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ABSTRACT. The light-driven, oxidative assembly of Mnions into the HO-oxidation complex (WOC)

of the photosystem Il (PSIl) reaction center is termed photoactivation and culminates in the formation of
the oxygen-evolving (Mp—Ca) center of the WOC. Initial binding and photooxidation of 4o the
apoprotein is critically dependent upon aspartate 170 of the D1 proteirQRI0) of the high affinity

Mn site [Nixon and Diner (1992Biochemistry 31 942—948]. Three @-evolving mutant strains of
SynechocystjsD1-D170E, D1+-D170H, and D+D170V, were studied in terms of the kinetics of
photoactivation under both continuous and flashing light. Photoactivation using single turnover flashes
revealed D+D170H and D+D170V, but not D:-D170E, were prone to form substantial amountd4@—

50%) of inactive centers ascribed to photoligation of aberrant nonfunctional Mn based upon the reversibility
of the inactivation and similarity to previous vitro results [Chen, C., Kazimir, J., and Cheniae, G. M.
(1995)Biochemistry 3413511-13526]. On the other hand, BD170E lowers the quantum efficiency

of photoactivation compared to the wild-type by the largest amount (80% decrease) versDd TOH

and D1-D170V, which do not produce measurable decreases in quantum efficiency. The low quantum
efficiency of photoactivation in DD170E is due to the destabilization of photoactivation intermediates.
Numerical analysis indicates that the PSIlI centers in-D170E are heterogeneous with respect to
photoactivation kinetics and that the majority of centers are characterized by intermediates that decay
~10-fold more rapidly than the wild-type control. Additionally, the kinetics of ®lease during the
S—S transition was markedly retarded in D1-D170E, in contrast to D1-D170H and D1-D170V, which
did not exhibit a discernible slow-down compared to the wild-type.

The photosystem Il (PSI)l reaction center of oxygenic  via an oxidative mechanism involving the photooxidation
photosynthesis catalyzes the highly endergonic transfer ofof Mn?* ions bound to the apo-coordination environment of
electrons from water to plastoquinone using light as a sourcethe PSII complex. Thus, in addition to driving the removal
of energy. The structure of the PSII complex has been of electrons from HO bound during the catalytic cycle,
determined up to a resolution of about 3.0 A using X-ray pegy is also utilized as the primary photooxidant, extracting
diffraction (1—4). Photooxidized primary donor, P680is electrons from MA", again via ¥, during formation of the
a powerful oxidant capable of extracting the tightly bound Mn,—Ca catalytic center. The assembly of the Ma is

electrons of substrate ;@ bound to the water-oxidation : I
. . . thus a light-dependent process termed photoactivation (re-
complex (WOC) via the redox active tyrosinez,Yof the viewed in refsh, 6). The intermediates in the photoassembly

D1 protein. Since the oxidation of the two substrat®©Ho . S - .
O, is a four-electron process, four successive charge separapf the PSII Mn—~Ca havg only limited klnlet|c stqb[llty, which
tions are required as the WOC transits through a series ofaccounts for the low yields of £evolving activity when
oxidation states, designategltBrough S, during the catalytic photoactivation is .promoted by flashes given to Mn-extracted
cycle of KO oxidation. samples at long intervals between flashe2 (s) (7—10).

The photooxidant P680also serves another crucial and On the other ha_md, flashes given with very short intervals
related function: oxidizing M# ions during the assembly are also not optimal because of a rate-limiting dark process

of the WOC. The Ma—Ca of the WOC is necessarily formed (tu2 ~150 ms) that must go to completion between flashes.
The combination of these opposing kinetic features results
in a ‘bell-shaped’ curve when the yield of photoactivation
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0448567 to R.L.B.) and the National Institutes of Health (GM-076232

to R.J.D). the time interval between the photoactivating flashgs8(
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period, represented in the model by the light-independen
processB = C (t;» ~100 ms), must elapse before the next
quantum can be productively utilized to drive the secon
photoact, C = D. The overall quantum efficiency of
photoactivation is very low<<0.01), and it is thought that
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MATERIALS AND METHODS

Strains and Growth Condition$he glucose-tolerant strain
of Synechocystisp. PCC6803 isolated by Williams and the
PSII mutant derivatives were routinely maintained in BG-
11 medium as described previouslg6]. Experimental
cultures were propagated in BG-11 media buffered with 20
mM HEPES-NaOH pH 8.0 (HBG-11) with 5 mM glucose

tand under PFD (photon flux density) 6f70 umol m™2 s™*

at 30 °C. Cultures were bubbled with filter-sterilized air

g enriched with 3% C@ The strains were previously char-

acterized with respect to their growth under photoautotrophic
and photoheterotrophic conditions (Chu et al. 1994). The

strains were harvested for experiments in late logarithmic
growth phase (0.D.750 nnv1.2) when the level of PSII
activity, judged by variable fluorescence, was maximal for
all strains examined here (see below). Light intensity
h.measurements were made with a LiCor sensor (Lincoln, NE).
Construction and characterization of the-E170E, D
D170H, and D+ D170V strains were performed as previ-
ously (Chu et al. 1994) using thesbA2containing plasmid
pRD1031 and the triplpsbAdeletion strain 4E-3. The strain
designated WT* served as a control strain and was obtained
by transformation of the triple deletion stain, 4E-3, with

the initial photooxidation & = B) occurs with relatively
high quantum efficiency, whereas the second photo@ct (
= D) accounts for the very low overall quantum efficiency.
The nature light-independent procdss= C, referred to as
the ‘dark rearrangement’, is not established although mec
anisms involving protein conformational or charge rear-
rangements have not been excluded.

Although the nature of late intermediates of photoactiva-
tion remains obscure, there is definitive information on the
initial assembly intermediate, simplistically represented as
A = B in the two-quantum model. The initial event involves , , : :
the binding and photooxidation of a single KMrion to the ~ Plasmid pRD1031 which contains wild-typsbA2(Chu et
high affinity site of PSIl 22). Ananyev and colleagues al. 1994).
provided evidence that the Mn species bound within the high ~Hydroxylamine Extraction of CellaVhen cultures were
affinity site is the hydroxide, [MrOHJ** (23), consistent  in late-log phase and variable fluorescendén({- Fo)/Fo)
with the observation that one proton is released upon binding measured with a PAM fluorometer (Walz Inc.) of the cultures
Mn2* to the high affinity site 24). As mentioned, this step ~ Were over 0.2 (D+D170V), 0.3 (D}D170H and D*
occurs with high quantum efficiency (at least higher than D170E), or 0.6 (WT*), approximately 400 mL of cells was
subsequent M photooxidations3, 17, 25, 26)), although ~ Pelleted at 25C at 585@ (Sorvall, GSA rotor) for 10 min.
estimating this quantum vyield is complicated by difficulty Hydroxylamine (HA) extraction to remove PSIl Mn was
in assaying this event and the binding dynamics ofMat conducted as described previousdy, 17). To address the
the high affinity site 27—29). Site-directed mutagenesis has Potential issue of different degrees of extraction in mutants,
identified aspartate 170 of the D1 protein (B170) as preliminary experiments used 10-fold higher HA concentra-
being the most critical residue for the PSII high affinity Mn ~ tions (10 mM versus 1 mM), and while increased washing
site examined to dat@Q, 31), which is consistent with X-ray ~ was required to remove residual amounts of HA that
diffraction crystallographic models of the PSII compldx (  interfered with photoactivation, the quantum efficiencies of
3). Recent studies have established that other D1 amino acidO2 evolution restoration were essentially the same although
residues that are likely ligands of the MnCa also have a  final yields were reduced-20—-30% presumably due to
strong influence on the binding affinity of the single kin  irreversible damage caused at high HA concentrations.
ion to the high affinity site. The results were interpreted in ~ Photoactiation of HA-Extracted CellddA-extracted cells
terms of an electrostatic contribution by increasing the local were photoactivated using the previously described experi-
concentration of M#A" in the vicinity of the high affinity mental setupq, 17). At the completion of the photoactivation
site and indicate that the D1 conformation of the Mn-free flash treatment, 10@L aliquots (100ug Chl mL™) were
protein site has already adopted a configuration similar to withdrawn for assay for light-saturated rates efé®olution,
the D1 fold of the functioning enzyme thereby ruling out which were determined using a Clark-type electrode. Pho-
the possibility that large-scale structural rearrangementstoactivated samples were resuspended in HN (10 mM
accompany Mi—Ca assembly32). HEPES, pH 7.2, 30 mM NacCl) buffer supplemented with

In this study we have investigated the photoactivation an artificial electron acceptor system consisting of 1 mM
properties of mutants with substitutions of BD170 in the DCBQ and 1 mM potassium ferricyanide, and oxygen
high affinity site of PSII. These mutants, involve substitutions evolution was measured in response to saturating orange
of the aspartate with glutamate, histidine, and valine{D1 (>570 nm) illumination at 3C°C. Experiments measuring
D170E, D+-D170H, and D+D170V) and are capable of the development of ©evolution as a function of single-
evolving O, albeit at impaired rates3Q, 31, 33, 34). turnover flash number (Figure 2) provide information on the
Importantly, information on the abilityK(,,) of Mn?" to guantum efficiency of photoactivation which is reflected in
reduce Y%°® is available for two of the three mutants the initial slope of the curve. This permits estimation of the
investigated 31, 35). As these mutants were previously per flash quantum efficiency by fitting the data, assuming
assessed as having impaired assembly of the-\@a 30, an exponential decrease in the number of centers remaining
31, 33, 34), a further analysis of their photoactivation to be photoactivated in a population of (PSll) reaction center
characteristics was conducted. undergoing photoactivationl{, 17). Estimation of the
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Ficure 1: Recovery of light-saturated,@volving activity of HA-
extracted mutant and control cells exposed to continuous illumina-
tion. Cells were extracted with HA and placed under illumination
(~20umol m~2 s~1) while being gently agitated on a rotary shaker
and assayed for maximah@volving activity. All the strains except
D1-D170E reached maximal activity within 15 min under these
conditions. The similarly treated DAD170E strain reached maxi-
mal activity after approximately 40 min. Original ;@volving
activities prior to HA-extraction were: 714 23, 372+ 17, 364

+ 20, and 242+ 13 umol O, (mg Chl) ~* h~1, for WT*, D1—
D170E, D}+-D170H, and D+D170V, respectively. Error bars
represent standard deviatiomsz 3.

WT*

parameters specifying the dark rearrangemkntand the
decay of intermediatekp, was determined by evaluating
the rising and falling slopes of the bell-shaped curve,
respectively, in plots of photoactivation yield as a function
of flash interval (Figure 3) which was done by fitting the
data to the equatiorn(, 13):
Y, = [ka/(kp — kIALI(€70 — 7% (1)

Here, Y, is the yield of active centers on theh flash,

Al, is the concentration of centers prior to the photoactiva-

Hwang et al.

samples (Figure 5). These measurements approximately track
the relative amounts of Qelease of each number of a flash
under a train of flashes and thereby provide information on
the distribution of S-states populated in dark-adapted samples
and the kinetics of the &signal. Analysis of the oscillatory
pattern of Q release from dark adapted samples subject to
a train of flashes was performed according to a four-state
model @3).

RESULTS

Photoactvation of Hydroxylamine-Treated Cells under
Continuous LightThe aspartate 170 of the D1 protein (B1
D170) has been shown to be crucial residue for photooxi-
dation of Mr?* via binding at the high affinity site Mn of
PSII 30—32, 44). Extensive analysis of mutations at this
site have previously been shown to perturb bothKheof
reduction of Yz* by Mn?" in apo-PSIl and the ability of
reaction centers to assemblg-&volving Mn,—Ca clusters
(80—32, 44). Here, three strains oBynechocystiswvith
substitution mutations at this critical position were studied
with regard to their photoactivation properties: -B170E,
D1-D170H, and D+D170V. These strains were previously
constructed using a deletion strain ®ynechocystjglesig-
nated 4E-3, that lacks all three native copies of pisbA
gene pshbAl psbhA2 andpsbA3 and which was transformed
with mutant forms of thgpsbA2gene to introduce the desired
mutations into the otherwise norm&ynechocystifSlI
complex @5). A control strain, WT*, was constructed
identically to the mutants, but using the wild-typsbA2
sequence. The BDAD170E, D+D170H, and D+D170V
strains all evolve oxygen, although at impaired rates relative
to the control 80, 31, 44, 46). Initial experiments were
performed to evaluate these strain in terms of their ability
to reassemble £evolving Mn clusters following their
extraction using hydroxylamine (HA), which completely

tion, and the other parameters have meanings described agpglishes @evolution 7, 9, 11). Figure 1 documents the

in Scheme 1. Fitting to this equation gave estimateskfor
and kp, as well as Al. Al depends upon the quantum
efficiency such that Ax¥ ®[D],, where® is the overall

net recovery of light-saturated, DCBQ-supporteghe®olv-
ing activity of a suspension of HA-extracted mutant and

. control cells exposed to continuous illumination20 gmol

photoactivation process. Note that the number of flashes is -2 s71), while being gently agitated on a rotary shaker.

not explicitly taken into account fitting, and instead the Thege Jow light levels are optimal because, as noted earlier

experiments are conducged with the number of flashes set7 g 11, the rate-limiting step(s) of photoactivation preclude
to give approximately 50% recovery of activity (see legends o productive utilization of excitons arriving at higher rates

of Figure 3 and Table 1) to allow a rough comparison of the 4 the reaction center. All the strains except-I1170E
fitted values of Al. For the DiDl?OE mutant, it was found _ reached maximal activity within 1615 min under these
that the re_sults of the flash mtgrval experiment were best fit -,nditions. The similarly treated DID170E strain reached
by assuming th‘,"‘t cells contameq a mixture of gpp-centgrs maximal activity after approximately 3840 min. The level
composed of wild-type and modified characteristics. This f recovery (Figure 1, gray bars) exceeded greater than 95%
situation was modeled by the following equation: of the original activity (black bars) in the control, WT*,
whereas the level of £evolution activity was restored to
85—95% of the original activity (black bars) in the mutant
[Kao!(Koy — Ka)][A2](e 89 — e72% (2)  strains. The recoveries are expressed as the fraction of the
rate prior to HA-extraction. The actual rates of€volution
Oxygen Rate Electrode Measuremeriitash Q yields prior to HA-extraction, which are given in the figure legends,
were performed using a bare platinum electrode that permitsare consistent with previous value30( 31, 44, 46). When
the centrifugal deposition of membrane fragments upon the the cycle of HA-extraction and photoactivation was repeated,
electrode surface3(), according to a previously described the fractional recovery of activity by photoactivation under
procedure 37, 38). Care was taken to apply equal amounts continuous illumination was again high, with some small
of sample and at a minimal amount to minimize the path of (~5%) apparently irretrievable losses (Figure 1, light bars).
diffusion to the electrode surfac83—42). With such care, In conclusion, all HA-extracted strains exhibited very high
the 1.2 ms Q@release kinetic can be resolved in wild-type photoactivation recoveries of %2volution activity under

Yo = [kay/(kpy — Kap)IAL](€7 4 — &7 +
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FiGure 2: Photoactivation of hydroxylamine-extracted cells as a function of the number of flashes. Note the difference in scale of D170E
(Panel B). Sequences of photoactivating xenon flashes were given with a uniform interval of 0.5 s to HA-extracted WT* (Panel A), D1
D170E (Panel B), DXD170H (Panel C), and DiD170V (Panel D) cells in the presence (closed symbols) or absence (open symbols) of
50 uM DCBQ plus 200uM of potassium ferricyanide. The recoveries are expressed in terms of the origheab®@ing activities of the
corresponding cells prior to HA-extraction which were 728320, 364+ 19, 335+ 20, and 298t 13 umol O, (mg Chl) ~1 h=1, for WT*,
D1-D170E, D+D170H, and D+D170V, respectively. Error bars represent standard deviatioas3.

continuous illumination, although DAD170E required
longer exposures to reach maximal recovery.

Flash Number Dependence Photoaation. To obtain
information on the effect of the substitution mutations on
the quantum efficiency of photoactivation, cells were pho-
toactivated using single-turnover flash illumination. Figure
2 shows the yields of photoactivation of HA-extracted cells

x 104 and 9.4x 10* in the absence and presence of
DCBQ, which is about 19% of the wild-type under compa-
rable conditions. Even when the flash interval was shortened
to 200 ms, which is near the optimum for this mutant (next
section), the development of activity on a per flash basis
was still much lower than WT* (not shown). Thus, the
overall quantum efficiency of photoactivation is decreased

as a function of flash number, where samples were subjecteds-fold in D1-D170E.

to a sequence of single turnover xenon flashes given at 2

Hz. During a train of xenon flashes given to WT* (open
symbols Figure 2A), the development of,-volution
activity is nearly complete X90%) relative to the initial
starting activity within approximately 2000 flashes, as
expected based on earlier findings with the true wild-type
(9, 17). The quantum efficiency of this process can be
estimated from the initial slope of this curve, which reflects
the per flash increment in the development gféolution
activity. The quantum efficiency for the wild-type is ap-
proximately 3.0x 1073, which is consistent with the low

In contrast to D+D170E, both D+D170V and D1~
D170H reached a maximum yield of photoactivation in fewer
than 1000 flashes. For DAD170H, this corresponded to
calculated quantum efficiencies of 5 102 and 6.8 x
1072 in the absence and presence of DCBQ, respectively.
Again, these calculated values reflect the per flash increment
in the development of @evolution activity. For D+D170V,
this corresponded to calculated quantum efficiencies of 3.3
x 10°% and 4.1 x 1072 in the absence and presence of
DCBQ, respectively. These efficiencies are higher than the
wild-type, but these numbers need to be treated with caution

overall quantum efficiency of this process. In the presence since another process ascribed to inactivation (below) causes

of an artificial electron acceptor, DCBQ, the quantum
efficiency is increased to 4.9 102 as demonstrated early
in the flash sequence, while the final yield of recovered
activity was slightly depressed (closed symbols Figure 2A).
Compared to WT*, the D£D170E mutant exhibited a far
lower net quantum efficiency of photoactivation, requiring

these curves to reach a plateau at very low values. In fact,
the final yield corresponded to a recovery of only-BD%

of the original activity, contrasting with the wild-type and
D1—-D170E, which exhibited nearly complete recoveries. As
with the D1-D170E mutant, DCBQ depressed the final yield
of O-evolving activity in DI-D170V and D1-D170H, but

nearly 6000 flashes to reach levels approaching 90% of thethis depression was even more pronounced. In conclusion,

original activity (open symbols Figure 2, Panel B). Cor-

a much lower recovery of £evolving activity was obtained

respondingly, the quantum efficiency is estimated to be 5.6 by flash photoactivation of D1D170H and D+D170V,
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Ficure 3: Photoactivation of HA-extracted WT* cells as a function of the flash interval. Flashes were given at six different equally spaced
flashes given at different time intervals to HA-extracted WT* (Panel A);ID170E (Panel B), D£D170H (Panel C), and D1D170V

(Panel D) cells in the presence (closed symbols) or absence (open symbolg)MfBOBQ plus 200uM of potassium ferricyanide. The
curves represent fits to egs 1 and 2 derived from the two-quantum model depicted in ScH&né@hpmogeneous population of centers

was assumed (eq 1) for all strains except{170E, which was better fit by using eq 2 that assumes a heterogeneous population containing
wild-type and modified centers. The number of flashes given were determined on the basis of preliminary flash number experiments (e.g.,
see Figure 2) so as to give approximately 50% restoration of activity at 5 Hz[RTOE) or 2 Hz for the other strains. This corresponded

to 150, 200, 200, and 500 flashes for WT*, BD170V, D1-D170H, and D+D170E, respectively. The recoveries are expressed in terms

of the original Q-evolving activities of the corresponding cells prior to HA-extraction which were# X3, 372+ 17, 364+ 20, and 242

=+ 13umol O, (mg Chl)~* h~1, for WT*, D1-D170E, D}-D170H, and D+D170V, respectively. Error bars represent standard deviations,

n > 3. Curves were fit according to the equations described in Materials and Methods.

Table 1: Dark Rearrangemetd,, and Decay of Intermediatek,, Parametefsof the WT* and Mutant Strains dbynechocystisp. PCC6803

strain Al ka1 (57Y) (ti) ko1 (57Y) (ti) A2 Kaz (573) (tar2) ko2 (57%) (ta2) fit quality R
WT* 50 13 (54 ms) 0.330(2.15s) ha na na 0.99
D1-D170E 23 13 (54 ms) 0.330(2.1s) 54 7 (95 ms) 5(0.15) 0.99
D1-D170H 48 9 (78 ms) 0.097 (7.1s) na na na 0.96
D1-D170V 50 8 (85 ms) 0.174 (4.1s) na na na 0.99

aValues of parameters were estimated from fits of the flash interval experiment (Figure 3) using the equations t@rifrech (the two-
guantum model (Scheme 1) as presented in Materials and Methods. A homogeneous population of centers was assumed (eq 1) for all strains except
D1-D170E, which was better fit by using eq 2 that assumes a heterogeneous poputativaining wild-type and modified centers. Note that the
number of photoactivating flashes were different among samples and were adjusted to produce approximately 50% restoration of activity at 5 Hz
(D1-D170E) or 2 Hz for the other strains. This corresponded to 150, 200, 200, and 500 flashes for WD 1V, D1-D170H, and D+
D170E, respectively? Not applicable since the homogeneous model (eq 1) was sufficient to produce a reasonable fit.

in contrast to photoactivation under continuous illumination, rise to the bell-shaped curve in plots of the photoactiva-
where nearly complete recovery was obtained (Figure 1).tion yield as a function of flash interval obtained by
The failure to reach levels of activity under flash illumination measuring the extent of recovery of oxygen evolution due
approaching the levels attained under continuous illumination to a finite number of flashes given at different frequencies
indicates that D+D170V and D}D170H are prone to  ranging from a few milliseconds to several secongsl(,
damage or inactivation under flash illumination. This ob- 17, 38, 47—49). This is illustrated in Figure 3, showing that
servation is further explored later. the WT* and mutant strains all exhibit this characteristic flash
Yields of Photoactiation as a Function of Flash Inteal. interval dependence of photoactivation yield. In contrast to
Photoactivation involves the formation of two unstable the other strains, DiD170E (Figure 3, Panel B) was
intermediates separated by a light-independent (dark) rear-observed to have an optimal flash spacing of 200 ms
rangement step that has been estimated to occur with acompared to an optimum centered in the 52000 ms range
~100 ms half-time (Scheme 1). These kinetic features give for the other strains (Figure 3, Panels A, C, and D). This
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considerably smaller in the modified centers, while the rate
constant Kp) of ‘C’ to ‘A’ is significantly larger in the
modified ones. In D+D170H and D+D170V, both values
for ka andkp seem to be rather smaller than those of the
wild-type.

Photoinactvation Occurring during Flash Photoaciation
Is Reversible. The very low final recovery of @evolving
activity (~50—60%) in the mutants during flash photoacti-
vation, especially in D£D170V (Figure 2), was surprising
considering that photoactivation under continuous illumina-
tion yielded activities approaching 90% of the original
activity (Figure 1). These results suggest that flash illumina-
tion leads to an inactivation of more than 40% of the PSII
centers, in an inactivation process that is exacerbated by the
addition of DCBQ. Earlier studies have indicated that
irreversible photodamage as well as reversible photoinacti-

extracted with HA and photoactivated using single turnover flashes, Vation can account for diminished yields of photoactivation
in the absence (treatment 2) or presence of DCBQ/FeCN (treatment(13, 50). To discriminate between these possibilities, the-D1

3) and assayed for maximal@volving activity. Aliquots of the

D170V mutant was subjected to photoactivation with 2000

same flash photoactivated samples from treatments 2 and 3 werexenon flashes, assayed for activity, re-extracted with HA,

then re-extracted with HA, photoactivated under continuous il-
lumination (~~20umol m~2s7%) in the absence of artificial electron
acceptors, and assayed for maximaleDolving activity (treatments

4 and 5, respectively). Treatment 1 represents the original O
evolving activity D}:-D170V cells prior to the first HA-extraction,
which was 255+ 14 umol O, (mg Chl)~1 h~L. Error bars represent
standard deviations) > 3.

and then subjected to photoactivation under continuous
illumination. As shown in Figure 5, photoactivation with
2000 xenon flashes in the absence or presence of DCBQ/
FeCN (treatments 2 and 3, respectively) gave low yields of
recovery consistent with the flash number experiment shown
in Figure 2. However, upon re-extraction with HA followed

indicates that the labile photoactivation intermediates are by a second round of photoactivation, but this time using

considerably less stable in BD170E compared to the other

continuous light, most of the original activity could be

strains. Decreased stability of photoactivation intermediatesrecovered in these originally flash photoactivated and
is consistent with the observation that the overall quantum significantly photoinactivated samples (treatments 4 and 5).

efficiency of photoactivation is lower in DAD170E as

The addition of the protein synthesis inhibitor, lincomycin

deduced from the flash number experiment shown in Figure (200 xg/mL), had no influence on the extent of recovery
2. To evaluate this observation semiquantitatively, the flash either under continuous or flash illumination (not shown),

interval data were fit to an equation derived from the two-

so the differences between photoactivation by flash and

quantum series model (Scheme 1) taking into account thecontinuous illumination cannot be ascribed to differences in

dark-rearrangement parametkg, and the decay of inter-
mediate(s) parametéd (10). The data of the wild-type and,
to lesser extent, D1D170H and D+D170V are well-fit

the repair of damage to PSII. Therefore, we conclude that
photoactivation under flash illumination results in a signifi-
cant fraction of PSII centers becoming reversibly inactivated

by this equation (Figure 3 and Table 1). The obtained valuesin a process that is exacerbated by the presence of an electron

of ka, ko, and Al (a product of the quantum yield of the

whole process of photoactivation and the population of Mn-

depleted PSII centers) in WT* centers are 12.93, §.33

s1, and 49.8%, respectively. Expressed in terms of half-

acceptor. Furthermore, the fact that re-extraction with hy-
droxylamine is required for the reversal of the inactivation

suggests that inactivated centers contain photooxidized Mn
that must be removed prior to the restoration of activity under

times this corresponds to a dark rearrangement and decayontinuous illumination.
of intermediates of 53.7 ms and 2.1 s, respectively. On the Properties of the Assembled WOC:, Guvolution and

other hand, the data of DAD170E are not well-fit to the
simulation curve especially at longer flash intervals. How-

S-State CyclingTo better evaluate differences in the S-state
cycling and Q release characteristics of the assembled WOC,

ever, if there are two heterogeneous apo-centers (a mixturemeasurements of {&volution of isolated membranes under

of WT and modified type) in the mutant cells, the data are
well fit to the corresponding simulation curve described by

flash illumination using centrifugal bare platinum electrode
were performed. As shown previously, BD170E and D+

an equation taking into account this heterogeneity (see D170H exhibited characteristic period four oscillations in

Materials and Methods). Values of the wild-tykg andkp,
(12.91 s%, 0.33 s1) were assumed for the WT*-type centers,
while the fraction of each type of centers (reflected in
parameters Al and A2) and modified-type land k, were

all allowed to range freely during the fitting to the data. As
shown in Table 1, the half-times d{x, and kp, in the
modified centers in DXD170E were estimated to be 7.2
st and 5.2 s?, respectively. The ratio of populations of
modified to WT* ones may be approximately 10, considering
that the quantum efficiency of the overall process is 5-fold
higher in the WT*. The rate constarita of ‘B’ to ‘C’ is

O, release §1), a property not unexpectedly shared by-D1
D170V. The results of the flash@volution characteristics,
summarized in Table 2, show that all mutants exhibited a
somewhat increased value of misses contributing to the
damping of the period four oscillations, denoted as the
parameterg. Surprisingly, the ostensibly most conservative
replacement DD170E, not DX-D170V, appeared to have
the greatest deviations from the control strain, and this
divergence in catalysis was especially evident in the kinetics
of O, release, as illustrated in Figure 5 and expressed
numerically in the last column of Table 2. BD170E
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Ficure 5: Oxygen signals of mutant and control membranes. The normalized flash-induced polarographic signalsf@h7@H, D1~
D170H, and D+D170V membranes (solid traces, Panels@ respectively) are compared with the corresponding signal of the WT*
control (dashed trace in each panel). Membranes were centrifugally deposited upon the surface of a bare-platinum electrode and given a
sequence (4 Hz) of 40 saturating xenon flashes and the signals averaged. Normalization was applied to allow a better comparison of the
kinetics of Q appearance at the electrode surface and is not meant to indicate similar amoupteleb€ed per sample. The exponential
half-rise times of the depicted signals are given in Table 2. Kinetic analysis of the data was performed according to the exponential method
(60).

Table 2: S-State Decay Cycling Parameters of Oxygen-Evolving Membranes of the WT* and Mutant St&ymedifocystisp. PCC6803

S-state distribution: misses, hits, double hits, deactivations, O, releas@ty,,
strain So/S1/So/ S5 (%) o (%) B (%) y (%) 0 (%) membranes (ms)
WT* 23/74/3/0 10 86 2 2 1.2
D1-D170E 28/68/4/0 14 80 2 4 5.6
D1-D170H 28/68/4/0 10 85 2 2 1.2
D1-D170V 23/67/10/0 11 83 2 4 1.0

a Membranes were dark-adapted for 10 min and then given a series of 20 measuring flashes given at 4 Hz. Numerical analysis of the resultant
amplitudes was performed using a four-state model as described previd@sE9)). ® Oxygen release kinetics was estimated from the rising
portion of the Q signal (Figure 4) using the exponential method as described previd@ly (

exhibited relatively slow @release kinetics indicative of a has not been definitely established, though spectroscopic
slowed $—S, transition, whereas QOelease was unaffected analysis suggest this may be the case for-D170H 63,

in D1—D170H in D1I-D170V membranes. These results are 54). Decreased MAT oxidation capacities, albeit still high
consistent with previous analysis of these mutants in termsenough to sustain assembly of MrCa and G-evolution

of the estimated concentrations of Mn-containing centers (31, 35), are observed for the BAD170E and D+D170H
versus their maximal rates of,@volution. The previous  mutants, which are subjects of the present study. The D1
estimates also suggest that the catalytic turnover rate is sloweiD170E and D+D170H mutants have roughly 2- and 10-
in D1-D170E than either D1D170H or D1-D170V (44, fold higher Ky values, respectively, for M at the high

46), consistent with the present interpretation that-D1 affinity site compared to the wild-typ&g, 35). The binding

D170E has the most impaired-SS, transition. and photooxidation of M&T in PSII core apo-complex has
not yet been quantitatively evaluated in-B2170V, the third
DISCUSSION mutant examined here. However, because the strain has a

The primary event in the multistep photoassembly of the comparatively lower fraction of PSII containing functional
Mn,—Ca cluster involves the binding and photooxidation of Mn (46) and since the aliphatic nature of this side chain
a single Mi* ion at the high affinity site of the apo-wOC ~ Makes itan unlikely ligand of Mn (perhaps water serves this
(22, 23). Mutational analysis has identified BPD170 as a  fole in the mutant46)), it seems probable that its capacity
crucial residue of the high affinity site and essential for the for Mn®* binding and photooxidation is impaired.
efficient binding and photooxidation of the first ¥in Each of the three high affinity site mutants, BD170E,
involved in Mn,—Ca assembly 31, 44, 46, 51, 52). The D1-D170H, and D+D170V, exhibited impaired photoac-
Michaelis constant of binding and photooxidation of ¥n tivation kinetics, although each was unigue in regard to the
in PSII core apo-complex has been quantitatively evaluated specific nature of the alterations in kinetics the mutation
and shown to be dramatically altered by a variety of caused. The D1D170H and D+D170V mutants were
substitution mutations of D4D170, including D+D170A prone to reversible photoinactivation yet exhibited nearly
which does not allow assembiBY). Mutations of other normal or even enhanced stability characteristics of the labile
residues in the same structural vicinity also strongly impact photoactivation intermediates (Figure 3 and Table 1). In
the high affinity site 82), but the disruptions in affinity are  contrast, photoactivation intermediates were highly destabi-
generally not as severe as for mutations atD170. A lized by the DE-D170E mutation: it had optimum flash
handful of substitution mutations at BD170 permit the interval of approximately 200 ms, as opposed to the normal
assembly of Mn clusters that evolve.®or this discussion,  500—-1000 ms optimum in the control and the other mutants
we assume that Mp-Ca is formed in the mutants, but that (Figure 3). This is consistent with the numerical analysis
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assuming the PSII centers in BD170E are heterogeneous context, the branching ratio between the nonproductive and
with respect to photoactivation kinetics and that the majority productive pathways appears strongly influenced by the
of centers are characterized by intermediates that deday perturbation of the high affinity site. The difference between
fold more rapidly than the control (Figure 3, Table 1). This photoactivation under flash illumination versus continuous
decreased stability of the intermediates is consistent with theillumination is striking but remains to be understood. A
very low quantum efficiency of photoactivation in the B1 reasonable hypothesis is that the difference is related to the
D170E mutant, which is estimated to be less than 20% of degree occupancy of Mn at the high affinity site under these
the control based upon the slope of the curve of photoacti- contrasting light regimes. Different illumination regimes have
vation as a function of flash number (Figure 2B). The result been previously supposed to give rise differences in the local
is superficially similar to the effect of the addition of concentration of MA" in the vicinity of the high affinity
exogenous reductant on the flash interval dependence ofsite because of illumination differences to account for
photoactivation, which likewise causes a decrease in thedifferences in fluorescence decay kineticsSynechocystis
lifetime of assembly intermediates and shifts the optimum PSII mutants%6). Differences in the kinetics of fluorescence
to shorter flash intervals2g): both the reductant and the decay in theSynechocysti®SIl mutant, D+S345P, were
mutation D1-D170E exhibit higher intermediate decay rate observed depending on whether the measurements were

constantskp. As discussed previously, the first intermediate

performed using a PAM fluorometeb®) or a pump-probe

B (series two-quantum model shown in Scheme 1) is not fluorometer 66, 57). Higher occupancy of the high affinity

likely to be rate-limiting (3, 17, 25, 26). Instead, factors

site by Mr#™ was inferred when the PAM fluorometer was

affecting the steady-state concentration and photoconversiorused. The modulated probe light of the PAM instrument has

of C govern the rate (and yield) of photoactivatickB(17,

25, 26). These factors can, in principle, include the rate of
conversion ofB to C, the stability of intermediat€, and
the quantum efficiency o€ = D. The conversion oB to
Cis slowed in D:-D170E, but it is also slowed in the other
two mutants (Table 1), which do not exhibit lower overall
quantum efficiencies of photoactivation. Therefore, the
elevated decay ratkp, in D1—D170E seems to exclusively
account for the low quantum efficiency of photoactivation
in this mutant.

In contrast to D+D170E, neither the quantum efficiency
of photoactivation nor the stability of intermediates are
diminished in D+-D170H and D+D170V. However, flash
photoactivation of D+D170H and especially D1D170V
allowed recovery of only 5660% of the original activity

a considerable actinic effect under the conditions employed
whereas the brief measuring light pulses of the ptipmbe
fluorometer used in the initial study have essentially no
actinic effect b6, 57). The actinic effect of the modulated
probe light of the PAM fluorometer was thus proposed to
increase the local concentration of knin the vicinity of

the high affinity site thereby increasing the occupancy by
Mn?t (56). By analogy, it appears that the differences
between photoactivation under flash illumination and con-
tinuous illumination may relate to differences in local
concentration of M#" in the vicinity of the high affinity

Mn site under these two illumination regimes with the local
availability of Mr?" being higher under continuous light.
Thus, we tentatively conclude that the occupancy of the high
affinity site determines whether or not the assembly path

(Figure 2 and 4) and was the result of the accumulation of follows the functional or nonfunctional pathway.

a correspondingly large percentage {480%) of inactive

The observation of reversible photoinactivation is remi-

PSII centers. Furthermore, it was shown that most of the niscent of previous results showing that Mn is photoligated
centers accumulating as inactive under flash illumination ‘inappropriately’ as nonfunctional Mn under certain nonop-
could be converted to apo-centers by re-extraction with HA timal conditionsin vitro (50, 55). Photoactivation in the
and nearly fully photoactivated under continuous light hence absence of Ca resulted in the photoligation of up to eight

the inactivation was reversible (Figure 4). The basis for low

Mn atoms per PSII, but these ‘inappropriately bound’,

yields of photoactivation has been previously discussed in nonfunctional M3t were highly labile since they were
terms of three types of damage: (1) damage during extractionreductively dissociated from PSIb(). Furthermore, pho-

of Mn, (2) photoinhibition as defined as the light-induced
loss of primary electron transport, and (3) photoinactivation
defined as the light-induced loss of photoactivation without
the loss of primary electron transpott3). The reversibility

of the inactivation by reductive re-extraction with HA in the

high affinity site mutants is consistent with the third type of

toinactivated PSII prepared by photoactivation in the absence
of C&" could be re-extracted with HA and subsequently
photoactivated to produce high yields of-@volving centers

if the second photoactivation was performed in the presence
of optimal concentrations of Ca and M#* (50). In this
context, how would a mutation at the high affinity site tilt

damage and appears similar, as discussed below, to inactivathe branching ratio away from productive photoassembly and

tion due to ‘inappropriate’ ligation of Mn50, 55). The

nonproductive photoinactivation and the productive photo-

toward photoinactivation? One possibility is that the muta-
tions not only affect the binding of M but also perturb

activation pathways can be viewed as competing for the samethe C&" site. Current crystallographic models do not place
pool of unactivated apo-PSll centers, and the ratio of the D1-D170 as a ligand of G& (1—4), which is consistent
corresponding rates or probabilities determines the branchingwith the growth characteristics of mutants in’Galepleted

ratio of the alternative pathways and, ultimately, the final

media @6). On the other hand, several different mutations

proportions of inactive and active centers that are yielded distributed at various locations around the overall coordina-

(13). Indeed, the shape of the curves in the photoactivation,

especially in D+D170V, as a function of flash number show

an early saturation of PSIlI centers available for photoacti-

vation consistent with this model of competition between

tion environment of the Mj-Ca were recently shown to
affect the initial Mr#™ binding and photooxidation at the high
affinity site in apo-PSII82). Given the apparent interactions
between locations in the coordination environment, it is not

the productive and nonproductive pathways. Placed in this unreasonable that the BD170 mutants may also affect
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C&" binding, perhaps through electrostatic effects or second
ligation sphere interactions. This possibility is consistent with
recent findings that Ca modifies the parallel mode EPR
signal B5) of the first Mn photooxidation intermediatg§).

It was shown that in the absence of?Car at low pH, an
EPR-silent species of Mh was generated by illumination
of frozen samples, whereas €aor high pH favored a
configuration giving rise to a parallel mode EPR signal. It
was concluded that Gainduces a structural change giving
a single photogenerated Mhand a less heterogeneous
coordination environment, and this €anduced structural
change is associated with a deprotonation of a—rO
ligand, perhaps bridging with the €aat its effector site.
Considering the formation of inappropriately bound h
depending on the absence of?Caluring photoactivation
(50, 55), the EPR-silent species of Mhin the absence of
Ca&" might correspond to a structural configuration condu-
cive to the addition of inappropriately bound, nonfunctional
Mn=3*, Thus, C&" may serve to organize the coordination
environment that promotes photooxidation of Mrin a
structural configuration, promoting subsequent Mn assembly
into a functional WOC and discouraging entry of that center
into the photoinactivation pathway. Placed in this context, a
speculative interpretation of the current results is that the
D1-D170H and D+D170V mutations not only disturb
Mn?* photooxidation at the high affinity site but also disturb
this optimal C&*-induced configuration and allow a greater
fraction of centers to enter the nonproductive pathway where
photooxidation of MA" at the inappropriate site(s) can occur
readily.
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