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ABSTRACT: Several site-directed photosystem I1 mutants with substitutions at  Asp- 170 of the D 1 polypeptide 
were characterized by noninvasive methods in uiuo. In several mutants, including some that evolve oxygen, 
a significant fraction of photosystem I1 reaction centers are shown to lack photooxidizable Mn ions. In 
this fraction of reaction centers, either the high-affinity site from which Mn ions rapidly reduce the oxidized 
secondary electron donor, Yz+, is devoid of Mn ions or the Mn ion(s) bound a t  this site are unable to reduce 
Yz+. I t  is concluded that the Mn clusters in these mutants are unstable or are assembled inefficiently in 
uiuo. Mutants were constructed in the unicellular cyanobacterium Synechocystis sp. PCC 6803. The in 
uiuo characterization procedures employed in this study involved measuring changes in the yield of variable 
chlorophyll a fluorescence following a saturating flash or brief illumination given in the presence of the 
electron transfer inhibitor 3-(3,4-dichlorophenyl)- 1 ,1-dimethylurea, or following each of a series of saturating 
flashes given in the absence of this inhibitor. These procedures are easily applied to mutants that evolve 
little or no oxygen, facilitate the characterization of mutants with labile oxygen-evolving complexes, permit 
photosystem I1 isolation efforts to be concentrated on mutants having the stablest Mn clusters, and guide 
systematic spectroscopic studies of isolated photosystem I1 particles to mutants of particular interest. 

The catalytic siteof photosynthetic oxygen evolution consists 
of a cluster of four manganese ions located in photosystem I1 
(PSII') near the lumenal surface of the thylakoid membrane. 
This cluster accumulates oxidizing equivalents in response to 
photochemical events within PSII, then oxidizes water by a 
mechanism that releases 0 2  as a byproduct [for reviews, see 
Rutherford et al. (1992), Debus (1992), and Renger (1993)l. 
Chloride and 1-2 calcium ions are located near the manganese 
cluster and are required for catalysis. The photochemical 
events that precede water oxidation involve photoexcitation 
of the primary electron donor, P6go (a monomer or dimer of 
chlorophyll a molecules), followed by electron donation from 
the lowest excited singlet state of P680 to a nearby molecule 
of pheophytin a (Pheo). This charge separation is stabilized 
by the oxidation of Pheo- by a plastoquinone molecule, QA, 
and by the reduction of P6gO+ by a tyrosine residue, Yz. Further 
stabilization is achieved by the oxidation of QA- by a second 
plastoquinone molecule, QB, and by the reduction of Yz+ by 
the manganese cluster. The manganese cluster accumulates 
four oxidizing equivalents in response to four successive charge 
separations. The fiveoxidation statesof themanganese cluster 
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are termed S,, where n denotes the number of oxidizing 
equivalents stored. The SI state predominates in dark-adapted 
samples. The Sq state is a transient intermediate that 
spontaneously reverts to the SO state with the concomitant 
release of 0 2 .  After accumulating two electrons in response 
to two successive charge separations, QB exchanges out of the 
PSII reaction center in protonated form. 

The minimal oxygen-evolving PSII complex isolated to date 
contains at least eight subunits [for reviews, see Andersson 
and Styring (1991), Ikeuchi (1992), and Vermaas et al. 
(1993)l. Major subunits include an extrinsic 33-kDa polypep 
tide and the membrane-spanning proteins CP47, CP43, D1, 
D2, the a and j3 polypeptides of cytochrome b-559, and the 
product of thepsbI gene. The photochemical events described 
above occur in the reaction center core of PSII. The reaction 
center core of PSII is a heterodimer of the D1 and D2 
polypeptides. 

Several lines of evidence suggest that the D1 polypeptide 
contributes many of the amino acid residues that coordinate 
the Mn and Ca*+ ions at the water-oxidizing site [for a review, 
see Debus (1992)l. This polypeptide contains numerous 
conserved lumenal carboxylate, histidine, and tyrosine residues 
(Svensson et al., 1991) that could serve as ligands to Mn or 
Ca2+ (Pecoraro, 1988; Brudvig & Crabtree, 1989). As one 
approach to identifying which of these residues ligate Mn or 
Ca2+, we have employed site-directed mutagenesis to indi- 
vidually target each. The mutations were constructed in the 
unicellular cyanobacterium Synechocystis sp. PCC 6803. 
Nixon, Diner, and co-workers have employed a similar strategy 
and both their group and ours have published preliminary 
accounts in recent review articles (Diner et al., 1991; Nixon 
et al., 1992a; Debus, 1992). On the basis of spectroscopic 
studies of isolated mutant PSII particles, both groups (ours 
in collaboration with Barry and co-workers) have shown that 
Asp- 170 of the D 1 polypeptide is critical for the assembly or 
stability of the Mn cluster (Nixon & Diner, 1992; Boerner et 
al., 1992), serves as a component of a high-affinity binding 
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site for a Mn2+ ion capable of rapidly reducing Yz+ (Nixon 
& Diner, 1992; Diner & Nixon, 1992), and may serve as a 
ligand to the assembled Mn cluster (Nixon & Diner, 1992; 
Boerner et al., 1992; Diner & Nixon, 1992). Recent work in 
the eukaryotic green alga Chlamydomonas reinhardtii confirm 
these findings (Whitelegge et al., 1992; J. M. Erickson, 
personal communication). 

During our characterization of PSII particles isolated from 
Asp-170 mutants (Boerner et al., 1992), we observed that 
PSII particles from a number of other D1 mutants lost 
significant amounts of the extrinsic 33-kDa polypeptide and 
oxygen evolution during isolation (R. J .  Boerner, A. P. Nguyen, 
B. A. Barry, and R. J. Debus, unpublished). Because the 
isolation procedure preserves high rates of oxygen evolution 
in wild-type particles (Norenet al., 1991a), theseobservations 
imply that the lability of the water-oxidizing complex is 
increased in some mutants. Significant losses of the 33-kDa 
polypeptide, manganese, and oxygen evolution have also been 
noted during isolation of PSII particles from the photo- 
autotrophic YD-less D2 mutant, Y 160F (Noren et al., 1991 b; 
Kirilovsky et al., 1992). Increased lability of the water- 
oxidizing complex has also been observed in a photoautotrophic 
site-specific double mutant of CP47 (Putnam-Evans & 
Bricker, 1992). 

The increased lability of the water-oxidizing complex in 
several PSII mutants shows that the water-oxidizing site can 
be significantly altered during isolation of mutant PSII 
particles. These isolation-induced alterations may obscure 
the true nature of a mutation. Determining the extent of 
these alterations requires characterizing mutant PSII com- 
plexes before they are isolated. Noninvasive procedures for 
the characterization of mutant PSII complexes in uiuo are 
described in this manuscript. These procedures involve 
measuring changes in the yield of variable chlorophyll a 
fluorescence following a single saturating flash or brief 
illumination given in the presence of DCMU or following 
each of a series of saturating flashes given in the absence of 
DCMU. Such measurements are relatively easy to interpret 
and are easily applied to mutants that evolve little or no oxygen. 
The application of these procedures is illustrated by the in 
vitrocharacterization of several D1 mutants from which PSII 
particles have been isolated and characterized previously, e.g., 
mutants at Asp-170 (Nixon & Diner, 1992; Boerner et al., 
1992; Diner & Nixon, 1992). In several of these mutants, 
including some that evolve oxygen, a significant fraction of 
PSII reaction centers lack photooxidizable Mn ions in uiuo. 
In this fraction of reaction centers, either the high-affinity 
site from which Mn ions rapidly reduce Yz+ is devoid of Mn 
ions or the Mn ion(s) bound at  this site are unable to reduce 
Yz+. We conclude that, in these mutants, the Mn cluster is 
unstable or is assembled inefficiently in uiuo. 
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v) Difco Bacto-Agar (Difco Laboratories, Detroit, MI), 10 
mM TES-NaOH (pH = 8.0), 0.3% (wt/v) sodium thiosulfate, 
and 5 mM glucose. To eliminate selective pressure for 
reversion of photoautotrophically impaired or non-photo- 
autotrophic mutants, 10 pM DCMU was included in the solid 
media. For selection of mutant transformants, appropriate 
antibiotics were also included in the solid media (see below). 
Antibiotics were omitted from growth media after segregation 
of homozygous mutants. Mutants were stored in 15% (v/v) 
glycerol at -80 "C (Williams, 1988). 

For all assays, cells were harvested by centrifugation when 
their optical density at 730 nm was between 0.7 and 1.2 
(measured with a Perkin-Elmer Lamda 6 UV/vis spectro- 
photometer). They were resuspended in growth medium at 
concentrations of 0.3-0.7 mg Chl/mL. Theconcentrated cells 
were placed in Eppendorf tubes on a rotating wheel under 
room light (12-13 pE m-2 s-l) and aliquots were removed for 
analysis (we have observed that some strains lose oxygen- 
evolving activity if cells are left in darkness). Analyses were 
completed within 1-2 h of resuspending thecells. To determine 
the concentration of chlorophyll a, 10 pL of concentrated 
cells was mixed with 1 mL of methanol, the mixture was 
centrifuged, and the optical absorption spectrum of the 
supernatant was recorded. The concentration of chlorophyll 
a was calculated with an extinction coefficient of 79.2 (mg/ 
mL)-' cm-I at 665 nm (Lichtenthaler, 1987). 

Isolation, PCR Amplification, and Sequencing of Syn-  
echocystis Genomic DNA.  For Southern analyses, DNA was 
isolated from 150-mL cultures as described by Williams (1 988) 
except that the NaI treatment was replaced by washes with 
20 mM HEPES, 10 mM EDTA, pH = 7.5, and 1.5 M KC1, 
5 mM EDTA, pH = 7.5 (suggested by B. A. Barry). For 
PCR amplification, DNA was isolated from a pea-sized glob 
of cells as described by Chisholm (1989). The oligonucleotides 
5'-CCAAAACGCCCTCTGTTTACC-3' and S'TCGATG- 
GCAATCAAGATCAGC-3' were employed for PCR am- 
plification of a 1380-bp fragment containing the entirepsbA-2 
gene of Synechocystis sp. PCC 6803. These oligonucleotides 
hybridize to complementary DNA strands approximately 180 
bp upstream and 11 0 bp downstream ofpsbA-2, respectively. 
Amplification involved 25 cycles of 1 min at 94 "C, 1 min at 
55 "C, and 2 min at 72 "C in the reaction mixture 
recommended by Perkin-Elmer Cetus (Norwalk, CT). The 
amplified mixture was extracted with phenol and chloroform, 
precipitated with ethanol, and then suspended in 25 pL of 10 
mM Tris-HC1,l mM EDTA, 100 mM NaCl, pH = 8. Primers 
were removed by centrifugation through 1 mL of Sepharose 
CL-6B (Pharmacia LKB Biotechnology, Piscataway, NJ) 
packed in a 1.5-mL column reservoir in the same buffer 
(DuBoise & Hartl, 1990). For DNA sequencing, psbA-2 
primers were annealed with thedouble-stranded 1380-bp PCR 
products by heating at 95 "C for 2 min and then freezing in 
dry ice/ethanol for 5 min (Kusukawa et al., 1990; P. J. Nixon, 
personal communication). Sequences were obtained with T7 
DNA polymerase. 

Construction and Verification of Site-Directed Mutants. 
All mutants were constructed in the psbA-2 gene of Syn- 
echocystis sp. PCC 6803. Construction of the mutants D170E, 
D170N, and D170A was described previously (Boerner et al., 
1992). Other mutants were constructed as described previ- 
ously (Debus et al., 1988) and were introduced (Williams, 
1988) into a strain of Synechocystis sp. PCC 6803 that lacks 
all three of its psbA genes (Debus et al., 1990). The wild- 
type* strain was obtained by identical procedures, except that 
the transforming plasmid carried no mutation. Mutants were 
selected on solid media containing the antibiotics kanamycin 

MATERIALS AND METHODS 

Growth and Preparation of Synechocystis sp. PCC 6803 
Cells. Synechocystis cells were propagated as described by 
Williams (1988) at 30 OC in BG-11 media (Rippka et al., 
1979). Liquid BG-11 media included 5 mM glucose (added 
from a separately sterilized 2 M stock solution) and 5 mM 
TES-NaOH (pH = 8.0). Constant illumination was provided 
by fluorescent cool-white bulbs at an intensity of 50-60 pE 
,-2 s-l [measured with a LI-COR (Lincoln, NE) Model LI- 
189 light meter]. The media was held in modified 250-mL 
erlenmeyer flasks [similar to those described by Williams 
(1988)l and aerated by bubbling with sterile, humidified air. 
Solid media consisted of BG- 11 supplemented with 1.5% (wt/ 
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monosulfate ( 5  pg/mL), spectinomycin dihydrochloride (20 
pg/mL), and chloramphenicol (2.5 pg/mL) (Debus et al., 
1990). To confirm that homologous recombination had taken 
place, genomic DNA was isolated from each mutant, digested 
with XbaI, and analyzed by Southern blots (Debus et al., 
1990). To confirm the identity of each mutant and to verify 
the absence of undesired mutations, the complete sequence of 
psbA-2 was obtained by direct sequencing of the 1380-bp 
double-stranded PCR product described above. To verify that 
no mutations outside the psbA-2 coding region contribute to 
the loss of photoautotrophy in non-photoautotrophic mutants, 
cells of these mutants were transformed with a cloned fragment 
of the wild-typepsbA-2 gene that included the desired mutation 
site. In every case, photoautotrophic transformants were 
recovered at  frequencies that were far higher than the 
frequency at  which spontaneous photoautotrophic revertants 
appeared. Virtually all mutants were constructed with a 
"silent" mutation close to the desired mutation site. These 
silent mutations introduced or removed convenient sites for 
restriction endonucleases. To verify that the silent mutations 
do not contribute to loss of photoautotrophy, spontaneous 
photoautotrophic revertants of non-photoautotrophic mutants 
were isolated and their psbA-2 genes amplified by PCR and 
sequenced. In every case in which the desired mutation had 
been created with a single base change, the desired mutation 
had reverted (or a codon synonymous with the wild-type codon 
had been generated), but the silent mutation remained. 

Measurement of Photosynthetic Oxygen Evolution. Con- 
centrated cells were diluted into growth medium held at  25.0 
OC in a stirred, stoppered, water-jacketed cell (Gilson Medical 
Electronics, Middleton, WI). Potassium ferricyanide (2 mM) 
and 2,6-dichloro-p-benzoquinone (2 mM) were added to the 
medium immediately prior to the addition of the cells. The 
volume of the final solution was 1.6 mL and contained 32 pg 
chlorophyll and 2% ethanol. The 2,6-dichloro-p-benzoquinone 
(Eastman Kodak Laboratory Chemicals, Rochester, NY) was 
purified by recrystallization from methanol or by sublimation. 
The water-jacketed cell was fitted with a YSI (Yellow Springs 
Instrument Co., Yellow Springs, OH) Model 5331 Clark- 
type oxygen electrode. Saturating illumination was provided 
by a Dolan-Jenner (Woburn, MA) Model 180 fiber optics 
illuminator equipped with an EJV bulb. The light was passed 
through Dolan-Jenner infrared and red cuttoff filters and 
directed to one side of the cell with a 0.5 in. active diameter 
Dolan-Jenner fiber optic light guide. A front-surface mirror 
was attached to the opposite side of the cell. The zero level 
of light-saturated oxygen evolution was established with the 
Synechocystis strain that lacks all three psbA genes (Debus 
et al., 1990). Under our assay conditions, this strain exhibits 
an apparent oxygen evolution rate of 16 f 7 pmolO2 (mg of 
Chl)-l h-1 (29 cultures examined). The origin of this 
background activity is unknown but is presumably artifactual. 
The oxygen evolution rates of all other strains were corrected 
by subtracting this background. The corrected light-saturated 
oxygen-evolution rate exhibited by the eight wild-type* 
cultures examined in this study was 680 f 30 pmolO2 (mg 
of Chi)-' h-*. 

Measurement of Chlorophyll a Fluorescence. Chlorophyll 
a fluorescence was detected with a Walz (Effeltrich, Germany) 
pulse-amplitude-modulation fluorometer [described by 
Schreiber (1986)l.- Weak monitoring flashes (A = 650 nm) 
of 1-ps duration were applied at  1.6 kHz or 100 kHz, as noted. 
The fluorometer was modified with the help of the manu- 
facturer so that (i) the amplifier gating time could be varied, 
(ii) actinic flashes could be triggered at  rates up to at  least 
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20 Hz, and (iii) the time during which the monitoring flashes 
can be automatically applied at  100 kHz could be decreased 
to 1 ms. For most experiments, the amplified output of the 
fluorometer was recorded with a Zenith AT computer via the 
Walz DA- 100 data-acquisition system. For experiments 
involving measuring the fluorescence yield after each flash in 
a series, the amplified output was recorded with a LeCroy 
(Chestnut Ridge, NY) Model 93 10M digital oscilloscope. 
When DCMU was present, single saturating flashes (ca. 11 
ps width at  half-maximum) were provided by a Walz XST- 
103 xenon flash lamp, which incorporates a 2 mm thick Schott 
BG- 1 1 blue-green filter at  its exit. When DMCU was absent, 
saturating flashes (ca. 2.5 ps at half-maximum) were provided 
by an EG&G (Salem, MA) Model FX-193 xenon flash lamp 
and were passed through a 2 mm thick Corning/Kopp CS 
4-96 blue filter. The fluorometer's photodiode detector is 
protected by a 1 mm thick Schott RG-9 red filter. To prevent 
saturation of the photodiode amplifier, the amplifier was gated 
for 75 ps when each actinic flash was triggered. Because the 
amplifier requires time to restabilize, data acquisition was 
interrupted for a total of approximately 105 ps when each 
flash was triggered. Continuous illumination was provided 
by a Schott (Southbridge, MA) Model KL-1500 fiber optics 
illuminator and was passed through a heat filter and a Balzers 
DT Cyan short-pass filter (A < 680 nm). The light intensity 
at  the sample was 800pE m-2 s-*. Illumination was controlled 
by a Uniblitz Model VS14 shutter operated by a Model T- 132 
shutter driver (Vincent Associates, Rochester, NY). The 
shutter opened in 1.5 ms and closed in 3.0 ms. The illuminator 
and shutter were connected with an 8 mm active diameter 
Schott flexible light guide. The sample was contained in a 
water-jacketed cuvette (Walz KS-101) having a reflective 
bottom and containing a flea-type stirring bar. The sample 
cuvette was connected to the fluorometer and light sources by 
a four-arm fiber optics light guide (Walz 101-F). 

For measurements, concentrated cells were diluted into a 
solution of 50 mM MES-NaOH, 25 mM CaC12, 10 mM 
NaCl, pH = 6.5, held in the sample cuvette at  22 OC. The 
volume of the final solution was 0.58 mL and contained 20 
pg of chlorophyll. For measurements of the fluorescence yield 
after each flash in a series, samples were incubated in darkness 
for 1 min before the weak monitoring flashes were switched 
on. The saturating actinic flashes were applied approximately 
1 min later. For measurements of QA- charge recombination 
kinetics after a flash or continuous illumination, samples were 
incubated in darkness for 1 min in the presence of 0.3 mM 
p-benzoquinone (purified by sublimation) and 1 mM potassium 
ferricyanide. DCMU was then added to a concentration of 
40 pM (the final concentration of ethanol was 2%) and the 
weak monitoring flashes were switched on. In response to 
these flashes, the fluorescence rose from an initial level of FO 
to a steady state level which we denote "Fq". The ratio (Fq 
- Fo)/(Fmax - Fo) ranged from ca. 0.25 in the wild-type* and 
D170Emutantstoca.0.11 in theD170HandD170Rmutants 
and to ca. 0.05 in the D170N, D170A, and D170T mutants. 
Actinic illumination was applied ca. 3 min after the monitoring 
flashes were switched on, after a stable Fq level had been 
achieved. The short dark-adaptation periods were chosen 
because some mutants were found to lose oxygen-evolving 
activity rapidly in darkness. The kinetics of QA- oxidation 
were analyzed using Jandel Scientific's (San Rafael, CA) 
PeakFit program, version 3.18. 

To measure the total yield of variable chlorophyll a 
fluorescence (Fmax - Fo) samples were incubated in darkness 
withp-benzoquinone and ferricyanide as above, but for 5 min 
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toallow for the full oxidationof QB- (Wollman, 1978). DCMU 
was then added as above, followed 1 min later by hydroxyl- 
amine toaconcentrationof 20 m M  (froma fresh0.5 M solution 
of hydroxylamine hydrochloride adjusted to pH = 6.5 with 
NaOH). The weak monitoring flashes were switched on 20 
s after the addition of hydroxylamine, followed 1 s later by 
continuous actinic illumination. The difference between the 
maximum fluorescence produced by the actinic illumination 
(Fmax) and the initial fluorescence measured by the monitoring 
flashes (Fo) was used as a relative measure of the PSII content 
in samples containing the same concentration of Chl. 

Measurement of [ l 4 c ]  DCMU Binding. The quantitation 
of PSII on a chlorophyll basis was performed as described 
previously (Boerner et al., 1992) on the basis of methods 
developed by Vermaas and co-workers (Vermaas et al., 1990). 
Cells (25 pg of chlorophyll diluted to 1 mL with growth 
medium) were incubated for 30-60 min in darkness in the 
presence of 20-300 nM [14C]DCMU [243 pCi/mg; Amer- 
sham, kindly supplied by W. F. J. Vermaas (Arizona State 
University)]. To control for nonspecific or non-PSI1 binding 
of DCMU, duplicate samples were incubated in the presence 
of 20 WM atrazine. All samples contained 0.6% methanol. 
After incubation, samples were centrifuged, and 0.8 mL of 
each supernatant was removed for scintillation counting. For 
each concentration of DCMU, the concentration of bound 
DCMU was determined by subtracting the concentration of 
free DCMU in samples without atrazine from the concentra- 
tion in samples with atrazine. The concentration of specifically 
bound DCMU at  saturation and the K D  of the reaction centers 
for DCMU were estimated from direct linear plots (Eisenthal 
& Cornish-Bowden, 1974; Cornish-Bowden, 1979). In a 
conventional double-reciprocal plot [e.g. ,  see Vermaas et al. 
(1990)], each pair of [DCMUIfree and [DCMU]h,,d values 
is represented by a point. In a direct linear plot, each pair 
of [DCMUIf,,, and [DCMU]hund values is represented by a 
line with intercept -[DCMU]free on the horizontal axis and 
intercept [DMCU]h,,d on the vertical axis. An example of 
such a plot is given in Figure 1. In this figure, the eight pairs 
of [DCMUIf,,, and [DCMU]h,,d values are represented by 
eight lines. In the absence of experimental error, all lines on 
a direct linear plot intersect a t  a common point whose ordinate 
corresponds to the [DCMU]bound at  saturation and whose 
abscissa corresponds to the KD of the reaction centers for 
DCMU. In the presence of experimental error, for n lines 
there are '/zn(n - 1) intersection points. The best estimate 
of the true [DCMU]h,,,d a t  saturation is the median of the 
l/Zn(n - 1) ordinate values, while the best estimate of KD is 
the median of the l/zn(n - 1) abscissa values. The precision 
of these estimates is readily estimated from the spread in the 
l/2n(n - 1) ordinate and abscissa values (Porter & Trager, 
1977). The advantages of the direct linear plot over the double- 
reciprocal plot are (i) accurate estimates of [DCMU]b,,d a t  
saturation and K D  do not require the use of the weighted least 
squares analysis that is required to overcome the distortions 
inherent in plotting data in double-reciprocal form and (ii) 
aberrant data have little affect on the estimated parameters 
because they are determined from the median abscissa and 
ordinate values of the intersection points, rather than from 
their means. 
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RESULTS 

Growth and Oxygen-Evolution Characteristics of Mutant 
Cells. The growth characteristics and light-saturated oxygen- 
evolution rates of the mutant strains described in this 
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FIGURE 1: Direct linear plant for determining the amount of [I4C]- 
DCMU specifically bound to PSI1 reaction centers in H332N cells 
at saturation and for determining the KO of these reaction centers 
for DCMU. Eight aliquots of cells (25 pg/mL chlorophyll) were 
incubated in the presence of 20-300 nM [I4C]DCMU and 0.6% 
methanol. The eight pairs of [DCMU]rrcS and [DCMU]bund values 
obtained from these aliquots were, in nanomolar, (246,40.8), (171, 
40.0),(121,38.0),(64.1,33.0),(39.2,28.1),(31.4,25.4),(19.8,22.2), 
and (17.4, 20.1). Each of these eight pairs of points defines a line 
with intercept -[DCMU]f,,on the horizontal axis and [DCMU]t,,,,,d 
on the vertical axis. From the position and spread of the intersection 
points of these eight lines, one may determine that, at saturating 
concentrations of DCMU, 44 f 3 pmol of DCMU binds to 25 pg of 
Chl in 1 mL with a KD of 22 & 3 nM. The former value corresponds 
to one DCMU site per 640 i 40 chlorophyll a molecules. For details 
of the experimental procedures, see Materials and Methods. 

manuscript are listed in Table 1. In addition to the Asp-170 
mutants, this table lists three other mutants (E65A, D342E, 
and ApsbO) that are mentioned briefly in this paper to illustrate 
particular points. The ApsbO strain lacks the psbO gene, 
which encodes the extrinsic 33-kDa polypeptide. This strain 
was kindly provided by R. L. Burnap (Oklahoma State 
University) and was described previously (Burnap & Sherman, 
1991). The data in Table 1 agree with previous characteriza- 
tions of Asp- 170 mutants (Nixon & Diner, 1992; Boerner et 
al., 1992) and mutants that lack a functionalpsb0 gene [e.g., 
see the work of Burnap and Sherman (1991), Philbrick et al. 
(1991), and Mayes et al. (1991)], As previously described 
(Nixon & Diner, 1991; Boerner et al., 1992), cultures of the 
D170E and D 170H mutants grew photoautotrophically, the 
former at  the same rate as wild-type* cells, the latter a t  a 
diminished rate. Both mutants evolved oxygen at  ca. 50% the 
rateof wild-type* cells. Theother Asp-170mutants (D170R, 
D170N, D170A, andD170T) wereobligatephotoheterotrophs, 
requiring 5 mM glucose for propagation. Cultures of the 
D170R and D170N mutants evolved oxygen at  low rates (ca. 
12% and 5%,  respectively) compared to wild-type* cells. 
Because some mutants (e.g. ,  D 170N) have nonnegligible rates 
of spontaneous reversion, we sought to determine if the low 
rates of oxygen evolution observed in the D170R and D170N 
cultures arose from populations of reverted cells. Therefore, 
we spread duplicate serial dilutions of oxygen-evolving D 170R 
and D170N cultures on solid media containing and lacking 
glucose. The examined cultures contained fewer than one 
revertant in lo4 cells (data not shown). These results 
demonstrate that the oxygen-evolution rates observed in the 
D170R and D170N cultures were intrinsic to these mutants. 
Cultures of the E65A, D342E and ApsbO mutants grew 
photoautotrophically, but a t  diminished rates. The E65A and 
D342E mutants evolved oxygen at  approximately 20% the 
rate of wild-type* cells, while the ApsbO mutant evolved 
oxygen at  34 f 3% the rate of wild-type* cells. In darkness, 
the oxygen-evolution activity of concentrated ApsbO cells de- 
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Table 1: ComDarison of Wild-Tyue* (wt*) and Mutant Strains Whose Kinetics of QA- Oxidation Are Discussed 
~~ ~ 

kinetics of QA- oxidationd 
no. 

photoautotrophic 0 2  evolutionb PSII contentc after a single flashe after 5 s of illuminationf cultures included 
strain growth' (%of wt*) (%of wt*) 66) k-' (SI k' (4 in analyses 

wild-type* 

D170E 

D170H 

D170R 

D 170N 

D170A 

D170T 

E65A 

D342E 

ApsbO 

+ 

+ 

+ (slow) 

- 

- 

- 

- 

+ (slow) 

+ (slow) 

+ 

100 

55 f 5 

4 6 f  11 

1 2 f 2  

5 f 2  

0 

0 

20 f 5 

18 f 3 

3 4 f 3  

100 

9 2 f  17 

92 f 18 

9 5 f  11 

130 f 24 

135 f 24 

9 9 f  12 

8 9 f  17 

85 f 17 

7 2 f  12 

1 6 f 4  
43 i 4 
4 1 f 7  
29 f 6 
43 f 4 
28 f 4 
3 4 f 6  
36 f 2 
29 f 6 
5 1 f 6  
29 f 3 
1 9 f 4  
49 f 5 
43 f 5 
7.6 f 1.5 
53 f 18 
43 f 18 
3.7 f 2.4 
67 f 6 
25 f 4 
6.9 f 1.1 
3 2 f  12 
54 f 6 
1 4 f 8  
25 7 
5 8 f 6  
1 7 f 9  
20 f 4 
3 3 f 7  
48 f 5 

0.10 f 0.04 
0.60 f 0.13 
2.8 f 0.4 
0.076 f 0.033 
0.36 f 0.06 
3.7 f 0.3 
0.049 f 0.006 
0.50 f 0.12 
2.6 f 0.2 
0.050 f 0.017 
0.83 f 0.26 
7.3 f 1.9 
0.015 f 0.005 
0.12 f 0.04 
3.4 f 1.1 
0.0035 f 0.0029 
0.017 f 0.009 
0.52 f 0.41 
0.033 f 0.008 
0.27 f 0.06 
4.1 f 1.3 
0.050 f 0.035 
0.26 f 0.12 
3.3 f 2.4 
0.034 f 0.018 
0.26 f 0.1 1 
3.7 f 2.5 
0.14 f 0.03 
1.2 f 0.3 
8.1 f 0.8 

56 f 7 
36 f 6 
7.2 f 0.9 
48 f 4 
3 1 1 4  
20 f 0.4 
3 7 f 6  
26 f 7 
36 f 0.5 
27 f 4 
28 f 4 
44 f 3 
44 f 4 
1 1 1 3  
46f  1 
22f  5 
5.9 f 1.3 
7 2 f 6  
38 4 
lo* 1 
5 2 f 3  
63 f 4 
9 f 2  
28 f 3 
65 f 2 
1 0 f 2  
24 f 4 
45 f 7 
46 f 5 
9 f 4  

0.53 f 0.07 
3.0 f 0.5 
6 0 f  18 
0.26 f 0.01 
2.8 f 0.3 
80 f 20 
0.41 f 0.17 
2.4 f 0.7 
175 f 90 
0.48 f 0.15 
3.6 f 0.4 
130 f 90 
0.13 f 0.02 
5.4 f 2.0 
75 f 30 
0.054 f 0.014 
3.8 f 1.2 
135 f 60 
0.18 f 0.02 
3.0 f 0.7 
150 f 80 
0.23 f 0.02 
3.9 f 0.7 
86 f 14 
0.28 f 0.01 
4.3 f 1.3 
105 f 45 
1.2 f 0.2 
9.1 f 1.3 
100 f 50 

8 

4 

4 

4 

4 

10 

7 

4 

4 

A 

Measured in growth medium without glucose. The eight wild-type* cultures used in this study exhibited 680 f 30 pmolO2 (mg of Chl)-l h-1. 
Estimated from the total yield of variable chlorophyll a fluorescence (F- - Fo). Measured in the presence of DCMU and analyzed assuming three 

exponentially decaying components. The relative amplitude (%) and the inverse of the rate contant of each component are reported. e See Figures 2 
and 7. /See Figure 5. 

creased by 60-80% with a halftime of 8-12 min (not shown). 
Quantitation ofphotosystem IIReaction Centers in Mutant 

Cells. The total yield of variable chlorophyll a fluorescence 
(Fmax - Fo) has been used as a measure of the relative PSII 
content of cyanobacterial cells (Philbrick et al., 1991; Nixon 
& Diner, 1992; Nixon et al., 1992b). The basis for this assay 
is that the fluorescence yield of cyanobacteria and chloroplasts 
arises primarily from PSII and is governed by the redox states 
of QA (Duysens & Sweers, 1963) and Pa80 (Butler, 1972; 
Butler et al., 1973) [for reviews, see Holzwarth (199 l ) ,  Krause 
& Weis (1991), and Holzwarth & Roelofs (1992)l. When 
QA is fully oxidized (achieved by incubating cells in darkness 
with p-benzoquinone and ferricyanide) the fluorescence yield 
(Fo) is low. When QA is fully reduced (achieved by 
illuminating cells in the presence of DCMU and an exogenous 
electron donor such as hydroxylamine) the fluorescence yield 
(Fmax) is 2-5-fold greater than Fo. This increase comes about 
because the rate constant of charge separation decreases when 
QA is reduced (Schatz et al., 1988; Leibl et al., 1989; Roelofs 
et al., 1992), presumably because of the electrostatic influence 
of QA- on Pheo- (Schatz et al., 1988). The diminished rate 
constant decreases the yield of charge separation, thereby 
increasing the lifetime of the excited state of the antenna 
chlorophylls, from which the fluorescence emanates. 

Determining the total yield of variable chlorophyll fluo- 
rescence is a simple and rapid method for quantifying PSII 
and requires little material. The method's accuracy has been 
checked for some cultures by comparison with detergent- 
extracted PSII core complexes (Philbrick et al., 1991). 
Nevertheless, in some mutants, mutation-induced structural 
changes might alter the rate constant of charge separation 

and its dependence on the redox state of QA. Under such 
circumstances, mutants with the same PSII content might 
exhibit different total yields of variable chlorophyll fluores- 
cence. Consequently, the total yield of variable chlorophyll 
fluorescence may not accurately reflect the relative PSII 
content of mutants. An alternate method for quantifying PSII 
in cyanobacterial cells is to measure the specific binding of 
[14C]DMCU [e.g., see Vermaas et al. (1990)l. This method 
also reveals the structural integrity of the QB site by providing 
its KD for DCMU. 

To determine if the total yield of variable chlorophyll 
fluorescence accurately reflects the PSII content of mutant 
cells, we performed both [14C]DMCU binding and variable 
fluorescence measurements on cells of 2 1 different mutants. 
For each mutant, both methods were performed on the same 
culture. Table 2 shows the relative PSII contents determined 
by each method. Table 2 also lists the ratio of chlorophyll to 
PSII in each culture determined by [I4C]DMCU binding 
(assuming one atrazine-sensitive DCMU site per PSII) and 
the KD for DCMU binding. Taking into account the precision 
of the estimates, the data show that the total yield of variable 
chlorophyll fluorescence (Fmx - Fo) provides a reasonably 
accurate estimate of the relative PSII content of mutant cells, 
even in mutants whose PSII content differs considerably from 
that of wild-type* cells. Indeed, the relative PSII contents 
determined by the two methods are related by a linear 
correlation coefficient of 0.94, showing a very high degree of 
correlation. 

The correspondence between the total yield of variable 
chlorophyll fluorescence and PSII content shown in Table 2 
implies that the rate constant of charge separation and its 
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Table 2: Comparison of the Relative PSII Contents of Wild-Type; 
and Mutant Strains Determined from [14C]DCMU Binding and from 
Chlorophyll a Fluorescence Measurements 

from chlorophyll 
from ['4C]DCMU binding# fluorescence* 

PSII content PSII content 
strain Chl/DCMU KD (nM) (% of wild-type*) (%of wild-type+) 

wild-type* 
D61E 
D61N 
D61A 
E65D 
E65Q 
E65A 
D170E 
D170N 
D170A 
E189D 
E189Q 
H332Q 
H332N 
H332L 
E333D 
E3334 
H337Q 
H337L 
D342E 
D342N 

470 f 60 
370 f 20 
650 f 50 
700 f 50 
510 f 30 
490 f 30 
510 f 20 
630 f 20 
520 f 15 
330 f 30 
410 f 30 
400 f 20 
530 f 20 
640 f 40 
1640 f 200 
1650 f 150 
590 f 40 
680 f 30 
840 f 50 
480 f 40 
1100f90  

1 2 f 2  
18 f 2 
16 f 3 
1 5 f 3  
1 2 f 2  
16 f 2 
17 f 3 
11 f 1 
1 5 i  1 
26 f 3 
23 f 3 
16 f 4 
16 f 3 
23 f 3 
23 f 3 
22 i 7 
1 3 f 4  
1 7 f 4  
17 f 3 
1 5 f 2  
23 f 3 

100 
125 f 16 
72 f 10 
67 i 10 
92f 12 
95 f 13 
92 f 12 
74 f 9 
90f 11 
140 f 20 
1 1 4 f  16 
117 f 15 
88 f 11 
73 i 10 
28 f 5 
28 i 4 
7 9 i  11 
69 f 9 
56 f 8 
98 f 15 
42 f 6 

100 
91 f 11 
81 f 9  
76 f 9 
86f 10 
95 f 11 
87 f 10 
82 f 9 
102 f 12 
150 f 17 
101 f 12 
105 f 12 
79 f 9 
65 f 7 
20 i 2 
29 f 3 
83 f 10 
68 f 8 
66 f 8 
9 7 f  11 
43 i 5 

D342A 3200f 300 2 2 f 6  1 5 1 2  22 f 3 
Estimatedfromdirectlinearplots (see Figure 1 and text). Estimated 

from the total yield of variable chlorophyll a fluorescence (Fmax - Fo) .  
The ratio (Fmax- FO)/Fo was0.79 f 0.04 for the seven wild-type; cultures 
examined. 

dependence on the redox state of QA are largely unaffected 
in all 21 mutants, suggesting that the PSII complexes in these 
mutants are relatively intact. In support of this suggestion, 
no mutant exhibited a K D  for DCMU that was more than 
2-fold greater than for wild-type* cells. Because of the 
correspondence between the two methods, the relative PSII 
contents of mutant cultures were routinely determined by 
measuring their total yields of variable chlorophyll fluores- 
cence. Table 1 lists the relative PSII contents of the mutant 
strains discussed in this paper. For each entry, 4-10 separate 
cultures were analyzed. All mutants except ApsbO contained 
at least 85% thePSII content of wild-type* cells. The ApsbO 
mutant contained ca. 70% the PSII content ofwild-type* cells. 
The mutants listed in Table 2 but not in Table 1 will be 
described more completely elsewhere (Chu, H.-A. et al., in 
preparation). 

Charge Recombination between QA- and PSII Electron 
Donors. The kinetics of charge recombination between QA- 
and the donor side of PSII is sensitive to the presence or absence 
of photooxidizable Mn ions in PSII (Nixon & Diner, 1990, 
1992; Boerner et al., 1992). In Synechocystis 6803, the yield 
of variable chlorophyll fluorescence is believed to be propor- 
tional t o  theconcentrationofQA-(Philbricket al., 1991;Nixon 
et al., 1992b). Consequently, the kinetics of charge recom- 
bination can be measured from the decay of fluorescence yield 
that follows a saturating flash given in the presenceof DCMU. 
Representativedata are shown in Figure 2. Thedecay kinetics 
were analyzed assuming three exponentially decaying com- 
ponents (fewer components yielded nonrandom residuals). The 
amplitudes and rates of these components for the mutants 
discussed in this paper are presented in Table 1. The decay 
of fluorescence yield in wild-type* cells (Figure 2A) exhibited 
components of 0.10 s (16%), 0.60 s (43%), and 2.8 s (41%) 
and reflects charge recombination between QA- and the S2 
state of the Mn cluster (Nixon & Diner, 1990, 1992; Cao et 
al., 1991; Boerner et al., 1992). The more rapid decay in 

LT 
0 

LL 
3 

c c  3 0 2  2 2  2 2 L 6 j ' Z . 2  4 
-TIME :seconcs: -T IVE :seccrds ]  

FIGURE 2: Charge recombination kinetics between QA- and oxidized 
PSII electron donors in wild-type; and mutant cells as measured by 
the decay of chlorophyll a fluorescence yield after a saturating flash 
given in the presence of DCMU. (A) wild-type*, (B) D170T, (C) 
D170A, (D) D170N, (E) D170E, (F) D170H, (G) D170R, (H)  
ApsbO. Note the three different time scales. Conditions: 20 p g  of 
Chl in 0.58 mL of 50 m M  MES-NaOH, 25 m M  CaCI2, 10 m M  
NaC1, pH = 6.5, 22 O C .  Samples were incubated in darkness for 1 
min in the presence of 0.3 mMp-benzoquinone and 1 mM potassium 
ferricyanide before DCMU was added to a concentration of 40 pM 
(the final concentration of ethanol was 2%). For further details and 
a definition of Fos, see Materials and Methods. The Fmaxvalues were 
obtained by illuminating duplicate samples for 5 s (see Figure 5 ) .  
The Fmsx values were not increased by the addition of hydroxylamine. 
Each trace represents the computer average of 8-10 traces. The 
monitoring flashes were applied at 1.6 kHz. 

D170T cells (Figure 2B), with components of 33 ms (67%), 
0.27 s (25%), and 4.1 s (6.9%), and in D170A and D170N 
cells (Figure 2C,D, respectively), reflects charge recombination 
between QA- and Yz+, as previously demonstrated for cells 
of D170S, D170A, and D170N (Nixon & Diner, 1990,1992; 
Boerner et al., 1992). The charge recombination kinetics in 
cells of D170E (Figure 2E), D170H (Figure 2F), and D170R 
(Figure 2G) are markedly heterogeneous, suggesting that a 
considerable fraction of QA- recombines with Yz+  in these 
mutants, particularly in D170H and D170R, despite the 
presence of oxygen-evolving Mn clusters. This heterogeneity 
will be discussed further below. 

The observed rate of charge recombination is determined 
by the rate of charge recombination between QA- and P680+ 

[ 7 1 p  = 900 p s  in Synechocystis 6803 (Metz et al., 1989)] and 
the equilibrium concentration of Pa@)+. In reaction centers 
having an intact, photooxidizable Mn cluster, the concentration 
of P680+ is determined by the equilibrium between s2P680 and 
SIP680' (Bouges-Bocquet, 1980; Vass & Styring, 1991; Buser 
et al., 1992; Buser, 1993). In reaction centers lacking 
photooxidizable Mn ions, the concentration of P680+ is 
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determined by the equilibrium between YZ'P680 and YZp680' 
(Yerkes et al., 1983; Buser et al., 1990; Buser, 1993). 
Assuming that the rate of charge recombination between QA- 

and P680+ is not affected significantly by the mutation, changes 
in the observed rate of charge recombination reflect changes 
in these equilibria, and therefore reflect mutation-induced 
changes in the midpoint potentials of YZ or the Mn cluster. 
The much slower charge recombination kinetics observed in 
ApsbO cells (Figure 2H) and in a fraction of reaction centers 
in D170R cells (Figure 2G) compared to wild-type* cells 
(Figure 2A) suggests that the midpoint potential of the S2/S1 
couple has decreased in these mutants. A similar stabilization 
of the SZ state has been observed previously in ApsbO mutants 
from Synechocystis (Philbrick et al., 1991; Vass et al., 1992; 
Burnap et al., 1992) and in spinach PSII membranes that had 
been depleted of the extrinsic 33-kDa polypeptide (Miyao et 
al., 1987; Vass et ai., 1987a,b). The two slower components 
of charge recombination in D170E cells (Figure 2E, Table 1) 
are slightly different than those in wild-type* cells, suggesting 
that the midpoint potential of the S2/S1 couple is slightly 
altered in the D170E mutant compared to wild-type* cells, 
as noted previously (Nixon & Diner, 1992; Boerner et al., 
1992). In contrast, the slower components in D170H cells 
(Figure 2F, Table 1) are essentially the same as in wild-type* 
cells, suggesting that the midpoint potential of the couple 
is relatively unaltered in this mutant. The charge recombina- 
tion kinetics in D170A cells (Figure 2C) are significantly 
more rapid than those in D170T and D170N cells (Figure 
2B,D, respectively), suggesting that the Yz+/Yz midpoint 
potential is higher in D170A than in the D170T or D170N 
mutants. 

The Fluorescence Yield Induced by a Flash in the Absence 
and Presence of Hydroxylamine. In all mutants, the increase 
in fluorescence yield produced by a saturating flash in the 
absence of hydroxylamine (relative to F& was significantly 
lower than in wild-type* cells (Figure 2). Assuming that the 
rate of charge recombination between QA- and P680' is not 
affected significantly by the mutations, the lower yield could 
have one or more of three possible causes: (1) significantly 
slowed electron transfer from YZ to P680+, resulting in a lower 
quantum yield for the formation of the high fluorescence state 
P ~ ~ o Q A - ,  (2) an increased equilibrium concentration of P680' 
[which quenches chlorophyll a fluorescence (Butler, 1972; 
Butler et al., 1973)] caused by a shift in the equilibrium 
between YzP680+ and Yz+Ps~o or between &P680+ and sZP680, 
or (3) the production of a fluorescence quencher other than 
P680' (e.g. ,  Chl+), presumably by the oxidation of an 
unidentified species by P680'. 

To test the first possibility, we measured the increase in 
fluorescence yield produced by the first in a series of saturating 
flashes given in the presence of hydroxylamine. This com- 
pound reduces Yz+ (Bennoun, 1970). By reducing Yz+, 
hydroxylamine should eliminate the second possibility by 
driving the equilibrium Yz'P680 YZP680' toward the left. 
Hydroxylamine should also eliminate the third possibility by 
keeping potential fluorescence quenchers reduced. At the 
concentration employed in this study (20 mM), hydroxylamine 
also extracts the Mn cluster (Cheniae & Martin, 1971). 
Electron transfer from YZ to P680+ is much slower in the 
absence of the Mn cluster [20-40 ps (Van Best & Mathis, 
1978, Conjeaud et al., 1979)] than in its presence [20-280 ns 
(Brettel et al., 1984; Meyer et al., 1989)l. Consequently, 
after extraction of Mn by hydroxylamine, the rate of electron 
transfer from YZ to Pago+ should be the same in all mutants 
unless this rate is altered by the mutation. Representative 
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FIGURE 3: Formation of Qhin wild-type* and mutant cells in response 
to 10 saturating flashes given at 800-ms intervals in the presence of 
DCMU and hydroxylamine, followed by continuous illumination. 
(A) Wild-type*, (B) D170T, (C) D170A, (D) D170E, (E) D170H, 
(F) D170R. The conditions were the same as in Figure 2 except that 
the cells were incubated in darkness in the presence ofp-benzoquinone 
and potassium ferricyanide for 5 min before the addition of DCMU. 
Hydroxylamine (20 mM) was added 1 min after the DCMU. The 
monitoring flashes were switched on 2 min after the addition of 
hydroxylamine, followed 0.5 s later by thesaturating flashes (arrows). 
Continuous illumination (applied to obtain F-) was applied 1.1 s 
after the 10th flash (arrow). The initial fluorescence yields produced 
by the monitoring flashes (Fo) are indicated. The monitoring flashes 
were applied at 1.6 kHz. 

data are shown in Figure 3 [because stable Fq levels cannot 
be achieved in our apparatus in the presence of hydroxylamine, 
the data are normalized to (FmX - Fo) rather than to (Fmx 
- F 4 ] .  In most of the Asp-170 mutants, the relative 
fluorescence yield produced by the first flash ( F I )  was slightly 
diminished compared to wild-type* cells. The ratio (F1 - 
Fo)/(F,, - Fo) was 0.59 f 0.06 for wild-type* (Figure 3A), 
0.31 f 0.07 for D170T (Figure 3B), 0.43 f 0.03 for D170A 
(Figure 3C), 0.48 f 0.01 for D170E (Figure 3D), 0.57 f 0.03 
for D170H (Figure 3E), 0.46 f 0.04 for D170R (Figure 3F), 
and 0.47 f 0.02 for D170N cells (not shown). The ratio in 
ApsbO cells (0.78 f 0.02, not shown), was slightly higher 
than in wild-type* cells, as reported previously for two other 
ApsbO strains (Philbrick et al., 1991). Although the ( F  - 
Fo)/(F,,-Fo) valuesafter 10 flashes wereconsiderably lower 
in D 170T and D170A than in wild-type* cells, these values 
increased to wild-type* levels (0.91 f 0.04) when the number 
of flashes was increased to ca. 100 (not shown). 

Thelower (F1 -Fo)/(FmX-Fo) ratiosinallmutantsexcept 
D170H compared to wild-type* suggests that electron transfer 
from YZ to Pago+ is slowed in these mutants, and is slowed to 
the greatest extent in D170T. Slowed electron transfer from 
YZ to P680+ indicates that most mutations at  Asp-170 
structurally perturb PSII to some degree. An example of 
such a perturbation would be a slightly increased distance 
between YZ and P680 [e.g., Moser et al. (1992)l. We have no 
explanation for why these perturbations would be greatest in 
D170T or be greater in D170E than in D170H. Note that 
there appears to be no correlation between the relative (F1- 
Fo)/(F,, - Fo) ratios (e.g., Figure 3) and the flash-induced 
fluorescence yields observed in the absence of hydroxylamine 



6144 

(Figure 2). This lackof correlation indicates that, while slowed 
electron transfer from YZ to P680'may contribute to the lower 
flash-induced fluorescence yields observed in the absence of 
hydroxylamine in some mutants (e.g., D170T), other factors 
must also be involved. 

An indication of whether the lower flash-induced fluores- 
cence yields of Figure 2 are partly caused by an increased 
equilibrium concentration of P680+ or by the formation of a 
fluorescence quencher other than P680+ can be obtained by 
examining the kinetics of charge recombination after a flash. 
If the lower flash-induced yield results from an increased 
equilibrium concentration of P680+, the lower yield should 
correlate with accelerated charge recombination kinetics 
(Philbrick et al., 1991). Such a correlation may exist for 
somemutants [e.g., compare D170E (Figure 2E) and D170H 
(Figure 2F) with wild-type* (Figure 2A)]. However, it clearly 
does not exist for mutants such as ApsbO and D170R. In 
these mutants, the flash-induced fluorescence yield in the 
absence of hydroxylamine is smaller than in mutants having 
more rapid charge recombination kinetics [compare ApsbO 
(Figure 2H) with wild-type* (Figure 2A) and compare D 170R 
(Figure 2G) with D170A (Figure 2C)]. Consequently, in 
some mutants [e.g., ApsbO and D170R1, the production of 
an unknown fluorescence quencher must contribute to the 
lower flash-induced fluorescence yield observed in the absence 
of hydroxylamine. This conclusion was previously reached 
for other ApsbO strains by Philbrick et al. (1991). 

Quenching of Chlorophyll Fluorescence after the Second 
and Subsequent Flashes in a Series. The maximum yield of 
chlorophyll fluorescence produced by each flash in a closely- 
spaced series given in the absence of DCMU is also sensitive 
to the presence or absence of photooxidizable Mn ions in PSII 
(Nixon &Diner, 1990,1992; Boerneret al., 1992). The highly 
fluorescent state Yz+P~~oQA-  is formed 20 ns to 40 ps after 
the first flash, depending on whether or not the Mn cluster 
is present (see above). The subsequent fluorescence decay 
represents theoxidationofQA- by QB (Bowes & Crofts, 1980). 
If present, the Mn cluster reduces Yz+ within 30-1300 ps 
(Dekker et al., 1984b). However, if the Mn cluster is absent 
or not photooxidizable, Yz+ is reduced by an alternate electron 
donor (possibly via P680) a t  a slower rate. If a second satur- 
ating flash is given before Yz+ has been reduced (but after 
Q A -  has been oxidized by QB), the weakly fluorescent state 
Yz'P~~o'QA-QB- is formed. Consequently, the maximum 
fluorescence yield produced by the second flash will be lower 
than that produced by the first. 

The fluorescence yields produced by each of four flashes 
given 50 ms apart are shown in Figure 4 for a representative 
set of mutants. In wild-type* cells (Figure 4A), the maximum 
fluorescence yield produced by each flash was essentially the 
same except for small variations attributable to the different 
S state distribution present before each flash (Delosme, 1972; 
Zankel, 1973). In contrast, in D170A cells (Figure 4B), the 
maximum fluorescence yields produced by the second a r  i 
subsequent flashes were substantially quenched. These data 
show that the reduction of Yz+ is slowed dramatically in 
D 170A cells (to tens of milliseconds), as expected for a mutant 
that lacks photooxidizable Mn ions (Nixon & Diner, 1990, 
1992; Boerner et al., 1992). Similar data were obtained for 
the D170N and D170T mutants (not shown). 

The rate of electron transfer from QA- to QB is multiphasic 
[e.g., see Cao et al. (1991)l. In all three mutants without 
photooxidizable Mn ions (D170A, D170N and D170T), the 
slowest components of this electron transfer step were slower 
than in wild-type* cells, with significant fractions of QA- 
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FIGURE 4: Yield of variable chlorophyll a fluorescence produced by 
each of four saturating flashes given at  50-ms intervals to wild-type* 
and mutant cells. Five milliseconds of data are shown for each flash. 
(A) Wild-type*, (B) D170A,(C) D170H, (D)D170R. Theconditions 
were the same as in Figure 2 except that cells were incubated in 
darkness for 1 min (without p-benzoquinone or ferricyanide) before 
the monitoring flashes were switched on, and no DCMU was added. 
The frequency of the monitoring flashes was switched from 1.6 to 
100 kHz for 5 ms beginning 1 ms before each flash. The vertical 
scales are normalized to the maximum ( F -  Fo)/Fo values observed 
after the first flash in each series. These values were 0.46 for A, 0.35 
for B, 0.24 for C, and 0.14 for D. Five individual flash series were 
averaged for B and six for D. Data obtained with cells of D170N 
and D170T (not shown) resembled that of D170A. 

remaining reduced 50 ms after each flash (e.g., compare Figure 
4, parts A and B). However, it is not clear if the faster 
components of electron transfer were also slowed: the 
fluorescence yield is partially quenched by P680+ for 100-1 20 
ps following each flash (including the first) in these mutants 
because electron transfer from YZ to P680+ is slower in the 
absence of the Mn cluster than in its presence and because 
the equilibrium concentration of P680+ is higher (see above). 

Inmany PSII mutants [e.g., D170H (Figure4C) andD170R 
(Figure 4D)], the maximum fluorescence yields produced by 
the second and subsequent flashes were quenched to inter- 
mediate extents. In addition, the slowest components of 
electron transfer from QA- to QB were slowed to intermediate 
extents (Figure 4C,D), in proportion to the extent of 
fluorescence quenching. In many PSII mutants that exhibit 
intermediate fluorescence quenching and slowed QA- to QB 
electron transfer kinetics, including D170H and D170R, 
charge recombination after a single flash is markedly 
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heterogeneous, with QA- recombining with Yz+ in some 
reaction centers and with the S? state in others (see above, 
Figure 2). There are two reasons why QA- might recombine 
with Yz+ in some reaction centers and with the Sz state of the 
Mn cluster in others. First, electron transfer from Mn to Yz+ 
may have slowed considerably, allowing QA- to reduce Yz+ 
in a fraction of reaction centers. Second, a fraction of reaction 
centers may lack photooxidizable Mn ions in vivo. The same 
reasons can also explain the intermediate extent of fluorescence 
quenching observed in the same mutants. First, electron 
transfer from Mn to Yz+ may have slowed considerably, so 
that, in a fraction of reaction centers, the second flash is applied 
before Yz+ is reduced. Second, a fraction of reaction centers 
may lack photooxidizable Mn ion in vivo. However, a third 
explanation for an intermediate extent of fluorescence 
quenching is that, in some mutants, electron transfer from YZ 
to P680+ is slowed significantly when the Mn cluster is in its 
higher oxidation states. This phenomenon has been observed 
in Caz+-depleted PSII membranes from spinach (Boussac et 
al., 1992). If this explanation is correct, the extent of 
fluorescence quenching observed after the second and sub- 
sequent flashes should not depend on the spacing between 
flashes applied at  frequencies greater than 1 Hz: the lifetimes 
of the S2 and S3 states greatly exceed the time between such 
flashes (Joliot et al., 1971; Forbush et al., 1971). However, 
in every mutant examined, the extent of quenching diminished 
as the flash spacing increased, becoming negligible at  a flash 
spacing of 800 ms (not shown). These data show that 
intermediate quenching arises from slow reduction of Yz+ 
rather than of P680+. Consequently, both the intermediate 
fluorescence quenching and the markedly heterogeneous 
charge recombination kinetics observed in mutants such as 
D170HandD170Rmust becausedbyeither (1) slow reduction 
of Yz+ by the Mn cluster or (2) lack of photooxidizable Mn 
ions in a fraction of PSII reaction centers. 

Photoaccumulation of QA-. To determine if a fraction of 
PSII reaction centers in D170H, D170R, and other mutants 
lacks bound, photooxidizable Mn ions, cells were illuminated 
for various times (1-15 s) in the presence of DCMU. After 
illumination was terminated by a fast shutter, the kinetics of 
QA- oxidation were analyzed assuming three exponentially 
decaying components (fewer components yielded nonrandom 
residuals). The basis for this assay is recent work showing 
that cytochrome b-559 and YD are oxidized by P680+ with low 
quantum yields (Buser et al., 1990, 1992; Vass & Styring, 
1991; Buser, 1993). The rates of oxidation correlate with the 
equilibrium concentration of P680+. Consequently, both species 
are oxidized far more rapidly in Mn-depleted PSII preparations 
than in intact preparations (Buser et al., 1992; Buser, 1993). 
Oxidized cytochrome b-559 and YD+ are relatively stable 
species, even in the presence of QA-. During continuous 
illumination in the presence of DCMU, the states Yz+QA- 
and S Q -  form and recombine until the stable states cytoXQA- 
and Y~+Q~-photoaccumulate (Buser et al., 1990,1992; Buser, 
1993). The subsequent oxidation of QA- is a slow process (7  

> 1 min). Consequently, if site-directed PSII mutants are 
illuminated in the presence of DCMU, the stable states 
cytoXQA- and YD+QA- should photoaccumulate far more 
rapidly in reaction centers without photooxidizable Mn ions 
than in reaction centers with photooxidizable Mn ions. 

Representative data are shown in Figure 5. The decay of 
fluorescence yield in wild-type* cells after 5 s of illumination 
(Figure5A)exhibitedcomponentsofO.53~ (56%), 3.0s (36%), 
and 1 min (7%). The first two components are similar to the 
two slower components observed in these cells after a single 
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FIGURE 6: The fraction of PSII reaction centers that photoaccu- 
mulated QA- after illumination for specific intervals of time. This 
fraction is defined as that fraction of reaction centers in which QA- 
is oxidized with a time constant of 1-3 min (see Figure 5 and text). 
(A) Photoaccumulation of QA- in D170A (top), D170H (middle), 
and wild-type* (bottom) cells. (B) Photoaccumulation of QA- in 
D170R (top), D170E (middle), and ApbO (bottom) cells. (C) 
Photoaccumulation of Q ~ - i n  D170Tand D170N (top) and in E65A 
and D342E (bottom) cells. The conditions were the same as in Figure 
c J. 

saturating flash (Figure 2 4  Table 1). The amount of the 
third component increased from 4 to 9% as the illumination 
time was increased from 1 to 15 s (Figure 6A). The decay 
of fluorescence yield in D 170A cells after 5 s of illumination 
(Figure 5B) exhibited components of 54 ms (22%), 3.8 s (6%), 
and 2 min (72%). The amount of the 2-min component 
increased from 4 1 to 82% as the illumination time was increased 
from 1 to 15 s (Figure 6A). The appearance of a 1-2-min 
component of fluorescence decay in wild-type* and D170A 
cells after a brief period of continuous illumination is consistent 
with the photoaccumulation of CytoXQA- or YD+QA- in a 
fraction of reaction centers in these strains. We conclude 
that 7% of the wild-type* and 72% of the D170A reaction 
centers observable in our measurements photoaccumulated 
QA- during 5 s of illumination. The vastly different rates of 
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FIGURE 7:  Charge recombination kinetics between QA- and oxidized 
PSII electron donors in (A) E65A and (B) D342E cells. The 
conditions were the same as in Figure 2. Traces A and B are the 
computer averages of six and eight traces, respectively. Note that 
the time scales differ from those in Figure 2. The monitoring flashes 
were applied at 1.6 kHz. 

Q~-photoaccumulation in wild-type* and D170Acells (Figure 
6A) are consistent with the presence of the Mn cluster in 
wild-type* cells and its absence in D170A cells. 

In mutants that displayed both markedly heterogeneous 
charge recombination kinetics (Figure 2) and intermediate 
fluorescence quenching (Figure 4), 2044% of the fluorescence 
yield after 5 s of illumination decayed with time constants of 
1-3 min [e.g., D170E (Figure 5D), D170H (Figure 5E), and 
D170R (Figure 5F)l (see Table 1). In these mutants, a 
significant fraction of reaction centers photoaccumulated QA- 
during the first second of illumination (Figure 6A,B). The 
remaining fraction photoaccumulated QA- with a rate similar 
to that of wild-type* reaction centers. These data imply that 
significant fractions of reaction centers in D170E, D170H, 
and D 170R cells lack photooxidizable Mn ions. These reaction 
centers rapidly photoaccumulate QA- during illumination in 
the presence of DCMU, similarly to D170A reation centers. 
In these reaction centers, either the high-affinity site from 
which Mn rapidly reduces Yz+ is devoid of Mn ions or the 
Mn ion(s) at this site are unable to reduce Yz+. 

In the above discussion we have assumed that the observed 
photoaccumulation Of 0 A - k  caused by electron donation from 
cytochrome b-559 or YD to P680'. In principle, however, the 
photoaccumulation of QA- could be caused by the reduction 
of Yz+or the Mn cluster in the charge-separated states Yz+Q*- 
or SZQA- by electron donors exogenous to PSII, forming the 
stable states Y z Q ~ - o r  S~QA- .  Many compounds reduce the 
exposed Yz+ radical in Mn-depleted reaction centers far more 
rapidly than they reduce the protected S2 state of the Mn 
cluster in intact reaction centers (Velthuys, 1983; Ghanotakis 
etal., 1984;Tamuraetal., 1986). Todetermineifthedonor(s) 
responsible for the photoaccumulation of QA- could be 
exogenous to PSII, we examined the rate of QA- photo- 
accumulation in the mutants ApsbO, E65A, and D342E 
(Figure 6B,C). Because ApsbO cells lack the extrinsic 33- 
kDa polypeptide, QA- should photoaccumulate rapidly in this 
mutant if the electron donor(s) were exogenous to PSII: the 
Mn cluster is more accessible to reductants in the absence of 
the extrinsic 33-kDa polypeptide than in its presence (Tamura 
& Cheniae, 1985; Tamura et al., 1986, 1990; Burnap & 
Sherman, 1991; Mei & Yocum, 1993). Indeed, the rapid loss 
of oxygen evolution in ApsbO cells in darkness (see above) 
suggests that exogenous reductants capable of reducing the 
Mn cluster, and, therefore, capable of reducing Sz to SI, are 
present in vivo. However, QA-is observed to photoaccumulate 
very slowly in ApsbO cells (Figure 5C and 6B), at essentially 
the same rate as in wild-type* cells. 

The mutants E65A and D342E are photoautotrophic and 
evolve oxygen (Table 1). Both mutants exhibit slow charge 
recombination kinetics (Figure 7A,B) and appear to contain 
only small fractions of reaction centers that photoaccumulate 

Q A -  during the first second of illumination (Figure 6C). 
Consequently, most reaction centers in these mutants must 
contain bound, photooxidizable Mn ions. In both mutants, 
the rates of both QA- photoaccumulation (Figure 6C) and 
charge recombination (Figure 7A,B) are considerably greater 
than in wild-type* cells (cf . ,  Figures 2A and 6A, Table 1). 
The faster charge recombination kinetics observed in E65A 
and D342E cells implies that the equilibrium concentration 
of P@O+ is higher in these mutants than in wild-type* cells. 
Consequently, the rate of Q~-photoaccumulation in reaction 
centers containing photooxidizable Mn ions appears to 
correlate with the equilibrium concentration of P680'. This 
correlation also applies to reaction centers that lack photo- 
oxidizable Mn ions: the rates of both QA- photoaccumulation 
(Figure 6A,C) and charge recombination (Figure 2B-D) are 
considerably greater in D170A than in D170N and D170T 
cells (also see Table 1). 

The slow photoaccumulation of QA- in ApsbO cells (Figure 
6B) and the correlation of the rate of QA- photoaccumulation 
with the equilibrium concentration of P680+ in reaction centers 
both containing and lacking photooxidizable Mn ions (Figure 
6A,C) suggest that, while exogenous reductants may contribute 
to the photoaccumulation of QA- by reducing Yz+ or the Mn 
cluster, the dominant reductant must be an intrinsic component 
of PSII that reduces P680+ with a low quantum yield. 

DISCUSSION 

We have described noninvasive procedures for the in vivo 
characterization of mutant PSII complexes that are based on 
measurements of the yield of chlorophyll a fluorescence after 
a saturating flash in the presence of DCMU, after brief 
illumination in the presence of DCMU, or after each of a 
series of saturating flashes in the absence of DCMU. These 
procedures have been illustrated by their application to mutants 
from which PSII particles had been previously characterized. 
Mutants with bound, photooxidizable Mn ions (e.g. wild- 
type* cells) exhibit (1) slow charge recombination kinetics 
(Figure 2A), (2) no significant quenching of variable fluo- 
rescence yield after any flash in a closely-spaced series (Figure 
4A), (3) rapid QA- to QB electron transfer kinetics (Figure 
4A), and (4) slow photoaccumulation of QA- in response to 
illumination in the presence of DCMU (Figures 5A and 6A). 
In contrast, mutants that lack photooxidizable Mn ions (e.g., 
D170A, D170N, and D170T), exhibit (1) rapid charge 
recombination kinetics (Figure 2B-D), (2) significant quench- 
ing of variable fluorescence yield after the second and 
subsequent flashes in a closely-spaced series (Figure 4B), (3) 
slowed QA- to QB electron transfer kinetics (Figure 4B), and 
(4) rapid photoaccumulation of QA-in response to illumination 
in the presence of DCMU (Figures 5B and 6A,C). The vastly 
different rates of QA- photoaccumulation in mutants contain- 
ing and lacking photooxidizable Mn ions are consistent with 
in vitro measurements of cytochrome b-559 and YD photo- 
oxidation in Mn-depleted and intact PSII preparations (Buser 
et al., 1990, 1992; Vass & Styring, 1991; Buser, 1993). 

The primary species responsible for the photoaccumulation 
of QA- is an intrinsic component of PSII. This conclusion is 
based on the slow photoaccumulation of QA- in ApsbO cells 
(Figure 6B) and on the correlation between the rate of QA- 
photoaccumulation and the equilibrium concentration of P680+ 
in several mutants containing or lacking photooxidizable Mn 
ions (Figure 6A,C). It is unlikely that this component is YD 
because YD+ is a very stable species (Babcock & Sauer, 1973) 
and the cells in our experiments were not extensively dark- 



Directed Mutations in the D1 Polypeptide of PSII 

adapted. Consequently, YD is probably oxidized in most 
reaction centers in our samples prior to illumination. A more 
likely candidate for this component is cytochrome b-559 (Buser 
et al., 1990,1992; Buser, 1993). Cytochrome b-559 reduces 
P6sO+ via a chlorophyll molecule (Thompson & Brudvig, 1988). 
That at most 80% of reaction centers photoaccumulated QA- 
in any mutant (Figure 6) may reflect the multiple midpoint 
potentials associated with this cytochrome (Cramer & Whit- 
marsh, 1977; Ortega et al., 1988; Thompson et al., 1989). In 
our experiments, ca. 20% of cytochrome 6-559 may be in an 
oxidized form prior to illumination. 

It cannot be excluded that other intrinsic components of 
PSII contribute to the photoaccumulation of QA- in our 
measurements. Such components include the unidentified 
species (possibly a histidine residue) whose oxidized form gives 
rise to the AT thermoluminescence peak in Mn-depleted PSII 
membranes [e.g., see the work of Ono and Inoue (1991), 
Allakhverdiev et al. (1992), and Kramer et al. (1994)] and 
the tyrosine residue (Boerner & Barry, 1994) that gives rise 
to the M+ radical observed in mutants lacking Yz or YD (Noren 
& Barry, 1992; Boerner et al., 1993). 

Whatever the identity of the reductant responsible for the 
photoaccumulation of QA-, the markedly heterogeneous rates 
of photoaccumulation observed in D170H, D170R, and (to 
a lesser extent) D170E cells (Figure 6A,B) demonstrates that 
significant fractions of reaction centers in these mutants lack 
photooxidizable Mn ions in uivo. Consistent with this 
interpretation,D170H andD170Rcellsexhibit heterogeneous 
charge recombination kinetics [with significant fractions of 
QA- recombining with Yz+ (Figure 2F,G)] and intermediate 
quenching of variable fluorescence yield after the second and 
subsequent flashes in a closely-spaced series (Figure 4C,D). 
By comparing theextent of QA-photoaccumulation in D170R, 
D170H, and D170Ecells with that in wild-type* and D170A 
cells after 10-15 s of illumination (Figure 6A,B), one can 
estimate that ca. 60% of D170R reaction centers, ca. 40% of 
D170H reaction centers, and 20-2596 of D 170E reaction 
centers lack photooxidizable Mn ions in uiuo. These estimates 
are in rough agreement with the fractions of QA- that appear 
to recombine with Yz+ after a single saturating flash (Figure 
2, Table 1). However, for several reasons, these estimates 
should be considered to be very approximate. First, because 
our fluorescence monitoring flashes exert an actinic effect on 
the measured samples, a fraction of reaction centers having 
long charge recombination halftimes would have escaped 
detection in our measurements (Boerner et al., 1992). This 
fraction was ca. 25% in wild-type* and D170E cells, ca. 11% 
in D170H and D170R cells, and ca. 5% in D170A, D170T, 
and D170N cells (see the discussion of Fq values in Materials 
and Methods). Second, the observed rates of QA- photo- 
accumulation differed considerably between mutants contain- 
ing similar fractions of reaction centers with photooxidizable 
Mn ions. The observed rate depended on the equilibrium 
concentrations of Pago+ in these mutants (e.g., Figure 6A,C). 
Third, the multiphasic nature of charge recombination rates 
in PSII [e.g., see the work of Joliot (1974) and Gerken et al. 
(1989); alsoseeTable I ]  complicatesattempts toassignspecific 
recombination processes to specific rates. For example, 
quantitative analyses of charge recombination kinetics required 
three exponentially decaying components in all mutants, 
including wild-type* cells. It is unlikely that 16% of QA- 
recombines with Yz+ in wild-type* cells (Table 1). 

In spite of the quantitation difficulties, the fact that 
significant fractions of reaction centers in D 170H, D170R, 
and (to a lesser extent) D170E cells rapidly photoaccumulate 
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QA- when illuminated in the presence of DCMU demonstrates 
that significant fractions of reaction centers in these mutants 
lack photooxidizable Mn ions in uiuo. In these fractions of 
reaction centers, either the high-affinity site from which Mn 
ions rapidly reduce Yz+ is devoid of Mn ions or the Mn ion(s) 
bound at this site are unable to reduce Yz+. 

That significant fractions of PSII reaction centers in mutants 
such as D170H and D170R lack photooxidizable Mn ions 
implies that, in these mutants, the Mn cluster is unstable or 
is assembled inefficiently. In support of this conclusion, the 
fluorescence properties of wild-type Synechocystis cells 
propagated in media lacking C1-ions resemble those of D 170H 
or D170E cells, depending on the culture examined: Between 
13% and 50% of the reaction centers in these cells lack 
photooxidizable Mn ions in uiuo (Chu et al., in preparation). 
The Mn cluster is assembled inefficiently in the presence of 
low concentrations of C1- ions in uitro (Miyao & Inoue, 1991) 
and is unstable in the absence of C1- ions in uitro (Lindberg 
et al., 1993). 

The assembly and activation of the Mn cluster in uiuo is a 
low quantum yield process that involves (1) photooxidation 
of a bound MnZ+ ion to form an unstable Mn3+ intermediate, 
(2) ligation of a second Mnz+ion to form an unstable binuclear 
Mn2+-Mn3+ intermediate, (3) photooxidation of the second 
Mnz+ ion to form a relatively stable binuclear Mn3+-Mn3+ 
complex, and (4) ligation of two further MnZ+ ions (Tamura 
& Cheniae, 1987, 1988; Ono and Inoue, 1987; Miller & 
Brudvig, 1989, 1990). Conformational changes in PSII are 
believed to precede the ligation of the second MnZ+ ion 
(Tamura & Cheniae, 1987,1988; Ono & Inoue, 1987; Miyao 
& Inoue, 1991). In mutants, the efficiency of the assembly 
process would presumably diminish if a ligand to one of the 
Mn ions was lost or if structural changes associated with the 
mutation further destabilized the Mn3+ or binuclear MnZ+- 
Mn3+ intermediates or interfered with the putative confor- 
mational changes that precede the ligation of the second MnZ+ 
ion. Alterations to these conformational changes could also 
destabilize the binuclear Mn3+-Mn3+ complex and/or the 
fully assembled cluster. Under such circumstances, the loss 
of one Mn ion may lead rapidly to the loss of the entire Mn 
cluster. 

As noted earlier, the slowest components of electron transfer 
from Q k t o Q ~  areslowed in mutants that lack photooxidizable 
Mn ions (e.g., D170A, Figure 4B). Furthermore, the slowest 
components slowed in proportion to the extent of fluorescence 
quenching observed after the second and subsequent flashes 
in a series [e.g., D170H and D170R (Figure 4C,D)]. 
Treatments that alter the donor side of PSII (e.g., removal 
of extrinsic polypeptides or the Mn cluster) have been shown 
toslow electron transfer from QA-to QB (Dekker et al., 1984a), 
alter the equilibrium between QA-QB and QAQB- (van Gorkom 
et al., 1982), and abolish the ability of QB to function as a 
two-electron accumulator (Wensink et al., 1984; Dekker et 
al., 1984a). Perhaps the conformational changes that are 
believed to precede the ligation of the second MnZ+ ion during 
assembly of the Mn cluster in uiuo accelerate electron transfer 
from QA- to QB. If so, the intermediate QA- to QB electron 
transfer rates observed in mutants with intermediate fluo- 
rescence quenching (e.g., D170H and D170R) would be 
consistent with a fraction of reaction centers in these mutants 
lacking even partially assembled Mn clusters. Conversely, 
reaction centers in non-oxygen-evolving, non-photoautotrophic 
mutants that exhibit relatively normal QA- to QB electron 
transfer kinetics (Chu et al., in preparation) may contain Mn 
clusters that are a t  least partly assembled, but that have 
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significantly altered redox properties. 
The in vivo characterization procedures described in this 

manuscript are easily applied to mutants that evolve little or 
no oxygen and will facilitate the study of PSII mutants that 
have labile oxygen-evolving complexes. By characterizing 
mutant PSII complexes by noninvasive methods in vivo, 
possible isolation-induced artifacts are avoided. The infor- 
mation obtained permits PSII isolation efforts to be concen- 
trated on mutants with the stablest Mn clusters, permits the 
extent of isolation-induced alterations to be determined, and 
guides systematic spectroscopic studies of isolated PSII 
particles to mutants of particular interest. 
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