reaction center is termed photoactivation. The fluorescence yield characteristics
of Synechocystis sp. PCC6803 cells undergoing photoactivation showed that basal fluorescence, F, exhibited
a characteristic decline when red, but not blue, measuring light was employed. This result was traced to
a progressive increase in the coupling of the phycobilisome (PBS) to the PSII reaction center as determined
by observing the changes in room temperature and 77 K fluorescence emission spectra that accompany
photoactivation. The results support the hypothesis that strong energetic coupling of the PBS to the PSII
reaction center depends upon the formation of an active WOC, which presumably diminishes the likelihood
of photodamage to reaction centers that have either lost an intact Mn cluster or are in the process of

assembling an active WOC.

The assembly of Mn?" ions to form the catalytically active
Mny-Ca cluster of the water oxidation complex (WOCH) of
the photosystem II (PSII) reaction center is a light-driven
process termed photoactivation (reviewed in refs / and 2).
Photoactivation occurs during the de novo formation of PSII
as well as during the frequent repair of PSII, which occurs
in response to photoinhibition. During photoactivation, Mn>*
ions are oxidized to Mn>3*" as they become coordinated
within the ligation environment provided by the D1 and CP43
proteins of the PSII complex (3—6). The same set of redox
cofactors involved in charge separation in fully assembled
PSII complex are also involved in the initial photooxidation
events leading to the photoactivation of the WOC. Specif-
ically, the oxidized forms of the primary and secondary
donors, Pggo™ and Yz, respectively, are involved in the
oxidation of incoming Mn?* ions during photoactivation.
Additional PSII redox cofactors, not directly involved in
water oxidation catalysis, such as cytochrome bsso, may have
a role in protecting the PSII complex against photodamage
prior to and during the assembly of the manganese
cluster (7-14). The functioning of the additional redox
cofactors is important because photoactivation is a low
quantum efficiency process, unlike the relatively high
quantum efficiency for the turnover of the assembled water
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oxidation enzyme. Typical overall quantum yields for
photoactivation are in the range of 0.005 to 0.01 as opposed
to near unity for the fully assembled reaction center charge
separation and stabilization (7, 15-18). The precise reasons
for this low quantum efficiency of photoactivation are still
under investigation, but it is clear that this situation renders
reaction centers in the process of photoactivation to be prone
to photodamage. In the absence of a fully functional
manganese cluster, secondary donors, including cytochrome
bsso and a redox active f3-carotene, may be required to quench
the strong oxidizing power of Pgg™ to avoid destructive side
reactions that might occur during episodes of sluggish donor-
side electron transfer as may occur during photoactivation.
Thus, the alternative secondary donors are important to
minimize the frequency of photochemical damage that could
otherwise occur with high quantum yield in the absence of
a functional manganese cluster.

Besides alternative electron donors, the modulation of the
optical cross section of PSII undergoing photoactivation
could be important to minimize photodamage, although
information in this area is lacking. Light intensity dependence
measurements show that the rate of photoactivation saturates
at very low light intensities compared the intensities required
to saturate photosynthesis (15, 17, 19-21). The low light
saturation of photoactivation is due to unique kinetic features
that characterize the assembly mechanism. Kinetic analyses
have indicated an obligatory sequence for the binding and
photooxidation of the first two Mn?" ions during their
assembly into the apoprotein. Indeed, it appears that forma-
tion of the first properly bound Mn3*t species is the
prerequisite to the binding of the subsequent Mn?* ions. A
refractory “dark-rearrangement” step (¢, ~100 ms) occurs
early in the assembly sequence, probably immediately after
the photooxidation of the first Mn?>" incorporated. This light
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independent refractory step remains poorly understood, but
may reflect a molecular or charge rearrangement. Because
this step is rate-limiting, the process of photoactivation is
saturated at light intensities at least 10-fold lower than the
intensities that saturate the operation of the overall photo-
synthetic mechanism. Consequently, reaction centers under-
going photoactivation during biogenesis or during the
frequent PSII repair cycle cannot productively utilize the
higher levels of excitation energy reception as compared to
the assembled PSII complex. Therefore, a mechanism
modulating the coupling of light harvesting to reaction
centers in the process of photoactivation may be advanta-
geous to avoid overexcitation and possible photodamage in
nascent PSII. Here, we explore this hypothesis by examining
the fluorescence properties of cyanobacterial cells undergoing
the process of photoactivation.

MATERIALS AND METHODS

Strains and Growth Conditions. The glucose-tolerant strain
of Synechocystis sp. PCC6803 was routinely maintained in
BG-11 medium as described previously (22). The D1-D170A
strain was a gift from Prof. Rick Debus and has been
extensively characterized (23-26). Experimental cultures
were propagated in BG-11 media buffered with 20 mM
Hepes-NaOH, pH 8.0 (HBG-11) under a PFD (photon flux
density) of 80 umol m~2 s~ ! at 30 °C. Cultures were bubbled
with filter sterilized air that was enriched with 3% CO.. Light
intensity measurements were made with a LiCor sensor
(Lincoln, NE).

Photoactivation of Hydroxylamine-Extracted Cells. Cells
from cultures in late-log growth phase were harvested and
extracted with hydroxylamine (HA) and photoactivated by
exposure to saturating single turnover xenon flashes as
described previously (16, 27, 28). At the completion of the
photoactivation flash treatment, 100 uL aliquots were
withdrawn for assay, either for determination of light-
saturated rates of O, evolution or for measurements of
fluorescence properties. Light-saturated rates of O, evolution
were determined using a Clark-type electrode by resuspend-
ing in HN (10 mM Hepes, pH 7.2, 30 mM NaCl) buffer
supplemented with an artificial electron acceptor system
consisting of 0.8 mM DCBQ and 1 mM potassium ferricya-
nide, and oxygen evolution was measured in response to
saturating orange (>570 nm) illumination at 30 °C. Fluo-
rescence as a function of photoactivation treatment was
performed as follows: 300 uL aliquots were resuspended with
HBG-11 to a concentration of 5 ug of Chl mL™!, incubated
five to ten minutes in the dark prior to measuring fluores-
cence. Flash-induced fluorescence yield kinetics were mea-
sured by a FL3000 double modulation fluorometer (PSI
Instruments, Brno) (29, 30) in the 50 us to 100 s postactinic
flash time range at a sample concentration of 5 ug of Chl
mL~". For “real-time” photoactivation-fluorescence experi-
ments, photoactivation was conducted directly in the fluo-
rometer using saturating LED pulses with concurrent mea-
surement of fluorescence. A series of 3000 saturating flashes
in the form of 30 us pulses from an array of red (617 and
625 nm) light-emitting diodes (LEDs) given at intervals of
0.5 s to the HA-extracted cells suspended in HBG-11 to 5
ug of Chl mL~!. Extra illumination was provide by an
auxiliary flash head to ensure saturation of cells due to the
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apparent uncoupling of phycobilisomes (PBS) due to HA-
extraction as described below. Responses to the actinic
flashes in fluorescence yields were obtained by application
sequence of weak (roughly 5% of saturating) red measuring
flashes (RMF) (617 nm), or alternatively blue measuring
flashes BMF (455 nm).

Fluorescence Emission Spectra. Fluorescence spectra on
samples were measured in a Jobin Yvon-Fluomax-3 fluo-
rescence spectrophotometer. The slit sizes of excitation and
emission were set at 5 and 2 nm, respectively. The 77 K
fluorescence spectra were collected from 600 to 750 nm for
two different excitations at 435 nm for exciting chlorophyll
and 600 nm for exciting for phycobilins of the phycobilisome
(PBS). Room temperature emission spectra were recorded
from 620 to 750 nm of with excitation at 600 nm in an optical
cuvette at a sample concentration of 5 ug of Chl mL~!. Dark
adapted samples at 5 ug of Chl mL~" were applied as a thin
coat on glass rods of radius of 5 mm cooling the rods in
liquid nitrogen and briefly dipping the cooled rods into the
sample solution and returned to liquid nitrogen where they
were stored (~10 min) until acquisition of the emission
spectra. For measurement, the coated glass rods were placed
in a Dewar vessel filled with liquid nitrogen and positioned
so that the glass rods could be manually turned about its
lengthwise axis while retaining its position and orientation.
To account for position-sensitive variation in fluorescence
yield from the frozen samples, each sample glass rod was
rotated incrementally and measured a total of 3 times to
generate one averaged emission spectrum. At least three
independent repeats of this procedure were used to generate
the final emission spectrum for each sample.

RESULTS

The kinetics of room temperature chlorophyll fluorescence
provides a useful probe of electron transfer events occurring
in PSII and provides a measure of the development of
functional PSII during the process of Mns-Ca assembly
during photoactivation (7, 37). In the absence of a functional
Mny-Ca cluster, fluorescence yield following actinic il-
lumination is low compared with the maximal yields
observed in the presence of a fully functional Mns-Ca. The
reasons for the low fluorescence yield are complex, but are
in large measure due to the relatively high concentration of
fluorescence quencher, Pggo™, that accumulates in the absence
of an efficient donor to oxidized Yz (32, 33). Photoactivation
restores the Mny-Ca, allowing the efficient formation of the
highly fluorescent Pggo-Qa~ state and maximal fluorescence.
Figure 1 shows the fluorescence kinetics of Synechocystis
cells extracted with hydroxylamine (HA) to remove PSII Mn
and subjected to a sequence of saturating flashes with a xenon
flash lamp to promote photoactivation. Samples at intermedi-
ate stages of photoactivation were withdrawn from the
photoactivation mixture, dark adapted ~5 min, and analyzed
in the absence (panel A) or presence (panel B) of DCMU,
using a double modulated chlorophyll fluorometer (29, 30).
The individual traces in these multitrace plots show the
relaxation of fluorescence yield following a single saturating
flash as measured using a succession of weak red probe
flashes. As expected, the amplitude of fluorescence for each
individual trace was minimal immediately prior to the flash
(Fy), maximal (Fy,) at the first measuring pulse 50 us after
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FIGURE 1: Induction and decay of Q4™ in response of a saturating flash in HA-extracted cells at different stages of a photoactivation
experiment. Sequences of photoactivating flashes were given with uniform interval of 0.5 s to HA-extracted cells in the absence (panel A)
and presence (panel B) of DCMU. Cells were given a discrete number of saturating Xe flashes (z-axes), withdrawn from a reaction vessel,
dark adapted 5 min, and given a single saturating 30 us LED actinic flash, and changes in fluorescence yield were monitored with a train
of weak red measuring flashes (RMF). Values of variable fluorescence yield are displayed according to the equation (F; — Fy)/Fy, where
F, is the fluorescence yield recorded for each of the time points after the flash, starting 50 us postactinic flash, and Fj is the fluorescence
yield recorded 10 us before the flash. Fy,y is taken as the value of this equation computed using the 50 us time point. These experiments
were performed at least three times, and representative traces are shown.
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FIGURE 2: Relationship between photoactivation kinetics of oxygen evolution and fluorescence yield ((Fy, — Fo)/Fy) during photoactivation.
Panel A shows the development of oxygen evolution activity and a function of flash number (filled squares and solid line) and the development
of the maximum fluorescence yield ((F,, — Fo)/Fy) measured in the absence (filled circles and dotted line) and presence (open circles and
dashed line) of DCMU. For the latter, DCMU was added after application of photoactivation flashes. Data were fit assuming a monoexponential
rise in the conversion of apo-PSII centers to active PSII. Panel B shows the relationship between the restoration of O,-evolving activity and
the inverse of the changes on F based upon the data shown in panel A. The values of Fjy were determined in the absence (filled circles and
dotted line) and presence (open circles and solid line) of DCMU added after application of photoactivation flashes.

the actinic flash, and decaying during the remainder of the To better explore these results, the fluorescence properties
postflash trace. With or without DCMU, the maximal of cells undergoing photoactivation were monitored in real
fluorescence increased in proportion to number of flashes time (Figures 3). For this experiment, HA-extracted cells
during photoactivation consistent with previous studies were photoactivated directly in the fluorometer using ultra-
(7, 31). bright red LEDs as an actinic source, instead of photoacti-

The development of maximal variable fluorescence, cal- vating using a xenon flash lamp in a separate vessel prior to
culated as (Fy,, — Fo)/F, closely matched with development measuring fluorescence as for Figures 1 and 2. In addition
of O, evolution during photoactivation by flash number to using the weak red measuring flash (RMF, Ap. = 617
(Figure 2A). During the course of these experiments it was nm), as had been utilized for the experiments of Figures 1
noticed that the level of F, declined, despite the fact that and 2, the experiment was also conducted using blue
samples were always measured at the same concentration measuring flash (BMF, Am.x = 455 nm). It was noticed during
of chlorophyll and phycobiliprotein. It is noted in this regard these experiments that HA-extraction produced an ap-
that the HA treatment did not discernibly alter the sample proximately 20% increase in the value of F,, when assayed
pigment composition (not shown). Furthermore, the decline with RMF, whereas no such increase in fluorescence was
in Fy correlated with development of O, evolution activity observed when yields were probed using BMF, as discussed
during photoactivation: Figure 2B shows that the reciprocal below. Photoactivation was promoted by application of 1000
of Fy was proportional to restoration of oxygen evolution flashes, and changes in fluorescence yield were recorded
during photoactivation; however, as discussed below, the rate using RMF or BMF. Changes in fluorescence yield during

of Fy decline was slower than the rate of photoactivation. photoactivation measured using RMF (panel A) exhibited a
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FIGURE 3: Changes of fluorescence yield during photoactivation using either red or blue measuring flashes (RMF or BMF). Photoactivation
promoted by application of 1000 flashes at 0.5 s intervals (500 s) and changes in fluorescence yield are recorded using RMF or BMF. Left
panels: Fluorescence measured RMF for hydroxylamine-extracted wild-type cells (panel A) or blue measuring flashes (BMF) (panel C),
and in a PSII mutant, D1-D170A, that assembles wild-type levels of PSII proteins, but are unable to assemble a Mns-Ca (panel E). Right
panels: Normalized individual traces of the relaxation of fluorescence yield for the first (open symbols) and last (closed symbols) actinic
flashes of the corresponding 1000 flash photoactivation sequences shown to the left.

characteristic pattern where the minimal level of fluorescence
(Fy') progressively declined during the course of photoac-
tivation, although never reached the original pre-extraction
level Fy during the course of the flashing. In contrast, the
changes in fluorescence yield monitored using BMF (panel
C) did not exhibit a decline in Fy’ and the initial and final
levels of Fy’ were nearly identical to the original pre-
extraction level Fy measured with BMF. The right panels of
Figure 3 depict normalized individual traces of the relaxation
of fluorescence yield for the first (open symbols) and last
(filled symbols) actinic flashes of the corresponding 1000
flash photoactivation sequences shown to the left in Figure
3. The kinetics of relaxation of fluorescence yield for the
first and last flashes were very similar for the samples probed
either RMF (Figure 3B) or BMF (Figure 3D), and both
samples exhibited an acceleration of the decay of fluores-
cence in the photoactivated state of the sample (filled
symbols) in comparison to the initial, un-photoactivated state

(open symbols). This corresponds to the conversion of the
midpoint potential of Q5 /Qx to more negative values during
the course of photoactivation, with the consequent increase
in the rate of forward electron transfer from Qx~ to Qg
observed previously (7, 34).

To determine whether the decline in Fy” monitored with
RMF is dependent upon the ability to assemble an active
Mny-Ca, a PSII mutant unable to assemble an Mnys-Ca was
subjected to a similar HA-extraction conditions and given
photoactivation flash sequence while fluorescence yields
probed with RMF. This mutant, D1-D170A, assembles wild-
type levels of PSII reaction centers, but has a defect in the
high affinity Mn-binding site and has been demonstrated to
be defective in photooxidizing Mn?" and thereby is incapable
assembling an Mny-Ca (23-26). Like the wild-type photo-
activated with BMF, the nonassembling mutant did not
exhibit a decline in F,’. Furthermore, the mutant did not
exhibit a progressive increase in maximal level of variable
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FIGURE 4: Changes of Fi, sous and Fy” occurring during flash photoactivation. Sequences of photoactivating flashes were given with a uniform
interval of 0.5 s to HA-extracted WT cells. Fluorescence was measured with red measuring flash (panel A) or blue measuring flash (panel
B) using the fluorometer (FL 3000, PSI, Czech). Decrease of Fjy was observed during photoactivation using red measuring flashes (RMF).
But a decrease of Fjy was not observed using blue measuring flashes (BMF). F, rapidly increased around flashes during photoactivation and
then gradually increased up to 3000 flashes. These experiments were performed at least four times, and representative traces are shown
along with the Fy, and F|, values (dotted horizontal lines) of the corresponding cells prior to hydroxylamine treatment. Panel C: The traces
of the development of variable fluorescence calculated from the arrays of fluorescence values immediately prior to and after each
photoactivating actinic flash (Fy" and F'sqs, respectively) according to the equation Fy = (Fsous — Fo')/Fy'.

fluorescence as observed during photoactivation of the wild-
type observed with either RMF or BMF, which is consistent
with the mutant being incapable for forming an active WOC.
These results indicate that the decline in F," observed using
RMF, but not BMF, minimally depends upon the ability to
photooxidize Mn>" at the high affinity site of the WOC.

It was also noticed that the F| level increased during the
~100 flashes and then declined during the remainder of the
photoactivation sequence. This transient change in Fj is most
clearly discerned when the photoactivation is probed with
BMF, whereas the transient seems to be superimposed upon
the overall decline in F) observed with RMF. As discussed
in the next section, this transient may reflect an interplay of
events involving secondary electron donors capable of
reducing Pego™ and changes in the acceptor side that
accompany photoactivation.

Figure 4 shows photoactivation experiments recording
changes in fluorescence as a function of flash number over
the course of a 3000 flash photoactivation experiment, to
better visualize the changing minimal fluorescence yields
over a longer period of photoactivation. Only the changing
values of maximal and minimal fluorescence, Fsq,s and Fy',
were recorded. The maximal fluorescence, Fsq, values
correspond to the fluorescence yields observed 50 us after
each photoactivating flash, and Fy’ is the fluorescence level
immediately prior to these flashes. It can be seen that in both
RMF (Figure 4A) and BMF (Figure 4B), F, rises during
the first 200 photoactivating flashes and then declines. The
initial rise in Fy’ likely corresponds to the relatively slow
transfer of electrons from Qa~ to Qg due to the more positive
midpoint potential of Q47/Qax in the absence of an assembled
Mny-Ca (7, 34) as note above. This slower forward electron
transfer combined with the reduction of Pggo™ and Yz by
Mn?* or secondary donors blocking back-reaction would tend
to cause the accumulation of the fluorescent Pggp-Qa~ state
disallowing oxidation of Q™ via back-reaction. These factors
prevent complete relaxation of fluorescence due to Qa~
reoxidation before the subsequent photoactivating actinic
flash and thereby the initial phase exhibits a progressive

increase in Fy’. This upward trend is probably balanced by
processes that tend to quench fluorescence: (1) loss of Qa~
by transfer, albeit slower, of electrons from Q™ to Qg and
(2) depletion of secondary donors, which would result in
the accumulation of Pggo™, which also acts as a quencher
(32, 33). This initial phase is followed by a decline in Fy’
which is likely due to the conversion of the midpoint
potential of Q27/Qx to the more negative value associated
with active PSII as the light-driven assembly of Mny-Ca
progresses restoring a configuration of redox cofactors
permitting the rapid reoxidation of Q™ and the efficient
rereduction of the oxidized primary donor, Pegot. With RMF
(Figure 4A), the Fy" declined below the initial value as noted
above, whereas the BMF trace (Figure 4B) declined asymp-
totically back to the initial value of Fyy’, which coincides with
the Fy, measured in the corresponding sample prior to
extraction with HA.

Figure 4C depicts the development of variable fluorescence
measured in real time with RMF and BMF. The traces were
calculated from the traces in the adjacent panels to the left
according to the equation F, =(Fsos — Fo')/Fo’. A higher
final Fy is obtained using BMF as compared with RMF since
the latter has a higher Fy upon HA-extraction and does not
return to the pre-extraction levels during the course of the
3000 flashes. Both traces are similar, however, in the rate
of increase as a function of flash number and in having a
rapid initial decline in the first 40 flashes. A reasonable
assignment for this rapid initial decline phase is the depletion
of immediately available secondary electron donors and the
resulting accumulation of the quencher Pggo™, the level of
which gradually declines as photoactivation progresses and
allows the formation of the fluorescent Pggo-Qa~ state.

The observation that Fjy was dramatically increased by HA-
extraction and progressively declined during photoactivation
when RMF, but not when BMF was used to probe fluores-
cence, is suggestive of changes in the coupling of the
phycobilisome to the PSII reaction center (RC). Since the
RMF light probe mainly excites bilin pigments of the light-
harvesting phycobilisome (PBS), whereas BMF light excites
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FIGURE 5: Fluorescence emission spectra of control, HA-extracted and photoactivated cells. To photoactivate HA-extracted cells, 1000
flashes were given with a uniform interval of 0.5 s to HA-extracted WT cells. Fluorescence emission spectra of control (solid line), the
HA-extracted (dashed line) and the photoactivated cells (dotted line). Panel A: Room temperature emission spectra with phycobilin excitation
(600 nm). Panels B and C: 77 K emission spectra of control and the HA-extracted cells and the photoactivated cells at exciting phycobilins
at 600 nm (B) and chlorophyll at 435 nm (C) excitation. The emission spectra are presented in un-normalized form in a manner that
approximates relative emission intensities as described in the Materials and Methods.

principally chlorophyll, the changes in F,, observed with RMF
appear to reflect changes in the coupling of PBS to the PSII
RC. Since a precedent exists for alterations in PBS coupling
due to mutational loss of the PsbU of the Synechocystis WOC
(35), a reversible transmembrane perturbation of coupling
dependent upon the assembly state of the Mny-Ca is a
plausible hypothesis. To test this, energy transfer from PBS
to PSII RC was investigated using room temperature and
low temperature fluorescence spectroscopy. The room tem-
perature emission fluorescence spectrum due to excitation
centered at 600 nm yielded fluorescence peaks at 657 nm
(F655) and 681 nm (F680) (Figure 5A). The F655 peak
originates from phycocyanin (PC) and allophycocyanin
(APC), whereas F680 emissions are ascribed to PSII reaction
center chlorophylls (12, 23). Consistent with the uncoupling
of the PBS from PSII, the fluorescence due to PC and APC
is increased relative to unextracted control cells (solid line)
upon HA-extraction (long-dashed line), and then lowered
upon photoactivation (dotted line). In addition to the revers-
ible changes, it is apparent is that the HA-extraction causes
some damage to the phycobilisome fluorescence character-
istics since the higher fluorescence levels after HA-extraction
are not entirely reversed. Also consistent with PBS uncou-
pling from the reaction center, it was observed that the F680
emission was severely diminished when Mn was removed
by HA and then restored after photoactivation. This emission
corresponds to reaction center emission that increases as
samples approach the Fy, state (36). Apparently, the excitation
intensity of the fluorescence spectrophotometer was high
enough to drive a significant accumulation of Q™ in samples
with a function Mny-Ca, whereas this emission was minimal
under virtually identical data acquisition conditions for the
HA-extracted sample.

The 77 K fluorescence emission spectra had three peaks
at 685 nm, 695 nm, and 720 nm (F685, F695, and F720,
respectively), when 435 nm light was used to preferentially
excite Chl (Figure 5C). F685 and F695 originate from PSII,
and PSI is the primary source of emission F720. The 77 K
emission spectra were similar in the control cells and the
HA-extracted cells when 435 nm light was used to excite
Chl (Figure 5C). This indicates that the integrity within the
PSII core complex has been maintained such that coupling

of Chl to the reaction center pigments responsible for the
F685 and F695 emissions is normal and that the relative
amounts of these emitters in the photosynthetic membranes
are not discernibly perturbed by the HA-extraction. Further-
more, it suggests that the samples, which were dark-adapted
>10 min, are all in the same excitation energy distribution
state, presumably State 2, since changes in the amplitudes
of theses emissions are observed upon state changes in
Synechocystis (37).

In contrast to Chl excitation, a significant change was
observed in the emission spectra upon excitation with 600
nm light, which preferentially excites phycobilins (Figure
5B). The F695 shoulder disappeared in the HA-extracted cells
and was recovered after the cells were subjected to photo-
activation (Figure 5B). F695 is associated with PSII emission,
whereas F685 can be ascribed to emission from both PSII
and the terminal emitter of the phycobilisome. There was
also an increase in F685, which is likely the result of
increased emissions from the terminal emitter of the phy-
cobilisome due to decoupling from the reaction center. The
changes of F695 and F685 in HA-extracted samples are thus
likely a result of decreased efficiency of energy transfer from
PBS to Chl a of PSII RC. Furthermore, the recovery of the
diminished peaks after photoactivation treatment reflects
restoration of energy transfer from PBS to Chl a of PSII
RC. These results suggest that removal of Mn ions from
WOC induces the decoupling of PBS from the PSII reaction
center and that coupling is restored under conditions that
promote the reassembly of the Mny-Ca. It is also apparent
that HA-extracted samples exhibited a reversible increase
in PSI emission (F720). One possible explanation is that the
PBS that uncouple from PSII become energetically linked
to PSI as discussed below. The HA-extraction appears to
result in some damage to the phycobilisome fluorescence
characteristics evidenced by the nonreversible increase in the
level of fluorescence in the 650 nm region.

DISCUSSION

During the course of probing changes in the fluorescence
yield relaxation kinetics that accompany photoactivation, it
was observed that the basal yield of fluorescence, Fj,
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generally increased upon the extraction of cells with HA, a
reductant used remove Mn from the PSII H,O-oxidation
complex in preparation for studying the light-driven reas-
sembly (photoactivation) of the Mny-Ca. Interestingly, this
increase in F, was partially reversed by photoactivation of
the sample (Figures 3 and 4). Since this reversible increase
in basal fluorescence was only observed when probed with
red measuring flashes, but not when blue measuring flashes
were employed to probe fluorescence yield, it was hypoth-
esized that the destruction of the Mny-Ca caused a reversible
alteration in the excitation energy coupling of the phyco-
bilisome. This was evaluated by examining the changes in
the fluorescence emission properties due to HA-extraction
and photoactivation of HA-extracted samples (Figure 5).
Energy transfer from phycobilin to PSII chlorophyll is
uncoupled by HA-extraction as indicated by the loss of the
F695 emission that is normally seen with the excitation of
phycobilins. The F695 emission emanates from chloro-
phyll(s) of the CP47 protein, which function as proximal
antennae for the PSII reaction center. This chlorophyll is
normally coupled to the terminal phycobilisome emitter, and
the disturbance of this coupling diminishes the extent of
energy transfer from the phycobilisome to PSII as evidenced
by decreased of emission from F695 (29). Since this emission
is lost only when phycobilisome excitation is used, but is
still present when chlorophyll excitation is used, it can be
concluded that the HA-extraction affects phycobilisome
coupling to PSII chlorophyll but does not perturb the PSII
reaction center chlorophylls per se. Therefore, the loss of
F695 after HA-extraction is due to impaired excitation energy
transfer from phycobilisome to PSII. At the same time, the
loss of F695 is also accompanied by an increase in PSI
(F720) emission. This is interpreted as being due to stronger
energetic coupling between the PBS and PSI upon uncou-
pling the PBS—PSII interaction. This is consistent with the
concept that the PBS is a rather flexible, nonspecific antenna
wherein photosystem complex essentially competes for
binding to the PBS complex.

Heat or high light also impairs excitation energy transfer
from phycobilisome to Chl. Disruption of excitation energy
transfer from PBS to Chl is observed in heat-treated
Synechocystis cells, which also display the specific loss of
the F695 low temperature emission and, like the present
results, also exhibited a decline of F680 shoulder of the room
temperature emission spectrum arising from phycobilin
excitation (38). Certain mutations in cyanobacteria also
appear to affect the extent of the F695 emission of PSII and
are ascribed to altered phycobilisome coupling. Disruption
of the ORF sIr0947 (also known as Ycf27 and RpaB) of
Synechocystis, which is an OmpR-type transcriptional re-
sponse regulator having a DNA-binding domain, eliminated
F695 produced by phycobilisome excitation. This, together
with the observation that the F695 emission was still present
upon chlorophyll excitation, was taken to indicate that the
disruption of ORF slr0947 decoupled the phycobilisome from
the PSII reaction center chlorophylls (29). The mechanism
by which a transcriptional response regulator affects energy
transfer from phycobilisomes to photosystems remains
unknown; however, ORF slr0947 was recently assigned a
function in modulating the expression of high light responsive
hli genes and perhaps the psbA gene encoding the rapidly
metabolized D1 protein of PSII (39, 40).
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In the context of the present results, perhaps the most
relevant cyanobacterial mutant that affects phycobilisome
coupling is the APsbU mutation. A large increase in the low
temperature F685 emission, without a corresponding increase
in the F695 emission, was observed in APsbU mutant cells.
The mutant also exhibited an elevated F, compared to the
wild-type and combined with the results of other assays
allowed the conclusion that the genetic loss of the PSII PsbU
protein caused a decoupling of the phycobilisome to the
reaction center (36). This result is surprising since the PsbU
protein is located on the lumenal side of the membrane where
it is involved in maintaining structural stability and activity
of the WOC (36). This observation suggests that structural
alterations on the lumenal side of the membrane, where PsbU
is situated, can be allosterically transmitted to the other side
of the membrane in a manner that strongly affects the
coupling of the phycobilisome to the PSII reaction center
chlorophylls. It is probably worth mentioning that the
differences in the relative intensities of the different emissions
seen in the spectra of that study compared to the spectra
shown here may be due, at least in part, to the rather different
cell growth conditions employed in the two studies (36).
Cells in our experiments were grown at considerably higher
light intensities (80 versus 30 umol of photons m~2 s~!) and
gas conditions (bubbling with air enriched with CO, versus
growth under ambient atmosphere).

The observation that the uncoupling of the phycobilisome
from PSII was reversible by conditions promoting the
reassembly of the Mny-Ca cluster is consistent with the
argument that the assembly state of the Mny-Ca cluster
modulates phycobilisome coupling, as opposed to the HA
treatment having an independent effect on phycobilisome
coupling that occurs in parallel with the extraction of PSII
Mn. If this were the case, then the light flashing associated
with the photoactivation treatment would also have cause
phycobilisome reassociation occurring in parallel with Mny-
Ca assembly. Likewise, the importance of Mns-Ca formation
in promoting strong phycobilisome coupling is consistent
with the finding that the flash-induced decline in F;, depends
upon the ability to photooxidize Mn?* at the high affinity
site of the WOC since the high affinity site mutant D1-
D170A did not display the decrease in F\y when subjected to
the same photoactivation protocol. It is reasonable that
formation of the Mn4-Ca induces an allosteric change in the
conformation of the electron acceptor side of the PSII
complex allowing stronger excitonic coupling between
reaction center chlorophylls and the terminal emitter(s) of
the phycobilisome. A structural coupling between the donor
and acceptor side accompanying photoactivation is already
well-documented and includes alterations in the distribution
of redox forms of cytochrome bss9 and a downshift in the
midpoint potential of Qa/Qa~, both of which may have a
photoprotective function (7, 12, 34). Nevertheless, these
results by no means exclude alternative interpretations. For
example, it remains possible that sustained electron transport
capacity, absent in D1-D170A and gradually developed
during the course of photoactivation, is required for strong
phycobilisome coupling. Still, the interpretation that Mny-
Ca assembly allosterically regulates phycobilisome associa-
tion is attractive given the facts regarding donor and acceptor
side coupling during photoactivation (7, 12, 34), on the one
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hand, and the finding that the APsbU mutation strongly
affects phycobilisome coupling, on the other (36).

Overall, the results may offer some physiological insight
into the complex mechanisms associated with the operation
and biogenesis of photosynthetic membranes. Light intensi-
ties that are optimum for driving photosynthesis are super-
saturating for the process of photoactivation due to the kinetic
features of Mny-Ca cluster assembly (15, 17, 19-21). PSII
centers undergoing photoactivation are, therefore, potentially
at a higher risk of incurring photoactivation due to the fact
that PSII is highly prone to photodamage in the absence of
an intact Mns-Ca cluster (7—14). Cells of oxygenic phototro-
phs exposed to typical environmental conditions are likely
to have a mixed population of PSII centers. This will include
fractions that are either in the process of de novo PSII
synthesis or in the process of repair by synthesis of a
replacement D1 protein in response to photodamage (35, 47).
Both of these situations require photoactivation to form an
active WOC, and the size of their light harvesting antennae,
typically optimized for driving high turnover reaction center
operation, energetic coupling of the antennae to partially
assembled PSII could be destructive. Therefore, the issue of
oversaturation of the natural photoactivation process is likely
of general physiological significance for oxygenic phototro-
phs. Consequently, a mechanism regulating the energetic
coupling of reaction centers to light-harvesting antennae, such
that strong coupling is deferred to the end of the PSII
assembly process, would provide a functional solution for
the avoidance of photodamage to centers that have yet to
finish the assembly of a functional WOC.
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