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ABSTRACT: The HO oxidizing domain of the cyanobacterial photosystem Il (PSII) complex contains a
low potential, c-type cytochrome termegko that is essential for the in vivo stability of the PSII complex.

A mutant lacking cytochromesso (ApsbVj in Synechocystisp. 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 (C556-H92M). Heme staining of SDSPAGE showed that the C550H92M mutation did

not disturb the accumulation and heme-binding properties of the cytochromeshi/cells, 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. C55B192M 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. C556-H92M lost photoautotrophic growth ability in the absence of‘Céut its growth

was not affected by depletion of Clwhich differs fromApsb\. Taken together, the results suggest that

in the absence of cytochronwesp electron transfer on the donor side is retarded perhaps at the level of
Y. 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 Zarequirement of PSIl. The results are discussed in terms of current
understanding of the Ca site of PSII.

Photosystem Il (PSH)catalyzes the light-driven reduction

cytochromecsss), which carries electrons from the cyto-

of plastoquinone using electrons extracted from water via chromebg/f complex to photosystem | in cyanobacteria and

the oxygen-yielding KO oxidation reaction (for reviews on
PSII, see refd—4). A c-type cytochrome, cytochronmesg
(cyt css0), Is intimately associated with the,8 oxidation

eukaryotic algae. Despite the structural similarities, @ys
has a much lower midpoint redox potential as compared to
the other c-type cytochromed{—20). The structurally

domain of the PSII complex in cyanobacteria and nongreen similar cytcs has a midpoint potential 6325 mV, whereas
algae ). Several lines of convincing evidence show that cyt cssohas a midpoint potential of approximateh250 mV.

Cyt Csso is involved in the integrity and stability of PSII  The actual value of heme redox potential of cyg in vivo
complex 6—13) consistent with its extensive contacts with can be modulated by three major factors: the nature of the
intrinsic domains as well as with 12 kDa and manganese- heme axial ligands, the solvent exposure of the heme, and
stabilizing proteins (MSPs) observed in the current X-ray the protein environment around the heme-binding site (for

crystal structure models of the cyanobacterial complex-(
16).

Although associated with the membrane-bound PSII
complex, cytcsso is a water-soluble monoheme cytochrome
and exhibits striking structural similarities to other c-type
cytochromes, including cytochromes (also known as
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1 Abbreviations: PSII, photosystem 1I; DCBQ, 2,6-dichlgro-
benzoquinone; cytsso, cytochromecsse, an extrinsic protein of photo-
system Il complex encoded by psbV; EDTA, (ethylenedinitrilo)tetra-
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TMBZ, 3,3,5,5-tetramethylbenzidine; WOC, J oxidation complex.

analysis, see reRl). For example, when methionine
histidine heme ligation of cytsso from Thiobacillusversutus
was changed to lysinehistidine heme ligation, the redox
potential of the mutant shifted329mV 22), and when the
solvent water was excluded from the heme-binding site, a
shift of +150 mV was observed2(). The unusually low
midpoint potential of cytsspis partly attributable to the bis-
histidyl axial ligation of the heme irorl@, 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 cssomeasured in solutiorr260 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—80

Li et al.

reverse primer, which introduced Zacl site (underlined).

mV as measured when the cytochrome bound to the PSII The amplified PCR product was inserted into #enl and
complex, where the otherwise exposed heme edge is buriedSaclsites of the plasmid pBS SKthe plasmid pPSBV was

within the protein-protein binding interface2d).
The function of cytochromesso has remained controver-

created by inserting a 1.1 kb kanamycin resistance cassette

from pRL446 at theXbal site, which located at stop codon

sial. Krogmann originally proposed that the function of cyt Of psbV gene. The primers &AC TAT TCG GAG CTC
Csso May be related to anaerobic disposal of electrons from ATG CCC AAT ATT TCC CGT CCC 3and 3 GGG ACG

carbohydrate reserves to sustain an organism overcoming@GA AAT ATT GGG CAT GAG CTC CGAATAGTC 3

prolonged dark and anaerobic conditio2§)( Other pro-
posed functions for cytsso include accepting electrons from
ferredoxin during the oxidation of NADPH and in cyclic
photophosphorylation2@). These assignments seem to be
contradicted by the clear physical association with th® H
oxidation domain of the PSIl complex. However, the very
low midpoint potential of the cytochrome adjacent to the
strongly positive operating potential of the;®l oxidation

were used to create the mutant pPSBVH92M, ar@aal
site was introduced (underlined). Mutagenesis was performed

by using the QuickChange Site-Directed Mutagenesis kit
(Stratagene). Plasmids pPSBV and pPSBVH92M were used

to transformApsbV, and the transformants were selected and

propagated on BG-11 plates supplemented with 20
atrazine, 5 mM glucose drb g L (initially) or 50 g L™t
(final platings) kanamycin. The desired mutation was con-

begs the question as to what function, if any, the heme moietyfirmed by both digesting withSacl and sequencing the

has. Information on the function of cykso in PSIl was
obtained from the cytsso deletion mutantApsb\j and from

mutagenized plasmid and colony PCR products. The strain
of ApsbVtransformed with plasmid pPSBV was used as a

biochemical depletion/reconstitution studies. Cells of the control and designated as wild type hereafter.

ApsbVmutant contain half of the PSII centers found in wild

Preparation of Q-Evolving Membranes and Analysis of

type, but are capable of growing photoautotrophically albeit S-State Decaylsolation of Q-evolving membranes was

at a reduced ratelQ, 27). However, autotrophic growth
requires higher levels of Caand CI to satisfy the PSII

performed with modifications of previously described pro-
cedures 35, 36). Measurements of the kinetics of S-state

requirement for these ions, much like mutants lacking the decay was performed using a bare platinum electrode as

MSP. And like the MSP-less mutants, the cyoaeletion
mutant rapidly loses ©evolving activity in the dark, whereas

previously described3().
Quantification of PSIl and Measurements of Fluorescence

the lost activity can be subsequently restored by the procesKinetics.Measurements of variable fluorescence yields were

of photoactivation Z7—30). Biochemical reconstitution
experiments have shown that cyscalone was able to
restore only about 1811% of oxygen-evolving activity of

performed using a Walz PAM 101 chlorophyll fluorometer
(Heinz Walz GmbH, Effeltrich, Germany). Cells in late
logarithmic phase of growth were harvested by centrifuga-

isolated PSII complex in the absence of the other extrinsic tion. After being washed with HN buffer (10 mM Hepes,
proteins. Addition of MSP alone restored approximately half pH 7.0, 30 mM NacCl), the cells were resuspended in HN

the activity. However, activity approaching the level of
maximal reconstitution is obtained when cytyis added in

buffer at a final concentration of 50g of Chl mL™%, and
then the cells were kept under dim light on the shaker at

conjunction with MSP, demonstrating the importance of both 150 rpm before being used for experiments. Estimation of

proteins acting in concert for maintaining the integrity of
the HO oxidation complex {, 31). Taken together, the
results indicate that cysso has an important structural role,

the concentration of charge-separating PSIl centers was
performed essentially as described previousdg, (39).
Measurement of chlorophyll fluorescence decay was per-

but do not answer the question whether the heme moietyformed essentially as in r&9. A 3-mL cell suspension at 3
has a redox function related to the operation or protection g of Chl mL~! was incubated in darkness for 5 min before

of PSII 32).
Here the sixth position axial ligand of cygtse in Syn-

measuring pulses were switched on at 1.6 kHz and a train
of actinic 30 flashes was given at 5 Hz beginning 100 ms

echocystisp. PCC6803, histidine 92, was mutagenized to a later in the presence of 5M of DCMU.

methionine, emulating typical c-type cytochromes with a
more positive midpoint potential. In this initial investigation,

the mutant strain, C556H92M, was analyzed and compared

with the ApsbVand wild type.

MATERIALS AND METHODS

Construction of Plasmid pPSBV and Site-Directed Mu-
tagenesisGrowth and manipulation of the glucose-tolerant
strain of Synechocystisp. PCC6803 was conducted accord-
ing to established procedure33[. Molecular genetic tech-
niques followed standard techniqu&d), The Synechocystis
sp. PCC6803sbVgene was amplified from chromosomal
by PCR (TurboPfu polymerase, Stratagene). The oligo-
nucleotide 5GCG CGG TAC CGA CCG ATT CC 3was
used as the forward primer, which introducedKpnl site
(underlined), and the oligonucleotidé GGC GAG CTC
GCG CTT ACG ATA ATC GTG GC 3was used as the

Other ProceduresMaximal rates of @ evolution were
determined polarographically at 3@ using a Clark-type
electrode at a final chlorophyll concentration of 6:@pmL !
as described previouslBT7). 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 to4@f using
the extinction coefficient at 665.2 nm of 79.24 mL mg
cm 1. SDS-PAGE was performed on a 12% polyacrylamide
separation gel containin6 M urea. Cytcsso was detected
on the basis of its heme-centered peroxidase activity using
TMBZ (3,3,5,5-tetramethylbenzidine) as previously de-
scribed procedured (g, 31).

RESULTS

Construction of Cytochromesg His92 — Met Axial
Ligand Substitution MutanThe sixth position ligand to the
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heme iron of cyanobacterial cytochromygy is histidine 921 A B
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 1 =23 a4 s
thought to account, in part, for the considerably more
negative midpoint potentials of the bis-His c-type cyto- 23130
chromes compared to the Met-His coordinated c-type cyto- ,..
chromes 18, 20, 21). The function of cytochromess in 6557 couoo B
cyanobacterial PSII remains unknown. If its function depends
on the low midpoint potential of its heme, then conversion
of the axial heme ligation to MetHis could impair its
function. Therefore, a plasmid vector, pPSBV, was con-
structed to facilitate the site-directed mutagenesis of the
His92 axial ligand of cytochromesso in Synechocystisp.
PCC6803 (see Materials and Methods). The ligand replace-
ment mutation was constructed in the parent vector pPSBYV, ss:
which was then used to transfornSgnechocystigecipient
strain,ApshV, which entirely lacks thpsbVgene encoding
Cyt Csso Using established techniquedl( 33, 41). The Ficure 1: (A) PCR was applied to amplify the flankingsbVgene
resultant strain oSynechocystjsSC550-H92M, expresses with a kanamycin resistance cassette at ¥iml site. Lane 1:

; i« marker A DNA/Hindlll; lane 2: wild type, undigested; lane 3: wild
only the mutant form of the cytochrome possessing the His type, digested: lane 4: C556492M, undigested: lane 5: C550

— Met ligand replacement. To facilitate the screening for fgop digested. As expected, wild-type PCR product could not
the mutation, &aclsite was also introduced within tipsbV be digested bysac| while C550-H92M PCR product gave two
coding sequence as a silent mutation adjacent to the targetedands, 1.55 kb and 407 bp, respectively, witacl (B) Heme-

His codon (see Materials and Methods) and the desiredsStaining of the lysate with TMBZ. Cells were disrupted according

. . - : . to ref44 and samples equivalent tq:@ of chlorophyll were loaded
mutation was confirmed by restriction digesting wiacl in each lane. Two individual wild type and C558192M lysate

and sequencing. The control strain possesses a wild-type Cop¥yreparations were analyzed. Wild type wasbV gene carrying

of psbVwith a kanamycin-resistance cassette located down- kanamycin resistance cassette atXial site, which had no effect
stream of thgpsbVgene at thexbal site. Figure 1A, which  on its expression and PSII function. All samples excapsbV
shows the profile of PCR products pébVgene carrying a ~ Showed the TMBZ-staining specific cytochromagy band, sug-
kanamycin-resistance cassette digeste8dx) confirms that gesting the axial ligand substitution by methionine had no effect

- . ,on psbVgene expression and heme binding.
the mutant sequence has been introduced. As expected, wild- pSbYg P g

4361

20300

R
(—&S@

type PCR product (1.96 kb) could not be digestedSay| proteins associated with membrane fragments and vesicles.
while the C556-H92M PCR product gave two bands, 1.55 C550-H92M exhibited no detectable change in the associa-
kb and 407 bp, respectively, upon digestion viticl DNA tion of these extrinsic proteins with the membrane fraction

sequencing of the PCR products was performed to verify compared to that of wild type indicating that the ligand
that the engineered base changes were present in th&ubstitution mutation did not cause a large changesip
transformant and to make sure that unintended mutationsbinding affinity for its site on the PSII reaction center (data
were not also incorporated into the mutant (data not shown). not shown). However, this binding assay is inherently crude,
Substitution of Axial His92 by Met Does Not Affect Heme and nonspecific binding and incomplete removal of unbound
Attachment in Cytsso. TO investigate whether the H92M  proteins cannot be entirely discounted. Taken together, the
mutation affects expression of the protein and the covalentresults indicate that the presence of the axial ligand mutation
attachment of the heme moiety, the cellular lysates from does not markedly affect the synthesis and assembly to its
C550-H92M and wild type were analyzed by SBEAGE location in the PSIlI complex.
followed by heme-staining with TMBZ while using the Substitution of Axial Histidine 92 by Met Increases the
ApsbV strain as a negative control. All samples, except PSIl Calcium Requirement.o explore potential effects of
ApsbV, showed equivalent TMBZ-staining intensities cor- the mutation on the function of the PSIl complex, growth
responding to the cyiss electrophoretic band (Figure 1B).  experiments were performed. The effects of calcium and
This indicated that the axial ligand substitution by Met did chloride on the growth of mutant C55¢192M and wild
not impairpsbVgene expression and had no discernible effect type were examined in the calcium- or chloride-limiting BG-
upon the maturation of the cytochrome, which involves the 11, respectively. For the calcium-limiting BG-11, the usual
cleavage of the signal peptide and the formation of a covalent0.24 mM CaCJ was replaced with 0.48 mM NacCl, and for
thioether linkage between the heme moiety and the apo-chloride-limiting BG-11, MnCJ, and CaCJ were replaced
protein. We also explored the binding ability for @y, and by equivalent amounts of MnS@nd Ca(NQ), respectively.
MSP to membranes in C55@H92M using previously Under these conditions, the wild type is able to grow using
established methoddZ—44). In these experiments, total cell the trace concentrations of these ions that are residual in the
lysates from mutant and control cells were centrifugally medium, whereas PSII mutants with reduced affinity for these
separated into membrane and soluble fractions and analyzedons are unable to growd( 27, 39, 45, 46). The rescue of
for MSP and c-type cytochrome content. Low concentrations growth upon addition of glucose suggests that the altered
of the nonionic detergent, dodecyl maltoside, were added toion requirement is localized at PSIl. C55B192M lost
promote the release of unbound and nonspecifically bound photoautotrophic growth ability in the absence of calcium
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Ficure 2: Growth characteristics of cgtso mutant, C556-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 C55H92M in the calcium-limiting BG-11 media supplemented with 5 mM glucose. Wild type, closed circles;
C550-H92M, open triangles.

Table 1: Characterization of cgtso Mutants of Cyanobacterium Synechocyssis. PCC6803

O, evolutior? O, evolutiorf O, evolutiort!
umol of O, umol of O, umol of O, PSII contertt
strain (mg of Chly*-h~1(%) (mg of Chly*-h~1(%) (mg of Chly*-h~1(%) (Fmax — Fo)/Fo (%)
wild type 650(100) 630(100) 660(100) 0.50(100)
C550-H92M 449(69) 359(57) 455(69) 0.35(69)
ApsbV 202(31) 34(5.4) 178(27) 0.28(56)

2 All the data was the average of three or more measurenfe@tsygen evolution was measured at a chlorophyll concentration of/gy26L 1
in HN buffer (10 mM Hepes, 30 mM NacCl, pH 7.2) with the addition of 78@ DCBQ and 2 mM KFe(CN}. ¢4 Oxygen evolution was measured
after 6 h dark incubation and after giving 10 min continuous light to the samiléshan thedark, respectively®¢ Measurements were taken in the
presence of 20 mM hydroxylamine and 481 DCMU according to Nixon and Dinei3g) and Chu et al.39). A PAM 101 chlorophyll fluorometer
with a PAM 103 triggering attachment (Walz Inc., Germany) was used in this experiment.

1.2

(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 C55(2M,
although at a slower rate than that of wild type in the absence
of calcium (Figure 2C). This is different in comparison to
ApsbV, which lost photoautotrophic growth ability in the
absence of calcium or chlorid&X, 27). The results that both
C550-H92M andApsbVrequire 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. 0.2}
The fact that alteration of the Clrequirement of PSII is
observed in the mutant completely lacking cydo, but not 0
in the site-directed H92M axial mutant, is consistent with . .
the previous conclusion that the H92M form of the cyto- Dark Time (min)
chrome remains bound to the PSIlI complex. FiGURe 3: Decay of oxygen evolution activity in the dark. Cells

PSII Concentration and Oxygernv@lution Actiity. Mea- ~ Were resuspended to a Chl concentration of 1@imL and

. . maintained in the dark with gentle agitation on a rotary shaker.

surements of the relative concentration of PSII centers pjiquots were withdrawn at the indicated times, and rates of
according to variable fluorescence and the maximal rates of maximal oxygen evolution were measured and expressed as a
O, evolution using the artificial electron acceptor DCBQ are fraction of the rates determined prior to the onset of the dark period.
shown for the mutant and control cells in Table 1. Both the Wild type, circles; C556:H92M, diamondsApsbV triangles.
C550-H92M andApsbVstrains exhibit decreased maximal
rates of steady-state;@volution as supported by the artificial The other alternative, namely, thasbV deletion mutation
electron acceptor. Maximal rates of steady-state@lution results in a slower enzymatic turnover of PSII, is less likely
paralleled the estimated concentration of PSII for C550 since earlier results suggest that the slow-down is rather small
H92M, but notApsb\, which displays a disproportionately and less than the acceptor side turnover ra2&@s (
lower rate of Q evolution than the estimated concentration  The stability of Q-evolving activity in whole cells
of PSII (31 vs 56%). This may be due to the presence of aincubated in the dark is shown in Figure 3. The wild-type
fraction of 33% of PSII centers ilhpsbV lacking photo- oxygen evolution activity was essentially unchanged after 6
oxidizable Mn ions (see below). This fraction of PSII centers h incubation in the dark, whereas C55492M andApshV
is capable of charge separation but incapable gflution. showed decreases of 20 and 83%, respectively, following

081
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Oxygen Evolution

0 100 200 300 400



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

L T — 12

1t

° °
_g osf _g 08l
© ©
E osl g o6l
2 2
~ 04f =3, 04}
) )

0.2} 0.2

0 100 200 300 400 500
Dark Interval (seconds) Dark Interval (seconds)
FiGurRe 4: S-state decay. Decay of the-8ate (A) and decay of the;State (B) in thylakoid membranes of the wild type, closed circles;
C550-H92M, open diamondsApsbV, open triangles. Measurements of the lifetimes of thet8te were performed by recording the
amplitude of Q yield on the third flash under conditions varying the time interval between the first and second flashes. Measurement of

the lifetime of the gstate in each of the different strains was performed by recording the amplitudgyaél® on the third flash under
conditions varying the time interval between the second and third fla88:56, 81).

the same period of dark incubation. Brief illumination of Table 2: Charge Recombination Kinetics between @nd .
these samples restored activities to levels approaching theirfOxidized PSII Electron Donors in Cykso Mutants of Synechocystis

original preincubation values (Table 1). The results obtained SP- P€C6803

with ApsbVare consistent with previous observatio83)( kinetics of Q™ decay

Previous studies have demonstrated that the absence or after a single flash

defective binding of the extrinsic proteins causes the component 1 component 2 component 3
relatively facile loss of the active site metal ion&7{-51) twe tue tus

and loss of @ evolution in vivo @, 28—30, 39, 52), and it strain (%) (ms) (%) (ms) (%) (ms)

has been assumed that the light-dependent restoration of O wild type 10 13 48 310 42 1150
evolution activity is due to the rebinding of Mn ions lost C550-H92M 12 8 45 310 43 1210
during the dark incubation perio@§—30, 42). Therefore, ApsbV 26 ’ 18 520 56 1510
the loss of activity in the C550H92M is interpreted to aKinetics of Q~ decay after a single flash was measured in the
indicate that the mutation distorts the cytochromgo presence of 5@aM DCMU and analyzed assuming three exponentially

decaying components according to Chu et &9)( The relative

structure in a way that perturbs the (Mjinding site, but amplitude (%) and the rate constant of each component.

not as severely as the complete loss of the protein.
S-State Decayrigure 4 shows the results of measurements ) _
of the dark stability of the $ and S-states performed using @ larger redox gap between the donor and acceptor sides in
double-flash techniques with isolated thylakoid membranes these mutants. Alternatively, the loss of cyi, may render
(37, 38, 53, 54). Samples that are allowed to incubate in the the Mn and/or substr_atezED intermediates more accegs]ble
dark for 10 min relax to an S-state distribution corresponding 0 the solvent, allowing the exchange of partially oxidized
to 25% of the PSII centers in the,State and 75% in the substrate KO with solvent HO returning the enzyme to the
Si-state of the HO oxidation complex (data not shown). The Si-State.
dark incubated samples may then be advanced totherS Fluorescence Characterization of the psbV Mutants.
Ss-states by application of either one or two xenon flashes, Variable chlorophylla fluorescence yield is proportional to
respectively. These higher S-states gradually decay corre-the concentration of & in Synechocystisp. PCC680338,
sponding to the rereduction of the®ksplitting enzyme by  45). In the absence of DCMU, £ reoxidation occurs mainly
electrons from the acceptor side of the PSIl complex from via forward electron transfer to either the quinong)@r
the redox active tyrosine, oY on the donor side of the semiquinone () form of the exchangeable plastoquinone.
complex, and ill-defined “endogenous donorg’5,(55, 56). C550-H92M and ApshbV exhibited unchanged forward
Accelerated S-state decays were observed inApsbV electron transfer compared to the wild type (data not shown)
mutant, while C556:H92M displayed kinetics similar to  indicating that the cytochromesso mutations had little or
those of wild type (Figure 4). Accelerated S-state decays in no change in the acceptor side of PSII. In the presence of
ApsbVmay indicate that the deletion of cgiso alters the DCMU, electron transfer is blocked fromaQ to Qs and
redox properties of the recombining charge pairs affecting the reoxidation of - occurs mainly via back-reaction to
their reactivity toward each other according to previous the oxidized state of the primary PSIl donor P68&hich
considerations of this type of reactid®¥( 55, 57, 58). Since is in redox equilibrium with Y/Y, and the &/S;-states of
little or no change is observed in the forward electron-transfer the (Mn). C550-H92M exhibited fluorescence decay char-
rates from Q™ to Qs as assayed by fluorescence (not shown, acteristics that were similar compared to wild type; however,
but see below), changes in the S-state decay kinetics areApsbV exhibited significantly slower fluorescence decays
probably the result of changes on the donor side of the PSII (Figure 4A). The slow decay kinetics ofaQreoxidation in
complex. Therefore, the accelerated S-state decays may bé¢he presence of DCMU in th&apsbVmutant likely indicates
due to a more positive,£5; and $/S; redox potential of the  a lower equilibrium concentration of P68@ue to a more
(Mn)4 cluster or a more negativep¥Y p* couple resulting in negative midpoint potential of YY, and/or $/S;. The
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Ficure 5: Fluorescence characterization of the mutants, €58I2M andApsbV. (A) Fluorescence yield kinetics of Q reoxidation in

the presence of DCMU. The charge recombination kinetics ©f €an be measured following a single flash in the presence N80
DCMU and analyzed assuming three exponentially decaying components (see Table 2). (B) Formation and decayres@onse to 500
ms continuous saturating illumination in the presence of DCMU. The fraction of photoaccumulatéa osbVduring 500 ms illumination
was 33%, reflecting the fraction of PSII centersApsbVlack that photooxidizable Mn ions.
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Ficure 6: Formation of Q™ in response to 50 saturating xenon flashes at 1 Hz in the presence of DCMU.

reoxidation kinetics of @~ following a single flash in the  during quantitation of PSII) restores the fluorescence yield
presence of DCMU was analyzed assuming three exponen-on the first flashes to near wild-type levels, it is likely that
tially decaying components corresponding to reduction of the slow-down in P680 reduction is at the level of Y
different PSII donors (see Table 2). reduction by the WOC in theApsbV mutant. Another
The fraction of photooxidizable Mn ions in PSII centers interesting observation is that the amplitude of the flash-
can be determined when cells are briefly illuminated in the induced variable fluorescence in C53892M progressively
presence of DCMUF9). The fraction of photoaccumulated ~ declined during the course of the experiment. This phenom-
Qa~ in ApsbVduring 500 ms illumination was 33% (Figure €non is only observed in the presence of DCMU, which
4B), indicating that approximately 33% of the assembled, suggests that charge recombination between fea@d $-
charge-separating PSII centers\psbVlack photooxidizable ~ state of the (Mn) cluster may result in the production of
Mn ions. Therefore, the overall reduction in PSIl oxygen chemical species which react to produce toxic secondary
evolving activity in theApsbVhas two components: first, ~ products that are damaging to PSII.
the reduction in the number of assembled reaction centers
capable of charge separation, and second, as many of thP!SCUSSION
remaining charge separating centers do not contain a The role of extrinsic cytssoin cyanobacterial PSII oxygen
functional manganese cluster. evolution has been explored by deletion of {h&bV gene
The characteristics of charge separation were further and by biochemical depletiefreconstitution experiments,(
investigated using fluorescence techniques by following the 8, 10, 12, 27, 31, 60). While a structural role in maintaining
formation of Q~ in response to 50 flashes at 1 Hz in the the integrity of the HO oxidation complex is evident from
presence of DCMU; this was also examined to test the these studies, an understanding of how the protein modulates
efficiency of electron transfer (Figure 6). The lower yield the activity of the HO oxidation reaction and the significance
of variable fluorescence followed the first flash ApsbV of the heme group of the cytochrome remain elusive. In the
and the subsequent gradual accumulation ©f igure 6B) present study, the electron-transfer characteristics of the
suggests that electron transfer from the WOC to P680  ApsbVdeletion mutant, which entirely lacks the cytochrome,
slower than in wild type and C55H92M (Figure 5A,C). has been analyzed in greater detail than before. Additionally,
Since the addition of hydroxylamine in the assay (performed a new strain, C556H92M, was constructed in which the
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bis-histidyl heme ligation was substituted by a methionine
at the sixth position histidine. The C550192M mutant
described here is the first to explore the role of ¢y in
PSII oxygen evolution by site-directed amino acid substitu-
tion mutagenesis.

The C556-H92M substitution mutation does not prevent
assembly of the functional PSIlI 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 cytcssp or MSP to the intrinsic domains of PSII
was not markedly changed by the C53892M substitution
mutation. Upon dark incubatiopsbVwas found to rapidly
lose oxygen evolution activity, which was consistent with
previous results7); however, C556-H92M exhibited only
a slight decline in @evolution in comparison to the wild

Biochemistry, Vol. 43, No. 44, 200414167

regardless of the cationic speciegl), They attribute the
decreased affinity of the Gasite to an increase in the local
dielectric field surrounding the Casite 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 chargeharge interactions that sta-
bilize the binding of C&" to its site within the WOC. Current
structural models of the PSII complex indicate that the ¢Vin)
is buried under the extrinsic proteins and the C-terminal
segment of the D1 proteiri4, 15). The removal of cytssg
from the WOC reduces the distance between the solvent-
accessible protein surface and the center of the {Nig)
approximately 30 A according to current structural models
of the PSII complex and would leave an approximately 10
A layer of protein covering the (Mg) Assuming close

type. These observations are consistent with a rather subtlgoroximity of the C&" site to the (Mn), as with current
structural change caused by the H92M mutation. Structural models, then this difference in solvent proximity could
modeling of the cytochrome suggests that an approximatelyaccount for a change in €aaffinity. On the other hand,

3.5-4.0 A 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 g-amino-histidine, and bis-methioninél—

64). Among the mutant cytochromes with a substitution of
heme-iron axial ligand by histidine, methionine, lysine, or

the C550-H92M amino acid substitution mutation may not
dramatically affect the binding of cytsso, which would
suggest that bulk solvent is not allowed to penetrate in large
amounts to sites close to the Taite. If the lowered Cd
affinity is indeed due to changes in the local dielectric field,
then the intrusion of relatively small amounts of solvent into
the cytcsso—PSII interface may still be sufficient to yield
an energy penalty on €abinding that produces the observed
Ca*-sensitive phenotype. The argument that'Caffinity

cysteine via semisynthesis or site-directed mutagenesis, somés sensitive to even a relatively small amount of “leakiness”

significantly reduced or completely lost bound heng, (
64), whereas others effectively maintained heme binding with
the ligand substitution2@, 62, 65—69). The cytcsso heme
axial ligand change from His to Met in C556192M did

in the protein shield normally provided by the extrinsic
proteins has some merit in explaining the diversity of
mutations giving rise to the Casensitive phenotype since

any number of different mutations may cause distortions in

not affect heme binding because the protein extracts of theprotein structure that result in less tightly packed, more

strain also showed the TMBZ-staining specific cyg, band
(Figure 1B). This suggests the methionine effectively func-

solvent permissive, regions of the WOC. The weakened
binding of C&" upon disturbance of cydsso binding seems

tions as the sixth heme axial ligand, although further analysis to be reciprocal since perturbation of the?Ghinding site
of the isolated protein will be needed to assess this. Usually,by substitution with St results in weakened binding of cyt

the natural c-type hemes with Bis-histidine ligation have
lower redox potential in the range ef400 to —100 mV,
whereas those with histidiremethionine have higher values
in the range of 0 to 400 mV7Q). Although the midpoint

Csso tO isolated PSII particlesr@).

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 thepsbV mutant. The

potential of the mutant cytochrome has not been measuredaccelerated decays of 8nd S-states observed in thigpsbV

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
Csso results in an increased dependence upoft @ad CI
ions. However, C# deficiency also has a profound impact
upon growth of the C550H92M strain, despite the fact that
the expression, maturation, and binding of cyg, appears

mutant might be interpreted as being due to more positive
midpoint potentials of the Sand S$-states of the (Mn)
cluster. Therefore, the recombination of theQs 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 decayApsbV (Figure

largely unaffected by the H92M mutation. Regarding the last 5A, Table 2) consistent with a moreegatve midpoint of

point, however, it is also important to note that the binding

the S-state of the (Mny cluster. Since S-state decays

assay is crude and therefore may not be sensitive enough tambserved on the bare platinum electrode involve recombina-

reveal a reduction in the binding affinity of cgtso to the
PSII complex. It is likely, based upon the dark deactivation

tion from the @ site, whereas the fluorescence decay
measurements in the presence of DCMU follows recombina-

characteristics shown in Figure 3, that some decrease intion from the Q site, a possible reason for the discrepancy

binding affinity occurs as result of the H92M mutation.
Whatever actual changes in binding affinity of ayo in
the C550-H92M strain, it is clear that the perturbation of
cyt csso has a strong effect upon the PSIICaite. Vrettos

could be due to an alteration in thegQsite, but not the @

site. This, however, seems unlikely on the basis of earlier
thermoluminescence (TL) analysis of the muta®if) (and

the present measurements of fluorescence decay in the

et al found that the absence of the 17 and 23 kDa proteinsabsence of DCMU (data not shown, but see above). The TL

causes the free energy of bindingGg) of cations to the
Ca* site to increase by approximately 2.5 kCal miol

measurements showed that the peak temperatures ofthe S
Qa~, S-Qg~ TL signals increase in parallel indicating that
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the effect of cytcssploss is localized to a change in the donor including cyanobacteria, as is suggested by the most recent
side and involves shifts to less positive midpoint potentials crystal structure modefl@) and some biochemical studies
for (Mn), in both the $ and S$-states27). The fluorescence  with Synechocystisp. PCC6803 PSII7g), the discrepancies
decay measurements in the absence of the inhibitor revealedn C&" dependencies may be due to incomplete extraction
no differences in forward electron transfer from thg Qo of the ion in those studies reporting only partial dependence
Qs site, indicating a lack of alteration in the acceptor side of H,O oxidation activity on C& depletion and readdition.
upon the loss of cytsso. The TL and fluorescence results ~ The most recent structural model of cyanobacterial PSII
are thus consistent with each other and indicate that the redox14) places C&" site in close proximity to the D1 carboxy
potential of the (Mn) is less positive. Since a less positive terminal domain with thex-carboxyl group of D1-Ala344
redox potential of the (Mn)is expected to resultin a slowed providing one of the C& ligands. Although this specific
S-state decay, yet the decays of both theghd S-states assignment remains controversi@b(80), it is likely that
measured on the bare platinum electrode are considerablyCz* is in close proximity to the D1 carboxy terminal given
more rapid inApsbVcompared to the wild type (Figure 4), its close proximity of PSII C& to the (Mn), on one hand,

the more rapid S-state decay may have a kinetic, rather thanand the likelihood that the carboxy terminus provides Mn
thermodynamic, basis. Therefore, we propose two routes ofligands, on the other. Both the Kamiya and Ferriera models
reduction for the S-states of the (Mn)one with a typically ~ of the PSII reaction center indicate extensive contacts
observed process of charge recombination between thebetween the carboxy terminal domain of the D1 protein and
acceptor side and donor sides with P68feing an inter- cyt Csso (14, 15). Given this we suggest that aggso modulates
mediate and the second involving an exogenous electronthe C&* site (either through dielectric or direct structural
donor that gains increased access to the ¢Mipon the  effects) owing to its intimate association with the D1-carboxy
complete removal of cytsse. This interpretation fits with  terminus.

the rapid dark deactivation of @ oxidation activity corre-

sponding to the loss of Mn ithpsbV (Figure 3) since the =~ ACKNOWLEDGMENT

disassembly of the (Mp)nvolves Mn reduction, presumably . I

by exogeneous reductants. The rapid S-state decay appears The authors W.OUId like to t'hanl'< Dr. Mario R|vera.for help

to occur in one-electron increments since the centers relaxStructural modeling of the site-directed ayko mutation.
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