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ABSTRACT: The Mn complex of photosystem II and O,-evolution activity are reconstituted in Mn-depleted
photosystem II membranes in a light-dependent process called photoactivation. Recovery of O,-evolution
activity requires both Mn?* and Ca?* in the photoactivation medium. The Mn?* and Ca?* dependences
of both the effective rate constant and yield of photoactivation have been determined. A comparison of
these data with the predictions of mathematical models for photoactivation leads to the conclusion that
photoactivation occurs in two stages. The first stage, photoligation of Mn, requires light and depends primarily
on Mn?*, The second stage, binding of Ca?*, is required for expression of Op-evolution activity. This two-stage
model affords an excellent fit to the data and provides dissociation constants and binding stoichiometries
for Ca?* and Mn?*. We conclude that one Mn?* ion is bound and photooxidized in the rate-determining
step(s) of photoactivation. On the basis of these results and data already in the literature, the molecular
details of the elementary steps in photoactivation are discussed and a mechanism of photoactivation is
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proposed.

Blotoactivation is the process by which the catalytic Mn
complex of photosystem II is assembled from Mn?* ions and
O,-evolution activity is acquired or restored. This reaction
was first reported by Cheniae and Martin (1966) and Gerhardt
and Weissner (1967) in Mn-deficient algae, and these ob-
servations were extended in a variety of samples ranging from
Tris-treated chloroplasts to chloroplasts from wheat seedlings
greened in intermittent light (Yamashita & Tomita, 1971; Ono
& Inoue, 1982). The term photoactivation reflects the finding
that assembly of the Mn complex is dependent on illumination
of photosystem II (Cheniae & Martin, 1967), as well as Mn?*
(Eyster et al., 1958; Homan, 1967). Several studies also
suggested that Ca?* is required for photoactivation (Yamashita
& Tomita, 1976; Ono & Inoue, 1983; Pistorius & Schmid,
1984).

Illumination is necessary for photoactivation, but can also
result in photoinhibition, causing loss of primary photochemical
activity. Photoinhibition has been proposed to result from
oxidative damage to photosystem II, a consequence of the
powerful oxidant generated upon light-induced charge sepa-
ration (Thompson & Brudvig, 1988). Although the term
photoinhibition is usually applied to the loss of photochemical
activity that accumulates during intense illumination of
O,-evolving photosystem II (Jones & Kok, 1966), photosystem
IT membranes lacking O,-evolution activity are photoinhibited
by irradiation only /sy as intense (Callahan et al., 1986).

Recently, photoactivation has been demonstrated in isolated
photosystem II membranes treated with 5 mM NH,OH to
remove Mn (Tamura & Cheniae, 1986, 1987a). Whereas
photosystem II centers damaged by photoinhibition can be
repaired and eventually photoactivated in systems containing
intact chloroplasts capable of protein synthesis (Callahan &
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Cheniae, 1985), photoinhibition is irreversible in isolated
photosystem II membranes. Nonetheless, the advantage of
studying isolated photosystem II membranes is that the ob-
served rate of photoactivation does not include the rates of ion
transport or repair-related processes that occur when photo-
inhibited centers are reactivated in chloroplasts (Callahan et
al., 1986). The photoactivation process displays first-order
kinetics (Tamura & Cheniae, 1987a), which can be uniquely
described by an effective rate constant and the final yield of
photoactivation. Both of these parameters reflect important
underlying characteristics of photoactivation.

Both Mn?* and Ca?* stimulate photoactivation at low
concentrations, but Mn?* is inhibitory at higher concentrations.
This inhibition can be counteracted by raising the Ca?* con-
centration. Thus, Mn?* and Ca?* were each proposed to
behave as competitive inhibitors at the other’s binding site
(Ono & Inoue, 1983; Tamura & Cheniae, 1986; 1987a).
However, past studies of the effects of different metal ions on
photoactivation (Ono & Inoue, 1983) have been done in intact
chloroplasts and might be complicated by ion transport, com-
petition from other Ca?*-binding sites, and interfering Ca?*
effects.

Past reports of Mn?* and Ca?* requirements for photoac-
tivation have failed to produce definite information as to the
nature of the requirements or their relation to the mechanism
of photoactivation. Also, the photoactivation reaction, in which
one of the substrates is also the enzyme, does not lend itself
to some of the assumptions used in the development of the
common models for enzymatic reactions. Therefore, we have
analyzed the Mn?* and Ca?* dependence of photoactivation
in isolated photosystem II membranes, using models specifi-
cally designed to treat the photoactivation reaction. Com-
parison of our data with the predictions of the models has
enabled us to ascertain the nature of the Mn?* and Ca?*
requirements for photoactivation. We have also obtained
dissociation constants and binding stoichiometries for Mn?*
and Ca?* in the rate-determining steps of photoactivation that
give new insight into the mechanism of photoactivation.
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Table I: Effects of NH,OH Treatment and Subsequent Photoactivation on O,-Evolution Activity, S,-State Multiline EPR Signal Intensity, and

Mn Content of Photosystem IT Membranes?

multiline EPR
signal intensity

O,-evolution
activity [umol of

sample type 0,/(mg of Chl-h)] (%) Mn/200 Chl
Photoactivation in § mM Ca?* and 60 uM Mn?*
untreated photosystem II membranes 560 (100%) 100 4.2 (100%)
NH,OH-treated photosystem II membranes <12 (22%) 0 0.1 (2%)
photoactivated NH,OH-treated photosystem II membranes 169 (30%) 30 1.4 (33%)
Photoactivation in 50 mM Ca?* and | mM Mn?**
untreated photosystem 11 membranes 363 (100%) 100 4.0 (100%)
NH,OH-treated photosystem II membranes 33 (9%) 11 0.3 (8%)
photoactivated NH,OH-treated photosystem II membranes 147 (40%) 38 1.6 (40%)

aThe yield of photoactivation is given as the O,-evolution activity recovered after 40 min of photoactivation. This activity survived one wash in
each of HSCa buffer with 1 mM EDTA and then HSCa buffer, performed to remove extraneous Mn?*. Both the Mn content and S,-state multiline

EPR signal intensity were determined after washing.

MATERIALS AND METHODS

Photosystem II membranes were prepared from market
spinach as in Berthold et al. (1981) as modified by Beck et
al. (1985), treated with S mM NH,OH to remove Mn as in
Tamura and Cheniae (1987a), in 0.4 M sucrose, 50 mM
MES!/NaOH, pH 6.5, 15 mM NaCl, and 1 mM CaCl,, and
washed twice in 30% ethylene glycol, 25 mM MES, pH 6.5,
and 10 mM NaCl. The photosystem I membrane prepara-
tions typically had O,-evolution activities of 450 wmol of
0,/(mg of Chl-h) before treatment with NH,OH and residual
activities of up to 30 umol of O,/(mg of Chl-h) afterward.
Five percent of the extrinsic 33-kDa polypeptide, 25% of the
23-kDa polypeptide, and 40% of the 17-kDa polypeptide were
lost in the course of NH,OH treatment, as estimated by so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis and
staining with Coomassie brilliant blue R-250, as in de Paula
et al. (1986). Nonetheless, addition of an excess of the ex-
trinsic polypeptides to the photoactivation medium did not
discernibly alter the Mn?* and Ca?* dependence of photoac-
tivation under the conditions used; this may be because the
fraction of photosystem II centers that are photoactivated binds
the extrinsic polypeptides more tightly than the others (Becker
et al., 1985), and the maximum percent of photoactivated
centers does not exceed the availability of the extrinsic poly-
peptides. Photosystem II membranes depleted in 17- and
23-kDa polypeptides were prepared by treatment with 2 M
NaCl as in de Paula et al. (1986).

Photoactivation was conducted in 0.5-mL batches, in 10-mL
beakers illuminated with incandescent bulbs (1 W/m? at the
sample on the basis of bolometric measurement), at room
temperature (approximately 22 °C). Because the rates of both
photoactivation and photoinhibition depend on the intensity
of illumination (Jones & Kok, 1966; Cheniae & Martin, 1971),
the same illumination conditions were used throughout this
work. The medium contained 50 mM MES/NaOH, pH 6.5,
12.5 uM DCIP, and 0.25 mg of Chl/mL, but the Mn?* and
Ca?* concentrations were varied over a range from 6 uM to
20 mM MnSO;, and from 0.5 to 50 mM CaCl,, respectively.
The Cl™ concentration was adjusted to 100 mM in all cases
with NaCl. NH;OH-treated photosystem II membranes at
5 mg of Chl/mL were added to the photoactivation medium,
and the mixture was allowed to equilibrate at room temper-
ature in the dark for 1-2 min before photoactivation was begun

! Abbreviations: Chl, chlorophyll; D, tyrosine residue in photosystem
Il that gives rise to EPR signal Iy, when oxidized; DCBQ, 2,5-di-
chloro-p-benzoquinone; DCIP, 2,6-dichlorophenolindophenol; DCMU,
3-(3,4-dichlorophenyl)-1,1-dimethylurea; DPC, diphenylcarbazide;
EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic
resonance; kDa, kilodaltons; MES, 2-(N-morpholino)ethanesulfonic acid.

by transferring the sample into the light.

Photoactivation was monitored by O,-evolution activity
assays (Beck et al., 1985), in 5 mM CaCl,, 10 mM NaCl, 20
mM MES/NaOH, pH 6.0, 1 mM K;Fe(CN)g, and 250 uM
DCBQ. Inspite of the inclusion of Ca?* in the O,-evolution
assays, the O,-evolution rates accurately reflected the Ca®*
content of the photoactivation medium and did not include
significant contributions from photosystem II centers that only
bound Ca?* after addition to the O,-evolution assay. Samples
photoactivated in the presence of low Ca?* concentrations
exhibited negligible O,-evolution activity. The illumination
period of the assays lasted less than 30 s, and the rate of O,
evolution was constant after an initial delay of less than 5 s.

O,-evolution activity assays were performed at 4-min in-
tervals initially, and after 30 min, at which point the pho-
toactivation reaction had reached completion (precision of %5
s). The residual O,-evolution activity of (unactivated)
NH,0H-treated photosystem II membranes was subtracted
to give activities representing the extent of photoactivation.
When the activity gains were large enough, they were analyzed
in terms of first-order kinetics to give the effective rate constant
and yield of photoactivation for each combination of Mn?* and
Ca?* concentrations. All fitting of equations to data was
performed with the nonlinear-fitting module of SYSTAT
(version 3.1, 1987, SYSTAT Inc.).

For EPR studies, NH,OH-treated photosystem II mem-
branes were photoactivated in 6-in. Petri dishes to limit the
path length of light in the photoactivation medium to 2 mm.
The photosystem II membranes were collected after pho-
toactivation for 0.5-1 h and washed once in high-salt Ca?*
(HSCa) buffer [200 mM NaCl, 15 mM CaCl,, 25 mM
MES/NaOH, pH 6.5, 30% (v/v) ethylene glycol] with 1 mM
EDTA and then once in HSCa buffer alone, by centrifugation
and resuspension to 0.5 mg of Chl/mL, to remove extraneous
Mn?*, Chl was assayed as in Arnon (1949), and Mn content
per photosystem II center was assayed by EPR as in Babcock
et al. (1983) and Yocum et al. (1981). The S,-state multiline
EPR signal was measured as described in Beck et al. (1985),
and other EPR signals arising from photosystem II were
quantitated as in de Paula et al. (1985).

RESULTS

Depletion and Reconstitution of Manganese. Photoacti-
vation leads to substantial recovery of the O,-evolution activity
that was abolished by treatment with NH,OH, as shown in
Table I. The recovered O,-evolution activity did not decrease
in the course of one wash in each of HSCa buffer with 1 mM
EDTA and HSCa buffer alone. The extent of restoration of
O,-evolution activity upon photoactivation correlates well with
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the magnitude of the S,-state multiline EPR signal, and also
with Mn content (Table I), as has been reported for photo-
system II membranes treated in various ways [reviewed in
Babcock (1987)]. This correlation indicates that the Mn
bound in photoactivated photosystem II membranes represents
four Mn ions bound functionally in 30 or 40% of the photo-
system II centers, and a negligible population of photosystem
IT centers containing stably bound but inactive Mn.

Figure 1 compares the S,-state multiline EPR signal pro-
duced in photoactivated NH,OH-treated photosystem II
membranes with the signal produced in untreated photosystem
II membranes. Although the S,-state multiline EPR signal
from the photoactivated photosystem II membranes is only
40% as intense as the signal from untreated membranes, it is
identical with the control signal. Thus, the structure of the
reconstituted Mn complex appears to be identical with the
structure prior to depletion and reconstitution of Mn, consistent
with the correlation between recovery of O,-evolution activity
and four Mn per photosystem II center.

Quantitation and summation of the extent of photooxidation
of all the electron donors, cytochrome bssg, Chl, D, and the
Mn complex, confirmed that approximately one stable charge
separation occurred in all photosystem II centers upon illu-
mination at 215 K, in all three types of samples (shown in
Figure 1). In NH,OH-treated photosystem II membranes
(Figure la), the charge-separation reaction produced pre-
dominantly oxidized cytochrome bss, (the g, turning point is
observed at approximately 3000 G) and reduced Q4 (Qa-
interacting with Fe?* has a turning point at approximately
3600 G), whereas in untreated photosystem II membranes
(Figure 1c) the Mn complex is oxidized, giving the S,-state
multiline EPR signal, and Q, is also reduced. In photoacti-
vated photosystem II membranes (Figure 1b), both cytochrome
bsso and the Mn complex are photooxidized in fractional yields
representing centers that have not and have been photoacti-
vated, respectively. Therefore, the smaller size of the S,-state
multiline EPR signal in photoactivated photosystem II mem-
branes is not an artifact of inefficient charge stabilization, but
a reflection of the fraction of photosystem II centers containing
a native Mn complex.

Model for the Mn** and Ca®* Dependence of Photoacti-
vation. The Mn?* and Ca?* dependence of the yield of pho-
toactivation is illustrated in Figure 2, which shows the final
yield of photoactivation as a function of the Mn?* concen-
tration in the medium, in the presence of 0.5 or 50 mM Ca?*,
The yield of photoactivation increases with added Mn?* at first,
in 0.5 and 50 mM Ca?*, but in both cases there is an optimum
Mn?* concentration above which Mn?* is inhibitory. Figure
2 shows that above 100 uM Mn?* 50 mM Ca?* relieves the
inhibition of photoactivation due to excessive Mn?* and leads
to higher O,-evolution activity yields. High concentrations
of Ca?* may also compete with low concentrations of Mn?*
for the Mn-binding site because increasing the Ca?* concen-
tration from 0.5 to 50 mM Ca?* appears to be inhibitory at
Mn?* concentrations below 6 M, but any competition at the
Mn-binding site is extremely weak. Thus, our data demon-
strate competition between Mn?* and Ca?* for the Ca?*-
binding site, in agreement with Ono and Inoue (1983) and
Tamura and Cheniae (1987a) and also provide evidence for
competition between Ca?* and Mn?* for the Mn-binding site.

Both Mn2* and Ca?" are necessary for photoactivation.
However, two different modes of participation have been ad-
vanced for Ca?* in photoactivation. Ono and Inoue (1983)
proposed that both Ca?* and Mn?* must be bound in their
appropriate sites for assembly of the Mn complex and pho-
toactivation to occur. In contrast, Tamura and Cheniae
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FIGURE 1: EPR signals produced by illumination at 215 K in pho-
tosystem 11 membranes depleted of Mn and reconstituted. The EPR
spectra are illuminated-minus-dark difference spectra from (a)
NH,0H-treated photosystem II membranes, (b) NH,OH-treated
photosystem I membranes after photoactivation, and (c) untreated
photosystem II membranes. The three spectra are shown scaled by
the Chl concentrations of the samples. EPR conditions: microwave
frequency, 9.1 GHz; temperature, 7 K; microwave power, 0.2 mW,;
field modulation amplitude, 20 G; field modulation frequency, 100
kHz.
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FIGURE 2: Comparison of the yield of photoactivation as a function
of the Mn?* concentration, at two different Ca?* concentrations. The
O,-evolution activity recovered after 30 min of photoactivation (by
which time the Photoactivation was complete in all cases) is plotted
against the Mn?* concentration on a logarithmic scale. (@) 50 mM
Ca?*; (O) 0.5 mM Ca?. An average of two independent photoac-
tivations was performed at each combination of Mn?* and Ca?*
concentrations, and the average standard deviation in photoactivation
yield was 7 gmol of O,/(mg of Chl:h).

(1987b) report that photosystem II can photoligate four Mn
without recovery of Oy-evolution activity in the absence of Ca?*
and then bind Ca?* in the dark, acquiring O,-evolution activity
in the process. In the first case, photoactivation would occur
in one stage dependent on both Mn?* and Ca?*. In the second
case, photoactivation would proceed in two stages: Mn?*-
dependent Mn photoligation followed by Ca?* binding. Al-
though these two schemes predict similar Ca?* and Mn?*
dependences for the yield of photoactivation, their predictions
with respect to the rate of photoactivation differ sharply. To
clarify these differences and choose the scheme that best de-
scribes photoactivation, the mathematical expressions for the
predictions of the two schemes are developed below.
Before the photoactivation process is initiated by illumi-
nation, the sample contains unactivated photosystem II centers
that lack a functional Mn complex. The unactivated photo-
system II is assumed to bind Mn?* and Ca?* in rapid equi-
librium with Mn?* and Ca®* in the bulk medium. On the basis
of the data in Figure 2, Mn?* and Ca?* are both considered
to compete for each of the Mn- and Ca?*-binding sites. The
sites are assumed to be independent of one another so that the
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dissociation constants for each metal ion at one site can be

assumed not to depend on the content of the other site. The

dissociation constants are defined as follows for binding of Ca?*

in the Ca?*-binding site

K [Ca**P[P]  [Ca¥*]’[PMn,]  [Ca®*])’[PCa,]
“” [CaP] = [CaPMn,] ~ [CaPCay

(M

where P is an unactivated photosystem II center with the
Ca?*-binding site content indicated on the left and the Mn-
binding site content on the right, y is the binding stoichiometry
of Ca?* in the Ca?*-binding site, and b and z are the binding
stoichiometries of Ca?* and Mn?*, respectively, in the Mn-
binding site. Similarly, Ky, is the dissociation constant for
Mn?* at the Mn-binding site, K'c, and Ky, are the dissoci-
ation constants for Ca?* and Mn?*, respectively, in the other’s
binding site, and a is the binding stoichiometry for Mn?* in
the Ca®*-binding site. Equilibrium binding at each of the
Ca?*- and Mn-binding sites results in an equilibrium among
different forms of unactivated photosystem II centers char-
acterized by different Ca?*- and Mn-binding site contents.

During illumination under appropriate conditions, those
photosystem II centers with the correct ion(s) bound can
photoligate Mn. Mn photoligation is an irreversible process
on the time scale of the photoactivation. Consequently, those
centers that successfully photoligate Mn are removed from the
equilibrium among unactivated photosystem II centers.
Eventually, all of the unactivated photosystem II centers would
be expected to succeed in photoligating Mn. However, con-
ditions producing low rates of photoactivation also produced
low yields, even when extra time was allowed to compensate
for the low rate of photoactivation. Therefore, photoactivation
must occur in parallel with an inactivating photochemical
process that reduces the yield of photoactivation by competing
with it for the pool of unactivated photosystem II centers. We
have called this process photoinactivation.

These considerations lead to the following picture of pho-
toactivation. The initial unactivated photosystem II centers
bind either Mn?* or Ca?* at the Mn- and Ca?*-binding sites.
Some fraction of these centers contain an ion complement that
enables them to successfully photoligate Mn, and the con-
centration of such competent centers depends on the ambient
Mn?* and Ca?* concentrations. Upon illumination, pho-
toactivation and photoinactivation consume the pool of
unactivated photosystem II, at rates proportional to the pop-
ulations of photosystem II susceptible to each. Thus, the
population of unactivated photosystem II should decrease
exponentially with an effective rate constant of

K=k + (ki/Ka) (2)

where k; and k; are the rate constants of photoinactivation and
Mn photoligation, respectively, and K, is the ratio of the total
population of unactivated photosystem II, all assumed to be
susceptible to photoinactivation, to the population of unacti-
vated photosystem II with the correct metal ions bound for
Mn photoligation.

In our experiments, we have monitored the time course of
photoactivation by withdrawing aliquots from the reaction
mixture and immediately measuring their O,-evolution activity.
In order for a photosystem II center to evolve O,, it must have
photoligated Mn. We denote photosystem II centers with a
functional Mn complex assembled by PSII. However, Ca?*
must also be bound before O, evolution can occur. Thus, only
centers with the Mn complex assembled and Ca?* bound are
detected by our assay. We denote these centers by CaPSII.
The final O,-evolution activity yield of photoactivation is a

Miller and Brudvig

measure of the yield of CaPSII
final yield of photoactivation « [CaPSII],-., 3)

where t = » denotes the time at which photoactivation is
complete and the maximum yield of O, evolution is attained.

Whether Ca?* must be bound prior to photoligation of Mn
or binds rapidly afterward, the population of photosystem II
with the Mn complex assembled and Ca?* bound is predicted
to increase with photoactivation time as

[CaPSII] = [CaPSII],..(1 - ™) (4a)

[CaPSIl];=a = ki[Protli=o/xKiK, (4b)

where [CaPSII] denotes the population with the Mn complex
assembled and Ca?* bound at time ¢ in the photoactivation,
[Prot] =0 is the inital population of unactivated photosystem
I1, and K| and K, are equilibrium constants relating the total
population of photosystem II centers to the populations with
the correct ion bound in the Mn- and Ca?*-binding sites,
respectively. If Ca®* need not be bound prior to Mn photo-
ligation, then the effective rate constant of Mn photoligation
depends only on the ratio of all unactivated photosystem II
centers to those with Mn?* bound in the Mn-binding site, K,
= K, and

k= ki + (ky/K) (5)
K, can be written in terms of the dissociation constants for
Mn?* and Ca?* at the Mn-binding site and the Mn?* and Ca?*
concentrations, as in eq 6a [and in more detail in Miller
(1989)]. Similarly, the ratio of the total population of pho-

_ [Pror] B
[PMn,] + [Ca,PMn;] + [Mn,PMn,]

Kmn [Ca?*]®
* [Mn“]’(l " K )) ()

tosystem II centers to the subpopulation with Ca?* bound in

the Ca?*-binding site is K.
Kcq [Mn?*]¢
K=|1+ 1+ 6b
2 ( [Ca“]y( K,Mn ( )

Thus, in the case in which Ca?* as well as Mn?* needs to
be bound for Mn photoligation to occur, the effective rate
constant of photoactivation is

k =k + (ki/K\K;) (7

K,

Therefore, the major difference between the two different
modes of Ca?* participation in photoactivation is that if Ca2*
must be bound for photoactivation to occur, then the rate of
photoactivation is expected to be stimulated by Ca?* as well
as Mn?*, whereas if only the content of the Mn-binding site
is important, the rate is not expected to be stimulated by Ca?*.
Furthermore, the rate of photoactivation is expected to increase
with Mn?* and then level off, instead of dropping with in-
creasing high Mn?* concentration as the yield does. Note that
the two different modes of Ca?* participation in photoacti-
vation are much less easily distinguished on the basis of
measurements of the yield of photoactivation alone.

Figure 3 shows that photoactivation follows the time de-
pendence predicted by eq 4a. Fits of eq 4a to time courses
yielded estimates of [CaPSII]),..., the yield of photoactivation,
and «, the effective rate constant of photoactivation, at a range
of Ca?* and Mn?* concentrations. Figure 4 shows that the
effective rate constant increases with Mn?* concentration in-
itially as does the yield, but that the effective rate constant
drops only slightly, if at all, at Mn2* concentrations that were
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FIGURE 3: Time course of photoactivation. The O,-evolution activity
recovered is plotted as a function of time and accompanied by a fit
of eq 4a. This time course was obtained in 15 mM Ca?* and 2 mM
Mn?* and is accompanied by the best fit: O,-evolution activity =
[128 umol of O,/(mg of Chl-h)](1 - exp(-0.36 min™! X time)).
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FIGURE 4: Dependence of the effective rate constant of photoactivation
(x) on Mn?* concentration. The effective rate constant was obtained
from fits of eq 4a to time courses of photoactivation in 50 mM Ca?*
and a range of Mn?* concentrations. These rate constants are plotted
as a function of the Mn?* concentration and accompanied by a fit
of eq 5: « = 0.215 + 0.315/(1 + 1000/ {Mn**]).

inhibitory to the yield of photoactivation (compare with Figure
2). Furthermore, when eq 5 was fit to the Mn?* dependence
of the effective rate constant, neither of the values of k; nor
ky varied systematically with Ca®* concentration. Thus, of the
two equations for the effective rate constant of photoactivation
(eq 5 and 7), eq 5 gives the best description of the Mn®* and
Ca?* dependence. However, there did appear to be some
stimulation of the effective rate constant by Ca®* at the highest
Mn?* concentrations. The small stimulation of the effective
rate constant of photoactivation by Ca?* may be explained by
a secondary effect of Ca?*, such as stabilization of interme-
diates that are, nonetheless, not dependent on Ca?* for their
formation, as reported by Tamura and Cheniae (1989). Thus,
we observe that Ca?* stimulates primarily the yield of pho-
toactivation and does not appear to be required in the rate-
determining step(s) of photoactivation, whereas Mn?* is re-
quired in the rate-determining step(s). Therefore, we conclude
that photoactivation occurs in two stages, the rate-determining
one of which depends primarily on Mn?*. Of the two proposals
for the participation of Ca?*, this result is most consistent with
that of Tamura and Cheniae (1987b) involving Ca?*-inde-
pendent Mn photoligation followed by Ca?* binding.

Further support for photoactivation in two stages was ob-
tained from experiments in which the Ca?* or Mn?* concen-
tration was varied after Mn photoligation was complete. In
these experiments, the O,-evolution activity was observed to
increase or decrease consistent with binding or displacement
of Ca?* from the Ca?*-binding site. Furthermore, the same
effects were observed with photosystem II membranes pre-
treated with 2 M NaCl to deplete the 17- and 23-kDa extrinsic
polypeptides but not Mn. Therefore, the effect of Ca?* or of
excess Mn?* can be ascribed to metal ion exchange at the
Ca?*-binding site alone, after assembly of the Mn complex
is complete.

Photoinhibition, Photoinactivation, and the Yield of Pho-
toactivation. The yields of photoactivation in photosystem 11
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membranes do not approach 100% (Tamura & Cheniae,
1987a). Our optimal yield of 45% of the control O,-evolution
activity is fairly typical (Ananyev et al., 1988), though
somewhat lower than that of Tamura and Cheniae (1987a).
However, our data provide insights into the limitations on the
yield of photoactivation.

Repeated cycles of photoactivation in various combinations
of Mn** and Ca?* concentrations, even interspersed with dark
incubations and washes, indicate that the inability to undergo
photoactivation is a stable feature of the photosystem II
membranes that is acquired in the course of the first pho-
toactivation cycle or is already present in the NH,OH-treated
photosystem II membranes. Specifically, one can attribute
the less than quantitative yield of photoactivation to one of
the following three types of damage to photosystem II: (1)
damage to the photosystem II complex in the course of iso-
lation or treatment with NH,OH that does not impair O,
evolution in the untreated sample but prevents photoactivation;
(2) photoinhibition, which we define as a light-induced loss
of primary electron transport; or (3) photoinactivation, which
we define as a light-induced loss of photoactivation capability
without a loss of primary electron transport. Assays of
DPC-supported DCIP photoreduction allow the contribution
of photoinhibition to be measured. Under conditions that
produce a 40% yield of photoactivation, 25% of the photo-
system II centers are photoinhibited. This leaves 35% of the
centers unaccounted for. These centers might have been
damaged before photoactivation, or they might have been
photoinactivated during the photoactivation treatment.

Because [Pror],=0, the concentration of photosystem II
centers competent to undergo photoactivation, is a parameter
in the model for photoactivation (eq 4b), we can estimate the
total competent population of photosystem II at the start of
the photoactivation treatment. If Fj is the initial fraction of
the photosystem II centers that are competent to undergo
photoactivation, and the yield of photoactivation is also stated
as a fraction of the photosystem II centers, eq 4 and § yield

fractional yield of photoactivation = kFy/ K, (K k; + k)
(8)

where K, and K, (eq 6) are the equilibrium constants relating
all photosystem II centers to those with the correct ion in the
Mn- and Ca?*-binding sites, respectively. The rate constants
for photoinactivation (k;) and Mn photoligation (k;) can be
estimated from the Mn?* dependence of the effective rate
constant of photoactivation (0.215 and 0.315 min~!, respec-
tively, in 50 mM Ca?*, Figure 4) and used with the optimal
yield of photoactivation (40%) corrected for 25% photoinhi-
bition (0.40/0.75 = 0.53 at 50 mM Ca?* and | mM Mn?*)
to give

0.114K,K, + 0.167K, = 0.315F, (9)

Substitution of the limiting value of 1 for K, and K, cor-
responds to assuming that the Mn2* and Ca?* concentrations
that produce the optimal yield of photoactivation result in
binding of only the correct ion in each binding site. This
assumption gives the lower limit for F of 0.89, so at least 90%
of the photosystem II centers are competent to undergo pho-
toactivation at the beginning of the photoactivation procedure.
Therefore, we conclude that the process we have called pho-
toinactivation does exist and significantly limits the yield of
photoactivation, although no specific lesion was identified.

Equation 9 also enables us to calculate an upper limit for
K, and KX, under optimal conditions, using the limiting value
of 1 for F,. Assuming that K, = K, = K'/2, this gives K =
1.1. The upper limit for either equilibrium constant is obtained
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by using the minimum value for the other, giving K; < 1.3
and K, < 1.1. Thus, at least 80% (1/1.3) of the photosystem
II sites have the correct ion complement in optimal Mn?* and
Ca?* concentrations, and K = KK, approaches its theoretical
minimum value of 1 under optimal conditions.

Extraction of Dissociation Constants for Mn** and Ca**.
Mn photoligation followed by Ca?* binding best accounts for
the data in Figures 2-4. We now consider this model in more
detail, to test its validity and to obtain dissociation constants
and binding stoichiometries for Mn?* and Ca?* in photoac-
tivation. The Mn?* and Ca?* dependences of photoactivation
are embodied in the equilibrium constants K, and K, (see eq
6). To extract the Mn?* and Ca?* dependences, we must relate
K, and K, to experimentally measurable quantities. These are
the rate constant of photoactivation, x (eq 5), and the yield
of photoactivation, [Ca PSII],=.. (eq 3). Because we have
determined that Ca?* binds after assembly of the Mn complex,
K, (eq 6b) is defined as [Pror]/[CaPSII] and the product of
K, and K, can be isolated by rearranging eq 4b to give

K = K\K; = [Prorli=oki/[CaPSII];=ux (10)

Because [Pror],~q and k, are both constants, this expression
indicates that the product of the effective rate constant, «, and
yield of photoactivation, {CaPSII],.., at any combination of
Ca?* and Mn?* concentrations should be inversely proportional
to K. To evalute the equilibrium constant K, a value for the
proportionality constant relating it to x [CaPSII],... was re-
quired. This proportionality constant was obtained by as-
suming that the combination of Mn?* and Ca?* concentrations
giving rise to the largest value for the product of the effective
rate constant and yield of photoactivation (1 mM Mn?* and
25 mM Ca?*) optimized the content of both the Mn- and
Ca?*-binding sites, so that all photosystem II centers were
assumed to bind Mn?* in the Mn-binding site and Ca?* in the
Ca?*-binding site under optimal conditions. This corresponds
to assuming that K approaches its theoretical minimum value
of 1 under optimal conditions when [CaPSII] ..k = ({CaP-
SII]\=wk)max- The validity of this assumption is supported by
our calculations in the previous section and was tested at a
number of stages in the analysis. Thus, ({CaPSII],zwx)mas Was
used to replace [Pror)i=ok in eq 10, giving

Kexp = ([CaPSI] o k) max / [CaPSIT] ok (11)

where K., indicates the experimental value for K. Equation
11 was used to calculate an experimental value for K (K.,p)
at a range of Mn?* and Ca?* concentrations. Then the de-
pendence of K., on [Mn?*] and [Ca?*] was compared to the
dependence predicted for X in

2416
K=(1+ Kvin (1+[Ca ] ))x
[Mn2+]z ’Ca
Ke, [Mn2*]4
(l ¥ [Ca“]y(l * Mn )) 2

Manganese and Calcium Dependence of K. (a) Limiting
Behavior at Low Manganese or Calcium Concentrations. In
the presence of low Mn?* concentrations, [Mn2*] < K’y €4
12 reduces to

K = B + M(1/[Mn?*})? (13a)
where
B =1+ (Kg,/[Ca?)) (13b)

M = BKmn(1 + ([Ca’*]°/K'c,)) (13¢c)
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FIGURE 5: Comparison of the dependence of K.y, (the observed
equilibrium between total photosystem II 2populations and populations
with the correct ions bound) on 1/[Mn?*], at three different Ca?*
concentrations. K., was calculated from eq 11. The lines resulting
from fits of eq 13a to the data with z = 1 are shown along with the
data. (m) 0.5 mM Ca? (K., =~ 74 uM X [Mn?*] + 2.5); (O) 1.5
mM Ca? (K,,, ~ 66 uM X [Mn?*] + 1.8); (®) 15 mM Ca** (K,,,
~ 55 uM X [Mn?*] + 1.3),

At a given Ca?* concentration K is just a linear function of
some integral power of 1/[Mn?*]. By comparison of plots of
Ko vs 1/[Mn?*], 1/[Mn?*]%, 1/[Mn?*]3, and 1/[Mn?*]* the
stoichiometry of Mn?* binding in the Mn-binding site, z, was
found to be 1, the power of 1/[Mn?*] that resulted in the best
straight line. Such plots were obtained at each of a range of
Ca?* concentrations and their Y intercepts (B) and slopes (M)
tabulated. The Y intercepts and slopes are predicted to be
simple functions of the Ca?* concentration. Figure 5 shows
a series of K, vs 1/{Mn?*] plots and demonstrates the lin-
earity of each, as well as the dependence of their slopes and
intercepts on the Ca?* concentration.

Analogous plots were obtained from data collected at
subinhibitory Ca?* concentrations ([Ca?*] < 25 mM), and
these were linear when K., was plotted against (1/[Ca]), with
y = 1, with [Mn?*]-dependent slopes and Y intercepts. That
the data fit quite closely to straight lines in both these types
of plots supports the validity of the model for photoactivation
and the assumptions we have made.

M/B from seven K.y, vs 1/[Mn**] plots (such as those in
Figure 5) was plotted as a function of [Ca]®. A value of 1
for b gave a straight line in conformance with eq 13c. The
Y intercept of this plot yielded a preliminary estimate for Ky,
of 33 uM (standard error of 1 uM), and the slope divided by
the Y intercept yielded a preliminary estimate for K'c, of 53
mM (standard error of 5 mM).

The values of B derived from K, vs 1/[Mn**] plots were
plotted against 1/[Ca]”. y was found to be 1 to obtain a
straight line, as in the results discussed above. The slope gave
a preliminary estimate of K¢, = 0.57 mM (standard error of
0.07 mM) (eq 13b). The value of the ¥ intercept of this plot
was 1.3, consistent with our assumption of K;, = 1, which
predicts that it should be 1 {eq 13b).

(b) Limiting Behavior at High Manganese Concentrations.
When [Mn?**] > Ky, eq 12 reduces to

k=14 Lo )4 Ko [Mn*]2  (14)
[CaZt)y [Ca?*PK'vn

and
K = C + N[Mn?*]¢ (152)
where
C =1+ (Kc/[Calt)) (15b)
N/(C-1)=1/K'yn (15¢)
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FIGURE 6: Dependence of K4, (the observed equilibrium between total
photosystem II Bopulations and Bopulations with the correct ions
bound) on [Mn?*] at 25 mM Ca?". K, was calculated from eq 11.
The theoretical curve is derived from eq 12 with parameters obtained
from the fits of eq 13a and 15a to the data obtained at low and high
Mn?* concentrations, respectively: K = 0.00019 xM™ X [Mn?*] +
64 uM/[Mn**] + 0.87.
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FIGURE 7: Y intercept obtained from plots of K., vs [Mn?*] (C),
plotted as a function of 1/[Ca*]. Koy values were calculated from
eq 11 and fitted to eq 15a by using the dependence on [Mn?*] at hi%h
Mn?* concentrations. The resulting Y intercepts, C, for each Ca®*
concentration are shown here plotted against 1/[Ca?*], along with
the best fit of a straight line to these data (C = 0.89 mM/[Ca%*] +
0.88).

Thus, the model predicts that inhibition by Mn** should
manifest itself as a linear dependence of K., on [Mn?**]? at
high Mn?* concentrations. This is indeed observed for a
binding stoichiometry of @ = 1, as shown in Figure 6, which
displays data from the full range of Mn?* concentrations.
Again, the predictions and the data agree extremely well.

Plots of K., as a function of [Mn?*] at a series of Ca®*
concentrations and fits of eq 15a provide Y intercepts and
slopes. Figure 7 shows that the Y intercepts (C) from K,
vs [Mn?*] plots increase linearly with 1/[Ca?*] and that the
Y intercept of the resulting line is 0.9, close to the value of
1 predicted by the model and our assumption of K;; = 1. This
plot confirms a value for y of 1 and yields an estimate of K¢,
= 0.89 mM (standard error of 0.09 mM). Similarly, the
combination N/(C - 1) of the slopes (V) and Y intercepts (C)
from K., vs [Mn?*] plots gives rise to an estimate of K'y,
of 150 uM (standard error of 30 uM) (eq 15c¢).

Thus, we obtained preliminary estimates for all four dis-
sociation constants. Furthermore, we find that photoactivation
involves the equilibrium binding of one Mn?* ion in the Mn-
binding site for the step(s) that determine the rate and yield
of photoactivation and then binding of one Ca?* ion to generate
O,-evolution activity. In addition, binding of one incorrect
ion at either site is inhibitory.

(¢) Behavior over the Whole Range of Manganese and
Calcium Concentrations. With z, y, a, and b = 1, eq 12
simplifies to

K C 2+
P NPV a ]
[Mn“] Ca
Kca [Mn2*]
[Ca?*] . (16)
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Table 1I: Estimates of the Binding Stoichiometries and Dissociation
Constants for Mn?* and Ca?* Binding to Photosystem IT in
Photoactivation®

KMn (”’M)s /Ca (mM)! KCa (mM)’ K/Mn (“M)a
Mn?* in the Ca?* in the Ca?* in the Mn?* in the
Mn site Mn site Ca?* site Ca?* site
Dissociation Constants
51 (5) 70 (40) 0.3 (0.1) 90 (45)
Binding Stoichiometries

z=1 b=1 y=1 a=1

9The estimates shown for the dissociation constants were obtained
from a fit of eq 16 to the entire data set. The standard errors are given
in parentheses.

and we can neglect the possibilities of Ca** and Mn?* binding
together in a binding site or cooperative binding. To obtain
the best estimate for the dissociation constants, the average
preliminary estimates from limited ranges of concentrations
(above) were used as starting values in a fit of eq 16 to data
from the full range of Mn?* and Ca?* concentrations. This
fit resulted in somewhat lower estimates for K¢, and Ky, than
had been obtained from the linear fits. The refined estimates
for the dissociation constants are listed in Table II.

The minimum value of K is probably slightly larger than
1, although our calculations in the section on photoinactivation
indicate that K < 1.3 under optimal conditions. One indication
that the minimum value of X is slightly larger than 1 is that,
at the highest CaZ* concentrations, the Mn?* concentration
at which the effective rate constant of photoactivation reached
its maximum was higher than the optimum Mn?* concentra-
tion for the yield of photoactivation. This suggests that high
Ca?* concentrations result in some Ca?* binding in the Mn-
binding site, even at the optimal Mn?* concentration with
respect to the yield of photoactivation. Thus, K’-, may be
somewhat lower than calculated (Table II), in agreement with
a K, greater than 1. Nonetheless, the dissociation constants
did not change by more than the standard errors in Table II
when K;, was allowed to vary from the assumed value of 1.

DiscussioN

Two-Stage Model of Photoactivation. We find that pho-
toactivation proceeds in two stages with different Ca?* de-
pendences, in agreement with the conclusions of Tamura and
Cheniae (1987b). The two stages are Mn photoligation, which
does not require Ca?*, followed by rapid Ca2* binding [also,
Tamura and Cheniae (1989)]. We have developed a mathe-
matical model for this mode of Mn?* and Ca?* participation
in photoactivation. The overall agreement between our data
and this model is excellent, indicating that any errors stemming
from our assumptions are not serious and that the two-stage
model provides a useful and accurate description of the Mn?*
and Ca?* dependences of photoactivation. This model also
provides the means for determining the dissociation constants
and binding stoichiometries for Mn?* and Ca?* in both the
Mn- and Ca?*-binding sites in the rate-determining step(s)
of photoactivation. This information provides new insight into
the mechanism of photoactivation, which we discuss below.

Our results contradict those of Ono and Inoue (1983), who
concluded that Ca?* is required in the rate-determining step(s)
of photoactivation. These authors assumed that the rate of
photoactivation was proportional to the water-oxidation activity
recovered after 8 min, but did not show the effects of CaZ*
and Mn?* on the final yield of photoactivation. Because a
single measurement of the water-oxidation activity will reflect
the equilibrium at the Ca?*-binding site as well as the rate of



8188 Biochemistry, Vol. 28, No. 20, 1989

Scheme I: Elementary Steps Involved in Production of the First
Stable Intermediate of Photoactivation®

khvl
A —————DB
kj
l kadz c Khv,
— >

“B and C are unstable intermediates. A is an unactivated photo-
system II center. The first stable intermediate is formed upon photo-
oxidation of C. k; is the rate constant for photoinactivation, k,,; and
ky,z are the rates of the photochemical steps, &, is the rearrangement
rate of B, and ky; and ky, are the decay rates of B and C, respectively.

photoactivation, it is, indeed, expected that a single mea-
surement will suggest stimulation by both Ca?* and Mn?*,
The two-stage model predicts that the effective rate constant
of photoactivation would be affected primarily by the Mn?*
concentration in the experiments of Ono and Inoue (1983) but
that the Ca?* concentration would affect the fraction of re-
constituted photosystem II centers that expressed water-oxi-
dation activity. This, we believe, is the principal source of the
Ca?* dependence observed by Ono and Inoue (1983), rather
than a large Ca®* dependence of the effective rate of pho-
toactivation itself.

Dissociation Constants for Manganese and Calcium. The
two-stage model for photoactivation provides dissociation
constants for Mn?* and Ca?* that compare well with those in
the literature. Of the two Ca?* ions bound per photosystem
IT when maximum O,-evolution activity is expressed (Cam-
marata & Cheniae, 1987; Katoh et al., 1987; Ono & Inoue,
1988), the dissociation constants we have obtained probably
apply to the weaker Ca?*-binding site, which is expected to
be in equilibrium with the medium under our conditions of
dilution, ionic strength, and illumination (Dekker et al., 1984;
Ghanotakis et al.,, 1984a; Ono & Inoue, 1986; Miyao &
Murata, 1986). Ghanotakis et al. (1984b) have reported a
dissociation constant for Ca?* of 0.5 mM, close to our estimate
of 0.3 mM. Mn?* binds to the Ca?*-binding site with strength
comparable to that of Ca®* binding, in agreement with Ono
and Inoue (1983). This is not unexpected; the binding of Mn?*
is generally similar in strength or a little stronger than that
of Ca?* to the carboxylate ligands usually involved in Ca?*
ligation by proteins (Sigel & McCormick, 1970).

Our estimate of Ky, (51 uM) compares very well with the
value of 40 uM obtained by Ono and Inoue (1983). Klimov
et al. (1982) and Hsu et al. (1987), however, have reported
dissociation constants of less than 1 uM for Mn?* at the
Mn-binding site of Mn-depleted photosystem II membranes
from studies of Mn?*-supported DCIP photoreduction or the
competitive inhibition of DPC-supported DCIP photoreduction
by Mn?*. In both cases, the measurements involve electron
donation by Mn?*, Once oxidized to Mn**, Mn would be
much more tightly bound, so the dissociation constant mea-
sured in those experiments could reflect an on-rate for Mn2+
and a very slow off-rate for Mn**. Thus, the values of Hsu
et al. (1987) and Klimov et al. (1982) are more likely to
represent an effective dissociation constant for Mn that is
photooxidized or the concentration at which there were stoi-
chiometric amounts of Mn available to mediate electron do-
nation to photosystem II (Velthuys, 1983) rather than a
concentration at which Mn?* was bound in half the sites.

The dissociation constants of Mn?* and Ca?* (Table II) and
the equations derived from the two-stage model for photoac-
tivation can be used to calculate the optimal Mn?* and Ca?*
concentrations for photoactivation and the ion content of the
Ca?*-binding site in O,-evolving photosystem II membranes
at a given combination of Mn** and Ca?* concentrations.
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When the derivative of eq 12 with respect to [Ca?*] is equated
to zero, the resulting expression can be solved for [Ca?*] =
[Caz+]optimum'

[Caz+] optimum =

[Mn?*] Mn2] ) |2
K. K'cal 1 + % 1 + - (17a)
Mn Mn

Similarly

[I'II|2+]optimum
Ky KA 1+ [ i ] 1+ [ 3-2+] " 17b
MnX Mn K’ X K . ( )

Our results indicate that it is possible to favor Mn?* binding
in the Mn-binding site and Ca?* binding in the Ca?*-binding
site. However, slightly better final yields of photoactivation
may be obtained by using slightly supraoptimal Mn?* con-
centrations and following Mn photoligation with an incubation
in high Ca?* concentration buffer, under photoactivation
conditions, to displace any Mn?* in the Ca?*-binding site.

Photoinactivation, which irreversibly inactivates photosystem
IT with respect to photoactivation, without inhibiting DPC-
supported DCIP photoreduction, was found to be a significant
limitation on high yields of photoactivation. Photoinactivation
could be due to photochemical damage to the Mn-binding site
or photooxidation of inappropriately bound Mn?*. This would
not necessarily reduce the rate of primary electron transport
or the observed rate of DPC-supported DCIP photoreduction,
which is limited by the rate of electron transfer to DCIP on
the electron-acceptor side of photosystem II. Further efforts
to optimize photoactivation yields should be directed at de-
creasing the tolls of photoinactivation and photoinhibition.

Mechanism of Photoactivation. The four Mn ions in the
active Mn complex are in a higher average oxidation state than
Mn?*. Thus, the photochemical reactions of photoactivation
leading to Mn photoligation must result in oxidation of Mn?*,
Previous studies of photoactivation in flashing light indicate
that the first stable intermediate is formed following two
photochemical steps separated by a light-independent step
(Cheniae & Martin, 1971; Ono & Inoue, 1987; Ananyev et
al., 1988). The two photochemical events of photoactivation
have been proposed to be photooxidation of Mn?* (Ono &
Inoue, 1987; Tamura & Cheniae, 1989).

Kinetic analyses provide further information on the rate-
determining steps of photoactivation. Our results show that
one Mn?* is involved in the rate-determining step(s) of pho-
toactivation. In addition, the rate of photoactivation depends
on illumination intensity (Cheniae & Martin, 1971); therefore,
the rate-determining step(s) involve photochemistry. However,
to interpret these results in terms of the mechanism of pho-
toactivation, the invididual steps of photoactivation must be
identified.

The results of previous studies using flashing light (Cheniae
& Martin, 1971; Ono & Inoue, 1987; Ananyev et al., 1988)
provide information on the intermediates before the first stable
intermediate is formed, as shown in Scheme I. The photo-
chemical events themselves, such as photooxidation of bound
Mn?*, are intrinsically rapid {for example, Hoganson et al.
(1988)]. However, the initial intermediates are unstable (Ono
& Inoue, 1987; Tamura & Cheniae, 1989), consistent with
the low quantum yield of Mn photoligation (Cheniae &
Martin, 1971). Each intermediate may form and decay many
times before advancing, and the observed rate of photoacti-
vation is expected to be much lower than the slowest individual
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step. The identity of the rate-determining (and yield-deter-
mining) step(s) depends on which intermediate is least stable
and most likely to be formed repeatedly.

Because optimization of the yield of photoactivation cor-
responds to optimizing the branching ratio between it and
photoinactivatory processes, the light intensity that produces
the optimal yield should be that in which the efficiency of
photoactivation on a per-quantum basis is optimized. In a
mechanistic sense, this corresponds to ensuring that one of the
two photochemical steps in Scheme I is light-saturated, but
not both. As long as neither reaction is saturated, the effi-
ciency of photoactivation increases with increasing illumination
intensity, but once one is saturated, the rate of photoactivation
is a linear function of illumination intensity and the efficiency
is constant and maximal (Cheniae & Martin, 1971). Thus,
the more difficult photochemical step to saturate determines
the rate and yield of photoactivation.

Depending on which photochemical step is saturated, either
(1) maximum amounts of B are available for the light-inde-
pendent step, if A — B is light-saturated, or (2) all of C formed
is stabilized, if photooxidation of C is light-saturated (Scheme
I). In either case the observed rate of photoactivation should
be equal to the product of the rate of the light-independent
step (B — C) and the fractional success of the photochemical
step that is not saturated. We favor case 1 because a 2-fold
increase in the rate of decay of C observed in the presence of
reductants was accompanied by a 2-fold decrease in the yield
of photoactivation (Ono & Inoue, 1987) (implying that the
rate of stabilization of C is relatively slow, consistent with the
low quantum yield). This interpretation is supported by the
results of experiments in which photoactivation was measured
after a series of flashes. If first-order kinetics are used to
describe the various steps of photoactivation shown in Scheme
I, after a single flash

[B] = (ki1 / (ki1 — &) [Ali=o(e™ — 1) (18)

where kg = k4, + k, is the rate at which B is consumed, kg,
is the decay rate of B, k, is the rearrangement rate of light-
independent conversion of B to C, k;,, is the rate of photo-
chemical formation of B from A, and [A],, is the concen-
tration of A present before the flash. Because xz must be
significantly smaller than k,,; for photoactivation to succeed,
the exponential term containing kj,; can be ignored. Then
it follows that

kr khvl
(kg = kg2) (kpny1 — KB)

where kg, is the decay rate of C. Equation 19 describes the
amount of C eligible for photochemical stabilization a time
interval ¢ after a flash of light. It is analogous to eq 2 in
Tamura and Cheniae (1987a), but allows for the decay not
only of the second intermediate, C, but also of the first, B.

When the yield of photoactivation after 200 flashes is plotted
as a function of the spacing between flashes, the profile is
interpreted to reflect the concentration of C present as a
function of time since a flash (Ono & Inoue, 1987). The initial
rise in yield with increasing (short) flash spacing provides an
estimate of the half-time of formation of C; the half-time of
C’s decay is obtained from the decrease in yield at long flash
spacings. Reductants decrease the yield of photoactivation,
especially when it is performed in widely spaced flashes
(Tamura & Cheniae, 1987b). However, Ono and Inoue
(1987) observed that the rate of formation of C was not sig-
nificantly affected. Because C is formed with an effective rate
constant that also includes the decay rate of B, this result

[C] =

[Al =o€ — &) (19)
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indicates that the stability of B did not change or that it is not
a limiting factor (kg, < k;) and g = k,. The former is
somewhat less likely because B is an oxidized species, but in
either case it is apparent that formation of B from A is not
a limiting step of photoactivation and does not determine the
yield (and rate) of photoactivation. The 2-fold decrease in
the lifetime of C observed in the presence of reductants would
shift the time after one flash at which the maximum amount
of C is present to earlier in the course of formation of C. The
combination of hastened decay and earlier optimum could
explain the 2-fold reduction in the yield of photoactivation
observed to accompany the reduced stability of C. These
results indicate that decay of C in competition with photo-
chemical stabilization of C contributes to the yield (and rate)
of photoactivation. Therefore, we identify the conversion of
B to C and subsequent stabilization of C as the rate-deter-
mining steps of photoactivation.

The submicromolar effective dissociation constants reported
for Mn in connection with Mn?* photooxidation (Hsu et al.,
1987; Klimov et al., 1982) are consistent with assignment of
A — B to binding and photooxidation Mn?* (Tamura &
Cheniae, 1989) and our conclusion that B is present in the
steady-state during illumination. It follows that Mn would
always be bound in this first step at the Mn?* concentrations
necessary for substantial photoactivation yields, so that the
first step would not contribute any Mn?* dependence to the
rate of photoactivation.

The conversion of B to C could involve binding of Mn?*.
This possibility is supported by the fact that Mn is the species
photooxidized by the photochemical steps of photoactivation
(Miller, 1989; Tanura & Cheniae, 1989), but only one Mn
ion is bound after the first photochemical event (Miller, 1989).
Thus, acquisition of another Mn?* by intermediate B would
prepare the photosystem II center for the second photochemical
event. On the basis of the Mn?* dependence of photoactiva-
tion, we propose that B is converted to C by ligation of one
Mn?* ion in preparation for photooxidation, and our disso-
ciation constant applies to binding of Mn?* to B. Therefore,
assignment of the rate-determining steps to formation and
photostabilization of C is consistent with the dependence of
the rate of photoactivation on illumination intensity, the
binding of a single Mn?* ion in the rate-determining step, and
the slowness of photoactivation relative to the rate of Mn?*
photooxidation.

A mechanism of photoactivation that incorporates these
results and conclusions is shown in Scheme II. Although a
mechanism of photoactivation similar to that shown in Scheme
IT has been proposed before (Tamura & Cheniae, 1987a), we
have obtained the first direct evidence on the nature of the
second step in photoactivation. Intermediate B in Scheme I
has been proposed to contain Mn3* (Ono & Inoue, 1987;
Tamura & Cheniae, 1989), and direct evidence for this has
been reported (Miller, 1989). The binding of one Mn?* that
we have characterized in this paper then would produce
Mn2*Mn?* (intermediate C). Subsequent photooxidation
would result in production of the Mn**Mn®* intermediate
inferred by analogy with the product of partial Mn depletion
(Cole et al., 1987). Upon acquisition of two more Mn?* ions
to form a tetranuclear complex, the nascent Mn complex
becomes resistant to EDTA extraction in this model. This is
consistent with our observed retention of four Mn ions per
photoactivated photosystem II center and none by the other
centers after they were washed with EDTA (Table ). Suc-
cessive photochemical events would then result in formation
of the S states of the Mn complex, at least one of which binds
the Ca?* essential for O,-evolution activity.
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Scheme II: Proposed Mechanism of Photoactivation®
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S.; state Ca* Ka:

9P denotes an unactivated photosystem II center; PSII denotes a
photosystem II center with the Mn complex assembled.

It is tempting to equate the least oxidized stable tetranuclear
state formed in photoactivation, Mn3*,;Mn?*,, with the most
reduced stable state of the Mn complex, S_; [formed upon
reaction of dark-adapted photosystem II membranes with 0.2
mM NH,OH in the dark (Beck & Brudvig, 1987)]. This leads
to assignment of the S, state to Mn3*sMn**, which is consistent
with the EPR signals produced by the S, state of the Mn
complex, EXAFS measurements, and ultraviolet absorption
changes during S-state advancement [reviewed in Brudvig and
Crabtree (1989)].

Registry No. Mn, 7439-96-5; Ca, 7440-70-2; O,, 7782-44-7.
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