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ABSTRACT: ThepsbC gene encodes the intrinsic chlorophyll protein CP 43, a component of photosystem
II in higher plants, green algae, and cyanobacteria. Oligonucleotide-directed mutagenesis was used to
introduce mutations into the portion ofpsbC that encodes the large extrinsic loop E of CP 43 in the
cyanobacteriumSynechocystis6803. Three mutations, E293Q, E339Q, and E352Q, each produced a strain
with impaired photosystem II activity. The E293Q mutant strain grew photoautotrophically at rates
comparable to the control strain. Immunological analyses of several PS II components indicated that this
mutant accumulated normal quantities of PS II proteins. However, this mutant evolved oxygen to only
56% of control rates at saturating light intensities. Measurements of total variable fluorescence yield
indicated that this mutant assembled approximately 60% of the fully functional PS II centers found in the
control strain. The E339Q mutant grew photoautotrophically at a severely reduced rate. Both immunological
analysis and variable fluorescence yield experiments indicated that E339Q assembled a normal complement
of PS II centers. However, this mutant was capable of evolving oxygen to only 20% of control rates.
Variable fluorescence yield experiments demonstrated that this mutant was inefficient at using water as
an electron donor. Both E293Q and E339Q strains exhibited an increased (approximately 2-fold) sensitivity
to photoinactivation. The E352Q mutant was the most severely affected. This mutant failed to grow
photoautotrophically and exhibited essentially no capacity for oxygen evolution. Measurements of total
variable fluorescence yield indicated that this mutant assembled no functional PS II centers. Immunological
analysis of isolated thylakoid membranes from E352Q revealed a complete absence of CP 43 and reduced
levels of both the D1 and manganese-stabilizing proteins. These results suggest that the mutations E293Q
and E339Q each produce a defect associated with the oxygen-evolving complex of photosystem II. The
E352Q mutation appears to affect the stability of the PS II complex. This is the first report showing that
alteration of negatively charged residues in the CP 43 large extrinsic loop results in mutations affecting
PS II assembly/function.

The photosystem II (PS II)1 complex catalyzes the light-
dependent oxidation of water and concomitant reduction of
plastoquinone to plastoquinol. Both intrinsic and extrinsic
protein components comprise this multisubunit protein-
pigment complex. The intrinsic components associated with
the thylakoid membrane that are absolutely required for the
formation of a PS II complex capable of evolving oxygen
are CP 47 (49 kDa), CP 43 (45 kDa), D1 (34 kDa), D2 (32
kDa), and theR andâ subunits of cytochromeb559 (9 and

4.5 kDa) (1, 2). In higher plants, the presence of three
extrinsic proteins of molecular masses 33, 24, and 17 kDa
allows for maximal rates of oxygen evolution under physi-
ological conditions (3). Cyanobacteria lack the 24 and 17
kDa proteins. The functions of these components may be
provided by cytochromec550 (17 kDa) and a 12 kDa
component (4). Several ionic cofactors are also required for
oxygen-evolving activity. These include four manganese, one
or two calcium, and one, two, or several chloride ions. The
binding sites for these cofactors remain undetermined (5).

The product of thepsbC gene, CP 43 is an integral
thylakoid protein and component of the proximal antennae
of PS II (6). Hydropathy analysis predicts that CP 43 contains
six transmembraneR helices (7). In addition to the six
membrane-spanning regions, CP 43 also contains five
hydrophilic loops that connect the membrane-spanning
domains. One of these loops, the large extrinsic loop E, spans
amino acid residues293Asn-425Trp and is located between
the fifth and sixth membrane-spanning helices. This large
extrinsic loop is exposed to the lumenal side of the thylakoid
membrane (8). CP 43 functions as an interior chlorophyll-a
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light-harvesting antennae for PS II. However, accumulating
data also support a role for CP 43 in the stable assembly of
PS II and in the oxygen-evolving process. CP 43 is a
component of all oxygen-evolving PS II preparations that
have been isolated (9). Chlamydomonasmutants bearing
alterations inpsbC that affect either the synthesis or the
stability of CP 43 were deficient in PS II activity (10). In
these mutants, the levels of other PS II core proteins within
the thylakoid were severely reduced. Deletion ofpsbC in
Synechocystisproduced mutants that accumulated PS II core
complexes to only 10% of wild-type levels. These mutants
could not grow photoautotrophically or evolve oxygen (11,
12). Though these core complexes lacked CP 43, electron
transport from Z to QA was supported (12). However,
electron transport from QA to QB was impaired, and this was
suggested to account for the loss of oxygen-evolving activity.
Interruption of thepsbC gene by insertional mutagenesis also
produced a mutant incapable of evolving oxygen, but which
exhibited primary charge separation (13). Following ni-
trosoguanidine mutagenesis, Dzelzkalns and Bogorad (14)
recovered aSynechocystismutant unable to evolve oxygen
or support PS II electron transport from water to either
dichlorobenzoquinone (DCBQ) or methyl viologen. Further
characterization of this mutant showed that it contained a
short deletion within thepsbC gene. Additionally, isolated
thylakoid membranes from this mutant contained decreased
levels of the reaction center protein D2. These data col-
lectively suggest that CP 43 is essential for normal PS II
assembly and function.

Eight short deletions were introduced within the large
extrinsic loop E of CP 43 inSynechocystisby Kuhn and
Vermaas (15). Significantly, all resulting mutants showed
complete loss of photoautotrophic growth and the ability to
evolve oxygen. These mutants also contained decreased
levels of the PS II reaction center proteins D1, D2, and CP
47. The large extrinsic loop of CP 43 may be associated
with the manganese-stabilizing protein. This loop is shielded
from tryptic attack in the presence of the manganese-
stabilizing protein, but not in its absence (16). These data
infer a role for the large extrinsic loop of CP 43 in normal
PS II function. The loop contains a number of conserved
charged amino acid residues (7), which may provide sites
of interaction between CP 43 and the manganese-stabilizing
protein or other protein components or ionic cofactors. Site-
directed mutagenesis of positively charged arginine residues
at sites 305 and 342 in the CP 43 large extrinsic loop
produced mutants that exhibited decreased rates of steady-
state oxygen evolution, enhanced rates of photoinactivation,
and decreased numbers of fully functional PS II centers (17).
In this report, we show that alteration of the acidic residues
293E, 339E produced mutants with impaired PS II activity
associated with a defect at the oxygen-evolving site of PS
II. Alteration of 352E resulted in a mutant strain defective in
PS II assembly.

EXPERIMENTAL PROCEDURES

Growth Conditions. Wild-type and mutantSynechocystis
sp. PCC 6803 were grown in liquid BG-11 media (18) at 30
°C and at a light intensity of 25µmol of photons‚m-2‚s-1.
Cultures were shaken on a rotary shaker at 200 rpm. Where
appropriate, glucose was added to cultures at a final
concentration of 5 mM. For fluorescence measurements, cells

were grown in BG-11 containing 5 mM glucose and 10µM
DCMU. Antibiotics were added to the media to a final
concentration of 10µg/mL. Cultures maintained on plates
in BG-11 media were supplemented with 1.5% agar, 0.3%
sodium thiosulfate, 10 mM TES/KOH, pH 8.2, 10µM
DCMU.

Site-Directed Mutagenesis. Standard procedures (19) were
employed for restriction digests, cloning, growth and trans-
formation of bacterial strains, and isolation of DNA frag-
ments. Phagemid isolations were performed using disposable
anion-exchange columns (Promega, Inc.). Construction of
the pTZpsbC phagemid used for mutagenesis was as
described in (20). Briefly, a 2.4 kbAccI/AccI fragment of
psbC from the plasmid pD1CK (kindly provided by Dr. Wim
Vermaas), encoding the C-terminal portion of CP 43, was
cloned into the multiple cloning site of the phagemid
pTZ18U (BioRad, Inc.). This fragment contained the entire
large extrinsic loop coding region as well as 0.32 kb ofpsbC
coding sequence to the 5′ end and 0.36 kb of 3′ flanking
sequence. A 1.2 kb kanamycin resistance cartridge was
inserted into the 3′ flanking region and was located 173 bp
from the 3′ end of thepsbC coding region. Transformation
of wild-type Synechocystiswith this phagemid, designated
pTZpsbC, resulted in the kanamycin-resistant control strain
which contained an intactpsbC gene, but no site-directed
mutations. Desired mutations were introduced into pTZpsbC
by oligonucleotide-directed mutagenesis using the procedure
of Kunkel et al. (21). For the mutants described herein,
mutagenic olignucleotides with the sequences 5′-CTTTGG-
GATTGGGAGGCCTGCATGCCGGTGGGGCC-3′, 5′-CC-
AGAAACGCATGGTGCTGACCGCCGCCGAAGATGAT-
3′, and 5′-GGGTCCACGGAGGGGCTGCAACCAAGGA-
CCACGGAA-3′ were used, respectively, to convert the
glutamate residues at positions 293, 339, and 352 in the
amino acid sequence of CP 43 to glutamine residues. A
Synechocystis6803psbC deletion strain (20) was transformed
with the pTZpsbC phagemids bearing the desired site-
directed mutations. Transformations were carried out by the
procedure of Williams (22). Following a period of streaking
individual colonies to allow sorting out of mutations, colonies
of putative site-directed mutants were screened for kanamy-
cin resistance. These colonies were streaked on kanamycin-
containing plates in the presence or absence of glucose to
screen for possible loss of photoautotrophic growth.

PCR and DNA Sequencing. To verify the presence of
intended mutations, genomic DNA was isolated from putative
mutants from cell lysates according to the procedure of
Williams (22) except that the cesium chloride steps were
omitted. Oligonucleotides flanking theAccI/AccI fragment
of the psbC gene were used to amplify this region of the
genomic DNA of each mutant using the polymerase chain
reaction. The thermal cycling routine consisted of the
following steps performed on 52µL reactions: 1 min
denaturation at 94°C, 40 s denaturation at 92°C, 40 s
annealing at 45°C, and 1.5 min elongation at 75°C, for a
total of 30 cycles. PCR products were cloned into the
pGEM-T vector (Promega). Plasmids with inserts were
sequenced using the PRISM Ready Reaction Dyedeoxy
Terminator Cycle Sequencing Kit (Applied Biosystems, Inc.).
The sequencing reactions were analyzed on an automated
DNA sequencer (model 373A, Applied Biosystems). DNA
sequencing confirmed the presence of the desired mutations
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(data not shown). Additionally, the entireAccI/AccI fragment
was sequenced, and no other mutations were found to be
present.

Oxygen EVolution Assays. PS II activity was measured by
O2 polarography with a Hansatech oxygen electrode. Assays
were performed at 25°C on whole cells in BG-11 media
using 1 mM DCBQ as an electron acceptor. The light in-
tensity for these experiments was 2500µmol of photons‚
m-2‚s-1 of white light. Light intensity was measured with a
spectroradiometer equipped with a quantum probe (Li-Cor,
Inc.). For photoinactivation experiments, cells were incubated
in BG-11 media at a chlorophyll concentration of 10µg/mL
at 5000µmol of photons‚m-2‚s-1 at 25°C. At the indicated
times, aliquots were removed and assayed for oxygen-
evolving activity as described above. For the light saturation
experiments, the light intensity was varied between 25 and
100µmol of photons‚m-2‚s-1. The chlorophyll concentration
in all oxygen evolution assays was 10µg/mL. Chlorophyll
content was measured as in Williams (22).

Fluorescence Measurements. Fluorescence yield measure-
ments were performed on a Walz PAM 101 fluorometer as
described previously (23, 24). Samples (10µg/mL chloro-
phyll) were incubated in the dark for 5 min in the presence
of 1 mM potassium ferricyanide and 330µM DCBQ. DCMU
was added to a final concentration of 40µM followed 1 min
later by the addition of hydroxylamine hydrochloride (pH
6.5) to a concentration of 20 mM. After 20 s, the weak
monitoring flashes were turned on followed 1 s later by con-
tinuous actinic illumination (1000µmol of photons‚m-2‚s-1).
The variable fluorescence,Fv(HA), was measured. A second
set of assays was performed as above except that the
hydroxylamine was omitted in order to measure the variable
fluorescence,Fv(H2O), with water as the electron donor. In
both cases,Fmax was measured 5 s after the onset of actinic
illumination.

Electrophoresis and Immunological Analysis. Thylakoid
membranes were isolated according to the method of van
der Bolt and Vermaas (25). These membranes were subjected
to electrophoresis on LDS-polyacrylamide gels, “Western
blotted” onto nitrocellulose, and probed with antibodies to
PS II core proteins essentially as described by Bricker et al.
(26), except that the secondary antibodies were alkaline
phosphatase conjugates. The protein bands were visualized
by incubation with alkaline phosphatase conjugated second-
ary antibodies, and color development was with bromo-
chloroindoyl phosphate and nitroblue tetrazolium as de-
scribed by Pratt et al. (27). The anti-CP 43 antibody was a
gift from Dr. N.-H. Chua and was raised against the purified
polypeptide fromChlamydomonas(28). The anti-CP 47
antibody was raised against purified spinach CP 47 (Leuschner,
C., Sherman, L., and Bricker, T. M., unpublished experi-
ments). The anti-D1 antibody was supplied by Dr. A. Trebst
and was produced by immunization withâ-galactosidase-
psbA fusion protein.

RESULTS

Growth Characteristics. Figure 1 documents the results
of growth experiments performed on the control strain and
the E293Q, E339Q, and E352Q mutant strains. The control
is a strain of Synechocystisthat contains a kanamycin
resistance gene in the 3′ flanking region of thepsbC gene

but which lacks any site-directed alterations. Figure 1
documents the photoautotrophic growth of these cell lines
in liquid BG-11 media without glucose. E293Q mutant cells
grew at a rate comparable to controls. The growth of E339Q
and E352Q cells differed dramatically from that of E293Q
and the control cells. E339Q cells grew at a barely perceptible
rate, while E352Q cells exhibited no capacity for photo-
autotrophic growth. The mixotrophic growth characteristics
of these cell lines in BG-11 media supplemented with 5 mM
glucose were also documented (data not shown). Growth was
restored in the E339Q and E352Q mutants to rates compa-
rable to the control growth rate. As expected, E293Q mutant
cells grew at nearly identical maximal rates as the control
under photomixotrophic conditions.

PS II Characterization. Figure 2 shows the steady-state
oxygen evolution rates (measured as H2O to DCBQ electron
transport) observed for the control and mutant strains grown
in BG-11 media in the presence of 5 mM glucose. Oxygen
evolution rates for the control strain averaged 506µmol of
O2‚(mg of chl)-1‚h-1. The mutant strain E293Q exhibited a
44% decrease in ability to evolve oxygen compared to the

FIGURE 1: Photoautotrophic growth characteristics of the control
strain (closed circles) and the site-directed mutants E293Q (open
triangles), E339Q (open circles), and E352Q (closed triangles). Cells
were grown in liquid BG-11 media without glucose, and growth
was assessed by measuring theA730 of each culture daily. These
data represent the average of three independent experiments. The
error bars are plus and minus one standard deviation.

FIGURE 2: Oxygen evolution (water to DCBQ) of the control strain
and site-directed mutants E293Q, E339Q, and E352Q. Cells were
grown in liquid BG-11 media containing 5 mM glucose. The data
represent the average of three independent experiments. The error
bars are plus and minus one standard deviation. Oxygen evolution
rates for the control strain averaged 506µmol of O2‚(mg of
chl)-1‚h-1.
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control, while the E339Q mutant strain could evolve oxygen
to only 20% of the control rate. A much more dramatic effect
on oxygen evolution rates was seen in the mutant E352Q.
This mutant exhibited essentially a zero rate of oxygen
evolution when grown in BG-11 media containing 5 mM
glucose.

Figure 3 illustrates the results from the immunological
analysis of several PS II core components (CP 47, CP 43,
D1, and the 33 kDa manganese-stabilizing protein). It is

apparent that both the E293Q and E339Q mutants contain
very similar quantities of these proteins. Due to the qualita-
tive nature of these experiments, we would expect that minor
differences in the amounts of these antigens could not be
detected. Interestingly, the E352Q mutant is devoid of any
detectable CP 43 protein in the thylakoid. Additionally, there
appears to be a significant decrease in the amount of both
D1 and the manganese-stablilizing protein in the thylakoids
of this mutant.

Measurement of oxygen evolution rates at limiting light
intensities in the E239Q and E339Q mutant strains resulted
in the quantum yield (ΦÃ2) experiments summarized in Table
1. Analysis of the first-order rate constants for all strains
indicated that the E293Q mutant had aΦÃ2 of 0.71 and the
E339Q mutant aΦÃ2 of 0.12 with respect to the control
strain. These data agree reasonably well with the observed
steady-state oxygen evolution rates for these mutants com-
pared to the control. The data suggest either (1) that the
mutants contain a full complement of PS II centers that are
damaged to such an extent that they cannot efficiently evolve
oxygen or (2) that the mutants contain reduced numbers of
PS II centers in the thylakoid that may or may not function
normally. For the E339Q mutant, the former appears to be
the case, and for the E293Q mutant, the latter appears correct
(see below). This experiment could not be performed on the
E352Q mutant since it failed to evolve oxygen.

To assess the PS II content of these mutants, variable
fluorescence yields were measured for all three mutants along
with the control strain and apsbC deletion strain (Table 1).
Variable fluorescence yields provide a semiquantitative
estimate of the number of PS II centers that can utilize either
water or hydroxylamine as an electron donor (23, 24). It has
been noted that in the combined analysis of 21 D1 mutants
(24) and 8 deletion mutants in the large extrinsic loop of
CP 47 (29), a strong correlation was observed between the
relative concentration of PS II centers determined either by
(1) [14C]DCMU binding or by (2) variable fluorescence yield
in the presence of exogenous electron donors. Our results
indicate that the E293Q mutant strain assembles about 60%
of PS II centers that can transfer electrons from hydroxyl-
amine to QA compared to the control strain. This number is
in good agreement with the data from steady-state oxygen
evolution rates and the relative quantum yield. The E339Q
mutant appears to assemble essentially the same number of
PS II centers that can transfer electrons from hydroxylamine
to QA as the control, though, as discussed above, it only
evolves oxygen under steady-state conditions at 20% of the

FIGURE 3: Western blots of control, E293Q, E339Q, and E352Q
thylakoid membrane proteins from cells grown in BG-11 media
supplemented with 5 mM glucose. Membrane proteins were
separated by LDS-PAGE, electroblotted onto nitrocellulose, and,
following blocking, probed with various primary antibodies. The
protein bands were visualized by incubation with alkaline phos-
phatase conjugated secondary antibodies and color development
with bromochloroindoyl phosphate and nitroblue tetrazolium. Panel
A: E293Q (lane 1) and control (lane 2) proteins. Panel B: E339Q
(lane 1) and control (lane 2) proteins. Panel C: E352Q (lane 1)
and control (lane 2) proteins. The primary antibodies are indicated
above.

Table 1: Characterization of Mutants

cell type
Fv,a

HA f QA

Fv,
H2O f QA ΦÃ2

c
photoinactivation

rated

control 0.63b (0.10) 0.46 (0.18) 1.00 1
E293Q 0.40 (0.09) 0.26 (0.02) 0.71 2
E339Q 0.61 (0.03) 0.20 (0.02) 0.12 2
E352Q 0.05 (0.02) 0.003 (0.003) NDe ND
∆psbC 0.05 (0.02) 0.003 (0.003) ND ND

a Cells were grown in liquid BG-11 media supplemented with 5 mM
glucose and 10µM DCMU. The data represent the average of two
independent experiments.b Standard deviation.c Relative quantum
yield. The data represent the average of three independent experiments.
d The data represent the average of three independent experiments.e Not
determined since these mutants were devoid of oxygen-evolving
activity.
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control rate. Interestingly, the variable fluorescence yield for
the E352Q mutant strain was identical to that of thepsbC
deletion strain that contains essentially no functional PS II
centers, indicating that the E352Q mutant also fails to
assemble functional PS II centers. If water is used as an
electron donor, the variable fluorescence yield is a measure
of the amount of PS II centers that can oxidize water. The
data indicate that the mutant E293Q contains about 60% of
the PS II centers capable of oxidizing water compared to
the control, while the E339Q mutant contains about 40% of
these centers. The variable fluorescence yield (H2O to QA)
for the E352Q mutant was the same as for thepsbC deletion
strain, as expected since this strain lacks functional PS II
centers.

It could be hypothesized that, while the E293Q and E339Q
mutants contain fewer functional PS II centers than the
control strain, the centers that are present function normally.
The results in Table 1 indicate that this is not the case. Cells
from each mutant and the control were subjected to photo-
inactivation at a light intensity of 5000µmol of photons‚
m-2‚s-1 for various times, and then PS II activity (H2O to
DCBQ) was measured. The calculatedt1/2 for photoinacti-
vation for both the E339Q and E352Q mutants was ap-
proximately 2 times that of control cells, indicating that both
of these mutants are more sensitive to photoinactivation than
the control. Again, it was not possible to perform this
experiment on the E352Q mutant since it failed to evolve
oxygen.

DISCUSSION

Site-directed mutagenesis of the conserved glutamate and
aspartate residues in the CP 43 large extrinsic loop of
Synechocystiswas undertaken in order to test the hypothesis
that acidic residues within this region are required for normal
PS II function. Three mutations, E293Q, E339Q, and E352Q
(Figure 4), resulted in strains with impaired PS II activity.

These mutants differed significantly in their growth
characteristics (Figure 1). E293Q cells grew photoautotrophi-
cally at rates identical to the control strain. Many PS II
mutants have been constructed that evolve oxygen at
moderately reduced rates, but that grow well photoauto-
trophically (30-33), including the R305S mutant in the CP
43 large extrinsic loop (17). Our E339Q mutant was severely
impaired in its ability to grow photoautotrophically. The
maximal absorbance after 9 days of growth was only 10%
that of the control culture. The E352Q mutant failed to
exhibit any ability to grow photoautotrophically. Growth of
E339Q and E352Q cells was only observed when cells were
cultured in the presence of glucose (data not shown). The
photoheterotrophic growth ofSynechocystisin the absence
of a functional PS II is well-documented (22).

The three mutants also differed in their abilities to support
PS II-dependent (H2O to DCBQ) oxygen evolution (Figure
2). E293Q cells exhibited approximately 60% of the oxygen-
evolving activity of control cells. The mutant E339Q
exhibited an even lower rate of oxygen-evolving (H2O to
DCBQ) activity, only 20% of that observed for control cells.
The E352Q mutant failed to evolve oxygen.

Results of an immunological analysis of isolated thylakoid
membranes from the E293Q and E339Q mutants failed to
detect any differences in the levels of CP 47, CP 43, D1, or
the manganese-stabilizing protein between these two mutants
and the control strain (Figure 3). Variable fluorescence yield
measurements (hydroxylamine to QA) indicated that the
E293Q mutant assembled approximately 60% of PS II
reaction centers found in the control, while the E339Q mutant
assembled control numbers of PS II centers (Table 1).

While both of these mutants appear to assemble a
significant amount of PS II, it is clear that the assembled PS
II reaction centers do not function normally. As shown in
Table 1, the H2O to DCBQ electron transport activities in
both mutants were more susceptible to photoinactivating

FIGURE 4: Model of the CP 43 protein fromSynechocystis6803. The positions of all the charged residues that we have changed to date
that result in mutants with altered PS II function are indicated by the one-letter amino acid code for these residues. It should be pointed out
that in our numbering of amino acids in CP 43 fromSynechocystiswe assume the translation start site is a valine 12 residues downstream
of the methionine start site in spinach CP 43. Thus, the293E, 339E, and352E residues inSynechocystisthat are the subject of this study
correspond to glutamates at positions 308, 354, and 367 in spinach CP 43.
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radiation than the control strain. E293Q and E339Q cells
exhibitedt1/2’s for photoinactivation that were approximately
2 times greater than that observed for control cells. This
increased susceptibility to photoinactivation is on the order
of that observed for numerous mutants in the CP 43, CP 47,
and D2 proteins ofSynechocystis.The R305S and R342S
mutants in the CP 43 protein affect the efficiency of electron
transfer from the oxygen-evolving site to Z+ (17). The E69Q
mutation in the D2 protein appears to affect the stability and/
or ligation of the manganese cluster while the P161L
mutation in D2 appears to alter the efficiency of electron
transfer from the oxygen-evolving site to Z+ (25). The
RR384385GG and RR384385EE mutants in CP 47 are
impaired in their ability to bind the manganese-stabilizing
protein and have an extended S2 lifetime and a retarded rate
of oxygen release (31). Both the R448G and K321G mutants
in CP 47 are believed to alter a chloride binding site in PS
II (34, 35). For all of these mutants, it is has been speculated
that the observed decreased rates of electron transfer from
the oxygen-evolving complex to Z+ resulted from accumula-
tion of oxidizing-side radicals such as Z+ and P680+ which
damage the reaction center and lead to photoinactivation. A
similar mechanism may occur in the E293Q and E339Q
mutants described here.

The E339Q mutant is extremely interesting. Analysis of
its polypeptide composition and fluorescence yield (using
HA as an electron donor) indicates that E339Q assembles a
relatively normal number of PS II reaction centers. Its ability
to evolve oxygen, however, is greatly compromised. Steady-
state oxygen evolution rates (at saturating light intensities),
quantum yield measurements for oxygen evolution, and
fluorescence yield (using water as an electron donor) all
indicate a defect in the ability of this mutant to carry out
water oxidation. This is the first mutant described in CP 43
with these characteristics.

The most dramatic effect on PS II was observed in the
E352Q mutant. This mutant failed to grow photoautotrophi-
cally and did not evolve oxygen (Figures 1 and 2). These
results can be explained by the fact that this mutant does
not assemble any detectable amount of functional PS II
centers. Immunological analysis (Figure 3) showed that, of
the PS II core proteins probed for in isolated thylakoids from
this mutant, the CP 43 protein was completely absent. These
mutant thylakoids additionally contained decreased levels of
D1 and the manganese-stabilizing protein. The variable
fluorescence yields (using either water or hydroxylamine as
an electron donor) for the E352Q mutant and a∆psbC
deletion strain constructed in our laboratory were identical
(Table 1). In this∆psbC strain, the CP 43 coding sequence
has been replaced by a spectinomycin resistance cartridge
(20). This deletion strain fails to assemble PS II centers and
does not evolve oxygen. These results demonstrate that the
loss of function observed in the E352Q mutant is a result of
the inability to assemble functional centers in the thylakoids
of this mutant. These results are similar to those obtained
by a number of investigators who have constructed mutants
lacking CP 43 by either deletion mutagenesis (12) or
insertional mutagenesis (13) of the psbC gene. These
mutants, in which CP 43 is absent from the thylakoid, do
not grow photoautotrophically or evolve oxygen. It is
interesting that alteration of a single amino acid in CP 43
leads to the same catastrophic phenotype as observed in the

deletion mutants. These results clearly demonstrate that CP
43 is essential for the formation of fully functional PS II
centers.

CONCLUSIONS

The results presented strengthen the hypothesis that CP
43 interacts with the oxygen-evolving site of PS II, and this
is the first report to indicate that negatively charged amino
acid residues are important for this interaction. The substitu-
tion of glutamine for glutamate at positions 293 and 339 in
the large extrinsic loop of CP 43 resulted in mutants showing
reduced rates of steady-state oxygen evolution, enhanced
rates of photoinactivation, and decreased numbers of fully
functional PS II centers. These results indicate that these
mutations each introduce a defect at the oxygen-evolving
site of PS II; however, the exact nature of the lesion remains
to be defined. The introduction of glutamine at position 352
in place of glutamate produced a mutant that was unable to
incorporate CP 43 into the thylakoid and thus could not form
functional PS II centers. This is the first report of a single
amino acid substitution within the CP 43 large extrinsic loop
that leads to a mutation affecting assembly of the PS II
complex.
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