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ABSTRACT: The H2O oxidizing domain of the cyanobacterial photosystem II (PSII) complex contains a
low potential, c-type cytochrome termedc550 that is essential for the in vivo stability of the PSII complex.
A mutant lacking cytochromec550 (∆psbV) in Synechocystissp. PCC6803 has been further analyzed together
with a construct in which the distal axial heme iron ligand, histidine 92, has been substituted with a
methionine (C550-H92M). Heme staining of SDS-PAGE showed that the C550-H92M mutation did
not disturb the accumulation and heme-binding properties of the cytochrome. In∆psbVcells, the number
of charge separating PSII centers was estimated to be 56% of the wild type, but of the existing centers,
33% lacked photooxidizable Mn ions. C550-H92M did not discernibly affect the intrinsic PSII electron-
transfer kinetics compared to the wild type nor did it exhibit a significant fraction of centers lacking
photooxidizable Mn; however, the number of charge separating PSII centers in mutant cells was 69% of
the wild type. C550-H92M lost photoautotrophic growth ability in the absence of Ca2+, but its growth
was not affected by depletion of Cl-, which differs from∆psbV. Taken together, the results suggest that
in the absence of cytochromec550 electron transfer on the donor side is retarded perhaps at the level of
Yz to P680+ transfer, the heme ligand. His92 is not absolutely required for assembly of functional PSII
centers; however, replacement by methionine prevents normal accumulation of PSII centers in the thylakoid
membranes and alters the Ca2+ requirement of PSII. The results are discussed in terms of current
understanding of the Ca2+ site of PSII.

Photosystem II (PSII)1 catalyzes the light-driven reduction
of plastoquinone using electrons extracted from water via
the oxygen-yielding H2O oxidation reaction (for reviews on
PSII, see refs1-4). A c-type cytochrome, cytochromec550

(cyt c550), is intimately associated with the H2O oxidation
domain of the PSII complex in cyanobacteria and nongreen
algae (5). Several lines of convincing evidence show that
cyt c550 is involved in the integrity and stability of PSII
complex (6-13) consistent with its extensive contacts with
intrinsic domains as well as with 12 kDa and manganese-
stabilizing proteins (MSPs) observed in the current X-ray
crystal structure models of the cyanobacterial complex (14-
16).

Although associated with the membrane-bound PSII
complex, cytc550 is a water-soluble monoheme cytochrome
and exhibits striking structural similarities to other c-type
cytochromes, including cytochromec6 (also known as

cytochromec553), which carries electrons from the cyto-
chromeb6/f complex to photosystem I in cyanobacteria and
eukaryotic algae. Despite the structural similarities, cytc550

has a much lower midpoint redox potential as compared to
the other c-type cytochromes (17-20). The structurally
similar cytc6 has a midpoint potential of+325 mV, whereas
cyt c550 has a midpoint potential of approximately-250 mV.
The actual value of heme redox potential of cytc550 in vivo
can be modulated by three major factors: the nature of the
heme axial ligands, the solvent exposure of the heme, and
the protein environment around the heme-binding site (for
analysis, see ref21). For example, when methionine-
histidine heme ligation of cytc550 from ThiobacillusVersutus
was changed to lysine-histidine heme ligation, the redox
potential of the mutant shifted-329mV (22), and when the
solvent water was excluded from the heme-binding site, a
shift of +150 mV was observed (20). The unusually low
midpoint potential of cytc550 is partly attributable to the bis-
histidyl axial ligation of the heme iron (18, 20, 21). Another
component of the low potential can be attributed to the
comparatively large area of solvent exposure of the heme
edge including the propionate moiety observed in the crystal
structure (19, 23). The magnitude of this contribution of
solvent exposure to the low potential is estimated to be 150
mV as deduced from the difference in midpoint potential of
cyt c550 measured in solution-260 mV (18) as compared to
-108 mV as measured by square wave cyclic voltammetry
with the protein adsorbed to the graphite electrode surface
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(20). Concordantly, the midpoint of the cytochrome is-80
mV as measured when the cytochrome bound to the PSII
complex, where the otherwise exposed heme edge is buried
within the protein-protein binding interface (24).

The function of cytochromec550 has remained controver-
sial. Krogmann originally proposed that the function of cyt
c550 may be related to anaerobic disposal of electrons from
carbohydrate reserves to sustain an organism overcoming
prolonged dark and anaerobic conditions (25). Other pro-
posed functions for cytc550 include accepting electrons from
ferredoxin during the oxidation of NADPH and in cyclic
photophosphorylation (26). These assignments seem to be
contradicted by the clear physical association with the H2O
oxidation domain of the PSII complex. However, the very
low midpoint potential of the cytochrome adjacent to the
strongly positive operating potential of the H2O oxidation
begs the question as to what function, if any, the heme moiety
has. Information on the function of cytc550 in PSII was
obtained from the cytc550 deletion mutant (∆psbV) and from
biochemical depletion/reconstitution studies. Cells of the
∆psbVmutant contain half of the PSII centers found in wild
type, but are capable of growing photoautotrophically albeit
at a reduced rate (10, 27). However, autotrophic growth
requires higher levels of Ca2+ and Cl- to satisfy the PSII
requirement for these ions, much like mutants lacking the
MSP. And like the MSP-less mutants, the cyt c550 deletion
mutant rapidly loses O2-evolving activity in the dark, whereas
the lost activity can be subsequently restored by the process
of photoactivation (27-30). Biochemical reconstitution
experiments have shown that cyt c550 alone was able to
restore only about 10-11% of oxygen-evolving activity of
isolated PSII complex in the absence of the other extrinsic
proteins. Addition of MSP alone restored approximately half
the activity. However, activity approaching the level of
maximal reconstitution is obtained when cytc550 is added in
conjunction with MSP, demonstrating the importance of both
proteins acting in concert for maintaining the integrity of
the H2O oxidation complex (7, 31). Taken together, the
results indicate that cytc550 has an important structural role,
but do not answer the question whether the heme moiety
has a redox function related to the operation or protection
of PSII (32).

Here the sixth position axial ligand of cytc550 in Syn-
echocystissp. PCC6803, histidine 92, was mutagenized to a
methionine, emulating typical c-type cytochromes with a
more positive midpoint potential. In this initial investigation,
the mutant strain, C550-H92M, was analyzed and compared
with the ∆psbVand wild type.

MATERIALS AND METHODS

Construction of Plasmid pPSBV and Site-Directed Mu-
tagenesis.Growth and manipulation of the glucose-tolerant
strain ofSynechocystissp. PCC6803 was conducted accord-
ing to established procedures (33). Molecular genetic tech-
niques followed standard techniques (34). TheSynechocystis
sp. PCC6803psbVgene was amplified from chromosomal
by PCR (TurboPfu polymerase, Stratagene). The oligo-
nucleotide 5′ GCG CGG TAC CGA CCG ATT CC 3′ was
used as the forward primer, which introduced aKpnI site
(underlined), and the oligonucleotide 5′ GGC GAG CTC
GCG CTT ACG ATA ATC GTG GC 3′ was used as the

reverse primer, which introduced aSacI site (underlined).
The amplified PCR product was inserted into theKpnI and
SacIsites of the plasmid pBS SK-; the plasmid pPSBV was
created by inserting a 1.1 kb kanamycin resistance cassette
from pRL446 at theXbaI site, which located at stop codon
of psbV gene. The primers 5′ GAC TAT TCG GAG CTC
ATG CCC AAT ATT TCC CGT CCC 3′ and 5′ GGG ACG
GGA AAT ATT GGG CAT GAG CTC CGA ATA GTC 3′
were used to create the mutant pPSBVH92M, and aSacI
site was introduced (underlined). Mutagenesis was performed
by using the QuickChange Site-Directed Mutagenesis kit
(Stratagene). Plasmids pPSBV and pPSBVH92M were used
to transform∆psbV, and the transformants were selected and
propagated on BG-11 plates supplemented with 20µM
atrazine, 5 mM glucose and 5 g L-1 (initially) or 50 g L-1

(final platings) kanamycin. The desired mutation was con-
firmed by both digesting withSacI and sequencing the
mutagenized plasmid and colony PCR products. The strain
of ∆psbVtransformed with plasmid pPSBV was used as a
control and designated as wild type hereafter.

Preparation of O2-EVolVing Membranes and Analysis of
S-State Decay.Isolation of O2-evolving membranes was
performed with modifications of previously described pro-
cedures (35, 36). Measurements of the kinetics of S-state
decay was performed using a bare platinum electrode as
previously described (37).

Quantification of PSII and Measurements of Fluorescence
Kinetics.Measurements of variable fluorescence yields were
performed using a Walz PAM 101 chlorophyll fluorometer
(Heinz Walz GmbH, Effeltrich, Germany). Cells in late
logarithmic phase of growth were harvested by centrifuga-
tion. After being washed with HN buffer (10 mM Hepes,
pH 7.0, 30 mM NaCl), the cells were resuspended in HN
buffer at a final concentration of 50µg of Chl mL-1, and
then the cells were kept under dim light on the shaker at
150 rpm before being used for experiments. Estimation of
the concentration of charge-separating PSII centers was
performed essentially as described previously (38, 39).
Measurement of chlorophyll fluorescence decay was per-
formed essentially as in ref39. A 3-mL cell suspension at 3
µg of Chl mL-1 was incubated in darkness for 5 min before
measuring pulses were switched on at 1.6 kHz and a train
of actinic 30 flashes was given at 5 Hz beginning 100 ms
later in the presence of 50µM of DCMU.

Other Procedures.Maximal rates of O2 evolution were
determined polarographically at 30°C using a Clark-type
electrode at a final chlorophyll concentration of 6.25µg mL-1

as described previously (37). Samples were resuspended in
HN buffer supplemented with 0.75 mM DCBQ and 2 mM
potassium ferricyanide. The chlorophyll a concentration was
measured in methanol extracts according to ref40: using
the extinction coefficient at 665.2 nm of 79.24 mL mg-1

cm-1. SDS-PAGE was performed on a 12% polyacrylamide
separation gel containing 6 M urea. Cytc550 was detected
on the basis of its heme-centered peroxidase activity using
TMBZ (3,3′,5,5′-tetramethylbenzidine) as previously de-
scribed procedures (11, 31).

RESULTS

Construction of Cytochrome c550 His92 f Met Axial
Ligand Substitution Mutant.The sixth position ligand to the
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heme iron of cyanobacterial cytochromec550 is histidine 92.1

Together with histidine 41, it provides a bis-histidyl (bis-
His) axial coordination for the heme. This contrasts with
other c-type cytochromes, which typically have Met-His axial
heme coordination. This difference in axial coordination is
thought to account, in part, for the considerably more
negative midpoint potentials of the bis-His c-type cyto-
chromes compared to the Met-His coordinated c-type cyto-
chromes (18, 20, 21). The function of cytochromec550 in
cyanobacterial PSII remains unknown. If its function depends
on the low midpoint potential of its heme, then conversion
of the axial heme ligation to Met-His could impair its
function. Therefore, a plasmid vector, pPSBV, was con-
structed to facilitate the site-directed mutagenesis of the
His92 axial ligand of cytochromec550 in Synechocystissp.
PCC6803 (see Materials and Methods). The ligand replace-
ment mutation was constructed in the parent vector pPSBV,
which was then used to transform aSynechocystisrecipient
strain,∆psbV, which entirely lacks thepsbVgene encoding
cyt c550 using established techniques (11, 33, 41). The
resultant strain ofSynechocystis, C550-H92M, expresses
only the mutant form of the cytochrome possessing the His
f Met ligand replacement. To facilitate the screening for
the mutation, aSacIsite was also introduced within thepsbV
coding sequence as a silent mutation adjacent to the targeted
His codon (see Materials and Methods) and the desired
mutation was confirmed by restriction digesting withSacI
and sequencing. The control strain possesses a wild-type copy
of psbVwith a kanamycin-resistance cassette located down-
stream of thepsbVgene at theXbaI site. Figure 1A, which
shows the profile of PCR products ofpsbVgene carrying a
kanamycin-resistance cassette digested bySacI, confirms that
the mutant sequence has been introduced. As expected, wild-
type PCR product (1.96 kb) could not be digested bySacI,
while the C550-H92M PCR product gave two bands, 1.55
kb and 407 bp, respectively, upon digestion withSacI. DNA
sequencing of the PCR products was performed to verify
that the engineered base changes were present in the
transformant and to make sure that unintended mutations
were not also incorporated into the mutant (data not shown).

Substitution of Axial His92 by Met Does Not Affect Heme
Attachment in Cyt‚c550. To investigate whether the H92M
mutation affects expression of the protein and the covalent
attachment of the heme moiety, the cellular lysates from
C550-H92M and wild type were analyzed by SDS-PAGE
followed by heme-staining with TMBZ while using the
∆psbV strain as a negative control. All samples, except
∆psbV, showed equivalent TMBZ-staining intensities cor-
responding to the cytc550 electrophoretic band (Figure 1B).
This indicated that the axial ligand substitution by Met did
not impairpsbVgene expression and had no discernible effect
upon the maturation of the cytochrome, which involves the
cleavage of the signal peptide and the formation of a covalent
thioether linkage between the heme moiety and the apo-
protein. We also explored the binding ability for cytc550 and
MSP to membranes in C550-H92M using previously
established methods (42-44). In these experiments, total cell
lysates from mutant and control cells were centrifugally
separated into membrane and soluble fractions and analyzed
for MSP and c-type cytochrome content. Low concentrations
of the nonionic detergent, dodecyl maltoside, were added to
promote the release of unbound and nonspecifically bound

proteins associated with membrane fragments and vesicles.
C550-H92M exhibited no detectable change in the associa-
tion of these extrinsic proteins with the membrane fraction
compared to that of wild type indicating that the ligand
substitution mutation did not cause a large change inc550

binding affinity for its site on the PSII reaction center (data
not shown). However, this binding assay is inherently crude,
and nonspecific binding and incomplete removal of unbound
proteins cannot be entirely discounted. Taken together, the
results indicate that the presence of the axial ligand mutation
does not markedly affect the synthesis and assembly to its
location in the PSII complex.

Substitution of Axial Histidine 92 by Met Increases the
PSII Calcium Requirement.To explore potential effects of
the mutation on the function of the PSII complex, growth
experiments were performed. The effects of calcium and
chloride on the growth of mutant C550-H92M and wild
type were examined in the calcium- or chloride-limiting BG-
11, respectively. For the calcium-limiting BG-11, the usual
0.24 mM CaCl2 was replaced with 0.48 mM NaCl, and for
chloride-limiting BG-11, MnCl2, and CaCl2 were replaced
by equivalent amounts of MnSO4 and Ca(NO3)2 respectively.
Under these conditions, the wild type is able to grow using
the trace concentrations of these ions that are residual in the
medium, whereas PSII mutants with reduced affinity for these
ions are unable to grow (9, 27, 39, 45, 46). The rescue of
growth upon addition of glucose suggests that the altered
ion requirement is localized at PSII. C550-H92M lost
photoautotrophic growth ability in the absence of calcium

FIGURE 1: (A) PCR was applied to amplify the flankingpsbVgene
with a kanamycin resistance cassette at theXbaI site. Lane 1:
marker,λ DNA/HindIII ; lane 2: wild type, undigested; lane 3: wild
type, digested; lane 4: C550-H92M, undigested; lane 5: C550-
H92M, digested. As expected, wild-type PCR product could not
be digested bySacI, while C550-H92M PCR product gave two
bands, 1.55 kb and 407 bp, respectively, withSacI. (B) Heme-
staining of the lysate with TMBZ. Cells were disrupted according
to ref44and samples equivalent to 1µg of chlorophyll were loaded
in each lane. Two individual wild type and C550-H92M lysate
preparations were analyzed. Wild type waspsbV gene carrying
kanamycin resistance cassette at theXbaI site, which had no effect
on its expression and PSII function. All samples except∆psbV
showed the TMBZ-staining specific cytochromec550 band, sug-
gesting the axial ligand substitution by methionine had no effect
on psbVgene expression and heme binding.
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(Figure 2B), but was able to grow, albeit, at a slightly lower
rate than that of wild type in the absence of chloride (Figure
2A). However, glucose restored the growth of C550-H92M,
although at a slower rate than that of wild type in the absence
of calcium (Figure 2C). This is different in comparison to
∆psbV, which lost photoautotrophic growth ability in the
absence of calcium or chloride (11, 27). The results that both
C550-H92M and∆psbVrequire standard calcium concen-
trations to support their photoautotrophic growth imply that
both the deletion and axial ligand mutations reduce the
affinity of the calcium binding to its binding site in PSII.
The fact that alteration of the Cl- requirement of PSII is
observed in the mutant completely lacking cytc550, but not
in the site-directed H92M axial mutant, is consistent with
the previous conclusion that the H92M form of the cyto-
chrome remains bound to the PSII complex.

PSII Concentration and Oxygen EVolution ActiVity. Mea-
surements of the relative concentration of PSII centers
according to variable fluorescence and the maximal rates of
O2 evolution using the artificial electron acceptor DCBQ are
shown for the mutant and control cells in Table 1. Both the
C550-H92M and∆psbVstrains exhibit decreased maximal
rates of steady-state O2 evolution as supported by the artificial
electron acceptor. Maximal rates of steady-state O2 evolution
paralleled the estimated concentration of PSII for C550-
H92M, but not∆psbV, which displays a disproportionately
lower rate of O2 evolution than the estimated concentration
of PSII (31 vs 56%). This may be due to the presence of a
fraction of 33% of PSII centers in∆psbV lacking photo-
oxidizable Mn ions (see below). This fraction of PSII centers
is capable of charge separation but incapable of O2 evolution.

The other alternative, namely, thatpsbVdeletion mutation
results in a slower enzymatic turnover of PSII, is less likely
since earlier results suggest that the slow-down is rather small
and less than the acceptor side turnover rates (27).

The stability of O2-evolving activity in whole cells
incubated in the dark is shown in Figure 3. The wild-type
oxygen evolution activity was essentially unchanged after 6
h incubation in the dark, whereas C550-H92M and∆psbV
showed decreases of 20 and 83%, respectively, following

FIGURE 2: Growth characteristics of cytc550 mutant, C550-H92M, as measured by the optical density at 730 nm. Photoautotrophic growth
of C550-H92M in the chloride-limiting BG-11 media (A) and in the calcium-limiting BG-11 media (B). Panel C shows mixotrophic
growth characteristics of C550-H92M in the calcium-limiting BG-11 media supplemented with 5 mM glucose. Wild type, closed circles;
C550-H92M, open triangles.

Table 1: Characterization of cytc550 Mutants ofCyanobacterium Synechocystissp. PCC6803a

strain

O2 evolutionb

µmol of O2‚
(mg of Chl)-1‚h-1(%)

O2 evolutionc

µmol of O2‚
(mg of Chl)-1‚h-1(%)

O2 evolutiond

µmol of O2‚
(mg of Chl)-1‚h-1(%)

PSII contente

(Fmax - F0)/F0 (%)

wild type 650(100) 630(100) 660(100) 0.50(100)
C550-H92M 449(69) 359(57) 455(69) 0.35(69)
∆psbV 202(31) 34(5.4) 178(27) 0.28(56)

a All the data was the average of three or more measurements.b Oxygen evolution was measured at a chlorophyll concentration of 6.25µg mL-1

in HN buffer (10 mM Hepes, 30 mM NaCl, pH 7.2) with the addition of 750µM DCBQ and 2 mM K3Fe(CN)6. c,d Oxygen evolution was measured
after 6 h dark incubation and after giving 10 min continuous light to the samples of 6 h in thedark, respectively.e Measurements were taken in the
presence of 20 mM hydroxylamine and 40µM DCMU according to Nixon and Diner (38) and Chu et al. (39). A PAM 101 chlorophyll fluorometer
with a PAM 103 triggering attachment (Walz Inc., Germany) was used in this experiment.

FIGURE 3: Decay of oxygen evolution activity in the dark. Cells
were resuspended to a Chl concentration of 100µg/mL and
maintained in the dark with gentle agitation on a rotary shaker.
Aliquots were withdrawn at the indicated times, and rates of
maximal oxygen evolution were measured and expressed as a
fraction of the rates determined prior to the onset of the dark period.
Wild type, circles; C550-H92M, diamonds,∆psbV, triangles.
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the same period of dark incubation. Brief illumination of
these samples restored activities to levels approaching their
original preincubation values (Table 1). The results obtained
with ∆psbVare consistent with previous observations (27).
Previous studies have demonstrated that the absence or
defective binding of the extrinsic proteins causes the
relatively facile loss of the active site metal ions (47-51)
and loss of O2 evolution in vivo (9, 28-30, 39, 52), and it
has been assumed that the light-dependent restoration of O2

evolution activity is due to the rebinding of Mn ions lost
during the dark incubation period (28-30, 42). Therefore,
the loss of activity in the C550-H92M is interpreted to
indicate that the mutation distorts the cytochromec550

structure in a way that perturbs the (Mn)4 binding site, but
not as severely as the complete loss of the protein.

S-State Decay.Figure 4 shows the results of measurements
of the dark stability of the S2- and S3-states performed using
double-flash techniques with isolated thylakoid membranes
(37, 38, 53, 54). Samples that are allowed to incubate in the
dark for 10 min relax to an S-state distribution corresponding
to 25% of the PSII centers in the S0-state and 75% in the
S1-state of the H2O oxidation complex (data not shown). The
dark incubated samples may then be advanced to the S2- or
S3-states by application of either one or two xenon flashes,
respectively. These higher S-states gradually decay corre-
sponding to the rereduction of the H2O-splitting enzyme by
electrons from the acceptor side of the PSII complex from
the redox active tyrosine, YD, on the donor side of the
complex, and ill-defined “endogenous donors” (45, 55, 56).
Accelerated S-state decays were observed in the∆psbV
mutant, while C550-H92M displayed kinetics similar to
those of wild type (Figure 4). Accelerated S-state decays in
∆psbVmay indicate that the deletion of cytc550 alters the
redox properties of the recombining charge pairs affecting
their reactivity toward each other according to previous
considerations of this type of reaction (54, 55, 57, 58). Since
little or no change is observed in the forward electron-transfer
rates from QA

- to QB as assayed by fluorescence (not shown,
but see below), changes in the S-state decay kinetics are
probably the result of changes on the donor side of the PSII
complex. Therefore, the accelerated S-state decays may be
due to a more positive S2/S1 and S3/S2 redox potential of the
(Mn)4 cluster or a more negative YD/YD

• couple resulting in

a larger redox gap between the donor and acceptor sides in
these mutants. Alternatively, the loss of cytc550 may render
the Mn and/or substrate H2O intermediates more accessible
to the solvent, allowing the exchange of partially oxidized
substrate H2O with solvent H2O returning the enzyme to the
S1-state.

Fluorescence Characterization of the psbV Mutants.
Variable chlorophylla fluorescence yield is proportional to
the concentration of QA- in Synechocystissp. PCC6803 (38,
45). In the absence of DCMU, QA- reoxidation occurs mainly
via forward electron transfer to either the quinone (QB) or
semiquinone (QB-) form of the exchangeable plastoquinone.
C550-H92M and ∆psbV exhibited unchanged forward
electron transfer compared to the wild type (data not shown)
indicating that the cytochromec550 mutations had little or
no change in the acceptor side of PSII. In the presence of
DCMU, electron transfer is blocked from QA

- to QB and
the reoxidation of QA- occurs mainly via back-reaction to
the oxidized state of the primary PSII donor P680+, which
is in redox equilibrium with Yz•/Yz and the S2/S1-states of
the (Mn)4. C550-H92M exhibited fluorescence decay char-
acteristics that were similar compared to wild type; however,
∆psbVexhibited significantly slower fluorescence decays
(Figure 4A). The slow decay kinetics of QA

- reoxidation in
the presence of DCMU in the∆psbVmutant likely indicates
a lower equilibrium concentration of P680+ due to a more
negative midpoint potential of Yz•/Yz and/or S2/S1. The

FIGURE 4: S-state decay. Decay of the S2-state (A) and decay of the S3-state (B) in thylakoid membranes of the wild type, closed circles;
C550-H92M, open diamonds;∆psbV, open triangles. Measurements of the lifetimes of the S2-state were performed by recording the
amplitude of O2 yield on the third flash under conditions varying the time interval between the first and second flashes. Measurement of
the lifetime of the S3-state in each of the different strains was performed by recording the amplitude of O2 yield on the third flash under
conditions varying the time interval between the second and third flashes (38, 56, 81).

Table 2: Charge Recombination Kinetics between QA
- and

Oxidized PSII Electron Donors in Cyt‚c550 Mutants ofSynechocystis
sp. PCC6803

kinetics of QA
- decay

after a single flasha

component 1 component 2 component 3

strain (%)
t1/2

(ms) (%)
t1/2

(ms) (%)
t1/2

(ms)

wild type 10 13 48 310 42 1150
C550-H92M 12 8 45 310 43 1210
∆psbV 26 7 18 520 56 1510

a Kinetics of QA
- decay after a single flash was measured in the

presence of 50µM DCMU and analyzed assuming three exponentially
decaying components according to Chu et al. (39). The relative
amplitude (%) and the rate constant of each component.

Function of Cytochromec550 in PSII Biochemistry, Vol. 43, No. 44, 200414165



reoxidation kinetics of QA- following a single flash in the
presence of DCMU was analyzed assuming three exponen-
tially decaying components corresponding to reduction of
different PSII donors (see Table 2).

The fraction of photooxidizable Mn ions in PSII centers
can be determined when cells are briefly illuminated in the
presence of DCMU (59). The fraction of photoaccumulated
QA

- in ∆psbVduring 500 ms illumination was 33% (Figure
4B), indicating that approximately 33% of the assembled,
charge-separating PSII centers in∆psbVlack photooxidizable
Mn ions. Therefore, the overall reduction in PSII oxygen
evolving activity in the∆psbVhas two components: first,
the reduction in the number of assembled reaction centers
capable of charge separation, and second, as many of the
remaining charge separating centers do not contain a
functional manganese cluster.

The characteristics of charge separation were further
investigated using fluorescence techniques by following the
formation of QA

- in response to 50 flashes at 1 Hz in the
presence of DCMU; this was also examined to test the
efficiency of electron transfer (Figure 6). The lower yield
of variable fluorescence followed the first flash in∆psbV
and the subsequent gradual accumulation of QA

- (Figure 6B)
suggests that electron transfer from the WOC to P680+ is
slower than in wild type and C550-H92M (Figure 5A,C).
Since the addition of hydroxylamine in the assay (performed

during quantitation of PSII) restores the fluorescence yield
on the first flashes to near wild-type levels, it is likely that
the slow-down in P680+ reduction is at the level of Yz•

reduction by the WOC in the∆psbV mutant. Another
interesting observation is that the amplitude of the flash-
induced variable fluorescence in C550-H92M progressively
declined during the course of the experiment. This phenom-
enon is only observed in the presence of DCMU, which
suggests that charge recombination between the QA

- and S2-
state of the (Mn)4 cluster may result in the production of
chemical species which react to produce toxic secondary
products that are damaging to PSII.

DISCUSSION

The role of extrinsic cytc550 in cyanobacterial PSII oxygen
evolution has been explored by deletion of thepsbVgene
and by biochemical depletion-reconstitution experiments (6,
8, 10, 12, 27, 31, 60). While a structural role in maintaining
the integrity of the H2O oxidation complex is evident from
these studies, an understanding of how the protein modulates
the activity of the H2O oxidation reaction and the significance
of the heme group of the cytochrome remain elusive. In the
present study, the electron-transfer characteristics of the
∆psbVdeletion mutant, which entirely lacks the cytochrome,
has been analyzed in greater detail than before. Additionally,
a new strain, C550-H92M, was constructed in which the

FIGURE 5: Fluorescence characterization of the mutants, C550-H92M and∆psbV. (A) Fluorescence yield kinetics of QA- reoxidation in
the presence of DCMU. The charge recombination kinetics of QA

- can be measured following a single flash in the presence of 50µM
DCMU and analyzed assuming three exponentially decaying components (see Table 2). (B) Formation and decay of QA

- in response to 500
ms continuous saturating illumination in the presence of DCMU. The fraction of photoaccumulated QA

- in ∆psbVduring 500 ms illumination
was 33%, reflecting the fraction of PSII centers in∆psbVlack that photooxidizable Mn ions.

FIGURE 6: Formation of QA
- in response to 50 saturating xenon flashes at 1 Hz in the presence of DCMU.
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bis-histidyl heme ligation was substituted by a methionine
at the sixth position histidine. The C550-H92M mutant
described here is the first to explore the role of cytc550 in
PSII oxygen evolution by site-directed amino acid substitu-
tion mutagenesis.

The C550-H92M substitution mutation does not prevent
assembly of the functional PSII complex, although it does
decrease the accumulation of PSII in the thylakoid mem-
branes to 69% of the wild type (Table 1). Furthermore, the
binding of cytc550 or MSP to the intrinsic domains of PSII
was not markedly changed by the C550-H92M substitution
mutation. Upon dark incubation,∆psbVwas found to rapidly
lose oxygen evolution activity, which was consistent with
previous results (27); however, C550-H92M exhibited only
a slight decline in O2 evolution in comparison to the wild
type. These observations are consistent with a rather subtle
structural change caused by the H92M mutation. Structural
modeling of the cytochrome suggests that an approximately
3.5-4.0 Å deviation in the protein backbone at the substitut-
ing Met 92 and/or the heme iron is required to allow coor-
dination of the iron by the methionyl sulfur atom. Experi-
ments are under way to determine if this ligation occurs.
Bis-histidine and histidine-methionine are the most common
ligation combinations, although other combinations include
lysine-histidine,R-amino-histidine, and bis-methionine (61-
64). Among the mutant cytochromes with a substitution of
heme-iron axial ligand by histidine, methionine, lysine, or
cysteine via semisynthesis or site-directed mutagenesis, some
significantly reduced or completely lost bound heme (63,
64), whereas others effectively maintained heme binding with
the ligand substitutions (22, 62, 65-69). The cytc550 heme
axial ligand change from His to Met in C550-H92M did
not affect heme binding because the protein extracts of the
strain also showed the TMBZ-staining specific cytc550 band
(Figure 1B). This suggests the methionine effectively func-
tions as the sixth heme axial ligand, although further analysis
of the isolated protein will be needed to assess this. Usually,
the natural c-type hemes with Bis-histidine ligation have
lower redox potential in the range of-400 to -100 mV,
whereas those with histidine-methionine have higher values
in the range of 0 to 400 mV (70). Although the midpoint
potential of the mutant cytochrome has not been measured
in the present study, it is likely that the midpoint potential
follows this trend toward positive values.

Consistent with earlier analysis, the mutational loss of cyt
c550 results in an increased dependence upon Ca2+ and Cl-

ions. However, Ca2+ deficiency also has a profound impact
upon growth of the C550-H92M strain, despite the fact that
the expression, maturation, and binding of cytc550 appears
largely unaffected by the H92M mutation. Regarding the last
point, however, it is also important to note that the binding
assay is crude and therefore may not be sensitive enough to
reveal a reduction in the binding affinity of cytc550 to the
PSII complex. It is likely, based upon the dark deactivation
characteristics shown in Figure 3, that some decrease in
binding affinity occurs as result of the H92M mutation.
Whatever actual changes in binding affinity of cytc550 in
the C550-H92M strain, it is clear that the perturbation of
cyt c550 has a strong effect upon the PSII Ca2+ site. Vrettos
et al found that the absence of the 17 and 23 kDa proteins
causes the free energy of binding (∆GB) of cations to the
Ca2+ site to increase by approximately 2.5 kCal mol-1

regardless of the cationic species (71). They attribute the
decreased affinity of the Ca2+ site to an increase in the local
dielectric field surrounding the Ca2+ site in the absence of
the extrinsic proteins due to the closer approach of solvent
water. The proximity of polarizable solvent was argued to
effectively screen the charge-charge interactions that sta-
bilize the binding of Ca2+ to its site within the WOC. Current
structural models of the PSII complex indicate that the (Mn)4

is buried under the extrinsic proteins and the C-terminal
segment of the D1 protein (14, 15). The removal of cytc550

from the WOC reduces the distance between the solvent-
accessible protein surface and the center of the (Mn)4 by
approximately 30 Å according to current structural models
of the PSII complex and would leave an approximately 10
Å layer of protein covering the (Mn)4. Assuming close
proximity of the Ca2+ site to the (Mn)4, as with current
models, then this difference in solvent proximity could
account for a change in Ca2+ affinity. On the other hand,
the C550-H92M amino acid substitution mutation may not
dramatically affect the binding of cytc550, which would
suggest that bulk solvent is not allowed to penetrate in large
amounts to sites close to the Ca2+ site. If the lowered Ca2+

affinity is indeed due to changes in the local dielectric field,
then the intrusion of relatively small amounts of solvent into
the cyt c550-PSII interface may still be sufficient to yield
an energy penalty on Ca2+ binding that produces the observed
Ca2+-sensitive phenotype. The argument that Ca2+ affinity
is sensitive to even a relatively small amount of “leakiness”
in the protein shield normally provided by the extrinsic
proteins has some merit in explaining the diversity of
mutations giving rise to the Ca2+-sensitive phenotype since
any number of different mutations may cause distortions in
protein structure that result in less tightly packed, more
solvent permissive, regions of the WOC. The weakened
binding of Ca2+ upon disturbance of cytc550 binding seems
to be reciprocal since perturbation of the Ca2+-binding site
by substitution with Sr2+ results in weakened binding of cyt
c550 to isolated PSII particles (72).

A puzzling finding is the apparent disparity in the results
of the fluorescence decay (Figure 5A) and S-state decay
(Figure 4A,B) measurements of the∆psbV mutant. The
accelerated decays of S2 and S3-states observed in the∆psbV
mutant might be interpreted as being due to more positive
midpoint potentials of the S2 and S3-states of the (Mn)4
cluster. Therefore, the recombination of the S2QA

- state,
observed by monitoring the decay of variable fluorescence
following a flash in the presence of DCMU, might also be
expected to exhibit an accelerated decay. However, there is
actually a slowing of fluorescence decay in∆psbV(Figure
5A, Table 2) consistent with a morenegatiVe midpoint of
the S2-state of the (Mn)4 cluster. Since S-state decays
observed on the bare platinum electrode involve recombina-
tion from the QB site, whereas the fluorescence decay
measurements in the presence of DCMU follows recombina-
tion from the QA site, a possible reason for the discrepancy
could be due to an alteration in the QB

- site, but not the QA
site. This, however, seems unlikely on the basis of earlier
thermoluminescence (TL) analysis of the mutant (27) and
the present measurements of fluorescence decay in the
absence of DCMU (data not shown, but see above). The TL
measurements showed that the peak temperatures of the S2-
QA

-, S2-QB
- TL signals increase in parallel indicating that
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the effect of cytc550 loss is localized to a change in the donor
side and involves shifts to less positive midpoint potentials
for (Mn)4 in both the S2- and S3-states (27). The fluorescence
decay measurements in the absence of the inhibitor revealed
no differences in forward electron transfer from the QA

- to
QB site, indicating a lack of alteration in the acceptor side
upon the loss of cytc550. The TL and fluorescence results
are thus consistent with each other and indicate that the redox
potential of the (Mn)4 is less positive. Since a less positive
redox potential of the (Mn)4 is expected to result in a slowed
S-state decay, yet the decays of both the S2- and S3-states
measured on the bare platinum electrode are considerably
more rapid in∆psbVcompared to the wild type (Figure 4),
the more rapid S-state decay may have a kinetic, rather than
thermodynamic, basis. Therefore, we propose two routes of
reduction for the S-states of the (Mn)4: one with a typically
observed process of charge recombination between the
acceptor side and donor sides with P680+ being an inter-
mediate and the second involving an exogenous electron
donor that gains increased access to the (Mn)4 upon the
complete removal of cytc550. This interpretation fits with
the rapid dark deactivation of H2O oxidation activity corre-
sponding to the loss of Mn in∆psbV(Figure 3) since the
disassembly of the (Mn)4 involves Mn reduction, presumably
by exogeneous reductants. The rapid S-state decay appears
to occur in one-electron increments since the centers relax
monotonically through the preceding lower S-states to form
the usual dark adapted S0/S1 ratio of approximately 25/75%
(not shown).

There is an apparent decrease in the quantum yield of
S2QA

- formation in ∆psbV as evident in the multiflash
fluorescence experiments (Figure 6B). This result is con-
sistent with increased miss factors for S-state cycling
observed with flash O2 yield experiments using a bare
platinum electrode (27). Similar observations of submaximal
fluorescence yields in response to xenon flashes were made
with the D1 a-b loop mutant D1-D59N and D1-D61 mutants
under Ca2+-deficient growth conditions (73), which also
show higher miss factors (37). The lower yield of variable
fluorescence during flash illumination in∆psbVsuggests that
electron transfer from the WOC to P680+ is slower than that
in wild type and Ca2+-sufficient C550-H92M (Figures 6C
and 5D). These observations are in accord with the known
perturbation of Yz• rereduction and S-state advancement upon
Ca2+-depletion. Taken together, the data are consistent with
the conclusion that loss or alteration of cytc550 alters the
Ca2+-binding site. In this regard, the functional similarities
and differences between cytc550 and the 23 kDa extrinsic
PSII protein of higher plants and green algae is worth
considering: removal of 23 kDa protein has long been known
to increase the demand for Ca2+ for H2O oxidation activity
(74, 75), and this has been postulated to be due to changes
in affinity (71). In cyanobacteria, cytc550 has a role in
promoting Ca2+ binding according to the present and earlier
results (27). However, some earlier biochemical studies were
more equivocal on the issue of the Ca2+ requirement of
cyanobacterial PSII H2O oxidation activity and the role of
cyt c550 in its modulation (7, 76, 77). Yet, in these cases,
rigorous Ca2+ depletion methods were not utilized (7, 76)
or Ca2+ was added back to the O2 evolution assay buffers
(7, 77). If the intimate role of Ca2+ in the WOC observed in
plants is broadly observed across other oxygenic species

including cyanobacteria, as is suggested by the most recent
crystal structure model (14) and some biochemical studies
with Synechocystissp. PCC6803 PSII (78), the discrepancies
in Ca2+ dependencies may be due to incomplete extraction
of the ion in those studies reporting only partial dependence
of H2O oxidation activity on Ca2+ depletion and readdition.

The most recent structural model of cyanobacterial PSII
(14) places Ca2+ site in close proximity to the D1 carboxy
terminal domain with theR-carboxyl group of D1-Ala344
providing one of the Ca2+ ligands. Although this specific
assignment remains controversial (79, 80), it is likely that
Ca2+ is in close proximity to the D1 carboxy terminal given
its close proximity of PSII Ca2+ to the (Mn)4, on one hand,
and the likelihood that the carboxy terminus provides Mn
ligands, on the other. Both the Kamiya and Ferriera models
of the PSII reaction center indicate extensive contacts
between the carboxy terminal domain of the D1 protein and
cyt c550 (14, 15). Given this we suggest that cytc550modulates
the Ca2+ site (either through dielectric or direct structural
effects) owing to its intimate association with the D1-carboxy
terminus.
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